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ABSTRACT

Interconnection of remotely power systems with large generation capacity and system
load is progressively widespread due to the increase of the power exchanges between countries
as well as regions within countries in many parts of the world. In the cases of long distance AC
transmission, as in interconnected power systems, care has to be taken for maintaining
synchronism as well as stable system voltages, particularly in conjunction with system faults and
line switching. With series compensation, bulk AC power transmission over very long distances
(1000 km and more) is in existence today. These long distance power transfers cause, however,
the system low-frequency oscillations, typically within the range of 0.4 to 2 Hz, to become more
lightly damped. For this reason, many power network operators and utilities are taking steps to
add supplementary controls in their systems to provide extra system damping aiming to improve

the system security by damping these undesirable oscillations.

This thesis reports the results of time-domain simulation studies that are carried out to
investigate the effectiveness of supplemental controls of a phase imbalance hybrid single-phase-
Thyristor Controlled Series Capacitor (TCSC) compensation scheme and a static synchronous
compensator in damping power system oscillations. In this context, studies are conducted on a
typical large power system incorporating several series capacitor compensated transmission lines
and large load centers with their reactive power support provided by static synchronous
compensators (STATCOM).

Several case studies investigating the effects of the location of the hybrid single-phase-
TCSC compensation scheme, the degree of compensation provided by the scheme, the stabilizing
signals of the supplemental controls, the fault clearing time, as well as the fault location on the
damping of power system oscillations are documented. The results of the investigations
conducted in this thesis demonstrate that the supplemental controls are very effective in damping
power system oscillations resulting from clearing system faults. The time-domain simulation
studies are conducted using the ElectroMagnetic Transients program Restructured Version
(EMTP-RV).
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Chapter 1

INTROUDUCTION

1.1 General

Development of electric power transmission facilities is constrained despite the fact that
bulk power transfers and use of transmission systems by third parties are increasing.
Transmission bottlenecks, non-uniform utilization of facilities and unwanted parallel-path or
loop flows are not uncommon. Transmission system expansion is needed, but not easily
accomplished. Factors that contribute to this situation include a variety of environmental, land-
use and regulatory requirements. As a result, the utility industry is facing the challenge of
efficient utilization of the existing AC transmission lines. Thus, the transmission systems are
being pushed to operate closer to their stability and thermal limits. Although electricity is a
highly engineered product, it is increasingly being considered and handled as a commaodity.

Thus, the focus on the quality of power delivered is also greater than ever.

Series capacitive compensation of power transmission lines is an important and the most
economical way to improve power transfer capability, especially when large amounts of power
must be transmitted through long transmission lines. However, one of the hindering factors for
the increased utilization of series capacitive compensation is the potential risk of
Subsynchronous Resonance (SSR), where electrical energy is exchanged with turbine-generator
shaft systems in a growing manner which can result in shaft damage [1]. Figure 1.1 shows a
typical time response of a turbine-generator shaft torsional torque during and after clearing a
fault on a series capacitive compensated transmission line in the presence of the SSR
phenomenon. It is worth noting here that this shaft is designed to withstand a maximum
torsional torque of 4 per unit. Another limitation of series capacitive compensation is its
inability to provide adequate damping to power system oscillations after clearing and high-speed
reclosing of system faults. Figure 1.2 shows a typical time response of a generator load angle,
measured with respect to a reference generator load angle, during and after clearing a three-phase

fault on a series capacitive compensated transmission line. As it can be seen from this figure, the



oscillations are not completely damped after the first few seconds from fault clearing which

results in degrading the power quality of the system.
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Figure 1.1: Transient time response of a turbine-generator shaft torsional torque during and after
clearing a system fault on a series capacitive compensated transmission line.
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Figure 1.2: Transient time response of a generator load angle, measured with respect to a
reference generator load angle, during and after clearing a system fault on a series
capacitive compensated transmission line.

1.2 Transmission Line Series Compensation

The main purpose of series compensation in a power system is the virtual reduction of
line reactance in order to enhance power system stability and increase the loadability of
transmission corridors [2]. The principle is based on the compensation of the distributed line
reactance by the insertion of a series capacitor. The reactive power generated by the capacitor is
continuously proportional to the square of the line current. This means that the series capacitor
has a self-regulating effect. When the system loading increases, the reactive power generated by
the series capacitor increases as well. The response of the series capacitor is automatic,
instantaneous and continuous as long as the capacitor current remains within the specified
operating limits. The following are some of the major benefits of incorporating series capacitors

in transmission systems:



1.2.1 Increase the power transfer capability by raising the first swing stability limit

A substantial increase in the stability margin is achieved by installing a series capacitor.
The series compensation will improve the situation in two ways: it will decrease the initial
generator load angle corresponding to a specific power transfer and it will also shift the power-
load angle (P-8) characteristic upwards. This will result in increasing the transient stability

margin.
1.2.2 Increase in power transfer

The increase in the power transfer capability as a function of the degree of compensation
for a transmission line can be illustrated using the circuit and the vector diagram shown in Figure

1.3. The power transfer on the transmission line is given by:

Vel vl

P=———sino = —R|sin o
x line x c X line (l_ k) (11)

where k is the degree of compensation defined as

C

X line

k:

The effect on the power transfer when a constant load angle difference is assumed is
shown in Figure 1.4. Practical compensation degrees range from 20 to 70 percent. Transmission

capability increases of more than two times can be obtained in practice.

Vs e Xiine Vr Vs VR

[

P
Figure 1.3: Transmission line with series capacitor.
1.2.3 Active load sharing between parallel circuits

When two transmission lines are connected in parallel, the natural power sharing
between them is dictated by their respective impedances. If the two lines are of different
configurations (and consequently of different thermal ratings), their impedances could still be

very close. Therefore, the power transmitted in each line will be similar. The voltage drops in



both circuits are identical, and therefore, the relationship between the line currents 1, ,and 1,

can be expressed as:

P maxs P-U.

1 1 1 1
0 0.2 0.4 0.6 0.8

Degree of series compensation

Figure 1.4: Maximum power transmitted over a transmission line as a function of the degree of
series compensation (V| =V, |=1pu. X, =1pu.).

T =122 (1-2)
If overloading the lower thermal rating line, (L,, Figure 1.5) is to be avoided (i.e.,
I o <1 omax ), then the full power capacity of the other line, L,, will never be reached (i.e.

I 1 < l1max ). FOr example, consider the case when L; is a four conductor bundle (quad) circuit

configuration, whereas L, has a two conductor bundle (twin) circuit configuration. If the
conductors of the two bundles are identical, then L; has twice the rating of L,. The inductive
reactances of the two lines, however, are very close. If a series capacitor is installed in the
higher thermal rating line, both transmission lines can operate at their maximum capacity when

the appropriate degree of compensation is provided (50% in this case) [3].

-jX _ .
¢ iXu Line L; Rs
4{ }_NY\/\ 1
o iXi2 R, LineL, |

Figure 1.5: Adjusting the power sharing between two parallel lines using a series capacitor.



1.3 Series Capacitor Location

The optimum location for a single series capacitor bank, in terms of the most effective
use of the series capacitive reactance, is at the middle of the transmission line [2]. The
“effectiveness”, which is based on the distributed parameter theory of transmission lines, is the
figure of merit for the reduction of the series inductive reactance by a series capacitor. One
Canadian installation that has the capacitors located at the middle of the transmission line is the
B.C. Hydro 500 kV system described in [4]. A number of utilities, especially in the U.S., have
tended to utilize two series capacitor banks and locate them at the ends of the transmission lines,
in order to take advantage of existing land and the availability of service personnel at the line
terminals [2]. In some situations, there may be valid reasons (geographical restrictions or
specific benefits) for selecting other locations. For example, B.C. Hydro has a 605 Mvar, 500
kV single capacitor bank installed at McLeese substation which is located “nearly” mid-line
between Williston and Kelly Lake substations (180 km from Williston and 130 km from Kelly
Lake) [5].

1.4 Power System Oscillations

Many electric utilities world-wide are experiencing increased loadings on portions of
their transmission systems, which can, and sometimes do, lead to poorly damped, low-frequency
oscillations (0.5 — 2 Hz). These oscillations can severely restrict system operation by requiring
the curtailment of electric power transfers as an operational measure. They can also lead to
widespread system disturbances if cascading outages of transmission lines occur due to
oscillatory power swings, like during the blackout in Western North America on August 10,
1996 [6].

Damping is defined as the energy dissipation properties of a material or a system. Power
system oscillations can be damped, when extra energy is injected into the system which is
instantaneously decelerated, and/or when extra energy is consumed in the system which is
instantaneously accelerated. The damping energy is obtained by the modulation of load or
generation for a period of time, typically in the range of five to ten seconds. The damping
energy must have the correct phase shift relative to the accelerated/decelerated system as
incorrect phase angles can excite the oscillations. Figure 1.6 shows different possibilities to

damp power system oscillations [7].



1.5  Flexible AC Transmission Systems

All of the above discussed advantages of series compensation can be achieved without
the risks of SSR phenomenon if series Flexible AC Transmission Systems (FACTS) devices are
used instead of series capacitors. These devices are also able to provide adequate and fast

damping to power system oscillations.

Power Oscillations Damping (POD)

POD in the AC system POD using the
| generator unit
Modulation of v
series impedance Application of Power
v System Stabilizer
Modulation of (PSS)
real power
A 4

Modulation of
reactive power

Figure 1.6: Strategies to damp power system oscillations.

FACTS controllers are power electronic based controllers which can influence
transmission system voltages, currents, impedances and/or phase angles rapidly [8], [9]. These
controllers have the flexibility of controlling both real and reactive power, which could provide
an excellent capability for improving power system dynamics. FACTS technology provides an

unprecedented way for controlling transmission grids and increasing transmission capacity.

