GENERATOR  EARTHING : A REVIEW AND _ ANALYSIS
OF PAST AND CURRENT PRACTICE  WITH _ SPECIA
REFERENCE TO PROTECTION AND SYSYEMS CONDITIONS

BY

J.P. HOLTZHAUSEN

Submitted as part fulfilment for the
degree of M,Sc. {Eng.} at the University
of the Witwatersrand, Johannesburg

December 1974




DECLARATIOR

1 hereby declare that this thesis 1s
my own work and that it has not previously

bzen submitted for a degree at any university.

ap/ / &%&/A’%@N

HoLTzHausEf

23 frn/7y




FOREWORD

Generator neutral earthing is only one aspect of the involved issue
of power systenm neutral earthing and has heen dealt with fully in the
Titerature by authors 1ike Wilheim and Waters [1] Mortlock [2] and cthers.

In this report the basic philosophy which relates to various earthing
practices is summarised and discussed. A survey of current carthing practices
for generators was undertaken and the results of the questionnaire are
anatysed. Finally, an earthing scheme, surrently being used for new power
statioans, is presented and analysed. In particular, the possibility of
neutral inversion due to ferroresonance is investigated by means of a
describing function technique. A previcusly pubjished criterion for occurrence
of neutral instability is confirmed aithough certain aspects of the miniature
system approach used are questioned.

The author would 1ike to express his sincere appreciation and thanks
to Professor W. Sormack for the assistance offered during the course of
this project.

The author would also Tike to extend his thanks to the Electricity
Supply Commission for their permission to conduct this research project and
also to the University of Stellenbosch for the computing facitities made

availsble.
Finally & word of thanks for Mrs Kay for typing the script.
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n - order of harmonic :
: P = normalised Laplace oparatoy Lo
R - resistance s !
3 ~ normalised resistance . 5
s - Laplace operator P! E
t - time ;
U - voltage drop i | !
; @ = normalised voltage drop R
! u - instantaneous voltage drop
- reactance
X - normalised reactance
EN] «  earthing coefficients !
z -~ impedance ;
| a,%0 =~ phase angles Eo 5,
! ¥ ~  flux linkages : ‘;
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J - ) ~ angular frequency (radians/second or p.u.)
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phase A

phase B

phase €

capatitance

a delta winding

earth (capacitance)

earth (feult)

fault

denerator

4 fundamental frequency
inductance

magnetising

neutrai

phase {fault)

reference values

a transient-change {in current)
quantities measured at the generator terminals

extinction voltage

zero sequence quantities

positive sequence quantities or the fundamenta) wave
negative sequence quantities

the third harmonic
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CHAPTER 1

BASIC OBJECTIVES OF GFNIRATOR NEUTRAL EARTHING

1-1  Introduction .

The objsctives of power system neutral earthing are twofold : On low
voltage distribution networks the major ohjective is the safety of persons
while on the main high voltage distribulion networks the safuty of the
equipment is the deciding factor.

Generator neutral carthing “ails into the latter category. In small
power systems where distribution takes place at generator voltage the
generator earth in fact represents the system earth. As outlined in
APPENDIX A the so-called unit connected scheme has gained universal acceptance
far application to powek stations of an inierconnected power system. In
such a system the stator windings of gemerators and their connections up to
and including the low voltage windings of the associated generator transformers
are isolated electrically from the rest of the system as far as stator
faults involving earth are concerned. When deciding on a valuz of neutral
earthing impedance it is therefore a valid assumption to disregard the
rest of the system. This report, therefore, focusses on unit connected
generators « the gencral principles of power system earthing falling somewhat
outside the scope of the present repart.

The objectives dealt with in the following sectiens are conflicting in
& certain sense in that, as will be shown, Tow fault currents lead te high
overvoliages and visa versa.

t-2 Limitation of Stator Earth Fault Current

Consider a generator with its neutral commected Lo earth through an
impedance Zy ohm as shown in FIGURE 1-2-1 (a). A single phase to earth fault
occurs oh one of the phases at or near a phase terainzi of the stator winding.
In FIGURE J~2-1 (b} the corvesponding interconnected sequence networks are
shown for this fault condition.
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FIGURE 1~ 2» GURE 1-2-1 {a} : Single phase fault o earth ay at _generator terminals
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The fault current is

I,=3E e Q-z1)
e -
Ty ¥ Lpe * 32
T ¥ g ¥ Tog ¥ 3,
For a three phase faylt at the same position the corresponding fault current
would be
= - 1-2-2
i % ( )
16

From (1-2-1) and (1-2-2)

e 3 (1-2-3)
I - 2 T * 3
3 1+ (28 Jo Lo
7
[

For a synchronous nachine the negative sequence impedance, although
somewhat lower than the positi .. sequence impedance, is sti11 of the same
order of magnitude. The zero sequence jmpedance of ¢ nerator, however,
is much Tower than the positive sequence impedance 67]. The reason
is that, due to the symretrical arrangement of th se phases of the stator
winding, the magnetamotive forces associated wiun zero sequence currents
add up te zero in the air gap of the machine.

It is therefore clear that in the case of a generator which is solidly
earthed (Z" = 0) the ratio Iﬁ can become larger than 1, The dynamic current

P
rating of a system is usually bas  .n the three phase fault level and is
therefore necessary to Vimit the ¢ th fault current to a value equal to ar
Tess than the three phase fault current.

In gencral, however, it is advisable €o iwit the earth fault current
to - guch Tower value. The type of stator earth fault that usually occurs
is a puncture from the stator windings to the surrounding stesl laminations
in the stater slots. Such a fault causes burning of the stai<» laminations
and welding together of adjacent laminations. It is obviou: ‘%t hoth the
magnitude and duration of the fault current have an effect - we deuree of
damage at the point of fauld.

Poh1f3] published results of tasts in 1930 to indicats it providing
earth fault current is 1imited to less than 10 A, the dama: .. the stator
will,be limited to Jocal burning of the iron. This type o, ¢irige is easily
repaired by veplacing the faulty coil aad removing traces of .rcing on the

;
1
[
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iron, For a ourrent of 5 A the arcing, which causes most damage, actually
ceases after 4 tot 6 minubes. These tests were done on test samples
utilising bonded mica flakes as insulation which is similar to insuiation
used {n modern machines. The test voltage was & 000.V.

Westphal {4] in a more recent publication also supported the i.ea that
extensive damage of the stator iron only occurs for ctrrents in excess of
20A and he indicated that for a 7,5 A fault current the damage do the stator
Taminations is still very Jocalised despite fault durations as long as
10 minutes. Sustained earth faults however cause breakdown of the
insutation in the slots and could lead to damaging interturn and phase
faults,

Stalder[5] reported that welding of adjacent stotor laminations occurs
for fault currents as Tow as 6 A and durations as short as 0,5 s. He
stressed the importance of rapid de-excitation following earth faults and
indicated that the amount of damage o thr stator iron is quite acceptable
aven for fault currents as high as 40 A,

Berman, Kripsky and Skalka [6], at a recent CI1GRE conference,
described a theoretical and experimertal investigation which lead to the
conclusion that ¥ repairs on the magnetic circuit are to be avoided earth
fault current should be limited to a value as Tow as 1 A or 1,5 A, They
also show that such low cuprents may flow for extended periods without
causing deteriaration of the stator insulation. In order to achieve fault
currents as low as these and to prevent arcing at the point of fault resonant
earthing is proposed by these authors. Resonant earthing will be discussed
in detail in Chapter 2.

Summarising, it can be said that jow valued earthing impedances lead
to high fault currents and extensive damage to iron circuits, especially
where fault durations are long. Repairs will be extensive and outages
prolonged. For large genarators it is therefore essential to Timit the
failt curvent to such a small value as practicable.

1-3 _Limitation of fundamental frequoncy overvoliages during earth faults

Consider again the case of a sindle phase to earth fault at the gencrator

terminals as shown in FIGURE 1-2-1. If the fault {s on phase A, the voltages
of the sound phases to earth are determined by the so-catled earthing
coefficients. These are defined as
ze¥o andy = rig_
1 1
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FIGURE 1-3-1 : Steady state avervottage on phases B ond € during a single
phase to earth fault on phase A.




In APPENDIX B it is shown that the sound phase to earth voltages can
be obtained from a chart such as that shown in FIGURE 1-3-1. For the specific
case wheve g = % - dandy = R s 2 the voltages of phases B and { to earth

i 1

are represented by 0B' and OC' respectively. The voltage of phase A to ground
is zero; the fault being on phase A. The highest phase to earth voltage §
will occut on phase C as indicated by OC', If the generator neutral is not :
earthed full 1ine-to-Tine voltage (3™ E} will appear on each of the sound \
phases. These voltages are OB* and 0C". g

The value of the phase to earth voltages on phase C will be Tess than i
80% of the rated line-to-line voltage (/3 'E x 0,8), provided %1 <1 and z(_g_ <3

1

These conditions are indicated by the shaded area in FIGURE 1-3+1. A system
of this type is termed an effectively earthed system [7]. It is important |
to know whether a system is effectively earthed or not as lightning arrestors
with a lower voltage rating (80% Tine-to-line voltage) can be applied on
effectively earthed systems. On non-effectively earthed systems lightning P
arrestors capable of withstanding 100% 1ine-to-1ine voltage are required. :
The insulation Yevel on effectively earthed systems is lower and appreciable
savings in capital cost ensue.[8].

Inspection of FIGURE T-3-1 indicates that earthing resistors cause higher . ‘
fundamental frequency overvoltages than earthing reactors. As will be shown
in CHAPTER 1-4, resistance earthing is favoured for generators due to the
improved damping of transient overvoltages. Consequently, unit connected
- generators are usually non-effectively earthed and insulation and surge divertors
must be rated for 1§ne-to-line voltage.

Although single phase to earth faults are considered here it can be
shown that two phase to earth faults cause overvoltages of a similar order
of magnitude.

i

P Vs

1-4 Suppression of transient voltages

Transient voltages may occur as a result of either Tightning, switching
or arcing. In the unit connected arrangement the generator transformer aids '
damping of surges that originate as a result of switching or 1ightning on H
the high voltage system. In addition, lightning arvestors are provided on
the high voltage side of the generator transformer.
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1-4-1 Surges due to switching

In the version of the unit connected scheme which employs a generator
circuit breaker switching surges can pose problems and surge divertors near
the generator terminals are a necessity.

