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Enhanced power quality in grid-connected wind energy systems using PI-controlled with doubly
fed induction generator optimized by hybrid differential evolution and grey wolf algorithm

Introduction. Nowadays, the most widely used wind energy conversion system in wind farms is based on a doubly fed induction generator
(DFIG); it has a large speed range and can function in multiple modes. Problem. Harmonic distortion in wind energy conversion system can
degrade output waveform quality, reduce power conversion efficiency. Goal. This study investigates the dynamic performance of a wind
energy conversion system comprising a grid-connected load, a 13-level hybrid multilevel converter and a doubly fed induction generator
(DFIG), using a PI controller. The study aims to evaluate the dynamic performance and power quality of wind energy conversion systems,
and to develop a novel hybrid metaheuristic method combining differential evolution (DE) and grey wolf optimization (GWO)-based
selective harmonic elimination pulse-width modulation (SHEPWM) control strategies. This method reduces total harmonic distortion (THD)
and ensures compliance with IEEE 519 standards, while increasing the power transferred to the grid. Methodology. The system, which
includes a grid-connected load, a 13-level converter, and a DFIG, is modeled and simulated in MATLAB/Simulink under steady-state wind
conditions. Vector control via stator flow orientation was used to modify the energy quality provided by the DFIG, making the system
comparable to the DC machine. Our approach was to use a PI controller in order to directly control the active and reactive DFIG power
through multi-level converter then a hybrid metaheuristic algorithm combining DE and GWO is implemented to solve the SHEPWM
nonlinear transcendental equations. The proposed algorithm is evaluated based on its ability to suppress lower-order harmonics and
improve THD performance, these converters increase the power transmitted to the power grid by reducing harmonic content of the output
voltages. Results. By using the DE-GWO hybrid method and a PI controller, lower-order harmonics were effectively removed and THD was
reduced to meet IEEE 519 standards. Simulations showed an improvement in output wave quality and better energy conversion efficiency
compared to conventional optimization methods. Scientific novelty of the proposed work lies in the fact that the study introduces a novel DE-
GWO hybrid optimization method for PWM (SHEPWM) in 13-level hybrid multilevel converter applied to wind energy systems. Practical
value. The novel method demonstrates that constant high performance in wind energy systems may be achieved by combining intelligent
optimization algorithms with complex multilevel converter designs This means it can be effectively integrated into contemporary wind farms
where meeting grid standards, adjusting to varying sizes, and ensuring long-term reliability are crucial. References 26, table 1, figures 19.
Key words: doubly fed induction generator, wind power, differential evolution, power quality, total harmonic distortion.

