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A PIECEWISE LINEAR STATE VARIARLE TEQINIQUE
FOR REAL 'TIME PROPULSTON SYSTEM SIMULATION

James R, Mihaloew Stephen P, Roth
National Aeronautics and Space Administration Pratt and Whiltnoy Adreraft Group
Lewls Rescarch Center Government Products Division
Claveland, Ohio West Palm Beach, Floxida

ABSIRACT

The enphasis on increased aireraft and propulsion control systan integration and plloted
similation has created a need for higher fidelity real time dynamic propulsion wmodels, A
real time propulsion system modeling technique which satisfies this need and which provides
the capabilities neceded to evaluate propulsion system performance and alrcraft system
interaction on mamed flight simulators has been doveloped at NASA-Lewis and  demonstrated
using flight sinulator facilities at NASA-Ames,

A plecewise linear state varisble technique is used, This technique provides the system
accuracy, stability and transient response required for integrated aiveraft and propulsion
control systam studies, ‘The real time dynamic wodel includes the detail and flexibility
required for the evaluation of cxitical control parameters and propulsion conponent limits
over a limited flight envelope, The model contains approximately 7.0k Lytes of in-line
computational code and 14.7K bytes of block data. 1t has an 8.9 ms cycle time on a Xevox
Sigma 9 computer,

A I’e%asus—uarrier propulsion system was used as a baseline for developing the mathematical
modeling and simalation technique, A hydromechanical and water injection control system was
also simulated, 'The model has been programmed Lor intexfacing with a Harrier "aircraft
simulation at NASA-Ames,

Descriptions of the real time methodology and model capabilities are presented,

INTRODUCTION

Simulation, with dits dinherent flexibility, will play a key role in the development of
integrated aiveraft-propulsion control systems, These simulations will provide a
conprehensive souwrce of qualitative and quantitative information regarding the
characteristics of aircraft sud propulsion ?stmm in a dynamic state. They will also serve
as tools for the analysis and synthesis of control logic and as test vehicles for control
software and hardware development,

Since the advent of piloted simulators and the growing amphasis for systems intepration,
there has been an increasing meed for higher fidelity real-time propulsion system models.
Propulsion and integrated contxol Sﬁtm evaluation of aircraft on flight simulators require
that propulsion system simulations be realistic and include significant dynamics as well as
Inportant engine parameters. Such simulations provide the capability to evaluate propulsion
systems and their interaction with aircraft controls. One such modeling techni to
accamplish this caps>ility is described in (1) and (2). A dynamic digital real-time model of
an  advanced propulsion system based on a plecewise linear methodology to meet the same
requirements 18 described in this paper. This model provides the englna-control system
accuracy, stability and transient response required for studies which might include the
evaluation of critical contxol parameters, system xesponse, system enviromiental effects and
eritlecal gropulsion component aerodynamic, mechanical and themmodynamic limits., 'fhe model
may also be used to analyze propulzion control failure modes and effects.

A Pegasus 1l propulsion system provided the baseline engine for developixg the mathematical
nodeling and simulation teclmique. The engine model is a piecewise linear state variable
vepresentation which was derived from a detailed aerothermodynamic simulation of a typieal

Pegasus 11 engine. Dynamics included in the simulation are engine fan and compressor  rotox
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dynamics, engine burner heat transfer dynamies and engine contxol dynuics, The model
calculates transient performmance by rmerical intogration of time-dependent differential
state equations and contains the d cs necessary to sinulate alrveraft forces resulting
from ine thrust levels, This higher fidelity propulsion control nodel provides steady
state and transient characteristics for various engine pressures, tewperatures, flows, stall
margins and thrust,

li\gplégation of the model to a simulated flight program and evaluation vesults are presented

REAL TIME METHODOLOGY

The veal time wmothodology is based on a piccewise linear state variable technique (4).
Within this process, the engine model uses state variables and matrix forpmlations to
represent the engine process at specific operating points. 'The effort presented here was
directed toward applying this meu\odologa to model gross engine transients accurately and
efficiently, The methodology in.ludes the following steps:

(1) apply a modal analysis and sensitivity gtudy of the detailed
base model to select model states and input controls

(2) optimize state variable model selection to accurately define
steady state and transient characteristics over a specified vange

