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1. Abbr evi ati ons
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VAR - Volt-Anmpere Reactive
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Rot ati onal mechani cal | osses

Transm ssion line | ength

Nunber of turns in transformer prinmary
Nunber of turns in transformer secondary
El ectrical power

Mechani cal power

Maxi mum transferred power

Wndi ng resi stance of prinary

Wndi ng resi stance of secondary
Magnet i zi ng resi stance

Series resistance of transmssion |line
Armat ure resi stance of generator

Fi el d resistance of generator

Ti me

Devel oped torque of generator

| nput torque of prime nover

Qut put torque of shaft |oad
Line-to-1ine voltage

Primary vol tage of transformer
Secondary vol tage of transformner
Internal voltage of generator

Internal voltage of notor
Recei vi ng-end vol t age

Sendi ng-end vol t age

Term nal vol tage of generator

Radi an frequency

Leakage reactance of prinary

Leakage reactance of secondary

Series reactance of transmssion |line
Magnet i zi ng react ance

React ance of prinary

React ance of secondary

Synchronous react ance of generator
Shunt capacitive admttance

Series inpedance of transmssion |line
Sur ge i npedance

Stability phase angl e

I nternal phase angl e of generator

I nternal phase angl e of notor
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1. [INTRODUCTION: Recent trends in power system conplexity,
energy conservation and econom c performance of REA-financed
projects reinforce the need for careful system planning for
transmssion facilities. Planning studies generally involve the
nodel i ng of these facilities in order that system performance can
be conveni ently observed and eval uat ed.

2. PURPOSE: The purpose of this bulletinis to outline the
system studi es that shoul d be considered to support design
criteria for REA-financed transmssion facilities from34.5

t hrough 765 kilovolts (kV).

Presented in Section 3 is a list of transmssion system studi es
for various facility applications that shoul d be consi dered.
Section 4 contains the input data required to performeach study.
A flow chart is presented in Section 5 that relates the

i nt erdependency of each study to the overall system planni ng
concept. Section 6 contains a detailed explanation of each

st udy.

3. SYSTEM STUDY APPLI CABILITY: Table 1 represents a list of the
type transm ssion systemstudies and requirenents to support REA
rel ated financing arrangenents for projects from34.5 kV through
765 kV. These system studi es shoul d be considered in conjunction
with the long range systemand financial planning requirenents.
This list of studies is not necessarily conplete nor is it listed
in any order of priority. Each study should be conpl eted or
considered as required in Table 1 for the specific facility in
question in order that system perfornmance can be eval uat ed.

(Refer to Sections 5 and 6 of this bulletin for a detailed
description of each study.) The colum nunbers in the table
refer to the follow ng studies:

1) Facility Feasibility

2) Load Fl ow

3) Reactive Conpensation

4) Stability

5) Subsynchronous Resonance

6) Statistical Line Design

7) Short Grcuit

8) Insul ation Coordination

9) Corona and Radi o Interference
10) Hectrostatic and H ectronagnetic
11) Transm ssion Facility Econom cs

Synbols used in Table 1 are defined as foll ows:
0o An "X' indicates study should be perfornmed and

submtted to REA in conjunction wth a request for REA
action on financi ng arrangenents.
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o A"Y" indicates study should be perfornmed and submtted
to REAwth the project design information.

o A"Z" indicates study should be performed but not
submtted for review unless requested by REA

0 An "O indicates it nmay be advi sable to have study
perfornmed dependi ng on systemconplexity. REA should
be infornmed whether or not study will be conpleted at
which tine the borrower will be inforned if REA desires
to reviewresults.

o0 No mark indicates the study is not generally
appl i cabl e.

4. | NPUT DATA REQUI REMENTS: Prior to devel opi ng system nodel s
for each planni ng study, data nust be developed: (1) to permt
mat hemati cal sinmulation of the real system (2) to aid in the
anal ysis of system performance rel ated to equi pnent perfornance,
and (3) to provide constraints so that systeminprovenents can be
made. A brief description of such input data will now be
presented for generators, transforners, |ines and | oads.

4.1 GCenerators: For steady-state analysis, generators are
represented 1n terns of the real and reactive power to the
system Conversely, for transient perfornmance, system studies
may require full representation of the el ectrical and mechani cal
characteristics of each generator.

4.2 Transforners: Mst systemstudies require infornmation about
core and w nding Toss resistances, |eakage reactances, turns
ratios at avail able taps, and automatic tap-changing limts.

4.3 Transm ssion Lines: Transmssion lines are generally
represented by single phase nodel s with equival ent series

i npedances (resi stance-inductance conbi nati ons) between |ine
termnal s and equi val ent shunt admttances at each termnal. For
a bal anced t hree-phase transm ssion systemthe manner in which a
singl e phase is represented shoul d depend on the line | ength and
accuracy required. 1In selecting a nodel, it is usual to classify
transmssion lines as short, nmedium or long. There is no
definite length that can be stipulated to divide short and | ong
line analysis. For the majority of the cases, a sufficient
degree of accuracy nmay be obtai ned by the short Iine nodel on
lines up to 50 mles (80 kilometers). The degree of accuracy
varies wth line length and configuration and al so wi th conduct or
di aneter and spaci ng.

4.4 Loads: In load flow studies, |oads are usually represented
by constant real and reactive power flow requirenents. For
stability studies, large notor | oads are characterized by

i nduction notor equivalent electrical circuits.
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4.5 Mscellaneous: |Input data are al so developed in order to
determne relay settings interns of loading limts. Transient
and dynamc stability studies require know edge of relay and
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TABLE 1 - SYSTEM STUDY APPLI| CABI LI TY

AVAI LABLE | N HARD COPY
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breaker times and operating sequences. Qutage rates and
durations for all najor equiprment are al so necessary for
devel oping reliability data.

