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ABSTRACT Connecting different renewable energy sources (RESs) to the electrical grids is presently being
urged to fulfill the enormous need for electric power and to decrease traditional sources’ ecological related
issues, the so-called hybrid systems. Unfortunately, these hybrid systems suffer from the possible negative
environmental impacts of the wind gusts in wind energy conversion systems (WECSs) that may degrade
the overall system performance. Additionally, various severe faults may disconnect some RESs from the
hybrid system, like three-phase faults. In this paper, the static synchronous compensator (STATCOM) is
considered for both improving the performance of a hybrid system, contains WECS and photovoltaics (PVs)
against wind gusts and maintaining the continuous operations of RESs during three-phase fault occur at the
point of common coupling (PCC) between the RESs and the grid. The STATCOM is stimulated by two PI
controllers regulating the reactive power flow between the STATCOM and the hybrid system at PCC and,
consequently, regulating the voltage at PCC. A metaheuristic optimizer optimally schedules these two PI
controllers based on whale optimization algorithm (WOA). The impartial comparison between the WOA
dynamic performance and the particle swarm optimization as another optimization algorithm verifies the
efficiency of the WOA for the near-optimal gain scheduling of the PI controller gains.

INDEX TERMS Renewable energy, hybrid power systems, wind energy, PV, STATCOM, PI controller,
reactive power regulation, Whale optimization algorithm.

ABBREVIATIONS o G
a Diode constant of ideality. n

AVR Automatic voltage regulator

Irradiance at nominal conditions
GA  Genetic algorithm

ANN Artificial neural network I Module cu}“rerl.t.
ANFIS  Adaptive-Network-Based Fuzzy Inference Lien PV short circuit current i
System Iy Reverse leakage current of the diode
CSO Cuckoo search optimization Tpv PV current. )
DFIG Doubly-fed induction generator Ipvn PV current at generated at 25 °C and 1000 W/m~.
DVR Dynamic Voltage Restorer K Boltzmann constant .
ev Error between the PCC and reference voltages Ky Voltage tempe?ature coefficient
FACTS Flexible AC Transmission systems N; Number of series PY modules
EC Fuel cell Np Number of parallel PV modules
G Instantaneous irradiance Nsg Ph.ases number of SRG.
PCC Point of common coupling
The associate editor coordinating the review of this manuscript and PI Proportional Integral
approving it for publication was Sanjeevikumar Padmanaban . PSO Particle swarm optimization
VOLUME 9, 2021 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 34119


https://orcid.org/0000-0002-6531-5455
https://orcid.org/0000-0001-7878-2071
https://orcid.org/0000-0001-7354-1367
https://orcid.org/0000-0002-3082-1171
https://orcid.org/0000-0002-9387-1950
https://orcid.org/0000-0003-3212-2750

IEEE Access

M. I. Mosaad et al.: Near-Optimal Pl Controllers of STATCOM for Efficient Hybrid Renewable Power System

PV Photovoltaic

RESs Renewable energy sources

R¢ Series resistances of PV module
Rsg SRG stator resistance

R, Parallel resistances of PV module
q Electron charge

SEIG Self-excited induction generator

SRG Switched-reluctance generator

SSSC Static synchronous series compensator

STATCOM  Static synchronous compensators

SvC Static VAR compensator

T P-N junction temperature in Kelvin

T Conduction period of one phase

UPFC Unified power flow controller

Voen PV open circuit voltage

VSD Voltage source converter

WOA Whale optimization algorithm

WECS Wind energy conversion system

o Turn-on angles of each phase

7 Turn-off angles of each phase

AT Difference between the actual and the
nominal temperature

Y Position vector for the current obtained best
solution

—

P Best prey position vector

F Finest location between whale and prey

I. INTRODUCTION
The integration of renewable energy sources (RESs) into elec-
trical systems has become a necessary and essential matter to
face the large increase in electrical energy demand and reduce
pollution problemscaused by using fossil fuels. Different
types of RESs are used in generating electric power, including
wind, photovoltaic (PV), Fuel cell, and biomass [1]-[4]. The
two most RESs integrated into the electrical systems are the
wind and the PV in favor of their multiple advantages, which
is evident from the annual growth rate of RESs, Fig. 1, [5].

