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Abstract
This paper deals with the simulation of a unified series-shunt compensator (USSC), which is

aimed at mitigating various power quality issues in power distribution systems. The USSC
model comprises of two 12-pulse inverters, one connected in series and another in shunt to the
system. A generalized sinusoidal pulse width modulation (SPWM) switching technique has been
developed in the proposed controller design for fast control action of the USSC. Simulations
were carried out using the MATLAB/SIMULINK to examine the performance of the USSC
model. Simulation results from the proposed model demonstrated the capabilities of a unified
series shunt compensator (USSC) in performing voltage sag compensation, flicker reduction,
voltage unbalance mitigation, UPS mode, power-flow control and harmonics elimination. The

USSC has mitigated various power quality problems giving better performance.
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1. Introduction

In recent years, both electric utilities and customers are becoming more concerned to the Quality
of Electric Power. Power quality issues have received much attention to researchers in few
decades. Electrical Power quality is the degree of any deviation from the nominal values of the
voltage magnitude and frequency. Power Quality is mainly affected by the increased use of non-
linear loads such as power electronic equipment, variable speed drives, electronic control gears
etc. The main power quality issues are voltage sag, voltage swell, voltage fluctuations, voltage
unbalance, harmonics etc. Poor Power Quality affects the safe, reliable and efficient operation of
the electrical equipments. For power-quality improvement, the development of power electronic
devices, such as Flexible AC Transmission Systems (FACTS) and custom power devices have
introduced an emerging branch of technology providing the power system with versatile new
control capabilities. In general, FACTS devices are used in transmission control whereas custom
power devices are used for distribution control. Since the introduction of FACTS and custom
power concept, devices such as unified power-flow controller (UPFC), synchronous static
compensator (STATCOM), dynamic voltage restorer (DVR), solid-state transfer switch, and
solid-state fault current limiter are developed for improving power quality and reliability of a
system. Investigations have been carried out to study the effectiveness of these power quality
compensating devices in the mitigation of power quality issues, such as voltage, voltage swell,
voltage unbalance, voltage flicker and harmonics. A power quality compensating devices have
been developed for mitigating specific power-quality problems. For example, UPFC works well
for power-flow control. The custom power devices are mitigating a particular type of power-
quality problem. DVR acts as a series compensator which is used for voltage sag compensation.
STATCOM acts a shunt compensator which is used for reactive power and voltage sag
compensation. So, it is necessary to develop a new kind of unified series-shunt compensator
(USSC) which can mitigate various power quality problems. By using a unified approach of
series-shunt compensators, it is possible to compensate the various power-quality problems in a
distribution system, such as, voltage sag compensation, voltage swell compensation, voltage
unbalance mitigation and voltage flicker reduction. The unified series-shunt compensator
(USSC) is almost similar to the UPFC, but the only differences is that UPFC consists of the
shunt-series inverters and are used in transmission systems whereas the USSC is the combination

of series and shunt voltage source inverters and are used in distribution systems. In this paper,
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the capabilities of USSC in mitigating power quality problems issues, voltage sag, voltage swell,
voltage unbalance, voltage flicker, and UPS mode are explored. The proposed USSC model
comprises two 12-pulse inverters. The modeling and simulation of the USSC has been carried
out using the MATLAB/SIMULINK. For fast action of the USSC sinusoidal pulse width
modulation switching technique have been implemented. However, not much work has been
carried out in the development of a USSC. Analyzes have been made by comparing the
performance of the USSC with the STATCOM and the DVR and the investigations are carried
out in MATLAB/SIMULINK.

2. Principle of Operation of USSC
The Unified Series Shunt Compensator (USSC) is the combination of two 12-pulse voltage

source inverters as shown in Fig. 1.
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Fig.1. Basic Configuration of a Unified series shunt compensator (USSC).

Both the voltage source inverters are composed of forced commutated power semiconductor
switches, typically Gate Turn Off (GTO) thyristor valves. One 12- pulse voltage source inverter
is connected in series with the line through a set of series injection transformers, and another 12-
pulse inverter is connected in shunt with the line through a set of shunt transformers. The dc
terminals of both the voltage source inverters are connected together and their common dc

voltage is supported by a capacitor bank.

