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The integration of the southern electrical system with the

balance of Thailand has many desirable features, but technical and

economic problems make this a difficult task. It is over 300 miles

between the nearest practical points of the interconnection. In the

next ten years, there will probably be a maximum load of 300 mega-

watts in the southern area. The problem of transmitting power

between the two areas involves a long distance and a relatively low

transmission voltage. Raising the voltage above the present 230 kv

nominal level adds more economic and technical problems than can

currently be solved. However, if the voltage is decreased, the power

loss in transmission becomes excessive and the line itself is unstable

because the angle between the sending end and the receiving end

voltage is excessive.



This thesis presents an analytical evaluation of the electrical

characteristics of this interconnection. Various percentages of shunt

reactor compensation and series capacitor compensation are examined

for feasibility of the interconnection at 230 kv.

It was determined that the transmission line is feasible with the

minimum of 50 percent compensation. The transmission line opera-

tion can be improved by the addition of more compensation, the mag-

nitude of which must depend upon a comparative economic study.
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A DESIGN OF A MULTI-COMPENSATED 230 KV,
360 MILE INTERCONNECTION BETWEEN

CENTRAL AND SOUTHERN THAILAND

I. INTRODUCTION

The growing demand for economical power in Thailand requires

that the electrical system in all areas be interconnected. The South-

ern Peninsula Tie Line will interconnect the remaining two large

areas and provide for additional diversity in energy use.

The rate of growth of power requirements in the southern area

has an average of 24 percent per year. If the same rate of growth

continues, it is expected that the load will reach 300 megawatts within

the next ten years. A transmission line, approximately 360 miles in

length, will be necessary to supply this demand. The transmission

potential should be 230 kv line-to-line as this is now the highest opera-

ting potential in the country. A single three-phase circuit cannot be

considered a firm power supply. In the consideration of the load

carrying capability and reliability, it becomes evident that at least

two transmission circuits compensated to some extent by synchronous

condensers, shunt reactors, and series capacitors are needed with

the existing voltage level.

The problem may also be solved by raising the voltage to a

sufficient level. The increase in transmission voltage, however, is

accompanied by a considerable number of difficulties since the cost
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increases exorbitantly and new technical problems are introduced.

Another possible solution to this problem is the use of high-voltage

direct current (HVDC). This solution also would present difficulties

in economical justification. Present overhead transmission applica-

tions require that the quantity of power transmitted should be greater

than the predicted 300 megawatts.

It is the intent of this thesis to develop analytical information

pertaining to this future program and investigate the possibilities of

operating the line with transmission voltages maintained at the exist-

ing level. The decision as to which type of system is justified must

be left to the active personnel who will be involved in this work. The

consideration of economics, time, and transportation will influence

the direct application of the comparative results presented herein.
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II. AREA OF STUDY

Basic Types of System Compensation

It has already been introduced that compensating equipment is

necessary to some degree in order to meet the basic requirements of

operation. Four basic combinations of compensation were investi-

gated and comparatively evaluated in this thesis.

A synchronous condenser installation will be connected to the

receiving end of the three-phase double-circuit system for partial

compensation. The characteristics of this basic system plus the use

of additional compensation were investigated as follow:

1. The basic system only.

2. One-third (33. 3 %) shunt reactor compensation and 25%

series capacitor compensation.

3. Fifty percent shunt reactor compensation and 50% series

capacitor compensation.

4. Two-thirds (66.7%) shunt reactor compensation and 75%

series capacitor compensation.

Elements of Analysis

Operation of the compensated systems both in steady and transi-

ent states were studied extensively. Evaluation of the system perfor-

mances include s:
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a. The determination of reactive power requirements as a

means to establish voltage and reactive power control for the line.

The ratios of sending-end voltage to receiving-end voltage were evalu-

ated in order to obtain minimum synchronous condenser capacities.

b. The characteristics of voltage and current distribution along

the line at maximum-load and no-load conditions were examined.

For no-load condition, this study is extended for three different con-

ditions:

1. Line open circuited.

2. Receiving-end transformer only.

3. Receiving-end transformer plus synchronous condenser.

c. The behavior of real and reactive power flow in certain sec-

tions of the circuit under the full-load condition were investigated.

Phasor voltage and current relations were also established for these

sections.

d. The steady state stability limits of the systems were deter-

mined.

e. Transient stability limits as functions of the switching time

for circuit breakers with respect to faults were investigated. Three

fault locations were assumed with four different types of fault at each

location. These were: line-to-ground fault, line-to-line fault,

double line-to-ground fault, and three-phase fault.
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Sending
System

III. SYSTEM DESCRIPTION

HV Transmission
Network

Sending End

Load or
Receivin

System

Receiving End

Figure 1. Block diagram of the HV transmission line system.

The general transmission line system is shown in Figure 1.

This system represents one of a number of possible interconnecting

links between a sending system and a receiving system as a means of

transporting large blocks of power over long distances. The sending

system represents a power system network and is relatively large

compared to the receiving system network and generation.

The transmission system is continuous with no intermediate

load connections. This system representation with varying percen-

tages of shunt and series compensation will provide the basis for the

analytical design of the transmission network.

Receiving System Loads

It is assumed that the total load in Southern Thailand is distri-

buted 30% to residential and 70% to industry (16). The industrial load
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has the following characteristics:

a. Fifty percent induction motor, 0.7 power factor lagging,

operating at one-third capacity.

b. Seventeen percent synchronous motor, 0.8 power factor

leading, operating at one-half capacity.

c. Three percent lighting.

Other load divisions are shown in Figure 2. From these data,

an over-all load power factor of 0.9 lagging is estimated.

30%
Small

commercial,
residents, etc

0.95 pf lag
90 mw

29 mvar

100%
Total Load 3% 1 pf 9 mw

_150 mw

154 mvar

51 mw

70%

Light

50%Industrial
Induction
Motors

67%

17%

Synchro-
nous

Motors
Total real power = 300 mw

Total reactive power 145 mvar

Total mva = [ (mw )2 + (mvar)2
j1

/2 = 334 mva

Over all load power factor = mw/mva 0.9 lag.

Figure 2. Diversity of loads in Southern Thailand.

38
mvar
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System Components and Their Functions

The transmission distance of the high-voltage aerial lines is

between 350 and 380 miles (7), an assumed length of 360 miles will be

adopted for analytical purposes. Figures 3 and 4 illustrate the com-

ponents of the transmission networks for uncompensated and compen-

sated systems whose approximate equivalent impedance diagrams are

shown in Figures 5 and 6 respectively. The power will be transmitted

from the sending system through the overhead transmission lines with

nominal voltage value of 230 kilovolts. At the receiving end the vol-

tage is transformed to a secondary transmission level of 115 kilovolts

by a three-winding transformer with tap changers for voltage regula-

tion. Synchronous condensers are connected to the tertiary winding

of the transformer for controlling voltages and reactive power require-

ments. The operation of the transformer-condenser combination is

discussed in Appendix V. Data for the transformer are available in

Appendix VIII.

The conductor size is chosen so that the radio interference is

held to a tolerable level (23, p. 1250) and to operate within an accept-

able thermal limit with a single circuit in any line section. The

dimensions of a double-circuit tower, the conductor arrangement,

and calculation for the line parameters are given in Appendix I. The

conductor data are available in Appendix VIII.



Z30 kv Bus

Large//
Sys-if--
tem /

R'

8

R
115 kv

Bus

Load

Figure 3. Components of the system without compensating equipment.

S

Z30 kv Bus

--D-

--E1

Large System

R' R
115 kv Bus

Figure 4. Components of the system with compensating equipment.

Figure 5. Simplified equivalent impedance diagram of the system
without compensating equipment.

S

Figure 6. Simplified equivalent impedance diagram of the system with
compensating equipment.
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Shunt reactors are connected to the line to keep the voltage at a

reasonable value during light loads and open-circuit conditions by

compensating for line-charging current.

The series capacitors are used to compensate for the line

inductive reactance. The use of this equipment will improve the

operating characteristics of the long transmission circuit, since it

directly reduces the transfer impedance of the system, thus increas-

ing the synchronizing power. Obviously the series compensation

increases both the steady-state and transient stability limits of the

system. In this analysis it is reasonably assumed that the series

capacitors will be protected from over-voltage.

Since this analysis is intended to signify the outcome of various

percentages of compensation rather than the variation in the place-

ment of the compensation, two intermediate switching stations have

been arbitrarily chosen for the compensated and uncompensated net-

works. The location of the switching stations were chosen for geo-

graphical reason only and are located 140 and 260 miles respectively

from the sending end. The stability limits can be improved after a

fault by increasing the reliability of the remaining system. For this

purpose, the intermediate switching stations are used with and with-

out compensation to maintain continuity of service.

Each station is installed with one unit of series capacitors and

one unit of shunt reactors. The basic line length and the mode of
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compensation are illustrated in Figure 7. The amount of compensa-

tion for each respective unit of compensating equipment and its

equivalent generalized circuit constant representation can be found

in Appendix IV.

No
Compensation

Compensation
at Two Inter-
mediate Points

Mile s
0 140 260 360

Figure 7. Circuit arrangements of compensating equipment.
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IV. METHOD OF ANALYSIS AND SYSTEM REPRESENTATIONS

The basic characteristic of a long transmission line is a rise

in receiving end voltage above an acceptable range under open-circuit

conditions. Also the long line requires an excessive line-charging

current, The stability limit of the long line becomes difficult to

establish,

The intent of this analysis is to illustrate and discuss some

operating characteristics of the transmission system, both in steady

and transient conditions for various degrees of compensation. Wher-

ever actual data are not available, typical values have been assumed.

The results were obtained by writing and using digital programs on a

CDC 3300 computer. Calculations of the transmission network in

steady state were accomplished by representing each twenty-mile

line-section length by the generalized circuit constants (ABCD).

Representation of the system by this manner is shown in Figure

8. The generalized circuit constants, (ABCD), subscribed by C, L,

and T represent the circuit constants for the series capacitor, the

shunt reactor, and the terminal transformer respectively. Evalua-

tion of these constants is discussed in Appendix IV and Appendix V.

For the uncompensated system, the constants B and CL are both

set equal to zero.

The process of network reduction using the ABCD constant
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(a)

(b)
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Detail of line-section S-N' of the system in (a).
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(15) (14) (13) (12) (11) (10) (9)

Detail of line-section N-M' of the system in (a).

Figure 8. Block diagram of ABCD constants for system representation.



Figure 8d.

1-2 0 mi-4 1-2 0 m iI I-2 0 m i---I 1-2 0 m4- I-2 0 mi-i
(7) ( 6) (5) (4) (3) (2)

Detail of line-section M-11' of the system in (a).

Note 1. Subscripts C, L and T are used with the circuit constants A, B, C, D of series
capacitors, shunt reactors and transformer, respectively.

2. The entire transmission line is represented by eighteen twenty-mile sections of
the ABCD circuit constants.
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representation was done by successive matrix multiplication. The

circuit constants for the shunt reactors, series capacitors and the

transformer, in addition to the ABCD constants of 18 twenty-mile

line sections in series, were successively combined to obtain the total

equivalent ABCD constants of the network. Verification of this method

has been analytically proved as shown in Appendix III. Calculations in

the per unit (pu) system are performed, based on the general equa-

tions for voltages and currents of two-terminal-pair networks as

explained in Appendix II. The power factor (pf) of the load has been

assumed to be 0.9 lagging for all cases. The full load or maximum

load is equivalent to one pu power at the receiving end.

