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Abstract. The main objective of this study is to achieve precise regulation of the Machine Side Converter
(MSC) stator quadrature-axis current in a Permanent Magnet Synchronous Generator (PMSG) wind
turbine, in order to reach rated maximum power at wind speeds exceeding the rated limit while
preventing excessive current surges that could damage converter components, since a comprehensive
comparison between adaptive Neural Network (NN) and Proportional Integral (P1) controllers for this
purpose remains insufficiently addressed in the literature. These objectives were achieved by solving
the following tasks: an accurate pitch angle estimation method was developed for wind speeds exceeding
the rated value using the Differential Evolution (DE) algorithm; a PI controller was tuned to maintain
the PMSG electrical angular speed at its rated value through the DE-optimized pitch angles; an adaptive
NN controller, trained online using online delta-rule backpropagation algorithm, was developed to
directly regulate the MSC stator quadrature-axis current; and both control schemes were implemented
in MATLAB/Simulink under variable wind speed and generator inertia conditions. The most important
results are that the MSC-based NN controller achieved rated maximum power with zero overshoot,
compared to 72.9% overshoot in active power obtained with the Pl-based speed regulator, and markedly
reduced overshoots in the stator current, mechanical torque, rotor speed, and DC-link voltage. The
significance of the obtained results lies in showing that direct neural-network-based current regulation
protects MSC components from excessive current stress, extends system lifespan, and offers a scalable
solution for large-scale wind energy deployment.
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Controlul curentului statoric bazat pe retele neuronale pentru controlul puterii nominale a turbinelor
eoliene cu generatoare sincrone cu magneti permanenti si optimizarea unghisului de pas al palelor prin
metoda evolutiei diferentiale
Hazem Hassan Ali Sayed
Departamentul de Management Energetic, Luminous Energy Solutions, Calgary, Canada
Departamentul de Energie Regenerabila, Universitatea Tehnologica din New Cairo, Egipt
Rezumat. Obiectivul principal al acestui studiu este realizarea unei reglari precise a curentului in cuadratura al
statorului Convertorului de pe Partea Masinii (Machine-Side Converter —- MSC) intr-o turbina eoliana cu generator
sincron cu magneti permanenti (PMSG), pentru a atinge puterea maxima nominala la viteze ale vantului care
depdsesc valoarea nominala, prevenind, in acelasi timp, supracurentii care ar putea deteriora componentele
convertorului, deoarece o comparatie cuprinzatoare intre regulatoarele adaptive bazate pe Retele Neuronale (NN)
si cele Proportional-Integrale (PI) pentru acest scop rdmane insuficient abordata in literatura de specialitate. Aceste
obiective au fost atinse prin rezolvarea urmatoarelor sarcini: a fost dezvoltatd o metoda precisa de estimare a
unghiului de pas pentru viteze ale vantului care depadsesc valoarea nominald, utilizdnd algoritmul evolutie
diferentiala (DE); a fost reglat un regulator PI pentru a mentine viteza unghiulara electrica a PMSG la valoarea
nominala prin utilizarea unghiurilor de pas optimizate cu algoritmul DE; a fost dezvoltat un regulator adaptiv bazat
pe o retea neuronald (NN), antrenat online utilizdnd algoritmul de retropropagare online bazat pe regula delta,
pentru a regla direct curentul in cuadratura al statorului MSC; iar ambele scheme de control au fost implementate
in MATLAB/Simulink in conditii de viteza variabila a vantului si de variatie a inertiei generatorului. Cele mai
importante rezultate arata ca regulatorul NN bazat pe MSC a atins puterea maxima nominald fara depasire,
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comparativ cu depdsirea de 72.9 % a puterii active obtinuta in cazul regulatorului de viteza bazat pe PI, precum si
o reducere semnificativa a depasirilor curentului statoric, cuplului mecanic, vitezei rotorului si tensiunii din
circuitul de curent continuu. Semnificatia rezultatelor obtinute consta in demonstrarea faptului ca reglarea directa
a curentului, bazata pe o retea neuronald, protejeaza componentele MSC impotriva solicitarilor excesive de curent,
prelungeste durata de viata a sistemului si oferd o solutie scalabild pentru implementarea energiei eoliene la scara
larga.

Cuvinte-cheie: algoritm online de retropropagare cu regula delta, curent statoric in cuadratura, reglare a puterii
nominale, optimizare evolutiva, turbina eoliand cu viteza variabila.

