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INDIRECT ACTIVE AND REACTIVE POWERS CONTROL OF DOUBLY FED
INDUCTION GENERATOR FED BY THREE-LEVEL ADAPTIVE-NETWORK-BASED
FUZZY INFERENCE SYSTEM — PULSE WIDTH MODULATION CONVERTER
WITH A ROBUST METHOD BASED ON SUPER TWISTING ALGORITHMS

Aim. This paper presents the minimization of reactive and active power ripples of doubly fed induction generators using super
twisting algorithms and pulse width modulation based on neuro-fuzzy algorithms. Method. The main role of the indirect active and
reactive power control is to regulate and control the reactive and active powers of doubly fed induction generators for variable
speed dual-rotor wind power systems. The indirect field-oriented control is a classical control scheme and simple structure. Pulse
width modulation based on an adaptive-network-based fuzzy inference system is a new modulation technique,; characterized by a
simple algorithm, which gives a good harmonic distortion compared to other techniques. Novelty. adaptive-network-based fuzzy
inference system-pulse width modulation is proposed. Proposed modulation technique construction is based on traditional pulse
width modulation and adaptive-network-based fuzzy inference system to obtain a robust modulation technique and reduces the
harmonic distortion of stator current. We use in our study a 1.5 MW doubly-fed induction generator integrated into a dual-rotor
wind power system to reduce the torque, current, active power, and reactive power ripples. Results. As shown in the results figures
using adaptive-network-based fuzzy inference system-pulse width modulation technique ameliorate effectiveness especially reduces
the reactive power, torque, stator current, active power ripples, and minimizes harmonic distortion of current (0.08 %) compared to
classical control. References 22, tables 4, figures 30.

Key words: doubly fed induction generators, pulse width modulation, neuro-fuzzy algorithms, indirect field-oriented control.

Mema Y cmammi npedcmasneno MiHimizayilo nyavcayiti peakmuHoi ma aKxmueHOi NOMYNUCHOCMI ACUHXPOHHUX 2eHepamopie
NOOGIUHO20 JCUGIEHHSI 3 GUKOPUCIAHHAM ANI2OPUMMIE CYNEPCKPYMKU MAd WUPOMHO-IMIYIbCHOI MOOYIAYil HA OCHOBI Helpo-
neuimkux aneopummis. Memood. Ocnosna ponb Henpamo2o YNpaeniHHas AKMUGHON MA PeaxmuHol0 NOMYMHCHICMIO NONAAE Y
Kepyeanui ma pezynosanni peakmusHoi ma akmuHoi NOMYydcHOCmel ACUHXPOHHUX 2eHepamopie 3 NOOGIIHUM HCUBNEHHAM OA
8imMpoeHepeemuyHUX CUCmeM 3 NOOGILIHUM POMOPOM 3MiHHOI weuokocmi. Henpame kepyeanns, opienmosane na noe, - ye Kiacuiuna
cxema Kepysanus ma npocma cmpykmypa. LLlupomuo-imnyabcHa Mooynsayis, 3acHO8AHA HA CUCMEM] HEeYIMKUX UCHOBKIG HA OCHOBI
aoanmueHoi mepeosici, € HOBUM MeMmOoOOM MOOVIAYIL, XAPAKMEPUSYEMbCA NPOCMUM AI2OPUMMOM, AKULL OAE 2apHi 2apMOHIYHI
cnomeopenHs nopienano 3 iHwumu memodamu. Hoeusna. [Ilpononyemvca adanmuena mepedca Ha OCHOBI HEUIMKO20 BUCHOBKY 13
WUPOMHO-IMIYIbCHOIO  MOOYaAyiclo. 3anpononosana nodyoosa memooy mooyaayii Oazyemvcs Ha mMpaouyiiHitl wupomHo-
IMRYAbCHIT MOOYAsYIl ma cucmemi HeuwimKuX 6UCHOBKI6 HA OCHOBI A0ANMUGHUX Mepedc 0N OMPUMAHH HAOIIHO20 Menmoody
MOOYIAYIT ma 3MeHWeHHsl 2APMOHINHUX CROMBOPEHb CIMPYMY cmamopd. Y nauiomy 00caiodicenti Mu GUKOPUCHIOBYEMO ACUHXPOHHUL
2eHepamop 3 NOOBIUHUM HCUBNEHHAM nomydxcuicmio 1,5 MBm, inmezpoganuil y eimpoenepeemuyHy cucmemy 3 HOOGIUHUM POMOPOM,
oo 3MeHWUmuU NYI6Cayii KPymHo2o MOMEHNy, Cmpymy, aKkmueHoi nomyxcnocmi ma peakmugnoi nomyoicnocmi. Pezynomamu. Sk
NOKA3AHO HA PUCYHKAX 3 Pe3VAbMamamu, GUKOPUCTHAHHA MemOoOy WUPOMHO-IMIYIbCHOT MOOYAAYIT HA OCHO8I HeUimKUX 6UCHOBKI6
cucmemu a0anMuUBHUX Mepexc NOKPAUYe epeKmusHicmy, 0CoOIUBO 3MEHULYE PEaKMUBHY NOMYHCHICIb, KPYIMHUL MOMEHM, CIpPYM
cmamopa, nyrvcayii akmugnoi NOMyjucHoCmi, ma Minimizye eapmonitine cnomesopenns cmpymy (0,08 %) nopienano 3 knacuunum
xepysannsam. bibin. 22, Tadmn. 4, puc. 30.

