@&‘é Basic Components of power systems

BIRZEIT UNIVERSITY )
“Substations”

 The substation Is where the voltage is adjusted, circuits are switched,

system is monitored, and equipment is protected. A typical substation
Includes:

» Transformers

» Switching equipment

» Protection equipment

»Measuring devices

» Control systems

Dr. Mahran Quraan
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Basic Components of power systems
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 The substation steps up or steps down the voltage of the incoming power.

* The incoming line reaches the substation, and its voltage is measured by a
potential transformer (PT).

* Next, a disconnecting switch (DS) is placed to isolate a section of the
substation when needed.

A circuit breaker (CB) is connected to the DS to open the circuit when faults
occur.

« A current transformer (CT) then measures the line current of the high-
voltage side.

Dr. Mahran Quraan
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“Substations”

« Another DS is placed after the CB. When the CB is being serviced, the two
adjacent DSs are opened to isolate the CB from any energized part.

 Before going to the transformer (Xfm), @ surge arrester (SA) is installed.
This device iIs designed to dissipate any lightning or surge transients from
reaching and damaging the transformer.

* The transformer steps down the voltage to lower levels. The low-voltage
side of the transformer has another surge arrester to protect the xfm from the
surges or lightning strikes that may come from the low-voltage side.

* Next are lower-voltage CBs, CTs, DSs, and PTs.

Dr. Mahran Quraan
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“Substations”

Basic components of protection system:

 Moltage and current transformers (V' Ts and CTs):
» Measure the voltage and currents
« Step down the voltage and currents from the high level to convenient level for relays to deal with

* Protective relays
« Sense the faults
« Initiate a trip signal to the circuit breaker

 Circuit breakers (CBs)

» Receive the trip signal from relay
 Breaks the faulted circuit for a few cycles until the fault is cleared

« DC batteries
» Power source for relays and CBs

Dr. Mahran Quraan


User
Highlight


i B Basic Components of power systems

“Substations”

Malin performance criterion of any protection system:.
* Selectivity

* Sensitivity

* Speed

« Stability and security

* Reliability

Dr. Mahran Quraan
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The philosophies of unit and non unit protection:

 Unit protection:
 Look at a specific part of the system

* Only operates for faults within the protected zone whilst remaining inoperative for
external faults

* |t compares two or more measurement quantities such as current
« Example: Differential protection

* Non-Unit protection
 Look at the whole system
 Only operates if tripping criterion is satisfied (1> |
« Example: Overcurrent protection

setting)

Dr. Mahran Quraan
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* If we make C, > C,, the voltage across C, — ¢,
will be much smaller than transmission line
voltage, allowing us to use low-voltage
voltmeter.

* In this case, the current through the p—
capacitors Is:

v, -2ﬂ:f( S )

C,+C,

Dr. Mahra
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o B Basic Components of power systems

“Substations, potential transformer”

* By measuring the low-voltagé V5, we can V.

compute the high-voltage V; of the line.

- T

+ V, is usually/10-12 k"
'V, is 110 V/ to facilitate standardization of the

secondary equipment. = =

Capacitor voltage
transformer

— C,

Dr. Mahran Quraan
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“Substations, potential transformer”™

* The values of C, and C, within the capacitor Vv,
divider are often obtained by a tapping.on a

capacitor bushing/( C, typically 2000 pF)

 To avoid error in the measurement of V1 due
to the considerable Impedance of the
capacitor divider, inductance L is included to
resonate with the effective source capacitance — ¢
C=C,+C..

* L Is designed so that at 50 Hz, oL = 1/wC -

Capacitor voltage
transformer

Dr. Mahran Quraan
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Example

Design a capacitor voltage transformer to measure the voltage of 289
KV line to ground.

Note: In your design select the capacitors that limit the current through
them to say 1 A. Also, select the voltage V, to be 200 V.

Dr. Mahran Quraan
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“Substations, potential transformer”

Vo, 200

Xy = —=""=200Q
/ |
C, = L : = 13.26 uf
WX, 21 x 60 x200
C
ne)
[ 13.26%x107° )

289 x10° = 200L1+

¢

Cl = 918 ﬂF

Dr. Mahran Quraan
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Substations, potential transtormer

Example

A CVT is used to measure a 400 kV, 50 Hz transmission line voltage.
The voltage Is scaled down t010°KV via the capacitors. The voltage drop

across the equivalent capacitance of the CVT Is eliminated using an
Inductor with a transformer.

a) Calculate the capacitors of the CVT to measure the line voltage such
that the current through iis limited to 1 A.

b) If the inductor transformer turns ratio 100:1, calculate the value of the
Inductor.

Dr. Mahran Quraan
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i B Basic Components of power systems

“Substations, current transformer”

Solution
V, 10000
I

=10000 Q2

X =

1

=10000=C, =318.3 nF

L,

V -9
\\//2: C, - C2:>4OO/\/§:1+318.3><10 C,—1441F
p

c,+C, 'V, ~ C, 10 C,

Dr. Mahran Quraan
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“Substations, current transformer”

Solution
Xceq =X Leq
1 =L '=L"'=—; 1 =30.45H
®(C,+C,) w*(C,+C,)
_ L2 _ 30.45 L —3mH
n 10000

Dr. Mahran Quraan
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* The CT is a special type of transformer

* The primary winding is replaced by the conductor
whose current IS to be measured.

* The secondary winding Is wrapped around an iron
core and has hundreds or thousands of turns.

* The secondary windings are shorted by an ammeter.

