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objective of DFIG is confirmed by the numerical simulation results compared to the traditional DFTC control tech-
nique.

Keywords: robust direct flux and torque control, doubly-fed induction generator, variable-speed wind turbine
applications, modified super-twisting algorithms, modified space vector modulation.

For citation:

Almakki, Ali Nadhim Jbarah, and Andrey A. Mazalov. “Improving the efficiency of direct flux and torque
control technology for doubly-fed induction generator with a robust control using modified super-twisting
algorithms.” Vestnik Gosudarstvennogo universiteta morskogo i rechnogo flota imeni admirala S. O. Ma-
karova 13.4 (2021): 586—603. DOI: 10.21821/2309-5180-2021-13-4-586-603.

YOK 621.311.2

INOBBINEHUE DOPEKTUBHOCTHU TEXHOJIOT' N
HnPAMOI'O YIIPABJIEHU A IOTOKOM JJSA ACUHXPOHHOI'O TEHEPATOPA
C IBOMHBIM NUTAHUEM C UCITIOJIb30BAHUEM
MOIUPUIIUPOBAHHBIX AJITOPUTMOB CYIIEPCKPYUYUBAHUASA
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! — ®I'BOY BO «KazaHckuii HAIIMOHAABHBIN UCCAEI0BATEABCKHUH TEXHUYECKUY YHUBEPCUTET
uM. A. H. TymoaeBa-KAW», Kazanp, Poccuiickas ®eneparusa

2 — ®TI'BOY BO «HOxHBIN (peaeparbHbIti YHUBEPCUTET,

PocroB-na-Iony, Poccutickaa Peneparus

B 0annoii pabome npedcmasnena mexHonocus npamo20 YnpasieHus HOMoKoM U KPYMAWUM MOMEHNOM
(DFTC) acunxponnozo eenepamopa c 08otinbim numanuem (DFIG) 0na npumenenus 8 gemposnepeemuieckux
yemanoskax. Ommeuaemcs, 4mo 0CHOSHbIMU NPEUMYWeCMEAMU MPAOUYUOHHO20 NPAMO20 YAPAGIEHUs NOMOKOM
u kpymsawum momeumom (DFTC) asnsiromes e2o npocmas cmpyKkmypa, Ha0elcHOCHb U XOpoulas OUHAMUYEeCKAsL
peaxyus 6 cpagHenuu ¢ mexvoaozuetl ynpasnenus nosem (FOC). Henonvzosanue Kiaccuueckozo 2ucmepesuciozo
KOMNapamopa u 3apanee 3a0anHol madauybl SHA4eHUll Heu30eHCHO npusedem K 8bl00pY HeONMUMATLHO20 6eKMOPd
HANPSAICEHUsL POMOPA ¢ MOYKU 3PEHUsL YMEeHbUEeHUs KOLeOaHUll NOMOKA pomopd, MoKO8 2apMOHUYECKUX UCKAMCEHUL
(THD) u xonebarnuii s1ekmpomacHumuo20 momenma. Paccmompen noswiit nooxoo k memody DFTC na ocroge
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MoOuguyuposannozo arcopumma cynepckpyuusanusi (MSTA) u moouguyuposannou npocmpancmeeHHoOU 6eKmMopPHOLL
mooynsyuu (MSVM), enasnoii 0cobeHHOCMbIO KOMOPO2O AGNIAEMCsL 3aMeHA MPAOUYUOHHOU MAbIUYbl 3HAYeHULL
U 08YX 2UCmepe3sUCHbIX Komnapamopos. Teopemuueckue NPUHYUNBL MO0 MeMOOa NPEOCHA8ieHbl BMeCcme
¢ pesynomamamu mooeauposanus. Ananusz cucmemol ynpagienus DFTC—MSVM na ocnogse memooa MSTA 6vin
nposeden 6 MATLAB/Simulink. Paboma acunxponnoeo eenepamopa ¢ 06otinvim numarnuem (1,5 MBm) ovina nposepena
emecme ¢ 6emposoll mypourou. B pabome npusedenvr makoice pezyiomamol mooeaupogarusi. Ilpednosicennwiii
memoo ynpaesaenusi DFTC 6 noninoii mepe ucnonb3yem npeumymecmed pecyiuposaniisi JAeKmpomMacHUnHo20 MOMeHMa
DFIG, umeem ynyuwerHvle Xapakmepucmurki N0 CPAGHEeHUI0 ¢ MPaouyuoHHvlm memooom ynpaesienus DFTC,
umo noOMeEePIHCOeHO Pe3yIbmaAmam YUCIEHHO20 MOOEUPOBAHUS.

