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ANATYTTICAT, AND EXPERTMENTAY, ITNVESTIGATION OF A TEMPERATURE-
SCHEDULE ACCELERATION CONTROL FOR A TURBOJET ENGINE

By Herbert Heppler, Paul M. Stigllc, and Devid Novik

SUMMARY

A temperature-limiting control was used on a turbojet engine in
order to study the feasibility of its use as an accelerstion control.
Three types of control actlon, proportional, integral, and proportional-
plus-integral, were used in this investigation.

Traensient response deta were obtained to investigate the control-
system response and stability. Temperature errors, which include over-
shoot, tracking, and steady-state errors combined with control stabil-
ity, were used as control criteria to evaluate the control systems.

The most favorable of the control systems tested was found to be
the proportional-plus-integral control action, which had no steady-state
error, & negligible tracking error, minimum temperature overshoot, and
was stable to a higher control gain.

INTRODUCTION

One of the main objectives in controlling a turbojet engline is to
provide for rapid, safe accelerations from one thrust level to another.
Meximum acceleration has been found to occur at the compressor stall
line as shown 1n reference 1. Since acceleration diminishes or may be
impossible in the stall reglon, it is desirsble to accelerate with a
saefe margin from the stall line.

Two general turbojet accelerstion control systems have been inves-
tigated at the NACA Lewis laboratory. One utilizes the optimalizing
technique which requires an engine parameter signal to warn of impending
stall. This method may be desirable because maximum acceleration could
be safely attained independent of saltitude corrections and engline de-
terioration. However, a preliminary investigation (ref. 2) to search
for adequate stall-warning signals proved unsuccessful. No applicable
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control signals were found. Until an adequate stall-warning signal is
found, other types of acceleration controls must therefore be used.

The second type of control sautamatically limits engine parameters
such as fuel flow, &cceleratlon, compressor discharge pressure, or tem-
perature according to a predetermined schedule. An investligation of
scheduling engine acceleration with engine speed is presented in
reference 3.

This report investigetes some of the problems involved in schedul-
ing the tailpipe temperature to avoid stall during acceleration. A ma-
Jjor difficulty in using the tailpipe temperature as a control pasrameter
ie the development of a suitable temperature-sensing device. In order
to maintain a safe margin between surge and scheduled vaslues, accurate
temperature measurements &re needed. A compensating device was used to
cancel the large thermocouple lag assoclated with heavy long-life ther-
mocouples usually necessary for high-temperature measurement.

The object of thls report is to investigate the dynamics of a
closed-loop accelergtion control thet follows a schedule of tailpipe
temperature with rotor speed. Acceleration is limited by one of two
factors, engine surge or turbine temperature. A constant temperature
schedule may be used in a surge- and stall-free region combined with a
lower temperature schedule shaped to skirt the surge region. If the
engine should inadvertently surge or stall, the resulting overtempera-
ture condition reduces fuel flow to a safe operating value.

The ability of the control. to limit. temperature overshoot and track
the temperature schedule during ean acceleration 1s studied along with
the factors influencing the system stability.

APPARATUS AND INSTRUMENTATION
Fuel System .

The fuel system (fig. 1) consists of a reducing-type differential
pressure regulator that maintains a constant pressure drop across the
throttie. The respomse of the throttle wvalve to input voltege was es-
sentially flat to 20 cycles per second (ref. 4). Because the throttle
position was proportional to fuel flow through the throttle, it was used
as an indication of fuel flow.

Fuel metered at the throttle flowed to a flow divider which regu-
lates flow to a dual-manifold distribution system as shown in figure 1.
The fiow divider permitted flow through both the large- and smaell-slot
manifolds at high fuel pressure and %o the small-slot manifold at low
fuel pressure. The transition from small-slot manifold operation to
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both small- and lsrge-slot manifold operation had & cepacitive effect
on the fuel system. A finite time was necessary to fill the large-siot
menifold, which lowered the effective fuel flow for that period. A sud-
den increase to the required flow occurs when the large-slot nozzle
opens. During the short period required to £ill the large-slot mani-
fold, throttle position is not & true indication of engine fuel flow.

Sensors

Tailpipe tempersture. -~ The average of three chromel-alumel ther-
mocouplee spaced 120° apart was used for tailpipe-temperature measure-
ment. These high-temperature thermocouples were made of l4-gage wire
and had an approximate first-order lag that varied with engine speed
(fig. 2). The time constant of the thermocouple leg varied from 0.62
second at idle speed to 0.25 second at rated engine speed.

A thermocouple campensator of a lead-lag nature (fig. 3) was used
to extend the thermocouple frequency response. The lead time constant
was set t0 cancel the thermocouple lag at 66-percent rated speed. This
results in fixed compensator time constants of 0.56-second lead@ and
0.032-second lag as shown in figure 3.

Since the thermocouple lag decreases with engine speed, the com-
pensator matching at a low englne speed results in overcompensatlon at
higher engline speeds. This overcompensation presents slightly higher
peak-temperature measurements than actually exist, resulting in a larger
safety margin. A camparison of the compensated and uncompensated ther-
mocouple freguency response with engine speed is shown in figure 4. At
66-percent rated engine speed, the compensated thermocouple is flat to
5 cycles per second, whereas the uncompensated thermocouple response
attenuates to 0.055 at 5 cycles per second. As engine speed increases
above 66-percent rated speed, overcompensation increases to a maximum
of 2.25 at rated speed. The necessity of schedulling exact compenssation

Engine speed. - An electronic counter modified to convert pulses
supplied from a 180-tooth tachometer generstor into a direct-current
voltage was used to obtain engine speed. The direct-current voltage
that was proportional to englne speed was filtered and amplified before
being recorded. '

Engine acceleration. - An acceleration signal was supplied by elec-
tronically differentiating the engine speed signal. Filtering of ob-
Jectlioneble noise was necessary. )
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Recording Equipment

Transient data were recorded on a direct-recording osclllograph,
the frequency response of which was essentially flat to 100 cycles per
second. A recorder chart speed of 25 millimeters per second was used.

CONTROL SYSTEM

A block diagram of the control system is shown in figure 5. The
demand signal simuletes & slgnal from an operator's throttle, a speed
controller, or a temperatire controller. This signal sets the deslred
fuel flow that is metered by the fuel system to the turbojet engine.
Tailplpe temperature is measured by the temperature sensor, which also
compensates for the instrumentation lag assoviated with the thermo-
couple. This compensated temperature signal is compared with the sched-
ule signal, and the error signel 1ls amplified by the contrel amplifier.
The temperasture controller begins operating when the error signel in-
dicates an overtemperature. The corrective action of the contraller
was one of three types: (1) proportionsl, (2) integral, or (3)
proportionsl-plus-integral. The controller-output signal reduces fuel
flow by subtracting from the demand signsl.-

Controller Operation

The temperature-summing network, control amplifier, and controller
were assembled on an electronlic differentlial anslyzer and are shown in
schematic form in figure 6. The temperature-schedule signal T, 18
added to the negative of the compensated temperature signal -T;, and
the resultant temperature error is amplified by the first amplifier.
The setting of potentiometer Pz determines the scheduled temperature
level, whereas potenticmeter setting P; sets the control gain. The

value of the amplifled temperature error is determined as follows:

R R K K
6 (S 1 c C
_Tm-———TS)——=-—' Tm_TS =.—.—Te 1
(34 Rs i B ( ) Py (1)
(A1l symbols are.defined in esppendix A.)

The controller smplifier shown 1n figure € has two parallel feed-
back paths. One path is composed of a dlode and a resistor Rz. The

value of resistor Rz 1s very small compared with the lnput resistor
R1. The second feedback path determines the type of controller cor-
rective action. Connecting both resistor Rz and condenser C2 re-
sults in a proportionel-plus-integral comtrol. Resistor Rz, by ltself,
or condensor Cg, by itself, produces proporticnal or integral action,

respectively.
4
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A negative amplified temperature error (K./Pj)/Te occurs for

operation below the temperature schedule value and results in a positive
controller output signal W.. The posltive signal causes the feedback

diode to conduct. The resulting controlled cutput is shown for
proportional-plus-integral control system in the following equation:

-R 1l + RoCos =T
We = 5( 27z )( eK“') when W,> O (2)

Rl i+ RzCzS + RsCzS Pl

The output W, is a negligible positive signal (since the ratio of Rz
to Ry 1is very smgll) and is not effective in regulating fuel flow.

