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Abstract—In this paper we develop globally robustly stabilizing with uncertain performance characteristic pressure-flow maps.
controllers for rotating stall and surge in multimode axial flow  As shown in [8], feedback controllers that do not account for
compressor models with uncertain pressure-flow compressor the presence of uncertainty in the compressor-flow map can

performance characteristic maps. Specifically, using Lyapunov h d ffect . ¢ f b
stability theory, a novel switching nonlinear globally robusty "&V€ adVverse elects on compression system performance by

stabilizing control law based on equilibria-dependent Lyapunov driving the compression system to a stalled equilibrium or a
functions with converging domains of attraction is developed. The surge limit cycle. Hence, it is of paramount importance that
locus of the equilibrium points on which the equilibria-depen-  modeling pressure-flow map system uncertainty be accounted
dent Lyapunov functions are predicated is characterized by the for in the control-system design process. System modeling

axisymmetric stable pressure-flow equilibrium branch of the nom- errors such as uncertainty in the comoressor performance
inal compression system. The proposed robust nonlinear control u u Inty 1 P p

framework is directly applicable to uncertain compression systems Pressure-flow characteristic, can be captured as structured
with actuator amplitude and rate saturation constraints while parametric uncertainty. Parametric uncertainty refers to system
providing a guaranteed domain of attraction. An application to a  errors that are modeled as real (possibly nonlinear) parameter
two-mode axial flow compressor with an uncertain pressure-flow | ,nartainties.
map and rate saturation control constraints is presented. . - o .
_ ) ] Using Lyapunov stability theory, the switching nonlinear
Index Terms—Amplitude and rate safuration, axial com-  gohally stabilizing control framework for multimode axial flow
pressors, equilibria-dependent Lyapunov functions, parametric S
uncertainty, robust control, rotating stall, surge. compressor models b{:\sed on gqumbrla—dependent Lyapurjov
functions with converging domains of attraction developed in
[7], [9] is extended to account for pressure-flow map uncer-
. INTRODUCTION tainty in the compression system. The locus of equilibrium
HE desire for developing an integrated control-system doints on which the equilibria-dependent Lyapunov functions
sign methodology for advanced propulsion systems h&ge predicated is characterized _by the axisymmetric stable
led to significant activity in modeling and control of axial flowPressure-flow branch of the nominal compressor model. The
compression systems in recent years (see, for example, [1]_Q7?posed globally stabilizing robust switching control frame-
and the numerous references therein). However, unavoidaff'k guarantees robust stability ofaglobal attractor containing
discrepancies between compression system models and ré¥-maximum pressure operating point of the nominal perfor-
world compression systems can result in degradation of cdRance characteristic pressure-flow map. The robust switching
trol-system performance including instability. In particular, jetonlinear controller is directly applicable to compression
engine control systems predicated on uncertain compressor @gﬁtems with actuator amplitude and rate saturation constraints
formance pressure-flow characteristic maps can severely lififile providing a guaranteed domain of attraction. Finally, we
jet engine compression system performance by inducing tﬁgte_that the proposgd nonlme_ar robust_stablllzatlon framework
compressor aerodynamics instabilities of rotating stall and suff@vides the foundation to designing gain scheduled controllers
[8]. Rotating stall is an inherently two-dimensional local com{©r nonlinear systems and is not restricted to the multlmod.e
pression system oscillation which is characterized by regionsf‘Bf'al flow compressor model presented here. For further details
flow that rotate at a fraction of the compressor rotor speed whige [9], [10].
surge is a one-dimensional axisymmetric global compression
system oscillation which involves axial flow oscillations and in Il GOVERNING FLUID DYNAMIC EQUATIONS FORAXIAL
some cases even axial flow reversal which can damage engine COMPRESSIONSYSTEMS

components and cause flameout to occur. In this section we present a multimode model for capturing
In this paper we address the problem of nonlinear robygjating stall and surge in axial flow compressors with un-
control for rotating stall and surge in axial flow compressorsertain pressure-flow maps. Specifically, we consider a basic
compression system consisting of an inlet duct, a compressor,
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with oscillation frequencies much lower than the acoustigg™(¢;),¢ = 1,---,n;. Hence, the new nonlinear un-
resonance frequencies so that the flow can be considepautain state-space model becomes
incompressible. However, we do assume that the gas in the i

