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ABSTRACT
In this paper, a novel active control approach is designed for surge instability in the compres-
sor system using the finite-time fuzzy sliding mode scheme. The primary novelty of this study
lies in the development of a finite-time fuzzy sliding mode control for the surge instability in a
compressor system in the presence of disturbance and uncertainty in the characteristic curve
of the compressor and also throttle valve. To ensure the stability of the closed-loop system in
Lyapunov’s concept, a finite time active control method is proposed based on fuzzy estimation
method and robust adaptive and slidingmodemethods. Achieving finite time stability and rapid
elimination of deep surge instability occurs through a fast sliding mode design, while fuzzy and
adaptive techniques are used to estimate uncertainty and nonlinear terms, as well as to obtain
optimal estimation weights. The simulation results in MATLAB environment and comparison
show that the suggested method provides better quality control in terms of surge suppression,
robustness, and overcoming uncertainty and disturbance effects.
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1. Introduction

Compressors are broadly used in various industries
such as oil and gas, petrochemicals, andused to increase
the pressure or transfer of compressible liquids. Inmany
of these applications, compressor failure can cause
upstream and downstream equipment failure, so much
effort is being put into their stable and optimal perfor-
mance [1–5]. There are two main categories of axial
and centrifugal compressors; the former is preferred
for flow and higher speeds and the latter for greater
compression at lower flows [6].

Surge, stall and choke, or stone wall are instabili-
ties that affect the performance of the compressor, and
among them, surge is the most common and destruc-
tive instability. During surge instability, as the flow
decreases to a critical value so-called the surge point,
the flow reverses and forms an unstable pattern. Surge
affects the entire compressor system, and its deep type
leads to severe fluctuations in flow and pressure, as well
as severe mechanical damage to the compressor.

So far, numerous efforts have been made to prevent
and control surge instability [7–11]. Passive and active
control are the two main categories of surge manage-
ment, the former of which sacrifices optimal perfor-
mance for reliable and stable performance, while the
latter focuses on optimal performance though ensur-
ing stability [12,13]. The active controller has the abil-

ity to move the compressor operating point close to
the surge line and improve the operating range of
the compressor system while suppresses surge insta-
bility online. Although the compressor characteristic
curve is assumed to be known in many surge controller
design studies, but due to the effect of different parts of
the compressor system such as the pipe and the parts
connected to the compressor, this characteristic curve
changes and this uncertainty is one of the main rea-
sons for the inefficiency of the active surge controller
[14]. Considering the nonlinear dynamics, the effect of
disturbance with unknown upper bound as well as the
uncertainty of the throttle valve are other important
influential elements on the performance of the com-
pressor system. Therefore, the focus and innovation of
this study are in the design of active controller taking
into account the mentioned bugs.

So far, various actuators such as inlet guide vanes,
throttle control valve, close-coupled valve (CCV), etc
have been used in different active surge control algo-
rithms [15–19]. Due to the efficiency as well as the
range of penetration and the presence of CCV in most
industrial compressor systems, this actuator is the most
common means for active control of surge, and in this
study, it is considered to apply a control signal.

Using the CCV actuator, various techniques have
been designed to control the instability of the surge,
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especially its deep type. The second-order slidingmode
[20], the feedback control method [21], the posi-
tive feedback method [22], the backstepping control
method [23], and a variety of model predictive and
robust approaches in Ref. [24–27] have been employed
to control the surge instability, but all of these methods
require accurate knowledge of the compressor charac-
teristic curve as well as the upper limit of disturbance.
Also, despite the destructive effect of surge instability
on the whole compressor system, the control methods
designed to date are not able to guarantee the stability of
the closed-loop system in a limited time. Another prob-
lem in this regard is the uncertainty in other parts of
the dynamics of the compressor system and the need
for simultaneous coverage of these effects.

