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Renewable wind energy is a significant source of green energy 
supply that has gained considerable attention and development in 
numerous countries in recent years. These systems are utilized as 
islanded units in circumstances where it is not feasible to establish 
a connection to the network. Various structures exist for these 
systems, but the focus of many studies has been on wind energy 
conversion systems based on a squirrel cage induction machine 
with back-to-back converters. When operating in islanded mode, 
this structure necessitates specific control requirements, with the 
most crucial being the supplying of the desired voltage and 
frequency of the load. In this paper, two control structures are 
proposed and constructed to regulate the load voltage by 
controlling the load-side converter. Two control loops have been 
implemented in the first control structure. The inner loop utilizes 
the state feedback input-output method to control the voltage, 
while the outer loop employs the sliding mode method to control 
the power components. The objective is to derive the control law 
for the reference biaxial voltage of the load-side converter. The 
second proposed structure incorporates the voltage controller 
sliding mode control method in the inner loop and then the state 
feedback input-output method is employed in the outer loop to 
control the current components of the load-side converter, thus 
designing the system control input. The simulation results of both 
structures in MATLAB software have been compared by 
introducing various disturbances to assess the control systems' 
resilience to each other and the common proportional-integral 
linear control structure. In the suggested method, voltage and 
current variations manifest concurrently in the control structure 
predicated on power components. 

1. Introduction

1.1.       Problem Statement 

The widespread utilization of fossil fuels during the 20th and 21st centuries has led to 

both climate change and global warming. The provision of electrical energy from 

renewable sources such as solar, hydro, wind, etc. as green energy has consistently been 

regarded as such [1]. Over the previous years, the utilization of wind energy to generate 
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clean power for countries has experienced significant growth. It is projected that by the 

end of 2030, at least 50% of the world's electricity demand will be met by this method [2]. 

Currently, wind energy conversion systems (WECS) are implemented in diverse 

structures as depicted in Figure 1 [3]. Each of these constructions can be operated either 

onshore or offshore. Meanwhile, the squirrel cage induction generator (SCIG), while 

requiring power converters with full capability, has significantly reduced maintenance 

costs, a smaller size, and a more affordable price compared to doubly-fed induction 

machines [4, 5]. The use of type F of these buildings, particularly in onshore WECS, has 

gained significant acceptance in recent years (Figure 2) [6]. 

 

 
Figure 1. Types of structures used in WECS [3]. 

 
 

 
Figure 2. The rate of adoption of various wind turbine structures by the end of 2020 worldwide 

[6]. 
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1.2.       Literature review 

The design of a control structure that aligns with the control objectives for both the 

machine-side converter (MSC) and network-load side converters becomes crucial in 

systems with back-to-back converters. These control objectives can vary in each of the 

modes, whether grid-connected or grid-disconnected modes. One objective that has been 

the focus of numerous studies in grid-connected mode is to maximize the power 

generated by the WECS [7] or control the power injected into the grid. The authors of this 

paper provided a robust control design for the mentioned objectives [8]. During islanded 

mode, a primary objective of the MSC is to effectively regulate the state variables of the 

generator to meet the energy demands of the load. Conversely, voltage and frequency 

controls are a highly important control target for the load side converter, as stated in [9-

11]. These objectives are particularly crucial when dealing with nonlinear and unbalanced 

loads, as well as transient conditions [12]. In recent research, a variety of control 

approaches, such as linear, nonlinear, a combination of linear and nonlinear methods, and 

techniques based on artificial intelligence, have been employed to accomplish the stated 

objectives [13]. The proportional-integral (PI) linear control approach is widely utilized 

in research because of its simplicity. However, identifying the ideal coefficients for this 

method is a significant difficulty [14,15]. This method can be transformed into a nonlinear 

method called fractional-order PI by changing the order of its integral part. Similar to the 

PI method, the fractional-order PI method can be used in conjunction with other linear 

and nonlinear control methods. It has been observed to exhibit superior performance in 

transient states compared to traditional PI methods [16]. In the context of nonlinear 

control systems, it is worth noting the existence of sliding mode control, which can be 

further categorized into sub-branches such as high-order sliding mode control or 

fractional-order sliding mode control [17-20]. Also, in some articles, the discussion of 

wind turbines has been discussed only from the point of view of steady-state and 

efficiency improvement and cost reduction [21,22]. In addition, numerous research 

studies have also explored the use of input-output feedback linearization (IOFL) methods 

and the backward control approach [8,20]. The primary differentiation between linear 

and nonlinear approaches lies in their treatment of transient states. Generally, linear 

control methods have a straightforward design, but their ability to respond to different 

dynamic transient states is significantly less compared to nonlinear control systems. 

