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ABSTRACT
This paper describes a new approach to control stall and surge instabilities in the compressor
system by using of finite time backstepping-based adaptive sliding mode method. The most
important innovation of this study is to provide a finite time adaptive control method to simul-
taneously prevent the stall and surge instabilities in a compressor system in the presence of
disturbance and uncertainty in the compressor characteristic curve as well as the throttle valve.
The disturbance and uncertainty issues are covered by a robust sliding mode control and the
gain coefficients of this controller as well as the estimation of uncertain terms are obtained by
using the adaptive method. The Lyapunov stability criterion is used to evaluate the finite-time
stability of the closed-loop system. The performance of the proposed method is compared with
other literaturemethods through simulation inMatlab. The simulation results show that the pro-
posed controller is better than the existingmethods in terms of surge preventing and robustness
against uncertainty and disturbance.
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1. Introduction

With the advancement of technology, compression sys-
tems have been considered by many scientific and
industrial communities due to their usefulness. Com-
pressors are widely used in many industries such as
oil and gas, petrochemicals, aerospace, power plants,
etc. to increase pressure or transfer fluid and play an
important role in key parts of the industry so that any
malfunction of this equipment can cause the failure of
upstream and downstream equipment. Therefore, due
to the high importance of compressors in the indus-
try, extensive efforts have been made to improve the
reliability, stablity, and optimal performance of these
systems [1–5].

Phenomena limiting the performance of the com-
pressor are: surge, rotating stall, and choke. Rotating
stall is a local disruption of flow inside the compres-
sor which carry on to deliver compressed flow, but with
decreased effectiveness. The instability of the surge is
themost destructive phenomenon, because it can cause
severe mechanical damage to this machine and take it
out of service [6]. Surge and stall phenomena are two
dynamic instabilities that occur in compressor systems
of both axial and centrifugal types. Surge instability can
influence the complete compression system, and such
as a limit cycle, it is categorized by dangerous oscilla-
tions in the compressor’s pressure and flow leading to a
considerable loss in the productivity and performance
of the system.

Due to the damaging effects of surge and stall insta-
bilities on compression systems, extensive efforts have
been made to control these instabilities in centrifugal
compressors. The two main categories of surge insta-
bility control include surge avoidance and active surge
control [7,8]. In the surge avoidance method, by select-
ing the surge control line and designing the controller,
an attempt is made to prevent the system from entering
the unstable zone. This method is widely used in indus-
try, but system efficiency is sacrificed for stable perfor-
mance. The active control method proposed by Epstein
[8] deals with the issue of active surge stabilization, but
this method has not much industrial application and
several works with different control methods and actu-
ators have been presented in this field [9–13]. Because
of drawbacks of using surge avoidance methods that
reduce compressor efficiency, active controlmethodhas
emerged as an effective tool to overcome surge instabil-
ity. The active controllermay enhance the stable perfor-
mance of the compressor system through (1) enriched
aerodynamic design, (2) reduction of changes in work-
ing conditions, (3) consideration of components affect-
ing the flow and (4) active suppression of aerodynamic
instabilities.

Recently, many efforts have been made in this field
to control surge and stall instabilities in constant and
variable speed compressors due to the advantages of
active control method in reducing losses and increas-
ing the efficiency of the compressor system. Articles

CONTACT Yuanyuan Xu xuyy@ntit.edu.cn; School of Mechanical Engineering, Nantong Institute of Technology, Nantong 226002, People’s
Republic of China

© 2024 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in anymedium, provided the original work is properly cited. The terms onwhich this article has been published allow the posting of the Accepted
Manuscript in a repository by the author(s) or with their consent.

http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/00051144.2024.2329503&domain=pdf&date_stamp=2024-03-25
mailto:xuyy@ntit.edu.cn
http://creativecommons.org/licenses/by/4.0/


AUTOMATIKA 1051

[14,15] have used the feedforward method to con-
trol the compressor pressure and subsequently control
the compressor surge in the presence of disturbance
and uncertainty. For the above-mentioned control pur-
poses, backstepping and adaptive methods have been
used in [16–18]. The issue of stall and its control has
been comprehensively studied in [19–21], and vari-
ous control methods have been proposed in the field
[22,23]. However, there are still doubts about the ability
of existing controllers on several issues.