5. SYSTEM STUDY FLOW CHART: The following is a list of system
studi es that shoul d be considered to support the design criteria
along with a systemstudy flow chart that relates each study to
the overal |l planning concept. These studies are listed in
Section 3 and are repeated bel ow for conveni ence:

1) Facility Feasibility

2) Load Fl ow

3) Reactive Conpensation

4) Stability

5) Subsynchronous Resonance (SSR)

6) Statistical Line Design

7) Short Grcuit

8) Insulation Coordination

9) Corona and Radio Interference
10) Hectrostatic and H ectronagnetic
11) Transm ssion Facility Econom cs

SSR itemb5, primarily may occur when series conpensation is
enpl oyed. Statistical Line Design Paraneters, item®6, are
presented in the 1993 edition of the National H ectrical Safety
Code (NESCO) for EHV transm ssion |ines.

A systemstudy flow chart is shown in Figure 1. The facility
feasibility study yields information pertaining to voltage |evel,
system capacity, conductor type, and the approxi mate | ocation of
transmssion circuits. Once a basic plan is established, a nore
conpl ete transm ssion systemstudy is used in order to perform
detailed load flow and stability studies. The results of |oad
flow studi es hel p determne the adequacy of the design with
regard to acceptabl e voltage, phase angl e, inpedance, and power
flow variations. Reactive conpensation studies utilize
information fromload fl ow studies to establish opti numtypes of
reactive (var) sources. Simlarly, results fromstability
studi es may show several alternatives to achieve stability before
equi prent characteristics are specified. After the |oad fl ow and
stability studies, then possible swtching over-voltage probl ens
are investigated via a statistical |ine design study since these
vol tages influence Iine and apparatus insulation |evels.

G her statistical |line design investigations include |ightning,
contamnation, and flashover strength studies to yield an optinum
insul ation systemfor the transmssion facility. Short circuit
studies are then performed to assure proper selection of
protective relays and circuit breaker interrupting
characteristics. S mlarly, insulation coordination studies are
necessary to assure proper protection of facilities against
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system over-vol tage (internal-sw tching surges and external -
I i ghtning strokes).
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FIGURE 1 - SYSTEM STUDY FLOW CHART

AVAI LABLE | N HARD COPY
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Extra- hi gh-vol tage (EHV) investigations that concern
environnmental and safety factors are corona, radio interference,
electrostatic (EFS) and el ectromagnetic (EfM studies. Finally,
transmssion facility economc studies shoul d be considered that
i ncl ude tower, conductor, hardware, equi pnent, and right-of -way
trade-of f cost anal yses.

6. DI SCUSSI ON OF | NDI VI DUAL SYSTEM STUDI ES:  This section gives
addi tional details about each type of study.

6.1 Facility Feasibility: Facility feasibility studies include
| oad and rating requirenents, systemvoltage, surge inpedance
| oadi ng and system capacity.

6.1.1 Load Requirenents : The foundation of any system pl anni ng
study is a determnation of the |load to be served which shoul d be
conpatible with an approved Power Requirenents Study (7 CFR 1710,
Subpart E). This load is viewed in terns of magnitude; daily and
seasonal variation; area distribution; behavior characteristics
with voltage and frequency variations; and reliability

requirenents. In addition to requiring full know edge of the
existing load and its characteristics, the planning process calls
for the careful projection of load growth. 1In general, |oads are

projected for the entire systemas well as for each regi on and
each major existing and future substation.

6.1.2 Rating Requirenents : Besides their use in operating the
system under abnornal conditions, this type of study is essential
to the system pl anni ng functi on.

Each type of electrical equipnent has a thernmal rating which
varies as a function of |oad cycle, anbient, loss of life, sun
exposure, etc. Mst utilities develop ratings simlar to the
fol | ow ng:

1) Nornmal (c ontinuous)
2) Energency - 4 hours, 8 hours, 24 hours
3) Energency - 1 nonth, 6 nonths

These ratings are used for both planning continuous | oads and
contingency | oads. They also assist in planning for the
di fferent equi prment | oadi ng characteristics in summer and wi nter

6.1.3 SystemVoltage : Transm ssion systemvoltages bel ow t he
extra-high-voltage (EHV) level are between 34.5 and 230 kilovolts
(kV). The nomnal EHV levels in the United States are 345, 500
and 765 kV.

If atransmssion facility is to be devel oped econom cal |y,
vol tage steps should be neither too large nor too snmall. In
general, a 230 kV transmssion systemw || find it is nost
economcal to stay at 230 kV until |oad growth requirenents
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dictate 500 kV as a economcal level. Smlarly, 345 kV systens
wi Il probably bypass 500 kV in favor of 765 kV when | oad grow h
requi renents dictate a hi gher voltage |evel.

6.1.4 Surge Inpedance Loading : Surge inpedance loading (SIL) is
a conveni ent indicator of conparing the approxi mate | oad-carrying
capability of transmssion lines of different voltages. SIL is

the load that the line will carry when each phase is term nated

in an i npedance of:

ZL Eq. 1
ZO = N
Yc (formul a i s squared)
wher e:
Zo = surge inpedance, in ohns
Z = series |line inpedance, in ohns per unit |ength
Yc = shunt |line admttance, in ohnms per unit |ength

The SIL, in nmegawatts (MN, is a function of the nagnitude of
Zgo (or °Zo°) and the square of the voltage as shown in the
fol l owi ng equati on:

SIL =V Eq. 2
OZOO

wher e:
V = root nean squared (RVB) line-to-line voltage,
in kilovolts (kV).

Wiile SIL gives a general idea of the relative |oading capability
of aline, it is usual to load lines less than 300 mles (480

kil ometers) above the SIL. Conversely, because of stability
limtations, it is usual to load lines greater than 300 mles
(480 kil ometers) below the SIL unless capacitor conpensation is
enpl oyed. Conputer-generated SIL tables of REA transm ssion
structures and lines are presented in REA Bulletin 1724E- 201,

"El ectrical Characteristics of REA AC Transm ssion Line Designs."

