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ABSTRACT

This thesis is concerned with the problem of predicting the

subharmonic oscillations in a compensated extra-high~voltage extra-longj
distance transmission line. A mathematical analysis and an analogue computer -

simulation are described. Under switching and unbalanced fault conditions,‘

the results obtained by the analogue computer illustrate the hazard of

bsubharmonic osci1lations in extra—high—voltage extra—long—distance (ERV ELD)

transmission lines, where both series and shunt compensations are considered.
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INTRODUCTION

The use of both series and shunt céméenéétions to increaée powef
transfef, reliability and stability in extra—high-voltage extraéldng—distance
“(EHV ELD) transmission linesfesults in a non—linearlcircuit* with the inherent.

line resistance and line inductance, which gives rise to abnormal over-
voltages. The difficulties.encountered in any‘attempt to analyse mathe-
matically the behaviour of thiS’non—linear circuit arise from the fact that
superposition is no longer valid in analysing the differential'equation of a -
. non-linear circuit. The reason for this is that in linear circuits the
transient dies out as time goés on, so that after sufficient time has elapsed,
, only thg steady state remains as the sole'soiﬁtion for the differential
equation -of the linear circuit."Howevef, in non-linear circuits, the transient
" component wiil persist and.together with thé steady state component form |
 the total solution for the differential equation of the non-linear circuit.**
The purpose of this study is. to introduce effecfive techniques
available for the analysis of suSharmonic oscillations and t§ answer the.
‘following questions:
(a)  What are the subharmonic oscillations and how do they occur?
.(b) Is high series compensation level more susceptible to subharmonic

oscillations?

See Appehdix A, Page 63,

%k ' '
See Chapter IV, Mathematical Analysis.




:(c) ‘What'is the magnitude of tﬁe line cur:ent'and capacitor voltage at

subharmonic resonance?

(d) How can these subharmonic oscillations be'controlled or eliminated?




CHAPTER I
ANALYSIS OF CIRCUIT ELEMENTS AND HYSTERESIS

The introduction of a non—iinear element in conjunction with
other linear elements in the circuit may eliminate the possibility of a simple
analysis for the system. In order to analyse the nonlinear response, it is
necessary to become familiar with the non-linear element or elements in
; the circuiﬁ under study. The eqnivalent circuit of the EHV ELD transmission. *
line that is of particular interest to the author, contains line resistance,
) line induotance, series capacitance and non~-linear inductance. (See Figure -

- 4,1(a), Page 33). The investigations are as follows:

~I.1  Linear Elements.

The linear elements in the circuit under'study are: line resistance,
line inductance and series capacitance. |
FI.l.l Resistance.

A German physicist, George Simon Ohm, found that the current was
“directly proportional to the voltage for a given matorial. The proportionality
constant was a function of the particular material and geomefric sample

The mathematical expression is:
V oI _ v : —_— | (1.1)

" that is:

VvV, =IR | | - - (1.2)




where R is a constant aﬁd is defined as a resistance

I; is the current through the resistance |

Vr is~the'901tage across the resistance.
Equation (1.2) is known as Ohm's Law. If the characteristic of a resistance
'yobeys Ohm's law, it is a linear resistance. If Ohm's law does not apply it.
is a'nonnlinear resistance. The characteristics of the linear and non—lihéar
resistances are shown iﬁ Fig. 1.1
I.1.2 Inductance

The time rate of change of flux linkages produced as a resu1t of
tﬁe movement of a coil with respect'to a magnetic field , = causes an induced

voltage V. according to the equation:

i

v = du. | (1.3)
where ¥ is the total flux linkages expressedlin webers,

In particular, if the flux linkages are producedAbyba current flowiﬁgmthroﬁgh

the coil, Equation (1.3) can be written as:

- 40, 4l

ViTaiae (.4)
If the flux linkages are linearly proportional to the current, then:
, 4
W_r.y - (1.5)
di i . . -

where L is a constant and defined as the inductance of the coil, expressed

in henrys.




i.

(a) Linear

FIGURE ‘1.1 Characteristics of Resistances.

(a) Linear

~FIGURE 1.2 “Characteristics-of Inductances

(a) Linear

: FIGUREVI,3> Characteristics of Capacitances,-

(b) Non-linear

(b) Non~linear

(b) Non-~linear




v, =14 - : - (1.6)

- The induced voltage expressed in Equation (1.6) is valid if the inductance
is linear. (See Figure 1.2) | |
I1.1.3 Cépacitance.

Mathematicélly, we may express the‘relatiénship for a linear
capacitance as:

C = (1.7)

Q.
\'
c
. where Vc is the voltage across the capacitor
Q is the charge on the capacitor expressed in coulombs

. C is .a constant and is defined as the capacitance expressed in farads.

In addition to equation (1.7), capacitance can also be expressed as:

where 'A is the areé of the capacitor
\ dc is the spacing betweenAthe‘tﬁo plates of the éapacitor
‘e is thé permitti§ity of the‘linear'dielectric ofrthe capacitor.
Neither Equation (1.7) nor Equatidn (1.8) is valid if the capacitance is
non—linea:. The characteristics of the linear and non-linear capacitances afe

- shown in Fig. 1.3.




"71.2 - Non-linear element.

The shunt reactor is the'only‘non—linear element in the circuit
under study. Due to the properties of the magnetic material the inductance

of a2 shunt reactor is non-linear.

I.2.li Non-linear inductance.

The permeability of magnetic materials such as iron, steel, and
,»nickel—iron varies wifh the flux density. A typical i - ¥ characteristic
_curve is shown in Fig. 1.2.

A study of the i -y non-linear charactéristic curve reveals that
the flux linkages are no longer linearly prﬁportional to the current.

Equation (1.6) is not valid in expressing non-linear inductance since:

dy _ ' ) '
- L(1) . (l..9)
‘where - L(i) is the non-linear inductance which varies with the current

' Substituting Equation (1.9) into Equation (1.4) yields:

: di - oy
In the énalysié of the nonlinear response it has been found that it is more
convénient to express the non-linear induced voltage as in Equation (1.3)

. rather than Equation (1.10).

It should be noted however, that the characteristic curve of a

. magnetic material is not a single curve but a whole family of curves. The

neutral curve .and the number of closed hysterésis loops of low and medium




‘B
W) .
' medium saturations

neutral (normal) curve

low séturations

H
(1)

" FIGURE 1.4 Hysteresis Curves of Low and Medium Saturations,
. ; : B . :
(tfl).

— —

. FIGURE 1.5 'Hysteresis Curve of High Saturation.
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| . | . :
saturations are shown in Fig. 1.4. The closed hysteresis loop of high

saturation is shown in Fig. 1.5,

I.3  Hysteresis.,

The area enclosed by the hysteresis loopvas shown in Fig. 1.4

represents the amount of energy loss in the form of heat and noise. The

LY

. larger the area, the higher will be the energy loss. Therefore, it is

desirable to design the transformers and reactors to have as low a
hysteresis loss as possible; however, a wider hysteresis loop is required
for digital computer storage purposes.

xk
The mathematical expression for the hysteresis loss1 is;

X
Ph = k VQ f Bm . o | (1.11)
where P, is the hysteresis loss
Vo is the volume of the magnetic circuit

£ is the applied voltage frequency
B is the maximum flux density

k is a hysteresis constant

x ' is the Steinmetz exﬁénent.
| For modern iron commonly used, x is between 1.6 to 2; and k is small’

-éo:thélhysteresis loss is lows

Finziz‘has shown that if the iron core is energized with alternating

- current, only a small amount of hysteresis.loss is present. A typical

-~

*
‘Magnetic saturations of a family of closed hysteresis loops may be classified

into low saturation, medium saturation'andvhigh saturation,

*% Superscript indicates reference in bibliography.
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o high—saturation hysteresis loop of a wound-core transformer energized with
60 cycle alternating voltage is shown in Fig. 1.5. A study of the high-
saturation hysteresis loop reveals that the hysteresis loop is very narrow.

Fortunately, subharmonic oscillations occur only when the core is highly

saturated. At high saturation, the hysteresis loss is negligibly small,
so it is reasonable to neglect the hysteresis in analysing the subharmonic

response.

v

1.4 The Magnetic Characteristic’ Curve gf_g_Shunt'Reactor.

Theoretically, the most simple form of a reactor is‘a ring core
closeiy surrounded by the windings. Provided tﬁat the ratio of the outer
‘to inner radius of the core is a little greater than l; a current through -
the core windings will inducela flux of approximately the same uniformity
in the core and oﬁiy'é negligible flux outside the core; The total flux

. linkages of a reactor is:

by =Vt Uy - aa
where . wT is the total flux linkages of the reéctor
wé is the flux linkages of the core
wlb is the flux linkages of the leakage path of the core.
Since W2 is negiigibly small, equation (1.12) can be written as?
wT = wc - , - (1.13)

But in practice, due to the influence of the air gaps present in the core




 26f the reactor used for‘shgnt compensation in transmission lines,nthe flux
iiﬁkages of the leakage,path wz iS"conéiderable in comparison with the
flux linkages of the éore wc; as a.result the reactor does not ﬁave such
‘a simple "ideal" form as describea above in Equation (1.13).