Consider a generator with a single phase to earth fault at one of its
terminals as shown in FIGURE 1-4-1. Interruption of the fault current
takes place at or near a normal curvent zero. In the case of reactance
earthing the fault current will lag behind the voltage of the faulted phase
by about 20°. As indicated in FIGURE 1-4-2 (a} .a negative so-called extinction
voltage pulse (u,) will develop across the circuit breaker if the current
is interrupted slightly before a natural current zero. This js due to the
inductive energy {3 Litz) being converted to capacitive energy (%c;;m 2 ).

This negative peak is fo'lowed by a positive going recovery voltage. It is
clear that a large voitage peak is possible. In FIGURE 1-4-2 {b} the
transient recovery veltage is shown for a resistance earthed generator. It
will be noted that the extinction voltage is now followed by a smal?
recovery voltage. The significance of this is that resistive earthing
reduces switching overvoltages - firstly by fmproving the power factor and
thus reducing the recovery voltage and sccondly by virtue of increased
damping. Earthing through reaciors, on the other hand, leads to Targe
transient overvoltages.

Witzke [8, p. 381] conducted a series of tests on an alternating current
model network and concluded that "o should not exceed 4,0 if the transient

‘voltages are to be limited to 250 per cent normal line-to-teutral peak

voitage.

1-4-2 Surges due to arcing faults

An earth fault, such as that shown in FIGURE 1-4-1, can also be cleared
by the self-clearing action of the arc, especially if earth fault currents
are low as is the case when large sarthing impedances are used, Under certain
conditions these arcs refgnite intermitiently and excessively high overvoltages
are possible.

When the first three phase distribuiion systems were put into oparation
they invariably operated with {solated neutral poinis. Such arrangements

§
i
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allowed continued operation during earth faults. As systems becawe larger
trouble was scon experienced as the arc current was sustained by the system
capacitance to earth.

Consider a single phase to earth fault on a three phase generator as
shown in FIGURE 1-4-3 {a). Applying Thévenin's theorem to this circuit,
replacing the part of the circuit which excludes the arc (fault) by an
equivalent voitage source, FIGURE 7-4-3 (b) s abtained.

It is clear that, in the case where Rn is infinitely large, the earth
fault current is sustained only by the capacitances . These capacitances
are usually fairly small and the resuiting fault current on an unearthed
system is consequently also small. If the fault is an arc it is extinguished
and reignites intermittently. Very high transient voltages are possible
dug to the intermittent arcing.

Peters and Slepian [10] proposed several theories of intermittent
arcing {also called arcing grounds). In all these theories resiriking of
the arc occurs at a fundamental current zero and this leads to high frequency
oscitlations. Multiple restriking is possible and the theories differ oniy
with respect to the exact instant of arc extinguishing.

Nowadays with the advent of solidly earthed transmission s
subject of arcing grounds has lost some of its fmportance. While ed
and high reactance earthed systems were stil] in use a considerable .. rference
of opinion existed as to whether arcing faults actuatly cause such high
overvoltages as claimed [1, p. 115].

As pointed out in section 1-2 it is advisable to Timit generator stator
earth fault current to a small value and relatively high neutral earthing
impedances are necescary. On generators arcing faults are therefore a
possthitity.

Consider the case of resistance earthing as shown in FIGURE 1-4-3.

The total earth fault current is Timited by the parallel combination of the
phase to earth capacitances and thé earthing resistor and therefore leads
the driving vaitage as shown in FIGURE 71-4-4., At point A the current is
extinguished at a normal current zero thus leaving a “trapped voltage" equal
to AB on the capacitances. This voitage will theoretically vemain constant
for an unearthed system but for a vesistively earthad genevator this voltage
will decay exponentially as shown. At point £ the system voltage reaches

a maximum and the voltage across the arc is 0. IT the arc Were to reignite
at this instant a high freguency transient would be established.
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In order to minimise the probability of reiynition of the arc the H
resistor should be of such a Tow value that the "trapped voltage" decays i
to a small value be’ore the generator voltage reaches its peak. If the ’
time constant 3R C is made —L times the perwd of a half eycle (?;r—), it :
can be shown that this vo'ltage decays to ¢ = 0,0432 of the :
initial value within half a cycle. i

S Ry s e (1-81).

This inequality is also known as Peterson's rule {1, p. 209] and can
be alternatively stated : "the kW loss in the resistor during a single phase
to ground fauit should be equal to or less than the capacitive kVA of the
total capacitances to ground.®

Marter and Johnson [11] weport on tests conducted by means of a modef
network from which the curve shown in FIGURE 1-4-5 resulted.

From this curve 1t is clear that the transient voltage 1s not substantially
reduced if the ratio of kW loss in the resistor to capacitive kVA exceeds
unity, 1In fact it appears that unity is an optimum value for this ratic.
The kW loss in the resistor is therefore made equal to the capacitive kVA
which can also be stated in terms of Peterson's ruie ¢

i e (1-42).

1-5 Prevention of Ferroresonance Phenomena . i

1-5-1 Segries Ferrorasonance

Consider a generator earthed at its neviral point through a non-linear
reactance. If the three phase circuit contains an asymmetry such as a
broken phase conductor a Thévenin equivalent circuit can be derived as shown
in FIGURE 1-5-1 (a) and (b},

If the series reactance of the generator is aegligible compared to the
neutral itipeda ce the equivalent circuit can be simplified to that shown in
FIGURE 1-5~2.

Ridenberg [12, p. 6421 proposed a graphical method of analysis of circuits
of this type. This method considers only the fundamental component of currents
and voltages.
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FIGURE 31-5-1 [b) : Thavenin equivalent diagram for FIGURE 1-5-1 (a)
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FIGURE 1-6~2 : Simplified vergion of FIGURE 1-5-1 (b} for L0

FIGURE 1-8-3 : Phasor diagram for FIGURE 1-8-2
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The phasor diagram for above circui: ‘s shown $h FIGURE 1-5-3, Considering

only the magnitudes of the voltage drops ic f» nossible to write down the
following equation

£ = M P TIE

LTI
U s TES - R LR

Yo T

TR .
"R e A )

This equation can be analysed graphically. Congider firstly the case of

Rn = 0 when equation {1-5-1) reduces to

Uy = E 4 In

W e {8 )
As stated previously, Y is & nen~Yinear function of I and can be represented
by the magactising curve of the reactor.

FIGURE 1-5-4 is a graphical representation of equation { B ). As
pointed out by Ridenberg only points A and £ are stable. As indicated by
the dotted ines small capacitances {stwep slopes) permit only a single
operating point C' at a low value of voltage across the nautral impedance.

If a similar graphical anafysis is carried oul for the gemera) case
where Rn # 0 the term under the square root in equation ( A ) can be shown
to represent an ellipse as shown in FIGURE 1-5-5."

From FIGURE 1-5-5 it is clear that two stable operating points A and C
are passible. Hawever; if R, is made larger only one stahle operating
point A' at a low value of voltage is possible. Such a case is given by
the dotted ellipse. As pointed out by Fiidenberg the addition of more
resistance to the circuits eliminates the higher operating point, Under
certain cenditions a circuit will also "jump" from the ower operating point
to the higher one.

From the preceding analysis it appears that the circuit of FIGURE 1-5-1
can go into series ferroresonance if a circuit phase unbalance such as an
open phase were to occur. The possibitity of an open stator phase on 8
large generator is ramote but unbalance may be caused by & reluctant circuit
breaker in one phase.
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1-5-2  parallel Ferrovesonance : Neutral Instability

Shott and Peterson [13] pointed out that ,oraliel ferroresonance is
nossible in a symmetrical civcuit such as thut shown in FIGURE 1-5-6. Here
the actual neutral point 15 hot earthed but the phases are tied to earth
by means of three voitage transformers, the secondary windings of which are
often connected in open deita for protection and indication purposes. The
capacitances C are the capacitances to earth of the stator winding, busbars,
ete. for each phase.

In each phase the capacitance ¢ is in paraiiel with the magnetising
reactance of the voltage transformer of that phase, The volt/ampere
characteristic of the parallel combination can be derived as indicated in
FIGURE 1-5-7 (a).

From this diagram 1t 1s clear that for voltages below U' the resulting
current is Jeading while for values of U above U' the resuitant current is
Yagging. Suppose for exawple that a temporary disturbance in the voltages
of the systen shown in FIGURE 1-6-6 establishes a voltage less than U' across
the capacitor and voitage transformer of one phase {A) while the corresponding
voltages on the other two phases are in excess of U'. The requirement is
thus that the current IA must be Teading while the currents IB and IC mst
be lagging with respect to the corvesponding voltages. From inspection of
the phasor diagram of the circuit it is clear that this requirement can
only be met if the peutral point of the system becomes {nverted as shown
in FIGURE 1-5-7 (b).

The above analysis is an vversimplification of a very complex problen
but serves the purpose of {llustrating that under certain circumstances very
nigh fundamental frequency overvoltages are possible. Shott and Peterson [13]
{1lustrated by means of tests on a miniature system that, apart from the
fundamental frequency neutra) displacement voltage, third harmonic and one
half fundawental frenuency ferroresonance modes are also pessible. Their
recommendations can be suumarised as follows:

For 1ine-to~line rated voltage transformers connested Tine-to-neutral
corresponding to general practice in the application of such devices the
range of abhormality is defined approximately by 0,012 < ;g_ < 0,6 where Xc

0
is the capacitive reactance to ground and xm 1% the ratio of voltage to
magngtising current of the voltage transformer measured at rated voltage.
If & given circuit is found to falt within this ratige, notmal behaviour can
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be ensurzd by connecting a resistor of value equal to that of Xln across
the open delta.

A complete picture of Shott and Peterson's findings is given in
FIGURE 1-5-8.

