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SUMMARY 

The objectives of this program were to analyze and evaluate various con- 
trol concepts for the multiengine helicopter to arrive at a definition of an 
optimum system design.    Hopefully, this system would relieve the pilot of 
the responsibility of continuously monitoring the operation and perfor- 
mance of the multiple engines during critical flight maneuvering. 

This program consisted of three principal phases:   evaluation of power 
turbine governing modes, evaluation of the gas producer control require- 
ments, and evaluation of multiengine governing-load sharing concepts. 
The final result was the definition of a control system design coordinated 
with respect to the functional characteristics and required scheduling. 

The evaluation of power turbine governing was directed toward defining 
the optimum power turbine governing mode for a helicopter gas turbine 
engine.   This evaluation showed that a proportional power turbine gover- 
nor with a lagged gain reset (feedback) Is the desirable mode.   The major 
criteria in this evaluation were governing stability and power transient 
response.   The stability analysis was based on a linearized representa- 
tion of the engine-controls-rotor system and included both Bode diagram 
analysis and analog computation.   The transient response investigation 
involved a nonlinearized digital computer simulation of the different modes 
and the engine and rotor system, with collective load transients imposed. 

The evaluation of gas producer control requirements was directed toward 
determining those special features required for the multiengine helicopter 
powerplant.   The operating requirements of the engine and helicopter were 
defined and evaluated with regard to engine control.   Some of the specific 
control features determined to be necessary are automatic start sequencing, 
closed-loop steady-state turbine temperature limiting, emergency power 
operation capability with both manual and automatic selection capability, 
and power turbine governing action accomplished by means of the gas pro- 
ducer control fuel metering valve. 

The multiengine governing-load sharing concept evaluation was conducted 
to determine the optimum concept based on the governor mode and gas 
producer control design determined to be most promising.   The selected 
concept utilizes individual governors for each engine, with closed-loop 
load sharing control and an automatic engine malfunction detector.   A 
digital computer simulation of the more promising control schemes and a 
multiengine-helicopter power system was developed and utilized in steady- 
state and transient analyses.   Block diagrams and component schematics 
were generated to aid in the evaluation with regard to mechanical design 
complexity. 
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FOREWORD 

This is the final report on the Allison project entitled "investigation of 
Coordinated Free Turbine Engine Control Systems for Multiengine Heli- 
copters."   This study was conducted for the U. S. Army Aviation Materiel 
Laboratories (USAAVLABS) under contract DAAJ02-67-C-0009 between 2 
December 1966 and 15 July 1967. 

USAAVLABS technical direction was provided by Mr.  P. Chesser and Mr, 
R. Furgurson, with Mr. R. M. Swick serving as the Allison project engi- 
neer.   The principal investigators at Allison were C. A. Skarvan and 
W. K. Kimmel. 
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INTRODUCTION 

Previously condiK ted investigations have .shown that the mu'tiengine heli- 
copter configuration presents unique engine control problems.    The oper- 
ational  requirements of the multiengine helicopter- dictate that the engine 
controls provide autorhatic engine and rotor speed governing,  automatic 
engine power mate hing,  and automatic power recovery with power loss of 
one or more engines. 

The requirements of the governing system in the multiengine helicopter 
are diversified and challenging.    This is due to the large power range 
over which the engines are operated,  the changing ioad system inertia with 
different modes of operation (decoupled rotor- during autorotation,  an 
engine shut down,  normal operation),  and the resilient shafting of the 
helicopter rotor system. 

When the output shaft of free turbine engines in a multiengine system is 
mechanically coupled to a single load system, all pov/er turbines operate 
at identical speeds.   The engine control systems cannot be allowed to 
operate independently if load sharing between the engines is to be main- 
tained. 

In the event of an engine malfunction (power loss) during a critical flight 
mode, early detection of the malfunction and selection of emergency power 
operation is required to allow safe continuation of aircraft operation.    The 
delay of the pilot in the detection of the failure and the selection of emer- 
gency power operation would be appreciable, especially in a critical flight 
maneuver.    Automatic power recovery and control is required for this 
condition. 

This report describes the results of a study program conducted to deter- 
mine and define the design requirements of an optimum,  coordinated, 
multiengine control system.    The program was directed toward the uti- 
lization of proven concepts and principles for gas turbine engine control, 
enabling conversion of the selected design to functional hardware with 
minimum research and development effort.   This program included two-, 
three-,  and four-engine systems. 



EVALUATION OF POWER TURBINE GOVERNING MODES 

This evaluation was directed toward determining the optimum power tur- 
bine governing mode for a helicopter gas turbine engine.    The require- 
ments of the governing system in the helicopter application are diversified 
and challenging because of the nature of the load system.    The significant 
requirements are as follows: 

• Accurate control (governing) of the rotor speed over the load range 
from zero to maximum 

• Stable governing of the high inertia rotor system over the full load 
range 

• Stable governing with the resilient shaft drive system by not support- 
ing torsional excitations 

• Rapid engine power transient response to load changes minimizing 
the transient overspeed and underspeed 

• Stable governing of the low inertia power turbine when decoupled from 
the rotor system 

Of these requirements, those relating to stability are the most challenging. 
Therefore, the major criterion in the governing mode evaluation was sta- 
bility.   This evaluation has resulted in the conclusion that a proportional 
power turbine governor with a lagged gain reset (feedback) is the desirable 
mode.   Stability, transient response, and governing accuracy studies have 
indicated that this approach will meet the significant requirements when 
employed with collective lever-power turbine lever coordination to trim 
out the steady-state speed droop.    Figure 1 is a functional diagram of the 
governing mode selected—a gas producer control employing compressor 
discharge pressure. 

It was indicated that two modes, using lagged gain reset, were satisfac- 
tory; i. e. , one where the fuel scheduling is compressor discharge pres- 
sure compensated, and one where it is not.   The final selection for an 
engine is dependent on the specific air pressure compensating parameter 
employed in the gas producer control. 

The following paragraphs present a summary of the analyses that were 
conducted,  resulting in the selection of the lagged gain reset mode. 

GOVERNOR MODES EVALUATED 

The governor mode evaluation was purposely limited to concepts and 
principles that have been previously employed in gas turbine engine con- 
trols.   This was done to provide assurance that the results of this evalua- 
tion would be practical and useful.    Concepts employing frequency band 



Power 
Turbine Power 
Lever Turbine 
(PTL) Speed (ty) 

Select 
Lowest 

Gas Producer 
'Governor Wf/CDP 

Acceleration 
Schedule 
Wf/CDP 

Compressor 
Discharge 
Pressure 
(CDP) 

Multiply 

Metered 
Fuel 
Flow 
(Wf) 

Figure 1.   Functional Diagram of Power Turbine Governing Concept. 



filters,   multiple lead-lag functions,  and tuning circuits have been excluded 
from this evaluation as being   risk concepts   with regard to the helicopter 
application,  requiring further research and development efforts before 
they can be considered applicable. 

The following seven different power turbine speed governing modes were 
included in this evaluation: 

• Direct fuel flow/compressor discharge pressure governor with lagged 
gain reset 

• Direct fuel flow governor with lagged gain reset 
• Direct fuel flow governor 
• Direct fuel flow/compressor discharge pressure governor 
• Gas producer fuel flow governor reset 
• Gas producer fuel flow/compressor discharge pressure governor re- 

set 
• Direct fuel flow/compressor discharge pressure governor with in- 

tegral reset 

These modes are more specifically defined in the following paragraphs. 

Direct Fuel Flow/Compressor Discharge Pressure Governor With Lagged 
Gain Reset        """""   ~~~~ *""" 

This mode consists of a proportional fuel governor with a reset function 
operating through a time lag.    The reset is accomplished by utilizing the 
governor output signal as a feedback signal to vary the governor speed 
setting.    A time lag is employed in the reset or feedback loop to provide 
a governor action that is dynamically different from steady state.   The re- 
sult is that a dynamic gain can be provided that is lower than the steady- 
state gain.    A compressor discharge pressure signal is also employed to 
affect the fuel scheduling action of the power turbine governor,  providing 
a variable gain as a function of the gas producer speed. 

Direct Fuel Flow Governor With Lagged Gain Reset 

This mode is similar to the direct fuel flow/compressor discharge 
pressure governor with lagged gain reset, but without the compressor 
discharge pressure bias.    This mode would utilize a compressor inlet 
pressure bias. 

Direct Fuel Flow Governor 

This is a conventional proportional governor design which varies the fuel 
flow as a function of the sensed speed and a governor speed reference 



setting.    Altitude pressure compensation may be employed with this 
governing mode,  but no other variables would be involved in the power 
turbine governor operation. 

Direct Fuel Flow/Compressor Discharge Pressure Governor 

This mode is the same as the direct fuel flow governor except for the 
added compressor discharge pressure bias.    In this case,  the fuel flow, 
during power turbine governing, would also be a function of the engine 
parameter compressor discharge pressure.    This effectively provides a 
variable dynamic gain of the governor because the compressor discharge 
pressure is a function of the gas producer speed. 

Gas Producer Fuel Flow Governor Reset 

The power turbine governor would be a proportional design with its gener- 
ated signal employed to vary the speed setting of the gas producer gover- 
nor.   Asa result, the fuel flow during power turbine governing is also 
affected by the gas producer speed. 

Gas Producer Fuel Flow/Compressor Discharge Pressure Governor Reset 

This mode is the same as the gas producer fuel flow governor reset ex- 
cept for the added compressor discharge pressure bias.   This engine 
pressure would be employed in the gas producer control to bias the gas 
producer governor effect on fuel flow. 

Direct Fuel Flow/Compressor Discharge Pressure Governor With Integral 
Reset """ 

This is a proportional-plus-integral governor with compressor discharge 
pressure compensation of the metered fuel flow.    The proportional function 
is similar to that of the direct fuel flow/compressor discharge pres- 
sure governor.    The integrator action varies the fuel flow until zero speed 
error is achieved,  with the rate of this action established by the integrator 
gain and the magnitude of the speed error. 

STABILITY ANALYSIS 

Past experience with smaller helicopter powerplant designs has confirmed 
the necessity for careful analysis of the engine-control-rotor system with 
regard to torsional stability.   The rotating portion of a turbine powered 
helicopter consists of several inertial loads connected with shafts having 
some torsional resilience.    The main rotor system may be represented 
as shown in Figure 2. 
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Figure 2.   Main Rotor System. 

In general, engine output shaft speed is sensed by the fuel control power 
turbine governor, which adjusts fuel flow to maintain the desired speed. 
However, the power turbine-mast rotor combination forms a highly under- 
damped system (damping factor - 0. 05) which oscillates at a natural fre- 
quency between 2 and 5 cps for large helicopters.   If the gain and dynamics 
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of the ontfinr und fuel rontrol cause sufficient   phase shift   to reinforce 
those torsinn.il ascillutions,  they may become divergent,  resulting in 
physical damage to the helicopter.   The design of an engine-control-rotor 
system which has sufficient margin to eliminate or minimize the problem 
of load resonance or torsionals is a compromise and depends on the fol- 
lowing variables: 

• Rotor mast stiffness 
• Power turbine and gearbox polar moment of inertia 
• Rotor polar moment of inertia 
• Power turbine governor mode 
• Steady-state speed    droop    requirements 
• Fuel rontrol dynamic characti ristics 
• Engine gains and dynamics 
• Inherent helicopter structural damping 

A eomp. rative evaluation of various power turbine governing modes was 
made giving consideration to governing stability,  torsional stability,  tran- 
sient response,  and steady-state governing accuracy (speed droop) over 
the zerc-to-maximum power range.   This evaluation was based on a 
single-engine powered system with the helicopter rotor parameters (mast 
shaft stiffness and polar moment of inertia) scaled down accordingly. 

A linearized analog computer simulation of the engine,  power turbine 
governor,  and helicopter rotor system was formulated to investigate tor- 
sional and governing stability characteristics with each of the different 
potential governing modes.    A block diagram defining the analog computer 
simulation is shown in Figure 3.    Each mode was investigated at high 
power (1 no-percent SHP),   low power (7-percent SHP),  and zero power 
(decoupled rotor) conditions,  covering the full operating regime. 

A    Rode    analysis of the engine-control-rotor system was also made for 
the various rontrol modes.    This was done to gain a better understanding 
of the system dynamic rharacteristics and to determine the superior 
modes.    A Rode analysis provides a convenient means of evaluating the 
torsional gain margin and the low frequency phase margin.   The torsional 
gain margin,  determined in decibels,  is a measure of torsional stability, 
since it indicates how much the loop gain of the system can be increased 
before the dynamic elements cause enough phase shift to result in a tor- 
sionally divergent system.    The low frequency nhase margin, determined 
in degrees,  is a measure of the stability of the basic system governing 
loop.    Comparing any two systems, a lower phase or gain margin indicates 
that the system will be more oscillatory and will take longer to stabilize fol- 
lowing a disturbance.    Negative gain or phase margins imply an unstable 
(divergent^ system. 



In analyzing the system transient response, a torsional gain margin of 4 
to 6 decibels and a low frequency phase margin of 20 to 30 degrees were 
established as guidelines for the minimum acceptable stability margines 

A comparative evaluation of the various power turbine governor modes 
(Table I) indicates that either the direct fuel flow with lagged gain reset or 
fuel flow/compressor discharge pressure with lagged gain reset provides 
the most desirable system,  with respect to both torsional and basic gov- 
erning stability and assuming a governor gain requirement of 5-percent 
speed droop.    Satisfactory performance is maintained at high power, low 
power,  and decoupled rotor conditions. 

The relative stability margins of the different modes for high power,  low 
power,  and decoupled rotor operation are also summarized in Table I, 

Description of Analytical Model 

A linearized equivalent of the Allison 501-M34 engine was represented on 
the analog computer using the following equations: 

AN,      =   Ke   AWf/(l + Tes) 

Wf Wf 
AWf      =  —  ACDP + CDPA ^p 

ACDP AWf+ ^r— ANi dwf dN! 

AQ. 

The rotor system dynamics were simulated by considering a simple two- 
mass, one-shaft system.    This representation was considered to be adequate 
for this study because of the following! 

• It reveals the basic torsional resonance phenomenon associated with 
turbine-powered helicopter rotor drive systems. 

• This is a comparative evaluation of the different governing modes. 
• Previous analog torsional stability studies have indicated that results 

are not significantly affected by adding tail rotor dynamics,  main 
rotor articulation,  or other computer simulation refinements. 
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TABLE I n 
i     COMPARISON OF TORSIONAL AND LOW FREQUENCY STABILITY 

MARGINS OF VARIOUS POWER TURBINE GOVERNOR 
CONTROL MODES 

Steady-State Low Frequency Torsional 
Power Turbine Governor Speed Phase Margin Gain Margin 

Control Mode Droop (%) Flight Condition (degrees) (decibles) 

'     Direct Fuel Flow/CDP 5 High Power 40 6.3 
j      Governor With Lagged Low Power 35 15.0 

Gain Reset (sec) 
rr * 0.2 
Kr = 0. 5 

Decoupled Rotor 37 18.5 

I     Direct Fuel Flow 5 High Power 63 9.5             | 
\      Governor With Lagged Low Power 41 9.6 
{     Gain Reset (sec) Decoupled Rotor 33 12.0 
l             Tr - 0.2 

Kr - 0. 5 

I     Direct Fuel Flow 10 High Power 59 7.5 
|     Governor (sec) Low Power 28 7.0 
j              Tj « 0. 5 Decoupled Rotor 7 2.4             1 

Direct Fuel Flow/CDP 10 High Power 22 6.5 
j     Governor (sec) Low Power 28 14.3 
|             r. • 0.5 Decoupled Rotor 11 4.7 

|     Gas Producer Fuel 10 High Power 68 8.5 
Flow Governor Reset Low Power 43 7.0 

i     Mode (sec) Decoupled Rotor 54 11.0 
Tj . 2. 0 

j     Gas Producer Fuel 10 High Power 66 6.0 
|      Flow/CDP Governor Low Power 38 14.0 
|      Reset Mode (sec) Decoupled Rotor 37 10.8 

Tl ' 2'0 

j      Direct Fuel Flow/CDP 15 High Power 27 10.5             f 
1      Governor With Integral Low Power 33 20.0 

heset (sec) Decoupled Rotor 20 8.5             | 
^ - 0.5 
Kj-0. l-l 

11 



Based on information obtained from helicopter manufacturers, a main 
rotor inertia of 33,300 slug-square feet per engine (at 150 rpm) was se- 
lected as being representative of helicopters in the 5000-horsepower power 
class.   The range of effective rotor mast shaft stiffness investigated 
covered main rotor natural frequencies ranging from 2 to 6 cycles per 
second.   This range was representative of helicopters in this power class. 

To make a Bode analysis of this system, the transfer functions of the in- 
dividual elements had to be derived and evaluated.    The rotor-shaft- 
power turbine transfer function was derived by first writing Newton's 
equations of motion for the two-mass, one-shaft system, utilizing Laplace 
notation.    By algebraic manipulation, the desired transfer function be- 
comes 

AN8(S) 

AQS(S) 
(TiS+Df-^   S2

+  —   S+ 1 
wn wn 

All the constants in this equation are functions of the rotor mast shaft 
stiffness, the two inertias,  engine damping, and rotor aerodynamic damp- 
ing. 

Similarly, the engine transfer function is 

AQS(S) 

AW^S) 
Kb(TBs +  ]} 

(TP S+ 1) 

Transfer functions for each of the power turbine governing modes were 
derived in the form AWr/ANs. For example, the fuel flow/compressor 
discharge pressure with lagged gain reset governor transfer function is 

AWf (S)        C, (Tr S+ 1) (Te S+ 1) 

A\T
S(S) 

(rLS+  1) (^7S+1) S +   1 ) (C S~ + D S +  1) 

All the constants in these equations can be evaluated from engine perform- 
ance data, control gains, and time constants. 
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The over  M system transfer function can then be evaluated by multiply- 
ing the individual transfer functions of the control,  engine,  and rotor sys- 
tems— 

AN   (S) AWf    AQS     AXg 

ANS(S) ANS      AWf     AQS 

r       r       \ 
Control     Engine    Rotor 

A Bode analysis of this transfer function defines the governing stability 
characteristics of the system in terms of gain margin,  phase margin,  and 
system frequency. 

Direct Fuel Flow/Compressor Discharge Pressure With Lagged Gain 
Reset '   ""     """"   ""       —    ———   —-——--------——— 

The basic block diagram defining this mode of control is shown in Figure 4. 

1 wf 
r

2S+l 

Figure 4.   Direct Fuel Flow/Compressor Discharge Pressure With 
Lagged Gain Reset Block Diagram. 

Where: 

N sc 

Kt 

K 

Engine speed error (NActual   - N's,^) 

Governor proportional gain,  pounds per hour per inches of 
mercury/rpm 
Governor reset gain 
Governor reset time constant 

13 



Tl 
T2 
P c 
Wf 

= Power turbine governor lag 
= Metering valve control lag 

= Compressor discharge pressure as sensed by the fuel control 
= Fuel flow 

This mode of control is basically a direct W../P   power turbine governor 
with a lagged Wj/Pc X Kr signal adding back in as a positive feedback. 
The positive feedback results in the steady-staie governor's gain being in- 
creased to K^/l-Kj..   The transfer function for this mode is 

A(Wf/Pc) (S)        [Kt/(1 - Kr)] (Tr S+ 1) 

ANS (S) =  [Tr /(I - Kr)]S+ 1 

The lagged reset action provides a lower effective gain at higher input 
frequencies, while providing a steady-state gain of KJ l-K .    For ex- 
ample, using a reset gain of 0. 5, the dynamic gain can be reduced to 
nearly 50 percent of the steady-state gain.   This dynamic gain difference 
tends to improve the problem of load resonance or torsionals, since the 
effective loop gain is reduced at the torsional frequency. 