Determination of the reactive power requirements of the line

were achieved by the method presented in Appendix V. Input vari-

ables for these calculations include voltage ratios, ES /ER, and loads

for each system of compensation. Optimizing curves have been

plotted to identify optimum voltage ratios coinciding with the mini-

mum synchronous-condenser capacity for each system of compensa-

tion.

One particular computer program using complex quantities was

written for the calculation of the voltage and current phasors as they

occur at various points along the line. The calculations are based

upon equations (12) and (13) in Appendix III. The input variables were

the receiving-end values of complex voltage and current corresponding
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to the maximum load and various line terminating equipment. With

the known values of phasor voltage and current at certain line sec-

tions, the complex power flow in those respective sections was calcu-

lated by equations (22) and (23) in Appendix VI. With this program,

the phasor relationships of voltage and current and the transmission

efficiencies were calculated.

The steady state power limits were evaluated by the use of equa-

tions (28) and (29), as discussed in Appendix VI.

The magnetizing reactance of the transformer, the series

reactance, and the distributed shunt capacitance of the line were neg-

lected, with some sacrifice in accuracy, in the calculations for the

transient analysis. The sending system and the receiving system

were represented by equivalent internal voltage sources behind their

respective transient reactances, as illustrated in Figures 9a and 9b.

X'
dS

X'
dR

Figure 9. Representation of the sending system and receiving system
for the transient stability study.
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A discussion of the method used to evaluate the equivalent

positive, negative, and zero-sequence reactances of the sending and

receiving systems and all other system components is given in Appen-

dix VII. The equivalent network can be represented by the combina-

tion of parameters as shown in Figure 10.

Figure 10. Network reduction preceding the transient stability study.

Figure 10 shows the pre-fault network configuration used in this

study with B and P indicating a circuit breaker and a protective

device respectively. It is reasonable to assume that the protective

relay will short-circuit the series capacitor immediately when the

system is subjected to a fault, and that the capacitor is reinserted at

the same time the faulted line section is switched out (12, p. 181).

For the uncompensated system, the network configuration appears
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the same, except that the series capacitors are replaced by short-

circuited paths and the shunt reactors are removed.

Three fault locations, F
1

near sending bus S, F2 at the middle

of one line section N-M', and F3 near the receiving bus R', were

assumed for this study, as shown in Figure 11. At each fault loca-

tion, the four types of faults previously discussed were considered.

Fault studies for the compensated systems were performed with and

without switched reactors.

Ox
Fl

Figure 11. One line diagram showing three assumed fault locations.

The transient stability limits relative to fault clearing times

were obtained through symmetrical component equivalent network

representation. See Appendix VII for the discussion. Also included

in Appendix VII is a discussion on the method of using the curves of

modified critical clearing time.

Voltage and current profiles have been plotted as functions of
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distance from the sending end to the receiving end. Thus, 360 miles

indicates the receiving end of the transmission line, while zero miles

indicates the sending end. Wherever applicable, the vertical axis has

been offset from zero by the amount indicated on each figure.

The following three-phase base values have been adopted for

the per unit system:

Base power = 300 megavolt-amperes (mva)

Base voltage = 230 kilovolts, line-to-line (kv)

The other base values which were also used in this analysis can

be calculated in the following manner:

(base voltage in kv)2
Base impedance

Base current

(base mva) , ohms

(base mva) X 1000 , amperes
Nrix (base voltage in kv)
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V. DISCUSSION OF PROBLEMS AND ANALYTICAL RESULTS

The magnitude of the variation of the terminal voltages must be

kept within certain limits for acceptable utilization of the energy.

This variation is primarily caused by the changing magnitude of the

load and the transmission line parameters. Compensation of and for

the parameters can reduce this variation. In a very long line, such

as the Southern Thailand interconnection, this voltage variation can

be extreme.

It is the purpose of this thesis to investigate some practical

methods of compensation that will limit the variation to an acceptable

range, on this line. The analytical results, mostly illustrated by

tables and curves, have been presented so that the effects of variation

in the percentage of compensation can be visualized. Four families

of curves have been constructed to illustrate the distinction in the

four basic types of system compensation described in chapter II.

Effects of Series and Shunt Compensation on Line Constants

The circuits used to represent a compensated transmission line

and its equivalent ABCD constants are shown in Figures 12 and 13.

The ABCD constants have been applied for network representation

because it is desired to take into account the effects of line resistance,

the distributed series inductance and shunt capacitance. With
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reference to Appendix I, the calculated values of the distributed

inductive and shunt capacitive reactance of the 954 MCM, ACSR con-

ductor for a unit length of the double-circuit three-phase line are:

X1 = 0.310010 ohm simile /phase

XC = 0.109102 X 106 ohms-mile/phase

Figure 12. Compensated network with line sections represented by
ABCD constants.

E /8 E /0°
ABCD

Figure 13. Network represented by total equivalent ABCD constants
including compensating effects.

The compensating units are placed at two specific locations due

to geographical reason. The percentage of compensation for each

type of unit can be defined as:



(X )(no. of units)
Percent series compensation = X1 x

Percent shunt compensation
XL X

X 100

(no. of unit) X X X 100
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Table I provides the per unit values of the total equivalent

generalized circuit ABCD constants for various degrees of compensa-

tion. The tabulated values, calculated from the hyperbolic expres-

sions for distributed line constants, are expressed in both rectangular

and polar quantities. An examination of the table reveals the follow-

ing information concerning the system operations characterized by

the ABCD constants:

Is

ESt
ABCD

Constants

IR =O

IER

Figure 14. Equivalent representation of an open-circuited transmis-
sion line with ABCD constants.

The constant A increases in magnitude and slightly decreases

in angle as percentages of compensation are increased. Inspection of

equation (12) in Appendix III indicates that the constant A relates the
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Table I. Per unit values of total equivalent ABCD constants for
various percentages of compensation.

System of
Compensation

T6

Shunt Series

A B C D

0. 0.

0.83331
+j0.02560

0.08685
+j0.72079

- 0.00489
+j0. 53010

0.74187
+j0.02822

0.83371 0.72600 0.53012 0.74241
/1.76° /83.13° /90.53° /2. 18°

0.91276 0.09507 - 0.00234 0.86186
+j0.01585 +j0. 59872 +j0.35649 +j0.02063

33.3 25.0
0.91289 0.60622 0.35650 0.86211
/0.995° /80.98° /90.38° /1.370

0.93824 0.09879 - 0.00125 0.93819
+j0. 01069 +j0.45325 +j0.26431 +j0.01653

50.0 50.0
0.93830 0.46389 0.26431 0.93834
/0. 653° /77.70° /90.27° /1.01°

0.94184 0.10135 - 0.00029 1.00896
+j0.00533 +j0.29892 +jo.16646 +j0.01211

66.7 75.0
0.94185 0.31563 0.16646 1.00903
/0. 324° /71.27° /90.10° /0. 688°



sending-end and receiving-end voltages for the no-load condition.

Therefore the voltage at the end of an unloaded line, as shown in

Figure 14 is:

ES
ER = A IR = 0
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(1)

Equation (1) implies that the rise in voltage at the receiving

end for an open-circuit condition can be controlled by the size of the

constant A as E is held at a predetermined value. A larger value

of the constant A will yield less change in the receiving-end voltage

when the load is disconnected. This fact is very important for very

long lines, because the excessive rise in the voltage often causes

problems with protective equipment.

The manner in which the constant A is affected by compensa-

tion can best be explained by representing the network in Figure 8 as

an unsymmetrical Pi circuit, as shown in Figure 15. For this con-

figuration the constant A is expressed as;

A = 1 + ZYR

and in correct complex quantities as;

A = 1 + (R + jX) (0 + jYR)

A = (1 - XYR) + jRYR
(2)

Since the magnitude of A depends greatly upon the real part,
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the relative value of R being small, equation (2) indicates that an

increase in series and shunt compensation will directly increase the

value of A.

IS0-1w-

ES1

T T
1E

R

Figure 15. Approximate representation of a network by unsymmetri-
cal Pi circuit.

Since the constant B represents the series impedance of the

line, its variation depends only upon the effect of the series compen-

sation with its magnitude and angle decreasing as the compensation is

increased. The constant B is the factor which largely determines

the amount of power transferred over the line. By neglecting line

resistance, the constant B is equivalent to the line reactance; there-

fore the power transferrable is

E
RS .P =

E
sin 5 (3)

Equation (3) is the reduction of equation (29) in Appendix VI,

when the resistance is negligible. The above equation indicates that

a reduction of the constant B firmly increases the amount of power

which can be delivered by the line. Consequently, a system of a
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higher degree of series compensation will greatly improve the power

transfer ability. This effect merits much consideration as one of the

most important factors in a power system design.

S
jX -jXc o ER/0E /6

Figure 16. One-line diagram showing line inductive reactance
reduced by a series capacitor.

The constant C decreases significantly in magnitude and very

slightly in angle as the degree of compensation is increased. The

effect of the constant C on the line performance can be illustrated by

equation (13) in Appendix III, for the no-load condition. From Figure

14, the charging current of the open-circuited line is given by the

equation:

IS = CER (4)
IR =0

Equation (4) implies that the charging current can be decreased

by the reduction of the constant C.

The manner in which the constant C varies with the degree of

compensation can be similarly explained, as in the case of the con-

stant A, by considering Figure 15, and by the equation:

C = YS + YR + ZY
SYR
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The constant D responds to line compensation in a manner

similar to that of the constant A.

Voltage and Current Characteristics Under
Open-Circuit Terminations

The characteristics of the constant A, indicated previously,

that the receiving-end voltage rise can be suppressed by the use of

shunt and series compensation. Such compensation would also

decrease the line-charging current. These phenomena were further

investigated, as were the distributed values of voltage and line cur-

rent, as functions of the stated degrees of compensation.

Total variation of voltage and current magnitudes for the condi-

tions of line open circuit and transformer only termination have been

drawn on separate figures. Each figure indicates the voltage or cur-

rent profile, type of system compensation, and conditions of termina-

tion. Twenty-mile line sections, using equivalent distributed con-

stants, have been used in all cases as the calculating increment in

obtaining the voltage and current profiles, by the method given in

Appendix III.

For all systems considered, the absolute value of voltage

exhibits a non-linear rise as a function of the distance along the line.

For compensated systems, the voltage profiles are discontinuous at

the two positions of compensation because of the series compensating
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VOLTAGE PROFILES
No compensation

Open-circuit termination, constant sending voltage

1.0

0.9 Synchronous condenser terminated with loads

o o o Transformer terminated

40 80 120 160 200 240 280 320 360
Distance in miles

Figure 17. Per unit voltage magnitudes versus distance from the sending end.
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VOLTAGE PROFILES
33.3% Shunt compensation

25% Series compensation
Open-circuit termination, constant sending voltage

0.9

4,

* Synchronous condenser terminated with loads

0 0 o Transformer terminated

i 1 I

0 40 80 120 160 200 240 280 320 360
Distance in miles

Figure 18. Per unit voltage magnitudes versus distance from the sending end.
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VOLTAGE PROFILES
50% Shunt compensation
50% Series compensation

Open-circuit termination, constant sending voltage

0.9 Synchronous condenser terminated with loads

o o o Transformer terminated

40 80 120 160 200 240 280 320 360
Distance in miles

Figure 19. Per unit voltage magnitudes versus distance from the sending end.
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66.7% Shunt compensation

75% Series compensation
Open-circuit termination, constant sending voltage

0.9 Synchronous condenser terminated with loads

o Transformer terminated

0 40 80 120 160 200 240
Distance in miles

280 320 360

Figure 20. Per unit voltage magnitudes versus distance from the sending end.