»Figure 1.6 sﬁows the magnétic characteristic curve of a shunt
reactor constructed from the ideal core curve, air-gap line and the line
" of the flux linkages of the leakage path, If we refer to Figure A.1l in
Appeﬁdix A, page 64, we may Qse the fgct that the fluxllinkages in the air-
gap are g?ﬁsed by a current flowing through tﬁe air—gap inductance, La' .
. We may then say that at any time, ¢t, the current through Lav is Ia.
Wg may also use a similar approach for the core inductance, Lc; and so

at the same;instant of time, t, we will have a current, Ic’ paésing

through 'Lc; The total current, I

T will then be equal to Ia + ;c’ and

11 -

;this current flows through the shunt reactor. Hence, any point on the locus

of Ia + Ic' may be obtained as shown in Figure 1.6. It then remains to
determine the wT component in the i‘—'w plane. Now at the same instant

are equal to wc + wl’

" of time, t, since the total flux linkages, by

J  fwe may obtain'the'ﬁalue of wT as the ordinate‘bf the point, - p, on the
vIa ; Ic locus aé_shown; If the same procedure is followed for severél
pbints,lthe real magnetic characteristic curve of the shunt reactor may be
: constructed as shown in the diégram.

| In figure 1.6, the lower fortion of the magnetic characteristic
curve is’called‘the,linear portion of the magnetic characteristic curve.
AThe‘point, p', where the transistion.begins from the linear portion.to

the non-linear portion is called the 'knee" of the magnetic characteristic

'curve.' The'uppér portion which is above the point p' is termed the
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non-linear portion of the magnetic characteristic curve. Obviously, the
- presence of the air gaps in ‘the core is able to extend the range of the

linear portion of the magnetic characteristic curve of the shunt reactor.

air-gap line

I + Ié locus
a .

- real magnetization curve
(air and core magnetization curve)

e
I | . ]

leakage line

FIGURE 1.6 - Construction of a Real Magnetic Characteristic Curve
' ' of a Shunt Reactor. '




CHAPTER II

ASPECTS OF EXTRA-HIGH-VOLTAGE

EXTRA-LONG-DISTANCE TRANSMISSION LINES

Theré are. four basic parameters in a transmission line. Line
i-résiétancé aﬁd line reactance make up the line series impedance.
“'u‘Line'susceptance and line conductance determine the shunt admittancé.
. But, the conductance is very small in comparison with the line susceptance at -
powef frequency and thus it can be negiected. If representing a long
transmission line by an.equivalent T circuit, éuitable line correction
factors for line resistance, line reactance and line susceptanqe are
required. |
- Thé increasingly'large demand of electric power focuses attention
 onto the use of extra-high-voltage for trénsferring bulk power from the
_remoté power plant to the load centre. Thus, not only are the old problems

" intensified, but also new problems are created.

: - IT,1 Power Transfer.

An object which attracts the attention of line design engineers is

‘the amount of power which can be transferred to the load center. Fig, 2.1
-H‘ : : ES ‘ | Er

'FIGURE 2.1 A Single-line Diagram of a Power Transmission System.




véhows a single-~line diagram of a power transmission system. Under steady-

state conditions, the power transfer equations from sending end to receiving

end are3:
2
I N N1 |- N
Pr = -——TET—— cos (8-@) - —Tﬁ-r—— cos (B"a) . (2-1)
, . 2 !
PRIEN ol 1z | .
, PS = - T cos (B+0) - "—IEI— cos (B-y) - - (2.2)
Whére ? | is the power recéived by the syétem,

P is the power delivered to the system,

E 1s the sending énd line to line voltage in rms value,

E. d4s the receiving end line to line voltage in rms value,

©  is the torque angle between the sending end and receiving end

voltages,

1%

A, B and D are the generalized line constants of a four terminal >

network with their respective phase angles a, 8, and v.
. In practice, it is accurate enough to estimate the power transfer by assuming
" “line resistance and shunt admittance to - be zero. Then the amount of power

traﬁsferred is equal to the amount of power received. That is: -

s
PS = Pr = P XL sin Ol | | ‘(2.3)
where P - is the’power transferred or received,

_V-XL “is the pure line reactance from sending end to receiving end

"in the case under study.




S line
. FIGURE 2,3 Mid-point Overvoltage as a Function of Line Length,

- t { iine length
A A/Wx

FIGURE 2,2 . Line Reactance as a Function of Line Length.'
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FIGURE 2.4'->Re¢eiving End Overvoltage as a Function of Line Length,
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Figure 2.2 shows;the‘line reactance, XL, as a function of ;ine
w];ength.j’v'l‘he 1iné reactance increases with increasing line length. It
appfoaches the maximum value when the line length reaches a quarter wave
length which is approximately equal to 750 miles at 60 Hz frequency. A study_.
of equation (2.3) reveals that the power transfer, P, will be the lowest
when the line length is equal to a quarter wave 1éngth, if no series compen-
.sation is provided.
 Figure 2.3* shows the mid-point errvoltage as a function of line
iength,vwhilé the sending end and receiving_end'voltages are‘kepf constant.
:The severity of the overvoltage at the mid-point of a transmissidn line
increases with the increase of the lihe length if no shunt coﬁpensation is
- provided.
Figure 2.4*‘indicatgs the_open—circﬁit overvoltage at the receivihg.
bv end as a'function'of line length after load rejection. The receiving end. |
 overvoltage theoretically‘approaches infinity for a lossless transhission line

at a quarter wave length.

t:iII.ZT- Transmission Line Sectionalization.

'Sectionalization is an értificial‘means of breaking a very long
 ;ranémission line into several short lines. Each line section is terminated
Qith a switching;étation as shown in Fig. 2.5. Obviouslg, sectionalization
yﬁo; only can iggiease thé reliability of the tfansmissioé system, bﬁé‘also

can increase its stability limits.

SR .
- The overvoltages at the mid-point and receiving end shown.are expressed in per

“unit quantities in terms of sending end voltage.




(a)

E switching stations E

()

FIGURE 2.5 Sectionalization of ELD Transmissibh‘Lines.

(a) Before sectionalization.
(b) After sectionalization,

11.3 Series and Shunt Compensations.

A study of equation (2.3) indicates that the line reactance,
XL , must be reduced in order to inc:ease‘thé_powér transfer. The use
. of a bundle conductor to reduce XL is not too effective, and the increase

of the number of circuit lines is not economical. The most effective and :

economical method which attracts the attention of the line design engineers

_is the use of series capacitors. To reduce the mid-point overVoltage and

" the serious overvoltages caused by faults or load rejection, shunt compen-
sation is required. Figure 2.6 shows an equivalent circuit of a section of

a transmission line compensated with series capacitors and shunt reactors.

series compensation

i
(1)
4
n
2
[¢]
i1
il

I o~ shunt
compensation

3

FIGURE 2.6 = An Equivalent Circuit of a Line Section.
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%

.II.4 Overvoltages Caused by Switching, Load_Rejection and Single-Line-to-

Ground Fault at No Load.

Though the transmission line may be properly compensated, the
overvoltages caused by swi;ching_transienc% load rejection and single-line—
to—gfound fault at ‘no load are still of special interest. These ovefvoltaées
ma§ "shoek' the system to give rise to sustained subharmonic oscillations.

. (See Chapter III).

"II.4.1 Switching transients:

'In energizing an extra-high-voltage extra-long-diétance (EHV ELD)

" transﬁission line, circuilt breakers are closed. Hence, the switching

" transients shown in Figure 2;7 are introduced. Due to the influence of the
‘magnetic characteristic of the shunt reactor, both the amplitude énd frequency
of the service voltage are affected. - Fortunétély,Jthe transient overvoltages

die out as time goes on.

'II.4.2 - Overvoltages cauéed-gz load rejection and single-line-to—ground

fault at no load.

Ihe overvoltage caused by load rejection or open circuit at the

5 reﬁeiving end will not be as severe as in Figure 2.4.1if the line is
coﬁpenéafed; but it is still quife considerable., At no lpad with single-
fline—to—ground fault, overvoltages will result on the two healthy phases,
Due toithe presence of the positive, negative and zero sequence impedances,
tbe‘overvoltages on thektwo healthy phases will not be.equal. The over-
ﬁoltageévresulting froﬁ load rejection and single-~line-to-ground fault at nd

load are shown in Figure 2.8,
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3] o ‘ B L
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-24
~34
'FIGURE 2,7 Switching Transients in a Compensated EHV ELD Transmission . -
' Line,
PsUe ) ‘
2 T :
3 /
) Line length
(2)
A

PsU,

Line length
[O)
FIGURE 2.8 Overvoltages as a Function of Line Length,

- (a) Load rejection
(b) Single-line—to-ground fault at no load.