Bcemyn. Ha cb0200Hi Hatibinbiu nOWUpeHo CUCEMOI0 NepemeopenHtsl eHepeli 6impy y 8impogux elekmpoCcmanyisx € CUucmema Ha OCHOSI
ACUHXPOHHO20 2eHepamopa 3 nodeitiHum dxcusnenusm (DFIG); sona xapakxmepuzyemvcs wupokum OlanazoHoM WeUOKOCmel I 30amHicnio
npayiosamu 6 piznux pexcumax. Ilpoonema. [apmoniuni cnomeopenmsi 8 cucmemax nepemeopeHHs 6IMpoGoi eHepeii ModCymy
nocipuysamu AKicmo GUXIOHOI nanpyau ma 3Hudicysamu egexmushicme nepemeopenns enepeii. Mema. Y pobomi posensidacmucs
OUHAMIYUHA NOBEOTHKA CUCMeMU NEPemEOPeHHs SIMpPo6oi eHepell, o BKIIOUAE HABAHMAICEHHS, NIOKIOYeHe 00 Mepedxci, 13-pienesul
2IOpuoHULl DaeamopieHesull Nepemeoposay ma ACUHXPOHHULL 2eHepamop 3 nooeitnum wcuenenusm (DFIG), i3 3acmocyeannam I11-
pezyramopa. Memoio pobomu € oyinka OUHAMIYHUX XAPAKMEPUCUK [ AKOCI efleKmpoeHepeii, a maxkodic po3pobaeHHs HO8020 2iOPUOHO20
MemaespUCmuyHo2o Memooy, wo noconye ougepenyiansiy esomoyito (DE) ma onmumizayito cipoco éoska (GWO) ons kepyeanns 3a
MEMOOOM CeNEeKMUBHO20 VCYHEHHSI 2APMOHIK 13 WUPOMHO-IMIYIbCHO0 Mmooynsayicio (SHEPWM). 3anpononosanuii memoo 3abesneuye
3MeHwenHs Koeghiyienma eapmoniunux cnomsopenv (THD), sionogionicme cmandapmy IEEE 519 ma niosuwenns nomysichocmi, ujo
nepedaemucsi 00 mepedici. Memoouka. Cucmema, wo KII0YAE HABAHMAICEHHSA, NIOKTIOYeHe 00 Mepedci, 13-pignesuii nepemeoprosay i
DFIG, 3modemosana ma Oocnioxcena 6 cepedosuwyi MATLAB/Simulink 3a ycmanenux ymoe eimpy. [[na nokpawenms sxocmi
efleKmpoeHepeii GUKOPUCMAHO 6eKMOPHe KepyBanHts 3 OPICHMAYIEI0 3a NOMOKOM CIamopa, wo 3abe3newye Xapakmepucmuku, nooioti 0o
Mawiun nocmitino2o cmpymy. Akmusna ma peakmugra nomyscnocmi DFIG 6e3nocepednvo pezynioiomocs 3a 0onomozoio Il-pecynamopa
uepe3z bazamopienesuli nepemsoprosay. /na pose’sazanma Henimitinux mpancyenoenmuux pienane SHEPWM 3acmocoseano 2ibpuonuil
MemaespucmuuHull aneopumm, wo noeonye DE ma GWO. Egexmusnicmob aneopummy OYiHIOEMbCs 34 30aMHICHIO RPUSHIYY8amu
2aPMOHIKU HUMCUUX nopsiokie ma amenuwiysamu THD. Buxopucmanns 6a2amopieHesux nepemeopiosadis cnpuse 30UIbUeHHIo0 nepedanoi 0o
Mepedici NOMYNCHOCMI 3a PAXYHOK 3HUDICEHHS 2ApMOMIYHUX CNOMEOpeHb euxionoi nanpyeu. Pezynemamu. 3acmocysanmsa 2ibpuonozo
memody DE-GWO y noednanni 3 I1I-pecynsimopom 3abe3neuuno eghexmugne npuoyutents 2apMOoHIiK HUMCUUX NOpAOKi6 i suudicenns THD 0o
pigHa, wo gionosidac sumozam cmanoapmy IEEE 519. Pe3ynomamu mo0eno8ants NOKA3anu NOKpaujeHHs AKoCmi 6UXioHoi Hanpyeu ma
niosuLentss eheKmusHOCMI NepemeopeHHs eHepeii NOPiBHAHO 3 mpaduyiiHumu memooamu onmumizayii. Haykoea noeusna nonszac y
po3pobenHi Hosozo 2iopudnozo memody onmumizayii DE-GWO ona wupommuo-imnynvcroi modyaayii muny SHEPWM y 13-pienesomy
2ibpuonomy  bazamopieneeomy nepemeopiosayi, 3acmocoeaHomy 6 cucmemax —eimpoenepeemuxu. Ilpakmuuna 3nauumicme.
3anpononosanuii Memoo O0eMOHCMPYE MONCIUBICHIL OOCSCHEHHS CMADIILHO BUCOKUX NOKA3HUKIE pobOmu cucmem 6impoeHepeemuxi
UTISIXOM NOEOHAHHSL THMENEKMYWILbHUX QI2OPUMMIE Onmumizayii 3i CKIaoHumu OaeamopieHesumu nepemeopiosauamu. Ile 3abesneuye
epexmusHy iHmMe2payito 8 CY4AcHi 6impoei eleKmpoCmanyii, 0e KPpUmuuHO BadCIUSUMU € BIONOGIOHICHb MepPeiCesUM CMAaHOAPMam,
adanmueHicms 00 3MiH yMog pobomu ma 0oezompusaia Haditinicme. bioin. 26, Tabm. 1, puc. 19.