FACTS controllers may be based on thyristor devices with no gate turn-off (only with
gate turn-on), or with power devices with gate turn-off capability. In general, the principal
controllers with gate turn-off devices are based on dc to ac converters, which can exchange
active and/or reactive power with the ac system. In the studies conducted in this thesis, a series
FACTS controller based on thyristor switches as well as a shunt FACTS controller based on
power devices with gate turn-off capability are considered. The series FACTS controller, shown

in Figure 1.7, is called a Thyristor Controlled Series Capacitor (TCSC) whereas the shunt

6



FACTS controller, shown in Figure 1.8, is called Static Synchronous Compensator (STATCOM)
(8], [9].

Tr
ir Lrcsc
L, | C T I
> [
ic I
CTCSC
Figure 1.7: A schematic diagram of the TCSC.
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ot Ve —-
dc

|

o ||
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Figure 1.8: A STATCOM schematic block diagram connected to the ac grid.

The STATCOM and TCSC which will be discussed in details in Chapters 2 and 3
respectively, have been installed and operated successfully by utilities in several countries. One
example of a TCSC installation is the Brazilian North-South interconnection (a 500 kV, 1020 km
transmission line with a rated transmitted power of 1300 MW), where a hybrid three-phase-
TCSC connects the North and South systems [10], [11]. Such a hybrid three-phase-TCSC,
shown in Figure 1.9, consists of five fixed capacitors (distributed equally along the line length)
and two TCSC modules (located at the sending and receiving ends). The degree of
compensation of the interconnection is 66% (1100 Mvar capacitive), where the fixed capacitors
provide 54% and each TCSC module provides 6%. The task of the TCSC modules is purely
damping the low-frequency, inter-area power oscillations between the two systems. These

oscillations would, otherwise, provide a threat to the stability of the interconnected system. On



the other hand, an example of a STATCOM installation for voltage support as a dynamic
reactive power (var) source is the £ 100 MVAr STATCOM at the Sullivan Substation in North-
Eastern Tennessee [9].

1.6 Research Objective and Scope of the Thesis

The recently proposed phase imbalanced series capacitive compensation concept has
been shown to be effective in enhancing power system dynamics as it has the potential of
damping power swing as well as subsynchronous resonance oscillations [12] - [14]. Figure 1.10
shows two schemes for a phase imbalanced capacitive compensation. They are “hybrid” series
compensation schemes, where the series capacitive compensation in one phase is created using a
single-phase TCSC (Scheme 1) or a single-phase Static Synchronous Series Compensator (SSSC)
(Scheme 11) in series with a fixed capacitor (C), and the other two phases are compensated by
fixed series capacitors (C). The TCSC and SSSC controls are initially set such that their
equivalent compensations at the power frequency combined with the fixed capacitor yield a
resultant compensation equal to the other two phases. Thus, the phase balance is maintained at
the power frequency while at any other frequency, a phase imbalance is created. To further

enhance power oscillations damping, the TCSC and SSSC are equipped with supplementary

controllers.
lai,
ic2
Cresc
T
iT2 I—TCSC
b i|_ 77777777 1lb
1bit, C Eﬂg I
ic2

Cresc

T
it> Lcsc
C -

Tr

CTCSC CTCSC

Figure 1.9: A three-line diagram of a hybrid three-phase-TCSC.
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Figure 1.10: Schematic diagrams of the hybrid series capacitive compensation schemes.

The three-phase TCSC and the hybrid three-phase-TCSC which are already employed by
several utilities for power flow control and damping low-frequency and SSR oscillations have
shown superior performance through field tests and analytical and simulation studies [15] — [29].
The main objective of this research work is to investigate the potential use of a supplemental
control of a STATCOM combined with a phase imbalanced hybrid series capacitive
compensation scheme, namely Scheme | for damping power system oscillations resulting from

large disturbances (mainly transmission line faults) in multi-machine power systems.
There are five chapters in this thesis. The main topics of each chapter are as follows:

Chapter 1 introduces the fundamental benefits of series compensation of transmission
lines. Brief introductions to SSR, FACTS controllers and the TCSC are also presented. The

objective of the research is also presented in this chapter.

In Chapter 2, the system used for the investigations conducted in this thesis is described
and the detailed dynamic models of its individual components are also presented in this chapter.
The results of the digital time-domain simulations of a case study for the system during a three-

phase fault are presented at the end of this chapter.

Chapter 3 presents a comprehensive description of the TCSC, its three modes of
operation and the analysis of its net reactance. The phase imbalanced hybrid single-phase-TCSC
compensation scheme (Scheme 1) and its modeling in the ElectroMagnetic Transient Program
(EMTP-RV) are also presented.

Chapter 4 demonstrates the effectiveness of the supplemental controllers of the hybrid
single-phase- TCSC compensation scheme (Scheme I) and the STATCOM in damping power



system oscillations through time-domain simulation studies. The performance of the controllers
under different stabilizing signals is also investigated.

Chapter 5 summarizes the research described in this thesis and presents some
conclusions.
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Chapter 2

POWER SYSTEM MODELING FOR LARGE DISTURBANCE
STUDIES

2.1 General

In this chapter, the system used for the studies reported in this thesis is described and the
mathematical models of its various components are presented. A digital time-domain simulation

of a case study of the system during a three-phase fault is presented at the end of this chapter.
2.2 System under Study

The system used in the investigations of this thesis is shown in Figure 2.1. It consists of
four large generating stations (G, G,, G and G,) supplying two load centers (S; and S;) through
seven 500 kV transmission lines. The two double-circuit transmission lines L; and L, are series
compensated with fixed capacitor banks located in the middle of the lines. The compensation
degree of L; and L, is 50%. The total installed capacity and peak load of the system are 5600
MVA and 4590 MVA respectively. Shunt capacitor banks are installed at bus 4 while a
STATCOM is installed at bus 5 to maintain their voltages within 1+0.05 p.u. The system data
are given in Appendix A.

2.3  Power System Modeling

The nonlinear differential equations of the system under study are derived by developing
individually the mathematical models which represent the various components of the system,
namely the synchronous generator, the excitation system, the transmission line and the system
load. Knowing the mutual interaction among these models, the whole system differential

equations can be formed.

2.3.1  Modeling of the synchronous machine
In a conventional synchronous machine, the stator circuit consisting of a three-phase winding
produces a sinusoidally space distributed magnetomotive force. The rotor of the machine carries

the field (excitation) winding which is excited by a dc voltage. The electrical damping due to the

11



eddy currents in the solid rotor and, if present, the damper winding is represented by three
equivalent damper circuits; one on the direct axis (d-axis) and the other two on the quadrature
axis (g-axis). The performance of the synchronous machine can be described by the equations
given below in the d-q reference frame [30]. In these equations, the convention adopted for the
signs of the voltages and currents are that v is the impressed voltage at the terminals and that the
direction of positive current i corresponds to generation. The sign of the currents in the
equivalent damper windings is taken positive when they flow in a direction similar to that of the

positive field current.

With time t expressed in seconds, the angular velocity « expressed in rad/s (

o, =377 rad /sec) and the other quantities expressed in per unit, the stator equations become:

1 d¥
€y =— d_iqj - R, (2-1)
q a
o, d o,
1 d¥
e, = ———+ 2w, —R,i, (2.2)
o, dt o,
The rotor equations:
1 d¥y .
€y = + Ryl (2-3)
o, dt
1 d¥ _
= =+ Righg (2-4)
o, dt
1 d¥, )
0 =———+Ryi, (2.5)
o, dt
1 d¥, )
0 =——"+R,i, (2.6)
o, dt
The stator flux linkage equations:
Wy =—Lyig +Lgiy + L0 (2-7)
W, = —Lig + Ly, + Ly, (2.8)
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Figure 2.1: System under study.
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Figure 2.2: Modeling of the synchronous machine in the d-q reference frame.
The rotor flux linkage equations:

Wy =Ly +Lyhy — Lyl (2.9)
Wiy = Lagly * Lighy = Lalg (2.10)
Wi, = Lyglig + Laglag — Ll (2.11)
W, = Lol + Lagiy, — Luly (2.12)
The air-gap torque equation:
Teee = ¥alg = ¥olg (2.13)

The overall differential equations which describe the transient performance of the

synchronous machine are given by the following matrix equation:

o)
= [At syn ][X syn ]+ [Bt syn ]| th |
[ew ]

(2.14)

—
o
—
| |
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where

-, o L, 0 L, 0]
} o -L, 0 L, 0 L, }
[L]=I_Lad o L, 0O L, O I
|0 -L, 0 L, 0 L,
I—Laq o L, 0 L, O I
| 0 L, 0 L, 0 L]
i—a)ORa - ol 0 ol 0 ol —}
| oL, o,R, -olL, 0 - oL, 0 |
[Qt]=I 0 0 -o,R, 0 0 0 I
|0 0 0 ®oR,, 0 0 |
I 0 0 0 0 -w,R, 0 I
| o 0 0 0 0 ~@,R,, |
[w, 0 0]
I 0 w, O I
ri-| 00 )
| 0 0 0 |
lo o ol
L 0 0 0 J

here, the superscript ' means matrix transpose.

The synchronous machine swing equation can be written as:

2H dow

__=TMECH _TELEC
w, dt

do

—=w-0

dt 0
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In the above two equations (2.16 and 2.17), o is in radians per second, the inertia
constant H is in seconds, and the load angle & is in radians, ®, is the synchronous frequency
(377 rad/sec) and the mechanical and electrical torques Tyecn and Tg gc are in per unit.

