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Abstract. We prove the existence and uniqueness of solutions in Sobolev spaces for the Moore—
Greitzer nonlinear partial differential equation (PDE) model for compression system instabilities
with mild conditions on the shape of the compressor characteristic and on the throttle control. To
achieve this, the model is reformulated as an evolution equation on a Banach space. Using this new
representation, we design a backstepping control of the model. Global stabilization of any axisym-
metric equilibrium to the right of the peak of the compressor characteristic is achieved. We also prove
that the dynamics can be restricted to the small neighborhood of the point on the left of the peak
of the compressor characteristic. Thus, it is possible to restrict the magnitude of stall to arbitrary
small values. In addition, finite-dimensional Galerkin projections of the partial differential equation
model are studied. It is shown that truncated control laws stabilize truncated models. Numerical
simulations of the model with and without control are presented.
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1. Introduction. Surge and stall instabilities that occur in compression systems
of jet engines are the topic of much research effort these days for two reasons: effi-
ciency and safety. In particular, jet engines are currently forced to operate in nonopti-
mal conditions (relatively large mass flow) in order to stay clear of the aforementioned
instabilities. Surge is an oscillatory instability of the mean mass flow: upon the onset
of surge the air in the compression system of a jet engine starts oscillating back and
forth, thus severely impairing its performance. Stall is characterized by the appear-
ance of the so-called stall cells—regions of decreased pressure rise and reversed mass
flow—at isolated locations around the rim of the compressor. A simplified model of
these instabilities has been proposed by Moore and Greitzer [15], and it is this model
(sometimes called the full Moore—Greitzer model) that is the topic of the present pa-
per. The model consists of a linear PDE governing the behavior of disturbances in
the inlet region of the compression system, with nonlocal and nonlinear boundary
conditions which describe the coupling of disturbances with the mean flow behavior.
Since such a system is hard to analyze, most of the research has been directed toward
establishing properties of low-order Galerkin truncations (see [15], [11]). The simplest
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approximate model used for bifurcation analysis (see [12]) and control (see [3], [6], [8],
[9], [10], [16], [1]) called MG3 used only the first Fourier mode of the nonaxisymmetric
flow disturbance (stall variable).

The Moore—Greitzer model deals with a simple compression system in which the
air enters the compressor (with one or more rotor/stator stages), goes to a plenum, and
exits through a throttle. Stationary operating points for the compressor correspond
to a constant pressure rise across the compressor and a constant, circumferentially
uniform mass flow through the compressor. The pressure rise versus mass flow curve
representing the stationary operating points is called the compressor characteristic.
For a given throttle opening the mass flow through the throttle is determined by
the pressure drop across the throttle. The corresponding static relationship can be
represented by the curve called the throttle characteristic. In a stationary condition
the pressure rise across the compressor is balanced by the pressure drop across the
throttle and the mass flow through the compressor and through the throttle are equal.
Therefore, the intersection of the compressor characteristic and the throttle charac-
teristic determines the operating point of the compressor. The operating point can be
changed by adjusting the throttle opening.

The dynamic model for compression systems derived by Moore and Greitzer [15]
describes the evolution of the mass flow and the pressure in plenum in a nonstation-
ary condition. When the pressure rise across the compressor is not balanced by the
pressure drop across the throttle, the resulting pressure difference is proportional to
the rate of change of mass flow (i.e., mass acceleration). Similarly, if the mass flow
through the compressor is not balanced by the mass flow through the throttle, the
resulting difference is proportional to the rate of pressure rise in the plenum.

In terms of the dynamic model of a compression system, the stationary operating
points are represented by the axisymmetric equilibria, surge corresponds to a limit
cycle involving pressure rise and mass flow, while rotating stall is represented by a
travelling wave of nonaxisymmetric mass flow around the compressor annulus with a
constant low value of pressure rise.

From the point of view of efficiency, the desired operating points for the compres-
sor should have high value of pressure rise and low mass flow that is uniform around
the compressor annulus. However, the analysis of the dynamic model shows that the
corresponding equilibria of the dynamic model have small domains of attraction that
are shrinking as the pressure rise increases. A small disturbance is likely to force a
transition of the compression system state to either rotating stall or surge.

In the present paper we study stabilization of a given axisymmetric equilibrium
using the throttle opening as a control variable. The throttle opening is considered
to be some function of the state of the system chosen so that the corresponding new
dynamic model has a unique globally stable equilibrium at the prescribed location.
While bounded disturbances would force the state of the system to evolve in some
neighborhood of the desired equilibrium, after they disappear, the state would even-
tually return to an arbitrary small neighborhood of the equilibrium. Physically, the
control would be implemented by varying the throttle opening in the way that pre-
vents transition into rotating stall or surge.

After some manipulation, the dynamic model of compression system will be rep-
resented as an evolution equation in a Banach space. Stabilization of the desired
equilibrium will be achieved by constructing a Lyapunov function for this equilib-
rium. A special pure feedback structure of the evolution equation will allow us to use
backstepping for construction of a Lyapunov function. This technique has been intro-
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duced in [7] and applied to many systems described by nonlinear ordinary differential
equations (ODEs) with pure feedback structure, including a reduced-order model of
compressor dynamics, MG3, in [8] and [1].

Experimental observations of the nonaxisymmetric flow disturbance (stall) behav-
ior indicate that its shape is often far from sinusoidal [2]. Our investigations of the full
Moore—-Greitzer model show that the resulting nonlinear behavior of the compressor is
well represented by the model [14]. It is then natural to ask what can be said about the
control of stall and surge using the PDE model. In this paper we show that a global
stabilization of the full Moore—Greitzer model is possible. We present a conceptually
simple but not necessarily optimal way of constructing a globally stabilizing controller
using backstepping control design [7]. To our knowledge, the present paper presents
the first successful attempt to globally stabilize a nonlinear PDE using backstepping.
We concentrate on a specific model here, but the methods that we develop can be
used more broadly. A variety of evolution equation problems with a pure feedback
structure can be treated in a way similar to that presented here. The backstepping
method presents a powerful tool even in the context of PDEs.

The paper is organized as follows. In section 2 we introduce some notation and
represent the full Moore—Greitzer model as an evolution equation in a Banach space,
using an operator that is an infinite-dimensional version of that studied by Mansoux,
Gyrling, Statiawan, and Paduaro in [11]. In section 3 we prove global existence and
uniqueness of solutions of this evolution equation by a simple application of the con-
traction mapping principle. We present some a priori estimates which, together with
the existence of a unique local solution, guarantee the existence of a unique global
solution. In section 4 we design a backstepping controller for the full Moore—Greitzer
model. We show that the peak and any axisymmetric equilibrium to the right of the
peak can be globally asymptotically stabilized.

In the case when the set-point parameter in the controller is such that there is
no stable axisymmetric equilibrium we can still guarantee that the dynamics of the
closed-loop system are confined to a ball, whose radius can be made arbitrarily small
by choosing sufficiently high gains in the controller.

In section 5 we prove that the truncated feedback controller globally stabilizes the
system of 2n + 2 ODEs consisting of the Galerkin projection of the PDE describing
the stall dynamics onto its first n-modes and the two ODEs describing the surge
dynamics. The results are valid for a general compressor characteristic.

2. Preliminaries.

2.1. The Moore—Greitzer model. The full Moore—-Greitzer model is described
by the following equations (cf. [15])

(1) 192 w<g)+1/2ﬂ\p(q>+¢'| )do

Cdé- - o 0 c nIn=0 )

A 1
2 — = —(P(&) — K (¥
( ) c dé- 432( (E) T( 7u))’
where ¢ solves Laplace’s equation
(3) Doy + P = 0
for (n,8) € [0,27] x (—o00,0). The boundary conditions are periodic in 6,
0

L AN N : L
@) e+ 2oy~ (W@ o) - - [ W@ 400~ 5op, ) =0

23
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FIG. 1. Cf compressor characteristic.

at n = 0. At n = —oo we have
(5) ¢ =0.

