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Abstract

Because of the depletion of fossil fuels, as well as economic and environmental concerns, renewable energy resources (RERS)
have become widely integrated into the power system. The permanent magnet synchronous generator (PMSG) is regarded as
one of the most promising wind energy conversion technologies (WECS). However, if a fault occurs, the PMSG's behavior
will be significantly altered. This study describes a new attempt to optimally design proportional-integral (P1) controllers using
a novel partial swarm optimization (PSO) approach. All converters of a grid-connected (PMSG) driven by a variable-speed
wind turbine use optimal PI controllers. Such WECSs (WECS) include a machine -side converter (MSC) and a grid-side
converter (GSC). The proposed PSO-based PI controllers use a vector control technique to optimally control both of these
converters. The MSC is employed for determining the maximum power point. generator currents and reactive generated power
Furthermore, the GSC is mostly used to regulate the point of common coupling (PCC) voltage, DC -bus voltage, and grid
currents. The PSO is used to minimize the fitness function, which has the squared error of the sum of these variables. The
range of the proportional and integral gains of the Pl controllers is one of the constraints of the optimization problem.
MATLAB/SIMULINK software is used to implement all simulation investigated results, including the PSO code. This is a
notable and novel contribution of this study, The proposed PSO based PI controllers are validated against a variety of network
disturbances, including balanced and unbalanced faults. The grid-linked PMSG's low voltage ride-through ability can be
improved even more with the appropriate PSO based Pl controllers.
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Abbreviations

WECS Wind energy conversion system MSC Machine-side converter
VSWT Variable-speed Wind Turbine GSC Grid-side converter
FSWT Fixed-speed Wind Turbine PCC Common coupling point
PMSG Permanent magnet synchronous generator BTBC Back-to-back converter
MPPT Maximum power point tracking FRT Fault-ride-through

SCIG Squirrel cage induction generator LVRT Low voltage ride through
DFIG Doubly fed induction generator SMC Sliding mode controller
ANFIS Adaptive neuro fuzzy interface system PSO particle swarm optimizer

List of symbols

Tem Electromagnetic torque Yy Flux linkage
T Mechanical torque f Vicious damping coefficient
P Number of pair poles J Moment of inertia

W Turbine rotor angular speed B Pitch angle

Wyef Reference rotor speed y) Tip speed ratio
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W, Electric angular rotor speed p Air density (Kg/m3)
Cp Power coefficient R Turbine radius (m)

Vwind Wind speed (m/s) Vas,gs d—q stator voltage components
A Turbine blades swept area (m?) ids,qs d—q stator current components

