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Robust Stabilization of a Centrifugal Compressor With Spool Dynamics

Der-Cherng Liaw, Chau-Chung Song, and Jeng-Tze Huang

Abstract—Issues of global stabilization of a centrifugal com-
pressor with spool dynamics are presented. Control schemes are
designed for systems with and without system uncertainty. While
activating only the close-coupled valve or the throttle as the single
control input, backstepping tools are first used to achieve global
stability of the working equilibrium for systems without uncer-
tainty. The uncertainties in the spool dynamics and the compressor
characteristic are known to be likely to happen in practical ap-
plications. Under such circumstances, the compressor torque and
the close-coupled valve are then employed to achieve robust global
stability of the working equilibrium via the Lyapunov redesign
method. Numerical simulations are given to demonstrate the main
results.

Index Terms—Backstepping, centrifugal compressor, global sta-
bilization, Lyapunov method, spool dynamics.

I. INTRODUCTION

T IS KNOWN that a centrifugal compressor achieves its op-

timal performance while working at the peak of the com-
pressor map. However, the system might encounter surge if it
is throttled beyond that critical point. Surge is known to be a
one-dimensional oscillation involving the pressure rise and the
mass flow which sharply reduces the compressor efficiency and
can damage the compressor [1]. Therefore, the avoidance of the
surge oscillation becomes an important issue for high-efficiency
operation of centrifugal compression systems.

Recently, the control of surge behavior has attracted consid-
erable attention (see the review in [2]) and particular interest
has focused on global control and robustness issues [3]-[9]
and [16]. For instance, Simon and Valavani [6] first proposed
a sliding mode control design by using the close-coupled
valve to robustly stabilize a compression system subject to
the uncertainty in the compressor map. Gravdahl and Egeland
[7] proposed a Lyapunov-based backstepping design to tackle
the uncertainties in both compressor and throttle maps. How-
ever, these two papers did not consider the effect of spool
dynamics whose transients might cause instabilities. Gravdahl
and Egeland also proposed a control design to achieve ro-
bust exponential stability of the equilibrium by activating the
close-coupled valve and/or the compressor torque [8], [18].

Manuscript received December 27, 2001; revised September 26, 2003.
Manuscript received in final form March 19, 2004. Recommended by Asso-
ciate Editor A. Banaszuk. This work was supported by the National Science
Council, Taiwan, R.O.C. under Grants NSC-90-2213-E-009-102, NSC-91-
2213-E-009-034, NSC-92-2213-E-009-014, and NSC-91-2212-E-216-019.

D.-C. Liaw is with the Department of Electrical and Control Engineering,
National Chiao Tung University, Hsinchu 300, Taiwan, R.O.C. (e-mail:
dcliaw @cc.nctu.edu.tw).

C.-C. Song is with the Department of Electrical Engineering, Chung Hua
University, Hsinchu 300, Taiwan, R.O.C.

J.-T. Huang is with the Department of Electronics Engineering, Vanung Uni-
versity, Chungli 320, Taiwan, R.O.C.

Digital Object Identifier 10.1109/TCST.2004.833611

That result is based on a model with a specified nominal com-
pressor map. Fink, Cumpsty, and Greitzer derived a three-state
lumped parameter model for a centrifugal compression system
that includes spool dynamics [17]. It was further detailed in
[5] and [8]. Based on this model, control designs were also
proposed to achieve global stability of the equilibrium without
considering robustness issues [3], [4]. Though the spool dy-
namics might be very slow with respect to surge dynamics, the
compressor characteristic is known (e.g., [3]-[5], [8], [17]) to
be a function of spool speed. The robust control designs for
centrifugal compression systems with the influence of spool
dynamics remains an important issue.

In this brief, we propose control designs for centrifugal
compression systems with and without system uncertainties.
There are two main goals of this study. One is to study the
global stabilization of general centrifugal compression systems
without considering system uncertainties. Instead of using the
full control efforts for guaranteeing system stabilization as
those in [3]-[5], the Lyapunov function approach via single
control input is proposed in this brief to tackle global system
stabilization problem. The other is to achieve robust global sta-
bility for compressors with bounded matched-type uncertainty.
This will be achieved by tuning both driving torque in spool
dynamics and closed-couple valve only.

