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Introduction. Recently, wind power generation has grown at an alarming rate in the past decade and will continue to do so as power 
electronic technology continues to advance. Purpose. Super-twisting sliding mode control for brushless doubly-fed reluctance 
generator based on wind energy conversion system. Methods. This paper deals with the robust power control of a grid-connected 
brushless doubly-fed reluctance generator driven by the variable speed wind turbine using a variable structure control theory called 
sliding mode control. The traditional sliding mode approach produces an unpleasant chattering phenomenon that could harm the 
system. To eliminate chattering, it is necessary to employ a high-order sliding mode controller. The super-twisting algorithm is one 
type of nonlinear control presented in order to ensure the effectiveness of the control structure we tested these controllers in two 
different ways reference tracking, and robustness. Results. Simulation results using MATLAB/Simulink have demonstrated the 
effectiveness and robustness of the super-twisting sliding mode controller. References 31, figures 14. 
Key words: wind power, brushless doubly-fed reluctance generator, maximum power point tracking, vector control, super-
twisting algorithm. 
 

Вступ. В останнє десятиліття виробництво вітрової енергії зростало загрозливими темпами і продовжуватиме 
зростати у міру розвитку технологій силової електроніки. Мета. Управління ковзним режимом суперскручування для 
реактивного безщіткового генератора з подвійним живленням на основі системи перетворення енергії вітру. Методи. У 
цій статті розглядається надійне керування потужністю підключеного до мережі безщіткового реактивного генератора 
з подвійним живленням, що приводиться в дію вітряною турбіною зі змінною швидкістю, з використанням теорії 
управління зі змінною структурою, яка називається керуванням в ковзному режимі. Традиційний підхід зі ковзним режимом 
створює неприємне явище вібрації, що може зашкодити системі. Для усунення вібрації необхідно використовувати 
регулятор ковзного режиму високого порядку. Алгоритм суперскручування - це один із типів нелінійного управління, 
представлений для забезпечення ефективності структури управління. Ми протестували ці контролери двома різними 
способами: відстеженням посилань та надійністю. Результати моделювання з використанням MATLAB/Simulink 
продемонстрували ефективність та надійність контролера ковзного режиму суперскручування. Бібл. 31, рис. 14. 
Ключові слова: енергія вітру, безколекторний реактивний генератор з подвійним живленням, відстеження точки 
максимальної потужності, векторне управління, алгоритм суперкручування. 
 

Introduction. Researchers have long been looking 
for alternative form of energy production driven by the 
environmental concerns and the operational cost. This led 
to an increased study on renewable form of energy in 
recent years [1]. The first wind turbine (WT) was 
developed to generate electricity. Wind power was 
remarked as one of the promising renewable energy 
sources in the decade 1980-1990 [2]. The use of wind 
energy does not cause harmful emissions like greenhouse 
gases during its operating period and, without any surprise, 
worldwide wind power is one of the rapidly growing 
renewable energy sources. According to the World Wind 
Association, wind capacity over the world has reached up 
to 744 GW in 2020 [3], which was 318 MW in 2013 [4]. 

The brushless doubly-fed reluctance machine 
(BDFRM) has been investigated during the last decade as 
a potential alternative to the existing solutions in variable 
speed applications with narrow speed range [5]. The 
brushless doubly-fed induction machine (BDFIM) and the 
BDFRM are the two main competitors attracting most of 
the attention from researchers [6]. 

The following are the main benefits of BDFRM [7, 8]: 
 maintenance free operation due to sturdy construction 

(no brushes or sliding rings) and great dependability, as 
opposed to the classic doubly-fed induction machine 
(DFIM); 

 implicitly medium speed functioning enables the use 
of a two stage gearbox rather than a susceptible three 
stage equivalent with DFIMs, providing improved 
mechanical robustness and reduced failure rates, resulting 
in obvious cost savings; 

 a lower capacity power electronics converter (about 
25-30 % of the machine rated) for WTs and pump motors 
with a typical speed range of 2:1; 

 operating mode flexibility as it can operate as a classical 
induction machine, or as a fixed/adjustable speed synchronous 
turbo machine, enabling high speed, field‐weakened traction 
applications as well as high‐frequency generators. 

