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fron idle tc mititery thrust, without exceedirg temperature cr stebility mergin
constreints, Moreover, the optimsl controller moved exheust wnd fan geometries
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An integrated inlet-engine controller was elso defined for the F4Ol engine
and e mathemstical model of an internel compression supersonic inlet, The
inlet had varisble throat and byress geometries and wes interfaced with the FLOL
engine simlation for a £light conditior of 40,000 £t end Mach 2.2. Closed-loop
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The integrated coatroller provided closed-loop reguletisn which was as
good as or better than the separate contrsls for all criticel inlet and engine
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smaller control positicns and rates. The improvement in inlet-engine dynamic
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from the engine state variables to the inlet control variablee.
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FCREWORD

This annual technical report documents resesrch performed from 1 February 1973
tc 31 January 1974 under Office of Naval Research Contract ¥00014-73-C-0281. The
research program is beirg conducted at 'nited Aircraft Research Laboratories (UARL!,

East Hartford, Connecticut 06108. Mr. Govert Flohil is serving as the OHR Scientific
Offiecr.

This report is issued as UARL Report 1911620-2.
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Development of Optimal Control lModes

for Advanced Technology Propulsion Systemc

SUMMARY

A nonlineer multivariable feedback controller was defined tor the idle to
rilitery operating regime (9 tc 100 percent thrust) of the Pratt & Whitney Aircraft
FLO1 variable cycle turbofan engine. The analyticel design involved (1) lineerizing
the FLOl engine dynamics about five stesdy-stete orerating roints between idle end

military thrust, (2) applying lineer cptimal control synthesis methods at each roint,

and (3) combining the five optimel linear controllers intc a single nonlinear con-
troller which has feedback gains that are scheduled with high compressor speed.
Variable fan, compressor and exhaust geometries as well as main burner fuel flow are
coordinated by the controller teo echieve rapid engine dynamic resronse.

Engine accelerations from idle t¢ military thrust levels with the defined non-
linear (optimal) controller were ccmputed using a detailed digital nonlinear simula-
tion of tne engine. These accelerations were compared with those obtained using a
conventional controller designed to provide rapia thrust response. The optimal con-
troller provided significantly faster FLOl engine model acceleration from idle to
military thrust, without exceeding temperature or stability margin constraints.
Moreover, the optimal controller moved exhaust and fan geonetries in a significantly
different manner than tne conventional controller.

An integrated inlet-engine controller was also defined for the FUOl engine and
a mathematical model of an internal compression supersonic inlet. The inlet had
varieble throat and bypass geometries and we. interfacs. with the F4Ol engine simu-
lation for a flight condition of 40,000 ft and Mack 2.2. Closed-loop propulsion
system respCuce to simulated afterburner ignitior ss ~valuated for separate inlet-
engine controls and for the integrated control’er.

The integrated controller provided closed-loor regule’..on rhich w:5 as good
as or better than the separate controls for all critical .nlet and enrine varisbles.
Alsc, the improved regulation was accomplished using consti .erably sr wiler cor crol
positions and rates. The improvement in inlet-engine dyn.amic performance with the
integrated controller was due primarily to cross-feedback from the engine state
variables to the inlet control veriables.

[} T



RESULTS AND CONCLUSIOHWS

1. A n-nlinear multivarisble feedback controller was Jjevelcped for operation of
the FiCl variable geometry turbofan engine between idle and military thrust condi-
ticns 'S ;ercent ead 130 rercent thrust, respectively);. The piecewise-linear/;iece-
wise-z;timal arrroach to ncnlinear control synthesis, develcred and rerorted under

2 .revi s CHR contract (Ref. 1, war used to 3efire the controller. Thrust resionse
for nonlinear multivariable ccntrol was aprroximately 30 rercent faster than that

fcr the conventional contrecller, j.e., the 98-percent thrust point was reached in
2.32 sec versus 3.40 sec for conventional cuntrcl. Both controllers avoided engine
overtemreratures and rrovided similer fan and comrressor stability mergins.

2. The ncnlinesr multivarisble controller chenged fen inlet guide vane positicns
ani ‘et exhaust area in a wmanner significantly different from the conventional con-
trcliler. For the ortimal control meode, fan inlet guide vane changes led the steady-
ctate L0 olle Tieel, tre o 7Tiile vane vercucs fan £ oeel -ohelule rrogromred for cheadv-
state FLOL operation), ani for conventional control they lagged the steady-staie
schedule. Jet exhaust area, with the cptimal controller, did not move far frum its
initial position until the fan stebility margin hed begun to increasse. At that time,
exnaust area 3ecreased rapidly tc its bottom rosition limit and then increased rarid-
iy b its final steady-state value. In the conventional control mode, exhaust area
first increased rapiily, remained constant for a time, and then decreased to its
steady-state value,

3. A mathematical model of an internal compression supersonic inlet was interfaced
with the FUOl engine simulation at a flight condition of 40,000 ft and Mach 2.2,

and an integrated inlet-engine contrcller was designed for that operating point.
Integrated control also wac synthesized using the piecewise-linear/piecewise-optimal
techniques. The integrated ccntroller regulated all critical inlet and engine
variables as well as, or tetter than, the separately designed system. The imprcved
performance was accomplished using considerably smaller ccntrol positions and rates,
and was due to inlet-engine crcss-feedback in the controller.
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INTRODUCTION

Alvanced technclogy rrorulsion systems consist of inlet-engine combinations
which incorpcrate a variety of variable geometry features. Traditional control
synthesis rrocedures zrrear to be inadequate to exploit the full performance care-
bilities <f advanced technology rrcorulsion systems because the traditicnal tech-
niques 4c not croperly treat the rsrameter interaction which exists in these non-
linear multiveriable systems. However, modern methods based on a state variable
descrigtion of syster dynemics and the use of cptimization procedures tc generste
Teedback control provide the necessary anslyvical techniques.

The riecewise-linear/riecewise-ortimal control synthesis epproach, in partic-
war, is attractive because it provides a means to anslyze the nonlinear asrects of
the rrcpulsion system controller design problem. In addition, there are nc compro-
mises in its ability to handle the multivariasble properties cf the system. This
control design concert was developed by UARL in a previous rrogram with ONR (Ref. 1).
Ortimal multiveriable feedback controilers are develcped for each point about which
the dynamic system to be controlled irs linearized. N nlinear feedback - -ir 1 is
then constructed by scheduling the optimal linesr controllers with system state.
The nonlinear characteristics of the dynemics influence the analysis only in the
initial phase during rizcewise linearization and in the final phase when the non-
linear controller is implemented and evaluated. In a previous program (Ref. 2),
this technique was applied to a detailed noniinear model of the Pratt & Whitney
Aircraft FUOI variasble cycle turbofan engine and an optimal multiveriable feedback
controller was defined for high power engine operation (80 to 100 percent thrust).
Celculated F401 engine response using this controller was significantly faster than
the response for a state-of-the-art ccnventional controlx,

The principal objective of the studies described in this report was to define
and evaluate an ortimal multivariable controller capable of accelerating the FLOL
engine model from idle (9 percent thrust) to military (100 percent thrust) condi-
tions. Another mejrr objective was to determine performance advantages and char-
acterist_cs of an inlet-engine feedback controller designed ty treating the inlet
and engine as a single integrated dynamic system.

*The conventionel control used for comparison in Ref. 2, as well ac in this report,
is the P&JA fast accel controller.
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SYNTHESIS OF AN OPTIMAL FEEDBACK CORTROL SYSTEM

The application 10 the FLOl engine of the piecewise-linear/piecewise-optimal
method for synthesizing mulvivariaeble feedback control is described in this secticn.
The objective was to synthesize a multivariasble controller which would provide
significantly faster accelerations than those resulting for e ~onveational control
mode, while satisfying temperature, stability, control position aid coatrol actus.
tion rate constraints. Engine input, state and output varisbles which are appro-
priate for the synthesis procedure are introduced initially, and the linearization
of engine dynemics is described. Iinear optimal control methods used to compute
feedback gains are outiined next, and the development of the nonlinesr feedback
controller from the sets of linecer gains is discussed. Finally, the particular
optimal mltivariable controller developed for the FLOl engine is detailed, and
celculated engine response for the optimal mmltivarisble controller is compared
with that which can te obtained for a conventionel controller.