(3) generate accurate model partial derivative matrices
using offset derivative techniques

(4) comect and schedule the state variable nodel
partial derivatives to vepresent gross transicnts

(5) amploy a simple but accurate integration scheme for fast computation
(6) optimize progranming for real time operation
State Variable Representation

The state variable representation is shown in figure 1, It is characterized by the following
two equations:

X=AX+BU 1)
Y= CX+DU (2)

Equation 1 is a linear constant coefficient matrix dififerential equation that represents
conputation of engine dynamics, Equation 2 is a linear algebralc equation that represents
computation of the observed engine parmmeters, X is the vector of state variables, X is" the
time derivative of the state variables, U is the control input vector and Y is the veector of
observed or output parameters, A is the plant matrix. Its elanents are the partial
derivatives of the time derivatives of each state variable to ecach state variable, Elemwents
of the output matrix C define the effect of each state variable on each output variable, ‘Ihe
control matrix B ad the direct couple matrix D define the effect of each control variable on
each state variable time derivative and each output parameter.

Modal Analysis

A modal analysis 1s used to determine which states in the nonlinear aerothexmodynamic model
would adequately represent the systom within the requived control bandwidth., The nonlinear
acrothermodynamic model 1is then linearized to obtain the system A, B, C and D matxrices, An
eigenvector-eigenvalue analysis of the A matrix is performed. ‘The eigenvectors ave eximined
to assoclate eigenvalues with states. High frequency states outside the contxol bandwidth as
shown on figure 2 are eliminated, A mode controllability matrix which defines the effect of
eontrol inputs on states was also gencrated, States which are uncontrollable by the inputs
are eliminated, The result is a set of state variable vectors for the real time model,

Model Resolution

Modeling gross transisnt excursions efficiently and accurately in the state variable form
depends on the vumber of models selected, Initially, a piecewise linear fit of the steady
state operating line is performed to define a minimum resolution, ‘These models are then
avgmented with additional wodels to accurately define transient response through the full

2



power range and any extramely nonlinear areas,
Matrix Partial Derivative Genoration

State variable techniques can be amployed to obtain a linear approxinmation of a nonlinear

system by conwidering operation in the vicinity of a particular operating point, Matrices A,
B, C and D are characterized by:

4y 7 O] (3)
bij - ‘51:? (l’)
cij Lood '0"23" (5)

%y "Wy (6)

To generate finite difference upproximations of the partial derivatives, the gteady state
level of each state variable and system input is indepaerdlently stepped in both a positive and
negative direction while bolding the other state variables and system inputs fixed,
Corresponding values of the state variable derivatives and systam outputs are recovded for

exch scclep change, Each matrix partial derivative is calculated by taking an average of both
step values:

0).(1 "‘i,x hx; 7 "i.xj-ﬁxj
4y = 53?5 ® . 26x‘1 ™

This process was autamated on the detailed nonlinear base model, First, each X is perturbed
one at a time while holding all other states and control dnputs constant., This allows
calculation of the A and C matrix partial devivatives, IPEach U ig then perturbed one at a

time while holding.nall other controls and states constant, This allows caleulation of the 8
and D matrix partial derivatives,

Several different levels of perturbations on the states and inputs are used. Perturbation
step size was minimized to prevent driving model parameters out of range but made large
enough to excite cach state variable and output parameter, 'The best overall agreement
between the linear base wmodel and the nonlinear models occurs when the states are perturbed
about 0.5 percent and the inputs about 3.0 percent. The partial derlvatives generated by the
offsaet derivative teclnique are reasonably accurate for steady state at each condition for
which they were generated, TFor large transients, however, this is not necessarily true and a
foreed steady state match mgy be requived to ensure steady state accuracy f{rom one state
variable model to the next along the engine operating line, To avoid this, all perturbations

ave measured fron a steady state operating line model which insures steady state accuracy
over the whole range.

State Scheduling Parameter

The state variable models nust be connected efficiently to provide continuous operation over
the entire range of the wmodel. 'he interpolation is controlled by scheduling the matrix
elements with an independent variable called the state scheduling parvamater (SS5P):

SSP = £(X) (8)

This parameter is derived from the state variable vector and indicates the relative enerpgy

level of the engine system, Application of this procedure results in reducing several linear
models to one nonlinear model as shown in figure 3.