Kniouegvie crosa: pobacmmuoe ynpasienue, npsamoii NOMoK, ACUHXPOHHbLIL 2EHEPAMOP ¢ OBOUHbIM NUMAHUEM,
8eMpPOMypPOUHA C NEPEMEHHOTU CKOPOCMbIO, MOOUDUYUPOBAHHBIE AN2OPUMMBL CBEPXCKPYHUUBAHUSL, MOOUDPUYUPOBAHHAS
NPOCMPAHCMEEHHASL BEKMOPHASL MOOYIAYUSL.
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Introduction

The direct flux and torque control (DFTC) strategy has been widely used in the AC machines drive
because of its many properties such as robustness against the AC machines parameter variation, simplic-
ity, and quick electromagnetic torque response [1]. In [2], the authors proposed the use of a DFTC method
to control the induction motor drive. In [3], the DFTC technique was proposed to reduce the flux and elec-
tromagnetic torque undulation of permanent magnet synchronous motor (PMSM). Classical DFTC technique
is proposed to regulate the rotor flux and torque of a doubly-fed induction generator (DFIG) [4]. The nu-
merical simulation shows the superiority of the DFTC technique compared to field-oriented control. In [5],
the authors proposed the use of a DFTC method to regulate the torque and flux of the dual stator induction
motor (DSIM). DFTC control was proposed to control the squirrel cage induction generator (SCIG) [6].
In [7], the DFTC method was proposed to reduce the torque ripple of the brushless DC electric motor. The
performance and efficiency of the five-phase PMSM drive were improved by using the fuzzy DFTC control
method, and this was confirmed by the results obtained during the application of this method [8]. In [9],
the authors designed the use of a DFTC with feedforward neural network controllers and five-phase neural
modified space vector modulation (MSVM) strategy applied to the five-phase IMPSM drive. In [10], four-
level DFTC method based on neural algorithm has been proposed. The electromagnetic torque ripple was
reduced when use the neural algorithm.

In the basic DFTC technique, both the stator flux and electromagnetic torque errors between esti-
mated and reference values are directly compared, and the appropriate voltage vector is produced by a tra-
ditional lookup table. This simple structure allows quick flux and electromagnetic torque responses to be
achieved while increasing the robustness against the parameter variations. However, the DFTC technique
shows some disadvantages such as switching frequency varies according to the change of the AC machine
parameters and the rotor speed and large electromagnetic torque and stator flux undulations in the low-speed
region and cannot guarantee the robustness of speed control against unmodeled uncertainties. On the
other hand, the electromagnetic torque ripples are large in the case of high-power applications and this is
due to the low switching frequency of the inverter [11].