Analysis of a system:such as this is a formidable task since three
non-Tinearities that nperate under different voltage conditions are involved.
It is therefore impossible to derive an equivalent single phase circuit for
the analysis of the problem. In the following the methad of describing
functions will be used.

1-5-3 Method of Describing Functions applied to parallel ferroresonince
phenomena

1-5-3-1  Introduction

In general the method of describing functions can be applied o a
system with a block diagram as shown in FIGURE 1-6-9. The necessary
conditions for the application of this method is that at the frequency under
consideration (w) the linear part of the open leop transfer function
.G](jm)Gz(J'm) must be of such a high order that all harmonics are filtetred
out. Irrespective of the harmonic content of the output (y) of the non-
lingarity, the input to the non-linearity therefore largely consists of a
signal of the fundamental fregquency (w}.

The describing function (DF) of a non-linearity is defined as the ratio
between the fundamental frequency components of the output and input signals
of the non-linear element.

D 4
N(A) = "1 1¢ e (1-8-1)
x
At the freguency w the non-linear element is therefore replaced by a gain N(A).

A Timit cycle is a self-sustained oscillation at frequency w and amplitude
A and will occur in FIGURE 1-6-8 if the input is zero when

¥ = (0 Y830 16 LSu(A)
SR CICOIN ST
8y (d)epldn) = - WA - (1-52)

=1
s a(du) = 6 (Su)6,(du) = NCAT eee (1-5-3)

’ 1

The method of describing functions consists of plotting G(dw) and - WRY
in the complex plane and finding the value of A which corresponds with the
requirad frequency w.
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West, ™ uce and LivesTey [14] developed the concept of describing
functions to apply in the case where the input to the non-linearity takes

the formf; sin (wt +¢) +A, sin (nut). The Tow frequency dual input DF
is defined as

Dy oy ¢ -
PRI v (154
1\‘1' L s

and the high Frequehcy dual input F as

A8) = ;_ e (1-5-5)

where p, andD are the amphtudes of the components of frequency w and hu
respectively. o, and o, are the phase shifts associated with the components
of the two frequenmes respect\vﬂy

There have been various attempts to use the method of describing
functions for the analysis of ferroresonance phenomena. Several authors
analysed series ferrosonance circuits using some or other form of DF method
[15,16]. swift [17] and Kumar et _al [18] analysed parallel ferroresonance
of a single phase circuit by means of an incremental OF method and indicated
that jump resonance can occur.

In most of above mentionad analyses only single phase circuits are
considered and the effuct of hysteresis and eddy current Tosses are geglected
often without being mentioned at all.

1-5-3-2 DF _analysis of neutral inversion

In the present analysis an attempt is made to verify the neutral
stability criteria of Shott and Peterson [13] by means of a DF method.

The three phase circuit diagram is shown again in FIGURE 1-5-10.

n Appendix C the basic equations for this circuit are derived together
with the block diagram for zero sequence quantities chown in FIGURE 1-6-11.

The transfer Functwn of the open ‘wop is

G(P) = F (r+ 'ﬁ?xc + 177g) = UF/K + rE; (1560

LTS, ¥ 1
It is clear that there are two poles and one zero. In order to be able

to apply the DF method with reasonable accuracy it is preferable that the
majority of ihe poies over fhe zeros should be two, However, in the special
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West, Douce and Livesley [14] developed the concept of describing
functions to apply in the case where the input to the non-linearity takes

the formAy sin (wt +4) +A sin (nut). The Tow frequency dual fnput DF
1s defined as
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where DI and b, are the awﬂituges of the components of frrequency w and mu

respectively. 9y and o, are the phase shifts associated with the companents

of the two frequencies respectively. ’ B
There have been various attempts to use the method of describing

functions for the analysis of ferroresonance phenomena, Several authors

analysed series ferrosonance circuits using some or other form of DF method

[15,16]. Swift {17] and Kumar et _al [18] analysed paraliel ferroresonance

- of a single phase circuit by means of an incremental DF method and indicated

that jump resonance can occur.
In most of above mentioned analyses only single phase circuits are

considerad and the effect of hysteresis and eddy curvent Josses are peglected

often without being mentioned at ail. !

B

1-5-3-2 DF analvsis of neutral inversion

In the present analysis an attempt is made to verify the neutral X
stability criteria of Shotth and'Peterscn {13] by means of & DF method. H

The three phase circuit diagram is shown again in FIGURE 1-5-10.

In Appendix C the basic equations for this circuit are derived together
with the block diagram for zero sequence quantities shown in FIGURE 1-5-11.

The transfer function of the open h:op?';s ‘

H

i

) &

1
] _ i
5 - 6(P) =g (r+ W?;T‘WFE) = P/f;C * gy 1 sy
g P ’,xc+¥}rE)
A - It is clear that there are two poles and one zero. In order to be able i
- to apply the DF method with reasonable accuracy it s preferabie that the !
- ;

majority of the poies over the zeros shoutd be two. However, in the special
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case where r = 0 there are two poles and no zeros, thus making the system
suitable for OF analysis. It therefore appears that the system can be
analysed by means of the 7F method bearing in mind that r is usually fairly
swall in comparison with the magnetising reactance.

At 8 frequency of o the operator P can be replaced by ju, thus giving
the frequency transfer function of the linear part of the system:

G(Ju) = r(q‘m/xc ) TR T e /v b du v emen (146-7)

JalJul S F 1 " ;Z/xc + 3 ulvg

The condition for the existence of a self-sustained oscillation at an
angular frequency o is (from equation 1-5-2)

Glju) = - 1/NA,B) e (1-5-8)
where A = E/ju and B = 1/3 Ur/ju .

The neutral displacement voltage U, - LUy =Y duy T=jm}3 can under
different circumstances consist of Fundamental frequency, third harmonic
or 3 fundamental frequency voitages. The normalised voltage “T can be
interpreted as the sum of the three phase voltages (to earth) which can be
obtained by measuring the voltage across the open delta secondary windings
of the sarthing transformers.

The existence of self-excited oscillations at these frequencies can be
verified in turn by plotting B{ju) for the specific frequency as a funciion
of the system parameters and noting the regions of possible intersection
with - 1/N(A,B).

The only information available regarding the transformers used in the
tests done by Shott and Peterson is a vus magnetisation curve of the iransformers.
In the present analysis the non-linearity of each phase is represented by
a polynamial of the form

To kb - kg b kgt® e (1-5-8)
The constants k], k3 and k5 are chosen such that under sinusoidal voltage
excitation a rms curve as close as possible to that given {n Shott and
Paterson's paper. In FIGURE 1-5-12 the magnotising curve obtained which
cof{ncides with that of Shott and Peterson is given. In this derivation
the effect of iron Josses are neglected,

The describing functions for the various frequencies are derived
analytically in APPENDIX D and in TABLE 1-5~) the resylts are summarised.
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A is the amplitude of the fundamental frequency supply flux linkages and
B the amplitude of the neutral displacement flux Tinkages. The phase angle
betieen the neutra) displacement and tha supply is denoted by 8.

[FABLE 1-5-1 :  Describing Functions for s = 1,3 snd 3 .l

Frequency u
per unit)
=y - Ha? - Bp? o 1Bt » 15 p%e2 4 Biost
1 N,(A,E) Ky stA GhgBT ¥ gTKAT 4 4—k5A B” 4 8k5B
i Bplse - B
3 N3(A,B) = .
1, 43,5 . By 45 5, 43, ~ §°F
(lkiA /B~ TﬁkSA /B - ,-'LSA Ble
L3 a2 3, o2 15 8 15 .22 5, .4
+ by 2k3A 4k3B +B_k5A +Tk5AB +§1<5E
;38 )
- gksl\aﬂe 3
3 N, (A,B) =
C 3,42 B g2, 15 a4, 15, 2.2 5 .4
Ky - gkaA 4k3(3 + éksA + 3okgh B +8k55

The Yocus of the negative inverse of the fundamental DF Ny {A:B) for fixed
values of A and B and variation of p hetweon 0 and 60% is shown to be a circle
(See APPENDIX D). The radii and centres of circles for A = 1,414 {corresponding
to arms  supply voltage of 1 per unft) and various values of B are computed.
(See APPENDIX E for computer programs). The results are presented in FIGURE
1-5-13 for the fundamental DF. On the same diagram the transfer
function G(ju) is mapped as a functian of X, vy and r.

FIGURE 1-5-13 shows the family of cfrcles for different values of 8,

It 1s clear that the circles converge to the origin for increasing values

of g Two loci of the Frequency transfer function are shown for values of

v. = 5 and 0,33, The value of 5 represents the iron losses of the transformers
and {s based an the somewhat arbitrary assumphion that the numerical value

of the iron loss resistance in the transformer equivalent circuit is five

|
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times that of the magnetising impedance. The value of r = 06,0003 for the series
resistance of the transformer 4s given by Shott and Peterson [13].

It will be noted that there are twe points of intersection with the
frequency transfer function. Consider a general case vepresented on the
amplitude ratio - phase plane as shown in FIGURE 1-5-14 [19]. The two
possible stable operating points are X and Y. The stability of these states
is checked by introducing a small perturbation when the system is operating
at these states. Consider for example state Y. If the phase {s inareased
stightly to ¥' say then the amplitude is also increased. On the frequency
transfer function, however, an increase in amplitude corresponds to a decrease
in frequency which restores the phase angle. Y is thus a stable operating
point, Likewise X can be shown to be an unstable state. In FIGURE 1-15-13
only the left hand intersections are therefore stable. Note that for high
values of B no intersections are obtained. According iu this diagram the
range of values of X where neutral $nstability due to fundamental frequency
ferroresonance can occur is 0,048 < Xg < 0,34, The corresponding range
obtained by Shott and Paterson {See FIGURE 1-5-8) is 0,075 < X < 0,85, It
will be noted that no stable operating points are obtained forcrE = 0,33,
This is in keeping with Shott and Peterson's suggestion that a resistor of
value 1,0 per unit, coniected across the open delta of the transformers would
suppress neutral instability.