" CHAPTER III

ANALYSIS OF SUBHARMONIC OSCILLATIONS

" Under a relatively limited condition, the applied sinusoidal

~voltage to a non-linear system gives rise to sustained subharmonic oscill-

. ationms. The,response of subharmonic oscillations is a high~magnitude, low-

vfrequency fype oscillation, whose frequency is a fraction (i.e. %Q, where
n=2,3, 4, ...) of the applied voltage frequency. The subharmonic is

of the order n, i.e;;when thé applied voltage completes one cycle the
subharmonic completes -% cycle. The presence of abnormally high éurrent
and high voltage resulting from the subharmonic response, not only causes v
interference to the system, but also endangers the life of the series |

~capacitors. .

 _ ITII.1 SubharmOnic‘OcCufrence.
| The use of shunt reactors in'conjqnc;ion‘with capacitors in a>

;ftrénsmiséion line results in a noﬁ—linear circuit. UnderrSuitable -
"fconditions, subharmonic oscillations will occur only if a "shock" or a
"transient" is introduced.

The equivalent circuit representing the transmission line Qith

Jsefies ahd shunt'compenéations is shown in Figure 3.1. The line resistance
» and.liné inductance are retained to represenﬁ the‘actual system, Most of

4,5,6

~the previous authors ’ included the line inductance with that of the

~shunt reactor, Glavitsch7 even neglected'bbth the line inductance and the
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E sin wt
m

FIGURE'3.1_ Modified Circuit bf_an EHV ELD Transmission Line.

R
C

Line resistance - L = line inductance ‘
Series capacitance Y = Flux linkages of the shunt reactor.

~ FIGURE 3.2 1 - ¥ Relationship.
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line resistanée'in the analysis of the subharmonic oscillaﬁibns. The linear-

ized magnetic cha;acteristic curve cf'thevshunt reactor used in this study

is shown in Figure 3;2; where hysteresis is neglected. The inductance of

' the reactor is very high before saturation; and is very low after saturaticn.*

Asbmentioned previously; subharmonic oscillationé only occur under
iimited conditions, If these oscillations do not exist after the "shock"

the system will operate at the service voltage frequency either in the

"normal magnetizing current” state or the “high magnetizing current" state.

Typical voltage and current waveforms are shown in Figure 3.3.

III.2. Stability of Subharmonic Oscillationms.

' Subharmonics can be élassified into stable subharmqpics‘and unstable
subharmonics. Literally; any type of‘sgbharmonic which has constant magnitude
and definite order is termed a stable subharmonic. An unstable subharmonic
does not have any definitg order and may disappear suddenly after its
occurrence,

In a non-linear control system; a subharmonic response circuit may
be repfesented by a single-loop feedback systems’ 9fas shown in Figure 3.4.
 The non—lingaf_element représehtiﬁg the shuntvrgactor»hasﬂa gain N which
depends only on the amplituderf the infut signal es to the non~1inéar
element. 'The linear element representing the combination of R; L and ;
of figure 3.1 has a gain G which depends éﬁly oﬁ the frequency to the

linear element. The,closedéloop gain of the system is:

_ Imput _° N.G L
¢  Output 1 + N.G (3'1)

P
See Appendix A.(a).
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. Output
N G —
1]
L
FIGURE 34 . Block Diagram of a’Subharmonic System
Im : ' Im
;' () o RS
| - Re « Re
I
i FICURE:3.5 Locus of G?; S (é) Stable Oscillation,

(b) Unstable Oscillation.

I
e increasing
i '
| — m .
- 7 Re
N //
, i W
increasing
G

FIGURE 3.6v:'A Conventional Describing Function Diagram
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and the open-loop gain is:

K = Qutput N.G . (3.2)
-0, Imput .

The condition for stable subharmonic oscillations is such that the G,
locus of the linear‘portion of the open-loop gain plotted on the complex
‘plane, must not enclose the (~1,0) point as shown in Figure 3,5, It

implies that the opeﬁ—loop gain Ko must be -1, That is:

NG=-1 ‘(3.3)
v or |

R R W

Equation (3.4) is known -as desggibiﬁg function, Plotting G and_ -'% 
‘on the»compiek plane, the point of intersection af the two loci gives the
required amplitude and frequenéy-for stable‘suBhAfmonic dsciliations.

- However, since ;he-dégcribing funcﬁion depends on thé.four parameters:

the solution for a

, ' *
a, b, %u) ~and ¢ of the input signal e

* : ~
The input signal e to the non-linear element is a combination of the

1 : . e
reference input (e, = a sin wt) and the feedback (e, =b sin(%wt + $)):

e, = a‘sin wt + b sin (W%-wt + ¢)

where is the amplitude of the referenice input e

a
b is the amplitude of the feedback ee
'-%Lw’is the subharmonic frequency ‘
¢ dis the phaée relationship between the reference input and the

feedback.



stable subharmonic response will be very complicated and is not so .simple

‘as described above, .
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: A conventional describing function illustrating the characteristics

of the two loci and

I1I.3 The Effects

their intersection point, m' 4, is shown in Figure 3.6.

gf;Circuit Parameters,

I1I.3.1 Line resistance.

.Knﬁdsena expressed the relative loss factor for a R~L(i)-C'ser1es

circuit with non-linear inductance L(i) to determine the éubharmonic

. response as:

5=
~where = & is the
"R is the

C 1is the

w - 1is the

RwC =

NlW

c
relative 1oss:factbr
resistanée

series capacitance

service voltage frequency.

The relative loss factor of Equation (3.5) varies with the increase or

 ‘decrease of R if

C is kept constant.

A study of Figure 3.7 reveals that the maghitude of subharmonic

: .. current increases with decrease of the relative loss factor.

maintain the subharmonic oscillations, the applied voltage must be of a

| maghitudé enough to

overcome the.énérgy dissipated by the resistance. If

. the value of the relative loss factor is higher ﬁhan the critical valué.

(3.5)

In order to

.‘Gc’ no subharmonic can occur even though the applied voltage can compensate 

F vthe-resistance voltage drop.
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I = subharmonic curfent in per unit value

0
<
i

applied voltage in per unit value
24 pu » '
o critical relative loss factor

o]
I

} . } : — \'
1 pu . 2 pu ' 3 pu :

FIGURE 3.7 Characteristic Curves of the Relative Loss Factor with
Constant X .

I11.3.2 - Seriles capacitance.

‘Refer to Equation (3.5)3 the relative loss factor isi
_R - - ‘ .

- Keeping the line resistance, R, constant, and varying the capacitance, the
subharmonic resﬁonse curves will not be the same as shown-ebove, i.e.,

.g*Figure 3. 7 > Instead, the subharmonic response curves are inverse as

'; shown in Figure 3. 8 .

McCrummlO stated, "If the capacitance be reduced but resistance left unchanged,
then for a givéﬁ voltage, the subharmonic current will be less", and
"increasing the Capacitance produces much the same effeét except that the

resulting current is larger.”
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0 —rt : —— ¥
K v . -1 pu k2pu 3 pu , ‘
"FIGURE 3.8 ' Characteristic €urves of the Relative Loss Factor with Constamt R.

- In order to visualize the relationship between the capacitance and
the resistance,-attention is centered on the capacitance-fesistance curves
sho@n in Figufe’3.9.lo- Outside the boundary of the curve 1, no subharmonic
‘will dCcuf. ' The area between curve 1 and curve 2 gives the stable subharmonic
oscillations. ﬁnstable subharmonics can eﬁist‘in the ;egion beiow curve 2,

The dotted lines of the two curves indicate that a further decrease of resis-

b‘.; tance or increase of capacitance may result in unstable subharmonics.

Figure‘3.9.also shows that there is a critical value for capaciﬁance below or

| beyond which no subharmonic can exist,

R

curve 1

curve 2

- FIGURE 3.9 Liﬁiting?Region for Stable Subharmonic Oscillations.
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- III.3.3. Shunt reactor.
_ The linear range of the magne;tc characteriétic of a shunt‘reactor

is one of the important factors in determining tlie occurrence of subharmonic

- . osecillations. No subharmonic will occur if a shunt reactor remains unsaturated,

. To saturate the shunt reactor; the applied Qoltage must reach the knee of the
magnetid-characteristic of the reactor. If the magnitude of the voltage is
"sufficientIyihigh, thevreéctof can be saturated evéry half cycle.

