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Turbofan Engine Control Design Using Robust
Multivariable Control Technologies

Dean K. FrederickLife Member, IEEESanjay GargSenior Member, IEEEand Shrider Adibhatla

Abstract—A unified robust multivariable approach to propul- LEPR
sion control design has recently been developed at National MIMO
Aeronautics and Space Administration (NASA) Glenn Research P16
Center (GRC). The critical elements of this unified approach are P25
1) a robust H-infinity control synthesis formulation; 2) a simplified
controller scheduling scheme; and 3) a new approach to the P56
synthesis of integrator windup protection gains for multivariable  P(s)
controllers. This paper presents results from an application pC
of these technologies to control design for linear models of an PCN2R
advanced turbofan engine. The objectives of the study were to P
transfer technology to industry and to identify areas of further
development for the technology to be applied by industry to the
design of practical controllers for high-performance turbofan RHP
engines. The technology elements and industrial developments(s)
of tools to implement the steps are described with respect to SISO
their application to a GE variable-cycle turbofan engine. A set STOVL
of three-input/three-output three-state linear engine models was
used over a range of power levels covering engine operation from I(s)
idle to maximum unaugmented power. Results from simulation
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evaluation of H.,, controller design, controller order reduction, 4, Scalar input to IWP design model.

cpntroller sched_uling, a_nd inte_grato_r windup protectic_)n design are g Actuator output after limits.
discussed and insight is provided into how the design parameter Au An input to IWP controller
choices affect the results. . oo
] i _ _ i Uwe Weighted actuator position error.
~ Index Terms—Aircraft engine control, gain scheduling, H-in- \,cg Variable cycle engine.
finity, |r_1tegral W_|ndqp protection (IWP), integrator windup, limit WE Fuel flow
protection, multivariable control, order reduction. - :
Ws,We, W Weights onS(s), T(s), C(s).
Zin Inputs to IWP design model.
NOMENCLATURE ZWE Weighted performance error.
A8 Nozzle area.
A16 Variable bypass area. . INTRODUCTION
C(s) Combined actuator signal and rate. OST jetengines currently in production use single input-
CEPR Core engine pressure ratio, P56/P25. single output (SISO) controllers, and the use of multi-
CLM Component level model. variable controls is a relatively new development. Current de-
E{-} Expected value of -} signs are often limited to two input—two output (2 2) con-
IEC Intelligent engine control. trollers, which lend themselves to heuristic extensions of SISO
WP Integrator windup protection. methodologies for integrator windup protection. With the intro-
J Cost function. duction of variable cycle engines (VCE’s) of increasing com-
K(s) Controller. plexity, as well as high-performance applications such as short
K%s) Nominal controller. takeoff and vertical landing (STOVL) systems, the need for true
K Controller output scaling matrix. multivariable control methodologies is becoming apparent [1],
Krwp IWP gain matrix. [2].
LEM Linear engine model. Multivariable control research at GE Aircraft Engines ini-

tially focused on the use of Edmunds’ model matching design
Manuscript received March 3, 1997; revised May 2, 2000. Recommend_ta%Chr"que [3]. A_IthOUQh this “KQ” model-r_n_atchlng technique
by Associate Editor, K.Wise. This project was supported by NASA under Cois easy to use, it does not guarantee stability and does not take
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Glenn Research Center, Cleveland, OH 44135 USA. ~ __lookup schemes or curve fits (see [4]). Clearly, the use of robust
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This paper describes the application of the three stepsBecause robustness and gain scheduling requirements should be
the unified multivariable control design approach developeth important part of any engine controller design process, seven
at NASA's Glenn Research Center (GRC) to a set of linetinear engine models (LEMs) were generated that covered the
models of a GE turbofan engine. The models are defined fopwer levels from idle (PC 20) to intermediate rated power (PC
seven power code (PC) values ranging from idle to intermedidi@) corresponding to standard-day conditions of zero speed and
rated power, all at sea-level standard conditions of zero aircra@ro altitude.
speed and zero altitude. The issues that have been address&@ch of the inputs and outputs was scaled such that a unit
are: 1) the design of a low-order robust,, controller; 2) the change in the scaled variable corresponds to approximately a
application of a simplified controller-scheduling scheme; ankP% change in the unscaled variable. The engine inputs used in
3) the augmentation of the multivariable controller to providdis study were fuel flow rate (WF), nozzle area (A8), and by-
integral windup protection (IWP) when actuator saturatioP@ss duct area (A16). The controlled outputs were percent cor-
OCCUrs. rected fan speed (PCN2R), core engine pressure ratio (CEPR,

