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Abstract

Issues concerning the detection of surge and rotating
stall in a compression system are studied in this paper.
It is observed that the plenum pressure rise and mass
flow rate of a compression system exhibit abrupt change
due to the appearance of surge or rotating stall, while
those of it’s linearized model do not. With this obser-
vation, a linear-based fault identification filter (FIDF)
design technique is proposed to detect these two insta-
bilities. This is achieved by treating the difference be-
tween the output of the compression system and that of
its linearized model at an unstalled operating point as a
fault vector and then investigating the effect of the fault
on the designed FIDF. Simulation results for Moore and
Greitzer’s compression model [14] are given to demon-
strate the effectiveness of the proposed scheme. The
study may provide a means of detecting the occurrence
of unstable phenomena at the onset so that a corrective
action can be made.

1 Introduction

In recent years, the main obstacles to raising the oper-
ating efficiency of a compression system are its instabil-
ities. This has generated considerable interest among
engineers and researchers in the dynamics and control
schemes of such systems (see e.g., [1]-[3], [7, 10, 11],[13]-
[16]). Compressed gas is subject to two main kinds
of unstable behaviors, surge and rotating stall. The
so-called “surge” is characterized as a one-dimensional
mass wave motion while “rotating stall” is a wave-like
disturbance propagating along the circumferential di-
rection with a constant rotating speed. These two kinds
of instability both tend to raise the temperature in the
compressor abruptly and may, in some cases, cause ex-
treme mechanical damage. Therefore, distinguishing
the causes of surge and rotating stall ([11, 13]), de-
tecting the inception of instability phenomena (see e.g.,
[3, 10, 15, 16]) and taking appropriate actions to pre-
vent the instabilities (see e.g., [1, 2, 7, 11]) are all im-
portant issues. On the other hand, due to the growing
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demand for fault detection, diagnosis and identification
of a control system, various techniques have been de-
veloped (see e.g., [4]-[6] and the references therein).
Among these techniques, the so-called “fault detec-
tion/identification filter” (FIDF) is one of the most ef-
fective (see e.g., [4, 5]). In [5], Ding and Frank pro-
posed an algorithm for designing the FIDF by the use
of factorization method in the frequency domain. Later,
Chang and Hsu employed the decoupling controller de-
sign concept presented in [12] to design the FIDF. This
design method is easier to use since it does not require
the computation of coprime factorization as mentioned
in [5].

The main goal of this paper is to show how the FIDF
may be used to detect the occurrence of surge and ro-
tating 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., [5, 6]). However, when
surge or rotating stall happens, it is observed that the
plenum pressure rise and mass flow rate of the nonlinear
compression system exhibit abrupt change while those
of its linearized model do not. The idea behind the pa-
per is 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 vec-
tor on the residual of the FIDF. With the aid of a linear
model-based FIDF design technique [4], the occurrence
of surge and rotating stall is shown to be detectable by
inspecting the residual generated from the FIDF. For
practical applications, the study may provide engineers
a signal for when to take appropriate control actions
and prevent instability phenomena. Since the employed
FIDF technique is simple and easy design, the proposed
scheme in this paper is then easier to implement than
the existing ones (see e.g., [3, 10, 16]).

The organization of this paper is as follows: Section 2
recalls the FIDF technique. In Section 3, we apply the
FIDF technique to the Moore and Gteitzer compression
model [14] to detect the occurrence of surge and rotat-
ing stall. Simulation results are given to demonstrate
the use of the approach. Section 4 gives the conclusions.



2 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 a FIDF (see e.g., [4, 5]).
In this section, we recall the FIDF design results pre-
sented in [4], which will be employed later to detect the
occurrence of surge and rotating stall in compression
systems.