31

effects. Two curves in each figure, representing the two conditions

of termination, have nearly the same shape. These phenomena are

illustrated in Figures 17, 18, 19, and 20. The vertical difference

between the two curves is caused by the terminal reactance of the

transformer, the magnetizing reactance, the effect of which will be

the same as that of a shunt reactor.

Figure 21. Phasor relation of voltages and currents under an open-
circuit condition.

Figure 21 shows the general relationship of the phasor quanti-

ties during an open-circuit termination. The transformer only ter-

mination causes a greater voltage rise than does the line open-circuit

condition. These phasor quantities were calculated for different

degrees of compensation and are illustrated in Table II. These

results reveal that the magnitudes of the receiving-end voltage, ER,

under the conditions described are considerably reduced by higher
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degrees of compensation, demonstrating the influence of the com-

pensation on the constant A.

Thus the rise in voltage at the receiving end can be kept within

an allowable value by the selection of proper compensation. If the

tolerable value of the receiving-end voltage is to be less than 1.1 per

unit, a satisfactory system of compensation should be greater than

33.3% shunt and 25% series. However, if the permissible voltage

rise is limited to 5% above the nominal value, then no compensating

systems herein considered is satisfactory for the no-load operation.

To meet the 5% limitation, a synchronous condenser connected at the

receiving end will be investigated.

Table II. Pu voltage and current magnitudes and their respective
angles for transformer only termination.

System Per- Receiving- Sending-end Sending-end
cent Com- and Voltage Voltage, Es Current, Is
pensation Magnitude Magni- a Magni-

Shunt Series Oc?, tude Degrees tude Degrees

0. 0. 1.2167 1.0000 1.91 0.66501 90.57

33.3 25 1.1066 1.0000 1.12 0.41475 90.36

50 50 1.0729 1.0000 0.78 0.30456 90.31

66.7 75 1.0653 1.0000 0.45 0.19935 90.16

Results in Table II also indicate the sending-end current reduc-

tion with a higher degree of line compensation. This current is only
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the line-charging current in the case of the open-circuit termination.

These results automatically show how the constant C is affected by

such compensation. The manner in which the current is reduced by

compensation is indicated by its distribution along the line as shown

in Figures 75 to 78 in Appendix VIII.

Table II shows that the sending-end current is in the second

quadrant. It can be seen, also, that the angle between the sending-

end voltage and current is less than 90 degrees for all cases.

The effect of shunt reactors in compensating for line-charging

current, by comparing phasor diagrams for the uncompensated sys-

tem and the 50% compensated system, is illustrated in Figures 22

and 23. For the uncompensated line, the charging current gradually

increases from zero value at the receiving end to a large value at the

sending end. For the compensated line, the phasor currents IM'
N

are combined with currents IL' IL which flow through the two shunt

reactors, leaving the remaining currents Lim, IN flowing in the other

parts of the circuit. Thus the result is a reduction of the current at

the sending end.

Other results of current profiles are shown in Appendix VIII.

Reactive Power Requirements in Response
to Various Systems of Compensation

Results from the open-circuit analysis indicate the necessity

for a synchronous condenser to be connected at the receiving end.
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M R
R/0

IM = 0.196/90.02°
IN = 0.423/90.21°
Is = 0.665/90.57°

hNiM ER
IR= 0

)."
R

Figure 22. Simplified diagram of uncompensated line and relative
phasor currents at various points for the open-circuit
condition.

IM

IL

Imt = 0.019/89.35°
IN! = 0. 072/89. 69°

IS = 0.305/90.31°

ER

IR= 0

Figure 23. Simplified diagram of a compensated line and relative
phasor currents at various points for the open-circuit
condition.
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The reactive power control established by this equipment is often

used to advantage in long transmission lines and sometimes referred

to as phase control.

Figure 24 illustrates the basic network configuration for the

calculation of the steady-state reactive power requirements of a sys-

tem, with the synchronous condenser represented by a variable

reactance.

P
S
+jQ

ES1

P +jQ

ABCD
Constants

P
P

+jQ

Loall

Figure 24. A network represented by equivalent ABCD constants
with a variable reactive power source at the receiving
end.

The evaluation of the reactive power requirements for the syn-

chronous condenser were made for various magnitudes of load, each

with a constant 0.9 lagging power factor. Loads under consideration

were varied from zero to the predicted maximum value. The calcula-

tions were performed so that specific voltage ratios (ES/ER) could be

maintained. These reactive power requirements are tabulated in
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Tables IX to XIII in Appendix VIII, each table for one load condition

and various degrees of compensation.

The synchronous condenser requirements necessary for voltage

control without an additional load are shown in Table IX. The positive

sign indicates that the line is supplying vars while the synchronous

condenser is under-excited. The 66.7% shunt-75% series compen-

sated system supplies more vars than do the other compensated sys-

tems. This fact will be used to determine the lagging var rating of

the synchronous condenser for each particular system.

Results from Tables X to XIII indicate that the leading var

requirements of the synchronous condenser will increase as the loads

become larger. At one value of load, however, the leading vars vary

inversely with the voltage ratio. Generally, the higher-percentage

compensated systems require less reactive power from the synchron-

ous condenser.

Inspection of Tables IX and XIII reveals that an equal magnitude

of leading and lagging vars are required from the synchronous conden-

ser only for voltage ratios in excess of 1.125, for the 66.7% shunt-

75% series compensated system. Therefore, any system of compen-

sation may logically require the synchronous condenser to be especi-

ally designed with different ratings for its inductive and capacitive

reactive power limits. The ratings depend upon a specified voltage

ratio. Thus the synchronous condenser can maintain constant voltage
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at the receiving end of the line for all loads.

As an example, for the 50% shunt-50% series compensated

system, the amount of reactive power required at no load and full

load are in the ratio of 4 to 10 for the approximate voltage ratio of

1.08. Hence, the var ratings of a synchronous condenser suitable

for this system should be in the order of 40 percent lagging and 100

percent leading.

In order to obtain a minimum synchronous-condenser capacity,

a pair of optimizing curves were plotted and are shown in Figure 25.

One curve was obtained by plotting the synchronous-condenser reac-

tive power (Q sync) for maximum load as a function of the voltage

ratio. The other was obtained by plotting the algebraic sums of the

values of Qsync
for no load and Qsync

for maximum load times a

factor that is a function of the voltage ratio. The value of the factor

is the ratio of the desired inductive-var rating to the capacitive-var

rating of the synchronous condenser. The specified voltage ratio will

be determined at the point of intersection of the latter curve and the

ordinate axis. The required minimum synchronous-condenser

capacity is obtained by horizontally projecting the intersection point

to the curve of Qsync for maximum load.

The above process is illustrated in Figures 25, 26, 27, and 28

for the four basic types of systems. The results are summarized in

Table III. With respect to the uncompensated system, the results
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Table III. Total capacity of synchronous condenser required at
receiving end for various systems of compensation.

System Percent Requirements of Synchronous
Compensation Condensers

Shunt Series

Three-
Phase

Capacity

Ratings of
Reactive
Power

Optimum Ratio
of Sending-end

to Receiving-end
Voltages, ES /ER

(mva) lagging leading

Zero Zero 260 30 100 1.048

33.3 25 250 30 100 1.092

50 50 215 40 100 1.096

66.7 75 150 100 100 1.137

indicate that the synchronous-condenser capacity requirement can be

significantly reduced by the use of the system with 66. 7% shunt and

75% series compensation. For other systems with compensation,

the relative reduction of the synchronous-condenser requirements

from that of the uncompensated line does not seem significant,

regardless of the other advantages of the compensating equipment.

Furthermore, these systems require specially designed synchronous

condensers for different ratings of reactive power, as indicated.
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Figure 25. Optimizing curves for minimum synchronous-condenser capacity.
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Figure 26. Optimizing curves for minimum synchronous-condenser capacity.
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Figure 27, Optimizing curves for minimum synchronous-condenser capacity.
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Figure 28. Optimizing curves for minimum synchronous-condenser capacity.
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Voltage and Current Characteristics for Loaded Conditions

The series capacitor becomes an important factor in line voltage

control for loaded conditions. The voltage across the capacitor is

produced by line current. The phase position and hence the effect of

this voltage is dependent upon the relative angle of the current to the

voltage on the load side of the capacitor. According to the circuit

arrangement assumed in this analysis, as shown in Figure 7, the

series capacitor and shunt reactor are connected to each other at

both positions. Therefore, both compensating units interact and pro-

duce simultaneous effects in the voltage and current values at the

point of compensation.

The effect of a series capacitor on the line voltage character-

istics will be examined by considering an equivalent circuit of a

series compensated line with an inductive load, as shown in Figure

29a. Assuming an undercompensated (less than 100%) line, the

phasor diagram of the voltages and current for a load-power-factor,

01 is shown in Figure 29b. The full load current must pass through

the capacitor where the voltage (IX C) is developed. This voltage

directly reduces the effect of the line reactance drop (IX), requiring

a smaller sending-end voltage, Es than with no compensation, E5.

If the percent compensation is greater than 100, the line is overcom-

pensated. With overcompensation it would be possible to make the
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sending- and receiving-end voltages equal in magnitude at all loads,

as long as the power factor remained constant, as shown in Figure 29c.

However, the power factor of the load does not remain constant

because of motor starting and changing loads. With overcompensation,

a variation in the power factor and current magnitudes may therefore

result in serious overvoltage or undesired voltage characteristics,

as shown in Figure 29d. In view of these conditions, only the under-

compensated line is used in practice. It should also be observed that

the voltage change caused by the series capacitor is proportional to

the load current, providing the power factor is held constant.

X
Cr X

(a)

Inductive
Load

(c)

(b)

(d)

Figure 29. Simplified circuit of a series compensated line with an
inductive load and phasor diagrams.
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For this study of the voltage and current characteristics along

the line during loaded conditions, the system is represented by the

ABCD constants for each network section. The combined units of

compensating equipment are located at two positions: between buses

N -N' and between buses M-M`, as shown in Figure 30a. The ABCD

representation of the shunt reactor and the series capacitor have been

discussed in Appendix IV. For the uncompensated line, the compen-

sating sections of the network can be considered as short-circuited

capacitors and open-circuited reactors, leaving only zero-impedance

connections between the corresponding buses. A synchronous con-

denser, represented by a variable shunt reactance, is connected at

I

II(
_

ABCD
II

I I
ABCD I I

I

ABCD
Constants 1 Constants

I

Constants
I I

I

L _ 1 N mi L_ i M R

(a)

Total Equivalent ABCD Constants

(b)

Figure 30. Circuit diagrams of a loaded, compensated system with
line sections represented by ABCD constants and the total
equivalent representation.
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the receiving end with the equivalent load. Successive matrix multi-

plication was used to obtain the total equivalent ABCD constant repre-

sentation for the entire network, as shown in Figure 30b. Equations

(12) and (13) in Appendix III indicate the phasor relationship of the

voltages and currents to the ABCD constants. Thus the relationship

between the sending- and receiving-end quantities will also be influ-

enced by compensation.