plenum is compressible and hence acts as a gas spring. To — = As$+D§1 [z/}éom(&) + Az/}c(&)} — eV,
capture post-stall transients in axial flow compression sys- . .
tems we use am-mode Galerkin approximation model for P(0) = ¢o  (5)

the nonlinear partial differential equation characterizing the

disturbance velocity potential at the compressor inlet proposed

by Moore and Greitzer [3]. Specifically, invoking a momentum A 1 T NG

balance across the compression system, conservation of mass ¢ - 4B2l \ ny W, W(0) =Y ®)
in the plenum, and using a Galerking projection based on a

n-mode circumferential spatial harmonic approximation forhere Ave(d) 2 5 (¢1)

: . . : whet 8vc(pn,)]*. Note that
the nonaxisymmetric flow disturbances, yields (eTd/n;) = @, whered is the circumferentially averaged

dé . ) . . . axia! mass flow at the. compressor inIeF, and,.gs shovyn_ in [7],
€ Asp+ D™ () —el, $(0)=¢o (1) As is skew symmetric and)s + DX is positive definite.
Furthermoreg is an eigenvector afis and D g associated with
the eigenvalues 0 arig, respectively. In the nominal case, i.e.,
AU 1 eT¢3 Az/;C(J)) = 0, this state space representation is similar to that
= <— - ’y@) , U(0) =T, (2) obtained in [11] using discrete Fourier transforms.

d¢  4B2lc \ n,

Ill. ROBUST STABILIZATION VIA EQUILIBRIA-DEPENDENT

R . A
wherep = [p1 ¢2 --- ¢n,]" is @ vector ofn, = 2n + 1 L YAPUNOV FUNCTIONS

axial flow coefficients measured around the com- hi . devel loball bilizi b |
pressor inlet annulusy¥ is the normalized total-to-static In this section we develop a globally stabilizing robust contro

pressure rise,l is a nondimensional timey is a pa- strategy for controlling_the mult_imode uncertain cp_mpression
rameter proportional to the control throttle openingSYStem (5). (6). Specifically, using Lyapunov stability theory,
a novel switching nonlinear globally stabilizing robust control

the compressoi is a nondimensional compliance parametelaw based on equilit.)ria-dep.e'nd'ent on instantaneogs (With. re-
NI gpect to a given nominal equilibrium) Lyapunov functions, with
PE(P) = [WE(d1) YET(d2) o PE™(¢n )T € R™  converging domain of attractions is developed. The locus of
is the nominal vector compressor characteristic map, agfuilibrium points on which the instantaneous Lyapunov func-

the system matricesls, Ds € R™ " are functions of the tjons are predicated is characterized by the axisymmetric stable
compressor geometry and mode number. For complete detgjlsssure-flow equilibrium branch of the nominal system for a

of the model see [7]. The compliance paramétas a function  continuum of mass flow through the throttle. For this develop-
of the compressor rotor speed and the system plenum size. F@int define the shifted variables

large values ofB a surge limit cycle can occur while rotating Al . Al

stall can occur for any value aB. The vector compressor ¢ = (¢ —2We), ¥y = o (V —4c, —2H)  (7)
characteristic map elements are generally assumed to be cubic . . .

functions of the axial flow variablesh,i = 1,---,ny. In so that the maximum pressure point on the nominal compressor

particular, the compressor characteristic considered in [3] is ch_aractenstlc pressure-flow map 1S translgted to thg origin. In
this case, the translated nonlinear uncertain system is given by

e 2 11 .- 1]" € R™, Ic is the characteristic length of

nom _ 3 (/)l A ~ ~ ~
b (bi) = o, + H [1 T3 <W - 1) ¢, = Ad, + P71 [wé‘ém(d)s) + Aws(d)s)} — ¥,
_1 ﬂ_l ’ i=1--.n #:(0) = duo ®)
2 W ’ - 4 s ot
3) T
b, = L (P W, (0) = @ ©)
whereyc, , H, andWW are parameters that can be used to shape T\ wis s\Y) = =0