Consider a linear plant given by

#(t) = Ax(t)+ Bu(t) + E f(t) (1)
and y(t) = Cz(t) + Du(t) + E2f(1), (2)

where 2(t) € R", u(t) € R™, f(t) € R? and y(t) €
RP denote the state vector, the input vector, the fault
vector and the output vector, respectively. It follows
from Egs. (1) and (2) that

y(s) = Gu(s)u(s) + Gy(s)f(s), (3)

where
Gu(s) = C(sI-A)'B+D (4)
and G¢(s) = O(sI —A)™'E; + Es. (5)

The objective of FIDF design is to obtain two proper
and stable filters Hy (s) and Hs(s) such that the residual
vector

r(s) = Hi(s)u(s) + Hz(s)y(s) (6)
has the following property:
r(s) =0 if and only if f(s) =0. (7)

The configuration of a FIDF is shown in Figure 1.

u y
N Plant

v

Hi(s) % H(s)

1(s)
Figure 1: FIDF configuration

From Egs. (3)-(6), we have

r(s) = [Hi(s) + Ha(s)Gu(s)]u(s)
+Hy ()G (5)f(s)- (8)
To fulfill the requirement of (7), we first assume that
Gy(s) as given by (5) is invertible. The FIDF design

procedure given in [4] then can be summarized as the
following algorithm.

Algorithm 1 (FIDF design procedure)
Step 1: Construct Hz(s) so that the transfer matrix
H,(s)Gy(s) is a diagonal proper and stable one.
Step 2: Determine H; (s) such that
H,(s) + Ha(s)Gy(s) = 0.
Step 3: Establish and check r(s) according to Eq. (6).

Under the procedure of Algorithm 1, it is noted from
Eq. (8) that the residual vector is influenced only by the
fault vector. Thus, by properly checking the value of
residual vector as listed in Step 3 of Algorithm 1 above,
one can detect the system fault accurately. In addition
to the effect of fault vector, the system output is also
affected by nonzero initial state. Since the objective is
that the residual be affected only by the fault vector,
the response to a nonzero initial state should decay to
zero. This implies that the matrix A in Eq. (1) should
also be required to be stable.

3 APPLICATION TO COMPRESSION
SYSTEMS

In this section, the FIDF technique 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., [5, 6]). However,
when surge or rotating stall happens, it is observed that
the plenum pressure rise and mass flow rate of the com-
pression system exhibit abrupt change while those of its
linearized model do not. Given the significant differ-
ence between the states of the nonlinear and linearized
models when surge or rotating stall occurs, it is shown
that the FIDF technique can be successfully applied
to detect the occurrence of surge and rotating stall for
compression systems. Details are given below.

Consider a third-order compression system model in-
troduced by Moore and Greitzer [14]:

dA. I P o
el W/o Css(mhe + W A, sin 0) sin 0d6 (9)
drm
- — _AP
dt
1 27
+— Css(m. + WA.sinf)df, (10)
2 0
dAP 1 .
= = i@ [mc—F('y,AP)]. (11)

The variables and parameters in Egs. (9)-(11) are de-



scribed as follows:

0 angle along circumference;

Clis: nondimensional axisymmetric
compressor characteristic;

A amplitude of the first harmonic of
asymmetric flow;

Mt nondimensional compressor mass flow
rate;

AP: nondimensional plenum pressure rise;

F: inverse function of nondimensional
throttle pressure rise;

v: parameter associated with the throttle
opening;

B.: nondimensional parameter introduced

by Greitzer;

W and a: two constants.

Suppose the compressor characteristic Css is a smooth
function of 7., and solve for the equilibrium points of
System (9)-(11). By (9), it is easy to see that A = 0
always results in dA/dt = 0. However, there may be
equilibrium points of (9)-(11) for which A # 0 [11].
Denote the equilibrium points for which A = 0 to be
(0,m2(7), AP°(y))T. The values m2(y) and AP°(y)
should then satisfy the relationships: % = F(y, AP%)
and AP? = Cy,(m?). Under the assumption A = 0, one
such equilibrium point (0,72(y), AP?(y))T is referred
to as the unstalled or nominal equilibrium point for the
axial flow compression model (9)-(11). Note that this is
the normal operating point of the system, the location
of which depends on the throttle control parameter ~.

