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Super-twisting sliding mode control for brushless doubly-fed reluctance generator
based on wind energy conversion system

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.

Bcmyn. B ocmanne Oecsmunimms eupoOHUymeo 6impoeoi emepeii 3pocmano 3azpo3iusumu memnamu i npooosicysamume
3pocmamu Yy Mipy pO36UMKY MEXHON02Il Ccunoeoi enekmpouixy. Mema. Ynpasninus KOG3HUM DeXCUMOM CYNEPCKPYUYBAHHS O
peaxmusno2o 0e3uimKo8oeo 2enepamopa 3 NOOGIUHUM JHCUGTEHHAM HA OCHOGI cucmeMu nepemeopenns enepeii gimpy. Memoou. YV
yiti cmammi po3ena0aemuvcs Haoiline Kepys8anHsa NOMYHCHICTI0 NIOKIIOYEH020 00 Mepedii 6e3uWimKo8020 peakmusHo20 2eHepamopa
3 NOOBIUHUM JHCUBTNEHHAM, WO HPUBOOUMBCA 8 0110 GIMPAHOIN MYPOIHOIO 31 3MIHHON WEUOKICMIO, 3 BUKOPUCMAHHAM Meopii
VNPAGNIHHA 31 3MIHHOW CMPYKMYPOIK), KA HA3UBAEMbCSL KEPYBAHHAM 8 KOGIHOMY pedicumi. Tpaouyiiinuil nioxio 3i KOGIHUM PeNCUMOM
CMBOpIOE HenpueMHe Asuwe 6ibpayii, wo Mmoogice 3auwkooumu cucmemi. /[ ycyHeHHs 6ibpayii HeoOXIiOHO UKOPUCTO8Y8amu
Pe2ysmop KOB3HO20 DPEeJCUMY BUCOKO20 NOPAOKY. Ancopumm CynepckpyuyGamHsa - ye oOuM i3 mMunié HeniHitino2o ynpaeninws,
npedcmasnenuti 0ia 3abe3nevents egekmueHocmi cmpykmypu ynpagninua. Mu npomecmyeanu yi Konmpoaepu 080Ma pi3HUMU
cnocobamu: giocmedceHHaM nocuians ma Hadiunicmio. Pesynomamu mooemosanns 3 euxopucmanuam MATLAB/Simulink
NPOOEMOHCIMPY AU eeKMUBHICTNG MA HAOIUHICMb KOHMPOAEPA KOG3HO20 pecumy cynepckpyuyeanns. biomn. 31, puc. 14.

Kniouosi cnosa: eHeprisi BiTpy, 0€3K0JIEKTOPHUI peaKTUBHMIl reHepaTop 3 NMOABIl{HUM KMBJIEHHSIM, BiACTe:KeHHSI TOYKH
MaKCHMAJIbHOI IOTYKHOCTi, BeKTOPHE YNPaBJIiHHSA, AJITOPUTM CyNlepKPY4YyBaHHs.

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

o 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

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;

e 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;

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: @) 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]:

1
P,=5-p-A-Cp(/1)~V3, (1)

where p is the air density; 4 = zR” is the rotor swept area;
R is the turbine radius; C, is the power coefficient; 4 is the
tip speed ratio; ¥ is the wind speed.

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

— QR
A P 2
where (2, is the turbine speed; f is the blade pitch angle.

For our example, the power coefficient C, is

21

116 )
C,(1.8)= 0.5176-[7—0.4ﬁ—sje ¥ +0.00687 , (3)

X

Fig. 1. Characteristics of the WT power coefficient with the
tip speed ratio 4 at different values of the blade pitch angle g

The maximum value of C, = 0.48 is for f = 0° and
for A =8.1.
The turbine torque can be written as:
T,=F/9. (5)
The mechanical speed of the generator and the torque
of the turbine referred to the generator are given by:

‘Qmec = Qt'G;
T, =T,/G,
where G is the gearbox ratio.

The mechanical equation of the system can be
characterized by:

dQmec

(6)

J :Tm_Tem_.f'Qmec» (7)
where J is the equivalent total inertia of the generator
shaft; f'is the equivalent total friction coefficient; T, is
the electromagnetic torque.

