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Protection Application
Handbook

Welcome to the Protection Application Handbook in the series of booklets
within the LEC support programme of BA THS BU Transmission Systems
and Substations. We hope you will find it useful in your work. Please note
that this is an advance copy that was used by ABB Substations in Sweden.
The handbook will be modified to better suit into the engineering documen-
tation planned to be issued in cooperation with the Global process owner
Engineering.

The booklet covers most aspects of protection application based upon
extensive experience of our protection specialists like:

- Selection of protection relays for different types of objects.

- Dimensioning of current and voltage transformers matching protection
relays requirements.

- Design of protection panels including DC and AC supervision, terminal
numbering etc.

- Setting of protection relays to achieve selectivity.

- Principles for sub-division of the protection system for higher voltages.

The booklet gives a basic introduction to application of protection relays
and the intent is not to fully cover all aspects. However the basic philosophy
and an introduction to the application problems, when designing the protec-
tion system for different types of objects, is covered.

The intention is to have the application as hardware independent as possi-
ble and not involve the different relay types in the handbook as the protec-
tion relays will change but the application problems are still the same.

The different sections are as free standing sections as possible to simplify
the reading of individual sections. Some sections are written specially for
this handbook some are from old informations, lectures etc. to bigger or
smaller extent.
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Network General
1. TRANSMISSION LINE THEORY

1.1 GENERAL

For a long power line, symmetrical built and symmetrical loaded
in the three phases, voltage and current variation along the line
can be expressed as shown in fig. 2, with corresponding formu-
las. In these formulas the propagation of speed is included as a
variable.

The propagation of speed can be calculated according to:

v= J(R+jX)(G+|B)= JZY

where “R”, “X”, “G” and “B” are the resistance, reactance, con-
ductance and susceptance per phase.

Surge impedance is defined as:
[ R+jX F
Z= N G+jBTANY

For lines without losses the above formulas become:

Y= jo/ LC= j/XB= jB

[ﬁ[&
Zv_ B~ NC

The values of “X” and “B” can approximately be calculated from
the geometrical data of the power line according to the following
formulas:

O O
L = 2><1O_4In 2H H/km

ekwv
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where:
“H” is the phase conductors height over earth
“Reky” IS the phase conductor equivalent radius. To determine the

equivalent radius see fig. 1.

The surge impedance is accordingly obtained as:

Uony U

Z. = 60In ?
v ekw

For single conductors, “Z,” is approximately 360-400 ohm per
phase. For duplex conductors, “Z,” is approximately
300-320 ohm per phase.

d d
-~ - -~ W

d O O O O

e
O O Z\‘ / d
vad
o~ . Od o o
rean d e

Figure 1. Different conductor configurations.

The equivalent radius Rgy, Will be:

n-1
=n|
Rekv Rxdyean

where “n” is the number of conductors per phase.
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Network General

If the voltage “U,” and the current “I,” at the receiving side is giv-
en, the voltage at a distance “s” km from the supplying side (see
fig. 2) is given as:

Uy Iy Ul 2 Ug

Figure 2. Voltage distribution along a line.

U= UzcosBs + ZvlzsinBs

_ Yo
| = JZ—S|nBs+IzcosBs

\Y

1.2 POWER LINE AT NO LOAD, |, =0

Voltage and current along the line are following a cos- respective-
ly a sinus curve. The voltage as well as the current have the same
phase angle along the whole line. The phase angle between the
voltage and current is 90°.

Uy=Uy 1 at 50Hz
cos(0.06 x1)°

U,=U, x 1 at 60Hz
cos(0.072 x1)°

where “I”is the line length in km.
It must also be considered that “U,” increases when the line is

connected to a network.
Qc

sh.c.
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where:
“Q.” Is the capacitive power generated by the line and

“Sgh.c. Is the short-circuit power of the network.

The capacitive power generated by the power line can be calcu-
lated as:

_ V2

Xe

Where “U” is the rated line voltage and “X;” is the capacitive re-
actance of the power line.

Qe

1.3 POWER LINE SHORT-CIRCUITED, U, =0

For this case the voltage follows a sinus curve and the current fol-
lows a cosines curve i. e. opposite to when the power line is at no
load.

1.4 POWER LINE AT LOAD

At “surge impedance” load “U, = Z, 1,” the reactive power pro-
duced in the shunt capacitance of the line is same as the reactive
power consumed by the reactance along the line. The following
balance is obtained:

wC xU,= wLx1°0 Y= [E =7
| ¢V

If the active losses of the line is neglected the following conditions
are obtained for different load conditions:

- If the transferred active power is less than the “surge impedance”load
and no reactive power is taken out at the receiving end, the voltage will
be higher at the receiving end than the voltage at the sending end. If
voltage is kept equal at both ends, the voltage will be higher at the mid-
dle of the line.

- If the transferred active power is higher than the "surge impedance”load
and no reactive power is taken out at the receiving end, the voltage will
be lower at the receiving end than the voltage at the sending end. If the
voltage is kept equal at both ends, the voltage will be lower at the middle
of the line.
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Network General

In reality these conditions are modified a little due to the resis-
tance of the line. This will give a small voltage drop in the same
direction as the active power flow.

The “surge impedance load” is normally only considered for very
long transmission lines at very high voltages. For these cases the
actual power should not deviate too much from the “surge imped-
ance” load considering losses on the line, voltage fluctuation and
the availability of reactive power in the network.

In most cases, technical and economical aspects rules what
power that is to be transmitted over the line.

As a general guidance for “surge impedance load” you can as-
sume approximately 120 MW for a 220 kV line with a single con-
ductor and 500 MW for a 400 kV line with duplex conductors.

2.VOLTAGE DROP AND LOSSES IN POWER
SYSTEMS.
SHORT LINES (<50 KM)

E, Z=R+j X E,
Pq |. P,
Q1 Q2
Eq
b

Figure 3. Load transfer on a short line.

BA THS / BU Transmission Systems and Substations LEC Support Programme



10

2.1 VOLTAGE, REACTIVE AND ACTIVE POWER
KNOWN AT THE RECEIVING END

The impedance for short lines can be expressed as “Z=R+jX",
see fig. 3. The voltage drop can be split into two components, one
in the same direction as “E,”, named “a” and one perpendicular

to “E5”, named “b”.

1
a= E_Z(RXP2+XXQ2)

_ 1
b = E—(XXP2+R><Q2)
2

2 2
E1 = A/(E2+a) + b

This means that if the voltage, the active and reactive power are
known at the receiving end, the voltage at the sending end can
be easily calculated.

For short lines, “b” will be small compared with the voltage and it
is possible to make the approximation “E; =E,+ a”.

If “b™ is less than 10% of “E,+ a”, the error when calculating “E;”
is less than 0.5%.

