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FOREWORD

This final report was submitted by Systems and Research Center, Honeywell
Inc,, under Contract F33615-72-C~-2190, The effort was sponsored by the
Air Force Aero-Propulsion Laboratory, Air Force Systems Command,
Wright-Patterson AFB, Ohio, under Project 3066, Task Area 306603,

and Work Unit 30660363, with Charles E. Ryan, Jr., AFAPL/TBC, as
Project Engineer. The Honeywell Systems and Research work was managed
by Dr. E. E. Yore. Mr. C.R. Stone (Vols, I and II) and Mr, R. B, Beale
(Vol. III) of Honeywell Inc. were technically responsible for the work,

The report is presented in three volumes, Volume I contains the main part
of the report for the optimization design and wind tunnel test evaluation,
Volume II contains detailed computer programs and background material for
the optimization effort. Volume III presents experimental identification and
modeling of the General Electric J85 engine,

R.B. Beale and N, E, Miller were principal investigators for the modeling
and identification effort. R. Beale defined the procedure, set up the experi-
mental apparatus, and obtained the experimental data. N. Miller aided in
obtaining the data, reduced the data to Bode plots, performed the modeling
and state identification analysis, and interpreted the results. B. Reed was
responsible for developing the identification algorithm which is a key element
in the procedure,
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SECTION I
INTRODUCTION AND SUMMARY

MODELING AND IDENTIFICATION REQUIREMENTS

The regulation accuracy and speed of response of any control system is
directly proportional to its bandvridth, The increasing demand for reliable
engine controls with tighter surge margins requires higher-bandwidth control
systems, Thus, there is a need to model engine dynamics out to higher
frequencies than has been required in the past. It is not sufficient to provide
large gain and phase margins to provide for model uncertainty. These
margins reduce the bandwidth and therefore the regulation accuracy. Some
performance will have to be sacrificed to allow for engine variations due to
tolerances and wear. However, performance should not be sacrificed for
inaccurate modeling practice.

This report presents a modeling and identification procedure which is simple
and inexpensive. In addition, it provides both high-fidelity models and
dynamic state identification which gives an indication of the physical phe-
nomena which are occurring. The procedure has been used for many years.
The accuracy of the technique has been considerably improved by the use of
two-channel Fourier filtering and computerized state identification oif engine
frequency responses.

The optimal control system, which is described in Volumes I and II of this
report, demonstrated improved regulation of the engine at steady state and
during transients, This was accomplished by linear regulation of pressure
and temperature boundaries as well as rotor speed. Each of these regulators
used fuel control bandwidths higher than standard practice. In implementa-
tion of the optimal control system, the bandwidth had to be reduced to allow



margin for differences h<iween the model and the engine. This provided the
incentive to study the engine dynamics at slightly higher frequencies.

It is important to have a practical technique for accurately determining engine
dynamics. If nominal engine dynemics were accurately known, as well as
engine-to-engine variations in the dynamics, the proper amount of gain margin
could be allowed for the variations. Then excess performance would not be
sacrificed because of lack of knowledge of the nominal dynamics. These con-
siderations will become more important when control systems are designed
for disturbance insensitivity in the future. Disturbances such as augmentor
lightoff and inlet instability will require higher bandwidth control systems,

The priinary objective of this modeling program was to develop a modeling
procedure which would be very practical. The procedure outlined in this
report meets that objective., The procedure is inexpensive due to the small
amount of engine running time required, Only 0,5 hour is required to oscil-
late each engine actuator over the frequency range. The nine engine responses
were recorded on tape simultaneously. This was possible because of the tape
synchronizing signals used by the servoanalyzer. The oscillations are very
small, on the order of 2 percent of actuator deflection, so that the engine is

not endangered during the test,

The accuracy of the results was improved in three ways. First, the actuator
dynamics were separated from the engine dynamics with the two-channel
capability of the analyzer. The Fourier filtering capability allowed analysis
at low signal-to-noise levels and provided describing functions for nonlinear
dynamics such as dead zone and hysteresis. Finally, the automation of the
identification procedure provided very close matching of the models to the
frequency responses,

The limitation of the procedure is that it is a linear analysis of a nonlinear
process. Several operating points must be evaluated to determine the varia-
tions in the linear models. If the nonlinearities are dominant even in the



small perturbations, such as with hysteresis and saturation, their describing
functions for sinusoidal inputs are not always useful. However, linear models
are required for all types of control synthesis. Therefore, this procedure

should be very useful even though nonlinear models are the ultimate objective.