YnpapieHue TOKOM CTATOPA ISl PeryJIMPOBaHis HOMHUHAJIBLHON MOIIHOCTH BeTPOBLIX TYpOHUH ¢
CHHXPOHHBIMH I'€HEPATOPAMH C MOCTOSIHHBIMH MATHHTAMH HA OCHOBE HCHPOHHOM CeTH ¢ ONTHMH3anHei
yIJia HaKJI0HA Jionacreil MeToAoM Ju(depeHUNATbHON IBOJIIOLMHI
Xazem Xaccan Aiu Caiien
Otnen ynpasienus sHepronorpedenueM, Luminous Energy Solutions, Kanrapu, Kanaga
OTnen B0O300OHOBISIEMBIX ICTOYHIKOB SHEPTHH, TexHomornueckuii yausepcuret HoBoro Kaupa, Erumer
Annomayun. OCHOBHas Ieb JAHHOTO HUCCIENOBAHMS — JOCTIDKEHHE TOYHOIO DEryJIHPOBaHHUs TOKa IO
KBaJpaTypHOH ocu craropa mpeoOpaszoBatens co ctopoHsl MamuHbl (IICM) B BeTpoTypOUHE C CHHXPOHHBIM
TeHepaToOpOM ¢ MOCTOSIHHBIMU MarHuTamu (I'TIM) amst focTHXkeHus HOMMHAIBHOM MaKCHMaIbHOW MOIIHOCTH ITPH
CKOpPOCTSIX BETpa, MPEBBIIIAIOIINX HOMHUHAJIBHBIA Ipenes, W IMPeJOTBPAILICHUS YPE3MEPHBIX CKAukKOB TOKa,
KOTOpBIE MOTYT MOBPEIUTH KOMIIOHEHTHI IpeoOpa3oBarelis, IOCKOJIbKY BCECTOPOHHEE CPaBHEHUE alallTHBHBIX
HelponHbIX ceteit (HC) u mponopuuonansHo-uHTErpansHbIX (I1M) perynsatopos 1uis 3TOH IeH HEAOCTaTOYHO
OCBEILEHO B JIUTEpaType. DTH LEIH ObUIM JOCTHTHYTHI IyTE€M PEICHNUS CIEeIYIOMNX 3a1a4: pa3padoTaH TOUHbBIH
METOJ| OLICHKM YIJIa HAKJIOHA JIOMACTEH [UI1 CKOpPOCTEHl BETpa, MPEBBIMIAIOIMX HOMHUHAIBHOE 3HAYEHHE, C
UCIIONIb30BaHUEM anroputma quddepennmansHoit somonnu ([19); Hactpoen [TN-perynsarop ans nmoaaepx aHus
aneKTpuueckoi yriaoBoil ckopoctu I'TIM Ha HOMHMHANBHOM 3HAYEHUM 32 CYET ONTHMU3HPOBAHHBIX C MOMOILBIO
13 yrioB HakJIOHa JomacTei; pa3paboTaH aJalTUBHBIA HEHPOHHBIH-PETYISITOP, 0OYICHHBIN B Pe)KUME OHJIAWH C
WCIIONIb30BaHUEM allTOPUTMa OOpAaTHOTO PaclpoOCTPaHEHUs] OMIMOKM JeTbTa-TIPaBrila, sl HEMOCPEICTBEHHOTO
peryIupoBaHus TOKa IO KBaApaTypHoil ocu cratopa IICM; u obe cxemsl ympaBieHHUs OBUIM pealin30BaHbI B
Marnab/CuMynuHK B YCJIOBHSX NEPEMEHHON CKOPOCTH BETpa UM MHEpLUUH reHepartopa. Hambonee BakHBIMHU
pe3ynbTaTaMu SBJSIIOTCS TO, YTO KOHTPOJUJIEp HAa OCHOBE HEHPOHHOW ceTH ¢ mcmosib3oBanueM [ICM moctur
HOMHHAJIPHOH MaKCHMaJbHOW MOIIHOCTH 0e3 IMepeperysMpoBaHHs, 110 CPaBHEHUIO C MepeperyIupoBaHUEM
aKTUBHOW MOITHOCTH B 72.9%, MOJYyYEHHBIM C MOMOIIBIO PETYISITOpPA CKOPOCTH Ha ocHose [IM-perymsitopa, u
3HAYUTEIbHO CHHU3WI IEPeperyINpoBaHUE TOKa CTAaTOPa, MEXAaHMYECKOTO KPYTSIIEro MOMEHTa, CKOPOCTH
BpAICHHS POTOPA U HANIPSKEHHSI 3B€HA TOCTOSIHHOTO TOKA. 3HAYMMOCTB MTOJIyY€HHBIX PE3yJIbTaTOB 3aKII0YaeTCs
B JEMOHCTpPALUU TOTO, YTO MPSIMOE PEryJINPOBAHHE TOKA HA OCHOBE HEHPOHHOHM CETH 3aIIUINAET KOMIOHEHTHI
[ICM ot upe3mMepHO#l TOKOBOI HAarpy3KH, POIEBAET CPOK CIYKOBI CUCTEMBI U NpeAiaraeT Maclrabupyemoe

pelieHue sl KpyIHOMAcIITaOHOTO pa3BepPThIBAHMS BETPOIHEPIETHUECKUX YCTAaHOBOK.

Knrwouegvle cnoea: oHNAWH-aNITOPUTM OOPAaTHOTO PACIPOCTPAHEHUS OLIMOKM MO NPaBWIYy JeibTa, TOK MO
KBaJpaTypHOH OCHU CTaTOpa, peryJIupoBaHNE HOMUHAIBHON MOIITHOCTH, YBOJIIOIMOHHAS ONTUMU3ALMs, BETPOBast
TypOHHa ¢ IEpEeMEHHOI CKOPOCTHIO BPAIIICHHUS.

INTRODUCTION excitation requirements [1]-[3]. Utilizing a
PMSG-based Wind Energy Conversion System
(WECS) with a Zero d-Axis Current (ZDPC)
control scheme, applied as part of Field-Oriented
Control (FOC), enables the generation of rated
output power across wind speeds from rated to
cut-out levels.

This is achieved by maintaining a constant
rotor speed at the rated value through control of
the stator quadrature-axis current of the Machine
Side Converter (MSC), effectively capping the

Wind energy has become one of the most
rapidly growing renewable energy sources
worldwide, driven by the urgent need to reduce
dependence on fossil fuels and mitigate climate
change impacts. The Permanent Magnet
Synchronous Generator (PMSG) has emerged as
the predominant wind turbine type among pitch-
adjusting variable-speed systems due to its high
efficiency, reliability, and elimination of external
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wind turbine power output at the rated level [4]-
[5].

Inaccurate pitch angle and stator quadrature-
axis current values for the wind turbine blades and
MSC circuit can lead to critical issues including
failure to reach the wind turbine rated power
limitation, triggering alarms in PMSG wind
turbines where error pitch activation causes the
turbine to stop and waste energy, and damaging
the generator at high wind speeds [6]-[7]. As a
result, the pitch mechanism control system based
on stator quadrature-axis current, which uses
either hydraulic or electric pitch actuators, is
crucial to this process [8]-[9]. The main challenge
is to reduce excessive stress on the generator and
power converter components during pitch control
mode, requiring precise optimization of power
generation to minimize power increases above
rated value.

Considerable research has addressed pitch
control systems in PMSG wind turbines. Several
studies have focused on  conventional
Proportional Integral (PI) controllers for pitch
angle regulation [10]-[11]. In [12], pitch angle
optimization for small wind turbines was
presented wusing a teaching-learning-based
optimization algorithm, though the importance of
Machine Side Converter current in pitch control
was neglected.