Moreover, linear methods often function just as regulators and exhibit a resistant 

behavior towards states. The lack of robust transitivity in many circumstances leads to 

the loss of system stability [16]. 

1.3.       Research gaps 

According to the reviewed references, there are the following research gaps in the past 

research: 

• Most of the proposed methods have not given appropriate responses to different 

modes of fluctuations in the network. 
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• Most of the references have used methods based on the PID control method, which 

does not perform well against transient changes. 

1.4.       Innovations and research contributions 

To solve the disadvantages and gaps stated in the previous part, in this article, a two-

stage control method is presented, the innovations of which are as follows: 

• Using the sliding mode control method to control the outer loop, 

• Using the input-output method to control the inner loop, 

The following text presents an introduction to the system being studied. Subsequently, 

two control systems are constructed for the load-side converter, to control the load 

voltage using nonlinear approaches. The stability of these control systems is also 

demonstrated. In Section 4, the performance of these structures has been evaluated by 

simulation in the MATLAB software coding environment. The comparison was made 

between the structures themselves and the linear PI technique [14] in various transient 

states. 

2. Modeling of the system under study 

This paper examines a WECS operating in off-grid mode, utilizing a SCIG as shown in 

Figure 3. Within this configuration, back-to-back converters operate to supply electrical 

power to the load through an LC filter to minimize the presence of output harmonics. The 

MSC and load-side converter (LSC) are interconnected via a capacitor known as the DC-

link capacitor. To optimize data storage and enhance simulation speed, the average model 

of converters is utilized. Furthermore, this system assumes that the load's power demand 

is consistently lower than the wind system's power generation and that any losses 

incurred during the switching process are disregarded for the converters. The wind 

turbine is modeled using a direct current (DC) mechanical prime mover.  
 

2.1.       Squirrel-cage Induction Generator (SCIG) 

The dynamic equations of the generator based on the state variables of flux and stator 

current in the dq synchronous reference frame are as follows [23]: 
 

(1) d
sd sd s sd e sqdt

d
sq sq s sq e sddt

V R I

V R I

 = − + 


 = − −   

 
Figure 3. The schematic diagram of an off-grid WECS based on SCIG. 
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(2) 

( ) ( )

( )

( ) ( )

( )

1

1

r r
rd sd s sd e r sq m sq

m md
sddt

m r
sd s sd e sq

m

r r
rq sq s sq e r sd m sd

m md
sqdt

m r
sq s sq e sd

m

R L
V L I L I

L L
I

L L
V R I

L

R L
V L I L I

L L
I

L L
V R I

L

   
−  − +  −  +    

   =
  
  − − +  
   


  
−  − −  −  +   

   =
 
 − − − 
    

where sdq
,

sdqV ,
sdqI , and 

rdqV are the fluxes, voltages, stator biaxial currents, and rotor 

biaxial voltages, respectively. Also, the ohmic resistances and inductances of the stator 

windings are defined as
sR ,

rR ,
sL , and

rL , respectively. Also, 
mL  is known as the mutual 

inductance of the rotor and stator and 21 / = − s r mL L L  is the leakage factor. e
is the 

synchronous speed and r
is the electrical speed of the rotor, for which the dynamic 

equation is as follows similar to the last state variable of the machine: 

(3) ( )
1

2

d
r e m rdt

P
T T D

J
 = − − 

 

mT ,
eT , J , D and P  are respectively the mechanical torque and the electromagnetic 

torque of the generator, the accumulated moment of inertia (including the moment of 

inertia of the generator and the mechanical prime mover), the accumulated damping 

factor, and the poles of the generator. 

