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ABSTRACT Gulf of El Zayt wind farm is one of the giant projects for wind stations in Egypt, as its
production is expected to reach up to 580 MW. Sliding Mode Control (SMC) is characterized by its ability
to achieve rapid control of systems which suffer from the impact of uncertainty variables. This paper presents
an improved method to enhance the effect of Seconded Order Sliding Mode Control (SSMC) on the applied
systems. This improved method consists of a combination of the SSMC and proportional integral controller
(P1) which is named as an optimized Seconded Order SMC-PI Control (OSSMC-PI). The Slime Mould
Algorithm (SMA) and the particle swarm optimization (PSO) methods are applied to assign the optimal gains
of proposed OSSMC-PI controller. To clear up the achievement of this improved method, its impact on the
performance of Gulf of El Zayt wind farm stage one - 120 MW (GZWF-120) during a three-phase fault is
compared with the impact of different control technologies such as the proportional integral controller (PI),
optimized PI controller and PI-SMC controller the performance of GZWF-120. The system performance is
enhanced considerably with the application of the suggested OSSMC-PI controller compared to the classical
SM controller and PI controller.

INDEX TERMS Wind energy, Sliding mode control, SMA optimization, Pl controller, PSO.

List Of Abbreviation

o o Coefficient which is based on the fixed
SMC Sliding Mode Control parameters of DFIG
SSMC Seconded Order Sliding Mode Control THD Total harmonic distortion
Pl Proportional integral controller SOSM Second order sliding mode
OSSMC-PI Optimized Seconded Order SMC-PI GSC Grid side converter
Co_ntrol _ RSC Rotor side converter
SMA Slime Mould Algorithm 1% Wind speed
PSO Particle swarm optimization R Turbine radius
GZWF Gulf of EI Zayt wind farm Dair Air density
\?VErIGS Wuk&ly fi('j induction generators C, WT’s aerodynamic efficiency
/ind turbine A Tip velocity ratio
SM Sliding mode .
: . B Angle of blade pitch
ANFIS Adaptive neuro-fuzzy inference system w Shaft of the generator
- . . t
IR Inflnlte_lmpulse_ response T, Mechanical torque
Ky Proportional gain Pyr Wind turbine output power
K; Integral gain d,q Park reference frame
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Direct axis of the stator voltage
Quadrature axis of the stator voltage
Direct axis of the stator current
Quadrature axis of the stator current
Direct axis of the rotor voltage
Quadrature axis of the rotor voltage
Direct axis of the rotor current
Quadrature axis of the rotor current
Direct axis of the stator flux
Quadrature axis of the stator flux
Direct axis of the rotor flux
Quadrature axis of the rotor flux
Resistance of the stator
Resistances of the rotor
The synchronous angular speeds
The rotor angular speeds
The mutual inductance
Electromagnetic torque
The active power of the stator
The reactive power of the stator
The slip range

The converter of grid voltage

The converter of rotor voltage

The reference of the active power
Disturbance

The optimum power

The error power function

Switching function

Direct current

Alternating current

The measured power during disturbance
The measured AC voltage during
disturbance

The measured DC voltage during
disturbance

The error power signal of the rotor side
converter

The error of AC voltage of the rotor side
converter

The error of DC voltage of the grid side
converter

Direct component of the voltage of grid
side converter

Quadratic components of the voltage of
grid side converter

The direct and quadratic components of the

voltage of grid side Converter
Acceleration constant

The rated wind speed
The cut-out wind speed

The cut-in wind speed

The maximum iteration number

The sorting of the objective function
Random vectors from the populations
The best objective function

wF The worst objective function

DL The best objective function

b The lower limit of the search range

ub The upper limit of the search range

z Constant value

h; The populations of the PSO

V; The populations velocity

G The best global population is determined

CPU Central processing unit

PC Personal computer

Vier Reference voltage

wa Reactive power injected from the DC
bus of wind farm

Qsys System reactive power

I. INTRODUCTION

Wind energy is highly incorporated types of renewable
energies sources to the electric grids. Wind energy sources
are the most competitive energy sources compared to
conventional energy from a techno, economic and eco-
friendly perspective. Wind power growth is about 27% has
been experienced among all renewable energy sources in
2022. In 2023, it was predicted that 14% of the supplied
energy comes from wind-based energy system[1] [2]. The
Doubly fed induction generators (DFIGs) are wieldy
incorporated in modern power systems due to their high
control capability and wide speed operation [3]. In addition
to that the DFIG cost is less than full-scale power converter
wind turbines (WTs)due to the reduction in the low costs of
its inverter which is less than the full-scale WT’s inverter by
(25-30%) [4].

