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ABSTRACT

The material presented in this thesis is a logical extension of and addition to
previous work on network sensitivities as applied to power system analysis and planning.
The continuing tendency of supplementing the existing extra-high voltage a.c. transmission
systems with high-voltage d.c.(HVDC) lines has been taken into consideration, and various
relevant component models have been investigated using a new hybrid network formulation
based on the methodology developed by Bandler and El-Kady. The load buses, frequently
modelled as PQ-buses at which both the real and reactive injected powers are known, and the
generator buses characterized by a constant voltage magnitude and constant real injected
power, have been dealt with by exploiting a special complex conjugate notation. In addition,
the current, voltage and/or power relationships associated with the transmission network
branches have been investigated. A hybrid formulation for generalized power system
component models has been developed. This novel formulation not only encompasses the
work established on the basis of one-port theory, but it is also capable of manipulating
multiport, nonreciprocal, a.c. as well as integrated a.c.-d.c. bulk transmission networks. The
attractive features of adjoint modeling have been retained, and consequently, exact
sensitivity formulas associated with various control variables have been derived, tabulated
and verified. Applications of the novel sensitivity formulation to both, the HVDC link and
phase-shifting transformer modeling, are presented. In the first application, a two-port model
of an HVDC link connecting two a.c. networks has been used. The terminal relations of the
converters have been utilized ingeniously to develop an adjoint converter model. Both firing
angle and commutation reactance have been considered as the control variables of interest,

and their respective sensitivity formulas have been numerically verified on a test power
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system. In the second application, a cascaded phase-shifting transformer model comprising
an ideal transformer in series with a transformer equivalent impedance has been considered.
Exact sensitivity formulas for the control variables representing transformer turns ratio
magnitude, phase angle, equivalent resistance and reactance have been derived elegantly
and compactly.

The theoretical results achieved have been extensively verified using a 2-bus and a
6-bus sample power systems. The functions encountered in steady-state security assessment
have been considered, and investigated in applications to two practical IEEE (30-bus and 118-

bus) test systems.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

Sensitivity considerations enter into power system planning and operation
problems in many distinguished ways. One of the pertinent problems is concerned with area
load forecasts and planned generation additions which usually requires an estimate of
necessary transmission reinforcements so that the area demands can be met economically,
reliably, and in an environmentally acceptable manner. Various automated transmission
tools have been developed and well-established, based on sensitivity evaluation methods as
incorporatedv in the studies requiring subsequent optimization. However, due to the
inherently large size of power transmission networks, some of the attractive features of an
effective sensitivity evaluation method, namely, the simplicity of derivation and formulation,
flexibility in component modeling, and computational efficiency, are always given
fundamental importance.

Some of the techniques addressed in the literature tend to satisfy the requirements
for efficient sensitivity evaluation by approximating the steady-state model of a given power
system. In other methods, an exact a.c. load flow model is exploited utilizing the elements of
the Jacobian matrix available at the power flow solution. The so-called Lagrangian method
has recently been established in the complex mode as well, where the power flow equations
are retained in their original complex form and treated by using a special conjugate notation.
Furthermore, a considerable amount of flexibility in modeling various network components
has also been gained with the implementation of an augmented Tellegen’s theorem developed

by Bandler and El-Kady.



The Tellegen theorem-based method utilizes the advantageous properties of the
well-known adjoint network formulation, leading to fairly simple adjoint models pertaining to
both source as well as transmission branches. The derivation, formulation, and any
subsequent manipulation of the original and adjoint power network equations are largely
simplified owing to the state variable notation commonly used in control theory. The power
flow equations and other equality constraints associated with advanced component models
can readily be dealt with by using a hybrid vector/matrix notation developed in this thesis.
The hybrid treatment not only encompasses the previous work done on the basis of one-port
theory, but it is also capable of handling multiport, nonreciprocal, a.c. as well as a.c.-d.c.

power transmission networks.

1.2 CONTENTS OF THE THESIS

This thesis employs a compact complex notation together with appropriate
techniques to define, extend, establish and provide a qualitative‘comparison of the sensitivity
evaluation methods in the context of long-range planning studies. Chapter 2 contains a brief,
and systematically documented description of the single-phase a.c. modeling pertaining to the
load and generator buses, and transmission branches including control transformers.
Essential information concerning the a.c.-d.c. conversion and inversion is also provided
starting from the basic principles involved therein. Special care is exercised to maintain
conceptual clarity of the diverse material, and adequate references as well as background for
the high-voltage d.c. transmission (HVDC) are included. The simplified models reported in
the literature are emphasized. Additionally, typical installations of the HVDC links together
with phase-shifting transformers are included to make this chapter interesting, self-

contained and more useful.