Hybrid power systems based on wind energy conversion
systems (WECSs) and PV systems cannot supply the required
reactive power during fault events in the system. Conse-
quently, the voltage profile at the point of common coupling
(PCC) between the RESs and the grid will fluctuate. These
voltage fluctuations have adverse effects on the power system
performance, including system stability, power factor and
power quality. Moreover, if not properly controlled, these
voltage fluctuations will range to undesirable levels that will
lead to the disconnection of these RESs from the system due
to the lack of supporting the system’s reactive power during
these faults according to some grid codes, Nordal grid code
as an example is shown in Fig.2, [6].

The improper control of voltage fluctuations results in
undesired disconnection of RESs from the system because
of the lack of supporting the system’s reactive power during
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FIGURE 2. Nordal grid code.

these faults according to some grid codes Nordal grid code as
an example is shown in Fig.2 [6].

Various types of electrical generators were utilized in
WECSs, such as self-excited induction generators (SEIGs),
doubly-fed induction generators (DFIGs) and switched reluc-
tance generators (SRGs). Despite the simple construction
of the SEIGs, they are sensitive to wind speed variations
and cannot operate wide speed ranges [7]. DFIGs are not
sensitive to wind speed variations and can operate at wide
speed ranges. However, DFIGs have high faulty sensitivity
and need continuous maintenance due to the rotor slip-ring
structure [8]. Owing to their advantages, SRGs are com-
monly used in many WECS applications. Their cheapness,
robustness andlack of continuous maintenance are among the
SRGs’ particular features despite the requirement of reactive
power support [9].

Reactive power support for hybrid power systems needs
some external devices during faulty events, using flexible
AC transmission systems (FACTS) devices [10], [11]. These
devices play an essential role in improving the connection of
RESs into the power system by supporting reactive power.
FACTS devices can be categorized according to their connec-
tion to the system into series, shunt and series/shunt combi-
nation. Each category has its own usage and characteristics.
Series FACTS devices are used for increasing the transmis-
sion line capacity and adjusting the line reactances. The series

VOLUME 9, 2021



M. I. Mosaad et al.: Near-Optimal Pl Controllers of STATCOM for Efficient Hybrid Renewable Power System

IEEE Access

compensators used in hybrid renewable systems, dynamic
voltage restorer (DVR) are highlighted in [12]. Shunt devices
support the voltage by injecting/absorbing reactive power
during voltage sag/swell conditions, respectively. Shunt com-
pensators like static VAR compensators (SVCs) and static
synchronous compensators (STATCOMs) and superconduc-
tors are presented for controlling different grid-connected
RESs [13], [14]. Moreover, the compound type, which is
a combination of series and shunt FACTS devices, such as
the unified power flow controller (UPFC), was introduced
to improve the connection of RESs to the grid [15]. The
compound type can play the role of series and shunt FACTS
devices. Various FACTS devices’ applications in improv-
ing the connection of RESs to the system are summarized
in Table 1.

TABLE 1. Different applications of facts devices in RESs.

FACTS Applications in RESs Ref.

device

DVR Enhance the performance and support the FRT | [3, 12]
capability.
Voltage sag mitigation. [16]
Support low-voltage ride-through capability. [17-18]

SvC Support the reactive power. [7]
Hosting the capacity. [19]

STATCOM | Improve the power quality. [20]
Voltage stability improvement.00 [21]
Power quality support. [22]

UPFC Support low-voltage ride through. [15]
Power enhancement. [23]

So far, the classical PI controllers are still used in
many applications related to the electrical generating field
owing to their simplicity and straightforwardness fea-
tures. PI controllers were used for enhancing hybrid
power systems’ performance, including fuel cell, PV, and
wind [3], [20], [22], [24]. Despite all PI controllers’ fea-
tures, their assigned role will not correctly or adequately
perform if their parameters are not appropriately determined.
The typical hybrid system structure contains different power
electronic devices such as converters and inverters, RESs,
and controllable devices, making these systems non-linear,
complex, and uncertain. The adjustment of PI controller
parameters for such non-linear, uncertain, and complex sys-
tems is challenging by conventional techniques such as linear
programming [25]. This challenge paves the way for modern
optimization methods to tune the PI controller parameters for
reaching systems optimal operating performance. The use of
PI controllers for improving the connection of STATCOM to
the grid was presented in [26]—[28].

