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ABSTRACT

The optimum selection of current transformers is one of the most crucial
requirements of correct protection functioning of power systems. In the case of CT
selection, protection engineer has to pay attention on transient behavior as well as
steady state performance of current of transformers. Transient performance of current
transformers varies with system parameters and current transformer parameters.
System parameters vary with fault level and inductance to resistance ratio (L/R) at
fault location. In Sri Lankan power system, these parameters rapidly vary due to
network development. Type of selected protection relay, type of protection function
and switchgear arrangement make huge influence on current transformer selection.
This dissertation focuses on developing a current transformer selection criterion with
analysis of current transformer transient performance and protection application. The
developed selection criterion is mainly focused on protection relay based selection

and generalized CT selection.

In addition g® analysis; Of the currents transformerctransient, performance, PSCAD
software 13 @gﬁd for-Current transformer performance simulation on fault conditions

and a case Sfﬁdy is Used'td validatd théleveloped selection criteria.
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CHAPTER 1

INTRODUCTION

1.1  Background

Current transformers (CT) play a vital role in protection and measuring functions of a
power system. Correct selection of current transformers leads to proper operation of
protection and instrumentation of the power system. Current transformer behavior
due to magnetic saturation of its core brings out undesirable problems on the
protection devices of the power system. Hence, the current transformers must be
designed correctly to activate the protection devices during fault condition of power

system.

During fault conditions, DC component of the fault current is responsible for the

saturation of the current transformer. The ratio of inductance to resistance (L/R) at

location of faul | tf ' io of tf lary | ' ine the magnitude and
the dec .qg%%s Of the direct cdrrent(DCY component“ot"CT secondary current.
Changi n%rdw T the transmission System changes L/R'T f power system.
Meanwhile, ad alt levels. These

factors create considerable problems on existing CTs and protection functions.

CT errors due to saturation or mismatch have an adverse impact on protection
functions and hence on system stability. Saturation of CT can be avoided by
selecting an oversized CT, but it cannot be justified economically. Expansion of
generation, transmission of power systems is a continuous process and hence duties
of CTs have to be performed, and this would become more and more demanding.
Therefore the utility needs proper selection criteria when procuring new CTs or

replacing existing CTs.

1.2  Objective

Like any other power system in the world, Sri Lanka also has replaced all its electro-

magnetic relays and static relays with modern numerical protection relays. The



conventional electromagnetic relays take nearly more than sixth cycles for operation
of instantaneous protection functions. During this sixth cycle delay, the dc
component of fault current decays from sub transient time zone to transient and this
causes to minimize effects from transient current for the operation of the protection
relay. Old bulk oil circuit breaker consumes nearly 15 cycles for a tripping operation.
Such delayed clearing times did not warrant to commission detailed studies on the
behavior of current transformers during the first few cycles of a fault. As a result
attention was constantly focused on the CT steady state performance.

Globally, power systems expansions and interconnections have been continuing at a
very rapid rate along with large additions of generation. Transmission systems and
large additions of generation take place even for islanded power systems like that of
Sri Lanka. To maintain the system stability under these scenarios, fault-clearing time
has to be made much lower with numerical relays and fast acting circuit breakers.
Advent of numerical relays and high-speed circuit breakers achieved the lower fault

clearing time as desired, but the questions began arising on the capability of the

current $10 § 10, feea.the. relavantiniormation: to relay;.as CTs were based
on steady|statg performance:
In case of ins ince), numerical

relay operation takes place in the sub transient period. Therefore, protection
engineers and CT manufacturers have focused their attention to cater for satisfactory
CT transient performance. IEC has published its standards on transient performance
of CTs. Most countries have taken steps to follow the new standards to improve the
protection performance, and CEB has also taken initial steps to examine the necessity
of adapting the new standard, but so far, all CTs in the system are based on steady

state performance standards.
The main objectives of this study are as follows.

a) To study current transformer performance under transient conditions and its

impact on protection functions.



b) To revisit present selection criteria and to develop a generalized current
transformer selection criterion based on system parameters and current

transformer parameters for different protection functions.

ke
ﬂzs«’v .



CHAPTER 2

GENERAL THEORY AND THE ANALYSIS OF CURRENT
TRANSFORMER BEHAVIOR UNDER TRANSIENT
CONDITIONS

2.1  Parameters that govern CT performance under-transient conditions

Transient performance of current transformers depends on following parameters.

a) Fault level or fault current at particular location
b) Primary time constant (Tp)

c) Secondary time constant (Ts)

d) Burden of CT secondary

e) Remanence flux of CT core

f) Number of secondary turns and cross section area of CT

2.2 J!«t:%» M Arartation’ with svstem'narameters
€3
221 aiEAcep o angledand faddt 16c

The magnitude of DC component of fault current varies with fault inception angle
and power factor of fault impedance and the total fault current at any instant is
defined by the equation (1) [1].

5= 22 fsin(ot+a-0) -sin(o-0) e'%} ...................................... )
i, = Instantaneous value of fault current

VTﬁ = lp, Peak Fault current

o = Angle of fault inception

@ = Phase angle of the fault impedance



Z = Faultloop impedance

t
Magnitude of DC component (sin(o-@)e™ ) varies with angle (a-@) and will be

: 0 T ,
maximum when (a-@)=-90 . In the case of transmission lines, typical values of @

lie around 90° or fault impedance is highly inductive. As can be seen, the DC
component is a function of fault inception angle and fault loop impedance. This
indicates that, if fault inception angle equals zero or near zero, the DC component
will also assume its maximum value. However, fault inception angle will vary and
cannot be predicted. Hence, CT sizing is carried out for the worst case or assuming
the DC component to be at its maximum. Equation (2) gives instantaneous fault

current with zero fault inception angle and pure inductive fault loop impedance or

when (o-9)=-90" [2].
ip:lp [e'%-cosmt] .................................. (2)

2.2.2 Faultcurrentvariation with primary time constant (Te)

Primary Tim}iconstant (Tp) s defined ag, L/R ratio of fault location and determines
the decayinrg;t'i‘me of the DC component of the fault current .\\ery high primary time
constant leads to very high decaying time of the DC component of the fault current
(Figure 2.1).

Tp makes a high impact on the flux development in the CT core and plays a vital role
in CT sizing. The flux development in closed (very low leakage flux in secondary)

core application is shown in figure 2.3



Primary current variation with T,
15000

AT YTy
Sab T inivinivvivie

Figure 2-1: Primary Current Variation with Tp

2.3  CT Flux requirement under transient condition

The CT flux requirement under transient condition can be derived as follows [3].
Consider the equivalent circuit in Figure 2.2 with the following assumptions.

1) With ring type CT with number of primary side turns equals to one (N;=1)

gl ber of'sécoridary side tUfiseduals'toN} and'the turns ratio is 1/N2

ih lly offset current (fault mception angle = 0°, so the fault impedance

R, ENL U 1/N: ,

Figure 2-2: Equivalent circuit of a CT

R1 = Primary resistance of CT

R, = Total secondary resistance

M = Magnetic inductance

L = Primary leakage inductance of CT

L, = Secondary leakage inductance



t
ilzll[e'T_p-COSmt] e (3)

L1 R
2= = I1 [e L-COS(Dt] ........................................ (@)

E. = secondary induced e.m.f

E2=Np o oo (5)
Also,

E2 = (io-im)Ro +Lo L2 e 6)
I =20 @)

Where M is a constant

do . NoRo@ . Lodip LoNy d@
_ - + - —_—
N2 m |2R2 v pm VIR LR CIEIEELEE SV PP RPTIPLD (8)
d(Z)( L N,Ryp111 LL¥i,
— +ﬂ.+ ) Rt =t ke s e e sex senn
ar \N2 AF) M eR%ie %)

We get soldffb‘h for @ (Applicable t>8.3ms) [3]

-t -t
_ Ry [ TpTso o )1
? =Nz ((TS-TP) <e s -8 P) Cosesm(oat+e)> ........... (10)
— tan-12© _LytM L
Where 0= tan ~ Ts= > T = -

Core flux is a function of time, primary current, turns ratio, primary time constant,
secondary time constant and burden. Figure 2-3 shows flux development in a CT

core having a 1000ms secondary time constant' for different time constants of

®@140ms,®@120ms, ®@60ms values.