the compressor characteristic map. In actual compressor data
[6], [11] however, the compressor characteristic map exhibiighere

a noncubic morphology that can drive the compression system A Wlie Al A 2BH
to deep hysteresis during rotating stall. Hence, to account for A= H As, P = EDSv p= W
compressor performance pressure-flow map uncertainties we A i
assume that u=Qor =3 =2 (10)
A nom ;
PYol(di) = o™ (i) + 6p(¢s), i=1,---,n  (4) .
nomy; 7 \ & nom . nom T
where 8y(¢;)i = 1,---,n, IS an uncertain pertur- Vil ((/A)S) N [ic™ (@) Ve (Pon )]
bation of the nominal compressor characteristic map Ay (ps) = [6¢s(ps1) -+ Ot (¢Sm)]T (12)
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and()represents differentiation with respect to nond|men5|on@hereml(¢s) = [m1(ps1) - milesn,)]” ande((;)S) =
scaled timg = (H/ch) . [ma(gs1) -+ ma(psn, )]t Now, note that i5(-) € A then

Next, it follows from (4) that the actual compressor charac-
teristicysc(psi ), s = 1,- -+, ny, IS given by [ 1(hs) +ma(ds) + ¢s — Ae — 280, (s)]”

Vo ba) = VR (bai) + 6(br), i =1,y (12) x[m <</3) + ma(9s) +<73 = e = 2004 (¢)
wherey2m(¢s;) = —(3/2)¢2; — (1/2)$3, is the nominal com- 1 = [890(60) = (@ 1A (90) = ma(6.)]
pressor characteristic ang, (¢SZ) i=1,---,n, is an uncer- = lme 2(ps) = ma ()] [ma(ds) — ma(s)]
tain perturbation of the nominal characteriaﬂ%‘“(d)si),i = 1 . .
1,---,ns. Here, we assume + Z(¢S —Ae)” (¢s — Ae)

1 - A N
§1ba() € A 2 {6¢h,: R — R: [59),(y) — ma (v)] + 5(@s = AT [ma(@s) +ma(ds)]
x [6¢s(y) —ma(y)] £ 0,y €R}  (13) — (s — )T Aty (hy)

wherem,, m»:R — R are given arbitrary bounding functions.and hence{J)S —X)TAY(hs) < Talds), 69(¢si) € A, i =
Now, note that foru = A, whereA > 0, (8) and (9) with 1,... n,. Now, requiring
Az/;s(¢5) =0 have an equilibrium point a(ﬁ)s,\, sa), Where

1 - N
B 2 he andiW, 2 gmm(A) = —(3/2)0 — (1/2)0°. (e = 20)T [vi(Ne — v ()]

A. Robust, Local Set Point Controller Designs ~halds, Us) [Us = 932" (V)]

1
For the uncertain compression system (8) and (9), we now + —FA(¢S) <0, (6, W) EDA\NY  (17)
show that forx > 0 there exists a robust control law such that a R
neighborhood\V'y of the nominal equilibrium pointd,», ¥,y) it follows from (15) thatVs(¢., ¥,) < 0, ($., ¥,) € Dy \ M.
is locally asymptotically stable with domain of attractiBy. To Next, for simplicity of exposition we set; (-) = —ma(-) =
show this, consider the equilibrium-dependent Lyapunov fungx(-), wherem: R — Ris a given arbitrary function. Inthis case,
tion * candidate predicated on the nominal pressure-flow asubstituting the expression fai22"(¢,) into (17), it follows

isymmetric stable equilibria given by that
Valds, ¥s) = ;t (6 = $or)" Py — don) A(ds, W) < ‘ﬁ ; {(% - A [(m? + A+ 3
+ 5/32[\115 — U, (14) FAO43)— ﬂ B QmQ(d)si)}
with Lyapunov derivative B h)\((f)q, D[, — gm0 < 0,
Val(ds, ) =—nit(</> =) [grem (Ve — pren(ds) (65, W) € Dy \ N (18)

