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Adaptive Control of Combustion Instability
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Shozo Koshigoe¤

The Aerospace Corporation, Los Angeles, California 90009
Toshihiko Komatsuzaki†

California State University, Long Beach, California 90840-8305
and

Vigor Yang‡

Pennsylvania State University, University Park, Pennsylvania 16802

In this study, an adaptive control system is developed for suppressing pressure oscillations in a generic com-
bustor, where the unsteady � ow� eld associated with the combustion instability is described by a nonlinear in-
homogeneous wave equation. Control action is achieved by injecting auxiliary liquid fuel, and is modeled as an
array of time-delayed combustion sources. The adaptive controller employs on-line system identi� cation (SID) for
robustness with respect to transient operating states, modeling uncertainties, external disturbances, and additional
modes of instability that may arise in the course of control. Comparisonsare made between the adaptive controller
and a previously developed proportional-plus-integral (PI) controller, in terms of performance (degree of oscil-
lation suppression, and speed with which oscillations are damped), robustness against plant parameter changes
(particularly unknown factors of the auxiliary characteristics), and control-fuel mass expenditure. The adaptive
controller exhibits goodperformance with a clear advantageover the PI controller in robustness. Also, the adaptive
controller with on-line SID stabilizes the pressure oscillations without exciting additional mode(s).

Nomenclature
Na = speed of sound in mixture
bk = spatial distribution of burning rate of control fuel
NCv = constant volume speci� c heat for two-phase mixture
d = diameter of chamber
E2

n = Euclidean norm of nth acoustic mode
e = error signal between desired response and actual

measurement
ec = error signal for controller adaptation
eid = error signal for SID adaptation
f = source term for boundary condition
h = noncontrol source term of wave equation
hc = control source term of wave equation
K D = derivative feedback gain
K P = proportional feedback gain
kn = wave number of nth acoustic mode
L = length of chamber
M = number of discrete combustion control sources
M1 = length of W(12)

id
Pm in = mass � ow rate of control fuel
N = number of acoustic modes used in model
Nc = length of Wc

N1 = length of W(11)
id

N2 = length of W (21)
id

n = unit outward normal vector
p = pressure
Np = mean chamber pressure
Qpin = output of SID model
psen = pressure sensor signal
NR = gas constant for mixture

r = position vector
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t = time
u = velocity
u in = total acoustic pressure input produced by Pm in

Wc = control parameter vector
W(11)

id = sensor part of SID parameter vector
W (12)

id = feedback part of SID parameter vector
W (21)

id = input part of SID parameter vector
Nc = speci� c heat ratio for mixture

D Hc = heat of combustion of control fuel
d = Dirac delta function with units, volume¡1

g n = amplitude of nth mode
l c = gain constant for controller adaptation
l id = gain constant for SID adaptation
t c = time delay associated with controller
t k = time delay associated with kth control combustion

source
w n = normal mode function of nth mode
x n = normal frequency of nth mode

Subscripts

c = controller
dc = constant component
id = system identi� cation
sen = sensor

Superscripts

0 = � uctuation
– = mean
¢ = time derivative

I. Introduction

T HE goal of actively controlling combustion instability has
received growing emphasis as a result of improvements in

modern control hardware and algorithms, as well as more strin-
gent system demands (such as reduced vibration tolerances in
rocket motors, or lower emission level requirements for gas-turbine
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engines). Adaptive control has demonstrated success in the related
� eld of active noise/vibration control,1 and offers important advan-
tages over state-of-the-art � xed-parameter control of combustion
instability.2¡4 When combined with on-line system identi� cation,
the adaptiveapproachescan be especially robust in the face of tran-
sient operatingstates,modelinguncertainties,externaldisturbances,
and additional modes of instability that may arise as a result of
the control actions. Concerning the combustion control hardware,
various actuation schemes have been proposed, including acoustic
forcing,5¡9 e.g., loudspeakers, periodic heat removal by controlled
water injection, excitationof reactive shear layers,10¡12 and regula-
tion of mass � ow rate through the combustor.13 The most promising
actuation appears to be controlled modulation of the fuel � ow14¡16

(primary or auxiliary), because the high-energy density of the con-
trol fuel makes feasible the extension to full-scalecombustors.Ref-
erences 17–19 provide more detailed reviews of the status of active
combustion control algorithms and hardware.