Voltage and current profiles for loaded conditions of the system

have been evaluated by the same process as that for the open-circuit

termination. The analytical results of the voltage profiles are

graphically shown in Figures 31, 32, 33, and 34. Several curves for

the current profiles are shown in Figures 79 to 86 in Appendix VIII.

One important fact should be noted: as the synchronous condenser is

an active factor controlling the voltage ratio to a specific value, the

voltage and current characteristics are therefore also affected by this

factor.

For a compensated line, the absolute voltage magnitude exhibits

a non-linear distribution along the line with sharp changes at the two

intermediate points. The sharp changes are defined as the voltage

compensation by the series capacitors which becomes larger with

higher degrees of series compensation. Examination of Figure 34

for the 75% series compensation indicates a favorable distribution of

voltage under the full-load condition. For no load, however, the
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Figure 31. Per unit voltage magnitudes versus distance from the sending end.
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Figure 32. Per unit voltage magnitudes versus distance from the sending end.
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Figure 33. Per unit voltage magnitudes versus distance from the sending end.
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voltage developed across the capacitors is excessively large and may

exceed the maximum allowable voltage rating of the equipment under

normal operation.

As a summarization, the maximum pu voltage and current

magnitudes existing along the transmission line for each system of

compensation have been tabulated in Table IV. For no load, a maxi-

mum voltage magnitude exists at an intermediate point and differs in

both its value and peaking position for different systems of compensa-

tion. Obviously in this case the voltages developed across the series

capacitors are much greater than in the case of the open-circuit ter-

mination without the synchronous condenser at the receiving end.

Table IV. Maximum pu voltage and current magnitudes for various
load conditions.

System Percent
Compensation

Shunt Series

Maximum Load
1 pu, 0.9 pf lagging

Voltage Current

No Load (Synchronous
condenser existing)

Voltage Current

0. 0. 1.000 1.1602 1.0454 0.3062

33.3 25 1.000 1.1816 1.0033 0.3032

50 50 1.000 1.1554 1.0042 0.3430

66.7 75 1.000 1.1548 1.0540 0.5455
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Further inspection of Table IV indicates a maximum current

magnitude above the rated value (1 pu) for the full-load case. This is

a result of the receiving-end voltage magnitude being lower than 1 pu.

Also, there is no voltage magnitude greater than or equal to 1 pu

along the line. Examination of the thermal limit of the conductors

indicates that the maximum values of current are still within the

allowable range for normal loading conditions.

With respect to voltage and current profile characteristics, the

system with 50% shunt and 50% series compensation will permit

feasible steady-state line performance.

Steady-Line-Performance Characteristics

Analytical results of voltage and current profiles for the maxi-

mum load condition have automatically produced some operating

characteristics. Conjugate multiplication of phasor currents and vol-

tages at several line sections will directly determine the nature of

real and reactive power exhibited in those respective sections. Load

flow diagrams have been constructed, one for each system of com-

pensation, as shown in Figures 35, 36, 37, and 38. Each diagram

indicates the power flow, on a per-phase basis, at the salient points,

together with the phasor values of voltage. In order to give a better

view of the phasor relationships between the voltages and currents

under the maximum load condition, phasor diagrams are illustrated in



LOAD FLOW DIAGRAM

Power and reactive flow is indicated thus - MW(MVAR) per phase
Arrows in same direction indicate lagging power factor.
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Figure 35. Load flow diagram for the system with no compensation operating condi-
tions with 100 MW loading per phase, 0.9 p.f. lagging.
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Figure 36. Load flow diagram for the system with 33% shunt and 25% series compensation
operating conditions with 100 MW loading per phase, 0.9 p.f. lagging.



230/32°

LOAD FLOW DIAGRAM

Power and reactive flow is indicated thus - MW(MVAR) per phase
Arrows in same direction indicate lagging power factor.

216/16° 220/27° 209/12° 213/23°
N' Mme M

205/11°

108(22 104(19

(13) (12)

100(23)

(71.

115/0°
R

Figure 37. Load flow diagram for the system with 50% shunt and 50% series compensation
operating conditions with 100 MW loading per phase, 0.9 p.f. lagging.
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Figure 39. Phasor diagram for the uncompensated line with 1 pu
load at 0.9 pf lagging.
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Figure 40. Phasor diagram for the compensated line with 1 pu load
at 0.9 pf lagging.
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Figure 41. Phasor diagram for the compensated line with 1 pu load
at 0.9 pf lagging.
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Figure 42. Phasor diagram for the compensated line with 1 pu load
at 0.9 pf lagging.
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Figures 39, 40, 41, and 42. Subscript letters with the phasor quanti-

ties refer to the existing points in the load flow diagram, except that

IL denotes the constant load current.

Results from the load flow diagram indicate the flow of positive

vars in the system. The synchronous condenser, represented by an

equivalent variable reactive power source, is supplying reactive power

with over-excitation at the maximum load. The diagrams also indi-

cate that a larger amount of vars are drawn by greater degrees of

shunt reactor compensation. This would imply that the shunt reactor

gives an unfavorable effect under loaded conditions, since it tends to

make the synchronous condenser supply vars to the inductive load.

However, this effect has been currently overcome by the series

capacitor compensation, with the result that the synchronous con-

denser supplies less vars for a system with a high degree of compen-

sation. As an example of the system with 50% shunt and 50% series

compensation, the inductive reactive power required by the two shunt-

reactor units at buses N and M are approximately 13 and 12 mvars,

while the capacitive reactive power developed by the two series-

capacitor units at those respective positions are 21 and 20, thereby

leaving a total quantity of 16 mvars delivered to the line.

Thermal losses in the line are decreased as the degree of com-

pensation is increased. The losses are greater for the system with

33.3% shunt and 25% series compensation than in other compensation
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systems considered. With respect to the current profiles, the current

magnitude of this system exists at a higher level than in any other

system. Phasor diagrams give evidence that the line operating angle

is decreased by a higher degree of compensation. Various operating

characteristics have been summarized in Table V.

Table V. Various operating characteristics for maximum-load
condition. Values given in per-phase basis.

Positive vars
drawn by shunt
reactor (kvars)

Positive vars
developed by
series capacitor
(kvars)

Positive vars
delivered to line
by compensa-
tion (kvars)

Line losses
(kw s)

Transmission
efficiency (%)

Line operat-
ing angle
(degrees)

System of Compensation
No

Compen-
sation

33% Shunt
25% Series

50% Shunt
50% Series

67% Shunt
75% Series

16,074 25,751 36,877

21,959 41,761 62,048

5,855 16,010 25,171

13,302 13,751 13,033 12,693

88.259 87.911 88.469 88.737

54.95 45.19 32.25 20.08
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Obviously, the positive reactive power required by the line

inductive reactance can be obtained in part from the series compen-

sation. Coincidentally, in the load flow diagram of the 75% series-

compensated system, only positive reactive power is transmitted

throughout every line section. However, the reactive power is

largely consumed by the transformer. Thus, the possibility of low

reactances of the transformer windings is heavily favored for all

cases.

The phase angles between the sending-end and receiving-end

voltages for the uncompensated system and the 33.3% shunt-25% series

compensated system are greater than 45 degrees. These angular

values would not be justified for steady line operation.

The maximum power that can be developed under steady state

conditions has been evaluated by the method described in Appendix VI.

Analytical results of power as a function of line operating angles have

been plotted, and the so-called power-angle curves have been obtained,

as shown in Figures 43, 44, 45, and 46. The lower curve in each

figure represents the power that can be transferred to the receiving

end.

The steady-state stability limit is defined by the crest of the

receiving-power curve. This limit determines the ability of a sys-

tem to deliver the maximum power to the load. Results indicate a

great increase in power transfer ability as the percentages of
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compensation increase. For the uncompensated system, as shown in

Figure 43, the line must be operated very near the steady-state

stability limit in order to deliver rated power to the load at the

receiving end. In Figure 46, the system with 66.7% shunt and 75%

series compensation presents the most favorable result, since the

line is operated considerably below its stability limit to transfer the

same amount of power.

Equation (31) in Appendix VI implies that the limit depends

mostly upon the constant B, therefore series compensation is the

major factor in determining the limit. Fifty percent or higher series

compensation would be recommended if the operation of the system

relies on the steady-state stability limit only.

Analytical results also reveal, for a 1 pu load, as indicated by

the horizontal-dotted line in each figure, that the load angle 6 and the

line losses obtained by this method of analysis are coincident with the

quantities resulting from the load flow and phasor relationships.

Power-angle curves indicate that, for a highly compensated system,

the receiving-end power reaches its maximum value with a smaller

load angle 5. This might imply that a system with less compensation

has a tendency to permit greater transferred power. However, the

power PR in equation (29) in Appendix VI varies inversely with the

magnitude of the constant B. Also, the maximum power is developed

when the load angle 5 equals the respective angle p of the constant B.
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Since the constant B is reduced more in magnitude than in angle, by

series compensation, greater power transfer ability thereby results

from the highly compensated system.

Inspection of equation (29) in Appendix VI indicates that the

maximum power transferrable is obtained by the equality of the angles

6 and p . Therefore, attempted transmission of power at an angle

larger than p causes instability.

Transient Stability Limits as Functions of Switching Time

In this part of the analysis it has been assumed that the resis-

tance and the line distributed capacitance are negligible, thus the

circuit preceding the occurrence of faults is purely reactive. The

phenomena which take place with the occurrence of a fault on one of

the circuits and the switching out of the faulted line section can be

described as follows!.

The power-angle curves of a reactive network of the assumed

system, as shown in Figure 47, are determined by the equation

E.
iS

E
P =

E
sin 6

X
(5)

where X is the transfer reactance between internal voltages E.5 and

EiR. Curves (1), (2), and (3) represent power-angle relationships

for the conditions preceding the fault, after isolating the fault, and

during the fault, respectively. The power, P is assumed to be the



V

0

(1)

Before faultse7/

After fault

SO SC

Angular displacement in degrees

1:0

68

During fault

Figure 47. Equal-area criterion applied to fault clearing when power
is transmitted during the fault.

power transfer before the fault occurs.

In view of the equal-area criterion, and without regard to the

type of fault, the fault clearing angle Sc depends upon curve (2). If

the maximum point of curve (2) can be raised higher, a greater amount

of power then can be transferred with respect to the same degree of

fault clearing. Since the angular swing of the system caused by the

disturbance increases rapidly and directly with the period of the sus-

tained fault, the critical clearing angle therefore indicates the
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maximum time allowed to isolate the fault.

Hence, the power transferrable with transient stability is

basically limited by the transfer reactance of the system following a

switching operation to clear a fault, and is also dependent upon the

time required for a circuit breaker to disconnect the faulted line sec-

tion from the system. If the switching time approaches zero, the

transient stability limit then depends largely upon the transfer reac-

tance of the post-fault circuit. However, for certain operating cycles

of a circuit breaker, the stability limit relies on the type of fault sub-

jected to the system, since this factor characterizes curve (3) in

Figure 47. The three-phase fault which causes the most severity will

yield the lowest crest of curve (3), while the line-to-ground fault

yields the highest crest of the same curve. Furthermore, the posi-

tion where the fault may occur is also a factor of the transient sta-

bility limit. The transfer reactance of both the faulted circuit and

the post-fault circuit are affected by this factor. The worst location

is at the sending- or receiving-end busbar.

