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The material treated and systemized in this book relates to the theory and 

practice of automatic control of aviation and rocket power plants. Control systems 

are considered for the principal types of power plants with turbojet and turboprop 

engines, as well as systems for various types of air-breathing ramjet and liquid-fuel 

rocket engines. 

In addition we are briefly considering the principal problems relating to control 

systems for power plants using nuclear energy. 

The book serves as a manual for the course of lectures "Theory of Automatic 

Control of Aviation and Rocket Power Plants, " held at Aviation Institutes. It can be 

also useful for engineers and scientific personnel working in the field of automatic con* 
* 

trol of aviation and rocket power plants. 

FTD-HT-23-759-67 1 



PREFACE 

Aviation and rocket engineering are among the most complex fields of knowledge 

which are moreover expanding at a very rapid pace. Not only are the existing types of 

power plants steadily improved and developed, but there appear also fundamentally new' 

types of plants requiring the use of new methods of automation and control. 

It is evident that the development of power plants is accompanied by the develop- 
J 

ment and improvement of control systems, with the relative importance of these sys¬ 

tems steadily increasing. This is due to the more complicated processes taking place ( 

in the power plants, and to the more rigorous requirements imposed on the perform¬ 

ance parameters of the plants. 

When the flight speed and altitude of winged flying vehicles increases, the mutual 

effect between power plant and flying vehicle is also increasing. In present-day auto¬ 

matic control systems of the performance of aviation power plants it is therefore 

necessary to take into account this mutual effect. 

The maximization of the specific parameters of present-day pow'er plants involves 

the optimization of processes, which results not only in much more complicated control 

systems, but requires also the use of new principles of automatic control. 

Despite the simplicity of the principle of operation of rocket power plants, their 

automatic control systems are very complicated. This is due to the peculiar features 

of the operation of rocket engines and to the great aggressiveness ot the fuel used. In ( 

this case, too, process optimization is essential for obtaining higner values of the 

specific parameters. 

The basic performance criterion of any automatic control system for any avia¬ 

tion or rocket power plant is reliability; this is the reason why reliability is oí primary 

importance in the development of any new control system. 

From the aforesaid it is clear that the designing of a satisfactory control system 

for present-day aviation and rocket power plants is a complex and difficult task. 

FTD-HT-23-759-67 2 



, .... f í-i-p Knok "Automation of Aviation Power Planta, 
This; book is the second edition of the book Auioma 

published in 1960 by Oborongiz Press. 

The additional chapters, indnded in die present edition, relate to control system, 

tor power plants with liquid-fuel roike.andair breatlung ramjet enitnes, as well as con¬ 

trol systems for plants using nucl tar energy. The material relating to control system, 

for plants with gas-turbine engines has been considerably revised mid supplemented, 

whereas the chapter dealing with contri systems for piston-engine power plants has 

been dropped. 

The material used in the new chapters and sections was Uken from variou, books 

and periodicals, subsequently revised and systcmised by the author, as well as from 

the author's own works. 

Like in the firs, edition, die author fried ,0 deal with the entire range of problem, 

of automation of the operation of power plants from a single point of view-the intrinsic 

relationship between die properties of die controlled plants and the corresponding 

properties of the control systems and their operating conditions. 

in writing this book, the author assumed that die reader is .«plain,ed with die 

principles of the theory of automatic control, die theory of engines, and die simulation 

of processes. 

The contents of the book conform with the approved curriculum for the corre- 

spending course of lectures. 

FTD-HT-23-759-67 3 
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For Turbojet and Turboprop Engines 

thrust, n or kG!1 

specific thrust, n thrustAg/sec fuel or kG thrust/kg/sec fuel; 

work spent on driving the compressor, with allowance for mechanical 

losses, referred to 1 kg compressed air; 

torque needed to drive the assemblies, n • m or kG • m; 

torque needed to drive the compressor, n • m or kG • in; 

torque due to the presence of friction forces, n • m or kG ■ m; 

equivalent power for TPE, kw or /. s. ; {l. s. = horse power) 

effective power delivered by propeller, kw or /. s. ; 

specific power, kwAg air/sec or l. s. Ag air/sec; 

effee ive specific power, kwAg air/sec or /. s. Ag air/sec; 

fuel consumption, kgAour; 

air flow rate, kg/sec; 

air flow through compressor, kg/sec; 

gas flow through jet nozzle, kg/sec; 

gas flow, kg/sec; 

specific fuel consumption, kg fuel/n thrust hour for TJE and kg fuel Aw 

hour for TFE or kg fuel AG thrust hour and kg fuel//, s. hour respec¬ 

tively; 

heating power of propellant, kjoule/kg or kc?l Ag; 

total adiabatic head of compressor; 

Mach number (ratio of flight speed to speed of sound); 

pressure, temperature and speed of gas (air) at cross section i; 

total pressure and temperature at cross section i; 

pressure and temperature of ambient medium and flight speed; 
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11.9 

g 
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K’ 

e 

r'cc 

r'o 
r|ad 

P 

nozzle throat area, m ¡ 
2 

cross-sectional area of nozzle junction box assembly, m ; 

cross-sectional area of nozzle, m ; 
2 2 

static pressure at nozzle throat, kG/cm or n/cm ; 

2 2. 
moment of inertia, kG • m • sec or n • m • sec , 

propeller diameter, m; 

adiabatic temperature gradient at turbine; 

thermal equivalent of work; 

constant factor in the expression for the torque of the turbine and 

compressor; 

adiabatic index for gas; 

number of revolutions, rad/sec or rps; 

acceleration of gravity, m/sec2; 

mixture composition ratio (air excess ratio); 

propeller power factor; 

total pressure ]©*» coefficients in principal and boosting combustion 

chambers; 

relative effective turbine efficiency with allowance for nozzle exit 

velocity; 

effective efficiency of engine; 

combustion chamber efficiency; 

flight efficiency; 

air propeller efficiency; 

overall (economic) efficiency; 

adiabatic efficiency of compressui, 

3 
density of air, kg/m ; 

\ relative propeller advance; 
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fftot = ffcrv 

* 
ffv 
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Aj 
K., a., b. 

ï’ i i 

P = d/dt 

TJE 

BTJE 

TPE 

pressure ratio in compressor; 

overall pressure ratio; 

value of pressure ratio in compressor, corresponding to max; 

gas expansion ratio in nozzle; 

gas expansion ratio in turbine; 

velocity pressure ratio; 

total or effective compressor efficiency; 

heat liberation factor; 

flow ratio; 

nozzle loss factor; 

turbine loss factor; 

propeller blade angle; 

air flow through diffuser, kg/sec; 

air flow through by-pass valve, kg/sec; 

2 
diffuser cross section, m ; 

2 
cross-sectional area uncovered by by-pass valve flaps, m ; 

coordinate specifying the position of central body of diffuser, m; 

pressure recovery ratio in diffuser; 

coefficient of air flow through diffuser; 

Mach number at selected diffuser cross-section; 

complex number in Laplace transform; 

time constant, sec; 

gain factors; 

differentiation operator; 

turbo-jet engine; 

turbo-jet engine with boosting chamber; 

turbo-prop engine; 
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VPP variable-pitch propeller; 

SE sensitive element; 

ACS automatic control system; 

Re/SMq 

a 

For Ram-Jet Engines 

thrust coefficient; 
2 

middle plane of engine, m ; 

velocity head; 

air excess ratio; 

It sp 

0 relative heating; 

T. air (gas) temperature at i-th cross section of engine, °K; 
i 2 2 

p* total air pressure at diffuser exit, n/cm or kG/cm , 

R /Gt specific thrust, n thrust/kg/sec or kG thrust/kg/sec fuel; 

G, air flow through diffuser, kg/sec; 
d 

G air flow through nozzle, kg/sec; 
N 

Q heat inflow in air-breathing engine, kjoule/sec or kcal/sec; 

Q heat discharge from gases, kjoule/sec or kcal/sec; 

Qf heat inflow resulting from fuel combustion, kjoule/sec or kcal/sec: 

G Q amount of air (gas) and heat inside engine, kg, kjoule or kg, kcal; 
’ 3 

y. density of air (gas) at i-th cross section of engine, kg/m ; 

p. static pressure of air (gas) at i-th cross section of engine, n/cm or 

kG/cm2; 
3 

V volume of i-th engine-element, m ; 
i 

M. Mach number at i-th cross section of engine; 
1 2 

F critical cross-section area of nozzle, m > 
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For Liquid Rocket Engincb 

exhaust velocity of gases from nozzle, m/sec; 

nozzle throat area, m2; 

gas jet pressure at nozzle throat, n/cm2; 

gas temperature in combustion chamber, °K; 

gas pressure in combustion chamber, n/cm ; 

molecular weight of gas; 

specific thrust; 

oxidizer flow rate in combustion chamber, kg/sec; 

propellant flow rate in combustion chamber, kg/sec; 

mass relationship of component flow rates; 

fuel flow rate, kg/sec; 

specific fuel flow rate; 
2 

nozzle area at critical section, m ; 

expansion ratio of gas in nozzle; 

gas flow rate through nozzle, kg/sec; 

amount of gas in combustion chamber, kg; 
3 

volume of combustion chamber, m ; 

torque developed by turbine, n- m or kG- nr 

number of revolutions of TPA, rad/sec or rps; 

2 2 
gas pressure in gas generator, n/cm or kG/cm ; 

3 
volume of gas generator, m ; 

amount of gas in gas-generator volume, kg; 

hydrogen peroxide flow rate, kg/sec; 

p'- flow rate from gas generator, kg/s€c; 
2 2 

pressure in hydrogen-per oxide tank, n/cm or kG/cm ; 

cross-sectional area of valve controlling hydrogen-peroxjde flow rate 
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G„ gas flow rate in tank for bleeding, kg/sec; 
H 

G flow rate of gas filling the volume of the peroxide bled from the tank, 
HP 

kg/sec; 

G amount of gas contained in hydrogen-peroxide tank, kg; 

^HP hydrogen peroxide density, kg/m ; 
2 2 

gas pressure in balloons, n/cm orkG/cm ; 
2 

F cross-sectional area of valve controlling gas flow rate, m ; 
V 

Gn liquid flow rate through nozzle, kg/sec; 
2 2 

Pj^ liquid pressure at nozzle inlet, n/cm or kG/cm ; 

2 2 
pTp pressure developed by TPA pumps, n/cm orkG/cm ; 

pbi magnitude of bleeding of tanks filled with components, n/cm2 of 

kG/cm2; 
° 2 

Pj pressure due to height of liquid column, n/cm“ or kG/cm ; 

p^ pressure due to presence of flight acceleration; 

Plo g pressure losses due to local drag and viscosity of liquid; 

p n pressure losses due to inertia forces resulting from the acceleration 

of the liquid flow at a variable rate; 

V flight acceleration, m/sec2; 

R natural and universal gas constants; 

For Nuclear Power Plants 

K neutron fission coefficient; 

I neutron lifetime; 

T reactor period, sec; 

1 mean lifetime of delayed neutrons of all groups, sec; 

ß . fraction of delayed neutrons of i-th group, out of total number of 

neutrons; 
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n 

C 

*=1/'d 

a 

Remark. The 

density of neutrons; 

density of delayed neutrons; 

decay constant of delayed neutrons; 

temperature coefficient; 

average reactor temperature, °K; 

averaged temperature of heat carrier of reactor, °K; 

averaged temperature of heat-exchanger wall, 3K; 

average air temperature, °K; 

temperature of heat carrier at reactor outlet, °K; 

temperature of heat carrier at heat-exchanger outlet, °K; 

temperature of heat carrier at reactor inlet, “K; 

heat carrier flow rate through reactor, kg/sec; 

heat carrier flow rate through heat-exchanger, kg/sec; 

heat carrier flow rate through by-pass, kg/sec; 

torque to drive pump, n • m or kG • m; 

number of revolutions of pump, rad/sec or rps; 
2 

cross-sectional area of by-pass valve of heat-carrier, m 

number of revolutions of turbocomprecsor shaft, rad/sec or rps; 

parameters referred to retarded flow are marked by an asterisk. 
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Chapter 1 

GAS-Tl RBINE POWER PLANTS 

A gas-turbine power plant is defined as an assembly of devices enabling us to ob¬ 

tain the thrust necessary for the flying vehicle. Since gas-turbine engines (GTE) can 

be grouped into turbojet (TJE) and turboprop (TPE) engines, we shall separately con¬ 

sider power plants using turbojet engines and power plants using turboprop engines. 

f • Fundamentals concerning the performance of single-shaft 

turbojet engines (TJE) 

a) Basic characteristics 

As a thermal machine, a turbojet engine is characterized by a complex working 

process. Despite the diverse types of aviation TJE, many of their characteristics are 

governed by the same laws. The basic characteristics of any aero engine, including 

TJE, are its characteristics as a propulsive element. 

For all aero engines, the useful work obtained by supplying heat to the propellant 

is determined by the increase in the kinetic energy of the propellant ejected in a direc- * 

tion opposite to that oi the motion (flight). In a TJE the useful work is determined by 

the increase in the kinetic energy of the combustion products ejected from a jet nozzle. 

The basic diagram of the simplest TJE is presented in Fig. 1.1, which shows the 

main sections of the engine ducts and lists the notations to be used in the following. 

The potential energy of combustion products, acquired during the preliminary 

compression and subsequent heat flow during combustion, is partially converted into 

kinetic energy during the expansion process in the turbine and the nozzle, and partially 

directly converted into work at the turbine wheel. 

A portion of the energy is used to drive ‘he compressor and the auxiliary units, 

whereas the remaining portion is used for accelerating the gas flow ejected from the 

nozzle, thus producing the reactive thrust in the direction of the flight. 

11 



Fig. 1.1 Basic diagram of turbojet engine. 

f 5 

Fig. 1. 2 Character of variation of p, T and w in 
engine duct. 

i 

i 

Figures 1 and 2 show the character of the variation of the pressure, temperature 

and velocity of the air flow and of the combustion products in the engine. In flight, 

the character of the variation of these quantities changes slightly owing to the effect 

of the external flight-conditions (pH, TH and V). 

The performance oí a turbojet engine is normally expressed in terms of its 

characteristics. The principal characteristics are the velocity, altitude and 

rotational-speed characteristics. The velocity characteristics are defined as the 

thrust developed by the engine and of the specific fuel consumption on the flight 

velocity at fixed values of the flight altitude and rotational speed of the engine; the 

gas temperature at the turbine inlet is normally regarded as constant. 

12 
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TJE. 
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Fig. 1.4 Variation of 
relative engine param¬ 
eters versus flight speed. 

Figure 1. 3 shows the calculated velocity 

characteristics of the engine (the thrust 

being expressed in relative units), illus¬ 

trating the character of the variation of the thrust and specific fuel consumption. 

On the other hand the thrust and the specific fuel consumption can be expressed 

in terms of other important performance parameters of the engine. Among these are 

first of all the specific thrust (i. e., the thrust referred to the air-flow rate), the flow 

rate of air, the pressure ratio in the compressor, and the gas temperature at the 

turbine inlet. 

Figure 1.4 shows a different form of characteristics, in which the relative values 

of the thrust, specific thrust, fuel consumption, specific fuel consumption and rate of 

air flow are plotted versus the flight velocity at fixed values of the other parameters. 

The parameters corresponding to V = O are taken as the 100% values. 

As can be seen from Fig. 1.4, an increase in the flight velocity is accompanied 

by an increase in the air flow rate G and by a decrease in the soecific thrust R~ :as 
a sp 

a result, the thrust R decreases at first, and subsequently increases. The fuel 
V« 

consumption increases with the air flow rate. 

13 
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Fig. 1. 5 Altitude per¬ 
formance of TJE. 

Fig. i. 6 Relative values of 
engine parameters versus 

flight altitude. 

Æe tf-ccnst; V—const 

Fig. 1.7 Throttle 
characteristic of 

TJE. 

The altitude characteristics of TJE are defined as the dependence of the thrust 

and specific fuel consumption on the flight altitude at a fixed engine speed and a fixed 

velocity of flight. The gas temperature at the turbine inlet is assumed constant. 

Figure 1. 5 shows the theoretical altitude performance of the engine, illustrating 

the character of the variation of the thrust and specific fuel consumption. 

In Fig. l. 6 we plotted the relative values of the principal engine parameters 

versus the flight altitude. The parameters corresponding to H = O were taken as the 

100% values. It can be seen that when the flight altitude increases, the fuel consump¬ 

tion decreases, whereas the specific thrust increases (at H>ll km, the value of the 

14 



specific thrust remains practically unchanged). The engine thrust R (which decreases 

all the time) varies in accordance with the character of the variation of G and R 
_ a sp. 

The fuel consumption G{ varies mainly as a function >f the air flow rate; thus the 

specific fuel consumption C8p is at first slightly decreasing (up to H = 11 km), re¬ 

maining practically constant afterwards. 

Since an aircraft engine operates not only under different external conditions 

(PH. th. V), but also at various rotational speeds, a thorough knowledge of the 

engine performance in relation to an actual t>pe of aircraft requires that we know the 

dependence of the thrust and specific fuel consumption also on the engine speed. The 

plots of the thrust and specific fuel consumption versus the number of revolutions of 

the engine (at a given flight velocity and altitude) are called engine-speed characteris¬ 

tics or throttle characteristics. 

As an example we plotted in Fig, 1. 7 the throttle character.«,c of an engine. 

Let ua note the »harp increase in engine thrust arlth increaalng number of revolution» 

and the marked decrease in specific fuel consumption. 

The law of variation of the reactive thrust as a function of number of revolutions 

will be different for different engines, but for engines with a fixed nozzle we can 

write the following approximate formula 

fie / It \m 

fiemtt 'Aaui / ’ ^ • 1) 

where m = 3. 5 - 5. 5 for engine operation at the test stand and in flight. 

All the operating regimes of the engine are based on the throttle characteristics. 

The material presented in this section shows that the engine characteristics vary 

considerably as a function of the operating conditions as well as flight conditions. 

These variations in the engine characteristics are reflected in the variations of tne 

15 



performance of the engine regarded as a controlled plant, a circumstance that must 

be taken into account in developing automatic control systems for engines. 

b) Operating conditions 

The operation of any aviation power plant is based on the possibility of obtaining 

diverse values of the thrust; therefore the control system must permit the engine to 

be set at the prescribed operating regime, whereas the engine itself must allow 

operation in various regimeo within a certain range of runation of the latter. 

The operating regimes of a turbojet engine are defined as sets of value, of some 

of its ¡»erformanee parameters that enable the obtaining of the necessary value of the 

thrust and fuel consumption. 

Depending on the engine type and design, the prescribed thrust can be obtained 

by various methods of control of the engine. However,among all the possible methods 

of control the one selected will be such that it provides the prescribed thru .t at 

minimum fuel consumption. 

A method of control of engme operation is defined as the way in which we act on 

the regulating elements of the engine and hence on the performance parameters, 

which specify the operating regime. At fixed external conditions (pH const, T { - 

const and V const), the control of TJE operation is a fairly simple task, which 

reduces to controlling the steady-state operation of the engmes. This problem be¬ 

comes very complicated when the external conditions vary. 

The principal parameters, determining the characteristics ut any TJE such as 

the operating regimes, are the pressure ratio in the compressor and the gas 

temperature T* at the turbine inlet; therefore the determination of the control method 

of the engine involves the selection, for each operating regime, of values of rr* and 
c 

T that minimize the fuel consumption G^. The two operating regimes that are 

mainly of interest are maximum-speed operation and cruising speed operation. In 

order io obtain the maximum speed regime of the engine it is evidently necessary to 



maintain a maximum flow rate of air through the engine, a maximum value of fi* and 
c 

a maximum value of T* . This is the reason why it is not especially difficult to 
3 

obtain maximum operating conditions of the engine. 

Matters are different in the case of cruising operation. Several methods are 

available for this purpose; however, not all of them are equally suitable, in view of 

the fact that they yield different rates of fuel consumption. 

The first method can be realized by varying the air flow rate by choking the flow 

at the compressor inlet. This method leads, however, to a marked increase in the 

specific fuel consumption, and also to a certain decrease in the compressor efficiency 

’"’ad1 On the other hand this method makes it possible to obtain good acceleration 

characteristics, i. e., to go over rapidly to a higher operating regime (see below). 

The second method of obtaining cruising regimes can be realized by varying the 

pressure ratio ir* in the compressor while maintaining T* = const. However this 

method, too, ’eads to an increase in the specific fuel consumption. This is illustrated 

by Fig. 1.8, where we plotted the variation of the specific fuel consumption Cgp 

versus the pressure ratio 7T* for various values of T*. c 3 

The third method of obtaining cruising operation can be realized by maintaining 

n* = const and by varying T* = var, or with w* = var and T* = var 
«1 C 3 

The character of the variation of the thrust and of the specific fuel consumption 

^sp Pitted in Figs. 1. 9 and 1.10 as a function of the number of revolutions n, the 

pressure ratio ir* and the turbine inlet gas temperature T* for prescribed flight con¬ 

ditions. These characteristics show that in order to diminish the thrust R < R 
el max 

it is convenient to reduce the value of T* and to keep ir* constant until a value of o cmax 

Re is reached that minimizes the specific fuel consumption. A further reduction in 

the thrust Re2< Rei is convenient to realize by varying both T* and ir* by moving along 

the curve 1-2 which connects the minima of the C curves (see Fig. 1.10). In this sp 

case the prescribed thrust Rc will evidently be obtained with minimum fuel consump¬ 

tion, although the values of the specific fuel consumption will increase. 
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Fig. 1. b. Character of the 
variaticn of the specific fuel 
consumption as a function of 
the pressure ratio in the com¬ 
pressor for various values of 

Fig. ] 9. Character 
of the variation of the 
thrust and specific 
fuel consumption as 
a function of engine 

speed. 

Fig. 10. Character of varia¬ 
tion of thrust and specific fuel 
consumption as a function of 
gas temperature at turbine in¬ 

let for various ff*. 
c 

Fig. l.li. Shape of com¬ 
pressor characteristics — 
sloping for centrifugal com¬ 
pressors and steep for axial 

compressors. 

Hence the third method of engine control is the most effective. In many cases 

it is possible to confine oneself to the conditions n* const, T* var, since almost 

all the operating regimes can be found in this range. 

All our statements about the third method of engine control are valid if the com¬ 

pressor efficiency does not appreciably change. If, on the other hand, the compres¬ 

sor efficiency decreases considerably while ^ = const, then the above method of 
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engine control will no longer correspond to best economy under cruising conditions. 

In this case it is necessary that it* and T* vary simultaneously. The optimum law of 

variation of it* and T* is normally determined in this case by special engine-perform- 
c 3 

anee calculations. 

The relationship between the value of ^ and the number of revolutions n of the 

engine depends mainly on the compressor characteristics. For compressors with 

sloping characteristics the maintaining of it* = const corresponds to n = const in a 

fairly wide range of variation of the air flow rate; for a compressor with steep charac¬ 

teristics, on the other hand, the maintaining oi it* = const requires the engine speed 
c 

to be changed. This is clearly illustrated by the curves of Fig. 1.11. 

Hence follows that a practically feasible method of entine control under cruising 

conditions, when the thrust decreases from Rpmav to Rel (see Fig. 1. 10), must be 

realized by diminishing the gas temperature at the turbine inlet and by maintaining 

maximum engine speed. 

These considerations apply also to TJE with variable nozzle, since such an engine 

has two controlled parameters — the fuel consumption and the cross section of the 

variable nozzle, by means of which it is possible to change the engine speed and the 

inlet gas temperature. 

c) Formulas for R._. and C„„ 1 ...1111 ' '1 m" 1 " ' sp ■ .. sp 

In order to express more fully the laws governing the processes, let us consider 

in greater detail the relationships between the thrust and economic operation of the 

engine on the one hand, and the principal parameters of the engine on the other hand. 

The thrust, developed by a turbojet engine, is specified by the formula 

(1.2) 

The specific thrust R , on the other hand, is specified by 
sp 

y <**•»-^)+¿7 ho«- (1-3) 
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on These formulas show that at a given flight speed the specific thrust depends 

the exhaust velocity of the gas from the nozzle and oh the pressure at the nozzle throat. 

By subjecting formula (3) to some transformations (normally presented in courses 

of lectures on TJE theory) for the purpose of elucidating the dependence of 

main performance parameters, we can write 
Rsp on the 

^fli-i—) 's -I«.«-;iff:“ 
(1.4) 

or in general form (with pH = const, TH = const, and V = const) 

tfip-tfspiv »c.fn). (1 

Let us find out how the principal parameters affect the variation of the specific thrust. 

In Fig 1. 12 we plotted the character of the variation of the specific thrust as a 

function of the pressure ratio in the compressor for various values of the turbine inlet 

gas-temperature and various values of the product of the compressor and turbine effi¬ 

ciences. 

This type of variation of the specific thrust is due to the effect of two contradic¬ 

tory factors. On the one hand an increase in the pressure ratio in the compressor is 

accompanied by an increase in the exhaust velocity of the gas from the nozzle, and 

hence by an increase in the specific thrust; on the other hand this increase in the 

pressure ratio of the compressor leads to an increase in the air temperature T* at 

the compressor outlet, which in turn is accompanied (if the gas temperature T* at 

the turbine inlet is constant) by a decrease in the heat transferred to the gas and by an 

increase in the compressor and turbine losses. 

At small values of tt* the first factor, which leads to an increase in R , , is pre¬ 

dominant; but when 7£ increases, the second factor, which leads to a decrease in 

Rsp, begins to predominate. 
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With the aid of formula (1.4) it is possible to determine the optimum value of 

the pressure ratio ñ* in the compressor the maximizes the specific thrust. This 

value is expressed as 

H 

(1.6) 

This formula shows that the optimum pressure ratio ïï* in the compressor in- 
c 

creases with increasing gas temperature at the turbine inlet and the compressor and 

turbine efficiencies, and with decreasing air temperature at the compressor inlet and 

the pressure loss factor in the combustion chamber. 

When the flight altitude increases at a fixed flight velocity, the velocity pressure 

ratio IP increases, but the temperature T* decreases faster than the increase in 

*R so that rc increases. 

When the flight velocity increases with a fixed flight altitude and other conditions 

remaining the same, the optimum pressure ratio in the compressor decreases as a 

result of an increase in the velocity pressure ratio. 

As an example we plotted in Fig. 1.13 the character of the variation of the 

optimum pressure ratio in the compressor as a function of the flight velocity for 

various altitudes and turbine inlet gas temperature with all the other parameters con¬ 

stant. The effect of the turbine inlet gas temperature on the specific thrust is such 

that the specific thrust increases sharply with increasing temperature T* , this in- 

crease being the greater the higher the flight velocity. This is illustrated in Fig. 1.14, 

which shows the character of the variation of the specific thrust as a function of the 

turbine inlet gas temperature for various pressure ratios in the compressor and 

various values of the product of the compressor and turbine efficiencies. 

Thus by varying the gas temperature at the turbine inlet it is possible to strongly 

alter the specific thrust, this alteration being the more effective the greater the 

pressure ra*io in the compressor. 
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Fig. 1.12. Character of 
variation of specific thrust 
RSp plotted versus pressure 
ratio îTç in compressor for 
various values of gas tem¬ 
perature T§ and of the prod¬ 
uct ne - riy °f the compres¬ 

sor and turbine efficiencies. 

Fig. 1.13. Character of 
variation of optimum pres¬ 
sure ratio in compressor 
versus flight velocity for 
various altitudes and gas 

temperatures. 

Fig. 1.14. Character of var¬ 
iation of specific thrust Rsp 
versus gas temperature T j 
for various values of the prod 

iK*t r)c-nT_ 

In order to elucidate the question of economic operation oi TJE, let us consider 

the formulas specifying the fuel consumption per hour Gf and the specific fuel con¬ 

sumption C r sp 

22 



The fuel consumption per hour and the specific fuel consumption are expressed 

by the formulas 

Of m RçCfp « tfjpGgCjp,- 

r XOOV 
iZJH.w, ’ 

(1.7) 

On the other hand n and % are expressed as 
6 I 

•î-v* 
8380//. 

(1.7a) 

From these formulas for C . n and 1- we can see that 1 and depend on the 
Sp t? a 1 

same performance parameters of the engine as the specific thrust, since they too are 

functions of wr, whereas C is also a function of H . 

By effecting some transformations in the formulas for CBp, ^ and ^ (which are 

normally presented in courses of lectures of TJE theory) for the purpose of elucidat¬ 

ing the dependence of C on the principal performance parameters of the engine, we 
öp 

can write 

Or in general form (with p^ = const, = const, V = const) 

Cjp*1 Cjp(*c> T.o It. TJ. ïc.fc,//n) • (1.9) 

Let us examine how the principal parameters affect the variation of the specific 

fuel consumption. 

An increase in the ri c~ 1 -p product i8 accompanied by a sharp decrease in the 

specific fuel consumption. This is evident.from Fig. 1.15, where we plotted the 

specific fuel consumption versus the Hc “ ^ .p product for various values of the 
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Fig. 1.15. Character of 
variation of specific fuel 
consumption as a function 
of product t) for var- 

ious if* and T*. 

Fig. 1.16. Character of 
variation of specific fuel 
consumption as a function 
of for various values 

of T* and of the product 

pressure ratio in the compressor and various turbine inlet gas temperatures. On the 

basis of formula (1. 4) we plotted in Fig. 1.16 the specific fuel consumption versus the 

pressure ratio in the compressor for various values of the -t) product and various 

turbine inlet gas temperatures. These curves have the same character also in the 

case of various flight velocities. Such a dependence of C on ïï* is due to the fact 
sp c 

that at V = const the value of t] c-r|T increases at first with increasing ^ whereas 

Csp decreas^B¡ subsequently an increase in is accompamed by a decrease in t) 

leading to an increase in C . These curves show also that there exist optimum values 
ar 

of if*,, corresponding to minimum specific fuel consumption. 

When the flight velocity increases and the flight altitude decreases, the optimum 

pressure ratio in the compressor in the sense of minimizing the specific fuel consump¬ 

tion is decreasing. This is due to the same reasons that bring about a corresponding 

variation in the specific thrust R . sp 

It is also possible to determine the optimum values of the pressure ratio in the 

compressor for various flight conditions that would minimize the specific fuel con¬ 

sumption. 
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The curves shown in Fig. 1.17 represent the character of variation of the 

optimum pressure ratio in the compressor minimizing the specific fuel consumption, 

these curves being plotted versus the flight altitude for various values of the flight 

velocity and turbine inlet gas temperatures. 

Such a character of the curves is due to an increase in velocity compression, 

it is also possible to determine the turbine inlet gas temperature that minimizes the 

specific fuel consumption. This would show that the particular temperature value 

increases with increasing flight velocity and that it decreases with increasing flight 

altitude. Such a character of variation of T* as a function of the flight altitude is 

plotted in Fig. 1.18 for various flight velocities and various n* and t) -nT. 

The effect of the pressure loss in the combustion chamber ( 5 ) and in the 

nozzle (<PN) on the specific fuel consumption can be clearly ascertained from formula 

(1.8). It can be seen that these losses have a considerable effect on the specifi'' 

fuel consumption. Thus it follows from all our foregoing considerations that the 

selection of the method of control of the engine under cruising conditions is a fairly 

complicated problem, being primarily due to the very complex relationship between 

the performance parameters of the engine; the task becomes even more complicated 

when t: ^ external conditions vary. The practical solution of this problem requires a 

large amount of computational work involving the engine characteristics; only this 

makes it possible to determine the control method of the engine with the necessary 

accuracy. 

Let us emphasize once again that such a method of engine control is feasible 

only if two devices are available that make it possible to independently vary both the 

engine speed (or r*) and the turbine inlet gas temperature T* , for example by vary¬ 

ing the fuel consumption and the nozzle cross section. 

Tne nozzle can operate under subcritical and supercritical exhaust conditions, 

in the case of a critical pressure gradient in the turbine nozzle, the nozzle cross- 



sectional area can be expressed by the formula 

fN-0.236 Ft / (1.10) 

Hence we can see that depends on the overall pressure ratio rr^ = rr*. and thus 

on the flight velocity and altitude. 

In the case of sufficiently high supersonic flight-velocities, one uses divergent, 

and not convergent nozzles; in such a nozzle one adjusts both the throat section, and the 

nozzle section which are necessay in order to reduce the losses in the nozzle. 

The above data make it possible to estimate the effective methods of engine 

control that would yield maximum- and cruising modes of operation. 

When we know the method of control of the engine, or (what amounts to the same) 

the necessary set of values of the performance parameters which determine its 

operating regime. It is possible to determine the performance of the engine as a 

controlled plant and to select for it the necessary automatic control system. 

d) Similar regimes 

If the engine speed is kept constant, a variation in the external flight conditions 

will be accompanied by a variation in the operating regime of the compressor, and 

hence of the engine as a whole. This can be avoided by maintaining prescribed 

similitude criteria. 

From engine theory we know that if the similitude criteria are ke h, fixed, the 

operating regime of the compressor will not vary with the external conditions. 

Such criteria of similitude for the compressor are the quantities n/Vr* and 

G V't’Vp: ■ If n/l/f* = const and G Vf*/p* = const, the operating regimes of the 
all af i 1 

compressor will be similar, i. e., under these conditions the similitude of the flow 

and the equality of the Mach numbers are preserved at all the sections of the 
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compressor. It is important to note that in similar operating regimes of the compres¬ 

sor the values of tt*. vc and T*/T* are kept constant. 

In view of this the maintaining of a prescribed operating regime of the engine can 

be better achieved by keeping constant not the actual engine speeds, but the reduced 

speeds, equal to nrej = n/VT*. Let us note that from this point of view it makes no 

difference whether to maintain 

"red"“ nf “ CC,‘|1 or *c “ cons’ 

2. Equations of motion and performance of single-shaft TJE 

as a controlled plant 

We showed above that the performance of TJE varies with the flight conditions 

and the operating regime of the engine. It is natural to assume that the performance 

of the engine as a controlled plant varies likewise. 

A satisfactorily operating system of automatic control can be designed only if we 

! now the properties of the controlled plant, i. e., in the case under consideration the 

performance of the engine as a controlled plant. 

The performance of the engine as a controlled plant is defined as the character 

of the unsteady motion (in time) of the output variable (engine speed, thrust, tempera¬ 

ture, etc. ) in response to a standard input disturbance. 

Since the motion of the controlled plant is described by differential equations, its 

properties can be expressed by the type of differential equation and by the character 

of the variation of the coefficients occurring in this equation, i. e., by the character 

of the variation of the time constants and of the gain factors. 

A turbojet engine is a complex dynamic system with many energy storage ele¬ 

ments; this system is governed by numerous physical and chemical laws which it is 

impossible to fully take into account in the. derivation of the equations of motion. 

Obvious energy storage elements are rotating masses, the volume of the nozzle 
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filled with compressed gas, the volume between the compressor and the turbine, the 

volume of the inlet device filled with compressed air, and the thermal energy storage 

element. 

The ample experience and the numerous calculations relating to the performance 

of a turbojet engine as a controlled plant show that not all the above-mentioned energy 

storage elements have the same effect on the TJE performance. The predominant 

energy storage elements are the rotating masses, comprising the turbine, the com¬ 

pressor., the linking shafts and the moving masses of the auxiliary units driven by the 

turbine shaft. The other energy storage elements have such a small effect on the 

plant performance that they can be neglected without incurring an appreciable error. 

Hence in order to solve the problem it is possible to confine oneself in the first 

approximation to a single energy storage element in the form of rotating masses, 

i. e. , to a single degree of freedom of the motion. 

The energy conversion during combustion, which leads to the Iteration of heat, 

can bo represented in the first approximation as a lagless process that takes place 

with a certain time delay. 

The equation of motion must express the relationship between the performance 

parameters of the engine that are taken as the controlled variables and the controlling 

variables. For an engine with a fixed nozzle the controlled parameters are the engine 

speed n and the turbine inlet gas temperature T+ (or outlet temperature T* ), whereas 

the controlling parameter is the fuel consumption Cf. Hence the output variables can 

be the speed or the inlet (or outlet) temperature, whereas the input variable is the 

fuel consumption. 

In operating an aircraft under any conditions, one is normally interested (when 

the flight altitude is prescribed) in the flight velocity, which is determined for any 

particular aircraft by the thrust developed by the engine. 
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F rom this point of view it would be convenient to take the thrust developed by the 

engine as the controlled parameter. Although such control systems can be realized 

in principle, there must exist also other systems in which the controlled variables 

are the performance parameters, which reflect both the operating conditions of the 

engine and its thermal and strength characteristics. The engine speed and the turbine 

inlet temperature are such parameters, and they are sufficient for characterizing all 

these peculiar features of the engine. 

The motion of the controlled plant will be considered in the linear approximation, 

which is valid in the case of small deviations of the generalized coordinates of th*’ 

plant. 

a) The equations motion for the engine speed 

The first basic equation, which holds for unsteady motion, will be 

= (1.11) 

Equation (1. 11) expresses the equality between the moment of the inertia forces 

and the acting torques; in other words, this equation indicates that a portion of the 

|K>wer developed by the engine is used for increasing the kinetic energy (for acceler¬ 

ating or retarding the rotation). 

The torques Ma and Mir are small as compared to and moreover, they 

are not much affected by variations in the engine speed, so that it is possible to 

assume without incurring a large error that M --- const and ¡VL const. 
a ir 

The basic equation for steady motion will be 

= + + (1. 12) 

The equation for the deviations can be obtained by subtracting (1.12) from (1. 11), 

i. e. , 

(1.13) 

where 

AM1=Mt — MT0; ¡iMc = A1c — Mc0; bn = n — n0. 
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Equation (1. 13) is nonlinear, since AVl^ and AMare connected oy a nonlinear 

relationship with the performance parameters that we adopted as generalized coordin¬ 

ates. With all the other conditions being the same and with a supercritical gradient 

at the turbine nozzle, the torque developed by the turbine will depend on the state of 

the gas at the turbine inlet, i. e., on the parameters p£ and T* . In turn, p* depends 

on ff* , Tr* , Tjj and p^ . As we mentioned above, t* depends primarily on the speed 

of rotation n, whereas r* depends on the flight velocity V and on T... With other 
V n 

conditions being the same, the gas temperature T* depends on the fuel consumption 

Gj. Thus the functional dependence of on the performance parameters can be 

written in general form as follows: 

AfT = AiT (114) 

With all other conditions being the same, the torque needed to drive the compres¬ 

sor will depend on the state of the air at the compressor inlet, i. e., on the param¬ 

eters p*, TJ and on the pressure p* at the compressor outlet. 

On the other hand p* and T* depends on pH , Tjj and V. Bearing in mind that 

pî - t*p? , we can assume that p* depends on the speed of rotation of the compressor. 

Thus the functional dependence of M, on the performance parameters can be written 

in general form as 

At *=Afc(n,0,,pH,TH, V). 

From practical experience we know, however, that M depends very little on the c 

fuel consumption Gso that we can assume in the following that 

(1.15) 

The increments of these variables, obtained by expanding the functions in a 

Taylor series and retaining only the first terms of the series, are as follows: 

*M' * (tt),1“+©.a0'+(SI+ 

àH +o at'. 

(i. 16) 
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By substituting the value obtained for AM,j, and AMc into (1.13), we find 

2-/^-,nh\ v; \ npH + 
ät \ i»n àn )i \Mxh ^Ph ^PH'O 

-iJ1'"'-dvc\ xv. 
Kof ff oPh 'q \ àV /0 

(1.17) 

By going over to dimensionless variables, we obtain a linear differential equation: 

(7>+e)A'„ -vCf-f/;(/>,., 

n 
O- I 

I. I _ 

°f (00,0, 

where .1 

n0 m X 

f ‘m ‘(oO'Oo 

/0 U 
\ on õn on /fl 

(1.18) 

•V, 
\n 

j m i 

-V, 
'f 0 m3* 

f1 (p,,, V,,, V) are terms which account for the effect of the external conditions. 
1 H H 

Here has the dimensionality of time and has the physical meaning of the time 

constant of the controlled plant; p characterizes the self-balancing (self-correction) 

of the control'ed plant and is called the self-balancing factor; it shows whether or not 

an engine without controller can be stable in operation at a given rotational speed. 

This equation can be written in different form: 

wcp-f !) A'„ - ATlG{AC(-1-/,(/1,/. rny)> 

where 

1\ 

Kxo< 

2-) 

/o‘.1c_dM,\ 

\ on on /q 

r (dM' 

(1. 19) 

'O T /0 
/oMc 0AU\ 

n. «•-«[*“.'**’ . I 

/o on cn /0 

ll ^n’ rn' are terms which account for changing external conditions. 

ln th'.s form T has likewise the dimensionality of time and is also called the 
e 

time constant of the controlled plant, whereas KjG is the gam, which by its physical 



Fig. 1.19. Character of 
transient process when 

Te and p vary. 

meaning expresses the variation of the controlled variable in fractions of the applied 

disturbance in the case of steady motion. These equations show that the generalized 

output coordinate or controlled variable is the engine's rotational speed Xn, whereas 

The solution of equation (1.19), under the condition that a unit step disturbance 

is applied at the input and that Xn = O at t = O, will be 

(1.20) 

This formula shows that the process of variation of the rotational speed of the 

engine will be convergent if p>0, i. e. , in this case the engine settles in tie course 

of time at a new rotational speed that will be maintained by it also in the absence of 

a controller. If p - 0, the rotational speed of the engine will vary at a constant rate, 

and if p<0 the rotational speed will be accelerated. An engine with p^O cannot be 

stable in operation without a controller. 

When T increases while p remains unchanged, the control time increases. These 
tí 

properties of a controlled plant are illustrated by the curves of Fig. 1.19, where we 

plotted the transient processes for various values of p and T . 
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b) The equations of motion for any parameters 

In order to set up the equations of motion of the controlled plant with respect to 

the turbine inlet temperature T*. turbine outlet temperature TJ, or any other param¬ 

eter, we must utilize auxiliary equations. 

For this purpose let us consider the formulas connecting the value of the perform¬ 

ance parameters at the characteristic sections of the gas duct of the engine, under 

the same assumption concerning the omission of all energy storage elements apart 

from the rotating masses of the engine. 

In this case it is necessary to consider the following equation; 

■2-J d"- -.11,~~Afc; 
tit 

w 1)-1- 
r\ 1 ^ ’¡c 

Oc^Og; 
r; 

'3 
Og = On; 

GtHur^cfic<ri~r¿. 

(1.21) 

The second equation specifies the relationship between the pressure ratio 7T* and 

the air temperature T* at the compressor outlet for known values of the pressure p* 

and temperature T* of the air at the compressor inlet; the third equation represents 

an approximate equality between the rate of flow of the air passing through the com¬ 

pressor (Gc) and the rate of flow of the gas passing through the turbine (G^). In 

actual fact there exists a relation G = G + Gf, but in view of the smallness of Gf 

in comparison to G , the fuel consumption can be neglected without causing an appre- 

dable error in the f’nal result. The fourth equation specifies the relationship between the 

degree of expansion of the gases in the turbine (ïï^,) and the turbine inlet gas temper¬ 

ature T3 and outlet gas temperature T4 ; the fifth equation expresses the equality between 

the flow rates of the gas through the turbine (Gg) and through the nozzle (Gr ); the sixth 



equation specifies the relationship between the fuel consumption Gf and the heating 

of the gas from a temperature of T* to a temperature T*. 
¿ 3 

In order to simplify the subsequent analysis we shall assume that the efficiencies 

of the compressor, the turbine and the combustion chamber remain constant (which 

is true only in the case of small deviations of the performance parameters). More¬ 

over, we shall confine ourselves to operating conditions of the engine such that the 

pressure gradient at the turbine nozzle will always be either critical or supercritical. 

As was shown in our analysis of the engine performance, this requirement is fulfilled 

by almost all the operating regimes of an engine with a high pressure ratio in the 

compressor. We shall also assume that the pressure losses in the combustion 

chamber remain constant. 

The nonlinear formulas for M G G and Gv can be expressed (in the 

case of fixed external conditions, a supercritical pressure gradient at the turbine 

nozzle, and Gc ~G J as follows: 

.vfr Gg, //, ,t;); 

•lic MC(GCI n, n!); 

°c =-Gc (Pv "); 

Gu= gb(pi r;). 

(1.22) 

By linearizing (1.21) in the ordinary way with the use of (1. 22), and by taking 

into account that p£ = p*ff’ and p* = p|jr* , we obtain 

y _L _no 
~M0 ^ Mü iUJ \ on On )\q* 
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In addition wc shall use the equation connecting the air pressure at the compressor 

outlet with the turbine inlet pressure, in the form p£ = which is written in di¬ 

mensionless form as follows: 

Aj.j^Àpî. (1.29) 

Thu s we obtained seven linear liquations with eight unknowns Xn, XT3> Xp3, X^g, 

XT2’ XT4’ Xp4’ and XGf' 

For convenience we shall eliminate in the following the variables X_,0 and X 
T2 p3 

from the obtained seven equations with the aid of (1.24) and (1. 29), and we shall 

introduce the notations 

r _. ri fo 'U\ f dMc \/0pc\] . 

1 .tío ’ .'*u L\ on) \ ci/i / 1 \ oGc /\ dn /Jo’ 

©i' 

K, ...’kit /»Ví9tUj5./í».)_ 

'-■(iñ&yMfí-)} ■ ■> j \c/Gc / \ d-c / p1 V drc/j0 

‘ ra¬ 

il-27) 

(1.28) 
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Hence we obtain the following final form for the system of equations: 

A 2/>2'' />î + KUX„ — KntXr3 - 0; 

^T*~^Ti~^îp7^pi~K3piXp<- 0; 

pi-^K+rjX Ti —KApKXpi —K¡TAXTt 0; 

K- r^'n + K:i/ . A'p2 Y Ki!tXn ^ Kta^X0^ 

(1.30) 

By solving (1. 30) for any variable occurring in this system, and by retaining the 

variable in the right-hand side of the equation, we obtain the sought-for equations, 

including the equations for Xn, and XT4. 

By using Cramer’s rule, we can write 

A • XTi --: a n^ot ! ( 1.32) 

2>-Xn — \nXQi, (i.. 

where a, An, AT3and are the determinants formed by the coefficients of the 

equations, i.e., 

J.P- 

a—10 
' 0 
K 5« 

'Ü - 

~K:n 
-1 

Kin 

' A 1;>2 

K. 
-K 
K. 
K, 

K 

îpi 
3p2 

Û 

AT-, 
*pi 
na 

' 4/(1 

0 ! 
0 ! 
i ; 
Kw 
0 1 
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A, 

o 
o 
o 
o 

KiC 

K\T3 ^l¡ñ 
— KiT$ Ajpj 

-1 -A'^ 

A^4/-3 ^V'2 
A r7"3 A^fpí 

K\p* 
O 

~^3p* 
-K^ 

O 

O 
O 

1 

A\r< 
O 

1 ne; cii.aerrmnani cülfers from A by the second column, instead of which we 

must introduce the first column of An. The determinant a^,4 differs from A by the 

fifth column, instead of which we must introduce the first column of A . 
n 

By expanding the determinants, we obtain after transformations the following 

equatiu!..-. of motion: 

Kf¡>\^).\n VVGf; (1.:14) 

Krp-r^)Xn (V-¡-/i3I.V0f; (1.35) 

P-f C,) -Vf, \b,p-j-¿»s)A'Gf. (i. 36) 

By dividing equation (1.34) byp^, we obtain the same expression (Tep+l)Xr - 

Kjg Xq as before (see (1.19) ). 

Here 

Te 
T 

Oi 
K bi-. 

Oi 

ihc TJE. equation of motion .vith respect to the thrusi in the linear approximation can 

be obtained by considering also the equation (1. 2), which expresses the rciati. aship 

.k'Iavcu. c/.o thrust ai.i. tue specific thrust ana gas Tow r.ne i.c. J{ R C The 
* ’ * C Sji \* 

liOnlinCcir iot^niuuis lor urc pítcaui^iccí uoov4kt *.c., G^-- (P*, ^* ) whcrcus 

lor J<sp tliese relationslups are specilioo ny (1.5), whence follows that ur.uer the 

assumption (for small deviations) 7]„ -- const, r, rr, - const, o,. - const \ - const 

and with fixed externai conditions we have 

'''sp ''"sp^ j' -V'- 

By iinearization oi tno a^ove formulas v.e obtain the equation 

(1.37) 

-A,,-.A',-, i I (i. 3o) 



where 

By solving (1.30) jointly with (1. 38) for the variable X^, we obtain 

(1.3») 

Here the determinant A has the same expression as before, whereas the determinant 

A^ will be as follows: 

•i/? 

/'i/’-fo 

\KU 

I o 

Í ° 
!*:„ 

0 

— K\Ti 

-1 

^*T.i 

KiTi 

Ksn 

~^\pi 

Kif/i 
~Kipj 

Ktpi 

Kipt 

— A’tpj 

0 

0 

^C/»4 

0 0 
0 0 
1 0 

— K\n ® 
0 /C*f 

By writing the determinant in expanded form, we obtain 

(Tp + ^X^^p + b^X^. (1.40) 

The expressions for the coefficients entering in the system equations (obtained 

by expanding the determinants) are very cumbersome. In solving practical problems 

it is therefore convenient to determine at first the numerical values of the coefficients 

of the original system of equations, and then to expand the determinants. 

c) The equations of motion with allowance for combustion 

time lag 

The above equations of motion for the engine speed, gas temperature at tne 

turbine inlet and outlet, and thrust, were obtained on the assumption that the gas 

temperature T* varies precisely in accordance with the variation of the fuel and air 

ron sumption and with the air temperature at the compressor outlet, without any time 

delay. 

In actual fact, however, the heat liberation during fuel combustion occurs with 

a certain lag, i.e., a certain time t elapses between the instant at which a signal 

i 

i 

I 
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representing (ùe, consumption is applied and th. inatant a, which thi. tort «ta 

Urn liberation of heat and henc an inore.« in the gas temperature. In order to 

obtain the equation, of motion oí the controlled pi«, üm, « mor. represe**,,, of 

the acto* processes taking place in th. engine, « „ sometime, necesaary to uke 

into account this time delay. 

When the gas temperature TJ varie., the delay „me r will vary a. . toncUon 

of the engine operating condition, «d of the night condition., hut in the case of 

•m*l deviations of th. controlled parameter, we can a.sume T . con„. 

In order to allow for a „me delay t In toe he* UberaUon in toe combustion 

chamber, we tort, use a„ Rivalen, repre«„UPon of toe combuaUon prooe.a wh«o- 

by i, I, assumed th* toe he* liberation takes place without lag. hut to. tort supply 

«o toe combu*ion chamber Uke. place with ,„* auch a delay T. t*. make. „ 

possible to clearly «par*, from . controlied p„„, with delay the delay lMp, by 

assuming toe latter to be connected In «rie. with a controlled plant without delay. 

By assuming to* the ,ran.,er function of the delay loop i. e-T>> and to* to. transfer 

function, of series-connected loop, are multiplied, we obtoin too following equation. 

of motion: 

<7>-f e, 

iTP + Pl) ^PXl3 rs (Aj p .,. Aj xQ¿ 

(Tp ; Oi).* = (A,p ! 

(Tp (t p . A,).V0t. 

(141) 

(1.42) 

(1.43) 

(1.44) 

These formulas show tea, 1, toe delay time r i. Urge, toe performance o, toe 

controlled plan, may conaidorably change (for to. worse,. Some quantitative estimate, 

o. the magnitude o, toe delay tune to* w«,ld enable us to a.certam whether or no, it 

Should be taken .nto account, arc presented below. 



d) The equations of motion of TJE with fixed nozzle, the 

e^ect 2L5î£ system being taken into account 

The ab ve equations of motion of the controlled plant do not take into account 

the effect of the iuel system of the engine. In most TJE of the type under considera¬ 

tion the füel pump is driven by the engine shaft; therefore the fuel flow rate via the 

pump depends on the rotational speed of the engine. A control element can be insert¬ 

ed between the fuel pump and the engine nozzles; this element adjusts the fuel flow, 

which is controlled in the ovei all system by a special regulator. Let us examine the 

performance of the controlled plant with allowance for the dependence of the fuel 

consumption in the engine on the position of the control element and the rotational 

speed of the pump, since the fuel consumption can be varied by changing the position 

of the control element as well as by changing the speed of the pump (engine). 

The fuel pumps widely used are those of cavity type (gear or plunger pumps). 

Let us examine the effect of these pumps. 

The supply of fuel to the engine by means of these pumps depends on the speed 

of the pump and on the position u of the control element, i. e.. Gf - Gf(n, u); hence 

By going over to dimensionless variables we obtain 

A°f (1.45) 
where 

K \ K. -V. O(o V da /o a. 

By substituting the obtained value ol XG into equation (1.34) for or ample, we 

obtain 

where 

(rnrv^Xa K b.X,' (1.40) 

On Ol ¿jA'i; Tn T. 
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This formula shows that the value of the self-balancing factor decreases; hence the 

performance of the controlled plant deteriorates with such a law of fuel supply to the 

engine, when Gf = Gf(n, a). 

By assuming that the fuel consumption does not depend on the speed of the 

engine (pump), which can be achieved, for example, by using a device that keeps the 

fuel pressure gradient constant at the control element, we obtain for this case Gi = 

Gj(of), and hence 

Thus we obtain instead of (1.46) the equation 

(/>¡ (1.47) 

In this case the left-hand side of the equation remains unchanged, and hence the 

performance of the controlled plant improves when Gf = G^o) as compared to the 

case when Gf Gf (n, a). 

This is a very important conclusion for the practical realization of a fuel supply 

system for the engine. 

Analogous conclusions follow also from the equations (l. 35) and (1. 36). 

c) The equations of motion of TJE with variable nozzle 

For this case wt shall use equations (1.21), and in the functional relations 

(1.22) we shall take into account the dependence of the gas flow through the nozzle 

on the nozzle cross-section FkT, i.e.. we set 
N ’ 

(1.48) 

Hence we can write instead of (1. 27) the equation 

(1.49) 
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F G NO ( N) 
By introducing the notations K4p = ■g— nnt^ 

fourth equation of the system (1.30) in the form 

--, we obtain the 
FN0 

^4/-2'^pj + ^4r^r3 KtpiXpi KATAXT^--K^fXp. (1.50) 

By solving (1. 30) (without the fourth equation) and (1.50) for Xn, XT3and XT4, 

we obtain \ 

A ■ Xn --- An. 

\-XT3~~ kTi' 

&'Xri -- At*4* 

; 
(1.51) 

The determinant A has the same expression as before, whereas the determinant 

is equal to 

0 
0 
0 

XifXf 

KsafX0{ 

~X\T3 
■Xjr3 
-1 

Kin 

Ktn 

-K 
K 

lp2 

2fl2 
‘3/.' 

K 

K 
*pi 

Spft 

K 
0 

K 

- K 

ip« 

,.p4 

*P* 

0 
0 
t 

~KiTi 
0 

The determinants and Ap4 differ from A by the fact that instead of the 

second and the fifth columns we substituted the first column of An. 

By writing the determinants in expanded form, we obtain 

yT/>fl\X (1.52) 

(V. ^).VÜ( ! <vVp; (1.53) 

0 P -7Xu b-) XGf-y{dj)-i «JA’p. (1.54) 

In the same way it is possible to obtain the equation of motion of a single-stage TJE 

with variable nozzle also for the thrust. In this case the system of equations will 

consist of (1.30) (without the fourth equation), (1.50) and (1. 38). By solving this 

system for X^, we obtain 
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Here is specified by 

^ ' X# - A#. (1.55) 

Tlp ¡-Q Kin Kip2 

^2i ^2T3 Kjpt 

0 -1 -K„r2 

(l ^*T3 ^4p2 
K'n K$T3 pi 

0 Kori — KCp2 

Kipt 0 0 I 

0 0 0 

-*3,4 1 0 

~^^pi ~^*rt K^pX/, 
0 0 

~ kçPi — X6T4 0 

r* 

By writing the determinant in expanded form, we obtain 

(0(lp-'rb2)X(¡í , (aj + aJXp. (1.56) 

A comparison of (1.52), (1. 53), (1.54) and (1.56) shows that in the case of 

unsteady motion the engine speed n and the gas temperature T* depend on the nozzle 

cross section, whereas the gas temperature T* and the thrust Re depend moreover 

on the rate of variation of the nozzle cross section. 

This has the following physical explanation. The variation of the parameters of 

air (gas), related to the variation of the nozzle cross section, occurs practically 

without lag, whereas the variation of these same parameters, related to the variation 

of the engine speed, has lag. The effect of the rate of variation of the nozzle cross 

section during unsteady motion on TÎ and R is accounted for by the coefficients a „ 
* C j 

and a . respectively. 

1) Determination of the coefficients of the equations of motion of TJE 

As we stated above, the performance of the engine asa controlled plant can be 

represented by the type of equations of motion and by the values of the coefficients 

occurring in these equations. In the present section we shall obtain the formulas for 

these coefficients for various operating conditions of the engine and various flight 

conditions. For this purpose we shall utilize the well-known thermodynamic and 
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gas-dynamic relations from the theory of engines. Some of these relations were 

already given in our analysis of the engine performance. 

The exact analytical determination of the values of the coefficients occurring in 

the equations of motion is beset by great computational difficulties. Moreover, since 

the compression process in the compressor for various operating conditions can be 

sufficiently exactly described only by means of the experimental characteristics of the ^ 

compressor, it follows that the method of calculation of the coefficients actually re- 

duces to the grapho-analytic method. On the other hand in many practical cases 

there is no need to exactly calculate the values of the coefficients of the equations of 

motion for every operating regime of the engine, since the problem of system dynamics 

is solved approximately. 

Below we present an approximate determination of the coefficients of the equations 

obtained above, for the principal operating regimes of the engine, when the pressure 

gradient at the turbine nozzle is either critical or supercritical. 

The expressions for the constant coefficients of the equations of motion can be 

determined with the aid of the equations (1. 21) and of the relations (1.22); the latter 

must be expressed in explicit form. From these relations it is possible to obtain an 

expression for the partial derivatives entering in the constant coefficients of the 

equations of motion. 

The formulas presented below should be used in those cases in which we have at < 

our disposal data relating to thermal engine-calculations or the necessary experi¬ 

mental data for the engine itoelf. 

The torque developed by a turbine is specified by the formula 

,VTa aGgft*’), 
.'ij *-- 

n n ISA 

The adiabatic temperature gradient hj, can be expressed In terms of the other 

performance parameters as follows: 
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By introducing into the formula for MT the value of the temperature gradient, 

we obtain 

M T 

aTncp rlGs 
75 An 

(1.57) 

where 
Y iJ 

From this formula we can determine the necessary' partial derivatives, i.e., 

The torque necessary to drive the compressor can be expressed by the formula 

.w C ~~ 
trftçH a(j 

75^11 

I he total adiabatic head of the compressor can be expressed in terms of the 

other performance parameters as follows: 

"ad“ (.-vb - 1). 

By introducing the value of the adiabatic head into the expression for M , we 

obtain 

Iv'-U. 
(1.58) 

From this expression we can determine the necessary partial derivativ* s, i.e. , 



r 

/ \ _ -^CO / ^fcn . 
\ /o «o ' \ òfíc /0 ^to ’ 

/().UC\ Alev A—1 

U;)r ^0-^);v^ * • 

The air flow through the compressor depends on its rotational speed, the inlet 

and outlet pressure of the air, and the air temperature at the compressor inlet. These 

relationships cannot be expressed sufficiently exactly in analytic form; therefore, they 

are obtained experimentally in the form of the compressor characteristics. 

The characteristics of centrifugal and axial compressors are graphs which 

indicate the dependence of IT* and rj on the air flow and the compressor speed. 
C ilu 

Graphs which are valid only for certain inlet conditions of the compressor are 

usually called normal characteristics, whereas graphs that are valid for any inlet 

conditions are called universal compressor characteristics. 

For illustration we plotted in Fig 1.20 the normal characteristic of a centrifugal 

compressor (without the efficiency values). By replotting this characteristic it is 

possible to obtain the function G = G (n) for various values of ff*. Taking into account c c c 

that p* = p*pï, pf = const and T*= copst, and using the normal compressor charac- 

teristic, it is possible to determine by graphic differentiation the values of the 

partial derivatives (3Gt./9n)o and (9Gc/ap9)o for specified inlet conditions. 

As an example we presented in Fig, 1. 21 the replotted normal characteristic of 

a compressor, which permits the determination of (3G /3n) by graphic differentiation. 

Th< universal compressor characteristics can be obtained by using the theory of 

similitude of gas flows in compressor calculations; they are plotted in the coordinates 

rr* 7T* i G , I Tf/pf ) for various values of n I Tf and of the efficiency. For illustra« 
c e ' c’ 1 1 1 

tion we plotted in Fig. 1.22 a universal compressor characteristic. 

By replotting this characteristic for certain operating conditions of the compressor, 

it is possible to obtain the values of the same partial derivatives as above. 
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Fig. 1.20. Normal characteristic 
of a centrifugal compressor. 
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Fig. 1.21. Compressor characteris¬ 
tic replotted from the normal charac¬ 

teristic of Fig. 1.20. 
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Fig. 1.22. Universal characteristic 
of a centrifugal compressor. 
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The permissible operating regime of the compressor is limited by its instability 

(or onset of hunting), denoted on the graphs by a dash-dotted line. 

It is approximately assumed that compressor instability sets in when the air flow 

through the compressor drops below the values at which the pressure ratio is maxi¬ 

mized for a certain engine speed. In this case the air flow through the compressor 

begins to pulsate, the pressure undergoes strong fluctuations, the air temperature 

increases, and vibration and backlash of the compressor and engine set in. 

This effect, which is of a fairly complicated nature, is usually due to cavitation 

of the flo'v at the blades of the wheel and the diffuser of a centrifugal compressor or 

at the blades of an axial compressor. 

The approximate limit of unstable operation of a compressor can be specified by 

the formula 

The partial derivatives (aGg/aP*)o and can be determined by using 

the gas flow equation in the form 

for subcritical exhaust velocities, and in the form 

(1.60) 

for critical and supercritical exhaust velocities. 

For principal operating regimes of an engine the pressure gradient at the turbine 

nozzle is nearly always critical or supercritical; therefore we shall utilize in the 

following the formula (1.60). 
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From this formula we can determine the necessary partial derivatives, i.e., 

__ Cizo 
{O/'.Jq P'M ' 'o 

The values of the partial derivatives (9GN/9T|)o and (9GN/9p|)o can be 

determined from flow equations similar to (1. 59) and (1.60), but written for a 

nozzle in the form 

(1.61) 

for subcritical exhaust velocities, and in the form 

O',,— (1.62) 

for critical and supercritical exhaust velocities. 

With the use of ffN*PH = p* , we obtain from the above formulas the values for 

the partial derivatives, i.e., 

f'no 

/j-L-iA _ f*'s — i ) 
' :,P'i K ~ '¿-nP,tkZ 

for subcritical values of the pressure gradients, and 

ior critical and supercritical values of the pressure gradients. 

The expressions obtained for the partial derivatives make it possible to simplify 

the coefficients of the equations of motion, presented above. A ssuming that in the 



case of steady motion we have MT0 = Mc0 = M0, Gg0 » Gc0, and Gg0 = GN0, we 

obtain the following expressions for the coefficients of the system of equations (1.30): 

7^ = 
2xn0J 

; Q 
nn /dfíc \ 

'cu V ¿rt /0 ’ 

*g~‘ 
r.* *g — 1 iO 6 

A'm=-0.5; ¿(¡pi- 

' i/>: ’ 0 + '-fí,0wh 

':p: <tAKl0 
I; A'm = 

to \ "Kc 'o 

nn /()0'c 

A •;>: •“ — 
• ». 

*g~ I 
*l„, ; f<- ̂p^1 

f'K'C \ , .. ., -, 
iï:rac- 

frg-i 
r‘x k _*8_ 

8 (I ~’ll) + tit 

K ji » — 0.5; Ktp¿ * 1; 

A' tn *= “0.5; A'jpi «» 1 ; A'.sr 3 
<?o : 

A jp: 
<?o 

1 ,■ r* • 
- °c' l r c 

*-1 

V cl r*~ + v_ 

Ax¿j«*l; Qu“ c‘ 

In a similar way it is also possible to determine the coefficients of the equations 

for other cases, as for example in the case of a subcritical pressure gradient in the 

nozzle. 

The basic quantities, entering in the expressions for the coefficients, i.e., Mq, 

r*0> ^o1 GgO* etc- • must be taken in conformity with their values for the original 

operating conditions of the engine. This means that for different operating conditions 

of the engine we have different basic variables, or, in other words, wc adopt "sliding" 

values. 
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The equation of motion (1. 38) contains the partial derivatives (9R8p/9T3)0» 

(aGN/ap|)0, (9Gn/9T|)o, and (3Rg^/at*)o. The expressions for the second and 

third partial derivatives are presentea above, whereas the expressions for the first 

and fourth can be obtained with the aid of (1.4). 

Hence we obtain the partial dervatives 

In view of the foregoing, the coefficients of equation (1. 38) will be 

In a similar way it is possible to determme the coefficients of the equations for other 

cases, for example in the case of a subcritical pressure gradient in the nozzle. 

The coefficients of equation (1. 50) are analogous to those presented above, with 

the exception of the coefficient K = F^/G^ac^/ô FN-)0- The partial derivative 

(0Gx/<) Fn ) wall be determined from the formulas (1.61) or (1.62), whence follows 

that this derivative has the same expression for both subcritical and supercritical 

exhaust from the nozzle, viz. 

flno 
1 .. 1 » -7- . 
Va/ n /(j f no 

Whence we obtain for the coefficient K.T, - 1. 
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The effect of the fuel system will be accounted for by equation (1.45). For 

cavity pumps it is possible to assume with sufficient accuracy that the fuel consump¬ 

tion varies as the engine speed n and the position of the servomotor (control element), 

which is specified by the quantity a. . Hence we obtain the following expressions for 

the partial derivatives (3Gf/9n)o and (9Gj/9o!)0 : 

By substituting the obtained expressions into (1.45), we find XG^= Xn + X^, 

i e K = 1 and K = 1. Hence we can write equation (1.46) in the form 
‘ ’ 1 Û! 

(7\,p+P (1.63) 

The time delay t of heat liberation in the combustion chamber can be deter¬ 

mined only approximately, mainly with the aid of experimental data. The value of r 

lies normally in the interval 0.05 - 0.2 sec. 

Let us ascertain the character of the variation of the engine time constant T and 

of the self-balancing factor when the engine operating conditions and the flight 

conditions vary. 

Since the excess torque 1VI = decreases with decreasing engine speed, 

it follows that the time constant will increase. 

In contrast, the self-balancing factor is decreasing under these conditions; this 

is due to the character of the variation of the torques of the turbine and of the com¬ 

pressor as a function of the engine speed. These functions are plotted in Fig. 1.23 

for the case Gf = const and Gf = Gf(n). 

In Fig. 1.24 we plotted the character of the variation of the time constant and 

of the self-balancing factor as a function of engine speed. 

The variation of the time constant T and of the self-balancing factor p. as a 

function of the flight conditions (H, V) is somewhat different. In Fig. 1.25 we 
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Fig. 1.23. Plots of Mt = MT(n) 

and M = M (n) for G, = const and 
c c f 

Gf = Gj.(n). 

plotted the character of the variation of T and p as a function of the flight altitude H 
0 X 

at a flight velocity V = const. Such a variation of T is due to the decrease in the excess 

torque Mex when H increases; the character of the variation of is related to the func¬ 

tions M-, = M (n) and M = M (n). The character of the variation of T and p. asafunc- 
1 X c C © 1 

tion of the flight velocity V is plotted in Fig. 1.26 for H = const. 

Such of character of variation of T is related e 

to the variation of the excess torque M ; the char- 0X. 

acter of variation of p^ is likewise related to the 

functions M_, = M (n) and M = M (n). It hence fol- 
11 c c 

lows from the foregoing that the performance of the 

engine as a controlled plant deteriorates with de¬ 

creasing engine speed. At low engine speeds, with 

a fuel supply governed by the relation G^ = G^n), the 

self-balancing factor may be zero or even negative. 

Fig. 1.24. Character 
of the variation of the 
time constant and of the 
self-balancing factor as 
a function of engine speed 
at H = const and V =const. 

An engine with such a performance cannot be stable without a controller. When the flight 

altitude increases, the engine performance is likewise deteriorating, in view of the fact 

that the self-balancing factor decreases. 
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Fig. 1.25. Character of var¬ 
iation of time constant and self- , 
balancing factor as a function 
of flight altitude H for various 

engine speeds. ? 

Fig. 1.26. Character of var¬ 
iation of time constant and of 
self-balancing factor as a func¬ 
tion of flight velocity V at 

H = const. 

Thus the performance of an engine as a controlled plant will be poorest at low en¬ 

gine speeds, high altitudes, and low flight velocities. These peculiar features of engines 

are well known in practice. 

The values of T and p. can be also determined experimentally with the aid of cer- 
G i. 

tain engine characteristics. By using the theory of similitude, it is possible to deter¬ 

mine from the experimental engine characteristics (taken at the test stand on the ground) 

and from the thus-obtained values of Tß and p^ the values of Tg and p^ for various flight 

conditions, when V = var and H = var. The principles of such a method of determination 

of T and p are as follows. 
G 1 
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With all other conditions being the same, the time constant T in (1.19) depends 

on the value of the excess torque Mex. When the engine operates at different altitudes, 

but in similar regimes, the value of the excess torque can be assumed proportional to 

the air flow through the engine, since the gas (air) temperature ratio remains constant 

at all the sections of the engine. 

Let us recall that similar regimes for a TJE with fixed nozzle are defined as re¬ 

gimes that have the same Mach number and the same reduced engine speed n , ^n/J/T* 
red i. 

The air flow through the engine at various flight altitudes is governed by the follow¬ 

ing law: 

where Ga0 is the airflow through the engine at Mfc = or Mb = 0 and P0 = 1. 033 kG/cm2, 

Tq = 288°K, with GaH being the air flow at Mfe = Mb0 or Mb = 0 and any values of p^andT^ 

In view of the fact that the air flow through the engine decreases with increasing 

flight altitude (and hence the excess torque decreases), we can write 

po V th 
or 

(1. 64) 

Here TeH is the value of 016 enSine time constant at H ¿ 0, and T . is its value at H = 0. 

The gain factor KlG in formula (1.19) does not vary with the flight altitude (in the 

case of similar regimes). For similar regimes the effect of the flight altitude II on T 
e 

and KlGf at various flight velocities V can be determined by the same method as above, 

though it is necessary in this case to obtain at the test stand the values of T and K 
e IGj 

corresponding to a flight velocity V / 0. 

i he above method makes it possible to determine very rapidly the necessary co¬ 

efficients of the equation of motion of the engine for various flight conditions. 
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g) Permissible range of operation and block diagrams 

It follows from the foregoing that the possible or permissible operating conditions 

of an engine are confined to a certain range. The limits of the permissible range of op¬ 

eration of an engine are: a) The maximum permissible engine speed; b) The maximum 

permissible turbine inlet gas temperature; c) The zone of stable operation of the com¬ 

pressor; d) The zone of stable burning of the fuel in the combustion chamber as a func¬ 

tion of the mixture composition; e) The zone of vibratory combustion and of flame ex¬ 

tinction. 

The maximum permissible rotational speed is related to the strength of the engine, 

being mainly determined by the strength of the turbine blades, which are operating in 

a hot gas flow; as a result, the strength of the blade material is sharply diminishing 

with increasing gas temperature. These are also the reasons for limiting the gas 

temperature. 

The limitaticn due to unstable operation of the compressor is caijsed by the fluc¬ 

tuation of the air and gas flow; as a result, the vibrational loads at the compressor 

blades are sharply increasing and the steady combustion process in the chamber is 

disturbed. Such a mode of operation of the compressor is very hazardous for the en¬ 

gine. 

The limitations due to the combustion process in the chamber are based on the 

need to prevent flame extinction, since this would stop the engine. 

The above-listed boundaries of the region of permissible operation of the engine 

can be plotted in the coordinates MTc = MTc(n) [or NTc= NTc(n)], as shown in Fig. 1.27. 

The hatched area represents the region of permissible operation of the engine. This 

region, in turn, can be divided into two subregions by the condition = 0, which cor¬ 

responds to curve 6. 

In the region with pj > 0 the engine can be stable in operation without a controller, 

whereas in the region with p1 < 0 the engine cannot be stable without a controller. The 
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2 

Fig. 1.27. Boundaries of per¬ 
missible range of operation of 
engine. 1 -- line of maximum 
permissible engine speed, 
2 — same for temperature, 
3 — line of unstable operation 
of compressor, 4,5 — lines of 
unstable burning, 6 — line cor¬ 
responding to =0,7 — line 

of static operating conditions 
of engine (equilibrium 

conditions). 

curve 7 corresponds to static operating conditions of the engine, with M^q + 

+ M + M, . 
a tr 

The control system must ensure that during unsteady motion the engine should al¬ 

ways operate within the region of permissible operation. 

Having at our disposal the equations of motion of the controlled plant, we can rep¬ 

resent the latter in the form of a block diagram that illustrates more clearly the rela¬ 

tionship between the individual performance parameters, adopted as the generalized 

variables of the system of equations of motion. 

Fi gure 1.28 shows the block diagram of a controlled plant whose motion is de¬ 

scribed by the system of Eqs. (1.30). 

In this figure we represented the signal and the external conditions p^, 
f 

and V, as well as the controllers of the engine speed or turbine inlet or outlet gas tem¬ 

perature. 
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Figure 1.29 shows the block diagram of a controlled plant whose motion is de¬ 

scribed by the system of Eqs. (1.30) in conjunction with (1.38) and (1.50). 

The output variable remains open-ended, in view of the fact that the engine is 

considered without aircraft. In a joint analysis of engine and aircraft, the XR variable 

is closed at the aircraft, whose output acts on V. In this figure we also represented 

the action Fx. of the controlled nozzle. 
N 

h) Frequency characteristics 

As we pointed out above, the performance of the controlled plant can be expressed 

not only by the form of the equation of motion and by the values of the constant coefficients 

of this equation, but also by fhe frequency characteristics. 

Let us subject Eq. (1.19) to a Laplace transform, assuming that a unit step dis¬ 

turbance is applied to the input that is related to the fuel consumption only. In this case 

the transfer function will be expressed as 

X(S)- 
Xn(S) Xwf 

*Of(S) TeS + l 

By effecting the change of variables S = 10¾ we obtain the frequency characteristic. In 

2_.2 Cartesian coordinates, in which we plotted M(w) = Tß + 1 on the real axis, and 

2 2 N(w) = -KjGjoTg/w Tg + 1 on the imaginary axis, the frequency (amplitude-phase) char¬ 

acteristic will be a semicircle. The character of variation of the amplitude-phase char¬ 

acteristics for various operating conditions of the engine is plotted in Fig. 1.30 for fixed 

externai conditions. The frequency distribution along the characteristic is indicated by 

a single characteristic point, when the vector argument is equal to or o> - l/Te and 

Let us note the interesting properties of similar engine regimes that characterize 

the controlled plant with respect to the engine speed at various flight altitudes and V = 

= const. In this case the gain remains constant, and hence the amplitude-phase 
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characteristic will be in the form of a semicircle for all flight altitudes, but with differ¬ 

ent frequency distributions along the characteristic. 

