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Chapter 1 Introduction to Power Protection Systems

1.1 INTRODUCTION

Power system protection is a philosophy of system reliability with maximum safety protection and other aspects

related to protection coordination. It is a science of monitoring power systems, detecting faults, initiating an

operation to isolate faulted parts, and ultimately tripping the circuit breaker.

The aims of power system protection are to:

I.  Minimize dangerous effects on the workers and establish techniques and procedures due to the abnormal
current in the power system.

Il.  Avoid damage to power system components involved in failure and human injury prevention.

I, Limit the service duration interruption whenever equipment fails, adverse natural events occur, or human
error occurs on any portion of the system.

1.2 PHILOSOPHY OF POWER SYSTEM PROTECTION

If short circuits are allowed to persist on a power system for an extended period, many or all of the following

undesirable effects are likely to occur:

I.  Reduced stability of the power system.

1.  Damage to the equipment that is in the vicinity of the fault due to heavy current, unbalanced current, or low
voltage.

Il.  Explosions that may occur in equipment with hazards.

Iv. Disruptions in the entire power system servige-areaby-the action of cascaded protective systems in cascading.



The frequency of the faults incidence on different items and fault statistics with reference to power system
elements in a power system is given in Table 1.1.

Table 1.1
Typical short-circuit type distribution

Type Rate of occurrence (%)
Single-phase ground 70-80

Phase-phase ground 10-17

Phase-phase 8-10

Three-phase 2-3

Fault statistics with reference to power system elements

Power system element Probability of faults (%)
Overhead lines 50

Underground cables 9

Transformers 10

Generators 7

Switchgear 12

CT, PT relays, control equipment, etc. 12



Causes of short-circuit faults are as follows:
I. Insulation failure due to lightning.

Ii. Birds and animals bridging insulators.
lil. Dig-ups for underground cables.

Iv. Collapsing poles.

v. Breaking of conductors.

vi. Effect of a vehicle collision.

vii. Wind-borne debris.

viil.Incorrect operation by personnel.

1.3 EFFECTS OF FAULTS

The effect of the fault on the power system includes the following:

I.  Huge currents can flow through parts of the power network.

li. These huge currents can only flow for a very short time (within 10 ms to 3 s); otherwise, equipment and
generators would be damaged.

1. Arcs, sparking, and the heating effect of short-circuit currents.

Iv. Significant mechanical forces can be caused by short-circuit currents, which can potentially damage
equipment.

v. Fault currents can escape from the network conductors and flow through paths that could create a hazard
to people or livestock.



Fault occurrence can be minimized and controlled by:

I. Adequate insulation and coordination with lightning arresters.
li. Overdesigning for mechanical strength.

lii. Provision of overhead ground wires.

Iv. Blocking or interlocking of undesirable switching operations.
V. Regular maintenance practices.

1.4 PERFORMANCE REQUIREMENTS OF PROTECTION SYSTEM

Speed, selectivity, sensitivity, security, and reliability are the keys required for reliable operation and the safety

of a power system.

The area of power engineering dealing with the design, implementation, and operation of safety devices, called

“relays” or “protective relays,” is power system protection. The purpose of these devices is to detect irregular

conditions in the power system and take appropriate steps as quickly as possible to restore the power system to

Its usual operating mode.

The relays have to meet the following criteria to achieve the desired performance:

I.  Sensitivity: This term is sometimes used when referring to the minimum operating standard of relays or full
safety schemes (current, voltage, power, etc.). When their primary operational parameters are tiny, relays or
security schemes are said to be vulnerable.

li. Speed: It is the relay’s capacity to isolate faults as quickly as possible, mitigate harm to power system
equipment, safeguard supply continuity, and prevent the loss of synchronism and consequent power system
failure.
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Stability: It is the relay’s ability to remain unaffected by incidents outside its security region, including external
faults or heavy load situations.
Selectivity: It is the ability to isolate only the faulted zone.
Safety: It is the ability to secure against improper activity.
No.of correct trippings
GeSecurity = - o.of correct trippings <100 (L)

Total no.of trnppings

Discrimination: It is between load (normal) and fault (abnormal) conditions. It should not be confused with
non-damaging transient conditions. Discrimination is a relay system’s ability to discriminate between internal
and external faults to its intended protective zones.