The active and reactive losses P; and Q; on the line can be ex-

pressed as:

2 P§+Q§
Pf: 3IRxl = Rx~—=—_=%
E2
2
P1 = P2+Pf
2 P§+Q§
Qf: 3IX x| = Xx—2
E)
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Ql = Q2+Qf

2.2\VVOLTAGE, REACTIVE AND ACTIVE POWER
KNOWN AT THE SENDING END

If the voltage, the active power and the reactive power are known
at the sending end the following equations are valid:

1
a= E_l(RXP1+XXQ1)

_ 1
b= Z(XxPy +RxQy)
1

E,= J(E;-a)’ +b°

For short lines “b” will be small compared with “E; - a” and the ap-
proximation ‘Ey= EEl —ay’ can be done in the same way as

when the voltage, the active and reactive power are known at the
receiving end.

The losses on the line can be expressed as:

2 2
P, +
Pf=3Rx|2=Rx1_2Ql
=1
2 P+ Q]
Q= 3X x|~ = Xx
E2
1
P,= P, —P
Qy = Q1-Q
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2.3VOLTAGE KNOWN AT SENDING END, REACTIVE
AND ACTIVE POWER KNOWN AT THE RECEIVING
END

The cases when the voltage at the sending end and the reactive
and active power at the receiving end are known is quite com-
mon. The calculation will in cases like these be a little more com-
plicated and trial calculation is the best way. The voltage at the
receiving end is assumed “E’,” and from this value a voltage

“E’1”, at the sending end is calculated. The calculated value “E’;”
is subtracted from the given value “E;” and the difference is add-
ed to the previous guessed “E’," value to get a new value.

E", = E'5,+E;-E

The nominal sending end voltage can normally be assumed as
the first guessed value of “E’,".

2.4 REDUCTION OF THE VOLTAGE DROP

For a power line at a certain load there are some possibilities to
reduce the voltage drop:

- Keeping the service voltage as high as possible.

- Decreasing the reactive power flowing through the line by producing re-
active power with shunt capacitors at the load location.

- Reducing the inductive reactance of power lines with series capacitors.

3. REPRESENTATION OF LONG POWER
LINES(>50 KM)

Long power lines are usually represented with a p-link,
see fig. 4.
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Network General

Figure 4. The equivalent Tt representation of a line.

where:

R = R%L—%XBS

1 1 gl
B, = E|3E1*L+E><BD

This scheme can be used up to 200 km length without long line
correction, which is the second term in the equation above. The
calculation error is then about 1.5% in resistance, 0.75% in reac-
tance and 0.4% in susceptance.

If the corrections are used the scheme above can be used up to
800 km line length. The calculation error is then about 1.0% in re-
sistance and 0.5% in reactance.

The values of “X” and “B”, can be calculated from the geometrical
data, see formulas for L and C in the beginning of the chapter.
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4. SYNCHRONOUS STABILITY

4.1 ONE GENERATOR FEEDING A “STRONG” NET-
WORK

Assume that one generator is feeding a strong network through
a line, see fig. 5.

El El E2

/':‘\Mo x B2 v

Figure 5. Generator feeding a “strong” network.

E.E
P:l_zsin
> W

d’y |
JF = Mg—Max X SINY

Where “w'is the angular frequency, “2mt” and “J” are the angular
momentum.

The differential equation becomes possible to solve if the trans-
ferred power, during the fault is zero.
d’y Py . du _ Py Py
— = —0 = = —xt+AQO P(t) = —xZ+Axt+B
dt wl dt @] wl 2
For steady state condition the derivative of the angle is zero i. e.
there is balance between the produced and transmitted power.
This gives “A”=0.
The angle for “t=0" gives “B=y ".
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The inertia constant “H” of a generator is defined as:

%wsz 2xS, xH
H = 0wl=—"—""""
S, W

Inserting these values gives the following equation:
2
wxPy,
t) = —m8M X — +
l~|J( ) 2 % Sn % H 2 qJO

If the transferred power during the fault is not zero the equal area
criteria has to be used for checking the stability.

4.2 EQUAL AREA CRITERIA FOR STABILITY

A power station feeds power to a strong network through two par-

allel lines, see fig. 6.
E2

p 4
p 4

mX (1-m)X,

\

Figure 6. Line fault on one circuit of a double Overhead line.

X
X

When a three phase fault occur on one of the lines, the line will
be disconnected by the line protection.

The question is whether the synchronous stability is maintained
or not.
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Before the fault, the maximum transferred power is:
max )(I
XS + >

During the primary fault the reactance between the generator
and the strong network will be:

this is obtained by an “Y-D-transformation” of the system
(see fig. 7).

X
XS
N — Short-circuit since it is
a strong network
mxl% § (1'm)X| This reactance can be igno-
4————— red since it is short-circuited
by the strong source

Zero potential bus
Figure 7. Thevenins theorem applied on the faulty network.
Maximum transferred power during the fault is:

E1><E2

max: 1
=
Xs%l + ] + XI

PI

The power transfer during the fault is therefore limited. Maximum
power can be transmitted when “m”=1, i. e. a fault close to the
strong network. For faults close to the generator “m”"=0 and no
power can therefore be transmitted during the fault.

When the faulty line has been disconnected the maximum trans-
ferred power will be:

max Xs + xI
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Network General

The maximum transferred power after that the fault has been
cleared will be:

O'5Pma P

<p” <
X max max

In fig. 8 the active power that can be transferred during the differ-
ent conditions is shown.

P
i
Pmax
P"max — / = \
5 <f7V/ /A
)
P'max ——
> Y
T ¥ n

Figure 8. The equal area method shows the stability limit.

The following equation is valid when the two areas in the figure
above are equal:

Yip e dy= [ 2pr P,d
Iq_.o 0 ' max b= _[q;l max ' 0 v

The angle is increasing from “y,” to “y,” during the fault. For the
worst condition when “m”=0 the accelerated power is constantly
equal to “Py” during the fault.

If the area below “Py” (see the dashed area in fig. 8) is smaller
than the maximum area between “Py” and the curve with “P” ,4,”
as maximum the system will remain stable.

In fig. 8 the area above “Py” equal to the area below “Py” is
dashed which shows that the system will remain stable for the
case shown in fig. 8.

BA THS / BU Transmission Systems and Substations LEC Support Programme
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5. ACTIONS TO IMPROVE THE STABILITY

This matter could be looked into from two different aspects, either
to increase the stability at a given transferred power or to in-
crease the transferred power maintaining the stability.

MORE THAN ONE PHASE CONDUCTOR PER PHASE

decreases the reactance of the line and thus the angle between
the line ends at a given transferred power, or it can increase the
power transferred with maintained stability. If the reactance is
100% with one conductor per phase it will become approximately
80% with 2 conductors, 70% with three conductors and 65% with
four conductors.

Multiple phase conductors reduces the electric field strength at
the surface of the conductors. This makes it possible to have a
higher voltage without getting corona.

SERI ES CAPACI TORS ON OVERHEAD LI NESreduces the reactance
between the stations. The compensation factor “c” is the ratio be-
tween the capacitive reactance of the capacitor and the inductive
reactance of the overhead line. The power transfer can be dou-
bled if a compensation factor of 30% is used.

SHORT FAULT CLEARI NG TI ME makes the increase of the angle
between the two systems at an occurring primary fault smaller.
The angle increase is proportional to the time in square.

