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SUMMARY

Optimum proportional-plus-integral control settings for control of
engine rotational speed with fuel flow were determined by minimization of
integral criteria. The optimum settings thus determined correlated well
with analytically predicted optimum settings.

At the optimum control settings, the speed overshoot ratio was 1.28;
simulated turbine blade temperature did not overshoot. The optimum con-
trol settings were not appreciably altered by the limitation of the rate
of change of fuel flow.

The frequency response of engine speed to exhaust-nozzle area could
be represented by a linear lag, specified by the rotor time constant, plus
a dead time. The linearity of the system, however, is limited to the ex-
tent of the physically realizable area change, and thus holds only for
small disturbances.

Over a limited range, speed was satisfactorily controlled by exhaust-
nozzle area. Within this range, this system was found to possess certain
advantages over the speed - fuel-flow control.

INTRODUCTION

Control of the rotational speed of a turbojet engine is a primary
means of regulating thrust and maintaining safe operating limits. Opti-
mization of speed control is therefore of considerable practical
importance and has been the object of much endeavor.

Several criteria for use in optimizing closed-loop control systems
are suggested in references 1 and 2. In general, these criteria sgecify
optimum control settings when an error function, such as {error)® dt,
where t 1is time, is minimized. In reference 3, a method is developed
for analytically determining the optimum control for a linear closed-loop
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process based on this criterion. This method is then applied to the spe-
cific case of a speed - fuel-flow control on a turbojet engine. For a
controlled engine with no constraints on speed or temperature, the analyt-
ically determined optimum control was a proportional-plus-integral control
(neglecting a small derivative term). The loop gain was equal to the en-
gine time constant divided by the engine dead time, and the control
integral time constant was equal to the engine time constant.

Since the proportional-plus-integral control is in wide use, the in-
dicated relations for the optimum control settings would have great utility
provided the relatively simple criteria used for optimization result in
satisfactory response of engine speed and temperature. In this report,
results of an investigation of engine speed control are presented with
emphasis on the relations between the responses of engine variables and
the values of two different optimizing criteria. A comparison of the ex-
perimentally obtained values for optimum control settings with those de-
termined in reference 3 is also made. This comparison gives an indication
of the validity of the analytical results for use as a rule of thumb for
determination of the optimum control settings for a proportional-plus-
integral control.

In addition to the conventional method of controlling speed by fuel 4
flow, speed may also be controlled by exhaust-nozzle area. It is, of
course, recognized that by itself a speed-area control is not feasible.
However, considerable attention has been directed toward this system with
the idea of using it as one loop of a two-loop control.

In order to build up a background for speed-area control, the response
of engine speed to exhaust-nozzle area was obtained. The investigation of
the speed-area loop was made on a single-loop basis. Two nonlinear control
schemes are presented and discussed, and their performance data are given.

APPARATUS
Engine

An axial-flow turbojet engine with annular prevaporizing fuel injec-
tors was run in a sea-level static test stand. The engine was equipped
with a variable-area exhaust nozzle, which is shown schematically in fig-
ure l. The electric input signal is converted to a hydraulic signal in
the electrohydraulic servomotor. This signal is amplified and converted
to rotary motion by the hydraulic power amplifier. The rotary motion thus
imparted to the upper vane is transmitted to the lower vane by the
interconnecting mechanical linkage.

The frequency response of this system was dependent on the amplitude -

- of the called for change. The response of the area valve to a sinusoidal
input for a peak-to-peak amplitude of 15-percent rated area is presented
in| figure 2.
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This variable-area system was designed to have a fast response with
little concern about its effect on thrust. As a result, its response is
much faster than that of a practical system, and its coefficient of
discharge is probably much lower.

Fuel System

A research-facility fuel valve was used to regulate fuel to the en-
gine manifold. The valve had an amplitude response flat to beyond 10
cycles per second and a dead time of 0.005 second. The description of

this valve is given in reference 4.

From the engine manifold the fuel was distributed to flow dividers
mounted circumferentially around the engine and finally to the vaporizing
fuel injectors.

Computer

An electronic analog computer was used to perform the mathematical
operations necessary to make up the desired control-loop configurations

and to obtain the integral criteria.

INSTRUMENTATION
Speed

A magnetic pickup was mounted in the compressor case opposite a row
of steel compressor rotor blades. The passing of a compressor blade dis-
turbed a magnetic field produced by the pickup and generated an electric
pulse at the output terminals.