Genetic algorithm (GA), presented in [29], is consid-
ered a benchmark for optimal tuning of PI controller gains.
Particle swarm optimization (PSO), besides more recent opti-
mizers based on harmony search and follower pollination,
were introduced for the optimal PI-gain scheduling for FC
connected to electrical networks [24]. The three optimizers
were used for the near-optimal scheduling of PI-controller
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gains driving the inverter connecting fuel cell to the grid.
Whale optimization algorithm (WOA), among the modern
optimization techniques, was proposed in different power
systems applications, such as: (i) optimal tuning of FOPI
controllers for controlling static synchronous series com-
pensator (SSSC) (i) WOA provided more efficient results
than PSO [30], (iii) optimal scheduling of PID control WOA
provided better dynamic performance compared to other
seven optimizers [9], [30]. Some advanced modern tech-
niques like GA, ANN, and ANFIS were presented to control
STATCOM [31], [32].

This paper presents two optimized PI controllers for
STATCOM to regulate the connection of two RESs, namely
WECS based-SRG and PV systems, to the electrical grid.
STATCOM is integrated into RES at the PCC to handle volt-
age fluctuation during grid side disturbance by interchanging
the reactive power flow between the STATCOM and the
system. By regulating the PCC voltage, the system perfor-
mance is improved. Besides, it complies with grid codes and
maintains the continuous operation of RESs even under fault
events. The two PI controllers used for driving STATCOM
are tuned using WOA. The due qualitative and qualitative
comparison and impartial analysis are introduced considering
the system dynamic performance while controlled using PSO
and WOA-based near-optimal PI controllers.

Il. SYSTEM UNDER STUDY

The studied system consists of two RESs, SRG-WECS and
PV. These two RESs are connected to the system at a common
coupling bus. This common coupling bus is connected to the
grid through two transformers and two transmission lines.
STATCOM is connected to the system at PCC to improve the
system performance, as depicted in Fig. 3. The rating of the
WECS is 24.8 kW. The PV system is 100 kW and composed
of 100 string; each has five series-connected modules with
relevant data listed in the Appendix.

Ill. SYSTEM MODELING

A. SWITCHED RELUCTANCE GENERATOR

The manufacture of SRG is modest as related to other kinds
of electric generators. The stator windings are concentrated
type and with simple architecture. For the typical structure,
diametrically opposite stator windings are series-connected,
forming a two-pole field pattern. The rotor is winding-less,
without magnets and with possible relative low inertia. The
SRG has a doubly salient pole construction (stator and rotor
are salient) excited by asymmetric bridge converter. In this
study, four phases, 8/6 poles SRG with the construction given
in Fig.4-ais used. Fig.4-b illustrates the converter structure of
a four-phase 8/6 SRG [33], [34].

The phase currents of the SRG can be independently
controlled by feeding the four-phase using an asymmetrical
power converter. The rotor position is sensed. Therefore,
the (turn-on and off) angles (u and B) respectively of each
phase can faultless performed. The four independent hystere-
sis controller is used for controlling the currents in stator
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FIGURE 4. SRG structure.

phases [33]. The magnetic flux linkage to the windings is
determined by integrating the difference between both sig-
nals: the input voltage and the voltage drop on the stator

resistance Rs [33]:

t
At) = / (V — isRy)dt
0

ey

where, both (V and i) are the is the (terminal voltage and

phase current) respectively.
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Then the total torque of the SRG is the summation of torque
of all phases;

Ny .
Te=3.  Ti®:i) 2
The average SRG phases electric power Py is the mean value
of the summation of each phase’s output power in a single
electric cycle.

