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Fixed-Order Dynamic Compensation for Axial Flow Compression Systems

Wassim M. Haddad, Joseph R. Corrado, and Alexander Leonessa

Abstract—in this paper, we develop linear fixed-order (i.e., ful-  where ® is the time rate of change of the mean flow in the
and reduced order) pressure rise feedback dynamic compensators compressar and k; and k, are constants, Badmust al.
foraIX|aIrowc.ompressorSW|th throttleyalveaptuatlon.Unllkethe [4] considerably extended the domain of attraction of the
nonlinear static controllers proposed in the literature possessing - . .
gain at all frequencies, the proposed dynamic compensators Liaw and Abed controller. A fundamental shortcoming of the
explicitly account for compressor performance versus sensor aforementioned controllers is the demanding two-dimensional
accuracy, compressor performance versus processor throughput, sensing requirements for implementing these controllers.
and compressor performance versus disturbance rejection. Fur-- g iically, measuring rotating stall amplitude is quite chal-
thermore, the proposed controller is predicated ononly pressure . . . 8 L
rise measurements, providing a considerable simplification in the €Nging, requiring circumferentially distributed sensor arrays
sensing architecture over the bifurcation-based and backstepping around the compressor annulus with discrete Fourier transform
controllers proposed in the literature. software for spatial and temporal filtering for computing the

Index Terms—Axial flow compressors, disturbance rejection, firSt Circumferential Spatial hal’moniC Of I’Otating Sta”. As
pressure rise feedback, reduced order control, rotating stall, surge. an alternative to the locally stabilizing nonlinear controllers
developed in [2]-[4], the authors in [5]-[7] develop globally
stabilizing controllers for controlling rotating stall and surge in
axial flow compression systems. In particular, Lyapunov-based
recursive backstepping globally stabilizing stafigll-state
feedback nonlinear controllers requiring rotating stall ampli-
] . tude measurements are constructed in [7], while a globally
A FUNDAMENTAL development in compression systenapilizing statiooutputfeedback nonlinear controller is given

modeling for low-speed axial compressors is thg (6] Specifically, the Krsficet al. [6] static output feedback
Moore-Greitzer model given in [1]. Using the Moore—Greitzetgntroller is given by

model, a bifurcation-based controller for rotating stall was
developed by Liaw and Abed [2]. In particular, the Liaw and
Abed static nonlinear controller is given by

I. INTRODUCTION

F+61\I/—CQ(I>
VI

whereV is the pressure rise in the compresgois the circum-
ferencially averaged flow in the compres8andl’, ¢;, andcs

are constants. Even though (3) provides a simplified sensing ar-
where vt (A) is the control throttle A is the amplitude of chitecture over (1) and (2), the controller is static, possessing
the rotating stall, ando andk are constants. However, as notegain at all frequencies. Furthermore, none of the above con-
by Evekeret al.[3], even though the Liaw and Abed controllerrollers have any disturbance rejection guarantees.

reduces the abrupt transition into rotating stall, it is ineffective |, this paper, we develofinear time-invariant pressure

for surge. Modifying the static nonlinear controller given by (1)ise feedback reduced-order dynamic compensators for the

to nonlinear Moore—Greitzer axial flow compressor model.
. . Specifically, we construct a modified Riccati equation whose
Yenrot (A, @) = v + k1 A% — ka® ) ; - i
throt\-/4 0 1 2 solution guarantees that the nonlinear closed-loop axial flow
compression system is locally asymptotically stable and
the closed-loop output system energy is less than the net
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guaranteeing local asymptotic stability and disturbance rejeaguilibrium is translated to the origin, it follows that the trans-
tion are developed. Unlike the nonlinear static and relativated nonlinear system is given by
degree zero controllers possessing gain at all frequencies

i i i - o o |1
discussed _a_bove, the proposed linear dynamic compenxl(t) =21 - e -2 {_le»,(t)
sators explicitly account for compressor performance versus 2 214
sensor accuracy, compressor performance versus processor 9
throughput, and compressor performance versus disturbance +a1()22(t) + 2201 (H2(t)| + Prws(t)
rejection. Furthermore, the proposed controller is predicatedxl(()) =z1,, t>0 (7
on only pressure rise measurements, providing a considerable 3 ) 2
simplification in the sensing architecture. 2(t) = —w3(t) + 5(1 = ANz2(t) — Sa3(t)