The robust controller design uses variations on the stand&gfined as P56/P25), and liner engine pressure ratio (LEPR,
H.. controller design method to include weights on actuat@€fined as P16/P56). The scaled engine-model state-space ma-
rates and to add extra disturbance inputs to yield controllers wHif€S are listed in the Appendix.
improved actuator behavior and enhanced robustness to varid-C" 1€ design phase of this study, an actuator model con-
tions in the engine model parameters [5], [6]. It is anticipat?snng of three parallel unity-gain first-order lags was used. The

that the actuator demands produced by the controller will av &mdwidths were taken as 26.0 rad/s for WF, 18.0 rad/s for A8,

forcing the actuator servos against their rate limits during traﬁ[]OI 29.0 rad/s for Al?' . .
Sensors were not included in the models used for design.

sients. The motivation for introducing disturbance inputs is tﬁowever for simulation purposes, the sensors were modeled

obtain a controller that results in reduced requirements for gain —y : . i )
scheduli th ired fflight diti | das three parallel first-order lags with unity low-frequency gains

uling over the required range ot Thight conaitions. In Oraek, - 4 yidths of 50 rad/s for PCN2R and 33.3 rad/s for both
to assess the robustness of the controller designed for the “nEErPR and LEPR

engine model at PC 35, itwas used with the linear engine models | 4 jition to providing a stable closed-loop system, the pri-

for the fl?" range of power codes (PC 20, 25, 59)' mary objective of the engine controller was to give good decou-
The simplified scheduling method was applied to the lowse 4 command tracking of the demand values of PCN2R and
order controller designed for PC 35 to evaluate its performané%PR with good regulation of LEPR about its nominal value.

at oﬁ-dgsign OPera“”Q points. ) ] Closed-loop bandwidths between 2 rad/s and 6 rad/s were con-
The final design method considered was directed at produci§gered desirable.

a multivariable controller that prevents integrator windup while gecause we were considering a wide range of power levels,
maintaining the desired command tracking in the presence\gd were particularly interested in the robustness of the con-
actuator limiting [7]. The extent to which the IWP controller detroller to variations in the engine model caused by changes in
sign approach was able to prevent integrator windup and to pgwer level. To provide a measure of this robustness, the step
vide acceptable tracking of command inputs in the presencerg§ponses of the engine models were examined for the full range
actuator limiting was investigated by designing and simulating power levels using the single controller designed for PC 35.

a IWP controller for the PC 35 controller and engine pair. ~ When evaluating the performance of the IWP controller, our ob-
The application of these technologies to a GE turbofan ejective was to avoid windup of the integrators of the controller
gine has been described in detail by Frederick and Adibhaglad to approximately track changes in the demand fan speed in
[8], which forms the basis for this paper. The engine models atite presence of actuator saturation. Exact tracking was not con-
desired performance characteristics are first described. Thengitered necessary because an outer control loop can be used to
H,. design process is covered, including the important issueadjust the demand values seen by the IWP controller should sat-

obtaining a low-order controller. Following a brief descriptioruration occur.
of the scheduling scheme, the IWP controller design process
is described and illustrated. The paper concludes with sugges- IIl. H., DESIGN
tions for areas in which further study is warranted in order to
improve these design methods and tailor them to the need<of
turbofan engine control as practiced by GE. The software toolsThe first step in thef{., design process is to construct the
used in this study were MATLAB and its toolboxes, Simulinkdesign plantP(s), as shown in Fig. 1, with the interconnec-
and ISICLE, which is a MATLAB toolbox written by Minto and tions and weights selected so as to obtain the desired closed-loop
others for use within General Electric [9]-[11]. characteristics when the controller is connected to the actual
plant and sensors.
In a typical formulation of theH ., design problem, the en-
gine and actuator models would be present, along with appro-
The engine model used was the Intelligent Engine Contrptiate weights that would have been selected so as to force a con-
(IEC) [12] engine that has been employed in prior studies atrdller design that would result in desired sensitivity and com-
for which a Fortran component-level model (CLM) and assogdementary sensitivity function$(s) andZ’(s), respectively. As
ated equilibrium-finding and linearization code were availabléescribed in Garg [5] (and references therein), the typical for-

Design Plant

Il. ENGINE MODELS AND PERFORMANCE SPECIFICATIONS
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B. Weight Selections

wy
w ‘ 1 \ The sensitivity weighWs(s) was chosen to be large at low
. g frequencies in order to obtain good command tracking at low
gt Y e [ O Ws 2 frequencies. The complementary sensitivity weight(s) was
:‘ chosen to be large at high frequencies to obtain robustness to

unmodeled high-frequency dynamics. The control weidfat
c ] % = )% isconstant and attempts to provide a controli&fs) that will
require reasonable actuator responses in terms of both magni-
tudes and rates. The sensitivity and complimentary sensitivity
O weights were taken to be first-order lags and leads, respectively,
with the low- and high-frequency magnitudes and crossover fre-
Ly quencies specified by the user.