A om Now, a sufficient condition guaranteeing thét(&)s, U,) <0,
— A ()]~ ha( e W) [T~ N)] (15) (. 0,) € Dy \ N, Is given by

Ty

where u((f357\115) = Uf)\((;)saqjs) é A)\ + h)\((;)57\1/5) and ! (¢sz — ) plA(¢si) >0, ((/A)S,\I/S) € Dy (19)

ha:R™ x R — R is such thathy(dsx, ¥sr) = 0. Now, 2n, &

requiring Va(és, ¥,) < 0, (¢5,¥,) € Dx \ Ny, guarantees

local robust stability of the attractot/y. However, (15) is 1 .

dependent on the system uncertalnty and needs to be checkegf~ Z Psi — Ao (Bsi) + ha(ds, Us) [Us — Pl (V)]

forall 8¢5 (ps;) € A, i =1,---,n4, and hence is unverifiable. i=1
To obtain verifiable condltlons for robust stability we introduce
an equilibrium-dependent bounding functidin(-) for the 2nt Zm (9)s (B ¥2) # N (20)
uncertainty setA such thatl',(-) bounds A. Specifically,
definel’y:R™ — R by wherepix(¢si) = a1a(@si)? + biadsi + c1a andpax(ps;) 2
D(e) 2 Sma(de) = ma () [mald) = ma(@o)] ol bands o e are such tha
s) — malPs miy E ma(Ps) — 1My E
1 Pial@si) + p2aa(bsi) = (¢5:)* + (A + 3) s
. — Teh _ 1
+ (@ = Ae) (¢ = Ac) AN+ - . 21)
1 . . .
+5(0s — Ae)T [ma(es) +ma(es)] (16) Note that (19) is satisfied in a domaid, # @ only if there

existsdy > 0 such thatpia(¢si) > 0, —dy < ¢ — A <

IHere Lyapunov stability and asymptotic stability are defined with respe . .
to a compact set. Hence, Lyapunov stability theorem conditions are modlfgdv i=1,---,n, and, in order to Sa“Sfy (20)* we require that

accordingly. See ([12, Th. 2.2, pp. 66-68], ) for details. paa(¢si) > 0,4 =1,---,n,. Hence, we require that (X)) > 0
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andps2x(A) > 0. A particular choice oh(-, -) satisfying (20) for the level set valuek; , andks, as functions of\ is shown
is given by in Fig. 1. Note that there existg,i, such that ;.. = kax.,

A A puom and henc&, .. = N, Hence, requiring\ > A, assures

B, Ws) S w8, = PN p(ds = Ae)  (22) the necessary condition thafy, C D..

wherew:R — R is such thaf'?w(x) >0,z # 0, andp: R™ — The coefficients of the two parabolas (-) andps(-) must
R is a positive-definite funtion. However, note that foy = Ae  be such that (21) is satisfied along with the above stated nec-
it is not possible to satisfy (20) and hence by continuity theegssary conditions. This leaves some degree of freedom in the
exists a neighborhood of this point where (t@nhnotbe satis- choice of the coefficients, », b1x, c1a, a2, bax, @ndeay, Which
fied. Thus, we construct a robust control law such that a neigkan be used to maximize the domain of attracfipnand mini-
borhood\;, of the nominal equilibrium pointe., ¥..) is 10-  mize the attractaty. This leads to the following optimization

min "

bustly stabilized with a given domain of attractlon problem for each\:

Next, note that it follows from (21) that for all < A <
V7/6 — 1, p1a(A) + paa(A) < 0 and hence the necessary max <)\2 c”) (28)
conditionsp;A(A) > 0 andpsa(A) > 0 for satisfying (19) a1x,bix,c1n,a25 b2x,C20 a1

and (20) are violated. Furthermore if> /14/3 — 1, then subject to
Pia(¢si) + pax(¢si) > 0,4 = 1,---,ny, which implies that
it is always possible to choogg () such thatp;(ps;) > 0, ain+asn =1 (29)
i = 1,---,n,. More generally, there existsy > /7/6 — 1
andAgioba1 > 4/14/3 — 1 such thatD,,, collapses to the equi-
librium point andD,,,,,,, coincides with the whole state space.
Note thathg and .11 are dependent on the particular choice
of the coefﬁuentszm, bix, Cia, G2x, bax, andcsyy.