Knrouoei cnoea: acHHXpOHHMII reHepaTop 3 NOABIHHMM KHBJICHHSAM, BiTpOeHepreTnka, nudepeHniajlbHa €BOJIIOLIs, AKICTH
eJ1eKTpoeHeprii, koedinieHT rapMOHIYHUX CIOTBOPEHb.

Introduction. One of the most efficient power
generation systems is wind power. However, in the case of
grid-connected structures, different electrical generators
can be used. The doubly fed induction generator (DFIG) is
still  widely used capacitors for reactive power
compensation [1]. In addition, the main advantage of this
generator is the power converters, which are smaller than
traditional full-size stator converters. Several techniques
have been proposed in the literature to develop appropriate,
economical and effective wind energy conversion systems
for microgrid connection [2, 3].

Wind power is crucial to the electrical grid, thus
cutting it off during a breakdown can cause instability and
exacerbate the voltage surge. Because of this, the new
grid standards have established stringent guidelines for
how wind producers must behave in these circumstances.
Depending on the severity of the fault, fault ride-through
criteria include power delivery, an uninterrupted
connection, and a contribution to grid stability for a
specific amount of time [4]. Several solutions have been
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proposed in the literature to meet the requirements of the
grid code while ensuring the reliable and safe operation of
the DFIG [5, 6].Converter based multi-level architectures
improve load power efficiency. Compared to standard 2-
level inverters that require a high switching frequency,
multi-level converters offer advantages. Because of its
high efficiency, significant voltage operating capacity,
low output of electromagnetic interference, and reduced
switching losses, multi-level inverters are gaining
increased attention from academics. In addition to
minimizing the stress of dv/d¢, multi-level converters can
give incredibly low voltage distortion, which lessens
electromagnetic compatibility issues. Both fundamental
frequencies and high PWM switching frequencies can be
utilized with them [7, 8].

Space-vector pulse-width modulation (PWM) gating
of the inverter switches enhances the fundamental alone at
the alternating current sides as well as the utilization of
the available voltage [4]. Selective harmonic elimination
(SHEPWM), on the other hand, is typically a better option
when only specific low-order harmonics need to be
cancelled. This type of PWM produces ideal switching
angles that satisfy a system of non-linear transcendental
equations that are obtained by forcing the necessary
harmonic spectrum [2].

Switching angles in SHEPWM are frequently
calculated using the Newton-Raphson method and the
theory of elimination by results; however, these
approaches mostly depend on a reliable initial estimate,
which may result in convergence failures. Conversely,
heuristic and evolutionary methods like genetic algorithm,
differential evolution (DE), particle swarm optimization,
and grey wolf optimization (GWO) are easier to use and
less susceptible to this initial approximation. But they run
the risk of convergent to local optima too soon,
particularly when there are several transcendental
equations [9-16]. In [17] authors optimized switching
angles for an 11-level PV-fed modular multilevel inverter
using GWO and DE independently, demonstrating that
GWO produced a lower total harmonic distortion (THD)
than DE and enhance output voltage quality.