Portnoi6 has shown that the subharmonic response is determined by'
::theAindQctancevof the linear portion §f the shunt reactor and ﬁhe series

compensation level, Hénce,.the subharmonic frequency is:

1

£ = | : . (4.6)
s IZﬂ:Zflin C : | .

. where "'fs_‘ is the subharmonic frequency
C  1is the series capacitance
L is the inductance of the linearfportion of the magnetic

'characperistic of the shunt reactor.

: 15 véryiné'the linear range of the shunt reactor, the subharmonic

' réSponse will éhange. If the shunt.reactor is so designed that its linear
range is far ébove the applied voltage, subharmonics will not océuf.‘ Suéh.

 a linear range is'probably best determined by means of experiment.,> -

II1.4 The Effect'gﬁjApplied Vbltage.
 The applied voltage is an essential source to overcome_the energy
dissipated by the resistance, If the applied voltage increases gradually-

x1'from zero, the current will only follow the magnetic characteristic Curve_
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of the shunt reactor, 'As‘stated previously, subharmonic oscillations will

occur only if a "shock" is introduced. These oscillations will cease if the

applied voltage cannot compensate for the energy dissipated by the resistance., -

~ However, for the given circﬁit-parameters; tﬁgre is an upper and lower limit
for thé applied voltage below or beyond which no subharmonic response is
possible. The current will either oscillate at a low.current stﬁte knoﬁn
‘as "normal magnetizing currept" or a high current state known as "ferro-

' resonance". The phenomenon of ferroresonance is a very high current

>:".v oscillation which oscillates at the applied voltage frequency. This

"u;phenomenon is more severe than the phenomenon of subharmoniec oscillation.

It should be avoided at all costs. (See Figure 3.3, page22).

III.5 The Effécts of Initial Conditions.

_it.ﬁag been‘recégnized'tﬁatvthé initial conditions are the
governing factors which determine the possibility of ﬁhe initiation
be'subharmdnic response in a non-linear circuit, These initial conditions
are: | ‘
7 (a) vPoiﬁt of the applied voltage wave (switching angle);
(b) Initial charge oh-the capacitor, o
‘ (c)  Initial flux linkages of the reactor,
| A high transieﬁt inrush current will saturate the shunt reactor

Af the applied voltage is closed at zero point of the applied voltage wave

" or other effective pointss’ 1 (f.e. 30°, 45°%, 60° .;.). The high transient

. -inrush current can only last for a few cycles if the circuit is without

- an energy storage element (capaéitor). But in an EHV ELD transmission line,
“series cbmpensation‘is at a high level, so the inrush current will persist

to saturate the reactor, Due to the magnetic characteristic of the shunt
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" reactor and thevattentuation:of the line resigganée, the magnitude of the
"inrdshacurrentlreduces as the frequency decreases, The reduction of the
magnitude of the inrush current will cease when its frequency becomes a
fracfion of the applied voltage frequency;_ Then the inrush current is trans-
formed into subharmonic currentG. These oscillations will be maintained by the

energy derived from the source. The typical reductions of magnitude and

~ frequency are shown in Figure 3.10.

dt

i UﬂUf\Uf\uf\f

"FIGURE 3.10 Typical Transformation of Oscillations into Subharmonic Oscillations,

A similar effect will result if either the initial chargé on the
capaci#or or the initial flux linkages of the shunt reactor is sufficient -

to saturate the ;eactof.




 CHAPTER IV

| MATHEMATICAL ANALYSIS

In attempting a mathematical analysis of a non-linear series circuit,’
T most of the previous authors approximated the magnetic charactersitic curve
of the shunt reactor or the transformer by a mathematical sefies. These

- series are:

. (a) Power seriles, like

_ o 2 K
i= a + alw + azw‘ + ... + aKw_
- (b)- ,Fourieriseries, like
a 00 ) . o K
='-—-—o—
i 5 + E (a'< cos K + bK sin kY)
- k=l : :
S e e TP - o CO:
‘where... aof-al’bl‘va’ b2f .o, and aK,va. are: o

'Obviously;.considerable difficulty is encountered when ény one of thé above
series isHSubstituted intb the differential equation or equations of the
non-linear circuit and the general solutibn attempted, However, the problem
féan be cifcumyented by the use of three.straight lines to approximéte the
-Cmagnefic'charécteristic curve, These three straight lines diyide the
characteristic curve into three regions with two saturation points, él and

th as. shown in Figure 4,1(b). The solution isvdiscuséed below: -
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L A

Em sin wt _ U/

" FIGURE 4,1(a) Modified EHV ELD Transmission Circuit

v
.8 = gaturation point
(linear range) of .
the shunt reactor.
region 1':1//

region 3

FIGURE 4,1(b) 1 - ¥ Nonlinearity.
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Iv.1  Solution of Region 1.

The equiValent circuit for studying the subharmonic response shown-

in Figure 3.1(a) is redrawn in Figure 4.1(a), and the non-linearity representing

‘the characteristic of the shunt reactor shown in Figure 3.1(b) is redrawn in

Figure 4.1(b). The differential equation for Figure 4.1(a) is:

e
R
Lys +Ri+ fidt +

ay .
3t = Ep sin wt | - (4.1)

When the shunt reactor operates in the unsaturated region; that is_:'

~.tiin Region 1, the current and the magnetic flux linkages are:
. * ’
i< |1A| : and Y=L 1 (4.2)
'Substitutiﬁg EQuétion‘(é.Z) into Equation (4.1) yields::

(L+L) +Ri+—fi dt=Em sin wt (4.3)

o . Let ot = T, and wdt = dT, therefore Equation (4.3) becomes:

| ai | o e
v(xl + X ) dT_‘+ RL + X, J 1dT = E_sin T .(4.4)
 where X, = WL, X =oulL and X ==
L 1771 L wC *

% , ' .
' See Appendix A, page 63



_Différentiating Equation (4.4) with respect to T, we obtain:

d“1 ai ~
(.Xl + XL) ;-;“2- + R a—,f + Xci = Em cos T (4.5)

The complete solution of Equation (4.5) is decomposed into two

parts. That is:
Complete solution = Complementary function + Particular integral.

IV.,1.1 Complementary function ic'

The homogeneous eqﬁation'of Equation (4.5) is:

2
ai® o di _ :
X, + X)) -——-de *Rgg+Xi=0 - ‘ | (4.6)

thereithebcharacteristic_equation is:
‘(x +x)zﬁ2+Rm+x1=o | (4.7)'
1 I c . -

- Hence, the roots of:Equation 4.7) are:

| 2 X)) S t;(x1+xL)2 X1+ Xx

i'-vj[In praCt%éé,‘the line resistance, R, 1is very small in comparison with the

and the reactance X

. line reactance XL,

1° vThen:

. 2 2
,(Xl + XL) >> R :

'So the roots become:

a5




2 a R ' ‘ xc

m = - o+ ] —
2(xl+xL) X1+XL.

Therefore the solution (complementary functién) of Equation (4.6) is:

R
T2X, + X))
o " Xc " Xe
i =e (A, cos |—————=— T+ B, sin [o——=—T)
e , 1 SHES 1 X, + X,
(4.8)
" where A, and B, are constants.
©1V.1.2 Particular integral ip.
The choice of particular integral for Equation (4.5) is:
ip = Cl cos T + 02 sin T 4 (4f9)
5 where ¢, and C, are constants.

Differentiating Equation (4.9) once and twice with respect to T, we obtain:

di :

—P - _c ' .

7 C1 sin T + C2 cos T (4.10)
. d2ip - -

de = --Cl cos T - C2 sin T | ‘ (4.11)

| Substituting Equations (4.9),(4,10), and (4.11) into Equation (4.5) and equating

" ‘the coefficients of sin T and cos T separately,lyields:
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—Cl(Xl + }LL - Xc) + CZR = Em - ‘ . (4.12)_

~C,(X) + X - X) -CR=0 (4.13)

- Solving Equations (4.12) and (4.13) simultaneously, results in:

Em (le + XL

2 A 2
R +Y(X1 +X - Xc)

- Xc)

Cl==_.

EmR
C. =

2 2
R‘+(‘X1+Xv -Xc)

2
L

-'Substitutiﬁg thé values of ﬂCl and C2 into Equation (4.9) yields:

. E (X +X -X) - ER -
'~"ip = - — cos T+~ 7 sin T (4.14)
o .‘R + (%) + X+ Xc? : R + ,().(1‘+ X, - X)) :
S _ X, +X, =X o
- Setting sin T; = 1 L < 5 and cos T R e,

Lo RY g 4 Xy - %) VR e xy - x)2 5

:~ﬁfvand substituting sin T1 and cos Tl into Equation (4.14) yeilds:l

E

7 (-~ cos T sin Tl + sin T cos Tl)

. i - ’ m
P Jﬁz + (X + X - X)) | |
' - ' (4.15)

_Rearrénging‘Equation (4.15) yields the particular integral:

| | E | -

L ' m : ,

1 = sin (T - T,) =~ - - (4.16)
PRS- xc)2 1 I




' Combining Equations (4.8)‘and (4:16), gives the complete solution

' of Equation (4.5) in Region 1. . That is:

E |
m B
'11,é;jR2 AP — )2 sin (T - Tl) + e
: 1 L c o
j Xc B
+ B, sin T] (4.17)
1- Xl + XL s

V IV;2 * Solutions of Region 2'and.Regibnv3.