Results of this analysis indicate that this mode of control provides a satis- 
factory system at high power, low power,  and decoupled rotor conditions. 
The Bode analysis in Table II indicates the torsional gain margins,  assum- 
ing a reset gain of 0. 5,  a reset time constant of 0. 2 second, and a steady- 
state speed droop of 5 percent. 

j   (0. 5-Reset Gain 
|                     and 5- 

TABLE II 

BODE ANALYSIS 

, 0.2-Second Reset 1 
Percent Steady-State 

'ime Constant, 
Droop) 

Flight 
Condition 

Low Frequency 
Phase Margin 

(Degrees) 

Torsioral    j 
Gain Margin l 

(Decibels)    1 

High Power 
Low Power 
Decoupled Rotor 

40 
35 
37 

6.3         1 
15.0 
18.5         | 

The system Bode plots and the analog simulation response traces for these 
three power conditions are shown in Figures 5,  6, and 7. 
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Figure 5.    Fuel Flow/Compressor Discharge Pressure Governor With 
Lagged Gain Reset, High Power—5-Percent Droop Governor. 
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Figure 6.   Fuel Flow/Compressor Discharge Pressure Governor With 
Lagged Gain Reset, Low Power—5-Percent Droop Governor. 
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The stability and response characteristics at all these conditions were 
considered satisfactory since they were free of any objectionable tor- 
sional oscillations and stabilized after 2 to 3 cycles in a reasonable length 
of time (4 to 6 seconds).    These Bode plots also indicate that the magni- 
tude of the reset time constant, r r,   is not very critical as long as it is 
above about 0, 2 second.     Too large values of rr would tend to increase 
the torsional gain margin and reduce the crossover frequency (fre- 
quency at zero decibels),  slowing down the system response and resulting 
in longer stabilization times following a disturbance. 

Direct Fuel Flow Governor With Lagged Gain Reset 

The diagram defining this mode of control is shown in Figure 8. 

This mode of control is identical to the Wf/CDP lagged gain reset mode. 
However, this mode utilizes Wf rather than Wf/CDP as the control param- 
eter.   The complete transfer function for this mode of control is 

AWf (S) 

Is) AN. pTTTT 
Kr)]  ( Tr S+ 1) 

Kr)] S+ 1 

where Kf now represents the governor proportional gain expressed in 
pounds per hour/rpm.   The analysis indicated that this mode of control also 
provides a satisfactory system at high power, low power, and decoupled 
rotor conditions.   The Bode analysis in Table III shows the torsional gain 
and low frequency phase margins at the given flight conditions, based on 
a reset gain of 0. 5 and a reset lag of 0. 2 second. 

TABLE III 

BODE ANALYSIS 

(0. 5-fleset Gain and 0. 2-Second Reset Lag) 

Flight 
Condition 

Low Frequency 
Phase Margin 

(Degrees) 

Torsional 
Gain Margin 

(Decibels) 

High Power 
Low Power 
Decoupled Rotor 

63 
41 
33 

9.5 
9.6 

12.0 
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Figure 8.   Direct Fuel Flow Governor With Lagged Gain Reset 
Blork Diagram. 

The system Bode plots and the corresponding analog simulation response 
traces for these three power conditions are shown by Figures 9,   10,  and 
11, respectively. 

Direct Fuel Flow Governor 

The basic block diagram defining this mode of control is shown in Figure 
12. Kp equals the governor proportional gain in pounds per hour per 
rpm 

This mode of control is a simple proportional power turbine governor in 
which the output fuel flow is proportional to the engine speed error.    The 
dynamic rharacteristics of the engine-control-rotor system with this 
mode are such that at high power with a 5-percent speed droop governor, 
the governor lag (TJ) must be increased to 0. 5 second to result in a tor- 
sionally stable system.    This amount of governor lag results in decoupled 
rotor instability (gain margin equals -3.fi decibels).    Therefore,  the 
govnrnor gain had to be reduced to correspond to a lO-porcent droop 
governor to enable this mode of control to be convergent at all flight con- 
ditions.    A 10-percent governor with a governor lag of 0. fi second results 
in the stability margins presented in Table IV. 

This reduced governor gain provides only 7 degrees phase margin at low 
power decoupled rotor conditions and is not acceptable.    The governor 
droop would have to be increased to at least 1 5 percent to provide sufficient 
phase margin at this flight condition. 
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Figure 9.   Fuel Flow Governor With Lagged Gain Reset, High Power- 
s-Percent Droop Governor. 
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TABLE IV 

STABILITY MARGINS FOR A 10-PERCENT GOVERNOR 
WITH A GOVERNOR LAG OF 0. 5 SECOND 

Flight 
Condition 

Low Frequency 
Ph.ise Margin 

(Degrees) 

Torsional 
Gain Margin 

(Decibels) 

High Power 
Low Power 
Decoupled Rotor 

59 
28 

7 

7.5 
7.0 
2.4 

Direct Fuel Flow/Compressor Discharge Pressure Governor 

The basic block diagram defining this mode of control is shown in Figure 
13.   Kp equals the governor proportional gain in pounds per hour per 
rpm. 

This mode of control is a proportional power turbine governor in which 
the parameter Wf/CDP is proportional to the engine speed error.    The 
dynamic characteristics of the engine-control-rotor system with this 
mode of control are such that at high power with a 5-percent speed droop 
governor, the governor lag must be increased to 0. 5 second to result in a 
torsionally stable system.   As in the direct fuel flow governor mode, this 
amount of governor lag results in decoupled rotor instability (gain margin 
equals 1. 3 decibels).    A 10-percent droop governor with a governor lag of 
0. 5 second results in the stability margins presented in Table V. 

TABLE V 

STABILITY MARGINS FOR A 10-PERCENT DROOP 
GOVERNOR WITH A GOVERNOR LAG OF 0. 5 SECOND 

Flight 
Condition 

Low-Frequency 
Phase Margin 

(Degrees) 

Torsional 
Gain Margin 

(Decibels) 

High Power 
Low Power 
Decoupled Rotor 

22 
28 
11 

6.5 
14.3 
4.7 

This reduced governor gain provides only 11 degrees phase margin at low 
power decoupled rotor conditions.   The governor droop would have to be 
increased to at least 15 percent to provide sufficient phase margin for de- 
coupled rotor operation. 
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Figure 12.   Direct Fuel Flow Governor Block Diagram. 
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Figure 13.   Direct Fuel Flow/Compressor Discharge Pressure 
Governor Block Diagram. 

Cias Producer Fuel Flow Governor Reset Mode 

The basic block diagram defining this mode of control is shown in Ku'iire 
14,   where: 

Ke 
Ni 

Cias producer ^ovei-nor urain,   pounds pn   I'onr f)er r. p. in 
flas producer yovernor reset ^ain,   r. i\ in    net- i. p. in. 
Cias producer speed,   r. p. m. 

=   Gas producer speed sensing control lag 
=   Engine gas producer time constant 
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Figure 14.   Gas Producer Fuel Flow Governor Reset Mode Block Diagram. 

In this mode, the power turbine governor resets the gas producer governor 
as a function of shaft speed error.   The dynamic characteristics of this 
ongine-control-rotor system requin   ;■ governor lag(Tj) of about 2.0 sec- 
onds to provide a torsionally acceptable system at high power conditions. 
The stability margins listed in Table VI are based on a 10-percent speed 
droop governing rystem with the gas producer governor gain set at 2. 0 
pounds per ho'     prr rpm. 

TABLE VI 

STABILITY MARGINS BASED ON A 10-PERCENT SPEED 
DROOP GOVERNING SYSTEM WITH THE GAS PRODUCER 

GOVERNOR GAIN SET AT 2.0 POUNDS PER HOUR PER  RPM. 

Flight 
Condition 

Low Frequency 
Phase Margin 

(Degrees) 

Torsional 
Gain Margin 

(Decibels) 

High Power 
Low Power 
Decoupled Rotor 

68 
43 
54 

8.5 
7.0 

11.0 

Gas Producer Fuel Flow/Compressor Discharge Pressure Governor 
Reset Mode """    '■"—'—"■■"""' 

The basic block diagram defining this mode of control is shown in Figure 
15.    This mode is very similar to the gas producer fuel flow governor re- 
set mode, except that Wf/Pc rather than Wf is the controlled parameter. 
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Figure 15.   Gas Producer Fuel Flow/Compressor Discharge Pressure 
Governor Reset Mode Block Diagram. 

The gas producer governor gain,  therefore, is expressed in pounds per 
hour per inch of mercury per rpm.   Based on a 10 f arcent speed 
droop governing system, a governor lag (T,) of 2.    seconds, and a gas 
producer governor gain of 0.00685 pound per hour per inch of mercury 
per rpm, the stability margins were determined as shown in Table VII. 

TABLE VII 

STABILITY MARGINS BASED ON A 10-PERCENT SPEED 
DROOP GOVERNING SYSTEM, A GOVERNOR LAG OF 2 SEC, AND 

A GAS PRODUCER GOVERNOR GAIN OF 0. 00685 
POUND PER HOUR PER INCH OF MERCURY PER RPM 

Flight 
Condition 

Low Frequency 
Phase Margin 

(Degrees) 

Torsional 
Gain Margin 

(Decibels) 

High Power 
Low Power 
Decoupled Rotor 

66 
38 
37 

6.0 
14.0 
10.8 

Direct Fuel Flow/Compressor Discharge Pressure Governor With Integral 
Reset "" 

The basic block diagram defining this mode of control is shown in Figure 
16.   This mode is similar to the direct fuel flow/CDP governor (see 
Figure 33) except that a proportional-plus-intograi control is utilized.  The 

32 



\ 

N sc 

7   S + 1 -®— 

Ki   _    / 

^ 
1      1 W

f 
|    T2S + 1 

Figure 16.   Direct Fuel Flow/Compressor Discharge Pressure 
With Integral Reset Block Diagram. 

addition of the integral reset tends to reduce the torsional and low fre- 
quency phase margins.    A Bode analysis at high power indicates that for 
a 10-percent droop governor with a 0. 5-second lag, increasing the integral 
reset gain from 0 to 1.5 rpm per second per rpm reduces the low fre- 
quency phase margin from 22 degrees to zero.    Therefore, to maintain a 
sufficient stability margin with this mode, the proportional gain would 
have to be reduced by 50 percent and the integral gain would have to be 
limited to about 0. 1 to 0. 2 rpm per second per rpm.   The stability mar- 
gins in Table VIII are based on a 15-percent droop proportional gain, a 
governor lag of 0. 5 second, and an integral gain of 0. 1 rpm per second 
per rpm. 

I 

TABLE Vm 

STABILITY MARGINS BASED ON A 15-PERCENT DROOP 
PROPORTIONAL GAIN. A GOVERNOR LAG OF 0. 5 SECOND. 

AND AN INTEGRAL GAIN OF 0. 1 RPM PER SECOND PER RPM. 

Flight 
Condition 

Low Frequency 
Phase Margin 

(Degrees) 

Torsional 
Gain Margin 

(Decibels) 

High Power 
Low Power 
Decoupled Rotor 

27 
33 
20 

10.5 
20.0 

8.5 

This mode of control would undoubtedly be undesirable due to extreme 
speed overshoots during gross transients and slow and sluggish response 
(system frequency equals 0.2 to 0. 3 cycle per second). 
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TRANSIENT RESPONSE AXALYSIS 

The transient response analysis indicated that all proportional governing 
modes are equivalent in their response on increase collective load tran- 
sients.    This is true, provided that collective-power turbine lever co- 
ordination is employed.    The transient rotor speed droops were in the 
range of 8.0 to 8, ii percent for a 1-second full range load transient. 

Certain modes require a lower governor gain for stabilization.    In a col- 
lective-coordinated system,  the power turbine governor gain has little 
effect on the transient rotor speed.   In this configuration, the power tur- 
bine lever reset provides a    lead    signal to tho control system to initiate 
the power change prior to power turbine speed change.    If the governor 
gain is reduced 50 percent,   the coordination ^ain must be increased by 
the same amount to trim out the steady-statt1 droop.    The result is that 
essentially the same magnitude of   lead    is provided regardless of the 
governor gain. 

Lag functions for torsional stability will not significantly affect the tran- 
sient response to load changes if they are not introduced in the control 
loop between collective lever and fuel flow.    This can be accomplished by 
imposing the dynamic function in the speed sensing loop with certain 
modes,  or in a feedback loop on others. 

The response to a rapid collective lever decrease was good for all pro- 
portional governing modes,  limiting the transient overspeed to less than 
4 percent.    However,  they are not exactly the same,   with the compressor- 
discharge-pi,  >5ure-compensated and the lagged-gain-reset modes being 
slightly slower.    With these modes, the collective lexer coordination 
effect can not,   alone,   reduce the fuel How to the low dec deration fuel 
limit schedule.    Instead, the fuel reduction is dependent upon the power 
turbine overspeed.  compressor discharge pressure   and/or elapsed time. 
The result is a somewhat slower deceleration rate •haii the engine i;-. capa- 
ble of,   when using any of these modes. 

The most rapid-responding mode on a collective levt-r decrease is gas 
producer fuel flow governor reset, limiting the transient overspeed to 
only 2 percent.    All other modes ranged between 2 .    A   \ percent in tran- 
sient overspeed on a 1-second full range load reduction. 

The transient response of the direct fuel flow/compressor discharge 
pressure governor with integral reset (isochronous) is not acceptable, 
resulting in excessive transient speed excursions and stabilization times. 
This is because of the gains and dynamics required for stability and the 
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absence of the load change   lead   signal due to the elimination of the col- 
lective lever coordination.    The transient underspeed was 16 percent on a 
1-second collective load increase, and the overspeed was 12 percent on 
a rapid load decrease.   Also, the stabilization time was excessive,   with 
several overspeeds and undershoots. 

GOVERNING ACCURACY ANALYSIS 

Coordination of the helicopter collective lever and the power turbine gov- 
ernor lever would be employed to trim out the speed variation with load 
associated with proportional governors.   Transient response studies have 
indicated that with the employment of coordination, the magnitude of the 
power turbine governor gain (or droop) does not affect the transient rotor 
speed droop (or overspeed) on collective lever load transients.    However, 
the torsional and low frequency governing stability is improved by using a 
low gain governor. 

A cursory analysis was conducted to determine the effect of other heli- 
copter operating conditions, wherein the load varies at a fixed collective, 
upon the governing accuracy. 

Table DC summarizes the steady-state rotor speed variations that could 
occur at a constant collective lever position and governor setting. 

TABLE IX 

STEADY-STATE ROTOR SPEED SHIFT AT CONSTANT 
COLLECTIVE LEVER 

5- ■Percent Droop Governor 
(Percent) (Percent) 

Ambient Temperature 
(SD'F to -BS'F) -0.8 -1.7 

Altitude, With a Preeeure 
Compensated Governor 0 0 

Altiti-de, Without Pressure 
Compensation (Sea Level to 
10, 000 ft) 1.5 2.7 

Rate of Climb (Hover to 40 fp«) 1.2 2.2 

Horizontal Velocity 
(Hover to 50 mph) 1.8 S.3 

Tail Rotor Demand (0 to 10 percent) 

1                                                           

0.8 1.4 
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These data Indicate that the 10-percent droop governor design would re- 
sult In almost twice as much variation in rotor speed in operation as the 
5-percent droop design.    The governor mode should be one that will allow 
utilization of a steady-state gain equivalent to 5 percent or less. 
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EVALUATION OF GAS PRODUCER CONTROL REQUIREMENTS 

The basic operating requirements and limiis of the engine and helicopter 
have been defined for the multiengine helicopter.   The engine require- 
ments and limitations are based on Allison's engine specifications (oriented 
to the military specifications), design practice, and experience.   The 
helicopter requirements and limits are based on the results of engineering 
meetings with helicopter manufacturers—i.e., Boeing Vertol, Sikorsky 
Aircraft, and Lockheed Aircraft. 

The evaluation of these requirements resulted in the selection of the gas 
producer functional design illustrated in Figure 17. Some of the signifi- 
cant features of this design are as follows: 

• Gas producer control of the hydro mechanical type 
• Compatibility with either electrical or mechanical signal transmission 

from helicopter to engine controls 
• Automatic sequencing and control of engine fuel flow during starting 
• Emergency power operation capability, with both manual and auto- 

matic selection—manual by condition lever (or a selection switch) 
and automatic by a malfunction detection system 

• Closed-loop turbine temperature limiting for steady state, with set- 
tings for intermediate and emergency (open-loop limiting will be 
provided on starts and power transients.) 

• Torque limiting function relegated to the pilot, monitoring the indi- 
cators and limiting load application 

• Gas producer speed governing for locked-rotor operation, with the 
condition lever at ground idle 

• Power turbine governor that utilizes the gas producer control meter- 
ing valve to accomplish the fuel and power control 

• External control adjustments on the gas producer governor interme- 
diate and ground idle speed settings 

Included herein are explanations of the considerations and factors that led 
to the selection of this design. 

The gas producer control illustrated in Figure 17 employs compressor 
discharge pressure as the pressure compensating parameter.   This func- 
tional design could also employ compressor inlet pressure compensation. 

CONTROL SIGNAL TRANSMISSION 

Two different methods of cockpit signal transmission to the gas producer 
and power turbine controls are presently employed, i. e. , electrical and 
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mechanical.    Mechanical transmission has been considered more reliable 
than the electrical because pilots can "muscle" the levers around to over- 
come sticking or friction and it is more resistant to destruction by local 
fires.   However,  there are production helicopters presently in operation 
that utilize fly-by-wire, and have demonstrated satisfactory reliability 
with this concept. 

The heavy lift helicopter design, which will be a multiengine configura- 
tion,  may result in a pilot location fairly removed from the engines.    This. 
coupled with the use of more than two engines,  may make the electrical 
transmission system a desirable approach for this aircraft.   An evalua- 
tion by the helicopter companies will have to decide between design com- 
plexity and reliability. 

Signal transmission can be a significant factor in the control system de- 
sign since it may influence the interface design and the mechanization of 
certain functions.    The present indications are that the transmission 
method employed may be either mechanical or electrical and that the con- 
trol design must be compatible with either.    This is true for the condition 
lever signals to the gas producer controls and the collective lever trim 
or speed setting trim signal to the power turbine governors. 

STARTING OPERATION AND CONTROL 

Each engine will be started separately,  utilizing individual condition levers 
and start switches for each.   The engines will not be started sim- 
ultaneously because of the associated large starter power that would be 
required to motor all engines. 

Automatic sequencing and control of the engine fuel flow during starting 
is required to prevent the occurrence of explosive light-off, excessive 
turbine temperatures, and/or compressor surge.   This concept minimizes 
the responsibility of the pilot with regard to critical sequencing or manipu- 
lation of engine control levers or switches during starting.    The start pro- 
cedure may consist of positioning an engine condition lever at START- 
GROUND IDLE and then actuating an engine start switch. 

To provide automatic sequencing of the fuel flow initiation during starting, 
the fuel cutoff valve opening point mast be delayed until the gas producer 
speed exceeds the engine light-off speed.    This can be accomplished by 
utilizing the gas producer signal generated in the control to operate the 
fuel cutoff valve.    The start fuel flow would be scheduled to allow success- 
ful completion of the gas producer acceleration to ground idle and would 
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be free from excessive turbine temperatures and compressor surge.    The 
start fuel would be scheduled to vary with the gas producer speed,  with 
air temperature and pressure compensation. 

EMERGENCY OPERATION AND CONTROL 

Future helicopter engines for the multiengine helicopter will be required 
to provide a power level capability greater than the military (or interme- 
diate) rating.   This would be a power 15 to 20 percent higher than the 
military rating,  with a time duration limit of approximately 30 seconds. 
To provide this, combustion gas temperatures 150° to 200oF higher than 
military will be required.    Because of the associated high combustion 
gas temperatures (and gas producer speed),  operation at this condition 
may require hot section inspection,  engine removal, and/or overhaul. 

Requirements for Emergency Power 

Two operational conditions could occur with the helicopter which would 
require emergency power operation—i.e., extra-heavy load lifting and 
engine power malfunction. 

The extra-heavy load lifting operation is one where the pilot determines 
that sufficient engine power may not be available to enable successful take- 
off or flight.   This may be due either to the necessity for lifting a heavier- 
than-design load, to extreme ambient conditions, or to depreciated engines. 
For this condition, the pilot could be required to determine the need and 
then to manually select emergency operation capability.    The lift-off oper- 
ation would be of a gradual nature, allowing sufficient time for the pilot 
to initiate the selective action. 

The engine power malfunctions of prime concern are engine flameouts, 
failure of coupling mechanism between engine(s) and rotor systeip, and 
control malfunctions causing loaa of power availability.   If any of these 
malfunctions occur while the helicopter is in a critical flight mode, emer- 
gency power capability on the operating systems must be provided to al- 
low time for recovery from the critical mode.    For these cases, an auto- 
matic detection and emergency operation capability selection system may 
be required, since the lag associated with pilot detection and reaction 
may be too long to assure safe recovery. 