SI NGLE POLE AUTORECLOSI NG allows the two healthy phases to
transfer power even during the dead interval. For lines longer
than approximately 350 km it is then necessary to include four leg
reactors to extinguish the secondary arc due to the capacitive
coupling between the phases.

| NCREASED | NERTI A CONSTANT | N THE GENERATORSmMakes the
maximum allowed fault clearance time to increase proportional to
the square root of the inertia constant increase. The allowed pow-
er transfer can also be increased with maintained fault clearance
times.
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6. SHUNT REACTORS

Shunt reactors are used in high voltage systems to compensate
for the capacitive generation from long overhead lines or extend-
ed cable networks.

The reasons for using shunt reactors are two. One reason is to
limit the overvoltages, the other reason is to limit the transfer of
reactive power in the network. If the reactive power transfer is
minimized, i.e. a better reactive power balance in the different
part of the networks a higher active power can be transferred in
the network.

Reactors for limiting overvoltages are mostly needed in weak
power systems, i.e. when the network short circuit power is rela-
tively low. The voltage increase in a system due to the capacitive

generation is:
QC x 100
AU (%) = S
sh.c.

where
“Q.” Is the capacitive input of reactive power to the network and

“Sgh.c’ Is the short circuit power of the network.

With increasing short circuit power of the network the voltage in-
crease will be lower and the need of compensation to limit the ov-
ervoltages will be less accentuated.

Reactors included to get a reactive power balance in the different
part of the network are most needed in heavy loaded networks
where new lines can’t be built out of environmental reasons. The
reactors then are mostly thyristor controlled in order to adopt
quickly to the required reactive power.

Four leg reactors can also be used for extinction of the secondary
arc at single-phase reclosing in long transmission lines, see fig.
9. Since there always is a capacitive coupling between the phas-
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es this will keep the arc burning (secondary arc). By adding one
single-phase reactor in the neutral the secondary arc can be ex-
tinguished and the single-phase auto-reclosing successful.

/. REACTORS FOR EXTINCTION OF SECOND-
ARY ARC AT AUTO-RECLOSING

It is a known fact that most of the faults in overhead lines are of
single phase type. It is therefore possible to open and reclose
only the faulty phase and leave the other two phases in service.
The advantage with this is that the stability of the network is im-
proved since the two remaining phases can transmit power dur-
ing the auto-reclosing cycle. This is of special interest for tie lines
connecting two networks, or part of networks.

Due to the capacitive coupling between the phases the arc at the
faulty point can be maintained and the auto-reclosing conse-
guently would be unsuccessful. With a dead interval of 0.5 sec-
onds, line lengths up to approximately 180 km can be reclosed
successfully in a 400 kV system. This with the assumption of fully
transposed lines. Should the line be without transposition the line
length with possible successful single-phase auto-reclosing
would be about 90 km. If the dead interval is increased to 1.0 sec-
ond the allowed lengths will be approximately doubled.

For successful auto-reclosing of lines longer than above it's nec-
essary to equip the line with Y-connected phase reactors at both
ends, combined with “neutral” reactors connected between the
Y-point and earth. This solution was first proposed in 1962 by pro-
fessor Knudsen the reactor are therefore also called Knudsen re-
actor but it can also be called teaser reactor.

The teaser reactors inductance is normally about 26% of the in-
ductance in the phases. The maximum voltage over the teaser re-
actor then becomes approximately 20% of nominal voltage
phase/earth. The current through the teaser reactor during a sin-
gle-phase auto-reclosing attempt is about the same as the rated
current of the phase reactors. The duration of the dead interval is
usually 0.5-1 second. In normal service currents through a teaser
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reactor is only a few amperes due to possible small unsymmetry
in the phase voltages and differences between the phase reac-
tors.

Because of the low powers and voltages in the teaser reactor the
reactor can be made very small compared with the phase reac-
tors. The extra cost to include the teaser reactor compared to the
“normal” shunt reactor cost is therefore not so large.

o % o %
L3L L L3 L L

0.26x 0.26x

L J L

Figure 9. Single pole fault clearance on a power line with teaser reactors to
extinguish the arc.
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Fault Calculation

1. INTRODUCTION

Fault calculation is the analysis of the electrical behavior in the
power system under fault conditions. The currents and voltages
at different parts of the network for different types of faults, differ-
ent positions of the faults and different configurations of the net-
work are calculated.

The fault calculations are one of the most important tools when
considering the following:

- Choice of suitable transmission system configuration.

- Load- and short circuit ratings for the high voltage equipment.
- Breaking capacity of CB:s.

- Application and design of control- and protection equipment.
- Service conditions of the system.

- Investigation of unsatisfactory performances of the equipment.

This description will be concentrated on fault calculations used at
application and design of protection equipment.

The major requirements on protection relays are speed, sensitiv-
ity and selectivity. Fault calculations are used when checking if
these requirements are fulfilled.

Sensitivity means that the relay will detect a fault also under
such conditions that only a small fault current is achieved This is
e. g. the case for high resistive earth faults. For this purpose fault
calculations for minimum generating conditions are performed to
make sure that the selected relay will detect the fault also during
minimum service conditions.

Selectivity means that only the faulty part of the network is dis-
connected when a fault occurs. This can be achieved through ab-
solute selectivity protection relays (unit protection) or time
selective relays. In a network, there is always time selective pro-
tection relays as back up protection. To be able to make selective
settings of these relays it's necessary to have a good knowledge
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of the fault current.

Speed means that a limited operating time of the relay is re-
quired. For many relays the operating time is depending on the
magnitude of the fault current. Thus it is important, when planning
the network to have a good knowledge of the fault current. Here-
by it's possible to predict the operating time of the relay and thus
make sure that maximum allowed fault clearance time is fulfilled
under all circumstances.

2. FACTORS AFFECTING THE FAULT
CALCULATION.

Concerning fault calculations the first thing to do is to decide what
case or cases that shall be studied. The fault current and fault
voltage at different parts of the network will be affected by the fol-
lowing:

- Type of fault.

- Position of the fault.

- Configuration of the network.

- Neutral earthing.

The different types of faults that can occur in a network, can be
classified in three major groups:

- Short circuited faults.
- Open circuited faults.

- Simultaneous faults.

The short circuited faults consists of the following types of fault:

- Three phase faults (with or without earth connection).
- Two phase faults (with or without earth connection).

- Single phase to earth faults.

The open circuit faults consists of the following types of fault:
- Single phase open circuit.

- Two phase open circuit.
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- Three phase open circuit.

Simultaneous faults are a combination of the two groups de-
scribed above, for example, if one conductor, at an overhead line,
Is broken and one end of the line falls down. Then there is both
one single phase to earth fault and one single phase open circuit-
ed fault in the system.

Deciding what fault and how many locations of the fault, that shall
be studied, depends on the purpose of the study. If the sensitivity
of a differential relay is to be studied, the fault shall be located in-
side the protective zone. By this, knowledge of the differential
current at a fault is achieved. If, on the other hand, selectivity be-
tween the inverse time delayed over current relays is to be stud-
ied, other fault locations must be selected.