Controller ComroUer 

Fig. 1.28. Block diagram of controlled plant according 
to system of Eqs. (1.30). 

Controller 

Controller 

Fig. 1.29. Block diagram of controlled plant according to 
system of Eqs. (1.30), (1.38) and (1.50). 

The frequency distribution for a point at which u> = l/T for various flight altitudes, 

is governed by the law 

p.vn 
c, — £/—- — 

TcOPt VtH 

where T . is the value of the time constant for H - 0. eu 
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Figure 1.31 shows the character of variation of w for points of the frequency char¬ 

acteristic at which u) = l/Tejj, as a function of the flight altitude, 

Fig. 1.30. Plots of amplitude- 
phase characteristics with re¬ 
spect to engine speed for vari¬ 

ous operating conditions of 
engine. 

In an analogous way it is possible to construct 

the amplitude-phase characteristics with the aid of 

the Eqs. (1.53) and (1.54), which specify the per¬ 

formance of the controlled plant in relation to the 

variables and XT4 

w 

In this case (with fixed external conditions) 

the transfer functions under the action of the sig¬ 

nals X„ and Xv will be 

Fig. 1.31. Plot of w = 
= l/TeH versus flight al¬ 

titude in the case of sim¬ 
ilar regimes of engine. 

A’n (5) _TiS r 1 . A/-;) (S)_1_ttj , 

*0T(S)“ei V + l ’ 'V(S) Cl ¡TeS + l ’ 

A'7-4(-S) ¢5 T%$ + 1 . a4 TfrS 4-1 
.Y0f(S)“c, ’ -Yf(S) “ Q, TeS + l' 

where 
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The amplitude-phase char 

will be as follows 

ristics, for example under the action of a signal 

<v-TeT i + 1 

^2TeT 2 + 1 
»#1 + 1 

, »3 7-1-7-c 
lui--- • 

0, 0,27-2+1 

. bs T2-T' /(0--- 
01 -2r2 + l 

In Cartesian coordinates these characteristics will be in the form of semicircles 

whose centers lie on the abscissa at a distance from the, ordinate that is larger than the 

radius of the circle, and which are directed towards the positive ordinates if T > T 
le 

and T /T > 1, and towards the negative ordinates if T, < T and T„/T < 1. 
i c lele 

Figure 1.32 shows plots of the amplitude-phase characteristics that specify the 

performance of the controlled plant with respect to the variables X and X_. under a 
i o 14 

signal Xq . Of particular interest is the determination of the frequency characteristics 

which specify the performance of a controlled plant whose equation of motion has been 

obtained with allowance for combustion lag. In certain cases this lag may have a con¬ 

siderable effect on the performance of the controlled plant. For example, according 

to (1.41) the frequency characteristic will be 

This formula shows that with increasing u> the hodograph vector is shifted by an angle 

ru) as compared to the earlier case, when r = 0. Hence follows that the performance 

of the controlled plant is deteriorating with increasing r. The hodograph of the fre¬ 

quency characteristic must be in the form of a spiral that contracts towards the origin 

of coordinates when w—oo. Of greater interest is the determination of the frequency 

characteristics with allowance for the effect of the delay time r with respect to the 

variables XT3 and XR under the action of the signals Xr and X . O* f 
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Fig. 1.32. Plot of amplitude-phase 
characteristics with respect to gas tem¬ 
peratures T| an<3 T* for various operat¬ 

ing conditions of engine. 

In accordance with the foregoing these frequency characteristics will be as follows 

(by virtue of (1.42), (1.44) and (1.53), (1.56) with allowance for the delay time r): 

where 

Cl /¿/w + 1 

Kn (/o.)=Jnltl = £1_L 
Xf (lu) o, Telu + 1 

. Xff (tu)  bj TAl,, -(- I 

Oi + 1 
•t/®. 

KR (/«)) = 
XR (iu.) 

Xf (/«■) 
ÍÍ j, I* U) I 
ci ^TT 

It is convenient to construct such characteristics for r = 0, and then to turn each 

vector corresponding to a specified a; in a clockwise direction by an angle rw. 

In Figs. 1.33 and 1,34 we plotted the amplitude-phase characteristics with allow¬ 

ance for lag for an engine that operates under maximum conditions at H 0 and V - 0. 

Fhe coefficients of the frequency characteristics are taken from Example 1 below, and 

the delay r is taken equal to 0.1 sec. 

62 



Fig. 1.33. Plot of amplitude-phase charac¬ 
teristics with respect to gas temperature T* 

with allowance for combustion lag. 

Fig. 1.34. Plot of amplitude-phase characteristics 
for the thrust with allowance for combustion lag. 

An analysis of the performance of a controlled plant with the aid of the frequency 

characteristics is convenient not only for the reason that it facilitates the comparison 
9 

of the engine performance at various operating conditions under various flight conditions, 

but also for the reason that by the frequency method it is easy to determine experimen¬ 

tally the performance. 

In order to experimentally determine the performance of the engine as a controlled 

plant, it is sufficient to apply to its input a signal representing the fuel whose consumption 
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is governed by a harmonic law, and to write at the output the parameters with respect 

to which it is desired to construct the frequency characteristics. 

In practice it is convenient to write down at once all the output parameters that 

are of interest to us: n, T*, T*, R ; this shortens the experiment. 
o 4 Q 

By varying the frequency of the input signal, it is easy to obtain the complete am¬ 

plitude-phase characteristics. 
» 

Such an experiment is normally carried out for several operatiBj? conditions of the 

engine. In practice there exist also other experimental methods of determination of the ' 

engine characteristics that make it possible to ascertain the engine performance. Thus, 

for example, it is possible to qpply a step input signal representing the fuel, and then 

write down the variation of the outpu* signals. 

Such (time) characteristics permit also the determination of the coefficients of the 

equations of motion. Moreover, we know from automatic control theory that there exists 

a one-to-one relationship between the frequency- and time characteristics, enabling us 

to use any of these types of characteristics, according to our needs. 

i) Examples 

Example 1 

Exercise. Determine the values of the coefficients of the equations of motion (1.34)- 

(1.36) for the engine speed and the turbine inlet and outlet gas temperatures of a single¬ 

shaft TJE with fixed nozzle, for maximum operating conditions of the engine, at H = 0, 

V = 0, and neglecting the effect of the fuel system. 

Basic data. The momentof inertia of the rotating masses of the engine is J = 0.6 

2 2 kG*m* sec - (5.88 m m* sec ). Tfye compressor is centrifugal (having the characteris¬ 

tic presented in Fig, 1,20), The other relevant data of the fuel calculation are presented 

in the table. 
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wmmmzrssmmmsr. IS'IEK» 

Engine 
operating 
conditions 

Maximum 

Eng1 ne 
operating 

conditions 

"0 

I! 
1! Gf At riT 

• • 
n 

1230 rad/sec 
or 

193 rpm 

50 kg/sec 0,80 kg/sec 0,75 0.89 4,30 2.14 1125° K 

1 i 
-H

 
K3
 •

 

T\ Pi kt k co Hu V« 

Maximum 
48G° K 953° K 43,5 ncm2 

or 9 
4.44kg/cm¿ 

1,33 1.4 0,28 10500 
keal/kg 

0.98 

Solution. The torque developed by the turbine and needed for driving the compres¬ 

sor can be determined by formula (1.57) 

11,9-0,89-0,28-1125-50-427 
.Wk0 -- .1Í-o ~ ilifl— ■ 

0 10 0 75-193 

Hence we find for the time constant T, 

|1 - 2.14~ = 870 kgm = 8550 n. m 

- 2-3.14-193-0,6 . „ 

r'-^S7“-m-"0-“ 

The partial derivatives (3G /3 )- and (3G /dir*)n will be determined by means of 
cnOccO 

the compressor characteristic presented in Fig. 1.20. 

By graphic differentiation at the point of the curve corresponding to n - 193 rps = 

= 11580 rpm and G = 50 kg/sec, we obtain (3G /37r*)n = -10.4. 
c ecu 

By replotting the curves of Fig. 1.20 in the coordinates G and n as shown in c 

Fig. 1.21, we obtain by graphic differentiation the value of (3G /9n)n for the same point, c u 

i.e., (3Gc/3n}0 - 0.8. 

Then we determine with the aid of the tabulated data the value of the coefficients 

listed after Eq. (1.62): 

0 — 3,1; k¡P2 — 2,25; f^ipi—1.2; ^2p2 —— 

A;/i = 3,!; K3p2=—0,25; A'np4 = — 0,3; A,'s/-3 =■ 1,8; 

As« = 3.1; Kspi = -1,17. 

65 



By using (1.31), (1.32) and (1.33), we construct the determinants A, An, 

and 

1 = 

■Vi ; 

0.83p + 3.1 
3.1 
0 
0 

3.1 

0 
0 
0 
0 
1 

0.S3/I 3.1 
3.1 
0 
0 

3.1 

O.S3p4-3.1 
3.1 

0 
0 

3.1 

— O.S -2.25 1.2 
0.3 -1.0 0 

— 1 0.25 0.3 
-0.5 1 -1 

1.8 —1.17 0 

--0,5 -2.23 1.2 
0.5 -1.9 0 

— 1 0.23 0.3 
-0.5 1 -1 

1.8 -1.17 0 

0 —2.25 1.2 
0 -1.9 0 
0 0.25 0.3 
0 1 -1 
1 -1.17 0 

-0.5 -2.25 1.2 
0.5 —1.9 0 

— 1 0.25 0.3 
-05 1 -1 

1.8 -1.17 0 

0 
0 
1 
0.5 
0 

0 
0 
1 

0.5 
0 

0 
0 
1 

0.5 
0 

0 
0 
0 
0 
1 

By expanding these determinants, we obtain thf iought-for equations of motion 

for the engine speed and the turbine inlet and outlet gas temperatures in the form 

(2.7p+5.4) .Y„ = 1.8XCf; 

(2-7p-f 5.-1) Xts — (1.8/7—2 0) X0{\ 

(2.7p-f5.4) .Yr« =(1.38/7-(. ).31) X0{. 

By dividing the right- and left-hand sides of the first equation by 1.8 and 5.4 re¬ 

spectively, we obtain 

n .5/)-3.0) X n •* XGf ; (0.5/)-:-1 ) Y» = 0.33.YOf. 

Hence we can see that the self-balancing factor = 3. 0, and the time constant Te 

^ 0.5 sec. 

Example 2 

Exercise. Determine the values of the coefficients of the equation of motion 

(1.40) for the thrust developed by the engine. The engine is the same as in the previous 

example. 

Basic data. The data for the thermal calculation are adopted from the previous 

example; in addition we have <5c . o. 96 and = o. 99. 
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Solution. We determine the value of the specific thrust R by the formula (1.4): 
1 1- BP 

/2-9.8 / f / ] .0.251 4 30.216 _ 1 

^ x V ['-(o-^rr) J-1025-288Ti^rwGO-a 
Hence R _ R • G . = 60- 50 = 3000 kG (29460 n). 

e sp air 

Then we determine the value of the coefficients listed on p. 43: 

'/) 1120-0.¾ 0.28 il -(:.) 
_t Vo.96-4.3 ) 

50-00^-9.8 

427 

«1.2; 

A i rn — 

:.0 1.3-0 98 

^2 5() . G0-’-9.8 

o ')« / I \° 25 
--1125 127-0.25 (-:) - 
4.3 V 0.96-4.3/ 

102.5-288-0.285 

0.9-0.75-4.3' 0 71 :0.13. 

We construct the determinant A^: 

0,83/» -(- 3.1 —0.5 
3.1 0.5 
0 —1 
0 -0.5 

3.1 1.8 

0 —1.2 

-2.25 1.2 0 0 
— 1.9 0 0 0 

0.25 0.3 1 0 
1 —1 0.5 0 

-1.17 0 0 1 

-0.13 1 0.5 0 

By expanding the determinant and using (1.39), we obtain 

(0.5p H)*« (0.22/) i-0.34)Xot. 

Example 3 

Exercise. Determine the values of the coefficients of the equation of motion for 

the engine speed and turbine inlet and outlet gas temperature of a single-shaft TJE with 

variable nozzle for maximum operating conditions of the engine at H - 0, V = 0, neglect¬ 

ing the effect of the fuel system. 

Basic data. The data for the thermal calculation of the engine are adopted from 

the previous examples. 

Solution. In this example it is possible to utilize the same values of the coefficients 

of the equations as in the previous examples, whereas the value of the coefficient K4f 

in Eq. (1.50) will be determined on the basis that G^ = mF^, where m - const. Hence 

wo obtain OGN/aFN)o « GN0/FN0 or K4F = 1. 
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According to (1.51) It is necessary to calculate only the values of the determin¬ 

ants, and , since A can be taken from the previous example. By introducing 

the coefficients obtained in the previous examples, we obtain 

0 -0.5 -2.25 
0 0.5 -1.9 
0 —1 0.25 

XP -0.5 1 

XCi 1.8 —1.17 

0.83/7 + 3.1 0 —2.25 
3.1 0 -1.9 

0 0 0.25 
0 Xp 1 

3.1 *0, 1.17 

1.2 0 
0 0 

0.3 1 
■1 0.5 

0 0 

1.2 0 
0 0 
0.3 1 

-1 0.5 

0 0 

¿TV 

0.83/7 + 3.1 -0.5 -2.25 1.2 0 
3.1 0.5 -1.9 0 0 
0 —1 0.25 0.3 0 
0 -0.5 1 -1 

3.1 1.8 —1.17 0 X0 
i 

By expanding the determinant and using (1.51), we finally obtain 

(0.5/- + 1).Y,, =0.33 .Y0f +0.63 A>; 

lO-V + 1) A’n = (0.33/7 + 0.37) .Y0{ - 0.5 Xp\ 

(0.05/- + 1) Xn = (0.3/7 + 0.07) .Y0f + v0.13/7-0.7) XP 

The coefficients of the Eq. (1.56) will be determined with the aid of (1.55), after we 

have obtained Ã^. At first we shall determine the coefficients of Eq. (1.38), presented 

on p. 43, and equal to KgT8 = 1.1, K6p2 = 0.13, Kg^ = 1 and KgT4 -- -0.5. Hence 

0.83/7 + 3,1 -0.5 - 2.25 1.2 0 0 
3.1 0.5 -1.9 0 0 0- 
0 —1 0.25 0.3 1 0 
0 -0.5 1 -1 0.5 Xp 

5.1 1.8 -1.17 0 0 XQl 

0 —1.1 -0.13 —1 0.5 0 

By expanding the determinant and using (1.55), we obtain 

(0.5/7 + 1) XR = (0.22/7 + 0.34) Ar0f - (0.38/7 + 2.8) Xp. 

The nozzle cross section is normally varied with the aid of a special servomotor; 
i 

for this reason it is more convenient to replace the variable Xj, = AF /F^O in the equation 
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of motion by the relative variable Xg =àl/lQ of the servomotor (l being a variable spec¬ 

ifying the position of the servomotor). In general the relationship between the nozzle 

cross-section and the position of the servomotor is nonlinear; hence FN = *N(*)i 

By linearizing this expression, we obtain XF = I By introducing 

value of X„ into the right-hand side of the equation of motion, we obtain for the input 
F 

signal the servomotor variable Xg, and not the nozzle cross-section Xj,. 

The numerical value of the coefficient of Xg is usually determined on the basis of 

the actual dependence F^ = FN^)- 

Example 4 

Exercise. Determine the value of the self-balancing factor pn in the equation of 

motion (1.46) of the single-shaft TJE considered in the previous examples, with allow¬ 

ance for the efiect of the fuel system. 

Basic data. The data for the thermal calcu.ation of the engine are adopted from 

the previous examples. The fuel consumption is governed by the law Gf = Gf(n, a). 

Solution. We determine the value of the coefficient Kj = n(/Gf0<G{/n)o occurrin8 

in Eq. (1.45). For cavity (plunger) fuel pumps it is possible to assume without commit¬ 

ting an appreciable error that the fuel consumption varies as the engine speed n and the 

servomotor position a. Hence the expressions for the partial derivatives and 

OGf/à«)0 will be OGf/9n)0 = 3Gf()/an)0 and OG/^ = G^cy By introducing these val¬ 

ues into the expressions for and K^, we obtain = 1 and - 1. 

Hence (1,46) will assume the form 

(1.5p-f 2)Xn~ 

Thus the value of the self-balancing factor decreases by about 33%, which must lead to 

a deterioration in the performance of the engine as a controlled plant, especially if it 

operates at low values. 



Example 5 

Exercise. Determine the values of the time constant for H / 0 in the case of op¬ 

eration of the same single-shaft TJE with fixed nozzle at similar regimes, with V = 0. 

Basic data. The data for the thermal calculation of the engine are the same as in 

previous examples. 

Solution. Earlier we determine^ a value of the time constant, equal to T = 0.5 

sec at H = 0 and V = 0t With the aid of (1.64) we can find the value of TeH for H 0 in 

the case of similar operating conditions of the engine, assuming that the quantities Pj? 

and Tu vary in accordance with the Standard International Atmosphere (SIA): 
II 

Fig. 1.35. Plot of T fpr H = var, corresponding 
G 

to similar operating conditions of the engine. 

3. Two-shaft TJE (with two-stage compressor) 

a) General considerations 

The basic diagram of such an engine (Fig. 1.36) shows that the main difference 

between the latter and a single-shaft TJE is the presence of two turbines, each of which 

drives one stage of the compressor. 

The use of two-shaft TJE is primarily dictated by the need to enlarge the range of 

stable operation of the compressor, and hence to achieve a certain (though minor) im¬ 

provement in the economic performance of the engine. As we pointed out above, in or¬ 

der tc make the engine operate more economically it is necessary to increase the value 

of Tr*,which is easiest to achieve with the aid of a two-stage compressor. Moreover, 
c 
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this permits an improvement in the compressor operation under low operating conditions 

of the engine, and it facilitates the joint operation of the compressor stages and the start¬ 

ing of the engine. With such a mode of operation of the engine, both compressor stages 

can operate at the optimum relationship of the angular velocities in a wide range of op¬ 

erating conditions of the engine. 

The presence of a second compressor stage makes it possible to arrange more 

adequately the air flow in the compressor under unforeseen operating conditions, and 

thus to enlarge its region of stable operation. 

The operation of such an engine is in many ways similar to that of the single-shaft 

TJE considered above, though there éxist also some differences. 

The performance of such an engine as a controlled plant differs considerably from 

that of a single-shaft TJE. 

The control methods (laws) of such an engine are roughly the same as those of 

single-shaft TJE. 

b) Der^'ation of equations of motion of a two-shaft TJE 

with variable nozzle 

In deriving the equations of motion of a two-shaft TJE with variable nozzle we 

shall adopt the same basic assumptions as in the case of a single-shaft TJE, and the 

equations of motion for the controlled parameters of interest to us will be derived with 

allowance for energy storage elements related to rotating masses only. 
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By using the notations of Fig. 1.36 we can write down for fixed external conditions 

the following system of nonlinear equations: 

9- 

1+(^-l)i-; 
T\ 

^21 

^ci—^cî; 0ci=°gi; 
# 

rr==1-T|ii(,-'>r7,): 

T* 
* 41 

T\ 

' 41 

Ggl —Og2; Og2 —Ou; 

GiHu^,=cpOcl{Tl-T\). 

(1.65) 

These equations have the same meaning as in the case of the single-shaft TJE con 

sidered above; the number of equations is larger in view of the fact that we are now con¬ 

sidering separately the motion of each stage. 

In order to simplify the subsequent analysis we shall assume that the efficiencies 

Tjci and tjc2 of the compressor stages, tjt1 and 77T2 of the turbine stages, and rj of the 
cc 

combustion chamber remain constant in the case of small deviations of the performance 

parameters. 

We shall moreover confine ourselves to operating conditions of the engine under 

which the pressure gradient at the turbine nozzles will always be critical or supercritical. 

We shall also assume that the pressure losses in the combustion chamber remain 

constant, i.e., p» - <5CP|. Under these conditions the nonlinear formulas for M, , M 
X*! T2* 

Mcr Mc2’ Gcr Gc2’ Ggl’ Gg2 and GN Ci be exPreßsed as follows: 

Ogl, «„ Crg2, /7,, û*2); 

(Oc„ //,, r2i); -Mc2=Afc2(OcJ) nt, k.*,); 
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(1.66) 

^ci “ Ocl(p'2, p2X, T2^\ 0C2~-Oci(pilt Wj); 

Gg^ozMJ7>'%2 %MvT\x)\ 

On Gn(PvT\,Fa). 

By linearizing (1.65) in the usual way and taking into account (1.66) and the expressions 

Pi ^ClPlV Pu~ Rc\Pv Pz~P\\KlV P^^PflV 

we obtain after transformations the following system of linear equations: 

(PxP'V'i^ /:1 _ ^ ir3^ T3 '~ K\p2^ 

^ 1/' U H* ^ 1;/21'^/>21 “ “ 
(P:P -V-;; ' ^ m — ^ 2//4r^/>u'!" 

' P :,-4-^ pt : P :P:\P P2i 

P 71 P 21-^ /121 ^1//2-^//2 ~ 

P 4/ 21-^ / 21 V P 4/:2^ «2 ^4//2^ pi ^<nl^ni 

^5/ 21-^//21 "I- ^5/11-^/11 “ ^5//2-^//2-^573-^r3~^i 

A /.i — A 73 — K6p2Xpl — K6pnXpil = Ç>\ 

-V74 - .V741 - Kip\\Xp\\ - KlpiX^0-, 

P 5//2-^ p2 T ^873-^73 — ^8pll-^p4l ^8741-^741 — 

^?pll‘^ p .l ^^2741-^741 — ^9//1-^/11 KTi ~ K$fXp", 

P^VriP 73 -:-^10/.21^ p21 “1* ^10/il-^nl “I ^lOpl-^/«-!" 

- r ^ 1372-^72 ^ 10Cf-^Of 

Here we introduced the following notations: 

(1.67) 
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A'»'”=^T'-r^ 

By solving the system (1.67) with respect to any of its variables, and by retaining 

in the right-hand side of the equation the variables and Xr, , we obtain the sought-for 
F Gf 

equations, including the equations in the variables X^, X ^, XT3 and XT4, in the follow¬ 

ing form: 

\-XJ¿- 

iXn2~ln7\ ^'XT¡ = \T3. 

Here the determinant A has the following expression: 

i 
TíPtQ, 0 jra ^i/>2 0 K 

0 T jP 'j' Cj 0 ^ ^ 2r4i ^ 
» 

0 0 o -A'3„2 0 0 K 

\p2\ 

— K 4nl ''InJ 

A 5nl 

0 ~^3¡i2 0 

a4„2 0 -K<p2 0 

0 —‘on ~ ^ipi 0 

0 1 — A 6/)2 _ A' 

3/i2l 

0 K 4;>21 

(iptl 

0 Kr 

1 

0 

0 

1 

0 

0 >»21 

0 0 

u 

Klpi 

0 

0 

0 

0 

(1. 68) 
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0 

0 

0 

0 
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o -K 7/Hl ■K 7/H 

Kin K tpj K tp*i 

* 9pii 

— KBrii 0 0 

Kara ® ® Kfp4 K\ 974 

/C,0(ll 0 /Ciora Kiofii 0 0 /Cio/jíi ^lor* 0 0 

The determinants An, A^, Apg and AT4 differ from A by the column formed by the 

right-hand sides of (1.67) that must be introduced into A. 

By expanding the determinant, we obtain after simple transformations the follow 

ing equations of motion: 

+^ "T Kn\ = {bjP -V0r -p (í'ö/, -r ci) Ky, (1.69) 

(‘¡oP'-r<JtP-1rl',2l Kni— A'0r4- 4-^) Ky (1.70) 

(lhP'i ’rlhPJr dj) AT 7-3=(^4/73 4- ^sP 4- A0j 4- ^4*^1 A/»; ( 1.71) 

(a0p- 4-(7^4- a2) X r4 — (b7p- 4- bsp 4* b9) A’0t 4- fop- 4* ^7/7 + (1.72) 

The obtained equations of motion of a two-shaft TJE with variable nozzle show that 

the rotational speed of the two stages depend^ not only on the fuel consumption and 

tne nozzle cross-section X_, but also on the rate of change of these variables. The gas 
F 

temperatures XT3 and XT4 depend moreover on the acceleration rate of X^, whereas 

XT4 depends even on the acceleration of X^,. 

From this point of view the performance of the engine under consideration differs 

considerably from that of a single-shaft TJE. In order that the gas temperature she..:: 

not exceed a certain value during unsteady motion, it is necessary to limit not only the 

rates of change of Xr and X„, but also the accelerations. 
uf a 

The equation of moth n, specifying the variation of the thrust developed by the en¬ 

gine, can be obtained by jointly considering the system (1.67) and the linearized 

EQ. (1.2)i i» ®. > 

X# — KnTiXT3 - KxmXpi—Kup{Xpi — KWiXn = KufXp, (1.73) 
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where 

¡S ¡r»Gno/^sp\ ~coOao/àRsp \ 

^ríifV ^i= ^ri^rv 

^ n/-; — 

¡s _^spo Pw(dGn\ 

"pi~ /?«, 1^:J0: 

^ sp ^40 / f'/í7 

/?eo 

/ "^n\ . ^ _ Psp.J', /<X7n\ . 
KV Uf /íeo U/'V 

here we used the relation ir* = tt* 7r*„. 
c cl c2 

By solving the Eqs. (1.67) and (1.73) for XR, we obtain 

+ai/>+^ü) ■*/? — + ^u/7 + ¿12) ^ef + 

+ + (1.74) 

From Eq. (1.74) we can see that during unsteady motion the variation oi the thrust de¬ 

pends on the rates of change and accelerations of the fuel consumption and of the nozzle 

cross section. 

The above equations retain their validity for a two-stage TJE with fixed nozzle, 

provided that we set X = 0 in them. 
r 

The expressions for the constant coefficients, occurring in the equations of motion 
% 

obtained above, can be determined in the same way as in the case of a single-shaft TJE. 

As a result we obtain the following expressions for the coefficients: 

Kw = \ 

*g— 1 
*<? 

*-l • — 
—7  ClO 

Sio *8 -1 

k-\ 

•cio 1 

P20 fdGcl\ _ 

^Cioy d>Vo 
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A’ — 1 _ • * 

- 'C1 

» -1 
r.*! * ’Ici-l 

K ipii 

k-l 
A’ — 1 _ » * 
-- "clO 
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1; K iptr 

^•g— 1 
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•am • =0.5; 
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The coefficients of Eq. (1.73) are the sane as those of the Eq. (1.38), taking into 

account that tt* = ^l7^’ ^1118 the coefficient Kj p = 1. 

The expressions for the other coefficients are the same as above. By using the 

expressions for the coefficients and the data obtained by a thermal calculation for the 

engine, we can determine (after expanding the determinants) the values of the coefficients 

of the Eqs. (1.69), (1.70), (1.71), (1. 72) and (1.74). 

4. Two-loop TJE (TTJE) 

a) General considerations 

Two-loop TJE differ from single-loop engines by the presence of a second (exter¬ 

nal) loop through which air (gas) is flowing. In Fig, 1.37 we presented two basic dia¬ 

grams of single-shaft two-loop TJE; these diagrams illustrate the principle of operation 

of such engines. 

The large additional supply of air flowing through the external loop of such an en¬ 

gine is increasing the thrust as compared to a single-loop TJE. For this purpose a 
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low-head compressor (which can be also regarded as a high-pressure propeller) with 

a large air flow is used in a two-loop engine. The thrust developed by a two-loop TJE 

consists of the thrust of the main loop and of the thrust of the auxiliary loop, i. e., 

A>e=/?, + /?2= ^ (wcX - VO + ^(wti - V). (1.75) 
ß ß 

The specific thrust is defined as the ratio of the thrust Re developed by the engine 

to the air flow Gal through the main loop, i. e., 

n Æ| +/?2 «Vi + A'«.’« — (1 + A') V 
-ï-' <1-76) 

where K = G /G is the air flow coefficient of the second (auxiliary) loop. 
a2 al 

The specific fuel consumption is expressed as 

r 3000 Gai _ 3600 

°*P «/„(/?,+/?2) aloRtp * ' * ' 

This formula shows that with an air excess ratio a = const, the specific fuel consump¬ 

tion decreases with increasing specific thrust RSp. 

The values of R and C are strongly affected by the energy distribution between 
sp sp 

the main loop and the auxiliary loop. Without dwelling on this problem let us merely note 

that for a given value of the flow factor K the optimum energy distribution will correspond 

to the maximum specific thrust Rgp and minimum specific fuel consumption Cgp. 

The values of the specific thrust and of the specific fuel consumption vary as a 

function of K and of the flight conditions. When K increases (with other conditions re¬ 

maining the same) the specific thrust Rgp increases (in a limited range of flight veloci¬ 

ties), whereas the specific fuel consumption Cgp decreases. 
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Some of the performance characteristics of a two-loop TJE can be expressed in 

the same way as for other engines, i.e.. the altitude, velocity and throttle characteris¬ 

tics. As an example we plotted in Fig. 1.38 the relative variation of the thrust developed 

by a two-loop TJE and the specific fuel consumption versus the flight velocity, whereas 

in Fig. 1.39 we plotted the throttle characteristics. The method of obtaining cruising 

operating conditions for such an engine is in many ways similar to the method presented 

above for an ordinary TJE, i.e., cruising regimes are obtained in the first place by 

diminishing the inlet gas temperature T* to a value corresponding to C = C 
d sp sp min’ 

and secondly — by diminishing the gas temperature as well as the engine speed. 

1 he thrust developed by the engine can be increased by burning an additional amount 

of fuel in the second loop; this leads to an increase in the exhaust velocity of the gas from 

the nozzle of the second loop. 

A diagram, illustrating the operating principle of a two-shaft two-loop engine, is 

presented in Fig. 1.40. In such an engine it is likewise possible to burn fuel in the sec¬ 

ond loop. 

b) The equations of motion of a two-loop TJE 

The equations of motion will differ, depending on the type of two-loop engine. 

For the engine, schematically represented in Fig. 1.37a, the equations of motion 

can be set up on the basis of the same principal considerations as were used in the analy¬ 

sis of single-shaft TJE. The only difference will consist in the need to consider here to¬ 

gether with the Eqs. (1.21) also the equations of motion that account for the operating con¬ 

ditions of the second loop. 

For this purpose we must write the first Eq. (1.21) in the form 

2-:7 -g- = //i,-AJc-Aia, (1.78) 

Where Ma iS the torque neederl to drive the compressor of the second loop. 
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Fig. 1.38. Relative var¬ 
iation of R = R^/ Ky = o 

andCsp = CspV/Cspv"0, 
Fig. 1.39. Plot of throttle 

characteristics. 

For the case of a constant blade angle of the compressor of the second loop, we 

can write (when the external conditions are unchanged) the expression 

yiIa=Afa(n, 0a2, k¡), ’ (1.79) 

where G is the air flow through the second loop, and rr* is the pressure ratio in the 
a2 

compressor of the second loop. 

The auxiliary equations will be as lollows: 

T 
(1.80) 

(1.81) 

a la 

Ga2=Gn. a. 

where T* is the air temperature at the outlet of the compressor of the second loop, and 
a 

G is the air flow through the nozzle of the second loop. 
Na 

81 



If the nozzle of the second loop is fixed, the flow-rate equations have tho form 

Gaj=Ga2(«, /0; (1.82) 

r*'»’ t1-83» 

where p* is the air pressure at the outlet of the compressor of the second loop, 
a 

By linearizing the formulas (1.78), (1.80) and (1.81) in the usual way, with the 

aid of (1.22), (1.79), (1.82) and (1.83), wc obtain the following equations: 

(f'iP-rC) Xn K!7-3^7-3—-f- Kp\—K\pfXp a==0; (1.34) 

K6nXn-K6„Xp~Q. (1.85) 

By jointly solving (1.84), (1.85) and the lust four equations of system (1.30) with 

respect to X , X_,0 and X^., we obtain the following equations: n lo 14 

(T'fP+Oi) Xn = bxXGi 

0i) X ,3 = (¿»2/7 + ¿>8) X0{ ; a. 86) 

(7> +0,) A'r4 = (¿>4/>-|-¿s) . 

The equation which accounts for the variation of the thrust developed by the engine 

can be obtained by simultaneously considering the auxiliary equation 

(1.87) 

where Rpr is the specific thrust of the principal loop, and wM is the exhaust velocity 
Sp IN 3. 

of air from the nozzle of the auxiliary loop. 

The general expressions for RPp, wNa and G^T are as follows: 

Kch (1.88) 

^ (1'89) 

°n=Gn(P*> O- d-90) 

By linearizing (1.87) with the use of (1.83), (1.88), (1.89) and (1.90), we obtain 

X/f—K i^Xpi—Kn^\ H — K-,T3Xn --K ii^Xp ■ 
p X;j- pXT ¢=0. (1.91) 
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nffFTsClVUl <- « IWPUJ»~— 

By jointly solving (1.84), (1.85), (1.91) and the last four equations of system (1.30) 

with respect to XR, we obtain 

{Tp + 0l) **»<V -r b-) X0{. (1.92) 

By comparing (1.86) and (1.92) with the earlier expressions (1.34), (1.35), (1.36) 

and (1.40), we can see that the equations of motion of single-loop and two-loop single¬ 

shaft TJE are entirely analogous. 

For an engine, corresponding to the diagram of Fig. 1.37b, the equations of mo¬ 

tion are derived in the same way as above, apart from the fact that we must take into 

account the equations G = G, + G and G - mG , which specify the air distribution in 

loops. If the fuel burning takes place in the second loop, we must also take into account 

an equation of the same type as the sixth equation of the system (1.21). 

The equations of motion for the two-shaft two-loop engine, schematically depicted 

in Fig. 1.40, can be obtained on the basis of the same principal considerations as were 

used for a two-shaft TJE and a one-shaft two-loop TJE. 

In this case it is necessary to take into account two energy storage elements in 

the form of rotating masses, i.e., a "compressor plus first turbine" and a "ventilator 

plus second turbine. " The basic equations of motion will be as follows: 

-Wl 77 = '!i1“-kc; 

.-J2 tÜL _ A<   ; 
■ dt ’-a 

Al,] = Mf, (7-¾; Ggj n,; ät,)i 

tigll ll2i 

Afc = Aic(Gc: nû "c): 

= i + --1 j—; Aîa=/Ja(Ga:/ij; *a); 
'c 1 21 

(, = (, 

r 

Ce, Ga~mGr', G&•= 

-r-= 1 — ^,1 (l —Si’,‘): cc = rjc(Pn> r2\’ PÏ' )• 

T\ « .1-,.,(,-4-..), 
• ai 

Pi)' 

ög] = ^gl (^41- ^4,): 

(;c = Gg; Gg=Gg1; 

Ggi = Ga = G a. a.; 



Of //„ "¡c. t — cpüK (T3 TjJ; Gn - fïn(Pj¿ 

• 
'21—'a; Pí\~~P* 

By linearizing for the case that no fuel is burned in the second loop and that we have 

one variable nozzle in the main loop, we obtain the following system of equations: 

(P\P -r Cl) Xn — KxTi^Ti — KxpiXpl •!- K\pi\Xpu -r ^lp21^21 ~ 0; 

(P«p f 0:) -^<12 — KiUiXfu — KzpnXpu + K^p^Xpi + K^pixXP2i = 0; 

Xj2\ — KipuXpn = 0; , 
A’/-2 — X\T2\X 7*21 — KtpiXps + K.4p2\Xpi\ — 0; 

KanlXni — Kzp2\X pn\ — Kjn\Xn\ + KõplXpi = 0; ^ 

XiT^Xru -i- Kct¡Xx3 ~ XãpuXpu + Kcp^Xpj — 0; 

XitíXtí + XiruXru -f- KipuKpa ~ Xip\Xp^ — 0; 

X%n\Xn\ '1' Xgp2-\02 — A’15/3A 7-3 = 0; 

K.tptXpi -j- KmXn- XnrnXm — Xop^Xpu — 0; 
A'ioniA'r4i I- XiopnXpu = KwXf, 

^HTiXp3 -(- K]ip2\Xp2l + A^llnl-Yni -f K\\p2Xp2 + ^1^2^2 r- Kg^Xq^ • 

These equations hold for supercritical pressure gradients at the turbine nozzles, 

fixed external conditions, and a fixed nozzle in the second loop. By solving the obtained 

system of equations for the variables of interest to us,we obtain equations of the form of 

(1,69), (1.70), (1.71) and (1.72), which are similar in many ways to those of a two-shaft 

TJE. If the engine under consideration is burning fuel in the second loop, the equations 

of motion must be derived with the use of an equation of the same type as the sixth equa¬ 

tion of system (1.21). In this case the nozzle of the second loop must be variable. 

The foregoing analysis of two-loop engines shows that their properties are close 

to the properties of single-shaft and two-shaft single-loop TJE; for this reason the auto- ' 

matic control systems for such engines must be also similar to those of the latter in 

many respects. 

5* TJE with a booster (BTJE) 

a) General considerations about BTJE 

In operating an aircraft it is often necessary to be able to increase the thrust, de¬ 

veloped by the turbojet engine, for at least a limited period of time. 
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For this purpose one uses special devices that make it possible to considerably 

increase the thrust developed by the engine. Such engines are called turbojet engines 

with a booster (BTJE). 

There exist several methods of boosting the TJE thrust, though each of them, 

having its particular merits and shortcomings, can be used only if it meets certain 

requirements imposed on boosters. 

One of the methods of boosting the TJE thrust is to cool the air compressed in the 

compressor by evaporating a liquid injected into the air flow at the compressor inlet. 

The liquid is injected with the aid of a special system through nozzles. 

The evaporation of the liquid is consuming heat (equal to the vaporization heat), 

as a result of which the air cools down. Thus the work required for compressing the 

air to the prescribed pressure is diminishing, as well as the air temperature at the end 

of the compression process. 

This makes it possible to increase the air pressure at the compressor outlet and 

hence to increase the turbine inlet gas pressure at the same turbine power, referred 

to unit gas flow through it. As a result the pressure gradient produced in the nozzle 

increases, which is accompanied by an increase in the exhaust velocity of the gas from 

the nozzle, and hence by an increase in the thrust. Moreover, with the inlet gas tem¬ 

perature T* being kept constant, the weight flow of air through the engine is also in- 
o 

creasing. The decrease in the air temperature at the compressor outlet with T* = const 

is accompanied by an increase in fuel consumption, which leads to an increase in its 

specific consumption. 

This fairly simple method of thrust boosting has, however, a major shortcoming, 

since it requires a large amount of injected liquid. Thus the amount of water needed to 

increase the thrust (in flight) by 10% exceeds the fuel consumption by almost 1-1/2 times. 

Moreover, not all flight conditions permit the injected liquid to be completely evaporated 

in the air flow. 



One of the thrust boosting methods, widely used in practice, is additional burning 

of fuel in the space between the turbine and the nozzle; for this purpose the engine is 

equipped with a special boosting combustion chamber. Such a thrust boosting method in¬ 

volves an increase in specific fuel consumption. For illustration we presented in Fig. 

1.41 the basic diagram of a BTJE with a boosting chamber. The burning of additional 

fuel in the boosting chamber takes place with the use of oxygen, present in the gases 

emerging from the turbine as a result of excess air in the principal combustion chamber. 

Owing to the burning of additional fuel in the boosting chamber, the gas temperature at 

the nozzle inlet is sharply increasing; this is accompanied by an increase in the exhaust 

velocity of the gases from the nozzle, leading to an increase in the thrust developed by 

the engine. 

The control of an engine that has such a booster must be effected in such a way 

that the switching on and switching off of the booster will have no influence on the oper- 

iitiiig conditions of the principal loop. Indeed, if we assume the nozzle cross section to 

be fixed, an increase in the gas temperature in the booster (due to the burning of addition¬ 

al fuel) will cause an increase in the gas pressure at the turbine outlet and a decrease in 

the pressure gradient produced at the turbine. 

This, in turn, causes either the engine to operate at lower values with T* = const, 

or an *norease *n ^3* Hence follows that (with all other conditions remaining the same) 

in order to preserve the operating conditions of the principal BTJE loop in the case of 

additional fuel burning in the boosting chamber, it is necessary to change the nozzie 

cross section accordingly. 

The exhaust velocity of gases from the nozzle of a boosting chamber increases, as 

compared to the velocity in the absence of a boosting chamber, roughly as the square root 

of the ratio of the gas temperature T* at the nozzle inlet to the gas temperature T| at the 

turbine outlet, i. e., 

(1.93) 
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where w^ is the exhaust velocity of the gas from the nozzle of the boosting 

chamber. 

With the aid of well-known formulas from engine theory it is possible to go over 

from the exhaust velocity of the gas from the nczzle to the thrust developed by the en¬ 

gine, i.e., 

%■=(*. + ■ 
dti' Tl w 

K (1.94) 

where Re is the thrust developed by the engine in the absence of boosting. 

This formula shows that the increase in thrust resulting from engine boosting 

will be the greater, the larger the temperature ratio T*/T*. As an example, we plotted 

in Figs. 1.42 and 1.43 the curves for the relative thrust .Rg/Rg^ developed by a BTJE 

and the specific fuel consumption CgpB as a function of the flight velocity, characterized 

by the Mach number M^, for various values of T*. For comparison we plotted in these 

figures also the corresponding curves for an ordinary TJE. These plots show that R- 

increases sharply with the flight velocity, this increase being the greater for an engine 

in which the gas temperature T* in the boosting chamber is higher; the specific fuel 

consumption is also increasing, the increase in CgpB in the case of engine boost¬ 

ing being specified by the formula 

^spB Q 

c'*p “ï (1.95) 

where rv is the air excess ratio in the principal chamber, and = l/Z^G^ + G^) is the 

overall air excess ratio. 

in Fig. 1.44 we plotted the thrust and the specific fuel consumption versus the tem¬ 

perature ratio T*/T’, whence it can be seen that an increase in the gas temperature in 

the boosting chamber is accompanied by a much faster increase in the fuel consumption 

as compared to the increase in thrust; as a result, the engine operation becomes less 

economical. 



Fig. 1.41. Diagram of BTJE with a boosting chamber. 

-® H=*11 Km 
6 

Fig. 1.42. Relative thrust 
plotted versus M^for vari¬ 

ous gas temperatures. 

Fig. 1.43. Specific fuel con¬ 
sumption plotted versus 

for various gas temperatures. 

Fig. 1.44. Plots of R./R and 
B e 

CgpB/Cgp versus temperature 

ratio in boosting chamber. 
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In view of the fact that BTJE are used in flying vehicles intended for high super¬ 

sonic flight velocities, such engines are characterized by a high value of t*. For this 

reason the value of it* taken for such BTJE is fairly small. 
c 

Thus the performance control of BTJE by this boosting method is based on a law 

of variation of the nozzle cross section under which the performance parameters of the 

principal loop remain the same as in the absence of a booster. Hence follows that the 

external conditions, affecting the performance parameters of the principal loop, will 

also affect the operation of the booster. To obtain the necessary boosting regime 

amounts in fact to setting a certain gas temperature in the boosting chamber (or a cer¬ 

tain percent-rise in the thrust developed by the engine in the absence of a booster). The 

gas temperature in the booster chamber of present-day engines reaches up to ~ 2000°Kll 

Depending on Its utilization, the BTJE can operate either with fixed conditions, or with 

smoothly varying (all-purpose) conditions in a certain range of variation of T*. 
6 

In controlling the booster loop, the controlled parameter can be any one of the 

performance parameters (or a set of such parameters) specifying the operating condi¬ 

tions of the principal loop, whereas the controlling variable can be either the fuel con¬ 

sumption in the boosting chamber or the cross-sectional area of the nozzle. 

Since the operation of the booster affects all the performance parameters of the 

principal loop, it is actually irrelevant which of these parameters (or combination of 

such parameters) is taken as the controlled parameter of the boosting regime. However, 

in order to minimize the dynamic erorrs in unsteady motion of the automatic control sys¬ 

tem of booster operation, the selection of the controlled parameter is rather important, 

though also complicated. In solving this problem, we must also meet the condition that 

the operation of the booster loop must not affect the operating conditions of the principal 

loop. 

The controlled parameters can be various performance parameters (or parameter 

sets), suchas T*, T*, p*,p|, p'/p*, p‘, p*. etc. 
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After selecting the method of control of the boosting operation of BTJE, it is pos¬ 

sible to determine the dynamic characteristics of the engine as a controlled plant that 

are nepded for the dynamic analysis and synthesis of the automatic control system. 

If only a fairly small increase in thrust is required, a somewhat different method 

of boosting of BTJE will be used. In this case the burning of fuel at the turbine outlet 

takes place without opening the nozzle; as a result, the gas temperature is increasing 

both at the turbine inlet and outlet. 

However, such a method of boosting can be used only if the turbine nozzle and the 

turbine blades are strong enough to permit such an increase in gas temperature. 

b) General considerations relating to the intake device (diffuser) 

BTJE are normally used in flying vehicles intended for high supersonic speeds. 

A peculiar feature of such vehicles is the presence of special intake devices (diffusers) 

in which fhe air is slowed down from supersonic to subsonic speed. In considering a 

BTJE power plant, it is necessary to take into account the mutual effect of the intake 

device (diffuser) and the engine. 

Figure 1.45 shows the basic diagram of a BTJE power plant. The diffuser used 

here has a movable central body, and there exist also ducts of variable cross section 

(achieved by means of movable slots) for letting through the air from the space in front 

the compressor. 

For a better understanding of what follows, we shall explain in brief the physical 

meaning of the processes taking place in the diffuser. 

t%s is generally known, the slowing down of the air flow from supersonic to sub¬ 

sonic speed is accompanied by the appearance of pressure jumps (shocks) which cause 

energy loases in the diffuser. At high supersonic velocities it is convenient to slow 

down the air in the diffuser, designed in such a way that several oblique shocks and one 

weak normal closing shock are obtained, since in this case the losses in the diffuser will 

be smaller than in the case of slow ing-down accompanied by a single strong normal shock. 
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Fig. 1.45. Basic diagram of engine with diffuser. 

The diffuser performance is estimated by the pressure recovery ratio awhich is the 

ratio of the pressure of the retarded flow through the diffuser to the pressure of a per¬ 

fectly retarded flow, i. e., 

(1.96) 

For the example shown in Fig. 1.46 we plotted the function 

=od=;(/Mf) 
'd max 

for various methods of slowing down the air in the diffuser. 

The performance of a multishock supersonic diffuser with constant cross section 

(i. e., that cannot be varied) is such that when the flight velocity varies the pressure re¬ 

covery ratio <7 , is also varying as well as the flow ratio 0. (the ratio of the actual air a a 

flow through the diffuser to the maximum-possible flow). 

Diffusers are normally designed in such a way that the rated operating conditions cor¬ 

respond to a position of the shocks such that the oblique shocks are intersecting at the 

edge of the diffuser lip, yielding the rated values of rr^ and 

When the flight velocity increases, the quantity decreases owing to an increase 

in ihe diffuser losses, whereas i/>, remains unchanged. When the flight velocity decreases, 

the quantity cp, decreases, which leads to an increase in the drag (the external drag in¬ 

creases). The diffuser performance is represented by its characteristics, plotted for 
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Fig. 1.47. Diffuser 
characteristics plotted 

in<Td^d coor(^inates* 
Fig, 1.4S. Plot of o-j ver¬ 

sus Mj. 1 — normal shock, 

2 — oblique shock plus nor¬ 
mal shock, 3 — two oblique 
shocks plus one normal illustration in Fig. 1.47. These character- 

shock. 
istics show that the quantities cr^ and ^ are 

undergoing very considerable changes. To 

optimum diffuser operation there corresponds a point of the characteristic that is locat¬ 

ed near the bend (kink) of the characteristic. When ^ decreases below a certain value, 

the diffuser begins to operate in the hunting mode, which is not permissible. 

If the drag of the engine duct after the diffuser is altered (for example by changing the 

number of revolutions of the engine), the performance of the diffuser will also change. 

This is evident from Fig. 1.48, which shows a qualitative pattern of variation of and 

¢^. When the drag at the diffuser exit is increased above its rated value (in the case of 

engine throttling), the quantity decreases (the air flow through *he diffuser decreases) 

and the external drag increases; the normal closing shock is expelled from the diffuser 

throat in a direction opposite the air flow (towards ihe diffuser entry). When tue ora^ 

at the diffuser exit increases considerably, the position of the closing shock becomes 

unstable qnd diffuser hunting sets in, which is not permissible. 

When the drag at the diffuser exit decreases (in the case of engine boosting), the 

normal closing shock moves inside the diffuser and its intensity increases; as a result, 

0-^ decreases while <p^ remains unchanged. 
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Fig. 1.48. Effect of variation of character 
of flow in the diffuser on its characteristics, 

plotted in coordinates. 

These are the principal properties of a diffuser, rated for high flight velocities. 

They show that the operating conditions of the diffuser must be rigorously matched to 

the operating conditions of the BTJE. In order to maximize the effective thrust of the 

power plant we must have in this case crd = (Td max and c/?d - 1. This means that the flow- 

rate characteristics of the diffuser and the BTJE must be matched. 

The characteristics of the engine and of the diffuser can be plotted in Jie same co¬ 

ordinates, as shown in Fig. 1.49. Here we plotted on the abscissa the reduced air flow 

rate Gred = Ga pr We can see from 01686 characteristics that to each value of the 

flight velocity there corresponds its own point on the line of joint operation of the engine 

and the diffuser. A shift of the operating point along the line of joint operation must be 

related to a change in the operating conditions of both the diffuser and the engine, and 

this in turn makes it necessary to alter the principal parameters of the process in the 

diffuser as well as in the engine. 

The parameters of the slow-down process of air in the diffuser can be varied in 

many ways, though this is usually done by moving the central body and by opening (clos¬ 

ing) the slots whereby the air from the diffuser (air intake) passes into the atmosphere, 

as shown in Fig. 1.45. 
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characteristics Engine 
r^TV characteristics 

\\ I y^Line of first oper- 
\\ / jr^K^ ation °f engine and 
r /// diffuser 

Mf, Mf; Mf, 

Mf, 

Mf, 

'Mfj 

5 red 

Fig. 1. 49. Plot of ad versus reduced air 

flow G . for various Mj.. 

The controlled parameter, which specifies the operating conditions of the diffuser, 

can be in the form of a set of pressures ß that includes the signals taken from certain 

points of the diffuser and (or) the flying vehicle itself; these points must be such that the 

parameter ß will specify an operating regime that corresponds to the condition (7d = cr, max 

and <pd = 1. The operating regime of the diffuser is also determined by the position of the 

normal closing shock occurring in the diffuser; therefore the position of the shock can be 

likewise used as a controlled parameter. Moreover, the maintaining of a constant value 

of M at a particular point of the diffuser is also sufficient for specifying its operating 
u d 

regime. 

c) Derivation of the equations of motion of BTJE 

In deriving the equations of motion of BTJE we shall utilize the results obtained for 

ordinary TJE without variable nozzle, and consider separately the boosting chamber. 

From the point of view of the processes taking place in the engine, a BTJE is very sim¬ 

ilar to a TJE with variable nozzle. Indeed, just as in a TJE with variable nozzle the 

variation of the nozzle cross section is accompanied by a variation of the performance 

parameters in the engine duct, the variation of the fuel consumption in the boosting 
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chamber of a BTJE (the variation of p| resulting from a variation in T*) is likewise bring¬ 

ing about a variation of the same performance parameters of the engine. Hence the var¬ 

iation of T* in a BTJE (with fixed nozzle cross section) is analogous as it were to the ef- 
6 

feet of a variable nozzle. In a BTJE, when the operating conditions of the principal loop 

are kept fixed, we must have for any operating regime of the engine in the boosting mode 

a corresponding value of the nozzle cross section. Hence if a BTJE goes over from one 

boosting regime to another (as a result of changes in the fuel consumption in the boosting 

chamber), the nozzle cross sec*’on must vary by a well-defined value. 

Thus the operating conditions of the principal loop can be maintained either by vary¬ 

ing the fuel consumption Gffi (with = const), or by varying the nozzle cross section 

Fn (with = const). 

Let us derive the equations of motion of BTJE in the above performance parameters 

(sets of parameters), taken as the controlled parameters. 

We shall assume that the flow rate of gas from the principal loop is equal to the 

flow rate of gas from the nozzle of the boosting chamber. 

The equations of motion for the principal loop remain the same as those obtained 

in the case of a single-shaft TJE. The equation of motion for the boosting chamber can 

be obtained with the aid of the following basic expressions: 

Gg=G„: Gr T\)\ p\= \p\- (1< 97) 

The first equation is analogous to the fifth equation of system (1.21), yet the non¬ 

linear formula for G^ (with pH = const) will be different, viz., 

Gn=Gn(/>;. T\, Fn). (1.98) 

The second equation is similar in structure to the sixth equation of (1.21), and it 

expresses the relationship between the fuel consumption G^, in the boosting chamber and 

the gas temperature in it. 
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The third equation accounts for the losses of the total pressure in the boosting 

chamber. By linearizing (1.97) by the ordinary method, with the use of (1.98) and of 

the fourth expression (1.22), we obtain 

where 

KaiüXtü—KafXf\ I 
X«pjA ,,2 -|- K6TiXT3 -f- K6T6XJ6 — A ^ | 

(1.99) 

,, ''b^’o / dGn\ . f, rtM ( dGn\ . f/ —C‘ pG-goTu co 
Qoi 

cp(^60—7"40)ic/>20 (dGg\ ,s cp (^0 ^4ol ^30 (dG%\ 

K>»~ Kin_ U;)„: 

CpGgoT'Jo ^ ^uVapf.B . n —n h * ■ 
K"' —Q^~' K°t.*- 

X AGf.B 
°f.B G, ; X 

AT"! 

f.B° 
76 ■T'* * 

y 60 

The coefficients K4p2 and K4T3 are similar to the corresponding coefficients of (1.30), 

and K,f to the coefficients of (1.50). Thus the system of equations describing the motion 

of a BTJE will be as follows: 

(T'iP~irQ)Xn — KxjîX73—K\piXpi—Xlp<A ^ 4=0; 
X2,2XP2-f Ku\ n — KjriXl3—0\ 

Xu — XTi— K 3pjAp2 X 3piX[li — 0; 

X tpiXpi t" X^r3X T3— X^,4Xp4 — K ir(}XT6 = KiFX F\ 
X'jtz^tX 3p2Xp2+X 5„Xn=K sGjXqj : 

X 6ptXP2+X6T3X rj+X6r6Xr6 — A G^Xr4—Xc(B Xa^ ß 

By solving the Eqs. (1.100) for Xn, XT3, XT4 and XTg, we obtain 

(7'pJrQi)Xn — blXGj í'iAgj i~\~aiXF, 

(T p -f- 0i) Xr3-- {b2p + ¿3) A'Gi c2X0 i-o3Xl., 

\Tp-rC|)A'n= br)X0^ + (r3/J + r4' A'(;. ß— Ui3p-f XF\ 

Tp -f Ci) X76 = + ^7) XG^-\-(c5/» + O X0 g— («¿P + <7c) A F. 

(1.100) 

(1.101) 

(1.102) 

(1.103) 

(1.104) 
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In these equations the constant coefficients are specified by the coefficients of the 

system (1.100). The obtained equations of motion have a structure similar to the struc¬ 

ture of the equations obtained in the case of a TJE with variable nozzle, which is evidence 

of a certain analogy between the processes taking place in these engines. 

In order to obtain the equations of motion in the variable tt*,, we must also consider 

the equation 

' • * • '•c/’: = -rPi- 

By linearizing this equation, we obtain 

—A\r = 0 (1.105) 

where 

X. =.½. 
1 rx0 

By effecting in (1.100) the substitution = X^-X^, we obtain the following 

system of equations 

Here 

(7> + Q) \'n - KIT3Xt3+ K,p2Xp2- ’ 

^P,+Ku\n K-iT2X Ti=Q\ 

XIA - XT3 - K:tp2Xp2 + K3*XKt=0; 

Ã\;.Vp: + h\TXJ3 + K,,X^ - K,TÙXn = K<fXf- 

K-.T3Xn-\-K-pïXp1+K:nXn=KXfXGi-' 

K ût^ / ò "h ^ 6/u*^ re ^cr^Xn = XG^ ^Xa^ 

(1.106) 

K\p2—KllH— K]p2- K3p2—KiP2-\-K3p¿ K^rl—K^pi — K, Api * 
A-,-. = A'lpl; K,,=K3d<\ Ka-.-^K, 3p4’ 

By solving (1.106) for the variable X , we obtain 
7rT 

(T P -fCj) A ^ — (bap -j- ¿>9) A'Gf — (r;p-)-<7ti) Xa{ B+ 

-f (a:/7 + c8)AV. (1.107) 

In the same way it is possible to set up the equations of motion for any other com¬ 

bination of performance parameters of the engine, regarded as controlled variables. 
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The equation of motion for the engine thrust can be obtained by jointly considering 

the Eq. (1.94) after its linearization, and the system of Kqs. (1.100) or (1.106). 

By linearizing (1.94) with the use of (1.38), we obtain 

Xgj. — KlnXTI—K:i^n T ^ 7;,+ ^7/3^3+ 
+Vp2i-a:7^==o. (1*108) 

By solving (1.100) jointly with (1.108) for XRB, we obtain 

In the same way it is possible to set up the equations of motion also for a two-shaft 

f JE with a boosting chamber. 

The expressions for the constant coefficients are specified in terms of the principal 

performance parameters in the same way as above; as a result, a whole series of coef- 

ficients assume constant values. 

The controlled plant under consideration can be represented 1 y a block diagram. 

Figure 1.50 shows a simplified block diagram that illustrates the connection between the 

principal loop and the boosting chamber, whereas Fig. 1.51 shows the basic diagram 

corresponding to the system of equations of motion (1.100). 

In conclusion let us note that another important process is that of transition to the 

boosting mode of operation, when the control laws must be programmed. 

d) The equations of motion of a BTJE in conjunction with a diffuser 

Let us derive in the linear approximation the equations of motion for a diffuser with 

a duct that feeds the air to the compressor of the BTJE. A diagram of the power plant 

with the relevant notations is presented in Fig. 1.45. 

A diffuser with supply duct may have a sufficiently large inner volume, in which air 

is accumulating during unsteady motion. In deriving the equations of motion we shall 

therefore take into account only this energy storage device, assuming that practically 

no heat is transferred through the walls of the air intake. 
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Fig. 1.50. Simplified block 
diagram of BTJE. 

Controller 
for principal 

Fig. 1.51. Block diagram of BTJE corresponding to the 
system of Eqs (1.100). 

The basic equation for the air flow will be as follows: 

ô-=Gd — —Gs, (1.110) 

where G is the amount of air present in the intake device, and Gd> G^ and Gg is the air 

flow through the diffuser, the entry cross section of the compressor, and the by-pass 

(slot) device. 

On the other hand we can write for G: 

G = /dl/dYcj+^c^itVi. (1.111) 

where A , and A are constant coefficients, V, and V, are the inner volumes of the dif- 
d c d k 

fuser and the duct respectively, and yd and are the densities of air in the diffuser 

(at its terminal section) and in the duot (at the compressor entry section). In the follow¬ 

ing we shall assume (only for the sake of brevity of the subsequent analysis» that 

so that instead of (1. Ill) we obtain 

O -AdUdYd. (1.112) 
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Using (1.112) and the obvious formulas 

Po 
and vo~”^- , 

we obtain, after substitution into (1.110), the relation 

(1.113) 

■idl'd 
W.o A=Gd-G|-°b- 

(1.114) 

We shall moreover use the following general expressions for the flow rates, pres¬ 

sures and air temperatures at these same sections of the intake device (expressions which 

establish a relationship between the principal parameters):3 

21 ¿rp*<p* V’ 
3) ^.=4(4, Ay; 
Í Mb. A\h); 

5)0, = 0,(/^, Tl, M,); 

6) p'i =p\{Pi, M,); 
7) T"' —T](Tl% M,); 
S) Ob = Ob(/-'SI />;, ri); 

^ /;th=/WAW Mb- 3d> 
10) sd=3d(Mb- 4. Ft. n, p2); 

?d = ?d(Mb- 4. ^s. 

(1.115) 

Here p*^, p^, T^, and are the total and the static pressures and temperatures 

and the Mach number of the flow in the vicinity of the critical section (throat). 

In addition, we shall approximately assume that 

T* =7*and p' — plh ■ 

Below some of the implicit formulas presented above are given in explicit form. 

By linearizing (1.114) and (1.115), we obtain 

^ KlplP-Xfji ■KlGd^GdJ~^lG¡^GlJr^íGh^üh—^'< 

21 W-U,-S-Vv 

— KïFjX F —0, l2/-'d 
3) A'.-AV/V, 

rth 
4) .V„.-AV XT XM =0; 

47th rth 4Mth Mth 

5^CrK^Xr/l-K S.M A Mv —A’m .=“0; 
th "tb 
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(1.116) 

Here the X. -Aí/Íq are generalized coordinates, and the K. are constant coefficients. 

The system of Eqs. (1.116) must be solved in conjunction with the system (1.100) 

or (1.106). In this case, however, the system of equations for BTJE must take into ac¬ 

count the varying pressure and temperature of the air flow in front of the compressor 

(at the end of the aircraft duct, see Fig. 1.45) and the condition that the air flows at the 

compressor inlet and outlet must be equal. In order to take this into account, it is nec¬ 

essary, in deriving the equations of motion for the principal loop of the BTJE (the basic 

Eqs. (1.21), (1.97) and (1.98)), to adopt in the expressions for the torque needed to drive 

the compressor and for the air flow through the compressor the following formulas: 

(1.117) 

As a result, we obtain instead of (1.100) the system 
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(1.118) 

In contrast to the foregoing, we are introducing here subscripts with asterisks, 

since the general system of equations of motion contains the temperature and pressure 

at the compressor inlet sections, corresponding to the total and the static values of these 

magnitudes. The subscripts of the variables at the compressor outlet sections are writ¬ 

ten (as before) without asterisks, although they denote total (slowed down) values. Thus 

the motion of a BTJE with an intake device will be described by the systems of Eqs. (1.116) 

and (1.118), whose twenty-two equations contain as many generalized variables, plus the 

variables accounting for the acting disturbances. 

As we stated above, the controlled parameter for the air intake can be any set of 

pressure values ß (as a rule, experimentally determined) that specify its operating con¬ 

ditions. For illustration, and for the sole purpose of simplification, let us assume that 

this set of pressure values is ß = where p& is the static pressure at some point 

at the beginning of the air-intake duct, and pj^ is the static pressure at some point at the 

end of the air-intakç duct. We shall furthermore assume that the values of these pres¬ 

sures are governed by the relations p& = c]Pg anc^ Pj, ~ c2Pi; ^ence 

'p = SLl^=C -^b.where-=^=001151. 
C2 Pl Pi 02 

, we obtain 

(1.119) 

As the controlled parameters for the BTJE we take and It is moreover useful 

to eliminate from the system of Eq$. (1.116), (1.118) and (1.119) all the variables except 
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y X , X and X_.; as a result, we obtain the following system of equations (on the 
Aß (Tj n 14 

assumption that TH = const and pH = const): 

1) + + l\nXn—l\Gl ^0{ + 

+ ^1^ XFá'V l\FXFt +(^1^+ h) XMb+^'c*'c; 

2) /:od^cd + /2A+ ^^,- =/2Mb^Mb+^/(c + 

+ 1%FX Ft +^aOf‘^Of* •• 

3) WiP + 1) ^.1¾ ^0,^ + ^^^ +^3r.^30,-^0,+ 

+/3Mb^Mb+^N'V/='N+^Of^; 

‘1) /4/4^+4 + (4^/1 + ^^^+^:-^ = ^/^^^+ 

’^/'Of.B^0f.B“*’^Mb^Mb+/4Oi ^°f ' 

By solving (1.120) for Xr, XT4f X^ and Xwe obtain 

(^0^- + ^1^-^^2)^/1 = ^^/-£(+(^+ r|)^Mb+(^0/7 \ m\)XFs + 

+ (‘/u/;+ 7|)'^AN+(Hu/; + rtt) ^ Gf + ( + /' + ."'l) X /c + (Vo/; + Y|)-^0f B> 

(^ x'^i/7+ ^)^/4 = (^1/7-r/»2) A'/.-d + (r2^ + r3p^r4) -VMb+ 

T ("'a/7'’ + '«a/7 + /7'4) A+s r ('/a/7' + ^-^) a+n+ 

+ (°;/;- + “a/7 T n 11 '^0( + ( 'i/7"’ + +/7 + /4) Xic + 

+ 0:++Y3/7+ 14)^0,-^: 

(<7o/': + ‘71 /' + +) -V° = (/'a/7 + ^4) A+d + (<*5+ + ^/7 + *';) A'm b+ 
+ 0»f++'-V’ + 77';U+s + (-/:,^ + 74)^^+(05++ OßP + O;) -Vof+* 

+( + hP + ? 3 A ic + ( Ys/7 + Ye) A+f B: 

(.J(,++/:1/7 + <?2)A’? = (/75/7 + /7o)A+d ++6+++^+^ 10) A,.Mb+ 

+ (,776+ + 777o/7 +77710) A+s + (7:^ +7s) 'V /N+ 

+ (o?/,:+a;//; + ,rio) X Gf + (++ + ,+/7 +,+) X ,c+ 

+ (1+ + 15) A+f g* 

(1.120) 

(1.121) 

(1.122) 

(1.123) 

(1.124) 

The obtained equations show that the variables XT4, X , and may undergo jump¬ 

like changes if some of the disturbances are varying in a jumplike manner. Hence in 

principle the transient processes in the overall control system may have uncontrollable 

overshoots or dips. 
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The above equations of motion for the air intake (1.110) are applicable only if the 

diffuser characteristic can be linearized. This means, for example, that if to steady 

operation there corresponds a point on the vertical (or horizontal) branch of the diffuser 

characteristic presented in Fig. 1.47, and if this point does not leave this branch in the 

case of unsteady motion, then the above equations can be utilized. Otherwise it is nec¬ 

essary to take into account the actual nonlinear characteristic of the diffuser. 

Such complex problems as the investigation of the system under consideration are 

normally studied with the aid of simulators, where it is possible to take into account the 

actual (nonlinear) characteristics of the diffuser. In this case the tenth and eleventh 

formula (1.115) must be expressed by the corresponding characteristics, which are 

plotteo on the simulator. 

In order to obtain the expressions for the constant coefficients occurring in the above 

equations, we npist replaça the formulas (1.115) by the corresponding explicit formulas: 

where 

T(Mth) T (■"//) ; (1. 125) 

where ÿ (1) = 1/(-Vi *= 1); 
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The other formulas (1.115) cannot be written in explicit form and they are determined 

experimentally. It is moreover necessary to utilize the following gas-dynamic functions: 

T_ 

T* 

P 
(1.126) 

P' (A—l)M'-> + 2 

which permit the determination of the ratio of the temperatures and pressures in the flow 

to the values of the retarded temperatures and pressures of this same flow. More de¬ 

tailed calculations for similar control systems show that the lag of the diffuser and of the 

air intake duct for certain types of flying vehicles is commensurable with the lag of the 

rotating masses of BTJE. This is a peculiar feature of the power plant under consideration. 

e) Examples 

Example 1 

Exercise. Determine the values of the coefficients of the equations of motion 

(1.101), (1.102) and (1.103) for a single-shaft BTJE at H = 0 and V = 0 for maximum 

operating conditions of the engine. 

Basic data. The data relating to the principal loop of the engine are taken from 

the first example (on page 53). The other data, obtained by gas-dynamic and thermal 

calculations of the engine, are as follows: = 0.76 kg/sec; p| =2.35 kG/cm" 

(23 n/cm"); </?N = 0. 98; t]cB = 0.95; 

T* = 1500 K; j = 0.95; FXT = 0.38 m2; p* = 2.15 kG/cm2 (21.1 n/cnri2). 
6 B N o 

Solution. We determine the values of the coefficients of Eqs. (1, 99): 
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•'f. 

^Vvi 
Ct(. f.B 

r'.\;S; 

-1.70, A'gí.b=i. 

The coefficients K^, and K4T3 are taken from the system (1.30); they will have 

the following values: = 1 and K4T3 = -0.5. The value of the coefficient K4F is 

taken from (1.48), whence we obtain K.-, = 1. 
4 r 

The values of the other coefficients of (1.100) are taken from Example 1 of page 53. 

Hence the determinants will be as follows: 

.i = 

— 

V> - 

-/V 

0. Sip 

3.1 
0 
0 

3.1 

0 

0 
0 
0 

-Yof 

■Kb 

3.1 

0.83/» -f 3.1 

3.1 

0 
0 

3.1 

0 

o 83/) + 3.1 

3.1 

0 
0 

3.1 

0 

-0.5 —2.25 

0.5 -1.9 

-1 0.25 

— 0,5 1 

1.8 —1.17 

-0.5 1.0 

-O.j -2.25 

0.5 —1.9 

-1 0.25 

-0.5 1 

1.8 —1,17 

-0.5 1.0 

0 — 2.25 

0 - 1.9 

0 0.25 

A> 1 
•Vo f -1.1' 

Kb 10 
-0.5 -2.25 

0.5 —1.9 

-1 0.2-5 
-0.5 1 

1.8 -1.17 

-0.5 1.0 

1.2 0 0 

0 0 0 

0.3 l 0 

-1.07 0 0.5 

0 0 0 

0 -1.75 2.78 

1.2 0 0 

0 0 0 
0.3 1 0 

— 1.07 0 0.5 

0 0 0 

0 —1.75 2.78 

1.2 0 0 

0 0 0 

0.3 1 0 

— 1.07 0 0.5 

0 0 0 

0 - 1.75 2.78 

1.2 0 0 

0 0 0 

0.3 0 0 

— 1.07 A> 0 5 * 

0 X0( 0 

0 .Y0(>b2.78 

By expanding these determinants, we obtain the sought-for equations of motion: 

(().5/7+ 1 ) .Y„ — 0 40 Xq — 0.13 ,V<j. -r 0.63 A/r ; 
i i.B N 

(0.5/7+ 1).\V,-(0.33/. + 0.25).VOf+0.1 .Y0f b-0.18A>; 

(0.5/7 + l).Vn= (0.3/7 + 0.08) Xr + (0.03/. + 0.13) AV;f +(0.13/7-0.08)^.. 
1 Î. D 
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Example 2 

Exercise. Determine the values of the coefficients of Et, (1.107) for a single- 

shaft BTJE at H « 0 and V = 0 for maximum operating condittons of the engine. 

Basic dam. The data, obtained by a thermal calculation of the engine, are taken 

from the previous example. 

Solution. With the aid of the expressions (1.106, we determine the values of the 

coefficients: 

K,p, = K\p* —KiP2 — -1.05; *u{ ^ ^ 1 -2: 

Km = K3P2 + = -0.S5; K3Xf - -0.3; 

KW = K<P2-K*p* - -° °7: S = «v*= 107' 

Hence the basic system of equations will be as follows: 

(0,83/7 -!-3.1) - 0.5 Xr3 — 1.05X^2-1-2 ^^ -=0: 

— l.9XP2 (-3.1.Vn-|-0.5.Vr3 = 0; 

Xu — Xt3 + 0.55 Xp2 - 0.3 = 0; 

—0,07Xp2 — 0.5 Xn -1-1.07 X^ + 0.5 Xrc = X/r; 

1.8 X/3 — 1.17 Xp2 3.1 Xn = x0f: 

Xp2 - 0.5 Xn + 2.78 Xn - 1 -75 Xn = X0f>B. 

By solving this system of equations for , we obtain 

(0.5p+ 1)XK =(0 06/7+0.22)XO{-(0.04/> + 0.11)XOi#B+ 

f +(0.25/7+ 0.6) X/r. 

6. Turboprop engines (TPEJ 

a) Fundamentals concerning engine performance 

[urboprop engines (TPE) belong to the class of engines with composite thrust, i. e., 

the thrust developed by them consists 
of the reactive thrust and of the thrust developed 

by the air propeller. 

There exist several desist types of turboprop engines, and the performance of Urn 

engine as a controlled plant varies considerably from type to type. 
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Figure 1.52 shows a model of a single-shaft turboprop engine with one propeller, 

whose principle of operation can be clearly seen from the diagram. A portion of the 

total energy is produced at the turbine and is used to drive the propeller and compressor, 

whereas another portion of the energy is produced by the nozzle. With regard to operation 

there is no difference whatsoever between a turboprop and a turbojet engine. 

Fig. 1.52. Diagram of single-shaft turboprop engine (TPE). 

With regard to performance, however, a TPE differs considerably from a TJE. 

The main difference consists in the fact that at relatively low flight velocities the use 

of a turboprop engine is more advantageous than a turbojet engine. This is primarily 

due to the characteristics of air propellers. 

This advantage of TPE at low flight velocities can be clearly seen from the curves 

presented in Fig. 1.53, where we plotted the specific fuel consumption Cgp and the over 

all (economic) efficiency ^ versus the flight velocity for a turboprop power plant and for 

a turbojet power plant. Up to a certain velocity it is more advantageous to use a turbo¬ 

prop power plant, which permits the obtaining of larger values of t,0 and smaller values 

of C When the flight velocity is further increasing, turbojet power plants are more 
sp' 

advantageous. 

It follows from the basic diagram of a TPE that the power developed by the turbine 

must be larger for such an engine as compared to that of a TJE, since it is necessary to 
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Fig. 1.53. Character 
of variation of specific 
fuel consumption C 

sp 
and overall (economic) 
efficiency tjq as a func¬ 

tion of flight velocity V 
for TPE and TJE. 

consume power for driving the propeller. A TPE is nor¬ 

mally designed on the assumption that about 80 to 90% of 

the power developed by the engine is taken from the pro¬ 

peller, and the remaining 10 to 20% from the nozzle. 

A TPE can be characterized by the equivalent pow¬ 

er N developed by it, which consists of the power taken 
eq 

from the propeller and from the nozzle, i. e., 

ReV 
+ (1.127) 

Hence the specific power N for such an engine is ex- 
sp 

pressed as 

tfeq Ne RtV_ R^y 

~Gã~Ga+ (¾ 75--] ~ *if x 75i¡a ' (1.128) 

The economic performance of TPE is estimated by the specific effective fuel consump¬ 

tion C 
sp* 
In order to ascertain the variation of the performance of an engine as a function of 

certain parameters, it is necessary to express Ne gp and in terms of the perform¬ 

ance parameters. After some transformations we obtain for Ne gp 

N* tf — 5-7 c'p T\ It — 1 >37 T\ 

where the performance parameters are denoted in the same way as for ME, 

It follows from the foregoing that the turbine inlet gas temperature has a consider¬ 

able effect on N . This is clearly seen in Fig. 1.54, where we plotted NTe versus 
G Sp * 

T* for various values of tt*. The larger the value of tt* the sharper will be the varia- 
3 c c 

tion of N as a function of the turbine inlet gas temperature. This is the reason why 
e sp 

turboprop engines are designed with a relatively higher inlet temperature and a higher 
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pressure ratio at the compressor. The effect of the other performance parameters is 

roughly the same as for turbojet engines. 

