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Abstract

Over the last decades, power disturbances have become an important factor on the
increase throughout electrical networks. It is worth mentioning switching transients
and ferroresonance in the network. Ferroresonance is a special case of resonance in-
volving non-linear inductances that mainly affects the functionality of transformers
and it is originate from the switching transients. Little is known about this complex
phenomenon as it is rare and cannot be analyzed or predicted by the computation

methods, it’s analysis is done by computer simulations.

Switching transients and ferroresonance phenomena were simulated in PSCAD
software to study its effect. Simulation of Switching transients with Energization of
transmission line with and without trapped charges, analyze TRV/RRRV for fault
conditions and inductive current switching overvoltage to check this overvoltages are

within BIL limits or not with as per standards.

Another case of ferroresonance can be simulated with single phase switching and
with grading capacitance of circuit breakers. This simulation also include ferroreso-
nance overvoltage mitigation with the help of reactor connected in tertiary winding.
Also, simulated a real case of traction system where the potential transformers were
failed because of overcoltages due to ferroresonance, simulated case to check ferrores-

onance condition.

vi
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Chapter 1

Overview

Transient is an event in which a new path for current is created or an existing path
eliminated including faults, circuit breaker operation and lightening strikes. It is
basically momentary changes in voltage and current that occurs over a short circuit
period of time. Two types of transient impulsive and oscillatory. Lightning and
switching are the sources of transient.

Ferroresonance is an oscillating phenomena occurring in an electric circuit which

must contain at least:

e a non-linear inductance (ferromagnetic and saturable),

a capacitor,

a voltage source (generally sinusoidal),

low losses.

Power system contain large number of inductances and capacitance in the net-
work . This Capacitance comes from protective elements (circuit breaker grading
capacitance), power transmission elements (conductor to earth capacitance, cables
capacitance, bus bar capacitance, coupling between double circuit lines, capacitor

banks), isolation elements (bushing capacitance), measurement elements (capacitive



Chapter 1 Overview

voltage transformers) The saturable inductance from Transformer iron core satura-
tion, Residual fluxes in transformer core. The Low losses from Low value resistance
(low loss transformer, unload transformer low circuit losses).

The main feature of this phenomenon is that more than one stable steady state
response is possible for the same set of the network parameters. Transients, lightning
overvoltage, energizing or re-energizing transformers or loads, occurrence or removal
of faults, initial conditions of the system, transformer iron core saturation charac-
teristic, residual fluxes in the transformer core, etc may initiate ferroresonance. The
response can suddenly jump from one normal steady state response (sinusoidal at
the same frequency as the source) to an another ferroresonant steady state response
characterized by high sustain over voltages and harmonic levels which can lead to

serious damage to the equipment.

1.1 OBJECTIVE OF PROJECT

The switching transient analysis is primarily important in insulation co-ordination for
EHV network and it helps to reduce the damage to the equipments by checking the
equipment BIL is within limit or not. This switching transients can be suppressed

by:
e Pre insertion Resistor of circuit breaker
e Controlled closing of circuit breaker
e Surge arrestor

Ferroresonance is nonlinear phenomenon which occurs due to ferromagnetic ma-
terial which have nonlinear characteristics, and so it occurs between nonlinear induc-
tance and capacitance that affect power networks. This creates large over voltage
that damage the system. So, the main objective is to prevent the consequences of

ferroresonance. Hence it is necessary to
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e Understand the phenomenon
e Predict it
e Identify it and

e Eliminate it.

1.2 PLANNING OF THE PROJECT

PSCAD/EMTDC simulation tool being used in this project work to analyzes the

ferroresonance behavior.
e Simulation switching phenomenon in PSCAD.

e Analysis switching transients by monitoring TRV/RRRV in the fault condition

and shunt reactor switching.
e Creates ferroresonance case study using PSCAD. BY:

a. Simulations with presence of capacitance and non-linear inductances.
b. Single phase switching of breaker.

c. Lightly loaded system components i.e. Transformer.

e Method to preventive ferroresonance.



Chapter 2

Literature Survey

Reference [1] provides standard voltage limits of temporary and transient over volt-
ages and also provides standard data for transmission planning studies for different

conductors and also provides planning philosophy for the transmission line[I].
Reference [2] Provides guideline about slow transients due to witch it occurs[2].

Reference [3] and Reference [4] provides guideline about the fast and Very fast tran-
sient in witch conditions it occurs and also provides guideline to modeling the equip-

ment same|[3][4].

Reference [5] provides basic definitions, principles and rules regarding insulation co-
ordination switching transients and overvoltages. Also provides standard withstand
voltages for example standard short duration power frequency withstand voltages,
standard impulse withstand voltages, standard impulse voltages for different insula-

tions for example phase to earth insulation and phase to phase insulation[5].

Reference [6] and Reference [7] provides basic theory of transients in the power

system [0] [7].
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Reference [8] provides basics of overvoltages that occurs in the power system in detail
and basics of insulation co-ordination between surge arrester and equipment in the

power system network[].

Reference[9] provides basic theory and equations related to TRV/RRRV[9].

Reference[10] provides standard values for TRV and RRRV[10].

Reference [11] provides theory and equations related to reactor switching|[T1].

Reference [12] includes the basic concept of transients in the power system and basic
characteristics of resonance and ferroresonance in the power system|[12].

Reference [13] It present one case of ferroresonance due to double circuit line and its
remedy and also detail discussion about ferroresonance occurs particularly for this

case[13].
Reference[14] provides description the basics of ferroresonance, credible prediction
and evaluation of the rise of ferroresonance, examples of ferroresonance conditions

and practical solutions to avoid the ferroresonance[l4].

Reference[15] provides guideline of mitigating the ferroresonance[15].



Chapter 3

Introduction to PSCAD

PSCAD is a simulator of ac power systems, low voltage power electronics systems,
high voltage DC transmission (HVDC), flexible AC transmission systems (FACTS),
distribution systems, and complex controllers.The models used in PSCAD are:
Resistors, inductors, capacitors, Mutually coupled windings, such as transformers,
Frequency dependent transmission lines and cables, Current and voltage sources,
Switches and breakers, Protection and relaying, Diodes, thyristors, Analog and digital
control functions, AC and DC machines, exciters, governors, stabilizers and inertial
models, Meters and measuring functions, Generic DC and AC controls, HVDC, SVC,
and other FACTS controllers, Wind source, turbines and governors.

The following are some of the studies that can be conducted with PSCAD:
e Insulation coordination of AC and DC equipment.

e Traditional power system studies, including TOV, TRV, faults, reclosure, and

ferroresonance.

e Relay testing (waveforms) and detailed analysis of the CT/VT/CCVT responses

and their impact on operation.

e Designing power electronic systems and controls including FACTS devices, ac-

tive filters, low voltage series and shunt compensation devices.

6
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e Incorporate the capabilities of MATLAB /Simulink directly into PSCAD/EMTDC.
e Sub synchronous oscillations, their damping and resonance.

e Effects of DC currents and geomagnetically induced currents on power systems,

inrush effects and ferroresonance.

e Distribution system design, including transient overvoltage, with custom power

controllers and distributed generation.

e Power quality analysis and improvement, including harmonic impedance scans,
motor starting sags and swells, non-linear loads, such as arc furnaces and asso-

ciated flicker measurement.

e Design of modern transportation systems (ships, rail, automotive) using power

electronics.

e Design, control coordination and system integration of wind farms, diesel sys-

tems, and energy storage.
e Variable speed drives, their design and control.
e Industrial systems.

e Intelligent multiple-run optimization techniques can be applied to both control

systems and electrical parameters.
Modelling of equipments when simulating:

a. Source:
Source models are represent with this existing information: magnitude of AC
line to line rms value, voltage ramp up time, fundamental frequency, phase
shift and branch positive sequence source impedance types which are purely
resistive, parallel RL in series with resistive, ideal (R=0) source. For external

inputs with connecting slider for convenient runtime manual adjustment or use
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control system output for dynamic adjustment witch are shown in fig. 3.1 (a)
to 3.1(e) in witch 3.1(a) single phase view of RRL type source 3.1(b) three
phase view of R/RL type source 3.1(c) ideal source without any short circuit
impedance 3.1(d) source with external control of voltage frequency and phase

3.1(e) single phase source.