NZ
—— AANAAAN 3
RRARRAN . ()
Circuit

le diagram of CT

Malin parts
( > of CT

Dr. Mahran Quraan
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Current
transformer

Dr. Mahran Quraan
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* If we ignore the leakage flux, we can use the ampere-turn theory to
estimate the secondary current I,

Iy Ny =1, N,
where
|, Is the current in the transmission line conductor
|, Is the current in the secondary winding of the CT
N, Is the number of turns of the transmission line conductor, which is 1
N, Is the number of turns of the secondary windings

Dr. Mahran Quraan
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 Hence, If we measure the current I, , we can compute the line current I, :
* The rated secondary current I, is standardized at 1-5 A.

« The CT must have its secondary windings shorted. This is done by the ammeter
connected between its terminalS or connecting a heavy load (burden) across its
secondary terminals.

* |If the secondar Windin% IS accidentally opened, the CT will be damaged. This is
because the voltage per turn ratio Is almost constant in the primary and secondary

windings
Vo =NV

» Because N, and V, are high values, V, Is extremely high and will cause insulation
failures and arcing to force the current to pass through the secondary windings.

Dr. Mahran Quraan
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referred to the seco?dary
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Equivalent
circuit of CT
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¢ = Phase angle error

¢ = Phase angle of burden
n = Tums ratio |
Im = Magnetizing component
I, = Iron loss component

> & Flux f, = Excitation
I, = Primary current
l. = Secondary current

Phasor R
diagram of E, = Primary induced voltage
CT V, = Primary terminal voltage

E, = Secondary inducedl voltage
V. = Secondary terminal voltage
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* The current |, is the source of error in the CT, which can be resolved into
two components:
» Direct component, 1, which is in phase with I, and responsible for magnitude errors
»Quadrature component, I, which Is quadrature with I and responsible for phase errors

* The errors can be reduced by using an inductive burden which increases the
burden angle and ultimately makes 1, in phase with nl, thus reducing the
phase error

« The magnitude error can be corrected by reducing the number of secondary
turns

Dr. Mahran Quraan
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= Basic Components of power systems
“Substations, current transformer”

* CT measurement errors:
»Ratio error: Relative difference between the rms values of nlgand 1

»Phase error: Angular difference between nlgand |,

Dr. Mahran Quraan
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“Substations, current transformer”

 The fault current has two components

> DC offset current (depends orthe X/R'fation| of the system impedance)
»Symmetrical steady state fault current

e The solution 1s to Increase the cross-section area of the core, but the
size and cost of CT will increase as well as.

Dr. Mahran Quraan
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“Substations, current transformer”

* Influence of X/R ratio on CT saturation:
» The fault current on the primary side of the CT can be described as:

where
w 1S the source radian frequency,
R and X are the system resistance and reactance under fault condition.

Dr. Mahran Quraan
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“Substations, current transformer”

» The voltage at the primary side of the CT Is calculated as:
R d¢
Vp(t) —F I p(e —COS(COt))—E, ¢ CT core flux

where n is the CT ratio, R, Is a secondary burden
Solving for the flux, we get:

R 1 X R |
t)=—L2 P (1 (@RIO)__P P gin(pt
pt) =52 )5 Esin(at)
The maximum flux of CT core is given by:
_ Rplp X _|_1
max =~ .2 R
Dr. Mahran Quraan N"@ L |
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“Substations, current transformer”

Example

A 600:1 CT is designed to be used with a secondary burden of 3 Q. The
core Is constructed from transformer steel which iIs normally operated at
a maximum flux density of 1.2 T. The cross-sectional area of the CT
core is 90 cm?. If the system X/R ratio is 12, calculate the maximum
fault current that may be transformed by the CT without a risk of going

Into saturation?

Dr. Mahran Quraan
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“Substations, current transformer”

Solution
_ RDI P . nza)¢max
¢max — nza) [(X/R)+1]:> Ip = Rp[(X/R)+1]

_ 600%(27x50)(1.2x90x10°*)

=31.32kA
i 3[12+1]

Dr. Mahran Quraan
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o Sy Equipment under Ny T
Under normal operating or -4 > Sauipment uder |- NLE N
external fault conditions, the " | 1 e orral
relay does not trip and the . ) ‘\ el

- protected zone is healthy. sot o] (D I
Il — |2 > > ff,ext
la =1,
le=14—-1,=0
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BIRZEIT UNIVERSITY

 Under internal fault conditions,

f>

the relay will trip and the ARG caupment incer | 5
protected zone is faulty. ? | .
by é
d k. int
Il — I2 T I f,int Internal fault
| —| _I_If,int b < <
sl s2 N I T{f_{
I Plug setting = /o n
I . f,int -
.=
N

Dr. Mahran Quraan
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Basic Components of power systems
“Substations, differential protection”

* In ideal situation:
« CTs are identical (Ry; = Rey)
« Wiring resistances are equal (Ry; = Rys)

* |n reality:
 CTs may not be identical (R, #R,,)
 Wiring resistances may not be equal (R,; # R,»)

* There will be a spill current in the differential relay which leads to unwanted
operation of the relay under healthy and external fault conditions.

* The relay must be desensitized.

Dr. Mahran Quraan
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i 8%..-  Basic Components of power systems

 The CT saturation causes an increase in relay spill current, which can be much
higher that the steady state spill current if ‘there are differences In excitation
characteristics or there are unequal burdens.

 Transient instability is overcome by the application of high impedance
differential protection.

« Is : relay nominal setting current
* Ry: stabilizing resistor

* R, CT winding resistor

* R_: relay coil resistor

« I primary fault current

Dr. Mahran Quraan
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e If CT1 is saturated: -

l
N

* If CT2 is saturated: V_ = (Rsz T sz)

 To prevent relay operation:

Dr. Mahran Quraan
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””"’ERS'T"’“SUbStatIOnS high impedance differential
protection”

Example

N =1500:1,
R1=14Q,R,,=250Q
R,=18Q,R,=120
R.=15Q

| = 45 kA

.=0.7A

Find the minimum value of stabilizing resistor? The available resistances are
from 100 ohm to 300 ohm in steps of 10 ohm

Dr. Mahran Quraan
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sirzem university S ihstations, differential protection of
transformer”

* Transformer winding connection and vector diagrams
- Yd 11
* Dy5
Dyl
- Yd1
e Dy 7

« CT arrangement must compensate for the [phase shift between primary
and secondary voltages and currents.