Although nearly all preceding active control schemes for com-
bustion instability have used � xed-parameter controllers, adaptive
approachesmay be practicallyessential to address the issuesof tran-
sient operating states, modeling uncertainties, additional modes of
instability that may arise, and external disturbances(such as noise).
An adaptivestrategywas employed in Ref. 12, but the controllerpa-
rameters were adjusted by direct minimization of the performance
cost function. System identi� cation (SID) can offer improvements
over directadaptationby utilizinginformationof the systemdynam-
ics to allow more intelligentupdatingof the controlparameters.The
adaptive controller of Ref. 15 used off-line SID, in which the I/O
frequency responses of the SID model and the actual combustor
were matched to determine the model coef� cients. Then, the model
parameterswere � xed for incorporationinto the adaptivecontroller.
Under certain conditions, in controlling the dominant mode(s) of
instability, the controller appeared to excite anothermode, although
its amplitude did not grow large. Perhaps on-line SID could avoid
this problem by providing a continuouslyupdated model of the sys-
tem dynamics, in the simultaneous presence of controller actions.
Furthermore, on-line SID eliminates the need for a separate SID
procedure before the controller can be activated. Whether or not
SID is utilized, the additional issues of stability and convergence
for an adaptive controller should also be addressed for successful
implementation into actual systems.

The methodology presented in this paper uses controlled injec-
tion of auxiliary fuel, with an adaptive controller employing on-line
SID for rapid and accurate optimization of the control action with
enhanced robustness. An analytical framework developed in Refs.
2–4 is used to treat the auxiliaryfuel combustionas well as the entire
oscillatory� ow� eld in a generic combustor.The adaptivecontroller
is based on work done in the � eld of noise/vibration control, specif-
ically on the problem of suppressing payload fairing internal noise.
Active noise-control technology was � rst applied to this problem
in Refs. 20 and 21, using a simpli� ed fairing model consisting of
an elastic plate backed by a rigid cavity. That controller has been
successfully upgraded to an adaptive controller with on-line SID,1

similar to the one developed here for controlling combustion insta-
bilities. Additionally, an established proportional-plus-integral (PI)
� xed parameter controller2¡4 is used for baseline comparisons.The
focus in this paper will be on controlling longitudinal instabilities
in a solid rocket motor, but application to other acoustic-coupled
modes and other types of combustors is feasible.

II. Formulation
The system under consideration is given in Fig. 1. Pressure sig-

nals from the combustor are fed to the SID and control unit, which
determines the appropriatecontrol commands for the auxiliary fuel
injector. The injected fuel then undergoes a distributed combus-
tion process to generate the excitations required to modulate the
unsteady motions within the combustor. The model describing the
oscillatory� ow� eld follows that of Fung et al.2 andFung andYang,4

which is based on the two-phase formulation established by Culick
and Yang.22 The basic idea is to formulate the conservation equa-
tions for a single-phasemedium into which the effects of the liquid

Fig. 1 Schematic diagram of solid rocket motor and control system
with distributed actuators.

phase can be incorporated.With the use of a perturbationexpansion
method, where the dependent variables are decomposed as sums of
mean and � uctuating components, the following wave equation is
derived for the unsteady motions in the combustor:

r2 p0 ¡
1
Na2

¶ 2 p0

¶ t 2
D h C hc (1)

with boundary conditions

n ¢ r p0 D ¡ f (2)

