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waves on transmission line -Surge impedance and wave
velocity-Specification of travelling waves-Reflections and
refractions of waves - Different types of terminations-
Forked line-Successive reflections - Bewley’s Lattice
diagram-Attenuation and distortion.



 A transient occurs in the power system when the network
changes from one steady state into another.

 The majority of power system transients is, however, the
result of a switching action.

 Load break switches and disconnectors switch off and
switch on parts of the network under load and no-load
conditions.

 Fuses and circuit breakers interrupt higher currents and
clear short-circuit currents flowing in faulted parts of the
system.

 The time period when transient voltage and current
oscillations occur is in the range of microseconds to
milliseconds.

INTRODUCTION





OVERVOLTAGE

• An overvoltage is an increase in the r.m.s. ac 
voltage greater than 110 % at the power 
frequency for a duration longer than 1 min. 

• It is a result of load switching.

Eg :   Switching OFF a Large load

Energizing a capacitor bank



• Switchings in a power system occur
frequently.

• A variety of switchings are performed for
routine operations or automatically by
control and protection systems.

• Typical switchings are as follows:
– Lines (transmission or distribution)

– Cables

– Shunt/series capacitors

– Shunt reactors

– Transformers

– Generators/motors



OVER VOLTAGES
• The causes of power system over voltages

are numerous and the waveforms are
complex.

• It is customary to classify the transients on
the basis of frequency content of the
waveforms.

• In this sense, the following three broad
categories are defined:

–Power frequency overvoltages

–Switching overvoltages

–Lightning overvoltages





















CIRCUIT CLOSING TRANSIENT













The first term in equ3 is transient part of current
which vanishes theoretically after infinite time.
Practically vanishes very quickly after two or three
cycles.

The transient decay depends on time constant of RL
circuit.

The second term is the steady state sinusoidal
variation.

 It can be seen that the transient component will be
zero in case the switching of the voltage wave is
done when

• If , ,the transient term will have its max value
and the first peak of resulting will be twice the peak
value of sinusoidal steady state component.



Sudden symmetrical Short Circuit of Alternator

• The study of three phase alternator  is of almost  same  
as RL circuit previously discussed.

• However, there is one important difference, that is, in
case of an R-L series circuit, reactance X (ωL) is a
constant quantity where as in case of the synchronous
generator the reactance is not a constant one but is a
function of time.

• Consider a 3phase alternator running at synchronous 
speed and with field excited by a constant DC voltage.



Whenever a 3phase s.c occurs at the terminals of an
alternator, the current in alternator circuit increases
suddenly to a large value(about 10 to 18 times of full
load current) during the first quarter cycle

 Since the resistance of circuit is small as compared
with reactance, the current is highly lagging & p.f is
approximately Zero.

Due to this sudden switching there are two
components of currents

 i) a.c component

 ii)d.c component



Since the voltages of 3phases are 120 degrees
out of phase from each other, the s.c occurs at
different points on the voltage wave of each
phase.

Therefore the d.c component will be different in
each phase as shown in figure





If the d.c component subtracted, the oscillogram of the armature current
has a typical wave shape shown in fig.



• Fig shows the complete waveform of the
symmetrical short-circuit current in a synchronous
machine.

The wave may be divided into three distinct time
periods

1.sub-stransient lasting for only about 2cycles
during which the current decrement is very rapid

2. Transient period lasting for about 30 cycles or so

3.Steady-state period

These are indicated on the current envelope.



Extrapolation of the subtransient, transient and
steady-state current envelopes identifies the
ordinates Oa, Ob, and Oc on the current
coordinate.

The rms value of initial current(i.e at the instant of
s.c) is known as sub-transient current.

The corresponding reactance is called the direct
axis sub transient reactance.



The extrapolation of the transient envelope cuts the
y-axis at point b.

The RMS value of current, represented by intercept
ob, i.e 0.707(ob) in amperes.

Corresponding reactance is transient reactance

Similarly the rms value of the steady state current
represented by intercept oc, i.e 0.707 (oc) in
ampere and corresponding reactance is direct axis
synchronous reactance



The decaying envelope is clearly indicative of the
fact that the equivalent d-axis reactance offered
by the machine continuously increases as time
progresses and finally settles to the steady value
Xd .

The machine presents three different reactances,
during the short circuit, as defined below:













Restriking voltage after removal of short circuit

The opening of a circuit breaker under faulty
condition results in a transient known as
recovery voltage or restriking voltage
transients.