Also, a comprehensive study on the instabilities of
surge and stall has been done in [24]. Despite the sig-
nificant advances in the design of the controller of the
above instabilities, there are still several obvious and
annoying shortcomings and weaknesses which are:

1- In the control methods designed to date, the prob-
lem of stall and its control is considered as a
different and separate problem, while due to the
effect of stall instability in the onset of the surge
phenomenon, simultaneous consideration of these
two phenomena in the design of the controller is
mandatory.

2- Considering the characteristic curve of the com-
pressor in a certain way is an assumption with a
high probability of error, because using the com-
pressor in the compression system and its effec-
tiveness from different parts such as upstream and
downstream equipment, pipe, and various param-
eters, this characteristic curve is always uncertain.

3- Not considering the disturbances on the flow and
pressure in addition to uncertainty on throttle
valve are other shortcomings of many previous
studies in this field.

4- Despite the importance of using finite-time meth-
ods with high convergence rates for different appli-
cations [22–27] and the need to pay attention to
these methods to control surge due to the destruc-
tive effects of its occurrence and persistence, no
specific efforts have been made to finite-time con-
trol of surge to date.

Nowadays, attention to robust and hybrid control
methods [28,29], especially adaptive and sliding mode
methods on uncertain nonlinear systems has greatly
expanded [30–34] and this paper proposes a new finite-
time method for fast control of surge and stall instabili-
ties and subsequent achievement of performance char-
acteristics for fast disturbance rejection and robustness
to uncertainty. In addition to fast transient response,
it provides accurate tracking and high convergence
speed compared to asymptotic methods. The men-
tionedmethoduses sliding and adaptivemethods based
on backstepping in which the sliding mode method is
used to overcome uncertainty and disturbance effects.
Given the assumption that the upper bound of dis-
turbances is unknown, the adaptive method has been

used to estimate this bound, and the backstepping
method has been used to obtain virtual control vec-
tors. Ensuring the finite-time stability of the closed-
loop system against surge and stall instabilities is also
obtained by using Lyapunov method based on adaptive
and backstepping approaches. Therefore, the innova-
tions of this article can be categorized as follows: 1-
Control of surge instability; 2- Cover of stall instabil-
ity; 3- Covering the effects of disturbance on the flow
and pressure of the compressor system; 4- Consider-
ing the nonlinear dynamics of the compressor system
without linearization or elimination of nonlinear terms;
5- Considering the uncertainty on the throttle valve;
6- No need to know the upper boundaries of uncer-
tainty and disturbance; 7- Design of a robust controller
taking into account the limitations of the actuator; 8-
Finite time stabilization of closed loop system in dif-
ferent working conditions. The results obtained from
the simulation of the proposed method show that the
finite-time backstepping-based adaptive sliding mode
controller provides fast control of surge and stall insta-
bilities despite uncertainty in the compressor charac-
teristic curve, unknown percentage of throttle opening,
and disturbance with unknown upper bound.

In general, the organization of this paper is as fol-
lows: In Section 2, the dynamic model of the com-
pressor system covering surge and stall instabilities is
presented. In Section 3, the planned controller is pre-
sented. Finally, the simulation results and conclusions
are presented in Sections 4 and 5 of the paper.

2. Model of the compressor system

Comprehensive studies have been performed for com-
pressor modelling to accurately describe the behaviour
of the compressor system and the controller design.
References [35–37] provide a complete overview of
compressor system modelling methods. The most
important division of the proposed models is based
on the dimension. One-dimensional models are able to
describe surge instability, while two-dimensional mod-
els can predict both surge and rotating stall instabilities
in compressor system behaviour. Despite many efforts
to date, the Moore-Gritzer model introduced in 1986
is the most widely cited model for controller design in
centrifugal compressor systems [38]. The model is able
to qualitatively describe the behaviour of the compres-
sor system and despite its simplicity, describes well the
relationship between the parameters of the model and
their effects on the dynamics of the overall system. This
model is a control-oriented model using first-order dif-
ferential equations and has a good computational com-
plexity. In this paper, the capabilities of this model have
been used to design surge and stall instabilities con-
troller. Nowwewill describe thementionedmodel. The
dynamic equations governing the compressor system
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are:

dψ
dξ

= 1
4B2lc

(φ − φT(ψ)) (1-a)

dφ
dξ

= 1
lc

(
ψc(φ)− ψ − 3H

4

(
φ

W
− 1

)
J
)