3 3 3
2 4 4
0) = 8
[I. THE OUTPUT FEEDBACK DISTURBANCE REJECTION z2(0) a:120 )
CONTROL PROBLEM FORAXIAL FLOW COMPRESSIONSYSTEMS #3(t) = [3_2[$2(t) — u(t)] + Baws(t)
To capture post-stall transients in axial flow compression sys-x3(0) = T3 9)

tems, we use the one-mode Galerkin approximation model for A A

the partial differential equation characterizing the disturbangéerer = ¢ andu = &7 — A. Decomposing (7)—(9) into a
velocity potential at the compressor inlet proposed by Mool@ear and a nonlinear part, we obtain the state-space model
and Greitzer [1]. This model, without external disturbances, is

given in [1], and with external disturbances is given by &1(t) F(1=A%) . 0 , 0| [z:(d)
At) = S A |1 - B2(t) — ZA?(t) + Brwy (1) (-2 0 0
0o -1 t 0 t
A0) = o, 250 @ £ 0 b+ | O )
L 32
O(t) = —V(t) + Vc(D(t) — SR A* () + Pawa(t) (B 0 0] [wi(t)
.( : 10 ©) |0 0 fBs] |ws(t)
(t) = /3—2[‘1’( ) = Qo ()] + Baws(?)
where
W(0) = ¥ (6)
1o o] |m®
where @ is the circumferentially averaged axial mass flow vo(t) = [0 1 0} 3728
in the compressory is the total-to-static pressure rise, 5 3 )
is the normalized stall cell amplitude of angular variationg(,(¢)) — { 2i(f) + 4o ()z5(f) + 8Az1 (2o (t) |
capturing a measure of nonuniformity in the flod is the 3Az1(t) + 3w1(t)z2(t) + 6Azy(t) + 225(1)

mass flow through the throttle; and 5 are positive constant . . L
g f P Now, it can be shown that the linear part of (10) is linearly sta-

parametersic( - ) is a given compressor pressure-fow mapbilizable forx > 1, while for A = 1, corresponding to the max-

andw; (t), w2(t) andws(t),t > 0 are L, external disturbance . ) iibri it the i ¢ of (10) i
signals with scaling factorsy, fs, 35 € R. The specific Imum pressure rise equilibrium point, the linear part o (10) is

compressor pressure-flow maq-( - ), which was considered linearly unstabilizable. With the system written in this form, we

in [1], is Ue(®) = Wy, + 1+ (3/2)® — (1/2)@°, whereWc, can now state the dynamic output feedback control problem for

is a constant parameter. Furthermore, we consider a throvft‘vfgiilrﬂfwr con;tptrﬁssflorrrlnS)l/sttier:?.rFor d%rennenrai“?: ?Le);ﬁﬁs't'ron’
characteristic given by = —(1/793,...)®5, Wwhere ¥y is € irst present the formulation for andimensional nontinea

the drop in pressure through the throttle. The proposed addit namical system and then specialize it to the system given by

|
disturbance model can be used to capture combustion noise Slng ' . .
turbine speed fluctuations. For examples(),# > 0, might ynamic Output Feedback Control Problem for Nonlinear

reflect back-pressure disturbances to the compressor from §¥est§ms:leen t.he nth-order stabilizable and detectable
combustor. nonlinear dynamical system

