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ABSTRACT

A static synchronous compensator (STATCOM) is a fast-acting device that can provide or
absorb reactive current, thereby regulating the voltage at the point of connection to a power
distribution system. This paper presents a simulation model of a 24-pulse STATCOM using
photovoltaic (PV) as a power source for the STATCOM during a deep voltage sag. To achieve
a stable characteristic of the STATCOM, a feedback control loop is proposed and employed
to achieve a faster response in sag and swell detection and mitigation capability with non-
linear loads. Simulation was carried out using the PSCAD/EMTDC electromagnetic transient
program to validate the capabilities of the 22/0.4 kV STATCOM in performing voltage sag
and swell compensation. The test results show that the proposed controller for the 24-switch
pulse inverter with PV source is better than that of the conventional controller. It takes only
2ms for compensation and only 0.99 pu for load restoring.
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1. Introduction

The most common power quality problems are the voltage sags and swells[1]. STATCOM is considered
an effective custom power device for mitigating the impacts of upstream voltage disturbances on
sensitive loads [1,16]. STATCOM can maintain the load voltage at the desired amplitude during the
fault duration by injecting a compensating voltage in parallel with the sensitive load terminal voltage.
PV-based STATCOM is considered one of the most effective solutions for enhancing the functionality
of the PV grid system by adding ancillary functions to the grid side inverter [1,17].

This paper describes the power quality problems such as voltage sag, voltage swell, deep voltage and
total harmonic distortion (THD). Voltage sag is the deviation in the magnitude and/or phase of one or
more of the phases of a three-phase supply, with respect to the magnitude of the other phases and normal
phase angle (120°) and the frequency deviation is a variation in frequency from the nominal supply
frequency above/below a predetermined level, normally £ 0.1%. The size and the duration of the
frequency shift depend on the load characteristics [2]. The unbalanced voltage can be mitigated using
three single-phase STATCOMs [3,16, 17]. The unbalanced voltage has a direct effect on the load and
decreases the efficiency of the system. The voltage unbalance may cause excessive current in one or
more phases, which causes excessive heating of the diodes and decreases the lifetime of the DC link [4].
The power frequency variation is one of the power quality problems. Power frequency variations are
defined as the deviation of the power system fundamental frequency from its specified nominal value
(e.g., 50 or 60 Hz) [5]. The duration range of the frequency deviation is between several cycles and
several hours, and the maximum tolerable variation in supply frequency is often limited within + 0.5 Hz.
These variations are usually caused by rapid changes in the loads connected to the system. Voltage sags
are the most common power problem, which can cause interruptions to sensitive equipment and can
occur on multiple phases or on a single phase[6]. The sag is defined as the decrease of the root-mean
square( RMS) value of voltage, which can last from half a cycle to one minute [7], and the voltage swell
is defined in a similar way, but represented by the increases in the rms value and happens due to sudden
load decreases. Sag happens by short circuit, atmospheric, energising of motoring, high power load and
welding machines[8]. Asymmetrical faults will cause imbalance and phase shift from the nominal
values. Phase angle shift is a change in the phase angle of the voltage/current. Some loads, such as
thyristor-based drives, are sensitive to phase-angle shift, which can lead to the wrong determination of
the zero crossing of voltage. Harmonic distortion is the change in the waveform of the supply voltage
from the ideal sinusoidal waveform, caused by the interaction of distorting customer loads with the
impedance of the supply network [8]. The term harmonics refers to the decomposition of a non-
sinusoidal but periodic signal into a sum of sinusoidal components, as given by

f(l‘)=iAh cos(27hfy, +,) (1)

h=1

With 4, ¢, amplitude and phase angle for harmonic order /2, and T the period. For a power system

operation at 50 Hz, any non-sinusoidal voltage or current can be decomposed into a fundamental (50
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Hz) component plus a number of harmonic components with frequencies that are multiples of 50 Hz.
The latter is called the harmonic components. The 150 Hz component (4 = 3) is referred to as the third
harmonic, etc. A common way of tackling the harmonic problem is by installing filters, typically LC —
filters [9]. Some sensitive electronic loads are negatively affected by high harmonic voltage distortion.
The effect on such loads is, however, not so much related to the harmonic spectrum but to the actual
waveform, e.g. notching and multiple zero-crossing. Loads also become more sensitive to voltage sags.
The Individual Harmonic Distortion (IHD) at a particular harmonic frequency is the ratio of the RMS of
the harmonic under consideration to the RMS value of the fundamental, as given by

I
IHD,, = —2—x100 ()

where
I, RMS value of current at frequency #

The Total Harmonic Distortion (THD) is defined as the ratio of the RMS sum of all harmonic frequencies
to the RMS value of the fundamental frequency and is given by,

THD, = =~ x100 = =——=x100 3)

where

1;1s the RMS value of the current at the fundamental frequency.