(Note that we try to keep our notation consistent with that of the original paper by
Moore and Greitzer [15]. In particular, following [15] we use £ to denote a nondimen-
sional time variable and 1 to denote a nondimensional axial distance variable.) The
state variables of this model are @, the nondimensionalized annulus averaged mass
flow coefficient through the compressor; ¥, the nondimensionalized annulus averaged
pressure rise coefficient across the compressor; and ¢’, the disturbance velocity poten-
tial. (Note that the prime symbol in ¢" does not refer to differentiation.) The function
U.(¢) is called the compressor characteristic and is found empirically. It gives the
local pressure rise when the local mass flow is ¢. For most compressors it has an S
shape as seen in Figure 1. The parameters a, m, l., and B are determined by the
geometry of the compressor and the throttle parameter Kr(%¥,u) is the fraction of
the throttle opening. Since the throttle parameter can be varied, it will be used as the
control. We assume that we can modify Kr(V¥,u) at will by a choice of the control
function u.

We assume that the compressor characteristic U.(®) is a general S-shaped curve.
In particular, we assume that the following characteristics hold.

1. The characteristic ¥.(®) is twice continuously differentiable.

2. The characteristic has one peak (®g, ¥g) and, to the left of the peak, one well.
The characteristic is strictly decreasing to the right of the peak and to the left of the
well; it is strictly increasing between the well and the peak.

3. The characteristic has exactly one inflection point (®ip 1, Vin ﬂ) between the
well and the peak. One has ¥/ (®) < 0 for & > @, 7, and ¥/ (®) is bounded away
from zero on any interval [I', +00) for I' > @, 4.

Figure 1 shows a typical compressor characteristic ¥.(¢).

Let us give here a physical interpretation for the shape of the compressor charac-
teristic. The desired possible stationary operating points of the compressor lie on the
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decreasing part of the characteristic to the right of the peak. The lower the value of
the axial component of the mass flow entering compressor, the more flow turning is
achieved by the blades. Consequently, more work is done on the air by the compressor
blades and the pressure rise is higher. However, there is a limit to the value of pressure
rise that can be achieved. When the axial component of the incoming air velocity is
small relative to the rotor velocity, so that the air is approaching the blade at a high
angle of attack, the flow separates on the suction side of a compressor blade; i.e., the
blade stalls. When a blade stalls, the pressure rise at that blade drops significantly.
The pressure rise of a stalled blade is represented by the part of the characteristic
between the well and the peak. The peak represents the stall inception point: the
maximum pressure rise is obtained by a blade that is just about to stall. When the
flow is reversed, the air at the suction side of the blade is attached again and the
pressure starts to rise. This is represented by the part of the characteristic to the left
of the well, called the back-flow part of the characteristic.

The physical mechanism for rotating stall and surge inception can now be ex-
plained. When a blade stalls, the pressure in the plenum is usually greater than the
local pressure rise produced by the compressor, so that the incoming air at the stalled
blade faces a negative pressure gradient and hence has a negative acceleration. The
mass flow at the stalled blade passage is locally reduced. There are several possible
scenarios of how the situation will evolve. The extreme ones are a transition to a surge
or rotating stall condition.

In surge the pressure in the plenum does not drop fast enough, and all the blades
stall at the same time. The flow eventually reverses, as the only mechanism to bal-
ance the high pressure in the plenum at the stalled blades is for the mass flow to
reach the back-flow part of the characteristic. This transition from the neighborhood
of the stall inception point to the back-flow characteristic is very fast. The pressure
in the plenum is now dropping, as the air escapes from the plenum both through the
throttle and through the compressor. The pressure in the plenum eventually drops
below the value of the pressure rise on the back-flow part of the characteristic and the
pressure gradient becomes positive. The air accelerates slowly until zero mass flow is
reached. The plenum pressure is now below the well value. The compressor starts to
deliver more pressure rise while the pressure in plenum is about the well level, so the
mass flow accelerates fast. Past the value corresponding to the peak the flow at the
blades becomes attached. When the flow through compressor becomes bigger than
the flow through the throttle, the pressure starts to rise and becomes bigger than the
one produced by the compressor. The flow starts to decrease. When the flow reaches
the value corresponding to the peak, pressure in the plenum is about the peak value,
which is the condition of a stall inception. One full surge cycle is now completed and
the next one is about to start.

When rotating stall occurs, one or several blades stall. Locally, the flow is redi-
rected to the neighboring unstalled blades. On one side of the region of stalled blades,
the angle of attack of the air flow will increase, causing more blades to stall. On
the other side the angle of attack will decrease, making the blades on that side less
susceptible to stalling. The air is coming to the blades in the direction of spinning
rotor at high angle of attack. These blades are likely to stall. At the same time the
blades neighboring the stalled ones in the direction opposite to the spinning rotor
accept air at the lower angle of attack than the stalled ones so they are not likely to
stall. More air coming through these blades may lower the angle of attack on the first
stalled blade, which will result in more local pressure rise. If the pressure in plenum
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drops fast enough, the pressure gradient on some of the stalled blades will become
positive and these blades will unstall. A stable rotating stall condition may develop
when some of the blades operate in a stalled condition and the rest are not stalled.
The cells of stalled air travel around the compressor so that each blade periodically
becomes stalled and unstalled. Note that in a rotating stall condition the average
pressure rise delivered by the compressor is low, as the stalled blades barely do any
work on the air. Note also that in a stable rotating stall condition the air mass flow
in the stalled blade passages is reversed, as the stalled blades cannot deliver enough
pressure rise to balance the pressure in the plenum.

At this point the physical mechanism for the stabilization of the operating point
close to the peak of the characteristic by varying the throttle opening can be explained.
In both stall and surge inception the mechanism of instability is the same: a stalled
blade cannot deliver enough pressure rise to balance the high pressure in the plenum
and the resulting negative pressure gradient decelerates and eventually reverses the
flow at some (stall) or all (surge) blade passages. The control action basically amounts
to opening the throttle fast enough so that the pressure in the plenum drops faster
than the pressure at a stalled blade. This produces the positive pressure gradient that
accelerates the flow to the desired value. After this value is reached, the throttle is
closed again.

2.2. Some function spaces. Let £2 be the space of square integrable functions
on the circle [0, 27] and denote the norm by || - ||z2. Let L2, L™, and H*, for k =
1,2,..., denote the subspaces of £2 with zero average and norms | - |1z, || - ||z,
I - | . These norms are given by

(o™ 92d0)F = (x50, 4p(6))

N\H

lgllze =
lgllme = (57 (52)2d0)% = (m 3200, (PF A (6)%)F,
lgll= = esssupyeo -

Here, the A,’s represent the magnitudes of the complex Fourier coefficients of g,

oo

9= ZAP(O sin(pf + rp(§))-

p=1

We denote by (-,-) the inner product of L?:

2m o)
(91,92) = / g192dt) = WZAPBP.
0

p=1

Here, the A,’s and the B)’s represent the Fourier coefficients of the functions g; and
go, respectively.

Let C° denote the space of continuous functions on the circle [0,27] with zero
average, with the norm

llgllco := max g.
0€(0,27]
Note that for g € C° one has ||g||co = ||g| L. Thus, to avoid using too many symbols
we will use ||g||z~ to denote the norm of C° functions.
For future reference, we collect here some inequalities in the following lemma.
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LEMMA 2.1. One has H! — C° — L>® <« [? gnd

lgllze < v2rlgllz~,
gl

A

IN

gl e

gl < llgllar

Proof. We first prove the inequalities. The first inequality is clear. The second one
1

follows from [lgllz= < 3207, [4,(&)] < (52 () (X2, (P4, (9))%)F = L gl

The third one is the Poincaré inequality. H' < C° is the Sobolev embedding of
H' into CY in spatial dimension one. The other embeddings follow from the inequal-
ities. a

Assume for now that ¢’ can be represented as

(6) ¢ = Z ey, (&) sin(pf + r,(8)),

where «;, and 7, are real functions.
Let g := ¢y |y=0; then

9= pap(€)sin(pd + r,(€)) =: Y Ap(€) sin(ph + r,(£)).

