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Detection of Surge and Stall in Compression Systems:
An Example Study

Yew-Wen Liang and Der-Cherng Liaw

Abstract—Issues concerning the detection of surge and rotating stall in
a compression system are considered. It is observed that, when surge or ro-
tating stall happens, the plenum pressure rise and mass flow rate of a com-
pression system exhibit abrupt change while those of its linearized model
do not. With this observation, it is shown that the surge and rotating stall
can be successfully detected by employing a linear-based fault identifica-
tion filter (FIDF) design technique. This is achieved by treating the dif-
ference between the output of the compression system and that of its lin-
earized model at an unstalled operating point as a fault vector and then
investigating the effect of the fault on the designed FIDF. Simulation re-
sults with regard to Moore and Greitzer’s compression model (1986) are
given to demonstrate the effectiveness of the proposed approach. The theo-
retical study presented in this note may provide a guideline of detecting the
occurrence of unstable phenomena at the onset so that corrective responses
can be made in the practical applications.

Index Terms—Fault identification filter, stall, surge.

I. INTRODUCTION

In the recent years, it is known that the main obstacles to the high op-
erating efficiency of a compression system are its instabilities. This has
attracted considerable interest among engineers and researchers in the
dynamic analysis and control design of such systems (see, e.g., [2]–[4],
[9]–[14]). Compressed gas is subject to two main kinds of unstable
behaviors: surge and rotating stall. The so-called “surge” is character-
ized as a one-dimensional mass wave motion while “rotating stall” is
a wave-like disturbance propagating along the circumferential direc-
tion with constant rotating speed. Both of these two instabilities tend
to raise the temperature in the compressor abruptly and may, in some
cases, cause extreme mechanical damage. Therefore, distinguishing the
causes of surge and rotating stall ([10]), detecting the inception of un-
stable phenomena (see, e.g., [4], [9], and [14]) and taking appropriate
actions to prevent the instabilities (see, e.g., [2], [3], [10], and [12]) are
all important issues.

Due to the growing demand for fault detection, diagnosis and iden-
tification of a control system, various techniques have been developed
(see, e.g., [5]–[7] and the references therein). Among these techniques,
the so-called “fault detection/identification filter” (FIDF) is one of the
most effective (see e.g., [5] and [6]). Ding and Frank [6] proposed an
algorithm for designing the FIDF by the use of factorization method in
the frequency domain, while Changet al.[5] employed the decoupling
controller design concept to design the FIDF. The later design is easier
to use since it does not require the computation of coprime factoriza-
tion as mentioned in [6].

The main goal of this note is, from theoretical point of view, to show
how the FIDF may be used to detect the occurrence of surge and rotating
stall in a compression system. Strictly speaking, surge and rotating stall
in a compression system are not faults in the usual sense (see, e.g., [6],
[7]). However, when surge or rotating stall happens, it is observed that
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the plenum pressure rise and mass flow rate of the nonlinear compres-
sion system exhibit abrupt change while those of its linearized model do
not. The idea behind this note is hence to treat the difference between
the output of the compression system and that of its linearized model as
a fault vector and inspect the influence of the fault vector on the residual
of the FIDF. With the aid of a linear model-based FIDF design technique
[5], the occurrence of surge and rotating stall is shown to be detectable
by inspecting the residual generated from the FIDF. For practical appli-
cations, this study may provide engineers a signal for the time of taking
appropriate control actions for preventing system instability. Since the
employed FIDF technique is simple and easy to design, the proposed
scheme in this note is then expected to be easier for physical imple-
mentation than the existing ones (see, e.g., [4], [9], [14]).

II. THE FAULT IDENTIFICATION FILTER (FIDF)

It is known that one of the most effective approaches to detect the
appearance of faults in a control system is through the application of
an FIDF (see, e.g., [5], [6]). In this section, the FIDF design presented
in [5] is recalled, which will then be employed in Section III to detect
the occurrence of surge and rotating stall in compression systems.