(1-b)

dJ
dξ

= J

(
1 −

(
φ

W
− 1

)2
− J

4

)
δ (1-c)

In the above equations, ψ and φ represent the
increase in pressure and mass flow of the compressor,
respectively. J signifies rotating stall and ξ indicates
dimensionless time,ψc(φ) denotes the characteristic of
the compressor curve and φT(ψ) represents the char-
acteristic of the throttle valve. lc specifies the length of
the compressor and ducts and δ is a constant coeffi-
cient. B is the Gritzer parameter and is obtained from
the following equation:

B = U
2as

√
Vp

Aclc
(2)

In the above equation, U is the constant related to the
tangential speed of the compressor, as is the speed of
sound, Vp represents the volume of the plenum, and Ac
is the cross section of the compressor.

The normalization of the equations of the constant
speed compressor system is done using the following
equation:

φ = m
ρAcU ψ = �P

ρU2 ξ = U
R t (3)

where m is the flow rate and �P is the pressure differ-
ence.

Using normalization, a class of compressor curves is
mapped to a single characteristic curve for each speed.
The characteristic curve defines the nonlinear connec-
tion between the compressor pressure ψ and flow φ.
FollowingMoore and Gritzer [38,39], the cubic charac-
teristic curve of the compressor is described as follows:

ψc(φ) = ψc0 + H
(
1 + 3

2

(
φ

W
− 1

)

− 1
2

(
φ

W
− 1

)3
)

(4)

where ψc0 is the value of the characteristic curve in
0 dB. H indicates the half-height and W specifies the
half-width of the characteristic curve.

According to [18], the throttle valve characteristic is
specified by:

φT(ψ) = γT
√
ψ (5)

where γT is the valve’s yield.
The presence of disturbances in the compressor sys-

tem affects the stability and performance of the active

controller of surge and stall. In thismodel, the compres-
sor flow and pressure disturbances are as follows:

ψ̇ = 1
4B2lc

(φ − φT(ψ)+ dφ(ξ)) (6-a)

φ̇ = 1
lc

(
ψc(φ)− ψ − 3H

4

(
φ

W
− 1

)
J + dψ(ξ)

)
(6-b)

J̇ = J

(
1 −

(
φ

w
− 1

)2
− J

4

)
δ (6-c)

Following Moor and Greitzer in Imani et al. [40],
Figure 1 exhibits a plan of a compression system with a
closed coupled valve (CCV). Bymeans of CCVas a con-
trol actuator, the dynamic equations of the compressor
system are:

ψ̇ = 1
4B2lc

(φ − φT(ψ)+ dφ(ξ)) (7-a)

φ̇ = 1
lc

(
ψc(φ)− ψ − 3H

4

(
φ

W
− 1

)
J

+ ψV(φ)+ dψ(ξ)
)

(7-b)

J̇ = J

(
1 −

(
φ

w
− 1

)2
− J

4

)
δ (7-c)

ψV(φ) is the control input for the system. Considering
x1 = ψ , x2 = φ and x3 = J, the compressor state space
equations will be equal to:

ẋ1 = 1
4B2lc

(x2 − φT(x1)+ dφ(ξ)) (8-a)

ẋ2 = 1
lc

(
ψc(x2)− x1 − 3H

4

(x2
w

− 1
)
x3

+ u + dψ(ξ)
)

(8-b)

ẋ3 = x3
(
1 −

(x2
w

− 1
)2 − x3

4

)
δ (8-c)

The equations governing the compressor system show
that the flow disturbance is in the form of unmatched
while the disturbance in the pressure is of the matched
type.

3. Robust finite-time adaptive slidingmode
control for stall and surge instabilities

In this section, a novel finite-time adaptive sliding
mode control structure is presented to control stall and
surge instabilities. To prove the stability through Lya-
punov method, we have used the backstepping method
to suitably define the error. The upper bounds of uncer-
tainty on the throttle valve and uncertainty on the com-
pressor characteristic curve are considered unknown.
The proposed controller is able to actively manage stall
and surge instabilities despite the effects of uncertain-
ties and disturbances mentioned above. The controller
schematic is shown in Figure 2.
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Figure 1. The compressor system with CCV actuator [40].

