
DOI: 10.2478/scjme-2021-0020, Print ISSN 0039-2472, On-line ISSN 2450-5471 

 
Strojnícky časopis – Journal of  MECHANICAL ENGINEERING, 

VOL 71 (2021), NO 2, 85 - 100 

 
  

 

 

GAS TURBINE AERODYNAMICS IMPROVEMENT VIA A DESIGN OF 

INTELLIGENT FRACTIONAL CONTROL   

DEBBAH Abdesselam1*, KHERFANE Hamid2, KELAIAIA Ridha3 

1  L2RCS Laboratory, Université Badji Mokhtar, Annaba, Algeria ,  

Department of Petro-chemical, Université 20 août 1955-Skikda, PB N° 26 Route Elhadaik, Skikda 21000, 

Algeria, e-mail: a.debbah@univ-skikda.dz 
2 L2RCS Laboratory, Université Badji Mokhtar, Annaba, Algeria  

e-mail: hamid_kherfane@yahoo.fr 
3LGMM Laboratory, Université 20 août 1955-Skikda, PB N° 26 Route Elhadaik, Skikda 21000, Algeria   

e-mail: r.kelaiaia@univ-skikda.dz  

 

Abstract: Gas turbines are complex processes characterized by the instability and uncertainty of various sources. 

The range of useful operating in an axial compressor which is part of a turbine gas is limited by aerodynamic 

instabilities that are surge and rotating stall. This paper presents two intelligent fractional order sliding mode 

controllers.  At first, a robust sliding fractional surface form is proposed to deal with hazardous phenomena 

which limit compression systems performance, and speed transitions, which can lead to temporary stall 

development, pressure drop at the output, degrade the effective operation of compressors and consequently gas 

turbines.   Second, to reduce the chattering/fluctuation in control, a fuzzy logic and finite time criterion are used 

as switching control at the reaching phase in the sliding mode control. Additionally, the controller gains are 

obtained by offline multi-objective Particle swarm optimization (MOPSO) search. Finally, the surge and rotating 

stall of a Variable Speed Axial Compressor (VSAC) in a gas turbine are investigated under the system 

nonlinearities and also in presence of an external disturbance and perturbations. The simulation results signify 

the performance of the two MOPSO-based fractional sliding mode controllers. 

KEYWORDS: Gas turbine, axial compressor, surge, rotating stall, Fractional order sliding mode control 

(FOSMC), Multi-objectives Particle Swarm optimization (MOPSO). 

 

1 Introduction 

The development experienced by civil or military aviation, the growth of the industry 

processes as well as the field of the generation of one energy are related to the development 

an essential element which is the gas turbine. The latter is a machine that produces 

mechanical energy and high velocity exhaust gases and high temperature. The mechanical 

energy is used to drive a compressor, fan, etc. The gas turbine is however subject to nonlinear 

phenomena of different nature: aerodynamic (pumping and rotating stall), aero-elasticity (the 

float) and combustion that do not allow proper operation [1]. In this work, we will focus on 

the aerodynamic non-linearities. Gas turbines suffer from two types of aerodynamics 

instabilities which limit their efficiency and performance: rotating stall and surge. These 

phenomena are closely related. Rotating stall is a non-axisymmetric perturbation that travels 

around the annulus of the compressor while surge is a large axial oscillation of the flow [1]. 

The low order model of Moore and Greitzer for the post stall transients of axial compression 

systems has been used extensively in stall/surge analysis and control. In the original work of 

Moore and Greitzer, the compressor speed is assumed constant. If the equilibrium of the 

compression systems is located to the left of the surge line which passes through the local 

maxima of the compressor characteristic, the flow becomes unstable. Dependent on certain 
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system parameters and as be demonstrated in [2], the compressor speed, the instability can 

take the form of rotating stall, surge or both. This model has been successfully applied to a 

wide variety of stability and control problems. Moore and Greitzer model has the following 

advantages: it captures most nonlinear and operational effects. It is low order and physical 

rather than computational [3]. In 1997, Gravdahl and Egeland [1] derived a similar model and 

investigated surge and speed control. However, these models were both developed for 

centrifugal machines and did not include rotating stall as a state. For the first time, the model 

developed by Gravdahl  for axial compressors considered the B-parameter (proportional to the 

speed of the compressor) as a state and included higher harmonics of rotating stall as well [3].         

