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Simulation of FACTS Devices as Reactive Power Compensators and
Voltage Controllers in the Smart Grid

Abstract

This paper provides a modeling platform for students to understand and study power
system dynamics using Matlab® and PSCAD/EMTDC® when Flexible AC Transmission
Systems (FACTS) devices for reactive power compensation and voltage control are
implemented. In this study, a proposed power system’s voltage profile has been modeled
and analyzed using Matlab® and PSCAD/EMTDC® to determine the optimum parameters
for the design of FACTS devices, such as Static VAR Compensator (SVC) and Thyristor
Controlled Series Compensator (TCSC). A tutorial was developed as part of the Smart Grid
Control Systems course at SUNY University at Buffalo. This tutorial provides the insight for
both undergraduate and graduate students as well as practicing engineers. It helps them to
understand FACTS devices design and implementation by highlighting their main
characteristics and enhancing performance of the power system they are being integrated

with.

Introduction

As an outcome of the deregulation of electric power industry, power transmission operators are
now responsible for their own business. Therefore, they must make the best use of their
transmission capacity and ensure that transmission losses are minimized®. Also, any loss of
transmission capacity means loss of income for the power transmission operators. Therefore, all
actions must be taken to ensure that reactive circulating power does not obstruct available
transmission capacity. In addition, energy congestion in critical transmission corridors must be
avoided to eliminate the risk of jeopardizing the grid stability, reliability as well as profitability
of business operations. Moreover, to offer the greatest flexibility, transmission operators must
ensure the maximum safe operating margins to allow power injection and tapping from its buses
without endangering stable operation. Thus, the successes of transmission operation depend on
offering the maximum available transmission capacity (ATC) on their transmission lines. It is

apparent that in developing the smart grid realm, transmission operators have a greater
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responsibility to make their networks more flexible. Advancements in power-electronics
technology now offer new fast, controllable FACTS controllers to assure this required flexibility.
The subject matter is an integration of classic power systems, power electronics, control theory
and programing among others and is quite complicated for understanding by students and
engineers who have no previous exposure to this field. During development and implementation
of Control Systems for Smart Grid course it was decided to develop and present a tutorial to
assist electrical engineering students and professionals in achieving deeper understanding and
obtaining practical skills related to FACTS devices in order to meet the power flow control
challenges.

Reactive power is an important, but not an easy, concept to understand in electrical power
systems. Reactive power compensation is considered as a powerful tool for optimizing the power
flow on transmission networks. Inadequate reactive power leads to voltage collapses and has
been a major cause of several recent major power outages worldwide'. Reactive power
compensation can be provided by using FACTS devices, which are power electronics-based
devices that control and regulate the power flow within the power system. They are capable to
reroute power through the optimum available paths regardless of the dynamics of the power
system. Clear understanding of the principles of FACTS devices and how they affect the
behavior of the power system becomes easier after grasping the fundamentals of designing
primary building blocks of all thyristor based FACTS devices. Since the process of developing
and implementing FACTS devices is quite complicated, the use of power systems modeling tools
becomes obvious to facilitate the learning process in this field. Two available software packages,
Matlab®? and PSCAD/EMTC®?® where chosen to be used in the tutorial and simulation.
Matlab® uses a high-level language and an interactive environment for numerical computation,
visualization, and programming. Using Matlab®, electrical engineering students can analyze
data, develop algorithms, and create models and applications. In the tutorial, Matlab® is used to
study the voltage profile dynamics of a proposed power system with varying load profile.
Besides that, the PSCAD/EMTC® provides vast possibilities in power system simulation. It
contains a comprehensive library of system models ranging from simple passive elements and
control functions, to complex electric machines and FACTS devices. In order to understand the
dynamics of a power system in the presence of FACTS devices, modeling and simulation

approach allows students to appreciate the value of these devices and their role in enhancing the
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power system performance for different scenarios and case studies. Moreover, when the students
grasp the concept of FACTS devices, they will be able to use PSCAD/EMTC models to build

their own designs in order to solve complex compensation and voltage control problems.

