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Preface

INCE THE PAST THREE decades, new economic, social, and legislative

developments have demanded a review of traditional power transmis-
sion theory and practice and the creation of new concepts to allow full
utilization of existing power generation and transmission facilities. In this
respect, the vision of Flexible AC Transmission System (FACTS) was for-
mulated by the Electric Power Research Institute, Palo Alto, California,
in the late 1980s. FACTS emerged as a technology in which various power
electronics-based static controllers enhance controllability and increase
power transfer capability over existing transmission corridors.

FACTS controllers can be broadly classified into two categories. The first
one comprises thyristors. Examples include the static VAR compensator,
the thyristor-controlled series capacitor, and the phase shifter. The second
category comprises self-commutated static converters as controlled voltage
sources. Examples include the static compensator (STATCOM), the static
synchronous series compensator (SSSC), the unified power flow control-
ler (UPFC), the interline power flow controller (IPFC), and the general-
ized unified power flow controller (GUPFC). Compared to thyristor-based
FACTS controllers, voltage-sourced converter (VSC)-based FACTS con-
trollers generally possess superior performance characteristics. As a conse-
quence, VSC-based FACTS controllers have gained in popularity over the
years.

Now, for proper planning, design, and operation of power system net-
works incorporating VSC-based FACTS controllers, a power flow solution
of the network(s) incorporating them is required. Therefore, development
of suitable power flow models of VSC-based FACTS controllers is of fun-
damental importance.

Although a number of books on modeling and applications of FACTS
controllers exist, very few books dwell on their power-flow modeling.
In addition, I have experienced that slow learners face difficulty in

xiii
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comprehending Newton’s method, particularly when proceeding from a
single variable to multiple variables. The same holds true for the concept of
exchange of real and reactive powers by FACTS controllers, especially the
independency of reactive power exchange by individual VSCs, unlike the
exchange of real power. This provided the motivation for writing this book.

This book begins by introducing different VSC-based FACTS controllers
and their working principle. The way in which these FACTS controllers
exchange real and reactive power with the system is explained in detail.
The concepts are supplemented with a few solved problems on some typi-
cal FACTS controllers. Subsequently, the book presents an introduction
to Newton’s method and its application in solving nonlinear algebraic
equation(s), proceeding in a lucid, step-by-step way from a single variable
toward multiple variables. It also introduces the reader to the concept of
the power flow problem and the application of Newton’s method to the
solution of the power flow problem. This is followed by a systematic and
generalized approach for the Newton power flow modeling of VSC-based
FACTS controllers, which is developed from the first principles. Because
of the unique modeling strategy, existing Newton power flow codes can
be reused even after inclusion of FACTS controllers. Practical device
constraint limits of these FACTS controllers are also accommodated in
the power flow models. A large number of case studies have also been
included for the validation of the power flow model of each of the FACTS
controllers.

This book is intended for senior undergraduate and graduate students
in electrical engineering in general and electrical power systems in par-
ticular. The reader is expected to have an undergraduate-level background
in engineering mathematics, network analysis, electrical machines, elec-
trical power systems, and power electronics.

The book is organized into eight chapters. Chapter 1 provides a brief
introduction to FACTS technology and various VSC-based FACTS
controllers.

Chapter 2 introduces the reader to the Newton-Raphson method and
the power flow problem. It also presents the application of the Newton-
Raphson method for solving the power flow problem.

Chapters 3 through 7 detail the Newton power flow modeling of SSSC,
UPEC, IPFC, GUPFC, and STATCOM, respectively.

Chapter 8 presents a Newton power flow model of multiterminal VSC-
HVDC systems with pulse width modulation (PWM) control schemes.
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A unified power flow model of a hybrid AC-DC system is developed. The
model is suitable for an AC power system incorporating multiterminal DC
network(s) with arbitrary topologies.

The Appendix at the end of the book details the derivations of all the
difficult formulae used in the chapters.

In writing this book, I have been greatly influenced by Professor
Biswarup Das, Department of Electrical Engineering, Indian Institute
of Technology, Roorkee, Uttarakhand, India, who has been my friend,
philosopher, and guide. I particularly thank Professors Pragati Kumar
and Madhusudan Singh of my department who constantly encouraged
me. I thank my PhD student, Ms. Shagufta Khan, for helping me with the
manuscript and the figures in this book. I also thank the publisher and
my family for their efforts in pursuing me to take up the project of writing
this book.

Suman Bhowmick
Delhi Technological University

MATLAB?® is a registered trademark of The MathWorks, Inc. For product
information, please contact:

The MathWorks, Inc.

3 Apple Hill Drive

Natick, MA 01760-2098, USA
Tel: +1 508 647 7000

Fax: +1 508 647 7001

E-mail: info@mathworks.com
Web: www.mathworks.com
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CHAPTER 1

FACTS and FACTS
Controllers

1.1 INTRODUCTION

Since the past three decades, the construction of both generation facilities
and, in particular, new transmission lines has been delayed due to energy

cost, environmental concerns, right-of-way restrictions, and other leg-
islative and cost problems. Recently, the philosophy of open access
transmission has facilitated the development of competitive electric
energy markets. New economic, social, and legislative developments have
demanded a review of traditional power transmission theory and practice
and the creation of new concepts to allow full utilization of existing
power generation and transmission facilities, without compromising
system availability and security. In the late 1980s, the Electric Power
Research Institute (EPRI), Palo Alto, California, USA formulated the
vision of flexible AC transmission system (FACTS) in which various power
electronics-based static controllers enhance controllability and increase
power transfer capability while maintaining sufficient steady-state and
transient margins [1-6]. The main objectives of FACTS technology are to
increase the usable transmission capacity of lines and control power flow
over designated transmission corridors.

The FACTS controllers achieve these objectives by controlling the
interrelated parameters that govern the operation of transmission sys-
tems including series impedance, shunt impedance, current, voltage,
phase angle and the damping of power system oscillations. The normal
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power transfer over the transmission lines can be estimated to increase
significantly by using FACTS controllers (about 50%, according to some
studies conducted) [4].

The development of FACTS controllers has followed two distinctly differ-
ent technical approaches, both resulting in a comprehensive group of control-
lers able to address targeted transmission problems. The first group employs
reactive impedances or a tap changing transformer with thyristor switches
(i.e., having no intrinsic turn-off ability) as controlled elements. Examples
include the static VAr compensator (SVC), the thyristor-controlled series
capacitor, and the phase shifter. The second group uses self-commutated static
converters as controlled voltage sources. Examples include the static compen-
sator (STATCOM), the static synchronous series compensator (SSSC), unified
power flow controller (UPFC), the interline power flow controller (IPFC), and
the generalized unified power flow controller (GUPFC) [1-6].

Now, compared to the thyristor-based FACTS devices, the voltage-
sourced converter (VSC)-based FACTS controllers generally provide
superior performance characteristics and uniform applicability for trans-
mission voltage, effective line impedance, and angle control. They also
offer the unique potential to exchange real power directly with the AC
system, in addition to providing the independently controllable reactive
power compensation [1,3]. Consequently, these controllers are evoking a
lot of interest from both the industry and the academia worldwide.

Among the VSC-based FACTS controllers, the STATCOM is the earliest
device to be conceived. It operates as a shunt-connected static VAr compen-
sator whose capacitive or inductive output current can be controlled inde-
pendent of the AC system voltage [7-10]. The first STATCOM, with a rating
of +100 MVAR, was commissioned in late 1995 at the Sullivan substation
of the Tennessee Valley Authority (TVA) in the United States, jointly spon-
sored by the EPRI and the TVA and manufactured by the Westinghouse
Electric Corporation [11,12]. The STATCOM is described in Section 1.2.

1.2 THE STATCOM

As already discussed in Section 1.1, the STATCOM is a VSC-based shunt
FACTS controller. It is primarily used for voltage control of buses. The
schematic diagram of a STATCOM is shown in Figure 1.1.

From the figure, it can be observed that the STATCOM is connected to
any bus j of a power system through a step-up transformer, also known
as the coupling transformer. For power system analysis, we will focus
on fundamental frequency, positive sequence voltages and currents of
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FIGURE 1.1 A STATCOM connected to any bus j of an n-bus power system.
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FIGURE 1.2 Equivalent circuit of Figure 1.1.

the STATCOM. The (fundamental frequency, positive sequence) output
voltage of the STATCOM is shown as Vg,. The STATCOM draws a current
I, from the system. For ease of analysis, we will neglect the losses in the
coupling transformer and the STATCOM. Also, the STATCOM rating lim-
its are ignored. The equivalent circuit of Figure 1.1 is shown in Figure 1.2.

From the figure, using Kirchhoff’s voltage law (KVL), we can write
V; = Vg + jLi Xo, where X, represents the leakage reactance of the cou-
pling transformer. Now, the STATCOM output voltage Vg, is controllable
in both its magnitude and its phase. Since we have assumed a lossless
STATCOM (and also due to the fact that the STATCOM cannot generate
active power by itself), the phase angle of V, is kept equal to that of V. This
can be explained as follows. From Figure 1.2, for a lossless STATCOM, the
active power transfer from bus j to the STATCOM will be

V.Vg .
P =’7hsm(9j -0,,)=0
Xsh

This implies 8, = 0. Thus, in the phasor diagram, V, and V; will be col-
linear phasors, having only two possibilities, depending upon whether the
magnitude of V; is made more or less than V;. These two cases correspond
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FIGURE 1.3 (a) Capacitive and (b) inductive modes of operation of STATCOM.

to the two phasor diagrams shown in Figure 1.3a and b. In the first case
(Figure 1.3a), the magnitude of V, is made more than V;. By virtue of KVL,
in the phasor diagram (Figure 1.3a), the drop jI4, X, is in phase opposi-
tion to both Vg, and V), resulting in the current drawn by the STATCOM
leading the bus voltage by 90°, making it behave like a capacitor from the
bus end. Also, it is important to note that as the magnitude of Vg, can vary
(assuming V; fixed), the drop jI4 Xnalso varies, that is, the STATCOM
current varies. Thus, the STATCOM behaves as a variable capacitor and
delivers variable reactive power to the bus.

In the second case (Figure 1.3b), the magnitude of V, is made less than V.
Again, by virtue of KVL, in the phasor diagram (Figure 1.3b), the drop
jIs X is in phase with both Vg, and V, resulting in the current drawn
by the STATCOM lagging the bus voltage by 90°, making it behave like a
inductor from the bus end. As the magnitude of Vg, can vary (assuming
V; fixed), the drop jl4 X, also varies, that is, the STATCOM current
varies. Thus, the STATCOM behaves as a variable inductor and absorbs
variable reactive power from the bus.

1.3 THE SSSC

As described in Section 1.2, unlike the STATCOM, the SSSC is a VSC-
based series FACTS controller. It acts as a series compensator whose out-
put voltage is in quadrature with and controllable, independently of the
line current for the purpose of altering the overall line reactive drop and
thereby controlling the transmitted electric power [13,14]. It is primarily
used for power flow control. The schematic diagram of an SSSC is shown
in Figure 1.4. Because the SSSC is in series with the transmission line, it
can be installed at the sending or receiving end substation.

The equivalent circuit of the diagram shown in Figure 1.4 is shown in
Figure 1.5. For ease of analysis, the resistances of both the transmission line
and the SSSC coupling transformer are neglected. In addition, the SSSC
losses are also neglected. The shunt admittances of the transmission line are
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FIGURE 1.4 SSSC connected at the sending end of a transmission line.

Bus 1 Bus 2
V.40, v V,£6,

o

FIGURE 1.5 Equivalent circuit of the diagram shown in Figure 1.4.

also neglected. X denotes the combined reactance of the line along with the
leakage reactance of the coupling transformer. The (fundamental frequency,
positive sequence) output voltage of the SSSC is shown as V.. The current
flowing through the transmission line and the SSSC is represented by I.
From the figure, the relationship among the sending end, the receiving
end and the SSSC output voltages along with the line current can be
expressed using KVL as V, =V, + V. + jIX. The phasor diagrams corre-
sponding to this are shown in Figure 1.6a and b. It is important to note
certain important aspects of the phasor diagram. For ease of analysis, it
is assumed that the sending and receiving end bus voltage magnitudes
are same. It is also assumed that some nonzero active power is flowing
through the transmission line from the sending end to the receiving end,
making the difference in phase angles between the sending and receiving
end bus voltages 0, —0, >0, that is, the bus voltage phasors V, and V, are
not collinear and subtend a nonzero angle between each other. Due to the
assumption that the SSSC is lossless, it does not absorb any active power.
Nor it can supply any active power, as there is no active power source.
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FIGURE 1.6 Phasor diagram of voltages in (a) the capacitive and (b) inductive
modes.

Hence, the SSSC output voltage phasor V. and the line current I must be
perpendicular to each other. This gives rise to two possibilities, that is,
I leading or lagging V. by 90°. These two cases correspond to Figure 1.6a
and b, respectively. In the former case (Figure 1.6a), the disposition of V.
makes the line voltage drop phasor jIX larger resulting in an increase of
the line current magnitude. However, in the latter case (Figure 1.6b), the
line drop is smaller, resulting in a smaller line current magnitude.

In Figure 1.6a, the current through the SSSC (I) leads the voltage across
it (V,,), making it act like a variable capacitor (as the magnitude of V. is
controllable) and letting it deliver reactive power to the line. However, in
Figure 1.6b, the SSSC acts like a variable inductor and absorbs the reactive
power from the line.

The direction of the reactive powers corresponding to the phasor dia-
grams in Figure 1.6a and b is shown in Figure 1.7a and b, respectively, in
thick white (unshaded) arrows (Q).

\'A v

}—L)\:)\J | - |

(o
FIGURE 1.7  (a) Direction of reactive power flow of SSSC in the capacitive mode.
(Continued)

()
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FIGURE 1.7 (Continued) (b) Direction of reactive power flow of SSSC in the
inductive mode.

Both STATCOM and SSSC are single-converter-based devices. For bet-
ter control of transmission networks, multiple VSC-based FACTS devices
have been conceptualized, manufactured, and deployed in power systems.
Among these multiple VSC-based devices, the UPFC is one of the most
comprehensive and versatile controllers. It is discussed in Section 1.4.

1.4 THE UPFC

A UPFC consists of two back-to-back linked self-commutating convert-
ers operated from a common DC link and connected to the AC system
through series and shunt coupling transformers. Within its operating
limits, a UPFC can independently control three power system parameters
[15-17]. The first UPFC, with a total rating of +320 MVA, was commis-
sioned in mid-1998 at the Inez Station of the American Electric Power in
Kentucky for voltage support and power flow control [18-21].

The schematic diagram of a UPFC connected at the sending end of a
transmission line is shown in Figure 1.8. The equivalent circuit of the dia-
gram is shown in Figure 1.9.

In Figure 1.9, V. and Vy, represent the fundamental frequency, posi-
tive sequence output voltages of the series and shunt converters. X repre-
sents the total reactance of the line and the leakage reactance of the series
coupling transformer. X, represents the leakage reactance of the coupling
transformer of the shunt converter. I represents the line current and I,
represents the current drawn by the shunt converter.

For ease of analysis, we assume that the sending and receiving end bus
voltage magnitudes are the same and the converters are lossless. The rating

(b)
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FIGURE 1.8 UPFC connected in a transmission line between two buses.
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FIGURE 1.9 Equivalent circuit of the diagram shown in Figure 1.8.

limits of both the converters are ignored. We also assume that before the
UPFC was installed, a nonzero active power (P, > 0) was flowing from the
sending end of the line to the receiving end, which makes 6, > 0, (by virtue
of the active power transfer equation P;, = (V,V,/X) sin (6, — 6,)). Under
such a condition, with the UPFC, the phasor diagrams representing the line
end bus voltages, the series converter output voltage and the line current can
be drawn. We first assume the simple mode in which the series converter
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is not absorbing or delivering any active power. Thus, in this mode, for the
series converter, only two phasor diagrams are possible: (1) V. lagging
the line current I by 90° or (2) V. leading the line current I by 90°. The pha-
sor diagrams will be identical to those shown in Figure 1.6a and b, respec-
tively. Now, as it is assumed that the series converter is not exchanging any
active power with the line, the shunt converter cannot do so either, with the
sending end bus (since no converter can consume or deliver active power
by itself). Thus, the phasor diagrams for the shunt converter will be similar
to those already drawn for the STATCOM in Figure 1.3a and b except that
the bus voltage V; in Figure 1.3a and b will be replaced by V,. Absence of
any active power exchange between bus 1 and the shunt converter can be
observed from the fact that the phase angle difference between Vg, and I,
is +90° and that Vg, and V, are collinear.

However, it is important to note that both the converters can indepen-
dently supply reactive power. Hence, independent of the series converter
absorbing or delivering reactive power, the shunt converter will be deliver-
ing reactive power to the bus if the magnitude of the shunt converter output
voltage V, is more than that of V, (Figure 1.3a) or vice versa (Figure 1.3b).

Next, we consider the more general mode in which the converters can
exchange active power with the power system. Under such a condition,
many possibilities exist. However, only four typical cases with their corre-
sponding phasor diagrams are considered here, which are given below. It is
important to note that these phasor diagrams are not to scale and are only
figurative. All losses and rating limits of converters have been ignored.
For active power, we follow the dictum Re[Vse(—I*)+Vsh(—I:h)} =0, that
is, the UPFC does not have the capability to deliver or consume active
power by itself. Also, while drawing the phasor diagrams, it is followed
that active power flows from a bus with a higher phase angle to bus with a
lower phase angle and reactive power flows from a bus at a higher voltage
to a bus at a lower voltage, in transmission systems.

Case 1: UPFC series converter delivers active power to the line and absorbs
reactive power from the line. The phasor diagrams for the bus and converter
voltages and currents are shown in Figure 1.10a through c. Figure 1.10a
shows the phasors of the sending and receiving end bus voltages, the series
converter output voltage, the line drop, and the line current.

First, we consider the active power. Figure 1.10b shows the phasors of
the series converter voltage V. and the line current I separately. It can be
observed (not shown explicitly) that the line current has a component in
phase opposition to the series converter voltage. This implies that the series
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FIGURE 1.10 (a-c) Phasor diagrams of UPFC voltages and currents in general
mode (case 1).

converter is delivering active power to the line. As the series converter can-
not produce active power by itself, this active power must be coming from
the shunt converter through the common DC link. Now, similar to the
series converter, the shunt converter cannot generate this active power by
itself. Hence, this active power must be coming from the sending end bus
to the shunt converter through its coupling transformer. Because the shunt
converter receives this active power from the sending end bus, the sending
end bus voltage phasor V; must be leading the shunt converter output volt-
age Vi, (active power flows from a bus having a higher phase angle to a lower
one in transmission systems), as shown in Figure 1.10c. This is also reiter-
ated by the shunt converter current phasor I; that has a component in phase
with the shunt converter voltage Vy,, which implies that the shunt converter
is absorbing active power from the sending end bus. The direction of the
active power is shown by thick black (shaded) arrows (P) in Figure 1.11.

Next, we consider the reactive powers. From Figure 1.10b, it can be
observed (not shown explicitly) that the line current I has a quadrature
component lagging the series converter voltage V. by 90°. This means that
the series converter is absorbing reactive power from the line. The direc-
tion of the reactive power flow of the series converter is shown by a thick
thick white (unshaded) arrow (Q,) in Figure 1.11. Also, from Figure 1.10c,
it is observed that the magnitude of the shunt converter voltage Vg, is more
than the sending end bus voltage V; and the current drawn by the shunt
converter I has a quadrature component, which leads the shunt converter
output voltage Vg, by 90°. Both of these imply that the shunt converter is
supplying reactive power to the sending end bus. The direction of the reac-
tive power flow of the shunt converter is shown by a thick white (unshaded)
arrow (Q,) in Figure 1.11.
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FIGURE 1.11  Directions of active and reactive powers of UPFC series and shunt
converters.

Case 2: UPFC series converter absorbs both active and reactive pow-
ers from the line. The phasor diagrams for the bus and converter voltages
and currents are shown in Figure 1.12a through c. Figure 1.12a shows the
phasors of the sending and receiving end bus voltages, the series converter
output voltage, the line drop, and the line current.

Figure 1.12b shows the phasors of the series converter voltage V. and
the line current I separately. First we consider the active power. From
Figure 1.12b, it can be observed (not shown) that the line current I has a
component in phase with the series converter voltage V. This implies that
the series converter is absorbing active power from the line. Because the

j TshXsh

Vsh Vi

Vo

I
I
VSE

(a) (b) (o)

Lsh

FIGURE 1.12  (a—c) Phasor diagrams of UPFC voltages and currents in general
mode (case 2).
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series converter does not consume active power by itself, this active power
must be transferred to the shunt converter through the DC link. Again,
the shunt converter does not consume this active power by itself and,
therefore, must transfer this active power to the sending end bus through
its coupling transformer. Also, because the shunt converter transfers this
active power to the sending end bus, the shunt converter output voltage
Vi must be leading the sending end bus voltage phasor V;, which is shown
in Figure 1.12c. This is also reiterated by the shunt converter current pha-
sor I that has a component in phase opposition to the shunt converter
output voltage Vg,, which implies that the shunt converter is delivering
active power to the sending end bus. The direction of the active power flow
is shown by thick black (shaded) arrows (P) in Figure 1.13.

Next, we consider the reactive powers. From Figure 1.12b, it can be
observed that the line current I has a quadrature component lagging the
series converter voltage V.. This implies that the series converter is absorb-
ing reactive power from the line. The direction of the reactive power flow
of the series converter is shown by a thick white (unshaded) arrow (Q,) in
Figure 1.13. However, from Figure 1.12c, it can be observed that the cur-
rent drawn by the shunt converter I; has a quadrature component leading
the shunt converter output voltage Vg,. Also, the magnitude of the shunt
converter output voltage is more than the sending end bus voltage. Both
of these imply that the shunt converter is delivering reactive power to the

ViZe  y_se, V)26,

W 3 | |
Series
converter

AITlf
T FRLL
AlT'* Shunt

converter

FIGURE 1.13  Directions of active and reactive powers of UPFC series and shunt
converters.
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FIGURE 1.14 (a-c) Phasor diagrams of UPFC voltages and currents in general
mode (case 3).

sending end bus. The direction of the reactive power flow of the shunt
converter is shown by a thick white (unshaded) arrow (Q,) in Figure 1.13.

Case 3: UPFC series converter delivers both active and reactive powers
to the line. The phasor diagrams for the bus and converter voltages and
currents are shown in Figure 1.14a through c.

First we consider the active power. From Figure 1.14b, it can be observed
that the line current I has a component in phase opposition to the series
converter voltage V. This implies that the UPFC series converter is
delivering active power to the line. As already discussed earlier, the series
converter must receive this active power from the shunt converter via the
common DC link. The shunt converter, in turn, receives this active power
from the sending end bus through its coupling transformer. This fact is
reinforced from Figure 1.14c, in which the sending end bus voltage V; is
leading the shunt converter voltage V,. This indicates that the sending end
bus is delivering active power to the shunt converter for onward transfer
to the line (through the series converter). Also, the shunt converter current
I, has an in-phase component with the shunt converter voltage Vg, which
shows that it is indeed absorbing power (from the sending end bus). The
direction of the active power flow is shown by thick black (shaded) arrows
(P) in Figure 1.15.

Next we consider the reactive powers. From Figure 1.14b, it can be
observed that the line current I has a quadrature component leading the
series converter voltage V.. This implies that the series converter is sup-
plying reactive power to the line. The direction of the reactive power flow
of the series converter is shown by a thick white (unshaded) arrow (Q,) in
Figure 1.15. Also, from Figure 1.14c, it can be observed that the shunt con-
verter draws a current I, which has a quadrature component lagging the
shunt converter output voltage Vg,. This implies that the shunt converter is
absorbing reactive power from the sending end bus. This is reinforced by
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FIGURE 1.15 Directions of active and reactive powers of UPFC series and shunt
converters.

the fact that the magnitude of the shunt converter voltage Vg, is less than
the sending end bus voltage magnitude V;. The direction of the reactive
power flow of the shunt converter is shown by a thick white (unshaded)
arrow (Q,) in Figure 1.15.

Case 4: UPFEC series converter absorbs active power from the line and
delivering reactive power to the line. The phasor diagrams for the bus and
converter voltages and currents are shown in Figure 1.16a through c.

First, we consider the active power. From Figure 1.16b, it can be
observed that the line current I has an in-phase component with the
series converter voltage V., which implies that the series converter is

X,

Ve X a
Vl

Ve
Ish

(a) (b) (c)

FIGURE 1.16  (a—c) Phasor diagrams of UPFC voltages and currents in general
mode (case 4).
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absorbing active power from the line. This active power must be trans-
ferred to the shunt converter via the common DC link for onward trans-
mittal by the shunt converter to the sending end bus through the shunt
coupling transformer. From Figure 1.16¢, it can be observed that the
shunt converter output voltage Vg, leads the sending end bus voltage V;.
Also, the current drawn by the shunt converter I; has a component in
phase opposition to the shunt converter output voltage Vg,. Both of these
imply that the shunt converter is delivering active power to the sending
end bus. The direction of the active power flow is shown by thick black
(shaded) arrows (P) in Figure 1.17.

Next, we consider the reactive powers. From Figure 1.16b, it can be
observed that the line current I has a quadrature component that is lead-
ing the series converter voltage V., which implies that the series converter
is delivering reactive power to the line. The direction of the reactive power
flow of the series converter is shown by a thick white (unshaded) arrow
(Q)) in Figure 1.17. Also, from Figure 1.16¢, it can be observed that the
magnitude of the shunt converter output voltage Vy, is more than the
sending end bus voltage V;, implying that the shunt converter is delivering
reactive power to the sending end bus. This is reiterated from the fact that
in Figure 1.16¢, the current drawn by the shunt converter I has a quadra-
ture component leading the shunt converter output voltage Vy,. The direc-
tion of the reactive power flow of the shunt converter is shown by a thick
white (unshaded) arrow (Q,) in Figure 1.17.
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FIGURE 1.17 Directions of active and reactive powers of UPFC series and shunt
converters.
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1.5 THE IPFC AND THE GUPFC

Unlike the STATCOM, SSSC, or UPFC, which can control the power flow
in a single transmission line only, the IPFC or GUPFC can address the
problem of compensating a number of transmission lines simultaneously

at a given substation. The IPFC employs a number of DC-to-AC converters
linked together at their DC terminals, each providing series compensa-
tion for a different line. The converters are connected to the AC system
through their series coupling transformers [22]. The most elementary two-
converter IPFC has three degrees of freedom, being able to control inde-
pendently, three electrical quantities of interest. On the other hand, the
most elementary GUPFC possesses five degrees of freedom, being capable
of controlling independently five electrical quantities of interest [23,24].

The schematic diagram of a simple two-converter IPFC is shown in
Figure 1.18. The equivalent circuit of the diagram shown in the figure is
shown in Figure 1.19.

Bus 1 Bus 2

» Il sel

Converter 1

Converter 2

Bus 3
V3

se2 |

FIGURE 1.18 ~ Schematic diagram of a IPFC with two series converters.
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FIGURE 1.19  Equivalent circuit of the network shown in Figure 1.18.

Before we proceed to draw the phasor diagrams of the voltages and cur-
rents with this two-converter IPFC, it is important to make certain simpli-
tying assumptions. These are given as follows:

1.

6.

The bus voltage magnitudes are taken to be same, that is,
[Vi|=|V2]=|Vs].

. All resistances are negligible. Coupling transformer leakage reactance

is combined with the transmission line reactances.

. The reactances of both the lines are same, that is, X, = X, = X. This

simplifies the analysis.

. Before the IPFC was installed, active power was flowing from bus 1

to bus 2 in transmission line 1 and from bus 1 to bus 3 in transmis-
sion line 2. Thus, V, is leading both V, and V;.

. Before the IPFC was installed, more active power was flowing in

transmission line 1 than in transmission line 2. Since X, = X, = X,
this implies that the phase angle difference between V, and V, is
more than that between V, and V; i.e. V; is leading V,.

Converter rating limits have been ignored.

The IPFC is used for simultaneously reducing the receiving end active
power in transmission line 1 (connected between buses 1 and 2) and increas-

ing the receiving end active power in transmission line 2 (connected

between buses 1 and 3), in response to a simultaneous change of demand.
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FIGURE 1.20 (a-d) Phasor diagrams of voltages and currents with IPFC.

Typical phasor diagrams to achieve this objective are shown in Figure 1.20a
through d. It is important to note that the phasor diagrams shown in
the figure correspond to only one out of a myriad of schemes possible to
achieve this objective. Although the phase angles of the voltages injected
by the series converters 1 and 2 are assumed to be arbitrary, we again fol-
low the basic rule that the IPFC cannot deliver or absorb active power by
itself, that is, Re[Vsel(—II )+ Viea (-1, )} =0.

First, we discuss the active power. From Figure 1.20a, it can be observed
that due to the voltage V., injected by the series converter 1, the magni-
tudes of the line drop I, X and the line current I, decreases. Also, the receiv-
ing end power factor angle (angle between V, and I,) of transmission line 1
increases compared to the case when there is no IPFC. This results in a
reduction of active power at the receiving end of line 1. The phasor diagram
showing the relationship between V,, and I, is shown in Figure 1.20c. From
this figure, it can be observed that the current I, has a current component in
phase with V; (shown as the projection of I; on V). This implies that the
IPFC series converter 1 absorbs active power from the line through its cou-
pling transformer. Because series converter 1 cannot consume this active
power by itself, this must be transferred through the DC link over to the
series converter 2. Because converter 2 cannot consume this active power
either, it must deliver this active power to transmission line 2 through its
coupling transformer. Because series converter 2 delivers active power to
transmission line 2, the current I, in transmission line 2 must have a com-
ponent in phase opposition to the voltage V., injected by the series con-
verter 2. This is observed from Figure 1.20b and also shown separately in
Figure 1.20d. From Figure 1.20Db, it is also observed that due to the voltage
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V.2 injected by the series converter 2, the magnitudes of the line drop I, X
and the line current I, increases. Also, the receiving end power factor angle
(angle between V; and I,) of transmission line 2 decreases compared to the
case when there is no IPFC. This results in an increase of active power at the
receiving end of line 2. Also, from Figure 1.20b and d, which shows sepa-
rately the relationship between V., and I, along with that between V., and
I,, it can be observed that unlike the projection of I, on V,,,, the projection
of I, on V,, is negative to fulfill the condition Re[Vsel (-, + Veea (-1, )] =0.
The direction of the active power flow for series converters 1 and 2 is shown
by thick black (shaded) arrows (P) in Figure 1.21.

Now, we discuss the reactive powers of the two series converters. From
Figure 1.20c, it is observed that the current I, has a quadrature component
lagging the voltage V., injected by series converter 1. This implies that
converter 1 absorbs reactive power from line 1 through its coupling trans-
former. The direction of the reactive power flow of the series converter 1 is
shown by a thick white (unshaded) arrow (Q,) in Figure 1.21. In a similar
manner, it can be observed from Figure 1.20d that I, has a quadrature

Bus 1 Bus 2
A v,

—_— Il sel

I,

Converter 1

Converter 2

Bus 3
V3

se2 |

FIGURE 1.21 Directions of active and reactive powers of IPFC series converters.
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component leading V., which implies that series converter 2 delivers reac-
tive power to line 2 through its coupling transformer. The direction of
the reactive power flow of the series converter 2 is shown by a thick white
(unshaded) arrow (Q,) in Figure 1.21. It is important to note that unlike
the case of active power, both the converters can absorb or deliver reactive
powers independently.

The GUPEC is an extension of the IPFC. Because the IPFC has already
been discussed in some detail, the GUPFC is not given an exclusive
introduction here. The interested reader is advised to refer to [23,24] for
an introduction. We will directly discuss the power flow modeling of a
GUPEC in Chapter 6.

1.6 VSC-HVDC SYSTEMS

In AC transmission, the length of transmission links are limited by sta-

bility considerations. No such limitation exists for DC transmission. In
this context, a high-voltage DC (HVDC) link can be used to interconnect
two AC substations that are separated by very long distances. A HVDC
link can be used to improve system reliability by interconnecting two
asynchronous AC systems. In light of dwindling fossil fuel resources,
VSC-based HVDC systems can be used to augment power transmis-
sion capacity by integrating offshore wind farms to AC grids. With the
advancement of power electronics, gate-turn-off thyristor (GTO)- and
insulated gate bipolar transistor (IGBT)-based VSC-HVDC systems have
been conceptualized and implemented. VSC-HVDC systems based on
pulse width modulation (PWM) scheme has the advantage of independent
active and reactive power control, along with reduction in filter size [38]. A
typical two-terminal VSC-HVDC system is shown in Figure 1.22.

Bus 1 Bus 2

2'A'%%

i et

Converter 1 Converter 2

FIGURE 1.22 A typical two-terminal VSC-HVDC system.
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Unlike a two-terminal VSC-HVDC interconnection, a multiterminal
VSC-HVDC system is more versatile and better capable to utilize the eco-
nomic and technical advantages of the VSC-HVDC technology.

In a multiterminal VSC-HVDC system, the converter stations can be
located closely, in the same substation or remotely, at different locations.
They are known to be in back-to-back (BTB) or point-to-point (PTP) con-
figuration, respectively. Most of the VSC-HVDC systems installed over
the world are in PTP configuration.

1.7 POWER FLOW MODELS OF FACTS
CONTROLLERS AND VSC-HVDC SYSTEMS

For proper planning, design, and operation of power system networks
incorporating these controllers, it is essential to evaluate the current system
performance as well as to ascertain the effectiveness of alternative plans
of system expansion to meet increased load demand with these FACTS
controllers. This requires the power flow solution of the network(s) incor-
porating these FACTS controllers, and therefore, the development of suit-
able power flow models of these controllers is a fundamental requirement.

The earliest algorithms for power flow solution of networks were based
on the Gauss-Seidel method. They suffered, however, from relatively poor
convergence characteristics. Subsequently, the Newton-Raphson (NR)
algorithm was developed. The underlying problem for the iterative Newton
method is the solution of a matrix equation of large dimension. However,
with the development of sparse matrix techniques and vast increases in low-
cost computer memory and processor speed over the past several decades,
the NR algorithm has emerged as the method of choice in commercial power
tflow packages. Some of the excellent references on the fundamentals of
power flow applying the NR method are [25-31]. For computations involv-
ing power systems under the usual operating conditions, another simplifi-
cation of the NR scheme is also possible. This modification is known as fast
decoupled power flow. In this case, the matrices need not be updated at each
iteration and the computational burden is greatly reduced [26,27,32-36].

Because of the need of suitable power flow models of the FACTS con-
trollers and the adoption of NR algorithm as the de facto standard in the
industry, many researchers have paid attention to the development of NR
power flow models of these VSC-based FACTS devices [37-43].

Now, among the VSC-based FACTS devices, the STATCOM was the
earliest to be conceived. Zhang et al. [44] have presented a comprehensive,
multicontrol functional model of a STATCOM for power flow studies.
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A robust strategy for the enforcement of multiple violated constraints
associated with the STATCOM is also proposed in this work. A novel
power injection model of a STATCOM for power flow and voltage stability
studies, along with practical device limit constraints of the STATCOM,
is addressed in [45]. Yang et al. [46] have accounted for the switching and
conduction losses of the STATCOM in an improved STATCOM model.
Inclusion of coupling transformer resistance in the power flow model of a
STATCOM has been presented by Radman and Shultz [47]. Bhargava et al.
[48] have demonstrated the incorporation of both STATCOM switching
losses and coupling transformer losses using a simple two-step algorithm.

Unlike the STATCOM, the SSSC is a VSC-based series FACTS control-
ler. The first comprehensive, multicontrol functional power flow model of
the SSSC, inclusive of device limit constraints, was presented by Zhang [49].
This model can be used for steady-state control of any one of the line active
or reactive power flows, voltage at a bus, or transmission line impedance. A
multicontrol mode, power injection model of an SSSC for power flow analysis,
inclusive of practical constraints, is addressed in [50]. Vinkovic and Mihalic
[51] have presented a novel current-based model of the SSSC. Instead of the
magnitude and phase angle of the injected voltage, this model uses the real
and imaginary components of the SSSC current for its representation and is
reported to exhibit faster convergence than the injection model [50]. SSSC
models for three-phase power flow analysis have been presented by Zhang et
al. [52]. The models have been implemented in a three-phase Newton power
flow algorithm in rectangular coordinates. Zhao et al. [53] have demonstrated
the realization of an SSSC model for power flow analysis through the user
interface programmer of Power System Analysis Software Package.

Like the STATCOM and the SSSC, a lot of research work has been carried
out in the area of power flow modeling of a UPFC. Sen [54] has addressed
the theory and the modeling technique of a UPFC using an EMTP sim-
ulation package. Arabi and Kundur [55] have considered the UPFC as a
coordinated and interconnected set of controllable shunt and series ele-
ments for comprehensive power flow and stability simulations. Iravani et
al. [56] have presented mathematical models of the UPFC for steady-state,
transient stability, and eigenvalue studies. For the steady-state model, the
sending and receiving ends of the UPFC are decoupled. The sending end
(shunt converter end) bus is converted to a voltage-controlled bus and the
receiving end bus is converted to a load bus. Noroozian et al. [57] have
described a UPFC injection model for power flow study and application
of the UPFC for optimal power flow (OPF) control. Acha et al. [58] have
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presented a comprehensive UPFC model suitable for OPF solutions. An
optimization-based method for steady-state analysis of power systems hav-
ing UPFCs has been presented by Nguyen and Nguyen [59] with a high-
level line optimization control (LOC). In this method, optimal reference
inputs to UPFCs as required in LOC are determined using constrained
optimization. A general UPFC power flow model capable of solving large
power networks is presented in [60,61]. In this model, a set of analyti-
cal equations has been derived to provide good initial conditions for the
UPFC parameters in order to retain the quadratic convergence of Newton
method. Yan and Sekar [62] have presented a modified power flow model
of the UPFC with line power flows and bus voltage magnitudes as inde-
pendent variables. An approximate model for power flow studies that takes
into consideration a lossless model of UPFC-embedded transmission lines
has been presented by Alomoush [63]. Wei et al. [64] have used injected
voltage sources to directly model a UPFC. Subsequently, the limits on the
UPEC rating are imposed in an NR power flow algorithm in order to com-
pute its maximum voltage stability-limited transfer capability. Sun et al.
[65] have proposed a Newton power flow model of the UPFC in rectan-
gular coordinates, in which the UPFC control functions are expressed by
the equivalent loads of the related buses. A novel steady-state model of the
UPEC that can be easily incorporated in existing power flow software and
that provides an automatic adjustment of UPFC parameters and an impo-
sition of UPFC operating limits has been presented by Santos et al. [66].
Dazhong et al. [67] have presented an approach for power flow analysis of
a power system with UPFC using the equivalent power network given in
the work. Eleven novel control modes of the UPFC have been successfully
modeled in Newton power flow algorithm by Zhang and Godfrey [68]. A
generalized power flow model of UPFC incorporating sparse techniques
for formulation and computation of the Jacobian matrix is presented in
[69]. Commercial software of power system analysis can be employed with
this approach. The device limit constraints of the UPFC in power flow con-
trol are addressed in several publications [70-74]. Mhaskar et al. [75] have
presented a methodology incorporating dual state and control variables
for power flow solution with series FACTS controllers, including UPFC, in
which an ingenious selection of variables renders decoupling of the power-
flow problem. Efforts to reuse the original NR power flow codes with a
UPFC model have been demonstrated by Nor et al. [76].

In respect of the IPFC, some excellent techniques for its power flow mod-
eling are presented in [77,78]. Zhang et al. [78] have described a novel power
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injection model of the IPFC for power flow analysis, including its various
limit constraints. The power injection model keeps intact the original struc-
ture and symmetry of the admittance matrix. Modeling of both UPFC and
IPFC for power-flow, sensitivity, and dispatch analysis has been demon-
strated by Wei et al. [79]. In this paper, a common modeling framework for
the analysis and optimal dispatch of FACTS controllers is proposed, which
also allows a consistent formulation of the sensitivity analysis of the VSC
control variables. Modeling of IPFC rating limits in an NR power-flow algo-
rithm for a maximum dispatch benefit strategy is demonstrated in [80]. In
this paper, the power circulation between the two series converters is used as
a parameter to optimize the voltage profile and power transfer.

Zhang [77] has presented a Newton power flow modeling of the GUPFC
along with IPFC. In this paper, modeling of the IPFC and GUPFC with direct
incorporation of their additional control constraints in Newton power flow
is investigated. A mathematical model of the GUPFC suitable for power flow
and OPF study is presented in [81]. In this work, analytical solutions for
initial values of the GUPFC have also been derived for better convergence.
Fardanesh [82] has demonstrated a generalized method utilizing an OPF-
type formulation for modeling of UPFCs, IPFCs, and GUPFCs. Using this
method, optimal dimensioning and sizing of these VSC-based controllers
can be achieved. A simple approach for steady-state modeling of both IPFCs
and GUPFCs based on the converters’ power balance method is demon-
strated in [83]. This approach uses the d-q orthogonal coordinates to pres-
ent a direct solution for these controllers by solving a quadratic equation.

The power flow modeling of VSC-HVDC systems is discussed in
Chapter 8.

1.8 ORGANIZATION OF THE BOOK

In this book, an attempt has been made to investigate systematically the
modeling of VSC-based FACTS controllers and VSC-HVDC systems in
an existing NR power flow algorithm. Newton power flow models of the
SSSC, UPEC, IPFC, STATCOM, GUPFC, and finally VSC-HVDC systems
have been developed.

The outline of the remaining chapters of the book is as follows:

Chapter 2 presents the NR method for solution of nonlinear algebraic
equations. The application of the NR algorithm for solution of non-
linear equations in single and multiple variables is demonstrated.
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Subsequently, the reader is introduced to the power flow problem and
the application of the NR method for its solution. The power flow prob-
lem for an example six-bus system is considered for demonstration
of the NR algorithm. The Jacobian matrix, its constituent subblocks,
and the nature of the elements in these subblocks are described.
Finally, the generalized form of the power flow problem is described.

Chapter 3 presents the development of a Newton power flow model
of an SSSC. Similar to existing models, the proposed model [84,85]
can handle multiple control functions of the SSSC, including control
of bus voltage, line active power flow, line reactive power flow, and
line reactance. The issue of practical device constraints of the SSSC
has also been addressed in this chapter. For this purpose, two major
device limit constraints have been considered: (1) the magnitude of
the injected series converter voltage and (2) the magnitude of the line
current through the converter. These device limit constraints have
been accommodated by the principle that whenever a particular
constraint limit is violated, it is kept at its specified limit, although a
control objective is relaxed. Mathematically, this signifies the replace-
ment of the control objectives by the corresponding limits violated
during the formation of the Jacobian matrix. Furthermore, the pro-
posed model can also accommodate the switching losses for a practi-
cal SSSC very easily. In fact, the proposed technique exhibits excellent
convergence for any practical value of converter switching loss.

Chapter 4 addresses the development of a Newton power flow model
[84,86] of a UPFC, which can also incorporate various practical device
limit constraints. Four major device limit constraints of the UPFC have
been considered: (1) the limits on the magnitude of the injected voltage
of the series converter, (2) the magnitude of the line current through
the series converter, (3) the DC link power transfer, and (4) the magni-
tude of the shunt converter current. These limit constraints have been
enforced in three different ways: (1) limit violation of a single con-
straint, (2) limit violations of two separate constraints simultaneously,
and (3) limit violations of all three separate constraints simultaneously.

Chapter 5 presents the development of a Newton power flow model
[84,87] of an IPFC. Three major device limit constraints of the
IPFC have been considered: (1) the limits on the magnitudes of
the injected voltages of the series converters, (2) the magnitudes of
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the line currents through the series converters, and (3) the DC link
power transfer. For demonstrating the enforcement of the three lim-
its, a single elementary IPFC with two series converters installed in
two different transmission lines has been considered. Single, double,
or multiple (all three) device limit constraints of the IPFC have been
enforced in different combinations.

Chapter 6 addresses the development of a Newton power flow model [84]
of a GUPEC. The proposed model can accommodate five different prac-
tical limit constraints of the GUPFC: (1) the limits on the magnitudes
of the injected voltages of the series converters, (2) the magnitudes of
the line currents through the series converters, (3) the DC link power
transfer, (4) the magnitude of the shunt converter current, and (5) the
magnitudes of the bus voltages on the line side of the series converters.
Enforcement of these five limit constraints have been considered in five
different ways: (1) limit violation of a single constraint, (2) limit viola-
tions of two different constraints simultaneously, (3) limit violations of
all three different constraints simultaneously, (4) limit violations of four
different constraints simultaneously, and (5) limit violations of all five
different constraints simultaneously. For demonstrating the enforce-
ment of limits, a GUPFC with two series converters and a shunt con-
verter (minimum possible configuration) has been considered.

Chapter 7 initially discusses the Newton power flow model [84,88] of a
STATCOM, which also takes care of two practical device limit con-
straints: (1) the limits on the injected voltage of the shunt converter and
(2) the limits on the shunt converter current. Subsequently, by applying
decoupling techniques, a fast decoupled power-flow (FDLF) model of
the STATCOM has also been developed [84,88]. It is to be noted that
the FDLF model of the STATCOM is also capable of considering vari-
ous practical device limit constraints. Finally, a number of comparative
case studies of the Newton power flow and the decoupled power flow
models of the STATCOM are also presented in this chapter.

Chapter 8 presents the development of a Newton power flow model [93]
of multiterminal VSC-HVDC systems with PWM control schemes. The
model is applicable to the more generalized and widely installed point-
to-point VSC-HVDC configurations. Both the converter modulation
indices and the converter DC side voltages along with the phase angle
of the converter AC side voltage appear as unknowns in the model.
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Feasibility studies of all the models proposed in Chapters 3 through 8 have
been carried out on the IEEE 118- and/or 300-bus test systems to validate
the convergence characteristics of the proposed techniques.

Derivations of all the difficult formulae in various chapters are detailed
in the Appendix.

1.9 SOLVED PROBLEMS
PROBLEM 1.1

Figure 1.23 shows the equivalent circuit of a STATCOM connected to a
load bus. The bus voltage is Vius =0.97£10° p.u. The coupling transformer
reactance is X3, = 0.2 p.u.

1. Assuming a lossless STATCOM, find the magnitude (fundamental)
of the STATCOM output voltage V, if the STATCOM delivers a
reactive power of 0.1 p.u to the load bus.

2. Ifthe STATCOM has losses and it receives an active power of 0.02 p.u.
from the load bus, find the reactive power delivered by the STATCOM,
if the magnitude of the STATCOM output voltage V, =1.02 p.u.

Solution

1. The expression for the active power transfer from the load bus to
the STATCOM is given by Py, = ((VbusVS}1 )/ Xsh) sin(Bpys — Oy ). For a
lossless STATCOM, P, = 0. This implies 6, =0y,,;. Hence, 65, =10°.

Now, the expression for the reactive power absorbed by the
STATCOM from the load bus is given by

p— ’ 2
Qsh —Im [VshI:h] _ Iml:vsh{ Vb“.s Vsh } :|: Vsthus COS(eSh . ebus )_ Vsh .

]X sh sh sh

VI:nus £ ebus

Ish szh

—»m

Vshéesh R E—

)

FIGURE 1.23 Equivalent circuit of a STATCOM connected to a load bus.
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Thus,

0.97 Vg Vi
0.2
gives Vg, =0.9902 p.u. or Vy, =—0.0202 p.u. (It may be noted that the
sign of Qg is taken negative as the STATCOM is not absorbing, but
delivering a reactive power of 0.1 p.u.).

Since magnitude of a quantity can not be negative, Vg, =0.9902 p.u.

It is important to note that had there been two positive solutions,
say Vi =0.9902 p.u. or Vg, =0.95 p.u., one might have been in a
dilemma to choose the correct solution. But it should be noted that
as the STATCOM is delivering reactive power, magnitude V, must
exceed V (as reactive power flows from a bus with a higher voltage
magnitude to a one with a lower voltage magnitude, in transmission
systems). Hence, in that case too, Vg, =0.9902 p.u.

-0.1= cos(10°—10°)—

2. If the STATCOM receives an active power of 0.02 p.u. from the load
bus (to supply its losses)

Py, =Msin(6bus —&”z%sin(loo—esh)zo.oz p.u.

sh

Thus, 64, =9.77°.
Thus, the reactive power delivered by the STATCOM is given by

2
&_Mcos(esh _ebus)

Qdel = _Qsh = Xsh Xsh

2
102 _LOZXOIT o5(100-9.779)=0.255p.u.
02 02

PROBLEM 1.2

An SSSC is connected at the sending end of the line between two buses
as shown in Figure 1.24. The line reactance is 0.3 p.u. The bus voltages at
the sending and receiving ends are 1.0£22° and 1.0£2° p.u., respectively.
The magnitude of the voltage injected by the SSSC converter is V, = 0.2
p.u. Compute the active power at the receiving end of the line when the
SSSC is operating in the (a) capacitive and (b) inductive modes. Also
compute the reactive powers delivered by the SSSC converter for both
modes. Neglect converter harmonics and line resistance. Assume a loss-
less converter.
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Vs

FIGURE 1.24  SSSC connected at the sending end of a transmission line.

Solution

The phasor diagram of the voltages is shown in Figure 1.25.

Now, applying KVL to the line, V; =V, + V. + jXI.

Hence, I=(V; -V, -V, )/jX.

However, the phase angle of V,, needs to be known before we can com-
pute the current phasor I. From the phasor diagram in Figure 1.25, it can
be observed that the current phasor I bisects the sending and receiving
end voltage phasors V, and V,, respectively. Thus, the phase angle of I is
2°+[(22°-2°)/2]=12°.

Assuming a lossless converter in the capacitive mode (Figure 1.25a) of
the SSSC, V. lags I by 90°. Hence, V,. =0.2£—78°.

Thus, the current in the capactive mode is

1.0£22°-1.0/2°-0.2/ —78°
j0.3

I =1.824/12°

JIX

(a) (b)

FIGURE 1.25 Phasor diagrams of voltages in (a) the capacitive and (b) inductive
modes.
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The receiving end active power is given by
Prz =Re(VI') =Re(1.0£2°x1.824£~12°)=1.797 p.u.

From Figure 1.24, the reactive power absorbed by the converter is given by
Qsssc = Im(VeeI') =TIm (0.2 - 78°x1.824.£ ~12°) = —0.365 p.u. Thus, the
SSSC delivers a reactive power of 0.365 p.u.

Similarly, in the inductive mode (Figure 1.25b) of the SSSC, V. leads I
by 90°. Hence, V. =0.2.£102°.

The current in the inductive mode is

1.0£22°-1.0£2°-0.2.£102°
70.3

I =0.491/12°

The receiving end active power is given by
Pez =Re(VI') =Re(1.0£2°x0.4912~12°) =0.484 p.u.

The reactive power absorbed by the converter is given by Qg =
Im (VI )=Im(0.2.£102°x0.491£~12°) =0.098 p.u. Thus, the SSSC deli-
vers a reactive power of —0.098 p.u. which is shown by the thick white
(unshaded) arrow (Q,,) in Figure 1.24.

It may be noted that because the converter output voltage phasor V,,
is perpendicular to the current phasor I, the reactive powers can be com-
puted from the product of V, and I in both the cases.

PROBLEM 1.3

A UPFC is connected at the sending end of the line between two buses as
shown in Figure 1.26. The combined reactance of the line and the series
coupling transformer is 0.3 p.u. The leakage reactance of the shunt cou-
pling transformer is 0.2 p.u. The bus voltages at the sending and receiving
ends are V; =0.99£21°p.u. and V, =0.99.£3° p.u,, respectively. The volt-
age injected by the UPFC series converter is V,. =0.152195° p.u.

1. Compute the active power at the receiving end of the line.

2. Compute the reactive power delivered by the UPFC series converter.
Is the series converter operating in the inductive or capacitive mode?

3. Compute the reactive power delivered by the UPFC shunt converter if
the magnitude of the shunt converter output voltage is Vg, =1.029 p.u.
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FIGURE 1.26 UPFC connected in a transmission line between two buses.

Neglect converter harmonics and all resistances. Also assume lossless
converters.

Solution

Applying KVL to the transmission line, V; =V, + V. + jXL

I= (Vl _VZ_Vse)

jX

(0.99£21°-0.99.£3°~0.15£195°)

Hence, = :
70.3

=1.171£-13.25°p.u.
The receiving end active power is given by
Py =Re(VaI')
=Re(0.9943°x1.171£13.25°)=1.113 p.u.