For the demonstration of the application of FIDF tech-
nique, in the following we assume that the compressor
characteristic Css and the inverse of the throttle pres-
sure rise map F' are, respectively, in the following forms
[11]:

Css(he) = 1.56 + 1.5(1h. — 1)
—0.5(m. —1)3 (12)
and F(v,AP) = ~/AP. (13)

Let x1 = A;, x5 = . — 1 and z3 = AP. System
(9)-(11) then becomes

71 = Lb5az;(1—23—0.25W?27), (14)
Ty = —x3+ 1.56 + 1.5z5(1 — 0.5W?27)
—0.53, (15)
1
o= 1- . 1
3 i (w2 + 1= 7/x3) (16)

In order to apply the FIDF results [4], we should con-
struct the linearized model of system (9)-(11) about an
unstalled operating point z{ (v0) = (210, 220, ¥30)" for
some given v = 7y as follows:

& = Az + B7, (17)

where £ = x — x9, ¥ =7 — 70,

3 9
A = 504(1 — mgo) — gaW2m%0 (18)
Ay = 3oz (19)
A13 = A31 =0 (20)
Ay = —§W2$10$20 (21)
3 2 3 o 2
A = 20— 2wy @)
A23 = -1 (23)
1
A32 = 4—_82 (24)
Az = T (25)

B 833,/5630

T
VT30
and B = (0 0 — 1B . (26)

Here, A;; denotes the (i, j)-entry of A. Moreover, we
assume that the available output of the compression
system has the form

y = Cd + DA, (27)

where C € RP*" and D € RP*™ are two constant
matrices.

It is known that a linear model derived from a nonlin-
ear one is a close approximation only near the operating
point. To reduce the influence of the difference between
the two models, it is suggested that the unstalled op-
erating point for the compression system be chosen as
close to the instability inception point as possible.

Denote y,on(t) and yi;, (t) the output for nonlinear and
linear model, respectively. It is noted that the two out-
puts Ynon(t) and y;,(t) are not equal in general. For
the linearized model (17)-(27), it is known that [§]

t
Yiin () = Ce2(0) + / Ce*'=7) By(r)dr + DA(t). (28)
0

Note that the first term on the right hand side of Eq.
(28) depends only on the initial state while the second
and third terms depend only on the input. Since the
operating point is chosen to be an unstalled one, the
matrix A given in (17) is a Hurwitz matrix. It follows
that the effect of a nonzero initial state will decay to
zero exponentially. That is, Ce4*#(0) — 0 as t — oc.
On the other hand, the input and output of the lin-
earized model has the following relationship (with zero
initial state)

Y(s) = [C(sI — A)"'B + D]T'(s), (29)
where T'(s) and Y (s) are the Laplace transforms of

5(t) and yrin(t) — CeAtz(0), respectively. If the throt-
tle opening maintains a constant angle ¥ = v (i.e.,



Y = 71 + %), then by the Final Value Theorem (see
e.g., [9]) and the stability of A we have

: , At
Jim [yin (£) — Ce'2(0)]
= lim sY(s)
s—0
= 4 -(—CA™'B + D). (30)
It follows that
Yiin(t) = 71 - (~CA™'B + D) as t — oo. (31)

This means that the steady state output of the lin-
earized model is linearly dependent on the input. How-
ever, when surge or rotating stall happens, the pressure
rise and mass flow rate of the nonlinear model will ex-
hibits abrupt change [11, 13]. With these observations,
the idea is to treat the difference y,on — yiin as a fault
vector and then apply the FIDF technique to inspect
the effect on this fault vector when surge or rotating
stall occurs.

To demonstrate the application of the proposed
methodology, in the following we present simulation re-
sults to verify the effectiveness of the approach. It is
known that the state variable A is hard to measure. In
these simulations, we suppose the available states for
the compression system are AP and .. The output is
then chosen in the form of (27) with

o (2w

andD = 0 (33)