When the shunt reactor operates in the saturated region, that

38

is either in Region 2 or Region 3, the current and the magnetic flux linkages.'

~are:

i> IIAI and ¢ =L,i (4.18)
‘SuBstituﬁing‘Eqﬁation (4.18) into EquationA(4.l) yielés;
@+ Lé) It +_ Ri +‘ 1[1dt = E sin 0t o o | | (4.19) L
'Lgt mt =’?‘ and w@t = dT, therefore Equétion (4.19) becoﬁes:
,‘ x, + X)) —g%-g Ri .+ X, J 1dT = E sin T o | (4.20) -

. where - :»H,>'_X" = wLé

D T o
.. . See Appendix A, page 63
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Differentiating Equation (4.&0) with reépect to T, then gives:

g 4 _ .
(x + XL) dT + X i E cos T | (4.21)

The procedure of solving Equation (4.21) to obtain the complete
‘solution is the same as solving Equation (4.5). Therefore, the complementary

functibn is:

'fi = e _ [A2 cos |o—o T + B sin [o——F—=T] . : (4.22)

where 'A2' and B2 are constants.

. and the particular integral is:

' o m o :
N - i : ==5 (= cos T sin T, + sin T cos T,)

P, [R2 -
, A Oy X - X

(4.23)

//R + (X + XL - X ).

R

J;i + (X2,+ XL —.Xc)

1“5fﬁﬁeref;,:{sin T, and cos T, =

2

Rearranging:Equation (4~23) yields:

1= et - 5 sin (T - T

P ' >:J'R2 + Xy + X - X))

2) (4.24)




,ul e "

Combining Equations (4.22) and (4.24), gives the complete solution

i, of Equation (4.5) in Region 2 and Region 3. That is:

- R T
2(X, + X)) -

E DR I
m

i, =
"Z'JR2+(X2+X

5 sin (T - Tz) + e

- Xc)

X "X :
. [A, cos |——Sc— T + B, sin [ g T] (4.25)
2 J X, + % 2 X, + X .

L

iv.3 Summary.

1° Bl and A2’ 32, in

Equations (4.17) and (4.25) are determined by the boundary conditions

The two sets of arbritrary constants A

(i.e. initial current, initial charge on thé cépacitor and initial flux
linkages of the reactor). Once Al’ B1 and A2, B2 are‘known, using

the step-by-step method, the subﬁarmonic current wavefgrms can be drawn
ffom‘EQuatioﬁs (4.17) and (4.25); When the subharmonic current oscillates
in Region 1, EquationA(4.17) is used to plot the current waveforms.
; . Equation (4.25) is used whén the subharmonic current.oscillateé iﬁﬂﬁg;ion 2
or Region 3. If the subharmonic ‘current is in the transition.points,’either
equation is valid. | | .

It should be noted that, wﬁen the subharmonic current oscillates
from Region 1 to Region 2 ana back again, and then enters into the negatiVe _
Regions i and 3 and back agaih, to complete the positive and negative
subhgrmonic current waveforhs, this will give rise to very-strong traﬁsient

12, 13

oscillations. These transient oscillations will restart

at each transition from region to region; and thus will continue to oscillate
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:vindefinitely“ vif onée ihitiated,'even though a resistive element is considered
as in the equivalent circuit of Figure 4.1(a>.' |

The capacitor‘voltage equations, in the unsaturated and saturated
regions, can be obtained by integrating the subharmonic current Equations
(4.17) and (4.25) respectively. Using the same procedure as thaF fof drawing‘
the subharmonic current waveforms the capacitor voltage waveforms can be
obtained, | |

It must be remembered that the use of a step-by-step method to

A“‘, draw the subharmonic oscillation waveforms is very laborious. An alternative'_

method is the use of a X-Y recorder connected to the amplifier‘odtputs of

an analogue computer to draw the required subharmonic waveforms. The

-~ analogue computer method is discussed in_CHAPTER V.




~

. CHAPTER VI
CONCLUSTIONS
The use of three straight lines to approximate the magnetic charact-

eristic curve of a shunt reactor is more convenient than the use of a

mathematical series approximation in the mathematical analysis of subharmonic

‘response., The power ‘series used by'Knudsen4 and the Fourier series used by

.15 . . . s . . 3
Hayashi™™ to approximate the magnetic characteristic curve i.e. i =19

9 cos Ky respectively, are not very

i =1 + K si K K
and i i, + Ky sin v+ cos P + 3

practical, because the subharmonic response is accompanied by'very high
saturation of the shunt reactor. The low order of either the power series

or the Fourier series used to express the ﬁagnetic‘characteriétiq of a very
high saturation reactor ié not suitéble, though the solution of a“;ower,power
order differential equation is more conveniently obtained.

It is feasible to use an analogue computer (mathematical model)

“hto predict the subharmonic response, "+ Alden 14 has shown that the

“results obtained from the analogue computer are coincident with the actual

-

‘tests. However, the operation of an analogue computer is time-consuming.

Hence, thé use of a digital‘computer to predict subharmonic reéponse is
recommended if the qpefation cost 1s reasonable.

In an.extra—high—voltage extra-long-distance transmission line,
the third 6rder subharmonic will occur at a high series compensation ievel if

the conditions are "favourable' and a "shock" is introduced. With a further

increase of the series compensation to a very high level, a second order
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*
Line Data

Eer”mile_ -~ 600 milest
‘Reactance per éhasg X 0.51 ohm 235 ohm
Resistance " " R 0,0298 ohm 10.13 ohm
Susceptance " "  Yé. 8.08 x 10 %% 5.56 x 1070

- For a. 500 KV service vbltage;'the‘natural load is 997 MW per line circuit.

" 'Series Compensation Data

‘ _Series'compeﬁsation levels

(percentage of XL)

90%

100%

ohmic values per unit»values
0 o 0
23.5 L0935
47.0 BENETY
76.5‘; : L8
o4.0 .37
117.5 . 468
141.0 .562
1645 | .655
188.0 | .748
211.0 844
235.0 | | .936

v .Usﬁally, the linear range of the magnetic characteristic of a

_ éhdht reactor for an EHV ELD transmission line is 1.2 per unit, which is .

%
See Appendix B.

R 0.2 per unit above the service voltage.

tLine corrections are required. for equivalent T circuit of an LLD line,
‘A 600 miles long transmission line with line corrections is 461 miles,
340 miles and 688 miles for reactance, resistance and susceptance, respectively.

+t i) See Appendix C.
~11) The bases are:

Base voltage: 500 KV rms or v500J7KV<peak value

Base MVA

997 MVA.




V.2 = The Analogue Computer Circuit,

The differential equation of the modified transmission line circuit

of Figuré 4.1(a), page 33 is:

Lg%+R1+—é-fidt+—d—w-=E sin Ot 4.1)

' %
 Expressing Equation (4.1) in per unit quantitites yields:

dr 1 dy _ :
L ——£+R1 LR IR +~—P-=sin1' (5.1)
p dT C P
p P B
L, A | v S
‘~v X v_'pr‘a-T—;'f' RpIp"‘chf IdT +E—T—'= sin TP o (5.2)

 4Integrating Equations (5 1) and (5.2) and solving each for the magnetic

o flux linkages wp’ we get respectively:

-Y =cosT +L1I +R II dT +5—-”'1 ar? (5.3)
P P pP Py P P C jjp P .

p

— Y =cos T + X I +Rr J I dT + X Jf I de' (5.4)
P L Y 2 N - (A PP

The simulation of Equation (5 3) on the analogue computer is

'ﬂ'resolved into three parts:

(a). Non—linearity simulation;
. (b)  Periodic function generator simulation,

: (c) " Overall simulation.

x :
See Appendix C.
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vV.2.1 Non-linearity simulagiqn,
To satisfy Equation (5 3) the analogue computer setup diagram of

the non—linearity for the reactor is so chosen as shown in Figure 5.1*%, The

"input-output curve of non—linearity is shown in Figure 5.2,

volts 10k

- 410 T
()—A

- Input — ____\/ Output
| S 1 | ,

FIGURE 5.1 Non-linearity simulation

(8) Ideal Input-Output Curve (b) Actual Input-Output’ Curve.

- FIGURE 5.2  Non-linearity for the Computer Setup Diagram of Figure 5.1.

