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Abstract
Tuning the PI and backstepping (BS) controllers is a critical issue for ensuring good tracking performance and stable oper-
ation of the wind turbine based on dual-stator induction generator (WT-DSIG) systems. However, no existing research has
yet comprehensively tuned the control parameters. Therefore, this paper proposes an innovative tuning method using the
subtraction-average-based optimizer (SABO) to ensure optimal PI and backstepping controller parameters tuning. The opti-
mally tuned controllers-based field-oriented control (FOC) scheme is applied for a WT-DSIG system. This research aims to
offer an easy and effective method for optimal tuning of the control parameters, which contributes to improving the control
performance, hence the WT-DSIG system’s stability. The proposed method is superior to the existing techniques, as it uses
the SABO, a metaheuristic stochastic algorithm, to simultaneously optimize the natural frequencies of the flux, speed, and
current PI controllers and the backstepping controller’s gains. To assess the effectiveness of the proposed control approach,
a hardware-in-the-loop (HIL) implementation is carried out using the PLECS/RT-Box real-time simulator. The HIL findings
through comparative study further confirm the superiority of the optimally designed controllers over the conventional tech-
niques, highlighting significant enhancements in dynamic, steady state, THD, and time-integral performance criteria, ISE,
and IAE.
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1 Introduction

Renewable energy (RE) is essential for sustainable develop-
ment because it provides a limitless supply of clean electricity
from natural sources like the sun, wind, water, and geother-
mal heat [1–3]. Wind energy is among the most significant
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forms of RE sources, and it generally uses turbines to cre-
ate electricity. The effectiveness of wind energy is rising,
and it can be used both on land and at sea, greatly assist-
ing in supplying the world’s energy demands [4–6]. In such
systems, a generator is required to produce electrical energy
from wind energy. One advanced type of electrical generator
is the DSIG, which features a two-stator design, allowing
for better control of the generated voltage and improved
performance under variable load conditions [7, 8]. In the
field of control, the field-oriented control (FOC) technique
was widely adopted to control the DSIG [9]. However, tun-
ing the controller parameters intended for DSIG with a
multi-loop control strategy, including speed, flux, and sta-
tor currents, requires careful consideration to ensure optimal
performance.

Several strategies were proposed to control DSIG, includ-
ing traditional PID controllers, advanced controllers, and
artificial intelligence (AI)-based control techniques. Among
the advanced techniques are optimal sliding mode control
(OSMC) [10], backstepping-SMC (BSMC) [11], super-
twisting continuous SMC technique [12, 13], and nonlinear
model predictive control (NMPC) [14]. In addition, AI tech-
niques are presented by fuzzy logic (FL) and artificial neural
networks (ANN) [15]. The PI and backstepping controllers
are the most simple and easy-to-implement techniques used
for the DISG and have shown satisfactory performance.
For instance, the authors in [16] applied an FOC based
on PI controllers for a DSIG within a grid-connected wind
energy generation systemconsidering variable speed. In [17],
PI controllers-based stator FOC considering linear active
disturbance rejection was suggested for a grid-connected
WT-DSIG to achieve better tracking ability and dynamic per-
formance. In [18], a dynamic current control strategy based
on PI controllers with a reduced-order observer (ROO) has
been proposed for a WT-DSIG system to reject the distur-
bances and enhance the current transient response. A PI
regulators-based control approach with an instantaneous slip
frequency control strategy was adopted to improve the rotor
speed stability ofwind turbines based onDSIGduring simple
power system faults [19]. In [20], thewind energy conversion
system with a variable wind turbine speed connected to the
grid based on DSIG was controlled using the backstepping
control technique. In addition, a nonlinear backstepping con-
trol was proposed to control the WT-DSIG and offer better
response time and overshoot performance compared to the
conventional PI controller [21].

It is worth mentioning that all the research mentioned
above did not address the tuning of the controllers’ param-
eters except [22], which has determined the PI controllers’
parameters by matching the characteristic equation of the
system closed-loop models with the desired ones. Unfortu-
nately, such a concept may not offer an appropriate tuning
of the parameters for the multi-control loop structure and

may also be challenging [21]. To this end, the authors in
[23] used the genetic algorithm (GA) to facilitate parame-
ter tuning compared to the "trial–error" method. However,
while powerful for optimization, GA has several drawbacks,
including high computational burdens and the inability to
guarantee finding the global optimum.

To bridge this gap, an innovative tuning method based
on the SABO algorithm is developed in this paper to ensure
the ease and precision of setting parameters for PI and BS
controllers. The designed controllers are applied to control
the DSIG within a wind turbine system to improve its track-
ing performance and stability. The SABO is chosen in this
work as it is a newmetaheuristic algorithmwith an improved
exploitation phase and can effectively achieve global optima.
The main contributions made in this paper are:

1) Applying the SABO to ensure ease and optimal tuning
of the parameters of the flux, speed, and current control
loops designed based on PI and BS controllers;

2) Establishing FOC technique based on the optimally
tuned PI or BS controllers for a WT-DSIG system;

3) Implementing the designed controllers-based FOC tech-
nique in HIL using PLECS RT-Box to assess their
performance compared to traditional PI and BS con-
trollers.

The results show perfect tracking performance of the opti-
mally tuned controllers, with low currents THD, less error
and teeny ripples at steady state, and reduced values of ISE
and IAE compared to the traditionally tuned controllers.