1 N, (T
PU”’:T_Gijl A le_yjdt

where Ns refers to the phases number. Tg denotes to the
conduction period of one phase. The (voltage and current) of
phase j are (V; and i;), respectively.

3)

B. PHOTOVOLTAIC SYSTEM

Solar PV systems become gradually important, owing to
their compromised benefits compared to other RESs. Some
contrasting mathematical models can be used for modeling
the PV array. The cell is commonly a wide area p-n diode with
a junction near the top surface [35], [36]. Thus, the practical
solar cell can be simply modeled by a current source parallel
to a diode. This architecture mathematically describes the
PV’s I-V characteristic.

The PV model equivalent circuit is depicted in Fig. 5,
[32], [33]. The PV array output current and voltage are I
and V, respectively.

The I-V characteristic of the PV cell is expressed as:

o In + K;AT @
eXp (Vocn:‘vaT) _ 1
G
Ipv = (Ipvn + K;AT)— (5)

Gn
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Vt aN, s

The thermal voltage of the PV array, V, is estimated

by [32], [33]:

_ NkT
q

The KC200GT module is used in this research with a
maximum power point tracking (MPPT) approach based on
incremental conductance is proposed [35], [36].

Vi

(N

C. STATCOM PRINCIPLE OF OPERATION AND CONTROL
STATCOM, the static shunt compensator with capacitive/
inductive output current, can be controlled based on the
PCC voltage. The operation principle of STATCOM can be
described through STATCOM single line diagram and control
block diagram illustrated in Fig.6-a and b, respectively.
STATCOM comprises of a VSC, a DC capacitive energy
storage device, and a coupling transformer connecting in
shunt the VSC to the power network at PCC. The VSC
generates a group of controllable voltages with the AC power
system’s frequency. STATCOM can operate in capacitive and
inductive modes based on the difference between the PCC
voltage and the reference voltage assumed to 1pu based on a
0.26 kV base voltage. If the PCC voltage amplitude decreases,
a leading current is injected from STATCOM to the grid at
PCC, i.e. the STATCOM generates reactive power (capacitive
mode). While in the inductive mode, a lagging current is
injected from STATCOM to the grid at PCC. Thus, the STAT-
COM absorbs the reactive power when the PCC increases.
If the PCC voltage is not changed, no power exchange takes
place. This controllable injected current from STATCOM
suppress the PCC voltage fluctuations during fault events.
This work’s major contribution is the near-optimal scheduling
of two PI controllers to efficiently drive the STATCOM to
suppress the voltage fluctuations and consequently improve
the hybrid system dynamic performance. Scheduling the
parameters of the two PI controllers is performed by WOA.
WOA is used for minimizing the integral of the square of
error (ISE). Such error is the difference between the reference
and the PCC voltages. The STATCOM block diagram and the
two optimized PI controllers, depicted in Fig. 6-b, show the
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FIGURE 6. STATCOM circuit representation.

d-q frame transformation of the three-phase PCC signals of
both voltages and currents. The two proposed controllers are
mainly used for driving the STATCOM. Controller 1 is con-
sidered to provide the due updates to the quadrature-axis cur-
rent reference, Iqef, according to the difference between both
measured and reference voltage signals. Controller 2 is prin-
cipally for driving the angle o added to the phase angle of the
PCC’s terminal voltage denoted ©. In this paper, the SPWM
technique is introduced to generate switching pulses of the
STATCO'’s three-level inverter. Therefore, the inverter volt-
age supplied to the grid is regulated in accordance with the
phase angle « control [22].

The major contribution of this paper is proposing the
WOA for determining the near-optimal PI controller param-
eters for STATCOM. PSO, an alternative optimization tech-
nique, is used for providing an impartial comparative analysis
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regarding the system dynamic performance when controlled
with the optimized two PI controllers.