The goal of this study is to investigate the dynamic
performance of a wind energy conversion system
comprising a grid-connected load, a 13-level hybrid
multilevel converter and a DFIG using a PI controller.
The study aims to evaluate the dynamic performance and
power quality of wind energy conversion systems, and to
develop a novel hybrid metaheuristic method combining
DE and GWO-based SHEPWM control strategies. This
method reduces THD and ensures compliance with IEEE
519 standards, while increasing the power transferred to
the grid. The proposed system is shown in Fig. 1 [9-16].
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Fig. 1. Schematic diagram of wind energy conversion system

Proposed multilevel converter. Figure 2 shows this
topology, which consists of a single complete bridge
(A bridge in H) and the cascading of a converter
suggested by 7 levels. A switch and 4 diodes make up the
auxiliary circuit in the lower H-bridge, which is
positioned between 2 DC sources [15].
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Fig. 2. The proposed 13-level hybrid converter

To generate stepped output voltages, the 13-level
hybrid converter combines a diode-clamped (neutral-point
clamped, NPC) stage with a cascaded H-bridge. The NPC
leg generates levels of 0, +V,./3, £2V,./3, and £V, while
the H-bridge adds 0 or +V,. By summing both outputs,
the converter achieves 13 voltage levels from -V, to +V.
in V,/6 increments, resulting in increased waveform
quality with fewer switches and lower THD [12].

To determine the number of levels N of this inverter,
the following formula will be applied by adopting a rating
per unit p.u.:

N =23V +Wy0)+1; €))
Vii1=1pu.;

del =1P ?)
Vier =3pu.

This indicates that in order to get 13 voltage levels,
the voltage source linked to the 2™ cell must be 4 times
bigger than the single voltage source utilized in the 1% cell
[5, 10, 11]. Table 1 presents the appropriate switching
states corresponding to each feasible combination.

Table 1
Switching logic of a 13-level hybrid converter
Levels Output voltage| S;—Sg state S-S, state
6 +Vdc SI,S3 ON all OFF
5 +5V,./6 S1.S; ON S7,S10 ON
4 +2V,./3 S1,S; ON all OFF
3 +V4/2 S1,S, ON S7,S10 ON
2 +V4/3 S1,S4 ON all OFF
1 +V,4./6 S3,S4 ON S7,S10 ON
0 0 S3,S4 ON all OFF
-1 —V4/6 S5,S, ON Ss,S9 ON
-2 —V4/3 S,,S, ON all OFF
-3 V42 S,,S4 ON Ss,S9 ON
—4 —2V;/3 S,,S4 ON all OFF
-5 —5V4./6 S,,S, ON Ss,S9 ON
—6 Ve S,,S; ON all OFF

Implementation of proposed algorithm. The
output phase voltage’s Fourier series expansion is
expressed as follows [9-12]:
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Vo(0)= Zf:m’ 57.170n sin(n6), 3)

where n=1, 3, 5, 7,...17 are the odd harmonics; 8 is the
switching angle; b, is given by:

O Sn s N (T S

n=1,3,5

where N is the number of switching angles per quarter
cycle; n = 1, 3, 5 ... 2N-1 (odd harmonics); m is the
number of DC sources.

By solving (4) and determining the best switching
angles, the 5% 7% 11" 13™ and 17™ harmonics are
eliminated. The output voltage waveform’s quality is
determined by how many harmonics it contains [11, 12].

The main goal of the SHEPWM technique is to
determine the firing angles (6, — &) that satisfy the
fundamental at the required level V; for each modulation
index. It also has the advantage of suppressing or
eliminating undesirable lower order harmonics from the
output phase voltage. The SHEPWM technique has the
superior ability and control to eliminate undesirable lower
order non-triple harmonics from the output of PWM. The
quarter waveform’s switching angles must adhere to the
following restriction in order to guarantee a symmetrical
and physically accurate quarter waveform [13, 14].

91<92<H3<94<95<96<7Z'/2. (5)

An objective function is then needed for the
optimization procedure, which is selected to gauge how
well the selected harmonic rank is eliminated while
maintaining the fundamental element at a predetermined
value. Consequently, the following is the representation
of this objective function [12, 14, 15]:

FO)=Y ! cos(@, -aM)? + Y, | Vs
M; =7 [Vge
where M; is the modulation index; V; is the contribution of
the harmonic of order i in the waveform. It can be defined
as V; fundamental voltage divided by V. total number of
DC component voltage as shown in (6).