Ws(s) was established as three parallel first-order lag
Fig. 1. H.. design plantP(s). systems having low-frequency gains of 60 dB, high-frequency
gains of—60 dB, and unity-gain crossover frequencies of 2.0
{ﬁgls.WT(s) was established as three parallel first-order lead
systems having low-frequency gains ef60 dB, high-fre-

mulation can be augmented in two ways in order to enhance

resulting design. quency gains of 60 dB, and unity-gain crossover frequencies

.F|rst, the af:tuator rates are incorporated intafte) system, of 8.0 rad/s. The control weights were constant values of 0.02
with appropriate weights to be selected by the user. This s%e

- . 9F each actuator.
willimprove the dynamic response of the closed-loop system yFoIIowing the recommendations in [5], the valuesgf
eliminating high-frequency transients following a step chan%e ! 2

. . . . ..-andas; were selected on the basis of variations in theatrix
in demand. The only change in the design plant is the additi 3 ) .
y 9 gn p ar&her than theB matrix. Plots of thed matrix elements as a

of three more outputs from the controller block and the corr%- . .
sponding weights. unction of PC suggested that we should concentrate on the dis-

The second change to the design malé$) is to add dis- tur:(t;ancie '(;‘Svuetrseti:]222?;2’;2éog\:]s'sgjlggéufrs;aé: 50
turbance inputs to the state-variable derivatives in the engi%e o3 = )

model. The purpose of using these inputs as part otitsign Once the values of the weights had been selected, an ISICLE

system is to synthesize a controll&(s) to provide a stable routine that implements the algorithm due to Safaabal. [6]

closed-loop system over a wide range of power-code values." > used to produce the controllEi(s) as a set of state-space

The block named “augmented engine” represents the lindgftrices:
engine model with the disturbance inputs added directly to ' .
the derivatives of the engine state variables, via user-selectedController Design and Evaluation

weightsary , a2, andes. If the linear engine model is described  The twelth-order linear controller designed for the PC 35

by the state-space matricés B, C', andD, with state vector,  flight condition provided satisfactory response with the PC 35
input vectoru, and output vectoko, the state-space equationsnodel and stable closed-loop responses with the models for the

of the augmented engine model are other power conditions. Because its high order makes it imprac-
tical for implementation, the twelth-order controller was used
& = Az + Bu + diag(o, az, a3)w; (1) as the basis for obtaining a reduced-order controller by using
2o = Cx + Du. (2) modal residualization.

Working with the twelth-order controller designed for flight
The block named “augmented actuators” represents tbtendition PC 35, several different choices for the number of
simple actuator model of three first-order lags that produstates to be residualized were tried. The conclusion reached was
the outputsu that drive the engine’s three inputs, and threthat a four-state model was the most reasonable. The poles of the
additional outputs: that are the actuator rates. The three blocKeurth-order controller for PC 35 correspond to roughly three
identified asWs, W, and W are the weighting functions integrators and a pole at= —0.1476. The reduced order con-
for the sensitivity functionS(s), the combined actuator andtroller has four finite zeros, and two of them are in the right
actuator rate signal§'(s), and the complementary sensitivityhalf-plane (RHP).
function7’(s), respectively. The results of the reduction of the controller order from 12
The designer selects the weights, W, andW so as to to four were assessed by simulating the responses of the respec-
force the computational solution of th€., problem to pro- tive closed-loop systems to changes in demanded PCN2R and
duce a controlle (s) that will provide acceptable robustnessCEPR. In Fig. 2, we can see that for a unit step in PCN2R de-
sensitivity, and performance characteristics for the closed-loomand, there are only minor differences in CEPR and LEPR, and
system. It is a well-known property of thH., method that virtually no difference in PCN2R. On the other hand, as indi-
K (s) will have the same order d%(s). The engine and actuatorcated in Fig. 3, the responses to a step change in CEPR demand
models each have three states. If the dynamic weigfgés) do show some differences. The mostimportant of these is the in-
andWr(s) are each third order and’« is constant, then both troduction of a short-duration negative transient in CEPR when
P(s) and K(s) will be twelthth order. the fourth-order controller was used, which suggests the pres-

Authorized licensed use limited to: Richard Vaccaro. Downloaded on November 28, 2008 at 17:25 from IEEE Xplore. Restrictions apply.



964 IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY, VOL. 8, NO. 6, NOVEMBER 2000

1.2 T T T T T 1.4 T T T T T T
1+ 1.2+ B!
0.8r B 1k
0.6 b 0.8 -
solid ==> 12th—arder K(s)
dashed ==> 4th-order K(s}
04 b 0.6 b
0.2 b 0.4+ -
0 0.2- b
CEPR
__02 | 1 L L ] i L 13 L O 11 1 1 L 1 L 1 L
05 1 1.5 2 25 3 35 4 4.5 5 0 0.5 1 15 2 2.5 3 35 4 4.5 5
Time (s) Time (s)

Fig. 2. Engine outputs for step in PCN2R demand with twelth-order (solidfig. 4. PCN2R step responses for the PC 20, 25, 50 engines with

and fourth-order (dashedy () at PC 35. fourth-order controller designed for the PC 35 engine with disturbance inputs.
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. . . . ) Fig. 5. PCN2R step responses for the PC 20, 25, 50 engines with
Fig. 3. Engine outputs for step in CEPR demand with twelth-order (solid) a?éﬂrth—order controller designed for the PC 35 engimiéhout disturbance
fourth-order (dashed) (s) at PC 35. inputs.

ence of a RHP zero. This undesirable behavior was not presgathecessary to provide some form of controller scheduling in

in the corresponding response with the twelth-order controllgfder to get good step responses over the full range of PC values.
for which K (s) had no RHP zeros. To address this issue, other

methods for reducing the order of the controller should be con-
sidered, such as that of Enns [13].