The transient has an important effect on
behaviour and rating of circuit interruption
and protective devices.



Circuit Breaker
A circuit breaker is a piece of equipment which can
 (i) Make or break a circuit either manually or by

remote control under normal conditions.
 (ii) Break a circuit automatically under fault

conditions
 (iii) Make a circuit either manually or by remote

control under fault conditions
 A circuit breaker essentially consists of fixed and

moving contacts, called Electrodes.
Under normal operating conditions, these contacts

remain closed and will not open automatically until
and unless the system becomes faulty.



When the contacts of a CB are separated
under fault conditions, an arc is struck
between them.

The current is thus able to continue until the
discharge ceases.

Therefore the main problem in a CB is to
extininguish the arc within the shortest
possible time .



• Restriking voltage:

• It is the transient voltage that appears across
the breaking contacts at the instant of arc
extinction.

• This voltage tries to restrike the arc

• i.e if dielectric strength rise is greater than the
rise of restriking voltage then the arc will not
restrike.

• In other words it is the transient voltage that
exists during the arcing time(natural
frequency kHz ).



Recovery voltage
It is defined as the voltage that appears across

the breaker contact after the complete removal
of transient oscillations and final arc extinction.

In other words it is the RMS voltage after final 
arc extinction ( normal frequency 50 or 60 Hz).

Both Restriking and recovery  voltages appear 
between circuit breaker poles.



Calculation of Restriking Voltage

Let’s take the some assumption, at the
maximum restriking voltage after the removal of
fault by breaker contact opening to Calculate the
Restriking Voltage,

1.Current interruption is assumed to be taking
place at natural current zero.

2.Assumed the whole is system is lossless.

3.The fault does not involve any arcing. Example,
the fault is solid one.

4.Effect of corona and saturation is ignored.



Let us consider a simple circuit, having a circuit
breaker CB, as shown in Fig.1 (a) and that a S.C
occurs on the feeder close to the bus-bars.

The equivalent circuit is shown in Fig.1 (b).

Let L be the inductance & R be the resistance
per phase of the system up to the fault point
and C be the capacitance to ground of busbar,
the bushings ect is lumped.





Consider the opening of a circuit breaker under

fault conditions shown in Fig.1 (b).

Before current interruption, the capacitance C is

short circuited by the fault and the S.C current

through the breaker is limited by R and L of the

system.

 If R is negligible compared to L, the short-circuit

current i will lag behind the system voltage v by

90°, as shown in Fig. 1 (c).



The voltage across CB contact will be equal to the
multiplication of fault current and the system
impedance as seen from the CB contacts with
voltage source shorted.

 Let us assume this voltage to be v(t).

For making calculations easy, consider every
parameter in Laplace domain.

Therefore,

 I(f) = Fault Current
V(s) = Supply Voltage
Z(s) = System Impedance as seen from CB contacts



Hence,
V(s) = I(f)Z(s) ………….(1)

But source voltage is VmSinωt, hence source
voltage at natural current zero i.e. when breaker
contact open will be Vm.(When voltage is passing
through max value Vm )

Therefore V(s) = Vm/s and impedance is mainly 
offered by inductance, this means Z(s) = Ls



Thus from (1),

Vm/s = I(f)Z(s)
I(f) = Vm / Ls2 ………..(2)



Now let us find the Zo(s). 

Therefore,



Now from (2),

V(s) = Voltage across CB contact immediately 
after opening
= Restriking Voltage
= Transient Recovery Voltage
= I(f)Zo(s)
= [(Vm/s)(1/sL) (s / C)] / [s2 + 1/LC]

V(s) = Vm [1/s – s / (s2 + 1/LC)]



V(s) = Vm [1/s – s / (s2 + 1/LC)]

Taking inverse laplace transform, we get

v(t) = Vm[1 – cosω0t] ………(3)

where ω0 = 1 / √LC and hence f0 = (1/2π√LC) 
where f0 is the natural frequency of 
oscillation.





The maximum value of TRV = 2Vm when ω0t = π

t = π / ω0

= π / (1 / √LC)
= π √LC

Equ. 3 is the restriking or transient recovery
voltage.



Characteristic of Restriking Voltage
• The important characteristic of restriking voltage which

affects the performance of the circuit breaker is as follows –
• Amplitude Factor: It is defined as the ratio of the peak of

transient voltage to the peak system frequency voltage.
• The rate of Rising of Restriking Voltage: It is defined as the

slope of the steepness tangent of the restriking voltage
curve. It is expressed in kV/µs.