The principle of operation of a USSC is described by referring to the model of Fig. 2. The

inverter connected in series with the distribution line injects a series voltage, Vqq to the line,
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which in turn changes the voltage V and line reactance X, hence changing the passage of
current and the power flow through the distribution line. The exchange of real power Pj, and
reactive power Qjn can be written in terms of phase angle ® (angle between the series injected

voltage Vyq and the line current 1), line current I, and series voltage Vg as:

Pinv= Vdq IL cos @ (1)

Qinv = Vg I sin @ 2)
The current injected by the shunt inverter have two components, lq (real or direct current
component) and |y (quadrature current component). Current component, Iy is in phase or in
opposite phase with the line voltage V(, while component, lg, is in quadrature with the line
voltage, thereby emulating an inductive or a capacitive reactance at the point of connection with
the distribution line. The reactive current component, lg, can be independently controlled which

in turn will regulate the line voltage, V..

vqlq
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Shunt Inverter

Fig. 2. Principle of operation of USSC.

The USSC behaves as an ideal ac-to-ac inverter, in which the exchange of real power at the
terminal of one inverter to the terminal of the other inverter is through the common dc link
capacitor. The shunt inverter is controlled in such a way as to provide precisely the right amount
of real power at its dc terminal to meet the real power needs of the series inverter and to regulate
the dc voltage of the dc bus. Thus, real power is absorbed from or delivered to the distribution
line through the shunt connected inverter, which injects a current at the point of connection.
Thus, USSC includes the functions of both series and shunt connected inverters which generates
or absorbs reactive power to regulate voltage magnitude and current flow at the ac terminal,

respectively.
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3. Simulation Model of the USSC

The simulation model of the USSC which has been developed to mitigate various power quality
problems using the MATLAB/SIMULINK software is shown in Fig. 3. The USSC consists of
two 12-pulse voltage source inverters, one 12-pulse voltage source inverter is connected in series
and another is connected in shunt with the line. The series and shunt combination of 12-pulse
voltage source inverters consists of a two-level, three-phase, 24 self-commutated GTO switches
with anti-parallel diodes. This valve combination has capability to act as a rectifier or as an
inverter with instantaneous current flows in positive or negative direction, respectively, is the
basic voltage source converter concept. The inverter connected in shunt to the line by means of
two sets of three single-phase transformers which are of Y-Y (star/star) and Y-A (star/delta)
configurations to avoid phase shift of other than the order of harmonics in the secondary of the
transformers, which may result in large circulating current due to common core of flux. The
phase to neutral Harmonic voltages of Y-Y connected secondary, other than the order of 12n+1,
ie., 57 7™ 17" 19™ are opposite to those of the phase to phase harmonic voltages of Y
connected secondary and with 1/3 times the amplitude. Therefore, the output voltage of shunt
inverter would be a 12-pulse wave form, and its harmonic order, 12n+1. However, the inverter is
connected in series to the source by means of the two sets of three single-phase transformers with
each of Y-A (star/delta) configurations. This is because, usually Y (star) connection in the
secondary windings of transformers allow the injection of positive, negative and zero sequence
voltages, whereas the delta (A) connection in the secondary windings allow only the injection of
positive and negative sequence voltages. The delta (A) connected secondary of the transformers

prevents the flow of zero sequence currents into the system from the inverter.

The primary windings of all the single-phase transformers are connected in series for avoiding
the harmonic circulating current in the system. For all single-phase transformers the value of the
leakage reactance is kept low so as to prevent a large voltage drop. For 22/4.16-kV step-down
transformers, the leakage reactance of 0.01 per unit have been considered. One 12-pulse voltage
source inverter is configured from two consecutive 6-pulse inverters. The phase shift between
two 12-pulse inverters is determined by using the phase shift displacement angle formula, that is,

21/6 m, where m is the number of the 6-pulse inverters used.
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The value of the phase shift is 30°. The capacitor plays an important role in the USSC operation
and it acts as a dc source to provide reactive power to the distribution system and to regulate the

dc voltage. In this simulation, the value of an capacitor,considered as 3340 pF.

Fig.3. Simulation Model of the Unified Series Shunt Compensator (USSC).

4. Control Systems of the USSC

The control system of the USSC comprises two controllers, namely a shunt inverter controller
and a series inverter controller. The function of a series controller is to regulate the series
injected voltage, whereas the shunt controller controls the shunt current. When the series and the
shunt connected inverters operate as stand-alone devices, they exchange almost exclusively
reactive power at their dc terminals. The series connected inverter injects a voltage in quadrature
with the line current thereby emulating an inductive or a capacitive reactance in series with the
line. The inverter connected in shunt to the system, however, injects a reactive current, thereby
also emulating a reactance at the point of connection. When both series and shunt-connected
inverters operate together as a USSC, the series injected voltage can be at any angle with respect
to the line current. The exchange of real power flow can be between the terminals of series and
shunt connected inverters through the common dc link capacitor,C.,.