Knouosi cnosa: acMHXpOHHI reHepaTopu 3 NOABIHHHUM :KUBJIEHHSIM, IIUPOTHO-IMIIYJIbCHA MOAYJIAIisA, Helipo-HewiTKi
AJITOPUTMH, HelIPpAIMe KepyBaHHs, OPiCHTOBaHE Ha MoJIe.

Introduction. In recent years, the traditional pulse
width modulation (PWM) technique has drawn much
attention from industry and research groups. The main
advantages of the traditional PWM technique are its ease
of implementation and simple algorithm compared to
space vector modulation (SVM). But, this strategy gives
more harmonic distortion of voltage and electromagnetic
torque ripples. To overcome the drawbacks of the
traditional PWM technique, a fuzzy PWM strategy has
been presented [1, 2]. In the fuzzy PWM strategy, the
hysteresis comparators are replaced by the fuzzy
controllers. This proposed strategy minimized the
harmonic distortion of voltage compared to the classical
PWM technique. In [3], the authors proposed the use of a
PWM technique with a neural algorithm applied to the
doubly fed induction generators (DFIG) drive, where the
hysteresis comparators are replaced by neural algorithms.
The simulation results show that the neural PWM
technique is better than the classical PWM strategy in
terms of reducing the harmonic distortion of voltage and
torque ripples. In [4, 5], the fuzzy PWM strategy reduced

the harmonic distortion of voltage compared to SVM and
neural SVM techniques.

Recently, the Indirect Active and Reactive Powers
Control (IARPC) method has been widely used for the
control of AC machines. JARPC, based on classical PI
controllers, has attracted a lot of research control
machines for the last two decades. The IARPC method is
one of the most used control techniques for wind power.
This technique is simple algorithms. This technique is
similar to field-oriented control (FOC). In [6], the authors
proposed the use of an IARPC method with the neural
SVM technique. In [7], an IARPC command based on a
two-level fuzzy SVM technique has been proposed. The
simulation results show that the IARPC control with
fuzzy SVM strategy is better than traditional [ARPC with
classical SVM strategy in terms of minimizing the torque
and active power ripples. In [8], a modified IARPC
control scheme was proposed based on neuro-fuzzy
algorithms with SVM strategy, where PI regulators were
replaced by four controllers based on neuro-fuzzy
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algorithms. In [9], the IARPC control is the robust control
compared to the direct active and reactive powers control
(DARPC) of DFIG. IARPC control and three-level fuzzy
SVM techniques are combined to reduce the torque,
active and reactive power ripples of the DFIG [10].