Dependability: A relay is dependable if it trips only when expected. Dependability is the degree of certainty
that the relay will operate correctly. It can be improved by increasing the sensitivity of the relaying scheme.

No.of correct trippings

feDependability = % 100 (1.2)

Total no.of desired trippings

viil.Reliability: It is the ability not to “fail” in its function. It can be achieved by redundancy. Redundancy in

protection depends on the criticality of the apparatus. Reliability can be improved by providing backup
protection.



No.of correct trips
. nf_-*.- CorTec r||_:|a %100 (1.3)
No.of desired trips + No. of incorrect trips

% Rehability =
The number of the desired tripping can be greater than or equal to the correct tripping.

Example 1.1 An overcurrent relay was monitored and had an observed performance over one year. It was
found that the relay operated 15 times, out of which 13 were correct trips. If the relay failed to issue a trip

decision on 4 occasions, compute the relay’s dependability, security, and reliability.

Solution
Number of correct trips =13

Number of desired trips = 13 + 4 =17

Dependability = Number of correct trips / Number of desired trips
=13/7=76.47%
Security = Number of correct trips / Total number of trips
=13/15=86%
Reliability = Number of correct trips / (Number of desired trips + number of incorrect trips)
=13/ (17 + 2) = 68.42%



1.5 BASIC PROTECTION SCHEME COMPONENTS

The primary protective equipment components are shown in Figure 1.1.
. PR — Protection relay.

Il.  CB — Circuit breaker.

lil.  Equip protected item.

iv. CT — Current transformer. Bus bar CB
v. VT —\oltage transformer. .
vi. DC Aux — DC auxiliary supply. \i\ ————— T
vii. HMI — Human—machine interface. aaad Cl
viil. PCL communications link. TR
ix. Tr CB - Trip coil. . - '} -« > PCL |:>
g Relay
j - - —]
VT T Control
e MMI
Anx,

FIGURE 1.1 The basic arrangement of a protection scheme.
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1.6 PROTECTIVE RELAY
It is a device that receives a signal from the power system and determines whether a “normal” or “abnormal”
(measuring function) condition exists and initiates relay signal circuit breakers to disconnect the equipment
that may be affected (switching or signaling function) if an irregular condition is present. Signal “relays”
from the system activate the circuit breaker.

The aim of the protective relaying systems is only to isolate the defective power system portion.
Relaying devices are divided into two groups:
1. Equipment for primary relaying.
2. Backup relaying units.

The first line of defense for protecting the devices is the primary relay. Backup safety relaying only works
when (they are slow in action) the primary relaying system fails.

1.7 TRANSDUCERS

There are:

I. Current transformer (CT).

ll. \oltage transformer (VT) or potential transformer (PT).
1. Linear coupler.

CTs and VTs are used.
I.  To reduce the currents and voltages to a safe, adequate low value for measurements and protection use.

li. To insulate the relay circuit from the primary power circuit.
1. To permit the use of standardized currefitand-voitage ratirigs for relays.



1.7.1 Current transformer
Current transformers are connected in series (primaries) with the protective circuit. Because the primary current
IS large, the primary windings usually have very few turns and a large conductor diameter. Figure 1.2 shows the

CT connection to the power system.
The nominal current rating of the CT secondaries is usually 1 or 5 A (e.g., 50:5, 250:1, 1,200:5).

The main parts of a current transformer are:

* [ron core.

« Secondary winding.

* Primary conductor.

« External insulation.

Some current transformers do not have a primary conductor. In those cases,
the primary is the line or bus itself. The core and secondary winding are
sometimes directly installed in the circuit breakers or transformers’ bushing.
These CTs are called “bushing CTs.”

Some current transformers may have a primary that consists of several turns.

Secondary
windings
Ns

Typically, the primary number of turns is 1. The total load connected to the .w

CT terminal is called “burden.”

Figure 1.3 shows an equivalent circuit of CT, an exact circuit, and an b,
approximate circuit. Rela

Prepared by: Dr. Ismael K. Saced FIGURE 1.2 CT connection in the system.