The rest of the paper is structured as follows: Section
II presents the WT-DSIG system description and modeling.
Section III describes the proposed control strategy. Section
IV discusses the adopted SABO algorithm and its application
to the WT-DSIG system control. Sections V and VI present
the HIL results and discussion and the paper’s conclusion.

2 WT-DSIG system description andmodeling

2.1 System description

As shown in Fig. 1, the variable-speed wind system under
study is built using a DSIG machine. The stator links the
DSIG to the DC bus via two static converters, and the tur-
bine drives it via a gearbox. The DSIG two fixed three-phase
stator displaced with an electrical angle of 30° and a squirrel
cage mobile rotor. This configuration provides advantages
such as power segmentation, reduced rotor harmonic cur-
rents, andhigh reliability. In addition, according to this figure,
the control scheme includes three main control loops, the
rotor speed, rotor flux, and stators’ currents. The speed con-
troller is responsible for regulating the measured rotor speed
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Fig. 1 WT-DSIG system with its designed control scheme

to its reference generated based on the wind speed. The flux
controller is in charge of adjusting the actual flux to the
obtained reference through a flux generator. The reference
torque provided by the speed controller is used to generate
the quadrature stators’ current references, while the flux con-
troller offers the direct stators’ current references. The stator
current controllers handle the errors between these gener-
ated current references and those obtained via the abc to dq
transformation, which produces the converters’ voltage ref-
erences. The voltage references of the stators in the abc are
passed through a PWM to generate the switches’ commands.

It is worth mentioning that the three control loops are
designed based on PI regulators first, while second, they are
based on the BS technique. In addition, the natural frequen-
cies of these controllers are optimally tuned offline by using
a new metaheuristic SABO algorithm while considering the
influence of each controller’s response to others. In section
III, more details and the mathematical modeling of each con-
trol stage will be given.

2.2 WT-DSIG systemmodeling

This subsection provides the mathematical modeling of all
the elements integrated into the WT-DSIG system.

1) WindModel:Wind constitutes the primary energy source
harnessed by wind turbines [24]. In many studies, the
wind is regarded as a stochastic variable defined by statis-
tical parameters [25]. Notably, one approach inmodeling
wind involves generating its temporal characteristics by
applying a transfer function to white noise. The deter-
mination of this transfer function is contingent upon the
specific features of the location and the nature of thewind
[1].
The wind model is expressed through a Fourier series
representation, portraying the wind as an amalgamation
of various harmonics. This entails decomposing thewind
speed into two components:

• The wind’s turbulent component, denoted as Vt(t),
defined by (2), is a stationary random process. It
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exhibits constancy regardless of variations in the aver-
age wind speed, making it a crucial factor in wind
modeling.

• A slow component Vmoy, as in (1), is the average wind
speed varying regularly over extended periods in a
given site.

Vwind (t) � Vmoy + Vt (t) (1)

Vt (t) �
n∑

k�1

ak sin(ωk t) (2)

where Vwind denotes the instantaneous wind speed, ak is
the amplitude of the harmonic of order k, ωk represents
the pulsation of the harmonic of order k, and n defines
the rank of the last harmonic retained in the calculation
of the wind profile.
Note that the aero turbine filters high-frequency varia-
tions. To do this, the turbulence component’s low-pass
filter (LPF) is reconstructed to replicate a more realistic
characteristic, which transfer function is provided by:

G f (s) � 1

1 + δs
(3)

with:

δ � γ
R

Vmoy
(4)

where γ is the rotor attenuation factor and R is the rotor
diameter. Both may affect the value of the time constant
δ [1].

2) Aerodynamics Modeling: The application of the wind
with a velocity represented by Vwind to the wind turbine
blades induces rotational motion, thereby generating
mechanical power, Pt on the turbine shaft, expressed by:

Pt � 0.5Cp(λ, β)ρπR2V 3
wind (5)

where ρ is the density of air and λ is the tip speed ratio
defined as a function of the wind and turbine speed, Ω t ,
as follows:

λ � R
t

Vwind
(6)

Meanwhile, the power coefficient, Cp, is a metric for the
aerodynamic efficiency inherent in the wind turbine and
is contingent upon its specific characteristics. This coef-
ficient is subject to a theoretical upper bound known as
the Betz limit, set to 0.593, which still needs to be attain-
able in practical applications. Considering an estimated
formulation, this power coefficient,Cp, can be expressed

as a function of the blade angle β and relative velocity δ,
as follows [26]:

Cp � 0.5109(116δ − 0.4β − 5)e(−21δ) + 0.0068λ (7)

with:

δ � 1

λ + 0.08β
− 0.035

1 + β3 (8)

The gearbox synchronizes the rotational velocity of
the wind turbine’s slow shaft to the fast shaft of the
DSIG. Assuming the gearbox to be ideal, with negligible
mechanical losses, its behavior can be characterized by
the following two expressions:

Tg � Tt
G

(9)


t � 
mec

G
(10)

while the shaft equation is given by:


mec � 1

Js + k f
(Tg − Tem) (11)

In these equations, s is the Laplace operator, Tem rep-
resents the electromagnetic torque, Tt and Tg are the
turbine torque and the DSIG torque, G is the gearbox
gain,
mec is the rotormechanical speed, J is themoment
of inertia, and kf is the viscous coefficient.
At a specific operational state, the objective is to attain
maximummechanical power, indicative of the peakvalue
of the power coefficient Cp. This is achieved when the
relative velocity λ aligns with its optimal value, denoted
as λopt, under the condition where the blade angle β is
set to zero [26, 27].

