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Abstract

Simulation of Controller Configurations for Static Synchronous Series
Compensator and Interline Power Flow Controller with EMTP-RV

Sasan Salem

This thesis deals with Flexible AC Transmission Systems (FACTS) based on Voltage
Source Converters (VSC). In particular, the emphasis is on series-connected VSC into
transmission lines, known as Static Synchronous Series Compensator (SSSC) and
Interline Power Flow Controller (IPFC). These are modern series compensators with fast
response and high performance.

The SSSC and IPFC applications are simulated with the help of EMTP-RV software,
where detailed models of the power system and controllers are implemented and the
dynamic performances are considered.

The proposed VSC is based on a 3-level Neutral-Point-Clamped (NPC) VSC
employing PWM techniques to generate firing pulses for the VSC switches. The VSC
main circuit configuration, function and operating principles are first described.

The proposed VSC is used as the major building block of the SSSC. The detailed
model of SSSC (with two different control strategies) is then presented. The controllers
are designed to regulate the transmission line impedance by injecting a set of 3-phase
voltages with controllable magnitude and phase angle. The stability of the proposed
SSSC under various system conditions is investigated and the two different control

strategies are compared.

iii



Finally, two SSSCs with a common DC-link are used to configure an IPFC. The
proposed IPFC is applied to two parallel transmission lines to regulate their impedances.

The validity of the proposed control techniques under various system conditions is also

investigated.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1 General

Over the past few years, improving the traditional power transmission systems to
utilize the maximum apparatus capacities as well as maintaining reliability and security
of power systems have become important concerns. The rising electrical energy demand,
both in developing and developed countries, is pushing transmission systems closer to
their thermal and stability limits. Furthermore, the conventional transmission systems are
not able to manage the control requirements of today’s complex and vastly
interconnected grid. Thus, fierce competition in the power market is now a reality, since
deregulation has occurred in many countries. More profitable operation, as well as
improved security and reliability in power systems, are demanded by shareholders and
consumers. The conventional solutions of developing the power systems by constructing
new transmission lines, substations, and power plants are both expensive and difficult to
justify. In the past years, different approaches such as series/shunt compensation and
phase shifting have been applied to increase the load-ability and consequently the
security of the power systems. These devices were mechanically controlled so they were
relatively slow to damp out dynamic and transient oscillations and were only useful in
steady state operation. Therefore, transmission systems were designed with large stability

margin as a protection against dynamic and transient problems.
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The development of high power semiconductor switches opened up a new era of
control techniques in power transmission systems. These applications with advanced
control technology were introduced as alternatives to improve the utilization of the
existing power systems and improve their operational reliability. Known as Flexible AC
Transmission Systems (FACTS), these power electronic-based equipments provide cost-
effective solutions to new operating requirements of modern power systems.

Power electronics technology was first applied in power systems compensation in the
1970’s with the introduction of high power semiconductor diodes and thyristors [2].
Some of the first applications were in High Voltage DC (HVDC) transmission systems.
In parallel, Static Var Compensators (SVC) using solid-state switches were employed in
AC systems for var compensation. Hingorani first defined the concept of FACTS in 1988
as High power electronics and flexible AC transmission system [7]. At first, Thyristor
Controlled Reactor (TCR) and Thyristor Switched Capacitor (TSC) were developed and
installed individually or together with conventional capacitors [3],[4]. The rapid
development of solid-state switches, with higher voltage/current ratings, and turn-off
ability (i.e. GTOs and IGBTSs), facilitated the production of a new generation of FACTS

controllers based on converter topology.

1.2 Flexible AC Transmission System (FACTS)

The FACTS devices represent a relatively new technology for power transmission
systems. They provide the same benefits as conventional compensators with mechanical
switches (circuit breakers) in steady-state power system operation; in addition, they
improve the dynamic and transient performance of the power system. This is achieved by

fast switching time and repeatable operation of solid-state switches as compared to
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mechanical switches. The switching time of a solid-state switch is a portion of a periodic
cycle; and this is much faster than that of a circuit breaker with a switching time of a
number of cycles. In addition, the other advantages of FACTS controllers are their
smooth control and repeatable operation [7][8]. Recent advances in semiconductor
technology have introduced solid-state switches with higher voltage and current for
thyristors (8.5 kV and 4.5 kA), and for Gate turn-off thyristors (GTOs) (6 kV and 6 kA).
Also, Insulated Gate Bipolar Transistors (IGBTs) are used for converters with lower
rating range, but with higher switching frequencies in the range of up to 3-10 kHz [9].

FACTS controllers can be categorized into two major groups:

e Thyristor-controlled FACTS controller

e Converter-based FACTS controller

Thyristor-controlled FACTS controllers operate by switching a capacitor/reactor in
series/shunt to the power system. They provide rapid, continuous control of reactive
power over the selected lagging/leading power factor range. Several units have been
installed since 1991; one of the first installations was a Thyristor Switched Series
Capacitor (TSSC) on a series capacitive compensated 345 kV transmission lines in West
Virginia[3]. |

In converter-based FACTS controllers, either a Voltage Source Converter (VSC) or a
Current Source Converter (CSC) is used to generate an appropriate current or voltage,
and inject it into the power transmission line. Converter-based FACTS controllers include
the Static Synchronous Compensator (STATCOM) for shunt reactive power
compensation, the Static Synchronous Series Compensation (SSSC) for series reactive

compensation, the Unified Power Flow Controller (UPFC) with unique capability of
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independently controlling both the active and reactive power flow in the line, and the
Interline Power Flow Controller (IPFC) to control active and reactive power flow in
parallel lines. In 1991, the first + 80 Mvar Static synchronous Compensator (STATCOM)
was installed at the Inuyama switching station in Japan [5], [6].

The following definitions for FACTS and FACTS controllers are defined by IEEE
Power Engineering Society (PES) Task Force of FACTS working group [10]:

e Flexible AC Transmission System (FACTS): Alternating current transmission
systems incorporating power electronic-based and other static controllers to
enhance controllability and increase power transfer capability.

e  FACTS Controller: A power electronic-based system and other static equipment

that provide control of one or more AC transmission system parameters.

1.3 Power transmission system constraints

The three major factors that limit the loading capability of transmission lines can be
categorized as thermal limits, voltage drop limits and stability limits [11]. Thermal limit
is a function of ambient temperature, wind condition, conductor loading, and ground
clearance. Voltage drops are limited by designed tolerance (about 10% over-voltage),
besides the transient over voltage. From the stability point of view, the following items
limit the transmission line capability:

e Transient stability

e Dynamic stability

e Steady-state stability

e Frequency collapse
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e Voltage collapse
e Subsynchronous Resonance (SSR)

The load-ability of a short length line (less than 80 km) is determined by its thermal
limit. For a medium length line (less than 300 km), the voltage drop is the limiting factor.
And in long transmission lines (over 300 km), the stability is the main concern in load-
ability of the line [11].

In the past, power systems were protected against dynamic changes of power flow by
using appropriate stability margins. Devices such as shunt/series capacitors, used to
increase the line loading and security of the power system were controlled mechanically.

Therefore, they were only suitable for steady state operation in power systems [11].

1.4 Basic principle of active and reactive power flow control

A basic model of a power transmission system is shown in Figure 1-1. The two

voltage sources could be two power systems which contain generators and loads.
V. andV, are the sending-end and receiving-end voltages respectively, while & is the

phase angle between these voltages. The line resistance is neglected, and the

transmission line impedance can be represented by its reactance X.

VSLS BI Vi /0
iX
On

Figure 1-1: Power transmission line model
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Figure 1-2 shows the voltage phasor diagram of such a system. The line current is

perpendicular to the voltage drop (¥, —V,) in the transmission line. The active and

reactive components of the transmission line current at the sending end are:

;= (Vi sino)
ps X (1-1)
V, =V, cosd)
== x

And similar equations for transmission line current at the receiving end are:

_ (¥, sind)

tox (1-2)
V=V, cos9)

9R X

AN

o
\ v

1,

Figure 1-2: Voltage phasor diagram of the transmission line

Hence, the active and reactive power in the sending-end and the receiving-end can be

obtained. Since the active power loss in the transmission line in Figure 1-1 is zero, the

sending-end and receiving-end active powers are equal (i.e. Ps=Pr). Therefore, the active

power at the sending-end and receiving-end is:
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%
P=Ks——V&sin5 (1-3)
X

where 9 is the angle between the two voltage sources.

The reactive power at the sending-end is:

— I/s (Vs - VR COS 5)

, 1-4
0, e (1-4)
and the reactive power at the receiving-end can be found from:

S—
0, = Ve(Vgcosd—Vy) (1-5)

X

Pmax

v
0 90 180

Figure 1-3: Power angle curve

Equations (1-2) to (1-5) show that controlling the voltage, angle and/or impedance of
the power system can regulate the active and reactive power. Impedance control is more
effective in active power flow control. Regulating sending-end and receiving-end
voltages is more effective in reactive power flow control. Figure 1-3 demonstrates the

power angle curve of the system shown in Figure 1-1. The maximum active power occurs
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at =90 degrees, but the system is only stable if the derivative %g is positive and

operates in Area I of Figure 1-3. In order to keep the power system stable from dynamic
and transient oscillations, an adequate margin must also be maintained. In practice, the

transmission angle is kept below 45 degrees [14].

1.5 Compensation in AC transmission lines

Reactive power compensators have been applied in power systems to increase steady-
state power transmission by regulating voltage profile along the transmission lines.
Conventionally, fixed or mechanically switched reactors/capacitors have been used for
this purpose. Besides this, rotating synchronous condensers have been also employed in
transmission lines for reactive shunt compensation. They have high capacitive output
current at low system voltages and do not generate harmonics that resonate with the grid.
However, they are vulnerable to rotating instability and have slow response with low
short circuit impedance, and high maintenance cost [12]. The new generation of
compensators is based on power electronic devices. They are suitable for fast reactive
power compensation in power systems. Therefore, they are effective in dynamic
compensation and real time control of power flow in power systems. These compensators
are used in series, shunt or a combination of them in power transmission lines for
different purposes. In the following sections, the concepts of shunt and series

compensation are briefly reviewed.
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1.5.1. Shunt compensation

Basically, shunt compensators are used to regulate the voltage in a transmission line;
this is achieved by exchanging reactive power with the transmission line. Shunt reactors
are used to reduce the line over-voltage under light loads, and shunt capacitors are
applied to keep voltage at the desired level under heavy load conditions [1].

In Figure 1-4, a simple model of a transmission line is shown in which a shunt
compensator is connected at the midpoint of the transmission line. Sending-end and
receiving-end voltages are assumed equal (i.e. Vs = Vg = V), and an inductor (Xy)

represents the line impedance.

v L§/2 jXn2 VR L 072

.4

Figure 1-4: Power transmission line model with shunt compensation

While the transmission line is lossless, the active power at the sending-end and

receiving-end are identical and can be obtained from the following equation:
2

P, =2Z—sin§ (1-6)

L
where oJis the phase angle between sending-end and receiving-end voltages. The

reactive power is:

V? b
Q. —4—)—(—:(1—005—5) (1-7)
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Figure 1-5 shows the P, (active power with an ideal midpoint compensator), P (active
power without compensator) versus J characteristic of the shunt compensation model
(Figure 1-4). The transmitted power is significantly increased compared to an

uncompensated line.

2Pmax

Pmax

[
0 90 180

Figure 1-5: Active power versus transmission line angle

The thyristor-basedA FACTS controllers are well known and widely used in power
system compensation since the late 70s. Generally, a combination of thyristor-based
FACTS controllers with fixed capacitors is used. Figure 1-6 shows two typical
configurations of Static Var Compensators (SVC). In Figure 1-6a, the SVC consists of a
TCR, a TSC and fixed capacitor (FC). Figure 1-6b shows a TCR and FC together. By
controlling the firing angles of the thyristors, reactive power compensation can be
adjusted to the desired value. One of the first SVCs, with 40 Mvar rating, was installed at

the Shannon substation in Minnesota Power and Light system in 1978 [13].

10
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&5

s

Per |

(a) (b)

Figure 1-6: Static var compensator (a) TCR, TSC, and FC (b) TCR, and FC

A FACTS shunt compensation scheme, called STATCOM, is shown in Figure 1-7.
A STATCOM generates a set of 3-phase voltages in phase with the transmission line
voltages, and is capable of exchanging reactive power with the line. By regulating the

STATCOM voltage, Vi, the direction of the reactive power can be controlled [14].

Transmission line V_inj

o t] LLJ  coupling
mﬁq transformer

{ DC/AC
L converter
Vdc

Figure 1-7: Schematic of STATCOM

11
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1.5.1 Series compensation

The purpose of series compensation in power transmission lines is to control the
reactive line impedance. In fact, by adding a series compensator such as a capacitor, a
series voltage in opposition to the transmission line voltage drop is injected; thereby, the
voltage drop across the transmission line and the effective line impedance are reduced.
Consequently, the transmission line current increases. The drawbacks of series
compensators are the need for protection devices that must be installed for protecting
against high currents during fault periods and also the possibility of subsynchronous
resonance exists that may damage generator shafts [1],[3].

Figure 1-8a shows a simple model of a power system with a capacitor in series.

Figure 1-8b shows the corresponding phasor diagram.

KLé v, v, /0

(a) (b)

Figure 1-8: (a) Model of a power system with series compensation (b) Phasor diagram

Figure 1-9 shows a Thyristor-Controlled Series Capacitor (TCSC), which is a
thyristor-based series FACTS controller. It is employed in transmission lines for rapid
control of line reactance; by controlling the firing angle of the thyristors, the effective

reactance value is changed.

12
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Figure 1-9: Schematic of TCSC

In converter-based FACTS controllers the same objective is achieved by adding a
desired voltage in series with the transmission line. Figure 1-10 demonstrates a
synchronous AC voltage source, whose output is equivalent to the voltage of the series
capacitor (V,, =V, =—-jX.I). The Static Synchronous Series Compensator (SSSC)
emulates the same functional behavior of a conventional series capacitor; in addition the

following benefits are achieved by applying SSSC in a power transmission line [1].

(a) (b)

Figure 1-10: (a) Model of a power system with a synchronous voltage source in series (b) Phasor
diagram

e Transmitted power versus transmission angle characteristics

The voltage across the capacitor is proportional to the line current i.e. a function of
the angle between the sending-end and receiving-end voltages (transmission angle). By

assuming Vg = Vp, the real transmitted power can be found from:

13
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2
=—Q—R——Sin5=——V————sin5 (1-8)
(1-k)X, (1-rX,

C

where k =

is the degree of series compensation.
)

The transmitted power versus transmission angle is shown is Figure 1-11. By

increasing the degree of compensation the transmitted power can be increased.