To assess the robustness of #tig, design process, the 4th- Because a turbofan engine must perform over a wide range
order controller for PC 35 was used with the engine moded$ operating conditions, the traditional control-design approach
for PC values from 20 to 50. In Fig. 4 we see the aggregateto perform linear designs at a number of operating points and
responses to a step change in demanded PCN2R. For comfien to schedule the numerical parameters of the control law
ison, Fig. 5 shows the responses produced with the 4th-oréercording to a curve fitting algorithm. One of our objectives in
controller designeavithoutusing the disturbance inputs in theapplying theH ., control-design methodology is to reduce the
design model, which corresponds to setting= «> = a3 =0 scheduling demands so a simpler-than-usual scheduling scheme
in (1). Clearly the process of using the state-rate disturbantan be used. As a very preliminary look at this important aspect
makes theH ., based controller more robust to parameter varéf engine control design, we have applied a technique recently
ations. Although the responses with the robust controller (asdeveloped by Garg [14] for providing simplified scheduling for
Fig. 4) are much improved over the nonrobust design, it withultivariable controllers.

IV. USE OF ASIMPLIFIED SCHEDULING SCHEME
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The step responses in Fig. 4 show that the single fourth-ord'?
H_, controller designed for PC 35 is capable of controlling all
seven linear engine models for the full range of power codes in 1+
stable manner. However, with the exception of the two respons
for the PC 35 and PC 40 engines, which are almost identice
these responses are not satisfactory, due to excessive overst®®
or slow response. Clearly, the PC 35 controller requires son
form of scheduling in order to provide satisfactory response.s-
over the full range of power codes.

The scheduling method applied here considers the schedul
controller K (s) as 0

++++++ PC = 50

0 ——--PC=45
K(s) = K, K'(s) 0.21 SLILPCE40
: . . e G S PC =35
where K, is the controller output-scheduling matrix, which is 000000 PC = 30
dependent on the engine’s operating point, &1{s) is the e 753 25 3 85 4 45 5
nominal controller. For our example, we consider the fourth- Time (s)

order PC 35 controller to be the nominal one so engine m0d§,§. 6. PCN2R step responses for engines PC.30PC 50 with fourth-order

with PC values other than 35 represent off-nominal conditionsntroller designed for the PC 35 engine and controller-output scheduling.
The controller-output scheduling matrix is>3 3, thus re-

quiring nine parameters to be scheduled as a function of t IWP controller

power code. As a comparison, a fourth-order multivariable co

) . . : Kis) |
troller with three inputs and three outputs will require up to 4 ‘ama_+ - ¢ with | & . &itﬁlﬁfﬁirtss L engine |——m
parameters to be scheduled, while, for a3 proportional- -

plus-integral (PI) controller, 18 parameters must be schedule
An optimization problem was created for each off-nomin:

operating point in which the scheduling mati&, was com-

puted so as to minimize the infinity norm of the normalized l00gig 7. Nonlinear closed-loop system, with limiting and IWP controller.

transfer difference between the nominal control loop (PC 35)

and the off-nominal control loop (corresponding to other powgn), while another controller will need to be designed for the

conditions). For each of the seven power codes, the MATLAgouble-bypass regime (20 PC < 30).

Optimization Toolbox was used to compute the output sched-

uling so as to minimize a related cost function over a set of fre- V. INTEGRATORWINDUP PROTECTION

quencies covering the frequency range of interest, Watts and Garg [7] have developed a heuristic methodology

When the closed-loop system with this scheduling scherpoer the design of MIMO integrator windup protection (IWP)

was simulated for step changes in demanded PCN2R, theé’ghtrollers that shows promise for the control of jet engines. In

sponses shown in Fig. 6 were obtained for the power co fis section, we discuss the application of this design method to

ranging from 30 to 50. Because the controller was designed AL GE linear engine model for PC 35 that was used inthe
the PC 35 engine and because the response for the PC 40 en@&?\‘?roller study, but with actuator limiting present.