From Figure 1.26, the reactive power absorbed by the UPFC series
converter is

Q. =Im(V..I')

=Im(0.15£195°x1.171/13.25°) =—0.083 p.u.
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Because the reactive power absorbed by the converter is negative, it is
operating in the capacitive mode.

Thus, the series converter delivers a reactive power of 0.083 p.u. which
is shown by the thick white (unshaded) arrow (Q,,) pointing upwards in
Figure 1.26. At this stage, the active power absorbed by the series con-
verter must be determined. From Figure 1.26, the reactive power absorbed
by the UPFC series converter is

Pyssc = Re(VseI‘)

=Re(0.15£195°x1.171£13.25°) =—0.155 p.u.

Thus, the series converter delivers an active power of 0.155 p.u. This active
power must come from the sending end bus through the shunt coupling
transformer and the shunt converter, as both the converters are lossless.
The direction of this active power is shown as P inside thick black (shaded)
arrows in Figure 1.26 (downward from the sending end bus through the
coupling transformer and the shunt converter, and then upward through
the series converter to the series coupling transformer).

Because all resistances are neglected, the active power transfer from the
sending end bus (through the shunt coupling transformer) to the UPFC
shunt converter is

p="Y"Ver G0, - 0,,)
sh

_099x1029 L oo g

This must be equal to 0.155 p.u. It is the active power going toward the
series converter.

Thus, sin(21° — 6,,) =(0.155x0.2)/(0.99x1.029), or 8, =19.3°.

The reactive power delivered by the shunt converter is given by

Vi V.V
2 cos(0,,-0))
Xsh Xsh

Qsh =

_1.029°  1.029%0.99
0.2 0.2

c0s(21°-19.3°)=0.2 p.u.

This is shown by the thick white (unshaded) arrow (Q,,) in Figure 1.26,
also pointing upwards.



CHAPTER 2

Introduction to the
Newton—Raphson

Method and the
Power Flow Problem

2.1 INTRODUCTION

In this chapter, the reader is introduced to the Newton-Raphson method
used for solving nonlinear algebraic equations. He or she is also intro-

duced to the power flow problem and its solution using the Newton-
Raphson algorithm [25-36].

2.2 THE NEWTON-RAPHSON METHOD

Let us consider the solution of the following equation:

x°=3x" +3x=2 (2.1)
The above equation can be written as
fx)=f* (2.2)
where:
flx)=x"-3x"+3x (2.3)

33
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and
=2 (2.4)

One can start with a value of x, =3. Because a wild guess has been made,
it is extremely unlikely to be the correct solution. However, if it is assumed
that the actual solution lies at some small distance Ax from x, =3, and
somehow Ax can be computed, then the actual solution can be deter-
mined to be x, + Ax, that is, 3+ Ax. Let us try this.

Because the solution is assumed to lie at a distance Ax from x,=3,
Equation 2.2 can be written as

fB+Ax)=2=f" (2.5)

Now, by Taylor’s series expansion,

F(3+Ax)=f(3)+ f'(3)Ax+f;3)(Ax)2 oo (2.6)

If the initial guess is close to the actual solution, Ax will be small and
(Ax)* will be even smaller. If we neglect the term involving (Ax)’ and the
subsequent ones, we can write Equation 2.6 as

F3+Ax)~ f(3)+ f(3)Ax 2.7)

Substituting the value of f(3+ Ax) from Equation 2.5 in Equation 2.7, we get

o , _2-f3)_ fT-f0)
fr=2=f3)+f'3)Ax or Ax= ) = 76) (2.8)

Now, f(3)=(3)’-3(3)*+3(3)=9 and f*"=2. Also, f'(x)=3x"—6x+3,
making f'(3)=3(3)’ —6(3)+3=12.

Thus, from Equation 2.8, Ax=(2-9)/12=-7/12=-0.5833. The solu-
tion after one iteration is 3 +Ax=2.4167.

The starting point has moved from 3 (initial guess) to 2.4167. Hence, in
the next step, it is assumed that the actual solution lies at a distance of Ax
from 2.4167, that is,

f(2.4167+Ax)=2=f" or, f(2.4167)+ f'(2.4167)Ax=2= "

Hence,

Y f(2.4167) 2-3.8434
f(2.4167) 6.0211

=-0.3062
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Thus, the solution after the second iteration is 2.4167 + Ax =2.1105. After
the third iteration,

_2-f(2.1105) 2-2.3695
£1(2.1105)  3.6996

=-0.0999

making the solution after the third equation as 2.1105+ Ax =2.0106. After
the fourth iteration,

L2 f(2.0100) _2-20321_ oo

making the solution after the fourth iteration as 2.0001. The actual solu-
tion is 2.0.
What would happen if an initial guess of 1.5 is made?

L_2-f(L5)_2-1.125
a5 075

=1.1667

Ax is positive now. The solution after the first iteration is 1.5+ Ax =2.6667.
For the next iteration,

2 f(2.6667) _
11(2.6667)

—-0.4356

And the solution is 2.6667 + Ax =2.2311, and so on.

It is interesting to note that when a value greater than the actual solu-
tion (2.0) is taken up as the initial guess, Ax is negative. Similarly, when
a value lesser than 2.0 is taken up, Ax is positive. Thus, whatever be the
initial guess, the subsequent points always move in the correct direction,
that is, toward the solution. It is important to note that this is not a coinci-
dence. In fact, this is what makes the algorithm convergent.

Now, a more difficult problem can be considered. Let us consider the
solution of the nonlinear system of equations:

x> —2x—y=-0.5 (2.9)

x*+4y* =4 (2.10)
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Because two variables x and y are involved, the above equations can be

written as
fep)=f" (2.11)
glx,y)=g" 2.12)
where:
fx,y)=x*-2x—y and g(x,y)=x"+4y° (2.13)
f*=-0.5 and g¢* =4 (2.14)

Again, an initial guess x,=1, y,=1 is made. Being a wild guess, it is
extremely unlikely to be the correct solution. However, like the previous
case, it is assumed that the actual solution lies at (x, + Ax, y, +Ay), that
is, (1+Ax, 1+ Ay).

Then Equations 2.11 and 2.12 can be written as

fA+Ax,1+Ay) = —=0.5= f*F (2.15)
g1+Ax,1+Ay) = 4=¢% (2.16)

Now, by Taylor’s series expansion in two variables,

af(i;o,yo)Aeraf(xO’yO)Aer--- 2.17)
X

fxg +Ax, yo +Ay)= f(x0, yo)+ oy

In a similar manner,

5g(9éo,}’o)Ax+ag(xo’yO)Ay+--- (2.18)
X

g(xo +Ax, yo +Ay)= g(x0, yo)+ oy

Neglecting the terms involving (Ax)’, (Ay)’, and the subsequent higher
ones in Equations 2.17 and 2.18 and combining with Equations 2.15 and
2.16, we get (because x, =1, y, =1),

f1+Ax,1+Ay)=—0.5= *F =~ f(1,1)+ JICH WG (G Ay (2.19)
Ox Oy
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g1+Ax,1+Ay)=4= ¢ =~ g(1,1)+ aga(l’l)Ax+ aga(l’l)Ay (2.20)
X 4

The above equations can be rewritten as

of(L,y)  of(L,1)
o oy {Ax}:{fs"—f(l,l)}:[—oj‘f(l’l)} (2.21)

og(L,1)  0g(,1) || Ay g —g(1,1) 4-¢(1,1)
Ox oy
or
Ax| [ - f@,) _{—0.5— f(l,l)}
[I][ AJ—LSP_ g(l,n} 4 g(LD) (222)

where J is known as the Jacobian matrix.

Now, let us compute Ax and Ay. First we compute J. From Equation 2.13,
Of |ox=2x-2,0f /0y =—1,0g/0x=2x,and 0g /0y =8 y. Evaluated at x, =1,
o =1, we get

of(Ly)  of(L,1)

- 0x op | (0 -1
g, ogL) | |2 8
Ox oy

Similarly, the matrix on the right-hand side (RHS) of Equation 2.22

becomes
fF-fan| [-05-f1,D] [1.5
gSP_g(lal) - 4_g(1>1) a -1
Thus, Equation 2.22 becomes

;M
R

which gives
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Thus, the solution after the first iteration is (1+ Ax,1+Ay)=(6.5,—0.5). We
have moved from the intial guess of (1,1) to (6.5,—0.5). Thus, in the next
step, the actual solution is assumed to lie at (6.5+Ax,—0.5+Ay).

Again the Jacobian matrix is evaluated at (6.5,—0.5).

0f(6.5,-0.5)  0f(6.5,-0.5)

. dx dy o
| 6¢(6.5,-0.5)  0¢(6.5,-0.5) | |13 —4
Ox oy

The matrix on the RHS of Equation 2.22 becomes
~0.5- £(6.5,-0.5)] [-30.25
4-g(6.5,-0.5) | |-39.25
11 1| Ax -30.25 Ax -2.6371
= r’ =
13 4| Ay -39.25 © Ay 1.2419

making our next starting point as (6.5+Ax,—0.5+Ay)=(3.8629,0.7419).
Subsequently, we repeat the steps to compute

Thus,

5.7258 -1
J(3.8629,0.7419) =
7.7258  5.9352
and
—0.5— £(3.8629,0.7419) | —6.9543
4—¢(3.8629,0.7419) | -13.1237
yielding

Ax —1.3042

Ay| | -0.5135
and making the next starting point (3.8629+Ax,0.7419+Ay)=(2.5587,
0.2284).
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In the next iteration,

1

_af(2.5587,0.2284) 0f(2.5587,0.2284) |

Ax | 0x oy
Ay | | 6¢(2.5587,0.2284)  0g(2.5587,0.2284)
Ox oy

[—0.5— £(2.5587,0.2284)
| 4-g(2.5587,0.2284)

[-0.5423
| 0.0106

making the next starting point as (2.5587+Ax,0.2284+Ay) = (2.0164,

0.239). If continued further, the next three starting points are obtained

as (1.9082,0.3132), (1.9007,0.3112), and (1.9007,0.3112). As the last two

iterations yield the same solution (no update in values), the computed solu-

tion can be taken to be equal to the actual solution, for all practical purposes.
We are now ready to face the power flow problem.

2.3 THE POWER FLOW PROBLEM

The power system network consists of synchronous generators (sources)
and loads (sinks) interconnected through transmission lines (impedances).
The entire system is modeled as a set of nodes (buses) interconnected by
impedances. At different nodes, sources (generators) injecting complex
powers and/or sinks (loads) absorbing complex powers may be connected.
The generators produce complex powers that flow through the transmis-
sion lines for consumption by the loads. A small fraction of the complex
power produced by the generators is also absorbed by the transmission
lines as line losses (real loss) and reactive drops in the lines. As discussed
elsewhere [25-28], power flow is used to compute analytically the voltage
magnitudes and phase angles at the buses (nodes) of the transmission net-
work under balanced three-phase steady-state conditions. The analytical
computation of all the bus voltage magnitudes and phase angles is known
in the technical jargon as power flow analysis. From this basic information,
additional electrical quantities of interest can be further computed, for
example, the active and reactive power flows in any transmission line, the
losses in the line, and the reactive power supplied by the generators. After
the power flow computation, it may be found out that some system buses
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may be having voltage magnitudes which are outside the acceptable lim-
its (too low or too large). Too low a voltage may cause lamp flickers, fans
running at low speeds, and pumps unable to build up their required heads
of pressure. Similarly, too large a voltage may damage the equipment. In
addition, one or more transmission lines may be overloaded (close to their
thermal limits), or a few of them may be close to their stability limits. Here
lies the importance of power flow analysis. There are some excellent refer-
ences [25-28] in the area of power flow analysis for the interested reader.

Now, to compute certain quantities analytically that are usually termed
as unknowns, we must have some quantities that are usually given or
termed as knowns. In this respect, it is important to note that the active
and reactive powers consumed by a load are assumed to be known con-
stants. These are usually given or known from the load’s consumption his-
tory. In a similar manner, the active powers supplied by the generators are
also specified, as they can be controlled by varying their respective turbine
powers. Thus, to proceed, we have to establish the relationships between
the knowns and the unknowns. These relationships are termed as power
flow equations. As we have already assumed a three-phase balanced sys-
tem, we can carry out per-phase analysis.

The input data for the power flow problem consist of transmission line
data, transformer data, and bus data. The transmission line data consist of
series impedances and shunt admittances of the equivalent pi circuits of
the transmission lines in per unit, along with the bus numbers between
which the lines are connected. The transformer data comprise resistances
and leakage reactances of the equivalent circuits of the transformers in
per-unit and transformer tap ratios, along with the bus numbers between
which the windings are connected. The bus data comprise the active and
reactive powers consumed by the loads at the load buses along with the
active powers supplied by the generators and the generator reactive power
limits at the generator buses. From the transmission line and transformer
data, the bus admittance matrix of the system is computed.

2.4 POWER FLOW EQUATIONS

As discussed in Section 2.3, a power system is modeled as a set of nodes
(buses) interconnected by impedances (transmission lines). At different
nodes, generators and loads are connected, which inject and absorb com-
plex powers.

To start our analysis, let us consider a small power system network. It
is a six-bus system with three generators, which is represented by its single
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862=Pgr+/Qc

Sg1=Pg +jQc S63=Pg3+/Qc3
Bus 1 V.46, Bus2 V,£0, Bus 3 V346,
Sp1=Pp1 +jQp1 Sp2=Ppy+jQp .
Sp3=Pp3+jQps3
Bus 4 l V,20,  Bus5 l V5205 Bus6 l V<04
Spa=Pps+jQps Sp5="Pps+jQps Sp6="Pps+/Qps

FIGURE 2.1 A six-bus power system.

line diagram as shown in Figure 2.1. For establishment of the power flow
equations at any system bus i, we will be following certain conventions
[25-28], which are elaborated as follows:

1. By virtue of a common convention, at any bus, the complex power
produced by the generator per phase is denoted as Sg; = Ps; + jQq;
and the complex power absorbed by the load per phase is denoted by
Spi = Pp; + jQpi.

2. P;; and Qg; are the real and imaginary parts of Sg;. Similarly, P,
and Qp; are the real and imaginary parts of Sp;. Usually, all the
Pp’s and Qp,’s are assumed to be constants known from the load’s
consumption history.

3. After taking care of the per-phase complex power S, absorbed by
the load at bus i, Sg; —Sp; = ; is the per-phase complex power that is
remaining of Sg;. This complex power §; goes into the transmission
system or the network and is known as net injected (per-phase) com-
plex power at bus i.

Also, the net complex current injection [28] at any bus i is given by

I, ZZY""V" i=1,2,...6 (2.23)
k=1
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where:
V; is the complex (rms) bus voltage phasor at bus i
Y, is the element in the ath row and the bth column of the bus admit-
tance matrix Y

Thus, using Equation 2.23, the complex power injected at bus i is
S;=P+jQ =VI =ZV,.V,:Y,;c i=1,2,...,6 (2.24)
k=1

If we use polar representations for voltage phasors as well as elements of the
bus admittance matrix, we can proceed further. For this, let us consider

_ 0 _ | =
V;=Vie” =V,£0, i=1,2,...,6 (2.25)

Vi =Ype™ =Yy Loy =Gy + By i,k=12,...,6  (2.26)
Substituting the above equations in Equation 2.24,

S, =ZVinYiké(6i —0i—@u) k=12,...6 (2.27)

k=1

or S; :ZVin[cos(ei —0¢)+ jsin(6; —Gk)]Y,-k(coscp,-k —jsin(p,-k)

k=1
or S, :Zv,-vk [cos(0;—0,)+ jsin(0, —0,)](Gx — jBx ) (2.28)
k=1

From Equation 2.27, equating the real and imaginary parts gives us the
polar form of the power flow equations as

P,' :ZVinY,‘kCOS(e,'—Gk—(pik) i,k:1,2,...,6 (229)
pan
Q ZZVinYikSin(ei_ek_(Pik) Lk=1,2,...,6 (2.30)

k=1
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In a similar manner, Equation 2.28 gives us the rectangular form of the
power flow equations as

Pi= ViVi[Gicos(0:~6,)+ Busin(0,~0,)] i,k=12,...6  (2.3])

k=1

Q=) _ViVi[Gusin(8; ~01)~ Bicos(0;=0,)] i,k=12,...,6 (2.3

k=1

2.5 THE CLASSIFICATION OF BUSES

Once the power flow equations have been written, it is now time to under-

stand the known and unknown quantities. We will proceed set by step,
starting with the unknowns.

1. The motive of power flow is to compute the magnitudes and phase
angles of the bus voltages. Hence, it appears that the unknowns for
the six-bus system shown in Figure 2.1 should be

el)‘/l)eb‘/2>93)‘/3>94y‘/4>65y\/5’66>and\/6 (233)

2. At buses 1, 2, and 3, generators are connected. As a usual practice,
the automatic voltage regulator (AVR) of each generator keeps its
terminal voltage at the desired value by control of the generator’s
field current. V;,V,, and V; should be controlled, that is, specified or
known quantities. Hence, the apparent list of unknowns gets modi-
fied to

91,92,93,64,‘/4,95,‘/5,66, and‘/ﬁ (234)

3. Now, let us take the stock of the known quantities. As discussed
earlier, the active (real) and reactive powers consumed by the load
are assumed to be known from their consumption history, and hence,
Ppi> Qois Ppas Qpas Poss Qpss Ppas Qpas Pps, Qpss Pps»> and Qpg are all
known quantities. Also, at buses 4, 5, and 6, there are no sources of
active or reactive power, that is, the active and reactive powers gener-
ated are zero (loads do not generate—but absorb active and reactive
powers). Thus, Psy =Pgs =P56 =0 and Qgs =Qss5 =Qgs =0. From the
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definition of net injected active and reactive powers, it follows that
atbus 4, P, = P54y — Ppy =—Pps and Q, = Qgs — Qps =—Qp,4 are known
quantities. In a similar manner, at buses 5 and 6, Ps, P, Qs, and Qg
are also known quantities. Thus, corresponding to the apparent list
of unknowns given in Equation 2.34, the list of knowns appear to be

P4)Q4aP5aQ5aP6)andQ6 (235)

4. Now, at any bus, four quantities are involved: the voltage magnitude,
the voltage phase angle, the net injected active power, and the net
injected reactive power. One can solve for two quantities (say, the bus
voltage magnitude and the phase angle) if the other two are known
or specified. At a generator bus, the voltage magnitude is specified
(the AVR maintains the terminal voltage of a generator at a speci-
fied value). In a similar manner, at a generator bus, the active power
injected by the generator is specified (as the turbine power is control-
lable by steam/gate valve control). Thus, it appears that the known
quantities are

PGI,PGz,and PG3 (2.36)
5. By the law of conservation of complex power,
Active power generated = active power absorbed

Hence,

PGl+PG2+P(;3=PD1+PD2+PD3+PD4+PD5+PD6+linelosseS (237)

The line losses are the sum of the IR losses in the individual trans-
mission lines. The expression for the I’R loss in any transmission
line can be obtained very easily. As an example, the line loss in the
transmission line connecting buses 2 and 3 is

2
Boss2s =‘123‘ Rys =15 Ry (2.38)
where:

L =y (V2= V3)=Y55(Vs = V,) =Y £9,,5(V5£05-V,£0,)  (2.39)
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In the above equation, Y,; and ¢,,; are known quantities, because
they are related to an element of the bus admittance matrix. V, and V;
are known quantities as already explained earlier. However, 0, and 0;
are unknowns (Equation 2.34). Hence, from Equations 2.38 and 2.39,
it can be observed that I,; and hence P,ngs,3 cannot be determined
beforehand. In a similar manner, it can be shown that the current in
any of the individual transmission lines cannot be computed before-
hand, making the line losses an unknown quantity.

. In Equation 2.37, all the quantities Pp;, Pp,, Pps, Pps, Pps, and Ppg

are known quantities, being active powers consumed by the loads.
However, because the line losses are unknown, the RHS of Equation
2.37 is an unknown quantity. Thus, in the left-hand side (LHS), all
the three quantities P, Psy,and Ps; cannot be simultaneously
known. This contradicts Equation 2.36.

. The above situation is tackled by assuming that one of the generator

active powers is not known beforehand. By virtue of convention, P,
is kept as an unknown to balance the active powers and take up the
slack in determining the line losses. Usually, in any system, the gen-
erator with the largest capacity is allotted this function.

. Hence, P;, and P;; are known quantities along with P,, Pp,,

Pps, Ppy, Pps, and Ppg (being active powers consumed by the load).
It thus follows that P, = P, — Pp, and P; = Pg; — Pps are known quan-
tities. Hence, using Equations 2.35 and 2.36 and the discussion in
point 6 (above), the final list of known quantities is

P2>P3>P4)Q4>P5>Q5,P6,andQ6 (240)

. From Equation 2.34, the apparent list of unknowns are

61,62,93,64,‘/4,65,‘/5,96,81'1(1‘/6 (241)

The number of unknowns is nine and exceeds the number of known
quantities (eight in Equation 2.40). This problem can be tackled easily.

From Equations 2.29 through 2.32, the nature of expression of any
of the P, or Q; shows that we can solve only for the differences in
phase angles (9; —0,) and not individual phase angles. Because of
this, we take 0, =0 (reference) and compute all the other unknown
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phase angles with reference to 0,. This removes 6, from the list of
unknowns. Thus, the final power flow problem boils down to

SOIVE 92)63)64)‘/4)65"/5>e6)and‘/6

Given the following:

Py, Py, Py,Q4, P5,Qs, Ps,and Qg (2-42)

Now, before we proceed to solve the above expression in Section 2.6, we
conclude this section by classifying the system buses depending on the
known and unknown quantities at these buses. The usual practice is to
classify the system buses into three types:

1. Load buses or PQ buses: These are the buses to which generators
are not connected. Thus, P;; =Qg; =0and Pp; and Qp,; are known.
For the three-bus system considered (Figure 2.1), buses 4, 5, and 6
are load buses.

2. Voltage-controlled buses: These are the buses at which the injected
active power and the bus voltage magnitude are known or speci-
fied. Thus, P, = Ps; — Pp; and V; is known. Usually, these can be
buses to which either generators are connected (and operating
within their reactive power limits) or sources of reactive powers
are connected (and operating within their reactive power lim-
its), which are used to maintain the bus voltage magnitude to the
specified value.

3. Slack or swing bus: This is a bus that is connected to a generator.
Usually, in any system, the bus that is connected to the generator
with the largest capacity is the slack bus. By virtue of convention,
bus 1 is usually denoted as the slack bus. The magnitude as well
as the phase angle of the bus voltage is specified.

2.6 SOLUTION OF THE POWER FLOW PROBLEM

We again take up the small six-bus power system as shown in Figure 2.1.
We recall the power flow problem from Section 2.5 as follows.

Solve 0,, 05, 0,4, V,,05,V5,0¢, and V.

Given P,, P;, Py, Qq, P5,Qs, Ps, and Q.
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Usually, the quantities known or specified are denoted with a super-
script SP such as P>" or Q5". Thus, the active and reactive powers can be
rewritten in the form

p,=pF
p, =P
p,=p®
p,=PpS*
=P (2.43)
Q= ZP
Q= SP
Qs = gp

From Equations 2.29 and 2.30, it can be observed that the LHSs are gov-
erned by equations; the RHSs are specified constants. Now, as an example,
let us pick any one from Equation 2.43, say, the second one, that is,

p=p" (2.44)

Now, for the small six-bus system considered in Figure 2.1, using
Equation 2.29,

6
Py= ) V3ViYicos(0: ~ 0, —0sy) (2.45)
k=1
Expanding, we get
P; =V;V,Y5,c08(0; — 6, _(P31)+ V3V, Y5,c0s(0;5 -0, _(Paz)
+\/32Y33C05((P33)+ V3V, Y3,c08(0; =04 —@34) (2.46)
+V;5V5Y35c08(05 — 05 —@35) + V3 V5 Y36c08(05 — 05 — @36)

From Equation 2.45, it can be observed that P; is a function of
0,,1,0,,V,,05,V5,0,,V,,05,V5,0.,and V;. However, we should recall
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that 0,,V;,V,,andV; are known constants (0, =0 is the chosen refer-
ence, whereas Vi,V;,andV; are controlled to a specified value by the
AVRs of the respective generators). Hence, p, is a function of the variables
0,,05,0,,V,,05,V;,06,and V. Thus, we can write P; as

P3(92>e3)e4>‘/4>95)‘/5)96)\/6)
Thus, Equation 2.44 can now be rewritten as
P3(e2ae3164)‘/47651‘/5)66)‘/6):PSSP (247)

In a similar manner, from the system of equations given in Equation
2.43, it can be shown that P,,P,,Q,,P;,Qs, P;,and Q, are all functions of
0,,0;,0,,V,,05,V5,0,,and V. Thus, Equation 2.43 can be summarized as

P2(62)637e4>‘/4)65>‘/57e6)‘/6):PZSP
P3(92)93>64:V4>65:Vs>96>vs)=P3SP
P4(92>93)e4)‘/4)95)‘/5)96)‘/6):P4SP

Q4(92)e3>64>‘/4r95)‘/5>66)‘/6):QEP
(2.48)
P5(62)93)e4)‘/:1)95)‘/5>66)‘/6)=PSSP

Q5(62163>94a‘/4a95)‘/5)96a‘/6):QSSP
Ps(ez)ebezbV4>95)V5196>V6):P6SP

Q6(62363)e4)‘/4>65a‘/5a96>‘/6):Q6SP

We recall that in Section 2.2, a nonlinear system of equations compris-
ing two functions f() and g() was taken up. Both functions f() and g()
involved two independent variables x and y. Also, the Taylor series expan-
sion of the two functions f() and g() was shown in Equations 2.17 and 2.18,
respectively.

In a similar manner, the Taylor series expansion of the nonlinear sys-
tem of equations given in Equation 2.48 can be written very easily. We
start with the first equation of Equation 2.48, that is,

P (0,,05,0,,V,,05,V5,00, Vs )= P> (2.49)
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As already done in previous cases, we start with our initial guess of
(69,09,0%,V,,02,V2,02,V2) in the neighborhood of the actual solution
and assume that the actual solution lies at an infinitesimal distance away
from our initial guess. This is same as assuming that the actual solution is
at (094+A0,,05+A0;,00+A0,, VS +AV,,00+A0;, VS +AV;, 00 + A0,V +

AVy). This means that

P, (05 + AD,,05 + AB;,05 +A0,, V) +AV,,0° + ABs, V2

+AV;, 00 + A0,V + AV, )=DPF

Subsequently, the Taylor series expansion of the function P,( ) around the
initial values 09,09,09,V¢,02,V2,02,and V¢ with terms such as (A0,)
and (A0;)’ and the subsequent hlgher ones neglected yields

P2(eg: (3),92)\/40, (5))‘/50:62)\/(30)+2ng62 +2%A63
2 3 (2.50)
6P2 —2 A0, + oF; —2AV, +@Aes+aﬁAV OF, A+ —= OP; AV, =P"
694 oV, 005 oVs 00, oV,
or
P2 g, + 9P pp, + P2, + O A, 1+ OB e,
00, 00, 00, oV, 00
aP2 opP, oP,
Z2AVe+—2 A0, +—2AV,
8V5 5+ 00, 6 ov, 6 (2.51)

_PZ( g) (3)) 2)‘/40) (5)"/50’ 21‘160)
— ZSP _sz
where:
P =P (93 ,09,09,v,,02, V2,00, \/60) denotes the value of the function
6
P, =Y V,V,Yy,c0s(0, =0 —,,) computed at the initial guess
k=1
(eg)eg) 2)‘/40’ (5))‘/50)92)‘/60)
PZSP is a given value, a constant

From now on, in all subsequent analyses, we will use the notation P (or Q")
to denote computed values of the function P; (or Q;), respectively.

In a similar manner, for the equation corresponding to P; (in
Equation 2.48),



50 m Flexible AC Transmission Systems (FACTS)

oP. oP. oP. oP. oP.
A0, Ay AO AV, +—— ABs
00, 005 00, GAA 005
P oP, oP;
F AV +—2A0g +—AV,
ovs 5 20, 6 v 6 (2.52)

= PS" — P, (09,609,600, vi',08, 7,08, V7 )

— P3SP _ P3x

and so on. Thus, the system of equations given in Equation 2.48 can be
summarized in matrix form as

or, or, or, oPr, oP, oP, 0P, OP, |
2, 00, 00, 00; 00, OV Vs Ve
op, oP, op, OP, OP, OP, 0P, OP,
2, 00, 00, 00s 00, oV, Vs Ve |  _
oP, oP, P, 0P, P, ©oP, 0P, o, | A%
0, 00, 00, 00s 00, OV, Vs 0V, || A%
oP, OP; 0P, oP, OP; 0P, oP, 0P || Ab
00, 00, 00, 00s 00, OV, Vs 0V, || AOs
op, 0P, op, OP, OP, OP, 0P, OP, | A0
00, 00, 00, 005 0B, OVi Vs Vg |[AV,
0Qs 0Q 0Q, 0Q, 0Q, 0Qs 0Q4 0Q AV
00, 0, 00, 00, 00, Vi Vi Ve | Ay
0Q; 0Qs 0Qs 0Qs 0Qs 0Qs 0Qs 0Qs
00, 00, 00, 00, 0, oV, oV, oV, (2.53)
0Qs 0Qs 0Qs 0Qs 0Qs 0Q; 0Qs 0Q
| 60, 60, 00, 05 00, oV, oVi oV, |

—stP_PZx_ _APZ_
PY—pr | | AP
P —pf AP,
PSSP —pr AP,
PGSP -pF AP,

P —Q | | AQ
3 -Q5 | | AQs
| Q" -Qf | |AQs
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It is important to note that in the above equation, the computed values of
the functions ( P, P5, P, P5', B, Qy, Q5 ,Qs ) on the RHS are computed
at the initial guess (99,09,0%,V?,0%, V2,00, V). Similarly, all the partial
derivatives on the LHS are also evaluated at (05,03,05, V¢ ,02, V2,02, V).

Now, because our initial guess is (09,03,0%, V7,02, V2.02,VY) and we
have assumed that the solution lies at (09 +A0,,05 +A0;,05 +A0,, V.,
+AV,,0% + A0s, V2 + AV5,00 + A, V& + AV;), we need to compute (A6,,

AB;,AD,,A0s,A0,,AV,,AVs,AV,)to find the solution. From Equation 2.53,

A6
A6,
A6
AB
AV,
AV;
AVs

AD, |

6P, oP, 6P, OP, oP, 0P, oPr, 0P,
00, 0, 00, 005 0, oV, Vs oV,
OP, oP, oOP, oOP, 0P, OP, 0P, OP
20, 00, 00, 05 0, OV, oVi oV
op, o©oP, OP, OP, OP, OP, OP, OP,
00, 00, 00, 005 0, oV, Vs oV,
OP, 0P, oOP, oOPs OP, OP; OP, OP;
00, 0, 00, 005 00, oV, Vs oV,
OP, OP, OP, OP, 0P, OP, 0P, OP;
00, 00, 00, 005 0, oV, oV; oV,
0Q, 0Q, 0Q, 9Q, 0Q, 9Q, 0Q, 0Q,
09, 00, 006, 006s 00, 0OV, o0V 0OV;
0Q; 9Q 0Qs 9Q 0Qs 9Qs Qs Qs
006, 006; 00, 006; 00y 0V, 0oV; 0OV;
0Qs 0Q, Qs 9Q, Qs 9Qy 0Qs 0Qq
| 00, 00 00, 00s 008 0OV, OVs 0Vg
_stP_sz_
PSP _ p
P4SP_P4x
P5SP—P5X
PP _ pr
- Qf
3 - Q5
Q-]

(2.54)
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Hence, the solution lies at

_ 0! -
03
0
05
06
Vi
V2
A

094+ A0, |

| Ve +AV |

05 + A0

®+ A0,
02 + AB4
02 + AO,
Vi +AV,
Vs +AVs

03
04
05
05
V;O

0° |

0Qs

00,
0Qs

0Qs 0Qs

0Qs

0Qs

Vs
0Qs

| 00,

00; 00,

oV,

oVs

oVs |

ps?
PSP
PSP
PSP
PSP

SP
), —
SP
5 —

SP
e —

- P 1
P
- P
- P

P
Qi
Qs

Qs |

(2.55)

This becomes our new starting point for the next iteration. We again
compute the value of the functions P, P5, P;", P5', P, Q1 ,Q5,Qs and the

partial derivatives corresponding to the new starting point (03, 0}, 0},

1



Introduction to the Newton—Raphson Method = 53

0, 05, Vi, V2, V{) and use Equation 2.55 to get the next starting point and
so on. If the process is convergent, a stage comes when the computed val-
ues (P, P, P, P, Py, Q1 , Q5 , Qs ) appear within a given tolerance of the
specified values (PP, PP, PP PP PP QS Q5 Q). Usually, for power
flow applications, this tolerance is on the order of 10~ p.u.

2.7 THE JACOBIAN MATRIX

The square matrix in Equation 2.53

OP, OP, oP, OP, oP, OP, OP, OP,
00, 00, 00, 0, 80, oV, Vs 0V
OP; 19) 23 OP; OP; OP; OP; OP; OP;
0, 00, 00, 00, 80, AV, Vs oV
OP, OP, OP, OP, OP, OP, OP, OP,
00, 00, 00, 0, 80, oV, oVs oV
OP; OP; OP; OP; OP; OP; OP; OP;
0, 00, 00, 0, 80, oV, Vs oV
OF; OP; OF; OP; OF; OP; OF; OP;
0, 00, 0, 00; A0, oV, Vs oV
6Q, 8Q, 0Q, 0Q, 8Q 8Q 0Q  oQ,
00, 00, 00,4 005 00, oV, oV oV
0Q; 8Q; 8Q, 0Q, 8Qy  8Qs  8Q  AQs
09, 00; 00,4 005 00, oV, oV; oV
0Q, 0Q, 9Q, 9Q, 9Q, 9Q 9Q Qs
| 00, 00; 00, 005 00, ov, oV oV

is known as the Jacobian matrix. The elements of this matrix comprise
four major blocks

oP | OP
@ |
j| 20 Loy
BN
00 ' oV
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where:

OP, OP, 0P, 0P, 0P | [or, 0P,
00, 00, 00, 00, 00, oV, oV,
Ok, 0P, 0P 0P 0Py ob; 0Py
00, 00, 80, 00s 00, ov, oV;
oP _|Op, OP; OP, OP, OP, |OP | OPy OB
00 |00, 90, 00, 00, 00, |oV |0V, oV;
Ok 0P 0P 0P OB oP;  OPs
00, 00, 00, 00, 00, oV, oV,
OoF oF OF OB OF oF  oF
| 00, 00, 00, 005 06 | oV, oV;
[0Q,  0Q, 0Q, 0Q, Q|
00, 00, 80, 00, 00,
Q_[0Q 08Q; 8Qs Qs 0Q
00 | o0, 80, 00, 0, 00,
0Q 0Qs 0Q 0Qs 0Qs
|00, 00, 88, 005 0 |

[0Q,  0Q,  0Q, |

ov, oV, oV,

0Q_|0Q 0  0Q

ov |ov, oV oV,

0Q 0Qs  0Qs

|0V, 8Vs 0V

opP, |

Vs
oP,
Vs
oP,
Vs
P
Vs
P

oVs |

(2.56)

(2.57)

Let us begin with the first submatrix 0P/00 of the Jacobian matrix J. It can
be observed that a typical element of the submatrix has the form dP, /00,,
where b = a or b # a. Because these elements have to be computed (first
at the initial guess point and subsequently at the updated starting points
obtained after every iteration), we now try to find the expression for each

such element.
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From Equation 2.29,

6
P = ZV,—VkY,-kcos(G,- -0 — i)

k=1
(2.58)
6
= Z ViViYircos(0; — 0 — @i ) + VizYiiCOS(Pii
k=1, k= i
In a similar manner, from Equation 2.30,
6
Q= ZVz‘VkYikSin(ei =0 — Qi)
k=
' (2.59)

6

D ViViisin(0; - 0; —0u)— V7 Yising;

k=1, k=i

Thus, from Equations 2.58 and 2.59,

6

Pa = Z ‘/aVkYakCOS(ea _ek _(pak)+ \/azYaaCOS(paa (260)
k=1, k=i

6

Qu = Z VquYaksin(eg _ek _(pak)_ VHZYWSin(pa“ (261)

k=1, k=i

From Equation 2.60, we have

op,

b

= VquYubsin(Ga _eb _(Pab) (262)
Also,
6

== D VViYusin®©, -0, —0u) 263

k=1, k# i

OP,
00,
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From Equation 2.61, we can write

6

- Z VaVkYakSin(ea _ek _(pak): _Qa - Vaz YaaSin(Paa (264)

k=1, k=1

From Equations 2.63 and 2.64, we get

6

= Z Vu‘/kYakSin(ea _ek _(puk ) = _Qa - Vaz YaaSin(paa (265)

k=1, k=i

OP,
00,

Thus, from Equations 2.62 and 2.65, we can write

apu — _Qu _ ‘/HZYaasin(pag7 if b =a
00, (2.66)

=V, V,Y,sin(0, -0, —@.), ifb#a

In a similar manner, we compute the elements for the second submatrix
JP/oV of .
From Equation 2.60, we get

oP,
oV,

=V,Y,,c08(0, =0, — @) (2.67)

and

6
o) ViYaucos(0, 0~ i)+ 2V.Yicospus (2.68)

k=1, k=1

However, from Equation 2.60, if all the terms are divided by V,, then we
have

6

BV Ycospu= D Vi¥ucos®, -0 —)  (2:69)
Va k=1, k#1i

Substituting the summation terms of Equation 2.68 by Equation 2.69 gives

0P, P,
Ve Vi

+ V,Y,,c080,, (2.70)
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Thus, from Equations 2.67 and 2.70, we can write

oP,
oV,

=V, Y, cos(0, -0, — ), ifb#a

2.71)

=&+VaYaacoscpM, if b=a
V.

a

We are now left with only two of the Jacobian matrix subblocks, namely,
0Q/06 and 0Q/0V.
From Equation 2.61,

Oy, Y,c05(0, ~ 0, ~pu) 2.72)
00,
and
0Q °
ae“ = Z V.ViY,cos(0, —0; —@ar) (2.73)
4 k=1 ki

From Equation 2.60, it can be observed that

6
Py = ViYiuc0sQu = D VaViYucos(0, =0 —pu)  (2.74)

k=1, k=i

Substituting the summation terms of Equation 2.73 by Equation 2.74 gives

0Q,

=P, —V?Y,,cos0,, (2.75)
00, ?

Hence, from Equations 2.72 and 2.75,

gg“ ==V, V,Y,cos(0, —0, —@.p), if b#a
! (2.76)
=P, —V}Y,,c08Q., if b=a
We are now left with only the subblock 6Q/0V.
From Equation 2.61,
Oy, ¥,ys5in(0, ~0, ~ ) .77)

oV
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and

0Qu
ov,

= Z VkYakSiH(Gu_ek _(Pak)_ZVaYaaSin(Pau (278)

k=1, k=i

Now, from Equation 2.61, if all the terms are divided by V,, then we have

6

Qﬂ + VuYuaSin(Pau = Z VkaukSin(ea _ek _(pak) (279)
Va k=1, k=i

Substituting the summation terms of Equation 2.78 by Equation 2.79 gives

2 _Q,

-V, Y,.sinQ,, 2.80
ov, v, ® (2.50)

Hence, from Equations 2.77 and 2.80,

0Q,
oV

= ‘/uYab Sin(ea _eh _(pub)7 ifb#a

(2.81)
Qi

a

-V,Y,.sing,,, ifb=a

Thus, the typical elements of the four Jacobian subblocks can be summa-
rized as shown in Table 2.1.

TABLE 2.1  Generalized Expression of Jacobian Elements

Jacobian Subblock Typical Element Expression

P oP, ~Q, ~ViYusing,, ifb=a
a9 o, VLV, Y.ysin(0, — 0, —buy) ifb# a
oP P, V.Y cos(0, -0, —do) ifbza
v av,

‘}} +V,Y,,co80,, ifb=a

a

aQ oQ, V.V, Ycos(0, —0, — ) if b#a
0 0y P, - V}Y,cosdy, ifb=a
aQ 2Q, VoYasin(0, =0, — ) ifb=a
v v, Q

-V.Y,sing,, ifb=a

a
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2.8 POWER FLOW SOLUTION: THE GENERALIZED FORM

Until Section 2.7, we based our analysis for a very small six-bus system.
In reality, power systems are enormous, interconnecting hundreds of
generators, transformers, and transmission lines, and thousands of
buses. It would be correct at this stage to formulate the power flow equa-
tions for an n-bus system consisting of m generators (m < n). Without
any loss of generality, it is also assumed that there are m generators
connected at the first m buses of this system. By convention then, the
first bus (bus 1) will be assumed to be the slack bus, the next (m - 1)
buses from bus 2 to bus m will be voltage-controlled (PV) buses, and the
remaining (n — m) buses from bus (m + 1) to bus n will all be load (PQ)
buses. Both the unknown variables and the specified quantities can be
tabulated as shown in Table 2.2.

The power flow problem for the above n-bus system can be summa-
rized as

Compute 0,,0;,...,0,, Vi1, Vinias. ., Vy,

Given P, Ps,.. ., Py Qi1 Quusase o, Q,

TABLE 2.2 Types of Buses and Unknown/Specified Quantities

Unknown
Quantities (Bus Specified (Known)
Voltage Quantities (Net Active
Magnitudes and and Reactive Power
Bus No. Type of Bus Angles) Injections at Buses) Remarks
1 Slack or - - Vi is controlled
swing (I’R losses are not (by AVR) to a
known. Therefore, specified value
Pp, is specified but 0, = 0 is taken as
not Pg,. Also, Qp; is reference.
specified but not
Qa)
2tom  Voltage- 0,, 05,...,0,, P, P,...,P, Vi, Vs, Vi are
controlled (both Pg; and Pp; are controlled (by
(PV) buses specified. Qpi is AVR) to
specified but not specified values.
QGi> i= 2,3,.. .,m)
(m + 1) Load (PQ) em+1 > em-%-Z Yooy en Pm+1 > Pm+2 EERES] Pn No generation’
ton buses Vm+1 > ‘/m+2 LERES] \/n Qm+1) Qm+2 EERES] Qn so PG[ =0
Qgi =0
However, Pp;
and Qp,
(i=2,3,...,m)

are specified.
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The Newton power flow equation for the above system can be written as

(Oh, 0B on on, on Oh T
00, 00; 00, 0V,, 0V, oV,
OB 0B OP 0B OB P

0] [ 65 ] | 60, o0, 80, 0V, 0V, 0V,
3 3 : SR : SR

: : o, 0P, 0P, P, 0P, 0P,
ok ok 00, 00, 80, 0V, 0V,., 0V,
VAL IVEL ] |0Qua 0Qua 0Quut 8Quit 8Quur  8Qun
ve vk 00, 00, 00, 0V, 0V,., 0OV,
: : 0Qus2 0Quiz 0Qu+2 0Quiz 0Qusz 0Qus2
v | |y 00, 00, 00, 0V, 0V,h, 0V,

: : : : : : : : (2.82)
0Q, 9Q, 4Q, 4Q, 4Q,  4Q,
| 00, 00; 09, 0V, 0V,., ov, 1i

r SP
B -P
P
P’ - Py
SP
Pn - an
X SP
x
m+l — Qm+l
SP x
m+2 — Qm+2
SP x
L n Qn i

In the above equation, the supercript k in the unknown quantities denotes
their values in the kth computational iteration. Similarly, the subscript
k in the Jacobian matrix indicates that its elements are computed corre-
sponding to the values of the variables at the kth iteration. In a similar
manner, the mismatch vector on the rightmost side is also computed cor-
responding to the values of the variables at the kth iteration.

In practice, typical power systems are enormous, comprising thousands
of buses. For such systems, the size of the Jacobian matrix is very large.
Its storage and inversion at every iterative step will call for huge memory
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requirement, computational effort, and time. In this regard, sparsity of the
Jacobian matrix is utilized to reduce the storage requirements and com-
putational effort drastically. Although sparsity techniques are beyond the
scope of this book, the interested reader may refer to [29,31] for details.

2.9 SUMMARY

In this chapter, the Newton-Raphson algorithm is introduced. The appli-
cation of this powerful method for solving nonlinear algebraic equa-
tions in single and multiple variables is demonstrated. Subsequently, the
reader is introduced to the power flow problem and the application of the
Newton-Raphson method for its solution. The Jacobian matrix and its dif-
ferent blocks have been described with the generalized form of its elements.
Finally, the generalized form of the power flow problem is described.

In the subsequent chapters, the Newton power flow models of the vari-
ous voltage-sourced converter (VSC)-based flexible AC transmission sys-
tem controllers and the VSC-HVDC are discussed. The Newton power
flow model of the SSSC is developed in Chapter 3.
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CHAPTER 3

Newton Power Flow
Model of the Static
Synchronous Series
Compensator

3.1 INTRODUCTION

A lot of research work has been carried out in the literature for developing

efficient power flow algorithms for the static synchronous series com-
pensator (SSSC) [49-51]. However, in all these works, it is observed that
the incorporation of an SSSC in an existing Newton-Raphson algorithm
greatly enhances the complexity of software codes. The voltage source rep-
resenting the SSSC contributes new terms to the power flow equations of
the sending end (SE) and receiving end (RE) buses of the line incorpo-
rating the SSSC. Moreover, a completely new equation for the real power
handled by the SSSC comes into the picture. All this requires modification
of the existing Newton-Raphson codes as well as the development of fresh
codes. The same is also true of the Jacobian matrix, in which entirely new
Jacobian subblocks related to the SSSC come into the picture. For each of
these subblocks, fresh codes need to be written. The problem of develop-
ment of new codes increases manifold when the number of SSSCs in a
system increases.
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Existing works on power flow modeling of an SSSC do not directly
address this problem. To address this issue, a novel modeling approach for
the SSSC [84,85] is proposed in this chapter. By this modeling approach,
an existing power system installed with SSSCs is transformed into an
equivalent augmented network without any SSSC. This results in a sub-
stantial reduction in the programming complexity because of the follow-
ing reasons:

1. In the absence of any SSSC, the expressions for the power injec-
tions at the buses associated with the SSSC no longer contain any
terms contributed from the SSSCs. Thus, all bus power injections
can be computed in the proposed model using the existing Newton-
Raphson codes.

2. The equations for the SSSC real powers do not exist anymore. The
SSSCs are transformed to additional power-flow buses, power flow
equations of which can be computed using existing codes.

3. Only three Jacobian subblocks need to be evaluated in the proposed
model. Two of these subblocks can be computed using existing
Jacobian codes directly, whereas the third one can be computed with
very minor modifications of the existing Jacobian codes.

Furthermore, similar to the other models already reported in the litera-
ture, the proposed model can also handle multiple control functions of the
SSSCs such as control of bus voltage, line active power, line reactive power,
and line reactance. This proposed model can also account for various
device limit constraints of the SSSC. The developed model is described in
Sections 3.2 through 3.5 in detail. It is to be noted that in this chapter as
well as in the subsequent chapters, boldfaced quantities are used to denote
complex variables and equivalent pi models are used to represent trans-
mission lines. Also, all the quantities shown in this chapter as well as in
the subsequent chapters carry their usual meanings.

3.2 SSSC MODEL FOR NEWTON POWER FLOW ANALYSIS

Figure 3.1 shows an SSSC connected in the branch i-j between buses i and j
of an existing n-bus power system network. The series impedance of the
branch i-j alone is Z;; (not shown in the figure). The equivalent circuit of
the above network is shown in Figure 3.2 with the simplification that the
two half-line charging shunt admittances are shown connected at the two




Newton Power Flow Model of the SSSC = 65

Busj
Vi v;
Vse |
-—
=
RC
C

FIGURE 3.1  SSSC connected between buses i and j of an n-bus power system.

Busj
V;£6;

FIGURE 3.2 Equivalent circuit of the line incorporating SSSC.

ends of the line—SSSC combination. This little simplification makes the
computation of the Y-bus matrix quite simple, as this case is equivalent
to augmenting the corresponding line series impedance by the coupling
transformer impedance.

In Figure 3.2, the voltages at buses i and j are represented as V; and
V;, respectively. The SSSC is represented by a voltage source V. in
series with the coupling transformer impedance Zr. In the figure, let us
define Z;; = R + jXjj, Zr =Ry + jX1, Zc;j=Z;;+ 21y, Vij = 1/Zc;; =yj;, and
Y;; =Y =—y;;. As shown in the figure, the current I;; flowing in the branch
i—j is the same as the current drawn by the SSSC, which will be repre-
sented as I. This current is in quadrature with V.. It is to be noted that an
SSSC cannot supply any active power (as it does not have any active power
source) but can only supply reactive power.
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From Figure 3.2, the current in the branch i-j is given by

Vi -V;—- Vse
Iij =l :T’“: ij(Vj _Vi)+YijVse (3~1)
ij
Similarly,
L;i =Y; (Vi—V;) - Y; Vi 3.2)

From Equation 3.1, the net injected current at bus i is

I = ZYik Vi +Y; Ve (3.3)
k=1
n+1
=D YaVi if Vi =Viand Yy =Yy (3.4)
k=1

Similarly, the net injected current at bus j is given by

L= YiVi-Y;Vi. (3.5)
k=1
n+l
= ZY] Vk if Vn+1 = Vse and Yj(nﬂ) = —Yj,’ = —Y,'j (36)

k=1

Thus, from Equations 3.4 and 3.6, it is observed that the effect of the SSSC series
converter is equivalent to an additional bus in the existing network. The mag-
nitude and angle of the voltage of this (n + 1)th fictitious bus are equal to the
magnitude and angle of the representative series voltage source V. of the SSSC.

Now, from Figure 3.2, the net injected current at this fictitious (n + 1)th
bus equals the current flowing into the transmission system from this bus
and is given by

n+1
L =—Le =Y;(Vi=V;)-Y; Ve = ZY(nH)k Vi (3.7)
k=1

or

n+1

La= ZY(n+1)k Vi (3.8)
k=1
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if Yuini = Yijp Yonsn)j == Yij» Yoniymen) == Y35 a8 Viug = Ve 3.9)

Thus, it is observed that in the proposed model, the existing n bus power
system network with the SSSC is transformed into an (n + 1) bus network
without any SSSC. In this transformed system, the net injected current at
any bus g (g can be any sending or receiving end bus or a bus representing
the SSSC) can be expressed as

n+1
I =Y YaVie 1<g<(n+1) (3.10)
k=1

In general, in the proposed model, an existing n bus network containing
p SSSCs is transformed into an (1 + p) bus network without any SSSC and
the expression for the net injected current at any bus h of the network
would be

n+p
I, :Zth Ve, 1<h<(n+p) (3.11)
k=1

In particular, the mth {I < m < p} SSSC connected between buses u (send-
ing end (SE)) and v (receiving end (RE)) is transformed to the (n + m)th
bus and the net injected current at this mth fictitious bus is given by

n+p
In+m = ZY(n+m)k Vk (312)
k=1

where
Y(n+m)u = Yuv: Y(n+m)v = _Yuvy Y(n+m)(n+m) = _Yuv and Vn+m = Vsem

3.3 POWER FLOW EQUATIONS IN THE

PROPOSED SSSC MODEL
With existing SSSC models in the literature, the net active power injection
atany bus a {1<a <(n+ p)} in an n bus system with p SSSCs can be writ-
ten from Equations 3.3 and 3.5 as

Pa :Re{VuI;}:ZVu‘/kYak COS{Ga _ek _(Pyak}

k=1 (3.13)
+ ‘/a‘/secYab COS{GH _esec _(pyab}
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if SSSC c is connected between buses a and b with a as SE bus

= Z‘/u‘/kyuk cos{@u _ek _(Pyuk}_ ‘/a‘/secYab COS{ea _esec _(pyab} (314)
k=1

if SSSC c is connected between buses a and b with a as RE bus

ZZVa‘/kYuk Cos{ea_ek_q)yak} (315)

k=1

if no SSSC is connected to bus a

Thus, from the above equation it is observed that with existing SSSC
models, contributions from the voltage source representing the SSSC
necessitate modifications in the bus power injection equations, which call
for consequent modifications in the existing Newton-Raphson software
codes.

In the proposed model, the # bus system with p SSSCs is transformed to
a (n + p) bus network without any SSSC and the net active power injection
atany bus a {1 <a <(n+ p)} can be written using Equations 3.4 and 3.6 as

n+p n+p

P, =Re{V,I}=Re{V, ) YaVi}= D ViViYucos{0,—0c—0,u)  (3.16)

k=1 k=1

In a similar way, it can be shown that

n+p

Qa :ZVaVkYak Sin{ea_ek_(pyak) (317)

k=1

Thus, in the proposed model, it is observed that both active and reactive
power injection equations at any bus can be computed using the existing
Newton—Raphson codes.