The aim of this paper is the reduces the active and
reactive power ripples and improve the effectiveness of the
indirect active and reactive powers control using the
proposed pulse width modulation technique and super
twisting algorithms (STA) for doubly fed induction
generators based dual-rotor wind turbine (DRWT) system
under variable speed wind and also to minimize fluctuations
in current, active power, torque, and reactive power.

In this work, the IARPC with STA controllers and
three-level ~Adaptive-Network-based Fuzzy Inference
System — Pulse Width Modulation (ANFIS-PWM)
technique has been considered. The original contribution of
this work is the application of the STA controllers and
three-level ANFIS-PWM technique in the IARPC method
with a DFIG-based DRWT system. The proposed method
is compared with a classical IARPC control. The
simulation results validate that the STA-IARPC with
ANFIS-PWM technique reduced the torque, active and
reactive powers ripples of the DFIG-based DRWT systems.

Three-level ANFIS-PWM technique. The classical
PWM technique goal is to control the three-level inverter.
In the three-level PWM technique, six hysteresis
comparators were used. The PWM technique, which is
designed to control the classical three-level converter, is
shown in Fig. 1. PWM techniques are widely used as
front-end converters in electronic drives. The advantage
of a classical three-level PWM technique is a simple
modulation scheme and easy to implement compared to
the SVM strategy. Its application has been in electronic
drives and controls. But this technique gives more
harmonic distortion of voltage and electromagnetic torque
of AC machine drive.

Fig. 1. The classical three-level PWM strategy

In order to improve the classical three-level PWM
performances, complimentary use of the ANFIS algorithm
is proposed. The principle of the three-level ANFIS-PWM
technique is similar to the classical three-level PWM
technique. The difference is using the ANFIS algorithm to
replace the classical hysteresis comparators. Figure 2
shows the principle of the ANFIS-PWM strategy of a
three-level inverter. Major advantages of proposed PWM
techniques are as follows: minimized active and reactive
powers ripples, a simple algorithm, and robust strategy. On
the other hand, voltage space vectors generated by the

three-level inverter in the coordinate system a-f are shown
in Fig. 3, there are a totally of 27 vectors: 25 active vectors
and three zero vectors in a-f coordinate systems. In this
work, the modulation method with the use of 6 controllers
from the same technique has been applied.

ANFIS
ANFIS
ANFIS

Fig. 2. The three-level ANFIS-PWM strategy
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Fig. 3. Voltage space vectors generated by three-level inverter
in the coordinate system o—f

The schematic diagram of the ANFIS regulator is
given in Fig. 4. Membership functions in triangular shape
are shown in Fig. 5. The rule base of the ANFIS is shown
in Table 1.
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Fig. 4. Block diagram of the ANFIS algorithm
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Fig. 5. Membership functions
Table 1
ANFIS rules of the hysteresis comparators

ANE NB NM NS EZ PS PM | PB
e

NB NB NB NB NB NM | NS EZ
NM NB NB NB NM NS EZ PS
NS NB NB NM NS EZ PS PM
EZ NB NM NS EZ PS PM | PB
PS NM NS EZ PS PM PB PB
PM NS EZ PS PM PB PB PB
PB EZ PS PM PB PB PB PB
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ANFIS algorithms were originally introduced in 1993
[11], the advantage of an ANFIS algorithm is a simple
method and robust. This regulator has combined the
advantages of the fuzzy and neural controllers. In order to
make the ANFIS algorithm, we used the conventional
neural network with Conjugate Gradiant with Beale-Powell
Restarts algorithm. In MATLAB software, traincgb is the
word we use to accomplish this algorithm.