Consider a linear plant as given by

_x(t) =Ax(t) +Bu(t) +E1f(t) (1)

andy(t) =Cx(t) +Du(t) + E2f(t) (2)

wherex(t) 2 Rn, u(t) 2 Rm, f(t) 2 Rq andy(t) 2 Rp denote
the state vector, the input vector, the fault vector and the output vector,
respectively. For simplicity and without loss of generality, we assume
that p = q. The case forp > q can be reduced to that ofp = q

[5]. From (1) and (2), by taking Laplace transform, we havey(s) =
Gu(s)u(s) + Gf (s)f(s) with Gu(s) = C(sI � A)�1B + D and
Gf (s) = C(sI � A)�1E1 + E2. The objective of FIDF design is to
construct two proper and stable filtersH1(s) andH2(s) such that the
residual vector

r(s) = H1(s)u(s)+H2(s)y(s) (3)

has the following asymptotic property:

r(s) �! 0 if and only if f(s) �! 0: (4)

One of the existing results of FIDF design is recalled in Lemma 1
below.

Lemma 1 [5]: An FIDF with property (4) for the linear system (1)
and (2) exists ifA is a Hurwitz matrix andGf (s) = C(sI�A)�1E1+
E2 is invertible.

From the definition ofy(s), the residual vector in (3) can be rewritten
as

r(s) = [H1(s) +H2(s)Gu(s)]u(s) +H2(s)Gf(s)f(s): (5)

The main idea behind the FIDF design is to delete the effects of the
control input and nonzero initial state on the residual vectorr(s) while
providing the fault signalf(s) directly through the magnitude ofr(s).
Based on the assumptions of Lemma 1, the FIDF design procedure
given in [5] can then be summarized as the following algorithm.

Algorithm 1 (FIDF Design Procedure):

Step 1) ConstructH2(s) so that the transfer matrixH2(s)Gf(s) is
a diagonal proper and stable one.

Step 2) DetermineH1(s) such thatH1(s) +H2(s)Gu(s) = 0.
Step 3) Check the residual value fromr(s) by (3).
Note that, the system output affected by nonzero initial state will

decay to zero since the system matrixA is required to be a Hurwitz ma-
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Fig. 1. (a) Control input. (b) Time response of system states. (c) Residual. (d) Alarm signal.

trix. Thus, the property (4) for system (1) and (2) can then be achieved
via Algorithm 1.

It is known that the location of equilibrium points of a parameter-
ized nonlinear system_x = f(x; �)may vary as the parameter� varies.
The domain of attraction of the asymptotic stability equilibrium points
then depend on the parameter� and their locations. Although the do-
main of attraction of an asymptotically stable equilibrium point may
be small so that small variation of the state can result in an undesired
unstable behavior, while its linearized model at that equilibrium point
is always globally asymptotically stable. This implies that the states of
a nonlinear system and its linearization may exhibit dramatic different
behavior due to the variation of system parameters and/or disturbance.

Now, we study the detection of the abrupt change of dynamical be-
havior for nonlinear system via FIDF design. Consider a nonlinear con-
trol model as given by

_x = h(x; u) (6)

wherex 2 Rn andu 2 Rm denote the state and control input, respec-
tively. Note that, in general, the operating point of (6) depends on the
value of control inputu. In order to apply the FIDF results of [5], the
linearized model of system (6) at an operating point(x0; u0) is con-
structed as

_̂x = Ax̂ +Bû (7)

wherex̂ = x � x0, û = u � u0, B = (@h=@u)(x0; u0) andA =
(@h=@x)(x0; u0) is assumed to be a Hurwitz matrix. Moreover, we
assume that the available output for system (6) is in the form of

y = Cx̂+Dû (8)

whereC 2 R
p�n andD 2 R

p�m are two constant matrices.