Equation (4) can therefore be written as

9 1 [ 199
where the operator K is defined as follows:
= am )
® K Zap sin(pf +7,(€)) = (1 + p) ap (&) sin(pl + 7(€)).
p=1

The operator K is an infinite-dimensional analogue of the operator introduced in [11]
for a study of finite-dimensional truncations of the full Moore-Greitzer model.

Remark 2.1. Suppose that we can show that the system (1), (2), and (7) has a
unique solution such that g € H'. Then from the Fourier series representation of g
we can calculate the corresponding potential ¢’. Since g € H*, it follows that on the
cylinder [0, 27r] X (—o0, 0) the potential ¢ is in the Sobolev space H?([0, 27| x (—00, 0)).
In particular, the partial derivatives ¢], and ¢}, are in L?([0, 27] x (—o0, 0)). Note also
that from (6) it follows that ¢’ satisfies the Laplace equation (3) and the boundary
conditions (4) and (5). The existence of solutions of the full Moore-Greitzer model
follows. The uniqueness follows from the uniqueness of g. It therefore suffices to prove
the existence and uniqueness of solutions for the system (1), (2), and (7) to obtain
the existence and uniqueness of solutions of the full Moore—Greitzer model.

The variable g represents the nonaxisymmetric mass flow disturbance, i.e., the
stall. We shall refer to g as the stall variable.

PROPOSITION 2.1. Let Z = L? or H*, fork =1,2,.... K : Z — Z is a bounded,
self-adjoint, positive definite operator with a bounded inverse. One has ||K||z = 1+am,
and ||[K~Y||z = 1. Moreover, K, 8%7 and 2 commute.
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Proof. We have [|Kg||z < (1+ %%)||gl|z so K is bounded with || K|z = 1 + am.
Similarly, K~! is bounded with ||[K !z = 1. Furthermore, (g, Kg) > ||g||z, so K is
positive definite and bounded away from zero. It is easy to see that K is self-adjoint.

On their domains the operators 8%7 %, and K all commute. This is clear by letting
them operate termwise on the Fourier series. 1]

For future reference, we note that the inverse of K is

K (ZAP<§>sin<pe+rp<f>>> =3 (5 ) An(© st + 1)

st p+am

Using K we can define weighted L? and H* norms as follows:

”gHL%( = V <gaKg>a

o o
||9||H§( = <ﬁ57Kﬁf>-

Note that L? and H* norms are equivalent with their weighted counterparts. In
fact, one has Lemma 2.2.
LEMMA 2.2. We have that

lgllze < llgllzz. < V1+am||gllre,
9llzre < llgllar < V1+amlgllge.
We define

. 1 2m

Toim [ W@+ glE,0))db.
2 Jo

Then we can rewrite the model (4), (1), and (2) as

© ol = K (a0 +gle.0) - T - 2D,
(10) LA 1))
) ‘% _ ﬁ(@(g) — Kr(W,u)).

We will frequently use a formula for a difference of values of a C'* function at two
points.
LEMMA 2.3. Let f be a C! function. Then

fla+Az) — f(z) = < /O 1 fla+ sAx)ds) Az.

3. Existence and uniqueness of solutions.

3.1. Moore—Greitzer model as an evolution equation on a Banach space.
To prove the existence and uniqueness of solutions of the full Moore-Greitzer model
we represent the model as an evolution equation of the form
dx

(12) T3 = Az + f(x),
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where x belongs to a Banach space X, A is an unbounded operator in X, and f is a
nonlinear operator.

Let X be a Banach space. We define the following two spaces:

C(0,T; X) :={z(-) : [0,T] — X is strongly continuous in | - || x norm},

C*0,T;X) :={z(-) : [0,T] — X is continuously differentiable in || - ||x norm}
with corresponding norms

H»THC(O,T;X) = gsup llz(€)x,

)

d
lzlloro,rx) = sup lz(€)llx + sup |-z (€)]x-
¢€fo,T] cefo,7) d€

We are going to use the following corollary from Kato’s theorem [4], [5].

THEOREM 3.1. Let X be a Banach space, and let A be a generator of a strongly
continuous semigroup on X . Let Y be the domain of A. Suppose that f(-) satisfies the
conditions

(13) If(@)lly < Cpaa(llz]ly)
and
(14) | f(z1) = f(z2)llx < CLip(lz1]lx, 22l x, [[Az1 ] x, [|[Az2llx) |21 — 22| X,

where functions Cpqq and Crip are bounded on bounded sets. Then for all zyp € Y
there exists a unique local strong solution of

(15) Z—Z = Az + f(x)
such that
(16) € C0,6Y)NCY0,6X), x(0) =m0

for some § > 0.
Proof. See Theorem 10 of [4]. 0
Define, for k = 0,1, ..., the spaces

Xk .= HF xR?
(with HY := L%). The norms on X* are defined by
(g, @, ©)[5x = llgli7, + 1@ + [P,

In this paper we will apply Theorem 3.1 with X = X*~1 and Y = X*.
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3.2. Local existence and uniqueness. With suitable conditions on the com-
pressor characteristic, ¥,, the local existence of X* solutions becomes rather elemen-
tary. In an attempt to appeal to a larger audience, here we will present a detailed
proof of the local existence and uniqueness of X! solutions. We then state a theorem
which gives local existence and uniqueness in X* and outline the proof.

We are going to apply Theorem 3.1 with

X=X"=1%xR? Y=X'=H}xR?
with the norms
(g, @, 9)|%: = llgllzn + |9 + 9%,
(g, @, ¥) %0 = llgll72 + |®F + ¥

These spaces are both Hilbert spaces, X! is continuously embedded in X°, and
X' is dense in X°. We now define the operator A : X' — X© as follows:

_( 1. 40g
(17) A(g,q>,\11).< S K 89,0,()).

This operator is closed and, as we will show, it is an infinitesimal generator of a
strongly continuous unitary semigroup on X°. We define

(18)  f(g.,0) = (0K~ (el 4 g) — o), (T — W), 1 (& — (¥, ).
C C

Remark 3.1. Using a square throttle characteristic and constant throttle control
u (cf. [15]) will cause K7 not to be Lipschitz on the hyperplane defined by ¥ = 0.
However, if we use a feedback control of the form u = u(g, ®,¥), Kr(V,u) (and
hence also f(g,®,¥)) becomes a function of all the state variables. We assume that
the feedback was chosen such that Kr(¥,u) is Lipschitz on bounded subsets of R.

Having defined the function spaces, the operator A, and the nonlinear operator f,
we can prove the local existence and uniqueness of solutions of the full Moore—Greitzer
model. For this, we will show in the following two lemmas that A given by (17) and
f(g,®,T) given by (18) satisfy the conditions of Theorem 3.1.

LEMMA 3.1. The operator A given by (17) is a generator of a strongly continuous
unitary semigroup on X°.

Proof. Using the fact that K is self-adjoint and integration by parts one can
prove that A* = —A; i.e., A is a skew-adjoint operator. Thus, A generates a strongly
continuous unitary semigroup on X (cf. Theorem 8 of [4]). ]

LEMMA 3.2. Suppose that ¥, € C1(R). We also assume that K(¥,u) is bounded
from X' to R and X°-Lipschitz on X*'-bounded sets, i.e., for all x; = (g;,®;,¥;) €
Xt i=1,2, Kr(V,u) satisfies

|Kr(¥1,u(z1)) — K1 (¥2,u(22))| < Ck||71 — 22| X0,

where Ci s a function of X norms of x;, i = 1,2, which is bounded on bounded sets
in X1. Then the function f(g,®,¥) given by (18) satisfies conditions (13) and (14)
of Theorem 3.1.