Y In CT sizing, 1000ms value can be considered as infinite.
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Figure 2-3: Development of CT core flux with different Tp and constant Ts (1000ms)

Figure 2.4 shows core flux variation with very low secondary time constant. 300ms

is taken as Ts and this shows rapid decaying of flux that involves with DC current
e University of Moratuwa, Sr1 Lanka.

SRR PR QL WIS PIRENO the growing flux
E 10 DG RrimarygYrgat)dn such cases, gapped cores are used to
reduce secondary time constant.

component s ¢

component

30

25 flux 1
MWV AVAMWM .
2 5 4% YW — flux2
%10 ] LY x/\/\/\/\/\/\v A — Im
= IR Al —
ATV AVAVA i "
E-S 0 1 (‘ ols~  cosi0
10 Time (s)

Figure 2-4: Variation of core flux with low Ts



The burden inductance has an effect on the peak flux developed in the CT core.
Electro-Magnetic type protection relays are mainly inductive. However, modern
Numerical relays have negligible inductance. The variation of the peak flux in the
CT core and the burden inductance is analyzed in Figure 2.5.

Flux Vs Power factor of Burden
40
35 A AN A A A A o )
30 - n A 2 ’A\A\A\‘\‘\A.\K\A\A\A\A
VALARRAARRARARR
[\ [‘ y \ V
25 VR v
20 f
8 NV ——0dg angle
3 ——60 dg angle
10 -
5 ——75dg angle
v
O ' T T T T 1
-5 T 01 0.2 03 0:4 0.5
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231 CT Flux requirement under transient conditions with a fully resistive

burden

In this case, cos8 =1, 6 =0, Substitutes to equation (10)

1) =,L12—Z <(TTZT_$Z)) <e Ts-e ﬁ) -sin(cot)) .............................. (11)



CHAPTER 3

CURRENT TRANSFORMER DIMENSIONING

3.1 Introduction

Protection current transformers must be capable of making correct performance in
steady state as well as in transient state. The dc component contained in a fault
current results single directional growing flux in CT core and CT core must be of
sufficient size to avoid saturation. Optimum CT sizing process is called as CT
dimensioning. Correct dimensioning is one of the most important factors for proper
protection operation. CT dimensioning calculations are based on transient factor (Ki)
and transient dimensioning factor (Ky). Network, CT and relay parameters are

needed for dimensioning calculation.

3.2 Transient factor (Kg)

The transient f istdefinetl s catiovoh the ithearetseal ltatalldim flux to the peak
instante z:eoﬁs‘?\/a ofthe el componeht of thelfled wheh!a it transformer is
subjected to & specified’ singfe’ enérgization constant (Ts) is

assumed to have retained a constant value throughout the energization [1].

K= (&ES (e TS -e %> - sin(wt+e)> .............................. (12)

3.3  Transient dimensioning factor (Ky)

A factor that has been assigned to indicate the transient dimensioning necessary to
ensure that the current transformer will be able to meet the specified performance

requirements including the requirements necessary under the specified duty cycle[1].

This is the final parameter for CT sizing in protection applications. It defines the
dimensioning necessary to ensure that the CT will be able to meet the performance
requirements due to the increase of secondary linked flux resulting from the DC

component of the primary short circuit current. Ky is derived from Ky and it is a
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function of time, which depends on selected protection relay parameters or calculated
value evaluating all network and CT parameters. This defined value for time is
termed as the required ‘saturation free time (T,)’ for proper operation of protection
function and often given by the relay manufacturer, based on the relay type tests.

Theoretical quantification of Ky is categorized into three time zones [2].

3.3.1.1 1* time zone (0 < Ta < Tan)

—tan-l
p=tan~ oT,

Figure 3.1 shows total flux development and ac flux development of CT core in first
few cycles. In first half cycle, Ky lays nearly less than one or it indicates that if Ty <
10ms and Ky  requires very low value in CT sizing. Figure 3.1 shows flux
development in first few cycles and Flux relationship of K is given bellow.

Secondary linked flux due to actual transient current (AC + DC)
td = &

@egondary linked “peak flux of AC componient only

In first halfey€le, sinusoidal’‘component dominates in Ky sizing.

Core flux development in first cycle
14 -
12 AC
—— component of
10 core flux
8 - Total core
— flux,
'_g 6 - Tp=120ms
< 4 Total core
2 flux
(7Y V.4 ok}
2 - Ti=140ms
B 0 0.01 0.02 0.03 0.04 0.05
Time (s)

Figure 3-1: CT core flux development in the initial stages of a short circuit
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In the CEB transmission system, Maximum T, is around 140ms and using the
equation (13) [2].

2. (0. 22
o= Zttan (2x7><50><0.14)
all—

2><¥><5O

Ta1=10.6ms

That means T,;; just exceeds a half a cycle. T requested by modern numerical relays
are in this time zone and due to this reason, K4 required for satisfactory performance

becomes a very low value.

3.3.1.2 2" time zone (Tai< Ta <Ta @ & max)

In this time zone, Ky can be quantified by equation (14) [2].

Ko = (20 (o7 T )41 (14)
td = (TsTr)

Figures 23

Rd 2.4-showrthe-fIGX vartation' with ‘primtary 'time constant (Tp) and
secondary’ &t‘fﬂfrjiié:constant (Ts) respectively. Figure 3.2 indicates that if time constant
goes high after 500ms, it makes less influence on Ky sizing. If Tp equals to Ts, Ky

has a very small value.

In the case of electro-magnetic relays and static relays, defined saturation free time

lay in this second time zone.
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Time constant & K4
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0

/ / - Primary time
constant (@ 500ms
Ts
/ Secondary time
~ constant @ 140ms
Tp

O R N W » U1 OO N 00 ©O
—

' ' ' ' ' time constant (s)
0 0.1 0.2 0.3 0.4 0.5

Figure 3-2: Variation of time Ky with primary and secondary time constants
3.3.1.3 3" time zone (Ta >Ta@emax)

Ta@smax 1S defined as time taken for core flux to reach maximum. Time beyond

Ta@smax, core flux starts to decay. Mathematical expression for maximum flux in CT

TpTg Ts

I
TsTp | T

Tal @B max =

This time zone is more important to CT sizing for possible maximum core flux or
extreme saturation free time. In the case of static and electromagnetic relays for
differential protection application, due to sizing requirement of through fault
condition CT must provide saturation free current input to protection relay for entire
fault period .Therefore this Taygemax Value must be considered in CT sizing of

differential protection with electro-magnetic and static relays (relay which free from

13



saturation detection). Figure 3.3 shows T,@smax Variation with primary time constant
in closed core CTs and Figure 3.4 shows Kqmax) Variation with primary time constant

and secondary time constant.

If fault critical clearing times are available for unprotected zones by differential
protection and this critical clearing time less than Ta@smax, then this critical clearing
time can be used for as Ty in Ky calculation. In generally this Ky value less than
value of Kimaxy Which we taken from equation (16). This new Ky is optimum,
however massive trust must be given for entire protection and breaker operation in

critical clearing time.

T@Bmax Vs TP for closed core

m

T

c . .
8 Viammn: %5 Tp
g — for closed

[J) cOoreg

E

[

0.1 0.2 0.3 0.4 0.5 0.6
T1 (seconds)

Figure 3-3: Variation of time taken reach maximum flux with primary time constant
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90
80
70
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40

Ko iy W5 T
30 1l {rmax) 5
& 140ms Tp

th(max)

0 T T T T T )

0 0.1 0.2 0.3 0.4 0.5 0.6
Time constant (seconds)

Figure 3-4: Variation of over dimensioning factor (maximum) with primary and
secondary time constant

3.4  CT secondary current

Undistorted CT secondary current replica is an important parameter for proper
protection functioning of the power system. In fault transients, a CT secondary

current varig JWith CT parameters. The Maximunt DC offset primary current occurs
at (“oc-0")

primary time constant. Equation (18) gives [4] corresponding secondary current.

jSt)OO and equation (2) gives, relationship of primary fault current with

ot % 1
B _ L
IpNp eTp-els |pr0)2 e cos ot stsm(‘)t

Is= T 1
NsTp | ——=— Ns 1 2
Tp Tg —T82+(1)

e (18)

The magnitude and decaying time of DC current component of secondary current
largely depends on secondary time constant. The closed core CTs provide very low
leakage inductance and high secondary time constant. Gapped core CTs give high
leakage inductance and low secondary time constant. Very low secondary time
constant contributes to a rapid decay of DC current component in secondary current.
Figure 3.5 shows DC current component decaying with secondary time constant.