D. PARTICLE SWARM FOR TUNING PI CONTROL
PARAMETERS
PSO is mainly considered for determining the near-optimal
PI control parameters to control reactive power flow between
the hybrid system and the STATCOM-based grid. As demon-
strated in Fig. 6-b, two different PI controllers are assigned to
drive the STATCOM. Each PI controller has its own two gains
(Kp, K1). The optimization process using PSO is introduced
to determine the optimal PI controllers parameters while
minimizing J’s objective function during any fault events.
The objective function, J, can be defined as:

J= /0 t (ev (t)z) dt 8)

Initial pollution for the two controller’s parameters is
assumed and the objective function is calculated based on
these initial values. Both the velocity/position of each par-
ticle are updated. Accordingly, the new objective function is
defined. With continuous updates, such a process is repeated
till reaching either the maximum number of iteration or the
near-optimal solution. Finally, the best population leading
to the minimum objective function is estimated. The PSO
flowchart for optimal tuning of tuning the two PI controller’s
parameters is depicted in Fig. 7 [37].

E. WALE OPTIMIZATION ALGORITHM FOR TUNING PI
CONTROL PARAMETERS
WOA, a recent optimization technique, mimics the whale
behavior as it is among the most intelligent animals. Some of
their brain cells are common to human cells [33]. By applying
such WOA, the solution starts by assuming random solutions
for the optimized four parameters of both PI controllers and
the corresponding objective function J, introduced in (8) is
determined. In WOA, search agents updates are performed
each iteration position, and the objective function is deter-
mined accordingly. The process is repeated till attaining the
maximum number of iterations and the best solution is stored.
The flow chart of WOA for optimal tuning of PI control
parameters is given in Fig. 8.

The optimization process based WOA can be divided into
three steps:

1) SURROUNDING PREY WHALES

The humpback whales initially perceive the location; then
circle the prey. The calculation of WOA forecasts the present
best solution as the solution close to the best one. After
characterizing the best solution, other search whales (oper-
ators) update their individual positions for reaching the best
arrangement. The mathematical presentation corresponds to
the whales surrounding prey methodology can be expressed
as [30]:

— ‘—)‘}; -
H=EY'H-7a ©)

34124

( Start )

Create Initial population with
random values of the four control
parameters (Kp1, Kil, Kp2, and Ki2).

Identify the objective
function J, [9]

Update the Velocity and
Position of Particles

Run the system and calculate the
updatede value of the objective
function J*

No
aximum lteration

number reached?

Yes

FIGURE 7. Flow Chart of optimal tuning Pl controller’'s parameters using
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S ... ==
Y(i+1)=Y (G- D.H (10)

where i refers to the current iteratigg.
Both vector coefficients D and E are determined as:

—
E =2nr (11
— — —

D=2dr—-4d (12)

The value of D decreases from 2 to 0, the vector T)) ranges
—

from [—d , 7] The random values (r; and rp) are between

Oand 1.

2) ASSAULTING INSTRUMENT OF THE WOA (BUBBLE-NET
CHASING)/EXPLOITATION STAGE

In this bubble-net chasing step, two methodologies are
defined, shrinking encircling mechanism and spiral updating
position. The whales’ _)shrinking attitude is performed by
reducing the value of d . While the second methodology is
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based on updating the position attitude and can be defined
as [30]:

— - 5
Y (i+1)=F by Qrr)+ Y () (13)

During chasing, whales use to swim near around the prey in
the previous two strategies at the same time. To update the
whales’ positions, 50% probability is considered for these
two strategies as [30]:
N YP i - DB.H P <05 }
Y@+1)=1 RN ' (14)
F' by Qur)y+YF @) p=0.5
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3) PREY SEARCHING STEP

The searching step principally relies on the fluctuation of the
vector. Regarding each other position, the best position is ran-
domly searched for by humpback whales search. For reaching
an optimal global position, (15) and (16) are followed:

—
F = ’B.Y""’d - 7’ (15)
—_—
Y+ =y _DH (16)

where Y4 is a random whale position vector selected from
the current population.

IV. RESULTS AND DISCUSSIONS

The MATLAB/SIMULINK™ is used for simulating the
hybrid model integrated into the grid and the STATCOM.
The WOA and PSO are used for the near-optimal scheduling
of the two PI controller parameters for driving the STAT-
COM. Therefore, the overall system dynamic performance is
enhanced during any abnormal operating conditions, includ-
ing the PCC’s undesired three-phase faults.