The brief is organized as follows. In Section II, the three-state
lumped-parameter model for centrifugal compression systems
is recalled. A brief description of compressor dynamics is also
given to highlight the motivation of the study. It is followed by
the application of backstepping approach to the global stabiliza-
tion design for compression systems. The example compressor
model presented in [3] is then adopted in Section VI for nu-
merical study to demonstrate the applications of the proposed
designs. Finally, the conclusion is given in Section V to sum-
marize the main results.

II. DYNAMIC EQUATIONS FOR A CENTRIFUGAL COMPRESSOR

A basic centrifugal compression system is consisted of inlet
duct, compressor, outlet duct, plenum, exit duct, and a control
throttle (see, e.g., [5, Fig. 2]). Here, the plenum is a simplified
model of the combustion chamber and the throttle can be re-
garded as a simplified model of a turbine. In general, the fluid
dynamics of a compression system can only be fully described
by a set of partial differential equations. To facilitate the anal-
ysis, lumped-parameter model of compressors have been re-
cently derived (e.g., [10]). Assume that the flow in the com-
pression system is one-dimensional and incompressible, and the
plenum dimension is large enough so that the pressure in the
plenum is spatially uniform. In addition, the thermodynamic
process of the system is assumed to be isentropic. Based on
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these assumptions, a lumped-parameter three-state model (e.g.,
[31-[5], [17]) is recalled below

dP, da® . .
d—;zv( c_mt) (D
’ p
L drn,
Aa e h @
dw
JE:Tt_Tc (3)

where P, 1., and w denote the pressure in the plenum, com-
pressor mass flow rate, and spool speed, respectively. The defi-
nitions of remaining parameters and variables can be referred to
(e.g., [3], [4], [8], [17]). Note that (1) and (2) are equivalent to
the model introduced by Greitzer [10]. In (3), the angular speed
of the compressor w is included as one of the system states.
Equation (1) describes the mass balance in the plenum, while
(2) describes the momentum balance in the duct.

By suitably nondimensionalizing system (1)—(3) and as-
suming the throttle opening is a smooth function, the system
equations can be rewritten as follows [3]:

w=a{n - I(¢,a)} (4)
¢ =b{te(d,@) — ¥} (5)
Y =cl{o—F(v,9)} (6)

Here, 1. denotes the compressor characteristic map which is a
function of both mass flow and spool speed. Note that, instead of
adopting o ¢w and y+/7) for the approximate compressor torque
and throttle function as in [3], here, we use I'(¢, @) and F'(«y, ¢)
to denote the general compressor torque function and throttle
pressure map, respectively. In addition, -y is proportional to the
throttle opening, while @ > 0,b > 0 and ¢ > 0. The physical in-
terpretation of the remaining parameters in (4)—(6) can be found
in, e.g., [3], [4], [8], and [17].

III. CONTROL DESIGNS

In this section, Lyapunov-function-based global control
schemes for the centrifugal compressor model (4)—(6), without
considering system uncertainty, are first proposed to guarantee
system stability by using either the close-coupled valve or
the throttle opening as the unique actuator. This derivation
is followed by a robust design that compensates for system
uncertainties.

It is clear that the equilibrium of (4)—(6) with a constant
driving torque 7 = 7 can be easily determined by equating the
right-hand side of (4)—(6) to zero. Denote z° = (@°, ¢°,4°)T
such an equilibrium. We then have

70 =D(¢",0°) (7
¢° =F(y°,¢°) (8)
P = (¢, &°). 9)

Note that the system equilibrium points can hence be obtained
from the intersection of throttle and compressor map for given
@° and ~°.

Next, we study the local stability around the equilibrium point
29 Letz = (x1,29,23)T withz; 25— 0% 29 2 ¢ — ¢° and
x3 = 1) — °. For a general centrifugal compressor, we might

have control input signals from the compressor driving torque,
the close-coupled valve and the throttle opening. Let u; = 7 —
To, up and uz = v — v° be the extra applied compressor torque,
the close-coupled valve control, and the throttle opening control,
respectively. The system of (4)—(6) can then be rewritten as

J.Z’l :a{f(Il,fI}z) +U1} (10)
ip =b{Cys(w1,72) — T3 + un} (11)
i3 = c{wy + F(7°,9°%) — Fus +7°, 23 +¢°)} (12)
where
Css($1:x2) é 1/10(372 + ¢0,£E1 + (‘DO) - ¢C(¢07®0) (13)
and
flrr, ) ET(¢°,0°%) = T(wa + ¢ 21 +&°). (14

