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This work presents a new control strategy for counter-rotating wind turbine (CRWT)
driven doubly-fed induction generator (DFIG) under grid disturbances, such as unbalanced
network voltage scenarios. The proposed strategy based on the power control used
dynamic gains second order sliding mode control (SOSMC). The power control of a DFIG
by SOSMC widely based on the super-twisting (ST) algorithm with invariable parameters
and sign functions. The proposed control method consists in using dynamic-parameters
ST algorithm that ensures a better result than a conventional strategy. The proposed control
scheme used 2 sliding surfaces such as reactive and active powers to control them. Also,
the sign functions are replaced by saturation (sat) functions in order to minimize the

chattering problems. Simulation results depicted in this research article have confirmed
the good usefulness and effectiveness of the proposed adaptive super-twisting algorithm
of the CRWT system during grid disturbances.

1. INTRODUCTION

The CRWT has been presented as a novel wind turbine
(WT) to increase the production of the electrical energy, as
depicted in Figure 1, CRWT design contain of 2 rotors (main
rotor and auxiliary rotor). According to the literature [1, 2], the
principal advantage of CRWT is the improvement of system
yield.

The DFIG is generally the most popular applied WT
generators due the fact that it is cost-effective and its variable
wind speed [3, 4]. However, wind turbine system based DFIGs
are sensitive to disturbance grid voltage conditions due to the
direct connection between the grid and DFIG. As a result, if
the machine regulator does not take into consideration the
effects of unbalanced network voltage conditions, stator and
rotor currents will be perturbed. Also, electromagnetic torque,
reactive and active powers will be subjected to a lot of
perturbations. The generator should tolerate all these types of
network voltage situations and scenarios. It should appear an
acceptable performance basing to power network codes [5, 6].

The standard control method of network-attached DFIG are
widely based on a vector control (VC) method with stator flux
orientation [7, 8] or stator voltage orientation [9, 10]. In these
methods of control, proportional gain-integral gain (PI)
regulators are used to regulate DFIG powers through adjusting
components of rotor currents. The principal disadvantage of
VC methods is that adjusting PI gains is cumbersome. Also,
these PI regulators are sensitive to parameter variations of
DFIG and unbalanced network voltage scenarios.

Some researchers have been applied sliding mode control
(SMC) method for power electronics field [11, 12]. But there
exist different methods to SMC, the following three being the
most commonly adopted: standard first-order SMC [13, 14],
non-standard first-order SMC and second-order SMC [15].
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However, the principal drawback jeopardizing usefulness of
the standard first-order SMC: namely, the chattering
phenomenon mainly caused by the discontinuous control.

Nevertheless, the non-standard first-order SMC resolve this
problem by replacing the sign function with a boundary layer
approach such as the sigmoid or the saturation functions.
However, as shown in the study [16], this approach does not
overcome the disadvantage completely, because, the
characteristics of tracking accuracy, disturbance rejection and
robustness conferred by the non-standard first-order SMC are
severely compromised.

With the goal to resolve these problems, the SOSMC
method with the ST algorithm control laws was published in
the study [17]. The discontinuous function under the integral
characterizes the fixed parameters ST algorithm method. In
fixed gains ST algorithm control law, the over-estimation of
the disturbance boundary gives bigger control gain values
which lead to chattering phenomenon [18]. To resolve this
problem, in this paper, we applied the ASOSMC.

The principal goal of this research article is the application
of the ASOSMC to control the stator powers of generator
driven by CRWT system during grid disturbances. The new
second original contribution of this article is to replace the sign
functions of adaptive-gain ST algorithm by saturation
functions (sat) in order to minimize the chattering problems.

This work presents the principal aspects of the power
adaptive second-order sliding mode control (ASOSMC) and
simulation results using Matlab/Simulink for a CRWT system.
The ASOSMC method is compared with a conventional power
SOSMC with a fixed gain ST algorithm.