Now, with existing SSSC models, the expression for the real power
delivered by any SSSC ¢ {1<c¢< p}, connected between any two buses
a and b (with a as SE bus) can be written as

P..=Re [Vsec {_I:ec}]
= VvsecVaYubCOS{esec_ eu_ (Pyub } - ‘/sec‘/bYuhcos{esec - eh - (pyub}

(3.18)
- ‘/SZecYubCOS(pyab
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From Equation 3.18 it is observed that entirely new terms come into the
picture in the expression of P, because of the SSSC, and consequently
fresh codes are required for its evaluation. In the proposed model, the SSSC
c is transformed to a fictitious power-flow bus (# + ¢), and using Equation 3.7,

the expression for the real power delivered by SSSC c is

Psec =Re [Vsec {_I:ec }]

nip (3.19)

=Re [Vn+c{1:l+c}] = Pn+c = ZVnJrchYv(nJrc)kcos{enJrc - ek - (p}’(rl+c)k }
k=1

From Equation 3.19, it can be observed that in the proposed model, the
active power injection at the (n + ¢)th fictitious power-flow bus equals
the real power of the cth SSSC, which can be computed using the existing
Newton—Raphson power flow codes.

Now, since the SSSC accommodates multiple control functions such as
control of bus voltage, line active power, line reactive power, and line reac-
tance, the question of additional complexities of software codes for their
implementation also needs to be addressed.

From Figure 3.2, the expressions for the active and reactive power
flows in any line containing SSSC can be written for both existing and
the proposed SSSC models. With the existing models, the expressions
for line active and reactive power flow with any SSSC ¢ connected in
a line between any two buses a (SE) and b (RE) can be written using
Equation 3.1 as

P, =Re{V,I,;}=Re{V,I.}

or
Poy = VoV Yac08{0, =0, =@ ap } — VazYabCOS(Pyab (3.20)
+‘/avvsecYabCOS{ea_esec_(Pyab} ‘
Similarly,
Qab = ‘/a\/hYabSin{ea - eb - (pyab}+ ‘/az YabSin(pyub
(3.21)

+ Vo Ve Yopsin{0, —Ogec =@ a5 }

Both Equations 3.20 and 3.21 have a contribution term from the series voltage
source representing the SSSC series converter, and therefore modifications
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in the existing software codes are required for their implementation. In the
proposed model, these expressions become

Pab = Re{VuI;b} = Re{VaI:ec} =Re [Va { - I:l+£}]

or
n+p
Pab Z—Z VquY(nﬁ)kCOS{eu _ek _(Py(n+c)k} (322)
k=1
n+p
asI,, =—I.. = ZY(,, <ok Vi in the proposed model (using Equation 3.7)
k=1
Similarly
n+p
Qah :_Z‘/avky(rﬁc)kSin{ea _ek _(pJ’(?HC)k} (323)

k=1

From Equations 3.22 and 3.23, it is observed that both the line active and
reactive power flow can be evaluated in the proposed model using very
minor modifications in the existing power flow codes.

3.4 IMPLEMENTATION IN NEWTON
POWER FLOW ANALYSIS

If the number of voltage controlled buses is (m-1), the power-flow problem
for a n bus system with p SSSCs can be formulated as follows.
Solve,

0=[0,..... 0,1, V=[V,1 cec. V,]", 05 =[05e oo 05,1,
Vse :[‘/sel ----- ‘/;ep]T

Specified,

P—[P2 ..... Pn] )Q_[Qmﬂ ----- Qn] )Pse_[Psel """ PSeP] 4 (325)

where P, and R represent the vectors for the specified real powers and
the control modes or device limit constraint specifications of the p SSSCs,
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respectively. For this formulation, it has been assumed that the m generators
are connected at the first m buses of the system with bus 1 being the slack
bus. Thus, the basic power-flow Equation for the Newton power flow solu-
tion would be represented as

L S
00 oV Be. i Vs
€Q Q1 aa(;g | ;\? A8 | | AP
_??_j_?y___i___ie__i___fi AV | | AQ (3.26)
aPSe : aPSE : aPse : aPse Aese APse
O OV B | Ve | 55| | AR
R | R | OR | ¢R
- — I I
80 1 AV 1 80, ! oV,
or
] i Isel i ]se3 AG AP
old | 3 \ .
_________ 3 Je 3 Jes | AV ) AQ (3.27)
]seS : ]se6 : Ise7 : Ise8 Aese APSE
Ise9 : IselO ! ]sell ! Iselz AVSC AR
In Equation 3.27,
op P
R
e
00 oV

is the conventional power-flow Jacobian subblock corresponding to the
angle and voltage magnitude variables of the n buses. The other Jacobian
submatrices can be identified easily from Equations 3.26 and 3.27.

Now, in the proposed model, there would be ( + p) buses. Thus, the quan-
tities to be solved for power-flow are 8" and V""", where

9“” = [ez ..... 9n+p]T and Vnew = [Vm+1 ---- V”H’]T (3'28)

Thus, Equation 3.26 is transformed in the proposed model as
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X1 AP
If(i ao™ _A_Pg 329
JX2 || e |=| AP (3.29)
JX3 AR

where

APQ=[ APT AQ"|" (3.30)

Also, matrices JX1, JX2, and JX3 are identified easily from Equation 3.29.
Now, it can be shown that in Equation 3.29,

1. The matrices JX1 and JX2 can be computed using the existing
Jacobian codes.

2. The matrix JX3 can be computed using very minor modifications of
the existing Jacobian codes.

The justification of the above two statements are shown as follows.
For computation of matrices JX1 and JX2 in the proposed model with
(n + p) buses, let

PV =[P, ... P, ]'=[P" PII (3.31)

Equation 3.31 has been written by noting that from Equations 3.19 and
3.25, Py =[Py oo Pyl =[Poss e Py ]”
Subsequently, a new Jacobian matrix is computed as

aP]‘leW aPnew
oo _| 87 oV I’i}

(3.32)

It can be observed (from Equations 3.16 and 3.17) that in the proposed
model, the expressions for P, 2 <i<n+ p)and Q; (im+1<i<n)in P™ and
Q respectively (of Equation 3.32), can be computed using the existing
power flow codes. Hence, the matrix J*" can be computed with the exist-
ing codes for the Jacobian.

Now, from Equations 3.28 and 3.31,

oP
aPﬂew aenew
29 ="5p" (3.33)
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From Equation 3.33, it can be observed that the matrix OP/00™" is con-
tained within 6P™" /60™". In a similar way, it can be shown that 6P/ V™"
is contained within oOP™" / oV"™™. Hence, once the matrix J™" is computed,
it can be shown that the matrix

oP oP

can be very easily extracted from the matrix J™" using elementary matrix
extraction codes only. Hence, no fresh codes need to be written for com-
puting JX1.

Again, it is observed from Equation 3.33 that OP,, / 00™" is contained
within OP™" /0™ . In a similar way, it can be shown that P, /V™" is
contained within OP™" /dV™®" . Thus, the matrix

]Xzz[ oP.  OP, }

ae new aV new

can also be extracted from the matrix J™". Thus, both matrices JX1 and
JX2 need not be computed and require only extraction from the matrix
J**"using simple codes for matrix extraction.

For computation of the matrix JX3, the vector R (in Equation 3.29) needs
to be specified. Now it is to be noted that for computing the voltage magni-
tude and angle of any SSSC, two quantities need to be specified. For the ¢t
SSSC, if it is lossless, its real power P, is specified to be zero, thereby leaving
the SSSC with only one degree of freedom. Thus, the quantity R {for the ch
SSSC} signifies the other quantity that needs to be specified. Depending on
the operating condition, there exist two distinct possibilities:

1. The SSSC is operating within its operational constraints.

2. One or more device limit(s) of the SSSC is (are) violated.

These two cases are now discussed in detail below.

3.4.1 SSSC Is Operating within Its Operational Constraints

Under this condition, no device constraint limits are violated, and the
SSSC can be used to control the bus voltage, the line active power, the
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line reactive power, or the reactance of a line. The control mode speci-
fication R (in Equation 3.29) for all the above cases, pertaining to a
SSSC connected between SE and RE buses i and j respectively, are given
below:

1. Line active power control

In this case,
P;=P)" or P, =P;" (3.34)

For this control mode, the matrix JX3 can be computed using very
minor modifications of the existing Jacobian codes. This is shown
below:

From Equation 3.22, the real power flow in the line between buses i
and j incorporating SSSC k is given by,

n+p
P;= —Z ViVyYirek)q €08{0; =0, = b kg } (3.35)
q=1
Similarly,
n+p
PJ" :ZVquY(n+k)q Cos{ej _eq _(I)y(wrk)q} (3.36)
q=1

Equations 3.35 and 3.36 show that the line active power flows can
be computed using very minor modifications of the existing power
flow codes. Consequently, the matrix JX3, which constitutes the par-
tial derivatives of Equations 3.35 or 3.36 with respect to the relevant
variables, can also be computed with very minor modifications of
the existing Jacobian codes.

2. Line reactive power control

In this case,

Q= iSjP orQji = Js‘iP (3.37)
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For this control mode also, the matrix JX3 can be computed using very
minor modifications of the existing Jacobian codes as shown below:

From Equation 3.23, the reactive power flow in the line between
buses i and j incorporating SSSC k is given by

n+p
Q== ViV, Vi Sin 0 =0, =, 001100) (3.3
q=1
Similarly
n+p
Qji :ZVJVqY(Mk)q Sin{ei _eq _(Py(n+k)q} (3.39)
q=1

Thus, similar to the case of the line active power flows, the line reac-
tive power flows and the associated jacobian matrix (matrix JX3) can
be computed using very minor modifications of the existing power
flow and Jacobian codes, respectively.

. Bus voltage control

In this case,
Vi=V¥orV;=V* (3.40)

For this control mode, the vector R constitutes the voltage magni-
tudes of p sending or receiving end buses. Consequently, the elements
of the matrix JX3 are either unity or zero, depending on whether an
element of the vector R is also an element of the vector V" or not.
Therefore, in this case, the matrix JX3 is a constant matrix, which is
known a priori.

. Line reactance control

In this control mode, the effective reactance of the SSSC is main-
tained at a specified value, that is,

X, =XF (3.41)

where

se %)

X, =Im|{Z,.} =Im{v“ }zcl (3.42)
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and

a= ‘/l ‘/seSin{ei _ese +(Pyij}_ ‘/J ‘/SSSin{ej _ese +¢}’ij}_ ‘/529 Sin(P}’ij

&) :Yij[viz +V} +Vie —2V;Vjcos{6, -0}
(3.43)
_2‘11 \/se cos{@i _ese}+2‘/j‘fse COS{e]' _ese}]

Elements of the matrix JX3 are computed accordingly. The deriva-
tion of Equation 3.43 is given in the Appendix.

3.4.2 Device Limit Constraints of the SSSC Are Violated

In this case, one or more practical device limit constraint(s) of the SSSC is
(are) violated. The two major device limit constraints of the SSSC consid-
ered in this chapter are as follows:

1. The injected series (converter) voltage magnitude (Vic™)

2. The magnitude of the line current through the converter (I;;™

The above two device limit constraints have been taken into account follow-
ing [49]. The device limit constraints have been accommodated by the prin-
ciple [70] that whenever a particular constraint limit is violated, it is kept at its
specified limit (for the rest of the computation process), while a control objec-
tive of the SSSC is relaxed. Mathematically, this signifies replacing the con-
trol objectives (Vi Qiine, Xse or Pine) by the corresponding limits violated
(V™ or IH™) during the formulation of the Jacobian matrix. The vector AR
(in Equation 3.29) now constitutes the device constraint limit mismatch (es).
The control strategies to incorporate the above two limits are detailed below:

1. Limit on V

In this case,
Vie=Vi™ (3.44)

If VE™ is violated for the mth SSSC, V., is fixed at the corresponding
limit and the SSSC control objective (line active or reactive power flow,
the voltage at a bus or the line reactance) is relaxed. The relaxed control
objective mismatch is replaced by AV, = Vviim _y . and the mth row
of the matrix JX3 is rendered constant with all elements known a priori -
all of them are equal to zero except the entry corresponding to V.,
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which is unity. If V&A™ is not violated, the control objective for the mth
SSSC is retained and the elements corresponding to the mth row of JX3
are computed using existing codes, as shown earlier. A violation of Vo™
for all the p SSSCs would render JX3 a predetermined, constant matrix

2. Limiton I,

In this case,
Lo.=I" (3.45)

where Ise can be computed from Equation 3.1 as

Le = Y[V + V] + Vi =2V; V;cos{0; =6} =2V, V,. cos{0; — ..}
(3.46)
+2V; Ve cos{ej—Gse}]”2

If IL™ is violated for the mth SSSC, I, is fixed at the corresponding
limit and the SSSC control objective is relaxed. The relaxed control
objective mismatch is replaced by A, = i I IM™ i not
violated, the control objective for the mth SSSC is retained and the
elements corresponding to the mth row of JX3 are computed using

existing codes, as shown earlier.

3.5 INCLUSION OF SSSC SWITCHING LOSSES

In the previous sections, only ideal SSSCs, that is, SSSCs without any losses
have been considered. However, in the proposed model, switching losses
for practical SSSCs can also be very easily accommodated as shown below.

The SSSC converter switching loss is accounted for by the resistance
Rc shown across the capacitor in Figure 3.1. In Figure 3.2, G¢' (in dashed
lines) is the effective conductance due to the switching loss reflected on
the line side of the coupling transformer. This conductance is connected
in parallel with the series voltage source Vi representing the SSSC. The
relation between G¢! and R can be established as follows.

It is known that V. = k,. V¢ [8], where V¢ is the DC side voltage (across
the capacitor in Figure 3.1) and k. is a constant that accounts for the type
of converter. The switching loss is given as

(3.47)

Psw =

Vie 1 {Vé

Re Re| K2 }:Géquze
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where:

1
Ga=_ -
¢ RC ksze

If any ideal (lossless) SSSC ¢ {1 < ¢ < p} is connected between any two buses a
and b (with a as SE bus), then from Equation 3.18, P,.. =Re [Veee\—Teec }]=0,
as the SSSC can only supply reactive power. On the other hand, if switch-
ing losses are considered, the SSSC absorbs real power from the system to
replenish its losses. Hence, from Equations 3.18 and 3.47,

_Gz‘q ‘/szec = _‘/sicYabCOS(pyab - ‘/sec‘/bYabcos{eseC_eb _(pyab}
(3.48)

+ ‘/secVaYabcos{esec_ea_(p )’”b}
In the proposed model, Equation 3.48 becomes (from Equation 3.19),

n+p

_GZ‘q ‘/nz-*—c = Z Vn+chY(n+c)kcos{en+c - ek _(py(nJrc)k}

k=1
or

2 2
_G(e:q Vn+c = Vn+cY(n+c){n+c) Ccos (Py(n+c)(n+c)

nip (3.49)
+ Z Vn+chY(n+c)kCOS{6n+c _ek _(p}’(n+c)k}

k=1,k#n+c

Thus, accommodation of switching losses of the SSSC is trivial. For any
SSSC ¢ connected between any two buses a and b (with a as SE bus), only
the value of the self-admittance of the (n + ¢)th fictitious power-flow bus
is modified (using Equation 3.12) to

Y(n+c)(n+€) ==Y + Gecq (3.50)

It is also to be noted that only the real part of the self-admittance is affected.

3.6 CASE STUDIES AND RESULTS

The validity of the proposed method was tested on both IEEE 118- and
300-bus systems. In each of these test systems, multiple SSSCs with differ-

ent control functions were included and studies were carried out for three
cases: (1) ideal SSSCs (no switching loss) without any device limit con-
straints, (2) practical SSSCs (switching loss incorporated) without device
limit constraints, and (3) practical SSSCs with device limit constraints. For
representing the SSSC switching loss, a value of 0.02 p.u. has been chosen
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for G¢'. Moreover, the convergence property of the proposed methodology
has also been validated with different values of G¢'. In all these case studies,
a convergence tolerance of 10" p.u. has been chosen. The initial values of
the voltage magnitude and angle of the fictitious power-flow bus (repre-
senting the SSSC) were chosen as V2 £0¢, =0.1/ —(r/2) in accordance with
[49]. Although a large number of case studies confirmed the validity of the
model, a few sets of representative results are presented in this chapter.

3.6.1 Studies with Ideal SSSCs without Any Device Limit Constraints
3.6.1.1 IEEE 118-Bus System
In this system, three SSSCs have been considered on branches among buses
75-118 (SSSC-1), 5-11 (SSSC-2), and 95-96 (SSSC-3) for control of bus voltage,
reactive power flow, and active power flow, respectively. The control refer-
ences chosen are Vi}; = 0.96 p.u., Q5%; =5 MVAR, and Py, o5 = 20 MW. The
results are shown in Table 3.1. The converged final values of the control objec-
tives (COs) are shown in bold cases. In this table (and all subsequent tables in
this chapter), the symbols NI and Ys. denote the number of iterations taken by
the algorithm and the phase angle difference between I and V, respectively.
It is observed from Table 3.1 that without switching loss, the value of Y. is
exactly 90° (as the SSSC current is totally reactive in nature). In this system,
it has been found that for the base case power-flow (without any SSSC), the
convergence tolerance of 10™'* p.u. is achieved with six iterations.

From Table 3.1, it is also observed that in the presence of SSSCs, the
line active and reactive power flow levels are enhanced compared to their
corresponding values in the base case. This is also true for the voltage at

TABLE 3.1  Study of IEEE 118-Bus System with Ideal SSSC (No Device
Limit Constraints)

Solution of Base Case Power Flow (without Any SSSC)

Viis Qs Py _o5 NI
0.9493 3.44 MVAR 14.67 MW 6

Unconstrained Solution of SSSC Quantities Neglecting Switching Losses (G¢ = 0)

Quantity SSSC-1 SSSC-2 SSSC-3

V.. (pu.) 0.1144 0.0562 0.0289

0, ~130.84° ~110.35° ~102.87°

I, (pu.) 0.6959 0.6773 0.2021

Yee 90° 90° 90°

co Viis = 0.96 p.u. Qs =5MVAR Pys.0s =20 MW

NI 7
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FIGURE 3.3 Bus voltage profile corresponding to the case study of Table 3.1.
(a) Bus voltage magnitude without SSSC; (b) bus voltage magnitude with SSSC;
(c) voltage magnitude difference.

bus 118. Furthermore, the number of iterations needed to obtain conver-
gence marginally increases in the presence of SSSC. The bus voltage pro-
files without and with SSSCs are shown in Figure 3.3a and b, respectively.
Further, the difference between the bus voltage magnitudes with and with-
out SSSC is shown in Figure 3.3c. From this figure, it is observed that in
the presence of SSSC, there is very little change in the bus voltage profile.

3.6.1.2 IEEE 300-Bus System
In this system, four SSSCs have been considered on branches among buses
58-237 (SSSC-1), 71-83 (SSSC-2), 190-191 (SSSC-3), and 5-9 (SSSC-4) for
control of bus voltage, reactive power flow, active power flow, and line
reactance (impedance), respectively. The control references chosen are Vs, =
0.97 pu., Q5371 = 25 MVAR, P390 = 150 MW, and X5 =—0.1 p.u. It is to
be noted that the negative value of X 5P denotes the capacitive nature of the
reactance. The results are shown in Table 3.2. The converged final values of
the COs are again shown in bold cases. It is again observed from the table
that without switching loss, the value of V. is exactly 90°.

It is observed from Table 3.2 that similar to the case study of the 118-bus
system, the values of the COs can be enhanced with SSSCs. Also, similar
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TABLE 3.2 Study of IEEE 300-Bus System with Ideal SSSC (No Device Limit
Constraints)

Solution of Base Case Power Flow (without Any SSSC)

Vasz Qs3.71 Pio1-190 Xs.9 NI

0.9693 19.93 MVAR 127.25 MW 0.03 p.u. 7
Unconstrained Solution of SSSC Quantities Neglecting Switching Losses (G = 0)

Quantity SSSC-1 §SSC-2 SSSC-3 SSSC-4

Ve (p.u) 0.0349 0.0611 0.2076 0.1218

0, —-89.66° —-73.84° —141.15° —99.04°

I, (p.u.) 0.3668 0.4944 1.6918 1.2179

Yee 90° 90° 90° 90°

CO ‘/237 =0.97 p-u. Q33_71 =25 MVAR P]91.19() =150 MW X5-9 =-0.1 p-u.

NI 10

to the 118-bus system, the number of iterations to obtain convergence
increases compared to their corresponding values in the base case. The
bus voltage profiles are shown in Figure 3.4 for this case. From this figure
also, it is observed that in the presence of SSSC, the bus voltage profile
does not change very much.

1.0735 T T T T T

1.0336 b
0.9937
0.9538

0.9139 L L L L L
(a) 0 50 100 150 200 250 300

1.0735 T T T T T

1.0336 B

0.9936 |-

0.9537

0.9138 L L L L L
0

p-u.

7.5346
5.4626
3.3906
1.3186

—~0.7535 I | h I f
0 50 100 150 200 250 300

(c) Bus number

p.-u.

FIGURE 3.4 Bus voltage profile corresponding to the case study of Table 3.2.
(a) Bus voltage magnitude without SSSC; (b) bus voltage magnitude with SSSC;
(c) voltage magnitude difference.
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3.6.2 Studies with Practical SSSCs without
Any Device Limit Constraints

3.6.2.1 IEEE 118-Bus System
Again, in this system, three SSSCs have been considered on branches
among buses 75-118 (SSSC-1), 5-11 (SSSC-2), and 95-96 (SSSC-3) for con-
trol of bus voltage, reactive power flow, and active power flow, respectively.
The control reference values are kept identical to those in the correspond-
ing case study presented in Section 3.6.1 (Table 3.1). For representing
the SSSC switching losses, a value of 0.02 p.u. has been initially chosen for
G¢l. Subsequently, the convergence property of the proposed technique has
also been validated with different values of G¢'. The results corresponding
to G¢' = 0.02 p.u. and G&!' = 0.1 p.u. are shown in Table 3.3, whereas those
corresponding to G = 0.15 p.u. and G;! = 0.2 p.u. are shown in Table 3.4.

From Tables 3.3 and 3.4, it is observed that with lower values of switch-
ing losses (lower values of G¢!), the value of Ys. deviates a little from 90° in
order to replenish the losses in the SSSC. However, with increasing values
of G¢' (elevated converter switching loss), the angle Ys. also deviates fur-
ther from 90° to account for enhanced switching losses.

The bus voltage profiles of the 118-bus system for the case studies with
G'=0.1 p.u. and G¢' = 0.2 p.u. are shown in Figures 3.5 and 3.6, respectively.

TABLE 3.3 Study of IEEE 118-Bus System with Practical SSSC (No Device
Limit Constraints)

Unconstrained Solution of SSSC Quantities with Switching Losses (GZq =0.02 p.u.)

Quantity §SSC-1 SSSC-2 SSSC-3
V. (p.u.) 0.1154 0.0553 0.0289
0,. —130.44° -110.29° -102.47°
I, (p.u.) 0.6976 0.6726 0.202
Yse 89.82° 89.91° 89.84°
Cco Viig = 0.96 p.u. Qs.11=5MVAR Pyg.9s =20 MW
NI 7
Unconstrained Solution of SSSC Quantities with Switching Losses (G(e;q =0.1p.u)
Quantity SSSC-1 SSSC-2 SSSC-3
V. (p.u.) 0.1198 0.0518 0.0289
0,. -128.7° -110.03° -100.87°
I, (p.u.) 0.7058 0.6561 0.2015
Yse 89.03° 89.55° 89.18°
CcO Viig = 0.96 p.u. Qs.;1=5MVAR Py 95 =20 MW

NI 7
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TABLE 3.4  Further Study of IEEE 118-Bus System with Practical SSSC
(No Device Limit Constraints)

Unconstrained Solution of SSSC Quantities with Switching Losses (Gf;q =0.15p.u.)

Quantity $SSC-1 $8SC-2 $SSC-3
V. (pu.) 0.1232 0.05 0.0289

0, ~127.49° ~109.87° -99.85°

I (pu) 0.7119 0.6471 0.2012

Y 88.51° 89.34° 88.76°

co Viis = 0.96 p.u. Qs =5 MVAR Pygos = 20 MW
NI 7

Unconstrained Solution of SSSC Quantities with Switching Losses (G¢! = 0.2 p.u.)

Quantity SSSC-1 SS§SC-2 SSSC-3

V. (p.u.) 0.1273 0.0483 0.029

0,, -126.14° -109.72° -98.81°

I. (pu) 0.7192 0.639 0.201

e 87.97° 89.13° 88.35°

CO Viis = 0.96 p.u. Qs..1 =5 MVAR Pyg.os =20 MW

NI 7
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FIGURE 3.5 Bus voltage profile corresponding to the case study of Table 3.3.
(a) Bus voltage magnitude without SSSC; (b) bus voltage magnitude with SSSC;
(c) voltage magnitude difference.
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FIGURE 3.6 Bus voltage profile corresponding to the case study of Table 3.4.
(a) Bus voltage magnitude without SSSC; (b) bus voltage magnitude with SSSC;
(c) voltage magnitude difference.

From these figures, it is observed that even in the presence of switching
losses in the SSSCs, the bus voltage profile does not change appreciably.

3.6.2.2 IEEE 300-Bus System
In this system again, four SSSCs have been considered on branches among buses
58-237 (SSSC-1), 71-83 (SSSC-2), 190-191 (SSSC-3), and 5-9 (SSSC-4) for con-
trol of bus voltage, reactive power flow, active power flow, and line reactance,
respectively. The control reference values have again been kept identical to
those values used in the corresponding case study presented in Section 3.6.1.
Similar to the 118-bus system, a value of 0.02 p.u. has initially been chosen
for G¢! to represent the SSSC switching losses. Subsequently, the convergence
property of the proposed technique has also been validated with increasing
values of G¢'. The results corresponding to G¢' equal to 0.02 and 0.1 p.u. are
shown in Table 3.5, whereas those corresponding to G¢! equal to 0.15 and 0.2
p.u. are shown in Table 3.6. From Tables 3.5 and 3.6, it is observed that with
increasing values of G¢! (elevated converter switching loss), the angle Vs also
deviates further from 90° to account for enhanced switching losses.

The bus voltage profiles in the 300-bus system for the case studies
with G¢&' = 0.1 p.u. and G¢' = 0.2 p.u. are shown in Figures 3.7 and 3.8,
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TABLE 3.5 Study of IEEE 300-Bus System with Practical SSSC (No Device Limit
Constraints)

Unconstrained Solution of SSSC Quantities with Switching Losses (Gl = 0.02 p.u.)

Quantity SSSC-1 SSSC-2 SSSC-3 SSSC-4

V. (p.u.) 0.0348 0.0608 0.2067 0.1217

0., —89.57° -73.63° —140.71° -98.8°

I, (pu.) 0.3668 0.4933 1.6863 1.2174

Ve 89.89° 89.86° 89.86° 89.89°

CcO Vi =097 pau. Qg7 =25 MVAR Py 190=150 MW X5 =-0.1 p.u.
NI 7

Unconstrained Solution of SSSC Quantities with Switching Losses (G¢! = 0.1 p.u.)

Quantity SSSC-1 SSSC-2 SSSC-3 SSSC-4

V.. (p-u.) 0.0343 0.0596 0.2035 0.1215

0., -89.19° -72.78° —-138.97° -97.82°

I, (p.u) 0.3668 0.4891 1.6658 1.2154

Yee 89.46° 89.3° 89.3° 89.43°

CO Vi =097 pau. Qg371 =25MVAR Py 190=150 MW X, =-0.1 p.u.
NI 7

TABLE 3.6  Further Study of IEEE 300-Bus System with Practical SSSC (No Device
Limit Constraints)

Unconstrained Solution of SSSC Quantities with Switching Losses (G2 = 0.15 p.u.)

Quantity $SSC-1 $SSC-2 $SSC-3 $SSC-4
V,, (pu.) 0.0341 0.0589 0.2017 0.1214

0, ~88.96° ~72.26° —37.91° —97.21°

I, (pu.) 0.3668 0.4866 1.6538 1.2141

Yo 89.2° 88.96° 88.95° 89.14°

co Viy; =097 pat. Qi =25MVAR  Pyiiso=150 MW X, =-0.1 p.u.
NI 8

Unconstrained Solution of SSSC Quantities with Switching Losses (G¢! = 0.2 p.u.)

Quantity SSSC-1 SSSC-2 SSSC-3 SSSC-4
V.. (pu.) 0.0338 0.0582 0.1999 0.1213
0., ~88.74° ~71.75° ~136.85° -96.6°
I, (pu.) 0.3668 0.4842 1.6425 1.2127
Yo 88.94° 88.62° 88.61° 88.85°
co Visy =097 pat. Qgszi =25 MVAR Py io9=150 MW X5, =-0.1 p.u.

NI 7
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FIGURE 3.7 Bus voltage profile corresponding to the case study of Table 3.5.
(a) Bus voltage magnitude without SSSC; (b) bus voltage magnitude with SSSC;
(c) voltage magnitude difference.
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FIGURE 3.8 Bus voltage profile corresponding to the case study of Table 3.6.
(a) Bus voltage magnitude without SSSC; (b) bus voltage magnitude with SSSC;
(c) voltage magnitude difference.
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respectively. Again from these figures, it is observed that as in the case
of 118-bus system, the presence of switching losses in the SSSCs does not
alter the bus voltage profile appreciably.

It is important to note that the values of G¢! chosen in Tables 3.3
through 3.6 are much higher than the practical values reported in the
literature [8]. However, the only purpose of the studies reported in these
tables is to test the convergence characteristic of the proposed method
even with quite adverse values of switching loss. As the developed meth-
odology is able to attain excellent convergence even with unrealistically
high values of G, it can be safely concluded that the proposed technique
would exhibit convergence for any practical value of converter switching
losses.

3.6.3 Studies with Practical SSSCs Including Device
Limit Constraints

In these studies, both the switching losses and the device limit constraints
have been considered. As already mentioned in Section 3.4.2, two major
device limit constraints of the SSSC have been considered: the magnitudes
of the SSSC injected voltage and the SSSC line current. Also, in all these
cases, the SSSC control references have been kept same as those in the cor-
responding case studies presented in Sections 3.6.1 and 3.6.2. The proce-
dure for enforcing the limits has already been discussed in Section 3.4.2.
Although various case studies have been carried out in both the 118- and
300-bus test systems to test the convergence characteristic of the proposed
method with different values of G¢', only a few representative case stud-
ies (corresponding to the highest value of Gi! = 0.2 p.u.) are presented
below for both the 118- and 300-bus test systems. In these case studies, the
implementation of each of the two device limit constraints is realized in
four different ways: (1) limit violation of a single SSSC, (2) limit violations
of two SSSCs simultaneously, (3) limit violations of three SSSCs simulta-
neously, and (4) limit violations of all four SSSCs simultaneously (only in
case of the 300-bus test system). Also, to demonstrate the robustness of the
proposed technique, a wide range of values of the device limit thresholds
has been chosen. From a large number of power-flow studies, it has been
observed that the developed methodology is able to enforce the different
device limit constraints with all values of G¢! up to 0.2 p.u. Hence, it can
be safely concluded that the device limit constraints can be quite success-
fully enforced by the proposed technique for any practical value of con-
verter switching losses.
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Although several combinations of single and multiple device limit con-
straints with varying device limit thresholds were applied to both the 118-
and 300-bus test systems, only some representative results are reported in
this chapter. In all subsequent tables, both the COs that have been satisfied
and the limit constraints that have been violated are shown in bold cases.
Table 3.7 shows the results corresponding to the limit violation of a single
SSSC for the IEEE 118-bus test system.

Table 3.7 shows the results of two case studies for the 118 bus system:
(1) the violation of the voltage limit of SSSC-1 only and (2) the violation
of the current limit of SSSC-2 only. For incorporating the voltage limit of

TABLE 3.7  First Study of IEEE 118-Bus System with Practical SSSC and
Device Limits

Unconstrained Solution of SSSC Quantities with Switching Losses (G¢! = 0.2 p.u.)

Quantity SSSC-1 SSSC-2 SSSC-3

V. (pu.) 0.1273 0.0483 0.029

0, 126.14° 109.72° —98.81°

I (pw) 0.7192 0.639 0.201

Yo 87.97° 89.13° 88.35°

CcO Viis = 0.96 p.u. Qs.11 =5 MVAR Pysos =20 MW
NI 7

Solution of SSSC Quantities with Switching Losses (G& = 0.2 p.u.) and Specified
Voltage Limit for SSSC-1: VL™ = 0.125 p.u.

Quantity $SSC-1 $SSC-2 $SSC-3
V.. (pu.) 0.125 0.0483 0.029

0, ~126.01° ~109.72° -98.82°

I, (p.u.) 0.7126 0.639 0.201

Yo 87.99° 89.13° 88.35°

co Viss = 0.9596 p.u. Q.1 =5MVAR Pygo5 =20 MW
NI 9

Solution of SSSC Quantities with Switching Losses (G = 0.2 p.u.) and Specified
Lim
Current Limit for $SSC-2: Lse2 = 0.62 p-u.

Quantity $SSC-1 $SSC-2 $SSC-3
V. (pu.) 0.1273 0.0442 0.029

0, ~126.14° ~110.25° ~98.81°

I, (pu) 0.7192 0.62 0.201

Yee 87.97° 89.18° 88.35°

co Viis = 0.96 p.u. Q511 =538 MVAR  Pyg5 =20 MW

NI 8
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SSSC-1, the CO of maintaining the voltage of bus 118 at a specified value
is relaxed. Similarly, for incorporating the current limit of SSSC-2, the
CO of maintaining the reactive power flow through line 5-11 at a speci-
fied value has been relaxed. The converged values of the COs met and the
device limits violated are shown in bold cases. The number of iterations
required to obtain convergence may increase from that obtained in the
unconstrained case.

Corresponding to these studies in the 118-bus system, the bus voltage
profiles with SSSC voltage and current limits are shown in Figures 3.9
and 3.10, respectively. From these figures, it is again observed that the bus
voltage profiles change very little when SSSC device constraint limits are
incorporated.

Table 3.8 shows the results of two case studies for the 300-bus system:
(1) the violation of the voltage limit of SSSC-3 only and (2) the violation of
current limit of SSSC-4 only. For incorporating the voltage limit of SSSC-3,
the CO of maintaining the real power flow through line 190-191 at a speci-
fied value is relaxed. Similarly, for incorporating the current limit of SSSC-4,
the CO of maintaining the reactance of line 5-9 at a specified value has
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FIGURE 3.9 Bus voltage profile corresponding to the case study of Table 3.7
(with voltage limit in SSSC-1). (a) Bus voltage magnitude without SSSC; (b) bus
voltage magnitude with SSSC; (c) voltage magnitude difference.
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FIGURE 3.10 Bus voltage profile corresponding to the case study of Table 3.7
(with current limit on SSSC-2). (a) Bus voltage magnitude without SSSC; (b) bus
voltage magnitude with SSSC; (c) voltage magnitude difference.

been relaxed. The converged values of the COs met and the device lim-
its violated are shown in bold cases in Table 3.8. From this table also, it
is observed that the developed method is able to incorporate single limit
constraint quite effectively.

Corresponding to this case study in the 300-bus system, the bus voltage
profiles with SSSC voltage and current limits are shown in Figures 3.11
and 3.12, respectively. From these figures, it is again observed that the bus
voltage profiles change very little when SSSC device constraint limits are
incorporated.

Table 3.9 shows the results corresponding to the simultaneous limit
violation of two SSSCs in the IEEE 118-bus test system. Two case studies
have been considered: (1) the simultaneous violation of the voltage limits of
SSSC-2 and SSSC-3 and (2) the simultaneous violation of current limits of
SSSC-1 and SSSC-2. 1t is important to note that the selection of devices
(SSSCs) on which limit constraints have been enforced is purely arbitrary.
The limit constraints can also be enforced very easily on other SSSCs as well.
For enforcing the voltage limits, the COs of maintaining the real and reac-
tive power flows in the lines 96-95 and 5-11, respectively, at the specified
values are relaxed. Similarly, for enforcing the SSSC current limits, the COs
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TABLE 3.8  First Study of IEEE 300-Bus System with Practical SSSC and Device Limits

Unconstrained Solution of SSSC Quantities with Switching Losses (G&! = 0.2 p.u.)

Quantity $SSC-1 $SSC-2 $SSC-3 $SSC-4
V., (pu.) 0.0338 0.0582 0.1999 0.1213

0, ~88.74° ~71.75° ~136.85° -96.6°

I, (pu.) 0.3668 0.4842 1.6425 1.2127

Yee 88.94° 88.62° 88.61° 88.85°

co Vi =097 pat. Qu7i =25 MVAR  Popigo=150 MW  X;o=—0.1p.u.
NI 7

Solution of SSSC Quantities with Switching Losses (G¢* = 0.2 p.u.) and Specified Voltage Limit
for $SSC-3: VEM=0.18 p.u.

Quantity $SSC-1 $SSC-2 $SSC-3 $SSC-4
V., (pu.) 0.0338 0.0582 0.18 0.1213

0, -88.79° —71.74° ~136.39° ~96.6°

I, (pu.) 0.3668 0.4839 1.5587 1.2128

Yee 88.94° 88.62° 88.68° 88.85°

co Vys; =097 pat. Qi1 =25 MVAR Py o0 = 14296 MW X5 =—0.1 p.u.
NI 9

Solution of SSSC Quantities with Switching Losses (G&'= 0.2 p.u.) and Specified Current Limit
for SSSC-4: IX} = 1.21 p.u.

Quantity $SSC-1 $SSC-2 $SSC-3 $SSC-4
V.. (pu.) 0.0338 0.0582 0.1999 0.1207

0, -88.74° ~71.75° ~136.85° -96.63°

I (pu.) 0.3668 0.4842 1.6425 1.21

Yoo 88.94° 88.62° 88.61° 88.86°

co Viy =097 pat. Qus =25MVAR Py j00=150 MW  X,,=-0.0997 p.u.
NI 7

of maintaining the voltage of bus 118 and the reactive power flow in the line
5-11 at the specified values are relaxed. The converged values of the COs
met and the device limits violated are shown in bold cases. It is observed
from this table that the number of iterations required to obtain convergence
increases compared to that obtained in the unconstrained case.

The bus voltage profiles for the two cases depicted in Table 3.9 are
shown in Figures 3.13 and 3.14, respectively. From these two figures, it is
observed that the voltage profile in the 118-bus system changes very little
(compared to the case with no SSSC) even with imposition of two simul-
taneous limit constraints.

Table 3.10 shows the results corresponding to the simultaneous limit
violation of two SSSCs for the IEEE 300-bus test system. Two case studies
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FIGURE 3.11 Bus voltage profile corresponding to the case study of Table 3.8
(with voltage limit on SSSC-3). (a) Bus voltage magnitude without SSSC; (b) bus
voltage magnitude with SSSC; (c) voltage magnitude difference.
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FIGURE 3.12 Bus voltage profile corresponding to the case study of Table 3.8
(with current limit on SSSC-4). (a) Bus voltage magnitude without SSSC; (b) bus
voltage magnitude with SSSC; (c) voltage magnitude difference.
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TABLE 3.9  Second Study of IEEE 118-Bus System with Practical SSSC
and Device Limits

Solution of SSSC Quantities with Switching Losses (GZ* = 0.2 p.u.) and Specified
Voltage Limits on SSSC-2 and SSSC-3: V5" = 0.045 p.u. and VLI" = 0.028 p.u.

Quantity SSSC-1 SSSC-2 SSSC-3

V., (pu) 0.1273 0.045 0.028

0, ~126.14° -110.15° —99.41°

L (pw) 0.7192 0.6237 0.1976

Y 87.97° 89.17° 88.38°

co Vig =096 pau. Qs =531 MVAR  Pyos = 19.64 MW
NI 9

Solution of SSSC Quantities with Switching Losses (G¢* = 0.2 p.u.) and Specified
Current Limits on SSSC-1 and SSSC-2: X7 = 0.7 p.u. and 142 = 0.6 p.u.

Quantity SSSC-1 SSSC-2 SSSC-3

vV, (p.u.) 0.1207 0.04 0.029

0, ~125.78° ~110.79° -98.84°

I, (p.u.) 0.7 0.6 0.201

Yoo 88.23° 89.2° 88.55°

co Vig=09589 pu.  Qsy =573MVAR  Pyos =20 MW

NI 8
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FIGURE 3.13 Bus voltage profile corresponding to the case study of Table 3.9
(with voltage limits on SSSC-2 and SSSC-3). (a) Bus voltage magnitude without
SSSC; (b) bus voltage magnitude with SSSC; (c) voltage magnitude difference.
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FIGURE 3.14 Bus voltage profile corresponding to the case study of Table 3.9
(with current limits on SSSC-1 and SSSC-2). (a) Bus voltage magnitude without
SSSC; (b) bus voltage magnitude with SSSC; (c) voltage magnitude difference.

have been considered: (1) the simultaneous violation of the voltage limits of
SSSC-2 and SSSC-4 and (2) the simultaneous violation of current limits of
SSSC-2 and SSSC-3. For enforcing the voltage limits, the COs of maintaining
the reactive power flow in line 83-71 and the reactance of line 5-9 at the speci-
fied values are relaxed. Similarly, for enforcing the SSSC current limits, the
COs of maintaining the reactive power flow in line 83-71 and the real power
ofline 191-190 at the specified values are relaxed. The converged values of the
COs met and the device limits violated are shown in bold cases. It is observed
from Table 3.10 that the number of iterations required to obtain convergence
again increases compared to that obtained in the unconstrained case.

The bus voltage profiles for the two cases depicted in Table 3.10 are
shown in Figures 3.15 and 3.16, respectively. From these two figures, it is
observed that as in the 118-bus system, the voltage profile in the 300-bus
system also changes very little (compared to the case with no SSSC) even
with imposition of two simultaneous limit constraints.

Simultaneous limit violations of all three SSSCs in the 118-bus system
are considered in Table 3.11. Again, two case studies have been considered:
(1) the simultaneous violation of the voltage limits of SSSC-1, SSSC-2, and
SSSC-3 and (2) the simultaneous violation of current limits of SSSC-1,
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TABLE 3.10  Second Study of IEEE 300-Bus System with Practical SSSC and
Device Limits

Solution of SSSC Quantities with Switching Losses (G&' = 0.2 p.u.) and Specified Voltage Limits
for SSSC-2 and SSSC-4: V" = 0.05 p.u. and VAT = 0.12 p.u.

Quantity SSSC-1 SSSC-2 SSSC-3 SSSC-4

V.. (pu.) 0.0338 0.05 0.1999 0.12

0., -88.73° ~73.26° ~136.85° -96.65°

I (puw.) 0.3668 0.4556 1.6425 1.2068

Yo 88.94° 88.74° 88.61° 88.86°

Cco Vysy = 0.97 pat. Quszr = 2248 MVAR Py 109 = 150 MW X5 =—0.0994 p.u.
NI 10

Solution of SSSC Quantities with Switching Losses (G¢' = 0.2 p.u.) and Specified Current Limits
for SSSC-2 and SSSC-3: =T = 0.48 p.u. and I%3'= 1.64 p.u.

Quantity SSSC-1 SSSC-2 SSSC-3 SSSC-4

V.(puw) 00338 0.057 0.1993 0.1213
0, -88.74° ~71.98° ~136.84° -96.6°
I (pw.) 0.3668 0.48 1.64 1.2127
Yo 88.94° 88.64° 88.61° 88.85°
co Vysy = 0.97 ptl. Quyz = 24.62 MVAR Py 0= 1498 MW X5 =-0.1 p.u.

NI 8
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FIGURE 3.15 Bus voltage profile corresponding to the case study of Table 3.10
(with voltage limits on SSSC-2 and SSSC-4). (a) Bus voltage magnitude without
SSSC; (b) bus voltage magnitude with SSSC; (c) voltage magnitude difference.
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FIGURE 3.16 Bus voltage profile corresponding to the case study of Table 3.10
(with current limits on SSSC-2 and SSSC-3). (a) Bus voltage magnitude without
SSSC; (b) bus voltage magnitude with SSSC; (c) voltage magnitude difference.

TABLE 3.11  Third Study of IEEE 118-Bus System with Practical SSSC and
Device Limits

Solution of SSSC Quantities with Switching Losses (G =0.2 p-u.) and Specified
Voltage Limits: Vo™ = 0.12 p.u., V3" = 0.048 p.u., and V3" = 0.025 p.u.

Quantity SSSC-1 SSSC-2 SSSC-3

V., (pu.) 0.12 0.048 0.025

0, ~125.74° ~109.76° ~101.28°

I, (pu.) 0.6979 0.6377 0.1869

Yee 88.03° 89.14° 88.47°

co Vig=09588pu. Qs =5.03 MVAR Py o5 = 18.5 MW
NI 10

Solution of SSSC Quantities with Switching Losses (G&*' = 0.2 p.u.) and Specified
Current Limits: I = 0.69 p.u., [5T = 0.63 p.u., and I3 = 0.18 p.u.

Quantity SSSC-1 SSSC-2 SSSC-3

V.. (p.u.) 0.1173 0.0464 0.0231

0, ~125.6° ~109.97° ~102.46°

I, (p.u.) 0.69 0.63 0.18

Yee 88.05° 89.16° 88.53°

co Vig=09583pu. Qs =519MVAR  Pygos=17.76 MW

NI 9
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SSSC-2, and SSSC-3. To accommodate these three limit violations, all the
three COs have been relaxed. The limit violated quantities are again shown
in bold cases. From Table 3.12, the increased deviations of the converged
values of the COs (from the set values) and the increase in the number of
iterations compared to that in the unconstrained case can be observed.

The bus voltage profiles for the two cases depicted in Table 3.11 are
shown in Figures 3.17 and 3.18, respectively. From these two figures again,
it is observed that even in the presence of three simultaneous limit viola-
tions, the bus voltage profile changes very little.

Table 3.12 shows the results for simultaneous limit violations of three SSSCs
in the 300-bus system for two cases: (1) the simultaneous violation of the volt-
age limits of SSSC-2, SSSC-3, and SSSC-4 and (2) the simultaneous violation
of current limits of SSSC-2, SSSC-3, and SSSC-4. Again, it is important to note
that the selection of devices (SSSCs) on which limit constraints have been
enforced is purely arbitrary. The limit constraints can also be enforced very
easily on other SSSCs. For enforcing these limits, the objectives of controlling
the real power flow in line 191-190, the reactive power flow in line 83-71, and
the reactance of line 5-9 at the specified values are relaxed. Also, the number
of iterations increases compared to that in the unconstrained case.

1.0500
1.0233
5
2 0.9965
0.9698
0.9430
0

(a)
1.0500
1.0233
0.9965
0.9698
0.9430

9.0433 T T T T T
6.5564 [ 1
4.0695 [ 1

1.5826 [ / 1

. 1 1 I I I
0.9043 0 20 40 60 80 100 120

(o) Bus number

p.u.

FIGURE 3.17 Bus voltage profile corresponding to the case study of Table 3.11
(with three voltage limit constraints). (a) Bus voltage magnitude without SSSC;
(b) bus voltage magnitude with SSSC; (c) voltage magnitude difference.
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1.0500
1.0233
0.9965
0.9698
0.9430
0

1.0500
1.0233
0.9965
0.9698
0.9430
0

pu.

(b)

9.0432 T T T T T
6.5563 | b
4.0694 4

1.5826 | / b

—-0.9043 ' ; y ; !
0 20 40 60 80 100 120

(c) Bus number

p-u.

FIGURE 3.18 Bus voltage profile corresponding to the case study of Table 3.11
(with three current limit constraints). (a) Bus voltage magnitude without SSSC;
(b) bus voltage magnitude with SSSC; (c) voltage magnitude difference.

TABLE 3.12  Third Study of IEEE 300-Bus System with Practical SSSC and
Device Limits

Solution of SSSC Quantities with Switching Losses (G¢' = 0.2 p.u.) and Specified Voltage Limits:
Vi3 = 0.05 p.u., VE™ = 0.18 p.u. and VL™ = 0.1 p.u.

Quantity SSSC-1 SSSC-2 SSSC-3 SSSC-4

V. (pu.) 0.0338 0.05 0.18 0.11

0, ~88.77° ~73.22° ~136.37° -97.11°

I (pu.) 0.3668 0.4555 1.5587 1.162

Ve 88.94° 88.74° 88.68° 88.92°

co Vy37=0.97 ptt. Qg1 =22.51 MVAR Pigy 190 = 142.9 MW X590 = —0.0946 p.u.
NI 9

Solution of SSSC Quantities with Switching Losses (G&=0.2 p-u.) and Specified Current Limits:
I8 = 0.47 pou., N7 = 1.62 p.u. and [H7 = 1.2 p.u.

Quantity SSSC-1 SSSC-2 SSSC-3 SSSC-4

V., (pu) 0.0338 0.0542 0.1946 0.1185

0, ~88.75° —72.49° ~136.72° -96.73°

I, (pu) 0.3668 0.47 1.62 1.2

Yoo 88.94° 88.68° 88.62° 88.87°

co Vysr = 0.97 pat. Qgsz = 23.74 MVAR P00 = 148.1 MW X5, = —0.0987 p.u.

NI 8
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The bus voltage profiles for the two cases depicted in Table 3.12 are shown in
Figures 3.19 and 3.20, respectively. From these two figures again it is observed
that as in 118-bus system, in the 300-bus system also, even in the presence of
three simultaneous limit violations, the bus voltage profile changes very little.

Results corresponding to the simultaneous limit violations of all four
SSSCs in the 300-bus system are shown in Table 3.13. Two cases are consid-
ered: (1) the simultaneous violation of the voltage limits of all the four SSSCs
and (2) the simultaneous violation of current limits of all the four SSSCs.
The device limit thresholds have been set quite low than the corresponding
unconstrained values. Consequently, the converged values of the COs devi-
ate more. This demonstrates the robustness of the developed technique for
stringent limit violations. Also, the number of iterations increases compared
to that in the unconstrained case. It is to be noted that for incorporating
these four limit constraints, all the four COs have been relaxed.

The bus voltage profiles for the two cases depicted in Table 3.13 are
shown in Figures 3.21 and 3.22, respectively. From these two figures again,
it is observed that in the 300-bus system, even in the presence of four
simultaneous limit violations, the bus voltage profile changes very little.

1.0735 T T T T T

1.0336 b
0.9937
0.9538

0.9139 L L L L L
(a) 0 50 100 150 200 250 300

1.0735 T T T T T

1.0336 B

0.9937

0.9538

0.9138 L
0

p.u.

(b)

21.8907
15.8708

=1
z 9.8508
3.8309

-2.1891 L L L L L
0 50 100 150 200 250 300

(c) Bus number

FIGURE 3.19 Bus voltage profile corresponding to the case study of Table 3.12
(with three voltage limit constraints). (a) Bus voltage magnitude without SSSC;
(b) bus voltage magnitude with SSSC; (c) voltage magnitude difference.
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0.9138

0
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3.4663
2.5130
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FIGURE 3.20 Bus voltage profile corresponding to the case study of Table 3.12
(with three current limit constraints). (a) Bus voltage magnitude without SSSC;
(b) bus voltage magnitude with SSSC; (c) voltage magnitude difference.

TABLE 3.13  Fourth Study of IEEE 300-Bus System with Practical SSSC and Device Limits

Solution of SSSC Quantities with Switching Losses (G*=0.2 p.u.) and Specified Voltage Limits:
VLM = 0,033 pou., VIR = 0.045 p.u., Vas' = 0.15 p.u., and VI = 0.1 p.u.

B

Quantity $SSC-1 SSSC-2 SSSC-3 SSSC-4

V. (p.u.) 0.033 0.045 0.15 0.1

0., —88.9° —74.06° -135.74° —97.54°

I. (p.u.) 0.3666 0.4382 1.434 1.117

Yee 88.97° 88.82° 88.8° 88.97°

CO V37 =0.9704 p.u. Qg371 =21.1 MVAR Pygy 190 = 132.3 MW X5, =-0.0895 p.u.
NI 10

Solution of SSSC Quantities with Switching Losses (Gol = 0.2 p.u.) and Specified Current Limits:
Lim Lim

I4m = 0.3665 p.u., 142 = 0.45 p.u., IXT = 1.6 p.u., and 15T = 1.0 p.u.