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

Mathematical model of BDFRG. The electrical
equations of the BDFRG in the d—g Park reference frame
are given by:

3 dP,q
Vpd =Rpl pq + % —w, Py
o,
Vpq=Rpl ,, + tw-Dyy;
Jo (®)
Vsd =Ry lsq + - _(a)r _w)-QSSq;
dd,
_ q .
Vsq =Rl + o +(cor —a))-fpsd,
(ppd = LPIpd +Lmlsd;
Dy =Lpl g —Lylgys ©
GDsd = Ls]sd +Lm]pd;
¢sq = lesq - Lmlpq'
The electromagnetic torque is expressed as:
3P4L
T Vi lsy +V o lsa)- (10)

The active and reactive powers equations at the
primary stator, the secondary stator, and the grid are,

where respectively, written as:
11 0035 @ PeCHvEs ;
A  A+0.088 pI41 Py ZE(Vpd[deerq[pq)
The C, curve is shown in Fig. 1, from which there is an 3 (11
optimum A at which the power coefficient C, is maximal. 0, = 5 (qul pd —Vpal pq }
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3
Ps = E(I/Sd I sd +Vsq[ sq
3 (12)
Qs =E(Vsq1sd - Sallsq)7
Pg =Pp+PS; (13)
Qg =0) +0s,

where: Vi, V, are the d-q axis control winding voltages; V.,
V,q are the d-q axis power winding voltages; R, R, are the
power and control winding resistances; L, is the leakage
inductance of power winding; L, is the leakage inductance of
control winding; L, is the mutual inductance between power
and control windings; /4, I, are the d-q axis control winding
currents; 1,4, 1,, are the d-q axis power winding currents;
w, is the angular frequencies of power windings; @, is the
angular frequencies of control windings; @, is the BDFRG
mechanical rotor angular speed; @ is the d-q axis control
winding flux linkages; @, 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 Vy, active and reactive power may be easily
regulated by d-axis and g-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:

LYR e e VeV
ra - Rl tLyesly YV Vs

(14)
L %=—R I, +Lcodo +Ve =V,
f dr SAfg T ErCstd Y fg TV sqe
As for the continuous side:
dv 1
—de=—(1,-1;). (15)

dd C
The forms of the grid active and reactive powers are
as follow:

3
£y =5(Vsd1ﬁ1 gl b

3 (16)
Qs :E(Vsqlfd - Vsdlfql

where V,, V,, are the grid and converter voltage
respectively; Iy, I are the grid and converter currents;
Ry is the equivalent resistance of the grid filter; Ly is the
inductance of the grid filter.

By orienting the inverter voltage on the grid side
(Vsa=0and V,, = V) we found:

3
Py :EVsq[fq =Vaed g’

3 (17)
Qs == Vsql pa>

S d;i" with{ T ()
V=Lt Ryl ey = "brenda ™l

Figure 2 shows the block diagram of the control of
the GSC.
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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 ¢,s (9,0 = ¢, and
©,4 = 0), and the stator voltages will be expressed by:

V,a=0;
{ v (19)
Vog=Vp=0, @
The expressions of the primary stator currents are
written as:
I = gzjpal —Lylgq .
pd L ’
(20)

)4
;o Lyl

pa

p
By replacing these currents in the secondary stator

fluxes equations, we obtain:

L
by = Lyolyy +_m¢pd;

Ly @n
Dy, = oLy,
with o is the leakage coefficient, defined by:
L 2
o=1-—"4. (22)
L,L;
The secondary stator voltages can be written
according to the secondary stator currents as:
d/
Vg = Ryl gy + Lio—4 + eq;
dt
Iy (23)
- 5q
Veg =Rylgy tLso p” +ed +ep,
with
eq=—ws0Ll,;
ed=w, oL ;; (24)
Lm
ep=w;—@,,
Ly

the active and reactive stator powers of the BDFRG are
expressed by:
P 3V pgLim
p 2 LP sq°
25)
2 (

3 VPCI 3 Lm
Pqay
2w,L, 2 L,

where s is the slip of the BDFRG.
The electromagnetic torque can be written as:
3P.L,

2L,

Isd’

T,= Lpal (26)

sq -
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For relatively weak sleep values and by neglecting
the voltage drops, the grid active and reactive powers are
simplified into:

U-slW,,L
N
2Lp
27)
3V, 3(-s)., L,
Qg:2 L - 2 quL—Isd.
@ptp P
From (27) we have:
I :LP :
O 3(1=sW Ly ¢
28
3V p 2L, (28)
Iyq = - Qg :
2w,L, 3(1=5) gL
Substitute (28) in (23) we obtain:
_ Vg Ry, ed  ep
¢ AL Lo ¢ Alge ALgo’ 29
: Vi Ry eq ev
Qg=—7 —7 Qg™ + ’
ALo Lo ALgo ALgo
with:
e 2L, ;
3(1=5W gL
32 (30)
ev= AR, Pq_
prLp

In order to capture the optimal mechanical power,
the control of the mechanical speed is applied as shown
on Fig. 3.

Fast shaft

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:

Pg—ref = Tem—ref "Qmec : (31

The reference grid reactive power, Og.ris 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

>
wind — (3%

— | Jgear box [
wind

GRID

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 dimensiony. 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:

u=utuy,
with

1€0,0.5; (32)

u) = —a|S‘Tsign(S);
iy = —psign(S);

where a, £ checking for the following inequalities [24]:

d n—1
S(x,t)= (——i-/lj e
dt
0[2 S 4COKm(0(+CO) .

. ; (33)
Km (a_CO)

C
p>—"L,

K
where S is called the sliding surface; x = [x, x, x, ..., X1
is the state vector; x? = [xd, Xt xd] is the desired
state vector; e = x — x = [e, e, e, ..., €"'] is the error
vector; A is the positive coefficient; » is the system order;
Cy, K, are the positive constants.

m
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High-order SMC of active and reactive powers.
The switching surfaces of the stator powers are given by:

{ﬂ%%—@) Pe = Paref

34
S(Qg ): e(Qg ): Qg - Qg—ref‘ ( )
Then, we have:
$(P, )= By = Py_ry: 5
(Qg): Qg _Qg—ref'
From (29) we have:
p Ve R, ed _ep
g ALoo Lo ALgo ALgo ’ (36)
Q'_Vsd R L ¢4 e
g AL, Lo ALgo ALSU'
Now consider the following command:
Via =1 +an/S(0, ['sienls(o, b
Uy = ﬁlszgn(S(Qg )}
Veg =y +aalS(B, Fsign(s(p, )t 37)

Wy = ﬁ’leg”( ( g)l
€0, 0.5].

where the error S(P) and S(Q) are the sliding variables
and constant gains «;, a, i, f» 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:
R,=3.781 Q; R, =2.441 Q; L,=0.41 H; L, = 0.316 H;
L,=03H;J=02 kg'mz; P, = 4. WT parameters are:
R (blade radius) = 4 m, gearbox ratio G = 7.5; turbine
inertia 1.5 kg-m?” air density p = 1.225 kg/m’; 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 Py
corresponding at its maximum is obtained by the WT w1th
MPPT control. The reference value Pg.,.; 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.

. wind spe_sd m/s

4 I I I I I L

Fig. 5. Wind speed

h. speed.
o0p 10€Ch- speed, rpm. i : :

700 [ \
650

600 [ =

550 I L L L L L L 22
0 1 2 3 4 5 3 7 8 9 1c

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].

510t activ? power, W

T T
x10*

«——Pg-ref

~

Active Power(w)

0

o 01 02 03 o04
05 Pg time(s) 4

Fig. 7. Active power control

reactive power, VAr
f T

ar)

g 8
8 8
Reactive power(V:
8 8
8 8
L

|

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 /;) change during the
period of variation of active and reactive powers. Frequency
of the current of the supply winding (primary currents /,)
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.

o Vo V3 40, A

R

41 445 42 425 43 435 44

3
8

3
8

-500 -

P I L I I L I L
[

Fig. 9. Phase power winding current and voltage
o Vil A

T T T T T T T

Va

/

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).
Vi V

900 T

800 Vde

1 e

600 ff
i

500 B

400
300 -
200 =

100 -
I I I I I ts
0 1 2 3 4

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.

510t grid reactive power, VAr
[ T

2L I I 1 |
0 1 2 3 4 5 6 7 8 9 10

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.

RO ‘ ‘
55— +50%Rp -
5
45
.
35
3
25
2k 1

I Il I Il Il t’s\
0 1 2 3 4 5 5 7 f 0 10

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