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RINGKASAN : Kualiti kuasa adalah sa/ah satu topik yang sering diperkatakan hari ini.
Kedua-dua pengeluar kuasa dan pengguna amat mengambil berat akan kualiti bekalan
kuasa, sama ada kuasa yang dijana oleh pengeluar kuasa atau kuasa yang digunakan oleh
pengguna. Mereka memerlukan bekalan ini berada pada nilai optimum supaya kos adalah
cekap; jika tidak masa/ah seperti vo/Jan lebih, voltan kurang, voltan ampul, voltan lendut,
hingar dan harmonik yang disebabkan o/eh gangguan dalam bekalan kuasa boleh menjadi
bahaya.
Kertas ini menyelidik sifat pemampas statik segerak (PSS) bagi pengurangan voltan /endut
yang disebabkan o/eh permulaan motor pengaruh. Simulasi PSS berdasarkan penyongsang
sumber voltan 3 fasa, 6 denyut menggunakan Matlab Simulink telah dibangunkan untuk
menunjukkan prestasinya dalam keadaan voltan lendut terimbang yang disebabkan oleh
permulaan motor pengaruh 3 fasa 5 KW
Pengujian eksperimen telah dibina menggunakan jejambat penukartertiban asli 'thyristor'
3 fasa. Suatu pembaikan lebih dari 11 % voltan lendut telah dicapai menggunakan
STATCOM yang mana ia bo/eh bertindakba/as segera untuk memampas kuasa reaktif ke
sistem semasa voltan /endut. Akhir sekali, keputusan simulasi dan eksperimen telah
diterangkan dan dibandingkan, dan prestasi yang baik telah dicapai.

ABSTRACT : Power quality is one of the most talked about topics these days. Both the
power utilities and customers are quite concerned with the quality of the power supply,
whether it be the power generated by the power utilities or the power consumed by the
customers respectively. They need these supplies to be at its optimum value so that the
cost is efficient; otherwise problems such as overvoltage, undervoltage, voltage swell, voltage
sag, noise and harmonic caused by the disturbances in power supply could be disastrous.
This paper investigates the static synchronous compensator (STATCOM) behaviour for
voltage sag mitigation due to starting of an induction motor. Simulation of STATCOM based
on 6 pulses 3-phase voltage source inverter (VSI) using Matlab Simulink has been
developed to show its performance under balanced voltage sag condition due to starting
of 5 KW 3-phase induction motor.
Experimental testing has been constructed using 3-phase thyristor natural commutation
bridge. An improvement of more than 11% of the voltage sag has been achieved using the
STATCOM which can respond instantaneously to compensate reactive power to the system
during voltage sag. Finally simulation results and experimental results have been explained
and compared, and a good performance has been obtained.
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INTRODUCTION
Power quality is quite a broad concept as it summarises different electrical power characteristics.
Ideally, the delivered power should have perfect sinusoidal current and voltage wave shapes.
The issues of power quality have become a growing concern over the last decade. There are
several causes that have initiated and stimulated this problem and the most important cause
is the growing uses of sensitive loads, such as industrial plants that use power electronics as
a means of modernising their manufacturing process (Knyazkin and Soder, 2000). As the
sensitivity of the load increases, the costs associated with the damage caused by voltage
sags increases too.
One of the most important voltage-related problems is voltage sag. Voltage sag is a reduction
in the ac voltage at the power frequency, for duration from a half cycle to a few seconds
(Sannino and Svensson, 2001 ). Magnitude and duration are the two most important
characteristics. The two main causes of voltage sag are line-to-ground faults; and switching
on a heavy load such as, electric arc furnace or starting of a high power motor. Line-to-ground
faults resulted in voltage sags that have shorter period (approximately 10 ms) and have
magnitudes down to 10%. Motor starting produces voltage sags having smaller magnitudes
but they last longer up to 600ms. Figure 1 (Sannino and Svensson, 2001) shows voltage sag
caused by line-to-ground faults while Figure 2 (Yaleinkaya, 1998) shows the voltage sag due
to motor starting.
Solutions to the problem of voltage sags can be introduced at several points between the
utility and the customer. As the cost of the solutions increases as the mitigation equipment
drifts apart from the customer, it is often more efficient to install the equipment closer to the
customer (Knyazkin and Soder, 2000). Others are the use of compensation of voltage sag
which is a shunt injection of reactive current and a series injection of voltage.
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Figure 1. Voltage sag due to line-to-ground fault
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Figure 2. Voltage sag due to motor starting