Next, W|thu(¢5, V) = u)\(d)s, s), We provide an estimate

' i 1
of the domain of attractio®, for (8), (9). In particular Cixt eax = AA+3) — = 31)

D = {((/)57 ): V)\((;)S7\I/S) < kl)\}v )\0 < A < )\globala 2
R™ x Rv A> )\global
(23)

bix+boyx=A+3 (30)

(gn — A)? (@2aq3 + baaga + con) = 2ny? (32)
N 2 {(de, U): Va(ay U) <kan}, A= X0 (24)

where 2a13A + b1y =0 (33)
N A _13\ !
kix = 2_ntd§’ H= (miax {P; 1}) (25)
and R . aix <0 (34)
IfQ)\ = max (¢9 - d)s)\)TP(d)s - (7)5)\)
<¢s,\v )eDx 2
+3 /32 [T, — U, \]? (26) b3\ —4daiacin >0 (35)
subject to
1 &
st T s1 h 59 \Ij — et
2nt (d) ) p2)\(¢ )+ )\(d) )[ Z/ ( )] b%)\ — dasyean < 0 (36)
== Zm (¢ss)- (27) Where
™ &
The L level surfaced/y(¢s, ¥,) k d i = (2020~ 30
e Lyapunov level surfaced/(¢s,Vs) = kix an = (20X — 359302 — 1600 (26ox! — Do N)/8
Va(¢s,V,) = kox are defined such that the intersection V(a2 2) 12220l = b2a ) f802s)
of the boundary ofD, with the plane¥; = VU, is a closed andm(¢,;),i = 1,---,n4, is chosen to be a constant value
surface contained in the regiopp,: — dyx < ¢si — A < k£ € R. Note that, with the assumption that, () achieves a

dx,i=1,---,n.} andN, contains the region where (20)ist maximum at\, the objective function given by (28) corresponds
satisfied, so thaV)\(d)S, s) < 0forall (d)s, s) € DA\ N,. to maximizingds. Furthermore, conditions (29)—(31) are ob-
Note that sincek;, > 0 andksy, > 0 and VA(J)S,\IJS) is tained by equating the coefficients of equal powersin (21). Con-
continuous and radially unboundedf;, and D, are compact dition (32) guarantees thép.; — A\)2par(¢si), i = 1,---,ny,
sets forA € [Ag, Agloba1], Which further implies thaty andDy,  is a convex function for allp,;, ¢ = 1,---,n, so thatV} is

are positively invariant sets. Thus, if the state space trajectoriasnimized, while conditions (33)—(35) guarantee thaf(-)

of (8), (9) enterD,, then N, serves as an attractor. Now, toachieves a maximum atandp;,(\) > 0. Finally, (36) guar-
ensure thatV, C D, we require thak;, > k5. Atypical plot antees thap,,(-) > 0.
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Fig. 1. Level set valuek,, andk., as functions ofx.

B. Global Robust Stabilization controller with the switching function(¢,, ¥,) defined as in

In this subsection we present a globally robustly stabilizing8). consider the Lyapunov function candidate
control strategy for our compressor problem. For this develop- 5 A 5

. Vids, W) 2V, o (fes Ts) — kiro,

ment define the compact set (P Wo) = Vags. wo(Por o) = Fin,

Moo
= k A b, - kl)\min = d SN
D é U D, (37) 1A (¢, T5) ) 2n; Més, V)
Amin AL A global - kl)\minv (¢57 \IIS) €D (39)

consisting of the union of the compact sef, A € With Lyapunov derivative
[)\min;)\global]- NeXt; if ((/)5(0)7\115(0)) ¢ D7 Setting IPIPN 12 dd)\ ~ N
u,((;)S’\I/S) = U,;\((?)S’\I/S% 5\ é )\global +e6 ¢ > 0, the V(¢57\PS) = n_td)\(&mxvs)ﬁ((f)sa\Ijs))‘((f)saqjs)' (40)