Figure 1-11: Transmitted power versus angle with various degrees of compensation

In SSSC, the series compensation degree is independent of the line current, and the

transmitted power can be found from the following equation:

2
P=K—sin5+—V—V
X

'y €0S(6/2) (1-9)
L L
Where the injected voltage, Viy;, is in quadrature with the line current. The transmitted
powers versus transmitted angle curves are plotted in Figure 1-12.
As is shown in Figure 1-11 and 1-12, the transmitted power in the series capacitor

increases by a fixed transition angle, but in SSSC the maximum transmitted power

increases independently of the transmitted angle in the important range of 0<6<90° [1].

14
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Transmitted power {pu)

DByl

P2
Delta (Rad)

Figure 1-12: Transmitted power versus angle in SSSC

Also, the SSSC is capable of operating in both capacitive and inductive modes;

therefore, it is able to operate as a reactor to decrease the line current.

o Capability of active power compensation

An important requirement in series compensation is to keep the ratio X/R high
enough (over 10). A low ratio of X/R could gradually increase the reactive power
demand, which results in line losses and voltage collapse. A SSSC, with the availability
of an energy source, is able to exchange both reactive and active power with the
transmission line. Therefore, SSSC is able to regulate both R and X in transmission lines

in order to keep the X/R ratio high.

¢ Immunity to subsynchronous resonance

Series capacitors are vulnerable to subsynchronous resonance, but the fast response of

a SSSC makes it capable of damping subsynchronous resonance.

15
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1.6 Literature review

Since the focus of this thesis is on series connected VSC-based FACTS controllers, a
brief literature review on this topic is presented below.

Gyugyi first proposed the converter-based, solid-state series compensator in 1979
[15]. Schauder and Mehta developed a mathematical model of a VSC with direct and
indirect controllers by using Park’s transformation in 1991[16]. In[17], Ooi et al reported
a laboratory-based research on a series converter-based FACTS controller by using VSC
and CSC topologies. They used a 1 kVA bipolar transistor converter with a 2-level Pulse
Width Modulation (PWM) controller as the laboratory model. Gyugyi presented the
application of a synchronous voltage source implemented by a multi-pulse GTO in AC
transmission lines for series compensation in 1989[18] and introduced SSSC in 1996
[19]. Sen, Schauder, and Gyugyi first introduced the IPFC for multi-line transmission
systems in 1999 [20]. A few papers on IPFC have been published that investigated the
basic model and steady state operation of an IPFC [21], [22]. In [23], the ability of an
IPFC in power flow control and damping system oscillation was considered. Much
research has been done after developing the basic theory of a series converter-based
FACTS controller. Several articles on SSSC have been published [24], [25], [28], and
[44] to investigate the controller function and increase the efficiency of the converter’s
power circuit in order to reduce the losses and improve the quality of output voltage.
IPFC is a relatively new topology and less published research is available on it [21], [22],
[23]. Unlike STATCOM and UPFC, SSSC and IPFC have not been installed and utilized
as yet in any transmission systems. More research is required in this area before practical

use in power transmission systems.
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1.7 Problem definition

This thesis investigates the theory and design of series converter-based FACTS
controllers such as SSSC and IPFC. Both these applications use the VSC as the basic
building block. The operating principles and design of the VSC are, therefore, first
presented.

The thesis objective is to study the steady state and dynamic operation of VSCs in
series with transmission systems. More precisely, the applications of SSSC and IPFC are
considered. Both direct and indirect control methods in SSSC application are studied.
Two SSSCs, with a common DC-link, are used to build an IPFC application. The models
of the power system and the controllers are implemented using the EMTP-RV simulation

package and results are obtained.

1.8 Thesis contributions

The Static Synchronous Series Compensator (SSSC) and the Interline Power Flow
Contrbller (IPFC) are designed and implemented in EMTP-RV. The SSSC with direct
and indirect controllers is presented and the dynamic performance of the two controllers
is studied and compared. Several tests are conducted to validate the operation of the
SSSC and the IPFC to compensate the impedance and limiting the fault current in the

transmission line.

17
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1.9 Thesis outline

Chapter 2 gives a general introduction to modeling, operating principles and passive
component design of a 3-level Neutral Point Clamped (NPC) VSC. Also, the method to
generate switching pulses for the converter is described. And finally, the VSC topologies
in FACTS controllers are presented.

Chapter 3 concentrates on the application of a VSC in series with a power
transmission line. This series connected VSC is called Static Synchronous Series
Compensator (SSSC). The operating principle and control strategies that are used are
explained. The simulation results, with an EMTP-RV model that includes a detailed
representation of a 3-level PWM-controlled SSSC are given in this chapter.

Chapter 4 describes the operating principles and controller design of an Interline
Power Flow Controller (IPFC). The theory and control function of the IPFC are
explained, and the simulation results with EMTP-RV are presented.

Chapter 5 presents the conclusions and future direction of the research in this thesis.

1.10 Summary

This chapter gives a basic principle of series/ shunt compensation in transmission
systems and the potential advantages of converter based FACTS controller for
series/shunt compensation. Also it provides an overview of the thesis objectives, and

methodology.
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Chapter 2

Voltage Source Converter (VSC) and FACTS topologies

2.1 Introduction

Switch mode power converters are a major building block of converter-based FACTS
controllers. A converter is capable of generating a set of 3-phase sinusoidal voltages with
controllable magnitude and phase angle. In this chapter, the design fundamentals and
basic operating principles of a 3-level Pulse Width Modulation (PWM) Voltage Source
Converter (VSC) are explained. This PWM-controlled VSC is the basic building block of

SSSC and IPFC that will be used for digital simulation in later chapters.

2.2 High power switch-mode converters

Voltage Source Converters (VSCs) and Current Source Converters (CSCs) are two
major groups of power converters that are employed in FACTS devices. They are
connected in series or shunt with the power transmission lines, and inject voltage or
current with appropriate magnitude and phase angles. CSCs operate as a current source,
and their DC side contains a current source such as a charged inductor. The DC current in
CSC always has one polarity and power reversal takes place through a reversal of DC
voltage polarity. Therefore, semiconductor switches with bi-directional voltage blocking
must be used in CSCs. VSCs operate as a voltage source, and they have an energy source
such as a charged capacitor on the DC side. In VSCs, the DC voltage always retains one

polarity, and power reversal takes place through reversal of DC current polarity. So VSCs
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require semiconductor switches with an ability of unidirectional voltage blocking. In
FACTS applications, VSCs are preferred because of better performance and economical
reasons. In this thesis, only VSCs are discussed and used for DC/AC conversion in

FACTS controllers.

2.3 Power switches

Semiconductor switches that are suitable for high power FACTS applications
include the Insulated Gate Bipolar Transistor (IGBT), the Gate Turn-off Thyristors
(GTO), Injection Enhanced Gate Transistor (IEGT), and the Integrated Gate-Commutated
Thyristor (IGCT). GTO and IGBT are likely to be replaced by new generation devices
like the IGCT and IEGT respectively, because of their advantages [38]. IGCT and IEGT
do not require individual snubber circuits. Also, an IGCT has better turn-off
characteristics with lower switching and conducting losses when compared to a GTO and
an IGBT. The maximum rating of an IEGT is presently 4.5kV/1.5 kA [39]. The
maximum rating of an IGCT reaches 5.5-kV/1.8 kA for a reverse-conducting IGCT, and
4.5 kV/ 4 kA for an asymmetrical IGCT [40].

The cost of semiconductor switches for a 100 MV A installation is typically 1% of
the total project cost [38]. However, it influences on the performance and, therefore, on
the capital and operational cost of the applications. The following factors must be
considered for selecting semiconductor switches:

1. Lowcost

2. High reliability

(98]

Simple maintenance and assembly

4. Low dv/dt and di/dt

20
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5. High voltage and current rating
6. Low losses (switching and conducting)

7. Fast switching

*®

High frequency operation

2.4 Modeling of a 3-phase VSC

A VSC can be represented by a synchronous sinusoidal voltage source with
controllable magnitude and phase angle. The scheme of a 3-phase VSC is shown in
Figure 2-1. The series inductance “X,” in the AC side of the VSC accounts for the
leakage of the coupling transformer, and the series resistance “R,” represent the
transformer and VSC losses. The DC side of the VSC consists of a DC capacitor and a

shunt resistance “Rq.” that represents the switching losses of the VSC.

% R’ X’
a
A,

R, ~~Cl A b
AN

LN E I &

Figure 2-1: Diagram of a 3-phase VSC

It is assumed that the 3-phase output voltages of the VSC are balanced for a 3-wire
system, and free of harmonics. The AC side and DC side equivalent circuit are shown in

Figure 2-2.
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v R, X, . : .
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Figure 2-2 (a) AC side equivalent of VSC (b) DC side equivalent of VSC

The mathematical model of the VSC in terms of instantaneous variables in the AC

side can be written as:

1%y, v R

dt

di .

“E=U, =7, - Ry, @-1)
1% _y _y _ri

dt

where U, is the transmission line voltage and V, is the VSC output voltage. The DC side

of the VSC from Figure 2-2 (b) is defined by:

dVdc . vdc
= ldc -
dt R,

{4

C

(2-2)

By transforming eq. (2-1) in the a-b-c reference frame into the d-q-0 synchronous

rotating reference frame, as explained in Appendix A, the following equations are

obtained:
1 RLw e 0 w, v,
i I a " VYa
dl’ Rw o (2-3
ZH‘ @ T O H*z G, -v) )
Iy 0 0 B RLa) Iy U, -",)
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where @ is the angular frequency.
Using the same method from a-b-c frame to d-q-0 frame, the power balance between

AC and DC side of the converter (assuming no losses) gives the following equation:
. 3. . .
Vg = E(udzd +ui, + uoto) (2-6)

where:

u, = m,v, cos(®) 2-5)
u, =m,y, sin(®)

and m, is the modulation index of the VSC, and @ is the phase angle between the

injected voltage and the line current.

Therefore, from egs. (2-2), (2-4), and (2-5), the DC side equation of VSC in d-q-0 frame

will be:
dv c 3 . . . Vi
7;’ = Eg(m” cos(D)i, + m, sin(D)i, )— C_It;d: (2-6)

By combining eqs. (2-3) and (2-6), the mathematical model of VSC is obtained:

_R_Lw 0 —Jesl® e
L R . I L U,
: - — 0 —"“sin(® |
dlig| | 77 L Sln()lq+o%’oo% (2-7)
dr i, 0 o R 0 Iy o |G
vdc 3m 3m L 1 vdc O 0 z 0 O
2cos(® “Zsin(®) 0 .= 0000
2 CR, - .

Since it is assumed that the 3-phase voltages are always balanced, the zero sequence
component is zero, and only d-q components exist. In reality, this is far from the truth.
Consequently, the zero sequence will be considered for DC-link voltage balancing

separately in Chapter 3. The d-g-0 transformation is briefly explained in Appendix A.
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2.5 3-level Neutral Point Clamped (NPC) VSC

VSCs, through a proper switching algorithm, convert DC voltage into a set of 3-phase
AC voltages or currents with controllable amplitude and phase angle at fixed frequency
equal to transmission line frequency (50 or 60 Hz). The converter DC terminals are
connected to DC capacitors or a DC voltage source, while the AC side is connected to a
power system through a coupling transformer. The DC capacitors must be large enough
to maintain constant DC voltage during DC current changes. The coupling transformer
connects the VSC to the power system. The transformer inductance protects the DC
capacitor against short-circuits and sudden discharge.

Regulating the DC-link voltage or varying AC to DC gain of the converter can be
used to control the AC voltage magnitude. In the first method, known as indirect control
[1], the DC voltage is regulated in order to provide the desired amplitude in the AC side
and the converter’s AC to DC gain is kept constant. The disadvantage of this method is
that the AC voltage range is limited due to the size of the DC side capacitor. In the
second method of controlling the converter’s AC to DC gain, the AC side voltage
amplitude is regulated while the DC voltage is fixed (Direct control method). Both
control methods are presented in this thesis for AC voltage regulation. The VSC has the
capability to operate either as an inverter or a rectifier, and exchange active power with
the power system,; this is achieved by regulating the phase angle of the AC side voltage.

Several configurations for DC/AC converters exist, such as multi-pulse converters,
and PWM converters [43]. PWM techniques offer lower harmonic components, with
excellent dynamic response. Two-level PWM topology is the simplest and most

commonly used, but it has the drawback of generating high switching-frequency
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harmonics, and high dv/dt due to synchronous commutation of series devices. Multi-level
PWM VSCs have the advantage of lower voltage stresses and generating lower harmonic
components; also, they operate at a lower switching frequency [26].

An m-level converter (where m > 3), typically consists of m-1 capacitors in the DC-
link and generates m-levels of voltages. Here, for simplicity, a 3-level PWM VSC is
studied in detail and used for simulation. Figure 2-3 shows the schematic diagram of a 3-
phase Neutral Point diode Clamped (NPC), 3-level VSC; the circuit consists of twelve
valves and two DC capacitors. Each valve consists of a solid-state switch with turn-off
capability and an anti-parallel diode. The anti-parallel switches ensure the bidirectional

current flow, so that the converter is capable of operating in both rectifier and inverter

modes.
Sal
C1
/‘\ SaZ
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Figure 2-3: Schematic of a 3-level Neutral Point Clamped VSC
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2.5.1 Sinusoidal Pulse Width Modulation (SPWM) technique

In SPWM technique, a reference sinusoidal waveform is compared with a triangular
carrier wave. The frequency of the triangle carrier is selected to be much higher than the
reference waveform. These two signals are compared, and when the sinusoidal wave is
greater than the carrier, the SPWM trigger signal is high; otherwise it is at the low level.
In a 3-phase converter, similar to the converter shown in Figure 2-1, a set of 3-phase
balanced waveforms must be compared with a triangular carrier wave to generate
appropriate firing pulses for the converter’s switches. Consequently, the output voltage of
the converter has the same frequency as the reference sinusoidal waveform, and the
magnitude of the generated voltage is proportional to the modulation index that is defined
by the ratio of the amplitude of the reference wave over the maximum value of the
carrier. Figure 2-4 shows how the switching pulses are generated in a conventional 2-

level SPWM converter.

i

1

Figure 2-4: Modulation wave of 2-level PWM

In an m-level PWM converter, m-1 carrier waves are required to generate the

switching pulses. Figure 2-5 shows the schematic for one phase of a 3-level PWM. The
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3-level PWM uses two carrier waves, and the 3-level output waves are made with the
following rules for the scheme shown in Figure 2-5:
o IfVa> Vyip S, is ON else S, is OFF.
o IfVa>Vyi; Spis ON else S, is OFF.
¢ Only two series devices can be turned ON at the same time so:
o S,1 and S,3 have opposite functions.

o S, and S,4 have opposite functions.

i
0.288
Time (Sec)

Figure 2-5 : Modulation wave and switching signals of a 3-level PWM
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2.5.2 Operating principle of a 3-level NPC VSC

Figure 2-6 shows one pole of the 3-phase, 3-level NPC VSC, and the corresponding

switching pattern is shown in Table 2-1. In a 3-level NPC VSC, the output voltage of the

converter is made of 3-level voltages (+Vg4/2, 0, -V4c/2).