The diode does not conduct when the controller output We becomes neg-

ative, which occurs when an overtemperature condition causes the ampli-
fied tempersture error signal to became positive (fig. 6). Equation (3)
shows that the ocutput signal with the diode open is that of proportional-
plus-integral control action:

_ _[Rz 1 KeTe _ KcTe
Ve = (R]_ R1C2B)T ( +E) =) ven W< 0 (3)

The controller output can now regulate fuel flow and does so with
a proportional-plus-integral control sction. Fuel-flow regulation con-
tinues until W, 1s zero and the diode conducts. The controller dicde
switching operates in the same manner for integral and proportionsal
control systems.

Engine Characteristics

The steady-state varistion of tailpipe temperature with engine
speed and fuel Tlow is shown in figure 7. These plots show a temperea-
ture reversal at 68.5-percent rated engine speed and 12.5-percent rated
fuel flow. This results in a negative tailpipe-temperature to fuel-flow
galn Kq; Dbelow 68.5-percent rated speed, as shown in figure 8. The

engine gain is positive above 68.5-percent rated speed, reaching a max-
imum of 0.594 (percent rated temperature/percent fuel flow) at 86-
percent rated speed.

The transient response of tailpipe temperature to fuel flow is of
a lead-lag-plus-dead-time nature. The lead time constant oe and the
lag time constant <Te decrease with engine speed as shown in figure S.

At 70-percent rated speed the lead time constant is 2§ times as large

as the lag time constant. This ratio diminishes with engine speed,
reaching unity at 100-percent speed where the engine lead equals the
lag.

“———
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A tallplipe-temperature to fuel-flow dead time of approximately 55
milliseconds was cbsérved for sll engine speeds, as shown in figure 10.
This dead time produces a 180° phase lag at 9 cycles per second. Fig-
ure 11 is a plot of the calculated forwerd-loop phase shift response
with frequency, which includes the fuel system, engine dynemics, and
the temperature-measuring circuit. A comparison of the total forward—
loop phase shift with that of the tailpipe-~temperature to fuel-flow
dead time alone indicates that the forward-loop phese shift is primarily
that of dead time.

Control-Loop Characteristics

The control loop can be separated into two sections: (1) the for-
ward path, which includes the fuel system, engine, and temperature in-
strumentation, and (2) the feedback path, which consists of the control
components (fig. 12).

The transfer function of the forward path G(s) is composed of the
cascaded fuel .valve, engine, and temperature imstrumentation transfer
functions, as shown in the following equation:

T8 K Xm& (1 + 0g8)(1 + o,8)e™@B ()

TWiE - WoB (L + ToB)(L * T8I (L + T¢8)

Since the engine time constants and thermocouple lag change with
engine speed, the forward-path frequency response varies with engine
speed as ghown in the calculated straight-line approximation of figure
13. The variation of thermocouple lag with engine speed has a can-
celling effect on the amplitude spread resulting from the lower-
frequency engine dynamics. It can be seen in figure 135 that the varia-
tion of amplitude ratio with engine speed 1s smell beyond 0.6 cycle per
second.

The transfer function of the feedback path H(s) consists of the
transfer functions of the control amplifier and the controller (fig. 12).
The controller response depends on the position of the diode swltch.
With the diode switch in the closed position (Wg > 0), the transfer
function is approximstely zero. For control corrective action, the 4i-
ode switch is open (We < O}, and the transfer function is that of the

particular controller action used. The transfer function with
proportional~plus-integral control action is given In equation (5):

M) = =Tt )

vleg
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The transfer functions for proportional and integral control indi-
viduelly are K, and K,/s, respectively.

The loop gein Gy, of the system &t zero frequency is obtalned from
the frequency invariant components of the open-loop transfer function.
Therefore, the loop gain with proportionsl control is KyKrwKmKp. Since
the zero-frequency gain of the loop with integrating action is theoreti-
cally infinite, the loop gain is obtained from the loop veloclty con-
stant Gy, which is the product of the control velocity constant Ky
and the forward-path gain K Km&K,.

PROCEDURE

The experimental progrem consisted of engline accelerations control-
led by a temperature schedule. A ramp input to simulate a demand signal
was used to obtain closed-loop transient response data. The transients
were Initiated fram 62.5-percent rated engine speed where the steady-
state operation 1s well below the scheduled temperature. A fixed remp
input of 2-second duration and a rate of 35~percent rated fuel flow per
second were used for all transient tests.

The temperature schedule was set and maintslned at 75-percent rated
tallpipe temperature. This allowed a safe margin for overshoots, track-
ing errors, and steady-state errors for the various control gein set-
tings used.

Dats were obtained for both proportionsl and integrasl control with
the gain wvaried from low settings to that sufficient to cause system in-
stability. Proportiocnal-plus-integral control data were obtained for
independent varistions of velocity constant and proportional gain.

The contrcl systems were evaluated from the followlng criteria:

(1) Loop gain and stability

(2) Tracking error (veloecity droop)

(3) Steady-state error (positionel droop)

(4) First overshoot snd Iarge-slot opening overshoot
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DATA AND RESULTS

Typical transient data for proportional-plus-integral control ac-
tion are shown in figure 14. The recorded traces are controller-output
signal, fuel-valve position, engine speed, engine acceleration, and cam-
pensated tallpipe temperature. S -

From steady-state operation at 62.5-percent rated speed, a 2-
second fuel ramp is applied to accelerate the engine at time labeled
zero. The fuel-valve position Wy Increases as a ramp until the meas-
ured tempersture Ty exceeds the set temperature Tg as shown in fig-
ure 14 st 0.6 second. This activates the controller-ocutput signal We,

which reduces the fuel-velve position accordlingly. At the termination
of the 2-second ramp, We reverses to maintain the set temperature

schedule.

A fuel-flow disturbance caused when the large-slot manlfold fills
and opens occurs during the time interval of 2.5 to 3.4 seconds in fig-
ure l4. At 2.5 seconds, the large-slot manifold begins to £11l, reduc-
ing the effective fuel flow to the cambustor. The controller output
increases fuel flow to maintain the tempersture schedule as shown by the
fuel-valve-position increase during this interval. At 3.4 seconds the
large slot opens and the effective fuel flow is too large, thereby caus-
ing a temperature overshoot at 3.6 seconds. This disturbance (large-
slot overshoot) calls for corrective action by the comntroller. Although
the fuel-system manifold f£illing charscteristic 1s undeslirable for maln-
talning a temperature schedule, the effectiveness of the controller to
correct for a disturbance mey be evaluated.

The sbility of the controller to follow the temperature schedule
is evaluated by three basle criteria: overshoot, velocity error, and
positional error.

Two temperature overshoots sre encountered, as shown in figure 14.
The first overshoot occurs when the ramp fuel input accelerates the en-~
gine beyond the scheduled tempersture, which activates the control sys-
tem. A second overshoot takes place when the large-slot manifold opens
to supply fuel to the engine.

Velocity or tracking errors of the system are of two forms, a pos-
1tive error droop A and s negative error droop B. Droop A occurs when
the controller signal is reducing fuel flow, such es during the period
the fuel ramp Input ies in effect and the control 1s activated. A nega-
tive temperature error, droop B, occurs when the controller signal 1s
incregsing fuel flow to masintain the temperature schedule. Such a pe-
riod is in evidence after the ramp fuel input is terminated until the

$L6E
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large slot opens. This droop is further dlvided into portions before
and after the large-slot manifold starts filling its lines, labelled
droops B and Bjy,, respectively.

In trying to maintasin set wvalues at the end of a transient, steady~
state or positional errors occur. No steady-state errors were involved
with the integrating action of the feedback control used for figure 14.

Closed~Loop Control Data

Proportionsl comtrol. - Proportional control data are presented in
figure 15 for Increasing values of control gain. The engine response
to a low-galn proportional control (Kb = 3.25) 1s presented in figure
15(a). The control output signel We shows that only a small correct-
ing action tskes place. This allows the fuel valve to follow the ramp
input closely. Hence, these data are very similar to those of an un-
controlled system. The low proportional gain results in a system of
poor regulation with a large-slot overshoot of 630° F and a steady-state
error of 300°C F.

Increasing the control gain to 13.0, as shown in figure 15(b),
glves better control regulation. The large-slot overshoot temperature
is reduced to 450° F with a steady-state error of 230° F. A slight am-
plification of temperature noise is evident on the fuel-valve-position
trace. :

The system is unstable, with small-amplitude oscillistions for a
proportional control gain of 39.0, as shown in Ffigure 15(c). Although
the increased proportional gain reduced large-slot overshoot to 2900 F
and steady-stete error to 160° F, they remain of larger masgnitude than
can be tolerated for turbojet control. Amplification of noise has in-
creased, partlicularly thet of 60 cycles per second, resulting in large
fuel-valve oscillations. Piltering of these obJectionsble frequencies
18 necessary for safe, smooth operation.