This research article contains five parts as follows: in part
two, the DFIG modeling is presented. In part three the VC
method of the DFIG is depicted. The ASOSMC applied to the
DFIG is developed in part 4. Finally, part five presents the
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obtained simulation results and its discussion.
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Figure 1. Configuration of a counter-rotating wind turbine

2. THE DFIG MODEL

The DFIG Park model is generally used [19-26]. The
following Eq. (1) shows the global generator Park model:

d
Vds Rs Ids + a ¢ds — W Pqs

Vg =Ryl +%¢qs tapy, [P =Llat Mg
d |8 =Ll + Ml (q
V, =R, ﬂ—a%r — 0 0q 8 = L1y + Ml
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Vqr = erqr+a¢qr+wr¢dr o, =0, +0,
The mechanical equation is:
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Cem = pr(¢qs|dr _¢ds|qr) 3)
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Here, C.n is the electromagnetic torque.
The stator powers (P and Q) delivered from the generator

is given by:
Ps = Vds I ds
Qs :Vqslds

In the objective to achieve the decoupled control (vector
control) of the stator powers of generator, the stator flux vector
will be oriented on the d-axis (Figure 2). Based on Eq. (1), the
stator resistance is neglected (R, = 0) we can write:

+V .|

gs - gs

-Vl

ds " gs

“4)

¢ys = ¢, and ¢qs =0 ©)
V, =0
(6)
Vqs :Vs = a)s¢s
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Figure 2. Stator field oriented control

3. ASOSMC DESIGN

In the objective to control the stator powers of the generator
under unbalanced network voltage, ASOSMC is applied with
an adaptive ST algorithm. This control strategy is continuous,
and its parameters are adapted to eliminate the effect of the
perturbation with the unknown boundaries, also, non
overestimate the gains. As well as, the objective of the
corrector is that its adaptation allows reducing the gain with
respect to disturbances and uncertainties. Then, the parameter
is reduced and the regulator spends less energy. Also, another
big advantage is the considerable reduced effort of system
identification. As a result, the information on disturbances
bounds and uncertainties is not required.

The used ASOSMC laws are given by:

u=u,+u, (10)
u, = —/.sat(s) (11)

1
U, = —a.[s|2.5at(s) (12)



where, the adaptive gains of ASOSMC, a and f are dynamics,

given us:
a)\/%sat(|s|—y) b a>a,
n Jf a<a, (13)
p=2ca

where ¢, i, am, 3, @, w: are positive constant.

The dynamical parameters of ASOSMC increases in order
to achieve the stabilization. Then, if the sliding mode is
maintained, the control parameters begin to decrease.

4. APPLICATION OF ASOSMC

The proposed ASOSMC is developed to control the stator
powers of the DFIG; it is illustrated in Figure 3.
According to Eqns. (10), (11), (12) and (13). The ASOSMC

laws are given by:

1 t
Vg = —a-[s;|2 - sat(s;) —J,BS.sat(SS)dr (14)
0

1 t
V, =-a, ‘Js,|2 -sat(s4)—jﬂ4.sat(s4)dr (15)
0

Here, the active power magnitude error s, = P;” — P, and
the reactive error s3; = Q5 — Q, are the sliding surfaces. The
adaptive gains a;and f; (i=3, 4) are expressed as the Eq. (13).
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Figure 3. ASOSMC of a CRWT based on DFIG

5. SIMULATION RESULTS

The proposed control (ASOSMC) depicted in part 4 was
validated, using the MATLAB/Simulink software.

The DFIG parameters are [21]: 1.5 MW nominal power,
V=398 V, R,-0.021 Q, R,-0.012 Q, L,-0.0136 H, L,-0.0137 H,
M=0.0135 H, =50 Hz, nominal rotor speed Q=150 rad/s, p=2.

Unbalanced network voltage is considered in all simulation
cases, According to Figure 4, a 15% grid voltage drop in phase
A between 0.5 and 0.7 s is considered. The performances of
the both power control methods SOSMC and ASOSMC are
simulated and compared.

5.1 Reference tracking test (RTT)

In this first test the DFIG rotor speed is equal at its nominal
value (Q=150 rad/s). Figures 5-7 present obtained simulation
results for the RTT. As illustrated in Figures 5 and 6, for the 2
powers control methods (SOSMC and ASOSMC), the reactive
and active powers of DFIG almost perfectly track their
references.