Quantity SSSC-1 SSSC-2 SSSC-3 SSSC-4

V., (pu) 0.0325 0.0485 0.1898 0.0741

0, -88.82° —73.48° -136.57° -98.68°

I, (p.u.) 0.3665 0.45 1.6 1.0

Yee 88.98° 88.77° 88.64° 89.15°

Cco Vi =0.9707 p. Qgsi =22 MVAR  Poy 190 = 146.5 MW X5 =—0.0741 p.u.

NI 9
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FIGURE 3.21 Bus voltage profile corresponding to the case study of Table 3.13
(with four voltage limit constraints). (a) Bus voltage magnitude without SSSC;
(b) bus voltage magnitude with SSSC; (c) voltage magnitude difference.
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FIGURE 3.22 Bus voltage profile corresponding to the case study of Table 3.13
(with four current limit constraints). (a) Bus voltage magnitude without SSSC; (b)
bus voltage magnitude with SSSC; (c) voltage magnitude difference.
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3.7 SUMMARY

In this chapter, a Newton power flow model of the SSSC has been developed,
which can reuse the existing power flow and Jacobian codes. Consequently,
a substantial reduction in the complexity of codes can be achieved. This
model can handle multiple control functions and practical device limit
constraints of the SSSC. The switching loss of the SSSC can be accommo-
dated very easily in the proposed model. Validity of the proposed method
has been demonstrated on IEEE 118- and 300-bus systems with excellent
convergence characteristics. In Chapter 4, the philosophy described in this
chapter is extended for power flow modeling of the unified power flow

controller.



CHAPTER 4

Newton Power Flow
Model of the Unified
Power Flow Controller

4.1 INTRODUCTION

Among the voltage-sourced converter-based flexible AC transmission sys-
tem controllers, the unified power flow controller (UPFC) is one of the
most comprehensive and versatile ones, which has ushered in new horizons
in power transmission control [15,16]. Within its operating limits, a UPFC
can independently control three power system parameters [15-21].

For proper utilization of the UPFC in power system planning, operation,
and control, a power flow solution of the network incorporating UPFC(s)
is a fundamental requirement. As a result, the development of a suitable
power flow model for analyzing the behavior of the UPFC in large power
systems has been a challenge for power system engineers worldwide. In this
regard, a lot of research work has been carried out in the literature [55-76]
for developing efficient power flow algorithms for the UPFC. In a way simi-
lar to the static synchronous series compensator (SSSC), it is observed from
these works that the complexities of software codes are increased manifold
when a UPFC is modeled in an existing Newton-Raphson power flow algo-
rithm. In fact, compared with the SSSC, the problem is aggravated in case
of the UPFC. In a UPFC, there are two representative voltage sources—
one each for the shunt and series converters. Contributions from these

two voltage sources necessitate modifications in the existing power flow
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equations for the sending end (SE) and receiving end (RE) buses of the line
incorporating the UPFC. Further, an entirely new expression for the real
power handled by the UPFC has to be written. Moreover, in the Jacobian
matrix, multiple subblocks exclusively related to the shunt and series volt-
age sources of the UPFC appear, and as a result, entirely new codes need to
be written for computation of each of these subblocks. Due to these factors,
the complexity of software codes is greatly enhanced. As the number of
UPFCs in a system increases, the problem becomes more acute.

This problem has not been directly addressed by any of the existing works
on power flow modeling of the UPFC. In this regard, efforts to obtain reus-
ability of the original Newton-Raphson power flow codes due to the incor-
poration of a UPFC were demonstrated in [76]. However, in this method too,
new codes related to the UPFC have to be written, although separately, in a
special routine (such as a class or a function), to preserve the original codes.
Thus, no substantial reduction in the programming complexity is achieved.
To address this issue, an indirect approach for power flow modeling of a
UPFC [84,86] is proposed in this chapter. By this modeling approach, an
existing power system installed with UPFCs is transformed to an equivalent
augmented network without any UPFC. This results in a substantial reduc-
tion in the programming complexity because of the following reasons:

1. In the absence of any UPFC, the terms contributed by the represen-
tative shunt and series voltage sources of the UPFC cease to exist.
Thus, all bus power injections can be computed in the proposed
model using the existing Newton-Raphson codes.

2. The equation(s) for the UPFC real power(s) are transformed to sum(s)
of real powers of additional power-flow buses, which in turn can be
computed using existing codes.

3. In the proposed model, only three Jacobian subblocks need be
evaluated—two of which can be evaluated using existing Jacobian
codes directly, whereas the third one can be computed with very
minor modifications of the existing Jacobian codes.

4.2 UPFC MODEL FOR NEWTON POWER FLOW ANALYSIS
Figure 4.1 shows an n-bus power system network in which a UPFC is con-
nected in the branch i—j between buses i and j of the network. The UPFC is
connected in series at the sending end (SE) of the transmission line.
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Bus i Busj
V,;£8; v V;£8;

. |

seéese
Series
converter
Shunt
converter
I vshéesh

FIGURE 4.1 UPFC connected between buses i and j of an n-bus power system.

Bus i Busj
V28 Vs 1, V26,
Ise r
= —
7
Zse Zi]’
llsh Ljo Yijo Yijo

FIGURE 4.2 Equivalent circuit of the UPFC-incorporated power system network.

The equivalent circuit of the aforementioned network is shown in
Figure 4.2 in which the UPFC is represented by two voltage sources. The
voltage source V. is connected in series with the transmission line, rep-
resented by its equivalent pi representation, at node r. V, is the voltage of
node r. As shown in Figure 4.2, the total current through the series cou-
pling transformer is I, which consists of two parts: (1) I; flowing through
the line series impedance and (2) I;;o which is the line charging current.
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The current flowing through the shunt coupling transformer is Iy,. Also,
Z, and Zg, are the impedances of the series and shunt coupling trans-
former, respectively.

Now,
letZ; =R; + jX;;,y; =L,ySe :L and yg =L 4.1
Z; Z,. Zg,
Also,
Y =Yji=-yi =-y; (4.2)
From Figure 4.2,
Le =Ljo +1j =y V, +y;(V, = V;) (4.3)
Also,
Le =ys(Vi—V, - V) 4.4
From Equations 4.3 and 4.4,
Le=04,V; =BV, -0, Vi (4.5)
where:
= YeUa+yio) g B = YuYi 4.6)
Yii +YijotVse Yii T Yijo +Vse

Again, from Figure 4.2, the net injected current at bus i is

n

Ii = (Yi?ld - y,'j — Yijo )V, + Z Y,'ka + Ise + Ish (47)

k=1,k#i,k+j

In the above equation, Yo = Hik Yik + Y% +Vijo is the self-admittance of
bus i for the existing n-bus sy§tér§ without any UPFC connected and y¥
accounts for the shunt capacitances of all transmission lines connected to
bus i, except that of line i—j. Substituting Iy, =y (Vi — Vg ) and Equation

4.5 in Equation 4.7 one gets,
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n+2
I, = ZY,.kvk (4.8)
k=1

In the above equation, Y; =y —Yij —Yijo + 01 + Y is the new value of
self-admittance for the ith bus with UPFC and

Vi1 = Vee> Viiz = Vo, Yiguin) = =04, Yiniz) =—Vsn> and Y; =—B;  (4.9)

Similarly, the net injected current at bus j can be written as

n+2
I] = ZY]ka
k=1

(4.10)
provided
Y1) =PB1> Yjmiz) =0, and Yj;; =4 (4.11)

Thus, from Equations 4.8 and 4.10, it can be observed that the effect of
incorporating a UPFC in a transmission line is equivalent to the addition
of two more buses (n + 1) and (n + 2) to the existing n-bus system, pro-
vided Equations 4.9 and 4.11 are satisfied. The buses (n + 1) and (n + 2) are
representative of the effects of the series and shunt voltage sources of the
UPFC, respectively.

Now, from Figure 4.2, the net injected currents at the two fictitious
power-flow buses (n + 1) and (n + 2) are equal to the currents flowing into
the transmission system from these buses. Hence, for the equivalent (1 + 2)
bus system,

n+2
Lt =L =0 Ve =0V BV, = Y YornVi (4.12)
k=1

provided
Yty me1) = Ots Yninyi = —0ts Yiuin)j = B> Ymenyni2) =0 (4.13)

Also,

n+2
L =L =Y (Ve = VD)= D _YoranVi (4.14)
k=1
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where:

Y(n+2)(n+2) =Ysh> Y(n+2)i =—Ysh> Y(n+2)j = 0) Y(n+2)(n+1) =0 (415)

4.3 POWER FLOW EQUATIONS IN THE
PROPOSED UPFC MODEL

To bring out the advantages of the proposed UPFC model, the relevant
equations from the existing UPFC models are first described followed by
the corresponding equations obtained by the developed UPFC model. Let
there be p UPFCs incorporated in an existing zn-bus system. With existing
UPFC models, from the equations of the net injected currents at buses i
and j (e.g., Equation 4.7), the expression for the active power injection at
any (SE or RE) bus a can be written as

Pa=ZVaVkYukcos(9u—9k—(pyuk), asn (4.16)

=
if no UPEC is connected to bus a;

n

Paz Z Va‘/kYakCOS(ea_ek_(pyak)

k=1, k#b
_Va‘/bBc COS(eu _eh_(p}’BC) (417)

_Va‘/sec a. cos(@a _esec _(Pyac)
_Vu‘/;hc yshc COS(eu _eshc _(-Pyshc)

if UPFC c is connected in branch a-b with a as SE bus (c<p);

n

Pa: Z ‘/aVkYukCOS(ea_ek_(pyak)_Va‘/bBccos(eu_eb_(Pyﬁc)

k=1,k#b (418)

+‘/a‘/sec Bc COS(ea _esec _(pyBc)

if UPFC c is connected in branch a-b with a as RE bus.

Thus, from the above equation, it is observed that with existing UPFC
models, additional terms arising out of the contributions from the series and
shunt voltage sources representing the UPFC have come into the picture.
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These necessitate modifications in the existing power flow software codes.
This is also true for the reactive power injection equation at any bus.

However, in the proposed model, there would be a total of (n + 2p)
buses, without any UPFC. The effect of the cth UPFC comes into the pic-
ture as two additional fictitious power-flow buses (n + 2c¢ — 1) and (n + 2c¢)
representative of the series and the shunt converters, respectively. The
expression for the active power at any bus a (SE or RE) can be written
using Equations 4.8 and 4.10 as

n+2p
P= Y ViVi¥ucos(0, -0, ~u), as<(n+2p) 419
k=1

Similarly, the expression for the reactive power at any bus a (SE or RE) can
be written as

n+2p
Qu:ZVaVkaukSin(ea_ek_(Pyak)) ag(”‘*‘zp) (420)
k=1

From the above two equations, it can be observed that both the active and
reactive power injections at any bus can be computed using existing power
flow codes.

Now, with existing models, the expression for the real power delivered
by any UPFC ¢ connected between buses a and b is

Puprce = Re| Vaee(“Liee)+ Vane(~Tine) |
= Ve Vi Be cos(esec -0, —(pyﬁc)
V...V, accos(em—ea —(pym) (4.21)
~Vine Vi Vshe €08 (Bsne =00 —@snc )
+ Vit Vshe €OS @ yshe + Vit (0L COS @ ¢
From the above equation, it is observed that fresh codes are required for its

evaluation. In the proposed model, the expression of Pyjppc. can be written
using Equations 4.12 and 4.14 as
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PUPFCc =Re |:Vsec (_I:ec ) + Vshc (_I:hc )]

Re[VnJch—l(I:HZc—l)Jr Vn+2c (I:HZC):' (422)

Re (Sn+2c—l + Sn+2c ) = Pn+2c—1 + Pn+2£

From the above equation, it can be observed that in the proposed model,
the sum of active power injections at two buses (n + 2¢ - 1) and (n + 2¢)
(computed from Equation 4.19 with existing power flow codes) yields the
UPEC real power.

Apart from the equations corresponding to real and reactive power
injections, those corresponding to various control objectives can also be
evaluated using existing codes in the proposed model. Generally, a UPFC
can independently control three power system parameters. Normally, the
SE bus voltage, the line active power flow, and the line reactive power flow
comprise these three control objectives [72]. In this chapter too, these
three same control objectives have been considered.

With existing UPFC models, using Equation 4.5, the expression for the
line active power flow with the UPFC ¢ connected between buses a and b is

P, = Re(V,,I;,, ) = Re(VaI;C )
or

Pab = ‘/az(XCCOS (Pyotc - ‘/a‘/b Bccos(ea _eb _(pyﬁc)

(4.23)
- VaVvsec A COS(eﬂ _esec _(Pyac)
Similarly, the expression for the line reactive power flow is given by
Qab = _‘/azacSin (pyow - ‘/a‘/b Bc Sin(ea _eb _(PyBc )
(4.24)

- Va‘/sec (O Sin(ea _esec _(Pyac)

Both the above two equations have new terms involving the UPFC series
voltage source and the modified admittances due to the UPFC series cou-
pling transformers. These necessitate modifications in the existing power
flow codes.
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In the proposed model, using Equation 4.12, the expression for active
power flow becomes

Py =Re(Vly )= Re( Vol ) =Re| Vo (Tro2e ) |
or

n+2p
Pub = _z Va‘/kY(n-*-Zc—l)kcos(eu - ek ~Py(nr2c-1)k ) (425)
k=1

as the series converter of the cth UPFC is transformed to (n + 2¢ — 1)th
power flow bus in the proposed model. In a similar way,

n+2p

Qab = _zVu‘/kY(rHZc—l)kSin(eu _Gk _(Py(fﬁchl)k) (426)
k=1

From the above two equations, it is observed that both the line active and
reactive power flows can be evaluated in the proposed model using very
minor modifications in the existing power flow codes.

4.4 IMPLEMENTATION IN NEWTON POWER FLOW ANALYSIS

If the number of voltage-controlled buses is (1 - 1), the power-flow problem
for an n-bus system with p UPFCs can be formulated as follows:

Solve 0, V, O, V., 04, and Vg,.

Specified P, Q, Py, Vg, P, and Q.

where:
0=100,...0,]" V=[V,,...V,] 4.27)
ese :[esel-”esep]T Vse z[‘/;el---‘/sep]T (428)
O =[Ouh1-..Ouhp]" Ven =[Vini... Vinp I (4.29)

P:[PZ---Pn]T Q:[Qm+1---Qn]T (430)
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Py = [PUPFCI . -PUPFCp ]T Vg = [VBU51 .. -VBUSp ]T (4~31)

P =[Piing: . -PLINEp]T QL =[Quingi - -QLINEp]T (4.32)

In Equations 4.27 through 4.32 Py, V3, Pi, and Q, represent the vectors
for the specified real powers (supplied by the UPFCs), SE bus voltages (at
which the p UPFCs are connected), line active power flows, and line reac-
tive power flows (in the p lines incorporating the UPFCs) of the p UPFCs,
respectively. Without any loss of generality in Equations 4.27 through
4.32, it is assumed that there are m generators connected at the first m
buses of the system with bus 1 being the slack bus. Thus, the basic power-
flow equation for the Newton power flow solution is represented as

oP  oP i oP i oP i oP i oP |
0 oV | e | Vi | B | OVa
Q Q 1 Q QM aQf
69 aV 1:_ aese _i a‘/se i aesh E_ 6\’sh Ae AP
oP, | 0Py | 0Py | OBy | oPy | Py || AV | | AQ
0 1OV | 00, | OVie | 0w | OV |[ADe| 1A oo
GVB : aVB i 6VB i aVB i aVB i 6VB A\]se A‘[B
! DVse | | OVB
00 1OV | B | Ve | DO | OV || A0n | | AR
OP, | OB, | OP | OP | P, ! OB ||AVy | |AQq
00 1OV 1 O § OV i B i Ve |
Q. i 0Qu ! 0Qur ! dQu ! QL ! Qv
0 1 OV | 0. | OV | 04 | OV
or
[ I R PR P ]4__A9_ [ AP |
Jola S e
| ]5 | 16 | 17 | ]8 AV AQ
------ i niital ittty Bl I wruill B By
Jo t T i Ju i Je T i T || A0 AP, o
0 : 115 : 0 : 0 : 0 : 0 A\/se: A\]B
e ke b etk el == -
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In the above equation, J 4 is the conventional power-flow Jacobian subblock
corresponding to the angle and voltage magnitude variables of the n-buses.

Now, in the proposed model, there are (1 + 2p) buses, including 2p ficti-
tious power flow buses. Thus, the quantities to be solved for power flow are
0"" and V™.

enew = [62 .. .9n+2p ]T and Vnew = [Vm+1 .. .Vn+2p ]T (435)

Thus, Equation 4.34 is transformed in the proposed model as

IX1 APQ
Xz (Ao | | APy .
0 JX3||AV™ | | AV, (4.36)
JX4 APQ,
where:
APQ=[APT AQ"]" APQ, =[AP! AQ!]" (4.37)

Also, JX1,JX2,JX3, and JX4 are identified easily from Equation 4.36. The
elements of the matrix JX3 are either unity or zero, depending on whether
an element of the vector Vy is also an element of the vector V** or not.
Thus, JX3 is a constant matrix known a priori and does not need to be
computed.

Now, it can be shown that in Equation 4.36,

1. The matrices JX1 and JX2 can be computed using existing Jacobian
codes.
2. The matrix JX4 can be computed using very minor modifications of

the existing Jacobian codes.

The justification of the above two statements are shown as follows.
To compute the two matrices JX1 and JX2 in the proposed model with
(n + 2p) buses, let

PV =[P,...P,,]" (4.38)
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Subsequently, a new Jacobian matrix is defined as

aP new aP new

(4.39)

It can be observed (from Equations 4.19 and 4.20) that in the proposed
model, the expressions for P, 2<i<n+p) and Q; (m+1<i<n) in P™"
and Q, respectively (of Equation 4.39), can be computed using existing
power flow codes. Hence, the matrix J*** can be computed with existing
codes for calculating the Jacobian matrix.

From Equations 4.35 and 4.38,

a new Gip
P | o (4.40)

where:

aP n+l aP n+2
aenew aenew

aPn+2p—1 aPn-¢—2p
aenew aenew

I I T
stz[ I } (4.41)
From Equation 4.40, it is observed that the subblock 6P/30™" is contained
within 6P™"/80™". In a similar way, it can be shown that OP/dV™" is
contained within OP™"/dV™™". Hence, once the matrix J"" is computed,

the matrix

oP oP

can be very easily extracted from the matrix J*" using simple matrix
extraction codes only. Hence, no fresh codes need to be written for com-
puting JX1.

Now, using Equation 4.22,

OP,
76 [Pi1+ P l= UPrel

4.42
aenew aenew ( )
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Thus, in Equation 4.41, the sum of the first two rows of JX5 equals
OPyprc / 00™" (the first element of the Jacobian subblock OPy / o00™™).
Similarly, the sum of the last two rows yields the last element of 9Py / 90™".
Therefore, dPy /0™ can be easily extracted from 6P™"/90™". In a simi-
lar way, it can be shown that Py /&V™" can also be easily extracted from
OP™" V™™, Hence, the matrix JX2= [GPU /06" Py / 8V“ew] does not
need to be computed—it can be formed from the matrix J* of J"*¥ by matrix
extraction codes (in conjunction with codes for simple matrix row addi-
tion). Hence, both JX1 and JX2 need not be computed and can be extracted
from J™v (subsequent to its computation using existing Jacobian codes).
Next, it is shown that unlike existing UPFC models, the matrix

| op oo™ oP /v

X4 =
I aQL /aenew aQL/aVnew

can be computed using very minor modifications of the existing Jacobian
codes.

In the proposed model, the expression for the active power flow in the
cth UPFC connected line (between SE and RE buses a and b, respectively)
can be written using Equation 4.25 as

n+2p

Pinge = —Z VaViYiuiac-1rcos (ea — 0k =@y nizc-1ik ) (4.43)
k=1

In a similar way, using Equation 4.26,

n+2p

Quinge = —Z VaViYiae-ik Sin(ea =0k =@y (ur2c1 ) (4.44)
k=1

It can be observed that unlike Equations 4.23 and 4.24, Equations 4.43
and 4.44 can be computed using very minor modifications of the existing
power flow codes. Consequently, the matrix JX4, which constitutes the
partial derivatives of Equations 4.43 and 4.44 with respect to the relevant
variables (0;, 0, O, 041, Vi, V;, Vi, and V), can also be computed with
very minor modifications of the existing Jacobian codes, unlike with
existing UPFC models. This reduces the complexity of software code
substantially.
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4.5 ACCOMMODATION OF UPFC

DEVICE LIMIT CONSTRAINTS
The four major device limit constraints of the UPFC considered in this
book are as follows [70]:

1. The UPFC series-injected voltage magnitude V™

Lim

2. The line current through the series converter I,

3. Real power transfer through the dc link P3¢

4. Shunt converter current I5™
These four device limit constraints have been taken into account follow-
ing the guidelines of [70] and [71]. The device limit constraints have been
accommodated by the principle that whenever a particular constraint
limit is violated, it is kept at its specified limit, whereas a control objective
is relaxed. Mathematically, this signifies the replacement of the Jacobian
elements pertaining to the control objective by those of the violated
constraints.

The four device constraint limits of VLA™, [5™ plim and I5™ can be
incorporated as follows:

1. Limit on UPFC series converter voltage (VEmy

For considering VE™ for the mth UPFC (connected in the line
between buses i [SE] and j [RE]), V., is preset at VE™ and either
the line active (Pyng.,) or reactive power flow (Qqng,,) control objec-
tive is relaxed. This relaxed active or reactive power mismatch is
replaced by AV, —ylim_y ., . and the corresponding row
of the matrix JX4 is rendered constant with all elements known
a priori—all of them are equal to zero except the entry pertaining to
V,r2m-1, which is unity. All other elements of the matrix JX4 can be
computed using very minor modifications of the existing Jacobian
codes, as demonstrated in the previous Section 4.4.
2. Limit on line current through the UPFC series converter (1Lim

In this case also, I,.,,; is presetat I Lim and either P g or Qpne con-
trol objective is relaxed. Thus, the corresponding mismatch is replaced
by Alm =1 m — Ieam> where (from Equations 4.12 and 4.13)
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In+2m—1 = [a1 +a,+ as +a, ]1/2 (445)

where:
_ Y2 V2 YZ VZ Y2 VZ
A = Ynom-1)i Vi T Yaam-1)j Vi T Ynr2am-1)(n+2m-1) Vnram-1
a; =2Y(omo)i Y(n+2m—1)j Vi V; COosS (ei - 91' T @ ynr2m-1)i — P yn+2m-1)j )
as = 2 Y(n+2m—1)iY(n+2m—1)(n+2m—l)VviVnJer—lCOS (el - 6n+2m—1 + (py(n+2m—l)i
_(py(n+2m—1)(n+2m—1))
a, = 2 Y(n+2m—1)jY(n+2m—1)(n+2m—l)‘/jVn+2m—1COS(ej - en+2m—l + (py(n+2m—1)j

_(py(n+2m—1 )(n+2m-1)

The Jacobian elements are changed accordingly.

If, however, both V™ and 5™ are violated, leniency is exercised
on both P and Qi control objectives, which are replaced by
AV,2m1 and Al respectively. The corresponding Jacobian
elements are also replaced. The derivations of the expressions of
ai, 4, as, and a, are given in the Appendix.

3. Limit on real power transfer through the dc link (P5"
In the proposed model, the series and shunt converters of the mth
UPEFC are transformed to fictitious power-flow buses (n + 2m — 1)
and (n + 2m), respectively. For the mth UPFC (connected in the
line between buses say i [SE] and j [RE]), the real power exchange
through the DC link Pyc,, is defined (using Equations 4.5, 4.9,
4.12,4.13, and 4.45) as

*

Pocn = Re|:Vsem (_Isem ):| = Re(Vn+2m—l I:1+2m—1 )
= Vut2am-1 ‘/1 Y(n+2m—1)i Cos(en+2m—l _ei _(py(n+2m—1)i) (4 46)
+ Vn+2m—l ‘/] Y(n+2m—1)j Cos(en+2m—l _ej _(py(n+2m—1)j)

2
+ Vn+2m—1 Y(n+2m—1)(n+2m—1) Ccos (py(n+2m—1)(n+2m—1)

If P5™ is violated, then Poc is preset at PLim and either the Py or
Qune control objective is relaxed, with the corresponding mis-
match replaced by APpc, =pim Py It is important to note
that a negative value of Py, signifies that the series converter is
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absorbing real power from the line (and supplying it to the SE bus
through the shunt converter). The Jacobian elements are changed
accordingly.

Lim

4. Limit on shunt converter current (1,

As in the previous cases, for the mth UPFC, I,,,,, is preset at I5m
and the UPFC SE bus voltage control objective is relaxed, with the
voltage mismatch replaced by Al,.,,, = Lism — I,;.2m where (from
Equations 4.14 and 4.15)

Ly =[by + b, ]1/2 (4.47)

where:
2 2 2 2
bl = Y(n+2m)i Vii+ Y(n+2m)(n+2m) Viiam
b2 =2 Y(n+2m)iY(n+2m)(n+2m)Vvi‘/n+2m COoS (er _en+2m +(py(n+2m)i

_(py(n+2m)(n+2m) )

The Jacobian elements are changed accordingly.

If, however, all of P5™, 5™ and I5™ are violated, all the con-
trol objectives of line active and reactive power flow along with
the SE bus voltage are relaxed, with the corresponding mismatches
replaced by APpcy» Alyiom-1, and A, respectively, as given
before, along with modifications of the corresponding Jacobian
elements. The derivations of the expressions of b, and b, are given
in the Appendix.

4.6 SELECTION OF INITIAL CONDITIONS

The initial conditions for the shunt voltage source were chosen as
Vi £03, =1.0.£0° following [60] whereas those for the series voltage source
were chosen as V;£0;. =0.1/—(n/2), as suggested in [49]. During the
case studies, it was observed that the shunt converter current magnitude
I,.+» becomes zero by adoption of the shunt voltage source initial condition.
As a consequence, the Jacobians of I,., (obtained using Equation 4.47),
which possess I,,., terms in the denominator, were rendered indeterminate.
This is shown in the Appendix. Modifying the shunt source initial condi-
tion to V3 £0g, =1.0Z£—(n/9) solves this problem, without any observed
detrimental effect on the convergence.
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4.7 CASE STUDIES AND RESULTS

The proposed method was applied to IEEE 118- and 300-bus systems to
validate its feasibility. In each test system, multiple UPFCs were included
and studies have been carried out for (1) UPFCs without any device limit
constraints and (2) UPFCs with device limit constraints. As each UPFC
can independently control up to three power system parameters, in this
chapter, each UPFC is used for the control of the SE bus voltage and the
line active and reactive power flows. In all the case studies, a convergence
tolerance of 10™"* p.u. has been chosen. Although a large number of case
studies confirmed the validity of the model, a few sets of representative
results are presented below. As in Chapter 3, in all the subsequent tables,
the symbol NI denotes the number of iterations taken by the algorithm.

4.7.1 Studies of UPFCs without Any Device Limit Constraints

4.7.1.1 Case I: IEEE 118-Bus System

In this system, three UPFCs have been considered on the lines among
buses 5-11 (UPFC-1), 37-39 (UPFC-2), and 96-95 (UPFC-3). The control
references chosen are Va¥ = 1.0 p.u., Q5 = 5 MVAR, and P, = 100 MW
(UPFC-1); Vs = 1.0 p.u., Q31 30 = 10 MVAR, and P;; 3, = 100 MW (UPFC-2);
and Vay = 1.0 p.u,, Q3.0 = 5 MVAR, and Py.05 = 50 MW (UPFC-3). The
results are shown in Table 4.1, in which the final values of the controlled
variables are shown in boldfaced letters. It is also to be noted that in this
table as well as in all subsequent tables, a base of 100 MVA has been used
for both 118- and 300-bus systems to represent P, in p.u.

From Table 4.1, it is also observed that in the presence of UPFCs, the
line active and reactive power flow levels are enhanced compared to their
corresponding values in the base case. Furthermore, the voltages at the
three buses (at which the UPFCs are connected) are maintained precisely
at 1.0 p.u. The bus voltage profiles without and with UPFCs are shown in
Figure 4.3a and b, respectively. Further, the difference between the bus
voltage magnitudes with and without UPFC is shown in Figure 4.3¢c. From
this figure, it is observed that in the presence of UPFC, there is very little
change in the bus voltage profile.

4.7.1.2 Case II: IEEE 300-Bus System

In this system too, three UPFCs are incorporated in branches among
buses 2-3 (UPFC-1), 86-102 (UPFC-2), and 212-211 (UPFC-3).
The control references chosen are V3* = 1.04 p.u., Q5 = 50 MVAR,
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TABLE 4.1  Study of IEEE 118-Bus System with UPFC (No Device Limit Constraints)

Solution of Base Case Power Flow (without Any UPFC)

Parameter Line 1 Line 2 Line 3
Bine MW) 78.17 75.2 14.67
Qune (MVAR) 3.44 7.94 4.03
Vaus (p-u.) 1.0018 0.9908 1.0014
NI 6

Unconstrained Solution of UPFC Quantities
Quantity UPFC-1 (Line 1) UPFC-2 (Line 2) UPEFEC-3 (Line 3)
V.. (p-u.) 0.1233 0.1773 0.1072
0., -114.32° -120.3° -107.42°
Vi (pou) 0.9733 1.1429 1.0057
0, -16.71° -21.85° —4.66°
I, (p.u.) 1.0012 1.005 0.5025
I, (p.u.) 0.2669 1.4292 0.0574
Ppe (pu) 0.0103 0.0089 0.0066
P (MW) 100 100 50
Qe (MVAR) 5 10 5
Vius (p-u.) 1.0 1.0 1.0
NI 6

1
0 20 40 60 80 100 120
(c) Bus number

FIGURE 4.3 Bus voltage profile corresponding to the case study of Table 4.1.
(a) Bus voltage magnitude without UPFC; (b) bus voltage magnitude with UPFC;
(c) voltage magnitude difference.
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TABLE 4.2 Study of IEEE 300-Bus System with UPFC (No Device Limit Constraints)

Solution of Base Case Power Flow (without Any UPFC)

Parameter Line 1 Line 2 Line 3
Pne (MW) 36.03 37.95 127.25
Qune (MVAR) 73.23 19.93 63.45
Vius (p.u.) 1.0352 0.991 1.0129
NI 7

Unconstrained Solution of UPFC Quantities

Quantity UPFC-1 (Line 1) UPFC-2 (Line 2) UPFC-3 (Line 3)
V.. (p.u.) 0.0668 0.0744 0.1851
0,. -112.42° -98.52° -125.71°
Vg (pu) 0.9836 1.024 1.0277
0, 7.55° -14.76° -22.73°
I, (p.u.) 0.6799 0.5099 1.5501
I, (p.u) 0.5644 0.2402 0.0812
Py (p.u.) -0.0119 0.0034 —-0.028
P e (MW) 50 50 150
Qe (MVAR) 50 10 50
Vius (pu.) 1.04 1.0 1.02
NI 7

and P = 50 MW (UPFC-1); Vg = 1.0 p.u,, Qs = 10 MVAR, and
P02 = 50 MW (UPFC-2); and V55 = 1.02 pu., Q%%,, = 50 MVAR, and
PY 511 =150 MW (UPFC-3). The results are shown in Table 4.2. Again in this
table also, the final values of the controlled variables are shown in boldfaced
letters.

From Table 4.2, it is also observed that in the presence of UPFCs, the
line active power flow levels are enhanced compared to their correspond-
ing values in the base case. The higher active power flow levels in the lines
are maintained with the values of line reactive power flow levels, which are
lesser than their corresponding values in the base case, in the presence of
UPECs. In this context, it is important to note that the values of line reac-
tive power flows chosen are entirely arbitrary. These values could be chosen
to be higher than the base case values as well. Furthermore, the voltages at
the three buses (at which the UPFCs are connected) are maintained at val-
ues higher than those in the base case. The bus voltage profiles in this case
are shown in Figure 4.4. From this figure, it is observed that in the presence
of UPFC, there is very little change in the bus voltage profile.
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FIGURE 4.4 Bus voltage profile corresponding to the case study of Table 4.2.
(a) Bus voltage magnitude without UPFC; (b) bus voltage magnitude with UPFC;
(c) voltage magnitude difference.

4.7.2 Studies of UPFCs with Device Limit Constraints

In these case studies, various device limit constraints are considered for
both the 118- and 300-bus test systems. As already mentioned in Section
4.5, four major device constraint limits have been considered. In all these
case studies, the UPFC control references (prior to enforcement of the
specified limit constraints) are kept identical to those in the corresponding
case studies presented in Section 4.7.1. Although a large number of case
studies were carried out for implementation of these limit constraints, only
a few sets of representative results are presented below.

Case I: In this case, the simultaneous limit violations of only the series
injected voltage V=™ have been studied. To accommodate this violation,
the line active power flow control objective has been relaxed. In this con-
text, it is important to note that exercising leniency on the line active power
flow control objective is purely arbitrary. The line reactive power flow con-
trol objective can be relaxed as well. The results for the 118- and 300-bus
systems are given in Tables 4.3 and 4.4, respectively.

The converged final values of the constrained variables, that is, the UPFC
series injected voltages are shown in bold cases, along with the values of
the line reactive power and SE bus voltage control objectives.
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TABLE 4.3  Study of IEEE 118-Bus System with UPFC and V=™ Constraint

Solution of UPFC Quantities with Limits on Series Injected Voltage Only

im

Specified voltage limits: VA= 0.12 p.u, V"= 0.17 p.u., and Ves"= 0.1 p.u.

Quantity UPFEC-1 (Line 1) UPFEC-2 (Line 2) UPEC-3 (Line 3)
V., (pw) 0.12 0.17 0.1
0., -114.28° -120.24° -107.66°
Vi (pou) 0.973 1.1424 1.005
0, _16.67° 21.81° 463°
I. (p.u.) 0.9854 0.9873 0.4751
I (p-u.) 0.2697 1.4239 0.0508
Poc (pu.) 0.0098 0.008 0.0058
P (MW) 98.42 98.22 47.24
Quive (MVAR) 5 10 5
Vs (pou) 1.0 1.0 1.0
NI 6

TABLE 4.4  Study of IEEE 300-Bus System with UPFC and V™ Constraint

Solution of UPFC Quantities with Limits on Series Injected Voltage Only

Specified voltage limits: VEm = 0.065 p.u., V™ = 0.07 p.u, and V" = 0.18 p.u.

Quantity UPFC-1 (Line 1) UPFC-2 (Line 2) UPFC-3 (Line 3)
V. (p.u.) 0.065 0.07 0.18
0., -113.29° -97.84° -125.93°
Vg (p-u.) 0.9835 1.0238 1.0274
04, 7.57° -14.69° -22.68°
I, (pu.) 0.6719 0.4954 1.5308
I, (p-u.) 0.5649 0.2378 0.0783
Py (p-u) —-0.0112 0.0029 —-0.0267
P MW 48.82 48.52 147.92
Qe (MVAR) 50 10 50
Vius (p-u.) 1.04 1.0 1.02
NI 7

Corresponding to these studies in the 118- and 300-bus systems, the
bus voltage profiles with UPFC series injected voltage limits are shown in
Figures 4.5 and 4.6, respectively. From these figures, it is again observed
that the bus voltage profiles change very little even with the simultaneous
imposition of the limit constraint of series injected voltage on the three
UPEFCs.



124 m Flexible AC Transmission Systems (FACTS)

-3
X

9.2115 10 T T T T T

6.6784 y
=1 L ]
2 4.1452

1.6120 ]

_ 1 1 I 1 I

0'92120 20 40 60 80 100 120

(c) Bus number

FIGURE 4.5 Bus voltage profile corresponding to the case study of Table 4.3.
(a) Bus voltage magnitude without UPFC; (b) bus voltage magnitude with UPFC;
(c) voltage magnitude difference.
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FIGURE 4.6 Bus voltage profile corresponding to the case study of Table 4.4.
(a) Bus voltage magnitude without UPFC; (b) bus voltage magnitude with UPFC;
(c) voltage magnitude difference.
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Case 2: In this case, the violations of only the dc link power transfer
limits PL™ have been studied. To accommodate this violation, the line
reactive power flow control objective has been relaxed. The results for the
118-bus system are given in Table 4.5. It can be observed that the num-
ber of iterations needed to obtain convergence increases over that in the
unconstrained case.

From Table 4.5, it can be observed that the power flow solution obtained
is not a realistic one (unrealistic values of complex bus voltages, converter
currents, and power flows). For UPFC-3, corresponding to a very small
reduction in the value of Py from 0.0066 p.u. (unconstrained case) to
0.0062 p.u., the value of Q;,. undergoes a wide variation (5 to -10.78
MVAR). This is very improbable. The same is true for the value of V,, I,
and V,;. Also, the convergence is observed to be very slow. This is due to
the adoption of the initial condition of V202 =0.1£—(m/2). These unre-
alistic power flow solutions (corresponding to UPFC-3) are highlighted in
bold cases in Table 4.5.

To investigate the convergence pattern and the final power flow solu-
tion vis-a-vis different values of Vi), further case studies were again
carried out. Some representative results (for UPFC-3) are presented in
Table 4.6. Those with double asterisks (**) indicate unrealistic power
flow solutions.

TABLE 4.5 Initial Study of IEEE 118-Bus System with UPFC and P53 Constraint

Solution of UPFC Quantities with Limit on DC Link Power Transfer Only

Specified dc link power transfer limits: PS5 = 0.0099 p.u., P55 = 0.0085 p.u., and
P5& = 0.0062 p.u.

Quantity UPFC-1 (Line 1) UPFC-2 (Line 2) UPFC-3 (Line 3)
V.. (p-u.) 0.1233 0.1773 0.1109
0., -113.75° -119.92° —-88.73°
Vg, (p-u.) 0.9727 1.1425 0.9943
0, -16.71° -21.84° —4.66°
I, (p.u) 1.0009 1.0046 0.5115
I, (p-u) 0.2735 1.4247 0.057
Py (pu) 0.0099 0.0085 0.0062
P (MW) 100 100 50
Qe (MVAR) 4.34 9.56 -10.78
Vius (pu.) 1.0 1.0 1.0

NI 21
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TABLE 4.6  Effect of Variation of V2 on the Power Flow Solution for the Study of Table 4.5

Initial Condition for V,

V2 (p-u) 0.09 0.08 0.07 0.06 0.05 0.04 0.03 0.02 0.01
Final Power Flow Solution for UPFC-3

v.,(pu) 01109 0111 - 0111 01075 01075 0111 01111 -

I, (puw) 05115 05117 - 05117 05007 05007 05117 05125 -

Quines ~10.78 -10.88 - -10.88 2.6 2.6 -10.88 -1127 -
(MVAR)

NI 274 47% div 54 14 15 454 119%  div

TABLE 4.7 Final Study of IEEE 118-Bus System with UPFC and plim Constraint

Solution of UPFC Quantities with Limit on DC Link Power Transfer Only

Specified dc link power transfer limits: P52 = 0.0099 p.u., P55 = 0.0085 p.u., and
PL = 0.0062 p.u.

Quantity UPFC-1 (Line 1) UPFC-2 (Line 2) UPFC-3 (Line 3)
Ve (p-u.) 0.1233 0.1773 0.1075
0., -113.75° -119.92° -98.26°
Vg4 (pu) 0.9727 1.1425 1.0002
0, -16.71° -21.84° —4.66°
I, (p.u.) 1.0009 1.0046 0.5007
I, (p.u.) 0.2735 1.4247 0.0066
Py (p-u) 0.0099 0.0085 0.0062
P g (MW) 100 100 50
Qune (MVAR) 4.34 9.56 -2.6
Vius (p-u.) 1.0 1.0 1.0
NI 14 (with V2 = 0.05)

The realistic final power flow solutions (corresponding to 2 = 0.05 p.u)
for the 118-bus system are shown in Table 4.7. The converged final values
of the constrained variable along with the values of the control objectives
are shown in bold cases.

The bus voltage profile for the case depicted in Table 4.7 is shown in
Figure 4.7. From this figure, it is observed that the voltage profile in the
118-bus system changes very little (compared to the case with no UPFC)
even with simultaneous imposition of the limit constraint of dc link power
transfer on the three UPFCs.

Similar to the 118-bus system, in the 300-bus system also, adoption of
the initial condition of Vo602, =0.1/—(n/2) yields an unrealistic power
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FIGURE 4.7 Bus voltage profile corresponding to the case study of Table 4.7.
(a) Bus voltage magnitude without UPFC; (b) bus voltage magnitude with UPFC;
(c) voltage magnitude difference.

flow solution (unrealistic values of complex bus voltages, converter currents,
and power flows) for UPFC-3. The convergence was also observed to be
very slow. The results are given in Table 4.8. From this table, the unreal-
istic power flow solutions (corresponding to UPFC-3) can be observed,
which are highlighted in bold cases.

To investigate the convergence pattern and the final power flow solution
vis-a-vis different values of V., further case studies were again carried out.
Some representative results (for UPFC-3) are presented in Table 4.9. Those
with double asterisks (**) indicate unrealistic power flow solutions.

The realistic final power flow solutions (corresponding to Vi = 0.05 p.u)
for the 300-bus systems are shown in Table 4.10. The converged final val-
ues of the constrained variable along with the values of the control objec-
tives are shown in bold cases.

The bus voltage profile for the case depicted in Table 4.10 is shown in
Figure 4.8. From this figure, it is observed that even with the simultaneous
imposition of device limit constraints, the voltage profile in the 300-bus
system changes very little (compared to the case with no UPFC).

Case 3: In this case, the violations of only the shunt converter current
limits I5™ have been considered. To accommodate this, the UPFC SE bus
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TABLE 4.8 Initial Study of IEEE 300-Bus System with UPFC and P52 Constraint

Solution of UPFC Quantities with Limit on DC Link Power Transfer Only

Specified dc link power transfer limits: PS5 = —-0.0117 p.u., P55 = 0.0032 p.u., and
P5 = -0.026 p.u.

Quantity UPFC-1 (Line 1) UPFC-2 (Line 2) UPFC-3 (Line 3)
V. (p-u.) 0.0675 0.0751 0.4225
0., —-113.89° -97.15° —52.64°
Vg (pou) 0.9846 1.023 0.729
0, 7.16° —-15.2° -23.12°
I, (p.u.) 0.6868 0.5127 2.9095
I, (pu) 0.5543 0.2298 2.9099
Py (p.u.) -0.0117 0.0032 -0.026
P e (MW) 50 50 150
Qe (MVAR) 51.01 11.34 -256.07
Vius (pu.) 1.04 1.0 1.02
NI 46

TABLE 4.9  Effect of Variation of V2 on the Power Flow Solution for the Study of Table 4.8

Initial Condition for V,
V2 (pu) 0.09 0.08 0.07 0.06 0.05 0.04 0.03 0.02 0.01

Final Power Flow Solution for UPFC-3

Vies (pu) 04225  0.4225 0.4225 0.1873 0.187 0.4266

Vs (pu)  0.729 0.729 0.729  1.0359 1.0388 0.7257

Les (pu) 29095  2.9095 29095 1.5781 1.5786 2.9389

Igs (puw) 29099 29099 div 29099 0.1608 0.1898 div  2.9433  div

Quings -256.07 -256.07 -256.07 58.41  58.55 —259.54
(MVAR)

NI 47 48** 52%* 30 20%* 44**

voltage control objective has been relaxed. The results for the 118- and
300-bus systems are given in Tables 4.11 and 4.12, respectively.

Corresponding to these studies in the 118- and 300-bus systems, the bus
voltage profiles with UPFC shunt converter current limits are shown in
Figures 4.9 and 4.10, respectively. From these figures, it is again observed
that the bus voltage profiles change very little even with the simultaneous
imposition of the shunt converter current limit constraint on the three
UPEFCs.

Case 4: In this case, violations of the limits of both the dc link power
transfers and the series injected voltages V=™ have been considered, with
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TABLE 4.10  Final Study of IEEE 300-Bus System with UPFC and P5" Constraint

Solution of UPFC Quantities with Limit on DC Link Power Transfer Only
Specified dc link power transfer limits: Pim = _0.0117 p-u, PLm = 0.0032 p-u., and

Lim

Pocs = -0.026 p.u.

Quantity UPFC-1 (Line 1) UPFC-2 (Line 2) UPFC-3 (Line 3)
Vv, (pu.) 0.0675 0.0749 0.1873
0, —113.42° —-96.86° —-129.12°
Vy (pu) 0.9844 1.0228 1.0359
0, 7.55° —-14.76° —22.76°
I, (pu.) 0.6861 0.5124 1.5781
I (pu) 0.5562 0.2281 0.1608
Py (pu) -0.0117 0.0032 —0.026
Py (MW) 50 50 150
Qi (MVAR) 50.91 11.22 58.41
Vius (p-u.) 1.04 1.0 1.02
NI 30 (with V2 = 0.05 p.u)
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FIGURE 4.8 Bus voltage profile corresponding to the case study of Table 4.10.
(a) Bus voltage magnitude without UPFC; (b) bus voltage magnitude with UPFC;
(c) voltage magnitude difference.
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TABLE 4.11  Study of IEEE 118-Bus System with UPFC and I3™ Constraint

Solution of UPFC Quantities with Limit on Shunt Converter Current Limits

Specified shunt converter current limits: I55 = 0.2 p.u., I53 = 1.38 p.u., and T4 = 0.045 p.u.

Quantity UPFC-1 (Line 1) UPFC-2 (Line 2) UPFC-3 (Line 3)
V. (p.u.) 0.123 0.1836 0.1076
0., -114.23° -126.77° -108.71°
Vg (pou) 0.9804 0.8422 0.9922
0, -16.79° -21.89° -4.61°
I, (p.u) 1.0009 1.0253 0.5042
I, (p-u) 0.2 1.38 0.045
Py (pu) 0.0099 0.0304 0.0079
P (MW) 100 100 50
Qg (MVAR) 5 10 5
Vius (p-u.) 1.0004 0.9802 0.9966
NI 9

TABLE 4.12  Study of IEEE 300-Bus System with UPFC and I Constraint

Solution of UPFC Quantities with Limit on Shunt Converter Current Limits

Specified shunt converter current limits: I3 = 0.48 p.u., I57 = 0.18 p.u., and I35 = 0.05 p.u.

Quantity UPFC-1 (Line 1) UPFC-2 (Line 2) UPFC-3 (Line 3)
V.. (p.u.) 0.0665 0.0785 0.1876
0, —111.68° -120.33° -127.17°
Va (pu) 0.9927 0.9523 1.0108
0, 7.56° —14.86° -22.81°
I, (p.u.) 0.6795 0.5255 1.5573
I, (p.u.) 0.48 0.18 0.05
Py (p.u.) -0.0123 0.0187 -0.0213
P e (MW) 50 50 150
Qe (MVAR) 50 10 50
Vius (pu.) 1.0407 0.9702 1.0153
NI 7

relaxations of both the line active and reactive power flow control objec-
tives. The results for the 118- and 300-bus systems are given in Tables 4.13
and 4.14, respectively. The converged final values of the constrained vari-
ables and the specified control objectives are again shown in bold cases.
The number of iterations needed to obtain convergence also shows an
increase. The bus voltage profiles for the studies with the 118- and 300-
bus systems are shown in Figures 4.11 and 4.12, respectively. From these
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FIGURE 4.9 Bus voltage profile corresponding to the case study of Table 4.11.
(a) Bus voltage magnitude without UPEC; (b) bus voltage magnitude with UPFC;
(c) voltage magnitude difference.
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FIGURE 4.10 Bus voltage profile corresponding to the case study of Table 4.12.
(a) Bus voltage magnitude without UPFC; (b) bus voltage magnitude with UPFC;
(c) voltage magnitude difference.
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TABLE 4.13  Study of IEEE 118-Bus System with UPFC and Constraints of VEm and pLim

Solution of UPFC Quantities with Limits on Both DC Link Power Transfer and Series Injected
Voltage

Specified dc link power transfer limits: Pim —0.0102 p-u., PLim —0.0088 p-u., and
P53 = 0.0065 p.u.
Specified voltage limits: Vim — 0,121 p-u., vim —0.175 p.u., and Vvim —0.105 p.u

Quantity UPFC-1 (Line 1) UPFC-2 (Line 2) UPFC-3 (Line 3)
V. (p-u.) 0.121 0.175 0.105
0,. -114.67° —-120.43° -109.41°
Va (pu) 0.9735 1.1429 1.0066
0, -16.69° -21.84° —4.65°
I, (p.u) 0.9904 0.9995 0.4949
I, (p-u) 0.2646 1.4292 0.0664
Py (pu) 0.0102 0.0088 0.0065
P (MW) 98.9 99.43 49.06
Qe (MVAR) 5.42 10.17 6.56
Vius (p-u.) 1.0 1.0 1.0
NI 11

TABLE 4.14  Study of IEEE 300-Bus System with UPFC and Constraints of Vim and pSim

Solution of UPFC Quantities with Limits on Both DC Link Power Transfer and Series Injected
Voltage

Specified dc link power transfer limits: P52 = —0.0117 p.w., P55 = 0.0032 p.u., and
P55 =—-0.026 p.u.
Specified voltage limits: Vim — 0,065 p-u., Vim = 0.073 p-u., and Vim —0.184 p-u

Quantity UPFC-1 (Line 1) UPFC-2 (Line 2) UPFC-3 (Line 3)
V.. (p-u.) 0.065 0.073 0.184
0., -111.65° -98.1° -128.09°
Vg (pou) 0.9826 1.0238 1.0329
0y, 7.56° -14.74° -22.72°
I, (p.u) 0.6681 0.5053 1.5586
I, (p-u) 0.5745 0.238 0.1315
Py (pu) -0.0117 0.0032 -0.026
P (MW) 49.35 49.51 148.98
Qe (MVAR) 48.91 10.15 55.49
Vius (pu.) 1.0 1.0 1.0

NI 12
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FIGURE 4.11  Bus voltage profile corresponding to the case study of Table 4.13.
(a) Bus voltage magnitude without UPFC; (b) bus voltage magnitude with UPFC;
(c) voltage magnitude difference.
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FIGURE 4.12  Bus voltage profile corresponding to the case study of Table 4.14.
(a) Bus voltage magnitude without UPFC; (b) bus voltage magnitude with UPFC;
(c) voltage magnitude difference.
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TABLE 4.15  Study of IEEE 118-Bus System with UPFC and Constraints of ;™ and P3¢

Solution of UPFC Quantities with Limits on Both DC Link Power Transfer and Line Current

Specified dc link power transfer limits: PLm —0.0102 p-u, P55 = 0.0088 p.u., and
PEim = 0.0065 p.u.

Specified line current limits: I'" = 1.0 p.u., 113" = 1.0 p.u., and IX" = 0.5 p.u.
Quantity UPFC-1 (Line 1) UPFC-2 (Line 2) UPFC-3 (Line 3)
V.. (p.u.) 0.123 0.1752 0.1067
0, -114.22° -120.41° —105.99°
Va (pu) 0.9732 1.1429 1.0048
0., _16.7° —21.84° —4.66°
L (pu.) 1.0 1.0 0.5
L, (pu) 0.2682 1.4291 0.0486
Py (p.u.) 0.0102 0.0088 0.0065
Py (MW) 99.88 99.48 49.85
Qi pus (MVAR) 4.89 10.14 3.82
Vs () 1.0 1.0 1.0

NI 13

figures, it is again observed that simultaneous imposition of two different
UPEFC limit constraints hardly changes the voltage profiles.

Case 5: In this case, violations of the limits of both the dc link power
transfers and the line currents have been considered, with relaxations of
both the line active and reactive power flow control objectives. The results
for the 118- and 300-bus systems are given in Tables 4.15 and 4.16, respec-
tively. The number of iterations needed to obtain convergence increases,
especially for the 300-bus system. The bus voltage profiles for these stud-
ies with the 118- and 300-bus systems are shown in Figures 4.13 and 4.14,
respectively. From these figures, it is again observed that the voltage pro-
files do not undergo any marked change when two different UPFC limit
constraints are simultaneously imposed.

Case 6: In this case, simultaneous violation of the dc link power trans-
fers, the series injected voltages, and the shunt inverter currents have been
considered, with a consequent relaxation being exercised on all the three
control objectives of each UPFC. The results for the 118- and 300-bus sys-
tems are presented in Tables 4.17 and 4.18, respectively. The converged
final values of all the three constrained variables are again presented
in bold cases. In both the systems, the number of iterations needed to
obtain convergence shows a marked increase. The bus voltage profiles for
these studies are shown in Figures 4.15 and 4.16, respectively. From these
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TABLE 4.16  Study of IEEE 300-Bus System with UPFC and Constraints of I=™ and B}i"

Solution of UPFC Quantities with Limits on Both DC Link Power Transfer and Line Current
Specified dc link power transfer limits: B3 = —0.0118 p.u., P55 = 0.0033 p.u., and
P53 =-0.027 p.u. .
Specified line current limits: [Hm = 0,678 p-u, Ikm — 0,508 p-u., and Ikm — 1,55 p-u.