An unstable system with large oscillations results when control
gain is increased to 45.5, as shown in figure 15(d). The unstable os-
cillation at the end of the transient has an amplitude of 335° F, with =
frequency of 6.7 cycles per second. ILarge-slot overshoot is 255° F,
with a steady-state error of 135° F.

As a result of these large steady-state errors, the proportional
controller is undesirable. A plot of experimental and analytical steady-
state error is shown for various loop gains in figure 16. (See appendix
B for the analysis of steady-state-error derivation.) At a loop gain
of unity, the steady-state error is about half that at zero loop gain.
Any further increase in loop gain caused the system to become unstable.
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Loop gain was restricted to approximately unity mainly by the large en-
gire dead-time phase shift. At the unstable frequency of 6.7 cycles per
second, the dead-time phase shift was 130°.

Integral control. - Transient date with integral control action are
presented for increasing veloclty constant in figure 17. The veloclty
constant Ky 18 increased fram a low value of 130 in figure 17(a) to
twice the gain (260) in figure 17(b)}. The use of integral control elim-
inates the final steady-state error. Doubling the veloclity constant as
shown in figures 17(a) and (b) had little effect on large-slot overshoot,
a pesk temperature of 860° F occurring in both cases. Veloclty errors
were reduced an average of 50 percent. The velocity tracking errors are
relatively smsll compared with the large-slot overshoot error, that is,
a maximum velocity error of 55° F compared with an overshoot error of
240° F.

Increasing the velociiy constant to 520 results in an unstable
system (fig. 17(c)). The instability that occurs when the control is
engaged at low engine speed is of a 1¢w magnitude and becames dampened
during the filling of the large-slot manifold. The unstasble amplitude
is larger at higher engine speeds as s result of the larger engine gain,
as shown previously in figure 8. The fregquency of the unstable oscllla-
tions varied from 3 cycles per second at low engine speed to 2.85 cycles
per second at the final englne speed.

Integral control action is more advantageous than proportional con-
trol, as it eliminated steady-state error and reduced trackilng errors.
The control loop becomes unstable at a frequency of 2.85 cycles per sec-
ond with integral control action, compesred with 6.7 cycles per second
with proportional control action. An addition of proportional action
to the integral conmtrol loop should provide Increased stability.

Proportional-plus-integral. - A combination of increasing propor-
tional gain to Integral control is presented in figure 18. This set of
data has a fixed veloelty constant of 130, with proportlional gain K@
varying from 3.25 to 45.5. The effect of increasing proportional gain
in the control loop lowered large-slot peak overshoot fram 820° F at
Kp of 3.25 to 715° F at Ky of 45.5. This campares with a minimum
overshoot of 820° F for integral action and 875° F with proportional
action. The unstable frequency at the end of the transient of figure
18(d) is 6.0 cycles per second, which lies between that obtained for
proportional and integral control individually.

Evaluation of Control Criteris

Steady-state error. - Steady-state positional errors occur with
proportional control action only and decrease wlth increasing control

wi6s
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gain. At the maximum gain allowable for system stebility, the steady-
state error 1s too large to be suitable for turbojet-engine control.

Tracking error. - For integral and proportionsl-plus-integral con-
trol, both positive and negative tracking errors were ohbserved. These
temperature errors are of g constant nature and result from a constant
rate of change of required controlier output. A positive error that
occurs when the control reduces fuel flow is called velocity error A.
Calculation of this error, which is the same for both integrsl and
proportional-plus-integral control, 1s presented in eppendix B and is
shown in equation (6):

KiloeCy ~ Crp
Te,A = T T Kocky (6)

A plot of velocity error ageinst control velocity constent (fig.
19) indicates that the calculated veloclty droop A follows the experi-
mental results closely. Increasing velocity constant reduces the track-
ing error.

A negative tracking error that results when the controller in-
creases fuel flow is called velocity drocop B. Such an error occurs
after the fuel-ramp input is terminated, and calculations of this error
are presented in appendix B. Equation (7) shows that the calculated
droop B is similar to droop A of equation (6} without the positive term
in the numerator:

-Cr .
R (n

The value of droop B, which diminishes with increased velocity constant,
is also shown in figure 19.

A third tracking error occurs when the f£illing of the large-slot
subtracts from the effective fuel flow to the engine. Thls error is
larger than droop B, and insufficient information was avallable for its
calculation. The experimental data for large-slot droop are shown in
figure 19.

Overshoot error. - Temperature overshoot errors from large Input
signals were found to be larger than tracklng errors. Therefore, the
temperature overshoots resulting from ramp fuel input and the large-slot
openings are more critical in the evaluation of a safe control for surge
prevention.

The fuel-remp-induced temperature overshoot is plotted with propor-
tional gain for several values of velocity constant in figure 20(a).
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Small variations of temperature overshoot otcur when proportionsl gain
is varied, with a minimum velue at a proportional control gain of 26.
The tempersture overshoot variation wilth velocity comstent (fig. 20(b))
indicates a minimum vslue at a control wvelocity constant of 260. There-
fore, the proportional-plus-integral control setting for minimizing the
fuel-ramp-induced temperature overshoot is Kp of 26 and Ky of 260.

The large-slot temperature overshoot occurs at a higher engine
speed and is of a larger magnitude. Plots of large-slot overshoot with
Increasing proportional and velocity constant control galns are shown in
figures 21(a) and (b), respectively. A reduction in large-slot tempera-
ture overshoot with increasing control gain for both proportional and
integral control is shown by the data.

Selecting the optimum control gain for minimizing the fuel-remp
temperature overshoot (Kp of 26 amd Ky of 260) produces a large-slot
overshoot error of 155° F. The large-slot overshoot error is the larg-
est error involved in tracking the temperature schedule. Therefore,
selecting a margin between scheduled temperature and surge-line temperea-
ture will depend primarily on this error.

Stability limit. - Stabllity prcblems develop in an attempt to im-
prove the transient response by lncreaslng the control gsin. The tran-
sient dats previously shown in figure 15 are typlcal of the oscillatory
growth with increases of control gain. A stability-limit plot for vari-
ations of both proportional and velocity constent control gains is shown
in figure 22. Proportionsal control data lle on the ordinate, whereas
integral control data fall on the abscissa. Lines of constant
proportional-plus-integral relation radiate from the origin toward the
unstable region. The stability limit calculated at 94-percent rated
speed is between the experimental data of stable and unstable operstion.

The calculated frequency for instebllity decreases fram 6.5 cycles
per second to 2.9 cycles per second as the control varies from propor-
tionsl to integrel operation. In general, the system becames more un-
stable as elther control gain is increased. An exception occurs from
the reversal of the stability limit near the integral control axis (fig.
22)}. When operating at an unstable velocity constant of 500, the system
becames staeble with the addition of proportional control gain from 8 to
21.

Application of Temperature Schedule Control
The turbojet engine used for the experimental investigation had an
acceleration margin in the surge region that varied from 30 to 50 per-

cent of rated temperature. Temperature errors that existed for the op-
timum proportional-plus-integral contrel actlion were less than 2-percent

TLEE
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rated temperature for the first overshoot and velocity errors, whereas
the large-slot overshoot equalled 10-percent rated temperature. Elimi-
nation of the flow-dlvider dynamics would result In control schedule
deviations within 2-percent rated temperature for an input of 35-percent
rated fuel flow per second.

CONCLUDING REMARKS

The temperature-acceleration control design encampasses an adjust-
ment for (1) engine dynamice and temperature-sensor variations with en-
gine speed, (2) thermocouple compensation, (3) engine dead time, and
(4) choice of controller action.

The tailpipe-thermocouple time-lag varistions tend to cancel the
engine lead-~lag variation with engine speed. Steady-state engine gain
variations result in large chenges of loop gain with engine speed. This
difficulty may be allevisted by a compensating gain schedule.

An accurate measurement of temperature is needed, particulerly in
the low-speed operating region where surge is the accelerastion 1limit.
Frequency response was extended by the use of a& thermocouple compensator
critically set in the low-speed region. This compensator setting pro-
duced an overcompensated or safer temperature measurement in the higher-
speed region where temperature is the acceleration limit.

The tailplipe-temperature deviations fram the set schedule during
an acceleration were of three types: temperature overshoots, veloclty
errors, and stesdy-state errors.

The overshoot of controlled tempersture is the largest temperature
error encountered and is the primary factor in selecting a safe mergin
between scheduled and undesirable temperatures.