For a given 7°, the linearization at the equilibrium point z°
for the uncontrolled model of system (10)—(12) gives

T = Az (15)
where
~agh(0,0) —agg(0.0) 0
A= | b%5=(0,0) b%5==(0,0) —b (16)
0 ¢ ~51(0,0)

By solving the characteristic polynomial of system (15), we
have

d@t()\lgxg — A) = )\3 + Cl/\2 + 02/\ + c3 (17)
where
_dar 701/16 OF
c1 —a% 84) + c% (18)
he + baqpcar ba_F8¢c _ a¢ca_F
C=bet a9 Yon o "og o9
9L IF
ac%a—w (19)
_ o (90, 24 0L OF 9T 9y, OF 00
@000 T 8w g0y 9w dp 9p

Applying the Routh—-Hurwitz criterion to system (15), we
then have the next stability result.

Lemma 1: The equilibrium point 2" for the uncontrolled ver-
sion of system (10)—(12) is asymptotically stable if ¢c; > O,
c3 > 0 and cyco > c3, where ¢; are defined in (18)—(20).

From [5] and [17], the compressor torque is known to be
strictly increasing with respect to ¢ only for ¢ > 0. For sim-
plicity and without loss of generality, we make the following
hypothesis to facilitate the stabilization design.

Hypothesis 1: The compressor pressure map ). is a mono-
tonically increasing function with respect to the angular velocity
of compressor. Moreover, the throttle function F' is also strictly
increasing function with respect to the corresponding variables
and the compressor torque I is strictly increasing with respect
to ¢ for ¢ > 0.

From Hypothesis 1, we have 91)./0& > 0, 0F /94 > 0 and
OI'/0w > 0. Moreover, we have 9T'/9¢ > 0 for ¢ > 0. The
next corollary follows readily from Lemma 1.
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Corollary 1: Suppose Hypothesis 1 holds. Then an equilib-
rium point #° with ¢ > 0 for the uncontrolled version of
system (10)—(12) is asymptotically stable if di)./d¢ < 0.

Note that, the result of Corollary 1 agrees with thatof [11] and
highlights the local stability of system equilibrium with nega-
tive slope of 1. versus the mass flow ¢. However, the domain
of attraction for the uncontrolled equilibrium points decreases
as the throttle closes [12]. In the following, we propose control
laws to globally stabilize a given system equilibrium. For gen-
eral applications, the pressure variable 1) is known to be non-
negative. This will be in effect in the remaining of this brief.
In Sections III-A and III-B, we will study the global stabiliza-
tion problem for system (10)—(12) with explicit knowledge of
system model. The robust design issue will be discussed in Sec-
tion III-C.

A. Close-Coupled Valve Control

It is clear that system (10)—(12) is completely controllable
when all three control inputs are available. In this brief, we
study system stabilization with one or two control inputs. First,
we consider the global stabilization design for system (10)—(12)
with the close-coupled valve u» being the unique available con-
trol.

Motivated by the polynomial function of compressor torque
as that in [3] and [4], we assume the function f(z1,z2) is
smooth and can be decomposed as

f(z1,m2) = f(21,0) + z2 f (21, 22). 2D

Clearly, f(z1,0) is the so-called “zero dynamics” of the sub-
system (10) with u; = 0. Since I" is a strictly increasing func-
tion with respect to @, it is clear from (14) that ;1 f(z1,0) < 0
for 1 # 0.

Let

1/1
Vo) = (5ot +

5 (22)

1 1

be an energy-like Lyapunov function candidate for system
(10)—(12). Taking the time derivative of V'(z) along trajectories
of system (10)—(12) for u; = us = 0, we have

. . 1 . 1 .
V(z) = Z1d + Zlvﬂz + Z¥3d3

=1 f(21,0) + 2122 f (21, 22) + 22Cs5 (21, 72)
+ x3{F(707r¢)0) - F(707x3 + 1/}0)} + T2usz.
(23)

Suppose F' is a strictly increasing function with respect to ). It
is clear that x3{F(7°,4°) — F(7°, 23 + 4°)} < 0 for all =3
and the equality holds only at 23 = 0. Thus, V() in (23) will
be a negative definite function if the applied control input us is
chosen so that V; defined in (24) is a negative definite function
of x2 only

Vi = 2120 f (21, 29) + 2055 (21, T2) + T2us. (24)
Obviously, one of such choices is
uy = —w1f(21,22) — Cos(w1, 2) —u(wz)  (25)

where u(z2) x5 is a positive definite function for all zo € R. We
then have V (z) < 0 for all z € R® and V/(z) = 0 only occurs
at x = 0. Note that, similar designs have been given in [7], [8]
to dominate the effect of 22Css(x1, z2) for making V(a:) <0.
However, the proposed design in (25) provides more freedom in
the selection of controller.