DB o] 5

() () (o w2
?
= —

(a) (b) (c) (d) (

Ry

1)
—

Figure 3.1: Figs of source impedance types

Figure 3.2: Equivalent circuit if contain RRL source impedance

b. Transformer:
Transformer models are represented with this existing information : MVA rat-
ing, wingding configuration and voltage, tap change range and normal setting,
leakage reactance between windings, knee point of transformer core saturation
characteristic in per unit of rate flux or voltage, and estimated saturated air
core reactance. In PSCAD transformer represents as single or three phase model

with different types classical and UMEC (unified magnetic equipment circuit).
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This UMEC model is very accurate for transformer in saturation case indicated
in fig.3.3. This with different transformer windings for example 2-winding, 3-

winding, 4-winding etc.

Lmec

@D (P

1 Fa T 0

F[rhw-!pr] 3 Phase 2 Winding Transformer ﬂ‘ [umec-sfmr-Gw3L) 3/5 Limb UMEC Transformer |t
Saturation Enabled ™ = Magnedizing current at rated volage | 1%]
Saturation Piaced on Winding P = Sl [+
8K corn raeiclance W Hml1-Cmmtua%nfrﬂmmnm:W
In rush decay tim constant . S [oompa
Kriee vollage Mol Pt 2- (1, V) [[1774 %) [ 324129 [pu]
Time to release fus clpging [om Pont3-(1,V)  [agtears) [ 61284 pu)
Magnatizing current T Paint4- (1, ¥} | saoass ) | B2stig fpul
PontS-(1,V)  [21%] [Toka
Poil6-(1, ¥}  |30s543m%]  [1.08024 [oul
Pont7 - (1, V) IEEB]-‘.S[E{ |11r33: [pu]
Point8-(1.V)  |20.367 ] | 126115 [py)
Pobt9-(LV) [eoz15r%)  [1.36094 fpu]
Point 10-(1,V} | 124388 ] | 1.48485 [pu]
x| p— heb.. | ok | Cancel | e | ‘

Figure 3.3: classical model and UMEC model and its characteristics

c. Transmission line:
The transmission line represented in network, dimensions and data are required.
This can be given at the tower, and include conductor sag. Shield wire dimen-
sions and resistance are also provided. The transmission line data require in-
cludes: transmission line conductor diameter and resistance per unit length of

transmission line, phase transformation data and distance between phase bun-
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dle, spacing between phases, shield wire diameter and resistance per unit length,
height of each conductor and shield wire at the tower and sag to midspan, tower

dimensions, and ground conductivity. Transmission line model have two models:

e PI model

e Distributed model

PI Model: for frequency domain studies, transmission lines modeled with Pi

COUPLED
— Wl —
T AT
SECTION

Figure 3.4: PI Model

lines can be precise, in the time domain, particularly for long lines (where prop-
agation travel time spans many time steps), precision suffers. Pi line sections
are most useful for very short transmission lines where the propagation travel
time is less than one time step. Model represent with impedance/ admittance
data in R, X, X¢ in p.u. or ohms or R, X,B in p.u. or ohms,line rated frequency

and line length.

Distributed Model:

The distributed transmission line models operate on the principle of traveling
waves. A voltage disturbance will travel along a conductor at its propagation
velocity (near the speed of light along overhead lines) until it is reflected at
the end of the line. In a sense, a transmission line or cable is a delay function.
Whatever is fed into one end will appear at the other end after some delay,
perhaps slightly distorted. The calculation time step of the simulation should

be less than the propagation time.
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Distribution line model designed with Bergeron model, frequency mode model
and frequency phase model. Bergeron model is very simple, constant frequency
model based on travelling time. It is useful studies where it is most important
to get the correct steady state impedance/admittance of line but should not
be used where the transient or harmonic behavior is important. And frequency
model are important in transient studies. Frequency dependent mode model is
accurate for one conductor lines and two horizontal conductor or three phase
line with ideally transposed line geometry. This frequency dependent model

used with the tower model and Bergeron model used with manual data entry.

Circuit Breaker: The circuit breakers that will be switched are identified on
the study system. Other parameters of the circuit breakers are determined:
protection delay or clearing times, maximum fundamental frequency switch-
ing voltage, maximum capacitive switching capability, reclosing sequence, rated
transient recovery voltage and maximum rate of rise of transient recovery volt-
age, mechanical closing time and variation in pole closing times, and closing

resister. Breaker is work by its logic it is set as shown in fig.3.5 as a block.

Surge Arrester: They are very important in the determination of economic
insulation level. It is the best way to choose arresters with the lowest possible
protective consistent with the remainder of the system. The installed loca-
tion and rating of surge arresters are provided. The maximum ratings, and in
particular the energy absorption capability will be determined with study and
characteristic V-I of surge arresters are provided. Fig.3.6 shows the arrester and

the its V-I characteristics .

Output Signal: This component records the signal connected to it, for the
purpose of display in a graph, meter, or for insertion into an output file. The
signal name given as a an input only that name is given to the output signal.

fig. 3.7 indicates output signal.
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BRK Timed
. ﬁ EIrLeUagl%Er
BRK -
p—y Closed@to
x
—# of Breaker Operations - Iniiad Shate ——
1 + Caze

" 2 ™ Open

Time of First Breaker Operation 0425 [z]
Time: o 2 Breaker Operation 0.4%5 =]

(o] _con | _wo |

Figure 3.5: Circuit Breaker and its logic

Modelling of Electrical Equipments in Case of Transient Studies: Sub-
station equipments, such as circuit breakers, substation transformers, and in-
strument transformers, are represented by their stray capacitances to ground.
The capacitance of CVTs should also be represented. Disconnecter switches
or breakers have more than one support, appropriate capacitances should be

added to the model. As shown in figure 3.9.
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Rioresten amester Edl
N - |
T 000001 ta) 1 [oscsenie
K2 [0.00003 a) ¥2 [ D0sed 5355 [pu
X3 [0.000 )] ¥3 1 osTes e
# | 0.000105 kA Y4 [ ATMETE [
K5 [ 0000 3 ea) Y5 |1 zee0csea [pu
% [00m aj YB3 02 (o
L T ¥ [
K8 [o.02ea) Y8 [1 442307692 [pu
8 [ T8 [1 505410058 P
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File Nt |oeumata
- Poihnaeme Do the dabadie B gheen az
F T e A p—
Lol
= ] canct | wo.. |

Figure 3.6: Surge Arrester And Its Characteristic

s
Sign:arﬁum

Figure 3.7: Output Signal

Equipment ‘Capacitance —to - ground

118V 00V TEEW
Dis connector Switch 100 pF 200 pF 180 pF
Circuit Breaker {Dead Tenk) 100 pF 150 pF 800 pF
Bus support Insulator &0 pF 120 pF 150 pF
Capacitor potential Transformer | 3000 pF 5000 pF 4000 pF
Magnetic Potential transfor mer 500 pF 550 pF 800 pF
Cumrent Transformer 3500 pF | 2700 pF 5000 pF

Figure 3.8: Values of capacitance of equipment used in substation
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Transients and Overvoltages in

Power System

Transients in power system: It is short duration overvoltage of few milliseconds or
less, oscillatory or nonconciliatory usually highly damped phenomenon. It is classified

according to is frequency range is given below:
a. Switching Transient
b. Slow Transient
c. Fast Front Transient

d. Very Fast Front Transient

a. Switching Transient: It occurs in Frequency range of fundamental power
frequency to 10KHz It occurs due to the various power system components
such as transmission lines, cables, transformers, source equivalents, loads and
circuit breakers. Switching over voltage is proportional to the operating voltage.