Veloclty error was observed for integral and proportional-plus-
integral control schemes. The velocity errors are of both positive and
negative nature, depending on the control output correcting action. The
velocity droop is predictable anslytically, decreases with increasing
velocity constant, and is small when compared with large-slot overshoot
temperature error.

Steady-state positional errors occur with proportionasl control only
end decrease wilth increasing loop gain. The steady-state error is ana-
lytically predictable but was too large to be suitable for a turbojet-
engine control.
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Stability limits are anslytically predictable wlth close agreement
to experimental data. The engine dead time is an appreciable factor
towards control-loop instabllity, particularly with proportional-type
control. The frequency at which the system becomes unstable is highest
for proportional control and lowest with integral control. The addition
of some proportionasl gein to a slightly unstable integral control systenm

has a stabilizing influence.

The most favorable control system tested was that of proportional-
plus-integral action, which had no steady-state error, minimum tracking
and overshoot error, and e higher velocity-constant stability limit.

Lewis Flight Propulsion Leboratory
National Advisory Committee for Aeronasutics
Cleveland, Ohio, April 5, 1956 ’
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APPENDIX A

SYMBOLS

The following symbols are used in this report:

dead time of tailpipe temperature to fuel flow, sec
capacitive camponent

set temperature constant

fuel input rate constant

loop gain at zero frequency

loop velocity constant

gain of controller amplifier, Rp/R;

fixed gain of contral amplifier, Kc = Rg/Re = Rg/Rs
galn of tempersture sensor and compensator
proportional control gein, E%EE

engine gain of tailpipe tempersture to fuel flow
control velocity constant

gain of fuel flow to fuel system input voltage

gain from fuel servamotor input to campensator output,

Kj = KyKawKm
engine speed, percent rated
potentiometer setiting
resistive component

operational form of Laplace operator
tailpipe temperature, OF

15

temperature error between set temperature and measured tem-

perature, °F



Te
T1
Tt

w

] NACA RM ES56C08

measured tallpipe temperature, °F

scheduled temperature, °F

time, sec

controller output signal

fuel-valve position

input demand signal

thermocouple compensator lead time constant, sec
engine lead time constant, sec
thermocouple-compensator lag time constant, sec
engine lag time constant, sec

control integrator time constant, sec
thermocouple lag time constant, sec

frequency, cps

Subscripts:

A
B

1,2,3...

veloclty error occurring when control reduces fuel flow

veloclty error occurring when control increases fuel flow

designation of resistor, potentiometer, or capacitance fram
fig. 6

Transfer functions:

c(s)
E(s)
G(s)
H(s)
M(s)

w(s)

controller output to temperature error

engine tailpipe temperature to fuel flow

forward path (measured temperature to fuel system input)
feedback path (controller output to control amplifier input)
thermocouple~compensator output to tailpipe temperature

fuel flow to fuel-system input

¥16¢
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APPENDIX B

DERIVATION OF EQUATIONS
Veloclty Error

The derivation of velocity droop is obtained from the basic closed-
loop system with its assoclated transfer functions as shown in figure
12. The forward transfer function G(s) consists of the fuel system,
the turbojet engline, and the temperature-measuring components.

Experimental veloclity errors occurred fram 70 to 75 percent of
rated engine speed. In this region, the engine dynamics have a small
steady-state gain (fig. 8) and e large engine lead time constant (fig.
9). Because the frequency variant term is large compared with the fre-
quency invariant term, the engine lead (1 + Ues) can be assumed to be a
pure derivative 0Og8. The forward transfer function with the engine
derivative assumption is as follows:

K10es(l + ogs)e™88
G(s) = (T + "I:e:b(i + T':,B)(l + Tcs) L)

where K] = KyKmyKn.

The feedback path consists of the temperature schedule-msintalining
control transfer function H(s). For proportional control action, the
experimental temperature error never reached a constant velocity error
and therefore 1s not derived. Integral and proportional-plus-integral
control actions were investigated and are presented in equations (B2)
and (B3), respectively:

H(s) = Pi_c?tis & (Integral action) (B2)
_KKa Ko K
H(s) = T (Proportio:z.;lb_iggi?s integral (B3)

The temperature error Te with respect to fuel-flow input Wi
and scheduled temperature Tg; 1is derived in equation (B4):

G(s) Wi (

Te(e) = [l + G(s)E(s)] (nd)

1l
®) - [1+ &(s)E(s) ] Tale)
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Droop A. - The temperature tracking error, droop A, resulted from
a ramp input of fuel flow with the escheduled tempersture fixed at its
set value. These forcing functions in their operational form are

Cw
Wi(s) = —5
i 52

Cp
B

Tg(s)

which, applied to the general temperature-error equation (B4), produce
the temperature-error response:

Te,als) = &) Sl = (EE)
’ E + G(B)H(S)] g2 [l + G(B)H(s)] ?
VG(s)Cw - Cps

(35)

i} 82[1 + G(s)H(s)]

When the values of G(s) and H(s) for proportional-plus-integral
control are inserted, the tracking error takes the following form:

K10e8(1 + 0,8)C,e™2"

- 8C
T 7 Te8) (L v Tgs)(L v 7g8) T

Te,a(s) = (B6)
-a8
2. K 0.8(1 + ccs)(sxé + K,)e
(L + 18} (1 + T8)(1 + T.8)s
Applying the final value theorem from reference 5
lim £(t) _ 1im sF(s)
t > T80
results in a constant veloclty error, droop A, as follows:
p _ K1oeCy - Cr
&A= T 7 KoKy (B7)

¥i6%
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Since the proportional control term sK; in equation (B6) ap-
proaches zero with the spplication of the final value theorem, the
droop A equation (B7) is valid for both integral and proportional-plus-
integral control action.

Droop B. - The derivation of droop B is obtained from equation (B4)
after the termination of the ramp fuel input. Therefore, constant-value
functions are applied to both Wi(s) and Tg(s):

Te,B(8) = : &le) 2. = =
’ [1 + G(S)H(s)] . [l + G(S)H(S)] °

Using proportional-plus-integral control action and epplying the
final value theorem glive droop B:

(B8}

0 - Cp
Te;B = TR0k, (89)

As indicated by equation (BS), the velocity error, droop B, is the
same for both proportional-plus~integrsl and integral control.

Steady-State Error

The gbility of a control parameter to seek its set value at the
end of a transient is important to avoid unsafe operation. The equa-
tions derlived in this sectlon determine the steady-state errors for
various control gains and control schemes.

From the block diagram in figure 12, the temperature error Te
with respect to fuel-flow input Wi and scheduled temperature Tg is
as follows: ’

Te(s) {1 T gfiiﬂcs)] wi(s) - [1 T G(]s-)H(s)] Ts(s)

_ @(s)wi(s) - Tg(s)
= —1 7 G(s)E(s)

(B10)
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Constant-value forecing functions are spplied to Wi(s) and Tg(s)
in order to obtain the temperature-~error response with proportional con-
trol action: ‘

Ky (1 + 0g8)(1 + o 8)e™@® (Cw Cyp
(T +%e8)(l + Te8)(L +7t8)/\8/ 8
Te(s) = (Bll)

~a5

Ki(1 + gg8)(1 + og8)e
1+ {1 + Tes)(1l + Tes)(1l + Tg8) K@

Applying the finel value theorem to equation (Bll) results in the
steady-state temperature error:

T = ACw - CT | (B12)

Adding an integrator to a control system and sapplying the finsal
velue theorem result in a zero steady-state error.
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Thermocouple time constant, Ty, sec
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Figure 2. - Varlation of thermocouple lag first-order

approximation over operating range of engine.
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Figure 7. - Varietion of tallpipe temperature with two engine
parameters.

27



28

Gain of tallpipe temperature to fuel

percent rated temperature
percent rated fuel flow

flow, K2

K NACA RM ES6C08

. 792

.396 ///,/ \\

/

(@)

-+39650 70 80 30 100
Engine speed, N, percent rated

Figure 8. - Variation of engine gain with engine
speed.

Aty

yL6S



3974

NACA RM E56C08 L 23

9.
(@]

[5V)
Q

\\Lead time constant, oOg

\\\

- =~
Lag time comstant, t “-._::::::

l l I l T

50 60 70 80 Q0 100
Englne speed, N, percent rated

[
(@]

0

“Engine time constants, o, and Ty, sec

Figure 9. - Variation of engine time constants with engine speed.