Accordingly, due to the widespread use of robust
control methods in various applications [28–33], this
paper presents a finite-time robust nonlinear method
for controlling the surge instability of a compressor sys-
tem using a CCV actuator. The capabilities and advan-
tages of the proposed method are as follows: 1 – Com-
pressor operating range is increased by CCV actuator
which has high response speed and good reliability. 2 –
Estimation of uncertainties on the throttle valve and
compressor characteristic curve, estimation of nonlin-
ear effects as well as upper limits of uncertainty and
disturbance are done through fuzzy estimator, which
gives a favorable estimate of the mentioned effects by
using the optimal gains obtained from the adaptive
method. 3 – Sliding mode method as a robust control
approach provides the ability to control the instability
of the surge and eliminate the effects of disturbance and
uncertainty. 4 – Implementing the finite time approach
also adds advantages such as higher convergence speed,
more accurate performance tracking, faster transient
response and limited time stability of the closed-loop
system to the proposed control method.

Therefore, the body of the paper is in this way: the
second part presents the model for the compressor sys-
tem. In the third part, the proposed finite-time active
fuzzy sliding mode control method is presented. In the
fourth part, the simulations are carried out, and finally,
in the fifth part, the conclusion of the paper is given.

2. Model of the compressor system

In most studies, the compression system proposed by
Immons is used to provide a one-dimensional model
[34], but in 1976, Greitzer improved it by present-
ing a nonlinear model [35,36]. The main drawback of
the previous models was that they were linear around
the work point and limited to small disturbances. The
Greitzer (G-Model) was a major model for axial com-
pressors. However, Hansen et al. (37) showed that the
Greitzer model could also be used for centrifugal com-
pressors [37]. TheGreitzermodel represented the surge
cycle well, but did not include the rotating stall that

caused the pressure drop. To model rotating stall, it
seems that a two-dimensional model should be used.
This was first done by Greitzer and Moore in 1986 for
such turbomachines [38].

Despite the introduction of numerous innovative
models for compression systems, the Greitzer model is
the main choice for active surge control in centrifugal
compressors due to its low order equations and sim-
ple construction. This model can prepare a qualitative
explanation of the relevant phenomena, while its sim-
plicity enables the physical interpretation of the model
parameters and their influence on the overall dynam-
ics. In addition, a set of ordinary differential equations
(ODE) makes real-time computations applicable and
implementable. The reader is referred to [39] for com-
prehensive information on compressor system models
and their use in surge control design.

Figure 1 shows the schematic of the compression sys-
tem with a closed coupled valve. Considering CCV as a
control actuator, the dynamical equations of the com-
pressor system in the presence of disturbance are given
by:

ψ̇ = 1
4B2lc

(φ − φT(ψ)+ dφ(ξ))

φ̇ = 1
lc
(ψc(φ)− ψ − ψV(φ)+ dψ(ξ)) (1)

where ψ and φ are the coefficients of the compressor’s
pressure rise and mass flow, respectively. ξ stands for
the dimensionless time. Also, φT(ψ) and ψc(ϕ) signify
the characteristics of the throttle valve and the compres-
sor, respectively. lc indicates the length of the ducts and
compressors. dφ(ξ) and dψ(ξ) are the disturbances in
the flow and pressure of the compressor. Also, φT(ψ)
and ψc(ϕ) denote the characteristics of the throttle
valve and the compressor, respectively. According to
Moor and Greitzer [40], the ψc(ϕ) cube characteristic
of the compressor is described as:

ψc(φ) = ψc0 + H
(
1 + 3

2

(
φ

W
− 1

)

− 1
2

(
φ

W
− 1

)3
)

(2)

whereψc0 indicates the value of the characteristic curve
in zero dB.H is the half-height andW the half-width of
the characteristic curve.

Also, according to [19], the throttle valve character-
istic is given by:

φT(ψ) = γT
√
ψ (3)

where γT specifies the valve’s yield.
ψV(φ) indicates the input for the control system. B

is the Greitzer parameter obtained from the following
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Figure 1. The compressor system with CCV.

relation:

B = U
2as

√
Vp

Aclc
(4)

In this equation U is the constant of compressor’s
tangent speed. as is the sound speed, Vp the plenum
volume, and Ac is the cross-section of the compressor.

Taking x1 = ψ and x2 = φ, the equations of
compressor’s state space will be:

ẋ1 = 1
4B2lc

(x2 − φT(x1)+ dφ(ξ))

ẋ2 = 1
lc
(ψc(x2)− x1 − u + dψ(ξ)) (5)

The governing equations of the system exhibit the
unmatched characteristic for the flow disturbance,
whereas the disturbance in its second state is as a
matched type.