It is important above 400KV levell[l].

b. Slow Transient: It occurs in Frequency Range of 0.01Hz to 1000HZ. It occurs

due to Torsional oscillations (5 to 120 Hz), Transient torsional torques (5 to

14
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120 Hz), Fast bus transfer (1 to 1000 Hz), Controller interactions (10 to 30 Hz),
Harmonic interactions and resonances (60 to 600 Hz), ferroresonance (1 to 1000

Hz)[2.

c. Fast Front Transient: It occurs in Frequency Range of 10KHz to 1IMHz. It
occurs due to lightning surge. The lightning overvoltages are caused by either
shielding failures or backflashovers of the tower insulation on the transmission
lines. These overvoltages will provide the data required for detailed arrester
specifications. Then, the insulation levels (i.e., BIL) of the substation equipment
can be coordinated with the protective level of the arresters|3]. The objectives

of these studies:

e To characterize the magnitude of the lightning overvoltages for insula-
tion requirements, and/or to find the critical lightning stroke current that

causes insulation flashovers.

e Determine transmission or distribution Line Flash Over Rates (LFOR).

e Establish line arrester application guidelines.

e Find optimum location for surge arresters for lightning surge protection.

e Determine minimum phase-to-ground and phase to- phase clearances.

e Calculate Mean Time Between Failure (MTBF) for the substation.

e Determine optimum location of capacitances to reduce steepness of surges.

d. Very Fast Front Transient: It occurs in Frequency Range of 100KHz to

50MHz. This transients typically occur in the gas insulated substations (GIS)
any time there is an instantaneous change in voltage. Most often this change
occurs as the result of the opening or closing of a disconnect switch, operation of
a circuit breaker, the closing of a grounding switch, or the occurrence of a fault,

can also cause VFT. These transients generally have a very short rise time,

in the range of 4 to 100 ns, and are normally followed by oscillations having
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frequencies in the range of 1 to 50 MHz. Their magnitude is in the range of
1.5 to 2.0 per unit of the line-to-neutral voltage peak, but they can also reach
values as high as 2.5 per unit. These values are generally below the BIL of the

GIS and connected equipment of lower voltage classes[4].

Overvoltage: It is defined as any voltage between one phase conductor and earth or
across a longitudinal insulation having a peak value exceeding the peak of the highest

voltage of the system which is:

highestvoltage = supplyvoltage * \/2/3 (4.1)

or - between phase conductors having a peak value exceeding the amplitude of the

highest voltage of the system.

a. Continuous power-frequency voltage: A power-frequency voltage with
r.m.s. value equal to the highest voltage of the system, and with duration corre-
sponding to the lifetime of the equipment. power-frequency voltage, considered
having constant r.m.s. value, continuously applied to any pair of terminals of

an insulation configuration[5].

b. Temporary overvoltage: power frequency overvoltage of relatively long dura-
tion which occurs due to sudden load rejection and single phase to ground fault.
For example Temporary Over voltage: 400 kV system = 1.5pu peak phase to
neutral (1pu=343kV)[1]. With power frequency voltage with r.m.s. value equal

to the assumed maximum of the temporary overvoltages divided by 2 [5]

c. Transient overvoltage: short-duration overvoltage of few milliseconds or less,

oscillatory or non-oscillatory, usually highly damped generated by the switching
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of transmission line or transformer. For example FOR 400kV= 2.5pu peak phase

to neutral[I]. Tts further classification given below[5].

Class Low frequency Transient
Continuous Temporary Slowsfront Fast«front Very-fast-front
141 il T
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Figure 4.1: Types of overvoltages
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Chapter 5

Switching Study

Objective Of Switching Study|[6]

Insulation Co-ordination to determine overvoltage stress on the equipment

Determining energy of arrester.

Determining the TRV across circuit breaker.

Determining effectiveness of transient mitigation device. For Example: pre

insertion Resistor, Inductor, controlled closing device etc.
Switching operation is originate in the system itself by the[0]
e De-energization of transmission line, cable, shunt capacitor, capacitor banks.
e Disconnection of unloaded transformer, reactor
e Sudden shutting off of loads
e Short circuit and fault clearing
e Resonance phenomenon like ferroresonance.
Switching over voltage reduced by the following|[6]
e Line energization by pre-insurtion Resistor

18
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e Point on wave switching
e Limits the over voltage by using surge arresters.

PHENOMENON INVOLVE IN SWITCHING STUDY

Travelling Wave Phenomenon: When fault occurs or breaker reclose in overhead
transmission lines systems, the abrupt changes in voltage and current at the point
of the fault generate high frequency electromagnetic impulses called traveling waves
which propagate along the transmission line in both directions away from the fault

point. Surge Impedance of the line is the

=+/L/C=2Zn (5.1)

~I =<

It is purely a characteristic of the transmission line. The value of this impedance is
about 400¢) for overhead transmission line and 40¢2 for cables. when they reach the
other end of the lines or whenever they see a change in the impedance (impedance
other than characteristic impedance of the line).

Open End Line: When line is the open at receiving end where the wave is going to
see a change in impedance other then the characteristic impedance which is infinite.
current at the open end is zero, the electromagnetic energy vanishes and is trans-
formed into electrostatic energy. This means the potential of the open end is raised
by V volts; therefore, the total potential of the open end when the wave reaches this
end is: V4V=2V. The wave that starts travelling over the line when the switch S is
closed, could be considered as the incident wave and after the wave reaches the open
end, the rise in potential V could be considered due to a wave which is reflected at
the open end and actual voltage at the open end could be considered as the refracted
or transmitted wave and is thus incident wave + reflected wave = refracted wave. We
have seen that for an open end line a travelling wave is reflected back with positive

sign and coefficient of reflection as unity. At that time the current at the receiving
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end is zero so the current is reflected by its negative sign. After the voltage and
current waves are reflected back from the open end, they reach the source end, the
voltage over the line becomes 2V and the current is zero|7].

Short Circuited Line: When line is the short circuited at the receiving end where

2V

Figure 5.1: voltage and current in case of open end line

the wave is going to see change in impedance other then the characteristic impedance
which is zero. Voltage at short end is zero so the electrostatic energy is converted to
the electromagnetic energy. This means current at short circuited end is raised by I
amperes. So the total current at the short end is I4+1=2I. At that time the voltage at
the receiving end is zero so it reflected by its negative sign. So at the source end the

current value is 2I an the voltage value is zero[7].

21

Figure 5.2: voltage and current in case of short end line
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INSULATION CO-ORDINATION:
Insulation co-ordination: selection of the dielectric strength of equipment in rela-
tion to the operating voltages and overvoltages which can appear on the system for
which the equipment is intended and taking into account the service environment and
the characteristics of the available preventing and protective devices[5]. It is means of
correlation of the insulation of various equipment in the power system to the insula-
tion of various equipment in power system to the insulation of the protective devises
like lightning arrestor and protection of those equipment against over voltage like
transformer or busbar. Figure shows the basic concept of insulation co-ordination.
Curve A represents the characteristic of the protective device and Curve B represent

the characteristic of equipment to be protected][7].
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Figure 5.3: Insulation Co-ordination
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Chapter 6

Case Study of Transmission Line

Energization

Case Study of Line Energization is Based on Traveling wave Phenomenon and when
circuit breaker is open near natural current zero at that time current through capaci-
tance is 90 degree out of phase with voltage so this charge is trapped in the capacitor
and when line is re-closed than this trapped charges of capacitance adds in system
reflected voltage which results very high overvoltage. Two cases were Simulated for

energization of Transmission line which are given below:
e Line energization without trapped charges

e Line energization with trapped charges

a. Line energization without trapped charges: For example energization of

line by closing of breaker followed by initially open and closed at voltage peak.

b. Line energization with trapped charges: situation for an uncompensated
line with trapped voltage during a reclosing operation. Energizing occurs at an
instant with a large difference between (instantaneous) supply voltage and line
voltage, a large traveling wave will be injected onto the line. When this wave

reaches the open, far end of the line, it will be reflected and a high overvoltage
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will be initiated. Line energization with trapped charges was simulated by
opening the breaker at current zero. The line voltage at the opening instant
was at a peak value (for example at a positive peak). The breaker was reclosed
at a bus voltage peak, with the polarity opposite to the line voltage (i.e. the D.C
voltage across the capacitor) (negative peak, for this example). This results in

the highest overvoltage and arrester energy for one restrike (reclosing) operation.