The brushless doubly-fed reluctance generator 
(BDFRG) has two three-phase windings in its stator: 
primary (or power) winding and secondary (or control) 
winding and have different pole pairs. So, a reluctance 
rotor, which the number of its salient poles is equal with 
sum of the primary and secondary pole pairs, provides 
coupling between the windings [9]. The primary winding 
is connected to the grid and the secondary to an inverter. 
These two windings always have different pole numbers 
[10]. Various control methodologies have been 
investigated for the BDFRM including: scalar control 
[11], vector control or field oriented control [12-14], 
control without a shaft position [15] or sensorless speed 
control [16] and direct power control [17]. These 
controllers are not robust against parameters variations, 
model uncertainties and external perturbations and are 
able to give an asymptotic convergence. Their main 
appeal is the rather low computational cost along with 
their simple implementation. 

The linear control encountered difficulties since 
variable speed wind turbine (VSWT) system is a complex 
and highly non-linear system with strong coupling 
features and uncertainty in both the aerodynamic and the 
electrical parts. Thus, various non-linear control methods 
on VSWTs have been proposed, such as H∞ control, 
robust control, feedback linearization technique, neural 
networks [18] control model reference adaptive system 
[19], model predictive [20], sliding mode control (SMC) 
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[14], synergetic-super-twisting algorithms [21], fuzzy 
model-based multivariable predictive regulator [22]. 

Apart from these non-linear controller, variable 
structure SMC has gained increased attention for the 
BDFRG-based wind energy conversion system (WECS) 
owing to its robust nature against both modeled and 
unmodeled external disturbance, fault scenarios, parameter 
variations, simple structure, low parameter sensitivity and 
easy implementation for wind extraction a number of SMC 
techniques have been proposed in the literature [23]. 

The traditional sliding mode approach produces an 
unpleasant chattering effect, which could be detrimental 
to the system. Thus, it is suitable to explore the use of 
second-order sliding mode algorithms which inherit all 
the properties of SMC and attenuates chattering or high 
frequency vibrations in controlled quantity thus reducing 
mechanical stresses in the system [24], in [14] the author 
compared between SMC and vector control of a BDFRG 
based on WECS. 

Recently, nonlinear super-twisting sliding mode 
techniques have become an interesting option to be used in 
several kinds of systems. SMC guaranties the robustness and 
finite time convergence of a nonlinear system if the 
attractiveness condition is verified. Several works have been 
published using this technique, for example in [25]. 

The grid side converter (GSC) of the BDFRG is limited 
to proportional-integral (PI) control. The strategy of the 
BDFRG based on WECS control mainly consist two 
separate controls: a) stator side converter; b) grid side 
converter (GSC). In this paper, an active and reactive power 
of the stator of BDFRG is employed in a control winding 
side converter where its input is presented for the GSC; 
however, the GSC is managed by traditional PI based control 
strategy. The suggested control strategy is based on the 
famous, super complicated algorithm, this latter guarantees 
more reliable chatter free transient response of the BDFRG 
parameters in comparison to the traditional PI. 

WECS modeling. WT model. The mechanical power 
extracted by the turbine from the wind is defined as [26]: 

  3

2

1
VλCAρ=P pt  ,                       (1) 

where  is the air density; A = πR2 is the rotor swept area; 
R is the turbine radius; Cp is the power coefficient; λ is the 
tip speed ratio; V is the wind speed. 

The power coefficient Cp represents the aerodynamic 
efficiency of the WT. It is determined by the tip speed ratio λ 
and the blade pitch angle . The tip speed ratio is expressed as: 

V

RΩ
=λ t  ,                                (2) 

where t is the turbine speed; β is the blade pitch angle. 
For our example, the power coefficient Cp is  
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The Cp curve is shown in Fig. 1, from which there is an 
optimum  at which the power coefficient Cp is maximal. 