• RRRV is directly proportional to the natural frequency. The
expression for the restriking voltage is expressed as

• The transient voltage vanishes rapidly due to the damping
effect of system resistance, and the normal frequency
system voltage is established.

• This voltage across the breakers contact is called recovery
voltage.



Travelling Wave

• Definition: Travelling wave is a temporary wave
that creates a disturbance and moves along the
transmission line at a constant speed.

• Such type of wave occurs for a short duration
(for a few microseconds) but cause a much
disturbance in the line.



• The transient wave is set up in the transmission
line mainly due to switching, faults and
lightning.

• These waves helps in designing the insulators,
protective equipment, the insulation of the
terminal equipment, and overall insulation
coordination.



Travelling Wave on Transmission Line

• To understand the travelling wave
phenomenon over transmission line consider a
transmission line

• The line is assumed to be lossless line.

• Considered a long transmission line having a
distributed parameter inductance (L) and
capacitance (C).

• The long transmission line has been
represented by a large number of L and C pi
sections as shown in fig b.



Fig a  Long transmission line



• When a transmission line is suddenly connected to a
voltage source by the closing of a switch S, the voltage
does not appear instantaneously at the other end.

• When the switch is closed the L1 act as an open circuit
and C1 act as a short circuit.

• At the same instant, the voltage at the next section
cannot be charged because the voltage across the
capacitor C1 is zero.



So unless the capacitor C1 is charged to some value
the charging of the C2 through L2 is not possible
which will obviously take some time.

The same argument applies to the third section,
fourth section, and so on.

The voltage at the successive sections builds up
gradually.

This gradual build up of voltage over the
transmission conductor can be regarded as a voltage
wave is travelling from one end to the other end .

The gradual charging of the capacitances is due to
associate current wave.



The current wave, which is accompanied by
voltage wave steps up a magnetic field in the
surrounding space.

At junctions and terminations, these waves
undergo reflection and refraction.

The total energy of the resultant wave cannot
exceed the energy of the incident wave.



Now it is desired to find out expression for the relation
between the voltage and current waves travelling over the
transmission lines and their velocity propagation.
 Suppose that the wave after time t has travelled through a
distance x.
Since we have assumed lossless lines, what ever is the
value of V and I at the start, remain same throughout the
travel.
Consider a distance dx which is travelled by the waves in
time dt.
The electrostatic flux is associated with the voltage wave
and electromagnetic flux with current wave.



But dx/dt = velocity of travelling wave = ν (say)





• Zn is called surge impedance will remain constant
for a given transmission line.

• This value will not change due to change in
length of line. The value of surge impedance for a
typical transmission line is around 400 Ohm and
that for a cable is around 40 ohm.

https://electricalbaba.com/surge-impedance-and-surge-impedance-loading/
https://electricalbaba.com/underground-cable-introduction-and-construction/
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After the voltage and current waves are reflected back
from open end, they reach the source end, the voltage
over the line becomes 2V and the current is zero.

 The voltage at the source end can not be more than
source voltage V .

 So a voltage wave of –V and a current wave of

–I is reflected back into the line.



It can be seen that the wave have travelled
through a distance of 4l when l is length of
line, they would have wiped out both voltage
and current waves, leaving the line
momentarily in its original state.

The above cycle repeats itself as shown in
figure.









Since the voltage at the shorted end is zero, a voltage

wave of –V have been reflected back into the line.

It is seen from the fig. that the voltage wave periodically

reduces to zero after it has travelled through a distance of

twice the length of line.

Whereas after each reflection at either end the current is

build up by an amount I.



Theoretically the reflection will be infinite and
the current will reach infinite value.

But practically in an actual system the current
will be limited by resistance of line and final
value of current will be I = V/R

Where R is the resistance of line



















• In case of R=Z

• Coefficient of reflection for current and voltage wave is zero

• Coefficient of refraction for current and voltage wave is 1

• Therefore when a transmission line is terminated
through a resistance equal to its surge impedance , the
wave does not suffer reflection such lines

• Such lines are said to be infinite length lines and also the
load corresponding to this is known as surge impedance
loading or natural loading.



Line connected to cable

A wave travelling over the line entering the cable as
shown in Fig., looks into different impedance and
therefore, it suffers reflection and refraction at the
junction.