ENERGIZATION WITH TRAPPED CHARGES WITH SURGE AR-
RESTER: Switching impulse voltage is approximately same in substation so
that surge arrester provides to all equipments. Surge arresters are used to
limits phase to ground switching overvoltages to level lower than about 0.7
p.u of switching overvoltage[S], because of its mov(metal oxide varistor) and it
has property that it give high impedance to current at normal condition and
low impedance path to current when high voltage condition i.e lightening and

switching overvoltage condition. so, it reduce over voltage drastically.

Inrush Current: The capability of circuit breaker to handle the inrush current
normally expressed in terms of the product of inrush current peak times the

inrush current frequency. Equation of inrush current is given below.

(%)max = 21 fitipear (6.1)
Description of Case study: In this case with 400kV network with all equip-
ment were considered, and 400kV Twin Moose conductor with length 140km
shown in fig.6.1 in this case breaker breaker(BRK) operation is considered. First
case is of Energization of Transmission line without trapped charges in this case
breaker is closed at t=0.105 Second shown in fig.6.1 to fig. 6.5, second case is
of Energization of transmission line with trapped charges in simulated case line
open at t=0.125 Second and reclosed at t=0.195 Second witch shown in fig 6.6

to fig. 6.8. The third case is with arrester with trapped charges this can be
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shown in fig.6.9 to fig.6.11. All three case results are shown with supply side
voltage, remote end side voltage and with charging current. The table repre-
sents the observed quantities for all cases with standard BIL limit is shown in

fig 6.1. The observations and table from the observation are given below:

a. For Line Energization without trapped charges the maximum overvoltage
observed was 620kV which is within the BIL limit of 950kV for 400kV
system as per IEC-60071-1[5].

b. For Line Energization with trapped charges meximum voltage observed

was 940kV which near about BIL limit i.e. 950kV.

c. With the help of arrester over voltage is 782kV. So that with help of arrester
the overvoltage can be reduced. The metal oxide surge arrester are used
to limit phase to ground switching overvoltages to level lower than about

0.7 p.u of switching overvoltages|§].

Switching Phase BIL{kV) for Length of Supply Side Remote End

Operation Voltage | 400KV (As Line (km) Voltage (kV) side
(kV)for | perlEC- Voltage(kV)
400 KV 60071-1)

Enemization of

Line without J26.6 850 140 564 620

Trapped

Charges

Energization of

Line with 326.6 a50 140 795 940

Trapped

Charges

Enemgizafion of

Lime with

Trapped J26.6 a50 140 500 782

Charges with

Surge Arrester

Figure 6.1: Observation Table for all cases
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Figure 6.2: PSCAD Circuit for Line Energization and Reclosing case study
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Figure 6.3: Line Supply Side Voltage without trapped Charges
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Line Remote End Side Voltage without trapped charges
Eb

L=aln)

Ebcl- Eb:2- Eb:3-

T voltage (kv

Figure 6.4: Line Remote Side Voltage without trapped Charges

Line Charging Current without trapped charges
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Figure 6.5: Charging Current Without trapped charges
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Line Charging Current with trapped charges

current (kA
o o
[=] th

Figure 6.8: Charging Current With trapped charges

Figure 6.9: Line Supply Side Voltage with trapped Charges with Arrester
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Line Remote End Voltage with Arrester

Yoltage (kv

|||||||||

Figure 6.10: Line Remote Side Voltage with trapped Charges with Arrester

Line Charging Current With Arrester

Figure 6.11: Charging Current With trapped charges with Arrester
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Chapter 7

Analysis of Switching Transient by
TRV /RRRYV of Breaker

TRV is the transient voltage that appears across the poles of a circuit breaker upon
interrupting a circuit. When arc gets extinguished a frequency voltage transient
appears across the contacts which is superimposed on power frequency system voltage.
This high frequency transient voltage tries to restrike the arc. Hence, it is called
restiking voltage or transient recovery voltage. Power frequency system appearing
between the poles after arc extinction called recovery voltage. So, TRV is equal
to power frequency component which is continuous and oscillatory component due
to inductance and capacitance present in the network which is subsides after few

milliseconds. Power frequency of transient component is

1

' =sn/te

Which is ranging from few Hz to several thousand of Hz depending on circuit param-

(7.1)

eters. Here TRV Analysis is done by analysis of fault condition and measure the TRV
across the breaker. Fault occurance and removal is one of the reasons of occurrence
of ferroresonance. This TRV is the difference of supply side voltage and load side

voltage. TRV defined in standard are inherent values that would be obtained during
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interruption by ideal circuit breaker without arc. Exponential, oscillatory, triangular
is the types of TRV. Exponential and oscillatory TRV are most sever in 3-® faults
and triangular TRV associated with line faults. Test are required at 100, 60, 30 and
10 percent of rated shot circuit current with the corresponding TRV and recovery
voltage.

If the dielectric strength of the medium between the contacts does not build up faster
than the rate of rise of transient recovery voltage, the breakdown takes place causing
re establishment of the arc. If dielectric strength of contacts space builds up very
rapidly so that it is more than the rate of rise of transient recovery voltage of circuit
breaker interrupts successfully. If contacts space breaks down within a period of one
fourth of cycle seconds from initial arc extinction the phase is called re-ignition and
after one fourth of cycle the phenomenon called resrike.

TRV refers to breaker pole to first clear. It is the voltage across the first pole to
clear, the same is generally higher than across the two poles which clears later. First
pole to clear factor is ratio of RMS voltage between healthy phase and faulty phase
to phase to neutral voltage when fault removed or ratio of power frequency voltage
across the interrupting pole before current interruption in other poles to power fre-
quency voltage occurring across the pole to poles after interruption in all three poles.
This first pole to clear factor 1.5 ungrounded faults or not effectively ground system.
It is 1.3 for effectively grounded neutral. A 3-® ungrounded fault produces high TRV
peaks but probability of occurrence is low. Less than 100kV - TRV rating assume
that system can be operated ungrounded. 100kV to 170kV TRV assume that system
can be operated both un grounded and grounded. Above 170kV TRV assume that
system operated as effectively ground system. Two and four parameter envelop for

TRV are shown in the figure 7.2 and 7.3 below[d].
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Meutral XXy Pole-to-clear Bactor K,

Ratio First Secomd Ihird
Ungrounded Infinite 1.5 0.87 0.87
Effectively 3.0 1.3 125 1.0
grounded
See NOTE 1.00 1.0 1.0 1.0
NOTE—Values of the pole-to-clear factor are given for Xp/X; = 1.0 to indicate
the trend in the special case of networks with a rato XX of kess than 3.0

Figure 7.1: Table of pole to clear factor

e Description of Case study: Here 400kV network has considered with all
equipment shown in fig 7.4 with fault on line remote end side fault and the doted
line represents line Terminal fault and in this case breaker (BRK) operation is
to be considered. Simulation results represents the waveforms of Fault current,
TRV and RRRV across the circuit breaker. The waveform is represented for the
LLL-G fault for grounded network for both line terminal fault shown in fig 7.5
to 7.7 and line remote end fault shown in fig 7.8 to 7.10 and observation values

for all fault is shown in fig 7.11. So that the observations are given below.

a. For Terminal Fault, highest TRV observed was 554kV witch is within the
limit i.e. 624kV and RRRV is 1.3kV /s witch is within the limit i.e. 2kV /s
as per IEC-62271-10[10].

b. For Remote Fault, highest TRV observed was 386kv witch is within the
limit i.e. 634kV and RRRV is 0.86kV /s witch is within the limit i.e. 2kV /s
as per IEC-62271-10[10].
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Figure 7.2: TRV two parameter envelop
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Figure 7.3: TRV four parameter envelop
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Figure 7.4: PSCAD circuit for fault case study

Fault Current for Line Terminal LLL-G fault
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Figure 7.5: Fault Current for Line terminal LLL-G fault
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TRY for Line Terminal LLL-G Fault
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Figure 7.6: TRV for Line terminal LLL-G fault