state trajectorieg¢.(t), V.(¢)), ¢t > 0, will approach the . . . .
globally asymptotically stable invariant séfs in a finite SinceA(¢s, V) < 0for (¢s, ¥s) € D\Nx,;, and(dd,/dA) >

time. In particular, ife is such thatV; C D then there exists 0, it follows thatV'(¢., W) < 0 for (¢s, ,) € D\ Ny, and

b 0D e o S i il e o
(¢5(F), ¥,(F)) € D and define uctag y stabilizing i y

noted thatu(,, U,) = ug(ds, ) if (:(t), Us(t)) & D,
A((/AJS,\PS) 2 it X ((;)87\115) € Dy} (38) t 2 0, andu(¢s, ¥y) = uA(%m\PS)(@,\DS) otherwise, where
> Amin A¢s, U, ) is given by (38). However, this control law may be
N - N discontinuous at the boundaryBf Alternatively, a continuous
and A = A(¢s(t), Us(t)). From the definition of A(-,-) . . .
it follows that if A > Awm, then (¢.(8), U.(8) is on control law which globally stabilized/, .. can be obtained

~ ' for ¢ — 07 and letting the state trajectories enter the domain

IDs, therfa 9D denf)tes the boundary oD, that _'S' Di,om C D before switching the control Iaw(&s,\lfs) from
Dy = {(¢s,¥s): Va(¢s, ¥s) = kia}. Furthermore, since w (e, U,) 1O U, - (¢s,T,), where($,, T,) is given by
VA(@s(D), Us(D) < 0, (45, W) € D5 \ A, it follows (3gy s o)
that there exist$ > 0 such thatVx(¢(t), Vs(#)) < ki3, The conditionVi(¢s, ¥,) = ki that characterizes the
t e [f.7+ 6). Hence, A(g,(1), Vs(1) < Ads(5), Va(?), houndary ofDa, A € [Amin, Agiobal. depends omly. However,
¢ € [t,¢ 4 6). Sincet was chosen arbitrarily, it follows that if e solution of this equation is not easily computable. An
(05(0), ¥5(0)) € D\ Na,,, thenA(@s(8), Us(#)),t = 0,18 gjterative approach for updatingcan be obtained by noting
monotonically decreasing. . that the conditionVi(¢., ¥,) = ki, must be satisfied for

Now, with “(A‘f’sv‘ljs) = x5, w,)(¢s, Ws), where the nota- 41 + > (. and hence its time derivative must also be satis-
tionu, g, (¢, Vs) denotes a switching nonlinear feedbackied for all ¢ > 0. In particular, using (40) and noting that
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V(gs, Ua) = Va(da, Ua) + (8VA/ON)A, whereVa(o,, T.) is
given by (18), we obtain
)‘\ _ V)\(d)sa \I/s) -
gy g e 3052 (W, 4 SN2+ 103) (14 1)) z
R (41) 2
with A(0) = Mg such thaty, (¢s,, Vs, ) = k1, Note that (41) g
along withu(¢s, ¥5) = ux(¢s, ¥s) provides a nonlinear first- %
order dynamic compensator equivalent to the original condition = - \
Va(¢s,U,) = kix which now needs only to be solved once to sk o gg:;‘g:l N
compute the initial condition,. Also note that the compensator ’ ——  Actual
dynamics given by (41) characterize the admissible rate of the o ‘ . ‘ ‘ .
compensator statesuch that the switching nonlinear controller 82 025 03 035 04 045 05
guarantees thdts,(t), Vs (t)) € 0Dxy), t = 0. Axial Flow Coefficient()

Finally, since all control actuation devices are subject to am- , o
plitude and rate saturation constraints that lead to saturatfdf 2 Actual and nominal compressor characteristic maps.
nonlinearities, we discuss how the proposed switching nonlinear
robust controller can be incorporated to address such practicampare the closed-loop system response. Here we model the
limitations. Specifically, since the dynamic compensator stateuncertain perturbation to the nominal pressure-flow compressor
is proportional to the throttle opening (actuator) and since tlesbaracteristic map by
dynamics given by (41) indirectly characterize the fastest ad- .
missible rate at which the control throttle can open while main- %(¢s:) = 0.1cos[10(¢,, = 1), i =1,---,5.  (42)
taining robust stability of the controlled system, it follows tha,t:ig_ 2 shows the nominafze™ 2 2