Chapter 3 basically reviews the existing practices and options available for solving
the ubiquitous power flow problem. It also elaborates on some new terminology to be used in
the subsequent chapters, and provides an overall perspective of the thesis. In addition, the
preliminaries required to help understand the implications of a successful sensitivity
evaluation method are addressed. The problem of optimal power flow, which concurrently
involves an optimization routine to extremize certain performance index for a specified set of
control variables, is also highlighted.

In Chapter 4, the sensitivity evaluation methods commonly used in power system
analysis are presented pragmatically. The powerful features, complemented by intricacies of
the Tellegen theorem-based method are discussed. A generalized adjoint network
formulation is developed by exploiting the complex conjugate notation in conjunction with a
hybrid vectqr/matrix notation. Further, the sensitivity of a general network function of
interest with respect to a generic control variable is compactly derived, and verified with the
help of previously established results for the source branches and the a.c. transmission lines.

Chapter 5 includes a brief description of the other types of transmission branches
frequently encountered in a modern power system. Different types of transformers used for
specific purposes (including the a.c.-d.c. converters) are introduced. Based on the two-port
theory, the terminal behaviour of an elementary HVDC link is modelled as a cascade
connection containing a voltage-controlled voltage source in series with an equivalent
commutation reactance. A phase-shifting transformer model involving an ideal transformer
with a complex turns ratio is investigated. Further, the validity of the sensitivity formulas
derived in Chapter 4 is demonstrated by considering simple test power systems.

The material presented in Chapter 6 deals with the simulation, power flow
solution, and sensitivity evaluation of some approved test systems. Firstly, a 6-bus sample

system containing a phase-shifting transformer with large phase angle is considered. The



unsymmetric nodal admittance matrix associated with this system is conveniently handled,
and the corresponding power flow solution is reported in a systematic manner. The network
sensitivities associated with a customer (load) bus with respect to several different control
variables are calculated, verified, and tabulated. Secondly, the IEEE 30-bus power system is
simulated. The sparsity structure of its nodal admittance matrix is exploited using the
sparsity-oriented software developed in the Simulation Optimization Systems Research
Laborartory at McMaster University. The functions reflecting overload alleviation of the
transmission lines are taken into considerations, and the sensitivities with respect to various
control variables are mentioned. Finally, the network configuration of the IEEE 118-bus
power system is described with the help of its optimally structured one-line diagram. The
sensitivities of the slack bus real power are obtained at the base-case.

The last chapter of the thesis provides an overall conclusion of the research
undergone in the present area of specialization. Both, the contribution and utilization of the
adjoint modeling in electrical power systems studies, are systematically presented and
summarized. The flexibility offered by this modeling technique is enhanced via the hybrid
vector/matrix notation, which encompasses the analysis of multiport, nonreciprocal, a.c. as
well as a.c.—d.c. integrated power networks. The treatment of converters and phase shifting
transformers is emphasized. Some new directions for further research efforts are also

discussed.



CHAPTER 2

COMPUTER MODELING OF POWER SYSTEM COMPONENTS

2.1 Introduction

In parallel with the development of larger and faster computers, significant
progress in modeling the gross behaviour of different power system components has accrued
from the need to have a priori knowledge of the performance of viable control strategies
(Arrillaga et al. 1983; Chen and Dillon 1974; Singh 1983). The mathematical models
pertaining to most of the components have often been simplified, or idealized intentionally, in
order to simplify the power system problems and/or to méke it solvable at all.

Loads are considered as components, even though, their exact composition and
characteristics are not known with complete certainty (Powel 1955; Weedy 1979; Wildi 1981).
For most of the modern generators, the output voltage is controlled by automatic devices so as
to register a constant prearranged value (Elgerd 1982; Wildi 1981). The real generated power
of these generators is continuously monitored by exploiting the variations of system load
frequency. The load centres are connected to the generating stations through transmission
lines. In addition, control transformers are installed in the lines for specific purposes (Grewal
1983; Han 1982; Lyman 1930).