* This scheme must be insensitive to external earth faults

Dr. Mahran Quraan
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* Transformer Ratio correction:

* For a transformer of rating S,, the full load currents will be:

Iy = —, Iy = .
\/évLV \/§VHV
 For CT secondary currents of 1 A. Choose the nearest ratio to

I, L 1l J3l, i1, 43I, il

Dr. Mahran Quraan
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i B Basic Components of power systems

“Substations, current transformer”

Example
Transformer: V=132 kV, V| =33 kV, Yd1, S,=25 MVA
Available CT ratios

50:1, 60:1, 150:1, 200:1, 300:1 400:1, 500:1. 600:1, 750:1, 1000:1, 1250:1,
1500:1, 2000:1

Design a suitable differential protection including:
a) Transformer and CT connection diagram
b) Find the suitable CT ratio

c) Find a protection setting current assuming that it should be at least 10
times the full load spill current.

Dr. Mahran Quraan
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 Transformer nominal currents:

S S
|, =—"—=43739, |, = " =109.35 A
] \/_3\/LV " \/_3\/HV
» Selection of CT ratios:
CT, >+/3l,, =189.39 A, CT, >1,, =437.39 A,

CT, =200:1 CT, =500:1

Dr. Mahran Quraan
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siRzEIT UNIVERSITY - ““Quihgtations, differential protection of
transformer

* Full load spill current

\/§|Hn ILn

| > —_n [=0.072 A,
CT, CT.

* Relay setting

|.=101_, =0.72 A,

spill

Dr. Mahran Quraan
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Effect of transformer magnetizing inrush

 Suppose that the voltage has a phase shift of &
v, =V, sin(wt + 0)
 Then, the flux in the core Is:

1 1 . V
=—|v.dt=—1|V_sin(ot+8)dt = ——2—cos(wt + &) + A
¢ ijp ijm (ot +0)dt =~ cos(t + )

p(()

where A is constant of integration. It is a transient flux that quickly
decays as a result of excess eddy current and primary copper losses.

Dr. Mahran Quraan
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i .. Basic Components of power systems
siRzEIT UNIVERSITY - ““Quihgtations, differential protection of
transformer

« After few cycles, the flux becomes

¢:_

" cos(wt + 0)

« Such that, the maximum flux in steady state Is:

Dr. Mahran Quraan
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siRzerT uNversITY - S Iphstations, differential protection of
transformer”

e Assume that the residual flux in the core is zero, then
#(0) =— Vi cos(f)+A=¢,=0= A= Vi cos(6)

Npa) Npa)

* Then, the flux In the core Is:
m_cos(wt + 8) + —2—cos(@
o ( ) o (0)

¢:_

¢=—¢ cos(wt+0)+¢ cos(0)

Dr. Mahran Quraan
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.. Basic Components of power systems

SiRzEIT UVERSITY “Substations, differential protection of
transformer

* When 6 = 0 and wt = x, we get

P =—@, . COS(awt +0) + ¢, cos(0) =24, .,

which is the worst case, as it results in a very —amn
large magnetizing current.

* The transformer looks like a short circuitand

a very large starting current flows, which is = ifF——==
called an inrush current. V(0= Vy sin o1

Dr. Mahran Quraan
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.. Basic Components of power systems

SiRzEIT UVERSITY “Substations, differential protection of
transformer

2B - e mmmme e e ecesasosooiooas
Transient flux =
200 ---=== 5
£
sl
O [mmmmfmms 3 ] :
o 1 Excitation characteristics of core
Vi b--- ' |
Switching | 4 - ' N L HeATm)
nstant YV Vi . . Steady-state o 1 8o

——> magnetizing current ! :
f 0 T2 T 27 Time H Inrush current |
tr = Zero 0 : :
: Steady-state ‘. . L—_
= fim Applied voltage flux Ti2 |

Steady-state T'O
L

flux
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.. Basic Components of power systems

SIRzEIT UVERSITY “Substations, differential protection of
transformer”

« The magnetizing inrush happens when the
transformer is energized. Its value can reach
500% of the steady state magnetizing
current.

* It IS not a fault condition. Therefore, the
protection should remain stable.

 Nuisance of tripping can be prevented by: Normal

Rated
current

ran_geof { - L
» Second harmonic restraint '
 Blocking by gap-detection technique

Dr. Mahran Quraan
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oo .. Basic Components of power systems

mirzerm unversiTy S hstations, differential protection of
transformer”

* Second harmonic restraint

« The magnetizing inrush contains a significant 2n
harmonic component. However, the normal fault
currents do not contain even harmonics

 The problem is solved using numerical relays curnt

ip(= i)’

Normal
range of { F—!
!- -

Dr. Mahran Quraan
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oo .. Basic Components of power systems

swzemunversity - S pstations, differential protection of

transformer”

[
 (Gap detection technique

 The magnetizing Inrush currents have periods In the cycle when the
Instantaneous value of the current Is zero

* The minimum duration of the zero period is a quarter of the cycle ( 5 ms)
« The problem is solved using digital (logic) relays

j . Differential trip e

Ditferential protection o Timer 2 Trip
“Biasing scheme” Inhibit 1 Inhibit 2 =T signal

[biase — - S R
Timer 1 |
| : Hh=025T
R

Dr. Mahran Quraan
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swzermunversity <Gy 1hstations, differentialiprotectioniof

Inrush Current Condition

transformer”