1. INTRODUCTION

The rapid universal demand of electricity increases the using of fossil fuels which have many environmental
damages such as pollution and global warming[1, 2]. Therefore, there is an urgent desire to expand the use of
renewable energies such as wind, hydro and solar energies which are clean, cheap and with no environmental
impacts[3, 4]. Wind energy is one of the most important and commonly used renewable energy resources which
is expected to supply about 20% of electricity around the world by 2030[5, 6]. For producing electricity from
wind energy, a (WECS) is used which has one of two types wind turbine topology, The first one is the fixed wind
turbine (FSWT) and the second type is the variable speed wind turbine[3]. The fixed speed turbine has some
drawbacks such as it need multistage gearbox and its speed range is narrow , On The other hand the variable speed
wind turbine (VSWT) is commonly used as it can extract The maximum Power at different wind speed Condition
and without need of gearbox[3, 6], There are several types of generator can be applied with WECS such as the
doubly fed induction generators (DFIGSs), squirrel cage induction generators (SCIGs), and the (PMSGs)[7],
Although the (DFIGs) can be applied to supply about 25-30% of the active and the reactive power by using partial
Converters and the (SCIGs) are simple, cheap and reliable, On the other hand these types of generators have many
drawbacks such as high power variation, high mechanical stress and the voltage ride through ( VRT) Faults are
capable.[8]. For These reasons and for their good characteristics the (PMSGs) are widely used in the WECSs as
they have high Power density, high efficiency, and very good Controllability at different wind speed conditions[9,
10]. At the same time the gearbox and the DC excitation system absence increase the generators efficiency by
10% with respect to other types of generators[2, 7]. The WECS based on PMSG is tied to the national power grid
through back-to-back (BTBC) converter which consists of the machine side converter (MSC) which is applied to
extract the maximum power, the grid side converter(GSC) which is applied to regulate the DC voltage and supply
the national grid with an active power at unity power factor and the DC- bus which links the (MSC) and the
(GSC)[11, 12] .Many several types of control strategies are applied on the (MSC) to achieve the maximum power
point tracking and on the (GSC) to control suppling the power to the national grid. This control stratifies include
the conventional PI controller, the fuzzy logic controllers, the sliding mode controller (SMC) and the adaptive
neuro fuzzy interface system (ANFIS) controller[13, 14]. in the view of their advantages including simplicity of
construction, fast response and ease of gains determination the Pl controllers are widely used in the WECSs|[3,
15]. It should be highlighted here that the metaheuristic algorithms and optimization approaches are used to
determine the optimal PI controller parameter settings[16]. The WECS is susceptible to a variety of abnormal
conditions, including three phase symmetrical and unsymmetrical faults, lightning and flicker, and so on[17].
These defects have a negative impact on the WECS, including the three-phase short circuit fault, which causes
voltage dips and large currents in the stator windings of the PMSG as well as in the converters' DC-bus
voltage[18]. These currents may cause harm to the WECS based on PMSG converters[18, 19]. To avoid the
harmful impacts, it is necessary to provide a powerful protection for the WECS socially the PMSG, DC-bus
capacitor, and converters[17, 20]. This paper proposes a fresh approach to use the PSO algorithm to
comprehensively build the Pl controllers of the MSC and the GSC of a grid-linked VSWT-PMSG systems. The
maximum power point, the generator reactive power, and the generator currents are all optimally regulated by
the PSO-PI controllers by means of the MSC. The PCC voltage, DC link voltage, and grid currents are also
effectively controlled by the PSO-PI controllers through the GSC. The firing pulses of the converters' electrical
switches are produced by using cascaded or vector control systems in all of these control strategies. The sum of
the squared error of these variables represents the objective function, and the PSO is used to minimize it. The
range of the proportional and integral gains of the PI controllers is one of the constraints of the optimization issue.
(MATLAB/SIMULINK 2015) Software is used to implement all simulation investigations, including the PSO
code. The validity of the suggested PSO-PI controllers is examined under various grid disturbances, such as
exposing the system to symmetrical and unsymmetrical short circuit faults. This constitutes a significant and novel
contribution of this study. The grid-linked VSWT- PMSG's LVRT capability can be further enhanced with the
optimal gain PSO-PI controller. The main problem discussed by this paper is how to protect the WECS based on
PMSG in the case of grid faults occurrence and how to mitigate the dangerous effects of these faults including the
increase in the DC voltage value and the stator currents by setting the PI controllers gains to its optimal values
using the PSO algorithm. The remainder of the paper is structured as follows: In Section 2, modelling of the
WECS based on PMSG is shown. The PSO algorithm is described in general in Section 3. In Section 4, the
employed objective function is described. The optimization and simulation results are discussed in Section 5. The
conclusion of this paper is presented in Section 6, which concludes it.
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2. THE WECS BASED ON PMSG MODELING

The three-phase WECS based on PMSG is consist of 1.5 MW variable speed wind turbine to provide the
mechanical energy which used as a prime mover to a three phase PMSG which is direct connected coupled to the
wind turbine[3]. The electrical power generated is supplied to the national power grid through a fully controlled
back-to-back converter which consists of the MSC and the GSC connected through a common DC-bus capacitor
as shown in Fig.1.[21]. the MSC is applied to maximize the generated power and the GSC is applied to regulate
the DC-bus voltage and ensuring suppling the national grid with real power at unity power factor[22].
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Fig. 1. Standard WECS based on PMSG.
2.1. Wind Turbine modeling

The wind turbine acts as a prime mover for the WECS as it converts the incident kinetic energy of the wind
into mechanical power, the input power incident to the wind turbine is expressed as follows[17, 23]:

1
Pwind = EpAVviind (1)

where p donates the air density in (kg/m3), A donates the swept area of the wind turbine blades in (m2), and
Vwing Fepresents the velocity of wind in (m/s). The mechanical power Pm produced by the wind turbine is
expressed as follows:

