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We are all ignorant, just
about different things.
—Mark Twain

There is so much good in the worst of us,
And so much bad in the best of us,
That it little behooves any of us,

To talk about the rest of us.

—Edward Wallis Hoch

For everything you have missed,
You have gained something else;
And for everything you gain,
You lose something else.
—R. W. Emerson
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Preface

The structure of an electric power system is very large and complex. Nevertheless, its main com-
ponents (or subsystems) can be identified as the generation system, transmission system, and dis-
tribution system. These three systems are the basis of the electric power industry. Today, there are
various textbooks dealing with a broad range of topics in the power system area of electrical engi-
neering. Some of them are considered to be classics. However, they do not particularly concentrate
on topics dealing specifically with electric power transmission. Therefore, this text is unique in that
it is specifically written for in-depth study of modern power transmission engineering.

This book has evolved from the content of courses given by the author at the California State
University, Sacramento; the University of Missouri at Columbia; the University of Oklahoma; and
Florida International University. It has been written for senior-level undergraduate and beginning-
level graduate students, as well as practicing engineers in the electric power utility industry. It can
serve as a text for a two-semester course or, by judicious selection, the material in the text can also
be condensed to suit a one-semester course.

This book has been written especially for students or practicing engineers who want to teach
themselves. Basic material has been explained carefully, clearly, and in detail with numerous exam-
ples. Each new term is clearly defined when it is introduced. Special features of the book include
ample numerical examples and problems designed to apply the information presented in each chap-
ter. A special effort has been made to familiarize the reader with the vocabulary and symbols used
by the industry. The addition of the numerous impedance tables for overhead lines, transformers,
and underground cables makes the text self-contained.

The text is divided into two parts: electrical design and analysis and mechanical design and
analysis. The electrical design and analysis portion of the book includes topics such as transmission
system planning; basic concepts; transmission line parameters and the steady-state performance of
transmission lines; disturbance of the normal operating conditions and other problems: symmetrical
components and sequence impedances; in-depth analysis of balanced and unbalanced faults; exten-
sive review of transmission system protection; detailed study of transient overvoltages and insula-
tion coordination; underground cables; and limiting factors for extra-high and ultrahigh-voltage
transmission in terms of corona, radio noise, and audible noise. The mechanical design and analysis
portion of the book includes topics such as construction of overhead lines, the factors affecting
transmission line route selection, right-of-way; insulator types, conductor vibration, sag and tension
analysis, profile and plan of right-of-way, and templates for locating structures. Also included is a
review of the methods for allocating transmission line fixed charges among joint users.

Turan Gonen
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’I Transmission System Planning

1.1 INTRODUCTION

An electrical power system consists of a generation system, a transmission system, a subtransmis-
sion system, and a distribution system. In general, the generation and transmission systems are
referred to as bulk power supply, and the subtransmission and distribution systems are considered
the final means to transfer the electric power to the ultimate customer.

In the United States, the ac transmission system was developed from a necessity to transfer large
blocks of energy from remote generation facilities to load centers. As the system developed, transmis-
sion additions were made to improve reliability, to achieve economic generation utilization through
interconnections, and to strengthen the transmission backbone with higher voltage overlays. Bulk
power transmission is made of a high-voltage network, generally 138-765 kV alternating current,
designed to interconnect power plants and electrical utility systems and to transmit power from the
plants to major load centers.

Table 1.1 gives the standard transmission voltages up to 700 kV, as dictated by ANSI Standard
C-84 of the American National Standards Institute. In the United States and Canada, 138, 230, 345,
500, and 765 kV are the most common transmission grid voltages. In Europe, voltages of 130, 275,
and 400 kV are commonly used for the bulk power grid infrastructures.

The subtransmission refers to a lower voltage network, normally 34.5-115 KV, interconnecting bulk
power and distribution substations. The voltages that are in the range of 345-765 kV are classified as
extra-high voltages (EHVs). The EHV systems dictate a very thorough system design. While, on the
contrary, the high-voltage transmission systems up to 230 kV can be built in relatively simple and well-
standardized designs, the voltages above 765 kV are considered as ultrahigh voltages (UHVs). Currently,
the UHV systems, at 1000-, 1100-, 1500-, and 2250-kV voltage levels, are in the R&D stages.

Figures 1.1 and 1.2 show three-phase double-circuit transmission lines made of steel towers.
Figure 1.3 shows the trends in technology and cost of electrical energy (based on 1968 constant
dollars). Historically, the decreasing cost of electrical energy has been due to the technological
advances reflected in terms of economies of scale and operating efficiencies.

1.2 AGING TRANSMISSION SYSTEM

In the United States, the transmission network was built primarily in the 1950s to reliably serve
local demands for power and interconnect neighboring utilities. By and large, it has done so without
any significant problems. However, for the past 20 years, the growth of electricity demand has far
outpaced the growth in transmission capacity. With limited new transmission capacity available,
there has been a vast increase in the loading of existing transmission lines. Since 1980, for example,
the country’s electricity use has increased by 75%. Based on recent predictions, the demand will
grow by another 30% within the next 10 years.

Nowadays, the transmission grid is also carrying a growing number of wholesale electricity
transactions. Just in the last five years, the amount of these deals has grown by 300%. At times, this
has left the transmission grid facing more requests for transmission than it can handle. This means
that generation from distant sources, which can often be more economical, cannot get through.

According to Fama [36], after recognizing the growing demand being placed on the trans-
mission grid, the utility industry is now beginning to spend more money on new transmission
lines and/or upgrading existing transmission lines. As indicated in Table 1.2, the integrated and
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TABLE 1.1
Standard System Voltages

Rating Nominal (kV) Maximum (kV)

345 36.5
46 48.3
69 72.5
115 121
138 145
161 169
230 242
345 362
500 550
700 765

FIGURE 1.1 A three-phase double-circuit transmission line made of steel towers.

stand-alone transmission companies are investing heavily to expand transmission capacity. From
1999 to 2003, for example, privately owned utilities increased their annual transmission investment
by 12% annually, for a total of US$17 billion. Looking ahead through year 2008, preliminary data
indicate that utilities have invested, or are planning to invest, US$28 billion more. This is a 60%
increase over the previous five years.

However, even with this new spending, the continually increasing demand for electricity, together
with the expanding number of wholesale market transactions, means that more investment will be
necessary. Figure 1.4 shows a transmission line that is being upgraded.

1.3 BENEFITS OF TRANSMISSION

The primary function of transmission is to transmit bulk power from sources of desirable genera-
tion to bulk power delivery points. Benefits have traditionally included lower electrical energy costs,
access to renewable energy such as wind and hydro, locating power plants away from large popula-
tion centers, and access to alternative generation sources when primary sources are not available.
In the past, transmission planning and its construction has been carried out by individual utili-
ties with a focus on local benefits. However, proponents of nationwide transmission policies now
consider the transmission system as an “enabler” of energy policy objectives, even at national level.
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FIGURE 1.2 A three-phase double-circuit transmission line made of steel towers.

According to Morrow and Brown [35], this view is reasonable since a well-planned transmission
grid has the potential to provide for the following:

1. Hedge against generation outages. The transmission system should typically permit access
to alternative economic energy sources to replace lost sources.

2. Efficient bulk power markets. Bulk power needs should be met by the lowest cost gen-
eration, instead of by higher-cost electricity purchases to prevent violation of transmission
loading constraints. (The difference between the actual price of electricity at the point of
usage and the lowest price on the grid is called the “congestion cost.”)

3. Operational flexibility. The transmission system should permit for the economic schedul-
ing of maintenance outages and for the economic reconfiguration of the grid when unfore-
seen incidence take place.

4. Hedge against fuel price changes. The transmission system should permit purchases to
economically access generation from diversified fuel resources as a hedge against fuel
disruptions due to various causes.

5. Low-cost access to renewable energy. The transmission system should usually permit
developers to build renewable energy sources without the need for expensive transmission
upgrades.

The aforementioned benefits are not fully achieved on a regional or national level, since planning
has traditionally been focused on providing these benefits at the local level [35].
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FIGURE 1.3 Historical trends in technology and cost of electrical energy until year 1980. (From Electric
Power Research Institute, Transmission line reference book: 345 kV and above, EPRI, Palo Alto, CA, 1979.
With permission.)

TABLE 1.2

Actual and Planned Transmission Investment by
Privately Owned Integrated and Stand-Alone
Transmission Companies

Actual Transmission Planned Transmission

Year Investment (in Million US$) Investment (in Million US$)
1999 2585 -

2000 3614 -

2001 3704 -

2002 3785 -

2003 4107 -

2004 - 4567

2005 - 5678
2006 - 6041

2007 - 6141

2008 - 6111

1.4 POWER POOLS

Interchange of power between neighboring utilities using interconnecting transmission lines was
economically advantageous in the past. But, when a system is interconnected with many neigh-
bors, the process of setting up one transaction at a time with each neighbor could have become
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FIGURE 1.4 A transmission line that is being upgraded.

TABLE 1.3
1980 Regional Transmission Lines in Miles

Voltage (kV)

HVAC HVDC
Region 230 345 500 765 250 400/450 800
ECAR 934 9.850 796 1.387 0 0 0
ERCOT 0 4.110 0 0 0 0 0
MAAC 4.400 160 1.263 0 0 0 0
MAIN 258 4.852 0 90 0 0 0
MARCA (US) 6.477 3.504 138 0 465 436 0
NPCC (US) 1.557 3.614 5 251 0 0 0
SERC 16.434 2 4.363 0 0 0 0
SPP 3.057 2.843 1.432 0 0 0 0
WSCC (US) 27.892 5.923 7.551 0 0 0 844
NERC (US) 61.009 34.858 15.548 1.728 465 436 844

Source: From National Electric Reliability Council. Tenth annual review of overall reliability and adequacy of the
North American bulk power systems. NERC, Princeton, NJ, 1980.

very time consuming and would rarely have resulted in the best economic interchange. In order
to solve this problem, several utilities may have formed a power pool that incorporated a central
dispatch office.

Hence, the power pool was administered from a central location that had responsibility for set-
ting up interchange between members, as well as other administrative tasks. For example, if one
member’s transmission system was heavily loaded with power flows that mainly benefited that
member’s neighbors, then that system was entitled to a reimbursement for the use of the transmis-
sion lines.

In the United States, there are also regional reliability councils (RRCs) that coordinate the reli-
ability aspects of the transmission operations. Table 1.3 gives the lengths of the high voltage ac and
dc transmission lines installed in the service areas of the RRCs up to 1980.
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1.5 TRANSMISSION PLANNING

Transmission planning is closely related to generation planning. The objectives of transmission plan-
ning is to develop year-to-year plans for the transmission system based on existing systems, future
load and generation scenarios, right-of-way constraints, cost of construction, the line capabilities, and
reliability criteria.

In general, transmission lines have two primary objectives: (1) to transmit electrical energy* from
the generators to the load centers within a single utility, and (2) to provide paths for electrical energy
to flow between utilities. These latter lines are called “tie lines” and enable the utility companies
to operate as a team to gain benefits that would otherwise not be obtainable. Interconnections, or
the installation of transmission circuits across utility boundaries, influence both the generation and
transmission planning of each utility involved.

When power systems are electrically connected by transmission lines, they must operate at
the same frequency, that is, the same number of cycles per second, and the pulse of the alternat-
ing current must be coordinated. As a corollary, generator speeds, which determine frequency,
must also be coordinated. The various generators are said to be “stable.”

A sharp or sudden change in loading at a generator will affect the frequency, but if the generator
is strongly interconnected with other generators, they will normally help to absorb the effect on the
changed loading so that the change infrequency will be negligible and system stability unaffected.
Hence, the installation of an interconnection affects generation planning substantially in terms of
the amount of generation capacity required, the reserve generation capacity, and the type of genera-
tion capacity required for operation.

Also, interconnections may affect the generation planning through the installation of apparatus
owned jointly by neighboring utilities and the planning of generating units with greater capacity
than would be otherwise feasible for a single utility without interconnections. Furthermore, inter-
connection planning affects transmission planning by required bulk power deliveries away from or
to interconnection substations, that is, bulk power substations, and often the addition of circuits on
a given utility’s own network [40].

Subtransmission planning includes planning activities for the major supply of bulk stations, sub-
transmission lines from the stations to distribution substations and the high-voltage portion of the
distribution substations.

Furthermore, distribution planning must not only take into consideration substation siting, siz-
ing, number of feeders to be served, voltage levels, and type and size of the service area, but also the
coordination of overall subtransmission, and even transmission planning efforts, in order to ensure
the most reliable and cost-effective system design [39].

1.6 TRADITIONAL TRANSMISSION SYSTEM PLANNING TECHNIQUES

The purpose of transmission system planning is to determine the timing and type of new transmis-
sion facilities required in order to provide adequate transmission network capability to cope with the
future generating capacity additions and load-flow requirements.

Figure 1.5 shows a functional block diagram of a typical transmission system planning pro-
cess. This process may be repeated, with diminishing detail, for each year of a long-range (15-20
years) planning horizon. The key objective is to minimize the long-range capital and operating costs
involved in providing an adequate level of system reliability, with due consideration of environmen-
tal and other relevant issues.

Transmission planning may include not only existing but also new service areas. The starting
point of the planning procedure is to develop load forecasts in terms of annual peak demand for

* The term energy is increasingly used in the electric power industry to replace the conventional term power. Here, both
terms are used interchangeably.
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FIGURE 1.5 Block diagram of typical transmission system planning process.

the entire system, as well as for each region and each major present and future substation, and then
finding specific alternatives that satisfy the new load conditions. The system performance is tested
under steady-state and contingency conditions.

The logic diagram for transmission expansion study is shown in Figure 1.6. The main objective
is to identify the potential problems, in terms of unacceptable voltage conditions, overloading of
facilities, decreasing reliability, or any failure of the transmission system to meet performance cri-
teria. After this analysis stage, the planner develops alternative plans or scenarios that will not only
prevent the foreseen problems, but will also best meet the long-term objectives of system reliability
and economy. The effectiveness of the alternative plans is determined by load-flow or power-flow
studies under both normal and emergency operations.

The load-flow programs now in use by the utilities allow the calculation of currents, voltages, and
real and reactive power flows, taking into account the voltage-regulating capability of generators,
transformers, synchronous condensers, specified generation schedules, as well as net interchange
among interconnected systems, automatically. By changing the location, size, and number of trans-
mission lines, the planner achieves in designing an economical system that meets the operating and
design criteria.
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FIGURE 1.6 Logic diagram for transmission expansion study.

After determining the best system configuration from load-flow studies, the planner studies
the system behavior under fault conditions. The main objectives of short-circuit studies can be
expressed as: (1) to determine the current-interrupting capacity of the circuit breaker so that the
faulted equipment can be disconnected successfully, thereby clearing the fault from the system, and
(2) to establish the relay requirements and settings to detect the fault and cause the circuit breaker to
operate when the current flowing through it exceeds the maximum allowable current.

The short-circuit studies can also be used to: (1) calculate voltages during faulted conditions that
affect insulation coordination and lightning arrester applications, (2) design the grounding systems,
and (3) determine the electromechanical forces affecting the facilities of the system.

Finally, the planner performs stability studies in order to ensure that the system will remain
stable following a severe fault or disturbance. Here, the stability analysis is defined as the transient
behavior of the power system following a disturbance. It can be classified as transient stability
analysis. The fransient stability is defined as the ability of the system to maintain synchronous
operation following a disturbance, usually a fault condition.

Unless the fault condition is rapidly cleared by circuit breakers, the generators, which are con-
nected to each other through a transmission network, will get out step with respect to one another,
that is, they will not run in synchronism.

This situation, in turn, will cause large currents to flow through the network, transferring power
from one generator to another in an oscillating way and causing the power system to become unsta-
ble. Consequently, the protective relays will detect these excessive amounts of currents and activate
circuit breakers all over the network to open, causing a complete loss of power supply.
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Usually, the first swing of rotor angles is considered to be an adequate indicator of whether or
not the power system remains stable. Therefore, the simulation of the first few seconds following a
disturbance is sufficient for transient stability. Whereas steady-state stability analysis is defined as
long-term fluctuations in system frequency and power transfers resulting in total blackouts, in this
case, the system is simulated from a few seconds to several minutes.

There are various computer programs available for the planner to study the transient and steady-
state stabilities of the system. In general, a transient stability program employs the data, in terms of
initial voltages and power flows, provided by a load-flow program as the input and transforms the
system to that needed for the transient stability analysis.

Usually, the critical switching time, that is, the time during which a faulted system component
must be tripped to ensure stability, is used as an indicator of stability margin. The critical switching
times are calculated for various fault types and locations. The resultant minimum required clearing
time is compared to actual relay and circuit breaker operating time.

If the relays and circuit breakers cannot operate rapidly enough to maintain stable operation, the
planner may consider a change in the network design, or a change in the turbine-generator charac-
teristics, or perhaps control apparatus.

1.7 MODELS USED IN TRANSMISSION SYSTEM PLANNING

In the past, the transmission system planning and design were rather intuitive and based sub-
stantially on the planner’s past experience. Today, the planner has numerous analysis and syn-
thesis tools at his disposal. These tools can be used for design and planning activities, such as:
(1) transmission route identification and selection, (2) transmission network expansion planning,
(3) network analysis, and (4) reliability analysis. The first two of these will be discussed in this
chapter.

1.8 TRANSMISSION ROUTE IDENTIFICATION AND SELECTION

Figure 1.7 shows a typical transmission route (corridor) selection procedure. The restricting fac-
tors affecting the process are safety, engineering and technology, system planning, institutional,
economics, environmental, and aesthetics. Today, the planner selects the appropriate transmission
route based on his or her knowledge of the system, the results of the system analysis, and available
rights of way.

Recently, however, two computer programs, Power and Transthetics, have been developed to aid
the planner in transmission route identification and selection [1-3]. The Power computer program
can be used to locate not only transmission line corridors, but also other types of corridors. In
contrast, the Transthetics computer program is specifically designed for electrical utilities for the
purpose of identifying and selecting potential transmission line corridors and purchasing the neces-
sary rights of way.

1.9 TRADITIONAL TRANSMISSION SYSTEM EXPANSION PLANNING

In the past, the system planner used tools such as load-flow, stability, and short-circuit programs to
analyze the performance of specific transmission system alternatives. However, some utilities also
used so-called automatic expansion models to determine the optimum system.

© The 1EEE has redefined steady-state stability to include the manifestation formerly included in both steady-state and
dynamic stability. The purpose of this change is to bring American practice into agreement with international practice.
Therefore, dynamic stability is no longer found in the IEEE publications unless the reviewers happened to overlook the
old usage.
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FIGURE 1.7 Transmission route selection procedure.

Here, the optimality claim is in the mathematical sense; that is, the optimum system is the one
that minimizes an objective function (performance function) subject to restrictions. In general, the
automatic expansion models can be classified into three basic groups:

1. Heuristic models.
2. Single-stage optimization models.
3. Time-phased optimization models.

1.9.1 Heuristic MODELS

The primary advantage of the heuristic models is interactive planning. The system planner can
observe the expansion process and adjust its direction as desired. According to Meckiff et al. [4],
the characteristics of the heuristic models are: (1) simple model and logic, (2) user interaction, and
(3) families of feasible, near optimal plans.

In contrast, the characteristics of the mathematical programming models are: (1) no user interac-
tion, (2) fixed model by program formulation, (3) detailed logic or restriction set definition, and (4)
single “global” solution.

The heuristic models can be considered custom-made, contrary to mathematical models. Some
help to simulate the way a system planner uses analytical tools, such as load-flow programs [5,6]
and reliability analysis [6], involes simulations of the planning process through automated design
logic. The classical paper by Garver [7] describes a method that unites heuristic logic for circuit
selection with optimization techniques. The proposed method is to determine the most direct route
transmission network from the generation to load without causing any circuit overloads. In a heu-
ristic approach, the best circuit addition or exchange is automatically given to the planner by the
computer program at each stage of the synthesis process. Further information on heuristic models
is given in Baldwin et al. [8—11].
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1.9.2 SINGLE-STAGE OPTIMIZATION MODELS

The single-stage or single-state (or so-called static) optimization models can be used for determin-
ing the optimum network expansion from one stage to the next. But they do not give the timing of
the expansion. Therefore, even though they provide an optimum solution for year-by-year expan-
sion, they may not give the optimum solution for overall expansion pattern over a time horizon. The
mathematical programming techniques used in single-state optimization models include: (1) linear
programming (LP), (2) integer programming, and (3) gradient search method.

1.9.2.1 Linear Programming (LP)

LP is a mathematical technique that can be used to minimize or maximize a given linear function,
called the objective function, in which the variables are subject to linear constraints. The objective
function takes the linear form

Zzzn(cixi, (L.1)
i=1

where Z is the value to be optimized. (In expansion studies, Z is the total cost that is to be min-
imized.) The x; represents n unknown quantities, and the c; are the costs associated with one
unit of x,. The ¢; may be positive or negative, whereas the x; must be defined in a manner that
assumes only positive values. The constraints, or restrictions, are limitations on the values that
the unknowns may assume and must be a linear combination of the unknowns. The constraints
assume the form

zaﬂ.:,z,Sbj x 20, 1.2)
or

ay X, +apx, +--+a,x, =2,<b
Ay Xy + Qo Xy + -+ My X, =, 2,5 D,

A X+ Ay Xy +-+a,,X, =, 2,<b,
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where j=1,2,...,mand i=1,2,...,n, where there are m constraints of which any number may be equali-
ties or inequalities. Also, the number of constraints, m, may be greater than, less than, or equal to the
number of unknowns, n. The coefficients of the unknowns, a;, may be positive, negative, or zero but
must be constants. The bj are also constants, which may be positive, negative, or zero. The constraints
define a region of solution feasibility in n-dimensional space. The optimum solution is the point within
this space whose x; values minimize or maximize the objective function Z. In general, the solutions
obtained are real and positive.

In 1970, Garver [7] developed a method that uses LP and linear flow estimation models in the
formulation of an automated transmission system planning algorithm. The method helps to deter-
mine where capacity shortages exist and where to add new circuits to alleviate overloads. The
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objective function is the sum of the circuit lengths (guide numbers) times the magnitude of power
that they transport.

Here, the power flows are calculated using a linear loss function network model that is similar
to a transportation model. This model uses Kirchhoff’s current law (i.e., at each bus the sum of all
flows in and out must sum to zero) but not Kirchhoff’s voltage law to specify flows. Instead, the
model uses guide potentials to ensure that conventional circuits are not overloaded. However, the
flow model also uses overload paths, in which power can flow if required, to determine where circuit
additions are to be added.

The network is expanded one circuit at a time to eliminate the path with the largest overload
until no overload paths exist. On completion of the network expansion, the system is usually tested,
employing an ac load-flow program. As mentioned, the method is also heuristic, partly due to the
fact that assigning the guide numbers involves a great deal of judgment [12,13]. A similar method
has been suggested by Kaltenbach et al. [14]. However, it treats the problem more rigidly as an opti-
mization problem.

1.9.2.2 Integer Programming

The term integer programming refers to the class of LP problems in which some or all of the deci-
sion variables are restricted to being integers. For example, in order to formulate the LP program
given in Equations 1.1 and 1.2 as an integer program, a binary variable can be introduced for each
line to denote whether it is selected or not:

x;=1 if line i is selected

x;=0 ifline i is not selected

Therefore,

Minimize Z = ZCixi, (1.3)

i=1

subject to

Zaﬁxi <b; x,=0,1, (1.4)

where j=1,2,....,m and i=1,2,...,n.

In general, integer programming is more suitable for the transmission expansion problem than
LP because it takes into account the discrete nature of the problem; that is, a line component is
either added or not added to the network. The integer program wherein all variables are restricted
to be (0—1) integer valued is called a pure integer program. Conversely, if the program restricts
some of the variables to be integers while others can take continuous (fractional) values, it is called
a mixed integer program.

In 1960, Knight [15,16] applied integer programming to the transmission expansion problem.
Adams and Laughton [17] used mixed integer programming for optimal planning of power net-
works. Lee et al. [18] and Sjelvgren and Bubenko [19] proposed methods that employ a combination
of sensitivity and screening procedures to restrict the search on a limited number of new additions
that are most likely to meet all restrictions.
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The method proposed by Lee et al. [18] starts with a dc load-flow solution to distinguish the over-
loaded lines as well as to compute the line flow sensitivities to changes in admittances in all trans-
mission corridors. In order to reduce the dimension of the integer programming problem in terms of
the number of variables and therefore the computer time, it employs a screening process to eliminate
ineffective corridors.

The resulting problem is then solved by a branch-and-bound technique. It adds capacity only in
discrete increments as defined by the optimal capacity cost curves. The process is repeated as many
times as necessary until all restrictions are satisfied. Further information on integer programming
models is given in Gonen et al. [21,22].

1.9.2.3 Gradient Search Method

The gradient search method is a nonlinear mathematical program applicable to so-called automated
transmission system planning. Here, the objective function to be minimized is a performance index
of the given transmission network.

The method starts with a dc load-flow solution for the initial transmission network and future
load and generation forecasts. The system performance index is calculated and the necessary cir-
cuit modifications are made using the partial derivatives of the performance index with respect to
circuit admittances. Again, a dc load-flow solution is obtained, and the procedure is repeated as
many times as necessary until a network state is achieved for which no further decrease in the per-
formance index can be obtained.

The method proposed by Fischl and Puntel [23] applies Tellegen’s theorem. The gradient infor-
mation necessary to update the susceptances associated with effective line additions. More detailed
information can also be found in Puntel et al. [24,25].

1.9.3 TiME-PHASED OPTIMIZATION MODELS

The single-stage transmission network expansion models do not take into account the timing of
new installations through a given time horizon. Therefore, as Garver [26] points out, there is a
need for “a method of finding a sequence of yearly transmission plans which result in the lowest
revenue requirements through time but which may be higher in cost than really needed in any one
particular year.”

A time-phased (trough-time, or multistate, or so-called dynamic) optimization model can include
inflation, interest rates, as well as yearly operating cost in the comparison of various network expan-
sion plans.

Both integer programming and dynamic programming optimization methods have been used to
solve the time-phased network expansion models [26a]. The integer programming has been applied
by dividing a given time horizon into numerous annual subperiods. Consequently, the objective
function in terms of present worth of a cost function is minimized in order to determine the capacity,
location, and timing of new facilities subject to defined constraints [17,22,27].

The dynamic programming [24] has been applied to network expansion problems by developing
a set of network configurations for each year (stage). Only those feasible plans (states) that satisfy the
defined restrictions are accepted. However, as Garver [26] points out, “the dynamic programming
method has organized the search so that a minimum number of evaluations were necessary to find
the lowest cost expansion. However, the dynamic programming method by itself cannot introduce
new plans (states), it only links given states together in an optimal manner.”

Dusonchet and El-Abiad [28] applied dicrete dynamic optimization, employing a combination
of dynamic programming, a random search, and a heuristic stopping criterion. Henault et al. [27]
studied the problem in the presence of uncertainty. Mamandur [29] applied the k-shortest paths
method to replace dynamic programming for transmission network expansion. The k-shortest paths
technique [30] is employed to determine the expansion plans with the minimum costs.
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1.10 TRADITIONAL CONCERNS FOR TRANSMISSION SYSTEM PLANNING?*

In the previous sections, some of the techniques used by the system planning engineers of the utility
industry performing transmission systems planning have been discussed. Also, the factors affecting
the transmission system planning have been reviewed. The purpose of this section is to examine the
effects of today’s trends on the future of the planning process.

There are several traditional economic factors that will still have significant effects on the transmis-
sion system planning of the future. The first is inflation, fueled by energy shortages, energy source
conversion costs, environmental concerns, and large government deficits, it will continue to play a
major role.

The second important economic factor will still be the increasing expense of acquiring capital.
As long as inflation continues to decrease the real value of the dollar, attempts will be made by
government to reduce the money supply. This, in turn, will increase the competition for attracting
the capital necessary for expansions in power systems.

The third factor, which must be considered, is increasing difficulty in increasing customer rates.
This rate increase “inertia” also stems in part from inflation as well as from the results of customers
being made more sensitive to rate increases by consumer activist groups.

Predictions about the future methods for transmission system planning must necessarily be
extrapolations of present methods. Basic algorithms for network analysis have been known for years
and are not likely to be improved upon in the near future. However, the superstructure that supports
these algorithms and the problem-solving environment used by the system designer is expected to
change significantly to take advantage of new methods that technology has made possible. Before
giving detailed discussion of these expected changes, the changing role of transmission system
planning needs to be examined.

For the economic reasons listed above, transmission systems will become more expensive to
build, expand, and modify. Thus, it is particularly important that each transmission system design
be as cost-effective as possible. This means that the system must be optimal from many points of
view over the time period from the first day of operation to the planning time horizon. In addition
to the accurate load growth estimates, components must be phased in and out of the system in order
to minimize capital expenditure, meet performance goals, and minimize losses.

In the utility industry, the most powerful force shaping the future is that of economics. Therefore,
any new innovations are unlikely to be adopted for their own sake. These innovations will be adopted
only if they reduce the cost of some activity or provide something of economic value that previously
had been unavailable for comparable costs. In predicting that certain practices or tools will replace
current ones, it is necesary that one judge their acceptance on this basis.

The expected innovations that satisfy these criteria are planning tools implemented on a digital
computer that deals with transmission systems in network terms. One might be tempted to conclude
that these planning tools would be adequate for industry use throughout the future.

1.10.1 PLANNING Tools

Tools to be considered fall into two categories: network design tools and network analysis tools.
The analysis tools may become more efficient but are not expected to undergo any major changes,
although the environment in which they are used will change significantly. This environment will
be discussed in the next section.

The design tools, however, are expected to show the greatest development, since better planning
could have a significant impact on the utility industry. The results of this development will show the
following characteristics:

# This section is based on Gonen [31]. Included with permission of CRC Press.
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1. Network design will be optimized with respect to many criteria using programming meth-
ods of operations research.

2. Network design will be only one facet of transmission system management directed by
human engineers using a computer system designed for such management functions.

3. So-called network editors [32] will be available for designing trial networks; these designs
in digital form will be passed to extensive simulation programs that will determine if the
proposed network satisfies performance and load growth criteria.

1.10.2  SySTEMS APPROACH

A collection of computer programs to solve the analysis problems of a designer does not necessarily
constitute an efficient problem-solving system nor even does such a collection when the output of
one can be used as the input of another.

The systems approach to the design of a useful tool for the designer begins by examining the
types of information required and its sources. The view taken is that this information generates
decisions and additional information that pass from one stage of the design process to another.
At certain points, it is noted that the human engineer must evaluate the information generated
and add his or her inputs. Finally, the results must be displayed for use and stored for later
reference.

With this conception of the planning process, the systems approach seeks to automate as much of
the process as possible, ensuring in the process that the various transformations of information are
made as efficiently as possible. One representation of this information flow is shown in Figures 1.8
and 1.9. Here, the outer circle represents the interface between the engineer and the system. Analysis
programs forming part of the system are supported by a database management system (DBMS) that
stores, retrieves, and modifies various data on transmission systems.

1.10.3 DaAtaBase CONCEPT

As suggested in Figure 1.9, the database plays a central role in the operation of such a system. It is
in this area that technology has made some significant strides in the past five years, so that not only
is it possible to store vast quantities of data economically, but it is also possible to retrieve desired
data with access times on the order of seconds.

The DBMS provides the interface between the process, which requires access to the data, and
the data itself. The particular organization likely to emerge as the dominant one in the near future is
based on the idea of a relation. Operations on the database are performed by the DBMS.

In addition to the database management program and the network analysis programs, it is
expected that some new tools will emerge to assist the designer in arriving at the optimal design.
One such new tool that has appeared in the literature is known as a network editor [42].

Future transmission systems will be more complex than those of today. This means that the dis-
tribution system planner’s task will be more complex. If the systems being planned are to be optimal
with respect to construction cost, capitalization, performance, and operating efficiency, better plan-
ning tools are required. While it is impossible to foresee all of the effects that technology will have
on the way in which transmission system planning will be done, it is possible to identify the major
forces beginning to institute a change in the methodology and extrapolate.

The most important single influence is that of the computer, which will permit the automating of
more and more of the planning activity. The automation will proceed along two major avenues.

First, increased application of operations research techniques will be made to meet performance
requirements in the most economical way.

Second, improvements in database technology will permit the planner to utilize far more infor-
mation in an automatic way than has been possible in the recent past. Interactive computer sys-
tems will display network configurations, cost information, device ratings, etc., at the whim of the
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FIGURE 1.8 Schematic view of transmission planning system.

planner. Moreover, this information will be available to sophisticated planning programs that will
modify the database as new systems are designed and old ones are modified.

1.11 NEW TECHNICAL CHALLENGES

With authority over the rates, terms, and conditions of wholesale electric sales and transmission in
interstate commerce, the Federal Energy Regulatory Commission (FERC) plays an important role
in stimulating investment in the grid.

Today, the primary technical challenges for transmission planning are reliability and congestion.
Here, reliability relates to unexpected transmission contingencies, including faults, and the ability of
the system to respond to these contingencies without interrupting load. Congestion takes place when
transmission reliability limitations dictate to use higher-cost generation than would be the case with-
out any reliability constraints.

In the United States, transmission reliability is tracked and managed by NERC, which now serves
as the Federal Electric Reliability Organization (ERO) under the jurisdiction of FERC since 2006.

In the past, the main reliability consideration used by NERC for transmission planning has
been known as “N-1.” This concept can be explained as follows. For a system that has N main
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components, the N—1 criterion is satisfied if the system can perform satisfactorily with only N-1
components in service. A given N—1 analysis consists of a steady-state and a dynamic part.

The purpose of the steady-state analysis is to find out if the transmission system can withstand
the loss of any single major piece of apparatus, such as a large transformer or a transmission line,
without sacrificing voltage or equipment loading limits. On the other hand, the purpose of the
dynamic analysis is to find out if the system can retain synchronism after all potential faults.

Up to now, N—1 has served the power industry well. But, it has several challenges when applied
to transmission planning today. The first one is its deferministic nature. That is, the N-1 treats all
contingencies as equal regardless of how likely such contingencies are to take place or the severity
of consequences. The second challenge is the inability of N—1, and N-2, to take into account the
increased risk associated with a more heavily interconnected system and a more heavily loaded
system.

When a system is able to withstand any single major contingency, it is called “N-1 secure.” A
moderately loaded N-1 secure system can handle most single contingencies more or less fairly.
However, a single contingency can significantly stress the system when many components of the
transmission system are operated close to their thermal or stability limits. This situation can be
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prevented if all protection systems operate perfectly and preventive actions are taken properly and
promptly. Heavily loaded systems can carry the risk of widespread outages in the event of a protec-
tion system failure. The N—1 and N-3 secure systems are not secure enough for wide-area events
since blackouts involve multiple contingencies and/or cascading events. In the event that transmis-
sion failure rates double due to aging and greater loading, the possibility of a third-order event
increases by a factor of eight or more.

According to Morrow and Brown [35], transmission system planners also face the problem of
congestion. The basic congestion planning steps are:

1. Hourly loads for an entire year are assigned to each bulk power delivery point.

2. A power flow is performed for each hour, taking into account scheduled generation and
transmission maintenance.

3. If transmission reliability criteria are violated, the necessary corrective actions are taken.
For example, generation redispatch is done until the restrictions are removed.

4. The additional energy costs due to these corrective actions are assigned to congestion cost.

In general, there are numerous ways to solve existing congestion problems. However, it is difficult
to combine congestion planning with reliability planning. Hence, a congestion simulation that takes
unplanned contingencies into account is required.

In the past, a transmission planner was mainly concerned with the transmission of bulk power
to load centers without violating any local restrictions. Today, a transmission planner has to have a
wide-area perspective, being aware of aging infrastructure, having an economic mind-set, willing
to coordinate extensively, and having an ability for effectively integrating the new technologies with
traditional methods.

Today, the North American power grid faces many challenges that it was not designed and built
to properly handle. On the one hand, congestion and atypical power flows threaten to overwhelm
the transmission grid system of the country, while on the other hand, demand increases for higher
reliability and improved security and protection. Because modern infrastructure systems are so
highly interconnected, a change in conditions at any one location can have an immediate impact
over a wide area. Hence, the effect of even a local disturbance can be magnified as it propagates
through a network. The vulnerability of the US transmission grid to cascading effects has been
demonstrated by the wide-area outages of the late 1990s and summer of 2003. The increased risks
due to interdependencies have been compounded by the following additional reasons:

1. Deregulation and the growth of competition among the electricity providers have eroded
spare transmission capacity that served as a useful shock absorber.

2. Mergers among infrastructure providers have led to further pressures to reduce spare
capacity as companies have sought to eliminate excess costs.

3. The issue of interdependent and cascading effects among infrastructures has received very
minimum attention.

Today, practical methods, tools, and technologies (based on advances in the fields of engineering, com-
putation, control, and communications) are allowing power grids and other infrastructures to locally
self-regulate, including automatic reconfiguration in the event of failures or disturbances [38].

According to Amin and Wollenberg [38], power transmission systems in the United States also
suffer from the fact that intelligence is only applied locally by protection systems and by central
control through the supervisory control and data acquisition (SCADA) system. In some cases, the
central control system is too slow. Also, the protection systems by design are only limited to protec-
tion of specific components.
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Amin and Wollenberg [38] suggest providing intelligence to an electric power transmission sys-
tem by adding independent processors into each component and at each substation and power plant.
They must be able to act as independent agents that can communicate and cooperate with others,
establishing a large distributed computing platform. Hence, each agent must be connected to sensors
related to its own component or its own substation so that it can assess its own operating conditions
and report them to its neighboring agents via the communications paths. For example, a processor
associated with a circuit breaker would have the ability to communicate with sensors built into the
breaker and communicate the sensor values using high-bandwidth fiber communications connected
to other such processor agents.

At the present time, there are two kinds of intelligent systems that are used to protect and operate
transmission systems in the United States. These are the protection systems and the SCADA/EMS/
independent system operator (ISO) systems.

According to Amin and Wollenberg [38], based on the modern computer and communication
technologies, the transmission system planners must think beyond existing protection systems and
the central control systems (that is, the SCADA/EMS/ISO systems) to a fully distributed system that
places intelligent devices at each component, substation, and power plant. Such distributed system
will finally enable the utility industry to build a truly smart transmission grid.

1.12 TRANSMISSION PLANNING AFTER OPEN ACCESS

In 1996, FERC Order 888 created the “open access tariff” in the United States. It requires func-
tional separation of generation and transmission within a vertically integrated utility. For example,
a generation queue process is now required to ensure that generation interconnection requests are
processed in a nondiscriminatory way and in the order of FIFO, that is, first-in first-out or served
order.

Also, FERC Order 889 (the companion of Order 888) has established an Open Access Same-time
Information System (OASIS) process that requires transmission service requests, both external and
internal, to be publicly posted and processed, and processed in the order in which they are entered.

Similarly, Order 889 requires each utility to ensure nonpreferential treatment of its own genera-
tion plan. Effectively, generation and transmission planning, even within the same utility, are not
permitted to be coordinated and integrated. This has been done to protect nondiscriminatory, open
access to the electric system for all parts.

Also, these landmark orders have removed barriers to market participation by entities such
as independent power producers (IPPs) and power marketers. They force utilities to follow stan-
dardized protocols to address their needs and permit, for the most parts market forces to drive
the addition of new generation capacity. These orders also complicate the planning process,
since information flow within planning departments become unidirectional. Transmission plan-
ners know all the details of proposed generation plans through the queue process, but not vice
versa.

A good transmission plan is now supposed to address the economic objectives of all users of the
transmission grid by designing plans to accommodate generation entered into the generation queue
and to ensure the viability of long-term firm transmission service requests entered through OASIS.
However, utility transmission planners continue to design their transmission system basically to
satisfy their own company’s reliability objectives.

Furthermore, FERC Order 2000 has established the concept of the regional transmission opera-
tor (RTO) and requires transmission operators to make provisions to form and participate in these
organizations. Accordingly, RTOs have the authority to perform regional planning and have the
ultimate responsibility for planning within its region. Thus, the US electric system now has the
potential for a coordinated, comprehensive regional planning process.

www.mepcafe.com



22 Electrical Power Transmission System Engineering Analysis and Design

1.13 POSSIBLE FUTURE ACTIONS BY FEDERAL ENERGY
REGULATORY COMMISSION

The FERC has the authority over the rates, terms, and conditions of wholesale electric sales and
transmission in interstate commerce. Hence, it plays an important role in stimulating investment in
the grid. According to Fama, of the Edison Electric Institute [36], the utility industry is expecting
the following regulatory policies:

1. FERC must establish a lasting regulatory framework that assures those who are willing
to invest in the grid will be able to fully recover their investment, along with their cost of
capital, through electricity rates.

2. FERC must encourage a variety of corporate structures and business models for building trans-
mission. It is clear that many different structures and business models can coexist in a competi-
tive wholesale marketplace, provided there are fair rules in place for all market participants.

3. FERC must permit alternative transmission pricing and cost recovery approaches for states
with renewable resources goals, so that their renewable resources that lack siting flexibility
can be developed.

4. FERC must permit utilities to recover construction work-in-process costs under customer
rates to improve cash flow and rate stability.

5. FERC must grant accelerated depreciation in ratemaking to improve financial flexibility
and promote additional transmission investment.

6. FERC must work closely with state policymakers:

(@) To allow full recovery of all prudently incurred costs to design, study, precertify, and
permit transmission facilities, as well as amend its own rules to allow full recovery of
the prudently incurred costs of transmission projects that are later abandoned.

(b) To ensure that the appropriate regulatory mechanisms are in place to allow for full
cost recovery and the avoidance of unrecoverable or trapped costs, which arise when
federal and state regulatory policies diverge.

In addition to the FERC, the US Congress also has the opportunity to stimulate wholesale competi-
tion by making investment in the grid more attractive.

In North America, NERC is composed of 10 RRCs, which cover the continental United States,
Canada, and parts of Mexico. The councils oversee compliance with NEC reliability standards, by
which the grid is operated, as well as those standards that must be followed to ensure that the grid
is operated securely.

According to Fama [36], the role of the regional state committees (RSCs) should be based on the
following principles:

1. RSCs should consider individual state needs but act in the best interest of its region.

2. RSCs should facilitate the necessary state regulatory approvals for parties seeking to build
new transmission facilities that cross state boundaries.

3. RSCs should minimize regulatory uncertainty and assist in a timely transition to regional
wholesale electricity markets but not create another level of regulation.

4. RSCs should support recovery of costs associated with forming and operating RTOs and
ISOs.

5. RSCs should support timely recovery of costs associated with forming and operating RTOs
and ISOs.

Itis clear that developing a stronger and more flexible transmission grid will not be easy or fast. However,

as suggested by the Edison Electric Institute, by creating a financial environment that encourages invest-
ment and by achieving greater cooperation among the regulatory groups, it can be accomplished.
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2 Transmission Line Structures
and Equipment

2.1 INTRODUCTION

The function of the overhead three-phase electric power transmission line is to transmit bulk power
to load centers and large industrial users beyond the primary distribution lines. A given transmission
system comprises all land, conversion structures, and equipment (such as step-down transformers) at
a primary source of supply, including interconnecting transmission lines, switching and conversion
stations, between a generating or receiving point, and a load center or wholesale point. It includes
all lines and equipment whose main function is to increase, integrate, or tie together power supply
sources.

2.2 THE DECISION PROCESS TO BUILD A TRANSMISSION LINE

The decision to build a transmission line results from system planning studies to determine how
best to meet the system requirements. At this stage, the following factors need to be considered and
established:

. Voltage level.
. Conductor type and size.
. Line regulation and voltage control.
. Corona and losses.
. Proper load flow and system stability.
. System protection.
. Grounding.
. Insulation coordination.
. Mechanical design.
(a) Sag and stress calculations.
(b) Conductor composition.
(©) Conductor spacing.
(d) Insulation and conductor hardware selection.
10. Structural design.
(a) Structure types.
(b) Stress calculations.

O 0 9O N AW —

Once the decision to build a particular transmission line has been reached, after considering all
the previously mentioned factors, there is a critical path that needs to be followed in its design.

According to the Electric Power Research Institute (EPRI) [1], the critical path steps in an extra-
high voltage (EHV) line design are:

1. Define needs and list alternative system layouts
2. Acquisition of right-of-way

3. Load flow (that is, power flow) and stability study
4. Determine overvoltage

27

www.mepcafe.com



28

O 0 9 O L

Electrical Power Transmission System Engineering Analysis and Design

. Set performance criteria and formulate weather conditions
. Preliminary line design

. Specification of apparatus

. Purchase of apparatus

. Installation of station

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

Economic conductor solution
Electrical design of towers
Lightning performance design
Audible and radio noise analysis
Addressing special design problems
Insulation planning

Final tower design

Optimization of tower locations
Line construction

Fulfillment of power needs

Figure 2.1 shows the order of the above critical path steps in EHV line design. Further, the levels
of various types of line compensation and other system impedances affect load flow, stability, volt-
age drop, and other transmission system performances. Accordingly, the most accurate transmission
line performance computation must take all of the above considerations into account and must be
performed using a digital computer program. The obtained results must be effectively reflected in
the transmission line design.

The optimum line design is the design that meets all the technical specifications and other
requirements at the lowest cost. The process of finding such line design with the lowest cost can
be accomplished by using a computerized design. The transmission line design engineer can then
quickly examine thousands of different combinations of line parameters, using such a computer
design program to achieve the best solution. Table 2.1 gives some of the line design characteristics
that affect the transmission line cost.

Acquisition of right-of-way

Special design problems
Economic conductor
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. ©
Define Preliminary Lightning Audible and
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Line
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Critical path steps inan EHV line design. (From Electric Power Research Institute, Transmission
line reference book: 345 kV and above, EPRI, Palo Alto, CA, 1979. With permission.)
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TABLE 2.1
Line Design Characteristics Affecting Cost

e Line voltage

e Loading (MW)

e Number of conductors

e Number of circuits

* Phase bundle configuration
* Phase spacing

Insulation characteristics

Span length range

e Ground wires: diameter, weight

Number, type, and cost of insulator units

* Tower type

* Wind pressure on conductors

* Ice thickness

e Unloaded loaded tension

e Broken conductors and broken conductors’ tension
* Allowable conductor temperature

e Ground clearances

* Grounding

* Transpositions

* Tower and foundation weight factors

* Tower and foundation steel excavation and backfill costs
» Tower setup and assembly costs

Pulling, sagging, and clipping costs

2.3 DESIGN TRADEOFFS

There are also various design tradeoffs that need to be considered in the areas of insulation, corona
performance, and environment. For example, with respect to insulation, a tower with legs of small
cross-section inhibits switching surge flashover in the gap between conductor and tower leg. Small
tower legs increase tower inductance. Hence, the lightning performance is negatively affected.

In EHV and ultrahigh voltage (UHV) design, increasing line height or adding auxiliary conduc-
tors for field control can reduce the maximum field under the line at the ground level and the field at
the edge of the right-of-way. However, such design would be expensive and suffer in appearance.

Minimizing insulation clearances would decrease line cost but it would increase corona, espe-
cially at UHV. Since the corona effects are small, line compaction is most easily done at 69—-110 kV
voltage range designs.

In double-circuit line designs, there are tradeoffs in the areas of corona and electric field for vari-
ous phasing arrangements. For example, to improve the corona performance of a line, the tower-top
configuration must have the nearby phases in the following order:

A A
B B
C C

But, in such order, while conductor surface gradients improve, the ground-level electric field
increases. On the other hand, the following phase order is best for ground field and worse for corona
performance [1].
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A C
B B
C A

Note that the use of underbuilt auxiliary conductors and circuits with or without applied voltage
would separate the relationship between the conductor surface electrical field and the ground-level
electric field.

Also, in a single circuit horizontal arrangement, the conductor surface gradient and the electric
field at the edge of the right-of-way are affected by phase spacing. Hence, decreasing the phase
spacing in a design would help its electrical field, but would affect negatively on its conductor sur-
face gradient. But, the use of a vertical design arrangement would change or tend to decouple this
relationship [1].

2.4 TRADITIONAL LINE DESIGN PRACTICE

In the present practice, each support structure (that is, pole or tower) supports a half span of con-
ductors and overhead lines on either side of the structure. For a given line voltage, the conductors
and the overhead ground wires (OHGW) are arranged to provide, at least, the minimum clearance
mandated by the National Electric Safety Code (NESC) in addition to other applicable codes. The
resultant configuration is designed to control the following:

1. The separation of energized parts from other energized parts.

2. The separation of energized parts from the support structures of other objects located
along the right-of-way.

3. The separation of energized parts above ground.

The NESC divides the United States into three loading zones: heavy, medium, and light, as
explained in Section 12.5.3. It specifies the minimum load levels that must be employed within each
loading zone. Furthermore, the NESC uses the concept of an overload capacity factor (OCF) to take
into account uncertainties resulting from the following factors:

1. Likelihood of occurrence of the specified load.

2. Grade of construction.

3. Dispersion of structure strength.

4. Structure function, e.g., suspension, dead-end, angle.

5. Determination of strength during service life.

6. Other line support components, e.g., guys, foundations, etc.

In general, the following steps are used for the design of a transmission line:

1. Alist of loading events is prepared by the utility company that would own the transmission
lines. This list includes:
a. Mandatory regulations from the NESC and other codes.
b. Possible climatic events that are expected in the loading zone in which the line is
located.
c. Specific contingency loading events such as broken conductors.
d. Expectations and special requirements.

Note that each of the above loading events is multiplied by its own OCF to take care of uncertain-
ties involved, to come up with an agenda of final ultimate design loads.
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2. A ruling span is determined according to the sag/tension requirements of the preselected
conductor.

3. A structure type is selected based on past experience or on possible suppliers’
recommendations.

4. Ultimate design loads due to the ruling span are applied statistically as components in
the longitudinal, transverse, and vertical directions, and the structure deterministically
designed.

5. Ground line reactions are calculated and used to design the foundation by using the loads
and structure configuration.

6. The ruling span-line configuration is adjusted to fit the actual right-of-way profile.

7. To adjust for variations in actual span lengths, changes in elevation and running angles the
structure/foundation designs are modified.

8. Since the tangent structures are the weakest link in the line, accordingly, hard-
ware, insulators, and other accessory components are selected to be stronger than the
structure.

2.4.1 FACTORS AFFECTING STRUCTURE TYPE SELECTION

According to Pohlman [4], there are usually many factors that affect the determination of the
structure type to be used in a given overhead transmission line design. Some are listed below

1. Public concerns. In order to take into account the general public, living, working, or com-
ing in proximity to the line, it is customary to have hearings as part of the approval process
for a new transmission line. To hold such public meetings that are satisfactory is a prereq-
uisite for the required permit.

2. Erection technique. In general, different structure types dictate different erection tech-
niques. For example, a tapered steel pole would probably be manufactured in a single piece
and erected directly on its previously installed foundation in one hoist. Steel lattice towers
have hundreds of individual parts that must be bolted together, assembled, and erected onto
the four previously installed foundations.

3. Inspection, assessment, and maintenance. The structures are inspected by inspectors
who may use diagnostic technologies in addition to their personal inspection techniques.
Some of the techniques may involve observations from ground or fly-by patrol, climbing,
bucket trucks, or the use of helicopters. The necessary line maintenance activities also
need to be considered.

4. Possible future upgrading or uprating. It is difficult to obtain the necessary rights-of-way
and required permits to build new transmission lines. Because of these considerations, some
utilities select structure types for the new transmission lines that would allow easy upgrading
and/or uprating, if required in the future.

2.4.2 IMPROVED DESIGN APPROACHES

Today, there are many techniques to assess the true capability of an overhead transmission line
that is designed using the conventional practice of specifying ultimate static loads, and designing a
structure that would properly support them.

So far, the best technique was developed by Ostendorp [5] and is at present under development
by CIGRE Study Committee [6]. This technique is known as “improved design criteria of over-
head transmission lines based on reliability concepts.” It is based on the concept that loads and
strengths are statistical variables and the combined reliability is computable if the statistical func-
tions of loads and strengths are known. The flow diagram of the methodology of this technique is
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PRELIMINARY TRANSMISSION
LINE DESIGN
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FIGURE 2.2 The methodology involved in developing improved design criteria of overhead transmission
lines based on reliability concepts.

shown in Figure 2.2. The steps of this recommended methodology for designing transmission line
components are:

1. Collect preliminary line design data and available climatic data.
2. Do the following in this step:
(@) Select the reliability level in terms of return period of design loads.
(b) Select the security requirements (failure containment).
(c) List safety requirements imposed by mandatory regulations as well as construction
and maintenance loads.
3. Calculate climatic variables corresponding to the selected return period of design loads.
4. Do the following in this step:
(@) Calculate climatic limit loadings on components.
(b) Calculate loads corresponding to security requirements.
(c) Calculate loads related to safety requirements during construction and maintenance.
5. Determine the suitable strength coordination between line components.
6. Select appropriate load and strength equations.
7. Calculate the characteristic strengths required for components.
8. Design line components for the above strength requirements.
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2.5 ENVIRONMENTAL IMPACT OF TRANSMISSION LINES

2.5.1 ENVIRONMENTAL EFFeCTS

Designing a transmission line with minimum environmental effects dictates a study of three key
factors: the effects of electrical fields, the visual effects of the design, and the effects of physical
location.