RRRV for Line Terminal LLL-G fault
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Figure 7.7: RRRV for Line terminal LLL-G fault
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Fault current for LLL-G line remote fault
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Figure 7.8: Fault current for Line Remote LLL-G fault

TRV for Line Remote LLL-G fault
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Figure 7.9: TRV for Line Remote LLL-G fault
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RRRY for Remote LLL-G fault
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Figure 7.10: RRRV for Remote LLL-G fault
Type of Fault | Fault Current | TRV as per TRV kW) RRRV for RRRW (k)
IEC-52271- IEC-52271-1
10 (kv k)
Teminal fault
LG 435 524 325.40 2 0.580
LL-G 49 524 328.69 2 1.06
LLL-G 6.0 524 400 2 1.2
Remote fault
LG 244 524 326.70 2 0.350
LL-G 3.63 §24 326.77 2 0.357
LLL-G 4.0 524 350 2 0.50

Figure 7.11: obsevation table of all the faults
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Inductive Current Switching

Overvoltage

Generally when loading in the transmission line is reduced or capacitive current is
increased in the line due to no load or lightly load condition the shunt reactor is
connected in the system network to support the inductive reactor power in the circuit.
60 kV and above system is commonly used which is directly grounded reactor or
grounded through reactor and less than 60 kV system is ungrounded system. Current
to be interrupted is generally less than 300A rms[I1]. The purpose of the reactor

switching are:
e To determine the interrupting window without re-ignition.
e To get the current chopping characteristic of circuit breaker.

e To determine the worst probable overvoltage that could appeare across the

reactor and circuit breaker.
Two types of overvoltages generated as mention below:
e Chopping overvoltages (with frequency 5 Hz)
e Reigniting overvoltages (with frequency up to several hundreds of KHz )
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a. Chopping phenomenon:
When interrupting low inductive current such as magnetizing current of trans-
former, shunt reactor , the rapid deionization of contacts space and blast effect
may cause the current to be interrupting before it’s natural current zero. It
called current chopping. Energy stored in inductor is transferred to capacitor

or inductive energy is transferred to electrostatic energy.

%Lz’2 = %C’UZ (8.1)
V =iy/L/C (8.2)
fo = %H@ (8.3)

This transient voltage having high RRRV appears across the contacts, unless
the arc continues. If it resrikes a further, chop may occurs or several chop may
occurs before the current is finally interrupted, circuit breaker may fail to clear

the fault. waveform of current chopping is shown in figure [11].

X

) |+ ;L

Figure 8.1: circuit of current chopping
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Figure 8.2: current waveform in current chopping
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Figure 8.3: voltage waveform due to current chopping

b. Re- ignition phenomenon: During pre-strike or re-ignition the oscillating
discharge of local capacitance results in high frequency current that flows be-
tween the contacts superimposed on power frequency current that progressively
establish itself. This phenomenon concern all types of switchgear. The breaking
of high frequency current generates a new applied TRV between the contacts
the gap of which it has only slightly varied for this phenomenon occurs on a
small time scale in comparison to the to the contact movement time which thus
leads to new striking and repetition of same phenomenon. There is a succession

of multiple striking associated with variable amplitude voltage waves depending
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/ ug(t)
- dielectric strength
of the inter-contact gap

Y
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Figure 8.4: voltage waveform due to Re-ignition

on change of contact gap.

While closing amplitudes increase until the gap between the contacts is finally
sufficient enough to withstand the recovery voltage which due to voltage es-
calation, still higher than voltage that corresponds to normal breaking. While
opening only occurs if the arcing time (time interval between contact separation
and current break) is low. In this case the contact gap is not sufficient enough

to tolerate the TRV and there is another dielectric breakdown.

e Description of Case Study:
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Here 400kV system with is considered all the substation equipment shown in fig.
8.6. In this operation of breaker (BRK1) is considered. In first case chopping
phenomenon is shown in the breaker is first close and than open this can be
shown in fig 8.7 to 8.9. The second case is case of chopping with arrester can be
shown in fig 8.10 and fig 8.11. Third case is of reignition with arrester shown in
fig 8.12 to 8.14. This cases shown the waveforms of TRV across circuit breaker
and Voltage across reactor. Observation table is shown in fig 8.5. Following are

the observations:
a. For Reactor Switching highest TRV across breaker is 1250 kV witch is
violates its limit i.e. 624kV as per IEC-62271-10[10] for 400kV.

b. It can be limited with the help of surge arrester, but even if with the help
of arrester TRV is become 640kV. It also out of its limit.

c. Hence, certainly re-ignition takes place across the breaker contacts. This

TRV is become 800kV with surge arrester.

d. So, it can be reduced with the help of controlled opening of circuit breaker.

It needs detail study.

Cperation Wialtage Across | Voltage Across | Voltage Across | Voltage
Breaker (k\V) Breaker (kV) Reactar (kKY) AcCross
AsperlEC- AsperlEC- Reactor (kV)
G2271-10 B0071-10

Current Chopping

Without

A rrester G624 1250 950 1250

WWith Arrester 624 644 950 500

Re-lgnition

With Arrester F24 200 a50 500

Figure 8.5: Observation table of all the cases




Chapter8 Inductive Current Switching Overvoltage

e
1.0e20 [ohm]

TESKVI400KVI3KY
Transformer Tmed
@ —' 8 BrLeak_er EBrkt
m ﬁ— ogic
04 TS BRK Kiossa@to
2" 3 :
Z_| (] la
" | [ISOLATOR 3
200) [pE] I Timed
Breaker
200 [pF] s "Logi
gic
BRKZ " lopen@i o
wH o Ic
m [
G2 TS
% _| g d
" | |CURRENT
L} |
580 [pF] TRANSFORMER
s
0
COUPLED COUPLED T BRK2
=TT =TT TLine —u—
EE T P T T P T -
el SECTION | = SECTION
E =] 400KV TRANSMISSION
B = LINE WITH 140km LINE-
3 WITH TWIN MOOSE
1l 1 CONDUCTOR
ISOLATOR -
| CAPACITOR
w o VOLTAGE
m . TRANSFORMER
9!2 o
=] m
ZJp o m B0 MVAR
= REACTOR
BRK1 |
7~ -+ ﬂ
= Ed 89[H]
[ I ] % :
[T =]
o o L
=5 T
o m =]
(=]
=
=z l LIGHTENING
- = |ARRESTER
ISOLATOR CURRENT

TRANSFORMER

Figure 8.6: PSCAD circuit for Inductive current switching overvoltage



Chapter8 Inductive Current Switching Overvoltage

44

Breaker Current

020
0180 4
01004
00804

S

Current (kA

0100 4
0150 4
nienp
0230

0000

00D 010 0150 020 0350 020

Time (=)

Figure 8.7: chopping Current

Chopping operation without Arrester
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Figure 8.8: TRV across circuit breaker for case of chopping
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Chopping operation with Arrester
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Figure 8.10: TRV across circuit breaker for case of chopping with Arrester
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Figure 8.13: TRV across breaker for case of re-ignition
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Introduction to Ferroresonance

9.1 Introduction of Magnetic Material

Magnetic material is classified according to nature of its relative permeability ().
Free space magnetic material have relative permeability equal to 1. There is normal
magnetic materials are paramagnetic and diamagnetic material. This paramagnetic
material have relative permeability greater than 1, and diamagnetic material have
permeability less than 1 but it is much similar to the free space. But the ferro-
magnetic and ferromagnetic material have permeability very very greater than 1.
Ferromagnetic material further divided in to two parts that is hard ferromagnetic
material and soft ferromagnetic material. Permanent magnet material i.e. alnico,
chromium steel, certain copper-nickel alloy etc. and soft ferromagnetic material i.e.
iron and its alloy with nickel, cobalt, tungsten, aluminium. Silicon steel and cast steel
are important ferromagnetic material for use of transformer and electric machines.
Property of ferromagnetic material are basically based on saturation and hysteresis

characteristics.As shown in figure 9.1.