Multiveriable Engine Dynamics
The first step in applying the piecewise-lineer/piecewise-optimei control

technique is to define engine control variables, state veriables, and output
variables. The F4Ol engine has veriasble exhaust, fan, and compressor geometries.
Accordingly, the control variables chosen for this study were:

* jet exhaust area (ul)

« fan inlet guide vanes (u2)

+ rear compressor veriable vanes (u3)

« main burner fuel flow (wy)
The engine state variables chosen were:

« fan turbine inlet temperature (xl)

. main burner pressure (XE)

. fon speed (x;)

« high compressor speed (xu)

. afterburner pressure (XS)
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These independent varisbles are sufficient to establish the FLOl operating condition
and to define the dynemic path of the engine., The engine output veriables were
selected after consideration of engine steady-state operating requirements. For
efficient steady-state performence the positions of the fan inlet guide vanes and
the rear campressor variable veanes are scheduled as functions of fan speed, Nj,

and high compressor speed, Np, respectively. It is therefore desireble that, in
the steady state, the vane rositions be at their schedulied values. This was accom-
plished by (1) defining ihe fan inlet guide vanes and the rear compressor varisble
vanes as the first two output variables, y; and yp, respectively, and (2) commanding
that y; and yo achieve their steudy-state scheduled positions as a function of
steady-state Ny, I, respectively. This procedure allowed transient vene operation
to be ortimized wmile insuring proper steady-stete positioning. The remaining
engine output variables considered were:

» thrust (y3)

* high turbine inlet temperature (y),)
+ fan corrected airflow (y5)

« fan stability margin (y6}

« compressor stability margin (y-)

Table I lists values of the steady-state engine varisbles for ses-.level static
conditions at five power-lever angle (PLA) design points: PLA = 20, 35, 47, 60 and
73 deg. For convenience, all ergine parameters except fan and compressor vanes and
fan snd compressor stability margins have been normelized to 1.0 at FIA = 73 deg.
The vane positions are defined as vatioc of thelr maximum positions, and the two
stability margins asre given as ratios of one (a smeller value indicates reduced
stebility mergin). These data are also shown in Fig. 1, where linear interpola-
tion has been used between design points to define the steady-state values as
functions of power-lever eangle, The 20-deg PLA is the engine idle condition while
the 73-deg PLA represents the military rating condition (meximum nonafterburning
thrust).

The next step in the synthesis procedure is to linearize the engine dynamics
at a set of points along the steady-state operating line. Linear dynamics at a
steady-state operating point can be represented by

8x

Adx + Bsu
(1)

by =C6x + DSu

e —— e s e )
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where the vector 6x represents nerturbations in the five engine state veriablec,
the vector 8y redresents perturbations in the seven output varisbles, and the
vector du represents perturbations in the four control varisbles. The constant
matrices A, B, C and D consist of appropriate partial derivatives of the engine
dynamic response evalueted at the giver operating point. Linearized engine dynam-
ics at PLA = 20, 35, 47, 60 and 73 deg, calculated in a previous program (Ref. 1),
were used here for control synthesis. The calculated values of A and B at each of
the five control design pcints are presented in Table II where the control, state,
and output veriable ordering is as previously defined. The correspondins C and D
metrices are presented in Teble III. The matrix elements were determined by apply-
ing a system identification technique to input-output-state data generated by a
nonlinear dynamic computer simulation of the FUOl engine (Ref. 3). Details of the
systen identification procedure used are contained in Ref, 1.

Four integrators, one for each control input, were also added to the linear
engine model of Eq. (1). These integrators are used in the optimal controller to

insure zero steady-state errors in ccmmanded engine response. Augmenting the

linear engine dynemics with the Integrators results in the following equations
for the controlled plant:

o
~
i

Abx + Bbu

o
=
1]

by =Cbx + Dbu

The linear engine model with the integrators is shown in Fig. 2(a).

Calculation of Optimal Feedback Gains

Optimal linear feedback geins were computed at the five selected control design
points by minimizing the following performance index:

00

J = %‘f
0

[ql(IGV)Z + ao(ROWV)? + ay(F)Z + q(Typ)? + as(FSM)® + g (cm)®

+rl(Aj) + r2(IéV) + r3(Révv)2 + rh(ﬁf)z at

where q;, r; are weighting factors and

>

GV perturbed fan inlet guide wvanes

Revv 4 perturbed rear compressor varisble vanes
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o
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"'J
>

certurved thrust

[l

verturbed high Durbine inlet temperature

e

perturbed fan stability margin

A
e
e

verturted compressor stability mergin

>

perturbed jet exhaust ares

¢
o

verturbed main burner fuel flow

The dot noteticn denotes time rate-cf-change of e parameter. The scluticn tc the
linear optimel control vroblem, i.e., the minimization of J (Ref. L), leads to the
standeri ortimsl contrel structure shown in Fig. 2(b}. The constant matrices 5
and 3, (Fig. 2(b)) are the ortimal closed-loor feedback gain metrices. The gain
matrix M hes been added to the controller to permit the consideratici. ¢f command
inputs 6z.

Tc insuvre zero steady-state errors between desired and actual output, an
integral control structure (Fig. 2(c)) was derived from the standard form. A
method for converting from the common linear optimal structure to an irtegral
contrel which retains the desired ortimal control characteristics was develored
in Ref. 1. The integral control gein matrices H end L are determined from the
system mstrices A, B, C end D and the standard optimel gein matrices Gy ani Gp.
Since there are four inderendent engine centrol variables, the steady-state values
cf four engine output varidbles cen be specified independently. The vector v
{Fig. 2{c)} represents those four engine output variables whose steady-state values
are to bhe specified.

Nonlinear Feedhack Control Synthesis

After the H and L matrices (Fig. 2(c)) were computed at each contrnl derirn
roint, linesr interpolation was used to define the matrices as functions of nigh
compressor speed, N,, between design points, i.e., H= H(Np), L = L(Né). If H
and L are defined in this maenner, the optimal control is

x(t) v
u*(t) = f L(N,) dx + f #(N,) [v(T) -Z(T)] at + u*(0) (4)
x(0) 0

T e e e o g
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The vectors v and z are

vy = fan inlet guide venes zy = commanded v,
Vv, = reer compressor veriable vanes z, = commended v,
v3 = thrust 23 = commended v3
vy = high turbine inlet tempersture 2) = commended vy

The functions zj, 2o, 23, T) were coordinatced such that the .ngine wes commended
from initial to final conditions both of which were slweys on its stveady-state
operating line (as defined in Fig. 1) when operating point wec changed. The
resulting nonlineer closed-loop coxtrol structure is shown in Fig. 3. For con-
venience, the engineering symbols used in Fig. 3 for the engine variables denote
actuel rather than perturbational vealues.

Characteristics of the Optimal Maltivariable
Controller Developed for the FLOL Engine

The performance index weightings q;, r; (see Eq. (3) for definitions) were
selected at each control design point so that the resulting controller feedback
gains (1) produced a rapid engine acceleration and (2) avoided exceeding maximum
allowable control actuation rates, meximum control pecsitions, and minimum allow-
gble fan and compressor stability mergins (stebility must be greater than zero).
Table IV presents meximum and minimum limits on FLOl control positions and rates.
Teble V lists a set of weightings for which engine response with the optimal con-
troller will be shown. The higher thrust weightings, d3, et PLA = 47, 60 and
73 deg (Table V) result in a rapid thrust response during that part of the tran-
sient where compressor and fan stability mergins pose no problem. The large weight-
ings on high turbine inlet temperature, q, at PLA = 20 and 35 deg result in a very
ragpid tempersture response, which in turn helps to provide a rapid engine accelera~
tion. The even larger weighting on temperature at PLA = 47 deg regulates the
terperature response when temperature is close to its meximum commended value,
and thereby prevents overtemperature.

The weightings on rate-of-change of fan stability margin, q5, et PIA = 47 and
60 deg (Table V) permit rapid accelerations at high power levels without surging the
fan (e.g., engine accelerations from 80 to 100 percent thrust). Such a weighting
1s not necessary at the idle condition (PLA = 20 deg) because the large weighting
there on rate-of-change of jet exhaust area, T protects against fan surge. Aalso,
it was found that if r; were chosen too smell at PIA = 20 deg, the jet area would
respond tc a large step in PLA by immedlately decreasing to its bottom position
limit. Jet area would then remain there during most of the resulting transient

e T
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before increasing to its steedy-st e va'’ne. This presented e rroblem, since the
movements of the remaining three controis were being d<fined on the basis of & jet
area which was free to move in either a positive or negative direction. Ccnsequent-
ly, the movements of these three conircls (fuel flow, fan inlet guide venes, rcer
comrressor variesble vanes, becene uncoordinasted with the jet area morement, and rcor
cleseod-loor performence resulted. The lerger weighting on raete-of-chenge of jet
area st PLA = 20 deg thus serves the duel murrposes of (1) maintaining ccordineticn
between a1l four control veriebles by rreventing the jet ares from operating on its
bottom limit for & long seriod of time, and (2) preventing fan surge by not allow-
ing the jet area to imredietely decrease repidly efter & step PLA chenge.

The high weighting oi. rate-of-change of compressor siagbil’ty mergin, qg, et
PIA = 20 deg (Table V) in-ures adequate compressor mergin at the beginning of the
trensient, where ccampressor stell is most likely to occur. Increesed levels of
ccorressor mergin are also cbtained b not allowing the rear compressor veriaeble
venes to move rapidly sway frum their steady-state schedule during the initial
steges of the transient. This is the purpose of the high weightings at PIA = 20
and 35 deg on rete-of-change of compressor vanes, r3.