6.1.5 Transmssion Line Capacity : The capacity of a
transmssion [ine is dependent on the operating voltage, heating
[imt, economc limt, and stability limt.

6.1.5.1 Heating Limt - Because of power |osses, the current
flowing in any conductor results in a tenperature rise, and if
permtted to reach the annealing point, the conductor may be
damaged. However, before the annealing point is reached,
vertical clearance requirenments nay be the limting factor. The
load required to create this condition, nornally called the
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heating limt, wll vary considerably, depending on the anbient
tenperature, w nd velocity, conductor type and surface condition.
(As the heating limt is approached, vertical clearances are
general ly reduced due to additional sag.) A newy installed

al um num conductor steel reinforced (ACSR) or all al um num
conductor (AAC) has a lower heating Iimt than a conductor which
is weathered and turned dark. The heating limt is not nornally
a determning factor on long transmssion |lines unless the
conductor is snall and | oaded beyond the economc limt; on short
lines the heating limt is nornally reached before the stability
limt.

6.1.5.2 Economc Limt - The determnation of the nost

econom cal conductor size is conpl ex because of the many

vari abl es invol ved. These variables include: (1) rate of |oad
growt h, (2) change in geographical distribution and kinds of

| oads, (3) cost of right-of-way, (4) |ocation of new power supply
points, (5) load factor, (6) emergency service, and (7)
continuity of service. For systemvoltages well bel ow the EHV
range, conductor sizes can generally be chosen satisfactorily by
the application of Kelvin's Law, i.e., the nost econom cal size
of conductor is that for which the investnment charges are equa
to the cost of energy | osses.

However, the application of this lawto EHV transmssion |ines
wll not generally result in the selection of the optimum
conductor size. This is because Kelvin's Law does not refl ect
t he change in supporting structures with changes in conductor
size, and al so does not include the transforner capacity. A
conpl ete cost anal ysis should account for all effects that result
fromchanges in conductor size and circuit |oading. These
include: (1) total annual fixed cost of the conplete
transmssion line as a function of conductor size, (2) annual
cost of power |osses, (3) annual cost of reactive (var) supply
needed to support the receiving-end voltage, and (4) an annual
cost of termnals and transformer capacity required at the
sendi ng and recei ving ends.

6.1.5.3 Stability Limt - Another factor which may influence
line capacity is the stability or power Iimt. Stability is that
attribute of the systemwhich enables it to devel op restoring
forces equal to or greater than disturbing forces. Steady-state
stability is a condition which exists in a power systemwhen
there are no sudden di sturbances on the system Transient
stability is a condition which exists if, after a sudden

di sturbance has taken place, the systemregains equilibrium The
transient limt is usually lower and of greater inportance than
the steady-state limt. For relatively long |ines, series
capacitors or autotransforners nmay be used to decrease the
effective line reactance and therefore increase the stability
[imt (Section 6.3.1.).
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A good "rul e of thunb" relationship for obtaining the approxi nmate
steady-state capability of a transmssion circuit between two
termnals is as foll ows:

Phrax = 0.75 V' Eq. 3
M
wher e:
Prax = Maxinumtransferred power, in negawatts (MA
\% = RW line-to-line voltage, in kilovolts (kV)
M = Distance between termnals, in mles.

6.2 Load Flow. Once facility feasibility studies are perforned,
a thorough check of the transm ssion systemplan is nade with

| oad fl ow study prograns. System planners confirmthe adequacy
of the proposed transm ssion network, considering |ine |oadings,
bus voltages and reactive (var) supplies. Cases are run as
specified by the system planner under normal and out age
contingency conditions along with the reliability criteria for
each load region. A base case study provides a reference to
determ ne the energency and future | oadings of facilities.

The base case utilizes information correspondi ng to nornal
operating conditions. Such a case serves as a conparison to

ot her systemconditions that need to be studied. A first
contingency case is al so recormended since as a general m ni num
contingency situation, the systemshould performwth a single
facility out of service.

(nhce a base case is established, one or nore changes can be
introduced to determne variations in systemperfornance. These
changes may i nclude any conbi nation of the follow ng:

a) Take any line or bus out of service;

b) Add loads to any or all buses and |ines;

c) GChange regul ated bus vol tages and phase angl es;

d) Add or delete new interconnecting |ines;

e) Add new generation to any bus;

f) Change transfornmer taps;

g) Increase conductor size of any line;

h) Control reactive (var) power flow

i) Increase or decrease transformer capacity;

j) Take any bul k substation transformer out of service.

The performance of the systemas indicated by several |oad flow
cases is properly reproduced only within the limts established
by the system pl anner. Each case represents power flows and

vol tages whi ch woul d exi st on the systemif all input data such
as | oads and generation were precisely reproduced. Although the
| oad flow study results mght never duplicate actual system
conditions, they are neaningful prinmarily because the

mat henati cal nodel can be tested beyond the acceptabl e
perfornmance range of the real system thus better identifying
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limting conditions. An exanple of a typical digital |oad flow
study is shown in Appendi x A

Load flow prograns presently used automatically take into account
the vol tage regul ating capability of synchronous condensers and
transformers, while maintai ni ng desi gnated generati on schedul es
as well as net interchange anong interconnected systens.
Specified changes in systemfacilities and nethods of operation
are automatically calculated for a nunber of cases in sequence.

The required input data for |oad fl ow prograns generally include:
(1) bus designations, (2) line and transforner inpedances, (3)
real and reactive (var) power flows for each |oad, (4) generator
power output, (5) voltage schedul es and reactive (var) power flow
[imts of generators, synchronous condensers and sw tched
capacitors, (6) tie-line designations, and (7) system i nterchange
i nformation.