3. Finite-time active fuzzy slidingmode
control for surge instability

The most important innovation of this paper is to
present a finite time fuzzy slidingmode control method
with the assumption that the opening percentage of the
throttle valve is unknown and also there is an uncer-
tainty on the compressor characteristic curve, while the
disturbance enters both states of the system, and of
course the actuator used in the compressor system is
CCV. A schematic of the robust finite time active fuzzy
sliding mode control is shown in Figure 2. First, the
fuzzy estimator used in this paper is described, and then
the controller design steps are presented.

3.1. Fuzzy estimator

A Fuzzy system is specified as a system that pro-
vides an outline from the input vector to output vec-
tor: x → y, where x = [x1, . . . , xn] ∈ X1 × . . .× Xn ⊆
Rn, y ∈ R. The fuzzy system has an integrated fuzzifi-
cation, Gauss membership function, product inference,

and principal mean defuzzification, the ith rule of the
fuzzy logic system is as follows:

Rule i : if xi is Fi1, xn is Fin then y = wi, where i =
1, . . . ,m,m indicates how many fuzzy logic rules there
are, wi shows the ith fuzzy law, Fij(j = 1, . . . , n) indi-
cates a fuzzy collection in the world of discourse Xi.
Gauss function is as membership function

μFij(xj) = e
−

(
xj−aij
bij

)2

(6)

where aij and bij are design components.
To realize the fuzzy system, one should combine the

fuzzy rules one after the other, i.e.

y(x) =
∑m

i=1 wi

(∏n
j=1 μFij(xj)

)
∑m

i=1

(∏n
j=1 μFij(xj)

) (7)

WT = [w1, . . . ,wm] (8)

P(x) = [p1(x), p2(x), . . . , pm(x)]T (9)

pi(x) =
∏n

j=1 μFij(xj)∑m
i=1

(∏n
j=1 μFij(xj)

) (10)

By determining a constant value for membership
function (i.e. aij and bij constant), and describing the
fuzzy rule wi as a variable component, we have

y(x) = WTP(x) (11)

where P(x) is a fuzzy basis function vector and W is a
component vector.

There exists a fuzzy system y∗(x) for each real
continuous function y(x) in the set X ⊆ Rn and
also for each real number ε > 0, that satisfies sup
|y∗(x)− y(x)| < ε, so using the fuzzy system to esti-
mate a continuous function y(x) is offered as follows

f (x) = W∗TP(x)+�f (x) (12)

where�f (x) contents�f (x) < ε [40].
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Figure 2. Schematic of robust finite time active fuzzy sliding mode control

3.2. Active controller design

Now the steps of designing the controller are given
below. First, the error variables are defined as follows:

e1 = x1 − x1d
e2 = x2 − α (13)

By differentiating the Equation (13) and according
to (5), the systems error equations are gotten as follow:

ė1 = 1
4B2lc

(e2 + α − φT(x1)+ dφ(ξ))− ẋ1d

ė2 = 1
lc
(ψc(x2)− e1 − x1d − u + dψ(ξ))− α̇ (14)

The nonlinear functions 
1 and 
2 include the
uncertainties and disturbances of the system and are
described as:


1(.) = −φT(x1)+ dφ(ξ)− 4B2lcẋ1d

2(.) = ψc(x2)− x1d + dψ(ξ)− lcα̇ (15)

Therefore, the system error equations are reduced to
the following:

ė1 = 1
4B2lc

(e2 + α +
1(.))

ė2 = 1
lc
(−e1 − u +
2(.)) (16)

Now using the fuzzy approximator, (16) can be
rewritten as follows.

ė1 = 1
4B2lc

(e2 + α + WT
1 P1 + ε1)

ė2 = 1
lc
(−e1 − u + WT

2 P2 + ε2) (17)

The Lyapunov candidate is defined as:

V = 2B2lce21 + lc
2
e22 + 1

2λ1
W̃2

1 + 1
2λ2

W̃2
2 (18)

where:

W̃1 = W1 − Ŵ1

W̃2 = W2 − Ŵ2 (19)

Where Ŵ1, Ŵ2 are estimates of the weights of the fuzzy
system forW1,W2.