In addition to the transmission lines, substations also generate electric and magnetic fields (EMF).
In substations, typical sources of EMFs include: both transmission and distribution lines entering or
exiting the substation, bus-work, switchgear, cabling, circuit breakers, transformers, air core reactors,
line traps, grounding grid, capacitors, computers, and battery charges.

The high-voltage gradients of EHV lines near the phase conductors can cause breakdowns of
the air around the conductors. Such breakdowns may in turn cause corona loss, electromagnetic
interference (EMI), radio noise, television interference, audible noise, and ozone generation. The
transmission line designer is guided by the established acceptable levels of each of the above
concerns.

The radio noise is an undesirable electromagnetic radiation in the radio frequency band and
interferes with the existing radio signals. It can be caused by corona on EHV transmission lines.
Hence, the designer must take into account the electrical fields near the conductors.

Audible noise is also produced by high-field gradients like the radio noise. It generates pressure
waves in the air that fall within the audible frequency range. The audible noise manifests itself as
a cracking sound or hum, and is audible especially at night. The environmental effects mentioned
above are even greater because corona activity usually increases during heavy rain.

Also, ungrounded equipment located near high-voltage lines will develop an oscillating elec-
tric field. Because of this, the line designer has to be sure that the line height is sufficient to keep
the discharge current below the proper levels for all apparatus that are located within the right-
of-way.

2.5.2 BiorocicAL Errects oF ELecTriC FIELDS

Electric fields are present whenever voltage exists on a line conductor. Electric fields are not depen-
dent on the current but voltage. Electric substations produce EMFs. In a substation, the strongest
fields are located around the perimeter fence, and come from transmission and distribution lines
entering and leaving the substation. The strength of fields from apparatus that is located inside the
fence decreases rapidly with distance, reaching very low levels at relatively short distances beyond
substation fences.

Electric fields are not dependent on the current. The magnitude of the electric field is a function
of the operating voltage and decreases with the square of the distance from the source. The strength
of electric fields is measured in volts per meter or kilovolts per meter. The electric field can be easily
shielded (that is, its strength can be reduced) by any conducting surface, such as trees, fences, walls,
building, and most other structures. Furthermore, in substations, the electric field is extremely vari-
able because of the effects of existing grounded steel structures that are used for bus and equipment
support.

Due to public concerns with respect to EMF levels, and government regulations, the substation
designer has to consider design measures to lower EMF levels. The electric field levels, especially
near high-voltage equipment, can reach very high levels, but the level decreases significantly toward
the fence line. For example, the level of an electric field may be 13 kV/m in the vicinity of a 500-kV
circuit breaker, but the fence line, which, according to the NESC, must be located at least 6.4 m (21
ft) away from the nearest 500-kV conductor, becomes almost zero.

In general, the electric field produced by a transmission line has been considered as having no
harmful health effects. Nevertheless, design rules have been established to allow the construction of
EHYV transmission lines with the maximum possible guaranteed protection of people from possible
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TABLE 2.2

Russian Rules for Duration of Work in Live Substations
Field Intensity (kV/m) Permissible Duration (min/day)

>5 No restrictions

5-10 180

10-15 90

15-20 10

20-25 5

health risks. In Russia [9], the rules for EHV substations and EHV transmission lines were estab-
lished long ago. For example, the limits for the duration of daily work in a live substation, which is
subject to various electric fields, has been limited, as indicated in Table 2.2.

For transmission lines, taking into account the frequency and nonsystematic exposure, higher
values of the accepted field intensities are:

10-12 kV/m for road crossings
15-20 kV/m for nonpopulated regions
20 kV/m for difficult terrains

2.5.3 BiorLocicAL Errects oF MAGNETIC FIELDS

Magnetic fields are present whenever current flows in a conductor, and they are not voltage dependent.
The factors that affect the level of a magnetic field are: magnitude of the current, spacing among the
phases, bus height, phase configurations, distance from the source, and the amount of phase unbalance
in terms of magnitude and angle. The level of such magnetic fields also decreases with distance from
the source. Also, magnetic fields cannot easily be shielded. Contrary to electrical fields, conducting
materials have little shielding effect on magnetic fields. The magnetic flux density B, instead of the
magnetic field strength (H=B/p), is used to describe the magnetic field generated by currents in the
conductors of transmission lines.

According to Deno and Zaffanela [1], the magnetic induction near ground level appears to be of
less concern for power transmission lines than electric induction for the following reasons:

1. The induced current densities in the human body are less than one-tenth of those caused
by electrical-field induction.

2. Magnetic-induced current density is greatest in the human body periphery, where electric
current is thought to be of least concern.

3. Magnetic fields do not cause transient currents of high peak value and current density such
as those caused by electric field-induced spark discharges.

However, in recent years, there has been an increase in reports indicating that exposure to mag-
netic fields increases the occurrence of cancer. Also, several studies have linked childhood leuke-
mia to transmission line generated magnetic field exposure. Furthermore, magnetic fields have been
reported to affect blood composition, growth, behavior, immune systems, and neural functions. At
the present time, there is a worldwide research on the health effects of magnetic fields. The studies
are being conducted in three major groups: epidemiological studies, laboratory studies, and exposure
assessment studies.

www.mepcafe.com



Transmission Line Structures and Equipment 35

2.6 TRANSMISSION LINE STRUCTURES

In order to put the subject matter into a historical perspective, it should be mentioned that it
was in late 1887 when Tesla filed for several patents in the field of polyphase ac systems, one of
them being a patent on power transmission. Among polyphase systems, Tesla strongly preferred
two phase configurations. In 1893, George Westinghouse and his Niagara Falls Power Company
decided on the adoption of polyphase (two phase) ac. Later in August 1895, the power system went
into operation, including a higher-voltage transmission line in Buffalo, New York, about 20 mi
away. In 1903, when the next Niagara plant extension took place, the new ac generators were built
with three phases, as were all the following plant additions.

However, the birth of the first, long-distance, three-phase power transmission was achieved
by Swiss engineers in 1891. This 30-kV transmission line was connected between Lauffen and
Frankfurt by means of Tesla’s system.

As displayed in Table 1.1, the standard transmission voltages are continuously creeping up his-
torically. In the design of a system, the voltage selected should be the one best suited for the par-
ticular service on the basis of economic considerations. The ac transmission system in the United
States developed from a necessity to transfer large blocks of energy from remote generation facili-
ties to load centers. As the system grew, transmission additions were made to improve reliability, to
achieve economic generation utilization through interconnections, and to strengthen the transmis-
sion backbone with higher voltage overlays.

Numerous transmission lines with 115-230 kV are used as primary transmission or become
underlay to higher voltage lines. At the end of 1974, about 85% (that is, 208,000 mi) of transmis-
sion lines in service in the United States were in the range of 115-230 kV. Today, it is estimated
that this class of transmission line is about more than half of the total transmission lines of all
classes.

In general, the basic structure configuration selected depends on many interrelated factors,
including esthetic considerations, economics, performance criteria, company policies and practice,
line profile, right-of-way restrictions, preferred materials, and construction techniques.

2.6.1 ComprAcT TRANSMISSION LINES

For a long time (about 30 years), the transmission lines in the 115-230 kV class saw very little
change in design practices than the previous ones. But, in the 1960s, this voltage class saw major
changes for two reasons: (1) the induction of prefabricated steel poles, laminated structures, and
armless structures; and (2) the increasing difficulties in obtaining new rights-of-way due to increas-
ing environmental pressures which, in turn, forced the utilities to uprate the existing 69 kV circuits
to 138 kV circuits and 138 kV circuits to 230 kV circuits. This trend has demonstrated the applica-
bility of EHV technology to lower voltage circuits.

In 1973, the practicality of using vertical post insulators and 3-ft phase-to-phase spacing on
a wood pole line was demonstrated on a 138-kV transmission line at Saratoga, New York. Other
applications verified that compact 138 kV constructions were feasible in 1974. Figure 2.3 shows
typical compact configurations for horizontal unshielded, horizontal shielded, vertical, delta, and
vertical delta. The double circuit 138-kV lines that are shown in Figures 2.4 and 2.5 were built
using steel poles, having two 138-kV top circuits and a 34.5-kV single circuit underbuild. Figure 2.6
also shows a double circuit 138-kV line that was built using steel poles, having two 34.5-kV double
circuit underbuild.

The studies on such compact line design have verified that the insulation and clearance require-
ments with respect to the electrical strength of air gaps and insulators are adequate. The compact
designs were further tested for motion caused by wind, ice shedding from conductors, and fault
currents. However, such lines were not tested for switching surges and lightning responses, since
neither criterion poses any serious problem to compaction. Also, studies have shown that for most
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FIGURE 2.3 Typical compact configurations (not to scale): (a) horizontal unshielded; (b) horizontal shielded;
(c) vertical; (d) delta; (e) vertical delta. (From Electric Power Research Institute, Transmission line reference
book: 115-138 kV compact line design, EPRI, Palo Alto, CA, 1978. With permission.)

FIGURE 2.4 A double circuit 138-kV line built by using steel poles, having two 138-kV top circuits and a
34.5-kV single circuit underbuild. (Union Electric Company.)

compact line and conductor dimensions, radio noise, and other manifestation of corona were well
below levels normally acceptable at EHV. But, special attention must be given to line hardware,
since most 138-kV hardware is not designed to operate at electric field gradients comparable to
those of EHV lines.
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FIGURE 2.5 A double circuit 138-kV line built by using steel poles, having two 138-kV two top circuits and
a 34.5-kV single circuit underbuild. (Union Electric Company.)

P

| /

FIGURE 2.6 A double circuit 138-kV line built by using steel poles, having two 138-kV circuits underbuild.
(Union Electric Company.)

Several provisions of the NESC are directly applicable to 138-kV compact lines, especially in the
areas of phase-to-phase spacing and maintenance clearances. Compact lines, due to reduced design
margins, dictate more rigorous analysis of insulation and mechanical parameters to ensure more
adequate reliability than is needed for conventional lines.
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2.6.2 CONVENTIONAL TRANSMISSION LINES

The higher voltage lines with higher loading capabilities continue to experience a higher growth
rate. As loads grow, 765 kV is a logical voltage for the overlay of 345 kV having a previous
underlay of 138 kV. Similarly, 500 kV will continue to find its place as an overlay of 230 and 161
kV. Here, higher voltages mean higher power transfer capability, as can be observed from the
surge impedance loading capabilities of typical EHV transmission lines. Some power systems
rate their transmission voltages by the nominal voltages; others may use the maximum voltage.
Typically, 345, 500, 700, and 765 kV and their corresponding maximums are classified as EHV.
They are used extensively and commercially in the United States and are gaining popularity
in other parts of the world. In addition, 380- or 400-kV EHV transmission is used mainly in
Europe.

EHV systems require an entirely new concept of system design. Contrarily, voltages of 230
kV and below are relatively simple and well-standardized in design and construction practices.
EHV dictates complete and thorough reconsideration of all normally standardized design fea-
tures, such as the necessity for bundled conductors, switching surges that control the insulation,
corona, radio interference, lightning protection, line-charging current, clearances, and construc-
tion practices.

The 345-kV system established the practice of using bundle conductors, the V-configuration of
insulator strings (to restrain conductor swinging), and the use of aluminum in line structures. The
first 500-kV transmission line was built in 1964 to tie a mine-mouth power plant in West Virginia
to load centers in the eastern part of the state. The main reason for preferring to use 500-kV over
the 345-kV voltage level was that upgrading from 230-kV to 345-kV provided a gain of only 140%
increase in the amount of power that can be transmitted in comparison to a 400% gain that can be
obtained by using the 500-kV level.

Also in 1964, Hydro Quebec inaugurated its 735 kV 375-mi line. A line voltage of 765-kV was
introduced into service by AEP in 1969. The 1980s witnessed the Bonneville Power Administration’s
(BPA) 1100-kV transmission line.

The trend toward higher voltages is basically motivated by the resulting increased line capacity
while reducing line losses. The reduction in power losses is substantial. Also, the better use of land
is a side benefit as the voltage level increases. For example, for building a transmission line with a
capacity of 10,000 MW, a right-of-way width of 76 m is required for a 500-kV line having a double
circuit, whereas the required right-of-way width for a 1100-kV line is only 56 m.

The power transmission voltages above 765 kV, generally in the range of 1100 and 1500 kV,
are known as the UHV. They are subject to intensive research and development before they
can be included in practical line designs and apparatus for commercial service. The problems
associated with UHV transmission include audible noise, radio noise, electrostatic field effects,
contamination, and switching overvoltages. However, research into higher voltage transmission
will help utilities to transmit up to six times the electric power possible with the lines in use in
the 1970s. But, it is well known that engineering and physical problems become more complex
at operating voltages above 765 kV.

2.6.3 THE DESIGN OF LINE SUPPORT STRUCTURES

After proper consideration of voltage drop, power loss, thermal overloading, and other consider-
ations, the design of a transmission line simply becomes the adaptation of available standard designs
to best fit the requirements of a particular job at hand. Otherwise, designing a complete transmission
line from scratch is a complex and tedious process.

However, once a good design is developed it can be used repeatedly or it can be easily adapted to
the situation at hand. Using computers and standard line designs, a new line can be designed rather
quickly. In general, companies only change a standard structure after much consideration, and
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after the proper testing and production of the necessary materials. In the United States, originally,
three engineering companies were responsible for all of the design work for 80% of the transmis-
sion lines. Eventually, the best of all available designs was adopted and used in all designs in the
country.

Also, conductors, fittings, and hardware were standardized by the Institute of Electrical and
Electronics Engineers (IEEE) and the National Electrical Manufacturing Association (NEMAS).
Towers were standardized by major steel tower manufacturers.

Furthermore, the federal government is also in electrical power business with the Tennessee
Valley Authority (TVA), BPA, Bureau of Water Power, and the Rural Electrification Association
(REA). The use of the design guides prepared by the REA is mandatory for all borrowers of federal
funds through the REA program.

Figure 2.7 shows a typical 345-kV transmission line with single circuit and a wood H-frame.
Figure 2.8 shows a typical 345-kV transmission line with bundled conductors and double circuit
on steel towers. Figure 2.9 shows a typical 345-kV transmission line with bundled conductors and
double circuit on steel pole. Figure 2.10 shows typical pole- and lattice-type structures for 345-kV
transmission systems. Construction of overhead lines is discussed further in Chapter 12. Figure 2.11
shows typical wood H-frame-type structures for 345-kV transmission systems. Figures 2.12 and
2.13 shows typical pole- and lattice-type structures for 345-kV transmission systems. Figure 2.14
shows a typical 230-kV transmission line steel tower with bundled conductors and double circuit.
Figure 2.15 shows a lineman working from a helicopter platform.

FIGURE 2.7 A typical 345-kV transmission line with single circuit and wood H-frame. (Union Electric
Company.)
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FIGURE 2.8 A typical 345-kV transmission line with bundled conductors and double circuit on steel towers.
(Union Electric Company.)

2.7 SUBTRANSMISSION LINES

The subtransmission system is that part of the electric utility system that delivers power from the bulk
power sources, such as large transmission substations. The subtransmission circuits may be made of
overhead open-wire construction or wood poles with post type insulators. Steel tube or concrete towers
are also used. The line has a single conductor in each phase. Post insulators hold the conductor without
metal cross-arms.

One grounded shield conductor located on the top of the tower provides the necessary shielding
for the phase conductors against lightning. The shield conductor is grounded at each tower or pole.
Plate or vertical tube electrodes, also known as ground rods, are used for grounding. Occasionally, the
subtransmission lines are also built using underground cables.

The voltage of these circuits varies from 12.47 to 230 kV, with the majority at 69-, 115-, and
138-kV voltage levels. There is a continuous trend in usage of the higher voltage as a result of the
increasing use of higher primary voltages. Typically, the maximum length of subtransmission lines
is in the range of 50—60 mi. In cities, most subtransmission lines are located along streets and
alleys.

The subtransmission system designs vary from simple radial systems to a subtransmission net-
work. The major considerations affecting the design are cost and reliability. Figure 2.16 shows a
radial subtransmission system. It is a simple system and has a low first cost, but also has low service
continuity. Because of this, the radial system is not generally used. Instead, an improved form of
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FIGURE 2.9 A typical 345-kV transmission line with bundled conductors and double circuit on steel towers.
(Union Electric Company.)

radial-type subtransmission design is preferred, as shown in Figure 2.17. It allows relatively faster
service restoration when a fault occurs on one of the subtransmission circuits.

In general, due to higher service reliability, the subtransmission system is designed as loop cir-
cuits, or multiple circuits, forming a type of subtransmission grid or network. Figure 2.18 shows a
loop-type subtransmission system. In this design, a single circuit originating from a bulk power bus
runs through a number of substations and returns to the same bus.

Figure 2.19 shows a grid-type subtransmission with multiple circuits. Here, the distribution
substations are interconnected, and also the design may have more than one bulk power source.
Therefore, it has the greatest service reliability, but it requires costly control of power flow and
relaying. It is the most commonly used form of subtransmission.

Occasionally, a subtransmission line has a double circuit, having a wooden pole and post type
insulators. Steel tube or concrete towers are also used. The line may have a single conductor or bun-
dled conductors in each phase. Post insulators carry the conductors without metal cross-arms. One
grounded shield conductor (or OHGW) on the top of the tower shields the phase conductors from
lightning. The shield conductor is grounded at each tower. Plate or vertical tube electrodes (ground
rod) are used for grounding.

Figure 2.20 shows a 34.5-kV line with a double circuit and wood poles. (It has a newer style pole
top configuration.) Figure 2.21 shows a 34.5-kV line with a single circuit and wood poles. It has a
12.47-kV underbuild line and 34.5-kV switch. (It has an old style pole top configuration.) Figure 2.22
shows a typical 34.5-kV line with a double circuit and wood poles. It has a 4.16-kV underbuild line
and a 34.5-kV switch. Figure 2.23 shows a typical 12.47-kV line with a single circuit and wood pole.
It has a newer type pole top construction.
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FIGURE 2.10 Typical pole- and lattice-type structures for 345-kV transmission systems. (From Electric
Power Research Institute, Transmission line reference book: 345 kV and above, EPRI, Palo Alto, CA, 1979.
With permission.)

2.7.1  SuUBTRANSMISSION LINE COSTS

Subtransmission line costs at the end of the line are associated with the substation at which it is ter-
minated. According to the ABB Guidebook [5], based on 1994 prices, costs can run from as low as
$50,000 per mile for a 46-kV wooden pole subtransmission line with perhaps 50-M VA capacity ($1
per kVA-mi), to over $1,000,000 per mile for a 500-kV double circuit construction with 2000-M VA
capacity ($0.5 per kVA-mi).
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FIGURE 2.11 Typical wood H-frame-type structures for 345-kV transmission systems. (From Electric

Power Research Institute, Transmission line reference book: 345 kV and above, EPRI, Palo Alto, CA, 1979.
With permission.)

2.8 TRANSMISSION SUBSTATIONS

In general, there are four main types of electric substations in the ac power systems, namely:

1. Switchyard

2. Customer substation

3. Transmission substation
4. Distribution substation

The switchyard is located at a generating plant (or station). They are used to connect the generators
to the transmission grid and also provide off-site power to the plant. Such generator switchyards are
usually very large installations covering large areas.

The customer substation functions as the primary source of electric power for one specific indus-
trial/business customer. Its type depends on the customer’s requirements. Transmission substations
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FIGURE 2.12 Typical pole- and lattice-type structures for 345-kV transmission systems. (From Electric

Power Research Institute, Transmission line reference book: 345 kV and above, EPRI, Palo Alto, CA, 1979.
With permission.)

are also known as bulk power substations. They are large substations and are located at the ends of
the transmission lines that emanate from generating switchyards. They provide power to distribution
switchyards. They provide power to distribution substations, often over subtransmission lines. They
are “enablers” of sending large amount of power from the power plants to the load centers. These
substations are usually very large and very expensive to build.
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FIGURE 2.13 Typical pole- and lattice-type structures for 345-kV transmission systems. (From Electric
Power Research Institute, Transmission line reference book: 345 kV and above, EPRI, Palo Alto, CA, 1979.

With permission.)

Distribution substations provide power to customers over primary and secondary lines, using
distribution transformers. They are most common facilities and are typically located close to the

load centers [8].
However, the purpose of this chapter is to discuss the transmission substations. Whether it is a

large distribution substation or a transmission substation, establishment of a new substation is a long
and tedious process, as shown in Figure 2.24.
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FIGURE 2.14 A typical 230-kV transmission line steel tower with bundled conductors and double circuit.

FIGURE 2.15 A lineman working from a helicopter platform.

ﬂ Bulk power source bus

Subtransmission
circuits

Distribution
substation

e
5

: , I : , Distribution

substation

E

FIGURE 2.16 A radial-type subtransmission.
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FIGURE 2.18 A loop-type subtransmission.

The objective of a transmission substation design is to provide maximum reliability, flexibility,
and continuity of service and to meet objectives with the lowest investment costs that satisfy the
system requirements. Thus, a substation performs one or more of the following functions:

1. Voltage transformation: power transformers are used to raise or lower the voltages as
necessary.

2. Switching functions: connecting or disconnecting parts of the system from each other.

3. Reactive power compensation: shunt capacitors, shunt reactors, synchronous condensers,
and static var systems are used to control voltage. Series capacitors are used to reduce line
impedance.

Transmission substations serving bulk power sources operate at voltages usually from 69 to 765 kV
or more. As an integral part of the transmission system, the substation or switching station functions
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FIGURE 2.19 A grid- or network-type subtransmission.

as a connection and switching point for transmission lines, subtransmission lines, generating circuits,
and step-up and step-down transformers.

A transmission substation changes voltages to or from transmission level voltages and oper-
ates circuit breakers in response to transmission line or substation faults. It also has the following
functions: controlling power to an area, housing protective relays and instrument transformers, and
housing switching arrangements that allow maintenance of any substation equipment without dis-
rupting the power to any area served by the substation.

Essentially, a transmission substation performs all of the functions of an important distribution
substation at much higher voltage and power levels. Most of the apparatus is the same, and operates
the same as the equipment at a distribution substation, except that it is larger and has some larger
capacity functions.

In addition, there are other differences between transmission and distribution substations. For
example, spacing between conductors is greater, autotransformers are often used, reactors are some-
times housed, and also grounding is more critical in bulk power substations. Figure 2.25 shows a
bulk power substation operating at 138/34.5-kV voltage level. On the other hand, Figure 2.26 shows a
distribution substation operating at 34.5/12.47-kV voltage level. Similarly, Figure 2.27 shows another
distribution substation operating at 34.5/4.16-kV voltage level.

2.8.1 ADDITIONAL SUBSTATION DESIGN CONSIDERATIONS

The design of a high-voltage substation includes basic station configuration and physical sys-
tem layout, grounding, transformer selection, circuit breaker selection, bus designs, switches,
lightning protection, lightning shielding, and protective relaying systems. The essential informa-
tion that is needed, in determining the selection of a basic substation configuration, include the
following:
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FIGURE 2.20 A typical 34.5-kV line with a double circuit and wood poles. It has a newer style construction.
(Union Electric Company.)

1. The estimated initial and future loads to be served by the substation.

2. A careful study of the transmission facilities and operating voltages.

3. The study of service reliability requirements.

4. Determination of space availability for station facilities and transmission line access.

In general, the need for improved reliability dictates for additional apparatus, which, in turn,
requires more space. For a given substation design, the size of the bays depend on the voltages used.
For example, they vary from about 24 ft? at 34.5 kV to about 52 ft? at 138 kV voltage level.

In order to improve substation reliability, it is usual that more substation area is needed. This, in
turn, increases the cost of the substation. The determination of reliability dictates the knowledge
of the frequency of each piece of equipment and the cost of the outage. Failure rates for substations
vary, depending on substation size, degree of contamination, and the definition of what is a failure.

2.8.2 SuBsTATION COMPONENTS

A typical substation may include the following equipment: (i) power transformers, (ii) circuit breakers,
(¢if) disconnecting switches, (iv) substation buses and insulators, (v) current limiting reactors, (vi) shunt
reactors, (vii) current transformers, (viii) potential transformers, (ix) capacitor voltage transformers, (x)
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FIGURE 2.21 A 34.5-kV line with a single circuit and wood poles. It also has a 12.47-kV underbuild line
and 34.5-kV switch. It has an old style construction. (Union Electric Company.)

FIGURE 2.22 A typical 34.5-kV line with a double circuit and wood poles. It also has a 4.16-kV underbuild
line and a 34.5-kV switch. (Union Electric Company.)

coupling capacitors, (xi) series capacitors, (xii) shunt capacitors, (xiii) grounding system, (xiv) light-
ning arresters and/or gaps, (xv) line traps, (xvi) protective relays, (xvii) station batteries, and (xviii)
other apparatus.

2.8.3 Bus AND SWITCHING CONFIGURATIONS

In general, the substation switchyard scheme (or configuration) selected dictates the electrical and physi-
cal arrangement of the switching equipment. It is affected by the emphasis put on reliability, economy,
safety, and simplicity, as warranted by the function and importance of the substation. Additional factors
that need to be considered are maintenance, operational flexibility, relay protection cost, and also line
connections to the facility. The following are the most commonly used bus schemes:

1. Simple bus scheme.
2. Double bus-double breaker scheme.
3. Main-and-transfer bus scheme.
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FIGURE 2.23 A typical 12.47-kV line with a single circuit and wood pole. It has a newer type pole top con-
struction. (Union Electric Company.)

4. Double bus-single breaker scheme.
5. Ring bus scheme.
6. Breaker-and-a half scheme.

Figure 2.28a shows a typical simple bus scheme; Figure 2.28b presents a typical double bus-double
breaker scheme; Figure 2.28c illustrates a typical main-and-transfer bus scheme; Figure 2.29a
shows a typical double bus-single breaker scheme; Figure 2.29b presents a typical ring bus scheme;
Figure 2.29c illustrates a typical breaker-and-a-half scheme.

Each scheme has some advantages and disadvantages depending upon economical justification
of a specific degree of reliability. Table 2.3 gives a summary of switching schemes’ advantages and
disadvantages.

2.8.4 SuBSTATION Busks

The substation buses, in HV substations or EHV substations, are a most important part of the sub-
station structure due to the fact that they carry high amounts of energy in a confined space. The
design of substation buses is a function of a number of elements. For example, it includes current-
carrying capacity, short-circuit stresses, and establishing maximum electrical clearances.

They are designed and built in a manner so that the bus construction is strong enough to with-
stand the maximum stresses imposed on the conductors, and on the structure, by heavy currents
under short-circuit conditions. In the past, the HV substations usually had the strain buses. The
strain bus is similar to a transmission line and was merely a conductor, such as aluminum conductor
steel reinforced (ACSR), which was strung between substation structures.

On the other hand, EHV substations use the rigid-bus technique. The use of rigid buses has the
advantages of low substation profile, and ease of maintenance and operation. In a conventional sub-
station arrangement, it is normally a combination of rigid-and strain-bus construction. For exam-
ple, the 765-kV EHV substation design has both rigid- and strain-bus arrangements. According to
Basilesco [7], the advantages of using the rigid-bus design are:

* Less steel is used and structures are simple.

* The rigid bus is lower in height.

* Low profile with the rigid bus provides good visibility of conductors and equipment. Hence,
it gives a good appearance to the substation.

* Rigid conductors are not under constant strain.

* Individual pedestal-mounted insulators are more accessible for cleaning.
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FIGURE 2.24 Establishment of a new substation. (From Burke, J., and A. M. Shazizian. How a substation
happens? In Electric power substation engineering, ed. J. D. McDonald, CRC Press, Boca Raton, FL, 2007.
With permission.)
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FIGURE 2.26 A distribution substation operating 34.5/12.47-kV voltage level. (Union Electric Company.)
The disadvantages of using the rigid bus are:

* Rigid-bus designs are more expensive.

* Rigid-bus designs require more land.

e It requires more insulators and supports. (Hence, it has more insulators to clean.)

¢ This design is more sensitive to structural deflections, which results in misalignment prob-
lems and possible bus damages.
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FIGURE 2.27 A distribution substation operating 34.5/4.16-kV voltage level. (Union Electric Company.)

On the other hand, the advantages of using strain bus are:

* Fewer structures are required.
e It needs less land to occupy.
* It has a lesser cost.

The disadvantages of using strain bus are:

e It requires larger structures and foundations.

* Painting of high steel structures is costly and hazardous.
 Its insulators are not conveniently accessible for cleaning.
* Conductor repairs are more difficult in an emergency.

The current-carrying capacity of a bus is restricted by the heating effects generated by the cur-
rent. Buses are rated according to the temperature rise that can be allowed without heating equip-
ment terminals, bus connections, and joints. According to IEEE, NEMA, and ANSI standards, the
permissible temperature rise for plain copper and aluminum buses is restricted to 30°C above an
ambient temperature of 40°C.

EHYV substation bus phase spacing is based on the clearance required for switching surge impulse
values plus an allowance for energized equipment projections and corona rings.

2.8.4.1 Open-Bus Scheme

A typical conventional open-bus substation scheme has basically open-bus construction that has
either only rigid- or strain-buses design, or combinations of rigid and strain buses. In arrangements
employing double-bus schemes (e.g., the breaker-and-a half scheme), the buses are arranged to run
the length of the substation. They are usually located toward the outside of the station.

The transmission line exists usually cross over the main bus and are dead-ended on takeoff tower
structures. The line drops into one of the bays of the substation and connects to the disconnecting
switches and circuit breakers. In such an arrangement, three distinct bus levels are required to make
the necessary crossovers and connections to each substation bay. The open-bus scheme has the
advantage of requiring a minimum of land area per bay and relative ease of maintenance [7].
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FIGURE 2.28 Most commonly used substation bus schemes: (a) single bus scheme, (b) double bus-double
breaker scheme, and (c) main-and-transfer bus scheme.

2.8.4.2 Inverted-Bus Scheme

In designing EHV substations, this scheme is usually preferred. Figure 2.30 shows a one-line dia-
gram of a substation, illustrating many variations of the inverted-bus scheme. In this scheme, all of
the outgoing circuit takeoff towers are located on the outer perimeter of the substation. This elimi-
nates the line crossovers and exit facilities. Main buses are located in the middle of the substation,
with all disconnecting switches, circuit breakers, and all bay equipment located outboard of the
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FIGURE 2.29 Most commonly used substation bus schemes: (a) double bus-single breaker scheme, (b) ring
bus scheme, and (c) breaker-and-a-half scheme.

main buses. An inverted-bus scheme provides a very low profile substation. It has the advantages of
beauty and aesthetics, resulting in better public relations.

2.9 SULFUR HEXAFLUORIDE (SF)-INSULATED SUBSTATIONS

Today, there are various makes and types of SF, substations that range from 69 kV up to 765 kV, up
to 4000-A continuous current, and up to 80-kA symmetric interrupting rating.

In such substation, the buses, circuit breakers, isolators, instrument transformers, cable sealing
ends, and connections are contained in metal enclosures filled with SF,. The advantages of SF, sub-
stations are little space requirement, short installation time, positive protection against contact, low
noise, very little maintenance, protection against pollution, and modular design for all components,
which can be installed horizontal or vertical.

Basically, an SF, substation has the same components as a conventional substation, including
circuit breakers; buses; bushings; isolators, grounding switches; and instrument transformers. The
metal enclosure, made up of tubular elements, totally covers all live parts. In addition, SF¢-insulated
cables are also used in the following applications: (1) line crossings, (2) connections of EHV over-
head lines, (3) high-voltage and/or high-current links in underground power stations, (4) high-voltage
links from off-shore power plants, (5) high-voltage cable links in city networks and substation areas,
(6) power transmission in road-tunnels, and (7) power transmission to airports.

2,10 TRANSMISSION LINE CONDUCTORS

In transmission line design, the determination of conductor type and size is very important because
the selection of the conductor affects the cost of construction of the line, and perhaps more crucially,
it affects the cost of transmitting power through the transmission line throughout its life.

2.10.1 CoNDuUcTOR CONSIDERATIONS

In the selection of the transmission line conductors, the following factors have to be taken into
account:

1. The maximum amount of allowed current in the conductor.
2. The maximum amount of power loss allowed on the line.
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TABLE 2.3

Summary of Comparison of Switching Schemes
Switching Scheme Advantages

1. Single bus 1. Lowest cost.

2. Double bus-double 1. Each circuit has two dedicated breakers.
breaker
2. Has flexibility in permitting feeder circuits
to be connected to either bus.
3. Any breaker can be taken out of service
for maintenance.
4. High reliability.
3. Main-and-transfer 1. Low initial and ultimate cost.
2. Any breaker can be taken out of service
for maintenance.
3. Potential devices may be used on the main
bus for relaying.
4. Double bus-single 1. Permits some flexibility with two
breaker operating buses.
2. Either main bus may be isolated for
maintenance.
3. Circuit can be transferred readily from one
bus to the other by use of bus-tie breaker
and bus selector disconnect switches.

5. Ring bus 1. Low initial and ultimate cost.

2. Flexible operation for breaker
maintenance.
3. Any breaker can be removed for
maintenance without interrupting load.

4. Requires only one breaker per circuit.

5. Does not use main bus.

6. Each circuit is fed by two breakers.

7. All switching is done with breakers.

—_

Disadvantages

. Failure of bus or any circuit breaker results in
shutdown of entire substation.

2. Difficult to do any maintenance.

3. Bus cannot be extended without completely

—_

—_

w

—_

deenergizing substation.

. Can be used only where loads can be interrupted
or have other supply arrangements.

. Most expensive.

. Would lose half the circuits for breaker failure if
circuits are not connected to both buses.

. Requires one extra breaker for the bus tie.

. Switching is somewhat complicated when
maintaining a breaker.

. Failure of bus or any circuit breaker results in
shutdown of entire substation.

. One extra breaker is required for the bus tie.

. Four switches are required per circuit.
. Bus protection scheme may cause loss of

substation when it operates if all circuits are
connected to that bus.

4. High exposure to bus faults.

1

w

. Line breaker failure takes all circuits connected

to that bus out of service.

Bus-tie breaker failure takes entire substation out

of service.

. If a fault occurs during a breaker maintenance
period, the ring can be separated into two
sections.

. Automatic reclosing and protective relaying

circuitry rather complex.

If a single set of relays is used, the circuit must

be taken out of service to maintain the relays.

(Common on all schemes.)

. Requires potential devices on all circuits since
there is no definite potential reference point.
These devices may be required in all cases for
synchronizing, live line, or voltage indication.

. Breaker failure during a fault on one of the
circuits causes loss of one additional circuit
owing to operation of breaker-failure relaying.

(Continued)
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TABLE 2.3 (Continued)

Switching Scheme
6. Breaker-and-a-half

Advantages

1. Most flexible operation.
High reliability.

I

W

. Breaker failure of bus side breakers
removes only one circuit from service.

4. All switching is done with breakers.

5. Simple operation; no disconnect switching

required for normal operation.

[=))

. Either main bus can be taken out of
service at any time for maintenance.

7. Bus failure does not remove any feeder

circuits from service.

Disadvantages

1. 1¥2 breakers per circuit.

2. Relaying and automatic reclosing are somewhat
involved since the middle breaker must be
responsive to either of its associated circuits.

Line
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FIGURE 2.30 A low profile EHV substation using inverted breaker-and-half.

3. The maximum amount of voltage loss allowed.
4. The required span and sag between spans.

5. The tension on the conductor.

6. The climate conditions at the line location. (The possibility of wind and ice loading.)
7. The possibility of conductor vibration.
8. The possibility of having corrosive atmospheric conductors.

The selected conductor should be suitable to overcome the above conditions.

2.10.2 ConNbucTtor TyYPES

The most commonly used transmission types are:

e ACSR

e ACSR/AW (aluminum conductor, aluminum-clad steel reinforced)
e ACSR-SD (aluminum conductor, steel reinforced/self-damping)
¢ ACAR (aluminum conductor, allow reinforced)
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*  AAC-1350 (aluminum alloy conductor composed of 1350 aluminum alloy)
* AAAC-201 (all aluminum alloy conductor composed of 6201 alloy)

ACSR consists of a central core of steel strands surrounded by layers of aluminum strands. Thus, an
ACSR conductor withadesignationof 26/7 means thatithas 7 strands of galvanized steel wiresinitscore
and 26 strands of aluminum wires surrounding its core. The galvanizing is a zinc coating placed on each
ofthesteel wirestrands. Thethicknessofthecoatingislistedas “Class A”fornormalthickness, “Class B”
for medium, and “Class C” for heavy duty. The degree of conductor and atmospheric contamination
dictates the class of galvanization for the core.

ACSR/AW conductor is similar to ACSR above with the exception that its core is made up of
high-strength steel clad in an aluminum coating. It is more expensive than ACSR. However, it can
be used in worse corrosive atmospheric conditions than ACSR, with class “C” galvanizing.

ACSR-SD conductor has two layers of trapezoidal-shaped strands, or two layers of trapezoidal
strands and one of round strands around a conventional steel core. It is built to have a self-damp-
ing against aeolian vibration. It can be used at very high tensions without having any auxiliary
dampers.

ACAR conductor has a high-strength aluminum core. It is lighter than the ACSR and is just as
strong, but higher in cost. It is used in long spans in a corrosive atmosphere.

AAC-1350 is used for any construction that needs good conductivity and has short spans.

AAAC-6201 has high-strength aluminum alloy strands. It is as strong as ACSR but is much
lighter and more expensive. It is used in long spans in a corrosive atmosphere.

2.10.3 CoNDUCTOR SizE

When subjected to motions such as wind gust and ice droppings, large conductors are more mechani-
cally stable than small conductors, mainly due to their higher inertia. However, the choice of conductor
size is often largely based on electrical (power loss and voltage drop considerations), thermal capacity
(ampacity), and economic requirements rather than on motion considerations. Other factors include
the required tensions for span and sag considerations, and the breakdown voltage of the air. The volt-
age per unit surface area is a function of the voltage and the circumference of the chosen conductor.

Conductor sizes are based on the circular mil. A circular mil is the area of a circle that has a
diameter of 1 mil. A mil is equal to 1x 1073 in. The cross-sectional area of a wire in square inches
equals its area in circular mils multiplied by 0.7854 x 10

For the smaller conductors, up to 211,600 circular mils, the size is usually given by a gage number
according to the American Wire Gauge (AWG) standard, formerly known as the Brown and Sharpe
Wire Gauge (B&S). Gage sizes decrease as the wire increases in size. The larger the gage size, the
smaller the wire. These numbers start at 40, the smallest, which is assigned to a wire with a diameter
of 3.145 mils. The largest size is number 0000, written as 4/0, and read as four odds. Above 4/0, the
size is determined by cross-sectional area in circular mils. In summary,

1 linear mil =0.001 inch
=0.0254 mm
1 circular mil =area of circle 1 linear mil in
diameter
:f square mils
=% x10 =0.7854x 107 square inch

One thousand circular mils is often used as a unit, for example, a size given as 250 kemil (or MCM)
refers to 250,000 circular mils or 250,000 cmil.
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A given conductor may consist of a single strand or several strands. If a single strand, it is solid;
if more than one strand, it is stranded. A solid conductor is often called a wire, whereas a stranded
conductor is called a cable. A general formula for the total number of strands in concentrically
stranded cables is

Number of strands=3n>-3n+1,

where n is the number of layers, including the single center strand.

In general, distribution conductors larger than 2 AWG are stranded. Insulated conductors for under-
ground distribution or aerial cable lines are classified as cables and are usually stranded. Table 2.4
gives standard conductor sizes.

2.10.3.1 Voltage Drop Considerations

Also, voltage drop considerations dictate that not only must the given conductor meet the minimum
size requirements, but also it must transmit power at an acceptable loss. Common minimum size
conductors that are typically used for the given voltages are:

For 69 kV: 4/0
For 138 kV: 336.4 MCM (or kcmil)
For 230 kV: 795 MCM (or kemil) single conductor
For 345 kV: 795 MCM (or kcmil) bundle of two conductors
For 500 kV: 795 MCM (or kemil) bundle of three conductors
For 750 kV: 795 MCM (or kemil) bundle of four conductors

Note that Europeans have adopted a standard of 556-mm bundle of four for 500 kV.

This requirement is often expressed as a maximum voltage drop of 5% across the transmission
line for a particular system. The total series impedance of the line is equal to the maximum allow-
able voltage drop divided by the maximum load current. Hence,

VD
Z, =R+ jX.|= T @.1)

max

where:
Z, =the magnitude of the total impedance of the line,
R =the total resistance of the line,
X, =the total inductive reactance of the line,
VD,,,,=the maximum allowable voltage drop for the line,
I_. =the maximum load current.

max

Note that R is inversely proportional to the area of the conductor size.

2.10.3.2 Thermal Capacity Considerations

When a phase conductor is sized, the thermal capacity of the conductor (ampacity) has to be
taken into account. In other words, the conductor should be able to carry the maximum expressed
long-term load current without experiencing any overheating. Typically, a conductor must be
able to withstand a temperature of 75°C (167°F) without a decrease in strength. Above that tem-
perature, the strength of the conductor decreases as a function of the amount and duration of the
excessive heat.
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TABLE 2.4

Standard Conductor Sizes

Size (AWG or

kemil) (Circular Mils) No. of Wires  Solid or Stranded
18 1620 1 Solid

16 2580 1 Solid

14 4110 1 Solid

12 6530 1 Solid

10 10,380 1 Solid

8 16,510 1 Solid

7 20,820 1 Solid

6 26,250 1 Solid

6 26,250 3 Stranded
5 33,100 3 Stranded
5 33,100 1 Solid

4 41,740 1 Solid

4 41,740 3 Stranded
3 52,630 3 Stranded
3 52,630 7 Standed
3 52,630 1 Solid

2 66,370 1 Solid

2 66,370 3 Stranded
2 66,370 7 Stranded
1 83,690 3 Stranded
1 83,690 7 Stranded
0 (or 1/0) 105,500 7 Stranded
00 (or 2/0) 133,100 7 Stranded
000 (or 3/0) 167,800 7 Stranded
000 (or 3/0) 167,800 12 Stranded
0000 (or 4/0) 211,600 7 Stranded
0000 (or 4/0) 211,600 12 Stranded
0000 (or 4/0) 211,600 19 Stranded
250 250,000 12 Stranded
250 250,000 19 Stranded
300 300,000 12 Stranded
300 300,000 19 Stranded
350 350,000 12 Stranded
350 350,000 19 Stranded
400 400,000 19 Stranded
450 450,000 19 Stranded
500 500,000 19 Stranded
500 500,000 37 Stranded
600 600,000 37 Stranded
700 700,000 37 Stranded
750 750,000 37 Stranded
800 800,000 37 Stranded
900 900,000 37 Stranded
1000 1,000,000 37 Stranded
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In general, the ampacity of a conductor is a function of the generated heat by the current itself,
the heat from the sun, and the cooling of the winds. Conductor heating is expressed as ambient
temperature plus load temperature, less cooling effects of the wind.

2.10.3.3 Economic Considerations

Economic considerations are very important in the determination of the conductor size of a trans-
mission line. Usually, the conductor that meets the minimum aforementioned factors is not the most
economical one.

The present worth of the savings that result from the lower power losses during the entire use-
ful life of a conductor must be taken into account. Hence, a larger conductor, than the one that just
barely meets the minimum requirements, is often more justifiable. In other words, the marginal
additional cost involved will be more than offset by the cost savings of the future.

To make any meaningful conductor size selection, the transmission planning engineer should
make a cost study associated with the line. The cost analysis for the proper conductor size should
include: (1) investment cost of installed line with the particular conductor being considered; (2) cost
of energy loss due to total I?R losses in the line conductors; and (3) cost of demand lost, that is, the
cost of useful system capacity lost (including generation, transmission, and distribution systems),
in order to resupply the line losses. Hence, the total present worth of line cost (TPWL) at a given
conductor size is:

TPWL = PWIC + PWEC + PWDC $/mi, 2.2)

where TPWL is the total present worth of the cost of the line ($/mi) and PWIC is the present worth
of the investment cost of the installed feeder ($/mi). PWEC is the present worth of energy cost
due to I’R losses in the line conductors ($/mi), and PWDC is the present worth of the demand cost
incurred to maintain adequate system capacity to resupply 2R losses in the line conductors in order
compensate for the line losses ($/mi).

In addition to the above considerations, the future load growth also needs to be considered.

2.10.4 OverHEAD GROUND WiRes (OHGW)

OHGW are also called the shield wires. They are the wires that are installed above the phase con-
ductors (or wires). They are used to protect the line from lightning, to even out the ground potential,
and are sometimes even used for low voltage communication. The OHGW do not conduct the load
current, but they rapidly conduct the very heavy current of a lightning strike to the ground, through
their many grounded connections. Every transmission structure is all grounded and the OHGW is
grounded at every structure (whether it is a pole or tower).

High-strength or extra-strength galvanized steel wires are used. The allowable sizes for the
high-strength wires are 3/8 and 7/16 in, while the allowable sizes for the extra-strength wires
are 5/26, 3/8, and 7/16 in. The sags of the OHGW must be the same as the sags of the phase
conductors.

2.10.5 ConNbucTor TENSION

The conductor tension of a transmission line may vary between 10 and 60% or even more of its rated
conductor strength. This is due to change in line loading and temperature. Normal tensions may be
more important for determination of the life of the conductor of a line than higher tensions that do
not occur frequently. The proper conductor tensions are given in the NESC based on ice and wind
loadings in the loading districts of heavy, medium, and light loading.
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2.11 INSULATORS

2.11.1  Types ofF INSULATORS

An insulator is a material that prevents the flow of an electric current and can be used to sup-
port electrical conductors. The function of an insulator is to provide for the necessary clearances
between the line conductors, between conductors and ground, and between conductors and the pole
or tower. Insulators are made of porcelain, glass, and fiberglass treated with epoxy resins. However,
porcelain is still the most common material used for insulators.

The basic types of insulators include pin-type insulators, suspension insulators, and strain insu-
lators. The pin insulator gets its name from the fact that it is supported on a pin. The pin holds the
insulator, and the insulator has the conductor tied to it. They may be made in one piece for voltages
below 23 kV, in two pieces for voltages from 23 to 46 kV, in three pieces for voltages from 46 to 69
kV, and in four pieces for voltages from 69 to 88 kV. Pin insulators are seldom used on transmission
lines having voltages above 44 kV, although some 88-kV lines using pin insulators are in operation.
The glass pin insulator is mainly used on low-voltage circuits. The porcelain pin insulator is used on
secondary mains and services, as well as on primary mains, feeders, and transmission lines.

A modified version of the pin-type insulator is known as the post type insulator. The post type
insulators are used on distribution, subtransmission, and transmission lines and are installed on
wood, on concrete, and steel poles. The line post insulators are constructed for vertical or horizontal
mountings. The line post insulators are usually made as one-piece solid porcelain units. Figure 2.31
shows a typical post type porcelain insulator. Suspension insulators consist of a string of interlink-
ing separate disks made of porcelain. A string may consist of many disks, depending on the line
voltage.* For example, as an average, for 115-kV lines usually 7 disks are used and for 345-kV lines
usually 18 disks are used.

The suspension insulator, as its name implies, is suspended from the cross-arm (or pole or tower)
and has the line conductor fastened to its lower end. When there is a dead-end of the line, or a cor-
ner or a sharp curve, or the line crosses a river, etc., then the line will withstand great strain. The
assembly of suspension units arranged to dead-end the conductor of a structure is called a dead-end,
or strain, insulator.

In such an arrangement, suspension insulators are used as strain insulators. The dead-end string
is usually protected against damage from arcs by using one to three additional units and installing
arcing horns or rings, as shown in Figure 2.32. Such devices are designed to ensure that an arc (e.g.,
due to lightning impulses) will hold free of insulator string.

FIGURE 2.31 Typical (side) post type insulators used in: (a) 69 kV, and (b) 138 kV.

*In average practice, the number of units used in an insulator string is approximately proportional to the line voltage,
with a slight increase for the highest voltages and with some allowances for the length of insulator unit. For example, 4
or 5 units have generally been used at 69 kV, 7 or 8 at 115 kV, 8—10 at 138 kV, 9-11 at 161 kV, 14-20 at 230 kV, 15-18 at
345 kV, 24-35 at 500 kV (with the 35 unit insulator strings used at high altitudes), 33-35 at 735 kV (Hydro Quebec), and
30-35 at 765 kV.
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FIGURE 2.32 Devices used to protect insulator strings: (a) suspension string with arcing horns, (b) suspen-
sion string with grading shields (or arcing rings), (c) suspension string with control ring. (Courtesy of Ohio
Brass Company.)

The arcing horns protect the insulator string by providing a shorter path for the arc, as shown in
Figure 2.32a. Contrarily, the effectiveness of the arcing ring (or grading shield), shown in Figure 2.32b,
is due to its tendency to equalize the voltage gradient over the insulator, causing a more uniform
field.

Thus, the protection of the insulator is not dependent on simply providing a shorter arcing path,
as is the case with horns. Figure 2.32¢c shows a control ring developed by Ohio Brass Company,
which can be used to “control” the voltage stress at the line end of the insulator strings.

It has been shown that their use can also reduce the corona formation on the line hardware.
Control rings are used on single conductor, high-voltage, transmission lines operating above 250
kV. Transmission lines with bundled conductors do not require the use of arcing horns and rings nor
control rings, provided that the bundle is not made of two conductors, one above the other.

2.11.2  TeSTING OF INSULATORS

The operating performance of a transmission line depends largely on the insulation. Experience has
shown that for satisfactory operation, the dry flashover operating voltage of the assembled insulator
must be equal to three to five times the nominal operating voltage and its leakage path must be about
twice the shortest air gap distance. Insulators used on overhead lines are subject to tests that can
generally be classified as: (1) design tests, (2) performance tests, and (3) routine tests. The design
tests include dry flashover test, pollution flashover test, wet flashover test, and impulse test.

The flashover voltage is defined as the voltage at which the insulator surface breaks down (by
ionization of the air surrounding the insulator), allowing current to flow on the outside of the insula-
tor between the conductor and the cross-arm. Whether or not an insulator breaks down depends not
only on the magnitude of the applied voltage, but also the rate at which the voltage increases.

Since insulations have to withstand steep-fronted lightning and switching surges when they are
in use, their design must provide the flashover voltage' on a steep-fronted impulse waveform that is
greater than that on a normal system waveform. The ratio of these voltages is defined as the impulse
ratio. Hence,

Impulse flashover voltage
Power frequency flashover voltage

Impulse ratio = (2.3)

© This phenomenon is studied in the laboratory by subjecting insulators to voltage impulses by means of a “lightning
generator.”
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Table 2.5 gives the flashover characteristics of suspension insulator strings and air gaps [10]. The
performance tests include puncture tests, mechanical test, temperature test, porosity test, and elec-
tromechanical test (for suspension insulators only). The event that takes place, when the dielectric of
the insulator breaks down and allows current to flow inside the insulator between the conductor and
the cross-arm, is called the puncture.

Therefore, the design must facilitate the occurrence of flashover at a voltage that is lower than
the voltage for puncture. An insulator may survive flashover without damage, but must be replaced
when punctured. The test of the glaze on porcelain insulators is called the porosity test. The routine
tests include proof-test, corrosion test, and high-voltage test (for pin insulators only).*

TABLE 2.5
Flashover Characteristics of Suspension Insulator Strings and Air Gaps [10]
Impulse Flashover No. of Insulator Wet 60-Hz
Impulse Air Gap (Positive Critical) (kV) Units? Flashover (kV)  Wet 60-Hz Air Gap
in mm in mm
8 203 150 1 50 254 10
14 356 255 2 90 305 12
21 533 355 3 130 406 16
26 660 440 4 170 508 20
32 813 525 5 215 660 26
38 965 610 6 255 762 30
43 1092 695 7 295 889 35
49 1245 780 8 335 991 39
55 1397 860 9 375 1118 44
60 1524 945 10 415 1245 49
66 1676 1025 11 455 1346 53
71 1803 1105 12 490 1473 58
77 1956 1185 13 525 1575 62
82 2083 1265 14 565 1676 66
88 2235 1345 15 600 1778 70
93 2362 1425 16 630 1880 74
99 2515 1505 17 660 1981 78
104 2642 1585 18 690 2083 82
110 2794 1665 19 720 2183 86
115 2921 1745 20 750 2286 90
121 3073 1825 21 780 2388 94
126 3200 1905 22 810 2464 97
132 3353 1985 23 840 2565 101
137 3480 2065 24 870 2692 106
143 3632 2145 25 900 2794 110
148 3759 2225 26 930 2921 115
154 3912 2305 27 960 3023 119
159 4039 2385 28 990 3124 123
165 4191 2465 29 1020 3251 128
171 4343 2550 30 1050 3353 132

@ Insulator units are 146x254 mm (5%x 10 in.) or 146267 mm (s%x 10% in.).

# For further information, see the ANSI Standard C29.1-C29.9.

www.mepcafe.com



66 Electrical Power Transmission System Engineering Analysis and Design

2.11.3 VOLTAGE DISTRIBUTION OVER A STRING OF SUSPENSION INSULATORS

Figure 2.33 shows the voltage distribution along the surface of a single clean insulator disk (known
as the cap-and-pin insulator unit) used in suspension insulators. Note that the highest voltage gra-
dient takes place close to the cap and pin (which are made of metal), whereas much lower voltage
gradients take place along most of the remaining surfaces. The underside (that is, the inner skirt) of
the insulator has been given the shape, as shown in Figure 2.33, to minimize the effects of moisture
and contamination and to provide the longest path possible for the leakage currents that might flow
on the surface of the insulator.