Experimental data of engine dynamics are very limited for two reasons,
First, engine test time is very expensive, so that only the highest priority

-tests are performed. Second, the dynamics are well known at low frequency,
within the bandwidth of current control systems. Higher-bandwidth systems
will increase the priority of dynamic tests in the future, at least until the
dynamics become well known at slightly higher frequencies. The technique
described in this report should prove to be very cost effective, since the
engine test time can be reduced to a few hours, The primary impact this
technique has on engine testing is the requirement for electrical readout on
actuator positions and engine sensors,

The two-channel Fourier analyzer is a key item to making the procedure
practical., This is because it can analyze the amplitude ratio and phase shift
between any two signals in a very noisy environment. The computerized
identification procedure, which determines the dynamic states and transfer
functions from the frequency responses, is very useful for determining
practical models of the engine dynamics. These models provide insight to
the physics of the engine which can be used as guidelines in future analytical
modeling efforts,

Frequency response analysis is limited to the study of small perturbations
around a nominal operating point. This linear analysis is required for con-
trol system design, but is not a substitute for the nonlinear modeling of the
engine. The frequency response analysis is also limited to perturbations
around steady-state operating points, since the engine must remain at the
nominal operating point for a few minutes at a time. The modeling of
transient conditions must be accomplished by approximating transient loads



on the rotor. However, for control design purposes, frequency response
measurements can be obtained from a hybrid simulation at any operating
condition and compared with the engine responses at steady state to verify
the results,

FORM OF THE MODEL

A dynamic model was obtained for the response of five engine variables to

the four engine actuators. These 20 linear transfer functions were obtained
at three operating points. The actuator transfer functions were separated
from the engine dynamics. Thus, there were 64 transfer functions evaluated
in all, Figures 1, 2, and 3* show these transfer functions combined into a
dynamic transfer matrix for each operating point. It is clear from the matrix
that there is considerable interaction between the control variables, since
each actuator has an effect on most of the responses. However, the effect of
the inlet guide vane (IGV) and bleed (BLD) variables is considerably less than
the fuel flow (Wf) and exhaust area (AB). This fact is obscured in the transfer
function by the units chosen for the DC gain. Fuel flow is expressed in pounds
per hour and exhaust area in square inches, while IGV and BLD are expressed
in percent of full scale (i.e., P3/BLD is psi/full-scale deflection),

A state space model of the engine can be obtained from the transfer matrix,
The dynamic states are the poles of the transfer functions. The order of the
state space model is the lowest-order denominator that can be factored out of
the matrix (i.e., add up all the unique poles. If they appear more than once,
they are counted only once). Before one could determine the lowest-order
state space model, the roots would have to be analyzed to determine which
ones are appearing in several responses, It is not alway: clear, as the

*To avoid interrupting the continuity of the text, all referenced figures and
tables are gathered at the end of their respective section or appendix.



~errors in the procedure cause states to appear at slightly different frequen-
cies in different responses. Not all of the states have to be included for
control design purposes. High-frequency terms can be left off, After
truncating the terms, frequency response plots can be compared with the
experimental data to ensure that accuracy is maintained out to the desired
bandwidth of the control system.

RESULTS OF ENGINE RESPONSE MEASUREMENTS

Engine frequency responses reveal much information about engine dynamics
in addition to that needed for modeling purposes, In the paragraphs that
follow, some of the interesting facts picked out of the data are discussed.
Much of this information would not be available were it not for the Fourier
filtering capability of the instrumentation, This noise-rejection capability
allowed accurate responses to be analyzed out in frequency to the limit of

the actuator response. The fuel flow responses were measured out to 100 Hz.
The geometry actuators proved to be much faster responding than originally
modeled.

It should be noted that fuel flow dynamics cannot be separated from engine
dynamics as desired. This is due to the fact that fuel flow is effected by
pressure drop across the fuel nozzle, The dynamics of the combustor pres-
sure appear in both the actuator and engine responses, This phenomenon is
described in detail in Appendix A. This suggests a need for flow feedback

in engine control systems.

The exhaust area actuator was much faster than expected. It responsed well
out to 8 Hz. The hysteresis and dead zones added only 30 degrees of phase
shift at low frequency. Of course, the nonlinearity in the actuator will cause
it to respond differently at other amplitude levels, The amplitude level for
This data was 5 percent of full scale. This control variable has a large



effect on the engine response., Therefore, it should prove to be an important
control in a multivariable system, There is considerably more phase shift
in the combustor pressure response to exhaust area than there is to fuel flow,
however. If the optimal control system were to be redesigned, the exhaust
area would be added as a second dynamic control variable.