Next, note that for fixed values of flow through the throttle, ) — A B B D
or(t) = P71, (4)—(6) have an equilibrium point given by &(t) = Az(t) + Bod(yo(t)) + Bu(t) + Dyw(?)
(Ao P Veq) = (0,27, U (Pey)). Defining the shifted z(0) =xzo, t20 (11)
state variables; = A,zy 2 & — Doy, anda Sy— Wy, SO Yo(t) = Coz(?) (12)

that for a given equ'l'b”um PO'T“ on the axisymmetric branch 3Here, stabilizability and detectability are defined with respect to the linear
of the compressor characteristic pressure-flow map the systgan of the dynamical system (11), (12).
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with output measurementgt) = Cx(t) + Dow(t), where Ill. SUFFICIENT CONDITIONS FORCLOSED-LOOP STABILITY
w(t) € R™ y(t) € RLyo(t) € Rt > 0,6 : Ro — R™o, AND DISTURBANCE REJECTION

and wherew(t) € R, ¢ > 0, is an exogenous signal, each | yhis section, we provide a Riccati equation that guarantees

of whose components has norm less than one, determine,@jmtotic stability of the undisturbées(t) = 0) closed-loop

nc.th-order linear time-invariant dynamic compensator system (11)-(14) as well as disturbance rejection of the
disturbed closed-loop system in the face &f exogenous

& (t) = Aczo(t)+ Bay(t), 2(0) =2, t>0 (13) disturbances. First, however, note that the closed-loop system
u(t) = Coze(t) (14) (11)—(14) has a state-space representation given by
(t) = A#(t) + Bog(yo(t)) + Du(t)
that satisfies the following design criteria. #0) =9, t>0 (19)
1) The undisturbedw(t) = 0) closed-loop nonlinear 2(t) = Bi(t) (20)

system (11)—(14) is asymptotically stable.
2) The disturbed closed-loop system (11)—(14) frogyhere
Ly disturbances w(-) to performance variables
2(t) = Ejz(t) + Fyu(t), satisfies the disturbance O z(t) } A2 { A BCC}

rejection constraint xc(t) B.C A,
o4 Bo Ha | D1
g T 2 g T Po= [Oncxmo}’ b= {BCDJ
2 (s)z(s)ds < / w” (s)w(s) ds . A N
/0 ¢ 0 yo(t) = O‘T(t)v CO = [CO Olg XNp ]7 E= [El EQCC] .

+V(&(0)), T >0, w(-) € Ly (15)
Furthermore, we assume that the nonlinear part of (11), or,

wherez(t) € R’,t > 0,74 > 0is a given constant, equivalently, (19), is such that(-) € ©p, where

i) 2 [+T¢) «T(#)]T, andV(-)is a Lyapunov func-

A mo . _
tion for the closed-loop system (11)—(14). Op ={¢p:D = R™ :4(0) =0,

2 —2 2
3) The quadratic performance functional [6wolllz < 7. “llwollz; wo € D} (21)
- whereD C RY is a closed set angl,, > 0 is given. For the
J(A., B., C.) = / 2T (8)2(t) dt (16) statement of the main result of this section, define the notation
0 A2 n+tn.,R2 ETE, andV 2 DDT and setD = Rb.

Theorem 3.1:Let (A., B, C..) be given and suppose there
with w(t) = 0 is minimized. exists arf x 71 positive—definite matri¥” and scalars, 4, v, >
Note that sensor accuracy can be accounted for through thsatisfying
matrix Dy. Furthermore, processor throughput is enforced by
setting the order of the linear compensator given by (22) afd= A” P+ PA+~;2PV P
(23). For the axial compressor model given by (10), the plant +7;2PBOBOTP + égéo +eP+ R (22)
is only third order, and thus reduced order control is not nec-
essary. For higher order models, however, the ability to use fgyen the functior’ () = #T P, is a Lyapunov function that
duced order control becomes much more important. Finally, dignarantees that the undisturbed(t) = 0) closed-loop system
turbance rejection levels are set with the parameter (19), (20) is globally asymptotically stable for @l - ) € P, .
We now specialize this problem to the axial compress@#urthermore, the solutio(t),# > 0, of the nonlinear system
Specifically, for the three-state parameterized Moore—Greitzg9), (20) satisfies the disturbance rejection constraint
model given by (10) with pressure rise measurements, the