Adaptive pitch control for variable-pitch
PMSG wind turbines was explored in [13], but
findings only confirmed the use of conventional
controllers without addressing reference value
estimation for pitch control mode. A comparison
of different pitch controllers in wind farms was
conducted in [14], relying solely on conventional
PI controller methods without quantifying output
power accuracy. Nonlinear Pl control for
variable-pitch wind turbines was proposed in
[15], but failed to account for all system electrical
dynamics under disturbances. Proportional
Integral controllers with Particle  Swarm
Optimization were used in [16] to adjust
controller gains, while a PID control model with
Differential Evolution optimization was designed
in [17] for gain scheduling.

An Artificial Neural Network adapter for
automatic PID parameter regulation was
introduced in [18], employing improved gradient
descent to optimize network weights.

Despite these contributions, significant gaps
remain in the existing literature. First, no
comprehensive comparison between adaptive
Neural Network and Pl controllers specifically
targeting MSC stator quadrature-axis current
regulation under optimal pitch angle estimation
has been reported. Second, the combined effect of
Differential  Evolution-based  pitch  angle
optimization with direct Neural Network current
control for protecting MSC components from
excessive current overshoots remains
insufficiently addressed. Third, most existing
studies use unrealistic wind speed profiles and
neglect the impact of generator inertia variations
on controller performance. These gaps represent
the primary motivation for this work.

To tackle these issues, this study employs the
Differential Evolution optimization method to
solve the one-variable nonlinear equation
governing the pitch angle. The proposed approach
involves two key steps: deriving a wind speed-
pitch angle curve input/output relationship using
Differential Evolution, and utilizing both Neural
Network and Proportional Integral controllers
within the MSC circuit. The Neural Network
controller, utilizing online delta-rule
backpropagation algorithm, directly regulates the
stator MSC quadrature-axis current, while the PI
controller maintains the electrical angular speed at
the PMSG rated value through optimal pitch
angles obtained via Differential Evolution. The
main contributions of this work are: (1) accurate
pitch angle estimation using Differential
Evolution for wind speeds exceeding the rated
value; (2) evaluation of Pl controller gains in the
MSC circuit for stator quadrature-axis current
control; (3) application of an adaptive Neural
Network controller with online backpropagation
training for direct current regulation; and (4)
detailed mathematical modeling of the PMSG
power converter under various disturbances
including wind speed variation and generator
inertia changes.

The paper is organized as follows: Section 2
describes the wind turbine mode regions, and
computes the gearbox ratio and blade length to
determine the rated wind turbine speed. Section 3
elaborates the proposed pitch control system
based on the Differential Evolution optimization
method. Section 4 presents the dynamic equations
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of the Permanent Magnet Synchronous Generator.
Section 5 explains the full-scale power converter
control scheme and analyzes the two methods for
stator quadrature-axis current control. Section 6
discusses the digital simulation results, and
Section 7 draws the conclusions.

DESCRIPTION OF WIND TURBINE

A.  Operation Region in PMSG Wind Turbine

As shown in Fig. 1(a), the PMSG turbine
operates between cut-in speed (4 m/s) and cut-out
speed (24 m/s), defined by three points: Vey_in,
minimum speed generating power; rated speed,
where output is maximum; and Vey_out , Where the
turbine stops.

B.  Aerodynamics in PMSG Wind Turbine

The following nonlinear equations can be used
to model the energy conversion of the PMSG
wind turbine:

Pn = 0.5pAV,3C, (1)

Where p is the density of air (kg/m?),
A=7R? is the area encompassing the turbine
blades (m?), R signifies the rotor radius (m), Vy,
denotes the wind speed (m/s), C, indicates the
power coefficient, and P, represents the
mechanical input power (Watt). For a given wind
speed, the wind turbine's power depends on C,,.
The wind turbine output characteristics are
described by the relationship between C, and 4

and g, as shown in (2), [19]:
Cp (4,8) =0.73(1514 - 0588 -0.002%1 ~13.2)... )
. gT1844

The expressions for 4, 4, can be found in (3) and

(4), respectively, where A signifies the linear
speed of the tip of the blade relative to the wind
speed and S denotes the pitch angle.

R
A= (3)
A 1 0.003 )

T 2410028 P+l

Rotor turbine speed (rad/s) is . Fig. 1(b)
shows C, versus 4 using (2) at various pitch

angle g values. As g increases, maximum C,
decreases; at pB=0, optimal TSR vyields
maximum C, (MPPT mode). For g exceeding

zero, pitch control activates between rated and
cut-out speed. Above rated wind speed, the
generator and converter risk overload, so
extracted power is restricted by reducing C,.

Turbine speed is held at @ raeq @S wind speed
varies, with 4 calculated using (5).
@ rated R
A=—"" 5
v (5)
Using (6), the C,, equivalent to rated power is
computed.

P
Cp _ rated - (6)
0.5ApV,,

Based on (4), (5), and (6)—all of which will be
covered in more detail in the upcoming sections,
the pitch angle value is found by applying the DE
algorithm to solve the nonlinear equation (2).

_ generator rated speed inr.p.m.

Ree = (7)

turbine rated speed inr.p.m.

6
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Fig. 1. PMSG characteristics: (a) Power speed
curve; and (b) C, plotted across S values.

The PMSG wind turbine's blade length is
determined from generator data and the
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mechanical power equation, since accurate TSR
requires correct blade length. First, A, and

Cpmax are obtained — 6.9078 and 0.4412,
respectively. Then, using C,max at Vi =12m/s

and the generator's rated value of 2.45 MW, blade
length R=40.8555 m is found.

The gearbox raises the turbine rotor's low
speed to one suitable for the generator. To
compute gearbox ratio Rgg: first find rated
turbine speed wiraea by applying (5) with
Vw=12m/s and A=A, Yielding o rated

=2.0289 rad/s. Then, using (7) at the rated
generator speed of 400 rpm and
Nirated =19.3746rpm, Rgg IS computed as

20.6456. The following sections explain the pitch
control process and the DE technique used to
construct the pitch controller circuit and
determine the necessary pitch angle for the
variable-speed PMSG wind turbine.