2.2.       Load and DC Link 

At the load terminal, due to the use of the RC filter, the dynamic equations of the load 

voltage in the biaxial dq synchronous frame can be written as follows in Equation (4): 

(4) 

1
-

1
-

d
fd fd Ldq e f fq vddt

f

d
sq fq Lq e f fd vqdt

f

V I I C V
C

V I I C V
C


 = +  +  



  = − +  
  

In the above equations, fdqV , fdqI , and LdqI are the output biaxial voltage and currents of 

the LSC and the biaxial currents of the load connected to the system. Also, vdq denotes the 

cumulative uncertainty vectors affecting the voltage dynamics, which are caused by 

parametric and modeling uncertainties, and fC is the filter capacitor. On the other hand, 

the following dynamic equations can be derived for the biaxial currents of the output 

convertera as in Equation (5): 

(5) 

1
-

1
-

d
fd id f fd fd e f fq iddt

f

d
fq iq f fq fq e f fd iqdt

f

I V R I V L I
L

I V R I V L I
L


 = − +  +  



  = − − +  
  
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Similar to the load voltage vectors, for the biaxial currents of the LSC, idq
are defined as 

uncertainty vectors. Also, fR and fL are the resistance and inductance of the filter. 
idqV are 

the output biaxial voltages of the LSC. On the other hand, for the DC link, according to the 

dynamics of the capacitor C placed between the two LSC and MSC the following equation 

can be written as Equation (6): 

(6) ( )
1

d
dc dc odt

V I I
C

= −
 

dcI is the input current to the DC link through the MSC and oI is the output current from 

the DC link to the LSC. If the real and reactive power of the load is represented by fP and

fQ , we can write Equation (7) as: 

(7) 
3

2

fd fqf fd

fq fdf fq

V VP I

V VQ I

    
=    

−         

and the instantaneous active power produced by the generator ( − gP ) can be calculated 

as Equation (8): 

(8) ( )1.5g sd sd sq sqP V I V I= +
 

The currents used in Equation (6) can be calculated through the following equations: 

(9) 

/

/

dc g dc

o L dc

I P V

I P V

= −


=  

 

3. Design of the Control Structure 

This study utilizes the control structure described in [23] for the MSC. The objective of 

this research is to build the control design for the LSC using two different approaches. The 

primary objective on the load side is to control the voltage magnitude and frequency 

delivered to the load. To fulfill the control objectives described above, the converter in 

this section should be controlled accordingly. 

3.1.       Load voltage controller using the first proposed method 

This approach utilizes two cascade controllers. The primary objective of the first 

controller is to control the magnitude of the load voltage by employing the state feedback 

input-output technique. 
 

(10) 

*

*

vd fd fd

vq fq fq

e V V

e V V

= −

= −
 

 

The synchronous dq frame on the load side is considered in such a way that the voltage 

vector is only in the direction of the d axis, and for this purpose *

fdV  is 239 V and *

fqV is zero. 

In the following, the design process of a positive definite Lyapunov function is designed 

and defined as follows: 
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(11) 

2~
2

22 ~

1 1

2 2

fd

fdq

fq

V vd

V v

V
vq

e
W

e

 
   
 = +   
     

 

In Equation (11), v  is an always-positive coefficient. The difference vector of the actual 

value of the accumulated uncertainties affecting the voltage dynamics with their 

estimated value, shown by 
~

vdq , is calculated according to Equation (12): 

(12) 

~

~

ˆ

ˆ

vd vd vd

vq vq vq


 =  − 

 =  − 

 

ˆ
vdq

 is the estimated value of biaxial voltage uncertainties. Next, the derivative of the 

Lyapunov function defined in Equation (11) can be written in the following form: 

(13) 

~ ~
*

* ~ ~fdq

vd vdfdfd

V i

fqfq
vq vq

VVd d d d
W

VVdt dt dt dt

   
        = − +                    

 

Considering that the derivative of the voltage reference values is zero and on the other 

hand 
~

ˆ
vdq vdq

d d

dt dt
 = −  , by choosing the estimation rules according to [24] from Equation 

(14): 

(14) 

ˆ

ˆ

Vfd Vfdv

VfqfVfq

ed

edt C

    
= −   

      

and by inserting Equation (4) into Equation (13), the control input, which is the 

reference currents of the LSC, can be designed as follows with a positive coefficient vk : 

(15) 

*

*

Ld e f fq vd v vdfd

Lq e f fd vq v vqfq

I C V k eI

I C V k eI

− − +   
=   

+  −  +      

With this control law, the derivative of the designed Lyapunov function becomes 

negative semi-definite, and in this way, according to Barbalat's lemma [25], the 

asymptotic stability of the control system of the first part can be proved. The second 

controller in this cascade system is supposed to be designed to control the power 

components and legally extract control for the reference voltage of the LSC. Having the 

reference currents from Equation (15), the reference values of active and reactive powers 

can be calculated using Equation (7): 