In order to obtain a transient-speed signal, these pulses were fed
to an electronic circuit which produced a voltage proportional to the
nunber of pulses per unit time. No dynamics could be measured in this
system within the frequency range of concern. The pulses were also fed
to a digital pulse counter to measure steady-state speed.

Tailpipe Gas Temperature

Transient tailpipe gas temperature was obtained by measuring the out-
put of 16 thermocouples which were distributed around the periphery of the
tailpipe. Pairs of the thermocouples were connected in series, and the
outputs of the pairs were paralleled. The thermocouples were constructed
of 22-gage chromel-alumel wire and had a time constant of approximately




4 NACA TN 3926

0.30 second at the operating conditions. The output of four similar pairs
of thermocouples was connected to a self-balancing potentiometer to read
steady-state tailpipe gas temperature.

Fuel Flow

A signal indicative of fuel flow during a transient was obtained by
measuring the position of the throttle valve in the fuel control by means
of a linear differential transformer. It is highly probable that higher-
order dynamics were added to the system by the fuel manifold and flow di-
viders. However, because of the extreme difficulty in measuring actual
fuel flow into the engine, the position of the throttle valve was chosen
as the signal to be used. If the addition of higher-order dynamics by
the distribution system of the engine is neglected, then fuel flow is pro-
portional to throttle-valve position, because the research-facility fuel
valve was designed to maintain a constant pressure drop across the throttle
valve. Steady-state fuel flow was measured on a rotameter.

Exhaust-Nozzle Area

A measure of exhaust-nozzle area was obtained by connecting a posi-
tion sensor to one of the rotating shafts, as indicated in figure 1.
Although the rotation of this shaft is not exactly proportional to exhaust-
nozzle area, only small errors result if linearity is assumed.

Recorder

A six-channel direct-writing recorder was used to record transient
control data. The recorder had a frequency response essentially flat to
100 cycles per second. A galvanometric oscillograph recorder was used to
record sinusoidal frequency-response data. The wider range of chart
speeds available on this recorder made it more applicable for these pur-
poses. The frequency response of this recorder was essentially flat to
beyond 100 cycles per second.

DYNAMICS, CONTROLS, AND OPTIMIZING CRITERIA
Engine Dynamics

Shown in figure 3 is the frequency response of engine rotational speed
to exhaust-nozzle area. These data were obtained by sinusoidally varying
the exhaust nozzle and measuring the resultant speed fluctuations. The
data were taken over the same speed range as was subsequently used in the
controls study. The data may be represented by a first-order lag with a
time constant of 0.83 second plus a dead time of 0.021 second, as shown by
the curves in figure 3.
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The response of engine rotational speed to a sinusoidal input to
the fuel valve is shown in figure 4. Intuitively, this response should
have the same basic time constant as the speed-area response. However,
transferring the first-order amplitude response curve from figure 3 to
figure 4 shows that additional dynamics are present in this system.
These dynamics are attributed to the fuel distribution and combustion
processes. (The phase-shift curves drawn in fig. 4 will be discussed in
the section "Selection of optimum control settings.") The data of fig-
ure 4 were taken over the speed range used in the controls study.

A transient-data trace showing the response of engine variables to a
burst sinsfuelt flow is presented in figure 5. The dead time between the
input and the beginning of the response of speed is 0.079 second. (Dead
time is measured to the break in acceleration because it is more evident
than the speed break.)

Speed - Fuel-Flow Control

A block diagram of the speed - fuel-flow control loop is presented in

figure 6(a). The control is of proportional-plus-integral configuration,
it
and its action may be represented by the transfer function KL(l +-{;§‘

(Symbols are defined in appendix A.) The loop gain Kj 1is defined as the
product of the frequency invariant gains of the loop components. Since the
gains of all the components except the control are considered constant over
the range of test conditions, Ky, will hereinafter be referred to as a

control setting.

The operation of the control loop is thus: Measured speed N, is
compared with set speed Ng, and the difference, or speed error N, is
applied to the input of the control. The error signal is modified accord-

ing to the control transfer function and fed to the fuel valve. The fuel
valve then manipulates fuel flow until N becomes zero.

Speed-Area Control

In this investigation, the operating point of the exhaust-nozzle area
was close to its wide-open position. Thus, a limited amount of additional
area was available for acceleration. When operated as a closed-loop sys-
tem, the speed-area loop became nonlinear when the control called for more
area opening than was physically realizable.