% C
A list of analogue computer symbols is illustrated in Appendix D.l.



“where d is the distance in per unit, and can be adjusted to any desired

value,

- "u is the angle in radians, and.can be adjusted to any desired value.

_ ‘When conducting, the diode introduces a low resistance to the feedback path,
thus changing the gain of the operatiohal amplifier. As a result, the
 dead spaée of the input-output curve has a slight slope as shown in Figure

v";VS.Z(B) which is absent in the input-output curve of Figufe 5.2(a).

V.2.2 Periodic function generator simulations.,

E:i f(a). Cosine generator simulation using 10-segment Variable Diode Function

Generator (VDFG) method.

Figure 5.3 shows a typical cosine generator. Due to the leakage
L of tﬁe capacitors in tﬁe invertor and integrators, the accumulated drop of
.the voltége amplitude is'appreciable if the cosine generator operates for
S mbre thén five minﬁtés. Subharmonic instability will result from.this
' accumulated error. In order to overcome this defect, a lO-segmént'fix—
bféak-point VDFG method is addpted.'The computer setup diagram for the cosine
" -:generétor (VDFG) is shown ip Figure 5,4, The output of the VDFG. is a cosine’

~wave if the input is an isoceles triangular wave. (See Section V.2.2(b)).

"~ (b) 1Isoceles triangular function generator simulation.

Figure 5.5 shows the computer setup diagram for the iéoceles

triangular fﬁnctionvgenerator. The operation of the Electronic Associates,

Inc. (EAI) electronic comparator of model 40.488 is such that no accumulated
error dccurs. The amplitude of the isoceles triangular generator remains
.. econstant dﬁring the operation. Coupling the output of the isoceles triangular

vf generator to the input of the VDFG shown in Figure 5.4 gives a periodic




-19 volts

Acos T

| I>Asin'1‘
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FIGURE 5.3 Typical Cosine Function Generator Setup Diagram,

o B, | - |

B, | o

~~ Input .______(::::::>_f__gujput

o IND R , o
%

. FIGURE 5;47  Cosine Function Generator Simulation Using VDFG Method.



«10 volts
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) é T2 angle,
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2
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Generator Setup Diagram

4T
8
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to get {lesired starting

E, + E, <0, U(t) = -IN,

-A‘

i%f 'FIGURE_5.5(b),~-Isoceies-Triangu1ar and Square Waves,
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cosine generator.
It should be noted that .this cosine generator can start at any
desired point of the voltage wave by adjusting the potentiometer to a suitable

valﬁe, (See Figure 5.5(a)).

V.2.3 Over-all simulation.

The non-linearity and cosine wave generator simulations have been

'f_* discussed, It is easy to simulate Equation (5.3) on the analogue coﬁputer..’

ri,The basic analogue.computer setup for the modified EHV ELD transmission

 line circuit is shown in Figure 5.6. The exact computer setup which was

-'f actually used is shown in Appendix D.2,

~/) cos T
8; p -(b

—>¢ E?F . | [Ipdrp | __H>J__ | ‘

p"p

)
1 (.72
E‘J IpdT
.p p

/\

FIGURE 5.6 _ Anai%gue Computer Setup for the Modified EHV ELD Transmission
o o ' Line Circuit,

. e,

’. Thesﬁhblifier gainé, and the potentiometer setﬁ}ngs, are adjusted‘
'"-to corréspond to particular values of the following variaﬁles:
(a) Magnitude of the applied voltage. | .
(b) Circuit parameters: Line inductance, Line resistance, Sefies capécitanceﬂ

Saturation point (linear range) of the shunt reactor,
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(¢) Initial conditions: Initial capacitor charge Q> Initial flux linkages

wo; Switching angle Go'

V.3 Y'Expérimentél Investigations.

It has been stated previously that a transieﬁt disturbancé is
ﬁécessary if.subharmonic resbonse i; to be created. The switching transients
caused by_the>zero point of the applied voltage wave, and transient overvoitages
caused by the load rejection and the.single~line—to~ground fault at no load
were used to "shock" the circuit in the experiments.

V.3.1 Zero point of the applied voltage wave.
5, 11, 14

Extensive research has been carried out to invesﬁigate
the switching points of the applied voltagevwave. The conclusion ié that
the point of switching with respect to voltége zero is a critical factor to
create subharmonic oscillations. In agcepting this, the voltage is

closed at the zero point of the applied voltage wave. The other initial

conditions and circuit parameters are:

L]
<
ti
o
y
|

Initial conditions: Q0

" Circuit parameters: Lp 0.936 per unit

- R
p

.Thé linear range of the shunt reactor: ws = 1,2 per unit and the applied

0.04 per unit

voltage is:“Em = 1.0 per unit. The variation of the series compensation is
from 0% (0 per unit)vto'9OZ (0.844) at 10% step in-each test.

No subharmonic was observed by closing the applied voltage at‘the
zero point of the voltage wave in each téstl "But increasing the applied
Voltagé to 1.4 per unit which is 0.4 per unit above the saturation point of

the reactor, a second subharmonic was observed at 80% series compensation
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(d) Inductor flux linkages
Second Order Subharmonic Waveforms.
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level. The waveforms are shown in Figure 5,7. It can be seen that serious
‘overvoltage on the capécitor-is a result of subharmonic responsé,

V.3.2 Load rejection an&\single-line—to—ground fault,

The transient overvoltages resulting from load rejection_and single~-

line-to-ground fault at no load are represented by placing two per unit
dnitial flux linkages on the reactor.6 The existence of subharmonic oscillations

as the series compensation is varied and the avoidance of subharmonic

-~ oscillations as the linear range of the magnetic characteristic of the shunt

_reactor is varied are viewed as follows:

j;'(a) Variation with series compensation,’

The second order and the third order subharmonics observed as the
‘series compensation is varied are illustrated in Table V.l.  The initial

conditions and circuit parameters are as follows:

Q, =0
60 = arbitrary
wo = 2 per unit
- Circuit parameters: Lp = 0.936 per unit

Rp‘= 0.04 per unit

ws_= 1.2 per unit , o

and ‘the applied voltage is: . ' Em = 1 per unit.

It can be seen from Table V.1 that there are distinct areas where

ﬁ ﬂ these subharmonics occur. The third order subharmonic is present to the
;: greatest extent. The second order subharmonic occurs only at a very high
series compensation level. No further study has been made to investigate

the subharmonic oscillations when the series compensation -is greater than 90%.




" TABLE V.1.

Variation of Subharmonic Orders with Series Compensation.

c(per unit)

N“S bh . 3rd order 2nd order
. 0 wubharmonic ‘ subharmonic subharmonic
X ' 0 107 20% 30% 40%.50%Z 60%Z 70% | 80% 90%
c(percentage)' A v B » ‘ .
X ' 0 .0935 ,187 .281 .375 |.468 .562 ,655 . 748 .344

A check with the formula (3.5) used to predict the regions where
the various orders of subharmonics occur is as follows:

For the second subharmonic:

XC = 0,748 per unit, Rp = 0,04 per unit -
P v
_0.04 ,
§ = 0.748 = 0,0539

For the third order subharmonic:

Xc = 0.468 per unit, R.p = 0.04 per unit
P
_ 0,04 _
§ = 0.0468 0.0855

‘These values of relative loss factor fall in the predicted regions4 between

§=0 to Gc = 0.1 and .6'; 0 to Gc = 0.3 for the occur;eﬁce of thg
sécond order and third order sﬁbharmbnics respectively.
Figure 5.8 shows that the third order subharmonic current and capacitor
: voltége decrease with the increase of series cdmpenéation level. When ;he
second order subhaimonic occurs, the current and the capacitor voltage

suddenly jump to very high magnitudes. With a further increase of series

compensation level, a little decrease of current and capacitor voltage
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=0, O = arbitrary, Yo =2 pu
= 0.936 pu , R, = 0.04 pu

t
1

L2 4 p.u. : : ' 2nd order subharmonic current

. : ‘ curve
L5t . o *~w&\x\\\

3rd order subharmonic current curve

5T
. . X
i 4 4 § Iy A n A . c .
0 ' \ ' . ' o 0y sy ) '(percehtage)
10Z 20% 30%Z 40% 50% 0% 70% 8?2 9PZ ’
9 L0935 .187 .281 .375 .468 .562 .655 748 .844 X

per unit

:' “ FIGURE 5.8(a) Variation of the Magnitude of Subharmonic Currents with
| : ’V*_ Series Compensation.
c

p=p
2 put _
capacitor voltage curve at the :
2nd order subharmonic response
1571 . |
S
: capacitor voltage curve
S . at the 3rd order subharmonic response
‘ | *s\\§¥\\-
s SN
05"»
X
— i 4 3 1 i 1 i - . ¢
07 10% 20% 30X 40% 50% GO% 70% 80x 9oz (percentage
e T e SN x' |
0 .0935 .187 .281 .375 468 ,562 .655 ,748 ,844 per unit

FIGURE 5 8(b) Variation of the Magnitude of Capacitor Voltages with
' Series Compensation,

* Vc = Peak to peak value of capacitor voltage

3 P-P
Ki

+ . .
Im‘ = Positive maximum value of subharmonic current.
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Second .Order Subharmonic ‘Waveforms,
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. FIGURE 510, Third Order Subharmonic Waveforms.
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will result, = The numerical data of the second order and the third order
subharmonics are listed in Appendix E.1l.
Figure 5.9 and Figure 5.10 show the waveforms of the second and

the third order subharmonic oscillations fespectively.