 Cp  
 = 0

 = 10

 = 20

 
 

Fig. 1. Characteristics of the WT power coefficient with the 
tip speed ratio λ at different values of the blade pitch angle  

 

The maximum value of Cp = 0.48 is for β = 0 and 
for λ = 8.1. 

The turbine torque can be written as: 

ttt ΩP=T .                                 (5) 
The mechanical speed of the generator and the torque 

of the turbine referred to the generator are given by: 



 

,

;
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where G is the gearbox ratio. 
The mechanical equation of the system can be 

characterized by: 

mecemm ΩfTT=
t

Ωmec
J 

d

d
,                (7) 

where J is the equivalent total inertia of the generator 
shaft; f is the equivalent total friction coefficient; Tem is 
the electromagnetic torque. 

To extract the maximum power from the WT, the 
electromagnetic torque command of the BDFRG, Te-ref 
should be determined at the optimal value of the tip speed 
ratio and the corresponding maximum value of WT power 
coefficient Cp. 

Mathematical model of BDFRG. The electrical 
equations of the BDFRG in the d–q Park reference frame 
are given by: 
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The electromagnetic torque is expressed as: 
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The active and reactive powers equations at the 
primary stator, the secondary stator, and the grid are, 
respectively, written as:  
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where: Vsd, Vsq are the d-q axis control winding voltages; Vpd, 
Vpq are the d-q axis power winding voltages; Rp, Rs are the 
power and control winding resistances; Lp is the leakage 
inductance of power winding; Ls is the leakage inductance of 
control winding; Lm is the mutual inductance between power 
and control windings; Isd, Isq are the d-q axis control winding 
currents; Ipd, Ipq are the d-q axis power winding currents; 
p is the angular frequencies of power windings; s is the 
angular frequencies of control windings; r is the BDFRG 
mechanical rotor angular speed; s is the d-q axis control 
winding flux linkages; p is the d-q axis power winding flux 
linkages. 

GSC modeling and control. The grid-side converter 
maintains a constant DC-link voltage and satisfies the 
reactive power requirement in accordance with grid rules. 
Utilizing grid VOC, active and reactive power may be easily 
regulated by d-axis and q-axis current. Two cascaded loops 
are used in this control approach. The inner loop controls 
grid current, while the outer loop controls DC-link voltage 
and reactive power for the GSC. The active power has a 
strong influence on the DC-link voltage [27]. 

The relationship between the grid and the converter are: 














.
d

d

;
d

d

sqfqfdsffqf
fq

f

sdfdfqsffdf
fd

f

VV+IL+IR=
t

I
L

VV+IL+IR=
t

I
L




    (14) 

As for the continuous side: 
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The forms of the grid active and reactive powers are 
as follow:  
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where Vsd, Vsq are the grid and converter voltage 
respectively; Ifd, Ifq are the grid and converter currents; 
Rf is the equivalent resistance of the grid filter; Lf is the 
inductance of the grid filter. 

By orienting the inverter voltage on the grid side 
(Vsd = 0 and Vsq = V) we found: 
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Figure 2 shows the block diagram of the control of 
the GSC. 

 
Fig. 2. Block diagram of grid side control 

 

Vector control of the BDFRG. In order to decouple 
the stator active and reactive powers, the primary stator 
flux vector will be aligned with d-axis φpd (φpd = φp and 
φpq = 0), and the stator voltages will be expressed by: 
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The expressions of the primary stator currents are 
written as:  
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By replacing these currents in the secondary stator 
fluxes equations, we obtain: 
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with σ is the leakage coefficient, defined by: 
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The secondary stator voltages can be written 
according to the secondary stator currents as: 
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the active and reactive stator powers of the BDFRG are 
expressed by: 
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where s is the slip of the BDFRG. 
The electromagnetic torque can be written as: 
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For relatively weak sleep values and by neglecting 
the voltage drops, the grid active and reactive powers are 
simplified into: 
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From (27) we have: 

 

 





























.
13

2

2

3

;
13

2

2

mpq

p
g

pp

pq
sd

g
mpq

p
sq

LVs

L
Q

Lw

V
=I

P
LVs

L
=I

         (28) 

Substitute (28) in (23) we obtain: 
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with: 
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In order to capture the optimal mechanical power, 
the control of the mechanical speed is applied as shown 
on Fig. 3. 