Consequently, if the system operations rely on a transient

stability recovery, it is then necessary to specify the location and

type of fault to be selected to test the reliability. The single line-to-

ground fault occurs most frequently, and the three-phase-fault least

frequently. For complete reliability a system should be designed for

transient stability for three-phase faults at the worst locations. If
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this is impracticable from an economic standpoint, reliability may be

sacrificed to the extent of designing for transient stability for double

line-to-ground faults. However, transient stability is not always the

question of transmission line performance. It is only one of the

important factors at the highest level of design consideration.

Application of modern relays and circuit breakers permit a

very short fault period on transmission circuits. The brief presence

of the fault, currently 3 cycles, is so short that this part of the dis-

turbance is usually considered a minor one. The major disturbance

is predicated by opening the faulted line section. In some operations,

the mere switching of one unfaulted circuit of a long, heavily loaded

section of line could cause instability. This gives confirmation that

the transient stability limit depends largely upon the post-fault circuit

rather than upon the fault period.

An outline of the procedure for determining the stability char-

acteristics of a system which can be represented by two equivalent

machines with resistance neglected, as shown in Figure 10, can be

cited as follows:

A. The system is represented by an equivalent one-line dia-

gram with an equivalent transient reactance and inertia constant for

each of the two machine groups at the sending and receiving end. With

some sacrifices in accuracy, due to incomplete data, it is assumed

that all machines at each end of the line swing together. Thus the
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sending system and receiving system are each considered as one

machine group having an inertia constant equal to the sum of the

inertia constants of all machines at each end, on the same mva base.

An equivalent reactance was obtained for each terminal system by net-

work reduction. The system representation with an equivalent inertia

constant and transient reactances is shown in Figure 48.

H = 39.8 pu

X1 = 0.12515 pu

X2= 0.11341 pu

X
0

= 0.32156 pu

H = 6.72 pu

X
1

= 0.20164 pu

X
2

= 0.08210 pu

X
o

= 0.02308 pu

Figure 48. System representation for transient stability calculations.

A method of network transformation and reduction was applied

to the circuits representing pre-fault, faulted, and post-fault networks

in order to obtain an equivalent Pi network. The transfer reactance

between the sending and receiving system internal voltages, as shown

in Figure 49, is represented as X12.

B. Various initial power values, P0, were assumed. The vol-

tage behind transient reactances for the sending and receiving systems

and the initial angular displacement, So, of these voltages were



72

Figure 49, An equivalent Pi network resulting from a system net-
work reduction.

determined. Hence, a theoretical maximum transferrable power,

Pm, for each corresponding initial power transmitted P
0

is defined

as:
EiSEiR

Pm -
X12

The variation of P
0

and Pm as functions of sin 6 for each
0

system of compensation are shown in Figures 87, 88, 89, and 90 in

Appendix VIII.

C. The values of r
1

and r
2

are defined as

X12(pre-fault)
r

1 X 12(faulted)

r X12(post-fault)

X12(pre-fault)

D. The variation of r
1

and r
2

as a function of sin 60' on the
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basis of the equal-area criterion, is shown in (5 Vol. 2, p. 63). Thus

the values of sin 6
0

corresponding to r
1

and r
2

are readily obtained.

The transient stability limits for a sustained fault (corresponding to

r
1

and zero switching time (corresponding to r 2) are determined by

the use of curves of P
0

versus sin 60' as described in (B).

E. Various values of sin 6
0

between the values obtained in

(D) are selected. The modified critical clearing time (T), for the

calculated values of r
1

and r
2

and for the selected values of sin 0'

are determined by the example family of curves illustrated in Figure

50. The complete set of these curves are given in (5 Vol. 2, p. 54 to

59).

1.0

0.8

0.6

0. 4

0.2

0 1.0 2.0 3.0
T for sin So = 0.40

4.0 5.0

Figure 50. An example of a family of modified critical clearing time
curves.



F. The values of T are converted into the actual critical

switching times by the following equation:

where

t =
T

(Trf Pm r 1/H0)1/2

HSHR
HO

HS+HR

seconds
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H
0

is the equivalent inertia constant of the entire system, while

H and HR are the equivalent inertia constants of the sending and

receiving system respectively. The values of P and P
0

corre-

sponding to the selected values of sin 6
0

are obtained from the

curves described in (B).

G. The values of P
0

and t corresponding to the selected

values of sin 6
0

were plotted to illustrate the transient stability

limits as functions of critical switching time.

Transient stability limits as functions of critical clearing time

have been plotted on the basis of four types of fault per figure, where

an assumed fault location is also indicated. Results for faults at F1,

which is the worst location are presented here, while the others are

shown in Appendix VIII. Curves A, B, C, and D represent the four

types of faults in order of decreasing severity: three-phase fault,

double line-to-ground fault, line-to-line fault, and line-to-ground

fault.
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The four curves start from the same point on the ordinate, as

this point determines the zero-switching-time stability limit which is

definitely the same for all types of faults. This reveals the fact that

the faster the circuit breakers could operate, the type of fault would

have less influence on the stability limit. Dotted lines in each figure

indicate the limits at an indefinite switching time, in other words, the

power that can be transmitted over the sustained fault circuit. In

some cases this amount of power is apparently zero, for a three-

phase short-circuit to the system at all busbars including intermedi-

ate switching stations. However, these locations, except F1, are not

always the worst. Examination of some other conditions of fault indi-

cates that location F3 yields the greatest stability limit.

For a compensated system, the series capacitors are not

present in the circuit during fault; the stability limits for sustained

faults therefore do not rely on series compensation. As soon as a

fault is cleared, the capacitors are reinserted in the circuit. Thus

the stability limit at zero switching time, as well as for delayed cir-

cuit breaker operation is greatly influenced by this compensation.

Numerical values of the per unit transient stability limits corre-

sponding to the switching time of circuit breakers in cycles, for three

assumed fault locations, are provided in Tables VI and VII. The

tables give the stability limits for the application of three-phase

faults and double line-to-ground faults for each system of
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compensation. Two operating cycles for the circuit breakers have

been assumed. The 2.5-cycle breaker is generally regarded as one

of the fastest for modern protective equipment; the 7. 5 -cycle breaker

is considered much slower. Since the system frequency is 50 cycles

per second, the 2.5-cycle and 7.5 cycle operations are currently

equivalent to the fault clearing time of 0.05 and 0.15 seconds respec-

tively.

In all respects, the results indicate favorable improvement of

the transient stability limits with an increase in the series compensa-

tion. The switching of shunt reactors during a period of fault causes

a relatively small increase in the stability limit. Therefore, econo-

mics would be a decisive factor in providing this capability. The

costs of the relay equipment required to open the reactor circuit when

faults occur, must be compared with the advantage obtained from the

additional amount of power transferrable.

At fault location F1, the system with 66.7% shunt-75% series

compensation yields a stability limit of less than 1 pu for all types of

faults, even at zero switching time. Thus, if system operations rely

on the transient stability at the worst fault location for 1 pu firm

power delivered, more intermediate sectionalizing stations or

switched-series capacitors would be a feasible requirement. The

capacitors must be switched as the line should not be over-

compensated during normal operation. The switched-series capacitor



Table VI. Pu transient stability limits for three-phase faults at various locations.

Fault
loca-
tions

Speed of
Circuit

Breakers,
cycles

No
Compen-

sation

Pu Power for Types of System Compensations and Conditions
of Faulted Circuits

33.3% Shunt
25% Series

Shunt Reactors

50% Shunt
50% Series

Shunt Reactors

66.7% Shunt
75% Series

Shunt Reactors

Maintained Switched
Off

Maintained Switched
Off Maintained Switched

Off

2.5 0,732 0,741 0.741 0.820 0.820 0.935 0.935

F
1

7.5 0.627 0.641 0.641 0.705 0.705 0.818 0.818

2.5 0.758 0.785 0.792 0.895 0.899 1.017 1.020

F
2

7.5 0.668 0.691 0.708 0.780 0.795 0.893 0.903

2.5 0.775 0.816 0.816 0.940 0.940 1.100 1.100

F
3

7.5 0.645 0.690 0.690 0.787 0.787 0.904 0.904



Table VII. Pu transient stability limits for double line-to-ground faults at various locations.

Fault
loca-
tions

Speed of
Circuit

Breakers,
cycles

No
Compen-

sation

Pu Power for Types of System Compensations and Conditions
of Faulted Circuits

33.3% Shunt
25% Series

Shunt Reactors

50% Shunt
50% Series

Shunt Reactors

66.7% Shunt
75% Series

Shunt Reactors

Maintained Switched
Off

Maintained Switched
Off

Maintained Switched
Off

2.5 0.741 0.796 0.800 0.831 0.835 0.942 0.947

F
1

7.5 0.696 0.703 0.708 0.773 0.778 0.868 0.879

2.5 0.774 0.802 0.805 0.898 0.901 1.023 1.028

F

7.5 0.737 0.753 0.758 0.834 0.843 0.942 0.955

2.5 0.808 0.843 0.845 0.956 0.960 1.123 1.126

F
3

7.5 0.729 0.751 0.752 0.842 0.851 0.971 0.974
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will be operated in such a manner that it yields a degree of compen-

sation equivalent to that of any single line section reactance. Follow-

ing the isolation of a fault, all series capacitor units should be simul-

taneously switched into the post-fault circuit, resulting in a reduction

of the transfer reactance to increase the transient stability limits.

The occurrence of three-phase faults at other locations will per-

mit transmission of the maximum load with stability only for the 75%

series-compensated system with 2.5-cycle operation of the circuit

breakers. The comparative effects of compensation on the system

stability and switching time are shown in Figures 58, 59, and 60.

The figures represent the stability limit as it varies with compensa-

tion for three-phase faults at each fault location. The curves for the

compensated systems represent the condition of no shunt reactors

during the fault. The stability limits of a compensated system for

three-phase faults at locations F
1

and F3 yield equal results with

and without shunt reactors during the fault period. During the three-

phase fault at these locations, no power is transferred. The equiva-

lent transfer impedance is infinite, therefore the shunt path has no

effect.

In general, maximum power transmission capabilities are in-

creased with increasing compensation. The fastest possible type of

protective relays and circuit-breaker equipment are equally impor-

tant for transient operation.
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Transient Stability Limits as Functions of Switching Time
3-1) Fault at F1 as Indicated

Curves Compared Among Different Percentages of Compensation:
I. No Compensation

II. 33% Shunt - 25% Series
III. 50% Shunt - 50% Series
IV. 67% Shunt - 75% Series

1.2

1.0

0.8

0.4

0.2

0 0.4 0.6
Time in Seconds

0.8

Figure 58. Per unit stability limits versus fault clearing time.

1.0



88

Transient Stability Limits as Functions of Switching Time

3-10 Fault at F
2

as Indicated

Curves Compared Among Different Percentages of Compensation:
I. No Compensation

II. 33% Shunt - 50% Series
III. 50% Shunt - 50% Series

1.2 - IV. 67% Shunt - 75% Series

1.0

0. 8
01

4)

0
al 0.6

0.4

0.2

0 0.2 0.4 0.6 0.8 1.0
Time in Seconds

Figure 59. Per unit stability limits versus fault clearing time.