Initiation of Emergency Power Capability 

During all normal engine operation, the control system limits the turbine 
temperature and gas producer speed in accordance with the military (or 
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intermediate) limits of the engine.    These control functions are required 
to prevent inadvertent operation above these limits during the normal 
steady-state and transient conditions.    This is necessary since operation 
at emergency power may require engine inspection and/or overhaul.   The 
limiter settings, therefore, will not allow operation at emergency power. 
To enable emergency power operation, the limiter must be reset to the 
limits associated with emergency power. 

As indicated in the requirements for emergency power, the two op- 
erational conditions which require emergency power capability require 
different methods of initiation.    For the   extra-heavy   load pickup, the 
pilot could be required to select emergency capability.    For the engine 
power malfunction case, a signal generated by a malfunction detector will 
be provided to select emergency capability automatically.   The manual 
selection could be effected through posüoning of the cockpit engine con- 
dition lever(s).    Besides the usual OF^, START-GROUND IDLE, and FLY 
positions, an EMERGENCY position could be provided.   (Separate levers 
would be utilized in the cockpit for independent condition control of each 
engine.)   Also, a means would be required to utilize the malfunction de- 
tector signal (probably electrical) in the gas producer control to accom- 
plish the automatic reset. 

Another approach would be to provide a single means for resetting the 
gas producer control for emergency, whether the demand was initiated 
by the pilot or the malfunction detector.   A single cockpit switch would 
be required, capable of operating all engines simultaneously.   This switch 
would have three positions, i. e. , EMERGENCY, OFF, and AUTOMATIC. 
When in the EMERGENCY position, all gas producer controls would be 
reset to provide emergency capability.    When in the AUTOMATIC position, 
a malfunction detector component would be coupled into the system with 
the capability of automatically selecting emergency.   The OFF position 
would disarm the malfunction detector.    Figure 18 is a schematic of the 
portion of a gas producer control associated with establishing the maxi- 
mum gas producer governor speed setting, illustrating the reset mecha- 
nism for emergency capability. 

Detection of Emergency Power Operation 

In the helicopter application, the selection of emergency power capability, 
either manually or automatically,  does not moan absolutely that emer- 
gency will be (or has been) used.    The selection of emergency capability 
would merely lift the military power control limiters to make emergency 
power available.    The engines would not be operated at emergency power 
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unless the helicopter rotor loading (power demand) becomes great enough 
to require a power level greater than military from the operating engines. 
The power turbine governors would detect this need and increase the 
engine(s) power accordingly. 

To prevent unnecessary field servicing and premature engine removal, 
some method of indicating the type of operation to which the engine has 
been subjected may be desired.   This system would, by direct reading, 
indicate whether the engine(s) had actually been operated at emergency 
power.   The system might be as extensive as a time-temperature total- 
izer, which utilizes a turbine temperature sensor and clock to indicate 
accumulated time durations in different temperature ranges.   However, 
the system might be s.s simple as an indicator "flag" or a "fuse" that is 
dispatched when the turbine temperature exceeds a specific level. 

TURBINE TEMPERATURE LIMITING 

The reason for concern about the steady-state turbine temperature is that 
engine life is greatly shortened by very high turbine temperature opera- 
tion.   To achieve the specified engine life, engine operation must be re- 
tained within the turbine temperature limits defined by the model speci- 
fication.   This includes steady-state, power-transient, and starting 
operation.   Control studies have resulted in the conclusion that closed- 
loop turbine temperature limiting is required for steady-state operation, 
but open-loop limiting would be satisfactory for transient and start pro- 
tection. 

Steady State 

The two significant turbine temperature operating limits for the helicopter 
gas turbine engines are INTERMEDIATE (or MILITARY) and EMER- 
GENCY.   Operation at military is generally limited to a continuous time 
period of 30 minutes, while emergency may be limited to 30 seconds. 
Normal (maximum continuous) is another temperature level that is nor- 
mally specified for gas turbine engines, but the mission profile of the 
helicopter generally dees not require consideration of this limit.   Instead, 
the 30-minute military turbine temperature level, along with emergency, 
are the limits of sigr ificance. 

The steady-state turbine temperature limiting could be accomplished either 
by the pilot monitoring the temperature indicator(s) and manually correct- 
ing, or by automatic control.    In the multiengine helicopter, the pilot must 
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not be required to perform the limiting function associated with the 
limits that are short-time restricted.   This is especially true because of 
the multiple engines and indicators involved. 

Two types of automatic limiting approaches were considered; i. e, , open 
loop, according to a predetermined schedule, and closed-loop,  utilizing 
the turbine temperature sensor signal for control.   The open-loop ap- 
proach consists of scheduling the gas producer control as a function of 
certain parameters (not including turbine temperature) to limit the tem- 
perature.    The closed-loop turbine temperature limiting approach would 
utilize the thermocouple developed signal in an electronic amplifier- 
control to develop an electrical error signal.   This signal would then be 
utilized by the gas producer control to effect a fuel flow change and to 
limit the turbine temperature. 

A single maximum gas producer governor speed setting would not provide 
satisfactory temperature limiting.   The turbine temperature-gas producer 
speed relationship of the engine is affected by the compressor air tem- 
perature,  accessory or aircraft air bleed, and engine variations in pro- 
duction and field service.   There would also be production and field ser- 
vice variations in the open-loop control scheduling of the governor setting. 

The steady-state turbine temperature limiting selected is a combination 
open-loop/closed-loop design.   The maximum gas producer governor set- 
ting is varied as a function of compressor air temperature, with com- 
pressor discharge pressure compensation of the governor's effect on the 
metered fuel flow.   A turbine temperature error signal generated by an 
electronic amplifier limiter is utilized to trim the governor to correct for 
the inaccuracy that results from open-loop scheduling.   The open-loop 
compensation is required to prevent extreme overtemperature operation in 
power transients where the inherent lag of a conventional turbine temper- 
ature sensing system (thermocouples) is significant and to minimize the 
authority that must be allocated to the electronic control (malfunction con- 
sideration). 

The closed-loop limiter signal would be capable only of reducing the gover- 
nor setting established by the hydromechanical control, so that malfunc- 
tions in the sensing and control loop cannot cause extreme overtempera- 
tures.   A proportion?./-plus-integral limiter design is required to provide 
stability and am. dv.«» temperature limiting.   A linearized analog computer 
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study of this operation indicated that a proportional gain (ANi governor 
setting/A temperature error) of 0. 015 percent/T and an integrator gain 
(ANj governor setting/A time/A temperature error) of 0.009 percent/ 
second/"F are required to obtain proper control with this design.   This 
is based on using a gas producer governor gain (AWf/CDP/ANi) of 20 
percent/percent. 

The amplifier-limiter temperature reference netting would be normally 
set for the military limit.   When emergency capability is selected, the 
temperature reference must be reindexed to tpe appropriate level, 
utilizing the command signal that is employed by tue gas producer control 
for emergency selection to effect the change. 

The functional diagram of the gas producer control system (Figure 17) 
illustrates the temperature limiting control functions. 

Starting 

The engine limit during starting is normally turbine temperature.    With 
the type of fuel control which would be utilized on engines for multiengine 
helicopters, the starting fuel flow will be scheduled as a function of the 
gas producer speed, compressor air temperature, and pressure.    This 
open-loop control regulates the starting fuel flow in accordance with a pre- 
determined schedule to provide operation within the start temperature 
limit. 

Because of the production and field service variations of engines, controls, 
and fuels, the fuel schedule can not provide a precise turbine temperature. 
This is especially true when considering initial starts (cold) and restarts 
(hot),  which characteristically are different in their requirements. 

Two approaches were considered for preventing overtemperature operation 
during starting.   First, select a start schedule that, with all variations con- 
sidered, will produce turbine temperatures no greater than the start limit. 
Second, select a start schedule that might in certain instances be too rich, 
and utilize a closed-loop turbine temperature limitei1 to trim this schedule. 

The second approach is ideal from the standpoint of providing the maximum 
engine assist during the starting process.   This approach is utilized on 
engine-control designs where additional control mechanisms are not re- 
quired to provide the function.   This approach may also be warranted (or 
required)in applications which are marginal on stored energy for starting. 
However, the functional requirements for the start limiter are not 
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compatible with the desired functional design for steady-state limiting; 
therefore, special mechanisms would be required to provide the start 
limiting.   The multiengine helicopter will probably utilize engines of a 
power class that cannot be started by stored energy, especially when 
considering multiple start attempt capability.   The aircraft will probably 
utilize a small auxiliary power unit (APU) to generate the starting power 
required by the main engines.    It is anticipated that the APU will be of a 
sufficient power class that operation of the engine precisely at the start 
turbine limit will not be required for satisfactory starting. 

It is concluded, therefore, that a closed-loop start turbine temperature 
limiter will not be required for the engines in this application.   The start 
fuel flow will be metered according to an open-loop predetermined fuel 
schedule.    Since the present concept is that the engines will not be started 
simultaneously, pilot monitoring of the turbine temperature indicator of 
an engine during starting can be expected.   In the event of an extreme 
condition (rich control, sick engine, etc), the pilot would be required to 
take appropriate corrective action, i. e., aborting the start attempt by 
actuating a fuel cutoff to that engine. 

As was indicated, the present engine starting concept for the multiengine 
helicopter is that the pilot would initiate startup of an engine, awaiting 
completion of the startup of one engine before initiating startup of another. 
Simultaneous startup of multiple engines is generally considered to be 
impractical because the ambient of bleed required is more than the first 
engine can supply.   If auxiliary power units (APU's) are considered for 
simultaneous startup of multiple engines, the size of the APU and abso- 
ciated equipment is so large as to be prohibitive. 

Power Transients 

The limits on acceleration transients are compressor surge and turbine 
temperature.   Similar to the start schedule, the acceleration fuel flow 
can be scheduled as a function of gas producer speed, compressor air 
temperature, and pressure.    The production and field service variations 
of engines, controls, and fuel will result in variations in the transient 
turbine temperatures with the open-loop scheduling. 

As indicated, the accelerations are not solely limited to a constant level 
of turbine temperature over the gas producer speed range from idle to 
maximum, or to varying compressor air temperatures. The peak tran- 
sient turbine temperatures are generally encountered only at the high gas 
producer speeds, above 90 or 95 percent. The effective range of opera- 
tion of a single-temperature-level closed-loop limiter, therefore, would 
be small. 
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The gat producer accelerations of modern helicopter engines are gener- 
ally too rapid to benefit from a closed-loop turbine temperature limiter. 
The response of the temperature sensors (generally thermocouples) will 
not be fast enough to detect and indicate the overtemperature condition 
during the rapid gas producer transient.    Fast sensors could be employed 
for the transient protection, but the current devices would have short life 
at the temperature levels and in the environment of the turbine gases. 

The control system would be complicated by the addition of the closed- 
loop temperature limiting on transients.    Control studies have indicated 
that the temperature limiting function for transient protection must be 
accomplished in a manner different from that for steady state.    Based on 
present-day technology, the turbine temperature limiter signal would be 
generated by an electronic amplifier control.   The limiting function, if 
employed, could be introduced only as a trim on the hydromechanical 
acceleration schedule, with the trim authority (range) mechanically 
limited.   This approach is required to retain the basic proven reliability 
of the hydromechanical control. 

Previous experience has indicated that satisfactory transient fuel control 
can be achieved by the open-loop fuel scheduling.   This experience, coupled 
with the unavailability of suitable temperature sensors, the limited range 
of effectivity, and the associated control complexity has led to the conclu- 
sion that closed-loop transient turbine temperature limiting is not desired, 

TORQUE LIMITING 

The torque limits of significance in the multiengine helicopter are associ- 
ated with the helicopter transmission system.   The engines will generally 
operate at turbine speeds that can be accepted directly by the helicopter 
transmission system.   The engine manufacturer, therefore, will not pro- 
vide a speed reducing gearbox.   The high torque components are a part of 
the helicopter transmission system.   Consequently, the torque limited 
components of the engine can tolerate a higher operating power level than 
those of the helicopter. 

The helicopter system will have a net torque limit and a torque limit for 
each engine input.   The system will generally permit operation at the net 
torque limit with a load sharing unbalance of 10 percent without exceeding 
the individual torque limits.   Unbalance in engine torques is of no struc- 
tural consequence as long as the net and individual limits are not exceeded. 
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The present philosophy on torque limiting for the helicopter is to restrict 
the collective (and cyclic) loading, with this responsibility allocated to the 
pilot.   This approach is desirable because momentarily exceeding the 
helicopter limit(s) is not a stress rupture problem and momentary over- 
torque operation may be necessary in extreme maneuvers or emergencies. 
It is not desirable to accomplish the helicopter torque protection by limit- 
ing the available power through affecting the engine fuel flow. 

Conventionally, the helicopter employs torque indicators for each engine, 
with two "red line" limits designated.   One is for normal flight operation, 
while the other is for emergency operation.   On two-engine aircraft, this 
is normally a single indicator with two needles.   For a three- or four- 
engine system, the approach may be to provide a transmission net torque 
sensor and indicator, with appropriate "red line" limits.   This would 
simplify the role of the pilot with regard to monitoring and limiting the 
system torque. 

Steady State 

The gas turbine engine characteristically will produce 40 to 50 percent 
more power at -650F than at a standard ambient tempeiature, when oper- 
ating at a constant turbine temperature (or gas producer speed) and power 
turbine speed.   An engine which does not employ a speed reducing gearbox 
is normally designed to be safe from stress rupture at this high torque 
level.   However, these high torque levels can be prevented from occurring 
by simply limiting the maximum metered fuel flow to the engine(s).    The 
accuracy of this overtorque limiting will be on the order of 8 or 10 percent 
at 100 percent power turbine speed.   Limiting of overtorque operation at 
cold ambients must be based on the   emergency   power rating.   The 
single-level maximum fuel flow stop would be set for this power condition 
and would be practically ineffective with regard to providing limiting dur- 
ing normal flight operation. 

Transients 

In very rapid load applications, transient torques 10 to 20 percent higher 
than the steady-state limit could be experienced.   This is due to the tran- 
sient rotor speed droop characteristic associated with the free turbine en- 
gine when making very rapid load applications (1 second from autorotation 
to intermediate power), and the overfueling that occurs during the gas pro- 
ducer transient.   It is not anticipated that *his overtorque level or dura- 
tion will be of sufficient importance to require the employment of rpecial 
engine control devices.    First, the helicopter transmission system will be 
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designed to accept the   emergency   torque rating without stress rupture 
occurring, and the transient torques during normal operation should not 
exceed this level.    Second,  the 1-second full range load application is 
extremely rapid for a multiengine helicopter and is not anticipated to be 
normally utilized. 

LOCKED ROTOR OPERATION 

Locked rotor operation may be required to allow checkout of an engine 
for maintaining the aircraft in standby readiness, or to prevent extended 
operation at low helicopter rotor speeds where blade flapping is potentially 
hazardous.    The engine control during locked operation cannot be rele- 
gated to the power turbine governor because of the zero rotation condition. 
The gas producer control, therefore, must regulate the gas producer 
speed at the locked rotor condition. 

The engine control during this operation will be maintained by the gas pro- 
ducer governor(s), providing control at a speed slightly higher than the 
minimum self-sustaining speed.   This would provide the minimum torque 
level that can be achieved with the engine during locked-rotor operation. 
The START-GROUND IDLE condition lever position would be selected to 
achieve minimum torque on all engines.    It would also be possible to op- 
erate with some of the engines not operating,  with their condition levers 
in the OFF position.   This would shut off the fuel flow to these engines. 

GOVERNOR FUNCTIONAL INTEGRATION 

Three basic methods of integrating the power turbine governor function 
into the fuel control system were evaluated.    First, the power turbine 
governor and gas producer controls are both directly coupled into the fuel 
system in series,  with the power turbine governor between the gas pro- 
ducer control and the fuel nozzle.    The second method utilizes the gas 
producer control for all fuel metering,  with a power turbine governor to 
develop a reset signal to effect the gas producer control operation.    The 
third method involves the integration of both the gas producer control and 
the power turbine governor functions into the same component, with a power 
turbine speed sensor to provide the signal for the governor function.    It 
has been concluded that functionally the reset (second method) or the in- 
tegral control-governor (third method) is desirable, rather than the 
series governor.    However, the differences are slight and specific features 
of a particular engine design or arrangement may negate these advantages. 
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The desirability cf one method over another is not generally limited to 
functional considerations.   It is, in the practical case, related to mech- 
anical design considerations.   For example, if an existing gas turbine 
engine and conti-ol system are being adapted for a helicopter application, 
the reset governing and integral component methods may not be desirable 
because they may require extensive gas producer control modifications. 
The series governing method could be implemented by merely adding a 
power turbine governor, without altering the gas producer control. 

In some cases, the engine design may indicate that one method is more 
desirable than another.   For example, in an aft-drive free turbine engine, 
the power turbine governor drive may be at the aft end of the engine.   The 
series governing method may not be desirable because the total gas pro- 
ducer metered fuel flow would have to be transmitted past the hot section 
of the engine to the governor location and then back to the fuel nozzles. 
Fire shielding to protect fuel lines in the vicinity of the engine hot section 
would impose penalties of increased weight and cost and of decreased 
maintainability and safety. 

Reset Governor 

With this governing method, the power turbine governor-gene rated signal 
is employed in the gas producer control   computer section   to modify its 
scheduling.    Figure 19 is a schematic diagram of a hydromechanical power 
turbine governor and gas producer control design,  illustrating their func- 
tional integration.   The integration of the power turbine governor signal 
in this manner is desirable because it can make effective use of the ac- 
celeration and deceleration fuel limit schedules during governing and be- 
cause of the altitude pressure compensation of the gas producer control. 

This method also provides design flexibility, allowing either a hydromech- 
anical or an electronic power turbine governor to be employed with the 
hydromechanical gas producer control.   This is the only method adaptable 
to the single-governor approach. 

The disadvantage of this method is that the governor reset function must 
be provided in the gas producer control; however,  it may prevent the 
utilization of existing designs.   In a new design, this function could be 
specified initially and would not suffer this disadvantage.   In existing 
designs, modifications to provide the reset capability may not be impos- 
sible. 
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Integral Control-Governor 

The integral gas producer control-power turbine governor method is, from 
the functional standpoint, identical to the reset method.   The major dif- 
ference is that the function is more closely coupled into the gas producer 
control.   As a result of the composite system, the integral control- 
governor should be smaller and lighter in weight.   This method could 
readily be employed if instigated in the initial design of a new control. The 
required modifications would be fairly extensive for an existing control. 

Figure 20 is a schematic illustrating the type of mechanization that would 
be required with this concept.   A power turbine speed sensor component 
is required to generate a signal to be employed in the control-governor 
component. 

Series Governing 

With the series governing method, the gas producer control fuel flow out- 
put during all power turbine governing operation is established by the ac- 
celeration fuel limit schedule.   The gas producer control output flow is 
received by the power turbine governor which then bypasses back to the 
fuel pump any fuel which is not required to support the load.   The power 
turbine governor fuel scheduling is essentially independent of the gas 
producer speed and compressor discharge air pressure.   A disadvantage 
of this method is that the deceleration fuel schedule provided by the gas 
producer control would not be functional during power turbine governing. 
Another disadvantage is that the power turbine governor would not be 
altitude compensated and would govern at higher power turbine speeds at 
altitude than at sea level.   These disadvantages could be overcome but 
would require added complexity in the governor design to do so.   The by- 
pass valve of the governor must also be of a design that would provide 
zero leakage when closed to transmit the total acceleration schedule fuel 
flow to the engine in gross transients. 

This concept should not be utilized when designing a new control system 
for the engines of a multiengine helicopter. 

EXTERNAL  CONTROL ADJUSTMENTS 

In general,   he control system is designed so that the engine operation will 
be automat : ally maintained within its operating limits throughout the 
guaranteed service life.   Modifications of the control scheduling and set- 
tings which could upset this functioning should not be allowed.    However, 
certain types of external control adjustments may be desirable to minimize 
the production and field service problems. 

52 



\ 

I 

Figure 19.   Schematic of the Lagged Reset Governing System With 
Separate Power Turbine Governor Component 
(Reset Governor). 
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Engines and controls in production will have certain performance varia- 
tions because of manufacturing production tolerances.    External control 
adjustments may provide the means for tuning each engine system so that 
it will operate at maximum performance, correcting for the production 
variations. 

Similarly, the gas turbine engines and controls, when utilized in service, 
characteristically undergo performance changes.   This is especially true 
when the systems are operated in an extreme environment or are subjected 
to an accelerated duty cycle.   Control adjustments may be employed to 
achieve the maximum in-service operation of the aircraft, with the max- 
imum engine performance available at all times. 