This new high order extension of Moore-Greitzer model not only shows the previous 

qualitative behavior such as surge and stall development but also introduces some novel 

phenomena as a direct consequence of adding the new state to the model. These phenomena 

can exclusively be described by the non-constant speed model [1].  Gravdahl [3] initially 

demonstrated the temporary development of rotating stall at an operating point far from surge 

line because of speed variations. Model simulations showed that amplitudes of rotating stall 

harmonics temporarily increase while the machine is accelerating, but are quickly damped out 

as desired speed is reached [4]. Output pressure also drops during speed transitions.  Contrary 

to Gravdahl’s non-constant speed model, Moore-Greitzer original model does not imply any 

rotating stall development, since the working point is situated by an adequate margin to surge 

line. This temporary stall development and pressure drop can cause trouble for the normal 

operation of turbo-machines [4]. Furthermore, including model uncertainties (the precise 

estimation of model parameters, especially in the unstable zone, being difficult) and external 

perturbations make the problem even more challenging [10].  

The aim and the motivation of this work comes from the fact that to properly use the 

compressor sizing, it must be operated at its effective point which is unstable point 

[2],[5],[12],[14], taking into account its variable speed nature [6-9],[10-13],[15-16], the 

mathematical complication of the Gravdahl-Egeland model, prior knowledge of the actual 

operating conditions, and the limits and actuator dynamics. 

The contribution of this paper is to satisfy this nonlinear control problem, by finding a 

suitable combination between the robustness of the fractional order sliding mode controller 

(FOSMC), and the flexibility of Pareto multi-objective particle swarm optimization (MOPSO) 

to ensure the robustness, best performances and good behavior of the actuators without the 

need to prior knowledge about dynamic of system, and/or uncertainties bounds, making the 

proposed controllers satisfactory for real applications. The performance of the resultant 

control law can be systematically achieved but at the expense of chattering and fluctuation 

effect. This may damage the mechanical components of the system, especially the actuators. 

To suppress this unwanted effect two techniques have been investigated in this paper. The 

first technique is using a fuzzy logic control to replace the discontinuous signum function, and 

the second technique is the optimization of a novel control criterion. Parameters of fractional 

order surface and fuzzy controller gains are obtained by offline Multi-objective Particle 

Swarm Optimization (MOPSO) search based on Finite Time Criterion (FTC), this 

distinguishes it from existing fractional order sliding mode controllers in literature [17-21]. 

The present paper is organized as follows. The modelling of gas turbine aerodynamics is 

presented in section 2. Then, the Control design is given in Section 3. The optimization design 

is illustrated in Section 4.  Afterwards, simulation results for the designed controllers are 

presented in Section 5. Finally, concluding remarks are presented in the last section. 
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2 Modelling of gas turbine aerodynamics  

The compression process studied in this paper comprises an intake duct, inlet guide vanes 

IGV, variable speed axial compressor, the exit duct, plenum volume (turbine), varying area 

throttle valve, varying area close-coupled valve (Fig.1). Throttle can be viewed as a 

streamlined model of a turbine [2].  

Fig. 1 Schematic of system showing non dimension lengths in gas turbine [2] 

Gravdahl developed a model for compressor, the exit duct, plenum volume (turbine), 

varying area throttle valve, and varying area close-coupled valve (Fig.1). Throttle can be 

viewed as a streamlined model of a turbine [2]. Gravdahl developed a model for variables 

peed axial compressors and considered the speed of the rotor as a state variable [2]. Later, 