(16) 

* *

* *

3

2

fd fqf fd

fq fdf fq

V VP I

V VQ I

    
=    

−         

Now, by defining the error of the power components through Equation (17), the 

process of designing the control system of this section begins: 

(17) 

*

*

f

f

P ff

ffQ

e PP

QQe

     
= −     
        
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In this section, the design of the controller is done using the sliding mode method. Thus, 

the sliding surfaces are selected as follows: 

(18) 
0

d
f f

f f

tP PP

spq

Q Q Q

e eS
k

S e e

    
= +     
        


 

In this equation, spqk is an always-positive coefficient. In the following, if the derivative 

of Equation (18) is taken, we have: 

(19) 

* *

* *

f f

f f

P PP ff f f

spq spq

Q ff f fQ Q

e eS PP P Pd d d d
k k

S QQ Q Qe edt dt dt dt

      −   
= + = − +         

−                 

In Equation (19), to simplify the relations of the control system, the instantaneous 

derivative of the reference power values is considered equal to zero. For the derivative of 

power components, it can be derived from Equation (7) as follows: 

(20) 
3 3

2 2

f fd fq fd fqfd fd

f fq fd fq fdfq fq

P V V V VI Id d d

Q V V V VI Idt dt dt

        
= +        

− −             
 

By placing Equations (4) and (5) in the above equation, we can write: 

(21) 
3

2

f P P fd fq id

f Q Q fq fd iqf

P G H V V Vd

Q G H V V Vdt L

         
= + +         

−           

where PG , QG
, PH , and QH

are defined as follows: 

(22) ( ) ( )( )
3

- -
2

P fd Ld e f fq vd fd fq Lq e f fd vq fq

f

G I I C V I I I C V I
C

= + +  + − + 

 

(23) ( ) ( )( )
3

- -
2

Q fq Lq e f fd vq fd fd Ld e f fq vd fq

f

G I I C V I I I C V I
C

= − +  − + + 

 

(24) ( ) ( )( )
3

- -
2

P f fd fd e f fq id fd f fq fq e f fd iq fq

f

H R I V L I V R I V L I V
L

= − + +  + − − + 

 

(25) ( ) ( )( )
3

- -
2

Q f fd fd e f fq id fq f fq fq e f fd iq fd

f

H R I V L I V R I V L I V
L

= − + +  − − − + 

 
By inserting Equation (21) into Equation (19), the derivative of the sliding surfaces of 

the power components will change as follows: 

(26) 
3

2

f

f

PP P P fd fq id

spq

Q Q Q fq fd iq Qf

eS G H V V Vd
k

S G H V V V edt L

          
= − − − +           

−               

In this way, a certain positive definite Lyapunov function is expressed as follows in the 

continuation of the design process: 

(27) 
1

0
2

T

P P

PQ

Q Q

S S
W

S S

   
=    

     

The derivative of this function is: 

(28) 

T

P P

PQ

Q Q

S Sd d
W

S Sdt dt

   
=    
     
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By inserting Equation (26) into Equation (28), the derivative of the function PQW is 

extracted according to Equation (29): 

(29) 
3

2

f

f

T

PP P P fd fq idq

PQ spq

Q Q Q fq fd iq Qf

eS G H V V Vd
W k

S G H V V V edt L

            
= − − − +            

−                

Now, to guarantee the stability of the control system, the control inputs idqV  are 

designed as the reference voltages of the LSC in such a way that the derivative of the 

negative semi-definite function PQW is obtained: 

(30) 

1*

*

( )2

( )3

f

f

Pfd fq P P Pfid

spq satpq

fq fd Q Q Qiq Q

eV V G H sat SLV
k k

V V G H sat SV e

−             
= − − +           

−                 

 

satpqk is also a control positive gain coefficient in Equation (30). With the above control 

law, the asymptotic stability of the controller can be guaranteed following Barblat's 

lemma, and as a result, the derivative of the designed Lyapunov function will be equal to: 

(31)    
( )

( ) ( ) 0
( )

T

P P

PQ satpq satpq P P satpq Q Q

Q Q

S sat Sd
W k k S sat S k S sat S

S sat Sdt

     
= − = − −     

       

The voltage obtained from Equation (30) will be applied to the LSC with synchronous 

frequency, and thus the load frequency will be set at its nominal value. 