High secondary time constant makes correct current replica in secondary. Closed

core CT provides more correct secondary current wave due it very high time
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constant. Figure 3.6 gives detail comparison of secondary current with different
values of secondary time constants. This graph is developed on equation (18) and it
is considered that turns ratio as 1:1.

8000

DC Transient curent with different Tg
7000

6000 .
AN
5000 — Tg20ms
\ \\\ — sz
4000 \ \\ T 120ms
3000

< s @
£ 2000 T 300ms
[J]
£ Iss (@
1000 —
§ \\ Ts 3000ms
_g 0 T T T T 1
“ 1000 0 0.05 0.1 ots— 07— 025
-2000
Time (S)

Figure 3-5: Variation of secondary DC current component with secondary time

comstant
Seoondacyleurrent Vs Tg
15000
Iy
10000 Lgy @
/ Ty 60ms

- s @
< 5000 Tyl 20ms
§ _Is:.'- @-

5 0 : Ty 300ms
v | w“ | i | | | “‘w .
S 0 092 O 0.16 — lsa@
i WY W\ v/ T 3000ms

-5000

-10000

Figure 3-6: Variation of secondary current with secondary time constant
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CHAPTER 4

PROTECTION CT CLASSES, THEIR REQUIREMENTS AND A
COMPARISON

41 Introduction

CTs are divided in to two main classes. These two classes are steady state
performance based Protection class (P) CTs and transient performance based
transient class (T) CTs. Each CT class has its own unique characteristics and good
comparison between each CT class is necessary for optimum CT selection.
Requirement of CT class is mainly based on protection function and selected relay
type. However proper CT class selection enhances system stability( discussed in
detail in chapter 5) In Sri Lanka, still protection engineers are selecting only steady

state performance based class P CTs and logical reason or argument behind this

limited selection is not auite clear

4.2 gfenio

Current transic ' and on the type
of their construction. Composite error is used to define the error classes under steady
state conditions. In case of transient state performance, instantaneous values are used
to define the error classes. Construction types define the magnetic behavior of the

core. Other classifications are based on magnetic characteristic.
4.2.1 Protection transformer — Steady state performance

4.2.1.1 Protection transformer — Class P

These CTs are defined under IEC 60044 and are based on steady state performance.
Defined error (Composite error) limit is based only on RMS value of steady state

current and performances under transient conditions have not been defined.
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As for the type of construction, remnant flux limit has not been defined, but
generally it is in the range of around 60% to 80% of saturation flux, which is

considered quite high. The limit of saturation is defined on symmetrical fault current.

4.2.1.2 Protection transformer — Class PR

Same as class P CTs, the error definitions of these CTs are based on steady state
performance and defined errors are same as class P (composite error, ratio error,

phase displacement)

There is defined remanent flux limit and practically this is around 10% of saturation
flux. Class PR CT core has small air gaps and this causes to high leakage flux and
low secondary time constant. This gapped core construction causes low remanent
flux level. However, with comparatively closed core, secondary current replica has

some distortions.

4.2.1.3 Protection transformer — Class PX and class PXR

Class P X éﬂ

Sea. 1)

Error d' ;fiqv\ 3¢ad On ratra-errotrtandti

Protective current transformer has low leakage reactance and it means this CT
contains high secondary time constant and no air gaps and hence, no limit for
remanent flux and practically it is around 80% of saturation flux. Performance
assessment is based on excitation characteristic, secondary winding resistance,

secondary burden resistance and turns ratio (Knee point voltage).

Class PXR

The performances of these CTs are defined on same parameter, which is defined on
class PX. (Excitation characteristic, secondary winding resistance, secondary burden
resistance and turns ratio.)However defined acceptable maximum error limit are
different from class PX (ratio error shall not exceed + 0.25% for class PX and ratio

error for class PXR shall not exceed +1%).
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CT has remanent flux limit and practically it is around 10% of saturation flux. Low
remanence is maintained by using air gap and at the same time other performance are

maintained as class PX. Performance assessment parameters are same as class PX.

4.2.2 Protection CT classes — Based on transient performance

4.2.2.1 Class TPX

These CTs are defined based on transient performance, under IEC 60044-6 and IEC
61869-2 and. Defined error limit is based on instantaneous value of error current and
it is given as peak value of instantaneous current for the specified duty cycle
expressed as a percentage of the peak value of the rated primary short circuit current.
In this case, AC and DC instantaneous current components are evaluated to error
calculation. In addition to defined transient error, ratio error and phase displacement

error limits are defined for evaluating steady state condition.

Transformer construction is closed core and due to very low leakage inductance, no
limit for rerganent flux (high. remanent,flux around 80% of saturation level). Due to
this constr@n type] Glass, 1 PX G s have, VEry- high -secondary time constant and

these type EFetransformundistonted:d kurrent component to secondary side.

4.2.2.2 Class TPY

These CTs are defined under IEC 60044-6 and IEC 61869-2 and based on transient
performance .Defined error limit is based on instantaneous error and it is same as
class TPX.

Transformer construction is based on gapped core and due to high leakage flux CT
has remanent flux limit (Low remanence flux around 10% of saturation level). Due
to this construction type, TPY CTs have less secondary time constant (around 300ms

is its lower level)
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4.2.2.3 Class TPZ

These CTs are defined under IEC 60044-6 and IEC 61869-2 and based on transient
performance. Defined error limit is based on instantaneous error. In case of error
evaluation, instantaneous alternating current component only is considered and

instantaneous secondary DC component is not considered.

Transformer construction is based on linear core with larger air gaps and with very
low remanent flux. Due to low secondary time constant (around 60ms) DC current
component has rapid decaying. Due to low secondary time constant, CT has not
followed primary transient current correctly. Lager air gaps cause very rapid

demagnetizing; demagnetizing time is around 200ms.

4.3 Comparison of B-H Loop in different type of CT cores

B-H loop describes pattern of flux development in current transformer core with
primary current variations. The type of core construction is the main parameter for
flux development. Figure, 4-1 shaws sthat, different . types.of CT cores maintain
different fl@evels al-same curremt Aadue, o The B-H-deep,at closed iron core CTs
(Class TPX~P) have wary Lbiginpéraentage flux at current zero point at CT de —
energizing and it is called as remanence flux. Due to anti-remanence air gaps, class
TPY and PR CTs have comparative low flux at current zero point. Due to very
complex gapped construction, linearized core CTs have very high leakage flux and

very low flux level at current zero point.
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up 10 80% ——p

< 10%

negligible

|- closed iron core (TPX)
II: core with anti-remanence air-gaps (TPY)
III: Linearised core (TPZ)

Figure 4-1: BH loop of different type of CT cores

4.4  Comparison between composite error and instantaneous error

4.4.1 Composite error ( &)

This defings+

difference bé-t'ween

16 erfor under stegdy state condition and gives RMS value of the

a) The instantaneous value of primary current (i)
b) The instantaneous value of secondary current multiplied by the turns ratio
(Kris)

The composite error is given by equation (19) [2].

) (Keieip) o
M= x100%

(S Ip

Composite error is given as 5P and 10P for class P and 5PR and 10PR for class PR

current transformers.
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4.4.2 Instantaneous error current (i)

The instantaneous error current is given as the instantaneous current difference

between primary current (i,) and secondary current multiplied by turns ratio (k; is)

[2].
T TR .0

All DC and AC current components in primary and secondary should be identified

separately.
1= leact legc= (erisac'ipac) + (KpXigge-ige) .- (21)
4.4.2.1 Peak instantaneous error (&)

This is peak value of instantaneous error current (i,) for specified duty cycle and this

is expressed as a percentage of the peak value of the rated primary short circuit

current
A
3 %7
A — B 4
E'= == )0 e P e Y
\/ !F’qci‘f,--

Transient error limit under specified duty cycle conditions are follows

Table 4-1: Error limits of transient class CTs

CT Peak Comment
Class instantaneous
error (g")
TPX eN=10% Due to closed core construction, it has very high Ts. DC

component takes more than 400ms to decay.

TPY eN=10% Due to gaped core construction, it has very low Ts. DC

component takes less than 400ms to decay.

TPZ eMge =10% | It has very low Ts (around 60ms) and with rapid
decaying of DC current component. Therefore, only AC

error component is evaluated.
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Due to the high secondary time, constant DC current component has high decaying
time. Therefore, total error component (AC + DC) is taken to evaluate error value.