In developing the equations of multi-machine systems, the equations of each synchronous
machine expressed in its own d-q reference frame which rotates with its rotor must be expressed
in a common reference frame. Usually, a reference frame rotating at synchronous speed is used
as the common reference. Axis transformation equations are used to transform between the

individual machine (d-q) reference frames and the common (R-1) reference frame [30].

2.3.2 Modeling of the transmission line

A series capacitor-compensated transmission line may be represented by the RLC circuit
shown in Figure 2.3 [31]. In the voltage phasor diagram shown in Figure 2.4, the rotor angle &
is the angle (in elec. rad) by which the g-axis leads the reference voltage V,. The differential
equations for the circuit elements, after applying Park’s transformation [31], can be expressed in

the d-q reference frame by the following matrix expressions.

i RL X|_ XC
@——»—Iﬁ/\/\/\—#m—{ Infinite Bus
Vi ¢ 4V,

VR L

Figure 2.3: A series capacitor-compensated transmission line.

The voltage across the resistance:

|—VRd—| [_RL O—H—d—l
vl el (218
| Ve | 0 R, L'QJ
The voltage across the inductance:
[ o [x, i, T
vl D% T I 1 Sl
= L | N ) I g | (2.19)
{VLQJ |£XL 0 |[IqJ | 0 Xy |LLJ
I_wo _‘ L wOJ t

16



Figure 2.4: Voltage phasor diagram.

The voltage across the capacitor:

|rdVCd1|
dt _|’a)oxc 0 -||_id—| [ O a)—||_vcd-| 2.20
|chq |_L 0 woxcﬂiqr{—w OHVCqJ (220
el
The overall equations of the transmission line can be written as
[V, 1
icldt | Ve | ks iy ]
\ VCd e -d
o )7 Rl e fRe2]) - fe v, (2.21)
| v, | |_ CqJ LFJ qu
| |
L Va |
where
o
_|me 9
el=l
Lo 1]
[0 0]
| 0 0 |
| X |
[Rt1]=|—= o |
| o, |
| X |
| 0 = |
L @, |
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(2.22)

2.3.3 Excitation system

The block diagram representation of the excitation system used in this study is shown in

Figure 2.5, and the corresponding data are given in Appendix A [31].

Eref + KA ER 1 / E
e 1+sTa | | KetsTe | / [ ©

Ess Lim_min
Vt | SKFE
1+STee

Figure 2.5: Block diagram of the excitation system.

Utilizing the relationship between the excitation system output voltage and the field

ad

. L . o .
voltage given by E , = R—efd , the state-space equation of the excitation system can be derived
fd

from its block diagram and is given by

[dX , ] [V ]
Y= + 2.23
EaNALLBECS @23)

where

18



I— _KE ind 0 —I
| Te Te Ly |
1 K
A ]=| o LD | (2.24)
| . .
|_KEKF ad KF _il
L TETF Rfd TFTE TFJ
00
K K
CREELLY
T, T
L o 0]

2.3.4 Modeling of the transformer

The three-phase transformer is constructed by using three single-phase transformers
connected in Delta (LV side)/Y grounded (HV side). The transformer leakage and magnetizing

reactances as well as the winding resistances and core loss are represented in the model.

2.3.5 Modeling of system loads

The system loads are modeled in these studies by constant impedances. The formula,

which is used in calculating the load impedances, is given by [32]:

|VLoad|2 (2.25)

YA =
Load .
oa Proad—JQLoad

where

Z10aa = l0ad impedance.
V10aa = l0ad voltage.

P, ,q.q = load real power.

Qroaq = load reactive power.
2.4 The Static Synchronous Compensator

The STATCOM is a shunt connected reactive power compensation FACTS Controller that is
capable of generating and/or absorbing reactive power and in which the output can be varied to
control specific parameters of an electric power system. It is, in general, a solid-state switching
converter capable of generating or absorbing independently controllable real and reactive power
at its output terminals when it is fed from an energy source or energy-storage device at its input
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terminals. More specific, the STATCOM is a voltage-source converter (VSC) that, from a given
input of dc voltage, produces a set of three-phase ac output, each in phase and coupled to the
corresponding ac system voltage through a relatively small reactance (which is provided by
either an interface reactor or the leakage inductance of a coupling transformer). The dc voltage
is provided by an energy storage capacitor. The principle of operation of VSCs is discussed in
Appendix B [33].

241 STATCOM principle of operation

The STATCOM is a controlled reactive power source. It provides the desired reactive power
generation or absorption entirely by means of electronic processing of the voltage and current
waveforms in a VSC. A single-line diagram of a STATCOM power circuit is shown in Figure

2.6(a), where a VSC is connected to a utility bus through magnetic coupling [34].

Eutility (E)

Istatcom (lg) lq
Es>E; “4(supplies Q)
Magnetic — E - ﬁ‘Eac
coupling — <
P A "7 | (absorbs Q)

e Estatcom (Es)

Voltage- (b)
source
converter

lac 4
+||=
|| DC energy
Ve source
(a)

Figure 2.6: The STATCOM principle diagram: (a) power circuit, (b) reactive power exchange.

The exchange of the reactive power between the converter and the ac system can be controlled

by varying the amplitude of the three-phase output voltage, E;, of the converter, as illustrated in
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Figure 2.6(b). That is, if the amplitude of the output voltage is increased above that of the utility
bus voltage, E;, then a current flows through the reactance from the converter to the ac system
and the converter generates capacitive-reactive power for the ac system. If the amplitude of the
output voltage is decreased below the utility bus voltage, then current flows from the ac system
to the converter and the converter absorbs inductive-reactive power from the ac system. If the
output voltage equals the ac system voltage, the reactive power exchange becomes zero, in which
case, the STATCOM is said to be in a floating state.

The VSC has the same rated current capacity when it operates with the capacitive or
inductive current. Therefore, a VSC having a certain MVA rating gives the STATCOM twice
the dynamic range in MVAR. The magnitude of the capacitor is chosen so that the dc voltage
across its terminal remains fairly constant to prevent it from contributing to the ripples in the dc

current.

The VSC may be a 2- level or 3-level type, depending on the required output power and
voltage [9], [34]. A number of VSCs are combined in a multi-pulse connection to form the
STATCOM. At steady-state, the VSCs operate with fundamental frequency switching to
minimize converter losses. However, during transient conditions caused by line faults, a Pulse
Width Modulation (PWM) mode is used to prevent the fault current from entering the VSCs. In
this way, the STATCOM is able to withstand transients on the ac side without blocking.

2.4.2 STATCOM V-l characteristic

A typical V-I characteristic of a STATCOM is depicted in Figure 2.7 [34]. As can be seen,
the STATCOM can be operated over its full output current range even at very low system
voltage levels (typically 0.2 p.u.). In other words, the maximum capacitive or inductive output
current of the STATCOM can be maintained independently of the ac system voltage. Moreover,
the STATCOM maximum Var generation or absorption changes linearly with the ac system

voltage.
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Figure 2.7: The STATCOM V-I characteristic.

2.4.3 STATCOM controller

The main function of a STATCOM, as with an SVC, is to regulate the transmission line
voltage at the point of connection. Figure 2.8(a) shows the block diagrams of a STATCOM

voltage controller where Es is controlled by varying the modulation ratio m (Appendix B).

For a proper operation of the STATCOM, the dc bus voltage must be maintained within a
pre-specified range. At steady state, Es lags E; by a small angle (less than one degree) in order to
charge the dc capacitor and supply the VSC losses. The control of the dc capacitor voltage is
achieved by implementing a proportional-integral (PI) controller as shown in Figure 2.8(b). The

output of this controller, “A64.” is added to the phase angle between Es and E;.
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Figure 2.8: A STATCOM controller: (a) voltage control, (b) dc capacitor voltage control.

2.5 A Sample Case Study

In the studies conducted in this thesis, the ElectroMagnetic Transient Program (EMTP-
RV) is used for modeling the various system components and producing the time-domain
simulation results [35]. Due to the initialization process in the EMTP-RYV, simulation results will
be displayed starting at time equal fifteen seconds. Moreover, faults are assumed to occur at t =

16 seconds.

Figure 2.9 shows the power flow results for the bus voltages and the line real power
flows of the system under study. Figure 2.10 shows the transient time responses of the generator
load angles and speeds (measured respectively with respect to the load angle and speed of
generator 1), the bus voltages and the real power flows in the transmission lines during and after
clearing a three-cycle, three-phase fault at bus 3. The following observations can be made from

examining these two figures:
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. The power flow results show heavy power transfers along the two compensated lines L;
and L.

. The system is stable after fault clearing. The generator load angles and speeds reach
steady states. The bus voltages drop immediately at the instant of fault inception but
recover after fault clearing.

. The low frequency oscillations in the generator load angles and speeds are poorly
damped.