Power System Configuration
In order to appreciate the role of FACTS devices, a power system should be specified and its
voltage profile analyzed. The representative power system, as shown in Fig. 1, consists of:
e Power source - step up transformer combination with rated voltage of 230 KV at 60 Hz.
e 300 Km (168.4 miles) high voltage transmission line* with impedance Zj = (7.5 +
j86.71)Q
e Dynamic load with a lagging power factor that changes within well-known limits.

Voltage profile at the receiving end as the load changing
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Figure 1. Single- line diagram of the specified s o

S =140 MVA

power system configuration. oyl 1
Power Factor

Figure 2. Power system's voltage profile at
different loading and power factors

Voltage Profile Study of the Specified Power System

The voltage profile is studied at the receiving end of the transmission line, i.e. the bus where the
load is connected to the transmission line. The load is dynamic with a varying profile within the
limits between 20 to 140 MVA, while the power factor is also changing from unity down to 0.4
lagging. Matlab® is used for simulation of the given power system and for analysis of the
voltage profile at the receiving end during load variations. Figure 2 illustrates the voltage profile
of such a system. It is obvious that when the load increases the voltage drops. The red line in Fig.
2 shows the minimum standard acceptable voltage limit of 0.95 pu of the rated voltage (or 95%
of 230 KV in our case). Therefore the voltage must not drop below this limit. Otherwise, the

system will have a voltage quality issue and unacceptable performance. Figure 2 illustrates that
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the voltage profile of the given power system under different loading conditions has undesirable
performance in most cases. Only at 20 MVA load at power factor greater than 0.9 lagging,
voltage is acceptable and lies within limits. This means that the loading capability of the system

cannot exceed 20 MVA. Therefore, corrective measures should be taken to address this problem.

Shunt Compensation

One remedy to such a problem is using a shunt compensation at the receiving end. That is, by
connecting a shunt capacitor to the load, required reactive power is supplied localy and the
power source would not have to provide reactive power to the load. Transmission line is also
relieved from transmitting reactive power to the load. Consequently, the system in Fig. 1 is
amended as depicted in Fig. 3. The value of the capacitor changes as the reactive power demand
varies; the maximum reactive power demand is about 42.15 MVAr as shown in Fig. 4.

Therefore, the maximum capacitance value has to be about 15 uF as illustrated in Fig. 5.

Figure 3. Single-line diagram for the shunt compensated system
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Figure 6 shows comparison between the voltage profiles of the uncompensated and the shunt
compensated power system. It is apparent that the voltage profiles for the compensated system
have been improved significantly. However, some loading cases still remain below the minimum

limit of 0.95 pu of the rated voltage. This is due to the reactive component of the transmission
line itself, which can be compensated using series capacitors.

N

Figure 6. VVoltage profiles for uncompensated

Load Rating [MvA]
and shunt compensated power system Figure 7. Voltage profiles for uncompensated

and shunt compensated power system in 3D
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Series Compensation

To address the problem of the voltage drop, as illustrated in Fig. 6, for loadings in the range of
80 MVA to 140 MVA and at power factor values lower than 0.65 lagging, series compensation
can be utilized. Therefore, the system is represented in Fig.8, where a series capacitor is added to
the impedance of the transmission line. Usually Xc is selected to be within the range of 30% to

. . . . . 1
70% of the transmission line’s inductive reactance™.

Voltage profile at the receiving end as the load changing
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Figure 9. Voltage profile of Series and Shunt
compensated system.

Figure 9 illustrates that series compensation alone does not do much to enhance the voltage
profile of the power system. However, with shunt compensation it can accomplish the task and
bring all the voltage profiles at different loadings above the specified minimum voltage limit,

except for 120 and 140 MVA for power factor values greater than 0.85 and 0.73, respectively.