PITCH CONTROL METHOD USING DE

The pitch angle is obtained by solving (2)
using DE based on rated power and rated turbine
speed in pitch control mode in the region from
rated wind speed to cut-out speed according to
Fig. 1(a) and Fig. 1(b) which will be explained
below. Fig. 2 depicts that the pitch angle is
obtained by a curve of V,, and 8 where the wind

speed is the input and the output is the pitch angle.
The section below will explain the DE algorithm.

Wind speed

Wind turbine Mechanical
n torque
Vi - Vy —r
Generator W —_ w; T ¢ p| — _m’
mechanical speed Rep Rgp

L 4
_’
ﬁ ﬁ To
y Gear ,
oo
sero
Pitch control +ﬁ
using DE

Fig. 2. Pitch control using the DE controller.

A.  Principles of DE

Similar to other evolutionary algorithms on the
overall structure, the DE algorithm is an
evolutionary algorithm based on real coding.
Three fundamental processes make up this
system: crossover, mutation, and selection. The

main steps of the standard DE algorithm are as

follows, [20]:

e The initial population formation M
individuals are generated randomly in the
dimensions n space, as described in (8):

Xij (0) = randij (0,1)(Xiju - XijL)+ XijL (8)

Where the jth chromosome's upper and lower
boundaries are represented by x;V and x;‘,
and randj; (0,1) is a real number in the interval
[0,1].

e Mutation operator: Using a random selection
of three individuals xg, X2, and x,; from
the population, allow i= p = p, # ps. Then,

use the fundamental mutation operator as
follows:

hy (t +1) = Xp1j (t)+ F (ngj (t)—Xpsj (t)) (9)

It is possible to write the mutation operator as in
(20) if there is no local optimization problem.

hij (t+1) =Xy (t)+F (XpZJ (t) = Xpsj (t)) (10)

When F is a scaling factor, the difference
operation is the key to the DE algorithm, and the
difference vector is Xyj (t)—Xpsj (t).

The number of individuals in a population is
indicated by the random integers p;, p2,and ps
, and the best individual in the current generation
is indicated by xy (t).

Utilization of Fig. 3 of the best individual data
available in the current population allows for an
acceleration of the convergence rate.

e The purpose of the cross operator is to

broaden the group's variety. The operator is as
follows:

hij (t +l),rand Iij <CR

Vi (t+1) :{ Xij (t),rand Iij >CR (11)

Given a random number, rand I;; , and a crossover
probability, CR, such that CR €[0,1].
o Selection operator to ascertain if x(t)

belongs to the subsequent generation, the
evaluation functions are compared using
vectors v (t+1) and x; (t), as shown in (12):
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Vi (t+1), f (Vil(t"'l)n-uvin (t+1))....
B < f(x (t),...,Xin(t)
X (t+1) - Xij ((t)l, f (Vil (t+1),.)..,Vin (t +l))
> f (Xil(t)v"'vxin (t))
(12)
Steps (2) through (4) should be repeated until the

maximum evolutionary iteration G is attained,
where j=12,...,n. Fig. 3 shows how DE works

in general.

B. DE Controller for Pitch Control Mode

To limit output power and protect the wind
turbine from high wind speeds between rated and
cut-out speed, the DE controller obtains the
necessary pitch angle for each wind speed above
the rated value. Key requirements: the rated
POWer P rated =2.45 MW (V,, =12—24m/s); rated
turbine  speed O raed =2.0289  rad/s  (
Vw =12-24m/s). Defining the object function
requires a one-variable equation, with the
constraint 0<B<30, where SBnin=0 and
Pmax =30 . Table 1 lists the DE parameter settings

used here.

| Initialization I
. 2

Evaluate Fitness

‘Satisfy the
specified
rnumber of
Zenerations

Ger the Best
Solution

@D

Mutation

2

| Crossover

L
Selection

¥
G=6G+1 |
Fig. 3. Flowchart of DE technique.

Table 1
Parameters of DE
DE parameter setting Value
Mutation factor F 0.4
Crossover factor CR 0.7
Group size 35

| No. of iterations G | 150 |

The object function F used here is given as in (13):

F =0.73(151%4 —0.583-0.0024%14 ~13.2)...

e 1844 _C =0, (13)

1 0.003 at A= Ok rated R ,

1+0.028 p+1 Vi

Cp _ Pm,rated
0.5ApV,°

resolves the equation; pitch angle at V,, =13m/s

fluctuates (Fig. 4), converging after iterations
(Fig. 5). Fig. 6 relates angle to wind speed,
activating once wind exceeds rated value. Fig.
7(a)-(b) show C,, TSR decreasing with angle,

modeled via lookup table.

where 4 =

. Under specified parameters, DE

14

% 13
E
>§ 12
11
10 20 30 40
Time [s]
Fig. 4. Wind speed variation.
Pitch Angel Versus No. Of Iterations
ALV,,713 [mis]
— 5
g
S
=3
)
c2
<
§ 1
ao

o

50 100 150
No. Of Iterations

Fig. 5. Pitch angle £ versus iterations number.

The equation for Fig. 8 is produced using the
curve fitting property in the MATLAB program,
as described in (14). Fig. 9 shows the whole model
of the pitch control system utilizing DE.

ﬂ (VW) = prW9 + pZVW8 + p3Vw7 + p4Vw6 +.. (1 4)
sVl + PVt + PV + paViu? + poViut + Pro
Where pi, p2,...,and pyg are the coefficients

and the range of V,, is 12<V,, <24.

Table 2 displays the wind turbine parameters
used in this paper. The DE optimization method
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plays a crucial role in accurately estimating the
correct pitch angle values for wind speeds that
exceed the rated value in PMSG wind turbines.
Proper estimation of these pitch angles is
essential, as it significantly impacts the
mechanical power output. If the pitch angles are
not accurately determined, it can lead to excessive
stress on the power converter components,
potentially causing damage.

N
[

d

T2
& yd
815
o /
[=2]
g /,
L
Q
£ 5 -
o Pitch Mode l
0
5 10 15 20 25
VW [mis]

Fig. 6. Pitch angle £ in a variable speed mode.
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0.3
o
S N\
o \\
0.1
0
5 10 15 20 25
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= \
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N
3
5 10 15 20 25
Vy [Mvs]
(b)

Fig. 7. Pitch control mode: (a) The power
coefficient Cp ; (b) TSR A.
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Fig. 8. Pitch angle £ versus wind speed V.