The source terms h and f include all of the in� uences of the pri-
mary fuel combustion(not includingthe combustionof theauxiliary
fuel), mean � ow, nonlinear gasdynamics, surface admittances, etc.,
and are de� ned in Ref. 22 along with the mean speed of sound, Na.
The source term hc represents the in� uence arising from the com-
bustion of the auxiliary fuel. With a knowledge of the mean � ow-
� eld and injector characteristics,and assuming that the combustion
response of the injected fuel depends primarily on the local � uctu-
ations in pressure and velocity, hc can be expressed as a function of
the control actions and the � ow oscillations.The details of how un-
steady � ow motions affect combustion and vice versa, are in some
ways the most essential, yet least understoodaspects of the general
combustion instability problem. The physicochemicalprocesses in-
volved can vary widely among different combustion systems, and
may entail complicated dynamics involving � ame stretching, fuel
droplet atomization, turbulent enhancementof transport properties,
gaseous-condensedphase interactions, etc. Here, the spatial distri-
bution of the controlled heat release is approximated as an array of
M discrete sources, and the generalized time-lag theory of Crocco
and Cheng23 is used to model the progress of the control fuel from
injection to complete combustion. The auxiliary fuel source term,
hc , then can be written

hc D ¡
NRD Hc

Na2 NCv

MX

k D 1

¶ Pm in(t ¡ t k )
¶ t

bk d (r ¡ rk ) (3)

The time delay, t k , is the time at which an element of fuel burns at
the kth combustion source, measured from the moment of its injec-
tion. The spatial distributionparameter,bk , measures the fractionof
control fuel currently burningwithin the volume representedby the
kth combustionsource, located at rk . Conservationof mass requires
that

MX

k D 1

bk D 1

To solve Eq. (1), an approximatetechniquebased on the Galerkin
method is employed, in which the � uctuating pressure and velocity
� elds are expressedas seriesof the acousticnormal modes with time
varying coef� cients g n(t ):

p0(r, t) D Np
1X

n D 1

g n(t ) w n (r), u0(r, t ) D
1X

n D 1

Pg n(t )
Nc k2

n

r w n (r)

(4)

Here w n is the nth acousticnormal mode, which is an eigenfunction
solution to Eqs. (1) and (2), after assuming time-harmonic behavior
and setting all of the source terms equal to zero. By substituting
Eq. (4) into Eq. (1), and applying the Galerkin method using the
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normal modes as weighting functions, the following system of dy-
namical equations is found for the time evolution of each mode:

Rg n C x 2
n g n D

Na2

NpE2
n

MX

k D 1

[bk uin(t ¡ t k )]w n(rk)

¡
NX

i D 1

fDni Pg i C Eni g i g ¡
NX

i D 1

NX

j D 1

fAni j Pg i Pg j C Bni j g i g j g (5)

The coef� cients Dni and Eni represent all linear processes in h and
f , and Ani j and Bni j arise from the nonlineargasdynamicprocesses;
these coef� cients are de� ned in Ref. 22. The function, uin(t ¡ t k ),
represents the actuation of the kth control combustion source, and
is related to the controlled fuel � ow rate as follows:

uin(t ¡ t k ) D
NRD Hc

Na2 NCv

¶ Pm in(t ¡ t k)
¶ t

(6)

In Fig. 1, the control input to the system from each of the discrete
combustionsources is representedas u1, u2, . . . , uM . These individ-
ual inputs are not independent of each other, nor do they explicitly
appear in the controlalgorithm.The only quantitythat the controller
actually controls is the � ow of fuel through the auxiliary injector.
However, this single controlledquantity is manifestedas the M dis-
crete control combustion sources according to the model outlined
earlier.

III. Controller Algorithms
The purpose of the controller is to determine an appropriate

u in(t ¡ t k) for suppressing the combustion instability, based on in-
formationprovidedby the sensor.Many well-developedtheoriesex-
ist for the synthesisand optimizationof � xed-parametercontrollers,
and the resulting designs are usually simpler and cheaper to imple-
ment than their adaptive counterparts.However, transientoperating
states and uncertainor incompletemodels are typicallyencountered
for combustion control problems, as well as unpredictable distur-
bances (such as noise), and other modes of instability that may arise
in the course of control.Under such off-designcircumstances,� xed
parameter controllers will generally suffer decreased performance
at best, and complete failure at worst. Adaptive controllers, with
the ability to automatically adjust themselves to the situation at
hand, can offer acceptable performance over a range of operating
conditions in the presence of modeling uncertainties/inadequacies,
external disturbances, and additional modes of instability that may
arise. In some combustioncontrolapplications,adaptiveapproaches
may be the only viable alternative.An adaptive controller is studied
here with a � xed parameter controller2¡4 considered as a baseline
for comparison.