1.7.1.1 IEC Standard Accuracy Classes
The IEC (International Electrotechnical Commission) specifications for the current transformer is 15 VA Class10
P 20, where 15 VA is the continuous VA; 10 represents the accuracy class (max 10% error); P represents

protection; and 20 represents the accuracy limit current factor (number of times the rated primary current).
Table 1.2 shows standard current transformer ratios, and Table 1.3 shows CT accuracy class.

TABLE 1.2 i X R
- . Np:Ns A B M
Standard Current Transformer Ratios — —
55 100:5 | 50:5 2005 2505 3005 ) i )
400:5 450:5 500:5 600:5 800:5 900:5 Ep H Ex s ” Zx
10005 |, 200:5 15005 1.600:5 2.000:5 2405
2.500:5 3, 0003 3,.200:5 40005 5,000:5 f,000:5 o - - -
(a)
TABLE 1.3 )
. ts={ Np:N).ip JAs is R
CT Classes and Accuracies (Accuracy Class) o—" A
Class % Error Application ’
0.1 +0.1 Metering Es Lom lff Vs ” Zn
0.2 +0.2
0.5 +0.5 O -
1.0 =10 (b)
3P +1 Protection FIGURE 1.3 Equivalent circuit of CT.
1OP 47 Prepared by: Dr. Ismael K. Saeed

(a) Exact circuit. (b) Approximate circuit.



1.7.2 Voltage transformer

These provide a voltage that is much lower than the system voltage, the nominal secondary voltage being 115 V
(line—line), or 66.4 V (line to neutral) in one standard and 120 V (line—line) or 69.4 V (line to neutral) in another.
There are two VT types, conventional electromagnetic and capacitor for high- voltage levels (132 kV and above).

Table 1.4 shows the standard VT ratios.

TABLE 1.4 Standard VT Ratios
1:1 2:1 2.5:1 4:1 20:1 25:1 40:1 &0 2001
300:1 400:1 50001 600: 1 RB00: 1 1.000:1 2.000:1 3.000:1  4.500:1

There are two main types of voltage transformers:
1. Magnetic voltage transformers (ordinary two-winding types — used for LV and MV).

Line

110 V or

120 V ic  R>

£B

FIGURE 1.4 VT connection to the system. rrepared BIGURE L5 VT equivalent circuit referred to the secondary side.



Capacitive voltage transformers (CVT) are used for high and extra-high voltages.

Figure 1.6 shows capacitive voltage transformers, which are classified into two types:
I. Coupling-capacitor voltage transformer.
I1. Capacitor — bushing voltage transformer.

nV. -V

— - P o
VT = v * 100% (1.4) High-voltage
P conductor
High-voltage
conductor
L [
ml O—_L /
T Bushing 1 /
: - r 1 Bushin
. Electromagen etic . : ' ¢
- . Caoacitor i \
umnit _ H )
units
Voltage divider -T- TRERY Bushiny [ Tap
capacitors la ground / l
E shield :
Il
p— 2a Auxiliary
m2 O capacitor :I:
In =

110V

FIGURE 1.7 Capacnor voltage transformers: (a) coupling-capacitor
FIGURE 1.6 Capacmve voltage transformers. "**"*“* {jgitage divider. (b) Capacitance-bushing voltage divider.



Table 1.5 gives the voltage transformer error limits.

There are three types of VT connections, as shown in Figure 1.8.
I.  Open delta connection.

il. Delta—star connection.

li. Star—star connection.

CTs and VTs have ratio and phase angle errors to certain degrees. Errors are more pronounced in CTs under transient conditions
and core saturation. The load on CTs and VTs is commonly known as their burden.

TABLE 1.5

Voltage Transformers’ Error Limits

Class Primary Voltage Voltage Error (%) Phase Error (+minutes)
0.1 08V, V. and 1.2V, 0.1 0.5
0.2 0.2 10
0.5 0.5 20
1.0 1.0 40
0.1 0.5V, 1.0 40
0.2 1.0 40
0.5 1.0 40
1.0 2.0 80
0.1 V, 0.2 B0
0.2 2.0 RO
0.5 2.0 RO
1.0 3.0 120

Prepared by: Dr. Ismael K. Saeed




B ® B @ B ®
( C ! ® ( &
1L
s el
i b C ) . | | -
a C a W b C

(a) (b) ©)

FIGURE 1.8 Different types of VT connections. (a) Open delta connection, (b) delta—star connection, and (c) star—star connection.