Quantity UPFC-1 (Line 1) UPFC-2 (Line 2) UPFC-3 (Line 3)
V. (p-u.) 0.0665 0.0738 0.1837
0., -112.37° -98.32° -126.71°
Vi (p-u) 0.9835 1.0239 1.0297
0, 7.56° —14.75° -22.72°
I, (p.u) 0.678 0.508 1.55
I, (p.u.) 0.5657 0.2391 0.1006
Ppe (pu) -0.0118 0.0033 —0.027
P g (MW) 49.85 49.79 149.23
Qi (MVAR) 49.87 10.08 52.21
Vius (p-u.) 1.0 1.0 1.0
NI 42
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FIGURE 4.13  Bus voltage profile corresponding to the case study of Table 4.15.
(a) Bus voltage magnitude without UPFC; (b) bus voltage magnitude with UPFC;
(c) voltage magnitude difference.
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FIGURE 4.14 Bus voltage profile corresponding to the case study of Table 4.16.
(a) Bus voltage magnitude without UPFC; (b) bus voltage magnitude with UPFC;
(c) voltage magnitude difference.

TABLE 4.17  Study of IEEE 118-Bus System with UPFC and Constraints of P52, V=™,
and [Hm

Solution of UPFC Quantities with All Three Limits on DC Link Power Transfer, Series Injected
Voltage, and Shunt Converter Current
Specified dc link power transfer limits: P5 = 0.01 p.u., P55 = 0.008 p.u., and P53 = 0.006 p.u.
Specified voltage limits: Vim—0.12 p-u., Vim = 0.17 p-u., and Vim = 0.105 p-u
Specified shunt converter current limits: I Lim —0.24 pu, I Lm—14 p-u,and I Lim —0.055 p.u.

Quantity UPFC-1 (Line 1) UPFC-2 (Line 2) UPFC-3 (Line 3)
V.. (p-u.) 0.12 0.17 0.105
0., -114.72° —109.54° -94.17°
Vg (pou) 0.9761 0.8415 0.9936
0y, -16.71° -21.66° —4.62°
I, (p.w) 0.9867 0.9883 0.4905
I, (p-u) 0.24 1.4 0.055
Py (pu) 0.01 0.008 0.006
P (MW) 98.53 96.66 48.63
Qe (MVAR) 5.52 -8.25 -6.06
Vius (pu.) 1.0001 0.9815 0.999

NI 9
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TABLE 4.18 Study of IEEE 300-Bus System with UPFC and Constraints of PDLSH, vem,
and I1™

Solution of UPFC Quantities with All Three Limits on DC Link Power Transfer, Series
Converter Voltage, and Shunt Converter Current

Specified dc link power transfer limits: P]%icnll =-0.0118 p.u,, I%IC“; =0.0033 p.u., and
D5 = -0.027 pu. ‘
Specified voltage limits: V:™ = 0.066 p.u., VsTg‘zm =0.074 p.u,, Etirrlnd Veed™ = 0.185 pu.
Specified shunt converter current limits: [T = 0.564 p.w., Ish2 = 0.238 p.u., and

I8 =0.078 pu.

Quantity UPFC-1 (Line 1) UPFC-2 (Line 2) UPFEC-3 (Line 3)
V. (p-u.) 0.066 0.074 0.185
0., -112.22° -70.11° -122.61°
Vi (p-u) 0.9836 0.9613 1.0104
0, 7.59° -14.49° -22.74°
I, (p.u) 0.6753 0.5797 1.5295
I, (p-u.) 0.564 0.238 0.078
Ppe (pu) -0.0118 0.0033 -0.027
P g (MW) 49.61 44.51 150.22
Qi (MVAR) 49.72 35.77 40.78
Vius (p-u.) 1.04 0.9851 1.0177

NI 9
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FIGURE 4.15 Bus voltage profile corresponding to the case study of Table 4.17.
(a) Bus voltage magnitude without UPFC; (b) bus voltage magnitude with UPFC;
(c) voltage magnitude difference.
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FIGURE 4.16 Bus voltage profile corresponding to the case study of Table 4.18.
(a) Bus voltage magnitude without UPFC; (b) bus voltage magnitude with UPFC;
(c) voltage magnitude difference.

figures, it is again observed that the bus voltage profiles change very little
even with the simultaneous imposition of all three limit constraints of dc
link power transfer, series injected voltage, and shunt converter current on
the three UPFCs.

4.8 SUMMARY

In this chapter, a Newton power flow model of the UPFC has been devel-
oped. The proposed method transforms an existing n-bus power system
installed with p UPFCs into an equivalent augmented (n + 2p)-bus system
without any UPFC. Consequently, existing power flow and Jacobian codes
can be reused in the proposed model, in conjunction with simple codes for
matrix extraction. As a result, a substantial reduction in the complexity
of the software codes can be achieved. The developed technique can also
handle practical device limit constraints of the UPFC. Validity of the pro-
posed method has been demonstrated on IEEE 118- and 300-bus systems
with excellent convergence characteristics.




CHAPTER 5

Newton Power Flow
Model of the Interline
Power Flow Controller

5.1 INTRODUCTION

Unlike a static synchronous series compensator (SSSC) or a unified power
flow controller (UPFC), which can control the power flow in a single
transmission line, the interline power flow controller (IPFC) can address
the problem of compensating multiple transmission lines simultaneously.
The IPFC employs a number of dc-to-ac converters linked together at their
dc terminals, each controlling the power flow of a different line, in con-
junction with its series coupling transformer [22]. An IPFC with p series
converters will have (2p - 1) degrees of freedom—2 degrees of freedom for
each of the (p — 1) converters and 1 degree of freedom for the remaining
one (because the real power exchange among the p series converters is bal-
anced at all times). Usually, these 2 degrees of freedom correspond to the
active and reactive power flow in a line.

For studying the behavior of the IPFC, power flow solutions of the net-
works incorporating IPFC(s) are required. Some excellent research works
carried out in the literature are present in [77-78] for developing efficient
power-flow algorithms for the IPFC. In a way similar to the SSSC and the
UPFC, it is observed from these works that the complexity of software codes
is increased manifold when an IPFC is modeled in an existing Newton-
Raphson power flow algorithm. In fact, unlike the SSSC and the UPFC,

139
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the IPFC possesses multiple series converters. Contributions from these
converters necessitate modifications in the existing power injection equa-
tions of the concerned buses (sending end [SE] and receiving end [RE]) in
all the transmission lines incorporating an IPFC. Further, an entirely new
expression has to be written for the real power exchanged among the series
inverters of an IPFC. Moreover, the Jacobian matrix comprises multiple
subblocks exclusively related to the IPFC converters, and for computation
of each of these subblocks, new codes have to be written. Due to these above
factors, the complexity of software codes is greatly enhanced. The problem
aggravates as the number of IPFCs in a system increases.

None of the existing works on power flow modeling of the IPFC directly
addresses this problem. To reduce the complexities of the software codes
for implementing Newton power flow algorithm, in this chapter, a novel
approach [84,87] for an IPFC power flow model is proposed. By this mod-
eling approach, an existing power system installed with IPFCs is trans-
formed to an equivalent augmented network without any IPFC. This
results in a substantial reduction in the programming complexity because
of the following reasons:

1. The power injections for the buses concerned can be computed in
the proposed model using existing power flow codes, as it is devoid
of contributions from any IPFC series converter.

2. In the proposed model, existing power flow codes can be used to
compute the exchange of active power flow among the series invert-
ers of the IPFC itself, which equals the sum of bus active power injec-
tions of additional power-flow buses.

3. Only three Jacobian subblocks need to be evaluated in the pro-
posed model. Two of these subblocks can be evaluated using exist-
ing Jacobian codes directly, whereas the third can be computed with
very minor modifications of the existing Jacobian codes.

5.2 IPFC MODEL FOR NEWTON POWER FLOW ANALYSIS

Figure 5.1 shows an n-bus power system network in which p series converters
of a single IPFC are connected. Without loss of generality, it is assumed that the
converters are connected among buses i—j, (i + 1)-(j + 1), and so on, up to buses
(i+p-1)-(j+p-1).Itisalso further assumed that the gth converter (1 < g < p)
is connected at the SE, that is, at (i + g — 1)th bus of the corresponding trans-
mission line. The equivalent circuit of Figure 5.1 is shown in Figure 5.2.
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FIGURE 5.1 IPFC with p series converters connected to a power system.

In Figure 5.2, the IPFC is represented by p (series) voltage sources.
The voltage source V., (not shown) (representing the gth converter) is in
series with the impedance Z,. , (representing the impedance of the cou-
pling transformer of the gth converter) and is connected in series with the
gth transmission line (which is represented by its equivalent pi circuit).
The total current through the gth (1 < g < p) series coupling transformer
is L ¢, which consists of two parts: (1) I, flowing into the transmission line
and (2) Iy, the line charging current.
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FIGURE 5.2 Equivalent circuit of IPFC-incorporated power system network.

Now, let

. 1
Z,=R;+jXs¥, :?’ and yeg=——

g seg
Also,
Y =Y ==y =—Y;
From Figure 5.2, it can be shown that for the first converter
Lt =04 Vi =B1V; =0 Ve
where:

_ Yser(Y1+Y10) _ Yse1Y1
%= Y1tY10+Yse and f, Y1tY10+ Vsel

(5.1)

(5.2)

(5.3)

(5.4)
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Again, from Figure 5.2, the net injected current at bus i is

L=~ +y)lVit D YigVy+La (5.5
9=1,9#i,q9%j

n

netasingsiYia T Yl + Y1+ Y10 is the self-
admittance of bus i for the existing n-bus system without any IPFC
connected and y# accounts for the shunt capacitances of all transmission
lines connected to bus i, except the line in branch (i-j). From Equations 5.3
and 5.5, the net injected current at bus i with IPFC becomes

In the above equation, Y74 =Y

n+1

Ii = ZYquq (56)

where Y; = Y21 — (Y14 Y1)+, is the new value of self-admittance for the
ith bus with IPFC and

Vn+1 = Vsel ) Yi(n+1) =—0, and Yij = _Bl (57)

Similarly, the net injected current at bus j can be written as

n+1

=) YV, (5.8)

q=1

where Y;; = Y}}'d —Y1+7Y1 is the new value of self-admittance for bus j with
IPFC and

_ Y1(Yse, +Yi0)

s Yjni1) =P and Yj; =P, (5.9)
Yl + YlO + Ysel

1

Thus, the effect of the first series converter of the IPFC is equivalent to an
additional (n + 1)th bus without any IPFC. Now, from Figure 5.2, the net
injected current at this fictitious (n + 1)th bus equals the current flowing
into the transmission system from this bus, that is,

n+l
it =1 =0 Vaer =0 Vi +B1V; = YV (5.10)

q=1
with

Vn+1 = Vsel > Y(n+1)(n+1) =0 >Y(n+1)i =—-04, and Y(n+1)j = Bl (511)
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Proceeding in a similar way, it can be shown that the effect of incorpo-
ration of all the p series converters can be treated as equivalent to addi-
tion of p more buses (n + 1) up to (n + p) to the existing n-bus system,
provided

Vi1 = Veer; Viiz = Veezs o5 Viip = Viep (5.12)
with
Yinn) = =0, Yiiinyme) = =02 - o> Y(itp-t)(mip) = —Op (5.13)
Y =B, Yy = B2 - Yiirp-1)jep-n = —Bp (5.14)
Yjnin) =B Yy me2) =Ba2s o5 Yjspymnep) =Bp (5.15)

where, for the transmission line incorporating the pth converter,

_Yeer0pt¥o0) qp o YeerYp (5.16)

o
P
Yp T Ypo T Vsep Yp T Ypo T Vsep

Thus, the original n-bus system incorporating an IPFC with p convert-
ers is transformed to an equivalent (n + p) bus system without any IPFC.
Also, the net current injections at the p additional power-flow buses
(n+ 1) up to (n + p) representing the p series converters of the IPFC can
be written as

n+p n+p
I.,= ZY("”)‘IVq ,andsoon,uptol,,, = ZY(Mp)qVq (5.17)
q=1 q=1

where, corresponding to the pth converter,

Y(n+p)(n+p) = ap ’Y(n+p)(i+p—1) = —(XP >Y(n+p)(j+p—l) = BP ,as V"‘*‘P = Vsep (518)
Thus, in the proposed model, if the gth (1 < g < p) voltage source of the IPFC
is connected between, say, bus a (SE) and bus b (RE) with a, b < 1, then,

Ya(n+g) =—0yg, Yo, = _ﬁg’ Yb(n+g) = Bg: Y(n+g)(n+g) =0y, with Vn+g = Vseg

and the net current injection at the equivalent (n + g)th bus is

n+p
Lig =—leeg = ZY(rH—g)qVq (5.19)
q=1
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5.3 POWER FLOW EQUATIONS IN THE PROPOSED
IPFC MODEL

With existing IPFC models, the expression of the active power injection at
any SE or RE bus can be written (using Equation 5.5) as

P, =ZVqunqcos(9a —0,—Qy) asn (5.20)
q=1
if no IPFC series converter is connected to bus a;

P, = Z ‘/a‘/qYanOS(ea _eq _(pyaq)_ Vva‘/bBcCOS(ea _ec _(Py[ic)
a=1,q%b (5.21)

_Vu‘/se caccos(ea - ese c _(pyocc)

if IPFC converter c is connected in branch a-b with a as SE bus;

Pa = Z ‘/a\/qYanOS(eﬂ _eq _(pyaq)_ ‘/aVb Bc COS(ea _eb _(py[ic)
a=1,q#b (5.22)

+VoVie Becos(0 —Osec — @)

if IPFC converter ¢ is connected in branch a-b with a as RE bus.

Thus, from the above equation, it is observed that with existing IPFC
models, additional terms due to contributions from the voltage sources
representing the series converters of the IPFC are present in the expres-
sion of the bus active power injection(s). This causes the existing power
flow codes to be modified. This is also true for the bus reactive power
injection(s).

Now, in the proposed model, it is observed from Equations 5.6, 5.8, and
5.17 that the net injected current at any of the p SE buses [buses i, (i + 1),
and so on, up to (i + p — 1)] or RE buses (buses j, (j + 1), and so on, up to
(j + p - 1)) can be written as

n+p
=) iV, i<h<(i+p-Dorj<h<(j+p-1)  (5.23)
q=1
Thus, in the proposed model, the active power injection equation at any SE
or RE bus a (a < n + p) can be written using Equation 5.23 as
n+p
Py= D ViV,Yaycos(0u 0, ~y0,) a<(n+p) (5.24)

q=1
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Similarly, the expression for the reactive power at any bus a (SE or RE) can
be written as

n+p
Qu= Y VaVy¥asin(©, 0, -@,u,) a<(n+p) (5.25)

q=1

From the above two equations, it can be observed that both the active and
reactive power injections at any bus can be computed using existing power
flow codes.

Now, with existing models, the expression for the real power delivered
by an IPFC with two converters e and fin series with branches a-b and ¢-d,
respectively (for simplicity, the simplest IPFC configuration with only two
converters is assumed) can be written using Equation 5.3 as

PIPFC :Re[Vsee(_I;ee)+Vsef(_I;ef )] (526)

PIPFC = ‘/szeeaecos(py(xe + ‘/see‘/bBecos(esee - eb _(Pyﬁe)
_‘/;eevuaecos(esee - eu - (pyae ) + ‘/serdBfCOS(esef - Gd - (Pyﬁf) (527)
Ve Ve ;€08 (Bse f =0 = Pyp )+ Vit 0L ,COSP s

From the above equation, it is observed that the IPFC real power expres-
sion cannot be computed using existing power flow codes. It will require
fresh codes for its implementation.

However, in the proposed model, converters e and f of the double-
converter IPFC considered are transformed to power-flow buses (n + 1)
and (n + 2), and hence, using Equation 5.26,

Piprc =Re [Vsee (_I:ee ) + Vsef (_I:ef )] =Re [Vn+l (I:H—l ) +Viia (I:l+2 )]
or

PIPFC = Re(snﬂ + Sn+2) = Pn+1 + Pn+2 (528)

Hence, the sum of the active power injections of two power-flow buses
(computed from Equation 5.24 using existing power flow codes) yields the
IPFC real power. It can be shown that if the IPFC considered has p series
converters, the real power delivered by it can be computed from the sum
of the active power injections of p power-flow buses using existing codes.
In such a case, Equation 5.28 becomes
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PIPFC zRe[Vsel(_I:e1)+Vse2(_I;e2)+“'+Vsep(_1;ep)]
(5.29)
= Iy +Pn+2 +"'+Pn+p

Now, with existing IPFC models, the expression for the active power flow
in the line incorporating the cth (1 < ¢ < p) converter and which is con-
nected between SE and RE buses a and b, respectively, can be written
using Equation 5.3 as

PLINEC = Pab = Re(VaI:ec)

or

Py =V; 0089, — V,V;B.cos(0, -0, —¢,p.)
(5.30)
—VaVSEEOLCCOS(ea _esec _(Py(xc)

Similarly, the expression for the line reactive power flow can be written as

Qub =- ‘/uz(x'cSin(pyocc - ‘/a‘/bBcSin(ea _eb _(pyﬁc)
(5.31)
_Va‘/;eEG'CSin(ea _esec _(py(xc)

Both the above two equations have new terms involving the IPFC series
converter and the modified admittances due to the series coupling trans-
former of the converter. These necessitate modifications in the existing
power flow codes.

In the proposed model, using Equation 5.19, these expressions become

PLINEC = Pab = Re(VaI:ec):Re[Va(_I;+c)]

or
n+p
Pab :_Z‘/quY(rHc)qcos(ea _eq _(py(n+c)q) (532)

q=1

as the cth converter of the IPFC is transformed to (1 + ¢)th power-flow bus
in the proposed model. In a similar way,

n+p
Qab :_Z‘/uvqY(rHC)qSin(ea _eq _(P}/(VHC)Q) (533)
g=1
From the above two equations (5.32 and 5.33), it can be observed that in

the proposed model, both the line active and reactive power flows can be
computed using very minor modifications of the existing power flow codes.
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5.4 IMPLEMENTATION IN NEWTON POWER FLOW
ANALYSIS

If the number of voltage-controlled buses is (m — 1), the power-flow problem
for an n-bus system incorporated with x IPFCs each having p series con-
verters can be formulated as follows:

Solve 0, V, O, and V..

Specified P, Q, Pp, Pr, and Q.

where:
0=[0,...0,]" Vv=[V,,...V,]" (5.34)
ese :[esel~--esez]T Vse :[‘/sel---‘/sez]T (535)
P=[P..P]' Q=[Qua...Q,]" (5.36)
PIP = [PIPFCI .. -PIPFCx]T (5~37)
PL = [PLINEI .. -PLINEZ]T QL = [QLINE] .. -QLINEW]T (5'38)
w=z—Xx (5.39)
z=totalnumber of series converters = px (5.40)

In the above equations, Pp, P, and Qy represent the vectors for the specified
real powers of the x IPFCs, and the active and reactive power flows of the z
and (z—x) transmission lines, respectively. In these equations, it is assumed
that without any loss of generality, there are m generators connected at the
first m buses of the system with bus 1 being the slack bus. Thus, the basic
power-flow equation for the Newton power flow solution is represented as

@ o O P

0 v | D | N

Q X | QX AP
00 oV | 06 | OV, || AB yo
OBy | e OB OB || T AR )
00 1OV} 00k ) Ve || A0 |
OP, | 0P, | 0P, | OP. | |AVi| |--=-
0 | ov | AQ.
90 1OV} 00 | Ve L
o0Qu i Q. : 0Qy : 0Qy

00 ! OV | 0B, | OVi
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or
| ] i Il. i IZ__ Ae I AP ]
M T ||| | AQ
________ R PR, AV -
Js i ds 11 Js || pey 7| A0 (5.42)
Jo i Do f i Ju Ayl | AR
_113 : Il4 : 115 : 116_ _AQL_

In the above equation, J 4 is the conventional power-flow Jacobian sub-
block corresponding to the angle and voltage magnitude variables of the
n-buses. The other Jacobian submatrices can be identified easily from
Equation 5.42.

Now, in the proposed model, there are (1 + z) buses. Thus, the quanti-
ties to be solved for power-flow are 0" and V", where

0" =[0,...0,..]"and V¥ =[V,.;...V,..]" (5.43)

Thus, Equation 5.42 is transformed in the proposed model as

JX2 APy (5.44)

JXLir \gue ] | APQ
e v
where:

APQ=[AP" AQ"]",APQ, =[AP AQ[]" (5.45)

The matrices JX1, JX2, and JX3 are identified easily from Equation 5.44.
Now, it can be shown that in Equation 5.44,
1. The matrices JX1 and JX2 can be computed using existing Jacobian
codes.
2. The matrix JX3 can be computed using very minor modifications of

the existing Jacobian codes.

The justification of the above two statements are shown as follows:
Let us first define for the proposed (n + z) bus system,

P =[p,...P,..|" (5.46)
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Subsequently, a new Jacobian matrix is computed as

aP new aP new

new Ayrnew A
yrew _| 00" ov™" Z[I_} (5.47)

From Equations 5.24 and 5.25 of the proposed model, it can be observed
that the expressions for P, 2<i<n+z)and Q (m+1<i<n)in P"™" and
Q, respectively (of Equation 5.47) can be computed using existing power
flow codes. Hence, the matrix J™" can be computed with existing codes
for calculating the Jacobian matrix.

From Equations 5.36, 5.43, and 5.46,

new aip
e =| 0 (549
00 JX4
where:
| | T
Pas| o S e Tt S 69
00 o00™™ ! ' 00 00

From Equation 5.48, it is observed that the subblock P/20™" is contained
within the matrix P™"/60™". In a similar way, it can be shown that the
subblock P/dV™™ is contained within the matrix 6P™"/6V™". Hence,
once the matrix J"*" is computed (using existing codes), the matrix

oP oP
IX] — ae new a new
JB

new

can be very easily extracted from the matrix J™" using simple matrix
extraction codes only. Hence, no fresh codes need to be written for com-
puting JX1.

Now, from Equation 5.29,

a aI)IPFCI

7Pn+ +Pn+ +"'+Pn+ =
aenew ( 1 2 P) aenew
Thus, in Equation 5.49, the sum of the first p rows of JX4 equals 0Pprc; / 00™"
(the first element of the Jacobian subblock JP;p / 00™"). Similarly, the sum
of the last p rows yields the last element of OPyp / 00"". Therefore, OP;p / 00"

(5.50)
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can be easily extracted from gprev / 00™". In a similar way, it can be shown
that &P /OV™™ can also be easily extracted from 6P™" /aV™". Hence, the
matrix JX2 = [8P1p / 00™"  OPp / 0 “ew] need not be computed—it can be
formed from the matrix J* of J"*" by matrix extraction codes (in conjunc-
tion with codes for simple matrix row addition). Hence, both JX1 and JX2
need not be computed and can be extracted from J*" (subsequent to its
computation using existing Jacobian codes).
Now, it is shown that in the proposed model, the matrix

| oP /oo™ op /v
aQL/aenew aQL/a new

can be computed using very minor modifications of the existing Jacobian

JX3

codes.

Let ¢ (1 < ¢ < z) denote the IPFC series converter number. Then, for the
ath (1 < a < p) converter of the bth (1 < b < x) IPFC, c=(b—-1)p+a. In the
proposed model, the expression for the active power flow in the line con-
nected between the gth bus (SE) and the hth bus (RE) incorporating the
cth converter can be written (using Equation 5.32) as

n+z

PLINEc = Pgh :_Z VquY(n+c)q COS(eg _eq _(py(n+c)q) (551)
gq=1

In a similar way, the reactive power flow can be written as

n+z

Qunee =Qqn = —Z V, VqY(nHMSin(eg =04 = Purc)g ) (5.52)
q=1

It is important to note that in Equation 5.52, the variable ¢ assumes a value
of c=[(b-1)(p - 1) + a] corresponding to the ath (1 <a < p - 1) converter
of the bth (1 < b < x) IPFC. This is because of the fact that the reactive
power flows are specified only in (p - 1) lines out of the p lines each having
a converter (corresponding to each IPFC).

From Equations 5.51 and 5.52, it is observed that in the proposed model,
both the line active power flows Py yg; (1 < i < z) and reactive power flows
Qune; (1 £ i < w) can be computed using very minor modifications of
the existing power flow codes. Consequently, it can be shown that all the
subblocks of JX3 can be computed using very minor modifications of the
existing Jacobian codes, unlike with existing IPFC models. This reduces
the complexity of software codes substantially.
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5.5 ACCOMMODATION OF IPFC DEVICE
LIMIT CONSTRAINTS

The three major device limit constraints of the IPFC, which have been
considered in this chapter, are as follows [70,71,78]:

1. Injected (series) converter voltage magnitude YLim
2. Line current through the converter I, Lim

3. Real power exchange through the dc link P3¢

The device limit constraints have been accommodated by the principle
that whenever a particular constraint limit is violated, it is kept at its speci-
fied limit, whereas a control objective is relaxed. Mathematically, this sig-
nifies the replacement of the Jacobian elements pertaining to the control
objective by those of the constraints violated. The control strategies to
incorporate the above three limits are detailed below. For simplicity, we
consider a single IPFC with two series converters installed in two different
transmission lines. The original power flow control specifications consid-
ered are P ng; and Qung; for line 1 and Pyg, (or Qg ) for line 2.

1. In this case,
Vie= V™ (5.53)

If VE™ is violated, V., is fixed at the limit and either the line active
(Pung1) or the reactive power flow (Qpne;) control objective is relaxed
forline 1. The corresponding relaxed active or reactive power mismatch
is replaced by AV, = Lim _y7 . The Jacobian elements are changed
accordingly. If VM is violated, V., is fixed at the limit and the control
objective in vogue (line active [Py z,] or reactive power flow [Qrixg.])
is relaxed for line 2 with its mismatch replaced by AV,,., = Vim_y .
Again, the Jacobian elements are changed accordingly. For each viola-
tion of VL™, the corresponding row of the matrix JX3 is rendered con-
stant with all elements known a priori—all of them equal zero except
the entry pertaining to V., which is unity. All other elements of the
matrix JX3 can be computed using very minor modifications of the
existing Jacobian codes, as demonstrated in the previous Section 5.4.

2. If 1M is violated, I,., is fixed at the limit and either the line active
(Pungr) or the reactive power flow (Qpnei) control objective is
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relaxed for line 1. Thus, the corresponding mismatch is replaced by
Al =I5 —1,.,, where (from Equations 5.10 and 5.11)

Lin :‘Inﬂ‘:[dl +dy+ds+d,]" (5.54)
where:
d = Y(%Hl)iviz + Y(iﬂ)jij + Y(i+1)(n+1)Vnz+l
dy =2Y11) Y01 ViVicos (0 =0, + @ ety = @y ns1) )
dy =2 Y(n+1)iY(n+1)<n+1)ViVn+1COS(91’ =051+ Oy nin)i = Pyninynn) )

d4 = 2Y(n+1)jY(n+1)(n+1)VjVn+1COS(ej _6n+1 +(py(n+1)j _(Py(n+l)(n+1))

The Jacobian elements are changed accordingly. If 1LY is violated,
I,.., is fixed at the limit and the line active (Pyyg,) or reactive power
flow (Quing2) control objective is relaxed for line 2, with its mismatch
and Jacobian elements changed accordingly. If, however, both ylim
and I5™ are violated, leniency is exercised on both Py ng; and Qg
control objectives, which are replaced by AV, = Vvim _y . and
Al =181 .. The corresponding Jacobian elements are also
replaced. The derivations of the expressions of d,, d,, ds, and d, are
given in the Appendix.

3. If P52 is violated, then P is fixed at the limit and either the Py
or the Qe control objective is relaxed. Thus, the correspond-
ing line power flow (active or reactive) mismatch replaced by
APy = P5& — Py, where (using Equations 5.10 and 5.11)

PDC =Re [Vsel ( - I:el )] = Re(VrH—lI:Hl)

= n+lViY(n+1)iCOS(en+1 - 6i _(Py(n+l)i)
(5.55)
+Vin VjY(n+1)jC05(en+l - 9j - (Py(n+l)j)

2
+ ‘/n-f—l Y(n+l)(n+1)COS(py(n+1)(n+l)

The Jacobian elements are changed accordingly. If, however, all three
quantities Pim rHm and 15 (or say, phim viim and IX™) are violated,
all the control objectives, that is, the line active and reactive power flows
of the first line, along with the line active (reactive) power flow of the
second line, are relaxed. The corresponding mismatches, along with
the modification of the corresponding Jacobian elements, are replaced.
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5.6 SELECTION OF INITIAL CONDITIONS

In this chapter, the initial conditions for the series voltage source(s) were
chosen as V,, 207, =0.1£—(r/2) p.u. following suggestions of [49].

5.7 CASE STUDIES AND RESULTS

The proposed method was applied to IEEE 118- and IEEE 300-bus systems
to validate its feasibility. In each test system, multiple IPFCs were included
and studies have been carried out for (1) IPFCs without any device limit
constraints and (2) IPFCs with device limit constraints. In all the case
studies, a convergence tolerance of 10™"* p.u. has been chosen. Although

a large number of case studies confirmed the validity of the model, a few
sets of representative results are presented in Sections 5.7.1 and 5.7.2. As
in Chapters 3 and 4, in all subsequent tables, the symbol NI denotes the
number of iterations taken by the algorithm.

5.7.1 Studies of IPFCs without Any Device Limit Constraints

5.7.1.1 IEEE 118-Bus System

In this system, an IPFC with three series converters has been considered
on the transmission line branches among buses 80-99 (converter 1), 80-97
(converter 2), and 80-98 (converter 3). The control references chosen are
as follows: Py o = 40 MW and Q-e9 = 10 MVAR (line 1); Py’o; = 40 MW
and Q3.9; = 25 MVAR (line 2); and Py os = 45 MW (line 3). The results
are shown in Table 5.1.

From the table, it is also observed that in the presence of the IPFC, the
line active and reactive power flow levels are enhanced compared to their
corresponding values in the base case. Furthermore, the number of itera-
tions needed to obtain convergence marginally increases in the presence
of IPFC. The bus voltage profiles without and with IPFCs are shown in
Figure 5.3a and b, respectively. Further, the difference between the bus
voltage magnitudes with and without IPFC is shown in Figure 5.3c. From
this figure, it is observed that in the presence of IPFC, there is very little
change in the bus voltage profile.

5.7.1.2 IEEE 300-Bus System
In this system too, an IPFC with three series converters has been con-
sidered on the transmission line branches among buses 3-7 (converter 1),

3-19 (converter 2), and 3-150 (converter 3). The control references chosen
are as follows: P55 =280 MW and Q5% = 100 MVAR (line 1); 5%y = 150 MW
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TABLE 5.1  Study of IEEE 118-Bus System with Three-Converter IPFC
(No Device Limit Constraints)

Solution of Base Case Power Flow (without Any IPFC)

Parameter Line 1 Line 2 Line 3
P (MW) 33.48 35.41 42.96
Qune (MVAR) 8.74 20.55 7.6
NI 6

Unconstrained Solution of IPFC Quantities

Quantity Converter 1 Converter 2 Converter 3

V. (pu.) 0.0759 0.0676 0.0739
0, -113.9° ~130.79° ~72.61°
I, (pu.) 0.3965 0.4536 0.4344
Ppe (pu) 0.0042 0.0037 ~0.0078
Py (MW) 40 40 45
Quine (MVAR) 10 25 ~4.05

NI 7

1.0500
1.0233
0.9965
0.9698
0.9430

p-u.

1.0500
1.0233
0.9965
0.9698

0.9430
(b)

p-u.

x 1073
13.1578 ; ; ; ; ;

9.5394
3
z, 09210
2.3026

-1.3158 L L L L L
0 20 40 60 80 100 120

(c) Bus number

FIGURE 5.3  Bus voltage profile corresponding to the case study of Table 5.1. (a)
Bus voltage magnitude without IPFC; (b) bus voltage magnitude with IPFC; (c)
voltage magnitude difference.
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p.u.

(a)

p-u.

(b)

p-u.

1.0336
0.9937
0.9538

1.0336
0.9937
0.9538

2.9871 a
2.1656
1.3442
0.5227

TABLE 5.2 Study of IEEE 300-Bus System with Three-Converter IPFC

(No Device Limit Constraints)

Solution of Base Case Power Flow (without Any IPFC)

Parameter Line 1 Line 2
Ping (MW) 260 138.75
Qune (MVAR) 120.55 11.19
NI 6

Line 3

95.06
138.26

Unconstrained Solution of IPFC Quantities

Quantity Converter 1 Converter 2 Converter 3
V.. (p-u.) 0.3094 0.1727 0.1877
0, -102.76° -92.12° -137.22°
I. (pu) 2.9823 1.5079 1.7862
Py (p-u) —0.0082 0.0213 —0.0131
P (MW) 280 150 100
Quine (MVAR) 100 10 147.34
NI 8
1.0735 T T T T T
0.9139 L L L L L
0 50 100 150 200 250 300
1.0735 T T T T T
0.9139 L L L L L
0 50 100 150 200 250 300
" i
—0.2987 L L L L L
0 50 100 150 200 250 300

(c)

Bus number

FIGURE 5.4 Bus voltage profile corresponding to the case study of Table 5.2.
(a) Bus voltage magnitude without IPFC; (b) bus voltage magnitude with IPFC;
(c) voltage magnitude difference.
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and Q3%y = 10 MVAR (line 2); and P;%5, = 100 MW (line 3). The results are
shown in Table 5.2.

From the table, it is again observed that in the presence of the IPFC, the
line active and reactive power flow levels are modified compared to their cor-
responding values in the base case. Furthermore, the number of iterations
needed to obtain convergence marginally increases in the presence of IPFC.

The bus voltage profiles for this study in the 300-bus system without
and with IPFCs are shown in Figure 5.4. From this figure, it is observed
that in the presence of IPFC, there is very little change in the bus voltage
profile.

5.7.2 Studies of IPFCs with Device Limit Constraints

In these case studies, various device limit constraints have been consid-
ered for both the 118- and 300-bus test systems. As already mentioned
in Section 5.5, three major device constraint limits have been consid-
ered in this chapter. In each of the 118- and 300-bus test systems, case
studies were carried out for implementation of these limit constraints
in three different ways: (1) limit violation of a single constraint, (2) limit
violations of two separate constraints simultaneously, and (3) limit vio-
lations of all three separate constraints simultaneously. For simplicity,
in each test system, an IPFC with two series converters (the minimum
possible configuration) has been considered. At first, the power flow
solutions for each of these double-converter IPFCs without any device
limit constraint are obtained in both the 118- and 300-bus test systems.
The details of the IPFC converters considered in each of these two test
systems are given in Sections 5.7.2.1 and 5.7.2.2.

5.7.2.1 IEEE 118-Bus System

In this system, a double-converter IPFC has been considered on the
transmission line branches between buses 11-13 (converter 1) and 37-39
(converter 2). The control references chosen are as follows: P3¥;5 = 50 MW
and Q5 = 10 MVAR (line 1) and P;; 3o = 80 MW (line 2). The results are
shown in Table 5.3. From this table, it is again observed that in the pres-
ence of the IPFC, the line active and reactive power flow levels are modi-
fied from their corresponding values in the base case.

The bus voltage profiles for this study in the 118-bus system without
and with IPFCs are shown in Figure 5.5. From this figure, it is observed
that in the presence of IPFC, the bus voltage profiles are not disturbed
much.
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TABLE 5.3  Study of IEEE 118-Bus System with Two-Converter
IPFC (No Device Limit Constraints)

Solution of Base Case Power Flow (without Any IPFC)

Parameter Line 1 Line 2
Bing (MW) 36.11 75.20
Qune (MVAR) 12.05 7.94
NI 6

Unconstrained Solution of IPFC Quantities

Quantity Converter 1 Converter 2
V. (p.u.) 0.1111 0.0974
0., —125.2° —-108.49°
I, (p.u.) 0.5179 0.8072
Py (pu) 0.0041 —-0.0041
P (MW) 50 80
Quine (MVAR) 10 0.12
NI 6
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0.9430
0

1.0500
1.0233
0.9965
0.9698

(b) 0'94300 20 40 60 80 100 120

x 1073
15.1294 T T T T T

10.9688 b

3
5, 6.8082
2.6476 A b

-1.5129 L L L L L
0 20 40 60 80 100 120
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FIGURE 5.5 Bus voltage profile corresponding to the case study of Table 5.3.
(a) Bus voltage magnitude without IPFC; (b) bus voltage magnitude with IPFC;
(c) voltage magnitude difference.
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5.7.2.2 IEEE 300-Bus System

In this system too, a double-converter IPFC has been considered on the
transmission line branches between buses 2-3 (converter 1) and 86-102
(converter 2). The control references chosen are as follows: P55 = 50 MW
and Q% = 50 MVAR (line 1) and P10, = 50 MW (line 2). The results
shown in Table 5.4 confirm that by the action of the IPFCs, the line active
and reactive power flow levels are modified from their corresponding val-
ues in the base case.

The bus voltage profiles for this study in the 300-bus system without
and with IPFCs are shown in Figure 5.6, which again shows that the bus
voltage profile is not disturbed much in the presence of IPFC.

Subsequent to the power flow solutions obtained for the 118- and 300-
bus test systems without any device limit constraints (shown in Tables 5.3
and 5.4, respectively), the various constraint limits of the IPFC are imposed
in both the 118- and 300-bus test systems. For this, the same line converter
configurations as shown in Tables 5.3 and 5.4 have been maintained. The
control objectives (as applicable while imposing single, double, or multiple
device limit constraints) are also maintained identical to those adopted
for Tables 5.3 and 5.4. Although a large number of case studies have been
carried out for implementation of these limit constraints, only a few sets of
representative results are presented in the text that follows.

TABLE 5.4 Study of IEEE 300-Bus System with Two-Converter
IPFC (No Device Limit Constraints)

Solution of Base Case Power Flow (without Any IPFC)

Parameter Line 1 Line 2
Bing (MW) 36.03 37.95
Qune (MVAR) 73.23 19.93
NI 6

Unconstrained Solution of IPFC Quantities

Quantity Converter 1 Converter 2
V. (p.u.) 0.0651 0.0763
0., -108.42° -120.43°
I, (p.u.) 0.6769 0.5131
Py (pu) —-0.0145 0.0145
P (MW) 50 50
Quine (MVAR) 50 5.18

NI 7
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FIGURE 5.6 Bus voltage profile corresponding to the case study of Table 5.4.
(a) Bus voltage magnitude without IPFC; (b) bus voltage magnitude with IPFC;
(c) voltage magnitude difference.

Case I: In this case, the violations of only the series injected voltage of

converter 1 (V.

Lim

) have been studied. Following the philosophy described

in Section 5.5, this limit has been imposed by relaxing Qg for line 1. The
results for the 118-bus system are given in Table 5.5.

The bus voltage profile for this study with the 118-bus system is shown in
Figure 5.7. From this figure, it is observed that the bus voltage profile does not
change much when a single device limit constraint of the IPFC is enforced.

TABLE 5.5 Study of IEEE 118-Bus System with IPFC and V&™ Constraint

Solution of IPFC Quantities with Limit on Series Injected Voltage of Converter 1 Only

Specified converter 1 voltage limit: V™ = 0.111 p.u.

Quantity

V.. (p.u.)

0.

I, (p.u.)

Py (pu)
Py (MW)
Quine (MVAR)
NI

Converter 1

Converter 2

0.111 0.096
-113.59° -116.37°
0.5102 0.809
—0.0021 0.0021
50 80
5.12 4.85

10
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FIGURE 5.7 Bus voltage profile corresponding to the case study of Table 5.5.
(a) Bus voltage magnitude without IPFC; (b) bus voltage magnitude with IPFC;
(c) voltage magnitude difference.

In this particular case, it was observed that with the 300-bus system, adop-
tion of the initial condition of V;.£/0¢, = 0.1/ —(n/2) yielded an unrealistic
power flow solution (unrealistic values of complex bus voltages, converter
currents, and power flows) for converter 2. The results are given in Table 5.6.
From this table, it is observed that when the injected voltage of series con-
verter 1 is limited to a very close value (0.064 p.u.) to that of the unconstrained
value (0.065 p.u.), there occur impractically wide variations in the values of
the voltages, line currents, dc link power transfer, and line reactive power
flows pertaining to series converter 2. These unrealistic power flow solutions
(corresponding to converter 2) are highlighted in bold cases in Table 5.6.

To investigate the convergence pattern and the final power flow solution
vis-a-vis varying values of V.., further case studies were again carried out.
Some representative results (for converter 2) are presented in Table 5.7.
Those with double asterisks (**) indicate unrealistic power flow solutions.

The realistic final power flow solutions (corresponding to V;2 = 0.04 p.u.)
for the 300-bus systems are shown in Table 5.8. The converged final values
of the constrained variable along with the values of the control objectives
are shown in bold cases. The bus voltage profiles for the final case study
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TABLE 5.6  Initial Study of IEEE 300-Bus System with UPFC and
Vim Constraint

Solution of IPFC Quantities with Limit on Series Injected Voltage of
Converter 1 Only

Specified converter 1 voltage limit: V™ = 0.064 p.u.

Quantity Converter 1 Converter 2
V.. (p.u.) 0.064 0.5507
0,. -107.95° -27.36°
I. (p.u.) 0.6658 2.339
Py (pu) -0.0141 0.0141
Prine MW) 50 50
Quine (MVAR) 48.38 260.9
NI 16

TABLE 5.7  Effect of Variation of V2 on the Power Flow Solution for the Study of Table 5.6

Initial Condition for V,,

V2 (pw.) 0.09 0.08 0.07 0.06 0.05 0.04 0.03 0.02 0.01
Final Power Flow Solution for Converter 2

Viez (p-u) 0.577 0.577 0.577 0.577 0.577 0.0767 0.0767 0.5507

L, (p-u.) 2.443 2443 2443 2443 2443 0.5127 0.5127 2.339

Quinez (MVAR) 2747 2747 2747 2747 2747 455 4.55 260.9  giv

Poc (pu) 0.0205 0.0205 0.0205 0.0205 0.0205 0.0148 0.0148 0.0141

NI 9X* 15 18** 8** 9 ** 10 11 17 **

TABLE 5.8  Final Study of IEEE 300-Bus System with UPFC and VL™ Constraint

Solution of IPFC Quantities with Limit on Series Injected Voltage of Converter 1 Only

Specified converter 1 voltage limit: Vo™ = 0.064 p.u.
Quantity Converter 1 Converter 2
V.. (p-u.) 0.064 0.0767
0, -106.15° -121.61°
I. (p.u) 0.6648 0.5127
Py (pu) —0.0148 0.0148
P (MW) 50 50
Quine (MVAR) 48.21 4.55
NI 10 (with V2 = 0.04 p.u.)

with the 300-bus system are shown in Figure 5.8. From this figure, it is
again observed that the bus voltage profiles do not change much when a
single device limit constraint of the IPFC is enforced.

Case 2: In this case, simultaneous limit violations of the series injected

Lim

voltage of converter 1 (Viei*) and the dc link power transfer (P5¢") have
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FIGURE 5.8 Bus voltage profile corresponding to the case study of Table 5.8.
(a) Bus voltage magnitude without IPFC; (b) bus voltage magnitude with IPFC;
(c) voltage magnitude difference.

been considered. The limits have been imposed by relaxing the active
(Pune) and reactive power flow (Qune) control objectives for the first
transmission line, following the philosophy described in Section 5.5. The
results for the 118-bus system are given in Table 5.9.

The bus voltage profiles for this study with the 118-bus system are
shown in Figure 5.9. From this figure, it is observed that in the presence of
IPFC, the bus voltage profiles do not change much when two simultaneous
IPFC device limit constraints are enforced.

Again, in this case study, it was observed that with the 300-bus system,
adoption of the initial condition of V,2/0% =0.1/—(n/2) yielded an
unrealistic power flow solution for converter 1. The results are given in
Table 5.10. From this table, the unrealistic power flow solutions (corre-
sponding to converter 1) can be observed, which are highlighted in bold
cases.

To investigate the convergence pattern and the final power flow solution
vis-a-vis varying values of V;2, further case studies were again carried out.
Some representative results (for converter 1) are presented in Table 5.11.
Those with asterisks (**) indicate unrealistic power flow solutions.
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TABLE 5.9  Study of IEEE 118-Bus System with IPFC and Constraints of
Vie™ and P5”

Solution of IPFC Quantities with Twin Limits of Converter 1 Series Injected
Voltage and DC Link Power Transfer

Specified converter 1 voltage limit: Vo™ =0.11pu
Specified dc link power transfer limit: P52 = —0.0019 p.u.
Quantity Converter 1 Converter 2

V.. (p.u.) 0.11 0.096
0, ~114.04° ~116.12°
I, (p.u.) 0.5087 0.8089
Py (p.u) -0.0019 0.0019
P (MW) 49.83 80
Q... (MVAR) 5.36 4.7

NI 6

1.0500
1.0233
0.9965
0.9698

0.9430
0

1.0500

1.0233
0.9965
0.9698

0.9430
0

x 1073
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FIGURE 5.9 Bus voltage profile corresponding to the case study of Table 5.9.
(a) Bus voltage magnitude without IPFC; (b) bus voltage magnitude with IPFC;
(c) voltage magnitude difference.

The realistic final power flow solutions (corresponding to V;2 = 0.06 p.u.)
for the 300-bus systems are shown in Table 5.12. The converged final values
of the constrained variable along with the values of the control objectives
are shown in bold cases.
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TABLE 5.10 Initial Study of IEEE 300-Bus System with IPFC and Constraints
of V™ and B

Solution of IPFC Quantities with Twin Limits of Converter 1 Series Injected Voltage
and DC Link Power Transfer

Specified converter 1 voltage limit: V™ = 0.063 p.u.
Specified dc link power transfer limit: P3¢ = —0.0143 p.u.

Quantity Converter 1 Converter 2
Ve (p.u.) 0.063 0.0763
0.. —10.04° —119.63°
I, (p-u.) 0.2645 0.5136
Py (pu) —-0.0143 0.0143
Pii.. MW) 27.02 50
Qe (MVAR) -6.3 5.7

NI 7

TABLE 5.11  Effect of Variation of V¢ on the Power Flow Solution for the Study of Table 5.10

Initial Condition for V,,
V2 (pu) 0.09 0.08 0.07 0.06 0.05 0.04 0.03 0.02 0.01
Final Power Flow Solution for Converter 1
Veer (p-u.) 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063
L (pu) 0.2645 0.6623 0.6623 0.6623 0.2674 0.2674 0.6623 0.2674

Prinet (MW) 27.02 4922 4922 4922 2718 27.18 4922 27.18 div
Quinet (MVAR) -6.3 48.63 48.63 48.63 -696 —6.96 48.63 —6.96
NI 10** 8 9 7 14** 13** 10 17+

TABLE 5.12  Final Study of IEEE 300-Bus System with IPFC and Constraints
of VE™ and pLim

Solution of IPFC Quantities with Twin Limits of Converter 1 Series
Injected Voltage and DC Link Power Transfer

Specified converter 1 voltage limit: Vii™ = 0.063 p.u.
Specified dc link power transfer limit: P5" = -0.0143 p-u

Quantity Converter 1 Converter 2
V. (p.u.) 0.063 0.0762
0,. -107.17° -119.86°
I. (pu) 0.6623 0.5133
Py (pu) -0.0143 0.0143
Py (MW) 49.22 50
Quine (MVAR) 48.63 5.49

NI 7 (with V2 = 0.06 p.u.)
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FIGURE 5.10 Bus voltage profile corresponding to the case study of Table 5.12.
(a) Bus voltage magnitude without IPFC; (b) bus voltage magnitude with IPFC;
(c) voltage magnitude difference.

The bus voltage profiles for this final case study with the 300-bus sys-
tem are shown in Figure 5.10. From this figure, it is again observed that the
bus voltage profiles do not change much when two simultaneous device
limit constraints of the IPFC are enforced.

Case 3: In this case, simultaneous limit violations of the dc link power
transfer (P5™), the injected voltage of the series converter in line 1 (Viim
and the line current (IX7) in the second series converter (in line 2) have
been considered. For enforcing these limits, both Py and Qug of line 1
as well as P y; of line 2 are relaxed following the discussion in Section 5.5.
The results for the 118-bus system are presented in Table 5.13.

The bus voltage profiles for this case study with the 118-bus system are
shown in Figure 5.11. From this figure, it is observed that in the presence
of IPFC, the simultaneous enforcement of three IPFC device limit con-
straints causes very little change in the bus voltage profile.

However, again with the 300-bus system, adoption of the initial condi-
tion of V,,£0p. =0.1/—(mn/2) yielded an unrealistic power flow solution

for converter 1. The results are given in Table 5.14. From this table, the
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TABLE 5.13  Study of IEEE 118-Bus System with IPFC and Constraints
of V™, I4™, and B3

Solution of IPFC Quantities with All Three Limits of DC Link Power Transfer,
Series Injected Voltage of Converter 1, and Line Current of Converter 2

Specified dc link power transfer limit: Pﬁ‘_ic"' =-0.0018 p.u.
Specified voltage limit of converter 1: Viim =0.1p.u.
Specified line current limit of converter 2: I13' = 0.79 p.u.

Quantity Converter 1 Converter 2

V.. (p.u.) 0.1 0.088

)

se

—-115° —-116.69°

I (pw.) 0.4908 0.79
Py (pu.) -0.0018 0.0018
P, (MW) 47.95 78.09
Quine (MVAR) 6.19 5.29

NI

6

1.0500
1.0233

3

2 0.9965
0.9698

0.9430
0

1.0500
1.0233
0.9965
0.9698

p-u

0.9430
(b) 0
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1.1553
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Bus voltage profile corresponding to the case study of Table 5.13.

(a) Bus voltage magnitude without IPFC; (b) bus voltage magnitude with IPFC;
(c) voltage magnitude difference.
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TABLE 5.14  Initial Study of IEEE 300-Bus System with IPFC and v,
I5™ and PL™ Constraints

Solution of IPFC Quantities with All Three Limits of DC Link Power Transfer,
Series Injected Voltage of Converter 1, and Line Current of Converter 2

Specified dc link power transfer limit: P52 = —-0.0142 p.u.

Specified voltage limit of converter 1: ylim =0.062 p.u.
Specified line current limit of converter 2: 153" = 0.51 p.u.

Quantity Converter 1 Converter 2
Ve (p.u.) 0.062 0.0753
0., -10.53° —120.04°
I, (p-u.) 0.2642 0.51
Py (pu) —-0.0142 0.0142
Prine (MW) 27.14 49.66
Quine (MVAR) -5.59 5.54
NI 10

unrealistic power flow solutions (corresponding to converter 1) can be
observed, which are highlighted in bold cases. Consequently, further case
studies were again carried out vis-d-vis varying values of V. Some repre-
sentative results (for converter 1) are presented in Table 5.15. Those with
asterisks (**) indicate unrealistic power flow solutions.

The realistic final power flow solutions (corresponding to V2 = 0.06 p.u.)
for the 300-bus system are shown in Table 5.16. The converged final values
of the constrained variable along with the values of the control objectives
are again shown in bold cases.

The bus voltage profiles for this final case study with the 300-bus sys-
tem are shown in Figure 5.12. From this figure, it is again observed that in
the presence of IPFC, the simultaneous enforcement of three IPFC device
limit constraints causes very little change in the bus voltage profile.

TABLE 5.15  Effect of Variation of V on the Power Flow Solution for the Study of
Table 5.14

Initial Condition for V,,

A (p-u) 0.09 0.08 0.07 0.06 0.05 0.04 0.03 0.02 0.01
Final Power Flow Solution for Converter 1

Veer (p-u.) 0.062 0.062 0.062 0.062 0.062 0.062  0.062 0.062

L (pu) 0.2642 0.6556 0.6556 0.6556 0.2642 0.6556 0.2642  0.2642

Pinet (MW) 27.14 48.83 48.83 4883 27.14 div 48.83 27.14 27.14

Quinet (MVAR) —5.59 48.04 48.04 48.04 -5.59 48.04 -5.59 -5.59

NI 10** 8 7 10 14%* 8 9 17**
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TABLE 5.16  Final Study of IEEE 300-Bus System with IPFC and Vi¢™, 1™,
and P5™ Constraints

Solution of IPFC Quantities with All Three Limits of DC Link Power Transfer,
Series Injected Voltage of Converter 1, and Line Current of Converter 2

Specified dc link power transfer limit: P3&" = —0.0142 p.u.
Specified voltage limit of converter 1: V™ = 0.062 p.u.
Specified line current limit of converter 2: I3 = 0.51 p.u.

