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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 operativn and perfor-
mance of the multiple engines during critical flight maneuvering.

This program consisted of three principal phases: evaluaiion 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 defiiting
the optimum power turbine governing mode for a helicopter gas turbine
engine. Th:s 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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INTRODUCTION

Previously conducted investigations have shown that the multiengine 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 matching, 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 power turbines opecrate
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.
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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 15 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
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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
Galn 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 prodvcer speed.

Direct Fuel Flow Governor With Lagged Gain Reset

This mode is similar to thie 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 4 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. As a 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 wouid 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 cureful 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 contrcl 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



of the engine and fuel control cause sufficient phase shift to reinforce
these torsional oscillutions, 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

Steadyv-state speed droop requirements

IFuel control dyvnamic characteristics

Fngine gains and dynamics

Inherent helicopter structural damping

A comp. 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 (100-percent SHP), low power (7-percent SHP), and zero power
(decoupled rotor) conditions, covering the [ull operating regime.

A Bode analysis of the engine-control-rotor system was also made for
the various control modes. This was done to gain a better understanding
of the system dynamic characteristics and to determine the superior
modes, A Bode 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 dyvnamic elements cause enough phase shift to result in a tor-
sionually divergent svstem. 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,

-1




In analyzing the system transient response, ua 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

i 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:

ANy} = K, AWg/(1+ 7.9)
= Wy Wi
AWy = TDP ACDP + CDPA <DP
dCDP oCDP
ACDP = w N
C Wy A f+aN1 ANj

3Qs 3Qs 9Qs .
AQg WAWY+.W1 ANI*.T\'S ANg

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.




|
—~ie-
|
Kr I
P I
Tr S+1 “,f '
A—- —
AE* Ky Pc P 1 -t; Awg Ke ANl 3 Q
+ b p—y + g
0.02S + 1 £ r 0.058 + 1 ' Te S+1 aN:
LA : 0 Qg
Fuel Control (Fuel Flow/CDP Governor | c . c
With Lagged Gain Reset) 4{‘_‘ AWy
I JP
Definition Of Symbols | ¢
| 8N1
CDP Compressor discharge pressure [
Ipt Power turbine polar moment of inertia | Engine
Ip Main rotor polar moment of inertia
Ke Engine gas producer gain
Km Rotor mast stiffness
K, Power turbine governor reset gain
Kt Power turbine governor proportional gain
N1 Engine gas producer speed
Nr Rotor speed
Ng Engine shaft speed
P. CDP as sensed by fuel control
Qr Rotor aerodynamic load torque
Qra Rotor accelerating torque
Qs Engine shaft torque
Qsa Engine shaft accelerating torque
S Laplace operator
Wy Engine fuel flow rate
0s .6, Angular twist of rotor mast
f Integration with respect to time
Te Engine time constant
Tr Power turbine governor reset lag time constant
d
3—3% (example) Partial derivative of engine shaft (Qg) with respect to
fuel flow (Wg).
Figure 3. £ nalog Computer Block Diagram.
H 9
W




: 18N [aq
+1 aNl
3Q
3P,
aw‘
1
2P ]
B
Engine

ANr

3Q,

|
|
H 3 Qg
| aNsF 1
I dN,

| . Qs"' ) Qsa, i dt f ANS

El: | B

|
|
: Kn A0, - 6,) [ A6, -6 [ _}
|
|
|
|
|
|
|
|
|

| AQr Step
|
I

oON

Rotor And Power Turbine

Speed Dynamics



TABLE |
COMPARISON OF TORSIONAL AND LLOW FREQUENCY STABILITY
MARGINS OF VARIOUS POWER TURBINE GOVERNOR
CONTROL LIODES =¢
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
Governor With Lagged Low Power 35 15,0
Gain Reset (sec) Decoupled Rotor 37 18.5

fr =0,2

Kr s 0. 5
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

'r =0,2

Kr = 0. 5
Direct Fuel Flow 10 High Power 59 7.5
Governor (sec) Low Power 28 7.0

7 =0.5 Decoupled Rotor 7 2.4
Direct Fuel Flow/CDP 10 High Power 22 6.5
Governor (sec) Low Power 28 14.3

5= 0.5 Decoupled Rotor 11 4.7
Gas Producer Fuel 10 High Power 88 8.5
Flow Governor Reset Low Power 43 7.0
Mode (sec) Decoupled Rotor 54 11.0

'l =20
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

- 2,0
Direct Fuel Flow/CDP 15 High Power 27 10.5
Governor With Integral Low Power 33 20,0
Keset (sec) Decoupled Rotor 20 8.5

'l 20,5

KI 20,11
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Based on information obtained from helicopter manufacturers, a main
rotor inertia of 33, 500 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

= il 2{
K [— s?+ —F s+1
ANg(S) w2 “r
AQqS) 1 2¢
Q(S) (1 S+ n[—5 s?+ —= s+1
“n “n

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

AQg(S) K, (TgS + 1)
AWHS) ~ (1,S+ 1)

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

AW (S)  Cp(r.S+ D (r S+ 1)

AN (S) Tr
[ : a0 2
(rLS+])(1_KrS+1)(Ch + DS+ 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 all system transfer function can then be evaluated by multiply-
ing the individual transfer functions of the control, engine, and rotor sys-

tems—

AN (S)  AW; AQ, AN,

ANg (S AN, AW; AQg
’ ’ \
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 diugram defining this mode of control is shown in Figure 4.