Denoteynon(t) andylin(t), respectively, the output for nonlinear and
linear model. It is noted that, in general, the two outputsynon(t) and
ylin(t) are not equal. For the linearized model (7), it is known (e.g.,
[8]) that the steady-state output is linearly dependent on the input ifA
is a Hurwitz matrix. However, when the domain of attraction for the
linearly stable operating pointx0 is not very large, the state of the non-
linear model might exhibit abrupt changed behavior. With these obser-
vations and taking the differenceynon(t)�ylin(t)as a fault vectorf(t),
the FIDF technique is then employed to inspect the effect of this fault
vector on the dynamics of system (1) and (2). By comparing system
(7) and (8) with the form of (1) and (2), we then haveE1 = 0 andE2

being the identity matrix. This implies thatGf(s) = E2 for system (7)
and (8). It is clear that assumptions of Lemma 1 hold. We then have the
next result from Lemma 1.

Proposition 1: Consider system (6) and its linearized model (7)
with the output being in the form of (8). Then an FIDF with property
(4) exists for system (6) ifA is a Hurwitz matrix.

III. A PPLICATION TO COMPRESSIONSYSTEMS

In this section, the FIDF technique summarized in Proposition 1
will be employed to detect the occurrence of surge and rotating stall
in a compression system. Strictly speaking, the surge and rotating stall
phenomena in compression systems are not faults in the usual sense
(see, e.g., [6], [7]). However, when surge or rotating stall happens, it
is observed that the plenum pressure rise and mass flow rate of the
compression system exhibit abrupt changed behavior while those of its
linearized model do not. Given the significant difference between the
states of the nonlinear and linearized models when surge or rotating
stall occurs, it is shown below that the FIDF technique can be success-
fully employed to detect the occurrence of surge and rotating stall for
compression systems. Details are given below.
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Fig. 2. (a) Control input. (b) Time response of system states. (c) Residual. (d) Alarm signal.

Consider a third-order compression system model introduced by
Moore and Greitzer [13], given as follows:

dAc

dt
=

�

�W

2�

0

Css( _mc +WAc sin �) sin �d� (9)

d _mc

dt
=��P +

1

2�

2�

0

Css( _mc +WAc sin �)d�

(10)
d�P

dt
=

1

4B2
c

[ _mc � F (
;�P )] : (11)

Here, we adopt the notations of [10]. In (9)–(11),Ac, _mc and�P de-
note the amplitude of the first harmonic of asymmetric flow, nondimen-
sional compressor mass flow rate and nondimensional plenum pres-
sure rise (or the so-called “total-to-static pressure-rise coefficient,” see,
e.g., [13]), respectively. Suppose the compressor characteristicCss is
a smooth function. From (9), it is easy to check thatAc = 0 always
results indAc=dt = 0. However, there may be equilibrium points of
(9)–(11) for whichAc 6= 0 [10]. Denote 0; _m0

c(
);�P
0(
)

T
the

so-called “unstalled equilibrium points.” It is clear from (10) and (11)
that _m0

c = F (
;�P 0) and�P 0 = Css( _m
0
c). Note that, the location

of the unstalled operating point of the system depends on the throttle
control parameter
.

Let x = (x1; x2; x3)
T with x1 = Ac, x2 = _mc andx3 = �P .

The linearized model of system (9)–(11) at an unstalled operating point
x0(
0) = 0; _m0

c(

0);�P 0(
0)

T
for some
 = 
0 can be given in

the form of (7) withx̂ = x � x0(
0), û = 
̂ = 
 � 
0

A =

�C0

ss _m0
c(


0) 0 0

0 C 0

ss _m0
c(


0) �1
0 1

4B
�

(12)

B = 0 0 � 1
4B

@F(
 ;�P (
 ))
@


T

(13)

and� =� 1

4B2
c

@

@�P
F 
0;�P 0(
0) : (14)