Employing Lyapunov stability criteria, we have the next
global stabilization result following directly from the discus-
sions above.

Theorem 1: Suppose Hypothesis 1 holds. The system equi-
librium (@9, #°, ) of system (10)=(12) can then be globally
stabilized by the close-coupled valve control. One of control
laws is given in (25).

Remark 1: The proposed control design given in Theorem 1
calls for the exact knowledge of the functions Cs(x1, z2) and
f(z1,22) (as in (13)—(14)). However, it requires no activation
of the compressor torque to stabilize the spool dynamics. This
is the main advantage of the above design.

B. Throttle Control

Next, we study the case of which the throttle setting is
the unique applied control force. Though the throttle control
is known to be easier for most practical implementations,
however, the uncertainty of a compression system can not be
directly cancelled by throttle control alone. Motivated by Krstié
etal. [13] and Liaw et al. [16], we use the backstepping control
approach to construct a practically global stabilization scheme
for system (10)—(12).

It is observed from (10)—(12) that the throttle-controlled ver-
sion of system (10)—(12) becomes

i1 =a{f(z1,0) + z2 f(z1,22)} (26)
iy = b{Cyss(w1,22) — 73} (27)
iz =c{my + F(7°,9%) = Flus ++°, 23 + ¢°)}. (28)

Following the backstepping design procedure [14], we first try
to globally stabilize the subsystem (26)—(27) by treating x3 as
a virtual control input. According to the discussions in Sec-
tion III-A, x3 can be chosen such that for any z; € R, V5 as
defined in (29) below is a negative definite function of xo
Vo= 1113?2]?(117173?2) + 22Css(x1, 22) — Ta2x3. (29)
Let x34 be such a designed virtual control z3 which makes V5
be a negative definite function of zs. It is obvious that one of
such choices is
T3q = 21 f (21, 22) + Cus(21, 22) + 9. (30)
Next, denote the error term £ := x3 — x34. The throttle control
system (26)—(28) can then be rewritten as

i1 =a{f(x1,0) + wof(x1,22)} (31)
i9 = b{Css(x1,72) — T34} — bE (32)

{=c{ay + F(7°,9°)}
— F(u3 +°,& + 3q + °) — i34 (33)
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Choose a Lyapunov function candidate V(z1,22,&) for
(31)=(33) as

7 2 (34)

1/1 1 1
V(z1,22,§) = 5 (:17% + =33 + :£2> .
a C
The time derivative of V' along the trajectories of system
(31)-(33) can then be calculated as

V(ﬂflaiﬂmf):%fﬂlil + %iﬂzia + %ff
=1 f(a.0) = 73+ E{ PGP 4°)

1
—F(uz+9°, E+asq +9°) — Ej73d}-
(35)

It is observed from (35) that V(xl,xg, &) will be a negative
definite function for (z1,z2,£)T € R3 if the applied throttle
control u3 is chosen to make

Vaim €{ PO = Flun 5% €4+ 1) = Lig
(36)
a negative definite function with respect to &.

According to Lyapunov stability criteria, we then have the
next theorem.

Theorem 2: Suppose Hypothesis 1 holds. The equilibrium
point (@, ¢°, 1)) of system (31)—~(33) is globally stabilized by
the backstepping throttle control laws v = +" + uz where u3
makes V3 in (36) a negative definite function with respect to &.

Note that, it is clear from Theorem 2 and (36) that the pro-
posed control law depends on the existence of us. To demon-
strate such an application, consider the throttle function adopted
from [3] and [11] as given by F(v,%) = /1. In most prac-
tical applications, the total pressure rise 1) = & + w34 + 1* is a
positive value. From (36), one of choices for w3 is that

1
VE+ @34 +1°
1.
X {’YO(V PO — €+ w34 +90) - —F3d + 5} (37)
provided with & + x34 + 9° # 0. It is clear from (37) that the

throttle control input u3 as in (36) for the design of Theorem 2
is solvable.

us =

C. Robust Control Designs

Now, we consider the robust design for centrifugal compres-
sors with uncertainties appearing in the compressor character-
istic Css(z1, 22) and the compressor torque f(x1, z2). The pro-
posed scheme is consisted of two loops. The inner loop is in-
tended to provide global stabilization of the nominal model,
while the outer control loop will cancel the effect of system un-
certainties. Details are given as follows.