Recently, several research works have been carried out in order to improve the performance of the
classical DFTC technique. Among these, a voltage selection and electromagnetic torque ripple reduction
algorithm for a three-level inverter system [12], and a flux and electromagnetic torque undulations mini-
mization algorithm for a traditional inverter [13] are presented. Particularly, for high-power AC machines
applications, the electromagnetic torque undulations can be drastically minimized using a three-level in-
verter DFTC system [14]. In the DFTC technique, speed control effectiveness is still affected by external
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load disturbances and parameter variations. A hybrid control strategy was designed in [15], where the
neural algorithm is used a switching table to generate the switching states of the inverter, whereas the fuzzy
logic controller (FLC) was used to generate the reference electromagnetic torque. The work in [16] suggests
SVM strategy-based DFTC for DFIG-based wind turbines and the references for the SVM are generated
from the classical PI controllers. The neural algorithms are also used in place of the switching table [17].
The neural algorithms are having issues with weight convergence, stability, and learning speed. The work
designed in [18] uses a neural-based controller for DFTC fed DFIG-based wind power. In [19], the DFTC
method based on closed-loop torque control has been proposed. However, the magnitude of torque linkage
is adjusted to improve the effectiveness of the induction motor. In [20], the DFTC method based on closed-
loop stator flux control has been proposed. In this proposed DFTC technique, the magnitude of flux linkage
is adjusted to improve the effectiveness of the induction motor. In [21], the authors proposed the use of a DFTC
with both closed-loop torque and flux controls applied to the induction motor drive.

In literature, many implementations are designed to the nonlinear DFTC with SVM technique to im-
prove the dynamic performance and to minimize the electromagnetic torque/flux undulations of the DFIG-
based wind turbine. In [22], the authors proposed the use of the DFTC with super twisting algorithms (STA)
applied to the DFIG-based wind turbine. A novel DFTC technique using FLC and second-order sliding mode
controllers was proposed to improve the performance of the DFIG-based wind turbines [23]. The simulation
results show the performance of the proposed DFTC technique compared to the classical DFTC method. STA
controller and neuro-fuzzy are combined to improve the performance of the DFTC method for the DFIG-based
wind turbine [24]. The simulation results show the performance of the design of the proposed DFTC method
compared to the classical DFTC technique. The major disadvantage of DFTC-STA, are the oscillations of the
electromagnetic torque and the harmonics of the stator currents generated by the DFIG, because of the vari-
able switching frequency. For this, in this work, we proposed a new nonlinear method to improve the perfor-
mance and effectiveness of the control by STA controllers. Thus, reducing ripples at the level of electromag-
netic torque and rotor flux. Another method based on the FLC method is proposed in order to improve the
performance of the DFTC technique of the DFIG-based wind turbine [25]. In [26], a modified DFTC technique
was proposed based on hysteresis comparators and variable gain PI controllers, where a PI controller was
adjusted by a particle swarm optimization (PSO) algorithm.

In this work, rotor flux and electromagnetic torque controller using the modified super twisting al-
gorithms (MSTA) and modified SVM technique (MSVM) is proposed. The drawbacks of the DFIG system
including electromagnetic torque ripple, harmonic distortion of current, and rotor flux ripple are minimized
by the MSTA controllers and MSVM technique, and the responses dynamic is improved compared to the
traditional DFTC technique with PI controllers. The advantages of the designed MSTA controller are (d)
simple in design, (c) simple control strategy, (e) easily tunable (b) no additional hardware is required, and
(a) accurate response in dynamic conditions. The stability of the modified STA is proven using the Lyapu-
nov theorem. Numerical simulation results are presented to verify the feasibility and performances of the
DFTC with designed MSTA controllers and MSVM techniques.

The remaining paper is organized as follows: Section 2 presents the mathematical model of wind
turbine and the DFIG, followed by a brief discussion on STA controller in Section 3. In section 4, the
novel DFTC control using modified STA controllers is applied to the DFIG control. Section 5 presents the
simulation results followed by the conclusion.

Methods and Materials
System modeling
Wind turbine model. Wind energy is one of the most widely used and popular sources in recent times.
A wind turbine is a device that transforms the kinetic energy of the wind into mechanical energy, known
as wind energy, which is then most often transformed into electrical energy. The mechanical power obtained
from the turbine is given by the following equation [23], [24]:
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Where, v is the wind speed (m/s), p is the air density (kg/m?), R is the radius of the turbine (m), and
C, is the power coefficient which is a function of both blade pitch angle  (deg), and tip speed ratio A.
In this work, the power coefficient C, equation is approximated using a non-linear function accord-
ing to [27].