. The system under study has four generators; therefore, it has three natural modes of
oscillations [29]. In general, synchronous machines respond to disturbances by complex
oscillations that involve several natural frequencies, but a particular machine or group of
coherent machines may tend to favor one mode over all others [2]. This is the case for
generators 2, 3 and 4. As it can be seen from the load angle responses of these three
generators, measured with respect to the load angle of generator 1 (Figure 2.10),

generators 2, 3 and 4 tend to oscillate at a single frequency (approximately 1.4 Hz).
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Voltages are in p.u.
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Figure 2.9: Power flow results of bus voltages and line real power flows of the system under
study.
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Figure 2.10: Transient time responses of the power system during and after clearing a three-
cycle, three-phase fault at bus 3.
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2.6 Summary

This chapter introduced the system used for the studies reported in this thesis and
presented the mathematical models of its various components. A digital time-domain simulation

of a case study of the system during a three-phase fault is also presented and some observations
are noted.
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Chapter 3

THE THYRISTOR CONTROLLED SERIES CAPACITOR
AND THE HYBRID SINGLE-PHASE- TCSC
COMPENSATION SCHEME

3.1 General

This chapter presents the description and the basic principles of the TCSC as well as the
derivation of its mathematical model. Modeling the hybrid single-phase-TCSC scheme in the

ElectroMagnetic Transient Program (EMTP-RV) is also presented.
3.2 Thyristor Controlled Series Capacitor

The TCSC shown in Figure 3.1 consists of a number of series connected modules. In each
module, the capacitor bank is provided with a parallel thyristor controlled inductor that circulates
current pulses which add in phase with the line current. This boosts the capacitor voltage beyond
the level that would be obtained by the line current alone. A Zinc oxide varistor is included in
each module for secure overvoltage protection of the TCSC. Each thyristor is triggered once per
cycle and has a conduction interval that is shorter than a half-cycle of the rated frequency. If the
additional voltage created by the circulating current pulses is controlled to be proportional to the
line current, the transmission system will perceive the TCSC as having a virtually increased
reactance beyond the physical reactance of the capacitor. This feature which is referred to
“vernier control” can be used for short-time transient control. The upper limit for vernier
operation is a function of the line current magnitude and time spent at the operating point.
Moreover, this scheme can provide an accurate setting of the compensation degree with a high
resolution as well as a subsynchronous resonance immune series compensation even at high

compensation degrees [36], [37].
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Figure 3.1: A multi-module TCSC.

The control and protection of TCSC are partitioned in two levels; common and module.
Commands for both control and protective operations flow from the common level to the module
levels. Status information is sent back from each module level. The design concept is to permit
any module or combination of modules to be out of service while still being able to operate the

remaining modules to benefit the power system.
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The common-level protection detects problems affecting all modules, and as such,
generally requires bypassing all modules with the bypass breaker. The module-level protection
detects problems affecting a single-module and as such, may only initiate protective actions
within the affected module. The thyristor switches allow for bypassing individual modules by
continuous gating the thyristors, and this is an effective protective action for many potential
internal failures (e.g., capacitor failure). However, for some serious problems within a module
(e.g., varistor failure), protective actions may involve bypassing all modules with the bypass
breaker.

3.3 Operation of the TCSC
3.3.1 Basic principles [34]

A simple understanding of TCSC functioning can be realized by analyzing the behavior of
the circuit shown in Figure 3.2 which consists of a variable inductor connected in parallel with a
fixed capacitor. The equivalent impedance, Zeq, of this LC combination is expressed as:
1

eq :_j—l
oC—-— (3.1)

The impedance of the capacitor alone, however, is given by X . = — j % .
w

P N

C
|
I

Figure 3.2: A variable inductor connected in parallel with a fixed capacitor.

IfoC - (LL} > 0 or, in other words, » L > % the reactance of the fixed capacitor is less
[ [0

than that of the parallel-connected variable reactor and that this combination provides a variable-
capacitive reactance are both implied. Moreover, this inductor increases the equivalent-
capacitive reactance of the LC combination above that of the fixed capacitor.
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If wC - (—] =0, a resonance develops that results in an infinite-capacitive impedance.
ol

If, however,w C —{LL] <0, the LC combination provides inductance above the value of the
[

fixed inductor. This situation corresponds to the inductive-vernier mode of the TCSC operation.

In the variable-capacitive mode of the TCSC, as the inductive reactance of the variable
inductor is increased, the equivalent-capacitive reactance is gradually decreased. The minimum
equivalent-capacitive reactance is obtained for extremely large inductive reactance or when the
variable inductor is open-circuited, in which the value is equal to the reactance of the fixed

capacitor itself.

The behavior of the TCSC is similar to that of the parallel LC combination. The difference
is that the LC-combination analysis is based on the presence of pure sinusoidal voltage and
current in the circuit, whereas in the TCSC, the voltage and current are not sinusoidal because of

the thyristor switchings. The analysis in this case is presented in Section 3.4.

3.3.2 Modes of TCSC operation
There are three modes of TCSC operation:

1. Bypassed-Thyristor Mode: the thyristors are made to fully conduct resulting in a
continuous sinusoid of flow current through the thyristor valves (Figure 3.3(a)). The
TCSC module behaves like a parallel capacitor-inductor combination. The net current
through the module, however, is inductive, for the susceptance of the reactor is chosen to
be greater than that of the capacitor.

2. Blocked-Thyristor Mode: the firing pulses of the thyristor valves are blocked. The TCSC
module is reduced to a fixed capacitor (Figure 3.3(b)).

3. Partially Conducting Thyristor or Vernier Mode: This mode allows the TCSC to behave
either as a continuously controllable capacitive reactance or as a continuously
controllable inductive reactance. It is achieved by varying the thyristor-pair firing angle
in an appropriate range. In practice, the TCSC operates only in the capacitive-vernier-
control mode. In such a mode, the thyristors are fired when the capacitor voltage and the
capacitor current have opposite polarity. This condition causes the reactor current to

have a direction opposite to that of the capacitor current, thereby, resulting in a loop-
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current flow in the TCSC controller. The loop current increases the voltage across the
fixed capacitor, effectively enhancing the equivalent capacitive reactance and the series
compensation level for the same value of line current. To preclude resonance, the firing

angle a of the forward facing thyristor, as measured from the positive reaching a zero

<a<180°. This

min =

crossing of the capacitor voltage, is constrained in the range o

constraint provides a continuous vernier of the TCSC module reactance. The loop

current increases as o is decreased from 180 ° t0 « The maximum TCSC reactance

min *

permissible witha = « .., is typically two-and-half to three times the capacitor reactance

min

at fundamental frequency.

!

[

I

(b)

f
-
|

(c)
Figure 3.3: TCSC modes of operation: (a) bypassed-thyristor mode, (b) blocked-thyristor mode,
(c) vernier mode.

3.4 Analysis of the TCSC

The following “approximate” analysis of TCSC operation in the vernier-control mode is
performed based on the simplified TCSC circuit shown in Figure 3.4 [34]. Transmission line

current is assumed to be the independent-input-variable and is modeled as an external current



source, i (t). Moreover, it is assumed that the line current is sinusoidal, as field tests have

demonstrated that very few harmonics exist in the line current [15].

S L it
— Y
C
+| =,
|
Ve
AR

Figure 3.4: A simplified TCSC circuit.

The current through the fixed-series capacitor, C, is expressed as

dv
dt

C—C=i(t)-ip(t).u (3.2)

The switching variable u is equal to 1 when the thyristor valves are conducting (switch S is
closed). When the thyristor valves are blocked (switch S is open), u = 0. The thyristor current,

ir (t) can be described as

di
L—=v

. 3.3
v (33)

Let the line current, i, (t) be represented by
i,(t)=1_cos ot (3.4)
Equations (3.3) and (3.4) can be solved with the knowledge of the instants of switching. In

equidistant firing-pulse control, for balanced TCSC operation, the thyristors are switched on

twice in each cycle of the line current at instants t; and t3 given by

A (3.5)
w

(= 2P (3.6)
w

where B is the angle of advance (before the forward voltage becomes zero). Or,
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p=r-a; 0<f < B (3.7)
The firing angle a is generated using a reference signal that can be in phase with the capacitor

voltage. The thyristor switch S turns off at the instant t, and t, defined as:

=t +— (3.8)
(0]

t, =t +— (3.9
[0

c=2p (3.10)

i (t)= ki‘_l IMG [cos ot - Ccoiskﬂﬁ cos a)rt} -B<ot<p (3.11)
where
o, = (3.12)
LC
N \/LL _ Jx_ (3.13)
1) ol oC X

and Xc is the nominal reactance of the fixed capacitor only. The steady-state capacitor voltage at

the instantwt = — B is expressed by:

IMG X,
= ﬁ(sin B —kcos g tan k) (3.14)

VCl

At ot = g, iy =0, and the capacitor voltage is given by:

Ve (@t = f)=vg, = ~Vgy (3.15)

The capacitor voltage is finally obtained as:

IMG X,
v (t) = I sin ot + k25 iy a)rtw; ~-p<wt<p (3.16)
k? -1 L cos kA J
Ve (t)=ve, + IMG X (sin ot —sin B); B<ot<rz-p (3.17)

Because the nonsinusoidal capacitor voltage, v , has odd symmetry about the axis ot = 0

, the fundamental component, V¢ , is obtained as:
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4 wl2
Ve = — [V, (t)sin otd(wt) (3.18)
T o

The equivalent TCSC reactance is computed as the ratio of Ve tol,:

2

Ve Xc 20 +sin 28
X = = Xo -
TCSC |m C (XC_XL) .
) , (3.19)
N 4X ¢ cos“ p (ktan kg —tan f3)
(XC_XL)<k2—1) ”

The net reactance of the TCSC in per unit of Xc, denoted by Xet (= Xtcsc/Xc, sometimes

called the boost factor) can be expressed as:

Xec o +sin o 4X¢c cos > 0.50
Xnet =47 + 2
(Xe = X_) z (Xe =X_) (k —1) (3.20)
(k tan 0.50 k — tan 0.50)
T

Because the TCSC is used mainly as a capacitive device, the convention is to define
positive reactance as capacitive and negative reactance as inductive. As an example, X . =+2
implies that the thyristors are fired so that the resulting circulating current in the fixed capacitor —
thyristor controlled reactor loop causes a 60-Hz voltage of 2 X I}, p.u. to appear across the

fixed capacitor, which lags the line current by 90°.