In controlling combustion instability, it would be advantageous
to have an actuator that could both add and subtract heat from the
� ow� eld according to the prespeci� ed requirements.The Rayleigh
criterion provides that acoustic waves are damped if heat is added
during the rarefaction phase of the local pressure � uctuations, or
if heat is removed during the compression phase. At a single point
in space, Rayleigh’s criterion can be expressed mathematically in
terms of the time-integratedproductof the local pressure � uctuation
and heat release � uctuation, Pq 0, as follows:

Z

T

p0 Pq 0 dt (7)

Here, T is the period of the pressure oscillations. If this integral
is positive/negative, the unsteady heat release at the given point
tends to drive/damp the instability. Notice that it is the � uctuation
of heat release that is the quantity of interest. Although combustion
of the auxiliary fuel is always an exothermic process, a negative Pq 0

is viewed by the instability as a removal of heat relative to the mean
heat release. This is practically realized by allowing for a constant
component in the auxiliary injector fuel � ow:

Pm in D Pm in,dc C
Z t

0

Pm in dt 0 D Pm in,dc C
Na2 NCv

NRD Hc

Z t

0

u in(t
0) dt 0 (8)

Here, Pm in,dc is the unmodulated mass � ow rate. By decreasing the
mass � ow of auxiliary fuel below Pm in,dc , the controller can effec-
tively remove heat, relative to the mean � ow conditions.Of course,
the maximum amount of heat removal would be limited by the size
of Pm in,dc, because the injector cannot physically have a negative
mass � ow rate. Any control signal calling for negative mass � ow
rate would therefore be clipped at zero; hence, increasing Pm in,dc

increases the clipping margin.
Following Refs. 2–4, a proportional-plus-integral scheme is used

for the � xed parameter controller. Because it is the time deriva-
tive of the fuel injection rate that exerts direct in� uence on the
oscillatory � ow� eld, the PI control law is equivalent to introducing
proportional-plus-derivative (PD) control action:

uin(t ) D
NRD Hc

Na2 NCv

¶ Pm in(t )
¶ t

D K P e(t ¡ t c) C K D Pe(t ¡ t c) (9)

where e(t ) is the error signal between the desired system response
and the measuredpressure� uctuation.In this study, the chamberos-
cillationsare monitoredby a point sensor locatedat positionrs , with
output psen . The controller time lag, t c , is the actual time required
for data acquisition,signal processing,and dynamic responseof the
fuel-injectionmechanism. Because this time lag applies uniformly
to all M control combustion sources, it can be simply absorbed into
the time lag of each source, t k . The methodology for choosing K P

and K D to minimize controller sensitivity to variations in actua-
tor time delay, and to minimize control input energy, is detailed in
Refs. 2 and 4.

The actuation for the adaptive controller can be speci� ed as

uin(t ) D NpCtrl(t ¡ t c) (10)

As before, the controllertime lag can be absorbedinto the t k . In real-
ity, the adaptivecontrollerwould employ digital � lters and discrete-
time signal processing, and so the following digital expression for
Ctrl is used:

Ctrl(i ) D
NcX

j D 0

[Wc(i )] j psen(i ¡ j ) (11)

where Ctrl(i ) and psen(i ) are the control signal and sensor signal,
respectively,at the i th discretized time step. The control parameters
[Wc(i )] j , for the i th time step, are contained in the vector Wc(i ) of
length Nc, and determine how the sensor measurement is used to
generate the control action. For example, limiting Wc(i ) to a sin-
gle element (Nc D 1), and setting [Wc(i )]1 D K P / Np, the adaptive
controllerwould basically serve as a digital proportionalcontroller,
i.e., a digital version of the PI controller with K D D 0 in Eq. (9).
Lengthening Wc effectively allows higher-order derivative- and/or
integral-type control laws. Furthermore, the adaptive controller al-
lows the elements of Wc to be changedat each time step. Determin-
ing an appropriate updating scheme for these control parameters is
the essential task in this adaptive control problem.