Static VAR Compensator (SVC) Design and Simulation

Referring back to Fig. 8, there are two variable capacitors; one of them is shunt connected to the
load bus while the other one is in series with the transmission line. The question now is how
these variable capacitors are implemented and integrated with the power system? The SVC is
constructed by means of Fixed Capacitor and Thyristor Controlled Reactor (FC-TCR), which is
placed in shunt with the load bus as shown in Fig. 10. The firing angles of the TCR are varied for
different loading conditions to make the reactive power zero at the source. Manual control is
used to set the firing angles for SVC such that it minimizes the reactive power provided from the

source and reduces it to a value as close to zero as practical®.
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Figure 10. lllustration of SVC and the equivalent reactances of its sub-elements
The main building block in most of FACTS devices is the TCR. The TCR comprises a pair of
back-to- back thyristors in series with a linear air-core reactor. Control and firing unit is used to
vary the firing angle a by which the start of conduction of the thyristor pair is delayed. Variation
of the firing angle o changes the effective 60 Hz value of the TCR's inductive reactance
JXtcr and this, inturn, changes the net value of the reactance jXsyc of the SVC asa whole.
The diagram of Fig.10 illustrates how SVC behaves as a variable reactance in parallel with the
composite load. The net reactance of the SVC, jXsvc, can be either inductive or capacitive and its
magnitude can be controlled dynamically by controlling the reactance of the TCR branch by
means of the thyristor firing angle o.> The inductive reactance jXtcr of the TCR varies between
jXL, and oo as the thyristor firing angle a varies from 90° to 180°. The TCR's effective 60 Hz

reactance jXtrc is related to the thyristor firing angle o by

Xrcr

Xrer(a@) = 2( (1)

mT— a)+sin2a

Figure 11 shows the change in the reactance of the TCR as the firing angle varies from 90° to
180°.
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TCR reactance change with firing angle SVC reactance change with firing angle
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Figure 11. TCR reactance change with the Figure 12. Fundamental Characteristics of the
change in the firing angle. SVC's net reactance.

From Fig. 5 the capacitor maximum value has to be 19.3uF; the closest standard capacitor value
is 20 uF. Therefore, this will be the value of the capacitor of the SVC, from which the capacitive
reactance is X¢ = 132.63 Q.

Typically, the 60 Hz inductive reactance X, of the TCR branch of the SVC is selected such that®
XL < Xc/2. For our tutorial the value of X, is selected to be equal 48 Q, as depicted in Fig. 11, so
the inductor of the TCR branch is 0.127 H. Therefore, the SVC impedance is changing with the
thyristor firing angle as shown in Fig. 12.

In addition, Fig. 12 shows that the resonance occurs when the firing angle is equal to 121.8°.
Moreover, there are two distinct regions: inductive region and capacitive region. In inductibve
region the equivalent circuit of the SVC is a pure inductor. The range of this region spans from a
= 90° to the resonance angle at o = 121.8°. On the other hand, the capacitive region extends from
the resonance point to o = 180 °. The tutorial considers only the capacitive region of the SVC’s
characteristics impedance graph. Therefore, the firing angle will be within the range 122.8° < a
< 180° because the capacitor values at these firing angles will be 0.9394 and 20 uF, respectively,
as shown in Fig.13. Thus, the SVC design with these parameters is capable to compensate for

most of loadings of the power system represented in the tutorial.
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Figure 13. SVC Equivalent capacitance value
change with variation of the firing angle.

PSCAD is used to simulate the implementation of the SVC for selected loading cases. The load
of 100 MV A at power factor 0.8 lagging is selected and the voltage profile is obtained. The load
components should be calculated as shown in Fig.14.