48
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(a) b)

Figure 9.1: Properties of ferromagnetic material (a)saturation and (b)hysteresis re-
spectively

Flux density is proportional to the system voltage and field intensity is propor-
tional to the current. This current oscillate between +/-1,, and flux changes sinu-
soidally between +/- ®,,. Voltage applied to the system is 90 degree leading to the
flux. So, voltage applied is increases more and more flux demanded from core and
current peak increases sharply and therefore core will be saturated. It also depends
on the residual condition in the system. In case of which no residual condition in
the system at that time steady state value of flux demanded at instant is -®,, but
flux only start with zero the transient flux at the time of switching is equal to ®,,
so resultant flux is 2 ®,,,. It is called doubling effect and exciting current is large so
core saturate. The worst case is with residual flux at that time resultant flux will be
2 ¢,,+P, and current further increases and more the core saturate.
Ferromagnetism: A ferromagnet, like a paramagnetic substance, has unpaired elec-
trons. In addition to the electrons’ intrinsic magnetic moment’s tendency to be par-
allel to an applied field, there is also in these materials a tendency for these magnetic
moments to orient parallel . Thus, even when the applied field is removed, the elec-
trons in the material maintain a parallel orientation. Every ferromagnetic substance
has its own individual temperature, called the Curie temperature, or Curie point,

above which it loses its ferromagnetic properties.
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9.2 Resonance Phenomenon:

e [t occurs between capacitance and linear inductance. Electrical resonance oc-
curs in an electric circuit at a particular resonance frequency where the imag-
inary parts of circuit element impedances or admittances cancel each other.
Resonance is the tendency of a system to oscillate at a greater amplitude at
some frequencies. These are known as the system’s resonant frequency. At

resonance the power factor is exactly unity so, at resonance wyLLC=1

f=1/2IVLC (9.1)

e Series and Parallel is the types of resonance. In series Resonance the impedance
of the complete circuit is at minimum. Current through the circuit is very large.
Large voltage across individual L and C. This voltage can be many times greater
than the supply voltage and this voltage across inductance and capacitance are
of same magnitude in series resonance. And in parallel resonance the impedance
of the complete circuit is at maximum. Current through the circuit is very
small. Large current through individual L. and C. This current can be many

times greater than the current supplied by source and it is same in magnitude.

9.2.1 Characteristic of Resonance Phenomenon:

The strait line AB is the characteristic of the inductor. The characteristic of Capacitor
is given by JK or J'K’ according to the value of capacitor The operating point Is P
and P’. At operating point P w;>1/we, and at P’ wy<1/we. If C is reducing then
the JK will be steeper and J’K’ becomes less steep, so that, the line will become
parallel to the AB the voltage V; and Vi become infinite. There is no condition of

the inductor in saturation[12].
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Figure 9.2: Characteristic of Resonance

9.3 Ferroresonance Phenomenon

It is nonlinear phenomenon of the resonance. It occurs between saturated or nonlinear
inductance and capacitance. Inductance involved is usually iron core. The nonlinear

character of iron core inductance introduces some particular effect.

9.3.1 Characteristics of Ferroresonance

It is nonlinear phenomenon of the resonance. It occurs between saturated or nonlinear
inductance and capacitance. Inductance involved is usually iron core. The nonlinear

character of iron core inductance introduces some particular effect.

Figure 9.3: variation of inductance and capacitance in ferroresonace phenomenon
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The voltage across the inductance depends on the frequency w and the also a
function of current f(I). so, we can write:

V= wi(I) so, V7, plotted as a function of current shown in figure.This voltage lead
current by 90 degree. Voltage across capacitance is given by

Vo= -1/we the minus sign indicating that it antiphase with V, and lags the current
by 90 degree. So, the total voltage will be

V=V, 4+ Ve =wf(I)-I/we or V= V+I/we so this V7, has fixed consistent V and one
that is proportional to I. This also plotted in the figure indicating strait line. This
both characteristics represent V7. The operating point must be where the two lines

crosses at P as shown in fig 9.3.

Cincreasing
Iagnetic
charecteristic of
saturation Y,

We

—

Figure 9.4: Full characteristic of ferroresonance

The slope of the line is given by

tan(a)=1/wc

This indicating that if either wor C is reduced the slope will be increase and the
operating point p will be progress up the curve. Fig 9.4 shows that capacitor line

makes multiple interactions with the wf(I) line. This interaction in this case A, Band
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C. At point A the V;, and V¢ are negative and V>>V], so the current I leads the voltage
V. Where as at point B Vo<V, also current I legs behind V. Both point A and B
are stable operating points since any slight variation of current, it will cause voltage
changes tending to restore current to initial value. Point C is not stable operating
point. A momentarily variation in current I would cause changes in V and Vi such
as to reinforce the deviation and destabilize rather than stabilize. So the point B is
non ferroresonance stable operating point where X ,US>Xs and V= V-V,. Point A
is the ferroresonant stable operation point where capacitive situation X,S<X and
V=V-V;, and point C is the unstable operating point where X ,S>X¢.

where S-saturated and US-unsaturated[12].

9.3.2 Voltage, Flux, Current Relationship During Ferrores-

onamnce

Figure 9.5: Circuit of ferroresonance

Figure 9.5 shows the RLC circuit with charged capacitor and inductor having
magnetizing curve. The graph in the figure shows voltage, flux and current with
respect to time.

According to Faradays low: W=N®= [e;dt where eL is the voltage across the induc-
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e
4

N — m —

Figure 9.6: Representation of Voltage, Flux, Current Relationship during ferroreso-
nance

tor, @ is the magnetic flux in its core, N is the number of turns, and t is the time, ¥ is
flux linkage. Magnetization of ¥ in core at any given time is depends on the length of
a potential applied and the magnitude. As shown in fig3.6 the iron cored transformer
into its saturation mode. Voltage applied for a long enough time irrespective of the
magnitude. As shown in fig 9.6 U is equal to the shaded area A under voltage curve
When the ¥ has built up to the knee of the magnetization curve at time t; the trans-
former iron is saturated and the inductance drops to a very low value Ly. A very large
pulse of current then flows, transforming all the energy stored in the electric field of
the capacitor into the magnetic field of the transformer. At time ¢, the potential has
dropped to zero and the current is at its peak. The magnetic field then collapses,
charging the capacitor to the opposite polarity at time t3 At that time the ¥ has
dropped back to the knee of the magnetization curve and under the influence of the
negative potential begins to drive the ¥ downward. Ultimately the transformer core
becomes saturated at the opposite polarity, a pulse of current flows, and the voltage

is again reversed in polarity. The voltage magnitude decreases with each reversal of
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voltage because of I?R losses during saturation.The oscillations eventually die out
due to losses in the circuit. Sustained ferroresonance requires that these losses be
supplied from an external source. If an ac voltage were coupled into the circuit, this
decrease in the frequency of oscillation permits the circuit to search for and possibly
lock in at either the fundamental frequency of the driving voltage or at a subharmonic

of it. The frequency of the oscillation must lie between the limits[13].

f=1/2r/L.C (9.2)

and

f=1/21m\/LC (9.3)

Difference between Resonance and ferroresonance:

Resonance contains System Parameter of Resistance, capacitance, inductor. Reso-
nance occurs at one frequency when the source frequency is varied. Only one sinu-
soidal steady state overvoltage and over current occurs.

Ferroresonance contains System Parameter of Resistance, capacitance, nonlinear
inductor(ferromagnetic material). Ferro resonance occurs at a given frequency when
one of the saturated core inductances matches with the capacitance of the network.

It also contains Several steady state overvoltage and over currents can occur|14].