Let the compressor torque and compressor characteristic be

flx1,m2) = flzr, 22) + Af (21, 22)
Css(l'th) éss(x17w2) + Acss(wlle)

(38)

where f(x1,5) and C,, (71, 72) denote nominal models, while
Af(z1,22) and ACs4(x1,x9) are uncertainties for f(zy,x2)
and Css(x1, z2), respectively.

Assume that

(39)
(40)

| Af(w1,72) |<01(21,22)
| ACs(z1,22) |< b2(z1, 22)

where 61 (21, 22) and 62(x1,x2) are two known bounded and
positive definite functions.

In this study, we assume the spool driving torque u; and
closed-couple valve us are two available control inputs, which
makes the control system of (10)—(12) with us = 0 satisfy the
so-called “matching conditions.”

Let uy = Auq and us = s + Aus, where s is for the inner
control loop design. The two extra inputs Awu; and Auy are for
the outer control loop, which will be designed to compensate
the dynamic effect by system uncertainty. System (10)—(12) can
then be rewritten as

i1 =a{f(z1,72) + Af (21, 22) + Aur } 41)
io=b{Cos(w1,22) +ACss (%1, m2) — T3+ T2+ Aus } (42)
t3=2{ws + F(1°,9") = F(4°, 23 + 7)) (43)

As motivated by the results of Section III-A, we choose V ()
given in (22) as a Lyapunov function candidate for the system

(10)—(12). Taking the time derivative of V() along the trajec-
tories of system (41)—(43), we have

V() = Zai1 + l-’mi"z + ixz’,i?s
a b c
= a1 f(z1,22) + 23{F(7°,9°) = F(y°, 23 + ¢°)}
+ 29Css(21, T2) + Tolia + 11 Auy
+ 21 A f(51,22) + 22Aus + 12 AC (21, T2).
Following the design in Section III-A, we choose

(44)

Uy = —xlf(-’fhxz) - 655(1717-’1?2) — T2

for the inner loop control. Note that, as mentioned in Sec-
tion III-A, the term x5 in (44) can be replaced by a function
w(zg) with zou(x9) being a positive definite function. Such
a design provides more freedom in the selection of controller
than that in [7], [8]. We then have

V(.T) = xlf(xho) + x3{F(’yO:wO) - F(70>x3 + 1/)0)}

—25 4+ 21 {Auy + Af(21,22)} + 22 {Augy + ACs (21, 22)}-

(45)

Itis clear that V() in (45) will be a negative definite function

if the applied control inputs Awu; and Auy are chosen to make

xl{Aul + Af($17$2)} + ZEQ{AUQ + ACSS(xhxz)} < 0.
Obviously, one of such choices are

Auy = —sign(zq) - 61(z1, 22)

and Aup = —sign(za) - b2(z1, 22).

(46)
(47

This leads to the next result.

Theorem 3: Suppose Hypothesis 1 holds. The equilibrium
points (0°, ¢°,1%) of system (41)~(43) can be globally stabi-
lized by the control as given in (44) and (46)—(47) with respect
to the uncertainties satisfying the conditions of (39)—(40).
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Time trajectory: w=0.5

0.8
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e
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0 1 2
time
Time trajectory: “’i=0'22
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0.7

0.6
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0.4

0.3

0.2
0

time

Fig. 1. Surge trajectories in open-loop dynamics.

Remark 2: Due to the sign effect, the above control
law might introduce “chattering” behavior into the system
dynamics. To avoid chattering behavior, a boundary layer
around the equilibrium can be introduced within which a
linear feedback control can operate. However, in general, only
practical stability can be assured by such a continuous control
design. Another concern for the practical implementation is the
limitations of the actuators. As depicted in Fig. 2, the actuator
limitations might contribute to the longer settling time while
also providing system stabilization.

IV. NUMERICAL RESULTS

In the following, numerical simulations for a example com-
pression system will be given to demonstrate the effectiveness
of the proposed control laws. Here, we adopt the model with
same system parameters and numerical values as those in [3]
for system performance comparison. As depicted in Fig. 1, the
time responses of the uncontrolled model fall into a violent surge
oscillation. These time responses are very similar to the ones
given in [3]. In the following, the control algorithms developed
in Section III are applied to system (10)—(12) to achieve global
stability.