By expressing the specific effective fuel consumption in terms of the performance 

parameters, we obtain 

-sp- 
;c.c"" 

r; 
Vf 

•i'.cst; 
"c -1 

•ad 

t: i »- V J 
0.24(-*'v;86-1 ) 

Vc 

T’is equation shows that depends strongly on T* and tt*. 

In Figs. 1.55 and 1.56 we plotted C versus the turbine inlet gas temperature for 
sp 

various values of the pressure ratio in the compressor, and versus tt* for various values 

of the turbine inlet temperature T*. The character of the dependence of Csp on T* differs 

considerably from the character of this dependence for TJE, since in the case under con¬ 

sideration the quantity C is steadily decreasing with increasing T*. Thus it is advan- 
Sp à 

tageous to increase Tg in turboprop engines also from the economic point of view. The 

effect of the other performance parameters on TPE operation is roughly the same as in 

the case of TJE. 

The effect of the external conditions on the engine performance can be most clearly 

illustrated by the velocity and altitude characteristics. 

The velocity characteristics represent the variation of the effective power, thrust 

and specific effective fuel consumption as a function of the flight velocity for H - const 

and n =■ const. As an example we plotted in Fig. 1. 57 the quantities Re, Ne and Cf 

versus the flight velocity. 

sp 

The increase in N is due to the increase in N and to the increase in the air e e sp 

flow through the engine. 

The decrease in the thrust R is due to the fact that the exhaust velocity of gases 
G 

from the nozzle increases more slowly than the flight velocity. 
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Fig. 1.54. PlotofNesp 

versus gas temperature 
T* for various values 

O 

Of 7T*. 
C 

Fig. 1.56. Plot of C 
by 

versus tt* for various 
C/ 

values of T*. 

Fig. 1.55. Plot of C ver- sp 
sus T* for various values 

of ir*. c 

Fig. 1.57. Plots of Ne, Re 

and C versus flight 
sp 
velocity V. 

The decrease in the specific effective fuel consumption is due to the increase in 

N and in the air excess ratio, since T* = const whereas T* increases, 
e o — 

The altitude characteristics represent the variation of the effective power, thrust 

and specific effective fuel consumption as a function of the flight altitude for V const 

and n - const. 

As an example we plotted in Fig. 1.58 the altitude characteristics of a TPE, show¬ 

ing the character of variation of the power, thrust and fuel consumption as a function of 

the flight altitude. Up to an altitude H - 11 km, the temperature of the ambient air varies 

(according to the SI A). Therefore the variation of Nß is due to two opposing factors. On 

the one hand the overall pressure ratio increases, which is accompanied ty an increase 
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in the effective specific power of the engine. On the other hand the mass flow of air is 

decreasing, which leads to a decrease in power. These two factors are responsible for 

the decrease in the effective engine-power. 

For altitudes H > 11 km, at which the temperature of the ambient air is constant 

according to the SIA, the decrease in Ne takes place relatively faster, since = const, 

and hence N is also constant. 
6 Sp 

The decrease in the thrust occurs for the same reasons as in the case of TJE 

(discussed already above). 

The variation of the specific effective fuel consumption is determined by the value 

of the product o-N . For flight altitudes H < 11 km, the value of the air excess ratio 
r e sp 

a decreases, whereas Ne ^ increases, the increase in Ne gp being faster than the de¬ 

crease in cv; as a result, the product cvN increases and the specific effective fuel con- 

sumption decreases. For flight altitudes H > 11 km, we have - const. 

The performance of TPE can be specified by the engine-speed characteristic or 

A 

throttle characteristic.^ 

The trottle characteristics represent the variation of the effective power, thrust 

and specific effective fuel consumption as a function of the engine speed at V -- const, 

H ” const and a constant blade angle of the propeller. As an example we plotted in Fig. 

1.59 the throttle characteristic, which illustrates the character of variation of Ne, Re 

and C as a function of the engine speed. The reasons for such a character of variation 
sp 

of these parameters are the same as in the case of TJE (already considered above). 

It follows from the foregoing that the engine performance varies considerably as 

a function of the flight and operating conditions, the character of this variation being 

governed by a multitude of complex laws, acting in many cases in opposite directions. 

In practice the performance characteristics of the engine are determined with the aid of 

numerous calculations. Variations in engine performance are accompanied by changes 

in the properties of the engine a controlled plant, which must be taken into account in 
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Fig. 1.58. Plots of 
N , R and C ver- 

e’ e sp 

Fig. 1.59. Plots of 
N , R and C ver- 

e’ e sp 
sus flight altitude H. sus engine speed n. 

the designing of automatic control systems for the engine. The selection of the control 

law for the engine at cruising speed is governed (as in the case of TJE) by the require¬ 

ment that the fuel consumption be minimized. 

For single-shaft TPE it is possible to obtain cruising regimes in different ways, 

with roughly the same economic performance of the engine. 

As we showed above, the specific fuel consumption is primarily determined by the 

turbine inlet gas temperature and by the pressure ratio in the compressor. For this 

reason the region of possible cruising regimes must be bounded by the laws T* = const 

and 7T* = const (n - const). Such boundary conditions, permitting the obtaining of cruis¬ 

ing regimes, can be realized by using variable-pitch propellers whose efficiency is rel¬ 

atively little affected by considerable changes in the power used by the propeller and by 

changes in engine speed. 

From the characteristics presented above it follows^moreover,that the engine op¬ 

eration becomes less economical when T* is diminished or tt* is diminished, i.e., any 
o C 

method of reducing the power leads to an increase in specific fuel consumption. The 

rate of increase of the specific fuel consumption is practically the same for the case 

that the power is diminished by reducing the inlet temperature or by reducing r* (the 

engine speed). 
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This is the reason why the control of such engines at cruising speeds is performed 

for the time being with the aid of the most diverse control laws. 

In this case the criterion for selecting any particular control law of the engine could 

be the requirements imposed on the unsteady process of engine motion, since (with all other 

conditions being equal) the transient processes differ considerably, depending on the par¬ 

ticular control law used for the engine at cruising speeds 

One of the common TPE models is the two-shaft engine, schematically represented 

in Fig. 1.60. 

Fig. 1.60. Diagram of two-shaft TPi.. 

Our earlier analysis of the performance characteristics of single-shaft turbojet 

engines basically applies also to this turboprop engine model; we shall therefore not 

dwell on this problem. However^the properties of a two-shaft TPE as a controlled 

plant are differing considerably from the corresponding properties of a single-shaft 

TPE. The use of one air propeller or of two propellers that are rotating in differ¬ 

ent directions, in the case of a single-shaft as well as two-shaft TPE, is also con¬ 

siderably altering the properties of the engine as a controlled plant. (These prob¬ 

lems will be examined below. ) 
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b) The equations of motion of a TPE and its properties as a controlled giant 

A single-shaft T PE 

The equations of motion for a single-shaft TPE with one propeller, with respect to 

the same controlled parameters as in the case of the engines considered above, can be 

obtained on the basis of the same considerations as were used for a two-loop TJE. The 

only difference will consist in the fact that instead of the low-head compressor used for 

a two-loop TJE, the TPE uses an air propeller of variable pitch. 

in accordance with the foregoing, the Eq. (1.78) remains valid for the TPE repre¬ 

sented in Fig. 1.52. However,the nonlinear function for Mp will be as follows: 

(1.129) 
^p=*fp(«. <?, Pn> th> ^)- 

Hence the original system of equations will be the system (1.21) in which the first 

equation must be replaced by (1.78). By linearizii;;' 78) with allowance for (1.129) 

and of the first two equations of system (1.22) (for the case that the external conditions 

are unchanged), we obtain the following equation of motion: 

(1.130) Q~]P ii).X H—K irs* t¡~ K K 

Hence the system of equations of motion will be analogous to (1.30), where the 

first equation has been replaced by (1.130), viz., 

(1.131) 

The coefficients p and in Eq. (1.130) are 

K Alo 

The other coefficients are the same as those of system (1.30). 
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By solving (1.131) in the variables X . X,™ and X_., we obtain A* X - A , 
n là 14 n n 

A*XT3 ami A* XT4 -^4- Here A has the same expression as in (1.31), whereas 

An is expressed in the form 

— KitXf —h]TS 

0 -K h & 

-K 

K. 
I/’2 

2^2 

K 1p4 

0 

0 

KiG.Xr 

-1 

K, 
~ Kj;,2 — K*/* 

0 

0 

1 

ATi 

A'sn 

K 4/)2 K 4/,4 K^ 
0 0 ''ira ''•s/i: 

The determinant Apg differs from A by the second column, which must be replaced by 

the first column of An; the determinant Aj.^ differs from A by the fifth column, which 

must be replaced by the first column of A . 
n 

By expanding the determinants, we obtain after transformations the following 

equations of motion: 

l7> + 0,)A'n=^Of-Vif; 

(7'/2-fC1)A,„=(V+^).V0{4-ft4A',; (1.132) 

(/~P + G|) A' ri={boP + ¿7) Aq b6X\. 

By comparing the obtained equations with (1.34), (1.35) and (1.36), we can see that 

these equations differ only in the additional term in the right-hand side, which accounts 

for the variation of the VPP blade angle. 

The equation of motion for the thrust developed by the TPE can be obtained by 

considering also the equation 

(1.133) 

where Rp is the thrust developed by the propeller, and R<a is the reactive thrust. 

The nonlinear function for R will be 
P 

Rv=Rp{nt ?, /7//, Th, V). (1.134) 

The equation specifying the variation of the reactive thrust will be taken in the form (1.38). 

By linearizing (1.34) under fixed external conditions, we obtain 

A"flp= Kr>nXn -(- /((¡¡Xi- (1.135) 
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Whence we obtain by virtue oi' (1.133) the following equation: 

A' KmXT3 - KCpiXpk 

(1.136) 

By solving (1.131) jointly with (1.136) in the variable XRf we obtain 

a-^=aä. a. 137) 

The determinant A has the same expression (as in 1.31), whereas the determinant 

^ is expressed in the form 

A', 

A„ = 

k 1/)4 T\p-\-Q —X17-3 X]P2 

0 ~—Xoj-3 A :/,2 0 
0 —1 —X 3p2 X3p\ 
0 X+fs A ^1/)4 Xtfi 

0 

0 

1 

— X\fXf 
0 
0 

0 

x,n 

RfO^ 
Ro 

XtTi 

ReOl 
*0 

X 5P2 0 0 XsOfXof 

ntnj neum, ReOy ReO¡. ReQ V V 

By expanding the determinant, we obtain 

(7/> + Qi)=+ ^10) +n)^»- (1, ^38) 

By comparing this equation with (1.40) we can see that the only difference between 

these equations consists in the presence of additional terms in the right-hand side that 

account for the effect of the variation of the blade angle as well as for the rate of varia¬ 

tion of this angle. 

The coefficients occurring in Eq. (1.136) have the following expressions: 

The other coefficients of (1.136) are similar to those of Eq. (1.38). 

A two-shaft TPE 

The equation of motion tor the two-shaft TPE represented in Fig. 1.60 can be ob¬ 

tained by analogy with the equation tor a two-shaft TJE; in this case, however, it is not 

necessary to take into account the second compressor. 
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The equations of motion are in many respects similar to the equations presented 

above; therefore we shall not dwell in detail on their derivation. 

By using in this case the system (1.65) without the third and the fifth equations for 

M == M and T* - TJ and by using the system (1.66) without the expressions for 
c2 p 21 1 

G and M , as well as (1.129), we obtain after ordinary linearization the following 
c2 c2’ 

general system of equations: 

(T',/? -f Ci) — K i;3^r3 — + 
(7>+C;) A'r; -f K:pi]Xp„ -f K^Xpi + K1UiXm - 

X'j;yXp2 ~ X3TiXn=0; 
f<iniX,.x-\-K4TiXT3=0; i ‘'id*' ■ -11° ‘ " 

X ,TVXU\ + K'*nx n + K^Xpn + Kip2xp3 = 0; 

^cnA'n + Kt^X re + KWXp* + K*P*Xr": 
0; 

Krp,xX^ + KwXu,+KipiX¡n + KkU • 

A' i c Í A'„, + ^qp2^p2 + A973^ 7-3 + KHT2XTi ~ Ka^Of • 

By solving this system of equations with respect to the number of propeller-shaft 

(1.139) 

revolutions X^, we obtain 

(afP2 aiP -ra2) X n2^(b b2)xc { — (biP + bt) Xf. (1*141 

The number of revolutions Xnl of the rotor of the turbocompressor ("first turbine plus 

compressor") does not depend on the number of revolutions of the "second turbine plus 

propeller" system. 

By solving the first, third, fourth, fifth, seventh and ninth equations of system 

(1.139) with respect to X^, X pg anc^ ^T41’ W6 

^i) A’m— *5*0f; 

(7i0p -f fli) X n= (büp+b7) X0{ ; 

(1.1417 

(1.142) 

{a^p-^a^Xrn — iPbP J_^9) A’of 143^ 

By comparing (1.140), (1.141), (1.142) and (1.143), we can see that the rotational 

speed xnl of the turbocompressor and the gas temperatures X^ and XT4, can be changed 

only by varying the fuel consumption, the gas temperature depending not only on the mag- 

nitude of the fuel consumption, but also on its rate of change. 

118 



The rotational speed of the propeller can be changed by altering either the fuel 

consumption or the propeller blade angle, the rotational speed being affected aleo by the 

rates of change of these variables. 

TPE with coaxial VPP 

Present-day turboprop engines are developing high power; therefore the propellers 

must be large and have high circumferential speeds at the ends of the blades. It is im¬ 

possible, however, to equip an aircraft with excessively large propellers; moreover, an 

increase in their circumferential speed is accompanied by a decrease in propeller effi¬ 

ciency. Therefore one uses two coaxial propellers that rotate in different directions and 

are driven by the engine shaft via an ordinary or a differential reduction gear. A rough 

kinematic diagram of a differential reduction gear is presented in Fig. 1.61. 

Let us derive the equation of motion of a single-shaft TPE with a differential re¬ 

duction gear and a coaxial VPP (variable-pitch propeller). 

It follows from the kinematic diagram of the differential reduction gear that during 

unsteady motion the two propellers as well as the turbine shaft may deviate from the pre¬ 

scribed rotational speed. 

Hence in order to derive the equation of motion, for example with respect to the 

rotational speed nlp of the first propeller, n2p of the second propeller, and nT of the 

turbine, it is necessary to examine the energy storage elements related to the presence 

of rotating masses in the first propeller and second propeller, as well as the mass of 

the turbocompressor. 

This can be written as follows: 

2*y, -"¡P -.ii.-M.p; 

2ajn "P Ain—A tip 
* dt v (1.144) 
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where M, and M are the torque components developed 

by the turbine and transmitted to the corresponding VPP. 

We have, moreover, the following equation: 

2-J-t —fr = .Hi —(.ll|p+ Atp) 
at 

Fig. 1.61. Model of dif¬ 
ferential reduction gear or’ 

for driving a VPP. (/() 
.\ft —2>:jT —- = .<fip+Af;p (1.145) 

The torques, transmitted to each propeller, are inversely proportional to the gear 

ratios of the reduction gear lor each propeller. Thus by denoting the gear ratios by ^ 

and i„ (corresponding to the propellers), we can write 

.//i i p 
iU 

//«ip f , . </nr\ 

(1.146) 

The relationship between the rotational speeds of the propellers and the turbine can 

be expressed as follows: 

(1.147) 

where a and a are constant coefficients. 
1 2 

The expression for MT corresponds to the first expression of system (1.22), where 

as the equations for and are 

vWjpss Abpf/ijp, 'fi); i 

/'Í2p= .tf2p(/l2p, V"2)- 1 (1.148) 

After linearization of (1.146) we obtain the following equations: 

0Í).V'p+ (r\P~ Ò A’t- KiTíXT3+KíP:Xp‘ + * 

=— A,'¡. 

(T':p +0 V.p-f (f '.p — ci) a't— Kir3XT3±Kiv2Xp2 + K?piXpi = 

Moreover, after transformations we can write Eq. (1.147) as follows: 

-V, = A'aA^p-j- K3X2P • 

(1.149) 

(1.150) 
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Here the new variables are denoted by 

•i«T _. v 
"no 

Ci A V/ — 

¿«T „ ^iP. V X = — • A' = 

’'’’-«w' •' '• 

^t2 

¥20 n2p0 T* ¥10 

It follows front (1.150) that if two variables are known, the third will be unambigu¬ 

ously determined; as the eontrolled variables it is therefore appropriate to take any two 

out of the three variables, i. e., either the rotational speed of the turbine and the rota¬ 

tional speed of one propeller, or the rotational speeds of bod, propellers. Henee by as¬ 

suming that the eontrolled parameters are the rotational speeds of the propellers, we ean 

write the equations of motion as follows: 

0 iP ■■ Ol) -Yip-r (TUP - '->1.) -Y.a- Kn3XT3 'r KMXP2 + ^4^4= 

0.P 0,) A'tp-r !r.?TP-Qn) Xl»-KlT3Xn ■ KWX#+ KipiXt,i 
=--^2,2-^-2 

(1.151) 

order to obtain the equations of motion with respeet to the propeller and turbine 

speeds and the gas temperam«, we must solve the Eqs. (1.149, and (i. 150, jointly with 

the Eqs. 2, 3, 4 and 5 of system (1.30), where the variable Xn must be replaeed by the 

variable XT. As a result we obtain the following equations; 

(<,0p? ; a¡p I- -7,) .Y,p -- (/7,,/7 -I- *1) *Tj ¡ (hp -. h) X#+ 

-j (bip-l b$) Xa^, 

(,ly//-'-\ a¡p ao) -Yop— (btip i- b7) X9l-r (bjjP + b9) X,7+ 

+ {b\oP + ftn) X0^‘ 

{l,up2 -1- alP + 772) A t - (bnp -!- *13) A’,n (*H/> + *u) ^2+ 

-r (Z’leP + *17) 

(,7,,/)- -j ,7,/) -|- f7o) XT3— (b[iP -r *19) (*2ûP + *21) ^2+ 

-] (b^p- -Í- hup + *24) x0{- 

(1.152) 

(1.153) 

(1.154) 

(1.155) 

In a similar way we can also set up the equations of motion in the other parameters 

taken as controlled parameters. 

In a more enact analysis of the physical processes taking place in an engine with a 

differential reduction gear it is necessary to take into aceount the mutual aerodynamic 
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characteristics of the propellers resulting from the variation of the air flow in front and 

behind the propellers. 

For a single-shaft TPE with an ordinary reduction gear and two coaxial VPP the 

equations of motion can be derived in the same way as above, since the turbine shaft is 

rigidly coupled to the VPP shafts. In this case the controlled parameter is normally the 

rotational speed of the propeller (turbocompressor) and the gas temperature at the tur¬ 

bine inlet or outlet. 

c) Possible control laws and determination of the 

expressions for the coefficients 

From the Eqs. (1.132) we can spe that the parameters Xn, XT3 and XT4 can be 

varied by varying the fuel consumption or the propeller blade angle. The effectiveness 

of the action of the control parameters (XG and X^), indicated in Eqs. (1.132), on the 

controlled parameters (X.( and X^ or X^) is different; therefore the character of the 

unsteady motion must also be different (with all the other conditions being the same). 

The character of variation of the factor pv which specifies the self-balancing of 

a single-shaft TPE, is almost identical with the character of variation of this factor for 

a single-shaft TJE, considered above. 

The controlled parameters normally taken for a two-shaft TPE with a single pro¬ 

peller are the rotational speed of the propeller or the rotational speed of the turbocom¬ 

pressor and the gas temperature. In this case, however, the number of controlled par¬ 

ameters is larger than the number of controlling parameters. 

From the Eqs. (1.34), (1.35), (1,140) and (1.142) we can see that by means of the 

fuel consumption it is possible to vary any controlled parameter, whereas by means of 

the blade angle it is possible to vary only the rotational speed of the propeller. In prac¬ 

tice, therefore, one of the three controlled parameters (n^ n2 and Tg) is being limited 

in maximum value only; for example, it is possible to limit the rotational speed of the 

turbocompressor. 
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Fig. 1.62. Charac¬ 
ter of variation of 
torques of a free 
turbine and of pro¬ 
peller, as a func¬ 
tion of rotational 
speed of propeller 

shaft. 

A peculiar feature of a two-shaft TPE is the charac¬ 

ter of variation of the self-balancing factor. Owing to the 

presence of a free turbine in this engine, its torque char¬ 

acteristic differs considerably from the characteristic of 

an ordinary turbocompressor. Figure 1.62 shows the char¬ 

acter of variation of the torques as a function of the rota¬ 

tional speed of a free turbine. Such a character of varia¬ 

tion of the torque (static) characteristics ensures a large 

value of the self-balancing factor, which makes it possible 

in many cases to use a VPP speed controller without any 

stabilizing devices. 

The expressions for the partial derivatives, occurring in the constant coefticients 

of the equations, can be determined in a systematic way in the same manner as above. 

The only new feature is the determination of the partial derivatives (9Mp/9n)0, <9Mp/ 

/a<p)0, (ap/8n)0 and (9Rp/ d0)o, occurring in the coefficients p and K^of Eq. (1.130), 

and in the coefficients Kgn and Kg^ of (1.135). 

The torque, needed to drive the propeller, is specified as 

where p is the density of air, D is the propeller diameter, ß is the propeller power fac¬ 

tor, and w is the angular velocity of rotation of the propeller. 

The propeller power factor ß is a function of the blade angle <p and of the relative 

propeller advance i. e., ß = ß(<P, X). On the other hand we have \ = 27rV/Do> - V/Dn, 

where V is the flight velocity. The functions ß = ß(<p, X) are normally plotted in the form 

of a mesh of characteristics, obtained, as a rule, by aerodynamic testing of the propeller. 

On these meshes we plot also the values of the propeller efficiency. In Fig. 1.63 we pre¬ 

sent such propeller characteristics. 
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Fig. 1.63. Aerodynamic characteristics 
of propeller. 

At the same rotational speed of the propeller, different flight velocities must cor¬ 

respond to different blade angles, i. e., to different values of the factor ß. This is also 

in conformity with the fact that for different values of the thrust developed by the propel¬ 

ler, i.e., different values of ß. The operating conditions of the propeller are selected 

in such a way that its efficiency is maximized. 

Thus when the flight velocity V, propeller speed n, and engine torque are assigned, 

we can determine ß by the formula for Mp presented above, and the blade angle <p by means 

of the propeller characteristics. 

The above equatton of moHon has been set up on the assumption that V = const; there¬ 

fore we shall assume that X = const/n. By differentiating the expressions for Mp with re 

spect to n and <p, we obtain 

The values of the partial derivatives (dß/d\)Q and (d\/d<p)0 can be determined from 

the mesh of characteristics by graphic differentiation; in the case of (3\/d<P)0 it is nec¬ 

essary to replot the propeller c iracteristic in these coordinates. 

By analogy with the foregoing it is possible to construct the propeller characteris¬ 

tics also with respect to the thrust developed by them. Such characteristics express the 
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thrust factor a versus the relative propeller advance A for ^ arious values of the propeller 

blade angle (p. 

As an example we plotted in Fig. 1.64 such a propeller characteristic. 

The thrust, developed by the propeller, is specified by the formula 

^p= cos y sÄ-^-()£)<an2cosY, 

where a is the propeller thrust factor, determined from the propeller characteristic, 

i. e., a = a((p, \), y is the angle of attack of the aircraft; since for many flight conditions 

this angle is small, we have cos y « 1. 

By differentiating the original formulas with respect to n and <p, we obtain 

The partial derivatives (da/d\)0 and (d*/d<p)Q can be determined from the propeller 

characteristics by graphic differentiation; in the case of (9A/3<P)0 it is necessary to replot 

beforehand these characteristics in appropriate coordinates. 

The engines considered above can be represented by block diagrams in conformity 

with the equations of motion obtained here. Thus we presented in Fig. 1.65 the block 

diagram of a single-shaft TPE with ordinary reduction gear, and in Fig. 1.66 — with 

Fig. 1.64. Thrust character¬ 
istic of propeller. 
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Controller 

Fig, 1,65. Block diagram of single-shaft TPE with 
ordinary reduction gear. 

controller 

Fig, 1.66. Block diagram of single-shaft TPE with 
differential reduction gear and two 

variable-pitch propellers. 

^ \ 

a differential reduction gear and two coaxial propellers. In these diagrams we also in 

dicated symbolically the possible insertion of controllers. 
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FOOTNOTES 

(p. 24) is assumed that k = 1.33, c = 0.28 and ~ . 
O * 

(p. 46) ^By a more detailed calculation, with the use of the phase plane, it is possible 
tc show that in some cases hunting can also set in if (9ír£/9Ga)o > °* 

(p, 98) ^For the purpose of simplifying the whole problem we are neglecting here the 
effect of the angle of attack and of the slip angle of the flying vehicle. In solv¬ 
ing more exactly such a problem, the effect of these angles must be taken into 
account. 

(p. 110) 4Oi in the form of a mesh of characteristics for several values of the propeller 
blade angle. 



CHAPTER 2 

SYSTEMS OF AUTOMATIC CONTROL OF GAS-TURBINE ENGINES AND THE 

MAIN REQUIREMENTS THEY MUST MEET 

1. The main requirements a control system must meet 

Our above analysis of the performance of engines as controlled plants makes it pos¬ 

sible to select controllers that would permit the obtaining of processes which meet the 

given requirements. 

First of all let us examine the general requirements an automatic control system 

must meet. These requirements differ considerably from engine to engine type. The 

principal, more characteristic, requirements will be considered below. 

The analysis of power plants, carried out in Chapter I, showed that engine opera¬ 

tion, in the steady as well as unsteady regimes, is confined to a certain permissible re¬ 

gion of parameter variation. Therefore an automatic control system must allow only 

such deviations from the prescribed performance characteristic that would still remain 

within the permissible region. 

According to Fig. 1.27, this region for TJE is limited by the maximum engine 

speed, the maximum turbine inlet gas temperature, the onset of surging, and the bound¬ 

ary of stable fuel combustion in the combustion chamber. The values of these param¬ 

eters are prevented from exceeding their permissible limits by means of special limit- 

f x etc., which are acting on the corresponding controllers. In order 
era oi 3max’ 

to set a turbojet engine at the prescribed operating regime, it is necessary to maintain 

a certain rotational speed of the engine and inlet gas temperature. This requires two 

controllers (an engine speed controller and a gas temperature controller) for a turbojet 

engine with a variable nozzle, and only one controller (of the engine speed) in the case 

of a turbojet engine with a fixed nozzle. 
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The fast changeover of a TJE from minimum to maximum operating conditions re¬ 

quires an additional device, which is called an acceleration (pick-up) controller. Some¬ 

times it is necessary to limit the maximum engine thrust or the torque of the turbocom¬ 

pressor, which requires additional control devices. For some engine types it is neces¬ 

sary to maintain not only a prescribed "physical" (i.e., actual) engine speed n, but also 

the reduced speed, expressed by the formula nred = n/ \^*. It is clear that in this case 

the engine control system must be supplemented by yet another device. 

Aircraft, equipped with several engines, must have a device that synchronizes the 

operation of all the engines with respect to the thrust (power) developed by them. In or¬ 

der to synchronize the operation of some of the devices and controllers listed above, we 

must have a mechanism of joint control that permits readjusting the control devices for 

the purpose of changing the operating conditions of the engine. 

It follows from the foregoing that the automatic control of engine operation requires 

fairly many controllers and other devices, so that the overall control system is fairly 

complicated. 

In the following, all the controllers and other devices belonging to the engine con¬ 

trol system will be called the automatic control system of engine operation. The individ¬ 

ual controllers of this system, considered jointiy with the controlled plant, will be called 

the actual automatic control system, for example the control system of the rotational 

speed, etc. 

Automatic control systems must meet very stringent requirements with regard to 

the permissible dynamic end steady-state errors, as well as with regard to reliable op¬ 

eration of the system. 

The requirements towards the individual controllers, and hence towards the entire 

control system can be ascertained by jointly considering the engine and the aircraft as a 

single dynamic system that must meet the operational requirements of the flying vehicle. 

Some of these requirements must be met by the properties of the aircraft (glider), and 
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others by the properties of the engine. If the requirements towards the engine are known. 

it will also be possible to ascertain the requirements towards the automatic control sys- 

tem of the engine. 

Different types of aircraft must meet different requirements; this holds true also 

for engines and for engine control systems. A detailed examination of this problem is 

outside the scope o, the book; therefore we shall confine ourselves here to listing the main 

requirements towards the individual control systems of engines. The requirement, towards 

automatic control systems of gas-turbine engines are basically as folles: 

Thg_engine speed control system 

1. The prescribed rotational speed of the engine for the principal operating condi¬ 

tions must be maintained as exactly as possible, and in any case with an error not ex- 

ceeding 0.5%. 

2. The transient overshoot, due to all sorts of disturbances, must not exceed 2-4% 

under maximum operating conditions o! the engine. 

3. The character of the transient processes must be monotonie, and either single- 

valued or close to single-valued. 

4. The duration of the transient processes must not exceed 2 to 3 sec. 

5. The engine-speed control system must be suitable for all operating conditions 

of the engine (from idling to maximal). 

The gas temperature control system 

1. The prescribed gas temperature under maximum operating conditions of the 

engine must be maintained with highest possible accuracy, and in m* case to within 0.5%. 

2. The transient overshoot, due to all sorts of disturbances, must not exceed a 

few percent; the duration of the overshoot in the sense of increasing the temperatore, 

must not exceed 1.0 to 1.5 sec. 
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3. The duration of the transient process must not exceed 3 sec. 

4. The gas-temperature control system must operate under all conditions. 

Other control devices 

1. The maximum engine speed limiters must operate with an error of less than 

0.5% under any flight conditions of the aircraft. 

2. The transient processes occurring in the operation of an engine speed limiter 

must meet the same requirements as in the case of an engine speed controller. 

3. The maximum gas-temperature limiters must operate with an accuracy of up 

to 0.5% under any operating conditions of the engine. 

4. The transient processes occurring in the operation of a gas temperature limiter 

must meet the same requirements as in the case of a temperature controller. 

5. The operating conditions of the engine must be controlled by a single control 

knob. 

The requirements towards the other devices of the control system are so manifold 

that it is not convenient to generalize them for all the engines. 

2. Types of block diagrams of control systems 

On the basis of the properties of the controlled plant and of the above-listed princi¬ 

pal requirements towards individual control systems it is possible to determine the nec¬ 

essary properties of the individual controllers belonging to the overall control system 

of the engine. First of all let us ascertain the possible design principles of control 

system». 

If several parameters of one plant are controlled, it is appropriate that some of 

the controllers should operate in a closed-loop configuration, and others in an open- 

loop configuration. This is due to the fact that if several controllers operating in a 

closed loop are acting on a single plant, the various control circuits are influencing 
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each other via the plant; as a result, the stability margin decreases. By letting some of 

the controllers operate in an open-loop configuration it is possible to prevent the individ¬ 

ual control circuits from influencing each other, and thus the stability margin can be 

increased. 

For a TJE with fixed nozzle the only controlling parameter is the fuel consumption, 

whereas the controlled parameters can be the engine speed and the gas temperature. In 

most cases one takes the engine speed as the controlled parameter; therefore the gas tem¬ 

perature is only being limited in maximum value. The need to limit the gas temperature 

is due to the variation of the external flight conditions, as a result of which the same en¬ 

gine speed can be related to different values of the gas temperature. 

For a TJE with variable nozzle we have two controlling parameters, namely the 

fuel comsumption and the nozzle cross-sectional area; therefore we can use two control¬ 

lers — an engine speed controller and a gas temperature controller. 

In this case it is convenient that both controllers should operate in a closed-loop 

configuration, and at most one of them (the temperature controller) can operate in an 

open-loop configuration. In the latter case the system will be simpler, but the accuracy 

of maintaining a prescribed temperature value will be relatively smaller. This is due to 

the difficulty of designing a computer that would respond to variations in the external con¬ 

ditions Pjj, Tjj and V, and make the necessary changes in the nozzle cross section with 

the corresponding accuracy. Indeed, the transfer functions for the controlled plant, when 

the input is represented by the variables pH, TH and V, and the output by T|, become 

very complicated; as a consequence, it is very difficult to form the signals in the compu¬ 

ter. For this reason one often adopts an approximate (and simpler) compensation law for 

the external conditions; this, in turn, does not permit the prescribed gas temperature to 

be exactly maintained with the aid of an open-loop circuit. 

132 



Thus the possible controller systems (with respect to closed-loop or open-loop op¬ 

eration) for TJE with fixed and variable nozzles can be reduced in the simplest case to 

the following models listed in the table. 

Table 

Engine type 

Controllers types 

Speed 
controller 

Gas 
temperature 
controller 

Other devices 

TJE with fixed 
nozzle 

Closed-loop 
system 

I-.. . 

Maximum 
temperature 
limiter 

1. Maximum engine 
speed limiter 

2. Acceleration (pick¬ 
up) controller 

TJE with var¬ 
iable nozzle 

Closed-loop 
system 

_ 

Closed-loop 
system 

1. Maximum engine 
speed limiter 

2. Acceleration (pick¬ 
up) controller 

Open-loop 
system 

Types of simplified block diagrams of control systems for TJE with fixed and with 

variable nozzles are shown in Figs. 2.1 - 2.4. 

These circuits Ilústrate the control laws, the manner in which the controllers are 

connected, and the passage of the signals. 

For a TJE with fixed nozzle the engine-speed controller is sometimes replaced by 

a fuel-flow controller with an additional compensating device for the external conditions 

p„, Tu and V. In this case the controlled parameter is the fuel consumption, with re- 
n a 

spect to which the control system is operating in a closed loop, whereas its operation 

with respect to the engine speed is open-loop. 

The use of a fuel-flow controller has its merits and shortcomings. Its merit is 

that at a constant fuel consumption the dynamic performance of the controlled plant is 
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Fig. 2.1. Simplified block diagrams of TJE with fixed and 
variable nozzle and an engine-speed controller. 

CODE: 1) Engine-speed controller; 2) Maximum engine- 
speed limiter; 3) TJE with fixed nozzle; 4) TJE with 
variable nozzle; 5) Operating-condition signal; 6) Maxi¬ 
mum gas-temperature limiter; 7) Temperature controller; 
8) Servomotor; 9) Controlling elements; 10) Sensing 

elements. 

improving, i. e., the value of the self-balancing factor p is increasing. In this case the 

value of p will correspond to the controlled plant without taking into account the effect of 

the fuel system. 

The shortcoming consists in the fact that a fuel-flow controller with a compensating 

device cannot maintain sufficiently accurately the prescribed engine-speed regime in view 

of the effect of the external conditions, since such a control system is open-loop with re¬ 

spect to the engine speed. 
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Fig. 2.2. Simplified block diagram of 
TJE with fixed nozzle and a fuel-flow 

controller. 

CODE: 1) Maximum engine-speed lim¬ 
iter; 2) Fuel system; 3) Fuel-flow con¬ 
troller; 4) Compensating device; 5) Max¬ 

imum gas temperature limiter. 
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Fig. 2.3. Simplified block diagrams of two-shaft TJE with 
fixed nozzle and engiue-speed and 

fuel-flow comrollers. 

CODE: 1) Controller of nj or n^; 2) TJE with fixed nozzle; 

3) Limiter of ^ or n2; 4) Limiter of T»; 5) Fuel system; 

6) Fuel-flow controller; 7) Compensiating device. 

A simplified block diagram of such a control system is shown in Fig. 2.2. 
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Fig. 2.4. Simplified block diagram of two- 
shaft TJE with controlled nozzle and two en¬ 

gine-speed controllers. 

CODE: Controller of ^ or n2; 2) TJE with 

variable nozzle; 3) Controller of n or n 
1 ¿á 

or T*; 4) Limiter of T* or i^. 

For a two-shaft turbojet engine with fixed nozzle the controlled parameters can be 

the rotational speed of the two stages and the gas temperature. The controlling param¬ 

eter is the fuel consumption alone. Therefore it is possible to perform the control only 

with respect to one parameter, whereas the other parameters must be limited in maxi¬ 

mum value by acting on the fuel flow. 

Owing to the presence of a gas link between the two stages, their rotational speeds 

in steady motion are connected in a one-to-one manner. This can be seen from formulas 

(1.69) and (1. 70); by setting in these formulas X_ = 0, p = 0 and eliminating X,, , we 
F Gf 

obtain the expression 

x„i= XnJ. 
b3 

Hence it is possible to control the speed of any one of the stages, with the speed 

of the other stage following the controlled speed. During the transient process, one of 
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the stages will lag (lead) the other stage, depending on the degree of "stiffness" of their 

coupling and on the inertia of the stage. 

For such an engine it is possible to use either an engine-speed controller or a fuel- 

flow controller, as indicated in the simplified block diagrams of Figs. 2.3a and 2.3b. 

For a two-shaft TJE with variable nozzle we have two controlling parameters, 

namely the fuel consumption and the nozzle cross section, whereas the controlled param¬ 

eters are the same as before. 

Hence we can have several methods of connecting the cortrollers to the .engine. 

These methods can be characterized by the following diagram: 

1) Gf - ly Fn - V T*max is limited by,Gf; 

2» Gf - V FN - V T3max is llmited by Gf; 

3> Gf - T3’ Fn - nl' ^max is limited by Gf 

This diagram means that a certain controlling parameter is regulating (limiting) 

a certain controlled parameter. 

The other methods, characterized by possible combinations of the controlling and 

controlled parameters, are not very useful in view of the small effect the controlling 

parameters have on the controlled parameters, i.e., in view of the small values of the 

gain in the equations of motion. 

Figure 2.4 shows a simplified block diagram corresponding to the above methods 

of engine control. 

For a single-shaft TJE with a booster (see Fig. 1.41) the controlled parameters 

can be the engine speed, the gas temperature, or a set of parameters for the boosting 

loop, whereas the controlling parameters are the fuel consumption in the principal loop, 

the fuel consumption in the booster, and the cross-sectional area of the nozzle. 

If the cross-sectional area of the nozzle is set as a function of the boosting regime, 

this variable will no longer be among the controlling parameters. According to Eqs. 

(1.101)-(1.104) it is possible to effect the following methods of control: 
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1) çf - n; GfB or Tr*,, or some other set of parameters; T*max is limited 

by Gf; 

2) G- — T*; G,,, — irfL, or p*, or some other set of paramt .rs; n is limited by G_ 
I 3 fß T 2 I 

If the regime of the boosting loop is specified by the fuel consumption GfB in the 

boosting chamber, we must replace in these control laws the quantity G^g by F 

For the principal loop it is possible to use an engine-speed controller as well as 

a fuel-flow controller with a compensator for the external conditions; simplified block 

diagrams of the circuit are presented in Figs. 2.5a and 2.5b. 

For a two-shaft TJE with a booster the controlled parameters can be the rotational 
111' * .. . . 

speed of the stages, the turbine inlet or outlet temperature, or a set of parameters; the 

controlling parameters are the fuel consumption in the principal loop, the fuel consump¬ 

tion in the boosting chamber, or the cross-sectional area of the nozzle. The possible 

control laws for the case that the boosting regime is set by the fuel consumption in the 

boosting chamber are as follows: 

1) Of - V I’m - V T|max 1« limited by Gf; 

2) - T*; FN -*n2; n! is limited by Gf* 

3) Gf _ V FN - V T3ma* 18 Umited ^ Gf; 

4) G, — (or n1); — T|, or T*t or some other set of parameters; 

"imtu.18 llmlted by Gf; 

Tjmax 18 limited by Gf 

Tl^q correspondis simplified block diagram is presented in Fig. 2.6. 

Fo^ a single-shaft turboprop engine with one propeller (see Fig. 1.52) the con¬ 

trolled parameters are the propeller speed and the gas temperature, whereas the con¬ 

trolling parameters are the fuel consumption and the propeller blade angle. 

From the Eqs. (1.132) we can see that each of the controlled parameters can be 

varied hy any of the controlling parameters, viz. f 

Ilf-«; G{~T‘3; 2)9-7^: Gi - n. 
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Fig. 2.5. Simplified block diagrams of a single-shaft 
BTJE with controllers of the principal 

and booster loops. 

CODE: 1) Limiter of n or T*; 2) Controller of n or T*; 

3) TJE with booster; 4) Controller of T* or tt*, or of 

some other set of parameters; 5) T*, t*, or other sets 

of parameters; 6) Fuel system of principal loop. 
7) Controller of fuel consumption; 8) Compensating 

device. 

In practice one often uses the first method of control. 
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Fig. 2.6. Simplified block diagram of two-shaft 
BTJE with controllers of principal and 

boosting loops. 

CODE: 1) Limiter of n^ or T*; 2) Controller of n^, 

n2 or Tg; 3) Two-shaft TJE with booster; 4) Con¬ 

troller of nj, n2 or ^ or of some other set of 
parameters; 5) tt*, or other set of paramenters. 

In accordance with these methods of pontrol and with the possibility of using a tem¬ 

perature regulator that operates in a closed- or open loop, we presented in Fig. 2.7 the 

simplified block diagrams. 

For a ginglenshaft TPE with two coaxial propellers the controlled parameters are 

the rotational speeds of the propellers (or of a propeller and the turbine) and the gas tem¬ 

perature, whereas the controlling parameters are the fuel consumption and the propeller 

blade angles. The most suitable methods pf control are 

1) ?i -* /»i! 'if nú 6f — irj; 2) — nj; <f2nT¡ Gf—7^, 

which correspond to the earlier-obtained equations of motion (1.152), (1.153), (1.154) 

and (1,155), 

Assuming that the rotational speed is adjusted by controllers operating in a closed 

loop and fhat the temperature control js performed either in a closed-loop or in an 
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open-loop configuration, the simplified block diagrams will have the form presented 

in Figs. 2.8a and 2.8b. 

Fig. 2.7. Simplified block diagrams of single-shaft TPE 
with controllers of rotational speed 

and fuel consumption. 

CODE: 1) Controller of n; la) Controller of T*;2) Single¬ 

shaft TPE with one propeller; 3) Fuel system; 4) Compen¬ 
sating device; 5) Limiter of T*. 

For a two-shaft TPE with one propeller (see Fig. 1.60) the controlled parameters 

are the turbocompressor speed, the propeller shaft speed, and the gas temperature; the 

controlling parameters are the fuel consumption and the propeller blade angle. In accord¬ 

ance with the equations of motion, obtained above, we can have the following control laws: 

1) Gf - nTC; ¢. - np; T|max is limited by Gf; 

2) Gf — T*; ç — Spj nTC is limited by Gf. 

In accordance with the above control laws and assuming that the gas temperature 

controller can operate in a closed-loop as well as in an open-loop configuration, whereas 

the speed controller can operate in a closed loop, the simplified block diagrams will have 

the form shown in Figs. 2.9a and 2.9b. 
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Fig. 2.8. Simplified block diagrams of single-shaft TPE 
with two coaxial variable-pitch propellers and controllers 

of rotational speed and fuel consumption. 

CODE: Controller of n^ or nT; 2) Controller of n^ 

3) Single-shaft TPE with two coaxial propellers; 4) Con¬ 
troller of T* or T*; 5) Fuel system; 6) Compensating 

device; 7) Limiter of T*. 

Fig. 2.9. Simplified block diagrams of two-shaft TPE with 
one VPP and speed and fuel-consumption controllers. 

CODE: 1) Controller pf nj 3) Two-shaft TPE with one pro- p 
peller; 3) Controller of n^c or T* or T*; 4) Limiter of T*; 

5) Fuel system; 8) Compensating device; 7) Limiter of. 
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For a two-shait TPE with two coaxial variable-pitch propellers the controlled param¬ 

eters can be the speed of the propellers, turbine or turbocompressor, and the gas tem¬ 

perature, whereas the controlling parameters are the fuel consumption and the propeller 

blade angles. The control laws for such an engine will be as follows: 

1) </>! ~~ n^; n2; Gf T3 °r Gf ~~ Hrc’ 

2) (pl _ n1; <p2 — nT; Gf - T* or Gf -^nTC. 

The corresponding simplified block diagrams are presented in Figs. 2.10a and 2.10b. 

The simplified block diagrams presented here, give a better idea of the methods of 

control of engines and of the position occupied by the controllers and limiters in the over¬ 

all control system of the engines. 

A rigorous examination of the earlier-obtained equations of motion of engines shows 

that we can have also some other control laws resulting from different combinations of 

controlling and controlled parameters. However, the smallness of the gain factors makes 

it difficult to use in practice these possiblities. 

3. Basic diagrams of controllers 

a) Controllers for TJE 

The rotational speed controllers used in practice are of most diverse type and 

design. 

All these types can be divided, however, into two groups: hydromechanic control¬ 

lers and electric or electrohydraulic controllers. Each group of controllers can be sub¬ 

divided according to the method of stabilization of the process. The stabilizing tech¬ 

niques involve the use of isochronous (or flexible) feedback, differentiators, rigid feed¬ 

back (sometimes with compensation of the deviation), etc. The controllers differ also 

with respect to the design of their individual elements. 

A widely used sensing element is the centrifugal tachometer, which has a number 

of advantages over other types of tachometers; one also uses hydraulic and electric 
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Fig. 2.10. Simplified block diagrams of a two- 
shaft TPE with two coaxial VPP and controllers 
of the rotational speed and of the fuel consumption. 

CODE: 1) Controller of; 2) Two-shaft TPE with 
two coaxial propellers; 3) Limiter of; 4) Fuel 

system; 5) Compensating device. 

tachometer?. The latter two types are utilized in hydromechanic and electric control 

sy8tems;respectively, whereas a centrifugal tachometer can be used in either of them. 

The amplifying elements can be in the form of valve amplifiers, pneumatic and 

hydraulic relays for hydraulic systems, and relay, magnetic, tube, and semiconductor 

amplifiers for electric systems. The output stages are in the form of hydraulic, electric 

and pneumatic servomotors. 
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The automation of aviation turbo-engines has developed on the basis of already 

available achievements in the automation of piston aviation engines and of stationary 

turbine plants; it is therefore entirely natural that many problems of automation of avia¬ 

tion turbo-engines are solved by using these achievements. Thus, centrifugal tachometers, 

valve amplifiers, isochronous hydraulic stabilizers and other elements were used in avi¬ 

ation turbo-engines from the very beginning. 

Below we present some basic diagrams of speed governors. 

Figure 2.11 shows the basic diagram of an isochronous speed governor, whose main 

elements are: the centrifugal tachometer 1, the slide valve 4, the feedback capsule 3, the 

spring 5 supporting the feedback capsule, the spring 6 that balances the force developed 

by the tachometer, the feedback lever 8, the feedback piston 9, the bypass valve 10 and 

the throttle valve 15. The oil supplied at high pressure to the slide valve 4 is fed via a 

special line from a gear pump. This oil is also supplied to the feedback piston. The 

fuel is fed at high pressure from a special fuel gear pump via a special line to the bypass 

valve 10 and the throttle valve 15. After leaving the bypass valve the fuel is returning to 

the fuel tank, which supplies the fuel pump. 

With the same fuel flow rate through the pump, it is possible (by moving the bypass 

valve 10 upwards or downwards) to let through diflerent amounts of fuel to the drain — 

directly via the throttle valve 15 and via the injector nozzles in the combustion chamber 

of the engine. 

If, for some reason, the engine speed exceeds the prescribed value, the bypass 

valve moves upwards and thus it increases the amount of fuel fed to the drain; the fuel 

consumption in the engine decreases, and hence the rotational speed of the engine also 

decreases. If. on the other hand, the engine speed is lower than the prescribed value, 

the movement takes place in the opposite direc^on. 

The controller operates as follows. The centrifugal tachometer 1, dri ven by the 

engine shaft, moves the slide valve 4, which is balanced by the spring 6. Let us assume 

that it is required to increase the engine speed. For this purpose one turns the camshaft 7 
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Fig. 2.11. Basic diagi'am of speed governor. 
1 centrifugal tachometer, 2—jet, 3~feedback capsule, 
4 slide valve, 5, 6 r- springs, 7 — camshaft 
8 -- feedback lever, 9 — feedback pistion, 10 — fuel 
bypass valve, 11 —, spring, 12 — slide valve, 13 -,- 
spring, 14 — linking pipe, 15 — throttle valve, 

16 — idler duct. 

CODE; a) Inflow of pressurized oil; b) F uel pump; 
c) To combustion chamber. 

to the right and by compressing the spring 6 the slide valve 4 is moved upwards. As a 

result the oil from the pressurized line begins to arrive in the space above the feedback 

piston 3, whereas the Oil from the ßpace below the piston of the bypass valve 10 is begin¬ 

ning to flow to the drain. Thus at the first instant the piston 9 and the valve 10 begin to 

move downwards and the fuel flow to the drain is decreasing; as a result, the fuel consump¬ 

tion in the combustion chamber is increasing and the engine speed begins to increase. 
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Simultaneously with the downward movement of the piston 9 the feedback capsule 3 

(under the action of the spring 5) begins to move upwards and tends to close the port of 

the slide valve and cancel the inflow of oil into the space above piston 9, while preventing 

the outflow of oil from the space below the piston of valve 10. 

If the amount of oil, contained between the pistons 9 and 10, would not vary during 

the operation of the controller, the capsule 3 would completely cover the port of the slide 

valve; thus the device would operate as rigid feedback and to a given load (fuel consumption) 

would correspond a certain speed that would vary with the load. However, when the pis¬ 

ton 9 moves downwards from its initial position, the upper (gate) portion of this piston 

opens the way for the oil from the pressurized line via the jet 2 into the space between 

the pistons 9 and 10; the amount of oil, contained in the space between the pistons, be¬ 

gins to increase and the piston 9 begins its backward movement upwards. As a result, 

the piston j will occupy its initial position. The bypass valve 10 remains in a position 

at which the fuel flow arriving at the bypass valve will be such that by deducting it from 

the flow supplied by the fuel pump, we obtain the fuel consumption in the engine corre¬ 

sponding to the new engine speed. The slide valve 4 and the capsule 3 are likewise oc¬ 

cupying their initial positions. 

Hence the isochronous effect is achieved as a result of the outflow of fluid from the 

space between the pistons 9 and 10, via the bleed 2, under the action of a pressure grad¬ 

ient. 

When it is desired to reduce the engine speed, the processes described above will 

occur in the opposite direction, with the sole difference that the oil is flowing out from 

the space between the pistons 9 and 10 via the same jet, under the action of the pressure 

gradient produced by the spring 5. As a result, the bypass valve is moving upwards and 

the bypass fuel flow is increasing; thus the fuel consumption in the engine is decreasing, 

which causes a reduction in engine speed. 
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The controller operates in this sequence not in the entire range of variation of en¬ 

gine speeds, but only from maximum speeds to some intermediate values. From these 

intermediate values and down to speeds corresponding to idling, it is not the speed con¬ 

troller that operates, but the constant pressure-gradient controller (or flow-rate control¬ 

ler) for the pressure across the throttle valve 15. 

In this case the lever of the camshaft 7 is turned to the left and the throttle valve 15 

is turned with the aid of a special knob. As a result, the cross section 16 of this valve 

is decreasing and the two cavities above and below the piston of the bypass valve 10 are 

linked via the duct 14 in the valve 15. The linking of these cavities unloads the valve 10, 

which will now be controlled by the slide valve 12. 

The fuel flow through the throttle valve 15 remains proportional to its cross section, 

provided that a constant pressure gradient is maintained across the valve. 

The flow controller or the controller of the pressure gradient across the throttle 

valve 15 operates as follows. If the pressure gradient is increasing for some reason, the 

slide valve 12, which is in equilibrium under the action of the force developed by the fuel 

pressure at the valve inlet and of the force developed by the pressure at the valve outlet 

and the spring 13, will move downwards and open the way to the fuel from the pressur¬ 

ized line, that will now flow into the cavity below the piston of the bypass valve 10. As 

a result, the bypass valve begins moving upwards, compressing the spring 11. It is clear 

that when the assigned pressure gradient across valve 15 is attained (its magnitude being 

determined by the loading of the spring 13), a fuel pressure will build up below the pisto*, 

of the bypass valve that is balanced by the force of the spring 11. The position occupied 

in this case by the bypass valve will be such that the amount of fuel let through from the 

pressurized cavity will ensure the prescribed pressure gradient across the throttle valve 15. 

Finally, if the throttle valve 15 is completely closed, the existing bypass line will 

provide a minimum fuel flow, corresponding to idling operating conditions of the engine. 

This bypass line 16 is shown in the upper right-hand corner of Fig. 2.11. 
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Thus the maintaining of the engine speed in a range from intermediate speeds to 

speeds corresponding to idling conditions, is achieved with the aid of a controller that 

operates in an open-loop configuration with respect to the rotational speed, and in a 

closed-loop with respect to the fuel consumption. The stabilization of the engine speed 

at the prescribed value is achived only as a result of the large value of the self-balanc¬ 

ing factor of the engine, due to constant fuel flow. 

A schematic diagram of such a speed controller is shown in Fig. 2.12. 

Fig. 2,12. Schematic diagram of engine speed controller. 
1 — throttle valve, 2 — camshaft, 3 — feedback capsule, 
4 -- slide valve, 5 — tachometer weights, 6 — oil pump, 
7 — feedback lever, 8 — feedback piston, 9 — oil cushion, 
10 — fuel valve, 11 — gating device of flow controller. 

A system that differs only slightly from the speed controller shown in Fig. 2.11 is 

illustrated in Fig. 2.13. The difference consists in the fact that the servoplunger of the 

throttle valve 11 is made of one piston, whereas the isochronous element is an ordinary 

dashpot 9 with a valve. The dashpot body is always maintained in the same position with 

the aid of the springs 4 ano 10, operating in the compression mode. 

The isochronous effect is obtained by means of the dashpot, in which the fluid flows 

from one cavity into another via a jet, and by means of the springs supporting the body of 
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Fig 2 13. Schematic diagram of speed controller. 
1 - centrifugal tachometer, 2 - slide valve, 3- capsule, 
4 5 - springs, 6 — camshait, 7 — feedback lever, 8 — iso¬ 
chronous cylinder, 9 - dashpot withjet, 10, 12 - springs 

11 -- fuel throttie valve, 13 -- slide valve, 14 - spring, 
15 — linking line, 16 — fuel pump, 17 — idler line. 

CODE: al To combustion chamber. 

the dashpot. This speed controller operates In a similar way as the controller consid- 

ered above. 

The isochronous speed controller, shown in Fig. 2.11, can be used in principle for 

TJE with fixed, as well as variable nozzle. Thus, sueh a controller was used for a TJE 

with a variable nozzle, in which it operated jointly with a gas-temperature controller that 

was in an open-loop configuration. We shall therefore consider in the following an open- 

loop gas-temperature controller (compensator). 
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The schematic diagram of an open-loop temperature controller is shown in Fig. 

2. i4. The input signal of this controller is the dynamic head, i. e., the quantity Pj"Pji 

= Ap , whereas the output signal is the angle of rotation of the shaft that drives the mech¬ 

anism of the variable nozzle. The controller (or corrector of the gas temperature ac¬ 

cording to the external conditions) consists of diaphragm capsules 14 linked to the slide 

valve 10, springs (on both sides), the servomotor 4, the feedback slide valve 9, the feed¬ 

back lever 3, the gear servomotor 6, and the pinion 7 with the feedback screw fixed on the 

shaft 8. 

The controller (compensator) operates as follows. When the dynamic head deviates 

from the prescribed value, the diaphragm capsule is deformed and it moves the slide 

valve 10 in either direction; the pressurized oil from the main line 5 begins to flow into one 

of the cavities of the servomotor 4. When the servomotor 4 moves, the port of the slide 

valve 9 opens; as a result, the oil from this same fuel line begins to arrive at the gear 

servomotor 6 and drives the output shaft 8. The rotation of the output shaft brings into 

motion the slider 9, which covers the port. Hence to each position of the servomotor 4 

there corresponds a certain position of the output shaft and of the exhaust cone. 

The feedback lever 3, linked to the servomotor 4 and the slide valve 10 via a dia¬ 

phragm capsule, is also producing rigid feedback, as a result of which the movement of 

the servomotor 4 brings into motion the slide valve 10, which covers the flow ports. 

Hence in this case, too, there corresponds to each value of the input signal Apv a cer¬ 

tain position of the servomotor 4. 

It follows from the foregoing that such a controller, which has the purpose of main¬ 

taining (correcting) the prescribed value of the gas temperature, is operating in an open 

loop, in which every value of the signal Apv> corresponds to a certain cross section of 

the nozzle. 

In a certain range of its variation, the signal Apy can be assumed as roughly pro¬ 

portional to the magnitude of the heating of the air at the compressor inlet; in order to 
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Fig. 2.14. Schematic diagram of open-loop 
gas temperature controller. 

I — setting lever, 2 — coupling between feed¬ 
back lever and piston, 3 — feedback lever, 
4 — servomotor, 5 — pressurized oil inlet, 
6 — gear servomotor, 7 — pinion, 8 -- noz¬ 
zle control-shaft, 9, 10 — slide valves, 
II — pressure (total) at compressor inlet, 
12 — atmospheric pressure, 13--jet, 14 — dia¬ 
phragm capsule, 15 — diaphragm capsule 

housing, 16 — oil drain, 17 — cam. 

maintain the prescribed gas temperature when the flight conditions vary, it is therefore 

necessary to appropriately vary the nozzle cross section, which is precisely the task 

performed by this controller (compensator). 

Since the engine speed and the gas temperature are directly related (with fixed ex¬ 

ternal conditions), it is evident that when we adjust the speed controller we must also 

adjust the temperature controller at a particular value of the gas temperature. 

For this purpose such a temperature controller (compensator) is equipped with a 

special device consisting of the lever 1 and the cam 17 and linked to the throttle control 

quadrant; this makes it possible to assign simultaneously the necessary values of the 

engine speed and gas temperature. 

A schematic diagram of such a temperature controller (compensator) is shown in 

Fig. 2.15. 
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Fig. 1.15. Schematic diagram of open-loop gas temperature 
controller. 

1 — setting lever, 2 — feedback lever, 3 — servomotor pis¬ 
ton, 4 — pressurized oil inlet, 5 — slide valve, 6, 7 — coup¬ 
ling between slide valve and oervomotor shaft, 8 — gear serv¬ 
omotor, 9 — nozzle control-shaft, 10 — pinion, 11 — ductfrom 
p*, 12 — slide valve, 13 — diaphragm capsule, 14 — pH signal 

15 — diaphragm-capsule housing, 16 — oil drain. 

Figure 2.16 shows the basic diagram of a rotational speed controller with acceler¬ 

ometer, in which the sensing element is a centrifugal tachometer 1 that controls the slide 

valve 2 of the servomotor 4. The fuel flow through the engine is varied by letting in fuel 

from the main line with the aid of the bypass valve 9. 

The stabilizing mechanism is in the form of a device consisting of the elements 5, 

6, 7 and 8 that produce a signal which is proportional to the rate of change of the engine 

speed. This signal is added in the servomotor 4 to a signal proprtional to the deviation 

of the rotational speed. The stabilizer operates as follows. If the rotational speed of the 

engine changes, i. e., dn/dt f-- 0, the difference between the moment of the inertia forces 

and the torque developed by the spring 7 will cause the weight 6 to rotate together with 

the slide valve 8 with respect to the rotating sleeve 5. 
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Fig. 2.16. Basic diagram of speed controller with accelerometer 
1 — centrifugal tachometer, 2 — slide valve, 3 — adjusting 
mechanism, 4--servomotor, 5 — threaded sleeve, 6 — weight 
(rotating mass), 7 —spring, 8--slide valve, 9 —fuel throttle 

valve, 10 — combustion chamber of engine. 

CODE: a) From engine shaft; b) Oil pump; c) Fuel pump; d) Fuel tank. 

In view of the threaded connection between the weight 6 and the sleeve 5, the slide 

valve undergoes an axial displacement, which leads to an increase in the oil flow in the 

servomotor 4 and changes its speed in proportion to the acceleration of the engine rotation. 

Hence the control law for this speed controller is the sum of the signals represent¬ 

ing the rotational speed and the acceleration of rotation. The speed controller described 

here can be used for TJE with fixed as well as TJE with variable nozzle. 

Figure 2.17 shows the basic diagram of an electrohydraulic speed controller. Its 

sensing element is the tachogenerator 1, whose voltage is proportional to the rotational 

speed. The tachometer signal is fed to the magnetic amplifier 2, to which one applies 

also a signal proportional to the acceleration of rotation that has been obtained by differ¬ 

entiation (with the aid of an RC circuit) of the signal drawn from the tachogenerator. After 

rectification, the summed and amplified signal is applied to a proportional electromagnetic re¬ 

lay which throttles the outflow of the working fluid (fuel) from the left cavity of the servomotor 6. 
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Fig. 2.17, Basic diagram of electrohydraulic 
speed controller. 

1 — tachogenerator, 2 — magnetic amplifier, 3 — pro¬ 
portional relay, 4, 5, 13 — jets, 6 — servomotor, 
7 — plunger pump, 8 — tilt plate, 9 — radial orifices, 

10 — housing, ±1 — maximum-speed limiter, 
12 — diaphragm. 

CODE: a) Setting. 

The fuel is supplied to the engine with the aid of the plunger pump 7 which is driven 

by the engine shaft. The fuel flow through the pump depends on its rotational speed and 

on the angle of inclination of the plate 8, which is controlled by the servomotor 6. The 

right cavity of the servomotor is directly linked to the main fuel line, and the left cavity 

is linked to it via the jet 5; in addition, the left cavity of the servomotor is linked to the 

drain via the jet 4, whose cross section can be changed by the electromagnetic relay 3. 

The controller operates as follows. If for some reason the rotational speed of the 

engine increases above the prescribed value, the signal from the tachogene rator becomes 

stronger, and the armature of the electromagnetic relay is pulled upwards and it increases 

slightly the cross section of the jet 4; as a result, the pressure in the left cavity of the 
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servomotor decreases and the piston of this servomotor pushes the tilt plate 8 in such a 

way that its angle of inclination decreases. The pump begins to supply less fuel to the 

engine, and the engine speed decreases. During the unsteady motion, the signal, pro- 

r>ortional to the deviation of the rotational speed, is combined with a signal proportional 

to the acceleration of rotation; this leads to stabilization of the motion. 

This system is also equipped with a maximum-speed limiter 11 whose operating 

principle is as follows. When the rotational speed of the engine exceeds the permissible 

valup, the radial orifices 9 in the pump rotor (which exhibit the pump effect) cause the 

i'ucl pressure in the housing 10 to increase, thus moving the diaphragm 12 which opens 

by means of a lever the jet 13. As a result the fuel pressure in the left cavity of the 

servomotor 6 decreases, the piston moves the tilt plate in a direction such that the pump 

output decreases, and the rotational speed of the engine is likewise decreasing.^ 

Figure 2.18 shows the basic diagram of a fuel flow controller. As we noted above, 

such a controller operates in a closed loop as a fuel flow controller, whereas with respect 

to the rotational speed it operates in an open-loop configuration. 

This controller consists of the plunger-type fuel pump 1 "he servomotor 2 which 

changes the position of the tilt plate, the maximum-speed lia . ■ 3, and a special device 

■1 which responds to changes in external conditions. Sometimes this device is called a 

barostatic device (barost&t). The barostat consists of an aneroid 5 which acts on the lev¬ 

er 6 that is fixed to the support diaphragm 7; the second end of the lever 6 changes the * 

cross section of the jet 8. In addition we have a sensing element for the fuel pressure 
4 

developed by the fuel pump. This device consists of an elastic membrane 9, a piston 10 

and a rod 11, which is likewise acting on the lever 6. Thus two signals are added together 

at the lever 6, namely the signal from the aneroid and the signal representing the fuel 

pressure developed by the pump. In the upper left-hand corner of Fig. 2.18 we plotted 

the characteristic of the injection nozzle, which shows that to each value of the fuel 

pressure in the manifold there corresponds a certain value of the feel flow through the 
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Fig. 2.18. Basic diagram of fuel flow controller. 
1 — plunger-type fuel pump, 2 — servomotor, 
3 — maximum-speed limiter, 4 — barostat, 
5 — aneroid, 6 — summing lever, 7 — diaphragm, 

8 — jet, 9 — membrane, 10 — piston, 11 — rod. 

CODE: a) Throttle valve; B) To injectors: c) From tank. 

injection nozzle. Hence it can be assumed that the signal arriving at the lever 6 and rep¬ 

resenting the fuel pressure, is proportional to the fuel flow (at a constant value of the fuel 

density). 

A fuel pump of variable discharge with a maximum-speed limiter is analogous to the 

model presented in Fig. 2.17. The controller, shown in Fig. 2.18, operates as follows. 

When, for some reasons, the prescribed fuel flow in the engine varies, the fuel pressure 

at the pump outlet will also change; as a result, the rod 11 of the sensing element is mov¬ 

ing the lever 6, which increases or decreases the cross section of the jet 8, thus changing 

the fuel pressure in the right cavity of the servomotor which drives the tilt plate. The 

changes in the position of the tilt plate in the appropriate direction are altering the fuel 

flow in the engine. Hence this controller operates in a closed loop with respect to a sig¬ 

nal proportional to the magnitude of the fuel flow. 
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As we mentioned in our analysis of the engine performance characteristics, changes 

in the external conditions pH> and V must be accompanied by changes in fuel flow. 

The varW^n 0f the fuel flow, accompanying the variation of the external conditions, 

is effected with the aid of the aneroid 5. By assuming that its deformation is influenced by p* 
2 

and T*, we can see from this controller schematic that the variation of the total signal, de¬ 

livered by the aneroid, is accompanied by a variation of the cross section of the jet 8, and thus 

by a variation in the fuel flow through the engine. 

let us recall that with increasing flight altitude the following factors must be taken into 1 

account: A decrease in pH leads to a decrease in the fuel flow as a result of a decrease in the 

air flow; a decrease in TH leads to an increase in the fuel flow as a result of a relative increase 

in the air flow through the engine; an increase in V leads to a relative increase in the air flow 

as a result of an increase in p*. Thus, as a function of the varying external conditions, the 

fuel flow must change in a way such that the rotational speed will remain constant. 

Tt is not possible, however, that under all flight conditions the signal delivered by the 

aneroid will coincide with the signal needed to obtain the required fuel flow and such that the 

engine speed will remain constant under varying external conditions. For this reason the cor¬ 

rection of the fuel-flow variation according to the flight conditions with the aid of the aneroid 

will be approximate, as a result, the engine speed does not remain constant when the flight 

conditions vary. 

Moreover, such a control system may yield a considerable deviation of the engine 

speed also as a consequence of variations in the characteristics of its elements, which is 

the case in an open-loop circuit. 

However, the controller considered above is very simple and reliable in operation; 

therefore it has gained fairly wide acceptance in practice. 

Let us note that such a controller does not incorporate any stabilizing devices, and 

that the stabilization of the engine speed is the result of the presence of a large self-balancing 

factor of the engine, due to the constancy of the fuel flow, achieved with the aid of this controller. 
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A schematic diagram of a barostat is shown in Fig. 2.19, and a schematic of a fuel- 

flow controller (pump with maximum-speed limiter) is shown in Fig. 2.20. 

Fig. 2.19. Model of barostat. 

Fig. 2.20. Schematic diagram of fuel-flow controller (pump 
with maximum-speed limiter). 

159 



Figure 2.21 shows the basic diagram of a control system for a TJE with a variable 

nozzle and electrohydraulic speed and outlet temperature controllers operating in closed 

loops. 

Fig. 2.21, Basic diagram of speed and temperature con¬ 
troller for a TJE with variable nozzle. 

1 — tachogenerator, 2 — gear pump, 3, 10 — proportional 
relay, 4 —? throttle valve, 5 — thermocouple, 6, 7 — am¬ 
plifiers, 8 — hydromotor, 9 —RC circuit, 11 — control knob. 

The speed controller is similar in many respects to the system considered above, 

apart from the use of an AC tachogenerator 1 and of a gear-type fuel pump 2 that operate 

with a bypass. The speed controller is driven by the deviation signal and by the rate of 

deviation signal of the controlled parameter. These signals are added together in the mag¬ 

netic amplifier. The proportional electromagnetic relay 3 moves a slide valve which con¬ 

trols the throttle valve 4 that varies the fuel flow in the engine. The sensing element of 

the gas temperature controller is the thermocouple 5, and the intermediate amplifiers are 

the amplifiers 6 and 7, and the hydraulic output amplifier 8 (hydromotor) that drives the 

exhaust cone (vane). 
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This controller can be also driven by the signals representing the variation and rate 

of variation of the controlled parameter; for this purpose an RC circuit 9 has been inserted 

between the intermediate amplifiers 6 and 7. The output servomotor is astatic, and its 

slide valve is driven by the proportional electromagnetic relay 10. There exists a single 

control knob 11 for setting both controllers at the prescribed values. The principle of 

operation of such a control system of TJE with variable nozzle is illustrated by the dia¬ 

gram presented here. 

Gas temperature controllers can be assembled from the most diverse elements, 

often very different in design; but they must have a sufficiently fast response, so that 

the control processes will exhibit small overshoots. As we shall see below, this require¬ 

ment is difficult to meet, since a plant controlled with respect to the gas temperature has 

practically no lag. 

Opinions differ about the place where to maintain the prescribed gas temperature — 

at the turbine inlet or at the turbine outlet. Either possiblity has its merits and short¬ 

comings. 

First of all let us recall that irrespective of whether we control the gas temperature 

at the turbine inlet or outlet, the requirements towards the permissible overshoot are de¬ 

termined by the heat resistance of the turbine nozzle and of the wheel blades of the tur¬ 

bine. All modern engines are normally rated for as high as possible a gas temperature; 

therefore the heat-resistance margin of the turbine elements is very small. This is also 

the reason for the stringent requirements towards the transient processes in gas-temper¬ 

ature control. 

Moreover, in referring to the gas temperature at the turbine inlet or outlet, we have 

in mind the mean-mass gas temperature. In actual fact, however, the temperature field 

ai the turbine inlet, as well as at the turbine outlet, is nonuniform in a radial as well per¬ 

ipheral direction. As an example we presented in Fig. 2.22 two isotherms correspond¬ 

ing to one of the engine's cross sections. 
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Fig. 2.22. Character of temper¬ 
ature field of engine. 

CODE: a) Radius of engine section; 
b) isotherm. 

The nonuniformity of the temperature field is due to a diversity of reasons, the most 

important of which are the nonuniform fuel supply via the injection nozzle, the nonuniform 

velocity field of the air emerging from the compressor, all sorts of deviations from the 

normal combustion process, etc. The nonuniformity of the temperature field is some¬ 

times of the order of 100-150°Cf this value being a function of the operating conditions of 

the engine. Moreover, in designing the engine, a nonuniform temperature distribution 

along the radius is often deliberately introduced for the purpose of diminishing the ' 

perature of the turbine blades at the points where they are fixed at the dk . 

Let us also note the irregularity of the temperature field of the gas, i.e., at the 

same measurement point (with fixed operating conditions of the engine) the gas tempera¬ 

ture varies according to an arbitrary law, these variations being quite considerable. This 

effect is usually explained by various reasons, but the main reasons are apparently the 

nonconstant supply of fuel to the engine in the automatic control system within its accur¬ 

acy of operation, and the great turbulence of the air flow. 

Thus to measui’e the true gas temperature in an engine is very difficult, and such 

measurements can be performed only approximately. Moreover, the devices used for 

measuring the gas temperature have also certain dynamic errors, which makes it even 

more difficult to judge the actual gas temperature. 
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In view of the aforesaid, the gas temperature is normally measured with the aid of 

several thermocouples, linked either in series or in parallel; this makes it possible to 

hake the average of the obtained result of the measurements, and thus to come close to the 

actual value of the gas temperature. The more measurement points we have, the closer 

Will be the measured value to the actual temperature value. 

The measurement of the inlet gas temperature T* is complicated by its high value, 

the fairly great nonuniformity, and the hazard posed to the engine in case the thermocouple 

breaks and parts of it fall on the turbine blades. On the other hand we must bear in mind 

that in this case it is possible to determine 
more exactly the operating conditions of the 

engine and to take into account the thermal stress of the turbine material. 

The outlet gas-temperature T| is easier to measure in view of the fact that at the 

outlet the temperature field is less nonuniform and the temperature itself is lower - by 

about 150-200°C. 

In this case we must bear in mind, however, that the value of the temperature T* 

is not always unambiguously related to T*. Such a "nonunigue" relationship between 

and TJ for various operating conditions of the engine can be explained by a variation 1/ 

the turbine pressure ratio and by a variation in the turbine efficiency. 

In the majority of practical cases one measures the average gas temperature at the 

turbine outlet. 

Maximum gas-temperature limiters operate according to the same principle as tem¬ 

perature controllers; but they are acting either on the variation of the fuel flow or on the 

controller system. 

I-'igure 2. 23 shows a fjasjemperature limiter for an engine that operates with a speed 

controller similar to the one depicted in Fig. 2.18. 

The outlet gas temperature is measured by the thermocouple unit 1; then the signal 

is amplified in the magnetic amplifier 2 and fed to the electromagnetic relay 3 which con¬ 

trols the jet 4. The latter is linked to the servomotor cavity 5. If the gas temperature 
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1 — thermocouple, 2 — magnetic amplifier, 3 — electromag¬ 
netic relay, 4 -- jet, 5 — pump servomotor. 

CODE: a) From fuel tank; b) Temperature limiter. 

exceeds a prescribed value, the cross section of the jet 4 increases and the pressure in 

the left cavity of the servomotor decreases; as a result, the tilt plate of the pump moves 

in a direction such that the fuel flow decreases. As we can see, the action of a gas tem¬ 

perature limiter is similar to that of the speed limiter considered above. 

As we noted above, an automatic control system must meet the most stringent re¬ 

liability requirements. In view of this one sometimes uses side by side with the principal 

control system also an emergency (simpler) system that takes over in case of malfunction 

of the principal system. An emergency system is often used in those cases in which the 

electric-electronic equipment utilized cannot be regarded as fully reliable in comparison 

to the hydromechanic equipment. 

Figure 2.24 shows yet another basic diagram of a temperature controller that can 

also serve as a maximum-temperature limiter. 
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The controller operates as follows. If the gas temperature is equal to the prescribed 

value, the signal from the thermocouple 1 will be balanced by the voltage drawn from tbs 

potentiometer. If the gas temperature is not equal to the prescribed value, the thermo¬ 

couple signal will be amplified in the magnetic amplifier 2 and start the electric motor 3, 

which moves with the aid of the cam 4 the slide valve 5 and delivers oil from the pump 8 

to the hydromotor 6. The latter moves the exhaust cone of nozzle 7 (or the nozzle vanes), 

thus altering the gas temperature. The last amplification stage has rigid feedback -- 

from the hydromotor to the capsule of the slide valve. Here one uses two saturable re¬ 

actors, which operate in such a way that when the signal deviates in a certain direction, 

the ampere turns of the control winding w1 of one saturable reactor generate a current 

that flows in the same direction as the current in the magnetizing winding w^, whereas 

the current gem rated in the winding of the other saturable reactor flows in the opposite 

direction. In this case the alternating current flowing through the Wg windings is arriving 

at the winding, and via a capacitor — at the w^ winding of the electric motor. Owing 

to a 90° phase shift of the current in the windings w4 and Wg, the electric motor will ro¬ 

tate and change (with the aid of the hydromotor 6) the position of the exhaust cone of the 

nozzle. 