Using DE f0 obiain § Values
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maximum power
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method based on DE

WECS
Simulink
Model

Fig. 9. Pitch control using DE.

Table 2
Characteristics of wind turbines
Parameter Symbol Value
Air density 1.225
P Ko/
m3
Number of blades Nblades 3
Rated wind speed VRated—wind_ 12 m/s
-in in 4/2
Cut ISF/)ZI(;BWI d cht—in /cht—out n{1/§
Max C, (MPPT) C pmax 0.4412
Optimal 4 (MPPT) Aopt 6.9078
Rated maximum P 2.45
power rated MW
Maximum/minimu B ) 30/0
m pitch angle Max/Min degree
PMSG MODEL

Fig. 10 illustrates the PMSG-based WECS.
The dynamic model, as described in equations
(15)—(20), depicts the behavior of a 2.45 MW
PMSG utilizing the d-q axis synchronous
reference frame [21]. Table 3 contains the
parameters of the PMSG.

Vgs = —Rsigs + @r Ags +%ﬂqs (15)

Vgs = —Rslgs — oy Ags +%ﬂ'ds (16)

Aas = —Laigs + Ar 17)

Ags =Lags (18)

Vgs = —Rsigs + aor (—Laias +/1r)—|—q%iqs (19)

_ _ d.
Vas = —Rslas +rLglos — Lo s (20)



PROBLEMELE ENERGETICII REGIOONALE 3(71)2026

The stator resistance is denoted by Rs. In
addition, the g and d-axis stator voltages are
denoted as vqs and vgs , respectively. i and igs

represent the stator currents along the g and d
axes, respectively.

The connections of the g- and d-axis stator
fluxes are denoted by 24 and Ags, respectively.

P omse GSC

Labcs 4 i Power
(9 — EECLikgr—g  Fier &l
Gearbox T inductance
=3 Wy Ppuse—
PMSG — Bidirectional

iﬂbC ¢
e . — power |
Wind turbine Pm R

Fig. 10. PMSG based WECS.

In a PMSG wind turbine, the rotor flux is
constant and is denoted by A,. Moreover, the
stator g and d-axis self-inductances are denoted
by L, and Lg, respectively. The rotor's electrical
angular speed is represented by «r. The stator

side's active and reactive power outputs are
explained as follows in (21) — (22):

PS = %(Vqsiqs +Vdsids) (21)
3 . .
Qs = E(Vqs|ds _Vdslqs) (22)
Table 3
PMSG parameters
Parameter Value
P rated 2.45 MW
Rated line-line voltage 4000 V (rms)
Rated stator frequency 53.33 Hz
Rated rotor speed 400 rpm
P 8
T, rated 58.4585 kN-m
J 1558.9 Kg.m?
R 24.21 mQ
Ly 9.816 mH
Lq 9.816 mH
Rated rotor flux linkage 4.971 Wb (rms)
DC link voltage, V. 7000 V
DC link capacitor, C 90 mF
Grid frequency 60 Hz

The following describes the total active and
reactive powers that PMSG produces (23) — (24):

PPMSG = I:iotal = Ps (23)
Qtotal = Qs (24)

When Rqa IS negative, and PMSG is
supplying the grid with power. The machine
generates an electromagnetic torque T, which is

expressed as follows in terms of flux linkages and
current (25):

Te =37P(/1fiqs —(Ld _Lq)idSiQS) (25)

CONTROL OF PMSG WECS

The power converter, comprising the Grid
Side Converter (GSC) and MSC, achieves PMSG
control. Two techniques regulate MSC current for
rated power control: PI controller with optimal g

via DE, and NN controller.

A.  Design of MSC Controller

The power converter links PMSG stator to grid
via ZDPC control, a standard vector-control FOC
strategy, setting igs to zero so stator current equals
igs - MSC holds rotor speed at rated value via ig ;
the regulator maintains this in pitch control,
ignoring friction as in (26). The generator's inertia
is denoted by J. The mechanical torque T, can
be expressed as follows in the case where the wind
speed V,, exceeds the rated wind speed:

d P
aa)r = F(Tm —Te) (26)
Tm _ Pm,rated (27)
X, rated

Where P raea iS the rated power of PMSG
wind turbine, (26) can be rewritten as follows:

J d *
el T — Our = - 2
Pdta)r ( m e) wr Kwr(a)r a)r) (28)

Where ;" represents the constant reference
rated rotor electrical angular speed. Also, &, and
K,r are the output of the PI speed controller, and
the transfer function of the speed regulator is
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described as K, :(prr 1 Kior J respectively.
S

After that, (28) will be:

Where s:% signifies Laplace operator.

After that, the transfer function must be obtained
as follows:

P
*(SKPmr + Klmr)
2 - (30)

(,Or* 52+ SPKPwr + PKJIu)r

The stability of the system is upheld by
optimizing the locations of the closed-loop
eigenvalues through the selection of the PI
controller's gains.

Equation (31) outlines a transfer function
denominator of the second order.

s2 42 s+ an? =0 (31)

Where the circle radius is ap, and the
switching frequency is s, =6283.2rad /s,

Oouter = % . Comparing (31) parameters with the

denominator of the transfer function derived in
(30) helps determine the PI controller gains.

The resulting outer-loop rotor speed controller

parameters for the MSC design
Do = 2" rad /s are detailed in Table 4.
1000
Table 4
Speed regulator parameters
Speed regulator gains Values
J 1923.9
KPwr = \/50)0a)r E
J 9497.2
Klwr = EWOwrz

Pole-Zero Map

0.64 0.5 0.38 0.28 0.17 0.08 4

W 3
owr

0.94

1
2
[ W] :

08 oW
4

5 0.64 05 038 028 017 008
-5 -4 -3 -2 -1 0

Fig. 11. Poles location for the speed regulator.

Imaginary Axis (secunds‘l)
o

In Fig. 11, it's evident that the speed regulator
poles for the derived transfer function reside on
the left side of the s-plane. The electromagnetic
torque function, expressed in terms of ig, is
derived by substituting ig =is and ig =0 into
equation (25).