Figure 2. Schematic of finite-time adaptive sliding mode con-
trol.

Now we will describe the controller design steps.
The state space equations of the compressor system are
considered as follows:

ẋ1 = 1
4B2lc

(x2 − φT(x1)+ dφ(ξ)) (9-a)

ẋ2 = 1
lc

(
ψc(x2)− x1 − 3H

4

(x2
w

− 1
)
x3

+ u + dψ(ξ)
)

(9-b)

ẋ3 = x3
(
1 −

(x2
w

− 1
)2 − x3

4

)
δ (9-c)

By defining the error as follows

e1 = x1 − x1d (10-a)

e2 = x2 − α1 − α2 (10-b)

e3 = x3 − x3d (10-c)

where α1 and α2 are virtual control functions. The
dynamic equations of the error are achieved as follows

ė1 = 1
4B2lc

(e2 + α1 + α2 − φT(x1)+ dφ(ξ))− ẋ1d

(11-a)

ė2 = 1
lc

(
ψc(x2)− e1 − x1d − 3H

4

(x2
w

− 1
)
x3

+ u + dψ(ξ)
)− α̇1 − α̇2 (11-b)

ė3 = x3
(
1 −

(x2
w

− 1
)2 − x3

4
− x2
δx3

)
δ

+ e2 + α1 + α2 − ẋ3d (11-c)

Let’s define the functions fi(t, x), i = 1, 2, 3 with the
condition |fi(t, x)| ≤ Fi as (28), where Fi, i = 1, 2, 3 are

the unknown upper bound of these functions.

f1(t, x) = (α2 − φT(x1)+ dφ(ξ))− 4B2lcẋ1d + e2

(12-a)

f2(t, x) = ψc(x2)− x1d − 3H
4

(x2
w

− 1
)
x3

+ dψ(ξ)− Lcα̇1 − lcα̇2 − e1 (12-b)

f3(t, x) = x3
(
1 −

(x2
w

− 1
)2 − x3

4
− x2
δx3

)
δ

+ e2 + α1 − ẋ3d (12-c)

By rewriting the error dynamic equations:

ė1 = 1
4B2lc

(α1 + f1(t, x)) (13-a)

ė2 = 1
lc
(−u + f2(t, x)) (13-b)

ė3 = f3(t, x)+ α2 (13-c)

To prove stability, we candidate the following Lyapunov
function:

V = 1
2
e21 + 1

2
e22 + 1

2
e23 + 1

2
F̃21 + 1

2
F̃22 + 1

2
F̃23 (14)

where

F̃1 = F1 − F̂1, F̃2 = F2 − F̂2, F̃3 = F3 − F̂3 (15)

where F̂i, i = 1, 2, 3 are estimators for Fi. It is obtained
by derivation from Lyapunov function:

V̇ = e1ė1 + e2ė2 + e3ė3 − F̃1 ˆ̇F1 − F̃2 ˆ̇F2 − F̃3 ˆ̇F3
= 1

4B2lc
e1(α1 + f1(t, x))

+ 1
lc
e2(−u + f2(t, x))+ e3(f3(t, x)+ α2)

− F̃1 ˆ̇F1 − F̃2 ˆ̇F2 − F̃3 ˆ̇F3 (16)

Now select the control rules as follows:

α1 = 4B2lck1sgn(e1)− F̂1sgn(e1) (17-a)

α2 = −k3sgn(e3)− F̂3sgn(e3) (17-b)

u = lck2sgn(e2)− F̂2sgn(e2) (17-c)

where ki, i = 1, 2, 3 are positive parameters of the con-
troller gain.