3) DSIG Modeling: The DSIG has two stationary three-
phase stator windings, each shifted by an electrical angle
of 30°, and a movable squirrel cage rotor winding [21].
The electromagnetic torque is evaluated as:

Tem � P

(
Lm

Lr + Lm

)[(
iqs1 + iqs2

)
φrd − (ids1 + ids2)φrq

]

(12)

By selecting the references associated with the rotating
field, the DSIG model can be expressed more simply, as
seen in the following concise manner.

[ .
I
]

� [L]−1{[B][V ] − ωsl [C][I ] − {ωs [D1] + [D2]}[I ]}
(13)
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whereP is the number of pole pairs,ωs is the synchronous
speed, ωr is the rotor electrical angular speed, and ωsl is
the slip-speed expressed as follows:

ωsl � ωs − ωr (14)

with: ωr � P
mec.
In addition, the matrices and vectors presented in (13)
are defined as follows:

[I ] �
[
ids1 iqs1 ids2 iqs2 idr iqr

]T
, [V ] �

[
vds1 vqs1 vds2 vqs2 vdr vqr

]T
, [B] �

diag
[
1 1 1 1 0 0

]

[D2] � diag
[
Rs1 Rs1 Rs2 Rs2 Rr Rr

]

[C] �

⎡

⎢⎢⎢⎢⎢⎢⎢⎣

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 −Lm 0 −Lm 0 −(Lr + Lm)
Lm 0 Lm 0 Lr + Lm 0

⎤

⎥⎥⎥⎥⎥⎥⎥⎦

[L] �

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Ls1 + Lm 0 Lm 0 Lm 0

0 Ls1 + Lm 0 Lm 0 Lm

Lm 0 Ls2 + Lm 0 Lm 0

0 Lm 0 Ls2 + Lm 0 Lm

Lm 0 Lm 0 Lr + Lm 0

0 Lm 0 Lm 0 Lr + Lm

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

[
D1

] �

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 −(
Ls1 + Lm

)
0 −Lm 0 −Lm

(
Ls1 + Lm

)
0 Lm 0 Lm 0

0 −Lm 0 −(
Ls2 + Lm

)
0 −Lm

Lm 0
(
Ls2 + Lm

)
0 Lm 0

0 0 0 0 0 0

0 0 0 0 0 0

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

where Lm, Lr , Ls1, and Ls2 are the inductance of magne-
tizing, rotor inductance, and stators, 1 and 2 inductances,
respectively. Rr ,Rs1, and Rs2 are the resistances of the
rotor and stators 1 and 2.

2.3 DC bus voltagemathematical formulation

In our case, the following formula is used to get the value of
the DC bus, Vdc required to transfer a given power [28]:

Vdc � 2
√
2α1E (15)

where E is the RMS value of the grid voltage and α1 is
expressed by:

α1 �
√

PmaxX2

9E4 + 1 (16)

whereX denotes the inductor impedance andPmax is themax-
imum generated power.

3 ProposedWT-DSIG control strategy

In this work, the rotor FOC strategy is adopted for the WT-
DSIG system to allow autonomous control over the flux and
electromagnetic torque by offering independent control of
speed variation through the direct and quadrature stator cur-
rents.

After applying FOC to the DSIG model in (13), we con-
clude the following system of state equations:

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

.

i
ds1

� 1
Ls1

{
vds1 − Rs1ids1 + ω∗

s (Ls1iqs1 + τrφ
∗
rdω

∗
sl )

}

.

i
qs1

� 1
Ls1

{
vqs1 − Rs1iqs1 − ω∗

s (Ls1ids1 + φ∗
rd )

}

.

i
ds2

� 1
Ls2

{
vds2 − Rs2ids2 + ω∗

s (Ls2iqs2 + τrφ
∗
rdω

∗
sl )

}

.

i
qs2

� 1
Ls2

{
vqs2 − Rs2iqs2 − ω∗

s (Ls2ids2 + φ∗
rd )

}

.∗
φ
rd

� μ(ids1 + ids2) − ξφrd
.



mec

� 1
J

(
Pμφ∗

rd

(
iqs1 + iqs2

) − Tg − k f 
mec
)

(17)

while τ , μ, and ξ are given by:τ � Lr
Rr
,μ � Lm

Lm+Lr
,ξ �

Rr
Lm+Lr

.
As shown in Fig. 1, the proposed FOC scheme includes

three control loops, rotor speed, flux, and stators’ currents,
designed based on an optimally tuned controller using an
optimization algorithmnamedSABO.Thedesignof the three
controllers is establishedbasedon twodifferent control types,
PI and BS, as detailed below.