3.2.       Load voltage controller using the second proposed method 

In this method, two cascade controllers are used. The first controller of this method is 

designed to control the size of the load voltage. Therefore, considering Equation (10), the 

design of the control system with the sliding mode control method is described below. For 

this purpose, two sliding surfaces ( vdS  and vqS ) are considered as follows: 

(32) 
0

d
tvd vd vd

sv

vq vq vq

S e e
k

S e e

     
= +      

     


 

where svk
 is a positive control gain coefficient. By Equation (32), we can write: 

(33) 

* *

* *

vd vd fd vdfd fd fd

sv sv

vq vq fq vqfq fq fq

S e V eV V Vd d d d
k k

S e V eV V Vdt dt dt dt

   −       
= + = − +          

−               

Considering that the derivative of voltage reference values is zero, by inserting 

Equation (4) into Equation (33), the derivative of sliding surfaces will be equal to: 

(34) 
( )

( )

-

-

fd Ld e f fq vdvd vd

sv

vq vq
fq Lq e f fd vq

I I C VS ed
k

S edt I I C V

 +  +    
 = − +   
 − +       

According to the sliding mode control method, a positive definite Lyapunov function is 

selected for the sliding surfaces as follows: 

(35) 
1

0
2

T

vd vd

Vdq

vq vq

S S
W

S S

   
=    

     

By taking the derivation of function VdqW   and inserting Equation (34) into it: 
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(36) 

( )

( )

-

-

T

fd Ld e f fq vdvd vd

Vdq sv

vq vq
fq Lq e f fd vq

I I C VS ed
W k

S edt I I C V

  +  +      = − +    
 − +         

Now, if the biaxial reference currents of the LSC as the control input are designed as 

follows, the stability of the controller can be guaranteed: 

(37) 

*

*

( )

( )

Ld e f fq vd sv vd satv vdfd

Lq e f fd vq sv vq satv vqfq

I C V k e k sat SI

I C V k e k sat SI

− − + +   
=   

+  −  + +      

As a result, Equation (36) will be changed as follows by inserting Equation (37) into it: 

(38) 
( )

( ) ( ) 0
( )

T

vd satv vd

Vdq satv vd vd satv vq vq

vq satv vq

S k sat Sd
W k S sat S k S sat S

S k sat Sdt

   
= − = − −    

     

In Equations (37) and (38),
satvk is the positive gain coefficient of the control. In this way, 

since  VdqW is a positive definite function and its derivative is negative semi-definite and 

continuous, according to Barblat's lemma, the asymptotic stability of the designed 

controller can be guaranteed [25]. 

Now it is time to design the second controller using the IOFL method. Having the 

reference currents from Equation (37), the biaxial currents error of the LSC can be defined 

as follows: 

(39) 

*

*

fd

fq

I fdfd

fqfqI

e II

IIe

     
= −     
        

Next, a positive definite Lyapunov function is designed: 

(40) 

2~
2

22 ~

1 1

2 2

fd

fdq

fq

I id

I i

I
iq

e
W

e

 
   
 = +   
     

 

In the above equation,  i  is a positive number and 
~

idq  shows the difference between 

the actual value ( idq ) of the accumulated uncertainty vectors affecting the flow dynamics 

and their estimated value ( ̂idq ): 

(41) 
~

ˆ
idq idq idq− =    

In this way, the derivative of Equation (40) can be written as follows: 

 

(42) 

~ ~
*

* ~ ~fdq

id idfdfd

I i

fqfq
iq iq

IId d d d
W

IIdt dt dt dt

   
        = − +                    
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Table 1. Values of studied system parameters and control coefficients. 
Rated power of the 

machine and converters 

(Pn) 

746 W DC-link voltage 400 v svk  0.245 

Rated voltage of the 

system (Vn) 
415 V 

DC-link 

capacitor (C) 
1650 µF satvk  0.05 

Stator resistance (Rs) 9.919 Ω 
Filter resistance 

(Rf) 
0.25 Ω spqk

 
1000 

Rotor resistance (Rr) 4.628 Ω 
Filter 

inductance (Lf) 
0.006   H satpqk

 
5 

Stator inductance (Ls) 0.9291 H 
Filter 

capacitance (Cf) 
41 µF vk  0.245 

Rotor inductance (Lr) 0.9291 H Resistive load 173 W ik  180 

Magnetizing inductance 

(Lm) 
0.8895 H 

Resistive-

inductive load 

70W+546 

VAR 
v  1.681×10-7 

Number of poles (P) 4 
Inertia moment 

(J) 