Figure 4.2 shows four current waves.

a) Primary current wave at 7kA peak fault current and T, equals 140ms

b) Unsaturated secondary current wave at 3s secondary time constant (nearly
closed core)

c) DC transient current component of primary circuit

d) DC transient current component of secondary circuit

It could be seen that the time taken by the DC components of primary current and
secondary currents for complete decaying are 400ms and 200ms respectively. This
means that the primary fault current would reach the steady state in around 400ms,
and hence up to that limit, no meaningful judgment on the CT performance with the
consideration of the steady state based composite error. This time duration varies
with network and CT parameters. In comparison, instantaneous error gives a much

clearer picturg on the CT. accuracy perfapmance duriag the transjent period.

T

i

| j\ﬁt\/\ﬂﬂﬁﬂﬂﬂﬂ\ﬁ- 1
Ui

Figure 4-2: DC current components and its decay
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45 Excitation characteristicof a CT

4.5.1 Under steady state conditions

International standards do not have a common definition for the knee point voltage,
though concept behind it is the same. Fundamentally, knee point voltage is the
voltage up to which the current transformer secondary terminal voltage maintains
linearity with the magnetizing current. Under steady state conditions, IEC uses Ex to

denote the knee point [2].

According to the IEC standards, RMS value of the sinusoidal voltage at rated
frequency applied to the secondary terminals of the transformer, all other terminals
being open circuited, which, when increased by 10% causes the RMS value of the

exciting current to increase by 50%, is defined as the knee point.

According to the ANSI, Knee point voltage is defined as the voltage at which the

slope is 45° with log-log scale.

:(gr%e- ge. Uy
% Aol
i
v Sl =45°
% ope
+10% ‘/
1°000 ANSI = 5P20
| BS 5PR20
/f PX
100 /
0.001 0.01 0.1 10 10
I [A]

Figure 4-3: Knee point voltage in accordance with ANSI
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45.2 CT Operation under transient conditions

In the transient state considerations, the term used to denote the above change in the

CT characteristic is the rated equivalent secondary e.m.f (Ey) [2].

Ipr\\ I31 R ct L ct S\ R line
£ { T ——i_
=R + L
Iu Usmr Burden  Burden BSurden
P, s, R

Figure 4-4: Equivalent circuit of a CT with burden

Ip =Primary current Rt =CT secondary winding resistance
Ipn = Rated Primary current L. = CT secondary leakage inductance
lemax = %, symimetrical Fault Rid.=ddcondarnline Resistance
=
current e o
< suracy  limiting
Is» = Rated secondat y current voltage
Im = Magnetizing current Z, = Burden Impedance
Ue m £ =CT internal voltage Zi = Rt + joLg = CT Impedance

To avoid CT saturation [5] Uems> Ua
Ual = ( Ifault (max) / |pn) X th x |sn X ( th +2 RLine + Zrelay) ----------------------- (23)

U, is a parameter of fault current, transient dimensioning factor and secondary loop
impedance. Transient dimensioning factor is sizing parameter of direct current

component in the fault current.

High secondary leakage inductance causes low secondary time constant and rapid

decaying secondary dc current component. These performances (chapter 3.4 and
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figure 3.5) make distortion on secondary current replica. Therefore, CT
manufacturers tend to maintain minimum leakage inductance. Modern numerical
protection relays are with pure resistive burden. However, conventional
electromagnetic relays are mainly inductive and it causes an increase in the peak flux
in CT core (figure 2.5). In outdoor switchyards, line resistance (Riine) IS generally
large due to long lead wires and hence required accuracy limiting voltage (Uj)
increases. On the other hand, indoor switch yards (GIS based construction) lead

resistance is significantly lower and hence Uy is also lower.

According to the closed core CT construction with very low secondary leakage

inductance and modern protection relays equation (23) can be modified as follows.
UaI = ( Ifault (max)/ Ipn) X th X Isn X ( Rct +2 RLine + Rrelay) ----------------- (24)
Further analysis in PSCAD simulation is presented in chapter (3).

4.6  Accuracy Limit Factor (ALF)

This is definéd as ratiolofothe rated detoraclybivait primaryi dusrent to rated primary
current.ALé’gdefined ditferent-ways-in-chfrerent ©F classes.

In normal Cr‘,rTM]srotection classes (P10, PR10), ALF is defined as follows [2]
(Ipsc/ Ton) = Kse e eee e (25)
Where,

Ipsc = Rated symmetrical short circuit current

Kssc =Rated symmetrical short circuit current factor

That means in normal protection class CT, the rated ALF is given by PxKggc Or
PR X Kggc.

In transient classes CTs (TPX, TPY, TPZ), ALF will be [2]
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In transient class CT specification, ALF is given as TPX 20 x 12.5

Where Kggc =20 and Ki=12.5

4.6.1 ALF variation with the connected burden

A current transformer with a given ALF will have an increased ALF if the burden
connected is lower than the rated capacity and a decreased ALF if the burden

connected is higher than the rated CT capacity.

Considering requirement of accuracy limit voltage [6];

ALFratedx(Rct+RB(rated)) > ALFactuaI X (Rct+ RB(actual))

ALF, tualx(Rct"'RB(actual))
ALF > B e e e 27
rated = (Rct"'RB(rated)) ( )

ISSC(max )at selected location K, i i ;
td (coordinate with protection
ALF 0 = ( protection) (28)

Ipn

Rated CT bggqen = el ESPY SRV OFRIY A
Internal burder of CF 2/By=lR X11L] 3
Actual connected burden Pg(actual) = RB(actuaI)XISNZ

RB(actuaI): Rline+RreIay

ALFcrua*(Pi +PB(actuaI))
(Pi+Pn)

AI—Frated >

Equation (23) and (29) provide sizing criteria, which is based on actual ALF and

actual burden.
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CHAPTER 5

CURRENT TRANSFORMER SELECTION

51 Introduction

Proper selection of CTs is a prerequisite for the efficient and accurate functioning of
protection systems. Often, unacceptable operations of protection systems occur due
to the wrong selection of CTs. Oversized CTs may facilitate accurate protection
operation, but such selections cannot be economically justified. Once optimum
selection of CT is done at the planning stage, protection system will operate
satisfactorily. However, power system parameters keep on changing with its
expansion. Hence, all operators of transmission and distribution systems are required
to study and analyze every protection relay operation, and determine the causes of
formal operations. In such situations, the operators need to focus on the CT
performance as well.

52 C] geslﬁ

Selectic SR WYY R A AR LU R e Luth

1) CT class
2) Core construction

3) Capacity
5.2.1 CT class

CT class selection depends on the following parameters

a) Protection function
b) Type of protection relay
¢) Required limit of unit or system stability
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5.2.1.1 Protection functions

Protection function determines the required delay for relay operation (tripping).
Differential protection needs high-speed operation or operation without a delay. The
first zone operation of distance protection also needs high-speed fault detection. In
the research it has been identified that the categorization of instantaneous, or in other

words, tripping without delay is appropriate for the selection of CT class.

The decaying time of DC component and the fault detection time of protection
function are the major factors that influence CT class selection. With this
information, the maximum CT error that can be permitted within the time duration
from the fault inception to that instant, relay makes its decision to operate or not, has

to be worked out.

Differential protection

Following are the key features of differential protection that need to be considered in

the dete iatl T |- requlreMmentss
o A 19319 [ ZLSSEIRALLOL .
a) ,-) trme ) Avic" 1AL -“N A .,.: N ArafIATA" Te ITRcFANTAT Hence, relay IS

the fault, that is,
within the transient period.

b) Protection is based on circulating current principle; hence, at any instant,
secondary currents from two or more CTs are evaluated to arrive at the
tripping decision.

¢) To accomplish (b), protection relay needs real time (instantaneous) secondary
currents with lower errors than the stipulated levels to determine the primary
circuit current differences.

d) Biased curve setting is used to mitigate CT errors.

This curve setting is used to mitigate effects that originate from CT mismatch
and network mismatch at through faults. In case of transformer differential
protection, transformer magnetizing current component dominates in some

extent. The tripping value of differential current of protection relay is set to
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follow biased curve. However, the relay looks for the instantaneous values of

the current.

1Afln

Altotal=Total mismatch curent

AICT=CT mismatch current

Ala=system mismatch current

Alw=transformer magnetizing current

| throughyln

Figure 5-1: Biased characteristic in differential protection

Proper biasgd curve setting is important for mainfaining of system stability. The

€ \rvesetting shauldrhe hasedonguantification of error current.