system matrices in (11) and (12) are given by /T 2T (s)z(s) ds < 42 /T w? (s)w(s)ds + V(o)
0 0

f2(1- ) 0 0 T>0, w(-)eLs (23)
A= 0 S(1=27) -1
0 % 0 Finally, in the case where(t) = 0, the performance functional
r o ’ (16) satisfies the bound
—s 0 100
1
Bo=| 0 —i|, o= [O N O} 17) oo
o 0 I(io, Au, Be, C) = / A7) dt < V(io).  (24)
C 0 B 0 0 0
B = 01 , Di=]0 B 0|, C=[0 0 1]. Proof: Firstnote that sincé is positive definite, it follows
|~ 3 0 0 fs that the Lyapunov function candidat&(#) = &% P is posi-

(18) tive definite forz # 0. The corresponding Lyapunov derivative
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along the trajectorie(t), ¢ > 0, of the undisturbe¢w(¢) = 0) Finally, to show that the performance functional (16) satisfies
closed-loop system (19), (20) is given by the bound (24), note that (27) implié§z(t)) < #7 (t)Rz(t).
Now, integrating ovef0, co) yields
. A ~
V(#(t) = V(@) [A#(t) + Bog(yo(t))] oo o
=T ()(ATP 4+ PA)#(t) / 2 (H)2(t) dt < —/ V(&(t))dt. (32)
+2i() PBod(un()),  t20  (25) ’ ’
Next, sincez(t) — 0 ast — oo, wherez(¢),¢ > 0, satisfies
or, equivalently, using (22) (19) withw(¢) = 0, we obtain
V(E) = -7 (¢) [CP +~72PVP + R] i(t) I (&0, Ac, Be, Cc) < V(#(0)) — lim V(&(#))
SR VP BoBL Pi(t) = V(&(0)) = & Pio.
& (1)CF Co(t) + ¢ (yo(t)) B3 P(t) 0
+ £T<t>PBo¢<yo<t>>, t>0. (26)

Theorem 3.1 guarantees global asymptotic stability of a gen-
eral nonlinear dynamical systemdf - ) € ®p with D = R.

Now, adding and subtracting’¢” (yo(t))¢(%o(£)),t 2 0,10 However, for the three-state axial compressor model given by

and from (26) and grouping terms yields (10),¢( ) € ®p is not satisfied foD = R% and global asymp-
o - totic stability cannot be guaranteed. Hence, to obtalacal
V() = -7 (t) [GPJF’M PVP+ R} (1) stability result for the parameterized compressor model given
2267 (o (1) (w0 (1)) — v (H)yo(t) by (10), we re_strlctD to the setD,., whereD. is the smallest
o e compact set given by
— [ BEPa(t) - md(wo(®)]
AT B D. = {yo € R : |p(wo)lI3 < 7 %llmol3}  (3)
x [ B PR — vadwo®)] . £z 0. (27) ’

whereg(yo), yo € R, is the nonlinear part of (10).
SinceeP is positive deflnlte’yd 2PV P+ Risnonnegative defi-  Proposition 3.1: For the axial flow compression system
nite, andy2¢” p—yd yo < 0, itfollows thatV' (#(¢)) < 0,£ > 0, given by (10),D. is not empty.
and hence the undisturbgd(t) = 0) nonlinear closed-loop Proof: Defining f(yo) 2 2T 0 — ¢ (yo)d(wo), it

system (19), (20) is globally asymptotically stable. follows that
Next, to show that the disturbance rejection constraint (23)
holds, note that Fyo) = 772 (22 + @3) — 22 [#2 + dwa(2A + 22)]°

o T L. — [342 2 2
0< (47 D Pi —aw) (17" D" Pi — qaw) [Bei(h + 22) +203(3A +22)] " (34)