Quantity Converter 1 Converter 2

V., (p.u.) 0.062 0.0753
0., ~106.64° ~120.21°
I, (p.u.) 0.6556 0.51
Py (pu.) -0.0142 0.0142
P, (MW) 48.83 49.68
Quine (MVAR) 48.04 5.36

NI 7 (with V2 = 0.07 p.u.)
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FIGURE 5.12  Bus voltage profile corresponding to the case study of Table 5.16.
(a) Bus voltage magnitude without IPFC; (b) bus voltage magnitude with IPFC;
(c) voltage magnitude difference.

5.8 SUMMARY

In this chapter, a Newton power flow model of the IPFC has been developed.
The proposed method transforms an existing n-bus power system installed
with an IPFC having p series converters into an equivalent (n + p) bus
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system without any IPFC. Consequently, existing power flow and Jacobian
codes can be reused in the proposed model, in conjunction with simple
codes for matrix extraction. As a result, a substantial reduction in the com-
plexity of the software codes can be achieved. The developed technique
can also handle practical device limit constraints of the IPFC. Validity of
the proposed method has been demonstrated on IEEE 118- and 300-bus
systems with excellent convergence characteristics.



CHAPTER 6

Newton Power

Flow Model of the
Generalized Unified
Power Flow Controller

6.1 INTRODUCTION

Similar to the interline power flow controller (IPFC), a generalized unified
power flow controller (GUPFC) addresses the problem of compensating
multiple transmission lines simultaneously. However, a GUPFC incorpo-
rates a shunt converter in addition to the two or more series converters
employed by an IPFC. The simplest GUPFC configuration (employing two
series converters and one shunt converter) possesses 5 degrees of freedom.
Usually, these correspond to the active and reactive power flows in both
the lines incorporating the series converters and the voltage of a sending
end (SE) bus.

For proper utilization of GUPFCs in power system planning, opera-
tion, and control, power flow solutions of the networks incorporating
GUPFC(s) are necessary. Some excellent research works were carried out in
the literature [77,81] for developing efficient power-flow and optimal power
flow algorithms for the GUPFC. In a way similar to the static synchro-
nous series compensator, the unified power flow controller and the IPFC,
it is observed from these works that the complexity of software codes is

171
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increased manifold when a GUPFC is modeled in an existing Newton—
Raphson power flow algorithm. In fact, the GUPFC possesses multiple
series converters. Contributions from these converters necessitate modi-
fications in the existing power injection equations of the concerned buses
(SE and receiving end [RE]) in all the transmission lines involved. Further,
an entirely new expression has to be written for the GUPFC real power.
Moreover, new codes have to be written to compute each of the multiple
Jacobian subblocks exclusively related to the series and shunt converters of
the GUPFC. As a result, the complexity of software codes for incorporat-
ing a GUPFC in a Newton—Raphson power flow code is greatly enhanced
due to these factors. The problem aggravates as the number of GUPFCs in
a system increases.

To reduce the complexities of the software codes for implement-
ing Newton power flow algorithm, in this chapter, a novel approach for
a GUPFC power flow model is proposed [84]. By this modeling approach,
an existing power system installed with GUPFCs is transformed to an
equivalent augmented network without any GUPFC. This results in a sub-
stantial reduction in the programming complexity because of the follow-
ing reasons:

1. In the proposed model, the power injections for the buses concerned
can be computed using existing power flow codes. This is because
they no longer contain contributions from any series converter of the
GUPEFC.

2. In the proposed model, the active power flow of the GUPFC itself
equals the sum of bus active power injections of additional power-flow
buses. Thus, existing power flow codes can be used to compute them.

3. Only three Jacobian subblocks need be evaluated in the proposed
model. Two of these subblocks can be evaluated using existing
Jacobian codes directly, whereas the third can be computed with
very minor modifications of the existing Jacobian codes.

6.2 GUPFC MODEL FOR NEWTON POWER FLOW ANALYSIS

Figure 6.1 shows an n-bus power system network in which p series con-
verters along with the (single) shunt converter of a GUPFC are connected.
Without loss of generality, it is assumed that the series converters are
connected between the buses i—j, (i + 1)-(j + 1), and so on, up to buses
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Bus i Busj

1

WJ
Pi+jQ; T K Pi+jQ;

Bus (j+1)

Ve~ I

Bus (i + 1)

3k

P 1+jQit1 Pii14jQn
| T
Bus(i+p—1) Bus(j +p—1)
+Vsep—
J
Piyp 1+jQisp-1 Piyp 1+JQiip-1
L, L
m

1\/ KI

= Vsh

FIGURE 6.1 GUPFC with one shunt and p series converters connected to a
power system.

(i+ p—1)-( + p— 1), whereas the shunt converter is connected to bus
(i + p —1). It is also further assumed that the gth converter (1 < g < p) is
connected at the SE, that is, at (i + g— 1)th bus of the corresponding trans-
mission line. The equivalent circuit of Figure 6.1 is shown in Figure 6.2.
In Figure 6.2, the GUPFC is represented by p (series) voltage sources
and one shunt voltage source. The gth series voltage source V., (not
shown) (representing the gth series converter) is in series with the imped-
ance Z,, (representing the impedance of the coupling transformer of
the gth series converter) and is connected in series with the gth transmis-
sion line (which is represented by its equivalent pi circuit). The shunt volt-
age source Vy, represents the shunt converter, whereas Zg, represents the
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Busi L S L 5 2 Busj

Pi+jQ; Pi+jQ
Bus (i + 1) Bus (j+1)
Iseze I, 9 z,
1 C}':Z |1
) +V, se2 4—\
P 1+jQis1 se2” +jQ
120 /+1 /1+1

Py 1+JQiip1

FIGURE 6.2 Equivalent circuit of GUPFC-incorporated power system network.

impedance of the coupling transformer of the shunt converter. The total
current through the gth (1 < g < p) series coupling transformer is I, which
consists of two parts: (1) I, flowing flowing into the transmission line and
(2) I, the line charging current.

Now, let

. 1
Zg=Rg+)Xg,yg=Z—,andyseg=— (6.1)

g seg
Also,
Y =Yi=-y;=-Y; 6.2)

From Figure 6.2, it can be shown that for the first converter
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Lt =0, Vi =B, Vj — 04 Vier (6.3)
where:
D 210 250 2TV B = YtV 6.4)
Yl +Y10 +Ysel YI +Y10 +YSe1

Again, from Figure 6.2, the net injected current at bus i is

L=[Y" -ty [Vit Y YiVy+La (6.5
9=1,9#,9%j
In the above equation, Y3 = ntgvigzjYia T Yo T Y1+ Y10 is the self-
admittance of bus i for the existing n-bus system without any GUPFC con-
nected and y# accounts for the shunt capacitances of all transmission lines
connected to bus i, except the line in branch (i—j). From Equations 6.3 and
6.5, the net injected current at bus i with GUPFC becomes

n+1

L=) YV, (6.6)

where Y; = Y24 —(y1+Yi10)+ 0y is the new value of self-admittance for the
ith bus with GUPFC and

Vn+1 = Vsel >Yi(n+1) =—04, and Yij = ﬁl (67)

Similarly, the net injected current at bus j can be written as

n+1

L= YV, ©.8)

where Y;; = Y}}'d —Y1+7Y1 is the new value of self-admittance for bus j with
GUPFC and

_ Y1(Yse1 + Yio0)

s Yjuiy =B1,and Yj; =, (6.9)
Y1 + Yo + Yse1

1

Thus, the effect of the first series converter of the GUPFC is equivalent to
an additional (n + 1)th bus without any GUPFC. Proceeding in a simi-
lar way, it can be shown that the effect of incorporation of the remaining
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(p — 1) series converters can be treated as equivalent to addition of (p — 1)
more buses (n + 2) up to (n + p) to the existing n-bus system, provided

Vo2 = Veez> Viis = Viess .oy Vn+p = Vsep (6~10)
with
Yisymi2) = —025 Y(is2)(ns3) =~ 035 -5 Y(isp-1)(ntp) = —Olp (6.11)
Yoieniien = =Bas Y ja2) = B> - Yaupnyiep-y =By (6.12)
Yiinmi2) = B> Yija2m3) =P - Yjepnymep) =By (6.13)
where, for the transmission line incorporating the pth converter,
o = Yser (Yp+¥po) and B, = YsepYp (6.14)
Yo tYpotVsep Yo+ Yoo T ¥sep

Again, from Figure 6.2, it is observed that bus (i + p — 1) is connected
to the pth series converter as well as the shunt converter. Now, the net
injected current at bus (i + p — 1) can be written as

Ii-¢—17—1 = |:Y(?5-dp—1)i+y—1) - (Yp + Ypo):lvﬂ—p—l

\ (6.15)
+ Z Y(i+p—1)qVq +Isep +Ish
q=1, q=(i+p-1), q=(j+p-1)
Also
IseP zaPViJrP*l _BPVjerfl _astep (6.16)
and
L =Y (Viep-1 = Vin) (6.17)

Now, using Equations 6.16 and 6.17 in Equation 6.15,

1d
Ii+p—1 = I:Y(?+p—1)(i+p—1) - (YP + Ypo) +0,+¥sh :IVi+p—1

n+p+l (6.18)
+ Z Yisp-19 Vg
q=1, q#(i+p-1)
or
n+p+l
Liipa= z Yiip-1q Yy (6.19)

q=1
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where Y\ po1)(isp-1) = Y(‘,?Ldp_l)(,-ﬂ,_l) —(Yp+Ypo)+0p, +Yeh is the new value of
self-admittance for the (i + p — 1)th bus with GUPFC with

Vn+p+1 =Vg and Y(i+p—1)(n+p+1) =—Ysh (6.20)

Thus, the effect of incorporation of the shunt converter can be treated as
equivalent to addition of another fictitious bus (n + p + 1) to the existing
n-bus system. Consequently, incorporation of the GUPFC (consisting of
p series converters and one shunt converter) transforms the original n-bus
power system to an (n + p + 1)-bus system without any GUPFC.

Now, the net injected current at the first fictitious power-flow bus [bus
(n + 1)] equals the current flowing into the transmission system from this
bus, and can be written using Equation 6.3 as

n+p+l
InJrl = _Isel = alvsel _(XIV,' +B1Vj = Z Y(n+1)qVq (621)

q=1
where:

Vn+1 = Vsel 7Y(n+1)(n+1) =04 >Y(n+l)i =—04, and Y(n+1)j = Bl (622)

Proceeding in a similar way, the net injected currents at the remaining p
fictitious power-flow buses [buses (n 4+ 2) up to (n + p + 1)] can also be
written as

n+p+1 ntp+l
L= Z Yui2q Vg and soon, up to I,y = Z YinipengVy  (6.23)
q=1 q=1
with

Yn12)(n+2) = 02,and 500N, UP t0 Yy py(nip) = 0p 6.24)

with Y(n+p+l)(n+p+l) =Ysh ’
Yns2)is1) = —0l2,and s00n, up to Yo pyisp-1) = —0p (6.25)

with Yo, pinyiip1) =—Yen .
Yiui2(jr1) = B2,andsoon,up to Y pyjsp-1 = B 6.26)

with Y payjisp-1) =0

Va2 = Viez,andsoon,uptoV,,, =V, withV,, .., =V, (6.27)
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6.3 POWER FLOW EQUATIONS IN PROPOSED
GUPFC MODEL

From Figure 6.1, it is observed that with a GUPFC-connected system, four
possibilities exist for any SE or RE bus. These are as follows:

1. The bus is not connected to any GUPFC converter.
2. The bus is connected to a GUPFC series converter only as an SE bus.
3. The bus is connected to a GUPFC series converter only as an RE bus.

4. The bus is connected to both a series converter and a shunt converter
of the GUPFC as an SE bus.

With existing GUPFC models, the expression of the active power injection
at any SE or RE bus a can be written (using Equations 6.5 and 6.15) as

Py= ) VaVyYuycos(8, 0, ~yay ), a<n (6.28)
q=1

if no GUPFC is connected to bus a;
P = Z Vi Vo Ygc08(0, =0, — 9,00 ) — Vo ViPecos (0, —0, 0,5, )
q=1,9#b (629)
- ‘/a‘/secaccos(ea - 6sec _(pyac)

if series converter c is connected in branch a—b with a as SE bus;
P, = Z VﬂVqYuqcos(Oa =0, =04 )— VquﬁcCOS(ea -6, _(PyﬁC)
4=1,q#b (6.30)
+ ‘/a\/secﬁccos(ea - 9sec _(PyBc )

if series converter c is connected in branch a—b with a as RE bus;

Paz Z VquYanOS(ea_eq_(Pyaq)

q=1,q#b
- ‘/avbﬁccos(ea _eh _(P}/ﬁc) (631)
- Vu‘/secaccos(eu - ese«: _(Py(xc)

~VaVanaYs0ac08 (00 —Osna — @ysna)
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if both the series converter ¢ (connected in branch a—b) and the shunt
converter d are connected to bus a as SE bus.

Thus, from the above equation, it is observed that with existing GUPFC
models, additional terms due to contributions from the voltage sources
representing the multiple series converters and the shunt converter of the
GUPEFC are present in the expression of the bus active power injection(s).
This causes the existing power flow codes to be modified. This is also true
for the bus reactive power injection(s).

Now, it has already been established in Section 6.2 that in the proposed
GUPFC model, there are a total of (n + p + 1) buses, with (p + 1) fictitious
power-flow buses. Therefore, the net injected current at any of the p SE buses
[buses i, (i + 1), and so on, up to (i + p — 1)] or RE buses [buses j, (j + 1),
and so on, up to (j + p — 1)] can be written as

n+p+1
Ih=ZthVq i<h< (i+p-1) or j<h<(j+p-1) (6.32)

q=1

Thus, in the proposed model, the active power injection equation at any SE
or REbus a (a < n+ p + 1) can be written using Equation 6.32 as

n+p+l
Py= D ViV,Yiycos(8, -0, yy) a<(n+p+1)  (633)

q=1

Similarly, the expression for the reactive power at any bus a (SE or RE) can

be written as
n+p+1

Qu= D VaVYugsin(0,-6,~0,) a<(ntp+1) (634

q=1

From Equations 6.33 and 6.34, it can be observed that both the active and
reactive power injections at any bus can be computed using existing power
flow codes.

Now, let us consider the real power delivered by a GUPFC with two
series converters (for simplicity, the simplest GUPFC configuration with
only two series converters is assumed) and one shunt converter. The two
series converters e and fare in series with the branches between buses a—b
and c—d, respectively. The shunt converter g is connected to bus c. The
real power delivered by the GUPFC can be written using Equations 6.3
and 6.17 as
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PGUPFC = Re[vsee(_I:ee ) + Vsef(_I:ef ) + Vshg(_ I:hg ):| (635)

PGUPFC = ‘/szeeaecosq)yue + ‘/seevvbBecos(esee _eb _(pyﬁe)
- ‘/seevaaecos(esee _eu _(Py(xe )

+ \/serdchos(esef _ed _(pyﬁf)
(6.36)

_‘/sef‘/cafcos(gsef _ec _(P)/af)
+ VsifafCOS(Pyocf + Vsig)’sthOS(Pyshg
- ‘/shg‘/cyshgcos(eshg _ec _(pyshg )

From Equation 6.36, it is observed that the GUPFC real power expression
cannot be computed using existing power flow codes. It will require fresh
codes for its implementation.

However, in the proposed model, GUPFC series converters e and f along
with shunt converter g are transformed to power-flow buses (n + 1), (n + 2),
and (n + 3), respectively, and hence, using Equation 6.35,

PGUPFC = Rel:Vsee(_I;ee)+ Vsef(_I:ef) + Vshg (_I:hg ):|

=Re| Vaa (L) + Via (2) + Vs (L) | (6.37)
= Re(snﬂ + Sn+2 + Sn+3 ) =Pu+P+Ps

Hence, the sum of the active power injections of three power-flow buses
(computed from Equation 6.33 using existing power flow codes) yields
the GUPFC real power. It can be shown that if the GUPFC considered
has p series converters along with a shunt converter, the real power deliv-
ered by it can be computed from the sum of the active power injections of
(p + 1) power-flow buses using existing codes. In such a case, Equation 6.37
becomes

PGUPFC = Re|:Vsel (_I;el) + Vsez(_I:eZ) teeet Vsep (_I;ep) + Vsh (_I:h ):' ( )
6.38
=P +P, +"'+Pn+p+1

Similar to the bus power injections, the expressions corresponding to the
various control objectives can also be evaluated in the proposed model using
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existing codes. Usually, for a GUPFC with p series converters and a shunt
converter, the line active and reactive power flows in the p transmission
lines incorporating the series converters are chosen as the control objectives
for the p series converters, whereas the voltage of the bus connected to the
shunt converter is chosen as the control objective for the shunt converter. In
this chapter too, the same control objectives have been considered.

Now, with existing GUPFC models, the expression for the active power
flow in the line connected between buses a and b and incorporating the
cth (1 < ¢ < p) series converter can be written using Equation 6.3 as

Pinge =Pop = Re(VaI:ec)

or

Py =V, 0L.COSP o — VaVbBEcos(Gu -0, —(pyﬁf)
(6.39)
- Va‘/secaccos(ea _esec _(Py(xc)

Similarly, the expression for the line reactive power flow can be written as

Qup =-V, 0, 8InQ o — VaVbBCsin(Oa -0, —(pygc)
(6.40)
_Vavsec(XCSin(ea _esec _(Pyac)

Both Equations 6.39 and 6.40 have new terms involving the GUPFC series
converter and the modified admittances due to the series coupling trans-
former of the converter. These necessitate modifications in the existing
power flow codes.

In the proposed model, using Equation 6.21, these expressions become

Punsee = Py =Re(Valiee)=Re| Vo (L. |

or

n+p+l
Pab Z_Z VquY(MC)qCOS(ea _eq _(py(n+c)q) (6‘41)

q=1

The above equation is written because of the fact that the cth series con-
verter of the GUPEC is transformed into the (n + c)th power-flow bus in
the proposed model. In a similar way,
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n+p+1

Qab =— Z VquY(nH)qSin(ea - eq _(Py(n+c)q) (642)

q=1

From Equations 6.41 and 6.42, it can be observed that in the proposed
model, both the line active and reactive power flows can be computed
using very minor modifications of the existing power flow codes.

6.4 IMPLEMENTATION IN NEWTON POWER
FLOW ANALYSIS

If the number of voltage-controlled buses is (1 — 1), the power-flow problem
for an n-bus system incorporated with x GUPFCs each having p series
converters and one shunt converter can be formulated as follows:

Solve 0, V, O, V., 04, and Vg,

Specified P, Q, P, V3, P, and Q.

where:

z=number of seriesconverters = px (6.43)
Also,

Number of shunt converters = x (6.44)
Totalnumber of converters=w=(p+1)x (6.45)
0=00,...0,]" V=[V,....V,]" (6.46)
Ose =[0se1-- 021" Vie =[Vier... Vieo ] (6.47)
O =01+ O ]” Vo =[Varo Vil (6.48)
P=(A..R]" Q=[Qu...Q,]" (6.49)
Pg =[Psuprci ... Povrrcx]' Ve =[Vausi...Vausa] (6.50)
P =[Puner- Punezl” Qu=[Quier- Q] (6.51)

In Equations 6.50 and 6.51, Pg, V3, P;, and Q, represent the vectors of the
specified real powers for the x GUPFCs, the SE bus voltages (at which the
shunt converters of the x GUPFCs are connected), and the active and reac-
tive power flows of the z transmission lines, respectively. In Equations 6.46
through 6.51, it is assumed that without any loss of generality, there are
m generators connected at the first m buses of the system with bus 1 being
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the slack bus. Thus, the basic power-flow equation for the Newton power
flow solution is represented as

aiaiiﬁPiaPiaPiaP
0 oV | e | OVee | Bs | Vi
0Q o0Q 1 0Q  0Q 1 0Q | AQ
0 OV | 08, | OV, | 08y | OV |[ AO AP
OP; | OPg | OPg | OPs 1| OPg | OPg || AV | | AQ
00 1OV | 00y | Ve | 00a | OV || AB || AP | o)
Vo | Vs | OVy | OVy | Ve | OVp || AVee | | AVy
00 ' OV 1 00 1 Vi i 0Om 1 OV ||AOa | | AP
OP, | OB, | 0P | 0P, ! OP, | OB ||AV4 | |AQ
00 OV 1 0 1 Vi i OOm 1 OVa
0Q | 0Q | 0Qu | 0Qu | 0Qu | 0Q
00 ' OV | 30, | V. | By | OV
or
i :]1:12:13:14_ AB ] [ AP
Jos VT L e | av | | aQ
Jo [T [ Tu i Tn | T Tu| |80 | | AP |6
01 Jis 1 01 01 0 1 0 AV AV
il_G__:_I_l;_:_I_ls__: Jio 1 Jao 1 Ju _A_e_sh_ AIiL_
Jo | Jn | _E__I;S__i_jz_e__i_iz;_ (AVy | | AQ |

In the above equation, J 4 is the conventional power-flow Jacobian subblock
corresponding to the angle and voltage magnitude variables of the n-buses.
The other Jacobian submatrices can be identified easily from Equation 6.53.

Now, in the proposed model, there are (n + w) buses. Thus, the quanti-
ties to be solved for power-flow are 8" and V", where

0" =[0,...0,.,,]" and V™" =[V,....V,.,I" (6.54)

Thus, Equation 6.53 is transformed in the proposed model as

JX1 APQ
I1X2 AQ™Y APg 655
0 JX3|[AV™ | | AV, (6.55)
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where:
APQ=[APT AQ"]" APQ, =[AP AQ{]" (6.56)

Also, JX1, JX2, JX3, and JX4 can be identified easily from Equation 6.55.
The elements of the matrix JX3 are either unity or zero, depending on
whether an element of the vector Vy is also an element of the vector Vrev
or not. Thus, JX3 is a constant matrix known a priori and does not need to
be computed.
Now, it can be shown that in Equation 6.55,

1. The matrices JX1 and JX2 can be computed using existing Jacobian
codes.

2. The matrix JX4 can be computed using very minor modifications of
the existing Jacobian codes.

The justification of the above two statements are shown as follows:
Let us first define for the proposed (n + w) bus system,

P™ =[P,...P,..,|" (6.57)

Subsequently, a new Jacobian matrix is computed as

aP new aP new

new 86“"'“’ a new ]A
A H 0%
agnew a new

From Equations 6.33 and 6.34 of the proposed model, it can be observed
that the expressions for b, 2<i<n+w)and Q, (m+1<i<n)inP™" and Q,
respectively (of Equation 6.58), can be computed using existing power flow
codes. Hence, the matrix J™" can be computed with existing codes for cal-
culating the Jacobian matrix.

From Equations 6.46, 6.49, and 6.57,

=| 00™" (6.59)
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where:

aPrH—l aPn+p+1
aenew e aenew

aPner—p aPn-*—w
aenew T aenew

T
JX5 = { } (6.60)

From Equation 6.59, it is observed that the subblock 6P/90™" is contained
within OP™"/60™". In a similar way, it can be shown that OP/oV™" is
contained within &P™"/8V™". Hence, once the matrix J*" is computed
(using existing codes), the matrix

new

can be very easily extracted from the matrix J™" using simple matrix
extraction codes only. Hence, no fresh codes need to be written for com-
puting JX1.

Now, using Equation 6.38 in Equation 6.60,

OP
L[PnJrl"—Per +“'+Pn+p+1]:%

6.61
aenew ( )

Thus, in Equation 6.60, the sum of the first (p + 1) rows of JX5 equals
OPsuprci / 00™" (the first element of the Jacobian subblock OPg / 00™™).
Similarly, the sum of the last (p 4 1) rows yields the last element of 9P¢/00™".
Therefore, dP;/00™" can be easily extracted from OP™"/90™". In a simi-
lar way, it can be shown that 0Pz /dV™" can also be easily extracted from
OP™ /oV™™. Hence the matrix JX2 z[ﬁPG /60" P/ aV“eW] need not
be computed—it can be formed from the matrix J* of J"*¥ by matrix extrac-
tion codes (in conjunction with codes for simple matrix row addition).
Hence, both JX1 and JX2 need not be computed and can be extracted from
J*" (subsequent to its computation using existing Jacobian codes).
Subsequently, it is shown that in the proposed model, the matrix

IXd— P, /50 oP, /v
aQL/éenew 6QL/6 new

can be computed using very minor modifications of the existing Jacobian
codes.
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Let ¢ (1 < ¢ £ w) denote the GUPFC converter number. Now because
an arbitrary GUPFC converter can be either a series or a shunt one,
two expressions are possible for the converter number. Corresponding
to the ath (1 < a < p) series converter of the bth (1 < b < x) GUPFC,
c=(b-1)(p+1)+a. Similarly, corresponding to the shunt converter of
the bth GUPFC, c=b(p+1). In the proposed model, the cth GUPFC con-
verter is transformed to the (n + ¢)th fictitious power-flow bus. Hence, the
expression for the active power flow in the line connected between any
arbitrary SE and RE buses g and h, respectively, and incorporating the
series converter ¢ can be written (using Equation 6.41) as

PLTNEC = Pgh = —Z VquY(,H_C)qCOS(eg —eq _(P)/(H+C)q) (662)

=1
In a similar way, the reactive power flow can be written as

n+w

QLINEC = Qgh = _Z Vg‘/qu(n+c)q3in(eg - eq - (Py(nJrc)q ) (663)

q=1

From Equations 6.62 and 6.63, it is observed that in the proposed model,
both the line active Py (1 < i < 2) and reactive power flows Qpng;
(1 <i < z) can be computed using very minor modifications of the exist-
ing power flow codes. Consequently, it can be shown that all the subblocks
of JX4 can be computed using very minor modifications of the existing
Jacobian codes, unlike with existing GUPFC models. This reduces the

complexity of software codes substantially.

6.5 ACCOMMODATION OF GUPFC DEVICE
LIMIT CONSTRAINTS

In this chapter, five major device limit constraints [82,83] of the GUPFC
have been considered, and they are listed as follows:

1. The series-injected voltage magnitude Vo™

2. The line current through the series converter I;;"
Lim

3. The real power transfer through the dc link Py¢

Lim

4. The shunt converter current I

5. The bus voltage on line side of the series converter V,;™
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The device limit constraints have been accommodated by the principle
that whenever a particular constraint limit is violated, it is kept at its
specified limit, whereas a control objective is relaxed. Mathematically, this
signifies the replacement of the Jacobian elements pertaining to the con-
trol objective by those of the constraint violated. The control strategies
to incorporate the above five limits are detailed in the text that follows.
For simplicity, we consider a single GUPFC with two series converters
(installed in two different transmission lines) and a shunt converter. The
original power flow control specifications considered are Pyynr; and Qung:
(for line 1), Pyng» and Qqng, (for line 2), and Viys (for SE bus of line 2).
It is to be noted that the choice of the SE bus voltage (of line 2) as a control
objective is purely arbitrary. The SE bus voltage of line 1 could also be
chosen.

1. In this case,

Ve = V™ (6.64)
If Vii" is violated, V,,, is preset at the limit Vii;", and either the line
active (Pne1) or the reactive power flow (Qung ;) control objective is
relaxed for line 1. The corresponding relaxed active or reactive power
mismatch is replaced by AV, = Vvim _y7 . The Jacobian elements
are changed accordingly. If VEm is violated, V., is fixed at the limit,
and the control objective in vogue [line active (Pryg,) or reactive
power flow (Qpng2)] is relaxed for line 2 with its mismatch replaced
by AV,,, = Vim_y . Again, the Jacobian elements are changed
accordingly. As already discussed in Section 6.4, the corresponding
row of the matrix JX3 would have all elements equal to zero except
the entry pertaining to V,., which would be unity.

2. If IM™ is violated, I, is preset at the limit ILm and either the line
active (Png;1) or reactive power flow (Quug;) control objective is
relaxed for line 1. Thus, the corresponding mismatch is replaced by
Al =I8™ —1 .., where, for transmission line 1 (connected between
SE and RE buses a and b, respectively), the expression for I,,,; can be

written using Equations 6.21 and 6.22 as

y P :‘In+1‘:[e1+ez +es+ey]” (6.65)
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where:
€ = Y(iﬂ)uvaz + Y(%m)bvb2 + Y(?Hl)(nJrl)Vanrl
€2 =2 Y130 Yors16 Vi V€08 (00 =0 + @ ity = @y )
€3 =2Y1)a Yinr1)(ns1) Va Va1 COS (ea =01 F Pyini1)a = Pyt (n+1) )

e4=2 Y(n+1)bY(n+l)(n+l)‘/an+lcos(eb -0, + Qy(n+1)b — (py(n+1)(n+l))

The Jacobian elements are changed accordingly. If I3 is violated,
I, is preset at the limit I Lim “and the line active (Bxz,) Or reactive
power flow (Qping 2) control objective is relaxed for line 2, with its mis-
match and Jacobian elements changed accordingly. If, however, both
VEH™ and ITH™ are violated, leniency is exercised on both Py, and
Quine:1 control objectives, which are replaced by AV, = vim_y
and AI,,, =I5™ —1,... The corresponding Jacobian elements are also
replaced. The derivations of the expressions of e}, e,, €3, and e, are

given in the Appendix.

Lim . Lim

3. If Poc" is violated, Py is preset at the limit Py¢’, and either the Pz
or the Qe control objective is relaxed. Thus, the correspond-
ing line power flow (active or reactive) mismatch is replaced by
APy = P5™ — Py, where, for transmission line 1 (connected between
SE and RE buses a and b, respectively), the expression for Ppc can be
written using Equations 6.21 and 6.22 as

Poc =Re| Vae (L) | =Re( Vil

= n+1‘/aY(n+ yaCOS en+ _ea_(P (n+1)a
0508{ 8 sorin) (6.66)

+ Vn+1VbY(n+1)bCOS(en+1 -6, _(p}’(nﬂ)h)

2
+ Vn+1 Y(n+l)(n+l)COS(py(n+l)(n+l)

The Jacobian elements are changed accordingly

If, however, all three quantities P3¢, IEm and IMT (or say, piim
VE™ and I4™) are violated, all the control objectives, that is, the line
active and reactive power flow of the first line along with the line
active (reactive) power flow of the second line, are relaxed. The cor-
responding mismatches are replaced, along with the modification of

the corresponding Jacobian elements.
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4. If IN™ is violated, I,,,; (because the shunt converter is transformed to
[n + 3]th power-flow bus for a GUPFC with two series and one shunt
converters) is preset at the limit I Lim and the SE bus voltage control
objective (for line 2) is relaxed, with the voltage mismatch replaced by
Al,.; = I5™ —I,., where, for transmission line 2 (connected between
SE and RE buses c and d, respectively), the expression for I,,.; can be

written using Equations 6.23 and 6.24 as

In+3 :‘In+3‘= Lfl + fz]llz (667)
where:
fi= Y(%H—S)c ch + Y(i+3)(n+3)vnz+3
f2=2Y030 Yins310053) Ve Vi 3€08 (0 =05 + 91310 = @ ynesyns3) )

The Jacobian elements are changed accordingly. The derivations of
the expressions of fiand f are given in the Appendix.

5. If VE™ (bus voltage on the line side of the first series converter) is
violated, V,, is preset at the limit Vim “and either the line active
(Pung1) or reactive power flow (Qune;) control objective is relaxed
for line 1. The corresponding relaxed active or reactive power mis-
match is replaced by AV,, =VHm _y ., where, corresponding to
line 1 (connected between SE and RE buses a and b, respectively), it
can be shown (using Figure 6.2) that

se Vu+ V, - se Vse
V,y = ot Ta V1T TV sel e (6.68)

Y1t Y10+ Vsel

where:
Vot =V | = [l + by + b3 + hy " (6.69)
where:
h=ciVi +c3 Vi +¢iVi
hy =2¢,¢,V,Vicos(0, =6, + 9 — 9.2 )

h3 = _ZCfVaVnHCOS(ea _enﬂ )

hy = _2C1C2Van+1COS(9b =01+ 0 _(Pcl)
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The Jacobian elements are changed accordingly. The derivations of
the expressions of hy, h,, h;, and h, are given in the Appendix.

If V" is violated, V,,, is preset at the limit V5", and either the
line active (P ng2) or reactive power flow (Qqng,) control objective
is relaxed for line 2. The corresponding relaxed active or reactive
power mismatch is replaced by AV,,, = Vvim _y . The Jacobian ele-
ments are replaced accordingly.

6.6 SELECTION OF INITIAL CONDITIONS

In this chapter, the initial conditions for the series voltage source(s) were
chosen as V207, =0.1/ —(n/2) p.u. following suggestions of [49], whereas
those for the shunt voltage source were chosen as V;, 209, =1.0.£0° follow-
ing [60]. However, while enforcing the limits of shunt converter current,
it was observed that adoption of this initial condition for the shunt volt-
age source makes the shunt converter current magnitude zero. As a con-
sequence, the Jacobians of the shunt converter current magnitude were
rendered indeterminate (using Equation 6.68). This is shown in the Appendix.
Modifying the shunt source initial condition to Vi, £0%, =1.0£—(n/9)
solves this problem, without any observed detrimental effect on the

convergence.

6.7 CASE STUDIES AND RESULTS

The proposed method was applied to the IEEE 300-bus system to validate
its feasibility. In this test system, GUPFCs with multiple series converters

and one shunt converter were included, and studies have been carried out
for (1) converters without any device limit constraints and (2) practical
converters with device limit constraints. In all the case studies, a conver-
gence tolerance of 10™'? p.u. has been chosen. Although a large number of
case studies confirmed the validity of the model, a few sets of representa-
tive results are presented below. As in Chapters 3 through 5, in all the
subsequent tables, the symbol NI denotes the number of iterations taken
by the algorithm.

6.7.1 Studies of GUPFCs without Any Device Limit Constraints

Case I: In this case, a single GUPFC with three series converters and one
shunt converter has been considered in the 300-bus system. The series
converters are incorporated on the transmission line branches between
buses 3-7 (converter 1), 3-19 (converter 2), and 3-150 (converter 3).
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TABLE 6.1  Study of IEEE 300-Bus System with Single GUPFC
Having Four Converters (No Device Limit Constraints)

Solution of Base Case Power Flow (without Any GUPFC)

NI=7
Parameter Line 1 Line 2 Line 3
Bine (MW) 260 138.75 95.06
Quine (MVAR) 120.55 11.19 138.26

V; (pu.) 0.9969

Unconstrained Solution of GUPFC Quantities
NI=7

Series Converters

Quantity Converter 1 Converter 2 Converter 3

V. (p.u.) 0.2746 0.1625 0.1075

Ose -80.73° -87.03° -90.25°

I. (pu) 2.6751 1.4884 1.107

P (MW) 270 150 100

Quine (MVAR) 10 10 50

Shunt Converter
Vi (pou.) 0 Ly (p-u.) Vs (p-u.)
1.0184 6.95° 0.134 1.01

The shunt converter is connected to bus number 3. The control references
chosen are as follows: PS5 =270 MW and Q¥ =10 MVAR (line 1), PS8y =150
MW and Q3% = 10 MVAR (line 2), P%5, = 100 MW and Q% =50 MVAR
(line 3), and V3* = 1.01 p.u. The results are shown in Table 6.1. For ready
reference, the power-flow solution of the 300-bus system without any
GUPEC is also shown in the table. The converged final values of the con-
trol objectives are shown in bold cases. From the table, it can be observed
that in the presence of the GUPFC, values of the line active power flows
can be maintained or enhanced, even for reduced levels of line reactive
power flows.

The bus voltage profiles for this study without and with GUPFC are shown
in Figure 6.3a and b, respectively. Further, the difference between the bus
voltage magnitudes with and without GUPFC is shown in Figure 6.3c.
From this figure, it is observed that in the presence of GUPFC, there is not
much change in the bus voltage profile.

Case 2: In this case, two GUPFCs, each having two series converters and
one shunt converter, have been considered in the 300-bus system. For the
first GUPFC, the series converters are incorporated on the transmission line
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FIGURE 6.3 Bus voltage profile corresponding to the case study of Table 6.1.
(a) Bus voltage magnitude without GUPFC; (b) bus voltage magnitude with
GUPEG; (c) voltage magnitude difference.

branches between buses 2-3 (converter 1) and 86-102 (converter 2). The shunt
converter is connected to bus number 86. The control references chosen are
as follows PYE =50 MW and Q% = 10 MVAR (line 1), Pi¥ 10 = 50 MW and

SF 02 = 0 (line 2), and V¥ = 1.02 p.u. For the second GUPFC, the series
converters are incorporated on the transmission line branches between buses
35-72 (converter 1) and 35-77 (converter 2). The shunt converter is connected
to bus number 35. The control references chosen are as follows: PY,, = 50
MW and Q3} 55 = 5 MVAR (line 1), P, = 50 MW and Qif ,, = 0 (line 2),
and Vi¥ = 0.98 p.u. The results are shown in Table 6.2. The converged final
values of the control objectives are again shown in bold cases.

The bus voltage profiles for this study without and with GUPFCs are
shown in Figure 6.4. From this figure, it is observed that in the presence of
GUPECs, there is very little change in the bus voltage profiles.

It is important to note that the choices of Qg.10, = 0 and Q33.,; = 0 for
the second transmission lines (line 2) of both the GUPFCs are purely
arbitrary. It only shows that desirable levels of line active power flows can
be maintained by the GUPFC even when the line reactive power flows
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TABLE 6.2 First Study of IEEE 300-Bus System with Two GUPECs (No Device Limit
Constraints)

Solution of Base Case Power Flow (without Any GUPFC)
NI=6

Lines Corresponding to Converter 1 Lines Corresponding to Converter 2

Parameter Line 1 Line 2 Line 1 Line 2
Pine (MW) 36.03 37.95 48.7 —47.69
Quie (MVAR) 73.23 -19.93 1.87 -10.3
Vius (SE) (p.u.) Vs = 0.991 V35 =0.9755

Unconstrained Solution of GUPFC Quantities
NI=7

Series Converters

GUPFC 1 GUPFC 2

(In Double-Line System 1) (In Double-Line System 2)
Quantity Converter 1 Converter 2 Converter 1 Converter 2
V. (p.u.) 0.0683 0.0711 0.0918 0.1225
0., -52.92° -96.65° —-110.88° —123.74°
I. (pu) 0.4867 0.4902 0.5127 0.5102
P. MW) 50 50 50 50
Quine (MVAR) 10 0 -5 0

Shunt Converters
GUPFC 1 GUPFC 2

Va (pou) 0, I (puw) Vg (puw) Vg (pu) 0 Ish (pu) Vss (p-u.)
1.0817 —14.58° 0.6175 1.02 1.0568 -27.13° 0.7685 0.98

are enforced to zero. Subsequently, both the values of the line reactive
power flows (Qse.10, and Q34.;) are modified to —10 and -5 MVAR, respec-
tively. All other control objectives are maintained identical to the values
given above (in the first part of case 2). The results are given in Table 6.3.
It is observed that the proposed algorithm again converges to the modified
control objectives with the same number of iterations. This demonstrates
the versatility of the proposed technique.

The bus voltage profiles for this study without and with GUPFCs are
shown in Figure 6.5. From this figure, it is observed that in the presence of
GUPECs, there is very little change in the bus voltage profile.

6.7.2 Studies of GUPFCs with Device Limit Constraints

In these case studies, various device limit constraints have been consid-
ered for GUPFCs incorporated in the 300-bus test system. As already
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FIGURE 6.4 Bus voltage profile corresponding to the case study of Table 6.2.
(a) Bus voltage magnitude without GUPFC; (b) bus voltage magnitude with
GUPEFG; (c) voltage magnitude difference.

TABLE 6.3  Second Study of IEEE 300-Bus System with Two GUPFCs (No Device
Limit Constraints)

Unconstrained Solution of GUPFC Quantities
NI=7

Series Converters

GUPFC 1 GUPFC 2

(In Double-Line System 1) (In Double-Line System 2)
Quantity Converter 1 Converter 2 Converter 1 Converter 2
V. (pu.) 0.0683 0.0769 0.0921 0.1227
0., -52.92° -83.63° -110.55° -120.26°
I, (p.u.) 0.4867 0.4999 0.5127 0.5127
P (MW) 50 50 50 50
Quine (MVAR) 10 -10 -5 -5

Shunt Converters
GUPFC 1 GUPFC 2
(In Double-line System 1) (In Double-Line System 2)

Vg (p.u.) 0, I, (pu.) Vg (puw) Vg (pu) G I, (p.w.) Vs (p.u.)

1.072 -14.57°  0.5208 1.02 1.0519  -27.15°  0.7191 0.98
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FIGURE 6.5 Bus voltage profile corresponding to the case study of Table 6.3.
(@) Bus voltage magnitude without GUPFC; (b) bus voltage magnitude with
GUPEFCG; (c) voltage magnitude difference.

mentioned in Section 6.5, five major device constraint limits have been
considered. In the 300-bus test system, case studies were carried out for
implementation of these limit constraints in five different ways: (1) limit
violation of a single constraint, (2) limit violations of two different con-
straints simultaneously, (3) limit violations of all three different constraints
simultaneously, (4) limit violations of four different constraints simultane-
ously, and (5) limit violations of all five different constraints simultane-
ously. For simplicity, in the 300-bus test system, a GUPFC with two series
converters and a shunt converter (minimum possible configuration) is
considered. The power flow solutions for this GUPFC without any device
limit constraint are obtained in the 300-bus test system. The details of the
GUPEC series and shunt converters considered are as follows.

Case 3: As already mentioned, in the 300-bus test system, a GUPFC with
two series converters and a shunt converter has been considered. The series
converters are incorporated in the transmission line branches between
buses 2-3 (converter 1) and 86-102 (converter 2). The control references
chosen are as follows: 25 = 50 MW and Q5" = 5 MVAR (line 1), Py 100 =
50 MW and Q¢ 15, = 0 (line 2), and Vgf = 1.0 p-u. The results are shown
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TABLE 6.4  First Study of IEEE 300-Bus System with
Single GUPFC having Three Converters (No Device Limit
Constraints)

Solution of Base Case Power Flow (without Any GUPFC)

NI=6
Parameter Line 1 Line 2
Pine (MW) 36.03 37.95
Qune (MVAR) 73.23 -19.93
Vi (p-u.) 0.991

Unconstrained Solution of GUPFC Quantities
NI=7

Series Converters

Quantity Converter 1 Converter 2
V.. (p-u.) 0.0727 0.0719
0, —47.45° -112.6°
I, (p.u.) 0.4794 0.5
Ppe (pu) —0.0228 0.005
Py (MW) 50 50
Quine (MVAR) 5 0
V., (p.u.) 1.001 1.0097
Shunt Converter
Va (p-u.) 0y, I; (p-u.) Vis (pu.) Py (p-u)
1.0338 —14.54° 0.3383 1.0 0.0178

in Table 6.4. From this table, it can be observed that in the presence of the
GUPEC, the enhanced level of active power flow can be maintained in line
1, even though the reactive power flow in the line is reduced. It may again
be noted that the choice of Qg.10, = 0 for line 2 is purely arbitrary and
that the proposed technique is applicable equally well for any other suitably
chosen nonzero value of Qst ,o,. This is demonstrated by modifying the
control objective to Qg¢.10, = —1 MVAR. All other control objective values
are kept identical to those in Table 6.4. The results are given in Table 6.5. It
is observed from this table that the power flow solution again converges to
the modified value of control objectives (shown in bold cases). The bus volt-
age profiles for these two cases (both without and with GUPFCs) are shown
in Figures 6.6 and 6.7, respectively. From these figures, it is observed that
in the presence of GUPFCs, the bus voltage profiles do not change much.
Subsequent to the power flow solutions obtained (Table 6.5) without
any device limit constraints, the various constraint limits of the GUPFC
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TABLE 6.5 Second Study of IEEE 300-Bus System with
Single GUPFC Having Three Converters (No Device Limit
Constraints)

Unconstrained Solution of GUPFC Quantities

NI=8
Series Converters
Quantity Converter 1 Converter 2
V.. (p-u.) 0.0727 0.0718
0., —47.45° —-111.16°
I. (puw) 0.4794 0.5001
Ppe (p-u) —0.0228 0.0048
Pl (MW) 50 50
Quine (MVAR) 5 -1
V. (pu) 1.001 1.0089
Shunt Converter
Vg (pou.) 0, I; (p.u.) Vs (p-u.) Py (pou)
1.0328 —14.54° 0.3284 1.0 0.018
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FIGURE 6.6 Bus voltage profile corresponding to the case study of Table 6.4.
(a) Bus voltage magnitude without GUPFC; (b) bus voltage magnitude with
GUPFC; (c) voltage magnitude difference.
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FIGURE 6.7 Bus voltage profile corresponding to the case study of Table 6.5.
(a) Bus voltage magnitude without GUPFC; (b) bus voltage magnitude with GUPFC;
(c) voltage magnitude difference.

are enforced. For this purpose, the same converter configurations (series
and shunt) as those considered in Table 6.5 have been maintained. The
control objectives (as applicable while imposing single, double, or multiple
device limit constraints) have also been maintained at the same values as
those adopted in Table 6.5. Although a large number of case studies were
carried out for implementation of these limit constraints, only a few sets
of representative results are as follows. In this context, it is again impor-
tant to note that various constraint limits of the GUPFC can be enforced
equally well for the case study shown in Table 6.4.

Case 4: In this case, the violations of only the injected voltage of series
converter 1 (VX'™) have been studied. Following the philosophy described
in Section 6.5, this limit has been imposed by relaxing Q;xz for line 1. The
power flow solutions are shown in Table 6.6. The converged final values of
the constrained variable along with the values of the control objectives are
shown in bold cases.

The bus voltage profile for the sixth case study without and with GUPFC
is shown in Figure 6.8. From this figure, it is again observed that in the
presence of GUPFC, there is very little change in the bus voltage profile.
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TABLE 6.6  Study of IEEE 300-Bus System with GUPFC

Constraint Limit of V.|

Lim

Solution of GUPFC Quantities with Limit on Series Injected
Voltage of Converter 1 Only

NI=7

Series Converters

Specified converter 1 voltage limit: Vo™ = 0.07 p.u.
Quantity Converter 1 Converter 2
V.. (p-u.) 0.07 0.0718
0, -50.61° —-111.16°
I, (p.u.) 0.4833 0.5001
Ppe (pu) —0.0223 0.0048
P (MW) 50 50
Quine (MVAR) 8.06 -1
V. (pu) 1.0027 1.0089
Shunt Converter
Vg (pu) 0, I, (pu) Vs (p.u.) Py (p.u.)
1.0328 —-14.54° 0.3283 1.0 0.0175
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FIGURE 6.8 Bus voltage profile corresponding to the case study of Table 6.6.
(a) Bus voltage magnitude without GUPFC; (b) bus voltage magnitude with
GUPFC; (c) voltage magnitude difference.
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TABLE 6.7  Study of IEEE 300-Bus System with GUPFC
Lim

Constraint Limit of V.

Solution of GUPFC Quantities with Limit on Series Injected
Voltage of Converter 2 Only
NI=7

Series Converters

Lim

Specified converter 2 voltage limit: V;;;" = 0.07 p.u.

Quantity Converter 1 Converter 2
V.. (p-u.) 0.0727 0.068
0., —47.44° -111.27°
I, (p.u.) 0.4794 0.4877
Ppe (pu) —-0.0228 0.0045
P (MW) 50 48.76
Quine (MVAR) 5 -1
V., (p.u.) 1.001 1.0086
Shunt Converter
Vi (pou) 0, I (pu.) Ve (p-u.) Py (p-u)
1.0326 -14.48° 0.3263 1.0 0.0183

Case 5: In this case too, the violations of only the injected voltage of
series converter 2 (V') have been studied. As already described in Section
6.5, this limit has been imposed by relaxing Py for line 2. The results are
shown in Table 6.7. The converged final values of the constrained variable
along with the values of the control objectives are again shown in bold
cases. In this context, it may be noted that the limit could also be enforced
by relaxing Qs for line 2.

The bus voltage profile for this case study is shown in Figure 6.9. From
this figure, it is again observed that the presence of GUPFC hardly changes
the bus voltage profile.

Case 6: In this case, the violation of the bus voltage limit V,,; on the line
side of the first series converter has been studied. As already described
in Section 6.5, this limit has been imposed by relaxing Qi for line 1.
The results are given in Table 6.8. The bus voltage profile for this study is
shown in Figure 6.10. From this figure, it is again observed that the pres-
ence of GUPFCs hardly changes the bus voltage profile.

Case 7: In this case, the violation of the bus voltage limit V,,, on the line
side of the second series converter has been studied. This limit has been
imposed by relaxing Qxr for line 2. The results are given in Table 6.9. The
bus voltage profile for this case is shown in Figure 6.11. From this figure,
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TABLE 6.8  Study of IEEE 300-Bus System with GUPFC
Constraint Limit of V1™

Solution of GUPFC Quantities with Bus Voltage Limit on the
Line Side of Series Converter 1 Only
NI=7

Series Converters

Specified bus voltage limit on the line side of series

converter 1: VAP = 1.0 p.u.

Quantity Converter 1 Converter 2
V. (pu.) 0.0745 0.0717
0,, —45.54° -111.16°
I. (pw) 0.4779 0.5001
Py (pu) —-0.0232 0.0048
Pline (MW) 50 50
Quine (MVAR) 3.03 -1

Vo (pou.) 1.0 1.0089

Shunt Converter

Va (p-u.) 0, I; (p-u.) Vs (p-u.) Py (pu.)
1.0328 —14.53° 0.3285 1.0 0.0184
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FIGURE 6.10 Bus voltage profile corresponding to the case study of Table 6.8.
(@) Bus voltage magnitude without GUPFC; (b) bus voltage magnitude with
GUPEG; (c) voltage magnitude difference.

TABLE 6.9  Study of IEEE 300-Bus System with GUPFC
Lim

Constraint Limit of V5

Solution of GUPFC Quantities with Bus Voltage Limit on the

Line Side of Series Converter 2 Only
NI=9

Series Converters

Specified bus voltage limit on the line side of series

converter 2: VIR =10 p-u.

Quantity Converter 1 Converter 2
V. (pu.) 0.0727 0.0738
0,, —47.44° -95.38°
I, (p.uw) 0.4794 0.5144
Py (pu) —-0.0228 0.0029
Pline (MW) 50 50
Qune (MVAR) 5 -12
Vo (pou.) 1.001 1.0
Shunt Converter
Vy (pou.) 0, I (pu) Vss (p.u.) Py (pu.)
1.0219 —14.52° 0.2193 1.0 0.0199
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FIGURE 6.11 Bus voltage profile corresponding to the case study of Table 6.9.
(a) Bus voltage magnitude without GUPFC; (b) bus voltage magnitude with
GUPEFEG; (c) voltage magnitude difference.

it is again observed that the presence of GUPFC hardly changes the bus
voltage profile.

Case 8: In this case, the violation of only the dc link power transfer
of series converter 2 (P55%) have been studied. Following the philosophy
described in Section 6.5, this limit has been imposed by relaxing Qyyz for
line 2. The results are given in Table 6.10. The bus voltage profile for this
study is shown in Figure 6.12. From this figure, it is again observed that
the bus voltage profile does not change much in the presence of GUPFC.

Case 9: In this case, simultaneous limit violations of the series injected
voltage (V&™) and the dc link power transfer (P5C1) of converter 1 have been
considered. The limits have been imposed by relaxing the active (P ) and
reactive power flow (Qpnge) control objectives for the first transmission line,
following the philosophy described in Section 6.5. The results are given in
Table 6.11.

From thistable, it can be observed from the power flow solution that the value
of the reactive power flow Qpyg, for the first transmission line (correspond-
ing series converter 1) shows an impractically wide variation (26.7 MVAR)
from its unconstrained value (5 MVAR) even for a very small variation in
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TABLE 6.10  Study of IEEE 300-Bus System with GUPFC
Lim

Constraint Limit of Pp¢5

Solution of GUPFC Quantities with Limit of DC Link Power
Transfer for Series Converter 2 Only
NI=11

Series Converters

Specified dc link power transfer limit of series converter 2:
PLE = 0.0046 p.u.