A
P = Gy )= Vg @

where C,, represents the power coefficient, § donates the pitch angle of the wind turbine blades, and A donates the
tip speed ratio which represents the relation between the optimal speed and the actual running speed of the wind
turbine shaft [24]. From the previous equation it should be highlighted that the aerodynamic performance of the
wind turbine is affected by the power coefficient value C,(4, 8), which is related with the wind turbine blades
pitch angle 8 and the tip speed ratio A [25]. The tip speed ratio A and the power coefficient C,, are formulated as
follows with a fixed bitch angle g = 0:

A= 3)

where R stands for the wind turbine blade radius, w,, stands for the actual rotor speed and V,,;,4 Stands for the
incident wind speed.

c =Cs

Cy(A,B) = €y (f —Gh - C‘*) e% +Cek @
where

A7t =(1+0.088)"1 —0.035(1 + Bg3)! ()

Appendix A lists the coefficients of the wind turbine (C1-C6). The captured mechanical power from the
variable speed wind turbine is affected by the operating regions that are constrained by cut-in speed (Vcutin) and
cut-out speed (Veut out), these different regions fall under the following categories as shown in Fig.2.[26].
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In Regions 1 and 4 the wind turbine is forced to be out of service due to the turbine protection[11].
In Region 2, often known as the maximum power point region, the wind turbine operates below the rated wind
speed for the optimal power extraction[1, 10].

¢ Region 3, the pitch control region: To lessen mechanical stress on the wind turbine blades over the rated wind
speed, the pitch controller confines the mechanical power to evaluated power[27].
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Fig. 2. Operating regions for WECSs (WECS).

2.2. PMSG's modeling

Due to its satisfied power density, affordable pricing, and capability of coupling to the wind turbine without a
gearbox at small variations in turbine speed, PMSGs are being employed more and more in the WECSs[3, 7]. The
following expressions show the formula of the d-axis and g-axis voltages (Vg and Vgs) in the dq reference frame
for a surface-mounted PMSG.

di
Vs = Ryigs + Ly d—‘zs — WLyigs (6)
. diqs .
Vs = Rslgs + Lg ar + wglgigs + wsAy, (7

where L, and L, donate the inductances in the d-g-axis, A,, donates the linkage flux of the rotor in weber, ws
stands for the electrical speed, R, stands for the resistance of the stator resistance in ohms and i4s and i are the
stator direct and quadrature axes currents. The following equation can be used to calculate the electromagnetic
torque of the PMSM.

T=Toy+T, =

P
E iqS [Am + (Ld - Lq) ’ idS] (8)

N| W

where P is the number of poles and T, andT,,,, respectively, are the electromagnetic and the reluctance torques.
Lq = L, for the PMSG that is surface-mounted. T,. = 0, and the machine torque is then can be calculated as follow:

3
T =Tem =55 lgshn )

2.3. Machine side converter

As depicted in Fig. 3, the main function of the MSC is to extract the maximum power possible from the wind
turbine at various wind speeds[24]. Operating at the maximum power coefficient, Cp opt=0.48, the wind turbine's
output power reaches its maximum value. In order to achieve the maximum power point tracking a controller is
employed to control the rotor speed wm which must be at the MPPT region's limits to obtain the optimal value of
the tip speed ratio TSR opt=8.1[28, 29]. When the wind speed exceeds the rated speed, pitch control is utilized to
keep the wind turbine running safely at full output power[30]. The control scheme of the MSC consists of two
control loops to implement the field-oriented control (FOC) ,the first one is the outer control loop and applied to
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regulate the turbine shaft speed to the optimal speed and the second one is the inner control loop witch applied to
controls the generator currents with its reference to maximize the developed electromagnetic torque T,,, which
is related to the quadrature axes current iy  ,here it should be highlighted that the direct axis current i4sis imposed
to zero. As well as the inner control loop used to generate the MSC operating pulses[31, 32].
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Fig. 3. The wind turbine's power characteristics.
2.4. Grid side converter