 
Fig. 3. MPPT with the control of the speed 

 

The reference value of the active power exchanged 
between the wind generator and the grid is generated by 
maximum power point tracking (MPPT) control, and it’s 
given by: 

mecrefemrefg ΩT=P  .                 (31) 

The reference grid reactive power, Qg-ref is fixed to zero 
value to maintain the power factor at unity. The detailed 
scheme of the studied system is illustrated in Fig. 4 and 
presents a general schematic diagram of the BDFRG using 
super-twisting algorithm with GSC control. 

High-order SMC. Control with high uncertainty is 
one of the most difficult control challenges. While there 
are a variety of advanced ways, such as adaptation based 
on  identification  and  observation  or  perfect   stability  

 
Fig. 4. The scheme of BDFRG using super-twisting algorithm 

with GSC control 
 

techniques, the most apparent solution to engage with 
uncertainty is to «brutally enforce» some limitations. 
Therefore, any carefully maintained equality eliminates one 
«uncertainty dimension». The simplest technique to maintain 
a constraint is to respond instantly to any divergence of the 
system by stirring it back to the restriction with a suitably 
intense effort. When implemented directly, the method 
results in so-called sliding modes, which have become the 
primary operation modes in virtual switching system (VSS). 
They have demonstrated their great precision and resilience 
in the face of diverse internal and external disturbances [28]. 

The main drawbacks of the traditional SMC are 
chattering effect and discontinuous high-frequency 
switching control which is impractical. To overcome 
these problems, super-twisting controller is used. A 
single-dimensional motion of a unit mass system [29].  

Second order SMC can only attenuate this problem. 
Twisting and super-twisting algorithms are the standard 
second order algorithms reported [25]. Today, the super-
twisting method is preferred over the traditional sliding 
mode, since it eliminates the chattering phenomenon [24]. 

Super-twisting algorithm. To eliminate chattering 
in VSS, a super-twisting control method was proposed. It 
is a continuous controller which insures all the properties 
of the first order SMC for the system with matched 
bounded uncertainties/disturbances [30, 31]. 

For the dynamic system, the super-twisting control 
consists of two parts, a discontinuous part and a 
continuous part: 

21 u+u=u , 
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where ,  checking for the following inequalities [24]: 
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where S is called the sliding surface; x = [x, x, x, ..., xn–1] 
is the state vector; xd = [xd, xd, xd, ..., xd] is the desired 
state vector; e = xd – x = [e, e, e, ..., en–1] is the error 
vector;  is the positive coefficient; n is the system order; 
C0, Km are the positive constants. 
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High-order SMC of active and reactive powers. 
The switching surfaces of the stator powers are given by: 
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Then, we have: 
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From (29) we have: 
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Now consider the following command: 
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where the error S(P) and S(Q) are the sliding variables 
and constant gains 1, 2, 1, 2 verify the stability 
conditions in (33). 

Results and discussion. The control technique 
suggested in this paper has been approved by the 
MATLAB/Simulink software. The generator used in this 
simulation is 4.5 kW. This generator is connected directly 
to the grid through its primary stator and controlled 
through its secondary stator. Rated parameters [5] are: 
Rp = 3.781 Ω; Rs = 2.441 Ω; Lp = 0.41 H; Ls = 0.316 H; 
Lm = 0.3 H; J = 0.2 kgm2; Pr = 4. WT parameters are: 
R (blade radius) = 4 m, gearbox ratio G = 7.5; turbine 
inertia 1.5 kgm2, air density  = 1.225 kg/m3; number of 
blades – 3. 