89

Transient Stability Limits as Functions of Switching Time
3-0 Fault at F3 As Indicated

Curves Compared Among Different Percentages of Compensation:
I. No Compensation

II. 33% Shunt - 25% Series
III. 50% Shunt - 50% Series
IV. 67% Shunt - 75% Series

1.2

1.0

0.8

6oa.

t)

0
04

0.4

0.2

0 0.2 0.4 0.6 0.8 1.0
Time in Seconds

Figure 60. Per unit stability limits versus fault clearing time.
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VI. FUTURE FIELDS OF INVESTIGATION AND SUMMARY

The analysis presented in this thesis has been concerned with

one area of a 230-kv transmission system which is regarded as a high-

voltage (HV) transmission link. The analytical results are to provide

a guide for the selection of one of the possible systems of compensa-

tion. Within this area of study there are several divisions as well as

alternative areas, which would yield additional different solutions.

These fields of study have not been investigated and consequently can

be marked for future consideration.

This analysis has dealt with only two fixed locations of com-

pensating equipment, while respective variation in the degrees of

shunt reactor and series capacitor compensation has been evaluated.

Results have shown that compensation of some amount is necessary.

Further investigation of the number and location of these compensat-

ing units is required. The possibility of shunt reactors at both ter-

minals of the network, as well as equal and unequal spacing of more

series compensating units along the line, requires study. It should

be kept in mind that the location of compensation will, in all probabil-

ity, depend upon the locations available, as well as upon the operating

characteristics of the line.

The characteristics of loads should be thoroughly studied, since

the basic consideration of system planning must be viewed primarily
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from the probability of load growth and accompanying system changes.

The flexibility of operation afforded by switched shunt reactors,

switched series capacitors, and intermediate switching stations,

requires more analysis and economic consideration for future trans-

mission systems. Since it is impractical to change the size and loca-

tion of compensating units, switched or variable compensation would

provide better line operation under varying loads. The transient

stability limit could be increased by compensating applications, as

well as by intermediate sectionalizing stations. A possible optimum

system operation would be the automatic control of these variables by

means of modern techniques which would change the amount of com-

pensation for each increasing step in the load, as well as provide

some measure of reliability when a system is under abnormal condi-

tions.

Most all decisions for system design depend upon economic con-

siderations. For example, insertion of compensating units will

involve additional costs of unit installation, high-voltage terminal

connections, and land area. Such added facilities and their costs

could well render some alternate transmission systems more advan-

tageous and economical. One possible scheme would be an extra-high-

voltage (EHV) transmission system, providing the load growth would

surpass that considered in this thesis. Another possibility would be

the direct-current (DC) transmission system which is highly
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competitive with the EHV system. Thus, a careful evaluation of these

systems is required by system planning engineers while giving due

consideration to all economic factors involved.

An analytical approach will not always eliminate the problems.

Definite comprehension of the entire problem is of great importance.

Also, a well defined problem becomes the index of its own solution.
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APPENDIX I

INDUCTIVE REACTANCE AND CAPACITIVE REACTANCE OF
THE 230-KV DOUBLE THREE-PHASE LINE

Ground wire

Conductor

8.8 --4-1

Note.

All dimensions are
given in meters.

3.6

5.5

5.5

24.0

min.. 1.5, max. 9.0

Figure 61. A 230 KV double-circuit tower.
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A standard 230-kv double-circuit tower as generally used in

Thailand is shown in Figure 61. The tower dimensions are given in

meters. The arrangement of the conductors whose dimensions have

been converted to feet, are shown in Figure 62, in three stages of a

transposition cycle. This configuration will be adopted for the calcu-

lation of the line inductive reactance and line capacitive reactance.

The method of geometric mean distance (GMD) is simply em-

ployed for this calculation. The general expressions can be obtained

from a standard transmission line book (26) and are cited as:

where

X1 = 0.00466 flog 10
(Dm /Ds), ohms/mile/phase

X' = (4.1/f)log
10

(Dm/Ds,)X 10-6, ohms-mile/phase

Dm = (DabDbcDca)1/3,

Ds = (DslDs2.Ds3)1/3,

= (D' D' .D' )1/3,sl s2 s3

Hence,

D
ab

= (dg)
1/2,

Dbc = Dab'

feet

feet

feet

feet

feet
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Position 3

Figure 62. The arrangement of the conductors of a double-circuit line
in three stages of a transposition cycle.

and

Dca = (kh) 1/2,

Dsl = (r m) 1/2,

Ds2 = (r'n)1/2,

Ds3 = D
s 1

,

feet

feet

feet

feet

The expressions for D' follow the same manner as for Ds,

the only difference is that the self GMD, r', is replaced by the actual

radius of the conductor in calculation for D'
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APPENDIX II

TRANSMISSION LINE VOLTAGE AND CURRENT RELATIONS

The equations relating the current and voltage for any phase of

a transmission line characterized by uniformly distributed parameters

are second order differential. Several standard textbooks on trans-

mission line theory (20, p. 102) provide their derivation. The equa-

tions relating voltages and currents of the terminals of each line sec-

tion, expressed in exponential forms, are given as:

ER + Zc pi ER -

2

I
R
Zc

, phase voltage (6)

ER/Zc + IR E /Z - I
Is E

pi
-

R
2
c R i, phase current(7)

2

The expressions give the root mean square (rms) value of the

voltage and current and their corresponding phase angles at the

terminals of each section of the transmission line.

For very long transmission lines, as in this study, a more con-

venient form of hyperbolic functions is introduced by rearranging

equations (6) and (7) and substituting the hyperbolic functions for the

exponential terms. The result is a new set of equations describing

the voltages and currents at the terminals of each section. The equa-

tion set is:



100

= (cosh pi) ER + (Zc sinh pi) IR, phase voltage (8)ES

Is
(sinh pi) ER + (cos h pi ) IR, phase current (9)

The complex propagation constant, p , consists of the attenua-

tion constant, k , as a real part and the phase constant, r1, as an ima-

ginary part, i. e.

P = k + jrl

Since p is a complex quantity and I is real, the hyperbolic

functions are also complex, and can not be evaluated directly from

ordinary mathematical tables. For hand calculations, the following

equations give the expansions of hyperbolic functions of complex argu-

ments in terms of circular and hyperbolic functions of real arguments:

cosh (kJ + = coshkicosit + jsinhklsinrif (10)

sin h (Ve + jr1I ) = sinhkicosiii + jcoshicisinrif (11)

Since the complex arithmetical calculations are made possible

by the available automatic computing machines, a more convenient

method of evaluation by digital computer programming can be directly

applied to this analysis. Accordingly, the computation is based on

equations (8) and (9), with those complex hyperbolic functions

expressed in terms of generalized circuit constants which will be

described in Appendix III.
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This analysis uses the following assumptions:

1. The sending-end voltage E has a constant magnitude equal

to the system voltage level, and is the base voltage.

2. The base power is 100 megavolt-amperes (mva) per phase,

and is the maximum load at the receiving end.

3. The phase angle of the receiving-end voltage is zero, and is

used as a reference from which all other phase angles of complex

quantities are measured.
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APPENDIX III

GENERALIZED CIRCUIT CONSTANTS

Est

ABCD
Constants

IR

Figure 63. Symbolic diagram of a two-terminal-pair network with
generalized circuit constants.

Any section of a three-phase transmission line can be repre-

sented by a circuit consisting of two terminals where power enters

the circuit and two terminals where power leaves the circuit (20,

p. 114). The terms A, B, C, and D known as the generalized circuit

constants or the ABCD constants can be applied to any two-terminal-

pair network with passive, linear, and bilateral elements, as shown

in Figure 63.

With this representation, the equations relating the terminal

voltages and currents of the network are given as:

Es
= A + BI

IS = CER + DI

phase voltage

phase current

(12)

(13)
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Equations (12) and (13) are solved simultaneously for ER and

ER = D Es - B Is'

IR = -C Es + A IS,

phase voltage

phase current

(14)

(15)

The determinant of equations (12) and (13) is always equal to

unity or AD - BC = 1.

By comparing equations (12) and (13) to equations (8) and (9) in

Appendix II, it is evident that:

A = coshpi

B = Z
c

sinh pi ,

C = (1/Zdsinhpi,

D = A

ohms per section

mhos per section

The equality of the constants A and D is true only for any sym-

metrical section of network being considered. Each symmetrical sec-

tion of the transmission line is represented by a set of the ABCD

constants. These sections can be combined in tandem to form a long

transmission line. The over-all set of the equivalent ABCD constants

which represent the entire line can be obtained by successive matrix

multiplication of each set of the constants.

As an example, the matrix multiplication for the ABCD constants
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of combined networks of two line sections in series can be illustrated

as follows:

Is

Al

Cl

B2

IR Is IR

Figure 64. Two two-terminal-pair networks in series and their
equivalence.

The generalized circuit constants A3, B3, C3, and D3 repre-

sent the ABCD constants of the combined network in series, as shown

in Figure 64, and their equivalent matrices can be designated by

A3 B3

C3 D3

Al

Cl D1

A2 B2

C2 D2

Equations (16) yields the following identities:

A3 = Al A2 + B1C2

B3 = Al B2 + B1 D2

(16)
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For several sections of a network in tandem, any particular

point along the transmission line can be regarded as a sending end

relative to the receiving-end terminal. Successive iteration of the

process will yield the equivalent ABCD constants for the entire line.

Operating characteristics as well as the voltage and current distribu-

tions along the line may be obtained by successive matrix multiplica-

tion with voltage and current, starting from the receiving end.
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SHUNT REACTOR AND SERIES CAPACITOR COMPENSATION

IS

Trans-
mission

line

Shunt Reactor
Compensation

Trans-
mission

line
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Figure 65. Block diagram of a typical shunt-compensated transmis-
sion line.

Trans-
mission

line

Series Capacitor
Compensation

Trans-
mission

line

IR

Figure 66. Block diagram of a typical series-compensated transmis-
sion line.

The shunt reactor and series capacitor compensation is repre-

sented by a lumped compensating network, as shown in Figures 65 and

66 respectively. The actual compensation occurs at one or various

intervals along the length of the transmission line corresponding to

the number of compensating units used. The amount of either com-

pensation per device for a particular system is a function of the length
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of the transmission line, the number of compensating units, the per-

centage of compensation, and the impedance value per unit length of

the transmission line.

For example, a 100 percent shunt compensation is an inductive

reactance equal to the distributed line capacitive reactance of a trans-

mission line, and a 100 percent series compensation is a capacitive

reactance equal to the distributed line inductive reactance of the trans-

mission line. The amount of required compensating units is given by

the following expressions:

Amount of shunt compensation for each unit =

(X )(number of compensating units) (percent compensation) (17)(length of transmission line) 100

Amount of series compensation for each unit =

(X
1
)(length of transmission line)(percent compensation)

(number of compensating units) X 100 (18)

Generalized circuit constants can be applied to both compensa-

tion types in the following manner:

Is IR

Figure 67. Equivalent circuit of a shunt reactor for compensation.



ES
AL = ER

BL
I

Is
CL = ER

Is
DL =L IR

For series capacitor:

Is

IR=0

ER =O

IR =O

ER =O

E+ 51

= 1

= 0, ohm s

= 1/XL, mhos

= 1

IE

XC

IR

ER
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Figure 68. Equivalent circuit of a series capacitor for compensation.