To control the DC link voltage and power flow to the national power grid , the GSC with voltage-oriented
control (VOC) scheme is applied[11, 32]. Dual control loops are used to establish it; the outer loop controls the
DC link voltage, and the inner loop is used to inject active power from the MSC into the national grid at unity
power factor to achieve this goal the quadrature current reference, lq.ef value must be zero[13, 33]. The GSC
voltages and the voltages suppling to the grid are calculated as follows:

Vi lfa /:la Vga
Vin| = [Re] |irn | + | Ay | + Voo (10)
Vic ifc ic Vgc

Where R and Ly represent the diagonal matrices, 4, = Ly di%,/ib =Ly dzb and 4, = Ly d;ic
V; i g —w v,
v = [ [2] + [; @~ gy "] + 7] (1)
' ra fq T Wg¥ra

where w, = 21f,, W5 = lrirq Wra = Lifa Ara = lf%ifd,,ifq = lf%ifq .The reactive power supplied to the
national grid through the MSC is canceled by setting the grid quadrature voltage component V,, value to zero, as
aresult only active power with power factor equals to 1 is injected to the national grid[13]. The outer PI control
loop controls the DC link capacitor voltage by suppling the capacitor current reference value 1. which is
represented as follows[10]:

Fe — Pg dVyc
I. = =C

where P, stands for the output power of the MSC and P, stands for the GSC active power supplied to the grid.
The capacitance and voltage of the DC-bus capacitor are donated respectively by C and Vg4..So the reference value
of the quadrature axis component of the capacitor current iz, is calculated as follows:

g =1Is—1I¢ (13)
where I is the MSC current witch is calculated as follows:
Fe
=— 14
= (14)

Finally, the following expressions stand for the active powerP, and the reactive power components supplied
to the national power grid through the GSC:
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Fg =5 Vgalra (15)
3.
Qg = Englfq (16)

3. THE PARTICLE SWARM OPTIMIZATION TECHNIQUE (PSO)

Kennedy and Eberhart invented Particle Swarm Optimization, a meta-heuristic optimization technique in
1995[16]. The PSO algorithm may solve both continuous and binary or discrete problems. This meta-heuristic,
on the other hand, appears to function best in domains with continuous variables[34, 35]. A swarm is randomly
distributed in the dimension of the search space D, and each particle is randomly placed in the location Xi of the
search space; each particle also has a random speed[35]. The change in speed is a simple linear mixture of three
trends: its own present speed, its own experience, and the trend toward improved swarm performance[36]. The
equations describe the update of two vectors including the speed and the position of each particle in the swarm
are expressed as follow.

{Viti;rl =kXx I/ltb + clrl(PitD - xitD) + CZrZ(GitD - xitD) (17)

t+1 _ t+1 t
Xp =Vip +xp

where I equals 1,2,3,4,...,n,, while n donates the swarm size, D donates the search space dimension, c1 and c;
represent the positive constants, k donates the momentum of inertia, ; and r, represent random numbers which
are uniformly distributed in [0, 1, The iteration number is determined by t, P donates the i particle's best previous
position (the position with the highest fitness value), and G donates the best particle in the swarm. First, a random
swarm population with random vector locations (x) and velocity vectors (V!) is produced. Each particle fitness
value is calculated to investigate the present position of particles and compare it to the fitness value of other
swarms[37]. If the particle's present position is better than its best previously attained position, the particle's
experience is altered. Furthermore, a particle's velocity is changed based on the global best particle and its bests
own experience[37, 38]. In reality, particles in each iteration migrate toward the best global particle. Finally, the
best global particle is updated, as shown in Fig.4. To speed up the PSO convergence, it was recommended to
discover a better solution with the least period of calculation time and accuracy[39]. The best solution is calculated
by minimizing a certain criterion (objective function), which is the mean square error (MSE) derived by the
following equation.

n
1
MSE = Fit =— K)? 1
itness nTZ e(K) (18)
i=

where: the total samples number is donated by e(k) and T represents the sampling time.
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Fig. 4. Dynamic of swarms in particle swarm optimization.
4. THE OBJECTIVE FUNCTION

The main target of this study is to enhance the grid-linked WECS based on PMSG low voltage ride-through
capability. By adjusting the PI controllers gains of for the control system to their optimal values, this goal can be
accomplished. The power system, however, is a sizable nonlinear dynamic system that cannot be modelled by a
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transfer function, as illustrated in Fig. 1. As a result, the objective function is defined as the integral sum of the
squared errors of the P1 controllers as expressed in 19. In this study, the objective function is minimized using the
PSO algorithms.