There are three switch combinations to make a 3-level voltage in the output, namely:

e For V,-+V4/2, upper switches S, and Sy, are ON.

e For V= -V4/2, two lower switches S,; and S,4 are ON.

e For V=0, Si and S,; are ON.

Table 2-1: Switching pattern of one pole of a NPC VSC

Switching Sia | S22 | S3a | S4a Van
State
Positive 1 1 0 0 | Vdc/2
Zero 0 1 1 0 0
Negative 0 0 1 1 | Vdc/2-

Figure 2-6: One pole of 3-level NPC VSC

In Table 2-1, the voltage levels and related switching states are shown. State “1”

indicates that the switch is ON and state “0” indicates that the switch is OFF. Switches

Sa1, Saz and S,;, Sas are complimentary, i.e. if a switch is “ON” the other switch is “OFF”

and vice versa. Figure 2-7 shows the output waveform of the 3-level VSC.
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Figure 2-7: Output waveform of 3-level NPC VSC

2.6 Snubber circuit

Snubber circuits are used in a VSC to protect semiconductor switches from
electrical stresses during the switching operations. In semiconductor switches, the over
voltages during switch-off and turn-on currents during switch-on must be limited. Hence,
these switches require turn-on and turn-off snubber circuits. Figure 2-8 shows the model
of a switch with snubber circuits that are used in the converter model.

The equivalent switch identified as “GTO” and the anti-parallel diode D are
represented as ideal switches in EMTP-RV. The small resistor 1, in series with GTO and
anti-paralle]l diode, represents the switch conduction losses and assists in avoiding any

singularity on the inversion of the conductance matrix of circuit.
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Figure 2-8: Model of the switch with snubber circuits

The polarized parallel R-L turn-on snubber circuit limits the rise rate of current, and
the polarized R-C circuit limits the over-voltage during switch turn-off. An approximate

value of the snubber circuit can be obtained from the following equations [30]:

R - AV
on Io
AV =10%U,
AV *t,
=— 1 2-8
iy 28)
_ 1, *tﬁ
T2y,
5*U,
Roﬁ, =——I-—-
| 0
where

t;i: 1s the current rise time of the switch when the anode voltage falls from 90% to 10%

t5i :is the current fall time of the switch when the anode current falls from 90% to 10%.

AV, : is the voltage drop across the switch during turn-on.

Rz is the resistor in the turn-off snubber.

Lon: represents the inductor in the turn-on snubber.
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2.7 Passive component design

2.7.1 DC-link capacitor

e Balancing the DC-link voltages

In a 3-level converter topology, the unequal voltage charging of the DC-link
capacitors due to the circuit behavior may eventually damage the semiconductor
switches. Since the charging and discharging time of the capacitors are not the same, an
accumulating unbalance voltage may cause a high voltage on the semiconductor switches
and surpass the switch rating [31] and may destroy the switches. Several methods, such
as using separate DC voltage sources [32], or modified PWM patterns and voltage vector
selections [33] can be used as solutions. To balance the voltages, a simple algorithm from
[31] is applied that is based on zero sequence current. The unbalanced voltage is sensed
and amplified by a PI controller, and compared to the zero sequence component of the
converter output current to feed forward to the PWM. The same method is used here for

DC-link voltage balancing and it will be discussed in more detail in Section 3.4.1

e Design of DC capacitor

The DC capacitor of VSCs has a major impact on the system operation. By using a
large capacitor, the DC voltage ripple will be reduced, but the system will have a slower
response to DC voltage regulation. Also the capacitor cost will be higher. Therefore, a
capacitor with minimum capacity that satisfies the DC waveform quality is desired [41].
In this section, the optimum capacitor size with the respect to the DC voltage ripple is

investigated.
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If the parallel resistor with the DC-link capacitors (representing the converter losses)

and the stored line inductor energy is neglected, by applying KCL:

W Ve _grly 2-9)
dt R, )
1

c

Cdc

where S is the switching function and can be defined by:

S, sin(awt)
S=|S, |=m,|sin(wr +120") (2.10)
S, sin(et +240")

It is assumed that the harmonic components caused by the switching action are
neglected. For simplicity, one pole of the 3-level converter is considered to determine the

minimum capacitor size.

i, sin(at) I cos(at + ¢)
S"|i, | = m,| sin(@t +120") | I, cos{or + ¢ +120°)
i sin(wt +2407) || I, cos(a)t +é+ 240°) -
sin 2(wt + ¢) @11
= Melu ) Gin 2o+ 9 +120°)
2 Lsin2ot + ¢+ 240°)

At any instant (S,i,+SpivtScic) is equal to one of the AC phase current with value of

Im ml]

. In steady-state, the DC voltage has a small ripple that is defined as the difference

between the maximum and minimum value of DC voltage AV, =V, -V, with

lc max dcmin

average value of Vg ave. By considering a short period of time that DC-link voltage is
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to V

dcmax *

charged from V,

dcmin

. .. AV
the variation of DC voltage can be shown Wlth—ﬁ.

Therefore, eq. (2-9) becomes:

AV Ve _ Luty 2-12)

Cdc
At R, 2

Hence, the minimum value of the DC-link capacitor can be defined by the following

equation:

(Imma _ VdC,ave)*At Imma _ Vdc,ave

2 R

Cp = = -2 - Re (2-13)
AI/dc Alr/dc fv

where {; is the converter’s switching frequency, and AV, is the acceptable ripple in the

DC-link.

2.7.2  AC side filter design

It is important to keep the harmonics on the AC side of the converter at an acceptable
level. In a practical scheme, either 4 or 8 multiple converters with a transformer
arrangement are used to reduce the generated harmonics, and produce a very high quality
sinusoidal output waveform with 24 or 48 steps. Therefore, in these cases, no output filter
will be required [34]. A high power PWM converter generates high order harmonics on
the AC side of the converters because of ﬁnite and limited switching frequency. Figure 2-
9 shows the harmonic spectrum of the designed 3-level NPC VSC. A low-pass filter is,

therefore, applied to keep the harmonics at an acceptable level.
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Total Harmonic Distortion (THD)

The AC voltage generated by PWM is given by:

o0

V@)=Y, V,SinQafit + 4,)

H

(2-14)

If the ratio of the switching frequency over fundamental frequency is very high, the

current harmonics are independent of the load, and only depend on the switching
frequency f;, DC-link voltage, the modulation index m,, and number of levels. Figure 2-9

shows the harmonic spectrum of the designed 3-level NPC VSC with 900 Hz switching

frequency.
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Figure 2-9: Harmonic spectrum of 3-level NPC VSC

The performance of the switching converter topologies can be evaluated by Total
Harmonic Distortion (THD) of the voltage and current at the output of the converter. The
THD factor indicates how closely the PWM generated voltage resembles the reference

sinusoidal waveform with fundamental frequency. THD is defined as:
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(2-15)

Where V, is the RMS value of the harmonic n, and V; is the RMS value of the

fundamental voltage. Note that THD is independent of the frequency.

o Weighted Total Harmonic Distortion (WTHD)

Weighted Total Harmonic Distortion (WTHD) is another indicator to evaluate the
converter’s performances. Like THD, WTHD is based on the sum of the squared
harmonics over fundamental frequency component; in addition, the order of the
harmonics is considered.

WTHD = (2-16)

In [37], an analytical approach is presented to determine THD and WTHD for multi-level

PWM converters. The following equations are obtained for a 3-level PWM converter:

THD = l[i~ m) 2-17)
m\ 7

WTHD = \/(%(fl—lf[’"—z— LI D (2-18)
m\f, )32 3 8

Where m is the modulation index of the PWM converter.

o Low Pass Filter design

PWM harmonics are defined in [37] for 3-level PWM converters. The harmonics are:
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nme= k

n=13,... andk=024,...
where
n=0,24,.. andk=13,.

For 900 Hz switching frequency, ms=15 and consequently the first set of harmonics are:
15, 1542, 1544 ...

In [35], the low-pass filter design for a 3-level PWM converter is defined. The filter
performance is determined by its resonant frequency. The best filter performance is
reached when the resonant frequency of the filter is well below the lower harmonic
frequency caused by the PWM, and much higher than the fundamental frequency. Since,
in high power PWM converters, switching frequency is limited around 1kHz, so the filter
resonant frequency must be chosen between 60 Hz and 1 KHz. The resonant frequency of
the filter is defined based on the pulse frequency of the converter. The following equation
is used in [35] to select an appropriate low-pass filter for a 3-level high power PWM

converter:

£, =0.8* (_j_;iJ (2-19)
where f; is the resonant frequency, and f, is the pulse frequency.
The pulse frequency in a 3-level PWM is twice the switching frequency. Therefore,

for a 900Hz 3-level PWM converter, the resonant frequency will be f, =720. From

knowledge of the resonant frequency, the L and C values of the low-pass filter can be

determined by:
: (2-20)
o, = -
Lf C./'
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There are several choices for selecting Ly and Cy, but it should be noted that the
capacitor is usually the cheaper device. Sufficiently high value for the inductor must be
selected in the order to limit the current that the converter carries to charge the filter

capacitors. Figure 2-10 shows the harmonic spectrum of the VSC output voltage after

filtering.
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Figure 2-10: Harmonic spectrum of 3-level NPC VSC output voltage after filtering

2.8 Reference Wave Generator

The transmission line voltages and currents can be severely distorted by harmonics,
and unbalance in the system. Therefore, one of the major concerns in controller design is
providing an appropriate reference signal from the transmission system to synchronize

the controller. A Reference Wave Generator (RWG) is used to extract the fundamental
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waveforms from the distorted line voltages or currents, and generates the reference
waveform. The designed RWG is based on [36]. This method when compared to the
conventional phase-looked-loop (PLL) [42] has very fast response to any distortion and is

almost without any transient delay.

Figure 2-11: Block diagram of Reference Wave Generator (RWG) [36]

The 3-phase transmission line currents (i,, in, and ic) are used as the reference signals
by the controller to generate either leading or lagging voltages by 90 degrees. Figure 2-11
shows the block diagram of the RWG. The 3-phase transmission line currents are
transformed into positive, negative and zero sequence components (a-b-¢ coordinates to

a-f-0 coordinates), as indicated in the following equation:

1 1 1
i 22 «/E'ia
P P 1 R S

i, (2-21)

QN
Nl&l\)
ree

r

-

While the 3-phase currents are sinusoidal and balanced, i, and i, become sinusoidal

and orthogonal, and the zero sequence become equal to zero. In case of any distortions or
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harmonics, i,and i, sinusoidal waveforms and 90 degrees phase angle will be changed.
In order to keep i,and i, waveforms sinusoidal and perpendicular, a normalizing block

and band-pass filter is applied.

The normalizing and wave-shaping block must be iterated several times to obtain a
set of two sinusoidal waveforms with a 90 degrees phase shift. Hence, a time delay
occurs that depends on the number of iterations and time step of the simulation. The time

delay can be calculated as:
Ppeiay = 111, (27 ) (2-22)
where n is the number of iteration and ¢, is the time step, and f'is the utility frequency.

The time delay caused by iteration is compensated by using the following equation:

Varef - COS¢DeIay - Sin ¢Delay V"” (2_23)
Vﬂref Sin ¢Delay COos ¢Delay Vﬂ
The generated reference waveform has a unit value. Figure 2-12 shows a comparison
between a conventional PLL. and RWG. The graph demonstrates the angle between the

input and output of the PLL and RWG. RWG has almost no oscillations with a very fast

settling time.

Comparison between PLL and RWG response

o 005 01 015 0.2 025 03 0.35 0.4 0.45 0.5

Figure 2-12: Comparison of a conventional PLL and RWG
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2.9 VSC topologies

VSCs can be connected in series, parallel or a combination of them into the
transmission lines. They can be used for power flow control in a single as well as
multiple transmission lines. STATCOM and SSSC are the most commonly used

topologies in converter-based FACTS controllers; other less popular topologies include

UPFC, IPFC and GUPFC.

2.9.1 STATCOM

A Static Synchronous Compensator (STATCOM) is a shunt connected power
converter that exchanges reactive power with the transmission line. The capability of the
STATCOM is analogous to a rotating synchronous compensator, and can be used for
dynamic compensation of power systems, increasing transient stability and providing
voltage support. The IEEE definition of the STATCOM is[10]:

Static Synchronous Compensator (SSC or STATCOM): “ A static synchronous
generator operated as a shunt-connected static var compensator whose capacitive or
inductive output current can be controlled independent of the AC system voltage.”

The schematic diagram of a STATCOM is shown in Figure 2-13. The DC voltage Vg
is converted to a set of 3-phase AC voltages with controllable amplitude and phase angle.
By regulating the output voltage amplitude into the transmission line the reactive power
exchange can be controlled. The phase angle between injected voltage Vi and bus

voltage Vr is controlled in order to regulate the active power exchange with the

transmission line. If the converter’s losses are neglected, the injected voltage and bus
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voltage are in phase, and the STATCOM output current is in quadrature with the bus

voltage. Hence, the STATCOM output current can be found by the following equation:

V.. -V,
T
I,|=—2—L (2-24)
X
Statcom
Transmission
line
1
inj
Ll M
M Vig™> V1
Capacitive mode
Vinj
Vig< Vr
v I Inductive mode
I inf
Pref . o
Controller DC/AC
Qret — >

Converter

Vdc

Figure 2-13: Diagram of STATCOM

If the magnitude of Vi,> V1, the STATCOM operates in capacitive mode and
supplies reactive power to the transmission line, and if Vi< Vr the STATCOM operates

in inductive mode and absorbs reactive power from the transmission line.