for both the linear and nonlinear models of the com-
pression system. The two filters H;(s) and Ha(s) in
the FIDF are then designed for the linearized model
(1)-(2) with A and B given by (18)-(26), E; = 0, C
and D given by (32)-(33) and E, = I, where I is the
identity matrix of dimension two. Moreover, the val-
ues of parameters o, W and B, are adopted from [11]
as follows: a = 0.4114, W = 1 and B, = 0.5. It was
shown from bifurcation analysis that the surge and ro-
tating stall can occur only when v < 1.463 (see e.g.,
[7, 11]). This motivates us to select the operating point
to be v = 1.463 and xo = (0,2.2809,2.4306), which
is close enough to the instability inception point and
makes the matrix A given in Eq. (17) to be Hurwitz
with eigenvalues {—0.3831; —0.6834+0.9688i}. Follow-
ing the FIDF design procedure given in Algorithm 1, in
these simulations, the filter Ha(s) is chosen as

il (34)

s+1's+1

Hy(s) = diag{

while the associated filter H;(s) is calculated to be

1.6854-0.64
(s+1)(s3+1.835242.025+0.57) 35
1.605242.11540.60 : (35)
(s+1)(s3+1.8352+2.025+0.57)

Hl(S) =

Moreover, the initial state is chosen as (0.8,2.5,2.2)7.
Figures 2(a), 3(a) and 4(a) describe the curve of the
throttle opening, Figures 2(b), 3(b) and 4(b) show the
timing response of the three states, Figures 2(c), 3(c)
and 4(c) display the status of the second component of
the residual while Figures 2(d), 3(d) and 4(d) exhibit
the alarm signal, respectively. The alarm signal can be
set to 1 if |residual| > 0.3 and equal to O elsewhere.

It is observed from Figure 2(a) that the throttle open-
ing, in this case, is constant at 1.5 from ¢t = 0 to ¢ = 10,
then the value decreases from 1.5 to 1.1 at ¢t = 30 and
maintains that value thereafter. In Figure 2(b), It is
seen that the pressure rise AP and the mass flow rate
m. oscillate after about ¢ = 30 while the amplitude
of the first harmonic of asymmetric axis flow A. al-
most retains at zero value. This implies that the sys-
tem undergoes surge. The surge behavior starts after
t = 30. However, the onset of surge becomes visible
when ¢ ~ 30. This is also recognizable from the change
in the residual as displayed in Figure 2(c) and 2(d).
In Figure 3(a), the throttle is decreasing from the be-
ginning of simulation and maintains constant value 1.1
after ¢ = 20. It is observed from Figure 3(b) that AP
and 1. approach constant values while A, grows after
t = 20 and maintains a nonzero constant value after
about ¢ = 30. This means that there is a traveling
wave of gas around the annulus of the compressor. It
results in a very inefficient operation at constant mean
mass flow rate and pressure rise. It is seen from Fig-
ure 3(b) that A. grows rapidly right after ¢ = 20. This
symptom is reflected in the residual and alarm signal
in Figures 3(c) and 3(d). Note that the two simula-
tions agree with the existing theoretic results as given
in [7] and [11]. Finally, in Figure 4, we open the throt-
tle while encountering the instability phenomena. It is
observed from Figure 4(b) that the rotating stall disap-
pears and the state reaches an equilibrium point after a
short time transient. This demonstrates that a proper
control action can be applied to diminish the surge or
stall behavior when such instabilities can be detected.

From these simulations, it is noted that the surge and
rotating stall can be successfully detected by the use of
the FIDF technique. By properly adjusting the thresh-
old for generating the alarm signal, the FIDF may pro-
vide a precursor of avoiding undesirable effect of these
unstable behaviors.

4 CONCLUSIONS

In this paper, we have considered the detection of surge
and rotating stall with regards to a Moore and Gre-
itzer’s compression model. By treating the difference
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 suc-
cessfully detected. For practical applications, the study
may provide a warning signal that engineers can use to
initiate appropriate control actions to prevent the in-
stability phenomena. Simulations are given to demon-
strate the effectiveness of this approach.
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Figure 2: (a) Control input; (b) Timing response of system
states; (c) residual; (d) Alarm signal
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Figure 3: (a) Control input; (b) Timing response of system
states; (c) residual; (d) Alarm signal
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Figure 4: (a) Control input; (b) Timing response of system
states; (c) residual; (d) Alarm signal