Sannino and Svensson (2001) in their paper had carried out research to examine the operation
of a series connected voltage source converter (VSC) for voltage sag mitigation static series
compensator (SSC) which depends on quite a large de source.
Sensarma et. al. (2001) had investigated the problem of voltage compensation by injecting
reactive current, at the end of a distribution line. The capability of the static compensator
(STATCOM) to mitigate voltage sag was also demonstrated. It was shown that the voltage
controller can accomplish voltage sag mitigation and demonstrated that the STATCOM has a
very fast response to voltage sag. The STATCOM was used to compensate for load induced
voltage sag and a STATCOM rated at 25% of the effective load KVAcould reduce voltage sag
by39%.
Atputharajah et. al. (2003) had presented that the application of a shunt device such as
STATCOM for mitigation of voltage sag has some advantages when compared with a series
device. The shunt device can simultaneously be used for steady-state voltage control, load
power oscillation damping and as a back up power source. The STATCOM with energy storage
showed its ability to recognise voltage sag and to eliminate it with minimum delay time.
Wang et. al. (1998) performed the application of an advanced var compensator to examine its
capability for voltage sag mitigation. His laboratory module had shown that it can improve the
load voltage during voltage sag between 4% and 21 % depending on its initial operation point.
Some application of STATCOM operation, analysis and mitigation have been further discussed
and presented by Da'valos et. al. (2005), Zhang et. al. (2004) and Canizares et. al. (2003).
This paper focuses on mitigation of voltage sag caused by starting of 3-phase, 5 KW induction
motor using power electronics system STATCOM. Hardware system has been constructed
and a simulation model has been developed in this study to verify the system re$tllts.
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STATIC COMPENSATO R (STATCOM) MODEL
The STATCOM is based on a simple concept which is a switching device based power converter.
It is used to produce an alternating voltage source in phase with the transmission line voltage,
and is connected to a line through a series inductance (usually the leakage transformer).
When the voltage source is greater than the line voltage, leading reactive current is drawn
from the line and the equipment acts as a capacitor. When the voltage source is smaller than
the line voltage, lagging reactive current is drawn from the line and the equipment acts as an
inductor. In practice, a small amount of real power is also drawn from the line to supply the
losses of the inverter. The basic electronic building block for a STATCOM is a voltage source
inverter (VSI) that converts the de voltage which is supplied from de source into a three phase
set of output voltage (Marcio, 2000).
In general, STATCOM is employed to generate or absorb reactive power. The active power
generation or absorption capability of the STATCOM is normally used under special
circumstances such as to enhance the steady state and transient voltage control and to improve
the sag mitigation capability.
STATCOM basically consists of a step-down transformer with a leakage reactance, a threephase thyristor bridge based voltage source inverter (VSI) or current source inverter (CSI),
and a de storage capacitor or battery. A basic structure of the STATCOM is shown in Figure 3.
The ac voltage difference across the leakage reactance produces reactive power exchange
between the STATCOM and the power system, such that the ac voltage at the bus bar can be
regulated so as to improve the voltage profile of the power system, which is the primary duty
of the STATCOM.

Vdc

Figure 3. Basic structure of STATCOM
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DC-AC VOLTAGE SOURCE INVERTER

The major aim of a VSI is to generate an ac voltage from a de voltage, thus, it is often referred
to as a dc-ac converter or inverter. It is able to generate a symmetric ac voltage with a desired
magnitude and frequency, which can be fixed or varied according to the application. The
voltage source inverter is the main building block of the STATCOM and other FACTS devices.
The three-phase basic configuration is called six-pulse inverter, consisting of six asymmetric
turn-off devices and shown in Figure 4. A3-phase 6-pulse thyristor bridge with line commutated
and phase angle control has been used for this application .

..