This chapter is solely devoted to the modeling in the context of steady-state power
system analysis using the bus frame of reference. In the cases of three-phase generators,
motors and transformers, phase symmetry is assured by design; whereas for single-phase
loads, the phase symmetry is assumed to be achieved by balanced distribution between the
three phases. Further, the transmission lines are assumed to exhibit phase-symmetric

characteristics, either by placing the identical phase conductors in a symmetric geometrical



configuration, or by transposing the conductors at regular intervals (Elgerd 1982; Stagg and
El-Abiad 1968). Under these assumptions throughout a given power system, the analytical
efforts are substantially reduced. Consequently, the so-called per-phase or single-phase
analysis is used as an appropriate point of departure for the material to follow.

The re-emergence of high-voltage d.c. (HVDC) lines as an adjunct to existing a.c.
lines (Zorpette 1985) is given adequate attention in this chapter. The d.c. transmission, that
is discussed today, is a constant-potential system with high-voltage rectifiers at the sending
end, and inverters at the receiving end (Kimbark 1971).

At the heart of an HVDC converter station are the so-called thyristor valves that
alternately block and conduct the current flow in a particular line (Adamson and Hingorani
1960; Uhlmann 1975). A fairly simple converter model, containing a voltage-controlled
voltage source, is discussed in this chapter. Any new terminology involved in the subsequent

chapters is also defined.

2.2 Basic Single-phase Modeling

Modern electrical power systems are invariably three-phase systems. The design of
various subsystems and the associated networks is such that the normal operation of a power
system is reasonably close to a balanced three-phase (Elgerd 1982). Often a study of the
electrical conditions in one phase is sufficient to furnish a complete analysis. Equal loading
on all the three phases of a network is ensured by allowing as far as possible equal domestic
loads to each phase of the low-voltage distribution feeders. The industrial loads usually take
three-phase supplies; whereas large customers are directly served from the subtransmission

level as shown in Fig. 2.1.
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For economical and technological reasons, most of the power systems are
electrically interconnected into vast power grids which are subdivided into regional operating
groups, called power pools (Happ 1973; Happ and Nour 1975). The operating voltage at the
transmission level is kept extra-high (e.g., 345 kV, 500 kV or 765 kV). The generating
stations as well as the major loading points in a nation-wide system are interconnected at this
transmission level. The electrical energy is conveniently routed in any desired direction on
the various links of the transmission system in a manner that corresponds to best overall
operating economy (Han 1982; Lyman 1930; Lyman and North 1938). Fig. 2.2 illustrates the
usage of phase-shifting transformers to interconnect three Canadian provincial power

systems (Dandeno 1982).
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Fig. 2.2 Aninterconnection of three provincial power systems (Dandeno 1982, p. 256).

The fundamental difference in the purpose of a transmission system as compared
with its subtransmission and distribution systems shows up in the network structure. The
latter two, in general, are of radial structure; whereas the former tends to obtain a loop
structure (Dhar 1982; Elgerd 1982). A radial-type network is an obvious solution in case the
energy flow has a predominant direction. Contrarily, the loop structure evideﬁtly lends
more path combinations, and therefore, better suits the purpose of the transmission level
(Weedy 1979; Wildi 1981).

Among the many alternative possibilities of describing a modern transmission
system to comply with the Kirchhoff’s laws, the two most commonly used methods involve the

mesh and nodal analyses. The latter has been found to be particularly suitable for digital



computer usage, and is almost exclusively used for routine network calculations. The

advantages of the nodal method are summarized as (Arrillaga et al. 1983; Elgerd 1982; Stagg

and El-Abiad 1968):

The numbering of nodes, performed directly from a system diagram, is very simple

and easy.

— Data preparation is conveniently achieved.

— The number of variables and equations is usually less than as with the mesh
methods.

— Network crossover branches present no difficulty.

Parallel branches do not increase the number of equations.
— Node voltages are directly available from the solution, and consequently, branch
currents or powers can be computed in a straightforward manner.

— Off-nominal transformers can readily be represented.

Under perfectly balanced conditions, the power system components are invariably
represented by their single-phase models. The nodal equations of an n-node system are
compactly expressed in the matrix form (El-Kady 1980; Grewal 1983)

In = Y1 Vu, (2.1)
where Y1 represents the nodal admittance matrix, Vi is a vector of complex bus voltages,

and Iy contains the bus injected currents in a corresponding order.