3.1 PI controller-based control loop design

In this first case, the three control loops of the rotor speed,
flux, and stators’ currents are set up based on the PI regulator
represented by the structure given in Fig. 2. Accordingly, the
rotor output of the speed and flux controllers can be given
by:

T ∗
em (t)�kp−


(

∗

mec(t)−
mec(t)
)
+ki−


∫ (

∗

mec(t)−
mec(t)
)
dt

(18)

123



Electrical Engineering

+ids1
*

-
ids1

+
Vds1

*

-
Ct1

+kp-is

ki-is /s

PI

Fig. 2 PI controller-based current (ids1) control loop

i∗ds1, 2(t) � kp−φ

(
φ∗
rd (t) − φrd (t)

)
+ ki−φ

∫ (
φ∗
rd (t) − φrd (t)

)
dt

(19)

where kp-Ω , kp-φ , ki-Ω , and ki-φ are the proportional and inte-
gral gains of the rotor speed and flux controllers, while 
∗

mec
and φ∗

rd are the rotor speed and flux references, respectively,
which are generated by using the following expressions:


∗
mec � VwindλoptG

R
(20)

φ∗
rd �

{
φn
rd if 
mec ≤ 
n

mec

n
r


r
φn
rd if 
mec > 
n

mec
(21)

where φn
rd is the rotor nominal flux, 
mec and 
n

mec are the
rotor’s mechanical speed and its nominal value.

On the other hand, by assuming that the reference currents
in the two stators are the same, i.e., i∗ds1 � i∗ds2 and i∗qs1 �
i∗qs2, the stator voltage references v∗

ds1, 2 and v∗
qs1, 2, generated

by the current controllers can be expressed as follows:

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

v∗
ds1 � kp−is

(
i∗ds1 − ids1

)
+ ki−is

∫ (
i∗ds1 − ids1

)
dt − Ct1

v∗
qs1 � kp−is

(
i∗qs1 − iqs1

)
+ ki−is

∫ (
i∗qs1 − iqs1

)
dt + Ct2

v∗
ds2 � kp−is

(
i∗ds2 − ids2

)
+ ki−is

∫ (
i∗ds2 − ids2

)
dt − Ct3

v∗
qs2 � kp−is

(
i∗qs2 − iqs2

)
+ ki−is

∫ (
i∗qs2 − iqs2

)
dt + Ct4

(22)

where kp-is and ki-is are the proportional and integral gains
of the current controllers and the expressions of quadrature
current references, i∗qs1 and i∗qs2, and Ct1-4 are given by:

(i∗qs1 + i∗qs2) � T ∗
em

Lm + Lr

PLmφ∗
rd

(23)

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Ct1 � ω∗
s (Ls1iqs1 + τrφ

∗
rdω

∗
sl )

Ct2 � ω∗
s (Ls1ids1 + φ∗

rd )
Ct3 � ω∗

s (Ls2iqs2 + τrφ
∗
rdω

∗
sl )

Ct4 � ω∗
s (Ls2ids2 + φ∗

rd )

(24)

+

ρ2

-
k4e4

d/dtids1
*

Ls1

Vds1
*

Fig. 3 BS controller-based current (ids1) control loop

where ω∗
s and ω∗

sl are the stator and slip-speed references
expressed as follows:

ω∗
sl � Rr Lm

Lm + Lr

i∗qs1 + i∗qs2
φ∗
rd

(25)

ω∗
s � ω∗

sl + ωr (26)

It is worth mentioning that the controllers’ gains are
related to the natural frequenciesωn-Ωmec,ωn-ϕrd , andωn-is1,2

by the expressions defined below. These expressions are
reached by matching the characteristic equations of the
closed-loop transfer function with the desired second-order
ones.

{
kp−
 � 2ksiωn−
mec J − k f

ki−
 � Jω2
n−
mec

{
kp−φ � (2(Lm+Lr )ksiωn−φrd−Rr)/(Rr Lm )

ki−φ �
(
(Lm+Lr )ω2

n−φrd

)
/(Rr Lm )

{
kp−is � 2ksiωn−is1, 2Ls1, 2 − Rs1, 2

ki−is � Ls1, 2ω
2
n−is1, 2

where ksi is the damping factor set to 1√
2
.

3.2 Backstepping-based control loops design

This subsection discusses the three control loop design based
on the BS, as presented in the structure of Fig. 3.

Defining the following errors and their derivatives are
given as:

{
e1 � 
*

mec − 
mec

e2 � φ∗
rd − φrd

(27)

⎧
⎪⎨

⎪⎩

.
e
1

� .∗


mec

− .



mec

.
e
2

� .∗
φ
rd

− .

φ
rd

(28)
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From the system of Eqs. (17) and (29), we conclude:

⎧
⎪⎨

⎪⎩

.
e
1

� .∗

mec − 1

J

(
Pμφ∗

rd

(
iqs1 + iqs2

) − Tg − k f 
mec
)

.
e
2

� .∗
φrd −μ(ids1 + ids2) − ξφrd

(29)

The first Lyapunov function, v1, and its derivative are
given as:

v1 � 1

2
(e21 + e22) (30)

.
v
1

� e1
.
e
1
+e2

.
e
2

(31)

From the systemof Eqs. (29), we can rewrite the derivative
of v1 as follows:

.
v
1

�e1

[
.∗


mec − 1

J

[
Pμφ∗

rd (iqs1 + iqs2) − Tg − k f 
mec
]]

+ e2

[
.∗

φrd −μ(ids1 + ids2) − ξφrd

]
(32)

To achieve stability according to Lyapunov theory, the
derivative of v̇1 must always be negative (v̇1 < 0), in this
case, we take:

⎧
⎨

⎩

.
e
1

� −k1e1
.
e
2

� −k2e2
(33)

where k1 and k2 are positive constants,
From the system of Eq. (33), we can rewrite the system of