with the PC 35 controller has been shown to be virtually iden-
tical to the response for the PC 35 engine, there is no need fqr Controller Structure

scheduling at either PC 35 or PC 40, which means that the gainl-he design procedure consists of developing three design

matrix is the identity matrix for both of these power codes. %odels, one for each actuator. Each design model is used
seen in comparison with Fig. 4, the simplified scheduling pr@g ¢ompute a column vector of IWP gains for the particular
vides much improved performance over the nonscheduled cQRtator under consideration that will minimize the cost for a
troller for power codes 30, 45, and 50. heuristically-defined optimization problem. Then the individual
The scheduling gains calculated for the idle and close-to-idig/p gain vectors, one per actuator, are combined to form the
conditions of PC 20 and 25 did not provide acceptable stgpp gain matrix which is used to modify the output of the
responses, so those two power codes have not been incluggginal state-space controller only when one or more of the
in Fig. 6. Examination of thel matrices for the linear engine actuators is being limited because of hardware constraints or
models at these two lowest power codes revealed a pair of cadperational limits.
plex open-loop eigenvalues, whereas the eigenvalues are all reglhe nonlinear feedback system shown in Fig. 7 is assumed
for the linear engine models at the other power codes. The et-have saturation limits on the actuators and has an IWP con-
gine used for this study contains a bypass door that is open filler. The controller output: is subtracted from the actuator
lower power codes (PC 20 and 25) and closed for PC valugstputwr,, that may at times be limited, to form the second input
of 30 and above. Hence, it appears that the scheduled PCt@%he IWP controllerAw. If the actuators are not limited and
controller can be used in the single-bypass regime(30C < the actuator dynamics are not a factor, then= % soAw = 0.

3
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Fig. 9. Design model.

Fig. 8. Details of the IWP controller. . . .
9 The lower main block in Fig. 9 represents the closed-loop

. h he detailed f f th I IWP design system for a specific actuator. For discussion pur-
F|.g. 8 shows the detaile form of the IWP controller. | oses, we will use the fuel flow actuator, whose output is WF.
particular, we hgve a conveptlonal Imegr state-space Controfiglie that this block has two inputs and two outputs. The upper
whose state-variable derivative vector is augmented by the tqﬁBut (the thicker of the two) is the same three-element vector
‘[lfIWPA“' Whﬁirr_’ the th_ree-elehment vecmru_li ahmeasure Of received by the nominal system, and represents the frequency-
the amount of limiting In each actuator. With the assumpt'OQhaped demand inputs to be tracked by the closed-loop system
Fhat we have a specific linear conf[roIIKr(s), the only _elem(_ant (PCN2R, CEPR, and LEPR). The lower input (the thinner of
in the IWP controller that remains to be determined is thg two) is a scalar that represents the frequency-shaped actu-

gain matrix Krwp. This matrix has one column for e""Chator signal for which the IWP gains are being determined. In

actuator anch rows, wheren is the number of state variablesthiS case it is the demanded fuel flow rate W&

. . (Tl

in the controller. Th? eIemen_t; @frwr, which are constants a5 and Garg [7] also include magnitude scale factors and

depe_nder;)t on lth.e flight ccl)_ndmon,. are de'Fermmet()jl one colurgy, corresponding inverse scale factors on the plant outputs in

at ak?me nyO ving a nctj)n Inear mlngn_lza::on pro erg. I their design model. However, all of the variables associated with
The cost unction to be minimized is the expected value gl g engine model have been scaled, so no further scaling was

the sum of weighted tracking and actuator errors generated bﬁéauired

linear designmodel. Once the gain vector for one actuator has 1 yesign model of Fig. 9 is considered to be driven by white

heen determined, a S|m|l_ar ldes.|gn mode| IS constructed for e anq the weighted performance error and the weighted ac-

next actuator and the optimization process is repeated. Bec 8or error are dependent on the values of the IWP gain vector

ourengine has thre_e actuators, the Processis done three t'_m%rtﬂm actuator under consideration. Hence, the IWP gain vector
obtain then x 3 matrix Ktwp, wheren is the number of states in is determined so as to minimize the cdstlefined as
e

the reduced order controller. Although the design method can b
extended to account for the simultaneous saturation of multiple
actuators, the methodology described here assumes that only =E
one actuator is saturated at a time. However, as demonstrated

in the later sections, the IWP gains synthesized with single aghere E denotes “expected value of” drdknotes transpose.
tuator saturation at a time performed adequately when simultaThis optimization problem can be solved by using a compat-
neous saturation of multiple actuators was encountered duribfe set of computer tools to do the following:

simulation evaluations. « implement the design model represented in Fig. 9 for the
specific actuator whose IWP gains are being determined,;
create a function that will use the design system to com-
Fig. 9 shows the top-level structure of the design model, the pute the cosy for a specified IWP gain;
main elements of which are the two blocks labeled “closed-loop ¢ use a suitable optimization routine to perform the non-
nominal system” and “closed-loop IWP design system.” The linear minimization.
external inputsz;,, a three-element vector, and the scalgr, The process described above is repeated, with appropriate
are white-noise signals that are filtered so as to provide trackimgedifications to the design plant, to produce the IWP gain
and actuator-demand signals that have appropriate weightirggtor for each of the three actuators. These three gain vectors
and frequency spectra. The upper main block represents #re then combined to form the IWP gain matrix, so the final
linear closed-loop system, which consists of the engine, the aontroller appears as shown in Fig. 8, where all of the signals
tuatorswithout limiting, and the linear controllek’(s). The re- are vectors.
sponse of this nominal system is what we would obtain if actu- When the IWP gains were computed for the GE engine under
ator limiting did not occur. As such, the nominal system repreonsideration, so as to minimize the cosexpressed in (3),
sents what we would like to obtain in the presence of limitingt, turned out that a minimum of the cost could not be found
but might not be able to. The heavy lines into and out of tHer gains of any reasonable magnitude. The optimization rou-
block represent vector signals having three elements each. tine, which imposed no constraints on the magnitude of the gain

T—o0

1 f*
lim T / (ZipZwe + Usvg) dt} 3)
0

B. Problem Formulation for IWP Gain Synthesis .
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vector, was able to continue reducing the cost slightly by in- e
creasing the gain manitude. It was verified via simulation tha , ,
these large-gain solutions did indeed produce stable closed-loc
systems, but they were certainly not desirable. In order to ok 12
tain solutions with reasonable magnitudes, the té2w K’ K,

which is proportional to the magnitude of the IWP gain vector
K, was added to the cost defined by (3), With this modification, o
solutions that had reasonable gains and produced satisfactc
responses were obtained. 06

0.4

C. IWP Gain Calculation and Evaluation
0.2

A Simulink implementation of the design system shown in
Fig. 9 was used to determine the IWP gains for limiting of the ©
fuel flow (WF). Then the process was repeated with the desig o2 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
systems for limiting of the nozzle area (A8) and of the variable ° ! 2 ® Y e () ° T ¢
bypass area (A16) to obtain the remaining two sets of gains.

To ensure that an acceptable minimum had been found, ffig 10. PCN2R responses, without IWP control to pulses in demanded
optimization process was repeated from several starting poiRtdV2R. with limiting on all three actuators.
in the four-dimensional gain space. If an initial choice resulted
in an unstable closed-loop system, it was discarded and anot 1.6
starting point selected. If all of the stable starting points result
in terminal points that were reasonably close to one another A
the gain space, with final values of the cost that were apprc ; 5|
imately the same, then the minimum found was deemed to
acceptable. 1

The IWP gain matrix for the PC 35 flight condition was ob-
tained by combining the three four-element gain vectors in o8
a 4 x 3 matrix gain matrixKtwp shown in Fig. 8. The first g4
column contains the gains that are active when WF limits, tt
second column the gains for A8, and the third column the gai 24
for A16. At this point, the design was complete. oz

The evaluation of the IWP controller was carried out usin
Simulink. For the simulation runs, somewhat arbitrary value ,
of +1.5 units were used for each pair of actuator limits (rece :
that all actuator values were scaled). The input signal employ-%2, 1 > 3 4 5 6 7 s 9 10
for all of the tests was a rectangular pulse in demanded PCNL. ., Time (s)
starting att = 0.5 s and ending at = 4.0 s. Such a finite- ig. 11. PCN2R responses, with IWP control to pulses in demanded PCN2R,
duration pulse will make the effects of any integrator windugith limiting on all three actuators.
apparent, should they occur. The pulse amplitudes were selected
to achieve different degrees of limiting, as described below. the input pulse. The rise in PCN2R is a bit slower than for the

Three sets of tests were run. First, e, controller without linear response, but the tracking for PCN2R is still good, with
IWP was used, with limiting possible on all three actuatorsio steady-state error.

Then, the IWP controller was used, again with limiting on all For a pulse height of 2.0 units in demanded PCN2R, both
three of the actuators. Finally, a set of runs was done both withF and A8 limit hard, and WF remains on its limit well after
and without the IWP controller, with limiting only on A8 andthe input pulse has ended. The fan speed response is no longer
A16. For all cases, the engine model and the fourth-offler able to track its demanded input and exhibits a clear indication
controller were those for the PC 35 operating condition. of integrator windup.

The fan speed responses (PCN2R) for pulses in PCN2R deWhen the input pulse height is increased to 3.0 units, the
mand of 1.0, 1.5, 2.0, and 3.0 units without any IWP contr@mount of windup increases further, and all three actuators be-
appear in Fig. 10. For a pulse height of 1.0 unit, which correome limited. The A8 actuator remains limited uriti= 6.4
sponds to a change of 10% in demanded PCN2R, no limitisgand the fuel flow actuator (WF) is limited until= 7.4 s.
occurs. Hence, the response for the first 4.0 s is the same as Qlatrly, these latter two responses are unsatisfactory and sug-
shown in Fig. 2. gest that IWP control is essential for acceptable performance in

When the height of the input pulse is increased to 1.5 unitbe presence of actuator limiting.
the fuel flow actuator (WF) is forced against its limit, and the In Fig. 11 we see the results of performing the same set of
nozzle actuator (A8) is limited for a portion of the duration ofour runs described above, but with the IWP controller active.
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input pulse, thereby indicating an absence of windup. On the
other hand, the dashed lines (no IWP control) for WF and A8

continue at their saturated values of 1.5 for some time after the
end of the pulse, and all three actuators undergo oscillatory tran-
1 sients before settling to zero.