Fault Current Condition

<50
g — 15t .
k= 5 1.0 /\ /\ ]
§ 0‘8— 1 Il | 1 Il
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
= high : ' ' =  highf : - -
5 5 .o
27 & B
5 low 1 I i . A low 1 I i 7]
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
S« A mmc [ ——Inhibit 1 3 o hight | ' [ ——Inhibit 1
= B EEEEHEHEHEHEH Tnhibit 2 =5 | e Inhibit 2
k= : : : i : S 2
< c ' : i H H . ==
o H 5 H H s H o .=
= lOVV i3 S i . e S il e = lOVV 1 T T
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
= hight : ! ' ] = highfF | ] .
c c
.80 .80
= S
= 10W 1 | | = 10W 1 | I 7
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
time [s] time [s]
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srzerrunversity - <Qubstations, differential protection of
feeder”

 The length of the protected circuit is the main challenge

* Pilot wire scheme (copper pilots) is usually used for distance over 25 Km (<
25 km)

* Pilot means existence of communication channel of wire between two ends

of a transmission system over which the exchange of information takes a
place.

 Only one pilot is used per circuit (feeder)

« Summation transformer is required to drive a single phase quantity from
three phase current inputs. It is used to minimize the pilot cable cost.

Dr. Mahran Quraan
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.. Basic Components of power systems

SIRzEIT UvERSITY “Substations, differential protection of
feeder”

« Circuits longer than 25 km can not use copper pilot wires.

* In this case, other forms of communication media used such as power
line carrier.

* It Is Impossible to send 50 Hz directly, the signal must be encoded
using higher frequency carrier.

* Normally, only comparison of current phase (not magnitude) is made.

Dr. Mahran Quraan
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feeder”

A. Summation voltage at end G

End G End H
Faa'an Fan' 22y
— i D — N T r—
YN YN,
— 13 = pg o
Tac B. Squarer output at end
U= [=a
’J I— Signalling equipment and 1 L‘
A | C
S ” communication channel D
umtr;llarl:n -i Squarer |-—4 Transmitter |->\ g -l I—i——l }—
netwo ’
D 2 ~ " C. Summation voltage at end H
' - - '
i_ J' Internal fault
———————————— G I Iy H 2=
# Phase y 7
comp::rator I D. Sguarer output at end H
Pulse length _[He-:eived_at end ( via
discrimination Load or through fault ideal carrier system as I
G ] Iy H
7t ' _@\.G_l/7@

Dr. Mahran Quraan
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E-B+D

F. Discriminator output at end

Basic Components of power systems
“Substations, differential protection of
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siRzeT uNvERsITY S 1hstations, differential protection of
feeder”

* The stability angle must accommodate for
» CT phase errors
 Propagation delays (1 degree/ 17 km)
» Charging current of the line

Dr. Mahran Quraan
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Substation B
A

—
——

S 0%

I—H + + i —
A : A a T A a |_- _
|F@Mpf * . : : : a : b +
C -
+ I—|—|—= c c C [ I—| i
Substation A - Three-FPhase Three-Fhase T
Pl Section Line Pl Section Line
L=10 km A L=5km
i E\ a2
c ib2
- i
Internal Fault
e ic2
Load 1
Discrete
Ts =
ial n+2 Summation | D >*_ | c >*_
TxA Tz
[Transformer A
) P +
ib1 n+1 + == B In1 Out! Out1 In1 =0
4
squarer 1 squarer 2
DD > Outt In1 -J Int Outt *
vy v
Rx1 Rx2

_—

Measurement
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TX results

Transmitter

p
1/0

B iansi]

‘[ggcoS(?piIzt)

Current [A]

|
0 0.005

|
0.015

(=]
T

Squarer output
"binary message"
<o
W
T

1
0.005

()

|
0.01

1
0.015

1
0.02

|
0.025

f1=2kHz

FSK wave
f2: 1 kHz

1
—
!

1
0 0.005

|
0.01

|
0.015
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-a§ jc;D 1 T T T T
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&) =) ot * . 1 I - - | o
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Internal Fault Condition

high L T T T 7 |
m
low T T T T —
0.5 0.52 0.54 0.56 0.58 0.6
highf - ‘ : ‘ ]
’Trlp
S
low! T T T T =
0.5 0.52 0.54 0.56 0.58 0.6
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External Fault Condition

2F ‘ T T .
—Al
X KK AKX KK A=Y
N
-2 L 1 1 i ]
0.3 0.32 0.34 0.36 0.38 0.4
hlgh L 1 L L i
—B
......... D‘
low i ‘ i 1 .
0.3 0.32 0.34 0.36 0.38 0.4
high \ T l
low ; ‘ ' ‘
0.3 0.32 0.34 0.36 0.38 0.4
high, No Trip
low T T T T
0.3 0.32 0.34 0.36 0.38 0.4

Normal Condition

0.12

0.14 0.16

Tow

high

0.14 0.16

low

0.14 0.16

0.18

highf

No Trip

low

0.1

0.12

0.14 0.16

0.18
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A circuit breaker (CB) is a high voltage mechanical switching device, capable of
making, carrying and reakln? load current during normal operation and Interrupt
large fault current in abnormal conditions.

 The breaker can be operated by a trained substation personnel by pressing the
button at the control room. But during the fault condition it trips automatically.

 The following is required from a circuit breaker:
» In the closed position it must be a good conductor;
» In the open position it must behave as a good isolator between system parts;

> It must be able to change from the closed to open position in a very short period of time
(typically in less than 0.1 second);

» It does not cause overvoltages during switching;
» It is reliable in its operation.