30 A NACA RM E56C08

e 'Efe_ E’f"f“'TJ'/:"

: '~=ﬁ;*:.;:*E4nA_E§;f;_f
B & Tai lpipe \ = i\_;\.-_ -

2 = = 5
H empe hol yom — —\—= >
i \t__\_._\lf'\izr_‘.ej:‘;—_}\:'_ “ ':—-:\'_— —Y\- —

Figure 10. - Typical desd-time response of tailpipe
temperature to fuel flow.

¥L6S

-
-
-



Phase shift, deg

397.4_. e

40
|17 ™~
) I — ™~
B el o) ~d. N
~l ~\>~
g
\ . .
=40 N <
\
Ay
\ \
A}
\ \
\
80 L
- \ X
\
\
\
\ \
-120 ‘\
\
\
\
\
-180 Phage shift resulting from fuel system \ \
engine dynamice, and temperature-
measuring circuit
****** —~- Phase shift resulting from tallpipe \
temperature to fuel flow dead time \
-200 alone \
~240
.001 .0l .1 1.0 10

¥requency, cps

Figure 11. ~ Comparison of total calculated forward loop phase ahift
time alone at 94 percent rated engine speed.

wlth that of tallpipe temperature to fuel flow dead

8009SH WY VOVN

IE



2

Ky (1 + ga8)(1 + o,8) %
G(e) = W(s) E(s} M(s) = " 'res)il = Tcﬂ)[(:l ) (where: Ky = Ky Kpy )
percent rated, Hr)

= 0.0426 oy \ pevcent vated, T

G(a)
-
~ N
-as - Ky (1 + o.8)
W(s) = K, B(s) = Kpy G—E—.,'Eg-:-) & K(e) = T3 T,8) (1 + 5]
Demand We K, = 2.38 K, = 0.0179 ( volts J
;ig'na.l, (percent rated, Wf) percent rated, T
i volt Fegative compensated
temperature signal,
T
Controller >0 C(e) » 0 (P&) Te X,
output Wc: 1 1 1 B “Te é
< - s L 1
W<0  C(s) = Ky; o
~_ — J
H(e) = O vhen: W, > 0 B(s) Temperature
schedule
o \ slgnal, Ta
8} = ]
%
or - Ko _& » vhen: Wo< 0

or

800954 WY VOVN

r R y16¢ o



Amplitude ratio

2
» |
ol
a
10 ®
8 Time constant
6 O FEngine lead, 0o
O Hogine lag, T Engine speed,
4 ¢ Thermocouple iag, T percent rated
A Thermocouple compensator lead, o4 I
¥V Thermocouple compensator lag, Ty ) 7;0
2 L
: / gg A
1. ,./ leO
l‘-
als (1 + 0a8) (L + g,8) ™
2 Ky "I F T8 (L +T8)(L+Tge) |
Ml
.000L .001 .01 .1 1.0 10

Prequency, cps

Figure 13. - Variation of calculated forward path frequency respcnge with engine speed.

ce



34 <At NACA RM E56C08

Lm—ra_ﬁﬁslrl—i;;&r_fzt~:=n‘—‘_kq_iﬂ# =] _J'_F = f f / 7

il ]l
I

—: 4Controller ; - ===} — = -
- output zf—" —= '~'"*—'___:l e i el =
- signal e P e e e o = = f ' AN
?L——L__-n-—-\ e e = = “'E‘

= \4-——\ H

e e e e e e e e e e P TR T T

T ] e
: { et 1'—“‘:" -—l—f——;-EL—f e =
e e e e e e e o :{'"_—E—" B s e e e
= ;._.'_.’_-.}..‘,__4 _‘f“ w e ot =. ?4:‘; T }‘—E——f—f—; JEXTH

4l

TPael valveree =t =
POSition == SR e e e e e e e !
‘-r—-—-t———t——y—\-——!—*\——\-—k —!:l ==

ﬂ%

=t V== == = \—g—g——\—\—|
Ejg _y‘—&—\———-x —-\—x——\—\—\——k-—\—i—\—-\——w—v——\—x_—&:—g:g--

S £ X

IEES=Es :t-‘fazr—_—y:,*_—*:_,__._._p_ = e

———
I e ey = :—4——+—t—|-—a—+——4—++

= =

= T ey e e e ——t— 1 —

=T
—¢ 5
\ 535226 *i——\;'f—l:r-:r——t:\———\:t—;\:ﬁ_——\:\—*._—_\ ek '\‘_q =3 ;L\ -
1= e —1—:—1—}-—%——\:-—&——\—4—__‘4;‘-_ =t ‘.__\:x._‘—;__-\-—;\__\ -& _"'L_\ \ \ \ \{

EECEPEET] P

== ———————r
et 7---;—1—:r—f-—f J=—t—F

f_ r?——i—-——f-— = —J’Zl':k—i_f:{ ——I——l‘ —!‘—-?——vl

= }Tallplpe temperature
= calibration: 26.8° F/mm

Esms==-o-L 8

[-Set, 620° Fosi=
Eas —1—4——t—x=t=650° F-n--,

e =t ==TaiNnas
RE= - _AE Jarge-slot_—{ L 1131
A== overshoot: : Ao\ =t=\--|* overshoot =\ A\
e e e et e T e e TN P
| ! I I T T
o) 1.0 2.0 3.0 4.0 5.0
Time, sec

Figure 14. Typlcal response of control to ramp fuel input for
proportional-plus -integral control action. Ramp input, 2500
pounds per hour -per second for 2 seconds. = =~ T

1“‘“"-'!"- i
:

8¢



3974

(D=5 bhack

NACA RM E56C08

= = E | =
= == = —h - — =
— o L 1 S Y
7 =1 Norel — i
- T s, e o
——te 1 — 2
= —F— — 1 — =
— —— ——
—l = ——— St —F——1— =
it 4 i et i — - g Snegtes
r et e e e = =
T = Y} —— ———}— 1= o
Ty —F— - T =
—+ -
o 32
F= At 55
gt
¥
—=
=
.
— E
—— =
S
L Devem—— o8 Py =) — —
= —F — —— —t—r—
e — — .
O ]
===
1—F
—
— =
=——Ft— 2 =
— - 1 ¥ : ¥ — —1
—r—r— = e — ———=T—1
— ! ——— — = —— e T =" o e =— e——1

]

=== = = RS ik
=] === = — 2= H=i==a kT (| =2k Steady-state:
= = = —{==; error :
A= = = == == = e =
(=== = =0SE SE
I T



36 et

A T—f"{—-‘i- £ 4'31 _fﬂgg;—f'i:#_:/— = —f ==

= output
glgnal -

if}cmtr'oner B P e e

— X ¥ s | s S S X X r

}

SR e 4--@4—1:4:?:{ F o

HEg =N _"’TT:‘.‘:’;’:’-“‘“_’—‘[“? L:‘ 7 1“‘:{‘“:/"/ l '/ iy
BE=—————— =8 =3

fEEEE=- = -
SEEERSS o= = — HEERETS

SR P PR TN e e e == =~ O e e o o el - o
g ¥ Fuel valve §=‘§::a.‘——1;+—*—~—1 === ==E=ees ‘;:f Re H—H =1
position o= ees 'Aﬁﬁz’.ﬁﬁﬁ—tﬂ%i EERTL

:Lspe?dq Ees e

AT A

1 r‘j!w-j
]

H-ik#ﬁ
’;1
%
i
I

=== S

“Fefset, 620° Pl ] e

et Ty et
=|"Tallpipe temperature e R e
r-(calibration 26.8° F/mmiI===1=1-

[N LM

=
[M]
m

"

| i o° | !
I

0 1.0 2.0 2.0 4.0 5.0

Time, sec

(a} Proportional control gain, 3.25.

Figure 15. - Translent data with proportional control action.

NACA RM E58C08

fLBQ; i:



NACA RM E56C08

-
=
=5
= == : =t !
13 == =t ! = : =
{ =F : ; === : =—=t—r—=u=
——— = e e e e e e e e e e e e e e e =t
; e e e e e e e e e e e e e e e £ et
b~ = S e e e e e T 2 e e el e e e e e o ]
o = ; e e e e = e e e
== = == =]
= 1 R e e e e e e e e == et
=== S e e e e == == =

rj‘ ra =
E==———ct === —c=c=c o
e e R e T R R T e =

—

e

7.0

I

8.0
Time,

sec




RACA RM E56C08

FT=F—F—F—FFF-]—FF—F 7
e e e e e T e e e e
£ == ————f=cF
e S S e e e ]
1 =
5 1
++—&——y———b—+—-—t———\—t----i—— 4
: ; —
+—+—+—F:F4= £
I e = e T e e ] === / = -
BE==== *l-—l—{——f—i—— ] St el e e | ; S el
:I— +—J-¢“ | I = = == =
== (75
i. 5] =ik -—1"—. et by = =
F‘Il SR ER e e e e e e e e ="
: el valv B e e e e e e e e e
E position === e e

t
13

T ek g — ]
e — F—F F J

=== —-—f—f—f—t—f——f—-— =] —

3800 FI==

CSet, 620° =====r==
7650 Fo ===

allpipe tempera ure

26. e° F/mm

calibration:

T
0

1.0 2.0

1
3.0
Time, sec

(b) Proportional control gain, 13.0.