Harmonic distortion for 24-pulse STATCOM can be reduced the THD to 1.52% [10], but in [11],
harmonic distortion for 12-pulse STATCOM was reduced to 8.5%.

The control strategy of STATCOM is the heart of a compensator system. Mathnani et al. in [12] proposed
a fast two-vector control phase-locked loop to control the phase and frequency of the grid voltage using
48-pulse switching. This controller senses the phase shift of the grid as frequency deviation by the load
and locks to the positive sequence. 2-vector control with PLL and dq controller to control 6-pulse
STATCOM and control the phase shift between the power system current and source voltage have been
proposed in [13], but in [14] a 2-closed loop algorithm to control the performance of the angle between
the source voltage and load voltage at 1 p.u.This paper proposed a feedback loop with PLL, PI, aff and
dq to control the PV voltage for the 24-pulse STATCOM during sag, swell and interruption. The rest of
the paper presents: the proposed STATCOM design, results and discussion, and the final conclusions.

2. PROPOSED STATCOM DESIGN

The model, as shown in Figure 1, is proposed to improve the power to the load and reduce the harmonic
distortion generated from STATCOM. The proposed STATCOM model consists of a control circuit and
a power circuit. The control circuit is used to derive the parameters such as magnitude, frequency and
phase shift. The power circuit consists of five main units: PV, ESC, STATCOM, and a voltage injection
transformer. A simplified test distribution system including STATCOM is implemented using the
PSCAD/EMTDC simulations to evaluate the voltage swell and sag mitigation capability of the
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STATCOM. The test system comprises a 22 kV transmission system, feeding into the step-down
transformer. The STATCOM is placed parallel with the 0.415 kV distribution systems along with the
load. The PV on the DC side provides the STATCOM energy requirements during a long sag duration,
when the energy of the capacitor is not sufficient.
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Figure 1. PSCAD Simulation model

The proposed circuit consists of four identical 6-switch inverters connected in parallel to generate a 24-
pulse with a phase shift of 15 degrees. The coupling transformer of STATCOM is connected in Y- A in
the STATCOM side to eliminate the zero-sequence voltage with a leakage reactance of 0.1 p.u.

The STATCOM is connected in parallel with the source and the load and injects AC voltage to the
distribution system with controllable magnitude and phase angle. The injected voltage can be considered
essentially as a synchronous AC voltage source, and the line current flowing through this voltage source
results in real and reactive power exchanging between the STATCOM and AC system. The active power
of the STATCOM is supplied by the ESC and injected at the ac terminal. The reactive power of the
STATCOM exchanged at the AC terminal is generated and absorbed internally by the power converter.
During the no-voltage sag, the STATCOM is not injecting any voltage into the system. In that case, if
the ESC is fully charged, then the STATCOM operates in the standby mode, and the supply voltage Vs
is identified as pre-sag voltage and denoted by Vpresae. In such a situation, the load voltage Vi, and the
supply voltage will be the same. The STATCOM is activated and injects the voltage to the distribution
system when a sag, swell or interruption occurs. The magnitude and the phase angle of the supply voltage
can be changed. The controller can control the magnitude and angle independently. If the voltage sag is
fully compensated by the STATCOM, the load voltage during the voltage sag will be Vpre-ae. PWM
controls the active and reactive power that produces voltage to the system. The power is fed from the
ESC link. The injected voltage of a STATCOM (Vsratcom) can be derived by considering the equivalent
circuit of the system shown in Figure 2. When the source is dropped, the STATCOM injects a series
voltage through the injection transformer so that the desired voltage magnitude Vi can be maintained.
The injected voltage of the STATCOM can be written as
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Vs= Vx-Vsrarcomt Vi 4)

Where ;
V is the source voltage during sags/swells conditions
V1 is the desired load voltage magnitude

V'x is the impedance voltage

Vy Vstagcou
L I Load
R - 03
= A I 7, STATCOM A

Figure 2. Equivalent circuit of STATCOM

2.1 Energy Storage Unit for the STATCOM

The boost converter in this design is used to back up the STATCOM energy during the sag. As shown
in Figure3, the capacitor C, can be used as an energy storage device. The ability of the STATCOM
compensation is based on the amount of reactive power absorbed /supplied from the system or the active
power supplied by the energy storage devices.

During the voltage swell, the energy stored by C, is obtained as:
C2 = Pinj tswen (5)

where £ 1S the duration of swell.
The injection power with the lagging phase shift is

Pij=cos(o)-(1+4U)cos(o-0) (6)
and the injection power with the leading phase shift is

Pij=cos(a)-(1+4U)cos(o+0d) (7)
where
@ is the load power factor angle,
4 is the grid voltage phase angle shift,
1+4U is the magnitude of the voltage swell.