Compariso"r'frén the suitability of the steady state and transient state based CTs

for differential protection

Table 5-1: Comparison on the suitability of the steady state and transient state based

CTs for Differential protection

Feature

CTs based on steady state

performance

CTs based on Transient

performance

CT errors and
circulating
current principle
(a,bandc)

Composite error is used to
specify CT errors, it is
defined under steady state
conditions, and error is given
in rms value (chapter 2).

Relay operates before the

The instantaneous error is used
for error specification .This
gives real time maximum
acceptable value, and it can be
of

used for quantification

maximum acceptable error in
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steady state situation is
reached and with such error
information which given by
composite error and proper

CTs cannot be selected.

transient condition (chapter 1).

Biased

characteristic

The composite error provides
RMS value of error in steady
state. Hence, with this
information, true maximum
error value under transient
conditions, cannot be
computed,; therefore,
protection engineers are using
their field

values for

experience or
typical biased
Setting with stepdystate G 1S,
This triieldc dXperencé; ahd
typical valuesl aré‘hotmaking
pest literature to optimum

setting for all time.

The maximum error levels are
given in instantaneous values.
Therefore, protection engineer
can quantify the maximum
acceptable current error using
specification given by the CT
manufacturer under transient
conditions. If  sufficient
information is available, a
optimum Dbias characteristic
can be determined and it will
enhance cthe power system
stability. Hence, transient class
CTs shouid be the preferred
choice for differential

protection.

In the case of in - zone faults, protection relay operation has been categorized in to

instantaneous operation. However, relay takes time to detect the fault and make

tripping decision. This time depends on type of relay and numerical relays are very

fast in this process. Static and electro-magnetic relays take more operating time than

numerical relays, operating time comparison is given table 5.1. The fastest numerical

relay takes nearly 25ms for in - zone fault detections, and it lays in sub transient time

zone. According to the system parameters of Sri Lanka and magnetic characteristic

of the CTs, saturation starts after half cycle and remains around 400 ms and

numerical relays and static relays get there trip decision within this time period (sub
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transient and transient period).If the CT saturates , first five cycles are a highly
saturated period. Hence, transient class CTs are more suitable for in zone fault

detection of static and numerical relays.

In case of through faults, protection relay has to look total fault period and this fault
duration may exists within sub transient to steady state period and CT must correctly

perform in this time zone.

If the protection relay guarantees to relay operation within first half cycle for
in-zone faults and if the protection system guarantees to critical fault clearing
time less than half cycle for through faults, the application of class P CTs can be

accepted.

Distance protection

In order to maintain system stability, any branch of power system afflicted with a

fault must be isolated from system within the critical clearing load angle and critical

clearing time. lecessity on art ¢ y is to act as possible.
Y, Y s .
=
At = grading time R
time Z, ®
L2 ‘
|
|
,,,,,,, _ -
2 A t, | i
! I : |
| Aty |~ N | —_—
@ | | |
——»distance

Figure 5-2: Distance relay arrangement

In a distance relay, the first zone operation is instantaneous and it operates within
transient period. When secondary current distortions are present due to inaccurate
transformation by CTs, the location of the fault as assumed by the relay could differ

from the actual location. For a first zone fault close to the boundary between the first

32



zone and second zone, the secondary current distortions might make the relay to
imagine it as a second zone fault and hence a delayed tripping.

If this delay exceeds the critical clearing time of this particular location it will cause

system instability.

In the power system in Sri Lanka, the maximum primary time constant (Tp) is
around 140ms. In a closed core CT construction (this construction consists of
possible maximum secondary time constant), the DC current component will take
more than 300ms to decay and maximum saturation may occur in the second cycle.
Grading time (delay time) in distance schemes is 250-300ms. This implies that the
second zone operation also may take place before the complete decay of the DC
transient component. Therefore, Transient class is the preferred option for distance
protection. As it was discussed in section of differential function (5.2.1.1) the first
and second zone operation lie within a region of 10 - 400ms, and the exact operation

time varies with type of relay. Therefore, the selection of relay makes high influence

to class
5.2.1.2 Sefgebion of ICTT classasc Differestdydes of priotectios /S
In the c [ Y . lay plays a vital

role in CT class selection. There are three types of protection relays in use in Sri

Lanka’s power system, and they are as follows.

a) Electromagnetic (electromechanical) relays
b) Static relays
c) Digital relays

d) Numerical relays

The fault detection time and selectivity varies with type of protection relay and a

comparison of differential relay operating times is given in the Table 5.2.
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Table 5-2: Comparison of differential relay operating time

Unit Protection Relay Relay operation Comment
relay type
GT-7 DTM -7033 | Static Phase | Pickup | Operating
(Kelanitissa CEE France current | time
Power (mA) | (ms)
Station) - R 107 263 Relay trip time
115MW Y 106 228 obeys inverse
B 109 235 time curve
Sapugaskanda | 7UT5131- Numerical | R 44 46.6
Diesel SIEMENS Y 44 45.2
Generator No B 44 44.0
7-(20 MW) RYB | 50 39.8
Puttalam Coal | DGT801 Numerical | A 3000 25 Relay trip time
Power station | Guodian 750 39 with  inverse
(Norochchola | Nanjian 3000 23 proportionality
PS) 300MW | Auotomation 750 39 with  current,
C 3000 | 23 Ta is given as
750 39 5ms
DC component vs relay operatin time
1.2 liii?' U ISy o vioratmrwa T s TIYIRT™)
1 g’, A STARCReEAIC L NESCS & Lissertations
5 | REGIONY 11b. mirt. 4
z 08 — DC
= = component of
:I:: 0.6 g N primary fault
£ L LEIN
o . aN = L40ms
s 0.4 3 \
€ 02 & ~
) T ~——
0 d - - ! J | time (s)
0 0.1 0.2 0.3 0.4 0.5 0.6

Figure 5-3: Comparison of static and numerical protection relays operation region

5.2.1.3 Electromagnetic relays

Electromagnetic relays converts voltage and current signals provided by VTs and

CTs in to magnetic and electric forces. These forces are made to interact in a pre-

determined manner, and if the resulting forces of such interactions, exceed the

restrained forces (determined by relay settings), then the relay activates (mechanical
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movement), and the activation results in a trip signal. There is an unavoidable time

delay of 60ms — 80ms for relay operation.

Electro-mechanical relays operate either as an amplitude comparator or as a phase
comparator. Normally these have an operating coil and a restraint coil. In a distance
relay, operating coil is fed with the CT and the VT feeds a restraint coil. In a
differential relay, both coils are fed by CTs. Therefore, the DC component of the
fault current will affect the relay operation, as when the CT saturates, the CT fails to
provide an output current and the relevant coils (operating coil and restraint coil)
may fail to create magnetic forces required for correct operation. These types of

relays have high burdens and are inductive.

Therefore, to ensure satisfactory operation of the electromagnetic relays, following

requirements have to be met.

a) CT performance during transient condition has to be correctly specified
b) CT shall operate faithful to its specifications

p)
D

In acco :iggmv the'above ' isnot'possible‘to i <t AR e >lass P type CTs

¥ty RAalairsAr NI/

for fast ':ti_%fg?eh ansient period is
uncertain. The ions or delayed
operations. However, in case of a protection function with delayed operation such as
over current or earth fault protection and where the delay normally exceeds the
transient period, then the combination of class P CT and electromagnetic relay can be

accepted.

5.2.1.4 Static relays

Static relays belong to the next generation of relays after electromagnetic relays. The
word “static” implies that these relays have no moving parts. The protection
functions are similar to electromagnetic relays and construction in early stages was
based on discrete semiconductor electronic elements. In latter stages of their
development, microprocessors and linear and digital integrated circuits were used for

the relay construction. However, output unit had been an electromagnetic device.

35



The static relays have comparatively lower operation time and lower burden as
compared with electromagnetic relays. Due to the lower burden, required CT cross-

section is smaller than electromagnetic relays.