Figure 15.

Continued.

Transient data with

proportional control action.

ME—



39

RACA RM E56C08

ya

=3

2
f

===

» »

=
) S e e e ) el

0
= = T 2 =y

—x X t x X Y X

— =

Steady-state

230° F;

error,

W

$)6¢

YLt




NACA RM ES6C08

SEEEFLLEFCEPEE e B PEEEF [T /r?A i
-=————secas=-sc EESEESSE=aaNNEE

RS ==
.15 ¢ Controller =
‘s output

e e mE e *~YE&&£A&A?\TWX\\XL

SR ﬁf‘%‘fﬁ AR EEERERER L V]
E=e=. s cacomsnaicanaE it

e, maE

u“
F

r.w

—T—&Fuel valve: Hee =1 7 =

= _position #\ﬁﬁ\é&%ﬁaﬂ—iﬁ'_@ﬂ\ B \--\ A\ .\-‘\'

““““”HH””“.

n

e ]

= tzttﬁq;q—+—
= =
- = =
==\ speed =}

_.“{___: (7 2 -——~—p; - NIEN=FE
tratlpipe tem "e}-?astlur'é i 49100 PR it e e,
Nealtbration: 2680 Bfm e e BT L, A
=E eEEEe e EEePERELTRE Tl 2o

T
0 1.0 2.0 3.0 4.0 5.0

(¢) Proportional control gain, 39.0.

Figugg 15. - Continued. Transient data with proportlicnal control
ac on.

yLeS



4L

RACA RM E56C08

e

m_wﬂ“.ﬂ__ m_ _ _ i LI “___ afl] ﬂ | # “__ _ ; ..r_ ! i1 _M__..M._HL,.H____* “
.__:__L___“_._ e g A i | il i
rm._.*._ _;." I i it _ M # _ _“— ..ﬂ E__ _n. .M.F
___ﬂ % m } } ;ﬁ_umg ‘ _ ___ i fii Il M :._ __ I “__._mo%
“ﬁ_ .= Al i ik
illimm [ il LT | il
Wi 1 LWE& it t k Il : ‘)J il

2

e e e e e e e e e e e e I S e
iy - s
Y | — e
11— —

——F
——=F
I=
==t
] P
) o — R 4=
e
=
=11

=

=t

E=
=

I AUy
i i
_ bl W i )
i m ; il | | _““ iﬁ“ R
ew, it ; i ! it @ | | E i ull
i sl Rl ; i AL
i il T ﬁ i e
I s - i e
T I &
mn sl i i ; lig I
- = i
_4_ ”ﬁ __.# [ i MG il mﬂ,g:_
" Ul m
I

oy g o e
0
1
—
¥
—f —
——
= ;
'

I=tE=

=S

7168 9~ap

10.0

8.0

sec

8.0

Time,

6.0




42 ORISR NACA RM E56C08

SEEEEEEEF EEEEEEIE AP P PP e s
S e ;Jf“-!—fi: EEE e

_XL__'.' = ——F EL F=——— = mo = B S s = — oo =¥ =] h:._‘:— N:. E
S=E ¢t COntroller = == - = T e R e .'_'I == =, =1
=¥ output BN - =S rEEFAE o 5= ] i I
D= slgnal = EE TE T e e SR
SEe==—=e- e N LT megee RN
e e e e e e a e (A T \-L-‘E‘\r—&_ial *—%r ’:

EEELEET R fii:é-;.i%‘;:;i:‘?“i‘}“—!fﬁﬁf—ﬁf“#?: == HF
SEe-=——=—Esc=sy;a-en EEERSPEECEE =

i
)’ L?‘r
i
i
T‘ |
I

TL*

et == "re-Enreecan -z:.;...-:=f—:_1=—'

= ¥ Fuel valve == ety = E 3 L W
- poaltion St a=—r= ——— = : s

[HNUAIGH

e e s

== fjﬁf_fjff._‘ =i
= SR TEEEEL
j’ﬁ“‘_*““ == ST

e S ey & e STt 6% i 5
= La.ilpipe tempera,ure ==I=4=-875 S

¥ oalibration: 26.8° F/ g““—‘_\ﬁﬁ‘ :‘:_\._“__;j =1
= 2t ==

R T T T, o W o I e el e ot =

(d) Proportional control galn, 45.5.

Figure 15. - Concluded. Transient data with proportional control action.



3974

CD-6 back

NACA RM ES6C08 A 43

==t 1
== =
: +
E f 5
= i3 28 1
L3iEs a=a S E=ram i 3 FE CEEEE Bt £
XE SR ESMEE ST EEE! 3 3 E 2 3
13 : HEEET =L iy =2 13 A3 EE =i
2 1! ; 3 3 1 ¥ i LT 1 ¥ iidma iy
e o = t 3= Y X YT 11213 7= 1=z ia1
HEEEe 5 = 3 it i3t 13 5 £t 7= =
= 1] '3 B Y 2t
= 53 = e : ¥ : :
: SuT —t—F —— e
et —— 7
X === et e = == = = =
ettt — e =k =
=5 e e e e e ey — = —t——\
s
———————— —————
:: ! 1 — — =i
==
= —F—Fr— =gtk —f—F} S Er=SEIga
=== Er e e s = : = H=
e = - l=—F i 5 — == 4 = =1
7 . B agat - =
HEEES R E EqgSsEiiz t
E : LSS S E TR
™
— =
== ey = e e e === = : e e e e e e ey e A e e e i
Sk 1t — 3 =
A= T —1 — i 1 = e . 1
= = = 3% TR AL A F
I P T 3 AT ¥ LY, 47572 SRWAT i TR, :
el ¥ Yy e Y F oY
X ¥ -
e
§c
== === = : 3
= =" T e e e e e e e e e e e e e A e e s ey
6.7 cps
—  ————————— e
e e e e e e e e e e e e e e e e T e e e e e e e e e e e i
F= = e e e e e P Steady-state =
= g Py e e o
= e e e e e e P P P error, 1359 BPE
e : = === = i Bt
= —— — 1= —=—F—F == = | =
: I s
e e N = ; e TEim Il e =
= 3 o s e e T e ey A S R e e AR E =i F=t7
R CRER R AT AT PP FEEEEHT S RiT, Fa=as
E HEH AU et S = =
EHE = R ey
W RE = FSSSTNS §ETaET: A E TRiSTETs BHECP=
Yoy = 28 = BN S misats d g = 2 E o=
¥ E = = H i ¥ =21
=t i — — === === Y =L =
=== — t == ==t e s
= e e e e e e e e e e e e e e ey o e e e e ; =
I —-\@ = Sis oooid =t =V

&\ tude, 3350 F = :
T T

9.0 10.0 11.0 12.0
Time, sec



44

Steady-state temperature error, °F

400

300

200

100

NACA RM E56C08

Set

temperature 7

T

o]

Steady-state

error

Proportional
control gain,

Figure 16. - Varlation of proportional-control steady-state

Loop gain, Gy

temperature error with loop gain.

5'25‘2%3\\\\
P
f -_gglculated steady-state error
13.0 |~
O \.
\
39 O
45.5
.2 .4 .6 .8 1.0

1.2

2734



3974

NACA -RM E56C08

45



46 Y NACA RM ES6C08

CEEEEEEEEEELEN L L SL R A ©
%ﬁ--ﬁﬁﬁa%%‘éﬁﬁ'ﬁsﬁf{‘:ﬁ:f FEISL R

Il-

f R L ] Controller
S output signalﬂ_

U Cemeen e e L E R e
B —egeee e o Netwmea—see—uaw

z’ﬁ’ﬁé&‘if—i/-—lif—:f‘ffg—gﬁ‘—ziff --f:.%‘%‘Ef [EEE TR ]
e magE S ES e =REE

== So= FEELEL R
'fﬁffl__ ~«=—Tl_. = i

HRWEE EE e e __\_Y;\;.-\E‘LJ R
EmemE=e=el e et oaee &

SFEEFLF ELFEEEEEL B LR o L e ] ]

_'“'T scalibration:

A S e e e EcEEain)
FECTECEE e e e x.-\ S = == —\_\_x--—\v-.-.sfa \—\_ =

O 1 0 2.0 3.0
Time, sec

(a) Integral control gain, 130.