Using the suggested algorithm DE-GWO, optimal
switching angles are found by minimizing equation (6)
under constraint (5).

Overview of GWO technique. In order to identify
global maxima and minima for optimization issues,
swarm intelligence algorithms mathematically model the
hunting habits of animals and birds. One of the swarm
intelligence algorithms is the GWO algorithm [18]. In
essence, the grey wolves serve as the model for the GWO
algorithm. Because they live in packs and have strong
social dominance structure, grey wolves are the top
predators in the food chain. Figure 3 shows the social
order of grey wolves and the 3™ best option [15, 16].

:

(6)
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®
Delta

()
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(®)

Fig. 3. Social hierarchy of grey wolves

When hunting, grey wolves can encircle their victims
and capture them in packs. In order to quantitatively model
the encircling behavior, in [15, 17, 18] was proposed the
following equations:

D=|cx ,(6)-x () @)

X,(t+1)=X,(¢+1)- 4D, ®)

where ¢ is the 7" iteration; 4, C, D are the coefficient

vectors; X, depicts the prey’s location vector; X is the
grey wolf’s position vector.

The following equation can be used to evaluate the
vectors 4 and C

A=2an-a; ©)

C=2n, (10)

where r|, r, are the random vectors in [0, 1]; a is the

vector that decrease from 2 to 0 as we decrease the
number of iteration and it can be calculated as:

a=2-2tta (11)

where ¢ and t,,, are the current iteration and maximum

number of iterations respectively.

The wolf (solution) veers off course and looks in a
different direction: if |[4| >1 and move in the direction of the
target (optimal solution), if |4| <1, and 4 is a random vector
in the interval [2a, 2a] where a decreases from 2 to 0 over
the course of iteration. When the value of C is greater than
one, the C vector often favors exploration, and when the
value of C is less than one, it favors exploitation. C is not
linearly decreased in contrast to 4, therefore, especially in
the last iteration, this parameter is quite helpful in
preventing the stalling of local optima [17, 18].

The three best optimal solutions are alpha a, beta f
and delta J solutions. The remaining omega @ solutions
update their position based on the positions of alpha, beta
and delta. The following equations describe how the
omega solutions update their position. Grey wolves are
able to memorize the position of prey, and because alpha
wolves are the leaders in the peck, they have the most
knowledge of prey [15]:

D,=|C1X, - X|; (12)
X, =X, —A4Dy; (13)
Dy =|Cyx - X|; (14)
Xz :Xﬂ_AZDﬂ; (15)
D =|C3Xs - X|; (16)
X3 ZX(;—A3D(5; (17)
X(e+1)=(X, + X, + X3)/3, (18)

where X, Xj, X; are the positions of a, f, J, respectively; ¢ is
the number of iterations; A — A5 are the random vectors [17].

Despite its performance for large-scale problems, the
GWO still experiences difficulties with small-scale
problems such as the one discussed here (only 2
dimensions), which can cause it to get stuck in local
minima. To solve this problem, the DE algorithm is
introduced; it adds randomness and improves the ability
to escape local minima. However, DE converges rather
slowly. In order to achieve better overall performance, a
new approach called DE-GWO is proposed. It combines
the advantages of both methods by merging GWO (with a
better convergence factor) and DE (with a dynamic
scaling factor). A target vector representing the
population is initialized randomly [10].
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Detailed steps of hybrid DE-GWO.

Step 1. Initialization. Create random possible
switching angles inside Eq. (5): 6 switching angles [6,—6],
population size N,=30 wolves.

Step 2. Evaluate fitness function. Reduce THD
while removing certain harmonics (5, 7, 11™, 13", 17™)
and maintaining the fundamental voltage magnitude.