Proof. Let M be a bounded subset of X! and let (g,®,¥) € M be arbi-
trary. Then, because of embedding H! — CV, for every 6, ® + g(f) belongs to a



Downloaded 04/19/16 to 169.231.102.188. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

BACKSTEPPING CONTROL OF MOORE-GREITZER PDE MODEL 1513

bounded interval Iy C R. (Note that Ing depends only on M.) Thus, [U((® +g)| <
supyer,, [Ve(9)]. Therefore,
— — _ a 2
laK = (We(@ +g) — Vo) 7y < a®|[ K7 Hae‘l’c(q’ +9)

L2

< @K sup [Wo(0) a3
PEI M
(19) < a? sup |W,.(0)]*[|gllF -
€M K
We also have

2w
(20) 5 = ‘ [ +g>de‘ < sup 0.(6).
0 dElpm
Using (19) and (20), we easily show that f(g, ®, U) satisfies (13).
To show that f(g,®, V) satisfies (14), let 1 = (¢91,P1,¥;) € M and z3 =
(92, P2, ¥3) € M be arbitrary. To simplify notation, let us denote F; := U .(®; + g;)
for i = 1,2. Recall that F; denotes the average value of F;. We have

1f (1) = fz2) %0
=d (K Y ((F1 - ) — (F1 — B)), (F1 — ) — (F1 — F»))

1] ——
ol (Fr = F) - (0 = W)

1
erK‘IH — @) — (Kr (1, u(z1)) — Ko (Va, u(x2)))?
<K 2||(FL = Fp) — (Fy — B3
22— 2
+l(F - ) + 2l(Y— U,)[?
C (&
2 0 202 9

Jrm“‘l’l —®9)" + m |21 — 22| %0-

Note that ||[K~!||z2 = 1 and
|y — Follz> = [|(FL — F2) — (FyL — )72 + 27| (F1 — F») .

Hence,

1 (1) = £(@2) 50

< C1||Fy — Fa|Z2 + Caollz1 — 2250,

2
where Cy := a? + % and Cy := % + (4lcl292)2 + (4125315)2. We will show that

(21) [(F1 — F2)||22 < Csllwy — m2[%0,

where C3 is a function of X' norms of (g;, ®;, ¥;), i = 1,2, which is bounded on
bounded sets in X*. For this, note that by Lemma 2.3

1
IFy— Foll% = | ( [ gt o(r 0 - 0 —92))615) (1 — B+ g1 — go)|%0
0



Downloaded 04/19/16 to 169.231.102.188. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

1514  ANDRZEJ BANASZUK, HOSKULDUR ARI HAUKSSON, AND IGOR MEZIC

<2 sup [W,(6)]*(|®1 — P2 + llg1 — g2/l72 )
$EIrm K

<2 sup |Wi(¢)|lz1 — x2 %o
PEI M

Therefore, (21) holds with C5 := 2supyc;,, [¥.(¢)|*. Note that Cs is bounded on
bounded sets in X*. Thus,

1f (1) = f(@2)[%0 < Callzr — @250,

where Cy := C,C5 + Cy. Note that Cy is bounded on bounded sets in X!. Therefore,
f(g, @, V) satisfies (14). d

Therefore, we can state the following result.

THEOREM 3.2. Assume that V. is a C' function. Then the Cauchy problem

(22) ill—z:Aﬂc—i—f(a:,u)7 z(0) =9 € X*

has a unique solution x € C(0,6; X*) N C(0,8; X°), such that x(0) = xq, for suffi-
ciently small § (depending on xg).

We now state a theorem which gives the local existence and uniqueness of X*
solutions for k =1,2,....

THEOREM 3.3. Suppose that ¥, € C**1(R). We assume that K1 (¥, u) is bounded
from X* to R and X*~'-Lipschitz on XK -bounded sets, i.e., for all x; = (g;, ®;, V;) €
XE i=1,2, Kr(V,u) satisfies

| K7 (W1, u(z1)) — Kr(V2,u(z2))] < Ck |21 — 22| X851,

where Ck is a function of X* norms of x;, i = 1,2, which is bounded on bounded sets
in X*.

Then the Cauchy problem

dx &

73 = Az + f(z,u), z(0)=z0€X
has a unique solution = € C(0,8; X*) N C(0,8; X*~1), such that x(0) = x¢, for
sufficiently small & (depending on xg).

Proof. We only outline the proof.

Since ¥, € C**! and the underlying space has only one dimension, it follows
from the Sobolev embedding theorem that for & € R we have that the mapping

\Pc(-)—m:HkﬂHk

is C! for k > 3. (See McOwen, [13, p. 221].) (Here, H* denotes the usual Sobolev
space on the unit circle.) In particular, this mapping is locally X*~!-Lipschitz X*-
bounded sets and because of

£ (@)% 1O +11f (@) = FO)I%x

<
< IIFO)%e + CrlzllZn

it is also bounded on bounded sets. The result follows. 0
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3.3. A priori estimates for X! solutions. We have Proposition 3.1.

PROPOSITION 3.1. Assume that U, is a C? function. Let X', X°, f, and A be as
in section 3.2, and let x = (g, ®,¥) € C(0,8; X') N C(0,8; X°) be a solution to (22)
for some 6 > 0. Then

d1 m g \?
(23) d§2||g||H1 a/o Ve(®+yg) (39) do.

Proof. In the proof we will deal with the expression % which is not in L? for all
X! functions. Therefore, we first need to prove that (23) holds on a dense subset of

X! solutions of (22) for which % makes sense. For this subset we choose X2 solutions
of (22).

Assume that = (g,®,¥) € C(0,8; X2) N C(0,68; X?!) is a solution to (22) for
some 6 > 0. Then

d1 1 d dg _.0g dg d . 0Og
a 2 19, = <<d£89 K80>+<89’d§K86>>'

Since K is self-adjoint and %, K, and % commute, we have

dé’
dl, 5 dg 0 . d
dg 319 = <ae 00" dg? >
Thus we have by (9),

dlya /002 1) /9% 99\ 1 /9% 9g
de 29 = ¢ 960 00 90 00/ 2\062 00/

One has 86‘1'; = 0. Moreover,
1 2 27 2
(P o0 ()
2\ 002" 06 o 060\ 00

oV, (P+ 2]
#lollzy = a<—ge 2, %)

= o fy U@ +g) (G

Thus,

for x € X2. Since X? local solutions of (22) are dense in the set of X! local solutions
of (22), if we can show that the right-hand side of (23) is X! continuous, then (23)
will hold for all X! solutions of (22). Let M be a bounded subset of X! and let
z1 = (91,91, V1) € M and z2 = (g2, P2, ¥2) € M be arbitrary. Then, by Lemma 2.1,
for every 0, ®1+¢1(0) and P2+ g2(0) belong to a bounded interval Inq C R. Therefore,
using Lemma 2.3 one obtains

[WL(D1 + g1) — UL(P2 + g2)|
<y W@+ go + 5(D1 — B+ g1 — g2))ds(P1 — P2 + g1 — g2))|
< supyery, [V (9)](191 = Daf + [lg1 — g2l )
< swpgep,, (WL @1 — s + LEllgr — g2a11)

< supger,, (Ve (@)lll2r — 22 x1.
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We can now use this to show that the right-hand side of (23) is continuous in X!:

o7 L@+ ) (220 — 5T WL + g2) (%)%
< ST @+ g) (%)% = (550) | + 190(@1 + 1) — Wa(®s + g2) | (55)2d0
< suery (W) (lgn 13 = g3 + supger,, 12(6) [z = 2]l x2 g2l
< (supgery, VLN lgllmy, + lg2lliry) +5upgery, 192 (D) lg2 g llr — 2l

Thus (23) holds for all X! solutions of (22). 0
COROLLARY 3.1. H}, solutions of (9) grow at most exponentially; i.e., there is
no finite-time blow-up of HL solutions of (9). In particular, one has

d
24 — g3 < asup W, 21
(24) ag 19l = sup @lglz
and
(25) D lglls < asup T(d)gl
—_— 1 S N 1.
dé gl = ¢eg c 9llHL

Proof. Observe that it follows from our assumptions that ¥/, is bounded from
above. Now, using Proposition 3.1 and Lemma 2.2 one obtains

d 2
— <asup ¥V 2.
d§||g||HI1< > a;gg c((b)”gHHIl(

Observe that gz 2||g|| HQHH}((%HQHH}( so upon dividing (24) by ||g[[g1 we get
(25).
By Gronwall’s lemma we get that the solutions grow at most exponentially. 0

3.4. Global existence and uniqueness of X! solutions. In section 4 we will
construct a globally stabilizing feedback control u for the system (9), (10), and (11).
As a consequence, the global existence of solutions of the system (9), (10), and (11)
will be established. The main condition on characteristic ¥, is

sup V. (¢) < +00;
$ER

i.e., the positive slopes of the characteristic are bounded. Note that this condition
follows from our assumptions about the characteristic stated in the beginning of sec-
tion 2.1.