If a linear proportional-plus-integral control were used in this sys-
tem, adverse effects would occur when the system became nonlinear. At
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these conditions, an excessive charge would build up on the integral por-
tion of the control, holding the area wide open after the error had been
reduced. This action would cause large speed overshoots. In order to ob-
tain good closed-loop performance, some means was required to prevent this
excessive charge from building up while the area was wide open. TwO non-
linear control schemes were investigated and are described subsequently.

A block diagram of speed-area control type I is presented in figure
6(b). The operation of this control during an acceleration is as follows:
Inputs a, b, and ¢ occur simultaneously. Input a initiates a step change,
- ANg; input b opens the switch, breaking the control loop; and input c
supplies a signal to the area valve, causing it to open to its maximum
position.

The engine accelerates when the exhaust-nozzle area is wide open.
During the acceleration, the switching circuit compares the decreasing
Ne. to a predetermined value, set to about S5 percent of the initial error.
When Ne reaches this level, the switching circuit causes the switch to
close, returning the engine to normal closed-loop control.

A block diagram of speed-area control type II is presented in figure

6(c). The operation of this system during an acceleration is thus: A
step change ANg is initiated. The switching circuit compares the con-
trol output, or the signal to the area valve, to a preset level corre-
. sponding to the limit of the area movement. When the control output ex-
ceeds this limit, the switching circuit opens the switch, preventing any
further charge from building up on the integrator. The control then has
proportional action only. When N, decreases to a value such that the

control output no longer exceeds this limit, the switching circuit closes
the switch, restoring proportional-plus-integral control.

It is emphasized that these controls were designed for step increases
in set speed. For use with other inputs, such as decelerations or ramp
changes in set speed, it may be necessary to modify the controls.

Optimizing Criteria

Desirable properties of a controlled system are speed and stability
of response, characterized by overshoot, solution time, time to first zero,
and so forth. Unfortunately, speed and stability of response are often in
direct conflict with each other.

In a linear closed-loop system, as loop gain is increased to improve
the speed of response, overshoot increases and the system becomes more Os-
cillatory. The designer is called upon to make some compromise between
these characteristics. The choice of an optimum control would be greatly

TE9ET
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simplified if the designer had available a single figure of merit which
took all or most of these conflicting characteristics into account. . Some
function of the error, which would increase as the errors became larger
and of longer duration, would be applicable. This function would be
minimized for an optimum control.

Several criteria pgve been suggested for this purpose (refs. 1 and
3 2 o o
2), among which are o HeE at, Uy elat, Lé?w te? dt, and tleldt.
L etk

Chosen for this investigation were and 0 |e|dt because

of their simplicity and the ease with which they can be mechanized on
an analog computer. The controlled system for which these criteria
attained minimum values is defined herein as optimum. A block diagram
representative of the system used to obtain the values of the criteria
is shown in figure 7.

PROCEDURE

A steady-state map of engine speed against tailpipe gas temperature
is presented in figure 8. Accelerations with speed - fuel-flow and speed-
area controls are indicated; the initial point for all accelerations is at
94 percent rated speed, and the £inal point 18 at 97 perecent rated speed.

The testing procedure was the same for all three control loops. The
loops (fig. 6) were set up, and step increases in set speed were initiated.
Care was taken to maintain both the size and the initial point of el
accelerations uniform.

Control action was varied by changing the loop gain and the control
integral time constant. The range of loop gains investigated was from a
value approaching the point of instability to approximately 10 percent of
that value. The control integral time constant was varied from
approximately one-half to four times the engine time constant.

RESULTS AND DISCUSSION
Speed - Fuel-Flow Control
Transient data. - Transient data traces are presented in figure 9 for
varying values of loop gain and control integral time constant. The re-

sponse for a low gain control (KL, = 1.5) and Te = 1.5 seconds is shown
in figure 9(a). The initial increase in fuel flow is only slightly greater

than the final value, causing the error to diminish slowly toward zero.
This behavior is similar to an uncontrolled system.

Tncreasing the loop gain to 7.4, as shown in figure 9(b), improves
the speed of performance greatly. The speed error rises toward its final
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value quickly, reaching it for the first time 0.33 second after the ini-
tiation of the step. It then overshoots 31 percent. Tailpipe gas temper-
ature has an overshoot ratio of 3.1. (Performance parameters of overshoot,
overshoot ratio, and time to first zero are defined on this figure.)

A further increase in the loop gain to 10.3 gives somewhat faster
performance, as shown in figure 9(c). Reduction of the time to first zero
to 0.29 second from 0.33 second (fig. 9(b)) is done at the expense of a
large speed overshoot ratio, which is now 1.50. Tailpipe-gas-temperature
overshoot ratio has also increased and is now 4.0.