The third harmonic describing function or rather Wﬁf is given in

FIGURE 1-5-15. It will be noted that a family of skew ellipses 1s obtained.
Once again only the point of intersection further from the origin {s stable.
The describing function corresponding to a value of B between 0,2 and 0,3
nas its Teftmost point of intersection with the negative real serfes at - «.
Since we are dealing with the negative of the inverse of the DF the actual
describing function is zero for this value of B, The significance of this
value of B is that the third harmonic of the fundamental wave is cancelled
by the third hamonic signal (8sindut) applied to the circutt. This condition
in fact corresponds to the operation of three star-connected single phase
transformers without the capacitors where third harimonic curvenis can not
£low in the neutral connection and a third harwonic component appears in the
flux and the phase voTtages (9, p.#181.



‘g = @ 10} GGLIDUNS JB3SUR) AdUSnbadl pue 3a OIUOHIRN pALdl © §i-G-f 3UNDi3

JJJJ]]]]]ul].u'.,.ﬁi\‘qe.wﬂ,u,v-.,,

AT
PP P P F P EPEFFTREEBRIRERYITRE



i

ﬁ‘
H

i

o e

t
¥

1

i

TR B B B

i

34

The frequancy transfer function for w=3is superimposed on the describing
function. The transfer function is drawn for rpe? and rp = 1. The iron losses
are frequency dependent and the Jower value of re used here (compared to the
fundamental frequency case) allows for this fact. Again this value of e gives
2 range of Xe where possible neutral instability can occur. At high values
of B the ellipses become so small that no paints of intersection are obtained.

From TABLE 1-5~1 it appears that th: 9F for w = } contains oaﬁy a real
part. If this were so no points of intersection would be possible in the
presence of even the slightest series or shunt resistance. This {s obviously
not correct and the inaccuracy is probably due to the fact that a component
of frequency uw = 5 is generated due fo the input of frequency w = 4. The
w=z component was not taken into account i the analysis. This, together
with the fact that the "low pass filter" action cannot distinguish between
components w = 1 and @ = H explains why the DF model deweloped for w = } is
unacceptable. A more accurate model will have to be developed in order to
study the } fundamental frequency resonance in more detail.

1-5-3-3 Experimental verification

An experimental investigation of this phenomenon was carried out on a
cireu.t similar to that shown in FIGURE 1-5-10. Three single phase transformers
vere used and 3 mean magnetisation curve was derived from a family of
hysteresis curves which was obtained by measurement. In addition the iron
losses were mexsured and an average value was obtained over the expected
range of veltage.

From above measurements and based on a reference volage U‘. = 78,5 V the
following equation for the magnetisation curve was obtained

i=2p - 0,756% + 1,00° —eem {1-5-10)

During these tests with Xe = 0,506 per unit third harmonic resonance
manifested itself as a jump resonance which occurred at a supply voltage of
1,67 p.u. (peak). The resulting third harmonic neutral displacement is shown
in FIGURE 1-5-16. A third harmonic peak voltage of about 250 V (3,2 p.u.)
was observed.

In FIGURE 1-5-17 the third harmonic DF for the circuit is shown for
different values of B. On the same diagram point Q is indicated to represent
G{Ju) forw =3, x, = 0,506 and re = 0,7. The value of rg was obdained From
the {rcn loss measurements.
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From this diagram it is clear that § corresponds to a value of Bx0,8. e
S—— The voltage associated with this value of B is U, = wB = 3B, The neutral ¢
displacement voltage is therefore 3 x 0,8 = 2.4 p.u. This value deviates
25% from the measured 3,2 p.u. The reason for the Targe error can be
sought in the presence of higherharmonics and {naccurate modelling of iron Tosses.

During these tests fundamental frequency resonance could also be ’
established with some difficulty whilst it was not possible to establish the
one half fundamental frequency resonance.
o It was also established that a resistor having an ohmic value of the same .
- order of magnitude suggested by Shott and Peterson would adequately suppress .
- neutral instability. i

[ W
pod

1-5-3-4 Conclusions

e e e e
Pt

— Altheugh originally intended as a verification of Shott and Peterson's

neutral stability criteria only moderate success has been achieved at this

stage. !
From these qualitative results and analysis it does appear that Shott ;

and Peterson's criteria are probably reasonable. It does however seem that i

ivon losses have an important effect on the extent of the stability regions.

- From FIGURE 7-5-13 it also appears that the winding series resistance r plays i .
- an important part in establishing the "1owxc" stability boundary. ! ¢
- In practical applications the following measures to preclude the 3
- possibility of neutral instability are suggested.

i) Adherence to Shott and Peterson's criteria.
i1} Choice of operating point very low on the transformer magnetisation
curve.

@
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1-6 Selective and Sensitive Stator Earth Fault Protection

1-6-1 Introduction

Y

In general higher earth fault currents should be cleared faster than
smaller currents. In the case of generators where the earth fault currents
- are Timited to values of the same ovder as the phase fault currents, the
e phase fault protection such as overcurrent or differentia) protection would
- be adequate to clear earth faults.

*In cases where earth fault current is limited to smail vajues, however, 1
sensitive earth fault protection should be provided and since currents are’
small high speed protection is not so important. Earth fault protection can B 1
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consist of either a voltage operated relay connected parallel with the earthing
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- ': impedance or a curvent operated relay in series with the earthing impedance. .
- 5 - 1-6-2 The inflyence of third harmonic currents on stator earth fault g
' ‘@"i protection ;
- ” The provision of sensitive earth fault protection is hampered by the !
“ﬁ ) presence of circulating third harmonic currents. These currents are caused i
- by the third harmonic voltages generated in the stator winding due to the !
b non-sinusoidal flux distribution in the air gap of the generator. Fractional
- pitch windings can be used to minimise these voltages but short chording

normally concentrates on the fifth harmonic as third harmonics voltages can
easily be eliminated from the system by suitable transformer connections.
The third and multiply related harmonics of the three phases form a "zero
sequence” set and therefore do not summate to zero at the star point. The
tendency is therefore for these harmonic currents to follow the same paths
as genuine fault currents.

If a generator is not.connected to other equipment with earthed neutral
points the flow of third harmonic cur-ents is inhibited. In the unit- ;
connected layout mentioned earlier the generator is connected to the delta :
winding of the generator transforver.

8 " When several generators operate in paraliel, third harmonic currents
will tend to circulate among the neutrals of the parallel connected machines.
i Unless the third harmonic voltages which give rise to these currents happen

! to be of equal phase and magnitude provision must be made to earth only one

generator at a time.

i In cases where the earthing impedance has a value comparable with the
capacitive reactance to earth of the stator windings, third harmonic currents
will circulate through the neutral earthing impedance and the capacitive
reactances even if the machine 15 operating isolated from the system. Moreover,
these currents will be of the same order of magnitude as the fundamental

This places a limitation on the sensitivity

;
[

=)
;

frequency earth fault current.

Aﬂ::_ of the earth fault protection as the setting of the protection must be chosen

[ above the third harmonic curvent or voitage. A Tow pass filter is often

A‘:_}. embodied in the earth fault relay for the rejection of the third harmonics. .
t In the remainder of this section unit connected generators earthed

-

through relatively high neutral impedances will be considered. The magnitude
of t;m earth fault current is roughly proportional to the position of the
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fault on the stator winding relative to the neutral point. If the fault

is near the neutral point the fault current may be too small for the protection
relays to detect - the relay of course having a finite setting. A certain
portion of the stator winding near the star point will thus be unprotected.

A further hazard of having stch an unprotected zone is that a permanent fault
in This zone would bypass the earthing impedance and a second fault on'the
stator would cause an excessively high earth fault current while the protection
relay in the neutral circuit is short circuited.

Pohl [1, p. 89] suggested that a fundamental frequency unbalance voltage
should be injected in order to cause the flow of fault current alse for faults
at or near the neutval point. Such a scheme is shown in FIGURE 1-6-1, In
this scheme a deliberate voltage is injected at the neutral point and the
capacitive current caused by this voltage during normal operation is prevented
from causing relay operation by suitable compensation df the wattmetric
relay [5].

Other schemes have been devised which depend on the.third harmonic
voltages generated within the generator to cause relay operation for faults
near the neutral poini. Under these circumstances the relay should not
suppress third harmonics. In such schemes an artificial neutral point is
established at the generator terminals by means of an earthing transformer
and the actual generator neutral is left floating as shown in FIGURE 1-6-2.
The operation of this scheme depends on the third hurmonic content of the
generated voltage. The third harmonic content in the voltage of modern generators
35 low as 2% [4) and the actual third harmonic,voltage varies with load
conditions. In the scheme shown in FIGURE 1-6-2 the terminal capacitances (C)
tend to divert some of the third harmonic current awsy from the relay.

These tesminal capacitances represent the busbar and cable capacitances as
well as surge capacitors which may be provided. Each scheme must therefore
be analysed in detail to ensure that coverage for the full stator winding
is obtained.

Berman [6] and Pazmandi [20] sugges'~d a scheme which is shown
diagramnatically in FIGURE 1-6-3. In these schemes the third harmonic voltage
is measyred both at the néutral point and at the generator terminals. As is
shown in FIGURE 1-G-3 the third harmonic compenents of these voltages vary
with fault Tocation. The criterion for operation of the earth fault relay
is that the ratio of U (3u) 0 {30} shoutd exceed a preset value. This
relay takes care of faults near the neutral point and is tuned for the third
harmonic. For faults elsewhere on the winding a separate fundamental
frequency relay is provided. The advantage of this type of scheme is that
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N Stator Earth Fault Protection '
H

R

zg compensating
input

neutral
shift
s

tiansformer

%é earth fault detection
input to relay

FIGURE ]-6-1_: Stator Farth fault protection scheme to ensure 100% coverage

of stator winding
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et

FIGURE 1-6-3 : Earth fault protection utilising both neutral and terminal
third harmonic veltages for 100% stator énrth fault protection.
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since satisfactory operation depends on the ratio of the third harmonic
voltages at the two locations, variations of the actual third harmonic
voltage do not affect the sensitivity of the protection.