Zaiet et al. [8] modified the model to include the pressure drop over a CCV and to make it 

suitable for control applications. The states ,  andU denote respectively the annulus 

averaged mass flow coefficient, the non-dimensional plenum pressure, and the speed of the 

rotor (m/s).  is a non-dimensional time, 1J is the squared amplitude of the first harmonic of 

rotating stall [5]. The actuators forces are input variables 1u , 2u  and 3u defined respectively as: 

the pressure drop over CCV, the throttle gain, and the non-dimensional drive torque being 

used to increase the speed. At an operating point ( 5.00 = , 66.00 = , 617.9U0 = ), the 

dynamic model can be given in the form of state-space  equations (see [1],[2] for more 

details). The model which only includes the first harmonic of rotating stall and comprises 

actuator forces is given in the following equations: 
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The definition of the remaining model parameters H, W, 0c , v  , 1 , 2 , m, b,   ,  a, 

)(

1
1




cl
 , 

( )( )Wam

aH

U 


−


1

3
2 which are all positive non-zero parameters, can be found in 

[4][5]. To investigate the effect of uncertainties, we introduce  and  in the model.  

3 Control design 

In this section, the aim will be the design of a robust fractional order sliding mode controller 

to deal with hazardous phenomena which limit compression systems performance, and speed 

transitions, and especially using fuzzy approach to attenuate the possible chattering and 

fluctuation in control signal if compared with the SMC. 

3.1  Control of Surge and Rotating Stall with variable speed behaviour   

Let us consider the model (1,2,3,4) as a square MIMO  nonlinear affine uncertain system: 
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where the state variable ( )U,,J,x = belongs to 4R and the control input 

( ) 3

321 Ru,u,uu = . Here, ( )xf  and ( )xg are uncertain smooth functions and 

( ) 3RU,,y =   is a smooth measurable output vector. Σ1 is defined in error coordinates 

and in the regulation problem; the objective is to make the outputs vanish in finite time. Let us 

define outputs for system Σ1 as follows: 

   Uxxxx ,,,,: 3213,2,12 ==  (7) 

Where 0 −= , 0 −= with 0  and 0   is the efficient Operating Point at the peak 

of the compressor map. Here, the first time derivative of sliding variables yields:   
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(8) 

Vector ( )xA  and matrix ( )xB can be partitioned into nominal and unknown parts as follows 

[5][17]: 
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Nominal parts ( )xA , and ( )xB  are known a priori. A and B  traditionally comprise the 

model uncertainties and perturbations. In this work, however we consider all terms 

comprising 1J in A . Although 1J  is a model state variable, it cannot be measured, moreover 

its nature as a perturbation conveys the idea that it can be thought of as uncertain terms. This 

approach simplifies the control design and makes the proposed control method applicable.  

Assumption 1: A  is polynomial functions of uncertainties, disturbances and 1J . Due to 

the boundedness of   and 1J ,We assume that there is an a priori known constant 𝜌 such 

boundedness of  A is ensured  A . 

Assumption 2: We assume that matrix ( )xB is non-singular and the associated zero 

dynamics of  ∑2 are asymptotically stable. For the applied model, )(xB ends up being equal 

to zero. Assume that Assumptions 1-2 are fulfilled.  
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Sliding surface is chosen as [21]: 

( )  dxxxxSS refiiirefiiauxiia  −+−=+= )(` ,,,  (10) 

where i is a positive constant and subscript ref  stand for reference value. The following 

Lyapunov function candidate has to be positive definite and its derivative has to be at least 

negative semi-definite. 

iaiaia SSVSV ,,

2

,
2

1  ==  (11) 

To stabilize uncertain system of equation (8), at first, we define an augmented sliding variable 
3

, RS ia   as follows: 

( ) ( ) 0,,, =−+−=+= irefiiirefiiiiia xxxxS    (12) 

Using equations (9)–(12), the control law for the limit case that is; equivalent control equ  is 

obtained as below: 
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1

=−+−=
−

ixABu iiirefeq   (13) 

Let the total control signal is chosen to be [5],[17]: 
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where slidinomi www ,, += , nomiw , with is the auxiliary control input, one can partially decouple 

the nominal system (the system without uncertainties). 

The terms iinomiw −=,   are introduced to stabilize the nominal part of system 0A = . 

Now, it can be seen that the discontinuous control law defined below, can ensure the sliding 

mode on ( )0, =iaS and consequently on S  in spite of uncertainties. 