2.2.1 Load Bus Model
Generally, the term load is used to indicate a device or a group of devices that tap
electrical energy from a power network (Powel 1955; Elgerd 1982). In a practical situation,

the load devices may range from a few-watt night lamp to a multi-megawatt induction motor.
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However, a well-developed and properly designed power system is assumed to be capable of
supplying the customer demand at all times.

The three-phase motors exhibit considerable load constancy and very predictable
duty cycle. Nevertheless, the domestic load may consist mostly of single-phase apparatus
operated in quasi-random manner. In such situations the laws of statistics are utilized, and a
certain average pattern is recognizable at the distribution level (Elgerd 1982; Singh 1983).
This averaging effect is still more pronounced at the subtransmission level, and finally an
almost predictable situation is arrived at the transmission level. The major consumption
groups are industrial, residential (domestic), and commercial. They are routinely represented

as a composite load on a particular substation. A typical composition of such a load is as

follows (Weedy 1979):
Induction motors 50-70%,
Lighting and heating 20-25%,
Synchronous motors 10%,
(Transmission losses 10-12%).

Most of the industrialized countries have the induction motors as a significant load.
Consequently, it is customary to model an ¢th load bus as a nonvoltage controlled bus for the
power flow studies (Stagg and El-Abiad 1968). Both the real power Py and reactive power Q,
are known at this bus. These quantities are assumed to be unaffected by small variations in
the system bus voltages, and in practice, are estimated with the help of megawatt- and
megavar-meters installed at the relevant substation.

Using the per-unit system (Appendix A), the complex power S at the fth load
bus is expressed as

A ‘0 = * 2.2)
S, = P,+iQ,=V,1, ¢
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where V¢ and I; are the unknown voltage and unknown injected current, respectively. The

symbol * stands for the complex conjugation (Ahlfors 1966).

2.2.2 Generator Bus Model

The three-phase synchronous generators are largely used to produce the electrical
power in bulk (Elgerd 1982; Weedy 1979), and therefore, dominate the operating features of a
power system. Based on the magnitude and direction of the real and reactive powers
pertaining to the synchronous machines, there are six important practical operating
combinations. As a generator, driven by a prime mover, the machine is usually operated
either as a producer or consumer of the reactive power. Two similar cases exist when the
machine is being used as a motor, delivering torque to a mechanical load. When operated
with zero real power and overexcited, the machine is referred to as a synchronous capacitor
(or condenser). Its sole purpose in this mode of operation is to generate the reactive power. If
underexcited, the machine consumes reactive power, and the rpode is used especially when
there is a need in a network to dispose of the surplus reactive power. For example, during
night hours the real load is light, but the high-voltage lines still must be energized.

The basic role of the synchronous generators, however, is to produce megawatts at
a fairly constant voltage. There are continuous closed-loop control actions provided by
automatic voltage regulator (AVR) and automatic load frequency control (ALFC), rendering
a simple model for the generator buses. The AVR loop associated with a gth generator bus
controls the magnitude of voltage, |[Vg|. The voltage magnitude is continuously sensed,
rectified, smoothed and compared with a d.c. reference. Any resulting error voltage, after
amplification and signal shaping, is used as the input to the exciter which finally delivers the
voltage to the generator field windings. Furthermore, the ALFC loop regulates the megawatt

output Pg, and frequency (speed) of the generators by two distinct closed circuits (Elgerd
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1982). The primary loop indirectly performs a coarse speed or frequency control, and a slower
secondary loop maintains a fine adjustment of the system frequency.
The governing equation corresponding to a generator bus, thence, is
§g 4 P_+ilV)

= 0.5V, I+ Vi) +j(V V)2, (2.3)
where S represents a quasi-complex power at the gth bus. This power is specified prior to the
power flow solution (El-Kady 1980; Grewal 1983). The generator buses are also called the
voltage-controlled buses, or the PV-buses. In a typical power system, the load buses always
dominate. Normally 80 to 90 percent of all buses fall in this category (Talukdar and Wu
1981). The rest are voltage-controlled buses plus one reference (slack) bus, which is given

other names as floating or swing bus.

2.2.3 Slack Bus Model

As the transmission losses in a given power network are not known precisely in
advance until the calculation of the currents actually flowing in the transmission lines (Dhar
1982; Elgerd 1982; Gross 1979), it is customary to relax the power constraints at one of the
generator buses. The so-called slack bus has its voltage phase angle 8, specified instead of the
real power P,. The phase angle 8, is usually taken as zero, thereby, in effect designating the
slack bus voltage V, as the reference phasor. The slack bus voltage V,, associated with the n-
node power system is

VAV +jv =|V |5, (2.4)

where, the slack bus is always set as the last numbered bus of a given network (Bandler and
El-Kady 1982b; E1-Kady 1980; Grewal 1983).