Step 3. Determine the alpha «, beta B and delta
wolves. Evaluate the fitness of the wolves (solutions).

Step 4. Update on GWO position (hunting &
encircling) using (12) — (18).

Step 5. DE hybridization by avoiding local optima,
mutation and crossover enhances exploration.

Mutation expressed by the following equation:

I/i:Xr1+F(Xr2_Xr3)’ (19)

where V; is the mutant vector; F is the mutation factor

(F=0.5); r; — r; are coefficients which selected randomly.
Crossover. Using probability crossover rate CR,

combine the parent and mutant by the following equation:

~ (v()j), if rand <CR;
()=

20
X;(5), otherwise, 20)

where U; is the test vector; X; is the parent vector; CR is
the crossover rate (CR=0.9).

Selection. The best solution (reduced THD) should
be kept.

Step 6. Assessment of the new population. For
every wolf, recalculate the THD and harmonic restrictions
and refresh alpha ¢, beta fand delta o.

Step 7. Stopping until fitness convergence or
maximum iterations.

St DE-GWO process used to
determine the ideal firing
angles for SHEPWM is shown
in Fig. 4 [10].

Initialize parameters (Np, d,

Max iter. GWO/DE

Randomly initialize

‘population] . . .
(oo e The optimal switching
vt S e angles (in degrees) versus

<qs.
compute THD & harmonics)

modulation index are shown in
Fig. 5 while the angles are
computed with a fine step-size

Update positions using GWO

(dentify o, B. 3)

LoptyDE opecer of 0.01 which corresponds to:
‘$> 6, =6.2832°,
Mg i 6, =18.4642°,
o safod 6y =31.5773°,
60,=44.7139°,
Smpi:if 05 = 57.06950,
06 = 68.8813°.

Figure 6 illustrates the
dependence on modulation
- index corresponding to the

Output best solution (angles,

THD, harmonic content)

Fig. 4. Flowchart of ~ amplitude of odd number

DE-GWO harmonics of 5th, 7th, 11th,
13th and 17th order.

Results indicate differences in the behaviors

according to harmonic orders. At modulation index M; = 0,
5™ and 7™ harmonics indicate an exponential decay with
the primary starting amplitudes of 0.2 and 0.145. The
initial amplitudes are also much smaller (0.05-0.09) and
the exponential decrease is not as apparent for the higher
harmonics (11" and 17™).
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Fig. 5. Switching angles versus modulation index
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Fig. 6. Harmonics content versus modulation index

Figure 7 shows that the M; that achieved the lowest
percentage of THD was 3.1447 %, and only the lowest
THD from the set of angles corresponding to each
modular index was chosen.

THD, %

30

25|

20

15[

10+

0.2 0.4 0.6 0.8
Fig. 7. THD versus modulation index

M, 1

Turbine modeling. The modeling of a wind energy
system is given by [19-22]:

o5V C, (2. B)psv’
F,= s Paer = ;
2 2 @1
3
T =Paer :Cp(/l,ﬂ)pSV
aer Q 20, )

where P, is the mechanical power; P,,, is the aerodynamic
power; p is the air density (1.22 kg/m®); S is the area of
the wind wheel; R is the radius of the blade; 2, is the
turbine speed; v is the wind speed; T, is the aecrodynamic
torque.

The power coefficient C, depends on the blade tilt
angle £ and the tip speed ratio A [20, 21]:
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c —05176[g—04ﬁ 51" +0.0068-

A, (22)
,__ L 00035 . QR
FTAT00088  Bal v

Follow equations are used to simulate the gearbox
that connects the turbine to the generator [22]:

Tem = Ttur/G; = GQI > (23)

where T, is the electromagnetic torque; Ty, is the turbine
torque; G is the ratio’s gearbox; Q.. is the generator’s
speed.