The DFIG over several advantages compared to full-scale
converter wind energy system but it is very sensitive for any
disturbance in the electric grid. Thus, it is mandatory to
provide effective and robust control methods for the DFIG to
improve its performance during grid disturbances. The
conventional proportional—integral (Pl) controller was
employed to provide the required control ability for the
DFIG [5-7].

The PI controller is simple to be applied to provide the
control ability of the DFIG. However, it can’t provide the
high precision control ability for nonlinear dynamic
disturbances or states. Thus, due to the limitation of the
conventional PI the sliding mode (SM) controller is wildly
implemented for the fault ride-through or to improve the
performance of the DFIG where a nonlinear sliding-mode
control was suggested for the active and the reactive powers
control of the DFIG in which the SM was utilized to
determine the rotor control voltage without extra current
control loops [8]. In [9], SM controller was employed for
regulation the dc-link voltage and power control. A SM
control with new exponential reaching law was present-ed
for reduction the chattering phenomenon of the DFIG under
variation of wind speed [10]. A feedback linearization
methodology and SM controller was proposed to diminish
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the sub-synchronous control interaction of the DFIG with
series compensator [11]. A modified Super-Twisting SM
control was presented and implemented to the wind energy
system for diminishing the total harmonic distortion (THD)
and improving the power system performance during the
faults [12]. In [13-16], the second order SM (SOSM)
controller was employed for maximizing the output power of
the DFIG under different states. A fractional order SM
control was proposed to provide the efficient control abilities
for the maximum power point tracking of the DFIG [17]. The

SOSM control based on damping controller was proposed

for utilization of the reactive power capability to emphasis

the stability of the power system during the disturbances

[18]. In [19], a SOSM base on Super-Twisting ANFIS was

proposed for maximizing the captured power from the DFIG

to overcome the chattering problem.

Slime mould algorithm (SMA) is robust technique that

mimics the propagation of slime mould [20]. The SMA was

applied for optimizing several problems like image

segmentation [21, 22], photovoltaic parameters [23, 24],

economic emission dispatch [25], medical classification

[26], feature selection [27], proportional derivative integral

controller design [28], optimal power flow [29], design of

digital 1IR filter [30], mobile robots [31].

In this work, the ability of SMC is employed to control DFIG

converters regardless of unexpected changes in system

parameters. As it can be seen in a literature review, SMC
depends on a coefficient (o) which is based on the fixed
parameters of DFIG. This paper presents a modification to

SSMC based on determining the optimal value of (o) using

different techniques of optimization. The paper named this

modified SSMC with Optimized Seconded Order SMC-PI

Control (OSSMC-PI). Also, different techniques of

optimization are used to reach the optimized PI gains K,

(and K;) not only in the converter of the rotor side but also in

the converter of the grid side using (K, and K;). OSSMC-PI

is applied to Gulf of El Zayt wind farm in order to handle the
unsatisfactory performance of Gulf of El Zayt wind farm
especially disconnection from the electrical network during
fault conditions. To demonstrate the effectiveness of

OSSMC-PI on the performance of Gulf of El Zayt wind

farm; the performance of Gulf of El Zayt wind farm is

handled using 6 different control cases and comparison
between the results to get the best case.

The paper contributions are listed as follows:

e A new optimized Seconded Order SMC-PI Control
(OSSMC-PI) is proposed for DFIG’s performance
enhancement.

e  Assessing the performance of a real Gulf of El Zayt wind
farm energy conversion system with integration of the
proposed controller under the fault’s occurrence.

e The optimal gains of the proposed OSSMC-PI are
assigned optimally using slim molded algorithm and the
obtained results are compared to the PSO.

e The performance of the OSSMC-PI is compared to the
classical SMC and PI.
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The remaining sections in this manuscript are outlined as
follows: Section 2 gives a description of DFIG modelling and
its construction. Section 3 illustrates the conventional control
of DFIG as well as the Seconded Order SMC and the
suggested controller. Section 4 describes the configuration of
the Gulf of El Zayt wind farm. Section 5 gives an overview of
the SMA and the PSO methods. Section 6 lists the numerical
simulation and the corresponding discussion while the
conclusion is outlined in section 7.

Il. CONFIGURATION AND MODELING OF THE DFIG

The main construction of the DFIG is shown in Figure 1 where
it consists of wound rotor induction generators which are
coupled with the blade of the WT via gear box. The stator is
connected to the electrical network directly while the rotor is
linked to the electric system via the grid side converter (GSC)
and the rotor side converter (RSC) are connected together in
back-to-back configuration.