3P, .
e = () (32)
(Tm _Te) = Oor
A further substitution of (32) into (28) gives:
. - 2
ICIS = |q5 = 3Pﬂr (Tm - a)l’) (33)

So, (19) can be written as:

. d. :
Vgs =—Rslgs — Lg alqs +-orLaies +orde (34)
Vqs = —5q5 +—60r Ld idS + a)rir (35)

Where &, denotes the output of the current
regulator in the g-axis.

. d. K o .
dgs = Rslgs + Lg a'qs =[KPqS + ;qs ]('qs —'qs)
(36)

By taking Laplace transformer. So, (36) can be
written as follows:

. . Kigs ). « Kigs ).
Rsigs + LqSigs = (qus + ;qs ]Iqs —[qus + ;qs jlqs
(37)

After that, as indicated below, the transfer
function for the current regulator in the g-axis
must be obtained as follows:
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1
iqs ) rq(Squs + K|q5)

s (38)
los s,2+s—(RS+qus)+L—K|qS
q

Upon comparing the parameters in (31) with
those in the denominator of the transfer function
obtained through derivation in equation (38), the
Pl parameters for the current controller are
established. Subsequently, the PI parameters for
the stator current regulator in the d and g-axes for
the inner loop of the MSC design are determined
as @y = Wouter -

In Fig. 12, it's evident that the current regulator
poles for the derived transfer function reside on
the left side of the s-plane.

Table 5
Parameters of stator current regulator

Stator current regulator gains Values
KPCIS = KPdS = \/Eab Lq —_ RS 968899
Kigs = Kigs = Lg ax? 4.784*10°

To maintain the reference direct current axis
equation at zero in the MSC control scheme, the
current regulator is applied, in accordance with
the (ZDPC) principle.

Pole-Zero Map
T T
0.5 0.38 0.28

5000 :
0.17 048303

3e+03
2e+03
1e+03

0.8

0.94

1e+03
2e+03

3e+03

038~ 028 017 0803
-2000 -1000 0

Fig. 12. Poles location for stator current regulator.
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-5000
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Consequently, (20) can be reorganized as
follows:

. d. .
Vgs = —Rslgs — Lg a'ds +ax Lqlgs (39)
Vs = —0gs + @ Lgigs (40)

Where &y is the output of the PI controller in
the d-axis as follows:

10

. d.
Ods = Rslgs + Lg a'ds (41)

Kigs V7. = -
5ds :(KPds +_;dj(|ds _|ds> (42)

transformer, So, (41)-(42) can be written as
follows:

Kigs ). = Kidgs )-
[KPds +;d)|ds _(KPds +;d]|ds
S S
43)

Following that, the transfer function for the
current regulator in the g-axis must be derived in
the following manner:

Rsigs + L Sigs

1
. ~—(sKpas + Kias )
lgs Ld
IdS 52+SE(RS+KpdS)+EK|dS

Upon comparing the parameters in (31) with
the denominator of the derived transfer function
in equation (44), it is significant to determine the
Pl coefficients of the current controller.
Subsequently, Table 5 demonstrates how the PI
parameters for the stator current regulators in the
d and g axes correlate. It should be noted that
equations (35) and (40) are the two primary
equations used in constructing MSC control
circuits.

B. SVM for MSC

C.

Equations (35) and (40) calculate the MSC
reference voltage signals vqs" and vgs, used as

inputs to the Space Vector Modulation (SVM)
block Fig. 13(a). Using the (d-q)/(a-5)
transformation, these d-g-0 frame voltages
convert to two-phase variables v, and vgz within

the stationary (« — ) frame, forming the reference

vector v . Once the reference vector is

determined, (46) and (47) compute the
modulation index m, and sector number, while
(48) determines dwell durations. Fig. 13(b)
generates the switching sequence and gate signals
for the MSC's six switches, ensuring SVM-based
output voltage matches the reference voltage
precisely.
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Vref = Vyef eje
{Vrer = \’Vaz + Vﬂ2 (45)

0=tantY2
Va
My = \/§Vref (46)
Vdc
0'=0-(k-1)z/3 (47)

For the specified range0<60'<xz/3, the
parameter k=1, 2 ,..., 6 represents the designated
sectors, respectively.

Ty =Tsmy Sin %—9

{ Tob=Tsmysin(0) (48)
To :Ts _Ta _Tb

D. Design of MSC based NN controller

Instead of using a Pl controller with the
reference rated rotor speed equation, this method
employs an NN controller to directly regulate the
stator MSC quadrature-axis current g,

maintaining rated output power. Its steady-state
computation serves as the input value, achieving
pitch control through direct current regulation.

* [

vds v tan’lvj —>
_’ Tmnsformutionﬁ: Vi
’(fi*fl)TO(ﬂ*ﬂ) 4 Iy
* /va +vg
vqs L = Ve
Vref = Vpegel®
Sector Sector # (I-VI)
_p Calcu;‘atgr _'ff
P e 2]
Iy, | Switching >,

Dwell Time| Tp, | Sequence| g,

—P|Eq. (461

Calculator | Ty —P s
Ty Be
To MSC Gatings
mgfﬁ )74
oPO

OPP
Sector IV / Sector VI

)‘
00& Sector V *I?OP

(b)
Fig. 13. SVM: (a) Structure, (b) Control diagram.

SVYM

¥
lis=0
(ZDPC Control) =,
Las

(Pitch Mode) R
w," * lgs
O )
Wy

Fig. 14. MSC block diagram.

+*

E. Fundamentals of NN Controller

In Fig. 15, the NN controller comprises input,
hidden, and output layers; the hidden layer
performs all computations. Its role is to estimate
the MSC stator quadrature-axis current that
regulates torque and limits output power during
pitch control. Each hidden-layer neuron has
weight w, bias b, and activation function f
using a sigmoid activation function (SAF), nine
hidden-layer neurons, trained via the online delta-
rule backpropagation algorithm.

Weights are adjusted in the reverse pass until
the response matches the desired response, using
backpropagation to fully train the NN.