Dr. Mahran Quraan
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Basic Components of power systems
“Substation§, Circuit breaker™

Circuit breaker

« Main components of CB
»Main contacts
» Auxiliary contacts
» Trip coil
» Latching mechanism

Opening

spring
(compressed)

Auxilliary
contacts

_J To alarm and indication

circuits
Tri:;g::ing
Tip |p====-- [
coill | Relay | I:-at:t*t:ary

I Tri-Eping I

' contact !

— | I |

. |

Main Main contacts :. Y

circuit (closed) : |

O | Evaluating |

I circuits I

Inf ti lative t in Ci 1: andvor :
nformation relative to main circui i

- - - - . mec:hanlsmI
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“Substations, circult breaker”

« When fault in the line takes place, the

large fault current Is associated with e
the increase of secondary current in the — <& REARAR ;
CT C'B

« This will actuate the relay and relay controlle
contact closes.

* Now as the tripping circuit of the command
breaker Is complete, the trip coil is CB operation
energized.

Dr. Mahran Quraan
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“Substations, circuit breaker”

 The energized trip coil initiates breaker

mechanism for moving the circuit e
breaker moving contact away from —| ¢ ERRRAR
fixed contact. C'B ?

* The arc formed between the moving controlle
contact and fixed contact IS
extinguished by  [reaker arc
extinguishing mechanism.

* Finally, the breaker is opened.

Command

CB operation

Dr. Mahran Quraan
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* From the figure it is clear that the breaker
trip circuit can be closed by closing of
either of the contacts C1 or C2.

« While C1 is for manual closing by
pressing the button at the control panel,
the C2 is closed automatically by breaker
relay for abnormal over current condition
sensed by CT.

» These two_contacts in parallel fulfil the
logic OR function.

Dr. Mahran Quraan
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Circuit
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(T —

Breaker

Tripping
coil
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Battery

CB operation
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Basic Components of power systems
“Substations, circult breaker”

 During separation of moving contact from fixed contact glectric arc is produced
between the contacts.

 Extinguishing of the arc is the most important part of breaker functioning, which
greatly influences the breaker design.

* The arc extinguishing Is a difficult task in HV and EHV or UHV circuit and is the
primary concern for breaker design.

* The energy stored in the line/circuit inductance Is dissipated in the arc and the arc
IS required to be extinguished reliably.

 The circuit breaker functioning is comprised of three main tasks.
» Sensing and tripping circuit
» Operating mechanism

» ArCiinterruption

Dr. Mahran Quraan
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“Substations, circuit breaker”

* The breakers can be classified several ways. The most important
classification Is the medium used for arc interruption. (0Oil, air,
vacuum, or SF6)

 The circuit breakers are also available as single tank type or separate
tank type. In case of separate tank type, each phase has a separate tank.
For EHV application separate tank type breakers are preferred.

 The circuit breakers can also be classified from the point of view of
operating mechanism. The operating mechanism of the circuit breaker
may be hydraulic, pneumatic or motor operated types.

Dr. Mahran Quraan
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“Substations, circuit breaker”

* The circuit breakers are also classified as  passass  sssss
live tank type or dead tank type. i

TV VYT

* In case of live tank type breaker, the :
enclosure of the breaker IS at line potential. E o\ \

*In the dead tank type breaker, the E terrepter:. LA
enclosure of the breaker is at ground 115 Mechanism |
potential. =

 The dead tank type breaker requires j
additional 0il/gas for insulation from the
grounded enclosure. Live tank type breaker —— Dead Tank

requires less oil or gas.

Dr. Mahran Quraan
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“Substations, circuit breaker”

High voltage breaker switching phenomena and TRV

. C_ircqitt breaker switching results in either breaking the circuit or making the
circuit.

. Ahfter a circuit breaker is closed or opened the configuration of the system
changes.

* For example b?/ openingi a breaker a part of the network may be de-
energised or isolated or a load may be disconnected.

* On occurrence of fault the trip signal initiates breaker mechanism so that the
breaker contacts separate, and arc iIs formed between the contacts.

 The arc is extinguished at current zerol But there are chances of re-striking.

Dr. Mahran Quraan
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“Substations, circult breaker”

L: The equivalent inductance up to e

the breaker. o -

R: The line resistance being small  acsouce

and Is neglected. v —=c Pl
C: The the equivalent capacitance

due to the equipment bushings.
Representation of

equivalent circuit and fault

Dr. Mahran Quraan
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. | Breaker . Breaker
AC Source AC Source | 1
vV —_— C Fault Vv —— C Fault

Equivalent circuit and fault Equivalent circuit and current flow
current flow during arcing just after interruption of arc

The voltage across the poles of The voltage across the poles of

the breaker is the voltage drop breaker Is the voltage across the

across the arc. (V,=0) capacitance C. (V,# 0)

Dr. Mahran Quraan
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“Substations, circuit breaker”

Current-interruption in a
purely inductive AC circult.

Dr. Mahran Quraan

current

<

arcing time

power-frequency
voltage

contact separation

>

Recovery
Voltage (RV)

current zeros ,

N

\

Transient Recovery
Voltage (TRV)
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“Substations, circuilt breaker”

current

fEro
current

Current zero and transient Rate-of-Rise of TRV Tr?;izggﬁﬁﬁ}ew
recovery voltage In an inductive (RRRV)

AC circult.

power-frequency
voltage

TRV peak
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* The voltage across the poles of breaker after
arc extinction 1s called as the [recovery Bk SR
VOItage. Current Voltage

 But the transient part just after current zero is
called as Transient Recovery Voltage (TRV). e

« After the transient vanishes within few =< J
microseconds, the voltage across the poles Is \ !
called Recovery \oltage which is at power — X =t
frequency. S ¥ 7

* It should be noted that the Transient Recovery Je-
\oltage is also known as Restriking Voltage. -

Transient Recovery
Voltage

Recovery
oltage

Dr. Mahran Quraan
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“Substations, circuit breaker”