Figure 5 indicates the speed of the wind, and Fig. 6 – 
the generator speed. The mechanical speed generated by 
the turbine is similar to the wind profile applied to the 
turbine. The stator active power reference Pg-ref 
corresponding at its maximum is obtained by the WT with 
MPPT control. The reference value Pg-ref determined by 
(31), and the reference of the reactive power is maintained 
at zero to guarantee unity power factor. 

The active and reactive powers follow perfectly and 
clearly their references with super-twisting algorithm 
without overshoot or dynamic errors. 

 

t, s

wind speed, m/s 

 
Fig. 5. Wind speed 

 

t, s

mech. speed, rpm 

 
Fig. 6. Turbine mechanical speed 

 

The simulation results illustrated in Fig. 7, 8 show the 
effectiveness of the control used for the control of the active 
and reactive powers, a good tracking is observed with a 
remarkable speed and precision. This chattering 
phenomenon is reduced with super-twisting controller [14]. 

t, s

active power, W

 
Fig. 7. Active power control 

t, s

reactive power, VAr

 
Fig. 8. Reactive power control 

 

Figures 9, 10 present the winding currents in which we 
observe that both the frequency and the amplitude of these 
control currents (secondary currents Is) change during the 
period of variation of active and reactive powers. Frequency 
of the current of the supply winding (primary currents Ip) 
remains constant to be adapted to the supply frequency of the 
grid, so when the reference of the active power is changed, 
the amplitude of the current also is changed. 

t, s

Vpa, V; 40Ipa, A

 
Fig. 9. Phase power winding current and voltage 

 

t, s

Vsa, V; Isa, A 

 
Fig. 10. Phase control winding current and voltage 
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Figure 11 demonstrates the voltage through the 
capacitor (direct voltage) throughout the shifting of power. 
It is clear that its pace follows well the reference (600 V). 

t, s

Vdc, V 

 
Fig. 11. DC bus voltage 

 

Figure 12 demonstrates that the grid side reactive power 
fellow her reference clearly on zero a good tracking so the 
unit power factor is ensured by the proposed controller. 

t, s

grid reactive power, VAr 

 
Fig. 12. Grid side reactive power control 

 

Robustness test. The internal parameters of the 
BDFRG are dependent on variations caused by different 
physical parameters like temperature increase, saturation 
and skin effect, so our controller must provide good 
results against parameters variations of the generator. 

In this test we have changed the values of the 
generator parameters (Fig. 13). Figure 14 demonstrates a 
tracking response of the reference value of the stator’s 
active and reactive powers. 

 

t, s

Rp,  

 
Fig. 13. Parameter variations (primary stator resistance variation) 

 

t, s

active power, W 

a

 

t, s

reactive power, VAr 

b

 
Fig. 14. Stator active and reactive power response 

Conclusions. This paper has presented a super-twisting 
(second order sliding mode control) applied in wind energy 
system (variable speed wind turbine) to achieve the 
objectives of maximum power extraction and regulating the 
stator reactive power to follow grid requirements. 

We have presented the wind turbine modeling and its 
maximum power point tracking control then we have 
provided the brushless doubly-fed reluctance generator 
modeling and its vector control. Super-twisting algorithm 
and its application to the brushless doubly-fed reluctance 
generator are described in order to ensure the effectiveness of 
the control structure we tested these controllers in two 
different ways reference tracking, and robustness. 

Simulation results show the optimized performances 
of the super-twisting sliding mode controller. We observe 
high performances in terms of response time and 
reference tracking without overshoots through the 
response characteristics. The decoupling, the stability, and 
the convergence towards the equilibrium are assured. 
Furthermore, this regulation presents a high dynamic 
response, and it is more robust against parameter variation 
of the brushless doubly-fed reluctance generator. 
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