In case of instantaneous protection functions, static relay operates within transient
period. Therefore, the CT class requirement is the same as for the electromagnetic
relays. CT selector should have clear definition of CTs in transient conditions. That
means static relay with transient class CT is a better combination for proper

protection configuration [7].
CT/PT
DC Slource
Auxiliary - Relay 5 Ut
Se?:-(ln—/nz;ry Rectifier MeZSnL;tring Amplifier  F——>— Dtl;v,i)éje

Figure 5-4: Schematic diagram of static relay

5.2.1.5 Numerical relays

Numerical lﬁﬁys are'programimable vetays.cThe/charactaristics behavior and required
logics of théi?elay can'be programmed.: in case of input current measuring of relay,
the input analogue signais are converted Into digital representation (ADC) and
processed according to the appropriate mathematical algorithm. In most numerical
relays, this algorithm has the capability to detect CT saturation within half cycle
period. Due to this feature, numerical relay needs very short saturation free period of
CT to perform correct protection function (Chapter 5.2.1.5). Therefore, numerical
relay manufacturers are specifying very low CT saturation free time (ty) for
particular relay and particular protection function. This very low ty specified by the
numerical relay causes dramatic reduction of dimension factor (Ky) irrespective of

any value of primary time constant and secondary time constant.

Numerical relays have very low burden as less than 0.5VA. This very low burden
coupled with very low specified K¢ cause to large reduction of the required CT size.
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Saturation detection of numerical relays

Numerical relays include saturation detectors and they detect saturation very fast and
activate additional stabilization. This enhances system stability and this principle is
based on wave shape comparison of unsaturated and saturated current waves.
According to the saturation detection, relay provides make or block tripping

command [8].

Saturation detection in differential protection

In this case, current wave shapes of operating current and restraint current are
compared in through faults and internal fault conditions and biased characteristic are
adjusted. Wave shape comparison is given by figure 5.5 and following wave shape
variations are evaluated by the numerical relay and new adjusted biased curve is

given in figure 5.6[8].

a) Relay evaluates CT signals from two defined boundaries.

b) In case of jnternal . fault_ resultant restrain .cyrrent (magnitude addition)
comﬁéﬁent (1aes)tfotows] resuttant: (Vectorial addiiton) operating current
wavefhop). Inirst Binspina satuthtion takes place, after first 5ms saturation
occurs and both current waves are affected in same pattern.

c) In the case of through faults, after 5ms (saturation free period), due to
magnitude addition, restraint current exhibits same wave pattern in internal
fault. In 5ms (saturation free period), due to vectorial addition, no resultant
operating current in first 5ms and after that there is some resultant current.

d) According to condition a) and b) Numerical relay develops logic flow, which
is given in figure 5.7.

e) If relay detects CT saturation after 5ms period, trip signal is delayed by the
relay (in this case 150ms).If CT saturates beyond the delayed time, relay will
trip. This says if saturation remains after 150ms there is some possibility for
unnecessary tripping in through fault conditions and for better stability, due
to through faults, if fault remains beyond specified saturation free time

(150ms for 7SS5 relay),problem occurs with very low ty. DC current
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component of secondary current has to be decayed within 150ms or critical

fault clearing time must be less than 150ms (150ms specified time by the

SIEMENS 7SS5 relay).

f) The above condition says that, importance of correct CT sizing is irrespective

of saturation detection of numerical relay.

A1l
Al

Protection
object

1

Internal fault
A
"'I
1, ” tl"‘\
o [l A Vakaany

=2Ums

2

External fault

i T

=u t=10

t=20ms

Figure 5-5: CT current wave comparison in differential protection
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Figure 5-6: Adjusted biased curve
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Figure 5-7: Trip logic of numerical relay SIEMENS 7SS5 with saturation detection

Numerical relays with class P CTs

In class P CTs, the composite error definition is for the steady state region and no
information is available for sub transient and transient periods. However, as it can be

seen from the figure 3.1 in first half cycle, ac flux wave dominates and no saturation

39



takes place. If the required saturation free time for the numerical relay is known and
if this time is less than the time in which CT start to saturate (generally this time
stays within first half cycle) then class P CT can be used for instantaneous protection
functions. However, time for start to saturation varies from CT to CT and fault to
fault. However, more instantaneous protection functions involve with delayed
supervision. That means, differential protection relay and CT that cater to differential
protection must involve to through faults and this through fault period lays through
transient period. Same as through faults of differential protection, in  distance
protection, single CT must cater to instantaneous function and delayed function (first
zone and second zone). In selection of class P CT, this phenomenon should be

evaluated.

In general, fault detection and decision making done by the numerical relay is within
first three cycles and operation time of numerical relay is around 25ms. This fault

detection and trip command sending time remains within sub-transient to transient

region.
Numerical g@{d vith transient CT
The transient ¢l for sub transient

and transient periods. The numerical relay operation takes place within first three
cycles and the DC current component dominates within this period, after the first half
cycle. If a differential relay is considered, then as the protection engineer is well
aware of the limits of errors due to the well defined transient performance of the CT,
possible spill current can be worked out and checked with the relay manufacturer’s
details for the suitability, calculated relay settings can compare with setting given by
relay manufacturer. The fault detection and operating time of numerical differential
relay is normally higher than defined saturation free time (Ta) required®. Hence, the
performance of transient class CTs can be trusted during this total transient period.
Some reputed protection engineers are hesitating to use transient class CTs and their

! T, is 5ms and instantaneous operating time is 23ms for differential protection of Norochcholei coal
power station
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argument is based on the size of transient class CT. However, numerical relay
manufacturers specify very low T, and hence corresponding Ky becomes very low.
This implies that the CT size required is also very small. The use of numerical relays
with transient CTs for instantaneous protection functions will enhance system

stability.

Although cost factor should be considered, it has less importance than the system
stability factor.

5.2.2 Core construction

CT properties change with core construction. Core can be with or without air gaps
and the latter type is known as closed core CTs. Introduction of gaps into the CTs

helps to bring the Ts up to the desired level.

5.2.2.1 Closed core CTs

The closed core CTs are with very low leakage inductances and hence a high
secondary ténge constant. Ddeto"this high Secondary time constant, CT core has
ability to transfonm DC current component with high accuracy in a defined range™.

Closed core CTs have high remnant flux. In general this remanence is more than

80% of it saturation flux level.

Remanence flux makes negative consequences in auto-recloser (ARC) applications.
In ARC with circuit breaker operating cycle of C-O-C-O (close — open — close —
open), time taken from first ‘open’ to second “close’ (duration of the ARC dead time)
is effective time for decaying of remanence flux. In the second fault clearing time or
time taken to second ‘close’ to second ‘open’ of breaker, core flux develops due to
the second fault. However, this flux will build on the remaining flux or remanence
flux of first fault. In case of closed core CTs, due to very low leakage flux, the

remaining flux level is almost equals to flux at first opening and flux at second fault

! Chapter 2 describes variation of secondary DC current with different secondary time constants.
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duration is very high, if ARC dead time is very short. This higher flux level causes

core saturation and large core cross section is required to avoid this situation.

5.2.2.2 Gapped core CTs

Higher level of gaps causes higher leakage inductance and low Ts. The low Tg
reduces the remanent flux levels. However, attempts to achieve very low secondary
time constant may affect the secondary current replica. Low Ts ceases DC current
component of secondary current wave much faster (Chapter 2). Due to this reason,
secondary time constants of class PR, PRX and TPY current transformers are kept
within 200-300ms as lower margin. Linear core CTs (TPZ) has large air gaps, hence
very low time constants of around 60ms. TPZ CTs are more suitable for shorter ARC

dead time applications.

Air gap construction is based on core portioning and this assembly is highly
complex. Due to complexity in manufacturing, cost of gapped core CTs is higher

than closed core CTs

Figure 4 %TQV\:: mgnence TkuX~variaton O1-aifterent type ol
y.

Vi . This graphical
ana|ySI$ “ES :fol‘ i1 Hy fault;detection ana

t'= Duration of first fault = 120ms
tr = Fault repetition time or dead time = 250ms
t" = Duration of second fault = 235ms

As can be seen from the Figure 5.3 TPZ CTs with very low remanence (with rapid
decaying) have very low Ts (60ms, linear core construction), and very high

remanence have very high Ts (3000ms, closed core construction).
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5.2.2.3 CT core selection

CT core selection is based on the following.

a) TYQ@CT installation
b) The

¢) Costof CT

Type of CT installation

CT size is not a major issue in outdoor type CT installation, where generally
sufficient space is available for switchgear and installation is based on discrete units.

This environment allows using CTs with large cross sections, such as closed core

CTs in which remanence flux mitigation takes place.

