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AP?LICAIIDN OF REAL-TIME ENGINE SIMULATIONS TO THE DEVELOPMENT OF PROPULSION SYSTEM CONTROLS

Szuch

National Aeronautics and Space Administration
Lewls Research Center
Clavaland, Ohio 44135

Abntract

The development of digital controls for turbo-
jet and turbofan engines can be facilitated by the
use of real-time computer simulations of the en-
gines. The engine simulation provides a 'test-bed"
for avaluating new control laws and for checking
and 'debugging" control software and hardware prior
to engine testing, This paper describes the devel-
opment and use of real-time, hybrid computer simu-
lationa of the Pratt & Whitney TF30-P-3 and FLlOO-
PW~100 augmented turbofans In support of a number
of controls research programs at the Lewis Research
Center., The role of engine simulations in solving
the propulsion systems integration problem i3 also
discuesed.

Introduction

The development of controels for aircraft pro-
pulsion systems depends, te 2 great extent, on one
baing able to accurately predict the performance of
the aircraft, the propulsion system, and their as-
gsociated controls. Computer simulations provide a
means of analyzing the behavior and interactions of
these increasingly complex systems prior to full-
scale testing of the hardware, Simulations alse
serve as aids in solving problems that arise after
the developmént phase is completed.

0f particular intaerest today are simulations
of gas turbine engines and their application to the
development of advanced propulsion system controls.
This paper describes the development and use of
real-time (R-T), hybrid computer gimulations of the
Pratt & Whitney TF30-P-31 and FLO0-PW-1002 aug-
mented turbofans in support of a number of contrels
research programs3'5 at the Lewis Research Center.
In addition to the discussion of these recal-time
simulatlons, the role of other types of engine sim=-
ulations will also be discussed,

Engine Simulations

The complexity of an engine simulation is, of
course, determined by the particular application,
A slaople, choked-orifice representation of a turbo-
jet engine may be adequate when studying the dy-
namic performance of a supersonle inlet at a given
operatin,g condition.b there are, howevar, cascs
where an engine must be considered as more than
just a simple inlet termination. For example, in
determining the effect of engine response on an
externally blown flap alrceraft,’ a linear, trans-
fer funcction representation of a two-spool turbo-
fan engine was used. As shown in Fig. 1, the
transfer functions related components of engine
thrust to a pilot-commanded thrust change. In this
case, the engine simulation was combined with a
simulation of a STOL transport in a piloted,
ground-based simulator at the Ames Research Center.
This transfer function approach to engine simula-
tion can be extended to include additiecnal inputs
and outputs. Unfortunately, the adequacy of the
transfer function models is usually limited to op-
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aration around selccted operating polntse due to the
nonlinearicies of the propulsion system. Therefora,
another approach must be taoken when analyzing the
gross transient behavior of engines and chedr con-
trola over a range of flighc conditions and power
sattings.

There are a number of wide-range, nonlinear
engine simulations currently being used to support
controls development prograws, These include both
steady-state and transient simulations. Steady-
state simulatione are useful in establishing set-
point control schedules and for defining engine
limits that the control must not exceed, The most
detalled steady-stace simulations have baen devel-
oped by the various engine manufacturers for gpe-
cific engines and arc often updated to reflect
actual engine test data. Generalized, steady-state
progrumsgsg are also avallable for simulating a
wide range of turbejet and turbofan engina configu-
rations, In general, stesdy-state simlations are
implemented using digical computers because of the
digical computer's precislon, repeatability, and
flexibflicy.

Transient simulations are also needed as design
tools. Again, the most detailed simulations have
been developed for specific engines and implemenced
using digital computers, They do, however, consume
much erpensive computer time since they require
{fterative solutions and numerical integration,
Translent, dipital simulariens have also been gen-
eralizedl6 at the cost of incrensed computing times.
A similar generalized, transient rimulation has
been dezeloped for the hybrid (nnalog-digital) com-
puter.1 Because of its exact integration with re-
gpect to time and compromices in modeling detail,
this program runs faster than the all-digital simu-
lations., However, it 1s not fast enough to run in
real=-time.