Feedback gain matrices H and L which result for the weightings of Table V are
rresented in Table VI. Recall that intermediste valiues of H and L were computed
for the optimal controller by interpolating linearly with N,. Consequently, H

end L can be regardec as continuous functions of i) between the end points shown
in Table VI.

Comparison of F4OLl Engine Response with Optimal
Multivariable and Conventional Controliers

The optimal multivarisble feedback controller (Fig. 3) having the parameters
deccribed in the previous section was implemented on the UARL nonlinear computer
similation of the F4O1 engine (Ref. 3). Engine response for sn acceleration command
from idle to military thrust, i.e., a step change in PIA from 20 deg (9 percent
thrust) to 73 deg (100 percent thrust), was calculated. The results are shown in
Figs. 4 through 10. Figures 4 through 8 show time responses for the following
engine variables, respectively: thrust, high turbine inlet temperature, comrressor
and fan stebility mergins, fan and compressor speeds, airflow, exhaust area and fuel
flow. Changes in the positions of the fan inlet guide vanes and rear compressor
variable vanes are plotted versus fan and compressor speeds in Figs. 9 and 10,
respectively. Fan and compressor variable geometries are presented as functions
of spool speeds to more clearly depict the relationship betwesn transient and
steady-state vane positions. Comperative engine response data for an F4OL1 con-
ventional controller, which was designed to provide rapid engine acceleration,
are also shown in Figs. 4 through 10. Conventional response data were generated
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by tne Floride Research end Development Center of Prett & Whitney Aircraft using
an ¥101 ergine deck similer tr that provided for UARL. However. there ere slight
differences in the decks which cause the small mismet.h evident between the two
sets of results at the steady-state orerating roints.

Thrust recronse for the ortimal com“roller is epproximately 30 rercenc mere
rapid than for the comventional controlier (Fig. 4). Thaet is, the optimel coveroller
thrust reszonse reached the 98-percent rcint in 2.32 sec, while conventionsl thrust
response reeched the seme poiut in 3.40 sec. The high turbine inle® temperacure
resronse for the crtimal control wes alsc significently faster thaen the conventionsl
tempersture resvonse (Fig. 5(2)). This difference contributed to the thrust improve-
ment fcr the optimal system. Minimin levels of compresscr end fen stebility mergins
were similer for the two types of control (Figs. 5(v) and 5(¢),, as were t:ic far end
compressor speed and the airflow responses (Fig. 6).

Compering time histories of the four engine control veriebles for the different
controllers following the step PIA commend (Figs. 7 through 10) provides insight
intc how the optimal controller achieved itz rapid ecceleration. The optimal con-
troller moved jet exhaust erea (Fig. 7) and fan inlet guide vanes (Fig. 9) jn e
manner distinctly different from the corresrondiang conventionel controi movements.
For tne optimal controller, jet exhaust area (Fig. 7) did not move far from its
initial position until the fan stability margin (Fig. 5(c¢)) had begun to increase
(about 1.1 sec into the transient). At that time, jet exheust area decreased rapid-
1y to its bottom position limit, and this was fnllowed by a rapid increase to its
final steady-state value. With the conventional controller, exhaust area increased
rapidly, remained constant, and then decreased to its steady-state value (Fig. 7).
Fan inlet guide vanes, under optimel control, led the programmed steady-state
schedule*, but they lagged the steady-state schedule with the conventional controller
(Fig. 9). These differences between the way in which optirzel and conventional con-
trollers change the F4OL variable engine geometries are similar to those previously
reported for high-thrust (80 to 100 percent) engine accelerations (Ref. 2).

Finally, engine fuel flow input for the optimal controller was much more rapid
than for the conventional controller (Fig. 8). r[his difference in engine fuel flow
resulted in the .core rarid temperature response of the optimal system which wes
described previously (Fig. 5(a)). The optimal controller was able to rapidly input
fuel flow, but, by the proper coordination of all engine controls, avoid overtem-
perature and stability problems.

*The steady-state schedule adjusts fan and compressor vane position with fan and
compressor speeds, respectively, to insure efficient steady-state engine operstion.
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SYRTHESIS OF All OPTIMAL TITEGRATED
INIET-ENCINE FEEDBACK CONTROL SYSTEX

In tris section the design of en integrasted feedback coniroller for the FhOl
turbcfan engine mcdel and en internsl corrressiovn sucersonic inlet model is de-
scribed. The 4esign ohjectives end conditions are described initielly. Inlet-
engine input, stete and ocutput varistles epororriete for synthesizing feedback con-
trc. are defined next, end the cougl ~f inlet-engine dynamics is discussed. The
X lneer criimel control rethods used tc comprute feedback grins ere then cutlined,
end, finally, rroml:i’qn system response to simileted aftertarner ignition for
integreted end sesjerste inlet and eugine coatrollers is compered.

Design (Objectives end Conditions

The objective cf this effort was tc design an integrated contrcller which uses
cross-courling feedback rpaths between the inlet and the engine te grovide improved
inlet-engine dynamic rerfcrmence. Iinear crtimizaticn methcod- were used € compute
Integrated ccntrcl gains, and alsc to compute the inlet control and engine control
gains serarately. The latter resultis were used tc rrcvide comparative inlet-engine
rescense for non-integrated centrols. Design criteria upcon which control synthesis
was basel were (1) regulating the inlet normal shncx positicn, (2) regulating the
threoat Mach number, and (3) maintaining smootl. fan airflow. In addition, the con-
trcl designs were to allow only small verietions in engine stabilit margins and
high turbine inlet temrerature sc as t> insure safe closed-locp system response.
The effectiveness of the controllers i). satisfying these decign criteria was
evaluated for simulated engine afterburner ignition.

Supersonic Inlet Model

An internal comrression supersonic inlet model was selected Tor this s*udy
because this tyre cf inlet provides the greatest pctential for improved dynamic
rerformance. The internel compression inlet operates at its greatest efficiency
(highest rressure recovery) when the throat Mach number approaches one, and the
normal shock is located very near the inlet throat. However, the normel shock
will be expelled from the inlet if the normal shock reaches the throet. This
phenonenon 1is termed "inlet unstart" and results in very inefficient pressure
recovery as well as distorted airflow to the engine. An integrated inlet.engine
controller may result in significantly Increased pressure recuvery by permitting
sefe operation closer to the unstart condition.

11
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A methemeticel model of an internsl comrression superscaic inlet lineerized

sbout a flight condition of 40,000 ft, Mack 2.2 was constructed by the Hamilton
tanderd Division of United Aircraft Corroration. This flight condition was chcsen
because it rerresents a military-specified rperasting pcint at which aircrafi/engine
rerformeace is evaluated. Inlet compatibility with the F4Ol engine was achieved by
designing the inlet for FLOL fan eirflow and fan airflus Mach nuwzber at the selected
flight condition. The lineerized inlet model is shown in Fig. 11. The inlet con-
trols selected were throat area (ujy), bypass aree {urp), and fan corrected eirflow
(u13). Fen correcfed airflow (en output of the engine) is the ccupling veriesble
from the engine to the inlet. The outruts ¢ the two integretors in the inlet model
(Fig. 1i) were defined to be the inlet states, xyy and Xpp. The outputs chosen for
the inlet were throat Mach aumber (y13), normel shock position \Yo), and fen inlet
total pressure (YIB)’

The A, B, C end D constant matrices of Eq. (1) for the inlet model ar: given
in Teble VII. Table VIII lists values of the steady-state inlet and engire reram-
eters at the 40,000 £t, Mach 2.2 design roint. For convenience, ihrcet area, fan
inlet totel pressure, end afterburner fuel flow were normel.zz: o 1.0 at the
design flight cendition. Also, normelized values cf byrass ares and normel zheck
rosition were defined to be 0.11 and 0.16, resrectively, at the design fiight condi-
tion. These values for byrass area and normal shock positior ccrrespond to their
actual values when they are expressed in £t and £t, respectively. Ncte that a
variation of -0.16 in the normel shock rositicn represents the ialet unstert ccndi-
ticn. Normalization of the other engine parameters was identical to that defined
previously ir the discussion of the engine controller sy-‘hesis.

Identificetion of Coupled Inlet-Fngine lynamics

Lineerized engine dynamics at the 40,000 ft, Mach 2.2 flight condition were
identified first as a prelude to interfacing the inlet model of Fig. 11 with the
FLO1 engine model. Engine state variables were as previously defined; however.
the engine control vectcr was augmented by afterburner fuel flow and fan inlet
total pressure. Note that perturbed fan in'et total pressure is also sn output
of the inlet (.ee Fig. .l); hence, it represents the coupling variable from the
inlet to :mgine. The engine output varisbles considered here were thrust, high
turbine inlet temperature, fan corrected airflow, fa.. stebility mergin, snd com-
pressor stability margin. The A, B, C and D constant matrices for this operating
roint were determined by arplying a system jdentification technique to input-output-
state data generated by the F4Ol computer simulation. Details of the system identi-
fication procedure used are contained in Ref. 1. The computed values of the A, B,

C and D engine matrices with input, state, and output ordering as defined in this
section ere presented in Teble IX.