* The voltage across the capacitance which is
the voltage across the breaker poles — Faut  system o 1 ent Recovery
approaches the system voltage in an " "%° |- Vot
oscillatory manner due to the formation of
series LC circuit. il

« The frequency of oscillation of the \ ;
transient is very high in comparison to the e 5k
power frequency at 60 Hz or 50 Hz . If f IS g S
the frequency of oscillation of the transient e
voltage then, #

f,= L >>50 Hz or 60 Hz,

27t LC

Recovery
oltage

Dr. Mahran Quraan
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* The amplitude of oscillation is gradually
damped due to the presence of the small ~ Faut  system ¢ Transient Recovery

line/equipment resistance. s s Voltage

* The peak value of the TRV can be very ",
high. In testing and standardization, the -,
damping Is expressed by the amplitude /
factor k,;, defined as the ratio between the %
transient peak value and the steady-state . J
value. The value of k; Is In the range 1 < v
kaf <2 a

Recovery
oltage

Dr. Mahran Quraan
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“Substations, circult breaker”

* The rate of rise of this Transient Recovery
\Voltage and the value of the peak voltage are o

current

very important for successful arc quenching ;
ability of breaker. \

- If rate-of-rise of recovery voltage (RRRV) I1s . Transiont Rscovery
higher than the rate of gain in dielectric =~ @ ot
strength of the medium between the breaker N
contacts then restrike will happen and arcis . .| |
again formed between the contacts, feeding P atage
the fault for another half cycle at least till next

current zero is encountered.

TRV peak

Dr. Mahran Quraan



M* =Basic Components of power systems

“Substations, circuit breaker”

* Derivation of RRRV
* By applylng KVL in the loop, we get

k
L Breaker

L u - ] v
VS o L dt +VCB | C d.t AC Source

v —— C

Fault

where v, IS the system voltage at the instant
of arc Interruption. As the transient
oscillation is a fast phenomenon, v, can be
regarded as a constant for a short duration.

V., _LCdz\/CB

Dr. Mahran Quraan dt
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 Taking Laplace Transform of both sides of the equation, we get

LC dz‘t’gB +V o =V —f>(L(:s2+1)vCB =\g—
gV 1V 1
CB 2 N
s (LCs?+1) LCs (Sz+1j
LC
v Ve Y 1
“ s (52+a)02) > JLC

Dr. Mahran Quraan
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“Substations, circuit breaker”

 Taking the Laplace inverse, we get
V o ) 1 .
Vi = - : (52 +0a)02) LV, =V a)o_([(sm(a)ot ) it

Ves =V (1-cos(apt ))

* RRRV is given by: ]
VCB

dt
=,V

RRRV =

=,V sin(a,t)

(RRRV )_

ax
Dr. Mahran Quraan
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 Expression of maximum value of RV and corresponding time:
* Now

Veg =V [1—cos(at)]

* If vg IS to be maximum

cos(ot, )=—1l=awt =nx
7T
t, =—=nvLC
Wy
» and the peak value of recovery voltage
Vg max = 2V

Dr. Mahran Quraan
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“Substations, circuit breaker”

Example

For a 132 KV system, the reactance and capacitance up to the location of
the circuit breaker i1s 3 ohms and 0.015 puF, respectively. Calculate the

following:
a) The frequency of transient oscillation.

b) The maximum value of recovery voltage across the contacts of the
circuit breaker.

¢c) The maximum value of RRRV

Dr. Mahran Quraan
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Solution . .
a) . f,= = =13.291 kHz
2rvLC \/ 3 L 0.015x10°
271 x50
2
b) . Vg ma =2V = 2\g x132 = 215.56 kV %

max

C) . (RRRV) =,V :27zx13.291x103><\/%x132><103=9 KV/ s

Dr. Mahran Quraan
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Basic Components of power systems

“Substations, circuit breaker”
W

* To reduce the recovery voltage voltage, RRRV and severity of the
transient oscillations, a resistance 1S connected across the contacts of
the circuilt breaker.

* This Is known as resistance switching. The resistance iIs in parallel
with the arc. A part of the arc current flows through this resistance
resulting In a decrease In the arc current and increase In the
deionization of the arc path and resistance of the arc.

* This process continues and the current through the shunt resistance
Increases and arc current decreases. Due to the decrease In the arc
current, TRV and RRRYV are reduced.

Dr. Mahran Quraan
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“Substations, circult breaker”

* The resistance may be automatically switched in with the help of a
sphere gap.

* The resistance switching is of great help in switching out capacitive
current or low inductive current.

* The analysis of resistance switching can be made to find out the
critical value of the shunt resistance to obtain complete damping of
transient oscillations.

Dr. Mahran Quraan
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By applying KVL in the loop, we get

di .
VS:Ld—tL+vCB, I, =i, +ig;
Veg |- dv
i, =—2;i. =C —=£
R ° dt

where v, Is the system voltage at the instant of arc interruption. As the
transient oscillation is a fast phenomenon, v, can be regarded as a
constant for a short duration.

Dr. Mahran Quraan
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d(i. +1
v, =L (ic R)JerEazLd(CdVCB +VCB)+vCB ~V

S dt dt~ dt R
v, =LC d 2\/‘235 + L dveg +V g 7V
dt R dt

 Taking Laplace transform of both sides of the equation, we get

dv, L dvg
_I_

dt® R dt

Y :V 1 _ V 1

© s (LCs+(L/R)s+1) LCs (s*+(1/RC)s+(1/LC))

V

LC Vg =V —(LCs? +(L/R)s +1NV =

Dr. Mahran Quraan
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 Characteristic equation:

s[s2+ s+ |=0
RC LC

 Roots of the characteristic equation:

s,=0

Dr. Mahran Quraan
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“Substations, circult breaker”

* For no transient oscillation (overdamped response), all the roots of the
equation should be real. One root is zero, i.e. s; = 0 which is real. For
the other two roots to be real, the roots of the quadratic equation in the
denominator should be real. For this, the following condition should
be satisfied.