2.9.2 SSSC

A Static Synchronous Series Compensator (SSSC) is a power converter connected in
series with the transmission line and it injects a voltage in quadrature with the line current

to emulate a series capacitive or inductive reactance into the transmission line. A SSSC
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equipped with energy storage system and/or absorbing devices is also able to exchange

real power with the power system.

Transmission line

e |
™M T Lj inj
m’\q Capacitive mode
Vi
X I Inductive mode
A\ I
Iinj
Pref
Controll
Quer ontrolier DC/AC
Converter
Vdc

Figure 2-14: Diagram of SSSC

The diagram of SSSC is shown in Figure 2-14. Similar to a STATCOM, reactive
power exchange is controlled by the magnitude of the injected voltage to the transmission
line, and angle control is used to regulate the active power exchange. The inductive or
capacitive mode of operation is set by the injected voltage phase angle with respect to the
transmission line current. When injected voltage is leading the line current, reactive
power is absorbed and SSSC operates in inductive mode. In capacitive mode, injected

voltage is lagging the line current and injects reactive power to the transmission line.

2.9.3 UPFC
A Unified Power Flow Controller (UPFC) consists of a SSSC and a STATCOM

connected together in a back-to-back arrangement through their DC-link. Figure 2-15
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shows the block diagram of an UPFC. The UPFC is capable of exchanging reactive
power with the power system through both series and shunt connections. In addition it is
able to exchange active power through the DC-link.

- ] )
Transmission Line

line —_—

Lo

Vr
L’J‘*J inj-series
T TIinj-SH (1™ Tl
EXI

I

Vi
DC/AC DC/AC
AT Vg
Converter Converter
] 3
M@ M ®
Prer —» -~V
Controller
N fe—— 1
Qref

Figure 2-15: Schematic of UPFC

The shunt connection is used to maintain a constant voltage on the DC- link while
regulating the active power in the series connection. However, the shunt connection is

only used to exchange reactive power with the transmission line.

294 IPFC

An Interline Power Flow Controller (IPFC) consists of two or more SSSCs that share
a common DC-link, and are used to control power flows of multi-lines or a sub-network.
Each SSSC has the capability of exchanging reactive power with the transmission lines.

Furthermore, active power can also be transferred through the DC-link between SSSCs.
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However, the active power that is injected by one SSSC to the transmission line must be

equal to the active power taken away from the other transmission lines (neglecting the

losses).

line 1

line 2 h mﬂ T Tt ILinez
Lo
: T Linj2 ¢
XIZ % XI]
DC/AC % Ve \% DC/AC
Converter ————:[:———‘
Converter
ml o ml 1o

Power flow Controller

N

Pref] Qrefl QrefZ

Figure 2-16: Schematic of IPFC

An IPFC with a multi-converter configuration is shown in Figure 2-16. IPFC can be
used to equalize active and reactive power between transmission lines, and transfer power
from overloaded lines to lines that are under-loaded. One series branch has one degree of

freedom but the remaining branches have two degrees of freedom and provide both active

and reactive compensation.
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295 GUPFC
A Generalized Unified Power Flow Controller (GUPFC) is composed of a shunt
power converter and several series converters with a common DC-link. Similar to IPFC,

a GUPFC can be used to control power flow of several transmission lines.

Kiner
line 1 Vr >
Lo e £ Vi
it
ine 2. MM Lo
Lo z Vie
Vs Tlinjz %
line 3 MM o Tiines
L — {7 v
Kini3 éXm
l Tlsn X,
M, M, M,
. —] DC/AC
F, \* F, * F, \#
Kt ] 7 Converter
Msu
lv
W) 1T

Figure 2-17: Schematic of GUPFC

The series converters control active and reactive power flow in the transmission lines,
and the shunt converter (with one degree of freedom) supports the real power

requirement of the series converters via the common DC-link. A GUPFC is shown in

Figure 2-17.
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2.10 Summary

This chapter has discussed the fundamental of 3-phase VSC that is used as the basic
building block for SSSC and IPFC in the next chapters. The mathematical model of VSC
is presented; and the operation principle of a 3-level NPC VSC is explained.

The design of snubber circuits and passive component in the VSC is discussed. The
guidelines for designing DC capacitors and the AC side filter for the VSC are presented.

A fast synchronizing method for generating reference waveforms are explained. All

possible topologies for converter based FACTS applications are presented.
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Chapter 3

Modeling and Controller Design of Static Synchronous Series

Compensator (SSSC)

3.1 Introduction

This chapter presents the operation and control strategies of the SSSC. For this
purpose, a dynamic model is developed by linearizing equations at fundamental
frequency. Both direct and indirect controllers of SSSC are proposed. The accuracy of the
mathematical model is verified by the results obtained from time-domain simulations

with EMTP-RV.

3.2 Power circuit of the SSSC

A Static Synchronous Series Compensator (SSSC) consists of a VSC connected in
series with the transmission line through a coupling transformer. The VSC generates a set
of 3-phase voltages with controllable magnitude and phase angle at the desired
frequency; thus, a SSSC is analogous to a synchronous sinusoidal voltage source. A
detailed 3-phase diagram of the SSSC is given in Figure 3-1. Where V; and V, are
voltages at the sending-end and receiving-end of the transmission line, and Ryine and Xiine
are transmission line resistance and reactance respectively. The phase angle between V;
and V; is 8. The coupling transformer primary windings are star-connected and the

secondary windings are connected in series with each phase of the transmission line. The
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turn’s ratio of the coupling transformer is 1:1. R and X; are the internal resistance and
leakage inductance of the coupling transformer. Vipj.a, Vinj-b, and Viy.c are output voltages
of VSC that are injected in series into the transmission line. The transmission line

currents are i, ip, ic. The voltage across the DC-link of VSC is V.

Xline Rline ia Xline Rline
Vs V.,
—— /]
)\__I\_._I
2 0
< Vinj-a ij-l] Vinj-q <

= E . YY) =
Neutral Point
Coupling X,
Transformer
R,

=

[:jf:,tu uu{:jfz,tu % “’
Voltage Source
Converter -
(VSC)
: : o
Cc1 g, ] 2,
JAN AN )
idc
VW
R

Figure 3-1: SSSC power circuit
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3.3 Operating principle of the SSSC

Basically, a SSSC generates on its output terminals a sinusoidal voltage, with
controllable amplitude, in quadrature (nearly) with the transmission line current.
Consequently, the injected voltage emulates either a capacitive or an inductive reactance
in series with the transmission line that increases or decreases the total transmission line
reactance. As a result, the power flow will change in the line. Hence, the SSSC is a
powerful device to control transmission line impedance, and therefore the power flow,
independent of the line current.

In fact, reactive power exchange is controlled by the magnitude of the injected
voltage to the transmission line, and angle control is used to regulate the active power
exchange. The inductive or capacitive mode of operation is set by the injected voltage
phase angle with respect to the transmission line current. When the injected voltage is
leading the line current, reactive power is absorbed and the SSSC operates in inductive
mode; in capacitive mode, injected voltage is lagging the line current and injects reactive
power into the transmission line.

Only a SSSC equipped with an Energy Storage System (ESS) is able to exchange
active power with the transmission line. Figure 3-2 shows the phasor diagram of a SSSC
equipped with an ESS. The line current phasor is used as the reference phasor.
Theoretically, the SSSC voltage phasor can operate in all four quadrants of the circle, by
setting the phase angle of the SSSC output voltage Vi, with respect to the transmission
line current. There are, however, some practical limitations in power systems, i.e. voltage
range in the receiving-end which must be kept between 0.95 p.u. to 1.05 p.u., and the

magnitude of injected voltage of SSSC in capacitive mode must be less than the voltage
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drop across the transmission line Vigj < Viipe. Otherwise the power flow in the line will be

reversed and that is not desired.

P<0 P>0
Q>0 Q>0

Iline

Q<0 Q<0

Figure 3-2: Phasor diagram of SSSC

The active (P) and reactive (Q) power exchange between SSSC and the transmission

line are:
P = I/inj * Ilfne COS(D
. (3-1)
Q = I/inj * Iline Slnq)

3.4 SSSC control strategies

In this thesis, the SSSC is designed in order to control the impedance characteristic of
the transmission line. The main function of the controller is to generate appropriate firing
pulses for the VSC’s switches in order to produce the required output voltages. This is
achieved by computing the required magnitude and phase angle of the output voltage

from the reference signals. The output voltages of VSC in synchronous frame are:
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V,=kV, cos(®)
V, =kV, sin(®)

(3-2)
where k is the gain of the converter that relates the DC-side voltage to the peak value of
output phase voltage at the converter AC-side and @ is the phase angle between injected
voltage and transmission line current.

Two control methods, known as direct and indirect control methods [1] can be
applied to regulate the output voltage of the VSC. In indirect control method, & is kept
constant and the only available control input is the angle © of the VSC; In direct control
method, both k£ and @ are varied for control purposes and the DC-link voltage of VSC is
kept constant and sufficiently high. Both direct and indirect methods are used for SSSC
controller design in this thesis and the results are compared together.

As mentioned in Section 2.7.1, balancing the voltages between two DC-link
capacitors is an important concern in the 3-level converter. Uneven voltage charging on
upper and lower DC-link capacitors may apply destructively high over-voltages on
switching devices and DC-link capacitors. In order to maintain equal voltages in the DC-
link capacitors, the neutral point must be kept balanced. Here zero sequence current is
used to equalize voltages in upper and lower capacitors in the DC-link. Since the output
voltage of the VSC is regulated based on the total DC-link voltage, balancing the voltage
of DC-link’s capacitors has negligible effect on the injected voltage of the SSSC in both
direct and indirect control methods. Since the DC-link voltage balancing controller
algorithm is common in both direct and indirect control methods, it will be presented

first.

51



Chapter 3 Modeling and Controller design of SSSC

3.4.1 DC-link Balancing Controller

The zero sequence current can be used to balance the voltages of the DC-link
capacitors in a 3-level Neutral-Point-Clamped (NPC) VSC [31]. This is achieved by
connecting the neutral points of the coupling transformer and the DC-link of the VSC
through inductor Ly, as shown in Figure 3-1. The power balance eq. (2-4) of a 3-level

VSC, with two capacitors in the DC-link is defined by the following equation:
dclac = E(udid +u,i, ) =Vaerlae + Vi G +1) (3-3)
Yackee =5

where Vy; and Vg are DC-link voltages of C1 and C2 capacitors respectively and iy
is the zero sequence current and i4 is the DC-link current of the VSC.

The neutral points of the coupling transformer and DC-link are connected with a large
inductor to reduce the switching ripple in the zero sequence current. A PI controller and a

proportional controller are employed for Balancing Controller such that:

Ki~—vb )

iO—ref = (Vch - Vdcl )(Kp—vb + S (3-4)

iy = oy —1)(K ) (3-5)

If the DC-link capacitors are unbalanced, a zero sequence current is generated and
amplified by the PI controller as shown in eq. (3-4). The generated zero sequence current
io.ref is compared to the actual zero sequence current of the converter’s output iy (neutral
points of the coupling transformer), and amplified by a proportional controller as shown
in eq. (3-5). The zero sequence current ip is regulated by the PWM controller that

controls the output zero sequence voltage of the VSC. Depending on the direction of the
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zero sequence current, the upper or lower DC-link capacitor is charged and since the
whole DC-link voltage is kept constant, by charging a capacitor the other capacitor is
discharged, and the DC-link capacitor voltages will be even. Figure 3-3 and 3-4 show the
block diagrams of the voltage balancing controllers in the SSSC with the indirect and

direct controllers respectively.

3.4.2 Indirect controller

This method is described in [1] and also used in [24], [25]. As mentioned earlier, in
indirectly controlled converters, only the phase angle of the output voltage is controllable
and the magnitude remains proportional to the DC-link voltage. However, the DC-link
voltage can be varied by regulating the angular position of the output voltage. In this
situation, real power is exchanged with the transmission line to charge or discharge the
DC-link capacitors to the desired level. If the VSC losses are neglected in steady-state
operation, the injected voltage is in quadrature with the transmission line current
(capacitive or inductive mode). Therefore, a small phase displacement Ad is required for
real power exchange. A positive phase displacement (90° + Ad) causes real power flow
from SSSC to the transmission line, and as a result the DC-link capacitors will be
discharged. A negative phase displacement (90°- Ad) lets the SSSC absorb real power
from the transmission line, and the DC-link capacitors will be charged.

A small-signal model of the indirectly controlled SSSC is proposed in [16]. Here the
large signal model of eq. (2-7) is recalled to present the model of indirectly controlled

SSSC.
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By linearization of the above equation around an operating point, the following equation

can be obtained:
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The frequency domain analysis is used to obtain the transfer function of eq. (3-7). For
simplicity, the converter power losses are neglected (i.e. R=0, R4.=0). So the equivalent

transfer function that relates Ai p and A® can be found as follows:

2L 2L
3m§a)2C]
+_—.—-—-

2 .2 2,..3
m,@ S2+3maa) C Vo4 3m o C i
Al L !

AD

(3-8)
S(S2 +w°

The block diagram of an indirect controller for SSSC is given in Figure 3-3. The 3-

phase injected voltages, (Vinj-a, Vinjb, and Viy.c) generated by the converter, the
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transmission line AC voltages, (V,, Vyand V) and transmission line currents (i,, i and ic)

are sensed and fed into the Blocks 1, 2 and 3 respectively.

Block 7

Block 1
Block 4
Vinjea abe
Vinj«u
Vinip  —* Reactance
Viaj-
nke uﬁo Iline—u
Block 2
in —™ L2y
R Reference | . Phase
iy —
» Wave B Shifter | V¥
Yl Generator | iy
Vo
y Block 6
—_—
Va Reference | V, Lead
Vp ——» Wave ™ lag . N
V. Generator £90 Disable Balancing
Controller \
Block 3 Block 5

apo

Block 8

Vor,l PWM [—»

Ve vSsC

abc

Figure 3-3: Indirect control block diagram of SSSC

T Switches

Block 1 is used to transform the 3-phase injected voltages (Vigj-a, Vinj-b, and Vigj-c) to

the o-B-0 coordinates domain and obtain the positive sequence voltage Vigja.

