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1. Introduction

Flexible ac Transmission Systems (FACTS) devices have emerged in power system because
of the development of power electronics components for high voltage and power. The
FACTS devices provide higher controllability in power systems by means of power
electronic devices. Several FACTS equipments have been already introduced for various
applications worldwide, and new types of FACTS are in the stage of being introduced in
practice. FACTS technology provides a better ability to varying operational conditions and
improves the usage of existing installations.

2. Power electronic application in transmission systems

It can be seen that with growing line length and with higher power demand the opportunity
for FACTS devices gets more important. The devices work electrically as fast current,
voltage or impedance controllers. The power electronic allows very short reaction times
down to far below one second (~ms). Detailed introductions in FACTS devices can also be
found in the literature (Hingorani & Gyudyi, 2000) (Acha, et al. 2004) (Mathur & Varma,
2002)(Padiyar, 2007) (Zhang, Rehtanz, & Pal, 2006) with the main focus on new topologies,
modeling and control.

Basically, there are two groups of FACTS, one is based on thyristor valve operation
(Hingorani & Gyudyi, 2000), and the other is based on Voltage Source Converters (VSCs)
(Segundo-Ramirez & Medina, 2008) (Segundo-Ramirez & Medina, 2009). A list of some
FACTS devices are shown in Table 1. The FACTS devices based on VSCs provide a
controllable voltage magnitude and phase angle due to a Pulse Width Modulation (PWM)
technique (Mohan, Underland, & Robins, 1995). The Static Compensator (STATCOM)
(Hingorani & Gyudyi, 2000) is a shunt connected device that is able to provide reactive
power support at a network location far away from the generators. Through this reactive
power injection, the STATCOM can regulate the voltage at the connection node. The Static
Synchronous Series compensator (SSSC) (Hingorani & Gyudyi, 2000) is a series device
which injects a voltage in series with the transmission line. The Unified Power Flow
Controller (UPFC) (Hingorani & Gyudyi, 2000) is the most versatile device of the family of
FACTS devices, since it is able to control the active and the reactive power, respectively, as
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2 Technology and Engineering Applications of Simulink

well as the voltage at the connection node. In Figure 1 a schematic representation of the
STATCOM, the SSSC, and the UPFC are presented. The compensating FACTS devices under
analysis in this chapter are briefly described below.

FACTS Devices
Connection Type -
Thyristor-Based FACTS VSC-Based FACTS
Shunt Connected Static Var Compensator (SVC) | Static Compensator (STATCOM)
Series Connected Thyristor Controlled Series Static Series Synchronous
Compensator (TCSC) Compensator (SSSC)
Unified Power Flow Controller
Back-to-Back Connected HVDC (UPEC)
HVDC VSC

Table 1. Overview of the principal FACTS-Devices.
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Fig. 1. FACTS devices based on VSCs. (a) STATCOM, (b) SSSC, and (c) UPFC.

2.1 Static compensator (STATCOM)

It is a shunt device that does not require passive elements for reactive compensation. The
STATCOM operation is based on a VSC, which is supplied by a dc storage capacitor. The
VSC terminals are connected to the dc system through a coupling transformer. The VSC
produces a quasi-sine wave voltage at the fundamental frequency (50 or 60 Hz). The

STATCOM can generate or absorb reactive power. A schematic representation of the
STATCOM is shown in Figure 1(a).

Assuming that the losses in the VSC and the coupling transformer are negligible, vsttcom is in
phase with the voltage at the terminal bus vy. In this situation, the current isuscom is completely
reactive. If the magnitude of the voltage v is higher than the magnitude of vstcom, the reactive
current flows from the bus to the VSC, which means that the STATCOM absorbs reactive
power. On the other hand, if the magnitude of vstcom is higher than the magnitude of vy, the
reactive current flows from the VSC to the ac system. Then, the STATCOM injects reactive
power to the system. In practice, the power losses of the STATCOM are not negligible and
must be drawn from the ac system to maintain constant the dc capacitor voltage.
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2.2 Static synchronous series compensator (SSSC)

The SSSC is a series device in which a synchronous voltage source injects a fundamental
frequency voltage in series with the transmission line through a coupling transformer. The
synchronous voltage source is supplied by a VSC. A schematic representation of the SSSC is
shown in Figure 1(b).