The traditional boost control method (constant firing angle delay (CFAD)) controls the
firing angle p = m — a of the thyristor. A rather non-linear relationship exists between the boost
factor kB and the steady state conduction angle o = 23, making kB very sensitive to the instant of
triggering when the TCSC operates at a high boost factor. Further, at transients, a complicated
dynamic characteristic governs the relationship between the firing angle and the conduction
angle. Instead of controlling the thyristor firing angle, another control scheme, named
‘Synchronous Voltage Reversal’ (SVR), is being used. It aims to control the instant when the
capacitor voltage crosses zero [38], [39]. This eliminates the non-linearity in the boost control
and results in that the TCSC apparent impedance at subsynchronous frequencies appears as
inductive. Furthermore, at low boost factors, SVR controlled TCSC can provide much better
SSR damping than conventional CFAD control [40]. In the studies conducted in this thesis, the

SVR control is used.
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3.5 The Hybrid Single-Phase-TCSC Compensation Scheme

Figure 3.5 shows a phase imbalanced hybrid series capacitive compensation scheme using
a TCSC [41]. In such a scheme, the series capacitive compensation in one phase is created
using a single-phase TCSC in series with a fixed capacitor (C.), and the other two phases are
compensated by fixed series capacitors (C). The TCSC control is initially set such that its
equivalent compensation at the power frequency combined with the fixed capacitor C. yield a
resultant compensation equal to the other two phases. Thus, the phase balance is maintained at
the power frequency while at any other frequency, a phase imbalance is created.

Mathematically, this can be explained as follows:

Tg

it Lrcsc i:g c,
i
L. C T H Phase C
Cresc
C
X Y
Phase B
C
Y
X Phase A

Figure 3.5: The hybrid single-phase TCSC compensation scheme.

1) At the power frequency, the series reactance between buses X and Y, in Figure 3.5, in phases

a, b, and c are given by:

X, = Xy = — (3.21)

1
X == — X 1esco (3-22)
jo,C

0o~¢cC

where - jX ;csc, IS the effective capacitive reactance of the TCSC at the power frequency such

that x, = X, = X,.
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2) During any other frequency, fe, including subsynchronous frequencies,

1

Xe == — Xresco — 1AXesc (3-23)
Ja)ecc

The first terms in (3.22) and (3.23) are different because of the difference in frequency. The

third term in (3.23) represents the change in the effective capacitive reactance of the TCSC due

to the action of the TCSC supplemental controller.

3.6 Modeling of the Single-Phase TCSC in the EMTP-RV

The single-phase TCSC is modeled in the EMTP-RV as a single module using an ideal
thyristor pair and an RC snubber circuit as shown in Figure 3.6. A Phase Locked Loop (PLL) is
used to extract phase information of the fundamental frequency line current, which will be used
to synchronize TCSC operation. The thyristor gating control is based on the Synchronous
Voltage Reversal (SVR) technique [38] - [40]. The TCSC impedance is measured in terms of a
boost factor kB, which is the ratio of the apparent reactance of the TCSC seen from the line to the
physical reactance of the TCSC capacitor bank. A positive value of kB is considered for
capacitive operation. A low-pass filter based estimation algorithm is used to estimate the voltage

and the current phasors. A boost measurement block performs complex impedance calculations

for the boost factor of the TCSC as kB = Imag {\iC / where, v and i are the

e 1 Xcresc c
estimated phase voltage and current and Xcrcesc IS the capacitive reactance of the TCSC capacitor
branch at the fundamental frequency. A proportional-integral (PI) control based boost level
controller is implemented to control the TCSC boost level to the desired value by adjusting the
instant of the expected capacitor voltage zero crossing. The integral part of the controller helps
in removing the steady state errors. The controller parameters were determined by performing
repeated time domain simulations for the different operating conditions. This algorithm uses the
difference between the actual boost level and the reference boost level (err) shown in Figure 3.6
as an objective function. The algorithm starts with arbitrary initial values for the control
parameters and calculates the values of the objective function each time. The control parameters
are incremented for the next iteration and the procedure is repeated until the objective function
approaches a minimum value (below a threshold value). The procedure described above is

widely used by industry for tuning of controller parameters. The multiple simulations run
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based tuning procedure similar to the above was reported in [42], [43]. The optimum values of

the parameters obtained for the different compensation degrees are given in Appendix B.
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Figure 3.6: Block diagram of a TCSC controller.

In Figure 3.6, kBye is the TCSC boost level set point and D(t) is the supplementary
control signal for damping low frequency oscillations. The Synchronous Voltage Reversal block
solves for angle » from the non-linear relation, uc; = X, iy [# - tan(47)], where uc; is the
estimated capacitor voltage at the desired instant when the capacitor voltage zero crossing
occurs, iy is the measured value of the line current i, Xo is the TCSC capacitor reactance at the
TCSC resonance frequency, A is the ratio between the TCSC resonance frequency and the
system fundamental frequency and y is the angle difference between the firing time and the
voltage zero-crossing. The value of y is used to calculate the exact firing instants of the
individual thyristors. The non-linear relationship between the boost factor and the thyristor

firing angle a is shown in Figure 3.7.
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Figure 3.7: TCSC boost factor as a function of the thyristor firing angle a.

The most striking feature of the TCSC is that it behaves like an inductor at
subsynchronous frequencies. This prevents the occurrence of a series resonance within a certain
critical frequency band. On the other hand, the TCSC behaves like a capacitor at the power
frequency. The transition of the virtual reactance of the TCSC from inductive to capacitive
outside the subsynchronous frequency band is achieved by means of a reactance controller (like
the SVR technique), providing a controllable capacitive reactance around the power frequency as
shown in Figure 3.8 [44]. The details of the SVR algorithm are given in [38], [39].

3.7 Summary

This chapter presents the description, basic principles and the derivation of the
mathematical model of the TCSC. Modeling the hybrid single-phase TCSC in the
ElectroMagnetic Transient Program (EMTP-RV) is also presented. This model is incorporated
in the system under study (Figure 2.1) replacing the fixed compensations in lines L; and L,. The
effectiveness of the hybrid single-phase compensation scheme in damping power system

oscillations is investigated in the next chapter.
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reactance

Figure 3.8: Effect of the SVR technique on the virtual reactance of the TCSC.
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Chapter 4

DAMPING POWER SYSTEM OSCILLATIONS USING A
STATCOM AND THE HYBRID SINGLE-PHASE-TCSC
COMPENSATION SCHEME

4.1 General

The control offered by the TCSC is an ‘impedance’ type control, i.e. the inserted voltage is
proportional to the line current. This type of control normally is best suited to applications in
power flow corridors, where a well-defined phase angle difference exists between the ends of the
transmission line to be compensated and controlled. In addition, the STATCOM can offer
voltage regulation by functioning as a very fast variable reactive power generation source. As a
result, transient stability improvement and the increase in the maximum real power transmitted
can be achieved. TCSC and STATCOM can also be used, however, to provide additional
damping to the electromechanical (0.5 - 2 Hz) power oscillations as they provide fast speed of
response and executes any switching patterns without such restrictions that might apply for

mechanical switches.

In this chapter, the effectiveness of the STATCOM and the hybrid single-phase-TCSC
compensation scheme (Scheme 1) supplemental controllers in damping power system oscillations
is investigated. For this purpose, the scheme is assumed to be installed in one or more circuits of
lines L; and L, replacing the fixed series capacitor compensations as well as in the
uncompensated line L. The performance of the Scheme | and the STATCOM supplemental
controllers is compared to the case with only fixed capacitor compensation in L; and L, (Fixed
C) as well as to the case when the STATCOM supplemental controller is not activated (TCSC

supplemental controller only).

4.2  TCSC and STATCOM Power Oscillations Damping Controllers
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The TCSC can be made to vary the series-compensation level dynamically in response to
the controller-input signal so that the resulting changes in the power flow enhance the system
damping. Also, the STATCOM controller consists of two loops which they are: outer regulation
loop and inner current loop. They work together to regulate the voltage at the connecting point
with the system. Voltage regulation leads to improve the system damping. The traditional type
of controller for Power Oscillations Damping (POD) purposes uses cascade-connected washout
filters and linear lead-lag compensators to generate the desired reactance modulation signal. The
purpose of the wash-out filters is to eliminate the average and extract the oscillating part of the
input signal. The lead-lag compensators provide the desired phase shift at the oscillations
frequency. Such a controller is illustrated in Figure 4.1 [27], [45], [46]. In some situations, a
simple controller consists of only the washout filters can have a better performance than that of
the lead-lag controller. Such a controller, shown in Figure 4.2 can be regarded as a proportional

type controller.

Xrcsco  X_max

Input
signal
— 1 L STw [ Kg > 1+sTy - 1+sTq
1+STm 1+ST\I\I 1+ST2 1+ST4 Xorder

X min

Figure 4.1: Structure of a lead-lag POD controller.

Xrcsco  X_max

Ipput 1 STy > Kg
signal 1+STm 1+5Tw

Xorder
X min

Figure 4.2: Structure of a simple POD controller.

The selection of the appropriate input (stabilizing) signal is an important issue in the
design of an effective and robust controller. The selected input signal must yield correct control
action when a severe fault occurs in the system. As an example, it was reported in [47] that if the
real power is used as input signal of a pure derivative controller, the output control signal may
cause negative damping effects in the presence of disturbances involving large changes in the

generator power angles.
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The input signals could be local (e.g. real power flows) or remote (e.g. load angles or
speed deviations of remote generators). If a wide-area network of Synchronized Phasor
Measurement (SPM) units is available, then the remote signals can be downloaded at the
controller in real time without delay [48] - [52]. In the studies conducted in this thesis, the
generator load angles and speeds, measured with respect to the load angle and speed of a

reference generator are used as input signals.