Quantity Converter 1 Converter 2
V. (p-u.) 0.0727 0.0717
0,. —47.45° -109.61°
I, (p.u.) 0.4794 0.5004
Py (pu) —0.0228 0.0046
PLine (MW) 50 50
Qrine (MVAR) 5 -2.07
V. (pu.) 1.001 1.008
Shunt Converter
Vi (p-u.) 0, I (p-u.) Vs (p-u.) Py (pu)
1.0318 —-14.53° 0.3178 1.0 0.0182
1.0735 T T T T T
1.0336 1
209937
0.9538 b
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FIGURE 6.12 Bus voltage profile corresponding to the case study of Table 6.10.
(a) Bus voltage magnitude without GUPFC; (b) bus voltage magnitude with
GUPFC; (c) voltage magnitude difference.
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TABLE 6.11  Initial Study of IEEE 300-Bus System with
GUPFC Constraint Limits of VL™ and P52,

Solution of GUPFC Quantities with Twin Limits of Series
Injected Voltage and DC Link Power Transfer for Converter 1
NI=9

Series Converters

Specified voltage limit of series converter 1: V=™ = 0.0725 p.u.
Specified dc link power transfer limit of series converter 1:

PE =-0.0227 p.u.

Quantity Converter 1 Converter 2
Ve (p-u.) 0.0725 0.0717
0., -76.48° -111.15°
I, (p.u.) 0.605 0.5001
Py (pu) —-0.0227 0.0048
Pl (MW) 57.4 50
Quine (MVAR) 26.7 -1
V. (pu) 1.0127 1.0089
Shunt Converter
Vg (p-u.) 0, I, (p.u.) Vs (pou.) Py (pou)
1.0327 —14.52° 0.3272 1.0 0.0179

the values of VX™(0.0725 p.u.) and Pim (—0.0227 p-u.) from their uncon-
strained values (0.0727 and —0.0228 p.u., respectively). The same is also true
for the values of P yg, and I.,. Thus, the power flow solution obtained is not
a realistic one (unrealistic values of complex bus voltages, converter currents,
and power flows). These unrealistic power flow solutions (corresponding to
series converter 1) are highlighted in bold cases in Table 6.11.

To investigate the convergence pattern and the final power flow solu-
tion vis-a-vis varying values of V., further case studies were again carried
out. Some representative convergence patterns are presented in Table 6.12.
Those with double asterisks (**) indicate unrealistic power flow solutions.

TABLE 6.12  Effect of Variation of V;2 on the Power Flow Solution for the Study of Table 6.11

Initial Condition for V2
V2 (pw) 0.09 0.08 007 0.06 005 004 0.03 0.02 0.01
Final Power Flow Solution for Converter 2
L., (p-u.) 0.605 0.4757 0.605 0.605 0.4757 0.605 0.605 0.4757 0.4757
Piines (MW) 574 49.65 574 574 49.65 574 574 49.65 49.65
Quinet MVAR)  26.7 465 267 267 465 267 267 4.65 4.65
NI 7 9 10%* 9% 11 gx* 8 10 10
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TABLE 6.13  Final Study of IEEE 300-Bus System with
GUPFC Constraint Limits of VE™ and PE™

Solution of GUPFC Quantities with Twin Limits of Series
Injected Voltage and DC Link Power Transfer for Converter 1
NI = 9 (with V& = 0.08 p.u.)

Series Converters

Specified voltage limit of series converter 1: V™ 20,0725 p.u.
Specified dc link power transfer limit of series converter 1:
P& =-0.0227 pu.

Quantity Converter 1 Converter 2
Ve (p-u.) 0.0725 0.0718
0., —46.81° -111.16°
I, (p.u.) 0.4757 0.5001
Py (pu) -0.0227 0.0048
Pline (MW) 49.65 50
Quine (MVAR) 4.65 -1
V. (pu) 1.0009 1.0089
Shunt Converter
Vg (p-u.) 0, I, (p.u.) Vs (pou.) Py (pou)
1.0328 —14.54° 0.3284 1.0 0.0179

The realistic final power flow solutions (corresponding to V2 = 0.08 p.u)
are shown in Table 6.13. The converged final values of the constrained
variable along with the values of the control objectives are shown in bold
cases.

The bus voltage profile for this study is shown in Figure 6.13. From this
figure, it is again observed that the presence of GUPFCs hardly changes
the bus voltage profile.

Case 10: In this case, simultaneous limit violations of the series injected
voltage (Vi55") and the dc link power transfer (P5®3) of converter 2 have
been considered. The limits have been imposed by relaxing the active
(Pune) and reactive power flow (Qyg) control objectives for the second
transmission line. The results are given in Table 6.14.

The bus voltage profile for this study is shown in Figure 6.14. From this
figure, it is again observed that the bus voltage profile does not change
much in the presence of GUPFC.

Case 11: In this case, simultaneous limit violations of three quantities,
that is, the dc link power transfer (P and the injected voltage (VEm) of
the first series converter (in line 1) along with the line current (I Lim in the
second series converter (in line 2), have been considered. For enforcing these
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Bus voltage profile corresponding to the case study of Table 6.13.

TABLE 6.14  Study of IEEE 300-Bus System with GUPFC
im Lim

Constraint Limits of V3" and P55

Solution of GUPFC Quantities with Twin Limits of Series
Injected Voltage and DC Link Power Transfer for Converter 2
NI=7

Series Converters

Lim

Specified voltage limit of series converter 2: Vg, = 0.07 p.u.
Specified dc link power transfer limit of series converter 2:
P5® =0.0047 p.u.

Quantity Converter 1 Converter 2
V. (p.u.) 0.0727 0.07

0,. —47.44° -111.36°
I. (pw) 0.4794 0.4942
Py (pu) —0.0228 0.0047
Pline (MW) 50 49.42
Quine (MVAR) 5 -0.9

Vo (pou.) 1.001 1.0089

Shunt Converter

Va (p-u.) 0, I; (p-u.) Vi (p-u.) Py (pu.)
1.0328 -14.51° 0.3284 1.0 0.0181
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FIGURE 6.14 Bus voltage profile corresponding to the case study of Table 6.14.
(@) Bus voltage magnitude without GUPFC; (b) bus voltage magnitude with
GUPEG; (c) voltage magnitude difference.

limits, both P ng and Qg of line 1 as well as Py of line 2 are relaxed fol-
lowing the discussion in Section 6.5. The results are presented in Table 6.15.

From this table, it can be observed from the power flow solution that the
value of the reactive power flow Qg for the first transmission line (cor-
responding series converter 1) shows an impractically wide variation (26.28
MVAR) from its unconstrained value (5 MVAR) even for a very small vari-
ation in the values of V™ (0.072 p.u.) and PLm (~0.0226 p-u.) from their
unconstrained values (0.0727 and —0.0228 p.u., respectively). The same
is also true for the values of Pyng; and I.,. Thus, the power flow solution
obtained is not a realistic one. These unrealistic power flow solutions (cor-
responding to series converter 1) are highlighted in bold cases in Table 6.15.

To investigate the convergence pattern and the final power flow solu-
tion vis-a-vis varying values of Vy,, further case studies were again carried
out. Some representative convergence patterns are presented in Table 6.16.
Those with double asterisks (**) indicate unrealistic power flow solutions.

The realistic power flow solution (corresponding to V2 = 0.08 p.u.) is
shown in Table 6.17. The converged final values of the constrained variable
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TABLE 6.15  Initial Study of IEEE 300-Bus System with
GUPEC Constraint Limits of VE™, P and 1T

Solution of GUPFC Quantities with Three Simultaneous Limits
of DC Link Power Transfer and Injected Voltage of Series
Converter 1 along with Line Current of Series Converter 2

NI=7

Series Converters

Specified dc link power transfer limit: Plf&"f =-0.0226 p.u.
Specified voltage limit of converter 1: V,¢\" =0.072 p.u.
Specified line current limit of converter 2: I/ = 0.48 p.u.

Quantity Converter 1 Converter 2
V. (p-u.) 0.072 0.0656
0., -75.9° -111.33°
I. (puw) 0.6003 0.48
Py (p-u) —-0.0226 0.0044
Piine (MW) 57.06 47.99
Quine (MVAR) 26.28 -1
V. (pu) 1.0124 1.0085
Shunt Converter
Va (p-u) 0 L, (puw) Vi (puw) Ppc(pu)
1.0323 —14.43° 0.3238 1.0 0.0182

TABLE 6.16  Effect of Variation of ;2 on the Power Flow Solution for the Study of Table 6.15

Initial Condition for V,,
V2 (p-u) 0.09 0.08 007 006 0.05 0.04 0.03 0.02 0.01
Final Power Flow Solution for Converter 2
L (pu) 0.6003 0.4761 0.6003 0.6003 0.6003 0.6003 0.6003 0.4761 0.6003
Pliver MW) 57.06 49.63 57.06 57.06 57.06 57.06 57.06 49.63 57.06
Quinet MVAR) 2628 5.19 26.28 26.28 26.28 26.28 26.28 5.19 26.28
NI 7** 7 ox* 107% 10** 9 9** 9 11%*

along with the values of the control objectives are shown in bold cases. In
Lim

this context, it is important to note that the limit of I;;5' could be enforced
equally well by relaxing Qg (instead of Pyings).

The bus voltage profile for this study is shown in Figure 6.15. From this
figure, it is again observed that the bus voltage profile does not change
much in the presence of GUPEC.

Case 12: In this case too, simultaneous limit violations of three more
quantities, that is, the dc link power transfer (P5¢3) and the injected volt-

Lim

age (V.o3') of the second series converter (in line 2) along with the line
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TABLE 6.17  Final Study of IEEE 300-Bus System with
GUPEC Constraint Limits of VX™, PE® and 15

Solution of GUPFC Quantities with Three Simultaneous Limits
of DC Link Power Transfer and Injected Voltage of Series
Converter 1 along with Line Current of Series Converter 2

NI =7 (with V& = 0.08 p.u.)

Series Converters

Lim

Specified dc link power transfer limit: P} = -0.0226 p.u.
Specified voltage limit of converter 1: V" =0.072 p.u.
Specified line current limit of converter 2: I3 = 0.48 p.u.

Quantity Converter 1 Converter 2
V. (p-u.) 0.072 0.0657
0., —47.33° —111.34°
I. (puw) 0.4761 0.48
Ppe (p-u.) -0.0226 0.0044
Piine (MW) 49.63 47.99
Quine (MVAR) 5.19 -1
V. (pu) 1.0011 1.0085
Shunt Converter
Va (p-u.) 0 I (p-u.) Vg (pou.) Py (pou.)
1.0325 —14.45° 0.325 1.0 0.0182
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1.0336
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FIGURE 6.15 Bus voltage profile corresponding to the case study of Table 6.17.
(a) Bus voltage magnitude without GUPFC; (b) bus voltage magnitude with
GUPFC; (c) voltage magnitude difference.



Newton Power Flow Model of the GUPFC = 211
current (I5™) in the first series converter (in line 1), have been considered.
For enforcing these limits, both Py and Qg of line 2 as well as Qg of
line 1 are relaxed. The results are presented in Table 6.18.

The bus voltage profile for this study is shown in Figure 6.16. From this
figure, it is again observed that in the presence of GUPFC, the bus voltage
profile shows little change.

Case 13: In this case, simultaneous limit violations of four different
quantities, that is, the dc link power transfer (P5¢}) and the injected volt-
age (VEim) of the first series converter (in line 1), and the line current
(IXm) and the bus voltage on the line side V,,, of the second series con-
verter (in line 2), have been considered. For enforcing these limits, both
P and Qqe of line 1 along with P and Qg of line 2 are relaxed,
following the discussion in Section 6.5. The results are presented in
Table 6.19.

From this table, it can be observed from the power flow solution that
the value of the reactive power flow Qpng; for the first transmission line
(corresponding series converter 1) shows an impractically wide variation

TABLE 6.18  Study of IEEE 300-Bus System with GUPFC
Constraint Limits of VXM, P and 15D

Solution of GUPFC Quantities with Three Simultaneous Limits
of DC Link Power Transfer and Injected Voltage of Series
Converter 2 along with Line Current of Series Converter 1

NI=10

Series Converters

Specified dc link power transfer limit: P.%'C"Z‘ =0.0047 p.u.
Specified voltage limit of converter 2: Vit3™ = 0.071 p.u.
Specified line current limit of converter 1: I = 0.4792 p.u.

Quantity Converter 1 Converter 2
V. (p.u.) 0.0729 0.071
0,, —47.2° -110.8°
I, (p.uw) 0.4792 0.4977
Py (pu) —-0.0229 0.0047
Pline (MW) 50 49.75
Quine (MVAR) 4.75 -1.26
Vo (pou.) 1.0009 1.0086

Shunt Converter

Vg (p.u.) 0, I (p.u.) Vg (pou.)  Ppc (pou.)
1.0325 —14.45° 0.3254 1.0 0.0182
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FIGURE 6.16 Bus voltage profile corresponding to the case study of Table 6.18.
(@) Bus voltage magnitude without GUPFC; (b) bus voltage magnitude with
GUPEFEG; (c) voltage magnitude difference.

(26.29 MVAR) from its unconstrained value (5 MVAR) even for a very small
variation in the values of V™ (0.072 p.u.) and Pim (—0.0226 p-u.) from their
unconstrained values (0.0727 and —0.0228 p.u., respectively). The same is
also true for the values of I, Ping1, and V,,;. Thus, the power flow solution
obtained is not a realistic one. These unrealistic power flow solutions (cor-
responding to series converter 1) are highlighted in bold cases in Table 6.19.
To investigate the convergence pattern and the final power flow solu-
tion vis-a-vis varying values of V%, further case studies were again carried
out. Some representative convergence patterns are presented in Table 6.20.
Those with double asterisks (**) indicate unrealistic power flow solutions.
The realistic power flow solution (corresponding to V2 = 0.08 p.u.) is
shown in Table 6.21. The converged final values of the constrained variable
along with the values of the control objectives are shown in bold cases.
The bus voltage profile for this study is shown in Figure 6.17. From this
figure, it is again observed that the bus voltage profile does not change
much in the presence of GUPFC.
Case 14: In this case too, simultaneous limit violations of four more quanti-
ties, that is, the dc link power transfer (PLm) and the injected voltage (VEmy of
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TABLE 6.19  Study of IEEE 300-Bus System with GUPFC
Constraint Limits of V&™, P&, 1LY, and V"

Solution of GUPFC Quantities with Four Simultaneous Limits
of DC Link Power Transfer and Injected Voltage of Series
Converter 1, and the Line Current and the Line Side Bus
Voltage of Series Converter 2
NI=7

Series Converters

Specified dc link power transfer limit: Py = -0.0226 p.u.
Specified voltage limit of converter 1: V" = 0.072 p.u.

sel
Lim

Specified line current limit of converter 2: I;;' = 0.48 p.u.
Specified line side bus voltage limit of converter 2: V,3" = 1.0 p.u.

Quantity Converter 1 Converter 2
Ve (p-u.) 0.072 0.0634
0., -75.9° -94.62°
I, (p.u.) 0.6003 0.48
Py (pu) -0.0226 0.0019
Prie MW) 57.06 46.68
Quine (MVAR) 26.29 -11.17
V. (pu.) 1.0124 1.0
Shunt Converter
Vg (pou.) 0, I (p.u.) Vg (pou.)  Ppc (pou.)
1.0221 —14.35° 0.2214 1.0 0.0207

TABLE 6.20  Effect of Variation of V2 on the Power Flow Solution for the Study of Table 6.19

Initial Condition for V,,
V2 (p.u) 0.09 008 007 006 0.05 0.04 0.03 0.02 0.01
Final Power Flow Solution for Converter 2

Lo (pu) 0.6003 0.4762 0.6003 0.6003 0.6003 0.6003 0.6003 0.4762 0.6003
Pind (MW)  57.06 49.63 57.06 57.06 57.06 57.06 57.06 49.63 57.06
Qunet (MVAR) 2629 52 2629 2629 2629 2629 2629 52 2629
Vit (pu.) 1.0124 1.0011 1.0124 1.0124 1.0124 1.0124 1.0124 1.0011 1.0124
NI 77 9% 9 10 9 10 9 15

the second series converter (in line 2) along with the line current (I Lim) and the
bus voltage on the line side V,,,; of the first series converter (in line 1), have been
considered. For enforcing these limits, both By jxg and Qg of line 2 along with
Pyng and Qpng of line 1 are relaxed. The results are presented in Table 6.22.

The bus voltage profile for this study is shown in Figure 6.18. From this
figure, it is again observed that in the presence of GUPFC, the bus voltage
profile shows little change.
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TABLE 6.21  Final Study of IEEE 300-Bus System with GUPFC
Lim Lim

. . . Li i
Constraint Limits of V™, Pp, ey, and V.im

Solution of GUPFC Quantities with Four Simultaneous Limits of DC Link
Power Transfer and Injected Voltage of Series Converter 1, and the Line
Current and the Line Side Bus Voltage of Series Converter 2
NI =7 (with V. = 0.08 p.u.)

Series Converters

Specified dc link power transfer limit: Py = —0.0226 p.u.
Specified voltage limit of converter 1: V,.}" =0.072 p.u.
Specified line current limit of converter 2: Iy = 0.48 p.u.

Lim

Specified line side bus voltage limit of converter 2: V,,;" = 1.0 p.u.

Quantity Converter 1 Converter 2
V.. (p-u.) 0.072 0.0635
0, —47.34° —94.65°
I, (p.u.) 0.4762 0.48
Py (pu) —0.0226 0.0019
P (MW) 49.63 46.68
Quine (MVAR) 5.2 -11.17
V. (pw) 1.0011 1.0
Shunt Converter
Vg (pou.) 0y, I, (p.w.) Vss (pou.)  Ppc (pu.)
1.0222 —-14.37° 0.2226 1.0 0.0207
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FIGURE 6.17 Bus voltage profile corresponding to the case study of Table 6.21.
(a) Bus voltage magnitude without GUPFC; (b) bus voltage magnitude with
GUPFC; (c) voltage magnitude difference.
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TABLE 6.22  Study of IEEE 300-Bus System with GUPFC
Constraint Limits of VL, PEm | JH® and vim

Solution of GUPFC Quantities with Four Simultaneous Limits of DC
Link Power Transfer and Injected Voltage of Series Converter 2, and
the Line Current and Line Side Bus Voltage of Series Converter 1
NI=7

Series Converters

Specified dc link power transfer limit: P = 0.0047 pu
Specified voltage limit of converter 2: ngzm': 0.071 p.u.
Specified line current limit of converter 1: I&" = 0.479 p.u.
Specified line side bus voltage limit of converter 1: V™ = 1.0 p.u.

Quantity Converter 1 Converter 2
V. (p-u.) 0.0747 0.071
0,. —45.63° -110.79°
I, (p.u.) 0.479 0.4978
Py (pu) —-0.0232 0.0047
Pline MW) 50.12 49.76
Quine (MVAR) 3.03 -1.27
Va (pou) 1.0 1.0086
Shunt Converter
Vg (pou.) 0, I (p.u.) Vg (pu.)  Ppc (pouw)
1.0325 —-14.52° 0.3254 1.0 0.0185
1.0735
1.0336
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FIGURE 6.18 Bus voltage profile corresponding to the case study of Table 6.22.
(a) Bus voltage magnitude without GUPFC; (b) bus voltage magnitude with
GUPFC; (c) voltage magnitude difference.
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Case 15: In this case, simultaneous limit violations of all five quantities,
that is, the dc link power transfer (PEim) and the injected voltage (VEmY of
the first series converter (in line 1), the line current (I55) and the bus volt-
age on the line side V3" of the second series converter (in line 2), and the
shunt converter current (I1i"™), have been considered. For enforcing these
limits, both Png and Qg of line 1 as well as line 2 and the SE bus voltage
control objective (V) are relaxed, following the discussion in Section 6.5.
The results are presented in Table 6.23.

From this table, it can be observed from the power flow solution that the
value of the reactive power flow Qpng; for the first transmission line (cor-
responding series converter 1) shows an impractically wide variation (27.39
MVAR) from its unconstrained value (5 MVAR) even for a very small
variation in the values of V™ (0.07 p.u.) and P5&} (—0.022 p.u.) from their
unconstrained values (0.0727 and —0.0228 p.u., respectively). The same is
also true for the values of I,;, Pixg1, and V1. Thus, the power flow solution
obtained is not a realistic one. These unrealistic power flow solutions (cor-

responding to series converter 1) are highlighted in bold cases in Table 6.23.

TABLE 6.23  Initial Study of IEEE 300-Bus System with GUPFC
Constraint Limits of V™, PEm, [Hm v and 15m

Solution of GUPFC Quantities with All Five Limits of DC Link Power Transfer
and Injected Voltage of Series Converter 1, the Line Current and Line Side Bus

Voltage of Series Converter 2, and the Shunt Converter Current
NI=7

Series Converters

Specified dc link power transfer limit: P[%'C"{ =-0.022 p.u.
Specified voltage limit of converter 1: Vig" = 0.07 p.u.
Specified line current limit of converter 2: I23' = 0.49 p.u.
Specified line side bus voltage limit of converter 2: V1™ = 1.0 p.u.

Quantity Converter 1 Converter 2
V. (pu.) 0.07 0.068
0., —76.87° -129.24°
I (p-u.) 0.5954 0.49
Py (pu) -0.022 0.0203
Py (MW) 55.96 45.95
Quine (MVAR) 27.39 -10.33
Vi (pu) 1.0127 1.0

Shunt Converter

Specified shunt converter current limits: I5™ = 0.32 p.u.
Vi () 0,, I (p-u.) Vis (p-u.) Ppc (p-u.)
0.9291 —14.42° 0.32 0.9611 0.0017
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TABLE 6.24  Effect of Variation of V on the Power Flow Solution for the Study of Table 6.23

Initial Condition for V,,
Vo (p-u) 0.09 0.08 007 006 0.05 0.04 003 0.02 0.01
Final Power Flow Solution for Converter 2
I (p-u.) 0.5954 0.4629 0.4629 0.5954 0.4629 0.5954 0.5954 0.5954 0.5954
Biinet (MW) 5596 48.21 4821 5596 4821 5596 5596 55.96 55.96
Quinet MVAR) 2739 543 543 2739 543 2739 2739 2739 27.39
Vm1(P.u.) 1.0127 1.001 1.001 1.0127 1.001 1.0127 1.0127 1.0127 1.0127
NI 8% 7 8 gx* 9 9** 9** 9** 25%%

To investigate the convergence pattern and the final power flow solu-
tion vis-a-vis varying values of V), further case studies were again carried
out. Some representative convergence patterns are presented in Table 6.24.
Those with double asterisks (**) indicate unrealistic power flow solutions.

The realistic power flow solution (corresponding to Vo= 0.08 p.u.) is
shown in Table 6.25. The converged final values of the constrained variable
along with the values of the control objectives are shown in bold cases. The
bus voltage profile for this study is shown in Figure 6.19. From this figure,

TABLE 6.25  Final Study of IEEE 300-Bus System with
GUPFC Constraint Limits of VL™, piim, [LH2 ylim apd [im

NI =7 (with V2 = 0.08 p.u.)

Series Converters

Specified dc link power transfer limit: Pé'cn? =0.022 p.u.
Specified voltage limit of converter 1: Voo™ = 0.07 pu.
Specified line current limit of converter 2: %5 = 0.49 p.u.

im

Specified line side bus voltage limit of converter 2: V”Liz =10pu.
Quantity Converter 1 Converter 2
Ve (p-u) 0.07 0.0681
0, —46.21° -129.31°
I, (pu.) 0.4629 0.49
Ppc (pu) -0.022 0.0203
Pyjpe (MW) 48.21 45.95
Quine (MVAR) 5.43 -10.32
Vi (pu) 1.001 1.0

Shunt Converter

Specified shunt converter current limits: I5™ = 0.32 p.u.
Vy (pou) 0, I, (pu) Vg (pw) Ppc(pu)
0.929 —14.43° 0.32 0.961 0.0017
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FIGURE 6.19 Bus voltage profile corresponding to the case study of Table 6.25.
(@) Bus voltage magnitude without GUPFC; (b) bus voltage magnitude with
GUPEG; (c) voltage magnitude difference.

TABLE 6.26  Study of IEEE 300-Bus System with GUPFC
Constraint Limits of Vis5*, P53, I, Vo™, and Ii™

NI=7

Series Converters

Specified dc link power transfer limit: P[I)'c"% =0.0047 p.u.
Specified voltage limit of converter 2: Vi3" = 0.07 p.u.
Specified line current limit of converter 1: I ;7' = 0.47 p.u.

Lim

Specified line side bus voltage limit of converter 1: V”Lflm =1.0pu
Quantity Converter 1 Converter 2
V. (p.u.) 0.0732 0.07
0,, —45.01° -74.76°
I, (p.uw) 0.47 0.5692
Py (pu) —-0.0228 0.0047
Pline (MW) 49.15 45.01
Quine (MVAR) 3.31 -33.2
Vo (pou.) 1.0 0.9814

Shunt Converter

Specified shunt converter current limits: I5™ = 0.25 p.u.
Vy (pou) 0, I, (puw) Vi (puw) Ppc(pu)
0.9576 —-14.28° 0.25 0.9825 0.0181
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FIGURE 6.20 Bus voltage profile corresponding to the case study of Table 6.26.
(@) Bus voltage magnitude without GUPFC; (b) bus voltage magnitude with
GUPEG; (c) voltage magnitude difference.

it is again observed that in the presence of GUPFC, the bus voltage profile
shows little change.

Case 16: In this case, simultaneous limit violations of all five quantities,
that is, the dc link power transfer (P5im) and the injected voltage (VEmY) of
the second series converter (in line 2), the line current (IX™) and the bus
voltage on the line side V,,,; of the first series converter (in line 1), and the
shunt converter current (I5™), have been considered. For enforcing these
limits, both Png and Qg of line 1 as well as line 2 and the SE bus voltage
control objective (Vg) are relaxed. The results are presented in Table 6.26.

The bus voltage profile for the sixteenth case study is shown in Figure
6.20. From this figure, it is again observed that in the presence of GUPFC,
the bus voltage profile shows little change.

6.8 SUMMARY

In this chapter, a Newton power flow model of the GUPFC has been
developed. The proposed method transforms an existing n-bus power
system installed with a GUPFC having p series converters and a shunt
converter into an equivalent (n + p + 1)-bus system without any GUPFC.
Consequently, existing power flow and Jacobian codes can be reused in
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the proposed model, in conjunction with simple codes for matrix extrac-
tion. As a result, a substantial reduction in the complexity of the software
codes can be achieved. The developed technique can also handle prac-
tical device limit constraints of the GUPFC. Validity of the proposed
method has been demonstrated on IEEE 300-bus systems with excellent
convergence characteristics.



CHAPTER 7

Newton Power Flow
Model of the Static
Compensator

7.1 INTRODUCTION

The static compensator (STATCOM) has been the earliest among all
the voltage-sourced converter-based flexible AC transmission system
(FACTS) controllers. It is also the one that is installed in maximum
numbers by most utilities worldwide. The first STATCOM, rated +100
MVA, was commissioned at the Sullivan Substation by the Tennessee
Valley Authority in 1995.

For maximum utilization of STATCOMs in power system planning,
operation, and control, power flow solution of the network containing them
is a fundamental requirement. Some excellent research works carried out in
the literature are presented in [44-48] for developing efficient power-flow
algorithms for the STATCOM. In all these works, it is observed that the
voltage source(s) representing the shunt converter(s) of the STATCOM(s)
contribute(s) new terms to (1) the expressions for the power injections at
the concerned buses, (2) the real power of the STATCOM(s), and (3) the
associated Jacobian blocks of (1) and (2) above. These new terms increase
the complexity of software codes manifold.

To reduce the complexities of the software codes for incorporating a
STATCOM in an existing Newton power flow algorithm, in this chapter,

221
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a novel modeling approach [84,88] is proposed. By this modeling approach,
an existing power system installed with a STATCOM is transformed to
an equivalent augmented network without any STATCOM. This results
in a substantial reduction in the programming complexity because of the
following reasons:

1. The power injections for the buses concerned can be computed in
the proposed model using existing power flow codes, as it does not
contain any STATCOM.

2. In the proposed model, existing power flow codes can be used to
compute the active power flow of the STATCOM itself, which equals
the bus active power injection at an additional power-flow bus.

3. Only two Jacobian subblocks need to be evaluated in the proposed
model. Both of these can be evaluated using existing Jacobian codes
directly.

This substantially reduces the complexity of software codes for modeling
a STATCOM in an existing Newton-Raphson algorithm.

Moreover, it is also observed that none of the previously published
works on the power flow modeling of a STATCOM directly explores the
teasibility of decoupling. In this chapter, subsequent to the development of
the proposed Newton power flow model, a decoupled power flow model
of a STATCOM is proposed [84,88]. The subblocks of the system Jacobian
matrix are rendered constant matrices with all elements known a priori.
This results in a drastic reduction of the programming complexity. The
computational time per iteration is also substantially reduced.

Furthermore, the proposed Newton-Raphson and decoupled models
can also handle multiple control functions of the STATCOMs such as
control of bus voltage, line active power, and line reactive power, similar
to other models already reported in the literature. These models can also
account for various device limit constraints of the STATCOM. The devel-
oped model is described in Sections 7.2 through 7.5.

7.2 STATCOM MODEL FOR NEWTON

POWER FLOW ANALYSIS
Figure 7.1 shows an n-bus power system network in which a STATCOM is
connected to bus j through a coupling transformer. The equivalent circuit
of Figure 7.1 is shown in Figure 7.2, in which the STATCOM is represented
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=
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]

FIGURE 7.1 A STATCOM connected to bus j of an existing n-bus system.

Busj

ISh Zsh

Vsh ]

S

FIGURE 7.2 Equivalent circuit of STATCOM-incorporated power system

network.

by a voltage source Vg,, connected to node j via coupling transformer
impedance Zg,. In Figure 7.1, the current flowing from bus j to the volt-
age source Vy, representing the STATCOM shunt converter (through the

coupling transformer) is I,.
Now, let us define

Zg =Rh + jXsn, Ysh =——

sh

Again, from Figure 7.2, the net injected current at bus j is

I] = YJS}lde + Z ijVk +Ish

k=1,k#j

(7.1)

(7.2)
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In the above equation, Y3 = 2ko1k; Y jk T Yjo is the self-admittance of bus
j for the original n-bus system without any STATCOM connected and y o
accounts for the shunt capacitances of all transmission lines connected to
bus j.

Also, from Figure 7.2,

Ish =Ysh (V] - Vsh ) (73)

From Equations 7.2 and 7.3, the net injected current at bus j with
STATCOM can be written as
n+1
1j=ZijVk (7.4)
k=1

where Y; =Y} +y4 is the new value of self-admittance for the jth bus
with STATCOM and

Vn+1 = Vsh and Yj(n+1) =—Ysh (75)

Thus, the effect of the STATCOM is equivalent to an additional (n + 1)th
bus. Now, from Figure 7.2, the net injected current at this fictitious
(n + 1)th bus equals the current flowing into the transmission system from
this bus and is

n+l

In+1 = _Ish = Ysthh _Ysth = ZY(nJrl)ka (76)
k=1
with
Y(n+1)(n+1) = YSh>Y(n+1)j =—Ysh aS Vn+1 = Vsh (77)

In general, in the proposed model, an existing n-bus system installed
with p STATCOMs is transformed into an (n + p) bus system without any
STATCOM, and the expression for the net injected current at any bus g
(including the STATCOM buses) of the network would be

L= ) YaVi 1<g<(n+p) (7.8)

1

s

=~
Il

Also, the mth (1 < m < p) STATCOM connected to bus & is transformed
to the (n + m)th power-flow bus, and the net injected current at this mth
fictitious bus is given by
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n+p

L= D Yiurmp Vi (7.9)
k=1
with
Y(n+m)(n+m) :Yshm)Y(n+m)h =~—Yshm aS Vn+m = Vshm (710)

7.3 POWER FLOW EQUATIONS IN THE

PROPOSED STATCOM MODEL
With existing STATCOM models, the net active power injection at any
bus a [I<a<(n+ p)] in an n-bus system installed with p STATCOMs can
be written (using Equation 7.2) as

P= Y ViViYicos(0,—0; ~ @)y a<n (7.1)

k=1

if no STATCOM is connected to bus a;

b, =ZVaVkYak €08 (0, =0k =@t ) = Vi Vans Vst €08 (0 = Ot =@ up) (7.12)

k=1

if STATCOM b is connected to bus a.

Thus, from the above equation, it is observed that with existing
STATCOM models, an additional term due to the contribution from the
voltage source representing the shunt converter of the STATCOM is pres-
ent in the expression of the bus active power injection(s). This causes the
existing power flow codes to be modified. This is also true for the bus reac-
tive power injection(s).

Now, in the proposed model, it is observed from Equations 7.8 and
7.9 that the net injected current at bus h (h can be any sending end [SE],
receiving end [RE], or any of the p fictitious power-flow buses representing
the STATCOM voltage sources) can be written as

n+p
=) VigVy 1<h<(n+p) (713)

q=1

Thus, in the proposed model, the active power injection equation at any SE
or RE bus a (a < n + p) can be written using Equation 7.13 as
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n+p
P= ViV,Yiy<08(0,~0,~0y0) a<(n+p) (7.14)
q=1
Similarly, the expression for the reactive power at any bus a (SE or RE) can
be written as
n+p
QQ=ZV§,\/‘1Yaqsin(9a—6q—(pyaq) aS(n +p) (7.15)
q=1
From Equations 7.14 and 7.15, it can be observed that both the active and
reactive power injections at any bus can be computed using existing power
flow codes.
Now, for an n-bus system installed with p STATCOMs, the expression
for the real power delivered by any STATCOM g (1 < g < p) connected to
any bus h (1 < h < n) can be written using Equation 7.3 as

Psrarg = Re|:Vsh P (_I:hg )] (7.16)

PSTATg = ‘/sigyshg COSQPysng _‘/shgvhyshg Cos(eshg _eh _(pyshg) (717)

From the above equation, it is observed that the STATCOM real power
expression cannot be computed using existing power flow codes. It will
require fresh codes for its implementation.

However, in the proposed model, STATCOM g is transformed to (n + g)th
power-flow bus, and hence, using Equation 7.9 or 7.13,

Porarg =Re| Vaug (~Ling ) |[=Re(Virglivg ) =Re(Sug )= Prvg (718)

Hence, the real power delivered by STATCOM g equals the active power
injection at the (n + g)th power-flow bus, which can be computed using
the existing power flow codes (from Equation 7.14).

74 IMPLEMENTATION IN NEWTON
POWER FLOW ANALYSIS

If the number of voltage controlled buses is (m — 1), the power-flow problem
for an n-bus system installed with p STATCOMs can be formulated as follows.

Solve 0, V, 04, and Vg,
Specified P, Q, PSTAT’ and VBUS



Newton Power Flow Model of the Static Compensator m 227

where:
0=[6,...0,] , V=[Vyur...V,]' (7.19)

O =[Bn1--Oanp | > Vin =[ Viwr - Vinp | (7.20)

P=[P,...P,] ,.Q=[Qus...Q.]' (7.21)

Psrar =[ Pt Parp | > Vs =| Viusi -+ Vausp | (7.22)

In Equations 7.19 through 7.22, Psyar is the vector of specified real pow-
ers of the p STATCOMs, which have been taken to be zero following [44].
Vgus represents the vector of specified voltage magnitudes of p buses at
which STATCOMs are connected. Also, in Equations 7.19 through 7.22,
it is assumed that without any loss of generality, there are m generators
connected at the first m buses of the system with bus 1 being the slack bus.
Thus, the basic power-flow equation for the Newton power flow solution
is represented as

oP op 1 OP . OP
_ - I |
26 oV L POm | Ve
6Q aQ | 0Q 1 0Q | | A8 1 AP
______ L e B B A = B .
OPgrar | OPsrar | OPgrar | OPgrat _A_e_sh_ _A_P STAT ( )
O 1 OV 1 Ba 1 Ve | [AVa | | AVius
OVgus | OVgus | OVgus | OVgus
8 1 OV 1 0y 1 OV
or
LT[ A8 AP
Joa o+ 0 || |-
N FR I ! AV AQ
it el B e B BT = =-==--- (7.24)
IS : I6 : I7 : IS Aesh APSTAT

In the above equation, J 4 is the conventional power-flow Jacobian subblock
corresponding to the angle and voltage magnitude variables of the n-buses.
The other Jacobian submatrices can be identified easily from Equation 7.24.
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The elements of the subblock J9 are either unity or zero. However, it is to be
noted that when the control objective(s) other than bus voltage control is
(are) adopted, the elements of all the null matrices, including J9 (in Equation
7.24), need to be modified accordingly.

Now, in the proposed model, there are (n + p) buses, including p ficti-
tious power-flow buses. Thus, the quantities to be solved for power-flow
are 0" and V™", where

0" =[0,...0,., | and V' =[ V...V, | (7.25)

Thus, Equation 7.24 is transformed in the proposed model as

JX2 e || Absar (7:26)
01JX3 AVpys

where:
APQ=[ AP" AQTT (7.27)

Also, JX1, JX2, and JX3 are identified easily from Equation 7.26. The ele-
ments of the matrix JX3 are either unity or zero, depending on whether an
element of the vector Vs is also an element of the vector V¥ or not. Thus,
JX3 is a constant matrix known a priori and does not need to be computed.

Now, it can be shown that in Equation 7.26, the matrices JX1 and JX2
can be computed using existing Jacobian codes. The justification of the
above statement is shown as follows.

Let us first define for the proposed (n + p) bus system:

new T
P =[P,...P,, | (7.28)
Subsequently, a new Jacobian matrix is computed as

GPHEW aPnew
o _| 007 v | I“}

(7.29)

From Equations 7.14 and 7.15 of the proposed model, it can be observed
that the expressions for P, 2<i<n+ p)and Q; (m+1<i<n) in P™" and Q,
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respectively (of Equation 7.29), can be computed using existing power flow
codes. Hence, the matrix J™" can be computed with existing codes for cal-
culating the Jacobian matrix.

From Equations 7.18 and 7.22,

new

T T
Prar :[PSTATI---PSTATP:| :|:Pn+1---Pn+p:| (7.30)
Also, from Equations 7.28 and 7.30,

P =[P, Py ] =[PT Bliur | (7.31)

aP new 66 new
=| - 7.32
o0"” OPsrar (732)

new

From the above equation, it is observed that the subblock oP/30™" is con-
tained within AP™" /0" . In a similar way, it can be shown that 6P/ oV ™"

is contained within gpe /gy . Hence, once the matrix J™" is computed
(using existing codes), the matrix

OP/30™" P/ V™"
]Xl{ / / }

new

can be very easily extracted from the matrix J
extraction codes only. Hence, no fresh codes need to be written for com-
puting JX1.

Again, from Equation 7.32, it is observed that the subblock OPsrar / o™
is contained within OP™"/00™". In a similar way, it can be shown
that OPgrart / ovV™ is contained within oP™" / ov"™. Thus, the matrix
JX2= [GPSTAT / 00" OPgrar / aV“eW] does not need to be computed—it can
be formed from the matrix J* of J™% by matrix extraction codes only, with-
out any need of writing fresh codes. Hence, both JX1 and JX2 need not be
computed and can be extracted from J™" (subsequent to its computation
using existing Jacobian codes). This reduces the complexity of software
codes substantially.

using simple matrix
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74.1 Application of Decoupling

If the power-flow equation for Newton power flow solution could be
decoupled, the problem of increased complexity of software codes would
be reduced drastically. Let us first explore the possibility of decoupling of
Equation 7.26. It is important to note that decoupling, if feasible, could
be applied to both Equations 7.24 and 7.26 alike, because the Jacobian of
the latter is obtained by realigning the elements of the former. The val-
ues of the individual Jacobian elements in Equations 7.24 and 7.26 remain
identical—only the codes for their formulation change. This is shown for
a generalized nonzero element (in the ath row and the bth column) of one
typical Jacobian subblock in Equations 7.24 and 7.26:

] (a b): apa-H — aPa-H
B oV 9V
a n+p
= Ve ViY, + avl —Yk — a+
OV, M ¢ €08(0u1 =0k =@ytarne) | (733

= Ve Y ast)(neb) COS(9a+1 =04 _(py(u+1)(n+h))

=— u+1yshb Cos(eaﬂ _eshb _(Pyshh)

because, from Equation 7.10, Y(s.1)(ns5) =~ sh-
Similarly, it can be shown that

Sy (a,n+b—m)==Vo Y COS(9a+1 — O _(Pyshb) (7.34)

Thus, the element in the ath row and the bth column of the J, subblock
(Equation 7.24) is transformed to an element in the ath row and the
(n + b — m)th column of the 6P/AV™" subblock of matrix JX1 (Equation
7.26). This can be shown to be true for elements of all the Jacobian sub-
blocks of Equation 7.24. Therefore, any decoupling philosophy applicable
to the Jacobian subblocks of Equation 7.24 would also be applicable to the
corresponding Jacobian subblocks of Equation 7.26.

To demonstrate that decoupling is applicable to the relevant Jacobian
subblocks of Equation 7.24, and hence also to Equation 7.26, the exact
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and approximate expressions for the generalized elements of the relevant
subblocks of Equation 7.24 are shown in the second and third columns
of Table A.l in the Appendix, respectively. The assumptions made for
obtaining the approximate expressions of the Jacobian elements are also
highlighted in the third column of Table A.1.

7.4.2 Decoupled Power Flow Equations in the Proposed Model

Equation 7.26 can be rewritten as

oP OP
00"" ov"eY AP
Q Q AQ™Y AQ
00" oV {‘A'V'n;;} = APorr (7.35)
OPstat OPsrat N
Pl ovnew BUS
0 | JX3

Applicability of decoupling renders the elimination of the subblocks
8P/ ov™e™, 6Q/ 00", and OPsrar / OV"™". Further, using Equation 7.31 in
Equation 7.35, the form of the decoupled equations as obtained from
Equation 7.35 is

oP
00" T OP™™ |r e new
o [0 T s | | G [0 Lo 30
20"
and
oQ AQ

In contrast to the existing STATCOM models, the subblocks oP™" / oo™
and 6Q/dV™™" (of Equations 7.36 and 7.37, respectively) can be computed
using existing Jacobian codes in the proposed model. The exact and approx-
imate expression of a generalized element of the subblock OP™" /60™" in
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TABLE 7.1  Generalized Expression for Element of Any Arbitrary P-0 Jacobian
Subblock in Proposed STATCOM Model

Generalized Expression for Element of the Jacobian Subblock 6Pnew/ o0""

(a,b<n+p)
Exact Approximation
OP, op, .
L=V, V,Y,sin(0, =0, -, ) ifbza ~-V,V,By ifb#a
20, b¥ab ( b~ Py b) 20, bDab
=—Q,~ VYo sing ifb=a (for8,-0,~0,|V,|x1.0,|V, |=1.0)

~-V!B,, ifb=a

the proposed model is shown in Table 7.1. From the second column of the
table, it can be observed that decoupled power flow codes can be reused
for solving Equation 7.36. In a similar way, it can be shown that decoupled
power flow codes can also be reused for solving Equation 7.37.

Now, the first row corresponding to Equation 7.36 is

P N, + P ng, 4y OB g, = AP, (7.38)
0, " 0, 20,..,

After applying the simplifications shown in Table 7.1 to Equations 7.38, the
equation becomes

_szBzerz - V2V3323A93 - =V, Vn+pBZ(n+p)Aen+p = AP2
or

AP,
_‘/szerz - ‘/3B23A63 —re— VH+PB2(n+p) Aen+p = 72
2

or

_AR

2

[ =By — By == By, | 0™ ]

(because| Vi |+1.0, Vk, 2<k<n+p)
Proceeding in a similar way, for all the rows and combining them, we get
[B] A6™ |=[ AP™" | (7.39)

Similarly, by again applying the simplifications (not shown) correspond-
ing to elements of 3Q/AV™" to Equation 7.37 and combining them,
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[1(3:}[ NaE [Aézs } (7.40)

where:

T
Al;new:|:AP2“.APn+pi| AQ |:AQm+1 . AQﬂ:l

‘/2 V”+P Vm+l Vn
_BZZ _Bz3 _Bz(n+p)
B,: _332 _B33 _B3fn+p)
_B(”+P)2 _B("+P)3 e _B(n+p)(n+p)
By ~Bwsymiz) o ~Bluyuep)
B —B(m+2)(m+l) _B(m+2)(m+2) cee —B(erz)(er)
“Biwy  “Bum) o+ ~Buuap)

The matrix C equals the matrix JX3 of Equation 7.26, with elements being
either unity or zero. It is also to be noted that in forming the matrices B’
and B” for the (n + p)-bus system, the existing decoupled power flow codes
for the original n-bus system can be reused without any difficulty. It is also
important to note that while forming the matrix B’, all transmission line
series resistances, shunt capacitors, and reactors are ignored, and the taps
of all off-nominal transformers are set to unity. Similarly, angle-shifting
effects of all phase shifters are made to omit from the matrix B” [27].

7.5 ACCOMMODATION OF STATCOM
DEVICE LIMIT CONSTRAINTS

In this chapter, two major device limit constraints of the STATCOM have
been considered, which are as follows [44,45,70,71]:

1. Injected (shunt) converter voltage magnitude yiim
2. Shunt converter current I5™

The device limit constraints have been accommodated by the principle
that whenever a particular constraint limit is violated, it is kept at its
specified limit, whereas a control objective is relaxed. Mathematically, this
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signifies the replacement of the Jacobian elements pertaining to the con-
trol objective by those of the constraint violated. The control strategies to
incorporate the above two limits are detailed as follows.

1. In this case,
Vi = V™ (7.41)

If V3™ is violated, V., is fixed at the limit and the bus voltage con-
trol objective is relaxed for the bus to which the STATCOM is con-
nected. The corresponding relaxed bus voltage mismatch is replaced by
AV, =VE™ _v . The Jacobian elements are changed accordingly.
For each violation of V™, the corresponding row of the matrix JX3 is
again rendered constant with all elements known a priori—all of them
equal zero except the entry pertaining to V;,, which is unity. Other
elements of the matrix JX3 are also zero or unity, as demonstrated in
Section 7.4. The constancy of JX3 is maintained for both the Newton
power flow and the decoupled power flow solutions, alike.

2. If Ii™ is violated, I, is fixed at the limit and again the bus voltage con-
trol objective is relaxed for the STATCOM connected bus (say, bus j).
Thus, the corresponding mismatch is replaced by AI,,; =1 mm
where (from Equations 7.3 and 7.6)

Lin=1Ia = ya [Vsi +V} -2V, V; cos(Gj — 0O )]1/2 (7.42)

The Jacobian elements are changed accordingly.

It is important to note that the elements of the matrix JX3 (in
Equation 7.25) corresponding to Newton power flow can be com-
puted (not shown) from the partial derivatives of Equation 7.42 with
respect to the relevant variables (0, 6, Vj, and V). However, for
decoupled power flow, Equations 7.39 and 7.40 have to be solved. It is
to be noted that for enforcing the shunt converter current limit, I, is
decoupled from 6, as shown in the text that follows.

From Equation 7.42,

Oly, _ — Y& Van Vi Sin(ej _esh)

aesh Ish
for|V;|=1.0, | Vi [#1.0, 6; =604, =0 and Iy, #0

~
~
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Similarly,

8Ish ___)/sthsh %Sln(e] _esh) ~0
ae] Ish

Subsequently, the elements of the matrix C (same as JX3) in Equation
7.40 are computed as follows:

oL _ 2| Vin = Vjcos(0,-04,) | zysh[\/;h—V,-]z_yh
OV 2[\/]-2+le—2VSthcos(E)j—Gsh)Tl2 [VJ’_Vsh:l )

Similarly,

Ol N )/sh[Vj—VshJ
ov,  [Vi—Va]

zysh

7.6 SELECTION OF INITIAL CONDITIONS

In this chapter, the initial condition for the shunt voltage source was chosen
as Vi 203, =1.0.£0° p.u. following suggestions of [60]. However, during the
case studies, it was observed that this initial condition renders the shunt
converter current magnitude I, zero. Consequently, all the Jacobians of I,

(obtained from the partial derivatives of Equation 7.42), which contain I,
term in the denominator, assume indeterminate values. This is shown in
the Appendix. Modifying this initial condition to V3 £/03, =1.0£ —(TC/ 9)
solves this problem, without any observed detrimental effect on the
convergence.

7.7 CASE STUDIES AND RESULTS

To validate its feasibility, the proposed modeling strategy was applied
to compute the power flow solution of the IEEE 118- and 300-bus sys-
tems using the algorithms of both the Newton and decoupled power flow
algorithms. In each test system, multiple STATCOMs with two different
control functions were included, and studies have been carried out for
(1) STATCOMs without any device limit constraints and (2) practical
STATCOMs with device limit constraints. In all the case studies, a con-
vergence tolerance of 10" p.u. has been chosen. Although a large num-
ber of case studies confirmed the validity of the model, only a few sets of
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representative results are presented in Sections 7.7.1 and 7.7.2. In all the
subsequent tables, the symbol NI denotes the number of iterations taken
by the algorithm for convergence.

7.7.1 Studies of STATCOMs without Any Device Limit Constraints
7.7.1.1 Case I: Control of Bus Voltage

771.1.1 1EEE 118-Bus System In this system, three STATCOMs have
been considered on the buses 69 (STATCOM-1), 85 (STATCOM-2), and
116 (STATCOM-3). The control references chosen are as follows: Vyy =
1.0 p.u. (STATCOM-1), Vay' = 1.0 p.u. (STATCOM-2), and V;}; = 1.0 p.u.
(STATCOM-3). The results are shown in Table 7.2. The converged final
values of the control objectives (bus voltages in this case) are shown in
bold cases.

The bus voltage profiles without and with STATCOMs are shown in
Figure 7.3a and b, respectively. Further, the difference between the bus
voltage magnitudes with and without STATCOMs is shown in Figure 7.3c.
Because the converged power flow solution is identical in both the
Newton-Raphson and decoupled power flow algorithms, in this case
study and all subsequent case studies, only a single bus voltage profile
is plotted corresponding to each case study. From Figure 7.3, it is also
observed that in the presence of STATCOMs, the bus voltage profile does

TABLE 7.2 Study of IEEE 118-Bus System with STATCOM (No Device Limit Constraints)

Solution of Base Case Power Flow
(by Newton Power Flow Method without Any STATCOM)

Parameter Bus 28 Bus 52 Bus 115
Vius (p-u.) 0.9616 0.956 0.9605
NI 5

Unconstrained Solution of STATCOM Quantities

Newton Power Flow Method Decoupled Power Flow Method

Quantity STATCOM-1 STATCOM-2 STATCOM-3 STATCOM-1 STATCOM-2 STATCOM-3

V, (pu.) 1.0748 1.0474 1.108 1.0748 1.0474 1.108
0., ~18.96° ~18.1° ~18.1° ~18.96° ~18.1° ~18.1°
I, (p.u) 0.7478 0.474 1.0803 0.7478 0.474 1.0803
Vius (pou.) 1.0 1.0 1.0 1.0 1.0 1.0

NI 5 9
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FIGURE 7.3 Bus voltage profile corresponding to the case study of Table 7.2.
(a) Bus voltage magnitude without STATCOM,; (b) bus voltage magnitude with
STATCOM,; (c) voltage magnitude difference.

not change much apart from the buses to which the three STATCOM:s
are connected.

7.7.1.1.2 1EEE 300-Bus System  In this system too, three STATCOMs have
been considered on the buses 279 (STATCOM-1), 286 (STATCOM-2),
and 291 (STATCOM-3). It is important to note that these three buses
have been particularly chosen due to the fact that during the base case
power flow (power flow without any STATCOM), the magnitude of the
voltages at these three buses were observed to be the minimum among all
other buses. The control references chosen are as follows: Vys = 1.0 p.u.
(STATCOM-1), Vs, = 1.0 p.u. (STATCOM-2), and Vi, = 1.0 p.u.
(STATCOM-3). The results are shown in Table 7.3. The converged final
values of the control objectives (bus voltages in this case) are again shown
in bold cases.

The bus voltage profile for this case is shown in Figure 7.4. From this
figure, it is observed that in the presence of the STATCOMs, the bus



238 m Flexible AC Transmission Systems (FACTS)

TABLE 7.3 Study of IEEE 300-Bus System with STATCOM (No Device Limit
Constraints)

Solution of Base Case Power Flow
(by Newton Power Flow Method without Any STATCOM)

Parameter Bus 275 Bus 282 Bus 287
Vius (p-u.) 0.9654 0.9139 0.9243
NI 6

Unconstrained Solution of STATCOM Quantities

Newton Power Flow Method Decoupled Power Flow Method

Quantity STATCOM-1 STATCOM-2 STATCOM-3 STATCOM-1 STATCOM-2 STATCOM-3
V., (pw.) 1.0012 1.0012 1.0016 1.0012 1.0012 1.0016
0,, —23.55° -26.39° —25.52°  -2355°  -2639°  —25.52°
I, (p.u) 0.0118 0.012 0.0164 0.0118 0.012 0.0164
Vs (p-u.) 1.0 1.0 1.0 1.0 1.0 1.0

NI 6 14
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FIGURE 7.4 Bus voltage profile corresponding to the case study of Table 7.3.
(a) Bus voltage magnitude without STATCOM; (b) bus voltage magnitude with
STATCOM,; (c) voltage magnitude difference.
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voltage profile does not change much. Peaks of the bus voltage magni-
tude difference are again observed near the buses to which the three
STATCOMs are connected.