Chapterg Introduction to Ferroresonance 56

9.4 Classification of Ferroresonance Modes:

The four different ferroresonance types are:
a. Fundamental mode,
b. Subharmonic mode,
¢. Quasi-periodic mode,

d. Chaotic mode.

a. Fundamental Mode: The periodic response has the same period, T as the
power system. The frequency spectrum of the signals consists of fundamental
frequency component as the dominant one followed by decreasing contents of
3rd, 5th, 7th and nth odd harmonic. In addition, this type of response can
also be identified by using the stroboscopic diagram of Figure 9.7, which can
be obtained by simultaneously sampling of voltage, v and current, i at the

fundamental frequency[14].

vit) [viry v

Ferroresonant mode
(1 point)
t
« Normal mode
T [/ 1 |

Figure 9.7: Fundamental Mode

b. Subharmonic mode:This type of ferroresonance signals has a period which is
multiple of the source period, ny. The fundamental mode of ferroresonance is
normally called a Period-1 (i.e. fo/1 Hz) ferroresonance and a ferroresonance
with a sub-multiple of the power system frequency is called a Period-n (i.e.

fo/n Hz) ferroresonance. Alternatively, the frequency contents are described
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having a spectrum of frequencies equal to fy/n with fy denoting the fundamental
frequency and n is an integer. With this signal, there are n points exist in
the stroboscopic diagram which signifies predominant of fundamental frequency

component with decreasing harmonic contents at other frequencies|14].

vit) |\-'| fj v

o (npoints)

(AT [

Figure 9.8: Subharmonic Mode

c. Quasi-periodic Mode:This mode (also called pseudo-periodic) is not periodic.
The spectrum is a discontinuous spectrum whose frequencies are expressed in
the form: nf;+mf,; (where n and m are integers and f;/fs an irrational real

number). The stroboscopic image shows a closed curve[I4].

ity [viry v

(Closed curve)
-,
. .e

\I‘m

Tty 1) 1 304, nf=mf, 1 T

Figure 9.9: Quasi-periodic Mode

d. Chaotic Mode:The corresponding spectrum is continuous, i.e. it is not can-
celled for any frequency. The stroboscopic image is made up of completely
separate points occupying an area in plane V, I known as the strange attractor

as shown in fig below|[14].



Chapterg Introduction to Ferroresonance 58

vt Vil v

.
Strange attractor

Figure 9.10: Chaotic Mode

Fetures of Ferroresonance[14]

The ferroresonant steady state response is characterized by presence of:
e High overvoltages
e High harmonic levels

This may lead to:

Untimely tripping of protection devices, due to overvoltages.

Destruction of equipment such as power transformers or voltage transformers

Current through the windings and leakage current through the insulation in-

creases due to increase in voltage.

This leads to increase in winding and insulation temperature.

a. Causing HV insulation failure due to thermal runaway.

b. Production losses

Unusual noises from transformers

Condition Favorable for Ferroresonance|14]
e Transformer energized through grading capacitance of open circuit breaker.

e Transformers connected to an isolated neutral system.
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e Transformer accidentally energized in only one or two phases.
e Transformers and HV/MV transformers with isolated neutral.
e Power system earthed through a reactor.

General methods to Prevention of Ferroresonance[l4]

e Avoid configurations susceptible to ferroresonance, through proper design and

proper switching operations.

e Provide a safety margin to ensure that system parameters are in the risk area,

even temporarily.

e In isolated neutral systems, the wye-connected PT primaries should not be

earthed or a delta-connection of PTs should be used.
e Use design measures to make magnetic core at low flux density.
e Avoiding no load energizing.
e Prohibiting single phase operations or fuse protections.
e Prohibiting live work on cable-transformer assembly.

e Introducing losses with use of extra burden which damp out ferroresonance in

Voltage transformer and in capacitor voltage transformer
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Ferroresonance Case Studies

This Chapter shows various case studies of ferroresonance with the help of simula-
tion model. Here two case studies are given, first the occurrence of ferroresonance
condition and mitigation of ferroresonance with the help of air core reactor. By con-
necting air core reactor connected across HV winding on tertiary winding because
of this linear reactance in parallel with transformer nonlinear inductor effect of fer-
roresonance between nonlinear inductor and capacitor(in terms of transmission line
or stray or grading capacitor) can be destroyed and disconnection of maximum energy
transformer between them[I5]. Usage of tertiary connected shunt reactor depends on
available capacity on the tertiary winding.

CASE 1: Transformer energized through grading capacitance of open cir-
cuit breaker

This case model is shown in fig 10.1. The supply voltage is of 400kV and transformer
rating is of 100MVA, 400kV/220kV/13kV. Fault occurs at 0.5 sec and it remains
for duration of 0.07 sec. At 0.57 sec breaker 2 is operate i.e opens and after some
time the breaker 1 operates at that time the capacitor connected to ground at bus
terminal is discharges through the transformer. So, oscillation between grading ca-
pacitance and saturated transformer the path of ferroresonance is shown in fig. 10.2.
The Waveforms of 400kV bus voltage is shown in fig. 10.3. It can be observed that

higher the grading capacitance higher the over voltage and ferroresonance is visu-
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alizes for certain range of line to ground capacitance value. Typically in this case
ferroresonance can occurs for grading capacitance range of 3000pf - 8000pf and stray
capacitance range is of 1000pf - 6000pf. In this case over voltage is of 2 p.u or high
and this is shows the subharmonic mode of ferroresonance. With the help of air
cored reactor valued ferroresonance condition is totally mitigated. This mitigation
simulation is done when highest overvoltage can occurs due to grading capacitance
and stray capacitance combination i.e. 8000pf grading capacitance and 5000pf stray
capacitance without reactor connected at tertiary winding and with different values
of reactor. fig. 10.3 is shows waveform without reactor connected at tertiary winding.
fig. 10.4 shows waveform of reactor connected valued IMVAR and 5SMVAR and fig.
10.5 with 10MVAR and 30MVAR value. Observations regarding voltage before and

after connected different values of reactor at tertiary winding in fig.10.10.

CASE 2:Transformer accidentally energized in only one or two phases

In this case of ferroresonance 400kV feeds to transmission line and cabal fed trans-
former with rating 1000MVA 400kV /220kV /13kV [15]. Transmission line is of 200km
and cable is of 1km long. Due to single phase switching of phase A, ferroresonance[16][14]
between cable capacitance, transmission line capacitance and transformer magnetiz-
ing inductor. Circuit modeled in PSCAD is shown in fig 10.6 and the path of ferrores-
onance is shown in fig.10.7. The waveform of ferroresonance over voltage is shown in
the fig. 10.8 without reactor connected at tertiary and with reactor valued 100MVAR
and fig. 10.9 with reactor valued 200M VAR and 333MVAR. This ferroresonance over-
voltage is of 2.7 p.u and it is fundamental mode of ferroresonance. fig. 10.10 shows
observation table with and without reactors. This ferroresonance is observed for the
certain rance of cable length typically for this case for 400kV the cable capacitance is

0.23p/km and ferroresonance can occurs between range of 0.5km - 2km cable length.
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e Conclusion From Ferorroresonance Case Studies

a. Small variation in value of system parameters or transient may cause this phe-

nomenon and initiate ferroresonance.

b. Ferroresonance occurs due to nonlinear inductor and stray, grading or cable

capacitance in the system.

c¢. The frequency of voltage waves which may different from that of sinusoidal

voltage source witch may be either fundamental, sub harmonic or chaotic modes.

d. This probability of ferroresonance situation in system is limited for certain range

of capacitance. Typically
e In Case I: Grading Capacitance Range: 3000pf-8000pf. Stray Capacitance
Range: 1000pf-6000pf
e In Case II: 400kV cable Capacitance is 0.23 F /km. In this case cable Range

: 0.5km 2km.

e. By introducing linear Shunt Reactor at tertiary winding, ferroresonance effect

can be reduced.
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Ferroresonance Case 1 without Reactor
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Figure 10.3: Ferroresonance overvoltage at 400kV bus without reactor connected at
tertiary for case 1
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Figure 10.4: Ferroresonance overvoltage at 400kV bus without reactor connected at
tertiary for case 1
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Ferroresonance Case2 with TMVVAR reactor
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Figure 10.5: mitigation of ferroresonance for IMVAR reactor at 400kV bus side for

case 1
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Figure 10.6: mitigation of ferroresonance for 5MVAR reactor at 400kV bus side for

case 1
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Ferroresonance Case’l with 10MVAR reactor
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Figure 10.7: mitigation of ferroresonance for I0OMVAR reactor at 400kV bus side for
case 1
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Figure 10.8: mitigation of ferroresonance for 30MVAR reactor at 400kV bus side for
case 1