Further reference to protection schemes will be made in CHAPTER 2 when
different earthing methods are discussed.
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CHAPYER 2

YARIOUS METHODS OF GEMERATOR EARTHING

2-1 Introduction : Operation with {solated neubral

From the previous chapter it appears that 1t is advisable to tie the
genarator neutral down to earth to some or other extent.

In transwission systems operation with isolated neutral has become
absolete due to the excessive overvoltages produced by arcing. The Tate
Dr Bernard Price gave the following account of the effects of unearthed
operation [21, p. 288] :

"With an fnsulated neutral heavy surging tock place whenever a Tightning
flashover occurred because the'system was not definitely held down to sarth
potential. The arrestors which were of the old fashioned horn gap water
resistance type, on the occurrence uf a flashover to earth on the line,
discharged continuously until a second breakdown to earth or between phases
occurred in the neighbourhood of the arrestors, thus causing the switches to
operate. On inspection, afterwards, one stood in awe to see what appeared
to be the terrifying effects of )ightning, whereas it was raally the
culmination of prolonged discharging of arrestors.”

A further disadvantage of unearthed operation is that earth faults
are not easily and selectively detected. The usual method of fault dotection
45 to have efther a voltage transformer between the star point and earth or
three single phase voltage transformers at the generator terminals with
the secondary windings in open delta. The voltage transformers actually
serve as earthing reactances of a high value and such a system cannot strictly
be considered unearthed,

The absence of an intentional connection to earth on a Tow voitage section
of a system means that this section can assume a voltage with respect to the
high veltage system due to the capacitive coupling between the transformer
windings as shown in FIGURE 2-1-1.

Simitarly, a feult on the high voltage network would raise the averaye
voltage to earth of the high voltage winding and the voltage to ground of the
inding would be deiermined by the capacitive voltage divider
consisti ng of Gy and £y In the case of 1ightly earthed systems a fault on
the high vottage system could thus cause maloperatinon of the genevasor eayth

i
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FIGURE 2-1-1 : Capacitive coupling between high and low voltage windings of
generator transformer when WV neutral is not earthed.
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FIGURE 2-1-2 : High resistance earthing scheme for generator  distribution
transformer carthing.
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fault protection relays. This is a particular hazard if the high voltage
system is not effectively earthed.

2-2 Direct Earthing

Whereas solid earthing has become the accepted method of earthing high
voltage transmission systems the susceptibility of genevators to damage due
to high earth fault currents necassitate the use of some or other form of
neutral impedance. On gensrators the advantages of reduced insulation levels
with effectively earthe. : ’stems are offset by the risk of high fault currents
which, due to the time constant of the field circuit, cannot be interrupted
quickly. 1In addition further problems are experienced with circulating third
harmenic currents on direct™ ~arthed generators.

Solid earthing is the ~. 2 only used on small Tow voltage generators
due to the smaller invesiment and lower voltage and fault current levels.

2-3 Resistance Earthing

Resistance earthing is probably the most popular type of generator
earthing. As pointed out in section 7-4 the main advantage of vesistance
earthing s the fact that transients are suppressed.

When the actual ohmic value of earthing resistance is considered, two
main schools of thought exist : a) 1.w resistance and b) high resistance
earthing.

In low resistance earthing a resistance “~Tue is chosen such that earth
fault current is limited to 200-300 A 22, p. 31]. In larger power stations
an earth fault current of this magnitude necessitates immediate shutdown of
the gencrator and disconnection of the field. Although used extensively
on unit connected generators it is the author's opinion thet the value of
Fault current {s excessive and no real advantages accrue due to this low
value of resistor. The low resistance scheme s however particularly suitable
for busbar connected generators which feed directly into a distribution
system as the relatively high value of fault current facilitates grading of
each fault relays on the system.

Another factor to be taken into account when choosing the earthing
resistor is that the power Toss in the resistor should noi be too large in
valation to the generated power on the system as excessive power swings
coultl be initiated [23, p. 523].
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In high resistance earthing the fault curvent ic Timited to 5-15 A. It
has been shown in section 1-2 that currents as Tow as these cause damage of
a timited extent to the stator yron. Bearing in mind tha: the generator
voltages under consideration range from 11 - 20 KV it is clear that a fairly
high ohmic value of resistance is required. In practice a resistor of a
value 2 000 @ to 3 U0 @ is required. Although high voltage resistors of
this value rated at 5-15 A are available [24], a convenient way of realising
such a resistor is to conmect the primary winding of a single phase
“distribution transformer" between the generator neutral and earth. The Tow
voltage secondary winding is Joaded with a low valued metallic resistor,
having a relatively high current rating. A typical arvangement of this
type is shown in FIGURE 2-1-2, Ejther a voltage operated velay in paraliel
or a currant operated relay in series with the resistor is used for stator
earth faylt protection.

In order to ensure that overveltages due to arcing earth faults and
switching surges are suppressed it is necessary to cheose a vaijye of resistance
such that the resistance referred to the WV winding of the distribution
trinsformer (Rg) is in accordance with Peterson’s rule (See section 1-4-2).

Rpz L

3uC

sigh resistarce or distribution transformer earthing as described here
has been used extansively in the United States of America, Canada and also
ir the Republic of South Africa. The Central Electricity Generating Board
jas recertly decided to abandon its previous practice of Tow resistance
in favour of high resistance earthing when earthing o® 500 My
rs is considered.

As shown in section 1-2 a reactor could be used to limit the earth fault
currest tv a suitable value. The steady state overvoltages would be Tess
than thost associated with a corresponding resistance while transient voltages
would be worse on a reactor [9, p. 3811,

T+ w advantage of reactor earthing js that there is only a small
power dissinaiion in the reactor and a cheaper and more compact earthing
fnstallation is obtained. Cost is however not an important factor if the
importance of 3 reliable earthing scheme is related to the cost of a large

generator.

i
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2-5 Resonant earthing

Resonant sarthing is a form of reactaice earthing where the reactor is
chosen such that earth fault currents are suppressed. Consider ile reactance
earthed generator shown in FIGURE 2-1-3 (a). The corresponding interconnected
sequence networks for a single phase to earth fault on one uf the phases are
shawn in FIGURE 2-1-3 (b). In the zero sequence network the zero sequence
capacitance is equal to the capacitance to earth {C) of one phase and the
earthing inductance is multiplied by a factor of 3 [9, p. 11]. It is clear
that, providing Z, is negligibly small, L, and C are in parallel. If Ln
is chosen such that parallel resonance is obtained between 3l and C in
the zero sequence network at system “freguency, earth fault current will
be suppressed, In a practical circuit full compensation of the earth fault
current will not be possible due to the resistance of the circuit. However,
the fault current is limited to such an extent that the arc become unstable
and is extinguished. The so-called arc suppression coil {also called
ground fault nautraliser and Peterson coii) was invented hy W. Peterson in
1916. The theory, principles and applications have been thoroughly investigated
by varicus authors {1]. .

On transmission systems resonant earthing -has been used extensively with
considerable success in Europe, less frequently in the United States of
America and also in South Africa by the Victoria Falls and Transvaal Power
Company in the pre-war years [21]. For extensive and rapidly growing and
changing systems periodic retuning of the coils are necessary and this together
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i é— _j with other disadvantages detracts from the apparent ideal performance of
&.@ the coil. For this reason resonant grounding has been largely superseded,
{ 1 especially on EHV systems
—

The generator stator winding, the connections to the generator transformer
and the Jow voltage winding of the generator transformer forms an isolated
- subsystem as far as earth faults are concerned. The capacitance to earth
- of this subsystem remains constant and the capacitive earth fault current can
- easily be neutralised by weans of a Peterson ceil. It is therefore surprising
that this type of earthing is seldom used as it would seem an jdeal application.
In 1953 Tomlinson [25] described fwo installations in America for unit
connected generators. Among the advantages claimcy are earth fault currents
as low as 0,3 A and suppression of transient voltages. One interesting aspect
mentioned in the discussion of this paper is that series resonance is possible
in the zarv sequence network, should an unintentional zero sequence generated
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FIGUR: 2-1-3 (a) ¢ Resonant earthing of generator - Single phase to earth
fault.
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FIGURE 2-1-3 (b) : Interconnected sequence diagram for FIGURE 2-1-3 (a).
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voltage exist, e.q. pecause of uhase unbalance. An appreciable voltage can
therefore appear across the earthing reactor during novmal speration of the
genarator. This voltage can cause serious problems unless the X/R vatio

(Q fastor) of the coil {s carefully chosen. Another expedient is to use an
iron cored reactor, operating near its knee point. During overvoltage
conditions the reactor goes into partial saturation and the consequent
detuning suppresses the serfes resonance.

Gross gt al [26] recently reported on the operation of 16 Peterson coil
installations on unit connected generators, the 1argést being 667 MVA. Gross
points out that at resonance the parallel combination of reactor and
capacitor can be replaced by a very high resistance which represents the
Josses in the reactor and the capacitors. An earthing method similar to
the distribution transformer high resistance scheme is used, the resistor
being replaced by a reactor. A very favourable account is given of the
performance of the existing installations. During 16 million kVA-years of
experience no maloperations octurred and in fact no trips due to earth faults
occurred. This is one of the mein advantages of Peterson coil earthing,

i.e. continued operation in the presence of earth faults. In addition,
prolonged arcing cannot occur.

Buring tha 1972 session of C1GRE Berman gt a) [B] veported on
Czechoslovakian practice with regard to resonant earthing of generators. The
main reason for using resonant earthing s the concarn over the damaging
effects of even Tow earth fault currents (See section 1-2). Encouraging
operating experience is reported on sets az lxrge as 235 MVA.

e S S PR

‘»_.,.«A_Q‘._..‘:_%



g‘r\
|-

i Y
g

i

& 44844848

—

éiéa

& &

%

fed ed L bed led

L

50

CHAPTER 3
EARTHING PRACTICES OF VARIOUS COUNTRIES

3-1 Introduction

A questionnaire was sent to several power generating authorities in
various countries. Some of the principal findings of the questionnaire are
discussed here also teking intc account information on earthing practices
of power companies not included on the circulation Tist of the questionnaire.

3-2 Earthing Method |

The earthing method is often decided by the manufacturer of the generator.
In other instances power authorities choose to design their own earthing
schemes and to stardardise throughout their supply avea.