Real-Time Enpgine Simulation

The subject of real-time (R-T) engine simula~
tion is gaining increasing attention because of its
application to the evaluation of new digital con-
trol hardware and software.t»12 This concept is
illustrated in Fig, 2. Engine rupning, whether
static or in a flying test-bed, 15 expensive and
time-consuming. Hence, a simulation which can re-
duce the amount of required engine testing is
highly desirable. Te serve as a reallstin test ve-
hicle for a control, the simulation should
(1) statically and dynamically represent the per-—
formance of all parts of the engine-control loop
not avallable as hardware, {2) provide suitable
signals at the control interface {this requires
digiltal-to-analog, D/A ard analog-to-digital, A/D
conversions if thn engine simulacion is implemented
with a digital computer) and (3) run in real-time
so a6 to realistically interact with the dynamics
of the control.

There are a number of factors to consider when
selecting a computer for performing R-T simulations.
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"If a digltal computer is used, there 1s an upper

1imit on the digical update time (i.e., time re-
quired to perform the digital calculatiens) that
pudgt not be exceeded if the closed-loop wysteam's
dynamic accuraocy and stability are to be main-
tolned over the frequency ramge of interssc., For
moat turbofan engine simulations, this requires
digital update times under 10 milliseconds.l,2.12

~Azhieving these update times without sacriflcing

too much in simulatlon accuraey is s formidable
task. In addition, a general-purpose digical com-~
puter may not have the necessary interface (A/D
and DfA) capabllicy.

Although they provide the necessary computing
dpeed and interface, enalog computers nre usually
not considered for turbofan engine simulacions be-
cayse of the large number of multivariate fune-
tions that have to be generated, These functions
are needed to describe the overall performance of
the englne's rotating components {(i.e,, fans, com-
pressora, tutbines). The amount of required ana-
log equipment £S5 usually prohibitively large and
would require considerable set-up and check-out
time. The digital computer is, of course, well
suited for the task of function generation.

Real-Time Simulatior Using the Hybrid Computer

The hybrid computer, because it includes both
a digital and annlog computer, can satlsfy the re~
quirements of R=-T engine simulation, Fig. 3 shows
one spproach to using the hybrid computer in this
applicarion. The digital portion of the hybrid
computer can be used to perform all of the required
‘function generatlon., This is the approach that is
uged in the TF3I0 and F100 simulations discussed in
the next secilon, Becaune a Jdigital compurer s
used, the upper limit on update time must be ad-
hered to., Additional calculotions may be performed
digitally if these can be completed within the al-
lowable update interval. The analog portion of the
+hybrid computer is available vo perform the remain-
ing calculations which inelude the integration as-
aoclated with the englne dynamies. The analog por-
tion of the hybrid computer alsc providea the nec-
essary contrel lnterface since DfA and A/D con-
verslons are performed by the hybrid computer in-
terface, in addition to performing the calcula-
tions asgociated with function generation, the
hybrid's digital computer can alse be used to auto-
matlcally set~up and check-out the analog portion
of the simularicn.

TFI) and FlO0 R-T Simulations

In support of controls vesearch programs fin-
volving the Pratt & Whitney TF30-P-3 and F100-PU-
100 augmented turbofans, R-T hiybrid computer simu-
lations of those englnes have been developed at

,Lewia.l: Fig, 4 illustrates, in block diagram
form, the approach taken In modellng those engines.
The engine models are patterned, as much as pus-—
gible, after the engine manufacturer's digital
‘(baseline) simulations. The bilvariate function
data, defining the performance of the rotatcing
components, have been extracted from che digital
simulations. Intercomponent volumes are assumed
at engine locatlons where either (1) gas dynamics
asre considered to be lmporcant or (2) gas dynamics
are required to eliminate the neced for iterative
golutions. Time-dependent forms of the continulty,
energy, and state equatlons are solved in each In-
tercomponent volume, The rotor speeds are cowputed
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from dangular momentum equntiona} The effects of
filuid momentum on the engine dynamics are included
i the duct and gugmentor medels.

A number of assumptions and model simplifica-
tions are necessary to eatisfy the R-T requirement
with a reasonable amount of computing equipment.,

In the TFAD and F100 R-T simulations, these incluca
the following: (1) fan and compressor temperature
rotios are sssumed to be piecewlse linear functions
of the corresponding pressure rotles; this elimi-
natea the noed for afficiency wop generation and
exponentinotion i{n the digital computer, (2} the
statie prussure balance between core and duct
streams, assumed in the baseline simulations, 18
represented by o constant ratlo of total pressures
in the R=T simulationsa, (3) gas propercies such s
specific heats are assumed to be constant except
for the fan and compressor-discharge apecific heats
which ate assumed te be linear functions of temper-
ature; the linear functionu provide a pood wantch of
design rotor speeds along a given operating line,
Steady-state and transient evaluations of the R-T
similations have shown that these assumptions do
not significantly reduce the accuracy of the simu-
lationns.