Considering 0=0, the injection power becomes P;,=-Aucos(o). This means that the source voltage does
not change due to the voltage swell. The compensation capacity of STATCOM depends on the maximum
voltage injection ability and the active power which can be supplied by the STATCOM. The equation
(1-7) can be found in [13].
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Figure 3. Modelling with a boost converter
2.2 STATCOM Capacitor Sizing

STATCOM capacitor sizing, as shown in Figure 1, plays an important role in the STATCOM. It acts as
a DC source to provide reactive power to the load during fault conditions. The capacitor should be
charged at all times to keep the compensation voltage at 1 p.u. To determine the DC capacitor size, Cqc,
firstly consider the energy stored in the capacitor in one period as,

AE, (1) =%(Vi,mx S )

Ve, max 18 the pre-set upper limit of the voltage across the capacitor

V4 1s the voltage across the capacitor

Cuc 1s the DC capacitor

The energy loss is also supplied by the utility voltage source, V; and the peak value of the charging
current, Iy, in which the energy loss can be written as,

T
AE () = _[ V¢ sin wtl ¢ sin wtdt )
0

Simplifying Equation (9)

T . T
. t 20t
AE () = Vs Iy [ sinordt =Vl {— - MJ (10)
0 2 20 0
AE (t) = ! Vel,..T
c 2 S§=sC (1 1)
where,
Vs is the peak phase voltage of the STATCOM
T is the period of one cycle
Equations (8) and (11) give,
C 1
%(Vzc A EVSISCT (12)

The following equation is used to determine the size of the capacitor, Cpc,
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l Che [V2Cmax - Vzdc] = % V.ALT

2 (13)

where
V. is the preset lower limit voltage of the energy storage capacitor.
Alp;1s the step increase of the peak value of the real fundamental component of the load current.
T is the period of the utility voltage source.
Using equation (13), the DC capacitor value for a three-phase system can be derived and given as,

V.AILT
€ =3P (14)
Cmax ~ "dc

where

Vs is the peak phase voltage

11 is the step-drop of load current

T is the period of one cycle of voltage and current

Vemax 18 the pre-set upper limit of the energy storage C (per-phase),

Vi 1is the voltage across C (per-phase).

The value of can be found by measuring the load current before and during the voltage sag.
The value of Vg is given by

v, - 33 Vscosa (15)
V4
where
o = delay angle. If 0=0, the equation becomes,
343 16
Vdc = I/s ( )
T

The derivation of V4 and Equation (15) can be found in [12]. From Equation (14), the capacitance value
as shown in Figurel is 4220uF, which is connected in parallel to increase the energy storage and to
reduce the ripple on the DC link voltage.

3. STATCOM CONTROLLER DESIGN

The main parts of the controller, PLL, PI, aff and dq are used for interpolated firing pulses as shown in
Figure 4. The maximum block abc/af receives the measured voltage values Vi, Vi and Vg in per
unit(Vp.u), which is then passed to the filter to attenuate the voltage transient. PLL and aff / dq are
compared and passed to the PI controller. The function of the PI control block is to minimise the steady
state error of the load voltage zero. The angle is necessary to control the magnitude and phase to get a
modulating voltage signal.

4. Results and Discussion

The designed STATCOM and the controller have been simulated in order to mitigate power quality
problems, which are voltage sag, voltage swell and voltage interruption. The controller is designed to
compensate for the system, even with a nonlinear load without harmonics and delay. Figure 5 shows the
system during the sag and compensation in the load at the start and end of events. At time t = 0.5 ms,
the voltage sag is initiated, and the supply voltage is restored 0.5 ms later. At time t =1 ms, the supply
jumps back to the pre-sag condition. The nonlinear load in this design is not affected during the sag and
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Figure 4. Voltage source inverter arrangements

remains at 0.99 p.u (~1 p.u), and also the figures show that there is no angle shift during the sag. During
the sag, the system can be detected and compensated with a very fast response. The STATCOM can
sense the sag in point 0.502 p.u at a time near 0.500 sec when the sag starts. Also, the figures show that
the start and the end of compensation voltage are in phase with the source voltage and load voltage,
respectively. These figures displayed that the compensation is within 2 ms without any harmonic
distortion and phase shift during the sags. The new controller designed can improve the in-phase
compensation technique during the nonlinear load when compared to the conventional controller.

m\Vs - Viny
2,004 -

1.50 4
1.00 4
0.50 4
0.00 4
-0.50 4
-1.00 4
-1.50 4
-2.00 4
-2.50 4
-3.00-

Voltage(p.u)

040 050 0.60 0.70 0.0 0.90 1.00 110

Figure 5. Source voltage (VS) during sag (between 0.5 and 1.0 seconds) and compensation voltage
(Vinv) of the simulation