In TABLE 3-1 the earthing methods adopted in a number of countries are
summarised. It is clear that high resistance (distribution transformer)
earthing is by far the most general scheme. Reactance earthing is not used
at all while voltage transformer earthing has been largely superseded and
resonant earthing is meking a comeback.

3-3 Surge Arrestors

Only two of the power companies questioned indicated that it is general
practice to provide surge arrestors between 1ine and earth at the generator
terminals. Normally the gemerator transformer attenuates incoming surges °
from the system. Surge arrestors are usually only provided on the high voltage
side of the generator transformer. In layouts where switching takes pluce
at generator voltage surge divertors should be provided. In the Republic of
south Africa the Electricity Supply Commission always provides surge arrestors
at the generator terminals.

3-4 Occurrence of Earth Faults

Although stator earth faults are claimed to be the most common type of
fault on a generator [5] they seldom occur. Only one power company reported
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TABLE 3-1 : Principal Generator Earthing
Methods in Various Countries

& ’
g2
@ o't
2lals &5,
Bi5lE £
2WE P
Sinle B
& 6ls & 8
&g E,.8
= 550
2815 &8
=518 &2
Australia GlPls
Belgium [4
CzechosTovakia 4
Denmark G
Germany 4
Netherlands G
New Zealand [}
Spain NN
South Africa G
United Kingdom N[ &
United States of Amerdica] G| | S|P
i

Legend : G ¢ general Practice
3 ¢ Superseded Practice
N @ General Practice for new installations
P : General Practice in Certain parts of country

that ance in ten years stator iron is damaged dus to earth faylts.

3-5 Abnormal Voltage Conditions

A11 the firms guestioned confirmed that no difficulties were experienced
due to arcing earth faults, neutral inversion and switching surges.
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3-6  EFarth Fault Protection

L BUTL Trouestion

Three of the firms questioned, all from Europe, indicated that special
measlres are taken to ensure 100¢ coverage of the stator winding. These
measures apparently originate from the same European manvfacturers of
protection relays,

1t appears to be general practice to use relays that eliminate third
harmonic components from the input to the actual measuring retay.

As far as iripping sequences are concerned it is general practice to
trip the high voltage circuit breaker of the generator transformer, the
fleld switch c.d the steam valwes, In at teast one case shuidovwn is left
to operator action. The Electric Supply Commission of South Africa using
a distribution transforsqer earthing scheme, first trips the steam valves
and afterwards the high voltage circuit breaker.
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CHAPTER 4

EARTHING SCHEME FOR A UNIT-CONNECTED GENERATOR WITH A
GENERATOR CIRCUIT BREAKER

4-1 Introduction

As mentioned in APPENDIX A there are definite advantages in using a unit-
connected scheme with a circuit breaker interposed between the generator and
generator transformer. Such a scheme is shown in FIGURE 4-1.

Being a unit-connected scheme a logical choice for an earthing method
would be either high resistance or Peterson coil earthing. In the following
an earthing scheme along the Vines of high resistunce distribution
transformer will be considered.

Earthing of the generator neutral point only would Jeave section AD
unearthed while the generator circuit breaker (CBy) is open. As described
in APPENDIX A this is a novmal operating condition which accurs prior to
synchronising of the generator. Some or other method of earthing AB during
this condition is essential. The provision of an additional earth on this
section, say at the unit transformer neutral point, would provide a low
impadance circuit for circulating third harmonic curre-ts (See section 1-6).
Apart from the Tosses assnciated with these currents, esarth fault protection
is made difficult.

A scheme was therefore developed for use in Escom's power stations
wheraby dupticate earthing sysiems are provided, -one on each side of the
generalor civeuit breaker. This scheme §s shown in FIGURE 4-2. Each earthing
system consists of three single phase distribution type transformers (T1 o T3
or Ty to Ts), cach transformer having its primary connacted in an open delta
which is closed by weans of a resistor R. A voltage operated protection relay
js connected across each resistor

When the generator sircuit breaker is closed the two earthing systems
operate in parallel. Since the voltage drop across the circuit breaker is
negligible the primary terminals of two transformers on the opposite sides
of the circuit breaker are in fact connected to equipotmntial points, thus
excluding the possibility of circulating third harmonic eurrents. With the
genefator circuit bresker open the two parts of the system adjacent to the
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FIGURE 4-1 : Unit connected scheme utilising a generator circuit breaker.

,
\
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circuit breaker are separately earthed.

4-2 Design Criteria

This scheme is basically a high resistance earthing schemeé and the
same  criteria apply as in the case of the star point earthed generator.
The value of the resistor is chosen in accordance with Peterson's rule
{Equation 1-4-1)

Ry < ?1_5

where ¢ is the capar:’itance to earth per phase and Rn is the ohmic value
of the neutral resistor. The rule is, however, modified in this instance.
Consider one of the earthing systems as shown in FIGURE 4-3 (a} together with
the relevant system capacitances. A single phase to earth fault occurs at

F. The applicable sequence network intercomnections are shown in FIGURE 4-3 (b).

The resistance across the open delta (Rd) appears in the zero sequence network
as =R, 1f we assume a 1:1 ratio for the earthing transformers. That this
is so can be verified by injecting a zero sequence set of currents equal to
1 ampere into the transformer. A circulating current T A will fiow in
the open delta and cause a voltage drop of Ry x 1 volt across R. A third
of this voltage will appear across each phase so that the zero sequence
resistance = 13 X Rg x YT = %R In accordance with section 7-4-2 the time
constant of the RC circuit m'st be Jess than ]/., of a period of a 50Hz wave
(See section 1-4-2) + ls“d 5%0
Iy e
BRI o eme (4-2-1)

If the value of the resistor connected across the delta is chosen equal
to this value the total rosistance when the two systems operate in parallel
will sti11 conform to above inequality. It should however be borne in mind
that there is also capacitance associated with section AB {n FIGURE 4-1.

With reference to FIGURE 1-6-2 voltage generatcd in the stator cen be
used to provide protection for 100% of the stator winding,

The value of earthing resistance nbtained by means of above rule is
usually of the right order to suppress neutral instability. Wher specifying
the transforner care should be taken that under maximum voltage conditions
the earthing transformers are operating well below the knee pointr of their
magnefisation curves, In an unearthed or Vightly earthed system full
Tine-to-line voltage tan appear on the sound phases. On a 11 kV system the
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sound phases can therefore be subject to' 11 kV. On such a system the
magnetic circuits of the sarthing cransformers should be designed for

Y3X 11 kY = 19,7 kY. According to Shott and Peterson [13] and investigations
by the author (Section 1-5-3) these measures reduce the possibility of neutral
instability adequately. .

43 gonclusion

Earthing schemes based on these principles are used by Escom at various
new power stations. On 30 MY sets at Van Eck Power Station similar schemes
have been in openation for mrre than a year and good operational experience
is reported.

Similar schemes are being used for Escom's new 500 My generator
installations.
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CHAPTER &

CONCLUSIONS

Generator earthing has been developed to a well waderstood Science,
Especially in the case of unit-connected generators the fact that the generator
is electricatly separate from the rest of the systems, as far as earth
faults are concerned, allowed designers a certain amount of freedom in
choosing an earthing impedance, This investigation revealed, however, that
high resistance earthing is the most reliable technique. Resomant earthing
can also be successfully applied. .

The design of an earthing scheme for unit-connected generators with

generator circuit breakers was discussed and the hazard of neutral instability
due to ferroresonance in this scheme lead to the development of a describing
function technique for analysis of this phenomenon. Further work in this
field is necessary and in particular the effect of iron losses should be
studied in detail, The block diagrams and techniques thus far developed
shuuld prove useful in a further invastigation.
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APPENDIX A

POMER STATION ELEGTRICAL LAYOUTS

in relatively small systems where distribution is effected at generator
voltage, the generators are parallelied at their terminals as shown in
FIGURE A1,  Such systems were widely used during the early stages of
development of the power supply industries and are still used in smait
industirial power siations.

As distribution and transmission systems became more extensive, the
scheme shown in FIGURE A2 was duveloped whereby each generator is connected
directly to its step-up transformer. In 1 scheme, the so-called unit-
connected scheme the generators are effectively parallelled on the high
voltage side of the step-ip or generator transformer, Unit-connectse lryouts
are used in most new installations involving large turbogenerators. A
unit transformer, connected between the generator and generator transformer
supplire power for the auxiliaries of the generator, bojler and turbine
A stavion transformer is required for starting up purposes. The station
transformer initially supplies power for the auxiliaries. Once the generator
is running, the auxiliaries are however transferred to the unit transformer.

The scheme shown in FIGURE 4-1 is similar to the unit-connected scheme
except that an additional circuit breaker is provided between the gensrator

"and the T-off point of the unit transformer., Synchronising takes place at

this generator circuit treaker. This means that the unit transformer is
energised via the generator transformer even before start-up and the provision
of separate station transformers and a change-over routine is not necessary
Such a unit-connected scheme with a generator circuit breaker has been
successfully used by Escom on the 30 MW sets installed at Van Eck Power
Station. A similar scher is also being used at Kriel Power Station which

is &.111 under construci:: <. In this case atv blast generator cireuit

breakers [27] which forms part of the isolated phase busburs are being used,

D
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APPENDIX B

F

FUNDAMENTAL FREQUENCY VOLTAGE OF SOUND PHASES
DURING A PHASE TO EARTH FAULT

The interconnected sequence networks for a single phase to earth fault
at the generator terminals zre shown in FIGURE 81.
e It is assumed that the positive and negative sequence impedances of the
-~ generator are equal and wholly inductive. The zero sequence resistance in
faat constitutes the resistance of the neutral earthing device as the zern
sequence resistance of the generator is assumed to be negligible.

The fault current for phase A s given by

=1
{

lan Wi’
3

L.

3
R R AR

3

[

The fault currents in the sound phases are zero.