By derivation of V, it is obtained

V̇ = e1(e2 + α − φT(x1)+ WT
1 P1 + ε1)

+ e2(−e1 − u + WT
2 P2 + ε2)− 1

λ1
W̃1

˙̂W1

− 1
λ2

W̃2
˙̂
2W (20)

The virtual control input α, and the control input u in
this equation are described as:

α = −k1e1 − k2ev1 − Ŵ1P1sgn(e1)

u = k3e2 + k4ev2 + Ŵ2P2sgn(e2) (21)

where v = p/q and q > p > 0. k1, k2, k3, and k4 are the
system gains, and sgn(.) specifies the sign function.

From Equations (20) and (21), it is obtained

V̇ = −k1e21 − k2e1ev1 + e1P1(W1 − Ŵ1sgn(e1))

+ e1ε1 − k3e22 − k4e2ev2 + e2P2(W2 − Ŵ2sgn(e2))

+ e2ε2 − 1
λ1

W̃1
˙̂W1 − 1

λ2
W̃2

˙̂W2 (22)

The late equation is simplified to yield:

V̇ ≤ −k1e21 − k2e1ev1 − k3e22 − k4e2ev2 + e1ε1 + e2ε2

+ |e1|P1W̃1 + |e2|P2W̃2 − 1
λ1

W̃1
˙̂W1

− 1
λ2

W̃2
˙̂W2 (23)

By defining the adaptive laws as follow:

˙̂W1 = λ1|e1|P1
˙̂W2 = λ2|e2|P2 (24)
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which give the following inequality:

V̇ ≤ −k1e21 − k2e1ev1 − k3e22 − k4e2ev2 + e1ε1 + e2ε2
(25)

By simplifying the mathematical formula (25), it is
obtained.

V̇ ≤ −
(
k1 − 1

2

)
e21 − k2e1ev1 −

(
k3 − 1

2

)
e22

− k4e2ev2 + 1
2
ε21 + 1

2
ε22 (26)

By describing σ = 1
2ε

2
1 + 1

2ε
2
2 and k = min((k1 −

1
2 ), k2, (k3 − 1

2 ), k4), it is obtained

V̇ ≤ −k(e21(t)+ e22(t)+ e1(t)ev1(t)+ e2(t)ev2(t)))+ σ

(27)

Integrating the above equation on the region ξ ∈ [0,T]
gives:

V(T)− V(0) ≤ −k
∫ T

0
(e21(ξ)+ e22(ξ)+ e1(ξ)ev1(ξ)

+ e2(ξ)ev2(ξ)))dξ +
∫ T

0
σdξ (28)

Considering V(T) ≥ 0, it can be obtained that:∫ T

0
(e21(ξ)+ e22(ξ)+ e1(ξ)ev1(ξ)+ e2(ξ)ev2(ξ)))dξ

≤ 1
k
V(0)+ 1

k

∫ T

0
σdξ (29)

From the above equation, it is determined that the
closed-loop system is stable and ultimately bounded,
which is in-line with tracking error. Therefore, a fuzzy
sliding mode control method has been developed for
the compressor system that acts in a desired manner.

Lemma 1 ([41]). Suppose there exists a continuous
positive definite function V(t) satisfying the following
differential inequality:

V̇ ≤ −ρ1V − ρ2V�, ∀t > t0 (30)

where ρ1 > 0, ρ2 > 0, and 0 < � < 1. Then V(t) con-
verges to the equilibrium point in the finite-time tf
defined by:

tf ≤ t0 + 1
ρ1(1 − �)

ln
ρ1V1−�(t0)+ ρ2

ρ2
(31)

Lemma 2 ([41]). Suppose that τ1, τ2, . . . , τnand 0 <
h < 1are positive constants, then the following inequality
holds:

(τ 21 + τ 22 + . . .+ τ 2n )
2h ≤ (τ 2h1 + τ 2h2 + . . .+ τ 2hn )

2

(32)

Let the Lyapunov function candidate is supposed:

V = 2B2lce21 + lc
2
e22 (33)

Taking the time derivative of the V and from the
Equation (21), the following inequality is obtained:

V̇ ≤ −k1e21 − k2e1ev1 − k3e22 − k4e2ev2
+ |e1|P1W̃1 + |e2|P2W̃2 + e1ε1 + e2ε2 (34)