The equaocions describing the TFI0 and F100
mathematical models have been programmed on the
Lewis Rescarch Center's EAl Model 6%0 hybrid com-
puter and EAL Model 680 analog computer. An addi-
tional EAI Model 231R analog computér 18 required
for the TF30 simulation because of Lts more compli-
eated configuration, As previously stated, the
digital porcion of the hybrid computer i used pri-
marily for the function generation. In each of the
R-T simulations, eight bivariate table lookups are
required and consume approximately 4,7 milllseuonds.
The function generation routine chat is used is
discussed {n che next section. In the Fl00 simula-
tion, an e¢ngine thrust calculation has been added
to the digital program resulting in a total update
time of 6.5 milliseconds, Control inputs, such as
fuel flows and nozzle areas, are provided by digi-
tal control systems programmed on the Lewis Re-
gearch Center's SEL8LOB computer.

MAP2 Funcclon Routine

Bucauge of the nature of the fan and compres-
sor pevformance maps {Fig. 3), ractilinear inter-
polation cannot be used to generate these functions,
Therefore, a radial-interpelation, bivariate-
function generation routine, MAP2 has been devel-
oped at Lewis for gencrating thls type of function.
The MAP? routlne {s based on a routine developed
garlier** for the same applicacion. Tabular data
for up to twelve {unctions of six palrs of inde-
pendent variables are stored in a common block and
shared by MAP2 and the calling program, DBoth
FORTRAN and assembly language versions of MAP2
have been developed. For the R-T simulatliens, the
assembly language version 1s used, An additional
entry polnt MAP2L has been added to the assembly
language version to allow multiple functions of a
single pair of independent varfiables to be gener-
ated with only one table search. Because ol [ts
favorable qualities, MAPZ-MAP2L {3 also used to
perform the turbine function generation although
rectilinear Interpolation routines could be used
instcad.
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The ateady-state accuracy of the R-T simula-
tione can be evaluated by running the siwmulazions
with fixed control inputs correspondlng to the
beseline simulation values at selected operating
conditiona. This open-loop approach allows slmu=-
lation and control ilmplementation errors te be
isolated. The resulting values of simulated engine
variables such as rotor speeds can be compared with
baseline simulacion and/or engine test data,

Fig., 6 shows results from a comparison of F100 R-T
gimulation and experimental data at sea-level,
static conditions. These resulcs, together wiEh
results from more comprehensive cumpuriaons,l'
indicate that the R-T hybrid simulations do ade-
quately represent the steady-state performance of
the TF30-P-3 and F100-PW=-100 turbofans,

Transient

The R-T simulations should also accurately
predict the transient performance of the engines.
One facror that can cause dynamic errors and, ulgi-
mately, instabilities in a hybrid simulation is the
digital update time which includes the time re-
quired to sample the analeg Input variables, per-
form the necessary caleulations, and transfer the
digital outputs to the analog computer. The digi-
tal update time appears as a time delay to the ana-

.log computer and will generate dynamic errors if it
is too long. This problem has been analyzed y16
for the simple one~loop case. Unfortumately, the

‘turvofan engine presents a more complicated prob-
lem foi anglysis., In the earliest R-T simula-

“tions, 2% all analog ilnputs were sampled at the be-
ginning of the digital cycle and all outputs were
transferred to the analog after all calculations
were completed. From a time delay, or phase shift,
point of view this 13 the worst approach,

Fig., 7 shows how the time delay can affect the
simulated response of the Fl00 compressor rotor
speed to sinusoldal oscillatiuns in main burner
fuel flow. The effect of the digital process can
be seen by comparing the real-time results with
data obtained by running the simulation slower
than resl-time. Slow-time operation effectively
speeds up the digital computer, thus minimizing its
effect on the frequency response. The comparison
indicates that the digital contributes over 80 de~
grees of phase shift £t B hertz when running in
real-cime,

One approach to minimizing the wnwanted phese
shift i1s to sauple analog inputs as needed and out~
put digital data to the analog as available, This
approach is illustrated in Fig. B, While the togal
.digital update time is slightly increased due co
leas efficient sampling and sutputting of data, the
reduction in calculation time for each loop can re-
gult in a significanc reduction in the phase shift.
For the response show. In Fig. 7, approximately
one-half of the unwanted phase shift was eliminated
by using this approach. Dased on these results,
the earlier R~T simulations have been modified
accordingly.