Eq. (29) as follows:

⎧
⎨

⎩

.∗

mec − 1

J

[
Pμφ∗

rd (iqs1 + iqs2) − Tg − k f 
mec
] � −k1e1

.∗
φrd −(

μ
(
ids1 + ids2

) − ξφrd
) � −k2e2

(34)

We consider ids and iqs as virtual commands of our first
subsystem by asking:

{
iqs1 + iqs2 � i∗qs1 + i∗qs2 � i∗qs
ids1 + ids2 � i∗ds1 + i∗ds2 � i∗ds

(35)

Finally, the virtual order elements are given by:

⎧
⎪⎪⎨

⎪⎪⎩

i∗qs1 + i∗qs2 � 1
Pμϕ∗

rd

[
J

(
k1e1 +

.∗

mec

)
+ Tr + k f 
mec

]

i∗ds1 + i∗ds2 � 1
μ

[
k2e2 +

.∗
φrd +ξφrd

]

(36)

On the other hand, considering the definition of the fol-
lowing errors and their derivatives:

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

e3 � i∗qs1 − iqs1

e4 � i∗ds1 − ids1

e5 � i∗qs2 − iqs2

e6 � i∗ds2 − ids2

(37)

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

.
e
3

� .∗
iqs1 − .

iqs1

.
e
4

� .∗
ids1 − .

ids1

.
e
5

� .∗
iqs2 − .

iqs2

.
e
6

� .∗
ids2 − .

ids2

(38)

From the system of Eq. (17), the system of Eq. (38)
becomes:

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

.
e
3

� .∗
iqs1 − 1

Ls1

{
vqs1 − Rs1iqs1 − ω∗

s (Ls1ids1 + φ∗
rd )

}

.
e
4

� .∗
ids1 − 1

Ls1

{
vds1 − Rs1ids1 + ω∗

s (Ls1iqs1 + τrφ
∗
rdω∗

sl )
}

.
e
5

� .∗
iqs2 − 1

Ls2

{
vqs2 − Rs2iqs2 − ω∗

s (Ls2ids2 + φ∗
rd )

}

.
e
6

� .∗
ids2 − 1

Ls2

{
vds2 − Rs2ids2 + ω∗

s (Ls2iqs2 + τrφ
∗
rdω∗

sl )
}

(39)

ThefinalLyapunov function and its derivative canbegiven
as follows:

v2 � 1

2
(e21 + e22 + e23 + e24 + e25 + e26) (40)

.
v
2

� e1
.
e
1
+e2

.
e
2
+e3

.
e
3
+e4

.
e
4
+e5

.
e
5
+e6

.
e
6

(41)

By applying Lyapunov’s stability theorem as in the first
step, where the derivative of v2 must always be negative (v2
< 0), in this case, we take:

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

.
e
3

� −k3e3
.
e
4

� −k4e4
.
e
5

� −k5e5
.
e
6

� −k6e6

(42)

where k3,k4,k5, and k6 are positive constants,
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From the system of Eqs. (39) and (42), we find the actual
control represented by the following equations:

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

v∗
qs1 � Ls1

[
k3e3 − ρ1 +

.∗
iqs1

]

v∗
ds1 � Ls1

[
k4e4 − ρ2 +

.∗
ids1

]

v∗
qs2 � Ls2

[
k5e5 − ρ3 +

.∗
iqs2

]

v∗
ds2 � Ls2

[
k6e6 − ρ4 +

.∗
ids2

]

(43)

with:

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

ρ1 � 1
Ls1

{−Rs1iqs1 − ω∗
s (Ls1ids1 + ϕ∗

rd )
}

ρ2 � 1
Ls1

{−Rs1ids1 + ω∗
s (Ls1iqs1 + τrϕ

∗
rdω

∗
sl )

}

ρ3 � 1
Ls2

{−Rs2iqs2 − ω∗
s (Ls2ids2 + ϕ∗

rd )
}

ρ4 � 1
Ls2

{−Rs2ids2 + ω∗
s (Ls2iqs2 + τrϕ

∗
rdω

∗
sl )

}
(44)

Notice that the WT-DSIG system will become stable only
when the PI gains (i.e., kp-Ω , kp-φ , kp-is, ki-Ω , ki-φ , ki-is), or
the BS gains (i.e., k1, k2, k3, k4, k5, and k6) are optimally
chosen. The SABO algorithm is used in this paper to achieve
this objective.

4 SABO algorithm

In this section, the operating principle and modeling of the
suggested SABO algorithm are presented.

4.1 Algorithm initialization

For any given optimization problem, the search space is
the space where the optimal solution belongs. In addition,
the number of variables in the given problem equals the
dimension space, which is a subset within the search space.
Population members or algorithm searcher agents choose
the values for the decision variables based on where they
are in the search space. As a result, a vector known as the
decision variables is considered to mathematically repre-
sent each search agent. The population of the algorithm is
the whole collection of search agents. A matrix is used to
depict the population of the method (45) numerically. Equa-
tion (46) randomly initializes the principal locations of the

search agents within the search space [29].

X �

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

X1

.

.

.

Xi

.

.

.