By considering the different parts of the above expres-
sion, the following inequalities hold:

|e1|P1W̃1 ≤ c1e21 + (P1W̃1)
2

4c1
(35)

|e2|P2W̃2 ≤ c2e22 + (P2W̃2)
2

4c2
(36)

|e1|ε1 ≤ c3e21 + ε21
4c3

(37)

|e2|ε2 ≤ c4e22 + ε22
4c4

(38)

−k1e21 − k3e22 + |e1|P1W̃1 + |e2|P2W̃2 + e1ε1 + e2ε2

= −
(
k1 − c1 − c3

2B2lc

)
(2B2lce21)

−
(
2(k3 − c2 − c4)

lc

) (
lc
2
e22

)
+ (P1W̃1)

2

4c1

+ (P2W̃2)
2

4c2
+ ε21

4c3
+ ε22

4c4

≤ −γ1
(
2B2lce21 + lc

2
e22

)
+ c5 (39)

where

γ1 = min
(
k1 − c1 − c3

2B2lc
,
2(k3 − c2 − c4)

lc

)

c5 = (P1W̃1)
2

4c1
+ (P2W̃2)

2

4c2
+ ε21

4c3
+ ε22

4c4
(40)

Again, from Equation (34) and Lemma 2, the following
inequality is satisfied:

k2ev+1
1 + k4ev+1

2 ≤ min(k2, k4)(ev+1
1 + ev+1

2 )

≤ min(k2, k4)(e21 + e22)
v+1
2

≤ min(k2, k4)min
(

1
2B2lc

,
2
lc

)

×
(
2B2lce21 + lc

2
e22

) v+1
2

≤ γ2V
v+1
2 (41)

where γ2 = min(k2, k4)min
(

1
2B2lc

, 2lc
)
is a positive con-

stant. By using Equations (39–41), the Equation (34) is
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rewritten as

V̇ ≤ −γ1V − γ2V
v+1
2 + c5 (42)

Then, Equation (32) can be provided in the following
forms:

V̇ ≤ −
(
γ1 − c5

V

)
V − γ2V(v+1)/2 (43)

V̇ ≤ −γ1V − (γ2 − c5
V(v+1)/2 )V

(v+1)/2 (44)

From Equation (43), if
(
γ1 − c5

V
)
> 0, then the finite-

time stability will still be guaranteed using Lemma
1, which implies that V converges to the region V ≤
c5/γ1in the finite-time. Hence, in the finite-time the
sliding manifold s will converge to the region:

s ≤
√√√√ c5

min
(
k1−c1−c3

2B2lc
, 2(k3−c2−c4)

lc

) (45)

From (44), if (γ2 − c5
V(v+1)/2 ) > 0, then the finite-

time stability will still be guaranteed by using Lemma
2, which implies that V converges to the region V ≤
(c5/γ2)2/(v+1) in the finite-time. Therefore, the sliding
manifold s will converge to the region:

s ≤

√√√√√√
⎛
⎝ c5

min(k2, k4)min
(

1
2B2lc

, 2lc
)
⎞
⎠

2/(v+1)

(46)

Finally, the finite-time convergence region s ≤ � for
the sliding manifold would be:

s ≤ � = min

⎧⎪⎨
⎪⎩

√√√√ c5

min
(
k1−c1−c3

2B2lc
, 2(k3−c2−c4)

lc

) ,

√√√√√√
⎛
⎝ c5

min(k2, k4)min
(

1
2B2lc

, 2lc
)
⎞
⎠

2/(v+1)
⎫⎪⎪⎬
⎪⎪⎭ (47)

4. Simulation results

In this section, to show the robustness and efficiency of
the proposed method, the Greitzer model is simulated
inMATLABenvironment, and the results are compared
with robust adaptive fuzzy backstepping (RAFB) and
feedback control methods [42,43]. For this purpose,
three different scenarios have been considered for the
simulation. The compressor simulation parameters are
exactly in accordance with the reference [19].