Changing T, to 0.5 second, with a loop gain of 7.4, makes the sys-
tem more oscillatory. In figure 9(d), the overshoot is 62 percent, twice
that| of figure 9(b). The time to first zero is 0.31 second, and the
temperature overshoot ratio is 4.1.

Increasing ey to 4.0 seconds at this loop gain has a stabilizing
effect on the system, as shown in figure 9(e). The speed overshoot is re-
duced to 27 percent and the time to first zero is slightly increased to
0.34 second; the temperature overshoot ratio is reduced to 3.0.

Selection of optimum control settings. - A plot of time to first zero
against overshoot ratio obtained from these and other data is presented in
figuré 10. From this curve, which takes into account the portion of the
transient only up to the first overshoot, it appears that it would be
desirable to operate with very high K; and =<,.

If, however, figure 9(e) is examined closely after the initial oscil-
lations have subsided, it is seen that a small error persists for a
relatively long time. This type of error is very difficult to evaluate.

The usefulness of the integral criteria is apparent. The choice of
the most favorable system would not be an easy one, if it were based on
these small differences in performance. Through the use of the integral
criteria, the problem is reduced to simply picking a minimum value.

The values of the integral criteria are plotted against speed over-
shoot ratio in figure 11. The criteria values are large for slow systems
having small overshoots, reach a minimum, and then increase again as the
system becomes more oscillatory. Both the criteria attain their minimums
with a control integral time constant of 1.5 seconds and an overshoot
ratio of 1.28. In figure 10, this point on the curve for T, = 1.5 seconds

occurs at a loop gain of approximately 7.

If these control settings, chosen by the integral criteria as optimum,
are to be compared with the optimum settings indicated in reference 3, the
two systems must be similar.

T9T¥
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The dynamics of the theoretical system consisted of a linear lag and
a dead time. In the response of speed to exhaust-nozzle area (fig. 3),
the experimental data fit response curves of a linear lag and a dead time
very well.

In the response of speed to fuel flow (fig. 4), this is not so. Be-
cause of the additional dynamics present in the fuel distribution and com-
bustion processes, the data do not fit the first-order response curves.
The amplitude ratio is attenuated more rapidly than the linear lag trans-
ferred from figure 3, and more phase shift (curve A) is exhibited than
wouldebeNexpected from the 'linear lag plus the 'dead time measured’ in
figure 5.

In order to interpret the experimental results, this additional at-
tenuation and phase shift should be combined with that due to the linear
lag and dead time to form an effective lag and an effective dead time.

In evaluating the effective lag, a curve is faired through the data of the
upper portion of figure 4 in the region about an amplitude ratio of 0.7.
The faired curve intersects the line of 0.707 amplitude ratio at a frequen-

= _._L___ = 1.06 seconds,
2nx0.15

as compared with Ty = 0.83 second measured from the response of speed to
area.

evEof OJlSicyele perfsecond. This gives Te,eff

The effective dead time is determined by plotting the phase shift
that would result from a linear lag with a time constant of 1.06 seconds
(curve B, tEaig 4). The difference between this curve and the data is due
to the effective dead time. The effective dead time is evaluated by add-
ing to curve B the phase shift due to various amounts of dead time. The
best possible match is shown as curve C, which is obtained by the addition
of a dead time of 0.15 second. This value of td,eff =10.15Fsecondiis

considerably larger than the value for dead time measured from figure 5,
which is 0.079 second.

According to reference 3, the optimum control settings are
Te,opt = Te’ and Kp = Te/td. Applying these relations to this system

T
: o Pepeing
gives T opt = Te,eff = 1.06 seconds, and Ki,opt = EEL;EE =\ -l . iMhese
)

values compare favorably with those obtained experimentally, which were
Te,opt = 1.5 seconds and KL,opt =G

Temperature overshoot. - The overshoot ratio of tailpipe gas tempera-
ture T is plotted against speed overshoot ratio in figure 12. For the
optimum control settings, the T overshoot ratio is about 3.0. This
temperature was sensed by a thermocouple having a time constant of 0.3
second.
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Because of the large T overshoots obtained, an investigation of the
excursions of turbine blade temperature Tb was made. In order to simu-
late Tb, the T signal was compensated to eliminate the lag of the sens-
ing thermocouple and was then passed through a lag of 1.5 seconds, which
is conservatively small for simulation of turbine blade dynamics (ref. 5) .
A data trace showing the transient behavior of this variable, for a repeat
run of the transient shown in figure 9(b), is presented in figure 13.