THEOREM 3.4. Assume that X', X0, f, and A are as before. Assume that

sup ¥’ (4) < co
»eR

and there exist constants N1, No such that |Kpr (¥, u(z))| < N1 + Na|lz||x1. Then for
any T > 0 the Cauchy problem

dz
3

has a unique solution x € C(0,T; X*) N CY(0,T; X°) such that z(0) = zo.

(26) = Az + f(z), x(0)=xz0€ X!
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Proof. Since the derivative of the characteristic is bounded from above, there
exist positive constants Lp, Ly such that U.(¢) > —L; — Ls|¢| when ¢ < 0 and
U.(¢) < L1 + La¢ for ¢ > 0. We now get

OV, = "W (D + g)df

27r

|‘I’|(L1 + La(|®[ + llgllz<))
Li(1 4 |®?) 4 Lo|®|* + Lo|®|||gl| .~

Ly(1+ |9 )+L2|<I’|2+L2 sUlgllZ + [@[3).

IN A

IN

Therefore,

(27) U, < Ly + <L1+L2< +\§;>> 2] -

Now by Corollary 3.1 we have

zllzli < asupr Wilgllf, + PG+ U 5T

= GSUPgecr (e )||9|| HY + E(ID\I/C - i‘b‘l’ + @ Bz‘I“I’
- o 5 VK (¥, u(z))
< asupuer VUl + Lyt (Lt La(1+ Y23)) [l

2
+ (- + ) s(OF + [9P) + gz VK7 (9, u(@))]

asupyer We(O)glZ, + Lo+ (Lo + La(l+ Y2 1)) o3
+ () (1P + [91%) + g (N1 + (N1 + No)[[z]|%1)-

IN

Therefore, we obtain

(28) T3l < €+ Callal
Here
Cr = @M+l
o = aoen )+ It i1+ 0 () 30
By Gronwall’s lemma we now get
C'1 Cl
(29) el (6) < (% (0) + 2 ) ec2¢ — &1,
Cy Cs

We therefore see that solutions of (22) are bounded for all finite times and thus we
have a global solution. a

Because of the embedding H! < L, this means that L> norms of H! solutions
do not blow up in finite time either.

Global existence and uniqueness of H}- solutions of the full Moore-Greitzer model
and the corresponding a priori estimates allow us to construct a controller that globally
stabilizes the peak or any axisymmetric equilibrium to the right of the peak. The
controller will have a similar form to a controller for an MG3 model with the Hj
norm of the stall variable replacing the magnitude of the first Fourier mode of the
stall cell.
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4. H' backstepping. We are going to construct a feedback controller stabiliz-
ing the peak or any axisymmetric equilibrium to the right of the peak of the character-
istic for the full Moore—Greitzer model. The feedback is constructed by the following
backstepping procedure. In the first step we define a positive definite function V7 (g)
and construct a function ®(||g||) such that for ® = &(||g||) Vi(g) is a Lyapunov func-

tion for (9). V4 (g) is called a control Lyapunov function and ®(||g||) is called a virtual
control for (9). In the second step we define a control Lyapunov function Va(®,g)
and a virtual control ¥ = ¥(||g||, ®) for (9) and (10). In the third (and last) step we
construct the control Lyapunov function for the full system (9), (10), and (11) with
the throttle function u being the control variable. We will refer to this procedure as
H! backstepping. The obtained feedback control law u uses the Hi norm of a stall
cell and resembles familiar control laws for MG3 (see [3], [8], [9], [10], [16], [1]) with
Aj replaced with the Hj norm of g. In terms of the Fourier coefficients A4; of g, this

norm is (307, (1+ “Zﬂ)(iAzy)%. To simplify notation, let us from now on denote the
norm || [[ g1 by |- |-

4.1. H! backstepping: Step 1. As a control Lyapunov function for (9) we
will use the H} norm of g. Let

1
Vi(g) =5 llal*

We will show that % Vl( ) can be made negative definite by a virtual control of the
form

(30) ® = d(|g]) =T +72llgll

for T' > @, and sufficiently large positive ;. (®¢ denotes the value of the mass flow
coefficient at the peak.) In this paper we assume that ¢, > 0. We will need the
following result.

LEMMA 4.1. For every 0 € [0, 27],

(e0 = Y2 ) ol <yl + 5 < (e + 22 )

Proof. Note that 2llgll + g > ellgll — gz~ > (@ — ¥2)lgll by Lemmas 2.1
and 2.2. 0
Let

ep =P —O(|lgl]) = ¢ - T —2yllgll
It follows from Proposition 3.1 and Lemma 2.3 that one can represent d%Vl (9) as

&Vile) = (@ (gl + 9)(5§)%d0
+ alfy"(fy W@ (gl) + sea + g)ds)(55)2d0)es

Using Lemma 2.3 again, one obtams

#Vilg) = 2W(\I” +fo WU+ s(2yllgll + 9))ds(Cllgll + 9))(55)d6
+ (o L@ (gl) + sew + g)ds)(55)%d0)es
= a‘I"c( Mgl

0 fo1 WL+ s(llgll + 9))ds(eqlgl +9))(55)%d6
(o L@ (gl) + sew + g)ds)(5E)%d0)eq.

+ o+
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Note that if I' > ®;,, 7 then fol V(T + s(¢qllg]| + g))ds can be bounded from above
by a negative constant that depends only on I'. Namely,

1
(31) / V(T + s(ellg] + ))ds < sup V() < 0.
0 r<e¢
Define
a VT
= (¢, — Y _ ‘II//
c1 Ham(cg \/é)ﬁilz c(9),
c2(®,]lgll) ==a sup NAHOIE

min(3(||g]),®)— |9l oo <¢<max(D(||g]|),®)+]lgll Lo

PROPOSITION 4.1. Assume that I' > ®q and ¢4 > %. Then U/ (T') <0, ¢; <0,

(32) Vilg) < (%R Y@ +ealgllgll?
+ 2@, [lgl)llgl?lesl,

and

(33) gl < (%R YeT) +allglDllgll

+ (@ llglDllglllew|.

Proof. Note that it follows from Lemma 4.1 that ¢,||g|| + g > (¢4 — %)Hg”
Moreover, since I' > @, 7, (31) holds. Therefore,

#Vil9) < (@VUT) +ale, — ) suprey WL () gl) gl
+ (@ [lgDllglF esl-

The first term is nonpositive; the last one is positive. Therefore, the inequality (32)
follows from Lemma 2.2. Now the inequality (33) follows from (32). O

Proposition 4.1 is the most important result. It allows us to carry out the back-
stepping procedure for an infinite-dimensional system (9), (10), and (11) without the
necessity of working with its infinite-dimensional part (9). What we have done here
is a replacement of an infinite-dimensional evolution equation (9) with two finite-
dimensional differential inequalities (32) and (33). As we shall see this replacement
makes the next two backsteps quite standard.