When the gas temperature varies in the opposite direction, the saturable reacters w; 11 

operate in the inverse direction, and the electric motor 3 will rotate in the opposite direction. 

The system has a joint control knob that makes it possible to simultaneously set the 

speed and the temperature at the prescribed values. 

In controlling the reduced rpm of the engine, i. e., the variable nrcd = n/ 17 T*, it is 

necessary to apply two signals to the speed controller, namely a signal which is proportional 

to the actual speed, and a second signal which is proportional to the temperature of the retarded 

flow at the compressor inlet; in this case it is necessary to have a device that generates a 

signal representing n/ I T*. 
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In Fig. 2,25 we plotted the values of = n/J/ TJ versus the temperature of the 

retarded flow for various values of the actual (physical) engine speed, and the quantity 

nred versus n *or various values of T*. These curves can be obtained with the aid of a 

computer. 

Figure 2.26 shows a model of a computing device that corrects the speed controller 

signal in such a way that the control system is driven by the signal n = ti/Y'V*. 
red 1 

The sensing element for the temperature T* consists of a tube which is rigidly fixed 

at one end and is made of a material with a high expansion coefficient, and of a rod made 

of a material with a very low expansion coefficient. The rod is linked via a lever gear to 

the cam 2, which loads the spring of the controller. In addition it has also a lever 3 for 

setting the prescribed speed. 

A simplified diagram of such a device is likewise shown in Fig. 2.26. 

1 he necessary (nominear' correction law is realized by choosing the appropriate 

profile of the cam 2. The quantity T* varies with the flight conditions; this variation can 

be quite fast. Therefore the time constant of the temperature sensing element must be 

relatively small. In order to minimize the dynamic error, the value of this time constant, 

which determines the overall speed of response of the compensating device, must be se¬ 

lected on the basis of the given requirements, especially with regard to the rate of climb 

of the aircraft. 

For the electric circuits of controllers, driven by the signal 
n j red = n/KT*. it is 

possible to use the same or some other device; it must likewise operate on the controller 

setting in the manner shown in Fig. 2.27. 

For other types of turbojet engires, such as two-shaft TJE with fixed or variable 

nozzles, and for two-stage engines and similar types, it is possible to use controllers of 

the types considered above. In each actual case, of course, there will be some differences, 

though the general principles remain more or less the same. 
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Fig. 2.24. Basic diagram of maximum gas-temperature limiter. 
1 — thermocouple, 2 -- magnetic amplifiers, 3 — electric mo¬ 
tor, 4 — cam, 5 — slide valve, 6 -- hydromotor, 7 — exhaust 

cone, 8 — oil pump. 

CODE: a) speed controller with plunger pump and maximum- 
speed limiter. 

Fig. 2, 25. Plots of reduced speed versus tem 
perature of retarded flow. 

b) Controllers for BTJE 

Controllers for the boosting loop 

The principal loop of a BTJE can be controlled with the aid of the same controllers 

as described above. The control of the boosting loop, on the other hand, has some pecu¬ 

liar features. As we mentioned above, the controlled variables can be diverse perform¬ 

ance parameters and sets of parameters, such as T*, T^, p^/p^* P^/Pj* Pj* P2* 
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e) 

Fig. 2.26. Basic diagram of compensator that delivers 
to the control system a signal proportional to n/Vr*. 

1 — thermocouple, 2 — cam, 3 — adjustment mechanism. 

CODE: a) Setting; b) Controller of; c) Computer; d) En¬ 
gine; e) To servomotor. 

Fig. 2.27. Schematic of 
compensator that delivers 
a signal, proportional to 
n/ I T*, for the electrical 

part of the speed controll r. 

CODE: a) Speed controller; 
b) Compensator. 

188 



Figure 2.28 shows a diagram of a control system of a boosting loop that is driven 

by the signal representing P|/p| = tt* . In it the pneumatic (diaphragm) pressure bleed 

1 delivers a signal proportional to p*/p* = n* and it acts on the servomotor 2 with rigid 

feedback that varies the fuel flow in the boosting chamber (afterburner). The (valve) con¬ 

troller 3 maintains a roughly constant fuel pressure gradient across the control element. 

Fig. 2.28. Schematic of boost¬ 
ing-loop controller driven by a 
signal representing tt*, = p*7p|, 

and acting on the fuel flow. 
1 — diaphragm pressure bleed, 
2 — servomotor with rigid feed¬ 
back; 3 -- valve, 4 — fuel pump; 
5 — nozzle control mechanism. 

By maintaining a prescribed gas pressure ratio in the turbine, it is intended to 

leave unchanged the operating conditions of the principal loop. With the aid of a special 
, 0 

device Y it is possible to vary the prescribed pressure ratio. The operating conditions of 

the afterburner are determined by the setting of the nozzle cross section with the aid of 

a special device 5. 
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The controller operates as follows. When the nozzle opens, the turbine outlet pres¬ 

sure p| decreases, i. e., tt*, increases. As a result, the diaphragm of the bleed 1 with 

the servomotor slide valve is moving upwards and the servomotor 2 operates in the sense 

of increasing the fuel flow in the afterburner, i. c., in the sense of increasing the pres¬ 

sure p|. The opération of the controller will be similar when the pressure p* increases. 

The controller will operate in the oppiosite direction when the pressure p| increases 

or the pressure p* decreases. 

Figure 2. 29 shows a slightly modified version oí a boosting-loop controller that is 

driven by the same signal representing tt*,; in this case the controller acts on the nozzle 

cross section, and not on the fuel flow in the afterburner, while the operating conditions 

of the boosting loop are determined by the particular value of the fuel flow in the after¬ 

burner. The operating principle of this controller is illustrated by the diagram. 

Figure 2.30 shows a simplified diagram of a boosting-loop controller that is driven 

by a signal representing p*. Here the fuel is supplied with the aid of the plunger pump 1 

to the injector nozzles 2, the rate of fuel flow being dependent on the magnitude of the p* 

signal. This signal is received by the aneroid 3, which acts via a lever on the flappjer 

nozzle 4; the latter changes the drain from the right cavity of the servomotor 5. The cam 

6 is used for producing the feedback with respject to the position of the servomotor piston, 

which changes the inclination of the plate of pump 1. Hence to every value of p* there cor¬ 

responds a certain rate of fuel flow in the afterburner. With the aid of cam G it is possible 

to achieve the necessary nonlinear law of fuel supply. 

A similar controller system can be driven by a p£ signal. When the boosting loop 

is switched on, the supply of fuel to the afterburner is accompanied by the opening of the 

nozzle. 

When the boosting loop is controlled by a signal representing T* or T|, one can use 

any tempjerature controller, for example the contr »lier shown in Fig. 2.21. In this case it 

must act either on the fuel flow in the afterburner, or on the nozzle vane. 
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The burning of fuel in the afterburner can normally take place only in a certain 

range of values of the air excess ratio a. For this reason the condition a . < a < a 
min max 

must be obeyed during the control process of the boosting loop. In Fig. 2.31 we plotted 

the gas temperature at the outlet of the afterburner as a function of the fuel consumption. 

The graph shows that starting with a certain value of the gas temperature is prac¬ 

tically no longer increasing. Hence the control system of the boosting loop must not allow 

an increase in the fuel consumption above a certain value, since in the case of a fur¬ 

ther increase in G^ the fuel will not burn, but will be simply ejected from the nozz e (the 

controlled parameters of the engine do not respond to variations in G^). 

In view of the foregoing it is more convenient to design the control system of the 

boosting loop in such a way that the controller will act on the nozzle, and not on the fuel 

consumption G^, whereas the operating conditions are specified by the fuel consumption. 

The fuel coneumption Gjg must vary as a function of the flight conditions. If, however, 

one uses a control system in which the controller acts on the fuel consumption G^, one 

must insert a special limiter for G^ that limits Gffi to avalué such that the controlled 

parameters are still responding to variations in GfB. Such limiters can be designed 

with the use of barostats, for example in a configuration similar to that of Fig. 2.19, i.e., 

with the use of a barostatic device that acts on Gio in accordance with the p* or p* signal. 

The foregoing applies to temperature control systems, as well as pressure ratio 

control systems. 

Controllers for air intakes 

In accordance with our earlier analysis of the principal properties of diffusers, the 

control systems for the latter can be divided into two categories: Open-loop systems and 

closed-loop systems. 
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Fig. 2.29. Schematic of boost¬ 
ing-loop controller driven by a 
signal representing tt*, p’/p* 

and acting on the nozzle. 

Fig. 2.30. Boosting-loop control¬ 
ler, driven by signal representing 

1 — plunger pump; 2 — injector, 
3 — aneroid capsule, 4 — flapper 

nozzle, 5 — servomotor, 
6 — feedback cam. 

Fig. 2.31. Plot of T- f(Gffi). 
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Open-loop systems are systems in which the operating conditions of the air intake 

are established on the basis of external parameters, such as the parameters specifying 

the flight conditions and the operating conditions of the principal loop of the engine. 

As an example we present in Fig. 2.32 a simplified block diagram of such a system; 

in it the operating conditions of the engine are determined by its speed, this signal being 

applied to the mechanism that varies the position of the vanes letting through the air from 

the intake. The signal, proportional to the flight velocity, arrives at the mechanism which 

moves the cone of the air intake. The system operates in such a way that when the flight 

velocity V increases, the central body (cone) of the air intake moves (the movement of the 

cone may be step-wise, and not smooth); at the same flight velocity, but with decreasing 

engine speed, the bypass vanes are opening (the bypass of air is increasing). 

The movement of the cone and of the vanes can be effected either by an electrome¬ 

chanical or by an electrohydraulic device. 

For obvious reasons such a control system (open-loop) does not permit the desired 

operating conditions of the air intake to be sufficiently exactly maintained, but on the other 

hand it is very simple and reliable in operation. 

Closed-loop systems of control of the air intake are systems in which the operating 

conditions of the air intake are established on the basis of the internal parameters deter¬ 

mining this regime. 

As we mentioned above, the principal criterion of selection of the control laws of 

the air intake is the maximization of the effective thrust. The control laws of the air in¬ 

take may differ very considerably, depending on its control elements and its characteristics. 

In order to ascertain whether the control elements of the air intake are in optimum 

positions and to find the deviations from these positions (maximizing the effective thrust), 

one uses sets of static and total pressures measured in the air flow arriving at the intake, 

as well as those inside it. In other words, the values of cr and tp are estimated on the 

basis of these sels of pressures, and sometimes also on the basis of the pressures taken 
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^8» 2.32. Simplified block dia 
gram of an open-loop control of 

an air intake. 

CODE: 1) Cone; 2) Air intake; 
3) Engine. 

from the flying vehide. The control nystem unen ttvo s.gnn.n representing the pressures, 

one signal characterizes the actual value of the effecttve thrust for the given position of 

the control elements, whereas the other signal specifies the possible maximum value of 

the effective thrust (these signals enable us to estimate the values „f ^ and 4y. 

In principle, closed-loop control systems of air intakes can be divided ilto two 

groups, namely systems that operate with respect to t, certain set of parameters ,3 that 

specify the diffuser operating conditions, and systems ,hai operate with respect to the 

position of the closing shock. 

Figure 2.33 shows a aimpiified diagram of an air intake conirol system that noer- 

ates with respect to a set of parameters ft Here the ecmral body is mov,d by a specia, 

regulator In such a way that one of the oblique shocks .-„„verges (passes near or touches) 

at the edge of the diffuser lip. The position of this shock is deiermined with the aid of a 

pressure pipe whose signal is applied to the controller. 

The second regulator controls the bypass mechanism „f at,, In u,is sys|cm ^ jn_ 

put signals ars sets of parameters ß that specify ,he opr-rating conditions of the diffuser 

in conjunction with the engine, whereas the signals X° and Y° are the driving signals. 

Figure 2.34 shows a model of an air intake control system for an aircraft with a 

BTJE intended for high flight velocities, when the operating conditions of the air intake 

are characterized by the position of the closing shock. Here the contrai body is controlled 
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Fig. 2. 33. Simplified block diagram of air intake control 
system with respect to a set of parameters ß. 

CODE: 1) Controller; 2) Servomotor. 

Fig. 2. 34. Model of air intake control system based on the 
position of shock. 

1 -- servomotor, 2,3 — electromagnetic valves, 4, 5 —bleeds, 
6 — plate, 7, 8 -- aneroid chambers. 

CODE: a) From pump; b) Controller. 

by a regulator similar to the one presented in Fig. 2. 33, in such a way that one of the 

oblique shocks (usually the last) is passing near the edge of the diffuser lip. 
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The second controller acts on the bypass mechanism i air from the intake in such 

a way that the closing shock is roughly at one and the ^nne position. The position of this 

shock can be determined with the aid of two bleed pipes for the pressure px and p2 that 

are fairly near to each other. 

The controller operates as follows. When the shock lies between the bleed pipe 

for the pressures p1 and p2, the pressure p1 < p2 and the bellows 7 and 8, which receive 

these pressures, will occupy the positions indicated in the figure. In this case the plate 

6 does not close any loop and the valves 2 and 3 are in an open position, i. e., the upper 

cavity of the servomotor is closed, so that the mechanism of moving the vanes is at rest. 

If for some reasons the shock moves from the region between the bleed pipes for 

the pressures, the pressures Pl and p2 will be practically equal and therefore the bellows 

will move the plate 6 upwards or downwards; in this case one of the circuits of the sole¬ 

noids of the valves 2 and 3 will close, as a result of which either the working fluid from 

the main fuel line will be fed to the servomotor cavity via the bleed 5 and the servomotor 

will operate in the sense of opening the vanes, or the fluid from the servomotor cavity 

will flow away through the bleed 4 and the servomotor will tend to close the vanes. When 

the shock moves beyond the place at which the pressure pi is bled, towards the diffuser 

inlet, the pressure in the bellows will be relatively higher than when it moves inside the 

diffuser, beyond the place where the pressure p2 is bled. Therefore in the first case the 

contacts will close and the solenoid of valve 3 will operate, whereas in the second case 

valve 2 operates. 

We also have other closed-loop models of air-intake controllers, such as those 

operated by a signal proportional to the Mach number at any diffuser section. 

c) Controllers for TPK 

In the case of single-shaft TPE, whose performance as controlled plants are deter¬ 

mined by a very small self-balancing factor, it is convenient to use engine speed control¬ 

lers with stabilizing devices. 
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In the case of two-shaft TPE whose performance as controlled plants with respect 

to the rotational speed of the propeller-turbine system is determined by a large value of 

the self-balancing factor, it is possible to use speed controllers with less effective stab¬ 

ilizing devices or (in certain cases) without stabilizers altogether. The speed controllers 

of th^'compressor-turbine system for these engines must be similar to the controllers con¬ 

sidered above for turbojet engines, since their performance as a controlled plant is roughly 

the same. 

The gas temperature in TPE can be controlled by closed-loop, as well as open-loop 

systems; their merits and shortcomings are the same as those of the TJE controllers 

considered above. The only difference for a TPE with coaxial variable-pitch propellers 

consists in the number of speed controllers (i.e., in this case we need two), 

In controlling a TPE in an aircraft it is sometimes necessary to set the propeller 

blades at different angles without the use of a controller, i. e., with the aid of auxiliary 

devices. For example, in certain cases the blades are set in a feathering position, when 

the propeller must offer least resistance to flight with an idle engine, or they are set at 

a certain constant angle (one or two values), when the blade setting is not controlled. 

The performing of these operations must likewise be provided for by the overall 

control system of the engine. 

Moreover, the propellers themselves may be of various design, when the blades 

are driven either by an electric or by a hydraulic servomotor. Hence the overall control 

system of a TPE will be slightly more complicated than the control system of a TJE. 

Figure 2.35 show the basic diagram of a TPE control system with a controller of 

the VPP speed; this diagram elucidates the function of each assembly of the system. 

The system operates as follows. With the aid of the joint control knob 4 the speed 

regulator 22 is set at a certain rotational speed, while at the same time the fuel flow con¬ 

troller (not shown in the figure) is set at a certain rate of fuel flow. Pressurized oil is 

fed from the pump 8 to the slide valve of the controller; this valve distributes the oil to 
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Fig. 2.35, Basic diagram of TPE speed control system. 
1 — to throttle valve, 2 — to fuel cutoff valve, 3 — con¬ 
trol of stop-valve and of setting the blades into feathering, 
4 — joint control of throttle and of VPP regulator, 5 — un¬ 
dercarriage switch, 6 — manual switch preventing the pro¬ 
peller pitch from decreasing at take-off, 7 — oil from main 
fuel line of engine, 8 — pump of speed controller, 9 — knob 
for unfeathering the blades, 10 — relay, 11 — feathering 
pump, 12 — knob for setting into feathering, 13 — oil from 
tank, 14 — hydraulic switch of feathering pump, 15 — low 
pitch reduction valve, 16 — position at a given rotational 
speed in flight, 17 -- spring-loaded sleeve, 18 — slide 
valve, 19 — control plunger of retractable stop, 20— work¬ 
ing piston of propeller, 21 — blade, 22 — rotational speed 
controller, 23 — solenoid, 24 — oil pump reduction valve. 

either of the two cavities of the VPP servomotor; as a result, the servomotor piston 20 

moves and turns the propeller baldes 21. The forces needed to increase or decrease the 

blade angle are different; therefore the oil pressure will be higher in the duct carrying the 

oil supplied for the purpose of increasing the blade angle, as compared to the second duct. 

The pressure in the first duct is maintained with the aid of the valve 24, whereas the pres¬ 

sure in the second duct (intended for diminishing the blade angle) is maintained by means 

of the valve 15. 
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During flight and landing the blade angle must not be smaller than a certain value. 

This is important for the reason that otherwise the propeller may develop a negative 

thrust, as a result of which the aircraft loses speed. This can be achieved with the aid 

of a retractable minimum-pitch stop of the propeller that consists of the spring-loaded 

slide valve 18 and of the plunger 19, located in a spring-loaded sleeve 17. By its move¬ 

ment, the plunger 19 releases the sleeve 17 and the pro tube rar.ee s of the sleeve limit the 

stroke of the piston 20, thus limiting the rotation of the blades 21 in the direction of low 

pitch. In flight, the plunger 19, and hence the minimum-pitch stop, can be controlled, 

for example, from the undercarriage of the aircraft. For this purpose the undercarriage 

has a switch 5 that closes (when the undercarriage is loaded) the circuit of the solenoid 23; 

the latter connects the cavity of valve 15 with a pressurized valve. 

As a result, the oil from the low pitch duct (the second duct) flows via the valve 18 

.which operates at this pressure) into the space beneath of plunger 19, which is thereby 

actuated; as a result, the stops of sleeve 17 are retracted and the piston 20 can go cn 

moving in the sense of diminishing the pitch. 

The blades are set into a feathering position with the aid of the pump 11, which is 

driven by an electric motor. This pump feeds oil under high pressure to the right cavity 

of the servomotor, whose piston sets the blades into a feathering position. In setting the 

blades into feathering, the pilot depresses the button 12 and pulls at the same time the 

stick of the stop-valve 3 back to the limit, as a result of which the fuel valve closes and 

the slide valve of the controller 22 is raised. In order to remove the blades from the 

feathering position one depresses the button 9. 

In the case of an engine whose propeller control system is depicted in Fig. 2.35, 

the temperature controller is replaced by a fuel flow controller with corrections of the 

magnitude of the flow, made as a function of the external conditions with the aid of a 

barostat, as described above. 
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In order to maintain more exactly the inlet gas temperature with the aid of open- 

loop controllers, one uses special compensators that are driven by signals characterizing 

the flight conditions. 

It is well known that in order to maintain the gas temperature T* unchanged at a 

constant rotational speed, the fuel consumption must be related to p^ and by a formula 

of the type Gf ^ cp^fd’^), where c = const. The function ^ f(Tj£{) is plotted in Fig. 

2. 36. With the aid of these curves it is possible to design a compensator that will act on 

the fuel consumption in such a way that T* ~ const. 

To ensure ihat the flight will take place at the rated velocity and rated altitude, the 

engine must deliver a certain power. This is precisely the power for which the engine is 

rated. If, however, the flight takes place at lower altitudes, the power developed by the 

engine may considerably increase above the rated value. This will inevitably lead to en¬ 

gine breakdown, since it is not rated to withstand such powers. This is illustrated in 

Fig. 2.37 by the plots of Ne, and T* versus the flight altitude. The dashed lines cor- 

obeyed. 

In order to limit the power, developed by the engine when H < we use special 

power limiters that act on the fuel consumption. In Fig. 2. 38 we present a model of an 

open-loop controller (limiter) of the gas temperature and of the engine power. 

6A 
Ph 

Fig, 2.36. Plots cf 
Gj/Ppj - f(T^). 
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Fig. 2.37. Plots of N^, G^and 

T* versus flight altitude H. 
O 

In this model the aneroid device 9, responding to a signal, and the device 6, re¬ 

sponding to a T*j signal, are acting (via a servosystem) on a throttle valve which alters 

the fuel flow in the engine. The signal representing T* is transmitted to a mechanism 
II 

that varies the fuel flow by means of a cam of special shape 5. The profile of this cam 

is selected in such a way that we obtain the Gj. versus T^ curves shown in Fig. 2. 36. 

The power developed by the engine is limited with the aid of the aneroids 1 and 2 

and of the device 6 that senses the temperature T*j. Here the aneroid 1 responds to the 

pressure difference (Pjj-PH) and delivers a signal proportional to the dynamic head, where¬ 

as the aneroid 2 responds to a signal representing p^. Hence this device delivers a sig¬ 

nal to the power limiting system with allowance for the flight velocity and altitude. The 

signals from this device and from the device sensing the temperature T* are combined 
n 

with the aid of the cam 10 in a lever-type summing mechanism. When the value N - 

^ecalc isreac^ec^> the power limiting mechanism restricts the movement of the throttle 

valve in the sense of increasing the fuel flow. When Ng Isecaic» t-6-* when H > Hcajc, 

a gap <5 is formed between the lever of the power limiting mechanism and the slide valve 3 

L 
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Fig. 2.38. Basic diagram of limiter 
of gas temperature and of engine power. 
1,2,9 — aneroids, 3 — slide valve, 
4,8, —levers, 5,10 — cams, 6 — tem¬ 
perature sensing element, 7 -- pinion. 

CODE: a) Drain; b) In the sleeve of in¬ 
creasing flow; c) Supply of working 

fluid; d) or. 

of the servomechanism driving the throttle valve. In this ease the limiting mechansim 

does not operate. 

d) Acceleration controllers for gas-turbine engines and other devices 

The above-considered control systems for gas-turbine engines did not incorporate 

devices that would permit a rapid changeover from idling operating conditions of the en¬ 

gine to maximum operating conditions. Such a changeover i normally called accelera¬ 

tion. A peculiar feature of engine acceleration is the dep ace of the gas temperature 
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on the rate of variation of the fuel flow; since the gas temperature cannot be increased be¬ 

yond a certain value, it is necessary to limit not only the fuel flow, but also its rate of 

increase. Therefore it is not possible to use the above control systems in the automatic 

control of engine acceleration. 

In order to rapidly accelerate the engine it is necessary that the maximum permis¬ 

sible excess torque should be available at the turbine during the acceleration process. 

For turbojet engines with fixed nozzle this can be achieved by increasing the gas temper¬ 

ature to its maximum value, whereas in the case of a variable nozzle one can also open 

the nozzle vanes. 

If the engine acceleration would be performed with the aid of a rotational speed con¬ 

troller or fuel flow controller that operate in any of the configurations presented above, 

it would be possible (by neglecting the effect of the finite velocity of motion of some of the 

controller elements) to obtain the engine fuel-flow characteristics shown in Fig. 2.39. 

The lines 1-2 and 3-4 correspond to fuel flow characteristics under steady operating con¬ 

ditions of the engine for H = 0 and H = Hmax> whereas the lines 5-6 and 7-8 correspond 

to fuel flow at T* = const likewise for H = 0 and H - H 
0 max' 

When the engine is accelerated with the aid of a speed controller that changes the 

speed from ^ to nmax, the fuel flow in the engine for any intermediate speeds will cor¬ 

respond to the pump characteristic, i.e., the flow increases simultaneously from Gfl to 

Gf3. With a further increase in rotational speed it increases to roughly Gf4, and only 

then it decreases to Gfc. Hence the fuel flow at H = 0 will vary according to the broken 

line 1-9-10-2, whereas at H = H it will follow the line 3-12-10-4 

Hence the excess fuel AGf = Gfp-Gfe, i.e., the increase in fuel flow above the value 

necessary for steady motion, will be much larger than permissible under the condition 

X3max ~ const- Hence the relative overfueiling will Increase with increasing flight alti¬ 

tude, since the fuel flow corresponding to steady conditions is decreasing. 
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When the engine is accelerated with the aid of a fuel flow controller and a compen¬ 

sator of external conditions (barostat) in the same speed range at H = 0, the fuel flow in 

the engine for any intermediate speeds will correspond to the pump characteristic up to 

a flow rate value equal to Gffi; after that it will remain constant, i.e., the flow will vary 

as the broken line 1-9-11-2. For the case H = Hmax the flow will vary according to the 

line 3-13-4. 

As we can see, in either case the overfuelling will considerably exceed the permis¬ 

sible values. This can be clearly seen from Fig. 2.39, where we plotted the excess fuel 

uow AGj versus the rotational speed for the cases just considered. 

It follows from the foregoing that in order to accelerate an engine it is necessary to 

use devices that do not permit the maximum permissible inlet temperature value to be 

exceeded. 

As we noted in our analysis of controlled plants, the permissible region of engine 

operation is bounded not only by the maximum gas temperature, but also by the limit of 

stable operation of the compressor and combustion chamber. 

A possible solution of the problem of automatically controlling the engine accelera¬ 

tion would involve the use of a programmed gas temperature controller that would also 

take into account the need to limit the maximum permissible overfuelling for the purpose 

of preventing compressor surge and unstable burning of fuel in the combustion chamber. 

Figure 2.40 shows the basic diagram of an automatic acceleration control for a TJE. 

Such an automatic control provides for the acceleration of an engine that has sufficient ex¬ 

cess fuel flows at all flight altitudes. Tne automatic control operates in such a way that 

when the pressure p* (and hence also the air flow) increases, the pressure in the cavity 

above the diaphragm is also increasing; as a result, the cross section of the fuel bypass 

11 om the manifold decreases, so that the fuel flow in the engine increases. If, on the 

other hand, the fuel pressure in the manifold is higher than necessary, the piston moves 
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Fig. 2.39. Fuel flow characteristics of TJE acceleration 
with the aid of speed controller and fuel flow controller. 

CODE: 1) Pump characteristic; 2) Speed controller; 
3) Fuel flow controller. 
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Fig. 2.40. Basic diagram of au¬ 
tomatic acceleration control. 

CODE: 1) Drain; 2) To injectors; 
3) From throttle valve. 

upwards and increases the cross section of the fuel bypass from the manifold, so that the 

fuel consumption in the engine decreases. 

Thus the operating principle of such an automatic control system resembles a pair 

of scales, in which a force proportional to p* is acting on one side, and a force propor¬ 

tional to the fuel pressure pT in the manifold is acting on the other side. It can be roughly 
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assumed that the quantity p* is proportional to the mass flow of air, whereas the quantity 

PT is proportional to the fuel flow; therefore we can assume that such an automatic con¬ 

trol system of the acceleration maintains a roughly constant composition of the mixture 

and a roughly constant gas temperature. 

A deficiency of such an acceleration control system is the fairly large error in¬ 

curred in maintaining the prescribed overfuelling, and hence also the gas temperature. 

This is mainly due to the fact that such a control system does not respond to air temper¬ 

ature variations at the compressor outlet, so that the p’ signal is not proportional to the 

air flow. It can be approximately assumed that the rise of the air temperature at the com¬ 

pressor outlet is an exponential function of the rotational speed, i. e., 

T*- 7"*— const-//° or ¡ const-//°. 

In order to take into account the variation of the air flow as a function of T* it is 
¿* 

therefore necessary to additionally apply to the system a signal representing either T + 

or T* (corresponding to the external conditions), as well as a signal representing the 

rotational speed. 

If the fuel flow correction due to these signals is not taken into account, such an ac¬ 

celeration control system, while operating adequately at H - 0 and n nmax> wiH yield 

for n < n and H > 0 an underrated value of the gas temperature and the acceleration rnax 

obtained will not be optimal. If, on the other hand, such a control system will properly 

operate for 1! - ^max» ^ wi^ yield for H < Hmax a relatively excessive gas temperature. 

The fact that such a control system is not programmed does also affect the accel¬ 

eration, since in the case of engines for which the boundaries of stable opeiation of the 

compressor and the combustion chamber lie below the maximum-temperature limit (see 

Fig. 1.27) the automatic system must be set at the lower gas temperature. 

We must also take into account that the error incurred in maintaining the gas tem¬ 

perature depends also on fhe circumstance that the signal applied to such a control system 

is proportional to the pressure difference and not to the absolute pressure p* at the 
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compressor outlet; the fuel flow is likewise not exactly proportional to its pressure at the 

injector inlet. 

Figure 2.41 shows a model of an acceleration control system that differs somewhat 

from the system considered above. The fuel injection in the nozzles is metered with the 

aid of valve 1, which maintains a constant pressure gradient p^-p. with the aid of a dia¬ 

phragm valve 2 and a variable jet 3. The p* signal is applied via bellows to the summing 

lever 4, which is also acted upon by a spring supported by valve 1. This lever varies the 

cross section of the adjustable jet 5, thus varying the position of the servomotor 6, the 

bypass needle 7, and the amount of fuel let in from the pressurized supply line to the gear- 

type fuel pump 8. 

This acceleration control system operates as follows. When the control knob is 

moved from idling conditions to maximum operating conditions of the engine, the fuel 

pressure at the injection nozzles decreases, so that the pressure gradient across valve 

1 increases. As a result, the constant pressure-gradient diaphragm-valve 2 increases 

the cross section of jet 3 and decreases the fuel pressure in the left cavity of the servo¬ 

motor of valve 1; as a consequence, the latter will move in the sense of increasing the 

cross section, i. e., of restoring the pressure gradient. When the valve 1 moves to the 

left, the force exerted by the spring on lever 4 is decreasing, so that the cross section 

of jet 5 is increasing; as a result, the piston of the servomotor 6 and the needle 7 move 

upwards, i. e., in the sense of increasing the fuel flow from the pressurized manifold. 

The value of p* increases with the rotational speed, and with the aid of bellows one 

diminishes the cross section of jet 5 in proportion to this value; this leads to an increase 

in the fuel flow in the engine. 

Thus a constant fuel pressure gradient is always maintained across the metering 

valve 1, and the fuel flow varies as the pressure p+. 

At a maximum value of p* tne bypass ceases and the subsequent fuel control is ef¬ 

fected with the aid of a speed controller or fuel flow controller. In going over from 
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maximum operating conditions of the engine to idling conditions, the acceleration control 

system does not intervene, since in this case the force due to the bellows that responds 

to variations in p* is still strong, and the jet 5 remains closed. 

It follows from the equation of motion (1. 35) that by limiting the rate of variation 

(increase) of the fuel flow, it is possible to prevent an increase beyond the maximum per¬ 

missible gas temperature. From a physical point of view this means that the throttle con¬ 

trol lever quadrant must be transferred not instantaneously, but at a certain rate. Devices 

which ensure such a displacement of the throttle lever quadrant are called delay elements; 

they make it possible to accelerate the engine without any danger. 

Figure 2.42 shows a basic diagram of a hydraulic delay element. When the control 

knob is moved in the sense of increasing the operating conditions, the ports of the piston 

are covered and the piston moves to the right as a result of the arrival of fluid in the left 

cavity of the servomotor via the jet. The jet cross section is selected in such a way that 

the rate of displacement of the servomotor is equal to the assigned rate. With the inverse 

motion of the control knob, the ports of the piston are open and under the action of a spring 

the piston follows easily after the movement of the control knob. 

If the hydraulic characteristic of the fuel valve is linear, the rate at which the fuel 

flow is varied by means of this delay element remains roughly the same. However in or¬ 

der to obtain optimum acceleration it must be variable, as it follows from Fig. 2. 39, 

where we plotted the overfuelling as a function of rotational speed. It is difficult to main¬ 

tain exactly the required (nonlinear) fuel flow; therefore even the use of a delay element 

does not permit the obtaining of optimum acceleration, i. e., the minimization of the ac¬ 

celeration time. 

For engines with variable nozzle it is convenient to increase the nozzle cross sec¬ 

tion during the operation of the acceleration controller and to maintain it at this value un¬ 

til the rotational speed of the engine reaches the prescribed speed. Then this section must 

be diminished to a value corresponding to the set operating conditions. 
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Fig. 2.41. Basic diagram of acceleration control system. 
1 — valve with servomotor, 2 — diaphragm valve, 3,5 — var¬ 
iable jets, 4 — summing lever, 6 — servomotor, 7 — bypass 

needle, 8 — fuel pump, 9, 10 — fixed jets. 

CODE: a) To injectors. 
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Fig. 2.42. Model of delay element. 

CODE: 1) Control kr >b; la) Decrease; lb) Increase; 2) Jet; 
2a) Pressurize^ .'il or fuel; 3) To fuel valve or speed con¬ 

troller resetting device; 4) Drain. 

Engine acceleration can be also achieved with the aid of a gas temperature controller 

that operates in a closed loop. In this case the condition T* * const is maintained during 

the acceleration process until the engine reaches a rotational speed close to the prescribed 
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one. However, as we already mentioned above, at son,... .mediate aeceiera.ion re¬ 

gimes the overfuellingtlGj. corresponding to the eon.heoa T- . is found to be 

greater than permissible, in view of the danger that ,„e compressor operation becomes 

unstable (surging). Hence in such cases the overfuelling must be diminished. This can 

be achieved by means of a gas temperature controller using a programmed setting device. 

In this ease the driving signal of the gas temper, ere controller must be a function of the 

reduced engine parameters. Engine acceleration that obeys the law T* T* can be 
3 3max 

realized by means of the same controllers as are as, a maintaining the principal op¬ 

erating conditions. The diagrams of such temperature controllers were presented above. 

The manoeuvrability of a flying vehicle i, the greater, the shorter the engine accel¬ 

eration timet therefore one always tries to reduce the acceleration time. 

The acceleration time is limited by the mertia of the engine ,„asses undergoing ac- 

celeration; it depends also on the excess torque. 

However, it is possible to imagine an engtr.o whose accelcratton time is very short. 

In order to achieve this it is necessary to design an engi-.e with variable inlet and outlet 

sections, with all the operating condition, corresponds,g „ const. Thereupon the ac¬ 

celeration regime related to the spi„-up of the engine masses w,U bo referred to the en¬ 

gine starting regime, and the variation of the engine power (,1,,-,,si, iron, a value corre¬ 

sponding to idling conditions to msaimum operate,,g e< ndiiions «,11 take place dur.ng a 

period time corresponding to the reversal time of the- control elements. 

Acceleration in the case of turboprop engrnos can ne achieved „y moans oí amular 

devices, since the character of the processes remains the same. The control systems, 

however, exhibit some differences, which are clue to the fact thM for weakly statulized 

controllers of the propeller speed one uses a programmed s.ved controller. This is due 

u, the following circumstance. In the case of ab, up, resetting of a VPP speed controller, 

the blade angle decreases at the beginning of the acceleration process; as a result, the ’ 

thrust diminishes, which is not permissible for various reasons; the decrease In the blade 



angle is due to the principle of operation of rotational speed controllers. Indeed, the rpm 

are controlled by the variation of the propeller blade angle, and if for some reason the 

rpm of a variable-pitch propeller decreased below the prescribed number, the controller 

will tend to diminish the blade angle, so that the number of rotations per minute 

will increase. 

A similar effect can be observed when the controller is reset. By slowing down 

the resetting of the VPP propeller speed controller, it is possible to avoid this effect, 

i. e., in this case the thrust developed by the propeller will not decrease. 

The devices, permuting delayed resetting of VPP speed controllers, are similar 

to the model presented in Fig. 2.42. Thus we presented in Fig. 2.43 a setting delay de- 

viçe which uses (in contrast to the system depicted in Fig. 2.42) a rotary servomotor. 

Lever 1, linked to the control knob, rotates by means of cam 5 the lever 4, linked to a 

throttle valve. Lever 1 is fixed to a shaft whose right side is in the form of a rotary 

slide valve 9 that controls the hydraulic servomotor 7. Cam 6, fixed on the hollow shaft 

of the servomotor, is rotating, thus moving the lever 3, which controls the setting of 

the VPP controller. 

In the case of rapid movement of the control knob, the necessary delay of the speed 

controller setting is produced with the aid of the jet 10, fixed at the entry of the working 

fluid into the servomotor and limiting the rotational speed of this motor. 

In addition to the assemblies considered above, which belong to the overall engine 

control system, some turbojet engines are using maximum power limiters or limiters 

of the maximum torque developed by the turbine. These devices are usually very simple, 

being in the form of maximum fuel-flow limiters driven by signals representing the ex¬ 

ternal conditions (already considered by us above). 

in overall engine control systems one sometimes incorporates special devices that 

ensure stable (safe) operation of the compressor. As we noted above, stable compressor 

operation signifies the absence of surging. 
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Fig. 2.43. Schematic diagram of VPP speed controller 
setting retarder. 

1 — lever connected to control knob, 2 — oil drain, 
3 — lever connected to setting mechanism of speed con¬ 
troller, 4 — lever connected to throttle vaive, 5 — fuel 
flow control cam, 6 -- control cam of speed regulator 
setting, 7 — servomotor blade, 8 — stop, 9 — slide 

valve, 10 — jet, 11 — oil filter, 12 — oil supply. 

CODE: a) Servomotor blade; b) Drain; c) From jet; 
d) Slide valve; e) From control shaft. 

The boundary of stable operation of a compressor when it works jointly with other 

assemblies (the turbine, the combustion chamber, the inlet device) is determining in many 

respects the engine performance, especially during unsteady motion, since the range of 

permissible engine operation depends on this boundary. 

Figure 2.44 shows the character of variation of the surge limit as a function of the 

air temperature at the compressor inlet. It follows from the graphs that the permissible 

region of engine operation is considerably decreasing with decreasing air temperature. 
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Such a displacement of the surge limit makes it difficult to exploit to the full the 

possibilities of optimizing the engine acceleration, since the premissible overfuelling 

must also vary according to this law. In particularly unfavorable cases (not only due to 

the influence of the air temperature), the surge limit may pass so closely to the operat¬ 

ing-conditions curve, that it will be impossible to accelerate the engine. 

A way out of this situation is given by the artificial displacement of the surge limit 

in the sense of increasing the permissible overfuelling by shifting the operating point on 

the compressor characteristic, for example by letting out a portion of the air from the 

compressor (by-passing the turbine) or by turning the baldes of the device guiding the 

compressor. 

The compressor characteristics (see Fig. 1.20) show that when the air flow in¬ 

creases at n = const, the operating point moves downwards and to the right, i. e., away 

from the surge limit. It is precisely this property of compressors that is used for ex¬ 

tending the region of stable engine operation. Here it must be borne in mind that the op¬ 

eration of the engine becomes less economical in this case. However, the shrinking of 

the region of stable operation of the engine due to surge occurs mainly at medium rota¬ 

tional speeds, i.e., before the principal operating conditions are reached. At higher 

speeds, corresponding to higher operating conditions, bleeding of air from the compres¬ 

sor becomes unnecessary. 

As is shown in Fig. 2.45, the bleeding of air from the compressor can be effected 

in two different ways, depending on the compressor characteristics. Prior to the region 

of minimum permissible overfuelling the bleeding of air can either be realized, or it may 

not be realized. The devices used for the bleeding of air in turbojet and turboprop en¬ 

gines are very simple from the point of view of principle of operation, though most di¬ 

verse in design. The control signal is either proportional to the rotational speed or to 

Tr* (or to n/k' T*). 
c ^ # 

193 



Fig. 2.44. Displacement of surge lim¬ 
it as a function of inlet air temperature 
1 — surge limit at an inlet air tempera¬ 

ture at +50°C, 2 — same at -20°C, 
3 — operating conditions curve. 
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Fig. 2.45. Types of control laws for the bleed¬ 
ing of air from the compressor, plotted as a 

function of rotational speed of engine. 

CODE: 1) Bypass open; 2) Bypass closed; 
3) Region of minimum permissible over¬ 

fuelling; 4) Region of operating 
conditions. 

Control systems for valves bleeding the air from a compressor are presented in 

Fig. 2.46. 

If several bypass valves re used it is convenient to put them in operation in a cer¬ 

tain sequence; this involves the insertion of some additional control and driving elements. 
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Fig. 2.46, Control systems for ble^d valves of air from 
the compressor. 

CODE: 1) Signal from; 2) To bypass valves. 

A control system for bypass valves that differs somewhat from the system shown 

above, is presented in Fig. 2.47. This system incorporates the servopiston 10, which 

controls the distribution of air in the bypass valves 8, and 

in the diaphragm regulator 4 that acts on the pressure grad¬ 

ient in the Venturi tube through which the air behind the 

compressor is bled to the compressor inlet. The system 

is driven by a signal representing the compressor pressure 

ratio. The operation of this device is based on the different 

character of the variation of the air pressure at the compres¬ 

sor outlet (at the inlet of the Venturi tube) and of the pressure 

at the narrow section of the Venturi tube. 

Fig. 2.47. Control system 
for valves bleeding the air 
from compressor. 1 — valve, 
2,5--diaphragms, 3 — rod, 
4 — diaphragm regulator, 
6 — air pressure at com¬ 
pressor outlet, 7 — Ven¬ 
turi attachment, 8 — by¬ 
pass valves, 9 — from in¬ 
termediate compressor 
stage, 10 — servopiston. 

Figure 2.48 shows the character of the variation of the 

pressure at the inlet of the Venturi tube and at its throat, as 

a function of the compressor rotational speed. 

The device, schematically represented in Fig. 2.47, 

operates as follows. The servopiston 10 moves under the 

action of the pressure difference at its ends, whose areas 
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Fig. 2.48. Plots of air pressure 
variation at inlet and throat of 

Venturi tube. 

CODE: 1) Pressure, force; 2) Force 
exerted by large diaphragm; 3) Force 
exerted by small diaphragm; 4) Pres¬ 
sure at throat of Venturi tube; 5) Sub- 
critical gradient at tube; 6) Supercrit¬ 
ical gradient at tube; 7) Besetting. 

are unequal. The pressure, fed to the end of larger area, is smaller than that fed to the 

end of smaller area, this being due to the fact that the pressure from this cavity is re¬ 

stricted by the valve 1. When the servopiston 10 moves to the left, the air from behind 

the compressor can arrive at the valves 8, which close the bypass of air from the inter¬ 

mediate compressor stage. Valve 1 is controlled by the diaphragm regulator 4, whose 

diaphragms have unequal areas; the pressure, fed to the smaller diaphragm, corresponds 

to the inlet pressure of the Venturi tube, whereas the pressure fed to the larger area cor¬ 

responds to the pressure at the throat of the Venturi tube. 

At low rotational speeds, when the compressor pressure ratio is low (and hence the 

pressure gradient across the Venturi tube is also low), the flapper valve 1 will be open, 

since the force exerted by the small diaphragm is greater than that exerted by the large 

diaphragm. This can be seen from the character of the variation of the pressure at the 

above-mentioned sections of the Venturi tube, and from the characteristics of the forces 

acting on the two diaphragms, presented in Fig. 2.48. 
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In this case the servopiston prevents the flow of air from behind the compressor to 

valves 8, as a result of which the air is bled from the intermediate compressor stage. 

Such a position of the servopiston is due to the fact that the force exerted by the smaller 

area is larger than the force exerted by the larger area. 

When the rotational speed increases, or when the compressor pressure ratio in¬ 

creases, the pressure ratio at the above-mentioned sections of the Venturi tube varies, 

as shown in this same Fig. 2.48. At a certain relationship between the areas of the dia¬ 

phragms of regulator 4 the force exerted by the larger diaphragm becomes greater than 

the force exerted by the smaller diaphragm. Hence the valve 1 will close, as a result 

of which the pressures in the two cavities of the servopiston 10 become equal, and the 

piston will move to the left, since the force exerted by the larger area becomes greater 

than the force exerted by the smaller area; the valves 8 are closing and the bleeding of 

air stops. When the engine speed or the pressure ratio are decreasing, the device op¬ 

erates in the inverse order. 

Hence the device just described realizes a control law of air flow such that the by¬ 

pass is effected from the very beginning of engine operation, continuing up to values of 

the pressure ratio at which the region of stable engine operation is no longer limited by 

compressor surge, i.e., in the way indicated by the dashed lines in Fig. 2.45. 

Such a device can operate only if the pressure gradient in the Venturi tube is higher 

than the critical value, since in the case of a subcritical gradient at the above-mentioned 

sections of the Venturi tube the value of tt* at which the bypass valves 8 are closing (open- 

ing) will depend on the flight conditions. 

In practice one utilizes also some other devices for controlling the bleeding of air 

from the compressor. 

The limit of unstable operation of the compressor can be also changed by using ro¬ 

tatory guide devices in the compressor. If it is possible to utilize in this case a relay 

characteristic for controlling the blades of the guide apparatus, we can use devices 
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similar to those considered above. If, on the other hand, it is necessary to control the 

rotation of the blades of the guide apparatus with the aid of the input signal (nred or tt*), 

we shall utilize a hydromechanical servosystem. 

e) General control systems for engines 

In concluding this chapter, devoted to various types of control systems for gas-tur 

bine engines, let us examine some basic control systems of engines together with fuel 

supply systems. 

An automatic control system for a TJE with fixed nozzle 

In Fig. 2.49 we present a model of an automatic control system for a single-shaft 

TJE with fixed nozzle. The upper part of the figure shows the general diagram, and the 

lower part shows the individual assemblies of this system. 

The system consists of a fuel flow controller, a speed controller, an acceleration 

controller, and other devices. 

The fuel is supplied to the engine with the aid of two plunger pumps 1 that are linked 

to one line. From the pumps, the fuel passes through the fuel-and-oil radiator 4, the me¬ 

tering needle 6 of the acceleration regulator, the throttle valve 9, and the distributing 

valve 28, whence it arrives at the injection nozzles 30. 

In principle this system is similar in many ways to the system incorporating a fuel 

flow controller, whose diagram was presented in Fig. 2.18. The difference between these 

systems consists in the fact that the operating conditions of the engine are set by prescrib¬ 

ing a certain rotational speed of the engine. In other words, the operating regime is set 

coarsely (in the entire range) with the aid of the fuel flow regulator, and exactly (in a nar¬ 

row range) with the aid of the speed regulator. Or, by assuming that the fuel consumption 

determines the engine load, the system under consideration will belong to the class of com¬ 

posite systems, in which the control is perfromed with respect to both the load and 

the parameter. 
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Let us consider separately the operation of each of the above controllers. 

The fuel flow controller 

The operating principle of the fuel flow controller, used in this system, is illus¬ 

trated by the diagram of Fig. 2.50. The main fuel line leading from the pump to the 

engine and which has a throttle valve, is shunted by a pipe that has a jet Fj of constant 

cross section. A diaphragm valve, which has a jet of variable cross section that con¬ 

trols the position of the central body of the diaphragm, is connected to this pipe at the 

outlet of the jet F_. In the same line after the variable jet, we have a second jet F„ of 

constant cross section through which the fluid (fuel) is drained away to a cavity in which 

the pressure is always kept constant. 

From the operation of the diaphragm valve we can see that the pressure will be 

equal in the two cavities (neglecting the diaphragm stiffness); therefore the pressure 

gradients across the throttle and the jet F^ will also be equal, and the fuel flow rates 

will be proportional to the cross sections. Hence by knowing the magnituue of the 

throttle cross section we can estimate on the basis of the fuel flow through it, the mag¬ 

nitude of the fuel flow in the shunting line. The flows through the jets F and F will 
X 2 

be equal; therefore the pressure p2 at the inlet of jet Fr¿ will be obtained from the 

equality of the flows in the form 

Pi ~ ¡.-i &P "i* P drain 
' 2 

i. e., the pressure drop Ap = Pjj-Pj across the throttle valve is proportional to the pres¬ 

sure Pg at the inlet of jet F^. On the basis of the magnitude of p2 we can therefore es¬ 

timate the pressure drop across the throttle, a fact which is utilized in the fuel control¬ 

ler model under consideration. 

Now let us consider the schematic of Fig. 2.49. In it the fuel from the throttle 9 

is flowing into the shunting line containing the jet 29 (jet F1 in Fig. 2.50); then it privés 

199 



I - s’lf “
j. I 2. “c o .

isi-ffl
-fisl]
is i I «sII'tcc-it
lll^d 
liiii

I IIiItII
- -5 •; 1’ (i i i 

g gS.f gS''
if I ili i ®

S “ C '
£ "S <£ > C S g 
5 oiiii Sal

S SliiTcif

It-ili!^ 
P4*ii.iSdll i l

psiiil”
3 « 8 «-S ^
Iililil



2) 
apocccflb 3) 

, A B êSmmem 

Pi 

S( 4) 
7,*m = conSt' 

Fig. 2.50. Operating principle of 
fuel flow controller. 

CODE: 1) From pump; 2) Throttle; 
3) To engine; 4) Drain. 

via the flapper nozzles 11 or 12 at the right cavity of the diaphragm valve 21 with var¬ 

iable jet 22, and then at the jet 23 (jet F2 in Fig. 2.50). The fuel pressure at the inlet 

of jet 23 (the pressure p2 in Fig. 2.50) is received by the diaphragm device 24, and the 

corresponding force is transmitted by the diaphragm to the summing lever 25 of the bar- 

ostatic device. The fuel pressure at the throttle outlet is transmitted to s.he left cavity 

of valve 21. The pressure drop across throttle 9 varies as a result of variations of the 

output of the pumps 1, in view of the fact that the inclination of the plates is altered with 

the aid of servomotors. The left cavities of the servomotors are connected to the pres¬ 

surized fuel line at the outlet of the pumps, whereas the right cavities are connected to 

this same line via a throttling device 26 that permits the fluid pressure to be choked by 

varying the position of the lever 25 (in principle the operation of such a device is very 

similar to the operation of an ordinary jet pipe). 

Thus when the cross section of the throttle valve 9 varies, the pressure drop a- 

cross it will also vary, and hence the inlet pressure of jet 23 eill vary in the same 

measure, as well as the force acting on the lever 25, which will turn. As a result, the 

degree of choking of the fluid in the throttling device 26 will change, the pressure in 

the right cavities of the servomotors of the pumps will vary, and these servomotors 
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will change the flow in the sense of restoring the pressure drop across the throttle 9. 

It is assumed that the cross sections of the flapper nozzles 11 and 12, as well as the 

pressure in the aneroid chamber of the barostat, are fixed. 

If, for example, the cross section of throttle 9 increases, the pressure drop across 

it will decrease, and hence the pressure at the inlet of jet 23 will also decrease, as well 

as the force exerted by the diaphragm 24 on the lever 25. As a result, the lever 25 turns 

in the sense of increasing the cross section of the throttling device 26, and the fuel pres¬ 

sure in the right cavity of the pump servomotors will increase; the tilt plates will turn 

by a larger angle and the pump output will increase; hence the pressure drop across the 

throttle will also increase (it is restored). 

Thus the tuel consumption in the engine will depend only on the cross section of the 

throttle valve. When the cross section of throttle 9 decreases, the movement takes place 

in the opposite direction. 

With varying flight altitude the force exerted by the aneroid of the barostat will 

vary, and by means of the same lever 25 and throttling device 26 the pressure is varied 

in the right cavity of the pump servomotor and hence the pump output will vary accord¬ 

ingly. As a result, a new pressure gradient builds up across throttle 9, while its cross 

section remains the same. If, for example, the flight altitude increases or the flight 

velocity decreases, the pressure p* in the aneroid chamber will decrease and the force 

exerted by the aneroid on the lever 25 will increase; therefore it will turn in the sense 

of increasing the throttling in 26. As a result, the pump output will decrease and the 

pressure gradient across throttle 9 will also decrease. When p* increases, the move¬ 

ment will take place in the opposite direction. 

In order to permit the adjustment of the static characteristics of such a flow con¬ 

troller to the prescribed flow, the jet 23 (see schematic diagram) has a variable cross 

section which is a function of the fuel pressure at its inlet. 
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The rotational speed controller 

In the system under consideration we connected in series with the fixed cross- 

section jet 29 a flapper nozzle 11 whose lever can move under the action of the force 

exerted by the diaphragm 10. This diaphragm moves under the action of the difference 

between two forces — a spring force (operating in the sense of extension) and the force 

exerted by the fluid pressure in the cavity above the diaphragm, which is proportional 

to the square of the engine speed. 

By connecting the flapper nozzle 11 in series with the jet 29, it is possible to vary 

the fluid flow in the shunting branch, and hence to vary the fluid pressure in the cavity 

above the diaphragm 24, i. e., to vary the fuel flow in the engine. 

The engine speed sensor is the device 2, whose schematic diagram is likewise 

shown in Fig. 2.49 (bottom, left-hand side). This is a hydromechanical sensor whose 

outlet fluid-pressure will vary as the square of the engine speed. It consists of a rota¬ 

ting body 31 with a plate 32 (with a bleed) fixed to it. The nozzle is throttied by the plate 

33, fixed with the aid of a leaf spring 36 to the plate 32. In addition the plates 32 and 33 

are linked by a diaphragm 35. 

The sensor operates as follows. The fuel from the pressurized main line arrives 

through the valve 37 at the outer body; then it is drained via the bleed of plate 32. The 

bleed is throttled by plate 33 with the aid of the two forces acting on it, namely the pres¬ 

sure of the fuel fed to the left cavity of diaphragm 35, and the unbalanced weight 34, 

fixed at tnis same plate 33. 

It follows from the equality of these forces that when the sensor rotates at a con¬ 

stant speed the command pressure pcom at its output will be proportional to the square 

of the engine speed, irrespective of the fact that the fuel may have different density, i.e., 

pcen*.r ^ and P Feffdiaphpcom’ whence pCom Feffdiaph 

are being balanced at the diaphragm 10, namely the signal from the setting mechanism 

(either the spring loading varies, or the direction of the spring force vector varies in 

Tr 2 
—- n . Thus two signals 
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relation to the direction of movement of the diaphragm), and the signal representing the 

actual value of the engine speed. The difference between these signals acts on the flapper 

nozzle 11, as a result of which the fuel flow in the engine is varied by means of the fuel 

flow controller. The speed controller and the flow controller are set by the same knob. 

Hence the speed controller will operate as follows. If for some reason the engine 

speed exceeds the prescribed value, the fuel pressure in the cavity above the diaphragm 

10 will rise, and the cross section of the flapper nozzle 11 will increase; as a result, 

the flow in the shunting branch will increase, as well as the fluid pressure at the inlet 

of the jet 23 and in the left cavity of diaphragm 24. As a result, the device 26 is throt¬ 

tled, the fluid pressure in the right cavity of the pump servomotors will decrease, and 

the pumps will deliver a smaller amoun' of fuel to the engine; therefore the engine speed 

decreases. If the speed deviates from the prescribed value in the opposite sense, the 

motions just described will take place in the reverse order. 

It follows from the foregoing that the above-considered speed controller has no 

stabilizing (compensating) devices; this is permissible only in the presence of a constant 

fuel-flow controller. 

The valve 37 is used for diminishing (or eliminating altogether) the lag of the speed 

sensor when the Me flow in the engine varies with the flight velocity and altitude. The lag ap¬ 

pears as a result of the fact that when the flight altitude increases and n - const the fuel pres¬ 

sure at the pump outlet decreases, and by assuming that the fluid pressure at the output of the 

speed sensor is constant, the flow through the valve 37 must decrease. This can occur only 

if we allow a considerable displacement of the plate 33 which throttles the drain nozzle; this 

is precisely the reason for the lag. 

In order to diminish the lag of the sensor, the valve 37 is endowed with * variable 

cross section; as a result, such a decrease in the fuel pressure at the pump outlet with in¬ 

creasing flight altitude will be accompanied by an increase in the cross section of this valve; 

then the required throttling of the drain nozzle will remain roughly the same, and the plate 

33 will practically not move. 
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The acceleration control 

In the system under consideration the acceleration controller is metering the fuel 

in the engine according to a signal proportional to the air pressure p2 at the compressor 

outlet, with a correction for the pressure ratio tt . This is achieved with the aid of the c 

throttle 6, at which a constant pressure gradient is maintained with the aid of a flow reg¬ 

ulator 7 (similar to the device considered above) that acts on the fuel delivered by the 

pumps. The pressure of the air, supplied to the body from the aneroid 20, is propor¬ 

tional to p2, whereas the signal from the aneroid is fed with the aid of lever 16 to the 

flapper nozzle 15 which throttles the fluid flow through the upper cavity of the servomo¬ 

tor of throttle valve 6. The fluid pressure at the inlet and outlet of throttle 6 is applied 

to each side of the diaphragm 39, whose force is exerted via the lever 40 on the throt¬ 

tling device 41, which is similar (from the point of view of operation) to the device 26. 

The acceleration system under consideration operates as follows. When the pres¬ 

sure p2 rises, the aneroid 20 is compressed and the lever 16 increases the cross sec¬ 

tion of the flapper nozzle 15; as a result, the pressure in the upper cavity of the servo¬ 

motor of throttle 6 is decreasing, and the throttle will move upwards, in the sense of 

increasing the cross section; hence the fuel flow in the engine will also increase. The 

movement of the throttle 6 ¿s accompanied by a variation of the pressure gradient across 

it, as a result of which the diaphragm 39 moves upwards and increases with the aid of 

the lever 40,the cross section of the throttling device 41. As a consequence, the fluid 

pressure in the right cavity of the pump servomotors will increase and the tilt plate 

will move in the sense of increasing the amount of fuel supplied by the pumps; therefore 

the pressure gradient across throttle 6 is restored. 

As we mentioned above, the engine acceleration is performed on the basis of the 

air pressure p2 at the compresser outlet, with a correction for the compressor pres¬ 

sure ratio V . The t correction signal (the pressure in the cavity A) is introduced 

with the aid of the (evacuated) bellows 18 and the bellows 19, and by means of a number 
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of jets which throttle the flow of air to the individual cavities of the compensating device. 

From the air flov equations for jets of constant cross section a and a jot of variable 

cross section b we can see that the air pressure in the cavity A is a function of p0 and 

rrc. The presence of a correction signal for irc makes it possible to utilize more fully 

the acceleration performance of the engine under various flight conditions. 

Other control devices 

In order to limit the maximum permissible gas temperature, the control system 

under consideration is provided with an electromagnetic valve 13 which acts via a lever 

on the flapper nozzle 12 (connected in parallel with the flapper nozzle 11). The gas tem¬ 

perature limiter (not shown in the figure) acts on the valve 13 in such a way that when 

the gas temperature exceeds the permissible value, the cross section of the flapper noz¬ 

zle 12 increases; as a result, the fluid pressure under the diaphragm 24 increases, and 

the fuel flow in the engine decreases. 

The system is also provided with a maximum e ¿ne-speed limiter 3. From the 

diagram we can see that when the permissible speed is exceeded, the command fluid 

pressure (from the speed sensor) under the diaphragm of the limiter 3 increases, and 

the fluid from the right cavity of the servomotor i will flow out via the flapper nozzle; as 

a result, the output of the pumps decreases. 

In addition the system has also an idling valve 8, across which a constant pressure 

drop is maintained with the aid of this same flow controller. 

An automatic control system for a TJE with variable nozzle 

Figure 2.51 shows the basic diagram of a control system of a single-shaft TJE 

with variable nozzle. This diagram is similar in many ways to the diagrams presented 

in Figs. 2.11 and 2.11. Here the rotational speed of the engine is maintained by an is¬ 

ochronous controller, similar in many respects to the controller shown in Fig. 2.11; 
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for this reason we do not give a detailed account of its mode of operation. This control¬ 

ler differs from the one presented in Fig. 2.11 by the presence of a special acceleration 

system driven by a signal which is proportional to p|. The nozzle control system in this 

regulator differs from the system presented in Fig. 2.14 by the fact that the control sig¬ 

nal is proportional to rr*f and also by a different method of driving the movable elements 
c 

of the nozzle. 

The system operates as follows. 

When the engine is started, the fuel from the pump 4 is fed through the constant- 

pressure valve 46 and the starting valve 47 to the starting jets 53. 

When the engine changes over to idling conditions, the control knob 22 is turned 

and the fuel from pump 4 is fed to the principal injectors 50 via the fuel valve 19, across 

which a constant pressure drop is maintained by means of a special pressure-difference 

regulator. In this case the pressures supplied to the diaphragm 20 are equal to the pres¬ 

sures at the inlet and outlet of valve 19, and in the presence of deviations from the pre¬ 

scribed pressure drop the slide valve 21 is used as a fuel bypass. The prescribed pres¬ 

sure drop is set by a spring that acts on this same slide valve 21. Thus in the case of 

idling conditions the engine operates with a constant fuel flow (which is proportional to 

the cross section of the fuel valve 19). In this case the principal metering fuel valve 15 

is in an open state with the aid of spring 12. 

When the engine changes over to operating conditions, the engine acceleration sys¬ 

tem begins to function. In this case the speed regulator is set by means of this same con¬ 

trol knob 22 and the mechanisms 25 and 34 at the prescribed operating conditions (by 

loading the spring 35 of the slide valve 40). 

The error signal causes the slide valve 40 to move, and with the aid of the piston 

of the servomotor 32 and the spring 12 the throttle valve 15 moves in the opening sense 

up to the stop of lever 11 (stop 13). This is how the permissible fuel flow is metered 

in the engine during its acceleration. 
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When the engine is accelerated under various flight conditions, the permissible 

fuel flow is corrected by means of a signal proportional to p*. For this purpose the 

second stop of the lever 11 is moved by the servomotor 16, which operates by means 

of the slide valve 17 in the follow-up mode, being driven by a signal from the aneroid 

chamber 26 that responds to p£. 

Hence, if, for example, p* decreases, the slide valve 17 and the servomotor 16 

will move in the direction of the stop 13, thus reducing the fuel flow in the engine dur¬ 

ing acceleration. 

The movement of the slide valve 15 in the sense of increasing the fuel flow is ac¬ 

companied by a turning of the lever 30 which moves the slide valve 54; as a result, the 

servomotor 55 with a slider distribution is moving to the right, and the working fluid 

begins to arrive at the servomotors 1 controlling the nozzle vanes, which are moved in 

the opening direction. 

When the engine attains a speed close to the prescribed one, the speed regulator 

begins to move the throttle 15 in the sense of diminishing the fuel flow, and at the same 

time the control mechanism of the nozzle vanes begins to move (via the lever 30) the 

vanes in the sense of reducing the nozzle cross section. 

When the operating conditions of the engine change, i.e., when tt* changes, the 

nozzle cross section will also change. For this purpose a pressure, proportional to p*. 

is fed to the inner cavity of the diaphragm box 42, and a pressure p* is fed to its outer 

cavity. In order to maintain the prescribed control law of the nozzle, F^ - i(r*), one 

uses a pneumatic reduction device whereby the cross section of the inlet jet can be 

changed with the aid of the needle 44 and the setting mechanism 43. 

When the engine speed deviates from the prescribed value, the signal processing 

in such a system takes place in a similar way as in the system presented in Fig. 2.11. 

When the power decreases in flight, the engine changes over to minimum permis¬ 

sible fuel consumption, whose magnitude varies as a function of the flight conditions 
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(Fig. 2.11). The only difference consists in the fact that in the system under consider¬ 

ation the controller servomotor acts on the tilt plate of the pump, and not on a throttle. 

Moreover, instead of the rotating jet 2, used in the controller shown in Fig. 2.11, we 

are using here the throttle stack 11, consisting of plates with orifices. The pressure 

of the fuel, arriving at the slide distributor from the main line (the working fluid) is 

kept constant with the aid of the valve 5. The operating conditions of the principal loop 

(the rotational speed) are assigned by the control knob 8, by means of which the spring 

of the controller is loaded and the throttle valve is opened. Hence the engine speed will 

be maintained at exactly the prescribed value by means of the isochronous speed con¬ 

troller considered here. 

The engine acceleration is produced with the aid of an acceleration control system 

consisting of a diaphragm device 14 with slide valve 17, an aneroid chamber 13, a com¬ 

pensating jet with diaphragm 15, an air filter 16, and a slide valve 7. The metering of 

the fuel in the engine during acceleration is performed according to the magnitude of 

the compressor outlet pressure The proper combination of the permissible over¬ 

fuelling with the pressure p2 during engine acceleration under various flight conditions 

is achieved with the aid of the aneroid chamber 13, which responds to the pressure p2 

and loads the spring of diaphragm 14, and the diaphragm device 15, which responds to 

the pressure and changes the cross section of the variable jet, situated at the entry 

of the upper cavity of diaphragm 14. Thus the pressure in the upper flow cavity of dia¬ 

phragm 14, and hence also the force acting on this diaphragm, will be proportional to 

the value of the permissible overfuelling. The forces exerted by the air and by the fuel 

are balanced on the slide valve 17. 

The principle of operation of such an acceleration control is similar in many re¬ 

spects to the operating principle of the controller shown in Fig. 2.41. The only differ¬ 

ence consists in the fact that in our case the fuel flow in the engine is varied by varying 

the pump output, and not by changing the fuel bypass. 
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For this purpose one uses the stop 14 which limits the lever 11, thus limiting the travel 

of the throttle valve 15 in the sense of diminishing the fuel flow. 

The valve 29 serves for preventing the transmission of large stresses from the 

piston of the servomotor driving the throttle 32 to the ftiel-flow limiting system. In this 

case, when the lever 11 is at the stop 13, the movement of the piston of the isochronous 

controller 31 in the sense of increasing the fuel flow can take place without the trans¬ 

mission of large stresses to the piston 32, in view of the fàct that fluid from the inter¬ 

piston space can flow away via the valve 29. 

As can be seen from the diagram of the control system, the working fluid used here 

is oil. 

In order to suppress possible fuel pressure fluctuations in the main lines, the fuel 

supply system is equipped with a damper 2. 

M the case of an emergency decrease in engine power, the solenoid 24 with slide 

valve 23 is switched on; as a result, the fuel from the high-pressure main line will be 

drained off. 

An automatic control system for a gíngie-ahaft bt.tv 

Figure 2.52 shows the basic diagram of a control system for a single-shaft BTJE. 

The system consists of a speed regulator and an automatic acceleration control for the 

principal loop, and of a regulator for the boosting loop with a controller of the nozsle 

vanes. The fuel to the principal and boosting loops is delivered with the aid of plunger 

pumps. 
s 

Let us consider separately the operation of each loop. 

The system for the principal loon 

Tfie speed regulator is an isochronous controller; its operating principle is sim¬ 

ilar in many respects to the operating principle of the regulator considered above 
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The slide valve 7 is used for feeding the working fluid to the servomotor, in order 

to turn the tilt plate and alter the pump output. This is done as follows. If the slide 

valve 17 moves upwards (the fuel flow is larger than permissible), the upper cavity of 

7 is connected to the drain and the slide valve moves upwards. As a result, fluid is fed 

at high pressure to the left cavity of the servomotor 12, whereas the right cavity is con¬ 

nected to the drain and the tilt plate moves in the sense of reducing the pump output. 

When the fuel flow decreases too much, the slide valves 17 and 7 are lowered, and the 

tilt plate moves (under the action of the spring) in the sense of increasing the pump out¬ 

put. When a speed, close to the prescribed value, is reached, the metering of the fuel 

is effected under the control of the speed regulator. 

The system for the boosting loop 

The fuel is supplied to the afterburner with the aid of the plunger pump 22 via the 

control valve 30, the orifice 32, and the cutoff valve 33 towards the injector 34. The 

fuel flow is set by a device that prescribes the operating conditions; then it is corrected 

in proportion to the variation of the total compressor inlet pressure p*. Here we are 

using in fact a fuel flow (pressure) controller like the one presented in Fig. 2.18; the 

only difference consists ir the addition of a rigid feedback device with respect to the 

stroke of the servomotor platón 23 via the cam device 27 towards the flapper nozzle 28. 

The presence of this device permits greater flexibility in setting the controller at the 

prescribed regime of fuel supply. 

In the same figure (2.52, upper right-hand corner) we presented a diagram of the 

nozzle control. Here the ring 39, and hence the vanes 40 of the nozzle, are moved with 

the aid of several hydraulic servomotors 38. The distributor slide valve 41 is moved 

with the aid of the electromagnetic solenoids 42 and 43. The servomotor 38 has rigid 

electric feedback, produced with the aid of the pinion 44 and the potentiometer 45. The 

nozzle is controlled by means of the electric bridge 48 in whose arms we inserted the 
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driving potentiometers 47, the feedback potentiometer 45, and two fixed resistors. The 

diagonal of the bridge contains a polarized three-position relay 49 that switches the sole¬ 

noids 42 and 43. 

The control system of the boosting loop operates as follows. The fuel valve 30 is 

turned with the aid of the control knob 46 via the cam 50; simultaneously (or with a Hm« 

shift) a signal is applied from the driving potentiometers 47 to the bridge 48. As a re¬ 

sult, on the one hand the flow controller will supply fuel at an increased rate to the af¬ 

terburner, and, on the other hand, under the action of the error signal the polarized re¬ 

lay 49 will switch on the solenoid 42 and the servomotor 38 begins to open the nozzle 

vanes 40. When the bridge is balanced, the servomotor stops. Hence to each position 

of the control knob 46 there must correspond a certain fuel flow in the afterburner and 

a certain opening of the nozzle vanes. When the position of the control knob 46 is fixed, 

while the total compressor inlet pressure p* varies, the fuel flow will vary in the same 

measure as a result of the deformation of the aneroid 29. When the operating conditions 

of the boosting loop decrease, the process will take place in the opposite direction. 

The boosting loop can be switched on only if the principal loop operates at max¬ 

imum conditions, which is ensured by appropriately setting the cams 50 and 51. 

When the boosting loop is switched off, the pump 22 goes on rotating; therefore, 

in order to prevent its overheating, a certain minimum amount of fuel is set for drain¬ 

ing (at the inlet of pump 1 of the principal loop). In this case the valve 30 is turned with 

the aid of the control knob 46 into a position such that its inner cavity is connected with 

the drain via the orifice 32. 

In addition to those described above, the boosting loop control system has the fol¬ 

lowing assemblies: A slide valve 3 which prevents the fuel pressure at the pump outlet 

from excessively rising; a valve 33 that prevents fuel from reaching the injector 34 when 

the supply system is switched off; a solenoid 24 that acts of the flapper nozzle 25 and has 

the purpose of emergency switching off the boosting loop. 
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An automatic control system for a turboprop enpft"** 

Figure 2.53 shows the basic diagram of an automatic control system for a single¬ 

shaft TPE; in the lower left-hand side we can see the speed controller, and on the right- 

hand side -- the gas temperature (fuel supply) controller. 

The variable-pitch propeller speed controller 

The VPP blades 13 turn when the servomotor piston 9, linked to the blades by 

means of the rods 12, moves. The VPP operates according to the principle of reaction, 

i. e., the resetting of the blades in the sense of increasing blade-angles takes place under 

the action of the pressure of the oil fed to the cavity A of the cylinder (piston 9 moves to 

the right), whereas the setting of the blades in the sense of decreasing angles (piston 9 

moves to the left) takes place under the action of the moments of the transverse centri¬ 

fugal forces of the blades themselves, and additionally under the action of the pressure 

of the oil fed to the cavity B. 

The VPP controller system, presented here, has the following functions: 

1* To maintain Ü» prescribed variable-pitch propeller speed by varying the blade 

angle (propeller pitch). 

2. To set the VPP at intermediate hydraulic or mechanical stops, and withdraw 

it from these stops. 

3. To fix the propeller blade angle (at any instant of time) with the aid of hydrau¬ 

lic or centrifugal fixing devices. 

4. Mandatory feathering and unfeathering of the propeller blades. 

Let us consider separately the principle of operation of a VPP in connection with 

each of these functions. 

Maintaining the prescribed speed of rotation 

The engine shaft is driving the gear oil pump 18 and a centrifugal tachometer with 

weights and a slide valve 37. 
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The oil m iud 10 ihe gear pump from the pressurized fuel line of the engine; upon 

leaving the pump, the oil arrives under high pressure at the filter 28 and then at the 

slide distributor of the controller, i.e,, at the slide valve 37 and the amplifying (servo) 

capsule 35. 

As it can be seen from the diagram, when the rotational speed increases above the 

prescribed value, the capsule 35 moves downwards and connects the high-pitch duct with 

the pressurized main line; as a result, high-pressure cd will pass via the open valve 1 

into the cavity A of the air propeller and move the piston 9 to the right, which causes 

the blades 13 to rotate in the sense of increasing the blade angle, and hence decrease 

the speed. In this case the oil from cavity C of the air propeller will be drained away 

into the crankcase. 

When the rotational speed drops below the prescribed value, the motion will take 

place in the opposite direction, and in this case the VPP high-pitch duct 16 will be con¬ 

nected by ne capsule 35 to the drain; as a result, the piston 9 will move to the left, 

whicn leads to a decrease in the blade angle, and hence to an increase in the rotational 

speed of the engine. 

In the case under consideration the position of the individual elements of the VPP 

sleeve will be such as are shown in the diagram; as a result, the duct 14 of the pitch 

fixing device will be under high pressure of the oil emerging from the pump, and there¬ 

fore high pressure is building up through these ducts under the piston of valve 1, which 

remains open all the time. The low-pitch duct 15 will be all the time under the pres¬ 

sure of the oil arriving from the main fuel line of the engine (equal to the oil pressure 

at the inlet of pump is). 

The torque needed to turn the blades varies as a function of their position; if, 

therefore, the oil pressure in the high-pitch duct would be fixed, the rate of adjustment 

of me blades would be variable, which is not permissible owing to the variation (in this 

case) of the overall speed controller gain. 
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This can bo prevented by means of the reduction va’, 36, into whose spring- 

loaded cavity one supplies oil from the controller (of able pressure); as a result, 

the force developed by the spring is somehow corrected, and therefore the pressure 

drop occurring at this valve is varying (the oil pressure at the outlet of pump 18 varies). 

Valve 17 has the purpose of preventing the back flow of oil to the purnp lb. 

The setting of the speed controller to the prescribed speed is effected with the aid 

of a mechanism consisting of the piston 31, the rod 33 and the screw 32 with a pinion 

nut. It is assumed that the engine has a vertical line of operating conditions; therefore 

ile controller is set at a particular rotational speed. The variation of the oil pressure 

under the piston 31, resulting from the throttling of the drain orifice of the slide valve 

õi, is achieved by moving the piston 31 and by varying the setting of the controller. 

As it can be seen from the foregoing, the speed controller system does not in¬ 

corporate any stabilizing (compensating) devices. 

2. Setting the VPP at intermediate hydraulic and mechanical stops, 
and withdrawing it from these stops ~ ^ 

When the operating regime of the engine decreases, for example, in approaching 

to land, or when it is necessary to gain rapidly power (for example, in the case of an 

unsuccessful attempt to land), it is not permissible for the blade angle to decrease to a 

value (p, equal or close to the value of the null angle <Pq. If the propeller is permitted 

io "unload" itself down to </>0, it will be impossible to ensure with the aid of the control 

avstem under consideration the fast restoration of the thrust needed to make another 

circle. In view of this one uses a special device thaï prevents (in the presence of a sig¬ 

nal indicating propeller unloading) the blade angle from decreasing below a certain value 

c stop > ^0' 
In the VPP system under consideration this can be achieved in the following way. 