12
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The next ste, in the identificetion of couried inlet-engine dynemics was to
rerresent the ccabined inlet-engine system in the form of Ea. (1). The overall
iniet-engine model was formed by combining the previcusly developed inlet and
engine models. The ccmbined inlet-engine states and ocutputs were the rreviously
defined engine and inlet states and outputs, resrectively. <Ccatrols for the inlet-
angine systver cincisted of the rrevicusly defined inlet and engine controls, with
the o2rcertion of the coupling veriables. Coupling variabies represent rarameter.
wnich are internal tc the overe = system. The coupling variable from the iniet to
the engine was fan iniet tctel rressure and the courli~g variable from the engine
to the inist wes fan corrected =irflow. The resulting combined system A, B, C
an 2 matrices as well as control, ocutrut, and state varisble ordering are rresented
in Teble X.

Synthesis of Integrated Inlet-Engine Control

Crtimel lisear feedback gains were computed by minimizing the performance inde:

o

7=% { [ 0y (Trp)? + aplrgsp)® + @ /752 + gy(osm)® + (i) + ag()°
+ a(t)? + aglxg)? (A% + my(T)7 + ry(REW? + x, () (5)

.2 ut .2
* r5lingp)” + 7g(Apy)” + rolAgy)” | ot

wihere qj, r; are weighting -~ 48, and
Wa;ré perturbe fan corrected airflow
Np 4 perturbed fan speed
NC 2 pertrurbed high compressor speed
Mpy 8 perturbed throat Mach number
Xg 4 perturbed normal shock position
Yab 4 verturbed afterburner fuel flow
Apy a perturbed throat ares
Agy = perturbed bypass area

13
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vwhile the other symbcls are as rreviously defined. The performerce index includes
all of the input rates tc eccount for end catisfy actustion rate limits. The remsin-
in., rarameters are iaicluded because their resrcnse is criticel in evilueting closed-
Inez system performence. The structure cf the resulting wmiltivarisble controller

is shown in Fig. 2(b). Because only the regilstor problem wes considered (6z = O

in Fig. 2(b)), the starderd struciure of Fig. 2(b) was not transfcrmed to the
integral structure of 7ig. 2(c).

Before the weighting factcrs were chcsen, accerteble pr-opulsicn system resronse
tc g simulated afterburner ignition wes defined. The design —it wia for inlet per-
formance specified that veristions in thrcat Mech number end normel shock rosition
be minirmized. For satisfactory engine rerformence the variations in fan corrected
airflow, fan stability merygin, compressor stebility mer..s and high turbine inlet
temperature were alsc tc be minimized. In eddition, the engine was to be meintained
near its steady-state crerating rcint since this point rezresents efficient engine
oreraticn for the given flight ccndition. This was accomplished by permitting oniy
smal) transient variztions in fan and high compressor speeds.

The performsnce index weightings were selected so thsal the resulting contrclier
feedback gains produced satisfactory inlet-engine resrcase tc a disturbance equive~
lent to that from an afterburner light. This disturbance consisted ¢f a ster change
in afterburner fuel flow. A very large weighting factor, Tg, was used to insure
that afterturner fuel flow had a negligibly small rete-of-decrease to zero from
its stepped value. Table XI listc the set of weightinge and Table XTI the con-
{roller feedoack gains for which inlet-engine response will be shown. The inte-
grated controllzr is comprised of engine feedback gains, inlet feedback gains, and
cross-cougling gains between the inlet and engine. 7The gain matrices (Gl and Gp,
Fig. 2(b)), have therefore been partiticned as

|
. G1E : Gigr Gog | YemI
Gy = P o= == (6)
1IE | 1I L Ce1e| Ceor

The 5 x 5 G and Gop matrices rerresent feedback paths to engine contrcl rates
fron engine states and control inputs, respectively. The feedback gains to inlet
control rates from inlet states and controls are given by the 2 x 2 galn matrices
Gy1 and Gpy, respectively. The 5 x 2 gain matrices Gypy and Gppy represent the
coupling gains from the inlet states and controls, respectively, to the engine
control rates. The coupling gains from the engine states and controls to the anlet
control rates are the 2 x 5 gain matrices Gy1g &nd Go1gs respectively.

14
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Synthesis of Seperate Inlet and Engine Controllers

Seperate inlet and engine contrcllars were also designed using modern control
theory. The separsate inlet controller used only inlet informstion tc achieve satis..
factory inlet rerformance, and the sererate engine control uc.ed only engine informs-~
tion. Designing the engine and inlet controls separately ignored the known oross-
courling between engine and inlet variebles. However, therz2 wes nc spec.fication
that a2 particular control variable was to control a particular output varisble.
Cross-courling raths within the engine slone and within the inlet aione were used.

Feedback gelns for the inlet control were computed by minimizing

7=4 £ [ ap(ip)® + ag(xg)° + r(hg)® + rolhgy)® + zglwy B et (D)

and the geins for the engine control were computed by minimizing

J = %f [ ql(TIT)2 + QE(Wair)e + q3(FSM)2 + %(csm)e + qs(NF)e + q6(NC)2
° (8)

. . . . . 2
+1y(252 + mp(1i)F + 2y (ROWP + 1)+ 15y ]dt

where the symbols are as previously defined. Recall that for the inlet model slcne,
pverturbed fan corrected airflow was considered an input (see Fig. 11). The control
crtimization procedure therefore theoretically called for direct fan airflow control
to regulate the inlet. However, this is inconsistent with propulsion system design.
That is, fan airflow can only be controlled indirectly, e.g., by changing system
geometries or fuel flows. To reconcile the model methematics with the actual pro-
pulsion system, a very large weighting, vg, on perturbed airflow was used. The
large weighting resulted in negligibly small feedback zains to airflow and thereby
avoided the implications of direct airfiow control.

Weighting factors were chosen for the performance indices of Eas. (7) and (8)
which were identical to the weighting factors in the integrated control performance
index of Eq. (5). The gain matrices Gy and Go for the inlet and engine models,
wher the inlet controller and engine controllsr were designed separsately, are given
in Table XIII. Note that the gain matrices resulting from separate engine and inlet
control synthesis are epproximately the same as the integrated control gain matrices
(Table XII), except that the inlet-engine cross-coupling feedbacks are zero for
seperate control synthesis.

15
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Comparison of Iniet-Engine Resronse
with Separate and Integrated Controllers

Inlet-engine model response with the integrated controller was calculated for
a similated efterturner ignition consisting ¢f a 10-percent step in efterburner fuel
flow. The effects of this step are considerad to be representative of the distur-
bances caused by afterburner lightoff. The closed-loop time responses for the
irtegreted controller are shown in F_g. 12. For the given step in efterburner fuel
fle7, a €. rercert incresse in steady-state thrust resulted with less thaa l-percent
meximum verietion in fan stebliity msrgin and less than 0.5-percent maximm verie-
tion in fer corrected airflow, ccmpressor stabilaty margin end high turbine inlet
temperature. The changes in the steady-state values of the fan and high compressor
sreeds caused by simulated afterburner ignition were negiigible. The meximum veria-
tion in throat Mach number was less than 0.002 and the meximum veriation in normal
shock position was 0.0053.

Comparative closed-lcop time responses ere also thown in Fig. 12 for the con-
treller which hed been designed by considering the engine and inlet separately.
The engine rerformance remsined essentially unchanged from that which resulted for
integrated control. There was a minor improvement in throat Mach number variation;
however, the maximum veriation ir normal shock position more than tripled from
-0.0017 for integrated control to -0.0053 for separgte control (recall that a varia-
tion of -0.16 would cause inlet unstart). This tripling of the normal shock posi-
tion variation represents a significant deterioration in dynamic performance due to
separate inlet and engine control. These results also imply that for integrated
control it may ve possible to operate closer o the inlet unstart condition and
thereby achieve grester inlet pressure recovery.

As noted before, the goins of the integrated controller ere very similar to
the gains of the separate inlet and engine controllers, except that the integrated
controller contuins inlet-engine cross-coupling terms. To obtain further insight
into the influence of these cross-coupling terms, the inlet-engine mcdel response
was calculated for the integrated controller with cross-coupling gains zeroed.
Results showed that inlet-engine rerformance with the cross-coupling terms removed
from the integrated controller was almost identicel to system performance with the
separately designed controller. This indicates that the improved .nlet performance
with the integrated control was a direct result of the cross-coupling feedback gains.