The turbine-blade-temperature overshoot ratios, obtained with various
KL's at Te = 1.5 seconds, are plotted in figure 12. It is seen that at

the optimum control settings (K; = 7.4, T, = 1.5) no T, overshoot occurs.

This is important in that a compromise in optimum speed control, for the
purpose of limiting temperature excursions, is apparently not required.

Limitation of fuel-valve response. - In order to obtain data more
representative of a practical control system, a circuit was added between
the control and the fuel valve which limited the rate of change of the
signal to the fuel valve. Thus, the rate of change of fuel flow was
limited to approximately 150 percent of rated flow per 101 second.

Transient-data traces for this system are presented in figure 14 for
Ki,'s and T.'s comparable with those in figure 9. Of particular interest
in these data is the fuel-valve position trace, which rises on a ramp ini-
tially. (This is not clear in fig. 14(a) because the change in fuel
flow is small.) Comparison of the traces of fuel-valve position and con-
trol output (recorded before the rate-of-change limiting circuit) shows
that the fuel valve cannot follow the initial rise but follows the slower
return exactly. This action is typical of a motor-driven fuel valve.

The primary effect that the addition of this circuit had on the per-
formance of the system was the increase of time to first zero (fig. 15},
This increase was, on the average, about 15 percent for a given set of
control constants.

The integral criteria, plotted in figure 16, minimize at higher values
than were obtained without the limitation on the fuel-valve response. The
minimum values occur at Te = 2.0 seconds and an overshoot ratio of about
1.28. On figure 15, this point corresponds to a loop gain of about 6.5.

It is important to note that the control settings necessary to obtain the
minimum integral values remain essentially unchanged although the response
of the fuel valve has been limited.

The tailpipe-gas-temperature overshoot ratio for this system is plot-
ted in figure 17. For the optimum control settings, the overshoot ratio
is about 3.2. Although simulated turbine blade temperatures were not in-
vestigated for this system, it may be assumed that no overshoot occurred,
since the tailpipe-gas-temperature overshoot ratio is approximately the
same.

= el i A o
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Speed - Exhaust-Nozzle-Area Control

The increasing use of afterburners on modern turbojet engines has
emphasized the need for two-loop controls in which both speed and tailpipe
temperature are controlled. One of the possible two-loop configurations
is that in which speed is controlled by exhaust-nozzle area and
temperature, by fuel flow.

It is realized that the speed-area control has a limited utility as
a single-loop system. However, an investigation was carried out on this
basis to avoid the complications that would be caused by a simultaneous
manipulation of fuel flow.

Transient data, type I control. - Transient-data traces for speed-area
control type I are presented in figure 18 for varying values of K1, and
T Engine response for control settings of T. = 0.1 second and K;, = 7.5

o
is shown in figure 18(a). Speed overshoots 24 percent, and its time to
first zero is about 0.75 second. Since the area is opened to accelerate
the engine, tailpipe gas temperature decreases; and the possibility of
engine damage due to temperature overshoots is eliminated.

Increasing the gain to 17.5, as shown in figure 18(b), reduces the
speed overshoot to 10 percent. The time to first zero is unchanged (0.75
sec). Increasing 7T to 0.5 second (fig. 18(c)) increases the speed

overshoot to 22 percent. The time to first zero is again 0.75 second.

The reason for these minute differences in time to first zero is
clear. As seen in figure 18, almost all the acceleration is accomplished
with the area wide open. Since control action does not begin until the

error approaches zero, the initial portion of the speed response is, for
all practical purposes, independent of control settings.

Selection of control settings, type I control. - In figure 1S are
plotted values of speed overshoot ratio against loop gain. Overshoot ratio
is seen to decrease as K, becomes larger and T. becomes smaller. Past
a loop gain of about 25, however, only small improvements are realized for
further increases of loop gain. Also, amplification of noise increases,
and the area tends to follow these unwanted signals. TIn view of these
facts, it is deemed undesirable ‘to operate with a loop gain greater than
about 18

In this system, the primary function of the control is to supply a
signal to close the area from wide-open position to its new operating
point. This should be done as quickly as possible in order to minimize
overshoots. As anticipated, the test data show that a low T and a high

K1, would best accomplish this.
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The integral criteria, plotted in figure 20, follow the same trends
as does speed overshoot ratio. These trends indicate that the best

operation is obtained by using a control having a large Kj and a small

’L'c.