U ‘ - 2 (¢) and actuakpc(¢) pres-
by constraining the rate at which the dynamics\afan evolve g re fiow compressor characteristic mapsdce 0.1. For this

on the nominal equilibrium branch effectively places a rate copz e of the optimization problem outlined in Section Il for

straint on the throttle opening. Mathematically, this COfreSpo”H%\ximizing the domain of attractio®» and minimizing the
to the case where the switching rate of the nonlinear robust CORfractor\Vy yields

troller is decreased so that the trajectopy(t), ¥, (¢)), ¢ > 0,is
allowed to enteD, ;). Additionally, amplitude saturation con- Amin = 0.2547,  Agiohar = 1.1604,  dy
straints and state constraints can also be enforced by simplyz,  _ ¢ 0050,

choosingAmax < Aglobal SUCh thatD,,, .« 2y Armin KA Amax PA ) N N
is contained in the region where the system is constrained to gfRally, we usew(¢,,¥,) = A + ha(ps, ¥,), where
erate. In this case, the switching nonlinear robust controller prea(¢s. Vs) = ¥ — 972 (A).
vides a local stability guarantee with domain of attraction given Fig. 3 shows the controlled responses for the squared stall
by Dyax. Of course, in practice it s sufficient to implement concell amplitudes/; and.J; which, as shown in [7], are explic-
trollers with adequate domains of attraction angtiori satura- itly related tog;, ¢ = 1,---,5, the circumferentially averaged
tion constraint guarantees rather than implementing global cgimnpressor flow®, and the pressure risé for all three de-
trollers without realistic actuator limitations. signs. This comparison illustrates that the robust controller glob-
ally stabilizes the axisymmetric operating point on the actual
compressor characteristics corresponding.tg J», ®, V) =
(0,0,0.4133,0.8471). Alternatively, the controller proposed in
[7] drives the system to a limit-cycle instability induced by the
In this section we apply the globally stabilizing robust coneontrol action. Note that the robust controller with the rate satu-
troller developed in Section Ill to a two mode axial flow comsation constraint guarantees robust stability with minimal degra-
pressor model with an uncertain compressor characteristic preation in system performance. Finally, Fig. 4 shows the throttle
sure-flow map. First, we consider the case where no actuator rapening and throttle rate versus time of the proposed robust con-
limitations are present on the throttle opening and then, to refleailler, the proposed robust rate saturated controller, and the con-
a more realistic design, we assume that the throttle opening vadler given in [7].
arate constraint dfy| < 0.5. Finally, we compare our resultsto It is important to note that the control throttle is regulated
the nonrobust equilibria-dependent nonlinear controller devéirough a switching feedback control strategy, with a switching
oped in [7]. function defined by (38), or, equivalently, (41). Alternatively,
Using the parameter values = 1/3, lc = 6, m = 2, one can use the constant conttol= Agi01,a1 tO attenuate non-
H =032, W = 0.18, 9)c, = 0.23, andB = 0.1, with ini- ~ axisymmetric disturbances and stabilize an operating condition
tial conditionse,o = [0.700 —0.123 —0.776 —0.357 0.556]7 on the pressure-flow map thatfisr from the maximum pres-
and¥,, = 0 which, as shown in [7], correspond to a pertursure operating point. However, this is not satisfactory since the
bation in the first-mode disturbance velocity potential, the pralesign goal is to stabilize a point close to the maximum pres-
posed robustly globally stabilizing controller and the nonrobustire operating point. In contrast, the proposed feedback control
equilibria-dependent controller developed in [7] were used strategy provides robust stability and performance while driving

= 0.2236

min

IV. RoBUST CONTROL DESIGN FOR ANAXIAL FLOW
COMPRESSOR
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Fig. 4. Throttle opening versus time.

the controlled trajectory close to the maximum pressure openance characteristic maps and actuator amplitude and rate
ating point. saturation constraints while providing a guaranteed domain of
attraction to an attractor.
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