In the case of indoor substations like Gas Insulated Substations (GIS), the space is an
important parameter. In GIS, CTs are encapsulated with circuit breaker and isolator
units. Therefore, smaller size CTs are more suitable for GIS. Gapped cores CTs have

relatively low cross section. Class TPZ CTs approximately reduces 60% of cross

Figure 5-8: Remanence flux variation with secondary time constant

iiie ofiaeeaptdbls Kaat f9r ARy given protection relay

section from closed core CTs and 40% from class PR and class TPX cores.
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The value of acceptable K for a given protection relay

The low Ky represents a low cross section for a CT. If the protection relay can
operate accurately with lower Ky where accurate DC component transformation is

possible, then a closed core CT can be selected.

Costof CT

As it was discussed in chapter 5.2.2.2 that gapped core construction is complex
especially in assembling and fixation. Hence, cost is comparatively high. Therefore,

cost factor must be considered with type of switchyard construction.

TN
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CHAPTER 6

SELECTION OF OPTIMUM CT SIZE

6.1 Introduction

Theoretical considerations discussed in the preceding chapters and the formulae
developed have to be judiciously used to determine the optimum CT sizes for any

location.
6.2  Sizing parameters

Optimum CT sizing depends on the following network and protection relay

parameters.

a) Maximum possible fault level of the location

b) Primary time constant or network time constant (T,) at the location
C) g )
d) ,pggg,,,- cted protection relay

a Al ) \
e) qued pratectiqn gpplication

Effect of the above parameters on the development of CT core flux were discussed
in detail in Chapter 2 and the following have to be computed to specify the CT

required for any particular location.

a) The over dimension factor (K)
b) The knee point voltage (or the accuracy limiting e.m.f)

c) The accuracy limit factor (ALF)

6.2.1 Maximum possible fault level of the location

This is directly given by network details or has to be tabulated on available system
parameters. However, if any transformer inrush current component is available then,

it has to be evaluated.

45



6.3  Primary time constant or network time constant (Tp) at the location

This is directly given by network details or has to be tabulated on available network

parameters. Presently CEB uses primary time constant (Ty) around 110ms.

6.3.1 Secondary time constant (Ts)

This depends on type of CT core. In the case of differential protection, remanence
flux is not a factor to be considered. Therefore, closed core CTs can be selected.
Secondary time constant of closed core CTs are typically in the range of 1000 -
5000ms.Therefore, the secondary time constant was assumed as 3000ms for the

calculation in section 6.3.

In the case of gaped cores, Ts should be justified according to the given permissible
error limit. In class TPY CTs, the secondary time constant can be calculated from
following formula [1]. This formula gives a relationship of the maximum acceptable
instantaneous error with an over dimension factor and a secondary time constant, CT
manufacturges give pwarranty. tq maximum, acceptable: grrorqlimit and according to
IEC standaé’d}it must-berless tham 10%. Fhevefarestthis,formula can be used as

reference pdtht of Ty caloulatiomiit].

£ < 2T T < 10)|
For TPZ type CTs
10900 N
Tg = , Where 8inute = acceptable angle error in minutes [2]

dminute

6.3.2 Required saturation free time (T4)

This parameter depends on the type of protection relay selected. If the selected relay
is numerical, Ty is a very low value. In generally it is less than half cycles [8] for

Electro-magnetic and static relays.

If the protection relay is static or electro-magnetic, Ty must be equal or higher than

fault detection time of the protection relay and the relay manufacturer should give
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detection time. If the fault detection times are not available, T, has to be based on the
time taken by the CT to reach the maximum flux level of core. Generally, some CT
selectors assume value of Ty as infinity (o). Theoretically, this is not correct and this
gives under sized CT for through faults in differential protection. In through faults, if
the critical clearing time is larger than T, at maximum flux, this creates a problem

and CT acts with under sized characteristic.

In the case of sizing of Ty@emax, IEC 61869-2 standard specifies this value to a pure
inductive fault impedance and variable fault inception angle. However, extreme case
should be considered in CT sizing. In order to size the maximum the flux, fault

inception angle should be zero (0°) with fully inductive fault impedance.

Therefore;

_TpTsy Ts

Ta' @Bmax_ ﬁ n TP ............................................ (31)

This Ty @emax Can be used to calculate Kig max .However this Ky max greater than Ky

which s fie given. Ly
Sizing of e¥eEdimensioning factor (Ky)

6.3.2.1 T4 for nuimerical relays

The required saturation free time depends on saturation detection algorithm which
defined by relay manufacture. However in generally saturation free time (Ta< 10ms)
required by numerical relays is very low. According to the IEC 61869-2 standard this
lies in first time zone. If we select Ky as 5ms, the graph given by IEC 61869-2
standard can be used for tabulation of K. This graph has been plotted for a
secondary time constant of 1800ms and it lies in the closed core zone. In the
application of 3000ms, Ky is slightly higher than value given by the graph (graph 1.7
and 1.8).
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Figure 6-1: Determination of Ky in time zone 1 (IEC 61869-2)

According to the figure 6.1, when Tp is 110ms and T is 5ms, Ky becomes 1.125
(actual value can be seen in the above graph). According to the figure 2.4 (variation
of secondary flux with secondary time constant), figure 3.5 (variation of secondary
DC current ggomponent with. secondary time constant) and.figure 3.6 (variation of

secondaryf_r_ Bt Vith secondary timecconstant)y; dorfirsichatl cycle or within first

zone of Ta,the secomdany time Igonstantlis not a crucial parameter for sizing of over
dimension facior. Therefore, the value (abulated irom the above graph can be
generalized for gapped core for Ts ranging from 300 ms to 3000ms and closed core
CT for Ts ranging from 1000 ms - 5000ms.

6.4  CT sizing for different protection applications

6.4.1 Differential protection relay

This sample calculation is based on Gas Turbine No. 7 of Kelanitissa Power station.

48



Finding of maximum effective symmetrical fault current at CT location

150 MVA c 149 MVA 132 KV
T
F, F, AlY
Fault Level
5487MVA

F, =(fi+f) 1 =Fault Current from System

F.=(f1+f2) 2 =Fault Current from Generator

Figure 6-2: Single line diagram of GT7

Table 6-1: Generator and transformer manufacturers’ data

Generator Transformer Others
Apparent | 150 Apparent TA9MVA | 132kV fault | 5487TMVA

power &, | MW DOWer level

Synchronous” | 180'5%"|- Fransforrfation | 15kV/ CT  ratio

reactance . 132 kV 11kV
ratio

Sub-transient | 13.8%

reactance

Generating 15kV | Vector group dy CT ratio
voltage 132kV
Generator Impedance 12%

time constant

Fault level at 132kV bus = 24 kA (Given by transmission branch of CEB)

In the case of faults in protected zone, CTs at outgoing generator terminal, system
fault level dominates the CT current.

Network impedance related to 15kV
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2
— kaase

7. = —base
net MVAscce

152

Transformer impedance

2
15 12
Ziransformer = 129 X 00 0.181Q

Ex 03

- \3 —
lfauit 1 = (0.041+0.181) 39KA

That means network feeds 39kA to protected zone faults through generator terminal
CTs.

For neutral terminal CTs,

150)( 106:\/3xVL_ba5ex I base

150%10°= \@x15x 103X b e

i
: 7,7%”— )
Ipase = 577 ’AV

ltautt 2=7.248X5777=41862.31A

In the case of through faults, the fault current of 41.86kA affects both the CTs at
neutral end and sending end of the generator. Therefore, the case of CT sizing for
through fault currents, the fault current component from the network has to be
neglected and sizing of ALF and knee point should be based on 41.86 kA. If the CT
sizing is based on the total fault current, it may cause over size CT selection for
through faults. The maximum possible fault current at the location of the CT does not
satisfy the optimum CT selection criteria and it should be corrected as actual
maximum possible current that affects CT core. The CT selection of GT 7 shows this

argument clearly.
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Iault (effective)= 41.86KA
6.4.1.1 Determination of primary time constant (T)

Tn is given for the 132kV bus. Therefore, it has to be recalculated for the exact fault
location. However, 150MVA generator feeds the maximum fault current to CTs at
generator terminals. Therefore, Ty of this current has to be considered for CT sizing

and time constant of generator has to be taken for primary time constant.

6.4.1.2 Determination of secondary time constant (Ts)

This is determined on core selection. As an initial step, Ts should be checked for
closed core construction (closed core CTs provide more distortion free secondary
current replica), and if calculated ALF is very high value for closed core CT, and Tsg
should be selected for gapped core CTs.