The schematic diagram of the neural regulator of the
ANFIS algorithm is shown in Fig. 6.

Fig. 6. Schematic diagram of the neural regulator

The neural controllers consist of an input layer, two
hidden layers, and an output layer. The parameters of the
neural regulator for the ANFIS algorithms are shown in
Table 2.

Table 2
Parameters of the neural regulator

Parameters Values

Conjugate Gradiant with Beale-

Training Powell Restarts (traincgb)
TrainParam.Lr 0.05
TrainParam.goal 0
Performances Mean Squard Error (mse)
TrainParam.mu 0.8

Number of input layer 1

Number of neurons for input 2

layer

TrainParam.eposh 300

Number of output layer 1

Number of neurons for output 1

layer

TrainParam.show 50

derivative Default (default deriv)
Number of hidden layer 1

Number of neurons for 5

hidden layer

Coeff of acceleration of 0.8

convergence (mc)

Functions of activation Tensing, Purling, traincgb

Figure 7 shows the neural network training
performance of the ANFIS algorithm of the PWM
technique by using the conjugate gradiant with the Beale-
Powell restarts algorithm.

IARPC strategy. The IARPC algorithm was
originally introduced in the 1970s [12]. The IARPC
strategy goal is to control the reactive and active powers
of the DFIG-based DRWT systems (Fig. 8)

Vgs = 0, vy =vs, ()
Vqs = 0’ Vds =0 (2)
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Fig. 7. Training performance

The expression of the rotor voltages are:
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Fig. 8. Structure of the IARPC strategy

The IARPC strategy of a three-phase DFIG-based
DRWT system with PWM technique is shown in Fig. 9.

STA-IARPC  method with ANFIS-PWM
technique. The main objective of using the STA- IARPC
method is to develop a robust control of active and
reactive powers of the DFIG-based DRWT system. In our
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SSC — Stator Side Converter [ Grid
RSC — Rotor Side Converter 1
Pg,.— Active Power Reference
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Fig. 9. IARPC strategy of the DFIG

system, the reactive and active powers are respectively
controlled by V. and V.

In the aim to design an advanced IARPC method
with very small active and reactive powers undulations
and without harmonic distortion of current, in our work,
we suggest employing a new IARPC method based on a
three-level ANFIS-PWM technique and STA algorithms
for a DFIG-based DRWT system. This is for essential
objects, including minimizing torque ripple and
improving active and reactive power quality provided to
the grid.

Since the STA algorithm generalizes the basic
second-order sliding mode control design by integrating
second-order derivatives of the sliding variable. This
strategy is proposed by Levant in 1993 [13]. The STA
algorithms have gained importance in the recent past due
to their fast response and superior control characteristics.
The STA algorithm maintains the advantages of the
classical sliding mode control. This algorithm eliminated
the phenomena of chattering compared to the classical
sliding mode control strategy. In [14], the authors
suggest the use of a direct torque and flux control
(DTFC) with the STA algorithm employed to DFIG
drive. A neural STA regulator was designed to improve
the DTFC control of DFIG [15]. Fuzzy controller and
STA algorithm are combined to reduce the torque ripple
of DFIG controlled by DTFC control [16]. ANFIS-STA
algorithm is proposed to reduce the harmonic distortion
and electromagnetic torque ripple of DFIG [17]. In [18],
direct field-oriented control (DFOC) was proposed based
on the STA algorithm with the SVM strategy. The
experimental results show that the DFOC with the STA
algorithm is the robust control compared to the classical
DFOC strategy. In [19], direct reactive and active power
control (DRAPC) strategy based on the STA algorithm
has been proposed. In [20], a modified DRAPC strategy
was proposed based on the neural STA algorithm with a
two-level SVM technique, where the PI regulators are
replaced by the neural STA algorithms. However, active
and reactive power ripples are considered the main
drawback of the conventional DRAPC method. In [21],
the authors proposed the use of a DRAPC with an
ANFIS-STA algorithm applied to the DFIG-based wind
turbine.