A. Shunt Controller of USSC
The controller connected with a 12-pulse shunt voltage inverter operates as the voltage source
inverter in a manner that the phase angle between the inverter voltage and the line voltage is

dramatically adjusted so that the shunt inverter generates or absorbs reactive power at the point
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of connection of the system. The block diagram of the shunt controller of a USSC is shown in
Fig.4. This controller is based on sinusoidal pulse width modulated (SPWM) switching technique
which is implemented in MATLAB/SIMULINK. In the voltage control loop, the measured three-
phase voltages are fed to the phase locked loop (PLL1), its function to detect the phase angles
and angular positions of the voltages. The phase locked loop (PLL1) provides the voltage
synchronizing signal with an angle, 6. The measured voltages, V, is fed to maximum block to
obtain the maximum value of the measured voltage. The maximum measured voltage, V., now
processed by the low pass filter and fed to a comparator. A comparator compares the output
voltage of low pass filter with an reference voltage, Vs and it gives error voltage, Ver, Which is
processed by the lag-lead network. The output of the Lag-lead network, Y(t), is fed to the PI
controller. The output of the PI controller generates an angle of order 6, which gives either a
leading or lagging phase angle, which is necessary to adjust the voltage of the capacitor. The
generated angle order, d, represents the shift between the system voltage and the voltage
generated by the shunt inverter. The angle order, 8, combined with voltage synchronizing signal
and generates voltage modulating signal, 6, which becomes the voltage modulating signal in
which the magnitude and phase angles of the voltages are controlled. The Phase Locked Loop
(PLL2), also provides another voltage synchronizing signal which is multiplied by a carrier
frequency of 1.65 kHz which is passed through a non-linear block. A Non-linear block converts
the ramp signal into triangular carrier signal and fixed the amplitude of triangular signal in
between -1 to 1. In the SPWM technique, the triangular carrier signal is compared with the
voltage-modulating signal for obtaining the firing signals of the GTOs. The zero crossings of the
voltage ramps fire/block the GTOs, depending on the displacement angle 8. If § = 0, the shunt
inverter output voltage is said to be in phase with the ac system voltage. However, if there is an
error between the reference voltage, Ver, and the system voltage, V., in per unit, that is, V<
Vef, then the displacement angle 6 > 0 and the shunt inverter voltage lags behind the ac system
voltage thus causing the flow of real power into the shunt voltage inverter. Consequently, the dc
capacitor voltage will increase, thus causing an increase in the ac output voltage of the shunt
inverter. The increase in ac output voltage causes a reduction in the error voltage until V= Vier.
If Vp.u> Vier, then the displacement angle 6 < 0 and the shunt inverter voltage leads the ac voltage

thus causing the flow of real power into the system. Consequently, the dc capacitor voltage will
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decrease, thus causing a decrease in the ac output voltage of the shunt inverter and a reduction in

the error voltage until Vp.u = Vref.

j Controller
+ Yi)

IMeasured Phase
Voltage
— FLL é
G
I
C
Fl

Voltage Vpu g Swilching
N Signal
T
R
0
L

Constant —jel  Max Leg:lead GIO

* Yerr

Low Pass Reference Yoltage 5

Filter @ L

Triangular Camier | O

Signal | C

Ieasured Phase : Non-Li K

Voltage—p FLL2 L.I Multi near _’l
Carney

Frequency

Fig.4. Shunt controller of the USSC.

B. Series Controller of USSC

The controller of a series inverter, is also used the sinusoidal pulse width modulated (SPWM)
switching technique to control the magnitude and phase angles of the ac voltage by
synchronizing the GTO’s switching to the ac system voltages. The control action for the series
inverter is almost same to that of the shunt inverter, but the only difference is that, the measured
phase currents are input to the PLL. The series inverter injected voltages are kept in quadrature
with the line currents to provide series compensation, whereas in the shunt inverter injected

currents are kept in quadrature with the line voltage.

5. Simulation Results

The performance of the USSC model is evaluated by means of simulations using the
MATLAB/SIMULINK. The USSC is connected in a 22-kV distribution system with a static load
of 5.2 MVA. In a simulation model there are twelve single-phase transformers, each rated at 1
MVA, 22/4.16 kV with a leakage reactance of 0.01 p.u., and connecting the USSC to the 22-kV
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distribution system. Simulations were carried out to illustrate its effectiveness in compensation
for voltage sag, voltage swell, voltage unbalance, voltage flicker, and UPS mode of operation.