Printed output includes the (1) cal cul ated vol tage nmagni t ude and
phase angl e at each bus, (2) transforner, capacitor and reactor
data, (3) real and reactive (var) power flows for each |ine and
transformer, (4) net systeminterchange and tie-line power flows
and (5) a record of systemchanges. Special output features are
avai | abl e or can be devel oped to aid the planner in the anal ysis
of the system Exanples include lists of facilities |oaded
beyond preestablished limts, and |lists of buses where the
voltage is bel ow desirabl e | evels.

6.3 Reactive Conpensation: Reactive (var) conpensation studies
utilize information fromload fl ow studies to establish opti num
types and sizes of reactive (var) sources. There are two basic
types of system conpensation: (1) series conpensation, in terns
of inpedance, is used to reduce a transmssion line's effective
reactance, and (2) shunt conpensation, in terns of reactive

power, is used to reduce the nmagnitude of reactive (var) power
that flows in the network.

6.3.1 Series Reactive Conpensation : |Inductive reactance of
transmssion lines is one of the nost inportant paraneters
[imting power flow capability. The insertion of capacitive
reactance in series wth the line's inductive reactance decreases
the line inpedance. This helps to increase the transm ssion
systemcapability requirenments. Series conpensation effectively
i ncreases the transmssion |line capacity. This reduces the need
for higher transm ssion voltages or greater nunber of circuits.
(Wien series conpensation is used, a subsynchronous resonance
(SSR) study should be perforned.) Wen applying series
capacitors on EHV systens (345-765 kV), it is inportant that they
do not introduce undue limtations on the flexibility of future
system devel opnent. The | ocation of series capacitors along the
line has a significant effect on the voltage profile, and power

| osses. For conpensation |less than 50 percent, it is usually
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advant ageous to |l ocate the capacitors at the mdpoint of the line
to inprove the voltage profile. Unfortunately, this may not be
economcal ly practical unless a substation exists near the

m dpoi nt of the |ine.

6.3.2 Shunt Reactive Conpensati on: As transm ssion vol tages and
line lengths i ncrease, the capacitive charging currents fromEHV
lines also increase. These currents can cause undesirabl e
overvol tages on generators and transfornmers, as well as increase
power | osses. In order to reduce the capacitive charging
currents, shunt reactors are utilized to mnimze the

overvol tages during lightly | oaded, swi tching or transient
conditions. Shunt reactors may be either switched or directly
connected at the transmssion line termnals or to the tertiary
wi ndi ngs of autotransforners. Tertiary shunt reactors can be
switched as systemreactive power requirenments and vol tages vary
wher eas permanently connected |ine shunt reactors cannot be
separated fromthe |line during sw tching operations.

6.4 Stability: The starting point of stability studies is the
steady-state conditions (determned by the | oad fl ow study)

i mredi ately before the system di sturbance under investigation
occurs. Information which can be derived froma steady-state
stability study includes the rotor or stability phase angle, real
and reactive (var) power flow, bus voltage and system frequency.
Transient (first swing) and dynamc (nultiple swing) studies are
general ly performed either on anal og devices or a digital

conput er.

6.4.1 Transient Stability : GCenerally, a transient stability
programutilizes initial voltages and power flows obtained from
the load fl ow program and converts the systemto that required
for the anal ysis of transient phenonena. For specified fault
conditions and sw tching operations, the program cal cul ates
synchronous and i nduction nachi ne el ectrical and mechani cal
torques, speeds, rotor torque angles, currents, and system
voltages. |In addition, some prograns cal culate currents and

i npedances of selected lines and sinulate the autonatic operation
of inpedance-type relays during severe systens oscillations.
Switching operations and fault conditions are autonatically

simul ated in sequence to represent the occurrence and cl earing of
faul ts.

| nput data required depend upon the conplexity of the nachi ne
representation desired. For the sinplest representation, the
data required for a synchronous nmachine is the real and reactive
(var) power, stator resistance, transient reactance, and inertia
constant. A nore detailed representation requires the
characteristics of the turbine governor systemand generator
excitation system and the detailed reactance, tine constants,
and magneti c saturation paranmeters associated with the nachine.
For nost nodern studies, the nore detail ed nmachine representation
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is utilized to provide a better understanding of system
performance. For an induction machine, the real power, rotor,
stator and nmagneti zi ng i npedances, and the | oad speed-torque
rel ati onships are usually required.

6.4.2 Dynamc Stability : Transient stability studies are
generally Timted to the anal ysis of perfornance w thin one or
two seconds after the fault. It is also inportant in nmany cases
to sinul ate subsequent redistribution of power flows according to
systeminertias and governor characteristics. These dynam c
stability conditions generally are inportant after the sudden
loss of large units or generating plants, or a large
concentration of load. A nunber of conputer prograns for dynamc
sinulation are available that take into account |arge system
nodel s and accurately represent the dynamc response of | oads
such as induction notors.

6.4.3 Results From Studies : Transient studies can help
determne: (1) need for faster protective relay system (2)
systemoperating and desi gn weaknesses, (3) desirability of fast
valving, and (4) initial heavy |oadi ng of key transm ssion
facilities. Dynamc studies generally simlate system
performance during the period foll ow ng sudden | oss of generation
or load. These studies can aid in systemdesign by determ ning:
(1) high speed excitation performance, (2) effect of |oad
sheddi ng, and (3) potential system cascadi ng effects.