It is obtained by replacing the control rules in the
derivative of Lyapunov’s function

V̇ = −k1e1sgn(e1)− k2e2sgn(e2)− k3e3sgn(e3)

+ 1
4B2lc

e1(f1(t, x)− F̂1sgn(e1))

+ 1
lc
e2(f2(t, x)− F̂2sgn(e2))+ e3(f3(t, x)
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− F̂3sgn(e3))− F̃1 ˆ̇F1 − F̃2 ˆ̇F2 − F̃3 ˆ̇F3 (18)

It is obtained by simplifying the Equation (18) as:

V̇ ≤ −k1|e1| − k2|e2| − k3|e3|

+ 1
4B2lc

(F1|e1| − F̂1|e1|)

+ 1
lc
(F2|e2| − F̂2|e2|)+ (F3|e3| − F̂3|e3|)− F̃1 ˆ̇F1

− F̃2 ˆ̇F2 − F̃3 ˆ̇F3 (19)

V̇ ≤ −k1|e1| − k2|e2| − k3|e3|

+ 1
4B2lc

F̃1|e1| + 1
lc
F̃2|e2| + F̃3|e3|

− F̃1 ˆ̇F1 − F̃2 ˆ̇F2 − F̃3 ˆ̇F3 (20)

V̇ ≤ −k1|e1| − k2|e2| − k3|e3|

+ F̃1
(

1
4B2lc

|e1| − ˆ̇F1
)

+ F̃2
(
1
lc

|e2| − ˆ̇F2
)

+ F̃3
(
|e3| − ˆ̇F3

)
(21)

Select the adaptive rules for estimating Fi as follows:

ˆ̇F1 = λ1

4B2lc
|e1|, ˆ̇F2 = λ2

lc
|e2|,

ˆ̇F3 = λ3|e3|, λi > 1, i = 1, 2, 3 (22)

where λi, i = 1, 2, 3 are adaptive tuning parameters.
By substituting adaptive rules in Equation (21) is

obtained.

V̇ ≤ −k1|e1| − k2|e2| − k3|e3| − (λ1 − 1)
4B2Lc

|F̃1||e1|

− (λ2 − 1)
Lc

|F̃2||e2| − (λ3 − 1)|F̃3||e3| (23)

Equation (23) ensures system stability. Now we prove
that the designed controller is finite-time.

Definition 3.1: [41]. Assume a nonlinear time-
invariant system as:

ẋ = f (x), f (0) = 0, x ∈ U0 ⊂ R
n (24)

where f : U0 → R
n is a continuous vector function on

an open neighbourhood U0 of the origin x = 0. The
equilibrium point x = 0 of system (24) is called locally
finite-time stable if the following conditions hold.

(i) It should be finite-time convergent in Û0, namely,
there is a convergence time T(x0) : Û0 \{0} →
[0,∞) that satisfies lim

t→T(x0)
x(t, x0) = 0 and

x(t, x0) = 0 for ∀t ≥ T(x0).
(ii) It should be Lyapunov stable in an open

neighbourhood Û0 such that Û0 ⊆ U0.

Lemma 1: [41]. Consider the nonlinear system (24).
Assume that there exists a C1 positive function V(x) :
U0 → R, real constants c > 0, and 0 < α < 1 such that
V̇(x)+ cVα(x) ≤ 0, ∀x ∈ U0\{0} is satisfied. Then, the
equilibrium point x = 0 of system (24) is locally finite-
time stable. Furthermore, the convergence time T(x0)
satisfies the following inequality.

T(x0) ≤ (c(1 − α))−1V(x0)1−α (25)

Moreover, if U0 = R
n, then x = 0 is globally finite-time

stable.
Now to get the finite time, we do the following defini-

tions

km = min(k1, k2, k3),�

= min
(
(λ1 − 1)
4B2Lc

|e1|, (λ2 − 1)
Lc

|e2|, (λ3 − 1)|e3|
)

(26)

By simplifying Equation (15) based on Equation (16), we
have

V̇ ≤ −km(|e1| + |e2| + |e3|)−�(|F̃1| + |F̃2| + |F̃3|)
(27)

By definition

θ = min(km,�) (28)

Equation (27) is simplified as follows:

V̇ ≤ −θ(|e1| + |e2| + |e3| + |F̃1| + |F̃2| + |F̃3|) (29)

It can be obtained with a little simplification

V̇ ≤ −√
2θ

(√
1
2
e21 +

√
1
2
e22 +

√
1
2
e23

+
√
1
2
F̃21 +

√
1
2
F̃22 +

√
1
2
F̃23

)
(30)

By using the well-known inequality

√(∑
i

|yi|
)
<(∑

i

√|yi|
)
, Equation (30) is renewed as follows:

V̇ ≤ −√
2θ

⎛
⎜⎜⎝
√√√√√√

1
2
e21 + 1

2
e22 + 1

2
e23 + 1

2
F̃21

+1
2
F̃22 + 1

2
F̃23

⎞
⎟⎟⎠ (31)

V̇ ≤ −√
2θ

√
V (32)

Finally by setting c = √
2θ and a = 0.5 and applying

lemma 1, Tr is estimated by (33).