To determine whether a controller without inlet-engine cross-coupling gains
could be designed to perform as well as the integrated controller, the normal shock
position weighting, qg, in the inlet control performence index (Eq. (7)) was in-
creased. Recall that it was the normal shock whose response deterioreted the most
with the separate controllers. As the change in inlet normal shock position was
penalized more heavily, the observed variation in normal shock position for the

16

Ao

e B TR i i LN



TR B W R n N s IR e e o ST Binies P €

RN AR KRBT Sl S AR5

2

T

o

;
&
¥
i
4

L] apzemy w— g g EY - ) Lo ] L ] Lo ] L L L= ]

N911€20-2

separate controllers decreased, but the variavion in throat Msch number increased.
The engine response remained essentially unchanged. When the weighting (q8) was
increased to the point where the throst Mach number varietion was the same as thet
for the integrated control (recall that it had beea less for the separate controls
with the original ag weighting), the normal shock position veristion was approxi-
mately double that of the integrated control. The weighting was then further
increased until the variation in normel shock position was essentially the same as
that for the integrated control. Inlet response for this controller is compered
with inlet response for the previously developed integrated controller in Fig. 1..
The throet Mach number variation is six times larger with the separstely desigped
controller than with the integreted controller. The bypess area excursion also
increased by a factor of four while the throat ares excursion increased by a factor
of six. Both inlet actuators were reguired to move twice ss fast with the separate
controllers as with the integrated controller. Because the engine control remains
unchanged, end the computed inlet varigtions due to the afterburner ignition have
little effect on the engine, the engine response was identical to that presented

in Pig. 12. The inlet weighting factors and inlet gain matrices (GII and G2I)

for this high ag weighting controller (ag = 50,000) ere shown in Teble XIV. The
e.gine control was not chenged so that its parameters remein as given in Table XIII.

The results discussed here demonstrate that inlet response to an afterburner
ignition can be improved by an integrated controller. The optimal control theory
identified fan corrected sirflow as a coupling variable and defined cross-coupling
gains to provide improved inlet regulation of the effects of a downstream distur-
bance. The cross-coupling feedbacks from engine to inlet modulated the inlet con-
trols so as to maintain normal shock position with a smaller variation in throat
Mach number snd less control effort than the separstely designed controller. The
engine response to inlet distortion was not investigated. However, the computed
coupling gains from the inlet to engine verify that the fan inlet total pressure
coupling varisble was identified by the control synthesis procedure. These gains

could be used to modulete the engine inputs and improve engine performance to an
upstream disturbance.

17
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CURRENT UARL PROGRAM

The current UARL program sponsored by ONR is focused on the development of
pa.ameter identificatlon and adeptive control for advarced technolegy propulsion
systems*. Identification of engine parameters is the key to applying the control
optimization method described in this report to & real rather than simulsted engine.
That is, the piecewise-linear/piecewise-optimal arproach tc multi.arisble control
syntiesis requires that tbe engine stability and control derivatives be knowm (A,

B, C and D matrices). Accurate determination of turbofan engine stebility and
control parameters is difficult, becamse (1) not all engine varisbles can be sensed,
(2) deta from sensed =ngine varisbles are noise-corrurted, end {3) the perameter
values change with altitude, Mach number, and power lever angle. Algorithms which
account for these difficulties and vrovide valid estimates of the engine dynamics
are currently not available.

Modern {optimal) filtering methods are applicable to realistic jet engine
estimation problems, e.g., operation on noise-corrupted engine input- output data
and incomplete sensing of engine veriables., Optimal filtering theory is being
employed in the current UARL studies to estimate those parameters which are criti-
cal in assessing engine performsnce. Alsoc, on-line ccmputat.on of engine parsmeters
provides the data necessary to develop and implement a self-rdaptive control aligo-
rithm which would optimize propulsion system performence in flight. The feasibility
of using these newly estimated parameters as the basis for on-line adaptive control
optimization will be evaluated in the UARL program. An algorithm for adaptive
engine performance control will be developed using thrust specific fuel consumption
as the performance criterion for the optimization process.

*In a releted progrem being funded by P&WA, UARL and P&8JA engineers are evaluating
hardware and software requirements involved in implementing the optimel multivarisble
controllers levelcped under ONR sponsorship. A PDP-11 digitsl computer is being
coded to simulate the optimal multivariatle controller in real time. An F40l engine
model, defined by the parameters of Tables II and III, is being progremmed on &
Beckman analog computer. The resulting real-time hybrid simulation will ve used

(1) to study system accuracy and closed-locp stability, (2) +o investigate digital
control cycle time requirements, and (3) to resolve interface problems associated
with a discrete controller and a continucus F40l engine.

18
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Constant n x n matrix used to describe

LIST OF SYMBOLS

Perturbed bypass area, normelized

Perturbed jet exheust area, rormalized

Pexturbed throat area, normalized

Constant 1 x m nabtrix used to describe

Constant p x n matrix used to Jdescribe

Perturbed compre:s.sor stability mergin, normalized

Constant p x m matrix used to describe

Degrees

linearized system dynamics

inearized syste:x dynamics

linesrized sy.%em dymemics

linearized system dynemics

Constant L4 » 7 matrix relating system output tc commended output

Perturbed thrust, normalized

Perturbed fan stebility margin, normalized

Standard optimal closed-loop feedback gain matrix

m x n partition
5 x 5 partition
5 x 2 partition
2 x 2 pertition
2 x 5 pertition
m x m partition
5 x 5 partition

5 x 2 partition

of the

of the

of the

of the

of the

of the

of the

of the

matrix G

inlet-engine
inlet-engine
inlet-engine
inlet-engine
matrix G

inlet- .ngine

inlet-engine

20

gain metrix G
gain mabrix Gl
gain mabrix Gl
gain matrix Gy

gain matrix Gs

gain matrix 62
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LIST OF SYMBOLS (Contimued)

2 % 2 pertition of the inlet-engine gein matrix G2
2 x 5 pertition of the inlet-engine gein matrix G,
b x b opbtimel integral feedback gain matrix
Perturbed fan inlet guide venes, normelized
Generel subscript

Performance index

b x 5 optimal integral feedback gain metrix

m x o {eedforward gain metrix

Dimension of system control vector u

Perturbed throet Mach number

Perturbed high compressor speed, normalized
Perturbed fan speed, normalized

Fan speed, normalized

High compressor speed, normalized

Dimension of system state vector x

Power-lever angle

Dimension of system output vector y

Performance index weighting factor --- a scalar
Perturbed rear compressor veriable vanes, normelized
Performance index weighting factor --- a scalar

Perturbed high turbine inlet temperature, normelized
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LIST OF SYMBOLS (Continued)

t Time, sec

u m x 1 control vector

u¥ m x 1 optimel control vector
jth component of u

ur; jth inlet control varieble

v b x 1 vector consisting of those elements of the output vector y
whose steady-state values it is desired to specify

=
[

A\ itn component of v
W m x 1 control rate vector --- w = du/dt
Yab Perturbed afterburner fuel flow, normalized
Woir Perturbed fan airflow, normalized
3 W Vo Perturbed main burner fuel flow, normalized
;; ¥ x n x 1 state vector
?% X3 1th component of x
nfl f Xg Perturbed normsl shock position, normalized
2% ! ij jth inlet state variable
;; y P x 1 output vector
;; ! ¥i ith component of y
I i 5™ inlet output varisble
{% : z m x 1 command input vector
;;, g 24 ith component of z
g l
z 22
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: ’ LIST OF SYMBOIS (Concluded)

-t

Verieble of integration

T TTRANE TV TR

(M Time derivative of the quentity in parentheses

a( ) Differential of the quantity in parentheses

R RS TR AT TR

6( ) Perturbational value of the quamutity in parentheses

) Equels by definition

R R VR T

RN A O]

T L TP E RN A SR T R 8 T !-'f'u'{ RO AN

AN SOy ecowal 0 dnaan) 0 saoayy) 0 emooen) 0 Gowosell 0 emeen 0 RO 0 DRDORE 0 SNEREE 0 KENORS 00 KECOMIE 0 MUODRSIM 0 BRCANGADY wsesse
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TABLE I
HNCRMALIZED STEADY-STATE ENGINE PARAMETERS
AS A FURCTICH OF POJER LEVER ANGLE
Engine Parareters Power lever Angle, PLA-cCeg
1

Tyoe Paremeter 20 35 L7 e 73
Thrust 0.09 0.35 2.52 0.72 1.0

High Turbine Inlet Temperature 0.56 0.73 0.81 0.90 1.0

tout Fan Airfiow 0.3k 0.62 0.73 0.85 1.0
Fan Stebility #argin 0.10 0.1 | 0.18 | 0.12 0.12
Compressor Stability Margin 0.16 0.18 0.18 0.19 0.19