( )−+−=  dwsignw nomiiislidi ,, )(  (15) 

The control law stabilizing the nominal system and rejecting the uncertainties of the model 

takes the final form  

  3,1)(,

1

=+−−+−= 
−

idsignxABu iiiiiiirefi   (16) 

i is a positive switching gain. For proof, see [17]. Then the derivative of the Lyapunov 

function becomes:  

( ) −−= iiaiaia SSSV ,,,
  (17) 

If i  is chosen to be  i , then derivative of the Lyapunov function is negative definite

0V , therefore the system is forced to reach the sliding surface [18],[22-23]. When the 

control law is chosen as (16), chattering phenomena will occur as soon as the state hits the 

sliding surface because of discontinuity in signum function. To reduce the chattering a 

saturation function is used instead of the signum function. Hence, the alternative robust 

sliding mode control (called RSMC): 

  3,1)( ,,
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i  is positive selected variable [18], [22], [23]. 

3.2  Fractional-order sliding mode control 

In order to design the proposed controller, we use the following definition and lemmas. 

Definition: The Riemann–Liouville (RL) definition of the qth order derivative[24-25]: 
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where nqn −1 with n is the integer , ( ). is the gama function. 

Lemma : The fractional integration operator [24-25] 
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From (10) the following Fractional sliding surface is proposed 
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As illustrated in [19],[20] and [25], from equation (12) and equation (23), for  0, =iaS , the 

fractional surface sliding mode control (18) will be: 

  3,1)(1

,

1

=+−−+−= −
−

iIsatDxABu iiiiiiirefi             With  1,0  (24) 

The saturation function can reduce the chattering, but to have a satisfactory compromise 

between small chattering and good tracking precision in presence of uncertainties and 

perturbations, a fuzzy logic control is proposed. Fuzzy fractional order sliding mode 

controller (FFOSMC) can also be used as in next section [19],[20]. 

3.3  Fuzzy Controller  

The saturation function of the control law in (24) is replaced by a fuzzy controller [20]. The 

combination of fuzzy control strategy with SMC becomes a feasible approach to preserve 

advantages of these two approaches. The Fuzzy controller comprises three main steps namely, 

fuzzification, rule evaluation, and defuzzification. The input of the fuzzy controller is the 

fractional order sliding surface, as well as, the fuzzy system output is switching control 
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In the fuzzification stage, the seven triangular membership functions are given for the inputs 

and output. Moreover, the IF-THEN rules of fuzzy sliding mode controller are described as 

[20] ,Where NB:Negative Big. NM: Negative Medium. NS: Negative Small. ZE: Zero. PS: 

Positive Small. PM: Positive Medium. PB: Positive Big, are the linguistic terms of antecedent 

fuzzy set. 

 
Fig. 2 (a) The input membership functions. (b) The output membership functions. 

4 Design optimization  

The optimization method used in this paper can efficiently choose the appropriate gain 

parameters for the controllers based on several proposed fitness functions [27-28]. 

4.1  The reformulation of the optimisation problem   

The fitness functions are defined in such a way that the selected parameters stand for the 

most efficient operating point of the optimized fractional controller (called FFOSMC). The 

finite-time criterion should be used to assess the optimal control. These criteria are defined as 

follows [19], [26]: 
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The optimization function (27) used in this study can efficiently choose the appropriate 

gain parameters for attenuate possible chattering/Fluctuation of the controller without using 

fuzzy design (called OFOSMC): 
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Here, opt is the optimization time, the first fitness function 1f stand for tracking performance 

of the controller. The second fitness function 2f stand for minimum control gain. The third 

one, 3f , denotes fluctuations/chattering in control signal [18],[19],[26]. 

4.2  Multi-objective particle swarm optimisation (MOPSO) 

PSO has simple operation and strong global search ability, so it has been widely used in 

engineering optimization [29]. Multi-Objective Particle Swarm Optimization (MOPSO) 

present an exceptionally reduction computational times requirement compared to the other 

multi-objective optimization, who make it a very promising approach to control  problems in 

which the computational cost is a vital[30]. Additionally, MOPSO was able to cover the full 

Pareto front of several fitness functions, with respect to some of the best multi-objective 

evolutionary algorithms known [30-31]. MOPSO is a multi-objective version of PSO which 

incorporates the Pareto Envelope and grid making technique, similar to Pareto Envelope-

based Selection Algorithm to handle the multi-objective optimization problems [30]. 