An adjustment on the maximum gas producer governor speed setting is 
required so that military power will be provided. 

The closed-loop turbine temperature limiter will prevent an overtempera- 
ture condition.   However,  it would not have the capability of overriding 
the gas producer control to increase the maximum governor setting if it is 
too low to reach military temperature.   This is illustrated in Figure 17 to 
be an adjustable limit on the maximum travel of the gas producer control 
lever. 

An idle gas producer governor adjustment may be necessary if the ground 
idle power requirements of the helicopter are critical.    An external idle 
adjustment,  if not provided, can be provided without complicating the 
control design.   The decision as to its utilization is then based on the pro- 
duction and service experience of the engine. 

Adjustment of the acceleration and deceleration fuel limit schedules is 
normally not allowed, because an improper adjustment of these schedules 
can result in hazardous engine performance at certain operating condi- 
tions, possibly resulting in damage to the engine and/or loss of total en- 
gine power while in flight.   For this reason, external adjustments to these 
schedules are not provided. 
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EVALUATION OF MULTIENGINE GOVERNING-LOAD 
 SHARING CÜN CKPTC  

This evaluation resulted in the conclusion that a system with the following 
design features is required: 

• Individual engine control governors with closed-loop load sharing on 
torque 

• Collective-power turbine lever coordination (anticipation) 
• Malfunction detector based on diff jrential among gas producer speeds 

for selecting emergency 

This system is defined in more detail in the section "Definition of an Opti- 
mum System." 

The basic objective of this effort was to establish a governing-load shar- 
ing control system design.    This will relieve the pilot of the responsibility 
of monitoring and regulating the performance of multiple engines during 
helicopter transients and critical flight maneuvering.    The specific re- 
quirements of this control system related to the multiengine helicopter 
are as follows: 

• Maintain a balanced load sharing between engines 
• Provide stability in governing throughout the power range 
• Provide rapid transient response to load changes 
• Perform correctly with any engine(s) shut down 
• Provide automatic power recovery in the event of an engine malfunc- 

tion 
The following paragraphs summarize the analyses that were conducted 
in the multiengine control system evaluation.   This includes open-loop 
load sharing accuracy, individual governors with closed-loop load 
sharing,  single governor with open-loop load sharing,  automatic power 
recovery with an engine out,  and constant rotor speed control. 

OPEN-LOOP LOAD SHARING ACCURACY 

In the multiengine helicopter stndied,  the output shaft.s of all engines are 
mechanically connected so tha     uey operate at identical speeds.   The 
helicopter load (power demand) is imposed on the engines as a net load, 
with the engine controls determining the power sharing split between the 
individual engines while performing their major role of governing the 
rotor speed.   The open-loop analysis was directed toward establishing 
the accuracy of power matching that would be experienced in a multiengine 
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helicopter when not employing a special load sharing control.. The affect- 
ing factors that were considered are engine and control variations in pro- 
duction and field service. 

Engine Variations 

Allison's production test data were utilized in establishing the gas turbine 
engine variations in production.   This data accumulation and analysis 
was completed in a previously conducted USAAVLABS sponsored program 
(Heavy Lift Helicopter, Contract DA 44-177-AMC-213(T)). 

The data accumulated relative to the T56 and T63 production engine per- 
formance variations indicate that these engines possess a similar power 
variation in production.    For the T56, this is a maximum of 10 percent of 
point total variation in power level at a specific fuel flow.    For the T63, 
this is a maximum of 10 percent of point total variation in power level at 
a specific gas producer speed (Figure 21). 

The variation in the gains of power with fuel flow or gas producer speed 
was found to be small—equivalent to approximately ±1.5 percent of maxi- 
mum power in the minimum power range (Figure 22).    This characteristic 
is true for both the T56 and T63 engines.   A review of this information in- 
dicates that the power gain variation shown in Figure 22 is small and is 
typical of that which will be experienced with the type of engines to be em- 
ployed in the multiengine powered helicopter. 
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Figure 21.   Power Level Variation. 
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Figure 22.   Power Gain Variation. 

Control Variations 

An engine control manufacturer (Bendix Products) provided the following 
5-perccnt droop governor information defining the potential control sys- 
tem production variations for conventional hydromechanical controls: 

• Power turbine governor gain—±14 percent of nominal gain 
• Gas producer res?t mechanism gain—±6 percent of nominal gain 
• Governor hysteresis—0. 25 percent of speed 
• Power turbine lever-governor speed setting accuracy—±0. 25 percent 

of speed 

These data were utilized in the analysis of three control configurations. 
These configurations are as follows: 

• Reset governing with individual governors 
• Reset governing with a single governor 
• Direct fuel governing with individual governors 

"Reset" refers to the fact that the power turbine governor develops a sig- 
nal which effects the fuel metering through a reset action in the gas pro- 
ducer control.    "Direct" refers to a power turbine governor that is coupled 
in the fuel line between the gas producer control and the fuel nozzles, 
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Figure 24.   Reset Governing With Single Governor. 
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Figure 25.   Direct Fuel Governing Individual Governors. 
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directly affecting the fuel flow.    Figures 23, 24, and 25 indicate the 
power matching accuracy characteristics of these three configurations. 
These data are based on a 5-percent steady-state droop governor design. 

The variations indicated by Figure 23 include the effects of hysteresis, the 
governor gain variations, and the reset mechanism variations.   This de- 
fines the total potential variation with reset governing and individual power 
turbine governors for each engine.    Figure 24 illustrates the potential im- 
provement by utilizing the single governor concept wherein one power tur- 
bine governor resets all gas producer controls equally and simultaneously. 
This illustrates the effect of eliminating the governor hysteresis and the 
governor gai i variations as variables between engines.    Figure 25 defines 
the potential differences with direct fuel governing and individual governors. 
This includes hysteresis and governor gain variations but does not have a 
reset gain variation. 

Another important control variation that can affect the accuracy in a col- 
lective lever-power turbine lever reset configuration is the governor set- 
ting variation.   The potential production control variation in the governor 
speed setting at a power turbine lever position has been defined as 0. 5 
percent (±0. 25 percent).    With a 5-percent droop governor design, this is 
equivalent to a 10-percent power variation.   Again, this effect would not 
be experienced with the single governor concept. 

Power Variations 

The engine and control system production variations must be combined in 
order to arrive at the potential total power mismatch that would be ex- 
perienced with open-loop load sharing.   The power level variations be- 
tween engines can be adjusted out in the rigging of the engine or by pilot 
trimming of the governor settings, and can be excluded as an inaccuracy 
factor.    Similarly, the power turbine lever-governor speed setting dif- 
ferences can be minimized by this procedure.   The engine gain variations, 
how eve i, cannot be adjusted out. 

From a probability standpoint,  it is not reasonable to sum all of the poten- 
tial control variations and the engine gain variation effect in determining 
the total power unbalance which might occur.    Table X presents the poten- 
tial system differences.   The total control differences are computed to be 
equal to the square root of the sum of the squares of the individual varia- 
tions. 

These data define the general magnitude of power unbalance that can occur 
with open-loop load sharing in a multiengine configuration and indicate the 
improvement that is possible with the single governor concept.    To reiter- 
ate, this is because the majority of the potential control variations are 
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TABLK X 

POTENTIAL SYSTEM DIFFERENCES 

Total 
Governor Concept Power Level Power Variation (Percent) 

Individual Governors, Maximum 10 
Reset Governing Minimum 38 

Single Governor, Maximum 0 
Reset Governing Minimum 11.5 

Individual Governors, Maximum 10 
Direct Governing Minimum   35 

associated with the high gain component, the power turbine governor. 
The use of a single governor eliminates the effect of production variations 
of this component on the load sharing. 

INDIVIDUAL GOVERNORS WITH CLOSED-LOOP LOAD SHARING 

This effort involved the evaluation of load sharing parameters, determina- 
tion of a closed-loop load sharing control functional design, and investiga- 
tion of the performance of the multiengine system. 

Load Sharing Parameter 

If all engines and sensing systems of a particular engine model were 
identical in their performance (shaft horsepower, turbine temperature, 
gas producer speed, fuel flow characteristics), there would be no opera- 
tional advantage of one engine parameter over another for closed-loop 
load sharing control.   However, the engine characteristics do vary in pro- 
duction and field service.   For this reason, an evaluation of different en- 
gine parameters for closed-loop load sharing control was conducted. 

In engineering meetings with helicopter companies, it was determined that 
the basic reasons for maintaining matched operation of the multiple engines 
were as follows: 

• To satisfy the pilot that the engines are performing properly 
• To enable proper red line limiting of tne net torque by the pilot 
• To minimize recovery time in the event of an engine malfunction 
• To obtain mrximum life of the transmission system parts 
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It is concluded that the torque parameter is satisfactory for all cases 
and does not impose any engine or helicopter performance characteris- 
tics that are operationally unacceptable.    The closed-loop sharing con- 
trol, therefore,  should utilize the torque parameter for engine matching. 

Torque 

The consulted helicopter companies indicated that the preferred engine 
parameter to be matched or balanced is torque.   The pilot monitors the 
torque indicator(s) to determine if the engines are performing satisfac- 
torily.   Mismatch between the torque indicators of different engines 
create the impression that the engine system is not performing properly. 
With torque as the parameter for closed-loop load sharing,  any differ- 
ences between engine indicator readings will signal the pilot that special 
precaution may be required in selecting higher power demands.    The torque 
mismatch may be due either to an incorrectly performing engine or con- 
trol or to an engine's reaching its maximum power level. 

In helicopter designs which do not employ a transmission   net   torque- 
meter, matching on the torque parameter would make limiting to the 
red line   less difficult.   Since all engines are at the same torque level, 

the indicator would essentially indicate the net torque relative to the 
red line.   (This is true for all operations except for the case where an 

engine is limited by the turbine temperature limiter.) 

In some multiengine helicopter transmission designs, unbalance in the 
input torques can affect the endurance life of the power transmission sys- 
tem.   One helicopter company indicated that zero torque unbalance at the 
maximum power conditions was require   to obtain the maximum endurance 
life.   Another consideration was associated with high power operation. 
Matching on torque would result in unbalanced turbine temperatures, with 
one engine operating at a higher temperature than the others.   If the heli- 
copter loading had to be manually restricted to prevent excessive turbine 
temperatures on the high temperature engine, the system would be oper- 
ated at below maximum capability.    However, with the employment of the 
automatic turbine temperature limiters on each engine, this problem is 
eliminated. 

In general,  it is concluded that there is no significant disadvantage of the 
torque parameter, and operationally it is desirable.    (This is assuming 
that an automatic turbine temperature limiting system is employed.) 
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Turbine Temperature 

Matchitig on turbine temperature was evaluated to determine if this might 
provide an increase in the service life of the engines (and on-duty time of 
the aircraft) or an improvement in the operational characteristics of the 
multiengine system. 

One factor affecting the endurance life of turbine components is the tur- 
bine temperature level effect on the metal creep rates.   This effect, 
however,  is not related to the normal engine power deteriorations that 
occur in field service, but instead affects the turbine structural integrity. 
The power depreciations are more normally associated with compressor 
deterioration (i. e.,  erosion, corrosion, seal rubbing, etc).    This occur- 
rence in many cases determines the overhaul life of the engines.   If all en- 
gines are maintained within their operating turbine temperature limits, 
the metal creep rates will not be excessive,  and the guaranteed turbine 
life can be realized.    Turbine temperature matching in the multiengine 
system would reduce the metal creep rate on a low power engine, reduc- 
ing the rate of decay of structural integrity.    However, unless an engine 
duty cycle analyzer (e. g.,  time-temperature totalizer) is employed, 
there would be no way of realizing the extended service life of which the 
hot section parts are capable.   The duty cycle analyzer vould be required 
to provide a record of the time-temperature history of each engine to be 
used for determining the endurance life limit. 

Performance analysis indicated that this parameter would not enable proper 
control and matching in the low power range.    Many free turbine engines 
possess a characteristic reversal in the turbine temperature-fuel flow 
(or power) relationship at low powers.   This shallow or reversing gain 
characteristic (Figure 26) will not allow proper closed-loop matching.   A 
control designed to operate with the engine gain characteristic (ATt/AWr) 
at high power would be incompatible with the reversed (or shallow) 
characteristic at low powers.   The result would be instability or improper 
control in the low power regime. 

Gas Producer Speed or Fuel Flow 

Matching on either gas producer speed or fuel flow would be acceptable 
from an engine standpoint and   would enable effective compensation for 
control system differences.    However, neither parameter will provide 
compensation for torque differences between engines because of production 
tolerances or deterioration in field service.    Except for this factor,  match- 
ing on either gas producer speed or fuel flow could be employed. 
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Figure 26.   Typical Free Turbine Engine Steady-State Characteristic. 

Closed-Loop Load Sharing Control 

The basic requirements for a closed-loop load sharing control have been 
defined. A control mode study was conducted, resulting in the definition 
of a control functional design. 

Control Requirements 

The cor.trol must utilize engine torques as the controlled parameter, with 
the output signal of the control trimming the power turbine governor speed 
settings.    Studies previously conducted have indicated that the authority 
that must be delegated to the load sharing control ran be minimized by 
this approach because the governor is a high gain device.    With this ap- 
proach,  the load sharing control action would never limit the power avail- 
ability    but would alter the rotor speed-power relationship.    This is de- 
sirable when c-onsidering malfunctions in the load sharing control loop 
since their effects are minimized. 

As part of the basic requirements,  certain conditions were defined wi ich 
the load sharing control must handle.    The conditions requiring proper 
control are as follows: 

• With any engine turned   off 
• With malfunction of any engine losing power 
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• In power transients 
# During turbine temperature limiting 

When an engine is turned off,  the load sharing system should continue to 
perform its function,  preferably with no rotor speed change.    With an en- 
gine malfunction, the load sharing control should continue to control and 
the rotor speed should not be changed.    (A signal from a malfunction de- 
tector may be required to provide a    lead    in engine demand,   minimizing 
the steady-state and transient rotor speed droop. ) 

During fhe power transients,  the control should not slow down the fast- 
responding engines to match the slower one.    It would, instead, speed up 
the slower one if any load sharing control action is provided in power 
transients.    The load sharing action mjst never limit the power availability. 
If one engine encounters and is controlled by a turbine temperature 
limiter or gas producer speed limiter,  the power available from the other 
engine should not be limited to that of the low power engine.    These are 
the basic requirements that were established for the load sharing control. 

Control Mode 

The control mode selected is based on the master or reference torque 
from the highest torque engine,  rather than an average torque or a fixed 
predetermined master.    In this concept,  the power levels of the low en- 
gine are effectively increased to match that of the high engine,  with the 
governor action adjusting the net power level to match the requirements 
of the load.    Utilizing the highest torque engine as the reference is desir- 
able when considering engine power failures, power depreciation, or oper- 
ation of an engine which is turbine temperature (or gas producer speed) 
limited.    The results are that the low power engine cannot have an effect 
on the governor settings of the other engines, and the control system will 
tend to provide the maximum available power at all times. 

The average torque concept is one wherein the reference would be com- 
puted as an average of all engines.    Conventionally, thi^ reference would 
be compared to each individual engine'.-- torque signal, the resulting dif- 
ference signals to be employed to set the governors of the high engines 

down   and the low engines    up.       This approach would not provide proper 
load sharing and power control with an engine reduced to idle or shut down, 
or with the occurrence of a power failure of an engine.    Additional control 
functions would be required to modify the control computer during this type 
of operation so that the computation of the average torque will be based on 
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the actual number of engines supporting the load rather than on the total 
number of engines in the aircraft.   The result would be a more complex 
load sharing control.    This is not as desirable as the highest torque 
master concept. 

The fixed master concept would utilize the torque signal from one specific 
engine as the reference,  regardless of its relative torque level.    A dis- 
advantage of this approach is that if the selected master was the lowest 
torque engine (either due to its governor setting or being temperature 
limited), the load sharing action would be lost.    A pilot-operated switch 
would be required to allow selection of a new master reference.    This 
manual selection would not be as desirable as the automatic selection pro- 
vided by the    highest torque    reference concept.    If the master engine en- 
countered a power failure or was manually shut down, the load sharing 
control action on the other engines would also be upset.    Unless the con- 
trol system employed a malfunction detector system that provided auto- 
matic power turbine governor reset and/or changed the reference engine 
(along with emergency power capability selection),  the slave engines 
would initially have their power levels reduced with the occurrence of the 
failure of the master engine.    This would be unacceptable, especially if it 
occurred during a critical flight phase of the helicopter, e. g. , hovering 
or landing.    For these reasons, the fixed master concept is not as desir- 
able as the   highest torque    reference concept. 

Functional Design 

The load sharing control functional design is based on the   floating master 
concept, where the engine producing the highest torque is the master en- 
gine.    As previously explained, this concept was selected to provide the 
desired performance with one engine shut down, with turbine temperature 
Ihnited or gas producer speed limited, for increase power transients, and 
for & loss-of-power engine malfunction.   The control would utilize the 
master torque signal for comparison with the individual torque signals of 
each engine to develop independent trim signals for each power turbine 
governor.    Figure 27 illustrates the functional design of the control. 

The trim signals generated would be proportional to the torque error and 
unidirectional to the extent that the power level could only be increased. 
The proportional scheduling is required with the floating master concept 
so that the high torque engine will always be in the zero trim position when 
it is the master.    This provides a load sharing control that will simply 
and automatically    zero out    the governor trim on any engine when it takes 
over as the master.    Operation of the master engine with zero trim of its 

68 



\ 

Hi? ilJlil 

»i u I 

II 

c?  
« 

s  | 
I 

M 6 
Ü 
3 

w4 

9 

4-* 
% 

CO 
CD 
c 

•PH 

W 
i 

r« 
3 

£ 

5 

d 

69 



power turbine governor is necessary so that the slave engines can effec- 
tively be matched to the master without requiring a large magnitude ol 
governor trim.    This characteristic is desirable since it minimizes the 
changes in governed speed caused by the load sharing control action.    As 
a result of this design approach, the load sharing action will not reduce 
the torque difference between engines to exactly zero.    However,  the pro- 
portional gain can be high enough to make the torque difference quite 
small. 

An integrating load sharing control design was also considered which was 
capable of reducing the torque difference to zero.    This design could be 
employed with the floating master concept.    However, for this design to 
function properly a special zero trim function would be required to detect 
the master engine and to override the load sharing control of that speci- 
fic engine in order to provide zero trim of its governor.    Without this 
override, a change in engine master could occur during some condition, 
e.g., a change in the load.    Because the integrator on the master engine 
would receive a zero torque difference signal, it would not reduce its 
power turbine governor trim.     'he result would be an unacceptable shift- 
ing (increase) of the governed speed, and the load sharing action would 
eventually be lost.    Because of the added control functions required with 
the integrating design to prevent this, it would be more complex than the 
proportional design.    For this reason, the proportional design is the 
more desirable approach. 

Load sharing control limits on the power turbine governor speed setting 
trim authority (magnitude) available to the load sharing control are re- 
quired so that the effect of malfunctions in this control loop will be mini- 
mized.   The minimum trim limit (which is zero) will prevent the control 
from selecting a low-speed setting, causing a low rotor speed and/or loss 
of power.    The maximum trim limit will prevent the occurrence of a high- 
speed setting which might cause rotor overspeeding. 

A dynamic function in the load sharing control loop may be required to 
maintain stability during steady-state operation.    The purpose of this 
function is to prevent the load sharing control from responding to torque- 
meter signal    noise    and/or torsional oscillations.    The dynamic; function 
may be either a lag or a slew rate limit,  depending on the detail design 
employed. 
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Mechanical Design 

Figures 28 and 2f) are schematics depicting combined load sharing control 
and power turbine governor designs for a four-engine system.    These 
schematics are presented to indicate the type of mechanisms that would 
be required to accomplish this action. 

Figure 28 is a hydromechanical design employing torque signals from 
hydraulic torquemeters and producing a hydraulic pressure output signal 
for use in the gas producer control.    This involves a torque discriminator 
component utilizing a sequence of shuttle valves to select the highest torque 
engine for the reference signal.   The reference signal is then transmitted 
to all power turbine governors. 