B = 1.8, lc = 3, H = 0.18, W = 0.25,

ψc0 = 0.3 (48)

The initial points in the process were selected as
(x1(0), x2(0)) = (0.15, 0.4). The controller parameters

are taken as:

k1 = 8, k2 = 1, k3 = 5, k4 = 1, λ1 = 0.01,

λ2 = 0.01, p = 3, q = 5 (49)

The fuzzy system is used to estimate nonlinear func-
tions 
1 and 
2. To do this, 9 membership functions
with the following equations are used

pi(x) = e−(x−0.1i)2 , i = 1, 2, . . . , 9 (50)

Due to the fact that the control input is applied through
the CCV actuator, the effects of disturbance at the input
appear in the second state of the compressor system,
i.e. onψ . Therefore, in the first simulation scenario, the
successive disturbance effect at the input is considered
as follows:

dφ(ξ) = 0
dψ(ξ) = 0.02 sin(0.1ξ)+ 0.02 cos(0.4ξ) (51)

The results of this simulation are shown in Figures
3–6. Figure 3 shows the compressor pressure under
the three controllers. As can be seen from Figure 3,
the proposed method, in addition to high compres-
sion, is able to quickly eliminate disturbance effects. A
stable operating point of the system is obtained under
the proposed controller while the robust adaptive fuzzy
backstepping method does not provide proper com-
pression. Of course, the effect of disturbance has not
been removed by the feedback control method. Figure
4 also shows the flow of the compressor system. The
amount of flow is stabilized in the twomethods of active
fuzzy sliding mode and RAFB and the effects of dis-
turbance on the flow are removed, but the effects of
disturbance on the floware still clear in the control feed-
back method, and the mentioned method is not able
to eliminate these effects. Of course, we must also note
that in the RAFB method, the flow experiences a ter-
rible overshoot. Attention to Figure 5 which shows the
control signals obtained from the three methods, it can
be seen that the higher compression obtained from the
control feedback method is due to the non-operational
and infeasible control signal obtained from thismethod
because the operating range of the CCV actuator is not
observed by this method. Low fluctuations and obser-
vation of functional limitation by the CCV actuator
are the advantages of the proposed active fuzzy sliding
mode method. The phase portrait shown in Figure 6
also confirms that the optimum operating point of the
compressor is obtained under the proposed method,
while under the RAFB method, the operating point of
the compressor is far from the optimal operating point,
and of course, under the feedback control method, the
compressor system experiences surge conditions.

In the second scenario, the effects of disturbance on
the flow are considered. Flow disturbance enters the
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Figure 3. The compressor pressure rise in the first scenario.

Figure 4. The compressor flow rate in the first scenario.

Figure 5. The control signals in the first scenario.

compressor system with the following equation:

dφ(ξ) = 0.05e−0.015ξ cos(0.2ξ)
dψ(ξ) = 0 (52)

The simulation results are shown in Figures 7–10. As
can be seen from Figures 7 and 8, the optimal com-
pression with the stable flow is achieved through the
proposed method, while the control feedback method

Figure 6. Compression system trajectories in the first scenario.

Figure 7. The compressor pressure rise in the second scenario.

is not able to completely eliminate the effects of distur-
bance and does not provide a stabilized operating point.
Also, in the RAFB method, in addition to poor com-
pression, a heavy overshoot occurs in the flow. Figure 9
shows the control signals obtained from the threemeth-
ods. As it is known, the control signal obtained from
the proposed method observes the operating range of
the CCV operator, while the control signal obtained
from the other two methods is non-operational and
impractical. Figure 10 shows the phase portrait under
three control methods. The RAFB method gives a
non-optimal working point, while the operating point
obtained under the control feedbackmethod is optimal,
but due to the impractical control signals obtained from
these methods, none of them can be achieved.

In the third scenario, the effects of noise on the
performance of control methods are investigated. A
Gaussian white noise is considered as follows:

dφ(ξ) = 0
dψ(ξ) = 0 , y1 = ψ + 0.01n(t), y2 = φ + 0.01n(t)

(53)
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Figure 8. The compressor flow rate in the second scenario.

Figure 9. The control signals in the second scenario.

Figure 10. Compression system trajectories in the second sce-
nario.

n(t) is the unit white Gaussian noise. The pressure dia-
gram is shown in Figure 11 displays that the system
is completely unstable under the RAFB method, while
the proposed method and the control feedback method
provide satisfactory compression and the effects of

Figure 11. The compressor pressure rise in the third scenario.