The output signal from the STA regulator is
comparable with the control signal obtained from linear

PI regulators. The mathematical model of the STA
regulator can be written as follows [22]:

u=K plS| sen(S)+u;
%— sgn(S) >
ar Kjsgn(3).
where S is the switching function determined for the STA
regulator; r is the exponent defined for the STA regulator;
K; and K, are the coefficients of the integral and
proportional parts of the STA regulator, respectively.

The schematic diagram of the STA regulator is
presented in Fig. 10.
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Fig. 10. Schematic diagram of the STA regulator

Compared with the traditional IARPC strategy, the
STA-IVC with three-level ANFIS-PWM technique
ensures diverse advantages such as the reduction of torque
ripple, harmonic distortion of current/voltage, active
power ripples. Furthermore, it keeps the robust control, a
simple method of control with almost no changes in the
basic structure of the IARPC strategy. The IARPC
strategy of a three-phase DFIG-based DRWT system with
the application of the classical STA regulators and
ANFIS-PWM technique is shown in Fig. 11.

Grid

L

Fig. 11. IARPC strategy of the DFIG with the application
of STA algorithm and ANFIS-PWM technique

In this control strategy, the reactive and active powers
are controlled by the four STA regulators (Fig. 12).

Simulation results. The DFIG used in this work is a
1.5 MW, 380/690 V, 50 Hz, a machine whose nominal
parameters are reported in Table 3. Both control schemes
classical IARPC and proposed control are simulated and
compared in terms of reference tracking, robustness
against machine parameter variations, and current
harmonics distortion. The simulations are lead with the
MATLAB software.
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Fig. 12. Structure of the STA-IARPC strategy

Table 3
Parameters of the simulated DFIG
P,, MW 1.5
vV, V 380
p 2
R, Q 0.012
R, Q 0.021
L,H 0.0137
L., H 0.0136
L, H 0.0135
J, kg-m? 1000
/» Nm-s/rad 0.0024
1. Hz 50

First test. The objective of this test is to study the
behavior of both IARPC strategies while the DFIG’s
speed is considered maintained at its nominal value.
Figures 15-18 show the obtained simulation results. The
simulation waveforms of the reference and measured
active power of the DFIG are shown in Fig. 15. To
compare the performance of the proposed control with the
performance of the classical IARPC command with the
traditional PWM technique. At the load condition, the
reactive power becomes identified as the load active
power. On the other hand, these waveforms demonstrate
that the analyzed STA algorithm allows obtaining control
signal with the waveforms similar to the output signals
from linear PI regulators. It can be seen that the active
power is controlled properly at the given reference value.

The trajectory of the estimated of reactive power for
the proposed control schemes is shown in Fig. 16. It can
be stated that the reactive power is controlled properly at
the nominal value.

The simulation waveform of all electromagnetic
torque of the DFIG for the considered control system is
shown in Fig. 17. The amplitude of the electromagnetic
torque depend on the value of the load active power.

The simulation waveform of all stator phase currents
of DFIG for the considered control system is shown in
Fig. 18. The amplitude of the stator currents depends on
the state of the drive system and the value of the load
active and reactive powers. On the other hand, Fig. 13, 14
show the harmonic spectrum of the stator current of the

DFIG-based DRWT system for the classical IARPC and
proposed control strategy. It can be observed that the
THD value is minimized for a proposed control (0.08 %)
when compared to classical IARPC with a three-level
PWM strategy (0.47 %).

The response time of the torque, reactive and active
powers for both methods are shown in Table 4. It can be
stated that the proposed control minimized more the
response time of the electromagnetic torque, reactive and
active powers compared to classical IARPC with a three-
level PWM strategy.