4
ISE (xl' X2, ---,xs) = f [(Pmax - Pg)2 + (Qref - Qg)2 + (V&kc - Vdc)z (19)
0

+ Vs = Voms)? +(ig = i) + (3 — i) + (i — iga)” + (igq — igq) | at

where x;, x5, ..., xg represent the values of the PI controllers gains, V. is the voltage of the DC-bus,
Prax and Py represent the maximum and generated active power ,respectively, Q,.r and Q, represent the
reference and generated reactive power ,respectably, i; and i, donate the PMSG stator reference and actual
quadrature axis currents, respectively,, i and i; donate the PMSG stator reference and actual direct axis
currents, respectively, ig, and iy, donate the reference and the actual value of the grid side quadrature axis
currents, respectively,, i;; and i; donate the grid side reference and actual direct axis currents, respectively while
Vmsand V., are the grid side reference and actual voltages, respectively .

5. SIMULATION RESULTS AND DISCUSSION

The state simulation results were obtained using MATLAB/SIMULINK (MATLAB 2015) in order to study
the performance of the investigated system under the three phase to ground short circuit fault and to enhance the
system performance by mitigating the dangerous effects of the fault by adjusting the gains of the PI controllers
used in the system to the optimal values with the using of the PSO optimization technique. the WECS based on
PMSG parameters of the system under study are listed in Appendix 1.

5.1. Optimization Results

The PSO poetization technique is employed to obtain the optimal gains for the PI controllers by minimizing
the objective function expressed in Equation (23). To determine the optimal PI controllers’ gains, the PSO
algorithms are coded and implemented in MATLAB/SIMULINK software. The parameters of the PSO
optimization technique are listed in Table 1, where the number of optimization iterations for each algorithm is
150 and the simulation time for each iteration is 4 seconds. Furthermore, the balanced fault is taken into account
during optimization in order to emphasis improving the low voltage ride-through (LVVRT) capability of the WECS
based on PMSG connected to the national grid. Fig. 8 depicts the convergence curves of the integral squared-error
(ISE) minimization using the PSO optimizer, with Table 2. displaying the optimal 8 variables of the four PI
controllers which are optimally designed based on the PSO optimizer.

TABLE 1. THE PSO OPTIMIZER PARAMETERS.

Parameters Values
Population Size (Swarm Size) 15
Maximum Number of Iterations 50
Inertia weight factor (w) 1
Confidence coefficient c:=1.5andc; =2
Inertia Weight Damping Ratio 0.99

TABLE 2. THE OPTIMAL VALUES OF THE Pl CONTROLLERS’ GAINS.

Pl number Parameters Values
PI, Ko 0.0813
Ki 0.9866
Pl Ko 0.0847
Ki 1.3697
Pl Ko 60.9874
Ki 418.0504
Ko 1.4025
Pl Ki 23.3271

5.2. Simulation Results

This section presents the WECS based on PMSG performance under grid short circuit faults ,as the study based
on two cases, in the first case the fault simulated is a three phases to ground short circuit fault which represents
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balanced short circuit faults while in the second case the simulated fault is a line to line short circuit fault which
represents balanced short circuit faults, also this section shows the vital role of setting the PI controllers’ gains to
their optimal values in mitigating the dangerous effects of the grid short circuit faults.

e Case 1, The WECS based on PMSG performance under three phase to ground short circuit fault

A three phase to ground short circuit fault is simulated to be occurred across the grid side terminal for 150 m
Sec. This signifies that the three-phase lines of TL are short-circuited with ground. As shown in Fig. 1, this fault
occurs at the Point of common coupling (PCC) bus bar at the end of one circuit of the double-circuit TLs. The
simulating time is 4 Sec., and the fault occurs at time T= 3 Sec. and lasted to T=3.15 Sec., after that the circuit
breakers (CBs) trip so the fault is cleared.