The configuration of the network is of greatest importance when
making fault calculations. There will be a big difference, compar-
ing the results, if the calculations are performed at minimum or
maximum generating conditions. The result will be affected by
how many parallel lines that are in service and if the busbars are
connected via bus coupler or not etc.

The large number of conditions that affect the fault calculation
makes it practical to have a standard fault condition to refer to,
normally the three phase short circuit faults. This short circuit lev-
el may be expressed in amperes, or in three phase MVA corre-
sponding to the rated system voltage and the value of the three
phase fault current.

3. BASIC PRINCIPLES

3.1 TIME ASPECT

It is a well known fact that the effects of a fault, changes with the
time that has passed since the fault occurred. The physical rea-
son for this transient process is that electromagnetic energy is
stored in the inductances of the circuits. This energy can not be
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altered in a indefinite short time. Therefore some time will pass
while the new electrical field is created. These time intervals are
known as the sub-transient and transient conditions. The duration
of the transient interval is counted in ms. In this case, the fault cal-
culations are intended to be used for application and design of re-
lay equipment. The fastest protection relays have operating times
of about 10 ms. When time selectivity is to be investigated the
time can vary from 0.3 second up to a few seconds. Therefore
fault calculations are made for conditions when the first transient
condition “sub transient conditions” have come to an end i.e. the
transient reactances of the generators are used.

3.2TYPE OF FAULT

The task of the protection relays is to protect the high voltage
equipment.This is done by a trip signal, given to the circuit break-
ers, when a fault occurs. The most dangerous phenomena is nor-
mally the high current that occurs at a short circuit. When making
fault calculations for the purposes here discussed, short circuit
type faults are normally considered. Open circuit faults will not
cause high Overcurrent or high overvoltages and are therefore
normally not dangerous to the network. Open circuit faults will
cause heating in rotating machines, due to the “negative se-
guence current” that will flow in the system. The machines are
therefore equipped with negative sequence current protection.
The setting of this relay normally needs no fault calculation and
can be done correctly without knowledge of the problems men-
tioned above.

A network is usually protected against phase and earth faults by
protection relays. The magnitude of the fault current is dependent
on what type of fault that occurs. At earth faults the size of the
fault current is depending on the earthing resistance or reactance
(if applicable) and on the resistance in fault. The fault resistance
for a phase fault is much smaller than that for an earth fault. This
shows why fault calculations for earth faults with a specified re-
sistance in the fault normally is recommended.

Three phase faults normally gives the highest short circuit cur-
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rents. Therefore short circuit calculations for three phase faults
also normally are used.

Two phase faults normally gives lower fault currents than three
phase faults, why normally the need for fault calculations for two
phase faults is limited. However, a two phase fault calculation can
be necessary to check the minimum fault current level to verify
the sensitivity for the back-up protection.

3.3 DEFINITION

Faults can be divided into two groups, symmetrical (balanced)
and unsymmetrical (unbalanced) faults. The symmetrical faults
are only concerning three phase faults, all other faults are seen
as unsymmetrical.

4. BALANCED FAULT CALCULATION

When a balanced fault i.e. a three phase fault occurs, the relation
between the phases is maintained. This means that the fault cur-
rents and the fault voltages are equal in the three phases. The
only difference is the phase angle which will be maintained even
during the fault. It is therefore sufficient to use a single phase rep-
resentation of the network and calculate the fault currents and
voltages at one phase. The result will be applicable at all three
phases, with the angle (120°) maintained between the phases.

The short circuit calculations are easiest done by using Theve-
nin’s theorem which states:

Any network containing driving voltages, as viewed from any two
terminals, can be replaced by a single driving voltage acting in se-
ries with a single impedance. The value of this driving voltage is
equal to the open circuit voltage between the two terminals before
the fault occurs, and the series impedance is the impedance of the
network as viewed from the two terminals with all the driving volt-
ages short circuited.

The two terminals mentioned in the theorem are located at the
fault. This way of calculating will only give the change in voltage
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and current caused by the short circuit. To get the correct result
the currents and voltages that existed in the system before the
fault must be superimposed geometrically to the calculated
changes.

The two following simplifications are normally made:

- The same voltage is used in the whole network (voltage drops from load
currents are neglected).

- All currents are considered to be zero before the fault occurs, which
means that no load currents are considered.

4.1 STEP BY STEP INSTRUCTIONS - SHORT CIR-
CUIT CALCULATIONS

When making three phase short circuit calculations these four
steps should be followed:
1) Short circuit all E.M.F. s (Electro Motoric Forces) in the network and
represent the synchronous machines with their transient reactances.
2) Decide one base voltage and transform all impedances into that volt-
age level.
3) Reduce the network to one equivalent impedance.

4) If “U” is the selected base voltage and “Z” is the resulting impedance
of the network the total short circuit current “Ig.” in the fault itself, at a

three phase short circuit, is:

U

l,, = ——
SC Z,\/é

Clause 1 can be commented as follows:

It depends on what part of the network that is of interest, how the
sources are represented. If the voltages and currents of interest
are located not too far from the generator, the synchronous ma-
chines should be represented as mentioned. If however the area of
interest is far from the generating plants it’s normally more conve-
nient to use the short circuit power closer to the fault point as
source.

The four steps are further developed:
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Representation of the network components

Overhead lines are represented by their resistance and reac-
tance.

The positive sequence values are used for phase faults. For earth
faults, the zero sequence values are used. Negative sequence
components for overhead lines are always equal to the positive
sequence components.

The values mentioned, must be given by the constructor of the
overhead lines. The values depends on the size of the line itself,
as well as on the physical configuration of the lines (both within a
phase and between the phases).

For zero sequence impedance, the earth conditions are also of
greatest importance. When two or more lines are placed at the
same towers, there will be a mutual impedance between the
lines. The mutual impedance is only important at earth faults,
though it, for phase faults, is that small it can be neglected. Con-
sideration to the mutual impedance must only be taken when
earth faults are calculated.

Thumb roles concerning overhead lines:

- For line reactance of a HV overhead line the reactance is about
0.3-0.4 ohm/km at 50 Hz.

- The resistance is normally small (0.02-0.05 ohm/km) and of minor
importance to the short circuit calculations.

- The zero sequence reactance is approximately 3-4 times the positive se-
guence reactance and the mutual reactance is approximately 55-60%
of the zero sequence reactance.

One way to describe these values is to give them in%, pu. Then
the basic power also will be given.

Example: A 400 kV line “x”" = 1.76% and “Sy, 55¢"= 100 MVA gives:

w = 176 x 400°
100 100

= 28.16Q

Cables are represented by the same values as the overhead
lines, i.e. resistance and reactance. Also here the cable manufac-
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turer must give the data as the values changes with the type of
cable. Typically a cable impedance angle is around 45 ° and the
zero sequence values are of the same magnitude as the positive
sequence values.

Transformers are represented by their short circuit impedance.
As the transformer is almost entirely inductive, the resistance
normally is neglected.