11
V.. 2 2
inj 2 ﬁ \/3
Vs | =45 © 5 -
‘ 3 2 2
wol |1 L

V2 2 A2

inj—-a
V.

inj—b

inj—c

(3-9)

Block 2 is used to transform the 3-phase line currents (i, i, and i;) to the a-p-0

domain using RWG block; this block was described in more detail in Section 2.8. The i,
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and ig components are fed to the phase shifter (Block 6) while the zero sequence
component iy is fed the Balancing Controller. For generating reference waveforms for
control purposes the 3-phase currents are transformed from a-b-c to a-B-0 coordinates, by

using eq. (3-10).

-1 1
i [2 20
“ 2 3 307
S L1 RPN E R 4 P 3-10
173 > 2 |" (3-10)
o IL I S S R

V2 2 W2 ]

If the 3-phase current waveforms in a-b-c coordinates are balanced, then i, and i
components are sinusoidal and orthogonal, and i, represents the zero sequence
component.

Block 3 is used to transform the 3-phase line voltages V, Vpand V, to the V,, Vg and
Vo domain using another RWG block with a similar transformation equal to eq. (3-9).
Only the V, component of this block is fed to the Lead/Lag Block (Block 5); the two
other outputs Vgand Vj are not required.

Block 4 receives the positive sequence voltage Viy.. from Block 1 and the positive
sequence of the line current .o from Block 2. It computes the injected line reactance
Xinj and sends it forward to the Reactance Controller Block.

Reactance Controller Block receives the injected reactance X;, and compares it to the
reactance reference value X, and a PI controller amplifies the error, and generates the
phase angle Ad.

Block 5 (Lead/Lag Block) receives the reference signal of the line voltage V, from
Block 3 and reference signal of the line current i, from Block 2 and computes the 90

degree phase shift and its sign, weather leading (+1) or lagging (-1) of this angular
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displacement. This information is summed with the output angle Ad from the Reactance
Controller.

Block 6 (Phase Shifter Block) receives the i, and ip reference signals from Block2
(RWG). These signals are modulated by the sum of the signals from the Reactance
Controller and Lead/Lag Blocks to generate the modified reference signals v, and Vﬁ’.

Block 7 is the a-p-0 to a-b-c transformation block used to convert the input 3-phase
reference components vq’, VB’ and Vo’, back to a-b-c coordinate system i.e. Va*, Vb* and Vc*.
These signals are then fed to the PWM trigger unit (Block 8) which was described in
Section 2.5.1. For generating reference waveforms for control purposes the 3-phase

control signals are transformed from a-B-0 to a-b-c coordinates by using eq. (3-11):

_2 \/5—
zZ 0 X2

I, 3 3 _za

ib = _3__1 ig. .@ i (3_11)

, 21 33 317

EE I S B O |
i 3 3 3 ]

Balancing Controller is used to balance the DC-link voltages V4.1 and Ve, of the Cl
and C2 capacitors respectively of the VSC. If the capacitor voltages are unbalanced, a
zero sequence reference current ig.rris generated by a PI controller. The ig.f is compared
with the actual zero sequence current iy of the VSC’s output and acted upon by a
proportional controller, this produces the zero sequence control signal vo, that join Ve
and Vﬁ, components of the controller and are converted to 3-phase reference components,
Va, Vo and v. which are then used as the reference signals for the PWM block.

Consequently, the VSC generates a zero sequence current that passes through the
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connection of the neutral point of the coupling transformer and the DC-link to equalize
the voltages on the two DC capacitors.

In impedance control using indirect controller, the SSSC injects synchronous voltage
with a magnitude proportional to the line current. Therefore, the SSSC emulates an ohmic

compensating reactance equivalent to a capacitor or an inductor.

3.4.3 Direct controller

In contrast to the indirect controller described earlier, the direct controller regulates
both magnitude and phase angle of the injected voltage Vi, into the transmission line. In
this technique, the voltage V4. is kept constant by the DC voltage Controller which
regulates the injected phase angle ¢, with respect to the line current. This scheme is more
suitable to providing both active and reactive power line compensation if an external
Enéfgy Storage System (ESS) exists in the DC side of the VSC. Similar to the indirect
controller technique, in reactive power compensation mode, the injected voltage
leads/lags the line current by 90 degree. Only small phase displacement is required to
compensate for the VSC losses by absorbing active power from the transmission line.

A simplified mathematical model of a 3-phase VSC for controller design is presented
in [16]. The model that is obtained in eq. (2-7) is recalled. Since the DC-link voltage is

kept constant, the VSC model in synchronous rotating reference frame is:

1)
dli @ T u,-Vv
dt\i, _, _Reli 0 U

~le <
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The above equation demonstrates the possibility of independent control of i and i
The VSC voltage vector can be controlled as follows:
L .
U, ==X, —wi)+V,
@

I (3-13)
U,=—(X, -oi,)
o

By substituting eq. (3-10) in (3-9), this becomes:

Ro 0
i T i X
d\el L A S (3-14)
dt lq 0 — _Rﬁ lq X 2
L
Eq. (3-14) shows the decoupled relationship of i3 and ig. The two new variables X;
and X, represent the output of the control system, and are shown as:
Ky« .
Xl = (Kp] _—Sj_l)(ld _ld)

Py (3-15)
X, =(K,, ——5—2)(1}: —i,)

oK oF . .
where i, and i , are the reference values of active and reactive currents, K1, Kii, Kp2, Ki2

are proportional and integral gains of the PI controllers. The system can be demonstrated
by two independent systems with a simple first-order transfer function.

Figure 3-4 shows the overall control structure of a SSSC with direct Control
method. The block diagram is similar to the indirect controller (Figure 3-3), and many of
the same blocks are re-used; hence for reasons of brevity, the description of the Blocks
with identical identification numbers is not repeated. Essentially Block 7 of the indirect
controller is replaced by two blocks: Blocks 9 and 10 which achieve a transformation
from the a-B-0 to a-b-c coordinates via an intermediary d-q-0 stage, as shown in

equations (A-1) to (A-5) in Appendix A. However, here two control loops are needed to

59



Chapter 3 Modeling and Controller design of SSSC

regulate the d- and q- components of the control signals in the synchronous reference
frame in order to regulate both amplitude and phase angle respectively of the injected

voltage Vi;.

Block 4
Vings — ] abc

Vinj-e
Vings  — R

Vine a B0
Block 1

. Block 6 Block 9

Block 10

Block 8

i .
iy Reference > Ph e a Bo dqo Var
i, — i ase ————»
b —s Wave |- Shifter | ¥ K Vor >
i » Generator | 1o g v, M VSC
vo o Ver
—_ » s -
Block 3 —» dq0 abe T Switches
Va = Reference | v, Lead v
Vo sl Wave lag "
Ve Generator +90
Block 3 Block 5

Disable Balancing
Controller

Figure 3-4: Direct control block diagram of SSSC

To regulate the injected voltage amplitude, the Reactance Controller is employed.
The injected reactance X, is compared to the reference reactance value Xrr and a PI
controller amplifies the error. The resultant is added to the d- component of the desired
reference waveform Vd’, and that varies the reference signals Va*,Vb* and Vc* of the PWM
controller. The active power exchange is regulated by the phase angle ¢ of the injected
voltage in response to an error in the DC-link voltage via PI controller. The DC-link
voltage V. in the direct controller method is maintained constant and equal to Vge.rer. and
by changing the converter DC/AC gain, the injected voltage amplitude is controlled.

Here, since the DC-link of the VSC is not equipped with an external energy source, it is
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not capable of injecting any substantive amount of active power into the transmission
line. Later in Chapter 4 by using two SSSC with back-to-back connection, the SSSC
capability of injecting active power into the transmission system is investigated. In that
case instead of controlling the injected voltage phase angle by DC Voltage Controller, the
q-component of reference signal (Vq,) is employed.

The same algorithm that was applied in Section 3.4.2 for the DC Voltage Balancing is

used for direct controller.

3.5 Simulation results

An EMTP-RV based digital simulation of a SSSC, based on designs of VSC in
Chapter 2, and control algorithm described in Sections 3-4-2 and 3-4-3, is presented
here. Both direct and indirect control methods are applied on the system, and three tests
are presented for each controller to investigate the performance of the system and
controller. In order to make system measurements easier to evaluate, all the

measurements are transferred to a per unit system with Pyase =100 MVA and Viase =230

kV.

3.5.1 Power system
The power system in Figure 3-5 was simulated to evaluate the performance of the
proposed SSSC. The operating voltage of the sending-end is 230 kV, and the
transmission line impedance is (26+j132) ohms. The load is constant impedance with
P=1.5 pu. and Q=1 pu.

The power system parameters are shown in Table 3-1.
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B1 Rl Xi B2 B3
: V_inj
I |_line 0.05pu 0.25pu &
— -
mrq = = 230/33 kV
300 MVA
6.6/36
Xg 25 MVar
A\ Load 1 Load 2
R P=15PU P=0.4 PU
§ Q=1.0PU Q=0. PU
230 kV 20 MV
VS C t ar
Vde
Figure 3-5: Single line diagram of the power system used for simulation
Table 3-1: Power system parameters
Power Voltage R XL Xc
Generator 1000 MVA 230kV 0.001 0.005 0
Transmission Line 0.05 pu 0.25 pu 0.01 pu
Power Transformer 300 MVA 230/33 kV 0 0 0
Coupling Transformer 25 MVA 6.6/36 kV 0.001 pu 0.02 pu 0
6.6 kV (AC)
SSSC 20 MVA 10 kV (DC) 0 0 0
Base Values for pu system 100 MVA 230 kV
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3.5.2 Indirect controller
The algorithm, explained in Section 3.4.2, is used for control purposes. The controller
is designed to compensate 40% of the transmission line reactance in capacitive
operation. The PI controller parameters are: Kp = 75 and Ki = 2500. Four tests are

presented to investigate performance of the system and controller:

e Impact of step change in reference value of injected reactance (Figure 3-6)

The dynamic behavior of the controller is verified by applying a 20% step change in
the injected reactance at 400 ms till 700 ms (Figure 3-6). The DC-link voltage is 1 pu at
10 kV. The SSSC is designed to compensate 40% of the transmission line reactance,
therefore Xrer = 40% X jine Or Xier= - 0.1 pu (where X jine=0.25 pu)

The signals presented in Figure 3-6 are described below:

Figure 3-6 (a) shows the reactance reference step and the resf)oﬁse of the controller. A
20% step change is applied from 400 ms to 700 ms; and the injected reactance increases
from -0.1 to -0.12 pu. The dynamic behavior of the controller is stable and takes about 30
ms for the rise time and 80 ms for the settling time.

Figure 3-6 (b) shows the DC-link voltage of the VSC. When the reactance step down
is applied at 400 ms, the DC-link voltage increases to match the magnitude of Vi,;. The
settling time is 80 ms. At 700 ms when the reactance is stepped up to its previous value,
the DC-link voltage decreases to 0.275 pu.

Figure 3-6 (c) shows the injected voltage (Vinj). At 400 ms, by increasing the degree
of compensation, the Vj,; increases too and after 4 cycles the Vi, reaches to its steady-

state. At 700 ms when the reference reactance steps up the Vi, decreases.
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Figure 3-6 (d) illustrates the phase angle between the injected voltage and the
transmission line current in phase a. The angle is almost 90 degrees, at 400 ms. When the
disturbance is applied, the phase angle decreases transiently and the VSC absorbs more
active power from the transmission line. At 700 ms, the phase angle transiently increases
over 90 degrees for a short period of time (20 ms) to inject the active power back to
transmission line and discharges the DC capacitor to 0.275 pu.

Figure 3-6 (e) shows the injected active and reactive power into the transmission line
in phase a when the reactance step-down is applied at 400 ms, the injected reactive power
increases to 0.073. At 700 ms by reducing the reference reactance the injected reactive
power decreases by 0.062. At 400 ms for a short period the active power is absorbed from
the transmission line to charge the DC-link capacitors. At 700 ms when the DC-link
capacitors start discharging, active power is injected back to the transmission line.

Figure 3-6 (f) illustrates the rms value of the transmission line current. Be&veen 400

ms to 700 ms when the injected reactance increases the transmission line current raises.
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Figure 3-6: System response to step change in the controller reference value (a) Injected reactance
(b) DC-link voltage (c) Injected voltage into the transmission line (d) Phase angle between the
injected voltage and the transmission line current (¢) Injected active and reactive power into the line
(f) RMS value of the transmission line current

Sequence of events:

Time Action

400-700 ms Step change in controller reference value
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o Impact of load variation on SSSC performance (Figure 3-7)

The dynamic behavior of the SSSC is verified by increasing the receiving-end load by
adding a load with P = 0.4 pu and Q = 0.25 pu, from 400 ms to 700 ms. The signals
presented in Figure 3-7 are described below:

Figure 3-7 (a) illustrates the injected reactance into the transmission line. The load
variation is applied between 400 to 700 ms, this change in the load causes only a transient
that is damped quickly and in the steady state, the injected reactance stays constant at -0.1
pu.

Figure 3-7 (b) shows the DC-link voltage of the VSC. At 400 ms, when the load at
receiving-end increases, the DC-link voltage reaches 0.34 pu, to provide the required
injected reactance. At 700 ms, when the load decreases the DC-link voltage decreases to
0.275 pu.

Figure 3-7 (c) shows the injected voltage into the transmission line. At 400 ms, when
the load increases at the receiving-end, the injected voltage increases and after four cycles
the voltage reaches to steady state with peak value of 0.12 pu. At 700 ms when the load
decreases the injected voltage decreases and takes five cycles for the voltage settling
down.

Figure 3-7 (d) illustrates the phase angle between the injected voltage and the
transmission line current in phase a. The phase angle is almost 90 degrees at 400 ms the
phase angle transiently decreases and the VSC absorbs more active power from the
transmission line. At 700 ms the phase angle transiently increases over 90 degrees for a
short period of time (20 ms) to inject the active power back to the transmission line and

discharge the DC-link capacitors.
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Figure 3-7: Impact of load variation (a) Injected reactance (b) DC-link voltage (c) Injected voltage to
the line (d) phase angle between injected voltage and line current (e) injected active and reactive
power (f) Transmission line current.

Sequence of events:

Time Action

400-700 ms Load change in receiving-end
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Figure 3-7 (e) shows the injected active and reactive power into the transmission line.
Between 400 to 700 ms, while the load at receiving-end of the transmission line increases
the injected reactive power increases too. The settling time for reactive power is about 80
ms. At 400 the absorption of the active power increases transiently to charge the DC-link
capacitors and at 700 ms the VSC injects the active power back into the transmission line
to discharge the DC-link Capacitors to 0.275 pu.