Figure 12. The compressor flow rate in the third scenario.

noise on the compressor system pressure are elimi-
nated under these two methods. Figure 12 shows the
compressor flow. As can be seen, under the RAFB
method and with the entry of noise, the compressor
system becomes unstable, while the two proposed and
feedback control methods provide good flows. Figure
13 also shows the control signals obtained from the
three methods. The instability of the control signal
obtained from RAFB is quite obvious. Also, the con-
trol signal obtained from the feedback control method
adopts negative values which indicates this signal is
non-operational and non-physical. Due to the high fre-
quency of white noise, drastic changes are observed in
the control signal obtained from the proposed method.
However, due to the high speed of the CCV actuator
and the fact that the signal obtained is within the oper-
ating range of the actuator, the elimination of noise
effects is possible and feasible under this controller.
Figure 14 shows the pressure-flow diagram of the com-
pressor under the proposed method which shows the
achievement of the optimal operating point despite of
the destructive effects of noise.
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Figure 13. The control signals in the third scenario.

Figure 14. Compression system trajectories in the third
scenario.

Tobetter evaluate the proposed controller in terms of
convergence rate and tracking performance, the error
values based on the four criteria ISE, ITSE, IAE, and
ITAE for the three simulation scenarios are given in
Tables 1–3. As can be seen from the perspective of
these criteria, the active fuzzy sliding mode method
provides lower error values than the adaptive backstep-
ping method. In addition, although the errors obtained
in the feedback control method are less than the pro-
posedmethod in some cases, but it should be noted that
the signal obtained from the feedback control method
is an unrealizable signal and naturally, it will not be an
effective way to control surge instability.

Table 1. Performance index comparison and time-domain
specifications.

Scenario 1

Controllers ISE ITSE IAE ITAE

Robust adap-
tive fuzzy
backstepping

15.4578 1.0831e3 47.8545 3.4896e3

Feedback control 5.2748 97.7517 19.3393 662.3055
Active fuzzy sliding
mode

4.8671 19.8333 19.8333 844.2985

Table 2. Performance index comparison and time-domain
specifications.

Scenario 2

Controllers ISE ITSE IAE ITAE

Robust adaptive fuzzy
backstepping

15.2411 1.0697e3 47.5232 3.4680e3

Feedback control 5.2767 97.8637 19.2794 652.1210
Active fuzzy sliding
mode

4.8705 98.5984 19.8529 845.2736

Table 3. Performance index comparison and time-domain
specifications.

Scenario 3

Controllers ISE ITSE IAE ITAE

Robust adaptive fuzzy
backstepping

unstable unstable unstable unstable

Feedback control 5.2995 97.6467 19.2869 650.7936
Active fuzzy sliding
mode

4.9854 108.0924 20.6049 923.8855

In this paper, uncertainty on the compressor char-
acteristic curve, uncertainty on the throttle valve char-
acteristic, and disturbance with an unknown upper
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bound were considered simultaneously. The simulation
results showed that compared to the feedback control
and adaptive fuzzy backstepping methods, the pro-
posed controller shows superior performance in pre-
venting surge occurrence and is robust to uncertainties
imposed on the system. In addition, the proposed con-
troller generates a positive control signal during the
simulations, which is consistent with the physical lim-
itations of the system. Although feedback control and
adaptive fuzzy backsteppingmethods are able to ensure
an increase in pressure rise and low flow performance,
respectively, they did not meet the limitation that the
signals from the control actuatormust be non-negative,
as a result, the output control signals from these con-
trollers are imaginary signals that are impractical for
real-world applications.

5. Conclusion

In this paper, a new robustmethod is presented for con-
trolling surge instability of a compressor system. First,
by considering the nonlinear equations related to pres-
sure and flow, the complete dynamics of the compressor
system is described. A fuzzy estimator is used to study
the uncertain effects on the compressor characteristic
curve as well as the throttle valve, and a robust sliding
mode control method is planned for the active suppres-
sion of surge instability. Using the finite time approach,
the proposed method was able to ensure the stability of
the closed loopwith faster convergence and also did not
require knowledge of the upper limit of disturbance and
uncertainty. The simulation results using the proposed
active method showed that in addition to observing the
physical constraints related to CCV actuator, flow and
pressure disturbances as well as model uncertainties
were completely covered and the finite-time control of
deep surge instability was performed. For future stud-
ies, simultaneous control of surge and stall instabilities
by covering pipe effects is recommended.
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