As mentioned above, the compressor bleeds and inlet guide vanes had little
effect on the engine responses. As noted in the transfer matrix, some of the
transfer functions'a.re shown as zero. The small effect is obscured in the
transfer functions because of the units chosen for these variables, The gain
in the transfer functions appears high because it is in terms of output/full-
scale deflection, If fuel flow and exhaust area were to be expressed in these
units, the gain would be much higher, The combustor pressure, P3, response
to bleeds has very little phase shift, which means that the effect is immediate.
However, the magnitude of the effect is small, presumahly due to the small
size of the bleed openings. Thus, the bleeds and inlet guide vanes are not
very effective dynamic control variables for this engine,

One of the most interesting results of the frequency response tests is the
second-order dynamic response of spool speed. This second state appearing
in the spool speed response causes considerable phase shift at frequencies
within the bandwidth range of most current engine control systems. The fuel
flow response shows the two first-order lags. The first appears as expected
at 3 radians per second and the second at 77 radians per second (at the high-
speed operating point). The exhaust area response shows a second lag in
spool speed also, but it moves out in frequency at low speed. The additional
phase shift in spool speed response caused considerable difficulty when the
high-bandwidth optimal controllers were run on the engine. Therefore, the
engine tests were run with reduced gains to allow for additional gain and
phase margin,



Another very interesting result revealed in the frequency responses is the
unexpectealy large time delay in the engine pressure responses. This time
delay ranges from 11 to 14 milliseconds. It causes very rapid phase shift at
frequencies above 10 Hz., This is above the frequency range of speed control
systems, However, pressure disturbance control systems in the future will
have to consider this time delay.

The turbine outlet temperature, Tg, response provided accurate dynamic
data out to 50 Hz, even though the thermocouple has very slow response,

The added gain reduction and phase shift did not prevent temperature
response models from being obtained. This implies that fast temperature
control is possible with adequate lead compensation for the thermocouple,
However, the signal noise, which was rejected by Fourier filtering, will limit
the amount of lead that can be applied.

COMPARISON OF EXPERIMENTAL AND ANALYTICAL MODELS

One of the main objectives of this program was to compare the engine model,
used for optimal control design, with experimental data. Engine frequency
response data were plotted with frequency responses froin the linearized
NASA component model and the analcg computer model at APL. These data
are presented in Section II. The folicwing paragraphs point out some of the
interesting comparisons.

The fuel flow responses are of primary concern, as fuel flow is usually the
only dynamic control variable. The fuel-metering actuator is modeled accu-
rately. The spool speed response is modeled accurately at low frequency.
As mentioned above, there is considerably more phase shift in the engine
data above 2 Hz. The experimental model has a second first-order lag at
about 8 Hz, This error in the model meant that the bandwidth of the optimal
controller had to be reduced during the engine tests, This caused a corres-
ponding decrease in regulation accuracy.



The pressure responses are accurate in the component model except for the
large time delay. The analog model has considerable phase error in the
AP/P and P5 responses at low frequency. The temperature responses have
considerable phase error above 7 Hz. In addition, the analog model tempera-
ture gain begins falling off rapidly at 0. 3 Hz, which is about a decade slower
than the engine data.

The exhaust area actuator is a decade faster than the models. The gain is
flat out to 5 Hz, as compared with 0,5 Hz. This difference is very important
in deciding whether to use the exhaust area 2 a dynamic control variable,
The optimal controller did not use the exhaust area because it was assumed
to be too slow. At 5 Hz, the exhaust area can be used effectively, If the
optimal controlier were redesigned, the exhaust area would be added as a
second control variable, This would have a considerable effect on the con-

troller performance.

The spool speed response to exhaust area has similar second-order dynamics
as with fuel flow. The phase shift increases from that of the model above

3 Hz. The combustor pressure responses to exhaust area are well modeled.
However, the turbine discharge pressure, Pg, varies considerably between
the three models, B responds faster and with greater amplitude on the
engine than in the component model. The analog model is 1.5 decades slower.

The bleed and IGV actuators are much faster than the models. However, this
is not an important factor, since these actuators are not very effective,
dynamically. The models show these control variables to be even less
effective, Spool speed response to bleed has more phase shift than the model
above 0,1 Hz. The P, response to bleed is 1.5 decades slower in the models.