Flgure 17. - Transient data with Integral controcl actlon.



47

NACA RM E56C08

romr—
e —

1=

-
=

vlee

|

-

| g g

It
e mm— |

v =

a

I
8.0

.0



48 SRV NACA RM E56C08

———— T e Sy pom— J—y m—— |
oty

Lﬁ_j:;:+ﬁ' ._fAJ_f*ﬁr Art-—_t—: fE]ﬁ"f‘/'/_i“f"[:

= ¢+ Controller ==

== e e e e — "'{_’I-f [
= output slgnal S=———— f o e e o s o e e Y I R B L i

T +

— 1

3 T E
— T t
.} X T X :
% X X - ¥
R — X = t
X - T =

= - - " = f*f—?—EﬁaEH-ze SR

T ys

{ 7 1 —— 1 T — + f

—t . 1 1 1 =
T T

g ==
x

~—

=t ¢ Fuel valve = ; ; ==S=2=
__position ~—|—*——~—*—*—*——b-+—~—-L——+—\ ==t

== X —t

— . T X X s
x —X X .} X =
) X L W— X X 3 X

o e e X = X X 1 x
X X X Y= G X X X

e e e e e e e b e e e e e S

EEEEF PP PP EEEE TR
== = == =E ANE

__;: = |._,._

% 4- Acceleratim%\_rﬁ_ E’\:\”\E:\EE.:F"_ -
¥ -. =\ |‘ *:—1“‘——‘_—*—“_“_—:“:\4%_‘\_#‘(_‘.

p_'—‘f:’.:;ﬁ :f :’_g; ': _."ﬁ:'
===

= =" ; t 3900 F?,Droop B = -200 FDI'OOp
-—+ﬂ——ﬁ——|—*—

=

—F e
::f:#:f:‘.—' == ==

. set, 620° F
=== ==t=685° F

. =155

"4—4—-———3—4—:;—-1—{—1——1;Droop A= 250 F = =

P28 o i = £

1o reen

‘T
‘ ":'!: “‘W.'iﬁg

e e e e S = e 8600 B ':'l;
¢ Tallpipe temperature :k:__ﬁ—.m__;:::‘ e

_calibration: 26.8° F/mé%:r—i*‘*é Eere et e BUED
f I

0 . 1.0 2 ] 3 o] 4 o 5.0
Time, sec

(b) Integral control gein, 260.

Figure 17. - Contlnued. Translent data wlth integral control actlion.

yleg



ov(4

VAV

NACA RM ES6C08 49

—I—T =
r—t—t—r— r
X —% —r—x

—
L e et E e e — §

e —F— 7T 7T —7 ——y———y—7——7 ra —g—r— T — T 7
— — e S —— i e i g g =] | f 7 —f
; e e e e e it 7 g ] st " f—— 1 — % 7 —F 1
b — = i ' t ¥ 1
— 31—
{: Y —F —F—7 I —1 i I f ¥ ] s
f f — - — — 33— — F—1 '
= F t = 1 - = ~—F 1 ¥
— }




NACA RM ES6C08

EREL LI T &
=T o] T ]

Z=4 Controller o e o e 9 M 0y oy R Ml o B B Ol i]

E output signal S=I=EpomasimaTa=7 FEH - =l s R BN _
%g%gf%zﬁ ARSI e e e S e e I Y AINERE
EEEEEEE e e e A L VD REE _

i

I
“Eset, 620° Fi A e _'.:_'_' - ;f_} t ' ';-'[ F
: _._-_-__ _-~715° F e e s ety BT 1 d
-(-Tailpipe temperature B "_=—___~ == _;‘__-_ = Bl \_ - B \ tIn

;ﬁ?t.iﬂﬁ:fi,iﬁ_.ﬁ‘?_é%ié:a—x——ﬂ—_ = ?:T_ TEE \—\ B rInJ

0 1.0 2.0 3. 0 4.0 5.0
Time, sec

et N

1|| 1
l

)

o
s
,I:"
:.ﬂ .
o
0
A
4

r_"
[«

S
‘

=

(e¢) Integral control gain, 520.

Figure 17. - Concluded. Translent data with integral control
action. ST : .

pL6E



51

=

—=
—r—F
—t

2.85 cps

(Unstable frequency)

===
‘l'

=\

HHIRT
H ) |
U
Hl
il
HH
4
T gieedL

mplitude, 725° F

vL6S +oBq L-00

1l

Tansl

Unstégle a

R
|

=
T
1

6.0



DN NACA RM E58C08

S e e 0 A Y A g
e e T T A

t N
I
Bl
i
U
ﬁ

L

==

Hiilli
Iy

o
Controller_;r
output 22

= S 11
jg—t:*”igﬁaq:r:x e
==—S=-—==-—=-——c=-—E=uauEEDuR

: #:iﬁf_—-FIJT"IH////FlH,lC
-:—L'."-:_‘i—l—‘ﬁ—l-{lﬂ-l LA A

1
i

i
1]
ljil

hHm

L

nul””“l’rﬁ% ;!‘- |

U!i .H

]

B Gk NN
EREAN

?

position

ESr-=nt= ¢ © cRureuccumae -
R e G SV Eéé\:—iﬂ%ﬂ\—\\\ Ve PRy A

¥ Engine:-Ea‘;—.’st i%ﬁf&:&%}f—ﬁ E ApCuNEREREEEL N
. opeed e e e U T T T T T
e e e e e e e ] =15 J_[ f -/ L]
: T,

a‘g#éf_‘ %‘5:-7233"#_ WHE‘EEFI—IQ%JQ—#I [

. T
= TR T L e
= ._2%__ s e o SHCERNED ""‘ -
;:fm o= -f:&_i%"&fr—‘«fj:‘zﬁ—-\—kiu e e
;¥ Aeceleration S E e e U L U U e T

‘;inm—i-?i—%wfﬁ—;;égaw ST L T T T T T,
" i P_Droo B = -450 F— Dr00p Bl = ~-70° F |

By =—-=-—-=--i=-=c= EEE —EE Sk CTEL

===
__.:‘___. =

25010

LFT w' |'|

j! i'

=== -Bet, 620° FIi=Li= S ey e I Y P
e == = : o= O) ==t 4 ] JF—-
e e 710 F = =t = ‘“‘-J"a’ec?o FT 2
£3 == H—*-‘T"—“4—1-1~=h13rc>op A = 550 0 TR ) B LI

S ¥ Tellpipe temperature fizi- %—FFH—W g% a-\;[x-—x EEEEN

callbration: 26.8° F/mm—‘z.\_g AR \U__;J\J 0y \;T Sy

—

0 1.0 2.0 3.0 4.0
Time, sec

(a) Proportional control galn, 3.25.

Figure 18. - Transient data for proportional-plus-integral control
action. Integral control galn, 130.

' slag



3974

€

ia




54 po T NACA RM E56C08

U 15 I- t—HEH—— == =
f Controller = ==
4= output signal_ =2

1l
|
u:'u'

e "alve%:ag%élﬁ;t—m\t e =

= position == EEaeas

-

e cEE e e

e e e e e e e e ] e = S S
== . —er o oo~

) WH

|91',|
il ;

j:i;'.'r-i “:i ‘

g ﬁ‘:ﬁﬁaﬁégi:xfﬁqga EE S e e Y
S eaenteeeeeEocee L e e

e R R R R
=Droop B =__—5°_ Droop By ”' ~60~ F‘f‘ I-f E f‘—:iﬁ_"

ia

——Fof =] .= = o] == =i St o =
e '__ _':"_._""' S
:—:-'—’_.—':.'_—: .j‘{'_:"',.._ Sl —; o . : ; = §
[6) - —1—= 790 F = s
_DroopA=55 Fj = === -
¥

'--.-."f'Taupip;' Temperatute” @2’&%}}5&\2@1:_%—?\:#\; =

=t calibration: 26.80 B/m IR ETEEL U EE A
T f T T

(0] 1.0 2.0 3.0 4.0 5.0
Time, sec

(v) Proportional control galn, 26.0.

Filgure 18. - Continued. Transient data for proportional-plus-integral
control action. Integral control galn, 130. _

2714



3974

RACA. RM E56C08

il

= —

aerare it

L

=
2=
=
¥
—
—F
—x
=3
S
S =
¥ 44:: = —
: g w——
3 =
e 8 Ve—

—F——7
T
— ——F =
|~ - =

i
mH

HH
I

I

!