6.4.4 Methods to Inprove Stability : Presented bel ow are several
nmet hods whi ch nay be enployed to i nprove systemstability.

a. Gonventional Renedies - The nost common renedy for
I nprovi ng power-systemstability is to speed up the
protective systemand to increase the anount of
transmssion capacity. At this point in time, inproving
relay and breaker clearing times is difficult due to
t echnol ogi cal and econom c consi derations (state-of-the-
art circuit breakers generally interrupt currents when
the ac wave passes through current zero). The tine
interval between adjacent current zeros on an ac power
systemis determned by the power-system frequency and
general | y cannot be changed by the circuit breaker
designer. A so, nost present day protective relay
met hods depend on the determnation of direction,
di stance, or inpedance paraneters that inherently require
a certain mnimumanount of neasurenent tine for accurate
results.

b. Fast Valving - A source of power systeminstability is
the excess energy supplied by the prine nover during the
di sturbance. |If this energy is reduced or nade equal to
t he energy needed by the generator during the
di sturbance, the generator acceleration problemis also
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reduced. Valves on nodern |arge generating stations are
usually very heavy and if the fast valving process is to
be effective, the valve nust be operated in a very short
tine. |In several cases, whether the generator wll
remain stable is determned in less than a second. Thus,
the energy input fromthe turbine nust be changed very
rapidly.

Breaker Sel ection and Relay Protection - A stuck breaker
on a close in three-phase fault may cause | oss of
synchronismresulting in instability problens. The use
of power circuit breakers (PCB), whose pol es can be
operated individually, is an approach to prevent this
condition. |If each of the poles can trip independently,
there is less probability that nore than one of the poles
will be stuck. Thus, a three-phase fault can be
converted to a single-phase fault in normal rel aying
time. |If the PCB fails to trip because it did not
receive the trip signal fromprotective relays, the
preceding nethod is invalid. For this situation, the
installation of the PCB with individual poles will not
provi de any benefits. The nost common nethod is the use
of "stuck breaker" schenes enpl oyi ng overcurrent rel ays
and high speed tiners. In this situation the stuck
breaker schene is tined to clear the adjacent breakers
within the maximumclearing tinme. The prinmary relay
schene nust be sped up accordingly.

System Danping - Systemdanping is a nmethod of providing
restoring forces in order to decrease undesired
oscillations or |large systemsw ngs. Cenerally, it is
difficult to apply fast valving and braking resistors in
such a way that there will be negligible system sw ngs
after the fault is cleared. In the nore usual case where
such controls are not used, the swings may be sufficient
to cause | oss of synchronismafter the fault is cleared.
Swi ngs that cause | oss of synchronism |oss of |oad, or

| arge vol tage excursions, should be controlled to reduce
themto acceptabl e proportions. Danping restores

equi | i bri um between the generator input and output so
that mninumpower is available for acceleration or

decel eration. Two forns of systemdanping are insertion
of a dc tie between two ac |lines and | oad sheddi ng.

A dc tie between two ac lines provides a solution to the
stability probl emsince no phase synchronization exists
between the ac lines. The dc tie has characteristics
that are suited for the danping function. HVDC controls
can be arranged so that the power flow over the dc |ines
i s independent of the conditions existing on the ac
lines. Thus, it becomes possible to have the dc tie
surge power in accordance with the operating needs of the
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i nterconnecting ac systens. Besides high costs,
difficulties may be experienced in the practical design
of control circuits that develop the intelligence
necessary to control the dc line.

Load shedding is another formof system danpi ng.
Cenerally, load shedding relays are installed to

di sconnect | oad when there is insufficient generation to
mai ntain nornal systemfrequency. This is a related
system problemthat is brought about because generat or
synchronismis lost for other reasons. Voltage reduction
is another formof |oad shedding. This nethod is
conplicated by the necessity for extrenely high speed
underfrequency relays. Because of their sensitivity they
often false-trip and cause start-up probl ens.

6.5 Subsynchronous Resonance: Subsynchronous resonance (SSR)
occurs when the natural frequencies associated with the
mechani cal torques of synchronous nmachi nes are close to those

i nposed by the connecting networks. Steady-state SSR invol ves
spont aneous oscillations that are either sustained or slowy
increased in nagnitude with tine. Transient SSR generally refers
to transient torques on the generator shaft resulting from
oscillating currents in the electrical network caused by faults
or switching operations. The study of SSR requires tw phases:
(1) stability analysis to insure that oscillations cannot build
up during nornal operation, and (2) the simulation of swtching
operations and faults to insure that associ ated torques do not
exceed shaft stress limts. Results from SSR investigations
yield the probability of occurrence of SSRin the system
Corrective neasures required to reduce SSR are the use of filters
to block currents at SSR frequenci es and the use of other design
t echni ques besi des series conpensation to neet systemstability
requi renents.

Transm ssi on systens containing series conpensation nmay exhi bit
subsynchronous resonance at frequencies bel ow 60 Hz. Thus,
currents at subsynchronous frequencies nay be anplified by
synchronous machi nes causi ng undesirabl e oscillations and
potential stability problens. The buildup or decay of these
currents i s dependent on the series resistance and | oading | evel s
of the transm ssion system

6.6 Statistical Line Design: The nain objectives of
overvoltage, short circuirt, and insulation coordination
investigations are to (1) set criteria for transmssion |ine

el ectrical design, (2) establish ratings of surge arresters and
ot her protective devices, and (3) specify equiprment insulation
| evel s. These three investigations will now be di scussed.

Li ne design studies include switching surge eval uations,
l'i ghtni ng performance, and contam nation and fl ashover
performance. Al these factors influence transmssion |line and
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apparatus insulation |levels. For transm ssion voltages between
34.5 and 230 kV, line insulation studies nay not be necessary if
insulation requirenments are specified as in REA Bulletin

1724E- 200.

6.6.1 Switching Surge Evaluation : (ne severe overvoltage which
the transmssion facility nust withstand is the sw tching surge.
Switching surges are produced by sw tching of apparatus such as
circuit breakers and di sconnecting sw tches. These overvoltages
appear across the line and station insulation, both phase-to-
ground and phase-to-phase. Together with |ightning and

contam nated considerations they determne the required |ine
insulation levels. Switching surge requirenents are al so used

in insulation coordination studies for substation equi pnent
(Section 6.8).