The impedance of the transformer is:

¥ = Zk (U

100 Sy

where “z,” is the short circuit impedance. For a three winding

transformer there are short circuit impedances between all of the
three windings.

1 Impedances
212 213 zie 21 \213
2 | z23
22

3

Figure 1. The Star delta impedance transformation is necessary to calculate
fault currents when three winding transformers are involved.

In this case the star/triangle transformation is useful.

Z1p X243
Z =
17 249+ 293+ 253
Z1p X Zp3
Z =
2 ZyptZi3t 7y
___Z%13% 233
Z3

T ZptZygt Zog
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217yt 75723+ 27374
Z1p = Zq

Z1Zy+ 72523+ 2737,
Zyg = z,

212, % 2,25+ 273574
Z13 = Z,

Typical values for “z,” are 4-7% for small transformers (<5MVA)

and 8-15% for larger transformers (these figures must be given
by the transformer manufacturer in every single case as the val-
ues can differ within a wide range).

When it comes to the zero sequence impedance of the transform-
er, It's depending on the type of connection. These figures must
be given by the manufacturer in every single case. The following
figures can be a guideline:

Dyn: Zy = 0.8-1.0 times Z

Yzn:Zy = 0.1 times Z

Yyn+d: Zg = 2.5 times Z

Yyn: Zy” = 5-10 times Z, for a three leg transformer without equalizing

winding.

Yyn:Zy"= 1000 times Z, for a five leg transformer or single phase trans-

formers.

Zy is the short circuit impedance for three phase faults.

Synchronous machines are represented by the transient reac-
tance as described earlier when the time aspect was discussed.

Asynchronous machines only contributes to the fault current,
the motor operates as a generator, for about 100 ms after the
fault occurrence. They are therefore neglected in short circuit cal-
culations for protection relay applications.
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Impedance transformation

To be able to make the calculations with Thevenin’s theorem,
all impedances must be transformed to the same voltage level
with the following formula:

2
RYAN
le % )(Z2

where index 1, is the primary side and index 2, is the second-
ary side of the transformer.

Network reduction

When all network parameters has been transformed into the
same voltage level they can be calculated in the same way as
series and parallel resistance. The total network impedance is
then reduced to one impedance.

Short circuit calculation

Now the phase voltage is connected to the impedances calcu-
lated above. The short circuit current is calculated with Ohm’s
law.

4.2 SHORT CIRCUIT CALCULATIONS WITH
SHORT CIRCUIT POWER

As an alternative to the impedance calculations described the
short circuit power of the different objects can be used. It's
then to be observed that:

- The result of short circuit powers in parallel is the series of the indi-
vidual short circuit powers.

- The result of short circuit powers in series is the parallel connection
of the individual short circuit powers.

The following examples shows the two methods used and nor-
mally a combination of both is used.
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12k =3
= 8 2
20 MVA 10 MWA
zk=5% zk=6% 100 km
0.4 ochm&m
50 MVA 10 MVA
2k=15% 2k=19°/:) “: 9(4
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Example 1. Calculate the fault current I, at a three phase

fault.
2
Xy = 01520°H32F 4307 9
20 (10
132°

Xg1 = 005 = 43.6 O

Xg1 + Xyp = 174.3 Q = Xy

Xg2 = 0. 19—%D

10 0100

331.1Q

X, = 006532 = 10450
10

Xg2 + Xz = 435.6Q = X,

The total short circuit impedance of the 132 kV busbar is:
Xz = Xg1 + X1l Xgo + Xipp = Xyall X2
which gives:

X3 = 124.5Q
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We get the equivalent circuit:

1245 + 100 ¥ 0.4=165 ohmah
}—

762KY k4

The following result is achieved:

76.2
la = Togg = 046 kA

Calculation with short circuit power:

20 20
_ 0.5 0.05 _
Sy = 30 50 = 100MVA

+
0.15 0.05

10 10
_ 0.06_0.19
Sk2 = 710 , 10

0.06 0.19

40MVA

“Sy1+Syo= Sya” Which gives: “Sys"= 140 MVA.

The equivalent short circuit power of the line is:

1322

S, = 20 - 435.6 MVA
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Now we get the total short circuit power up to the fault:

(100 + 40) x 435.6
Ska = "100 + 40 + 435.6

= 105.9 MVA

This finally gives the fault current:

105.9

la = m = 0.46 kA

5. UNBALANCED FAULT CALCULATION

Unbalanced faults means single phase faults or two phase
faults with or without earth connection.

For a two phase fault without earth connection the fault current
will be:

/3

I2ph = ? X I3ph

In reality there always is a resistance at the fault. The resis-
tance at two phase faults consist mainly of the arc resistance.
In some cases the resistance at the fault can be much higher
than usual. For example when a wooden branch is stuck be-
tween the phases. To get a correct calculation of two phase
faults symmetrical components are normally used.

For earth faults the earthing principle is the most important for
the fault current. In an effectively earthed system, the fault cur-
rent is of the same size as the three phase fault current. To
make correct calculations of this current symmetrical compo-
nents are used.

5.1 SYMMETRICAL COMPONENTS

The method of symmetrical components provides a practical
technology for making fault calculations of unsymmetrical
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faults, both single- and two phase faults. The method was invent-
ed by Charles L Fortescue in 1913 and was developed further by
others until its final form was presented in 1943.

The method is a mathematical tool which is used to describe and
calculate the phenomena in a three phase system at unsymmet-
rical load or when an unsymmetrical fault occurs. For the three
phase system three distinct sets of components are introduced
for voltages and currents: positive, negative and zero sequence
components.

POSI TI VE SEQUENCE SETThe positive sequence components
consist of the balanced three phase currents and lines to neutral
voltages supplied by the system generators. They are always
equal in magnitude though the phases are displaced 120°. The
positive system is rotating counterclockwise at the system fre-
guency. To document the angle displacement it's convenient to in-
troduce an unit phasor with an angle displacement of 120°, called

“a”. We get the following relations:

a =1/120° = -0.5+j0.866
a2 = 1/240° = -0.5-j0.866
a3 = 1/360° = 1.0+0

CONVENTION I N THI S PAPERThe phase components are
designated “a”, “b”, and “c”. Positive sequence components are
designated “1”, negative “2” and zero sequence components “0”".
For example “I,1” means the positive sequence component of the

phase current in phase “a”.

Now the positive sequence set of symmetrical components can
be designated:

lag =4l

lp1 = Aqy = Ay =4 240°

lex = @h = al =4 120°

Va1 = ¥

Vpy = ¥ay = Ay = ¥ 240°
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Vo1 = aM = ayV= ¥ 120°

NEGATI VE SEQUENCE SET This is also a balanced set of
guantities with 120° phase displacement. The difference from the
positive sequence components is that the system is rotating
clockwise at power frequency.

The negative sequence set can be designated:
lag =2l
lb2 = @b = al=1120°
lep = Ao =8l, = of 240°
Va2 = ¥
Vb2 = a6 = ay = ¥ 120°
Voo = Wgp = W, = Y 240°

ZERO SEQUENCE SET The zero sequence components are al-
ways equal in magnitude and phase in all phases.