[ - The sequence compenents of the vultage at the point of fault are given
o by
- U o= E- L2 A
T (R R 7 o i
~ he-Lz = Bk
[ ; T
. ZE
~ U ==T17Z =- o
o o0
[ - .
[ ° UA=U]+U2+U°=E[11+ZO— ho oo % ]:o
o LZZI 7, 2[1 + Zo ZZ~| + Zo
- 2
L. by = oPy o, vy,
2,L. a{-Z;) (-2}
P = 1 17 ] )
[ 1 ¥ iz] * Z Z‘Z‘ VI,
- 2,. B
7, - -1
i =[_“_‘_1_._22)_T;ZJ_.__9. e e (B1)
r RN
7 prior to the incidence of the fault the voltage of phase B was
’ Uyt = oF -~ (B2)

The change in voltage due to the fault is thevefore

s N
N |

B

R
3.
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= FUNDAMENTAL FREQUENCY VOLTAGE DF SOUND PHASES
~ DURING A PHASE TO EARTH FAULT
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The interconnected sequence networks for a single phase to earth fault

ro.- at the generator terminals are shown 4n FIGURE B1.

Lo It is assumed that the positive and negative sequence impedances of the
- generator are equal and wholly inductive. The zero sequence resistance in

[ - fact constitutes the resistance of the neutral earthing device as tie zero

sequence resistance of the generator is assumed to be negligible.
The fault current for phase A 1s given by

(-

[ - Wehyr vl = gsr

- The fault currents in the sound phases are zero. .
[ - The sequerce components of the voitage at the point of fault are given

by
[ U.‘=E~I1Z‘=E—ﬁ?—4i—~Z~EE

- Uy tpzy == B E
[ (AN

ZE
- U =~ 172 =~-_"0
0 0“0 P
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[ - UA=U]+U2+UO=E|-ZZ+ZO— ho- % ]=o

- L221+Z° ’ZLIJ«ZO [N

- 2 .
[ - Up = afuy ol

L =[“2(z] sy, u(—Z‘l)* (z)]E
[ 2;1 VI, az1 LYW
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! ]

Prior to the incidence of the fault the voltage of phase 8 was

o2 e (B2)

o
H

Yo' =
B
The change in valtage due to the fault {is therefore
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where x = T’ andy = o2
1

substitute (B5) i (33) :
we S FE
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were (B5)

Coa .

(e The loci of ___ 3 for constant values of X and varying ¥ can be 3

. SN §

- represented by seni-civclies such as MPN with diameters _ 3 as shown in 2

. [ Yy

FIGURE B2, o

e Similarty a family of semi-circles can be obtained for constant values : g
- of y and variable % as indicated by mpg, It is therefore clear that two :

e families of orthogenal circles are obtained, sach circle being identifiad

with a particular value of X or y. If & line is drawn from the point of |
intersection of a X-circle and a y-circle the length of the line such as oP
represents the voltage of phase B to earth.

Two simitar orthogonal sets of gircles can be drawn to obtain Y. In

this case the overvoltage will be 0P .
The chart derived heve Vs similar to the familiar Smith chart which

o
.

- is used in transmission line theory.
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FIGURE B1 : Sequence networks for single phase to earth fault.
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FIGURE 82 : Disgram for steady state overvoltages on sound phases during a
single phase to earth faults.
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APPENDT ¢

TRANSFER FUNCTION OF GENERATOR EARTHINE SYSTEM

Consider the general circuit shown in FIGURE €1. A1l currents and
voltages refer to peak values of sinusoidalquantities.
The following mesh equations can be derived from this eircuit

I A R A A - {en)
By = B - (R + sLi(lg! = 10 = Ug = U, - {02)
Bo m By m (R #sLN{Ig" - Iy U - Uy --nm (C3)

) At point 0 all currents summate to zero. LIt Ic” + I I It =0
2150

L = U, (Cs # 7

AU sty

" = Uy (Cs + 1

g Uity
1

I =g (Cs *EE )

UA(Cs + %E) + UB(Cs +%\-E) + UC(CS + %E) == Iy I+ IC)

1
e Uy # U 2. T I+ I+ 1) wme= {04
U e BT {ca)
Tt
Cl+C4: 1
. - #lI v T+ 1)
2 2y« By - (R £ SL)(T, - 1) - T Ta
Wt By By (R e - - BA 8 T (¢5)
[y
€5 - C3 .
By = 3 - (R +sL)(EL - TN -(E(:A+* k)
k'E‘C
ar R o+ Ip 4 L)
iy s Ry el Ty Ty AlstE

e
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;
« g - (R wsuary T Tp I

1 B
Ly :
= 3 - 3Ry sl ¢ Uy(cs ¢ ,1(;)) -l " is]* i)
¢!
]
Up(3 + 3(Cs + )Ry + sL))= 3E, « 3R, + sLy1, ~Clla g+ 1)
A ﬁE)( Y+ sh))= 3Ey - 3R, 4 sL)Iy LA
e
]
U = | Ep - (Ry + L)y - 3p{ly + 1+ 1)
T (e ¥ R 5Ly K]
w R

i
1 1 :
= LC eIy + 1, + 1)
- By - {Ry+sL)I, <FVAT BT ¢
?+S(R}*1)*1_(1+R1 A (R dsi)ly T B B €
T % T RT
=== {C6)
Likewise
H 1
U, = ] il * gt Tp)
B e e Ep = (Ry + L), =
s“es(C1+] )+ 1'({i;_ki) L R TTTRRLT
Tow TR e
e (C7)
and
U = (1 + 1)
IR T
E
--=(8)
Further we have vhat
BlEyy e r e (coa
Uy =ty - IR e (C9b)
Up' = Uy - LR e {C8C)
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--=~ C10a

s C10b

Js- U === C10¢

These equations can be used to draw a block diagram.

A block diagram which relates "zero sequence” quantities with one another
can be obtained by forming the sum of the phase quantities derived above.
From C4:

1 1
R R R A L - (011}
e ReC

This equation can a” o derived by adding C6, C7 and C8 while taking into account
the fact that EA + EB + £¢ = 0. Note thet » terms containing R} + sl cancel
out,

1
s v =y + vy + ¥ = (U, + -=(12)

UT' - UA‘ + UB' + Uc' = UA + UE+ UC - R(IA + IB + IC)
e UT'= UT - RIT
Finally a funetic. ‘':ich relates I to ¥y is required. Consideration
of FIGURE C1 indicates that

Uy s - Ey Uy e (014)
Uy =~ Bt Ug meme(15)
Up = = Eg t Y ~-n(G16)

From (C14) + (C1B) # c16)
, 3"'"“"(EA"'ES+EG)"(UI\+UB+UC)‘“"’1
From C14, €15 and (16
U/\ = EA n Un P uA‘ P a!'A(Sinca R] + sk and R are small with respect




‘to the magnetising reactances)

Sy %(EA wy) = %(E . .} U P
where E is the peak value of the appiied e.m.f.
Likewise
v = Hee - = (C17b)
= 5leE g Up)
and
Yo = Her + L) J— )

£ P iYL,

If A = & where o is the operator = ¢%3 and B = g~ 1t is clear that
¥ps ¥g and vy are all defined in terms of A and B.

The non-1inearity which relates IT to ¥y can be represanted by a OF
N{eps g ¥:) such that
I3 = N{¥y, ¥, Yolvy =me= (C18)

From above reasoning :

NCwps s o) = N(A, B)

STy N By

L.
N 21T
_whereA-_sE_andB-gs

Equations C17 to C18 can also be normalised with respect to a set of
reference values w., I U, and Z, such that

Ur = u¥, and \lr = :rZW

_Equation €11 becoiss

e (€19)
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FIGURE €2 :

FIGURE C1 : Circuit diagram for three phase generator earthing scheme.

b+ By

Block diagram for "zero sequence” quantities
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Al
U I
. 8 T T _ul R
whereP-;r,uTsu;., 1T=T;’ x‘_‘zr”’ g Z)E
v .

¥= =% andr=R
¥ o

Likewise all other equations can be normalised and the block diagram shown in
FIGURE €2 is obtained.
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APPENDIX D

ANALYTICAL DERIVATION OF DESCRIBING FUNCTIONS .

The non-1inearity of each phase is represented by a polynomial of
the form

k- kg e k5w5
Consider an input to.the non-linearity of
¥ = Asin{et + ¢ - 8) + Bsinnut

The first term represents the fundamental input voltage while the second
term corresponds to the neutral displocement of frequency nw.
Consider one phase.

is= k][Asin(mt + @ = B) + Bainnut]
- kylAsinot + - 8) + Bsinnut]®
* kglhsinlut + a - &) + Bsinnutd®

This equation is of the form

i= k1(x +y) - ka(x * y)3 * kg(n + y)5 where
X = Asin{ut + - ) and y = Bsinnet,
L= k](x +y)
- kgl + 3y a0y

5

+ k5( + quy + 10x3y2 * 10x2y3 EN 5xy4 + ys)

Put g+ B =y and consider these terms in turn.
B = a%indlut 4 y) = %3 - (3sin(ut + y) - sind{ut + v))
2y » 3rlsin(ut + v)sin(rt)

= %AZB(I - cosz(ut + v))sin{nwt)

s —2~AZB(sinmt - ginnutcos2{ut + v))

= %Azs(sinr\m't « Zsin((n + 2)ut + 2v) - ein((n ~ 20t - 29)
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3% = 3m%sinfut + y)sintaut

82sin{ut + v) - BaPsinl (1 + 2nyut + v

- 3afsint(1 - 2ot +7]

= %Astin(wt + y){1 ~ cos2nut)
EN

y3 = BRintnut
= %Bssinnmt - %Basianuﬁ:

x5 = Assins(mt + oy}
= 2eaS(sinslut « v) - Bsin(ot + v) + B[3éin(ut + y) - sin3(ut + y)I}
= TAtsins(ut + y) + 10sin{ut + v) ~ Esing{ut + v)}

= Jmassins(ut )+ %Assm(wt +y) - %AssiHS(wt +y)

sty = sa%asintut & yysinnat
=75;A4B{1 - 2cos2(ut + ¥) + %[1 + cosd{wt + v)]sinnut