The STATCOM can also operate in UPS mode. Figure 6 shows the deep sag simulation result, which
is created at time t = 0.5 sec for a duration of 0.5 sec using a three-phase fault generator. As shown in
Figure 7, when the STATCOM is connected in the system with an external DC source, it can recover
the load voltage from 0.001 to 0.99 p.u within a 2-ms response and without any transient voltage during
the recovery moment. Stead-state performance is obtained by the feedback control loop compared to the
conventional control. The proposed controller contains a closed loop with PLL, PI controller and DQO.
This controller can mitigate the sag in steady-state conditions.
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Figure 6. Deep sag on the load
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Figure 7. Load voltage compensation

4.1 Fast Compensation for Non-Linear Load

The feedback controller proposed in this work can improve the response of the dc magnitude and time
to track the phase angle during all steps of the system to keep the system at a steady state response.
During the sag, the dc voltage magnitude does not decay due to the injection of the active power into
the system. The DC magnitude during the sag and compensation is depicted in Figure 8. The delay
between the magnitude of the DC source and the source voltage is equal to zero, because of the fast
response of the controller design, and the STATCOM can inject exact power during the sag. The DC
magnitude is obtained by connecting the external source directly to the STATCOM with the ESC. The
control algorithm is designed to sense the sag and the DC source at the same time to keep the DC level
at the exact level. The design can control the reactive power and minimise the active power to keep the
load voltage magnitude at 1 p.u. The minimisation of active power injection is to increase the life of

the energy storage system.
P = Ok ) = DC(Magnitude)

1.50

1.00 4
. w

0.00 1

voltage(p. u)

-0.50 4

-1.00 -

0.00 0.50 1.00 1.50 2.00 250

Figure 8. Magnitude of DC voltage and voltage during the sag
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4.2. Voltage Swell Protection Mitigation

In case of a voltage swell, active power may be drawn from the source into the ESC of the STATCOM.
Figure 9 shows a voltage swell where the voltages of the supply are programmed to have 22% voltage
swell, and Figure 10 shows the compensated voltage. It can be noted from Figure 11 that the STATCOM

can keep the load voltage constant in all the measured cases near 1p.u..

= Eal
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5 0%
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Figure 9. Voltages swell with a non-linear load
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Figure 11. Load voltage

Figure 12 and 13 show the THD value of the system without and with the filter, respectively. The
figures show that the THD is reduced from 7.15% to 0.02% with the filter that is connected at the
primary and secondary of the transformer and PV that is connected as an external DC source. The THD
0f 0.02 is far below the value of the IEEE standard THD limit of 5%. The curves would change if the

Univ Zawia J Eng Sci Technol. 2026;4:1-12.

https://journals.zu.edu.ly/index.php/UZJEST



11 S. Al-Hashm et al.

PV source value is changed. This implies that increasing external DC source voltage may improve the
capability that STATCOM and can cope with more severe sags; however, depending on the firing
control scheme and other factors, harmonics injected into power system may differ. If the gains of the
PI controller are selected properly, the PLL will behave as a low pass filter. Thus, harmonics in the
source voltage may not affect the performance of the PLL. The results show that the new efficient
STATCOM can provide excellent voltage without harmonic distortion.

= THD

0y —

S 10
(o]
- :
7.15%
-10
20
040 050 060 070 080 0% 100 110 120 130
Time (sec)
Figure 12. Total harmonic distortions during sag
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(=]
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Figure 13. Total harmonic distortions during compensation

5. Conclusions

24-pulse STATCOM is a custom device connected in parallel to the distribution system to protect the
system from the voltage sag, voltage swell and deep sag. In this work, the modelling and simulation of
a STATCOM with the necessary control system using PSCAD are presented. A novel design of the
controller has been developed to force the injection voltage to be in-phase with the load voltage and
source voltage. The new controller can restore the load voltage to 0.99 p.u for a nonlinear load. The
simulation results show that the 24-pulse STATCOM compensates the voltage sag/swell quickly and
provides excellent voltage regulation without harmonic distortion. The load voltage has been
maintained, and the active power usage has been minimised by the 24-statcom STATCOM. Using these
control strategies improves the system efficiency. From the results, it can be seen that the feedback
controller is effective in tracking the phase, the harmonic and compensates the system within a fast
response time (2 ms) under various operating conditions in case of non-linear load. Also, the controller
design can charge the ESC in two directions by acting like an AC-DC converter during normal operation
and as a DC-AC converter during disturbances. Above all, the new design also increases the life of the
ESC. Finally, an external energy is connected to the STATCOM to avoid voltage decay during the sag.
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SUMMARY OF THE CONTRIBUTIONS

This work has developed a STATCOM to mitigate the voltage sag, swell and deep sag. Using a new
controller for the 24-pulse STATCOM. The new design of the controller can improve the response to 2
ms and the active power of 0.1 kW. The injection power is improved, and the DC link voltage does not

decay during the sag when the PV is connected to the ESC.
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