=57 2;Tpy Py — 247 prJr,ydw w Now, since f/(0) = 0, where f/(0) denotes the Frechét
4T RE — 2, weRY 28) derivative of f( - ) at the origin, and
. 2,2 0
Now, letw(-) € Ly and leti(t),t > 0, denote the solution of THOES [ 761 27_2} >0 (35)

the nonlinear closed-loop system (19), (20). Then

- U - — wheref”(0) denotes the Hessian ¢ - ) at the origin, it follows

V(@) =&~ ()AL + PA)E(t) — 267 (yo(t)) Bo Pi(?) that the origin is a local minimizer of( - ), with f(0) =
+2z"(t)PDw(t), t>0  (29) Thus, sincef(-) is continuous, there exists a neighborhood of

the origin wheref(yo) > 0,40 € R" \ {0}, and henceD. is

which, using (22) and (28), implies not empty. O
. o o Next, note that/ (o, A., B.,C.) < &4 P&y = tr P,
V(i(t)) < 287 (£)PDw(t) — ;%% () PV Pi(t) which has the same form as the standdwd cost ap-

— 2T (H)Ra(t) pearing in standard LQG theory. Hence, we replagel by

~ AN L ~ ~ ~ ~
< 2wl (w(t) — 2L (1)), t>0. (30) V= dl_ag[Vl,Bc_VchT]_, whereV; € R andV, € R™
are arbitrary design weights such that> 0 andV; > 0, 9pd
Now, integrating (30) ovejo, 7] yields proceed by detgrmining controller gains that minimtizé)V. .
Before proceeding, however, we shall require for technical
. T . reasons thats = DoDI = a2Vs, where the positive scalar
V(D) < /0 [aw" (shuw(s) = 2" (s)2()] ds +V(@0) i a design variable such that= 0 if and only if Dy = 0.
T>0, w(-)eLs (31) Next in the spirit of [8],7(P, A., B.,C.) 2 tr PV can be
interpreted as an auxiliary cost which leads to the following
which, by noting that/ (£(T)) > 0,7 > 0, yields (23). optimization problem.
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Optimization Problem:Determine(A.., B.,C,) that mini- Then
mizesJ (P, A., B, C.) 2 tr PV with P > 0 subject to (22) Py P _paT
and such thatA., B., C.) is minimal. P = [ _ap GISGT:|

It follows from Theorem 3.1 that by deriving necessary
conditions for the optimization problem, we obtain sufficiengatisfies (22) and(A., B.,C.) is an extremal ofj(ﬁ’
conditions for characterizing dynamic output feedback cont,. B,,C.). Furthermore, the undisturbeiw(t) = 0)
trollers guaranteeing closed-loop system stability and distwtosed-loop system (19), (20) is globally asymptotically stable
bance rejection toC, exogenous disturbances. for all ¢(-) € Pgu,. Alternatively, if ¢(-) € ®p_, then the

undisturbedw(t) = 0) closed-loop system (19)—(20) is locally
IV. REDUCED ORDER DYNAMIC CONTROL FOR asymptotically stable, anf? 4 defined by
AXIAL FLow COMPRESSORS

(45)

L2 (i eR": Coi € D.andiTPi <wvs}  (46)
In this section, we present our main theorem characterizing

fixed-order disturbance rejection controllers for axial flow comherevs = max{ > 0 : D3 C R"}, is a subset of the domain

pression systems. For design flexibility, the compensator ordef attraction of the closed-loop system. Moreover, the solution
n., may be less than the plant order, For convenience in £(t),¢ = 0, of the disturbed closed-loop system (19)—(20) sat-
stating this result, define the notatish2 (I +a2fy(j?QP)—1 isfies the disturbance rejection constraint (23). Finally, the cost

for arbitrary nonnegative definite matrice3, > € R™*™, J(P, Ac, B., Co) is given by J (P, Ac, B., Ce) = w{(P +

N N A A PV + PSQEQsT.
andA. = A+ (1/2)ely, By = E By, Ry = EJE,, Vi = Proof: The proof is constructive in nature. For details of a