0.0525   

kg.m2 
i  0.0036 

 

Considering that 
~

ˆ
idq idq

d d

dt dt
 = −   and choosing the estimation rule from the following 

equations [24]: 

(43) 

ˆ

ˆ

Ifd Ifdi

IfqfIfq

ed

edt L

    
= −   

      

If the reference voltages of the LSC ( idqV ) are designed as the control input of the second 

controller to control the output currents of the LSC, as follows: 

(44) 

* *

* *

ˆ

ˆ

fd fd fq Ifd Ifdid fd

f f f i

fq fq fd Ifqiq fq Ifq

I V I eV Id
R L L k

I V I eV Idt

 −           
= + +  + + −            

                  

and are placed in Equation (42) together with Equation (43), it can be shown that 

0
fdqI

d
W

dt
 and, according to Barblat's lemma [23], the asymptotic stability of the 

controller is guaranteed. It should be noted that in the above control law, ik is a positive 

control coefficient.  

As in the previous part, the voltage obtained from Equation (44) will be applied to the 

LSC with the synchronous frequency, and in this way, the load frequency will be set at the 

desired nominal value. 

4. Simulation and analysis of results 

In this section, the initial settings of system parameters are presented based on Table 

1. The specified parameters are selected from [14]. Given that the control system 

structures designed in the previous section are nonlinear, three disturbances have been 

taken into account to assess the robustness of these structures.  

These disturbances include uncertainty in the system parameter, change in the 

operating point of the system, and a disturbance with a large amplitude, each is 
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individually scrutinized. However, to assess the effectiveness of proposed method 1 and 

proposed method 2, the simulation results were compared with each other and with the 

results of the traditional PI linear control system mentioned in [14]. In simulation results, 

the term "Proposed" refers to the proposed control structure 2, "PI" refers to the PI 

control structure [14], and "SMC-PQ" refers to the proposed structure 1.  

The simulations were conducted using the MATLAB software coding environment on a 

personal computer equipped with an Intel® Core™i7 processor operating at a frequency 

of 2.5GHz. The computer had 8 GB of RAM and ran on a 64-bit operating system version 

10. 

4.1.       Parametric uncertainty 

At the 0.5 s mark, a 10% rise is regarded as an uncertainty in the stator resistance. It is 

important to mention that this uncertainty is just applicable to the system model. Figure 

4 (a) depicts the load voltage changes graph, which demonstrates that all three 

approaches exhibited robust behavior. However, the proposed method 2 displayed far 

fewer transient states and returned to its previous value at a faster rate. Furthermore, as 

depicted in this diagram, the power components are determined by the multiplication of 

the output voltage and current of the LSC. Consequently, any changes in the voltage 

directly impact the performance of the internal power control loop. As a result, the 

fluctuations observed in the proposed method 1 are more pronounced compared to the 

other two methods.  

Figures 4(b) and (c) depict the variations in the active and reactive output power of the 

LSC. The uncertainty in the parameter has resulted in a temporary change in the output 

power components of the grid-side converter. Although the transitory state of the findings 

from proposed method 2 is not particularly important, the results from PI techniques and 

proposed method 1 have returned to their prior value after a transient state. Figure 4(d) 

illustrates the variations in the DC-link voltage. The introduction of parameter uncertainty 

does not have a substantial impact on the output active power.  

The voltage quickly returns to its initial value after a satisfactory transient state in all 

three methods. However, the results from proposed method 2 demonstrate a faster 

convergence rate. Figures 4(e) and (f) display the flux and torque of the machine, 

respectively. The results obtained from nonlinear methods 1 and 2 are indistinguishable, 

whereas the PI method exhibits a distinct transient state.  

The findings from Figures 4(a) to (f) validate that the proposed method 2, apart from 

its robustness against parameter uncertainties, exhibits superior efficiency compared to 

both the linear PI technique and the proposed method 1. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

 

Figure 4. Simulation results when applying parametric uncertainty, respectively, for load 
terminal voltage, active power injected into the load, load reactive power, DC-link voltage, 

stator flux and electromagnetic torque of the machine for three control structures . 
 