We get the following equations:
lao =bb =cb =b
Vao = M = ¥ =%

Description of the system

All conditions in the network can be described using the above
defined symmetrical components. Three groups of equations are
used:

BASI C EQUATI ONS These equations are valid during all conditions
in the network and is a description of how the system of symmet-
rical components is built.

V, = WVi+V, (1)
Vp = yratVirav, (2)
Ve = yravytatV, (3)
la = oftlitl; (4)
I, = gta’l +al, (5)
l. = gral+a?l, (6)

BA THS / BU Transmission Systems and Substations LEC Support Programme



Fault Calculation

GENERAL EQUATI ONS These equations are valid during all
conditions in the network and give the conditions for the electro-
motoric forces in the network. The electromotoric forces only ex-
ists when the positive sequence components in a network are
balanced before the fault occurs. The electromotoric forces only
exist in the positive sequence system.

According to the superposition theorem the following statement
Is valid:
A network can be replaced by a simple circuit, where the electro-
motoric force voltage equals the open circuit voltage of the net-
work and the internal impedance equals the impedance of the
network measured from the external side, if the voltage sources in

the network are short circuited. The currents are defined positive
out from the network.

This gives the following equations:

Ei = WliZy (7)
0 = Mz, (8)
0 = ¥lolo (9)

Where “Z;" is the positive sequence impedance of the network,
“Z," is the negative sequence impedance and “Z,” is the zero se-
guence impedance of the network. The actual values of these
network impedances are depending on the network and are used

and reduced in the same way as when calculating symmetrical
faults.

SPECI AL EQUATI ONS These equations varies from fault to fault.
They will be explained more in detail when the fault types are dis-
cussed later on, but can shortly be explained:

I,= 0 (10)
lp+lc= 0 (11)
V- Vo= bZpe (12)
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Impedance between two phases

El Z1
E0=0
Z0 c
0 !I b “I c
Zbc

When the impedance “Z,,.” is inserted, an unsymmetrical current

is drawn from the network. The following equations are achieved
according to the general, special and basic equations showed
above.

According to equation (4):
|0+|1+|2 :al =0

l, = -l inserted in equation (5) and then taking (5) + (6) give:
2lg+(a+d) h+(& + a)l= 0
which means that:

lo = 0, since there is no earth-connection in the fault
l1#l, = 0 (14)

Equation (12) together with (2), (3) and (14) give:
(@%-a)(V,-V,) = Z,(a*-a)l,
Vi-Vb = &y (15)

Equation (7) and (8) together gives:
E1= M- \ot+l1Z5- bZy (16)

Insert (14) and (15) into (16):
El

W= Z,+Zy;+ 72y, B

17)
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Fault Calculation

Equations (13) to (17) gives for a two phase fault the following
block diagram:

|1 = zlzm

do
QZU
l

Insert 13, 17 into 7, 8 and 9 and you will get:

z 0
V, = Eﬁ - ~——10 (18)

Z,
V, = E; (19)
Zy+2Z,+ 2y,
and:
Vo= 0 (20)

The unknown phase currents and voltages can be calculated by
inserting 11,13 and 14 into 17 into the basic equations:

E
l, =, =a°-a L (21)
L1+ Zy+ 2y,

Before the fault occurred there were only positive sequence volt-

age.
Ea = E
Ep = &,
E. = af
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“‘EL", “Ep” and “E.” are the voltages, when the system is in a
balanced condition.

This gives:
l, = -, = “b-Ee (22)
Zy+Zy+ 2
and:
O
V., =E 23
2 a% Zl+ZZ+ZbCE e
and:
E.Z,—-E.Z
Vp = Ep— b 22 (24)
Zl + ZZ + Zbc
Vc — Ec _ Eczl - EbZZ (25)

Zy+Zy+ 2y
In reality, we have “Z; = Z, = Z". The following network is
achieved:

Ex Eg Ec
Z
— Vi
1 Vg
— Ve
Ik l l e
ZBC
The following equations are achieved:
E,—E
Ib = _IC= b _—¢ (26)
22+ 7,
Va = E (27)
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Vp = E- 3l (28)
Ve = E- 4l (29)

For a two phase fault without fault resistance “Z,,.” is set to O.

Impedance between phase and earth

E1 21 Ve
E2: 0 22 VB
Za
Ia

The general and the basic equations will still be the same as in
“Impedance between two phases” but the following special equa-

tions are achieved:

The special equations:
Ib =0 (30)
.= 0 (31)
V, = Za (32)
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Transformation of the equations 30, 31, 5, 6, as in "Impedance
between two phases” gives the following result:

o= 1= 1 (33)
I, = 1= 1y= = a4
1 2= 10 3Z,+Zy+Z,+ 7, (34)
E,Z
V, = E; - 1 (35)
3Z,+Z,+2Z,+2Z,
EiZ;
Vo= 37 vz7,+2,+2, (30)
E,Z
V, = o 37)
3Z,+Z,+Z,+7Z,
This gives the following figure:
+
“ Vo Vi=l=lg
+
22 he cr
+
Z4 Wy
Eq
|
3E,
I, = 38
a” 27+Z,+3Z, (38)
l,=1,=0 (39)
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2Z+7Z, O
Va = Eﬁ — (40)
0 2Z+Z2y+3Z,O
Zo—Z
V, = E,—E,—2 @
27 +Z,+ 32,
V, = E,—E,— 20"~ (42)

"2Z+27,+3Z,

This simple network is achieved:

EC 4 Vv
— — ! C
EB Z
— — Vg
EA Z
— i ! Va
Za
1/3(Zg-2) 0
1
Example 1

Generator: Xy = 24.2 Q/ph, (X1 = X3)
Transformers: X, ; = 12.1 Q/ph, Xi» = 10 Q/ph

(Zero and positive sequence impedances equal).
Network: X,, = 8.3 Q/ph

Line: X; =40 Q/ph, Xy =120 Q/ph

1186 kY S0 EKY
MNetwork :
Sge=250 MVA
ati20kV
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Calculate the fault current for:
a) Two phase fault with zero fault resistance.
b) Single phase solid earth fault.

a) Two phase short circuit

Epn Ep Ec
z
3 Vo
— '\,"B
3} Ve
I l l Iz
ZpC

This scheme is valid when “Z,=Z,=27".

In this case “Z.” is set to O.
The value of “Z” is calculated:

(Xg + X)) (XL + X + X))

7 =
Xg+Xk1+XL+Xk2+Xn

Then “Z”=22.4 Q/ph and “l,” = 1.23 kA/ph

b) Single phase solid earth fault

E z
N } Ve
EB z y
S . B
Ep pa
— | i Va
Za
18{Zn-2) 0

This scheme is also valid when “Z,=Z,=7" and “Z" = 22.4 Q/ph
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3E,
. =
& 2Z2+272,+3Z,

X1 (KoL + Xy2)

X =
Otot
X1 T XoL + Xio

This gives “Xqiot" = 11.1 Q/ph and

| = 55 %3
T B(11.1+2 x 22.4)

= 1.71 kA

It should be noted that the current at single phase fault is higher
than the fault current at three phase fault.