The real MSC current ig is input x;, while
desired output d; reflects the steady-state
reference current needed for rated power
operation. Comparing NN output with the
required signal updates weights and biases,
yielding reference current ig", at a learning rate
of 0.5.

e Hidden layer forward propagation follows the
single-neuron summation principle (I=1).



PROBLEMELE ENERGETICII REGIOONALE 3(71)2026

N
Sj :ijixi +bj (49)
i=1

Here, the terms represent the weighted sum
sj, bias bj, and weight wj respectively;

initial values are assumed for the hidden
layer's biases and weights ( j=1,2,3).

Y1

Qutput o T:Lf\

layer Yo=14, ¢

AW Wil
' T

. N N1 Yo\
Hidden "~ 'y, /

layer . 3 ¥3

« . A/ .

=1\ /1=2\ []=3\ [ 1=
Y10 | W20 | W30 ) [Wao )
/\ W1/ [\ W21/ /\Ws/ A\ Wor/

Xg=1 X, =1 Xo=1 I x,=1 7

Input
layer
Xy

Fig. 15. NN with three-layer feedforward.

Utilizing SAF in the hidden layer ( j =1t09),
neuron output y; is calculated as in (50).

1
1+e7si

Yj (50)
For the output layer (I =2), the single-neuron

law is as follows (49).

It is expected that the output layer's weight
and bias initial values start at these values.
According to the SAF in the output layer
(j=1), the neuron output y; as in (50).

The error e,, computed as shown in (51)
during backpropagation, represents the
variance between the required signal and
NN's output (1=2).

ep =dj—yj (51)
Output layer error function &; assessed (52).
Si=Yi(1-vyj)ep (52)

As shown in equation (53), the output layer's
weights and biases are adjusted using the
delta rule for backpropagation.

Awii (kt) =y0iX% (53)

e Weight increment Awj; (kt)is denoted; (54)
lists updated output layer weights and biases.

Wi (kt) = Wjj (k —1)t +AWji (kt) (54)

e Regarding the hidden layer (1 =1), the values
of [ & ], would be as follows:

[5i], =[vi(t-vi)], {iwjiéj} (55)

1+1

e As aresult, weight increments for the hidden
layer are determined using the delta rule per
(54); this repeats until the objective function
is minimal, updating weights and biases.

Unlike Levenberg-Marquardt, this update
requires no Jacobian matrix construction or
matrix inversion; each update uses only the
instantaneous error and input at the current sample
via simple multiply-accumulate operations and a
fixed learning rate 0.5, making it feasible at the
model's 5 ps discrete sample time.

F.  Design of the MSC Current Controller
During Pitch Control Mode

b pe S KE)
—_—

S

i,.(Kt
% T (559
fqs (KLY
Lys (k)= o—~[PT-rrmm—
as(Kt)= o——co~|r1]

(ZDPC Cornitrol) -
Lags (KE)

are -
e

Onlire
rraining
alsorithr

ige (KL

Fig. 16. MSC block diagram controlled by NN.

As shown in Fig. 16, once in pitch control
mode, the NN controller regulates MSC stator
current to maintain rated power with ZDPC
maintaining igs =0, ig =is. The discrepancy

between steady-state MSC current and reference
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current " (kt) forms error signal e, (kt), driving

backpropagation to adjust weights, converging
igs” (kt) toward the desired value. Per Fig. 17,

steady-state iy is given by (56), where on, Tm,
om,pu are mechanical speed, torque, and per-unit
speed.

1 )
e ANN Sl
I Vas
— d-axis circuit
-
iqs R wr‘{'_ffl’ll.‘-‘ w,.;l,.
A - +‘_: S -
I vq“c
- g-axis circuit
Fig. 17. The generator’s steady-state model.
o =0 AV
t = Wt, rated = — =
R
Om, rated = RGBOY, rated
o _ Om,rated
mpu ="
{ Om, rated ) (56)

T =Te = T, rated ((Dm,pu )
igs =0 for ZDPC control
Te

i =
*® 7 15P),

Finally, as shown in Fig. 16, the reference
MSC d and g-axis currents, ig and g ,
respectively, are derived. Also, in the same inner
control loop as in the previous case, both the
direct i and quadrature i, axis reference
currents are used to obtain the reference voltage
control signals of the MSC circuit v~ and vgs”,
which are used as the input signals to the SVM

block diagram to obtain the necessary switch
control signals for MSC.

G. Design of GSC Controller

The GSC control strategy targets unity power
factor while regulating DC-link voltage, using the
Stator Voltage Orientation Control (SVOC)
method. Grid quadrature-axis voltage vqq is setto

zero, direct-axis voltage vgg =vg.

Following the standard power-balance and PI
design approach, the DC-link voltage transfer
function and PI gains Kp ¢ and K, 4. are derived

as:

while

dvdc *
C dt = 5dc = ch (Vdc _Vdc) (57)
i(SKP de +Ki dc)
Vie __ C ' ‘ (58)
* 1 l
Vdc 52+SE KP,dC +EK|’dC

Table 6 summarizes the resulting DC voltage

regulator gains with = O
g g Wodc 100
Table 6
The DC voltage regulator's parameters
DC voltage regulator Values
gains
Kp.dc = ﬁwodc c 79.9719
Ki gc = C anac? 3.5531*10°

Similarly, applying the same PI-tuning method
to the GSC inner current loop yields the current
regulator transfer function:

1
) —(s Kpgg + Ki
idesc Le (5 Kyoo + i)
lngse _ L : (59)
d,GSC 52 +57(RF +Kpdg)+7Kldg
Lr Lr

Where R and Lg denote the resistance and

inductance of the R-L filter, respectively. Table 7
gives the resulting GSC current regulator gains

with e = 2%

10

Vh

TSecfar ¥
SVM
quGSC‘_ d-q

Fig. 18. GSC block diagram.
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Table 7 6
GSC current regulator parameters .
- o 1
GSC current regulator gains Values £
14
K pgg = Kpag = V2 e Le —Re 0.8876 g "
Kidg = Kiqg = |_|: abcz 3947842 0 10 -%0 . 30 20