Example 1.2 The delta VT connection is shown in Figure 1.9, suppose V5 = 23020° kV, Vg = 23042 —120° kV,
Vea = 230£120° kV, the VT ratio is 110 kV/120V, calculate vy, vy, and v,,. If the dot mark is moved to b,
recalculate the above voltage.

Prepared by: Dr. Ismael K. Saeed



Solution VT ratio = 110,000 =016.6 ,: ! ®

—

_ I
v, =——(230.£0° kV)=250.9220°V
’ 9145.45( ) @

é
.

Ve = L{zmg ~120°kV)=250.92£-120°V
916.6

>

Vea =—(Vap + Ve ) = 250.92.2120° V . b .

FIGURE 1.9 Configuration of Example 1.2.
If the dot mark moved to b (Figure 1.10),

A e
v L (230.£0°kV)=2509220° V - ?

™ 916.6 " c
o °
} 1
L ]
b c

Vea =—(Vap + Vi | =434.62—150°V

Vi =————(230£-120° kV ) = 250.92.£60° V el
m

916.6

FIGURE 1.10 Another sequence connection diagram of Example 1.2.
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1.8 RELAY CONNECTION TO THE PRIMARY SYSTEM
Suppose the relay is connected to the power system via a current and voltage trans-former, as shown in Figure 1.11.

}iin‘-‘ = .:"-'II."' X RFII'I-T {1'5} {line T F line
——e————

Ilin-: — lrru:l.uj.- bt KCT flt"]' CT VN
VT

K+ = Voltage transformer ratio.
K- = Current transformer ratio. j & E

The operating impedance of the line is
Current Voltage

7. Voedaw : _. r -
Zlinu _ line _ relay W K\rT — -zr;.'h\' }qﬁ [1?} LU]! coil
line  Tely Kot - Ker FIGURE 1.11 Relay connection to the power system.
1.9 CT ERROR

Ideally, the CT secondary is connected to a current-sensing device with zero impedance, but in practice, the
secondary current divides, with most flowing through the low-impedance-sensing device and some flowing
through the CT shunt excitation impedance. CT excitation impedance is kept high to minimize excitation current.
The excitation impedance causes an error in the reading of the secondary current (Tables 1.6 and 1.7).



TABLE 1.6
Current Transformer Specification IEC 185-1EC 44-1

Current Error at Phase Displacement al Composite Error (%)
Accuracy Rated Primary Rated Primary Current at Rated Accuracy
Class Current (%) Minutes Centiradians Line Primary Current
5p +] +6() +1.8 3
|[Op +3 10

TABLE 1.7
Current Transformer Specification IEC 44-6
Ratio Error Phase Displacement at Maximum Instantaneous
(%) at Primary Rated Primary Current Value Error (%) at Rated
Class Rated Current Minutes Centiradians Accuracy
TPX +(.5 +30 +0.9 e= 10
+1.0 +6() +1.8 e= 10
+1.0 |80+ 18 5.3+0.6 e= 10

Example 1.3 A CT has a rated ratio of 500:5 A. A secondary side impedance is Z, = 0.1 + j0.5Q , and the magnetizing

curve is given in Figure 1.12. Compute l2and the CT error for the following cases:

Prepared by: Dr. Ismael K. Saeed



. £, =4.9+0.5 (), |,=400 A {load current}. "
. £,=4.9+0.5 £}, [,=1,200 A {fault current).
. £, =14.9471.5 11, [,=400 A (load current). oo )
v. £,=14.9+/1.5 (], [,=1,200 A {fault current). -Ir
el
& /o |
Solution /o |
From the magnetizing curve, substitute the points (1, 63) and i i
(10, 100) in Frohlich’s equation: ' | !
Al I |
_.: — = | | -
" B+ l " I (A)
A1 FIGURE 1.12 Magnetization curve of Example 1.3.
TRES
B+1
100 — A-10
B+10

Solving to get the constants A and B, where A = 107 and B = 0.698, Frohlich’s equation will be

1071,
t 0698+ 1.