Fan Turvine Inlet Temperature 0.57 0.72 0.81 0.90 1.0

Main Burner Pressure 0.21 | 0.hs 0.59 | 0.77 | 1.0

State Fan Speed 0.49 0.74 0.83 0.91 1.0
High Compressor Speed 0.69 0.63 0.88 0.93 1.0
Afterburner Pressure 0.ho 0.55 0.66 0.82 1.0

Jet Exhaust Area 0.98 0.98 0.98 0.98 1.0
Coptrol Fan Inlet Guide Vanes -0.50 { -0.50 ! -0.50 |-0.34 | -0.08
Rear Compressor Varigsvle Venes | -1.11 | -0.39 | -0.17 0.04 0.20

Main Burner Fuel Flow 0.12 0.33 0.46 0.70 1.0

2k
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E TARIZ 11
IDERTIFIED VAIUES OF LORARIZED FIGINHE DYHAMICS -
E A AND B MATRICES AS A FUKRCTICN OF POJER ISVER ANGIE
E Pli-deg Matrix Matrix Rlewents
< ! 1
3 -56.450 19.387 2.h03 -k:8.947 17.857
g 8.0%6 -71.982 2.18% 47.511 I
- A 0.123 4,135 -1.672 -0.50G -2.163
0.222 3.912 -0.098 -2.791 -0.51k
i -0.877 5.472 1.309 -2.938 -9.303
20
0.626 0.005 ~1.247 103.080
g -0.183 0.001 1.362 3.300
B -0.011 -0.085 -0.011 0.030
0,004 0.003 -0.097 -0.131
i -0.917 0.017 -0.147 0.198
-64.848 12.521 -15.113 -36.828 2.202
g 23.201  -68.8¢2 2k .036 66.740 7.105
A 0.448 4,983 -2.911 -0.766 -2.742
1.253 2.071 -0.473 -2.881 -0.777
E -1.720 7.956 -0.538 -3.743 -7.617
35
0.808 -0.1h4k -k.129 56.602
i 0.2320 0.260 5.866 -2.124
B -0.063 -0.132 -0.055 -0.316
-0.074 -0.011 -0.180 -0.733
E -2.856 -0.258 -0.589 -0.397
-57.096 3.613 -10.211 -5.481 -2.715
5 19.832 -72.340 30.295 40.972 15,327
A 0.660 4. kot -3.601 -0.011 -2.808
1.326 2.313 -0.809 -3.032 ~-0.821
! 0.882 0.703 2.922 1.h71 -k4.596
47
' 1.017 -0.553 ~-3.941 39.792
-0.125 1.416 7.888 4,181
B -0.077 -0.316 -0.031 -0.382
g -0.088 -0.033 -0.253 -0.565
4 -3.563 -0.149 -0.097 -0.785
i (Continued)
3 25
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TABIZ II (Concluded)

PIA-deg

Matrix

Matrix Elenants

-39.255
-3.03%
0.798
1.539
0.Lk25

-21.855
-31.287
;. 729
1.991
-2.882

h.762
9.385
-3.8680
~0.828
L.688

8.122
15.460
-0.156
-2.524

3.235

L7l
4.615
-3.095
-0.817
-3.136

2.017
-1.572
-0.145
-0.120
-b.h

0.370
0.598
-o.3gh
-0.055
-0.069

-0.273
k.17
-0.036
-0.367
0.339

27.:11
9.866
-0.362
-0.513
0.3%

-34.013
4.389
-4.755
2.046
L.151

-9.303
38.762
2.287
1.062
-8.814

12.037
-4, 221
-0.400
-0.729
-0.167

-2.398
28.480
-1.546
-2.150

7.477

-1.254
.72
-2.200
-0.624

1.099

0.766
0.056
0.156
-0.137
-4, 729

0.546
1.341
-1.176
-0.024
0.874

-0.813
7.737
-0.416
-0.55%
1.£17

17.095
8.641
2.03k

-0.378
0.223

26
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TABIE III
IDENRTIFIED VAIUES OF LINERARTZED ZRGINE DYNAMICS -
C AMD D MATRICES AS A FURCTION OF POJER LEVER ANGLE
PlA-deg Metrix Matrix Elemeuts
0 o} 0 ¢ 0
0 0 0 0 0
-0.006 -0.025 -0.013 0.002 2.118
c 1.057 0.472 -0.028 -0.028 -0.228
-0.023 0.075 1.103 -0.030 -0.30L
-0.053 0.314 0.329 -0.109 -1.546
-0.24h -k, 114 -0.026 4 45 -0.023
2C
0 1.0 0 0
0 0 1.0 0
0.095 -0.002 0 0.009
D -0.004 0.001 -0.003 -0.183
-0.003 0.079 -0.002 0.012
-0.022 0.046 -0.004 0.021
-5.007 -0.005 0.001 0.222
0 0 0 0 0
0 0 0 0 0
-0.003 -0.031 0.001 0.008 1.618
c 1.06L 0.231 -0.061 -0.031 -0.129
-0.035 0.161 1.11h4 -0.003 -0.386
-0.101 0.663 1.443 ~0.065 -1.562
0.013 -1.624 0.602 2.218 0.238
35
0 1.0 0 0
0 0 1.0 0
0.372 0 0.001 0.007
D -0.011 -0.002 -0.005 -0.105
-0.023 0.068 0.002 0.008
-0.081 0.133 0.020 0.041
0.007 0.009 0.121 -0.038
0 0 0 0 0
0 0 0 0 0
-0.037 0.031 -0.016 -0.042 1.368
L7 c 1.081 0.149 -0.057 0.001 -0.086
-0.006 0.098 1.298 -0.014 -0.236
-0.053 0.241 0.339 0.076 -0.925
-0.250 -1.154 0.415 1.751 0.226
27 (Continued)

e N M M o
o

s b

e e e T T T



e s L andriAIs

GOTON O WALMMC 0 W 0 SNSRI AMerway s

P IETr ER T TR AT PO AT TIINT AR O s TV Ha 1T 25 A e AN TR T A RGBT DR

TR DAL PR ET

a3

G

Y
———"y o— oy wprery

R ot
"

R

o o T PN T e T T
D AT AR

G
-4

T
ek i

e T e,
o SOl S o,

A T

12
PPN BEENY 20~ .
AR} ——

b o st g5 &
RIL AP RS

e
3

%911620-2
TARLZ 7iT (Concluded)
PIA-deg ¥atrix ¥atrix Blements
) 1.0 0 0
0 0 1.0 0
0.546 0.003 -0.005 0.018
L7 D -0.013 -0.002 0 -0.086
-0.026 0.152 0.004% 0.009
-0.077 0.078 0.018 0.021
-0,007 0.018 0.108 0.116
0 0 o} 0 o}
0 (o] 0 0 0
-0.020 0.037 -0.005 -0.025 1.357
C 1.059 0.119 -0.051 0 -0.086
-0.016 0.032 1479 0.025 -0.136
-0.151 0.124 0.31k 0.120 -0.780
-0.847 -0.109 -C.126 1.456 -0.119
60
0 1.0 0 0
0 0 1.0 0
0.783 0.003 -0.006 0.002
D -0.015 -0.003 -0.004 -0.064
-0.016 6.192 0.007 0.009
-0.003 0.0%4 0.020 0.064
-0.047 -0.012 0.024 0.252
0 0 0 0 0
0 0 0 0 ¢
-0.042 0.063 0.013 -0.054 L.hok
c 1.045 0.092 -0.060 -0.028 -0.050
0.386 0.100 -0.217 0.170 -0.095
0.305 -0.326 -0.458 0.584 -0.538
~0.183 -0.56k4 0.394 -0.165 0.39%
73
0 1.0 0 0
0 0 1.0 0
1.04h4 0.001 -0.013 0.002
D -0.015 -0.003 -0.013 -0.044
-0.043 0.278 0.035 -C.155
-0.101 0.281 0.137 -0.041
0.073 0.047 -0.091 0.050
28
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: § TABIE IV
RORMALIZED PCSITION AND RATE
g LIMITS FOR EHGIHE CONTROLS
g Normelized Iimits
Controls Rate Upper Iower
s Position Position
Limi Iimit Limit
5 Jet Exhaust Area x1.28 .3 0.8
Fen Inlet Guide Vanes +1.25 0 -0.5
Rear Compressor Varieble Vanes +5.00 0.2 -2.0
i Main Burner Fuel Flow 1,76 1.2 0.1
! .
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R911620-2

PERFORMARCE INDEX WEIGHTIING FACTORS FOR DESIGN OF

Performunce Index and Weighting Factors of Eg. (3)