XN

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

N×m

�

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

x1, 1 . . . x1, d . . . x1,m
.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

xi , 1 . . . xi , d . . . xi ,m
.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

xN , 1 . . . xN , d . . . xN ,m

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

N×m
(45)

xi , d � lbd + ri , d .(ubd − lbd), i � 1, ..., N , d � 1, ..., m,
(46)

wherem and N are the numbers of the problem variables and
search members, ri,d is a random integer in the interval [0,
1], and ubd and lbd are the upper bound and lower bound of
the dth problem variable, respectively. The algorithm’s most
crucial component is the population matrix of the SABO, X,
which contains the ith search agent (population member).

Each search agent represents a possible solution and
advises decision variables’ values. This means that the prob-
lem’s objective function is evaluated using each search agent.

According to Eq. (47), a vector
→
F is employed to represent

the evaluated values of the objective function. Depending on
where each member of the population enters the prescribed
values for the problem’s choice variables, the objective func-

tion is evaluated and recorded in the vector
→
F . As a result,

the element count of the vector
→
F and the membership count

N of the population is identical.

→
F �

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

F1
.

.

.

Fi
.

.

.

FN

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

N×1

�

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

F(X1)

.

.

.

F(Xi )

.

.

.

F(XN )

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

N×m

(47)

Fi is the objective function’s evaluated value based on the

ith search member and
→
F is the vector with the objective

function’s values.
The objective function’s evaluated values serve as appro-

priate benchmarks for assessing the search agents’ output
caliber. Consequently, the best value discovered for the goal
function stands for the optimal search agent. Similarly, the
poorest search agent is the worst value obtained for the goal
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function. Finding and keeping the best search agent process
continues until the algorithm reaches the final iteration.

4.2 Mathematical modeling of SABO

The SABO is constructed based on three mathematical
concepts, including averages, variations in search agent posi-
tions, and the sign of the error among the two target values
function. An easy way to update all search agents’ positions
(the generation of all the population members of the (t +
1)th iteration) is to utilize the arithmetic mean location of all
search agents, i.e., the tth iteration’s population members,
rather than just employing, e.g., the location of the worst or
best search agent. However, the SABO’s method of calculat-
ing the arithmetic mean is distinct as it relies on a specific
operation (known as v-subtraction), defined by:

SA −v SB � sign(F(SA) − F(SB))
(
SA − →

v ∗SB
)

(48)

where
→
v is an m-dimension vector, the sign is the signum

function, and the objective functions’ values of the search
agents SA and SB are represented by F(SA) and F(SB),
respectively. The symbol “ ∗ ” indicates the Hadamard prod-
uct of the two vectors, meaning that every element of the final
vectors is created by multiplying the respective elements of
the original two vectors. Given that the definition of the v-

subtraction employs a random vector
→
v with elements from

the set {1,2}, it is crucial to remember that the operation’s
result is the points in a subset of the search space with a
cardinality of 2 m+1.

The arithmetic mean of the v-subtraction of each search
agent Xj, j � 1, 2,…,N , from the search agent Xi, determines
the displacement of each search agent Xi in the search space
in the proposed SABO. Consequently,(49) gives each search
agent’s new position.

Xnew
i � Xi +

→
r
i

∗ 1

N

N∑

j�1

(
Xi −v X j

)
, i � 1, 2, ..., N ,

(49)

where
→
r
i

is a vector with dimension m, Xnew
i is the new

recommended location for the ith search agent Xi. The com-
ponents of this vector have normal distributions with values
falling between [0, 1].

Then, by (50), this suggested new position is accepted as
the new location of the relevant agent if it improves the value
of the objective function.

Xi �
{
Xnew
i , Fnew

i < Fi ;
Xi , else,

(50)

where Fi and Fnew
i represent the search agents Xi and Xnew

i
respective objective function values.

Sincewe can rewrite (49) in the form Xnew
i � Xi+

→
r
i

∗ →
Mi ,

we can view it as the motion equation of the search agent
Xi. The direction of the search agent’s movement Xi to
its new position Xnew

i is determined by the mean vector
→
Mi � 1

N

∑N
j�1

(
Xi −v X j

) � 1
N

∑N
j�1

→
χ
i j
, which is repre-

sented by the v-subtraction Xi −v X j . The ability of the
search mechanism described in (49) to efficiently complete
the exploitation and explorationphases in order to identify the
most promising locations within the search space is its essen-
tial characteristic. The operations of "v-subtraction" (i.e.,

the vector
→
χ
i j
) and "arithmetic mean of the v-subtractions"

(i.e., the vector
→
Mi ) are used to realize the exploration and

exploitation phases, respectively, as illustrated in Figs. 4a, b.

4.3 Repetition process and flowchart

Whenall search agents are updated, the algorithm’s first itera-
tion is complete. Then, the algorithmgoes to the next iteration
with the freshly determined values for the search agent and
goal function placements. The best candidate solution up to
that moment is stored as the most optimum search agent for
each cycle. As shown by steps (46) through (50), the search
agents are updated until the last algorithmic iteration. The
most ideal candidate solution stored throughout the algo-
rithm’s iterations is chosen to provide the ultimate solution
to the problem. The flowchart that shows the steps required
in putting the SABO into practice is shown in Fig. 5.

