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Abstract

This paper investigates improvements in the safety and
operating range of transmission lines by incorporating a static
synchronous compensator (STATCOM). A multilevel
STATCOM-based voltage source converter (VSC) is used to
ensure the safety and continuity of delivered power to a grid
and is applied for emitting reactive power and reducing
voltage instability resulting from abnormal operation. The key
contribution of this framework is an online adaptive
proportional integral (API) controller applied to a STATCOM-
based VSC control circuit to obtain rapid performance and
voltage stability improvements for the generation system
output. The system architecture is simulated in
MATLAB/Simulink, including a generation integrated with an
infinite bus and STATCOM-based VSC. The simulation
indicated the voltage instability at the point of common
coupling (PCC) effectively declined by approximately 8%
using the API controller and declined by 10% for PI controller
that is tuned by the grey wolf optimization (GWQO) under a
sudden load variation. The results corroborate the findings
obtained for the API controllers, which are technically
compared with those for the GWO-based PI controllers.

Keywords: APl controller; Grey wolf optimization;
STATCOM,; Point of Common Coupling; Reactive power.

I. INTRODUCTION

Reactive power compensation control has recently gained
importance in power systems due to its ability to decrease
transmission losses, limit large amplitude variations in the
receiving end voltages, and increase power transmission
capabilities.  Therefore, flexible alternative  current
transmission systems (FACTS) have been offered to the
marketplace since the 1980s in order to solve power quality
issues related to the compensation of nonlinear loads, poor
power factors and imbalanced loads [1]. These FACTS
devices, such as static var compensators (SVCs), thyristor-
controlled reactors (TCRs), thyristor-switched reactors
(TSRs), thyristor-switched capacitors (TSCs) and static
synchronous compensators (STATCOMs), are implemented in
parallel with the network. The most popular compensator of
the FACTS devices used in distribution networks and
transmission lines is the STATCOM device. There are two
STATCOM topologies: the STATCOM-based current source
converter topology and the STATCOM-based voltage source
converter topology. The former includes a current source
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converter with a series reactor on the DC side or DC-link and
shunt capacitor on the AC side; the latter essentially includes
one voltage source converter (VSC) with a capacitor on the
DC side/DC-link and a series reactor on the AC side or a
coupling transformer on the AC grid side [2]. STATCOM-
based VSC is preferred due to its self-protection from reverse
voltage issues and high efficiency compared with STATCOM
using a current source converter.

STATCOM is emulated by a variable voltage source, and it
has the ability to generate and absorb reactive power with a
fast response due to the high switching frequency and lack of
moving parts [1-2]. Unlike the static var compensator (SVC),
the modern STATCOM has a faster response, smaller size,
wider operating range and lower harmonic current. Applying a
STATCOM in power energy systems improves stability,
increases the capability of power transfer and enhances power
quality [3-4]. Due to the imbalance of the real power flows
between wind generators and the grid, a wind generator could
lose synchronization with electrical networks under abnormal
operation; hence, a coordinated current control was proposed
between a wind farm and STATCOM in [5]. A STATCOM
has actively been utilized in grid-connected alternative energy
applications due to its capability for enhancing system
performance and mitigating renewable source integration into
the grid [6]. Moreover, in [7], the coordination of the control
strategy between the PV power system and STATCOM during
grid disturbance was studied. In a distribution network, to
deliver power with superb quality, distributed STATCOMs
play a vital role in mitigating voltage fluctuations and
promoting the voltage profile [8].

Various applications have used the STATCOM
compensator. For example, a +100-MVAr STATCOM was
applied to a 161-kV distribution network to rapidly regulate
the voltage level and avoid the occurrence of voltage collapse
[9-10]. Due to the impact of wind fluctuations on the output
wind power delivered to the grid, a STATCOM was suggested
to enhance the stability of the frequency, voltage and power
quality. In [11], a £50-MVAr STATCOM was implemented in
a 220-kV power substation to increase the overall system
stability performance of the power transmission capacity in a
distribution network. A multilevel STATCOM-based voltage
source converter (VSC) is used in this paper. The main
purpose of multilevel STATCOM applications was described
in [4]. Subsequently, many studies of multilevel STATCOMSs



International Journal of Engineering Research and Technology. ISSN 0974-3154 Vol.13, No.3 (2020), pp. 592-599
© International Research Publication House. http://www.irphouse.com

have been published in the literature [5]-[16] and noted the
key benefits, such as curtailing the voltage variations in DC-
link capacitors, reducing switching losses and maintaining
harmonic performance.