C, (k, B) =(p-2)(0,5-0,167) sin{18 ;C(_l0+3(:;31)_ 2)} —-0,0018 (B—-2)(A—3). (2)
The tip speed ratio is given by:
A= % 3)
v

Where Q, is the rotational speed of the wind turbine.

Dynamic model of DFIG. The DFIG is the most widely used generator in the field of electric power
generation using wind energy, and this is due to its advantages. DFIG is a machine that uses the kinetic
energy of the wind to produce an electric current. In [22], the Park model is more used in giving a math-
ematical model of the DFIG. The dynamics model of the DFIG is written as follow [27]:

d
Vdr = erdr - wr\Vqr + E\Vdr;

V:]r = RrIqr + 0‘)rllldr + %\Vqr;
4

d
Vds = Rslds - (")s\llqs + E\Vds"

d
Vqs = Rslqs + O‘)s\vds + E\Vqs

The rotor and stator pulsations and rotor speed are interconnected by the following equation:
o, = o, + o. Where o, and o are respectively the rotor and stator electrical pulsations, while ® is the
mechanical one. The rotor and stator flux can be written as follows:
\lldr = Mds + Lrldr;
\lqu = qu + LVIqV;

\Vds = Mdr + Lxldv;
\Ilqs = Mqr +Ls]qs

)

v, Vo Vio qu), (v, Y, Ve \|/qs), €, l,.1, Iqs), are respectively the stator and rotor voltages, fluxes and
currents, Rr and Rs are respectively the resistances of the stator and rotor windings, L, L, and M are re-
spectively the inductance own rotor, stator, and the mutual inductance between two coils.

N
The mechanical equation of the DFIG is: §
e
-1+ R0 © =
dt S
The electromagnetic torque established by the DFIG can be written in terms of flux and currents by (7): 2
3 M =
T;z :EL_np (_stlqr +\Vqsldr)' (7) @

Where J is the inertia, Q is the mechanical rotor speed, 7' is the load torque, and F', is the viscous
friction coefficient. The reactive and active powers of the stator side are defined as:

{Qs = 1’5(_Vdslqs + I/qslds);

8)
PS = 19 S(V;Slqs + Vds]ds )
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In order to develop a decoupled control of the reactive and active powers, we use a Park reference
frame linked to the stator flux. By supposing that the d-axis oriented along the stator flux position and bas-
ing on equation (9) with neglecting R we can write [28]:

v, =0 and vy, =y,; ©)
V =y o;
qs \ljs s (10)
V,=0;
M
I =—1 =—;
qs qu >
S (11)
;v M
ds L er

N 5

Equation (8) can be written as:

? M
Qs = _E(_ COS\VS + COSWS Idr ;

2 L L
5 s (12)
oy, M
R = (—I.S)Iqr T
Thus, the torque equation can be written as follows:
M
T;Z—l.SL—I’Zp[q’,\VdS. (13)

5

Modified STA controller

A system with a variable structure is a system whose structure changes during its operation. It is
characterized by the choice of a function and switching logic, this choice allows the system to switch from
one structure to another at any time [29]. Sliding mode control (SMC) is a kind of variable structure system.
The objective of the SMC technique is to keep the surface at zero. The major drawback of the SMC tech-
nique is the chattering phenomenon [30]. Several methods have been suggested in order to reduce this
problem, for example neural algorithm (NA), fuzzy logic (FL), neuro-fuzzy algorithm (NFA), synergetic
control (SC), second-order sliding mode (SOSM), and super twisting algorithm.