Power grid
Gear

box I

-— RSC GSC l I I
converter converter e
Pl
DC AC Tr
s - ;
AC T DC
Blade Pitch ol i Gsc
control sntte control
we f, Vo Vi I I‘k Id&m!
FIGURE 1.  Construction of the DFIG.

A. MODELING OF THE WIND TURBINE (WT)
The aerodynamic generated power of the WT can be assigned
using (1) as follows [32]:

Pur = 5 Pur TREC, (4, )V 1)
where V, R, p,;,, Cp, A and B represent the wind speed, the
turbine radius, the air density, WT’s aerodynamic efficiency,
the tip velocity ratio and the angle of blade pitch which can

be expressed as follows:
R
A== @)
The produced mechanical torque by the WT can be
calculated as follows [33]:
Pyr 1
T, = Tt = ﬁpairnRscp(l' B)w? (3)
where w, refers to the shaft of the generator.
The DFIG dynamic model is represented in Park reference
frame (d, q) using the following equations [34]:

. dog
Vgs = Rgigs + dt = - WsPgs (4)
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., de
‘qu = Rslqs + dtqs + WsPgs (5)
. doy 6
Var = Ryplgy + dtr — (05 — 0)Qgr ©)
. de
Vgr = Rylgr + d:r + (w5 — 0 )@ar )
Pas = Lgigs + Mig, (8)
Qs = Lsigs + Miy, ©9)
Pqr = Lyigr + Migg (10)
Par = Lyigy + Miys (11)
Tem = 1- Sp((pdsiqs - (quids) (12)

where v4g, and v, are the d — and g — axis of the stator
voltage’s components. igzs and i, are the d — and g — axis
of the stator current’s components. Vg, and V,, are the d —
and q — axis of the rotor voltage’s components. iy, and iy,
are the d — and q — axis of t

he rotor current’s components. @45 and ¢, are the d — and
q — axis of the stator flux’s components. @4, and ¢, are
the d — and g — axis of the rotor flux’s components,
respectively. R, and R,. represent the resistances of the stator
and the rotor, respectively. wg, and w, are the synchronous
and the rotor angular speeds, respectively. M is the mutual
inductance. T, refers to electromagnetic torque. The
DFIG’s stator resistance is neglected while the stator flux is
constant and aligned with the d — axis [35]. Thus, @, = @4
and @45 = 0 and the previous equations of the be modified
as follows:

Vys = 0 (13)

Vs = Vgs = WsPs (14)

@s = Lgigs + Mig, (15)

0= Lsiqs + Miqr (16)
3

M
Tem = _EpL_‘psiqr (17)
s

Likewise, the rotor voltages can be represented using (18)
and (19).

, M?\ dig M?\ 18
Var = Ryigr + <Lr - L_> - gws <Lr - L_> lgr ( )
s s

dt
. M?\ di M?\ | 19
Var = Rypigy + <Lr — Z) d‘;f + gwg <Lr - L_s> igr (19)
Mug
+g

L
where g refers to the slip range. The stator active and reactive
powers are represented using (20) and (21).

3
Ps = E (vdsids + vqsiqs) (20)

3
Qs = E (vqsids - vdsiqs) (21)
1) THE CONTROL MODES OF THE DFIG

a) The conventional Control mode

As it is known DFIG is composed of two converters including
the GSC and the RSC as shown in Figure 2 (a). The converter
of grid side controls produces the grid voltage (Vgconv) as
shown in Figure 2 (b) while the converter of rotor side controls
produces the rotor voltage (Vrconv) as displayed in Figure 2 (c).
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Bus data of PCC B1 (V_B1, Bus data of DFIG (Vs,

1_B1,P_B1r, Q_B1) Is, Ir, w)
Gridll i @ :q@;
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Vdq_grid_conv
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FIGURE 2. (a) The construction of the DFIG Pl control system, (b)
Grid side PI control system, (c) Rotor side Pl control system.