Ideally, the injected voltage is in quadrature with the line current. In this mode the VSC
does not absorb or inject any real power. However, in practice, the VSC losses must be
replenished by the ac system, in consequence a small phase lag is introduced for this
purpose. The operating characteristics make this device very attractive for power
transmission application. The main limitation of application is due to the losses and cost of
the converter. The SSSC is a device which has so far not been built at transmission level
because Series Compensator (fixed capacitor) and thyristor controlled series capacitor
(TCSC) (Hingorani & Gyudyi, 2000) are fulfilling all the today’s operational requirements at
a low cost.

2.3 Unified power flow controller (UPFC)

This device contains two VSCs connected together through a dc link storage capacitor. One
of the VSCs is connected in series with the transmission line, while the other VSC is
connected in shunt with the transmission line. The UPFC can control the active and reactive
power flow in the transmission line, and at the same time can regulate the voltage
magnitude at the connection node. To control the real and reactive power flow in the series
side, the UPFC allows interchange of real power between the shunt and the series
converters. The main disadvantage of this device is the high cost level due to the complex
systems setup (Zhang, Rehtanz, & Pal, 2006). A schematic representation of the UPFC is
shown in Figure 1(c).

3. PSB/SIMULINK

Power System Blockset (PSB) for use with Matlab/Simulink employs state-variable
analysis. In PSB complex control algorithms can be implemented into the models in an
easy and fast way. Besides, PSB can use several Matlab toolboxes. In particular, it has the
PWM generator and the VSC blocks. The main advantage of the PSB is that it is
developed in Matlab/Simulink environment, this fact makes possible to use it together
with several other control design tools. It is possible to use the Simulink Accelerator and
the Real-Time Workshop to improve the PSB performance; a C code is generated.
Additionally, the PSB can use several integration methods, which make it a powerful
simulation tool.

3.1 Modeling and analysis of FACTS by PSB/SIMULINK

This section is divided into three parts. Simulations relating to the STATCOM are presented
first. This is followed by simulations carried out for the SSSC and then for the UPFC. The
study case related to the STATCOM is described in detail using PSB/Simulink. For the cases
of the SSSC and the UPFC, only the general implementation is described.
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3.2 Static compensator (STATCOM)

The test case is shown in Figure 2, where the STATCOM includes the control system
described in (Mahyavanshi & Radman, 2006). The initial conditions are zero, the reference
line to line voltage is 179.6292 volts at node 1, the reference voltage for the dc capacitor is
500 volts, and the modulation index is mf=15 (900 Hz). The shunt transformer, the line 1 and
the line 2 are represented by RL branches, whose impedances are 0.05 + jw x 0.005 Q,
0.2 +jw x 0.015 Q, and 0.15 + jw X 0.01 , respectively. The Figure 3 shows the PI control
used in this analysis. On the other hand, Figure 4 shows some important blocks parameters
of the system. Figure 4 shows some important block of parameters for some components
shown in Figure 2 and Figure 3. Please notice that a passive filter has been connected at bus

1, in order to drain the harmonic currents.
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Fig. 2. Test system including the STATCOM.

The test case is initially in periodic steady state, at t = 0.05 s, the voltage magnitude of the
three-phase programmable voltage source is increased 15%, and finally at ¢ = 0.35s, the
initial operating point is reestablished. The study for the STATCOM is divided in two parts,
firstly the three-phase breaker is open, and consequently the passive filter is disconnected.
In the second part, the three-phase breaker is closed allowing the filtering function. The
passive filter is represented as a RC branch with € = 80 uF and R = 0.5 Q.