Accordingly MOPSO is used to search the parameter space to find appropriate values of the 

fractional order sliding mode controller (FOSMC) parameters, ii  ,  for fuzzy sliding mode 

control, and i for fractional order sliding surface design. 

The modified Velocity and position of each particle can be calculated using the current 

velocity and distance from bestpJ  and bestgJ  use the following equations: 
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Where 1c and 2c  are two positive constants, 1rand  and 2rand are random numbers in the 

range [0–1], and Q is the inertia weight [32],[33].  Pareto dominance is incorporated into 

particle swarm optimization (PSO) in order to allow this heuristic to handle problems with 

several objective functions. Unlike other current proposals to extend PSO to solve multi-

objective optimization problems, MOPSO algorithm uses a secondary (i.e., external) 

repository of particles that is later used by other particles to guide their own flight. A special 

mutation operator is incorporated to enriching the exploratory capabilities of MOPSO 

algorithm [30],[34],[35].  

5 The numerical simulation  

In the following time-domain simulations, we simultaneously control the speed and 

surge/rotating stall which is called closed-loop.  The A and B are the known parts whereas 

A and B ( 0=B ) which depends on J and perturbations are: 
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Fig. 3 Flowchart of Multi-objective Particle Swarm Optimization (MOPSO) 

To investigate the performance of the two proposed controllers, types of perturbations are 

applied to the system denoted by )(d  , )(d    are considered as mass flow and pressure 

disturbances respectively and d , d ,which represents  the uncertainty of compressor map 

and throttle characteristic. The numerical values of the simulations are given in Table 1.   

                      Table 1.  Numerical values used in simulations 

Parameter Value Parameter Value Parameter Value Parameter Value 

W 0.25 a  0.3 b 96.16 dΨ 0.02 

H 0.18 li 1.75 m 1.75 Λ1 2.168e-4 

µ 0.01 dΦ −0.05 lE 3 Λ2 0.0189 

ρ1 0<ρ1<1 ρ2 0<ρ2<1 c 0.7 γv 1 

 

                               Table 2.  PSO Parameters used in simulations [30] 
Parameters  Value Parameters  Value 

No  Iterations 100 Inertia Q 0.5 

No  Particles  100 No Grids 30 
Dimension  2/3 Repository 

Size 

250 

Value of c1 1 Mutation Rate 0.1 
Value of c2 2 Criterions  (26)/(27) 

Initialize particles with random  

Position and Velocity 

 

Evaluate the fitness of particles equations (26)/(27)  
  

Initialize the archive memory 

and generate hypercube  
  

Evaluate fitness of the archive  

Member 
  

Select Xpbest from archive and Xgbest  

from Repository  
  

Compute the velocity  

and new position (28)(29) 

()  

Update memory of each particles in  

archive and repository memory  
  

 Max Iter 

End  

 

Mutation operator [30][35] 

 

Yes 

No 
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The parameters used for MOPSO performed in the present study are given in Table 2.  The 

Block diagram of the designed controller is shown in Fig. 4.  Fig. 5 shows the variables  and 

  in the phase space along with equivalent compressor map and stall characteristic. The 

system start from an effective initial operating point (OP) at the top of the equivalent 

compressor map (compressor comprising CCV) with ( )=10000 ,,, JU ( )1.0,617.9,66.0,5.0 . 

                             

Fig. 4 Block diagram for the controller 

Examining of the Fig. 5, we found that the system dynamic  in closed loop, stay close to 

his efficiency operating point (0.5, 0.66) despite the existence of uncertainties, perturbation 

(negligible variation ). As reported in [4], when speed varies at an efficient operating point 

(e.g. at the peak of the equivalent compressor map), temporary stall developments can lead to 

a fully developed rotating stall. Here, we will show that the proposed robust nonlinear 

controller prevents the system from developing such a rotating stall. 