ES
AC ER

I
R=0

= 1



Es
BC

I

CC =
Is

Is
DC

I

ER =O

IR =O

ER =O

= XC' ohms

= 0, mhos

= 1
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It is obvious that the constants A and D of either compensating

network are equal to unity. This verifies the fact that each network

is a symmetrical one. The imaginary parts of the circuit constants,

C for shunt compensation and B for series compensation, can be

numerically calculated by equations (17) and (18) for each unit respec-

tively. Each compensation is known to be a lumped network, and

therefore does not establish uniformly distributed effects as do the

electrical parameters of the transmission line.
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APPENDIX V

CONTROL OF VOLTAGES AND REACTIVE POWER FOR
A LONG TRANSMISSION LINE

Three-winding Transformer with Tap Changers

Figure 69. Equivalent circuit of a three-winding transformer with
tap changers.

One method of controlling the voltages in a network can rely on

the use of transformers whose turn ratio may be changed. Most

transformers now have on-load tap changers; therefore, the discon-

nection of the transformer is not required when the tap setting is to be

changed. The operating characteristics of this type of transformer

have been widely discussed and can easily be found in several standard

books of power systems (24, p. 76-79).

A three-winding transformer with tap changers has been adopted

for this analysis. The equivalent circuit of this type of transformer

is shown in Figure 69. The tertiary winding, whose impedance is Zt,
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is provided in the transformer for the connection of a synchronous

condenser as a means of reactive power control.

Evaluation of equivalent impedances Z , Zs, and Zt of the

respective primary, secondary, and tertiary windings are generally

given as:
1

=
2

(Zps + Zpt - Z st )

1Zs = 2 (Zp
s

+ Z st - Zpt)

Zt
1

= (Zpt + Z st - Zps )

The points p, s, and t are connected to the parts of the impe-

dance diagrams representing the parts of the system connected to pri-

mary, secondary, and tertiary windings of the transformer. Since in

most large transformers the value of Zs is very small and can even

be negative, the assumed winding data given in Appendix VIII yields

the zero value of Z .

Figure 70. Representation of a transformer by an L-type network.
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Regardless of the tertiary winding which is in the circuit for

reactive power flow, the transformer with its shunt magnetizing

reactance (X ) connected at the sending end can be represented by an

equivalent L-type network, as shown in Figure 70. If the generalized

circuit constants AT, BT, CT, and DT are derived for this trans-

former, the configuration in Figure 70 yields:

AT = 1.000

BT = Zp

CT = 1 /Xm

DT = 1 + Z /X
p m

Synchronous Condenser As Phase Control Equipment for Long
Transmission Lines

A synchronous condenser is a synchronous machine running

without a mechanical load. It can deliver or draw reactive power,

depending upon level of its excitation.

A great advantage of the synchronous condenser is the flexibility

of operation for all load conditions. Figure 71 shows the typical

installation of a synchronous condenser, which is connected to the

tertiary delta winding of the three-winding transformer. Although

the cost of such an installation is high, it may be justified at the

receiving-end busbar of a long high-voltage transmission line where
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transmission at power factors less than unity can not be tolerated

(24, p. 124).

In this analysis, a positive value of reactive power is used to

indicate inductive reactive power (lagging vars), and a negative value

is used for capacitive reactive power (leading vars).

S
A Y

Load

Figure 71. One-line diagram showing the connection of an equivalent
synchronous condenser at the receiving end.

Reactive Power Required for Phase Control in Long Lines

Phase control is a means of keeping both receiving-end and

sending-end voltages constant for all variations of load, but the power

factor at both terminals and the phase angle between the two terminal

voltages vary with the loads. Phase control is accomplished by the

injection of reactive power into the transmission line. The source of

reactive power is a synchronous condenser.

Since the sending-end voltage E and the receiving-end voltage
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ER are fixed and are usually predetermined values, the ratio of

ES/ER is readily known. The equations expressing reactive power

requirements of the line in terms of the voltage ratio ES/ER for any

given amount of load have been developed in some standard books for

power transmission (14, p. 172-174) and can be given as:

QR = + [w z (E
S

/E
R

)2 - (PR/ER + u)2}1/2} ( 19)

Where the total equivalent generalized circuit constants A and

B of the line including series impedance and shunt admittance of the

compensating equipment and transformer are expressed as:

and

A = Al + jA
2

B = B1 + jB2' ohms

(BI = (B2 + B2)1/2 ohms
1

(A
181

+ A
2

B2)/1131
2 mhos

(AB - A B)/11312, mhos

w = MI

If the load power factor angle is OL, the load reactive power is:

QL = P
R

tan AL

=

(20)

According to Figure 72, the reactive power of the synchronous

condenser is:

Qsync QR QL (21)
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By use of equations (19), (20), and (21) the reactive power of

the synchronous condenser can be calculated at various ratios of

ES/ER for one condition of load at a time, from no load to maximum

load.

P
R

Q
R

P
R

QL4-

Q sync Load

Figure 72. Flow of real power and reactive power at the receiving
end of the line.
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APPENDIX VI

POWER RELATIONS AND THEIR LIMITS AT STEADY STATE

Real power and reactive power are widely discussed in several

standard books of power systems (26, p. 297-299). It is well known

that active and reactive power can be combined, by the use of complex

voltages and currents, into single apparent power as:

P +jQ
S S

Sending
End

So = Eo I*,

So = P + jQ,

IS

0

volt-amperes

volt-amperes

PR+jQR

0

ABCD
Constants

Receiv-
ing
End

(22)

(23)

Figure 73. Conventional selection of reference directions for a
transmission network represented by ABCD constants.

With reference to Figure 73, the real power is considered posi-

tive if it is flowing into the network at the sending end and if it is

flowing out of the network at the receiving end. In this analysis, the

sign convention of reactive power (Q) is selected to be positive as long

as the current is lagging the voltage. This is the characteristic phase

relation between voltage and current at the terminal of an inductive
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load; the reactive power is thus called inductive reactive power or

positive vars. By this agreement of convention the reactive power

will be negative when the current leads the voltage, as in the case of

the phase relation of voltage and current at the terminals of a capaci-

tive load, and it is called capacitive reactive power or negative vars.

According to Figure 73, the complex power is expressed at the

sending end and receiving end respectively as:

Ss = E°S S'

so Eo
R R'

volt-amperes (24)

volt-amperes (25)

If the transmission network is represented by the ABCD con-

stants with expressions of voltages and currents as discussed in

Appendix HI, and if the following notation is introduced;

A° = A/a

B° BLE

= Cla

ER = ER/6R = E
R

/0o

Es = Es/6S

Do = D/A S = SS - SR = SS

then equations (24) and (25) , when expressed in terms of the ABCD

constants and their respective angles (26, p. 311) become:

E2 ER
D/f3-A

E
S /61-p , volt-amperes (26)

2ER E
S

ER
SR = A /R -a + / 8413, volt-amperes (27)



118

Equations (26) and (27) can be expressed in complex quantities,

and when their real and imaginary parts are separated, the sending-

and receiving-end real power is obtained as:

2

PS

EES
D co s((3 -0)

ES R cos (6+13) , watts (28)

2E E
S

ER
PR = - R Acos((3-a) + cos(6-(3), watts (29)

The variation of the sending-end and receiving-end real power

P and PR plotted as function of phase angle 6 between the sending-

end and receiving-end voltages are known as power-angle curves .

The power-angle curves reveal that starting at 6 = 0, the transmitted

power increases with an increase in the 6 phase shift between the vol-

tages. However, there is a limit to the amount of this increase.

On the sending end the power limit PSmax is reached at

6= 1800 -p, and on the receiving end the limit PRmax is reached at

6= p . By these facts equations (28) and (29) when expressed for power

limit become:
E2

S max B
S

E
R

'Dcos(p
E

B-A) + watts (30)

Rmax

E E2 ES RAcos(p-a) + , watts (31)

The receiving-end power limit is a steady-state stability limit

which is the ability of a system to drive that maximum amount of
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power out of a transmission network without loss of synchronism.

Since the power-angle curves represent the sending-end and receiving-

end real power, it is obvious that the vertical distance between them

represents the line losses at any given angle.
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APPENDIX VII

METHOD OF CALCULATING TRANSIENT STABILITY LIMITS
AS FUNCTIONS OF SWITCHING TIME

The transient stability limit refers to the amount of power that

can be transmitted with stability when a system is subjected to an

unusual disturbance. Three principal types of transient disturbances

that receive consideration in stability studies, in order of increasing

importance, are:

1. Immediate increase of a relatively large amount of load.

Z. Switching operations.

3. Faults with subsequent circuit isolation.

This analysis will concern itself with the third and most impor-

tant type of transient disturbance, arising from faults and subsequent

circuit changes required to isolate the faults. For such disturbances

three circuit conditions are required for consideration:

1. The initial condition immediately prior to the fault.

2. The condition during the fault.

3. The condition after the fault is cleared.

The method of analysis for a faulted circuit using fault shunt

impedence has been widely discussed in many standard books of

transient study (13, p. 220) and can be cited as follows:

It is generally known that the generated power of a synchronous
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machine and the synchronizing power between the various synchronous

machines of a power system are positive-sequence, no power results

from the combination of positive-sequence voltages with negative-

sequence or zero-sequence currents. Consequently, the positive-

sequence network is of primary interest, while the negative- and

zero-sequence networks are of only secondary interest in a stability

study. In a positive- sequence network a short circuit can be repre-

sented by connecting a shunt impedence X f
at the point of fault, F,

as shown in Figure 74. The value of Xf
depends upon the type of

fault and on the impedences X2 and X 0
of the negative-sequence and

zero-sequence networks respectively as viewed from the point of

fault.

Positive-sequence Network

Negative- and zero-
sequence Network

./- Reference Bus

Figure 74. Representation of a system during fault.
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The formula for the fault shunt impedence has been derived by

the method of symmetrical components and can be determined by

inspection of the connections between the sequence networks for re-

presenting the various types of faults (13, p. 208) which are classi-

fied by Table VIII.

Table VIII. Types of faults and their fault impedances.

Type of Fault Fault Impedance, Xf

Three-phase 0

Double line-to-ground X
0

X
2

/ (X
0

+ X2)

Line-to-line X2

Line-to-ground X
0

+X2

In this analysis, the positive-sequence network of either the

sending system or receiving system has been calculated by the method

of combining machines which are not parallel at their terminals (13,

p. 112). The fictitious points between the reactances and the source

of internal voltages of each machine are connected, thereby parallel-

ing the several voltage sources and connecting them at one of all

reactances whose other ends go to different points of the network.

The reactance network can then be further reduced by any method of

network reduction to form a single equivalent reactance connected to

a single voltage source which is equivalent to those parallel voltage
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sources. The negative- and zero-sequence equivalent networks can

be calculated in a similar manner, except that the negative-sequence

and zero-sequence values are used for each network reactance and

each individual machine respectively, with internal voltage sources

vanishing in both cases.

Sequence network representation of the transformers can be

found in some references of transformers in three-phase systems (8).

For shunt reactors it is reasonably assumed that the reactance values

are equal at all sequences. In case of transmission lines, the negative-

sequence reactance is the same as that of the positive-sequence, and

the zero-sequence reactance can be assumed to be 5.5 times the

positive-sequence value for these double-circuit aerial lines with

steel ground wires (9, p. 32). However, for the fault at about the

middle of the line, there is a very small amount of zero-sequence

current flowing in the unfaulted circuit. The zero-sequence reac-

tance of the line is therefore determined without considering the

negligible effect of mutual coupling between the circuit, and is as-

sumed to be three times the positive-sequence value.