The PSCAD models of a single- phase representation of the given power system with integrated
SVC are shown in Fig. 15.
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Figure 15. PSCAD models of the power system with SVC

A single phase voltage source model is used with parameters as given in Fig. 16a. The SVC is

connected to the power system through a circuit breaker (BRK) that closes after 2.5 seconds
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from the start of the simulation as shown in Fig. 16b. Thyristor parameters are demonstrated in
Fig. 16¢. Thyristor firing pulses generation and firing angle control are achieved using the blocks
as shown in Fig. 17. A reference signal is fed to the zero detector function block, which will
pulse whenever the signal on its input crosses the zero level. The voltage across the load is the
reference signal. The output of the zero detector function block is fed to the delay function block.
Delay function block holds the signal on its input for a time equal to the desired firing angle, and
then it sends the pulse to the gate of the forward thyristor, which is triggered in the positive half
of the reference signal. The same is repeated for the backward thyristor, except its pulses are
delayed 180° from the forward thyristor triggering pulses as illustrated in Fig. 17.

r = [ Yy
[source_1] Single Phase Voltage Source Mode...&] [peswitch] Power electronic switch &J
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Figure 16 Voltage source, timed breaker logic and thyristor parameters
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Figure 17. Thyristor firing pulses generation and control (firing pulses at o = 135°).
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After constructing the PSCAD model for the power system with the SVC as shown in Fig. 15,
and connecting the blocks of the thyristors firing pulses and control as shown in Fig. 17, the
firing angle is set to be about 135° as illustrated in Fig. 13, since at this firing angle the SVC
operates in the capacitive region. At this angle the equivalent capacitance value is about 9 pF,
which satisfies the purpose of 100 MVA at 0.8 lagging load compensation. By performing the
PSCAD simulation, the load bus voltage profile is represented in Fig. 18.

Main : Graphs

100 1 Yioad_ms Main .. Main ...
hao - Vioad p.u Vload_p.u
i a o :
00 10 20 30 40 50 0. 725627 0.90178
(@) (b) (c)

Figure 18. (a) Load bus voltage profile with and without SVC.
(b) The uncompensated load voltage in pu. (¢) The compensated load voltage in pu.

From Fig. 18a it is clear that the load voltage profile starts way below the required minimum
standard of 0.95 pu. The uncompensated load voltage is about 0.73 pu, which requires
compensation to enhance the load voltage profile. Obviously, the SVC boosts the load voltage
profile to about 0.9 pu as shown in Fig. 18c. However, this is still below the required 0.95 pu

value, although, as mentioned earlier, the SVC has a noticeable role in enhancing the overall

power system performance and improves the voltage profile by about 17%.

Figure 19 shows the power system with SVC characteristics waveforms. In this figure the source
current is sinusoidal before closing the circuit breaker (prior to the time of 2.5 second). After that

the source current waveform is non-sinusoidal due to the effects of SVC. Comprehensive

analysis and discussions of these waveforms have been carried in the classroom with students.
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Figure 19. The power system with SVC characteristic performance waveforms for:
source current, TCR branch current, TCR inductor voltage, SVC capacitor current, and the SVC
current.

Thyristor Controlled Series Compensator (TCSC) Design and Simulation

As mentioned earlier, the SVC does not provide sufficient improvement to the load bus voltage
profile for certain loading cases including the case study of 100MVA load at power factor 0.8
lagging. This is due to the transmission line impedance which also can be compensated with the
series compensation technique. A fixed capacitor is connected in series with the transmission line
to provide the required compensation. However, due to the dynamic loading of the power system
a fixed value series capacitor does not fulfill all compensation requirements in a dynamic power
system in which the power flow constantly changes. Therefore, the tutorial provides for the
TCSC case study of the given power system with above mentioned parameters. The TCSC is
designed to provide a compensation in the range of 30% to 70% of the given transmission line

inductance. Therefore, the equivalent capacitance values of the TCSC has to change between
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101.97 uF and 43.703 uF respectively, which corresponds to thyristor firing angles of 180 ° and
118.6° as illustrated in Fig. 21. The TCSC capacitor value is selected to be 102 pF. The inductor
of the TCR branch of the TCSC must be selected such that the resonance occurs outside the
control range. The inductor of the TCR branch of the TCSC has a selected value of 50 mH.
Matlab® is used to visualize the change of the TCSC impedance with the firing angle as shown
in Fig. 20. Noticeably, the resonance occurs when o = 102.6°, which is outside of the control
range.