In the Figure 5, some selected transient waveforms of the STATCOM without the passive
filter are shown: Figure 5(a) presents the output of the phase controller, alfaE, which is
actually the phase angle of the voltage at the ac terminals of the VSC; Figure 5(b) presents
the output of the magnitude control, which is the half part of the voltage magnitude at the
ac terminal of the VSC; Figure 5(c) shows the voltage across the dc capacitor, and finally, the
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peak line-to-neutral voltage at the bus 1 is shown in Figure 5(d). Figure 6 shows the steady
state waveform of the voltage at the bus 1 at the top of the figure, and its harmonic spectrum
at the bottom of the figure. The Figure 6 was obtained using the FFT Analysis button in the
powergui block.

In the Figure 7, some selected transient waveforms of the STATCOM with the passive filter
are shown: Figure 7(a) presents the output of the phase controller; Figure 7(b) presents the
output of the magnitude control; Figure 7(c) shows the voltage across the dc capacitor, and
finally, the peak line-to-neutral voltage at the bus 1 is shown in Figure 7(d). Figure 8 shows
the steady state waveform of the voltage at the bus 1 at the top of the figure, and its
harmonic spectrum at the bottom of the figure.
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Fig. 4. Blocks parameters of important components.
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Fig. 5. Selected transient waveforms of the STATCOM without passive filter. (a) Phase angle
of the voltage at the ac terminals of the VSC. (b) Amplitude modulation ratio. (c) Voltage
across the dc capacitor. (d) Peak line-to-neutral voltage at the bus 1.

From Figure 5 and Figure 7 it is easy to notice that the passive filter has a positive impact on
the reduction of the harmonic distortion in the power network without affecting the
performance of the controller. In Figure 6, the waveform of the voltage at bus 1 is severely
distorted with a total harmonic distortion (THD) of 39.88%. In this case, some harmonic
components have a magnitude of almost 20% of the fundamental component, which is an
undesirable operating condition in practical applications. On the other hand, the obtained
voltage at bus 1 when the passive filter is on has a THD of 4.23% and the highest magnitude
of the harmonic components is around 3.5% of the fundamental component, as shown in
Figure 8.

In this simulation analysis, a discrete representation of the system given in Figure 2 was
used in order to carry-out the simulations, an integration step of 1 us was selected.
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Fig. 6. Steady state waveform of the voltage at the bus 1 without passive filter (top), and its
harmonic spectrum (bottom).
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3.2.1 Static synchronous series compensator (SSSC)

The test system for the analysis of the SSSC is shown in Figure 9. The network parameters
are the same of those of Figure 2. The series transformers are represented b an ideal model.
The series active power reference Pref in the line 2 is equal to 5500 W; the dc voltage
capacitor reference is equal to 500 V; the gains of the power control are Kp=0.000015 and
Ki=0.004, and its limits are 0 and 1; the gains of the dc voltage control are Kp=0.03 and Ki=1,
and its limits are - and

The SSSC includes the control system shown in Figure 10. This control has two control
objectives: to control the active power (P) that flows in the transmission line connected in
series with the SSSC, and to maintain the dc voltage capacitor at its reference value.
Remember that the SSSC does not interchange active power in steady-state, only the
power loss; otherwise the dc capacitor is discharged. In transient state the SSSC has
transient interchanges of active power with the network, which is reflected in variation
of the dc voltage. Under this situation, the control regulates the interchange of active
power in order to maintain the dc voltage capacitor at its steady-state. The initial
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conditions are zero; the active power reference Pref is 5500 W, and the index modulation

is 41 (2.46 kHz). Pref is the active power reference in the transmission line in series with
the SSSC.

The test case has zero initial conditions for all the state variables, except for the voltage
across the dc capacitor; its initial condition is 500 V. At t = 0.4 s the voltage magnitude of
the three-phase programmable voltage source is increased 15%, and finally at t = 0.7 s, the
initial operating point is reestablished. In this simulation analysis, a discrete representation
of the system given in Figure 2 was used in order to carry-out the simulations, and an
integration step of 2 us was selected. This analysis is also carried-out with and without the
passive filter.