Example 2:

Transformer: 20MvA, 16/77 kv, x, =8%, Yd11
Generator: 20MvA, 16 kV, x(transient) =25%, X, = X;
Line: x, =84 Q/ph, X, = 300 Q/ph

delta

Q 200 km
Solid earth fault f

Xg 16/77 k¥

The line is considered unloaded before the fault and all resis-
tance and capacitance is neglected. The voltage at the fault po-
sition is 75 kV before the fault.

Calculate the fault current through the earth connection of the
transformer, the phase currents on both sides of the transformer
and the voltages (to earth) in the HV terminals of the transformer.
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Calculation of the 77 kV impedances.

Generator:
2 [P
X, = X, = 0.25x 16 x I75 = 740/ph
20 16
Transformer:

X. = X, = 008x 7L = 23.70/ph
1= A2 = U — = &9 P
20

Line:
X; = X= 8@/ ph, ,X= 300/ ph

The following block diagram is achieved:

74 237 dUi o4
— } 1 } 1
?)43.3
- hetw 1H=12=10
74 737 duz 94 ]
— } 1 } 1
0 netw ’_‘
1 g dUD 1 T
77 300

X, = X = 181Q7ph
Xo = 323Q7ph
75
J3(2x181, 7 + 323, 7)

The current through the earth connection of the transformer.
lg= 3l = 0.189 kA

The component voltages at the HV side:
U; = BdUj;= 43.3-(j97.7)(-j0.063) = 37.15 kV
U, = dbE -j97.7(-j0.063) = -6.15 kV
Up = dyy= -j23.7(-j0.063) = -1.49 kV

Phase voltages:
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U,= Y+Uj+U,= 29.5/0° kV
U,= YtalUs+al, = 41.3/-114.4° kV
Uc= WraU+alU, = 41.3/114.4° kV

Phase currents:
la= b*l1+l,= 3x0.063 = 0.19 kA

l, =ota’l;+al,= 0.063(%+a) = 0 kA
l. =gral;+a?l, = 0.063(%e = 0 kA

Phase currents on the LV side:
Connection:

Yot

3 y pos angle

d V\»

Figure 2. The positive sequence current is turned +30°, while the negative
sequence current is turned -30°.

At the 16 kV side there is no zero sequence current as the trans-
former is Yd connected “l,"=0.

The phase currents at the 16 kV side:

j30°

l, = 22(0+0.063¢"*" + 0.063e ")

16
77
= Iéﬁ’ x 0,063= 0.52 kA

j30°

l, = ££(0 +0.063e""a” + 0.063¢7**"a)=

16

= %(0.063ej300e_j120°+O.063e_j30°ej120°) = OKA
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l. = 77(0 +0.063¢**"a + 0.063e 7% a%)=
16
j120° O°e—j120°)

= %(0.063ej30°e +0.063e7°

- %Jé x 0,063= 0.52 kA
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System Earthing
1. WHAT IS SYSTEM EARTHING

The term “earthing” consists of several functions which only have
“utilizing the earth” in common. Before describing the system
earthing, it can be of interest to know a bit about the different
types of earthing.

Protective earthing is applicable mainly in electronic equipment
to prevent damage or errors at the components. Example of pro-
tective earthing is when a screened cable is earthed, or when an
incoming signal conductor is connected to earth through a ca-
pacitor or a filter.

Protective earthing can be described as a way of protecting man
from dangerous voltages. Example of protective earthing is,
when the casing of e.g. a washing machine is connected to earth
(green/yellow conductor) or when a row of switchgear cubicles
are connected to an earth conductor, which connects the cover
of the cubicle to earth.

Lightning protection can also be a part of system earthing.

System earthing concern the kind of deliberate measures that
connects a normally live system to earth. It is normally the zero
point of the system that is connected to earth but other solutions
can occur.

Of course, all types of systems can be earthed, and the terminol-
ogy “system earthing”, can thus be used. Systems like electronic
systems and battery systems, measuring transformer circuits
etc., are often earthed. In the following text we will only consider
system earthing of alternating current systems for power distribu-
tion and transmission, with a voltage over 150 V.

If a point in a system is earthed the whole system will be earthed
as far as the galvanic connection goes. A system earthing on the
contrary does not affect the parts of the network that are connect-
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ed magnetically to the earthed part of the network, for example
through transformers. See figure 1.

e

I
I
I
I
I
I
I
I
I
I r -
I
I
I
I
I
I
I
I
I

L _ _ _

Figure 1. The earthing of a system is effective for all galvanic connected
parts.

2. WHY USE SYSTEM EARTHING

The main reason for connecting the network to an earth potential,
Is of course that both human beings and equipment will be pro-
tected. These are only two reasons for system earthing but many
other requirements on operation reliability have to be fulfilled as
well.

Some of the reasons to use system earthing are described in the
following text.

2.1 FIXTHE NETWORK TO EARTH POTENTIAL

All alternating current networks are in one way or another cou-
pled to earth through leakage capacitances. The capacitances
can be so small that the network at some occasions can reach a
dangerously high potential.
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If a connection between the conductors in two networks with dif-
ferent voltage occurs, the network with the lowest voltage would
get a dangerously increased voltage to earth. This can be pre-
vented by a suitable earthing of the network with the lowest volt-
age.

Even if there is no direct connection a dangerous voltage can oc-
cur due to the capacitive coupling between the two networks.

2.2 REDUCE THE FAULT CURRENT AT EARTH
FAULT.

In an unearthed network a capacitive current will appear when an
earth fault occurs. This derives basically from the leakage capac-
itance in cables and overhead lines but also generators, motors
and transformers contributes. Depending on the voltage level and
the distribution of the network this current can reach values from
a few, up to hundreds of Amperes in big cable networks. The ca-
bles will give the highest capacitive current.

A formula for the capacitive current |- of cables is normally stated
as lc = Uy/10x3 A/km, where Uy is the line voltage.

If the capacitance of the network is compensated with a reactor
connected to the neutral point, the current through the fault point
can be drastically reduced, See figure 2. This is advantages since
the damage caused by the fault current through the fault location
is limited.
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11

\

AL
Figure 2. Reduction of earth fault current with a neutral-point impedance.
Resulting earth fault current I; is very small if I = Ic7o

2.3 REDUCE OVERVOLTAGES

The overvoltages that can be reduced through system earthing
are those who depend on transient earth faults, increased neu-
tral-point voltage and transients due to switching or lightning.

Transient earth faults

At occurring earth faults, especially in systems with small earth
fault current, the conditions are such that the arc will be extin-
guished at the zero passage of the current. Afterwards it will be
re-ignited when the voltage increases over the fault point again.
This phenomenon is in USA, called “arcing grounds”.

If the current and the voltage at the fault point not are zero simul-
taneously the transient fault can throughout repeated extinctions
and reignitions create a high overvoltage in the whole network.
The overvoltage will be particularly high if the system is com-
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pletely unearthed and the earth fault current is only dependent of
the leakage capacitance of the system, this is shown in Figure 3.
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Xco is the total network reactance to earth 1/wC.