4.4 Application of the SABO for PI and BS
parameters tuning

The SABO is applied to tune the PI and BS controllers’
parameters. In the two cases, the sum of the ITAEs between
the actual speed, flux, and stators currents’ and their desired
references is considered as the objective function to be min-
imized, which can be defined as follows:

min (Obj) �
t∫

0

t .
(

∗

mec − 
mec
)
dt

+

t∫

0

t · (
φ∗
rd − φrd

)
dt +

t∫

0

t · (
i∗ds1 − ids1

)
dt

(51)

The population size, number of iterations, and boundaries
of the variables to be optimized are defined in Table 1. The
parameters to be optimized are:

123



Electrical Engineering

Fig. 4 Schematic diagram of the
exploration phase considering for
m � 2; a “v-subtractions” and
b “arithmetic of the
v-subtraction”

Table 1 SABO Parameters

Parameters Controller Values

Number of variables PI 3; [ωn-Ωmecωn-φrdωn-is1,2]

Population size 15

Maximum iteration 5

Lower bound [100 10 1000]

Upper bound [700 100 3000]

Number of variables BS 3; [k1k2k3]

Population size 15

Maximum iteration 5

Lower bound [4000 3000 20000]

Upper bound [10000 8000 40000]

• The natural frequencies of the speed, flux, and stators cur-
rents,ωn-Ωmec,ωn-ϕrd , andωn-is1,2, respectively, in the case
of the PI regulator.

• The gains k1-k6 of the speed, flux, and stators currents,
respectively, in the case of the BS controller.

Through simulations in MATLAB, considering the aver-
age model of the whole system, the SABO is introduced to
attain the required parameters of the PI and BS controllers
offline while considering each controller’s impact on the oth-
ers. Table 4 in the Appendix lists the system’s parameters
used in this simulation. Table 2 summarizes the optimal val-
ues of the PI natural frequencies and BS gains with those
computed by the trial-and-error tuning method.

5 Hardware-in-the-loop results

Hardware-in-the-loop (HIL) implementation using RT-BOX
involves integrating real-time simulation with physical hard-
ware components to test and validate control systems safely

and efficiently. The real-time simulator RT-BOX is a pow-
erful interface between the simulation environment and the
actual hardware. In a typical HIL setup with RT-BOX, the
system under test (such as a controller) interacts with a sim-
ulated environment that runs in real-time on the RT-BOX.
The RT-BOX simulates the dynamics of the plant or system
that the controller is designed to manage. It continuously
exchanges data with the physical controller, providing real-
istic feedback as if controlling a natural system. This setup
allows engineers to test control algorithms and hardware in
real-world conditions, thereby saving costs that would have
been associated with full-scale physical testing. RT-BOX is
particularly valued in fields like automotive, aerospace, and
renewable energy, where testing in actual environments can
be dangerous, expensive, or impractical. Using HIL with RT-
BOX, engineers can validate their designs, uncover potential
issues, and refine their systems before deploying them in the
field, thus reducing development time and improving overall
system reliability.

Based on the Plecs/RT-Box platform, the performance of
the proposed control approach implemented for a 1.5 MW
rated capacity DSIG within a wind turbine system is eval-
uated, as shown in Fig. 6. A comparative study assessing
the effectiveness of the proposed optimized controllers with
the conventional ones is carried out under variable wind
speed profile. The DSIG’s nominal characteristics are given
in Table 4,with the optimal controllers’ parameters of Table 2
and for a sampling time Ts � 2 × 10–5. Note that in the
system of Fig. 6, the analog outputs define the system mea-
surements to be provided to the control stage as analog inputs.
The switches’ commands are sent from the control stage to
the plant using PWM out to PWM capture.

The obtained results are presented in Figs. 7, 8, 9, 10, 11,
12, 13, 14, 15, 16, 17, 18 showing the reported controllers’
performance in response to the imposed wind speed profile.
These figures display for each controller the rotor speed, elec-
tromagnetic torque, direct rotor flux, direct and quadrature
of the stator #1 current, a-phase currents of the stators #1 and
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Fig. 5 Flowchart of the SABO
algorithm

Table 2 PI and BS controllers’
gains and performance of the
tuned controllers

Tuning
method

Controller Gains ITAEs

Rotor speed
control

Rotor flux
control

Stators
currents
control

�eΩmec �eφrd �eids1

Trial
and
error

PI ωn-Ωmec �
600

ωn-φrd �
65

ωn-is1,2 �
2000

0.3802 0.0278 23.3987

BS k1 � 2000 k2 � 5000 k3-6 �
30,000

0.1058 0.1464 8.4616

SABO PI ωn-Ωmec �
402.123

ωn-φrd �
48.10

ωn-is1,2 �
2227.17

0.0248 0.6747 7.2567

BS k1 �
2.3424e +
3

k2 �
8.8016e
+ 3

k3-6 �
1.8747e
+ 4

0.0626 0.0247 0.0569
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Fig. 6 Hardware-in-the-loop experimental setup

Table 3 Time-integral performance criteria and THD for different controllers

Tuning method PI BS THDPI% THDBS%

Ωmec φrd ids1 iqs1 ids2 iqs2 Ωmec φrd ids1 iqs1 ids2 iqs2 ias1 ias1

Trial–error ISE 0.19 0.18 3e5 8e5 3e5 8e5 0.18 0.12 2e5 7e5 2e5 7e5 3.3456% 2.8665%

IAE 2.1 0.2 3e3 5e3 3e3 5e3 2 0.15 3e3 4e3 3e3 4e3

SABO ISE 0.16 0.17 3e5 4e5 3e5 4e5 0.14 0.12 2e5 3e5 2e5 3e5 0.8103% 0.5047%

IAE 2 0.2 3e3 4e3 3e3 4e3 1 0.1 3e3 4e3 3e3 4e3

Fig. 7 HiL results for variable wind with the conventional PI regulator

#2, and their references. In addition, the zoom-in at transient
and steady states and the wind profile are also depicted in
these figures. Moreover, the time-integral performance crite-
ria, IAE and ISE, as well as the THD corresponding to each
controller, are listed in Table 3.