Figure 2 (b) and Figure 2 (c) show the grid and rotor side Pl
control system of grid and rotor converters. In this paper, two
types of controls will be compared (PI control and OSSMC-
PI control). The input and output signals of each converter
are the same in the two types of controls. In steady state
condition, the active power of DFIG can be expressed using
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d-q transformation of stator voltage and rotor current as
shown [36-39]:

1.5L,,V s

Py=(—— (22)
s
s =axXig (23)
In which
p— Ls

“= \15L,v,, (24)
igr =a X Pg (25)

The deviation of P, from the reference of the active power
(Pyey) due to any disturbance (F) will be the error signal of
power. The reference of active power will be equal to the
optimum power (P,,;) Which can be obtained from the power
characteristic curve of WT. The error power function (e,,) can
be given by:
ey = Popi — Ps (26)

Many researches had used the equation of error power
function (ep,) to present different types of DFIG controls such
as in [36, 39]. Even though, SMC had been used in [36, 39],
but it depend on the value of () in equations (16, 17) to design
the switching function (S). Also, as shown in Figure 2 (c), the
(ep) signal represented in equation (26) is the control signal of
RSC which controls the rotor voltage of DFIG (V,..on1,) Only.
From equations (24), and (25), it can be observed that the
value of (o) is dependent on the value of (V). This means that
any severe turbulence in value of (V) and accordingly the
value of (o) will influence the control system.

b) The Proposed Optimized Seconded Order SMC-PI

Control (OSSMC-PI)

As it is cleared in previous subtitles, DFIG control consists of
two impressive signals V;conp, Vicony @Nd Vcony- In addition,
the value of V, and o will influence the control system. This
proposed control system (OSSMC-PI) is based on three bases
which can be described as follows:

1) Using the advantage of SMC to stabilize systems
regardless of external perturbations and unexpected
changes in system parameters.

2) Using optimization technique to find the optimum value
of (a);

3) Find the optimum value of PI gains (k,and k;) not only
in converter of rotor side but also in converter of grid
side using (k,, and k;).

Figure 3 shows the flowchart of (OSSMC-PI). In (OSSMC-
PI), the SMC is applied to both grid and rotor converters.
Hence, not only is the error of power represented in (OSSMC-
PI) but also, the error signals of DC and AC voltages. The
validation of the OSSMC-PI means using the optimized values
of the gains to the proposed controller under the system faults.
The equations represent the error signals of rotor side
converters are given by Egs. (27) and (28), while Eq. (29)
represent the error signal of grid side converters:
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Cp—rsc = Pref — Pp (27)
€y—_rsc = Vref —Vr (28)
€vdc-gsc = Vdc—ref —Vpc_r (29)

The values of Pz, V and Vp._grepresent the measured power,
AC voltage, DC voltage during disturbance. The values of
Pref s Vier and Vge_ror represent the measured power, AC
voltage, DC voltage references.

FIGURE 3.  the Flowchart of proposed OSSMC-PI
Start
Establishing the u :
ploading the system
OSSMC-PI control = paramters g
Run the optimization Define the objective

technique ‘ function

!

Obtain the values of the PI's
gains (Kp, Ki) and ka from the gy
optimization algorithm ‘

Validate the OSSMC-PI with
the new optimized values

1_1

Is the stopping criteria is satisfied?

Yes l

Print the optimal values of the PI’s gains
(Kp, Ki) and ka. ‘

No

Start

e  Execute the OSSMC-PI on the converter of grid side

The OSSMC-PI of GSC is presented in Figure 4. The voltage

of grid side converter is expressed as:
qu—gsc = Vd—gsc +qu—gSC (30)

Va—gsc and V,_ 4. are the direct and quadratic components of

the voltage of GSC Vg,_ 4. The next equations represent the
Va—gsc and V,_ g5 under the effect of (OSSMC-PI).

Vd—gsc = evdc—gscKp + Ki J evdc—gscdt - Fd (31)

+ adc—gsc.gSMC
To define the stat space equation let x; equal to [ e,q.— gscdT

and x; equal to e, 4. 45 SO that the stat space equation can be
donated by:

{ X1 = X2 = €ydc—gsc (32)
Xy = —%2Kp — Kix1 — @yc—gscGsmc — Fa
FIGURE 4.  OSSMC-PI of grid side converter

The equation represents switching to sliding surface are
denoted as follows:
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S=xZ+C*x1 (33)
(34)

(35)

S=C+ Xy — xZKp —Kixq — Qgc-gscdsmc — Fq
S = xZ(C — Kp) - Kixl - adc—gschMC - Fd

In the previous equation gg)c can guarantee that the system
will slide on the surface if ggy composed of two parts as
shown:

9smc = 9smc1 T Ismcz (36)
where gsuyeq IS the sliding condition and ggyc, iS used to

reduce the chattering effect. Both ggycq and gsuc, Can be
expressed as follows:

5=x2+C*x1 (37)
S=Cxx; —x2K;, —Kix1 — @gc_gscGsmc — Fa (38)
S= XZ(C - Kp) = Kix1 — @gc_gscGsmc — Fa (39)