Numerous optimization techniques for adjusting proportional-
integral (P1) control parameters and promoting the behavior of
STATCOM models have been proposed [12-17]. For instance,
a cuckoo search optimization method was used to tune PI
control parameters and optimally control STATCOM output
[12]. In addition, a genetic algorithm was used to adjust the Pl
controller in the STATCOM control scheme in [13-14]. In
[15], to tune the optimal parameters of the STATCOM
controller with other power system components, three
optimization techniques, namely, a genetic algorithm, a
particle swarm algorithm and an imperialist competitive
algorithm, were effectively compared. Additionally, as noted
in [16], a simplex algorithm was developed to tune the Pl
controller in a control circuit of a STATCOM device.
Furthermore, an improved artificial bee colony algorithm was
applied to optimize the Pl control parameters of the
STATCOM model in [17].

Different advanced control techniques for STATCOM
compensators [18-23] have been proposed to control the VAR
flow between wind power energy and STATCOM. Thus, the
voltage at the point of common coupling (PCC) can be
improved to ensure power continuity. These different control
techniques, such as STATCOM-based fuzzy PI control [18],
STATCOM-based adaptive control using deep deterministic
policy gradient algorithm along with neural network
estimation [19], the input-output feedback linearization of
nonlinear STATCOM [20], robust STATCOM-based active
disturbance rejection [21] and balance control techniques for
imbalanced DC capacitor voltages in multilevel STATCOM
units [22], have successfully been implemented to improve the
overall power system efficiency. Additionally, as noted in
[23], heuristic dynamic programming was used to promote
oscillation damping by coordinating a reactive power control
strategy involving STATCOM and a wind farm during fault
periods.

Also, all existing literature studies of STATCOM-based
VSCs have not discussed adaptive controller to overcome the
challenge of the excessive reactive power compensation into
grid that could lead to increase power losses and decrease
active power flow.

To overcome this challange, the paper presents a new
approach for rapid and sufficient reactive power compensation
in energy transmission. The proposed online and self-tuning
API controllers typically rely on an adaptive mechanism. This
adaptive mechanism is dedicated to updating unknown
proportional and integral parameters that are determined by
the actuating signal under present conditions. Then, the API
controller is applied to a multilevel STATCOM-based VSC
control circuit that can obtain a rapid and sufficient response
and maintain voltage stability at the PCC bus based on the
desired reference voltage. The system architecture, including
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power generation integrated with an infinite bus and a
STATCOM-based VSC, is simulated in MATLAB/Simulink.
The simulations validate that the voltage instability at the PCC
controllably declined by approximately 8% using the API
controller and by 10% for the PI controller that is tuned by the
GWO all under load variations. The results corroborate the
findings obtained for the API controller, which are compared
with those for the GWO-based PI controller. Consequently,
these API controllers behave in accordance with the present
system environment, and adaptive STATCOM control could
protect the system from resulting in cascading power outages.

Il. SYSTEM MODELING
The cascade multilevel STATCOM model based on VSC in

the d-q reference frame is schematically depicted in Fig. 1.
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Fig. 1. Three-level, 48-pulse three-phase STATCOM topology
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where iy and iz denote the currents of the direct (d) and
quadratic (q) axis component reference frames, respectively;
V4. represents the DC link voltage of the equivalent capacitor
in the STATCOM model; v; and v, are the d-q axis
components of the three-phase voltage terminals.
Additionally, w; describes the supply frequency in hertz;
R, L and Ceqdenote the AC line resistance variables in ohms,
equivalent interface Henry inductance, and DC-side Farad
capacitance, respectively; C.q is the equivalent STATCOM
capacitor. Furthermore, U; and U, are the STATCOM
voltages of the d-q axis components of the modulation index
given by

Uy = k(@)V,ecos(8) (2)

U, = k(a)V,.sin(8)
where k(a) and & represent the modulation ratio of the peak
voltage of the STATCOM unit to the DC voltage, V., and the
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phase shift of the STATCOM voltage vector position among
the d-q axis components, respectively.
The formulas of the active power P in watts and reactive
power @ in var based on the d-g axis components of the
STATCOM model are given by
P=Vi, (3)
Q =-Vi,
Notably, the active and reactive power of the STATCOM,
which are decoupled controls, depend on the d-axis current
and g-axis current, respectively. Technically, iz and i, are the
active and reactive currents, respectively.
IIl. STATCOM CONTROL STRATEGY
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Fig. 2. Control of STATCOM-based VSCs