State Vector Integration

A simple self starting and reasonably accurate integration scheme is required to minimize
excesgive function evaluation and computation time, Euler integration was found to meet
these requirements and was subsequently adopted for this model development.

B PPTTIC Wimid

i sen s o



s R BRI

PROGRAM DESCRIPTION

Flgure 4 contains an overview block diagram of the important state scheduled parameter state
variable model logic. .

The code contains first pass checks and initialization steps., The inltisl steady state point
is calculated from the state and output operating lines, The initial time point of any
transient xun is assumed to be in a steady state condition, which requires that:

AAX + BAU = 0 €))

Since the state derivatives will not be zero on the first pass if the initial point is not on
the operating line, multiple passes are made through the state dynamic calculation loop until
tge st:gt:es settle, The solution will be a set of steady state values where the AX vector is
glven by:

AX = A"+ BAU (10)

Transient aticn occurs as follows, The last time step values for the states are used to
calculate the SSP. Bracketing model points are then identified relative to the SSP level.
The SSP 1is also used to schedule the A, B, C and D matrix elements. These matrix elaments
are stored in a linear equation form (point-slope) which allows for rapid computation between
the discrete model points. AX's and AU's from the model points above and below the SSP are
computed, A relative distance weighting scheme is used to combine deltas fram the model
point above with deltas to the model point below, This basepoint smoothing is set by the
model point distance from the current SSP value,

State derivative camputations are performed by the matrix multiplication of the A and B
elanents with the AX's and AU's computed earlier, The derivative vector is then Euler
integrated and sumed into the storage vector holding the cumulative state level, The
cunulative AX is  passed out of the matrix integrator and vector summed with the basepoint
values, This final result is then the actual state level to be used for both output and
calculating the new SSP,

The hagic values for the outpur parameterg arve get througsh tha operating Jine ourves as
finetions of the SSP., Base output levels change as the SSP dynamically varies indicating
engine energy level changes, In addition to the basic transient responue, deviations fram
the output operating line must be calculated, This is done through the output equation which
uses the same AX and AU vectors used in the state derivative equation, The AY wvector
computed then represents the change in output values fram the current set of operating line
output values, Sumning this value and AY elements gives the required total output response
vector,

APPLICATION

The methodology presented here was applied to the Rolls-Royce Pegasus 11 propulsion system
(3). This system is used in the Harrier VSTOL aircraft, The primary purpose was to generate
a real time digital model for use at the NASA-Ames flight simulator facility to evaluate
integrated control concepts for VSTOL aircraft.

The source for the real time model development is a comprehensive aerothermodynamic
simulation of the Pegasus 11, Data from Rolls-Royce was used to represent minimum engine
steady state performance on all parameters, A band of 3 percent for specific fuel
consumption and 1 percent for thrust and jet pipe temperature was established as an
acceptable matching tolerance. Four different match points were chosen covering the full
power range. As shown in figure 5, the results obtained at these points on the
aerothexmodynamic simulation wzre within 1 percent of the minimum Pegasus 1l steady state
performance. ‘
Transient simu?ation accuracy was obtained by adjusting xotor inertias to specific Pegasus 11
values, The sesults are shown in figure 6, The apparent diffevences in the initial steady
state are attributed to differences in the steady state and transient Pegasus 1l data. The

transient accuracy was computed by comparing the maximum rates of change, This was within 5

percent for all engirie parameters.

The state variable imput and output vectors used in the real time model are shown in
figure 7. The state vector was derived from the modal analysis, The input or control vector
and output vectors were determined primarily by fuel control and flight envelope
requirements. Fourteen linear models are used to define the Pegasus 11 operating

.
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characteristics from ground idle at 7 percent power to full maximam at 109 percent powar,

These point models are linked together by scheduling the matix clements at cach model ay a
function of the SSP, In this model the SSP was detined as the avarage of the steady state
fuel flows that would occur at cach particular current state valua:

5, W
3SP = —_i.:. 11)
ssP - (
im]

Thus, steady state fuel flow becomes an intermediary state scheduling parvemeter derfved from
the state vector,