A. STATCOM SIZING
There are various criteria for determining the appropriate size
of STATCOM [22], [38], [39]. In this study, the amount of
reactive power needed from compensation is assumed to be
equal to the sum of WECS and PV systems’ ratings. A three-
phase fault is applied at the PCC, and the PCC voltage is
measured. By gradually decreasing the reactive power to its
minimum value at which the PCC voltage level still ranges in
the continuous operating zones.

A three-phase to ground fault is simulated at PCC between
2 and 2.25s with injected reactive power of 124.8 kVA. The
minimum reactive power that could be injected during this
fault and the PCC voltage is still in the continuous operating
zone is 48 kVAR, as shown in Fig. 9.

B. THREE-PHASE FAULT

In this case study, the three-phase to ground fault is employed
at the PCC between 2 and 2.25s. Both PSO and WOA are
used for determining the near-optimal PI controller of the

34125



IEEE Access

M. I. Mosaad et al.: Near-Optimal Pl Controllers of STATCOM for Efficient Hybrid Renewable Power System

STATCOM. The size of the STATCOM is 48 kVA. The
convergence of the objective function, J introduced in (8)
when using PSO and WOA is indicated in Fig. 10.
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FIGURE 10. Convergence of the objective function using PSO and WOA.

The PI controllers parameters using PSO and WOA are
given in Table 2, while the three-phase fault to ground is
applied to the system at PCC between 2 and 2.25s.

TABLE 2. Control parameters using PSO and WOA.

PSO WOA
Controller 1 Controller 2 Controller 1 Controller 2
Kp 9.76 15.7 12.6 20.8
Ki 3.8 9.6 14.8 16.2

The PCC voltage with and without STATCOM is depicted
in Fig.11-a. Without STATCOM, the PCC voltage ranges out
of the continuous operating zone (for both Spain and US
codes) that will call the RES, including WECS and PV to be
disconnected from the grid. The reconnection of these RES to
the grid is not an easy issue, as it requires some complicated
steps and procedures. Adding the controlled STATCOM to
the system had improved the PCC voltage profile with the
superiority of using WOA-PI than PSO-PI. The PCC voltage
reaches 0.35 and 0.4 pu when using PSO-PI and WOA-PI,
respectively. Adding the proposed controlled STATCOM to
the system at PCC will the RES in service during the three-
phase fault as the PCC voltage ranges within the continuous
operating zone. Consequently, WECS and PV system will be
in service during this fault event.

Without using STATCOM, the PCC current increased by
1.1 KA with a 320% increase that calls the protection devices
to disconnect the interconnection between the RES and the
grid. When using the STATCOM, the RES will not be dis-
connected from the grid due to a slight increase in the
PCC current to 0.5 and 0.4551 KA when using PSO-PI and
WOA-PI respectively, Fig.11-b. Without adding STATCOM
to the system, the SRG power profile is significantly affected
by this fault and the power from the SRG increases to higher
levels that will disconnect the generator from the network.
By adding STSTCOM to the system, the SRG profile is
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FIGURE 11. PCC voltage and current with and without STATCOM.

improved and ranges in the acceptable limits that will keep
the generator in service as in Fig.11-c.

The WECS performance through the SRG in this
three-phase fault will be investigated. The SRG’s DC voltage
increased to 480 V and this voltage cannot return to the
steady-state value of 230V without using STATCOM after
clearing the fault at 2.25s. When the controlled STATCOM
proposed was connected to the PCC, the SRG DC voltage
profile is improved and the DC voltage can come back to the
steady-state value as in Fig.12-a. If the SRG remains grid-
connected, any undesired increase in the DC voltage results in
undesired damage of the DC link. The same scenario is illus-
trated for the SRG current as in Fig.12-b. The SRG current
reached to a steady-state value of 151A rather than 111 when
using STATCOM. These results and discussions emphasize
the disconnection of the WECS from the grid as investigated
from the PCC voltage profile and the grid codes as in Fig.9-a.
The protection devices will disconnect the SRG as the high
current drawn from the SRG during this fault event. The SRG
output power increases and can not retain to its steady-state
value before fault without using STATCOM. Consequently,
the application of the STATCOM enables maintaining the
SRG output power range in the acceptable limits and could
retain its steady-state value before fault as shown in Fig.12-c.