(b) Variations with the linear range of the shunt reactor.

The existence of the second order and the third order subharmonics

at 1 per unit linear range of the magnetic characteristic of the shunt feactor,z

. for different levels of series compensation is illustrated in Figure 5.11.

(The numerical data are listed in Appendix E.2) and Table V.Z. The initial

_ conditions and other circuit parameters are:

vInitial copditions Qo =0
| 60 = arbitrary
y wo = 2 per unit
- Circuit parameters: Lp = 0.936 per unit
.va= 0.04 per unit
ws = 1.0 per unit

]

.1 per unit.

" and the applied voltage is: E

‘A study of Table V.1 and Table V.2 indicates that the second
"and third'ofdervsubharmonics occur at a lower series compensation'leVel for

- a shorter linear range of the magnetic characteristic of a shunt reactor,

Comparing Figure 5.8 and Figure 5.1 ‘also indicates that the magnitudes of
1sﬁbharmqnic currents and capacitor voltages are higher fpr a shorter linear
'°’range of the magnetic characteristic of a shunt reactor at subharmonic - 'ivu

- oscillations.



‘ Qo = 0, oo'a arbitrary, .Qo = 2 Pﬁ,
L, = 0.936 pu, R}‘)_-—- 0.04 pu,

4 . - - .
L . ws. 1 pu, E.m 1 pu.
‘2'5> ud . i 2nd order subharmonic current
©F ‘ ' ' curve
2 4
1o+ 3rd order subharmonic ~
x\\\\current curve
14 o '
, o - » *\\\*;55-
.5 ] |
X
0 4 : 4 '| . ' ) c
107 207 307 404 507 607 707 aoz ‘907 (percentage)
l ' X ) :

0 0935 .187 281 375 468 562 655 <748 844 per unit

‘f',FIGURE 5. ll(a) Variation of the Magnitude of Subharmonic Currents with
- Series Compensation. '

Vv .
e
p-p
] o ‘ ' Capacitor voltage curve at the
2 pu o 2nd subharmonic response,
15 TS SR Lo SN |
' Capacitor voltage curve at the 3rd order
1 4 - : subharmonic response
> S
.54
Xe
0 & '
102 zo% 30/ 407 soz 60/ 7oz soz 9oz (percentage)
t t } t | X
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'  FIGURE 5 ll(b) Variation of the Magnitude of Capacitor Voltages with
: : Series Compensation.
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TABLE V.2 Variation of Subharmonic Orders with Series Compensation.

no subharmonic

3xd order
subharmonic

2nd order
subharmonic

X.
c(percentage)

X
c(per unit)’

0

O .

.0935 .187 .281

10% 20% 30%

40% 50% 60%

.375 .468 .562

.655

70% 807% 90%

.748 .844

Figure 5.12 illustrates that the subharmonic current decreases with -

the increase of the linear range of the magnetic characteristic of the shunt

reactor.

No subharmonic will occur if the linear range of the magnetic

characteristic of the shunt reactor is higher than 1.5 per unit. (The

'  numérical data are presented in Appendix E.3).

: .05 <
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FIGURE 5.12
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m .

W,)

Variation of Magnitude of Subharmonic Current with Linear
“Range of the shunt Reactor

Linear range
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V.4  Summary

It has been demonstrated that the modified traﬁsmission linevcircuiti
can be simulated on the analogué computer>f9r_the pﬁrpose of studying the
existance of subharmonic oscillations under various conditions. The results
obtained are valid and important even though 1iﬁe susceptance was neglected.

The switching transienﬁs caused by closing the breaker at no load
or ét light load may create subharmonic oscillations. But,:if the shunt
peactor‘is designed to have a sufficiently high 1ineaf range, ho subharmonic
will occur. |

‘The transient overvéitages caused by load rejection and single-
linéfto~ground fault at no load may "shock'" the system to ;reate subharmonic
oscillétions. But these subharmonic oscillations can be avoided by suitably
aiménsioning the linéar range of the magnetic characteristic of the shunt

reactor,




CHAPTER V

ANALOGUE COMPUTER SIMULATION

It has been stated in CHAPTER II that transient overvoltages will

result from switching, load rejection and single-line-to-ground fault at

no load. The switching transients caused by closing the breaker(s) at no -

load or light load may create subharmonic response. The tranéiept over-
voltages caused by load rejection and single-line-to-ground fault at no
load may "Shock" a transmission line to create subharmonic oscillations.
In this chapter, a series of experimen;s_'is carried out on the énalogue ‘
computer*.to answer the following questiqnsg

(a) Can subharmonics occur at a_high series compensation level?

(b) If switching takes place at the zero point of the applied voltage

| wave, will a subharmonic occur?

(¢c) How does the linear portion of the magnetic characteristic of a

shunt reactor affect the occurrence of subharmonic?

V.1 System Study.

An EHV ELD transmission system schematic diagram is shown in

Figure 2.1, page 13, The transmission line to be investigated is 600 miles

long, at a 500 KV service voltage. The sending and receiving end transformers
and the sending end generators are not included. The line and series compen-

sation data are listed as follows:

=\The computer which was used is the ELECTRONIC ASSOCIATES, INC. (EAI) of
_ model TR-48. |
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subharmonic with-a magnitude greater than that-of the third order subharmonic
will be created,
.In conclusion, the answers for the questions pﬁsed in the

Introduction (pages 1 and 2) may be stated as follows:

(1) Subharmonic oscillations are of high-magnitude, low frequency type,
with the frequencies a fraction of that of the applied voltage. Under

very limited conditions, subharmonic oscillations may occur if a

“shock" or a "transient" is introduced into the non-linear circuit.

(2) Usually, high series compensation level is more susceptible to

subharmonic oscillations. l(Seé Tables I and II, pageéA53 and 59
'respectively).
(3) When subharmgnic resonance does occur, the magnitude of the line
current and capacitor voltage is found to be very high in éomparison
" with that of the "normal magnetizing‘current" sﬁate, i.e.kthe stateb
‘of normal opération.
" (4) Subharmonic oscillations can be controlled of eliminated by the proper

-selection of the circuit parameters, such as Em, R, L, C and

¥ -- the linear ortion of the magnetic characteristic of a shunt
s P g

reactor.




APPENDIX A

A MODIFIED CIRCUIT OF AN EHV ELD TRANSMISSION LINE

’A.(é). Investigation of a Shunt Reactor.

The'equivalent circuit and the model of a shunt reactor4 are
ﬂ:;éhown in Figure A.1(a) and A.1(b) respectively. The current flowing through
the reactor is:
Ip =TI, +1 . o (Afl)
where IT is the total cufrent flowing through the reactor,
Ia is the branch current flowing through the air;gapfinductance,

Ic is the'branch current flowing through -the core inductance. .

andvthe flux linkages of the reactor are:
S Vp =Yty B SRR

 }.whére . Uy is the total flux linkages of the reactor,

| wc ‘ié'thevflux linkages of the core or of the air gap,
:‘wz"ié the flux linkages of the leakage path outside the core.
":EQuation‘(A.Z) may be written as: |
p =L, I+ 1L Ii (A.3.a)
or |

':wT‘= L¢ I, + LQ'Ii o : . ' ' (A.3.b)




- @ ) (b)

'FIGURE A.1  Shunt Reactor ' (a) 'Equivalent circuit, (b) Model,

@ o w

’

FIGURE A.2 Behaviour of a Shunt Reactor. " (a) Before saturation,
(b) High sat:uration. ' ‘ ‘



vhere L_ 1is the air-gap inductance,

L . is the core inductance ,
. LZ is theAleakage inductance.
Fortunately, L and L, are linear,‘only L, is non~linear.
Before saturation, Lc is very high and is very low after saturation. Iq,
practié?, Lc may be assumgdto be "ideal” by letting Lc equal‘infinity
(open circuit) before saturation and zero (short circuit) at high saturation.
(See Figure A.2). As a result, the inductance of tﬁe shunt reactor befére

saturation is:

Ly =L, +L © (A.b.a)

1 %

. and at high saturation is:

=1 : C _ '
L,=¢L | (A.5)

where K is a constant,

11, 16

An experimental investigétion ) has shown that L2 is at

least ten times less than Ll.