The super twisting algorithm is a kind of SOSM controller. It is one of the most famous and most
widely used controls in the field of AC motor control. STA method reduces more the chattering phenom-
ena compared to the classical SMC controller [31]. For robust and high effectiveness controller, an intelligent
STA controller was studied in the literature [32]—[39]. In [40], the authors proposed the use of a direct
field-oriented control with traditional STA controllers applied to the six-phase induction motor. The ex-
perimental results show the superiority of the proposed technique. Synergetic control and STA controller
are combined to control and regulate the power quality of DFIG-based dual-rotor wind power [41]. On the
other hand, STA is a simple algorithm, more robust, and easy to apply compared to the traditional SMC
method. When using STA, we do not need the mathematical form of the studied system, as it is applied
directly and can be used in place of the classic controllers, for example hysteresis comparator and PI con-
troller. Equation (14) represents the form of the STA controller [42]:

u(t)=u, () +u,(t); (14)
(1) = hay|S].sign(S); (15)

u, (£) = 1, j sign(S).dt (16)
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STA controller can be expressed by the following equation:

u(t) = 01| S sign(S) + .. sign(S).dr (17)

In this section, a new STA technique was designed to minimize the chattering phenomena. The
designed technique named modified STA (MSTA) controller is an effective controller for uncertain systems
and it overcomes the main drawbacks of the traditional SMC and STA methods. The MSTA controller is
a modified STA controller. The MSTA controller is a simple structure, robust controller, and easy to adjust.
The control input of the designed MSTA controller comprises three inputs as (18):

w(t) = w; (1) + w, (1) + w, (1); (18)
w,(0) = k|8 sign(S); (19)
w, (1) =k, [ sign(S).d; (20)

wy(£) = S. Q1)

Equation (22) shows the principle of the proposed MSTA controller. This proposed controller is
simple structure, robust controller and easy to implement:

w(t) = k| S[sign(S) + k. [ sign(S)d + 5. (22)

Where &, and k, are scalar coefficients.
This suggested technique will be used to improve the effectiveness of the DFTC control. On the
other hand, Figure 1 shows a block diagram representation of the MSTA controller.

Figure 1. Block diagram of the MSTA controller

This proposed controller is used in this paper for reducing an electromagnetic torque ripple,
stator current ripple, rotor flux ripple, and harmonic distortion of stator/rotor currents of the DFIG-
based wind turbine system using the DFTC method which the inverter was controlled by the modified
SVM strategy.

DFTC with MSTA controllers

This work proposes a novel design of DFTC structure for DFIG-based wind turbine, that replaces
the traditional hysteresis controllers and switching table, to enhance the control technique effectiveness
such as minimizing the electromagnetic torque and rotor flux undulations, reducing the low THD in the
output stator current by controlling the rotor side converter (RSC) of the DFIG.

DFTC-MSTA method with modified SVM technique uses the electromagnetic torque and rotor flux
as primary control variables, which are obtained directly from the DFIG measurements. Electromagnetic
torque and rotor flux control loops are the two basic loops of the DFTC-MSTA fed DFIG-based wind
turbine system and are shown in Figure 2. From Figure 2, the DFTC-MSTA fed DFIG drive mainly consists
of rotor flux and electromagnetic torque estimation, DFTC technique, and modified MSVM strategy. Since
the DFTC-MSTA control structure is a robust and simple algorithm; it can be used for several AC machines
kinds (synchronous, asynchronous...). This proposed DFTC technique ensures excellent electromagnetic
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torque or speed control without any mechanical information. Moreover, sensitivity to machine parameters
is lower for the proposed DFTC technique in comparison with traditional DFTC and field-oriented control
techniques.