In this study, on-line SID is used in determining control parame-
ters Wc , which yield suppressionof the combustion instability.The
basic idea is to maintain a simpli� ed genericmodel of the controlled
system, from which information can be derived for intelligent up-
dating of the control parameters.The SID model employedhere has
the following form:

Qpin(i ) D Y1(i ) C Y2(i ) (12)

where Qpin(i ) is the SID model output at the i th time step. The digital
� lter Y1 has psen as input, and includes the feedback term, and Y2

has the control signal as input:

Y1(i ) D
N1X

j D 0

W (11)
id (i )

j
psen(i ¡ j )

C
M1X

j D 0

W (12)
id (i )

j
Qpin(i ¡ j ¡ 1) (13)
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Y2(i ) D
N2X

j D 0

W (21)
id (i )

j
Ctrl(i ¡ j ) (14)

The SID parameters are contained in the vector Wid(i ), which is
split into three parts: W(11)

id (i ), W(12)
id (i ), and W(21)

id (i ) of lengths N1,
M1 , and N2, respectively.The SID parameters are adjusted at each
time step to minimize the SID error, de� ned as

e2
id(i ) D 1

2 [psen(i ) ¡ Qpin(i )]
2 (15)

If the precedingquantityis kept small, that means the SID model has
converged and is accurately reproducing the behavior of the com-
bustion system. However, because Eq. (11) can hardly be expected
to comprehensively represent the physics of the problem, the con-
verged model is likely to be valid only over a short period of time.
Furthermore, changing operating conditions would also eventually
make a converged model obsolete. Therefore, the SID model pa-
rameters are updated at each time step as follows, to keep the model
currently accurate (albeit only locally valid).

W(11)
id (i C 1) D W(11)

id (i ) ¡ l idr (11)
id e2

id(i ) (16)

W(12)
id (i C 1) D W(12)

id (i ) ¡ l idr (12)
id e2

id(i ) (17)

W(21)
id (i C 1) D W(21)

id (i ) ¡ l idr (21)
id e2

id(i ) (18)

This updating scheme is based on the least-mean-square (LMS)
algorithm described in Ref. 24. The gain constant, l id , is chosen
large enough to allow rapid convergence of the system identi� -
cation, yet small enough to ensure stability of the algorithm. The
operator, r(nm )

id , is the gradient taken with respect to the elements of
the (nm) part of the SID parameter vector. Speci� cally, the j th ele-
ment of each of the last vector terms in the preceding equationsare,
respectively,

r (11)e2
id(i ) j

D eid(i )
¶ eid(i )

¶ W (11)
id (i )

j

D ¡[psen(i ) ¡ Qpin(i )]psen(i ¡ j ) (19)

r (12)e2
id(i ) j

D eid(i )
¶ eid(i )

¶ W (12)
id (i )

j

D ¡[psen(i ) ¡ Qpin(i )] Qpin(i ¡ j ¡ 1) (20)

r (21)e2
id(i ) j

D eid(i )
¶ eid(i )

¶ W (21)
id (i )

j

D ¡[psen(i ) ¡ Qpin(i )]Ctrl(i ¡ j ) (21)

To use the on-line SID to update the controller parameters, the
controller error at the i th time step is � rst de� ned:

e2
c (i ) D 1

2 [ Qpin(i )]
2 (22)

We wish to damp out the oscillations within the chamber, which
corresponds to minimizing e2

c (i ) for convergedSID. The following
LMS-based updating is therefore used for the control parameters:

Wc(i C 1) D Wc(i ) ¡ l crce
2
c (i ) (23)

where

rce
2
c (i )

j
D ec(i )

¶ ec(i )
¶ [Wc(i )] j

D Qpin(i )
N2X

j D 0

W (21)
id (i )

j
psen(i ¡ k ¡ j ) (24)

Therefore, the information concerning combustor behavior gained
from the SID model has been used to adjust the control parame-
ters. Speci� cally, Qpin and W(21)

id enter into the update law. The gain

Fig. 2 Adaptive controller with on-line system identi� cation.