So that by substituting equation (36) in equation (31), the
direct component of the voltage of grid side converter can be
written as follows:

Vd—gsc = evdc—gscKp + Kif evdc—gscdt - Fd (40)
+ @gc—gsc(Gsmcr + Gsmcz)
Likewise, V,_4s.Can be obtained using (41).
Vo_gse = €q_gscKp + Ki f eq_gscdt — Fq (41)

+ @yc—gsc(Gsmcr + Gsmcz)
where e,_gs is error between the reference quadratic

component of the current and the measured current during
disturbance and it is given by:
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€q-gsc = lg-ref = Iq-r (42)
From equations (33) and (34), the optimum value of Vd-gsc
and V,4_gsc and hence the value of grid side converter
Vagq-gscWill be occurred when the optimum value (agc—gsc —

k; — k) which are obtained using optimization methods.
e  Execute the OSSMC-PI on the RSC

The OSSMC-PI of RSC is depicted in Figure 5. The converter
of rotor side is composed of power regulator and voltage
regulator which produces direct component of the voltage of
RSC while the power regulator produces quadratic component
of the voltage of RSC. The voltage of rotor side converter can
be expressed as follows:

qu—rsc =Va—rsc + ]Vq—rsc (43)
Rotor side V voltage
regulator PID SMC
Alfa_V_regu_
rotor side
kp + :
Vet ]_
vdr*
= |
ki 1/s @ 1
s /51 vd_rsc ‘
V_F vafi( 14 ) - | Vvdq_rsc
Alfa_P_regu_ |
rotor side
Rotor side P voltage —(2)
regulator PID SMC var*

vqf2

FIGURE 5. The OSSMC-PI of RSC.

The value of V,;_,... is produced by voltage regulator and it
depends on error signal e,_,... between the measured voltage
during fault V and reference voltage V,., as depicted in
equation (28). On other hand, the value of V,,_,..is produced
by power regulator and it depends on error signal e,_,.
between the measured power during fault P-and reference
power P, according to (27). Likewise, in grid side converter,
the following equations represent the V,_,.. and V, _,.. under
the effect of OSSMC-PI.

Va-rse = ev—rscKp—v +Kiy| ey pscdt—F, (44)
+ @yrsc(Gsmcs + Gsmca)
Vq—gsc = ep—rscKp—p + Ki—p ep—rscdt - Fp (45)

+ ay_gsc(gsmcs + Gsmce)

According to equations (44), the optimum value of V,;_,.;. of
voltage regulator can be assigned when the optimum values of
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(ay—rsc—Ki—y—K,_,) are determined from the optimization
methods.

From equations (45), the optimum value of V,_,...of power
regulator when the optimum values of (a,_,sc— Ki—p —Kp—p)
are obtained from the optimization methods.

From equations (44 )and (45), the optimum value of
Va—rsc and V,_.sc are assigned. Sub sequentially, it can
provide the optimal control ability of rotor side converter
including the voltage regulator and power regulator via
optimum values of (a,_,s; — K; —Kp).

Ill. GULF OF EL ZAYT WIND FARM

Gulf El-Zayt wind farm is large Egyptian wind energy power
plants which is considered a largest wind energy project in the
Middle East. The Gulf El-Zayt wind farm has a total capacity
is 580 MW that is connected in three stages. The first stage is
240 MW (2MW*120 wind turbines) while the second stage is
220 MW (2MW *110 wind turbines) and the third stage is 120
MW (2*60). The type of the WT is Gamesa G80 in which its
rated capacity is 2000 kW while the cut-in (V;,), cut-out
(Vout), and the rated (1;.), wind speeds are listed in Table 1.

The
2000 T T pOWEr
Power Output
- - --Cut-In Speed
—~ Rated Speed
E 1500 r|_ - _.cut-Out Speed
] :
= '
= 1000 - .
o '
~ 1
i 1
E !
£ 500 '
0 L . . .
0 5 10 15 20 25 30

Wind Speed (m/s)
generated by the WT v.s. the wind speed variations are
depicted in Figure 6 [40].