3
The data shows very little phase shift in pressure response.
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STATE IDENTIFICATION AND PHYSICAL INTERPRETATION

Dynamic engine models were identified from the engine frequency response
data. This procedure proved to be very successful in that accurate pole and
zero locations were identified that coincided well with engine physics. This
is an established practice in the control field. However, the technique was
improved by the accurate measurement techniques and computerized statis~
tical identification., Therefore, the procedure promises to be a practical
technique for future use. The identification algorithm is discussed in detail
in Appendix B, The models are discussed in detail in Section III. The
transfer functions are listed in Figures 1, 2, and 3, with some of them
shortened for clarity.

An attempt was made to interpret the physical meaning of the dynamic states
in Section III. Many of the interpretations are well known from comparison
with existing models, But, the higher-frequency terms do not have obvious
interpretations. The authors have made an attempt to classify these addi-
tional dynamics, However, this task is more appropriately accomplished by
engine manufacturers who have more experience with engine physics, An
objective of this program was to provide data to allow engine modelers to
perfect their analytical procedures.

The significant differences between the engine and the component model are:
(1) the additional first-order lag in the spool dynamics at 8 Hz; (2) the 0, 011-
second time delay in the pressure response; and (3) the location of the second-
order pole in the exhaust actuator. The additional spool root could be asso-
ciated with gas dynamics in the turbine or compressor. The time delay is
assumed to be occurring in the fuel combustion, The dynamics of the exhaust
actuator are understood fairly well,
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SECTION II

FREQUENCY RESPONSE DATA-COMPARISON OF ENGINE,
ANALOG MODEL, AND LINEARIZED NASA COMPONENT MODEL

INTRODUCTION

Frequency response data experimentally obtained from a J85 engine in a

test cell at APL are presented in this section and compared with similar data
obtained from two analytic models, the linearized NASA component model
and the APL analog model. The Bode plots presented show that both analytic
models adequately represent the low-frequency dynamics of the J85 engine
below 2 Hz, However, significant high-frequency effects above 2 Hz asso-
ciated with gas dynamics identified from the engine responses are not in-
cluded in either analytic model. Details of the engine-analytic model com-

parison are discussed in the following paragraphs,

A BAFCO servoanalyzer was used to obtain the J85 frequency response plots.
This instrument is designed to perform frequency response analysis of com=-
plicated servomechanisms such as the J85 engine through the implementation
of Fourier analysis, Since it is a two-channel analyzer, it can measure the
dynamics between any two outputs; hence, it is not restricted to input-output
pairs. This feature allows separation of actuator dynamics from engine
dynamics. Operaiion of the analyzer is shown in diagram form in Figure 4
and briefly discussed here. A complete description of the analyzer is in-
cluded in Appendix A.

The,analyzer produces a sinusoidal voltage signal with time-dependent fre-
quency (i.e,, the frequency varies logarithmically with time) which is used
to drive one of the engine actuators. Responses from two engine sensors
are fed back into the analyzer which contains the necessary electronics to
compute the amplitude ratio and phase shift between the two sensor signals.
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This information is recorded as a function of frequency by two x - y plotters,
thereby producing the Bode frequency response plot of sensor 2 with respect
to sensor 1, These input and output variables are described schematically
in Figure 4.

The BAFCO servoanalyzer was used in this manner to obtain frequency
responses of various engine parameters with respect to the four engine con-
trols: fuel flow, exhaust area, compressor bleed, and inlet guide vane. Four
frequency sweeps, one for each control variable, were pe.formed at each of
three operating points: engine speed (N/Nm ax) = 70 percent, 85 percent,and
95 percent. Representative data obtained from these tests are presented in
Figures 5 through 29, Complete documentation of the data is included in
References 1 through 3. The frequency responses included in these figures
are discussed in the subsections that follow, in the following order:

Ref. . N/N
Figure Rebponsem max
Actuator 5 Fuel flow/fuel command 95%
CeRponees Exhaust area/exhaust command 95%
Compressor i:leed/bleed 95%
command
8 Inlet guide vane/inlet guide 95%
vane command
Engine responses 9 Spool speed/fuel flow 95%
16, SueL Flow 10 Spool speed/fuel flow 85%
11 Spool speed/fuel flow 70%
12 Compressor discharge pressure/ 95%
fuel flow
13 Compressor discharge pressure/ 85%
fuel flow
14 Compressor discharge pressure/ 170%
fuel flow

15 Turbine discharge pressure/fuel 95%
flow
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Ref. N/Nmax

Figre Response
Engine responses 16 Turbine discharge pressure/ 85%
to fuel flow fuel flow
(continued) 17 Turbine discharge pressure/ 70%
fuel flow