Because of the excessive power in the DC -bus, the DC -bus voltage rises during the fault, resulting in an
unfavorable overvoltage across the DC capacitors, which can be damaged. Chopper circuits are used to protect
these capacitors, as seen in Fig. 1. The control system also adjusts the DC voltage across the capacitors. In case
of the three phase to ground fault and without setting the PI controllers’ gains to their optimal values the DC-bus
voltage increases to 1500 V, this very high DC voltage can damage the DC-bus capacitor and the WECS
converters on the other hand the value of the DC-bus voltage during the fault drops back to its rated value (1150
V) with setting the PI controllers’ gains to their optimal values as shown in Fig. 5.

Fig. 6. displays the real power response during the three phase to ground fault, which drops to 0.5 p.u. during
the fault at PCC without setting the PI controllers’ gains to their optimal values while during the fault and with
the PI controllers’ gains are set to their optimal values the active power rises to 0. 75p.u which is close to the.
steady state value.
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Fig. 5. The DC- bus voltage with and without optimal PI controllers’ gains.

2 T T T T

—— The active power with optimal PI controller gains
The active power without optimal PI controller gains

The active power (pu)

E.‘)S 3 3.05 3.1 3.15 3.2

15 1 L 1 L I 1 1
2.5 3 35 4

2
Time (Sec.)

Fig. 6. The Active Power with and without optimal PI controllers’ gains.

For a unity power factor correction, the reactive power at PCC should be very close to zero at steady state.
After fault clearance, the GSC provides reactive power to the grid to restore grid stability. The reactive power
supplied by the WECS based on PMSG to the grid during the fault and without setting the PI controllers’ gains to
their optimal values reaches to -0.5 p.u. which means that the WECS based on PMSG consumes reactive power
from the grid, in the case of setting the PI controllers’ gains to their optimal values and during the fault the reactive
power value rises to about -0.6 p.u. as shown in Fig. 7.,it should be highlighted here that the value of the reactive
power after clearing the fault with optimal PI controllers’ gains (0.5 p.u.) is better than that without optimal PI
controllers’ gains (1.4 p.u.)as the high value of the reactive power supplied to the grid after clearing the faults can
lead to grid instability.

As depicted in Fig. 8. The electromagnetic torque profile during the fault is enhanced with the PI controller
gain are set to their optimal values compared with it in the case of using the PI controller without optimal gains.

When a three phase to ground grid fault occurs, the PMSG stator voltage and current are affected. Fig. 9. (a)
illustrates that the stator voltage rises to 3.2 p. u during the fault occurrence and without setting the PI controllers’
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gains to their optimal values When the PI controllers’ gains are set to their optimal values the stator voltage value
reduces back to its rated value, as shown in Fig.9 (b).
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Fig. 7. The Reactive Power with and without optimal PI controllers” gains.

— The electromagnatic torque with optimal PI controller gains
—— The electromagnatic torque without optimal PI controller gains
0 0.5 1 1.5 2 2.5 3 3.5 4
Time (Sec.)

g. 8. The Electromagnetic torque with and without optimal PI controllers’ gains.

At the same time, the stator current increases during the fault and without setting the PI controllers’ gains to
their optimal values as shown in Fig.10 (a). In contrast, as shown in Fig.10, (b). using the Pl controller with

optimal gains during the three phase to ground fault limits the stator current to its rated value.
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e Case 2, The WECS based on PMSG performance under line-to-line short circuit fault

A 150 m Sec. line-to-line short circuit fault is simulated over the grid side terminal. This indicates that two
lines of the TL are short-circuited, and the fault occurs at the PCC bus bar at the end of one circuit of the double-
circuit TLs. The simulation time is 4 Sec., and the fault started at time T=3 Sec. and lasted until T=3.15 Sec., at
this point the circuit breakers (CBs) tripped, clearing the fault.

The DC-bus voltage rises to 1550 V in the case of a line-to-line fault when the PI controllers’ gains are not
set to their optimum values. This extremely high DC voltage can harm the WECS converters and the DC-bus
capacitor. On the other hand, the DC-bus voltage during the fault falls back to its rated value (1150 V) when the
PI controllers’ gains are set to their optimum values, as shown in Fig. 11
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Fig. 11. The DC- bus voltage with and without optimal PI controllers’ gains.