VI. DISCUSSION

The results presented in the previous sections have shown
that the three steps in the robust multivariable control design ap-
/| proach lead to satisfactory performance for an advanced propul-
sion system with reasonable low order controllers which require
minimal scheduling and accommodate the effect of actuation
limits with minimal performance degradation. However, the re-
sults also showed some shortcomings of the design approach

0 1 2 3 4 5 6 7 8 9 10 which will need to be addressed for this approach to be accept-

able to practicing control engineers in the industry. Some future

Fig. 12. Actuator responses for pulse height of 2.0, with (solid) and Withoﬂ?seamh areas which can help address these shortcomings are
(dashed) IWP control. summarized in the following.

The reduced-order controller transfer function discussed in
By comparing these curves with those in Fig. 10, we are IescfaCtlon ¢ _had two £Eros In the right h_alf_of theplane,
to the following three conclusions. First, and most importan"fanl resulted in a negative dip at the beginning of the CEPR

the integrator windup that seriously impaired the responsessltrtlap response. Other order-reduction methods, such as the fre-

Fig. 10 was eliminated by the IWP controller. Second, as ”OtgéE;Q\SZ;\;\;egzgegsm;dirs?g;c\t\l,zn ‘:’)(;hoebr?a?n?;Egnrseglu:ﬂ’ezhgrlggr
from Fig. 11, the IWP gains did not improve the capability of the 9 P y 9

system to track steady-state commands for the pulses of heic%rgtroller that does not have a right half-plane zero. As dis-
2y0 and 3.0 y P ASsed in Section IV, the simplified scheduling scheme was not

: . able to provide satisfactory closed-loop performance for the low

The third observation is that the two responses for a puls er conditions (PC20 and PC25). It was noted that the fun-
height of 1.0 (in Figs. 10 and 11) are not the same, althougll ,,ota| dynamic behavior of the engine was different at these
there was no actuator Imytmg in either of these runs. This W%%\Ner levels due to the way the engine is operated at these con-
because actuator dynamics caugedto the IWP controller o iiong There is a need to develop a systematic approach to pro-
be nonzero, even in the absence of limits. This effect can pge 4y idance to the control designer in determining what re-
eliminated by including a dynamic model of the actuators ifyo of operation around an operating point can be covered by
the path going from the controller controller outputto the | ;ging the simplified scheduling scheme in conjunction with a ro-
summing junction that formsu. bust controller designed for the operating point. As discussed in

Because the corrected fan speed (PCN2R) is a good meastgtion V, the IWP scheme did not provide perfect steady-state
of the thrust produced by the engine, it is essential that the dgscking of the corrected speed when limits on A8 and A16 were
manded values of PCN2R be met in the steady state, provigggtountered while the fuel flow was not being limited. Modifi-
that no operational constraints such as high temperaturescgfions to the IWP gain design approach need to be developed to
pressures are being violated. The primary reason that the systgf§ure that perfect steady-state tracking of a controlled variable
is unable to track PCN2R demand for pulses of height great{n be maintained if the primary effector for controlling that
than 1.5 units is that the fuel flow (WF) becomes limited. Ayariable is not being limited. Whether this can be accomplished
final set of tests was run without any limiting on WF, in ordegjmply by adjusting the weights in the performance index for
to evaluate the effects of the IWP controller with only A8 andynthesizing the IWP gains, or whether other modifications will
A16 limited. be needed remains to be seen.

These tests showed that without any limiting on fuel flow, the Because rate limits and rate-like limits (acceleration and de-
ability of the controller to track the demanded fan speed was ieleration schedules, for example) are of special importance to
proved considerably. However perfect steady-state trackingeafgine control applications, it is also desirable to adapt the IWP
the corrected fan speed, as in the nominal case with no actuaichieme to handle rate limits rather than just saturation limits. In
limits, was still not achieved. addition, the IWP design methodology should be compared to

As afinal demonstration of the benefits of the IWP controllethe nominal integrator windup protection currently used at GE
Fig. 12 shows the responses of the three actuators (fuel flowrcraft Engines, and to other techniques that “condition” the
nozzle area, and bypass duct area) corresponding to a pualsetroller states, such as those of Hanus [15], [16]. Such a com-
height of 2.0 units in PCN2R demand. The solid lines, whigbarison should be made on the basis of performance as well as
result from using the IWP controller, all begin returning to theiease of design and implementation, which affect development
equilibrium values of zero immediately upon termination of theost.
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VII. CONCLUSION [5] S. Garg, “Robust integrated flight/propulsion control design for a
STOVL aircraft usingH .. control design techniquesAutomatica
Simulation results have shown that the linear reduced order vol. 29, no. 1, pp. 129-145, 1993.