The DFTC-MSTA objective is to regulate the rotor flux and the electromagnetic torque of the DFIG-
based wind turbine. The electromagnetic torque is regulated using the quadrature axis rotor voltage V.,
while the rotor flux is regulated using the direct axis rotor voltage V.

| ———

Stator Side
Converter

&
[T T ': —] |—{ DC bus
¥

<
. S B &
r (S)—N 5= |
ae'< | EEE [ Sarc T
r Sel & E 2 !:>
: = £
| =

| Rotor Side
Converter

A

Torque and Flux Lu
Yr Estimation

~——
Figure 2. Block diagram of the DFIG with DFTC-MSTA

Vs,ab

'

The phase and amplitude of the rotor flux are estimated by the relation equations (23) to (25):

t
v, =I(—RrirB+VrB)dl;

" (23)
\Vr(x:({ (7Rrircx+Vru)dt'

The magnitude and phase of rotor flux are described as follows:

V= W W (24)

0, = arctg (W'B] (25)

ra

With

v,
=01 (26)

r

v,

Consequently, the estimation of the rotor flux is based on the parameter of the rotor resistance. The
rotor voltage and rotor current are measurable quantities. While the electromagnetic torque can be esti-

mated from the measurement of the rotor current and the estimation of the rotor flux.
3IM
7:3 :EL_np(_\VdXIqr +\Vqsldr) (27)

Electromagnetic torque and rotor flux MSTA controllers are used to influence respectively the two
rotor voltage components as in (28) and (29):

Vi =ki|Srsign(S ) + kofsign(S, )dt+S (28)

Vo =lks [‘Swr‘sign(swr) +kafsign(s,, )dt+S,, . (29)
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Where the sliding mode variables are the rotor flux magnitude error SWZ v, "~y and the electro-
magnetic torque error S, = 7" — T, and the control gains k,, k,, k, and k, should check the stability
conditions.

Results and Discussion
The designed DFTC methods is simulated with the MATLAB software by considering a 1.5 MW
doubly-fed induction generator. The parameters of DFIG used for the numerical simulation studies are
specified in Table 1. The three DFTC control methods; DFTC-PI, DFTC-STA and DFTC-MSTA are
simulated and compared in terms of stator current harmonics distortion, electromagnetic torque ripple,
rotor flux ripple, reference tracking, time response, and robustness against generator parameter vari-
ations.

Table 1
The DFIG parameters [23, 27]
Parameters Rated Value Unity
Number of pairs poles 2

Nominal power 1,5 MW
Stator resistance 0,012 Q
Stator frequency 50 Hz
Stator voltage 398 v
Stator inductance 0,0137 H
Rotor resistance 0,021 Q
Mutual inductance 0,0135 H
Rotor inductance 0,0136 H

Viscous friction 0,0024 Nm/s

Inertia 1000 Kg m?

First test

In this case, the effectiveness of the designed strategies (DFTC-PI, DFTC-STA, and DFTC-MSTA)
is tested under reference electromagnetic torque and rotor flux variation. The reference values of elec-
tromagnetic torque and rotor flux are set at 0 N.m and 1.6 wb, respectively. Figures 3—5 show the obtained
simulation results from this test. The waveforms are taken from the 0 to 1.4 sec for better illustrations.
It is shown that the MSTA controller has high effectiveness compared to PI and STA controllers. From
Figures 3a and 3b, we notice that the electromagnetic torque and rotor flux follow the references pre-
cisely.

Figure 3c represents the current signal for designed techniques. Starting from Figure 3¢, we notice
that the stator current is related to the system, as well as the reference values of electromagnetic torque and
rotor flux.

From Figure 4, we notice that the DFTC control with the proposed MSTA controller greatly reduced
the ripples of both electromagnetic torque, rotor flux, and stator current of the DFIG compared to DFTC-PI
and DFTC-STA control techniques. The DFTC-MSTA control scheme reduces more the ripples in torque,
rotor flux and current compared to DFTC-PI and DFTC-STA methods (see Figure 4). On the other hand,
Figure 5a, Figure 5, b, and 5, ¢ show the THD of one phase stator current of the DFIG obtained using Fast
Fourier Transform method for the designed DFTC techniques (DFTC-PI, DFTC-STA, and DFTC-MSTA).
It can be observed through these figures that the THD value is more minimized for the DFTC—MSTA
(0.20 %) when compared to the DFTC-PI (0,53 %) and DFTC-STA (0,31 %). Based on the obtained results,
it can be said that DFTC-MSTA has proven effective in reducing the value of ripples both in electromag-
netic torque and stator current.
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Second test