Transient data, type II control. - Transient-data traces for speed-
area control type ITI are presented in figure 21 for varying values of To -

Engine response for control settings of Te = 0.1 second and Ky = 7.5 is

shown in figure 21(a). The speed overshoot ratio is 1.20, and the time to
first zero is about 0.78 second.

Increasing T, to 0.5 second (fig. 21(b)) reduces the speed over-

shoot to a very small value, about 3 percent. The time to first zero has
increased to 0.92 second. For this system, the area is not held open as
long as it was in figure 21(a).

A further increase in T, to 1.0 second (fig. 21(c)) results in an

overdamped response having no overshoot. The area here remains open for
a still shorter time. It is seen in these data that the performance of
the system is more dependent on T, than the system with type I control.

As 7Tc 1is decreased, the contribution of the integral term becomes
of greater ‘significance.  TIf T, d1s too small, as in Ffigure Zl(a), a

large charge is built up on the integral before the error reaches zero.
Since this charge holds the area open after the error has reached zero,
the engine continues to accelerate, causing a speed overshoot.

If, on the other hand, T, 1is made too large, the response such as
shown in figure Zl(c) results. The rate at which the integral charges is
reduced. Hence, unless Kj, 1s increased, a sustained error is necessary
to build up the integral charge required for operation at the new
conditions.

Selection of control settings, type II control. - Speed overshoot
ratio is plotted against K;, in figure 22. - It is seen that overshoot may
be reduced by increasing K or 7T,. In figure 23, values of the integral
criterion are constant beyond a Kj of 7.5 and practically independent of
TC, If similar performance can be obtained by operating at a high or low

value of Kj, it is more desirable to operate at the lower value because

of the noise amplification previously mentioned.

In view of these facts, the recommended control settings for this
control are T, = 0.5 and Ki = 7.5. However, since the performance of

the system is dependent on the response of the area servomotor and the
physical limit of the area opening, this recommendation cannot be
generalized.

T9T%
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Comparison of Speed - Fuel-Flow and Speed-Area Controls

Overtemperature. - As pointed out previously, the trend toward tur-
bine blade damage due to high engine temperatures during an acceleration
is not present in the speed-area control.

Speed overshoot. - Speed overshoot for the optimum speed - fuel-flow
control is 28 percent. The best operation of the speed-area control is
with little or no overshoot.

Acceleration capabilities. - The additional exhaust-nozzle area avail-
able for acceleration above the operating point was 13 percent rated area;
the additional fuel flow available for acceleration above the operating
point was approximately 100 percent rated fuel flow. Therefore, the ac-
celeration capabilities of the speed - fuel-flow control are greater than
those of the speed-area control.

Time to first zero. - Because of the larger acceleration capabilities
of the speed - fuel-flow control, the time to first zero for this system
is smaller.

Solution time. - Because of the speed overshoot obtained with the
speed - fuel-flow control, the time required for N, to reach and stay
within 10 percent of its initial value is about the same for both
controls .

Integral criteria. - ‘The values of the integral criteria at their
minimums are about the same for both controls.

Dependence on control settings. - The control integral time constant
and the loop gain must be held to close tolerances for optimum operation
with the speed - fuel-flow control but considerable variation is allowable
for the speed-area systems.

Simplicity of control. - The presence of the limit in the area neces-
sitated the use of a nonlinear speed-area control, which involved addi-
tional circuitry. Since the speed - fuel-flow loop was linear, the
control was simple in comparison.

The comparisons between the two systems are summarized in the fol-
lowing table. 1In this table, + denotes more favorable action; -, less
favorable action; and o, similar action by both systems.
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Speed - fuel- | Speed-area
flow control | control
Overtemperature - +
Speed overshoot = +
Acceleration capabilities + -
Time to first zero + -
Solution time o) o
Integral criteria o o)
Dependence on control settings - HF
Simplicity of control + -
CONCLUSIONS

The optimum speed - fuel-flow control obtained in this investigation,
based on minimization of error integral criteria, can be satisfactorily
predicted by application of linear theory. Agreement was good, although
higher-order dynamics were present in the engine that were not considered
in the linear analysis. The theoretical optimum control is of
proportional-plus-integral configuration, and its action may be represented

i
Tes)
ratio of the engine time constant to the engine dead time, and the control
integral time constant T, 1is equal to the engine time constant; s is
the Laplace operator.

by the transfer function KL(l & The loop gain Kj, is equal to the

At the optimum control settings, the speed overshoot ratio was 1.28.
Simulated turbine blade temperature did not overshoot, indicating a com-
promise in optimum speed control, for the purpose of limiting temperature
excursions, is apparently not required. Limitation of the rate of change
of fuel flow did not appreciably alter the values of the optimum control
settings.