Case 1. Close-Coupled Valve Control: The control algorithm
in (25) is first applied to system (10)—(12) with .. given in [3],
which gives

Uy =021 (21 +0°) = {Ye(x2+0°, 21 +0°) = (4%, &%)} — .
(48)

As depicted in Fig. 2, the time responses of the control system
are quickly brought back to the system equilibrium by control
input us. Compared with the results presented in [3], it is clear

- 02 R

Time trajectory: ¢i=0.345

0.6

0.4

S

=

=
= =

At [ inaand Hasanh Haaaad L
v"'Vv LR LA Y

1 2 3
time
Phase plane: x0=[0.7 0.245 0.676]

0.2 '
— - Pressure—flow map
01 -+ Throttle function
.| — Surge trajectory
0 =
02 0 0.2 0.4 0.6
o

that two different designs can be applied to achieving global
stabilization. However, both throttle and compressor torque are
used in [3] to guarantee system stabilization, while we use only
one closed-couple valve control for making system stable.

In order to check the effect of the actuator limitation on
system performance, two different limit values of 0.1 and 0.2
have been set up for the uo in the numerical simulation. As
depicted in Fig. 2, these actuator limitations will cause longer
settling time while also providing system stabilization.

Case 2. Throttle Control: Following the design presented in
Section ITI-B with ug as given in (37), we then have the modified
model as given by

&1 =af(r1,w2) (49)
:I?Q :B{Css(xl,d?g) — 3?3} (50)
{=2t(z2—¢) (51

where £ = x3 — x34 with

w3q = —owy (21 + 0°) + {the(w2 + ¢°, 21 + Q°)
— (¢, @)} + w2, (52)

The simulation results for the closed-loop system with the
applied control effort are given in Fig. 3, which shows the ef-
fectiveness of system stabilization by the throttle control alone.

Case 3. Robust Control: Next, we present the results for ro-
bust design. The extra control inputs in (46)—(47) are applied to
system (41)—(43) in order to compensate the uncertainties em-
bedded in system dynamics. Motivated by [15], in this study the
uncertainties are chosen to be

Af(zy,29) = ACss(x1,22) = 0.18in(1023). (53)
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Fig. 2. Time trajectories for system with close-coupled valve control.
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Fig. 3. Time trajectories for system with throttle modulating control.

It is clear to have the bounds for A f(z1, x2) and ACs, (21, x2)
as 61 = 62 = 0.1. With the addition of these uncertainties, the
transient behavior of the closed-loop system in Case 1 is de-
picted by the dashed line of Fig. 4, and surge oscillation still
exists. When an inner loop control as given in (44) is added on
to achieve the global stability of the whole system, as shown

971

Time trajectory: ¢i=0.345
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time
Control inputs
0.4
— No input constraint
Input constraint = 0.2
0.3 -— Input constraint = 0.1

Time trajectory: $,=0.345

0.36
0.34
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0.3
0.28
0.26

0.24

0.22
0
time

Control input
0.1

0.05

-0.05

[
-0.1
-0.15
-0.2

-0.25
0

time

by the dotted line of Fig. 4, the oscillation is found to become
smooth with smaller amplitude. However, it does not converge
to the equilibrium point. In order to compensate the system un-
certainty, as well as inner-loop control, the outer-loop control
law in (46)—(47) is employed to drive the oscillating trajectories
into the stable equilibrium point. The timing response depicted
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Fig. 4. Time trajectories for system with robust control.

by the solid line of Fig. 4 shows the success of the robust stabi-
lization design.

V. CONCLUSION

In this brief, three different control designs are proposed to
stabilize the three-state model of a centrifugal compressor with
and without uncertainty. When the uncertainty is absent, the
global stability of the system can be achieved by a single con-
trol input. This design has the same effect as that presented in
[3] and [4]. In addition, a two-loop robust control design is at-
tained to achieve system stability with uncertainties appearing
in compressor characteristic and spool dynamics. Though the
analytical works can guarantee the global stabilization of com-
pression system, the proposed designs depend on the explicit
knowledge of system characteristics. To relax the knowledge of
system dynamics, instead of global stabilization, a practical sta-
bilization can be achieved by a similar approach.
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