Prepared by: Dr. Ismael K. Saeed




i. Lr=ZLa+ 72,
=49+ j0.5+0.1+ j0.5
=50+/1.0Q=5009-11.3°Q)

E,=1,-Z
_ ixd—fﬂ-}]xﬁm‘g—jﬂiv
500 T
§)
- |' _n.4lm E
54—
\ +[ +ﬂ.ﬁ*}H+L]
Using trial and error to find
& [ =0.163 A
From Frohlich’s equation £ = 107 % 0.163 _ 2y
0.698 +0.163
r 7
=L _203 3974
Zr  5.000

’ lmp'_argiE&Dr. Ismael K. Saeed

CT errorf% = @l



ii. For the same steps in part (i)

E,=612V

[.=0894 A

E,=60.1V

I.=11.T8 A

CT emmor % =1.8%

. CTerror=3.5%

iv. CT error =45.1%

Prepared by: Dr. Ismael K. Saeed



1.10 PROTECTIVE ZONES

A complete power system is divided into “zones,” associated, for example, with an alternator, transformer, busbar
section, or a feeder end; each zone has one or more coordinated protective systems.

All network elements must be covered by at least one zone or more in the power systems. The more important
elements must be included in at least two zones, where the zones must overlap to prevent any element from being
unprotected. The overlap must be finite but small to minimize the likelihood of a fault inside this region. A relay
location usually defines the zone boundary.

1.10.1 Backup protection

If the primary protection fails to operate, the backup protection will operate to remove the faulty part from the
system. The primary and the backup are independent (relay, breaker, CT, VT). The backup relay is slower than the
primary relay, but sometimes backup protection opens more circuit breakers than necessary to clear the fault. The
backup protection provides primary protection when the usual primary apparatus is out of service. There are two
types of backup protection depending on the method of installation:

I.  Local backup: Clears fault in the same station where the failure has occurred (Figure 1.13).

Il.  Remote backup: Clears fault on station away from where the failure has occurred (Figure 1.14).

1.10.2 Selectivity and zones of protection selectivity
It is defined in terms of regions of a power system (zones of protection) for which a given relay is responsible.
The relay will be considered secure if it responds only to faults within its zone of protection



o W
W aw
Ba koup relay

FIGURE 1.13 Local backup protection at different locations. FIGURE 1.14 Remote backup protection.

Example 1.5 Consider the following simple power system, and discuss the local and remote backup protection for two
fault locations in Figure 1.15.

CASE 1: LOCAL BACKUP

i.  For fault at F1: Suppose that breaker 15 operates and breaker 14 fails to work. Therefore, breakers 11 and 13
must work as local backup protection.

ii. ii. For fault at F2: Suppose that breaker 9 operates and breaker 8 fails to operate. Therefore, breakers 3 and 6
must operate as local backup protection. Prepared by: Dr. Ismael K. Saeed
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FIGURE 1.15 The power system of Example 1.5.
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CASE 2: REMOTE BACKUP
i.  For fault at F1: Suppose that breaker 15 operates and breaker 14 fails to operate. Therefore, breakers 10 and

12 must operate as remote backup protection.
ii. For fault at F2: Suppose that breaker 9 operates and breaker 8 fails to operate. Therefore, breakers 2 and 7

must operate as remote backup protection.

Example 1.6 Consider the power system shown in Figure 1.16.

i. Mark the suitable zones.

ii. Modify the protective system.

iii. Mark that all circuit breakers will operate when faults P1 and P2 occur, as shown in parts (i) and (ii).

Prepared by: Dr. Ismael K. Saeed



Fi D el
& CBs
CB4 ®F;
CBo
FIGURE 1.16 The power system of Example 1.6. FIGURE 1.17 Protection zones for the power system of Example 1.6.

Solution

i. Figure 1.17 illustrates the distribution of the protective zone on the power system.

ii. To modify the system in Figure 1.17, add three circuit breakers at node D (CBs 10, 11, and 12), as shown in Figure 1.18.
iii. For part (i), if the fault occurs at point F1, circuit breakers 3, 4, and 7 will operate, and for a fault at F2, circuit breakers

4, 5, and 6 will operate.
Prepared by: Dr. Ismael K. Saeed



For part (ii), if the fault occurs at point F1, circuit breakers 3 and 10 will operate, and for the fault at F2, circuit breakers 4, 5,
and 6 will operate.

FIGURE 1.18 Modify the power system of Example 1.6.