In the figure, the voltage drop between the cap and the pin has been taken as 100% of the total
voltage. Approximately 24% of this voltage is distributed along the surface of the insulator from the
cap to point 1 and only 6% from point 1 to point 9. The remaining 70% of this voltage is distributed
between point 9 and the pin.

The main problem with suspension insulators having a string of identical insulator disks is the
nonuniform distribution voltage over the string. Each insulator disk with its hardware (that is, cap
and pin) constitutes a capacitor, the hardware acting as the plates or electrodes and the porcelain
as the dielectric. Figure 2.34 shows the typical voltage distribution on the surfaces of three clean
cap-and-pin insulator units connected in series [10]. The figure clearly illustrates that when several
units are connected in series: (1) the voltage on each insulator over the string is not the same, (2) the
location of the unit within the insulator string dictates the voltage distribution, and (3) the maximum
voltage gradient takes place at the (pin of the) insulator unit nearest to the line conductor.

As shown in Figure 2.35a, when several insulator units are placed in series, two sets of capaci-
tances take place; the series capacitances C, (that is, the capacitance of each insulator unit) and the
shunt capacitances to ground, C,. Note that all the charging current / for the series and shunt capaci-
tances flows through the first (with respect to the conductor) of the series capacitances C,. The [,
portion of this current flows through the first shunt capacitance C,, leaving the remaining /, portion
of the current to flow through the second series capacitance, and so on. The diminishing current
flow through the series capacitances C, results in a diminishing voltage (drop) distribution through
them from conductor end to ground end (that is, cross-arm), as illustrated in Figure 2.35b. Thus,
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FIGURE 2.33 Voltage distribution along the surface of a single clean cap-and-pin suspension insulator.
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FIGURE 2.34 A typical voltage distribution on the surfaces of three clean cap-and-pin suspension insulator
units in series.

Cross—arm -
_ 1
__________________ ' -2
I
i
I
—————————————————— =43
o
I I
5 v Lol
: L
e g —Y | ey fotoad
B Pl
I [
1 [
I [
2 1 ! (I
-------
b A
c L Vs i P
lé I I | H
i : [
\ Vs | V4 |V3|V2|VI1
Conductor T T Tt |
v |

FIGURE 2.35 Voltage distribution among suspension insulator units.

V5>V4>V3>V2>Vi.

In summary, the voltage distribution over a string of identical suspension insulator units is not
uniform due to the capacitances formed in the air between each cap/pin junction and the grounded
(metal) tower.

However, other air capacitances exist between metal parts at different potentials. For example,
there are air capacitances between the cap—pin junction of each unit and the line conductor. Figure 2.36
shows the resulting equivalent circuit for the voltage distribution along a clean eight-unit insulator
string. The voltage distribution on such a string can be expressed as

v, C C C
V,=——" x| —2sinhBk + —sinhP(k —n )+ —>sinhPn |,
= B sinhpn [Cl sinh 3 C. sinhB( n) C sin Bn] (2.4)
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FIGURE 2.36 An equivalent circuit for voltage distribution along clean eight-unit insulator string.
(Adapted from Edison Electric Institute, EHV transmission line reference book, EEI, New York, 1968. With
permission.)

where:
V,=voltage across k units from ground end,
V,=voltage across n units (i.e., applied line-to-ground voltage in volts),

1/2
=a constant= GG , 2.5)
2
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C,=capacitance between cap and pin of each unit,

C,=capacitance of one unit to ground,

C,=capacitance of one unit to line conductor.
The capacitance C; is usually very small, and therefore its effect on the voltage distribution can be
neglected. Hence, Equation 2.4 can be expressed as

V=V, (S“lh‘”‘) 2.6)
sinhon
where
C2 1/2
o=aconstant=| —= | . 2.7
G

Figure 2.37 shows how the voltage changes along the eight-unit string of insulators when
the ratio C,/C, is about 1/12 and the ratio C5/C, is about zero (i.e., C;=0). However, a calcula-
tion based on Equation 2.31 gives almost the same result. The ratio C,/C, is usually somewhere
between 0.1 and 0.2.

Furthermore, there is also the air capacitance that exists between the conductor and the tower.
But, it has no effect on the voltage distribution over the insulator string, and therefore it can be
neglected.

This method of calculating the voltage distribution across the string is based on the assumption
that the insulator units involved are clean and dry, and thus they act as a purely capacitive voltage
divider. In reality, however, the insulator units may not be clean or dry.

Thus, in the equivalent circuit of the insulator string, each capacitance C, should be shunted
by a resistance R representing the leakage resistance. Such resistance depends on the presence of
contamination (i.e., pollution) on the insulator surfaces and is considerably modified by rain and
fog. If, however, the units are badly contaminated, the surface leakage (resistance) currents could
be greater than the capacitance currents, and the extent of the contamination could vary from unit
to unit, causing an unpredictable voltage distribution.

It is also interesting to note that if the insulator unit nearest to the line conductor is electri-
cally stressed to its safe operating value, then all the other units are electrically understressed, and
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FIGURE 2.37 Voltage distribution along a clean eight-unit cap-and-pin insulator string.
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consequently, the insulation string as a whole is being inefficiently used. The string efficiency (in per
units) for an insulator string made of n series units can be defined as

Voltage across string 2.8)

String efficiency = .
g Y n(Voltage across unit adjacent to line conductor)

If the unit adjacent to the line conductor is about to flash over, then the whole string is about to
flash over, Here, the string efficiency can be reexpressed as

Flashover voltage of string

String efficiency = 2.9

n(Flashover voltage across one unit)’

Note that the string efficiency decreases as the number of units increases.
The methods to improve the string efficiency (grading) include:

1. By grading the insulators so that the top unit has the minimum series capacitances C,
whereas the bottom unit has the maximum capacitance. This may be done by using differ-
ent sizes of disks and hardware, or by putting metal caps on the disks, or by a combination
of both methods.® But this is a rarely used method since it would involve stocking spares of
different types of units, which is contrary to the present practice of the utilities to standard-
ize on as few types as possible.

2. By installing a large circular or oval grading shield ring (i.e., an arcing ring) at the line end of
the insulator string [10]. This method introduces a capacitance C;, as shown in Figure 2.36,
from the ring to the insulator hardware to neutralize the capacitance C, from the hardware to
the tower. This method substantially improves the string efficiency. However, in practice it is
not usually possible to achieve completely uniform voltage distribution by using the gradient
shield, especially if the string has a large number of units.

3. By reducing the air (shunt) capacitances C; between each unit and the tower (i.e., the
ground), by increasing the length of the cross-arms. However, this method is restricted in
practice due to the reduction of cross-arm rigidity and the increase in tower cost.

4. By using a semiconducting (or stabilizing) high-resistance glaze on the insulator units to
achieve a resistor voltage divider effect. This method is based on the fact that the string
efficiency increases due to the increase in surface leakage resistance when the units are
wet. Thus, the leakage resistance current becomes the same for all the units, and the volt-
age distribution improves since it does not depend on the capacitance currents only. This
method is restricted by the risk of thermal instability.

2.11.4 INSULATOR FLASHOVER DUE TO CONTAMINATION

An insulator must be capable of enduring extreme sudden temperature changes such as ice, sleet,
and rain, as well as environmental contaminants such as smoke, dust, salt, fog, saltwater sprays, and
chemical fumes without deterioration from chemical action, breakage from mechanical stresses, or
electrical failure. Further, the insulating material must be thick enough to resist puncture by the com-
bined working voltage of the line and any probable transient whose time lag to sparkover is great. If
this thickness is greater than the desirable amount, two or more pieces are used to achieve the proper
thickness.

¥ Proposed by Peek [11,12].
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The thickness of a porcelain part must be so related to the distance around it that it will flashover
before it will puncture. The ratio of puncture strength to flashover voltage is called the safety factor
of the part or of the insulator against puncture. This ratio should be high enough to provide sufficient
protection for the insulator from puncture by the transients.

The insulating materials mainly used for the line insulators are: (1) wet-process porcelain, (2) dry-
process porcelain, and (3) glass. The wet-process porcelain is used much more than dry-porcelain.
One of the reasons for this is that wet-porcelain has greater resistance to impact and is practically
incapable of being penetrated by moisture without glazing, whereas dry-porcelain is not.

However, in general, dry-process porcelain has a somewhat higher crushing strength. Dry-process
porcelain is only used for the lowest voltage lines. As a result of recent developments in the technol-
ogy of glass manufacturing, glass insulators that are very tough and have a low internal resistance
can be produced. Because of this, the usage of glass insulators is increasing.

In order to select insulators properly for a given overhead line design, not only the aforemen-
tioned factors but also the geographic location of the line needs to be considered. For example, the
overhead lines that will be built along the seashore, especially in California, will be subjected to
winds blowing in from the ocean, which carry a fine salt vapor that deposits salt crystals on the
windward side of the insulator.

On the other hand, if the line is built in areas where rain is seasonal, the insulator surface leak-
age resistance may become so low during the dry seasons that insulators flashover without warning.
Another example is that if the overhead line is to be built near gravel pits, cement mills, and refiner-
ies, its insulators may become so contaminated that extra insulation is required.

Contamination flashover on transmission systems is initiated by airborne particles deposited on
the insulators. These particles may be of natural origin or they may be generated by pollution that is
mostly a result of industrial, agricultural, or construction activities. When line insulators are contami-
nated, many insulator flashovers occur during light fogs unless arcing rings protect the insulators or
special fog-type insulators are used.

Table 2.6 lists the types of contaminants causing contamination flashover [1]. The mixed con-
tamination condition is the most common, caused by the combination of industrial pollution and
sea salt or by the combination of several industrial pollutants. Table 2.6 also presents the prevailing
weather conditions at the time of flashover. Fog, dew, drizzle, and mist are common weather condi-
tions, accounting for 72% of the total. In general, a combination of dew and fog is considered as the
most severe wetting condition, even though fog is not necessary for the wetting process.

The surface leakage resistance of an insulator is unaffected by the dry deposits of dirt. However,
when these contamination deposits become moist and wet, they constitute continuous conducting
layers. Leakage current starts to flow in these layers along the surface of the insulators. This leak-
age current heats the wet contamination, and the water starts to evaporate from those areas where
the product of current density and surface resistivity is greater, causing a further increase in surface
resistivity.

This, in turn, produces more heat, which evaporates the moisture in the surrounding regions,
causing the formation of circular patterns, known as “dry bands,” until the leakage currents decrease
to a value insufficient to sustain further evaporation, and the voltage builds up across the dry bands.

Further wetting results in further reduction of the resistance, and small flashovers take place on
the insulator, the arcs extend rapidly over the whole surface, forcing all the dry bands to discharge in
a rapid cascade known as the “flashover” of the insulator. Figure 2.38 illustrates the phenomenon of
insulator flashover due to contamination.

Severe contamination may reduce the 60-Hz flashover voltage from approximately 50 kV rms
per unit to as low as 6—9 kV rms per unit. The condition of such flashover may be developed during
the melting of contaminated ice on the insulator by leakage currents.

An insulator flashover due to contamination is easily distinguished from other types of flashover
because the arc always begins close to the surface of the insulator unit, as shown in Figure 2.38a. As
shown in Figure 2.38c, only in the final stage does the flashover resemble an air strike. Furthermore,
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TABLE 2.6
Numbers of Flashovers Caused by Various Contaminant, Weather, and Atmospheric
Conditions

Weather and Atmospheric Conditions

Type of Contaminant Fog Dew  Drizzle, Ice Rain No High Wet Fair
Mist Wind  Wind Snow

Sea salt 14 11 22 1 12 3 12 3 -
Cement 12 10 16 2 11 3 1
Fertilizer 7
Fly ash 1
Road salt 8
Potash 3
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since the insulator unit at the conductor end has the greatest voltage, the flashover phenomenon usu-
ally starts at that insulator unit.

To prevent insulator flashovers, the insulators of an overhead transmission line may be cleaned
by simply washing them, a process that can be carried out either by conventional techniques or by
the new technique. In the conventional techniques, the line is deenergized, and its conductors are
grounded at each pole or tower where the members of an insulator cleaning crew wash and wipe the
insulators by hand.

In the new technique, the line is kept energized while the insulators are cleaned by high-pressure
water jets produced by a truck-mounted high-pressure pump that forces water through a nozzle at
500-850 psi, developing a round solid stream. The water jets strike the insulator with a high veloc-
ity, literally tearing the dirt and other contaminants from the insulator surface. The cost of insulator
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FIGURE 2.38 Changes in channel position of contaminated flashover.

cleaning per unit is very low using this technique. Certain lines may need insulator cleaning as often
as three times a year.

To overcome the problem of surface contamination, some insulators may be covered with a thin
film of silicone grease that absorbs the dirt and makes the surface water form into droplets rather
than a thin film. This technique is especially effective for spot contamination where maintenance is
possible, and it is also used against sea salt contamination. Finally, specially built semiconducting
glazed insulators having resistive coating are used. The heat produced by the resistive coating keeps
the surface dry and provides for relatively linear potential distribution.

2.11.5 INsuLATOR FLAsHOVER ON OVERHEAD HiGH-VoLTaGE bc (HVDC) LINEs

Even though mechanical consideration are similar for both ac and dc lines, electrical characteristics
of insulators on dc lines are significantly different from those on ac lines, flashover takes place
much more frequently than on an ac line of equivalent voltage. This is caused partly by the electro-
static forces of the steady dc field, which increases the deposit of pollution on the insulator surface.
Further, arcs tend to develop into flashovers more readily in the absence of voltage zero.

To improve the operating performance and reduce the construction cost of overhead High Voltage
DC (HVDC) lines by using new insulating materials and new insulator configurations particularly
suited to dc voltages’ stress, more compact line design can be produced, thereby saving money on
towers and rights-of-way.

For example, to improve the operating performance and reduce the construction cost of over-
head HVDC lines, the EPRI has sponsored the development of a new insulator. One of the more
popular designs, the composite insulator, uses a fiberglass rod for mechanical and electrical strength
and flexibility skirts made of organic materials for improved flashover performance. The composite
insulator appears to be especially attractive for use on HVDC lines because it is better able to with-
stand flashover in all types of contaminated environments, particularly in areas of light and medium
contamination.

Furthermore, there are various measures that may be taken into account to prevent contamination
flashovers, for example, overinsulation, installment of V-string insulators, and installment of hori-
zontal string insulators. Overinsulation may be applicable in the areas of heavy contamination. Up
to 345 kV, overinsulation is often achieved by increasing the number of insulators. However, several
contaminations may dictate the use of very large leakage distances that may be as large as double the
minimal requirements. Thus, electrical, mechanical, and economic restrictions may limit the use of
this design measure. The use of the V-string insulators can substantially prevent insulation contamina-
tion. They self-clean more effectively in rain than vertical insulators, since both sides of each insulator
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disk are somewhat exposed to rain. They can be used in heavy contamination areas very effectively.
The installment of horizontal insulator strings is the most effective design measure that can be used to
prevent contamination flashovers in the very heavy contamination areas. The contaminants are most
effectively washed away on such strings. However, they may require a strain tower support depending
on the tower type.

Other techniques used include the installation of specially designed and built insulators. For
example, the use of fog-type insulators has shown that the contamination flashover can be effectively
reduced, since most of the flashovers occur in conditions where there is mist, dew, and fog.

2.12 SUBSTATION GROUNDING

2.12.1  Erecric SHock AND Its EFFects oN HUMANS

Equipment protection is only part of the reason that substations are so well-grounded. Personnel
protection is a major consideration. A continuous current of 0.15-A flowing through the trunk part of
the body is almost always fatal. To properly design a grounding (called equipment grounding) for the
high-voltage lines and/or substations, it is important to understand the electrical characteristics of the
most important part of the circuit, the human body.

In general, shock currents are classified based on the degree of severity of the shock they cause.
For example, currents that produce direct physiological harm are called primary shock currents.
However, currents that cannot produce direct physiological harm, but may cause involuntary mus-
cular reactions are called secondary shock currents. These shock currents can be either steady-state
or transient in nature. In ac power systems, steady-state currents are sustained currents of 60 Hz or
its harmonics. The transient currents, on the other hand, are capacitive currents whose magnitudes
diminish rapidly with time.

The threshold value for a normally healthy person to be able to feel a current is about 1 mA.
(Experiments have long ago established the well-known fact that electrical shock effects are due to
current, not voltage.) This is the value of a current at which a person is just able to detect a slight tin-
gling sensation on the hands or fingers due to current flow.

Currents of 1 mA or more but less than 6 mA are often defined as the secondary shock currents
(let-go currents). The let-go current is the maximum current level at which a human holding an energized
conductor can control his or her muscles enough to release it. Currents of approximately 10-30 mA can
cause lack of muscular control. In most humans, a current of 100 mA will cause ventricular fibrillation.
Currents of higher magnitudes can stop the heart completely or cause severe electrical burns.

Ventricular fibrillation is a condition when the heart beats in an abnormal and inefficient man-
ner, with fatal results. Therefore, its threshold is the main concern in grounding design. IEEE Std.
80-2000 gives the following equation to find the nonfibrillating current of magnitude 7 at durations
ranging from 0.03 to 3.0 s is related to the energy absorbed by the body as

Sp=Up)*Xt,, (2.10)

where:

I;=the rms magnitude of the current through the body in A,

t,=the duration of the current exposure in s,

Sg=the empirical constant related to the electrical shock energy tolerated by a certain percent of
a given population.

For 99.5% of population, the 60-Hz minimum required body current, I, leading to possible fatal-
ity through ventricular fibrillation can be expressed as

_0.116

Iy = A
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or

0157

I. =
o

A for 70 kg body weight, (2.11b)

where ¢ is in seconds in the range from approximately 8.3 ms to 5 s.

The effects of an electric current passing through the vital parts of a human body depend on
the duration, magnitude, and frequency of this current. The body resistance considered is usually
between two extremities, either from one hand to both feet or from one foot to the other one.

Experiments have shown that the body can tolerate much more current flowing from one leg
to the other than it can when current flows from one hand to the legs. Treating the foot as a cir-
cular plate electrode gives an approximate resistance of 3p,, where p, is the soil resistivity. The
resistance of the body itself is usually about 2300 Q hand-to-hand or 1100 Q hand-to-foot [12].
However, IEEE Std. 80-2000 [14] recommends the use of 1000 Q as a reasonable approxima-
tion for body resistance. Therefore, the total branch resistance for hand-to-foot currents can be
expressed as

Rz=1000+ 1.5p, Q for touch voltage, (2.12a)
and, for foot-to-foot currents,
R;=1000+6p, Q for step voltage, (2.12b)

where p, is the soil resistivity in ohm meters. If the surface of the soil is covered with a layer of
crushed rock or some other high-resistivity material, its resistivity should be used in Equations 2.11
and 2.12.

As it is much easier to calculate and measure potential than current, the fibrillation threshold,
given by Equations 2.11a and 2.11b, are usually given in terms of voltage. Thus, for a person with
body weight of 50 or 70 kg, the maximum allowable (or folerable) touch voltages, respectively, can
be expressed as

0.116(1000+1.5p, )

‘/touch 50 =
Ji,

V for 50 kg body weight, (2.13a)
and

0.157(1000+1.5p,)

‘/louch 70 =
Ji,

Note that the above equations are applicable only in the event that no protective surface layer
is used. Hence, for the metal-to-metal touch in V, Equation 2.13a and b become

V for 70kg body weight. (2.13b)

11
v 6

mm-touch 50 — f
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and

v 157

mm-touch 70 — [
ts

V for 70 kg body weight. (2.13d)

The maximum allowable (or folerable) step voltages, for a person with body weight of 50 kg or
70 kg, are given, respectively, as

0.116(1000+6p, ) ,
Viepso = V for 50kg body weight,
Ji, (2.14a)

and

0.157(1000+6
Viepro = ( Py for 70 kg body weight.
i, (2.14b)

Again, the above equations are applicable only in the event that no protection surface layer is
used. For metal-to-metal contacts, use p,=0. For more detailed applications, see IEEE Std. 2000
[14]. Also, it is important to note that in using the above equations, it is assumed that they are appli-
cable to 99.5% of the population. There are always exceptions.

Also, the touch voltage limit can be expressed as

‘/louch =(RB+I§)IB, (215)

where:

Ry =the resistance of the human body in (),

R;=the ground resistance of the one foot (with presence of the substation grounding system
ignored) in (),

I;=the rms magnitude of the current through the body in A.

Table 2.7 gives typical values for various ground types. However, the resistivity of ground also
changes as a function of temperature, moisture, and chemical content. Therefore, in practical appli-
cations, the only way to determine the resistivity of soil is by measuring it.

TABLE 2.7

Resistivity of Different Soils

Ground Type Resistivity, p,
Seawater 0.01-1.0
Wet organic soil 10
Moist soil (average earth) 100
Dry soil 1000
Bedrock 104
Pure slate 107
Sandstone 10°
Crushed rock 1.5%x108
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Example 2.1

Assume that a human body is part of a 60-Hz electric power circuit for about 0.49 s and that the
soil type is average earth. Based on the IEEE Std. 80-2000, determine the following:

a. Tolerable touch potential.

b. Tolerable step potential.

c. Tolerable (or limit) touch voltage for metal-to-metal contact, if the person is 50 kg.

d. Tolerable (or limit) touch voltage for metal-to-metal contact, if the person is 70 kg.
Solution

a. Using Equation 2.13a,

y _0.116(1000+1.5p,)
touch50 — \/_
tS

~0.116(1000+1.5x100)
V0.49

=191V.

b. Using equation 2.14a,

Voo 0.116(1000+6p,)
step 50 T \/;

0.116(1000+6x100)
J0.49

=265V.

c. Since p,=0,

y _116_ 116
mm-touch 50 \/E m

=165.7 V for 50 kg body weight.

d. Since p,=0,

y _ 116 _ 157
mm-touch 70 \/E \/m

=224.3V for 70 kg body weight.

2.12.2 GROUND RESISTANCE

Ground is defined as a conducting connection, either intentional or accidental, by which an electric
circuit or equipment becomes grounded. Therefore, grounded means that a given electric system,
circuit, or device is connected to the earth serving in the place of the former with the purpose of estab-
lishing and maintaining the potential of conductors connected to it approximately at the potential of
the earth and allowing for conducting electric currents from and to the earth. A safe grounding design
should provide the following:

1. A means to carry and dissipate electric currents into ground under normal and fault condi-
tions without exceeding any operating and equipment limits or adversely affecting conti-
nuity of service.

2. Assurance of such a degree of human safety that a person working or walking in the vicinity
of grounded facilities is not subjected to the danger of critical electrical shock.

www.mepcafe.com



78 Electrical Power Transmission System Engineering Analysis and Design

TABLE 2.8
Effect of Moisture Content on Soil Resistivity

Resistivity (C2-cm)

Moisture Content (wt. %) Topsoil Sandy Loam
0 >10° >10°

2.5 250,000 150,000

5 165,000 43,000

10 53,000 18,500

15 19,000 10,500
20 12,000 6300

30 6400 4200

However, a low ground resistance is not, in itself, a guarantee of safety. For example, about three or
four decades ago, a great many people assumed that any object grounded, however crudely, could
be safely touched. This misconception probably contributed to many tragic accidents in the past.
Since there is no simple relation between the resistance of the ground system as a whole and the
maximum shock current to which a person might be exposed, a system or system component (e.g.,
substation or tower) of relatively low ground resistance may be dangerous under some conditions,
whereas another system component with very high ground resistance may still be safe or can be
made safe by careful design.

Ground potential rise (GPR) is a function of fault current magnitude, system voltage, and ground
(system) resistance. The current through the ground system multiplied by its resistance measured
from a point remote from the substation determines the GPR with respect to remote ground.

The ground resistance can be reduced by using electrodes buried in the ground. For example,
metal rods or counterpoise (i.e., buried conductors) are used for the lines, the grid system made of
copper-stranded copper cable and rods are used for the substations.

The grounding resistance of a buried electrode is a function of (1) the resistance of the electrode
itself and connections to it, (2) contact resistance between the electrode and the surrounding soil, and
(3) resistance of the surrounding soil, from the electrode surface outward. The first two resistances
are very small with respect to soil resistance and therefore may be neglected in some applications.
However, the third one is usually very large, depending on the type of soil, chemical ingredients,
moisture level, and temperature of the soil surrounding the electrode.

Table 2.8 presents data indicating the effect of moisture contents on the soil resistivity. The resis-
tance of the soil can be measured by using the three-electrode method or by using self-contained
instruments such as the Biddle Megger Ground Resistance Tester.

In general, soil resistivity investigations are required to determine the soil structure. Table 2.7
gives only very rough estimates. The soil resistivity can vary substantially with changes in tem-
perature, moisture, and chemical content. To determine the soil resistivity of a specific site, soil
resistivity measurements must be taken. Since soil resistivity can change both horizontally and ver-
tically, it is necessary to take more than one set of measurements. IEEE Std. 81-1983 [19] describes
various measuring techniques in detail. There are commercially available computer programs that
use the soil data, calculate the soil resistivity, and provide a confidence level based on the test.
There is also a graphical method that was developed by Sunde [20] to interpret the test results.

2.12.3  Soir RESISTIVITY MEASUREMENTS

Table 2.7 gives estimates on soil classification that are only an approximation of the actual resistiv-
ity of a given site. Actual resistivity tests therefore are crucial. They should be made at a number of
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places within the site. In general, substation sites where the soil has uniform resistivity throughout
the entire area and to a considerable depth are seldom found.

More often than not, there are several layers, each having a different resistivity. Furthermore,
lateral changes also take place, however with respect to the vertical changes, these changes are
usually more gradual. Hence, soil resistivity tests should be made to find out if there are any sub-
stantial changes in resistivity with depth. If the resistivity varies considerably with depth, it is often
desirable to use an increased range of probe spacing in order to get an estimate of the resistivity of
deeper layers.

IEEE Std. 81-1983 describes a number of measuring techniques. The Wenner four-pin method
is the most commonly used technique. Figure 2.39 illustrates this method. In this method, four
probes (or pins) are driven into the earth along a straight lie, at equal distances a apart, driven to
a depth b. The voltage between the two inner (that is, potential) electrodes is then measured and
divided by the current between the two outer (that is, current) electrodes to give a value of resis-
tance R. The apparent resistivity of soil is determined from

4maR B a
2a N +b?’

1+——<
Va? +4b?

p= (2.16)

where:
p,=the apparent resistivity of the soil in Q-m,
R=the measured resistivity in (),
a=the distance between adjacent electrodes in m,
b=the depth of the electrodes in m.
In the event that b is small in comparison to a, then

p,=2maR 2.17)

The current tends to flow near the surface for the small probe spacing, whereas more of the cur-
rent penetrates deeper soils for large spacing. Because of this fact, the previous two equations can
be used to determine the apparent resistivity p, at a depth a.

The Wenner four-pin method obtains the soil resistivity data for deeper layers without driving
the test pins to those layers. No heavy equipment is needed to do the four-pin test. The results are
not greatly affected by the resistance of the test pins or the holes created in driving the test pins into
the soil. Because of these advantages, the Wenner method is the most popular method.
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FIGURE 2.39 Wenner four-pin method.
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IEEE Std. 81-1983 describes a second method of measuring soil resistivity. It is illustrated in
Figure 2.40. In this method, the depth L, of the driven-rod located in the soil to be tested is var-
ied. The other two rods are known as reference rods. They are driven to a shallow depth in a
straight line. The location of the voltage rod is varied between the test rod and the current rod.
Alternatively, the voltage rod can be placed on the other side of the driven-rod. The apparent resis-
tivity is found from

2nL,R 2.18)

pa =77 \
ln(S—Lr)—l
d

where:

L,=the length of the driven-rod in m,

d=the diameter of the rod in m.

A plot of the measured resistivity value p, vs. the rod length L, provides a visual aid for finding
out earth resistivity variations with depth. An advantage of the driven-rod method, even though not
necessarily related to the measurements, is the ability to determine the depth to which the ground
rods can be driven. This knowledge can save the need to redesign the ground grid. Because of hard
layers in the soil, such as rock, hard clay, etc., it becomes practically impossible to drive the test rod
any further, resulting in insufficient data.

A disadvantage of the driven-rod method is that when the test rod is driven deep in the ground,
it usually looses contact with the soil due to the vibration and the larger diameter couplers, resulting
in higher measured resistance values. A ground grid designed with these higher soil resistivity val-
ues may be unnecessarily conservative. Thus, this method presents an uncertainty in the resistance
value.

©)
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FIGURE 2.40 Circuit diagram for three-pin or driven-ground rod method.
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2.12.4 SusstATION GROUNDING

Grounding at a substation is of paramount importance. The purpose of such a grounding system
includes the following:

1. To provide the ground connection for the grounded neutral for transformers, reactors, and
capacitors.

2. To provide the discharge path for lightning rods, arresters, gaps, and similar devices.

3. To ensure safety to operating personnel by limiting potential differences that can exist in a
substation.

4. To provide a means of discharging and deenergizing equipment in order to proceed with
the maintenance of the equipment.

5. To provide a sufficiently low resistance path to ground to minimize the rise in ground poten-
tial with respect to remote ground.

A multigrounded, common neutral conductor used for a primary distribution line is always
connected to the substation grounding system where the circuit originates and to all grounds
along the length of the circuit. If separate primary and secondary neutral conductors are used, the
conductors have to be connected together provided the primary neutral conductor is effectively
grounded.

The substation grounding system is connected to every individual equipment, structure, and
installation so that it can provide the means by which grounding currents are connected to remote
areas. It is extremely important that the substation ground has a low ground resistance, adequate
current-carrying capacity, and safety features for personnel.

It is crucial to have the substation ground resistance very low so that the total rise of the ground
system potential will not reach values that are unsafe for human contact. (Mesh voltage is the worst
possible value of touch voltage to be found within a mesh of a ground grid if standing at or near the
center of the mesh.)

The substation grounding system is normally made of buried horizontal conductors and driven
ground rods interconnected (by clamping, welding, or brazing) to form a continuous grid (also
called mat) network. A continuous cable (usually it is 4/0 bare copper cable buried 12—18 in below
the surface) surrounds the grid perimeter to enclose as much ground as possible and to prevent cur-
rent concentration and thus high gradients at the ground cable terminals. Inside the grid, cables are
buried in parallel lines and with uniform spacing (e.g., about 10x20 ft).

All substation equipment and structures are connected to the ground grid with large conductors
to minimize the grounding resistance and limit the potential between equipment and the ground
surface to a safe value under all conditions.

All substation fences are built inside the ground grid and attached to the grid at short intervals to
protect the public and personnel. The surface of the substation is usually covered with crushed rock or
concrete to reduce the potential gradient when large currents are discharged to ground and to increase
the contact resistance to the feet of personnel in the substation.

The GPR depends on grid burial depth, diameter, and length of conductors used, spacing between
each conductor, fault current magnitude, system voltage, ground system resistance, soil resistiv-
ity, distribution of current throughout the grid, proximity of the fault electrodes, and the system
grounding electrodes to the conductors. IEEE Std. 80-1976 [14] provides a formula for a quick and
simple calculation of the grid resistance to ground after a minimum design has been completed. It
is expressed as

Py, Py
R ., ="+ , 2.19
#4C 4 Ly 2.19)
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where:

p,=soil resistivity in ohm m,

L=total length of grid conductors in m,

r=radius of circle with area equal to that of grid in m.
But, Equation 2.19 requires a uniform soil resistivity. Hence, substantial engineering judgment is
necessary for reviewing the soil resistivity measurements to decide the value of soil resistivity.
However, it does provide a guideline for the uniform soil resistivity to be used in the ground grid
design.

Alternatively, Sverak [21] provides the following formula for the grid resistance:

1 1 1
Rya=ps| —+ 1+ , (2.20)
ST L V04 20

1+h X

where:

R,;,=the substation ground resistance, (,

p,=the soil resistivity, (-m,

A=the area occupied by the ground grid, m?,

H=the depth of the grid, m,

L, =the total buried length of conductors, m.
IEEE Std. 80-1976 also provides formulas to determine the effects of the grid geometry on the
step and mesh voltage (which is the worst possible value of the touch voltage) in volts. They can be
expressed as

_ prsKiI
Viep= TG (2.21)
and
Vien =" KnKilg , (2.22)
L,
where:

p,=the average soil resistivity in (-m,

K, =step coefficient,

K, ,=mesh coefficient,

K;=irregularity coefficient,

I;=the maximum rms current flowing between ground grid and earth in A,

L =the total length of buried conductors, including cross connections, and (optionally) the total
effective length of ground rods in m,

L, =the total length of buried conductors, including cross connections, and (optionally) the com-
bined length of ground rods in m.

Many utilities have computer programs for performing grounding grid studies. The number of
tedious calculations that must be performed to develop an accurate and sophisticated model of a
system is no longer a problem.

In general, in the event of a fault, OHGW, neutral conductors, and directly buried metal pipes
and cables conduct a portion of the ground fault current away from the substation ground grid and
have to be taken into account when calculating the maximum value of the grid current. Based on
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the associated equivalent circuit and resultant current division, one can determine what portion of
the total current flows into the earth and through other ground paths. Here, the fault current division
factor (also known as the split factor) can be expressed as

I.
S . =-gd (2.23)

split —
’ 3Ia0

where:
S p1ie=the fault current division factor,
I,;s=the rms symmetrical grid current, A,
I,,=the zero-sequence fault current, A.
Design value of the maximum grid current can be found from

I=DX 14

(2.22)

where:

I;=the maximum grid current in A,

D,=the decrement factor for the entire fault duration of L, given in s,

I,;s=the rms symmetrical grid current in A.

The symmetrical grid current is defined as that portion of the symmetrical ground fault cur-
rent that flows between the grounding grid and surrounding earth. It can be expressed as

La=S;x 1, (2.23)

where:

I,=the rms value of symmetrical ground fault current in A,

S = the fault-current division factor.

IEEE Std. 80-2000 provides a series of currents based on computer simulations for various val-
ues of ground grid resistance and system conditions to determine the grid current. Based on those
split-current curves, one can determine the maximum grid current.

2.12.5 Grounp CoNDUCTOR S1zING FACTORS

Based on the symmetrical conductor current, the required conductor size can be found from

4 1/2
I:AmmZKTCAme jln(l(owmﬂ ’ (2.24)

tcxarxpr KO+Ta.mb

where:
I=the rms current (without dc offset), kA,
A__,=the conductor cross section, mm?,
TCAP=the thermal capacity per unit volume, J/(cm? °C),
t.=the duration of current, s,
o, =the thermal coefficient of resistivity at reference temperature 7,, 1/°C,
p,=the resistivity of the ground conductor at reference temperature 7;, uQ-cm,

K,=1/o or (1/0,)-T,,

T,,.,=the maximum allowable temperature, °C,
T,.,=the ambient temperature, °C.
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Alternatively, in the event that the conductor size is given in kcmil, since

A =1.974 XA . (2.25)

Then Equation 2.24 can be expressed as

4 1/2
1=5.07x107 A, K TCAPx10 jln( Ry + T ﬂ . (2.26)
I, X0, Xp, K,+1T,

amb

Note that both o, and p, can be found at the same reference temperature of 7, °C. Also, note that
Equations 2.24 and 2.26 can also be used to determine the short-time temperature rise in a ground
conductor.

In the event that the effect of the dc offset is needed to be included in the fault current, the equiva-
lent value of the symmetrical current /i, is found from

Ig=DyX1,, (2.27)
where I represents the rms value of an asymmetrical current integrated over the entire fault dura-

tion, #,, can be found as a function of X/R by using D, before using Equation 2.24 or 2.26, where D;
is the decrement factor and is found from

1/2
D, = {1+?(1—e(2’/’m)} : (2.28)
f

where I is the time duration of fault in s, and 7}, is the dc offset time constant in s. Note that

T,=2 (2.29)
R
and for 60 Hz,
T=—X_ (2.30)
120mR

The resulting /i is always greater than /. However, if the X/R ratio is less than 5 and the fault
duration is greater than 1 s, the effects of the dc offset are negligible.

2.12.6 Types oF GROUND Faults

In general, it is difficult to determine which fault type and location will result in the greatest flow
of current between the ground grid and surrounding earth because no simple rule applies. IEEE
Std. 80-2000 recommends not to consider multiple simultaneous faults since their probability of
occurrence is negligibly small. Instead, it recommends investigating single-line-to-ground and line-
to-line-to-ground faults.

2.12.6.1 Line-to-Line-to-Ground Fault

For a line-to-line-to-ground (that is, double line-to-ground) fault, IEEE Std. 80-2000 gives the fol-
lowing equation to calculate the zero-sequence fault current,
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I = E(Ry+ jX,)
0 (R + jX)DIRy + Ry + 3R, + j(X, + X,)] ’

(2.31)
+(R, + jX, (R, + 3Rf + jX,)

where:

I, = the symmetrical rms value of zero-sequence fault current in A,

E = the phase-to-neutral voltage in V,

R, = the estimated resistance of the fault in Q (normally it is assumed R, = 0),

R, = the positive-sequence system resistance in €2,

R,=the negative-sequence system resistance in €2,

R,=the zero-sequence system resistance in €2,

X, =the positive-sequence system reactance (subtransient) in €2,

X,=the negative-sequence system reactance in €2,

X,=the zero-sequence system reactance in £2.
The values of R, R, R,, and X, X,, X, are determined by looking into the system from the point
of fault. In other words, they are determined from the Thévenin equivalent impedance at the fault
point for each sequence Often, however, the resistance quantities given in the above equation is
negligibly small. Hence,

ExX,

, (2.32)
Xl (X() + XZ)(X() + XZ)

IaO=

2.12.6.2 Single-Line-to-Ground Fault

For a single-line-to-ground fault, IEEE Std. 80-2000 gives the following equation to calculate the
zero-sequence fault current,

E
U 3R+ R+ R AR+ (Xt X, +X,)

(2.33)

IaO

Often, however, the resistance quantities in the above equation are negligibly small. Hence,

E

IaO =X7.
o+ X, +X,

(2.34)

2.12.7 GRrROUND PoTenTIAL RISE

As mentioned in Section 2.12.2, the GPR is a function of fault current magnitude, system voltage,
and ground system resistance. The GPR with respect to remote ground is determined by multiplying
the current flowing through the ground system by its resistance measured from a point remote from
the substation. Here, the current flowing through the grid is usually taken as the maximum available
line-to-ground fault current.

For example, if a ground fault current of 20,000 A is flowing into a substation ground grid due to
a line-to-ground fault and the ground grid system has a 0.5-Q) resistance to the earth, the resultant /R
voltage drop would be 10,000 V. It is clear that such a 10,000 V IR voltage drop could cause serious

1 It is often acceptable to use X, =X,, especially if an appreciable percentage of the positive-sequence reactance to the point
of fault is that of static equipment and transmission lines.
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problems to communication lines in and around the substation in the event that the communications
equipment and facilities are not properly insulated and/or neutralized.

2.13 TRANSMISSION LINE GROUNDS

High-voltage transmission lines are designed and built to withstand the effects of lightning, with
minimum damage or interruption of operation. If the lightning strikes an overhead ground wire
(also called static wire) on a transmission line, the lightning current is conducted to ground through
the ground wire installed along the pole or through the metal tower. The top of the line structure
is raised in potential to a value determined by the magnitude of the lightning current and the surge
impedance of the ground connection.

In the event that the impulse resistance of the ground connection is large, this potential can be in
the magnitude of thousands of volts. If the potential is greater than the insulation level of the appa-
ratus, a flashover will take place, causing an arc. The arc, in turn, will start the operation of protec-
tive relays, causing the line to be taken out of service. In the event that the transmission structure is
well-grounded and there is sufficient coordination between the conductor insulation and the ground
resistance, flashover can generally be avoided.

The transmission line grounds can be in built various ways to achieve a low ground resistance.
For example, a pole butt grounding plate or butt coil can be employed on wood poles. A butt coil is
a spiral coil of bare copper wire installed at the bottom of a pole. The wire of the coil is extended up
the pole as the ground wire lead. In practice, usually one or more ground rods are employed instead
to achieve the required low ground resistance.

The sizes of the rods used are usually a diameter of 5/8 or 3/4 in and length of 10 ft. The thick-
ness of the rod does not play a major role in reducing the ground resistance, as does the length of
the rod. Multiple rods are usually used to provide the low ground resistance required by the high-
capacity structures. But, if the rods are moderately close to each other, the overall resistance will be
more than if the same number of rods were spaced far apart. In other words, adding a second rod
does not provide a total resistance of half that of a single rod unless the two are several rod lengths
apart (actually infinite distance). Lewis [17] has shown that at 2 ft apart the resistance of two pipes
(used as ground rods) in parallel is about 61% of the resistance of one pipe, and at 6 ft apart it is
about 55% of the resistance of one pipe.

Where there is bedrock near the surface or where sand is encountered, the soil is usually very
dry and therefore has high resistivity. Such situations may require a grounding system, known as
the counterpoise, made of buried metal (usually galvanized steel wire) strips, wires, or cables. The
counterpoise for an overhead transmission line consists of a special grounding terminal that reduces
the surge impedance of the ground connection and increases the coupling between the ground wire
and the conductors.

The basic types of counterpoises used for transmission lines located in areas with sandy soil or
rock close to the surface are the continuous type (also called the parallel type) and the radial (also
called the crowfoot type), as shown in Figure 2.41. The continuous counterpoise is made of one or
more conductors buried under the transmission line for its entire length.

The counterpoise wires are connected to the overhead ground (or static) wire at all towers or
poles. But, the radial-type counterpoise is made of a number of wires, and extends radially (in
some fashion) from the tower legs. The number and length of the wires are determined by the
tower location and the soil conditions. The counterpoise wires are usually installed with a cable
plow at a length of 18 in or more so that they will not be disturbed by cultivation of the land.

The resistance of a single buried horizontal wire, when it is used as radial counterpoise, can be
expressed as [16]

R=Plm—2" 1| when d<<I, (2.35)

_E 2((161)1/2 -
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FIGURE 2.41 Two basic types of counterpoises: (a) continuous (parallel), (b) radial.

where:

p=ground resistivity in Q-m,

I=length of wire in m,

a=radius of wire in m,

d=burial depth in m.

It is assumed that the potential is uniform over the entire length of the wire. This is only true
when the wire has ideal conductivity. If the wire is very long, such as with the radial counterpoise,
the potential is not uniform over the entire length of the wire. Hence, Equation 2.35 cannot be used.
Instead, the resistance of such a continuous counterpoise when [(r/p)"/? is large can be expressed as

172

R=(rp)" coth l(;) , (2.36)

where r=resistance of wire in Q-m. If the lightning current flows through a counterpoise, the
effective resistance is equal to the surge impedance of the wire. The wire resistance decreases
as the surge propagates along the wire. For a given length counterpoise, the transient resistance
will diminish to the steady-state resistance if the same wire is used in several shorter radial coun-
terpoises rather than as a continuous counterpoise. Thus, the first 250 ft of counterpoise is most
effective when it comes to grounding of lightning currents.

2.14 TYPES OF GROUNDING

In general, transmission and subtransmission systems are solidly grounded. Transmission systems
are usually connected grounded wye, but subtransmission systems are often connected in delta.
Delta systems may also be grounded through grounding transformers. In most high-voltage systems
the neutrals are solidly grounded, that is, connected directly to the ground. The advantages of such
grounding are:

1. Voltages to ground are limited to the phase voltage.

2. Intermittent ground faults and high voltages due to arcing faults are eliminated.

3. Sensitive protective relays operated by ground fault currents clear these faults at an early
stage.

The grounding transformers used are normally either small distribution transformers (that are con-
nected normally in wye-delta, having their secondaries in delta), or small grounding autotrans-
formers with interconnected wye or “zig-zag” windings, as shown in Figure 2.42. The three-phase
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FIGURE 2.42 Grounding transformers used in delta-connected systems: (a) using wye-delta connected

small distribution transformers, or (b) using grounding autotransformers with interconnected wye or “zig-
zag” windings.

autotransformer has a single winding. If there is a ground fault on any line, the ground current flows
equally in the three legs of the autotransformer. The interconnection offers the minimum imped-
ance to the flow of the single-phase fault current.

The transformers are only used for grounding and carry little current except during a ground
fault; therefore, they can be fairly small. Their ratings are based on the stipulation that they carry
current for no more than 5 min, since the relays normally operate long before that. The grounding
transformers are connected to the substation ground.

2.15 TRANSFORMER CONNECTIONS

The complete windings have to be insulated for full line-to-line voltages. Because of this,
wye-connected transformers with graded insulation are used for transmission voltages above
73 kV. Hence, delta-delta connected transformers are used principally on the lower transmission
voltages that are less than 73 kV due to the costs involved. Additionally, the delta-delta transformers
can be operated as open-delta, if the need arises. In that case, the transformer bank capacity becomes
86.6% of the capacity of the two remaining transformers.

The delta-wye connection is in common use for both step-up and step down operations. The
high-voltage winding is wye-connected when used for voltage step-down. On the other hand, the
low-voltage winding is usually wye-connected in order to provide a grounded neutral for secondary
transmission. Delta-connected high-voltage windings are rarely used for transmission voltages of
138 kV and above. The delta-wye transformer connection almost completely suppresses the triple
harmonics (that is, the third harmonic and its odd multiples) with the neutral solidly grounded.

Wye-wye connected transformers are seldom used on high-voltage transmission systems. When
used with both neutrals grounded, if the transformers have three-phase with shell-type core, they
have to be used with wye-connected generators(s). In that event, there must be solid neutral connect-
ing the generator(s) and the low-voltage transformer neutral to minimize triple harmonic problems.
Wye-wye connected transformers with delta-connected tertiary windings solve the problems that are
associated with the simple wye-wye connections.

2.16 AUTOTRANSFORMERS IN TRANSMISSION SUBSTATIONS

An autotransformer is never used as a distribution transformer because the lack of isolation can cause
dangerously high-voltages in a customer’s location if the neutral opens. Autotransformers are gener-
ally used for transforming one transmission voltage to another when the ratio is 2:1 or less. They are
used in a transmission substation to transform from one high-voltage to another high-voltage or from
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a transmission voltage to a substation-voltage. They are normally connected in wye with the neutral
solidly grounded, having a delta-connected tertiary for harmonics suppression.

The tertiary is also often used to provide a supply of distribution voltage at the station.
Autotransformers are better than two-winding transformers of the same MVA rating in terms of
lower cost, smaller size and less weight, better regulation, and cooling requirements. Their main
disadvantage is that their impedances are low. Because of this, in the event of a fault, the fault cur-
rents are higher than the faults would be for the equivalent two-winding transformers.

2.17 TRANSFORMER SELECTION

The selection of the proper transformer can have a major impact on the cost of a substation, since
the transformer represents the major cost item. Nameplate rating is only a preliminary guide to
transformer application.

The transformer is available as a self-cooled unit, or it can be purchased with additional steps
of forced cooling that use fan or sets of fans, and oil pumps, as explained in the next section.
Transformer ratings can be increased from 25 to 66% by the addition of fans and pumps.

The nameplate rating is based on a continuous load that is producing a 55°C conductor tempera-
ture rise over ambient. Since many transformers do not carry continuous loads, advantages can be
obtained from the thermal time lag to carry higher peak loads without being over the temperature
limits.

Transformer ratings are based on the assumption that only an extremely small amount of insu-
lation deterioration takes place due to ageing process under normal operation. A considerable
increase in rating can be obtained at the expense of the loss of insulation life. This increase in
rating might be close to 200% for an hour or two, and about 20% for 24 hours.

The additional factors that affect the transformer selection are:

1. Transformer impedances should be chosen after taking into account their effects on
short-circuit duties and low-side breaker ratings, both for initial and future station
developments.

2. When applicable, the transformer impedance should be selected to achieve a proper load
division in the parallel operation of transformers.

3. It may be necessary to provide bus regulation if the high-voltage side and low-voltage side
voltages vary over a wide range during the load cycle of the transformer.

4. If the bus regulation is needed, determine the actual regulation by using the system and
load characteristics. The bus regulation may also be provided in the transformer itself by
using load tap-changing (LTC) equipment.

5. If there is no need for such bus regulation at the present time, consider the possibility of such
requirement in the future. If so, it may be economical, for the time being, just to leave space
in the substation for future regulations, and bus transformers without LTC equipment.

It is also important to note that autotransformers are employed almost universally in EHV sub-
stations. This is true even for transformations from EHV directly to subtransmission voltage levels.
For such applications, low-impedance is desirable.

2.18 TRANSFORMER CLASSIFICATIONS

In power system applications, the single- or three-phase transformers with ratings up to 500 kVA
and 34.5 kV are defined as distribution transformers, whereas those transformers with ratings
over 500 kVA at voltage levels above 34.5 kV are defined as power transformers. Most distri-
bution and power transformers are immersed in a tank of oil for better insulation and cooling
purposes.
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Today, various methods are in use in power transformers to get the heat out of the tank more
effectively. Historically, as the transformer sizes increased, the losses outgrew any means of self-
cooling that was available at the time, thus a water-cooling method was put into practice. This was
done by placing metal coil tubing in the top oil, around the inside of the tank. Water was pumped
through this cooling coil to get rid off the heat from oil.

Another method was circulating the hot oil through an external oil-to-water heat exchanger. This
method is called forced-oil-to-water cooling (FOW). Today, the most common of these forced-oil-
cooled power transformers uses an external bank of oil-to-air heat exchangers through which the oil
is continuously pumped. It is known as type FOA.

In current practice, fans are automatically used for the first stage and pumps for the second, in
triple-rated transformers, which are designated as type OA/FA/FOA. These transformers carry up
to about 60% of maximum nameplate rating (i.e., FOA rating) by natural circulation of the oil (OA)
and 80% of maximum nameplate rating by forced cooling, which consists of fans on the radiators
(FA). Finally, at maximum nameplate rating (FOA), not only is oil forced to circulate through exter-
nal radiators, but fans are also kept on to blow air onto the radiators as well as into the tank itself. In
summary, the power transformer classes are:

OA: Oil-immersed, self-cooled

OW: Oil-immersed, water-cooled

OA/FA: Oil-immersed, self-cooled/forced-air-cooled

OA/FA/FOA: Oil-immersed, self-cooled/forced-air-cooled/forced-oil-cooled

FOA: Oil-immersed, forced-oil-cooled with forced-air cooler

FOW: Oil-immersed, forced-oil-cooled with water cooler

In a distribution substation, power transformers are used to provide the conversion from sub-
transmission circuits to the distribution level. Most are connected in delta-wye grounded to provide
ground source for the distribution neutral and to isolate the distribution grounding system from the
subtransmission system.

Substation transformers can range from 5 MVA in smaller rural substations to over 80 MVA at
urban stations (in terms of base ratings). As stated above, power transformers have multiple ratings,
depending on cooling methods. The base rating is the self-cooled rating, due to the natural flow to
the surrounding air through radiators. The transformer can supply more load with extra cooling
turned on, as explained before.

However, the ANSI ratings were revised in the year 2000 to make them more consistent with
IEC designations. This system has a four-letter code that indicates the cooling (IEEE C57.12.00-
2000):

First letter—Internal cooling medium in contact with the windings:

O: Mineral oil or synthetic insulating liquid with fire point=300°C

K: Insulating liquid with fire point >300°C

L: Insulating liquid with no measurable fire point

Second letter—Circulation mechanism for internal cooling medium:

N: Natural convection flow through cooling equipment and in windings

F: Forced circulation through cooling equipment (i.e., coolant pumps); natural convection flow
in windings (also called nondirected flow)

D: Forced circulation through cooling equipment, directed from the cooling equipment into at
least the main windings

Third letter—External cooling medium:

A: Air

W: Water

Fourth letter—Circulation mechanism for external cooling medium:

N: Natural convection

F: Forced circulation: fans (air cooling), pumps (water-cooling)
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TABLE 2.9

Equivalent Cooling Classes

Year 2000 Designations Designation Prior to Year 2000
ONAN OA

ONAF FA
ONAN/ONAF/ONAF OA/FA/FA
ONAN/ONAF/OFAF OA/FA/FOA

OFAF FOA

OFWF FOW

Source: IEEE Standard General Requirements for Liquid-immerced
Distribution, Power, and Regulating Transformers. With
permission.

Therefore, OA/FA/FOA is equivalent to ONAA/ONAF/OFAF. Each cooling level typically pro-
vides an extra one-third capability: 21/28/35 MVA. Table 2.9 shows equivalent cooling classes in
old and new naming schemes.

Utilities do not overload substation transformers as much as distribution transformers, but they
do not run them hot at times. As with distribution transformers, the tradeoff is loss of life vs. the
immediate replacement cost of the transformer. Ambient conditions also affect loading. Summer
peaks are much worse than winter peaks. IEEE Std. C57.91-1995 provides detailed loading guide-
lines and also suggests an approximate adjustment of 1% of the maximum nameplate rating for
every degree Celsius above or below 30°C.