Each of the hydromechanical governors performs the load sharing com- 
putation and governor speed setting trim,  receiving the torque signal 
from its respective engine plus the reference signal.    The power turbine 
governor design illustrated in Figure 28 is for the proportional governor 
with lagged gain reset.    Each governor receives, as an input, a regulated 
servo pressure (fuel) from its gas producer control, and generates a 
pressure signal for the gas producer control to alter the metered fuel flow. 

Figure 29 is an electronic design that would employ torque signals from 
electronic torquemeters and would produce an electrical signal for use by 
the gas producer control.    In this design, each engine has a separate load 
sharing control, a power turbine governor component which receives all 
four engine torque signals.    Each component performs the torque discrim- 
ination function plus the load sharing control computation and power tur- 
bine governor speed setting trim.   This governor design is also based on 
the proportional plus lagged gain reset mode.    The electrical output signal 
from the component(s) is then employed in the gas producer control to 
effect the fuel metering. 

Another approach would be a combination electronic-hydromechanical 
design,  where part of the computation is performed by electronic compo- 
nents and part by hydromechanical.    For example, an electronic load 
sharing control may he employed with a hydromechanical power turbine 
governor.    Design studies for a particular engine and system are required 
before the optimum configuration can be defined. 

Multiengine Performance 

The potential steady-state power unbalance without closed-loop load shar- 
ing and with individual governors has been defined to be 10 percent at 
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maximum power and 38 percent at low power.    (See Open-Loop Load 
Sharing Accuracy section.) Based on these data, assumed control charac- 
teristics were defined to be utilized in the investigation and evaluation of 
the closed-loop load sharing control design.    Figure 30 defines the steady- 
state control characteristics that were assumed, including differences in 
the power turbine governor gains and the governor settings.    These 
characteristics are included in the multiengine power system simulation 
(described in the "Generation of A Power System" section).    The power 
turbine governor mode employed in this simulation is the direct fuel 
flow/compressor discharge pressure governor with lagged gain reset. 

The following is a documentation of the multiengine system performance 
with individual power turbine governors, as affected by the load sharing 
control.    This includes steady-state operation,  stability, and transient 
operation. 
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Steady State 

The proportional load sharing control design selected, which was pre- 
viously noted,  will not reduce the steady-state torque differences to 7.ero. 
The magnitude of the steady-state torque difference with load sharing 
control is dependent upon the following: 

• The proportional gain of the load sharing control 
• The gair. of the power turbine governor(s) 
• The torque difference between engines without load sharing control 

trim 
• The magnitude of power turbine governor trim authority alloted 

The power turbine governor design selected has a nominal gain that will 
result in a ii-percent speed change from 0-  to 100-percent power, at a 
fixed governor speed setting.    Figure 30 illustrates the steady-state 
torque differences between engines without the load sharing control that 
were deemed possible and must be contended with.    Figure 31 defines, for 
this configuration, the effect of load sharing control proportional gain on 
the maximum steady-state torque difference between engines. 

These data indicate that a control gain in the range of 1.0 to 2. 5 would be 
quite adequate,  providing a torque difference of less than 0. 5 percent at 
maximum power and less than 2. 0 percent at low power.    (The control 
gain is defined herein as the ratio of power turbine governor speed setting 
trim to torque   error (AN9 trim/AQ error),  in units of percent/percent.) 
Higher control gains are not desirable,  since they would make the load 
sharing control loop more sensitive to sensor or control    noise,     hys- 
teresis,  and/or lags.    For this reason,   the gain should be as low as pos- 
sible to be consistent with the required torque balancing accuracy. 

The power turbine governor trim authority limit is required,   as pre- 
viously explained,  to provide a limit on the authorit\ of the load sharing 
control.    This trim authority should be maintained at a minimum consis- 
tent with the requirements for load sharing control.    I'lgure 32 defines 
the effect of encountering the power turbine governor trim limit on tin 
steady-state torque difference,   based on the previousK defined guv« i ning 
configuration.    These data indicate that a trim (AN.; trim) authority  oi 2. 1 
percent is required so tluit it will not interfere with the load sharing con- 
trol,   which is based on a control gain in the 1. 0 to 2. ij range.    A lower 
authority limit is not desirable since its action would effectively limit the 
load sharing control,   causing large torque differences at low-power condi- 
tions.    For example,  a 1.5-percent trim limit would result in a torque dif- 
ference of greater- than 10 percent when operating with a 23-percent load. 
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Figure 31.   Effect of Load Sharing Control Gain On The 
Steady-State Torque Unbalance. 

The data in Figures .'^ 1 and 32 are for the governor configuration illustrated 
by Figure 33.    If a governor of a different design gain (steady-state droop) 
is employed,  the required load sharing control gain and governor trim 
limits may he somewhat different. 

In an autorotative (zero net torque) condition,  all engines will be operated 
at zero torque, and decoupled from the helicopter transmission-rotor sys- 
tem.   In this condition, the load sharing control will automatically select 
zero governor trim on all engines because of the zero torque difference. 
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The result will be that each power turbine governor will be individually 
controlled and governed at slightly different speeds, depending on the 
differences between the systems.    For example, the four-engine system 
that was simulated would result in the following power turbine speeds 
when decoupled and governing: 
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Engine Number 

1 
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4 

N2 (Perce nt) 
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98. 5 

101. i 
99. 5 

The result will be approximately a 3-percent maximum difference between 
turbine speeds when operating with all engines decoupled.    This operation 
should be quite satisfactory. 

Stability 

The stability of the individual governor system was evaluated, utilizing 
the muitiengine power system simulation.   This involved imposing a step 
change at different power levels    and observing the system response in 
terms of engine torque(s) and helicopter rotor speed. 

The governor system design data (gains and dynamics) employed in this 
evaluation were those established by the Bode and analog linearized sta- 
bility analyses conducted in the section on Evaluation of Power Turbine 
Governing Modes.   The stability investigation utilizing the nonlinearized 
(full scale) simulation demonstrates that in a muitiengine system the con- 
trol system design selected is stable throughout the power range, with or 
without the load sharing control in operation.   No significant difference in 
the stability performance was found between a two-, three-,   or four- 
engine power system configuration, or with one engine in the system shut 
down or at ground idle. 

Figure 34 presents the stabilization characteristics of a four-engine sys- 
tem    when subjected to the step load changes.    On a 91- to 100-percent 
torque load change, the system indicates stabilization after one undershoot 
and overshoot in rotor speed, with or without the load sharing control op- 
erative.    This characteristic is indicative of a well damped governing 
system.    The resulting engine torque characteristic also indicates that the 
torsional excitation associated with a step collective lever load change is 
not supported by the engines (control system).    They are dissipated by the 
inertiai and aerodynamic damping. 

Similarly,  on a torque load change from 16 percent down to 12 percent, the 
rotor speed stabilization occurs after one overshoot and undershoot.    In 
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this case,  the torsional excitation is initially evident in terms of engine 
torque because of the very low aerodynamic damping but, again, is dis- 
sipated because the control system does not support the torsional.   At 
this low power condition with the load sharing control inoperative, the 
number one engine decoupled because of the dif't   >   ices between governor 
settings and gains. 

Stability checks were also made with three- and two-engine configurations, 
indicating that there is no discernible difference in their dynamic charac- 
teristics and those of the four-engine system. 

A four-engine configuration with one engine shut down and a two-engine 
system with one engine shut down were investigated and found to be stable. 
These runs indicated two overshoots and one undershoot in stabilizing, 
again performing like a well damped system. 

With the load sharing control in effect, a .slightly higher rotor speed (1 
percent or less) occurs at stabilization, as compared to the case without 
load sharing.   This is due to the load sharing control trimming action on 
the power turbine governor and the large difference between controls 
(settings and gains) that is employed in the simulation.   (This effect is 
overemphasized in Figure 34 due to the expanded speed scale.) 

Figure 35 illustrates the stability in governing when the power turbines 
decouple from the helicopter rotor system (autorotation),  with and without 
the load sharing control operating.    These data indicate that the power 
turbine speed governing stability would be very good.    In the decoupled 
condition, the torquemeter would sense zero torque on all engines and   would 
provide no load sharing action (zero governor trim).   This is the reason 
why the power turbine stabilization speeds are the same for the load shar- 
ing control operative or inoperative.    The effect of the load sharing control 
is indicated in the speed at which decoupling occurred in the transient. 

Power Transients 

The transient response and performance of the individual governor system 
were evaluated, utilizing the multiengine simulation.    This consisted of 
imposing different types of collective lever load changes on the system 
and of observing the power system performance in terms of engine torque(s) 
and rotor speed.   Torque is of importance since it indicates the load shar- 
ing during power transients.    Rotor speed provides an indication of the 
multiengine system's overall transient performance, indicating its quality 
of rotor speed control. 
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The load transient evaluation indicated that the governor and load sharing 
control designs were satisfactory.   This evaluation included transients 
with and without the load sharing control in operation,  with different load 
sharing control gains and dynamics,  with different load changes and change 
rates, and with different numbers of engines in the system. 

The control system configuration employed in this evaluation utilizes the 
fuel flow/compressor discharge pressure with lagged reset gain power 
turbine governor mode.    The steady-state gain was one which would re- 
sult in a 5-percent power turbine speed change from maximum power to 
zero at a constant power turbine lever angle.    Collective lever-power 
turbine lever coordination was employed to effectively provide steady-state 
governing to a constant power-turbine speed through the power range. 

Table XI summarizes the transient performance characteristics of this 
system.   Transients over other power ranges were also investigated,  but 
the 23- to 100-percent load range was selected for the comparative evalu- 
ations as being typical.    Configuration A in Table XI defines the transient 
response capabilities of the basic helicopter rotor system and engine de- 
sign employed in the analysis, excluding the effects of the governing con- 
trol system.    These data are defined herein to provide a base line to en- 
able evaluation of the control system effects. 

Table XI indicates that the governing and load sharing control system has 
very little effect on the maximum transient rotor speed droop during an in- 
crease load transient.    This is because the collective-power turbine lever 
coordination effectively provides anticipation, forcing the fuel flow to be 
increased to the extent that the acceleration fuel Innit schedule regu- 
lates the engine performance through the major portion of the transient. 
The load sharing control design can increase the power turbine governor 
setting (fuel flow)    but cannot reduce the speed setting.    Therefore,  it 
cannot reduce the fuel flow below the acceleration schedule. 

The governing-load sharing control system design can affect the peak tran- 
sient rotor speed which occurs on a decreased load transient.    This is be- 
cause the deceleration fuel limit schedule of the engine and gas producer 
control employed in the analysis is very low relative to the gas producer 
steady-state required  to  run.    The collective lever effect with coordina- 
tion alone will not provide a fuel flo.v  reduction large enough to cause op- 
eration on the deceleration schedule over the complete deceleration.    The 
result is that during part of the deceleration, the power turbine governor 
affects the engine fuel flow.    Because of this, and the fact that the load 
sharing control can affect the govPrnor setting, the design values in the 
governing-load sharing control system affect the transient overspeeding. 
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j                                                           TABLE XI                                                              | 

|                     TRANSIENT PERFORMANCE CHARACTERISTICS 

1                             Kngine — Control 
1                     Sy.st«.'m Configurations 

Percent Transient Rotor Speed  [ 
Change With a One-Second       | 

Load Torque Change             1 

100 To 23 
Percent 

|         23 To 100   1 
i           Percent    1 

1 Cnginc 
1 Systems 
1 Identical 

Kxcluding All 
Governor Effects           \ 2.3 -8.0          1 

With 
Governor 

| T r so. 5         B :L8 

-8.3         I 

1 

Tr=(). 1              C 2.4 

1   With engine 
j   system differences 

With 
load 
sharing 
control 

rQ.0 05 
Tr«0. 5 

4.5 

TQs2-0       F 
Tr=0.5         ,J 4.0 

TQ»0.05 

Tr--0. 10        r       i 3.2 

TQs2-0       G 
Tr-0. 1 

2.8 

Where:                                                                                                                                                  1 

T r  s Lagged Gain Reset Time Constant of Power Turbine Governor                       i 
T „ = Load Sharing Control Lag Time Constant                                                               1 

Configuration A in Table XI defines the ultimate capability of the engine 
and rotor system as limiting the transient rotor overspeed to 2.3 percent. 
This is based on the fuel flow being regulated by the deceleration fuel 
limit schedule during the major portion of the transient, with the gover- 
nor(s) and load sharing control not affecting the deceleration rates.   All 
engines and control systems are identical in their scheduling and dynamic 
performance. 

Configurations B and C in Table XI include the effects of the power turbine 
governor, indicating a peak rotor overspeed of 3. 8 and 2.4 percent for 
power turbine governor lag reset gain time constants of 0. 5 and 0. 1 sec- 
ond, respectively.    This is the range of time constants determined by the 
nonlinear stability analysis to be satisfactory with regard to torsional ex- 
citations and low frequency governing stability.   These configurations 
have identical engines and control systems. 
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Configurations D,   K,  F, and G in Table XI include engine control system 
differences with the load sharing control operative,  illustrating the ef- 
fects of governor and/or load sharing control dynamics.    As indicated by 
these data,  the peak transient rotor speed can be reduced with the low 
governor lag and high load sharing control lag (Configuration G).    How- 
ever,  associated with the high load sharing control lag time constant is a 
larger torque difference between engines,  which persists for several sec- 
onds.   This is because a load sharing control lag of 2 seconds effectively 
prevents the load sharing control from functioning during the transient. 

A more desirable compromise would be Configuration F, which has a low 
governor reset lag and a low load sharing control lag. This would result 
in a transient overspeed peak of 3c 2 percent, with close torque balancing 
during the transient. 

' 

Transients Without Load Sharing 

Figure 33 illustrates the resulting computer simulation transient perfor- 
mance for a four-engine system with the closed-loop load sharing control 
not operating (Configuration C).   These data indicate the magnitude of the 
torque difference between engines that could occur.    Except for the large 
torque differences,  the transient performance and stabilization are shown 
to be quite satisfactory.   Because of the large load sharing unbalance in 
the transient caused by a net load change from 100 to 23 percent (in 1 
second), the Number 1 engine momentarily decoupled (zero torque) and 
then recoupled to become a part of the power generating system when 
stabilized.    The small steady-state rotor speed change with power level, 
which is indicated,   is due to an imperfect lever coordination schedule. 

Transients With Load Sharing Control 

Figure 36 defines the performance of a four-engine system with the load 
sharing control operating,  illustrating the improvement in engine power 
balancing that could be obtained over the operation without the control 
(Figure 33).    The width of the torque line represents the maximum torque 
difference between the engines.    Transients A and C are for load changes 
in 1 second,   while R and D define the performance for load changes in 3 
seconds.    The resulting transient response and stabilization characteris- 
tics are quite salisfactory. 
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Effect Of Two-,  Three-, or Four-Engine System 

The transient performance evaluation indicated that there is no discernible 
difference in the performance of a two-,  three-,  or four-engine system 
when the same control design and appropriate helicopter rotor system are 
used. 

Effect Of Load Sharing Control Gain 

Figure 37 illustrates the effect of load sharing control gain on the system 
performance with load changes.   These data cover the range of load shar- 
ing control gains (AN2 trim/AQ error equals 1. 0 to 2. 5 percent per percent) 
that were determined to be desirable.    The transient performance with 
the different control gains is quite satisfactory and nearly identical, ex- 
cept for the somewhat larger torque difference that occurs with the low 
gain control. 

Effect Of Load Sharing Control Dynamics 

There is no significant effect of load sharing control dynamics on the tran- 
sient performance with rapid load increase.    This is true even for the 
cases where one engine is a slow accelerator or a low power engine. 
This is primarily due to the fact that the significant portion of the tran- 
sient is limited by the gas producer control acceleration schedule (be- 
cause of the rotor underspeeding and collective-power turbine lever co- 
ordination), and not by the power turbine governor.   The load sharing 
action, therefore, does not affect the engine operation until the gas pro- 
ducer acceleration has been essentially completed.   The load sharing con- 
trol dynamics can affect the time to stabilize at the steady-state torque 
balance, but control lags (time constants) of 0.05 to 2.0 seconds were in- 
vestigated and determined to be satisfactory. 

Load sharing control dynamics affect the transient performance with rapid 
load reductions, especially if the open-loop torque unbalance of the system 
is large and/or an engine is a slow decelerator.    Figure 38 defines the 
effects of load sharing control lag time constant on the maximum torque 
difference and rotor speed during the transient.   By increasing the lag to 
2.0 seconds (or greater), the effect of the load sharing control action on 
the peak transient rotor speed is eliminated.   Associated with the long 
lag time constant is a larger torque difference during the transient and a 
longer time to reach the steady-state torque balance condition.   The longer 
time constant may not be warranted, considering the small improvement in 
the peak transient rotor overspeed that results, and the longer torque stab- 
ilization time. 
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Effect Of A Slow Accelerating Engine 

Figure 39 defines the four-engine and two-engine system performance with 
collective lever load changes, with one engine being slow on acceleration 
and deceleration.    On the rapid load Increase (run A), the three normal 
engines accelerated together, with no discernible difference In torques. 
The slower responding engine lagged during the powet transient,   reach- 
ing maximum torque and stabiliilng at a later time.   The slower acceler- 
ating engine had acceleration rates equal to 66 percent of those of normal 
engines.   Since the load sharing control,  by design, cannot lower the 
governor settings of the high torque engines, transient torque difference 
will occur.    This results in the maximum transient response from all en- 
gines.    Neither the power turblnn governor nor the load sharing control 
affected this transient characteristic.    Instead, the engines were limited 
by their acceleration fuel schedules (and maximum gas producer gover- 
nors). 

Figure 39 indicates a larger torque difference between engines during a 
deceleration translenl. (. i;   "' t' .n with all normal responding engines 
(Figure 37),  with a larger transient rotor speed peak.   The slower de- 
celerating engine had a deceleration rate equal to 50 percent of normal 
engines.   The larger torque difference occurs because the load sharing 
control action Is limited In Its governor trim authority and cannot com- 
pletely slow down the normal engines to match the slower decelerating 
engines.   The effect of the load sharing control on engine response Is 
small,  causing a 0. 8-percent Increase In the peak transient rotor speed. 
As previously mentioned, this effect would be eliminated with a lag time 
constant of 2. 0 seconds.   This would result In the maximum deceleration 
transient response from all engines,  but would cause an even larger torque 
difference during the transient and a longer time to reach the steady-state 
torque balance condition.   The longer lag may not be warranted because 
of the small transient performance Improvement that It affords. 

Effect Of One Engine Shut Down 

The transient response of four- and two-engine helicopter systems with 
one engine shut down was Investigated.    The system performance was 
satisfactory, with the obvious limitations due to the reduction In the maxi- 
mum available power.   The result Is ^hat maximum allowable helicopter 
loading (collective lever) Is less than It Is with the engine operating,  with 
the two-engine system being more adversely affected than the four-engine 
system.   This Is because the power reduction Is a larger percent of the 
total design power.    The rate of change of collective lever, however, must 
be reduced, or larger transient rotor speed excursion will occur. 
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SINGLE GOVERNOR WITH OPEN-LOOP LOAD SHARING 

The single-governor concept was investigated as a possible means of ob- 
taining satisfactory load sharing without employing a closed-loop load 
sharing control.    This could result in a system that would provide the 
desired performance characteristics v.'ith a system of minimum complexity 
and in-service maintenance. 

The evaluation of this concept has resulted in the conclusion that this con- 
cept will not result in a multiengine control system simpler than the in- 
dividual governor-closed-loop load sharing control concept.    This is be- 
cause of the necessity for employing additional control functions to cor- 
rect certain characteristic deficiencies of the single-governor concept. 
The load sharing accuracy, therefore,  would not be as good. 

Multiengine Performance 

The major contributors to the power unbalancing were determined to be in 
the power turbine governor,  i. e. ,  the governor speed set point and the 
gain.   In the single governor concept,  one power turbine governor would 
be used to operate all gas producer controls equally and simultaneously. 
This would result in open-loop load sharing accuracy improvement to an 
acceptable level.    As previously shown,  the steady-state load sharing 
accuracy analysis indicated that the maximum power difference of the 
single governor concept would be 11.5 percent compared to 38 percent 
for individual governors without a load sharing control and 2 percent for 
individual governors with a load sharing control. 

The single-governor system was included in the multiengine power system 
evaluation to allow investigation of its dynamic performance.    Figure 40 
illustrates the control system differences that were employed.    The Num- 
ber 1 pngine was selected to provide the governor signal. 