The three types of the power system components discussed so far are, basically, one-

port elements. These components are referred to as the source branches in this text and in the
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previous related work (Bandler and El-Kady 1982b; El-Kady 1980; Grewal 1983). The
various quantities associated with these branches are routinely grouped into two categories;
viz., independent and dependent variables. These branch variables are given the names
control and state variables, respectively, in the control theory. The variables which are
physically used to control certain performance indices of a system fall in the former category.
Table 2.1 provides a summary of the state and control variables pertaining to the power

network source branches.

TABLE 2.1

BUS CLASSIFICATION ON THE BASIS OF SPECIFICATION

Bus Symbol A priori known variables Unknowns obtained from the
Type (u) power flow solution (x)

P; Q Vil & P; Q Vi &
Load bus 0 0 o 0
= L
Generator bus o 0 ) 0
o O‘l
Slack bus ._I o 0 ) o
i=n




14

2.2.4 Transmission Line Model

The bulk power transmission is accomplished by high-voltage transmission lines
falling in any one of the categories: aerial lines, underground cables and compressed-gas
insulated lines. Because, the vast majority of the existing power lines are of three-phase
aerial design with bare conductors and the surrounding air serving as the insulating medium,
the dominance of aerial lines has received main attention as per line modeling is concerned.

The electrical performance characteristics of a transmission line are expressed in
terms of its parameters, namely, line inductance, shunt capacitance, line resistance and
shunt conductance. The line inductance is by far the most important line parameter from a
power system engineer’s viewpoint (Dhar 1982; Elgerd 1982; Gross 1979). For normal design
purposes, the corresponding inductive reactance is the dominating impedance element owing
to its effect upon transmission capacity and voltage drop. The resistance of a transmission
line is relatively unimportant because it does not affect the transmission capacity;
nevertheless, it cannot be ignored when considering the real transmission losses of a given
system. Both, the line resistance and line inductance, constitute the element that contributes
as the series impedance of a transmission line.

The capacitance and conductance form the shunt (or parallel) admittance of the
line. The series elements, with dominating inductance, set a limit to the current that can flow
through the line, and therefore, physically determine the corresponding power
transmittability. Whereas the shunt elements, with capacitance dominating, represent a
source of the reactive power. The generated megavars are proportional to the square of the
line voltage. The importance of the shunt elements increases with the magnitude of the
operating voltage (Dhar 1982; Wildi 1981). In a high-voltage cable, for example, the close
proximity of the conductors results in a very large shunt capacitance. The shunt conductance,

on the other hand, accounts for the resistive leakage current between the phases and ground.
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This current mainly flows along the insulator strings for the aerial lines. It strongly depends
on the vagaries of weather, atmospheric humidity, pollution, as well as salt content (Elgerd
1982). |

The manner, in which the transmission lines are to be represented, depends
considerably on their physical length and the accuracy required in a particular analysis. The
three broad classes are — short, medium and long lines. The actual line is a distributed-
parameter circuit (Stagg and El-Abiad 1968; Weedy 1979; Wildi 1981); that is, it is
characterized by resistance, inductance, capacitance and leakage resistance, distributed uni-
formly along its entire length. Except for electrically long lines (lines roughly above 240 km),
the total resistance, inductance, shunt capacitance and conductance of the line are
concentrated to give a lumped-parameter circuit. The equivalent m and T networks are quite
common representations for the lines. However, the n-model is more popular in the power
flow studies (Arrillaga et al. 1983; Dhar 1982; Wildi 1981).

The short-circuit admittance matrix for the m-equivalent of a t-th element,
connecting buses p and q, is given by

y , (2.5)

J'qp yqq

where the y-parameters of (2.5) represent the short-circuit admittance parameters of the line

under considerations (Stagg and El-Abiad 1968; Grewal 1983).