It was shown in [10] that the unstalled operating pointx0(
0) is locally
asymptotically stable (resp. unstable) forC 0

ss _m0
c(


0) < 0 (resp.
C 0

ss _m0
c(


0) > 0). In addition, the rotating stall is found [12] to
occur at
0 > 
s even withC 0

ss( _m
0
c(


0)) < 0. Here,
s denotes the
value of
 at which saddle node bifurcation occurs. As mentioned in
[10] thatAc = 0 is an invariant manifold for system (9)–(11), the surge
behavior can be observed from the reduced two-dimensional model as
in (10) and (11) withAc = 0 after the occurrence of Hopf bifurcation,
see e.g., [1]. The Hopf bifurcation is known [10] to appear after the
occurrence of stationary pitchfork bifurcation (i.e., the so-called “stall
inception point”), at whichC 0

ss _m0
c(


0) = 0. Based on the studies
of the surge behavior in [1] and rotating stall in [10], an FIDF can then
be constructed to detect the two instabilities of compression system
(9)–(11). It is observed from (9)–(11) that the compressor model fits
the form of (6), we then have the next lemma from Proposition 1.

Lemma 2: An FIDF with property (4) can be constructed for system
(9)–(11) to detect the rotating stall (resp. surge behavior) ifA in (12)
is stable (resp. if the right bottom 2� 2 submatrix ofA is stable).

To demonstrate the application of the proposed methodology, in the
following we present simulation results to verify the effectiveness of
the approach. Let the axisymmetric compressor characteristicCss and
the inverse of the throttle pressure rise mapF be, respectively, adopted
from [10] asCss( _mc) = 1:56 + 1:5( _mc � 1) � 0:5( _mc � 1)3 and
F (
;�P ) = 


p
�P . Moreover, the values of parameters�, W and

Bc are from [10] as follows:� = 0:4114, W = 1 andBc = 0:5.
It is known that the measurement of the state variableAc is inher-
ently noisy due to the intrusive nature of flow sensors (see, e.g., [2]).
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Fig. 3. (a) Control input. (b) Time response of system states. (c) Residual. (d) Alarm signal.

In this study, we assume that the available states for the compression
system is�P only. The output is then chosen in the form of (8) with
C = (0 0 1) andD = 0 for both linear and nonlinear models of the
compression system. It was shown from bifurcation analysis that the
surge and rotating stall can occur only when
 < 
s = 1:463 (see,
e.g., [10], [12]). This motivates us to select the operating point at
0 =
1:463, which givesx0 = (0; 2:2809; 2:4306)T. The matrixA given in
(12) is found to be Hurwitz with eigenvaluesf�0:3831;�0:6834 �
0:9688ig. Following the FIDF design procedure given in Algorithm
1, the two filtersH1(s) andH2(s) in the FIDF are then designed
for the linearized model (1) and (2) of system (9)–(11) asH1(s) =
((1:68s + 0:64)=((s + 1)(s3+1:83s2 + 2:02s + 0:57));(1:60s2 +
2:11s+0:60)=((s+1)(s3+1:83s2+2:02s+0:57)))T andH2(s) =
diagf1=(s+ 1); 1=(s+ 1)g. In the numerical simulations, the initial
state is chosen as(0:8; 2:5; 2:2)T. The alarm signal is chosen to be 1
if jresidualj > 0:3 and equal to 0 elsewhere.

First, let the throttle opening be constant at 1.5 fromt = 0 to t = 10
and decrease from 1.5 to 1.1 att = 30 while maintaining that value
thereafter as in Fig. 1(a). It is observed from Fig. 1(b) that both pressure
rise�P and mass flow rate_mc oscillate aftert = 30 while the ampli-
tude of the first harmonic of asymmetric axis flowAc almost retains
at zerovalue. This implies that the system undergoessurgebehavior,
which starts aftert = 30. The onset of surge becomes visible around
t � 30 and is recognizable from the change in the residual and alarm
as displayed in Fig. 1(c) and (d). Next, we let the throttle control

be decreasing from the beginning of simulation and maintains at value
1.1 aftert = 20 as in Fig. 2(a). It is observed from Fig. 2(b) that�P
and _mc approach constant values whileAc grows rapidly aftert = 20
and maintains a nonzero constant value aftert = 30. This means that
there is a traveling wave of gas around the annulus of the compressor,
which is an unacceptable state of operation. Such symptom is reflected
in the residual and alarm signal as in Fig. 2(c) and (d). Note that, the