Collective lever transient runs were made,  with the conclusion that on the 
23 to 100 percent and 100 to 23 percent load transients,  this system per- 
formed satisfactorily.    The resulting transient data were very similar to 
an Individual governor-closed-loop load sharing control system with a very 
low gain load sharing control (AN2 Trim/AQ Error  <0.2). 

Decoupled Operation 

Transients were also run from high power levels into the zero horsepower 
(autorotation) condition.    These transients indicated a shortcoming of this 

99 



■■■■■■ 

lOO-i 

u 
& 
I 
§■ 

50- 

c 
o 

I 
0. 
Q 
O 

90 

nn 

\ 
^ 

\ ÖU 

70 

60 

^ 

^ 
sEngine No. 1 

V   /          1 

■in 

No. 4- 
No. 2- 

^No. 3 

40 

-^ 

^ 

100 101 102 103 104 

Power Turbine Speed—Percent 
105 106 

Figure 40.   Assumed Control Characteristics With A Single Governor. 

concept because the different engines do not reach zero power at the sam'- 
turbine speed.   The problem is associated with engines decoupling at 
different load conditions because of unequal load sharing and operating at 
a different power turbine speed.    The result of this would be either an 
inability to obtain a normal power reduction when necessary or engine: 
operating at conditions from which they may not be able to recovc"   • 
demand (or possibly gas producer bogdown). 

iinon 

As was previoubly explained,  the single governor com ept utilizes one 
governor to reset the individual gas producer controls equally and simul- 
taneously.    This eliminates the effect of power turbine governor production 
variations and collective reset errors on load sharing.    However,  there 
would still be som.- unbalance with this open-loop load sharing concept he- 
cause of the variations among the individual gas producer controls in 
metering fuel in response to the power turbine governor signal.    An ex- 
planation of this effect is presented in the following paragraphs for a two- 
engine configuration to simplify the presentation; however,   it is also true 
for three- and four-engine configurations. 
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The inability to obtain a normal power rerluttion to zero would OIU-IT when 
the single power turbine governor is driven by the engine which 'i?,'   a 
lean gas producer control (Figure 41).    In this ease    the lean en^'   • 
would reach zero power,  derouple, and stabilize ;it constant pnw*      urbine 
speed (point A).    The rich engine would be producing over 10 percent 
power (point B) at the time the governing engine decoupled and would re- 
ceive no further signal change to effect the required reduction in fuel flow 
to obtain zero power.    Instead,  the rich engine would not reach zero power 
until a turbine (and helicopter rotor) speed of over 110 percent was reached 
(point C). 
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The potential of driving a gas producer rotor to a low speed from which 
recovery may not be possible would occur if the single power turbine 
governor was driven by the engine which employed the rich gas producer 
control (Figure 42).    Because of the rich control,  this engine would re- 
quire more trim action by the governor (more power turbine speed change) 
to reach zero power (point A) than is required for the lean engine (point B). 
This governor action would then cause the lean engine to receive a lower- 
than-necessary fuel flow,  resulting in a very low gas producer speed and 
a reduced power turbine speed (point C).    Depending on the specific magni- 
tudes of the control differences and the characteristics of an engine,  this 
could result in the lean engine being operated at a fuel flow (or gas pro- 
ducer speed) so low as to prohibit power recovery on demand. 
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Several possible solutions for alleviating this zero power problem were 
evaluated.   One was to rig the controls in the aircraft so that the engines 
would be perfectly matched at the low power condition, thereby achieving 
simultaneous decoupling of all engines.   This would result in an unequal 
load sharing at high powers, with a power difference between engines of 
up to 12 percent.    This power unbalance at high power would not be ac- 
ceptable and thus is not an acceptable solution. 

Another approach investigated was to provide a gas producer underspeed 
governor function in each fuel control to prevent the power turbine gover- 
nor from driving any engine speed too low.    This approach is fundamen- 
tally satisfactory,  but an additional function in the gas producer control 
would be required.    This approach will not provide protection when the 
controlling governor is on the lean engine. 

Another approach considered would involve mounting the power turbine 
governor on the helicopter transmission downstream of the overrunning 
clutches.   Along with this,  gas producer underspeed governors would also 
be required.   This would then prevent the necessity for high helicopter 
rotor speeds to achieve zero net power (lean engine system),  and prevent 
bogdown of gas producers (rich engine system or with helicopter rotor 
overspeed in autorotation).   This system would then function satisfactorily 
for all normal conditions. 

Failure Considerations 

The overall system reliability, as related to the multiengine helicopter 
operation, would be greatly compromised by employing a single trans- 
mission mounted governor.   A normal advantage of a multiengine helicop- 
ter, over a single engine design, is related to the ability to continue 
flight operation with a malfunction of a single engine (or control system). 
With a single transmission driven governor,  the engine power control 
system would continue to function satisfactorily in the event of a malfunc- 
tion of an engine or gas producer control.   However, if the power turbine 
governor were to malfunction, the control of power on all engines would be 
lost.   To obtain reliability similar to that of the individual governor con- 
cept, more than one transmission mounted power turbine governor must 
be employed.   A special governor malfunction detection device would also 
be required to automatically change the controlling governor when neces- 
sary.   The result would be a system as complex as,  or more complex 
than, that of the concept of using individual governors with closed-loop 
load sharing. 
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AUTOMATIC POVVEK RECOVERY WITH AN ENGINE OUT 

The gas turbine engines for the multiongine helicopter will provide an 
emergency power level that is higher than the normal maximum operating 
power level (military).    The control system design will be such that the 
engine operation will be automatically limited to military power during 
normal operation.    To obtain emergency power capability,  the controls 
must be reset by a command signal. 

One of the main reasons for providing an emergency power rating in the 
multiengine helicopter is to enable safe operation and recovery of the 
aircraft with a loss of power from one of the engines while in a critical 
flight mode.    Because of the necessity for the pilot to devote his attention 
to flying the aircraft when in this mode, the lag associated with his de- 
tection of the occurrence of a malfunction and the determination and initi- 
ation of the corrective action required would be too great to enable safe 
recovery.    This is especially true when considering systems of more 
than two   engines or when considering a malfunction while the engines are 
undergoing power transients. 

An automatic malfunction detector was investigated as a means for pro- 
viding an early warning of the malfunction and initiating corrective action. 

Malfunction Detector 

Requirements 

The basic requirements are that the system must delect and signal the 
occurrence of an engine malfunction.   The time lapse between the oceur- 
rence of the malfunction and the generation of the signal must be small. 

Some of the specific conditions for which proper functioning arc requieeci 
are as follows: 

• In gross engine power transients 
• At all power levels 
• When turbine temperature is limited or gas producer speed is limited 
• With any engine shut off or at ground idle 
• With normal engine performance differences 
• Throughout the normal rang" of ambient conditions 
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Parameter and Mode 

The performance and operation analyses indicated that the detector should 
utilize the engine parametcc gas producer speed, analyzing the speed dif- 
ferentia) between engines to determine the occurrence of a malfunction. 
If the differential between the highest and the lowest speed engines ex- 
ceeds a predetermined value (possibly 5 percent), a malfunction would be 
signaled.    This concept was selected because it would meet the defined 
requirements and was not complex. 

The original functional design evaluation included combined gas producer 
speed differential and engine torque differential logic circuits.    The torque 
circuit was included because it was recognized that it would provide an 
early indication of flameout at high power.    Engine testing conducted at 
Allison on a free-turbine engine showed that after a flameout at a high 
power level, the torque signal will rapidly decrease 40 percent prior to 
any gas producer speed change.    However,   the results of dynamic studies 
of this design indicated that the torque signal mode and the gas producer 
speed mode reaction time differences are insignificant.    This is because 
the initial gas producer deceleration rate is very high at flameout.   with a 
7 percent speed reduction occurring in less than 0.2 second.    The effect of 
this small time delay in selecting Emergency power is insignificant in 
terms of transient speed droop of the helicopter rotor.    Torque differential 
clone is a good indication of flameouts or other failures at high power but 
is not satisfactory in the very low power range (zero horsepower).    The 
difference between a normal operating engine and a flameout (or gas pro- 
ducer bogdown) at low power would not be discernable.    Also,  the torque 
paramater is not good when considering altitude operation.    Therefore, 
the added complexity of a torque-sensitive subcircuit is not warranted. 

Design 

Figure 43 is a schematic of an electronic malfunction detector design. 
An electronic design was selected as the optimum approach because of 
the necessity of sensing all gas producer speeds,  the type of logic asso- 
ciated in the detector,  the detection response desired, and ♦he type of out- 
put signal required.    This component receives gas producer speed signals 
from all t ngines,  discriminates to select the highest as a reference,  and 
then compares each speed signal to the reference.   If any differential 
is greater than the predetermined safe value,   the detector would indicate 
a failed condition. 
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This specific design approach was selected to facilitate operation with 
an engine(s) purposely shut down or operating at ground idle.    Condition 
lever override signals are provided to deactivate portions of the computer 
in the event an engine is shut clown by the pilot so that the malfunction 
signal is not generated. 

Speed Differential Setting 

The multiengine simulation was employed to evaluate the malfunction de- 
tector design,   with and without :he load sharing control in operation.    The 
individual governor concept was utilized in the analysis to determine the 
speed differential setting required to prevent inadvertent operation of the 
detector during normal conditions.    Table XII indicates the maximum gas 
producer speed differences (AN^) that occurred. 

TABLE XII 

1                     MAXIMUM GAS PRODUCER SPEED DIFFERENCES. 

Engine Response Load Sharing Control          Maximum    Nj (Percent) 

All Normal OFF                                           7.2 
Number 1 Slow OFF                                           8.4 

All Normal ON                                              2.8 
[Number 1 Slow ON                                                4.8 

The low engine in this simulation had gas producer rotor response rates 
one-half as fast as the normal engine.   Table XII indicates that a 5-percent 
setting would be satisfactory with the load sharing control operating; with 
the load sharing control off, an 8. 5-percent setting would be required. 
Since normal operation would be with the load sharing control functioning, 
it would not be desirable to compromise the malfunction detector for the 
other case (load sharing off).    A speed differential setting of 5 percent 
would then be employed.    The selection circuit design would be arranged 
so that the malfunction detector would be armed only when the load sharing 
control is in operation. 

Power Recovery Capability 

As previously indicated,  the malfunction detector signal would be utilized 
to reset all gas producer controls to enable emergency power operation. 
This would then allow the power turbine governors of the operating engines 
to increase their power levels as required to compensate for the engine 
failure. 
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Analysis of the performance of this system during an engine failure indi- 
cated that a shift (reduction) in governed speed would occur.   This is be- 
cause the collective-power turbine lever coordination schedule is based 
on power being provided by all engines.   The magnitude of the speed shift 
(ANr) with an engine out is dependent upon the steady-state governor gain 
and the number of engines normally in the system.    These data for a gov- 
ernor gain equivalent to 5 percent speed droop from zero to maximum 
power (at a constant power turbine governor lever position) are as follows; 

Syster   Design 
ANr With 

Engine Out (Percent) 

4 engines 
3 engines 
2 engines 

1.25 
1.67 
2.5 

The speed shift is largest for the system design of two engines because 
the percentage of power change when an engine fails is largest. 

The speed shift could be trimmed manually, with the pilot resetting the 
collective power turbine governor lever scheduling.    An alternate approach 
would be to employ the malfunction detector signal to reset the power tur- 
bine governor(s) at the same time it resets the gas producer control. 
Figure 44 illustrates the performance of a four-engine system with and 
without the power turbine governor reset.   The effect of the reset is il- 
lustrated as a reduction in transient speed droop and the elimination of the 
shift in governed speed.    Because of the small transient performance im- 
provement and the associated added complexity,   resetting of the power 
turbine governors by the malfunction detector does not appear warranted. 
Manual trim of the governor setting, for this failure condition   should be 
satisfactory. 

^ With Governor 
Reset 

2 o 

Without 
Governor 
Reset 

2      3     4 
Time—Seconds 

Figure 44.   Effect of Malfunction Detector Reset of Power 
Turbine Governor With an Engine Failure. 
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CONSTANT SPKKI) COMTKOI. 

Two methods of providing constant rotor speed operation of the mutli- 
englne helicopter wei-e evaluated; i.e.,  collective-power turbine lever 
coordination and isochronous governing.   The collective-coordinated con- 
cepv is the conventional one where the power turbine governor lever is 
varied as a function of the collective lever position to prevent the speed 
change due to load change normally associated with the proportional gov- 
ernor.    The isochronous governor utilizes the sensed speed error signal 
to trim the proportional governor,  providing a proportional-plus-integral 
characteristic. 

The collective-coordinated method is recognized as not being precise,   but 
as being an open-loop approach.    In the multiengine system,   the mechanisms 
required to provide the coordination may ;.lso be complex.    For these 
reasons,  the evaluation of the isochronous design was conducted. 

The collective-coordinated method should provide satisfactory steady-state 
speed control; and it is considered to be desirable with regard to collec- 
tive lever transients.    Some manual trimming may be required. 

The isochronous (integrating) governor would result in poor transient re- 
sponse to load changes. 

The integrating governor could be employed along with collective lever co- 
ordination of the proportional governors,  but would not appear warranted 
when considering the added design complexity. 

Collective Coordinated 

A specific collective lever position does not require ;i specific power at 
all operating conditions,   because the power- required varies with 
the ambient and with the vertical    and horizontal velocities.    The power re- 
qui.ed is also affected by the cyclic action and the tail  rotor.    A speed 
governing accuracy study indicated that the rotor speed variation during a 
typical operation could be as large as 2 percent .\ ith this approach.    As a 
result,   occasional manual trimming (beeping) of the governor settings 
would be required of the pilot. 

In the multiengine system,  the coordination scheduling,   if base.I on ail 
engines operating,   would not be correct with an engine off.    It Mus Upe 
of operation is to be conventional,   it must receive spec ml attention in the 
design of the coordination schedule to minimize the i equired manual 
trimming by the pilot. 
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A desirable characteristic provided In collective coordination is the lead 
or anticipation signal to the power turbine governor on collective changes. 
This    in effect,   initiates an engine power change (fuel flow change) at the 
same time that the load change is being made,   minimizing the transient 
rotor speed excursions. 

Isochronous Governor 

The isochronous governor investigated was an integrating type employed 
in conjunction with the proportional power turbine governor,  resetting 
the speed reference to trim the speed error steady state.    The propor- 
tional governor mode is the fuel flow/compressor discharge pressure with 
lagged gain reset.    With the individual governor concept,  all engines 
cannot employ isochronous governors,  because of the inherent inability of 
isochronous governors to share the load in a power system that is mechan- 
ically coupled.    This is because all governors would not be identical in the 
speed sensing and speed reference settings.    The result would be instability 
due to the tendency of the governors to effect a full range power change for 
a very slight speed error. 

An isochronous design was evaluated where one integrating governor was 
employed to trim all proportional governors equally and simultaneously. 
Figure 45 presents the stabilizing characteristics in response to step 
load change at high power and at low power,   indicating the effect of the in- 
tegrator gain.    These data indicate that an integrator gain (AN2 set/At/AN2 
error, percent/second/percent) of between 0. 5 and 1.0 would be required. 

P »rformance Comparison 

Figure 46 is a comparison of the transient characteristics of the collective 
coordinated and the isochronous systems for a 1-second load increase and 
decrease.    These data indicate that the isochronous design is less respon- 
sive than the cojective-coordinated design because of the lack of a lead 
signal.    The result is a much larger transient rotor speed overshoot and 
a longer stabilization time following a rapid reduction of rotor collective 
pitch,  when compared with the collective coordinated concept.    It is antic- 
ipated that the rotor system would not be able to tolerate this type of over- 
speeding. 

The data presented are for an isochronous governor with a 1.0 percent/ 
second/percent integrator gain.    The transient rotor speed excursions 
and stabilization times would be even larger with a 0. 5 gain. 
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Figure 45.   Isochronous Stability—With Load Sharing. 

112 



One-Second Load Change- 
23 to 100 Percent 

Time—Seconds 

One-Second Load Change- 
100 to 23 Percent 

6 8 

Time—Seconds 

Figure 46.   Transient Response Comparison of the Isochronous 
Governor With the Collective Coordinated Design. 
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An alternative would be to employ both the collective-coordinated concept 
and the isochronous governor.   This would provide the maximum in tran- 
sient response plus zero error when governing.    This added complexity 
does not appear to be warranted,  considering the small steady-state speed 
variation involved with the coordinated system and the ability of the pilot 
to correct this by manual trim. 
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GENERATION OF A POWER SYSTEM 

A multiengino power system simulation was made lor- use in the analysis 
of control system dynamic performance.    This was ;i nonlinearized repre- 
sentation of the engine,  helicopter rotor system,  and controls.    A digital 
computer program was utilized to simulate the power syst( rn  model. 

The following paragraphs describe the simulation model and the computer 
program that was developed. 

ENGINE 

The Allison Mode] r)ül-M34 free turbine engine was simulated.    It hap a 
rated power of 5270 shaft horsepower.    The engine develops rated power 
at 100 percent gas producer speed and zero power at approximately 80 per 
cent gas producer speed when the power turbine speed is 100 percent. 

The trans'ent capabilities of the engine are 3 seconds to accelerate from 
zero to rated power and 2 seconds to decelerate from rated to zero power. 

The engine was represented in the simulation in terms of nonlinearized 
maps that define the gas producer and the power turbine performance. 
The maps employed were as follows: 

# Gas producer rotor acceleration rate as a function of fuel flow and 
gas producer speed 

# Shaft horsepower as a function of fuel flow,  gas producer speed, and 
power turbine speed 

# Compressor discharge pressure as a function of fuel flow and gas 
producer speed 

ROTOR SYSTEM 

The helictpler rotor system simulated was based on information obtained 
from helicopter companies (Sikorsky Aircraft,  Lockheed Aircraft,  and 
lioeing Vertol)      Figure 47 illustrates the configuration. 

For configurations involving less than lour engines,   only the appropriate 
power turbines and turquemetcrs were employed.    The helicopter trans' 
mission,   mast shall,  and rotor were scaled according to the number of 
engines in the design Iving evaluated. 
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Figure 47.   Rotor System Configuration. 

Data defining the rotor system that was utilized are presented in the follow- 
ing paragraphs.    The system torsional natural frequency is approximately 
3 cycles per second.   The rotor load was defined to be 5270 shaft horse- 
power at 45 degrees collective lever (CD at 100-percent rotor speed.   The 
rotor power varies in proportion to the rotor speed cubed.   At zero collec- 
tive lever, the rotor load is zero (an in-flight condition assumed).    A linear 
load variation with collective between 0 and 45 degrees was provided. 
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Although the rotor system model was simplified over that of an actual 
helicopter rotor, it was adequate for the coordinated control system dyna- 
mic studies. 

Helicopter Rotor 

• 100% Nr = 150 rpm 
• Design SHP = 5270 X number of engines 
• Ir (Reference 150 r. p. m.) = 33, 000 slug-square feet X number of 

engines 

Helicopter Mast Shaft 

• Ks (Reference 150 rpm)   =   1, 800,000 foot-pounds/radian X number 
of engines 

Helicopter Transmission 

• ^RANS (Reference 150 rpm) = 1650 slug-square feet X number of 
engines 

Engine Torquemeter Shafts 

• Krpj^j (Reference 13, 820 rpm) = 21,417 foot-pounds/radian (one per 
engine 

Engine Power Turbines 

• 100% NpT = 13, 820 rpm 
• Ip-p (Referenced 13. 820 rpm) = 0. 5 slug-square feet (one per engine) 

CONTROL SYSTEM 

A choice of several different control system combinations was provided 
in the simulation.   The different options that could be simulated are as 
follows: 

• Single power turbine governor with control differences 
• Individual power turbine governors with control differences 
• Individual governors, all identical 
• Collective lever coordination 
• Isochronous governing 
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• Proportional power turbine governor with lagged gain reset 
• Proportional power turbine governor without lagged gain reset 
• With load sharing control operating 
• Without load sharing control operating 
• Load sharing control design with highest torque as reference 
• Malfunction detector on with power turbine governor reset capability 
• Malfunction detector off without power turbine governor reset 

capability 

The gas producer control is a functional design which is similar to Figure 
17.    This design provides an acceleration and deceleration fuel schedule 
and gas producer governor settings for ground idle,  military,  and emer- 
gency power operation.   The acceleration and deceleration schedules are 
provided as tables in the simulation.    The gas producer governor is de- 
fined as a speed set point and a gain.    Dynamic first-order lags are em- 
ployed on the gas producer speed sensor and the fuel metering valve, 
typical of a hydromechanical fuel control. 