As in the case of the steady-state evaluation,
the transient evaluation of the R-T simulations can
best be accowplished In an open-loop fashion. The
conerol inputs te the engine simulation are schad=-
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uled as functiona of time to mateh closed-leop,
ibaseline simulation or experimental data. Fig, 9

ﬂahuws a comparison of R~T simuletion and experi-

oental responsea of F100 engine variables to an
idle-to-intermediate power lever "slam,"” The ex-
perimental data were obtained in a Lewis altitude
test facility which simulated the 30 000 foot,

0.7 Mn condition, Experience with both the TF30
and F100 R-T simulations has indicated thar the
maln burner specific heat ratio has to be decrensed
by a factor of 20 to 25 to match baseline simula-
tion responses, This appears to be a simple way of
accounting for the transient effects of ffﬁtoru
such as heat transfer to the engine metal®’ without
further complicating the model. Results such as
those shown in Fig, 9 indicate that this reduction
does result in good agreement between the R-T simu-
lation and actual engine responses, The validity
of this approach should be further tested as more
experimental data becomes avallsble,

TFI0 Dipital Control Evaluation

The R-T simulation of the TFI0~P-) engine has
been used to evaluate a digital computer implemen-
tation of :ge standard bill-of-macerials (BOM) con~
trol modes,” This evaluation 15 intended to demon-
strate an efficient ucilization of the digital con-
trol computer's core capaclty and computing time
sa a3 to provide sufficient capacity for extended
control functions such as integrated inlet and
engine contrel, % and fall-operational control.%s
Control accuracy and dynamics, comparable to the
hydronmechaniezl BOM system, must alsc be demon-
gtrated,

In particuloar, rke R-T simulation provides a
means of predicting (1) the stability of Internal
dynamic loops in the control, (2) the effects of
contral colculation and u>date times on the engine
performance and (3) the atlilicy of the digital con-
trel to perform statically and dynamically over a
wide range of flight conditions and power scttings.

The R-T evaluation of the TF30 digital control
ttae shown that all of the stated ohjectives can be
satisfied by the digital version of cthe BOM control
modes.d Fig, 10 shows a typical res-.lt obtained
during that evaluation. The effect of increasing
the control vpdate time on the respense of the sim-
ulated engine variables to an idle~to-intermediate
power lever "slam" is shown. For this rase, the
control update time and calculation time were equal,
Performance degradation is observed for updare
times greater than 20 millisecinds.

Studies were also performed with a fixed con-
tro} calculation time of 3.2 millfc2conds and in-
creased ypdate times, The idle time (difference
between the calculacion and update times) can be
used for the previously mentioned control functions.
Results from those studies indicace that control
updats times as great as 50 milliseconds can be
rolerated.

Sensor Fail-Operational Control Development

To date, the most extensive use of the R-T
hybrid simulations at Lewis has been in sugport aof
sensor fall-operational control studies,® Faor
digital control to be viable, steps must be taken
to ensare that tha reliabiliry of full-authority,
flight-onalified Jdigital control systems matches
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that of the well-proven hydromechanical systems,

This applies to all aspects of the control such as
sensors, actuators, and the computer itself. Re-
dundant sensors and actuaters may not be practical

in certain applications due to weight and installa-

tion rescrictions, An alternate approach for han-
dling sensor fallures 1s fall-operational con-
trolf:3 where escimates of falled-sensor outputs
are used by the control when failure of one or more
genacrs is detected, These estimates are based on
information stored in the digital control computer,