18 Mach number sensor/fuel flow 95%
19 Turbine discharge temperature/ 95%

fuel flow
Engine responses 20 Spool speed/exhaust area 95%
Sor o N, Wr oy 21 Compressor discharge pressure/ 95%
exhaust area
22 Turbine discharge pressure/ 95%

exhaust area
23 Turbine discharge temperature/ 95%
exhaust area
Engine responses 24 Spool speed/compressor bleed 95%

to compressor bleed 25 Compressor discharge pressure/ 95%
compressor bleed

26 Turbine discharge temperature/ 95%
compressor bleed
Engine responses to 27 Spool speed/inlet guide vane 95%

inlet guide vane 28 Compressor discharge pressure/ 95%
inlet guide vane

29 Turbine discharge temperature/ 95%
inlet guide vane

A ctuator inputs and sensor measurements represented in these data are

identified below. A more complete description of the actuators and sensors

is included in Appendix A,
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A ctuator Input Description

1)
2)

3)

4)

Fuel flow command, up = Request to fuel valve,
Exhaust area command, Uy = Request to exhaust nozzle actuator

Compressor bleed command, UpiD °© Request to compressor

bleed actuator,

Inlet guide vane command, uIGV = Request to inlet guide vane
actuator,

Sensor Output Description

1)

2)

3)

4)

Fuel flow, W = Fuel flow into combustion chamber. This
signal was recorded as the pressure differential across the
fuel nozzle, i.e., fuel nozzle pressure minus compressor
discharge pressure, and corrected to actual fuel flow in
lb/hr with a steady-state calibration.

Exhaust area, A8 = Effective cross=sectional area of exhaust
nozzle, This signal was recorded as the feedback voltage
(calibrated in inches squared) from a mechznical potenti-
ometer positioned on the nozzle drive mechanism.,

Compressor Bleed, BLD = Effective area of compressor
bleeds. The scale is nondimensionalized in the sense that

1 corresponds to fully open bleeds and 0 corresponds to
fully closed bleeds. A potentiometer located on the actuator
mechanism was used to record this signal.

Inlet Guide Vane, IGV = Incidence angle of inlet guide vanes.
The nondimensional scale is constructed with 0.0
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5)

6)

7)

8)

9)

corresponding to the high-speed position of the inlet guide
vanes and 1. 0 corresponding to low-speed position. A
potentiometer which measures actuator movement was used
to record this signal.

Spool Speed, N = Angular frequency of rotor shaft. A sensor
which measures elapsed time per revolution of the rotor was
used to obtain this signal. The sensor does not contain any
dynamics in the frequency range tested.

Compressor Discharge Pressure, P3 = Static pressure at the
compressor discharge, This signal was measured with a
static pressure tap embedded in the wall of the engine slightly
behind the compressor outlet guide vanes,

Turbine Discharge Pressure, P5 = Total pressure at turbine
discharge. The P5 sensor consists of a system of five total
pressure probes spread around the engine and in back of the
turbine discharge. A single signal is obtained by averaging
the outputs of the five probes,

Mach Number Sensor, gf = Total minus static pressure

divided by total pressure at compressor discharge. This
signal was obtained from a special sensor built by Bendix.
All subtraction and division necessary to obtain the AP/ P3
signal is performed in the sensor which is located behind the
compressor discharge.

Turbine Discharge Temperature, ’I‘5 = Temperature at tur=-
bine discharge. The T5 sensor is composed of 19 individ-
ual thermocouples coupled in parallel, The thermocouples
are spaced around the engine a few inches behind the turbine
discharge.
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Also included in Figures 5 through 29 are frequency response measurements
obtained from the two analytic models, the linearized NASA component model
and the APL analog model. The linearized NASA component model is the
analytic model which was used to synthesize optimal controllers for the
engine. State variables associated with the model are identified in Figure 30.
A complete description of the model is included in Reference 4. The APL
analog model is described in Reference 5.

A digital computer program was used to obtain frequency 1esponse data from
the linearized NASA component model. The program computes the amplitude
ratio and phase shift between an input-output pair.

The BAFCO servoanalyzer was used to obtain frequency response measure-
ments from the APL analog model. Inlet guide vane and compressor bleed
data are not presented for the analog model, since the model does not contain
representations of these two controls,

Steady~-state data defining the three operating points examined for this pro-
ject are presented in Tables 1, 2, and 3. Corresponding data obtained from
the linearized NASA component model and the APL analog model are also
listed.