The time evolution of the sliding surfaces s3 and s4 obtained
using the fixed-gain ST algorithm (SOSMC) and adaptive-
gain ST algorithm (ASOSMC) are depicted in Figure 7. The
SOSMC and the time-based ASOSMC achieved the desired
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goals, steering to and confining the sliding surfaces (s3 and s4)
within a vicinity of zero in the two cases. Nevertheless, a
significant chattering phenomenon reduction can be observed
when the proposed control is employed.

5.2 Robustness test (RT)

In this second test, it is supposed that the rotor resistance
(Ry) value is increased up to 100%. Also, the values of
inductances Ls, L., M are decreased up to 50%. The DFIG is
turning with constant speed (Q2=150 rad/s). Obtained results
for the RT are depicted in Figures 8-10. As shown by Figures
8 and 9, we noticed that on the reactive and active power
curves, the generator parameter variations present a clear
effect. This effect is more important for power SOSMC
method than for power ASOSMC. Therefore, it can be
concluded that the proposed power ASOSMC technique is
more robust than the power SOSMC one.

Figure 10 presents the time evolution of the sliding surfaces
s3 and s4 for the robustness test. As shown in this Figure, the
chattering phenomenon appears more important when the
power SOSMC is applied. In the other hand, this chattering is
minimized for the power ASOSMC one.
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5.3 Rotor speed variation test (RSVT)

As depicted by Figure 11, the rotor speed of the DFIG was
randomly varied. The results obtained are depicted in Figures
12-15. These Figures illustrate that the variation of the DFIG
rotor speed gives a ripple effect on reactive and active power
curves of DFIG for power SOSMC. This active and reactive
powers ripple is minimized for the power ASOSMC. Also, a
rotor currents ripple can be observed during the period of
unbalanced network voltage for the power SOSMC. This rotor
currents ripple is minimized for the power ASOSMC. This
simulation result is important for CRWT system applications
guarantee the quality and stability of the produced energy
when the rotor speed of DFIG is randomly varying.

200

180

160

Rotor speed (rad's)

0.4 0.6
Time (s)

0 0.2 0.8 1

Figure 11. Rotor speed curve



: - ) L
0.5 : l 05" "
— — P ' p*
= : :
2 0 1 s ok
15 —
£ -0.5 s z 05
j=¥ o
w ()
2=l 1 = 1
2 g
-1.5 1 15 M
-2 I 1 L L -2 r 1] e r
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4_ 0.6 0.8 1
Time (s) Time ()
. . Fi 14. Acti ith ASOSMC (RSVT
Figure 12. Active power with SOSMC (RSVT) teure clive power wi ( )
1
1
o, — <
= < o Qx|
& 0.*|] S 0.5 " s
E 0.5 5 g
5 g
o s
A =
g & -05¢
2 .05 &
L
e
1 e e 3 3
-1 : . . . 0 0.2 0.4 0.6 0.8 1
0 0.2 0.4 0.6 0.8 1 Time (s)
Tme (s)
: 1 l ‘ l
3 <
= 2
oo u;\ Mwml
MMM» J' “ ‘“ H. ‘. J' WMWH
o o
8 I
2 3 -2
@
- . : : . 1
0 02 04 06 08 1 Tlme (s)
Time (s) 4
4
g ? '
¥ g
- jun]
B 2
o 2
5 S 2 ]
3
=]
=4 A . . ) .
0 0.2 0.4 0.6 0.8 1
-4 . s s . Time (s)
0 0.2 04 0.6 0.8 1
Time (s) Figure 15. Reactive power, stator currents and rotor currents

with ASOSMC (RSVT)
Figure 13. Reactive power, stator currents, rotor currents
with SOSMC (RSVT)

432



Figures 16-17 illustrate the THD of the stator current of the
DFIG for both stator power control methods (SOSMC and
ASOSMC) during the unbalanced network voltage for rotor
speed variation test. It can be noticed that the THD value is
reduced for stator power ASOSMC strategy (THD=2.73%)
compared to SOSMC (THD=3.00%).