It is worth noting here that due to the inherent imbalance nature of hybrid single-phase-
TCSC compensation scheme during transients, the design of the TCSC supplemental controller
using classical linear control techniques would be very difficult, if not, virtually impossible to
achieve. However, nonlinear control theories for STATCOM and TCSC applications have been
found to have a significant potential in recent years [53]. Some of the examples are; variable-
structure controllers (VSCs), model reference adaptive controllers and self-tuning controllers.
VSCs are capable of maintaining a desired response characteristic almost independently of the
system structure. The design of any of such controllers is, however, beyond the level of being a
part of a Master research project. In the studies conducted in this thesis, the supplemental
controller parameters are determined by performing multiple time domain simulations with the
aim of improving the transient responses of the system. In the case of multiple controllers,
simultaneous tuning of the parameters of the controllers is performed to ensure that satisfactory
dynamic and steady-state performances are met whilst minimizing or preventing undesirable

interactions among controllers.

4.3  Case Study I: The Hybrid Single-Phase-TCSC Compensation Scheme is Installed in
both Circuits of Line L;

A1 Bl C1 A2 Bg C2 Al Bl Cl AZ BZ CZ

L1 I—2

Figure 4.3: Case study I: the hybrid single-phase-TCSC compensation scheme is installed in
both circuits of line L;.
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Each TCSC provides 50% of the total capacitive compensation (Xcc = Xtcsc = 0.5 Xc)
and the stabilizing signal for their supplemental controllers as well as for the STATCOM
supplemental controller is d2;. The generator load angles and speeds, measured with respect to
generator 1 load angle and speed, and the transmission line real power flow responses during and
after clearing a three-cycle, three-phase fault at bus 3 are illustrated in Figures 4.4 to 4.6 for the
case when the TCSC supplemental controllers are of a proportional type with a transfer function
given in Equation 4.1 and the STATCOM supplemental controller is not activated as well as for
the case when the TCSC supplemental controllers are of a proportional type with a transfer
function given in Equation 4.2 and the STATCOM supplemental controller given by Equation

4.3 is activated.

05 25

Gosm(s)= (s+0.5)(25+1) @
0.5 23

Crosa(s)=15 (s+0.5) (25 +1) (42
10 5s

Grsals)= (5+10) (55 +1) (43)

It can be seen from Figure 4.4 that in the case of fixed capacitor compensation, the
system is first swing stable for this fault, but the post-contingency oscillations are not well
damped. It can also be seen from Figure 4.4 that the effect of the TCSC supplemental controllers
on the first swing is insignificant. The same figure shows, however, that the TCSC supplemental
controllers reduce the subsequent swings and provide a better damping than in the case of fixed
capacitor compensation. Moreover, Figure 4.4 shows that the STATCOM supplemental
controller has a significant contribution to the damping of the system oscillations. Regarding the
real line power flows, Figure 4.6 shows that in the case of the hybrid single-phase TCSC scheme
and the STATCOM, high spikes occur during the fault period.

4.3.1 Effect of the ratio Xtcsc/Xce

In order to explore such an effect, each TCSC is set to provide 70% of the total capacitive
compensation (Xcc = 0.3 X¢, Xresc = 0.7 X¢) with a stabilizing signal 6,1. Moreover, the
STATCOM supplemental controller is not activated in this case study. Figure 4.7 illustrates the

transient time responses of the generator load angles, measured with respect to generator 1 load
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angle during and after clearing a three-cycle, three-phase fault at bus 3. It can be seen from this
figure that increasing the proportion of the single-phase-TCSC to the fixed capacitor of its phase

(phase C) results in improving the damping of system oscillations.

ﬁ —Fixed C

——Hybrid

-32

—Hybrid+STATCOM

0,, (degrees)

-45
15 16.75 18.5 20.25 22
Time (s)
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> ——Hybrid+STATCOM
D
|-
D -26.5 -
°
%)
2]
-33
15 16.75 18.5 20.25 22
Time (s)

Figure 4.4: Generator load angles, measured with respect to generator 1 load angle, during and
after clearing a three-cycle, three-phase fault at bus 3 (case study I).
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Figure 4.4: Continued.
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Figure 4.5: Generator speeds, measured with respect to generator 1 speed, during and after
clearing a three-cycle, three-phase fault at bus 3 (case study I).
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Figure 4.5: Continued.
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Figure 4.6: Transmission line real power flows during and after clearing a three-cycle, three-
phase fault at bus 3 (case studyl).
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Figure 4.6: Continued.
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Figure 4.7: Generator load angles, measured with respect to generator 1 load angle, during and
after clearing a three-cycle, three-phase fault at bus 3 (case study I- Effect of the
ratio XTCSC/XCC)-
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44  Case Study Il: The Hybrid Single-Phase-TCSC Compensation Scheme is Installed
in both Circuits of Line L,

AB, C, AB; G A B C A B, G

1]

Figure 4.8: Case study Il the hybrid single-phase-TCSC compensation scheme is installed in
both circuits of line L.

Each TCSC provides 50% of the total capacitive compensation (Xcc = Xycsc = 0.5 Xc)
and the stabilizing signal for their supplemental controllers as well as for the STATCOM
supplemental controller is d;. The generator load angles and speeds, measured with respect to
generator 1 load angle and speed, and the transmission line real power flow responses during and
after clearing a three-cycle, three-phase fault at bus 3 are illustrated in Figures 4.9 to 4.11 for the
case when the TCSC supplemental controllers are of a proportional type with a transfer function
given in Equation 4.4 and the STATCOM supplemental controller is not activated as well as for
the case when the TCSC supplemental controllers are of a proportional type with a transfer
function given in Equation 4.5 and the STATCOM supplemental controller given by Equation

4.6 is activated.

Comparing Figures 4.9 to 4.11 to Figures 4.4 to 4.6 reveals that the system transient time
responses in case studies | and Il are very similar. Moreover, Figure 4.9 shows that the hybrid
single-phase TCSC at its new location along with the STATCOM supplemental controller are

very effective in the damping of the system oscillations.

05 25
GF”‘“1(5):_0'8(5+o.5) (25 +1) 44

0.5 2s
Crsnl8) =08 Zer D) (4:5)

57



80 50's
G s) = 250 4.6
r-sa(8) (s+80) (505 +1) (4.6)

-32 T T T

—Fixed C
—Hybrid

—Hybrid+STATCOM

0,, (degrees)

-45
15 16.75 185 20.25 22
Time (s)
-20 : : :
ﬁ —Fixed C
——Hybrid
m — Hybrid+STATCOM
&
S
D -265 -
=
&5
2=}
=A1
-33
15 16.75 18.5 20.25 22
Time (s)

Figure 4.9: Generator load angles, measured with respect to generator 1 load angle, during and
after clearing a three-cycle, three-phase fault at bus 3 (case study II).
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Figure 4.10: Generator speeds, measured with respect to generator 1 speed, during and after
clearing a three-cycle, three-phase fault at bus 3 (case study II).
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Figure 4.10: Continued.
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Figure 4.11: Transmission line real power flows during and after clearing a three-cycle, three-
phase fault at bus 3 (case study I1).
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Figure 4.11: Continued.
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Figure 4.11: Continued.

45  Case Study I11: The Hybrid Single-Phase-TCSC Compensation Scheme is Installed
in all Circuits of Lines L;and L,

AiB; C A;B; C, AiB; C A;B;, C,

UL L

Ly L.

Figure 4.12: Case study IlI: the hybrid single-phase-TCSC compensation scheme is installed in
all circuits of lines L, and L.

Each TCSC provides 50% of the total capacitive compensation and the disturbance is a
three-cycle, three-phase fault at bus 3. Three different combinations of stabilizing signals
(tabulated in Table 4.1) are examined in order to determine the combination that would result in
the best system transient time responses. The final results of the time-domain simulation studies
(controllers tuning) are shown in Figure 4.13 which illustrates the generator load angles,
measured with respect to generator 1 load angle, during and after fault clearing. The transfer
functions of the STATCOM and TCSC supplemental controllers for the three combinations are

given in Tables 4.2 and 4.3.
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Table 4.1: The three examined combinations of stabilizing signals.

Combination Each TCSC in L, Each TCSC in L, STATCOM
1 021 021 d21
2 021 021 931
3 021 021 da1

Table 4.2: Transfer functions of the TCSC supplemental controllers.

Combination Each TCSCin L, Each TCSCin L,
1 0.5 s 0.5 s
G(s)=2 G(s)=-0.07
(s+0.5)(s+1) (s+0.5)(s+1)
2 0.5 s 0.5 s
G(s)=2 G(s)=-0.07
) (s+0.5)(s+1) ) (s+0.5)(s+1)
3 s 0.5 s
G(s)=2 G(s)=-0.07
) (s+0.5)(s+1) ) (s+0.5)(s+1)
Table 4.3: Transfer functions of the STATCOM supplemental controller.

It can be seen from this figure that the best damping of the relative load angle responses
are achieved with the 821- 621 — 841 Combination. The other two combinations yield almost to the
same responses which are also very satisfactory. These results should be expected due to the

direct relationship between the relative load angles and the generators that yield the problem.

Having established that 8,1- 621- 841 are the best stablizing input signals, Figures 4.14 and
4.15 illustrate respectively, the transient time responses of the generator speeds (relative to the

speed of generator 1) and the real power flow on the seven transmission lines.

Figure 4.16 illustrates the three-phase voltages, Vx.y, across the hybrid compensation
scheme on one of circuits of double-circuit transmission line L, during and after clearing the fault.