In particular, for ® = ®(||g||) one obtains

d
dé

If T > @ then W/ (I') < 0, ¢; < 0, and hence for & = <T>(||g||) d%Vl(g) is negative
definite. For ||g|| small, if T' > ®( then ¥/(T") < 0 and d%Vl(g) depends quadratically
on |\g||, whereas for I' = ®; one has ¥,(I') = 0 and therefore the dependence of
d%Vl(g) on ||g|| is cubic.

Remark 4.1. Note that the essential property of the virtual control (30) that
allows us to make the time derivative of the control Lyapunov function negative

a
14+ am

Vilg) < ( () +c1||g||) gl
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was the ability of moving the stall cell “over the top,” so that the whole mass flow
®(|lgl|) + g is to the right of the peak, where the slope of the characteristic is negative.
The Sobolev embedding was used to guarantee that property. A natural question is
why did we not use the L> norm of the stall cell or its minimum value instead of
the HL norm. The reason is that in the next step of the backstepping procedure we
will need a bound on the time derivative of whatever norm of the stall cell we use in
the first step. We have such information about the time derivative of the H}- norm,
but we do not yet have the information about the L* norm of the stall cell. We are
currently working on the design that uses L> norm of the stall cell or its minimum
in the first step of backstepping.

4.2. H; backstepping: Step 2. As a control Lyapunov function for (9) and
(10) we will use

1
Va(®,g) == §||9||2 + 563@
We will show that d—dEVQ(é, g) can be made negative definite by a virtual control of
the form

v

T([lgll, )
U.(T) +o(]lgl, ®)eo

for sufficiently large ¢ (||g||, ®). (For semiglobal stabilization ¢4 (||g||, ) can be chosen
to be a constant depending on the desired region of operation.)
Let

ey = U—U(|g],)
= U= (D) - Ca(llgll, ®)ea-

To calculate d%Vg(q),g) we will need to express d—dge@ in terms of e, ey, and g. For
this, note that

deo = L0 2L3(|g|)
— L@@ +g) - W)~y Lllgll
Applying Lemma 2.3 twice, one obtains
deo = () + f (Jo WL + (2]l + 9))ds) (]l + 9)d
+ fo V(& (|lg]) + sea + g)ds)db)e
— U(llgll, ®) —ew) — 2y 9]
= Uy T + s(ellgl + 9)ds) (ellgll + 9)db
+ ()" (o YUR(|gll) + sea + g)ds)db)ea
- ch(||9||7 ®)eq — ew) — Ty gellgll.
To simplify calculations, we introduce the following notation:
c0 = T5am e,
cal9) 1= 12 + 1) ;" o WL + s(ellg| + ) dsd
es(®,9):=fy" Jy W' ®(llgll) + sea + g)dsdd.
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Note that c3(g) and c4(®P, g) can be bounded by functions of ||g||. For clarity, in the
following calculations we use notation ¢; instead of ¢;(g), etc.

LEMMA 4.2. Assume that I' > ®¢ and ¢4 > % Then

deal < (esllgll + (lea — col)leal + lew])
+ y(l(co + crllgliDligl + ezllgllieal):
and
cogees < (csllgllleal + (ca — Co)el + |eaew])
+ C(l(co+cllgiDlllgllleal + c2llglled)-
Therefore, assuming I' > ®; and ¢, > % one has
EVa(®,9) = Vi) +eofeea
< (co+eillgligl?® + c2llgl?les]
+ (esllgllles] + (ca —Co)ed + lesew])
+ Cl(co+ cillgDlllglllea| + c2llglled)
< (cotallglDlgl?
+ (e2llgll + fes +l(co + eillgl)Dllglllea]
+ (1 (s — o) +24e2llglDed + 1-leaew].
Define

¢s i= (¢q + DIWL)],
co(9) = @+ DI ;™ Jy Jo VLT + s152(2llg] + 9))dsidszdb).
Note that cg(g) can be bounded by functions of ||g||. It follows from Lemma 2.3 that
cs < 5+ celgll-
Therefore, one obtains
V2(2.9) < (co+eallgl)llgl?
+ (eallgll + 7 (es + eallgll) +gl(co + eallgDllgllleal
+ (fea+egeallgll — 1-Ca)ed + i-leacwl.

Hence, we have the following result.

PROPOSITION 4.2. Assume that I > ®¢ and ¢4 > %. Then

&Va(®,9) < (co+elglDllgl?
+  (Tgleol + £e5 + (c2 + 16 + Tler])llgl)llglleal
+ (&

|
Cc4 — Cp CgC2|9]|)ep i levew|.
( ) +¢ge2llgl)eq + it lesew]

c

Assume that I' > & and ¢, > % Observe that if U = (I\l(||g||, ®) then

&Va(®.9) < (co+alglDllgl?

(34) + (Cgleol + 3¢5 + (2 + 7-c6 + Tgleal)llgl) gl eal
+ (5 (ca —2a) +Tc2llgl)ed

c

= cullgll® + 2ci2llglles + c22€3,
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where
C11 = (CO +Cl||g||)7
ciz = 3(Ggleo] + 75+ (ca + co +Tglar])lgl)),
car = (F(ca—7Ca) +Teeallgl)-

Note that the right-hand side of (34) is a quadratic form in ||g|| and eg (with coef-
ficients being functions of ||g|| and e). This quadratic form can be made negative
definite by choosing sufficiently large ¢¢. A sufficient condition for d%Vg(@, g) to be

negative definite for ¥ = @(||g||, D) is

Al = 1 < 0,
Ay = cy1C0 — C%Q > 0,

which is satisfied if

(@lcol + c5 + (c2 + 16 +¢glen])llgll)?

35 Cp > cq + lcCyeallg|| + e
( ) g H H 4‘CO+01H9H|

Observe that I' = ®( implies that ¢y = 0, so that it may seem that the gain
function ¢¢ blows up when g = 0. However, this is not the case. Note that I' = &
also implies that ¢4|co| + ic;, = 0. Therefore, for I' = ®q the right-hand side of the
inequality (35) becomes

(c2 + 7-¢6 + Cglea])?llgll?
e gl

ca + eCgeal|gll +Le

For ||g|| = 0 this quantity is not defined. However, it has a finite limit ¢4 at ||g|| = 0.
Hence, one can conclude that V2(®,g) is a valid control Lyapunov function also for
I =&,

4.3. H' backstepping: Step 3. As a control Lyapunov function for full model
(9), (10), and (11) we will use

1 1 41.B?
Vs(®,9,9) == S llgl” + Sea + —5—cu-

We will show that d%V3((I>, U, g) can be made negative definite by a throttle control
of the form

(36) Kr(¥,u) = +ey(|g]l, Pew

for sufficiently large ¢y (||g]|, ®). (For semiglobal stabilization ¢y (||g||, ®) can be chosen
to be a constant depending on the desired region of operation.)

To calculate d%Vg((ID, U, g) we will need to express d%e\p in terms of eg, ey, and g.
(Throughout the paper, for simplicity, we skip the arguments of functions.) One has

d — dy_ dyg
E@\I} = dfl:[l dqu
1 = d — = d
= W(—C\IJ&D) - €<I>d*50<b - C@,Tg&b

C Jc 9z _
= ﬁ(_cwe\y)_ﬁéug”_ﬁﬁ@_6¢%e¢,
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Thus, using Proposition 4.1 and Lemma 4.2 one obtains

4[0326\1/ d%e\p < —E\pe?p

+ 4B (|55 |(((co + cullgiDDllglew] + czllglllesew)
(37) + |G (esllglllew] + [(cs — ca)lleaew| +€5)
+ Ta((csllgllew| + (Jes — Tal)leaew| +€3)

+ C(l(co +erllglDDligllew] + callglllesewl))).
Hence, using Proposition 4.2 and (37) one obtains
2 V3(2, ¥, 9) < (co +arllgl)llgl?
+ (Eleol + 7-c5 + (c2 + g-c6 + CglesDllgl)llglllea |
+ (1 (ca = Ca) + Toe2llgled + 7 leacy|
— Eq,@?l,
+ 4B (|51 (((co + eallgl) D lglllew| + c2llgllesew])
+ 1521 (esllglles| + (s —Ca)llesew| + €f)
+ Co (- (csllgllles] + (Jes — Col)leves| + €f)
+¢(l(co +erllglDllglllew| + callgllleaewl)))

= cullgll® + 2ci2llglllea| + 2cisllglllew| + caoed + 2casles||ew| + cszeq,

(38)
where
cir = (co+clgll),
cro = 3(@lcol + fes + (ca + a6 +Gglea])llgl),
Coy = (i(C4 —¢a) +Cyc2llgll),
ci3 = 3B 5% (((co + eallgl)])
+4Bz|%%|c3 +4B%¢gc3 + 4. B%coy(|(co + cillgl)]),
Cog 1= %(li + 4l B2csllg|| + 4B2|866<f>} [|(ca —Ca)|
+4B%g|cs — Co| + 4l.Bxeacycal|g]),
33 = —cy+4B% %2 | + 4B%,.

