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Development of a FACTS device model for mitigating voltage sag is
presented. It deals with a static synchronous condenser (STATCON) to be
used in the AC distribution networks. Simulation with the help of a
commercial software Matlab/Simulink was explored to investigate its
characteristics and performance during the voltage sag occurrence. The

considered main cause of voltage sag was the starting of high capacity

asynchronous motor. A voltage source inverter based on the phase-controlled
thyristor components was implemented in this application to compensate the
change in reactive power of the system. The concerns have been put on the
influence of initial operation point and DC capacitance. The study results
show the capability of D-STATCON model to reduce the consequence of
voltage sag following the starting of high-power asynchronous motor in the
distribution network. A fast response of the condenser work confirmed the
desired performance.
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1. INTRODUCTION

In the old days, it was mostly mechanical equipment which has been used to control industrial
processes. The mechanical equipment is much more tolerant to voltage disturbances. Nowadays, many kinds
of electronic components are found in modern industrial equipment, like optical devices, programmable logic
controllers, and adjustable speed drives. As the electronics components are very sensitive to voltage
disturbances, the power utility company must guarantee the quality of power delivered to customers [1-7].

The most often disturbance which may bring problem to electronic devices is voltage sag [1, 3, 4, 6
-10]. It is described as a reduction in the effective value of the network voltage at fundamental frequency to
the value between 0.1 and 0.9 per unit with the length of time from one-half cycle to one minute. The sag is
characterized using both its magnitude and time duration. The duration is normally related to the required
time to clear the fault by the protecting devices.

Voltage sags are becoming big problems in many industrial companies [1-4, 6, 7] and considered to
be really disturbing because the events are of random occurrence and lasting only in a very short time.
Moreover, they become the most burdensome problem of power quality for many industrial customers
today [3, 4].

Voltage sags, as indicated in Figure 1, may bring about the damage in equipment, the disturbance of
production, or even the tripping of protection relays. The interest in mitigating the voltage sag has been
continuously increasing because of the large application of sensitive electronic devices in modern industry.
[1,2,8,09].
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This study deals with the voltage sags brought about by the starting of high-power asynchronous
motors in the network. The occurrence of voltage sags will slow down the operation of motor, although
usually it will not stop the operation unless being tripped by the protective contactors. Bad consequences may
occur in a form of torque oscillations which are caused by very deep sags, or the tripping of relays. This
situation may be found when high currents are drawn by the motor during starting [2, 11-14].

In an unbalance condition, the sag may also affect the negative-sequence voltage. As the negative-
sequence of motor impedance is usually low, a large current component of negative-sequence will be
absorbed. The current being drawn by motor is also high, making it necessary to build the air-gap flux and
accelerate the machine again after the voltage recovery [15]. Consequently, the duration of sag after the fault
will be longer in case the load of the motor is larger than the impedance of the system. The reference [16]
presented the results of the study about the influence of asynchronous motors on the voltage sags
during faults.
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Figure 1. A waveform example of voltage sag

Some measures taken to handle the voltage sags problem are among others using dynamic voltage
restorers [8, 11], distributed generation units [12, 17], and Faraday exchanger [18]. Some other approaches to
reduce the voltage sag are the injection of reactive current in shunt connection and the injection of voltage in
series connection. A research on the mitigation of voltage sag using the use of single-phase voltage source
inverter has been performed in [15]. A static compensator connected in series has been combined with a
converter connected in shunt to the load-side [19-22].

A D-STATCON, as being categorized in shunt compensation devices, can be used for sag mitigation
[23-25]. The D-STATCON can be obtained using a VSC and a DC bank being charged through a bridge
rectifier and a proper control. The D-STATCON is functioning to inject reactive power to the system when
the voltage sag occurs. The amount of reactive power can be adjusted by controlling the firing angle of the
thyristor or the DC value [20].