Chapterl 0 F erroresonance Case Studies 67

REACTOR
GOMVAR

BRK3

.||_

—]
0.006 [H]
T
Ll BRKZ
TLine
= 400KV
TRANSMISSION
LIME 300km
LEMNGTH
4000220013k
TRAMNSFORNMER.
400KV SOURCE
Timed Timed
Elr_eaqer ErLea<_er
ﬁ— ogic n ogic
BRK FiosedB D BRE1A Open@h
Timed Timed
Elr_ea<_er Elr_easer an')ln_r
Tag ] Legic = 0gic
BRK1B Open@h BREAC Open@it Ea
Timed Timed
EII-EE<_5I E|l_ea<_el
i 0gic Hica . Legic
BRIZ  lopengn | BR° |opengid

Figure 10.9: circuit of Case 2 in the PSCAD

TRANSMISSION

Figure 10.10: Path of ferroresonance for case 2



Chapterl 0 F erroresonance Case Studies 68

Ferroresonance Case2 without Reactor
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Figure 10.11: Waveform of ferroresonance over voltages without reactor at 400kV
side case 2
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Figure 10.12: mitigation of ferroresonance for 100MVAR reactor at 400kV sidecase
2



Chapterl 0 F erroresonance Case Studies 69

Ferroresonance case?2 with 200MVAR reactor
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Figure 10.13: mitigation of ferroresonance for 200MVAR reactor at 400kV sidecase
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Ferroresonance Case2 with 333.33MVAR reactor
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Figure 10.14: mitigation of ferroresonance for 333.33MVAR reactor at 400kV sidecase
2
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Figure 10.15: Observations for Case 1 and 2 With and Without Reactor connected

at tertiary winding
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Potential Transformer Failure Case

This system is basically traction system of 66/25 kV. In phase I and IT PT burden is
30 VA and in phase III burden is replaced by 100 VA because of their requirement.
So, in 100VA burden PT the area used is same so the flux density is higher than the
30 VA burden PT so that 100 VA burden PT is tending towards saturation. The
saturation curves and data entered in the system shown in Appendix II. It also men-
tion that PT failed during early hours of day time of charging. It is also noticed that
power transformer sounds abnormal noise during initial period it is due to overvolt-
age. So, ferroresonance condition is created between the power transformer and the
cable capacitance. The simulation results are shown in below figures. First Analysis
is done without arrester in the system its circuit is shown in 11.1 and the second
case is with Surge arrester shown in fig. 11.4. Fig. 11.2 and 11.5 shows the volt-
age waveform for overhead line length 2.74 km and cable length is 5.75 km without
and with arrester respectively and fig. 11.3 and 11.6 shows the voltage waveform for
overhead line length 15.91 km and cable length is 0.63 km without and with arrester

respectively. Observation Table for this cases is shown in fig 11.7.
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Following are the observations:

e [t is investigate that the failure is attributed due to high magnetizing current
and sustain overvoltage across PT primary. Hence, primary winding of 100VA
PT burned. This is because of higher flux density of 100VA PT compared to
30VA PT.

e From above cases it is observed that, case (1) of 100VA burden PT fail because
the total length is small than the case (2) of 100VA PT not failed So, the total
length(cable and o/h line) is high in case (2) so capacitance is predominant than

the saturated inductance in this case so this PT not fails.

e [t is the only solution from the study that design should be such that saturation
is transformer should not done. It can be done by increasing the air gap or by

increasing the flux density.
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Figure 11.1: PSCAD circuit without Arrester
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Figure 11.2: Waveform for O/H Line length 2.74 km and cable length is 5.75 km
without arrester
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Figure 11.3: Waveform for O/H Line length 15.91 km and cable length is 0.63 km

without arrester
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Figure 11.4: PSCAD circuit with Arrester
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Ferroresonance Overvoltage with Surge arrester
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Figure 11.5: Waveform for O/H Line length 2.74 km and cable length is 5.75 km with
arrester
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Figure 11.6: Waveform for O/H Line length 15.91 km and cable length is 0.63 km
without arrester

Cases Owverhead Line Cable Length(kkm) | Over Voltage (in
Lengthikm) p.u)

100W A Burden 274 B¥5 38

Withiout Arrester 15.01 063 18

100% A Burden 274 575 29

‘With Arrester 15.91 0.63 14

Figure 11.7: Observation Table of above Cases
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Conclusion and Future Scope

Conclusion

This report begins with brief introduction about transients in power system par-
ticularly switching transients which can be occurs in the range of 50Hz to 10kHz. It
was clearly conclude from this project is, the switching transient case studies are used
to check the equipment insulation within BIL or not. Also if BIL is not within the

limit as per standards than it can be reduced with the help of surge arrester.

one of the transients which are likely to be caused by switching events is low fre-
quency transient, i.e. ferroresonance. it is very rare to occur but it results into very
dangerous overvoltages into power system network. This report presents theoretical
background of ferroresonance, simulation of ferroresonance and also simulation for
the mitigation of ferroresonance with help of tertiary winding loading with different

values of reactor ratings.
From PT failure case we can conclude that PT should always designed with high

flux density or sufficient air gap so that less magnetizing current flows from the core

of PT and it prevent tending towards saturation.
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Future Scope

In this report ferroresoance case studies are carried out for the transmission net-
work it can be carry out in the distribution network for further studies. It can also
simulation of ferroresonance in CV'T and mitigation techniques with the help of Fer-

roresoance circuit in the CVT for further studies.
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Appendix A

Transmission Line

Data

LINE CONDUCTOR POSITIVE SEQ UENCE ZERD SEQUENCE
CONFIGURATION
VOLTAGE R X B R X B
[KW)
T
132 PANTHER S.31E-4 2.216E-3 S.1E-4 2.328E-3 | 8.31E3
220 ZEBRA 1547E-4 8.245E-4 142E-3 4 G45E-4 | 2.767E-3| 8.906E-4
400 TWIN AAAC 1934E-5 2.065E-4 5.67E-3 1.051E-4 | 7.73E-4 3.66E-3
400 TWIN MOUSE 1862E-5 2.075E-4 S.55E-3 1.012e-4 | 7.75E-2 3.584E-3

Figure A.1: Transmission line data
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Appendix B

Data for Potential Transformer

Failure Case

Source Data:

voltage magnitude - 66kV
Frequency - 50 Hz

Source type - RRL

this can be calculated from:

V2
Shortcircuit MV A = A

and

Z=VR+ X2

Transformer Data:

Transformer MVA = 15MVA

knee Point voltage = 1.25p.u

Cable Data:

It is Shown in fig.B1

Potential Transformer 100VA Data:
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Cable#1

§1 [m]

Conductor
Insulatar 1

9.05e-3 [m]§----3 Do
01325 [M]¥--mmcmeeea 1
D366 [M] k- ae -2 v
01786 [M] oo

Figure B.1: cable data

VT Ratio: 227

Primary Inductance(referred to secondary): 5.5[H]
Primary Resistance(referred to secondary): 0.51[ohm]
Secondary Inductance: 0.121[H]

Secondary Resistance: 1.1[ohm)]

Operating Flux density: 0.76[T]

Burden(R)= 121][ohm], (L)=0.63[H]

Potential Transformer 30VA Data:

VT Ratio: 227

Primary Inductance(referred to secondary): 0.227[H]
Primary Resistance(referred to secondary): 0.81[ohm]

Secondary Inductance: 0.429[H]

82



Appendjx B

Secondary Resistance: 1.9[ohm)]
Operating Flux density: 0.63[T]
Burden(R)= 431[ohm], (L)=0.97[H]
VT Saturation Data
Shown in fig B2 and B3 for 100VA and 30VA VT respectively:
by below Equation:
log(H) = o' x log(B) + log(K})

where-
al - Index

K-co-efficient

It can be calculated

(B.3)
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Magnetizing curve
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Figure B.2: 100VA Magnetization Curve
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30VA PT Magnetizing curve
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Figure B.3: 30VA Magnetization Curve
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