H., controller designed with actuator rates and disturbance in{8 M- G. Safonov, D. J. N. Limebeer, and R. Y. Chiang, “Simplifying the
H . theory via loop-shifting, matrix pencil and descriptor concepts,

puts included in the design model was able to provide good re- . 3. Contr, vol. 50, no. 6, pp. 2467-2488, 1989.
sponses to step changes in demanded fan speed and core dfi- S. R. Watts and S. Garg, An optimized integrator windup protection

gine pressure ratio that avoided discontinuities in the demand ~ €chnique applied to a turbofan engine, , NASA Lewis Research Center,
Cleveland, OH, 1994.

signals to the actuators. Simulations also verified that a singlgg) p. k. Frederick and S. Adibhatla, “The application®t.. and integrator
fourth-order controller designed for partial power was able to ~ windup protection control design algorithms to a GE turbofan engine,”,

; ; _ ; Final Rep. NASA Lewis Large Engine Technology (LET) Task Order
provide stable responses for linear sea-level, standard engine 58, Contract NAS3.26 617, Dec, 1995,

models at power levels ranging from idle to maximum unaug- (9] A. Grace, A. Laub, J. Little, and C. Thompsd®ontrol System Toolbox
mented power, without any scheduling. The use of a simplified  for Use with MATLAB  Natick, MA: The MathWorks, Inc., 1992.
output matrix gain scheduling scheme for this single low-ordef'’] ?ﬁfﬁﬁfﬁﬁ’vﬂmzf‘.ﬁg’” f;;z'box for Use with MATLAB Natick, MA:
controller yielded good step responses for power codes ranging) k. b. Minto, ISICLE Tutorial User's Guide Schenectady, NY: Contr.

from 30 to 50. Finally, it has been demonstrated that the low-  Syst. Lab., GE-CRD, 1993.

i 2] S. Adibhatla, H. Brown, and Z. Gastineau, “Intelligent engine control
orderH,, controller can be augmented so as to avoid integratol* (EC)” in AIASA 92-3484. 28th Joint Propulsion Conf. Exhibit

windup when one or more of the actuators is forced against its  Nashville, TN, July 6-8, 1992.
limit. Areas of future research have been identified which will[13] D. F. Enns, “Model reduction for control system design,” Ph.D. disser-

make the techniques presented in the paper more appealing to tation, Dept. Aeronautics Astronautics, Stanford Univ., Stanford, CA,
1984.

practicing engine control designers in the industry. [14] S. Garg, “A simplified scheme for scheduling multivariable controllers
and its application to a turbofan engine,” presented at the Int. Gas
Turbine Aeroengine Congr Exhibition, Birmingham, U.K., June 1996,
ASME Paper 96-GT-104.
[15] R. Hanus, “A new technique for preventing control windu,’A vol.
. . . . 21, no. 1, pp. 15-20, 1980.
The state-space matrices of the linearized engine model fcHG] R. Hanus,‘?\sl). Kinnaert, and J. L. Henrotte, “Conditioning technique, A
PC 35 are general anti-windup and bumpless transfer methaéditomatica vol.
23, no. 6, pp. 729-739, Nov. 1987.

APPENDIX

[—4.1476 14108  0.0633
Aeng = 0.2975 —3.1244 0.0623
_—0.0429 —-0.1729 —-0.1325
[0.2491 0.0969 —0.0112 I:r)]eag E dFrederic_k (S’GOh—M_‘64I—LM’_OO) r(_eceive(i |
_ - the B.E. degree in mechanical engineering at Yale
Be“g = 102336 0.0335  0.0047 University, New Haven, CT, in 1955, the Sc.M. de-
_0-0624 0 0 gree at Brown University, Providence, RI, in 1961,
r b and the Ph.D. degree in electrical engineering at Stan-
8.7379 0 . (2 ford University, Stanford, CA, in 1964.
Ceng = | —3.3033  3.8052  0.0542 He was a faculty member in the Department of
2.1940 —2.5749 —0.0295 Electrical, Computer, and Systems Engineering,
- z Rensselaer Polytechnic Institute, Troy, NY, for 30
0 0 0 years, retiring in 1994. Since then, he has spent the
De][lg = 0.2383 —0.2748 0.0224 . majority of his time working on jet engine control
—0.1455 0.0580 —0.2293 problems for General Electric Aircraft Engines and for the GE Corporate
L . . . i Research and Development Center in Niskayuna, NY. He has coauthored three
books dealing with the modeling, analysis, and control of dynamic systems.
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