I nsul ation strength characteristics (which vary with such
statistical data as wind, precipitation, and air density) are
utilized in the switching surge evaluation. Qher factors which
affect the insulation systemare breaker insertion resistors,
line length, configuration, and | oading. These paraneters

det erm ne the waveshape and nagni tude of sw tching surge which
in turn, influence the insulation flashover strength
characteristic. Studies on the transient network anal yzer (TNA)
are an excellent starting point for determnation of system

i nsul ati on based on sw tching surge performance. These TNA
studies may include the follow ng statistical paraneter
eval uat i ons:

a. Probability of proper circuit breaker operation

b. Probability that an insulator string will swing to a
certain position.

c. Probability that weather factors will reduce flashover
vol t age performance across insul ators and gaps.

d. Probability that a voltage surge will exceed the critica
fl ashover voltage rating of an insulator string.

As not ed above, switching surge performance is determ ned
prinmarily by the line insulation. The nunber of insulators is
sel ected so that the probability of flashover fromsw tching
surges does not exceed design specifications. In general, for
transm ssi on vol tages bel ow EHV (34.5-230 kV), swi tching surges
do not Iimt the tower insulation design since the insulation
strength increases in proportion to the phase-to-structure
clearance. At EHV levels (345-765 kV) the air gap begins to
saturate and switching surge |ine perfornmance nmay becone the
l[imting factor in the choice of tower dinmensions and cl earances.

6.6.2 Lightning Performance : Besides switching surge studies, a
second maj or consideration in designing transmssion lines is
['ightning performance. Analytically, the lightning problemis
extrenely conplicated being a function of many |ightning
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statistics such as stroke current anplitude, rise times, hit
probabilities and frequency of occurrence. (Thunderstormday
activity is shown on the |Isokeraunic map. Fromthe nmap data, a
relative conparison is nmade of thunderstormactivity in each
area.)

Li ght ning eval uation of transmssion facilities includes
consideration of stormincidence in the area, tower height and
configuration, and insulator string length. Overhead ground
wires (CHGN are usually used to shield phase conductors from
direct strokes. The nunber and | ocation of CHGM are naj or
factors in estimating the nunber of shielding failures. In
addition to CHGM, a conbination of line insulation and tower
footing resistance paraneters are used to mnimze |ightning
fl ashovers across a transmssion |ine.

To obtain an accurate estinmate of |ightning perfornmance of a
proposed |ine design, transient network anal yzers (TNA), digital
conputers and system nodel i ng net hods are enpl oyed to determ ne
such paraneters as the trip-out rate. Surge arrester ratings for
transm ssi on systemapplications are nornally based on data from
TNA studies. The resultant transient overvoltages fromthese
studies are statistical in nature and are conbined with

insul ation strength probability studies to estimate |ightning

f1 ashover perfornmance.

6.6.3 Contamnation Performance : The third major |ine design
study is contamnation performance of transmssion |ine
insulation. Unlike switching surge and |ightning studies, which
estinmate transient performance, contamnation studies relate to
the 60 Hz or fundanental frequency perfornance.

Results fromcontam nation studies yield flashover insulation
levels of (1) air gaps at extreme sw ng angles and (2)
contamnated insulator strings. Both of these |evels are based
on statistical paraneter such as geographical |ocation and
transm ssi on systemconfiguration (such as tower size and
geonetry).

6.7 Short Grcuit: The principal purposes of short circuit
studies are li1sted bel ow

a. Provide information for proper selection of protective
relays to establish system perfornance requirenments and
settings.

b. Provide information for proper selection of circuit
breaker interrupting requirenents.

c. FEvaluate voltages during faulted conditions which would
affect insulation coordination and the application of
surge arresters.
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d. Design the type and capability of groundi ng systens.

e. Establish the el ectronmechanical forces to be w thstood by
systemfacilities.
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f. Provide data for a variety of network cal cul ati ons during
t he process of planning and designing the system

A variety of conputer prograns have been devel oped for performng
short circuit studies. Sone are designed specifically to
facilitate relay studies, while others provide information
primarily used in planning. Al represent the system by
symmet ri cal conponent equival ent reactances of various
facilities. The prograns generally calculate for each bus of a
specified systemthe total three-phase and |ine-to-ground bus
faults, including effects of zero-sequence nutual i npedances.

Al so specified are the three-phase and |ine-to-ground fault
contributions for each line or transformer connected to the
faul ted bus.

| nput data required include bus identification, positive and
zer o- sequence i npedances of lines and transforners, and transient
and subtransi ent reactances of synchronous nachi nes.

The printed output includes all bus faults and |ine contributions
for three-phase and line-to-ground faults for both nornal and

swi tched conditions. This allows quick identification of the
breaker duties under the worst conditions, and provides data in a
formusabl e for evaluation purposes. In addition, a variety of
printouts of currents and vol tages can be specified in any

conbi nation for every faulted bus.

6.8 Insulation Coordination: Insulation coordination is defined
as the protection of electrical systens and apparatus from

harnful overvoltages by the correlation of characteristics of
protective devices and the equi pnent bei ng protected.

To coordinate insulation and protective devices, inpulse voltage
levels are defined in terns of both BIL (basic inpulse insulation
| evel ) and BSL (basic switching surge level).

The BIL describes the equipnent's ability to withstand |ightning
strokes. Both conventional and probabilistic techniques are

enpl oyed in investigating the equi pnent BlIL requirenents.

Factors which affect BIL perfornance are the nagnitude and
waveshape of the expected BIL curve along with the probability of
occurrence. The standard BIL waveformis 1.2/50 which is a wave
that has a front tine of 1.2 mcroseconds and reaches hal f

magni tude (or half crest value) at 50 mcroseconds (Figure 2). A
nunber of tests may be required to establish BIL such as the (1)
front-of-wave test, (2) chopped-wave test, and (3) full-wave
test.