Fig. 19. The wind speed in Matlab/Simulink.
Fig. 18 shows the complete GSC control block

diagram, combining the outer DC-voltage loop 0% N
with the inner d-g current loops, using SVM- 04p 2727
based switching signals. .08 —r
© 0.2 , === NN
sl |
RESULTS AND DISCUSSION 0; s . - |
For the two aforementioned pitch control Time [s]
system methods, Matlab/Simulink is used to Fig. 20. Response of power coefficient Cp .
implement the 2.45 MW PMSG control structure.
Several conditions are used to run the simulation, 8
including the following: changes in wind speed of
and modifying the inertia of the generator. «, :Z'N
A. Case 1: Variation in Wind Speed .
To validate the effectiveness of the pitch ?
control system mentioned above during wind 0
speed fluctuations, a simulation is performed for 0 10 %?me Is] 30 40
a 2.45 MW PMSG-based WECS. Table 3 outlines Fig. 21. Response of TSR for PMSG.
the PMSG parameters, while Fig. 19 illustrates x10*
the variations in wind speed. 0 —
===N\N
The wind turbine switches to pitch control .
mode when the wind speed surpasses the rated § 4
wind speed (Vi =12m/s) and when C, <0.44, :g
A<6.9 at B>0. Fig. 20 and 21 depict the time 6
responses of C, and A for different wind speeds, 8
0 10 20 30 40 50

respectively. Fig. 20 and 21 show that C, and Time [5

TSR under pitch control meet the predicted DE  Fig. 22. Response of generator mechanical torque

values (Fig. 7) above the rated wind speed; the

NN controller responds rapidly, reaching steady- 400

state promptly, while the speed regulator's TSR

exhibits overshoot, potentially affecting all 300 —

PMSG parameters—demonstrating the NN ===NN

controller's superior MSC current regulation.
In pitch control mode, generator torque and 100

speed remain constant at rated values (Fig. 22 and 0

23); Fig. 24 shows the MSC stator quadrature-axis 0 10 20 30 40 50

. Time [s]
current response, i - Fig. 23. Response of generator electrical speed.

200

W, [rad/s]

14
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Fig. 25. Response of stator active power of PMSG.

20 22

7005 ———NN

_g 7000

6995

0 10

20
Time [s]

Fig. 26. Response of DC-link voltage.
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Fig. 27. Response of PMSG active power.

18 19 20

Notably, there's a significant overshoot in
current i when a speed regulator is used

compared to an NN controller, potentially
impacting the functioning and lifespan of the
MSC circuit components. Additionally, Fig. 25
displays the response of the stator's active power.

Fig. 26 illustrates the continuous preservation
of a stable DC-link voltage throughout the
operational process. Finally, the estimated
maximum power of the wind speed is given in

Fig. 27, which represents the overall response of
the active power output of the PMSG.
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Table 8
Rated output power in ideal and practical cases
Case Pewms (W) Ross (W)
Ideal case 2.43MW 0
Practical case (PI) 2.444MW 14kW
Practical Case (NN) | 2.437 MW 7 kW
Table 9
Finding Steady-State Error (SSE) percentage
Paramete SSE SSE
; SS PI NN % %
(PD) | (NN)
i (A) 69%.95 696.67 6927.95 '2.535 o.ogoz
Po w) | 24311 | 2457 | 2955 | 0603 | 0471
Table 10
Finding max overshoot Mp at J=1558.9 Kg.m?
Parameter Pl NN
Mp % in TSR 17.39% 0%
Mp % in Tp 20.46% 0%
Mp % in Ppysc 72.9% 0%
Mp % in ax 15.39% 0%
Mp % in Vg 0.085% 0%

The key advantages of using NN controller in
regulating the stator MSC quadrature-axis current
compared to the PI controller in wind turbine
pitch control systems can be represented into two
main points, the first because the stator MSC
guadrature-axis current is sensitive to any
variation in wind speed under using PI controller
as illustrated in Fig. 24 despite of evaluation its
gain parameters well and the second is as a result
of increasing the stator MSC quadrature-axis
current, the stator active power and the active
output power will increase and cause an excessive
stress on the generator and the power converter
components as depicted in Fig. 25, Fig. 27, and
Table 8, respectively. Here, a solution to this
problem is offered by controlling the stator MSC
quadrature-axis current via NN controller which
controls the current at its steady-state value as it is
the input to the desired value terminal of NN as
illustrated in Fig. 24 and Table 9. This minimizes
power increase above rated value during wind
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speed  variation  (Fig.  25),  reducing
generator/converter  stress and  extending
component lifespan. Controlling stator MSC
current via the NN controller optimizes power
generation to its minimum increase (Table 9).
Both controllers maintain rated output, but NN
outperforms PI. the speed regulator overshoots;
NN mitigates current overshoot risk (Table 10);
current stabilizes quickly.

6
5x10

—PI
===NN

Pemsc W
o

-5

0 10 20

Time [s]
Fig. 28. PMSG active power under J=28Kg.m?.

30 40 50

B. Case 2: Changing of Generator Inertia

To examine how generator inertia affects the
pitch control scenarios, the system was simulated
using the previously mentioned wind speed. Fig.
28 shows the resulting PMSG output power
response under a specified generator inertia. Both
NN and PI controllers regulate output power to
rated levels, though stabilization takes time.
Across varying wind speeds and inertia
conditions, PMSG parameters exhibit similar
overshoot and excess power, confirming the NN
controller's superior performance over the PI-
based system.

CONCLUSION

This paper compares two pitch control
strategies for PMSG wind turbines, both aimed at
regulating the stator MSC quadrature-axis current
to enable swift pitch control and prevent high
current overshoots that can damage MSC
components and trigger alarms. The first method
uses Pl-based speed regulator, tuned via second-
order system, to hold rotor electrical angular
speed at its rated value through pitch angles
obtained via Differential Evolution. The second
employs an adaptive NN controller, trained online
with online delta-rule backpropagation algorithm,
to directly regulate stator MSC quadrature-axis
current against its steady-state reference. Both

16

achieve rated power once wind speed exceeds the
rated limit, but simulation results show NN
controller reaches steady state faster and, unlike
Pl controller, virtually eliminates current
overshoot, extending MSC component lifespan
and lowering operational costs.
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