The transmission lines are reciprocal, bilateral power network elements, and their
main role is to transport electrical power from one end to the other. For acquiring a
manipulative action over the power flow in the lines, control transformers (Gross 1979, Wildi

1981) are installed as discussed in the following section.
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2.2.5 Control Transformer Model

In the operation of a power system involving various kinds of electrical networks, a
fundamental necessity is that each transforming as well as transmitting unit must handle a
reasonable share of the total customer demand (load). The problem of load division has not, in
general, been troublesome for a single system that has been developed and expanded in a
coordinated manner. The problem has been solved successfully by judicious selection of
parallel circuits, use of reactors and/or proper system set-up. Further, with the advent of
inter-company connections, systems of diverse characteristics have been brought together to
help operate the overall system in unison and equilibrium (Happ 1973; Happ and Nour 1975).

The inter-company contracts are guided by load exchanges which have to be
regulated within rather definite limits. In some cases, conditions have arisen where
maintenance of adequate load division has been very difficult, if not impossible. A practical
method of dealing with this problem has been facilitated by the concept of voltage-phase
relations (Lyman 1930; Lyman and North 1938; Gross 1979). A quadrature voltage at any
place within the loop is introduced to cancel the inherent displacement produced by a
particular circuit loading (Dandeno 1982). The device employed to provide the required
angular displacements is called phase-shifting transformer.

A phase-shifting transformer consists of a delta-connected primary with two
secondary configurations (Grewal 1983; Han 1982), ganged together in such a manner to lend
independent control over the magnitude as well as phase of the transformer turns ratio. As
the effective turns ratio is considered to be a complex quantity, the component is also referred
to as a nonreciprocal power network element (Bandler, El-Kady and Grewal 1985a, and
1985b).

The transformer control actions may be manual or automatic, complete with output

sensors and feedback methods. The transformers are employed to delay the future
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transmission reinforcements in the expansion plans of existing power systems (Ershovich et
al. 1982; Han 1982).

The transformer model, shown in Fig. 2.3, comprises an ideal transformer, having a
complex turns ratio a; = |ay| £ ¢y, in series with an equivalent impedance Z;. The short-circuit
admittance matrix, pertaining to this model (Dhar 1982; Grewal 1983; Han 1982; Stagg and

El-Abiad 1968), is written in a convenient form

] % -

The off-diagonal elements of the y-matrix of (2.6) are unequal for ¢y = 0. The transformers

nil

_ 1
Yy Z

with real turns ratio (i.e., ay = a*y) are called tap-changing-under-load transformers (Elgerd
1982; Grewal 1983; Weedy 1979). As far as their modeling is concerned, the cascaded model

shown in Fig. 2.3 is equally valid.

P " A e

Fig. 2.3 A phase-shifting transformer model (Bandler, El-Kady and Grewal 1985b, p. 1293).
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An alternative way of expressing the transformer primary/secondary relations is to
consider the ideal transformer of Fig. 2.3 as a separate branch (Bandler, El-Kady and Grewal
1985b). It is useful to designate the primary current and secondary voltage conjugate as the

transformer state variables of interest. The corresponding relations are compactly written as

*

=V [0 1] L
= ~a . 2.7

It t 1 0 V-l-

S s
The reason for involving the complex conjugation as well as hybrid variables is clarified later

in Chapter 4.

The control transformers discussed in this section are used to interconnect two a.c.
networks having the same frequency. However, in some cases it is required to tie systems
with different frequencies (Ellert and Hingorani 1976). The HVDC links are used instead,

and are discussed in the following section.

- 2.3 Modeling of Static AC-DC Converters

The concept of direct current transmission has been around for a long time
(Adamson and Hingorani 1960; Powel 1955; Uhlmann 1975). Being inherently stable, the d.c.
transmission requires smaller conductors, less insulation, and narrower rights-of-way at any
power level. The high-voltage d.c. (HVDC) transmission is a proven alternative under condi-
tions, where long distances from the generation to load center exist, where asynchronous ties
are mandatory; or where underground/underwater cables of considerable length are
necessary.

The essential parts of an HVDC system are a d.c. transmission line, a rectifier to
convert a.c. to d.c., and an inverter to reconvert d.c. to a.c. (Ellert and Hingorani 1976;
Kimbark 1971; Uhlmann 1975). Although, this type of the power device is basically a switch,

it is only explicitly represented as such in dynamic studies. The periodicity of the switching
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sequences can be used in the steady-state studies to model the real as well as the reactive
power loading conditions of the a.c.-d.c. converters at the relevant buses. The so-called quasi-
steady state modeling is discussed here, with reference to the most commonly used

configuration. The rectifier operation is discussed first.