Figure 3-7 (f) shows the fluctuation of the transmission line current. The transmission

line current increases between 400 ms to 700 ms.

e Impact of a balanced fault at bus B3 of the power system (Figure 3-8 )

The response of the SSSC under balanced fault conditions is tested by applying a 3-
phase fault on bus B3 at t = 400 ms till 700 ms. The transmission line current increases to
a peak of 2.5 pu during the fault. To limit the fault current the VSC injects inductive
reactance (Xip; = 0.15 pu) in series with the transmission line. Figure 3-8 shows the
simulation results and the signals monitored are:

Figure 3-8 (a) shows the injected reactance into the transmission line. At 300 ms the
converter operates in capacitive mode and injects -0.1 pu reactance into the transmission
line. At 400 ms the SSSC operates in inductive mode, and injects a reactance with Xiy; =
0.15 into the transmission line, the dynamic response is stable and settling time is about
50 ms.

Figure 3-8 (b) illustrates the injected voltage into the transmission line. At 400 ms the
injected voltage increases to 0.4 pu and limits the fault current and it takes three cycles

for the settling time.
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Figure 3-8 (c) shows the phase angle between the transmission line current and the
injected voltage. At 300 ms the angle in almost 90 degrees (lagging) at 400 ms till 700
ms, during the inductive operation, the phase angle changes to almost —90
degrees(leading).

Figure 3-8 (d) shows the transmission line current in phase a. At 400 ms the line
current increases because of the balanced fault in the system.

Figure 3-8 (e) shows the exchanged active power with the transmission line. At 300
ms the SSSC operates in capacitive mode and absorbs active power to compensate the
VSC losses. At 400 ms, in the inductive mode of operation, active power absorption
increases transiently to charge the DC-link capacitors, and in 100 ms reaches the steady
State.

Figure 3-8 (f) shows the injected reactive power into the line. At 300 ms the SSSC
injects reactive power into the line at 400 ms during the inductive mode of operation the

SSSC absorbs reactive power from the line.
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Figure 3-8: System response to a balanced fault (a) injected reactance (b) Injected voltage (c) Phase
angle between injected voltage and transmission line current (d) Transmission line current (e)

Injected active power (f) Injected reactive power

Sequence of events:

Time

Action

400-700 ms

Balanced fault at bus B3
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o Impact of DC capacitor voltage balancing circuit (Figure 3-9)

The balancing circuit behavior for two disturbances is shown in Figure 3-9. First
applying a 20% step change in the reference value between 600 ms to 900 ms and second
Disabling of the DC voltage balancing circuit from 1200ms to 1600 ms:

Figure 3-9 (a) this signal shows the injected reactance into the transmission line.
Disturbances are observed due to the effect of DC-link voltages of the step change.

Figure 3-9 (b) the reference step change (600 to 900 ms) causes the two voltages Vi
and Vg2 to be affected. The Disabling of the balancing controller (from 1200 to 1600 ms)
shows the influence of the Balancing Controller to equalize the DC voltages.

Figure 3-8 (c¢) shows DC-link voltage, the negation of the voltage V4c and Vg is not
ideal and a net disturbance is observable.

Figure 3-8 (d) illustrates the dynamic response of the controller to the reference step.
The disabling of Balancing Controller has no influence on the DC voltages V4.1 and Vgco.

Figure 3-8 (e) shows the zero sequence current into the converter, it has slight change

with the reference step.
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Figure 3-9: Impact of DC voltage balancing circuit (a) Injected reactance into the transmission line

(b) DC-link voltages V;, and V,,; (c) net DC-link voltage (Vy+Vy2) (d) Voltage difference and
disabling signal (e) Zero sequence current

Sequence of events:

Time Action
600-900 ms Step change of reference voltage Vyci-Vaco
1200-1600 ms Disabling of the Balancing Controller
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3.5.3 Direct controller

The algorithm explained in Section 3.4.3 is used for control purposes. The controller is
designed to compensate 40% of the transmission line current in capacitive operation. The
PI controller parameters are as below:
Reactance controller K, = 0.6 and K; = 280,
DC Voltage controller Kp=80 and K;=2500,
Voltage balancing controller K,,;=2, K;;=80, K;>=0.6, and K;=0.1.

Three tests are presented to investigate performance of the control system.

o Impact of step change in reference value of injected reactance and DC-link
(Figure 3-10 )

The dynamic behavior of the controller is verified by applying a 20% step change in
the injected reactance from 400 ms to 600 ms and another step change in reference DC-
link voltage at 800 ms till 1000 ms. The SSSC is designed to compensate 40% of the
transmission line reactance, therefore Xier = 40% X jine OF Xeer= - 0.1 pu (where Xjine=0.25
pw). The signals presented in Figure 3-10 are described below:

Figure 3-10 (a) shows the reactance reference step and the response of the controller.
A 20% step change is applied between 400 ms to 600 ms and the injected reactance
increases from -0.1 to -0.12 pu. The dynamic behavior of the controller is stable and takes
about 80 ms for the settling time. At 800 ms when a disturbance in the reference value of
the DC-link voltage is occurred, the X;;; oscillates and takes 100 ms for the settling time.

Figure 3-10 (b) shows the DC-link voltage of VSC. When the reactance step down is

applied at 400 ms, the DC voltage stays constant. At 800 ms a 25 % step change is
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applied on reference value of the DC-link voltage. Consequently the DC-link voltage
increases from 0.4 pu to 0.5 pu and the rise time is about 20 ms.

Figure 3-10 (c) shows the injected voltage (Viy) into the transmission line. By
increasing the degree of compensation between 400 ms to 600 ms the injected voltage
increases. At 800 ms the step change in DC-link cases a transient on the Vi, but the
amplitude stays constant.

Figure 3-10 (d) illustrates the phase angle between the transmission line current and
the injected voltage in phase a. The angle is almost 83 degrees, at 400 ms, when the
disturbance is applied, the phase angle increases smoothly to 85 degree. At 800 ms when
the DC-link voltage increases the phase angle transiently change for short period of time
(30 ms) to absorb active power from the transmission line and charge the DC-link
capacitors to 0.5 pu.

| vFigure 3-10 (e) shows the injected active and reactive powers into the transmission
line in phase a. When the reactance stepped down is applied at 400 ms the injected
reactive power increases to 0.075 pu and at 600 ms it returns to its previous value at
0.063 pu. At 800 ms the variation of DC-link voltage doesn’t affect the steady-state value
of the injected reactive power. The absorbed active power from the transmission line is
constant during reactance reference disturbance, at 800 ms it increases transiently to
absorb more active power from the line transmission to charge the DC-link capacitors.

Figure 3-10 (f) illustrates the rms value of the transmission line current. Between 400
ms to 600 ms when the injected reactance increases the transmission line current raises.

At 800 ms the step change in DC-link reference causes a transient in the line current.
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Figure 3-10: System response to step change in controller reference values (a) Injected reactance (b)
DC-link voltage (c) Injected voltage to the transmission line (d) Phase angle between the injected
voltage and the transmission line current (e) Injected active and reactive power to the line (f) RMS
value of transmission line current

Sequence of events:

Time Action
400-700 ms Step change in injected reactance
800-1000 ms Step change in DC-link voltage
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o Impact of load variation on SSSC performance (Figure 3-11 )

The dynamic behavior of the SSSC is verified by increasing of the receiving-end
load, by adding a load with P = 0.4 pu and Q = 0.25 pu at t = 400 ms till 700 ms, the
signals presented in Figure 3-11 are described below:

Figure 3-11 (a) shows the injected reactance into the line. A 20% change in the load
between 400 ms to 700 ms causes a transient with relatively high overshoot and is
damped in 30 ms. in the steady state; the injected reactance stays constant at -0.1 pu.

Figure 3-11 (b) illustrates the DC-link voltage of the VSC. Between 400 ms to 700
ms when the load increases the DC-link voltage stays constant.

Figure 3-11 (c) shows the injected voltage into the transmission line. At 400 ms when
the load increases at the receiving-end the injected voltage increases and after three
cycles the voltage reaches to steady state. At 700 ms when the load decreases the injected
voltage decreases and takeé -ﬁve cycles for the voltage settles down.

Figure 3-11 (d) shows the phase angle between the transmission line current and the

injected voltage in phase a. The angle is 83 degree. At 400 ms and at 700ms when the
load varies the phase angle transiently changes, but it is damped quickly.
Figure 3-11 (e) shows the injected active and reactive power into the transmission line.
Between 400 ms to 700 ms while the load at receiving-end increases the injected reactive
power increases too. At 400 the absorption of active power increases transiently to charge
the DC-link capacitors and at 700 ms the VSC injects the active power back into the
transmission line to discharge the DC-link Capacitors.

Figure 3-11 (f) shows the variation of transmission line current. Between 400 ms to

700 ms the peak value of the transmission line current increases to 0.12 pu.
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Figure 3-11: Impact of load variation (a) Injected reactance (b) DC-link voltage (c) Injected voltage
to the transmission line (d) Phase angle between the transmission line current and the injected
voltage (e) Injected active and reactive power into the line (f) Transmission line current

Sequence of events:

Time

Action

400-700 ms

Load change in receiving-end
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o Impact of DC capacitor voltage balancing circuit (Figure 3-12 )

The balancing circuit behavior for two disturbances is shown Figure 3-12. First
applying a 20% step change in the reference value from 600 ms to 900 ms and second
disabling of the DC voltage balancing circuit from 1200ms to 1600 ms:

Figure 3-12 (a) shows the injected reactance into the transmission line. As expected
no disturbances is observed.

Figure 3-12 (b) the reference step change (600 to 900 ms) causes the two voltages
V1 and Ve, to be affected in opposite manner such that the net influence of the step will
be negated on the overall DC voltage, as shown in (c). The Disabling of the balancing
controller (from 1200 to 1600 ms) shows the influence of the Balancing Controller to
equalize the DC voltages Vg1 and Vgco.

Figure 3-12 (c) shows DC-link voltage, the net DC-link voltage is virtually stable
although high frequency differences are observed-. )

Figure 3-12 (d) shows the dynamic response of the controller to the reference step.
The disabling of Balancing Controller (from 1200 to 1600 ms) shows the influence of the
Balancing Controller to equalize the DC voltages Vg1 and Vye.

Figure 3-12 (e) shows the zero sequence current into the converter, the dynamic

response follows the reference step.
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Figure 3-12: Impact of DC voltage balancing circuit (a) Injected reactance into the transmission line

(b) DC-link voltages V44 and V., (c) net DC-link voltage (Vy.,+Vy2) (d) Voltage difference and
disabling signal (e) Zero sequence current

Sequence of events:

Time Action
600-900 ms Step change of reference voltage Vy.1-Vie
1200-1600 ms Disabling of the Balancing Controller
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3.6 Discussion

The results of the SSSC model in EMTP-RV have shown to be virtually identical to
those simulated by Sen [27] and indicated by Hingorani [1]. The simulation results show
that SSSC provides fast and reliable series compensation. It operates in both inductive
and capacitive modes and has the ability to limit the line current following a balanced
fault in the power system. In Table 3-2 the major characteristics of direct and indirect
control method are given.

Comparisons of two implemented control strategies show that each of them has
advantages and disadvantages. Direct controller results in lower harmonic distortion in
the output voltage and injects higher resistance into the transmission line compare to the
indirect controller. In direct controller the fixed DC-link voltage must be carefully
selected. Since the modulation index lies between zero and one, the DC-link voltage must
be high enough to maintain the required SSSC output voltage in order to obtain
appropriate control. However, if the DC-link voltage is set too high, the ratings of the DC
capacitors and converter valves must be increased.

Indirect control method has a simpler configuration compare to direct control method,
but it has slower response to any disturbances. One more advantage of the indirect
method is that the DC-link voltage varies according to the power system condition. The
DC voltage balancing controller in indirect method is unable to match the step change

and equalize the DC-link capacitor voltages.
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Table 3-2: Comparison of direct and indirect controller

Direct controller

Indirect controller

DC-link Voltage (pu) 0.4 Variable
Injected voltage Magnitude (pu) 0.707 0.707
Injected voltage Phase angle (Deg) 83 88
Converter gain variable 0.7
Injected reactive power (pu) 0.065 0.062
Injected active power (pu) -0.008 -0.002
Settling time of Xipi 50 ms 70 ms
Overshoot of X 09 1.2
Settling time of V4, 40 ms 80 ms
Overshoot of Vg 1.1 1.1
3.7 Summary

In this chapter, the operating conditions and constrains of SSSC is explained. Two’
control strategies known as direct and indirect control methods are discussed and
implemented in EMTP-RV. In both control strategies the DC side voltages are controlled
via phase-shift angle between transmission line current and injected voltage. DC-link
voltage balancing is reached by regulating the zero sequence current through connection
of neutral points of coupling transformer and DC-link capacitors.

The behavior of the SSSC control systems under various transient conditions such as

step change in different reference parameters, load change, and balanced fault are

monitored and the results are presented and analyzed.
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Chapter 4

Interline Power Flow Controller (IPFC)

4.1 Introduction

An IPFC consists of two or more SSSCs that share a common DC-link (Figure 4-1).
The SSSCs are usually utilized as a reactive compensator; while IPFCs could be
employed as a comprehensive active and reactive compensator. IPFCs provide
independent control of reactive power of each individual line, while active power could
be transferred via the DC terminal between the compensated lines. This gives the IPFC
an additional degree of freedom to control an added variable in the power system. This
capability makes it possible to transfer power from overloaded to under-loaded lines,
reduce the line resistive voltage drop, and increase the stability of the power system
against dynamic disturbances.

o e
Transmission line 1

Transmission line 2 —

Transmission line 3 Fv/g

Transmission line n

%

%

'§
mim

DC Terminal

Controller

Figure 4-1: Schematic of an IPFC
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The IPFC provides several operational functions depending on the system
operating requirements, such as independent active and reactive power flow control,
transmission angle regulatioﬁ and transmission line impedance control [20]. This chapter
describes the operation principles of the IPFC. Also, based on the study of SSSC

controllers in Chapter 3, a control strategy for IPFC is proposed.