Prepared by: Dr. Ismael K. Saeed



1.11 R—X DIAGRAM

A relay and a system’s characteristics can be graphically represented in only two variables (R and X or |Z| and
) rather than three (V, I, and #). The R—X diagram or Z-plane, or simply the complex plane. The complex
variable Z is determined by dividing the RMS voltage by the RMS current. The resulting Z can be expressed
In rectangular, polar form as

Z=R+ jX =|Ze” (1.8)

In addition to the plot of the operating characteristics of a given relay, the system condition affecting the
operation of this relay can be superimposed on the same R—X diagram so that the response of the relay can be
determined. The system characteristics must be within the relay characteristics’ operation region to achieve
this relay operation. Note that the superimposed system and relay characteristics have to be in terms of the
plane guantities and the same scale. These can be both in p.u., where Ohm is used. Both have to be on either a
primary or a secondary basis, using

Secondary £2; = Primary L)} x (M] (1.9)
VT ratio
LL ‘
For example, in the short transmission line shown in Figure 1.19. —.

{ ¥4:
. P+i0
J:-'. .[H ."-..

V.=1-7Z; +V, (1.10)

FIGURE 1.19 Short transmission line.



and 7, =—
!
1_."
EFE — —H
I
also
Lo=Z;+ 2y

The receive end load impedance can also be expressed as

Zp=Rp+ jXp
where ;
RH_ |E; P':-
P~ +0Q
and Xp = |VQ
P +Q°

Prepared by: Dr. Ismael K. Saeed
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Example 1.7 Assume that a short transmission line has the receiving end load apparent power Sz and voltage
| Vr| of 2.5 + 0.9 and 1.0 p.u., respectively. If the line Z: = 0.1 + j0.25 p.u., determine

i. Receive end impedance Zr.

ii. Send-end impedance Zs.

iii. Draw the R—X diagram.

iv. The power angle 6.

Solution
i. The real part of load impedance is:
V|* P
R— "3 7
P +0Q
|] D' (25) —[I 3541 p.u.
5* +0.9°
The imaginary part of load impedance is:
V .
Xp= | | ¢ ] =0.1275 p.u.

PPr0? 2.5 +09°

Prepared by: Dr. Ismael K. Saeed



The load impedance is:

Lp=0.3541+ jO.1275 p.u. = 03764 £19.5° p.u.

ii. The send-end impedance is:
L;=2;+Zp=0.1+j0.25+0.3541+ j0O.1275

= 0.4541+ jO.3775 p.u. = 0.5905£39.7° p.u.

iii. The R—X diagram (Figure 1.20)

iv. The power angle is:

0=0,—-0;=39.7"-19.8°=19.9°

Prepared by: Dr. Ismael K. Saeed
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FIGURE 1.20 The R—X diagram of Example 1.7.



Example

A CT with bar primary has 300 turns on the secondary winding. The burden connected on the secondary windings
Is an ammeter of resistance 1.5Q and a reactance of 0.5Q, while the secondary winding resistance is of 0.2Q and
reactance of 0.3Q; 100 AT magnetization mmf is required for magnetizing the core and 50 AT for the core loss
current component.

1. Calculate the current flowing through the primary windings and ratio errors when the ammeter connected in the
secondary windings shows a reading of 5 A.

2. Determine the turn compensation in the secondary windings for reducing the ratio errors to zero under the
above conditions.

Solution

Total resistance in the secondary circuit=1.5+0.2=1.7Q

Total reactance in the secondary circuit = 0.5 + 0.3 = 0.8Q

Hence, the secondary circuit phase angle § is = tan™1(0.8/1.7) = 25.196°

cos 6 =0.90 and sin 6 = 0.426
As there is a single turn primary winding Np in the form of a bar and Ns= 300, the turn ratio n = Ns/Np= 300.
The magnetizing current is:

Magnetizing mmf 100
[ =—— = = =100A
Primary turms 1




Magnetizing mmf equivalent of iron loss 50

The loss component [, = 7 = 30 A

Primary turns

The transformation ratio is given as:
‘r.':ll*.- 5 + -'irc 5 ] ut 2 L . .
Tﬁ._n—[ 8N & Cos & | qm_nﬂi}xmﬁ 50 = 0.90)