two simulations for detecting system instabilities agree with the results
of Lemma 2. Finally, a control effort is attempted in Fig. 3(a) to re-
cover from stall when an alarm signal is detected. From Fig. 3(b), the
rotating stall behavior disappears and the state reaches an equilibrium
point after a short time transient. This can also be seen from Fig. 3(c)
and (d), where the alarm is turned off when the stall is recovered. Note
that, due to the delay effect, although the alarm is turned off at about
t = 25, the throttle should keep opening beforet = 28 to avoid the
growth ofAc. In fact, it is observed from numerical simulations that
the slower the throttle is fixed at a constant value, the fast the stateAc

converges to zero. Details are omitted. Nevertheless, this demonstrates
that a proper control action can be applied to diminishing the surge
or stall behavior when such instabilities are successfully detected. An-
other control strategy for stall recovery with the throttle opening being
a function of the pressure rise can be found in [11].

IV. CONCLUSION

In this note, we have studied the detection of surge and rotating stall
using a Moore and Greitzer’s compression model. By treating the dif-
ference between the output of the compression system and that of its
linearized model as a fault vector and employing a linear-based fault
identification filter design technique, it is found that the surge and
rotating stall can be successfully detected. By properly adjusting the
threshold for generating the alarm signal, the FIDF may provide a pre-
cursor of avoiding undesirable system behaviors. Although the results
in this note were obtained from theoretical study, they might provide a
guideline in the real applications.
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A New Controller Architecture for High Performance,
Robust, and Fault-Tolerant Control

Kemin Zhou and Zhang Ren

Abstract—In this note, we propose a new feedback controller architec-
ture. The distinguished feature of our new controller architecture is that
it shows structurally how the controller design for performance and ro-
bustness may be done separately which has the potential to overcome the
conflict between performance and robustness in the traditional feedback
framework. The controller architecture includes two parts: one part for
performance and the other part for robustness. The controller architecture
works in such a way that the feedback control system will be solely con-
trolled by the performance controller when there is no model uncertainties
and external disturbances and the robustification controller will only be ac-
tive when there are model uncertainties or external disturbances.

Index Terms—Fault-tolerant control, control, internal model con-
trol, robust control.

I. INTRODUCTION

A fundamental reason for using feedback control is to achieve de-
sired performance in the presence of external disturbances and model
uncertainties. It is well known that there is an intrinsic conflict between
performance and robustness in the standard feedback framework, see
[3], [9], [11], [20], [21] for some detailed analyzes and discussions. In
other words, one must make a tradeoff between achievable performance
and robustness against external disturbances and model uncertainties.
For example, a high-performance controller designed for a nominal
model may have very little robustness against the model uncertainties
and external disturbances. For this reason, worst-case robust control de-
sign techniques such asH1 control,L1 control,� synthesis, etc, have
gained popularity in the last twenty years or so, see, for example, [1],
[2], [6], [8], [13], [17], [20], [21] and references therein. Unfortunately,
it is well recognized in the robust control community that a robust con-
troller design is usually achieved at the expense of performance. This
is not hard to understand since most robust control design techniques
are based on the worst possible scenario which may never occur in a
particular control system.

In this note, we shall propose a new controller architecture that has
the potential to overcome the conflict between performance and robust-
ness in the traditional feedback framework. This controller architecture
uses the well-known Youla controller parameterization in a nontradi-
tional way. The distinguished feature of our new controller architec-
ture is that it shows structurally how the controller design for perfor-
mance and robustness may be done separately. First of all, a high per-
formance controller, sayK0, can be designed using any method, and
then a robustification controller, sayQ, can be designed to guarantee
robust stability and robust performance using any standard robust con-
trol techniques. The feedback control system will be solely controlled
by the high performance controllerK0 when there is no model uncer-
tainties and external disturbances while the robustification controller
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