TAHLE

v

OPTDMAL MULTIVARIABLE ENGINE CONTROLLER

Fower Lever Output Weighting Fectors Control Weighting Factors
Angie,
Pli.deg a do a3 ay Qs 34 Ty To r3 Ty
20 166 | ko i9 2500 0 2000 5000 | 16 | 500 [ 5
35 160 | Lo 10 5000 0 100 1000 | 16 | 100 5
L7 160 | Lo 500 | Loooo | 64O 0 25 | 16 105
60 160 ko 500 20000 640 0 25 16 1 5
73 160 | ko | 1000 500 0 0 160 | 16 1] 9
9y 4 weighting on perturbed fan inlet guide vanes
2 A welghting on perturbed rear compressor variable vanes
q3 4 weighting on perturbed thrust
Q, A weighting on perturbed high turbine inlet temperature
a4 4 weighting on rate-of-change of fan stability msrgin
g 4 weighting on rate-of-change of high compressor stabiiity margin
ry 8 weighting on rate-of-change of exhaust area
Ty 4 welghting on rate-of-change of fan inlet guide vanes
r3 4 weighting on rate-of-change of rear compressor variable vanes
Ty A weighting on rate-of-change of fuel flow
30
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1911620-2
TABLIE VI
FEEDBACK GAIN H AND I MATRICES FOR
OPTIMAL MULTIVARIABLE ENGINE CONTROLIER
Intermediate Values of H end L Scheduled
Linearly with High Compressor Speed, Nz
Poyrer
Lev:e:, N2 Matrix Matrix Elements
PIA-deg
0.001 0.001 0.073 -0.057
- -3.1k4k -0.02k 0.002 -1.307
0.003 -0.282 -0.006 0.220
0.06L -0.057 0.012 -4.930
20 0.69
-0.001 -0.006 0.013 0.046 0.011
L -0.246 -3.457 0.122 1.699 0.055
-0.0k46 -0.49% -0.037 0.907 -0.018
-1.h4h7 -7.308 0.207 3.635 0.107
-0.027 0.017 -0.481 0.685
4 -3.161 0.002 0.019 0.06L
0 -0.627 -0.022 0.283
~-0.037 -0.163 0.124 -31.369
35 0.83
-0,007 -0.027 -0.121 -0.452 -0.052
L -0.004 0.047 -0.013 -0.038 -0.004
-0.010 0.091 -0.037 -0.094 -0.0138
-0.801 -2.518 1.101 2.756 0.518
0.826 0.505 3.578 -2.175
. -2.554 0.086 2.497 0.457
4,252 -4,777 8.690 37.490
0.467 -0.293 0.223 -87.033
47 0.88
-0.001 0.209 0.494 1.063 2.302
L 0.151 -0.359 -0.015 0.752 2,156
1.254 -2.308 -2.333 3.453 1k,077
-1.187 ~-0.523 -0.124 0.276 1.860
(Coatinued)
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TABLE VI (Concluded)

|
l
S
E
[
!
3
l

Power T
Lever N2 Metrix Matrix Elements
PLA-deg
0.836 0.280 3.736 -6.991
o -2.680 0.058 2,482 2.685
* 3.319 -5.106 6.819 35,689
0.230 -0.201 -0.811 -54, 422
60 0.93
-0.072 -0.185 0.752 1.309 2.617
- 0.297 -0.143 0.033 0.592 1.701
L 2.372 -3..665 -2.029 2,866 11.213
-0.902 0.237 -0.472 -0.258 0.690
1
: -0.068 0.252 2.070 -0.416
. -3.143 0.056 -0.674 0.347
-0.908 -5.350 16.616 1.255
-0.217 -0.357 -1.855 -7.218
73 1.0
[ 0.029 -0.185 0.499 0.322 0.962
L ~-0.005 0.009 0.107 -0.009 -0.038
0.363 -1.163 1.864 1.234 5.684
I l -0.155 0.095 -0.815 0.034 -0.535
:
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TABLE VII

LINEARIZED INLET DYNAMICS

AT 10,000 FT, MACH 2.2 OPERATING CONDITION

Matrix Matrix Elements
A -100,00 0
236.40 -37.04
B 0 30.00 136.89
) -h27.20 0 0
0 0
c -0.18 1.00
l 0.03 ~0.16
-2,52 0 0
D 2.1 0 0
0.1k 0 0

State Ordering

Control Ordering

Output Ordering

Inlet state 1 (see Fig. 11)
Inlet state 2 (see Fig. 11)

Throat area
Bypass ares
Fan corrected airflow

Throat Mach number
Normal shock position
Fan inlet total pressure

33
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TABLE VIII
NORMALIZED STEADY-STATE INIET-ENGINE TARAMETERS

AT k0,000 FT, MACH 2.2 OPERATING CONDITION

Parameter Normal ized

Type Parameter Name Value

Thrust 1.48
High Turbine Inlet Temperature 1.07
Fan Corrected Airflow 0.7,

Output Fan Staebility Margin 0.23
Compressor Stability Margin 0.19
Throat Mach Number 1.30
Inlet Normal Shock Pogition 0.16
Fan Inlet Total Pressure 1.0
Fan Turbine Inlet Wemperature 1.08
Main Burner Pressure 0.88

tate Fan Speed C.97

High Compressor Speed 1.03
Afterburner Pressure 0.91
Jet Exhaust Area 1.83
Fan Inlet Guide Vanes ~-0.50
Rear Compressor Variable Vanes ~0.3L

Control Main Burner Tuel Flow 0.85
Afterburner Inel Flow 1.0
Throat Area 1.0
Bypass Area 0.11

34
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TARILE IX
LINEARTZED ENGINE DYHAMICS
AT k0,000 FT, MACH 2.2 OPERATING COIDITION
FA = 120 deg
Matrix Matrix Elements
-55.478 2,640 -5.583 -13.881 0.651
27.172 -93.200 18.331 117.200 11.393
A 0.801 L.783 -5.872 -0.351 -2.82
2.1k6 1.636 -0.656 -3.967 -0.560
3.148 0.35% 7.076 2.516 -8.539
0.500 0.7 -3.085 28.630 0 -21.883
-0.806 1,21k 12.911 b, 73k -0.260 63.993
3 -0.07% -0.326 -0.006 -0.275 -0.045 -1.154
-0.080 -0.026 -0.270 -0.755 -0.015 -0.310
-k.362 0.583 0.326 -1.237 1.946 6.195
0.001 -0.007 -1.840 -0.131 3.405
1.128 0.073 -0.050 0.064 -0.058
¢ 0.011 -0,015 1.168 0.102 -0.092
0.093 -0.08L 0.658 0.639 -0.429
-0.210 -0.687 0.388 1.451 0.115
1.481 -0.1h4k -0.017 -0.008 0.004 -1.270
-0.009 0.001 0.008 ~-0.086 0 0.061
D -0.007 0.091 0.01k 0.00k -0.002 0.108
-0.031 0.078 0.079 0.001 -0.027 0.523
0.00L 0.018 0.075 0.063 0.006 0.439
State Ordering Control Ordering Output Ordering
Fan turbine inlet Jet exhaust area Thrust
temperature Fan inlet guide vanes High turbine inlet
Mein burner pressure Rear compressor variable temperature
Fan speed vanes Fan corrected airflow
High compressor speed Main burner fuel flow Fan stability margin
Afterburner pressure Afterburner fuel flow Compressor stability
Fan inlet total pressure mergin

35
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N911620-2
TARLE X
LINEARIZED INLET-ENGINE DYHAMICS
AT k0,000 FT, MACH 2.2 OFERATIIX; CONDITICH
Matrix Matrix Elements
~55.478 -2.650 ~5.583 -13.861 0.651 -0,.643 3.501
27.172 ~93.200 18.331 117.200 11.393 1.881L ~10.239
0.801 L.783 -5.872 -0.351 -2.8%k -0.03% 0.185
A 2.145 1.636 -0.656 ~3.967 -0.560 -0.009 0.05¢
3.148 0.354% 7.076 2.516 -8.539 0.182 ~0.991
1.445 -2,120 159.940 1k.02h -12.610 -99.565% -2.370
0 0 0 0 o} 236.400 -37.0%0
0.500 -.b17 -3.085 28.630 0 -3.092 0
-0.806 1.21k 12.911 L. 734 -0.260 9.0kk 0
B -0.074 -0.326 -0.006 -0.275 -0.045 -0.163 0
-0.080 -0.026 -0.270 ~0.755 -0.015 -0.0k4k4 0
<k 362 0.583 0.326 ~1.237 1.946 0.875 0
~1.024 12,512 1.870 0.501 -0.338 2.093 30.000
0 0 0 0 0 ~427.200 ¢
0.001 -0.007 -1.8%0 -0.131 3.bo5 -0.037 0.203
1.128 0.073 -0.050 0.064 ~¢.058 0.002 -0.(10
0.011 -0.015 1.168 0.102 -0.092 0.003 ~0.017
c 0.093 -0.081 0.658 0.639 -0.429 0.015 ~0.084
-0.210 -0.687 0.388 1.h51 0.115 0.013 ~0.070 !
0 0 0 0 0 0 0
0 0 0 0 0 -0.184 1.000
0 0 0 0 0 0.029 ~0.160
1.481 -0, 1kk -0.0M7 -0.008 0,00k ~0.180 o
-0.009 0.001 0.008 -0.086 0 0.009 0
-0.007 0.091 0.01k 0.00k ~0.002 0.015 0
D -0.C31 0.078 0.079 0.001 -0.027 0.07k 0
0.00k 0.018 0.075 0.063 0.006 0.062 0
0 0 0 0 0 -2,520 0
0 0 0 0 0 2.413 0
0 0 0 0 0 0.141 ¢
(Continued)
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K911620-2

TABLE X (Concluded)

State Ordering

Control Qrdering

Output Ordering

Fan turbine inlet
tempersature

Mein burner pressure

Fen speed

High compressor speed

Afterburner pressure

Inlet state 2 (see Fig.