The procedure for the calculation of the stability limits as

functions of critical switching time by the use of a family of modified

critical time curves is explained in (13, p. 168-180) and (5, Vol. I,

p. 51-64).
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APPENDIX VIII

DATA AND ANALYTICAL RESULTS

System Frequency:

System Voltage Line-to-line:

Ultimate Maximum Load:

Conductor

50 cycles per second

230,000 volts

1,000,000 watts per phase

Type : Aluminum cable, steel-reinforced

Diameter : 1.196 inches

Area : 954,000 circular mils

Resistance : 0.0981 ohms/conductor/mile

Transformer

Winding arrangements : Y -A - Y

Voltages rating : 230/115/11 kilovolts

OA/FA/FOA MVA rating 180/240/300

Percent Impedance of Windings Referred to 300 MVA base:

Zps - 230/115 kv Zpt -115/11 kv Zst- 11/230 kv

resistance 0.3% 0.4% 0.1%

reactance 15% 20% 5%

230 kv winding is connected to primary transmission system
115 kv winding is connected to load system
11 kv winding is connected to synchronous condensers

Note: It is assumed that the magnetizing current of the transformer
is approximately 2 percent.



Sending System

Receiving System

X
1

: 0.12515 per unit

X2 : 0.11341 per unit

0.32156 per unitX0 -

39.80 per unitHS :

X
1

: 0.20164 per unit

X2 : 0.08210 per unit

X
0

: 0.02308 per unit

6.72HR : per unit
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The following tables and curves are the analytical results which

have already been discussed in Chapter V.



Table IX. Reactive power of synchronous condenser for various systems of compensation. No-load condition.

Ratio of
ES/ER

Receiving End Reactive Power, Reactive Power of Synchronous Condenser,
QR (MVAR )/phase Q

Sync
(MVAR)/phase

Zero
Compen-

sation
33. 3% Shunt
25% Series

50% Shunt
50% Series

Zero
66. 7% Shunt Compen- 33% Shunt

75% Series sation 25% Series
50% Shunt
50% Series

66. 7% Shunt
75% Series

0, 975 20.673 10. 933 8.530 11.666 +20.673 +10.933 + 8. 530 +11.666

1.000 23. 124 14. 571 13.624 19. 423 +23. 124 +14. 571 +13.624 +19. 423

1.025 25.312 17.844 18.212 26.400 +25.312 +17. 844 +18.212 +26.400

1.050 27. 268 20. 789 22.346 32. 680 +27. 268 +20. 789 +22. 346 +32. 680

1.075 29.015 23.443 26.077 38.338 +29.015 +23.443 +26.077 +38.338

1. 100 30. 576 25, 834 29.444 43.440 +30.576 +25. 834 +29. 444 +43. 440

1. 125 31, 970 27.991 32.486 48.043 +31.970 +27.991 +32.486 +48.043

1. 150 33.215 29, 936 35.236 52, 197 +33.215 +29.936 +35.236 +52. 197



Table X. Reactive power of synchronous condenser for various systems of compensation
Load conditions: Red Power = 54 MW per phase

Reactive Power = 26.2 MVAR per phase
p, 1. = 0,9 lagging

Ratio of
ES/ER Zero Zero

Compen- 33.3% Shunt 50% Shunt 66. 7% Shunt Compen- 33.3% Shunt 50% Shunt 66. 7% Shunt

sation 25% Series 50% Series 75% Series sation 25% Series 50% Series 75% Series

Receiving End Reactive Power Reactive Power of Synchronous Condenser,
QR (MVAR)/phase Sync

(MVAR)/phase

0.975 + 2.038 - 7,763 -11.036 -11,910 -24,115 -33.916 -37,189 -38.064

1.000 + 4.354 - 4.141 - 4.803 - 3.753 -21.799 -30.295 -31.956 -29.906

1.025 + 6.397 - 0.900 - 1.095 + 3.593 -19.757 -27.053 -27.248 -22.561

1.050 + 8.195 + 2,002 + 3.145 +10.214 -17.959 -24.151 -23.009 -15.939

1,075 + 9,774 + 4.600 + 6.964 +16.188 -16.379 -21,553 -19.189 - 9.965

1.100 +11.157 + 6.926 +10.407 +21.583 -14.997 -19.228 -15,746 - 4.570

1.125 +12.363 + 9.006 +13.511 +26.458 -13.790 -17.148 -12.642 + 0.305

1.150 +13.411 +10.864 +16.310 +30.865 -12.743 -15,289 - 9.843 + 4,711



Table XI. Reactive power of synchronous condenser for various systems of compensation.
Load conditions: Real Power = 72 MW per phase p. f. = 0.9 lagging

Reactive Power = 34.9 MVAR per phase

Receiving End Reactive Power, Reactive Power of Synchronous Condenser,

Ratio of
QR (MVAR j/phase Q

Sync
(MVAR)/phase

ES/ER Zero Zero

Compen-- 33.3% Shunt 50% Shunt 66.7% Shunt Compen- 33.3% Shunt 50% Shunt 66.7% Shunt

sation 25% Series 50% Series 75% Series sation 25% Series 50% Series 75%Series

0.975 -10.647 -19.200 - 21.460 -22.568 -45.518 -54.071 -56.331 -57.439

1.000 - 8.710 -15.746 -16.281 -14.329 -43.481 -50.618 -51.152 -49.200

1.025 - 6.858 -12.681 -11.635 - 6.913 -41.729 -47.552 -46.506 -41.784

1.050 - 3.364 - 9.962 - 7.465 - 0.231 -40.235 -44.834 -42.336 -35.103

1.075 - 4.101 - 7.556 - 3.721 + 5.794 -38.972 -42.428 -38.592 -29.078

1.100 - 3.048 - 5.431 - 0.360 +11.231 -37.919 -40.303 -33,232 -23.641

1,125 - 2.186 -3.560 + 2.655 +16.139 -37.057 -38.431 _32.216 -18.732

1.150 - 1.497 - 1.919 + 5.360 +20.572 -36,368 -36.790 -29.512 -14.298



Table X11. Reactive power of synchronous condenser for various systems of compensation.
Load conditions: Real Power = 90 MW per phase

Reactive Power = 43.6 MVAR per phase
p. f. = 0. 9 lagging

Receiving End Reactive Power, Reactive Power of Synchronous Condenser,

Ratio of QR (MVAR )/phase Q
Sync

(MVAR )/phase

ES/ER
Zero Zero

Compen- 33.3% Shunt 50% Shunt 66.7% Shunt Compen- 33% Shunt 50% Shunt 66. 7% Shunt
sation 25% Series 50% Series 75% Series sation 25% Series 50% Series 75% Series

0. 975 -28. 518 -34. 320 -34. 367 -34. 892 -72. 707 -77. 909 -77. 956 -78. 481

1.000 - 27.090 - 31.205 -29.325 - 26.625 -70. 679 -74. 794 -72. 914 -70. 194

1, 025 -25. 991 -28. 497 - 24.826 -19. 155 -69. 580 - 72.086 -68. 415 -62. 744

1.050 -25. 198 -26. 156 - 20.814 -12. 450 -68. 787 -67. 737 -60. 827 - 50.001

1.075 - 24.692 -24. 148 -17.238 - 6.412 - 68.281 -67. 737 -60. 827 - 50.001

1. 100 - 24.458 - 22.442 - 14.057 - 0. 972 -68. 047 -66. 031 - 57,644 -44. 561

1. 125 - 24.487 - 21.014 - 11.227 3.930 - 68.076 -64, 603 -54. 816 -39. 659

1. 150 - 24.776 -19. 840 - 8. 719 8.348 -68. 364 -63. 429 -52. 308 -35. 241



Table XIII. Reactive power of synchronous condenser for various systems of compensation.
Load conditions: Real Power = 100 MW per phase p. f. = 0, 9 lagging

Reactive Power = 48. 4 MVAR per phase

Receiving End Reactive Power, Reactive Power of Synchronous Condenser,

Ratio of
QR (MVAR )/phase Q

Sync
(MVAR)/phase

ES/ER
Zero Zero

Compen- 33, 3% Shunt 50% Shunt 66, 7% Shunt Compen- 33, 3% Shunt 50% Shunt 66, 7% Shunt

sation 25% Series 50% Series 75% Series sation 25% Series 50% Series 75% Series

0, 975 -41. 954 -44. 847 -42.821 - 42,546 -90. 385 -93. 279 -91. 252 -90. 977

1, 000 -41. 229 -42. 058 -37.906 -34, 251 -89, 661 -90. 490 -86, 338 -82. 683

1, 025 -40. 923 -39, 700 -33.544 -26. 801 -89. 354 -88. 131 -81. 976 -75. 233

1, 050 - 41.032 -47. 734 - 29,677 -20. 103 -89. 464 -86. 166 -78. 108 -68. 535

1, 075 -41. 571 -36. 131 -26.255 - 14,079 - 90.002 -84. 563 -74. 687 -62, 511

1.100 -42. 568 -34. 863 -23.235 - 8,660 -90. 999 -83. 295 -71, 667 -57. 091

1, 125 -44. 084 -33. 910 -20. 579 - 3, 783 -92. 561 -82. 341 -69. 011 -52, 215

1. 150 - 46.232 -33. 253 -18, 254 + 0. 603 - 94.664 -81. 685 -66. 686 -47. 828
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Figure 75. Per unit current magnitudes versus distance from the sending end.
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Figure 76. Per unit current magnitudes versus distance from the sending end.
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Figure 77. Per unit current magnitudes versus distance from the sending end.
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Figure 78. Per unit current magnitudes versus distance from the sending end.
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Figure 79. Per unit current magnitudes versus distance from the sending end.
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Figure 80. Per unit current magnitudes versus distance from the sending end.



CURRENT PROFILE

50% Shunt Compensation
50% Series Compensation

Open-Circuit, Synchronous Condenser Existing
Synchronous Condensers Maintain Voltage Ratio ES/ER = 1.1

40 80 120 160 200 240 280 320 360
Distance in Miles

Figure 81,.. Per unit current magnitudes versus distance from the sending end.
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Figure 82. Per unit current magnitudes versus distance from the sending end.
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Figure 83. Per unit current magnitudes versus distance from the sending end.
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Figure 84. Per unit current magnitudes versus distance from the sending end.



1.20

1.15

1.05

1.00

CURRENT PROFILE

50. 0% Shunt Compensation
50.0% Series Compensation

Voltage Ratio Es/ER = 1.1
Synchronous Condenser at Load

5$

Load Power = 1.0 pu

Load Power Factor = 0.9 lagging

40 80 120 160 200 240 280 320 360
Distance in Miles

Figure 85. Per unit current magnitudes versus distance from the sending end.
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Figure 86. Per unit current magnitudes versus distance from the sending end.
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Figure 88. Per unit power versus initial torque angle.
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Figure 90. Per unit power versus initial torque angle.
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1.0

0.8

System of 50% Shunt and 50% Series Compensations
Shunt Reactors Remain During Fault Period

0.4

0.2

0 0.2 0.4 0.6 0.8
Time in Seconds

A

1.0 1.2 1.4

Figure 95. Per unit stability limits versus fault clearing time.
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Figure 96. Per unit stability limits versus fault clearing time.



1.0

0.8

System of 67% Shunt and 75% Series Compensation
Shunt Reactors Remain During Fault Period

0.4

0.2

D

B

A

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Time in Seconds

Figure 97. Per unit stability limits versus fault clearing time.
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Figure 103. Per unit stability limits versus fault clearing time.
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