P
Wf [.L‘
N Kt =
SE * PC
s Ry T .
+
By
T.85+1

Figure 4. Direct Fuel Flow/Compressor Discharge Pressure With

Lagged Gain Reset Block Diagram.

Where:
Ng, = Engine speed crror (Npcsya) - Nget)
K = Governor proportional gain, pounds per hour per inches of
mercury/rpm
Kr = Governor reset gain
T, = Governor reset time constant

13



"

" = Power turbine governor lag

o = Metering valve control lag

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

This mode of control is basically a direct W./P(, power turbine governor
with a lagged W;/P_ X K signal adding back in as a positive feedback.

The positive feedback results in the steady-staiw governor's gain being in-
creased to Ktll‘Kr. The transfer function for this mode is

AWe/P(S) [K¢/(1 - K} (7. S+ 1)
ANg (S) e -KJJS+1

The lagged reset action provides a lower effective gain at higher input
frequencies, while providing a steady-state gain of Kt/ 1-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.

TABLE II

BODE ANALYSIS

(0. 5- Reset Gain, 0. 2-Second Reset Time Constant,
and 5-Percent Steady-State Droop)

T= — ——— |
Low Frequency Torsior.cl
Flight Phase Margin Gain Margin
Condition (Degrees) (Decibels)
High Power 40 6.3
Low Power 35 15.0
Decoupled Rotor 37 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.

14
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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, 7 ., is not very critical as long as it is
above about 0,2 second. Too large values of r. 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 Wy rather than W¢/CDP as the control param-
eter. The complete transfer function for this mode of control is

AW (S)  [Ky/(1 - K] (r. S+ 1)
AN () ~ Fr/l-Kp] S+ 1

where Kf now represents the governor proportional gain expressed in
pounds per hour/rpm. The analysis indicated that this moude 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- Reset Gain and 0, 2-Second Reset Lag)

Low Frequency Torsional
Flight Phase Margin Gain Margin
Condition (Degrees) (Decibels)
High Power 63 9.5
Low Power 41 9.6
Decoupled Rotor 33 12,0
21
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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 concitions 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 fucl flow is proportional to the engine speed error. The
dynamic characteristics of the engine-control-rotor svstem with this
mode are such that at high power with a 5-percent speed droop governor,
the governor lag (71) 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, 6 decibels), Therefore, the

governor gain had {to be reduced to correspond to a 10-percent droop
governor to enable this mode of control to be convergent at ull flight con-
ditions. A 10-percent governor with a governor lag of 0,5 second results

in the stabilitv 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 15 percent to provide sufficient
phase margin at this flight condition.
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TABLE IV

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

Low Frequency Torsional
Flight Phase Margin Gain Margin
Condition (Degrees) (Decibels)
High Power 59 7.5
Low Power 28 7.0
Decoupled Rotor 7 2.4

Direct Fuel Flow/Compressor Discharge Pressure Governor

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

p
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

Low-Frequency Torsional
Flight Phase Margin Gain Margin
Condition (Degrees) (Decibels)
High Power 22 6.5
Low Power 28 14,3
Decoupled Rotor 11 4,7

L — |

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,

Gas Producer Fuel Flow Governor Reset Mode

The basic block diagram defining this mmode of control is shown in If1cure
14, where:

Kg - Gas producer governor cain, pounds per howur per r,p, m,
Ke Gias producer governor reset gain, r.n.nn oer rop, i,
N Gas producer speed, r,p.m,

13 = Gas producer speed sensing control lag

Te = 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 rcsets the gas producer governor
as a function of shaft speed error, The dynamic characteristics of this
engine-control-rotor system require « governor lag (ry) of about 2,0 sec-
onds to provide a torsionally acceptable systen: at high power conditions,
The stability margins listed in Table VI are based on a 10-percent speed
droop governing cystem with the gas producer governor gain set at 2.0
pounds per ho': re; 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,

—

Low Frequency Torsional
Flight Phase Margin Gain Margin
Condition (Degrees) (Decibels)
High Power 68 8.5
Low Power 43 7.0
Decoupled Rotor 54 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 gus producer fuel flow governor re-
set mode, except that Wg/Pc rather than Wy 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 -p2rcent speed

droop governing system, a governor lag (7,) 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

Low Frequency Torsional
Flight Phase Margin Gain Margin
Condition (Degrees) (Decibels)
High Power 66 6.0
Low Power 38 14.0
Decoupled Rotor 37 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-intzgral control is utilized. The
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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 ona 15-percent droop proportional gain, a l
governor lag of 0.5 second, and an integral gain of 0, 1 rpm per second
per rpm.