The frequency response of engine speed to exhaust-nozzle area could
be represented by a linear lag, specified by the rotor time constant, plus
a dead time. The linearity of the system, however, is limited to the ex-
tent of the physically realizable area change and thus holds only for small
disturbances.

Ty
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When used as a controlling variable, the area is frequently opened
to its maximum position. If a proportional-plus-integral control is to
be used in the speed-area loop, some provision must be made to prevent
saturation of the integral component of the control while the area is on

its limit.

By using a nonlinear control with this characteristic, speed was sat-
isfactorily controlled by exhaust-nozzle area over a limited range. Within
this range, the speed-area loop was found to possess advantages over the
speed - fuel-flow loop with respect to speed and temperature overshoots.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, December 13, 1956
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APPENDIX A
SYMBOLS
a,b constants associated with integral criteria
e error
K1, loop gain
N engine rotational speed, percent rated
S Laplace operator
i tailpipe gas temperature, percent rated
t time, sec
tg dead time, sec
We fuel flow, percent rated
Subscripts:
b turbine blade
c control
e error
erf efiffectiwe
m measured
opt optimum
S set
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Figure 1. - Schematic diagram of variable-area exhaust-nozzle system.
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Figure 2. - Frequency response of exhaust-nozzle position to sinusvidal input of iS-percent
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Figure 3. - Frequency response of engine rotational speed to sinusoidal variation of exhaust-

nozzle position. Operating range, 95.513 percent rated speed.

T9T¥




4161

NACA TN 3926 al

O Experimental
.8 ¢ —— Theoretical first-
order response

+6 ‘}%
4 ‘t}>‘\\\,
i o
[e)
0]
2 04) \K
[0) b Time constant, 0.83 sec
3 o IXC
£ 00 N
g Y
-g 1l ©
= .08 P ‘\\\
—
a N
E L.os

.04 N
\

o N
0. \
.02 o
(o)
o1
o}
N
SN
30 ™
'h\
60 b\gz

Time constant, 1.06 sec

P T

\ —

N
/
/

) ) Time constant, 1.06 sec;
& O‘({ \<dead time, 0.079 sec
& 20 Y
& A
o ]
. N
o
2 150 O
5 Time constant, 1.06 sec;
dead time, 0.150 sec

180
c \

(o]
210
D
240 O
270
.01 .02 .04 .06 .08.1 -2 .4 .6 .81 2 4 6 8 10
Frequency, cps
Figure 4. - Frequency response of engine rotational speed to sinusoidal lnput to fuel

valve. Operating range, 95.5+3 percent rated speed.




AR, o A o A i SR 0

—-{ }——0.01 sec | A >

Tailpipe pressure

A NN NN /N

Campressor-discharge pressure

-u/‘V\\/\/Vﬁ\f~'~v’\v\Jﬁf\/L\/

Tailpipe gas temperature
A ANAAAAAAAALNAARNAANAAG AN
. Turbine-inlet temperature .

S8 S REEREET. . S CR G

Aécelé}ation o

/4

\

Fuel-valve position
AMAAN/ oy AN

AA A
W/ L ad W/ v

Dead time,

22

Input

0.079 sec

Engine qgged, 94 percent rated

Figure 5. - Response of uncontrolled engine to burst in fuel flow illustrating dead time present.

9262 NI VOVN



| Control

4161

(a) Speed - fuel-flow control.

Figure 6. - Block diagram of control loops.

Speed Lo,

sensor
et Engine
valve g

9262 NI VOVN

G



24 NACA TN 3926
Speed
sensor
Switching
lledeendt
N {
N Swi Area ~ 5
5 Ne witch Control el Engine
o, T T
a b o
(b) Speed-area control type I.
Speed
sensor
Nm o PTOpOoT=-
tional
Area & FEngine
valve
B fich |ty 5o~
gral
Switching

circuit

(c) Speed-area control type II.

Figure 6. - Concluded. Block diagram of control loops.
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Figure 9. - Transient data for speed - fuel-flow control for step increase in engine set speed.
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Figure 9. - Continued. Transient data for speed - fuel-flow control for step increase in engine set speed.
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(c) Control integral time constant, 1.5 seconds; loop gain, 10.3.