Note that the right-hand side of (38) is a quadratic form in ||g||, |es|, and |eg]
(with coefficients being functions of g and eg that can be bounded by functions
of ||g|]| and ep. Assuming that ¢, > % and T satisfies (35), we can make this

quadratic form negative definite by choosing sufficiently large ¢y. Sufficient conditions
for d%Vg,(q), U, g) to be negative definite everywhere are

Al = 1< 0,
_ 2
Ay = 1609 — Cig > 0,
— 2 2
Ag = 633A2 + 2c19C13C23 — C92C13 — C11C3 < 0.

The condition A; < 0 is obviously satisfied (see Step 1). To enforce the condition
A > 0 one should choose ¢g that satisfies (35) (see Step 2). Finally, once ¢¢ satisfies
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the inequality (35), to assure that Az < 0, at each point, the gain ¢y should satisfy
the inequality

(39) Gy > 4B%| %2 | 1 4B, 4 2o2tatn—tncioncy,
IfT" > @&y then Ay > 0 holds everywhere and hence the right-hand side of the inequal-
ity (39) is defined for everywhere (see Step 2).

However, I' = &y implies that ¢y = 0, and thus Ay vanishes if g = 0. Therefore,
it may seem that the gain function ¢y blows up when g = 0. However, this is not

the case. One can show that the quantity 2ci2c13¢03 — 0220%3 — 011053 also vanishes if
2c12€13C23—C22Cl,

2
g =0 and x —C11%3 hag a finite limit as ||g|| goes to zero. Hence, one can
conclude that V3(®, ¥, g) is a valid control Lyapunov function also for T' = ®g. (See
similar remarks at the end of section 4.2.)

4.4. The case I' < ®¢. If the position of the peak is unknown or if the charac-
teristic shifts from its nominal position (because of disturbance, etc.), it may happen
that I' < ®g. In that case it follows from Proposition 3.1 that (@, ¥, g) = (I', ¥.(I"), 0)
is an unstable equilibrium that cannot be stabilized by the virtual control (30). How-
ever, one can prove that the controller of the form (36) will guarantee that the dy-
namics of the closed-loop system are confined to a ball containing (T, U.(T"),0). The
radius of the ball can be made arbitrarily small if one can use arbitrarily high gains in
the controller. This modification of the gains in the controller in comparison with the
case I' > @ is to be expected, as the controller gains proposed for the case I' > &
were not designed to work also in the case I' < ®.

What we present below is a simple, but not necessarily optimal, way of construct-
ing a controller that confines the dynamics to a ball. Our goal was to provide a simple
proof that this is possible, not to actually design a controller that is optimal in any
sense.

Assume that ®;,5; < I' < ®9. We are going to use notation of the previous
sections. We need to introduce two new symbols:

Cp = CL\I/;(F),
€11 :=Co + c1g]]-

These quantities will replace ¢y and c¢11, respectively. One can show that

d
2 B(® Y, 9) < cullgl® + 2enallglllea] + 2cisllglllew] + cazed + 2easleallew | + cssel-

Observe that we had to replace ¢y and ¢1; with ¢y and €7 since now W/ (T") > 0.
It will be also useful to introduce the following notation. Let

DV»(®,9) :=ullgl® + 2cr2lgllles| + c22e5.-

Then

d S
dff‘/é(‘l’,\l’,g) < DV3(®. g) + 2ci3]lglllew| + 2caslea||ew| + cszel.
Note that ¢g > 0 and ¢; < 0. Therefore, the upper bound on d%‘/é(@,\ll,g)

cannot be made negative everywhere; as for e = ey =0 and 0 < ||g|| < _c—fo one has
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¢11 > 0. However, we will show that one can arbitrarily reduce the size of the set where
d%Vg(@, ¥, g) > 0 by using high gains in the controller. This can be accomplished as
follows. First, one can arbitrarily reduce the interval on which ¢;; > 0 by using a
high gain ¢,, which makes c; big negative. Second, one can use high gains ¢ and ¢y,
which make coo and c33 big negative.

Let € be an arbitrary positive number. We are going to show that by using suf-
ficiently high gains ¢,, ¢s, and ¢y one can guarantee that d%Vg,(@, U, g) < 0 outside
the set M. :={(®,V,q) : |lgll <e¢, |ea] <€, |ey| <€}

Step 1. Choose ¢, such that for ||g|| > € one has €11 < —3.

Step 2. Choose ¢ such that the following conditions (2a) and (2b) are satisfied:

2
(2a) For ||g|| > € one has cpp < 5725,
Note that for a fixed ||g||, DV2(®, g) can be viewed as a quadratic function of
les|. One can show using some elementary algebra that our choice of ¢ guarantees

that for ||g|| > € one has DVy(®, g) < —2¢%.

(2b) For [|g|| < € one has =242 4 /]| 4 /| 2] < 1.

One can show using some elementary algebra that this choice guarantees that for
llgll < € and |es| > € one has DV (P, g) < —2€.

Step 3. Choose €y so that the following conditions (3a) and (3b) are satisfied:

(cizllgll+ezslea])®
DV3(®,g)+e2
Note that ¢33 is bounded, as the choice of € in Step 2 guarantees that for ||g|| > €
or |eg| > € one has DV3(®,g) + €2 < —¢€2.
One can show that this choice of ¢y guarantees that for ||g|| > € or |eg| > € one
has d%Vg(Q\IJ,g) < —€2.

(3b) For ||g|| < € and |eg| < € one has 7261552623 + 4/ ICHIHC‘ZCZ;LTQC”H < 1.

One can show that this choice guarantees that for ||g|| < € and |eg| < €, but for
lew| > € one has d%Vg(q),\I/,g) < —€2.

Therefore, we have the following result.

PROPOSITION 4.3. Let the gains T4, Co, and Cy satisfy the conditions stated in
Steps 1-3 above. Then outside the set M. = {(®, T, g) : |lg]l <€, |ea| <€, |ew| < €}
one has

(3a) For ||g|]| > € or |eg| > € one has ¢33 <

d 2
dff‘/g((p,qf,g) < —€”.

Therefore, the state of the closed-loop system enters in a finite time the set

N = (D,0,9) : Va(®, T )<41¢7322
€ - — y¥,g) V3 y ¥, 4 2(1+4ICB2)6 )

Note that the high gains of the controller presented in this section are required
if one wants to reduce the size of the dynamics and in particular of the stall cell, not
to stabilize a small stall cell. If one just wants to confine the dynamics to a ball, high
gains are not required.

It is not clear at the moment what are the dynamics of the closed-loop system
inside the absorbing set N;. This issue is currently under investigation.

5. Controllers for Galerkin projections of the full model. In section 4 we
constructed a feedback controller stabilizing a peak or any axisymmetric equilibrium
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to the right of the peak for the full Moore-Greitzer PDE model. The feedback law is
given by (36) and has a general form

KT(\IJ7U) = KT(Hg”H}(7¢7 \I/)

In terms of the magnitudes A, of the Fourier modes of a stall cell g the control
law looks like familiar backstepping control laws for MG3 with A; replaced with
(220:1(1 + %)(pAp)z)%. An implementation of this control law would require access
to an infinite number of modes of a stall cell g, which is practically impossible.