In this section, two control methods are presented: 1) PI
controllers based on GWO and 2) API controllers. The
STATCOM control scheme depends on the currents and
voltages that are transformed into d-q axis components. This
STATCOM control scheme can be classified into two main
tasks. The first task is to increase or decrease the DC-link
capacitor voltage so that the generated AC voltage can be
effectively controlled or has a correct amplitude for reactive
power control. The second task of the STATCOM control
scheme is to keep the AC-generated voltage of the STATCOM
unit corresponding in phase with the system voltage, which is
a PCC voltage. In other words, when the magnitude of the AC
voltage |V,.| at the PCC becomes greater than the voltage
reference V. = 1 pu, the error signal is processed by the Pl
controller, generating a higher reactive current reference i;
and more reactive current i;. The current regulator/controller
will then increase the angle (¢) of the STATCOM converter
voltage with respect to the voltage at the PCC so that the
active power temporarily flows from the grid at the PCC bus
to the DC-link capacitor. In fact, this process increases the DC
voltage and consequently generates a higher voltage.

The AC voltage magnitude is represented as follows:

|Vac| = ’U&-I—qu (4)

This is illustrated in Fig.2; the control scheme of the
STATCOM system only involves measuring the three-phase
voltages and currents at the PCC bus, and no direct reactive
power measurements are needed. The three-phase voltages
and currents are transformed into a d-q axis synchronous
reference frame. Furthermore, to actuate the error signal, in
the sense that the actual voltages and currents accurately
follow the reference values, the actual d-q axis components of
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voltages and currents are compared with their respective
reference values. The error signal of the AC voltage regulator
represents the difference between the voltage reference V.
and the magnitude of the voltage|V,.|. Such a signal is
controlled by the API controller generating the desired iy, as
shown in Fig. 2. Subsequently, another error signal between
the current reference i; and actual value i, is driven by the
API controller, which accurately determines the angle ¢, as
shown in Fig. 2. Then, this controlled angle ¢ is combined
with the phase angle @ of the grid voltage at the PCC.
Moreover, the phase-locked loop is important in grid-
connected systems such as STATCOM-based VSCs. The
output of the PLL, which is a phase angle, is used to detect
and determine the d-q axis components of the three-phase
voltages and currents synchronized in phase with the
fundamental components of the STATCOM. This phase angle
together with the controlled angle ¢ can provide a sinusoid
pulse width modulation (PWM), which is used to produce 48
pulses for STATCOM-based VSCs.

The reactive power flow between a STATCOM-based VSC
and a PCC is regulated by the phase angle that represents the
difference between the voltage PCC and the STATCOM
voltage output, as shown in Fig. 1. Additionally, considering
the balanced DC voltage used for energy storage, the DC
voltage in STATCOM-based VSCs should be sufficiently
large. That large DC voltage helps provide voltage amplitude
matching based on the AC voltage in the secondary windings
of the coupling transformer [10]. The control scheme is
designed to realize the voltage difference which is error signal
between the reference DC voltage and the actual DC voltage.
Such an error signal is used by the API controller to generate
an active current reference i; and promptly control the rate of
active power exchange.

The control scheme of 3-level STATCOM-based VSCs
consists of three regulators. For example, the outer voltage
control loop (AC voltage regulator), inner current control
(current regulator) and DC voltage control are the main
control schemes of STATCOM units. The objective of the
STATCOM control approach is to curtail or eliminate over-
voltage issues under minor load conditions while regulating
and maintaining the PCC bus voltage level under major load
conditions. The flow rate of the reactive power exchange is
actively determined based on the major difference in voltage
amplitudes between STATCOM-based SVCs and the voltage
PCC.

The development strategy of the 3-level STATCOM control
scheme is presented. As shown in Fig 5, AC voltage
regulation includes the voltage reference V. as 1 pu and the
magnitude of the AC voltage |V,.| as the actual signal. The
error signal between the voltage reference and magnitude of
the AC voltage is processed by the proposed Pl controller to
generate the desired iz reference. However, in the current
control scheme, the PI controller handles the error signal of
the reactive current reference i; and the actual reactive current
iq to generate the desired voltage angle, which are combined
to adjust the synchronized phase angle. This combination is
used to produce sinusoidal pulse width modulation (SPWM)
and generate 48 pulses for a 3-level STATCOM that employs
a voltage source converter. The phase angle, which is
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synchronized in phase with the system voltage, can be used to
determine the control strategy for a STATCOM-based SVC.