Figure 9. - Continued. Transient data for speed - fuel-flow control for step increase in engine set speed.
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Figure 9. - Continued.

(d) Control integral time constant, 0.5 second; loop gain, 7.4.

Transient data for speed - fuel-flow control for step increase in engine set speed.
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Figure 10. - Variation of time to first zero with speed over-

shoot ratio for speed - fuel-flow control.

T9T¥




4161

NACA TN 3926

33

T I
Control integral
time constant,
qat T
co
sSec
015{¢3)
el
\ S 5
y
) 78,/
l.O\‘ 1.3/
10\ \\ /
\ \ et /
e V/
4.0 \\ 135
4.0
8\\\\
155
\\\\\\‘- —
\‘\ e
\
6
1188(0] 12 1.4 6 158 2.0
Speed overshoot ratio
(a) a /hNg dt.
0
Figure 11. - Variation of integral criteria with speed over-

shoot ratio for speed - fuel-flow control.




34 NACA TN 3926

Control integral
[ time constant,

M
4.0
\ E
14 \
\
.75 \ /
12 \ N\
A /
o \ .75
g 1.0
8
c~\%? 10 ‘\ \\\\\ / /////
= \ \ B ™ BN X
\ i /L
81.5
X '\_,_./
G ,
\\//
61.0 L= 1.4 1.8 2.0

Speed overshoot ratlo

f |N | at.

Figure 11. - Concluded. Variation of integral criteria with
speed overshoot ratio for speed - fuel-flow control.

il




- NACA TN 3926

6 T ) ] T T
Tailpipe gas temperature
P
///
5 i
///// g
/ ///j
: )/
Control integral //
time constant, v ////
41 T /

sgé ////
1. O 7 /
e 5= / /

e
Vs
W 2

//,47 Simulated blade temperature;
9 K-control integral time

\ionstant, 1LoB)  EHEE —

- ¢J-5 back

Temperature overshoot ratio
N

{ LS00, Lo 1.4 B 1L (! 2ile
Speed overshoot ratio
Figure 12. - Variation of tailpipe-gas-temperature overshoot

ratio with speed overshoot ratio for speed - fuel-flow
control.




Fuel-valve position=

=—_— — |
= == ===
= = E= =E===== =+ 14; E : =
E=== =
s S=E========% = -

1 Sec—-|‘

peed error 7 = EEss s = ’i'_L = Hﬂ%ﬁ——t—l St id_fg?,;. ;-ﬁ—?:—; 5 f— G ;;Z—f‘zi‘lgé
= ! S-s= == —=
== _ ==5 Se===== = =s = E
: = === ;;E»btﬁ?';%:‘?iﬂ ES=s - - ceseesessa=---c——=aee===t

-Tallpipe gas temperaturef 7 %ﬁ FFJF F F & =EEEEE e e e
EJ’EJ—,FL ﬁ = S e e B e ,f—. «f:J.';_ " j%r {4;*;%‘1___‘E7__ ==t =

Eéi = - ES = i = == ——
S==c=c== = === e =

e —~ = S oo ee *-r—k—i e smae s 5 =

Tubine blade temperature
:Z—"»:;m === : i‘F“i:“i \Lu' == S e +
— == 1 —t—"' \'—Fﬂ—_.‘_ B aas x i—¥ e ey H'_ = == =
SSSsessesea=- = EE=s=uus =

Figure 13.

- Transient data for speed - fuel-flow control for step increase in englne set speed showing simulated turbine blade temperature.

Control integral time constant, 1.5 seconds; loop gain, 7.4.
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Figure 14. - Transient data for speed - fuel~flow control with limited rate of change of fuel valve for step increase in engine set speed.
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Figure 18. - Continued. Transient data for speed-area control type I for step increase in engine set speed-
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Figure 18. - Concluded. Transient data for speed-area control type I for step increase in engine set speed.
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Figure 19. - Variation of speed overshoot ratio with loop gain for speed-area con-

trol type I.
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Figure 20. - Variation of integral criteria with loop gain for speed-area control
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Figure 21. - Transient data for speed-area control type II for step increase in engine set speed.
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(b) Control integral time constant, 0.5 second; loop gain, 7.5.
Filgure 21. - Continued.

Transient data for speed-area control type II for step 1ncfease in engine set speed.
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Figure 22. - Variation of speed overshoot ratio with loop gain for speed-area con-

trol type II.
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