1 1

Dr. Mahran Quraan
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 Therefore, If the value of the resistance
connected across the contacts of the circuit
breaker is equal to or less than R, there will be
no transient oscillation.

R —
R >
R <

Dr. Mahran Quraan

R. — critically damped
R. — under damped

R, — over damped

pee |

“Substations, circuit breaker”
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Example

In a 220 kV system, the reactance and capacitance up to the location of circuit
breaker iIs 8 ohms and 0.025 pF, respectively. A resistance of 600 ohms is
connected across the contacts of the circuit breaker. Determine the following:

a) Natural frequency of oscillation.

b) Damped frequency of oscillation.
c) Ciritical value of resistance which will give no transient oscillation.

d) The value of resistance which will give damped frequency of oscillation,
one-fourth of the natural frequency of oscillation.

Dr. Mahran Quraan
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Solution

f _ 6.304 kHz
\/ 8 . 0.025x10°°
50

Dr. Mahran Quraan
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Solution
b) >
1 1 1 1
.I: = 2 . 2 _ =
gy Var' -a 27z\/LC (ZRC j
2
f, = 1 3 1 —( 1 6) =3.413 kHz
27Z'V XO.025X1O_6 2X6OOX0025X10
271 x50
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Solution

C)

=5
R, = =|~27250) _ 50435 0)
2 10.025x10

Dr. Mahran Quraan
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Solution
d) fd :i\/woz_az = 1 1 ( 1 j :1 1 L
27T 27T 2R 427 \JLC

= (7) = ( )
LC (2RC) 16LC _\2RC 16LC

2reso)
27x30) 55117 0

L V15 —>R=2,/L=2V —~
RC 2JLC 15C 15x 0.025x10
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* The rated transient recovery voltage (TRV) Is the peak transient
voltage (expressed In kV) that corresponds to the first pole-to-clear
when interrupting a three-phase fault at rated short-circuit current.

* The rated transient recovery voltage (Vz,) IS calculated as follows

(based on IEC):
/ 2
VTRV = 3kppkafv

where V, Is the rated line voltage in kV, k,; Is the first pole-to-clear
factor, and k¢ 1S the amplitude factor

Dr. Mahran Quraan
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“Substations, circult breaker”

 Definition of first-pole-to-clear factor:

It is the ratio of the power-frequency voltage across the first interrupting
pole before current interruption in the other poles, to the power-

frequency voltage occurring across the pole or the poles after
Interruption in all three poles.

It is the ratio between the recovery voltage across the first pole to clear
and the phase to ground voltage of the system.

Recovery voltage on the first pole

K =
pp v /3

Dr. Mahran Quraan
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“Substations, circuit breaker”

* One of the circuit-breaker poles will be the first to encounter a current zero
and If the interruption is successful, this pole is called first-pole-to-clear.

* The first-pole-to-clear-factor (k,,) Is depending on the earthing of the
network.

 Neutral-system earthing:
» Solidly earthed,
» Effectively earthed,
» Non-effectively earthed.

* The first-pole-to-clear-factor is used for calculating the transient recovery
voltage for three-phase faults.

Dr. Mahran Quraan
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* In general the following cases apply:

Kyp = 1.3 corresponds to three-phase faults in systems with an effectively
earthed neutral.

= 1.5 corresponds to three-phase faults in non-effectively earthed systems.
= 1.0 corresponds to special cases, e.g. two-phase railway systems, short-

p
pp

Ine fault.

A special case Is when there is a three-phase fault without involving earth.
This case corresponds to k,, = 1.5. This case Is covered by the IEEE
standards.

Dr. Mahran Quraan
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« The current In the first-pole-to-clear Is
Interrupted (i, = 0), causmg the current in the |
two other hases to Dec - , CB

ome equal In ;
magnitude and opposite in polarity. The two- 4@_- = S S
and 1, can be calculated u | ‘

phase currents I,

easily as: uz —— /
' =u2_u3=—i3, 4®—- e

'2 2X

where X, Is the short-circuit reactance of each of 4@_- >
the phases and u,, u; are the phase-to-earth
voltages of the source. L

Three-phase faults in non- effectlvely
earthed systems

Dr. Mahran Quraan
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* The voltage across the circuit-breaker can
be calculated in the following way: Uy X, . CB

u, — Xyl = Upgns  Us T Xyl = Upy,n 4@_- T | ‘u:- :
UE X1 .-; /
U =u. —u, =u—|=2"" ]y |k 4®—- =4 N
albl — “aln bln — “1 ! 1
2 2 f

Us X1 {1
ual,bl :15u1 4®—- Y S R
u el
kpp — al,bl :15
ul
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* The second- and third-pole-to-clear interrupt at the same instant and
will share a recovery voltage of uV3, equal to the phase-to-phase or

line voltage imposed across the series combination of both circuit-
breakers.

* Thus, assuming equal voltage distribution across each of the circuit-
breakers, each pole recovers against a momentary recovery voltage of
0.5 uV3, having an amplitude of 0.87 p.u. at last-poles current zero in a

pure inductive case. After interruption of the last two poles, the RV
across all poles Is restored to 1 p.u.

Dr. Mahran Quraan
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The current-interruption
process

Dr. Mahran Quraan
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* The CB has two main settings: tap setting and time dial setting.

 The tap setting determines the level of current above which the CB is
to open.

« Since most faults are temporary and can be cleared by themselves, the
breakers are designed to wait a while before they initiate the opening.
This delay time is the time dial setting.