The system phase imbalance during the disturbance is clearly noticeable, especially in phase C

Combination | STATCOM Transfer Function
! G(s)= 250 >0 os
(s+50)(6s+1)
2 50 65
G(s)= 250
(s+50)(6s+1)
3 50 6s
G(s)=100

(s+50)(6s+1)

where the TCSC is installed.
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Figure 4.13: Generator load angles, measured with respect to generator 1 load angle, during and
after clearing a three-cycle, three-phase fault at bus 3 (case study IlI).
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Figure 4.13: Continued.
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Figure 4.14: Generator speeds, measured with respect to generator 1 speed, during and after
clearing a three-cycle, three-phase fault at bus 3 (case study Ill, stabilizing signals
are 91 for both TCSC controllers and 641 for STATCOM controller).
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Figure 4.14: Continued.
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Figure 4.15: Transmission line real power flows during and after clearing a three-cycle, three-
phase fault at bus 3 (case study Ill, input signals are d,; for both TCSC controllers
and 841 for STATCOM controller).
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Figure 4.15: Continued.
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Figure 4.15: Continued.
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Figure 4.16: Phase voltages, Vx.y across the hybrid single-phase-TCSC of Fig. 3.5 during and
after clearing a three-cycle, three-phase fault at bus 3 (case study I1lI).
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4.5.1 Effect of the Fault Clearing Time

Figure 4.17 illustrates the transient time responses of generator load angles, measured
with respect to generator 1 load angle, during and after fault clearing a 4.5 cycle three - phase
fault at bus 3. As it can be seen from this figure, the supplemental controllers are capable also of
damping the system oscillations resulting from such a disturbance for the new fault clearing

time.
45.2 Effect of the Fault Location

Figure 4.18 illustrates the transient time responses of the generator load angle, during and
after fault clearing a 3 cycle three - phase fault at bus 2. As it can be seen from this figure, the
supplemental controllers are capable also of damping the system oscillations resulting from such

a disturbance at the new fault location.

'29 T T T
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15 16.75 18.5 20.25 22
Time(s)
Figure 4.17: Generator load angles, measured with respect to generator 1 load angle, during and

after clearing a 4.5-cycle, three-phase fault at bus 3 (case study Ill, input signals are
321 for both TCSC controllers and 34, for STATCOM controller).
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Figure 4.17: Continued.
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Figure 4.18: Generator load angles, measured with respect to generator 1 load angle, during and
after clearing a 3-cycle, three-phase fault at bus 2 (case study Ill, input signals are
21 for both TCSC controllers and 34, for STATCOM controller).
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Figure 4.18: Continued.

4.6  Case Study IV: The Hybrid Single-Phase-TCSC Compensation Scheme is Installed
inLinesL; and Lj

Al Bl Cl Az Bz C2 A B

LI 11

Figure 4.19: Case study IV: the hybrid single-phase-TCSC compensation scheme is installed in
lines Ly and Ls.

In this case study, the hybrid single-phase-TCSC compensation scheme is installed in the
uncompensated line, Ls, for the purpose of system dynamic reinforcement. As it can be seen
from Figure 2.9, line L3 is the direct interconnection between G; and G,. Controlling the real
power flow of this line would have a direct impact on the oscillations between these two

generators.
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The system pre-fault load flow for this case is shown in Figure 4.20 where it is assumed
that the degree of compensation of L3z is 50% and that the single-phase-TCSC provides 50% of
the total capacitive compensation. The disturbance is a three-cycle, three-phase fault at bus 3.
The final results of the time-domain simulation studies (controller tuning) are compared with
case study Ill and are shown in Figure 4.21. This figure illustrates the generator load angles,
measured with respect to generator 1 load angle, during and after fault clearing. The transfer
functions of the STATCOM and TCSC supplemental controllers with the stabilizing signal &3
are given in Table 4.4.

Table 4.4: Transfer functions of the STATCOM and TCSC supplemental controllers with the
stabilizing signal 5,1 (case V).

Transfer Function
Each TCSC in L1 Grese(s) = —2> S
TescS) = 51 0.5) (s + 1)
Each TCSC in L2 Grese(s) = 22> S
1escS) = 451 05) (s + 1)
STATCOM G (s) = 250 —2 %
STATCOM\S) = 9873 750Y (65 + 1)

As the result of the series compensation of Lz, the phase angles between buses 1 and 2, 1
and 3 as well as between buses 1 and 4 are reduced and the real power transmitted between buses
1 and 2 is increased (from 521 MW, Figure 2.9, to 665.5 MW, Figure 4.20). The reductions in
these phase angles are directly reflected into reductions in the initial values of the relative
generator load angles 6,3, 831 and d4; as it is shown in Figure 4.21. The figure also shows that
Scheme I and the STATCOM supplemental controllers provide very effective damping to system

oscillations.
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Figure 4.20: Power flow results of bus voltages and line real power flows of the system under
study for case study IV.
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Figure 4.21: Generator load angles, measured with respect to generator 1 load angle, during and
after clearing a three-cycle, three-phase fault at bus 4 (case study 1V, stabilizing
signals: 8,1).
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Figure 4.21: Continued.
4.7 Summary

This chapter investigates the potential use of a supplemental control of a STATCOM
combined with a phase imbalanced hybrid series capacitive compensation scheme for damping
power system oscillations. The capability to increase system damping and improve power
transfer capabilities to supply load demand in two load centers using simple controllers is
presented. The results of several case studies have demonstrated the effectiveness of the
proposed supplemental controllers in improving the system dynamic performance.
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Chapter 5

SUMMARY AND CONCLUSIONS

5.1 Summary

Oscillations of real power in power transmission systems may arise in corridors between
generating areas as a result of poor damping of the interconnection, particularly during heavy
power transfer. These oscillations can be excited by a number of reasons such as line faults,
switching of lines or a sudden change of generator output. The existence of real power
oscillations tends to limit the power transmission capacity of interconnections between areas or

transmission regions.

As a result of the Flexible AC Transmission Systems (FACTS) initiative, considerable
effort has been spent in the last two decades on the development of power electronic-based
power flow controllers. The potential benefits of these FACTS controllers are now widely
recognized by the power system engineering and the transmission and distribution communities.
The TCSC and STATCOM have shown to be attractive and very effective controllers for power
flow control, system oscillations damping and steady-state voltage profile enhancement. This
thesis reports the results of the investigations that were carried out to explore the effectiveness of
the hybrid single-phase-TCSC compensation scheme (Scheme 1) and the STATCOM

supplemental controllers in damping power system oscillations in multi-machine power systems.

A brief review of the benefits of series compensation of transmission lines is presented in
Chapter 1. The inability of series capacitors in providing adequate damping to power system
oscillations as well as their contribution to the subsynchronous resonance phenomenon are also

discussed in this chapter.

In Chapter 2, the system used in the studies conducted in this thesis is introduced and the
mathematical models of its components are presented. The results of digital time-domain
simulations of a case study for the system with only fixed capacitance compensation during a

three-phase fault are also presented in this chapter.
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In Chapter 3, comprehensive descriptions of the TCSC, its three modes of operation and
the analysis of its net reactance are presented. The phase imbalanced hybrid single-phase-TCSC
compensation scheme and its modeling in the ElectroMagnetic Transient Program (EMTP-RV)
are also presented.

In Chapter 4, several case studies investigating the effects of the location of the hybrid
single-phase-TCSC compensation scheme, the degree of compensation provided by the scheme,
the stabilizing signal, the fault clearing time, as well as the fault location on the damping of
power system oscillations are documented. These studies are intended to demonstrate the
effectiveness of Scheme | and the STATCOM supplemental controllers in damping power

system oscillations resulting from clearing system faults.
5.2  Conclusions

The studies conducted in this thesis yield the following conclusions for the system under
study:

1. The series capacitor compensated system is first swing stable for three-phase faults, but the
post-contingency oscillations are not well damped.

2. Although the system has three natural modes of oscillation, generators 2, 3 and 4 tend to
oscillate at a single frequency (approximately 1.4 Hz).

3. The hybrid single-phase-TCSC compensation scheme has shown to be, in general, very
effective in damping power system oscillations at different loading profiles.

4. Increasing the proportion of the single-phase-TCSC to the fixed capacitor of its phase results
in improving the damping of system oscillations. Increasing the proportion of the hybrid
single-phase-TCSC compensation scheme to the total fixed capacitor compensation (i.e.
installing the scheme in more transmission line circuits replacing fixed capacitor
compensation) enhances significantly the damping of system oscillations. Choosing the
values of such two proportion options can be considered as an optimization task between
dynamic stability improvements and economical and reliability advantages of fixed series
capacitors.

5. The performance of Scheme | supplemental controller when the deviation of generator 2
load angle, with respect to generator 1 load angle, is used as the stabilizing signal is better

than when the deviations of generators 3 or 4 load angles with respect to generator 1 load
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angle are utilized. This is true regardless of the fault location, fault clearing time or Scheme
I location. On the other hand, the best stabilizing signal for the STATCOM controller is
found to be either the deviation of generator 2 load angle, with respect to generator 1 load
angle or the deviation of generator 4 load angle with respect to generator 1 load angle.

In all case studies, adequate power system oscillation damping is obtained with
proportional-type TCSC and STATCOM supplemental controllers.

Overall, the best damping of the relative load angle responses are achieved when the hybrid
single-phase-TCSC is installed in line L3 as well as in the two circuits of line L;.