The power turbine governor is basically a proportional governor with a 
lagged gain reset (Figure 1).    The governor is defined as a speed setting 
and a forward loop proportional gain,  with a feedback gain and a feedback 
lag time constant.   By specifying certain system design values,  the forward 
loop and feedback loop gains are automatically computed within the simula- 
tion.    The governor speed setting may be affected by the collective lever, 
load sharing control,  reset feedback,   isochronous function, or malfunction 
detector.    The control difference characteristics illustrated in Figure 30 
and Figure 40 are also included in the governor simulation, affecting the 
governor gain and speed setting. 

Two load sharing controls arc provided in the simulation, differing by the 
reference parameter that is employed. In one, the reference is the maxi- 
mum engine torque, while the other is the average torque. The functional 
designs of both are similar to Figure 27. The control schedu.'ing is repre- 
sented as a gain, with limits on the governor speed trim authority allowed. 
A first-order lag function is provided in the load sharing control to repre- 
sent its dynamic characteristic. 

The malfunction detector is represented as a computation network based 
on sensing gas producer speeds and/or torques.    Using previously deter- 
mined settings ensures proper operation of this component and the detector. 
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POWER SYSTEM SIMULATION 

The multiengine power simulation is a combination of the engine,  rotor 
system,  and control system models.    This simulation has been set up to 
provide the following capabilities: 

• Operate as a two-,  three-,  or four-engine system 
• Conduct collective lever versus time transients 
• Demonstrate an engine power failure transient 
• Select idle operation of an engine 
• Select emergency operation capability for engines 
• Select OFF operation of an engine 
• Operate with closed-loop load sharing control ON or OFF 
• Operate with malfunction detector system ON or OFF" 
• Operate with engines of different steady state and/or dynamic 

performance characteristics 
• Vary certain critical control system gains for evaluation 
• Operate with single governor or individual governors 

The simulation will als^ allow operation with any of the rontrol system 
configurations previously described. 

The power system has been programmed for the IBM 7094 digital computer. 
The Source Program Listing presented herein includes the computation and 
logic that make up the multiengine power system simulation. 

The dynamic computation consists of a step calculation approach that re- 
quires no iteration loops.    Instead, the dynamic computations assume thai 
the value of the variable established in the previous calculation time period 
determines the dynamics over the next time increment, to arrive at a new 
value at the end of that time increment.   This technique provides accurate 
results because the computer time increment is made small,  making the 
difference between the previous value and the average value insignificant. 

The input parameters to this program are presented and defined herein. 
The normal values are also listed which are input datn values permanently 
stored in the program.    The input data format is also presented,   indicating 
that the normal (stored) values will be en ployed unless changed by input- 
ing new values for any variable. 

When the number of engines in the system (NENGOP) is less than four, 
zeros will be printed in the columns for engines not being employed.    The 
theta printed out is the rotor mast shaft twist m radians. 



PROGRAM INPUT PARAMETERS 

CL vs TIME        Four-point Input table with fir st-order interpolation. 
Minimum CL is 0. 0.    Maximum CL is 4n. 0.    Time is in 
seconds. 

NENGOP 

SSDRP 

DYNDRP 

NCT 

CMPDT 

WRITDT 

FNLTME 

TM1DL 

EMGTM 

IEMD 

QE 

Integer Number, number of engines in the system design. 
Normally 4. 

Power turbine governor steady-state design droop from 
zero to max HP.    Percent AN,.   Normally 5 percent. 

Power turbine governor design droop with no dynamic 
reset,  from zero to max HP.    Percent AN2.    Normally 
10 percent. 

Integer Number, governor concept and control tolerance 
selection.    Normally 1. 

0 - Identical,  individual governors 
1 - Individual governors with tolerances 
2 - Single governor with tolerances 

Compute time increment, in seconds.    Norn-,ally 0. 02. 

Print time increment, in seconds.    Normally 0. 1. 

Final time for calculation, in seconds.    Normally 15.0. 

Time which, when exceeded. Number 1 engine selects 
ground idle,  in seconds.   Normally 100.0. 

Time which,  when exceeded, emergency power capability 
is selected on all engines, in seconds.   Normally 100.0. 

Integer Number.   Malfunction detector selector key. 
Normally 1. 

0 - Detector is operative 
1 - Detector is OFF 

Malfunction detector torque difference setting factoi 
(pound-feet).   Normally 4000. 0. 
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RN2MD 

DNE 

IISC 

Power turbine governor speed setting reset by malfunction 
detector to provide lead.    (Percent N2).   Normally 175. 0, 

Malfunction detector N, difference setting factor (%). 
Normally 7. 5. 

Integer Number.    Load sharing control selector key. 
Normally 0. 

0 - Control is operative 
1 - Control is OFF 

GN2LS 

FMXDN2 

TAUQ 

Load sharing control gain (AN2 Set/AQ,  rpm/pound- 
feet).    Normally 7.0. 

Maximum power turbine governor speed reset of load 
sharing control (rpm).    Normally 290. 0. 

Time constant of load sharing control, seconds.    Normally 
0.05. 

TAUR Power turbine governor reset lag, in seconds.    Normally 
0.2. 

ERM 

EPD 

FAIL 

GINTEG 

Transient response multiplier on engine Number 1,  multi- 
plier on Nj acceleration.   Unltless.   Normally 1.0. 

SHP differential factor on engine Number 1,  added to en- 
gine shaft horsepower.   Normally 0. 

Time for failure of Number 1 engine, In seconds.   Normally 
100.0. 

APTL/At 
Isochronous governor Integrator gain (      Tjg . 
degrees/second/r. p. m.).    Normally 0. * 
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MULTIENGINE HELICOPTER LOAD SHARING SIMULATION 
INPUT DATA FORMAT 
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SOURCE PROGRAM PRINTOUT 

DIMENSION   TITLEIlSltWFCDPXi 15 I .HPVIUSI vHMl 191 .MFMETVm vHM2f 121 
lfSNV(12)<HP«3i9|,PCV(9l«TNlSNSI 1 91 «WCPACyf 1)1 •WFMETXU2 I • SN1217I t 
2TNlOOT(42lv4FNTX|9l*SHPY2(63l«SHPVl(63l*SHPY3t63l«PCY2l&3ltCL(^lt 
3TIMEl«ltSNl(«lfSN2U)«Q0H(4l*Y(4l,ZU)«0N2STI«l,WFC0PU).SHPUI, 
4WPNETI«l*PCI4ltT-IQN(4),0NRSTI4),SN2GVI<»)*SNlSNS(«l«SNlSrf«l ,HP(%)f 

9DNREQ(4ltSN2STI«»«MCPN2Ulf SNEll4|(MCPNl(4lfMCPAC(4|vHFREQ(4lt 
6SN100T(«l«S-4PA(3)(SN2X(3l»0ENC(4ttSN2P(4)taQiP(4l 

NANELISr/NAH/NENGOP|SSORPtDYNORPvNCTt:HPOT*MPITDT,FNLTMEfTNIOL. 
lEMGTMtlENDt   RN2M0.0E,ONE.ILSCtGM2LS,FSXON?,TAUQtTAUR.ERH,EPD,FAIL . 
2IOUNPtGINTEG 
NAMELlST/NA^l/PTL,GTN2G.63N2G,HSTGN/NA«2/Q1R.THMR/N*H3/SJMQfHFC0P, 

lSN2tHP*MFNErfSNl«PCtQQNvTHQM.ONRST/NA»H/T|H,CLPOS«QMOLT«L."REF( 

2SNULTvKEPQfON2StDN2STvSN2GVtONREQfWFREOfSN2ST«HCPN2fSNlSN   .SNElt 
3WCPNltMCPACtSNlD0TtSHPA«SHPtQENG»QTOr«OTRAN*SNTPNt0Cl*SNNR*SNCNT 

109  FORMAT! ISAM 
101  FORNATI8E9.2I 
101  FOftHATI   65K) •••INP 

lUT   DATA*P*I 
10) PORMATI   63K) CL 

1 TINE I 
104 POPNATIA9Xt2P9.2) 
105 F0AMATa6M0 NO.OF ENGINES«! 2f 22H GOVERNOR SELECT!ON-121 33H HAL 

1FUNCTI0N DETECTOR SELECT0R«I2,33H LOAD SHARING CONTROL SELECTOR» 
2121 

PCT.OVN ORP 
ENGTM 

GN2LS 
EPO 

PCT.S.S.ORP 
TNIDL 

NE 
ERN 

COMPUTE 
RN2M0 
MAX.0N2 

FAIL 

OT MRITE 
OEI 
TAU9 

GINTEGI 

OT 

PERCENT   POWER   TURBINE   SPEED 
PERCENT   ENGINE   SHAFT   TORQUE) 

NO.* 
NO. 41 

•••OUTPU 

106  FORMAT«II5H) 
I       FINAL   THE 

10T  FORMATI 118H3 
1 TAUR 

ICt  FORMAT« 9P13. 31 
109 PORMAT1118H3     TIME    PERCENT     TNETA 

1 PERCENT   GAS  PRODUCER   SPEED 
110 P0RMAT<119H SECONDS       NR RADIANS       NO.l N0.2 NO. 3 

1         NO.l          NO.2         NO.3         N0.4         '43.1         N0.2         N0.3 
111 F0RMATC2F8.2,f8.3,l2F8.2) 
112 FORMATI    67M5 

IT   RESULTS«**! 
DATA MFCOPX/0.t2.fA.t4.36Av4.TS«5.l25t5.5«5.85t6.4v7.0f7.575*8.33t 

ie.575.9.0f l3./.HPVl/0..O..O..O..250..5OO.,8')0.,llOO..lJ>*0.,2333.3, 
23050..4150.,4575. ,5270. «5270./«.IPXIZ-SOO. .3. •75". ,1950. •2859.. 
33825.^ftSO..5275..6000./.WFMETY/485.^485..775..1251.,15D0.,23)3.• 
42350.•2610..2610./.HPX2/*500.»n..5DO.,900.«1550.,2053.,2653.. 3^50. 
5«4IOO.,4600. ,527S.,6000./,SNV/81.75,81.75,84.,85.6,88.,R9.8,91.8, 
694.4,96.4V9S..1)0..100./•HPX3/-5O0.t0.,1003.,1900.,2603.,3553., 
7420G.,5275.,6UO0./.PCY/110. tlir.flSO. ,185.,210.,240.,260. .293.. 
8290./ 

DATA  TN1SNS/78.7.80. ,81. 3,83. 3, 85.4,86. 8,93., 96. ,98., 133. ,102.1, 
lI04.,106./,iiCPACV/6.65,6.775,6.9,7.15,7.45,7.7,8.85,9.375,9.7,13., 
210.25V10.425,10.575/,WFNETX/40. V36P.,800. ,n30.,1200.,1540. ,29., 
3490.,720.,940.,1340.,1700.,100.1380.,770.,1180.,1500.,1830.,23)., 
4670«, 1320•,1740.,2180.,2560.,900., 1181.,1530.,1940.,2430. ,33S0., 
51200.,irOO.,2l75.,2600.,3200.,3800.,1800.,2240.,2600.,3290.,3733., 
64400./,TNIDOT/-1450.tO.,1900.,2 700.,350O.(«833.,-2103.,9.,1333., 
71950. •3590.,4900.,-3900*t'l750.,0.,1890.,3100.,«250.,-5250.,-3)90. 
8»0.,1800.,3590.14900.,-4250.,-3925.,-1700.,).,1750.,4125.,-539)., 
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9-)190.t-1503.•O.t2000.t3875.«-***0.f-2950.*-lS00.t0.f1539.»3*25./t 
ASNIZ/80.»81.75,85.,90.,95..100.,105./ 

DATA   WFHTX/}.,360.,480. ,770.,1320.,19^0.,2619..3200.,4200./, 
lSHPV2/-830.,-350. ,-210.tl30.,729.,12S0. ,m0.,175C.,19O. •-659., 
2-170.,0.,353.,990.,1560., 2000.,2220.,2400.,-410.,130.,309.,729., 
31430.,2090«, 2660.,3000.13380.«O.,600.«800.,1270.,2119.,2923.,3643. 

4,4ll0.,4540.,370.,1025., 1230.,1750.,2670.,3630.,4570.,5230.,5843., 
5750.,1429.,1640.,2180., 3170.»6220.,5270.,6350.,7060.,1113.,1843., 
62079.,2600.,3550. ,4610.,5650.,6550.,7950./,SHPYI/-453.,-109.,19., 
7300.,809.,1260.,1S30.,1640.V1690.,-300.,79.,210.,510.,1350.,1523., 
81880.,2050.,2250.,20.,440.,575.,900.,1490.,2353.,2540.,2893.,3353. 
9,450.,950.,UOO., 1500., 2200., 2910., 356C.,4340., 4650.,993. ,1439., 
A169C.,2d20.,2770.,3550.,4310.,4990.,5760.,1419.V193P.,2190.,2930., 
83260.,4100.,4990.,5730.«6740.,1830.,2350.,25)0.,295^.,3730.,4583., 
C5470.,6290., 7220./,SN2X/l1056.,13820.,15202./ 

DATA  SHPV3/-1300.,-710.,-530.«-100.,580.,1140., 15fn.,1639.,1649., 
1-1150.,-550.,-360.,110.«860«,1450.,186P.,2939.,2940.,-853.,-233., 
2-20.,480.,1360.,2060.,2580.,2800.,2920.,-290. ,353.,580.,1133., 
32000.,284Ü.,3620. ,4130.,6580.,220.,860.,1060.,1690.,2593.,3593., 
44550.,5310.,5410.,600.«1270.,1500.,2090.,3379.,42 20.,5359.,6273., 
57970.,1090.,1680. ,1910.,2490.,3650.,6990. ,9730.,6690.,8110./, 

SS08P«9. 
0VN0RP»19. 
NCT-1 
CMPDT-.02 
WRITOT-.IO 
FNLTNE-15. 
TMIDL-IOO. 
EM6TM-100. 
I WO» I 
RN2NO •175. 
0E*400. 
ONE-5. 
ILSCO 
GN2LS-17. 
FMXDN2-400. 
TAU0-.05 
TAUR-.5 
ERH-1. 
EPO-O. 
FAIL>100. 
I DUMP  •  9 
GINTEG •  0. 
READ  f9,100IITITLE(n,I>l,18l 
MRITEf6,100t(T|TLENIfI-l,18) 
MRirE(6,102l 
READ  (5,l0UICLf ll,TIME(ll,I-l,4l 
MRITE(6,103I 
00 2   I>1,4 
WRITEI6,l04ICLf II,TIMEI II 

125 

- - ^ 



r 

READ   (9«NAM» 
OTRAT   >  MRITOT/CMROT 
MRITEI6,l05INENC0»tNCTvIEMD«ILSC 
MRITE<6tl06l 
NRITE16tl0aiSSORPf0VMORPvCMPDT(MRIT0TtFNLTMEtrMIDL»EMGrM,   RNZMOtQE 
MRITEI6*107I 
MRITE(6tlt8IONEtCN2LStFMXON2tTAUQ«TAUIIfERM(EPOfFAIL,GINTEC 
ENCOP  >  NENCOP 

INTIAL  CALC.  VALUES 
00   53   I>lt* 
SNllli   -0. 
SN2PinO. 

S3  OQMPmO. 

63 

55 

54 

52 

56 

62 

72 

GTN2C  -.03356821   /SSORP 
G3N2C  -.03356821   /OVNORP 
RSTCN  -   (OVNORP  -SSORPI   /.03356821 
IF   IMCT.E0.1I60  TO  52 
0063   K-lt* 
VIKI   ■  0. 
IF   INCT.E0.2iGO  TO 56 
0055   K-l.6 
2IK|»|, 
GO  TO  56 

1.06 
1.0 
1.06 
56 

• 34.55 
- 0. 
- -36.55 
> -36.55 
> .85 
> 1.15 
• .85 
'   1.0 

tfll- 
2(21- 
2(31- 
1161- 
GO   TO 
Ydl   « 
V(2I   • 
Y(3)   • 
V(6I   > 
2(11   • 
2(2)   • 
2(3»   • 
2(6)   ■ 
SUNQ-O. 
TIM   -0. 
SNMR«   150. 
SNTRN-153. 
SNCNT   -  0. 
IF   I IOUNP.NE.O)WRirE(6tNAMll 

K   -C 
L   -0 
K-   K*l 
IF   (K.LE.NEXGOPICO  TO   57 
IF   (GINTEC.ME.O.IGO  TO   72 
OPTL   "0. 
GO   TO   73 
OPTLM  •   1.5*(SS0PP*6.) 
OPTL   -   .02170767/GTN2G*(WFCOPm-6.6818» 
PTL   «   75.-1.5*SSORP 
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73   UHR   ■   SUNQ /.01085383 
0TOT   «   SUMQ 
TMHR»   OHR   /IflOraOO./ENGOR 
IF   lIOUMP.NE.OlMRITEIb.NAM;) 
CO   TO   65 

57 SN2(K)>13823. 
SN2GVfK>> 138 20. 
HPIKI«CI(1I*117.1111 
CALL   OISCOTlHPIKItStHPXltMFMETV.Of-Oldt^tP.WFMFTIKl I 
CALL   DISC0T(HP(K)(9,HRX2«SNV,Ot-010,12tC*SNl(KII 
CALL   OISCOTIHP(K) ,OtHPX 3(PCV. 0.-010,9.0,PC ( K| I 
MFCOPIKI>MF<«eT(K)/PC(KI 
IF   I ILSC.LE.OIGO   TO   58 
ON2ST(K)«0. 
GO  TO   59 

58 0N2Sr<K)-(l.-CL(l 1/45. 1*1 38.2*SSnRP-V(K |-(9.-WFCDP ( KM/at N2G/Z ( K I 
59 OOM(KI>   MPKI   «5252.   /SN2IKI 

SUMO   -   SUM'j  ♦   OOMfKI 
ONRSTIKI   >(rfFCOP(K)   -9.I*RSTGN 
SNISNSm«   SNICK» 
GO   TO   62 ' 

WRITE   OUTPUT  VALUES 
65   WRITE   16,1121 

IF   f I0UMP.N:.0)WR|rE(6,NAM3t 

WRITE   16.1091 
WRITE(6,110) 

3 SNMRP   «SNMR  /1.5 
00  4   KM.NENGOP 
SN2PIKI>   SN2IK)   /138.2 

4 OOMPIKI«   OOHIKI   ••14993128 
WRITE   16.111 »TIM, S>4MRP.THMR,| SN2P( 11. I« 1 .4). I SN11 II , I >1,4 I, (OOMPI I 

1),I>1,4) 
50   TIM«   TIM   ♦ CMPOT 

IF   (TIM.CT.PNLTMEtGO   TO   1 
CALL   OISC0TITIMt9,TIME,CL,O,-010,4,0.CLPOS) 
IF   IGINTEG.LE.O.IGO  TO   70 
OPTL   ■   0PTL»GINTEG»I150.-SNTRNI»CMP0T 
OPTL-AMINHOPTL.OPTLMI 
OMPTLM«-OPTLM 
0PTL-AMAX1I0PTL.0MPTLM) 
GO   TO   71 

7D   P1L   -   75.-  (♦5.-CLP0S»   ♦.06666666  •   SSORP 
71   IF   ITIM.LT.TNIOLIGO   TO   5 

NECL"! 
GO  TO  6 

5 NECL-2 
4   IF   (TIM.LT.EMGTMIGO   TO   7 

NECLO 
DO   11   I-l.NENGOP 

11   SNISTU I   *   104.5 
GO   TO   10 

7   00  9    I-l.NENGOP 
9   SN1STCI I   •   101.0 
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IF   INECUEQ.IISNIST(1I>S0.3 
10   If   tIEMO.LE.OI60  TO   12 

0*2*0 •  0. 
GO TO   16 

MALFUNCTION DETECTOR 
12 IF   tL.6T.OI60 TO   15 

IF   (NEN60F.LE.1IG0 TO  13 
IF   (TIM.6E.TNI0LI6O  TO 16 
IF   tABSI00Mm-QQMC2II.GE.QE»60  TO  IS 
IF  UBSISNlf 1I-SNU2II.6E.0NEIG0  TO  19 

16 IF   INEN60P.LE.2160 TO   13 
IF   UBStOOM(2l-QQNI3ll.6E.QEI60   TO   IS 
IF   fABSISNlt2l-SNll3n.6E.0NE 160  TO  IS 
IF   tNEN60F.LE.3l60 TO  13 
IF  UBStQ0M(3l-QQNI6ll.6E.QE)G0  TO  IS 
IF   tABSISNlt3l-SNl(6n.CE.0NEI60  TO  19 

13 0N2N0 • 0. 
L«0 
60 TO  16 

15 IF   tNECL.EO.3160  TO   IS 
00  IT   I-1.NEN60F 

17 SNlSTtM  •136.S 
18 0N2N0 •  RN2N0 

l»l 
16 IF  If ILSC.6T.0l.0ll.INEN60F.EQ.il 160  TO   19 

IF  tlLSC.EQ.OI60  TO BO 
ALTERNATE L0A0SHARIN6 CONTROL 

K«0 
IF  tTIN.6E.TNI0LI60  TO II 
QREF  ■  QT0T/EN60R 
60 TO 82 

81 OREF   •  QT0T/tEN60P-l.l 
0N2STI1I  • 9. 

82 MK*1 
IF   tR.6T.NEN60FIG0 TO  19 
0N2S  -  6N2LS*t0REF-00MtRII 
TMXDN2  —FNX0N2 
0N2S  •   ANAXllON2StTNX0N2l 
0N2S   ■   ANlNltON2SfFMKON2) 
0N2STIKI   •ON2STtKI*tON2S-ON2ST(KII*   tl.-l./EXPtCMPOT/TAJQII 
60  TO  82 

LOAD SHARING CONTROL 
80   IF   tNENG0P.EQ.2IG0 TO 20 

IF   tNENG0P.EQ.3IGO  TO 21 
QREF   -ANAXlt QQMI 1 I.OQMt 21 tQQHt 31 ,QQHt 61 I 
GO  TO  22 

21 QREF   «ANAXlfOQMtll«QQM(2l tOOHOII 
GO TO  22 

20  QREF   «ANAXltQQNtlltQQNt2l) 
22 K-O 

IF   fTIN.LT.TNIOLIGO  TO  26 
DN2STtll   •  9. 