When the piston 9 moves in the sense of diminishing the thrust (to the left), the 

drain duct (in the piston) is connected with the ducts of the slide valves 11 and 7, and 



through them with the cavity D. As a result of the draining of oil from the cavity D, the 

valve 1 closes under the action of a spring, the oil from the cavity A will not be drained, 

and the piston 9 remains in a position at which the blades are set an angle <Piil0iy 

If for some accidental reasons the blade angle is not set at ^a^., with the aid of 

the hydraulic device (hydraulic stop) under consideration, a mechanical device will op¬ 

erate that sets the blades at an angle £st0p which is smaller than ^gtop by 1 to 2° (a me¬ 

chanical stop). 

In this case a further (slight) movement of the piston 9 to the left will cause the 

balls 5 to stop in the sleeve fixed in the body of the cylinder, thus stopping the movement 

of the piston in the sense of diminishing the propeller blade angle. The balls will be 

located between the components 3 and 6 in the position shown in the diagram. 

The blades can be withdrawn from these stops only in the presence of a special 

signal, given by the pilot. For this purpose the pilot must close the electric circuit 

with the aid of special devices; as a result, the solenoid 30 operates and moves the slide 

valve in the direction of spring compression (in the diagram in an upward direction). As 

a result the high-pressure oU from pump 18 will be fed to the ends of slide valves 21 and 

22, and move upwards; thereupon the duct 14 of the pitch fixing device will be connected 

to the drain, and the low-pitch duct 15 will be connected to the main line from the pump. 

In this case the cavities B and F of the VPP will be under high oil pressure, and the cav¬ 

ities E and G will be at the drain pressure. Under the action of high oil pressure at its 

end, the slide valve 7 will move to the right (compress the spring 8) and connect the cav¬ 

ity D to high pressure; as a result, valve 1 opens and cavity A will be connected (via the 

controller ducts with capsule 35 raised) to the drain. 

Moreover, since cavity B is under high oil pressure, and cavity E is at the drain 

pressure, the piston 6 will compress the spring 4 and move to the left (relative to piston 

9); thereupon the balls 5 will enter the nut 3 and permit the piston 9 to move freely to the 

left of the stop (up to the value <p = (pQ). 
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The propeller blade angle remains all the time under the control of the regulator, 

and <p(i<(p < <?Bt0p can be changed according to the same principle considered by us in 

describing the operation of a speed controller. To vary the blade angle in the limits 

<P0<q>< <pBt0p is necessary for braking the aircraft (normally after it touches down) in 

order to diminish its travel. 

It follows from the foregoing that if it is necessary to load the propeller to a val¬ 

ue > <Pgt()p by moving it from the position <P =*Pq, the movement of the piston 9 will take 

place without any halt at the values <p = <PBtop or <p = <PBiop> 

3. Fixing the propeller pitch by hydraulic and centrifugal fixing devices 

In the case of speed controller malfunction it is necessary to fix the propeller 

blades at the same angles that previously corresponded to the engine operating condi¬ 

tions. Otherwise the propeller may "unload" itself (cp — <Pq) and an impermissible neg¬ 

ative thrust will appear during the flight. One of the possible reasons for controller 

malfunction can be, for example, a breakdown of the pump 18. In this case the oil 

pressure at the outlet of this pump will sharply decrease; hence it will also drop in the 

duct 14 of the pitch fixing device, as a result of which it will also drop in the cavity D, 

and valve 1 will close, preventing the oil from flowing out from cavity A. In this case 

the propeller will operate at ^ = const, i. e., as a fixed-pitch propeller. 

In the case of excessively high propeller accelerations, when n > nper, it is like¬ 

wise necessary to fix the propeller pitch and prevent the propeller from "unloading it¬ 

self (otherwise this would cause even higher acceleration of the propeller). A centri¬ 

fugal propeller pitch fixing device is used for this purpose; it operates as follows. 

When the permissible rotational speed is exceeded, the slide valve 11 moves in 

a radial direction (under the action of centrifugal forces) and compresses the spring 10. 

As a result, the duct between the sections of the slide valve is connected to the drain, 

the cavity D is likewise connected to the drain, valve 1 closes, cavity A is disconnected 



H’oni the controller, und the blades will be fixed at an angle at which the fixing device 

under consideration operates. When the rotational speed decreases, the slide valve 11 

returns to its previous position and the VPP will be under the control of the regulator. 

4‘ Setting the blades in a feathering position and their unfaathering 

In the case of engine malfunction during flight, the engine must be stopped and the 

propeller blades must be set in a feathering position, i. e., in a position of minimum 

drag. Ihis is done as follows. The pilot switches on the electric motor 27, which 

drives the feathering pump 26. At the same time a signal is applied for stopping the 

inti supply. The high-pressure oil from pump 26 moves the slide valve 24 upwards and 

arrives at the filter 28, whence it flows through the duct of slide valve 22 to the duct 14 

of the pitch fixing device. In addition, when the slide valve 24 moves upwards, the oil 

flows at high pressure through the duct of slide valve 23 below the end of slide valve 19, 

moving it upwards; as a result, high-pressure oil begins to flow also in the high-pitch 

duct 1G. As a consequence, oil will be supplied at high pressure to the cavities A and 

D of the VPP, and the piston 9 will move to the stop in the direction of High pitch. The 

oil from cavity B will be driven into the oil system of the engine. When the blades 

reach the feathering position, the oil pump 26 is switched off by means of a signal from 

an end switch. 

When the blades are unfeathered, the pilot switches on the same electric motor 

27 of the feathering pump 2G and the solenoid 25. As a result, the slide valves 23 and 

2i move upwards and th oil arrives at high pressure in the cavity between the slide 

valves 21 and 20; the slide valve 20 moves upwards and connects the low-pitch duct 15 

to the pressurized oil, delivered by the pump 26. In this case the high-pitch duct 16 will 

be connected te the drain, since in an idle engine the slide valve 37 and the capsule 35 

will be raised. As a result, cavity A will be connected to the drain, and the cavities B 



and l) will bo at high prcsuuro, so that the piston 9 will movo to the loft, i.e., in the 

sense of unfeathering the blades. 

When the baldes are unfeathered during the flight, the propeller begins to acceler¬ 

ate (using the oncoming flow of air) and when a speed, equal to the starting speed, is 

reached, the engine begins to operate under the control of the regulator. Prior to start¬ 

ing the engine, the feathering pump and the solenoid 25 are switched off. 

The gas temperature (fuel supply) controller 

A diagram of the fuel supply controller is shown on the right-hand side of this same 

Fig. 2.53. The gear fuel pump 58 is driven by the engine shaft; the pump delivers fuel 

via the throttle valve 56 and the distributor valve 39a to the injectors 39b. In front of 

the pump 58 we have a centrifugal booster fuel pump 60 and a fuel-and-oil cooler 59 

which has the purpose of cooling the oil in the engine system. At the outlet of pump 

58 we have a valve 57 of constant pressure drop across the slide valve 51, which serves 

at the same time as a bypass of the fuel at the pump inlet in the case of an excessive rise 

in fuel pressure. The throttle valve 56 can turn about its axis, as well as move along the 

axis; as a result, its cross section F will vary as a function of the sum of these motions. 

The rotation of the throttle valve ip effected by a spring located on the lever 53, which 
•r • 

is fixed on the axis. The stop for the rotation of the throttle valve is either the control 

knob 54 or the rod of the piston of the servomotor 55. The axial displacement of the 

throttle valve is effected with the aid of the hydraulic single-acting servomotor 50; the 

travel of the slide valve 49 of this servomotor is limited by the levers 46 and 46a. 

In the case of relatively small flows, the fuel is supplied to the injectors via a 

single duct, since the slide valve 38 closes (under the action of the spring) the second 

duct. The diagram shows the position of the components of the distributor valve 39a 

in the case that both ducts are operating. When the engine ,s stopped, the fuel supply 

is completely suspended by means of the sleeve of the stop valve 39. 
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Ihus the operating conditions of the engine are prescribed by the fuel flow in the 

engine, i. e., by the position of the control knob 54. 

The fuel supply system under consideration makes it possible to perform the fol¬ 

lowing functions: 

1) To limit the fuel flow in such a way that the maximum permissible gas temper¬ 

ature and power developed by the engine are not exceeded. 

2) To accelerate (to the necessary value) the engine. 

Let us consider separately how the system performs each of these functions. 

Limitation of gas temperature and engine power 

In this case the gas temperature is limited with the aid of an open-loop system, 

i. e., of a system whose input signals are T* and pj. It follows from the equation Gf= 

const p-f(T*) that when the flight conditions vary the fuel consumption Gf must vary 

as the signal p* and depend nonlinearly on the signal T*. These signals are introduced 

into the limiting system with the aid of the bellows 47, which respond to variations in 

pj and of the temperature sensing element 46, which responds to variations in T*. 

Both these signals are summed on the lever 46, which limits the movement of the slide 

valve 46, and hence also of the piston of servomotor 50 in the sense of increasing the 

fuel flow (to the left) via the throttle valve 56. The working fluid for the servomotor is 

delivered by the oil pump 42 via a bleed of constant cross section. 

lor high-altitude TP 1-: the condition of limitation of the power, developed by the 

engine, can be derived from the limited strength of the engine elements, especially of 

the reduction gear elements; therefore this limiting system must operate only at flight 

altitudes lower than the rated ones, i. e. at H < H 
calc* 

ihe signals used for limiting the engine power are proportional to pH and (PJ-PH). 

Thus the aneroid 44 will deliver a signal proportional to pH, whereas the bellows 45 de¬ 

liver a signai porportional to (pj-pH). These two signals are summed on the lever 46a 
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which limits also the movement of the slide valve 49 in the sense of increasing the fuel 

consumption. 

As wo mentioned above, the power limiter operates only when H < there¬ 

fore in the case H > H , the slide valve 49 will not touch the levers 46a, and a gap 
calc 

a will exist between them. 

2. The engine acceleration system 

For accelerating the engine one uses a single-acting hydraulic servomotor 55 into 

whose cavity the oil is arriving from the pump 42 at a pressure, proportional to the 

square of the engine speed. For this purpose one uses a centrifugal tachometer 43 whose 

slide valve throttles the arrival of oil into the cavity H, whence it is drained away via a 

bleed of constant cross section. Hence the oil pressure in the cavity H will be propor¬ 

tional to the square of the rotational speed of the tachometer, i.e., of the engine. 

The pressure of the oil in the cavity H is causing the slide valve 40 to move; the 

latter is metering the arrival of oil into the servomotor 55 in proportion to this pressure. 

Under the action of a spring the lever 53 will always tend to turn in the sense of 

increasing the fuel flow; but it is limited by the control knob 54, where it stops. 

When the rod of the piston of the servomotor 55 is compressed by the spring up to 

the stop, it falls short of the lever 53 by a distance <5. Such a disposition of the system 

elements corresponds to the situation after the starting of the engine, i.e., when the 

rotational speed of the engine corresponds to the idling speed. At this time the VPP 

blades are set at an angle and the fuel supplied to the engine corresponds to idling 

conditions. When the engine is accelerated, the control knob 54 is set by the pilot in 

a position corresponding to the prescribed regime. After the control knob 54 has been 

moved, the lever 53 turns under the action of the spring until it touches the rod of ser¬ 

vomotor 55 (one selects the distance <5); as a result, the initial excess fuel is arriving 

at the engine and the latter begins to accelerate. When the rotational speed increases, 
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the oll pressure in cavity H, and hence also in the servomotor, is increasing, and there¬ 

fore the rod of the servomotor 55 moves away under the action of the increasing force 

produced by the oil pressure in its cavity. This motion takes place until the lever 53 is 

stopped at the control knob 54 and the prescribed operating regime of the engine is at¬ 

tained. 

Together with the rotation of the lever 53 and of the throttle valve 56 there takes 

place also the rotation of cam 52, which, by acting via a spring on the slide valve 51, 

is throttling the drain of oil from the cavity of this slide valve (the pressure increases). 

As a result, the pressure under the piston 31 is increasing, and the latter resets by its 

movement the speed controller (by extending the spring 34). 

The corresponding loading of the VPP is effected by the speed controller. 

In the above control system for a single-shaft TPE we examined only its principal 

operating conditions. In actual fact the complete control system for such an engine is 

much more complicated. 

FOOTNOTES 

(p. 154) 1The use of a dc tachogenerator as a sensing element does not permit the en¬ 
gine speed to be maintained very accurately, in view of the inexact operation 
of the tachogenerator (1.5 to 2.0%). As a sensing element for electrical sys¬ 
tems it is therefore more convenient to use a centrifugal tachometer at whose 
output we connect an electromechanical transducer, or to use an ac tachogen¬ 
erator. 

225 



CHAPTER 3 

THE DYNAMICS OF AUTOMATIC CONTROL SYSTEMS FOR TJE 

In this chapter we derive the equations of motion of the control systems and we 

consider dynamic problems for some of the engine models presented above. 

A. Control systems for a single-shaft TJE with fixed nozzle 

1. Isochronous rotational speed controllers 

a) Derivation of equations of motion 

Let us derive the equations of motion and present a brief analysis of the dynamics 

of a speed control system for TJE with fixed nozzle and a regulator like the one shown 

in Fig. 2.13. 

The regulator elements shown in Fig. 2.13 make it possible to represent the con¬ 

trol system in the form of the block diagram of Fig. 3.1. This figure indicates the di¬ 

rection of the signals, it lists the transfer functions of the loops, and it gives two possi¬ 

ble methods of action: By setting at different speeds X°, and by means of a disturbance 

f° applied to the engine. Taking into account the transfer functions of the loops, repre¬ 

sented in the figure, the equations of motion assume the following form: 

A>-*o/0~'IVV3: 

X11): 
X3=<l'3\’ÿ 

By solving this system of equations for Xn, we obtain 

(3.1) 

1) ^ = ^(1+0^3)/0+ $g0>,0>aX°. 

Let us consider the case when some disturbance is applied. The transfer functions 

for the clc^d-loop control system with respect to these disturbances can be obtained by 

0 0 
successively setting f = 0 or X = 0. 



Fig. 3.1. Block diagram of control 
system. 

CODE: 1) Servomotor; 2) Isochro¬ 
nous governor; 3) Tachometer; 
4) Signal-adder box; 5) Setting 

mechanism. 

Let us recall that a transfer function is defined as the ratio of the Laplace trans¬ 

forms of the output- to input signal for zero initial conditions. 

Hence the transfer functions will be expressed as:1, 

4> r -*" - W*_; 
" xo +1 ’ (3.2) 

¢, __ «i.__ . 'J'o (1 4- 
1 /0 ' (3.3) 

Now let us determine the transfer functions of the individual loops, by first setting 

up the equations of motion of these loops. 

In order to derive the equation of motion of the centrifugal tachometer, we shall 

consider its steady and unsteady motions. 

In the case of steady motion the forces acting on a slide valve can be represented 

in the form shown in Fig. 3.2, where is the reduced force developed by the weights 

and P2 is the force developed by the spring. The input variable is the rotational speed, 

and the output variable — the slide-valve position y. 

The force P^, due to wet friction, is equal to zero, since 9y/dt - 0. Thus in the 

case of Steady motion we have - P^. The value of Pj depends on the rotational speed 
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Fig. 3.2. Schematic 
of forces acting in a 
centrifugal tachom¬ 

eter. 

n and on the slide-valve position y, i.e., Pj P^n. y): the 

value of P2 depends only on the slide-valve position y, i.e.. 

P2 = P2(y)' 

During unsteady motion there appear inertia forces and 

a frictional force P3> The inertia force is proportional to the 

mass Mred <rcduc(id 10 the slide-valve axis) and acceleration 

of the slide valve, whereas the frictional force is proportional 

to the rate of displacement of the slide valve. Hence for un¬ 

steady motion we have the equa^on 

- f,(». y)-PtW-K, 

where K is a proportionality factor. 

By linearizing this equation we obtain 

(7V+7>-fS) (3.4) 

Here 

ji __ ^rfdXni»» 

(m\ ;jàp<\ 
s = 1A ^ 

Kyn 

7 C^\ 7«lal I *. J 
\ On 4 

; -p- ; - i2_ 

The coefficients T* and TK are dimensional time coefficients. The presence, in 

the equation of motion, of terms containing the first and the second derivative, indicates 

that the system under consideration has a dynamic error. In order to reduce this error 

H is necessary to diminish as much as possible the value of the coefficients of the deriv- 

atives. 

In practice the proportionality factor K is very small; without incurring a 

large error, we can therefore set K * 0, which yields TK * 0. If we assume 



thaï no disturbances are acting on the tachometer, we obtain instead of (3.4) the 

expression 

(Ti,p,+b)X^0. 

The solution of this equation will be 

AV^c0ÆiTf?>;nÇ t. 
• r • t 

Hence we obtain the tachometer self-oscillation frequency 

/ = 
i IT 

2r. T' 

In order to minimize the signal distortion in the tachometer, it is necessary to in¬ 

crease f, i.c., diminish the value of l'r. It is precisely for this reason that present- 

day centrifugal tachometers are designed with a minimum value of the reduced mass 

M red and a maximum value of n. Normally the self-oscillation frequency of such tach¬ 

ometers is 35-30 cps, which is entirely sufficient for assuming that the signal is prac¬ 

tically not distorted in such a tachometer, i. e., ^ 0. Hence the equation of motion 

of the tachometer will be 

8.V, : A', or A', -.- A',, =- KxXr, 
(3.5) 

This is the form in which we shall use in the following equation of motion of a cen¬ 

trifugal tachometer whose transfer function is 

AY (3.6) 

Let us now derive the equation of motion of the isochronous governor. 

I'rom Fig. 3.3 we can see that the isochronous governor consists of a dashpot, a 

jet, and springs. Let us denote the displacement of the slide-valve capsule by AZ, the 

ratio of the arms ox the feedback lever by i, the displacement of the dashpot cylinder by 

Am. ano the displacement of the servopiston by A/. 

The equation of the acting forces (neglecting the masses) will be 

^sp-'^dp» 
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where F - C ûm ♦ C..ÛZ. is the force developed by the sp 1 

springs, C1 and are the stiffness coefficients of the springs, 

and is the force developed by the dashpot. 

By denoting the velocity of fluid flow through a jet of 

cross-section f^ by V and the area of the dashpot cylinder by 

fjp, we obtain from the condition of continuity of the flow the 

following expression for the relative rate of displacement of 

the dashpot piston: 

(A/-Am)-!/. 
/j 

The square of the velocity of fluid flow through the jet is in fact proportional to the 

pressure drop. 

For small pressure variations it is possible to assume that the flow velocity is 

proportional to the pressure drop, i. e., 

where p^ is the pressure in the dashpot cylinder. 

By virtue of the foregoing we can write 

fj2-A(àl-àrn)-~rnpdp. 

Hence we obtain for the force, developed by the dashpot, the expression 

ZëE_ (A/_Am). .Pdp/dp ^ a -- (A/-Aw), 

where 

A -~ /^P . 
/j« 

By introducing the obtained values into the equation for the acting forces, and by 

2 
taking into account that AZ iAm, we obtain 

aZ+C2aZ = ¿ A/—f a2) • 

Fig. 3.3 Diagram of 
isochronous governor. 



S! p» a—Mijü.iaüiw'E. 

By introducing th(¡ notations 

we finally obtain 

íTíPt\)X^T^PX3. (3.7) 

Here has the dimensionality of time and is called the isochronous-governor time. 

The input signal of the isochronous governor is the servomotor variable X^, and 

its output signal is the capsule position X?. 

Hence the transfer function of the isochronous governor will be 

* *2 Tir>P 
* *3 TiP + \' 

The equation of motion of the hydraulic servomotor can be obtained from the con¬ 

dition of continuity of the fluid jet, i. e., 

where V is the velocity of fluid flow at me slide-valve ports, b is the width of the open 

portion of the slide-valve port, and F is the area of the servo-piston, 

•Hydraulic servomotors are normally designed in such a way that the power devel¬ 

oped by them is considerably exceeding the power required; therefore it can be approxi¬ 

mately assumed that the fluid flow through the slide-valve ports takes place at a constant 

pressure drop, so that V ^ const. 

By neglecting the servomotor mass, we obtain from the equation of continuity (with 

allowance for the foregoing) the following equation of motion for the servomotor: 

(3. 9) 

where Tg - ^í/VyQb has the dimensionality of time and is called the servomotor time 

constant, v/hereas K. - l/T is the gain. 
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Hence the irunyfer function for the servomotor will be 

,. - A- __I._.... s 

2 A'i 7'i/’ /1 ' (3.10) 

The transfer function for the controlled plant is taken in accordance with the for¬ 

mula (1.34). 

By substituting the transfer functions of the controller loops into (3.2) and (3.3), 
I 

we finally obtain (on the assumption that <Dq -^q): 

where 

4*. giP + ap _. 
ûQpà + (¡ip- + ajp + ö.i ^ (3.11) 

p (a2p + o3) 

CLqP^’T' &\P~ + B^p •‘r Ä3 (3.12) 

up — bxKsKx\ 
a\ — b\KtrxKx\ 
&2~bxTx', 

03=^(14-^): 

ai — T-i t'i -f T -rK£rj\ 

ô2-c,+/Wci4-WCs'/V 
b XK XK 

Hence the equation of motion with respect to the disturbances under consideration 

will be 

(c^3 4- axp- -r a3p -r - a,) Xn = o0) Xo -- p(u,p -¡- a3) /4 (3.13 ) 

The stability of the control system can be determined with the aid of the Routh- 

Hvirwitz criterion, i.e., for a stable system with positive (single-valued) coeffic;:.-.1.: 

of the left-nand side of the equation we must have 

I 

I 3 \ ~ axa¿ - -n,j«3>0. 
I a<ja2 \ 

By expanding the coefficients, we obtain the following stability condition: 

V\it»: Kvn \ 7 ] a»: (1 J - ^ '¡b.K.K, > U. 
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Hence we can see that the stability margin of a control system increases with the 

self-correction factor since in this case the value of the inequality increases. This 

also means that with decreasing rotational speed of the engine, when the value of de¬ 

creases, the stability margin will also decrease and the transient performance can de¬ 

teriorate. By assuming that — 0, we obtain 

T\KlWxKx>0. 

This stability condition is practically always satisfied, but the value of the inequality 

might prove insufficient for obtaining the required transient performance. 

By setting T. — 0, which corresponds to a control system without isochronous gov¬ 

ernor, we obtain for px > 0 the stability condition Tp1 > 0, i.e., in this case process 

stabilization will occur only as a result of the fact that the self-correction factor has 

positive value; with px < 0 and T. — 0 the system will be unstable. 

Hence follows that a control system must be designed in such a way that the pre¬ 

scribed performance will be obtained at minimum rotational speed and at maximum flight 

velocity, since this corresponds to worst conditions from the point of view of system sta¬ 

bility. Under any other flight conditions the transient performance must be relatively 

better. 

From Eq. (3.13) it is easy to determine the values of the controlled parameters, 

when t -* <*or p — 0: 

*.(oo)«X°, 

i.e., under steady-state operating conditions of the engine the rotational speed will ex¬ 

actly correspond to the prescribed speed; hence the system under consideration is astat¬ 

ic under the disturbances X and f , The signal f represents a disturbance due to vary¬ 

ing external flight conditions. 

b) Selection of comro' r » parameters 

As we tound out above, variations in flight conditions and in engine operating con¬ 

ditions are accompanied by variations in the dynamic characteristics of the controlled 



plant, i. e., the values of the self-correction factor and of the time constant T are 

changing. Therefore (with fixed controller parameters) the transient processes will be 

different as a result of variations in the values of pl and T. For an actual aircraft with 

an actual TJE we always know the values of the flight altitude and velocity that can be 

achieved with particular operating conditions of the engine. Therefore we have in the 

taree-dimensional space with coordinates n, V, H a certain bounded region that specifies 

the character of variation of the relevant parameters p^ and T, since to each combination 

of n, V, H there correspond certain values of and T. 

In general we can have arbitrarily many combinations of this sort; yet in practice 

it is important to select the controller parameters for combinations of n, V, H that yield 

poorest engine performance, i. e., for V = Vm.n> H = Hmax and n = nmin. If it is found in 

this case that for some other flight conditions and engine operating conditions we do not 

obtain the prescribed transient performance, it is desirable to insert a device by means 

of which it is possible to reset the controller parameters either with respect to the engine 

operating conditions or with respect to the flight conditions. Howe verdit is nearly always 

possible to select the controller parameters in such a way that the obtained transient per¬ 

formance will be acceptable for the major portion of the range of variation of n, V and H. 

The controller parameters will be determined with allowance for the zeros of the 

transfer function and of the condition that the transient processes must be monotonie. 

In order to determine the initial conditions let us recall some elements of the theory 

of automatic control. The initial conditions under which the transient processes take placo 

are determined by various external disturbances which can be applied to different loops of 

the control system. In the case under consideration we shall examine only two types of 

0 0 
disturbances — the setting of the controller (X ) and the variation of the load (f ) that 

are applied to the first loop of the controller and to the controlled plant respectively. 

In integrating the differential equations with the aid of the inverse Laplace trans¬ 

form we automatically take into account the initial conditions; in this case, however, the 
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effect of the initial conditions on the control process remains to a certain extent conceal¬ 

ed. On the other hand we can obtain the same result by considering the equation without 

right-hand side, but with allowance for certain initial conditions. The difference between 

these two methods of solution used in the construction of the transient processes, con¬ 

sists in the fact that for static systems (for example, Eq. (3.13) in the case of a disturb- 
0 

anee X ) the origin of the coordinate axes is transferred by a distance equal to the ini¬ 

tial deviation. In other words, in solving the equations by the first method (with right- 

hand side), the transient process begins at the origin of coordinates and for t — »the 

controlled variable attains a value X®; in solving the equations by the second method 

(without right-hand side, but with specified initial conditions), the transient process be¬ 

gins not at the origin, but at an ordinate equal to X°, and for t - »the controlled vari¬ 

able reaches tne abscissa. 

It is possible to distinguish between two kinds of initial conditions. First, we 

can have initial conditions that characterize the state of the system at any instant of time 

prior to ihe application of the disturbance. In the case of a control system whose motion 

is described by an n-th-order differential equation we must have n initial conditions of 

tms sort. Second, we can have initial conditions that characterize the transient pro¬ 

cess immediately after the application of a step disturbance at the instant t = (0+). 

The initial conditions in the first sense will be taken as zero initial conditions. 

This means that the system was in the equilibrium state (steady motion) at the instant 

of application of the disturbances; therefore all n initial conditions will be zero conditions. 

ihe consideration of initial conditions at the instant t = (0+) is due to the fact that 

ir. practice we cannot have a step disturbance, but only a disturbance that is applied over 

a very short time interval t during which the state of the system can change in the mag¬ 

nitude oi the controlled variables, their velocities, accelerations, and other quantities. 



Let us determine the initial conditions corresponding to t - (0+); for this purpose 

we shall utilize the well-known Laplace transform with allowance for the right- and 

left-hand sides of Eq. (3.13). 

On the condition that the transient process begins at the origin of coordinates and 

that we have a unit-stop disturbance, the initial deviation will be specified by the follow¬ 

ing formula: 

X (0) —lim SL [*(/)]. 

If we transfer the origin by a value X(0), the initial deviation will be equal to the 

final deviation in the old system of coordinates, being specified by the formula 

X (0) = Hm5¿ [X (/)]. 
S—'i 

Hence the relationship between the old and new systems of coordinates will ,.e ex 

pressed as 

*in =^(0)-^(0). 

Consequently we obtain for (3.13) (with L(X°(1)) =l/S) the formulas: 

limS *(0) 

^■(0)—limS 

a¡S + Cp 

(úqS- + fl;S2 + a S -r Û3) S 

_tt|S -4- op_ 

S-*0 (ûqS1 + ajS: + a¡S — <13) S 

—0; 

«0 

03 ’ 

Hence the initial deviation will be 

XlB —X(0) — AT(0)=0-== 

In the following we shall denote the initial deviation both for the old and the trans 

ferred origin of coordinates by 

*in =^(0)-- --- . 
03 

The initial speed will be specified by the well-known formula 

A" (0)=lim ' S-LIA (/)] - SX (0) ; = 

-lim; S- ---õ 
¢-» j (auS-> újS- 4- a2S + <23) S 

SA'(0) j=0. 

(3.14) 

(3.15) 
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Here X'(0) = 0, since we take X(0) = 0 in view of the fact that the transfer of the origin 

of coordinates has no effect on the first and the higher derivatives. 

The initial acceleration will also be defined by the well-known formula 

X" (0)- lim ¡S3¿ {A'(/))-53A'(0)-5A"(0) I - 

— lim ;53-_ 
■S-*~ I -i- “1$- — ¿.S -,- tfj) S 

S'-X (0)-5 A" (0) ! (3.16) 

For an astatic system (for example, Eq. (3.13) in the case of a disturbance f°) it makes 

no sense to transfer the origin of coordinates, since the process begins at the origin and 

for t — « it converges to the abscissa. 

In a similar way we have for f° [l] the following initial conditions: 

X (0)=- lim 
S-* 

(ctjS + Q,t) 5 
(floSJ + + aß + ¢3) 5 

X’ (0)=-= lim Is*-+ “3) 5 

=0; 

-SX (0) 
i (aoS3 4- «iS-1 + aß — a-4) S 

X" (0)- lim 153,—^-S-X (0) - 
S-. (uyS’1 J- iijS-’-r- aß — a.) S 

—SX'(0) 
«0 a5 

a 2 

«0 

(3.17) 

Let us note an interesting property of the initial conditions obtained. By replacing 

in (3.17) the coefficients by the system parameters, we obtain 

X(0)—0; X'; X" (0)=^ ~b-^L 
T w T2 ' 

1. e., in the case of a disturbance, applied to the controlled plant, the initial conditions 

will depend only on the parameters of this plant. 

By effecting the same substitution in (3.14), (3.15) and (3.16), we obtain 

X (0) — - 1 ; X' (0) -- 0; X” (0) = - 
T 

Here the initial conditions are already depending on the parameters of the controlled 

plant as well as the controller parameters. 

Let us ascertain the monotonicity conditions in the case of a disturbance due to resetting of 

the controller. For this purpose we shall recall some principles of the theory of automatic control. 



1 ■WW!" 

The necessary condition of monotonicity is that the initial deviation A(0) and the 

first non-vanishing derivative (in our case X"(0)) must have different signs, i.e., when 

X(0) > 0 we must have X"(0) < 0, and conversely, when X(0) < 0, we must have X"(0) > 0. 

this condition is not sufficient, however, since in the case of a sufficiently large abso¬ 

lute value of the first non-vanishing derivative the transient process can have an over¬ 

shoot even if X"(0) < 0 and X(0) > 0 is sufficiently small. 

In the case of real roots of a third-order characteristic equation, the solution of 

the differential equation can be written as 

X (/) = Axe-P'tjr Aie-P'1 + (3.18) 

where p^, p^ and p^ are the roots of the characteristic equation. The predominant, 

among the three components of the process, is the one that decays more slowly than the 

other components. It is evident that to this component there corresponds the root which 

is nearest to the imaginary axis. 

By adopting a root distribution J p^j < |p2| < jPg[, we find from the theory of auto¬ 

matic control that the necessary and sufficient conditions of monotonicity can be reduced 

to the condition 

(3.19) 

where Aj is the coefficient of Eq. (3.18) for a process component corresponding to the 

root nearest to the imaginary axis. With real negative roots and on the condition that 

P1 18 the root rarest to the imaginary axis, formula (3.19) expresses the condition of 

monotonicity of the process. 

The coefficient Al can be expressed in terms of the roots of the characteristic 

equation and of the initial conditions as follows: 

At _ X i0)PjP:t ~ ' X' «»(f>2 p ) -- Y ’ (fJ> 
(P2~- Pi)(P\~Pi) (3.20) 

By using this expression for A^ it is possible to obtain the monotonicity condition 

for various initial conditions, including our case, when X(0) A 0, X'(0) = 0, and X"(0) 0. 
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In ihe case of complex roots of the characteristic equation the necessary condition 

of monotonicity will be 

!a > , ,. (3.21) 

where a is the real part of the complex root. Condition (3.21) shows that the root near¬ 

est to the imaginary axis is the real root p^ 

Let us consider the rate of variation of the controlled parameter, i.e., by differ¬ 

entiating (3.18) we obtain 

or, in the case of complex roots, 

-rß^-’^'vß/-1-^". (3.22) 

Let us also consider a complex function of a real parameter 

X(t) ==20:/ ’' +Ble-p'1, (3.23) 

whose real part is equal to the function -X'(t). 

At the boundary of monotonicity we must have the condition -X'(t) = 0; therefore 

the function (3.23) must assume in this case a purely imaginary value; in fact, (3.23) 

degenerates into the function 

where 

X (t) — 
2Ö; ,,(- 7 + 1) 1 = Xo(T> v 1. (3.24) 

^ ? 

The expression 

2ß. 
.V - ¿Y 

la 

/>, • (3.25) 

the equation of a .ogariuimic spiral. Therefore the problem of determining the mono- 

tonicity conditions according to (3.24) reduces to the determination of the points of inter¬ 

section he tween the logarithmic spiral (3.25) and the line X - -1, since 

-__i. (3.26) 



íí lho lo^amhmic o pirai hai> no points oi‘ intersection with the line X - -l, the process 

will be monotonie. In the presence of points of tangency between the logarithmic spiral 

and this straight line, the system will be at the boundary of monotonicity. 

Thus in the case of complex roots, when |or| > IP^I, the necessary and sufficient 

condition of monotonicity can be expressed in the form 

, PH1 
Xqsini ; to*-'*''< <'v * > (3.27) 

where X() and are the coordinates of the logarithmic spiral at r = 0, and 

tan X 
vVo-x0 
Yp-yXo' (3.28) 

When we know the coefficients of the equations, the roots of the characteristic 

equation, and the assigned initial conditions, it is possible to write dowp the actual re¬ 

lationships specifying the conditions of monotonicity of the process. 

A much simpler way of solving such problems is to express the monotonicity con¬ 

ditions, for known initial conditions and a given distribution of the roots of the character 

istic equation, in terms of Vyshnegradskiy's parameters and to plot the corresponding 

Vyshnegradskiy’s oiagram.2 Let us effect this operation for a static control curves on 

system ana initial conditions X(0) / 0, X'(0) = 0 and X"(0) / 0. By transforming the orig 
0. 

inal Eq. (3.13) into a normalized equation (taking into account the disturbance X ) and 

using the substitution T -- 7 3v£v«0, we obtain 

(p* Ap'- + Bp + \) Xn~(Ap - b)\¿, (3. 29' 

where 

«1 ,. “2 -. al ap 

A 

in the case of real roots of the cnaracteristic equation and a distribution IP11 < 

IV s ^31 
, wúh the use of (3.20) and of the well-known relation between roots 
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p p p - ajari, wo obtain for the above-mentioned prescribed initial conditions the fol- 
12 3 3 0 

lowing necessary and sufficient condition of monotonicity: 

1 ’* (0) ! oqPx ' (3.30) 

l or the normalized Eq. (3.29) these same conditions of monotonicity will be as 

follows: 

; A'^(0) _i 

(3.31) 

For a normalized equation we can write instead of the initial conditions (3.14)- 

(3.10) the following 

X (0) — * ß, X ". (Ü) A, 

hence 

X" (0)_A_ 
X (0) ~ B ' (3.32) 

By equating (3.31, and (3.32), we obtain the equation of lines, bounding the mono¬ 

ton icily region, in the form 

A _ _L 
B ~ ., ' (3. 33) 

By using the following relationship between p^^ and the coefficients of the normalized 

equation 

B = Api- .Î -h 
i_ 

.i (3.34) 

xCid the vaiucs of these coefficients from (3.29), we can write this same monotonicity 

condition as 

ai i-.-. ■ “ -yOt) T a) (fijO, — (3.35) 

-n orcer plot on Vyshnegraoskiy’s diagram the lines, bounding the monotonicity 

region, wo must introduce (3.33) into (3.34). Hence 

(3. 36) 



""!*.!. 

Thub in tue cube, u aouibncu Ã/B the regions of monotonicity will bo bounded by the 

lines pL const, being situnied above these lines, as shown in Fig. 3.4 for a region cor¬ 

responding to real negative roots. 

In the case of one real and two complex roots ((-o' + iß), (-at - iß) and -p1), the pos¬ 

sible region of monotomcity under the condition |cv i > iPj! will be situated in the area 

bounded by the curve 

2^-940+27-0. 

Phis corresponds to the curve EOD in Vyshnegradskiy’s diagram (Fig. 3.4). 

(3.37) 

Fig. 3.4. Vyshnegradskiy’s 
diagram with regions of mon¬ 

otonie processes. 

By separating (3.25) into real and imaginary parts for t - 0, and taking into ac 

count (3.32) and 

fi. ■ 
](“• V o ■ » 

(« — Pi)': -i- ^ 

iju -i M r >'■ <'>). r) 

2(.1(/-, — u : i?) 

and also the well-known relation between the roots 

terisiic equation in the form 

of a normalized third-order charac 

A-2a-pi\ 
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we obtain the following equation for Y& occurring in (3.27): 

_3pi _ 

By substituting (3.38) and (3.36) into (3.27), and using the relations 

, vYo-M Xo—1; tan X = JL-2—— ■, 
To —V 

we obtain a transcendental equation for the line, bounding the monotonicity region, in 

the form 

Vo’ 

(3.38) 

'V4 "' «) “' (3. 39) 

Such an equation can be solved only by the graphic method. Assuming the relation A/B 

const to be given, it is possible to plot the curves B = f(A) on Vyshnegradskiy's dia¬ 

gram, wnich has been done m Fig. 3.4. The region of monotonicity lies higher than the 

plotted boundaries of monotonocity, as indicated by the hatched area. Along the curve 

Gif tile boundary of monotonicity for real roots goes over into the boundary of monoton- 

icity for complex roots. Thus, with the initial conditions stated above, we can very rap¬ 

idly determine with the aid of such a diagram the necessary parameters of the control 

system that would give a monotonie transient process. 

The minima of the monotomcity boundaries (the dashed line) for complex roots 

correspond to the minimum of the integral estimate, and therefore the duration of the 

transient process wm be minimal. 

Thus the practmai so.uuon of the problem with the aid of Vyshnegradskiy's dia¬ 

gram tnut WwuiC yield controller parameters such that the process will be monotonie 

(with the initial cond.nons g.vonuoovo, reduces to jointly solving the Eqs. (3.29) and (3.32), 

wnen \'y».inegvadsk*y's coeff.e.ents A anu B are given, as we*l as tae initial conditions A/B. 



ln orciur lu minimize :he control time it is necessary to take a larger value of Ã/B, 

since in this case the value of the integral estimate decreases. The result of such a 

method of selection of the controller parameters is determined by the value of the inte¬ 

gral estimate. For monotonie processes, described by a third-order equation with zero 

initial conditions, the integral estimate will be expressed as follows: 

A - [A"'(0)-,: "‘-A"(0)-¡- X(0)], (3.40) 
J a3 l «0 J 

For initial conditions with X(0) A 0, X’(0) = 0 and X”(0) A 0, we obtain by virtue of 

(3.14) and ^3.1C) the formula 

/x>=~[ X" (0)-: 
a3 I (3.41) 

By expressing in terms of the system parameters with allowance for - 1 

and ß - l, we obtain 

1 -r KJ 
M'j/t's ‘ (3*42 ) 

Hence follows that in order to decrease the integral estimate, it is necessary to 

increase the values of the tachometer gain K. and servomotor gain K., and to diminish 

the isochronous-governor time T., 

Now let us determine the integral estimate in the case of a disturbance fQ. Accord- 

mg to Eqs. (3.17) and (3.40) the expression for Jf0 in the case of ß -- 1 and = 1 will be 

y/# ^ JEii L“i __ __ A Kj -} 
«3 I «i *1 a-; i k[k. (3. 43) 

Hence for diminishing Jf0 it is convenient to increase and Ks and to diminish 

T;. nowever/to vary these parameters is only possible as long as the conditions of sta¬ 

bility ana monotonicity remain satisfied. 

By comparing (3.42) and (3.43) we can see that in the case of disturbance f^ the 

value ol the integral estar.ate will not depend on the parameters of the controlled 

plant, whereas in .he case of a disturbance X® it depends also on these parameters. 
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2. A speed controller with an accelerometer 

a) Derivation of equationa of motion 

A basic diagram of the control system is presented in Fig. 2.16, and a block dia¬ 

gram in Fig. 3.5. 

Fig. 3.5. Block diagram of control 
system. 

CODE: 1) Accelerometer; 2) Tach¬ 
ometer; 3) Setting; 4) Signal adder; 

5) Servomotor. 

With the use of the transfer functions listed in the figure, the equations of motion 

are expressed as 

AV- 

‘MA\~.Vk 

A': A’,: 

Aa--‘MAY! -VA 

(3.44) 

Ey somng this system of equations for X^, we obtain 

, ! A.V, '.'j- 

Wnence we i.od me transfer functions 

,V„ -,- 

<•0 .V, 
(3.45) 

Tne transfer funetu/ns for v ana «i» , are taken from formulas (3.5) and (3.10) 

iv.sjkv;.\v:y. .’ne »ransfer funclion vr for an accelerometer which delivers a signal 

.irwj'o.vuuui i.» ..eeoicrativin v). rouuion of tne engine rotor, will be obtained from 



tho following considerations. A rotating mass, linked to the engine shaft by a pinion 

gear via a spring, can be regarded as a mass which is suspended on a spring. By de¬ 

noting with o the angle of rotation of an inert mass (see position 6 in Fig. 2.16) relative 

to the rotating driving shaft (in unsteady motion), we can write the equation of motion of 

the accelerometer mass in the angle o as follows: 

7, ci -f fta -J- ya=2k A' Jji. 

The term in the right-hand side accounts for the inertia force produced by the mass as 

a result of the acceleration of rotation; is the moment of inertia of the rotating mass, 

ß the coefficient of dry friction, y the stiffness coefficient of the spring, n the rotational 

speeo oi the mass, and K the transmission ratio from the engine shaft to the mass. 

The slide-valve displacement X2 is proportional to the angle of rotation of the 

mass, i. e., 

A'2 - ma. 

1 herefore the equation of motion, written above, can be expressed as 

(3.46) 
where 

T\-~ - ± ; i . K MjVw 
• ¿i AY /Kva.i 

Thereupon the self-oscillation frequency will be f the quantity 4 is the 

damping decrement, and K the gain. Ã 
¿1 

by diminishing the value of (by reducing the mass or by increasing the spring 

stiffness coefficient) it is possible to increase the self-oscillation frequency; when this 

frequency is raised to f ^ 15-20 cps it is possible to assume that T2 r- 0 
a 

hence the equation of motion of the accelerometer can be written as 

iTxp~~ l)Xj ■ KtpXn. (3.47) 

wnere 1^ 2T^a has the dimensionality of time, serving as a criterion of the measure¬ 

ment erre/r 01 ;.tc acceleration of rotation of the engine shaft. 



Hence we obuin for tlie accelerometer transfer function:

• X, r,p+i (3.48)

By substituting tl»e transfer functions of the loops into (3.45), we obtain (on the 

assumption that 5^^ = *q) the formulas

- a,p-i-an®x« =
Ogpl + »iP -i-

______(g;P ~ g.) p
«oP* giP'T g;/*Tg)

(3.49)

(3.50)

where

a^^b{T,K,K\.
ao=-WV-

Of - 7T,; 
ar-^T" — T’lOi: 
a,=^b^K^{K,-K,T;>-0;: 
a,=b,K,K,.

Hence the equation of motion will be as follows:

(ao/;®n-a,/>* + a2p-f Oj)^,--^(a,;>-i-Oo)X® —;»(0;^--a,)/\ (3.51)

The system stability is determined by the inequality

flja2-aja,=(r+ T,c,) [b^K\(K.+K\T^)-^Qu - Tr,b,K\K^> 0.

Hence we can see that the stability margin increases with the value of the self- 

correction factor p^. At low operating regimes of the engine, when p^ -> 0, we obtain 

the inequality

When we switch off the accelerometer, by setting = 0, the system becomes

unstable for p^ — 0.

By setung p^ > 0 and K. =• ' 0, the stability will be determined by the inequality

Tpj > 0, l.e., like m the case of an isochronous (PI) controller, with = 0.

The &nal value of the controlled parameter in the case of resetting of the control­

ler will be the same as for a system with an isochronous (PI) controller, \az.,
.^„(oo)^X0.



i .

li) o.' cr,r.ircl'cr o<v.\v.r.>.-;>;rs

- liv.' cor.i^olic:.' v/;:. jc u^’UiS.r.ii.a: w.i:. ;.l.uv/.i.‘.ce Toi :hc zcrci c-i .r.«

-*>**^^*C* aaIw wCaIw.waOaA A.'Uaa O'^ wJaa.aCC: IVaWaAW *j2 'ma C/AOZOi^l C.

Wo sW-.l i.:-o;W ±.o co::.ai.ior.- i:i wuy a.* in iho cniio o:; a systam

?i v*;ioonnor.ou6) ioadban:i in nccor-aance widn uifc forniuias (3. l-l), (3, ii) nna (3,1G>:

A';u}-^-“-i-.^ _l; A'(G)=0; ^"(0)—
-a «« T

li is convenieni lo select the system parameters with the aid of the same Vyshne- 

..,i-;utskAy diagram ^vith the monotonicity boundaries plotted on it) as in our analysis of 

-ii'. isochronous sysajm.
,0...'d.-AO value of tne integral estimam for “ 1 ^ aisturbance X [1] is specified

-locorotng io ii. by me fo.lowing formula:

y^.= 1 -;-
{3.o2>

by cc.r.pur.A'.g uiis formula with (3.d2) we can see that when b.K - T. ane trccosiCs
A ct *

in ihe ease of an isochronous (PI) controller and in she case of a controller wish an>ac- 

ocleA-omeuir will be the same.

T.ne -ni'..al conaiaons for a disturbance f^ wish Pj_ - 1 will be aeeorcmg so (3.17) 

as lOilowa;

A’(0)«0: X\vj^
^ «c Co r-j

The integral estimate in she case of « 0 and a disturbance f® is specified accord­

ing to (3. •iO, oy me foilowtng expression:

fS.iS)

..uncc fo.hiws mat in the case of a disturbance it is conveniens, for diminishing

\:u N.iiu.t wf t.-.c v,st::r.aUj, so increase she values of K a.nd K ,.
A k>

n-i.-i

II



By comparing this expression with (3.43) we can see that in the case of a disturb¬ 

ance the performance with an isochronous controller will be poorer than with an ac¬ 

celerometer, the difference in the integral estimate being equal to T^/K^. 

In the actual examples considered below we shall see how the transient processes 

differ for various disturbances and initial conditions. 

Now let us determine the integral estimates for a monotonie process with = 0. 

The initial conditions for a disturbance f^ will be (when the origin of coordinates has 

been transferred) as follows: 

*(0)= - Urn'S---- 
W s-w; ! [7\S-' -:- “ Oi) -S’ ;• -S' 

Ar'(0)=lim S- ;-, ,. 
I [fS- -:- (á¡k$h 

bik$k t 
-blK¡Ks]S 

As the monotonicity condition for a second-order equation with such initial condi¬ 

tions we shall take the equality between the real negative roots of the characteristic 

equation. 

For the integral estimate we obtain the following expression: 

Jx»— 
T r 

Ws L 
X1 (0) 

! -- f'XcK.i 
~ b[kiKc 

(3.54) 

By comparing with (3.52) we can see that the integral estimates have the same ex¬ 

pression for the case that £ 0 and the case = 0. 

However, such a conclusion would be incorrect. Indeed, the monotonicity condi¬ 

tions for T.^ - 0 and / 0 correspond to different relations between the system param¬ 

eters, as a result of which the parameters themselves will be different. The larger the 

value of T , the smaller mes., ae une values of K and K., and hence the value of the in¬ 
i' s i 

uegrai estimate wiii also increase. By replacing in (¿. 54) the quantity K by its expres¬ 

sion resulting front the condition of equality of the roots of the characteristic equation, 

K -- a , X. T/b. X - l/b. K . we obtain 
a ^ ^ o it 

(3. 55) 



Let us determine the integral estimate for a disturbance f°. The initial conditions 

in the case of such a disturbance are 

X(0) —lim 1 S -,—-__ n- 
S— , [FS- -r - o,) s* _ • 

A' ' (0) i i m i S-  -——-A_o — -1 - 
, [rs- - oi)-i- ^iA'iá'sIs' ,’~~f ' 

Hence we obtain for the integral estimate the following expression: 

Jf——i—. 
b^ks (3.56) 

In all the cases in wmch one determines the integral estimate due to a disturbance 

i acting on the controlled plant, it is assumed that we have a unit-step disturbance. In 

actual fact, however, such a disturbance is never acting on the engine; therefore the es¬ 

timates obtained in practice will be much smaller. 

In the actual examples considered below we examine the processes that can take 

place under such disturbances. 

3. Examples 

Example 1 

Exercise. Calculate the control system for the rotational speed of a single-shaft 

TJE with fixed nozzle when it operates on the stand at conditions close to maximal, in 

such a way that monotonie transient processes are obtained during isochronous-controller 

resetting. 

data. The equation of motion of the engine is taken from Example 1, Sect. 1 

oí Chapter i (p. 12); the overall equation of motion of the control system is taken m con¬ 

formity with (3.13). 

^ointiou. We shall utilize Vyshnegradskiy's diagram in which the monotomcity 

ocuiiciary curves have oeen plotted (Fig. 3.4). In the following we shall assume that 

1 in uie isochronous-controller Eq. (3.8); thereupon we have to determine the coef- 

^e.cms ano T.. Tnese three coefficients will be determined with the aid of (3.29) 
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and (3.32); prior to this we assign the values of the Vyshnegradskiy coefficients, located 

on the curve connecting the points of minimum of the monotonicity boundaries. 

For the first calculation we shall set: A = 4, B = 5 and S/5 = 4, i. e., 

A = = 4, B — aoja^a^ - 0; A¡B — = C=- 4. 

By replacing the coefficients by their expressions in terms of the parameters ofthe 

controller and of the controlled plant, we obtain the following formulas for Kr Kg and T. 

for - 1 and ß - 1: 

C^T ,, C2T (B~C)-r, 

s~ ' T\ 

Ti,., y [a = V Æ--T(¥-c)l. 

By substituting the above values for A, B and C, we obtain 

Coefficients 
Versions 

Ks T i 

171.0 0.01 1 7.40 

13.0 25.5 ‘ 0.54 
i t 

(3.57) 

Hence the values of the servomotor time constant will be 

1 1 1 
TV =-=—- = 100 sec; TS2 — ---: 

41 Ksi 0.01 25.0 
:0.04 sec. 

The obtained values of the servomotor time constants are unreal for practical 

purposes. 

u is not convenient to take the point on Vyshnegradskiy's diagram on the curve 

connecting the numrna of mo monotomeiiy boundaries in the sense of increasing the val¬ 

ue of Ä/2 - C, since tnis wouio yield parameter values that are even less suitable for 

'P¿.*¿XCtiOfcXi pGSCS* 

i.o. us tUite tue foäowing vafucs of the coeificients: 

Á¡B C • a. ¿'---1.2; 



In inis case we obtain the following parametei* values: 

Versions 
Coefficients 

Ki 

1 
j Ti 

3 

4 8.3 

0.0.31 

,1.1 
4.66 

0.59 

The values of the servomotor time constant will be 

rsl = ——- - 29.6 sec¡ Ts: = -7- = 0.07 sec. 
S1 0.034 14.4 

These values, too, are still far from being acceptable. 

Let us take A = 2.5, B = 2.9 and Ä/B = C = 1.5. 

In this case we obtain the following parameter values; 

Versions 

Coefficients 

Ki As ¡ T, 
1 

5 
6 

15.7 
5.5 

j 
0.212 j 1.24 
2.3 1 0.635 

1 

The values of the servomotor time constants will be 

rsi = õ:k~2 = 4,7 seCî ^ = --3-0.43 sec. 

The obtained value of the time constant Tg2 = 0.43 sec is close to a vame, accept¬ 

able in practice. 

The coefficients of the equation in accordance with (3.13) for the sixth version will 

wu as follows: 

uq — 0.31S; 87; 0,=--5.il; n¿-=4.15; 

ci; —2.64; cij—-4.15; 0, = 0.21: Cj=0.Sl. 

It makes no sense to go on trying to find coefficients in the sense of diminishing 

the values ox Ä/B, since this would lead to an increase in the integral estimate. It is 

likewise inconvenient to take, for a given value Ä/B - 1.5, points with different values 

of a anc since in all other cases the integral estimate will also increase. Thus 
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the obtained values of the gain K1 and of the isochronous-controller time T. are fully 

acceptable. 

Let us determine the values of the integral estimates for the fourth, fifth and sixth 

version by utilizing (3.42) and the above-obtained values for Kg and 

The corresponding values will be as follows: 

Versions -t 5 ó 
Jx. 0.25 1.10 0.55 

In order to check the adequacy of the parameters selected, let us construct the 

transient processes for the fifth and sixth versions. 

For the fifth version we have the following values of the coefficients of the equation: 

aa = 0.62; ^ 2.62, «J-1.1; 

«1 — 1,35; CV--1.10; u.---0.41; u;,=-0.41.¾ 

nonce the equation of motion will be 

(0.62p3-r l.«7p»-.-2.62p-;-U)A’.. U.53p U0).\°. 

The roots of the characteristic equation will be 

A|-' —0.63; Ãi' - -,.2+1 • 1.13; /.j*- —1.2- » 1.10- 

The image of the sought-for variable under the condition X r; l[tj will be 

5' (0.62ò'j ~ i .blS- -.- 2MS V 1,1) 

Hence we find the values of the constants Cq, C^, and C^: 

1.30 /.j i. H> 

M 1>.¡ —>.j) ' 

t-i (Aj -- A.) (/.. — /-:,) 

.35 / .-, - 1. io 
A, >(/.-. /.j 
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Hence we obtain for the sixth version: 

W'W'f' 

xn(t) ~-. 1.0 — 0.3(k”1,î7' — 1 .Itf-2*3' ¡»in(2.2U .- 0.00). 

The cori’esponding transient processes are plotted in Fig. 3.6. 

Fig. 3.6. Transient processes 
in the case of isochronous con¬ 
troller. Controller resetting; 
1 — version 5; 2 — version ö; 

4 — version 6. 

Example 2 

Exercise. Determine the transient performance of the system, calculated in the 

first example, but with a disturbance f°. 

Basic data. We utilize the calculation results of the fifth and sixth versions of the 

first example. 

Solution. Assuming that in the case of a disturbance the process will be of con¬ 

stant sign, we shall determine the integral estimates according to (3.43;. 

For the fifth version we obtain J^G =- 0.3b, for the sixth version we obtain J^O -- 

Ö.2G, anti for the fourth version we obtain J^O 0. OS. 

in order to chuca the calculations, let us determine the transient processes. For 

tne fifth version, the equation of motion will be 

(O.òJp3-;-1.87/)3 T 2J/Jp -r 1.1 )X„ —p (0.4 J p - 0.41 ) p. 



Heneo we obtain the image of the sought-for variable for f° = l[t]: 

V (S)^__^ 

’ S(0.62Sa-f-1.87S2-;-2.62S-r-1.1) S-> i S—>.a 5-// 

The constants C^, and are specified by the following formulas: 

0.41*1 ~0.il c ^ 0.41/.0-:-0.41 r _ 0.41/,--0.41 

1 (^i — ^î)(^i — *a) ’ * (^2 ——>2) 

The equation for the transient process will be 

After substitution of the numerical values and transformations we obtain for the 

fifth version 

A« (/) = O.He-0,63' —0.5ó¿~,‘lw cos (1.13^ -:-1.20). 

Similarly we obtain for the sixth version 

AT„ (0 = 0.2¾-1^ -0.34c-2*3' cos (2.21/ -,- 0.52). 

The transient processes are plotted in Fig. 3.6. 

Let us emphasize once again that we cannot have in practice a disturbance f^ in 

the form lit], since a step variation of f^ means in fact that the air flow through the 

engine has a seep variation, which cannot occur m an engine that does not have a vari¬ 

able inlet. According to the flight conditions the disturbance varies fairly slowly; 

therefore in the case of a unit-step disturbance f^ the transient processes described 

above must be regarded as limit processes. The actual performance will be much let¬ 

ter than the performance obtained above. 

Example 3 

Exercise. Calculate the control system of the rotationa* speed of a single-shaft 

TJE With fixed nozzle when the engine operates at the stano, oncer conditions close to 

maximai, so tnat the transient processes should be monotonie Gering resetting of a 

ccriw-fOiiOj? Wawi uCCcaC i'ûjfsiOiAC'^ 



Basic ('nui. The equation of motion of the engine is taken from Example 1 of Sec¬ 

tion 1 Chapter I (p. 12), whereas the overall equation oi motion of the control system is 

taken in the form (3.51), 

Solution. We shall utilize the same Vyshnegradskiy diagram as before (Fig. 3.4). 

Let us determine the values of the coefficients K^, Kg, and for which the trans¬ 

ient process will remain monotonie, and the control time will be minimal. For this pur¬ 

pose we select the Vyshnegradskiy parameters according to the curve connecting the min¬ 

imum of the monotonicity boundary, and we utilize the expressions for the Vyshnegradskiy 

coefficients: 

u\ T + T\'<\ 

a^af ' (7TB2 3 (WiKt)' *’ 

(3.58) 

a.«}'3 TtV.W1 

From the formulas obtained we can see that the parameters Fy Kg, K1 and T1 

are not unicuely determined. The problem under consideration can be solved, however, 

by assigning the value of T1 and by determining from the first two equations (3.58) the 

overall gain K = b.K-K and the gain K , i. e., 
X X ö 

(3.59) 

The relationship with Vyshnegradskiy's parameters can be obtained by multiplying 

the first and third expressions (3.58), i. e., 

Then we select on the curve, connecting the minima of the monotonicity boundaries 

of Vyshnegradskiy's diagram, the point corresponding to the obtained value of the product 

AC for the given value of which specifies the values of the parameters A, B and C. 
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The parameters, calculated for various at Kg = 2.3 have the following values: 

Parameters 

A? A B e K K* *• *1 
K, 

*» 

0.2 

0.1 

0.05 

1.4 

1.2 

1.1 
! 

2.15 

2.05 

2.02 

2.60 

2.50 

2.45 

0.65 

0.58 

0.54 

3.4 

9.8 

31.6 

1 

2.3 

2.3 

2.3 

1.4 

2.9 

5.8 

4.5 

12.9 

41.5 

0.31 

0,23 

0.14 

The values of the integral estimates, calculated by the formula 

l+Wis 
JymBS. . 

* WCs 
are presented in Fig. 3.7. 

fne values of the coefficients of Eqs. (3.51) in conformity with the above-obtained 

values of the controller parameters will be 

Ti 
Coefficient 

a0 os Oj «6 «1 *2 «t 

0.2 
0.1 
0.05 

! 

0.68 
0.98 
1.58 

3.4 
9.8 

31.6 
1 

0.066 
0.033 
0.016 

0.33 
0.33 
0.33 

0.1 
0.05 
0.025 

0.7 
0.6 
0.55 

2.75 
4.18 
6.96 

3.4 
9.8 

31.6 

The transient processes, constructed in the same way as in the previous examples, 

are presented in Fig. 3.8. The equations of motion for Tj - 0.2, - 0. l and -0.05 

are 

•V/! (/) = 1.0 — ^ ~r 0.0-ie~2-M sin (3.36/ + 0.09); 

A'rt (/) = i .6 — O.SÔé-3'63' -f 2.CSe-416' sir. (5.97/ +0.025); 

AT (/) = ¡ .0—2Ale~lAI T 2.13tf-7-3' sin (10.84/ + 0.72)* 

Example 4 

.■gereist-. Determine tae transient performance of the system, calculated in the 

cxmiipie, ou*. W.I.. a oisturbanee i acting on the engine 
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Fig. 3.7. Integral estimate 
plotted versus T^. 

Fig. 3.8. Transient 
processes. 

1 and 4: >M: tf.-J.4S: 7>MS 
2 and 5: tf,-2^: tf.-UA: r,-ai; 
3 and 6s a^-84; tf,-4l* r.-QA 

Basic data. We shall utilize the calculation respits of the previous example. 

Solution. Assuming that in the case of a disturbance f° the processes have con¬ 

stant sign, we shall specify the integral estimates by formula (3.53) as follows 

r,»0.2; 0.1; 0.05; 

J0.098; 0.034; 0.011. 

The transient processes, constructed in the same way as we did in the previous 

examples, are likewise plotted in Fig. 3.8, for the case T-^ - Û.2, - 0.1 and - 

- 0. 05; the equations of motion will hence be as follows: 

it) * 0. n«-1-"' — 0.24e~2 SW cos (3.36Í + 0.80); 

tf, (0 = 0. - 0.ISe“4-’®' cos (5.97/ + 0.64); 

Xn (/) « 0£c_7V—0.098f-7W cos (10.84/ + 0.87). 

From Fig. 3.8 one can see that the processes are sign-constant, with the opti¬ 

mum process corresponding to the parameters K - 5.8, K, - 41.5 and T - 0. 05. 
2. X 

. .xarnple 5 

Exercise. Calculate the control system of the rotational speed of a single-shaft 

TJ il w.th lixed nozzle when the engine operates at the stand, under condxnons close to 

that the transient processes accompanying the resetting of a controller 
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with accelerometer and the variation of the load in the case of an ideal accelerometer 

(T1 = 0) will be monotonie. 

Basic data. The equation of motion of the engine is the same as in the previous 

example. 

Solution. We shall assume as before that K = 2.3; hence it remains to determine 

the parameters K and K . 1 a 
These parameters will be selected on the basis of the condition that they minimize 

the integral estimate, determined by formula (3.54), i.e., 

i -:- Wv, 

¿¡kiKs ' 

On the monotonicity boundary (real negative roots) we obtain 

/ á¡f\sKi -r i \" 
\ T / ~ T ' 

by assuming (as before) that b^ and T are assigned, we hence obtain 

Ala =-1.33 £: 1.63 {"AT 

By assigning the values of K1 and by determining the value of Ka, we obtain the 

value of the integral estimate. In Fig. 3.9 we plotted the Jxû and curves for various 

values of K^; from these curves we can see the monotonie character of decreasing Jx0 

with increasing Kr In practice it makes no sense to take values of > 30-40, since 

the performance does not appreciably improve in this way, whereas the tachometer gain 

K and the accelerometer gain K assume very large values, difficult to realize in prac- 
1 ^ 

ucc. The transient processes for the cases Ka - 2.1 and Ka ^ 3.4 are plotted in Fig. 

3. iû; the corresponding equations of motion will be 

X,¡ (0 -- i .0 -:- 0. 17i?-4's'4í’ - • ¡. I7.rû<'u-'; 

X„(t) ----1 ,ù -, Û.IOî'-0'1*'-' — 

By ■uiki.ng larger va'iUcs of K , we obtain a better transient performance. When a cL 

disturbance f° is acting on the controlled plant, the integral estimates by formula (3.56) 



2 . 3i sec 

tí ¡O 20 JO 40 SOX, 

Fig. 3.9. Integral esti¬ 
mate plotted versus K^. 

Fig. 3.10. Transient 
processes. 

1 and 3; A'a-2.l; A'i-í.l; 
1 and 4: K^A, A',-8.20. 

for the same values of K1 will be determined by the curve presented in the same Fig. 3.0, 

whereas the transient processes are depicted in Fig. 3.10; the equations of motion will 

hence be 

Example 6 

Exercise. Determine the conditions of occurrence of self-oscillations in the con¬ 

trol system for the rotational speed of a TJE with fixed nozzle and isochronous governor, 

presented in Fig. 2.11. 

Basic data. The equations of motion of the engine are taken in conformity with 

formulas (1.34) and (1.41), whereas the equation of motion of the tachometer is taken 

in the form (3. 5). 

Solution. The system under consideration is nonlinear, since the slide valve of 

the feedback piston a of the isochronous governor) (see Fig. 2.11) opens, even when the 

piston displacement is very small, much greater cross sections than the cross section 

of the jet 2 in slide vaive 4. As a result, the flow of the working fluid into the cavity of 

the isochronous governor une us reverse now will take place in practice at constant 
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¿peca, irrespective oí the opening of the ports of the feedback slide valve. If we assume 

that the ports of the slide valve of the isochronous governor have a certain overlapping, 

the characteristic of the nonlinear element will have the form shown in Fig. 3.11, where 

Id is the overlapping of the slide-valve ports and is the rate of displacement of the iso¬ 

chronous governor. 

Let us set up the equations of motion of the controller with the aid of the diagram 

of 3.12 and of the block diagram presented in Fig. 3.13. The input variable for the lin¬ 

ear part of the controller is pX„ (the speed of the isochronous governor), whereas the 
Ü 

output variable is X0 (the position of the feedback capsule). 

The equation of motion of the servomotor as an astatic loop is taken in the form 

pXi — Kg (-^’i — -Vj), (3.60) 

where K is the servomotor gain, 
s 

The equation of motion of the isochronous governor is obtained on the assumption 

that the rate of displacement of the piston of the isochronous governor (the X2 variable) 

differs from the rate of displacement of the servomotor piston (the X^ variable) by the 

constant magnitude of the speed pX3 of the isochronous governor, i. e., 

/»AV - /'-V.t -- p\:- 

By noting that X'2 - /9//1 X2 - KX2> we finally obtain 

pXÁ-p.\¿-Kp.\\ (3.61) 

Thus the equations of motion of the system will be 

(Tp -i- l)Xn =—) 
AWA; j 

pXt^K^X^-Xj; ^ (3.62) 
pX<-pX^KpX2, j 
pX^F(Xn). j 

The transfer function of the linear part of the system, obtained from the first four 

I’.qs. (3.62), Will be 

At _ _Zp~ 1-.P 
M'- “ P [KTpi V {K -r KsT)p ■ ~k] (K.b ~K • .,r 

(3. 63) 
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Fig. 3.11. Nonlinear-element 
characteristic. 

Fig. 3.12. Diagram relating to the deriva¬ 
tion of the equations. 

The problem under consideration will be solved by the frequency method of the 

first approximation. 

The frequency characteristic W(iai) of the linear part of the system according to 

(3. (¡3) will have the form shown in Fig. 3.14 by the solid curve. With the type of non¬ 

linearity under consideration the characteristic of the nonlinear part will be determined 

by assuming that the self-oscillations are sinusoidal. By using a describing function 

pX - F(Asinut), ana a Fourier expansion with only the first harmonic retained, we ob- 
3 

tain the approximate transfer function of the nonlinear part in the form - F(A)/A. 

From Fig. 3.11 we determine (see above) 

F IA) 
A 

2* 

--- ( F (A sin U) sin mtdl *= 
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U 

Fig. 3.13. Block 
diagram. 

CODE: 1) Servomo¬ 
tor; 2)Isochronous 

governor. 
Fig. 3.14. Frequency 

characteristics. 

The first and the third integrals vanish, since in this case FfX^) = 0. Moreover, 

we can see that sin u^ ^ b/A. Hence we can write 

“-5-7 
where u = -A. 

Integration yields 

UP s 
« 

F {A) 

*a y 
This is precisely the approximate transfer function of the nonlinear part, which depends 

only on the amplitude A. Hence the frequency characteristic of the nonlinear element 

Will ¿xô oï* LilCf jToixX £> hewn in this same Fig. 3.14, though it falls short of the 

origin of coordinates by a quantity ro/2X,.; ; here b is one-half the region in which the 

slide-valve ports overlap, and K.? is the constant speed of the isochronous governor. 

As can be seen from Fig. 3.14, when the combustion lag in the engine is neglected, 

no seif-oscillations will appear in the control system, since the frequency cnaracteristics 

ci tne ancor ano nou*inear yar.s oi the syste.¿. do no. ii..ersecu. 

loo 



Mr 

t 
i 

Fig. 3.15. Nonlin¬ 
ear characteristic 

of slide valve. 

In the absence of a region in which the slide-valve ports 

overlap, when the nonlinear characteristic has the form shown 

in Fig. 3.15, the frequency response curve of such an element 

will likewise be situated on the real axis, but it reaches the or¬ 

igin of coordinates, since for b = 0 the segment vb/ZK^ - 0. 

Theoretically we cannot have self-oscillations in this 

case either, since the frequency-response curves do not inter¬ 

sect; but in view of possible errors due to the approximate 

method of solution, there is no certainty that seif-oscillations will not appear. 

When combustion lag is taken into account, the linear part of the control system 

will be described by the equations 

(Tp + De'PXn =-W 
= K1xn- 

pX^Kc(Xi-x2y. 

pXf— pX$ = KpX^» 

The transfer function of the linear part will be 

w _ X* __TP~ + p~ K\b\K*e"P_ .3,64) 
pX2 p\KTp--{- (AT'-f XfT)p t K%KibiK¿~ '' — A.’g] 

The frequency-response curve of the linear part of the system will differ from the 

curve corresponding to the case r = 0, since for every value of w the vector will turn by 

an angle rw. In the general case the frequency-response curve of the linear part will be 

in the form of the dashed line of Fig. 3.14. In this case the frequency characteristics of 

the linear and nonlinear elements can intersect, and self-oscillations will appear in the 

system. 

Hence the condition of absence of self-oscillations will be 

and the boundary condition will be 

(3.65) 
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where c is a segment on the real axis, cut off by the frequency characteristic of the lin¬ 

ear part. 

The magnitude of this segment can be determined from formula (3.64), in which 

we must introduce p - ioo, and we can express the frequency characteristic in the form 

\P(ãu) 

By setting \r(oj) - 0, we can determine to and substitute this value into U(co). 

It is evident that to boundary condition (3.65) there will correspond the limit of the 

lag tt. 

In the case of a nonlinear characteristic without regions of overlapping of the slide- 

valve ports and with the lag taken into account, self-oscillations will occur in the con¬ 

trolled plant, since the frequency characteristics must intersect. 

B. Control systems for a single-shaft TJE with variable nozzle 

1. Derivation of equations of motion and selection of parameters 

The controlled parameters for such an engine are the rotational speed and the in¬ 

let or ' in. , gas temperature. A block diagram showing the connection of the control¬ 

lers is shown in Fig. 2. lb. 

The rotational-speed controller adopted by us will be a controller with an ideal 

accelerometer, whereas the gas-temperature controller will be in the form shown in 

Fig. 2.21. It will be assumed that these two regulators have joint control (as shown in 

this same Fig. 2.21). 

Let us derive the equation of motion of the gas-temperature controller. A block 

diagram of the temperature controller is shown in Fig. 2.16. 

a »4^2 oqiii-ivto.* Ox i..oho . o. tue t.iert«iocou^jxC is .. the fomt 

(XtP — ’*) ~ AV- .V (3* 66 J 

i-icre is the ume constant of the thermocouple, ::... g*;-.. x. ..3 the th rmal 
a- a a 



swHfflawPSiiiE!aiui>. ■ 

Fig. 3. J.6. Block diagram of 
gas-temperature regulator. 

CODE: 1) Controller of; 2) Serv¬ 
omotor; 3) Electromagnetic relay; 
4) Amplifier; 5) Thermocouple; 
6) Amplifier; 7) Differentiator. 

From (3,66) we can see that the smaller the value of T^,, the smaller will be the 

dynamic errors of the thermocouple, and hence the output signal will less differ (at any 

instant of time) from the actual signal. TT cannot be, however, a very small quantity, 

since this would affect the reliability of operation of the thermocouple. For an ordinary 

thermocouple with a housing, the time constant is not less than 5-6 sec, whereas for an 

open thermocouple it is at least 1-2 sec. 

The signal amplification in the first stage, consisting of a magnetic and an elec¬ 

tronic amplifier, takes place with a certain lag, due to the presence of the magnetic 

amplifier. 

As we know from the theory of automatic control, the magnetic-amplifier equation 

can be written (with sufficient approximation) as 

(7V>+l)*outi=*A;. 

The equation for the electronic amplifier will be written in the form of the equation for 

a iagless network: 
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Since X = X , we can write the overall equation of the ampifiei (with allowance 
outl in2 

for the control signal X = K^,X^) in the form 

Q'iP ■;* 1) A'j— A'î (A' ! — Xo), 

where 

(3.67) 

K,-KgK^ 

Signal differentiation is effected with the aid of an RC-circuit, whose diagram is 

shown in Fig. 3.17. 

The equation of motion of this circuit, 

obtained from the equation connecting the in¬ 

put and output, voltages, 

-Ml-- ¢.. 
*1 -f #2 #1 + i- 

is recast as follows: 

(Tx,p^\)X^- (3.68) 

where 

T _ 

Fig. 3.17. Schematic of dif¬ 
ferentiating element. 

11 Ri + Ri ; R- 
_ 

Ri-Ri 

üy fixing the values of the resistors and capacitors it is possible to obtain various 

values of the parameters Tu and R. Let us note that the accuracy of differentiation in¬ 

creases with decreasing R. 

Signal amplification in the second amplifier takes place in the same way as in the 

first amputier; henoe its equation will be 

»•«»> 

a» c'.a«u-o»aüüao «Uy, fa, ias» sigcal is tils vslage drawn fron', the amplifier, 

whereas, the output signal is the position of the armature (slide valve). 

The equation of motion of the electromagnetic relay can be obtained as follows. 

The equation of the forces acting on the armature is 

p -i 
(3.70) 



where P is the force developed by the spring, Q the weight of the armature and the 
sp 

slide valve, Pp the force developed by the electromagnet, and Pm the inertia force due 

to the mass and acceleration of the mobile parts. 

In the case of small deflections of the armature it is possible to take its position 

in such a way that the magnitude of the electromagnetic forces P will be practically 
Jr 

independent of the armature position. In this case (he electromagnetic forces are spec¬ 

ified by the formula 

Pp=const P, 

where i is the coil current of the relay. 
o 

Let us assume that i = i^ + Ai. When (Ai) » 0, we hence obtain 

Pp—coast (/-+2^0- 

The expression for Ai will be determined by using the equation of electrical equi¬ 

librium of the relay coil circuit with allowance for the fact that the flux linkage ^ is a 

function of both the current i and the armature position 2, i. e., 

17 ' dl ' dt dt 

Here r is the ohmic resistance of the solenoid, and u the voltage drawn from the amp¬ 

lifier. 

By taking into account that áty/dl = ai, and by going over to small displacements, 

we obtain the following expression: 

m—raí -p “f* a\i±l -J- ¿ — y 
dt 

where L = dip/di is the inductance of the relay coil, and a is a constant. 