In lieu of a full-scale engine teat program,
the R-T simulatlon of the TF30-P-] cngine is being
used to evaluate a progression of fail-operational
control schemes., Fig., 11 illustrates how a sensor
fall-operational control works, The basic scheme
involves estimating a failed-sensor output from
algebralc functions of the working sensor outputa.
The functional data can be obtained st various op-
erating conditions, both steady-state and tran~-
sient, and averaged appropriately., This approach
has been integrated with the di{gital version of the
TF30-P-3 BOM control and has been evaluated on the
R-T simulation,. The fail-operational control adds
a maxipum of 13 milliseconds to the 3.2 millisec-—
onds required by the BOM control. The fall-
operational control (ineluding srorved data) added
about 6,6 K te the 5 K of core storage required by
the BOM control. The evaluation of the fail-
‘operational control using the R-T simulation has
shown that: (1) for nonaugmented operation, three
vout of the four engine sensors can be failed with-
out viplating engine limits or significantly de-—
grading engine performance, (2) for augmented oper-
.ation, only one sensor can be failed at a time and
‘a power lever vate limit has te be imposed; this
‘requirement can be ativibuted to the existence of a
densitive, integrator loop in the BOM sugmentor
‘control, and (3) satisfactory translent resulcs are
obtained even when the stored fumctional data has
been obtained at steady-state conditions.

Fig, 12 shows the effect of a simulated com-
pressor rotor speed sensor fallure on the response
of engine thrust to an idle-to-maximum power lever
"slam," In this case, the stored engine data was
"learned" at a different flight condition than that
at which the failure occurred, The thrust response
i8 somewhat slower with the failed sensor, particu-
larly during the augmentor transient. The final
thrust value 18 somewhat higher with the apeed
sensor failure than without. The augmentor fuel
flows appeat to be quite sensitive to the estimated
speed schedule.

Multivariable Controls Development

Over the past several years, alrcraft opera-
tional requiremeiits have dictated the development
of gas turbine engines with increased performance
over a wider operating envelope. Thase development
efforts have resulted in teday's complex augmented
turbofans and will result in even more complex
variable-cycle engines in the future, Control of
these engines will be more difficult and existing
control design techniques, which utilize loop-by=-
loop loglc development, will not ba able to solve
the multivariable controls problem in an orderly
and systematic manner.

One approach to the multivariable control ayn-
theals problem i3 the applicacion of modern control
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theaory., The Alr Force and HASA ave currently fund-
ing a multivariable controla development program
for the F100 engine. Sysntems Control, Inc., with
the support of Pratt & Whitney, {8 applylng linear
quadratic regulator (LQR) theoryl? to the F100 con-
trols problem, The resulting control will be eval-
uvatad on the R~T engine simulatlon prior te full-
scale engine testing.

The LGR design procedure will utilize linear
models of the F100 engine, Each of the linecar
models will define the dynamic behavior of the
engine at a specified flight condition ond power
setting. These models are being generated by Pratt
& Whitney from baseline simulation daca. Since the
multivariable control L8 to be evaluated on the R-T
gimulation, agreement berween baseline digital and
R-T hybrid simulations is necessary if delays in
the program are to be svolded., One way of compar-
ing the simulacions L8 to generate linear models
with eseh simulation and then compare transient
responded obtained wicth the linear models. Pro-
grams have been developed for automatically gener-
ating the linear model coefficlents from the
sixteenth~order hybrid simulation. Fig, 13 1llus-
trates how well the resulting linear models repre-
sent the nonlinear simulation. The responses of
selectad engine variables to a step increase in
miin burner fuel flow are shown. These results in-
dicate that the linear models, generated by the
hybrid simulation, can be used in an off-line com-
parisor with linear models generated by the base~
line digital simulation. Any differences between
the digital and hybrid simulations can then be re-
gsolved prior to the multivariable control evalua-
tion.

Conclusions

Computer simulations of gas turbine engines
play an important role in the development of ad-
vanced propulsion system controls. In particular,
a real-time gimalation of a turbojet or turbofan
engine can serve as a test-bed for evaluating
actual control hardware and software priuvr to full-
scale epglne testing. Accurate, real-time, non-
linear simulations are pow possible due to the
availability of modern hybrid computers, Real-time,
hybrid computer simulations of the Pract & Whitney
TF30~F-~3 and FLO00-PW-100 pugmented turbofans are
currently being used to support a number of controla
regearch programs at the Lewis Research Center,
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Figure 2. - Digital control evaluation using a real-time engine simulation.
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Figure 3. - Real-time engine simulation using a hybrid computer.
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(b) MINIMUM PHASE-SHIFT APPROACH,
Figure 8. - Approach to minimizing digital effects in hybrid simulations.
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