Inlet stete 1 (see Fig. 1

11)
11)

Jet exheust area

Fan inlet guide venes

Rear compressor verietle
vanes

¥ein burner fuel flow

Afterburner fuel flow

Throet earea

Bypass area

Thrust

High turbine inlet
tempereture

Fen corrected sirfiow

Fan stebility margin

Compressor stebility
margin

Throat Mach number

Normal shock position

Fan inlet totel pressure

37
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¥911620-2
TABLE XI
FERFCRMANCE INDEX WEIGHTING FACTORS FOR
DESIGH OF DILET-ENGINE CONTROLLERS

W;ii";j“g Perturbei Perameter Weighted Velue
9 High Turbine Inlet Temperature 500
9, Fen Corrected Airflow 6400
q3 Fan Stability Mergin 100
Q, Compressor Stebility Margin 200
o] Fan Speed 500
ag High Compressor Speed 250
o Throat Mach Humber 100
ag Normal Shock Position 100
rq Rate-of-Change of Exhaust Area 15
Ty Rete-of-Change of Fan Inlet Guide Vanes 16
r3 Rate-of-Change of Rear Compressor Veriable Vanes 1
r), Rate-of-Change of Main Burner Fuel Flow 8
r5 Rate-of-Change of Afterburner Fuel Flow lO5
g Rate~of-Change of Throuat Area 22
Ty Rate-of-Change of Bypass Area 2
rg Fan Corrected Airflow (Inlet Control Design Only) 107
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ABLE XII

FEEZDBACK GATH MATRICES Gy AlD Gp OF THE INTEGRATED
THIET- EiGTE CONTRCLIER FOR WEIGHTINGS SHOUWH IN TABLE X1

s L L i
)

Matrix Yatrix Elements
g -0.185 -0.151 -1.826 -3.341 0.832 | -0.012 -0.007
: E -0.137 -0.189 -3.946 -1.24%0 0.750 -0.05Lk  -0.012
2 S1.8sk -2.190  -36.135  -27.566  10.438 | -0.130  -0.033
g c -0.736  -0.473 -6.995 ~7.335 2.5% -0.09%  -0.nkk
o ! 1 0 0 0 0 o | o 0
; 0.221 0.266 6.092 1.268  -0.907 I 0.768 0.215
- E -0.712  -0.941  -19.702 -6.1 3.484 -1.543  -0.479
? -1.579 -0.093 -0. 350 -1.03% 1.021 0.189 5.7
i l 0. nAR A A IR ALY ~53 | 0.65G -
-5.245 -2.350 -4.516 -4.535 3.541 2.766 -1.397
- -1.939  -0.3% -0.567 -5.73h 1.257 | 1.k99  -0.201
! G2 0 0 0 0 0 | 0 0
0.129 0.4&0 0.126 0.5L5 -0.127  -13.872 1.964
! -0.580  -1.565 -0.699 -1.206 0.537 l 21.602 -6.96k
¢ 39
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TABLE X1iT

A TR

FEEDBACK GAIN MATRICES G, AND Gy OF THE SEPARATE
DHLET-ENGINE CORTROLLERS FOR WEIGHTINGS SHOWN IN TABLE XI

&
=3
2
It

Matrix Matrix Elements

-0.179 -0.1 -1.679 -3.266 0.797
-0.113 -0.156 -3.230 -1.079 0.628
-1.692 -1.996 -32.509 -26.146 9.682
-0.693 -0.b17 -5.871 -6.888 2.338
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TABLE X1V

FEEDBACK GAIN MATRICES Gyy AND So1 FCR INLET CONTROL WITH
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NS11620-2 FiG. 2

i OPTIMAL CLOSED-LGCOP STRUCTURES FOR STANDARD LINEAR AND INTEGRAL CONTROLS

g fa) LINEAR PLANT AND CONTROL DYNAMICS AUGMENTED WITH INTEGRATORS
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N811620-2 FIG.5

T AN LR

NORMALIZED F401 TEMPERATURE AND STABILITY MARGIN RESPONSES
FOR OPTIMAL AND CONVENTIONAL CONTROLLERS

RESPONSES PRODUCED BY STEP CHANGE IN PLA FROM 20 DEG {IDLE—9 PERCENT) TO 73 DEG (MILITARY—100 PERCENT)
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N911620-2 FIG. 6

NORMALIZED F401 SPOOL SPEED AND AIRFLOW RESPONSES
FOR OPTIMAL AND CONVENTIONAL CONTROLLERS

RESPONSES PRODUCED BY STEP CHANGE IN PLA FROM 20 DEG (IDLE-9 PERCENT) TO 73 DEG (MILITARY—100 PERCENT}
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N911620-2 FIG. 7

E NORMALIZED F401 EXHAUST AREA RESPONSE
FOR OPTIMAL AND CONVENTIONAL CONTROLLERS

EXHAUST AREA RESPCNSE PRODUCED BY STEP CHANGE IN PLA FROM
i 20 DEG (IDLE~Q PERCENT) TO 73 DEG {MILITARY—100 PERCENT)
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N911620-2 FIG. 8

NORMALIZED F401 MAIN BURNER FUEL FLOW RESPONSE
FOR OPTIMAL AND CONVENTIONAL CONTROLLERS

FUEL FLOWV RESPONSE PRODUCED By STEP CHANGE IN PLA FROM 20 DEG HDLE~9 PERCENT) TO 73 DEG (MILITARY-100 PERCENT)

e OPTIMAL MULTIVARIABLE o= o= o= «= == CONVENTIONAL CONTROLLER
CCNTROLLER

1.1

MAIN BURNER FUEL FLOW

. 1 1 |
0 1.0 20 3.0 4.0
TIME - SEC

NQ2~89—1




N911620-2 FIG. 3

NORMALIZED F401 FAN INLET GUIDE VANE RESPONSE
FOR OPTIMAL AND CONVENTIONAL CONTROLLERS

FAN INLET GUIDE VANE RESPONSE PRODUCED BY STEP CHANGE IN PLA
FROM 20 DEG (IDLE-9 PERCENT) TO 73 DEG (MILITARY—100 *ERCENT)
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N211620-2 FIG. 10

NORMALIZED F401 REAR COMPRESSOR VARIABLE VANE RESPONSE
FOR OPTIMAL AND CONVENTIONAL CONTROLLERS

REAR COMPRESSOR VARIABLE VANE RESPONSE PRODUCED BY STEP CHANGE IN PLA
FROM 20 DEG(IL -9 PERCENT) TO 73 DEG (MILITARY~100 PERCENT)
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N911620-2 FIG. 12(a)—~(d)
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NORMALIZED INLET—-ENGINE RESPONSE FOR INTEGRATED
AND SEPARATE MULTIVARIABLE CONTROLLERS

R PIR ST

ORI

PERTURBATIONS ABOUT NORMALIZED STEADY-STATE VALUES PRODUCED
BY SIMULATED AFTERBURNER IGNITION
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N911620-2 FIG. 12 (e)—-(i)

NORMALIZED INLET—-ENGINE RESPONSE FOR INTEGRATED
AND SEPARATE MULTIVARIABLE CONTROLLERS

PERTURBATIONS ABOUT NORMALIZED STEADY-STATE VALUES
PRODUCED B8Y SIMULATED AFTERBURNER IGNITION
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NORMALIZED INLET—-ENGINE RESPONSE FOR INTEGRATED
AND SEPARATE MULTIVARIABLE CONTROLLERS
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PERTURBATIONS ABOUT NORMALIZED STEADY-STATE VALUES
PRODUCED BY SIMULATED AFTERBURNER IGNITION
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N911620-2 FIG. 12{m)-(o)

NORMALIZED iNLET—-ENGINE RESPONSE FOR INTEGRATED
AND SEPARATE MULTIVARIABLE CONTROLLERS

PERTURBATIONS ABOUT NORMALIZED STEADY-STATE VALUES
PRODUCED BY SIMULATED AFTERBURNER IGNITION
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NORMALIZED INLET—-ENGINE RESPONSE FOR INTEGRATED AND SEPARATE CONTROLLERS
WITH INCREASED WEIGHTING OF SHOCK POSITION IN INLET PERFORMANCE INDEX
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