I11.1 PI controller-based grey wolf optimization (GWO-PI)

Fig. 3. Grey wolf leadership pyramid
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Fig. 4. Flowchart of the PI-based GWO algorithm

The grey wolf optimization (GWO) algorithm, which was
proposed by Mirjalili, S. et al in 2014 [24], aims to perform
the hierarchy of wolves' leadership. This GWO technique
provides satisfactory accomplishment compared with other
optimization techniques, such as the gravitational search,
evolutionary programming, particle swarm optimization and
differential evolution algorithms, as discussed in [24-27]. The
GWO technique is well organized, and individuals are
classified into four groups for hunting:a, ,5and ®. By
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modeling the hierarchy of the grey wolves as an optimization
process, the fittest solution is the leader named o, followed by
Band & which reflect the best solutions. Additionally, ®
eventually encompasses the remaining solutions. This grey
wolf hunting strategy algorithm mainly depends on several
steps, such as chasing, hunting, and tracking or searching for
prey, known as exploration, encircling prey, and attacking
prey (or exploitation), based on a social hierarchy, which can
be modeled as encircling prey at a specific position

Xipyg =Xpi —AE (©)
where %;denotes the grey wolf location, i'p[- is the food or
prey, and E is the space between the grey wolf and the food.
Moreover, A and F are vector parameters determined as
follows:

a=2-2xt/m 7
A=2d7r—d (8)
F=271, )

where the @ factor linearly and iteratively decays from 2 to 0, ¢
is the time and m denotes the maximum iteration value; both
71 and 75 describe the random vectors as [0,1].

Two main principles are followed by grey wolves: search
for prey (exploration) and attack prey (exploitation). First,
looking for food is an exploration step that occurs by
separating the search entities when |4| > 1, and exploitation
involves attacking prey when the search entities join together;
in this case, |4| < 1. The subsequent mathematical equations
that describe the hunting positions and how other groups of
and & can provide support are given in (10)-(12).

E, = |F. % - |

Ep = |F.%5 — 2| (10)
Eg = |ﬁf3—.‘_{.|
??1 = _.ai _A.l-Ea
fs = far — A3.E;
?-C';[+1 :x1+x2+x3 (]2)

3

The initial control parameters or constants of the PI controllers
are selected as follows.
For the AC voltage controller,

001 <k,, <20

2800 = k;;, = 3200

For the current controller,

001 <k, <10

001 <k; =50

For the DC voltage controller,
5<kygc =40
12 < k4. = 3000
The results of the PI control parameters are obtained by the
GWO technique, as shown in Table 1.
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I11.11 Adaptive proportional integral (API) controller

In the STATCOM control scheme, API controllers that
provide online self-tuning are proposed to replace three
conventional Pl controllers for better performance. Such
controllers could improve the regulation of the voltage profile
at the PCC and reduce voltage instability in periods of rapid
response. An AC voltage regulation includes the voltage
reference V. as 1 pu, the magnitude of the actual AC voltage
||, and the API controller. The error signal between V.. and
|V,c| is processed by the API controller to rapidly generate the
desired ig reference. However, in the current control scheme,
the API controller for online self-tuning handles the error
signal between the reactive current reference i, and the actual
reactive current i,, hence generating the desired voltage angle;
this desired voltage angle is combined to enhance the
synchronized phase angle. This combination produces
sinusoidal pulse width modulation (SPWM) and generates
pulses in the cascaded three-level STATCOM.

Consider Fig.5, where the error signal between the voltage
reference and the actual voltage plus droop signal is given to
identify adaptive laws/mechanisms for updating unknown
proportional and integral control parameters in the online self-
tuning technique. Thereafter, the updated API controller
directly uses the error signal to generate the desired reactive
current reference.
The proposed control structure of all API controllers is given
by
API controller= Epe + ic}- jote dt (13)
where e expresses an error signal/actuating signal, and Epand
k, are proportional and integral parameters, respectively,
which are updated online based on the subsequent adaptive
laws (13). These laws, which are used to adaptively tune the
APl parameters (12), technically encompass a continuous
error signal during the online adaptation process, as given by
Akp = pex, (14)
ky = ,U-j € Xy
where x,, describes an actual signal, such as |V,.|,i; or ig,
according to the control scheme; p is a positive constant that is
regarded as an adaptation gain.