FIGURE 6. Gamesa-80 turbine wind speed.
TABLE |
SPECIFICATION OF THE WT
Parameter Value
Rated power (kW) 2000
Vin (M/s) 35
V. (m/s) 12
Vour (M/S) 25
R (m) 80
Area (m2) 5.027
Blade length (m) 37
Height of the hub (m) 100

IV. OPTIMIZATION

A. SLIME MOULD ALGORITHM

The SMA is an efficient bio-based algorithm that
conceptualized from the construction slime mould which
depend upon three stage including approach food, Wrap food
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and the oscillation [20]. The mathematical representation of
the SMA is formulated as follows:

1) APPROACH FOOD

The mould goes directly to the location of the food from its
odour. This behavior can be represented as follows:

h(t+1) (46)
_ (hp(t) +vb - (W - hy(t) — hg(t)),rand <p
- { vc- h(t),rand = p

In which
p = tanh|Fit(i) — DL| 47)
vb =[-q,a] (48)
a = arctanh (—( t ) + 1) (49)
F _max_
1+1r-log (% + 1) , condition (50)
W(ST(@) = bF — S(i)

1-r- lOg (m‘F 1),0thers

SI = sort(Fit) (51)

where the position of the SM, h,, the best placement of the
food, t denotes the current iteration number, T, iS the
maximum iteration number, SI is the sorting of the objective
function values, h,, and hy refer to random vectors from the
populations, rand is a random factor between 0 and 1, bF is
the best objective function, wF is the worst objective function.
Fit the corresponding objective function of the h. DL
represents the best objective function.

2) WRAP FOOD

Wrap food mimics the venous tissue contraction where the
flow of the cytoplasm will be increased due to increasing
thickness and the strength of the vein when the concentration
of the food and the bio-oscillator are high. The wrap food
phase can be represented as follows:

h*(t+1) (52)
rand X (ub —lb) +lb,rand < z
=:{Xpt)+vb- (W hy(t) — hg(t)),rand <p
ve X h(t),rand > p
where z is a constant value. [b refers to the lower limit of the
search range while ub is the upper limit.

3) OSCILLATION

The biological oscillator generates signal for changing the
cytoplasmic flow to accommodate the location of the mould
based on the best location (high concentration) of the food.
Thus, the slime mould’s venous thickness is varied based on
W, vb, and vc. For simulating the oscillation frequency, the
W was utilized which depends upon the food concentration.
When the quantity of food is high, the SM can go to this food
quickly while the slime mould moves slowly when the
concentration of food is low. The second and the third
parameters that can control the behavior of the slime mould
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are vb and vc are oscillated between [-2, 2] and [-1, 1],
respectively. The SMA’s flow chart is presented in Figure 7.

[ Set the parameters of the SMA ]

[Generate the initial locations of the SMs randomly,

[ Set the system data J
l Update the locations of the| Update the locations of the
Slime Moulds using (52.b) Slime Moulds using (52.c)

then calculate the fitness function ]

Calculate the fitness
function of the updated
Slime Moulds

Sett=0

Calculate the fitness function for all Slime
moulds and determine the best and the
worst solutions

Update a, and W using (49)
and (50)

Obtain the best solution of the optimal gains
of the controllers

Elpdate the locations of the|

Slime moulds using (52.a) [ Updatep using (47)

The flow chart of the SMA.

b

FIGURE 7.

B. PARTICLE SWARM OPTIMIZATION

Particle swarm optimization algorithm (PSO) is a swam
optimization technique that simulates swarm motion of fished
or birds which was proposed by James Kennedy and Russell
Eberhart [41]. Each solution represents a particle which
updates its location based on its experience as well as the
experience of neighboring particles. The following steps
describe the of the PSO

- Generate the locations of the particles and the

corresponding velocities randomly.

- Find the corresponding objective function of each

particle.
- Update the velocity of the particles as follows:
Vi(t+1) = w X V;(t) + ¢, X 1 x (Pbest; — X;(t)) £3
+c, X 12 % (Gbest — hy(t)) (53)
- where r1 and r2 are random values within [0-1]. ¢,
and ¢, are weight factors. Gbest is the best global
solution. Pbest; is the best solution is founded by
particle i.

- Update the location of each particle as follows:

Xi(t+DH)=X)+V;(t+1) (54)

V. SIMULATION RESULTS AND DISCUSSIONS

Here, the performance of the Gulf of El Zayt wind farm based
on DFIG is simulated. In addition, this simulation is studied
under the occurrence of grid faults by applying the suggested
OSSMC-PI. The results obtained of this simulated case are
compared with the application of other controllers. These
controllers like the Sliding Mode Controller (SMC) and PI
controller. The optimal gains of these controllers have been
assigned optimally using the SMA and PSO optimizers. The
simulations were conducted on a core 17 PC with CPU 2.9
GHz, 32 GB RAM using MATALB software. In this paper six
studied cases are presented which have been depicted as
follows: (a) Casel: Pl only with SMA, (b) Case 2: Pl only with
PSO, (c) Case 3: OSSMC-PI with SMA, (d) Case 4: OSSMC-
PI with PSO, (e) Case 5: SMC only with SMA, and (f) Case
6: SMA only with PSO. The cases studied and the
corresponding optimal gains are listed in Table 2 and Table 3.
The optimal parameters that have been determined by the
reported algorithms are agc_gsc » @y—rscr Ap—rsc: Ki and K.