In this test, the effectiveness of the DFTC-MSTA technique is tested under machine parameters and
electromagnetic torque/flux variation. The DFIG is running at its nominal speed. The rotor and stator re-
sistance of the DFIG is doubled and the values of inductances L, L, and M are divided by 2. Figures 6 to
8 show the simulation results of the STA, MSTA, and PI controllers under described conditions. As shown
by these figures, we notice that parameter variations of the DFIG increase slightly the time-response of the
DFTC-PI technique compared to DFTC-STA and DFTC—MSTA methods. Electromagnetic torque and
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rotor flux also remain very well referenced for all the proposed controls (see Figure 6). On the other hand,
these results show that these variations present a clear effect on the electromagnetic torque, stator current
and rotor flux curves and that the effect appears more important for the DFTC-PI and DFTC-STA techniques
than that with the DFTC—MSTA control method (see Figure 7). The THD current of the DFTC-PI and
DFTC-MSTA is shown in Figures 8, a, 8, b and 8, ¢, respectively. From these figures, it may observe that
the current THD is marginally less with the MSTA controller when compared with traditional PI control-
ler and STA controller fed DFTC-based DFIG. Thus, it can be concluded that the designed DFTC-MSTA
control method and in addition to its efficiency in minimizing THD current has kept the most important
advantage of the DFTC-PI and DFTC-STA witch is simplicity.
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In the end, we will compare the proposed DFTC method in this work with some scientific works,
and this is according to the THD value of stator current. The values are shown in Table 2.

Table 2
Compare THD current with other control techniques
THD,%
Classical DTC 2,57
Ref[22] SOCSM-DTC 0,98
Ref[23] 1,15
Ref. [27] FOC 3,7
Ref. [43] DPC 2,56
Ref. [28] 1,14
DFTC-PI 0,53
Proposed techniques DFTC-STA 0,31
DFTC-MSTA 0,20

Where, DPC is the direct power control, and FOC is the field-oriented control. Through this table,
we note that the proposed DFTC with proposed MSTA controller gives a lower THD value compared to
the rest of the methods implemented in various scientific works. Accordingly, it can be concluded that the
DFTC with proposed MSTA controller is solid and robust compared to some controls. This is due to the
use of proposed MSTA controllers.

Conclusion

In this paper, a modified STA controller was proposed to regulate and control the electromagnetic
torque and rotor flux of the doubly-fed induction generator based on the wind turbine. The proposed non-
linear control leads to improve the control effectiveness of the control structure that is based on modified
STA controller by reducing electromagnetic torque and rotor flux undulations under variable load torque
and flux references. The modified STA controller was used to define the attractive control part of the tra-
ditional STA technique and PI controller.

The proposed modified STA controller was compared with the traditional PI controller and tradi-
tional STA method. The obtained results illustrated the performances of the proposed modified STA con-
troller even in the presence of time-varying reference trajectory, load torque changing, and DFIG param-
eter variations. In addition, electromagnetic torque and rotor flux undulations were largely reduced and
response time was improved using the proposed modified STA controller. Moreover, robustness, stability,
and high decoupling between the control axes were ensured. Finally, the robustness, suggested a good
solution to improve the DFTC method characteristics applied for wind power systems, which helps to ensure
high quality of electromagnetic torque and rotor flux.
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Appendix
The modified SVM technique is a new modulation structure. It has several advantages, including
simplicity and ease of implementation, unlike the traditional method.
Depends on the calculation of the maximum and minimum values of three-phase voltages. This
technique was used in this paper to control the inverter of the DFIG. This technique is detailed in [16], [23].
The block diagram of the modified SVM technique is shown in Figure 9.
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