Normally the rate of displacement of the armature is fairly small; therefore the 

term aAiAl can be neglected as being a second-order quantity. By introducing the dif¬ 

ferentiation operator, v/e can obtain from the above expression the value Ai, viz,, 

• ¿U/ ~ aigpU 

rTlp 
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By introducing this expression into the formula for P , we obtain 

Pp—const •¿•■- r const -. 
r + Lp 

By introducing the expression for into (3.70) and by assuming that Pgp = pQ + 

2 
+ C AZ and P =mp AZ, we obtain, after transformations and cancellation by terms 

sp m 

accounting for static equilibrium, the formula 

mi j j_? 
Csp 

CjpZ--const -f 2aio 

const + tfo2/Q 

Cspr 
Au 

«0 

P~ 1 
/ /0 

By introducing the notations 

Tk=-~ ; n m 

K<" 

r 
const 

• T - • 1 « 

■ 2uqIo 

hCgpr 

const + 2ail 

Cspr 

¡0 «0 

we finally obtain 

[7VjV4-7>2-, (7k : 7*4)1]^ /vVVf (3.71) 

The tem is normally very small; therefore by setting ^ 0 we obtain 

(Tif , r,p ; ijA'r, K<x<. 
2 

For rougher calculations it is possible to set also »• <0; hence we obtain 

(7^4-1)^=/^4- <3*72> 

In the following we shall use the solenoid equation in this form. 

The hydromotor equation will be taken in the same form as for an ordinary astatic 

loop, since to every position of the slide valve (input signal) there corresponds a certain 

rotational speed, ano hence also a constant rate of displacement of the exhaust cone. 

Thus the equation of motion of the nydromotor will assume the form 

pX;.=KsM. (3.73) 

From Fig. 1. lû we can see that in a certain domain of operation of the engine it 

is convenient (for economical reasons) tevary its operating conditions oy varying the gas 

temperature while keeping fixed the value of the compressor pressure ratio r*. It will 
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be assumed that the original operating regime of the engine is close to maximal; there¬ 

fore we shall take the disturbance in the form of the resetting of the gas-temperature 

controller. The rotational speed of the engine must be left unchanged, which approxi¬ 

mately corresponds (in the case of sloping compressor characteristics) to the condition 

Tr* = const, c 

Taking into account the above formulas, we obtain the following equation for the 

temperature controller as a whole: 

_KxKiKjKjKu (T¡\P ~ fl)_y M 
\TxP 1) (T-UP 1)(7-^ 1).(7-3/, -i-1) (Ttf - 1) p T* 

^_KtW'LÍZüP+M_VO (3.74) 
P(T\iP + 1)(^:iP + 1)(^3P + 1)(^*P — D 

or, by denoting 

* ^_KxKiKiKíKnVup-rR)_. 

1 (TtP +1)(^ \\P + + 1)(^ + 1)(^ + UP 

Q t\ (T] ¡ p — R) 
9 pFnP+imp+mTip+mTtf+i)' . 

we obtain 

(3.75) 

The transfer function of a rotational-speed controller with as ideal accelerometer 

will be as follows: 

«1». 
Xaf Ac 

-(A'l-rA»--*. 
Xn (3.76) 

Hence in order to solve the problem under consideration we must solve jointly 

the system (1.30) in which the fourth equation is replaced by (1.50) with allowance for 

(3.75) and (3.76). 

For the sake of further simplification we shall reduce the system of equations, 

describing the motion of the controlled plant, to two equations in the variables XQ, 

Xt4» Xp and Xq^ i. e., 

(7>+«o)*.rm,-°; j 
JC»0, J 

(3.77) 
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! i« h . ï!. mnmmmmxmammmw 

Here the coefficients mn, m., ..., m. can be expressed in terms of the coefficients of 
0 1 o 

the original system. 

Thus the original system of equations will be taken in the form 

{T,p-rm0)XH -r m¡XQí =-0; 

mJCn—m^X^ -j- nisX0i—Xp=0; 

^r4-^=-4>2^; 

V«+*Of=0- 

(3. 78) 

The simplified block diagram, corresponding to this system of equations, in shown in 

Fig. 3.18. The solution of the system is expressed in the form 

A*Afl’X0 and A’^t-«—A/vX®, 

where 

0 /«, <8 —m1 r,/»+m0 ml 0 —/na! 

C - m4 - 1 

*2 <1>, -i 
0 0 0 

m3 —mi —1 m& ^ 
t &n 

0 ; 0 ¢, -1 0 
K* ooi 

m3 0—1 

! 0 ¢4-1 

! 'K 0 0 

In order to simplify the problem we assume in the following that the magnetic 

amplifiers have no lag; when these amplifiers have low gain we can make such an as¬ 

sumption without causing appreciable errors in the final results. In the circuit under 

consideration the amplification takes mainly place in the electronic amplifiers, the 

magnetic amplifiers serving primarily as current converters. 

Thus we obtain instead of (S.67) and (3.69) the formula 

(3. 79) 

After expanding the determinants and replacing ana <&n by their egres¬ 

sions with allowance for (3.79), we obtain 
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(3.81) 



By assuming that the system is stable, we obtain the final values of parameters 

XnC*) and XT4(»): 

—- S2 (ó¡S- -f* ¿2*5 4* ¿3) 

' i-»ü IS (e^SG + a¡Ss+ ...+ ûÿ) 
=0; 

XT. (00)—lim ! +--¡?3 + 6¿S2 + 6is + 6b) I i» 
s—o I 5(^4-^554-...4-^) 1 - ’ «6 

or, after substituting the values of the coefficients, 

AV4 (00)=^--X°. 
At 

By assuming that the transient processes for X are sign-constant, whereas the n 

transient processes for XT4 are monotonie, we can determine the integral estimates. 

At first let us determine the initial conditions. For Eq. (3.80) we obtain 

^*(0)—hin 
S—m 

- — 5Wa -t- ¿25 4-¿3) j ^ Q 
5 (fl()5® + . , . 4- j 

and then 

^(0)=^(0)=0, 

* S* (biS~ 4* ^2$ Jr ¿3) ^‘"(0)=!^ !■ 
S-- i 5 (a0^ + aß*- . . . 4-«c) 

xy (0)=1 im ! - 
S—m 15 («aSt 4- 0i5s-r . . . 4- a6) 

rj. 
«0 

-5A'j,n(0)¡ 

^1^1 _ . 
^ 2 • ’ al «o 

A7 (0)= .im 
■5V(¿¡S2. 

S—m , à (wa*^6 4- utiS“ 
JJ ¿3) 

r . . . +a¿) S^\0)-SX^0y-- 

0iU'\ ~~ hu\ b'd 
“I al «o 

Taking into account that the general expression for the integral estimate has the form 

V— \Xcit = --lûuA^-‘(0)-ra1X't-2(û)-:- . . . -- 
U 

• T 6Í/1-1A (0)], (3.82) 
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we obtain, in accordance with this expression, for Jn 

\Jn 
«6 

By introducing the expressions for the coefficients, we obtain 

!■/„;= 
m, 

K\Ksmi 
(3.83) 

With allowance for a transfer of the origin of coordinates, we obtain the following 

formulas for the initial conditions of (3.81): 

«0 «0 «Õ 

V »7 Ms + Ms + Ml ! 2é<aia2 + Ml _ Ml 
^/4^)=---~i r a 

«0 «0 ao 

In conformity with (3.82) we hence obtain for the integral estimate 

(3.84) 

In view of the high order of the equations, the further application of the ordinary 

methods of the theory of automatic control to the system under consideration in its gen¬ 

eral form is beset by certain difficulties. Therefore it is convenient to determine the 

necessary values of the system parameters, that yield the desired transient perform¬ 

ance, with the aid of the method of mathematical simulation, which reduces to the in¬ 

tegration of the original equations of motion by means of electrical integrators. In this 

connection let us note that the varying flight conditions are changing the performance 

of the controlled plant; therefore the solving of even the simplest practical problem in¬ 

volves a very large amount of computations. It is evident that this great computational 

work should be carried out by means of integrators. 

In order to illustrate the character of the transient processes accompanying the 

variations in system parameters, let us consider an actual example. 
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2. Example 

Exercise. Calculate the control system of a single-shaft TJE with variable nozzle 

(determine the principal parameters) under maximum speed conditions, in such a way 

that the temperature variation accompanying the resetting of the outlet gas-temperature 

controller should be close to monotonie with a minimum control time, and with the en¬ 

gine speed.variation not exceeding 5%. 

Basic data. It xs assumed that the speed controller with ideal accelerometer is 

the one calculated in the previous example. The engine data are taken from the first 

example. The temperature controller is taken in the configuration of Fig. 2.21. The 

lag of the magnetic amplifiers is neglected. 

Solution. We shall determine the coefficients of Eqs. (3.77) with the aid of sys¬ 

tem (1.30) in which we replace the fourth equation by (1.50); we also use the numerical 

values of the coefficients obtained in Examples 1 and 3 of Sect. 1, Ch. 1. We thus, 

obtain the following coefficients: 

r,«0.83; /«(¡--4.32; //1,--=-4.0; /n2=-1.7ft, 

/fij=5.66; //1, = -3.8-11 //14=—2.25. 

By substituting these coefficients, we obtain the following equations of motion of 

the controlled plant: 

(0.83//-4.32)^-4,0^-/-1.78^=0: 

5.66X„+3.84A,j.4—— 2.2òXq^— 0. 

In accordance with (3. SO) and (3.81), and taking the values Ks 2.3, ^ - 8.25, 

and K - 3.4 obtained from the previous example, we obtain the following values for 
a 

the coefficients of these equations: 

= 3. n.lT .-o. .0 v.'ï t ■ 
B.i ■:-7’¡¿7,I-, V 7".- 7 ./ •'.47'.,. 

ii-— 11.1 (r.,-,-7",-1..1 ^/",,/\ -: ■ f i,r. •-/,7-.)- 

—0.83/" iiAA"i"r5. :9> 
«4 - Tt -,- tKK\ (1ft.227;, -0.83Ä>: 

44 — -,..4 — :t.iKK? (8.257,, -.- 3.4/?) -.- 4.o^A.’A.’-,A‘; 
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'llWWIW.'JHBP'BBSElJi : UW«!! 1 

ac 33.8/CA,'iÄ; (^u f ^t^)' 

¿3*4/vÄ; »4=-0.8ÄTurt; 64=^113.97-,^-(^,+^)0.83 + 

+ 4.32r„rtl; ^118.22(/-,, + /■»/?)+ 33.8¾-0.83ÄJ; 

*118.22#+ 33.8 (7-,, +/-,#); 6g= 33.8**. 

In selecting the values of the thermocouple time constant TT, we must proceed in 

such a way that this time constant should be minimal. For an open thermocouple, de¬ 

signed in such a way that its strength characteristic permits short-time thermocouple 

operation under sufficiently high temperatures and gas-flow velocities, the time constant 

is normally of the order of TT = 1.0-2.0 sec. It is practically impossible to achieve a 

lower value of TT. 

The gai» Ksj cpn be determined from the thermocouple characteristic, expressing 

the variation of the thermal emf versus the junction temperature. In order to allow tor 

the nonuniformity of the temperature field and for the purpose of averaging this field, 

we shall assume that the sensing element consists of 12 thi-mocot>ples, connected in 

series (although it is better to connect them in parallel). In the following we shall stip¬ 

ulate that Kt = 1, which is not essential, since it is possible to take any gain factor for 

the subsequent loops. 

The time constant T4 of the electromagnetic relay must also be minimal. The 

force developed by the latter must bq by one order of magnitude greater than the force 

needed to move the alide valve; the force needed for small slide valves amounts to a 

few tens of grams. Hence the force required from the relay must be equal to several 

hundred grams. 

For such relays the time constant obtained in practice can be equal to 'i4 0.10- 

0.15 sec. Henoe we shall take in the subsequent calculations the values T,r 1.0 sec, 

o and T4 - 0.1 sec. Thereupon the expressions for the coefficients will be 

4,a»O.^Tul dj * 4.67,1 + 0.32; dj»» 10-547,,+5.41; 

aj= 15.247-,, - 0,837,,#-1-60.94; d*-.41.47,,+*(16.227,,- 

-Ü.83Ä) >- 56.6; d; - 33.8*7,, + 18,32*#- 41.4; 
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«6 = 33.8*7?; bi — 4ÍKTU-, b2 = IK(Tu + Ry, b,^AKk\ 

d4=-0.83*r,i; b& — K (7.47^ — 0.83Ä); é6 = ^(52.02^,-!- 

+ 17.4Ä): ¿7= /((33.8^11 -r 52.02/?); = 33.8/C/?. 

From the conditions of the given process it is necessary to determine the param¬ 

eters T^, K and R. 

It is convenient to determine the required values of these parameters from the 

transient processes, which must be obtained with the aid of an electric integrator. In 

Fig. 3.19 we plotted the transient processes with respect to the gas temperature and 

the rotational speed for various values of T^, K and R. To the assigned conditions of 

the problem correspond transient processes for all the presented values of T^, K and 

R, i. e., K = 0.8-3. 0, R - 0.1-0.3 and Tu = 0. 05-0.1. 

Fig. 3.19. Transient processes. 

CODE: 1) T4 disturbance; 2) of rpm. 

In order to achieve a practical solution of the problem it is necessary to investi 

gate this system for orner flight condiüons and other disturbances. The calculations 

will be similar, though the data for the controlled plant will be different. The time 

constant of the thermocouple will also be different, since the ambient gas flow is 

changing. 
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It can be approximately assumed that the thermocouple time constant varies as 

where TT is the value of the time constant corresponding to the new operating conditions 

of the engine, TT0 is the same for the original operating conditions of the engine, G is 

the air (gas) flow corresponding to the new operating conditions of the engine, m »0.4- 

0.5 is the exponent, and K = const. 

The most stringent requirements towards the transient processes are imposed in 

me case of maximum operating conditions of the engine. In the case pf intermediate con¬ 

ditions the transient performance is allowed to deteriorate; therefore it is in general 

possible to select the controller parameters in such a way that the same values of these 

parameters meet all the operating conditions of the control system. 

The selection of the values of the gain of each loop of the system under the condi¬ 

tion K = K = KgKgK^K^ does not affect the transient performance; therefore the gain is 

selected on the basis of design considerations. Thus, for example, the value of K 
S X 

(the gain of the temperature-regulator servpmotor) should be selected in such a way as 

to facilitate the design. Since the servomotor time constant T , = l/K ,, :t is desirable si si 
to take Kgl = 0.5, which yields Tgl = 2.0. The relay gain K4 can be taken equal to K4 = 

= 1; when R = 0.8-30, we obtain in this case K^Kg = 1.6-6.0; to delimit these coeffi¬ 

cients is not of basic importance. 

C. Control systems for a single-shaft TJE with fixed nozzle and fuel 
flow (pressure, pressure-drop) regulator 

1. Derivation of equations of motion and selection of parameters 

We shall utilize the earlier-considered model of fuel flow (pressure) controller, 

presented in Fig, 2.18, with a programmed variation of the fuel flow as a function of 

the flight conditions. 
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Let us set up the equations of motion of the controller with the aid of the block dia¬ 

gram of the system, presented in Fig. 3.20. 

/# 

Fig. 3.20. Block diagram of fuel flow 
(pressure) controller. 

CODE: 1) Throttle valve; 2) Fuel pump; 
3) Barostat; 4) Servomotor. 

The input signal of the sensing element is the fuel pressure at the plunger-pump 

outlet, whereas the output signal is the displacement of the rod 11 (see Fig. 2.18), and 

hence of the lever 6 of the flapper-nozzle. By assuming the fuel to be incompressible 
9 

and by neglecting the lag of the rotating masses, we obtain a one-to-one relationship 

between the input and output signals; therefore the equation of motion of the sensing 

element will be 

<3-85> 

¿ere f. accounts for the effect of the barostat on the position of the flapper nozzle, Xl is the 
Là 

flapper nozzle displacement variable, and X is the pump outlet fuel-pressure variable. 

The equation of motion of the servomotor will be set up with the aid of the dia¬ 

gram presented in Fig. 3.21. The equation for the forces acting on the servomotor 

piston can be written as 

(3. 86) 
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Fig. 3.21. Concerning 
the derivation of the 
equation of motion of the 

servomotor. 

where pgM is the fuel pressure in the servomotor cavi- 

ity, F and Fj are the effective areas of the servomotor, 

I is the position of the servomotor piston, pf is the fuel 

pressure at the pump outlet, and C is the spring stiffness. 

We shall also use the condition of continuity of the 

fluid flow, written in ^orm 

V* V\—Vi 

where is the volume flow of fuel through the jet from 

the pump main line, V2 the same from the servomotor cavity to the drain, and ¥ the 

volume flow of fuel in the servomotor cavity. 

In view of the relation V = F ^ , we can write this continuity condition as follows 

(3.87) 

The nonlinear dependences for V.L and Vg are taken in the form 

V\=Vx(pv ftp); V'jwsy), 

where y is the flapper-nozzle lever displacement variable. 

After linearization and simultaneous solution ef the Eqs. (3.86) and (3.87), we obtain 

the following equation of motion of the servomotor: 

(7,/74-1) A’2=/<'2A'/f-f- ^3* * 

where 

' C/o 
£l 
f 

dp*_ 

(Vt-Vi) 
0Ptm 

3 C/0 
òPwa 

Wi-V7) 
Pfù 

Then we use the flow equation m the form 

(3.89) 



wfiere Gp, Gy and G. are the fuel flow through the plunger pump, the throttle valve and 

the injector respectively. 

The volume flow of fuel Gp through the pump depends on the rpm of the pump n 
P 

and on the servomotor position l (tilt-plate position), i.e., G = G (n , l). The fuel 
P P P 

flow through the throttle valve depends on the pressure drop across this valve and on its 

cross section, i.e., Gy =- Gy((5p,F^. 

The fuel flow through the injector depends in fact only on the fuel pressure at the 

injector inlet, i. e., 

By linearizing (3.89) in the ordinary way, we obtain 

K+Xn'T K iX2—KtXiP-\- K-jX’1!,', (3.90) 

KtXiP-~ K1X/I~K&X (3.91) 

where 

Then we utilize the equation connecting the fuel pressures at the pump outlet and 

injector inlet with the pressure drop across the throttle valve, viz., 

P^Pi-TlP- (3.92) 

This formula can be expressed m relative magnitudes as follows: 

Xp^kX^tt-tyX;.,, (3.93) 

where 
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In the fourth equation the sign of the variable has been changed in conformity 

with the character of the control (when the system is being closed). By solving (3.94) 

for X and X , we obtain 
n Pf 

{0.577>2+[0.5 (r+rs) -i-W2+'W - 0.5 Ts 6» \p-{-Kr\ 
+^3+0.5-0.5^) XMO^p+Kt+K^+OS)/* - 
-0.5^3/2+61(^+^3)(1 -^X^. (3.95) 

{0.577,^+(0.5^+^)4-^(^2+^3)-0.5^ ^+^-1 

+/^1^3+0.5—0,5 6j) ^=(7,^+1) — (T P T1)/^*/s 

- pyy+(7;+7--7-,62) /1+1 - 62) (i - k) x°r (3.96) 

The stability of such a system is determined by the inequalities 

0.5(7-+7-,)+7-(/(,+/^3^0.57-,6,:1 

/(,+/(,/(3+O.5 >0.56,, I (3.96a) 

which hold for any operating conditions of the engine. As can be seen from the above 

equations, the system will be static under the disturbances Xy, f° and f2; therefore it 

is not possible to maintain exactiy the prescribed engine speed with the aid of such a 

control system. 

From these same equations we can see that the acting disturbances f and fg, due 

to the effect of external conditions, have opposite effects on the engine and the barostat. 

This is the main reason for using a barostat, which acts, when the external conditions 

change, in such a way on the fuel flow (pressure) controller that the latter tends to main¬ 

tain roughly unçhanged the rotational speed of the engine or it tends to diminish the speed 

variation as compared to the speed in a system without a barostat. 

The disturbance f0, applied fron) the barostat to the sensing element, and the dis- 

turbance f°(Pt,, Tu, V) due to the external conditions acting on the barostat (see Fig. 
v*n n 

a. 20) arc related by the formula 

h”OP. 

where * is the transfer function of the barostat. 
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By approximately assuming that the pH> and V signals are applied via the bar- 

ostat to the control loop without distortion, we can represent the fg signal in the form of 

the overall effect of the external conditions on the controller resetting. 

With Xp = const, we can write in this case, by using (3.95) and the principle of 

superposition, the formula 

X (erp) - ±±0-5)/°- ‘>7° 
" Xj ++ 0.5—O.óéj (3. 97) 

In a similar way we can write for XPf the formula 

*„(00) =--. ,3 98. 
pty ' £2 + ^3 + 0.5-0.55, (o. 98) 

By appropriately selecting the value of (D, we can reduce as much as possible the 

numerator of (3.97), which shows that the nonuniformity of the system with respect to 

the flight conditions is small. In view of the fact that the engine transfer function varies 

with the external conditions, it will be impossible to compensate (when O = const) the 

errors in rotational speed for all the flight conditions. The error ".an be reduced only 

by varying the barostat characteristic, i. e., by taking ci) = var. 

The static characteristic of the control system can be represented in the form 

shown in Fig. 3.22, where we plotted the engine speed as a function of the flight altitude 

for a fixed position of the throttle valve. This plot shows that when H = var, the rota¬ 

tional speed will be maintained to within An; in the absence of a barostat, beginning with 

n ^ n, and H = H,, the rotational speed n increases with the flight altitude up ton =n 
11 max 

when K - Kg; with a further increase in flight altitude the rotational speed remains un¬ 

changed and equal to n - n ., owing to the limitation imposed by the maximum speed 
ITIiXX 

controller, in tne presence of a barostat the rotational speed varies with increasing 

flight altitude in an interval determined by the barostat characteristic anc by the fuel 

flow (pressure) controller itself. 

During horizontal flight, when the engine operating conditions are changed by vary¬ 

ing the throttle valve cross section, it is possible to assume that p^ - const, T^ - const 
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Foi' the sake of convenience we shall find the expressions for some of the coeffi¬ 

cients obtained; for this purpose let us determine the partial derivatives. 

The fuel flow through the plunger pump can be expressed as 

Qpssanj, 

whence 
(tâp\ Qpo. /òaP\ __5ei 
\õn?)0 «pó ’ V a /0 h‘ 

The fuel flow through the throttle valve can be expressed as 

whence 

_Gm. (^vp \ _^viJ 
dip / o 2ipo \ àFyp JQ ^ypo 

The fuel flow through the injector can be expressed as 

G^atVTi. 

whence 

/àGj \ 
Wi /0 2pio 

Thus we obtain the following values of the coefficients: 

k7«i; Ka -o.s. 

The equation of motion of the engine will be written in the same form as before, i. e., 

Here G. = G : hence X« = 0.5X.. The term 1 accounts for the effect of the ex- 
Í 1 1 

ternal flight conditions pH> TH and V.3 Thus the final form of the system of equations 

of motion will be 

+/°; 

Xx=KxXPi+U 
(rtp-{-\) X%=s KxX KxX (, 

Xn-X^.òXip+Wp, . 

0.5A’»p+XJ,=0.5 JCj ; 

*,f=^+0-^- 

(3. 94) 

284 



and V = const, since during this time, when the new engine speed is set, the flight veloc¬ 

ity remains practically unchanged. Hence in this case we have £ » 0. 

Thereupon we obtain instead of (3.95) and (3.96) the formulas 

{0.5rr$p2 -f [0*5 (7*5 -S-7')+T {Ki+KiK^ -0.5^6,] />-f + 
+KXKZ+0.5 - 0.5iJ AV M*'*+( 1 - : 

{0.57TS p*+[o.5 (rs -1-7’)+r(/c2 -;-/c,a'3) - o.5rs¿,i p+ 
+^2+^3+0.5-1-0.50,} XPî- - [T%Tp- +, /s J- r- T'A) + 

+ 1 — Ô,](l — A) X/r. 

The final values of the parameters X'n and under the condition - X° will be 

*„(«>)= 
(À'2 + KiK:¡) (1 — k) X" _ 

Ka H- KiK¡ -1- 0.5 — 0.56, 
X (00) =_(l-¿i)(l-¿)X° 

/í2-i* Ki^Ci + 0.5 — 0.5 é. 

Hence we can see that the residual nonuniformity with respect to the controlled 

parameter X^ is smaller than with respect to the parameter Xn by a factor of 

/ xn(^) ___ bl (K2 -i- KiK:{) \ 

Up, (-) I-»! / 

The transient performance with respect to X^ is determined with the aid of an in¬ 

tegral estimate, by assuming the process to be monotonie. The monotonicity of the pro¬ 

cess will be determined by selecting the system parameters (Ts, K2, Kg) from the 

condition that the real negative roots of the characteristic equation must be equal. In 

this case, by using an estimate of the form J - J X^(t)dt, we obtain, with a unit-step 
0 

disturbance, the formula 

'fi.tTsi! — Ji> ~ nt.5 A': - Á'¡A' )] ¿. (A-. - A .A 

[K:-KÄ- (3. 99) 

Hence we can see that in order to diminish the integral estimate it is necessary 

to reduce the value of T and to take the coefficient K ^ p./pf as close as possible to 

unity. 

in practice it is possible to obtain for all flight conditions and engine operating condi¬ 

tions a transient performance that is close to monotonie, with an acceptable control time. 



Fig. 3.22. Static characteristic 
of system. 

Let us now consider a control system like ihe one depicted in Fig. 2.18, but with 

an active maximum speed controller. In this case we shall assume the position of the 

throttle valve to be fixed, i. e., X0^ = const. 
r 

The equation of motion of the servomotor will be different. In this case, like in 

the case considered before, the continuity condition will be written in the form V = V - 
> 

V2*V3> where V3 is the volume flow of fuel through the flapper nozzle of the maximum 

speed controller. 

The nonlinear equation for V3 will be Vg = V^p^, y^, where yx is the flapper- 

nozzle lever displacement variable. After ordinary linearization we obtain 

tP T ï) /CjAj 

where 

The equation of motion of the sensing element will be obtained on the same as¬ 

sumption as before, i. e., 

where Xc =Apc/pc0, where pc Is the fuel pressure in the cavity above the diaphragm, 

corresponding to the pressure at the outlet of the rotor ducts, which produce the effect 

of a centrifugal pump. 
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The relationship between the engine speed and the pressure p can be obtained 
c 

with the aid of the formula 

/'C----M«! or A'c- -n"-(dpS) Xn. 
Pco V àn /0 Pco 

, . 2 
by using the lormula p^ - a-n , we obtain X = 2X . 

c ¿ c n 

We finely obtain the following equation of motion of the servomotor: 

(7> Í ) =A 2Xf{ i + Kl0Xni (3.100) 

where ; 

Hence the original system of equations of motion will be as follows: 

0.5^+/o? 

Xx~K{KPi +/2; 

(7-,/,+ 1)^,=^+^3^-^: i3-101) 

A-,-^, = 0.5 Ar{p; 

The sign of the X^ variable in the servomotor equation has been changed by virtue 

of the condition that the system is closed. 

By solving (3.101) for Xn> we obtain 

(0.57/-,/,2+[0.5 (7+7, ) -r 7(/^+KXK¿- 0.5 ¿,,7,] /?+ 

+0.5+^+^3-0.5^(1+^,0))^-(0.0(7^+1) + 
-f/fa-h ^3)/0-0.5(,^,. (3i 102) 

The condition of stability of the system under consideration is specified by the 

following inequalities: 

0.5 (7, -.- 7)-7 (AT - KXKÒ > 0 5(,. 7,;, 

0.5+A2-r >0.5 (,, (1 - ^). J 
(3.103) 

by comparing (3.103/ with (3.90a) we can see that the stability margin decreases 

:n this case; tnerefere the transient performance can be poorer than in the case of an 
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idle maximum-speed controller. The system remains also static, and the residual non¬ 

uniformity is estimated by the formula 

(00)-- 
__0.5 •f/CiA.'a -t- Kg_ 
0.5 + /Ca + KiKj — O'Sbi (1 -[• A.'jo) /°. 

The conclusion obtained is in good agreement with practice, which shows that the 

transient performance deteriorates when the maximum-speed controller is in operation. 

2. Example 

Exercise. Calculate a fuel flow (pressure) controller for a single-shaft TJE with 

the condition that the transient performance (with regard to engine speed) must be mon¬ 

otonie, in the case of engine operation on the stand, under conditions close to maximal. 

The disturbance is taken in the form of a jump-like variation of the gas throttle. 

Basic data. The data for the engine are taken from the earlier examples pre¬ 

sented in this chapter; the equation of motion of the control system is taken in the form 

(3.95). 

Solution. According to the condition of the problem we have f^ =f0 = 0; therefore 
« 

we shall proceed from the following equation of motion: 

{0.577**8 + 10.5(7 + 7-,) + 7- (*2+*,*,) - 0.57^1 * + A'2 + + 

+ 0.6 (1 - *,)} Xn » », (*, + KíKí) <1 - *) X®. 

In accordance with (3.99) it is necessary, in order to minimize the control time, 

to reduce the value of Ts and to take the value of the coefficient k close to unity. 

Let us take the smallest value of T that can be realized in practice, i. e., the 
D 

previous value T - 0.3 sec. In this case it remains to determine the gain factors K , 
s 1 

K2, Kg and k. By using the assigned value of T = 0.5, = 0.33, we obtain the follow¬ 

ing equation : 

i0,05/>8 ■— (0.32 + 0.5 (/C2 + Ai^'j)] * + 0.33 + + /V» » 
a 0.33 (1 — ») (Afj + K1K3) X°. 
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The initial eonditiona for this equation are 

0.33 (1 — k) {Kj + KiK$) 

0.33+ /(¡ + /(¡/(3 
(0) = 0. 

For these initial conditions the obtaining of monotonie transient processes involves 

the presence of real negative roots of the characteristic equation. From the character¬ 

istic equation we can see that the roots will be real and negative for any positive value 

of m = K2 + K1K3. 

First let us determine the integral estimates for various values of m = Kg + 

According to the foregoing we have k = p./pf. Under maximum operating condi¬ 

tions we normally have p. & (0.7-0.8); hence k « 0.7-0.8. Let us take k = 0.8; hence 

1-k - 0.2. 

With the aid of (3.99) and of the parameter values selected, we construct the plot 

■ f(m)> shown in Fig. 3.23. It follows from the obtained curve that the integral es¬ 

timate is practically not affected by a variation of m = Kg + K^K in a wide interval. 

Therefore the selection of the values of the parameters K1> Kg and Kg will be made 

on the basis of design considerations, i.e., of the feasibility of the design. 

We can tentatively take m = 1-5, Let us take m - 1; then the equation of motion 

will be 

(/*2+ 16.4/> -f 26.6).\'„ = 1.32X0ilj. 

ÎÜ2 '-1-'-,-----•: 

t ■ ; 1 I . ! ' ' . \ 

0 2 * à á M >2 i* iSm'KsX.K. 
¿ • * 

Fig. 3.23. Integral estimate Jn plotted 

versus rn (m - K. -r X. K„. 
2 i 3 
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By integrating this equation in the usual way we obtain 

where are X0 are the roots of the characteristic equation. 
1 Ä 

Let us determine the transient performance in the case of intermediate operating 

conditions of this same engine, for n = 9500 rpm and n = 7500 rpm, with the same con¬ 

troller. We shall adopt the following values for the time constant T, the engine gain 

and the gain K: 

n 
Parameters 

T ài K 

rad 
993-«158 rp* = 9500 rpm 

sec 
rad 

785-« 125 rps —7500 rpm 
sec 

, .- 

1.4 

4.4 

0.77 

2.0 

0.7 

0.6 

We shall moreover assume that the disturbance applied to the system involves an 

instantaneous variation in the throttle cross section. After the usual calculations we 

obtain the following equations of motion for n -• 9500 rpm and n = 7500 rpm: 

(pi 7.15/) -- 3.75) A'* * 0.72X0 [1]; 

(^2 + 4.6/7-^0.53).^(1 «1.3X011]. 

The corresponding curves for the transient processes are plotted in Fig. 3.24, 

which shows that the processes are monotonie for all the operating conditions of the en¬ 

gine, whereas the control time increases when the operating conditions become lower. 

By a similar analysis for engine operating conditions with H > 0 and V > 0 we 

could see that the processes remain monotonie, although the control time increases 

slightly as compared to operation at the stand. An analysis of such a control system 

by a similar method with allowance for the operation of the maximum-speed regulator 

(Kq. (3.102)) shows that the character of the transient processes becomes oscillatory. 

Thus we plotted in Fig. 3.25 the transient processes for the above control system when 
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n*nS80rpm 

i 2 J < ttec 

Fig. 3.24. Transient processes. 

Fig. 3.25. Character of transient processes 
when the maximum-speed regulator operates. 

the maximum-speed regulator operates, these processes being due to a unit-step dis- 

ttubance f°[lJ applied to the engine; the curves are plotted for various flight altitudes. 

Thus our above calculations for a fuel flow (pressure) control system show that 

when the engine operates under lower than maximum speed conditions (barostat opera¬ 

tion) it is possible to obtain monotonie transient processes, whereas in the case of max¬ 

imum speed conditions, when the maximum-speed regulator operates, we have oscilla¬ 

tory transient processes. 

ï no occurrence of oscillatory processes at maximum speeds and the large resid¬ 

ual nonuniforrnity are major deficiencies ox the control system under consideration. 

D. Contro: systems tor TJK with a two-sta.üe compressor and two-loop TJE 

Let us consider the control system of a two-shaft TJE /see Fig. 1.36), .wc-stage com¬ 

pressor) with fixed and with variable nozzles and with an isochronous ( PI) spiec -controller. 



1. Control systems for T JE with two-sUge compressor and fixed nozzle 

The method of control of a T JE with a two-stage compressor and a fixed nozzle 

was illustrated in Fig. 2.3a. Let us consider operating conditions of the engine under 

which the maximum-speed controller and the maximum-temperature controller are idle. 

We shall assume that the speed controller acts on the fuel flow, thus maintaining 

the prescribed rpm of one of the stages, whereas the rpm of th* other stage varies in 

conformity with the motion of the first stage. 

Earlier we obtained the equations of motion of such an engine under the condition 

Xp = 0 (see (1.69) and (1.70)). Since we are considering the case that = const, the 

basic equations of motion of the controlled plant will be 

(<V>5+*i' a2^ ^/ii ^ (biP + bi) A 0f : 

(a0p- -f- «2) Xm - (b;P-b¿a) Aüf• 

Let us consider the case when the controller maintains the speed of the lew-head 

stage (X ), and determine the behavior of both stages under most likely disturbances. 
n2 

For this purpose we shall reduce the original system of equations (1.67) to two, 

by eliminating all the variables except Xn» and (by setting Xp = 0); as a result we 

obtain 

I (3 10' 

Here T and T. are the time constants of the high-pressure and of the low-pres- 
H L g 

sure stages; lv ¿3 and ¿4 are the gain factors, and f is the external disturbance 

acting on the low-pressure stage. 

At first let us ascertain the conditions of stability of the controlled plant. For 

this purpose we shall solve Eq. (3.104) for Xnl and X^: 

(Vh^+(7^4* 2¾) /> +1 - V«] ^«2“ 
—+(^4-1)/° • 
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«• 

Hence we obtain the stability condition 

MCI, 

i.e., the product of the gains with respect to the rotational speed of the two stages must 

be smaller than unity. In practice this stability condition holds for all engines. 

The controller will be taken in the configuration of Fig. 2.13. A block diagram of 

the en lire control system is shown in Fig. 3.26. 

P 

Fig. 3.26. Block diagram of 
control system. 

CODE: 1) High-pressure stage; 
2) Low-pressure stage; 3) PI con¬ 
troller; 4) Setting; 5) Servomotor. 

The equations of motion of the control-system loops, i. e., of the sensing element, 

the PI controller and the servomotor, will be taken in the form (3.5), (3.7) and (3.9) re¬ 

spectively. Hence the oasic system of equations of motion will be 

(r^PT i)a„2—v/°; 

pX,=-f<s(Xx x2): 

(rip-r\)Xi-T¿pXi. 

(3.105) 
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The generalized coordinates are taken in accordance with the block diagram (hence

By solving Eq. (3.105) for and we obtain

(floy?*+fliPH flu/’’ + a^P + a,;) AT„,={a^[P+a,/» -'r Oj) X»+ 
+(a,p5+04/'+a5)/^/®;

4-(ajpJ-;-a,oAy+a„)/o,

(3.106)

(3.107)
where

o,=.(THT-7i.)/«+7-i(rH/,/f,/ir,-/,/o-1); 
a,={\
a,=^K^K,{l,^lU> %-KJiiTil,K,:
a,(7-h- 7-i)l; aj.-A",a:,
<^3=rTuTi; 04—a-=/R; UQ—K{rjT^Kfli:
07=A:,/('j(rL+ri)/i4-rixriV:j:
o»=r^2! 04.= • ■/j/CjAr,;
w=W+l.

From formulas (3.106) and (3.107) we can seq that this control sygtem of tlte ro­

tational speed of the low-pressure stagp (X^) is astatic under a disturbance f^ applied 

to the controlled plant and imder a disturbance X^ due to resetting, whereas in relation 

to the rotational speed of the high-pressure stage it is static. Thp stability of the con­

trol system is determined by thq ipsquality
A3=-aj(fl,a^-aoag)>a40®.

By expanding the values of the coefficients for /? = 1, we obtain the following sta­

bility condition;
«1 -WiKJx^ 1)- K^K,[IJii-TiX 

X {[ThTI 1) -f (Ti.+Th) 7-i 1 Uri. -i-%) 4-l)-r

'VK,K,l3T^-^K^KJi{t3-VW\) >(ThT-i {KJi-r Dt 
4 (Tk-rT-i) 7-il= W. (3.108)

From this inequality we can see that for increasing it we must increase the values 

of Kg and T^. By assuming that the PI controller is switched off, i. e,, = 0, we ob­

tain the following stability condition:
7h/'lU - A',A',W(7L, ! 7h^> Ttr^A',A', W.
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In this case the inequality decreases as compared to the case T. ^ 0; in order to 

increase it. we must diminish the values of K, and K . The final values of the control- 
1 s 

led parameters and Xnl in the case of controller resetting will be 

^(«O-X0; («»)=- 
(/, +/8/3)X0 

(/3+/1/4) ‘ 

With a disturbance 1 the final value of the parameter X , will be 

(00)= /./° 
/3+/1/4 

From the formulas obtained we can see that the residual nonuniformity of the sys¬ 

tem with respect to the parameter X ^ in the case of a disturbance f° depends only on 

the parameters of the controlled plant. 

Let us find the expression for the integral estimates Jj by assuming that the 

transient processes are monotonie under a disturbance X°[l] and single-valued under 

a disturbance The initial conditions for (3.106) in the case of a disturbance X^tl] 

will be 

A'(O)-- — — ; A"(0)=-0; X'(0)--; A""(0)= 
«4 «o «0 

whereas in the case of a disturbance f [1] we have 

(0)=---0: A" (0)=-^-; a:"(0):-— 

A,,"(0): 

«0 a 
a5 — 03 Qi («Mp —csfl)) 

The initial conditions of Eq. (3.107) for a disturbance X U] will be 

A'(0) — ; X'(0)-0-, X"(0) - - ; A"'(0): 
ao Oq 

0.. 
whereas for a disturbance f Ui we have 

X(0) : X\0)---0-, X"(0)--- ; X"'K0) 
«4 «0 % 
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With the aid of formula (3.82) we can determine the expression for each integral 

estimate, i.e., 

i __ aia4 —U2«i( (^^+1)(/1/2/4-/1/4-/3 + /2/4/4) 
»*3, X* — ' •>-—--————  —---■■■■ i ■ ■ ! 

a* KxKt(li + /1/4)- 

yaJi ;t —«ggp —ao°3 + °3<»2 _ 

atfli 

*i- (^L + /H) + Tji (^/3/^1^1^-/2/4 + 1 - THrL) + 7¾ t 
7l/(i (/3 + /1/4) * 

«4 

-t-1)(/1/2/4 — /1 —12/3 + /|/a/4) +KiKtTít\ (/3 + /1/4) - /fiA's/Tn/s (/j t/+3> 

^1(/3 + /4/,)2 ' 5 

I. O|0«4--O||«.l 
-~2 -- =0 

(/(s/’l? + 1)(/. + /./-,) + l\i?.K\K&Tvi. 
/(5(/3 + /1/4)2 

(3.109) 

(3. U0) 

(3. Ill) 

(3.112) 

It follows from the foregoing that in order to diminish the integral estimate we 

must increase the values of the gain K,K . 
is 

Below we shall determine for an actual example the order of magnitude of these 

quantities. 

In a similar way it is possible to analyze control systems in which the rotational 

speed of the high-pressure stage is maintained fixed, whereas the low-pressure stage 

is in the follow-up mode. In this case we obtain the following system of equations of 

motion: 

(Tip— \)Xf2--LX3—lÁXnl- /,; 

Xi^/<l(X°—Xnl): (3.113) 

pX—K^X-X,); 

(T iP-.-1) X^Titpfr- 

This system difíèrs from (3.105) in the third equation, in which the variable X „ 
nz 

nas been replaced by Xnl. Below, in considering an actual example, we shall determine 
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tho transient processes also for this case, which permits a comparison between these 

two possible versions of controlling a two-stage TJE. 

2. Control systems for TJE with two-stage compressor and variable nozzle 

Let us examine one of the methods of control of engines in which the rotational 

speed of the high-pressure stage is cnanged by varying the fuel flow, whereas the rota¬ 

tional speed of the low-pressure stage is changed by varying the nozzle cross section. 

In this ease the maximum value of the gas temperature must be limited by acting on the 

fuel flow. 

The speed controller of the high-pressure stage, which alters the fuel flow, will 

be taken in the form of a PI controller. The speed controller of the low-pressure stage 

is taken with rigid feedback for example in the form presented in Fig. 3.27. A block 

diagram of the entire control system is presented in Fig. 3.28. 

i he equation of motion of the controlled plant can be obtained by eliminating from 

(1.67) all the variables apart from X and X 0, i. e., 
ni vl¿ 

VHP-rUXai^liXotrltXnï i 

(7>t TlsXf 4-/0./ (3.114) 

The equation of motion of the sensing element of the speed controller of the low- 

pressure stage is taken similar to the third Eq. (3.105), whereas the equation of motion 

o servomotor with rigid feedback is taken in the form of an equation corresponding 

to an aperiodic network. 

Thus the basic system of equations will be as follows: 

(3.115) 
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Fig. 3.27. Speed con¬ 
troller with rigid 

feedback. 

CODE: 1) Open fuel; 
2) Close; 3) To nozzle 

vanes. 

Fig. 3,28. Block diagram of 
control system. 

CODE: 1) Servomotor; 2) Set¬ 
ting; 3) Controller; 4) Fuel; 
5) Nozzle; 6) Two-stage TJE. 

Here the generalized variables are taken in conformity with the block diagram presented 

in Fig. 3.28. 

As we noted above, the overall control »ystem of the engine has a joint control 

which permits the prescribed engine operating regime to be set by a single knob. In 

particular, for the system under consideration we must have a joint control which permits 

the simultaneous setting of the prescribed speed of the high-pressure stage and 

Xnl of the low-pressure stage. In the overall control system we must also take into 

account the equation of motion of the joint-control device. By denoting the displacement 

of the joint-control knob by X0, we obtain the equation 

Xo —«¡»Xi-»«,.#, (3.116) 

which connects the disturbances and x| and çharacterizes the different resetting of 

the controllers. 

It is furthermore necessary to take into account the static equation of the engine 

(Xnl = fiX^)), which connects the speeds of the high-pressure stages under steady con¬ 

ditions. For this purpose we must use the static characteristics, which spec ify the function 

xm a f<xn2) for XGf and XF. 
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In Fig. 3.29 we plotted these curves, as well as the line of operating conditions, 

to each point of which there corresponds a particular value of X ,, X ., X„ and X« 
m nz uf r 

Fig. 3.29. Plots of Xnl 

for various X„ and X„; the thick Gf F 

line represents the operating 
conditions. 

CODE: 1) Lines; 2) Line of op¬ 
erating conditions. 

From such characteristics it is easy to obtain the formula 

Xi = máX¡. (3.117) 

Then we obtain from (3.116) and (3.117) the relations 

X^=/7i,Xo; X^=m2X\ 

where 

^ __ 1h_ . /¡i ~_i _ 
* /«3 /n¡ 

By solving (3. ilõ) for X ^ and Xn2 wiih allowance for (3.118), we obtain 

(ûo^vûi/'S • • • -rûs)A'ni-(uupî-r-u,p'--aip-rai)Xî4- 
xK^-f-u^-ruJ///0. 

(â0//5-;- a,//-r . . . -j-ûi).V-8 = (ô7/»s- as;/--*!.,n--a,;iX- -• 

XV X X X 0;^» /• - 
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The coefficients ùq, û^, ,.., and &0, ..., include the parameters of the original 

system (3.115), which are not presented here in view of the cumbersomeness of the 

formulas. 

It follows from the above equations that for a stable system under a disturbance 

f° the rotational speed of the high-pressure stage in the case of steady motion does not 

change, whereas the rotational speed of the low-pressure stage is changing. 

Indeed, the final values of the controlled parameters will be: 

^,(00)-51 XO-w.X0; 

*4(00)«*£12Xo*= vo. 
as hh + it + 

«io 
/°= 

l 

+ h + WiU /°. 

Hence in order to diminish the residual nonuniformity with respect to the param- 

eter Xn2’ due 10 a di8turbance f°. we must increase the gain factors K0 and K0 of the 
2 3 

low-pressure stage controller. The system is astatic with respect to the parameter 

Xnl under the disturbances X° and f°. 

The further investigation of such a fairly complicated system is easier to carry 

out on an actual example, which will be done below. 

The equations of motion of control systepas, used above in the analysis of two- 

stage TJE with fixed and with variáble nozzle, are valid for a fuel system in which the 

fuel flow depends only on the position of the control element (servomotor), in other words, 

when the pressure drop across the control element remains unchanged, as for example 

in the case of the use of a gear pump with a pressure-drop regulator. 

In the case of a plunger pump, when the fuel flow through it depends both on the 

position of the servomotor (tilt plate) and on the rotational speed, we must also take 

into account in the general system of equations the equation of motion of tie pump in 
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the form (1.45). Thereupon the equation of motion of the controlled plant (for example, 

in the case of a variable nozzle) must be taken in the form 

By solving these equations together with (1.45) and by assuming that the pump is 

driven by the high-pressure stage, we obtain the following equations: 

(7^+1)^=7^+¾ 
(7l/»+ 1) =4^+4^+4^+/°. 

where 

4—i\Ki\ 4=4+4*; 4= /.A 
1-4* ; 4= 

/4 

l-/a* 

4s . f_ TL • f-!_/0 
’ yL~ 1-4* ’ /o~ 1-4* 7 ‘ 1-/3* 

Here k = and = from (1.45). 

Since 0 < < I» the value of > TL and all the gain factors are also increas¬ 

ing. With all the other conditions remaining the same, this causes a deterioration in the 

iransiem performance. 

Let us note that for the transient processes it is not important whether the fuel 

pump is driven by the high-pressure or by the low-pressure stage. 

3. Control systems for single-shaft two-loop TJE 

The diagram 01 a single-shaft two-loop TJE is presented in Fig. 1.37. The auto¬ 

matic control system for such an engine is similar in many respects to the system used 

for a single-loop single-shaft TJE. The equations of motion with respect to the engine 

speed ana the gas temperature for the case of fixed nozzles and nozzle guide devices 

were ooiamec m an earlier chapter (see (1.86)). 

For a aynamic analysis of the .control system, for example, with respect to the 

engine speed, it is necessary to solve (1.86) together with the equations of motion of 



the controller (the last three equations of system (3.105)). As a result we obtain a solu¬ 

tion which is similar to that obtained in the analysis of a single-shaft TJE. 

If we have a variable nozzle in the first loop and in addition to the engine speed we 

are also controlling the gas temperature, then we must take into account in the generaf 

system of equations of motion also the equation of motion of the temperature regulator, 

for example in the form (3.75). Thus we obtain a solution similar to that obtained in 

the analysis of a single-shaft TJE with speed and temperature controllers. 

If we have a variable guide device in the first or second loop, or even in both loops 

simultaneously, then, on condition that the blades of the guide devices are set at a cer¬ 

tain angle simultaneously with the setting of the engine operating conditions by the joint 

control knob, we must take into account in the analysis of the control system dynamics 

only the disturbance on the engine due to the displacement of the guide devices. In this 

case the equation of motion of the controlled plant (1.86) must be replaced by the equation 

(Tp + Ci) Xn= ii^Of-J* V^i -f M'.î, 

where and are the variables specifying the blade angles of the guide devices. 

It is furthermore necessary to take into account the equation of motion of the joint 

control mechanism, which connects the varibles and X^ with the speed controller 

setting X°. 

From the foregoing analysis of single-shaft two-loop TJE we arrive at the conclu¬ 

sion that in their properties with respect to control-system dynamics they differ very 

little from single-shaft single-loop TJE; therefore it is inopportune to proceed with the 

analysis of these systems. 

4. Control systems for two-shaft two-loop TJE 

Automatic control systems for two-shaft two-loop TJE depend in many respects 

on the engine design, but on the other hand they are similar in many ways to the control 

system for a TJE with a two-stage compressor. 
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For the engine, presented in Fig. 1.40, when the controlled parameter is the ro¬ 

tor speed of the principal loop, whereas the rotor of the second loop operates in the fol¬ 

low-up mode and the nozzle and guide devices are not controlled, the system of equations 

of the engine must include plant equations of the form (1.69)-(1,72) and the controller 

equations. In their dynamic properties, the control systems of two-shaft two-stage TJE 

are close to TJE with a two-stage compressor. 

If the fuel burning in the two-shaft two-loop TJE, presented in Fig. 1.40, takes 

place in the second loop, the behavior of such a control system will differ considerably 

from that of a TJE with a two-stage compressor. 

5. Examples 

Example 1 

Exercise. Determine the parameters of a control system of a TJE with a two- 

stage compressor and a fixed nozzle, when the rotational speed of the low-pressure 

stage is regulated by a PI controller by way of changing the fuel flow. The transient 

processes must be close to monotonie in the case of engine operation at the stand when 

the operating conditions are close to maximal. The disturbance is taken in the form of 

controller resetting. 

Basic data. The controller is taken in the form shown in Fig. 3.3, and the coef¬ 

ficients of Eqs. (3.104) are as follows: Tpj = 0.5 sec, T^ = 1.14 sec, - 0.3, =0.2, 

¿r - 0.G4 and ¿ . - 0.43. 
ó 4 

Solution. It is convenient to solve this problem with the aid of an 3lectric inte¬ 

grator. For the case under consideration we can use the system of Eqs. (3.105); the 

parameters to be determinea are K^, Ks and T.; ß is assumed to be equal to 1. 

From inequality Í3.108) we can see that the system remains stable in a wide range 

of variation of the parameters K,, K and T.. In order to ascertain the direction in which 
1 s i 

this inequality changes when the values of K , K, and K vary, we shall represent it in 
IS a 
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form C > 1, where C is the quotient of the division of the left-hand side of the inequality 

by the right-hand side. By assigning various values of K1f K and K., we can determine 

the values of C; the corresponding plots are shown in Fig. 3.30. The straight line C = 1 

specifies the stability limit of the system. From the curves, presented in Fig. 3.30, 

we can see that the value of the inequality is strongly affected by the Pi-controller time 

T.. In order to select the parameters such that the transient performance will meet the 

given requirements, it is therefore convenient to study the effect of T. and K on the 
X o 

transient processes, by assigning feasible values of the tachometer gain In the fol¬ 

lowing we shall take = 8. 

From (3.109) we can see that in order to diminish the control time we must in¬ 

crease Kg and reduce T.. In Figs. 3.31 and 3.32 we plotted the transient processes 

obtained with the aid of an electric integrator for various values of T. and T , with the 
X s 

other parameters assigned. By examining these processes we can see that the most 

acceptable values are T. = 1 and Ta = 5. With these parameter values the process re¬ 

mains practically monotonie (with respect to the rotational speed of the low-pres¬ 

sure stage), with an entirely acceptable control time t « 1 sec. According to (3.109), 

the value of the integral estimate = 0.2. 

From these processes we can also see that while we obtain for ft monotonie 

process, the process obtained for X , (the high-pressure stage) will have an overshoot 
ni 

of about 25% of the value of the disturbance. By increasing T, above 1 sec, we are only 

protracting the process, without changing its monotonie character; an increase of K 
s 

above 5 is improving the process (the control time decreases), but it is difficult to ob¬ 

tain in an actual hydraulic servomotor a time constant which is much smaller than Ts= 

- 0.2 sec. 

Example 2 

Exercise. Determine the parameters of the control system of a two-shaft TJE 

with a variable nozz¿e, when the rotational speed of the high-pressure stage is regulated 
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c 
10 

Fig. 3.30. The inequality 
C plotted versus the param¬ 

eters Kj, Kg and T.. 

CODE: 1) Stability region. 

Fig. 3.31. Transient proc¬ 
esses for T. = 0.5 sec and 

Ks = var. 

Fig. 3.32. Transient proc' 
esses for K = 5 and 

s 
T. = var. 

by a Pi controller by varying the fuel flow, whereas the rotational speed of the low-pres 

sure stage is regulated by a controller with rigid feedback by varying the nozzle cross 

section. 

Ine oisturbance is taken in the form of the controller resetting. The transient 

processes for the two stages must be close to monotonie. 

Basic data. The coefficients of Eqs. (3.114) are taken as follows: T„ --- 0.5 sec 
n ’ 

i - 1.14 sec, l - 0.3, Lt/ -O.z, / - 0.34, l - 0.43 and l. --1.43. 
4 ¿> 
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The parameters of Ute h^-pressure stage controUer are tagen tn conformity »ith 

the data of the previous example. 

Solution. This problem is likewise convenient to solve with the aid of an electric 

integrator. The Parameters to be determined are ^ and T, of the low-pressure 

stage controller. The tachometer gain K2 is taken like in the previous example (K, -8) 

The parameters K3 and T, wtl, he selected on the basis of the condit.on o, minimteing' 

«to residual nonuniformity ami of obteimng the prescribed transient performanee. 

The residual nonuniformity of control is specified by the expression obtainedear- 

iier, i.e., 

Xnt (oo) « ^L°- xo = S!hShL±h!à±J<i!<2EÉâ v0 
*5 Vi + fl+tfaWs 

Ut “ aSCertain ^ Value ot ^ nosidual nonuniformity that ean be expeeted for 
various values of Kg. 

At first we shall assign the values of the coeffleients and S3 from ,3.116) and 

(3.117). which characterize the effect of the joint oontrol. Let us take iñ, a i and m - 

“ °-5- From I3,1161 we hence obtain ñij = 0.5. The values of nr and tm in <3.118,8 
will be m = 0.5 and m0 = 1. 

The equation of motion of a servomotor with rigid feedback (the last equation in 

system (3.115)) can be represented by two equations of the form 

pXt ss K%(Xa—X&) aad ~XS = % 

Here Kft is the feedback factor, and K is the servomotor gain. By comparing these 

two equations with the last equation of (3.115), we obtain 

r 1 / «-- 
1 ***«,* 

The values of the feedback factor can be taken in the interval - 0.5-6.0- the 

value of the servomotor gain K. > 5. ,mce i, is difficult to implement the design with 

a higher value of the gam. Hence we obtain for . 2-0.2, and for T . 2K -0.2K . 
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Now we can determine the possible value of the residual nonuniformity as a function of 

Kg, by using the formula = (0.125-0,120)X°. 

Thus the residual nonuniformity is very little affected by a variation of Kg in a 

wide interval; therefore we shall select K. and T in such a way as to obtain the pre- 
O S 

scribed transient processes. 

Fig. 3.33. Transient processes. 

CODE: 1) Variable. 

In Fig. 3.33 we presented the oscillograms of the transient processes for and 

X^, obtained with the aid of an electric integrator for various values of Tg, Kg, Kg and 

K-. From the oscillograms we can see that the processes, represented by the curves 4, 
fb 

are close to the prescribed processes. 

FOOTNOTES 

(p. 225) 1ln writing the transfer functions, we stipulate to omit the transformation pa¬ 
rameter S, both here and in what follows. 

(p. 238) “This was done by L. N. Getsov and G. P. Anuchkin. 

(p. 280) The equations ox motion of the engine, derived in Section 2 Chapter I, nolo in 
the case of fixea external conditions. If we assume that these conditions vary. 
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we obtain, for exampie^'or the rotational speed and the gas temperature, the 
following equations: 

(T'P + VXn^itiP-rbz) Xq; j-C2)^ph v 

+(TaP 4* ^2) T iy+p 4* Qî) Xv. 

Therefore the quantity f° will stand in the following for a certain function in 
the right-hand side of the equation that corresponds to a certain disturbance. 



■SB—gEBW 

CHAPTER 4 

THE DYNAMICS OF AUTOMATIC CONTROL SYSTEMS FOR BTJE 

With the development of turbojet engines, more and more of these engines are equip¬ 

ped with thrust-boosting devices in the form of afterburners in which additional fuel is 

burned. Onthe basis of the properties of BTJE, described earlier in the book, we shall 

study m this chapter the dynamics of control systems for engines with boosters, using 

different methods of control. 

1. Single-shaft BTJE 

Let us consider a BTJE control system in which the engine speed is maintained 

with the aid of a PI controller, and the fuel is supplied to the afterburner as a function 

of the signals pj or p|, or p|/p|, or T|. 

The equation of motion of the controlled plant with respect to the rotational speed 

is taken in the form (1.101), and the equation of motion of the speed controller is taken 

in the form (3.5), (3.7) and (3.9). We shall also assume that the fuel pump of the prin¬ 

cipal loop is of plunger type, with the equation of motion of the latter being taken in the 

form (1.45). 

a) Control of boosting loop by means of p* signal 

The boosting-loop controller used by us will be in the form of the fuel-flow con- 

troiier considered earlier in Fig. 2.18, with the difference that the signal arriving at 

the barosiat will now be proportional to p*, and that we do not have in this case a max¬ 

imum-speed limiter and a throttle valve varying the fuel flow (see also Fig. 2.32). A 

block diagram of the overall engine control system is presented in Fig. 4.1, and a bas 

ic diagram — in Fig. 2.52. 
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Fig. 4.1. Block diagram of BTJE control 
system driven by p* signal. 

CODE: 1) Fuel pump; 2) Servomotor; 3) PI 
controller; 4) Tachometer; 5) Sensing ele¬ 

ment; 6) Barostat. 

Here the fuel flow in the afterburner varies as a function of the total air pressure 

p* at the compressor inlet. 

We shall make the following changes in our earlier system of equations of motion 

of the boosting-loop (flow) controller: The fuel flow in the afterburner is assumed to be 

proportional to the fuel pressure at the pump outlet, i. e,, X- =Rx , and the barostat 

, . ÜfB 
displacement variable Xg is assumed proportional to ir = Ap*/p* i.e., X =K r . 

I X XO 6 3 X 

In accordance with (3.85), (3.88) and (3.90) we hence obtain the following equations 

(with the introduction of a new notation): 

X4 “ K2XG ^ the equation of the sensing element; 
fB 

(TgP + 1)X- - + K_X^ — the equation of the servomotor; 
__ fB 

XG " X6Xn ^ K7X5 — equation of the pupap, 
fB 

It is convenient to reduce these equations to a single equation of the form: 

(7^ A-H) *0 k = K¿Xn rf zlt (4. i) 
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where 

/C*~/Cj/A; K—l — K+Kj — 

Hence the original system of equations will be as follows: 

(Tp+VX^Xo^Xoto+X,1'; 

Xx—Kx (Xo— 
pX^K^-Xj, 

(T iP+l)X2—T$pX3\ 
X(jf- A8An-|- K9Xj, 

■çrsp+\)xG{b~/<6xn+xv 

Here the generalized variables correspond to the notations in the block diagram 

of Fig. 4.1. 

By solving (4.2) for Xn we obtain 

(a3P* + fli/»3-ra2p2-ra2p—a4) Xn(a0p2 + «i^ r Xo-f 
-)- (a^2-(- aAp a¿) pX p 4- (a6p -)- o7) pxlt (4.3) 

where 

a^rísm+rr^-TJ^-l^Y. 

a2—(7**f T'j—m~ T¿ {T.K.K^K.-hK, - 1 • 
(T^+fi)A'A^AV 

a^lxKxKsK9\ a^K{r'rj<tK,U ^{T,-7,)1^%KXK9\ 
Oj —/f^jA’jAgî 

Oj-Viíi-W’ aà- 
¢¢-/^7^1 o7—‘/jffí, /W—-AjT'jj-r j• 

From these formulas we can see that with respect to the rotational-speed the sys¬ 

tem is astatic under disturbances due to the variation of the nozzle area Xp, the varia- 
0 

tion of the total compressor-inlet pressure r^, and the speed controller resetting X . 

Sucn a control system can be made stable practically always. By setting T. — 0, 

the stability condition will assume the form 

( 1 —/jA', — K¡1% i TsKfiJiKÿ)(TT^—T^L;á'6) >7TSlxKsKxK9. 

By setting K& - Kß = 0, which corresponds to the condition that the fuel Bow in the 

principal loop and in tne afterburner does not depend on the rotational speed of the engine 

(pumps), the stability margin will increase. This property of the system is maintained 



also for T. / 0, as can be clearly seen from the block diagram of Fig. 4.1. Indeed, by 

setting Kg = 0 we are in fact cancelling one of the closed loops via the controlled plant 

(the fuel pump of the boosting loop) and the boosting-loop controller becomes open-loop. 

In this case the system stability does not depend at all on the boosting-loop controller. 

The behavior of the system under consideration as a function of the controller pa¬ 

rameters and of the flight conditions can best be investigated by means of the transient 

processes. In Fig. 4.2 we plotted the transient processes for the rotational speed for 

an engine controlled by such a system, when the disturbances are the instantaneous re¬ 

setting of the speed controller, the opening of the nozzle vanes, and the variation of the 

flight velocity (variation of r,), for various values of the controller parameters and of 

the flight altitude. The transient processes show that, with the controller parameters 

taken by us, the performance improves with increasing flight altitude in the case of the 

disturbances representing the nozzle variation and the flight velocity, and that it dete¬ 

riorates in the case of speed-controller resetting. When the Pl-controller time increases, 

the processes are protracted in time under all the types of disturbances. The processes, 

due to the nozzle-variation and flight-velocity disturbances, will be in actual fact better 

than the plotted ones, in view of the relatively small rate of variation of the disturbances 

(instead of a step variation); therefore it is appropriate to select the system parameters 

on the basis of the (poorest) transient performance, due to controller resetting. The 

processes, due to speed controller resetting and in which the effect of the boosting-loop 

regulator has been taken into account, do not greatly differ from the processes obtained 

by neglecting the effect of the boosting-loop regulator. 

b) Control of boosting loon by means of Pg signal 

One of the possible basic diagrams of boosting-loop control is shown in Fig. 4.3, which 

illustrates the operating principle of such a system. The speed controller configuration is 

the same as before. A block diagram of the entire control system is presented in Fig. 4.4. 
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Fig. 4.2. Transient processes for various H and 
T., and various disturbances. 

CODE: 1) Speed controller resetting disturbance; 
2) Nozzle disturbance; 3) Disturbance. 

Fig. 4.3. Basic diagram 
of booster control system 

driven by p* signal. 

1 — bypass valve, 2) 
sensing element, 3 — 
servomotor, 4— pump. 

CODE: a) To injectors^ 

Fig. 4.4. Block diagram of 
BTJE control system driven 

by p* signal. 

CODE: 1) Servomotor; 2) Fuel 
pump; 3) PI controller; 

4) Tachometer. 
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The equation of motion oi the engine (1.100) is reduced to two equations of the form 

{Tp - 1) A',! = qA'p, hXQ {+ i,XG 4 /cA'p, , 

Xpx = -r J (4.4) 

The equations of motio.i of the booster control loops are taken as follows: 

X j - K2Xp2 t^e sensinf» element; 

(T ,p + l)Xr — the servomotor with rigid feedback. 
S UfB 

Hence the basic system of equations will be as follows: 

(Tp + \)X„ = liXfii + hXQ^+ hXQ^+ kX F\ 

Xp3 *= IíXr + ¡sXQ 

Af, = /f,(X0-An); 
pXi = Kt(Xx-X2y, > 

(FiP + DAWiíiMa; 
K&Xn + KiXj; 

X^KiXrf 
(hP+l)X0fb^K3Xi. 

4 

The generalized variables correspond to the notations given ip the block diagram 

of Fig. 4.4. 

By solving (4.5) for Xn, we obtain 

(a0/>< T + a¡p* + a¡p -i- a4) X„ =» (u^p2 + aiP -r a¿) X1’ - 

+ (asP- + u*P-r a¡) pXft 

where 

ag = aj * 7g77»-f* 7*i (7|/nj + F); aj « -r Fi)]*r F/n-t* 

+ Fi [TtKsKiKi (h - hh) - Wi (/4 -r UK»)]; 
aj = m [mi — I3K2K3(I» ■+■ ¡sK»)] + Ks,K\K»[F¡/B2 t T»(/¾ -j- /j/5)]; 

a4 = KtKiKtfni- aü = KlTlTiK,K»(l2 + llU); 

a¡ - KjFj + (U + /1(5); 
aj «= KiKsKsmi; a» = TiFs/4; a4 =» Fj/^m 4- Ttl6-, 

Oc » ¡»m; /» —/fjFi^-r 1; 
nil = 1 — UK» ■+■ UU~UUK»; nij *= i2-r l\U 4- UUK^K^. 

From (4.6) we can see that under disturbances due to a variation in the nozzle 

cross section and to controller resetting, the system will be astatic with respect to the 

rotational speed. 
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Such a system is practically always stable. By setting T. — 0 and taking into ac¬ 

count that > 0, > 0 and > 0, we obtain the stability condition in the form 

[i - hKi + tiU - hlsKt + hK2Ka (U-Wt) ~ 
+ KsKiKÿT$ (/s + ((i— /jATj + /1/4- ¡iliKi) Tt-rT\> 

> ^s^s^iA'#(/j+/1/5 +/3/5^2^3). ¢4 tjj 

By setting Kg = 0, which corresponds to the condition that the fuel flow in the prin¬ 

cipal loop is independent of the engine speed, we can see from (4,7) that the stability 

margin increases. This property of the system is preserved when T. £ 0. 

The behavior of this system as a function of the controller parameters and flight 

conditions can be judged by the transient processes plotted in Fig. 4.5. Here we used 

the same engine as in our analysis of the system driven by a p* signal, and also the same 

controller parameters. 

We can see that the character of the processes remains the same, i. e., with in¬ 

creasing flight altitude the transient performance improves under a disturbance due to 

nozzle cross-section variations, whereas under a disturbance due to speed controller 

resetting the performance deteriorates. An increase in Pi-controller time leads to 

protraction of the processes. 

The similarity of the processes, represented in Figs. 4.2 and 4.5, .s due to the 

fact that in both systems we have an auxiliary loop, closed at the controlled plant; in the 

first case it is closed via the pump, and in the second case ~ via the entire boosting- 

loop regulator. Since the time constant of the booster-regulator servomotor is fairly 

small fiV * 0.1 sec) and the quantity p¿ is practically uniquely related to the engine 

speed, the two systems become analogous. 

Nevertheless, when the nozz;e cross-section varies tne processes in the second 

case are Slightly inferior to tne processes in the firs: case. This is due to the pres¬ 

ence 01 m tne se rvomotor ot the boosting-loop regtilator. 

however the system, driven by a p£ signal, has a certain advantage over the sys¬ 

tem driven by a p* signal. Tais advantage consists in the fact that it takes more fully 



àtl rpm 

Fig. 4.5. Transient processes with respect to 
BTJE rotational speed for various H and Tj under 

various disturbances. 

CODE: 1) Speed controller resetting disturbance; 
2) Nozzle disturbance. 

into account the variations taking place in the engine when the operating conditions vary; 

thus the variation of the compressor characteristics is being taken into account, since 

the signal in the boosting-loop regulator is drawn after the compressor. Thus it is pos¬ 

sible to maintain more fully the mode of operation of the principal loop. 

A system which differs somewhat from the system ander consideration is a control 

system in which the boosting-loop regulator uses a pump of variable output (similar to the 

model presented in Fig. 2.52, with the barostat being acted upon by a p| signal instead 

of a p* signal). In this case we shall have instead of (4.5) the basic system of equations 

(Tp + \)Xn — + + U* /, 

Xpt^UXn + liX^; 

pXi~ Ki (Xi — X2); 
(Tip + 1) Jfa ^ T$pXü 

Xc= K»Xn + KiX,; 

(TsP + 1) XQ ^ = KnXn + KiXfi- 

(4.8) 
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An analysis of the dynamics of such a control system shows that its transient per¬ 

formance deteriorates slightly and its stability margin decreases as compared to the 

system considered above. 

c) Control of boosting loop by means of p'/p* ^ tt* signal 

in this case the boosting-loop controller has the form shown in Fig. 2.28. Let us 

consider the operation of this controller in the presence of rigid feedback and of a pres¬ 

sure-drop (across the control element regulator). 

Let us recall that by maintaining the assigned gas pressure ratio at the turbine, we 

tend to leave unchanged the operating conditions of the principal loop of the engine. The 

assigned pressure ratio r*, can be altered with the aid of the controller setting signal Y^. 

The speed controller of the principal loop used by us will be the same as before, 

namely, a Pi-controller with a gear fuel pump and a pressure-drop regulator at the con¬ 

trol element. The overall block diagram of the system is presented in Fig. 4.6. 

The equation of motion of the controlled plant can be obtained by reducing system 

(1.106) to three equations of the form 

(4.9) 

Let us derive the equations of motion of the sensing element of the boosting-loop 

regulator; for this purpose we shall utilize the diagram of Fig. 2.28, in which the input 

signals are the values of p¿ and p|, whereas the output signal is the position of the slide 

valve (diaphragm). 

ihe equation of the forces acting on the diaphragm will be 

(Pi-Pî.ùj» Cl, 

where , ano p^ are the pressures at the lower and at the upper cavities of tne dia¬ 

ls the effective area of the diaphragm, C is tne diaphragm stiffness, and 
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/ is the displacement of the diaphragm (slide 

valve). This same equation in relative var¬ 

iables will be 

-J-ZWjA';, (4.10) 

where 

By neglecting small variations of the 

volumes of the cavities of the diaphragm dur¬ 

ing its displacement, we are taking into ac¬ 

count only the pressure in the lower diaphragm- 

cavity by means of the equation 

Fig, 4.6. Simplified 
block diagram of BTJE 
control system driven by 

irfy signal. 

COPE: 1) Servomotor; 
2) PI controller. 

y Î£m.—o n 

where V is the volume of the lower diaphragm-cavity, the gas flow through the first 

jet, and Q2 the gas flow through the second jet. By using the nonlinear formulas - 

= Q1(P2! y°) and Q2 = ^ *). we obtain after linearization the expression 

(TiP+'l)^p2,i—m¡Xpí—miXr\-fniY°. (4, nj 

By substituting the values of 1 from (4.11) into (4.10), we obtain by virtue of 

(1.105) the following equation: 

+ (TjWjp-fWjJA’i—mjY0, (4.12) 

where 1^, m, and m2 are the time constant and the gain factors related to our ear¬ 

lier notations, and is the output variable of the sensing element. 

The time constant may have a very small value, and can be neglected in the 

first approximation; therefore we shall take in the following the equation of motion of 

the sensing element in the form 

^ mXpi - fñ\Xi - mjY0. (4.13) 
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WEssammarr, .... 

Hence we obtain the basic system of equations of motion as follows: 

Xxi—lAXnl0Xa ^ +/7-Vpj+ZgA'/,; 

Xfi—h*n+l*X{of ; 

Xx=Kx{W-XnY 

pXa{=Ks(Xi-X2); 

(7*1^ +1) -¾=TiipXQ{\ 

XX f ftlXp2 //i 1A j /?¿2 

(4.14) 

(T-sP + D^fb-^,. 

Here the generalized variables correspond to the notations given in the block dia¬ 

gram of Fig. 4.6. 

By solving (4.14) for X and X , we obtain 
n Tirn 

(a0p4+Û!/?3+a2p2+a3p+a4) XK=(cq^2 + a,/?+a2) Xo+ 
+ (aaP2+a4p+a5) - (a6/>+a7) pY°; 

(4.15) 

(a0/><+a,/?3+a2/?2 + a,p a4) AT, t = (ahp3+a^/?2 -- aVtp++ 

+(aiz/?4+a13P3+“h/'2 -r “uP -f a16) ^ - 
-(017^ + 01^+^-¾)) Y°. (4.16) 

These, equations show that with respect to the rotational speed XR the system is 

astatic under the disturbances Xf and Y°, whereas in relation to the pressure ratio 

X the system is static under these same disturbances. 
rT 

The final values of the controlled parameters are: 

X. (00)=~ Xo=Xo; 
a4.. 

X% (00)=Xû= 
1 *4 

1 a4 

Xr. ,(00) = ~ Y° = 
i 

Kimïj-r nfa 
Kiih“rmj, 

_ gjrjs y „ • 
/C2?3+mj^4 

yj 
^í?3-r/ni>4 

(4.17) 



Here the coefficients ß.}, ..., consist of the coefficients occurring in the equa¬ 

tion of motion of the controlled plant. Hence we can see that with regard to the rotational 

speed the system remained astatic under the disturbance X^. 

The stability of the control system under consideration differs little from the sta¬ 

bility of the system examined above, which is driven by the compressor outlet pressure p|. 

This system makes it possible tp introduce in a fairly simple way the necessary 

correction for tt*,, by acting on the boosting-loop controller setting Y°. For example, 

it is possible to effect the correction by a signal, proportional to the compressor pres¬ 

sure ratio or to the flight velocity, etc. In this case one can change, without appreciably 

affecting the dynamic performance of the system, its static characteristics and approach 

more closely the optimum operating conditions of the engine for various rotational speeds 

and various flight conditions of the aircraft. 

The behavior of the system under consideration as a function of the controller pa¬ 

rameters and the flight conditions can be elucidated by means of the transient processes, 

constructed in Fig. 4.7. Here we used the same engine as in the analysis of the systems 

driven by p* and p| signals, and also the same parameters of the principal-loop control¬ 

lers. By examining these processes we can see that their character a$ a function of the 

rotational speed remained practically the same as before. 

However, in view of the increase in the time constant of the servomotor of the 

boosting-loop controller under a disturbance due to nozzle-area variations, the control 

time and the overshoot are considerably increasing. 
0 

In the case under consideration, with a resetting disturbance X , the transient 

performance deteriorates with increasing flight altitude, whereas a disturbance to noz¬ 

zle-area variation has the converse effect, i. e., the transient performance is improving. 

An increase in the Pl-controiler time is accompanied by a slight inçrease in the control 

ume; an increase in the feedback factor of the boosting-loop controller (a decrease in 

K, and Tg) is slightly improving the performance, especially in the case of a nozzle- 
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4Æ rpm 

Fig. 4.7. Transient processes with respect to BT JE 
rotational speed for various H. T and T 

^ 8 i’ 
under various disturbances. 

CODE: 1) Speed controller resetting disturbance; 
2) Nozzle disturbance. 

variation disturbance. We must bear in mind that with increasing flight altitude the fuel 

combustion process in the afterburner may deteriorate (the quantity r¡ in (1.97) dimin- 

ishes in value); therefore the relationship between the variation of the fuel flow and the 

gas-temperature variation in the afterburner is disturbed. In the case of a very strong 

variation in r/cB, the entire control system, driven by tt*, and acting on the fuel flow in 

tue afterburner, becomes very sluggish or inoperational altogether. In this case (when 

taxi driving signal is tt,» ) it is more convenient for the controller to act on the nozzle 

vanes, as shown in Fig. 2.29. 

d) Control of boosting loop by means of T* signal 

For the control of the boosting loop it iS possible to use any outlet-tempe rature 

regulator, for example,the regulator shown in Fig. 2.21; the equations of motion of the 

loops of this regulator were obtained earlier. 