ACTUATOR RESPONSES

Bode frequency response plots for the four engine actuators (fuel valve,
exhaust nozzle, compressor bleed, and inlet guide vane) are presented in
Figures 5 through 8. Also presented in these figures are frequency
responses of the actuator models included in the two analytic models, the
linearized NASA component model and the APL analog model. Comparison
of the results supports two observations: (1) the fuel valve actuator is accu-
rately represented in the analytic models, and (2) the engine geometry actu-
ators exhibit higher bandwidth than their counterparts in the analytic models.
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The frequency response of the fuel valve actuator at 95 percent of maximum
spool speed is presented in Figure 5. Both the linearized NASA component
model and the APL analog model fuel valves are accurate representations
of the engine fuel valve in the low-frequency region, i.e., the frequency
responses agree up to about 4. 0 Hz. There are significant differences
above 4.0 Hz, These include experimental fuel valve dynamics, centered at
7.0 Hz, and high-frequency phase rolloff. These results are also valid at
the other two operating points, 70 percent and 85 percent of maximum spool

speed.

The frequency responses of the engine exhaust area actuator and the analytic
models are presented in Figure 6. They show the engine a ctuator to be of
higher bandwidth and to have a different phase response than the two analytic
models. The principal differences are: (1) the '_mponent model gain rolls-
off much sooner and faster than the engine actuator gain, and (2) the engine
actuator has -30 degrees phase shift at low frequency, whereas the compo-
nent model has little or no phase shift. A nonlinear hysterisis effect in the
engine exhaust actuator is responsible for the -30 degrees of phase shift at
low frequency. Since the component model is a linear model, this nonlinear
effect is not duplicated in the component model response.

The nonlinear hysterisis effect of the engine actuator is included in the
analog model, but the effect is too pronounced: the analog actuator model
has about 20 degrees more phase shift than the engine actuator. This dis-
crepancy could be minimized by reducing the deadband uncertainty in the

nozzle actuator simulation in the analog model,

Frequency responses of the compressor bleed actuator and inlet guide vane
actuator are contrasted with those of the linearized NASA component model
in Figures 7 and 8, Representations for the analog model are not included
in these figures, since compressor bleed and inlet guide vane effects are not
included in the analog model.
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The main difference between the frequency responses of the engine com-
pressor bleed and inlet guide vane actuators and the frequency responses of
the component model actuators is that the engine actuators are of consider-
ably higher bandwidth than the component model actuators. This incompati=
bility also accounts for the observed differences in phase response.

ENGINE RESPONSE TO FUEL FLOW

Frequency response plots of spool speed, N, compressor discharge pres=-
sure, P3, turbine discharge pressure, P5, compressor Mach number,
AP/P3, and turbine discharge temperature, T5, for oscillations in fuel flow
are presented in Figures 9 through 19, Comparison of these engine re-
sponses with similar responses obtained from the linearized NASA compo-
nent model and the APL analog model leads to the following conclusions:

1) The spool speed and turbine discharge temperature frequency
responses of the engine agree very well with the responses of
the two analytic models up to 2, 0 Hz. This is above the nor-
mal bandwidth for speed control loops of 1. 0 Hz.

2) The pressure and Mach number responses of the engine agree
very well with the responses of the analytic models up to
10. 0 Hz except for the turbine discharge pressure response of
the analog model.

3) High-frequency dynamics present in the engine responses,
primarily caused by time delay, are not represented in the
analytic models.

4) The phase shift of the turbine discharge pressure response of
the analog model does not agree with either the engine or com-
ponent model results.
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These conclusions are discussed in the following paragraphs.

Spool speed frequency responses are presented for three operating points,

70 percent, 85 percent, and 95 percent maximum spool speed, in Figures 9,
10, and 11, Examination of these responses shows that both the component
model and the analog model contain good approximations to the fuel flow
effects of the engine in the low-frequency region, up to 2,0 Hz. Above 2.0

Hz the phase response of the engine differs considerably from the phase re-
sponse of the two models: the engine phase shift is much greater than that of
either model. This behavior indicates that the engine contains significant
high-frequency spool dynamics which are not included in either analytic model.

Compressor discharge pressure, P3, responses at the three operating points,
are presented in Figures 12, 13, and 14, Agreement between the engine data
and the responses of the component model and analog model is exhibited out
to about 10 Hz. The principal differences between the engine data and the
analytic models are: (1) the engine data contains a time delay of about 10 to
15 milliseconds which is not represented in the analytic models, and (2) the
frequency responses indicate that the engine contains significant dynamics in
the 5. 0 to 8. 0-Hz frequency range which are not included in the analytic
models.