D, DT> = 2 BRy;BT, and% 2 OTV, !C. Note that since similar proof, see [8] and [9]. O
Q and P are nonnegative definite and the elgenvalueé,)rﬁif In the full-order casep. = n,setG =1 = 7 = I, SO
coincide with the eigenvalues of the nonnegative definiteat7, = 0. Now the last term in each of (36)—(39) can be
matrix QY/2PQ'/2, it follows that QP has nonnegative deleted andy andI in (42)—(44) can be taken to be the identity.
eigenvalues. Thus the eigenvalues Bf + a?y, “2QP are Furthermore() plays no role, so (39) is superfluous. If, alter-
all greater than one, so thét exists. Furthermore, define natively, the reduced order constraint is retained and the distur-
Dy = {2 € R* : Cyz € D.andzTPi < (3}, where bance rejection constraint is sufficiently relaxed, hg.,— oo,
P e R¥™ P > 0, satisfies (22) for a given compensatothen considerable simplification arises in (36)—(39).
(A., B., C ) andg > 0. To solve the design equations (36)—(39), we employed the
Theorem 4.1:Letn. < n and lete, v,,,v4, @ > 0. Further- homotopic continuation method presented in [9]. Homotopy al-
more, suppose there existx » nonnegative-definite matricesgorithms operate by first replacing the original problem with
P,Q, P, andQ satisfying a simpler problem having a known solution. The desired so-
T _o T 2 lution is then reached by integrating along the homotopy path
0=A: P+ PA+ P h" BoBj + 74 Vl] P that connects the starting problem to the original problem. The

+ R+ CJCy — PEP + 71 PXPry, (36) algorithm was initialized withy, = v4 = oo, and the linear
_ (Ae + [%TQBOBO ] 2V1] [P+ P]) quadratic Qaussmn (LQG) gains designed for the linear part of
. (10). For given values of the parametets and~,, the algo-
Y0 (AF + [v72BoBY + 72V [P + ]5]) rithm was used to find A., B., C.). After each iteration;y,
. o - and~, were decreased and the current value$Af, B, C.)
+ V1 = SQEQST + 7. 5QEQST (37) were used to find feasible values fgr and~, which were then
0= (A - SQS + [y 2BoBY 4+, V1] ) P used as the starting point for the next iteration. Complete details
" ) 0 ) of a similar algorithm are provided in [9].
+ P (A — SQ + [+, 2BoBL +~7°WVi] P)
+ P (% 2BoBY + 472 [Vi +a?SQEQST]) P V. ACTIVE DYNAMIC CONTROL OF AN
+ PP —7ITPEPr) (38) AXIAL FLow COMPRESSOR
0= (Ac + [v,*BoBs +~;°Vi — ] P) 0 In this section, we use the design equations (36)—(39) to de-
A o T 2, T sign a full-order(n. = 3) disturbance rejection, dynamic pres-
+Q ({16 +Th" BOB°,+ 7‘% ‘T/l ] P) sure rise feedback controller for the nonlinear Moore—Greitzer
ot SQAEQS - AHASQEQS T (39) axial flow compressor model given in Section II. Specifically,
rank() = rankP = rankQP = n, (40) we choose the data parameter values £ 3.6,5 = 0.356,
QP = GTMT, 6’ =1, M € R X7 and¥, = 0.72, and set = 1.1 in the parameterization given
A A by (10). Note that withh = 1.1, the linear part of (10) is linearly
T=GT, T =1 -7 (41)  stabilizable, with (10) providing an equilibrium point close to
and let(A,, B., C.) be given by the desired A = 1.0) maximum pressure rise compressor oper-

A, =T [A—SQS + (v72BoBT +~,2V; —%) P|GT  ating point. Furthermore, we sg} = 12.59 andy, = 2.3, and
[ Q + (v BoBy +7, "W — %) P 42 choose design weight§ = Vi = BB",V; = Vo = 1, E) =
(42) [10 1 1], andEy = [0 1]7.

B. =IsSQCTVy (43)  Using the initial conditionsd, = 1.0, ®, = 1.8, and¥, =
=Ry . .2 to capture system transients in the compressor, simulations
C Ry'BTPGT (44) 3.2 [ in th imulati
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Fig. 4. Stall cell amplitude versus time.
Fig. 2. Phase portrait of pressure versus flow of closed-loop system.