TABLEII
THE OPTIMIZED SETTING OF GAINS FOR CASES 1, 2 AND 3.

Regulators Casel: Pl only with SAM | Case2: Pl only with PSO | Case3: OSSMC-PI with SMA
Kp KP K; KP K; Ay—rsc
Power regulator
2 0.9678 111.08 0.00103 | 6.536 3.1548
Rotor side converters
AC voltage KIJ Kp KL KIJ KL Ay—rsc
regulator 3.7513 7.0418 578.46 1.1847 | 450.8 | 4.9847
K, K, K. K. K. Age—
DC voltage P P L P ¢ cgs¢
Grid side converters R v | tg
egulator 4.15E-4 0.07445 0.022 00319 | 0.0044 | 0.0724 10
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TABLE I
THE OPTIMAL SETTING OF GAINS FOR CASES 4, 5 AND 6.
Case 5: Only SMC | Case 6: Only SMC
Regulators Case 4: OSSMC-PI with PSO ase . n ase . n
with SMA with PSO
Kp K; Ap-rsc Ap—rsc Ap—rsc
Power regulator
. 1.6145 210 2.675 0.5051 0.7802
Rotor side converters
KP Ki AXy_rsc Xy—_rsc Ay_rsc
AC voltage regulator
7.689 641.6 4.979 0.0750 0.0601
Grid sid " DC voltage Kp Ki adc—gsc adc—gsc adc—gsc
ria siae converters
regulator 0.0079 0.0865 9.578 -0.006 -0.0025
=P CASE (1) I
The cases study the performance of the Gulf Elzayt wind 150 - =P CASE () 1
farm during a three-phase fault based on 6 types of control. - beASE ~——
The duration of the fault is 150 ms. The fault occurred 25 S| —Egizzgz 41 0 ; .
seconds after the start of simulation time and after the wind z \ ‘ / ~
. 2 \ | A
speed reaches its peak speed equal to 14 m/s. The authors g sor | ‘ = NTTmA ]
chose this operating condition because it represents a harsh \ 3 7 s me mo o ww
situation. Figure 8 (a) displays the effect of wind speed and o _ = ‘ 1
three-phase condition for all studied cases. Itis clearly shown 25 25.1 252 25.3 25.4
in Figure 8 (a), in all studied cases, the Gulf Elzayt wind farm Ti“b) «
can remain connected to the network during the increase in
wind speed and even when the wind generation units work at FIGURE 8.  (a) The active power of the 6 cases during fault

maximum wind speed. Hence, the authors focus on the fault
period where the measured voltage, active, and reactive
powers are at the point connection between the interconnected
grid and wind farms. Also, speed, pitch angle, and dc-link
voltage are observed. Figure 8 (b) focuses on the impact of
fault condition on all studied cases. Figure 8 (b) shows that,
just before fault occurrence cases 1, 2, 3 and 4 have the highest
value of output power while cases 5 and 6 have the lowest
value of output power. During fault conditions, the active
power in cases 3, 4, 5, and 6 does not decrease to zero but the
WTs are still connected and in service to the electric system.
The active power in cases 1, and 2 decreases to zero during the
fault and remains at zero output power which means that the
wind generation units are disconnected from the main electric
system. Figure 8 (b) also shows that the active power of case
4 has reached its steady state much faster than case 5. Also, as
exposed in Figure 8 (b) and after fault clearance, the active
power of cases 5, and 6 have increased then then suddenly
dropped to zero.
200~ —— 7
== Case 2
e Case 3
Case 4

Case 5
. 100 — ' Case 6|

~150

Power (
2
\‘
\
ﬁq —

0 5 10 15 20 25 30 35 40 45 50
Time (Sec.)

(a)
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condition (b) Zoomed active power.

The behaviors of active power can be understood by observing
the voltage and reactive power curves as illustrated in Figure
9 and Figure 10, respectively. As shown in Figure 6, before
fault occurrence the WTs operate at maximum wind speed (cut
of speed) which means that there will be significant reactive
power absorbed from the system network (Qsys) and a
significant amount of reactive power injected from the DC bus
of wind farm (Q,,). During the increase of wind speed to
maximum speed and before fault occurrence, the voltages of
cases 1, 2, 3, and 4 are slightly higher than the voltages of cases
5 and 6. This is due to the delivered reactive power from the
network for cases 1, 2, 3, and 4 are lower than absorbed
reactive of cases 5 and 6 as shown in Figure 10 (a), and (b),
respectively.