The hottest-spot-conductor temperature is the critical point where insulation degrades. Above
the hot-spot-conductor temperature of 110°C, life expectancy decreases exponentially. The life of a
transformer decreases by half for every 8°C increase in operating temperature. Most of the time, the
hottest temperatures are nowhere near this. The impedance of substation transformers is normally
about 7% to 10%. This is the impedance on the base rating, the self-cooled rating (OA or ONAN).
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3 Fundamental Concepts

3.1 INTRODUCTION

The main function of a transmission system is to transmit electric energy in bulk from generating
plants that are located at various distant locations to the load centers. Such a transmission system
carries economically dispatched power not only during normal conditions but also during emer-
gency conditions. In addition to sharing the lowest cost generated power, the transmission system
facilitates large reductions in the required reserve capacities among the utilities.

3.2 FACTORS AFFECTING TRANSMISSION GROWTH

The factors affecting transmission growth, especially at EHV-UHYV voltage levels, are:

. Load growth

. Generation siting

. Fuel cost and availability
. Reliability

. Ecology

. Government

. Energy centers

N BN =

The main influence on transmission growth in the past has been the increase in electrical load.
Increasingly, the growth in loads is being met by building transmission lines that operate at EHV
and/or UHV voltage levels in order to make the transmission process economical. In urban areas,
it is almost impossible to acquire new generating sites because of environmental concerns and the
unavailability of suitable land. Hence, the electric power is increasingly being transmitted from
remote areas, some being several hundred miles from load centers.

The rising cost of fuel and the increasing dependency on foreign oil has already influenced
the use of transmission systems to supply electrical energy from remote coal, hydro, and nuclear
plants. Even without considering load growth, new transmission systems can be justified to
improve reliability during emergency conditions and to supply less expensive base loading
from remote generating sites.

The growth in transmission beyond that demanded by load growth requires greater reliabil-
ity as the margin between peak load and generating capability decreases, especially in interties
between adjacent companies and regions. It is often more economical to add the needed reliability
by strengthening interties at EHV and UHV levels. Also, increased interregional power transfer
without added transmission reduces stability margins and leaves subtransmission lines vulnerable
to overload. But, if the required reliability is to be maintained, new transmission with stronger
interties are required.

The environmental impact of transmission lines is mainly: visual impact, land usage, biological
interaction, and communications interference. Minimization of the biological and visual impact
dictates a thorough study of the compatibility of alternative transmission routes with the various
tower types, vegetation, and terrain types. Occasionally, a considerable number of proposed lines
are delayed or rerouted due to legal intervention by the public.
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For many years in the future, the electrical load growth will be strongly influenced by govern-
ment regulations, the cost of funds, the establishment of a sustainable national energy policy, and
perhaps government-financed projects will be needed. The reduced availability of unacceptable
generating sites near load centers will increasingly force the development of energy centers with
ever-increasing power generating capacities.

3.3 STABILITY CONSIDERATIONS

Power system stability can be defined as the ability of the system which enables the synchronous
machines of the system to respond to a disturbance from a normal operating condition in order to
return to a condition where their operation is again normal. In other words, the state of operating
equilibrium, after being subject to a physical disturbance such as a transmission fault, sudden load
changes, loss of generating units, or line switching, is kept intact and hence the system integrity is
preserved. Integrity of the system is preserved when practically the entire power system remains
intact with no tripping of generators, loads, with the exception of those disconnected by isolation of
the faulted elements or intentionally tripped elements to preserve the continuity of operation of the
rest of the system.

Broadly defined, stability is a condition of equilibrium between opposing forces. By the same
token, instability can be defined as a disturbance that leads to a sustained imbalance between the
opposing forces. In the event that the system is unstable, it will result in a runaway situation. As a
result, there will be a progressive increase in angular separation of generator rotors, or a progres-
sive decrease in bus voltages.

However, the loss of synchronism is not the only cause of an unstable operation. For example,
an alternator that supplies power to an induction motor may become unstable due to collapse
of load voltage. Here, the problem is the stability and control of voltage, instead of the issue of
synchronism.

In general, for convenience of analysis, the IEEE has divided stability problems into two major
problems [5]. These are steady-state instability and transient instability.

1. Steady-state instability occurs when the power system is forced into a condition for which
there is an equilibrium condition. For example, the power output of an alternator may be
slowly increased until maximum power is transferred. At this point, either an increase or
decrease in alternator angle will result in a reduction in power transferred. Any further
increase in alternator output will cause a steady-state instability and loss of synchronism
between that alternator and the rest of the system. Dynamic instability, another form of
steady-state instability, is characterized by hunting or steadily growing oscillations, ulti-
mately leading to a loss of synchronism.

2. Transient instability applies to a system’s inability to survive a major disturbance. Hence,
it causes an abrupt and large transient change in the electrical power supplied by the
synchronous machines. For example, the occurrence of a fault or the sudden outage of a
transmission line carrying heavy load from an alternator will cause a severe momentary
unbalance between the input power and the electrical load on one or more generators. If
the input/output power unbalance is large enough or lasts long enough, the result will be
a transient instability [5].

In some sense, a transmission system is designed so that all generators remain in synchronism
under steady-state and transient operating conditions. The power sent over a transmission line is
inversely proportional to the inductive reactance of the system. In that sense, reactance sets a limit
on the maximum power that can be transmitted by a line for a given transmission voltage. For
example, consider a system in which a transmission line connects a generator to a remote system.
The amount of power transferred over the line is expected as
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where:

P = power transferred,

E,., = generator (or source) voltage,

E,,, = system voltage,

X; = total inductive reactance between E,, and E,,
line and terminal connections,

0 = angle between the source voltage E,., and the remote system voltage E, ..

In most systems Z (= R+ jX,) is a predominantly inductive reactance and R can be neglected
with little error. For a given system operating at a constant voltage, the power transmitted is pro-
portional to the sine of the power angle 8. The maximum power that can be transferred under stable
steady-state conditions takes place at an angular displacement of 90° and is

including the reactance of the transmission

P — Egen X ESyS .

' 3.2
max X, (G2

A transmission system with its connected synchronous machines must also be able to withstand,
without loss of stability, sudden changes in generation, loads, and faults. All of these disturbances
cause transients on the system voltage and power angle. In the United States, the reliability coor-
dinating council of each region dictates the stability requirements that have to be met under such
transient conditions, force the power angle to be limited to an angle that is much less than 90° for the
maximum power transfer. Typically, it is usually somewhere between 30° and 45°. The speed of the
circuit breakers and the operation time of the backup relay, in the event of primary circuit breaker
failure, are crucial to transient stability.

Consider that a three-phase line fault is taking place so that no power is being sent from the
alternator to the system during the fault interval. This causes the whole turbine output to go into
accelerating the generator rotor during this time period.

If the fault is cleared, the system tries to return to normal state. But, the speed of the rotor is now
above the synchronous speed. This, in turn, causes the electrical output power to be greater than
the mechanical input power. This difference will now decelerate the rotor, but not before the power
angle has increased still further. However, the power angle starts to decrease after the rotor speed
reaches the synchronous speed. The electrical output power of the alternator will continue to oscil-
late around the mechanical input power until damping stabilizes the system.

If the fault exists for too long, the swing may be greater than the point where the power angle will
continue to increase even with the electrical power output less than the mechanical input power. If
this happens, the system will become unstable and the alternator must be shut down.

Thus, the more rapidly the fault is removed by the circuit breaker operation, the more stable the
system becomes. In a sense, circuit breakers with independent pole operation improve transient
stability by guaranteeing that a three-phase fault is reduced to a single-phase fault when there is a
stuck pole because of a circuit breaker tripping failure.

In general, the ability of the power to adjust to its previous steady state or to a new stable operat-
ing condition without loss of synchronism is a function of the inertias of the connected machines,
the response of their exciters and turbine governors, and the system voltage and reactance. It is also
important to point out that the transient stability criterion usually dictates that the transmission
line loading, and therefore the power angle, be restricted to a value that is considerably below the
steady-state limit [3].
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It is well known that the power system stability can be improved by reducing the inductive
reactance between the generators and the rest of the system. The use of additional lines, conductor
bundling, and series capacitors can produce such a result.

3.4 POWER TRANSMISSION CAPABILITY OF A TRANSMISSION LINE

It can be observed that the higher-voltage transmission lines with higher loading capabilities con-
tinue to experience a higher growth rate. Higher voltages mean higher power transfer capability, as
illustrated by the surge impedance loading (SIL) capabilities of typical EHV transmission lines in
Table 3.1.

3.5 SURGE IMPEDANCE AND SURGE IMPEDANCE
LOADING OF A TRANSMISSION LINE

For a single-phase lossless line, the surge impedance (also called characteristic impedance) is
expressed as

Ze= % (3.3)

where X and Y. are the series impedance and the shunt admittance per unit length of line, respec-
tively. Where line losses are ignored, Zg is dimensionally a pure resistance. For a three-phase loss-
less line, the SIL is expressed as

2
SIL = kVRZM MW. (3.4

S

A transmission line loaded or its SIL has no net reactive power flow into or out of the line and
will have approximately a flat voltage profile along its length. SILs are given in Table 3.1 for a vari-
ety of typical and proposed EHV and UHV transmission lines.

Example 3.1

A three-phase 345-kV transmission line with a horizontal tower top configuration has a 24.6-ft
phase spacing between the adjacent conductors. Each phase conductor has a diameter of 1.76 in.
Its surge impedance is 366 ohms. Determine the SIL of the line.

Solution

The SIL of the line is

2
S“_ _ ‘kVR(LfL)‘
Zs
2
=38 2350,
366

3.6 LOADABILITY CURVES

The line loadability is defined simply as the degree of line loading, in terms of percent of SIL, as
a function of SIL, as a function of line length that is allowable considering thermal limits, volt-
age drop, or stability limits. Also, the voltage drop and the stability limits have to be considered
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< Maximum angular displacement = 44° R

VD, . =5%
<« T\ j AN— T o~ T—>
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system Transmission line — ld g >

system

FIGURE 3.1 TIllustration of the power system model used for the transmission line loadability curves.

for both steady-state and transient conditions. Dunlop et al. [4] developed a set of curves that
represent loadability characteristics and practical limits on line loading of EHV and UHV trans-
mission lines.

Consider the system model shown in Figure 3.1 for developing the transmission line loadability
curves. Assume that the terminal short-circuit capacities at each end of the line are 50 kA. Use the
heavy loading criteria: a maximum voltage drop of 5% along the transmission line and an angular
displacement of 44° across the system, as shown in Figure 3.1. Here, the 44° corresponds to the
steady-state stability margin of 30%. The percent stability margin is expressed as

Pox — F,

% Stability margin = —"* "™ 5 100, (3.5)

max

where:

P, = maximum power transfer capability of the system,
P_,..q = operating level.

Note that the governing criteria of the loading of the transmission line are thermal limitations
for its first 50-mi segment, voltage drop limitations for its 50-200-mi segment, and stability
limitations for the segment that is beyond 200-mi. No series shunt compensation is considered
in developing the curves that are shown in Figure 3.2. It shows the EHV and UHV transmission
line loadability (in terms of per unit of SIL) curves as a function of the line length.

It is important for a good line design, to study the costs sensitivity, in terms of both relative and
absolute, with regard to line loading. In general, economic loadings are determined for a given
transmission line, using a conductor economics program. Figure 3.3 shows the cost of power in $/
kW/yr/mi vs. the load in MW for the voltage levels of 230, 345, and 765 kV. It is clear that there
is a considerable economic benefit to increasing line voltage. Also, it can be observed that as the
system voltage is increased, the U curves become flatter.

3.7 COMPENSATION

Figure 3.4 shows a power system that has lines with both series compensation and shunt compensa-
tion. First, shunt compensation will be considered. The general purpose of shunt compensation is to
keep the voltage rises down during light or no-load conditions. In general, shunt compensation can be
implemented by the use of shunt reactors, shunt capacitors, static var control (SVC), and synchronous
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FIGURE 3.2 Transmission line loadability curves for EHV and UHYV lines.
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FIGURE 3.3 Cost of power vs. loading of the line.

condensers. The most widely used shunt compensation is shunt capacitors. But, with the arrival of
higher-voltage lines, the need for and usage of shunt reactors has increased considerably. For exam-
ple, today, shunt reactors are fundamental shunt compensation used on EHV lines. These reactors are
implemented to compensate for the unwanted voltage effects due to the line capacitance.
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FIGURE 3.4 A transmission system with both series and shunt compensation.

The amount of shunt compensation provided by a reactor is based on a percentage of the positive
sequence susceptance of the transmission line. For EHV lines, this percentage is usually between 0%
and 90%. It depends on various factors, including the line characteristics, the expected loading, the
system operating policy, and others. A given transmission line’s reactive power increases directly as
the square of its voltage and is proportional to its line capacitance and length.

The line capacitance has two related voltage effects. The first one is known as the Ferranti
effect. It is the rise in voltage along the line due to the capacitive current of the line flowing
through the line inductance. The second one is the rise in voltage due to the capacitive current
of the line flowing through the source impedance at the line terminations. Under no-load, or
particularly light-load conditions, these two effects may produce undesirably high voltages.
The application of shunt reactors can reduce these voltages.

3.8 SHUNT COMPENSATION

3.8.1 Errects oF SHUNT COMPENSATION ON TRANSMISSION LINE LOADABILITY

Consider the power system model shown in Figure 3.1 for the transmission line loadability. Still
assume that the terminal short-circuit capacities at each end of the line are 50 kA. Use the heavy
loading criteria of having a maximum voltage drop of 5% along the transmission line and an angular
displacement of 44° corresponds to the steady-state stability margin of 30%.

Assume that a 765-kV three-phase transmission line has a SIL of 2250 MW and is made up of
4-1351 kemil ACSR conductors. The shunt compensations of 0% and 100% are considered for two
separate cases. For the first case, its short-circuit capacity (S/C) and its reactance are given as 50 kA
and 0.151%, respectively. For the second case, the short-circuit capacity and its reactance are given
as 12.5 kA and 0.604%, respectively.

Figure 3.5 shows the effects of shunt reactance compensation on the line loadability. As observed
in the figure, for transmission lines with low-source impedance, the effects of shunt compensation on
the loadability is small. However, sources with high impedance can reduce the loadability of a given
transmission line and increase the sensitivity of loadability to the changes in shunt compensation.

On the other hand, when reactive power is supplied by using shunt compensation apparatus,
such as shunt capacitors, synchronous condensers, and SVC, the transmission line loadability can
be increased.

3.8.2 SHUNT ReacTORSs AND SHUNT CAPACITOR BANKS

Shunt reactors may be either line connected or bus connected. They are frequently connected on
the tertiary windings of large-network transformers due to overvoltage concerns. Shunt capacitor
banks are always bus, rather than line, connected. The main purposes of transmission system shunt
compensation on the transmission system near load areas are load stabilization or voltage control.
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FIGURE 3.5 The effects of having only shunt reactor compensation on the line loadability.

Mechanically switched shunt capacitor banks (MSCs) are installed at major substations in load areas.
The mechanically switched capacitors have several disadvantages. For example, the switching may
not be fast enough for some applications. But, compared to static var compensation, mechanically
switched capacitor banks have the advantage of much lower cost. However, capacitor bank energiza-
tion allowing a transmission line outage should be adequately delayed to allow time for line reclos-
ing. Current limiting reactors minimize switching transients. For voltage stability, shunt capacitor
banks are very beneficial in allowing nearby generators to operate near unity power factor.

3.9 SERIES COMPENSATION

Series compensation is the application of series capacitors to a transmission line. Series capacitors
improve the stability by canceling part of the inductive reactance. For example, a 50% compensa-
tion means canceling one half of the transmission line reactance. This results in improved transient
and steady-state stability, more economical loading, improved loading balance between parallel
transmission lines, and minimum voltage dip on load buses. Studies [1] have shown that the addi-
tion of series capacitors on EHV transmission lines can more than double the transient stability load
limit of having lines at a fraction of the cost of a transmission line.

However, despite all these aforementioned benefits, there has been a reluctance to use series
capacitors in such applications. This is primarily due to the lack of a reliable high-speed protective
device to limit the voltage across the capacitor bank during disturbances and to bypass the high
currents during faults. The customary solution for this problem is to provide an automatic bypass
during faults and then to reinsert the capacitors after the clearing of the fault.

3.9.1 THE Errects OF SERIES COMPENSATION ON TRANSMISSION LINE LOADABILITY

The series compensation has a profound effect on the loadability of a transmission line. Also, the
series compensation has a great impact on the criteria of voltage drop and stability. They, in turn,
reduce the electrical length of the line.
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Consider the same power system model shown in Figure 3.1. Assume that a 1100-kV three-phase
transmission line has a SIL of 5185 MW and is made up of 8—1781 kemil ACSR conductors. The
series compensations of 0% and 75% are considered for two separate cases. Figure 3.6 shows the
effects of series reactance compensation on the line loadability for both cases. For the first case of
terminal system (given in solid lines in the figure), the short-circuit capacity (S/C) and its reactance
are given as 50 kA and 0.105%, respectively. For the second case (given in dashed lines in the
figure), the short-circuit capacity and its reactance are given as 12.5 kA and 0.420%, respectively.
The criteria for both cases are given as 5% for line voltage drop and 30% for steady-state stability
margin.

The considerations of having series or shunt compensations are determined by the system imped-
ance, which is expressed in terms of terminal system short-circuit capacity. Consider a 765-kcmil
three-phase transmission system that has 4-1351 kemil ACSR conductors per phase, having a SIL
of 2250 MW. The angular stability limit of 44° and the voltage drop criterion of 5% are given for
the transmission line. Figure 3.7 shows the effects of system impedance on the line loadability,
without having any series or shunt compensation, for a range of short-circuit capacity from 12.5 to
75 KA.

3.9.2  Series CAPACITORS

Consider the power flow through a transmission line, as shown in Figure 3.8. The amount of power
that is transmitted from bus 1 (sending-end bus) to bus 2 (receiving-end bus) can be expressed as

—1="24in3, (3.6)

3.5
0%
50 9% p Series compensation
30 75 9% | (for terminal system)
2.51
—
7
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FIGURE 3.6 Effects of having only series compensation on the line loadability.
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FIGURE 3.7 Effects of system impedance on line loadability without having any series or shunt compensation.
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FIGURE 3.8 Power flow through a transmission line.

where:

P, =power transmitted through the transmission system,

V, = voltage at the sending end of the line,

V, =voltage at the receiving end of the line,

X, =reactance of the transmission line,

8 = phase angle between phasors V, and V,, that is

d =60,-6,

If the total reactance of a transmission system is reduced by installation of capacitors in series
with the line, the power transmitted through the line can be increased. In that case, the amount of
power that is transmitted can be expressed as

p =Y Gos 3.7)
X, —Xc
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or

B, = Msin& (3.8)
Xy (1 - K)

where K = (X / X}) is the degree of compensation.

The degree of compensation K is usually expressed in percent. For example, 60% compensation
means that the value of the series capacitor in ohms is equal to 60% of the line reactance.

As stated previously, series capacitors are used to compensate for the inductive reactance of the
transmission line. They may be installed remote from the load, as an example, at an intermediate
point on a long transmission line. Benefits of series capacitor compensation are:

. Improved line loadability.

. Improved system steady-state stability.

. Improved system transient-state stability.

. Better load division on parallel circuits.

. Reduced voltage drops in load areas during severe disturbance.
. Reduced transmission losses.

. Better adjustment of line loadings.

N AW -

Figure 3.9 shows a simplified schematic diagram of a series capacitor segment. Figure 3.10 shows
a schematic of typical series capacitor compensation equipment. Series capacitors are almost always
in transmission lines, rather than within a substation bus arrangement.

Series capacitor compensation equipment is usually mounted on a platform at line potential and
has the necessary amount of capacitors, spark gap protection, metal-oxide varistor (MOV), bypass
switch (or breaker), and control and protection, as shown in Figure 3.9.

Y\One group
-~ \\

/
\
41nit ( I( ] I( I\/ I\/ XOverload CT
\ 7/
I <
M

3

L —> Differential CT's m
Fault
detection
| | | |/
A n— I cT
Platform
Discharge potential
reactor Gap Gap CT
Ja'a)
[T
Bypass CT
oo m
" \ LI
Bypass switch

FIGURE 3.9 A simplified schematic diagram of a series capacitor segment.
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FIGURE 3.10 Schematic of typical series capacitor compensation equipment.

In three-phase applications, the capacitors are connected as a capacitor bank. Such capacitor
banks are usually rated to withstand the line current for normal power flow considerations and
power swing conditions. But, it is not economical to design the capacitors to withstand the currents
and voltages associated with faults. Under these conditions, capacitors are protected by a MOV
bank. The MOV has a highly nonlinear resistive characteristic and conducts an ignorable amount of
current until the voltage across it reaches the protective level.

In the event of internal faults, fault currents can be very high. Here, the internal faults are defined
as the faults within the line section in which the series capacitor bank is located. In such cases, both
the capacitor bank and MOV will be bypassed by the “triggered spark gap.” The current limiting
reactor (also called dumping reactor) will limit the capacitor discharge current, and will damp
the oscillations. Usually, such oscillations are caused by spark gap operations or when the bypass
breaker is closed.

Here, the circuit parameters of C (of series capacitor), L (of the current limiting reactor), and R
(of the circuit) determine the amplitude, frequency of oscillations, and rate of damping of the series
capacitor discharge current. The energy discharge through the MOV is continually checked and
if it exceeds its rated value, the MOV will be protected by the firing of a triggered air gap, which
will bypass the MOV. The triggered air gap provides a fast means of bypassing the series capacitor
bank and the MOV system when the triggered signal is issued under certain fault conditions (such
as internal faults) or when the energy discharge passing through the MOV is greater than its rated
value. In general, the bypass breaker is a standard line circuit breaker. It has a rated voltage that is
suitable for the voltage across the capacitor bank.

As stated before, series compensation reduces net inductive reactance of the transmission line.
The reactive power generation of I”?X. compensates for the reactive power consumption 2X; of the
transmission line. As the load increases to the maximum value, the generation of reactive power by
the capacitor also increases with the current squared. Hence, it provides reactive power when most
needed. Here, the need for self-regulation becomes very obvious.

Application of series compensation increases the effective SIL of a transmission line. Contrarily,
the application of shunt reactor compensation decreases the effective SIL.

In the event that the lumped compensation is approximated by the uniformly distributed com-
pensation, the effective SIL for a compensated line can be determined from

STL comp = STL yrcmp 71 - ?h‘f“‘ , (3.9)
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where:
SIL,,,, = surge impedance of a compensated line,
SIL,comp = surge impedance of an uncompensated line,
I, = the degree of shunt compensation using capacitors,
I....s = the degree of series compensation using capacitors.

Consider two parallel transmission lines and assume that one is experiencing an outage. In such
case, the current in the remaining line almost doubles. Also, the reactive power generated by series
capacitors quadruples.

In the series capacitor applications, the reactive power rating and the cost of series compensation
is proportional to the current squared. Because of this, advantage is taken of short-time overload
capability in such applications. For example, standards allow the current or voltage overload of
135% for 30 min or 150% for 5 min. This allows the dispatchers to reschedule generation, bring gas
turbines on line, or shed load [7].

Example 3.2

Consider the 345-kV transmission line given in Example 3.1. In that example, the SIL was found to
be 325 Q. Investigate various compensation methods to improve the SIL of the transmission line.
Determine the effective SIL, for the following compensation choices:

a. A 50% shunt capacitive compensation and no series compensation.

b. A 0% series capacitive compensation and 50% shunt compensation using shunt reactors.
c. A 50% series capacitive compensation and no shunt compensation.

d. A 50% series capacitive compensation and 20% shunt capacitive compensation.

/1— T
S”-comp = S‘“—uncomp 1-T " _nt
series

1-0.50 -230Q.
0

Solution

=(325Q)

S“—comp = S”—uncomp 1-T
b. series
1+0.50

1-0.0

/1—1"S .
S‘“—comp = S”—uncomp 1-T " _m
series

1200 _ 4600
0

=(325Q) =398 Q.

=(325Q) ]

1- 1—‘shun
S”-comp = SILuncomp\ ﬁ

1-0.20
1-0.50

=(325Q) =411Q.
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Note that the addition of shunt reactors in parallel will decrease the line capacitance. In turn,
the propagation constant will be decreased, but the characteristic impedance will be increased,
which is not desirable. The addition of capacitances in series with the line will decrease the line
inductance. Hence, the characteristic impedance and the propagation constant will be reduced,
which is desirable. Thus, the series capacitor compensation of transmission lines is used to improve
stability limits and voltage regulation, to provide a desired load division, and to maximize the
load-carrying capability of the system.

Example 3.3

Consider two parallel transmission lines that are series compensated by using capacitor banks.
Allow 150% voltage and current overload for a short period. The capacitor bank that is being con-
sidered for use must withstand twice the normal voltage and current. Determine the following:

a. The rated current in terms of per unit of the normal load current.
b. The amount of necessary increase in the bank’s Mvar rating in per units.
c. If the capacitor bank has a normal full load current of 1000 A, find the rated current value.

Solution

a. Since the capacitor bank must be able to withstand twice the normal voltage and current
(1.5 pu)yieq = (2.0 pU, mals
from which the rated current is
Liatea = (1.33 U ormal

b. The increase in the bank’s Mvar rating is

Mvar rating increase = (1.33 pu)? = 1.78 pu.
c. The rated current value is

e = (1.33)(1000A) = 1333A.

3.10 STATIC VAR CONTROL (SVC)

In the past, shunt and series capacitors (and synchronous condensers) have been used in many
applications successfully. But, in certain situations it is crucial to have some form of compensation
that responds to rapid fluctuations in the system load with a minimum of delay of the order of a few
milliseconds. The variable compensator (also known as variable static compensator) was a static
device, which could provide leading or lagging vars based on the requirements. The compensa-
tor, also known as static var supply device, is made up of a reactor shunted across the supply and
connected in parallel with a fixed or variable high-voltage bank. The proportion of the lagging
and leading vars to be supplied is totally dependent upon the individual requirements of a given
transmission line or system.

A thyristor valve, made up of two thyristors connected in antiparallel, will allow smooth regula-
tion of the current flowing through a shunt reactor, as shown in Figure 3.11a. The current has a high
content of harmonics, therefore the device must have additional harmonic filters to help smooth the
current waveform. Since such filters are very expensive, they share a large part of the compensator
cost.
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FIGURE 3.11  Principles of SVC compensation: (a) thyristor-controlled reactor, (b) thyristor-switched capacitor.
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However, it is not possible to have smooth control of the current with capacitor because of the
long time-constant associated with the capacitor charge/discharge cycle. Hence, the thyristor valve
can only switch the capacitor on or off, as shown in Figure 3.11b.

The thyristor firing circuits used in SVCs are usually controlled by a voltage regulator, which
tries to keep bus voltage constant by controlling the amount and polarity of the reactive power
injected into the bus. The regulator can also be employed to damp power swings in the system fol-
lowing a system disturbance.

Unfortunately, the cost of SVCs is typically several times that of an uncontrolled bank of shunt
reactors or fixed capacitors (FC). Hence, their use is somewhat restricted to those parts of a system
where heavy fluctuations of real power take place and consequently compensation of both inductive
and capacitive vars is needed.

Today’s SVCs are shunt-connected power electronic devices. They vary the reactive power out-
put by controlling (or switching) the reactive impedance components by means of power electron-
ics. Typical SVC equipment-classification include the following:

1. Thyristor controlled reactors (TCR) with FCs.
2. TCRs in combination with mechanically or thyristor switched capacitors.
3. Thyristor switched capacitors (TSC).

Typically, SVCs are used in the following applications:

. Voltage regulation.

. Reduce temporary overvoltages.

. Reduce voltage flicker caused by varying loads such as arcfurnaces, etc.
. Increase power transfer capacity of transmission systems.

. Increase transient stability limits of a power system.

. Increase damping of power oscillations.

. Damp subsynchronous oscillations.

G ) NN, TN ST I N

The static var compensators are generally cheaper than the synchronous condensers. The syn-
chronous condensers have higher investment and operating and maintenance (O&M) costs. Their
investment costs may be about 20-30% higher than SVCs. However, the use of synchronous
condensers has some advantages over SVC in voltage weak networks. The schematic repre-
sentation of three types of SVCs, which include a TCR with FC bank, a TCR with switched
capacitor banks, and a TSC compensator are shown in Figure 3.12.

Note that a capacitor bank can be switched by mechanical breakers, if time delay, which is
usually five to ten cycles, is not an important factor, as shown in Figure 3.12b. Alternatively, they
can be switched fast, in less than one cycle, by using thyristor switches, as shown in Figure 3.12c.
Figure 3.13 illustrates the reactive power variation of a TCR with switched capacitor banks.
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FIGURE 3.12 Schematic representation of three types of SVCs: (a) TCR with fixed capacitor bank, (b) TCR
with switched capacitor banks, and (c) thyristor-switched capacitor compensator.
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FIGURE 3.13 Reactive power variation of TCR with switched capacitor banks.

3.11  STATIC VAR SYSTEMS

CIGRE [15] distinguishes between static var compensators and static var systems. A static var
system is a static var compensator that can also control mechanical switching of shunt capacitor
banks or reactors. Figure 3.14 shows a schematic diagram of a typical static var system. Its static
var compensator includes TSCs, TCRs, and harmonic filters. The harmonic filters are used for the
TCR-produced harmonics. The filters are capacitive at fundamental frequency and are 10-30% of
the TCRs’ Mvar size. A static var system may also include FCs, thyristor switched reactors, and a
dedicated transformer.

3.12 THYRISTOR-CONTROLLED SERIES COMPENSATOR

It provides fast control and variation of the impedance of the series capacitor bank. It is part of the
flexible ac transmission system (FACTS). The FACTS, in turn, is an application of power electron-
ics for control of the ac system to improve the power flow, operation, and control of the ac system.
It has been shown that the thyristor-controlled series compensator (TCSC) improves the system
performance for subsynchronous resonance (SSR) damping, power swing damping, transient stabil-
ity, and power flow control. However, since it is a relatively new system, there have been only a few
applications. Figure 3.15 shows a one-line diagram of a TCSC installed at a substation.
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FIGURE 3.14 Schematic diagram of a typical static var system (as indicated by the dash signs).

Line Bypass disconnect —% Line
<« >
oo

Isolation
o /_ disconnect o
(/ TCSC Module (/

Series capacitor

Varistor e . ;
q ¢ \_|¢
\ \I N

|¢ |
IX | i

____________ _
g Reactor Thyristor
[ Bypass breaker valve
s
LI

FIGURE 3.15 One-line diagram of a TCSC installed at a substation.

3.13 STATIC COMPENSATOR

A static compensator (STATCOM) is also called “GTO- SVC” or “advanced SVC.” It provides
variable legging or leading reactive power without using inductors or capacitors for the var gen-
eration. Reactive power generation is produced by regulating the terminal voltage of the con-
verter. The STATCOM is made up of a voltage source inverter by using gate turn-off thyristor
(GTOs) that produces an ac voltage source, which is in phase with the transmission line voltage.
It is connected to the line through a series inductance. This reactance can be the transformer
leakage inductance that is required to match the inverter voltage of the line voltage. When the
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FIGURE 3.16 An illustration of the operation principle of STATCOM (or advanced SVC).

terminal voltage of the voltage source inverter is greater than the bus voltage, STATCOM pro-
duces leading reactive power. On the other hand, when the terminal voltage is lower than the bus
voltage, STATCOM produces lagging reactive power. In some sense, STATCOM is smaller than
a synchronous condenser. In addition to being used for voltage control and var compensation,
STATCOM can also be used to damp out electromechanical oscillations.

The operating principle of a STATCOM is illustrated in Figure 3.16. The GTO converter pro-
duces a fundamental frequency voltage V,, which is in phase with the power system voltage V,. As
V, and V, are in phase, the difference between them results in a reactive current I, flowing through
the transformer reactance X, which can be expressed as

JX

Vi-V,

I= (3.10)

When V, > V,, then I leads V,, thus the reactive power is delivered to the bus that is connected to
the line. Hence, the converter behaves like a capacitor.

On the other hand, if V,< V|, then I lags V,, thus the reactive power is drawn from the bus and
the converter acts like a reactor.

Note that for a transformer reactance of 0.1 pu, when there is a £ 10% change on V,, it produces
+ 1 pu change in the inserted reactive power.

3.14 THYRISTOR-CONTROLLED BRAKING RESISTOR

In order to improve transient stability, a thyristor-controlled braking resistor can be used, as shown
in Figure 3.17. It behaves as an additional resistive load, capable of absorbing some of the generation
in the event of a severe fault occurring near a generator. As a result of this, the loss of synchronism
may be prevented.
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3.15 SUPERCONDUCTING MAGNETIC ENERGY SYSTEMS (SMES)

As aresult of recent developments in power electronics and superconductivity, the interest in using
SMES units to store energy and/or damp power system oscillations has increased. In a sense, SMES
can be seen as a controllable current source whose magnitude and phase can be changed within one
cycle. The upper limit of this source is imposed by the dc current in the superconducting coil.
Figure 3.18 shows a typical configuration of a SMES unit with a double GTO thyristor bridge. In
the configuration, the superconducting coil L is coupled to the transmission system via two converters

Transmission line |

©— |

UL Step-down
transformer

Braking
resistor

Thyristor
valve

FIGURE 3.17 A thyristor-controlled braking resistor.
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FIGURE 3.18 SMES unit with double GTO thyristor bridge.
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and transformers. The converter firing angles, o, and o, are determined by the PQI controller in
order to control the real and reactive power outputs and the dc current / in the coil. The control strat-
egy is determined by the modulation controller of SMES to damp out power swings in the network.
The active and reactive power available from SMES depends on the type of ac/dc converter used. In
essence, SMES is a powerful tool for transient stability enhancement and can be used to support pri-
mary frequency regulation.

3.16  SUBSYNCHRONOUS RESONANCE (SSR)

As stated previously, the application of series capacitors is a very effective way of increasing the
power transfer capability of a power system that has long transmission lines. Series capacitors sig-
nificantly increase transient and steady-state limits, in addition to being a near perfect means of var
and voltage control. For a 500-kV transmission project with 1000-mi long lines, it was estimated that
the application of series capacitors reduced the project cost by 25%. In the past, it was believed that
up to 70% series compensation could be used in any transmission line with little or no concern.

However, there is an important problem with the use of series compensation. That is, series-com-
pensated transmission systems and steam turbine generators can interact in a phenomenon known as
SSR. This phenomenon may be described as the addition of series capacitors establishes a series-res-
onant circuit that can oscillate at a natural frequency below the normal synchronous frequency when
stimulated by a disturbance. In certain EHV transmission circuit configurations with a high percent-
age of series compensation, the net resistance of the circuit can be negative, causing the oscillations to
increase until they are limited by saturation effects. If the synchronous frequency minus the electrical
resonant frequency approaches the frequency of one of the turbine-alternator natural torsional modes,
substantial damage to the turbine-alternator shaft can occur. It may also cause insulation failure of the
windings of the generator.

Also, some equipment damage may also take place due to switching series-compensated lines
even though the steady-state net resistance for these oscillations is positive. The SSR problem can
be corrected by modifying the alternator’s excitation system, series capacitor protective equip-
ment, and the addition of special relaying and series blocking filters [3].

3.17 THE USE OF STATIC COMPENSATION TO PREVENT
VOLTAGE COLLAPSE OR INSTABILITY

In general, voltage collapse and voltage instability are used interchangeably. A voltage instability
can take place in the steady state if the reactive demand of a load increases as the supply voltage
decreases, which in turn causes a further decrease in voltage. Such voltage-collapse sequence can
be triggered by a sudden disturbance. The end result is very costly, for example, in terms of loss of
revenues to the utility company and loss of production to the manufacturing industry.

Some engineers view voltage stability or voltage collapse as a steady-state problem that can
be solved by using static analysis tools such as power flow. The ability to transfer reactive power
from generators to loads during steady-state conditions is a main part of the voltage stability prob-
lem. Other engineers view voltage instability or voltage collapse as a dynamic process. The word
dynamic basically involves the loads and the methods for voltage control. Frequently, voltage stabil-
ity is also called load stability.

It can be that a given power system has a small-disturbance voltage stability, if it can keep its
load voltages at close or identical values (to the predisturbance values) after any small disturbance.
Similarly, a power system can be said to have voltage stability, if it can keep its load voltages at
postdisturbance equilibrium values following a disturbance. However, a power system can be said to
have a voltage collapse, if it has postdisturbance equilibrium voltages that are below the acceptable
limits following a disturbance. Voltage collapse may be total (that is, blackout) or partial.

www.mepcafe.com



114 Electrical Power Transmission System Engineering Analysis and Design

Voltage instability normally takes place after large disturbances in terms of rapid increases in load
or power transfer. Often, the instability is an aperiodic but progressive decrease in voltage. However,
oscillatory voltage instability may also be possible. In addition, control instabilities can also take
place. For example, such control instabilities may be the result of having a too high gain on a static var
compensator or a too small deadband in a voltage relay that controls a shunt capacitor bank. The term
voltage security defines the ability of a system not only to operate at a steady state, but also remain in
a steady state following major contingencies or load increases [7].

The static shunt compensators can aid power system stability through rapid adjustment of its
reactive power. The use of one or more compensators can compete with the alternative of additional
transmission lines in meeting the need for greater power transfer capability. The controllability of
TCR-based compensators allows the employment of supplementary damping signals to accelerate
the settling of the power system following disturbance [6].

3.18 ENERGY MANAGEMENT SYSTEM (EMS)

The main purpose of an electric power system is to efficiently generate, transmit, and distribute
electric energy. The operations involved dictate geographically dispersed and functionally complex
monitoring and control systems, as shown in Figure 3.19.

As illustrated in the figure, the energy management system (EMS) exercises overall control over
the total system. The supervisory control and data acquisition (SCADA) system involves genera-
tion and transmission systems. The distribution automation and control (DAC) system oversees the
distribution system, including connected load. Automatic monitoring and control features have long
been a part of the SCADA system. More recently, automation has become a part of the overall EMS,
including the distribution system. The motivating objectives of the DAC system are:

1. Improved overall system efficiency in the use of both capital and energy.

2. Increased market penetration of coal, nuclear, and renewable domestic energy sources.
3. Reduced reserve requirements in both transmission and generation.

4. Increased reliability of service to essential load.

Advances in digital technology have made the true EMS a reality. It is clear that future electric
power systems will be more complex than those of today. If the systems being developed are to
be operational with respect to construction costs, capitalization, performance reliability, and
operating efficiency, better automation and controls are required.

Energy
management system
(EMS)

Supervisoy control and Distribution

data acquisition automation and control

(SCADA) (DAC)
system system
Generatp n and Distribution Connected
transmission
system load

systems

FIGURE 3.19 Monitoring and controlling an electric power system.
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3.19 SUPERVISORY CONTROL AND DATA ACQUISITION

SCADA is the equipment and procedures for controlling one or more remote stations from a master
control station. It includes the digital control equipment, sensing and telemetry equipment, and two-
way communications to and from the master stations and the remotely controlled stations.

The SCADA digital control equipment includes the control computers and terminals for data
display and entry. The sensing and telemetry equipment includes the sensors, digital to analog and
analog to digital converters, actuators, and relays used at the remote station to sense operating and
alarm conditions and to remotely activate equipment, such as circuit breakers. The communications
equipment includes the modems (modulator/demodulator) for transmitting the digital data, and the
communications link (radio, phone line, and microwave link, or power line).

Figure 3.20 shows a block diagram of a SCADA system. Typical functions that can be performed
by SCADA are:

1. Control and indication of the position of a two- or three-position device, e.g., a motor-
driven switch or a circuit breaker.

2. State indication without control, e.g., transformer fans on or off.

3. Control without indication, e.g., capacitors switched in or out.

Master station

Data
displays
M C
o omputer
d at > annﬁkcrmmtors
e master station |_
m
Control
data input
Communication lines
(to and from remote stations)
Analog Analog
data to Data
measuring digital Remote station
equipment converters
Digital Data Remote M
data. station 3
measuring Data SCADA
equipment Command control ;1
Status
indicators A
On-off and Set point
state change control
control generator
generator
Vil Vlvy
Controlled Controlled
equipment equipment

FIGURE 3.20 Supervisory control and data acquisition (SCADA).
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4. Set point control of remote control station, e.g., nominal voltage for an automatic tap
changer.

5. Alarm sensing, e.g., fire or the performance of a noncommanded function.

6. Permit operators to initiate operations at remote stations from a central control station.

7. Initiation and recognition of sequences of events, e.g., routing power around a bad trans-
former by opening and closing circuit breakers, or sectionalizing a bus with a fault on it.

8. Data acquisition from metering equipment, usually via analog/digital converter and digital
communication link.

Today, in the United States, all routine substation functions are remotely controlled. For example, a
complete SCADA system can perform the following substation functions:

. Automatic bus sectionalizing.

. Automatic reclosing after a fault.

. Synchronous check.

. Protection of equipment in a substation.
. Fault reporting.

. Transformer load balancing.

. Voltage and reactive power control.
. Equipment condition monitoring.

. Data acquisition.

. Status monitoring.

. Data logging.

—
—_— O 0 0 9O LA LW —

—_

All SCADA systems have two-way data and voice communication between the master and the
remote stations. Modems at the sending and receiving ends modulate, i.e., put information on the
carrier frequency, and demodulate, i.e., remove information from the carrier, respectively. Here,
digital codes are utilized for such information exchange with various error detection schemes to
ensure that all data are received correctly. The remote terminal unit (RTU) correctly codes remote
station information into the proper digital form for the modem to transmit, and converts the signals
received from the master into the proper form for each piece of remote equipment.

When a SCADA system is in operation, it scans all routine alarm and monitoring functions peri-
odically, by sending the proper digital code to interrogate, or poll, each device. The polled device
sends its data and status to the master station. The total scan time for a substation might be 30 s to
several minutes, subject to the speed of the SCADA system and the substation size. If an alarm con-
dition takes place, it interrupts a normal scan. Upon an alarm, the computer polls the device at the
substation that indicated the alarm. It is possible for an alarm to trigger a computer-initiated sequence
of events, e.g., breaker action to sectionalize a faulted bus. Each of the activated equipment has a
code to activate it, that is, to make it listen, and another code to cause the controlled action to take
place. Also, some alarm conditions may sound an alarm at the control station to indicate that action
is required by an operator. In that case, the operator initiates the action via a keyboard or a CRT. Of
course, the computers used in SCADA systems must have considerable memory to store all the data,
codes for the controlled devices, and the programs for automatic response to abnormal events.

3.20 ADVANCED SCADA CONCEPTS

The increasing competitive business environment of utilities, due to deregulation, is causing a reex-
amination of SCADA as part of the process of utility operations, not as a process unto itself. The
present business environment dictates the incorporation of the hardware and software of the modern
SCADA system into the corporation-wide, management information systems strategy, to maximize
the benefits to the utility.
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FIGURE 3.21 Supervisory control and data acquisition (SCADA) in virtual system established by wide-area
network.

Today, the dedicated islands of automation give way to the corporate information system. Tomorrow,
in advanced systems, SCADA will be a function performed by workstation-based applications, inter-
connected through a wide-area network (WAN) to create a virtual system, as shown in Figure 3.21.

This arrangement will provide the SCADA applications access to a host of other applications,
e.g., substation controllers, automated mapping/facility management system, trouble call analysis,
crew dispatching, and demand-side load management. The WAN will also provide the traditional
link between the utility’s EMS and SCADA processors. The workstation-based applications will
also provide for flexible expansion and economic system reconfiguration.

Also, unlike the centralized database of most existing SCADA systems, the advanced SCADA
system database will exist in dynamic pieces that are distributed throughout the network.
Modifications to any of the interconnected elements will be immediately available to all users,
including the SCADA system. SCADA will have to become a more involved partner in the process
of economic delivery and maintained quality of service to the end user.

In most applications today, SCADA and the EMS operate only on the transmission and gen-
eration sides of the system. In the future, economic dispatch algorithms will include demand-side
(load) management and voltage control/reduction solutions. The control and its hardware and soft-
ware resources will cease to exist.

3.20.1 SuBsTATION CONTROLLERS

In the future, RTUs will not only provide station telemetry and control to the master station, but
will also provide other primary functions, such as system protection, local operation, graphical user
interface (GUI), and data gathering/concentration from other subsystems. Therefore, future RTUSs
will evolve into a class of devices that performs multiple substation control, protection, and opera-
tion functions. Besides these functions, the substation controller also develops and processes data
required by the SCADA master, and it processes control commands and messages received from
the SCADA master.
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FIGURE 3.22 Substation controller.

The substation controller will provide a gateway function to process and transmit data from the sub-
station to the WAN. The substation controller is basically a computer system designed to operate in a
substation environment. As shown in Figure 3.22, it has hardware modules and software in terms of:

1. Data processing applications. These software applications provide various users with
access to the data of the substation controller in order to provide instructions and program-
ming to the substation controller, collect data from the substation controller, and perform
the necessary functions.

2. Data collection applications. These software applications provide access to other systems
and components that have data elements necessary for the substation controller to perform
its functions.

3. Control database. All data resides in a single location, whether from a data processing
application, data collection application, or derived from the substation controller itself.

Therefore, the substation controller is a system made up of many different types of hardware and
software components and may not even be in a single location. Here, RTU may exist only as a soft-
ware application within the substation controller system. Substation controllers will make all data
available on WANs. They will eliminate separate stand-alone systems, thus providing greater cost
savings to the utility company.

According to Sciacca and Block [29], the SCADA planner must look beyond the traditional roles
of SCADA. For example, the planner must consider the following issues:

1. Reduction of substation design and construction costs.
2. Reduction of substation operating costs.

3. Overall lowering of power system operating costs.

4. Development of information for nonSCADA functions.
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5. Utilization of existing resources and company standard for hardware, software, and data-
base generation.

6. Expansion of automated operations at the subtransmission and distribution levels.

7. Improved customer relations.

To accomplish these, the SCADA planner must join forces with the substation engineer to become
an integrated team. Each must ask the other “How can your requirements be met in a manner that
provides positive benefits for my business?”

3.21 SIX-PHASE TRANSMISSION LINES

Recently, high-phase (that is, six-, nine-, and 12-phase) order transmission lines have been proposed
to transmit more than three phases of electrical power. Six-phase transmission lines are especially
designed to increase power transfer over exiting lines and reduce electrical environmental impacts
[24-27]. The advantages of six-phase systems are:

—_—

. Increased thermal loading capacity of lines.

2. For a given conductor size and tower configuration, the stress on the conductor surface
decreases with the number of phases, leading to reduced corona losses.

. Their transmission efficiency is higher.

4. The double-circuit lines, with two three-phase circuits on each tower, can easily be con-

verted to single-circuit six-phase lines.

5. The higher the number of phases, the smaller the line-to-line voltage becomes relative to

the phase voltage. As a result, the existing rights-of-way can be better used since there is

less need for phase-to-phase insulation requirement in the six-phase transmission.

W

In the three-phase ac systems, there are three phasors that are offset with respect to each other by
120°. Similarly, in the six-phase ac systems, there are six phasors that are offset with respect to each
other by 60°. On the other hand, nine-phase ac systems have nine phasors that are offset by 40°, and
12-phase ac systems consist of 12 phasors offset by 30°.

However, three-phase transmission was accepted as the standard for ac transmission for the fol-
lowing reasons:

1. Three phases are the least number required for power flow that is constant with time.
2. The power of an electrical machine does not increase as phases are increased more than
three phases.

But, electric power transmission with more than three phases has some advantages. For example, in
six-phase transmission lines* the conductor gradients are lower, which reduces both audible noise
and electrostatic effects without requiring additional insulation. In multiphase transmission lines, if
the line-to-ground voltage is fixed, then the line-to-line voltage decreases as the number of phases
increases, thereby enabling the line-to-line insulation distance to be reduced. Figure 3.23 shows poly-
phase voltage phasors in three-phase phasor vs. six-phase phasor systems. In the three-phase systems,

V, =3V,
but in the six-phase systems,

V.=V,

* A six-phase 93 kV transmission line was built between Goudey and Oakdale in New York by New York State Electric &
Gas Utility Company.
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FIGURE 3.23 Polyphase phasor systems: (a) three-phase system and (b) six-phase system.

that is, the line and phase voltages are the same. Hence, for example, for a given phase-to-ground
voltage of 79.6 kV, the line-to-line voltage is 138 kV for three-phase systems. But, it is 79.6 kV for
six-phase systems. Similarly, for a phase-to-ground voltage of 199.2 kV, the line-to-line voltage is
345 kV for three-phase systems, but it is 199.2 kV for six-phase systems. The maximum complex
power that six-phase transmission lines can carry is

S5, =6V, 1, 3.11)

and the maximum complex power that a double-circuit three-phase line of the same phase voltage
can carry is

S: =2(3V,I})

=6V,I; =S,

which is the same as a six-phase transmission line. It is clear that the lower line-to-line voltage of the
six-phase line permits the tower and other structures to be smaller than an equivalent double-circuit
three-phase transmission line, as shown in Figure 3.24. As a result of this, the same amount of com-
plex power can be transmitted using smaller six-phase right-of-way for the same phase voltage and
the same conductor current capacity.

Similarly, the power capacity of a six-phase transmission line with the same line voltage as an
equivalent double-circuit three-phase transmission line is

Se=6(V3V,I1 ). (3.12)

or

Ses=36V,I;. (3.13)

Therefore, for the same line voltage, the capacity of a six-phase line is 173% that of an equivalent
double-circuit three-phase system. Also, the magnetic fields are three to four times lower in six-
phase lines than an equivalent double-circuit three-phase line.

Since the electric field gradients on the conductors are lower in six-phase lines, its corona losses
are also lower. Today, the need for six-phase transformers is met by using two regular three-phase
transformers that are connected delta-wye and delta-inverted wye or wye-wye and wye-inverted
wye, as illustrated in Figure 3.25.
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(@) (b)

FIGURE 3.24 Comparative tower heights for a double-circuit three-phase transmission line vs. a six-phase
transmission line.
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FIGURE 3.25 Six-phase transformer bank made up of two three-phase transformers connected as: (a) delta-
wye and delta-inverted wye and (b) wye-wye and wye-inverted wye.

The following types of protections are provided for the six-phase 93-kV transmission line that
was built between Goudey and Oakdale in New York:

1. Current differential relaying employing pilot signal over a fiber-optic-based communica-
tion channel.

2. Phase-distance impedance relays with directional ground current relays.

3. Segregated phase comparison relays for backup. These relays can determine if an internal
fault has taken place by comparing the phase at the ends of each conductor, using a fiber-
optic communications system.

In general, protection of a six-phase transmission line is more involved than for a double-circuit

three-phase transmission line. There are more combinations of line-to-line and line-to-neutral
faults can take place.
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4 Overhead Power Transmission

4.1 INTRODUCTION

A brief review of transmission system modeling is presented in this chapter. Transmission lines are
modeled and classified according to their lengths as

1. Short transmission lines
2. Medium-length transmission lines
3. Long transmission lines

The short transmission lines are those lines that have lengths up to 50 mi, or 80 km. The medium-
length transmission lines are those lines that have lengths up to 150 mi, or 240 km. Similarly, the
long transmission lines are those lines that have lengths above 150 mi, or 240 km.

4.2 SHORT TRANSMISSION LINES (UP TO 50 MI, OR 80 KM)

The modeling of a short transmission line is the most simplistic one. Its shunt capacitance is so small
that it can be omitted entirely with little loss of accuracy. (Its shunt admittance is neglected since the
current is the same throughout the line.) Thus, its capacitance and leakage resistance to the earth are
usually neglected, as shown in Figure 4.1. Therefore, the transmission line can be treated as a simple,
lumped, and constant impedance, that is,

Z=R+ jX,
=zl “@.1
=rl+ jxl Q,

where:

Z=total series impedance per phase in ohms,

z=series impedance of one conductor in ohms per unit length,

X, =total inductive reactance of one conductor in ohms,

x=inductive reactance of one conductor in ohms per unit length,

I=length of line.

The current entering the line at the sending end of the line is equal to the current leaving at the
receiving end. Figures 4.2 and 4.3 show vector (or phasor) diagrams for a short transmission line
connected to an inductive load and a capacitive load, respectively. It can be observed from the fig-
ures that

V=V +1;Z, “.2)
I,=I;=I, “4.3)
Vi=VIZ, “4.4)
123
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L[> Z=R+jX L —>

Sending | + + |Receiving
end V. end
(source) (source)

N

FIGURE 4.1 Equivalent circuit of short transmission line.

FIGURE 4.3 Phasor diagram of short transmission line connected to capacitive load.

where:
V =sending-end phase (line-to-neutral) voltage,
Vy=receiving-end phase (line-to-neutral) voltage,
I;=sending-end phase current,
Iy =receiving-end phase current,
Z=total series impedance per phase.
Therefore, using Vy as the reference, Equation 4.2 can be written as

VS = VR + (IR COSGR + ]IR SineR)(R + ]X), (45)

where the plus or minus sign is determined by 0g, the power factor angle of the receiving end or
load. If the power factor is lagging, the minus sign is employed. On the other hand, if it is leading,
the plus sign is used.