A.(b). The Equivalent Circuit,

The equivalent circuit of an ELD transmission line with series and

shunt compensations is shown in Figure A.3, where the sending end voltage is

. B o '  (A.4.D)
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shown, and the receiving end is'open—circuited.

L R - C

l"“"".“"!

!
: ' :
L : L |
E sin th ] Cy i E:CY "wl
l

11

|
|

! o
'

'FIGURE A.3. Equivalent 7 Circuit with Series and Shunt Compensations.

Before thevinvéstigatioﬁ, it may be of interest fo see the change of the
.. reactance of a shunt feactor relative to the lumped capacitive reéctance of

v the line before and after the occurrence of a subharmonic respénse.
: Cénsider the reactor shunted with the lumped capacitance. Cy of
‘ vthe 1ine as bounded by the dotted line in Figure A,3. It has been stated
that the inductances of the shunt’reactor are L1 and sz before saturation

and‘at high saturation respectively. At system frequency w (before

sgturation), the ratio of XY to Xl is::
L
wC ‘
Xy Y .
SN I | (A.6)

-X1 v le ‘ .

where R XY is the lumped capacitive reactance of the line
 ‘and X is the reactance of the shunt reactor beforé saturation.

1

For the nth order subharmonic résponse (high saturation) the system

1 , '
frequency is 7 W, The ratio of the lumped capacitive reactance of the line

to the reactance of a shunt reactor is:



1
. n : :
R L v . : (A.7)
X 1 :
2 —wlL .
n 2
where X, 1s the reactance of the shunt reactor at high saturation.

Substituting Equations (A.5) and (A.6) into Equation (A.7) yields:

15

8
e}
[

(A.8) -

" where o !y Kn
Equation (A.8) illustrates that the lumped capacitive reactance of the line
lis n times larger, while the reactance of the shunt reactor is 1 times

. Mg
smaller at the nth order subharmonic response.

V Example:
- Consider the Figure A.3 for the second order subharmonic response,

then n = 2  and in Appendix A(a) K'= 10. . Therefore, from Equation (A.8)

" we obtain:

XTI %x% . R G

" In an - EHV ELD transmission line, the shunt compensation is so designed
that -the reactance of a shunt reactor is approximately equal to or less than
the lumped capacitive reactance of the line at applied voltage frequency (w).

For the sake of simplicity, let XY = Xl’ then Equation (A.9) becomes:

6
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= = 40

or

Xg = 404X2

- . This means that the lumped capacitive reactance of the line is 40 times that

"of the reactance of the shunt reactor at the second order subharmonic response.

As a result, it is reasonable to neglect the lumped capacitve feactance ﬁhich

‘is in parallel with the reactance of the shunt reactor. at subharmonic

oscillations.

A.(c). The Modified Circuit.
Since the lumped cabacitive-reactances at both the sending and

>_receiving ends are neglected in the study of subharmonic oscillations,

ﬂ - Figure A.3 can be modified to that shown in Figure A.4 below:
L R C

E sinwt
m -

FIGURE A.4. Equlvalent Transmission Line Circuit by Neglecting the Lumped
Capacitive Reactances.

A study of Figure A.4 reveals that the current circulating through
‘the sending end reactor as indicated loop 1, is 1nsignificant. ‘Only the
current flowing through the series capaéitors to the receiving end is of

special interest. Thus a further modification of the transmission line circuit B
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vfor the purpose of analysing the subharmonic oscillations is given in

Figure A5, -

sin wt

E
m

‘vFIGURE A.5 A Modified Circuit of an EHV ELD Transmission Line with Sending
Voltage. ' '




APPENDIX B

CALCULATIONS OF THE LINE REACTANCE AND THE LINE SUSCEPTANCE

The conductor used for this study is a 4-bundle conductor of
1795000 circular mils with 54%7 strands. The construction of the tower is a
flat' - - configuration. The éeparation between the adjacent subconductors

is 1.5 feet, and the spacing between the phases is 35 feet.

The formulae used for éalculating the line reactance and the lumped -
capacitive reactance of a transmission line are as follows:

The line reactance of a'four—bundle conductor is:

=1 - ‘ £
XL --v.‘4..(Xa - 3Xs) - 0.0106 ( 60) + X, (B.1)
in wﬁich o
R £ 1
Xa = 0.2794 ( EB—)ylog R
X =0.2794 (£ ) 1og s
. 7s : 60
X, = 0.279 ( £-) 1log oM
d 77 60 :
and the lumped capacitive reactance of a four—hundle ‘conductor is:
:‘- . l_ . . ; 99 . o -
Xy =3 (Xa 3XS) 0.0026 ( f )y + de (B.2)

in which
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0.0683 (—6-f9) log
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the positive sequence reactanée‘exﬁressed in ohm per mile
phase

the positive sequence lumped capacitivé reacténcg expresséd
ohm per mile per phase

the service voltage frequency (Hz)

the separation of the adjacent subconductors expressed in

. . .

the radius of the subconductorvexpreéséd in feet

the geométric mean radius of'the subconductor'ekpressed

feet

the geometric mean distance between the centre line of the °

ses expressed in feet,

o




~ APPENDIX C
PER UNIT QUANTITIES

The differential equation for the modified transmission line

circuit is:

di . 1 . day - ‘ a .
L ac + Ri 4 c J idt + rrle Em sin wt A o (C.l)
Equation (C.1) can be written as:
di . wdy _ ) '
XL a‘at’f‘ Ri + XC Jidwt + 'd—aTE' = EmSin wt (C.Z)
where X .= wL Va d X .= L
: L & c wC

A set of base units (i.e. Eb’ Ib’ Tb) is so chosen that:

1
E,=E, I, =1, T, ==

b ™ b m b

and jet |
- YA = e—— = f—l{)—l—)- = wL = —l—
b I Ib b me

and rearranging yields:

Dividing Equation (C.2) by E,

X dG/T) gy X AW/Y,)

i t P
- + -+ =1 = d () + 5557 = sin (c.3)
A . t ]
‘Zb .d(t/_Tb) ZbIb b "Ib Tb -d( /’lb) Tb




"Substituting_

:T: and

. lor .

Zb Lb ' p P

X 1.,

Xb C/Cb cp Cp

R I - 1]

— R y T =I , —— qj
Z, I, 0

S—= TD‘_into_Equation (c.3) yiélds:

b Ly

dI ' 1 dy

L =P 4+R I +32 | T dT +—-P = gin T
Tp P

P dTp DD C

dI ' dy

D, on P
XLp dTp + Rp Ip + ch : Ip d:p_+‘dT sin ?p.

Sk ﬁ '
- The subseript '"P" means per unit.,




APPENDIX D :
COMPUTER SYMBOLS AND EXACT COMPUTER SETUP DIAGRAM

D.1  LIST OF SYMBOLS

¢

7Yy

(I.C.)

- 4+ 10 volts

1 ©

Initial condition |

Operational amplifief

Invertor or amplifier with indicated
gain,

Summer

- Integrator

Integra:or.with I.C.

Potentiometer of ratio p

" + 10 volts d.c. reference source

Cosine generator

Non-linear device with indicated

transfer function
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Diode

k- E ~ VDFG with indicated periodic genefator

o ©
IN, IN
N, 1) output. o

o bD—g——mm ' " Electronic comparator
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Exact Computer Setup Biagrad for[an’EHV ELD Transmission Line

" De2

T(t)

IN

“VDEG

cos T

10K

S1 4T -SrI aT?
P P P p




APPENDIX E

E.1 Data for-Figure 5.8, page 54.

X I v
c ™ e
E , pP-p
(per unit) . . (per unit) (per unit).
0 - —
.0935 - -
.187 - -
.281 - -
.375 — —_—
468 1 .95
562 .8 .83
.655 .7 .70
.748 1.75 1.5
« 795 1.72° 1.48
.844 1.55 1.45
E.2 Data For Figure 2+1l, page 28,
series compensations subharmoq%c currents capacitor voltages
Xe T Ve -
. p-p
- (per unit) (per unit) (per unit)
0 —-— —
.0935 - -
.187 : - -
.281 SR - -
.375 - 1.25 1.1
468 1.05 0.95
.562 0.85 0.90
.655 2.35 1.85
748 1.90 1.55
1.55 1.44

844

NUMERICAL DATA FOR FIGURES

-serlies compensations subharmogic currents  capacitor voltages




E.3 Data fof”Figufe:5.123 page 59.

Linear ranges ws

 (per unit)

P e
o B WN

subharmonic currents

(per unit)

1.90
1.75
1.70
0.60
0.55




10,

12.

13,

14'

9.

11,
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