Figure 11 shows some selected transient waveforms of the SSSC without passive filter. In
this figure it is possible to notice that the series active power decreases about 25% when the
voltage magnitude of the three-phase programmable voltage source increases 15%, and the
series active power increases about 25% when the same voltage goes back to the original
value. The control objectives of the SSSC controller are achieved in six full cycles, as shown
in this figure.
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Fig. 9. Test system including the SSSC.
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Fig. 11. Selected transient waveforms of the SSSC without passive filter. (Top left) Series
active power. (Top right) Amplitude modulation ratio. (Bottom left) Voltage across the dc
capacitor. (Bottom right) Phase angle of the voltage at the ac terminals.
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Figure 12 shows the steady state waveform of the voltage at bus 1 without passive filter. In
this operating scenario, the voltage is highly distorted; the THD is around 22.85% and the
harmonics 39 and 43 have a magnitude of around 12% of the fundamental component.
Notice that THD is high even when the switching frequency is 2.46 kHz. On the other hand,
of some selected variables, the transient and steady state solutions of the SSSC test system
including the passive filter are shown in Figure 13 and Figure 14. Comparing Figure 11 and
Figure 13, it is easy to notice that difference between these figures is negligible. The most
remarkable difference is the reduction of the harmonic distortion in all the system,
especially in the voltage at bus 1.
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Fig. 12. Steady state waveform of the voltage at the bus 1 without passive filter (top), and its
harmonic spectrum (bottom).
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Fig. 13. Selected transient waveforms of the SSSC with passive filter. (Top left) Series active
power. (Top right) Amplitude modulation ratio. (Bottom left) Voltage across the dc
capacitor. (Bottom right) Phase angle of the voltage at the ac terminals.
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Fig. 14. Steady state waveform of the voltage at the bus 1 with passive filter (top), and its
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3.2.2 Unified power flow controller (UPFC)

The UPFC test system of Figure 15 and Figure 16 shows the Simulink implementation of
the UPFC. The network parameters are the same of those of Figure 2. The UPFC including
the shunt control described in (Mahyavanshi & Radman, 2006) is schematically shown in
Figure 18, and the series control proposed in (Fujita, Watanabe, & Akagi, 2001) is shown
in Figure 17. The initial condition is zero, except for the dc capacitor voltage, which is 500
volts.

The series controller regulates the real (Pref=8500 watts) and reactive (Qref=0 vars) power
flows by adjusting the injected series voltage. The shunt converter regulates the voltage
across the dc capacitor and the sending end voltage V1 at bus 1. The modulation index is
my=27, which represents a commutation frequency of 1.61 kHz. The RC passive filter has a
capacitance of 80 uF and a resistance of 0.2 Q. The gains for the series controller are the
following: Kp=1 and Ki=500 for the Discrete PI Controller 1, with no limits; Kp=2 and
Ki=1000 for the Discrete PI Controller 2, with no limits. On the other hand, the gains for the
shunt controller are: Kp=0.002 and Ki=1 for the Discrete PI Controller 1, with no limits;
finally, Kp=0.0012 and Ki=0.09 for the Discrete PI Controller 2, with no limits. The UPFC
analysis presented in this section only includes the case when the passive filter is connected,
as shown in Figure 15.
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The dynamic response of UPFC controllers are presented in Figure 19. From this figure, it is
possible to observe that the variation of the three-phase programmable voltage source
significantly affects the response of the series controller. This is because the magnitude of the
voltages at the ends of the line controlled by the UPFC affects the power flow across the line.
On the other hand, Figure 20 shows the transient waveform of the voltage across the dc
capacitor and the active and reactive power flow in the controlled line. Notice that the reactive
and active power remains close to the reference during the step changes in the three-phase
programmable voltage source. Finally, Figure 21 presents the periodic steady-state solution of
the sending end voltage V1 and its harmonic spectrum, which has a low THD of 1.74%.
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Fig. 19. Transient response of the series and shunt controllers of UPFC.
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4. Conclusions

In this chapter, implementation in Simulink of three FACTS devices based on VSC has been
presented. These implementations include the STATCOM, SSSC, and the UPFC. All the
implementations have been carried-out taking into account the control systems. The
presented models can be used in order to analyze the dynamic and the periodic steady-state
behavior of these FACTS components.
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