The voltage restoration has been implemented using a topology consisting of series and shunt
connections [15, 23, 24]. Three single-phase VSIs is connected in series to the supply-side, whereas a 3-
phase diode rectifier is in shunt connection to maintain the energy of the injected voltage with the dc-link
capacitor. The sag detection and compensation control have been based on the phase detection and the
synchronously rotating reference-frame transformation.

This paper presents a D-STATCON model for voltage sag mitigation. It explores the development
of a thyristor-based D-STATCON model and its behavior and compensation capability performance in
mitigating the voltage sags caused by asynchronous motors starting [11-14].

2. RESEARCH METHOD

D-STATCON is commonly used to overcome the reactive power problem in the distribution
network being caused by load variation. An unacceptable voltage variation may be resulted following the
reactive power unbalance. It can be used in a network with a bad power factor or often voltage regulation,
even if the most often application is to overcome the voltage stability problem [6, 16]. The D-STATCON is
capable of acting faster than a static VAR compensator (SVC), supporting the grid stability by continuously
providing variable reactive power in response to voltage variations.
2.1. Basic functioning of D-STATCON
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A STATCON is functioning based on the principle of voltage source converter (VSC). The voltage
source is resulted from a DC capacitor, making it have very little active power capability. This drawback may
sometimes be overcome by providing an energy storage device which is added to the DC capacitor. The
shunt-connected FACTS devices like a D-STATCON offer more advantages than a series device. They can
also be used at the same time to control the steady-state voltage, to damp the oscillation of load power, and
also as a back-up power source. Some applications of D-STATCON for mitigating the voltage sag are
presented in [10, 25].

As shown in the basic functional model of a STATCON in Figure 2, the amplitude of the voltage
source is adjusted to control the reactive power at the terminals of STATCON. The STATCON will generate
reactive current when the AC voltage at the point of connection is less than the converter voltage, and
vice-versa.

The response time of a STATCON is shorter than that of an SVC, especially due to the fast
switching times provided by the type of components used in the converter. It also provides a better support in
reactive power at low AC voltage condition than an SVC does. It is because the resulted reactive power
decreases linearly when the AC voltage decreases, by maintaining the current at the rated value even at a low
AC voltage [26-31]. As it involves only reactive power, there is no phase difference between the voltage of
the D-STATCON output and the AC system, when circuit losses are neglected. The phase of current drawn
from the D-STATCON is 900 shifted with respect to the phase of AC system voltage, whether it can be
leading (generating reactive power) or lagging (absorbing reactive power).

AC System
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Figure 2. D-STATCON functional model

2.2. Control principle of reactive power

The flow of reactive power between the D-STATCON and the AC voltage system is undertaken by
adjusting the output voltage of D-STATCON with respect to that of the AC system voltage in order to adjust
the amount and type of reactive power (capacitive or inductive) to be supplied to the AC system. The reactive
power to be supplied is given by

Vp- 2
Q — D STA;CON S VS (1)

where Q represents the reactive power to be exchanged, Vp.statcon is the magnitude of the D-STATCON
output voltage, V is the magnitude of the system voltage, and X is the equivalent impedance between D-
STATCON and the AC system. The positive value of Q means that reactive power is supplied to the system
by D-STATCON, and vice-versa.

2.3. Simulation model
The simulation model of D-STATCON for the purpose of voltage mitigation being caused by
asynchronous motor starting is given in Figure 3. As indicated, it comprises a three-phase voltage-sourced
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inverter to form the output voltage wave. To maintain the dc-source energy, six uncontrolled switches
(diodes) have been used. The inverter bridge and diodes bridge are connected together and then being
connected to the grid via a transformer.