K

B{»g- - 2c0s2{wt + ¥} + -]Ecoszl(mt + y)}sinnat

R ; 1 L

= gh B[ysinnut - 2cos2(wt + y)sinmut + peosd(ut + y)sinmut]

« Btgeinnot - Sa%psinl(n + 2)ut + 2v3 - 3A%sinl(n - 2)ut . 2]
T 7 q
5 do 5 oy

v ygh 8sinf{n + 4)ut + dy] +yph Bsinl{n - 4ot - ay]

108398 = 108578t ut + y)sinPrat
. %A*"BZESsin(me £ y) - sindut + )10 ~ cosznat]
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Sn382(35infut + v) - sind(ut + v) - 3sin(ut +-y)cos2nut
+ s1n3fub + y)cos2nut)

= P%0singat + y) - S8sina(ut + 1)

-éif\sﬂzsm[(m + 1wt + y] - %iAszsm[ 1 - Znjwt + 3v)

+ %A sinf(3 + 2n)ut + 3y] + %Aaszsm[(a - 2njet + 3y]

1037 = 10aZ8%108 (ut + y)sindnat

5><_y4 =

-éQAZB:’[l - cos2(wt + y)I[Isinnut ~ sindnut]

= %A283[3§innut ~ sin3nut - 3sinnutcos2(wt + ¥)

+ sin3nutcos2{ut + v)]

= %—[351‘nnmt ~ sin3nut - %{sin[(n + 2)ut + 2y + sin[(n - 2)ut - 2v1}

< Pofdsinnat - S%8%sinanat g2ty Nt + 2]
- ]—iL\ZB:’smE(n - 2wt - 2v] + 283511\[\., e 2)ut + 2]

8

+ SA%sinl {30 - 2)ut - 2v)

sagsin(ut + y)sintmt

=—A34[-;r - 2cos2nwt + %cosztnui:]s‘in(mt i v)

= -;?ABAE%SI'H(MZ + y) - 2coslnutsin(ut + y) + %cosllnwtsin(;;t + v
a2l

-aiA gsin(ut + v) - SABSIOL(2n + 1)t + v] - JBSIL() - Znat 4]
N

+ Sgpatsinf(t + anjut 41 + Semtsini (1 - anjut + v1
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y5 = Bssinssinmt

= x{gﬂssinsnwt + rngsinnmt - %Bssinanmt
We therefore have that for one phase :
: 3,3 3 42 4

im (g - 3 - Bone? + Ba® o ade? 4 Deaatsingut + g - )
+ (G a% - Suts - LaZ%)sinl(n 4 2)ut - 28 + 2]
+ Qs - Bas - Jokae¥ying(n - 2)ut + 28 - 20]
+ gkt - Sken® - BB h)sina(ot 4« - )

+ (%k3ABZ - %§k5/\382 = 28h)[sil (1 + Znjut + & = 61 + sinl{] - Zn)at + @
-¢eld

Tk sins ut + 5 - 8)
* B %k31\25 ) %k333 * %§k5A4B * %'E—kEAZB3 * %ksstsinnmt

* ('}fkaaa - %kgAasa - %ksﬁs)sinanmt

+ 3koatalsinl(n + 4Jut + 4q - 481 + sinl{n - 4)ut - 4a + 8]
+g~k5A34[sinE(? #4n)ot + o = 8] + sin[(] - 4n)ut + o - 8]

+ v}—gksﬁ5s1‘n5nmt

4.'%k5;\253<s1'r|[(3n  2)ut - 28 + 24] + STC(3n - 2)ut + 26 ~ 25]

+ gksAsBa(sm[(s + 2n)wt + 3a - 381 + sin(3 - Zn)ut + 3o - 3g] -=-=(D1}

In the three phase arrangement under consideration we are interested in
the relationship between the neutral displacement fIux Tinkages br (which is
represented by B) and the resulting current in the neutral conductor (ir)-

£quation DI is valid for one phase, o being the phase angle of the
dr'Lvin'g voltage for that phase (A) with respect to ¥re

The currents for the three phasas ié, 1gend 1‘c can be obtained from this
equation by putting « = 0, 240° and 120° respectively. When forming
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i o= it ig * 15 a1l terms containing a phase shift of ka vanish unless k
is equal to or a multiple ¢ 3 when these terms are trebled
Thus

i = 3(dka - Tkt - S n’sh)sina(ut - 5)
* 3l - Sko%s - dn® + Biats o Jeale® + Sehsinnat
+ 3% - S - Soesistnanat
+ 3ZkgA%88) (stnl(3 + 2n)ut - 381 + stal(3 - 2n)ut - 31}

+ 3l stngnat,

Ye are interested in the describing function which relates the output

of frequency nw to the relevant input Bsinnwt, taking into account the infiuence
of the magnitude of the supply voltage {represented here by A) and its relative

phase angle (B} with respect to Bsinnwt.
In TABLE D1 the relevant output terms are summarised for the cases
8 =1,3 and 5.

TABLE D1 : Relevant output terms for various frequencies

n OQutput of nw

3 12 - B g3 4 15, aby L 15, 42,3, 5 o5
3D - Fegp%e - 3,80+ s+ pfe® v B tnae

3.2 4
+ ggksA Besin{wt ~ 38)

gkt St - Silefysin(aut - )

3. a2 3, p3, 15, a4 15 2.3 5 Byt
+ 3(k1B - gkgR%B - Zkaﬁ + kg B + gokATB” ¢+ 5 kB )sindut

+ %EksAsﬂzsin(awt + 3b)

3yt - $hga% - Pepp’ A% 1 Fret®)sindut

rof—r
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The describing function for the fundamental frequency is in terms of -

phasors

. B g2 B3, TS by L 15, 23 5 p5)ad0 4 3p2
“I(A’B)"3(k13'z4<3“ﬂ*z-k35 +4§£5A3+Tk55‘5 + ghgB ) B—kABe

=g - Jegh? - Bun? - Bt 15 %0 4 Bgt o Bt T I
=Xy 4 Yye T 38
where X, = ky = %k3A2 - %kala2 + %S-kSﬁ + %kSAZBZ - %kEEI‘
and Yy = %k5A3B
For analysis purposes we require - }/N‘(A,B)
] A .

Xk Ve ” 336 45 4 circle with.centre at Xy and radius ¥;.

From FIGURE D1 {t 4s clear that - represents a circle

Y\ and centre at
XY

The describing function for the third harmonic N3(A,B) is

with radius

| 5, 45 _ B ,3:2, =33
NytAsB) = (3(3ken® ~Fpiegh® - Begas?)e I
+ 3(ky - Je% - Fg8® + Piats « ey a%® + Beo®)
+ (Fuadhie’ 0y qam)
- J3p . + 33p
= Xge + Ys e
ere %, = kA8 - S Bm - Fua®s
where X3 = kg T g
W

‘323,2 41522_54
3=k1~?k31\ - gkgB 7‘5/\ + kAR I-—ngB

o By 43
--8—k5AB
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FIGURE DL : Locus of - RYALHY derived from N(A,8) in the complex plang
{A and B constant an
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N3{A,B) = %5(cos3s - gsinag) + ¥y - Z3(c0s38 + jsin3s}
= (X3 ~ Zylcos3p V. - j(XS + Zy)sin3g.

The negative inverse of i:,,4,B) is obtained by computing NE(A,B) for various

values of A,B and g and by obtaining the inverse of the complex valuas thus
derived.
The describing function for n = % is

ek - Bl 3?14, 15, 22 L 5y E
MpfAsB) = kg - Joa? o« e 0f o JRa? o ToucaZo? o Braf
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APPENDIX €

COMPUTER PROGRAMS

Program to compute fundamental DF

LET
LET
LET
LET
FOR
LET
LET
LET
LET
LET

END

Ki=

A«
8=

X =K1-Ka¥ (1, GHARAH, TEXBHB)+KE* (A" 4%15/ G1BARRARAN G /44B4*E/R)

7
13
733
T.41309
aTe 3sTER

Y=KE*ARA*A*BAG /8
Z=YRYwgY

R=Y/Z

£=X/7

PRINT A,B,R,C

NEXT B

FProgram to_compute third harmonic DF

LET Ki= .7
LET K3= 1.1

et Ks= 733

LET A = 1.41399

FOR 8= 1T0 3STEP .

FOR W = 0 TO PHI(2/36)STEP PHI {2/36M2))

LET X =

LET ¥ = K34A"3/(4%B)-KE¥5*A"E (B *16)-5XKE"A"3%3/4
LET 7 = -G*KEA" 34B/8

LET' R = X(V4Z)*C0S(3%H)

LET 1 = (Z-Y)SIN(3%H)

LET ¥ = RARIHI

LET P = =RV

LET G = -1V

LET HI=HAT80/PHI()

PRINT B,H1,P,0

NEXT H

NEXT B

£ND

KTk (T, 5¥AMAH TERERE ) 4KE® (A" 415/ BIBABHAA* 16/ 4 450%5/8)
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120
140
150

00

120
121
123

Lomputer program to compute 3 fundamental frequency OF

CALL U, 0, 2
LET K= .7

ET k3= 1.1

LET Ko« .733

LET A = 1.41309

FOR B=0TO 2 STEP .1

LET X =K1~ K3 (1. GRS, TEVBYB 4K (A" 4715/ B4 BHBHARAR1 B/ 44E™ 445/8)
LET R w1/X

PRINT 4,8,R

NEXT B

END

Program to compute frequency transfer function
LET V(1) =
LET W(2)
LET ¥{3) ,
FOR K= 170 3 STEP 1
LET WsV(K)

PRINT "W="V{K)

FOR I=~2 70 1 S1EP 1
FOR #= 1 70 9 STEP 1
LET X=N*1071

FOR L)= 0 70 10 STEP B
LET R=L1%1.00000E-04
FORM=0 TO 1 STEP ]
LET GaM

LET A=1+R¥*G

LET B=WHR/X

LET C=~W*lW/X

LET D=ii*G

LET T=CH4D*D

LET P=(A*C+B%U)/T

LET Qa={A%D-BAC)/T
PRINT X,R.6,P,Q

1
3 .
§

L NEXT M

NEXT L1
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