Fig. 3 Pressure oscillations at chamber head end as a function of time
and frequency.

constant, l c, determines the convergencespeed and stability of this
updating. The overall structure of the entire adaptive controller is
given schematically in Fig. 2.

IV. Discussion of Results
The adaptive control system is exercised on a model problem, in

which oscillations in a solid booster rocket motor are controlled
using monomethylhydrazine (MMH) as the auxiliary fuel. The
model parameters for the combustion chamber used here are shown
next. Na D 1270 m/s, Np D 4.83 MPa, L D 33 m, d D 1.7 m, Nc D 1.2,
NR D 378 J/kg/K, NCv D 1571 J/kg/K, and D Hc D 28.3 £ 106 J/kg.

These numbers are representativeof a large solid rocket motor, for
which longitudinal combustion instabilities are the most common
modes.To make the simulationmore representativeof realisticcom-
bustor performance, modal frequency shift (each mode frequency
was changed by 20% of its original value) and stochastic behavior
are includedin the simulation.An exampleof uncontrolledbehavior
is given in Fig. 3. The pressure-timetrace at the head of the chamber
is for an initial disturbance of 0.5 psi, which grows and reaches a
limit cycle with an amplitudeof about 3% of the mean pressure.The
frequency spectrum clearly shows the existence of the � rst (22 Hz)
and higher modes.

For the PI controller, Fig. 4 presents the contours of normalized
energy of the pressureoscillationas a functionof the derivativegain,
K D , and the injection time delay, t norm (normalized by the period
of the fundamental mode). The normalized energy is calculated
by using Eqs. (2), (5), and (6). The solid white portions of Fig. 4
represent regions where the PI controller is unable to suppress the
instability;therefore,the controlleris not stablewhen the time delay
equals approximatelyhalf the period of the fundamentalmode. For
any time delay, K D exist that make the controller unstable, and so
the PI controller is not robust with respect to changes in time delay
or K D . Also for the PI controller, Fig. 5 shows the contours of total
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Fig. 4 Normalized energy of controlled oscillations as a function of
normalized injector time delay and PI control parameter, KD .

Fig. 5 Total mass of control fuel used over 5 s of control action as a
function of injector time delay and PI control parameter, KD .

Fig. 6 Comparisonof controlledpressure time traces for injection time
delay, ¿norm = 0.9 and PI control parameter, KD = ¡ 1.4, using a) PI
controller; b) adaptive controller; and the corresponding Çm traces, c)
and d), respectively.

injected control fuel over 5 s of control simulation for different
values of t norm and K D . The total amount of fuel used for control
is an important practical concern, especially for systems like the
current one, which has stringent volume or weight limitations.

A comparison between performance of the adaptive and PI con-
trollers is made in Fig. 6. The control parameter, KD D ¡1.4, and
the injection time delay, t norm D 0.9, are chosen so that the PI
controller shows good control performance with reasonably small

control fuel consumption. Both controlled pressure-time traces ex-
hibit rapid suppression of the pressure oscillation, with the PI con-
troller reducing the initial disturbance to within the noise level in
about 0.5 s, and the adaptive controller damping the disturbance
in about 0.75 s. The corresponding mass � ow rates are given as
functions of time. These results are obtained by assuming a value
of Pm in,dc large enough so that there is no clipping of the mass � ow
rate. The adaptive controller appears to use signi� cantly more con-
trol fuel in the initial damping period. Once the combustorhas been
stabilized, both controllers maintain similarly low oscillation am-
plitudes, but noticeable modulation of the control fuel still occurs,
probably as a result of the stochastic disturbances. During the sta-
bilized period, e.g., for times past 1 s, these oscillationsin auxiliary
fuel � ow have peak-to-peak variations within about 0.1 kg/s for
the PI control, and within about 0.4 kg/s for the adaptive control,
which is nearly enough to clip the control fuel � ow at some points.
For times after 2 s, the local time-averaged � ow rate of the control
fuel appears to stay slightly above 0.3 kg/s for the PI controller, but
is generally lower for the adaptive controller, around 0.2 kg/s. So

Fig. 7 Controlled pressure time trace and corresponding Çm time trace
for adaptive controller, with injector time delay ¿norm = 0.5.