The injection of current to the AC voltage system is performed by the inverter bridge of the D-
STATCON. As shown in Figure 4, the D-STATCON will supply the VARSs to the system when the voltage
of D-STATCON output is higher than that of the system. Otherwise, the flow of reactive power exchange
will be reversed.
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VD-STATCON>Vs
Vac
Voo FD-STATCON<Vs Absorbing Q
Figure 3. D-STATCON simulation circuit Figure 4. Generation and absorption of reactive

power, where Vp.starcon is D-STATCON output
voltage and Vs is the terminal voltage

3. RESULTS AND ANALYSIS

The circuit shown in Figure 3 was simulated with the help of Matlab/Simulink software. Two cases
were considered; the first one was the system simulation without D-STATCON, whereas the second one was
with the use of the D-STATCON. In both conditions, it was assumed that the starting of asynchronous motor
occurred 0.25 second after the initial time of system operation.

The voltage waveforms of the system with and without D-STATCON are given in Figure 5. As can
be observed, the magnitude of the voltage sag is of 76% in magnitude and the related duration is around 0.53
sec. Figure 5a represents the line voltage waveform at load terminal during the voltage sag occurrence before
the implementation of D-STATCON in the system, whereas Figure Sb shows that when the D-STATCON
has been implemented in the system. It can be clearly seen in Fig. 5b that there is an improvement of the
voltage magnitude to 91% during 0.13 sec, being compared to Fig. 5a showing when the D-STATCON was
not in operation.
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Figure 5. Line voltage waveforms, (a) without D-STATCON, (b) with D-STATCON
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The injection of active and the reactive powers to the system by the D-STATCON during the event
of voltage sag is presented in Figure 6. As seen, both the active and reactive powers are positive. It means
that during the voltage sag occurrence, the load absorbs both active and reactive power. The thyristor-firing
angle determines the amount of reactive power to be supplied, as shown in Table 1.

Table 1. Changes of reactive power with respect to firing angle
Firing angle (degree) Reactive power (VAR)

140 380
145 700
150 960
155 1180
160 1360
165 1560
170 1780
175 2000

Active & reactive power
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Figure 6. The active and reactive powers generated by the D-STATCON

Figures 7a, 7b and 8 show the effect of implementing D-STATCOM in the system. Figure 7a shows
the load current waveform before the D-STATCON was used in the system, Figure 7b indicates that with the
implementation of D-STATCON in the system, whereas Figure 8 presents the waveform of current being
drawn by the D-STATCON. It shows that the D-STATCON voltage level is higher than that of the system. It
is also observable that there is a small current drawn by the D-STATCON but has no effect on the system.

(2) (b)
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Figure 7. Load current waveforms, (a) without D-STATCON, (b) with D-STATCON

As can be observed in Figure 7b, the voltage sag is occuring during the interval time from 0.25
second up to 0.65 second, and it is during this period of time that the D-STATCON is producing the current
injection into the system, as shown in Figure 8. If Figure 7b is compared to Figure 7a, it can bee seen that the
voltage sag is occuring during the interval time from 0.25 second up to 0.78 second. Hence, it can be
concluded that the addition of D-STATCON improves the response of the system by 0.13 second. The
addition of D-STATCON can thus ameliorate the transient stability of the system.

The accompanying reactive power generation was related to the charging and discharging
phenomena of the energy storage capacitor. During the occurrence of the voltage sag, the dc voltage values
are displayed in Figure 9. It indicates that the capacitor was discharging during the voltage sag event.
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Figure 8. The D-STATCON current waveform
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Figure 9. The voltage sag events

4. CONCLUSION

The objective to explore the behavior and compensation capability performance of a thyristor-based
distribution static synchronous condenser through its model to mitigate voltage sags has been achieved. The
model based on a phase-controlled thyristor circuit for simulation has been developed with the help of
Matlab/simulink software. The simulation has been run on two cases of voltage sag occurrence, without and
with D-STATCON, as a consequence of asynchronous motor starting in the system. It has been demonstrated
that the D-STATCON implementation into the system could improve the voltage condition after sag event,
both in terms of its magnitude and duration. The simulation results also demonstrate the fast response of D-
STATCON to voltage sag phenomenon. The voltage improvement offered by a D-STATCON may
significantly reduce the number of trips in the sensitive equipments after the voltage sag event
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