 The refracted voltage is given by







Reflection and Refraction at a T-Junction
A voltage wave V is travelling over the line with surge

impedance Z1 as shown in fig1

When it reaches the junction, it looks a change in
impedance.

 Therefore suffers reflection and refraction. Let

be the voltages and currents in lines having surge
impedances Z2 and Z3 respectively.

 Since Z2 and Z3 form a parallel path as far as surge wave is
concerned,











Line terminated through a capacitor
 Consider a D.C surge of infinite length, travels over the

line of surge impedance Z and is incident on the
capacitor as shown in fig





LINE TERMINATED THROUGH A INDUCTANCE





































EX 7.
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Bewley Lattice Diagram 
https://www.youtube.com/watch?v=rpBJf9-FxdE

• In order to keep track of the multiplicity of successive
reflections of discontinuities in the system, Bewley has
devised a time-space diagram.

• Which shows at a glance, the motion and direction of
motion of every incident, reflected, and transmitted
wave on the system at every instant of time.



properties of Bewley lattice diagram

• (1)All waves travel downhill, because time always
increases.

• (2)The position of any wave at any time can be deduced
directly from the diagram.

• (3)The total potential at any point, at any instant of time
is the superimposed of all the waves which have arrived
at that point up until that instant of time.

• (4)The history of the wave is easily traced.

• (5)Attenuation is included.



Bewley Lattice Diagram
• In lattice diagram two axis are established, a horizontal

one scaled in distance along the system, and a vertical
one scaled in time.

• Line showing the passage of surge are drawn such that
there is a slope gives the time corresponding to distance
travelled.

• At each point of change in impedance, the reflected and
transmitted waves are obtained by multiplying the
incident wave magnitude by proper reflection and
refraction coefficient.



• Lattice diagram for current may also be drawn.

• The reflection coefficient for current is always negative
of reflection coefficient of voltage.

• Consider a simple system shown in figure

• A generator of unit voltage is switched on to a loss less
line of characteristic impedance Zc with load resistance
RL at the receiving end.



• It is assumed that generator has zero impedance
such that a unit voltage wave is continuously feed to
the line after switching instant.



• The generator acts like a S.C with the assumption of zero
impedance.

• Let the time of travel of surge from one end to other be T.

• Immediately upon switching a unit step voltage surge
travels down the line towards the receiving end, this fact
is diagrammatically recorded by a line sloping
downwards(Left to right) as shown in fig.



• When surge reaches the line end, a surge of
amplitude is originated in the process of
reflection, which then travels the generator end at
t=2T represented by a sloping line(right to left).

• The reflection of generator end causes an outward
surge of strength this process continues
indefinitely.

• It is easily observed from the diagram that at the
receiving end the increment of voltage at each
refraction is sum of incident and reflected wave.



• After infinite reflections the voltage becomes
unity, the receiving end voltage is plotted
against time and shown in figure

• The resulting voltage at various instants are







• Ex.1 A line of source impedance 400 ohms charged through a
battery of constant voltage of 135V. The line is 300m long and
terminated by a resistance of 200 ohms. Plot the reflection
lattice and voltage across terminating resistance.







Attenuation and Distortion of Travelling Waves:

• As a Travelling Waves moves along a line, it suffers
both attenuation and distortion.

• The decrease in the magnitude of the wave as it
propagates along the line is called attenuation.

• The elongation or change of wave shape that occurs
is called distortion.

• Sometimes, the steepness of the wave is reduced by
distortion. Also, the current and voltage wave shapes
become dissimilar even though they may be the
same initially.



Attenuation is caused due to the energy loss in
the line and Distortion of Travelling Waves is
caused due to the inductance and capacitance of
the line.

The energy loss in the system are due to line
resistance, leakage conductance and corona.

At low voltages the losses due to line resistance
are important , but at high voltages losses due to
corona are very much greater than these due to
line resistance.



As the wave travel along the line thus undergo
three changes

1.The crest of wave is decreased in magnitude
or attenuated.

2.The wave changes the shape i.e gets
elongated , its irregularities are smoothed out
and steepness is reduced.

3.Voltage and current waves ceases to be
similar.



All the above changes occurs simultaneously, the last
two changes together known as distortion.

Attenuation of waves due to corona is more
(pronounced) for positive waves than for negative
waves because of greater loss due to corona for
positive waves.

 The effect on short waves is more than that on long
waves.