Table 4
Comparative analysis of response time
Response time
Active power | Torque | Reactive power
IARPC-PWM 0.135 s 0.135s 0.122 s
Proposed control 3 ms 3 ms 3.7 ms
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The zoom of the active power, reactive power,
torque, and stator current of the DFIG-based DRWT
system is shown in Fig. 19-22, respectively. As can be
seen, the proposed control minimized the ripples in
torque, current, active and reactive powers compared to
the classical IARPC control.

x10
T T
— - 747777pff747777p77747777p77747777p777
s 1.9 !
¢ /\ A W/\ /l /\ A /l /} /l
g 2 VARTARYA '
g } v }\/ | V | Ps(IVCPWM
_“2’ 21k ! ! \ ! Ps(Proposed control)
g 2lra-—--r---7- —re--a- 1
< | | | I I Psref
1 1 1 1 1 1 1 1
0.637 0.6375 0.638 0.6385 0.639 0.6395 0.64 0.6405
Time (s)
Fig. 19. Zoom in the active power P
. x 10°
4 T T T T T T T T T T
< | | | | | | | | | |
% S e e Bt it i el it it Al N
(e} | | | | | | | | |
b N S DN N N I
g NN NN NN Qs(VC-PWM)
g 5l977L777:777J777L777:777J Qs(Proposed control) | |
S | | | | | | Qsref
& I I I I I I T T T T
0.9945 0.995 0.9955 0.996 0.9965 0.997 0.9975 0.998 0.9985 0.999
Time (s)
Fig. 20. Zoom in the reactive power QO
_5950F - 4 - - - - Te (IVC-PWM) R R
€ | Te (Proposed control) | | |
gsgoofﬁ\fﬁf SR LA it R O S
[ | ! [ | I
SN AN AN A N
| | | |
A SRR Y RVAYAN
© 5800 — 4+ - - — -k - - — o — = — b ——— == — 4= =N = - N
| | | | | | | |
1 1 1 1 1 1 1 1
1.023 1.0235  1.024 1.0245  1.025 1.0255  1.026 1.0265
Time (s)
Fig. 21. Zoom in the torque T,
- r-__--—_—_-_-____I——___-____1T_________71]
< 250 ! | | !
% | | | |
D 200 gt TS s e - - - - — — B -
€ |
e | |
3 2150””" las(VC-PWM) | T T TSRS T H
S las (P! trol
521007777: as( ropose?conro)iiiiii‘ii 7777777:7
@ 1 1 1 >~ 1
0.947 0.9475 0.948 0.9485
Time (s)

Fig. 22. Zoom in the current 7,

Second test. For analyzing the robustness of the used
proposed strategy, the DFIG parameters have been
intentionally changed such as the values of the stator and
the rotor resistances R, and R, are doubled and the values
of inductances L, L, and M are divided by 2. The DFIG is
running at its nominal speed. Simulation results are
presented in Fig. 23-27. As shown by these Figures, we
notice that parameter variations of the DFIG increase
slightly the time-response of the proposed strategy. On
the other, hand these results show these variations present
a clear effect on the torque, reactive power, stator current,
and active power curves and that the effect appears more
important for the classical IARPC than that with the
designed strategy (Fig. 28-30). According to the
simulation results in Fig. 23, 24, the THD value of the
output stator current is about 2.06 % and 0.11 % for
classical TARPC and proposed strategy, respectively.
Thus it can be concluded that the proposed strategy is
more robust than the classical IARPC control.
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Fig. 23. THD of the IARPC control
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Fig. 24. THD of the STA-IARPC-ANFIS-PWM control
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Fig. 27. Torque 7,

The zoom of the active power, reactive power, and
torque of the DFIG-based DRWT system is shown in
Fig. 28-30, respectively. As can be seen, the designed
strategy minimized the ripples in torque, active and
reactive powers compared to the traditional TARPC

strategy.
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Fig. 28. Zoom in the active power
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that robust strategy as the STA-IARPC strategy with three-
level ANFIS-PWM technique can be a very attractive
solution for devices using DFIG such as DRWT systems.
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