Tr ≤
√∑i=3

i=1 e
2
i (.)+∑i=3

i=1 (Fi(.)− F̂i(.))
2

min (min(k1, k2, k3),
min

(
(λ1−1)
4B2Lc

|e1|, (λ2−1)
Lc |e2|, (λ3 − 1)|e3|

))
(33)
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which indicates the finite-time stability under the pro-
posed controller.

4. Simulation results

In this section, simulation in MATLAB environment
is used to show the ability and robustness of the pro-
posed controller against surge and stall instabilities.
Three general scenarios have been considered for this
purpose: 1- Surgemode with disturbance. 2- Stall mode
without disturbance. 3- Stall mode with disturbance.
In the first scenario, the Gritzer parameter is equal to
B = 1.8, while in the next two scenarios, which are
related to the occurrence of stall, the Gritzer parame-
ter in the simulations is considered equal to B = 0.5.
In all three scenarios, by the time t = 30 s, the open-
ing percentage of the throttle valve is equal to γT =
0.65, while from this time on, the opening percentage
of the throttle valve decreases to γT = 0.6, which nor-
mally leads to surge in the compressor system. Prime
goals pursued by the controller are surge-free and non-
stall operation alongwith higher compression. To better
understand the performance of the proposed method,
the results obtained from the simulation are compared
with the results obtained from the implementation of
the robust adaptive fuzzy backstepping method [42].
The simulation parameters for the compressor are:

B = 1.8, lc = 3,H = 0.18,W = 0.25,ψc0 = 0.3, δ = 1
(34)

The initial values of the modes are considered as
(x1(0), x2(0), x3(0)) = (0.15, 0.4, 0.05) and of course
the controller parameters are selected as follows:

k1 = 20, k2 = 20, k3 = 20,

λ1 = 1.01, λ2 = 1.01, λ3 = 1.01 (35)

We now describe the results obtained in each of these
scenarios.

In this case, B = 1.8 and the following disturbance
enters the system:

dφ(ξ) = 0.05e−0.015ξ cos(0.2ξ)
dψ(ξ) = 0.01e−0.005ξ sin(0.3ξ) (36)

The simulation results in this scenario are shown in Fig-
ures 3 to 7. As can be seen from Figure 3, the proposed
method achieves a higher compression than adaptive
fuzzy backstepping method [42], and Figure 4 shows
the flow obtained from the two methods. Although the
values obtained for ψ in Figure 3 are dimensionless,
they show a realistic representation of the difference
in compression between the two methods. The steady-
state compression ψ = 0.65 is obtained from the pro-
posed method, while the adaptive fuzzy backstepping
method gives ψ = 0.36. Higher compression is the
most important function of a centrifugal compressor,

Figure 3. The compressor pressure in scenario 1.

and of course the ability to operate safely and free of
surge instability in low inlet flows is another practi-
cal goal for these compressors, and these objectives
have been satisfactorily met by the proposed method
according to Figures 3 and 4. The trajectory shown in
Figure 5 shows that by using the proposed method,
J = 0 is obtained after a few seconds, which is the desir-
able operating state for the compressor, while the stall
diagram obtained from method [42] shows the occur-
rence of destructive stall phenomenon after t = 200s.
The control signals obtained from the two methods are
shown in Figure 6. Despite of the sharp changes in the
control signal obtained from the proposed method, it
is clear that the operational limit of the CCV actuator
(it must be between zero and one) is observed, while
the control signal obtained from method [42] adopts
negative values which indicates the operational limit of
the CCV actuator is not observed in the control signal,
which is naturally non-operational and infeasible. The
operating point of the compressor under the proposed
controller and method [42] is shown in Figure 7. As
it is known, according to the compressor characteristic
curve, the operating point obtained from the proposed
method is near the surge line with the highest com-
pression (optimal operating point) and of course the
operating state is without surge and without stall while
the result obtained from adaptive fuzzy backstepping
method [42] has lower compression and efficiency and
gradually enters the stall and surge modes.