23.1 Rectification
A three-phase bridge rectifier (Kimbark 1971) is shown in Fig. 2.4. For brevity
purposes, a simple diode rectifier with various waveforms at the specific points is considered.
Let the time frame of reference be the instant at which the phase-to-neutral voltage

in phase b is maximum. Then the commutating voltage of valve 3 is expressed as

e, — € =vV2aV sin(wt+2>, (2.8)
a pp . 3
L
- 4 ¥6 Y2
o P d.c.
3-phase \ output
a.c.
supply e, ® Vg
O—
1 3 5
+
- —0
lq

Fig. 2.4 Basic three-phase rectifier bridge.
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where ap is the converter transformer ratio. The shaded area in Fig. 2.5(b) indicates the
potential difference between the common cathode cc, and common anode ca bridge poles for

the case of uncontrolled rectification. The maximum average rectified voltage is given by

2 v 2.9)
p

(T _
vV = J V2aV s'm(mt+2>d(mt)= 3V .
p p 3 p

o~ w3 |,

The uncontrolled rectification, however, is rarely used in large power conversions (Kimbark
1971; Uhlmann 1975). The controlled rectification is achieved by phase-shifting the valve
conducting periods w.r.t. their corresponding phase voltage waveforms.

With precalculated delay angle control, the average rectified voltage is

1 n/3+a _ -
V,=— f V2aV sin(wt+—>d(wt)=V cosa . (2.10)
/3 pp 3 0

a

(a)

(b)

(¢) % ﬁapvp
} / % \

Fig. 2.5 Diode rectifier waveforms.
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In practice, the voltage waveform is of a sinusoidal shape. However, some area is lost due to
the inherent reactance of the system as observed from the converter. This reactance is called

commutation reactance, and is denoted by X.. The final a.c.-d.c. relationship is given by

3 4
Vy=V, cosa-—-X1I,. (2.11)
0 g cd
Using the nomenclature consistent with the input/output quantities of a
conventional two-port connecting nodes p and q, the rectifier equations associated with Fig.

2.6 are expressed in a matrix form as

-Vol_ [Gx. wsa] [T (2.12)
It 1 o d LYY
Xo=T X
N Ig=|! e TR
p d=| pI q
— -
+ +
v, @) | C_D Vg=|Vp|cosa Vq

SIS

Fig. 2.6 A two-port rectifier model.



22

2.3.2 Inversion
Owing to the unidirectional nature of the current flow through the converter
valves, the power reversal requires direct voltage polarity reversal (Ellert and Hingorani
1976; Kimbark 1971; Uhlmann 1975). This is achieved by incorporating the delay angle
control. The inverter voltage, although of opposite polarity with respect to the rectifier, is
usually positive when considered alone. Typically, the inverter operation requires the
existence of the following three conditions (Adamson and Hingorani 1960):
@ An active a.c. system to provide the commutating voltages.
>i1) A d.c. power supply of opposite polarity to provide continuity for the
unidirectional current flow, that is, from anode to cathode through the
switching devices.
(ii1) Fully controlled rectification to provide firing delays beyond 90°.
When these conditions are satisfied, the inverter equations are conveniently

written in a form similar to the rectifier equations (2.12).

2.3.3 High Voltage DC Transmission
The advantages of transmitting electrical power by d.c. rather than by a.c. can be
summarized as (Kimbark 1971; Weedy 1979; Wildi 1981):

— The d.c. power can be controlled much more quickly. Prompt power control
facilitated by the d.c. lines also means that d.c. short-circuit currents can be limited
to much smaller values than those encountered in the a.c. networks.

— The d.c. power can be transmitted in cables over great distances, and under large
bodies of water where the use of a.c. cables is forbidden. Furthermore, under-

ground d.c. cables may be used to deliver power into large urban centers.
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\ — The d.c. intertie provides a big advantage of linking two a.c. systems having
different frequencies.

— Overhead d.c. transmission lines have proved to be economically competitive with

their counter parts. This is one of the reasons for the d.c. transmission being used

to carry the electrical power directly from a mine-mouth, nuclear, or waterfall

generating station to the distant load centers.