Figure 4. 3-phase, 6 pulse thyristor bridge

BASIC OPERATION OF STATCOM

Figure 5 shows the basic principle of STATCOM operation, which can be explained as follows.
The VSI generates a controllable ac voltage source behind the leakage reactance. This voltage
is then compared with the ac bus voltage system. When the magnitude of AC bus voltage is
above that of the VSI voltage magnitude, the ac system sees the STATCOM as an inductance
connected to its terminals. Otherwise, if the VSI voltage magnitude is above that of the ac bus
voltage magnitude, the ac system sees the STATCOM as a capacitance connected to its
terminals. If the voltage magnitudes are equal, the reactive power exchange is zero.
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Figure 5. Basic principle of STATCOM operation
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PRINCIPLE OF REACTIVE POWER CONTROL
The principle of reactive power control via STATCOM is well known. The amount of reactive
power (capacitive or inductive) exc~anged between the $TATCOM and the system can be
adjusted by controlling the magnitude of STATCOM output voltage with respect to that of •
system voltage. The reactive power supplied by the STATCOM is given by

vSTATCOM - VL
Q=-----VL

(1)

x

Where,
Q
is the reactive power
magnitude of STATCOM output voltage.
VSTATCOM is the
is the magnitude of system voltage.
VL
is the equivalent reactance between STATCOM and the system.

x

When Q is positive the STATCOM supplies reactive power to the system. Otherwise, the
STATCOM absorbs reactive power from the system.

SIMULATION RESULTS
The system in Figure 6 has been modeled and simulated using the MATLAB software package,
with 415 V grid voltage supply and 5 KW, 3-phase induction motor as load. Figure 7 shows the
magnitude and duration of Voltage sag due to starting of such motor before the installation of
the STATCOM device. The voltage sag magnitude of 25% lasted for 0.3 seconds duration.
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Figure 6. Simulation model of STATCOM using MATLAB
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Figure 7. Voltage sag due to motor starting before connecting STATCOM

Figure 8 shows the rms voltage at load terminal after the installation of the STATCOM device.
The sag shown in the rms voltage had duration of about 0.23 seconds and a depth of roughly
13.25%. The duration and magnitude of the voltage sag represents the response speed of the
STATCOM to voltage sag. The improvement in the grid voltage at the motor terminal was due
to the compensation of the reactive power injected by the STATCOM and it was approximately
11.75% of the nominal voltage.

Figure 8. Voltage sag after connecting STATCOM

DC LINK CAPACITOR VOLTAGE AND CURRENT
Figure 9 shows the de capacitor voltage during the start-up of the STATCOM. In this figure,
during the interval from O to 0.3 seconds the capacitor is charged. Then at 0.3 seconds the
motor is switched on, which causes the voltage sag in the main supply, at this instant, the
STATCOM will convert the de power stored in the capacitor to ac power causing the capacitor
to discharge. Once the motor reaches the steady state the voltage sag will be cleared and the
capacitor will start to charge again to its nominal voltage. Figure 10 shows the pre-charging
current and the discharging current with negative value, during voltage sag event.
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Figure 10. Capacitor current during
voltage sag event

Figure 9. Capacitor voltage during motor
starting

EXPERIMENTAL RESULTS
A laboratory model of STATCOM was constructed and experimented. The inverter has a
6-pulse structure, and is composed of three phase SCR Thyristor Bridge.
Figure 11 a shows the rms voltage at the load terminal during the voltage sag before the
STATCOM device was installed to the system. Figure 11b shows therms voltage at the load
terminal when the STATCOM device was connected to the system. The results show that the
STATCOM improved the voltage sag from 28% to 18%, which mean the improvement was
around 10%.
It should be noted that the sag magnitude and duration in the simulation and hardware were
not the same. This difference was due to the motor parameters, losses and the components
were not ideal.
In the experimental testing, during the motor starting, the voltage sag occurred and lasted for
0.35 seconds. During this interval STATCOM injects the current to the system as shown in
Figure 12 showing that the STATCOM is operating during voltage sag interval.

Figure 11b. Load terminal voltage with
STATCOM connection

Figure 11a. Load terminal voltage without
STATCOM connection
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Figure 12. STATCOM compensating current during voltage sag event

CONCLUSION
In this paper, voltage sag problem and its mitigation methods have been reviewed and the
performances of STATCOM system for voltage sag mitigation due to starting of an induction
motor have also been investigated. Simulation of STATCOM model based on 6-pulse, 3phase voltage source inverter (VSI) with load of 5 KW motor has been developed. The laboratory
system has been structured and tested to confirm the simulation results. The influence of the
de capacitor to the voltage sag has been studied. The simulation and laboratory results have
shown that they can completely mitigate the voltage sag by 10% to 11.75% in magnitude as
well as improving the sag duration.
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