Dr. Mahran Quraan
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» Main characteristics of CB:
» Tripping or breaking time
Tripping time= opening time + arcing time
Opening time: it Is the time between the instant of application of tripping power
to the instant of separation of main contacts.

Arcing time: it 1s the time between the instant of separation of main contacts to
the instant of arc extinction.

Dr. Mahran Quraan
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» Rapturing or breaking capacity
It is the capacity of the CB that the main contacts are capable of interrupting, it
IS expressed in KVA

Rapturing capacity of CB = \/§VL |-

where I is the fault current and V, is the system volts

Note: the selection of breaking capacity depends on the fault conditions
expected in the system

Dr. Mahran Quraan
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NS kV MVA kA
3.3 50 8.8

75 13.1

150 26.3

Typical rapturing capacities 6.6 150 13.1
of modern circuit breakers -, i
11.0 150 7.9

250 13.1

500 26.3

750 40.0

33.0 500 8.8

750 13.1

1500 26.3

66.0 1500 13.1

2500 21.9

Dr. Mahran Quraan
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* Types of faults:
» Transient (80%): lightning, arc flash
» Semi-permanent (13%): animals and branches on line
»Permanent (7%): line and pole damages

Dr. Mahran Quraan
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 Another type of CB commonly used in distribution networks is the recloser.
* They are CBs with built-in instrument transformers and relays
* They are available for 2.4-46 kV systems

* Reclosers are less expensive types of CBs with lower current ratings and
slower action than substation CBs.

* They can interrupt fault currents and can automatically reclose after a
momentary outage. However, If the fault is permanent, the recloser locks
itself In the open positive after a preset number of reclosing operations
occur.

Dr. Mahran Quraan
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« DSs are automatic or manually operating devices.

* In either case, they are not designed to interrupt a fault current and are
less precise than CBs.

* They are normally used to isolate sections of the network.

* For example, the CB has one DS on each side to allow workers to
perform maintenance on the CB.

* The CB is first opened to interrupt the current. Then, the two DS are
opened to Isolate the CB from the grid..

Dr. Mahran Quraan
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Hot side DS DS Hot side

Dr. Mahran Quraan
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« Another type of DS is the sectionalizer.
* This device Is more sophisticated than the DS described earlier.

 Sectionalizers do not Interrupt fault currents and are often used In
conjunction with reclosers.

* They have counters that keep track of the number of times a recloser
operates and can isolate sections of the network when the power is off.

Dr. Mahran Quraan
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 The figure shows a recloser after the
distribution transformer.

 Loads 1-3 are served by the recloser

oads 2 and 3. I—I rl_o |—I

e A sectionalizer Is Installed between
Load 1 Load 2 Load 3

\NNN/
AYAYAYA
?

« Assume that the recloser Is designed
to operate twice (two counts) and the
sectionalizer 1s designed to operate
once (one count).

Dr. Mahran Quraan
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BIRZEIT UNIVERSITY

« Assume a fault occurs In the line
between Loads 2 and 3.

 The fault causes the recloser to open.

 The sectionalizer
recloser iIs open.
fault 1s not cleared
closed into the fau

* The recloser will ¢

notices that the
Assume that the
and the recloser 1s
{.

uickly open again

as the fault is still t

Dr. Mahran Quraan
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“Substations, sectionlizer”

« The sectionalizer will know that the
recloser is opened the second time. This
IS when the sectionalizer opens its
contacts.

« The next time the recloser closes the
circuit, there i1s no fault seen by the
recloser and Loads 1 and 2 are served.

e Because of this coordination, when the
fault 1s permanent, we can isolate the
section of the network with the fault and
serve the rest of the customers.

Dr. Mahran Quraan
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 Switching of power lines and lightning strikes can cause excessive and
sudden increase In voltage at the substations.

 This can lead to extensive damage to the insulation material inside
expensive equipment such as transformers, insulators, CTs, and PTs.

* |t can also cause arcing between components, leading to equipment failures.

* When a lightning strike reaches oil-immersed equipment, the heat produced
by the lightning energy increases the pressure inside its housing.

* If the pressure reaches a high enough level, the housing could burst and an
Incredible fire could follow.

Dr. Mahran Quraan
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* What makes this problem more severe is the A
fact that lightning Is a wave that travels along :
the line at the speed of light. So when it is
detected, it Is often too late to react.

 To protect the vulnerable equipment, surge
(or lightning) arresters are used In
substations. These devices operate very

R (KL1)

similarly to the zener diode whose resistance i,\ o
IS Inversely pr()pOrthnal to the appl Ied !I\‘Drmal voltage o
voltage.

Resistance of surge arrester as
function of applied voltage.

Dr. Mahran Quraan
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* The surge arrester used in substations is often made of metal-oxide disks
Inside porcelain housing and is called metal-oxide varistor (MOV).

 The term “varistor’” is a combination of two words: variable and resistor.

* The top end of the MOV is connected to the high-voltage terminal of the
eqguipment to be protected.

* The lower end Is connected to a good grounding system.

* During normal operations the arrester is seen as an open circuit due to Its
extremely high resistance at the nominal voltage. The line current In this
case continues along the line as if the arrester does not exist.

Dr. Mahran Quraan
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« However, when lightning hits, the excessive voltage of the bolt causes
the resistance of the arrester to drop substantially making the surge
arrester a short circuit path for the lightning current, thus dispersing
almost all the energy of the bolt into ground and protecting all devices
downstream from the lightning arrester.

* In some cases, the surge arrester i1s mounted at the entrance of the
transformer winding. In areas with potentials for lightning storms, you
may find the surge arrester installed on pole transformers.

Dr. Mahran Quraan
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Surge arrester during normal voltage.
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Arrester is a short circuit
Most of the charge goes
through the arrester

Surge arrester during surges.
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Surge arrester
mounted on
transformer.
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