Based on these figures and Table 3, the following obser-
vations are made:

• All the designed controllers ensure the measured speed,
electromagnetic torque, and stators’ currents of the DSIG
following the wind profile, while the rotor flux remains
constant.

• The optimized PI controller provides better transient and
steady-state performance with the least IAE and ISE
errors than the conventional PI regulator as Figs. 9–12
show and Table 3 highlights. More particularly, by using
the optimized controllers, the actual speed, electromag-
netic torque, flux, and stator #1 current dq components
accurately track their references’ average values (see
Fig. 10a–e)with low ripples at steady state.When using the

123



Electrical Engineering

Fig. 8 HiL results for variable wind with the optimized PI regulator
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Fig. 9 Steady-state performance: HiL results zoom in

traditional controllers, significant ripples and steady-state
errors are observed among the actual speed, electromag-
netic torque, and flux, as Fig. 9a–c depicts.

• The optimized PI controller provides fast transient
responses with settling time, ts, about 0.3 s compared to
the traditional PI with ts of around 0.4 s, as Figs. 11 and
12 demonstrate.
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Fig. 10 Steady-state performance: HiL results zoom in
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Fig. 11 Zoom in transient response HiL results

• Similarly, the BS controller with optimized parame-
ters shows excellent performance regarding fast dynamic
responses, teeny ripples at steady state, and low IAE and
ISE errors compared to the traditional BS. The perfor-
mance enhancement can be noticed from Figs. 15 and 16,
the actual speed, electromagnetic torque, flux, and stator
#1 current dq components track their references with high
accuracy and a settling time of around 0.1 s.

123



Electrical Engineering

(a)

(b)

(c)

(d)

(e)

(f)

(g)

Ωmec

T*mecTmec

ϕrdϕrq

i*ds1ids1

is1_ais2_a

i*qs1iqs1

Ω*mec

Rotor Speed
Ra

d/
s

N
.m

W
b

A
A

A
m

/s

Electromagne�c torque

Rotor flux

Stator 1 direct current

Stator 1a and 2a currents

Stator 1 quadrature current

Wind speed profile

Time/s

Fig. 12 Zoom in transient response HiL results
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Fig. 13 HiL results for variable wind with the backstepping regulator

• The optimized BS controller offers the best transient
response time and lowest steady-state ripples and static
errors compared to the optimized PI controller. In addition,
the traditional BS is better than the optimized PI regarding
the transient response time, but the optimized PI controller
has superior steady-state performance.

Sinusoidal waveforms of the phase stators currents with
high quality are obtained based on the optimized regulators,
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Fig. 14 HiL results for variable wind with the optimized backstepping
regulator
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Fig. 15 Steady-state performance: HiL results Zoom in

with a noticeable reduction of the THD values, 0.8103% for
the PI and 0.5047% for BS, compared to the traditional ones
with high THDs, 3.3456% for PI and 2.8665% for BS.
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Fig. 18 Zoom in transient response HiL results

6 Conclusion

This paper proposes a new optimization technique to opti-
mally tune the PI/BS controllers incorporating FOC for a
WT-DSIG system. The performance of the designed con-
trollers is investigated against the conventional controllers
through HIL tests using the RT-Box platform. The results
demonstrate that the proposed optimal control approach
ensures high tracking performance of the desired references
with enhanced transient and steady-state responses and com-
paratively low IAE and ISE errors under a variable wind
speed profile. In addition, the optimally designed controllers
significantly improve the THD of the stators currents with
0.8103% for PI and 0.5047% for BS, compared to the tra-
ditional ones with 3.3456% for PI and 2.8665% for BS. It
is concluded that the PI and BS controllers with optimally
tuned parameters show superior performance compared to
the traditional ones in terms of fast transient response, less
error, and low ripples during steady-state operation.

Appendix

This appendix provides the parameters of the simulated sys-
tem.

See Table 4.
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Table 4 Wind turbine system parameters [1]

Quantity Values

Attenuation factor on the rotor γ � 0.25375

Average wind speed Vmoy � 8.12 m.s−1

Turbine’s radius R � 32 m

Gain of the gearbox G � 58

Coefficient of maximum power Cpmax � 0.47

Optimal relative wind velocity λopt � 8.1

Nominal power of DSIG Pn � Pmax � 1.5 MW

Voltage (RMS) E � 400 V

Pole pairs number P � 2

Resistance of the stator Rs1 � Rs2 � 0.008 


Inductance of the stator Ls1 � Ls2 � 0.134 mH

Magnetizing inductance Lm � 0.0045 H

Resistance of the rotor Rr � 0.007 


Inductance of the rotor Lr � 0.067 mH

Moment of inertia J � 10 kg.m2

Coefficient of viscous kf � 0.0015 Nm s/rd

Impedance of the smoothing choke X � 0.314
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