The PV system dynamic performance is depicted
in Fig. 13. The PV system is slightly influenced by the
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FIGURE 12. SRG performance.

three-phase fault at the PCC while considering the MPPT for
PV system.

During normal operation before conditions, no exchange
of reactive power between the STATCOM and the system.
During this severe fault, the role of the STATCOM is to act as
a static VAR compensator to regulate the PCC voltage shown
in Fig.14.

C. WIND GUST

Wind gust, as a disturbance, is applied to the system. Wind
gust events will affect both the voltage profile at the PCC and
the SRG voltage. The wind gust is simulated in this study
by random changes of the wind speed applied to the WECS
between 8 and 15 m/s, as shown in Fig. 15.
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FIGURE 14. STATCOM reactive power during three-phase fault using PSO
and WOA.
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FIGURE 15. Wind gust.

Due to this wind gust, the SRG voltage and the PCC voltage

oscillate around the rated value with more harmonics and dis-
tortions without using STATCOM. Connecting the controller

34127



IEEE Access

M. I. Mosaad et al.: Near-Optimal Pl Controllers of STATCOM for Efficient Hybrid Renewable Power System

245
[—without STATCOM = -PSO-PI —WOA-PI

B

H

B

Z
]
o
]
=
]
>
-
3
o
&
3
0
0
©
]

R

o

Time (s)
a- SRG voltage
1.004 T T T T T T

~ 1.003 T T |—Withoul STATCOM = -PSO-PI—WOA-PI

p-u

~ 1.002

P
2

PCC voltage

o
©
2
3

0.998

15_. 2
Time (s)
b- PCC voltage

FIGURE 16. WECS performance during wind gust.

STATCOM to the system, the SRG and PCC voltages are
improved, and the WOA surplus PSO, Fig.16 a and b.

V. CONCLUSION AND PERSPECTIVES

The use of STATCOMs to enhance the dynamic performance
of non-linear renewable-based hybrid systems, including
WECS and PVs in the presence of wind gusts and guaran-
teeing the system’s efficient continuous operation of RESs
during faults are a real challenge. The reactive power flow
between the STATCOM and the hybrid system is governed
and the voltage is regulated at PCC through the near-optimal
scheduling of two PI controllers using metaheuristic opti-
mizers, WOA and PSO, respectively. From the numerical
simulations, the WOA, as a novel optimization technique,
is considered an ideal metaheuristic optimizer for the
near-optimal gain scheduling of the STATCOM PI control
parameters. In comparison with the PSO, employing the
WOA to control the STATCOM enables the system’s reactive
power during wind gusts and fault events. Consequently,
the proper control of the STATCOM efficiently results in
(i) enhancing the dynamic performance of the hybrid grid-
connected power system consists of WECS and PV system;
(ii) increasing the system’s FRT capability while keeping
the RES grid-connected during undesired abnormal operating
conditions without disconnection.

Through the impartial quantitative and qualitative com-
parison between the STATCOM-PI controllers optimized by
WOA and PSO, WOA shows better dynamic performance
than PSO.
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APPENDIX
SRG parameters
a=1°, B=16
DC bus o/p Voltage V, 230V
DC bus of/p Current I, 992 A
Output power Py 24.8 kW
KC200GT module parameters
Quantity Value
I'max power 7.61 A
V max power 263V
P max 200.143 W
I short circuit 821 A
V open circuit 329V
1 leakage 9.825*10% A
I photovoltaic 8211 A
Diode ideality constant (a) 1.3
Parallel resistance 415.406 Q
Series resistance 0.221 Q
STATCOM data
rating 48 kVA
Series line resistance 034 Q
Series line reactance 3.63Q
DC- link capacitance 250uF
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