Fig. 3 shows the phase portrait of pressure rise versus flow in
of the Moore—Greitzer model were run in both the open-lodf}® Compressor when the exogendlyssignal given by
(Yheot (£) = 70 0.6689) configuration and with the de- 0.9¢%/3 sin(t + 2)
signed controller given by (42)—(44) in the feedback loop. Fig. 1 = | 1.9¢-t/10 sin(t/2 + 1)
shows the phase portrait of pressure rise versus flow in the com-
presssor for the case where no external disturbances are includethcluded in the simulations. Once again, the closed-loop
in the simulation. It is seen from this plot that the controlledystem converges to a point near the maximum pressure rise
system converges to an equilibrium point close to the maximuequilibrium point while the constant throttle opening drives the
pressure rise equilibrium point, whereas the constant throttigstem to a stalled equilibrium point.
opening drives the system to a stalled equilibrium point. Fig. 2 Figs. 4—7 show the time histories of the stall cell amplitude
shows the phase portrait of pressure rise versus flow for thét), ¢ > 0, the compressor flow(¢),¢ > 0, the pressure rise
closed-loop system at various initial conditions about the maix-the compresso¥ (t), ¢ > 0, and the control throttle opening
imum pressure rise operating point. Note that the disturbangg,..(t),t > 0, with the exogenoug, disturbance included in
rejection controller was designed with = 12.59. This corre- the simulations for the constant throttle opening, the closed-loop
sponds to a rather small guaranteed domain of attraction. Hasystem with the disturbance rejection controller (42)—(44), the
ever, the controller achieves a much larger domain of attractidriaw and Abed controller [10] given by (1) with = 1, and
as shown by the distance from the initial conditions shown the Badmuset al. [4] controller given by (2) witht; = 1 and
Fig. 2 to the equilibrium point parameterized with= 1.1. k> = 1. As seen in Fig. 4, the disturbance rejection controller

w(t)
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Fig. 6. Pressure rise in compressor versus time. ) .
Fig. 8. Integral squared performance versus time.

andtheBadmustal.controllerrejecttheexogenousdisturbancgﬁected, and its performance would degrade considerably.

and drives the s_taII cell amplltL_Jde o zero, while thg constaafna”y’ Fig. 8 shows the integral squared performance response
throttle opening is unable to reject the exogenous disturban

T ) .
driving the system to a stalled equilibrium. The Liaw anjfz (£)2(t) dt versus time for the three designs.
Abed [10] controller does stabilize the maximum pressure
rise point but has poor disturbance rejection properties. Fig. 7
shows a comparison of the throttle opening for the threeA linear fixed-order (i.e., full- and reduced-order) pressure
controllers considered as well as the constant throttle openinge feedback dynamic compensation framework for axial flow

It should be noted that the maximum throttle opening amplitud®mpression systems was developed. Unlike the nonlinear
of the disturbance rejection controller is 1.1286, whereas th#urcation-based and backstepping controllers proposed in
maximum throttle opening amplitude for the Liaw and Abed [1Ghe literature, the proposed dynamic compensator framework
controller is 1.669, and the Badmesal. [4] controlleris 5.018. explicitly accounts for compressor performance versus sensor
Although input constraints would affect all the proposed contrabise, compressor performance versus controller order, and
techniques, the Badmasal.controller has a significantly larger compressor performance versus disturbance rejection. Further-
throttle opening amplitude than the others. Even though thweore, the proposed pressure rise feedback controllers provide
Badmuset al.controller exhibits very good system performanca considerable simplification in the sensing architecture re-
and disturbance rejection properties for the nominal systequired for controlling rotating stall and surge. Finally, we note
in the presence of actuator constraints, which have not babat bifurcation-based controllers discussed in Section I, are
modeled here, the Badmuet al. controller would be most dependent only upon measured quantities as opposed to the

VI. CONCLUSION
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