4.2 Basic principle of IPFC operation

Figure 4-2 shows a basic scheme of an IPFC consisting of two back-to-back VSCs that
inject voltages in series with the transmission line. FEach VSC is represented by a
synchronous voltage source. Vi and V,q are the sending-end and receiving-end voltage
phasors of the Line 1 respectively. Vi and V,, are the sending-end and receiving-end
voltage phasors of the Line 2 respectively. The transmission lines impedances are

represented by X;; and X;,. The VSCs’ injected voltages are represented by ij_l ya for
Line 1 and Vil @, for Line2. The two lines are assumed identical and V=V, = Vo =

V=1 pu. The phasor diagrams of system 1 and system 2 are shown in Figure 4-3.

Vsléé‘ ij-14¢1 VL VHZO

V,,£0

Figure 4-2: Basic Schematic of an IPFC
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The prime (master) system is capable of regulating both injected active and reactive
powers into the transmission line. In the second (slave) system only the injected reactive
power is controllable.

In Figure 4-3 the injected voltage phasor Viyj.1 with a controllable amplitude (0<Viy;.
1<Vinj-max) and angle (<0¢<360) is added to the Vy; phasor. The Vi, phasor operating
area is a circle and depends on its amplitude and angle, so the voltage drop across the

transmission line can be regulated.

(a) (b)
Figure 4-3: Phasor diagram of IPFC (a) System 1 (b) system 2

4.2.1 Active power exchange of IPFC

Controlling the phase angle of the injected voltage regulates the active power
exchange between the IPFC and the transmission line. If the transmission line resistance

is neglected the exchanged active power can be estimated as follows:

Vv,
P, = 7’"’—(sin(5 +6) —sin @) (4-1)

ex
L
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4.2.2 Power flow at the receiving-end

In IPFC, since the DC-link voltage is maintained by one of the SSSCs, the rest of the
SSSCs can be considered as voltage sources with controllable magnitude and phase
angle. Therefore, both active and reactive power flow in the transmission lines are
controllable. The power flow at the receiving-end can be estimated by the following

equations if the line resistance is neglected.

2 vy,
P, = V—(sin5 )+—i(sin(§ +0) )
XL XL
4-2)
0, = K2—(cos o - 1)+ KVﬁ”—(cos(é' + 49))
* XL XL

In this thesis, an IPFC application for transmission line impedance regulation is
investigated. More details on transmission line power flow control by applying IPFC can

be found in [20], [22], [29].

4.3 IPFC constraints

4.3.1 Operating limits

The IPFC has the following limitations:

e Series VSC, complex power rating
| Ssersi | < Sscremax

where Ser.i is the complex power that is injected into the transmission line by
VSC.
The rated power of IPFC is specified by its rated injected voltage amplitude and
rated transmission line current.

e The injected series voltage into the transmission line:
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Vinj-i < Vinj-max

o The active power supply is constrained by the minimum transmission line
current. Basically, in IPFC the active and reactive power compensation are
independent. But in inductive mode of operation by increasing the degree of
compensation the transmission line current decreases and the VSC has limited

voltage rating to provide the required MV A for the transmission line.

4.3.2 The active power in DC-link

In the IPFC, the active power extracted by one of the VSCs must be equal to the active
power that is supplied into the other transmission lines, if the VSCs losses are neglected.
Therefore, the total active power that the IPFC can exchange with the transmission line is

zZero i.e.

z Pseries—i = O (4_3)

i

(i=12..)
where Pgeriesi shows the active power that each SSSC exchange with the transmission

line and can be calculated by:
Pseries—i = I/in]'—i * Iline—i * COS(¢i) (4_4)
where ¢, is the phase angle between the injected voltage and the transmission line current

of each line.

4.4 IPFC controller strategy

As mentioned earlier, depending on the operating requirements of the power system,

the IPFC can have several operational functions. In this thesis, the IPFC is designed to
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maintain the impedance characteristic of the two transmission lines. The first block is
capable of injecting both resistive and inductive impedance into the transmission line.
The second block injects only inductive impedance into the transmission line and in
addition it keeps the DC-link voltage at the desired level. In both control systems, the
series VSCs are equipped with a direct controller. Hence the DC-link voltage is kept
constant, and by varying the converter’s gain and phase angle the injected voltage is
regulated. Each SSSC is independently controlled. Thus, the IPFC consists of two control
blocks that operate separately. The first block regulates both injected reactance Xin.1 and
resistance Rjy.1 into the transmission Line 1. The second block maintains the DC-link

voltage and regulates the injected reactance Xjp.2 into the transmission Line 2.

Block 4
Visia ——nl abe

Vinj-o

Vigib

Vinj.e « BO

Illuc- o

Block 1

. Block 6 Block 9

Block 10

Block 8

i o

in —* Reference i Phase . @ B0 . ' dq0 AL

b —w  Wave N Shifter | V¥ vy Vi

L ___,| Generator | b S PWM >
Vo Yo Ver VSC

Block 2 > dq0 abe ? Switches

Va > Reference v, Lead v

Vo—»| Wave lag ta

Ve Generator 90

Block 3 Block 5

Disable Balancing
Controiler

Figure 4-4: IPFC second block

Figure 4-4 shows the controller block diagram of the IPFC second system. This is a

SSSC block diagram with a direct controller (explained in detail in Section 3.4.3). It
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consists of two control loops, for regulating the injected reactance, and maintaining the
DC- link voltage at desired level, And also a voltage balancing controller that balances
the voltages of DC side capacitors. The second block not only must absorb enough active
power to compensate the VSC losses, but also it must supply the required active power
for the first block. Therefore, the phase angle of injected voltage with respect to
transmission line current is expected to be less than a standalone SSSC that was found to
be around 90 degrees. Consequently, the second block provides a constant DC voltage for
the first block and performs as an Energy Storage System (ESS).

Figure 4-5 shows the overall control structure of the IPFC first block. This block
diagram is similar to the block diagram of the direct controller (Explained in Section
3.4.3) and IPFC second block (Figure 4-4), and many of the same blocks are re-used.
Since the DC-link voltage is controlled by the second block, DC voltage controller and
Balancing Controller are eliminated in the first block. However, here two control loops
are required to regulate the d- and g- components of the current in the synchronous
reference frame in order to regulate both the amplitude and phase angle of the injected
voltage Viy;.

Block 1 is used to transform the 3-phase injected voltages (Vij-a, Vinj-b» and Vipi.c) to
the a-B-0 coordinate domain and obtain the positive sequence of injected voltage Viy;. o.

Block 2 is used to provide synchronized reference signals for control purposes. The 3-
phase transmission line current (i,, ip, and i) are transformed to the a-B-0 domain, by
using RWG block; this Block is described in Section 2.8.; The i 4, i 3, and ip components

are fed to the Phase Shifter (Block 6).
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Block 3 is used to transform the 3-phase line voltages V,, Vs, and V; to the V 4, Vg,

and Vo domain using RWG block. Only V, component from this block is fed to Lead/Lag

Block (Block 5), and the two other outputs V g, and V are not required.

Block 4 receives the positive sequence voltage Viyj- o from Block 1 and the positive

sequence current from Block 2. It computes both injected reactance and resistance into

the transmission line and send them forward to Reactance Control and Resistance Control

blocks respectively.

Block 1

Vinjs -ﬂ abe

Vinj~ a

Block 4
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Vinj-c _4 o BO
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Impedance
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Ve Generator

Lead
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Figure 4-5: IPFC first block
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Block 5 (Lead/Lag Block) receives the reference signal of the line voltage V, from

Block 3 and reference signal of the line current i, from Block 2 and computes the 90

degree phase shift and its sign, weather leading (+1) or lagging (-1) of this angular

displacement.
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Block 6 (Phase Shifter Block) receives the reference signals (io, i, and ip) from
Block2. These signals are modulated by the signals from the Lead/Lag Block to generate
the modified reference signals v, , v, and vo. These signals are +90 or -90 degrees
shifted from the reference signals.

Block 9 is used to transform the reference signals v, , VB,, and vy from a-B-0 to d-q-0
coordinates vq , Vq,, and vy by using eq. (A-4) in Appendix A.

To regulate the injected reactance, the Reactance Controller is employed. The
injected reactance Xiyj-1 is compared to a reference value Xrr and a PI controller amplifies
the error. The result is added to the d- component of the desired reference waveform vy,
and generates vq-. In similar way, the injected resistance is regulated by the Resistance
Controller. For this purpose, the injected resistance Riy.; is compared to reference value
Ry and the error is amplified by a PID controller. The result is added to the g-
conipbﬁent of the desired waveform v, and generates vg». In this particular case a PID
controller is applied to reduce the oscillations of the time response.

Block 10 receives the modified d- and q- components vg», vq4», and vy and transformed
them to 3-phase coordinate by using (eq A-5) in Appendix A, these signals are used as
the reference signals v,+, vp+, and v+ of the PWM controller. And the PWM Block
provides firing pulses for the 3-level NPC VSC switches.

Since the second block regulates the DC-link voltage and keeps it at a certain level,
theoretically the first block is capable of injecting a voltage with a phase angle in the

range of 0 to 360 degrees.
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4.5 Simulation results

A digital simulation using EMTP-RV of an IPFC based on the control algorithm
described in Section 4.4 is presented. Figure 4-6 shows the simulated power system that
consists of two identical power transmission systems with the characteristic given in
Section 3.5.1. Two tests are performed to investigate the performance of the control
system. In order to make system measurements easier to evaluate all the measurements

are transformed to a per unit system with Ppase =100 MV A and Vs =230 kV.

B1 RE1 X2 B2 B3
e V_inj-1
Rg Xg | |_line-2 0.05pu  0.25pu ¢
e -
I Lo 1
6.6/36 kV I I
25 MVA - — 230/33 kV
300 MVA
l 230kV. - Load 1 Load 2
P=1.5PU P=0.4 PU
= Q=1.0PY Q=0.25PU
20 MVA First block
Vdc
+20 MVA Second block
I
B4 3 B5 B6
6.6/36 kV RI-2 X2
| line2 25 MVA
Rg Xg | _ne- 0.05pu  0.25pu G
—
| W L
M L I
= — 230/33 kV
300 MVA
V_inj-2
230 kV Load 1 Load 2
P=1.5PU P=0.4PU
= Q=10PU Q=025PU

Figure 4-6: Single line diagram of the power system used for simulation
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4.5.1 IPFC controller
The algorithm explained in Section 4.4 is used for control purposes. In first block, the
controller is designed to compensate 40% of the transmission line reactance and 20% of
transmission line resistance. In second block the controller is designed to compensate
40% of the transmission line reactance and keep the DC-link voltage of the IPFC
constant.
The controller parameters are:
First block:
Reactance controller Kp = 10 and Ki = 220
Resistance controller Kp = 4, Ki = 80, and Kp = 0.005
Second block:
Reactance controller Kp =2 and Ki = 250.
DC-link Voltage- fegulator Kp = 80 and Ki = 2500.

Two tests are presented to investigate performance of the control system.

e Impact of step change in reference values of the injected reactance and
resistance on IPFC performance (Figure 4-7and 4-8)

The dynamic behavior of the controller is verified by applying a 20% step change in
the reference values of injected reactance and resistance in first block and a 20% step
change in the reference values of injected reactance and DC-link voltage in second block.
Figure 4-8 shows the results of the simulation.

The IPFC is designed to compensate 40% of the transmission line reactance and 20%

of the transmission line resistance in the first block and 40% of the transmission line
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reactance in the second block. Therefore, Xier = 40% X jine = -0.1 pu and Ryer = 20% R jine
=-0.01 pu (where X ine=0.25 pu, and Ryine=0.05 pu). The DC-link voltage is 1 pu at 10
kV.

The plots presented in Figure 4-7 are described below:

Figure 4-7 (a) shows the DC-link voltage of IPFC and the reference step. A 20% step
change is applied from 500 ms to 800 ms. Therefore, the DC-link voltage increases from
0.4 pu to 0.48 pu. The dynamic response is stable and takes 100 ms for settling time. The
step changes in reference value of injected reactance and resistance in Lines 1 and 2
cause a small variation in DC-link voltage. Variation of injected resistance Riy has a
more effect on DC-link voltage, since it extracts active power from the DC-link terminal.

Figure 4-7 (b) shows the reactance reference step in Line 1 and the response of the
controller. At 500 ms the DC-link voltage step change causes a transient that is damped
after 200 ms. At 900 ms the step chaﬁgé in reference reactance in Line 1 is applied and
the injected reactance is changed from -0.1 pu to -0.12. The result shows that the dynamic
behavior is stable and takes about 200 ms for settling time.

Figure 4-7 (c) shows the reactance reference step and the response of the controller in
Line 2. At 500 ms the DC-link voltage step change causes a transient that is damped after
100 ms. At 1300 ms the reactance reference step change is applied and the injected
reactance is changed from -0.1 pu to -0.12 pu. The result shows the dynamic behavior is
stable and takes about 100 ms for settling time.

Figure 4-7 (d) illustrates the resistance reference step and the response of the
controller in Line 1. AT 1700 ms the step change is applied and the injected resistance is

changed from -0.01 pu to -0.012 pu. The dynamic behavior of the controller is stable and
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takes about 150 ms for the settling time. The injected resistance controller is more
sensitive to any disturbances in the controller system.

Figure 4-7 (e) shows the injected voltage in Line 1. By increasing the degree of
compensation between 900 ms till 1200 ms the peak value of the injected voltage
increases from 0.1 pu to 0.12 pu.

Figure 4-7 (f) shows the injected voltage in Line 2. By increasing the degree of
compensation between 1300 ms till 1600 ms the peak value of the injected voltage
increases from 0.1 pu to 0.12 pu.

Figure 4-7 (g) illustrates the phase angle between the injected voltage and the
transmission line current in phase (a) of Lines 1 and 2. The phase angle in Line 1 is
around 95 degrees that demonstrates the active power injection into the Line 1. The phase
angle in line 2 is around 83 degree. At 1700 ms, when the reference value of injected
resistance in the Line 1 stepped down, the phase éﬁgle in Line 2 decreases to 80 degrees
to transfer more active power from Line 2 to Line 1.

Figure 4-7 (h) shows the receiving-end active power in Line 1 and 2. The step change
of DC-link voltage at 500 ms causes transient in reactive power in both lines, in Line 1
the settling time is longer than Line 2. The increment of the injected reactance at 900 ms
in Line 1 and at 1300 ms in Line 2, increase the receiving-end reactive power. At 1700
ms when the resistance reference step down is applied the receiving-end active power

increases from 1.65 pu to 1.66 pu in Line 1.
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Figure 4-7: System response to step change of the controller reference values (a) DC-link voltage (b)
Injected reactance into the Linel (c) Injected reactance into the Line2 (d) Injected resistance into the
Linel (e) Injected voltage into the Linel (f) Injected veltage into the Line2 (g) Phase angle between
the injected voltage and the transmission line current (h) Receiving-end reactive power in Line 1 and
Line 2.