Fig. 8 Comparison of controlled pressure for Çmin; dc = 0 with ¿norm =
0.9 and KD = 1.4, using a) PI controller; b) adaptive controller; and
corresponding Çm time traces, c) and d), respectively.
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based on the 5 s of control history shown in Fig. 6, the adaptive
controller expends more fuel to initially control the instability, but
uses less fuel in maintaining stability, once the combustor has been
controlled. Ideally, the system would spend all of its time in a con-
trolledstate,making the adaptivecontrollermore fuel ef� cient in the
long run.

The robustness of the adaptive controller has been tested with
respect to several different injection time delays, and was found to
be stablein all cases.Figure7 shows thecontrolledpressuretraceand
the corresponding control fuel mass � ow-rate trace of the adaptive
controllerwith t norm D 0.5. The PI controlleris unstable for this time
delay. The adaptive controller clearly demonstrates its advantage
over the PI controller for robustness in terms of injector uncertainty
(represented by uncertainty in the time delay). Comparing Figs. 6
and 7, for t norm D 0.5 the adaptive controller shows faster damping
of the initial disturbance than the PI controllerwith K D D ¡1.4 and
t norm D 0.9, or the adaptive controllerwith t norm D 0.9.

Robustnessof the two controllersis also examinedwith respect to
clipping of the control fuel � ow rate. In Fig. 8, t norm D 0.9, and the
unmodulated mass � ow rate, Pm in,dc D 0, is chosen so that roughly
half of the modulatedmass � ow rate is clipped.The PI controllerex-
erts very limited in� uenceon the unsteadymotions,with substantial
persisting oscillations. The adaptive controller, however, keeps the
oscillations at a signi� cantly lower amplitude, illustrating superior
robustnessof the adaptive controllerwith respect to the control fuel
� ow clipping.

Figure 9 compares the PI and adaptive controllers on the bases
of control fuel consumption and pressure oscillation suppression
vs unmodulated control fuel � ow. The total injected control fuel
mass and normalized energy of the pressure oscillations are plotted
as functions of the unmodulated mass � ow rate, Pm in,dc for both the
PI and adaptive controllers with time delay t norm D 0.9. The plots
show that the adaptive controller uses slightly more total control
fuel than the PI controller, especially for higher values of Pm in,dc,
where there is no clipping (above 1 kg/s, approximately). How-
ever, the adaptive controller shows de� nite performance advantage
over the PI controller for smaller values of Pm in,dc, where clipping
occurs.

Fig. 9 Comparison of total injected fuel mass vs Çmin;dc using a) PI
controller; and b) adaptive controller for the injection delay ¿norm =
0.9; and normalized energy vs Çmin;dc , c) and d), respectively.

V. Conclusions
In this study, an adaptive control system utilizing on-line system

identi� cation is developed for suppressing combustion instabilities
in a genericcombustor.Pressure oscillationsare describedby a non-
linear inhomogeneouswaveequation.Thecontrolsystemconsistsof
a pressure sensor, the controller,and a fuel injector,with the control
fuel combustionrepresentedby an array of time delayeddistributed
combustion sources. To test the control strategy, simulations are
conducted for control of combustion instabilities in a large solid-
propellant rocket motor. The controller performance is examined in
terms of robustnessagainst plant parameter changes (especially un-
known factors concerning control injector performance), pressure
oscillation suppression speed, and control fuel mass consumption.
The adaptive controller is compared with a � xed parameter (PI)
controller, showing that the adaptive controller is more robust with
respect to system uncertainty. Speci� cally, the adaptive controller
demonstratedacceptableperformanceover a rangeof injection time
delay and unmodulatedcontrol fuel � ow, whereas the � xed parame-
ter controller did not. For optimal conditions, the PI controllermay
exhibitsomewhatbetterperformancethan theadaptivesystem;how-
ever, the robustness advantagesof the adaptive controller de� nitely
make it a more attractive choice for practical applications. Addi-
tionally, in all cases considered,the adaptivecontrollerwith on-line
system identi� cation suppressed the dominant modes of instability
without exciting another mode(s).
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