However, if Equation 4.4 is used, it is convenient to use Vg as the reference. Therefore,

Vi = Vs — (Ig cos O £ jIg sinBg (R + jX), 4.6)

where 6 is the sending-end power factor angle, that determines, as before, whether the plus or
minus sign will be used. Also, from Figure 4.2, using Vy as the reference vector,
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Vo=[ (Ve +IRcos By + IX sinBy )+ (IX cosOx £ [Rsinby ) | @)
and load angle
0=04—0g, “4.8)
or
+ IR
8 = arctan| — X 030 £/Rsin e,R : “.9)
Vi +1IRcosOy + IX sin6y
The generalized constants, or ABCD parameters, can be determined by inspection of Figure 4.1.
Since

e ol
= , (4.10)
I, | |[C D]V,

A=1 B=Z C=0 D=1, @.11)

and AD-BC=1, where

then

) @.12)

and

Vs

SFL TS

The transmission efficiency of the short line can be expressed as

I

_ Output

Input

_ \/gVRI cosOy

= “4.13)
\/gVSI cosOg

_ VpcosBy
Vcosg

Equation 4.13 is applicable whether the line is single phase or three phase.
The transmission efficiency can also be expressed as

_ Output
Output + losses
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For a single-phase line,

_ Vi IcosOg 414
1= Velcos6y +21°R” 19

For a three-phase line,
\/§VRICOSGR @15)

n= :
\/EVRICOSGR +3I°R

4.2.1 SteADY-STATE POwWER LimiT

Assume that the impedance of a short transmission line is given as Z=Z/0. Therefore, the real
power delivered, at steady state, to the receiving end of the transmission line can be expressed as

Vi xV, V2
P, ="3""Rcos(0—8)— —LRcosh, 4.16
R 7 (8-09) 7z 4.16)
and similarly, the reactive power delivered can be expressed as

Ve XV,
Or = SZ R

. V2.
sin(6—9) — > sin©. 4.17)

If Vg and Vy are the line-to-neutral voltages, Equations 4.16 and 4.17 give Py and Qg values per
phase. Also, if the obtained P and Qy values are multiplied by 3 or the line-to-line values of Vg and
Vy are used, the equations give the three-phase real and reactive power delivered to a balanced load
at the receiving end of the line.

If, in Equation 4.16, all variables are kept constant with the exception of 9, so that the real power
delivered, Py, is a function of 6 only, Py is maximum when & =6, and the maximum powers* obtain-
able at the receiving end for a given regulation can be expressed as

Vi [ Vs
Pamax = | = Z-R |, 4.18
R,max ZZ(VR j ( )

where Vg and V; are the phase (line-to-neutral) voltages whether the system is single phase or three
phase.
The equation can also be expressed as

_ Vax Vg Vg xcosb

PR,max - 7 7 (419)
If V= Vg,
2
PR,max = %(1 - COSG), (420)

* Also called the steady-state power limit.
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or

2
PR,max = (‘IR) (Z - R)a (421)

z

and similarly, the corresponding reactive power delivered to the load is given by

2

QR,max = _%Sin 0. (422)

As can be observed, both Equations 4.21 and 4.22 are independent of Vg voltage. The negative
sign in Equation 4.22 points out that the load is a sink of leading vars,! that is, going to the load or a
source of lagging vars (i.e., from the load to the supply). The total three-phase power transmitted on
the three-phase line is three times the power calculated by using the above equations. If the voltages
are given in volts, the power is expressed in watts or vars. Otherwise, if they are given in kilovolts,
the power is expressed in megawatts or megavars.

In a similar manner, the real and reactive powers for the sending end of a transmission line can
be expressed as

2
Po=Y5 cos0— VX VR 00+ 5), 4.23)
z Z
and
2
0 = %sine— %sin(6+ 5). (4.24)

If, in Equation 4.23, as before, all variables are kept constant with the exception of J, so that the
real power at the sending end, P, is a function of d only, Py is a maximum when

0+6=180°.
Therefore, the maximum power at the sending end, the maximum input power, can be expressed as

V¢ N Vs X Vi

Py = €080 , 4.25
5, 7 cos 7 4.25)
or
2

P = YSXR VXV (4.26)

: z2 z

However, if Vg= Vi,
V 2

P = (zsj (Z+R), @.27)

© For many decades, the electrical utility industry has declined to recognize two different kinds of reactive power, leading
and lagging vars. Only magnetizing vars are recognized, printed on varmeter scale plates, bought, and sold. Therefore,
in the following sections, the leading or lagging vars will be referred to as magnetizing vars.
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and similarly, the corresponding reactive power at the sending end, the maximum input vars, is
given by

2

0 = %sine. 4.28)

As can be observed, both Equations 4.27 and 4.28 are independent of V; voltage, and Equation
4.28 has a positive sign this time.

4.2.2 PerCENT VOLTAGE REGULATION

The voltage regulation of the line is defined by the rise in voltage when full load is removed,
that is,

\AR\Y
Percentage of voltage regulation = SVR %100, 4.29)
R
or
Percentage of voltage regulation = M %100, 4.30)
‘VR,FL‘
where:
IVi|=magnitude of sending-end phase (line-to-neutral) voltage at no load,
IVil=magnitude of receiving-end phase (line-to-neutral) voltage at full load,
IVg n|=magnitude of receiving-end voltage at no load,
IVg p|=magnitude of receiving-end voltage at full load with constant [V|.
Therefore, if the load is connected at the receiving end of the line,
IVI=1Vg
and
Vel =IVg gl

An approximate expression for percentage of voltage regulation is

Percentage of . (Rcos Or = Xsin6y )
voltage regulation =1, x v
R

x100- “.31)

Example 4.1

A three-phase, 60-Hz overhead short transmission line has a line-to-line voltage of 23 kV at the
receiving end, a total impedance of 2.48+/6.57 Q/phase, and a load of 9 MW with a receiving-
end lagging power factor of 0.85.

a. Calculate line-to-neutral and line-to-line voltages at sending end.
b. Calculate load angle.
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Solution

Method I. Using complex algebra:

a. The line-to-neutral reference voltage is

_ Veew

VR(L-N) \/5
 23x10°£0°

3

=13,294.8£0° V.
The line current is

I= 9x10°
V3 x23%x10°%0.85

=266.1(0.85-j0.527)

x(0.85-0.527)

=226.19-,140.24 A.

Therefore,

1Z=(226.19— j140.24)(2.48 + j6.57)
=(266.1£-31.8°)(7.02 £69.32°)
=1868.95£37.52° V.

Thus, the line-to-neutral voltage at the sending end is
Vsin = Ve +1Z
=14,820£4.4°V.

The line-to-line voltage at the sending end is

Vo) = \/gvsm\l)
=25,640V.

b. The load angle is 4.4°.

Method II. Using the current as the reference phasor:

Vi cos0 +/R=13,294.8 % 0.85+266.1x 2.48=11,960V,
VrsinBg +/X =13,294.8x0.527 +266.1x6.57 =8754 V.
Then
Vsin=(11,960.5% +8754.662)"2=14,820 V/phase,

VS(L—L) = 25, 640 V
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8754
11,960

0= 9R+5=tan*1( )236.20,

8=0,-0,=36.2-31.8=4.4°.

Method Ill. Using the receiving-end voltage as the reference phasor:

Vs = (Vg +IR cos 6 +1XsinB;)?

+(IX cosy —IRsin6y)?] 2,
IRcosOg =266.1x2.48x0.85=560.9,
IRsinBgr =266.1x2.48x0.527 =347.8,
IX cosBr =266.1x6.57 x0.85=1486,

IX sinBg=266.1x6.57x0.527 =921.
Therefore,
Vs =1(13,294.8+560.9+921.0)2 + (1486 — 347.8)%]"2

=[14,776.72 +1138.22]"2
=14,820V.

Voo, =V3Vg,= 25,640 V.

d=tan™ _1138.2 =4.4°,
14,776.7

Method IV. Using power relationships:
Power loss in the line is

Ross = 3I°R
=3%x266.12%2.48x107°=0.527 MW.
Total input power to the line is
'DT =P+ Hoss
=9+0.527=9.527 MW.
Var loss in the line is

Qloss =3I°X
=3x%266.12x6.57x10°=1.396 Mvar lagging.
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Total megavar input to the line is

_ Psingg
Ccos 6y

QT + Qloss

9x0.527

0.65 +1.396=6.976 Mvar lagging.

Total megavoltampere input to the line is

Sp= (pTz + Q% )1/2

=(9.5272+6.9762) " =11.8IMVA.

a.
S
V=L
S(L-L) \/5/
_T181XT0° oo
V3x266.1 '
Vo = V\S}LB_'U =14,820V.
b.
cos0, = S—T: %z 0.807 lagging.
. )
Therefore,
0,=36.2°

8=36.2°-31.8°=4.4°.

Method V. Treating the three-phase line as a single-phase line and having Vs and V; represent
line-to-line voltages, not line-to-neutral voltages:

a. Power delivered is 4.5 MW

4.5x106

fine = ——2=2 __=230.18 A,
23%103%0.85

Ripop= 2% 2.48=4.96 Q,
Xioop = 2%6.57=13.14Q,
V, cos0; = 23x10°x0.85=19,550 V,
V,sinf, = 23x103%0.527 =12,121V,
IR=230.18x4.96=1141.7 V,

IX=230.18x13.14=3024.6 V.

www.mepcafe.com



132
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Vs =1(Vr €0sOg +1R)? + (Vg sinbg +1X)2]2

Thus,

and

Example 4.2

=[(19,550+1141.7)> +(12,121+ 3024.6)*]"?
=[20,691.72+15,145.62]"2
=25,640 V.

VS(L—L)

VS(L-N) = T

=14,820 V.

15,1456

GS: tan
20,691.7

=36.20°,

8=36.2°-31.8°=4.4°.

Calculate percentage of voltage regulation for the values given in Example 4.5.

a. Using Equation 4.29.
b. Using Equation 4.31.

Solution

a. Using Equation 4.29,

b. Using Equation 4.31,

V|-V,
Percentage of voltage regulation = SVR x100
R
14.820-13,294.8
=——x10
13,294.8
=11.5.
. RcosBg + X'sin6,
Percentage of voltage regulation =1, x (Reos6y £ Xsin6) x100

A

—266.1x 2.48x%x0.85+6.57x0.527 v
13,294.8

100

=11.2.
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FIGURE 4.4 Representation of mutual impedance between two circuits.

4.2.3 REPRESENTATION OF MUTUAL IMPEDANCE OF SHORT LINES

Figure 4.4a shows a circuit of two lines, x and y, that have self-impedances of Z,, and Z,, and mutual
impedance of Z_. Its equivalent circuit is shown in Figure 4.4b. Sometimes, it may be required to
preserve the electrical identity of the two lines, as shown in Figure 4.5. The mutual impedance Z,
can be in either line and transferred to the other by means of a transformer that has a 1:1 turns ratio.
This technique is also applicable for three-phase lines.

Example 4.3

Assume that the mutual impedance between two parallel feeders is 0.09+/0.3 Q/mi per phase.
The self-impedances of the feeders are 0.604£50.4° and 0.567.£52.9° Q/mi per phase, respec-
tively. Represent the mutual impedance between the feeders as shown in Figure 4.26b.

Solution
Z,=0.09+/0.3Q,
Z,=0.604£50.4° =3.85+j0.465Q,
Zyy =0.567£52.9° =0.342+ j0.452 Q.
Therefore,

Z,-7,=0295+/0.165Q,

Z,-7,=0252+,0.152Q.

Hence, the resulting equivalent circuit is shown in Figure 4.6.

4.3 MEDIUM-LENGTH TRANSMISSION LINES (UP TO 150 MI, OR 240 KM)

As the line length and voltage increase, the use of the formulas developed for the short transmission

lines give inaccurate results. Thus, the effect of the current leaking through the capacitance must be

taken into account for a better approximation. Thus, the shunt admittance is “lumped” at a few points

along the line and represented by forming either a T or a © network, as shown in Figures 4.7 and 4.8.
In the figures,

Z=zl.
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| ny Zxx xy

® _MW@

FIGURE 4.5 Representation of mutual impedance between two circuits by means of 1:1 transformer.

0.295 +;0.165 Q

— W @

@ .
0.09 +;0.3 Q

——— W
®

_/W\/_myﬁ_|@

0.252 + j0.152 Q

FIGURE 4.6 Resultant equivalent circuit.
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FIGURE 4.7 Nominal-T circuit.
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FIGURE 4.8 Nominal-m circuit.
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For the T circuit shown in Figme 47,
V I Xfl Z+1 X*l Z+V
S S 2 R ) R
I +(V +1 X*IZ)Y *1Z+~ +1 *]Z
R R R 2 7 R R 2 >

or

Vi :(1+;ZY)VR+(Z+1YZ2)IR, 4.32)
A B
and
IS = IR +(VR+IR X%Z)Y,
or
1
I :XxVR+(1+2ZY)IR. 4.33)
C NS
D

Alternatively, neglecting conductance so that

I.=I,,
and
Vo=V,
yields
I.=V.xY
1
VC:VR+IR><5Z.
Hence,
1
VS:VC+IS XEZ
=V +1 le+[V Y+I (1+ lYZ)](lZ)
R R 2 R R 2 2 5
or
1 1 )
Vg = 1+§YZ \ Z+ZYZ I;. 4.34)
A B
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Also,
Iy =1y +1I.

=I +VcxY
1
:IR+(VR+IR ><2Z)Y.

Again,

Since

C=Y,

D:1+iYZ,
2

for a nominal-T circuit, the general circuit parameter matrix, or transfer matrix, becomes

1 1

1+—YZ Z+-YZ?
[A B}= ) 4
c D Y 1+lYZ

2
Therefore,

1 1o,
I:Vs:| 1+5YZ Z+ZYZ Vi
Is Y llyz [Tk

2
and

1 1o, -
Vi _ 1+EYZ Z+ZYZ I:Vs:|
IR 1 IS

Y 1+-YZ
2

For the 7 circuit shown in Figure 4.8,
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Vs = (VR X%Y‘{‘IR )Z + VR,

or
1
Vg = (1+YZ)VR +Z x1Ig,
2 -
-2 B
A
and

ISZ%YXVS +%YXVR +IR.

By substituting Equation 4.39 into 4.40,
1 1 1
IS= 1+EYZ VR+ZIR EY+EYXVR +IR,

or

I = (Y+iY2ZjVR +(1 +;YZ)IR.

C D

Alternatively, neglecting conductance,

I=I.,+I;,

where
I = lY XV,
C2 2 R>

yields

1

I=—YXxVg+I;.
2
Also,

V=V +1Z.

By substituting Equation 4.45 into 4.46,
1
VS =VR + EYXVR +IR Z,

or

Vs = (1+;YZJ Vi +ZxIg,

A B

A
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and

1
Loy = Y x V.

By substituting Equation 4.47 into 4.48,

1
ICl :EYX

1+lYZ)VR +1Y x ZIg,
2 2
and since
IS = I + ICl N
by substituting Equation 4.45 into 4.50,
Is = lYV +1I +1Y(1+1YZ)V +1YZI
S 2 R R 2 ) R ) R>

or

I = (Y+iY2Z)VR +(1+1YZ)IR,

Since

D:1+1YZ,
2

for a nominal-m circuit, the general circuit parameter matrix becomes

lY V/

C Pl iyvilyy 14lyz
4 2

Therefore,

1

Vs 1+EYZ Z Vi
L }: 1 1 L. |
S Y+-Y?Z 1+-YZ|L'R

4 2
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and
1 -1
1+EYZ Z |:Vs:|

Yiivz  elyz| L
4 2

Vr
4.58)

Ix

As can be proved easily by using a delta-wye transformation, the nominal-T and nominal-7t
circuits are not equivalent to each other. This result is to be expected since two different approxima-
tions are made to the actual circuit, neither of which is absolutely correct. More accurate results can
be obtained by splitting the line into several segments, each given by its nominal-T or nominal-7
circuits and cascading the resulting segments.

Here, the power loss in the line is given as

P,=I’R, 4.59)

loss ™

which varies approximately as the square of the through-line current. The reactive powers absorbed
and supplied by the line are given as

QL= Qabsorbed=12XL’ (460)
and

QC=QSupp]ied=V2b, 4.61)

respectively. The O, varies approximately as the square of the through line current, whereas the Q.
varies approximately as the square of the mean line voltage. The result is that increasing transmis-
sion voltages decrease the reactive power absorbed by the line for heavy loads and increase the reac-
tive power supplied by the line for light loads.

The percentage of voltage regulation for the medium-length transmission lines is given by
Stevenson [3] as

_IVsl/ A= Vel |
Ver|

4.62)

Percentage of voltage regulation 00,

where:

IVgsl=magnitude of sending-end phase (line-to-neutral) voltage,

IV g |=magnitude of receiving-end phase (line-to-neutral) voltage at full load with constant
IVgl,

|Al=magnitude of line constant A.

Example 4.4

A three-phase 138-kV transmission line is connected to a 49-MW load at a 0.85 lagging power
factor. The line constants of the 52-mi-long line are Z=95278° (0 and Y=0.001£90° S. Using
nominal-T circuit representation, calculate:

a. The A, B, C, and D constants of the line.
b. Sending-end voltage.

c. Sending-end current.

d. Sending-end power factor.

e. Efficiency of transmission.
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Solution

138kV
Vriny = Ng

=79,768.8 V.

Using the receiving-end voltage as the reference,
Vin=79,768.8£0° V.
The receiving-end current is

~ 49%106
* 3 %138x10°x0.85

=241.46A or 241.46£-31.80°A.

a. The A, B, C, and D constants for the nominal-T circuit representation are

A:1+1YZ
2

=1+ %(0.001490")(95 £78°)

=0.9535+ j0.0099
=0.9536.20.6°,

1
B=Z+—-YZ?

4
1
4
=18.83+90.86

=95.78°+—(0.001£90°)(95 £78°)?

=92.79/78.3°Q,

C=Y=0.001£90°S.

D=1+ %YZzA

=0.9536£0.6°

{VS(LN)]_{O.953640.6° 92.79478.30}{ 79,768.8 £0° }

I 0.001£90° 0.9536.£0.6° || 241.46 £—-31.8°
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The sending-end voltage is

Vs =0.9536£0.6°x79,768.8 £0°+92.79£78.3° x241.46£-31.8°

=91,486+ j17,048.6 =93,060.9£10.4°V,

or

Vq.1,=160,995.4240.4°V.
c. The sending-end current is

I; =0.001£90°%x79,768.8 £Z0°+0.9536 £0.6°x 241.46 £L-31.8°
=196.95-,39.5=200.88£-11.3°A.

d. The sending-end power factor is
0,=10.4°+11.3°=21.7°,
€0s6,=0.929.

e. The efficiency of transmission is

_ Output
Input

_ \/EVRIR Cos 0y y

= 100
\/EVSIS Cos 6

_ 138x10°x241.46x0.85
160,995.4x200.88x0.929

x100
=94.27%.
Example 4.5

Repeat Example 4.4 using nominal-w circuit representation.
Solution
a. The A, B, C, and D constants for the nominal-nt circuit representation are
1
A=1+=-YZ
2
=0.9536 £0.6°.
B=Z=95/78°Q.

C=Y+ vz
4

=0.001£90°+ 12(

=-4.9379%x107°+ j102.375x 107> =0.001£90.3°S.

0.001£90°)2(95 £78°)

D=1+1YZ=A
2

=0.9536£0.6°.
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VS(L—N)
IS

~10.9536£0.6° 95/£78° 79,768.8 L0°
0.001£90.3° 0.9536.20.6° | 241.46./-31.8°]

Therefore,

Vsin =0.9536 £0.6°x79,768.8 £0°+95£78°%x241.46 £-31.8°
=91,940.2+j17,352.8=93,563.5£10.7°V,

or

V.,=161,864.9£40.7° V.

. The sending-end current is

I; =0.001£90.3°%79,768.8 £0°+0.9536 £0.6° x 241.46 £ -31.8°
=196.53-/139.51=200.46 £-11.37°A.

. The sending-end power factor is

0,=10.7°+11.37°=22.07°,
and

c0s0,=0.927.

. The efficiency of transmission is

_ Output
~ Input

_ \EVRIR cos 6y y

= 100
\/EVSIS Cos 0

138x10°x241.46x0.85

= x100
161,864.9x200.46x0.927

=94.16%.

Thediscrepancybetweentheseresultsandtheresultsof Example4.4isduetothefactthatthe
nominal-T and nominal-n circuits of a medium-length line are not equivalent to each
other. In fact, neither the nominal-T nor the nominal-n equivalent circuit exactly rep-
resent the actual line because the line is not uniformly distributed. However, it is pos-
sible to find the equivalent circuit of a long transmission line and to represent the line
accurately.
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4.4 LONG TRANSMISSION LINES (ABOVE 150 MI, OR 240 KM)

A more accurate analysis of the transmission lines require that the parameters of the lines are not

lumped, as before, but are distributed uniformly throughout the length of the line.

143

Figure 4.9 shows a uniform long line with an incremental section dx at a distance x from the
receiving end, its series impedance is zdx, and its shunt admittance is ydx, where z and y are the

impedance and admittance per unit length, respectively.
The voltage drop in the section is

dVXZ(VX‘f‘dVX)—VX:dVX

= (1, +dI,)zdx,
or

dV.=1zdx.

Similarly, the incremental charging current is

dl,=Vyy dx,
Therefore,

dv, =zl,,

dx
and
dl
X _ Vx-

dx y

Differentiating Equations 4.65 and 4.66 with respect to x,

d*V, —y dl,
dx? dx’
and
a4, —y dv,
dx? dx
L de | :
| —> Ix + de | —R>
aqQ —W\V— T Qa
| zdx g l
| X |
| |
+ | | +
Vi Verdv, | yir g | Ve Ve
\: |
| |
! y
No - L ON'
x=1 | dx x x=0
| g
)

FIGURE 4.9 One phase and neutral connection of three-phase transmission line.
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Substituting the values of dI /dx and dV,/dx from Equations 4.63 and 4.67 in Equations 4.65 and
4.68, respectively,

2
ddx‘:x =yzV,, (4.69)
and
2
ilxlzx =yzl,. 4.70)

At x=0, V.=V and I =I;. Therefore, the solution of the ordinary second-order differential
Equations 4.69 and 4.70 gives,

Vo = (cosh yzx )VR + (\/; sinh nyjIR. @.71)
y
A —_—

B

Similarly,

I, = [\/i sinh yszVR + (cosh yzx)IR. @472)

[ —'
T D

C
Equations 4.71 and 4.72 can be rewritten as
V., = (coshyx) Vi +(Z,sinhyo)lg, 4.73)
and
I(x) = (Y, sinhyx)V + (coshyo)l,, @4.74)

where:
Y=propagation constant per unit length, = /yz ,
Z..=characteristic (or surge or natural) impedance of line per unit length, =\/7 ,
Y. =characteristic (or surge or natural) admittance of line per unit length, =\/ﬁ .
Further,

v=0+jB, 4.75)

where:

o.=attenuation constant (measuring decrement in voltage and current per unit length in direction
of travel) in nepers per unit length,

B=phase (or phase change) constant in radians per unit length (i.e., change in phase angle between
two voltages, or currents, at two points, one per unit length apart on infinite line).

When x=1/, Equations 4.70 and 4.71 become

Vy=(cosh Y)Vy+(Z, sinh Y[)Vy, 4.76)
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and

I;=(Y_sinh y/)Vy+(cosh YDI.

Equations 4.76 and 4.77 can be written in matrix form as

Vs coshyl Z.sinhy[[ Vr
I | | Y.sinhyl  coshyl || Ix |

and
Vr coshyl Z.sinhvy! [ Vs
Iz | | Y.sinhyl  coshyl || Is |
or
Vr coshyl —Z_ sinhyl[ Vs
Iz || —Y.sinhy! coshyl I |
Therefore,
Vr = (cosh¥l) Vs —(Z,. sinhy)I;,
and

Iz = —(Y.sinhy)) Vs + (coshyD)Is.

In terms of ABCD constants,

e oliHe ol

and

where

A =coshyl = coshvYZ = cosh®,
B =7, sinhyl = /Z/Y sinhvYZ =Z_sinh0,

C=Y,sinhy/ =VY/ZsinhvYZ =Y, sinh0,

D = A =coshyl=coshvYZ =cosh®,

www.mepcafe.com
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0=VvYZ, 4.89)
. 1
sinhyl = E(eyl —e™M), (4.90)
1
coshyl = E(E_YI +e™ 7). 4.91)
Also,
tpjB — p—te—jB
sinh(o+ jB) = % = %[eo‘éﬁ —eo /B,
and
e%eP +e e B ]
cosh(o+ jB)= B — E[eaé[_’) +e /-]

Note that  in the above equations is the radian, and the radian is the unit found for B by com-
puting the quadrature component of Y. Since 21 radians=360°, one radian is 57.3°. Thus, the [ is
converted into degrees by multiplying its quantity by 57.3°. For a line length of /,

ol Bl _ p—ol p—jBl
sinh(o + jBl) = % - %[e“’él_’)l —eu /Bl

and

e%eBl yomalg=iBl

cosh(al + jBl)= 5 =§[e°‘14|31+e‘“’4—[31].

Equations 4.76 through 4.89 can be used if tables of complex hyperbolic functions or pocket
calculators with complex hyperbolic functions are available.
Alternatively, the following expansions can be used:

sinhyl = sinh(o + jBI) = sinhal cosPl + jcosholsinfl, 4.92)

coshyl = cosh(al + jP1) = coshol cosPl + jsinhalsinl. 4.93)

The correct mathematical unit for B/ is the radian, and the radian is the unit found for B/ by com-
puting the quadrature component of i.

Furthermore, by substituting for y/ and Z, in terms of Y and Z, that is, the total line shunt admit-
tance per phase and the total line series impedance per phase, in Equation 4.83 gives

Vs =(coshvYZ ) Vg + (\E sinhVYZ jIR, 4.94)
and
Is = (\/Z sinhv'YZ jVR +(coshVYZ Iy, 4.95)
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or, alternatively,

sinhvYZ
Vs = (coshVYZ) Vg +| ——— |ZI, 4.96
S (COS )R ( \/ﬁ ) R ( )
and
sinhvYZ
IS—( N jYVR+(cosh\/YZ)IR. 4.97)

The factors in parentheses in Equations 4.94 through 4.97 can be readily found by using
Woodruff’s charts, which are not included here but see Woodruff (1952).
The ABCD parameters in terms of infinite series can be expressed as

YZ+Y2Z2 Y3Z3  Y‘Z*

A=1+— + + +- (4.98)
2 24 720 40,320
272 373 474
B:Z(1+YZ+YZ +YZ + Y'Z +) 4.99)
6 120 5040 362,880
272 373 4z 4
C=Y(1+YZ+YZ +YZ + Y'z +) (4.100)
120 5040 362,880
where:
Z =total line series impedance per phase
=zl
=(r+jx)l Q
Y =total line shunt admittance per phase
=(g+jb)l S

In practice, usually not more than three terms are necessary in Equations 4.98 through 4.100.
Weedy [7] suggests the following approximate values for the ABCD constants if the overhead trans-
mission line is less than 500 km in length:

A= 1+%YZ, 4.101)
B= Z(1+éYZ), @.102)
C= Y(1+éYZ). 4.103)

However, the error involved may be too large to be ignored for certain applications.
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Example 4.6

A single-circuit, 60-Hz, three-phase transmission line is 150 mi long. The line is connected to
a load of 50 MVA at a lagging power factor of 0.85 at 138 kV. The line constants arc given as
R=0.1858 O/mi, L=2.60 mH/mi, and C=0.012 puF/mi. Calculate the following:

. A, B, C, and D constants of line.

. Sending-end voltage.

. Sending-end current.

. Sending-end power factor.

. Sending-end power.

. Power loss in line.

. Transmission line efficiency.

. Percentage of voltage regulation.

. Sending-end charging current at no load.

. Value of receiving-end voltage rise at no load if sending-end voltage is held constant.

— - T .0 QN T

Solution
z =0.1858+ j2n x60x2.6 X103
=0.1858+0.9802
=0.9977 £79.27° Q/mi.

y=j21x60x0.012x10
= 4.5239 %1076 £90° S/mi.

The propagation constant of the line is

T=NYZ
=[(4.5239x107°£90°)(0.9977 £79.27°)]"2

(90°+79.2 70)

=[4.5135x10°¢]"2« =0.002144 £84.63°

=0.0002007 + j0.0021346.

Thus,
vl =ol+ jB/

=(0.0002007 + j0.0021346)150
=0.0301+,0.3202.

The characteristic impedance of the line is

~ 5_( 0.9977 £79.27° )”

“"\y (4.5239x10% £90°

_ (0.9977 x10° j” 4( 79.270—900j

4.5239 2
=469.62£L-5.37°Q.

The receiving-end line-to-neutral voltage is

138kV
Vi = NEL
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Using the receiving-end voltage as the reference,
Viun =79,674.34 £0° V.
The receiving-end current is

6
=219 _50918A or 209.182-31.8°A.

V3 x138%10°

a. The A, B, C, and D constants of the line:
A = coshy/
= cosh(o+ jB)/
_evlebl 4 e-dle bl
2
_e’sBl+es-Bl
2

Therefore,

©0.030100.3202 4 »-0.03010-/0.3202

2

_ e00301£18.35° 4 e003012 —18.35°
2

_1.0306£18.35°+0.9703 £—-18.35°
2

=0.9496+,0.0095=0.9497 £0.57°.

Note that /%3202 needs to be converted to degrees. Since 2n radians=360°, one radian
is 57.3°. Hence, (0.3202 rads)(57.3%rad)=18.35°, and

B=Z_sinhy/ =Z.sinh(a+ jB)/

et epl — a—ola—jpl
e

e /Bl—e L Pl
=ZC[ - B}

:(469.624—5.370)[

e0,0301e/'0.3202 — 670,0301617/0,3202 :|

2

— 469622 —5.37° 1.0306£18.35°-0.9703 £-18.35 }

2

=469.62/£-5.37° >

=469.62£-5.37° —0'6326;84'81 )

|
(0.0572+ jO.63)
[

=469.62/-5.37°(0.3163 £84.81°)

=148.54 £79.44° Q
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and
. 1 .
C=Y,sinhy/ = ——sinhy/
ZC
= %X 0.3162£84.81°
469.62/£-5.37°

=0.00067 £90.18°S§,

and

D=A=cosY/=0.9496£0.57°.

A B VR(L—N)
C D
0.9497 £0.57° 148.54 £79.44° || 79,674.34 L0°
0.00067 £90.18° 0.9497 £0.57° |{209.18 £-31.8°]

VS(L—N)
I

Thus, the sending-end voltage is

Vs =(0.9497 £0.57°)(79.674.34 £0°)+(148.54 £79.44°)(209.18 £ - 31.8°)

=99,470.05£13.79°V,

and
Vs = \/EVS(L—N)
=172,287.18 £13.79°+30°
=172,287.18£43.79° V.

Note that an additional 30° is added to the angle since a line-to-line voltage is 30° ahead of
its line-to-neutral voltage.

c. The sending-end current is

I; =(0.00067 £90.18°)(79,674.34 £0°) +(0.9497 £0.57°)(209.18 £ -31.8°)
=176.8084£-16.3° A.

d. The sending-end power factor is

0, =13.79°+16.3°=30.09°

cosOg =0.8653.

e. The sending-end power is

k= \/EVS(L—L)IS cos s

=+3x%172,287.18%176.8084 x 0.8653 = 45,654.46 kW.
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f. The receiving-end power is

Py =\3Vi ke cOsB;

=3 x138x10%x209.18x0.85 = 42,499 kw.
Therefore, the power loss in the line is
P, =P—Py=3155.46 kW.
g. The transmission line efficiency is

i3

B 1002 42499
K

=—"———%x100=93.1%.
45,654.46

n
h. The percentage of voltage regulation is

~99,470.04-79,674.34
79,674.34

Percentage of voltage regulation x100=24.9%.

i. The sending-end charging current at no load is

Ic = %va = %(678.585 x1 0—6)(99,470.05)
=33.75A,

where

Y =y x/=(4.5239x10- $/mi)(150 mi)
=678.585x10°S.

j. The receiving-end voltage rise at no load is

VR(L—N) = VS(L—N) -1z
=99,470.05£13.79°—-(33.75£103.79°)(149.66 £79.27°)
=104,436.74 £13.27° V.

Therefore, the line-to-line voltage at the receiving end is

Ve, = V3Veon =180,889.74 £13.27°+30°
=180,889.74 £43.27°V.

Note that in a well-designed transmission line, the voltage regulation and the line efficiency
should be not greater than about 5%.
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4.4.1 EQUIVALENT CircUIT OF LONG TRANSMISSION LINE

Using the values of the ABCD parameters obtained for a transmission line, it is possible to develop
an exact 1 or an exact T, as shown in Figure 4.10. For the equivalent-r circuit,

Zn=B=Z_sinh 6, 4.104)
=Z sinh v, (4.105)
=7 % YZ , (4.106)
VvYZ
and
L:A—lzcoshe—l’ 4.107)
2 B Zsinh®
or
2tanh(yl/2
Y= 2tanh(yl12) ), (4.108)
Zc
or
2tanh(VYZ/2
Y _ Y 2tanh( 7). 4.109)
2 2 JYZ)2
For the equivalent-T circuit,
- ho—-1
Zy _A-1_coshb-1 @.110)
2 C Y sinh©
(@ (b)
z z
o Zy o o—1 - o
\
+ + + +
Y Y,
Vo | 5 > Ve Y% Yy Vi
Y 4
O O e o

FIGURE 4.10 Equivalent w and T circuits for a long transmission line.
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or
Zy =27 tanh%l, @.111)
or
i ¢
z, 7",
2 2| Jyz | 4.112)
2
and
Y;=C=Y,sinh#, 4.113)
or
y, = Sinhv @.114)
Zc
or
Y, = ySnvYZ @.115)
VYZ
Example 4.7

Find the equivalent-r and the equivalent-T circuits for the line described in Example 4.6 and com-
pare them with the nominal-r and the nominal-T circuits.

Solution

Figures 4.11 and 4.12 show the equivalent-n and the nominal-n circuits, respectively. For the
equivalent-r circuit,

Z,.=B=148.54.79.44°Q,

A-1 0.9497£0.57°-1

= =0.000345.£89.89°S.
B 148.54 £79.44°

Yo
2

For the nominal-r circuit,
Z=150x%x0.9977 £79.27°=149.655£79.27° Q,

-6 o
Y _150(4.5239x107° £90°) _ 0.000339 £90°S.

2 2

Figures 4.13a and b show the equivalent-T and nominal-T circuits, respectively. For the
equivalent-T circuit,

ﬁ: A-1 0.9497£0.57°-1 =76.57/79.15°Q,

2 C 0.00067£90.18°

Y;=C=0.00067£90.18°S.

www.mepcafe.com



154 Electrical Power Transmission System Engineering Analysis and Design

O Zy O
RE3 RE3
2 2
O O
FIGURE 4.11 Equivalent-r circuit.
O Z O
X X
2 2
O O

FIGURE 4.12 Nominal-r circuit.

For the nominal-T circuit,

Z 149.655£79.27°

— = =74.83479.27°Q
2 2

Y =0.000678 £90°S.

As can be observed from the results, the difference between the values for the equivalent and
nominal circuits is very small for a 150-mi-long transmission line.
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Z V4 Z Z
T T
O 2 2

O o O O

FIGURE 4.13 The T circuits: (a) equivalent-T; (b) nominal-T.

4.4.2 INCIDENT AND REFLECTED VOLTAGES OF LONG TRANSMISSION LINE

Previously, the propagation constant has been given as

y=0.+/f per unit length, @.116)
and also
er +ev!
coshyl = ?, 4.117)
Yl _ o=yl
sinhyl = % 4.118)

The sending-end voltage and current have been expressed as
Vs =(cosh )V +(Zcsinhy)Ig, 4.119)

and

Is = (Ycsinhyl) Vi + (coshyD)Ix. 4.120)

By substituting Equations 4.116 through 4.118 in Equations 4.119 and 4.120,
1 a1 _
Vo = (Ve InZo)ewe + (Ve = TeZ)e ™le . @.121)

and

1 I .
Iy = (VeYe +T)etlel =~ (VYo ~ T e ole . @.122)
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In Equation 4.121, the first and the second terms are called the incident voltage and the reflected
voltage, respectively. They act like traveling waves as a function of the line length /. The incident
voltage increases in magnitude and phase as the / distance from the receiving end increases, and
decreases in magnitude and phase as the distance from the sending end toward the receiving end
decreases. Whereas the reflected voltage decreases in magnitude and phase as the / distance from
the receiving end toward the sending end increases.

Therefore, for any given line length /, the voltage is the sum of the corresponding incident and
reflected voltages. Here, the term e changes as a function of /, whereas ¢ always has a magnitude
of 1 and causes a phase shift of B radians per unit length of line.

In Equation 4.118, when the two terms are 180° out of phase, a cancellation will occur. This hap-
pens when there is no load on the line, that is, when

Iz=0 and =0,

and when Bx=(n/2) radians, or one-quarter wavelengths.

The wavelength A is defined as the distance / along a line between two points to develop a phase
shift of 2 radians, or 360°, for the incident and reflected waves. If  is the phase shift in radians per
mile, the wavelength in miles is

21
h=22 4.123)
B

Since the propagation velocity is
v=Af mi/s, 4.124)

and is approximately equal to the speed of light, that is, 186,000 mils, at a frequency of 60 Hz, the
wavelength is

186,000 mi/s
~ 60Hz

=3100mi.

Whereas, at a frequency of 50 Hz, the wavelength is approximately 6000 km. If a finite line is
terminated by its characteristic impedance Z, that impedance could be imagined replaced by an
infinite line. In this case, there is no reflected wave of either voltage or current since

V= IRZC’

in Equations 4.121 and 4.122, and the line is called an infinite (or flaf) line.
Stevenson [3] gives the typical values of Z. as 400 ft for a single-circuit line and 200 € for two
circuits in parallel. The phase angle of Z. is usually between 0° and —15° [3].

Example 4.8
Using the data given in Example 4.6, determine the following:

. Attenuation constant and phase change constant per mile of line.
. Wavelength and velocity of propagation.

. Incident and reflected voltages at receiving end of line.

. Line voltage at receiving end of line.

. Incident and reflected voltages at sending end of line.

f. Line voltage at sending end.
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Solution

a. Since the propagation constant of the line is
¥ =+Jyz = 0.0002+ j0.0021,

the attenuation constant is 0.0002 Np/mi, and the phase change constant is 0.0021 rad/mi.
b. The wavelength of propagation is

2n 2n
7\ ==
B 0.0021

=2,991.99 mi,

and the velocity of propagation is
v=2Af=2,991.99x60=179,519.58 mi/s.

c. From Equation 4.121,
1 } 1 o
VS = E(VR +|RZc)e“’e/B’ + E(VR - IRZC )e Ode /B/.
Since, at the receiving end, /=0,

1 1
Vs Vi +IRZC)+§(VR -RZc).

Therefore, the incident and reflected voltage at the receiving end are

1
Veiincideny = = (Ve +lRZc)

N

:%[79,674.3440°

+(209.18£-31.8°)(469.62 £ —-5.37°)]
=84,367.77 £-20.59°V,

and

1

Vigefected) = (Ve —lRZ¢)

N

=%[79,674.3440°

—(209.18£-31.8°)(469.62£—-5.37°)]
=29,684.15£88.65° V.

d. The line-to-neutral voltage at the receiving end is

Vriny = Vrincident) + Vi y=79,674£0°V.

reflected

Therefore, the line voltage at the receiving end is

VR(LfL) = \/ng(LfN) = 1 38, OOO V
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e. At the sending end,

1 )
Vs ) = E(VR +|RZc)eale’Bl

incident

=(84,367.77 £—-20.59°)e301£18.35°
=86,946£-2.24°V,

and

1 )
Vi eflected) = E(VR -kZ: ) e e M

=(29,684.15.£88.65°)e 00301 £-18.35°
=28,802.5£70.3° V.

f. The line-to-neutral voltage at the sending end is

VS(L-N) = VS(incident) + VS(reercted)
=86,946£—-2.24°+28,802.5£70.3°

=99,458.1£13.8° V.
Therefore, the line voltage at the sending end is

VS(L—L) = \/§V5(L,N) = 1 72,2665 V

4.4.3 SuURrGE IMPEDANCE LOADING (SIL) oF TRANSMISSION LINE
In power systems, if the line is lossless,* the characteristic impedance Z, of a line is sometimes
called surge impedance. Therefore, for a loss-free line,
R=0,
and

7, =iX,.

X L
7. ="t =,=Q, 4.125
c=y Y, ‘/C (4.125)

and is a pure resistor. It is a function of the line inductance and capacitance as shown and is inde-
pendent of the line length.

The SIL (or the natural loading) of a transmission line is defined as the power delivered by the
line to a purely resistive load equal to its surge impedance. Therefore,

Thus,

kVeao’
Z¢

SIL = MW, 4.126)

# When dealing with high frequencies or with surges due to lightning, losses are often ignored [3].
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or
KVew|
SIL = =L Mw, @.127)
L/IC
or
SIL = /3 [Vrp)|[IL| W, (4.128)
where
V,
I, |= ‘ R(L-L)‘

_ATREL] A 4129
NE NI *129)

SIL =surge impedance loading in megawatts or watts,

IkVg 1,/ =magnitude of line-to-line receiving-end voltage in kilovolts,

IVg(.1,)=magnitude of line-to-line receiving-end voltage in volts,

Z.-=surge impedance in ohms = \/T ,

I, =line current at surge impedance loading in amperes.

In practice, the allowable loading of a transmission line may be given as a fraction of its SIL.
Thus, SIL is used as a means of comparing the load-carrying capabilities of lines.

However, the SIL in itself is not a measure of the maximum power that can be delivered over a
line. For the maximum delivered power, the line length, the impedance of sending- and receiving-end
apparatus, and all of the other factors affecting stability must be considered.

Since the characteristic impedance of underground cables is very low, the SIL (or natural load) is
far larger than the rated load of the cable. Therefore, a given cable acts as a source of lagging vars.

The best way of increasing the SIL of a line is to increase its voltage level, since, as can be seen
from Equation 4.126, the SIL increases with its square. However, increasing voltage level is expen-
sive. Therefore, instead, the surge impedance of the line is reduced. This can be accomplished by
adding capacitors or induction coils. There are four possible ways of changing the line capacitance
or inductance, as shown in Figures 4.14 and 4.15.

(a) L L L (b)

O— Y YT o
L L L

O O O O

FIGURE 4.14 Transmission line compensation by adding lump inductances in: (a) series; (b) parallel
(i.e., shunt).
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() (b) C C C

o ° O O If I If O
—_C p—ei p—ei

O @ @ L O O O

FIGURE 4.15 Transmission line compensation by adding capacitances in: (a) parallel (i.e., shunt); (b) series.

For a lossless line, the characteristic impedance and the propagation constant can be expressed as

ST ]

Zo=|=, 4.130)

and
y=+VLC. 4.131)

Therefore, the addition of lumped inductances in series will increase the line inductance, and thus,
the characteristic impedance and the propagation constant will be increased, which is not desirable.

The addition of lumped inductances in parallel will decrease the line capacitance. Therefore, the
propagation constant will be decreased, but the characteristic impedance will be increased, which
again is not desirable.

The addition of capacitances in parallel will increase the line capacitance. Hence, the character-
istic impedance will be decreased, but the propagation constant will be increased, which negatively
affects the system stability. However, for the short lines, this method can be used effectively.

Finally, the addition of capacitances in series will decrease the line inductance. Therefore, the
characteristic impedance and the propagation constant will be reduced, which is desirable. Thus,
the series capacitor compensation of transmission lines is used to improve stability limits and volt-
age regulation, to provide a desired load division, and to maximize the load-carrying capability of
the system. However, having the full line current going through the capacitors connected in series
causes harmful overvoltages on the capacitors during short circuits. Therefore, they introduce spe-
cial problems for line protective relaying.® Under fault conditions, they introduce an impedance
discontinuity (negative inductance) and subharmonic currents, and when the capacitor protective

¥ The application of series compensation on the new EHV lines has occasionally caused a problem known as “subsynchro-
nous resonance.” It can be briefly defined as an oscillation due to the interaction between a series capacitor compensated
transmission system in electrical resonance and a turbine generator mechanical system in torsional mechanical reso-
nance. As a result of the interaction, a negative resistance is introduced into the electric circuit by the turbine generator.
If the effective resistance magnitude is sufficiently large to make the net resistance of the circuit negative, oscillations
can increase until mechanical failures take place in terms of flexing or even breaking of the shaft. The event occurs when
the electrical subsynchronous resonance frequency is equal or close to 60 Hz minus the frequency of one of the natural
torsional modes of the turbine generator. The most well-known subsynchronous resonance problem took place at Mojave
Generating Station [8—11].
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gap operates, they impress high-frequency currents and voltages on the system. All of these factors
result in incorrect operation of the conventional relaying schemes. The series capacitance compen-
sation of distribution lines has been attempted from time to time for many years. However, it is not
widely used.

Example 4.9

Determine the SIL of the transmission line given in Example 4.6.
Solution

The approximate value of the surge impedance of the line is

L _( 2.6x10°

72
Z = =22~ | —465.5Q.
¢ 0.012x10¢

Therefore,

kVeww | _ 138

SIL= =
JL/C 469.62

=0.913MW,

which is an approximate value of the SIL of the line. The exact value of the SIL of the line can be
determined as

‘kVR(L-L)‘2 — ‘138‘2

SIL= =
Z.  469.62

=40.552MW.

4.5 GENERAL CIRCUIT CONSTANTS

Figure 4.16 shows a general two-port, four-terminal network consisting of passive impedances con-
nected in some fashion. From general network theory,

V=AV,+BI,, 4.132)
and
I;=CV;+DI,. 4.133)
Also,
Viy=DV¢-BI, 4.134)
and
I;=-CV+AlI. (4.135)

It is always true that the determinant of Equations 4.132 and 4.133 or Equations 4.134 and
4.135 is always unity, that is,

AD-BC=1. 4.136)

In the above equations, the A, B, C, and D are constants for a given network and are called
general circuit constants. Their values depend on the parameters of the circuit concerned and the
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I,—

A,B,CD
S (passive network)

| <+
| <+

FIGURE 4.16 General two-port, four-terminal network.

particular representation chosen. In general, they are complex numbers. For a network that has the
symmetry of the uniform transmission line,

A=D. 4.137)

4.5.1 DEeTerMINATION OF A, B, C, AND D CONSTANTS

The A, B, C, and D constants can be calculated directly by network reduction. For example, when
Iz =0, from Equation 4.132,

A= & (4.138)
Vi
and from Equation 4.133,
c=1s 4.139)
v .

Therefore, the A constant is the ratio of the sending- and receiving-end voltages, whereas the C
constant is the ratio of sending-end current to receiving-end voltage when the receiving end is open-
circuited. When V=0, from Equation 4.132,

B=Ys (4.140)
Ix
When V=0, from Equation 4.132,
D= I—S 4.141)
I

Therefore, the B constant is the ratio of the sending-end voltage to the receiving-end current
when the receiving end is short-circuited. Whereas, the D constant is the ratio of the sending-end
and receiving-end currents when the receiving end is short-circuited.

Alternatively, the A, B, C, and D generalized circuit constants can be calculated indirectly from
a knowledge of the system impedance parameters as shown in the previous sections. Table 4.1 gives
general circuit constants for different network types. Table 4.2 gives network conversion formulas
to convert a given parameter set into another one.

As can be observed in Equations 4.132 and 4.133, the dimensions of the A and D constants are
numeric. The dimension of the B constant is impedance in ohms, whereas the dimension of the C
constant is admittance in siemens.

www.mepcafe.com



163

Overhead Power Transmission

(panunuo))

SL NMHN [ o)

m._.N_UJ.LQ _b +m._.N_Q+w_rrN_€~+_m mr_lN_yUJr_«\
_Q _U m.wN_QnT_m mr_N_.U+_<
m._.N_DlTﬁQ _U MHN;\nT_m _€~
a o) q v
ﬁ...+ 0TI h+ 0TI Ly tT
sAsZ sAsZ sAsZ
T 2z = ¢
Az iz ozt T ALY
Vv se owes AZNUUWS Z/4 A/ ZMUWS X/ Z N 500
(2 v (2
iz ' e iz ) iz '
I X 0 I
I 0 V4 I
=a =) =g =V
SHIOMJIN

juauodwio)) Jo SHUBISUOD) JO SULIIL Ul SUBISUOD) JINDAID) [BIIUID) 10} suoijenb]

puo SurA100a1 Je 9ouepadul] JOWLIOJSUBT) PUE JIOMIU [BIOUD)

q

4 YI0M)aU [RISUAD)

f
12

QUIJ UOTSSTWISURI],

Jaurrojsuely,

v

QoueRNIWpE JUNYS

yIom)aN jo adAL

S7 douepadur sorreg

1

JquinN
PIEIN]

s3dA] IOMIIN JUIdI 40§ SJUIUO)) }INDILD) [BIAUID

'Y 319VL

www.mepcafe.com



Electrical Power Transmission System Engineering Analysis and Design

Z'a'g+ Z0'0+ Zv'a+ Z'v'o+
‘a'a+o'a a'o+'v 'a+v'g Gg'o+v'y Qouepaduul 9JRIPIUWLIAUL YIIM SALIS UI SYIOMIQU [BIQUIT OM], !
T 7 gy tqy gy o
d'a+®o'q a'o+9'v qa+v'g G'o+'y SOLIOS U SYIOM)QU [BIOUAT OM], €1

mNﬂM\w_erM\ﬂ_QnT

‘A'g+'a Av+'D 'g Kg+'y 4!
m\m_m+_Q w\w_¢~+_r\v _m _< 11
'a x'a+'d 'q K'g+'y o1
AmFNzHN_,UIT m._.N_Q +
A Syd S
£ L L s irs
Az._.N _U + _va‘ MHN ;\ + ~mv AwHN _,U + _«\vm‘ owm:n; MO[ 0] pallgjal > [ pue [ SOnel JUaIJIp

L AT AS) I L SurAey SIQULIOJSUERI) — SPUL 30q Je 9ouepadull JOULIOJSURI) PUE YIOM)QU [BISUID) 6
=a =) =g =y yIomiaN jo adAL JdquinN
SHIOMJIN HHOMISN

~=0=OQEOU JO sjuejsuo) Jo swiadj Ul spuejsuo) 3ndai) jesauan 1oy mCO_ﬁﬁS—vm_

(panunuo)) 'y 319v1

164

www.mepcafe.com



165

Overhead Power Transmission

‘1=2g—QV $Sed [[B 0} JBy) 2JOU SJUBISUOD (7 PUB ) ‘g ‘¥ Y} JO UONB[NI[BD [BOLIQWINU AY) UL Iy € SV ‘DSF-V 1= D7+ @Y =51 ‘' I-a°7=7 ‘g 1+ viq-S7 :suonvnba jpiouar)
JUALIND Pud Jurpuas Yy 03 A[[e

-110J09A PIPPE q P[NOYS SIQWLIOJSULT) PUS FUIPULS ) JO JUALIND TUNIOXA A PUL JUALIND PEO] ) 0) A[[RLI0JO2A PIPPE 9 P[NOYS SIOULIOJSULT) PUS SUIATIOAI A} JO JUALIND SUNIOXA AU, 2ION

‘uorssturrad I "€€6T YIOX MON ‘TITH-MBIDIIA ‘S1uauodui0d (0112wl “q ~y ‘SueAq pue < -) ‘Toudep, woij paydepy  :224n0§

[ !
qa+d [ P4
¢ 9 adDdy
g+lg (ta-"axv-'v) gilg g+lg U | [T 1~ 11, S
4 9 I9a D gvr 4
g'a+a'q +0+D ‘q'q Y'g+°g'y [o1reIRd UI SYI0MIOU [RIOUST OM], Ll
T T et e e e e €
Ca'a+O'D'a+  Ca'or+HO'vrEa+ Ca'a+o'g)g+ Ca'H+H'v)g+ Mm_ aod T_I_ anD'd T_I_ an’'d v\_m
Cq'a+v'a)o Ca'o+v'VD Cqd'a+v'a)rv Cg'o+v'y)y SILIAS UI $YI0MIAU [BIGUST I, 91
Nl 1 NS
z'a'a Aa'v Aq'q Aq'v ‘g 'gly tq gty
+a'a+o'q +a@'o+0'v +9'a+v'qg +9'0+W'v QOUBNIWPE JUNYS SJRIPIULIAUI YIIM SOLIAS UT SIOMIAU [BIOUAT OM], S|

www.mepcafe.com



Electrical Power Transmission System Engineering Analysis and Design

166

Nm_,wm_w\m — NNMNN\N

NM_MNNI .