2.3.4 Typical Installations
The HVDC transmission is no more a new subject. Its versatility has been
adequately realized (Zorpette 1985). Following are some of the important HVDC
installations:
Schenectady Projeqt. This installation is of historic importance (1936). It isa 17-
mile line connecting Mechanicville and Schenectady, New York. The operating
voltage of this line is 30 kV. It transports 5.25 MW, and ties together a 40 Hz and
60 Hz systems.
Gotland Installation. This is the first commercial d.c. transmission line, installed
in Sweden (1954). It is a 96-kilometer, 30 MW line under the Baltic Sea between
the Island of Gotland and the Swedish mailand. The single-conductor cable
operates at 100 kV, and transmits 100 GW-hours of energy to the island each year.
English Channel Project. This is a bipolar submarine link laid in the English
Channel betvs}een England and France. Two cables, one operating at +100 kV and
the other at —100 kV, laid side by side, together carry 160 MW of power in one
direction or the other.

Vancouver Island Project. The Vancouver Island-Mainland HVDC link connects

the island to the province of British Columbia via a 32 km submarine cable and a
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41 km overhead line. The first pole carries 312 MW at 260 kV. An additional pole
with thyristor valves started commissioning in 1979. Its transmitting capability is
470 MW.

NW-SW Pacific Intertie. A bipolar link, shown in Fig. 2.7 (Ellert and Hingorani

1976), was installed in 1970 between Dalles, Oregon, and Los Angles, California. A
total of 1440 MW is transmitted over a distance of 1370 km. The d.c. link helps
stabilize the three-phase a.c. transmission system connecting the Northwest and
Southwest regions.

Nelson River Installation. The hydropower generated by the Nelson River,

situated 890 km north of Winnipeg, Canada, is being transmitted by means of two
bipolar lines operating at +450 kV. Each bipolar line carries 1620 MW, which is
converted and fed into the a.c. system near Winnipeg. According to the studies
undertaken, it was slightly more economical to transmit power by d.c. rather by a.c.
over this considerable distance.

Eel River Project. The converter station at the Eel River, Canada (1972), provides
an asynchronous intertie between the 230 kV electrical systems of Quebec and
New Brunswick. Although both systems operate at a nominal frequency of 60 Hz,
it was not feasible to interconnect them directly owing to the stability
considerations. In this case, the d.c. line is merely a few metres long, representing
the length of the conductors needed to connect the converter components. Power
may flow in either direction, up to a maximum of 320 MW.

CU Project. The power output of a generating station situated next to the lignite
coal mines near Underwood, North Dakota, is converted to d.c. and transmitted 436
miles eastwards to a terminal near Minneapolis, Minnesota, where it is recon-

verted to a.c. The bipolar line transmits 1 GW at + 400 kV.
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< EPRI Compact Substation. This project aims at compacting HVDC converter

stations so that they may be installed in thickly populated metropolitan areas
where land costs are very high. All components are gas-insulated, and the
thyristors are cooled with liquid freon. This Electric Power Research Institute
development project is located in Queen’s, New York. It provides a bipolar link
with a capacity of 100 MW at +50 kV, and interconnects two large Consolidated

Edison substations about 700 m apart.

24 Summary

This chapter has dealt with the mathematical models pertaining to major
components of a modern power system in order to serve as a sound point of departure for the
following text.

The important and useful assumptions involved in the single-phase modeling have
been briefly discussed. The nodal method of analysis has been emphasized, owing to its
inherent advantages and suitability for the computer usage. A representation of the
composite load has been considered. Both the real and reactive powers at the load buses of a
given power system have been assumed to be specified. The generator buses, incorporated
with sophisticated closed-loop control accessories, have been modelled as the voltage-
controlled buses. Additionally, the concept of the slack bus has been discussed.

Further, the electrical properties of extra high-voltage (EHV) a.c. transmission
lines have been adequately represented with the help of their equivalent n model. A two-port
cascade transformer model has been investigated using the short-circuit admittance matrix

as well as a hybrid description.
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The essential features of high-voltage d.c. (HVDC) transmission have been high-
lighted. A fairly simple converter model has been illustrated, and some typical examples of

the HVDC installations are appended.
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CHAPTER 3

POWER FLOW AND RELATED TOPICS - A REVIEW

3.1 Introduction

The electrical power transmission systems, under normal conditions, operate in
their steady-state mode. The basic calculation required to determine the characteristics of
this state is termed power flow or load flow. The main objective of power flow calculations is
to evaluate the complex bus voltages for a given set of customer demand. Active (real) power
generation is normally specified in accordance with economic-dispatch (Carpentier 1979;
Dommel and Tinney 1968; El-Hawary and Christensen 1979). The voltage magnitude at all
the generator buses is maintained at a specified level by automatic control devices, mentioned
in Section 2.2.2.

The pow<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>