The fundamental dynamic equation of a mechanical
system on a DFIG shaft [20, 22] is:

d‘Q Somech
— = 4 0
dr £

mech = mech

‘Qmech

T,

em >

24)

where J is the generator and the turbine moment of inertia;

fis the friction coefficient; 7}, is the mechanical torque.
Model of DFIG. The following matrix form

represents the generator’s Park state model [23]:

d
VSd:Rle+d

Osd — WOsPsq>
(25)
. d .
Vsq = Rs’sq +E(/’sq ~WOsPsd >
Via = Ryirg + ¢rd a)r¢rq7
(26)

Vig = Ryirg +5¢"1 -

a)r¢rd >

where R,, R, are the stator and rotor phase resistances; ¢,
@sq are d-q components of the stator and rotor flux; Vi, Vi,
are d-q components of the stator voltage; V4, V,, are d-g
components of the rotor voltage; w,; = w, tw; w,, w, are the
angular frequencies of stator and rotor currents; w=p Q...
is the electrical speed; p is the number of pairs of poles.

The stator and rotor fluxes are:

=Liyg+Mi,g;
Psa slsd rd 7)
Psq = L lgg +Miyy;
bra = Lr%rd + M.isd; (28)
¢rq = Lrqu + Mlsq >

where iy, is, iy iy are d-g components of the stator and
rotor currents; Ly, L,, M are the stator, rotor and mutual
inductances.

The DFIG’s electromagnetic torque 7,, and stator
active Py and reactive power Q; are expressed as [23]:

P le d T nglsq, (29)
Qs sq sq Vsdlsqf
3
Tom == 2 L, (¢sq rd ~ ¢sdqu) (30)

The development of equations that relate the values
of the rotor voltages generated by an inverter to the stator
active and reactive power will enable the independent
control of active and reactive power, hence facilitating the
control of wind-generated electricity [23, 24]. With the
stator’s flux assumed to be constant, we get:

Vea =0; 31
Vsq =V

{Ps = Vsisq;
Os =Viisq-

The stator and rotor currents are:

(32

lgg = —L—ird +==;
g (33)

We replace the currents in (32) by (33) to get the
expression of powers in function of stator currents:

M .
Py ==V L_qu;
s
; (34)
0. - Vs _VSMZ,
s Lsa)s Ls rd

We must determine the relationship between the
rotor current and voltages in order to properly manage the
machine [22-25]:

2 . 2

M? \diyy M
Vg =Ripg+| L —— =4 —ga| L, —— |i...
F 7T [r LS,J] ) T LS rq

M? | diy, M? M
[L _Ls] dr ng[Lr_LsJird+ngLs >
where g is the asynchronous machine’s slip.

Indirect field-oriented control of the DFIG. Using
the dynamic equations, a template-based PI regulator is
built to guarantee steady operation and enable independent
control of the DFIG’s active and reactive power.

The principle of control by stator field direction is to
orient the stator field along the axis d, that is to say:

Poa =9y
4y =0.

(35)

V.,=Ri

rq r

(36)

Figure 8 shows a control scheme of DFIG [19, 20, 25, 26].
I KT

Flg 8. Control scheme of DFIG

Simulation results. The control scheme proposed in
this study aims at controlling the rotor-side of the wind
energy conversion system composed of a DFIG, 13-level
multilevel converter and connected load. The system was
simulated in MATLAB/Simulink at a steady wind speed
of 12 m/s, relating to moderate to high operational
conditions. Figures 9-19 show the transient and steady
state response of the system.

Figure 9 shows that the power is maximal at 2.5 MW
and it increases with the wind speed up to the threshold,
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reached at 12 m/s, and then remains constantly. This
demonstrates the multilevel converter regulates the power
applied to the load to avoid overload after the rated power.
The coefficient C, increases till an optimal wind velocity is
reached (6.12 m/s) and then decreases, which means that
the wind turbine is most efficient at that speed.

s
25 210

P, W

2

1

05

12 13

o 2 4 3 8 10

Fig. 9. Power of turbine according to wind speed

Figure 10 displays the shaft’s mechanical speed for
DFIG. A stable and controlled generator system is shown
by the DFIG’s shaft mechanisms, which rapidly
accelerate from rest to nominal operation speed and then
operate at steady, constant speeds.