As before, we shall assume that the boosting-loop controller acts on the fuel flow 

in the afterburner, whereas the operating conditions are set by altering the nozzle cross 

section. We shall moreover assume that the fuel flow in the afterburner does not depend 

on the rotational speed of the pump (we have a regulator of the pressure drop across the 

throttle-valve needle). 

The speed controller used by us in a Pi-controller with a plunger fuel pump. 

A block diagram of the entire control system is shown in Fig. 4.8. 

T CepSb- 
mmop\) 

Ton/iuOnm 
uacoc 

¡L 

LP^rU-J 

Fig. 4.8. Block diagram of BT JE control system 
driven by T| signal. 

CODE : Servomotor; 2) Fuel pump; 
3) Pressure-drop regulator; 4) PI 
controller; 5) Tachometer; 6) Ampli¬ 
fier; 7) Solenoid; 3) Differentiator. 

For the sake of simplification and .or approximately solving the problem, it will 

be assumed in the following that the thermocouple lag is fully compensated by the differ¬ 

entiating network; we shall also neglect the lag of the relay and of the amplifiers. In¬ 

stead of (3.75), we can hence write the equation of motion of the temperature regulator 

as follows • 

pX^K2(Y°- Xu), (4.1b) 
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where K. is the overall gain of the temperature regulator, and is the temperature- 

regulator setting signal. 

The equation of motion of the controlled plant can be obtained from system (1.100) 

by reducing it to two equations of the form 

I (4.19) 
Jfr4==/3A'ft+/7A'0f-t-/4A'0{b -fVG" 

Thus we obtain the basic system of equations of motion in the form 

(Xo—. 
pX^W-XJ; 
(TiP+VX^X&pX* 
X0{=KsXn+K9X3; 

pX0ib=K2(Y*-XTi). 

Í4.20) 

Here the generalized variables are denoted in accordance with the block diagram 

of Fig. 4.8. 

By solving (4.20) for Xn and we obtain 

(flo/74 -f fl,/»3+<hp-+a3p+a*) =(a8p2 -r ai/> T- a2) Xo -f 

+ (03^2+W+as) PXp + KP -i- «7) PY°; (4.21) 

(a0p*+fl^3 -f fljP2+Ü3P + a*) xn=(as/22 *f aiP+aio) Px°+ 
+(a,lps+a12o2+al3P+al1)/7A>+(al5p8+al6p2 + 

+W+Ou)Yo- (4.22) 

These equations show that with regard to the rotational speed of the engine the 

system is astatic under the disturbances XF and Y°; with regard to the gas temperature 

the system is astatic under the disturbances X^ and Xp. 

The final value of the controlled parameters in the ease of controller resetting 

will be 

(00) -^2. Xo—Xo; Xu (00) - -- Y°—Y°. (4. 23) 



Hence we can see that in the case of controller resetting the system is likewise 

astatic. 

The stability of the system under consideration for T. — 0 and l 

< 0 and /g < 0 is expressed by the inequality 
\ 

<0, 

{KXK,K% (/, - /,/;) - Kx (//38 (½-1- X 
X [Tl.K^K, (/,/, - /5) - /,/3+1] > TK%K,K,Kt (/2/7+/4/s). 

In view of the fact that + /^ > + ^^7)» stability margin can be 

increased by diminishing the bposting-’loop gain Kg. This property of the system holds 

also for the case Tj / 0. 

A more detailed study shows that the stability margin of the system under consid¬ 

eration is nevertheless smaller than in the cases examined above. 

The behavior of the control system as a function of the controller parameters and 

the flight conditions can be ascertained by means of the transient processes, plotted in 

Fig. 4.9. The engine used here is the same as in the case of the aystem driven by p*, 

p| and r*. signals; the parameters of the principal-loop controller are also the same. 

We can see from Fig. 4.9 that the character of the transient processes differs 

from the processes considered above. Thç processes described in this figure are char¬ 

acterized by an increase in the oscillatory component with increasing flight altitude, 

both in the case of a disturbance due to nozzle-area variation and in the case of gas- 

temperature controller resetting. An inçrease in the Pi-controller time causes a de¬ 

crease in the oscillatory component of the process, but it increases the control time. 

A decrease in the time constant of the servomotor of the gas-temperature controller.to 

a value below 2 sec is sharply increasing the oscillatory component of the process, 

whereas an increase in the time constant is protracting the transient process. 

In order to obtain an acceptable transient performance at all flight altitudes it 

is convenient to use a PI controller that resets itself. 
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Fig. 4.9. Transient processes with respect to rotational 
speed and outlet gas-temperature of a BTJE for 

various flight conditions, disturbances, 
and controller parameters. 

CODE: 1) Legend: 

Temperature-regulator resetting disturbance Y°[l] 
— Nozzle disturbance X-Jl] 

r 
-Speed controller resetting disturbance X°il]; 

Kg = 10; Kx = 9 

Temperature-regulator servomotor time 
constant = 2 sec; V = const. 

The introduction of lag into the gas-temperature controller, for example by using 

a servomotor with rigid feedback causes a marked stabilization of the process, by dimin¬ 

ishing us oscillatory component; but this leads, however, to great inaccuracy in the main¬ 

taining of the gas temperature. 

me transient performance is sharply improving when the rate of variation of the 

nozzle cross section and of the temperature-regulator resetting decreases (as compared 

to a step variation). 

m considering the engine as a controlled plant it was found that the engine operating 

conditions are determined not only by the rotational speed, but also by the gas temperature 
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at the tui'bine inlet (or outlet). From this point of view the control system just consid¬ 

ered has a certain advantage, since it makes it possible to maintain both the rotational 

speed and the gas temperature. 

Investigations show that when the boosting loop is controlled with the aid of a gas- 

temperature regulator that acts on the nozzle vanes, the transientprocesses will be more 

acceptable. This is due to the fact that a variation in the npzzle cross section has a 

greater effect on the controlled parameters as compared to the effect of the fuel flow 

in the afterburner (in the equation of motion of the controlled plant the value of the gain 

with respect to the nozzle is larger than the gain with respect to the fuel). 

In controlling the boosting loop by means of a T* signal the results obtained are 

similar in many respects to our case. 

e) Turbopump fuel supply to the afterburner 

In view of the ever increasing thrust, developed by engines, the fuel flow is sharp¬ 

ly increasing, especially in the afterburner. The use of plunger fuel pumps (of variable 

output) for this purpose is beset by certain difficulties of design, whereas the use of 

gear fuel pimps driven by the engine shaft makes it necessary to let a large amount: of 

fuel bypass at a time when the afterburner does not operate. Moreover, the weight of 

the system increases considerably and the fixing of such large assemblies on the engine 

becomes difficult. 

These shortcomings can be largely eliminated Ipy using fuel pumps driven by the 

air turbine. In this case the turbine must be operated by means of the air taken from 

the compressor of the engine, while the fuel pump is being driven by the turbine. Such 

a fuel system makes it possible to completely switch off the turbopump assembly when 

the afterburner does not operate, and in this case one can use gear fuel pumps, as well 

as centrifugal fuel pumps. 
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Turbopump fuel-systems can be of different types. Let us consider a system in 

which the variation of the rotational speed of the turbopump is used for maintaining con¬ 

stant the pressure drop across a throttle valve which is metering (with the aid of the 

boosting-loop controller) the fuel in the afterburner. The rotational speed of the turbo¬ 

pump is varied by throttling the air either at the turbine inlet or at the turbine outlet. 

The basic diagram of such a fuel-supply system is presented in Fig. 4.10, and 

a simplified block diagram of the entire control system of a BTJE with turbopump (TPA) 

is shown in Fig. 4.11. 

Let us derive the equations of motion of the control system. The equation of mo¬ 

tion of the TPA will be derived with allowance for the inertia of rotating masses. By 

using the basic equation 27rJTp-^ - M^,-Mp and nonlinear expressions of the form 

MT ~ ^T^2’ np’ ® anc* ~ M(np» Pp)> we obtain after linearization the formula 

(-’thP + hoXpi 4- K¡qX¡ — KiiXp^ 

where 

Here np is the rotational speed of the TPA, ß is the position of the turbine con¬ 

trol element, Pp is the fuei pressure at the pump outlet, and and Mp are the tor¬ 

ques for the turbine and pump respectively. 

Next let us consider two equations of fuel flow: The first equation, Q. - 

co.meeting the flow between tne pump and the control element of the boosting-regime 

controller; the second equation, - Q^, connects the flow oetween this control ele¬ 

ment and the injectors. 
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Fig. 4.10. Basic diagram of fuel 
supply of boosting loop of a BTJE 

with TPE. 

CODE: 1) Turbine; ?) Boosting • 
loop controller; 3) Pump. 

Fig. 4.11. Simplified block diagram of BTJE 
control system. 

CODE: 1) Controller of; 2) Pump; 
3) Servomotor. 
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By using nonlinear expressions of the form 

Qi = Qi («p. PpY, <?2 = ¢2 (Pp< Pi. a); Qi = (Pf). 

we obtain after linearization the following two equations: 

/|3*«p+ /mA'pp= Kj2*4 + hsXp{'< ll$Xpp+ A'l3‘^4 + ^I7-Vpf = 0. 

Here = Aû/ûq is the coordinate of the control element of the boosting loop, and 

Xp = Ap^/p^Q is the fuel pressure at the injector inlets. 

The equations for the sensing element and the servomotor of the pressure-drop 

regulator are taken in the form 

*a = Ku[Z"-(A',p—A’„f)]; As = \13AV 

The equations for the engine can be obtained from (1.100) by reducing this system to 

three equations by way of eliminating all the variables except X , X 0 and X_,. 
n i i 

The rotational-speed controller and the gas-temperature controller are the same 

as before; we are assuming that the temperature controller acts on the fuel flow in the 

afterburner. Hence the basic system of equations will be as follows: 

O'p + 1) Afl = /¡At* + lsX(jf + I'y(p2\ 

Ay4 = 1¿X„ + UXa ~ laXf -r ly.,Xp'¿. 

Xp2 = ¡uXn + IîzXqç, 

" A^A^XO-AJ: 
*A3 = A«(A;-A2); 

OiP+DX2 = TtfpXy- 
X0{ = KaX„ -r A9A3; 

pA4 = A2(YQ-Ar4). 
OTpP+l)Xnp— X¡oX¡ -- AjiApp-j- K7Xp2, 

hïXn^-r hiXpç— AJ2A4 — lijXp^ 

^ifiApp-i- A3A4 -rlnXpf — Û; 

X6 = Xu[Z0-(Xßp-Xp{)j; 

OiP + 1) As = Ajs A't; 
Xq “AieAp^. 

(4.24) 

The last equation accounts for the relationship between the fuel flow through the 

injectors ana its pressure, whereas Z° is the setting of the pressure-drop regulator. 
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By solving (4.24) for X and X , we obtain equations of the form 
n J. “4 

+ «lA'-r . . • — >'\.) n — (a^P' — u;P- -- . . .-;-<!4)X3t- 

+ («ä/’4 + acPz + • ■ .- a-)) pXf -r (o^.r'1 -r QuP- ■— a::p -p 013) pY: -j- 

+ (cup* T a - ajc) pZa. 

(<?0^6 + «1P5-r . . •+au)A>4«»(ej7^ + q18/)H • , . + Qu) pW-r 

+(a::p* + a23/>3 4». . . + a:c) p.\'P + (ai7p’> 4- + . . . 4- a3;) yo 4. 

4-(033^3 4- Gii^î 4- 0¾^ 4- o38) ^Z°. 

A detailed study of such a control system shows that despite the fact that it has 

two extra degrees of freedom as compared to a system without a turbopump, the trans¬ 

ient processes for Xn> as well as XT4, will be comparable to the processes, constructed 

earlier in Fig. 3.40. 

This is due to the fact that the portion of the fuel flow variation in the afterburner, 

resulting from a variation in the pressure drop across the control element, is fairly 

small. Moreover, the turbopump time constant T^p is fairly small (TTp <0.2 sec) 

and the self-correction factor is fairly large. 

2. Two*-shaft BTJE 

The various control systems for single-shaft BTJE, considered above, can be al¬ 

so used for BTJE with a two-stage compressor. The results, obtained above, are in 

many respects corresponding also to the operating conditions of this engine. 

Let us consider a control system for a BTJE with a two-stage compressor, when 

the low-pressure stage is controlled by a PI speed controller which acts on the fuel flow 

in the principal loop, whereas the boosting loop is controlled by a regulator which main¬ 

tains constant the pressure ratio in the turbine (two turbines) by acting on the fuel flow 

in the afterburner. It is assumed that the boosting-loop operating conditions are spec¬ 

ified by the opening of the nozzle. 

(4.25) 

(4.26) 
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The equation of motion of the controlled plant can be obtained from (1.67), in which 

the ninth equation must be replaced by the first Eq. (1,99), and in the last equation the 

variable must be replaced by X^, and XT3 by XT41> i.e., 

Kipi\Xpn 4- K 9741^741 — ^9p4^p4 — ^978^76 “ KfXf. 

In addition we must take into account also the second Eq. (1.99). The obtained 

system of equations must be reduced to four equations of the form 

íThP “H) XnX -- n2 -f l%Xpi\ 

(JhP ‘I' 1) -^«2 - pi + lt^p2 + ^ill! 
Xÿi /7^2 -f l^X„j == I io-^Of: 

^4+^11^/11 + hiX/,2+pi—l\\XQ ib 4' lis^f 

Then we use (1.105), replacing X^ by the difference X^-X^ = X^. 

The equation of motion of the speed controller is taken in the form (3.5), (3.7), 

(3.9), whereas the equations used for the boosting-loop regulator are the last two Eqs. 

(4.14). A block diagram of the entire system is presented in Fig. 4.12. 

The basic system of equations of motion will be as follows: 

Q\iP + 1 ) ^/,1 — liXni + liXpi< 

(7l£+ 1 ) ^^2 ~ l¿Xr. £ + t$Xp2 IfrXn i ; 

Xpi + ^Xnî --/SA ä1 -f Ix^Xq^-- 0; 

— Af. f 4^11^/11 + lii^nï T — 1\\Xg fb T ll&X 
Xx^Kx (X0~Xn2); 
pXQf-K¿Xx-Xú 

(7*iP-\ \)Xv=T¿pXa¿ 

Xt. £ —■ //1A p2 - /WjA 8 y 

■ sP-, l)A'oflj X(j fb A 8* 

(4.27) 

The nomtions are taken in conformity with the block diagram of Fig. 4.12. By 

solving this system for X^ and X^, we obtain 

(a0ps4-Âi/-î- . . . -rô;)A'„ —...- ü.)X¿- 

-r(«4^+ • • • -n7)Xp~-(uÀp-üç./j- V : 

(«aP'+Äi^T • • • T Xni (anp"‘~ ... - au>Xf'<f 

-riP^-r . . . -- alo) pXf - u^p - ü,j /;Y0. 
(4.29) 



Fig. 4.12. Block diagram of control 
system of two-stage BTJE. 

CODE: 1) Servomotor; 2) PI controller; 
3) 2-stage BTJE. 

Hence we can see that the rotational speed X„9 of the low-pressure stage in the 

steady state does not vary with the nozzle cross-section and with the variation of the 

turbine pressure ratio due to the resetting signal Y^. 

The behavior of the system under consideration can be ascertained by means of 

the transient processes described in Figs. 4.13 and 4.14. These processes correspond 

to the two-stage TJE considered in the example of p. 303, but with the addition of an 

afterburner and a variable nozzle. The engine operating conditions correspond to op¬ 

eration on the stand, close io maximal, under a disturbance due to the nozzle with a 5% 

increase in the nozzle cross section. 

These processes illustrate the effect of variations in the time constant and the gain 

of the servomotors of the controllers, as well as the effect of the Pi-controller time. 

The gain was specified on the basis of the condition that we must obtain 3% accuracy 

with respect to the gas pressure-ratio r*,. Optimum transient performance corresponds 

to fastest response of the servomotor of the principal-loop controller and roughly the 

same PJ-controllcr time as for the above example of a two-stage TJE without after¬ 

burner. 



H‘0 ; /--const 

Fig. 4.13. Transient processes for 
K = var, T = var in the case of a 

s ’s 
two-stage BTJE with a disturbance 

due to nozzle-area variation. 

CODE: 1) Nozzle disturbance. 

A more detailed calculation shows that by using an astatic boosting-loop controller 

(without rigid feedback), the oscillatory component of the transient process is consider¬ 

ably increasing. 

Wnen we change the control method in such a way that the boosting-loop regulator 

acts on the nozzle vanes, and not on the fuel flow, the transient performance is improv¬ 

ing to a certain extent (as was shown above for the case of a single-shaft IÏTJK). In 

general it can be roughly assumed that with the same control system, the engine per¬ 

formance is in many respects similar to the performance of such a system for a single¬ 

shaft BTJE. In this case, too, it is convenient to control the boosting loop m such a 

way that the gas-temperature regulator acts on the nozzle vanes, whereas the operat¬ 

ing conditions are specified by the magnitude of the fuel flow in the afterburner. 
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Fig. 4.14. "ransient processes 
for T. = var xti the case of a two- 

i 

stage BTJE with a disturbance due 
to nozzle-area variation. 

CODE: 1) Nozzle disturbance. 

3. Autonomous control systems 

It follows from the foregoing that in a gas-turbine engine we must control (main¬ 

tain the prescribed values) of several parameters, related via the controlled plant; r.s 

a result, a variation in one of these parameters will be accompanied by variations in 

the other parameters. In many cases this cannot be permitted, for example,in the case 

when one of the controlled parameters has a maximum permissible value. In such 

cases it is more convenient to use autonomous control systems. 

The control systems, considered above, can be made autonomous by introducing 

additional links between the individual contrpllers. This problem was elaborated for 

the first time by the Soviet scientist I. N. Voznesenskiy. 
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Autonomous control systems are systems, mutually linked via the controlled plant, 

in which during the transient process for any of the controlled parameters duo to a cer¬ 

tain disturbance, the other controlled parameters do not vary under the effect of this 

disturbance. Let us consider autonomous control systems for single-shaft BTJE. 

For the sake of simplicity we shall confine ourselves to the examination of a BTJE 

control system for the case that the rotational speed varies as a result of a variation of 

the fuel flow in the principal loop, whereas in the boosting loop the outlet gas-tempera¬ 

ture varies as a result of a variation of the fuel flow in the afterburner. 

A simplified block diagram of a control system with additional links is presented 

in Fig. 4.15, where we indicated the transfer function <i>n of the speed controller, the 

temperature transfer function <i>T, the transfer functions #nT and $Tn of the devices 

realizing the additional links, and the generalized variables. 

Such a control system operates as follows: If, for example, the rotational speed 

X varied (increased), the X signal will iave to vary in such away, and alter (increase) n o 

the fuel flow X„ in the afterburner, that the gas temperature X_. will remain un- T4 

changed. The same applies to variations in the gas temperature . ; the X'4 signal 

must vary in such a way (and alter the fuel flow X„ in the principal chamber) that the 
Gf 

rotational speed Xfi will remain unchanged. 

Let us derive the equations of motion of the control system. In the general case 

the equation of motion of the engine will be written as 

(7>-r 1)A'fl-AAVr:-/^0f-/2A'0-/CA7; 

-Wn-liXorrlSator- 

For the sake of convenience we shall eliminate in the following the XT4 variable 

from the first equation, i. e., we shall represent the equation of the controlled plant in 

the form 

An-04Aefm02A'c <1,^-0; ) 

*7A'Cf —“'..A'o* -‘VV,- 0.) <4- 30 
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Fig. 4.15. Simplified block diagram 
of autonomous BTJE control system. 

CODE: 1) Speed regulator; 2) Tem¬ 
perature regulator. 

where 

h + lih 
l-lih 

?—p+l r'+1’ 

/; + /,/., 

1-^3 

i+l r'+1' 1-1,1, 

/g + /,/g 

<J) — 1—*1*3 

7 , + 1 ^ ' 1-/,/3, 
¢3 = /3: 07==/7; d*4 = /4: ¢3 = ^ 

The signs in front of each term of the equation are taken in conformity with the 

sense in which each of the factors is affecting the controlled variabfes, provided that 

all the coefficients are assumed positive. In accordance with the above block diagram 

we hence obtain the basic system of equations of motion in the form 

336 



(4.31) 

Xn G f Tr ft — F — 0; 

^ + Va - %XGi - *><Xc fl, -f %XF = 0; 

^2=(^ (Xo-A',); 

^, = a»T(Y0-A'n); 
X^-^Tn (Y0 —A'n); 
^3-^ (Xo-AJ; 

A0f—A2-{-A4; 

LOfb - A,- A3. 

Let us solve (4.31) for Xn and XT4; as a result we obtain the following equations: 

K1 + Va + V„r)(l + + ^r) - ( Wa-Vr) X 
X (%+- O^v)] A, = [(4>sí>„ + ¢,4),,,.) X 
X ( 1 + 0/I>r<l+- («I*s4*rfl - ¢/1)^(4)/1), - 
- * Ar)] X°+[(4)sOrn - ¢/1) J (1 + 4)^r, 4»4Or) _ 

-(^s^r«-®í®r)¢4^7)] Y° + 

+1®* (^s^r« - Wt) + ¢6 ( 1 + ¢7^^+W)] Xr> 

[(1 -f ¢s¢, + ¢^,^)( 14- 4»/i*r, -j- ¢^¢^) - (¢/1) r, - ¢^^ x 

X (¢3+- Wnr)] XT<=[(07<i>a - ¢,0^) x 
X (1+V,,+¢2¢n7■) - (V ¢/1),, - ^„r) x 
x 4- v,r)] xo T [(¢74-7, T ^¢7)(1 T ¢^,, 4- 
+ ¢3^^ - (¢3+ ¢7¢A -- ®4®»r) (V5*m - 4)24>7)] Y° — 
- (¢3 (i t V« 4- ¢^,7) -I- ¢6 (¢3-f ¢7¢A - ¢44),,7)] x,,. , 

Let us impose the following conditions on the system: 

(Wa “ ¢^¢^) (1T ®7®7a - 4>4®r) - (Vr« ~ Vr) X 
x(¢7¢7A-^¢4¢r)=0; 

(Va - ¢4¢Ar) (1 -r ¢5¢A ¢2¢Ar) - (¢3+ ¢7¢A - 
-Va^^S^-a-Í-Va^^O. 

(4.32) 

(4.33) 

(4.34) 

From these conditions we can determine the expressions for 4)„ and 4> i. e.. 
Tn nT 

4> _4>24>r . ö _ dy — f¡-y.' ¿) 

rn ¢3 ’ nT 4)2¾ T *4 (4.35) 

Thus we obtain msteaa of (4.32) and (4.33) the formulas 

(14-Va V24 V) A - (* A ■4*/i)Ä7)A°-i 4*cA^; (4. 36) 

(1 - ¢,07, -r ¢/1.7) A7, - (¢,4.7, - ¢,4.7) Y°; 

(1 -r 4A4>2<I.n7) (1 - ¢744,, -r ¢44.7) X7. ^ - 

-- [¢3(14- Va-r 4>a4)nr)-¢, A- ¢,4)n - ¢,4),.7)] 

.'4. 37) 

(4. 38) 

337 



wmmsammmsm 

From these equations we can see that the system is completely autonomous, since 

0 0 
the X disturbance affects only the rotational speed X , whereap the Y disturbance af- n' 

fects only the gas temperature X, Té- 

In conformity with these relations we shall call the conditions (4.34) the conditions 

of complete autonomy. 

For definiteness let us assume that $n = K /p and K^p. 

With the aid of (4.35) we hence obtain 

_. 
« jt. ~ 7' • 

l$P 

«D _ K«{hT' p-rh--1-Â) 
+ ’!'4 (l\T' P + l^-r p ’ 

(4.39) 

and the equations of motion will assume the form 

{/4ry 4-(2/, 4- I'h) T'p- - f/4-/,/, 4. Knr (/2/7-f /:/,)] P - 

+ (¼ - /4/5)} =[(/2/7 T /:/4) KJ'p - K„ (U7 - /,/¿)] Xo 

+ [ 4- /¿(/4 *r /2/3)] MV; 

[/5/7 t (/j/7 *r /4/5) K rj A’y, (Z,/; -r /,/.) K ^ Y°; 

(a0/)4 ^ a,/?3 - a2^ -f û3p r a,)^n 4. ¿^2 4- t,p - b^pXF, 

(4.40) 

(4.41) 

(4.42) 

where 
ao=r3/, ¢/7+/4/,): 

fl2—(/2/7 4- /4/5) [Kt (/5/3 t ¿/4) T/^,/,) “r/j (/j/, t (,); 
^3-(/5/7 ^ /4/5) [*r (/5/3/4) - KnKTr (/,/7 -r/,9 4- A',/,); 

a,=(/'/7 4-/*/:) A'nA'r: ¿o - 

ài- rí’ 

^-/:^(/5/34-/,)(/,/7---/^). 

Now we shall eliminate from (4.31) all the variable^ except X^ and XT4; hence 

we obtain the following two equations: 

(1 ^ _ (<Ds<l>r)t _ ¢,(1-.,) Xu -- 

- -r ¢2^47) Xo -r (¢5 - W Y° -r 

(¢,4-^ - ^Kr) ^4-d - 4»7‘»rB 4- 4>/l>r) A4, 
:(4^7^^-<!>,«>„,)X0--(<I>/I>riI4-¢,0,) Y0- • <¡>tXF. 

(4.43) 

(4.44) 
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Let us impose on the system the following conditions: 

Q&rn - Oi -f = 0. 

We nence obtain instead of (4.43) and (4.44) the equations 

(H -i ‘^(I'nr) A’n - -, W'nr) Xp - , 4\X,. 

(iv <iviv)Av, (4vV-<iYiv^-; 
-{-(4»7^in-! <ivi,r)Y0_4VVf. 

(4.45) 

(4. 46) 

(4.47) 

By means of condition (4.45) we "split" as it were the system of two controlled 

parameters into two independent systems in which the Y° disturbance acts only on the 

gas temperature XT4> whereas the X° disturbance acts on both controlled parameters, 

i. e., with respect to the Y° disturbance the system became autonomous, whereas with 

respect to the X° disturbance it remained non-autonomous. Such a system will be call¬ 

ed a system with partial autonomy, and the conditions (4.45) are called the conditions of 

partial autonomy. 

From the conditions (4.45) we can determine the transfer functions 4> „ and 
n r 

4>Tn> l-e-> 

rn 4»5 ’ "r 
¢3 

¢4 

By setting, as before, $n = Kn/p and *T - K^/p, we obtain 

<l> 
¡sp ’ ~nr Up 

For the subsequent analysis we shall assume that it is possible to realize a device 

which has transfer functions 4»Tn and like the ones obtained here (or veiy close to 

them). By substituting the expressions for the transfer functions into (4. 46) and (4.47), 

we obtain the following equations of motion: 

hP+hKn 
(4.46) 

' ( UU . \ .,,, j , / 17A,, \ 

(4. 49) 

(4. 50) 
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By imposing the conditions (4.45) and (4.34), we are reducing the system (4.31) 

to two systems with a lower order of the differential equations. 

For comparing the final results let us consider also a non-autonomous control sys¬ 

tem, i. e., we set *nT = *Tn = o. Then, by solving (4.31) for Xn and XT4, we obtain 

(4.51) 

(4.52) 

In these equations we adopted the relation - /¿¿g = 0, which is obtained on the 

assumption that in steady motion the operating conditions of the principal loop do not 

change with the operating conditions of the boosting lopp. This means that in the equa¬ 

tions of motion of the controlled plant (the first two Eqs. (4.31)) we have Xn^> . ¿ 

and hence they can be reduced to the following equations: 

whence follows the above relationship between the gain factors (for p = 0). 

Let us now present a relative comparison between three possible versions of con¬ 

trol systems with regard to the same BTJE; for the maximum operating conditions of the 

engine we are adopting the following numerical values of the coefficients of the equations 

of the controlled plant: 

The values of the gain factors of the controllers are confined to the following in¬ 

terval: Kn = 1-10 and KT = 1-10, By expressing the controller gain in the form K = 

= KjKg, where is the gain of the lagless loops of the controller, and Kg is the gain 

of the asutic servomotor, we can obtain (in view of the variation of the value of the 
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servomotor time constant T - l/K in a very wide interval, entirely adequate for 
S £ 

practical purposes. 

a) Comparison with respect to stability regions 

In accordance with (4.40), the stability condition for a system with complete au¬ 

tonomy relative to the rotational speed wiil be 

< Wa) [2/4+^3+Knr (/a/7 -f/;/,)) > 0, 

i. e., the system is stable for any values of Kn and any values of the coefficient of the 

equations of the controlled plant. In accordance with (4.41) the system is also stable 

with regard to the gas temperature for any values of K,p. 

For Eq. (4.42) the stability condition will be 

after substituting the expressions for. the coefficients into this inequality, we can see 

that also in this case the system will be stable for any values of Kn and KT 

A system with partial autonomy (in conformity with (4.49; and (4.50)) will likewise 

be stable for any values of and K^,. For a non-autonomous system, in accordance 

with (4.51) and (4.52), the stability condition will be 

The corresponding boundary of the stability region is plotted in the variables K 

1<T in Fig. 4.16; this figure shows that with regard to the stability region the system 

with poorest performance is the non-autonomous system. 

b) Comparison with respect to integrai estimates 

As we noted above, for maximum operating conditions of the engine it is necessary 

that the processes be close to monotonie. Therefore the system calculation will be car¬ 

ried out with the object of minimizing an integral of the form 

o 
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Fig. 4.16. Boundary of stability 
region of a non-autonomous con¬ 

trol system. 

CODE; 1) Stability region. 

By selecting Uie minimum of (4.53), we tend to make the process exponential with 

a time constant T, thus approaching it to a monotonie process. A decrease in the value 

of T is related to an increase in the speed of response of the system and to an increase 

in the oscillatory component of the process, whereas an increase in the value of T yields 

smoother processes, approaching monotonie ones. 

In accordance with (4.53) let ps determine by the well-known methods of the theory 

of automatic control the values of JR and J^.^; for the processes, controlled with respect 

to the engine speed, we shall take T = 2, whereas for the processes, controlled with re¬ 

spect to the gas temperature, we shall take T - 1. The disturbance adopted by us in the 

resetting of the controllers with the aid of the joint-control device, whose equation of mo¬ 

tion is taken in the form 

Z0--X°= mj", M. 54) 

where we assume that m1 - 4.0, Moreover, as an additional disturbance we take the 

nozzle cross-section variation Xp[l], In Figs. 4.17 and 4.18 we plotted the calculated 

Jn and JT4 curves for these disturbances as a function of the reciprocal values of the 

controller gains (for this same engine). 



1) Bo3»vaiSHueZ0Cü 

Fig. 4.17. Plots of Jn and as a func¬ 

tion of the gain factors of the controllers 

for a disturbance Z°[l]. 

CODE: 1) Disturbance; 2) Gas temperature; 
3) Rotational speed; 4) System; 5) Non-auto- 

nomous; 6) With partial antonomy; 
7) Autonomous. 

BoiMymenue XFc// 
- meunepamypa zaoa 2) 

yúc/ip oõopomoS 3) 

N° CucmeMZ 4) 1 
1.13 Headmoiomaa 5) 1 

4 C vacmuvHOÜ aSmoHOHHOCrffy 
s aämanoMHas> 7) 

Fig. 4. IS. Plots of J and J,., as a function of the gain 
n i ft 

factors of the controllers under a disturbance X^ilj. 

CODE: 1) Disturbance; 2) Gas temperature; 3) Rotational 
speed; 4; System; 5) Xon-autonornous; o) With partial 

autonomy; 7) Autonomous. 
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These processes are characterized (in accordance with the plots of Jn and J^) 

by the fact that for a non-autonomous system the quantities Jn and JT4 depend on the 

parameters of both controllers; therefore It is difficult to select their optimum values. 

Moreover, the values of Jn and JTi themselves are slightly higher for a non-autonom- 

ous system. 

Figure 4.19 shows the transient processes with respect to X} and XT4> for which 

the optimum combination of controller parameters has been taken. 

From this figure we can see that the best processes are obtained with an autonom¬ 

ous system, and that the system with oartial autonomy is approaching (from the point of 

view of the processes) an autonomous system. 

The qualitative conclusions, obtained by considering systems with astatic control¬ 

lers without correcting devices, hold algo for controllers with correcting devices, though 

the quantitative difference in the performance indices of autonomous ançl non-autonomous 

system is smoothed out. 

The autonomous control system under consideration corresponds to the simplified 

block diagram presented in Fig. 4.15, when the signals from the auxiliary devices are 

summed with the principal signals at the input of the controlled plant. But we can have 

also other ways of signal summation, as for example at the output of the controlled plant 

or at any other point of the circuit. 

In Fig. 4.20 we presented a simplified block diagram in which the signals are 

summed at the putput of the controlled plant. 

An analysis of such a system of autonomous control leads to the same final re¬ 

sults, though the conditions of partial and complete autonoipy are changing, i. e., the 

form of the transfer functions 4»^ and 4»^,^ changes. 

In view of this it is convenient to sum the signals at a point of the circuit at which 

the transfer functions and *Tn are simplest. 
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Fig. 4.19. Transient processes for 

disturbances Z°[l] and Xpilj. 

CODE: 1) Disturbance; 2) System; 
3) Non-autonomous; 4) With partial 

autonomy; 5) Autonomous. 

Fig. 4.20. SimpUiied block aiagram of au¬ 
tonomous control system of BTJE. 
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The coefficients of the equation of motion of the engine vary under different oper¬ 

ating conditions of the engine and various flight conditions. With fixed controller param¬ 

eters it is therefore not possible to achieve the entire fulfilment of the cpnditions of par¬ 

tial or complete autonomy. More detailed calculations show, however, that small vari¬ 

ations in the coefficients of the equations of motion of the engine do not lead to marked 

changes in the transient processes. 

4. Peculiar features of system dynamics calculations with allowance 
for the effectof the air Intake" •— 

A 3TJE power plant with an air intake and with all the necessary control systems 

is so complicated that the corresponding system of equations can be solved in practice 

only with the aid of mathematical simulators. For flying vehicles with a sufficiently 

ii i ge reserve power supply (a large excess thrust developed by the power plant, and a 

low- weight of the vehicle), the dynamics of a control system of a BTJE with an air intake 

must be determined in conjunction with the flying vehicle, since variations in vehicle posi¬ 

tion during flight have a considerable effect on the processes taking place in a power plant 

1 th diffuser (the effect of the angle of attack of the vehicle and of its flight velocity). In 

this case the system becomes even more complicated, and to solve it, even with the aid 

of analog devices, is a very difficult task. In principle, the simulation of the problem 

under consideration must be effected with the aid of the above-obtained system of Eqs. 

(1.116) and (1.118), which must be solved jointly with the equations describing the mo¬ 

tion of the individual regulators for the BTJE and the air intake (and even of the aircraft 

with its control system), 

¿¡y solving numerous practical problems with the aid of this method, it was found 

that it is always possible to determine the necessary characteristics of the elements of 

the air-imake controllers, such that the overall control system of the power plant en¬ 

ables the obtaining of the prescribed transient performance. 
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In determining the necessary characteristics of the air-intake controllers it is 

normally assumed that the dynamic characteristics of the engine (the BTJE with its con¬ 

trol system) are given. Ir. solving such a problem it is especially important that the 

characteristics of the air-intake control system are determined in such a way that what¬ 

ever the disturbances acting on the system, the air intake operation will not become un¬ 

stable (surging). The principal disturbances are variations in engine operating conditions 

(increasing or decreasing), variations in the Mach number M^, and variations in the angle 

of attack of the flying vehicle. 

õ. Examples 

Example 1 

Exercise. Calculate the control system of a single-shaft BTJE in the case of max¬ 

imum-speed operation of the engine, with H = 0, V = 0, under the condition that the trans¬ 

ient processes will be close to monotonie for a unit-step disturbance of controller setting, 

and close to single-valued for a unit-step disturbance of the load. 

Basic data. For the principal loop one uses a PI speed-controller, and for the 

boosting loop —. an astatic gas-temperature controller. The control laws for the engine 

are taken in the form: 

*0{ -* X„; -. A"7-4. 

The necessary engine-data are taken from Example l on p. 105. The control of 

the nozzle is effected with the aid of a servos>ystem with rigid feedback from the mecha¬ 

nism of joint control. The fuel pump is of gear type, with an ideal regulator of the pres¬ 

sure drop across the throttle valve. 

Solution. For the temperature controller we stipulate that the lag of the thermo¬ 

couples is fully compensated by the differentiator. We moreover assume that the lag 

01 the electromagnetic amplifiers and of the (proportional) electromagnetic relay are 

negligibly small. Thereupon we can take the equation of motion of the temperature 
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controller in the tom ,4.1(,,. The basic system of equations of motion will be (4.20), 

in which it is necessary, however, to write in front of the nozzle variable Xp the trans- 

fer function of the nozzle driving mechanism in the form 

*3 

The numerical values c; the coefficients of system (1.100) were determined in Ex- 

ample l on p. 347. Let us reduce system (1.100) to two equations, by eliminating from 

it all the variables except Xn and x^, as a result we obtain equations with the following 

numerical values of the coefficients: 

(0.83,-.4,^-4.(^ = - 1<7S .V0{; 

32,18^4-21.55^ = 5,55^ + 13.9.Y0f-.Y0ft 

Thereupon the basic system of equations of motion will be as follows: 

3.,,1¾ A;, 21,55Ay, -=5,55 —— v_ 1¾ a v v 

A', = A’j (X0-.Yfl); 

PXo, — A , (.Y j — A'o); 

,^0 ft = A'2 (Yo _ Xrt). 

The values of TN and Kj are selected on the basis of the conditions that the after¬ 

burner must be reliably started and that the clumgeover to the boosting regime must be 

reliable; thus the values of these quantities must be prescribed. For the subsequent cal¬ 

culation we shall assume that TN - l sec and = 1. Hence we have to determine the quan¬ 

tities K2 - 1/Ts, T., Kg and Kr 

This problem is convenient to solve by the method of analog computer simulation of 

the original system. The simulation results are plotted in Fig. 4.2!, which shows that 

with the values adopted here, i. e., T. = 0.8 sec, ^ ,2.5, Kg =2.3 and K, -3, the 

transient performance is close to the desired one, under the disturbances X°[l]. Y°U] 

and XFil], 



mmoraamm mm, 

Example 2 

Exercise. Calculate the control system of the same BTJE, so that the transient 

performance will be similar to that in Example 1, but with a control law 

Xc{ — Xn\ Xp — Xt\. 

Basic data. The transfer function of the nozzle control mechanism is taken in the 

form -- 1/T^p + 1, where ^ 1. The operating conditions of the boosting loop are 

specified by means of the flow X„ [lj. 
GfB 

Solution. The basic system of equations will be 

(0,83p — 4.34) Xn-A,0 Xu =-. - 1.78 X0{ ; 

32,18 Xn — 21,55A-= 5,55 \ p — 13,9 Xq^ — Xq ^ ; 

Xi — A.’i [X<i — A'j); 

pXz — X'c (A'i — A'j; 

(TiP T 1) = TipX¿ 

N P + 1) pXf = A'j (Vo — A>^. 

Here it is likewise necessary to determine the values of K0, T., K and K . It is 
2 i s 1 

convenient to solve the problem by the same analog method of simulation as above, the 

results of the solution are plotted in Fig. 4.22. Here we deliberately took the same 

values for T., and as in the previous example; a satisfactory transient perform¬ 

ance is obtained for K2 = 0.6. Among all the processes plotted here, let us note the 

process Xn(t) for Y°ilJ, which is slightly protracted. This is due to the fairly large 

time constant of the nozzle (T^ - 1. 0), selected on the basis of the conditions that the 

changeover to the boosting regime should be normal. 

Example 3 

Exercise. Calculate the control system for the same single-shaft BTJE at max- 

imum-speed operation with.R = û, V = 0, under the condition that the transient processes 

Wni be close u> monotonie for a unit-step c isturbance of the speed-controller setting, and 



-Xn 
' --xr* 

f 

Lx°y)y ’ 

JA / 

? 3 U / 5 6 rt sec N 
. K rV; 

' ’"N - '1.0 

" "'""r X n 
. — — — Xtm 

Fig. 4.21. Transient 
processes. 

Fig. 4.22. Transient 
processes. 

single-valued for a unit-step disturbance of the load (by the nozzle), when the control 

law is taken in the form 

•Y0f-ACfb - A v 

Basic data. The speed controller and the dynamic characteristics of the engine 

(the equations of motion) &re the same as before. The nozzle control is effected by the 

same mechanism of joint control. The boosting loop regulator is taken in the form of 

Fig. 2.28. 

Solution. The basic system of equations will be (4.14). Let us determine the co¬ 

efficients of the engine equations by eliminating from (1.106) all the variables except 

X . X and X hence we obtain 
n’ TTrr, p2 

(0,83^ + 6.2) Xn -2,95 Xpi -1,2^=0: 

5.66 -8,1 */,=».V0f; 

4.3 Xpo - 3,3Xn - 6,48 X.^ =XU 5.56 X/>, 

The nozzle control is taken in the same form as in the first example, i. e., the 

control mechanism will be represented by the transfer function K^/T^p + 1 with the 
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same numerical values. The equation of motion for the sensing element of the boosting- 

loop controller is written in accordance with (4.13), neglecting the lag of this controller. 

The parameters for the speed controller (the principal loop) are the same as those 

obtained as a result of solving the Examples 1 and 2 on pp. 347 -349 (assuming that the 

engines are the same). 

Hence we obtain the basic system of equations in the form 

(0.83p + 6.2) Xn - 2.95 Xp2 - 1.2 = 0; 

5.68*7,2-8.1 An=;*of; 

4.3 A'p2 — 3,3A'„ - 6.-18 Xr{ - A0 - 5.56 A>; 

.Y, = 5.5 (Xu - A'j); pX0{ - 2.3 (A-, - - A',); 

(0,64p -r 1) *2 = 0,64p.Yef ; 

A', — mXP2 — mi Xi~ — m 

•’ (rsP ^ i) Xq fh =—XnXi. 

Let us determine the expressions for the coefficients m and m , (we are not inter¬ 

ested in the coefficient m„,. since the disturbance Y^f which represents the resetting of 

the controller of rrT> is not applied). 

By reducing the basic equation (p^-p- ^f^ = C¿ to relative variables, we obtain 

for the coefficients m] and m2 in (4.10) the expressions 

C/o 

Pwf* 

Since we have in the steady state p2 = P^q, it follows that m^ - 1. By linear¬ 

izing the basic equation V/RT P 2 x = Q1(P2; r l)' we obtain the following 

expressions for the coefficients n m^ and m. of (4.11): 

/óQa \ p±_ (òQl\ ./,. (àQj \ ,Yo_ 
\ dpz /o Qc, l ol )a Qu \ ¿YU /q Qu 

m'' / 0O2 \ p2,¡a ’ ’ / àQz \ P2.10 ’ 

W.».i A Qu Wai A Qu W2.1 /, Q 

As we mentioned above, the pressure crops across the jets (in Fig. 2.28) are su¬ 

percritical; therefore the expressions for the partial derivatives will be 

fiQj-\ ^QiS. /j&L) „ A) ,.9-’ /ü9'.N 
Vt/p.-A pWï.i A ’ a.io ’ V "/A y'i 

351 



Hence we obtain for the coefficients = m , = nig = 1. 

The expressions for the coefficients m, xn. and m,, in (4.12) will be: 

m = 1 — mj/nj = 0; mï — tn, — — m_ = = 1. 

Hence the penultimate equation of the basic system can be written (since we have 

Y° = 0 by virtue of the condition of the problem) as 

By joining together the last two equations of the basic system, we obtain 

(Up + D *0 a, = = *"2a'*t • 

Thus in order to obtain the prescribed transient performance we must determine 

the values of the time constant Tg and of the coefficient K^. The problem will be solved 

by the method of analog simulation, with the error in the parameter not exceeding 

5-8%. The simulation results are plotted in Fig. 4.23, which showp that for = 5.5, 

T. - 0.64, K = 2.3, 1L = 70, T*. = 1.0 and T * 1.0, the transient performance obtained 
i S ¿ iN S 

is fully adequate. 

Example 4 

Exercise. Calculate a control system for the same PT«IE, so that the transient 

performance will be the same as in Example 3, the control law being taken in the form 

Xor X„; XF^ A'Kf • 

Basic data. The transfer function of the nozzle control mechanism is taken in the 

form $s = + 

The operating conditions of the boosting loop are prescribed by means of the fuel 

flow [ll. 
Gf. B 
Solution. By analogy with the third example, the basic system of equations of mo¬ 

tion will be 

(Q.83p V 6.2) Xn - 2.95 XRi ~ 1.2 A'Pf ~ 0; 
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5,68 Ap; - - 8,1 A'„ — A'gj; 

4,3Xpi 3.3An 6,4S .Y. = A<; - — 5,55 Aye; 

A’i = 5.5 (\0T— A'j); 

p-\'üf — 2.3 (A-! — A’;); 
(0.64/- .. 1) A'j - 0,ó4/\YOf; 

N P - !)A> -_ÃVV- . i 

It is convenient to solve also this problem by the method of analog simulation, 

whereby we determine the value of K0, since the quantity Tr must be assigned. In con¬ 

trast to the previous example we take = 2; for = 20 we hence obtain an adequate 

transient performance, shown in Fig. 4.24. 

» *JTt 

x0[ /] 

.Xp[l^ 

7-/-2—J 4—5- 6 
_1_1 i i t see 
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rl 

y 

-J--4 0 6 
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„er 1 1 
Ti *<18«; k,-V 
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-X* 

Fig. 4.23. Transient 
processes. 

Fig. 4.24. Transient 
processes. 

Example 5 

Exercise. 

control law X,. 
Gf 

Calculate an autonomous control system for the same BTJE with a 

* ^n; XG.ñ XT4’ 80 a& t0 °^ta^n the same transient performance 

as in the previous examples, under a disturbance related to the setting mechanisms of 

the controllers. 



Basic dato. The speed controller has an ideal accelerometer, whereas the gas- 

temperature controller is the same as in Example 1; the fuel pump is of gear type, with 

a lagless regulator of the fuel pressure drop across the control element. 

Solution. The equation of motion of the engine is used in the form presented in 

Example 1, i.e., 

where 

X„ — — — 'I’jA'cj.; 

An + ^Afi =» «tq.V/j -- 't’jAcj-— «I^A'e fb 

. 4,0 5,55 . 
1 - 0,83p- 4.34 ; ' 4 “ 32."»8 “ °‘1 '; 

¢2 = 
1.78 

0,83p—4,34 
13.9 

5”32.18~°‘43: 

For the transfer functions of the speed controller and temperature controller we 

take the expressions 

Ar ^ A'i +Kap 
=-; ¢, = —--, 

P TsP 

where and are the tachometer gain and the accelerometer gain, and Tg is the 

servomotor time constant. 

The block diagram of the control system is taken in the form of Fig. 3.46, and 

the basic system of equations of motion will be 

An — ¢1 — ¢2 A^; 

An + OjAn = + *5A0f - -t.A'o ^ ; 

A; = ¢,, (An - XC); A, = *„r (.V, - \0); 

A'j = ¢/ (Vo - A'j-4i; A., — ¢,,/ (Vo — Ay.) 

Acf “ A2 + A'.; 

A°fb 

By solving this system for Xr and X,.r^, we obtain 

[(0j-rO¿0/.-0«0r) +-7+^,-J r4 

0/0.( 1 — O’.On i.o>Onr)l vf 
1 -j. ¢^ (o¿o* + o6o«r) + \o + 
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+ [(*&*;■« - *6*r) + ——(1 yC. 
L 1+4-2^ J'* 

(1-^- ^nT) + ±*-l±*t*r*~ Wr) (1 + ■Ky»,) ] 
^ J^" 

- *<a> - Ua V 4-6*r)_ 1 vo. 

i J ■** 

+ f- *t*r) - — ~~ vo 
*- 4>i + 4>2®r« J ' 

In conformity with (4.34) we shall impose the following conditions of autonomy: 

^ + <Mv + (LlMilzMidMs « 0. 
1 + ’ 

¢.^ _ (-Î1 + - Wr) Wr, _ 

hence we find 

0.r ^ + M . t 
4*34*2 — ftjOj 

By substituting these expressions into the above equations and by solving them for X 
0 Ö ^ 

and X,p^ for the disturbances X and Y , we obtain 

(I+4,2^)^/I*4>j4»(IX0; 
(^4 ~ + ^¢¢¢/-) A>4 = 4*24>#4»rY«. 

By expanding the transfer functions, we obtain 

iO.63 ^/1:4-(1,78^-4.34^)/ + 

- = (1.78A'fl/* + I.78/(j)X0; 
(0.55/* -i- 0.055 A» A>4 = 0.055 /CrY®. 

The stability of the speed control system is determined by the condition 1.78K > 4 34T 
a ' s’ 

or K > 2. 43T . a s 

Let us ascertain the possibility of obtaining monotonie processes with respect to 

Xnfor XüUj. 

The initial conditions will be 

•V (0) - -J; A"(0) = 2,15~ • 

The C0nditi0n 01 monoionicity for these initial conditions and for real negative roots of 

the characteristic equation consists in the limitation imposed on the initial speed X’(0), 
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which can be written in the form X'(0) sA. X(0) or X'(0) ^ ù 

\2 are the roots of the characteristic equation, with 

X(0)' »here*, and 

< Ag , and the coefficients 

a,-- 

02 = 

o’, ear, 
1.78/C| 
0,83 Ts ' 

The roots of the characteristic equation are specified by 

hr. =- [ Ka - 2.44¾ ± / /, A^Ta* - 4/<|]. 

When the roots are equal, we obtain 

>•1.2 =-2.15“WA’« = 2.44¾ ,- -K\. 
‘} 

In this case the monotonicity condition X'(0) <AoX(0) reduces to the form K. = -2.44T , 

whence follows that the monotonicity condition is not satisfied for real values of the sys¬ 

tem parameters; therefore we can refer, in this problem, only to processes close to 

monotonie. With regard to the gas temperature XT4, however, the processes are always 

monotonie (as can be seen from the above equation). 

Fig. 4.25. Transient 
processes. 

The transient processes for Xr and X^^ are plotted in Fig. 4.25. 
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FOOTNOTES 

(p. 309) iIn Eq. (1. loi) we have û;^ - 1. 
2 

(p. 322) In practical calculations the value of the coefficient differs little from zero. 
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CHAPTER 5 

THE DYNAMICS OF AUTOMATIC CONTROL SYSTEMS FOR TPE 

1. Single-shaft TPE with one VPP 

a) A system with closed-loop controller of n and open-loop controller of T 

Let us consider a TPE (turboprop engine) control system in which the rpm of the 

propeller shaft is varied by changing the blade angle with the aid of a speed controller 

v/hose basic diagram is presented in Fig. 2.35, whereas the gas temperature is main¬ 

tained by varying the fuel flow with the aid of a controller operating in an open-loop and 

. driven by signals characterizing the flight conditions. 

A block diagram of the control system is presented in Fig. 5.1. Here X° is a 

signal for the speed-controller setting, Y^ is a signal representing the setting of the 

fuel-flow controller (corrected in accordance with the flight conditions by means of T* 

and p* signals), and ¢.. and are the transfer functions of the loops of the system. 

It is assumed that the fuel flow does not depend on the rotational speed. 

The equation of motion of the controlled plant is taken in the form (1.3.31), and 

then reduced to two equations comprising the variables X and XT4. The transfer func¬ 

tions and are taken in conformity with (3.6) and (3.10), whereas the transfer 

function = XG /F -- K. 
f 

X' 

Fig. 5.1. Block diagram of TPE 
control system. 

CODE: 1) Servomotor; 2) To joint-control knob. 
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By taking = KF - X^, we can write the basic system of equations of motion 

as follows: 

(• P~T^)X n--l^X > 

Xn-t l*Xn^=lsXQ^ 

Xi~Kdx,-xr. I <5-l) 
pX,=Kj(v 

The flight conditions are assumed to be fixed. By solving (5. X) for XQ and XT4, 

we obtain 

[7>2+(1- W P V Xn - KM#? + 

+(^3-^5)^0^ (5.2) 

-l^p^K.K^Xn-AT»/^ XH 
+ ^JhP‘~r^i~Hò P~rKtK^^^Q^. (5.3) 

It follows from these formulas that in steady motion the rotational speed remains 

unchanged when the fuel flow X^ varies, while a change in the rotational speed X° is 

accompanied by a variation (in the opposite direction) of the gas temperature, 

1 he stability of the system is specified by the cpndition 

1 and /, 0, 

which is practically always satisfied. 

The final values of the controlled parameters are 

A', (00)=Xo; XTK (00) = — /4X°, Xu (oo)=!/sXof- 

Assuming that the transient process with respect to the speed will be monotonie un¬ 

der a disturbance X°[lj, and single-valued under a disturbance xï (1J, 
^f 

the integral estimates. 

The initial conditions for (5.2) under a disturbance X°(1J will be 

X(0) = — 1 ; (0)-0; 

and for a disturbance [1J: 
Gf 

we can determine 

X (0)=0; A'(0)=-3-^ii-. 
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In accordance with (3.40) we hence obtain for the integral estimates: 

X» 
A'sA j/j 

Thus in order to aiminish the integral estimate it is necessary to increase the 

controller gain. Since the condition of monotonicity of the process under the initial con¬ 

ditions X(0) k 0, X'(0) = 0 requires that the roots of the characteristic equation be real 

and negative, i. e., 

O-W^rAWa, 
it follows that the limiting value of the controller gain must be 

avcs=üz4í<> 
47/, 

Hence the values of the integral estimates for this case will be 

3-/./3 

-/./4)2 
V. I -4^(/3-/,/5) 

Detailed calculations for actual control systems show that we can obtain an ade¬ 

quate transient performance with fairly small controller gains. In this case, however, 

the entire control system will have a slow response, and therefore it will not always 

meet the practical requirements, when a fairly high rate of setting the propeller blades 

is needed, i.e., a large value of Kg. Higher rates of propeller blade setting are needed, 

for example, in order to prevent propeller spin-up during changeover to maximum- 

speed operation and in some other cases. The process of stabilization in such a control 

system takes place only as a result of positive self-correction of the engine, i.e., when 

the value of the factor ^ in (1.132) is positive. Since the value of this coefficient is in¬ 

significant, the transient performance will be limited. 

The control system can be improved by inserting a compensating device in the 

speed controller loop. It is more convenient to use accelerometers, which deliver a 

feedforward signal from the acceleration of rotation of the propeller shaft, since the 

use of rate feedback (of the PI controller) is beset by design difficulties in producing a 
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signal corresponding to the position of the propeller blade in the rotating sleeve of the 

propeller. When the speed controller is located in the propeller sleeve it is possible 

to use also a Pi-controller. 

As an example let us consider a speed control system for this same TPE, when 

an accelerometer has been inserted in the control loop. The basic diagram of the ac¬ 

celerometer was presented in Fig. 2.16. A block diagram of the entire control system 

is presented in Fig. 5.2. The equation of motion of the accelerometer is taken in the 

form (3.47). Hence we obtain the following basic system of equations of motion: 

*r«-r'<A>W5X°ûf; 

Xx^Kx(Xn-X% (5 4) 

pA%-A's(AY; *s). 

The generalized coefficients correspond to the notations in the block diagram. 

By solving (5.4) for and X^,4> we obtain 

+aiP -f a3) À „ - («0/> -f- a,) Xo + 

(5_5) 

{aQpi-r-alp--: -a,p—û3)Xu-íu,p + a5) Xo- 

-H (HP*+a7^2-r a&P - «i) Xc(5.6) 

where 

a0- Til, ûj—1 —A'ji; 

ai~l2KsKl\ o.q~TxLKs\ ax—l,KxKs\ ^,=^,(/3-/,/4), 
Û3-4-V5; a5-/2/4A',A's; a,,///; 

a7 (4~44)i at,=4 —44 + 44*4 -f-A'ä); 
09=44^1- 

From these formulas we arrive once again at the conclusion that in steady motion 

the rotational speed remains unchanged when the fuel flow X® varies, while a change in 
°f 
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Kpwe 
cIhVm'*-::? 
ynca&CHU 

Fig. 5.2. Block diagram of TPE control system 
with accelerometer. 

CODE: 1) Servomotor; 2) Accelerometer; 3) To 
joint-control knob. 

the rotational speed X° is accompanied by a variation (in the opposite direction) of the 

gas temperature. The stability of the system is specified by the inequality 

[r+n (1 -kK)\ [(1 - +^ (^1+A'a)i > r/y ,/v', 

which shows that the latter increases with K (the accelerometer gain) and with decreas- ä 

ing Tj (the measurement error of the acceleration of rotation). 

By setting T^ = 0, which corresponds to an ideal accelerometer, we obtain the 

stability condition in the form 

i-V4-fWfa>o—/2>o. 

Since we always have l0 > 0, it follows that the value of this inequality is consid- 
¿á 

erably higher than the inequality obtained for a system without accelerometer; there¬ 

fore the transient performance of such a system must be better. Indeed, by assuming 

the transient processes to be monotonie with respect to the rotational speed under a 

disturbance X®[1], and single-valued under a disturbance X^ [1], the integral estimates 

calculated in the same way as above (for Tx = 0, at the boundary of monotonicity) will be 

Ax ;Jn-Gt 
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The integral estimates are smaller in value as compared to the case when no ac¬ 

celerometer is used. 

With the aid of an accelerometer it is possible to considerably increase the speed 

of response of the system and obtain the necessary performance even in the case of 

changeover to maximum operating conditions of the engine. 

In Fig. 5.3 we plotted the transient processes that can be obtained by means of 

such a control system. These processes were obtained by integration of the Eqs. (5.2), 

(5.3), (5.5) and (5.6), with the joint-control device being accounted for the equation 

\{ 
-ví/c/70 oõopomoS 1) 
-mCMnepamypa iaâoõl) 

? 
A, 

L \/ 
. e' 

' 
1 'mm*'' C Jurv e / K H 1 r 

ff 
/ X,. 0 0 Vr=const 
2 IÍSI>KS! 0 0 »* »t 

3 Ks, 0 Ihm M •» 

4 0 Uh« 
5 w O^V, - ''JJ ^ * r, 

1 I J h 5. /¿sic 

Fig. 5.3. Transient processes with respect to 
rotational speed and outlet temperature for a 
TPE with accelerometer and without it, for var¬ 
ious flight conditions and controller parameters. 

CODE: 1) rpm; 2) Gas temperature. 

This equation specifies the relationship between the displacement F of the joint- 

control knob and the assigned fuel flow Xr and assigned rotational speed X^. Hence 
°f 

1 A 

we must take into account in the basic equations that X„ - mF and X - m... thus 

we have in the right-hand sides of the equations a single disturbance F[l], 
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Froi, we can see that the use of an accelerometer is considerably im- 
l|?*fc|iH '1!" 

proving the transient performance. 

b) A system with closed-loop controllers of n and T 

Now let us consider a control system incorporating a gas-temperature regulator 

that operates in a closed loop and acts on the fuel flow. The speed controller is the 

same as before. The gas-temperature regulator is also the same as before, whereas 

the equation of motion is taken in the form (¾. 18), in which the thermocouple errors 

have been compensated. A block diagram of the entire control system is shown in Fig. 

5.4. Under the condition that the fuel flow does not depend on the rotational speed and 

that the speed controller has no accelerometer, we obtain the basic system of equations 

of motion in the form 

(7>+1) ly\Q( =0; 

X\—K\ — Xo); (5.7) 

The generalized variables correspond to the notations in the block diagram. 

By solving (5.7) for Xn and XT4, we obtain 

\Tpi+W'i +1 - kU) P'-+(W, + /5K2 - 
- Wa) P+ZíV^Kil Xn^KiK^p^K^K,) X+- 

+(/,^-/,/.^) pY°; (5.8) 

P>s+(77sK2+ 1 - //,) p- + {lJ<tKx+/5K2 - /¿A,) P -- 

+=K, +[K277s^+ 
p+l^K^YO. (5.9) 

The stability of the system is specified by the inequality 

(77,K,+ I-V4) IkK'Ki + K2 (I, - /A)] > Tl^K^K,, 

which always holds under the condition < 1 and /5-/3/4 > 0. 

(5.10) 
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However,to achieve an adequate transient performance with such a control system 

is nevertheless difficult, since the entire stabilization process takes place only as a 

consequence of positive self-correction of the engine, which is minor, especially when 

the engine operates below its nominal conditions. 

In order to improve the control processes we shall insert an ideal accelerometer 

in the speed controller circuit. Thereupon the basic system of equations of motion will 

assume the funu 

(Tp-r\)X^rliXTA^LiX, - lzXG{—()\ 

X^KjX¿ 

pX<i—Ks(Xl-\-X^\ 
pXqí —Kt ( Y°—XTt). 

By solving (5.11) for Xn and XT4, we obtain 

(5.11) 

{7>3+(1J- W+KM ~ V<) P2 *r [K2 (/, ■ 
-KMKi-tKJM p-'rKKJJ-X) X^MKtP- 

+/+(/3-/1/5)/^ 

-/3/4)+ 

Aj/vj/vjV,) Xo — 

(5.12) 

(^-1- • (H- Ah/J -1- K.KJ, -1,1,) p- - [A'2 (4 - 44) -)- 
+ a: 4 (A4 -r A./,/Co)] P -r KSKXIJ,K¿ Xu =- K,Ksl2l, pX° -r 

+ [AV4+ + A4 (/, - //, -h IJiK Kp p - -/a4As/C,A2 Yc. (5.13) 

Here the system staoiltty is specified by the inequality 

(7V4—1 — 44 T KsKj2) [Kt (/,—v,) -¡- ats4 x 

X (A, AV>2)] > TK'KMtK,, 

which is much large than in the absence of am accelerometer. With such a system it 

is possible .0 obtain an adequate- transient performance both for the rotational speed 

ana the gas temperature. 

Aoovt. we asüumuu that me measurement of the acceleration of rohrtien, the mea¬ 

surement and dificreniiUcion of the gas-temperature signal, and the amplification and 

conversion of signals in the control loop are taking place without any errors, in actual 

mci, ia/v.u »o., i.a.ö -S uot at tti. cne case; utere must oe some errors, ana if they are 

c> .-. OOO 



Fig. 5.4. Block diagram of T PE 
contr 1 system with gas-tempera¬ 

ture regulator. 

CODE: 1) Servomotor; 2) Acceler¬ 
ometer; 3) SE with compensation 

4) Amplifier. 

large, then the transient performance may considerably deteriorate. Numerous calcu¬ 

lations and practical experience have shown that if the error in the speed control loop 

exceeds t ^ 0.25 sec, the processes become inacceptable. The same applies also to 

temperature measurement errors, when an increase in the time constant of the sensing 

element (the uncompensated part) to r ^ 1.0 sec renders the processes likewise inac¬ 

ceptable. 

In Figs. 5.5 and 5.6 we plotted the transient processes, obtained for this same 

engine with various control systems under various flight conditions, when the rotational 

speed is not reset and the engine operating conditions are varied by changing the outlet 
0 

gas temperature by means of the signal Y . 

The processes plotted in Fig. 5.5 correspond to the case when the system uses 

no accelerometer, with compensated and uncompensated lag of the thermocouple; one 

can see that when the temperature measurement error is taken into account, the trans¬ 

ient performance is deteriorating. 
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Fig. 5.5. Transient processes for rotational speed and 
gas temperature of a T PE for various parameters of con¬ 

troller (without accelerometer). 

CODE: 1) Temperature regulator resetting disturbance; 
2) Gas temperature; 3) Thermocouple time constant; 
4) Fully compensated; 5) Not compensated; 6) rpm. 
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Fig. 5.G. Transient processes for rotational speed and gas 
temperature of a TPE for various controller parameters and 

flight conditions (with accelerometer). 

CODE: l) Temperature controller resetting disturbance; 
2) Gas temperature; 3) rpm; 4) Thermocouple time constant; 

5) Fully compensated; 6) Not compensated - sec; 

7) Temperature controller gain Kg. 
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Tuc proccbHen !)lotu.‘U m Fig. õ. ii correspond to the case when an accelerometer is 

inserted in the system, with compensated and uncompensated lag of the thermocouple. 

It can be seen that the performance improves as compared to the case when no acceler¬ 

ometer is used, while the effect of the temperature measurement error remains roughly 

the same. 

A more detailed calculation shows that by increasing only the flight altitude the 

transient performance deteriorates, whereas by increasing only the rotational speed the 

performance improves. 

c) A system with limited M 
' -1 ■ ■ cr max 

In studying the performance characteristics of TPF it was found that the TPE pa¬ 

rameters are considerably changing with the flight altitude. This has a certain e :t 

on the selection of the method of control of such engines. For example, in Fig. 5.7 we 

plotted M and T* versus the flight altitude; these plots show that from the ground and 

up to the rated altitude we must limit the torque developed by the engine, whereas from 

the rated altitude upwards we must limit the gas temperature. The need to limit the 

torque and the gas temperature is due to engine strength considerations. In this case 

the control system must also incorporate a controller (limiter) of the engine torque. 

Let us consider the operation of a control system when during flight up to the 

rated altitude we have the rotational speed controller acting on the blade angle, where¬ 

as the torque limiter is acting on the fuel flow. The speed contrôler is taken in the 

same form as above, and it is assumed that the fuel flow does not depend on the engine 

speed. 

The torque limiter is taken in the form shown in Fig. Õ.8. Thus tne limiter has 

rigid feedback; therefore the prescribed value of tne torque cannot be exactly main¬ 

tained; but this is noi necessary, since the engine has a certain strength margin. On 

the basis of the torque and of the rpm it is possible to determine unambiguously the 



Fig. 5.7. Plots of M and T* versus 
cr o 

flight altitude H. 

CODE: i) Limiting region for 

2) Limiting region for T*. 

CODE: 1) Fuel to engine ; 2) Fixed reducing 
gear of engine. 

power developed by the engine; therefore such a control system can be called an engine 

power control system. A block diagram of the entire system is shown in Fig. 5. 9. The 

equations o; motum oi the limiter loops are derived on the assumption that the sensing 

element has no lag. 
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Fig. 5.9. Block diagram 
of control system driven 

by M signal. 
J cr 

CODE: 1) Accelerometer; 
2) Servomotor. 

The equation of motion of the controlled plant can be obtained by introducing into 

the basic equation the reduction-gear torque Mr, i. e., 

2«/i ~ = Mj — Mc— Mr 
at 

After ordinary linearization of this equation, we obtain instead of (1.130) the 

equation 

(TiP + ~o) XH—KinxT3 — KipiXpi + KipiXpi — KmXx = C. 1' 

where -AMr/Mrß is the relative torque of the reduction gear. 

Let us also introduce the equation of the moments between the reduction gear 

the propeller in the form 

än ,. ., 
2*y2 — = Afr—.Wp, 

after ordinary linearization we obtain the following equation: 

{T mP T 1) ^ = ^f^r- (Õ. 1 

Thereupon the system of equations for the engine will consist of (1.131) without 

the first equation, and of (5.14) and (5.15); these equations must be reduced to two 
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equations incorporating ihe variables Xn and Hence we obtain the basic system of 

equations of motion in the form 

(T'lJP + 1) A'n-f llXjM — 

(T 2P + 1) Xn — KmXm + A’ lrA'r. = 0; 

Ai — A'j (A'n — Xo); 

■Aj — AiiPAn; (5.16) 
pX^Wi+X*)-. 

A¿ — Kt (Vo — A',m); 
(T-»/» +1) A'o. = AjAj. 

By solving 16) for X^ and X^, we obtain 

+ flip2 + ti2P + flj) A« = [TsKaK\K[JiP T 

+ AsKiAi^i + ¿3*2*3)] x° + KiKihKMP Y0; (5.17) 

(aoP3 + aiP2 + ajP + «3) *aj =— (uaP2 + “IP + “j) X° + 

+ (OeP2 + aiP + °ii) Yû, (5.18) 

where 

üq^T^TxKm i-^¿i); a, = ¿"c(*.M + ¿1 + -r 

+ T'lih + *2*3¿3) + ^ j*m! 

«2= (*s*u*i,+ 1) (¿1 - ¿>*2*3) + Km + 

fl3=*S*l*l9(¿l+¿3*2*3); 

03®= T"jT"s*i*iy*c; Q-t = (¿"i *r 7S) A^Aj..**; 

05— *i*s*lf; Oij — 7"2*2*3¿3! “7 — ¿3*2*3 (*lf*V'a + *)* 

ag= *S*1*2*3¿3*1;. 

As can be seen from the structure of the coefficients, the stability condition (in 

the form 0-.0 > a.a,, ) is always satisfied. Even if we assume that the torque limiter 
12 0 0 

has no feedback, we shall write the stability condition in the form of the inequality 

[7s (/, + A\w -r *s*»*i/i) + *2/372] [***,; (*¡¿17, + *.¿3*2) + 

T ¿3*2] > 7, (7,*.W + 72/,) *,*1*2*,»¿3. 

which is likewise practically always satisfied. Calculations show that in such a system 

it is possible to obtain an adequate transient performance also in the absence of rigid feed 

back in the torque limiter loop. If the controller loops have considerable errors, it will 

be necessary to stabilize the limiter circuit. The final values of the controlled parameters 

are as follows: 
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In Fig. 5.10 we plotted the transient processes, obtained by integrating the above 

system of equations for TPE operation at the stand, when the disturbance is applied 

with the aid of the joint-control device acting on the speed-controller setting and on the 

setting of the torque limiter, which operates with rigid feedback. These curves show 

that an increase in the gain K (of the torque limiter) leads to a deterioration in the 
O 

transient performance. 

2. Single-shaft TPE with differential reduction gear and two coaxial VPP 

Let us consider the control system of such a TPE when the temperature regulator 

is in the form of an open-loop controller (lagless compensator of the fuel flow in accord¬ 

ance with the flight conditions), while the speed regulators are astatic controllers (with¬ 

out stabilizing devices); the controlled parameters are the rotational speeds of the pro¬ 

pellers. A schematic of a differential reduction gear was shown in Fig. 1.61. A block 

diagram of such a system is shown in Fig. 5.11. 

The equations of motion of the controlled plant can be obtained by eliminating the 

variables X^, X^ and from the system consisting of (1.149), (1.150) and the last 

four Eqs. (1.30). Hence we obtain the basic system of equations in the form 

(5.19) 

By solving this system for X , X , XT and XT4, we obtain ip' 2p’ T 

+ +...+ = (üoA,î “iP 4 

— (03P+ a«) pXj+ (dip"2 + a^p + 07) pXg(; (5.20) 
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(QqP' -r -r . . -1+^4) = — (fiiP + 09) p\\ 4* 

+ (aie/12 + a-nP + £*12) ^2+ (anP- + a»/» + a^) pXq^\ 

(«O/»4 + ßj/>3 + • • • + Ä4) = (OlfiP2 + a17P + Ois) X Î+ 

+ (a19^2 + O-mP + “2l) Xj -f (aj2P2 + 023^ + a2*) P^Qf, 

(a^p* ~ aipi +. . . -r Û4) AV4 = — (025P2 v ú;ó^ + a??) X®— 

~ (ajü/)- + ci29/> -i- aso) X2+ foi/’4 — nap3 4--..4- a^) A'</f. 

Here we introduced the following notations: 

«0 = ^¡^2 + (7V4 4- ^2^3): ai = T,(h + U) + T-^: + ^¡*1: 
a2~(T\ -r ¿3 + (^2 4- /4^7) *4 4- (/3 + ¿4) (Oi ~^^j) + 1: 

Û3 — ¿j¿4-i-¿2^3> a± —bj>ú 

b\ — 4-1 — /t/4/5; ^2 — h^t 4-1 — 

b^Ks¿K3Kif; ¿4 = ATsi^V 

ûq--A’iA'siArl?(7"2 4-aj = A'iA'siA'^íif 

02= A'jA'siA'i/j; 03 = KiKtfKiJ+TT; 04 = (0, — .':•: . 

05= 7;A>; a¿ = é¿; a? = ¿2^5; ¢5 = /2 — /j/$; 
as= A'iA‘siA;r/07T; • «a —Á'iA'sjA^/jíOr —/1/3); 

alu K>Ks:h2- (7j + /j7,); uu = A’.>A’s.' 

0(2 = AïAsjA'j^^; 0(3 = 7(^3: 014 = ^3; 0(5 = ^465; 

0(6= A'(A'slA-lr/372; a¡7 = A'iA'slA'lr/3; 

0(8 = A'iAjA'siA'^: 0(9 = K2K,,KiitJ 

a20 = A^AcATj 7«; Ojj = A';*4A's2^2/4; 

022 ~ T'JJz 4- 7(/4/3; 023 = 7^3 4" Vs; 

024 = (¢3/3 - V4) ¿5.' 0;j = ^(A'jiA'j^/s^rn; 

<22c — A’iA's(A'( ./3/3: 027 =* A'iAjA'jiA'i/u/s; 

028 = A^A'sjA 2/4/371; 029= KiK&KïJds', 

a3i3 = A';i4^52^2,./-^:4 aJi — ^6 -r 7T (7./,--7s/3)¡; 

C32 = 7(/(,4( 4- /07t(/3 — /() -t- 73/3; a33 = ¿4/3(724- /(7,) 4- 

4- ¿3¿6(7( 4- j) — /3/3 (/3 4- /4/0) 4- /3 (1 -<- /2O14-/4QT): 

034 = *4*7 4- ¿3*6; 03S = ¿3*4: ¿6 = 4 4- VsQt ~ /2V5; 

¿7 = ¿6 + V4GT — ^Vo¬ 

lt follows from these equations that during steady motion, variations in fuel flow 

are affecting only the engine power, without affecting the rpm of the propellers and the 

rpm of the turbine; similarly, a variation in the rpm of one of the propellers has no 

effect on the rpm of the other propeller. However, the rpm of the turbine changes 

when the rpm of any of the propellers varies. The gas temperature at the turbine 

outlet is affected by all three disturbances. 

(5.21) 

(5.22) 

(5.23) 
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Fig. ó. 10. Transient processes for rotational 
speed and torque, for various 

controller parameter. 

CODE: 1) rpm; 2) Torque; 3) Disturbance for 
both rpm and torque; 4) Gain. 

Fig. 5.11. Block diagram of control system for 
TPE with differential reduction gear 

and two coaxial VPP. 

CODE: 1) TPE with differential reduction ge. r; 
2) Servomotor; 3) Control knob. 

The contx’ol system under consideration is stable in a large range of variation of 

rotational speeds, with process stabilization in such a system taking place only as a re¬ 

sult of positive self-correction of the engine. Its stability margin is smaller, however 
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(by roughly one-half with respect to the critical gain factors), than in the system with¬ 

out differential reduction-gear, considered above. This is due to the mutual effect of 

the two control loops, linked to each other via the differential reduction gear. This is 

the reason why such a system is also relatively slow-acting, in the same way as we al¬ 

ready noted before in the case of a TPE with an ordinary reduction gear and a controller 

without stabilizers. 