Simlarly, the BSL describes the equipnent's ability to withstand
swi tching surges. The standard BSL waveformis 250/ 2500 which is
a wave that has a front tine of 250 m croseconds and reaches hal f
magni t ude at 2500 m cr oseconds.
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Results frominsul ati on coordi nation studies yield the expected
stress requirenents on the systemequi prment. Cher outputs
include BIL and BSL performance, arrester selection, and system
operating constraints for a given or assumed overvol t age,

[ i ghtning, waveshape and insul ation strength characteristics.

FI GURE 2 - TRANSI ENT OVERVOLTAGE Bl L CURVE

AVAI LABLE | N HARD COPY

6.9 Corona and Radio Interference: Radio and television noise
or electromagnetic interference (EM), and audi ble interference
are rapidly becomng controlling factors in the design and

pl anni ng of transm ssion systens, especially at EHV and UAV.

Two of the nost reported environmental effects caused by
transmssion facilities operating at EHV and UHV (345 kV and
above) are corona noise interference and voltage i nduction. (See
Section 6.10)
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El ectrical discharges due to either corona or gap sparkover are

t he basic sources of radi o and audi bl e noise interference. The
pul ses caused by these discharges are injected into the
transmssion |ine phase conductors or other conducting conponents
which may act as a radiating antenna or transm ssion nedia.
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Thus, EM fromthe transmssion lines is caused either by
conpl ete electrical discharges across snall gaps or by partial
el ectrical discharges such as corona.

Gap-type noi se sources can occur in the follow ng transm ssion
| i ne conponents:

a. Insulators that are dirty, cracked or | oose,

b. Splices,

c. Tie wres,

d. Between hardware parts (clanps, brackets, insulator pins,
crossarm braces, and guy wres),

e. At small gaps between ground wires and hardware parts,

f. Wth electrical apparatus that is either defective,

danmaged, inproperly designed, or inproperly installed
(such as corroded or |oose fuse el enents, transforner
insulation failure, noisy contacts in relays, neters and
regul ators).

These gap-type noi se sources can be | ocated by equi pment that
traces EM such as broadcast radio sets and battery operated
portabl e tel evision receivers. Noise sources can be electrically
short circuited or mnimzed by inproving the bondi ng between

adj acent conducting parts or by tightening | oose connections.

At EHV and UV corona (an el ectrical discharge through ionized
air) is generally the main source of noise interference. Corona
is formed when vol tage gradients are above the critical gradient.
For a specified operating voltage, conductor contamnation is the
mai n cause of corona. However, conductor surface burrs and
scratches, and weather (rain, snow, and humdity) cause an
increase in corona effects. Qher corona byproducts are power

| oss in conductors and ozone production (a chemcal reaction of
the corona discharge). Thus, transmssion line coronais a
source of radio interference (R) and audi ble noise (AN at EHV
and UHV. The neasure of corona depends on existing anbi ent
conditions prior to line construction and al so on the |evel of
noi se fromthe energized Iine. For R, the anbient conditions
consi st of the received signal strength and background noi se
level. The quality of reception during anbi ent conditions
depends on the ratio of these two conponents and is called the
anbi ent signal-to-noise ratio (ASNR. R, resulting from
transmssion |ine corona, depends on the ratio of the received
signal strength and the noise | evel produced by the line. This
is referred to as the interference signal-to-noise ratio (S\R.
The conparison of ASNR and SNRis a nmeasure of the corona
produced by a line at any one location. |If both the ASNR and SNR
| evel s are high, reception quality will also be high

6.10 Electrostatic and El ectromagnetic: At EHV and UHV the
nmedi cal and bi ol ogi cal concerns due to electric field gradients
and the electrostatic (EFS) and el ectromagnetic (EfM coupling




Bul l etin 1724E- 202
Page 28

bet ween overhead transm ssion |ines and conductive objects shoul d
be consi der ed.

6.10.1 Medical and Biological : Medical and biol ogi cal studies
deal with the direct physiological effects on humans, aninals,
and plants subjected to strong electric field. The nagnitude of
electric field strength (or voltage gradient) at ground |evel is
usual |y used in medical studies to determne permssible field
strength limts for people and ani nal s near energized

transm ssion |ines.

6.10.2 Induced Voltage : Electrostatically induced voltages are
possi bl e when a conductive object insulated fromground is in the
vicinity of alternating current overhead lines. Smlarly,

el ectromagnetic induction effects are possi bl e when transm ssi on
I i ne phase conductors carrying fault currents cause i nduced

vol tages at the open ends of an insufficiently grounded
conductive object. |If the conductive object is not adequately
grounded when a person or aninmal cones in contact withit, a
current flows in the connection to ground through the electrical
body resistance. bject ground intervals that will reduce the
E/S and EEMinduction effects are usually based on the nmaxi mum

al | owabl e shock current passing through a person or ani mal when
touchi ng the conductive object. For the E/S case, a steady-state
shock current magnitude of five mllianperes is considered as the
"let-go" level in the 1993 edition of the National H ectrical
Safety Code (NESC). Qher practical considerations nmay dictate
that the shock current magnitude be kept bel ow the one
mllianpere "threshold of perception” level. For the E/ M case,
obj ect grounding intervals are based on transient current |evels
t hrough a person or animal .

Results fromE S and E/ M studi es hel p determ ne the groundi ng
requi renents for stationary netallic objects (fences and
bui | di ngs) and i nsul ated conducti ve vehi cl es.