 
           Fig. 5 Closed loop System Map             Fig. 6 Flow and Pressure uncertainties 

Previously reported results in [4], show that pressure and flow external perturbations can 

destroy the stability of compressors at an efficient OP and lead to fully developed rotating 

stall or deep surge depending on the speed of the rotor (i.e. for low speeds the system goes to 

rotating stall and for high speeds it develops deep surge). Here, we consider the case of high 

speed operation (according to [2],[4]) and demonstrate that the controller can effectively 

reject the perturbations and guarantee the stability of the system (Fig.5).  Fig.7 shows that on 

the other hand in closed loop, the controller effectively stabilizes the compression system at 

+
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the efficient OP and prevents it from developing a steady rotating stall due to the speed 

variation. It immediately damps out rotating stall (Fig. 9) and manipulate the throttle valve.  

 
Fig. 7 System Dynamic in Closed Loop 

Consequently, we note a variation in throttle actuator (Fig.8), despite that the system still 

close in his efficient OP, where the pressure is high enough for normal operation of the gas 

turbine. Results in Fig.8 demonstrate that the two optimized controllers reduce the high 

frequency behavior of actuators due to the frequency of the perturbation as reported in [14] 

and [15]. These are even achieved by a smoother control signals. Also, it is worth noting that 

chattering is attenuated with the designed optimization functions. Additionally, it is seen that 

the FFOSMC needs much more control turbine torque than the OFOSMC. From the view 

point of real time applications, the behavior of the controllers is very acceptable. 

 
Fig. 8 Control efforts in Closed Loop 

This Result shows the effectiveness of the proposed control law in surge and rotating stall 

control. 
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Fig. 9 Rotating Stall Harmonics 

Fig.10 presents the optimization criterions for the time responses given in Fig.7. From 

Fig.7, it is seen that tracing criterion is improved by the OFOSMC and FFOSMC if compared 

with the RSMC case, while the best improvement is obtained with proposed FFOSMC. The 

control gain are also reduced. Also, it is seen that much more chattering is present in RSMC 

case than the FFOSMC and OFOSMC. Additionally, due to the fluctuations/chattering 

criterion, the OFOSMC used less control effort than FFOSMC. 

 
Fig. 10 Optimization criterions (f1, f2, f3) 

Figs. 11 and 12 show the Pareto graphical results produced by MOPSO. The true Pareto 

front of the problem is shown as an “o” points (250 points) and MOPSO results as“*” points 

(100 points).  The graphical solutions show that the MOPSO is able to cover the entire Pareto 

front of the problem. This makes the value of this metric relevant, since the most solutions 

produced by the MOPSO are big part of the true Pareto front of the problem.  
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Fig. 11 Pareto fronts for OFOSMC                Fig. 12 Pareto fronts for FFOSMC 

  

CONCLUSION 

In this study, two optimized FOSMC has been designed for aerodynamic improvement in 

the gas turbine. The aim was to improve Surge /rotating stall of variable speed axial 

compressor (VSAC) without the need to prior knowledge of disturbances and uncertainties, 

and especially to attenuate the possible chattering and fluctuation in control signal if 

compared with the robust SMC design. We proposed an hybrid and intelligent control system 

that combines the advantages in terms of robustness of the fractional order and sliding mode 

control, the smoothness of the fuzzy approach, and the good convergence speed of multi-

objective particle swarm approach (MOPSO). The control law of the two designed controllers 

FFOSMC and OFOSMC was composed of two steps. The First step is the design robust 

control law, and the second step is the optimization of this control. The parameters of the 

designed controllers have been obtained by using MOPSO strategy. The two proposed 

FFOSMC and OFOSMC provide better tracking and robustness capabilities than RSMC, 

which is only computationally simple.  

The two proposed controllers also reduces chattering and fluctuation of actuators. These 

are even achieved by a smoother (fuzzy) and optimized control signal. Finally, the simulation 

results show that the two proposed control algorithms are an appropriate control for Gravdahl-

Egeland Model with uncertainties and perturbations. 
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