— —» GWO-PI

API
4

Adaptive

v

Fig. 5. AC voltage control diagram
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Fig. 7. DC voltage control diagram

IV. SIMULATION RESULTS

For validity, the results of the proposed API controllers for
a 3-level STATCOM are compared with those for tuned PI
controllers utilizing the GWO technique. In Fig.5, the AC
voltage reference at the PCC is 1 per unit (pu), and the
voltage droop is set to +3% for voltage modifications to
support or withdraw (absorb) the reactive power to or from the
grid. Similarly, the current voltage regulator for generating the
desired angle ¢ is dependent on the error signal of that
generated reactive current reference i; from the AC voltage
regulator and the actual reactive current i so that the error
signal can be effectively processed by the API controller.

A 100-Muvar, three-level, 48-pulse STATCOM-based VSC
is used to control the PCC voltage at 500 kV. This VSC is
principally connected to secondary windings of the coupling
transformer, and primary windings are connected to the PCC.
This STATCOM maintains a VSC voltage in phase with the
grid voltage at the PCC during normal operation.

The following results illustrate how the total reactive power
is mainly influenced by the VSC voltage and transformer
leakage reactance during load variations. Furthermore, the
majority of the VSC voltage is directly related to the DC
voltage of the STATCOM,; thus, the desired angle of the
STATCOM-based VSC usually remains near zero and is
momentarily phase shifted. In other words, the VSC voltage
lag or lead could control the flow rate of active power caused
by increasing or decreasing the DC voltage.
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Table 1. Tuned PI controllers through grey wolf optimization

AC voltage current DC voltage
controller controller controller
k, 0.01 10 38
k; 3200 35.775451 2950
1.04 T
voltage based API
voltage based GWO-PI
1.03 B
1.02
2
-§ 1.01
g
.
3 4
o
0.99 +
0.98 -
0.97 L L L !
0 0.2 0.4 0.6 0.8 1
Time(sec)

Fig. 8. PCC voltage in pu for the API controller versus the
GWO-PI controller.

Table 2. PCC voltage performance for the API controller
versus the GWO-PI controller.

Overshoot Settling time
(percentage) (sec)
API controller 0.9% 0.3 sec
GWO-PI 3% 0.377 sec
controller

In Fig 8, the voltage profile results at the PCC bus were
compared between the GWO-PI controller and API controller;
both controllers vyielded satisfactory performance and
recovered the voltage PCC to the reference value of 1 pu.
However, as shown in Table 2, at 0.22 sec, the result obtained
by the API controller showed superior performance to that of
the GWO-PI controller; notably, the voltage profile at the PCC
reached 1.0098 pu and was less affected by disturbances
using the API controller, and the transient response lasted
almost 0.3 sec. Additionally, for the GWO-PI controller, the
PCC voltage reached approximately 1.03 pu at 0.22 sec, and
even the transient response lasted almost 0.325 sec before
reaching a steady-state at 1 pu as a reference value.
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Fig. 9. Reactive power exchange of the 3-level STATOM-
based SVC for different control methods.
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Fig. 10. PQ performance for the API controller.

Figure 9 displays the overall performance of the GWO-PI and
API controllers, which were used in STATCOM to inject
reactive power during load variation/grid fault. In normal
operation, the STATCOM unit simply maintains VSC voltage
synchronization with the voltage at the PCC.

The API controller outperformed the GWO-PI controller in
providing reactive power compensation (+60 Mvar), which
provided sufficient reactive power for the grid (+72 Mvar).
When the grid fault occurred at 0.05 sec, the reactive power
was rapidly injected into the grid by STATCOM based on the
API controller to ensure the continuity of delivered power. In
Fig. 10, the rapid variation in reactive power injection during
the disturbance from 0.05 sec to 0.2 sec was successfully
handled by the API controller.
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Fig. 11. DC-link voltage performance of the STATCOM in
different control methods.

The results in Fig. 11 reflect the performance of the DC side
of the STATCOM with the GWO-PI controller and API
controller. The DC voltage of the STATCOM is 19.2 kV;
however, the large overshoot initially reaches 30.4 kV when
using the GWO-PI controller, but this value only reaches
30.09 kV using the proposed API controller. This result
highlights the superiority of the API controller over the GWO-
PI controller.

V.CONCLUSION

An API controller was proposed to enhance transmission
during abnormal operations in which the operating point of a
multilevel STATCOM promptly varies; therefore, an API
control strategy was applied to a 3-level STATCOM device to
ensure the stable, fast and sufficient reactive power
compensation at the PCC bus during any sudden changes in
transmission and the continuity of delivered power to the grid.
To ensure the validity of the proposed API method, a
STATCOM with an API controller was compared to a
STATCOM with a GWO-PI controller during sudden load
variations. Both controllers displayed superb dynamic
stabilities, but superior results were obtained by the API
controller.
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