26  K»IUI 
IF   tK.GT.NEN60P)GO TO  19 
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23  0N2S   •  6N2LS   ♦IQREf  -   QQMIKII 
IF   (ON2S.CE.0.IG0  TO  25 
ON2S   -  0. 

25 IF   (ON2S.LE.FNXON2IG0   TO   26 
DN2S   •   FNXDM2 

26 ON2STfKI   >0N2STf K Kf ON2S-ON2ST(K 11*  f l.-l./EXPf CNPOT/TAUOII 
GO  TO   24 

ENGINE  CONTROL  CALC. 
19   K-0 
33  K-K*l 

IF   IK.GT.NENCOPIGO  TO   27 
IF   (TIM.LT.FAIUGO TO   32 
IF   (K.GT.1IGO  TO   32 
UFHETIKI  ■0. 
GO  TO   33 

32   IF   (NCT.E0.2IGO  TO 36 
SN2GVfKI  ■  SN2IKI 
GO TO  39 

3«   SN2GVfKI  > SN2I1I 
MFCDPIKI-MFCOFIII 

35 ONftEQIR)  • RSTGN   •!WFC0FCKI-9.I 
ONRSTIKI  - ONRSTIKI   ♦!ONREQf RI-ONRSTIKII   •d.-l./EXFtCHPOT/TAUR) I 
PTLFO •  PTL»OPTL 
SN2STIKI  •  10369.»PTLPO  /.02170767  ♦VfKI   ♦  ON2STIKI   ♦ ONRSTIKI 

1   ♦0N2M0 
WCPN21KI  > 9.-ISN2GVlKI~SN2ST|KII   •63N2G  ♦   UK) 
SNISNSIKI" SNISNSIKI   ♦! SNlf KI-SNISNSf Kll   •! l.-l./EKPt23.»CH»»OTII 
SNElfK)   •  SM1SNSIKI-   SNISTIK) 
IF   ISNE1IK).6E.I-20.II60  TO   36 
SNE1IKI   —20. 

36 WCPN1CKI   >  9.-   SNE1IKI   »l.r« 
CALL   OISC0T(SNlSNSIK)v0»TNlSNStMCFACYt0f-O10tl3fOtMCPACIXI) 
IF   fWCPAC(K|.LT.WCPN2IKnGO   TO 37 
IF   IHCPN2IKI.LT.WCPN11X1160   TO 39 

37 IF   iMCPACfKI.LT.MCPNllKIIGO  TO 38 
MFCDPIKI«MCPNlfKI 
GO TO 60 

38 MFCDPfKI>WCPACm 
GO  TO  60 

39 WFC0PlKI«WCPN2fKI 
69   SAV1   •  .6 •  UCPACUI 

IF   IMFCOFUI.GE.SAVIIGO  TO   61 
WFCDPIKI  • SAV1 

61   HFREOIKI  •  NFCOPIKI   «PCIKI 
MFNETIKI  > MFHETfK)   ♦! WFREQIR l-MFNETIKll   «fl.-l./EXPI93.«CMPDTII 
GO  TO   33 

ENGINE   CALC.-GAS  PRODUCER  ROTOR 
27  R>0 

AJ*0. 
QTOT*0. 

63  R*R«1 
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IF   IK.GT.XENGOPIGO TO  45 
IF   1TIN.LT.FAILIGO TO  42 
IF   (K.GT.1IGO   TO   42 
SNim   -0. 
SN2fK)   -0. 
OOMK)   -0. 
GO TO 43 

42  CALL  DISCOTIIfFMETlKltSNIIK)tWFNETXtTNlDOT,SNI£t-llv42f7vSN100TIKn 
IF   IK.LE.IISNIOOTUI-   SNIOOTIKI*   ERM 
SNIIKI   •   SN1IKI   ♦  SNIOOTIKI   ♦CNPOT   ♦.004826338 
CALL   01 SCOT! MFNET IK i, SNII KI «WFMTX, SHPVI , SNU , II .6.3, 7, SHPA 111) 
CALL   OISCOTIUFNETfKltSNHK) »WFNTX,SHPY2.SN1Z.11,63,7,S-IPAI?) I 
CALL   0ISC0TIMFMETlK)(SNllK)vMFNTXfSHPY3tSN)NlIf63*79SHPAI3l) 
CALL  01SCOTI SN2IK 1,0,SN2X• SHPA,0,-20,3,0,SMPIKl I 
IF   IK.LE.1ISMPIKI-EP0  ♦  SHPIKI 
OENCIK)   •   SHPIKI   • 5252.   /SN21KI 
OONIKI   ■   QEN6IKI 
IF   IISN2IKI.LT.ISNTRN/.01C85390II.OR.(QENG(KI.LT.0.1160  TO 67 
OTOT   •  QTOT  ♦  QONIKI 
AJ-AJ41. 

67   SN2IKI   «SN2IK)   ♦CNP0T»19.1   »QENGIKI 
CALL   0ISCOTIWFNETIK),SNUKI(WFMTX,PCV2vSNlZtllt63,7,PCIKI I 
CO TO 43 

HELICOPTER   TRANSMISSION  AND  ROTOR   SYSTEM 
45   äTRAN •   OTOT   /.01085383 

OENM •  ENG0PM650. ♦AJ*4244.2T5 
SNTRN  >   IOTRAN  -QNR)   /. 1047198  »CMPOT   /DENN  »SNTRN 
OCL   -  CLPOS  «ENGOP*  SNNR*«2  ••1822423 
THNR   >   THMR   ♦(SNTRN -SNNRI   ••1047198  •C«POT 
QMR  •   THMR  •   ENGOP •   180C000. 
SNMR   -   SNMR  ♦   IQMR-QCLI   /.1047198  «CMPOT   /ENGOP   S33000. 
ARC2   •SNTRN«92. 13333 
K«0 

69   MKM 
IF   IK.GT.NEMC0PI60 TO  68 
5N2IKI   •   AMIN1ISN2IK).ARG2I 
GO  TO  69 
NRITE   SYPASS CALC. 

68   SNCNT   •   SNCNT   ♦I. 
IF   11 DUMP .EQ .0160  TO  66 
WRITE   C6»NAM2I 
WRITE   16» NAM 31 
WRITE   16.NAM4I 

66   IF   ISNCNT.LT.OTRATIGO   TO  50 
SNCNT  •  0. 
GO TO  3 
ENO 
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DEFINITION OF AN OPTIMUM SYSTEM DESIGN 
 ANC) RTOJIUKb tJcHrpltLi^TT  

The control system evaluations provide for the definition of an optimum 
engine control system for the multiengine helicopter.    The major features 
of this system are as follows: 

• Rotor speed f-overning by engine power modulation between zero and 
maximum power 

• Individual power turbine governors with closed-loop load sharing on 
torque 

• Emergency power operation capability,  selected automatically by a 
malfunction detector or manually 

• Automatic turbine temperature limiting during steady-state operation 
• Governing mode that provides stability in normal governing, in de- 

coupled operation, and with extraneous torsional excitations 
• Rapid engine power response to load changes,  utilizing collective 

lever coordination to provide anticipation of large load changes 
• Automatic sequencing and metering of fuel flow during engine starting 
• Engine control by gas producer governing during ground idle or 

locked rotor operation 
• Capability of operating with anv engine at ground idle or shutdown, 

retaining rotor speed governing and load sharing on the other engines 

Figure 48 is a block diagram of a coordinated control system for a two- 
engine helicopter.    Each engine will employ a gas producer fuel control,  a 
turbine temperature limiter,  a power turbine governor-load sharing control, 
and a malfunction detector. 

In this diagram, the power turbine governor-load sharing control, the 
turbine temperature limiter,  and the malfunction detector are repre- 
sented as electrical-electronic designs.    This design selection is not 
meant to indicate that this is the optimum method of implementation. 
This diagram is meant to indicate the components required in the system 
and their interrelationship.    The actual selection of the tvpe of design (i. e. , 
electronic,  pneumatic,  hydromechanical, etc.) would be dependent on the 
typ-   of engine parameter sensors that mav be employed and the design 
mechanization study results. 

The following paragraphs summarize the functional design and scheduling 
required of the different system components. 
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GAS PRODUCLR CONTROL AND TURBINE TEMPERATURE LIMITER 

Design 

The functional requirements of these two components are defined in 
Figure 17.    The gas producer control would be a hydromechanical design. 
As previously indicated,  the turbine temperature limiter would be an 
electronic component. 

The input signals or parameters to the gas producer control are as 
follows: 

• Gas producer lever position 
• Gas producer speed 
• Compressor inlet air temperature 
• Compressor air pressure, inlet or discharge 
• Trim signal from turbine temperature limiter control 
• Emergency selection signal from malfunction detector 
• Power turbine governor signal 

These signals are utilized to accomplish the computation and logi^ func- 
tions required to position the fuel metering valve correctly and to sequence 
the fuel cutoff valve.   The final output of the control is metered fuel flow. 

Scheduling 

The turbine temperature control scheduling characteristics were defined 
as follows: 

• Proportional gain: 
• AN, request/^temperature error   =   0.015 percent/0F 

• Integrator gain: 
• ANi request/Atime/A temperature error   =   0. 009 percent/ 

second/0F 
• Limiter authority: 

• Maximum ANi request   *   4 percent 

The gas producer control scheduling employed is defined as follows: 

• Governor gain: 
• AWf/CDP/ANj error   =   20 percent/percent 

• Governor speed setting: 
• Ground idle (30 degrees GPL)   =   80 percent 
• Military (90 degrees GPL)   =   100 percent 
• Emergency   =   104.5 percent 
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• Temperature compensation: 
• Se    Figure 49 

# Start acceleration and deceleration schedules: 
• See Figure 50 

• Mechanical fuel cutoff 
• Closed at GPL less than 3 degrees 
• Open at GPL greater than 15 degrees 

# Start sequencing of fuel cutoff; 
• Closed at Ni less than 15 percent 
• Open at Ni greater than 15 percent 

POWER TURBINE GOVERNOR-LOAD SHARING CONTROL 

Design 

The basic functional requirements of the power turbine governor are de- 
fined in Figure 1.   The functional design of the load sharing control is 
defined in Figure 27.    The two designs are combined to form a single 
electronic component, with each engine requiring a separate unit. 

I   2 

80       -«        -40        -20 0 20 « 60 80        100       120        140        160 

Compressor Inlet Temperature-aF 

Figure 49.   Temperature Compensation Schedule. 
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The input signals aro as follows: 

• Power turbino levor position 
• Power turbine speed 
• Torquemeter sense 
• Amplified torque signals of the other engines (from tlu ir power tur- 

bine governor-load sharing controls) 

The outputs of the control component(s) are an electrical signal to be 
utilized by the gas producer for fuel scheduling and iui amplified torque 
signal to be used in the load sharing controls of the other engines. 

Scheduling 

The power turbine governor scheduling requirements were defined as 
follows: 

• Proportional gain: 
• AWf/CDP request/AN2 error   =   5. 15 percent/percent 

• Reset gain: 
• AN2 set/^Wf/CDP   -   0.097 percent/percent 

• Reset lag Time Constant: 
• TAUR (T r)   r   o. 2 second 

• Governor speed setting range: 
• Maximum N2 set   ■   105 percent 
• Minimum N2 set   -    75 percent 

The load sharing control scheduling requirements MTC defined as follows: 

• Proportional gain: 
• AN2 trim/AQerror =  1.0 to 2.5 percent/percent 

• Trim authority limit: 
• Maximum AN2 trim   -   2. 1 percent 

• Load sharing control dynamics (lag time constant): 
• TAUQ   -   0. 05 to 0. 2 second 

MALFUNCTION DETECTOR 

Design 

The malfunction detector is to be an electronic component.    This com- 
ponent receives as input signals a gas producer speed signal from each 
engine,   discriminates to select the highest as a reference,  and then com- 
pares each individual speed signal to the refc. »nee.    If any differential 
is greater than the predetermined safe value,  the detector generates an 
output signal indicating a malfunction. 

137 

m  A 



A separate circuit is required for each engine of the multiengine system 
but is combined in a single detector component.    Deactivation switches 
operated by the engine condition control levers in the cockpit are employed 
to disarm the appropriate circuits when an engine is shut down or reduced 
to ground idle. 

Input signals to this device are also employed to allow arming-disarming 
of the malfunction detector or to manually override the detector logic and 
artificailly signal a malfunction, causing selection of emergency. 

Scheduling 

The scheduling requirements of this component are as follows: 

• Differential speed setting: 
• AN^ limit   =   5 percent 

• Output signal level: 
• Cockpit selection switch at automatic—normal   =   0 volts and 

with malfunction   ■   24 volts 
• Cockpit selection switch at emergency—24 volts 
• Cockpit selection switch at off—0 volts 

• Condition lever switch setting (one for each engine control lever): 
• Circuit armed at fly 
• Circuit disarmed at less than fly 
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CONCLUSIONS 

POWER TURBINE GOVERNING MODE 

The power turbine governing mode for any helicopter gas turbine engine 
should be a proportional fuel governor with a gain reset function operaiing 
through a time lag.    The principal reason for preferring this mode is that 
it provides excellent torsional stability. 
The lagged gain reset action provides a low gain at the high input fre- 
quencies,  while maintaining a steady-state gain that is suitably high for 
accurate speed control (5-percent droop).   This design provides flexi- 
bility.    By proper selection of the reset gain and lag time constant, the 
fuel control system can be made compatible with engine-rotor systems of 
widely differing dynamic characteristics. 

The power turbine governor action should be integrated into the gas pro- 
ducer control computer section to effectively utilize the fuel limit schedules 
and pressure compensation established therein. 

SINGLE VERSUS INDIVIDUAL POWER TURBINE GOVERNOR 

The use of separate (individual) power turbine governors on each engine 
in the system, rather than a single govenor to control all engines, is de- 
sirable for best system operation with engine or control malfunctions and 
autorotation.    The separate governor approach provides maximum system 
reliability in that the failure of any engine or control will not prevent the 
normal operation of the other engine systems.   This would not be true 
with a single governor.   The separate governors also provide direct con- 
trol and maintain proper engine performance during autorotation because 
ihey directly sense the speed of the decoupled turbine.    The single gover- 
nor approach would not provide proper control of all engines in the event 
that one or more engines become decoupled from the rotor. 

LOAD SHARING 

A closed-loop load sharing control is required to trim to zero the power 
unbalance that would otherwise occur due to control and engine variations 
in production and service.   The steady-state power differences between 
engines in a system may be as high as 38 percent without the load sharing 
control.    This is unacceptable for normal operation because it can reduce 
the service life of the transmission system parts and lengthen the power 
recovery time in the event of an engine malfunction.    The unbalanced 
power condition would also complicate the pilot's job. 
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The closed-loop load sharing control parameter should be engine torque. 
Matching of torque or gas producer speed would be satisfactory with re- 
gard to eliminating the major differences caused by control variation^, 
but gas producer speed would not account for engine variations.    The heli- 
copter requirements are most completely met by matching the engine 
torques. 

The load sharing control should be based on a floating master concept, 
with the reference torque being that of the highest torque engine.    With 
this mode,  the power levels of the low power engines would be increased 
to match that of the highest engine.    Utilizing the highest torque engine as 
the reference is desirable because it prevents the low power engine from 
affecting the operation of the other engines.   This is desirable when consid- 
ering engine power failures,  power depreciation, or engine operation while 
turbine temperature or gas producer speed is automatically limited.   The re 
suit is that the maximum available power will be provided at all times. 

COLLECTIVE LEVER COORDINATOR (ANTICIPATOR) 

Coordination of the helicopter collective lever and power turbine governor 
levers is required to trim out the small steady-state speed variation with 
a load typical of a proportional (droop) governor design.   The result is an 
acceptable steady state-rotor speed variation of less than 2 percent.    This 
lever coordination also provides an anticipation signal to the engine controls 
controls on collective lever load transients,  thereby minimizing the trans- 
ient rotor speed variations. 

ISOCHRONOUS GOVERNING 

Closed-loop isochronous governing is not desirable.    Trim of the propor- 
tional governor by an isochronous governor (integrating component which 
senses speed error),  rather than the collective lever,  would result in 
zero rotor speed variation at steady state.    However,  the large transient 
rotor speef1 variations that would result due to large and rapid load 
changes would not be acceptable.    These are due to the low integrator rate 
required for stability and the lack of a load change anticipation signal. 

MALFUNCTION DETECTOR 

An emergency power rating on the engines is required.    Both manual and 
automatic selection capabilities must be provided.    An automatic selection 
would be made by a signal generated within an engine-control malfunction 
detector.    The malfunction detector is required to eliminate the delav 
associated with the pilot's detection and reaction time,  and to enable safe 
continuation of aircraft operation when in a critical flight maneuver.   Man- 
ual selection is required for a condition where an engine malfunction has 
not occurred but the situation warrants emergency power operation. 
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The detector must utilize gas producer speed, analyzing the speed differential 
between engines to determine the occurrence of a malfunction.    When the 
differential between the highest and lowest engine exceeds a predetermined 
setting (5 percent),  a malfunction would be signaled.    Engine condition control 
lever (power lever) switches must be employed to deactivate portions of 
the detector in the event that an engine is shut down bv the pilot. 

TURBINE TEMPERATURE LIMITING 

Closed-loop steady-state turbine temperature hmitinß is required to allow 
the utilization of the maximum power available from the multiengine sys- 
tem without exceeding the limit on anv engine.   Open-loop limiting is not 
satisfoactorv because of the extreme effect that exceeding this limit has on 
the engine's structural integrity, and the performance loss that would re- 
sult with limiting to a low temperature level. 

Open-loop limiting during starting and transients can be employed because 
the fuel scheduling margins between maximum temperature operation and 
minimum acceptable transient performance are normally sufficient to 
enable satisfactory scheduling.    The currently available temperature sens- 
ing mechanisms are also too slow for transient limiting. 

TORQUE LIMITING 

The significant torque limits will be those of the helicopter transmission 
rather than those of the engine.   Limiting engine power (fuel flow) bv the 
engine control svstem is not desirable because there are certain conditions 
where the pilot mav elect to exceed the helicopter red-line limit.    Torque 
limiting must be accomplished by the pilot's manuallv limiting the loading 
with collective and/or cyclic pitch. 

TWO-,  THREE-,  OR FOUR-ENGINE SYSTEMS 

There are no significant differences in the control requirements for 
systems with different numbers of engines.    The only difference is asso- 
ciated with the number of engine signal inputs and computation circuits 
that are required in the load-sharing controls and malfunction detector. 
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