In this scenario, in the case of stall occurrence
without disturbance, the proposed controller behaviour
is compared with the adaptive fuzzy backstepping
method [42].

dφ(ξ) = 0,
dψ(ξ) = 0 (37)

For this case, the Gritzer parameter is considered B =
0.5 and the results are shown in Figures 8–12. Com-
pressor pressure and flow are shown in Figures 8
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Figure 4. The compressor flow in scenario 1.

Figure 5. The compressor stall diagram in scenario 1.

Figure 6. The control signals in scenario 1.

and 9. As can be seen from these figures, the pro-
posed method gives a higher pressure and flow than
method [42], and of course the flow obtained under the
adaptive fuzzy backstepping controller initially expe-
riences more severe fluctuations. As in the previous
scenario, steady-state compression ψ = 0.65 and ψ =

Figure 7. Compression system trajectories in scenario 1.

Figure 8. The compressor pressure in scenario 2.

0.36 are obtained from the proposed and the adaptive
fuzzy backstepping methods, respectively. The most
important result obtained in this scenario is given in
Figure 10. As it is known, the application of the pro-
posed control method leads to the removal of the stall
after a few seconds, while the adaptive fuzzy back-
stepping method is not able to remove the stall mode,
and this undesirable condition which reduces the effi-
ciency of the compressor and is the beginning of surge,
will exist in the compressor system. The control sig-
nals obtained in Figure 11 indicate the fact that the
operating limits of CCV actuator are fully observed
by the proposed method, while the control signals
obtained from adaptive fuzzy backstepping method are
non-operational and impractical. Figure 12 also shows
the compressor operating path, which clearly confirms
the better operation of the system (in terms of flow,
pressure, stall and surge) under the proposed control
method.

This scenario is exactly the same as the second sce-
nario, except that disturbance in the form of (38) also
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Figure 9. The compressor flow in scenario 2.

Figure 10. The compressor stall diagram in scenario 2.

Figure 11. The control signals in scenario 2.

enters the compressor system.

dφ(ξ) = 0.05e−0.015ξ cos(0.2ξ)
dψ(ξ) = 0.01e−0.005ξ sin(0.3ξ) (38)

Figure 12. Compression system trajectories in scenario 2.

Figure 13. The compressor pressure in scenario 3.

Figures 13 and 14 show that the proposed method is
able to better compress and eliminate the effects of dis-
turbance on the pressure and flow of the compressor
system, despite the initial slight fluctuations. As shown
in Figure 15, under the adaptive fuzzy backstepping
method, the stall has a higher amplitude than the previ-
ous scenario, while the method proposed in this paper
is well able to eliminate the stall mode. The control sig-
nal and the trajectory of the compressor path shown in
Figures 16 and 17 confirm the facts obtained in the pre-
vious scenarios. The proposed method ensures higher
performance close to the surge line with an operational
control signal without the occurrence of surge and stall
instabilities, while the results obtained from the [42]
provide lower performance, impractical control signal
and incidence of stall and surge instabilities.

5. Conclusion

Surge and stall are the two main instabilities limit-
ing compressor performance, and this paper presents
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Figure 14. The compressor flow in scenario 3.

Figure 15. The compressor stall diagram in scenario 3.

Figure 16. The control signals in scenario 3.

a new finite-time method for overcoming these insta-
bilities in the presence of flow-pressure disturbances
in addition to uncertainty in the compressor charac-
teristic curve and of course uncertainty in the throttle
valve. In this study, the upper bound of disturbance
is considered as unknown and the proposed method

Figure 17. Compression system trajectories in scenario 3.

covers both surge and stall instabilities by combining
sliding mode, adaptive and backstepping approaches.
In the proposed control method, the design process of
the backstepping method was used to obtain the state
feedback law, the sliding mode technique was used to
ensure robustness against disturbance and uncertainty,
and of course the estimation of their upper bounds
obtained by the adaptive scheme. The results obtained
from MATLAB simulation guarantee the capability of
the proposed method in ensuring finite-time active
control of surge instability, elimination of stall mode
with high-efficiency operation through more compres-
sion closer to the surge line, along with elimination of
disturbance and uncertainty effects. Future studies can
be pursued by considering the effects of noise and the
effects of the pipe.
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