-rrJF

]

”n
il
L]

I

J
H

r-rrw
L

L

f
R

Hii
lw
) ;f

== -
oy e e
e e s
e ey s—

== ==".

i

=
[ — e

i

!

= 3 =S == .
£ = E = : =
= e e o :
== e e e e e e
T e e e =3 :
! Y ——  — — S S — S P—— X
 — X ¥ *—r—% . n — TCF_:F'—F:P\'———FJ
: == 0ty = —+ X
£ =t =t ==
X R T e e e e e e e e e e R e e e
= ===
e e e e
=t
=== =
: . ¥ T T T
e
: —
}-
—+

=1 ===
SEsEwme e
e et

1
2.0 10.0




NACA RM E56C08

;f: Controller Sk E_:_ i
;E output signal = o=l

A S saeea g :::_‘_: e | \ AERERA AL
e e e e e e e e e R T e B
s eeee e e e e Ve e mRAfL

~ i Fuel valve:

::--:_ position ==

! léz R

N == s e e e e e e e e R R R T AN \ Y\ \—‘

SRETE = Ecsc=—=-c-F o orununy

e

SEEEEEEELELEE L EEE PP e P ELEL L LT
= crrec-oomc=NRIN)

R = =

=p=f== ¥

=} === 1—Y —X
— ——— & T

Ny X 3 Y X s 1Y

I ]

= ___‘___'_ == i——l--—i*f
&’—' """ == =i 3803 F;—;F Droop B = _2o°

J= ! —1—!—1——& =y

.... . N

;_ f 1—.—Fr——t—-—¢-——;_,ﬁ_ R s e il o B "";. ..:-* e e A
i Set, . 6200 FﬁEf S e S e e

= = 695 ¥ e e R e A e e
3 _j‘—_ == == Droop A =, 40 F

=+ Tallpipe temperatug
=\ calibratilon:
\ I

0

Time , 8ec

(¢) Proportiocnal control gain, 39.

Flgure 18. - Contlnued. Transient data for proportional-plus-integral
control action. Integral control gain, 130.

vl6s



57

NACA RM ES56C08

NEEE HE =
} LTS
\E Ly ; S
Y —
L) == —=
=—F—F
=1
—
= e e e e
1t
e —— =
¥ 3

3

—_l—..
E T i S e o e el o

=E

1

S =rata

L =
—t—+
= —
=t

T
—
X

-
% Al
Il il
i H%...
Wiy il
I & o j_,

) —
¥ ]

e e e

N

oy

6.0 cps

F

B e

10.0

e

F

o]

e e e e e e e e e ]

Unstable ampli-

tude,

T
at

==

I

=L

e e e e e e e e e e s

S e e )

1
T—

1=

Ia

¥

7.0

T

—]
0

le frequency)

(Unstab

==
E=F—
21 v
Se=

vL6S

e = == T

ey &



SRR NACA RM E56C08

“+ Controller EL
=iE1: output —=E ud Ny
F-I=E signdl " = E ] il

SEEEEFEE e ETEEErT B ] AL T
== :;.i_;g;—rfgﬁ_f-:i—k—ﬁ—ﬁf IR EEEANE NG )
A= —ge e Rl S EREERE R :l
?fi;ig_;_}:&:?fx T e P P W U e D W S R 1
= RS REL st Rt munumcenehe

(Unstable frequency) 7.2 cps

l
=L L LT 17 ISENCTRENESa BN NS

== Egé’ i e -385 F
EeC st Droop B = -25° F_ll 1T ]

!.' .'f'u.LL!.-dl'. { Eir

3 ——P-:[—-—E-——T':J E—J— o =1, _I __1 _f Y i

=={=t= Set, 620° FI= "; A‘.’" a0 I ' e a3 m
STl 7150 p e b e : B - 4
: == o o = . i S UL SUBLIL S U 5 3 1 i 715° F}

ey ":_'_['.—:_'.-'_.“ gy T :_— - O F =1 1. . -

-_—_4 'I‘ailpipe temp rature =V=t— 9-r°°§ f 3 T o)

= calibration: 26.8° F/mm A== =Droop B; = -50 F-y

En er o W T B v S v i S B e '—"i? A B ER = -':-'T'-—“ = "j_;\ RS 2 T T e e e

(@) Proportional control gain, 45.5.

Figure 18. - Concluded. Translent data for proportional-plus-
integral control actlion. Integral control g_aip, 130.

o]

»lae



59

NACA RM E56C08

—

T

1
7 e

I
7
IRSIE S = ig 8

—
¥
\

" t
e e e e S S e = S S == ey

o

s

T

v g e g

U

-
vy
7
S=H
E==i
:

yles

6.0 cps

¥ 1
. T

pll-

1+
'y

Unstable am

—t

===t

2550

F

—tude,

Y




60

Velocity droop or tracking error, °F

NACA RM E586C08

Droop
A 5 B
PN EVN
temperature 7 f T\TJ
Control action
Q Integral
_ m] Proportionel plus integral
6 = ————— Calculated droop A
0 (o] ~—-~——Calculated droop B
-+ Average experimental data of
\ droop Bl
4 =) AN
o o
[T~
o o]
24 81—
~
~\ e ]
B
D
&
[ AN SN P , B
o) — ——"__—_
-2 5 = )'z
a
/ ]
-4 b
8 //
/
-6 —
-8% 80 160 240 320 400 480 560

Control velocity constant, Kv

Filgure 19. = Variation of veloclty error with control velocity constant

for integral and proportional-plus integral control action.

¥L6S



NACA RM E56C08 SRS L. 61

Ramp-fuel ' Control velocity
< overshoot constant,
) K
o Set AN
tempereture d P g 1 [o] o]
77 s =
v 65
w} 130
LN 172
< 260
150 Veloeity constant, A A 520
v °© & ol o
-4 I st
O [ 4_.0’/
100 ] P
- m}
I; \\# _ 130 4 /
<>\
50 —
5 ——z| |
ity
8
= .
a o 8 16 24 32 40 48 56
- g Proportional control galm, K,
g (&) For variations of proportional control gain.
- B 150 I l i [ ! Propartional
3 o control gelin
§- pa| Proportional control galn, Kp 7
& 3 % >
100 < N |0 2 2
2.6
s g\o\ 3 — ] A 3.25
= =] 6.5
\\ (e} Z 13.0
50 = 26.0
26 4 39.0
O D> 455
h 52.0
[o] 80 160 240 320 400 480 560
Control veloclty constant, K
(b) For varistions of control velocity constsnt.
Figure 20. ~ Temperature overshoot data resulting from 35 percent rated fuel flow per
. second ramp Input initiated at 62% percent rated engine speed.




Temperature overshoot, O

L P NACA RM E56C08

temperature — Control velocity
e ey T constant,
800t
Large slot Ky o
overshoot -
v r o] 0 §
Control velocity 4 26
\\tx constant, v 65
600
\\\\ & o 130
N N 172
TN < 260
0 A 520
400 |55
\
\w
v U0
O 130
200 —
h \\ ‘5
|5}
o 8 16 24 32 40 48 56
Proportional control gailn, Kﬁ
(a) With proportional control gain. .
800 Proportional
control gain, .
600‘s o o]
4 2.6
A 3.25
O 6.5
Proportional v 13.0
400 control gain, o 26.0
N Ko < 39.0
6.5 | > 45.5
o o N 52.0
200 o ———t—— 5
~N_45.5 - [ N
\
0 80 160 240 %20 . 400 480 560 i

Control veloclity constant, Kv
(b) With control velocity constant.

Figure 21. - Variation of large-slot temperature overshoot.



WA ‘PISLI AMBuvT - YOVYN

3974

72
Experimental
0 datn
B4
[e) Unstable
5 o Stable
K
58 R;
/ 10
Mp. 48
- (o)
d $ Calculated atabildty
& Umit at 94 percant
rated spaed
g ¥e o / 20
5 | Prequency, /|
3] ops /
p—— sigl
a 32 {85 = 4 _/8.0 "
A ~—
8 R
& 1 ™~ ~.5:2
& 24
Btable control region [~
i 40
e
18 4.5
L1
] / A/ /
"] - 80
L acmsie=t=]
5 [y-" N 1/ ___’__L...--
. Ny | i1
n "]
iy =l IV et~y e
&5—5 - = S
0 a0 160 240 320 400 480 S50 840 720 800

Control velocity constant, X

Figure 22. - Btabllity limdt plot for veriations of proporticnal and velocity constant control gain.

8008SH WY VTOVN

€9



I

[

76 01435 8353

L

e