Fig.12. shows the active power response during the line-to-line fault, which oscillates between 0 p.u. and 1.3
p.u. during the fault at PCC without setting the PI controllers’ gains to their optimal values. However, during the
fault and with the PI controllers’ gains set to their optimal values, the active power oscillations are damped to
oscillate between 0.5 p.u. and 0.9 p.u., which can enhance the active power profile during the fault.
As illustrated in Fig.13, the reactive power value is reduced to fluctuate between -0.5 and 0.45 p.u. when the
PI controllers’ gains are set to their optimal settings and when the fault is present. With respect to its value during
the fault and without adjusting the PI controllers’ gains to their optimal values as in this case the reactive power
delivered to the grid by the WECS based on PMSG oscillates between -0.7 p.u. and 0.7 p.u.
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As illustrated in Fig. 14. When the PI controllers’ gains are set to their optimal levels compared to
when utilizing the PI controller without optimal gains, the electromagnetic torque profile is improved
during the fault.
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Fig. 14. The Electromagnetic torque with and without optimal PI controllers’ gains.

The PMSG stator voltage and current are impacted by the line-to-line grid fault occurrence. Fig. 15. (a) shows
that during the occurrence of the fault and without setting the PI controllers’ gains to their optimal settings, the
stator voltage increases to 3.3 p.u. The stator voltage value decreases back to its rated value when the PI
controllers’ gains are set to their optimal levels, as depicted in Fig.15. (b). While the fault is occurring and without
optimizing the PI controllers’ gains as illustrated in Fig. 16. (a)., the stator current also increases. Contrarily, as
depicted in Fig.16 (b). When a line-to-line fault occurs, utilizing the PI controller with the optimal gains restricts
the stator current to its nominal value.
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6. CONCLUSION

This paper has depicted the performance of the WECS-based PMSG in this work with and without setting the
gains of the system PI controllers to the optimal values The performance was investigated for 150 m sec under
two types of short circuit faults: the three phase to ground short circuit fault as an example of balanced short
circuit faults and the line-to-line short circuit fault as an example of unbalanced short circuit faults without setting
the gains of the system PI controllers to the optimal values. The appropriate optimal values of the PI controllers’
gains for the two types of faults were then determined using the efficient PSO optimizer to protect the WECS-
based PMSG system. The obtained results confirmed that setting the gains of the system PI controllers optimally
may decrease the stator currents to the permitted limits significantly improved the performance of the WECS-
based PMSG under faults. Furthermore, the DC voltage was dropped and the reactive power was boosted to its
reference value when the PI controllers’ gains were not set to the optimal values. In addition, the active power
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profile was improved. As shown above the paper results helps to protect the WECS based on PMSG form damages
and dangerous effects could be happened during and after grid faults accordance. this also will help to save the
sustainability of WECS based on PMSG with the power grid and avoid the WECS based on PMSG disconnecting
during and after grid faults occurrence. In the other hand and as a result of these noteworthy and admirable
accomplishments, researchers will be inspired to employ the PSO-PI controllers to improve the performance of
numerous systems, including renewable energy systems, microgrids, and smart grid systems.

Appendix A
A.1 Specification of wind turbine
Parameters Values
The coefficients C; to Cs C1=0:5176 C4=5
C,=116 Cs=21
Cs=0:4 Cs=0:0068
Blade radius Rp=35:25m
Air density Pair= 1:225 kg/m®
Optimal tip speed ratio Amax = 8.1
Maximum Power Coefficient Cpmax =0.48

A.2. Three-phase PMSG parameters

Parameters Values

Rated power P =1:5 MW
Pole pairs number np =40

Stator resistance Rs = 3:17 m ohm
Stator inductance Ls =3:07 mH
Moment of inertia J =10000 kg/m?
Flux linkage y=T7:0172 wb
A.3. DC bus and gird parameters

Parameters

Dc-link voltage Vdc =1150V
Capacitor of the dc-link C =0:023 F
Grid voltage Vg =575V
Grid frequency F =60 Hz
Grid resistance Ry =0:003 p.u.
Grid inductance Ly =0:3 p.u.
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