4.2.       Changing the system’s operating point 

In this scenario, the impedance of the balanced resistive load increases by 5% from the 

moment of 1.5 s. Figure 5 shows the behavior of important system parameters on the load 

side and the machine side. Figure 5(a) demonstrates that the load voltage in proposed 

method 2 exhibits a reduced transient state and a greater convergence speed. 
 

(a) 

 

(b) 

 

(c) 

 

(d) 
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(e) 

 

(f) 

 

Figure 5. Simulation results when changing the operating point of the system, respectively, 
for the load terminal voltage, active power injected into the load, load reactive power, DC-link 

voltage, stator flux and electromagnetic torque of the machine for three control structures. 
 

 Furthermore, due to its suitability for adjustment rather than tracking, the PI 

technique has not yet reached its final value within the range of the given shape. While the 

suggested control method 1 shows a faster convergence speed compared to the PI 

technique, its transient state is more severe than that of proposed method 2. Figures 5(b) 

and (c) depict the variations in the active and reactive powers of the LSC. It is evident that 

in all three approaches, the power components reach their new reference values after a 

temporary period. However, the suggested method 2 demonstrates superior speed and 

transient state performance compared to the other techniques. Figure 5(d) displays the 

variations in the DC-link voltage. The outcomes of all three approaches are nearly identical 

to one another. Nevertheless, approach 2 has superior transitivity. Figures 5(e) and (f) 

additionally illustrate the alterations in the flux and torque of the machine. It is evident 

that there have been no substantial fluctuations in the machine flux, and the outcomes of 

both suggested nonlinear approaches are in agreement with each other. The torque of the 

machine is decreased in all three approaches to restore the equilibrium between power 

production and consumption in response to load variations. 

4.3.       Large disturbance 

In this section, at the moment of 2.5 s, the total impedance of the load reaches 30% of 

its nominal value and returns to its normal state after half a power cycle (0.01 s). This 

situation can be considered similar to a symmetrical three-phase short circuit at the load 

terminal. 
 

(a) 

 

(b) 

 

(c) 

 

(d) 
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(e) 

 

(f) 

 

Figure 6. Simulation results during large disturbances in the system for load terminal voltage, 
active power injected to load, load reactive power, DC-link voltage, stator flux and machine 

electromagnetic torque for three control structures. 
 

Figure 6(a) illustrates the variations in load voltage following the application of short 

circuit conditions. Despite experiencing a significant decrease during short circuits, all 

three methods exhibit this behavior. However, in proposed method 2, the load voltage 

reaches its nominal value more efficiently and rapidly, displaying a more appropriate 

transient state and speed. Figures 6(b) to (d) depict the output power components of the 

LSC and the DC-link voltage, respectively. These figures illustrate that the occurrence of 

short-circuit circumstances has resulted in a significant transient state in all three ways. 

However, the proposed technique 2 has achieved faster convergence of the indicated 

variables to their previous levels. Figures 6(e) and (f) display the flux and torque of the 

machine. There are no substantial alterations in the flux of the machine in proposed 

techniques 1 and 2. The machine's torque has returned to its original value after a 

transient state in all three techniques. However, the proposed method 2 exhibits a faster 

rate of convergence compared to the other two methods. 

 

5. Conclusion 

This work presents two nonlinear robust control architectures for the LSC of a SCIG-

based WECS operating in off-grid mode. A comparison has been made between the 

simulation results of the two suggested systems and the PI technique under three 

common disturbances: parametric uncertainty, system operating point change, and major 

disturbance. Both proposed structures exhibit superior suitability and resilience 

compared to the PI technique. However, the performance of control structure 2 

demonstrates a more favorable reaction in transient states induced by disturbances, in 

contrast to method 1. The cause for this can be elucidated as follows: in suggested method 

1, voltage and current variations manifest concurrently in the control structure 

predicated on power components, but in proposed method 2, these fluctuations manifest 

solely in each control loop individually. In summary, the obtained results are as follows: 

• Designing and implementing a hybrid control method to control SCIG-based WECS 

operating in off-grid mode. 

• Optimal and flexible control to balance and stabilize the load voltage.   
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