[l

<

‘wNmN\N + wN + MN >=\~U ‘NN_N — N_N_ _N [t 1t ‘m =3
1 judeAmby 7 B 7477 A= 4 -v -4
A m\wz\ﬂNnTm\m.T M\m ﬁNN_NlmNNNNHNm NN_\mlmm.\m:\w O
-+ mN B T gyl Tyl I 1y ' ”NNN
I RZ+1 °'7-'1"z="4 D %
A KAZ+ K+ .. o _ey
I I % I -
A AAZ + A+ % A=A o)
—+1z — s ————  sjuesuod douepaduwy —— — =z
Souepaduiy 1 AZ +1 4 a
mNmN\wnTwNnT w_N 7 NN_N|NNN:N _mN_\wlm.mNN\w”mN q
T dAyra7 —+% I, Tyl 111 I ‘ =%
ZA+1 I z AA-" T A= a
ZYZA+52+'Z z 'z-%2'"z q o
o T 9z T -4
me_N\w.TmNIT W_N m+~_ NN_N|NNN:N w o
SouEnIPY 7 1 I X —wy SJUBISUOD OUBNIWPY v =4
! [\ T T 1
AZ+1 SAZ+1 i = M<+,mo t =a
'z Y 19-‘4a="4
cl Tl 1 I —C
X RAZ+ A+ 2 Tl \MN T _~Q+_ MUI,~ =0
1 . S ¢ 19+'4v="4
=
S Sy ‘z A “— n_u <~
- — —0  o1= =
VAVZ S AR/ z i I I z 4
N_N N_\n
gy A5Z+1 qz+1 % L SIUBISUOD (JDFV =V
1 Juaeainby 1 Judjeainby Jouepadu duePIWpY angyv
o] wo.l4 }49Au0) o)

SE[NWLIO] UOISIIAUO)) HI0OMIIN

v 119vl

www.mepcafe.com



167

Overhead Power Transmission

[ yuareamnbyg

NN_NN_N| NNNNNN -

NN_NN_NI Mz =

‘TA=0!+d styey) :1030ef 1omod Sur3Se| sayedIpur uSIs dWIEs Jo § pue 47 210N

"pa1apIsuod jurod oy} WO} YI0mIau oY) ozut Surmop 1omod J0J sased [e ur oanisod are g pue 'g:7 210N

AUz + A+

cl +Nm
X W, z+%Z
N S m\wm\mNnTm\NITM\m N_‘NI
Z Z I
b AUAZ + A+ K Gy iy
UI[BAIN —s,.5
I Juapeambyg Sz
mNmN\w + mN + MN NQN — NNN:N
MN.N N_N.T :N
__z
.ANMNN +.4N+kN NN_NI NNN:N

-y

T Ty

U

NN_\nl NN.%:.%

NN_\Nl NNN:\N

N_\m| NN\N

N_\N\NN\W

U

I

‘uorsstunad YIIA “€€61 SHOX MIAN ‘[[TH-MBIDDA ‘Stuauoduiod porgauuds < Y ‘Sueag pue “J D ‘Ioudepy woij paydepy

:22Un0g

www.mepcafe.com



168 Electrical Power Transmission System Engineering Analysis and Design

4.5.2 A, B, C, AND D CoNSTANTS OF TRANSFORMER

Figure 4.17 shows the equivalent circuit of a transformer at no load. Neglecting its series

impedance,
e oln) iz
I;J]C D]| I
where the transfer matrix is
A B 1 0
[C D}:[YT 1}, (4.143)
since
V=V,
and
=Y, Vi +1;, 4.144)

and where Y is the magnetizing admittance of the transformer.
Figure 4.18 shows the equivalent circuit of a transformer at full load that has a transfer matrix of

A B lJrLTYT ZT(1+ZTYTJ

{ }= 2 4| (4.145)

C D

Y, 14 L Yr
2

since

Vs = (1+%)VR + ZT(1+ ZT4YT )IR, (4.146)
and

I = (Yr) Vi +(1+ﬂ)IR, (4.147)

where Z; is the total equivalent series impedance of the transformer.

I,—> I —

FIGURE 4.17 Transformer equivalent circuit at no load.
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I

il e —
2 2

+ +

\A Y; Vi

FIGURE 4.18 Transformer equivalent circuit at full load.

I ,— > 7 L — >

+ +
Y. Y

Vg 2 2 R

FIGURE 4.19 Asymmetrical 7 network.

4.5.3 ASYMMETRICAL T AND T NETWORKS

Figure 4.19 shows an asymmetrical  network that can be thought of as a series (or cascade, or tan-
dem) connection of a shunt admittance, a series impedance, and a shunt admittance.

The equivalent transfer matrix can be found by multiplying together the transfer matrices of
individual components. Thus,

P P

(4.148)

1+ 7Y, Z

Y+ YL +ZYY,  1+ZY [
When the & network is symmetrical,
Y
Y1 = Yz = E,
and the transfer matrix becomes
7Y

A B a 2 ‘ 4.149
C D| 7Y? ZY | (4-149)

Y+ 1+ BN

which is the same as Equation 4.56 for a nominal-w circuit of a medium-length transmission
line.
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IS V4 Z IR
\ ! 2 4
+ v +
V, v,
Y Y
O O

FIGURE 4.20 Asymmetrical T network.

Figure 4.20 shows an asymmetrical T network that can be thought of as a cascade connection of
a series impedance, a shunt admittance, and a series impedance.

Again, the equivalent transfer matrix can be found by multiplying together the transfer matrices
of individual components. Thus,

e ol Ty il ol

4.150)
1+2.Y Z,+Z,+7,2,Y
Y 1+2,Y
When the T network is symmetrical,
V4
7,=7,= E,
and the transfer matrix becomes
2

A B 1+H Z+Z Y
[ }_ 2 4 @.151)

c D Y 1+%

which is the same as the equation for a nominal-T circuit of a medium-length transmission line.
4.5.4 NEeTWORKS CONNECTED IN SERIES

Two four-terminal transmission networks may be connected in series, as shown in Figure 4.21, to
form a new four-terminal transmission network. For the first four-terminal network,

Vol_[Ar BTV 4152
Ll ol @15

and for the second four-terminal network,

v A, B |[W
Lo o)) @15y
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I —— 1—> Iy —
L 4
A, B, A, B,
+ +
Vg v Vi
- C, D, C, D, -
—O

FIGURE 4.21 Transmission networks in series.
By substituting Equation 4.153 into 4.152,
V, A, B, TTA, B, V.
e wle o))
AA,+BC, AB,+BD,V,
- [ClAl +DC, CB, +DIDJ[IR }

@.154)

Therefore, the equivalent A, B, C, and D constants for two networks connected in series are

Ay =AA, +B,C,, (4.155)
B.,=AB,+BD,, 4.156)
C.=C;A, +D,C,, 4.157)
D,,=CB,+DD,. 4.158)

Example 4.10

Figure 4.22 shows two networks connected in cascade. Determine the equivalent A, B, C, and
D constants.

Solution

For network 1,

A, B, 1 04£30°
C, D 0 1 |

For network 2,

Y, = 1 = 1 =0.0254£45°S.
Z, 40Z£-45°

Then
A, B, 1 0
C, D,| |0.025£45° 1]
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Network 1 Network 2
____________________ o
I, —> i L —>
AN ; @
o |
. Z,=10 /30°Q | o .
y Z,=40 /[~ v,

FIGURE 4.22 Network configurations for Example 4.10.

Therefore,

{Aeq B., ]
Cy D

1 104£30° 1 0
0 1 0.0252£45° 1

[1.09412.8 10430"}

0.0252£45° 1

4.5.5 NETWORKS CONNECTED IN PARALLEL

Two four-terminal transmission networks may be connected in parallel, as shown in Figure 4.23, to
form a new four-terminal transmission network.
Since

Vs = Vg1 + Vg,

4.159)
Vi = Vi + Vo,

and

I =I5 +1 4.160)
I; = I, + Ig,,

for the equivalent four-terminal network,

AB; +A,B, BB,

V. Vi
|: S:|= B1+B2 B1+B2 |: R:|’ (4161)
C,+C,+

I (A —Ay)(D,-D,) D,B,+D,B,
B, +B, B, +B,

where the equivalent A, B, C, and D constants are

_ A1B2 + A2B1
o B, +B,
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FIGURE 4.23 Transmission networks in parallel.

BB,

B, = , 4.163
‘ B,+B, (4.163)
(A -Ay)(D,-Dy)
C..=C,+C,+ s 4.164
eq=C2+C: BrB. (4.164)
D. - DB, +D.B, (4.165)
B, +B,

Example 4.11

Assume that the two networks given in Example 4.10 are connected in parallel, as shown in
Figure 4.24. Determine the equivalent A, B, C, and D constants.

Solution

Using the A, B, C, and D parameters found previously for networks 1 and 2, that is,
A, B [1 10230°
¢, D] |o 1]

A, B 1 0
C, D,| |0.025z45° 1|

the equivalent A, B, C, and D constants can be calculated as

and

A _AB,+AB,
« B, +B,

_1x0+1x10430°_1
10£30°+0 '

— B1B2
“" B,+B,

_ 1><O:0.
1+0
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Network 1

1
1
1
1 IR—>
1
1
[l

+

FIGURE 4.24 Transmission networks in parallel for Example 4.11.

(A;-A,)(D,-D;)

C,.,=C,+C,+
e 22 B,+B,

= O+0.025445°+w= 0.025.£45°.
10£30°-0

_DB,+D,B,
e B,+B,
_1><O+1><1043O°_1
T 10430°+0

Therefore,
Aeg B 1 0
Coq Do | [0.025245° 1]

4.5.6 TeRMINATED TRANSMISSION LINE

Figure 4.25 shows a four-terminal transmission network connected to (i.e., terminated by) a load Z, .
For the given network,

Vsl 1A B W
LS = [C D} - (4.166)
or
Vi=AV;+BI,, 4.167)
and
I;=CVy+DI, (4.168)
and also
Vi=7Z,1;. (4.169)

Therefore, the input impedance is
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< 4+
< +
N

(4.170)
_ AV +BIg
CVy + DI’
or by substituting Equation 4.169 into 4.170,

_AZ_+B

L=
CZ.+D

@.171)

Since for the symmetrical and long transmission line,

A =coshv'YZ =cosh0,

B= \/%sinhx/YZ = Zcsinh0,

C= \/%sinhx/YZ = Y sinh0,

D=A=coshvYZ =cosh6,

the input impedance, from Equation 4.171, becomes

_ 7, coshO+Zcsinh0
~ Z,Ycsinh®+cosh®’

in

@.172)

or

_ Z,[(Z/Z,)sinh6 + cosh 0]
"~ (Zy/Z¢)sinh®+ cosh®

4.173)

in

If the load impedance is chosen to be equal to the characteristic impedance, that is,
Z, =7, 4.174)
the input impedance, from Equation 4.173, becomes

Z.,=Zc @.175)
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which is independent of 0 and the line length. The value of the voltage is constant all along the
line.

Example 4.12

Figure 4.26 shows a short transmission line that is terminated by a load of 200 kVA at a lagging
power factor of 0.866 at 2.4 kV. If the line impedance is 2.07+,0.661 Q, calculate:

a. Sending-end current.

b. Sending-end voltage.

c. Input impedance.

d. Real and reactive power loss in line.

Solution

a. From Equation 4.166,

NEEEN

where
Z=2.07+j0.661=2.173£17.7°Q,
IRZIS:lL/
VR:ZLIR.
Since
$x=200£30°=173.2+/100 kVA,
and
V,=2.420°V,
then
lf:S—R=M=83.33AO°A,
V. 2.4 £0°
[ p—— N ‘.
| 7 I | |
T ! | |
I I |
+ | + | + |
2 RAEERIREY
I I :
| | |
I I |
I I |

FIGURE 4.26 Transmission system for Example 4.12.
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or
1,=83.33£-30° A,
hence,
lo=l,=1,=83.332-30° A.
b.
s

and

Vi =ZIg =28.8 £30°%83.33£-30°=2404 £0°kV,
thus,

V, = AV, +BI,
=2400£0° +2.173£17.7° x83.33£-30°
=2576.9— j38.58
=2.577.2£-0.9° V.

c. The input impedance is:

7 Vo _ AV +BI
" lg  CVg+Dk

_2577.2/£-0.9°

= =30.934£29.1° Q.
83.33«£-30°

d. The real and reactive power loss in the line:

S, =S:=S;,
where
S =V =2.577.2/-0.9°x83.33 £30°
=214,758 £29.1° VA,
or
Ss =1ls xZ;,, xI¢ =214,758 £29.1° VA.
Thus,

S, =214,758.£29.1°— 200,000 £30°
=14,444.5+ j4,444 4 VA,

that is, the active power loss is 14,444.5 W, and the reactive power loss is 4444.4 vars.
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4.5.7 Power ReLaTIONS UsING A, B, C, AND D LINE CONSTANTS

For a given long transmission line, the complex power at the sending and receiving ends are
Ss=F+jOs = VsIs, (4.176)
and

Sk = R +jOr = Vrlk. 4.177)

Also, the sending- and receiving-end voltages and currents can be expressed as

Vi=AV;+BI,, 4.178)
I,=CV,+DI,, 4.179)
V:=AV-BI, (4.180)
I;=—CV+DIq, (4.181)
where
A=AZoa=coshvYZ, (4.182)
B=B/B= \/%sinhx/YZ, (4.183)
C=CxLé= \/%sinhx/YZ, (4.184)
D=A=coshVvYZ, 4.185)
Ve=V,£0°, (4.186)
Vo=V, @.187)
From Equation 4.180,
A Vi
Is=—Vs——, 4.188
=gV (4.188)
or
=AY sgi5-p-Yel=B @.189)
B B
and
Vi £
I"§=A];ISA—0(—8+B—7RB P (4.190)
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and from Equation 4.178

Vs A
Ik=—"--Vg,
R B B R
or
Vs AVy
Ip =—4£6-B- Zo—,
w= - £5-B- o Za—p
and
- _Ys
By substituting Equations 4.190 and 4.193 into Equations 4.176 and 4.177, respectively,
2
Ss =P+ jQs = AV ZB-a AL R /B+a,
B B
and
2
Sk =F+j0r = VsV ZB—S—L]ZR ZB-a
Therefore, the real and reactive powers at the sending end arc
V¢
P = B S cos(B—ar)— cos(B +a),
and
Ve
Qs = Sin(B—8)~ ~SE sin(B + a1,
and the real and reactive powers at the receiving end are
ViV,
P = B SR eos(B-8) - cos(B o),

and

ViV,

Ok = R sin(B—8)— sm(B o).

179

@.191)

4.192)

4.193)

4.194)

4.195)

4.196)

@.197)

(4.198)

4.199)

For constant Vg and Vy, for a given line, the only variable in Equations 4.196 through 4.199 is 9,
the power angle. Therefore, treating Pg as a function of d only in Equation 4.193, Py is maximum
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when B+8=180°. Therefore, the maximum power at the sending end, the maximum input power,
can be expressed as

2
= A}\;S cos(B-o)+ LS];/R , (4.200)

S,max

and similarly the corresponding reactive power at the sending end, the maximum input vars, is

AV?
B

O s mn= sin(B — o). 4.201)

On the other hand, Py is maximum when 8= f3. Therefore, the maximum power obtainable (which
is also called the steady-state power limit) at the receiving end can be expressed as

2
Frmax = Vs];] R %COS(B — ), 4.202)

and similarly, the corresponding reactive power delivered at the receiving end is

QR,max =- A]\S]]% SiIl(B - (X) (4203)

In the above equations, Vg and V are the phase (line-to-neutral) voltages whether the system is
single phase or three phase. Therefore, the total three-phase power transmitted on the three-phase line
is three times the power calculated by using the above equations. If the voltages are given in volts, the
power is expressed in watts or vars. Otherwise, if they are given in kilovolts, the power is expressed in
megawatts or megavars.

For a given value of v, the power loss P, in a long transmission line can be calculated as the dif-
ference between the sending- and the receiving-end real powers,

P =Ps—Py, (4.204)
and the lagging vars loss is

01=05—0kx- (4.205)

Example 4.13

Figure 4.27 shows a three-phase, 345-kV ac transmission line with bundled conductors connect-
ing two buses that are voltage regulated. Assume that series-capacitor and shunt-reactor compen-
sation are to be considered. The bundled conductor line has two 795-kcmil ACSR conductors per
phase. The subconductors are separated 18-in, and the phase spacing of the flat configuration
is 24, 24, and 48 ft. The resistance inductive reactance and susceptance of the line are given
as 0.059 Q/mi per phase, 0.588 Q/mi per phase, and 7.20x10-° S phase to neutral per phase
per mile, respectively. The total line length is 200 mi, and the line resistance may be neglected
because simple calculations and approximate answers will suffice. First, assume that there is no
compensation in use; that is, both reactors are disconnected and the series capacitor is bypassed.
Determine the following:

a. Total three-phase SIL of line in megavoltamperes.
b. Maximum three-phase theoretical steady-state power flow limit in megawatts.
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|
—2=

|

|

|

Q

FIGURE 4.27 Figure for Example 4.13.

c. Total three-phase magnetizing var generation by line capacitance.
d. Open-circuit receiving-end voltage if line is open at receiving end.

Solution

a. The surge impedance of the line is

Ze=(x xx)"?, (4.206)

where
Xc = T Q/mi/phase. (4.207)
bc

Thus,

(4.208)

_( 0.588
“\7.20x10%

172
j =285.77 Q/mi/phase.

Thus, the total three-phase SIL of the line is

(S

C

2
-3 416.5 MVA/mi.
285.77

SIL=

b. Neglecting the line resistance,
P=Ps=Py,

or

Pz%sinﬁ. (4.209)

L

When 8=90°, the maximum three-phase theoretical steady-state power flow limit is

P — VSVR
max XL
(345kV)’ 210
=00 _1012.1MW.
117.6
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c. Using a nominal-m circuit representation, the total three-phase magnetizing var generated
by the line capacitance can be expressed as

Q= Vel g

bl
2

:(345><1O3)2(%(7.20><1 0-6)200) 4.211)
2( 1
+(345x103%) (5(7.20 X1 0*6)200)
=171.4 Mvar.

d. If the line is open at the receiving end, the open-circuit receiving-end voltage can be
expressed as

VS=Vggcosh 7l, (4.212)
or
Vs
Ve = — 5 (4.213)
ko) coshy/
where
Y = joJLC
. (XL 1 )1/2
= jo| —
0 WXc
(4.214)
% 172
— il 2o
/(Xc )
= j[(0.588)(7.20 x 10-¢)]"* = 0.002 rad/mi,
and
v/ = j(0.0021)(200) = j0.4115rad,
thus,
coshy/ = cosh(0+ j0.4115)
= cosh(0)cos(0.4115)+ jsinh(0)sin(0.4115)
=0.9164,
therefore,
koc) = 345KV _ 326 a3kv.
0.9165
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Alternatively,

XC
VR(oc) = VS Xc +XL
_ 345kv)| /13889 (4.215)
—j1388.9+ j117.6

=376.74kV.

Example 4.14

Use the data given in Example 4.13 and assume that the shunt compensation is now used. Assume
also that the two shunt reactors are connected to absorb 60% of the total three-phase magnetizing
var generation by line capacitance and that half of the total reactor capacity is placed at each end
of the line. Determine the following:

. Total three-phase SIL of line in megavoltamperes.

. Maximum three-phase theoretical steady-state power flow limit in megawatts.
. Three-phase megavoltampere rating of each shunt reactor.

. Cost of each reactor at $10/kVA.

. Open-circuit receiving-end voltage if line is open at receiving end.

o Q0T

Solution

a. SIL=416.5, as before, in Example 4.13.
b. P..,=1012.1 MW, as before.
c. The three-phase megavoltampere rating of each shunt reactor is

1 1
—Q=—-0.60
2QL 3 Qc

= %0.60(1 71.4)=51.42 MVA.

d. The cost of each reactor at $10/kVA is

(51.42 MVA/reactor)($10kVA)=$514,200.

e. Since
v1=/0.260 rad,
and
cosh ¥/=0.9663,
then

_ 345kV

koc) = =357.03kV.
0.9663
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Alternatively,

Xc
Vicoo) = V-
OO = HS X+ X,
_ a5k 13472
—j1.3472+ j117.6
=357.1kV.

Therefore, the inclusion of the shunt reactor causes the receiving-end open-circuit voltage
to decrease.

4.6 BUNDLED CONDUCTORS

Bundled conductors are used at or above 345 kV. Instead of one large conductor per phase, two or more
conductors of approximately the same total cross section are suspended from each insulator string.
Therefore, by having two or more conductors per phase in close proximity compared with the spacing
between phases, the voltage gradient at the conductor surface is significantly reduced. The bundles
used at the extra-high voltage range usually have two, three, or four subconductors, as shown in Figure
4.28. The bundles used at the ultrahigh-voltage range may also have 8, 12, and even 16 conductors.

Bundle conductors are also called duplex, triplex, and so on, conductors, referring to the number
of subconductors, and are sometimes referred to as grouped or multiple conductors. The advantages
derived from the use of bundled conductors instead of single conductors per phase are: (1) reduced
line inductive reactance; (2) reduced voltage gradient; (3) increased corona critical voltage and,
therefore, less corona power loss, audible noise, and radio interference; (4) more power may be car-
ried per unit mass of conductor; and (5) the amplitude and duration of high-frequency vibrations
may be reduced. The disadvantages of bundled conductors include: (1) increased wind and ice load-
ing, (2) suspension is more complicated and duplex or quadruple insulator strings may be required,
(3) the tendency to gallop is increased, (4) increased cost, (5) increased clearance requirements at
structures, and (6) increased charging kilovoltamperes.

(a) (b) (©

FIGURE 4.28 Bundle arrangements: (a) two-conductor bundle; (b) three-conductor bundle; (c) four-conduc-
tor bundle; (d) cross section of bundled-conductor three-phase line with horizontal tower configuration.

www.mepcafe.com



Overhead Power Transmission 185

If the subconductors of a bundle are transposed, the current will be divided exactly between the
conductors of the bundle. The geometric mean radius (GMR) of bundled conductors made up of
two, three, and four subconductors can be expressed, respectively, as

DL =(Ds xd)"2, @.216)
D¢ = (Dgxd*)"s, @.217)
DY =1.09(Dg x dy)1", @.218)

where:
D¢ =GMR of bundled conductor,
Dy=GMR of subconductors,
d=distance between two subconductors.
Therefore, the average inductance per phase is

L,=2x10"1n Dy H/m, 4.219)
D¢
and the inductive reactance is
D, .
X, =0.12131n Dt Q/mi, (4.220)
S
where
Doy £ Dy =(Dyy X Dyy X Dy)'". 4.221)

The modified GMRs (to be used in capacitance calculations) of bundled conductors made up of
two, three, and four subconductors can be expressed, respectively, as

Db =(rxd)", 4.222)
Db, = (rx d?)'5, 4.223)
D =1.09(r x d*)"4, @.224)

where:
D! =modified GMR of bundled conductor,
r=outside radius of subconductors,
d=distance between two subconductors.
Therefore, the line-to-neutral capacitance can be expressed as

_ 2mx8.8538x107"2

Co=
D,
In| =2
Dg

www.mepcafe.com

F/m, 4.225)



186 Electrical Power Transmission System Engineering Analysis and Design

or

55.63x10-12
Co=""
D.,
In| —4
Dg

For a two-conductor bundle, the maximum voltage gradient at the surface of a subconductor can
be expressed as

F/m. 4.226)

4.227)

Example 4.15

Consider the bundled-conductor three-phase 200-km line shown in Figure 4.28d. Assume that the
power base is 100 MVA and the voltage base is 345 kV. The conductor used is 1113 kemil ACSR,
and the distance between two subconductors is 12 in. Assume that the distances D,,, D,;, and D5,
are 26, 26, and 52 ft, respectively and determine the following:

. Average inductance per phase in henries per meter.

. Inductive reactance per phase in ohms per kilometer and ohms per mile.

. Series reactance of line in per units.

. Line-to-neutral capacitance of line in farads per meter.

. Capacitive reactance to neutral of line in ohm per kilometers and ohm per miles.

o Q0 T o

Solution

a. From Table A.3 in Appendix A, Dg is 0.0435 ft; therefore,
Db = (Ds x d)2
=(0.0435%x0.3048x12x%x0.0254)"2 =0.0636m,

Deq = (D13 X Doy X D3y)V?
=(26%x26x52x0.3048%)"3 =9.9846m.

Thus, from Equation 4.219,

D,
L,=2x107In—2
D¢

=2x1 0*7|n(9'9846) =1.0112pH/m.
0.0636
b.
X, = 2nfl,
=2160%x1.0112x10°°x10% =0.3812Q/km,
and

X =0.3812x1.609=0.6134Q/mi.
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C.
2
ZB:£:1190.259,
100
- 0.3812x 200 — 0.0641pu.
1190.25

d. From Table A.3 the outside diameter of the subconductor is 1.293 in; therefore, its radius is

~1.293x0.3048

=0.0164m,
2%x12
Db = (rx d)V2

=(0.0164x12x0.0254)"2 =0.0707 m.

Thus, the line-to-neutral capacitance of the line is

 55.63x10712
; ln(Deq/Ds%)

—-12
_ 95.63XM0 4y oag 102 F/m.
In(9.9846/0.0707)

e. The capacitive reactance to the neutral of the line is

T
" 2rfC,

Xc

10?2 %1073

=————=0.236x10° Q-km,
2r60x11.238

and

_0.236x10°

Xc = =0.147 x10° Q-mi.
1.609

4.7 EFFECT OF GROUND ON CAPACITANCE OF THREE-PHASE LINES

Consider three-phase line conductors and their images below the surface of the ground, as shown in
Figure 4.29. Assume that the line is transposed and that conductors a, b, and ¢ have the charges g,, g,
and g, respectively, and their images have the charges —¢q,, —¢,, and —q,. The line-to-neutral capacitance
can be expressed as [31]

-12
C - 21 x 8.8538x10 F/m. (4.228)

“ m(Deq)_ln( habsls )
r hihoohss

If the effect of the ground is not taken into account, the line-to-neutral capacitance is

21 x 8.8538 x 10712
C,= D

eq

o[

r
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3 )+gqge

33

Ground
NNV
3 )—qc

FIGURE 4.29 Three-phase line conductors and their images.

As one can see, the effect of the ground increases the line capacitance. However, since the con-
ductor heights are much larger than the distances between them, the effect of the ground is usually
ignored for three-phase lines.

4.8 ENVIRONMENTAL EFFECTS OF OVERHEAD TRANSMISSION LINES

Recently, the importance of minimizing the environmental effects of overhead transmission lines has
increased substantially due to increasing use of greater extra-high- and ultrahigh-voltage levels. The
magnitude and effect of radio noise, television interference, audible noise, electric field, and magnetic
fields must not only be predicted and analyzed in the line design stage, but also measured directly.

Measurements of corona-related phenomena must include radio and television station signal
strengths and radio, television, and audible-noise levels. To determine the effects of transmission
line of these quantities, measurements should be taken at three different times: (1) before con-
struction of the line; (2) after construction, but before energization; and (3) after energization of
the line. Noise measurements should be made at several locations along a transmission line. Also,
at each location, measurements may be made at several points that might be of particular interest.
Such points may include the point of maximum noise, the edge of the right-of-way, and the point
50 ft from the outermost conductor.
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Overhead transmission lines and stations also produce electric and magnetic fields, which have
to be taken into account in the design process. The study of field effects (e.g., induced voltages and
currents in conducting bodies) is becoming especially crucial as the operating voltage levels of trans-
mission lines have been increasing due to the economics and operational benefits involved. Today, for
example, such study at ultra-high-voltage level involves the following:

1. Calculation and measurement techniques for electric and magnetic fields.

2. Calculation and measurement of induced currents and voltages on objects of various shapes
for all line voltages and design configurations.

3. Calculation and measurement of currents and voltages induced in people as result of vari-
ous induction mechanisms.

4. Investigation of sensitivity of people to various field effects.

5. Study of conditions resulting in fuel ignition, corona from grounded objects, and other pos-
sible field effects [14].

Measurements of the transmission line electric field must be made laterally at midspan and must
extend at least to the edges of the right-of-way to determine the profile of the field. Further, related
electric field effects such as currents and voltages induced in vehicles and fences should also be
considered. Magnetic field effects are of much less concern than electric field effects for extra-high-
and ultra-high-voltage transmission due to the fact that magnetic field levels for normal values of
load current are low.

The quantity and character of currents induced in the human body by magnetic effects have
considerably less impact than those arising from electric induction. For example, the induced cur-
rent densities in the human body are less than one-tenth those caused by electric field induction.
Furthermore, most environmental measurements are highly affected by prevailing weather condi-
tions and transmission line geometry. The weather conditions include temperature, humidity, baro-
metric pressure, precipitation levels, and wind velocity.

PROBLEMS

PROBLEM 4.1

Redraw the phasor diagram shown in Figure 4.2 by using I as the reference vector and derive
formulas to calculate:

a. Sending-end phase voltage, V.
b. Sending-end power-factor angle, 0.

PROBLEM 4.2

A three-phase, 60-Hz, 15-mi-long transmission line provides 10 MW at a power factor of 0.9
lagging at a line-to-line voltage of 34.5 kV. The line conductors are made of 26-strand 300-
kemil ACSR conductors that operate at 25°C and are equilaterally spaced 3 ft apart. Calculate
the following:

a. Source voltage.

b. Sending-end power factor.
c. Transmission efficiency.
d. Regulation of line.

PROBLEM 4.3

Repeat Problem 4.2 assuming the receiving-end power factor of 0.8 lagging.
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PROBLEM 4.4

Repeat Problem 4.2 assuming the receiving-end power factor of 0.8 leading.

PROBLEM 4.5

A single-phase load is supplied by a (34.5/x/3)— k Vfeeder whose impedance is 95+;340 Q and
a (34.5/7/3)/2.4—kV transformer whose equivalent impedance is 0.24+;0.99 Q referred to its
low-voltage side. The load is 200 kW at a leading power factor of 0.85 and 2.25 kV. Calculate
the following:

a. Calculate sending-end voltage of feeder.
b. Calculate primary-terminal voltage of trans-former.
c. Calculate real and reactive-power input at sending end of feeder.

PROBLEM 4.6

A short three-phase line has the series reactance of 151 Q per phase. Neglect its series resis-
tance. The load at the receiving end of the transmission line is 15 MW per phase and 12 Mvar
lagging per phase. Assume that the receiving-end voltage is given as 115+;0 kV per phase and
calculate:

a. Sending-end voltage.
b. Sending-end current.

PROBLEM 4.7

A short 40-mi-long three-phase transmission line has a series line impedance of 0.6+/0.95 Q/mi
per phase. The receiving-end line-to-line voltage is 69 kV It has a full-load receiving-end current
of 300£-30° A. Calculate the following:

a. Calculate the percentage of voltage regulation.
b. Calculate the ABCD constants of the line.
c. Draw the phasor diagram of Vg, Vi, and I.

PROBLEM 4.8
Repeat Problem 4.7 assuming the receiving-end current of 300£—45°A.

PROBLEM 4.9

A three-phase, 60-Hz, 12-MW load at a lagging power factor of 0.85 is supplied by a three-
phase, 138-kV transmission line of 40 mi. Each line conductor has a resistance of 41 }/mi and an
inductance of 14 mH/mi. Calculate:

a. Sending-end line-to-line voltage.
b. Loss of power in transmission line.
c. Amount of reduction in line power loss if load-power factor were improved to unity.

PROBLEM 4.10

A three-phase, 60-Hz transmission line has sending-end voltage of 39 kV and receiving-end
voltage of 34.5 kV. If the line impedance per phase is 18+;57 2, compute the maximum power
receivable at the receiving end of the line.

PROBLEM 4.11

A three-phase, 60-Hz, 45-mi-long short line provides 20 M VA at a lagging power factor of 0.85 at
a line-to-line voltage of 161 kV. The line conductors are made of 19-strand 4/0 copper conductors
that operate at 50°C. The conductors are equilaterally spaced with 4 ft spacing between them.
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a. Determine the percentage of voltage regulation of the line.

b. Determine the sending-end power factor.

c. Determine the transmission line efficiency if the line is single phase, assuming the use of
the same conductors.

d. Repeat (c) if the line is three phase.

PROBLEM 4.12

A three-phase, 60-Hz, 15-MW load at a lagging power factor of 0.9 is supplied by two parallel
connected transmission lines. The sending-end voltage is 71 kV, and the receiving-end voltage on
a full load is 69 kV Assume that the total transmission line efficiency is 98%. If the line length is
10 mi and the impedance of one of the lines is 0.7+1.2 Q/mi, compute the total impedance per
phase of the second line.

PROBLEM 4.13
Verify that (cosh y/—1)/sinh y/=tanh (1/2) Yl .

PROBLEM 4.14
Derive Equations 4.39 and 4.40 from Equations 4.37 and 4.42.

PROBLEM 4.15

Find the general circuit parameters for the network shown in Figure P4.15.

0+j4Q 6 +j0Q 0+j5Q
O Z Z, Zy O
004+j0S| Y, 0+;0.025| Y,
o 0

FIGURE P4.15 Network for Problem 4.15.

PROBLEM 4.16

Find a T equivalent of the circuit shown in Figure P4.15.

PROBLEM 4.17

Assume that the line is a 200-mi-long transmission line and repeat Example 4.4.

PROBLEM 4.18

Assume that the line is a 200-mi-long transmission line and repeat Example 4.5.

PROBLEM 4.19

Assume that the line is a short transmission line and repeat Example 4.4.

PROBLEM 4.20

Assume that the line is a short transmission line and repeat Example 4.5.
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PROBLEM 4.21

Assume that the line in Example 4.6 is 75 mi long and the load is 100 MVA, and repeat the
example.

PROBLEM 4.22

Develop the equivalent transfer matrix for the network shown in Figure P4.22 matrix

manipulation.
I,— I —>
o Z o)
+ +
Vs Y YR
(e O

FIGURE P4.22 Network for Problem 4.22.

PROBLEM 4.23
Develop the equivalent transfer matrix for the network shown in Figure P4.23 matrix
manipulation.
I > I, —>
o z o)
+ +
Vg Y ‘iR
¢ O

FIGURE P4.23 Network for Problem 4.23.

PROBLEM 4.24
Verify Equations 4.124 through 4.127 without using matrix methods.

PROBLEM 4.25
Verify Equations 4.131 through 4.134 without using matrix methods.

PROBLEM 4.26

Assume that the line given in Example 4.4 is a 200-mi-long transmission line. Use the other data
given in Example 4.4 accordingly and repeat Example 4.8.

PROBLEM 4.27
Use the data from Problem 4.26 and repeat Example 4.9.
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PROBLEM 4.28

Assume that the shunt compensation of Example 4.14 is to be retained and now 60% series com-
pensation is to be used, that is, the X, is equal to 60% of the total series inductive reactance per
phase of the transmission line. Determine the following:

a. Total three-phase SIL of line in mega-voltamperes.
b. Maximum three-phase theoretical steady-state power flow limit in megawatts.

PROBLEM 4.29

Assume that the line given in Problem 4.28 is designed to carry a contingency peak load of 2 xSIL
and that each phase of the series capacitor bank is to be of series and parallel groups of two-
bushing, 12-kV, 150-kvar shunt power factor correction capacitors.

a. Specify the necessary series-parallel arrangements of capacitors for each phase.

b. Such capacitors may cost about $1.50/kvar. Estimate the cost of the capacitors in the entire
three-phase series capacitor bank. (Take note that the structure and the switching and
protective equipment associated with the capacitor bank will add a great deal more cost.)

PROBLEM 4.30

Use Table 5.3 for a 345-kV, pipe-type, three-phase, 1000-kcmil cable. Assume that the percent
power factor (PF) cable is 0.5 and maximum electric stress is 300 V/mil and that

345,000

V3

Vg £0°V.

Calculate the following:

a. Susceptance b of cable.
b. Critical length of cable and compare to value given in Table 5.3.

PROBLEM 4.31

Consider the cable given in Problem 4.30 and use Table 5.3 for the relevant data; determine the
value of

V.
IIO = 75 tanh Ylo,

c

accurately and compare it with the given value of cable ampacity in Table 5.3. (Hint: Use the
exponential form of the tanh ¥/, function.)

PROBLEM 4.32

Consider Equation 4.16 and verify that the maximum power obtainable (i.e., the steady-state
power limit) at the receiving end can be expressed as

Vsl V] .
Promax = sinYy.
R, X] v

PROBLEM 4.33

Repeat Problem 4.6 assuming that the given power is the sending-end power instead of the receiv-
ing-end power.
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PROBLEM 4.34

Assume that a three-phase transmission line is constructed of 700 kemil, 37-strand copper con-
ductors, and the line length is 100 mi. The conductors are spaced horizontally with D,,=10 Q,
D,.=8Q,and D_,=18 Q. Use 60 Hz and 25°C, and determine the following line constants from
tables in terms of:

. Inductive reactance in ohms per mile.

. Capacitive reactance in ohms per mile.
. Total line resistance in ohms.

. Total inductive reactance in ohms.

. Total capacitive reactance in ohms.

o 0 o e

PROBLEM 4.35

A 60-Hz, single-circuit, three-phase transmission line is 150 mi long. The line is connected to a
load of 50 MVA at alogging power factor of 0.85 at 138 kV. The line impedance and admittance are
2=0.7688 £77.4° Q/mi and y=4.5239x10-0290° S/mi, respectively. Determine the following:

. Propagation constant of line.

. Attenuation constant and phase-change constant, per mile, of line.
. Characteristic impedance of line.

. SIL of line.

. Receiving-end current.

. Incident voltage at sending end.

. Reflected voltage at sending end.

g -~ 0 A0 O

PROBLEM 4.36

Consider a three-phase transmission and assume that the following values are given:

VR(L—N) = 79,67434 400 V,
Iz =209.18 £-31.8" A,
Zc=469.62£ 537 Q,

¥1=0.0301+ j0.3202.

Determine the following:

a. Incident and reflected voltages at receiving end of line.
b. Incident and reflected voltages at sending end of line.
c. Line voltage at sending end of line.

PROBLEM 4.37

Repeat Example 4.17 assuming that the conductor used is 1431-kcmil ACSR and that the distance
between two subconductors is 18 in. Also assume that the distances D,, D5, and Dj, are 25, 25,
and 50 ft, respectively.

REFERENCES

1. Elgerd, O. 1. 1971. Electric energy systems theory: An introduction. New York: McGraw-Hill.
2. Neuenswander, J. R. 1971. Modern power systems. Scranton, PA: International Textbook Co.

www.mepcafe.com



Overhead Power Transmission 195

. Stevenson, W. D., Jr. 1975. Elements of power system analysis, 3rd ed. New York: McGraw-Hill.
. Anderson, P. M. 1973. Analysis of faulted power systems. Ames, IA: lowa State University Press.

5. Fink, D. G., and H. W. Beaty. 1978. Standard handbook for electrical engineers, 11th ed. New York:
McGraw-Hill.

6. Wagner, C. F,, and R. D. Evans. 1933. Symmetrical components. New York: McGraw-Hill.

7. Weedy, B. M. 1972. Electric power systems, 2nd ed. New York: Wiley.

8. Concordia, C., and E. Rusteback. 1970. Self-excited oscillations in a transmission system using series
capacitors. IEEE Transactions on Power Apparatus and Systems PAS-89 (7): 1504-12.

9. Elliott, L. C., L. A. Kilgore, and E. R. Taylor. 1971. The prediction and control of self-excited oscillations
due to series capacitors in power systems. [EEE Transactions on Power Apparatus and Systems PAS-90
(3): 1305-11.

10. Farmer, R. G, et al. 1973. Solutions to the problems of subsynchronous resonance in power systems with
series capacitors. Proceedings of the American Power Conference 35: 1120-28.

11. Bowler, C. E.J., C. Concordia, and J. B. Tice. 1973. Subsynchronous torques on generating units feeding
series-capacitor compensated lines. Proceedings of the American Power Conference 35: 1129-36.

12. Schifreen, C. S., and W. C. Marble. 1956. Changing current limitations in operation of high-voltage cable
lines. Transactions of the American Institute of Electrical Engineers 26: 803—17.

13. Wiseman, R. T. 1956. Discussions to charging current limitations in operation of high-voltage cable lines.
Transactions of the American Institute of Electrical Engineers 26: 803—17.

14. Electric Power Research Institute. 1979. Transmission line reference book: 345 kV and above. Palo Alto,

CA: EPRL

B~ W

GENERAL REFERENCES

Bowman, W. L., and J. M. McNamee. 1964. Development of equivalent pi and T matrix circuits for long
untransposed transmission lines. /EEE Transactions on Power Apparatus and Systems PAS-83: 625-32.

Clarke, E. 1950. Circuit analysis of A-C power systems. Vol. 1. Schenectady, NY: General Electric Company.

Cox, K. J., and E. Clark. 1957. Performance charts for three-phase transmission circuits under balance opera-
tions. Transactions of the American Institute of Electrical Engineers 76: 809-16.

Electric Power Research Institute. 1978. Transmission line reference book: 115-138 kV compact line design.
Palo Alto, CA: EPRI.

Gonen, T. 1986. Electric power distribution system engineering. New York: McGraw-Hill.

Gonen, T., S. Yousif, and X. Leng. 1999. Fuzzy logic evaluation of new generation impact on existing transmis-
sion system. Proceedings of the IEEE Budapest Technical 99 Conference, Budapest, Hungary, August
29 to September 2.

Gonen, T., J. Nowikowski, and C. L. Brooks. 1986. Electrostatic unbalances of transmission lines with “N”
overhead ground wires — Part I. Proceedings of the Modeling and Simulation Conference, Pittsburgh, PA,
April 24-25, 17 (2): 459-64.

. 1986. Electrostatic unbalances of transmission lines with “N” overhead ground wires — Part II
Proceedings of the Modeling and Simulation Conference, Pittsburgh, PA, April 24-25, 17 (2): 465-70.

Gonen, T., S. Yousif, and X. Leng. 1999. Fuzzy logic evaluation of new generation impact on existing transmis-
sion system. Proceedings of the IEEE Budapest Technical 99 Conference, Budapest, Hungary, August
29 to September 2.

Gross, C. A. 1979. Power system analysis. New York: Wiley.

Institute of Electrical and Electronics Engineers. 1971. Graphic symbols for electrical and electronics dia-
grams. IEEE Stand. 315-1971 for American National Standards Institute (ANSI) Y32.2-1971. New
York: IEEE.

Kennelly, A. E. 1925. The application of hyperbolic functions to electrical engineering problems, 3rd ed. New
York: McGraw-Hill.

Skilling, H. H. 1966. Electrical engineering circuits, 2nd ed. New York: Wiley.

Travis, I. 1937. Per unit quantities. Transactions of the American Institute of Electrical Engineers 56: 340-9.

Woodruf, L. F. 1952. Electrical power transmission. Wiley, New York, 1952.

Zaborsky, J., and J. W. Rittenhouse. 1969. Electric power transmission. Troy, NY: Rensselaer Bookstore.

www.mepcafe.com



www.mepcafe.com



5 Underground Power
Transmission and Gas-
Insulated Transmission Lines

5.1 INTRODUCTION

In the United States, a large percentage of transmission systems was installed after World War II,
between the mid-1950s and the mid-1970s, with limited construction in the past few decades. The
equipment installed in the postwar period is now between 30 and 50 years old and is at the end of its
expected life. For example, 70% of transmission lines and power transformers in the United States
are 25 years old or more. Similarly, 60% of high-voltage circuit breakers are 30 years old or more.

Even at a local level, transmission benefits are in danger. For the past 20 years, the growth of
electricity demand has far exceeded the growth of transmission capacity. With limited new trans-
mission capacity available, the loading of existing transmission lines has dramatically increased.

At the present time, the electric power industry is finally starting to invest more money on new
transmission lines. This upgrading is usually accomplished by increasing the voltage levels, or by
adding more wires, in terms of bundled conductors, to increase the current ratings. It is important
that the new transmission construction is planned well, so that the existing electric power grid can
be systematically transformed into a modern and adequate system rather than becoming a patch-
work of incremental and isolated decisions and uncoordinated subsystems.

Today, 10 major metropolitan areas in the United States create almost 25% of the total electricity
demand of the country. Because demand will continue to grow and because new generating are being
located in remote sites, it becomes increasingly difficult to run overhead power transmission lines
through urban or heavily populated suburban areas. These considerations, in addition to the delay
and cost implications associated with acquiring rights-of-way, emphasize the need for advanced high
capacity underground power transmission systems.

This underground power transmission solution has the advantages of possible usage of existing
rights-of-way of present over-head transmission lines and a decrease in waiting times for obtain-
ing the necessary permissions. It goes without saying that the cost of building underground lines is
much greater than building overhead transmission lines.

Today, there are four main technical methods for underground transmission, namely: (1) using
solidly insulated underground cables, (2) using gas-insulated lines, (3) using superconductive cables,
and (4) using cryogenic cables.

From the very beginning of the installation of the transmission network, the solidly insulated
cables have been used for underground power transmission. They are mostly used in cities or other
applications where overhead lines cannot be used. The use of solidly insulated cables is limited in
length and as well as in current rating, even though these values have been increased recently. The
solidly insulated underground cables and their usage are extensively discussed in this chapter.

The gas-insulated lines (GIL) have been used for more than 30 years worldwide. They have been
used in many projects, providing a very high-power transmission capability similar to the overhead
lines, and are practically unlimited in length. For further discussions of the GIL, see Section 5.12.

The superconductive cable applications are still in their preliminary stages. So far, the use of
superconductive cable has been implemented in relatively few projects in the United States.

197
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However, short experimental superconducting lines have been constructed and operated. It still
remains to be economical to be implemented. However, superconducting alternators have been built
and operated. It is known that alternators with superconducting fields can be made 40% smaller in
size, 1% more efficient, and up to 30% less expensive than typical alternators. The superconduct-
ing rotor is the reason for the low cost, size, and the greater efficiency. It is interesting to note that
the magnetic field from the superconducting rotor windings is so strong that no magnetic core is
required, even though a magnetic shield is needed to help contain the coolant and hold ac electricity
and magnetic fields, from the stator, from reaching the rotor. Today, several superconducting alter-
nators in the range of 20—50 MVA are in operation in the United States and abroad. However, larger
superconducting alternators have been found to be economically less attractive.

It is important to note that a cryogenic cable is not superconducting. The conductor of such
cable possesses a higher electrical conductivity at very low temperature than at ambient tempera-
ture. Because of this fact, a cryogenic conductor has a lower resistive loss. For example, at the
temperature of liquid nitrogen, the conductivity of aluminum and copper improves by a factor of 10.
However, it is usually aluminum that is used in such cables due to its low cost.

The technical feasibility of resistive cryogenic cable systems is largely based on insulation per-
formance under high-voltage conditions at low temperature. Based on operational, technical, and
economic reasons, the cable that is usually selected is liquid nitrogen-cooled flexible cable.

A cryogenic cable has a hollow former supporting a helically wound, stranded, transposed
conductor made of aluminum. The conductor is taped with suitable electrical insulation impreg-
nated with liquid nitrogen. An evacuated thermal insulation that is put on the cryogenic pipe
reduces heat leak from the environment. Its refrigeration is facilitated by using a system of tur-
bomachinery and neon as the cooling fluid. The ratio of refrigerator input power to refrigeration
increases as the cryogenic refrigeration temperature decreases. Today, it is feasible to have an
electrical insulation system for a cryogenetic cable that is operating at a typical extra-high voltage
(EHV). For example, recent research results indicate successful performance in a liquid nitrogen
environment at voltages up to the equivalent of 150% of a 500-kV system having a measured
dielectric cable loss that is 300 times less than a typical EHV oil-filled underground cable.

5.2 UNDERGROUND CABLES

Underground cables may have one or more conductors within a protective sheath. The protective
sheath is an impervious covering over insulation, and is usually lead. The conductors are separated
from each other and from the sheath by insulating materials. The insulation materials used are (1)
rubber and rubberlike compounds, (2) varnished cambric, and (3) oil-impregnated paper.

Rubber is used in cables rated 600 V to 35 kV, whereas polyethylene (PE), propylene (PP), and
polyvinyl chloride (PVC) arc used in cables rated 600 V to 138 kV. The high-moisture resistance
of rubber makes it ideal for submarine cables. Varnished cambric is used in cables rated 600 V to
28 kV. Oil-impregnated paper is used in solid-type cables up to 69 kV and in pressurized cables
up to 345 kV. In the solid-type cables, the pressure within the oil-impregnated cable is not raised
above atmospheric pressure. In the pressurized cables, the pressure is kept above atmospheric pres-
sure either by gas in gas pressure cables or by oil in oil-filled cables. Impregnated paper is used for
higher voltages because of its low dielectric losses and lower cost. Cables used for 59 kV and below
are either: (1) low pressure, not over 15 psi; or (2) medium pressure, not over 45 psi. High-pressure
cables, up to 200 psi, installed pipes are not economical for voltages of 69 kV and below.

Voids or cavities can appear as the result of a faulty product or during the operation of the cable
under varying load. Bending the cable in handling and on installation, and also the different thermal
expansion coefficient of the insulating paper, the impregnating material, and the lead sheath result
in voids in the insulation of cable not under pressure. The presence of higher electrical field strength
ionization that appears in the voids in the dielectric leads to destruction of the insulation. The pres-
ence of ionization can be detected by means of the power factor change as a test voltage is applied.
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The formation of voids is avoided in the case of the oil-filled cable. With the gas-filled cable, the
pressure in the insulation is increased to such a value that existing voids or cavities are ionization
free. Ionization increases with temperature and decreases with increasing pressure.

The conductors used in underground cables can be copper or aluminum. Aluminum dictates
larger conductor sizes to carry the same current as copper. The need for mechanical flexibility
requires the use of stranded conductors. The equivalent aluminum cable is lighter in weight and
larger in diameter in comparison to copper cable. Stranded conductors can be in various configura-
tions, for example, concentric, compressed, compact, and rope.

Cables are classified in numerous ways. For example, they can be classified as: (1) underground,
(2) submarine, and (3) aerial, depending on location. They can be classified according to the type
of insulation, such as: (1) rubber and rubberlike compounds, (2) varnished cambric, and (3) oil-
impregnated paper. They can be classified as: (1) single conductor, (2) two conductor duplex, three
conductor, etc., depending on the number of conductors in a given cable. Also, they can be classified
as shielded (as in the Hochstadter or type H cable) or nonshielded (belted), depending on the pres-
ence or absence of metallic shields over the insulation. Shielded cables can be solid, oil filled, or
gas filled. Further, they can be classified by their protective finish, such as: (1) metallic (e.g., a steel
sheath); or (2) nonmetallic (e.g., plastic).

Insulation shields help to: (1) confine the electric field within the cable; (2) protect the cable better
from induced potentials; (3) limit electromagnetic or electrostatic interference; (4) equalize voltage
stress within the insulation, minimizing surface discharges; and (5) reduce shock hazard (when
properly grounded) [1].

In general, shielding should be considered for nonmetallic covered cables operating at a circuit
voltage over 2 kV and where any of the following conditions exist [2]:

. Transition from conducting to nonconducting conduit.

. Transition from moist to dry earth.

. In dry soil, such as in the desert.

. In damp conduits.

. Connections to aerial lines.

. Where conducting pulling compounds are used.

. Where surface of cable collects conducting materials, such as soot, salt, cement deposits.

. Where electrostatic discharges are of low enough intensity not to damage cable, but are
sufficient in magnitude to interface with radio or television reception.

eI e R R N O R S

In general, cables are pulled into underground ducts. However, if they have to be buried directly in
the ground, the lead sheath (i.e., the covering over insulation) has to be mechanically protected by
armor. The armor is made of two tapes overlapping each other or heavy steel wires.

Where heavy loads are to be handled, the usage of single-conductor cables is advantageous since
they can be made in conductor sizes up to 3.5 kemil or larger. They are also used where phase isola-
tion is required or where balanced single-phase transformer loads are supplied. They are often used
to terminate three-conductor cables in single-conductor potheads, such as at pole risers, to provide
traning in small manholes. They can be supplied triplexed or wound three in parallel on a reel, per-
mitting installation of three-conductor cables in a single duct. Figure 5.1 shows a single-conductor,
paper-insulated power cable.

The belted cable construction is generally used for three-phase low-voltage operation, up to 5 kV,
or with the addition of conductor and belt shielding, in the 10-15 kV voltage range. It receives its
name from the fact that a portion of the total insulation is applied over partially insulated conductors
in the form of an insulating belt, which provides a smooth “cushion” for the lead sheath.

Even though this design is generally more economical than the shielded (or type H) construc-
tion, the electrical field produced by three-phase ac voltage is asymmetrical, and the fillers are also
under electric stress. These disadvantages restrict the usage of this cable to voltages below 15 kV.
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FIGURE 5.1 Single-conductor, paper-insulated power cable. (Okonite Bulletin PCI-1979; copyright 1979.)

FIGURE 5.2 Three-conductor, belted, compact-sector, paper-insulated cable. (Okonite Bulletin PCI-1979;
copyright 1979.)

FIGURE 5.3 Three-conductor shielded (tape-H), compact sector, paper-insulated cable. (Okonite Bulletin
PCI-1979; copyright 1979.)

Figure 5.2 shows a three-conductor, belted, compact-sector, paper-insulated cable. They can have
concentric round, compact round, or compact-sector conductors.

The three-conductor shielded, or type H, construction with compact-sector conductors is the
design most commonly and universally used for three-phase applications at the 5-46-kV voltage
range. Three-conductor cables in sizes up to 1 kemil are standard, but for larger sizes, if overall size
and weights are important factors, single-conductor cables should be preferred.

It confines the electric stress to the primary insulation, which causes the voltage rating (radial
stress) to be increased and the dielectric losses to be reduced. The shielded paper-oil dielectric has
the greatest economy for power cables at high voltages, where reliability and performance are of
prime importance. Figure 5.3 shows a three-conductor, shielded (type H) compact-sector, paper-
insulated cable. Figure 5.4 presents various protective outer coverings for solid-type cables, depend-
ing on installation requirements. Figure 5.5 shows the recommended voltage ranges for various
types of paper-insulated power cables.