The harmonic elimination of USSC is also presented.

(a) USSC for Voltage Sag Compensation

To illustrate the use of the USSC in compensating the voltage sags, a voltage sag condition is
simulated by creating a balanced three phase to ground fault using a three-phase fault generator.
Simulation results showing the use of USSC for compensating voltage sags are shown in Fig. 5
in terms of the load voltage in per unit. For the system without the USSC, the load voltage drops
from the 0.9 p.u. to 0.5 p.u.,as shown in Fig. 5 (a). This is a voltage sag condition which is due
to a three-phase fault, created at time t = 1 s for a duration of 0.75 s. For the system with the
USSC connected, the load voltage increases from 0.50 to 1.0 p.u., as shown in Fig. 5 (b).The
minimum and maximum voltage values obtained at the starting and ending of voltage sag, are
0.91 and 1.1 p.u., respectively. Thus it can be seen from the results from the simulated USSC

model that the USSC shows a better voltage sag compensation capability in terms of the voltage

magnitudes.
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Fig. 5(a). Load Voltage during Voltage Sag without USSC.
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Fig.5(b). Load Voltage during Voltage Sag with USSC
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(b) USSC for Voltage Swell Compensation

To illustrate the use of the USSC in compensating the voltage swell, a voltage swell condition is
generated by connecting a capacitive load to the line by switching on the breaker at timet=1s
and is switched off at time t = 1.75 s. For the system without the USSC, the load voltage
increases from 0.9 to 1.3 p.u. due to the energization of the capacitor, as shown in Fig. 6(a). For
the system with the USSC connected, the load voltage is decreased from 1.7 p.u. to the rated
value 1.1 p.u., as shown in Fig. 6 (b). The minimum and maximum voltages values at the starting
and ending of voltage swell are 0.94 p.u. and 1.07 p.u., respectively. Thus it can be seen from the
results from the simulated USSC model that the USSC shows a better voltage sag compensation

capability in terms of the voltage magnitudes.

Fig.
6(a). Load Voltage during Voltage Swell without USSC.

B scopet T T T = e
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(b). Load Voltage during Voltage Swell with USSC.

(c)USSC for Voltage Unbalance Compensation
The effect of voltage unbalance is detrimental as it causes heating in motors, thus requiring them

to be derated. Unbalance affects the sensitive single phase loads because the unbalance of
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voltage creates under voltage in one or more of the lines. Therefore, it is necessary to investigate
that a unified series shunt compensator (USSC) can able to mitigate voltage unbalance. A two
LG faults are created on the phases A and C at time t = 1 s for a fault duration of 100 ms. It is
seen in the simulation results as shown in Fig. 7 (a) the three-phase voltages of the system are
becomes unbalanced, and the USSC is not connected to the system. It can be seen that during
the fault condition, the maximum voltages of phase A, B and C are, Vamax=12.25 KV, Vgmax=16
kV and Vcmax=9.5 kV. The percentage of voltage unbalance is 27.15 %. This value of voltage
unbalance indicates that is severe during the fault because the limit of the voltage unbalance is

prescribed as 2%.
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Fig.
7(a). Three Phase Load Voltages during VVoltage Unbalance caused by two LG faults without
USSC connected

S U e

Fig.
7(b). Three Phase Load Voltages during Voltage Unbalance caused by two LG faults with USSC
connected
By connecting the USSC into the system, the three-phase load voltages are obtained as shown in
Fig. 7 (b). In Fig 8 (), it is seen that the maximum voltages of phase A, B and C, are V amax=
18.13 kV, Vemax=18.5 kV and Vcmax= 17.8 kV. Here, the percentage of voltage unbalance is
1.892 %. Due to the presence of USSC, the load voltage profile has improved in which the phase
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A and C voltages are increased and the phase B voltage is reduced and thus making the three
phase voltages more balanced. The percentage of voltage unbalance decreases from 27.15 % to
1.892%.

(d)USSC for Voltage Flicker Reduction

Voltage flicker is a phenomenon of annoying light intensity fluctuation resulted by variable

electric loads and arc furnaces have been a major power-quality concern.

B 5coped . . ... 00 O . B it
c2elafd: RS Das N

Fig.8(a) Load Voltage during Voltage Flicker without USSC.

Fig. 8 (b) Load Voltage during Voltage Flicker with USSC.