7.7.1.2 Case ll: Control of Reactive Power Delivered by the STATCOM
7.7.1.2.1 1IEEE 118-Bus System For this study also, the same three
STATCOMs as described earlier have been considered. The earlier con-
trol objective of bus voltage control is now changed to the control of the
reactive power delivered by the STATCOMs. The control references cho-
sen are as follows: Qsrar = 0.05 p.u. (STATCOM-1), Qstat2 = 0.04 p.u.
(STATCOM-2), and Qstars = 0.06 p.u. (STATCOM-3). The results are
shown in Table 7.4. The converged final values of the control objectives
(the STATCOM reactive power delivered in this case) are shown in bold
cases.

The bus voltage profile for this case is shown in Figure 7.5. From this
figure, it is again observed that in the presence of the STATCOMs, the
bus voltage profile hardly changes except the buses to which the three
STATCOMs are connected.

7.71.2.2 1EEE 300-Bus System Again, the same three STATCOMs as
described earlier have been considered. The control objective is now
changed to the control of the reactive power delivered by the STATCOMs.
The control references chosen are as follows: Qsar =0.01 p.u. (STATCOM-1),

TABLE 7.4 Second Study of IEEE 118-Bus System with STATCOM (No Device Limit
Constraints)

Unconstrained Solution of STATCOM Quantities

Newton Power Flow Method Decoupled Power Flow Method

Quantity STATCOM-1 STATCOM-2 STATCOM-3 STATCOM-1 STATCOM-2 STATCOM-3

Vg (p.u.) 0.9694 0.964 0.969 0.9694 0.964 0.969
0, -18.27° —-17.38° -17.39° -18.27° -17.38° -17.39°
I, (p.u.) 0.0516 0.0415 0.0619 0.0516 0.0415 0.0619
Vius (p-u.) 0.9642 0.9598 0.9628 0.9642 0.9598 0.9628
Qsrar 0.05 0.04 0.06 0.05 0.04 0.06

NI 6 9
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FIGURE 7.5 Bus voltage profile corresponding to the case study of Table 7.4.
(a) Bus voltage magnitude without STATCOM,; (b) bus voltage magnitude with
STATCOM,; (c) voltage magnitude difference.

Qstarz2 = 0.01 p.u. (STATCOM-2), and Qsrars = 0.015 p.u. (STATCOM-3).
The results are shown in Table 7.5. The converged final values of the con-
trol objectives (the STATCOM reactive power delivered in this case) are
again shown in bold cases. The bus voltage profile for this case is shown
in Figure 7.6. From this figure, it is observed that in the presence of the

TABLE 7.5 Second Study of IEEE 300-Bus System with STATCOM (No Device Limit
Constraints)

Unconstrained Solution of STATCOM Quantities

Newton Power Flow Method Decoupled Power Flow Method

Quantity STATCOM-1 STATCOM-2 STATCOM-3 STATCOM-1 STATCOM-2 STATCOM-3

V, (pu) 09959 0.9885 0.9946 0.9959 0.9885 0.9946
0,, -23.51° -26.4° —25.53° -23.51° —26.4° —25.53°
I, (p.u.) 0.01 0.0101 0.0151 0.01 0.0101 0.0151
Vius (p)  0.9949 0.9875 0.993 0.9949 0.9875 0.993
Qerar (pu) 001 0.01 0.015 0.01 0.01 0.015

NI 6 14
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FIGURE 7.6 Bus voltage profile corresponding to the case study of Table 7.5.
(a) Bus voltage magnitude without STATCOM,; (b) bus voltage magnitude with
STATCOM,; (c) voltage magnitude difference.

STATCOMs, the bus voltage profile does not change much except the
buses to which the three STATCOMs are connected.

7.7.2 Studies of STATCOMs with Device Limit Constraints

In these case studies, various device limit constraints are considered
for both the 118- and 300-bus test systems. As already mentioned in
Section 7.5, two major device constraint limits have been considered. In all
these case studies, the STATCOM control references (prior to enforcement
of the specified limit constraints) are kept identical to those in the corre-
sponding case studies pertaining to the bus voltage control (presented in
Section 7.7.1). Although a large number of case studies were carried out for
implementation of these limit constraints, only a few sets of representative
results are presented.

Case I: In this case, the violations of only the injected voltage of the
shunt converter V4™ have been studied. To accommodate this violation,
the bus voltage control objective has been relaxed. The results for the
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TABLE 7.6  Study of IEEE 118-Bus System with STATCOM Constraint Limit of V;;™

Solution of STATCOM Quantities with Shunt Converter Voltage Limits

Lim Lim

Specified shunt converter voltage limits: Vim=10 p-u., Viha' = 1.0 p.u, and V3" = 1.0 p.u.

Newton Power Flow Method Decoupled Power Flow Method
Quantity STATCOM-1 STATCOM-2 STATCOM-3 STATCOM-1 STATCOM-2 STATCOM-3
Vi (pou) 1.0 1.0 1.0 1.0 1.0 1.0
0, -18.43° -17.68° -17.53° -18.43° -17.68° -17.53°
I, (pu) 0.2538 0.2281 0.289 0.2538 0.2281 0.289
Vaus (pu.)  0.9746 0.9772 0.9711 0.9746 0.9772 0.9711
NI 8 13

TABLE 7.7  Study of IEEE 300-Bus System with STATCOM Constraint Limit of V3™

Solution of STATCOM Quantities with Shunt Converter Voltage Limits
Specified shunt converter voltage limits: Vii" = 1.0 p.u., V' = 1.0 p.u, and V&5 = 1.0 p.u.

Newton Power Flow Method Decoupled Power Flow Method

Quantity STATCOM-1 STATCOM-2 STATCOM-3 STATCOM-1 STATCOM-2 STATCOM-3

V,, (pw) 1.0 1.0 1.0 1.0 1.0 1.0
0,, ~23.54° —26.4° —25.52°  —23.54° —26.4° —25.52°
I, (pu.) 0.0114 0.0119 0.016 0.0114 0.0119 0.016
Vous (pu)  0.9989 0.9988 0.9984 0.9989 0.9988 0.9984
NI 7 20

118- and 300 bus systems are given in Tables 7.6 and 7.7, respectively. The
converged final values of the shunt converter voltage limit constraints are
shown in bold cases.

The bus voltage profiles for these cases are shown in Figures 7.7 and
7.8, respectively. From these figures, it is again observed that in the pres-
ence of the STATCOMs, the bus voltage profiles do not change much
except at the buses at which the STATCOMs are connected in these two
systems.

Case 2: In this case, the violations of only the shunt converter current
limits I5™ have been considered. To accommodate this, the UPFC SE bus
voltage control objective has been relaxed. The results for the 118- and
300-bus systems are given in Tables 7.8 and 7.9, respectively. The con-
verged final values of the shunt converter current limit constraints are
shown in bold cases.
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FIGURE 7.7 Bus voltage profile corresponding to the case study of Table 7.6.
(a) Bus voltage magnitude without STATCOM; (b) bus voltage magnitude with
STATCOM,; (c) voltage magnitude difference.
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FIGURE 7.8 Bus voltage profile corresponding to the case study of Table 7.7.
(a) Bus voltage magnitude without STATCOM,; (b) bus voltage magnitude with
STATCOM,; (c) voltage magnitude difference.
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TABLE 7.8  Study of IEEE 118-Bus System with STATCOM Constraint Limit of I}i™

Solution of STATCOM Quantities with Shunt Converter Current Limits
Specified shunt converter current limits: I5 = 0.4 p.u., I52 = 0.1 p.u., and I55 = 0.7 p.u.

Newton Power Flow Method Decoupled Power Flow Method

Quantity STATCOM-1 STATCOM-2 STATCOM-3 STATCOM-1 STATCOM-2 STATCOM-3

V, (pu)  1.0221 0.9753 1.0561 1.0221 0.9753 1.0561
0, ~18.58°  -17.48°  -17.78°  -18.58°  —17.48°  —17.78°
I, (p.u.) 0.4 0.1 0.7 0.4 0.1 0.7
Vius (pu)  0.9821 0.9653 0.9861 0.9821 0.9653 0.9861
NI 7 13

TABLE 7.9  Study of IEEE 300-Bus System with STATCOM Constraint Limit of I§™

Solution of STATCOM Quantities with Shunt Converter Current Limits
Specified current limits: I5™ = 0.009 p.u., I15 = 0.005 p.u., and Ii3" = 0.006 p.u.

Newton Power Flow Method Decoupled Power Flow Method

Quantity STATCOM-1 STATCOM-2 STATCOM-3 STATCOM-1 STATCOM-2 STATCOM-3

Vg (pou.) 0.9928 0.9497 0.9532 0.9928 0.9497 0.9532
04, —23.49° -26.5° —25.59° —23.49° —26.5° —25.59°
I, (p.u.) 0.009 0.005 0.006 0.009 0.005 0.006

Vaus (pow.) 09919 0.9492 0.9526 0.9919 0.9492 0.9526
NI 7 20

The bus voltage profiles for these cases are shown in Figures 7.9 and
7.10. From these figures, it is again observed that in the presence of the
STATCOMs, the bus voltage profiles do not change much except at the
buses at which the STATCOMs are connected in these two systems.

7.8 SUMMARY

In this chapter, a Newton power flow model of the STATCOM has been
developed, which can handle practical device limit constraints of the
STATCOM. The proposed method transforms an existing n-bus power
system installed with p STATCOMs into an equivalent (n + p)-bus sys-
tem without any STATCOM. Consequently, the existing power flow and
Jacobian codes can be reused in the proposed model, in conjunction with
simple codes for matrix extraction. As a result, a substantial reduction in
the complexity of the software codes can be achieved. Subsequent appli-
cation of decoupling techniques renders the Jacobians constant matrices,
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FIGURE 7.9 Bus voltage profile corresponding to the case study of Table 7.8.
(a) Bus voltage magnitude without STATCOM,; (b) bus voltage magnitude with
STATCOM; (c) voltage magnitude difference.
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FIGURE 7.10 Bus voltage profile corresponding to the case study of Table 7.9.
(a) Bus voltage magnitude without STATCOM,; (b) bus voltage magnitude with
STATCOM; (c) voltage magnitude difference.
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which are known a priori. This reduces the complexity of software codes
drastically. The developed decoupled power flow model can also account
for the device limit constraints of the STATCOM. Validity of the proposed
method has been demonstrated on IEEE 118- and 300-bus systems with
excellent convergence characteristics.



CHAPTER 8

Newton Power Flow
Modeling of Voltage-
Sourced Converter

Based HVDC Systems

8.1 INTRODUCTION

Over the years, ever-increasing electricity demand has necessitated the
requirement of increased transmission capacities by power utilities world-
wide. This has been made possible by the development of voltage-sourced
converter (VSC)-based HVDC technology with PWM control technique,
employing IGBTs and GTOs. VSC-based HVDC transmission systems facil-
itate the interconnection of asynchronous AC grids along with integration

of renewable energy sources such as offshore wind farms. PWM-VSC-based
HVDC transmission leads to fast and independent control of both active
and reactive powers along with reduction in size and cost of harmonic filters.
Moreover, they are immune to the problems of commutation failure [89-90].
Although most of these VSC-HVDC interconnections are two-terminal,
their modus operandi can also be extended to multiterminal HVDC
(MTDC) systems. Unlike a two-terminal HVDC interconnection, an
MTDC system is more versatile and better capable to utilize the economic
and technical advantages of the VSC-HVDC technology. It is also better
suited if futuristic integration of renewable energy sources are planned.

247
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For MTDC operation, one of the terminals is considered as a slack
bus at which the DC voltage is specified. Depending on the control speci-
fications adopted, a converter may be termed master/slave or primary/
secondary [90]. Although a master or primary converter operates in the
voltage control mode, a slave or secondary converter operates in the PQ or
PV control mode.

Further, depending on the locations of the converters,an MTDC system
can have two different configurations: back-to-back (BTB) or point-
to-point (PTP). In a BTB scheme, all the converters are closely located.
However, in a PTP scheme, converters exist at different locations, with the
DC terminals interconnected by DC overhead lines or cables. Most of the
current HVDC installations are connected in the PTP configuration.

Now, for planning, operation, and control of a power system with mul-
titerminal VSC-HVDC (M-VSC-HVDC) links, power flow solution of the
network incorporating them is required. Thus, the development of suitable
power flow models of M-VSC-HVDC systems is a fundamental require-
ment. VSC-HVDC power flow models can follow unified or sequential
methods. Unlike unified methods where the AC and DC system equa-
tions are simultaneously solved, in sequential methods, they are solved
sequentially. Some excellent research works in the area of Newton power
flow modeling of VSC-HVDC systems are reported in [89-92]. A compre-
hensive Newton power flow model of a two-terminal VSC-HVDC system
is presented in [89]. An M-VSC-HVDC power flow model applicable for
both the BTB and PTP configurations is reported in [90]. A two-terminal
VSC-HVDC model suitable for optimal power flow is reported in [91].
A steady-state VSC MTDC model, including DC grids with arbitrary
topologies, is reported in [92].

However, most of the above models do not address exclusively the
treatment of the converter modulation indices as unknowns. In this chap-
ter, the Newton power flow modeling of an M-VSC-HVDC system is
discussed which is based on the unified method [93]. The converter mod-
ulation indices appear as unknowns in this model, which is developed
from first principles.

8.2 MODELING OF THE PTP VSC-HVDC

Because the PTP configuration is a more generalized one than the BTB,
for this analysis, an MTDC system that follows a PTP topology is con-
sidered. Figure 8.1 shows an n-bus AC power system network incorpo-
rating a VSC-based MTDC system connected in the PTP configuration.
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The VSC-MTDC comprises p converters that are connected to p AC buses
through their respective coupling transformers. Without loss of general-
ity, it is assumed that the p VSC converters are connected to AC buses 7,
(i + 1), and so on, up to bus (i + p — 1). The equivalent circuit of Figure 8.1
is shown in Figure 8.2.

In this figure, the VSCs are represented by p fundamental frequency,
positive sequence voltage sources. The gth (1 < g < p) voltage source Vg,
(not shown) is connected to AC bus (i + g— 1) through the leakage imped-
ance Zg,, = Ry ¢ + jXih, of the gth coupling transformer.

Now, let g, =1/Zgg. Then, from Figure 8.2, the current through the
gth (1 < g < p) coupling transformer can be written as

IShg = Yshg(Vshg - i+g—1) (8.1)

In the above equation, Vg, is the voltage phasor representing the funda-
mental frequency, positive sequence output of the gth VSC and is given
by Ving = Vin ¢ L0 ¢ = mocVipc o £04 o, Where m, is the modulation index of
the gth (1 < g < p) converter and c is a constant that depends on the type
of converter. Also, Vi ¢, is the DC side voltage of the gth converter, which
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FIGURE 8.2 Equivalent circuit of the p terminal PTP M-VSC-HVDC system.

is connected to the AC terminal bus (i + g— 1) whose voltage is represented
by the phasor V., 1 =V, 140,41

Hence, from Figure 8.2, the net current injection at the AC bus (i + g— 1)
connected to the gth (1 < g < p) converter can be written as

n
1d
Ii+g—1 :(Y((lz+g—1)(i+g—l) +Yshg )Vi+g—1 + Z Y(i+g—1)ka _Ysthshg (82)
k=1, k#i+g-1

where Y(‘,?L‘i,,l)(,-m,l) = Viirg-10 + Xkt ko +g1YG+g-k is the self-admittance of
bus (i + g— 1) for the original n-bus AC system without any converter and
Yi+g-1n0 accounts for the shunt capacitances of all the transmission lines
connected to bus (i + g—1).

Substituting Equation 8.1 in Equation 8.2 and manipulating, we get

Liga= ZY(Hg—l)ka —Yshg Vehg (8.3)
k=1

where Yig 1)i4g-1) = Y(‘,?i‘z_l)(,-ﬂ_l) +Yshg is the new value of self-admittance

for the bus (i + g— 1) with the gth VSC connected.
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Thus, with the gth (1 < g < p) VSC connected, the net injected active
power at the corresponding AC terminal bus can be written as

Pgr =Re(Virgal 11gn)

= ‘/Hg—l‘/kY(Hgfl)kCOS(ei-#g—l -0 _(P(i+g—l)k)
2 »

- mgCVDCg‘/iJrg—l }’sthOS(ei+g—1 _eshg _(pshg )

because Vy,, =m,cVpc,, as already discussed.
In a similar manner, the net injected reactive power at bus (i + g — 1)
can be written as

Qi+g—1 = Z V;+g—1‘/k Y(i+g—1)kSin(ei+g—l - ek - (P(i+g—1)k)
k=1 (8.5)

- mgCVDCg‘/i+g—1yshg51n(6i+g—l - eshg - (Pshg)

Also from Figure 8.2, the active and reactive power flows at the terminal
end of the line connecting the gth VSC to AC bus (i + g — 1) can be writ-
ten as

Pshg = Re(Vi#—g—lI*shg ) = mgCVDCg‘/iJrg—lyshgcos(eHg—l _Gshg _(Pshg) ( )
8.6

2
- ‘/Hg—l YVshg COSQgh g

Qshg = Im(VHg—lI*shg ) ( )
8.7

. 2 .
= mgCVDCg‘/Hg—lysthIH(eiJrg—l _eshg _(Pshg )+ ‘/Hg—] )/shg SHI(Pshg

Again, from Figure 8.2, in the p terminal DC system, the net current injec-
tion at the hth (1 < h < p) DC bus, that is, at the DC terminal of the hth
VSC, is given as

p
Inch :ZYDCthDCj (8.8)

j=1

where Ypcji =1/Rpcr» Rpcyj being the DC link resistance between DC
buses h and j. Now, from Figure 8.2, for the gth (1 < g < p) converter, it can
be observed that
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P
Re(vshgl*shg ) =Vbcg (_IDCg ) = —Z Vbcg Ve iYpey 8.9)

=

Substituting Equation 8.1 and manipulating, we get
2
(mgCVDCg ) Vshg COSQshg — mgCVDCg‘/iJrgflyshg COs(eshg _ei+g71 ~Qshg )

p
+ZVDCgVDCjYDng =0

j=1

or

fe=0 (8.10)

where 1 < g < p. Thus, p independent equations are obtained.

Now, for the VSC-HVDC system with p converters, there will be one
master or primary converter and (p — 1) slave or secondary converters.
The master converter is used to control the voltage magnitude of its AC
terminal bus, whereas the slave converters operate in the PQ or PV control
modes. In the PQ control mode, the slave converters control the active and
reactive power flows P, and Qg (as given by Equations 8.6 and 8.7, respec-
tively) at the terminal end of the lines connecting the converters to their
respective AC terminal buses. Again, without loss of generality, if the gth
(1 < g < p) converter is chosen to be the master converter, the additional
equations obtained for the line active and reactive powers of the slave con-
verters can be expressed as

Py, — P =0 (8.11)
e —QF, =0 (8.12)

Vg, 1<¢<p,g#q

In the above equations, Ps?,l; and Q¥ ¢ are the specified active and reactive

powers, respectively, in the line connecting the gth (1< g<p, g#¢q) con-
verter to its AC terminal bus (i + g — 1), whereas Psifé and Qscﬁlg are their
calculated values which can be obtained using Equations 8.6 and 8.7,
respectively. Thus, for the (p — 1) lines corresponding to the slave convert-
ers, we get (2p — 2) independent equations.
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Now, the master converter controls the voltage magnitude at its AC ter-
minal bus. As discussed earlier in this section, the gth (1 < g < p) con-
verter is chosen to be the master converter. Then, for the AC terminal bus
corresponding to any arbitrary converter, say the gth (1< ¢ < p, g=¢q) con-

cal

verter, if V,il;,l is the bus voltage control reference and V;5,_, is the calculated
value of the voltage magnitude at bus (i + g— 1). This can be expressed as

Vi =V =0 (8.13)

Vg, 1<g<p,g=4

It may be noted that a slave converter can operate in the PV control mode,
in which case it controls the AC bus voltage magnitude, rather than the
line reactive power, in which case Equation 8.12 becomes

Vi1 = Vi1 =0 (8.14)
Vg, 1<g<p,g#q

Now, similar to AC power flow, a slack bus is chosen for the DC power
flow and its voltage is pre specified. It serves the dual role of providing
the DC voltage control and balancing the active power exchange among
the converters. From Figure 8.2, in the p terminal DC system, the first
terminal is chosen as the DC slack bus, by convention. This is repre-
sented as

Vit — Vit =0 (8.15)

Instead of specifying Vp,¢;, the modulation index m, of the first converter
can also be specified as

m —m =0 (8.16)

At this stage, it is worthwhile to take stock of the unknown and the speci-
fied quantities. Corresponding to each converter, three new variables
come into the picture. These include the converter modulation index m,
the converter DC side voltage V¢, and the phase angle 0y, of the con-
verter AC output voltage (phasor). Also, as discussed earlier, the DC side
voltage V, of the first converter is chosen as a slack bus. Thus, due to
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incorporation of the VSC-HVDC comprising p converters, (3p — 1) addi-
tional variables need to be solved.

Against this, we have p independent equations corresponding to the
function f (Equation 8.10) along with (2p — 2) independent equations for
the line active and reactive powers (Equations 8.11 and 8.12) correspond-
ing to the (p — 1) slave converters. This gives as (3p — 2) independent equa-
tions. Now as the master converter g controls the voltage of its AC terminal
bus, the net reactive power injection at that bus is available as a specified
quantity. For any arbitrary converter, say the gth (1 < g < p) converter, this
can be expressed as

Pre1— Qi1 =0 (8.17)

Vg, 1<sg<p,g=q

This completes the formulation.

8.3 NEWTON POWER FLOW EQUATIONS
OF THE VSC-HVDC SYSTEM

In Figure 8.1, without any loss of generality, if it is assumed that there are
r generators connected at the first r buses of the n-bus AC system with
bus 1 being the slack bus, then the Newton power flow equation for the AC
power system network incorporated with the p terminal HVDC system

can be written as follows.
Solve 0, V, and X
Specified P, Q, and R
where:

0=[6,...0,] .V=[V,..V,]'
T T T
esh =|:95h1...95hp] 5 m=|:m1...mp:| )VDC :|:VDC2"'VDCp:|
X=[04 m" Vpc]'

and
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P=[P..2]", Q=[Q...Q.]'
P =[ Paoe-Pap | Qe =[ Qe Qup | 5 E=[finnfy |
R=[PLQLVig f" |

Then the basic Newton power flow equation for the AC-DC system is
i o P P .. -

A
o0, om 0OV
Jold " PC AV AP

Q Q Q
00, om  OVp | A0 |=|AQ|  (8.18)
Am AR

AVpc |

R R R R R
|00 oV 0y, Om  OVpe |

where J o4 is the conventional power-flow (without incorporating HVDC
link) Jacobian subblock given as follows:

OP oP
Joia = 0 v
oQ aQ
0 oV

In Equation 8.18, AP, AQ, and AR represent the mismatch vectors. In
addition, A6, AV, AB,, Am, and AV, represent correction vectors. It may
be noted that m, may be removed from m and Vp, included in Vp, in
which case the elements of the Jacobian matrix in Equation 8.18 would be
modified accordingly.

8.4 CASE STUDIES AND RESULTS

The validity of the proposed model was tested on the IEEE 300-bus test
system. In this test system, multiple VSC-HVDC networks with differ-
ent control modes were included and studies were carried out. All the
converters were connected to their respective AC terminal buses through
converter transformers. The resistances and leakage reactances of all the
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converter transformers were taken as 0.001 and 0.1 p.u, respectively, for all
the case studies. The resistance of each DC link was taken as 0.01 p.u for
all the case studies. In addition, the value of ¢ for the VSC-based convert-
ers was uniformly chosen to be 1/ 242 [91]. All computations were car-
ried out in MATLAB® on a 2.4 GHz, 4 GB RAM, Intel Core™ Machine
with i3-3110 M CPU. A convergence tolerance of 107'° p.u. was uniformly
adopted for all the case studies. In all the case studies, NI denotes the
number of iterations taken by the algorithm to converge to the specified
tolerance. Although a large number of case studies confirmed the validity
of the model, only a few sets of representative results are presented in this
chapter.

8.4.1 Case Study of IEEE 300-Bus Test System Incorporated

with a Three-Terminal VSC-HVDC Network
In this case study, three separate studies are conducted with a three-
terminal VSC-HVDC network incorporated in the IEEE-300 bus test
system. The three different studies are conducted to demonstrate the ver-
satility of the proposed model. In all the three studies, the VSC-HVDC
network is connected among AC buses 266, 270, and 271.

8.4.1.1 Study I: Slave Converters in PQ Control Mode

In this study, the converter connected to AC bus 266 acts as the master
converter, whereas those connected to AC buses 270 and 271 act as slave
converters. Both the slave converters operate in the PQ control mode.
The master converter maintains the voltage magnitude of AC bus 266 at
a value of 1.02 p.u. The active powers at the terminal end of the lines con-
necting the converters to AC buses 270 and 271 are specified as 0.3 and
0.4 p.u, respectively. The line reactive powers for both the slave converters
are specified as 0.1 p.u. These specified values are shown in the first row
and the third and fourth columns of Table 8.1. The power flow solution is
shown in the first row and the fifth to seventh columns of Table 8.1.

8.4.1.2 Study Il: Slave Converters in PV Control Mode

This study is conducted on the same AC-DC system but with both the
slave converters (connected to AC buses 270 and 271) operated in the PV
control mode. Their terminal end line active powers are specified as 0.3
and 0.4 p.u, respectively. The voltages of the AC buses 270 and 271 con-
nected to the slave converters are specified as 1.02 and 1.0 p.u, respectively.
The specified quantities for this study are shown in the second row and the
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third and fourth columns of Table 8.1. The power flow results are shown in
the second row and the fifth to seventh columns of Table 8.1.

8.4.1.3 Study Ill: Modulation Index of Master Converter
Specified (Instead of DC Side Voltage)

This study is also conducted on the same AC-DC system as the first two
studies. However, in this study, the modulation index m, of converter 1 is
specified instead of its DC side voltage Vi ;. Thus, unlike existing models,
the flexibility of selection of either the modulation index or the DC side
voltage for the converter exists. The specified quantities for this study are
given in the third row and the third and fourth columns of Table 8.1. The
power flow results are shown in the third row and the fifth to seventh
columns of Table 8.1.

The convergence characteristic plots (variation of mismatch error in p.u.
with number of iterations) for the power flows of the base case (without any
VSC-HVDC network incorporated) and the three studies of Table 8.1 are
shown in Figures 8.3 through 8.6, respectively. From Figures 8.4 through
8.6, it can be observed that the proposed model possesses quadratic conver-
gence characteristics, similar to the base case power flow (Figure 8.3).

The bus voltage profile for the first study (the first row of Table 8.1) is
shown in Figure 8.7. From this figure, it is observed that the bus voltage

102

4

100}

1072}

1074}

Error (p.u.)

1076t

10781

10—10 |

10’12 L L L L
1 2 3 4 5 6

Number of iterations

FIGURE 8.3 Convergence characteristics for the base case power flow in IEEE-
300 bus system.
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FIGURE 8.4 Convergence characteristics for the first study of Table 8.1.
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FIGURE 8.5 Convergence characteristics for the second study of Table 8.1.
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FIGURE 8.6 Convergence characteristics for the third study of Table 8.1.
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FIGURE 8.7 Bus voltage profile for the study corresponding to the first row of
Table 8.1. (a) Bus voltage magnitude of base case; (b) bus voltage magnitude with a
three terminal point-to-point VSC-HVDC; (c) bus voltage magnitude difference.
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profile hardly changes except for the AC terminal buses at which the VSCs
are installed. However, the voltage profiles for the second and third studies
of Table 8.1 are not shown here.

8.5 SUMMARY

In this chapter, a unified Newton-Raphson power flow model of an AC
power system incorporated with a VSC-based HVDC network has been
presented. The modulation indices and the DC side voltages of the con-
verters along with the phase angle of the converter AC side voltage are
expressed as state variables in this model. The proposed methodology is
implemented by incorporating different topologies of multiterminal DC
networks in the IEEE 300-bus test system. To demonstrate the versatil-
ity of the proposed model, multiple control modes for the VSC-HVDC
are implemented. The power flow solutions and the excellent convergence
characteristics validate the feasibility of the model.
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Appendix: Derivations
of Difficult Formulae

A.1 EXPRESSION FOR THE EFFECTIVE REACTANCE
OFFERED BY A STATIC SYNCHRONOUS SERIES
COMPENSATOR CONNECTED BETWEEN BUSES i AND

From Equation 3.42,

_ Vse _ Vse — ‘/seé(ese _(pyij)
S Le Y(Vi-Vit Vi) Yy(V;£0,-ViZ0,+V,.£0,.)

se

or
7 = \/seé(ese_(pyij)
* Y,-j[Vj(cosej +jsin9j)—V,-(c059,- +jsin6i)+ Vse(coseSe +jsinese)]
or
se = ‘/564(956 _.(pyij) = VseZH (Al)
Yi(a+jb)  Yi(ai+jb)
where:
a =(V] cos0; —V;cos0; + V. cosese)
(A.2)
b, =(VJ sin0; —V;sin0; + V. sin@se)
and
“z(ese _(P)/ij) (A3)

Thus, from Equation A.1,

Ve (cosp+ jsin},t)(al - jb, )

b Yy (a2 +07)

263
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or

Ve [al cosp+bysinp+ j(a sinu—blcosu)] ~ Num

Ze Yij[al2 +bf} Den 1

(A4)

where:
a, cospL+ bysin p
=Vjcos0;cosp—V;cos0;cosp+ V. cosO,. cosp

+V;sin0;sinp—V;sin0; sinpu + V. sin O, sin
= ‘/J COS(ej —956 +(P)/ij )—‘/, COS(G,‘ —Gse +(Pyij)
(A.5)
+V,ecos@,; (using Equation Al.3)

Similarly,

a;sinp—b, cosp=-V; sin(OJ» -0, +(py,»j) + V,»sin(ei -0, +(pyij) A6)
.6
—ViesinQ,;;

Hence, in Equation A 4,

Numl =V, [{‘/J COS(e]‘ —955 +(P},,‘j )—Vi cos(@,» —Gse +(P},,‘j )+ ‘/Se COS @i }
(A7)
+j {‘/1 sin(ei —Gse +(pyij )—V, sin(ej —Gse +(Pyij)_\/se sin(pyij }:|

Thus, using Equation A.2 in the identity [(x + y + 2)* = x> + y* + 22+ 2xy +
2yz + 2zx], we get

ai +bi =V} +V} + Vi -2V;V;cos(6,-6,)
(A.8)
—2ViV.. cos(@i —(9se)+2\/]~VSe cos(ej —Ose)

Hence, from Equation A.4, the effective reactance offered by the static
synchronous series compensator is

Den 1

Vse[Vi sin(@i — 0, +(py1-j)—Vjsin(6]- -0, +(py,-j)—VSe sin(p},i]-] g
{Vf+v}+vfe—2\4\/jcos(ei—ej)—zvivsecos(e,-—ese) &
! +2VjVsec0s(9j—Ose)

X.. =Im(Zse)=Im(Num 1)
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where:
€= \/sel:‘/i Sil’l(e,‘ _ese +(Pyij)_‘/j Sin(ej _ese +(pyij)_‘/se Sin(pyij] (A9)

Cz=Y,-j[Vi2+V]-2+‘/;2e—2‘/i‘/jC05(9i—9j) A0
—2V,-Vsecos(6,-—656)+2VjVsecos(6]——Gse)] .

A.2 EXPRESSION FOR THE LINE CURRENT
THROUGH THE SERIES CONVERTER OF THE
mth UNIFIED POWER FLOW CONTROLLER

As already outlined in Section 4.2, in the proposed model, the series and
shunt converters for the mth unified power flow controller (UPFC) (m < p,
where p is the total number of UPFCs) are transformed to fictitious power-
flow bus numbers (n + 2m — 1) and (n + 2m), respectively. Using Equations
4.12 and 4.13, the expression for the net injected current at the (n 4+ 2m — 1)th
bus (representing the series converter) is

n+2p
Liama = Z Youi2m-1)k Vi = Yizm-1)i Vi + Your2m-1); Vi
k=1 (A.11)

+ Y(n+2m—1)(n+2m—1)Vn+2m—1
Now, from the above equation,

In+2m—1 = Y(n+2m—1)iZ(Py(nJer—l)i‘/ilei + Yv(n+2m71)jé(Py(ﬂ+2m—l)j‘/jlej

+ Y(n+2m—l)(n+2m—1 )Z(Py(n+2m—l)(n+2m—1)Vn+2m—1 Zen+2m—1

or

In+2m—1 = Y(n+2m—1)i‘/il{ei + (Py(n+2m—1)i } + Y(n+2m—1)j‘/jl{ej + (Py(n+2m—1)j }

+ Y(n+2m—l)(n+2m—1)Vn+2m—14{en+2m—l + (Py(n+2m—l)(n+2m—1) }
or

In+2m—l = I:Y(n+2m—l)i‘/i CcoS {ez + (Py(n+2m—l)i}+ Yv(rH—Zm—l)j‘/j CcoS {e] + (py(n+2m—1)j}
+Y(n+2m—1)(n+2m—l)Vn+2m—1 Ccos {6n+2m—1 + (Py(n+2m—l)(n+2m—l)}:|
+].|:Y(n+2m—l)i‘/i sin {ei + Oy (nr2m-1)i }+ Yiu2m-1)jV;sin {ej + (py(n+2m—1)j}

+Y(n+2m—l)(n+2m—l)Vn+2m—l Sin {en+2m—1 + (Py(n+2m—l)(n+2m—1) }:‘
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or
Liioma =p2+Jq> (A.12)

where:
D= [Y(n+2m—l)ivi cos {ei T Qyme2m-1)i }
+ Yoream-1); Vi €08 {0 +0ysam1) | (A.13)

+ Y(n+2m—1)(n+2m—1)Vn+2m—l Ccos {en+2m—l + (py(n+2m—l)(n+2m—l) }:I

4= [Y<n+zm4)iVi Sin{gi T Qyni2m-1)i }
+ Yoi2m-)iVj Sin{ej +Qy(niam-1)j } (A.14)
+Y(n+2m—1)(n+2m—l)Vn+2m—1 Sin {en+2m—1 + (Py(n+2m—l)(n+2m—l) }:I

From Equation A.12,

‘In+2m—1‘ =Ioma = (Pzz + q§ )1/2 (A.15)

Also, using the identity { (x+y+2) =x"+y" +2° +2xy+2yz+ ZZX} and
from Equation A.13,

P% = 1’231+sz1)1“/}2 cos’ {ei T Qyni2m-1)i } + Y(i+2m—1)j‘/j2
cosz{ej + (py(n+2m_1>j}
+ Y(zl+2m71)(n+2m—l)‘/(zl+2m71) cos’ {en+2m—l + (py(n+2m71)(n+2m71)}
+2Yn2m-1)iY(ne2m-1); Vi Vj cos {ei + @ y(nr2m-1)i }
cos{ej + (py(wm,l)j} (A.16)
+2Y2m-1)i Yins2m-1)ne2m-1) Vi Viram-1 €OS {ei T O ymr2m-1)i }
cos {en+2m71 T Qy(nr2m-1)(n+2m-1) }
+2Y(2m-1) Yins2m-1)me2m-1) Vi Vis2m-1 €OS {9;' + Q) (nr2m-1)j }

cos {9n+2m—l + (py(n+2m—1)(n+2m—1) }
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In a similar way,

q% = Y(?v+2m—1)iviz sin’ {ei + O yn+2m-1)i }‘ + },(%lJer—l)j‘/jz
sin® {0, + @, (ue2m1) |
+ Y(i+2m—1)(n+2m—l)‘/(%1+2m—1) sin’ {en+2m—1 + (py(n+2m71)(n+2m71)}
+2Ys2m1i Y15 ViV SIn{0; + @,z |
sin{0; + (py(n+2m,1)j} (A.17)
+ 2Ysam-1)i Yirzm-1ni2m-1) Vi Varam-1 SIN {ei o me——
Sin{e(n+2m—l) + (Py(n+2m—l)(n+2m—l)}
+2Y2m-1)j Yinazm—1)nr2m—1) Vi Varamar Sin{ej + (py(n+2m—1)j}
sin {en+2m—1 + @ yn+2am-1)(n+2m-1) }
Now,
cos Acos B+sin A sin B=cos(A—B) (A.18)
Using Equations A.16 through A.18 in Equation A.15, we get
Liom = (al +a, +as+ay )1/2 (A.19)
where:
a = Yv(?ﬁ—mel)i‘/iz + Y(31+2m71)jVj2 + Y(31+2m—1)(n+2m—1)vr12+2m—1
a, = 2Y(n+zm—1>iY(n+zm—1)jViVj CoS {ei - ej + Qy2m-1)i — Py(n+2m-1);j }
as = 2Y(n+2m—1)iY(n+2m—1)(n+2m—1)ViVn+2m—1
Cos {ei —0,12m + Py(n+am-1)i — (Py(n+2m—1)(n+2m—1)}

a, = 2Y(n+2m—1)jY(n+2m—1)(n+2m—l)‘/jVn+2m—1

cos {e] - en+2m—1 + (py(nJer—l)j _(Py(n+2m—1)(n+2m—1)}
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A.2.1 Expression for the Shunt Converter Current of the mth UPFC

Using Equations 4.14 and 4.15, the expression for the net injected current
at the (n + 2m)th bus (representing the shunt converter) is

n+2p

In+2m = Z Y(n+2m)ka =Y(n+2m)iVi + Y(n+2m)jVj + Y(n+2m)(n+2m)Vn+2m (AZO)
k=1

where:

Y(n+2m)(n+2m) = Yshm ) Y(n+2m)i = _Yshm ) Y(n+2m)j = 07 Y(n+2m)(n+2m71) =0 (AZI)

Now, from Equation A.20,

In+2m = Y(n+2m)iéq)y(n+2m)i‘/ilei + Y(n+2m)(n+2m)4(py(n+2m)(n+2m)Vn+2m49n+2m

or
In+2m = Y(n+2m>i‘/il{ei + Qy(n+2m)i } + Y(n+2m)(n+2m)
(A.22)
\/rH—ZmL {9,,+2m + Oy (n+2m)(n+2m) }
or
Y(MM)iVi Ccos {9, + Qyn+am)i } + Y(n+2m)(ﬂ+2m)Vn+2m
In+2m =
COS {en+2m + (Py(n+2m)(n+2m) }
Yir2myi Vi sin {9, + Q@ ynr2m)i } + Yo omynezm) Varam
+J
Sin{enJer +(Py(n+2m><n+27'1)}
or
Livom = Ps + jqs (A.23)
where:

Yv(n+2m)i‘/i CcoS {ez + (py(n+2m)i } + Y(n+2m)(n+2m)‘/n+2m
ps= (A.24)

_COS {G,Mm + (py(n+2m)(n+2m) }

Yv(n+2m)ivvi Sin {el + (py(n+2m)i } + Y(n+2m)(n+2m)‘/n+2m
4 = (A.25)

_sin{9n+2m + (Py(n+2m)(n+2m) }
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From Equation A.23,

Lysan|= Lo =(p3 4 3) (A.26)
Using Equations A.18, A.24, and A.25 in Equation A.26, we get
Lsow =(by +5,)" (A.27)
where:
b = YoramiVie + Yorzmymeazm Viram

b2 = 2Y(n+2m)iY(n+2m)(n+2m)‘/i‘/n+2m Ccos {61 - en+2m + (py(n+2m)i - (py(n+2m)(n+2m)}

A.2.2 Selection of Initial Conditions for the UPFC Shunt
Voltage Source

While enforcing shunt converter current limits, it is observed that the
selection of initial conditions for the UPFC shunt voltage source (repre-
senting the shunt converter) plays an important role. While enforcing this
limit, the sending end bus voltage is relaxed and its Jacobian elements are
replaced by those of the shunt converter current magnitude 1,5,

Now, from Equation A.27, the partial derivatives of I,,, with respect
to the state variable of interest (i.e., 0;,0,2m Vi, and V,,,,,,) can be com-
puted. As a typical example,

aei In+2m _(py(n+2m)(n+2m)

aln+2m _ _{Y(n+2m)iY(n+2m)(n+2m)ViVn+2m }Sil’l {61 _en+2m +(Py(n+2m)i }(AZS)
It can be shown that all the other partial derivatives contain I,,,,, in the
denominator.

Now, if the initial conditions for the shunt voltage source were chosen
as V3, 20%,, =1.020° following [60], it can be observed (using Equation
4.14) that

In+2m =Yshm (Vshm - Vl) = YShm(Vn+2m _Vi) =0

because, at all load buses, the initial condition for the bus voltage V; is
usually taken as 1.0.£0°. This renders all the partial derivatives of I,,,,,,
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indeterminate (from Equation A.28). Modifying the shunt source initial
condition to Vg.£63, =1.0£—(n/9) solves this problem, without any
observed detrimental effect on the convergence.

A.3 EXPRESSION FOR THE LINE CURRENT
THROUGH THE SERIES CONVERTER OF AN
INTERLINE POWER FLOW CONTROLLER

The effect of the first series converter of the interline power flow controller
(IPEC) is equivalent to an additional (n + 1)th bus without any IPFC.
Now, from Equations 5.10 and 5.11, the net injected current at this fictitious
(n + Dth bus is

n+l1
L= ZY(n+l)qVq =Y(ui1)i Vi + Y1) Vi + Yoty ) Vet (A.29)

q=1
or

Lia= Y(n+1)i4(Py(n+1)iVilei + Y(n+1)j4(Py(n+1)j + lee;‘
(A.30)

+Y<n+1)(n+1)4(Py(n+1><n+1)Vn+19n+1

Equation A.29 is similar to Equation A.11, and further manipulation of
terms in Equation A.30 leads to

Lin=ps+jqs (A.31)
where:
Pa= [Y(nﬂ)ivi Cos{ei + (py(n+l)i}+ Yo Vi COS{ej +(Py(n+1)j}
(A.32)
+Y(n+1)(n+l)Vn+1 cos {enﬂ + (py(nﬂ)(nﬂ) }]
Q4 = |:Y(n+1)i‘/i Sin{ei + (py<n+1)i } + Y(n+1)j‘/j Sin{ej + (py(n+1)j }
(A.33)
+ Yiur1)(ne1) Vi SID {9n+1 + Q@ y(nr1)(nt1) }]
From Equation A.31,
12
‘In+1‘:In+l :(pé%—i_qi) (A34)

Squaring Equations A.32 and A.33, then adding and using the trigono-
metric identity cos Acos B+sin Asin B=cos(A— B), we finally get
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Lot =Lyn|=(dh +ds +ds +d,)"” (A.35)
where:

2 2 2 2 2 2
dy =Y Vi + Yo Vi + Youmen Van
d, = 2Y1)iYnen); ViV COS{ei —6,» T Qynr1)i _(Py<n+1)j}
dy = 2Y )i Yoy ViVin COS{ei =0, T Qynr1)i _(Py(n+1)(n+1)}

d, = 2Y<n+1>jY<n+1)(n+1)VjVn+1 COS{ej —0,41 T Qyn+1)j —(Py(n+1)(n+1)}‘

A.4 EXPRESSION FOR THE LINE CURRENT THROUGH
THE SERIES CONVERTER OF A GENERALIZED
UNIFIED POWER FLOW CONTROLLER

Let us consider a most elementary generalized unified power flow control-
ler (GUPFC) with two series and a shunt converter, which is installed in
an existing n-bus power system network. It is assumed, without any loss of

generality, that the two series converters are connected in series with two
transmission lines. The first transmission line is connected in the branch
between buses a (sending end [SE]) and b (receiving end [RE]). The second
line is connected in the branch between buses ¢ (SE) and d (RE). The shunt
converter is connected to bus c.

As already outlined in Section 6.2, in the proposed model, the two series
converters are transformed to fictitious power-flow bus numbers (n + 1)
and (n + 2). Similarly, the shunt converter is transformed to fictitious power-
flow bus number (1 + 3).

Using Equations 6.3, 6.4, 6.21, and 6.22, the line current through the
first series converter (connected in series with the first transmission line)
can be written as

n+1
In+1 = _Ise1 = alvsel —(XIV,, + BIVb = ZY(nJrl)qVq (A36)

q=1
where:
Vn+1 = Vsep Y(n+1)(n+1) =0 )Y(n+1)a =—0y, and Y(n+1)h = Bl (A37)

From Equations A.36 and A.37, we get

In-*—l = Y(n+1)aé(Py(n+1)aVaéea + Y(n-%—l)bZ(Py(nH)b‘/bleb

(A.38)
+Yv(n+l)(n+1)4(py(nH)(nH)VnJrlenH
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The above equation is similar to Equation A.30, and further manipulation
of terms in the above equation leads to

L =ps+jqs (A.39)

where:

pS = [Y(nﬂ)a‘/u COS{e,, + (Py(nﬂ)u } + Y(nJrl)b‘/b COS{eb + (Py(nﬂ)b}

(A.40)
+ Y1) (n41) Vi1 €OS {9n+1 T @ y(n+1)(n+1) }]
qs :[Y(H+l)a‘/a Sin{ea +(Py(n+1)u}+ Yiur1p Vo Sin{eb +(Py<n+1>b} ( )
A4l
+ Y(ns1)(n41) Vg1 SI0 {enH + @yt (nt1) }]
From Equation A.39,
Lal=Lu=(p+@)" (A.42)

Squaring Equations A.40 and A.41, then adding and using the trigono-
metric identity cos A cos B+sin A sin B=cos(A— B), we finally get

| =‘I,,H‘ 2(61 +e,+te;tey )l/2 (A.43)
where:
€ = Yv(%lﬂ)u Vi + Y(iﬂ)bvbz + Y(%ﬁl)(nﬂ)vnzﬂ
€2 =2Y (o130 Yone1p Va Vi €08 {00 =04 + @, (110 — @ ynenys |
€3 =2Y( 10 Yons1)ne1) Va Vi COS{eu ~ 0,41 +Qy(nt1)a _(py(n+])(n+l)}
€4 = 2Y(n+l)bY(n+l)(n+l)Van+l cos{@h -0, + Oy(n+1)p _(Py(n+l)(n+l)}

In a similar manner, the magnitude of the line current through the second
series converter can also be written very easily.

A.4.1 Expression for the GUPFC Shunt Converter Current

The shunt converter is connected to SE bus c. In the proposed model, it is
transformed to fictitious power-flow bus number (n + 3). The net injected
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current at this power-flow bus equals the current flowing into the trans-
mission system from this bus and can be written as

n+3
In+3 =— Ish =Ysh (Vc - Vsh) = ZY(rHS)qVq (A44)
q=1

where:
Vi3 =V, Y(n+3)(n+3) =—Ysh, Y(n+3)c =Ysh> and Y(n+3)d =0 (A.45)

It may be noted that in Equation A.44, Vy, is the voltage source represent-
ing the shunt converter.
Expanding Equation A.44, we get

In+3 = Y(n+3)c4q—)y(n+3)c‘/clec + Y(n+3)(n+3)4(Py(n+3)(n+3)Vn+3éen+3 (A46)
or

In+3 = Y(n+3)c‘/cl{ec + (Py(n+3)c } + Y(n+3)(n+3)‘/n+34{en+3 + (Py(n+3)(n+3)} (A47)

The above equation is similar to Equation A.22, and further manipulation
of terms in the above equation leads to

L3 = Ps + jq6 (A.48)
where:
Y(n+3)c‘/c Cos {ec + (-Py(n+3)c } + Y(n+3)(n+3)Vn+3
Ps = (A.49)
_COS {en+3 + (py(n+3)(n+3) }
Y(n+3)c‘/c Sil’l {ec + (py(n+3)c } + Y(n+3)(n+3)Vn+3
qs = (A.50)
_Sin{en+3 + (Py(n+3)(n+3)}
From Equation A .48,

Los|=Los=(pt + )" (A.51)

Squaring Equations A.49 and A.50, then adding and using the trigono-
metric identity cos A cos B+sin A sin B=cos( A— B), we finally get
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Lis=(fi+£)" (A.52)

where:
2 2 2 2
fl = Y(n+3)cvvc + Y(n+3)(ﬂ+3)‘/n+3

fZ = 2Y(n+3)cY(n+3)(n+3)‘/£Vn+3 COS{eC - 9n+3 + (Py(n+3)c _(Py(n+3)(n+3) }

A.4.2 Expression for the Bus Voltage on the Line
Side of a GUPFC Series Converter

From Figure 6.2, for the first series converter, if V,, (not shown in figure) is
the voltage on the line side, then

Vi =V =V, + L, Zg,
or
Lie, = Vs, (Vi = Vi — Vi) (A.53)
Also
Le, =1L+ L= (Y1 +Y10) Vi — V1V (A.54)

From Equations A.53 and A.54,

(Y1+Y10 +Yse1 )Vm = Yselvi - Yselvsel +Y1Vj (A55)
or
Vm — Yselvi + YIV] _YseIVsel — Yselvi + YIV] _Yselvsel (A56)
(Yi+Yi0tYse,) Yr
Let
gi=",g,= 0 (A.57)
Yr Yr
From Equations A.56 and A.57,
Vau=81Vi+8:,V; — g1V, (A.58)

or

Vi =81£0aVid0i+ 8, L0,V L0 — §1L0g1 Vie1 £05e1 (A.59)
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or
Vm=g1Vié(9i+(Pg1)+ngj4(9j+(sz)—g1Vse14(95e1+(Pg1) (A.60)

Further manipulation of terms in the above equation leads to

Viu=p:+jq; (A.61)
where:
_glVi cos{ei +(pg1}+g2Vj cos{@,» +(pg2}
pr = (A.62)
| —81Vie €08 {Be1 + 1 |
_gIVi sin{ei +(pg1}+g2Vj sin{ej +(pg2}
q7 = (A.63)
__gl‘/sm Sin{esel + (pgl}
From Equation A.61,

Val=Vi=(pi+at)" (A.64)

Squaring Equations A.62 and A.63, adding and using the trigonometric
identity cos Acos B+sin Asin B=cos(A— B), we finally get

Vo =Vt | =l + Iy + s + 1, ) (A.65)

where:

h=giVi+gVi+giVi
h, =288, ViV, cos{ei -0;+0, —(pgz}
hs =—2g1V;Vie1 cos{0; — 0, |

hy=-2818,ViVia COS{Gj =051 + Qg _(Pg1}
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TABLE A.1
Static Compensator

Suitability of Decoupling for Elements of Relevant Jacobian Subblocks in

Typical Elements in Different Jacobian Subblocks

Expression for Typical Jacobian Subblock Element

Jacobian Subblock Exact
62/1:]1 a?;::b :—Va)’sthOSI:Ga—eshb—(Pyshb:I

if STATCOM b is connected to bus a

oP, _

a‘/shb

if STATCOM b is not connected to bus a
61;5% EM;S%Z— sha}’shacos[esha—eb—(l)ysha]

if STATCOM a is connected to bus b

aPSTATu — 0

oV,

if STATCOM a is not connected to bus b
6693, 8893:, :VaVshbJ’sthOSI:ea—eshb—(Pyshb]

if STATCOM b is connected to bus a

0Q _

By

if STATCOM b is not connected to bus a
aal’\s,% %=2Vshﬂshacos¢ﬁha

~V. Yuha €08 Oha =0 —@yu14 |
ifb=a
OPstara
OV
ifb#a

Approximation
oP,
OVins
{for 0,—-04, ~0
V.|~ 1.0}

] _gshb

and

6PSTAT:1 ~_
oV,
{fOI' 931,,, —9;, =0

Vina *1.0}

sha

and

6Qﬂ
aeshb
{for 0,04, ~0,

‘Vd‘ ~1.0, and
Vshb‘ 21-0}

X Zshb

OPsrata _ g
a‘/Shb sha
{for 040 —0. =~ 0,
Vinal = 1.0, and
Vi|~1.0}

Note: STATCOM a is connected to bus c.
STATCOM, static compensator.
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