TCSC reactance change with firing angle
1000

s e /] -
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Fiing Angle « Degrees] Figure 21. TCSC Equivalent capacitance value
Figure 20. TCSC reactance change with firing change with the change in the firing angle

angle

The PSCAD model of the power system with SVC of Fig. 15 is modified to include the TCSC as
shown in Fig. 22.
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Figure 22. PSCAD model of the power system with SVC and TCSC
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The firing angle of the SVC is kept without change as at a = 135°. The firing angle of the TCSC
is adjusted to provide 70% compensation of the transmission line inductance, for which it
becomes o = 118.6°. The load bus voltage profile is obtained as an outcome of the PSCAD and

the results are shown in Fig. 23.
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Figure 23. (a) Load bus voltage profile with series and full compensation.
(b) The series compensated load voltage in pu. (c) The fully compensated load voltage in pu.
In this case, the load bus voltage profile is improved to about 0.96 pu when the combination of
both TCSC and SVC is used. Therefore, the load bus voltage satisfies the standard lower limit of

0.95 pu. Waveforms of the compensated power system are shown in Fig. 24.
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Figure 24. The power system with SVC characteristic performance waveforms
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Tutorial implementation in the course and students’ comments

The tutorial facilitates the learning process of FACTS, one of the advanced and more difficult
topics in the field of electric power systems, because different disciplines are involved in this
topic, such as power system analysis, power electronics, control systems, and programming.
Tutorial focuses on a sample power system configuration. The performance of the load bus
voltage profile has been studied and the problem of voltage control has been analyzed. FACTS
devices, especially SVC and TCSC, have been proposed to solve the problem of the voltage drop
at the load bus. The SVC has been designed and integrated with the given power system.
Moreover, the TCSC has also been designed to complement the SVC in order to improve the
overall performance of the power system. Students successfully went through learning process to
develop a firm understanding of the FACTS devices. They followed the tutorial-based modeling
and simulation and were able to develop their own designs to enhance and control performance
of power systems assigned to them.

This tutorial has been given to the students in the course EE507 “Smart Grid Control Systems”
and some comments are included.

e The tutorial gives us great understanding for the power system dynamics and how its
performance can be continuously improved.

e The rule of the thumb is that it is easier to preach than to implement. This was my
situation when | started working on analyzing the power system and improving the load
bus voltage profile. I got lost in Matlab and PSCAD but this tutorial pointed me directly
to my goal.

e | always try to avoid power electronics topics because | have difficulty visualizing the
response and behavior of different devices working together. However, PSCAD makes it
easy for me to design and implement different power electronics devices with full
understanding of what is going on.

e | tried to understand FACTS devices using different books but it was a difficult process
because they have treated the topic mathematically without the physical aspects. This
tutorial completed the missing piece of the puzzle and solidified my understanding of two
of the widely used FACTS devices, SVC and TCSC.
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The tutorial started with the analysis of a very simple power system, then the complexity
of the given power system keeps increasing. | do like this sequence of events to solidify
my understanding of the problem in hand and suggest the feasible solutions and
implement them.

Using this tutorial increases my performance and reduces the time frame of
accomplishing the task. Moreover, | usually go back through the tutorial to fill in any

blanks in my understanding.

Future work

Further research and pedagogical aspects to be investigated include but are not limited to:

Analysis and implementation of three phase TCSC and SVC compensators for an
unbalanced power system.

Power quality issues with respect to the harmonics generated in the presence of FACTS
devices and how the remedial solutions can be studied and implemented.

Active filtering and its interaction with FACTS devices.

Reliable protection and automatic control for power systems with FACTS devices
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