. The reduction of the generator first swings depends on the proportion of the hybrid single-
phase-TCSC compensation scheme to the total fixed capacitor compensation in the system.
It is observed, however, that in one case there is a slight increase in the first swing of one
generator. It should be emphasized here that the main task of the supplemental controller of
the hybrid single-phase-TCSC compensation scheme is to damp power system oscillations
in the “already stable” system under study. For transient stability control of marginally

stable power systems, different TCSC control methodologies are usually used.
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APPENDIX A

DATA OF THE SYSTEM UNDER STUDY

A.1 Synchronous Generators

Table A.1: Synchronous generator data.

G G, Gs Ga
Rating, MVA 2400 1000 1100 1100
Rated voltage, kV 26 26 26 26
Armature resistance, r, , p.u. 0 0.0045 | 0.0045 | 0.0045
Leakage reactance, x,, p.u. 0.13 0.14 0.12 0.12
Direct-axis synchronous reactance, x, , p.u. 1.79 1.65 1.54 1.54
Quadrature-axis synchronous reactance, x,, p.u. 1.71 1.59 1.5 15

Direct-axis transient reactance, x , p.u. 0.169 0.25 0.23 0.23

Quadrature-axis transient reactance, x;] , p.u. 0.228 0.46 0.42 0.42

Direct-axis subtransient reactance, x, , p.U. 0.135 0.2 0.18 0.18

Quadrature-axis subtransient reactance, x; , p.uL. 0.2 0.2 0.18 0.18
Direct-axis transient open-circuit time constant, 4.3 4.5 3.7 3.7
Tyor S

Quadrature-axis  transient open-circuit time | 0.85 0.55 0.43 0.43

constant, qu v S

Direct-axis  subtransient  open-circuit  time | 0.032 0.04 0.04 0.04
constant, Ty, , S

Quadrature-axis subtransient open-circuit time | 0.05 0.09 0.06 0.06
constant, T, , S

1 1qgo

Zero-sequence reactance, x, , p.u. 0.13 0.14 0.12 0.12

Inertia constant, H, s 7 3.7 3.12 3.12
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A.2 Transformers

Table A.2: Transformer data.

T T2 T3 Ty
Rating, MVA 2400 1000 1100 1100
Rated voltage, kV 26/500 26/500 26/500 26/500
Resistance, r; , p.u. 0 0 0 0
Leakage reactance, x;, 0.1 0.1 0.1 0.1
p.u.

A.3 Transmission Lines

All transmission lines have the same series impedance

length.

z =0.01864 + j0.3728 Q/km

T .L.series

Y = j4.4739 'S /km

T .L.shunt

Transmission voltage = 500 kV

A.4  System Loads

S, =1400 + j200 MVA

S, =3137 + j500 MVA

A5 Excitation System

and shunt admittance per unit

Table A.3: Excitation system data.

Ka=2 Ke =1.0

Kre =0.03 Ta=0.045

Tre =1.0s Te =0.01s

Lim_max = 4.75 p.u. Lim_min =-4.75 p.u.
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APPENDIX B

THE VOLTAGE SOURCE CONVERTER

B.1  Voltage-Source Converter

The Voltage-Source Converter (VSC) is the basic building block of many of the modern
FACTS devices such as STATCOM, SSSC, and UPFC. The voltage-source converter uses
switching gates that have turn-on and turn-off capability such as Gate Turn-Off Thyristor (GTO),
Insulated Gate Bipolar Transistor (IGBT), MOS Turn-Off Thyristor (MTO) and Insulated Gate-
Commutated Thyristor (IGCT). The voltage-sourced converter generates ac voltage from a dc
voltage. With a voltage-source converter, the magnitude, the phase angle and the frequency of
the output voltage can be controlled. It has the capability to transfer power in either direction by
just reversing the polarity of the current. A typical topology of a GTO-based three-phase two
level voltage-source converter is shown in Figure B.1 (also known as six-pulse converter). The
voltage-source converter dc voltage is supported by capacitor(s) large enough to at least handle a

sustained charge/discharge current without a significant change in the dc voltage.

+ P

A + Fr——1———— |

i Vdc : I

e oo ko hykod
- : | A i Va
Vee¢ O : i Vp
+ : : Ve

Co~ V2d° Te. De. Te ;ﬁ De- iTA-;Z Da-|

- |

! " T LegA

Figure B.1: Topology of a three-phase, two-level, voltage-source converter.

The operating principle of a converter can be explained with the help of GTO and diode
switching operation. For example, when GTO Ta. is switched ‘on’, the phase a ac voltage
would jump to +V,;./2. If the current happens to flow from P to A through GTO Ta+ (shown in
the dotted box in Figure B.1), the power would flow from the dc side to the ac side acting as an

inverter. On the other hand, if the current happens to flow from A to P, it would flow through
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diode Da+ even if GTO Ta+ is switched ‘on’, and the power would flow from the ac side to dc
side acting as a rectifier.

There are many types of converter concepts within the voltage-sourced converter category
for example: multi pulse, multi level, and cascade concept. As all the converter topologies
operate by turn-on and turn-off of power electronic gates, they require some sort of switching
circuitry. The inverter switching strategies used at present can be classified into two main
categories [33]:

1. Fundamental frequency switching: In this technique, the switching of each
semiconductor device is limited to one turn-on and one turn-off per power cycle. The
six-pulse converter shown in Figure B.1 produces a quasi-square-wave output with this
method, which has an unacceptably high harmonic content. In practice, a number of six-
pulse units are combined in series and/or parallel to achieve a better waveform quality
and higher power ratings.

2. Pulse-Width Modulation (PWM): In this technique, the semiconductor switches are
turned ‘on’ and ‘off” at a rate considerably higher than the power frequency. The output
waveform has multiple pulses per half-cycle. This shifts the undesirable harmonics in the
output to higher frequencies and filtering is possible with smaller components. This
method suffers, however, from higher switching losses compared to the previous

switching technique. The PWM method is described in detail in the following section.

B.1.1 Pulse Width Modulation

The Pulse Width Modulation based switching scheme creates a train of switching pulses by
comparing a reference wave “v,..;” and a carrier wave “Vgq,rier . The ac output voltage of the
converter consists of multiple pulses per half-cycle and the width of the pulses can be varied to
change the amplitude of the fundamental frequency of the output voltage. The PWM converter
related basic terms that are used throughout this thesis are given below:

Vrer = Reference sinusoidal waveform peak magnitude, volts.

fr = Reference sinusoidal wave frequency, Hz, 60 Hz in general.

V.arrier = Triangular carrier wave peak magnitude, volts, generally kept constant.
fe = Triangular carrier wave frequency, Hz.

MI = Vi, /Vearrier, amplitude modulation ratio, or modulation index.
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ms = f./f , frequency modulation ratio.

Figure B.2 shows one leg of a six-pulse converter and Figure B.3 shows the generation of the
switching pulses by comparing the reference wave with the high frequency triangular carrier
wave. The turn-on and turn-off of the GTOs takes place corresponding to the crossing points of
the saw-tooth wave and the sine wave. For example, when the rising slope of the triangular
wave crosses the sinusoidal wave, GTO Ta+ switches ‘on” and GTO Ta. switches ‘off’.
Similarly, when the negative slope of the triangular wave crosses the sine wave, GTO Ta. turns

‘on” and GTO Tas+ turns ‘off”. The switching pair Ta+ and Ta. are complement to each other.

+ +
V

o N
V |
dc O V+

C, 1~ 7“ To

Figure B.2: One leg of a voltage-source converter.

b

The output voltage “v,,” of the PWM converter contains a fundamental frequency
component “v,,” and harmonics. Furthermore, the output voltage is symmetrical about the zero
crossing of the sine wave (if the triangular wave frequency is chosen to be an odd multiple of the
reference wave). In general, the magnitude of the triangular carrier wave is kept constant and the
magnitude of the sinusoidal reference wave is either increased or decreased (i.e. increase or
decrease of modulation index, MI), to increase or decrease the amplitude of the fundamental
component of the ac output voltage. When the sinusoidal reference wave amplitude, Vs is less
than Vcarrier, the ac output voltage changes linearly with modulation index, and when V¢ is

greater than Vcarrier , the output voltage tends to become a square wave.

The magnitude of the PWM converter output voltage can be controlled from zero to the
maximum value and the phase angle and/or frequency can be controlled by controlling the
reference wave phase and/or frequency almost instantaneously [2], [33]. The PWM method has
certain advantages such as faster response and capability for harmonic elimination [2], [33]
compared to the fundamental switching method. The PWM method is used to model the

voltage-source converter in this research work.
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Figure B.3: Pulse-width modulation switching signal generation and output voltage.

B.2  Principle of Voltage Source Converter Operation

Consider a VSC connected to an AC system through a lossless reactor as illustrated in Figure

B.4. The converter produces an AC voltage with a fundamental frequency equal to that of the
AC reference voltage. The voltage at the supply bus is assumed to be v 20", and the AC
voltage produced by the VSC is taken to be v, 25, . X, is the reactance of the converter
reactor.

The active and the reactive power can be expressed respectively as

Vsth H
P=—""sing, (B.1)
XI
Vshvs V52
Q=—""=coss, — . (B.2)
X X,

With respect to these two Equations, the following observations are noticed:
1. The active power flow between the AC source and the VSC is controlled by the phase angle

osh. The active power flows into the AC source from the VSC for s, > 0, and flows out of

the AC source from the VSC for 5, <0,
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2. The reactive power flow is determined mainly by the amplitude of the AC source voltage, Vs,
and the VSC output fundamental voltage, Vs, as the angle ds, is generally small. For

v, >V_, the VSC generates reactive power and while it consumes reactive power when
Vg <V,.

Because of its key steady-state operational characteristics and impact on system voltage and
power flow control, the VSC is becoming the basic building block employed in the new
generation of FACTS Controllers.
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Figure B.4: A VSC connected to an AC system.
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