Most cable insulations are susceptible to deterioration by moisture to varying degrees. Paper
and oil, which have had all the moisture completely extracted in the manufacture of a paper
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FIGURE 5.4 Various protective outer coverings for solid-type insulated cables. (Okonite Bulletin PCI-1979;
copyright 1979.)

Each cable type can be, but usually
is not, used beyond indicated voltages

High oil pressure “oilostatic”|

Low oil pressure oil filled|

I
High gas pressure

. T
I Il” Medium gas pressure
1

I Il” Low gas pressure
Solid
Belted solid |

| | | | | [ | I ||
1 25 7.5 15 23 3546 69 115|161 230 | 550
138 345

Voltage, kV

FIGURE 5.5 Recommended voltage ranges for various of paper-insulated paper cables. (Okonite Bulletin
PCI-1979; copyright 1979.)
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cable, will reabsorb moisture when exposed to the atmosphere, and prolonged exposure will
degrade the exceptionally high electrical quantities. Because of this, it is mandatory in all paper
cable splices and terminations to reduce exposure of the insulation to moisture and to construct
and seal the accessories to ensure the complete exclusion of moisture for a long and satisfactory
service life.

Therefore, it is important that all cable ends are tested for moisture before splicing or pothead-
ing. The most reliable procedure is to remove rings of insulating paper from the section cut for the
connector at the sheath, at the midpoint, and nearest the conductor and immerse the tape “loops” in
clean oil or flushing compound heated to 280-300°F. If any traces of moisture are present, minute
bubbles will exude from the tape and form “froth” in the oil.

The shields and metallic sheaths of power cables must be grounded for safe and reliable opera-
tion. Without such grounding, shields would operate at a potential considerably above the ground
potential. Therefore, they would be hazardous to touch and would incur rapid degradation of the
jacket or other material that is between the shield and ground. The grounding conductor and its
attachment to the shield or metallic sheath, normally at a termination or splice, needs to have an
ampacity no lower than that of the shield. In the case of a lead sheath, the ampacity must be large
enough to carry the available fault current and duration without overheating. Usually, the cable
shield lengths are grounded at both ends such that the fault current would divide and flow to both
ends, reducing the duty on the shield and therefore the chance of damage.

The capacitive charging current of the cable insulation, which is on the order of 1 mA/ft of con-
ductor length, normally flows, at power frequency, between the conductor and the earth electrode
of the cable, normally the shield. The shield, or metallic sheath, provides the fault return path in the
event of insulation failure, permitting rapid operation of the protection devices [1].

5.3 UNDERGROUND CABLE INSTALLATION TECHNIQUES

There are a number of ways to install the underground cables; for example:

1. Direct burial in the soil, as shown in Figure 5.6. The cable is laid in a trench that is usually
dug by machine.

2. In ducts or pipes with concrete sheath, as shown in Figure 5.7. For secondary network sys-
tems, duct lines may have 6-12 ducts.

3. Wherever possible, in tunnels built for other purposes, e.g., sewer lines, water mains, gas
pipes, and duct lines for telephone and telegraph cables.

In general, manholes are built at every junction point and corner. The spacing of manholes is affected
by the types of circuits installed, allowable cable-pulling tensions, and utility company’s standards and

i« —FEarth

~. Protective
barrier

Sand

barrier

FIGURE 5.6 Direct burial: (a) for single-conductor cables; (b) for triplexed cables.
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FIGURE 5.7 Burial in underground cuts (or duct bank): (a) for three single-conductor or triplexed cables;
(b) for three-conductor cable.

-
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FIGURE 5.8 Straight-type manhole. (From Fink, D. G., and H. W. Beaty. Standard handbook for electrical
engineers, 11th ed. New York: McGraw-Hill, 1978. With permission.)

practice. Manholes provide easily accessible and protected space in which cables and associated appa-
ratus can be operated properly. For example, they should provide enough space for required switch-
ing equipment, transformers, and splices and terminations. Figure 5.8 shows a straight-type manhole.
Figure 5.9 shows a typical street cable manhole, which is usually used to route cables at street intersec-
tions or other locations where cable terminations are required.
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Ventilator
outlet shaft

Manhole cover

Removable slabs at
street or sidewalk

Ventilator
Duct line intake shaft

FIGURE 5.9 Street cable manhole. (From Skrotzki, B. G. A., ed. Electric transmission and distribution. New
York: McGraw-Hill, 1954. With permission.)

5.4 ELECTRICAL CHARACTERISTICS OF INSULATED CABLES

5.4.1 EiLecTriC STRESS IN SINGLE-CONDUCTOR CABLE

Figure 5.10 shows a cross section of a single-conductor cable. Assume that the length of the cable
is 1 m. Let the charge on the conductor surface be ¢ coulomb per meter of length. Assume that the
cable has a perfectly homogeneous dielectric and perfect symmetry between conductor and insula-
tion. Therefore, according to Coulomb’s law, the electric flux density at a radius of x is

p=-1 cm:, (.1)
2nx

where:
D=electric flux density at radius x in Coulombs per square meter,
g=charge on conductor surface in Coulombs per square meter,
x=distance from center of conductor in meters, where r < x < R.
Since the absolute permittivity of the insulation is

: 5.2)
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FIGURE 5.10 Cross section of single-conductor cable.

205

the electric field, or potential gradient, or electric stress, or so-called dielectric stress E at radius x is

q
2mex

E= V/m.

(.3)

If the potential gradient at radius x is dV/dx, the potential difference V between conductor and

lead sheath is

R
V= J.E X dx,
or
R
V= J. q Xdx,
2mex
or
v=""xnfv.
2ne r
From Equation 5.3,
4 _ Exx,
2me

substituting it into Equation 5.6,

V=EXxxm5V,
r
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Therefore,

where:

E=electric stress of cable in volts per meter,

V=potential difference between conductor and lead sheath in volts,

x=distance from center of conductor in meters,

R=outside radius of insulation or inside radius of lead sheath in meters,

r=radius of conductor in meters.

Dielectric strength is the maximum voltage that a dielectric can stand in a uniform field before
it breaks down. It represents the permissible voltage gradient through the dielectric. Average
stress is the amount of voltage across the insulation material divided by the thickness of the
insulation.

Maximum stress in a cable usually occurs at the surface of the conductor, while the minimum
stress occurs at the outer surface of the insulation. Average stress is the amount of voltage across
the insulation material divided by the thickness of the insulation. Therefore, the maximum elec-
tric stress in the cable shown in Figure 5.10 occurs at x=r; thus,

1%
=V Vim, (5.10)

(7]

and the minimum electric stress occurs at x=R; hence,

E max

1%

Rxln(ﬁ)
’

Epin = V/m. (.11)

Thus, for a given V and R, there is one particular radius that gives the minimum stress at the

conductor surface. In order to get the smallest value of E,_,,, let
dE
mix (), 5.12
dr ©12)
from which
R
ln(7) =1 (5.13)
or
g =e. (5.14)
Thus,
R=2.718r, (5.15)
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and the insulation thickness is

R —r=1718r, (5.16)
and the actual stress at the conductor stress is

Vv
Emax = 7

(5.17)

>

where 7 is the optimum conductor radius that satisfies Equation 5.15.

Example 5.1

A single-conductor belted cable of 5 km long has a conductor diameter of 2 cm and an inside
diameter of lead sheath of 5 cm. The cable is used at 24.9 kV line-to-neutral voltage and 60 Hz
frequency. Calculate the following:

a. Maximum and minimum values of electric stress.
b. Optimum value of conductor radius that results in smallest (minimum) value of maximum

stress.

Solution

a. From Equation 5.10,

Emax = v = 24.9 :2717kV/Cm,
(Rj 1xIn2.5
rxIn| —
P
and from Equation 5.11,
Ein = v 24.9 =10.87 kV/cm.

min (Rj=25xm25
rxIn| —
e

b. From Equation 5.15, the optimum conductor radius is

rzizizo.%cm.
2.718 2.718

Therefore, the minimum value of the maximum stress is

249

0.92ln( 2.5 j
0.92

Emax = =27.07 kV/cm.
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Example 5.2

Assume that a single-conductor belted cable has a conductor diameter of 2 cm and has insula-
tion of two layers of different materials, each 2 c¢cm thick, as shown in Figure 5.11. The dielectric
constants for the inner and the outer layers are 4 and 3, respectively. If the potential difference
between the conductor and the outer lead sheath is 19.94 kV, calculate the potential gradient at
the surface of the conductor.

Solution

R=1 cm,
r=r+t,=3cm,
R=r,+r,=5cm.

Since
2 2
E = 9 and E, = q ,
rXK1 h XKz
their division gives
E _nxt
E2 rxt
=33 505,
1x 4

In addition,

FIGURE 5.11 For Example 5.2.
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and
V.
"]
rxIn| —
h
- 19.94-V,
3x|n(é)
3
or
5
E]_ V] 3X|n(§)
E, Mn(}) 19.94 -V,
1
or

E 1.532v;

E,  21.906-1.099V;’
but it was found previously that

E:2.25.
E

2
Therefore,

1.532v;

——————=2.25,
21.906-1.099V,

from which
V,=12.308kV.

Hence,

E1: V1
1xIn3

12308
1In3

=11.20kV/cm.

5.4.2 CAPACITANCE OF SINGLE-CONDUCTOR CABLE

Assume that the potential difference is V between the conductor and the lead sheath of the single-
conductor cable shown in Figure 5.10. Let the charges on the conductor and sheath be +¢q and —¢g
C/m of length. From Equation 5.6,

_ 9
V——zngxln

R
7) Vv, (5.6)
where:

V=potential difference between conductor and lead sheath in volts,

e=absolute permittivity of insulation,
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R=outside radius of insulation in meters,
r=radius of conductor in meters.
Therefore, the capacitance between conductor and sheath is

c=1
%
or
c=—2™ Em
R
ln()
,
Since
e=¢g,x K. (5.20)
Thus,
C= M F/m,
R
ln(j
’
where
1 .
€y = ——— F/m for air,
36mx10°
or
€,=8.85x 102 F/m,
and
K=dielectric constant of cable insulation.*
Substituting Equation 5.22 into Equation 5.21,
-9
C= 107[; F/m,
18 ln()
’
or
C= LR H.F/m,
18 ln(J
r
or
C= 0.0345K uF/m,

"

(5.18)

(5.19)

(5.21)

(5.22)

(5.23)

(5.24)

(5.25)

(5.26)

* Note that there has been a shift in notation and K stands for dielectric constant.
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or
C= % F/1000 ft,
10 ln()
-
or
C= 0.0241RK WF/km,
log,, ()
;
or
C= 0.0388K uF/mi,
R
logy, (j
r
or
0.0073K

C= UE/1000 ft.

10° xlog,, (j
,

5.4.3 DieLectriC CONSTANT OF CABLE INSULATION

211

(5.27)

(5.28)

(5.29)

(5.30)

The dielectric constant of any material is defined as the ratio of the capacitance of a condenser
with the material as a dielectric to the capacitance of a similar condenser with air as the dielectric.
It is also called the relative permittivity or specific inductive capacity. It is usually denoted by K.
(It is also represented by €, or SIC.) Table 5.1 gives the typical values of the dielectric constants

for various dielectric materials.

Using the symbol K, for example, in Equation 5.30, the formula for calculating the capacitance

of a shielded or concentric neutral single-conductor cable becomes

0.0073K
C= — D) F/1000 ft,
10%log,,| —
d

TABLE 5.1
Typical Values of various Dielectric Materials
Dielectric Material K
Air 1
Impregnated paper 33
Polyvinyl chloride (PVC) 3.5-8.0
Ethylene propylene insulation 2.8-3.5
Polyethylene insulation 2.3
Cross-linked polyethylene 2.3-6.0
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where:
C=capacitance in farads per 1000 ft,
K=dielectric constant of cable insulation,
D=diameter over insulation in unit length,
d=diameter over conductor shield in unit length.

5.4.4 CHARGING CURRENT

By definition of susceptance,

b=wC.S,
or
b=2nfC.S.
Then the admittance Y corresponding to C is
Y=jb,
or
Y =2nfC.S.
Therefore, the charging current is
L=YVq
or, ignoring j,
I.=21fCVy

(5.32)

(5.33)

(5.34)

(5.35)

(5.36)

For example, substituting Equation 5.31 into Equation 5.36, the charging current of a single

conductor cable is found as

21 x0.0073%X K XV, y,

LN A/1000 ft,

C D 9
106 x logm[dj
or
= 0.0459 X f X K XV,
< D
103 x loglo(dj
where:

f=frequency in hertz,

D=diameter over insulation in unit length,
d=diameter over conductor shield in unit length,
K=dielectric constant of cable insulation,
V=line-to-neutral voltage in kilovolts.
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At 60 Hz frequency,

252X KXV -

I = N A/1000 ft. (5.39)

103 x 10g10 (;)

The charging current and the capacitance are relatively greater for insulated cables than in over-
head circuits because of closer spacing and the higher dielectric constant of the insulation of the
cable. In general, the charging current is negligible for overhead circuits at distribution voltages,
contrary to high-voltage transmission circuits.

5.4.5 DETERMINATION OF INSULATION RESISTANCE OF SINGLE-CONDUCTOR CABLE

Assume that the cable shown in Figure 5.12 has a length of I m. Then the incremental insulation
resistance of the cylindrical element in the radial direction is

=P (5.40)
2 X x X1

Therefore, the total insulation resistance between the conductor and the lead sheath is

R
Ri = J. p X dl,
2nxl  x
or
R=—P 1n(5), (5.41)
2 X1 r
where:

R;=total insulation resistance in ohms,
p=insulation (dielectric) resistivity in ohm meters,
[=total length of cable in meters,

FIGURE 5.12  Cross section of single-conductor cable.
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R=outside radius of insulation or inside radius of lead sheath in meters,
r=radius of conductor in meters.
A more practical version of Equation 5.41 is given by the Okonite Company' as

Ri =rgq X logw (%) MQ/lOOO ft, (542)

where:

R,=total insulation resistance in megohms per 1000 ft for particular cable construction,

ry=specific insulation resistance in megohms per 1000 ft at 60°F,

D=inside diameter of sheath,

d=outside diameter of conductor.

Table 5.2 gives typical r, values of various insulation materials. Equation 5.19 indicates that the
insulation resistance is inversely proportional to the length of the insulated cable. An increase in
insulation thickness increases the disruptive critical voltage of the insulation, but does not give a
proportional decrease in voltage gradient at the conductor surface. Therefore, it does not permit a
proportional increase in voltage rating.

Example 5.3

A 250-kemil, single-conductor, synthetic rubber, belted cable has a conductor diameter of 0.575
in and an inside diameter of sheath of 1.235 in. The cable has a length of 6000 ft and is going to
be used at 60 Hz and 115 kV. Calculate the following:

a. Total insulation resistance in megohms at 60°F.
b. Power loss due to leakage current flowing through insulation resistance.

Solution

a. By using Equation 5.42,

D
Ri =ri X |0g10(g)‘

From Table 5.2, specific insulation resistance r,; is 2000 MQ/1000 ft. Therefore, the total
insulation resistance is

R =6x 2ooolog(@)
0.575

=3.984 MQ.

TABLE 5.2

Typical Values of r

Insulation Material r; (MQ/1000 ft)
Synthetic rubber 2000
Ethylene propylene insulation 20,000
Polyethylene 50,000
PVC 2000
Cross-linked polyethylene 20,000

© Engineering Data for Copper and Aluminum Conductor Electrical Cables, by the Okonite Company. Bulletin EHB-78.
(Used with permission.)
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b. The power loss due to leakage current is

V2 115,000
R~ 3984x10°
=3.3195W.

5.4.6 CapACITANCE OF THREE-CONDUCTOR BELTED CABLE

As shown in Figure 5.13, two insulation thicknesses are to be considered in belted cables: (1) the
conductor insulation of thickness 7, and (2) the belt insulation of thickness 7. The belt insulation is
required because with line voltage V, between conductors, the conductor insulation is only adequate
for V, /2 voltage, whereas the voltage between each conductor and ground (or earth) is V; //3 .

In the three-conductor belted cable, there are capacitances of C, between conductors, and capaci-
tances of C; between each conductor and the sheath, as shown in Figure 5.14. The arrangement
of the capacitors, representing these capacitances per unit length, is equivalent to a delta system
connected in parallel with a wye system, as shown in Figure 5.15. Further, the delta system, repre-
senting the capacitances C,, can be represented by an equivalent wye system of capacitance C,, as
shown in Figure 5.16. In the delta system, the capacitance between, say, conductors 1 and 2 is

.+ G =3¢ (5.43)
2 2
In the wye system, it is
G
—. 5.44
> (.44

Since the delta and wye systems are equivalent, the capacitance between the conductors must be
the same:

_G (5.45)

Conductor
insulation

Belt
insulation

FIGURE 5.13 Three-conductor belted cable cross section.
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Sheath

FIGURE 5.14 Effective capacitances.

FIGURE 5.15 Equivalent circuit.

or
_ (5.46)

Alternatively, let the voltage across capacitor C, in the delta system be V,; ,, the line-to-line volt-
age. Therefore, the phase current through the capacitor is equal to QCV,, ), and the line current is
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1,=3QC.V, ., (5.47)

On the other hand, in the equivalent wye systems, the line-to-neutral voltage is

Vi == (5.48)

and the phase current and the line current are the same. Therefore,

v,
I, =oC, x \(/L;) . (5.49)

Thus, for equivalent delta and wye systems, by equating Equations 5.47 and 5.49,

Vi

SO)CCV(L_L) = (DCI X T,
or
C,=3C,, (5.50)

which is as same as Equation 5.46. Therefore, the delta system is converted to the wye system, as
shown in Figure 5.16. All C, capacitors are in wye connection with respect to the sheath, and all C,
capacitors are in wye connection and in parallel with the first wye system of capacitors. The effec-
tive capacitance of each conductor to the grounded neutral is therefore

Cy=C+3C,. (5.51)
The value of Cy can be calculated with usually acceptable accuracy by using the formula

0.048K

Cy= =y MF/mi,
log10{1+[T;t}[3.84—1'7t+ 0.521 }}

(5.52)

T T?

where:

K=dielectric constant of insulation,

T=thickness of conductor insulation,

t=thickness of belt insulation,

d=diameter of conductor.

In general, however, since the conductors are not surrounded by isotropic homogeneous insula-
tion of one known permittivity, the C, and C; are not easily calculated and are generally obtained by
measurements. The tests are performed at the working voltage, frequency, and temperature.

In determining the capacitances of this type of cable, the common tests are:

1. Measure the capacitance C, between two conductors by means of a Schering bridge
connecting the third conductor to the sheath to eliminate one of the Cs, as shown in
Figures 5.17 and 5.18. Therefore,

C. +C,
2

C,=C.+ , (5.53)
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(1)
To' c c
schering v ¢
bridge (L-L) L
= C
CE
|(
\T/ 1€ 2

—_

|||—1

FIGURE 5.17 Measuring the capacitance C,.

FIGURE 5.18 Measuring the capacitance C,.

or
c, =Gt (5.54)
2
Substituting Equation 5.51 into 5.54,
Cx
C,=—, 5.55
5 (.55
or
Cy=2C,. (5.56)

2. Measure the capacitance C, between the sheath and all three conductors joined together
to eliminate (or to short out) all three Cs and to parallel all three Cgs, as shown in
Figure 5.19. Therefore,

C,=3C, (5.57)
or
C,= C;b . (5.58)
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Sheath

FIGURE 5.19 Measuring the capacitance C,.

FIGURE 5.20 Connecting two conductors to the sheath.

3. Connect two conductors to the sheath, as shown in Figure 5.20. Measure the capacitance
C, between the remaining single conductor and the two other conductors and the sheath.
Therefore,

C,=C,+2C,, (5.59)
or

2C.=C,-C.. (5.60)

Substituting Equation 5.58 into Equation 5.60,

%)
c-——3) (5.61)

¢ 2

www.mepcafe.com



220 Electrical Power Transmission System Engineering Analysis and Design

Substituting this equation and Equation 5.58 into 5.51, the effective capacitance to neutral is

9C, -C,

5 (5.62)

CN:

Example 5.4
A three-conductor, three-phase cable has 2 mi of length and is being used at 34.5 kV, three phase,

and 60 Hz. The capacitance between a pair of conductors on a single phase is measured to be
2 pF/mi. Calculate the charging current of the cable.

Solution

The capacitance between two conductors is given as
C,=2 uF/mi,
or for total cable length,
C,=Q2 pF/mi)x (2 mi)=4uF.
The capacitance of each conductor to neutral can be found by using Equation 4.56,

Cy=2C,
=8 uk

Therefore, the charging current is
Ie=0xC XV
=27tx60x8%x10-0x 19,942

=60.14A.

Example 5.5

A three-conductor belted cable 4 mi long is used as a three-phase underground feeder and
connected to a 13.8-kV, 60-Hz substation bus. The load, at the receiving end, draws 30 A
at 0.85 lagging power factor. The capacitance between any two conductors is measured to
be 0.45 pF/mi. Ignoring the power loss due to leakage current and also the line voltage drop,
calculate the following:

a. Charging current of feeder.
b. Sending-end current.

c. Sending-end power factor.

Solution

The current phasor diagram is shown in Figure 5.21.

a. The capacitance between two conductors is given as

C,=0.45 uF/mi,

www.mepcafe.com



Underground Power Transmission and Gas-Insulated Transmission Lines 221

FIGURE 5.21 Current phasor diagram for Example 5.5.

or for total feeder length,
C,=0.45 uF/mix4 mi=1.80 uF.
The capacitance of each conductor to neutral can be found by using Equation 4.56,
Cy=2C,
=3.6 uF.
Thus, the charging current is
le =00 x Cy X Vi_n)
1

=21 X60x%x3.6Xx107°x13,800 X —=
V3

=10.83 A,

or, in complex form,
I.=+/10.83A.
b. The receiving-end current is

I. =30(cos ¢, — jsino,)
=30(0.85-j0.5268)
=25.5—-15.803 A.

Therefore, the sending-end current is

L=I+1.
=25.5-15.803+ 10.83
=25.5-/4.973
=25.982£-11.04°A.
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c. Hence, the sending-end power factor is
cos 0,=cos 11.04°=0.98,

and it is a lagging power factor.

5.4.7 CaBLE DIMENSIONS

The overall diameter of a cable may be found from the following equations. They apply to conduc-
tors of circular cross section.
For a single-conductor cable,

D =d+2T+2S. (5.63)
For a two-conductor cable,
D=2(d+2T+t +95). (5.64)
For a three-conductor cable,
D=2.155(d+2T)+2(t+S). (5.65)
For a four-conductor cable,
D=2414(d+2T)+2(t+S). (5.66)

For a sector-type three-conductor cable,
D, =D -0.35d, (5.67)

where:
D=overall diameter of cable with circular cross-sectional conductors,
D,,=overall diameter of cable with sector-type three conductors,
d=diameter of conductor,
S=metal sheath thickness of cable,
t=Dbelt insulation thickness of cable,
T=thickness of conductor insulation in inches.

5.4.8 Geometric Factors

The geometric factor is defined as the relation in space between the cylinders formed by sheath
internal surface and conductor external surface in a single-conductor belted cable. For a three-
conductor belted cable, this relation (i.e., geometric factor) is sector shaped, and by relative thick-
nesses of conductor insulation 7" and belt insulation ¢. For a single-conductor cable, the geometric
factor G is given by

G =2.303log)o %, (5.68)

where:
D=inside diameter of sheath,
d=outside diameter of conductor.
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TABLE 5.3

Table of Geometric Factors of Cables

Ratio Single
T+t/d Conductor (G)
0.2 0.34
0.3 0.47
0.4 0.59
0.5 0.69
0.6 0.79
0.7 0.88
0.8 0.96
0.9 1.03
1.0 1.10
1.1 1.16
1.2 1.22
1.3 1.28
1.4 1.33
1.5 1.39
1.6 1.44
1.7 1.48
1.8 1.52
1.9 1.57
2.0 1.61

Sector
Factor

0.690
0.770
0.815
0.845
0.865
0.880
0.895
0.905
0.915
0.921
0.928
0.935
0.938
0.941
0.944
0.946
0.949
0.952

Three-conductor Cables

G, at ratio /T

G, at ratio /T

0.85
1.07
1.24
1.39
1.51
1.62
1.72
1.80
1.88
1.95
2.02
2.08
2.14
2.20
2.26
2.30
2.35
2.40
2.45

0.5

0.85
1.075
1.27
1.43
1.57
1.69
1.80
1.89
1.98
2.06
2.13
2.19
2.26
2.32
2.38
243
2.49
2.54
2.59

1.0

0.85
1.03
1.29
1.46
1.61
1.74
1.86
1.97
2.07
2.15
223
2.29
2.36
2.43
2.49
2.55
2.61
2.67
2.72

1.2
1.5
1.85
2.10
2.32
2.35
2.75
2.96
3.13
3.30
3.45
3.60
3.75
3.90
4.05
4.17
4.29
4.40
4.53

0.5

1.28
1.65
2.00
2.30
2.55
2.80
3.05
3.25
3.44
3.60
3.80
3.95
4.10
425
4.40
452
4.65
4.76
4.88

1.0

14
1.85
2.25
2.60
2.95
3.20
3.45
3.70
3.87
4.03
4.25
4.40
4.60
4.75
4.90
5.05
5.17
5.30
5.42

Table 5.3 presents geometric factors for single-conductor and three-conductor belted cables. In
this table, G indicates the geometric factor for a single-conductor cable, G, indicates the zero-
sequence geometric factor, and G, indicates the positive-sequence geometric factor for three-
conductor belted cables. Also, Figures 5.22 and 5.23 give geometric factors for single-conductor
and three-conductor belted cables. In Figure 5.24, G, indicates the zero-sequence geometric factor
and G, indicates the positive-sequence geometric factor.

In Table 5.3 and Figures 5.22 and 5.23,

T=thickness of conductor insulation in inches,

t=thickness of belt insulation in inches,

d=outside diameter of conductor in inches.

For single-conductor cables,

Thus,

t

T+t

d

_T
d’

which is used to find the value of geometric factor G for a single-conductor cable.
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=

1.2

1.0 A

0.8 /

0.6

Geometric factor, G

0.2

0 0.2 0.4 0.6 0.8 1.0 1.2
Ratio T/d

FIGURE 5.22 Geometric factor for single-conductor cables, or three-conductor shielded cables having
round conductors. (From Westinghouse Electric Corporation. Electrical transmission and distribution refer-
ence book. East Pittsburgh, PA: WEC, 1964. With permission.)

The geometric factor can be useful to calculate various cable characteristics such as capaci-
tance, charging current, dielectric loss, leakage current, and heat transfer. For example, the
general capacitance equation is given as [1]

C= 0.0169xnx K

uE/1000 ft, (5.70)
where:

K=dielectric constant of insulation,

n=number of conductors,

G=geometric factor.

Also, the charging current of a three-conductor three-phase cable is given as [5]

/ _3><0.106xf><KxV(L_N)
< 1000 x G,

A/1000 ft, 371

where:
f=frequency in hertz,
K=dielectric constant of insulation,
Vx=line-to-neutral voltage in kilovolts,
G, =geometric factor for three-conductor cable from Table 5.3.

Example 5.6

A 60-Hz, 138-kV, three-conductor, paper-insulated, belted cable is going to be installed at 138
kV and used as a three-phase underground feeder. The cable has three 250-kcmil sector-type
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t/T
6.0 0.0
0.2
" 52 0.4
U
= 0.6
s 5.0 G, for three-conductor belted cables 0.8
-] s 1.0
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FIGURE 5.23 Geometric factor for three-conductor belted cables having round or sector conductors.

FIGURE 5.24 Phasor diagram for cable dielectric.
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conductors, each with 11/64 in of conductor insulation and 5/64 in of belt insulation. Calculate
the following:

a. Geometric factor of cable using Table 5.3.
b. Charging current in amperes per 1000 ft.

Solution

a. T=0.172 in, t=0.078, d=0.575, t/T=0.454:

L _0.454,
7

and

T+t 0.172 +0.078
d 0.575

=0.435.

From Table 5.3, by interpolation,
G,=2.09.

Since the cable has sector-type conductors, to find the real geometric factor Gi, G,

has to be multiplied by the sector factor obtained for (T+t)/d=0.435 from Table 5.3, by
interpolation,

Gi=G, X (sector factor)
= 2.09x%0.7858
1.642.

Viy
NE)

138kV
= =79.6743kV.
V3

Viln=

For impregnated-paper cable K is 3.3. Therefore, using Equation 5.71, the charging
current is

| ~3x0.106x f XK x Vi
c 1000 x G,

~3x0.106x60%3.3%79.6743
- 1000 % 1.642

=3.055 A/1000 ft.

5.4.9 DieLectric Power FACTOR AND DieLecTrIC LOSss

When a voltage is applied across a perfect dielectric, there is no dielectric loss because of the exis-
tence of an induced capacitance current /, located 90° ahead of the voltage V. However, in practice,
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since a perfect dielectric cannot be achieved, there is a small current component /,, that is in phase
with voltage V. Therefore, the summation of these two current vectors gives the current vector I that
leads the voltage V by less than 90°, as shown in Figure 5.24. The cosine of the angle @, is the power
factor of the dielectric, which provides a useful measure of the quality of the cable dielectric. The
power factor of a dielectric is

Losses in dielectric (W)
cos®, = . (5.72)
Apparent power (VA)

The power factor of an impregnated-paper dielectric is very small, approximately 0.003. The
dielectric power factor should not be confused with the regular (supply) power factor. The dielectric
power factor represents loss and therefore, an attempt to reduce it should be made. Conversely, an
attempt should be made to increase the supply power factor toward unity. Since for a good dielec-
tric insulation, @, is close to 90°, J is sometimes called the dielectric loss angle. Therefore, d is, in
radians,

d=tand=sind=cos®,, (5.73)
since §=90° — @, and J < 0.5° for most cables.

Here cos @, should be held very small under all operating conditions. If it is large, the power
loss is large, and the insulation temperature 7 rises considerably. The rise in temperature causes a
rise in power loss in the dielectric, which again results in additional temperature rise. If the cable is
to operate under conditions where d(cos ®8)/0T is significantly large, the temperature continues to
increase until the insulation of the cable is damaged.

When an ac V; y, voltage is applied across the effective cable capacitance C, the power loss in
the dielectric, Py, is

Py=0xCxV{ ) Xcos®,. (5.74)

This is larger than the dielectric power loss if the applied voltage is dc. The increase in the power
loss is due to dielectric hysteresis, and is usually much greater than leakage loss. The dielectric
hysteresis loss cannot be measured separately. The total dielectric loss, consisting of dielectric hys-
teresis loss and the power loss due to leakage current flowing through the insulation resistance, can
be measured by means of the Schering bridge. These losses depend on voltage, frequency, and the
state of the cable dielectric. Therefore, the test has to be made at rated voltage and frequency for a
given cable.

For a balanced three-phase circuit, the dielectric loss at rated voltage and temperature is

Py =0 xCxVg .y, xcos®; W/1000 ft, (5.75)
where:
P, =cable dielectric loss in watts per 1000 ft,
0=217f,

C=positive-sequence capacitance to neutral in farads per 1000 ft,
Viixy=line-to-neutral voltage in kilovolts,
cos @, =power factor of dielectric (insulation) at given temperature.
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Example 5.7

A single-conductor belted cable has a conductor diameter of 0.814 in, inside diameter of sheath
of 2.442 in, and a length of 3.5 mi. The cable is to be operated at 60 Hz and 7.2 kV. The dielec-
tric constant is 3.5, the power factor of the dielectric on open circuit at a rated frequency and
temperature is 0.03, and the dielectric resistivity of the insulation is 1.3x10” MQ-cm. Calculate
the following:

. Maximum electric stress occurring in cable dielectric.

. Capacitance of cable.

. Charging current of cable.

. Insulation resistance.

. Power loss due to leakage current flowing through insulation resistance.
. Total dielectric loss.

. Dielectric hysteresis loss.

QQ 0 QN T W

Solution

a. By using Equation 5.10,

[

R
rxln—
.

B 7.2
T 0.407%2.54In3

= 6.34kV/cm.

b. From Equation 5.29,
~ 0.0388K

lo R
S10 ;

~0.0388x%3.5
logyo3

C

=0.2846 pF/mi,
or the capacitance of the cable is 0.2846 uF/mi x3.5 mi=0.9961 uF.
c. By using Equation 5.36,

Io=2nxfXxCxViyn

_ 21 x60x0.9961x7.2
10°

=2.704 A.
d. From Equation 5.41,

Ri= P X]n(E)
2 x| r

_ 1.3x107
2nx3.5%x5280x12x2.54

=4 MQ.
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e. The power loss due to leakage current flowing through the insulation is

g V2 7200?
“TR T 4x100

=12.85W.

f. The total dielectric loss is

Py =ViLnlcos®y,

or
Py =V n/sing,
or
Pu= @ x Cx Vi, xsind,
or

Pu=wx CxViy %8
=21 x60x0.9961x72002x0.03
=584.01W.

g. The dielectric hysteresis loss is

Pan =Pa— R
=584.01-12.85
=571.16 W.

5.4.10 ErrecTive CONDUCTOR RESISTANCE

229

The factors that determine effective ac resistance R, of each conductor of a cable are dc resistance,
skin effect, proximity effect, sheath losses, and armor losses if there is any armor. Therefore, the

effective resistance R, in ac resistance can be given as

Re=(M+ A+ A +A)R,,

where:
R, =dc resistance of conductor,
A, =constant (or resistance increment) due to skin effect,
A,=constant (or resistance increment) due to proximity effect,
A,=constant (or resistance increment) due to sheath losses,
A,=constant (or resistance increment) due to armor losses.
For example, A, constant can be calculated as follows, since
Sheath loss=A,x (conductor loss),

_ Sheath loss
*~ Conductor loss’
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Similarly, since
Armor loss=2A, X (conductor loss),

then
Armor loss

T Conductor loss

5.4.11 DIRecT-CURRENT RESISTANCE

Direct-current resistance R, of a conductor is

where:

p=resistivity of conductor,

[=conductor length,

A=cross-sectional area.

The units used must be of a consistent set. In practice, several different sets of units are used
in the calculation of resistance. For example, in the International System of Units (SI units), / is in
meters, A is in square meters and p is in ohms per meter. Whereas in power systems in the United
States, p is in ohm-circular mils per foot (Q2-cmil/ft), or ohms per circular mil-foot, / is usually in
feet, and A is in circular mils (cmil). Resistivity p is 10.66 Q-cmil/ft, or 1.77x10 -8 Q-m, at 20°C
for hard-drawn copper and 10.37 Q-cmil/ft at 20°C for standard annealed copper. For hard-drawn
aluminum at 20°C, p is 17.00 Q-cmil/ft, or 2.83x10 -8 Q-m. The dc resistance of a conductor in
terms of temperature is given by

R Ty+n
R Ty+t’

where:
R, =conductor resistance at temperature 7,
R,=conductor resistance at temperature ¢,,
t,, t,=conductor temperatures in degrees Celsius,
T,=constant varying with conductor material,
= 234.5 for annealed copper,
= 241 for hard-drawn copper,
= 228 for hard-drawn aluminum.
The maximum allowable conductor temperatures are given by the Insulated Power Cable Engineers
Association (IPCEA) for PE and cross-linked-PE-insulated cables as follows:

Under normal operation
PE insulated cables: 75°C

Cross-linked polyethylene insulated cables: 90°C

Under emergency operation
PE insulated cables: 90°C

Cross-linked PE insulated cables: 130°C

The maximum conductor temperatures for impregnated paper-insulated cables are given in
Table 5.4.
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TABLE 5.4
Maximum Conductor Temperatures for Impregnated Paper-insulated Cable

Conductor Temperature (°C)

Normal Emergency
Rated Voltage (kV) Operation Operation
Solid-type multiple conductor belted
1 85 105
2-9 80 100
10-15 75 95
Solid-type multiple conductor shielded and single conductor
1-9 85 105
10-17 80 100
18-29 75 95
30-39 70 90
40-49 65 85
50-59 60 75
60-69 55 70
Low-pressure gas-filled
8-17 80 100
18-29 75 95
30-39 70 90
40-46 65 85
Low-pressure oil-filled and high-pressure pipe type

100 h 300 h

15-17 85 105 100
18-39 80 100 95
40-162 75 95 90
163-230 70 90 85

Source: From Fink, D. G., and H. W. Beaty, Standard handbook for electrical engineers, 11th ed., McGraw-Hill, New York,
1978; Clark, E., Circuit analysis of A-C power systems. Vol. 2. General Electric Co., Schenectady, NY, 1960;
Insulated Power Cable Engineers Association, Current carrying capacity of impregnated paper, rubber, and
varnished cambric insulated cables, 1st ed., Publ. No. P-29-226, IPCEA, New York, 1965.

5.4.12 SkiN ErrecT

For dc currents, a uniform current distribution is assumed throughout the cross section of a con-
ductor. This is not true for alternating current. As the frequency of ac current increases, the non-
uniformity of current becomes greater. The current tends to flow more densely near the outer
surface of the conductor than near the center. The phenomenon responsible for this nonuniform
distribution is called skin effect.

Skin effect is present because the magnetic flux linkages of current near the center of the conduc-
tor are relatively greater than the linkages of current flowing near the surface of the conductor. Since
the inductance of any element is proportional to the flux linkages per ampere, the inner areas of the
conductor offer greater reactance to current flow. Therefore, the current follows the outer paths of
lower reactance, which in turn reduces the effective path area and increases the effective resistance
of the cable.
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Skin effect is a function of conductor size, frequency, and the relative resistance of the conductor
material. It increases as the conductor size and the frequency increase. It decreases as the material’s
relative resistance decreases. For example, for the same size conductors, the skin effect is larger for
copper than for aluminum.

The effective resistance of a conductor is a function of power loss and the current in the conduc-
tor. Thus,

I)loss in conductor

R =
I

bl

where:

P, =power loss in conductor in watts,

I=current in conductor in amperes.

Skin effect increases this effective resistance. Also, it can decrease reactance as internal flux
linkages decrease. Stranding the conductor considerably reduces the skin effect. In an under-
ground cable, the central conductor strands are sometimes omitted since they carry small cur-
rent. For example, some large cables are sometimes built over a central core of nonconducting
material.

5.4.13 ProximiTy ErrecT

The proximity effect is quite similar in nature to the skin effect. An increase in resistance is
present due to nonuniformity in current density over the conductor section caused by the mag-
netic flux linkages of current in the other conductors. The result, as in the case of skin effect, is
a crowding of the current in both conductors toward the portions of the cross sections that are
immediately adjacent to each other. It can cause a significant change in the effective ac resistance
of multiconductor cables or cables located in the same duct.

This phenomenon is called proximity effect. It is greater for a given size conductor in single-
conductor cables than in three-conductor belted cables. Table 5.5 gives the dc resistance and skin
effect and proximity effect multipliers for copper and aluminum conductors at 25°C. Additional
tables of electrical characteristics are supplied by the manufacturers for their cables.

Example 5.8

A single-conductor, paper-insulated, belted cable will be used as an underground feeder of 3 mi.
The cable has a 2000-MCM (2000-kcmil) copper conductor.

a. Calculate the total dc resistance of the conductor at 25°C.
b. Using Table 5.5, determine the effective resistance and the skin effect on the effective

resistance in percent if the conductor is used at 60-Hz alternating current.
c. Calculate the percentage of reduction in cable ampacity in part (b).

Solution

a. From Table 5.5, the dc resistance of the cable is
R,.=0.005390/1000 ft,
or the total dc resistance is

R4.=0.00539x5280x3=0.0854Q.
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TABLE 5.5
Dc Resistance and Correction Factors for ac Resistance

Ac Resistance Multiplier

Dc Resistance, /1000 ft

at 25°C? Single-Conductor Cables® Multiconductor Cables¢

Conductor Size,

AWG or kemil Copper Aluminum Copper Aluminum Copper Aluminum
8 0.6532 1.071 1.000 1.000 1.00 1.00

6 0.4110 0.6741 1.000 1.000 1.00 1.00

4 0.2584 0.4239 1.000 1.000 1.00 1.00
2 0.1626 0.2666 1.000 1.000 1.01 1.00

1 0.1289 0.2114 1.000 1.000 1.01 1.00
10 0.1022 0.1676 1.000 1.000 1.02 1.00
20 0.08105 0.1329 1.000 1.001 1.03 1.00
30 0.06429 0.1054 1.000 1.001 1.04 1.01
40 0.05098 0.08361 1.000 1.001 1.05 1.01
250 0.04315 0.07077 1.005 1.002 1.06 1.02
300 0.03595 0.05897 1.006 1.003 1.07 1.02
350 0.03082 0.05055 1.009 1.004 1.08 1.03
500 0.02157 0.03538 1.018 1.007 1.13 1.06
750 0.01438 0.02359 1.039 1.015 1.21 1.12
1000 0.01079 0.01796 1.067 1.026 1.30 1.19
1500 0.00719 0.01179 1.142 1.058 1.53 1.36
2000 0.00539 0.00885 1.233 1.100 1.82 1.56

Source: Adapted from Fink, D. G., and H. W. Beaty, Standard handbook for electrical engineers, 11th ed., McGraw-Hill,
New York, 1978. With permission.
2 To correct to other temperatures, use the following:
For copper: R;=R,sx(234.5+T)/259.5
For aluminum: R;=R,sx (228 +7)/253
where R, is the new resistance at temperature 7 and R,s is the tabulated resistance.
® Includes only skin effect (use for cables in separate ducts).
¢ Includes skin effect and proximity effect (use for triplex, multiconductor, or cables in the same duct).

b. From Table 5.5, the skin effect coefficient is 1.233; therefore, the effective resistance at
60 Hz is

Rt =(skin effect coefficient) x Ry,
=(1.233)x0.0854
=0.1053 Q,

or it is 23.3% greater than for direct current.

c. The reduction in the cable ampacity is also 23.3%.

5.5 SHEATH CURRENTS IN CABLES

The flow of ac current in the conductors of single-conductor cables induces ac voltages in the cable
sheaths. When the cable sheaths are bonded together at their ends, the voltages induced give rise
to sheath (eddy) currents, and therefore, additional I>R losses occur in the sheath. These losses are
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taken into account by increasing the resistance of the relevant conductor. For a single-conductor
cable with bonded sheaths operating in three phase and arranged in equilateral triangular forma-
tion, the increase in conductor resistance is

Xi

Ar=rX——nr
R+ Xq

, 577
where:

X,,=mutual reactance between conductors and sheath per phase in ohms per mile,

r,=sheath resistance per phase in ohms per mile.

The mutual reactance between conductors and sheath can be calculated from

f ) ( 28 )
X, =0.2794 1 , 5.78
(60 i rn+rn (5.78)

and the sheath resistance of a metal sheath cable can be determined from

I = L (5.79)
(ro + 1) —1)
where:
Jf=frequency in hertz,
S=spacing between conductor centers in inches,
ro=outer radius of metal sheath in inches,
r;=inner radius of metal sheath in inches.
In Equation 5.78,

I+

GMR =D, = , (5.80)

and
GMD=D_=S.

Therefore, for other conductor arrangements, that is, other than equilateral triangular
formation,

X = 0.2794(%)105,’10 (?)m) Q/mi/phase, (5.81)

S

and if the frequency used is 60 Hz,

X,, = 0.2794 x log;, (g‘“), (5.82)

S

or

X, =0.1213x ln(ij. (5.83)

S
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Hence, in single-conductor cables, the total resistance to positive- or negative-sequence current
flow, including the effect of sheath current, is

X

2
r, = 1. +——— Q/mi/phase, (5.84)
+ X2

where:
r,=total positive- or negative-sequence resistance, including sheath current effects,
r.=ac resistance of conductor, including skin effect.
The sheath loss due to sheath currents is

P.=PAr, (5.85)
or
2
p=pf X ) (5.86)
i+ Xq
or
2Y2
P =r X W/mi/phase, (5.87)
r2+Xa
where:

r,=sheath resistance per phase in ohms per mile,

I=current in one conductor in amperes,

X,,=mutual reactance between conductors and sheath per phase in ohms per mile.

For a three-conductor cable with round conductors, the increase in conductor resistance due to
sheath currents is

2
Ar = 0.04416(‘92) Q/mi/phase, (5.88)
r(n+n
where
d+2T
S = , 5.89
Ng (5.89)
and

r,=sheath resistance, from Equation 5.79,

ro=outer radius of lead sheath in inches,

r;=inner radius of lead sheath in inches,

S=distance between conductor center and sheath center for three conductor cable made of round
conductors,

d=conductor diameter in inches,

T=conductor insulation thickness in inches.

For sector-shaped conductors, use Equations 5.88 and 5.82 but conductor diameter is d=82-86%
of diameter of round conductor having same cross-sectional area.

Sheaths of single-conductor cables may be operated short-circuited or open-circuited. If the
sheaths are short-circuited, they are usually bonded and grounded at every manhole. This decreases
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g 3 Cable a
g ______‘}ng_____x _____ 3 Cable b
- 3 Cable ¢

FIGURE 5.25 Cross bonding of single-conductor cables.

the sheath voltages to zero, but allows the flow of sheath currents. There are various techniques for
operating with the sheaths open-circuited:

1. When a ground wire is used, one terminal of each sheath section is bound to the ground
wire. The other terminal is left open so that no current can flow in the sheath.

2. With cross bonding, at each section, connections are made between the sheaths of cables
a, b, and ¢, as shown in Figure 5.25, so that only the sheaths are transposed electri-
cally. The sheaths are bonded together and grounded at the end of each complete trans-
position. Thus, the sum of sheath voltages induced by the positive-sequence currents
becomes zero.

3. With impedance bonding, impedances are added in each cable sheath to limit sheath cur-
rents to predetermined values without eliminating any sequence currents.

4. With bonding transformers [5].

Example 5.9

Assume that three 35-kV, 350-kemil, single-conductor, belted cables are located in touching equi-
lateral formation with respect to each other and the sheaths are bounded to ground at several
points. The cables are operated at 34.5 kV and 60 Hz. The cable has a conductor diameter of
0.681 in, insulation thickness of 345 cmil, metal sheath thickness of 105 cmil, and a length of
10 mi. Conductor ac resistance is 0.190 €/mi per phase at 50°C. Calculate the following:

a. Mutual reactance between conductors and sheath.

b. Sheath resistance of cable.

c. Increase in conductor resistance due to sheath currents.

d. Total resistance of conductor including sheath loss.

e. Ratio of sheath loss to conductor loss.

f. Total sheath losses of feeder in watts if current in conductor is 400 A.

Solution

a. By using Equation 5.78,

Togio (ij Q/mi/phase,

Xm = 0.2794(L
60 Ih+Fh

where

L= 0'381 +0.345=0.6861in,
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ro=r,+0.105=0.791in,
$=1.582in.

Therefore,

Xm=0.279410gm( 2x1.582 )

0.791+0.686
=0.09244 O/mi,

or

X,,=0.9244Q/phase.

b. By using Equation 5.79,

02
o+ ) —1)

0.2
(0.791+0.686)(0.791-0.686)

=1.2896 O/mi,

I

or

r,=12.896 Q/phase.

c. Using Equation 5.77,

2
m

Ar=r, X
12+ Xay

0.092442
1.2896% +0.092442

=0.00659 O/mi,

=1.2896 x

or

A,=0.0659Q/phase.

d. Using Equation 5.84,

X
12+ Xa

n=r

=0.190+0.00659

=0.19,659 Q/mi,
or

r,=1.9659.
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Sheathloss ~ 12X3 1

Conductorloss  r2+X2 I,

~0.00659
~ 0.190

=0.0347.

That is,
Sheath loss=3.47%x conductor I?R loss.
f. Using Equation 5.87,

or, for three-phase loss

XA
P =312 0
(r52+Xn%)

=3x4002x0.00659

=3163.2W/mi,

or, for total feeder length,

P.=31,632 W/mi.

5.6 POSITIVE- AND NEGATIVE-SEQUENCE REACTANCES

5.6.1 SINGLE-CoNDUCTOR CABLES

The positive- and negative-sequence reactances for single-conductor cables when sheath currents
are present can be determined as

3
X, = X, =o.1213(f)><1n(D‘“)— X/ mi, (5.90)
60 D X2 +r?
or
f ) (DmJ X3 .
X, = X, = 0.2794(L | x log,, [ 2 |- Q/mi, 591
L4 (60 8D ) xz e ™ 62D
or
f ( D,, ) X3 .
X, =X =o.2794(— 1o _ Q/mi, 5.92
1e A 60) " 8077887 ) x2 42 T (5.92)

where r is the outside of the radius of the conductors. For cables, it is convenient to express D,,, D,,
and r in inches. In Equation 5.91,

X, =positive-sequence reactance per phase in ohms per mile,

X, =negative-sequence reactance per phase in ohms per mile,

Jf=frequency in hertz,

D, =geometric mean distance (GMD) among conductors,

www.mepcafe.com



Underground Power Transmission and Gas-Insulated Transmission Lines 239

D =geometric mean radius (GMR), or self-GMD, of one conductor,

X ,=mutual reactance between conductors and sheath per phase in ohms per mile,
r,=sheath resistance per phase in ohms per mile.

Equation 5.91 can be also expressed as

X3 .
X] = X2 = Xa +Xd - X% " rsz Q/ml, (593)
where
f (12)
X, = 0.2794(— X 1 — |, 5.94
60 O0&i0 D, ( )
and
o) x10g0( 73]
X, =0.2794|—|x1 —. 5.95
‘ (60 D) ©3)

Here, X, and X, are called conductor component of reactance and separation component of
reactance, respectively. If the frequency is 60 Hz, Equations 5.94 and 5.95 may be written as

X,=0.2794 xlog,, (gj Q/mi, (5.96)
or
12 .
X,=0.1213x ln(Dj Q/mi, (5.97)
and
D .
X, =0.2794 xlog,, (1'2“) Q /mi, (5.98)
or
D .
X, :0.1213xln(1;‘) Q/mi. (5.99)

In Equation 5.93, the last term symbolizes the correction for the existence of sheath currents.
The negative sign is there because the current in the sheath is in a direction opposite to that in the
conductor, therefore inclining to restrict the flux to the region between the conductor and the sheath.
The last term is taken from Equation 5.77, with X, substituted for r,, and is derived by considering
the current in the sheath and the component of voltage it induces in the conductor in quadrature to
the conductor current.

5.6.2 THRee-CONDUCTOR CABLES
The positive- and negative-sequence reactances for three-conductor cables can be determined as

D, .
X, =X, = 0.2794(6@ x log,, (Dj Q/mi, (5.100)

S
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or

X, =X,=X,+X,, (5.101)
where D,, is the GMD among the three conductors. If the frequency is 60 Hz, X, and X, can be
calculated from Equations 5.96 or 5.97 and Equations 5.98 or 5.99, respectively. Equations 5.100

and 5.101 can be used for both shielded and nonshielded cables because of negligible sheet current
effects.

5.7 ZERO-SEQUENCE RESISTANCE AND REACTANCE

The return of the zero-sequence currents flowing along the phase conductors of a three-phase
cable is in either the ground, or the sheaths, or in the parallel combination of both ground and
sheaths.

5.7.1 THRree-CoNDUCTOR CABLES
Figure 5.26 shows an actual circuit of a single-circuit three-conductor cable with solidly bonded and
grounded sheath. It can be observed that

(Lo 1o+ 10) + Ty + 1)) =0. (5.102)

Figure 5.27 shows the equivalent circuit of this actual circuit in which Z, represents the imped-
ance of a composite conductor consisting of three single conductors. The zero-sequence current I,
in the composite conductor can be expressed as [7]

Ly =3L,. (5.103)

First assume that there is no return (zero-sequence) current flowing in the sheath, and therefore,
it is totally in the ground. Hence, the zero-sequence impedance of the composite conductor can be
written as

Zow = (r+1.)+ j0.36396(6{)) x ln( DD e ] Q/mi/phase, (5.104)

aa

1 unit length

Iyg)

FIGURE 5.26 Actual circuit of three-conductor lead-sheathed cable.
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FIGURE 5.27 Equivalent circuit of three-conductor cable.

or

Lo = +r)+ j0.8382(6{)) xlog,, (DDej Q /mi/phase,

aa

since the GMR, or the self-GMD, of this composite conductor is
D, = D" x Dif,

and since for three-conductor cables made of round conductors,

D,,=D,=d+2T,

where:
d=conductor diameter in inches,
T=conductor insulation thickness in inches.
Equations 5.104 and 5.105 for 60 Hz frequency can be expressed as

D .
ﬁ Q/mi/phase,
D x Dy

S

Zyy = (r,+1.)+j0.363961n

and

. f D, )
ZO(a) = (Va + Ve)+ ']08382(60 IHW Q/ml/phase.
s eq

Equations 5.108 and 5.109 are sometimes written as

3
Zyy=(r+r)+ ]’0.12131111)1)73)2 Q/mi/phase,

s eq

and

: D} .
Zy,= (r,+1)+ 10.2794(6f0jlog10 D% DL Q/mi/phase,

s eq
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or
Zo = (r + 1)+ j(X, + X, —2X,) Q/mi/phase, (5.112)
where
12 .
X, :O.12131n(D) Q/mi, (5.113)
D, .
X, = 3><0.12131n( 5 j Q/mi, (5.114)
D, ,
X, = 0.121311{1;] Q/mi, (5.115)
where:

r,=ac resistance of one conductor in ohms per mile,
r,=ac resistance of earth return,

=0.00476 xf Q/mi,
D, =equivalent depth of earth return path,

=25920/p/f in,

D.,=equivalent, or geometric, mean distance among conductor centers in inches,

D,=GMR, or self-GMD, of one conductor in inches,

X, =reactance of individual phase conductor at 12 in spacing in ohms per mile.