TABLE VIII

STABILITY MARGINS BASED ON A 15-PERCENT DROOP
PROPORTIONAL GAIN, A GOVERIOR LAG OF 0, 5 SECOND,
AND AN INTEGRAL GAIN OF 0.1 RPM PER SECOND PER RPM,

Low Frequency Torsional
Flight Phase Margin Gain Margin
Condition (Degrees) (Decibels)
High Power 27 10.5
Low Power 33 20.0
Decoupled Rotor 20 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 ANALYSIS

The transient response analyvsis indicated that all proportional governing
modes are equivalent in their response on increase collective load tran-
sients., This is true, prcvided that collective-power turbine lever co-
ordination is employed. The transient rotor speed droops were in the
range of 8.0 to 8, 5 percent for a l-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 the control svstem to initiate
the power change prior to power turbine speed change, If the governor
gain is reduced 50 percent. the coordination gain must be increased by
the same amount to trim out the steady-state 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 louad 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-pt. .sure-compensated and the lagged-guain-reset modes being
slightly slower., With these modes, the collective lever coordinatior
effect can not, alone, reduce the fuel flow to the low deceleration fuel
limit schedule, Instead, the fuel reduction is dependent upon the power
turbine overspeed. compressor discharge pressurc, and/or elapsed time,
The result is & somewhat slower deceleration rate nan the engine is capa-
ble of, when using any of these modes,

The most rapid- responding mode on a collective lever decrease is gas
producer fuel flow governor reset, limiting the transient overspeed to
only 2 percent, All other modes ranged hetween 2.0« 4 percent in fran-
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 und 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 1oad varies at a fixed collective,
upon the governing accuracy.

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

TABLE IX
STEADY-STATE ROTOR SPEED SHIFT AT CONSTANT
COLLECTIVE LEVER
5-Percent Droop Governor 10-Percent Droop Governor
(Percent) (Percent)

Ambient Temperature

(59°F to -65°F) -0.8 -1.17

Altitude, With a Pressure

Compensated Governor 0 0

Altitude, Without Pressure

Compensation (Sea Level to

10, 000 ft) 1.5 2.7

Rate of Climb (Hover to 40 fps) 1.2 2.2

Horizountal Velocity

(Hover to 50 mph) 1.8 3.3

Tail Rotor Demand (0 to 10 pzrcent) 0.8 1.4
= — ey
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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.




EVALUATION OF GAS PRODUCER CONTROL REQUIREMENTS

The basic operating requirements and limits 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 hydromechanical 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 applicat.on

® 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 pcint must 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

38



Emergency
Selection Signal

Turbine Temperature Sense

Gas Producer
Lever (GPL)

Gas Producer _é(c;u

Speed (Nl)

Temperature [ Integral E:Sel::g%
Limiter Setting d/'rrim -
: Emergency kSignnl
3 dt f Emergen
Military ]_.l Error '| fg-,; Selection
3
| g
Off On o
4
Sensed Proportional
Minus
Setting Trim |
Signal -
Error
Trim Sign
Temperat
Compensa
Meé{:?:fifcal Compressor Inlet @ >
Temperature (CIT)] . 3 /\
@
C/O (.3
losed e
Select CIT
Closed Cutoff Valve
Over Position (C/O) Start
Start Open Accelerati(
Sequencing —
Open 8 .
>
los e E {
Nl ensed Ny Sense

Figure 17. Gas Producer Control System Functional Diagram.

A

39



, Gas Producer glp::;i(;num
| (GPL
Lever(GPL, Adjustment
Emergency_T Speed Schedule
4 1 Selection e
g : Select 3
[ : Lowest g
Z : =
On GPL
Select
Highest
fé Idle Speed
3 Adjustment
g
~
4
9 Trim Signal
Sum — Select Deceleration
'(I:‘emperature Highest Minimum
ompensatio
i‘ . § e . N, Request W¢/CDP
) &
& Gas Producer
o Governor
z & (N
q CIt 3 Request) Select Select
i - Lowest Highest
9 3
Start
Acceleration "N, Sensed
L. 1
8 / M Multiply
| < & Power Turbine
"z {(CIT Governor Signal
Ny Sensed Compressor Discharge
Pressure —
i Maximum Select
Wi Lowest

ow

Scheduled
Fuel Flow



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 capabilit,; 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 200°F 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 -ould 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 system, and
control malfunctions causing loss of power availability. If any of these
malfunctions occur while the helicopter is in a critical flight mode, emer-
gency power capability on the cperating 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 posiiuioning 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-
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