Turbine discharge pressure, P5, frequency responses presented in Figures
15, 16, and 17, substantiate most of the conclusions drawn from the com-
pressor discharge pressure responses. Agreement between the engine data
and the component model is observed out to about 10 Hz, These engine re-
sponses also show the time delay of about 10 to 15 milleseconds and the pres-
sure dynamics in the 5. 0 to 8. 0-Hz frequency range which were noted in the
compressor discharge pressure responses. However, one significant differ-
ence between the P3 responses and the P5 responses should be noted: the
analog simulation of P3 agrees very well with engine data, but the analog
simulaticn of P5 does not agree with the corresponding engine data. The
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phase shift response of the analog P5 response is incorrect throughout the
frequency range. Correction of this incompatibility would enhance the use-
fulness of the analog model.

The engine Mach number sensor, AP/ P3, frequency response at 95 percent
maximum spool speed is presented in Figure 18 and compared with the fre-
quency response of the analog model simulation. No data are presented for
the component model because it does not include a model of the sensor. The
principal difference between the responses, shown in the figure, is that the
analog response has less phase shift than the engine response. Similar
results were obtained at the other two operating points, 70 percent and 85 per-
cent maximum spool speed,

Turbine discharge temperature, T5, frequency responses of the engine and the
two analytic models at 95 percent maximum spool speed are presented in
Figure 19, The results show agreement between the engine response and the
responses of the two models out to about 2. 0 Hz. Beyond 2. 0 Hz the phase
shift of the engine response is much greater than the phase shift of the models,
indicating that the engine contains some high-frequency dynamics which are
not identified in the models, This observation substantiates the conclusions
drawn from the spool speed responses discussed previously.

ENGINE RESPONSE TO EXHAUST AREA

Bode plots of spool speed, N, compressor discharge pressure, P3, turbine
discharge pressure, P5, and turbine discharge temperature, T 5 for oscilla-
tions in exhaust area, A8' are presented in Figures 20 through 23, Compari-
son of the engine responses shown in these figures with corresponding re-
sponses obtained from the linearized NASA component model and the APL
analog model suggests the follow ing conclusions:
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1) DC gain levels do not agree very well between the engine
responses and the two analytic models. This discrepancy is
simply a calibration problem.

2) Except for differences in DC gain levels, the spool speed
responses and turbine discharge temperature responses of
the two analytic models agree fairly well with the corre-
sponding engine responses in the frequency range below
2.0Hz,

3) The compressor discharge pressure, P3, response of the
engine is accurately simulated by the two analytic models.

4) Neither the analog model nor the component model accurately
represents the engine turbine discharge pressure, P5,
response,

These conclusions are discussed in the following paragraphs.

The spool speed response of the engine at 95 percent maximum spool speed is
compared with the corresponding responses of the two analytic models in
Figure 20, Except for differences in DC gain level, the model responses are
seen to agree with the engine frequency response in the frequency range below
2.0Hz., Beyond 2.0 Hz the engine phase shift drops considerably below the
phase responses of the two models, indicating that the engine contains some
high-frequency dynamics which are not included in the models.

Most of the mismatch in DC gain levels can be attributed to the exhaust area
calibration incompatibility between the engine and the models. The two
exhaust nozzle simulations and the engine exhaust area sensor all have differ-
ent nozzle area calibrations. A method for correcting the nozzle area cali-
brations of the two models to agree with the engine calibration was not identi-
fied because engine nozzle area could not be measured directly. Different

DC gain levels are characteristic of all of the exhaust actuator frequency data.,
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Compressor discharge pressure, P3, response of the engine and the two
models at 95 percent maximum spool speed are shown in Figure 21, These
responses also show the DC gain mismatch discussed above. Other than that,
the frequency responses of the two analytic models closely approximate the
frequency response of the engine, This result is also valid for the frequency
responses at the other operating points, 70 percent and 85 percent maximum

spool speed.

The turbine discharge pressure, P5, frequency responses are presented in
Figure 22, They show that the Py simulations included in the models are

not as accurate as the P3 simulations., The gain and phase of the component
model P, response have the same basic shape as the corresponding gain and
phase of the engine response, but the component model gain is about 10 deci-
bels lower and the component model phase response shows abou! 30 degrees
more phase shift. Neither the gain nor phase of the analog model P5 re-
sponse matches the engine response.