Second, consider only ground return path and sheath return path, but not the composite conduc-
tor. Hence, the zero-sequence impedance of the sheath to zero-sequence currents is

Zy,) = (3r,+1,)+j0.36396 x A o Q/mi/phase, (5.116)
60 I+
or
: 2D, .
Zy,= (?,rS +7, )+]0.8382>< (6f()j xlog,, ( g ) Q/mi/phase, (5.117)

or, at 60 Hz frequency,

Zyy=(3r,+1.)+j0.36396 % 1n(rfferij Q/mi/phase, (5.118)
or
Z,) = (3, +7.)+j0.8382 xlog, ( rzf r j Q/mi/phase, (5.119)
0 i
or
Zy,=Q@r+r,)+j3X +X,+X,)Q/mi/phase, (5.120)
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where
T, = 02 for lead sheaths, Q/mi,
(o +r)(r—r)
X, = 0.12131n( 24 jQ/mi,
To+r
D .
X, =3%0.1213In| —= | Q/mi,
12
where:

r,=sheath resistance of metal sheath cable in ohms per mile,
r,=ac resistance of earth return in ohms per mile,

ro=outer radius of metal sheath in inches,

r;=inner radius of metal sheath in inches,

X =reactance of metal sheath in ohms per mile.

243

(5.121)

(5.122)

(5.123)

The zero-sequence mutual impedance between the composite conductor and sheath can be

expressed as

Zomy =12 + j0.36396 (6];) x 1n(2D6j Q/mi/phase,

htrn

or

. 2D, .
L) =1.+j0.8382% (6];) xlog,, ( —— ) € /mi/phase,

0 i

or, at 60 Hz frequency,

L) =1.+j0.36396 % ln( 2D, ) Q /mi/phase,

Tot+r

or

Lym)y="1.+ j0.8382><10g10( 2D, ]Q/mi/phase,

0 i

or

Zomy=Te +j(3X+X,).

The equivalent circuit shown in Figure 5.27 can be modified as shown in Figure 5.28.

Total zero-sequence impedance can be calculated for three different cases as:

1. When both ground and sheath return paths are present,
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a ﬂ Zo(ﬂ) - Zo(m) a2
O

I

O_(S), Zo(s) - Zo(m)

FIGURE 5.28 Modified equivalent circuit.

or

72
Ly =Zy,+ Z0m) €2/mi/phase,

0s)

or
Zoo =[(r, +7)+j(X, +X.—2X,)]

[r,+j3X,+ X))
[(3r,+7,)+jGX,+X,)]

2. When there is only sheath return path,

Zoy=Zoy = L) + (L) — Ziyy)2/mi/phase,

or
Zy=7Zy, — L) +2Z,,, Q/mi/phase,
or
L=, +r) +j (X, + X, = 2X )1+ [Br+ 1) +jBX A X)) = 2[r. +jBX+ X)),
or

Zyo=(r,+3r)+j(X, — 2X,— 3X))] Q/mi/phase.
3. When there is only ground return path (e.g., nonsheathed cables),
Zy,= (Z(](u) - Z()(m)) + Z()(m) Q/mi/phase,

or
Z.y,=7Z, L2/mi/phase,

Zoo=(r+r)+jX,+X, — 2X,) Q/mi/phase.
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In the case of shielded cables, the zero-sequence impedance can be computed as if the shielding
tapes were not present, with very small error. In general, calculating only the zero-sequence imped-
ance for all return current in the sheath and none in the ground is sufficient. Table 5.6 offers the
values of D,, r,, and X, for various earth resistivities.

e e

5.7.2  SINGLE-CONDUCTOR CABLES

The actual circuit of three single-conductor cables with solidly bonded and grounded sheath in a
perfectly transposed three-phase circuit is shown in Figure 5.29. It can be observed from the figure
that

(Lo + Lo+ L o) + Bl + L)) =0. (5.139)

TABLE 5.6
D,, r,, and X, for various Earth Resistivities at 60 Hz

Equivalent Depth of Earth Return (D) Equivalent Earth Equivalent Earth

Earth Resistivity (Q-m) in ft Resistance r, (/m) Reactance X, (©/m)
1 3.36x103 280 0.286 2.05
5 7.44x103 620 0.286 2.34
10 1.06x10* 880 0.286 2.47
50 2.40x10* 2000 0.286 2.76
100 3.36x10* 2800 0.286 2.89
500 7.44x10* 6200 0.286 3.18
1000 1.06x10° 8800 0.286 3.31
5000 2.40x10° 20,000 0.286 3.60
10,000 3.36 x10° 28,000 0.286 3.73

Source: Westinghouse Electric Corporation. 1964. Electrical transmission and distribution
reference book. East Pittsburgh, PA: WEC.

Lo — ,
a —> a
o—y———————————— = % N
I \
Lo 2, /
b _>é b,
| W, b
1 o(s) ]
c L(), ¢/
+ _____________ —
\ia \\
+ /
\Y
2 + — — — — — 7
Vv
_C
XXXXKXO CRKKAKAKAKXNK?
E—
lo(g)

FIGURE 5.29  Actual circuit of three single-conductor lead-sheathed cables.
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In general, the equivalent circuits shown in Figures 5.27 and 5.28 are still applicable. The
zero-sequence impedance of the composite conductor at 60 Hz frequency can be expressed as
before,

. D, .
Zy,= (ra + re) + ]O.36396IHW Q/mi/phase, (5.140)
S eq
or
. D, .
Zy,= (r,d + re)+ j0.8382log,, D % D25 Q/mi/phase, (5.141)
s eq
Zyy=r,+r)+jX,+X, - 2X,) (5.142)
where
D, =(D,, X Dy. X D,,)"* = D,, in
=GMD among conductor centers.
The zero-sequence impedance of the sheath to zero-sequence currents is
or
) D
Zy, = (r,+71,)+j0.36396In——, (5.143)
Ds(3s)
or
. D,
Zy,, =, +r,)+j0.8382log,, ——, (5.144)
5(35)
or
Zyo=(ry+r)+jX+X, —2X) (5.145)
where

173
Ds(3s) =(Dr%1 X ro;_rl) in

= GMR, or self-GMD, of conducting path
composed of three sheaths in parallel. (5.146)

The zero-sequence mutual impedance between conductors and the sheaths can be expressed as

Lim) =T, +j0.363961ni, (5.147)

m(30—35)
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or
. D
Zo(m) =r.+0.8382log,, ¢ (5.148)
Dm(3c—35)
or
Ly =1, +jX +X-2X)), (5.149)
where
n+r )"
Die-3s) = (Dgl x| ) : ) j in, (5.150)
or
)"
Dm(3c—35) = (Dt%’l X Ozlj in
= GMD of all distances between conductors
and sheats. (5.151)
Total zero-sequence impedance can be calculated, from Figure 5.29, for three different
cases:

1. When both ground and sheath return paths are present,

Zj,

Zy

LZyy=Zy,+ €2/mi/phase,

or

[re +j(Xe +Xs)_2Xd]2

Zoo=[(r,+ )+ j(X, +X.—2X,)]-

2. When there is only a sheath return path,
Zy="Zy, — Ly, +2Zy,, Q/mi/phase
or
Ly =[(r,+r)+jX +X, - 2X )]+ [(r+re)

+j(Xs+Xe - 2Xd)] - z[re+j(Xe+Xs - 2Xd)]s

www.mepcafe.com
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or
ZOO = (ra+ rs) +.j(Xa +Xv),
or
D
_ . 5(35)
Zo=(r,+r)+ 10.363961n7D”3 D
N eq
or

Ds(3s)

Zy =(r, +1,)+j0.8382log,,

. When there is only a ground return path,

Zy=Zowy — Lowm) + Lo,

or
Zy= ZO(a)’
or

Z00= (ra+ re) +j(Xa+Xe - 2Xd)

Example 5.10

1/3 2/3°
D! x Deq

(5.156)

(5.157)

(5.158)

(5.159)

(5.160)

A three-phase, 60-Hz, 23-kV cable of three 250-kcmil, concentric-strand, paper-insulated single-
conductor cables with solidly bonded and grounded metal sheath connected between a sending
bus and receiving bus, as shown in Figures 5.29 and 5.30. The conductor diameter is 0.575 in,
insulation thickness is 245 mils, and metal sheath thickness is 95 mils. The conductor resistance is
0.263 Q/mi per phase and the earth resistivity is 100 Q-mi. The GMR of one conductor is 0.221
in. Sheath resistance is 1.72 Q/mi. Calculate the total zero-sequence impedance:

a. When both ground and return paths are present.
b. When there is only sheath return path.
c. When there is only ground return path.

Solution

T=insulation thickness 245 mils

7

_245mils o s
1000
| | |
| 24 in. | 24 in. |

FIGURE 5.30 For Example 5.10.
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Lead sheath thickness =95 mils/1000=0.092 in.

Therefore,
= COHdUCtO; diameter +insulation thickness
=&275+O.245= 0.5325in,
and

o =1 +lead sheath thickness

=0.5325+0.095=0.6275in.

By using Equation 5.140,

. D, .
Zooy=(n+r)+ 10'36396|nm Q/mi/phase,

where
r,=0.263 Q/mi,
r,=0.00476 f=0.2856 Q/mi,
D, = 25,920\/% =33,462.6in,
D,=0.221 in,
Deq = D = (Dap X Dpe X D)3 =30.24 in.
Therefore,
Zow =(0.263+0.2856)+ j0.36396In %

=0.5486+/3.1478 =3.1952£80.1° /mi.

By using Equation 5.143,

Zy, = (r,+1r.)+ j0.3639In De ,

s(3s)
where

r,=1.72 Q/mi,

r,=0.2856 Q/mi,

D,=33,462.6 in,
/3
Ds(?s) = Dezq X ot ,;)
73
- (30.242xw) ~8.09in.
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Therefore,

Zy,)=(1.724+0.2856)+ j0.36396|n(w)

8.09
=2.006+ 3.03=3.634 £56.5° Q/mi.

By using Equation 5.147

Zowy = 10+/0.36396 In— ¢,

m(3c—3s)

where
Donse - 39=Dy39=8.09 in.
Hence,
Zoom =O.2856+j0.36396|n(%)

=0.2856+ j3.03 =3.04 £84.6° Q/mi.

Therefore, the total zero-sequence impedances are:

a. When both ground and return paths are present,

Z(%(m)

Ly =Zy,) +
0(s)

(3.04 £84.6°)

=0.5486+ j3.1478 -
3.634 £56.5°

=1.534+,0.796 =1.728 £27.4° Q/mi.

b. When there is only sheath return path,

Z, :ZO(a) +ZO(5) _ZZO(m)
=(0.5486+2.006—-2x0.2856)+ j(3.1478+3.03-2x3.03)
=1.983+,0.117=1.987 £3.4° Q/mi.

c. When there is only ground return path,

Zo :ZO(a)
=0.5486+ j3.1478 =3.1952.£80.1° Q/mi.
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5.8 SHUNT CAPACITIVE REACTANCE

Tables A.12 through A.19 of Appendix A give shunt capacitive reactances directly in ohms per mile.
Also, the following formulas give the shunt capacitance, shunt capacitive reactance, and charging
current [2].

1. For single-conductor and three-conductor shielded cables:

C,=C=C,= % WLF/mi/phase, (5.161)
Xo=X,=X,= 179G MQ /mi/phase, (5.162)
fxK
0.323x f XK XV,
I,=I,=1,= S N A /mi/phase. (5.163)
1000x G

2. For three-conductor belted cables with no conductor shielding:

C, = 0.0892x K UF /mi/phase, (5.164)
0
2 K .
C =C,= % = W F/mi/phase, (5.165)
1
X, = 179GiXG° MQ /mi/phase, (5.166)
1
X, =X, =mMﬁlmi/phase, (5.167)
fxK
0.323x f x K XV,
)= f UM A /mi/phase, (5.168)
1000 x G,
0.97x fxK XYV,
I=1,= f N A /mi /phase, (5.169)
1000 x G,

where:
C,=zero-sequence capacitance in microfarads per mile per phase,
C,=positive-sequence capacitance in microfarads per mile per phase,
C,=negative-sequence capacitance in microfarads per mile,
K=dielectric constant of insulation, from Table 5.1,
G=geometric factor, from Figure 5.23,
G, =geometric factor, from Figure 5.24,
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f=frequency in hertz,
Vi1.x,=line-to-neutral voltage in kilovolts.
Here,

_ X,Q/phase/mi
[, mi

X Q/phase. (5.170)

Example 5.11

A 60-Hz, 15-kV, three-conductor, paper-insulated, shielded cable will be used at 13.8 kV as a
three-phase underground feeder of 10 mi. The cable has three 350-kcmil compact sector-type
conductors with a diameter of 0.539 in and a dielectric constant of 3.7. The insulation thickness is
175 mils. Calculate the following:

a. Shunt capacitance for zero, positive, and negative sequences.
b. Shunt capacitive reactance for zero, positive, and negative sequences.
c. Charging current for zero, positive, and negative sequences.

Solution

T=insulation thickness

_175mils 6475 in,
1000
where:
d=conductor diameter=0.539 in,
D=d+2T=0.539+2x0.175=0.889 in,
G=geometric factor from Figure 5.23,
=0.5,
or, by using Equation 5.68,
D
C=2.303|Og1og
=2.3O3|0g1070'889 =0.5005.
0.539

Since the conductors are compact-sector type, from Table 5.3, for

T+t

——=0.3247,
d
the sector factor is found to be 0.710.
a. By using Equation 5.161,
Co=C=Co= % uF/mi/phase
0.0892x3.7

=——————"—=0.93 uF/mi/phase.
0.5005%0.710

www.mepcafe.com



Underground Power Transmission and Gas-Insulated Transmission Lines 253

b. By using Equation 5.162,

1.79G
Xo=X,=X, =
0 1 2 fXK

MQ/mi/phase

~1.79x0.5005%0.710
- 60%3.7

= 2.86 kQ/mi/phase.

c. y using Equation 5.163,

0323 xfxKxVin
1000x G

L A/mi/phase

- 0.323x60x3.7x(13.8//3 )
~ 1000%0.5005x0.710

=1.609 A/mi/phase.

5.9 CURRENT-CARRYING CAPACITY OF CABLES

Tables A.12 through A.19 of Appendix A give current-carrying capacities of paper-insulated cables.
The earth temperature is assumed to be uniform and at 20°C. In general, the calculation of ampaci-
ties of cables is very complex due to the characteristics of the thermal circuit, skin and proximity
effects, and the nature of the insulation.

5.10 CALCULATION OF IMPEDANCES OF CABLES IN PARALLEL

5.10.1 SINGLE-CONDUCTOR CABLES

Figure 5.31 shows a three-phase circuit consisting of three single-conductor cables with concentric
neutrals. Therefore, there are six circuits, each with ground return, three for the phase conductors
and three for the concentric neutrals. Here x, y, and z indicate the concentric neutrals, and a, b, and
¢ indicate the phases.

Hence, the voltage drop equations in the direction of current flow can be written as

Va Vaa‘ Va - Va' —Zaa Zab Zac Zux Zay Zaz T _Ia -

v, A\ V, =V, 7 7 7 v/ 7 Z I

V V V _ V ba bb bc bx by bz b

Vc - Va‘v - VC - VCI = Zm Zcb ch ZCX ZC,V ZCZ IC (5171)
x xx' X x' va th Zxc Zxx ny Z,C~ Ix '

v, | (v, | |Vv,-V,
) > ) Y z, 1, %1, 1, 1, 1, I,

_Vz_ _Vz~ i _Vz _Vz _ _Zm Zzb Z~c sz Zzy Z«_ I

By taking advantage of symmetry, the voltage matrix Equation 5.171 can be written in parti-

tioned form as
V,. Z Z |
=l (5.172)
nyz ZM ZN Ixyz
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a — S 8y 4 8 ~ 4
O Q
\
I \Z,. \\
x _*, \Z x\
O Q\ \
\
\
Ib ’Zuy o\ \
b —> b\ )
O J Q\ \ \l
I )Zac ,\ \\ !
y X YN
O a \ !
v ’ z N\l
L \
‘a c IC az o\ : |
+ o SHNIN
V |+ - \ \ l| |
-flv I VUL
bl 4 z 2\ | || |
v é —_— \HI |
_y p Q (! |I |
+ | \ | || |
VC [ || |
- \j | |||I |
z | |||I |
- i
1 unit length | H|: :
RS 1 L I )
FIGURE 5.31 Three single-conductor cables with ground return.
where
Zaa Zah Zac
Z.=\7,, 7, Z,| (5.173)
an Zcb ch
Zxx ny xzZ
Zy=|Z, Z, Z,| (5.174)
_ZZ)( Zzy 7z |
ax ay az
Z,=\2,, 7, Z,)| (5.175)
_Zcx ch Zcz_
and
Zxa Z)ch Zxc
zy=\7,, 7, Z.| (5.176)
za Zzb zc

Since the [v,, ] submatrix for the voltage drops in the neutral conductors to ground will be a zero
matrix due to having all its terms zero, Equation 5.172 can be rewritten as
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V] [Zs | Zy][La
= | (5.177)
0 ||z | Zy | L,

(Vs = [Z ey 1] (5.178)

By Kron reduction,

where
(2, =125~ [Zu][Zx] " [Z4]. (5.179)

Once the impedance matrix for the three-phase cable configuration is known, the sequence
impedances can be computed by similarity transformation as

[Z,]=[A]"[Z,.. ]IA]. (5.180)
where
111
[A]_l=% 1 a a| (5.181)
1 a2 a
and
o1
[Al=1 @ a| (5.182)
1 a a2
and
ZOO Zl ZOZ
(Zon]=|Zy  Z), Zp |, (5.183)
ZZO Z21 Z22

where the diagonal elements (Z,,, Z,,, and Z,,) are self-impedances, or simply the sequence impen-
dances, and the off-diagonal elements (Z,, Z,, or Z,,) are mutual impedances. For completely
symmetrical or transposed circuits, the mutual terms are all zero.

Thus, the sequence voltage drops can be computed from

[Vor2]=1Z1, 1[Tp], (5.184)

or

I
ZOO ZOI Z02 ot
Vio [Z1Zw  Zy Zy || Ly, | (5.185)

IZ(a)
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where
[Voio1= [A]_I[Vabc],
or
Vo(a) 1 1 1 Va
Vi —% 1 a a*|V,|
1 a4 a
V2(u) Vc
and
-1
[1012] = [A] [Iabc]’
or

Lol 1 1k
1
Il(a) = g 1 a a2 Ib
1 a? a
L, I.

(5.186)

(5.187)

(5.188)

(5.189)

However, when the three conductors involved are identical and the circuit is completely sym-

metrical or transposed so that the mutual impedances between phases are identical, that is,

Zab:Zbr:Z

ca’

the expressions to calculate the sequence impedances directly are

(Zax + ZZab)z
Zyy=Z,+2Ly,— "
Z. +27,
and
7 =7 =7 —7  — M
11 22 aa ab ZM _ Zab ’
in which case Equation 5.183 becomes
Z,, 0 0
[Zmz] =/ 0 Z, 0
0 0 Z,
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In case of distribution cables, Equations 5.190 and 5.191 are also valid for the asymmetrical case
if the average value Z , in the equations is set equal to

1

Z Z= @+ L+ L), (5.193)

ab(avg) =

When the concentric neutral conductors are not present or open-circuited, the neutral currents
are zero,

[L,.1=10],
and therefore, the sequence impedance can be calculated from
Z,=72,+2Z,, (5.194)

Z,=7,=27,-7,. (5.195)

When the neutral conductors are connected together but not grounded, if the circuit is completely
symmetrical or transposed, the positive- and negative-sequence impedances are not affected due to
lack of ground return current. However, in the case of zero sequence, duo to symmetry,

Loy =Toy) = Xoiry) = Loy = —To) = —Toy = -1 (5.196)

Thus, in Equation 5.7, the matrix [V, ] is not a null matrix, that is,
[V, 1#[0]
Hence,

Zoy=Z,+Z,-2Z, (5.197)

X0

which is the same as the impedance of a single conductor with its own neutral. If the conduc-
tor arrangement is not a symmetrical one, the usage of Equation 5.197 to calculate zero-sequence
impedance would still be valid.

5.10.2 BuNDLED SINGLE-CONDUCTOR CABLES

At times it might be necessary to use two three-phase cable circuits to connect a sending bus
to a receiving one, as shown in Figure 5.32. Each phase has two paralleled and unsheathed (or
with open-circuited sheaths) single conductors. There is no ground return current. Therefore,
before “bundling,” that is, connecting two conductors per phase, the voltage drop equations can be
expressed,
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L) Zaa ~ _ ~ ~ a’
A% °
I z [ Lo
x ‘Yx X
—>
AMN— .
I [ Zab
2y 7y, b

+Z,
ay

c ac az

[

1«
32
TTT

o
N N

SN 3
N

XX XK

Va Zaa Zab Zac Zax Zay Zaz | Ia
Vb Zha Zhb th be Zby sz Ib
v.||z. 7z, z. 7. 7. Z_|L
— ca cb cc cx cy cz V/unit length. (5198)
Vx qu be Zxc Zxx ZX} sz Ix
Vy Zya Zyb Zyc Zyx Z,v,v Zyz I y
V, _Zza Zzb Z~L sz Zzy Zzz n I

The assumption of not having ground return current simplifies the calculation of the self-imped-
ance and mutual impedance elements of the impedance matrix.

Self-impedances:
2, =Ur,+jX,) Q. (5.199)
where
X, = j0.1213ln1D—2 Q/mi, (5.200)
where:

r,=ac resistance of conductor a in ohms per mile,

X, =reactance of individual phase conductor at 12 in spacing in ohms per mile,

D ,=GMR or self-GMD of conductor a in inches.

Based on the respective conductor characteristics, the self-impedances for conductors b, c, r, x, y,
and z can be computed in a similar manner.
Mutual impedances:

Z, =l[0.12131n12j
D

eq

(5.201)
= jIx X, Q/mi,
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where D, =equivalent, or geometric, mean distance among conductor centers in inches; based on

the D, other mutual impedances can be calculated similarly.

After bundling, the constraining equations can be written as

V., -Ve=0
V,-V,=0 (5.202)
V.-V,=0,

and it is also possible to define
I,=1+1,
I,=1,+I, (5.203)
I.=1I+1

By taking advantage of symmetry, the voltage matrix Equation 5.198 can be expressed in par-

tioned form as
V.. y/ Zy || L,
|: aba:|:|: tS M:||: abci|. (5204)
Vayz ZM ZN Ixyz

If the bundled cable did not consist of two identical cables, the two [Z ] matrices would be differ-
ent. When the V,, V,, and V_ equations in Equation 5.25 are replaced by a new equation calculated
from Equation set 5.202 and the I, submatrix is replaced by I,

Va Zaa Zab Zuc Zax - Zua Zay - Zub Za}c - Zac | _Iu + Ix |
\A Z,, z, Z, Z,-17, 2,-2, 2,-Z, ||I,+1,
V‘ an ZC Z(‘(‘ ZCX - ZC(I ZC - ZC ZL‘” - ZCC IC + I7
—<|= b < - y b T —=1,(5.205)
0 Zxa - Zaa be - Zab Zxc - Zac Z)cx ny sz Ix
0 Zya - Zba Zyb - be Zyc - Zbc Zyx Zyy Zyz Iy
L 6 i _Zza - an Zzb - Zcb ch - Zrc sz Zzy Zzz L iz i
where all elements in the lower right position can be computed from
ZP‘I= qu - Ziq - Zpk +Zik’ (5206)
where i,k=a,b,c, and p,q=x,y,z,
or, in matrix notation,
Vabc Zs | Zm - Zs iubc (5 207
0 | |Z,-Z, Z, |L,[ 207
where
(Z,]=1Z,] - [Z,] - {[Z,] - [Z/]}. (5.208)
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By Kron reduction,
[Vubc] = [Znew] [Iabc]’

where
[Znew] = [Zs] - {[Zm] - [Zx]}[zk] B 1{[Zm]t - [Zs]} (5209)

Therefore, the sequence impedances and sequence voltage drops can be computed from

[Z,]=[A] " '[Z,,][A], (5.210)

and

[Vorl =[Z][1y,], (5.211)

respectively.

Example 5.12

A three-phase, 60-Hz bundled cable circuit is connected between a sending bus and a receiv-
ing bus using six single-conductor unsheathed cables as shown in Figures 5.32 and 5.33. Each
phase has two paralleled single conductors. There is no ground return current. The cable circuit
operates at 35 kV and 60 Hz. All of the single-conductor cables are of 350-kcmil copper, con-
centric strand, paper insulated, 10 mi long, and spaced 18 in apart from each other, as shown in
Figure 5.33. Assume that the conductor resistance is 0.19 ©/mi and the GMR of one conductor
is 0.262 in and calculate:

a. Phase impedance matrix [Z,,].
b. Sequence-impedance matrix [Z,,,].
Solution

a.
Zaa :bezzcc= o =ZZZ:I><(ra +an)/

where

r,=0.19 Q/mi,

Xa=j0.1213ln1—2
D,

S

= j0.1213|n1D—2= 0.464 Q/mi.

FIGURE 5.33 For Example 5.12.
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Hence,
Zaa:be:Zzz:10(0-19+j0,464)
=1.9+j4.64 Q,
. 12
Zabzzb(=ny=Zy7=—l(/O.1213|n J
eq
:—1O(j0.1213ln3)
54
=j1.3326Q,
—7 7 —7 _ . | 12
sz _Zay —Zcx _Zyz =-10 /01213 n5—4
=-/1.8214Q,
Z,,=-10 /'0.1213InE
72
=-j2.1734 Q,
. 12
Z,=2y,=2y,=2,=2Z,=-10 /0.1213|nE
=-j0.4918Q,
z, =—10(j0.1213|n£)
90
=—j2.4441Q.
Therefore,

[Zabcxyz ] =

By Kron reduction,
Z,eo =1Z] —{IZ,,] = [Z}Z]~RIZ,]' - [Z,]}.
or

4.521+,2.497 1.594-j2.604 1.495-,3.090

[Z.,c]=|1.594—j2.604 2.897+/3.802 0.930-,1.929|.

1.495-/3.090 0.930-,1.929 2.897+,3.802
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1.9+ /464 —j1.3326  —j2.1734  —j0.4918  —j1.8244
-j1.3326  1.9+14.64 —j1.3326  —j0.4918  —j0.4918
—j2.1734  —j1.3326 1.9+ /464 —j1.8244  —j0.4918
~j0.4918  —j0.4918  —j1.8244 1.9+ j4.64 —j1.3326
-j1.8244  -j0.4918  —j0.4918  —j1.3326 1.9+ j4.64
| —j2.4441  —j1.8244  —j0.4918  —j2.1734  —j1.3326

—j2.4441 7
—j1.8244
~j0.4918

~j2.1734 |

~j1.3326

1.9+ j4.64 |
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b. By doing the similarity transformation,

[Z,,,] =[A] ~"[Z,, ][A]Q.

or

6.118—-/1.716  0.887-,0.770  0.606—,0.713
[Zo1,]=| 0.606—0.713  2.099+ j5.908 -0.149+ j0.235|.
0.887- j0.770  0.412+,0.121 2.099+ j5.908

5.11 EHV UNDERGROUND CABLE TRANSMISSION

As discussed in the previous sections, the inductive reactance of an overhead high-voltage ac line
is much greater than its capacitive reactance. Whereas the capacitive reactance of an underground
high-voltage ac cable is much greater than its inductive reactance due to the fact that the three-phase
conductors are located very close to each other in the same cable. The approximate values of the
resultant vars (reactive power) that can be generated by ac cables operating at the phase-to-phase
voltages of 132, 220, and 400 kV are 2000, 5000, and 15,000 kVA/mi, respectively. This var gen-
eration, due to the capacitive charging currents, sets a practical limit to the possible noninterrupted
length of an underground ac cable.

This situation can be compensated for by installing appropriate inductive shunt reactors along
the line. This “critical length” of the cable can be defined as the length of cable line that has a
three-phase charging reactive power equal in magnitude to the thermal rating of the cable line. For
example, the typical critical lengths of ac cables operating at the phase-to-phase voltages of 132,
200, and 400 kV can be given approximately as 40, 25 and 15 mi, respectively.

The study done by Schifreen and Marble [9] illustrated the limitations in the operation of high-
voltage ac cable lines due to the charging current. For example, Figure 5.34 shows that the magni-
tude of the maximum permissible power output decreases as a result of an increase in cable length.
Figure 5.35 shows that increasing lengths of cable line can transmit full-rated current (1.0 pu) only
if the load power factor is decreased to resolve lagging values. Note that the critical length is used
as the base length in the figures. Table 5.7 [10] gives characteristics of a 345-kV pipe-type cable.

098 lag PF of load

4 I I Based on
2000-kemil 220-kv,
pipe-type cable

2

1.0

0.8
0.6 - _
0.4 J : .

0.2 ) j |

Per-unit receiving-end power

| | | | | |
0 02 04 06 08 10 12 14 16 18 20
Per-unit line length

FIGURE 5.34 Power transmission limits of high-voltage ac cable lines. Curved lines: sending-end current
equal to rated or base current of cable. Horizontal lines: receiving-end current equal to rated or base current
of cable. (From Schifreen, C. S., and W. C. Marble, Transactions of the American Institute of Electrical
Engineers 26, 1956. With permission. © 1956 IEEE.)
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1.0

o
®
|

0.4

Per-unit receiving-
end current

/ Based on
/ 2000-kcmil, 220-kv —|

pipe-type cable

0 | | | | \ | | | |

0O 02 04 06 08 10 12 14 16 18 20
Per-unit line length

o
o

FIGURE 5.35 Receiving-end current limits of high-voltage ac cable lines. Curved lines: sending-end cur-
rent equal to rated or base current of cable. (From Schifreen, C. S., and W. C. Marble, Transactions of the
American Institute of Electrical Engineers 26, 1956. With permission. © 1956 IEEE.)

Figure 5.36 shows the permissible variation in per-unit vars delivered to the electric system at each
terminal of cable line for a given power transmission.

Example 5.13

Consider a high-voltage, open-circuit, three-phase insulated power cable of length / shown in
Figure 5.37. Assume that a fixed sending-end voltage is to be supplied; the receiving-end volt-
age floats, and it is an overvoltage. Furthermore, assume that at some critical length (/=/), the
sending-end current I is equal to the ampacity of the cable circuit, 1,,. Therefore, if the cable
length is /,, no load, whatever of 1.0 or leading power factor, can be supplied without overload-
ing the sending end of the cable. Use the general long-transmission-line equations, which are
valid for steady-state sinusoidal operation, and verify that the approximate critical length can be
expressed as

/0 = IIO

Solution

The long-transmission-line equations can be expressed as
V=V, cosh yI+I1.Z sinh v, (5.212)
and

I;=Ig cosh Y+ VY sinh /. (5.213)
Since at critical length, /=/, and
Iz=0 and k=1,
from Equation 5.379, the sending-end current can be expressed as
Io=V,Y. sinh v, (5.214)
or

(5.215)

evo — =7l
I/O = vRYc ( ’

2
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Permissible per-unit
variation in vars
delivered for a
given power
transmission

Reduced power-
transmission levels

=
=)

° I I
= o %

e
o

Per-unit receiving-end power

0 02 04 06 08 10 12 14 16 18 20
Per-unit line length

| | | | | |

0 +0.2 +0.4 +0.6 +0.8 +1.0

Per-unit vars delivered from each terminal
of cable line for maximum power transmission

FIGURE 5.36 Permissible variations in per-unit vars delivered to electric system at each terminal of ac cable
line for given power transmission. (From Schifreen, C. S., and W. C. Marble, Transactions of the American
Institute of Electrical Engineers 26, 1956. With permission. © 1956 IEEE.)

I, I,=0
Open-circuit
cable (no load)
Vg = Vgl0° Vi

| |
| I |

FIGURE 5.37 For Example 5.13.

Iy = WY
[1+le +(y/0)2/2!+~~}—[1—y/0 +(vl )’ /2!—-~~]
2 ’
or
3
Lo = WY, (y/o +—(Y§)‘) +) (5.216)
Neglecting (y/,)/3! and higher powers of vl,,
1io=VeYcrlo, (5.217)

Similarly, from Equation 5.378, the sending-end voltage for the critical length can be
expressed as

V=V, coshyl,, (5.218)
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or
eYo + =l
Vs =W f , (5.219)
or
v, = VR[I:1+YIO +(Ylo)2 /2!+--~:|+|:1_'Yl0 +(Ylo)2 /2'—]}/
2
or
()
Vo= Vi | 1+ o +- . (5.220)
Neglecting higher powers of v/,
(¥/o)’
VS EVR 1+T . (5.221)
Therefore,
V.
Vi = 5 (5.222)
‘[+M+...
2!

Substituting Equation 5.222 into Equation 5.218,

\%
Io = (/% Yylo, (5.223)
140
21
or
2\~
lo = VSYCy/O(H (Yg") J
(5.224)
2
= VsYc'Y/o(1—(y/0)+'“J/
21
or
3
Lo = VsYoylo — w (5.225)
Neglecting the second term,
[REVASYN (5.226)
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Therefore, the critical length can be expressed as

Lo
ly=—10 5.227
A" 5227
where
\a
C Z/
Y=4ZXYy.
Thus,
y=Yy, (5.228)
or
y=g+jb. (5.229)

Therefore, the critical length can be expressed as

=0 (5.230)
VS Xy
or
lo
= 5.231
Vs x g+ jb ( )
Since, for cables, g<<b,
y =b90°,
and assuming
I/o = //0 4900,

from Equation 5.231, the critical length can be expressed as

Lo
IO =

= . 5.232
Vs x b ( )

Example 5.14

Figure 5.38a shows an open-circuit, high-voltage, insulated ac underground cable circuit. The
critical length of uncompensated cable is /, for which Is=1, is equal to cable ampacity rating. Note
that Q,=3Vil,, where the sending-end voltage Vs is regulated and the receiving-end voltage Vi
floats. Here, the |vg| differs little from |vs| because of the low series inductive reactance of cables.
Based on the given information, investigate the performances with 1;=0 (i.e., zero load).

a. Assume that one shunt inductive reactor sized to absorb Q, magnetizing vars is to be pur-
chased and installed as shown in Figure 5.38b. Locate the reactor by specifying /, and /,
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(a) B (b)
-1,5 Q= Qo) L=-0—>
R | le |
| I
v Ve |
I = Vg Q Vr
@ * * .
I D
V. \%
S 2Q, 2Q, R
FIGURE 5.38 Insulated HV underground cable circuit for Example 5.14.
(@) (b)

[< =1 > =1 ok -2 o
|<—QO e |<Q > ° I | < Q DY Qs |« I
Vs l Vi Vg l Vi

Q, 2Q,
(C)u le N
D 75 =20 DAY AN
I <—Q0 Qo—) | (—Q() Qo—) | (—QO I
v | Lo
2Q, 2Q,

FIGURE 5.39 Solution for Example 5.14.

in terms of /,. Place arrowheads on the four short lines, indicated by a solid line, to show
the directions of magnetizing var flows. Also show on each line the amounts of var flow,
expressed in terms of Q,,.

b. Assume that one reactor size 2Q, can be afforded and repeat part (a) on a new diagram.
c. Assume that two shunt reactors, each of size 2Q,, are to be installed, as shown in

Figure 5.38c, hoping, as usual, to extend the feasible length of cable. Repeat part (a).

Solution

The answers for parts (a), (b), and (c) are given in Figure 5.39a, b, and ¢, respectively.

5.12 GAS-INSULATED TRANSMISSION LINES

The gas-insulated transmission lines (GIL) is a system for transmitting electric power at bulk power
ratings over a long distance. In 1974, its first application took place to connect the electric generator
of a hydropump storage plant in Germany. For that application of the GIL, a tunnel was built in the
mountain for a 420-kV overhead line. To this day, a total of more than 100 km of GILs has been
built worldwide at high-voltage levels ranging from 135 to 550 kV. The GILs have also been built at
power plants having adverse environmental conditions. Thus, in situations where overhead lines are
not feasible, the GIL may be an acceptable alternative since it provides a solution for a line without
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reducing transmission capacity under any kinds of climate conditions. This is due to the fact that the
GIL transmission system is independent of environmental conditions since it is completely sealed
inside a metallic enclosure.

Applications of GIL include connecting high-voltage transformers with high-voltage switchgear
within power plants, connecting high-voltage transformers inside the cavern power plants to over-
head lines on the outside, connecting gas-insulated switchgear (GIS) with overhead lines, and serv-
ing as a bus duct within GIS.

At the beginning, the GIL system was only used in special applications due to its high cost.
Today, the second-generation GIL system is used for high-power transmission over long distances
due to a substantial reduction in its cost. This is accomplished not only by its much lower cost,
but also by the use of N,-SF; gas mixture for electrical insulation. The advantages of the GIL
system include low losses, low magnetic field emissions, greater reliability with high transmission
capacity, no negative impacts on the environment or the landscape, and underground laying with
a transmission capacity that is equal to an overhead transmission line.

Example 5.15

Consider transmitting 2100 MVA electric power across 50 km by using an overhead transmission
line (OH) vs. using a gas-insulated transmission line (GIL). The resulting power losses at peak load
are 820 kW/km and 254 kW/km for the overhead transmission and the gas-insulated transmission
lines, respectively. Assume that the annual load factor and the annual power loss factor are the
same and are equal to 0.7 for both alternatives. Also assume that the cost of electric energy is
$0.10 per kWh. Determine the following:

a. The power loss of the overhead line at peak load.
b. The power loss of the gas-insulated transmission line.
c. The total annual energy loss of the overhead transmission line at peak load.
d. The total annual energy loss of the gas-insulated transmission line at peak load.
e. The average energy loss of the overhead transmission line.
f. The average energy loss of the gas-insulated transmission line at peak load.
g. The average annual cost of losses of the overhead transmission line.
h. The average annual cost of losses of the gas-insulated transmission line.
i. The annual resultant savings in losses using the gas-insulated transmission line.
j. Find the breakeven (or payback) period when the GIL alternative is selected, if the
investment cost of the GIL is $200,000,000.
Solution

a. The power loss of the overhead transmission line at peak load is
(Power 10s8) oy jine= (829 kW/km)50 km=41,000 kW.

b. The power loss of the GIL transmission line at peak load is
(Power 10sS) gy jine=(254 kW/km)50 km=12,700 kW.

c. The total annual energy loss of the overhead transmission line at peak load is

(Total annual energy loss) (41,000 kW)(8760 h/yr)

at peak:

=35,916x10* kWh/yr.

d. The total annual energy GIL at peak load is

(Total annual energy 10ss),; = (12,700 kW)(8760 h/yr)

=11,125.2x10* kWh/yr.
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e. The total annual energy loss of the overhead transmission line at peak load is
(Average annual cost of losses)qy jine=0.7(35,916x10* kWh/yr)
= 25,141.2x10* kWh/yr.
f. The average energy loss of the GIL at peak load is
(Average annual energy loss)g jine=0.7(11,125.2 kWh/yr)

=7787.64x10* kWh/yr.

g. The average annual cost of losses of the overhead transmission line

(Average annual cost of losses)qy jine=($0.10/kWh)(25,141.2x10* kwh/yr)
=$25,141.2x10%/yr.
h. The average annual cost of losses of the gas-insulated transmission line
(Average annual cost of losses)q, jine=($0.10/kWh)(7787.64x10* kWh/yr)
=$7787.64x10%/yr.

i. The annual resultant savings in power losses using the gas-insulated transmission line is

Annual savings in losses=(Annual cost of losses)q;jine — (Annual cost of losses)gy jine
=$25,141.2x10° — $7781.64x10°

=$17,353.56x10%/yr.
j. If the gas-insulated transmission line alternative is selected,

Totalinvestment cost
Savings per year

Breakeven period =

$200,000,000

=——" ' =11.5vyears.
$17,353.56x10° Y

Example 5.16

The NP&NL power utility company is required to build a 500-kV line to serve a nearby town.
There are two possible routes for the construction of the necessary power line. Route A is 50 mi
long and goes around a lake. It has been estimated that the required overhead transmission line
will cost $1 million per mile to build and $500 per mile per year to maintain. Its salvage value will
be $2000 per mile at the end of 40 years.

On the other hand, route B is 30 mi long and is an underwater (submarine) line that goes
across the lake. It has been estimated that the required underwater line using submarine power
cables will cost $4 million to build per mile and $1500 per mile per year to maintain. Its salvage
value will be $6000 per mile at the end of 40 years.

It is also possible to use gas-insulated transmission line (GIL) in route C that goes across the
lake. The route C is 20 mi in length. It has been estimated that the required GIL transmission
will cost $7.6 million per mile to build and $200 per mile to maintain. Its salvage value will be
$1000 per mile at the end of 40 years. It has also been estimated that if the GIL alternative is
elected, the relative savings in power losses will be $17.5x10¢ per year in comparison to the
other two alternatives.
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Assume that the fixed charge rate is 10% and that the annual ad valorem (property) taxes are
3% of the first costs of each alternative. The cost of energy is $0.10 per kWh. Use any engineering
economy interest tables* and determine the economically preferable alternative.

Solution

Overhead transmission:
The first cost of the 500 kV overhead transmission line is

P=($1,000,000/mi)(50 mi)=$50,000,000,
and its estimated salvage value is
F=($2,000/mi)(50 mi)=$100,000.
The annual equivalent cost of capital invested in the line is
A = $50,000,000(A/ P),0" —$100,000(A/ F),0"

=$50,000,000(0.10226)—$100,000(0.00226)
=$5,113,000-$266 =$5,112,774.

The annual equivalent cost of the tax and maintenance is
A,=($50,000,000)(0.03)+($500/mi)(50 mi)=$1,525,000.

The total annual equivalent cost of the overhead transmission line is

A=A +A,+$5,112,774+$1,525,000

=$6,637,774.

Submarine transmission:
The first cost of the 500 kV submarine power transmission line is

P=($4,000,000/mi)(30 mi)=$120,000,000,
and its estimated salvage value is

F=($6000/mi)(30 mi)=$180,000.

The annual equivalent cost of capital invested in the line is

10%
40

=$120,000,000(0.10296)-$180,000(0.00296)

A = $120,000,000(A/P).* ~ $180,000( A/F)\7*

=$12,270,667.

# For example, see Engineering Economy for Engineering Managers, T. Génen, Wiley, 1990.
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The annual equivalent cost of the tax and maintenance is
A,=($120,000,000)(0.03)+($1500/mi)(30 mi)=$3,645,000.

The total annual equivalent cost of the overhead transmission line is

A=A;+A,=%$12,270,667.20+$3,645,000

=$15,915,667.

GIL transmission:
The first cost of the 500 kV GIL transmission line is

=($7,600,000/mi)(20 mi)=$152,000,000,
and its estimated salvage value is
F=($1000/mi)(20 mi)=$20,000.
The annual equivalent cost of capital invested in the GIL line is

10% 10%

=$152,000,000(A/P).c" —$20,000(A/F)

=$152,000,000(0.10226)— $20,000(0.00226)
=$15,543,520 — $45 = $15,543,475.

The annual equivalent cost of the tax and maintenance is
=($152,000,000)(0.03)+($200/mi)=$4,564,000.
The total annual equivalent cost of the GIL transmission line is
A=A +A,=%$15,543,475+$4,564,000
=$20,107,475.

Since the relative savings in power losses is $17,500,000, then the total net annual equivalent
cost of the GIL transmission is

Ane=%20,107,475 — $17,500,000

=$2,607,475.

The results show that the use of GIL transmission for this application is the best choice. The
next best alternative is the overhead transmission. However, the above example is only a rough
and very simplistic estimate. In real applications, there are many other cost factors that need to be
included in such comparisons.
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5.13 LOCATION OF FAULTS IN UNDERGROUND CABLES

There are various methods for locating faults in underground cables. The method used for locat-
ing any particular fault depends on the nature of the fault and the extent of the experience of
the testing engineer. Cable faults can be categorized as: (1) conductor failures, or (2) insulation
failures.

In general, conductor failures are located by comparing the capacity of the insulated conductors.
On the other hand, insulation failures are located by fault tests that compare the resistance of the
conductors. In short cables, the fault is usually located by inspection, that is, looking for smoking
manholes or listening for cracking sound when the kenetront® is applied to the faulty cable. The
location of ground faults on cables of known length can be determined by means of the balanced-
bridge principle.

5.13.1  Faurtr LocatioN BY UsING MURRAY LoopP Test

It is the simplest of the bridge methods for locating cable failures between conductors and ground
in any cable where there is a second conductor of the same size as the one with the fault. It is one of
the best methods of locating high-resistance faults in low-conductor-resistance circuits. Figure 5.40
shows a Murray loop.

The faulty conductor is looped to an unfaulted conductor of the same cross-sectional area,
and a slide-wire resistance box with two sets of coils is connected across the open ends of the
loop. Obviously, the Murray loop cannot be established if the faulty conductor is broken at any
point.

Therefore, the continuity of the loop should be tested before applying the bridge principle. In
order to avoid the effects of earth currents, the galvanometer is connected as shown in the figure.
A battery energizes the bridge between the sliding contact or resistance box center and the point at
which the faulty line is grounded. Balance is obtained by adjustment of the sliding contact or resis-
tance. If the nongrounded (unfaulted) line and the grounded (faulted) line have the same resistance
per unit length and if the slide wire is of uniform cross-sectional area,

L 5
1

FIGURE 5.40 Murray loop.

§ It is a two-electrode high-vacuum tube. They are used as power rectifiers for applications requiring low currents at high
dc voltages, such as for electronic dust precipitation and high-voltage test equipment.
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or
X= 2 units of length, (5.233)
1+(A/B)
or
LIZ units of length, (5.234)
where:

X=distance from measuring end to fault point,

L=length of each looped conductor,

A=resistance of top left-hand side bridge arm in balance,

B=resistance of bottom left-hand side bridge arm in balance.

Therefore, the distance X from the measuring end to the fault can be found directly in terms of
the units used to measure the distance L.

5.13.2 Faurt LocaTioN BY UsING VARLEY LooP Test

It can be used for faults to ground where there is a second conductor of the same size as the one with
the fault. It is particularly applicable in locating faults in relatively high-resistance circuits. Figure 5.41
shows a Varley loop.

The resistance per unit length of the unfaulted conductor and the faulted conductor must be
known. Therefore, if the conductors have equal resistances per unit length (e.g., r, ), the resistance
(2L — X)r, constitutes one arm of the bridge and the resistance

R _Ri+Xxr
R, (QL-X)r.’

—/ R position

I varley loop position
FIGURE 5.41 Varley loop.
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or

or

where:
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) L(Rl) _E&
X = AR units of length,
R
1+—

R

x=—1to (2LRI—R3

= j units of length,
Rl + R2 R2 re

X=distance from measuring end to fault point,

L=length of each looped conductor,

R, =resistance of bottom left-hand side bridge arm in balance,

R,=resistance of top left-hand bridge arm in balance,

R,=adjustable resistance of known magnitude,

r.=conductor resistance in ohms per unit length.

If the conductor resistance is not known, it can easily be found by changing the switch to the r,
position and measuring the resistance of the conductor 2L by using the Wheatstone bridge method.

5.13.3 DistriBUTION CABLE CHECKS

(5.235)

(5.236)

Newly installed cables should be subjected to a nondestructive test at higher than normal use val-
ues. Megger testing is a common practice. The word megger is the trade name of a line of ohmme-
ters manufactured by the James G. Biddle Company. Certain important information regarding the
quality and condition of insulation can be determined from regular Megger readings that is a form
of preventive maintenance.

For example, Figure 5.42 shows a portable high-resistance bridge for cable-fault-locating work.
Faults can be between two conductors or between a conductor and its conducting sheath, concen-
tric neutral, or ground. Figure 5.43 shows a heavy-duty cable test and fault locating system, which

FIGURE 5.42 Portable Murray loop resistance bridge for cable fault-locating work. (Courtesy of James G.

Biddle Company.)
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FIGURE 5.43 Heavy-duty cable test and fault-locating system. (Courtesy of James G. Biddle Company.)

can be used for either grounded or ungrounded neutral 15-kV cables. The full 100 mA output cur-
rent allows rapid reduction of high-resistance faults on cables rated 35 kV ac or higher to the level
of 25 kV or lower for fault-locating purposes. Figure 5.44 shows a lightweight battery-operated
cable route trace that can be used to locate, trace, and measure the depth of buried energized power
cables. Figure 5.45 shows an automatic digital radar cable test set that requires no distance calcula-
tions, insulation calibrations, or zero pulse alignments.

PROBLEMS
PROBLEM 5.1

Assume that a 7.2-kV, 60-Hz, single-conductor, belted cable has a conductor diameter of 2 cm
and a lead sheath with inside diameter of 4 cm. The resistivity of the insulation is 1.2x10%
MQ-cm, and the length of the cable is 3.5 mi. Calculate the following:

a. Total insulation resistance in megohms.
b. Power loss due to leakage current flowing through insulation resistance.

PROBLEM 5.2

Assume that a 2-mi-long, three-conductor, belted cable is connected to a 24.9-kV, three-phase,
60-Hz bus. A test result shows that the capacitance between bunch conductors and sheath is 0.8
uF/mi, and the capacitance between two conductors bunched together with the sheath and third
conductor is 0.60 uF/mi. Find the charging current per conductor.
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FIGURE 5.45 Automatic digital radar cable test set. (Courtesy of James G. Biddle Company.)

PROBLEM 5.3

Assume that a single-conductor belted cable has a conductor diameter of 0.681 in, inside diam-
eter of sheath of 1.7025 in, and a length of 8000 ft. The cable is to be operated at 12.47 kV The
dielectric constant is 4.5, and the power factor of the dielectric at a rated frequency and tempera-
ture is 0.05. Calculate the following:

a. Capacitance of cable.
b. Charging current.
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c. Dielectric loss of cable.
d. Equivalent resistance of insulation.

PROBLEM 5.4

Assume that a single-conductor belted cable has a conductor diameter of 2 cm and an inside diam-
eter of sheath of 5 cm. Its insulation resistance is given as 275 MQ/mi. Find the dielectric resistivity
of the insulation.

PROBLEM 5.5

Assume that a test has been conducted by means of a Schering bridge on a three-conductor belted
cable at a rated voltage and frequency of 12.47 kV and 60 Hz, respectively. The capacitance between
the two conductors when the third one is connected to the lead sheath was found to be 1.2 uF. Also,
the capacitance between the three conductors connected together and the lead sheath was measured
as 1.4 uF. Calculate the following:

. Effective capacitance to neutral.

. Charging current per conductor.

. Total charging current of cable.

. Capacitance between each conductor and sheath.
. Capacitance between each pair of conductors.

o a0 o

PROBLEM 5.6

Assume that a single-phase concentric cable is 3 mi long and is connected to 60-Hz, 7.2-kV bus bars.
The conductor diameter is 0.630 in, and the radial thickness of uniform insulation is 0.425 in. The
relative permittivity of the dielectric is 4. Find the charging kilovoltamperes.

PROBLEM 5.7

Assume that a single-phase voltage of 7.97 kV at 60 Hz frequency is applied between two
of the conductors of a three-phase belted cable. The capacitances between conductors and
between a conductor and a sheath are measured as 0.30 and 0.2 pF, respectively. Calculate the
following:

a. Potential difference between third conductor and sheath.
b. Total charging current of cable.

PROBLEM 5.8

Assume that a three-conductor, paper-insulated, belted cable is used as a three-phase underground
feeder of 18 mi. It is operated at 60 Hz and 33 kV The cable has three 350-kcmil sector-type
conductors each with 10/32 in of conductor insulation and 5/32 in of belt insulation. Calculate
the following:

a. Geometric factor of cable using Table 5.3.
b. Total charging current of line.
c. Total charging kilovoltampere of line.

PROBLEM 5.9

Assume that a three-conductor, paper-insulated, belted cable is used as a three-phase under-
ground feeder of 5000 ft. The cable is operated at 15 kV, 60 Hz, and 75°C. The cable has a 350-
kcmil copper conductor. Calculate the effective resistance of the cable.

PROBLEM 5.10

Repeat Problem 5.9 assuming the conductor is aluminum.
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PROBLEM 5.11

Repeat Problem 5.9 assuming three single-conductor cables are located in the separate ducts.

PROBLEM 5.12

Repeat Example 5.9 assuming the spacing between conductor centers is 4.125 in and the cables
are located in the same horizontal plane.

PROBLEM 5.13

Consider Example 5.12 and assume that the phase voltages are balanced and have a magnitude of
34.5 kV. Calculate the sequence voltage drop matrix [V,].

PROBLEM 5.14

A 60-Hz, 15-kV three-conductor, paper-insulated cable is used at 13.8 kV as a three-phase under-
ground feeder of 10 mi. The cable has three 350-kcmil compact sector-type conductors with a
diameter of 0.539 in and a dielectric constant of 3.78. Calculate, for the zero, positive, and negative
sequences, the shunt capacitance, shunt capacitive reactance, and charging current by using the
formul