Rg isthe neutral resistor resistance at resistance earthing

X is the neutral reactor reactance wC
Figure 3. The influence of earthing, in the maximum overvoltage, due to tran-
sient earth faults. The transient overvoltage in the figure, is written in percent

of the phase voltage top value. The upper curve shows the overvoltage for
a neutral reactor earthing.

“x.” Is the leakage capacitive reactance to earth which is depen-
dent of the total capacitance (1/wC) of the network and “r” is the
resistance of the neutral resistor.

The figure above shows that an earthing should be performed in
such a way that the earthing resistance is less or equal to the ca-
pacitive reactance to earth. If the system is earthed through a re-
actor its reactance should be almost equal to, or a lot less, than
the total capacitive reactance to earth.

The figure shows the overvoltages that can occur during unfavor-
able circumstances but normally overvoltages are less. As can
be seen the overvoltages in unearthed systems can be of the
size, or higher than, the test voltage for new generators and mo-
tors. The risk of damaging these apparatuses will therefore be
very high. Surge arresters won't give a reliable protection, since
they will be destroyed at repeated overvoltages. A system which
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contains generators or motors should therefore always be
earthed in some way.

Increased neutral-point voltage

In case of an earth fault in one phase in an unearthed network a
phase-ground voltage will appear in the neutral-point and the oth-
er two phases will thus have their phase-phase voltage to earth.
By using an effective earthing (see section 3.2) the voltage can
be reduced to 80% of the phase-phase voltage. It's then possible
to choose apparatuses with lower insulating level which means
considerable cost reducing at high voltage networks. A trans-
former with a direct earthed neutral-point can furthermore be
equipped with graded insulation. This means that the insulation
level is lower close to the neutral-point than at the line terminals
which give considerable savings for big power transformers.

Coupling and lightning overvoltages

Operating of switching apparatuses can create overvoltages
which usually are higher than three times the nominal voltage but
of short duration. The overvoltages are created through transient
oscillation in the capacitance and the inductance of the circuit.

Neutral point earthing will probably not reduce the overvoltages
created by switching waves or lightning. They can though distrib-
ute the voltage between the phases and reduce the possibility of
a high voltage stress on the insulation between one phase and
earth.

2.4 SIMPLIFY LOCATION OF EARTH FAULTS

In an unearthed network it's often difficult to detect and clear an
earth fault. Through a suitable earthing it's possible to create an
earth fault current that can be measured and also form a base for
the locating of the earth faults.
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2.5 AVOID FERRO-RESONANCE

Voltage transformers connected to an unearthed network can un-
der particular circumstances create abnormal neutral-point volt-
ages. The voltage transformer can then be regarded as an
non-linear inductance, which goes into self-oscillation with the
capacitance of the network. This phenomenon is called “fer-
ro-resonance”.

The abnormal neutral point voltage can damage the voltage
transformers and create unwanted earth fault indications. If the
network is earthed the phenomenon will not appear. In an un-
earthed network the oscillation can be prevented by connecting
a resistor either to the “delta” winding in a three phase voltage
transformer or to a zero-point voltage transformer. Note that such
a resistor gives the same result as a resistor with a very high re-
sistance connected directly between the zero-point and earth
(See figure 4).

i
It e

Figure 4. Three equal methods to prevent ferro resonance.
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3. DIFFERENT TYPES OF SYSTEM EARTHING

In Swedish Standards (following IEC) the following earthing alter-
natives are given:

a) Systems with an isolated neutral-point

b) Colil earthed systems.

c) Earthed system:

-Effectively earthed system

-Not effectively earthed system.

In american literature, “Electrical power distribution for Industrial
Plants” (ANSI/IEEE 141 1986), the following alternatives are
mentioned:

a) Solidly earthed (without deliberate earthing impedance)

b) Reactance earthed

c) Resistance earthed by low- or high resistance.

d) Unearthed

With these alternatives as a base it's possible to distinguish the
types of earthing that are explained in the following sections:

3.1 DIRECT EARTHING

Direct earthing means that the neutral-point of the network is
earthed in at least one point without deliberately inserting any im-
pedance. Observe that this not quantifies how effective the earth-
ing is since the neutral point impedance still can be high. This can
happen if i.e. the neutral-point in a transformer, that is small com-
pared to the short circuit effective output of the network, is
earthed. It can also happen if the earth resistance is high.

Direct earthing describes how the earthing is done not the result
achieved. However, normally it's understood that the direct
earthed system should be effectively earthed.
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3.2 EFFECTIVE EARTHING

An effectively earthed network follows the requirements given in
ANSI and SS (Cenelec). A system, or a part of a system, is con-
sidered effectively earthed, when the following statements are
valid in all points of the system:

ANSI & SS (Cenelec) gives “Xp<3X4" and “Rp<X4", where “Xy” is
the zero sequence reactance, “Rp” is zero sequence resistance
and “X;” is the positive sequence reactance.

The requirements leads to a maximum voltage of 80% of nominal
line voltage between a phase and earth, called the earthing fac-
tor. Therefore lower insulation requirements can be accepted and
surge arresters with lower extinction voltages can be used.

3.3 REACTANCE EARTHING

The concept reactance earthing occurs basically in american lit-
erature and relates to earthings where “Xp<10X,". The factor “10”

Is required to drastically reduce the overvoltages due to transient
earth faults. Reactance earthing is used mainly when a direct
earthing of a generator’s neutral point is not desired.

3.4 LOW RESISTANCE EARTHING

Resistance earthing is an earthing where “Rg<2Xy” but “Rg”, still

Is so small that a big earth fault current is obtained. The resis-
tance earthing is normally done in such a way that, when a fully
developed earth fault occurs, an earth fault current between 200
and 2000 A is achieved. The advantage with this way of earthing
is that normal relays can be used for detection of earth faults.

Resistance earthing is one out of two methods recommended by
the english standard CP 1013:1965. The proposed current value
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is 300 A. The other method is earthing through a voltage trans-
former i. e. a unearthed networks.
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3.5 HIGH RESISTIVE EARTHING

High resistive earthing concerns the cases where the factor
“3Rp<Xco”, Where “X.,” is the total capacitance of the network

per phase against earth, is obtained by using the biggest possi-
ble resistance R to earth.

If the capacitive current in a network at a fully developed earth
fault is less than 30 A it's possible, up to voltages of 25 kV, to pro-
vide the system with a neutral-point resistance for currents of at
least the same size as the capacitive current of the network.

At transient earth faults the voltage in the network stays within
reasonable limits (see figure 3) and the current to earth increas-
es with only 50% compared to the unearthed system. The neu-
tral-point resistance can, if desired, relatively easy be installed to
withstand the phase voltage. Therefore it's not necessary to have
a tripping earth fault relay at locations where it would create ma-
jor disadvantages for the operation. This can e. g. be the case for
industrial plants where tripping can cause a big disturbance fo