Figure 11 shows the DFIG torque as a function of
time. DFIG initially oscillates with enormous torque for a
short period before quickly stabilizing. This demonstrates
the damping and smooth operation of the generator after a
period of disturbance.

The 3-phase stator currents of the DFIG are shown
in Fig. 12. In the first few moments, the currents show
strong oscillations and irregularities. These oscillations
soon disappear, and the currents stabilize in the form of
regular, balanced sinusoids, indicating stable, normal

operation of the DFIG.
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Fig. 12. 3-phase stator currents

The FFT of the 3-phase stator currents of the DFIG is
shown in Fig. 13. Regarding the FFT analysis, 3-phase stator
currents of the DFIG is mostly sinusoidal (THD = 1.19 %)
satisfactory power quality with effective control of the
generator.

(50Hz) = 894.6 , THD=1.19%
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Fig. 13. FFT of 3-phase stator currents
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The 3-phase rotor currents i, of a DFIG is shown in
Fig. 14 as a function of time from 0 to 5 s. The rotor
currents show noticeable oscillations and irregularities at
(¢=0), indicating a transient response to machine start-up.
The machine operates smoothly and efficiently when the
oscillations cease rapidly and the currents stabilize in
balanced, sinusoidal and symmetrical waveforms.
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Fig. 14. 3-phase rotor currents
Figure 15 shows the FFT of the 3-phase rotor currents
of a DFIG. This FFT analysis shows that the 3-phase rotor
currents of the DFIG is predominantly sinusoidal, with a

low level of THD = 3.24 %. This indicates effective
current control and good power quality in the rotor circuit.
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Fig. 15. FFT of 3-phase rotor currents

Figure 16 shows the 3-phase stator voltages over a
period of 5 s. These voltages have a symmetrical
sinusoidal waveform with amplitude of +563.38 V,
indicating balanced 3-phase operation. There are no
visible distortions or irregularities, suggesting stable and
normal operation of the generator. Figure 17 shows the
zoom of the stator phase voltages.
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Fig. 17. Zoom of the stator phase voltages

Figure 18 shows the harmonic spectrum of the stator
phase voltages, with the magnitude of each harmonic
order expressed as a percentage of the fundamental
component. THD is 4.18 %, which is relatively low,
indicating that the stator phase voltage is predominantly
sinusoidal with minor harmonic distortion.

Figure 19 shows the active power response of a load
provided by a system that consists of a DFIG and a
multilevel converter. Following an initial, highly
oscillatory transient, the active power rapidly stabilizes to

zero, exhibiting robust damping and a stable steady-state.
Fund | (50Hz) = 19, THD= 4.18%

Conclusions. The results of this study demonstrate that
the dynamic performance and power quality of grid-
connected wind energy systems are greatly enhanced by
combining a DFIG controlled by PI controller with a 13-level
multilevel converter, which is optimized using a hybrid GWO
and DE algorithm for SHEPWM.

The suggested method successfully reduces low-order
harmonics and keeps THD within IEEE 519 standards
where the 3-phase stator-current THD is 1.19 %, well
below the IEEE 519 limit; the stator phase-voltage THD
is 4.18 %, and the rotor-current THD is 3.24 %, as shown
by MATLAB/Simulink simulations.

The converter topology ensures effective energy
transfer and improves the quality of the voltage waveform,
confirming the potential of intelligent optimization
techniques and hybrid multilevel converters to advance
high-performance wind energy applications. These findings
offer important new information for creating reliable and
effective renewable energy systems that work with
contemporary power grids.
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