To illustrate the use of the USSC in reducing voltage flicker, simulations were carried out by
considering a variable electric load of 5.2 MVA and connected to a 22 kV source, where 22 kV
acts as a source of voltage flicker. The flicker effects phase A voltage of the system as shown in
Fig.8 (a) and the unified series shunt compensator USSC is not connected with the system. To
eliminate the flicker effect from phase A voltage connecting the USSC into the system so it be
seen that the phase A voltage becomes flicker free, as shown in Fig. 8 (b). The simulation results
shown here are for the phase A voltage. The responses are also similar for the voltages of phase
B and phase C. The simulation results show that without the USSC connected to the system, the

effect of the variable electric load results in a voltage flicker index of 0.321 this value exceeds
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the IEEE SCC22 standard limit of 0.07. However, with the USSC connected to the system, it is

observed that the calculated voltage flicker index is reduced to 0.013.

(e)USSC for UPS mode of operation

To operate the USSC in Uninterruptible Power Supply (UPS) mode, an outage is first created by
applying a three phase fault at time t = 1 s for a duration of 0.75 s. A DC source is connected to
the common DC bus which acts as an energy source for UPS operation and which supply real
power to the load. The simulation result is shown in Fig. 9 (a). When the USSC is connected in
the system, the USSC recovers the load voltage from 0.0 to 1.0 p.u. within a short time as shown
in Fig. 9(b). In the UPS mode, both the series and shunt inverters of the unified series shunt

compensator USSC operates in parallel and supports a load of the sum of the inverters rating.

Scoped P . B . 00 .. B B 00 mEree o
ae e 0% B aw ~

Fig.
9 (a) Load Voltage during Outage without USSC.
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Fig. 9(b). Load Voltage during Outage with USSC

(F)USSC for Harmonic Elimination

Due to high frequency switching losses, the inverters have generated a voltage Total Harmonic
Distortion (THD) of about in the range of 45% to 60% as shown in Fig. 10(a). This value of
Total Harmonic Distortion (THD) is higher than the acceptable level which is 5%. To reduce the
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Total Harmonic Distortion (THD), an inductance-capacitance (LC) passive filter is connected at
the load side of distribution system. The values of an inductance, L, and Capacitance, C, are
considered as L = 0.1 mH and C = 25 pF in the passive LC filter. Simulations were carried out
and the recorded result of THD of the system without filter is shown in Fig. 10 (a) and with the

insertion of a Filter into the system is shown in Fig. 10 (b).

From the simulation results, it is observed that with inserting the LC filter in the system, the
harmonics are suppressed and the value of THD of the system is reduced to about 4 to 5 %. This
value of THD of the system is below the value of the IEEE standard THD limit of 5%. The three
phase load voltages without and with passive LC filter connected into the system is shown in
Fig. 10(a) and Fig. 10(b), respectively. From both the Figs. 10 (a) and 10 (b), are clear that the
distortions in the voltage waveforms due to the harmonics generated by the USSC have been

reduced by connecting a passive LC filter into the system.
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Fig. 10 (a). Total Harmonic Distortion without Filter.
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Selected signal: 150 cycles. FFT window (in red): 5 cycles
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6. Conclusion

The Unified Series Shunt Compensator incorporating 12-pulse series and shunt connected
inverters with SPWM based control scheme has been modeled using the MATLAB/SIMULINK.
Simulations have been carried out on USSC to evaluate its performance in mitigating various
power quality problems. In this paper we investigated the role of the Unified Series Shunt
Compensator [USSC] in the distribution networks for the mitigation of the various power quality
problems (voltage sag, voltage swell, voltage flicker, voltage unbalance and harmonic
distortion). Custom power devices are mainly used for the mitigation of the PQ problems in the
distribution networks. The main custom power devices used for the mitigation of the PQ
problems are DSTATCOM, DVR, UPQC. The two level USSC incorporating 12-pulse series
and shunt connected inverters has been modeled in MATLAB software. The 12-pulse series and
shunt inverters comprised the power semiconductor devices, i.e, GTOs. The Switch Pulse Width
Modulation (SPWM) -based control scheme has been implemented to control the GTOs of the
inverters. Simulations have been carried out to evaluate the performance of the USSC under
various operating conditions and power quality disturbances. Simulation results revealed that the
USSC can mitigate effectively voltage sag, flicker reduction, and voltage unbalance. It was also
shown that harmonics generated by the USSC can be significantly reduced by connecting a

passive filter to the system.
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