The resulting ﬁlis)xt: sinulator state variable engine wmodel is a high fidelity propulsion
model which provides ateady state and transient chavacteristics for desired engine pressures,
temperatures, airflows, surge margins, thrusts and rotor speeds, The cowputer progran
similating the engine ealculates both steady state and  dynwaie engine eharacteristics that
are representative of the Pegasus 11 engina,

RESULTS

The operational veal time digital wodel contains approximately 7.0k bytes of in-line
camputational code and 14,7K bytes of block data, Programing techniques developed in (1)
and (2) were used to optimize the code for veal time operation, The block data econtains all
of the ABCD nmatrdx data for the 14 models and supporting Lunctions. With minox changes in
the code, the nuber of models used could easily be changed,

For a simulation time step size of 50ms the propulsion systen model executed in 2,28 on a
Unlvae 1110 for a real-to-execution time ratio of 2L.7. On the Xerox Sigma 9 conputer used
at NASA-Ames, the cxecurion time was B.%ws for a vatio of 5,6, These cooputation times
included a detailed hydromechanical control and an aiveraft force and balance secetion, The
engine portion consumed about 75 percent of the total execution time, The matrix operations

Nl VPO O JENE POV VI SO S avdue 4 ds bod sanai ae s b
involved in the state vaciable equations consuvad 40 percent of that time,

A mmber of sets of transient test cases were nun to demonstrate the real tima digital
Pegasus 11 model accuracy and capabilities, Only the engine section was osed here, The test
cases show vesponse to full range 3 second fuel flow ramp transients, ‘The minimam to maximan
fuel flow oy provides a woderately vapld transient disturbance that allows the full et of
engine partial derdvatives to be exercised, A test camse at each cormer of the [flight
envelope as shown in  figure 8 is considered, An additional tist case at sea level static
with response to the same fuel flow input but including a water injection step at 92 percent
fan spced was also run, Data from ecach case was covpaved with the aerothermxdynanic
sinulation from which it was derived, All parameters arve in percent of full range,

Transients are sl . in figures 9 awel 10 for' only the full range acceleration at 5000 feet
altitude and the same cagse with water injection at sea level static.

The full range acceleration altitude run, figure 9, denonstrates the effects of altitude on
the model. Transient behavior and high power steady state levels are very closely wmatched
especially for the output thrusts, Since thrust is the prinary output to the aireraft
sinulation, it is essencial to have thvust representative of the real gystan, Also, although
not shown here, differences up to 6 pevcent were exhibited in some intemal engine
parameters, in particular, jet pipe tenperature and fan and conpressor surge margin, These
differences could be significant if they were used as a sensed parameter in a control systam.

The test case with water injection, figure 10, showed wuach the same aceuracy, There was no
particular difficulty in wodeling the steady state or dynomic effects with watex injection,

Results of the other test cases, although not shown here, were similax, The effect of
conbined altitude and speed showed that altitude had the most effect, Rull range transient
matching was excellent here with most differences occuring again at low E(mr levels. Speed
cffects alone had a relatively insignificant effect on the state varisble model. iigh and
low steady state level and tvansient profiles matched extramely well,

The engine model presented herve was combined with a detailed representation of a
hydromechanieal fuel contwol and integrated into » simulation for the Harrier aivcraft, The
results of that evaluation are given in (4).



CONCLUDING REMARKS

A state scheduled state variable methodology has been used to generate a real tine digital
propulsion system simulation for piloted simulators, 'The nethodology proved effective in
generating a mxiel of excellent accuracy aver a limited operational range as campared to the
aexothexmodynmic model from which it was derived, 'Ihe methodology provides a very flexible
means to accanplish a real time model in a reasonably short time,

The model executed 5.6 times faster than real time using an integration time step of 50ws,
Conputation time analysis indicated that approximately 30 percant of the cyele time was
consuned In matrix operations, It appears that this could be a high payoff arca for future
development, Although the total amount of code generated in this model 1s high, 21,7k bytes,
this is generally not a limiting factor in real time sinulations,
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AY=C* AX+D* AU
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Flgure 2, - Modeling frequency range of interest.
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Figure 3, - State scheduled parameter nonlinear real time model.
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Figure 4, - State scheduled state variable engine model.
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