The stability margin is also sharply decreasing if the system has fairly large er¬ 

rors distorting the signals during their passage through the control circuit. 

The final values of the controlled parameters are 

*t(«) = /3X®; XT(x)z=z /4x!J; 

Xn (op) = /3/5X°; XU (« ) = VsXg; 

(w)= A’of. 

If for prescribed operating conditions of the engine the two propellers have the 

same rotational speed, the coefficients /g and in the third Eq. (5,19) will be equal, 

and in thip case the rotational speed of the turbine and the gas temperature will vary 

as the coefficient for the same variation of the rotational speed of any of the pro¬ 

pellers. Moreover, the tuibine rotational speed remains unchanged when the rpm of 

one of the propellers decreases, whereas the rpm of the other propeller increases by 

the same amount. In this case however, the powers delivered by the propellers will 

be different, and the reduction gears will be differeptly loaded; at speeds, close to max¬ 

imal, this is not permissible from strength conditions. 

Eet us recall that the obtained results hold in those eases in which the mutual 

aerodynamic effect of the propellers is neglected. 

The introduction of compensating devices into the speed-controller loop (for ex¬ 

ample, accelerometers) improves the control process to roughly the same extent as 

in thf) case of TPE with a single propeller. 
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The character of possible unsteady motion of the control system under considera¬ 

tion with respect to the parameters of interest can best be studied by means of the trans¬ 

ient processes, plotted in Fig. 5.12. . • • 

Fig. 5.12. 
spect to X 

Character of transient processes with re- 

IP- V V' V- XT and XT4 0f a TPE 
under a fuel-flow disturbance. 

/-H>0, V>0; 2—tf = 0; V=0; J—// = 0; V>0. 

CODE: 1) Without accelerometer; 2) With accelerom¬ 
eter; 3) Fuel disturbance. 

The engine considered here (its turbocompressor part) is the same as the one 

used in the TPE w;ith a single propeller; but we added to it a differential reduction gear 

with two coaxial propellers that turn in different directions. Moreover, the two con¬ 

trollers have the same parameters; therefore the processes with respect to the propel¬ 

ler speed and turbine-shaft speed, under a fuel-flow disturbance and with the same set¬ 

ting of the controllers, are occurring in the saíne way. 

By inserting accelerometers in the controller loop, the processes are improving 

considerably. The curves for the blade angles and X^, plotted above, show that 

in the presence of an accelerometer these angles are monotonically increasing; there¬ 

fore the thrust cannot collapse. 
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In Fig. 5.13 we plotted the transient processes for a system without acelerometers, 

when the propeller speeds are reset together with a change in fuel flow; here we have a 

small difference in the speed setting: X^-X^ k 0. In this case the values of the propel¬ 

ler speeds are oscillating about the values corresponding to the turbine speeds. The gas 

temperature, on the other hand, varies in a sense, opposite to the variation of the turbine 

speeds; at the instant of application of a fuel-flow disturbance we obtain in this case a 

maximum unaershoot. The insertion of compensating devices is likewise improving the 

transient performance. The processes obtained in this case are similar in many ways 

to the processes considered above for a single-shaft single-propeller TPE. 

3. Two-shaft TPE with one VPP 

Let us consider a control system in which the rpm of the propeller shaft is varied 

by changing the propeller blade angle, whereas the gas temperature is varied by chang¬ 

ing the fuel flow; it is assumed that the rotational speed of the turbocompressor does 

not reach its limiting value. 

The rotational speed controller is taken in the same form as above, without com¬ 

pensating devices, since (in conformity with what we stated above in our analysis of con¬ 

trolled plants) the self-correction in such an engine is fairly great; we shall assume that 

the gas-temperature controller operates in an open loop with correction of the fuel flow 

in accordance with the flight conditions. The overall block diagram of such a system is 

presented in Fig. 5.14. 

The equation of motion of the controlled plant is taken in the form (1.139), but 

since we are interested in the variables X^, X ^, and we shall reduce the orig¬ 

inal system of equations to three equations of the form 

Vp-t\)XbX=1,Xq{i 

(fpP *r 1)^/iî — ni ~ ^Xn^ hX, — IjXc t-; 

X r* -f ^&X ni — ^Xa t. 

(5.24) 
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Fig. 5.13. Character of transient 
processes for a controller-resetting 
disturbance, when after the operating 
conditions Xlp = X2p the controllers 

are reset: X >X andX >X , 

With£lp4p>°. 

CODE: 1) Without accelerometer. 

Fig. 5.14. Block diagram. 

CODE: 1) Servomotor; 2) Joint control knob; 
3) Two-shaft TPE. 

In determining the motion with respect to the Xnl variable <the rotational speed of 

the turbocompressor), we shall utilize only the first Eq. (5.24); with respect to the XT4 

variable (the outlet temperature), we shall utilize only the first and the third Eq. (5.24), 

and with respect to the X^ variable (the rotational speed of the propeller shaft) we shall 
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utilize in full the Eqs. (5.21) and the controller equations. Hence the basic system of 

equations will be as follows: 

(rp-'r\)xn^i,xQi- 

(FsP ) -^<i2 ~ «i — n T" —/5a 0ft 
Xr<-rhX^liX0{\ 

pX^K,Xv 

(5.25) 

The equations of motion with respect to these three variables will be 

Vp+\)XnX~ixxQi- 

(^+1)^=(/^+4-44)^-, 

ryy+(rp+n ^+(4a; a/ -f. i} ^+^+ - 
- iijKj+4AS) Xo+[( i + /3/7) rp+/s+ih+ 

+44-444IÄf. 

The stability of the system is specified by the inequality 

7(4^^/+i)+rp>o. 

which is always satisfied. 

According to (5. 26) the transient process with respect to Xßl is exponential; the 

transient process with respect to is also exponential, but at the instant of application 

of the disturbance the temperature undergoes a jumplike change by a value 1^. Indeed, 

by dividing the right-hand side of (5.27) by the left-hand side, we obtain 

*Gf 7 7>+r 

Hence the transiem process proper begins at the instant when the controlled var¬ 

iable has the value -1^ and follows an exponential law according to the equation 

(rp+l)*„=-V6A'ûf. ^5.29) 

The parameters of the control system with respect to X^ can be selected by means 

of Vyshnegradskiy's diagram, as we did above. 

(5.26) 

(5.27) 

(5.28) 
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By assuming that the transient process with respect to Xn9 is monotonie under a 

controller-resetting disturbance, and single-valued under a fuel-flow disturbance, we 

obtain for the integral estimates according to (3.40) the expressions: 

xo 
' ni, X* = 

KcKA 
' ni. Of" 

*5 X 
KSKA 

Of 

Taking into account the joint-control device, whose equation of motion is written 

in the form 

Z0=./n,X°=X( 

we obtain instead of (5.28) the formula 

[T'/^-t-C/'s+n A-'t X„2 — 

(5.30) 

Under the condition that the process with respect to is monotonie, the integral 

estimate will be 

Kj + ¿3*7+ ¿1*2 ¿1*3*6) + 

Jiíi.z*—--TlFi? Z°. (5.31) 

The quantity J -, „0 is equal to the sum of the above-obtained two estimates with 
^ n2, z 

allowance for the effect of the joint-control device, i. e., 

J ni, ¿o = J ni, X» + y /,2. Cf • 

Hence in order to improve the transient performance it is necessary to increase 

the controller gain. In Fig. 5.15 we plotted the character of the transient processes 

under a disturbance by the joint-control knob. A detailed calculation shows that with 

such a control system the processes with respect to the rotational speed of the propeller 

shaft are acceptable in practice. 

A study of other possible control systems for two-shaft TPE with a gas-tempera¬ 

ture regulator operating in a closed loop, and also of an engine with a differential re¬ 

duction-gear and two coaxial propellers with different control systems, has shown that 

the transient performance with respect to all the controlled parameters is relatively 
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Fig. 5.15. Character of trans¬ 
ient processes with respect to 
Xnl, and XT4 under a dis¬ 

turbance representing the joint- 
control knob. 

CODE: 1) Joint-control knob 
disturbance. 

better than in the case we are using the same control system, but with a single-shaft 

TPE (without free turbine). This is due to the better performance characteristics of 

two-shaft TPE. 

4, Autonomous control systems for TPE 

a) Single-shaft TPE 

Let us consider autonomous control systems for a single-shaft TPE with a single 

propeller. A simplified block diagram with additional links is presented in Fig. 5.16, 

where we indicate also the notations for the controller transfer functions *n and *T, 

for the transfer functions *nT and of the loops providing the additional links, and 

the generalized variables. 

It follows from this diagram that the signals from the controllers and the devices 

providing the additional links are summed at the engine input, acting directly on the fuel 

flow and the propeller blade angle. In actual fact we would have to assume that there 

exists one servomotor which controls the blade angle, and another servomotor which 



controls the fuel flow; in tills case the signals from the controllers and the devices pro¬ 

viding additional links must be summed at the input of these servomotors. Such a sim¬ 

plified block diagram is presented in Fig. 5.17. 

For simplicity, however, we shall consider in the following the diagram presented 

in Fig. 3.16, since the differences between the properties of autonomous and non-auton- 

omous systems are equally exhibited for the system presented in Fig. 5.16 and for the 

system presented in Fig. 5.17. 

The equations of motion of the engine are taken in conformity with the first two 

Eqs. (5.7); we shall introduce the transfer functions for each variable in the first and 

second equation, which can be done by dividing the first equation by iTp +-1). Hence we 

obtain the basic system of equations of motion in the form 

XH + Ah + - *3*0 f - 0; 

*r4~t~ *4*n ~ *»*Of “O' 

x°); 

*4—* r« ( Y° ■- * n) : 

*i~*r(Y0—*«); 

*3—*<ir (*(i —Xo); 

(5.32) 

Here 

By eliminating from (5.32) all the variables except *n and XT4, 

(14 - <lvl'„r) Xn + (<I>1 - <1Y1V„ + *3*7-) *7-4 ~ 

=(***»-X°+(*3*7- - *2<l,rn) Y°; 

we obtain 

(5.33) 

(<1>4 _ cD6<i»flr) A', 4-(1+ «I»s1'r) XTi - <1*5‘I>7 Y° - Xù. 

By imposing on the system the conditions 

T *3*r=0; *4-*j*,r =°. 

(5.34) 

(5.35) 
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Fig. 5.16. Simplified block diagram of 
autonomous TPE control system. 

CODE: 1) Speed controller; 2) Temper¬ 
ature controller. 

Fig. 5.17. Simplified block diagram of autono¬ 
mous TPE control system. 

CODE: 1) VPP Servomotor; 2) Speed controller; 
3) Servomotor; 4) Temperature cpntroller. 
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we obtain 
; (i) 

HT' 
'1 . 

instead of (5.33) and (5.34) we hence obtain 

+ ^ X»- ¢,1¾ 

( 1 + 1'5®r)V"-*,X'. 

(5.36) 

(5.37) 

For simplicity we shall confine ourselves to the earlier-considered speed and gas- 

temperature controllers, i.e., we shall set <f>n = K/p and $T = K^p. Hence the Eqs. 

(5.36) and (5.37) and the transfer functions and $ _ will assume the form 

(_^V+/2^)X^Y°; (5.38) 

+ Y('-- /j) Xo; (5.39) 

«I* ;/«- 
/1P + /3A.V /, 

hP ' nr A. (5.40) 

For the subsequent analysis we shall assume that, with some approximation, it is 

possible to realize in practice devices whose transfer functions correspond to Eqs. (5.40). 

The formulas (5.38) and (5.39) show that the imposed conditions (5.35) do not de¬ 

couple the system (do not make it autonomous), although the equations of motion are con¬ 

siderably simplified in this way. Indeed, under a disturbance due to speed controller 

resetting X or gas- temperature controller resetting Y0, both controlled parameters 

are varying during the transient process. It is characteristic, however, that in such 

a control system the variation of each controlled variable depends only on the parame¬ 

ters of the engine and of the corresponding controller, i.e.. for example, X, depends 

only on Kn, and X'T4 depends only on K^. 

Let us introduce the equation of motion for the joint control in the form 

Z°=X0—■/ñ1Y°; 
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hence we obtain instead of (5.38) and (5.39)-the relations 

(p+l5KT)Xu~{-l<p+1^ Z°. 
(5.41) 

The stability of the motion with respect to X is ensured, since lnl J/- < 1. Let 
n 3 4 o 

us examine what processes can be obtained with such a control system. It follows from 

the first Eq. (5.41) that the initial conditions are 

^0)=-1; 

il. . hh 
«i h 

i. e., with these initial conditions we cannpt obtain monotonie processes with respect 
? *. .4 » 

! « • **. o 
to the rotational speed under a disturbahee Z . We shall select the value of the speed- 

. 1 V » 
controller gain K from the condition, that the roots of the characteristic equation must 

n 
2 2 

be real, i.e., K £ (/r-/./J /47/-/-. Then, beginning with the instant t , at which 
n 00¾ ¿ü P * J 

1 I w 

the controlled parameter reaches its maximum (minimum), the process will be mono- 
, i y 

tonic. For this case the integral estimate assumes the following value: 

M y 
• ltKn\ mif 

(5.42) 

From the second Eq. (5.41) it likewise follows that we cannot obtain monotonie 

processes. Indeed, by dividing the righb-hand side by the left-hand side, we obtain 

XT4/Z° - -Z4 + /glvpil/n^ + /4)/p + /glCp, i.e., the process with respect to T|takes 

place in such a way that at the initial instant it undergoes a jumplike change (at high 

speed) by a value -1^-, then it tends exjxmentially (from the value -1^ to the value 

(l/m^ T /4). Hence in this case, too,, the process will be characterized by a dip (un¬ 

dershoot) of the controlled parameter. 

If we transfer the origin of coordinates by a distance (l/rr^ ¡ 1^), then the initial 

deviation will be X(0) - -(Imj + 21^) and the integral estimate will be 

(5.43) 
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Hence in order to diminish the values of Jn and ^O, thus improving the trans¬ 

ient performance, it is necessary to increase the gains Kn and K^, of the controllers. 

By assigning the permissible relations between the integral estimates in the form 

J 0 - m J_. „0, it is possible to determine from (5.42) and (5.43) the necessary re- 
n, Z 2 T4f Z 

lations between the controller gains (for processes, close to monotonie), i. e., 

Kr=Ka /Ço^2 0 1) 
/5 (/«2 +1 1) 

Now let us examine the effect of other autonomy conditions; for this purpose we 

shall solve (5.32) for X and X^„, as a result of which we obtain 
n 14 

[(1 *f ¢.^)(1 r + r) (ll)4- 
- *>S*nT)] Xn = [(Wn - ^3^^)(1 + *S*r)+ 1*1 - ^ 

+ íylv) ^nrí Xo+l(*3*T - ‘MV*) (1T MV)- 
- (¢, - 4>2^r„+¢3^^) MV] Yû; (5.44) 

1(1+4»2a>n—d>3<i)#r)(i -f- <Í>S(PT)-(Í>1 - i)2g>r„ -r <¡»5rr) x 
X (1>4- M*r)] AV- (Mr (1 + ^í^*- ^s®*^ -(‘r>4~ ‘^^Vr) X 

X (<I»3^2- ^^r«)) Y°- [^6‘I’*r (1 + M* - 
(5.45) 

We shall impose on the system the following conditions: 

(MV " MVnKi+MV)-1*1 - Mr* V- MV) ^ j 
MVrO VM^-MViVl^- ‘iv^nrlx 

x(MV-M«r)-0- » 

Hence we can determine the transfer functions <lfßT and a)Tn, i, e., 

A __ . _®r(¢3-^5) 
"r“' ¢3^4-05 ' Tn ¢2 ' 

(5.46) 

(5.47) 

The conditions (5.46) lead to the vanishing of the disturbance Y° in the right-hand 

side of (5.44), and to the vanishing of the disturbance X° in the right-hand side of (5.45), 

i.e., we obtain a completely autonomous control system, in which during the resetting of 

the gas-temperature controller the rotational speed remains unchanged in the transient 

regime, and during the resetting of the speed controller the gas temperature remains 



unchanged. Therefore the conditions (5.46) will be called conditions of complete auton¬ 

omy, and the conditions (5.34) will be called conditions of partial autonomy. 

After substituting (5.47) into (5.44) and (5.45) we obtain 

(<*5+W^-4VW=W>,X0; 1 
j ( ' ) 

By comparing the obtained result with the Eqe, (5.36) and (5.37) we can see that 

under these disturbances the equations of motion are the same with respect to the gas 

temperature, whereas with respect to the rotational speed they differ only in their right- 

hand side. 

We shall assume that with a certain approximation it is possible to realize in prac¬ 

tice devices whose transfer functions correspond to (5.47); after substituting the above 

expressions for each transfer function we obtain 

¢, _• o ^ __(h—hh)KT (5<49) 
nT X„ (lJp + h-hU)P ' Tn Xu lip 

and the equations of motion 

44)3-44^ ti< [¡pX*—(4 44)^/^4- 

After substituting into (5.48) the expressions for each transfer function we obtain 

t) P+LK, Xn~l,Kn Xo; (5. 50) 

(P~r 4^ t) —4^r Yu- 
(5.51) 

The stability conditions for (5.50) remain the same. Letus ascertain the trans:ent 

processes that can be obtained with such a control system. For (5.50) the initial conditions 

will be X(0) = -1 and X'(0) - 0; under the condition that the characteristic equation has 

real negative roots, the processes will be monotonie, i.e., the monotonicity condition 

will be 
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For processes, close to monotonie, the integral estimates will have the values 

(5.52) 

By assigning the permissible relations between the values of the integral estimates 

in the form J „0 = m9J „0, we obtain from (5.52) the necessary relation between the 
n, L a* i¿ 

controller gains 

At the boundary of monotonicity (when the characteristic equation has equal real 

negative roots), the values oí the gain are 

¡r __ (A> Í3/4)* . iS _ rni J ~ 

wl ’ r” *ll 

For comparison let us ascertain the system performance in the absence of any ad¬ 

ditional constraints. Although such a system was already considered above (see (5.7)), 

we shall write it here in the form 

Vc =0: 

(5,53) X9=(Xh-X?)<1>¿ 

Z°—Xo—m, Y0- 

By adopting the same controller transfer functions, we obtain after solving (5.53) 

for X and X,„. the equations 
n 14 

(TV 4 ( 1 4- p'- -t [l2Kn + (1,-1 4 1¿,KkKt} X 
(5.54) 

iTpt-H'i+l-oKrT-lJJp'-+ KT]pi 

(5.55) 
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The stability of the system is specified by fin inequality similar to (5.10), i. e., 

with < 1 and > 0 the system will be always stable. 

By assuming that the processes are monotonie, let us determine the formulas for 

the integral estimates. The initial conditions for the system (5.54) will be 

1; X'n (0) = 0; X'n{0)-- 
MKn (h~hlùK7 

m{F 

and for (5. 55) 

*/4(0)~—r; 

X't< (0) - ~ 1(/,/4 - UKrT) 1,Kt - /4 (/a/C/+ Ulji 

Hence the expressions for J „0 and J 0 will bç 
n, L T4, ù 

i (h — mi. 
J n — ——————— I n,Z“ 

Jn, z° 

MlhhKn 
(/s-W(l -Wi) 1+/4 

hhmiKn hXT 

(5.56) 

In order to compare the final results for three possible methods of control of 

TPE, we shall assume that the processes are close to monotonie for the same values 

of Kn and K,^ in all the cases. For the engine, considered in the first example on p. 396 

(the coefficients are listed in the Table), we hence obtain in accordance with (5.42), (5.43), 

(5.52) and (5.56), under the same engine operating conditions, the values of the integral 

estimates, presented in the Table. 

Abto- 
HOMHOCTb 

• 2) 

PextiM 1) 

■/«, Z» : ^74, Z» = 0 H =- 11 k; 

I 

Hamm- ! j __i_A +-il-N 
na« j "*z t^Kn \ +m, / 

3) i 

Fc=0 V —200 m/sec V — 200 m/sec 

5j2 
Kn 
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(Continued) 

HyjiesaH 

5) 

•'/i. z» = 

(/.i — /,/5) — (/5--/1/4)^1 
< .5 

^/1 

Í " ! 
; 1 

j Ç55 0.6 

/in A'/i 

i 

HacTHt- 
Has 

3) 

.... 

Ju-Z°- WrU +2/<) 
8.6 

Xr 

i ; ' 
14.0 3.0 

A> ! "Ã> 

1 

(loAHax 

_i>_ 

J - 1 
6.7 IÇO J K3 

/ir j /ir 

i 
Kr 

Hy-iuujn 

5) 

j (/5-/.1/4)(1-^1) 

n' hkmiK« 

U l* 
‘ ‘sKr 

K2 80) 

/in A> 

1 ! 
1 

1^2 3JÛ j 10^0 2.5 

/^n A’r j A« A’r 
1 

CODE: l) Operating conditions; 2) Autonomy; 3) Partial; 4) Complete; 
5) Zero. 

This table shows that the best results with regard to the rotational speed can be 

expected from a completely autonomous system, when J y0 and J 0 correspond to 

system (5.52). 

However the above comparison is not sufficiently complete, since it does not take 

into account the actual regions of monotonicity for each of the versions under consider- 

tion. i rom this point of view' the version with partial autonomy cannot be compared to 

the other two, since it does not permit in principle the obtaining of monotonie processes. 
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For the version with complete autonomy, when the monotonicity conditions are 

specified by equal real negative roots of the characteristic equation, the value of Kq 

for the transient process with respect to the rotational speed is specified by the condi¬ 

tion 

('5-W 
4/^ 

which yields, for the same operating conditions of the engine, the following values for 

K and J „0: n n, Z 

Coefficients 

Operating conditions 

//=0 
V = 0 

// = 0 
V = 200 m/sec 

// = 11 km 
1^=200 ai/sec 

Kn 

Jn, Z* 

< 0.025 

>2,0 

< 0.056 

> 12 
<0.125 

>9.5 

The values of can be taken arbitrary. 

For a non-autonomous control system we shall determine the regions of monoton¬ 

icity for the processes with respect to the rotational speed only for the case of real neg¬ 

ative roots of the characteristic equation. In accordance with the earlier-obtained ini¬ 

tial conditions for system (5.54), i. e., X;i(0) = -1, XWO) = 0 and X^(Q) > 0, the monoton¬ 

icity condition will be expressed in the form (3.30) or, for a normed equation, in the 

form (3.32). By using (3.33) with allowance for (3.30), we can reduce the monotonicity 

condition for a normed equation to the following form: 

B>Ai-w+e- 

When the roots of the characteristic equation are equal, with A = B = 3, the mo¬ 

notonicity condition reduces to the form 

C- 
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or, in terms of the coefficients of Eq. (5.54), to the form 

+ Kr - Tl\l\ K\ Kl < 0. 

For the same engine and under the same operating conditions, this inequality is 

not satisfied for any values of Kp and 1^, i. e., with respect to the rotational speed we 

cannot obtain monotonie processes. Processes, close to monotonie, can be obtained 

only for very small values of K,; and KT; in any case for values, smaller than those 

found above for the case of an autonomous control system. 

Thus an autonomous control system proves to be better also with allowance for the 

monotonicity regions. 

The above-considered autonomous control systems of TPE (with partial and com¬ 

plete autonomy) correspond to the case when the autonomy conditions are fully met. In 

practice it is not possible to satisfy the autonomy conditions for all the flight conditions 

and operating conditions of the engine. Therefore the results obtained above must be 

regarded as optimal. 

b) General autonomy conditions 

When the transfer functions of the controlled plant and of the controllers are known, 

it is easy to obtain the autonomy conditions with the aid of matrices. 

Let us explain on the example of the TPE control system, considered above, how 

the controlled plant and the controllers can be written in the form of separate matrices. 

Let us solve the first two Eqs. (5.32) for Xn and X^: 

(5.57) 

V *6 — 03*4 y , 02*4 

Xu~ i — i — ¢,04 
- X.= aji-Vo + auXf, (5.58) 
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where 

«a 
■t.T — <tyi's 

1 — ¢,0.) 

1—0,04 

aK = 1 
— 0j 
~ 'I'i ’■) 

0¿ — 0,0 4 
1 — 0,04 

i hereupon the equation of motion of the controlled plant can be written in matrix 

form 

*gt < 1 A’, 

!íall ai2ll— 
¡I ¡I 
!lö21 ^*’2 !i A/4 

(5.59) 

The input variables (indicated by arrows) are XG and X^, whereas the output var¬ 

iables (likewise indicated by arrows) are Xn and XT4; each input variable is multiplied 

by a column-matrix, and each output variable is the sum of the results of multiplication 

of each input signal by the corresponding row-matrix element. Hence the ma (5. 59) 

can be separated as follows with respect to the input and output signals: 

Tn 0.=-Ac,, 

*in 

¡an : 
I a12 

û22 ¡I 

(an + a2l) 

— Jjj) A- ; 

X 

^out n—ATn = ûjjAc -f-a,;A’.; 

Août Ti — A/\, = <2;,A'c^ -i- û;2A'f, 

flic equations of motion of the controllers can be likewise written in matrix form: 

Aç t t AV 
An — x° ¡q i 
-»¡pi ill! 

'•“-An.p, bJ' (5.60) 
->!l -1 -U 

The input variables are Xn-X° and Y°-XT4, and the output variables are X^ and 

G, 

con- By connecting the controlled plant with the controllers, we obtain a system 

sisting of two matrices, as shown in Fig. 5.18. 

In the controller matrix the elements bn and are the transfer functions of the 

speed controller and of the temperature controller respectively, i. e b = * 
’ * ’ ’ 11 n’ 
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t>22 4>t» whereas the elements and bi?1 are the transfer functions of the auxiliary 

devices, i.e., .^andb^ =*Tn. 

Fig. 5.18. Block diagram of 
control system. 

CODE: 1) Controlled plant; 
2) Controllers. 

By examining the signal flow diagram according to Fig. 5.18, we can see that 

when the system is disturbed, for example, by speed-controller resetting X^, the gas- 

temperature signal will be formed in accordance with the equation 

(X/i — XO) ¿11^23 + (aVn —Xo) ijoaji = (X„ — Xo) (6¡ia>2 + ¿iva2i) (5. 61) 

Similarly, when the system is disturbed by a temperature-controller resetting 

Y , the rotational-speed signal will be formed in accordance with the equation 

(Y» — Ay«) é2|tfi2 + (Y“ — À'r4) ¿ajan = (YO — Ày4) (¿¿¡«iî + = X„. (5. 62) 

For a completely autonomous system the expressions (5.61) and (5.62) must van¬ 

ish; hence we obtain the following autonomy conditions: 

¿ajfl,2 + é22«„ * 0, ) (5.63) 

whence we can deteimine the transfer functions b,0 ^ <i> _ and brt, - 4>r„ , which corre- 
ni 21 Tn’ 

spond to formulas (5.47). The diagram of Fig. 5.18 can be represented by a single 

overall matrix in the form shown in Fig. 5.19. Hence we can see that in order to make 

the system autonomous with respect to the disturbances X°and Y° it is necessary to di¬ 

agonalize the matrix, i.e., assume (5.63) to be real; in this case we obtain a diagonal 

matrix, as shown in Fig. 5.20. 

394 



Fig. 5.19. Matrix diagram of 
control system. 

yv„ - J—p 

XT 

1 _ 

Î) - 
¿/. @1/ ' ¿.2 3,, , 0 

0 4/4»*¿/?3>í 

r 

f 

t. , 9 

Fig. 5.20. Matrix diagram of 
control system. 

in the general case, when we have n controlled parameters and we know the trans- 

i'er functions of the controlled plant with respect to each parameter and the transfer func¬ 

tions of the controllers, the transfer functions for the auxiliary devices, ensuring that 

the system will be autonomous, can be obtained in a similar way; in this case the condi¬ 

tions (5.63) will contain n(n-l) equations. For example, for a plant with three param¬ 

eters to be controlled, the matrix block diagram will have the form shown in Fig. 5.21. 

In accordance with the above signal flow diagram, the deviation of each controlled vari¬ 

able from an "extraneous" controller (in the case of a nonvanishing difference between 

input signals) can be written as 

AXi — (X2 — y2) (A21aI3 + -r ¿23011): 

AXt = (AX — y 1) (¿31a13 + ¿32312 -T ¿J33ll): 

AX2 = (-Vj — Fj) (¿11ÍI23 + ¿12300 -T ¿13321). 
AX2 — (A'3— Y1) (¿3¡323 + ¿32a22 h- ¿3332t); 

¿A'3 — (A’l — y i) (¿11Ö33 -T ¿123,32 T ¿133 )¡); 

A A3 = (AX — i'.',) (¿21ö33 -V ¿22332 4’ ¿2,'Ail)- 
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an au an rS> 
c¿/ a>i ats 

“Ji “w |LZ 

¢,, 
¢,, 
¿r, 

¢,, ^ 
u22 uil\ 

v3í 4g| 

Fig. 5.21. Matrix block 
diagram. 

For an autonomous system the values of AX., AX,, and AX must vanish; therefore 

the autonomy conditions will be 

¢21^13 "i" ^22®i! + ¢33^11 — 0; 

¢31^13 + ¢32^12 + ^3.¡au = 0; 

^ua23 + ¢12^:2 + ¢13^21 -r 0; 

¿31a2i + ¢32^22 "i‘ ¢33^21 — 0; 

¢11^3.1 H- ¢12^32 + ^13Û31 — 0; 

¿21a.» + ¿22a3‘2 + ¿23a31 = 0. 

(5.64) 

By assuming that the transfer functions of the plant and of the controllers (the 

transfer functions b^, b22 and b^) are given, we can determine from (5.64) the ex¬ 

pressions for the transfer functions of the auxiliarv devices which make the system au¬ 

tonomous, i. e., from the first and sixth Eq. (5.64) we can determine b01 and b , 

from the second and fourth equation we can determine b and b , and from the third 
31 32 

and fifth equation we can determine b „ and b . 
lu 

5. Examples 

Example 1 

Exercise. Calculate the speed-control system of a single-shaft single-propeller 

TPE, so that the transient processes will be close to monotonie under a joint-control 

knob disturbance when the engine operates under conditions close to maximal. The 

speed controller system is taken without compensating devices, w}iile the temperature 

controller is open-loop, with fuel-flow correction according to the flight conditions. 
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Basic data. 1 he coeificients of the equation of motion of the controlled plant are 

taken in accordance with (5.1) as follows: 

H \ V \ - 
km j m/sec j 1 /. /2 /3 /4 «1 

j 

0 1 0 

0 j 200 

11 j 200 

1.0 

0,3 

0.8 

O
O

O
 

0.4 

0.5 

0.35 

0.8 

0.4 

0.7 

0.5 

0.5 

0.5 

0.5 

0.3 

0.6 

0.31 

0.29 

0.25 

The equation of motion of the joint-control device is taken in the form Z° = X° = 

; m X . The values of m are listed in this table. 
i '-'f 1 

Solution. Equation (5.2) with allowance for the equatipn of motion of the joint-con¬ 

trol device will have the form 

[7->2 + (1 — /j/.,) p + A's Wal = P + KxhK^Z«. 

which can be recast, with the use of 

to the form 

7-e = _T__ 
1 —/¡/j 

K\Ki = A^andA'i = 1 

/3-/./5 
I-/1/4 ' 

(TcP2 + P + A'rA^) A'„ = p + KcK^Z0. 

Here = expresses the self-correction of the engine. Therefore, bysolv- 

ing the first two Eqs. (5.1) for Xn, we obtain 

(Te.P + 1) ^’n “= — XfXy -f- A’Oj , 

i.e., the coefficients Te> and have the same meaning as in (1.132), if we divide 

the right- and left-hand sides of the first Eq. (1.132) by p (br has negative sign). The 

system under consideration is always stable, since T > 0 and K K. >0. The monton- 
G "V cp 

iticy condition will be taken as before, in the form 

where Pg is the largest root of the characteristic equation, whose roots are taken with 

real negative values. 
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The condition that at the roots of the characteristic equation be real and negative is 

V > 

and the value of the largest root will be 

P2- — ^1 + ^1— ‘Vr~KtK,r 

The initial conditions are 
A'or 

X(0)--U A"(0) = -^c 

Hence we obtain the monotonicity condition in the form 

mi 2 L J 

From this relation we obtain for the regulator gain Kr at the boundary of monotonicity 

the expression 

Kr = 

Kgi 

mi ■tJñ 
TeKv 

of the coefficients, we obtain for prescribed By substituting the assigned values 

operating ( (flight) conditions the possible values of the regulator gain factors: 

1/1/1 
w i ; i 

Urn j rn/aec 
Kr 

0 
0 
11 

0 
200 
200 

<0 
<0.30 
<0.12 

Hence we can see that monotonie processes can be obtained only for tne following 

night conditions: H ^ 0, V = 200 m/sec and H = 11 km, V = 200 m/sec; for H = 0 and 

V - 0 there docs not exist a value of K, that would satisfy the monotonicity condition. 

By solving the basic system of equations for X^, we obtain 

(T^-rP+K TcKiP 
KtKa 

m, 
i-a-p)2". 
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whence the final value X («) will be 

If Kg /m1 = 1, then X^(^>) = X^(0), i.e., the propeller blade angle remains un¬ 

changed after the termination of the transient process. From the above-obtained value 

corresponds to < X^(0). 

Hence monotonie processes can be obtained in such a system only if the propeller 

blade angle at the end of the process will be smaller than the initial angle under a dis¬ 

turbance in the sense of increasing engine-power, and larger than the initial angle under 

a disturbance in the sense of decreasing engine-power. This means that the method of 

engine control must be such that, for example, an increase in engine power (thrust) will 

take place as a result of an increase in rotational speed with a simultaneous decrease in 

propeller blade angle. The corresponding transient processes are plotted in Fig. 5.22, 

Fig. 5.22. Transient processes. 

CODE: 1) Without accelerometer; 2) With accelerometer. 

¡-H-0, V..20011)/sec; Kt - 0.6, 

2—HO, V-0, A*r»õ.i2; 
3- H-0\ y-0, Kt 4; *,-1.1. 

4- H-O: V-2i*l m/sec, *r-0..15. 

j./i .i) km; i- 2,w m/sec; A'p-4. Kt 9.1 

¢-// .11 km; V' 200 m/sec; *r-0.12. 
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Example 2 

Exercise. Calculate a control system similar to that used in the first exercise, 

but with the insertion of a compensating device into the speed controller circuit in the 

form of an ideal accelerometer. 

Basic data. Same as in the first example. 

Solution. Equation (5.5), with - 0 in (5.4) and taking into account the joint-con¬ 

trol device, will be written as follows: 

where the expressions for T , K , Kr. and K are the same as in the first example. The 
c r y' 

initial conditions are also the same as before, whereas the formula for the largest real 

negative root of the characteristic equation will have the form 

The monotonicity condition will be 

Hence we obtain the following expression for the controller gain Kr at the boundary 

of monotonicity 

From this expression we can see that even if Kq/vü , > 1, the processes can be 

made monotonie by appropriate selection of K^. The limiting values of Ka for which Kr has 

real values, and hence the process will be monotonie for the same flight conditions, equal to 

o 
o 

U 

o 
200 

200 

KaM 
A:a«0.9 
X'a^lO.O 
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Hence in the case under consideration we can obtain monotonie processes under 

all flight conditions. For this purpose, however, we need a device that changes in an 

appropriate way the gain K in accordance with the flight conditions, for example, for 

the same value of the regulator gain K^. By taking = 4-— for all the flight cases, we 

obtain the following values for Ka: 

H 
km 

V 
m/sec Jn, 2* 

0 

0 

11 

0 

200 

200 

4 

4 

4 

1.3 

0.8 

9.5 

1.0 

0.9 

10.0 

The corresponding transient processes are plotted in the same Fig. 5.22, which 

shows that for ilighi conditions with H - 11 km and V - 200 m/sec the process is very 

strongly protracted. The integral estimate, in accordance with (3.82) and with the ini' 

tial conditions obtained in the first example, is expressed as 

i* ~ 

By introducing into this expression the above-obtained value for Kr, we find 

' (1.20 — 

Te«! 

Kot 
zo. 

This formula makes it possible to estimate the transient performance of the system 

(in the region of monotonie processes) on the basis of the controlled-plant and controller 

data alone. The numerical values of the integral estimates are listed in the table above. 

With regard to the outlet-temperature variation, it is not necessary (since the fuel flow 

has a step variation and then remains constant, whereas the gas temperature is unabig- 

uously related to the turbocompressor rpm for any instant of time) to solve the system 

of equations for XT4. This involves the determination of the value of the initial under¬ 

shoot; for this purpose we must divide the right-hand side of (5.6) by the left-hand side 

(for Tj^ - 0) with allowance for the joint-control device; the integral part of the quotient 
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specifies the magnitude of the undershoot (dip). Then the gas temperature decreases 

(increases), for any instant of time, in proportion to the increase (decrease) in rotation' 

al speed 

(T'eP* + (KfKtKa -t 1) P + KvKr) Ay* = ~ ilJeP* + 

+ + k)p + K9Kt (/5 - mJJ] Z\ 

where 

. _ /5 — hU 

The integral part of the quotient is /g/m^ and the equation for the subsequent mo¬ 

tion will be 

(7-epi + (KtKq/Kt + 1)p + K9Kt) A>4 = P - W* )ï0- 

This equation shows that the gas temperature decreases from a value XT4 = 

to a value 

A* (00) = -/42°. 

The factor of proportionality between the values of the rpm and the gas temperature is 

the coefficient As an example we plotted in this same Fig. 5,22 the variation of XT4 

for the same flight conditions. 

Example 3 

Exorcise. Determine the effect of possible delays (lag) in the control system on the 

transient processes. It is assumed that the delay in the VPP servomotor is due to the 

possible presence of air bubbles in the hydrosystem. 

Basic data. The engine is the same as in the previous examples; the speed con¬ 

troller has no accelerometer (as in the first example); the delay (lag) in the VPP serv¬ 

omotor is accounted for by an exponential loop. 
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Solution. The delay will be accounted for by inserting into the block diagram of 

the control system an auxiliary exponential loop which is connected in series with the 

output loop of the controller (servomotor). 

Instead of the last two Eqs. (5.1) we can then write the controller equation in the 

form 

(xp+DpX^KuKtiXn-X*), 

where r is the magnitude of a possible delay (lag) in the VPP servomotor. 

By solving this equation simultaneously with the equation of motion of the control¬ 

led plant and the equation of motion of the joint control, we obtain 

-j. (t + Te) p2 -i. p + K.Kt] A'a= ( X —pJ + ----- p + KrK,) Z° • 
V fill /Wj * * 

In rig. 5.23 we plotted the transient processes, corresponding to this equation, 

for the conditions H = 0, V = 0 and Kf = 2.5 -ji , for various values of r. We can see 

that the transient performance deteriorates considerably when r increases. For suf¬ 

ficiently large r, the system may even become unstable. The critical value of r can be 

determined from the stability-boundary condition in the form 

Te 

X~ K9KtTe-\ 

Fig. 5.23. Transient processes. 
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In present-day speed controllers the VPF delay must be taken into account, since its 

value reaches r = 0. Oi-O.3 sec. 

Example 4 

Exercise, Calculate an autonomous control system for the same single-shaft TPE 

with one VPP, so that the transient processes will be close to monotonie and the control 

time will be minimal, under a step disturbance representing controller resetting and un¬ 

der the same flight conditions, 

Basic data. The engine data are taken from the first example; the transfer func¬ 

tions for the controllers are = Kn/p and = K^/p. Th# circuit diagram of the aux¬ 

iliary devices is taken in the form of Fig. 5.16. 

Solución. Let us consider the flight conditions H = U kpi and V = 200 m/sec. In 

this case the engine equ '.ons will be 

A>4 + O.SA'n —0.6X(Jjr — o. 

In accordance with (5.49), the transfer functions $nT and $Tn for the auxiliary 

devices wifl be 

Wjn 
nT Wp + h-WÙP (1.92p+l)fl * 

(h-txh)KT 0.286 Kt 

By virtue of (5.50) and (5.51) the equations of motion will be 

or 

(2.38/>3 -i-1.18/» + Kn) X„ - KaX'i; 

(.p + ¡¡Kf) Xn =. ¡sKtY0, 

or 

(1.67 p + Kt) Xn = Kf'i0- 

404 



The obtaining of monotonie processes with respect to Xq requires the presence of 

real negative roots of the characteristic equation, i. e., the fulfillment of the condition 

or *„<0.124. 

The selection of the values of the gain is based on design considerations alone. 

By performing similar calculations for other flight conditions and by taking the 

values of Kf that correspond to the boundary of the monotonicity region, we obtain the 

following expressions for the transfer functions $ and ¢-, , the values of K , and the n i in n 

equations of motion: 

N = 0-V =:0. 

», 0.05 „ 0.75 
*nr = :.--- -. . - ; *r« = — ; K„ = 0.025; Kr * l; 

(5.0/> -r 1) p p 

(100^2 + 20^ h 1) = Xú; (2.0^ -p 1) Xr„ * yo. 
— 0; V — 200 m/sec. 

^ • 0.14 0.2 
";'“(0.9^ + l)^ ; *Tn = 7 ; ^ KT^\ \ 

(13.l/»2+11.9^+1)*„ = X0; (3.3^ +l)*r„ = yo. 

// = 11 km; V — 200 xn/sec 

. 0.00 0.29 
^nT ~ (1.92/>+!)p ’ — Kn = 0.124; *r « 1; 

(19.2p2 + 9.5/» + 1) = X0; (1.07/» + l) XT< « yo. 

Here the value of KT = 1 has been taken on the basis of the condition that the de¬ 

signing of the gas-temperature regulator is feasible. 

These results show that when it is necessary to satisfy the autonomy conditions, 

while achieving monotonie processes under all flight conditions, the transient processes 

with respect to the rotational speed will be very strongly protracted. 

The corresponding transient processes are plotted in Fig. 5.24. 

Example 5 

Exercise. Calculate an autonomous control system for the same single-shaft 

TPE with one VPP, as in Ex:jnple 4. 
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Fig. 5.24. Transient processes. 
l—H^O; V-0; 2-«»0: ^-300 m/sec: 

'• mj V-200 m/sec ’ 

CODE: 1) Without accelerometer; 
2) With accelerometer. 

Basic data. The transfer function for the speed controller is taken with an ideal 

accelerometer, i.e., $ =K + K p/T p. The other data correspond to those of 
nias 

Example 4. 

Solution. Let us consider the case when H = 0, V = 0. 

Then the engine equations will be as follows: 

Xn+JTTXu 
°±-x. 
p+i ? 

0.8 

P + \ 
Xn + O.òXa—Q.òXof—O. 

- .V<7f = 0; 

In accordance with (5.47) the transfer functions and will be 

iaMl 2(^ +A» *r^3_a«i«I>5) ü.28Ò.Vr 
“ Vp + l)p - ^ = p 

In accordance with (5.48) the equations of motion will be 

14*6 + X„ = «fjfl-i.I'nXO, 

and after transformations: 

10.575^+(0.1^,+ 0.2/(,)/: + 0.2/(,J.Y, « (0.2/(,/: + 0.2/(,)X®. 

The equation of motion in the X,^ variable remains the same as in the previous example. 
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The conditions of monotonicity of the processes for this equation are that the roots 

of the characteristic equation must be real and negative, and that X'(0) s p^X(0), where 

Pg is the larger root of the characteristic equation. The initial conditions will be (with 

allowance for a transfer of the origin of coordinates) as follows: 

0.2Ki.S+ 0.2*1_ X (0) = Urn S ——— i-o ! [o.sripî + (o.ir,+o.2*a) P+0.2*!]« 
*'(0)« lim I S —--O.p/C.S+O-2*,- 

I I0.5r.p2+(o. ir, + 0.2*,) p + o.2*j] s 
0.4*, 

“ T, • 

=■ — i; 

■S*(0)| 

Let us calculate the processes for equal real negative roots of the characteristic 

equation, i. e., for the condition 

(O.irs+o.2*.)*«4 • 0.5 - o.i r,«,. 

Moreover, from the condition X'(0) s p2X(0), which we shall take in conformity 

with the monotonicity boundary, i.e., X'(0) «p2X(0), follows 

0.4*, .( u( o.irs + o.2*,\ 
(1)l-) 

Hence we obtain K = 0.5T . 
a s 

By introducing this value into the equal-roots condition, we obtain Ka « SKj. Hence 

by assigning the value of Tg, all the other system parameters will be uniquely deter¬ 

mined by the condition that the system must lie on the monotonicity boundary. Let us 

assume that T - 1 sec; in this case, K = 0.5 and K, = 0.1. 

By substituting the obtained values into the equation of motion, we obtain 

(25p»+10p+!)*„ - (5p+l) X». 

By performing similar calculations for other flight conditions, we obtain the fol¬ 

lowing expressions for the transfer functions the values of the parameters and 

T , and the equations of motion: 
D 

H = 0; V «= Q. 

« „zzÆizJiiPl_o» Sp+l - ft«. 
* ip + \ ~ °'2 (Sp + l)p *•m 0.5, 

Ts m 1; (25p2 + I0p + l)*, = (5p+ 1) X0. 
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Af ssQ; V = 200 w>/iec 

« nr 

« »r 

/fj sss0.74; /C* “0.67; 7,= 1 
1.85(0.9^+1) _I ;35 

' /»(0.9/.+ 1) “ /. : 
(0.81/.2 +1.8/. + 1) X« = (0.9/. 1) X». 

//^11 km; y^MOm/gc. 
0.44(1.92p + 1) 0.44 

/(, = 0.62; /(,“1.19; 7-, = 1: 
/.(1.92/. + 1) p 

(Z.lpi + 3.84/. + 1) Xn = (1.92/» + 1) X». 

The transient processes for XQ(t) are plotted in the same Fig. 5.24. By compar¬ 

ing the results of this example with the results obtained in the previous example, we 

can see the effect produced by an accelerometer in an autonomous control system. 
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CHAPTER 6 

PICK UP, OR ACCELERATION CONTROL OF GAS-TURBINE ENGINES 

The acceleration time of an engine is the time during which the engine goes over 

from low operating conditions to high operating conditions at maximum speed of control¬ 

ler resetting. In particular, the full acceleration time is the time during which the en¬ 

gine changes over from idling conditions to maximum (take-off) conditions, whereas the 

partial acceleration time is the time of the intermediate range of developing power 

(thrust). In analyzing the acceleration (pick up) of an engine, we must bear in mind that 

the control system parameters undergo such considerable variations that it is not pos¬ 

sible to regard this system as a system corresponding to small parameter variations. 

This problem can be solved, i. e., the character of the motion of the system de¬ 

termined during engine acceleration, by several methods, such as the ordinary method 

of numerical integration, the grapho-numerical method, the grapho-analytic method, 

the phase-plane method, etc. In the following we shall utilize the phase-plane (isocline) 

method as the principal one; in addition we shall consider an approximate method. 

1. Turbojet engines 

Let us consider the behavior of a control system in the case of acceleration of a 

single-shaft TJE, when the acceleration system uses a delay element in the form shown 

in Fig. 2.42, which acts on a fuel valve that has a constant pressure drop. This means 

that the fuel flow through this valve depends only on the valve cross section. 

The equation of motion of the engine is written in the usual form, i. e., 

2*7 ~=MT — M~ — AAi-rc. 
dt T c 

We shall assume that the excess torque AMTC of the turbocompressor is a function 

of two variables — the rotational speed n and the fuel flow G^. The assumption that 
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/yvf = f(n, G ) is permissible, since we can suppose that the external conditions r© 
TC f 

main practically unchanged during engine acceleration; we shall moreover assume that 

we have all the data obtained from thermal engine-calculation that permit the determi¬ 

nation of AM-,, , for any rotational speed when the fuel flow is known. 
i V/ 

Then the basic equation of motion of the engine can be representad as 

dn f(n,G{) 
dt 2*J 

(6.1) 

The formula for = f(n, G^) can be found from Eqs. (1.21), (1.57) and (1.58), 

and from the known compressor characteristics. 

As can be seen from the delay-element diagram presente^ in Fig, 2,42, th© rate 

of displacement of the piston of this element will be praçtically cons tant when the fluid 

pressure at its inlet is constant. By assuming that the cross section of the fuel valve 

varies as the displacement of this piston, it follows that the rate of variation of the fuel 

flow will also be constant, i. e., 

dGt —- — m. 
dt 

(6.2) 

By dividing (6.2) by (6.1), we obtain 

dG¡ Jm 

dn f(n. Of) ' 
(6.3) 

In (Gj, n)-variables, formula (6.3) represents the slope of a curve at a given point 

of the (Gp n)-plane. By assigning a constant value dG^/dn = a = const, we can specify in 

the same variables a curve which corresponds to a constant slope of the sought-for Curv^, 

i. e., an isocline in the form 

(6.4) 

By assigning different values a = const, we obtain a aeries of isoclines on the plane, 

and then we can draw from any point of the plane (regarded as the initial point) the curve 

= f(n). As an example we plotted in Fig, 6.1 the sought-for curve - -(n) and the 
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Fig. 6.1. Plots of acceleration curve and isoclines 
for a TJE with delay element. 

CODE: 1) Surge limit; 2) Operating region of prin¬ 
cipal controller. 

the isoclines dG^dn = a = const for an engine with a centrifugal compressor. Here ve 

plotted the curves = f(n) with allowance for the scale of the quantities plotted on the 

axes. In this figure we also indicate symbolically the region of operation of the principal 

speed controller. 

On this graph we can also plot the boundary curves of the permissible (maximum) 

inlet temperature and the boundary of stable operation of the compressor. For this pur¬ 

pose we must utilize the same general equations and the compressor characteristic. As 

an example, we plotted such curves in this same Fig. 6.1. 

The efficiency of an acceleration system is determined by the closeness of the curve 

Gf = f(n) to the boundary curves of maximum gas temperature and stable operation cf the 

compressor. The closer the curve Gf = f(n) to the curves of maximum gas temperature 

and stable operation of the compressor (and possibly also to the curve of stable fuel com¬ 

bustion), the better will be the exploitation of the possibilities of the engine and the shorter 

will be the engine acceleration time. 
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Such a method of analysis of the acceleration system makes it possible to deter¬ 

mine the character of variation and the magnitude of the controlled parameter, though 

irrespective of time, i. e., this method does not yield a time characteristic. 

In order to obtain the transient process we must integrate the system of Eqs. (6.1) 

and (6.2), for example,by numerical integration or by any other method. 

When a delay element is used and we wish to obtain acceleration with optimum 

utilization of all the possibilities of the engine under fixed external conditions, one in¬ 

troduces auxiliary correcting devices which change the rate of displacement of the pis¬ 

ton of the delay element. 

b) A system with automatic acceleration 

Let us consider engine acceleration produced with the aid of the automatic system 

presented in Fig. 6.2. This system is in many respects similar to the earlier diagram 

presented in Fig. 2.40, though it differs from the latter by the fact that instead of con¬ 

ducting the fuel from the main line at the pump outlet, the variation of the fuel flow in 

the engine is effected by changing the pump output by turning the tilt plate with the aid of 

a servomotor. Moreover, for the better "fitting” of the flow-rate characteristic of such 

an acceleration control (under varying external conditions) to the prescribed characteris¬ 

tic, we inserted two auxiliary correcting devices. One of these devices is inserted in 

parallel to jet 1 at the inlet of the upper diaphragm-cavity 2 and it alters the cross sec¬ 

tion of jet 3 as a function of the pressure drop p|-pH; the second correction device is in¬ 

serted in parallel to jet 4 and it alters the cross section of jet 5 at the outlet of the upper 

diaphragm-cavity 2 as a function of p^. 

Let us derive the equation of motion of such an automatic acceleration system. In 

view of the smallness of the volume above the diaphragm and of the mass of slide valve 6, 
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Fig. 6.2. Diagram of automatic acceleration system. 

we shall assume this acceleration system to be without lag. The e<]uations for the forces 

acting on the slide valve and for the fuel flow are written in the form 

F— F¿btPf } /g 5) 

Gp=Gf, i 

where F and F . are the effective areas of the diaphragm and slide valve, pf and p„ 

are the fuel pressures at the pump outlet and in the cavity above the diaphragm, 

is a variable specifying the slide-valve position, is the stiffness coefficient of the 

diaphragm spring, and Gp and G{ are the fuel flows through the pump and through the 

injectors. 

For each value of p„ the pressure in the upper diaphragm-cavity depends only on 
Jl 

the compressor outlet-pressure p*, 1. e., pM - f(p*). The fuel flows through the pump 

and the injectors can be expressed as 

(]p—mxnl and 

where l is the coordinate of the servomotor (tilt plate). 
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Hence we can write Eq. (6.5) as follows: 

Fuf (/>g) + Qp^slv — ? slv ZT : 
(6.6) 

The equation of motion of the servomotor was obtained earlier in the form 

(Tp+ 1 )/=*/,iv. 

By introducing into this equation the expressions for l and obtained from 

(6.6), we find 

m*-1'*°* ej(A)l 
' sp mz 

or 

dGi 

dt 
-Ltei*.* 
T\C^ <n; 

— G( 

In general form this equation will be 

Of, p\). 

Hence the basic system of equations will be as follows: 

dn = f(n, Gf) . 
dt 2*J ’ 

Of. Pl)< P\—Ji (/¿. Of). 
at 

(6.7) 

(6.8) 

The third equation expresses in fact the compressor characteristic. By eliminat¬ 

ing the time from (6.8), we obtain 

dGj_ ft \n. Gi.h(n. Gf)] 2*J 

dn /(n.OVi (6.9) 

The subsequent construction of the curve = f(n) is effected in the same way as 

above, i. e., one assigns the quantities 

dOtldn—a — constand froma c 
f(n. Of) 
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one determines the isoclines - l'^(n); by means of the latter one draws from any of the 

points, regarded as the initial point, the so •ght-for curve Gf = f(n). 

As an example we plotted in Fig. ß.i the curves representing the acceleration of 

a TJE with an axial compressor and with the use of an automatic acceleration system. 

Fig. 6.3. Plots of acceleration curve and isoclines 
for a TJE with automatic acceleration system. 

CODE: 1) Surge limit; 2) Region of operation of 
principal controller. 

Engine acceleration with such an automatic system is likewise performed up to 

rotational speeds close to the ones at which the speed controller is set. After that the 

automatic system is switched off and the speed controller takes over. 

An engine acceleration system may incorporate also both devices considered above, 

i. e., a delay element and an automatic acceleration device. In this case the total range 

of acceleration must be divided into two intervals and the motion in each of them must be 

investigated separately. 

Despite the fairly simple method of calculation of TJE acceleration, the practical 

application of this method involves rather complicated calculations. 
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c) An acceleration system with a gas-tempo rature regulator 

In practice we are not only interested in exploiting to the full the possibilities of 

the engine during its acceleration, but also in the time characteristic of ü» accelera¬ 

tion, i. e., in the time variation of the rotational speed or even of the thrust. In this 

case it becomes necessary to integrate a nonlinear system of equations by any of the 

approximate methods. 

In view of this let us consider an approximate method of determination of the time 

characteristic of engine acceleration, when the accelerating device used by us is a gas- 

temperature regulator. 

In this case it is possible to exploit more fully the possibilities of the engine. 

The principle of such an approximate method of determination of the time charac¬ 

teristics of the engine acceleration process is as follows: By assuming the inlet tem¬ 

perature to be constant, it is possible to describe the n.otion of a single-shaft single¬ 

loop TJE with respect to the rotational speed by two linear differential equations with 

constant coefficients that are valid in a range of variation of the speed beginning with 

approximately idling conditions (or slightly above) and up to maximum conditions. 

By using certain thermodynamic formulas on the assumption that the pressure 

drop across the turbine nozzle is critical, we can ascertain the character of a relation 
*0—1 

of the form 1-r* ~ = f(n). This formula can be regarded as approximately con¬ 

sisting of two smoothly matched straight lines, as can be seen from Fig. 6.4, where 

we plotted these relations for two values of the turbine inlet temperature. ^ 

For axial compressors with a sufficiently large value of r* the function v* -1 

= f^(n) can be also taken approximately in the form of a linear function in a fairly wide 

range of rotational speeds, as shown, for example, in Fig. 6.5 for various inlet tem¬ 

peratures. 

The air (gas) flow can also be approximately regarded as a linear function for 

roughly the same range of variation of rotational speeds, as can be seenfromFig. 6.6. 
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From formulas (1.57) and (1.58) for the torques of the turbine and the compressor 

we can see that by assuming the average values of the compressor and turbine efficie > 
îiZ* *—i 

cies tobe constant, and the gas (air) flow and the quantities I-tt* *g and tt*1” - 1 pro¬ 

portional to the rotational speed, these torques will vary linearly (for T| = const) as a 

function of the rotational speed. Hence by adopting the formulas 

*-i *g~1 
Og-Oc-A'an; ** * 1-*; *g -/f,.«. 

c T 

we can write, by virtue of (1.57) and (1.58) the basic equations of motion as follows: 

2*y —7 — (/( — C) n => Mq. (6.10) 
ÛI 

where 

2*J^¡- + Cn~E. 
dt 

(6.11) 

T kGm 
7ÒA «P* 

C = 

» 

a-f/?r;Aa/i.c kCfn 

75iic 
».-1 

«P« 

_ to „ _ -■Dm, kC» 
7bA >*M,g 

0{ep(^3 ,, _ • i V tw- 
£= -——— - *-(1—*T s )nux kCln* 

Here the Eq. (6.10) holds for the first interval of the motion, in which the curve, 

represented in Fig. 6.4, has a positive slope, whereas the Eq. (6.11) holds for the sec¬ 

ond interval, in which this function is expressed by a horizontal line. The quantity M0 

expresses the instantaneous variation of the torque, developed by the turbine, resulting 

from a jump-like increase of the gas temperature T| from a value corresponding to the 

beginning of acceleration (T|M ^) to the maximum value, at which the acceleration takes 

place; the quantity E expresses the maximum value of the torque, developed by the turbine. 

Thus the variation of the turbocompressor torque as a function of the rotational 

speed and the instantaneous variation of the inlet gas temperature (up to T*max= const) 

can be approximately represented in the form shown in Fig. 6.7. 
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Fig. 6.4. Hot of 
«g-* 

1—«Î *g -/(«)• 

0,2 at, os as i.o n 

Fig. 6.5 Plot of 
*-r~ 

«ó * —1 "/(")• 

02 ¢4 os os t.o n 

Fig. 6.6. Plots of G = f(n). 
C 

Fig. 6.7. Approximate 
character functions MT= 

= f(n) and M = f(n). 
c 

The character of the functions MT = f(n) and Mc - f(n) determines the stability of 

the controlled plant during acceleration, when T*max ^ const for the entire acceleration 

range. As can be seen from Fig. 6.7, in the acceleration interval I the controlled plant 

is unstable (or close to unstable), since the turbine torque increases more steeply than 

the compressor torque, i. e., in Eq. (6.10) we have K > C. In the acceleration inter¬ 

val n the controlled plant is stable. 



By introducing the notations 

n«.g 

Ko = 

r. 
n-rU 

Tl.g 

2*j . T . . j. 7-,- c . *=±1, 

MoTLi 
Pl-Tl¿nu.g(K-C) ; «'o = c (rj—r^gN/iM.g 

we obtain the equations of motion in final form 

(Tp + N)Xñ^KüXT¿ (6-12) 

ITxp +1) X« « xó^n, <6-13) 

which are real for the intervals I and H respectively. 

Under the condition that during the entire acceleration process the temperature 

regulator is maintaining the prescribed value of T*. the determination of the time func¬ 

tion reduces to the integration of the above-obtained equations by the ordinary method. 

The response of gas-temperature regulators is normally sufficiently fast; therefore we 

can assume in practice that T* * const. In order to obtain a more exact result, we must 

consider the engine acceleration process with a temperature regulator. For this purpose 

it is necessary to additionally examine the equation of motion of the combustion chamber 

and of the regulator. 

By using the second and sixth equations of system (1.21) and the expressions Gc- 

= Ka"' ^ * Kr*n- “d XGf “ GfGfMi/GfMg' We °btaln ““ eqUatí0n ^ 

bustion chamber in the form 

Xn~alXQf-aiXn, (6.14) 

where 

«i * ; a2 = J-» 
'»H. g 3«.g 

Strictly speaking the values of the coefficients o^ and are varying with the ro¬ 

tational speed, but this variation is not very large; therefore we can approximately as 

sume that ^ - const and <*2 - const. Taking into account the fact that with increasing 
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supersonic flight-velocity it is convenient to diminish the value of n*, the variation of 
c 

these coefficients will be even smaller. Hence the equation of motion of the controlled 

plant will include the Eqs. (6.12) or (6.13) and (6.14) for the acceleration intervals I 

and II respectively. 

Then we must solve these equations together with the equation of the gas-temper¬ 

ature regulator; this solution is not presented here, since it amounts in practice to or- 

dinary integration of linear differential equations. In the acceleration interval I most 

engines are unstable (with respect to the rotational speed); therefore by using, for ex¬ 

ample, an astatic gas-temperature regulator without compensating devices, the entire 

system becomes unstable. If, however, the degree of instability is small (small posi¬ 

tive roots), the prescribed value of T* cannot vary much during acceleration in the first 

interval, and therefore even such a regulator may prove adequate. 

The above approximate method of determination of the time function yields an ac¬ 

curacy of the order of 8-10%. 

As an example we plotted in Fig. 6.8 the acceleration processes of an engine at 

Tg = const (with an ideal temperature regulator) and with an astatic temperature regu¬ 

lator (with thermocouple error compensation). In this figure we plotted also the ex¬ 

perimental acceleration-curve of the same engine with the same temperature regulator. 

By this method it is also easy to obtain the time characteristic with respect to the thrust, 

developed by the engine during its acceleration. For this purpose it is merely necessary 

to introduce a coupling factor between the rotational speed and the reactive thrust. 

d) Acceleration systems driven by other engine parameters 

Despite their simplicity, the above methods and systems of engine acceleration 

have a major shortcoming, i. e., they do not take into account the boundaries of stable 

operation of the engine (the compressor surge limit). In practice one always tends to 

use as fully as possible the permissible overfuelling during engine acceleration; there- 
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í ig. 6.8. Time characteristics 
of TJE acceleration at T* = const. 

O 

1 — approximate calculation, 
2 — numerical integration, 
3, 4 -- experimental values. 

tore possible unaccounted-for deviations from the rated law of fuel metering may cause 

the engine to go over into the unstable region of operation (the region of compressor 

surge), which is not to be allowed. 

Prom engine theory we know that by expressing the engine characteristics (the 

line of joint operation of the turbine and compressor) in reduced parameters, the bound¬ 

ary of stable operation of the engine will move insignificantly with respect to the line of 

joint operation of the turbine and compressor. 

In view of this we could utilize various sets of engine parameters for controlling 

tho accelcration, without incurring the hazard of operating in the unstable region. Ac¬ 

celeration systems, operating on the basis of such laws, permit a fuller exploitation of 

the possibilities inherent in the engine. 

An analysis of the operation of a TJE acceleration system under various flight 

conditions of the aircraft shows that the acceleration time varies little with increasing 

flight altitude and velocity. This is due to the fact that, on the one hand, the idling ro¬ 

tational speed increases with the flight altitude and therefore the range of engine accel¬ 

eration with respect to rotational speed is curtailed; on the other hand the excess torque 
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¿Mtc decreases with increasing flight altitude. Indeed, from the principal equation of 

motion of the engine 2rj| =¿MTC follows that the engine acceleration time 

the decrease in the difference nmM-nMg and the decrease in¿MTC are practically com¬ 

pensating each other, and therefore the value of this integral changes little. 

The engine acceleration process can be considerably improved by trying to obtain 

all the engine operating conditions either at a fixed rotational speed, or when the varia- 

ti- a of the latter is minimal. In this case only a small fraction of the thermal energy Is 

spent on accelerating the engine rotor; therefore the variation of the engine operating 

conditions can be practically achieved with the speeds of triggering the control elements. 

For implementing such a method of engine acceleration we need, however, addition¬ 

al regulating devices for the compressor (it would be desirable - also for the turbine), 

which, of course, is complicating the entire control system of the engine. 

For illustrating the character of the transient processes in the case of engine ac¬ 

celeration, achieved by simultaneously using a delay element and an automatic acceler¬ 

ation system, we are presenting in Fig. 6.9 the acceleration oscillograms for various 

operating conditions of an engine with axial compressor. For TJE whose operating con¬ 

ditions are related to changes in rotational speed, the acceleration time from rpm cor¬ 

responding to idling conditions, to rpm corresponding to maximum speed, is equal to 

‘acc “ 10~20 Bec- For TJE »1 which different operating conditions are obtained either 

at a fixed rotational speed or with a very small range of variation of the speed, the ac- 

cele ration time may amount to t = 2-3 sec 
acc 

In actual calculations of the acceleration process it is necessary to take into ac¬ 

count the operation of the anti-surge devices of the compressor, by means of which one 

shifts, on the one hand, the boundary of unstable operation of the compressor, and, on 

the other hand, one changes the characteristic of joint operation of the turbine and 
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ti rpm 

ï’ig. 6.9. Acceleration 
processes. 

compressor. This must be taken into account in the determination of the permissible 

overfuelling (or excess torque). 

2. Turboprop engines 

Let us consider the acceleration of a single-shaft TPE with one propeller, when 

the operating conditions of the engine are determined by the sloping line of operating 

regimes. As we noted above, in principle there is no difference whatsoever between the 

acceleration of a TJE and a TPE, since in both cases it is necessary to maintain during 

acceleration the maximum possible torque at the engine shaft. 

In TPE, however, the difference between the turbocompressor torque and the tor¬ 

que, absorbed by the propeller, depends not only on the magnitude of the turbocompressor 

torque, but also on the propeller torque. By reducing the propeller (orque it is possioie 

to increase the excess torque and thus increase the engine acceleration. Hence TPE ac- 

celeration involves the participation of a device which maximises the turbocompressor 

torque, as well as of a propeller speed regulator by means of which it is possible to vary 

the propeller torque. 

Let us consider a TPE acceleration system in which the device providing the engine 

acceleration is a maximum speed limiter, as shown in Fig. 6.10, whereas the rotational 
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Fig. 6.10. Schematic of device for TPE acceleration. 
1--tachometric sensor, 2— slide valve, 3 —jet, 4 — ser- 
vopiston, 5 — rod, 6 — valve, 7 — shaft, 8 — lever, 
9 — spring, 10 — control knob, 11 -- eccentric, 12 — VPP 
speed regulator, 13 — hydraulic gear piston, 14 and 
16 — pressure gages, 15 — temperature measuring in¬ 

strument, 17 — slide valve. 

speed controller is an astatic regulator without compensating devices. This system is 

entirely analogous to the system presented in Fig. 2.53. 

The operation of the maximum speed limiter consists in changing the fuel flow in 

the engine in accordance with the rotational speed at each particular instant of time. 

From the operating principle of such a device (see the explanations to Fig. 2.53) 

follows that by initially increasing the fuel flow above the equilibrium value, i. e., by 

increasing the fuel flow above the value necessary for engine operation at a constant ro¬ 

tational speed, the overfuelling will be maintained during the entire period of accelera¬ 

tion of the engine. Indeed, as soon as the knob 10 is turned in the direction of increasing 
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rotational speed (power) of the engine, the fuel valve turns until it touches the stop (rod) 

5 and the fuel flow in the engine is increasing. The resulting increase in rotational speed 

leads also to a displacement of stop 5 in the sense of increasing fuel flow; thus the fuel 

flow will be gradually increasing until the lever 8 is stopped at the knob 10, i.e., until 

the fuel flow is increased to the prescribed value. 

Simultaneously with the variation of the fuel flow, the rotation of the eccentric 11 

causes the resetting of the speed controller. If we neglect the lag of the intermediate 

loops of such an acceleration system, there will correspond (at each instant of time) to 

each rotational speed a well-oefined fuel flow, i.e., Gf = f^n); hence the torque, devel¬ 

oped by the engine, will be equal to 

AÍtc=/(«)• 

Since the engine acceleration takes place at practically fixed T* and p?, the com¬ 

pensating devices do not participate in the engine acceleration process. The accelera¬ 

tion system under consideration will be analyzed by the same method of isoclines. 

The basic equation of motion of the engine will be the same as before: 

dn 
dt 

2*/ —=AiTc-Afa. 

By expressing the torque Ma in terms of the rpm n and the propeller blade angle cp 

the form 

Aia«C<p/i2, 

we obtain the equation of motion of the engine 

dn - ,/(") —C f"2 

dt 2*J 

in 

(6.15) 

The equation of motion of the speed controller will be 

A'r 

where K. is the controller gain, and n0 is the resetting signal of the speed controller. 
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In the case of a large error signal the 

controller will enter the saturation zone. A 

nonlinear characteristic with saturation has 

the form shown in Fig. 6.11. Hence the 

equation of motion of the controller can be 

written as 

■^=/ii^r(«--«o)l- (6.16) 

By jointly solving (6.15) and (6.16). we obtain the isocline equation in (<p, n)-vari- 

ables in the form 

df 2r.y/j [AT r (/i — n0i] 

dn /(«) —*' (6.17) 

Then we construct by the ordinary method the isoclines for d/>/dn = o = const, and 

we draw according to them, for the initial point, the curve <p - F(n). The boundary, 

dividing the entire plane into two regions corresponding to motion in the saturation zone 

and motion in the proportionality zone, is specified by the condition n = ñ. For motion 

in the saturation zone the isocline equations will be 

d<j _ 2iiJFü 

dn /(/!)-CŸ/i2 ’ 

whereas for motion in the proportionality zone we have 

rfy tr-JKtin — «o) 

dn f (n) — Cf«2 

In constructing such curves we must bear in mind that the principle of operation of 

the speed controller consists in the fact that with a large error signal (with a large value 

of controller resetting) it tends to diminish so strongly the propeller blade angle {dimin¬ 

ish the torque, absorbed by the propeller), that the thrust, developed by the propeller, 

is sharply decreasing. 

Fig. 6.11. Nonlinear 
characteristic of TPE 

speed controller. 
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This can be prevented by special stops made in the propeller sleeves, which do 

not permit the controller to reduce the blade angle below the allowed value. The effect 

of these stops on the engine acceleration process must be taken into account by observ¬ 

ing the condition <p . . min 

Hence the (0, n)-plane must contain regions corresponding to controller operation 

in tne saturation zone and in the proportionality zone. 

Fig. 6.12. Plot oicp - f(n) and 
of isoclines for a TPE with as¬ 
tatic speed controller without 

compensating devices. 

CODE: 1) Saturation zone; 
2) Proportionality zone; 3) Sat¬ 
uration zone; 4) Minimum-angle stop. 

As an example we plotted in Fig. 6.12 the curve 0 - F(n) in relative variables. In 

constructing the curve we must bear in mind that the blades start moving away from the 

stop only after the engine has reached the prescribed rotational speed. In the case un¬ 

der consideration the initial operating conditions of the engine are taken as follows: 

n/nQ = 0.7 and 0/0^ = 0.8. The curve 0 = F(n) shows that at the beginning of acceleration 

the propeller blade angle decreases sharply until the idling stop is reached (^gt0p/^o = 0.6); 
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then the acceleration takes place with an unchanged blade angle until n/nQ » i, i.e., un¬ 

til the rotational speed almost reaches the prescribed value. 

From this instant on, although the propeller begins to unload itself (the angle <p 

increases), the rotational speed will nevertheless increase, though it does not leave the 

proportionality zone of the controller. In this zone we have (as can be seen from the 

graph) a decaying oscillatory motion with amplitudes in n and ¢. The graph also shows 

that the undershoot of the rotational speed is about 10%, whereas the undershoot of the 

blade angle is about 20%, which is not permissible in view of the sharp variation in 

thrust. 

Such a character of the system motion is due to the low speed of propeller blade 

resetting. This speed cannot be increased owing to the small stability margin of the 

centro! system, which decreases with increasing speed of response of the VPP, For 

this reason it is convenient to insert compensating devices into the control system. 

By assuming, for example, that an ideal accelerometer has been inserted into the 

speed controller (this accelerometer can even operate in the saturation zone), we can 

write its equation of motion in the form 

^/i\Ks(n^bpn-,:,)1 (6.18) 

where K is the servomotor gain, s : 

By eliminating the time from (6.15) and (6.18), we obtain the isocline equation in 

the form 

Í T ./(n) — Ctni) „ *'/,H- 
dn /(«) — 

(6.19) 

Then we construct by the ordinary method the isoclines for dep/dn = a = const, and 

by using them we draw from the initial point the curve <p - F(n). As an example we plot¬ 

ted in Fig. 6.13 the curve (p = F(n), constructed in relative variables for this same en¬ 

gine; from this curve we can see that the transient performance has greatly improved. 
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Fig. 6.13. Plot oî(p - f(n) and of 
isoclines for a T PE with speed 
controller with accelerometer. 

CODE: 1) Proportionality zone; 
2) Minimum angle stop. 

In this case the isocline equations will be 

d<f 
dn 

2kJFq 

f(n) —Cyril 
and 

dn 

F f(n)~C*nA 

/(n) —C?nî 

for motion in the saturation zone and in the proportionajlity zone respectively. 

On the basis of the obtained curves y> = F'n) it is possible to plot the character of 

variation of the thrust R, developed by the engine. For this purpose we must use the 

formula R = f(n, ç, p). This relation is normally taken in the form 
¢1 

y Q&un-, 

where D is the propeller diameter, p the density of air, and «the propeller thrust factor. 

The propeller thrust factor a is a function of the blade angle <p and of the relative 

propeller advance i. e., 

a—o (tp, X), 
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where \ = V/Dn (V being the flight velocity). The function a(<p, \) is normally assigned 

in the form of a family of curves, as shown for illustration in Fig. 6.14. The corre¬ 

sponding plots of the thrust as a function of n (R - f(n)) are presented in Fig. 6.15; 

these plots correspond to the curves of Figs. 6.12 and 6.13. From Fig. 6.15 we can 

see that when an accelerometer is inserted in the system, the thrust variation is more 

favorable. 

Fig. 6.14. Propeller charac¬ 
teristic of the form a = î((p,\). 

Fig.6.15. Plot of R =f(n) 
CL 

for a controller with and 
without accelerometer. 

CODE: 1) With accelerom¬ 
eter; 2) Without accelerom¬ 

eter. 

An analysis of various TPE accelera¬ 

tion systems under different flight condi¬ 

tions of the aircraft shows that the engine 

acceleration time varies only insignifi¬ 

cantly; this is due to the same reasons as 

for TJE. In the present case it is also‘possible to achieve a considerable improvement 

in engine acceleration if all (or almost all) its operating regimes take place at a con¬ 

stant rotational speed (with a vertical line of operating regimes) or with a very small 

range of speed variation. In this case the acceleration time is practically determined 

only by the blade resetting speed and by the permissible value of the rotational-speed 

undershoot; the blade resetting speed can be considerably increased by inserting a com¬ 

pensating device into the rotational speed controller. 
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FOOTNOTES 
i 

Süice Ou: ; une Lion - f(n, Gf) cannot be expressed analytically, we are 

solving Uu: problem by the graphic method. 
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