Remark 5.1. The following was communicated to the authors by Richard Murray
from Caltech.

The number of accessible modes depends on the number of pressure sensors used
to detect a nonaxisymmetric pressure distribution and their distance from the com-
pressor face. Since it requires 2n+1 sensors to instantaneously detect the first n modes
(by fitting a linear combination of spatial sinusoids), the number of sensors gets some-
what large for higher modes. In addition, with the minimal number of sensors, the
last mode is pretty noisy.

The Caltech compressor rig has six sensors so that a measurement of up to second
mode magnitude is possible. The rig has enough ports to use 16 sensors, which would
make it possible to measure the magnitudes of up to the seventh mode.

Another factor is the distance back from the compressor face. Recall that the
magnitudes of the Fourier modes of a stall cell fall off by e~ where 7 is the nondi-
mensional distance from the compressor face. For the Caltech rig, n is about 0.5, so
beyond the third or fourth mode one would not be able to pick out the signal from
the noise.

Remark 5.2. An alternative to an instantaneous detection of the first n modes by
using 2n + 1 sensors would be using fewer sensors and an observer to reconstruct the
modes. If the speed of rotation of the stall cell is known, then one can easily verify
that the first few modes are observable (even from a single sensor). The fast decay
of the higher modes because of the distance of the sensors from the compressor face
makes the observability of these modes poor and therefore is still a limiting factor in
the number of detectable modes.

If » modes are accessible, a practical implementation of the controller could use
(Xpe1 (1+22) (pAy)?) 2, i.e., a truncation of the infinite series (O (1+%)(pAp)2)%
representing the H}, norm of the stall cell g. A natural question arises: what can we
say about the controller of the form (36) that uses first n modes of the stall cell g7 In
this section we will show that this controller stabilizes the Galerkin projection of the
full Moore—Greitzer PDE model onto its first n modes.

It is easy to show that the ODEs describing evolution of the pth mode of ¢ are

: p a [*7 . 1
ap = o am \x ), U.(P + g)sin(ph)dd + ipbp ,

2m
. P a 1
b, = - <7r /o U.(P + g) cos(ph)db — 2pap>

or, equivalently,

2
; P a .
A, = o (W/O U (D +g) sm(pe+r,,)d0),
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. p _1 27
Tp = >t am ( A, / (P 4+ g) cos(ph + r,,)d@)

where g is represented as

Z ap sin(ph) + by, cos(pf)) ZA sin(pf + 1,).
p=1 p=1

A Galerkin projection of the stall PDE with n modes would be the set of 2n
ODEs as above with g replaced with

n = Z Apsin(pd + 1p).

p=1

Hence, an approximate model would consist of equations

2
. P a .
4 A = — U, (P 3
(40) P S am (7r /0 (@ + gp,) sin(ph + rp)d0> ,
] P 1 a 2
4 = —— — liiJ
(41) Tp D+ am < 2p+ A, /0 U (® + gn) cos(pd + rp)d9)

for p=1,...,n and (10) and (11).

One can prove the following result.

THEOREM 5.1. The controller of the form (36) that uses first n modes of the stall
stabilizes the system of 2n+ 2 ODEs consisting of the Galerkin projection of (9) onto
first n-modes of g and (10) and (11).

Proof. We are going to use a backstepping controller design, almost identical to
the one used for the full model.

Step 1. As a control Lyapunov function for (40) and (41) one uses

" 1 1 — am
Vi'(@,V, g,) = 5”971”%—[}1( =3 Z (1 + p) (PAp)*.
p=1

One has

a 27 n
= V(D + g, 2 A, sin(pf de | .
7T/O (®+gn) > p*Apsin(pf + 1)

p=1

Integrating by parts, one gets

a 21 , dgn n

a 27 dg 2
= @t g) (Y ae.
W/O / +g>(d9)d9

Steps 2 and 3 of the backstepping procedure are exactly the same as in the case of
the full model (with g replaced with g,,). d
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Simulations. In this section we illustrate the action of a truncated H*-controller
with some simulations. The full Moore-Greitzer model has been simulated using 64
Fourier modes (128 states) to represent the stall cell dynamics. The compressor char-
acteristics are assumed to be a cubic function [15]

WC<¢>:%+H(1+;(;_1)_;(;;_1)3)

The coefficients 19, H, and W represent, respectively, the shut-off pressure rise, semi-
height, and semiwidth of the characteristic. The parameters ¢y, H, W, a, m, l., and
B determine the compressor model. The Greitzer B parameter determines if the com-
pressor is likely to stall or surge. Stalling compressors are characterized by a low value
of the B parameter, while surging compresssors are characterized by a high value of
the B parameter. We simulated a low B compressor and a high B compressor. We
initialized both models with the initial condition for the surge dynamics near the
peak of the compressor characteristic. The initial shape of the stall cell was a pure
first mode.

Figures 2 and 3 show that, as expected, the state of the uncontrolled low B
compressor settled at a rotating stall condition with a significant pressure drop.

The simulations of uncontrolled dynamics are followed by simulations of the dy-
namics controlled with a truncated H'-controller using first four Fourier modes of the
stall variable and constant gains. The control function was saturated at 0 to avoid us-
ing negative values of the throttle coefficient. We see the state of the low B compressor
after a transient period of growing the stall variable and a drop in pressure settled
at the desired axisymmetric equilibria near the peak of the compressor characteristic.
Figures 4 and 5 show the state evolution.

Figures 6 and 7 show the evolution of the state of the uncontrolled high B com-
pressor. The stall cell initially grows fast, but after the mean mass flow reaches the
reverse flow part of the characteristic, it decays. The state of the system undergoes a
deep surge cycle.

Figures 8 and 9 show the evolution of the state of the controlled high B com-
pressor. The controller opens the throttle and prevents a transition into a deep surge
cycle. Note that the mean flow spends more time in the interval between the well and
the peak than in the uncontrolled case. This causes the stall variable to grow and
stay large. The stall variable starts to decay only after the mean mass flow becomes
bigger than the value corresponding to the peak of the compressor characteristic.
This explains why the stall variable decays faster in the uncontrolled case than in the
controlled one.

Conclusion. We have constructed a feedback controller stabilizing a peak or any
axisymmetric equilibrium to the right of the peak of the compressor characteristic for
the full Moore-Greitzer model. The control law resembles control laws for a one-mode
truncation of the full model. In the case when the set-point parameter in the controller
is such that there is no stable axisymmetric equilibrium we can still guarantee that
the dynamics of the closed-loop system are confined to a ball, whose radius can be
made arbitrarily small by choosing sufficiently high gains in the controller.

A practical implementation of the H-controller would use a finite sum (37, (14
%) (pAp)z)%. We proved that this truncated feedback controller actually globally sta-

bilizes the system of 2n+2 ODEs consisting of the Galerkin projection of the PDE de-
scribing the stall onto its first n-modes and two ODEs describing the surge dynamics.
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Simulations: stall and surge dynamics
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Simulations: stall and surge dynamics
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While one may argue that the necessity of finding the magnitudes of the Fourier modes
of a stall cell for a feedback requires complicated implementation, let us observe that
such information would be necessary anyway for any feedback law based on a Galerkin
approximation of a Moore—Greitzer PDE model with a finite number of modes.

One feature of the H!'-controller is not desirable. Namely, its gain increases for
higher order modes of the stall cell. This does not seem to be necessary (see Re-
mark 4.1). We conjecture that one can replace the H} norm of g with the L> norm
of g or with the minimum of g in the controller and have the same stabilizability
property without using a higher gain for higher order modes of the stall cell. We are
currently working on the proof of this conjecture.

Although we have concentrated on a specific model here, the methods developed
in this paper can be used, with slight variations, in a variety of problems involving
evolution equations.
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