25.5

m== Case 1
= Case 2
—— Case 3
— ' Case 4

Case 5
—=' Case 6

I
25.1 25.15

Time (Sec.)

25.2

FIGURE 9.  Voltage of the 6 cases.
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FIGURE 10. Reactive power of the 6 cases. (a) Reactive power at

bus of the grid and (b) Reactive power at bus of the wind farm

As exposed in Figure 9, during the fault cases 1, 2, 3, and 4
have a higher voltage value compared with the voltages of
cases 5 and 6. This is because cases 1, 2, 3, and 4 absorb lower
reactive power from the grid compared with the reactive
power of cases 5 and 6 as displayed in Figure 10 (a) and (b),
respectively. In Figure 10 and after fault clearance, the voltage
of case 4 has returned to its steady state much faster than the
other cases. This explains why the active power of case 4
returns fast to its steady state. The fast return of case 4 voltage
to its steady state is due to the increase in an injected reactive
power (Q,) as displayed in Figure 10 (b). Also, this fast
return to the steady state of case 4 will cause a decrease in
system reactive power (Qs,,s) as displayed in Figure 10 (a).
The injected DC bus voltages of the 6 cases are displayed in
Figure 11. From Figure 11, the DC voltages of cases 5 and 6
have the highest voltage values before and during fault. After
fault clearance at time equal to 25.15 second the DC voltages
of cases 5 and, 6 are still high which will cause disconnection
of wind farm at time equal to 25.17 second as shown in Figure
8 (b). On other hand, after fault clearance the DC voltages of
cases 3 and, 4 have decreased which will guarantee the
contentious connection of wind farm. Due to the disconnection
the DC voltages of cases 1 and 2 remains constant at its rated
value

we Case 1

frn) 3000 = = Case2

= 3000 - 2000 e Case 3| |
2, 1000 Case 4

© 2500 - Case5|
;‘J — Case 6

=

= 2000

>

1 h
g 1500
IOOOL Il L Il Il L Il Il L Il
0 5 10 15 20 25 30 35 40 45 50
Time (Sec.)
FIGURE 11. DC voltage for the 6 cases.
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The speed of the rotor and pitch angle are displayed in Figure
12, and Figure 13 for the 6 cases. These figures prove the
disconnection of wind farm of cases 1, 2, 5 and, 6 where their
speed of rotor and pitch angle become out of synchronization.
On the contrary, the pitch angle and the velocity of rotor of
cases 3 and, 4 have returned to their steady state and keep the
contentious connection of wind farm.

M 2 2% n % 2 30
Time in (s)

FIGURE 12. Rotor speed for the 6 cases.

T
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w
=
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[
=
T
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l

I
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Time (Sec.)
FIGURE 13. Pitch angle of the 6 cases.

VI. CONCLUSION

In this paper an improved Seconded Order Sliding Mode
Control (SSMC) has been investigated. This was achieved by
optimizing the corresponding gains of SSMC including
Ap_rsc AN a,_,. Of the power regulator, AC voltage
regulator and DC voltage regulator. Also, the gains of Pl
including K,,, and K; of the power regulator, AC voltage
regulator and DC voltage regulator has been obtained by
application the optimization methods. The optimized SSMC-
Pl (OSSMC-PI) has been applied and tested on the Gulf EI-
Zayt wind farm. The performance of the Gulf El-Zayt wind
farm based on this proposed method (OSSMC-PI) was
examined during a three-phase fault in six different cases;
Casel: Only Pl with SMA, Case2: Only PI with PSO, Case3:
(PI +SMC) with SMA, Case3: (Pl +SMC) with SMA, Case4:
(PI +SMC) with PSO, Case5: Only SMC with SMA and,
Case6: Only SMC with PSO. As per the obtained results, the
best results occurred in cases 3 and 4 where the proposed
method (OSSMC-PI) was applied. In addition to that the
OSSMC-PI can improve the performance and reliability of
Gulf El-Zayt wind farm during the surge operating conditions
such as three-phase faults. All of these results prove that the
viewpoint of the paper which depends on using optimization
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to determine the value of gain (a) in the equation of Seconded
Order Sliding Mode Control can improve the performance and
reliability of Gulf El-Zayt wind farm.
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