; = 1 . =317.52

Primary current = actual transformation ratio = secondary current

1,=31752x5=1587.6 A

The value of transformation ratio is greater than the nominal ratio hence the ratio errors can be eliminated by reducing the
number of secondary winding turns and hence by reducing the turn ratio.
Nominal ratio (Nr) = 300

The transformation ratio is: (I.8ind + [.cosd)

Te=n + ;
For eliminating the ratio errors: '
TH =.'ll'|'rf|'
26 + 50x0.90)
300 = n + (100 = {}-4.2&; 500 Q{}Jﬂ L1752
n=282.5

Prepared by: Dr. Ismael K. Saeed



Hence the turns on secondary windings are:
N.,= nNp=2825x1=2825
So, the required reduction in secondary winding turns is:
= 300-2825=175 = 17

Example

A bar type CT has 300 turns on the secondary side. The secondary side impedance is (3 + j1.5)Q. Determine the
values of the ratio and phase angle errors when the secondary winding draws 3 A current having magnetizing
mmf at 80 AT and the iron loss is 1 watt.

Solution

As the CT has bar primary, hence Np = 1. Ns = 300. Hence, turn ratio n = Ns/Np = 300.

Total burden impedance on the secondary side:

Z,= J(3)+(15)=33540

Secondary circuit power factor = cos 6 = 3/3.354 = 0.89 and sin 6 = 1.5/3.354 =0.44
Secondary induced e.m.f. Es = Is Zs =3 x 3.354 = 10.062 VV

Primary induced voltage Ep = Es/n = 10.062/300 = 0.03354 VV

Core-loss component of current Ic = Iron loss/Ep = 1/0.03354 = 29.8 A

Magnetizing current Im = mmf/Np = 80/1 = 80 A



The transformation ratio is:

I+ ({,8in & + [ cosd)
I,
T. = 300 + (80 = 0.44 -;E*:’-‘.Ex (.89 —135.654
Percentage error = Ne=Tx . 100 = 10.6%
K

Phase angle error is 0 = 1 ﬁln[ I cosd — I sind }

i,

¥

180 [ 80 x 0.89—20.8x 0.44

= 3.40°
I 300 x 3 }

Prepared by: Dr. Ismael K. Saeed



Example The equivalent circuit parameters of a VT with turn ratio n = 1000/100 are: primary resistance
(Qp) = 90.4Q, secondary resistance (Qs) = 0.66Q, primary reactance (Xp) = 60.3Q, total equivalent reactance
(Xpr) = 100Q, no-load current (lo) = 0.02 A at 0.4 power factor. Determine

(1) The no-load phase angle error

(2) The burden in VA at unity power factor at which there will be zero phase angle error.

Solution

Glven parameters:

(a) n =1000/100, (b) Qp =90.4Q, (c) Qs = 0.66Q, (d) Xp =60.3Q, (e) Xpr =100Q, (f) lo =0.02 A, (g) cosa = 0.4.
1. The power factor at no-load cos a = 0.4, so we can calculate

SITNE = W 17 — (0.4 =0917.

Also, the phase angle error in VT is given by the following equation

- %S(XprcosA — RysinA) + I.X,, — I,Q,

0= d
v ra

At no-load condition, the secondary current Is = 0; hence,

I.Xy — I,

d
i ra

0




The values of Ic and Im can be calculated as:

{ = hoosg =002 = 04 = 008 A

I = I sinE =002 = 0917 = 0LO]1348 A

Substituting the values of various parameters obtained in the above steps and calculating the value of phase angle
error we get:

OL00E = &3 — 001834 = 0.4

B = = —0.067357

10 = 100

The no-load phase angle error is ¢ = —0.06735°
2. We know that, at unity power factor, cos 4 = 1 and sin A = 0; hence,

I
o (Xpr) + 1cXp — Ly
= —

For zero phase angle error, we put ¢ = 0° and the above equation reduces to:

0 rad

= (Xpr) + LXp — I =0

Prepared by: Dr. Ismael K. Saeed



I, = % (ImQy — 1.X,)

I = % (0.01834 x90.4 — 0.008 * 60.3) =0.11755A

Hence, burden = Vs*Is = 100 x 0.11755 = 11.755 VA.
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