Sequence of events:

Time Action

500-800 ms 20% Step change in reference value of DC-link voltage
900-1200 ms 20% Step change in reference value of Xy into Line 1
1300-1600 ms 20% Step change in reference value of Xj,; into Line 2
1700-2000 ms 50% Step change in reference value of R, into Line 1
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Chapter 4 Interline Power Flow Controller

Figure 4-8 shows the receiving-end reactive power in Lines 1 and 2. The increment of
the injected reactance in Line 1, between 900 ms to 1200 ms, increases the reactive
power in receiving-end from 1.1 pu to 1.12 pu. In Line 2 the increment of the injected
reactance, between 1300 ms to 1600 ms, increases the receiving-end reactive power from
1.07 pu to 1.085 pu. Also increasing the resistive impedance compensation in Line 1,
between 1700 ms to 2000 ms, increases the reactive power in receiving-end in Line 1 and

reduces the reactive power in Line 2.

Receiving-end reactive power {pu)

{(pu)

D4 0B 08 1 12 14 16 18 2
Time {sec)

Figure 4-8: System response to step change in controller reference values

o Impact of load variation on IPFC performance (Figure 4-9 and 4-10)

The dynamic behavior of an IPFC is verified by increasing of the receiving-end load
in Lines 1 and 2. Between t = 400 ms till 600 ms a load with P = 0.4 pu and Q = 0.25 pu
is added to the first block. And at t=600 ms till t= 800 ms a load with P=0.4 puand Q =
0.25 pu is added to the Second System.

The plots presented in Figure 4-9 and 4-10 are described below:
Figure 4-9 (a) illustrates the DC-link voltage of the IPFC. The DC-link voltage

remains constant, but transiently changed with load variation.
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Chapter 4 Interline Power Flow Controller

Figure 4-9 (b) shows the injected reactance into the Line 1. A 20% change in the load
causes a transient with relatively high overshoot and damped in 50 ms. In the steady state
the injected reactance stays constant.

Figure 4-9 (c) shows the injected reactance into the transmission Line 2. A 20%
change in the load of Line 2 causes a transient that is damped in 50 ms. In the steady state
the injected reactance stays constant. The second control system is more stable to load
variation than first control system.

Figure 4-9 (d) illustrates the injected resistance in Lines 1 and 2. The injected
resistance in Line 2 is constant and has a low oscillation which is damped in 50 ms. In
Line 1 the load variation change the injected resistance from 0.01 pu to 0.011 pu.

Figure 4-9 (e) illustrates the current in Line 1 and its rms value, between 400 ms to
600 ms increase around 20%.

Figure 4-9 (f) shows the injected voltage and its rms value into the Line 1. By
increasing the load the injected voltage increases to keep the injected impedance
constant.

Figure 4-9 (g) shows the current in Line 2 and its rms value, between 600 ms and 800
ms increase about 20%.

Figure 4-9 (h) shows the injected voltage and its rms value into the Line 2 by
increasing the load; the injected voltage increases to keep the injected impedance
constant.

Additional plots are shown in Figure 4-10 (a) to (¢)
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Figure 4-9: Impact of load variation (a) DC-link voltage (b) Injected reactance into the Line 1 (c)
Injected reactance into the Line 2 (d) Injected resistance into the Lines 1 and 2 (e) Current in
Transmission Line 1 (f) Current in Transmission Line 2 (g) Injected voltage into the Line 1 (h)
Injected voltage into the Line 2

Sequence of events:

Time Action
400-600 ms Load change in transmission line 1
600-800 ms Load change in transmission line 2
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Figure 4-10 (a) shows the phase angle between the transmission line current and the

injected voltage in phase (a) of Lines 1 and 2. The phase angle in Line 1 is about 95

degrees that indicates the active power injection in Line 1. The phase angle in Line 2 is

around 83 degrees that indicates the active
power absorption by Line 2. At 400 ms and 700
ms the phase angles change transiently to
exchange active power with the Lines but they
are damped quickly.

Figure 4-10 (b) illustrates the active powers
at the receiving-end in Lines 1 and 2. Between
400 ms to 600 ms the active power in Line 1
increases because of the additional load. At 600
ms the active power in Line 2 increases.

Figure 4-10 (c) shows the reactive power at
the receiving-end in first block, and in the
second block. The reactive power in Line 1
between 400 ms to 600 ms increases because of

load variation in receiving-end.

And also in Line 2 at 600 ms, the reactive

power increases since the load varies in

@

Phase angle between Vinj and Hine (Deg)
120 T T . :

Line 1

100F

{Deg)

80

03 0.4 05 06 67 08
Time (Sec)
Active power at receiving -end {pu)

03 04 05 0.6 07 08
Time (Sec)
Reactive power at receiving -end (pu)

() q4f . ....... Lma1 ........... J

03 0.4 05 113 D7 08
Time (Sec)

Figure 4-10: Impact of load
variation (a) Phase angle between
the injected voltage and the
transmission line current in Lines
1 and 2. (b) Receiving-end active

Line 2. powers (c) Receiving-end reactive
powers.

Sequence of events:

Time Action

400-600 ms Load change in transmission Line 1

600-800 ms Load change in transmission Line 2
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4.6 Discussion

The results of the IPFC model in EMTP-RV have validated the model presented by
Gyugyi and Hingorani [1]{20]. The simulation results show the capability of the IPFC in
compensating both resistance and reactance of the transmission line. The results have

shown the controllers are more sensitive to any disturbance as compared to a standalone

SSSC.

4.7 Summary

The basic principle of IPFC operating conditions and constrains are presented. The
behavior of the IPFC control system under various transient conditions for instance step
change in reference parameters, and load change are monitored and the results are

presented and analyzed.
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Chapter S

Conclusion

This thesis presents the development of EMTP-based models of series Voltage
Source Converter (VSC) applications in the FACTS type power transmission systems. It
includes the implementation of an exact model of a 3-level NPC VSC that is used to build
the SSSC and IPFC applications for transmission systems. These offer potential of
improving power transfer capability on existing transmission systems.

The IPFC is a multi-line FACTS device and consists of several SSSCs with a
common DC-link. Both SSSC and IPFC are capable of controlling various parameters in
power systems, such as active and reactive power flow, line impedance, and injected
voltage in the power transmission lines.

In this research work, the detailed models of SSSC with direct and indirect
controllers are implemented. Also, a voltage balancing controller for the DC-link
capacitors in the 3-level NPC VSC is used. The indirect controller has a simpler design
than the direct controller, and can only be used for reactive power exchange with a
transmission line. In contrast, a SSSC with direct controller is capable of exchanging both
active and reactive power with a transmission line if the VSC is equipped with a suitable

EES in the DC side.
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The presented IPFC consists of two directly controlled SSSCs, and is applied to

regulate impedances in two identical transmission lines. The operation of the IPFC is

validated at various operating conditions.

A 3-level NPC VSC is designed as the basic building block of the SSSC and IPFC.

It has the advantages of lower converter losses and harmonic components when

compared to a 2-level VSC. The reference waveforms are generated by using a fast

synchronizing method based on the a-p-0 transformation. Also, PWM technique is used

for generating the firing pulses for VSC switches.

The major contributions of this thesis are as follows:

Design and Implementation of the SSSC and IPFC in EMTP-RV in order to
compensate the transmission line impedance.

Design of indirectly controlled and directly controlled SSSC.

Develop a detailed model of a 3-level NPC VSC. The model includes detailed
representation of valves, snubber circuits, and the passive components.
Implementation of PWM technique for generating firing pulses for VSC switches.
Implementation of Reference Wave Generator (RWG) that demonstrates better
performances than conventional PLL.

Validation of SSSC and IPFC operation to compensate for the impedance, and

limiting the fault current in the transmission line has been shown by simulation

results in EMTP-RV.

The following items may be considered for future work:

Study of VSC-based FACTS controller in case of an unbalanced AC system.
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e Study the effect of series VSC-based FACTS controller on transient and steady
stability of the power systems as well as damping and control of sub-synchronous
resonance.

o Investigation of appropriate filter for the transmission lines to reduce the
generated harmonics by the FACTS controller.

e Study alternative control strategies in order to improve the performance of SSSC
and IPFC.

¢ Investigation of alternative topologies for the VSC-based FACTS controllers such
as multi-level Flying Capacitor VSC, with reference to the harmonic generation
and converter losses.

e Study alternative methods for balancing the capacitor voltages in the DC-link of

the converters.
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Appendix A

d-q-0 Transformation
The 3-phase sinusoidal system a-b-c is transformed to d-q-0 domain by applying the

following transformation:

i 27 27 ]
coswt cos(wt———) cos(wt+—)
Sa 2 3 23 S
S, |= 3 *| —sinot —sin(wr — —;—) sins(ot + —3—75) *1 S, (A-1)
5 1 1 1 s
2 2 2 i

where S,, Sy, and S, are the variables (voltages or currents) in a-b-c coordinates; S,

Sq, and S are variables ind-q-0 coordinates, and @ =27/ is the angular frequency.

The inverse transformation is defined by the following equation:

r -

S, cosat ~sinwt 1Ly |S,
S, |= cos(cot—zTﬂ) —sin(cot—zTﬂ) 1]*| S, (A-2)
S. AYS

cos(awt + 2—3”—) —sin(awt + 277[) 1

To simplify the algorithm in d-q-0 transformation it is preferred to first transform the
original waveforms to symmetrical components (a-$-0 coordinates) and then transform

them to d-g-0 components.
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Eq (A-2) demonstrate a time varying system. The d-q axes rotate with the angular
frequency @ .

If the axes are fixed at o t=0, the transformation matrix given in eq. (A-1) becomes:

1.1
S 2 2. 1T[s
71 2 '\[5\/5 a
S |=.= 0 X= -XZ|xs A-3
p 3 2 2 b (A-3)
]| 1 s

2 V7 2

Eq (A-3) is known as the symmetrical component transformation. It transforms a set
of 3-phase waveforms into a-3-0 coordinates. The a and S components are sinusoidal and
orthogonal while 0 component is the zero sequence component and is equal to 0 axis in d-

g-0 coordinates. The transformation from a-£-0 to d-q-0 domain is defined as:
S, coswt sinet | |S,
= = : (A-4)
S, —sinwt cosat| | S,

Combining equations (A-3) and (A-4), the a-b-c coordinates can be transformed to

d-g-0 coordinates as:

;oL 1]
S, coswt sinwt 0 2 2 S,
S, =\/%* —sinwt coswt O O —\g— —g *1'S, (A-5)
So 0 0 1)1 1 1 S,
A
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The physical meaning of the d-q-0 transformation is shown in Figures A-1. Vector S
is the reference signal. S4 rotates on the a-f plane with angle of H(t) = ot from a axis. The
d-axis is aligned with vector S4 and g-axis is perpendicular to d-axis on a-f plane.
Therefore, d-axis and g-axis are rotating on the a-f plane with the angle of H(t) form a-

axis. The r-axis is the rotating shaft of d-q-0 coordinates. Therefore, 3-phase variables
can be decomposed to d, q and 0 components by d-q-0 transformation.

The vector S contains all the information of the 3-phase variables, such as harmonics,
and unbalance components. If the 3-phase variables (voltage or current) are sinusoidal
and balanced, the locus of the vector S is a circle on the plane.

Generally, d and q components have DC and AC values while 0 component has only
AC value. The DC values of d and g components come from positive components of the
3-phase variables. The AC component is tﬁe result» o_f' disturbances such as harmonics in
the system. The 0 component comes from zero sequence of the 3-phase variables.
Basically, in a balanced 3-phase system without harmonics the d component has a DC

value while g and 0 components are zero.

0-axis

80 I s

q-axis

a-axis \»

p-axis

Figure A-5-1: Physical meaning of d-q-0 transformation
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Appendix B

Passive component design:

In this appendix, the design of the snubber circuits and passive components of the

VSCs that are used for the simulations are presented.

1. DC-link capacitors

In Section 2-7, the method of calculating the DC-link capacitors for a VSC is
explained. For calculation of DC-link capacitors of a SSSC with direct and indirect

controller, eq. (2-13) is recalled i.e.

(Imma . Vdc,aveJ*At Imma _ Vdc,ave

2 R
Cd _ dc _ 2 Rdc (B-1)

‘ AVdc AI/dc * fv

The values of the power circuit are summarized in Table B-5-1 and in the last column
the size of the capacitors are obtained from eq. (B-1)

Table B-5-1: Power circuit values and size of the DC-link capacitors

Controller | I, (A) | Vg (V) AVqe m, f; (Hz) R4 (€2)
Indirect 1.5 0.285 8% Ve 0.8 900 100
Direct 1.5 0.4 8% Ve 0.8 900 100

Based on the above calculations, the total size of the DC-link capacitor for the SSSC

with indirect control is C4c= 30 mF
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For the SSSC with direct control, the total size of the DC-link capacitors is given as

C4c=20 mF.

2. Snubber circuit

In Section 2.6, the method of determining the snubber circuit elements was described.

Eq (2-8) is recalled and the load and switch data are summarized in Table B-2.

on 10
AV =10%U,
Iy AVt (B-2)
on ]0 N
_ I,*t,
T2y,
5*U
R, = 7 d
o]
Table B-5-2: Load and switch data of VSC
Controller Uqg AV g, Iy tri (us) tr(ps)
Direct 0.2 0.02 0.7 5 5
Indirect 0.14 0.014 0.7 5 5

By using eq. (B-2) the following values of snubber elements can be found:

Table B-5-3: Snubber circuit elements

Controller RON L()N ROFF COFF
Direct 30 mQ 0.142 uH 0.142 Q 90 pF
Indirect 20 mQ 0.1 uH 0.1Q 125 pF
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List of Publications:

As a part of our research, the following articles were submitted to international
conferences:

1. S. Salem and V. K. Sood ” Modeling of series Voltage Source Converter

applications with EMTP-RV” Int. Conference on Power System Transients

(IPST’05) in Montreal, Canada on June 19-23 2005.

2. S. Salem, V.K. Sood “Modeling of SSSC with EMTP-RV” Submitted to IEEE
Conference on International Symposium on Industrial Electronics, Montreal,

Canada, and 9-13 July 2006
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