The turbine discharge temperature, T, response of the engine is compared
with the corresponding responses of the two analytic models in Figure 23.
These responses show that the component model approximates the engine
response well, especially in the frequency range below 2,0 Hz, The analog
model also reasonably approximates the engine response; however, the analog
model gain response is quite low and the phase response shows more phase
shift than the engine,

ENGINE RESPONSES TO COMPRESSOR BLEED
Sample Bode frequency response plots of spool speed, compressor discharge
pressure, and turbine discharge temperature for oscillations in compressor

bleed are presented in Figures 24, 25, and 26. The plots include frequency
data representing the engine and the lire arized NASA component model; the
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analog model is not represented, since the simulation does not contain com-
pressor bleed effects. Comparison of the engine frequency responses with
the component model responses supports the following conclusions:

1) Tre shape of the gain responses of the component model
agrees with the shape of the corresponding engine responses.
However, there are some significant differences in DC gain

levels,

2) Phase responses of the component model do not accurately
represent the engine phase responses. The engine frequency
responses exhibit more phase shift than the component model
responses throughout most of the frequency range.

Individual Bode plots are discussed in the following paragraphs.

The spool speed, N, frequency response of the engine at 95 percent maximum
spool speed is compared with the corresponding frequency response of the
component model in Figure 24, Agreement between the engine and component
model gain responses is very good, within 3 decibels, but the engine phase
response shows much more phase shift at high frequencies than the component
model phase response, indicating that the engine contains high-frequency
dynamics which are not included in the linear model.

Engine and component model frequency responses of P3 and T 5 at 95 percent
maximum spool spee. are presented in Figures 25 and 26, Both plots show
the engine to have 30 degrees more phase shift at low frequency than the
component model. Gain responses of the engine and component model are
similar in shape, but the DC gain levels are off by more than £ decibels.
Frequency responses of these variables obtained at the other .wo operating
points, 70 percent and 85 percent maximum spool speed, further substantiate
these observations.
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ENGINE RESPONSES TO INLET GUIDE VANES

Frequency response plots of spool speed, compressor discharge pressure,
and turbine discharge temperature for oscillation of the inlet guide vanes are
presented in Figures 27, 28, and 29, Engine frequency response data and
linearized NASA component model frequency response data are compared in
the plots at one operating point, 95 percent maximum spool speed. Analog
model data are not included, since the analog simulation does not contain
inlet guide vane effects. Comparison of the engine and component model fre-

quency responses supports the following conclusions:

1) The spool speed and P3 responses of the component model
are approximate representations of the engine frequency
responses. The shape of the gain curves agree, and the
phase responses agree within 30 degrees in the frequency
range below 2.0 Hz,

2) TheT 5 response of the component model is a poor repre-
sentation of the corresponding engine response. The gain
responses differ significantly in shape and the phase re-
sponses differ by as much as 140 degrees in the frequency
range tested.

These conclusions are explained in the following paragraphs.

Engine and compon~nt model spool speed frequency responses are presented
in Figure 27. These data show agreement typically within 3 decibels in the
gain responses, but the phase shift of the engine above 0.5 Hz is significantly
greater than the phase shift of the component model. The greater phase shift
of the engine data indicates that the engine contains high-frequency dynamics
which are not represented in the component model, As previously noted, a
similar conclusion was made concerning the spool speed responses to oscilla-
tions in exhaust area and compressor biceds.
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The P3 responses presented in Figure 28 show that, except for a different
DC gain level and a constant phase error of about 20 degrees, the component
model is a good enough approximation for design purposes to the engine fre-

quency response, considering the nonlinearity of the actuator,

The frequency response data of Figure 29 show that inlet guide vane effect on
Ts
phase responses of the component model agree with the corresponding re-

is not correctly simulated in the component model, Neither the gain nor

sponses of the engine,
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Figure 4. Frequency Response Analysis
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Figure 6. Exhaust Area/Exhaust Command, Agu A
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Figure 9. Spool Speed/Fuel Flow, N/ Wf-95 and 100 Percent Maximum Speed
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Figure 10. Spool Speed/Fuel Flow, N/ We--85 Percent Maximum Speed
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Figure 11. Spool Speed/Fuel Flow, N/ W--70 Percent Maximum Speed
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Figure 19. Turbine Discharge Temperature/Fuel Flow, T5/ Wf
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Figure 20. Spool Speed/Exhaust Area, N/A8
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Figure 21. Compressor Discharge Pressure/Exhaust Area, P3 /A8
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Figure 22. Turbine Discharge Pressure/Exhaust Area, Pg/Ag
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Figure 23. Turbine Discharge Temperature/Exhaust Area, Tg/ Ag
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Spool Speed/Compressor Bleed, N/BLD

Figure 24.
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