Selected signal: 50 cycles. FFT window (in red): 3 cycles

-

0.8 1

2000
1000

. WWWUWW
-1000

-2000

0.4 0.6
Time (s)

0 0.2

“FFT analysi:

fFundamental (50Hz) = 2831, THD= 3.00%
2 :

P
o

Mag (% of Fundamental)
g -

plilindiort
3000

Frequency (Hz)

Figure 16. Stator current THD for SOSMC (RSVT)

Selected signal: 50 cycles. FFT window (in red): 3 cycles

2000
1000

0
-1000 B
-2000 1

0 0.2

0.4 0.8 1

Time (s)

0.6

o
-
—

analysi

Rundamental (50Hz) = 2821, THD=2.73%
2 :

15F

Mag (% of Fundamental)

0.5

OJhN‘dwhm-ﬂumﬂm Skl

0 500 1000 1500 2000 2500
Frequency (Hz)

3000

Figure 17. Stator current THD for ASOSMC (RSVT)

6. CONCLUSIONS

ASOSMC of a CRWT based DFIG connected to the grid by
the stator under grid disturbances has been presented in this
research work. Obtained results show a good quality
performance of ASOSMC compared to SOSMC with fixed-
gains ST algorithm in terms of reduced chattering problems,

and shows an excellent robustness test for variation parametric.

Also, for the rotor speed variation test, the simulation results
for the proposed control (ASOSMC) illustrate a reduction of
THD value, stator power and rotor current ripple during
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unbalanced network voltage. Finally, it can be concluded that
a control technique such as ASOSMC can be a very effective
solution for stator power control of DFIG driven by CRWT
system.
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NOMENCLATURE

ASOSMC Adaptive Second Order Sliding Mode Control

DFIG Doubly-Fed Induction Generator

CRWT Counter Rotating Wind Turbine

Pl Proportional-Integral

RSC Rotor Side Converter

RSVT Rotor Speed Variation Test

RTT Reference Tracking Test

RT Robustness Test

sat Saturation function

SMC Sliding Mode Control

SOSMC Second Order Sliding Mode Control

ST Super-Twisting

SSC Stator Side Converter

THD Total Harmonic Distortion

VC Vector Control

WT Wind Turbine

d, q Synchronous d-q axis

Rr, Rs Rotor and stator resistances

Ly, Ls Rotor and stator self-inductances

M Mutual inductance

Vs, Vs Direct and quadrature stator voltages

Var, Var Direct and quadrature rotor voltages

L, Iys Direct and quadrature stator currents

Ly, Iy Direct and quadrature rotor currents

Bds, Dgs Direct and quadrature stator flux

Bary Dgr Direct and quadrature rotor flux

Py, O Active and reactive powers

Cem Electromagnetic Torque

Q Mechanical rotor speed

C Load Torque

f Viscous friction coefficient

J The inertia

p Number of pole pairs

s Stator electrical pulsation

o, Rotor electrical pulsation

Om Mechanical pulsation

a, Adaptive gains

S3, S4 Sliding surfaces


http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=60
https://doi.org/10.1109/TEC.2009.2036249
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=41
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=41
https://doi.org/10.1109/41.184818
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Haritza%20Camblong.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=60
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=60
https://doi.org/10.1109/TEC.2011.2181996
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.G.%20Tapia.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=4079749
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=4079749
https://doi.org/10.1049/iet-epa.2011.0358
https://doi.org/10.1049/iet-epa.2011.0358
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=87
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=87
https://doi.org/10.1109/87.761053
https://doi.org/
https://doi.org/
https://doi.org/10.1016/j.automatica.2012.02.024
https://doi.org/
https://doi.org/10.1016/j.ijhydene.2015.05.007
https://doi.org/10.18280/jesa.530109
https://doi.org/10.1016/j.ijepes.2012.12.014
https://ieeexplore.ieee.org/author/37086595767
https://ieeexplore.ieee.org/author/37086180415
https://ieeexplore.ieee.org/author/37085456549
https://ieeexplore.ieee.org/author/37086591875
https://doi.org/
https://doi.org/10.1109/CISTEM.2018.8613409
https://dx.doi.org/10.14569/IJACSA.2016.070808