6.11 Transm ssion Facility Econom cs: The |ast system study
discussed 1s that of transmssion tacility economcs. Several of
the factors that should be considered in an econom c study

i ncl ude tower, conductor, accessory, and right-of-way costs.
Wile all these factors enter into a study of transm ssion costs,
two basic elenents that are of significant inportance are (1) the
| oad-carrying capability of lines in terns of voltage and

di stance, and (2) the associ ated equi pment, particularly
transformers and switchgear. Related to both transm ssion
capability and cost is a third elenent; an evaluation of the
economcs of internediate switching stations. Sone of the
questions that should be answered in a transmssion facility
economc study are the foll ow ng:

a. Wat dianeter of conductor is necessary to reduce radio
interference and corona | oss to acceptabl e | evel s?
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b. Wat line insulation is necessary?
c. Wuat should the BIL of the station equi pnent be?

d. How nmuch | oad can be safely associated with a
transmssion circuit?

e. Wuat is the economc conparison with | ower voltage

transmssion or even high voltage direct current (HVDC)
transm ssion for some install ations?

f. Wat should the electrostatic and el ectronagnetic
requirenents be to mnimze the effects of voltage
i nduction and field gradients on humans, aninals, and
pl ants near overhead |ines?

7. CONCLUSIONS: In conclusion, an overvi ew of el even system
studies is presented to support REA-financed transm ssion
facilities from34.5 to 765 kV. These studies are not
necessarily conplete nor are they listed in any order of
priority. Each study shoul d be considered for the specific

facility in question in order that system perfornance can be
observed and eval uat ed.
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DA TAL LQAD FLOWN PROCEDURE AND EXAMPLE

Pr ocedur e

The general procedure in preparing digital |oad flow prograns
i ncl udes the foll owi ng steps:

a. Dgital conputer solutions follow an iterative process by
cal cul ati ng one of the bus voltages fromthe estinated
val ues at the other buses for a specified real and
reactive (var) power.

b. Each systembus voltage is corrected and the process is
repeated until corrections at each bus are less than a
speci fi ed m ni num val ue.

c. Dgital solutions are usually based on node equati ons.
(The digital conputer programforns the self and nutua
node admttances.)

d. lterative nethods include the Gauss-Sei del Method (al so
call ed the nethod of successive over-relaxation), the
Transformer Tap Changi ng Met hod, and t he Newt on- Raphson
Met hod.* Although the third nmethod is nore conpl ex than
the other two, it has better convergence characteristics
and requires fewer iterations.

Load Fl ow Exanpl e

Figure A-1 is a one-line diagramof a sinple power system

wi th generators connected at buses 1 and 3 and | oads at buses
2, 4, and 5. Typical load flow digital conputations are
presented in Table A-1. The results show the nunber of each
bus, the magni tude and phase angl e of each bus voltage and
the real and reactive (var) input power supplied by each
generator and drawn by each | oad. Negative values of rea

and reactive (var) power indicate inductive |oads. The

m smat ch or unbal ance in nmegawatts (MAN at any bus is the

di fference between the negawatts flow ng toward and away from
that bus. Msmatch in negavars (M) is found in a simlar
manner. The msmatch is an indication of the precision of
the results. For exanple, the negawatt power flow frombus 1
to bus 4 and frombus 4 to bus 1 is 24.81 MNand -23. 73 MV
respectively, indicating a msmatch of 1.08 MN Al so note
that the voltage nagnitude at buses 1 and 3 is essentially
constant and a worst case voltage regul ation of 11 percent
occurs between buses 3 and 4.




*Text, "H enments of Power System Analysis," by Stevenson (Third
Edition).
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Figure A-1: (ne-Line Dagramfor Load Fl ow Study
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Table A-1: Digital Conputations for Load Fl ow Study
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TWD MACH NE STABI LI TY PROBLEM

The essential factors involved in steady-state stability are
illustrated in the fol |l owi ng two-machi ne system (Figure B-1)
exanpl e.

Wth reference to Figure B-1, the prinmary nechani cal and
el ectrical paranmeters affecting steady-state stability are:

1. Mechanical Power (P m

Prime nover input torque (T 1), inertia between prine nover
and generator; inertia between notor and shaft |oad; and
shaft | oad output torque (T »2).

2. FHectrical Power (P p)

Internal generator voltage (V @ systemnetwork reactance
(XL); internal notor voltage (V \); stability phase angle (_)
by which Vg leads V)

The equation relating the real electrical power transfer between
the generator and notor is:

OVGOOVI\/IO
PE= — sin _ Eq. B-1
XL

where °Vg and °V)\f are voltage magnitudes. If °V & and °V)f and
X, are constant, the electrical power is directly proportional to
sin _. This is shown in Figure B-2. Physically, the stability
angle is controlled by the relative notion of the rotors of the
generator and notor. During nornmal operation both the rotors and
internal voltages rotate at synchronous speed. The angl e between
Vg and V)is, therefore, constant. |f for any reason the input
torque to the generator shaft increases, the generator

nonmentarily speeds up. Thus, the generator rotates at a speed

hi gher than the synchronous speed causing V. g to rotate above the
synchronous speed. Since V premains at the synchronous speed,
the stability angle increases. Wth reference to Figure B-2, the
increase in _ causes nore transferred power for _<90°; thus, the
systemis stable. Wen >90°and if the input torque continues to

i ncrease, the generator speed and internal voltage increase

causing an increase in _. However, the transferred power out put
decreases since _>90°. In this case the input and out put cannot

bal ance and the rotor speed will steadily increase causing the
systemto | ose synchroni smand becone unst abl e.

Typi cal swi ng angle curves to eval uate transient and dynamc
stability performances are shown in Figure B-3 after a sudden
disturbance is applied at time t=0. In this case the stability



phase angle, (t), is a function of the systemtorque, internal
vol t ages, systemreactance, and tine.
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Figure B-1: Basic D agramfor Two-Machine Stability Problem
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Figure B-2: Steady-State Power Angle D agram
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Figure B-3: Typical Sw ng Equation Qurves