6.4.1.3 Kq for electro-magnetic and static relays

In the case though falilt €6AditibrOf diffdrahtiar protdition 88 dtated earlier, Ky has

to be calculatej;d by USiNg Ta@emax OF directly by using fotlowing formula.

Ts

Kigmax=1+0TsX [;:]TS—TN ............................................ (32)

22
—X

50x3 [ |70
7

=1+2x
Kigmax=1+2 3-0.11

Kig.max = 31.48
6.4.1.4 Selection of CT ratio

The generator base current is 5777.0 A, therefore the most suitable CT ratio of the
existing CT is 7000/1. The higher number of secondary turns causes to increase knee
point voltage and level of saturation and at the same time, it causes to increase size of
the CT.
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6.4.1.5 Required ALF with numerical relay

ISSC
ALFrequ”edzr thd(numerlcal) ............................................ (33)

41862
o>y

AI—Frequired >1.47
6.4.1.6 Required ALF with static relay

|
AI—FrequiredZ Slinc X th(static) ................................................ (33)

41862
. >—X
ALF oquireq> =g ¥14.4

AI—FrequiredZ 86.1
6.4.2 Bus bar differential protection

InCT sizi,r_}‘ ‘fo,.f bus-bay differentiall protection ) the fatiltlcrfent.contribution of each

feeder has fsgonsider -Fath féeder' Has'its ‘own prinary timéconstant, and the total

equivalent Time constant at the fault Tocation can be calculated using following

formula.

If having N number of feeders available with fault currents of
T B P I and relevant primary time constants of
T1,T5, T30 iiiievenn.na Ty The equation [9] (34) gives equivalent total primary

time constant at the fault location.

T ) _ BT+ Ty +13Tze INTN
p (equivalent )~

lp+lo+lg IN

The selection of T, depends on selected protection relay type for bus bar differential

protection.
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6.4.3 CT sizing for distance protection

As discussed under differential protection, the relay type arises as one of the main
sizing criteria. In addition to that, type of application (with or without ARC), the
level of remanence, and the type of installation (CT core) arise as other main factors
of CT sizing. The fault calculation is the same as in differential protection.

Without ARC application

In this application, the remanence flux is not considered in CT sizing. In the first
protection zone of relay operation, CT sizing is very similar to CT sizing done in
differential protection. The type of protection relay makes high influences in CT
sizing. If the protection relay is numerical, CT sizing is based on required CT
saturation free time specified by the relay manufacture. If this time is within 1% time

zone for over dimensioning factor (Kyq) sizing, (less than 10ms or calculated value by

formula T,= ’%‘p) Kiq has to be calculated using graphs given by IEC 61869-2

standard. If [he IS € ymagneti generally Ty 1er than 25ms or
within ogb‘gn zone for Kq sizing.,
Network parar S 'such as” fauft fevel a it, and CT core

parameter such as the secondary time constant should be taken as in the method

applied in differential protection.

Kw is given by following equation for second time zone, and without ARC

application [2].

o [ L =&
Kig = ((T‘:_Tp) <e Ts -g Tp) +1> ........................................... (35)

With ARC application

In ARC application, the remanence flux makes a high level of influence on CT sizing
for distance protection. In case of CT sizing, following time periods have to be
defined clearly (flux development in CT core due remanence flux is discussed in

chapter of CT core selection).
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a) Fault detection time of relay
b) Time for Circuit breaker opening after fault detection
c) Time for first opening to second closing (Dead time - tpr)

d) Time for second fault detection (tg,)

Time for the first fault detection and time for circuit breaker opening after fault
detection can be added as duration of the first fault (tr;). The core flux development
after the second fault detection has not dominated in CT sizing; therefore, the time
after the second fault detection to the second breaker opening can be neglected.
According to the above parameters, the general equation of K for ARC application
is given bellow [9].

Kig= |1+ 7122 (”TNTS (etTFN1 etTFsl) tDTT:F2+ [1+ O;LNTE (etTFri etTZ)] .............. (36)

The general equation says exponential decaying of flux in the dead time (tpr). In the
case of closed core CTs, due to negligible leakage inductance the flux decaying in
dead time (tD_T) is very small and Tg>>Ty, . Therefore the CT core flux after the first
fault duratit%i‘f?lmost equals the care flux inthe CT just before the second closing of
circuit breakg'r; This, is.graphically analyzed in chapter of core selection (5.2.2.3).
Hence genérr—arl‘ equation can be simplified for closed core CT applications as given
bellow [9].

1 E1 2 k2

Ky = [1+ ";TNTS (e™- eTS)] [1+ O;IINTTS (eTN eTS)] ...................... (37)
1 F2

Kig = [l+o;)TN(1-eTN)] + [l+o;)TN (1-eTN)] .............................. (38)

Numerical relay and K4 for ARC application

According to the above general equation of total Ky is based on summation two
subsets of Ky.

Ktq1 = Over dimensioning factor for the first fault duration and dead time.
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Kz = Over dimensioning factor for the second fault duration or the second fault

detection.

Then general equation can be rearranged as follows.

In the case of numerical relays with close in faults (fault location is very close to
zone staring point), according to the software algorithm (ability to saturation
detection) and type tests that the relay manufacturer has given value for K. If this

value equals to ‘a’, we can rearrange Ky Sizing equation as follows.

_ O)TNTS ;l_:_l t-:-:—l
K= 1+ﬁ(e R | 1| (41)

In general, the relay manufacturer do not give Ky, directly and it has to be calculated
from the tatal first fault duration (fault detection.time + Dbreaker opening time)
because the'éﬂyx development duertq the total First fault duration affects  final core

flux develSpragnt inthe G|
Remanence factor (Kgrem)

Considering the remanence effect, remanence factor has to be included in the final
over dimensioning factor and the final over dimensioning factor has to be rearranged

as follows[9].

th(final) = KRemetd (42)

1
KRem T TTRTEIMANGNCE *** **+ *#+tttensiensths st stiititiiiii (43)
100
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Typical values of remanence

CT type

Closed core CTs (class P, class TPX)
Gapped core CTs (class PR, class TPY)
Linear core CTs (class TPZ)

6.5

Level of remanence
> 80%
10%
Negligible

Sample calculation - 220kV GIS Kelanitissa

2x250MVA
13.8%

Kelanithissa @

| 2xGoat, 12.5Km

Kotugoda

| Zebra, 19.6Km |

Fault level
18.9 kA

Kothmale
2xZebra, 70.5Km

Pannipitiya

Zebra, 15.5Km |

Biyagama

6.5.1 Linxé_pérameters

E"i'gure 6131 Switchyardrarrangement-af 220kV. GLS Kelanitissa

Table 6-2: Line parameters

1 | Line Kelanitissa - Biyagama
2 | Conductor type 2 goat

3 | Line length 12.5 km

4 | Fault level at Kelanitissa 18.9 KA

5 | Impedance per km 0.052 +0.296 j

6 | Total impedance 0.650 + 3.7

7 | Line mutual impedance 0.26575 + 0.6677 j

8 | Total mutual impedance 3.321875 + 8.346875 |
9 | Primary time constant at Kelantissa | 110ms

10 | Maximum transmittable power 495 MVA
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6.5.2 Sizing for closed core CTs

6.5.2.1 Calculation of over dimension factor for close in fault with ARC

application
Condition 1, for closed core applications

Use following equation for closed core CTs application,

k=] 0
K = [l+o;)TN(1-e TN)] + [l+o;)TN (l-e TN)] ............................ (44)

Tn =110 ms (Network parameter)
Te1 = Ty (fault detection time) + Breaker operating time

50ms (second half cycles) is taken as the breaker operating time, and this is
guaranteed by the breaker manufacturer and condition monitoring tests. In the case of
Tm, relay setting is zero (0 ms) (instantaneous operation). However, it depends on

type of rel_ag?SlPROTECH (Siemens/numerical retay) ralaysiare selected for this

applicatior:

BT is fGstifiedas 25ms:
Tg = 25ms +50ms =75 ms
In the case of Ty, only fault detection time is considered for CT sizing.

T|:2 =25ms

The relay has not given over- dimension factor for the first fault duration and relay

given over dimension value for second fault duration is not taken for calculation.

75 25
Kyg= |1+ 2 x50%0.110(1-¢ ) | + [1+ 2 x50x0.110x (1-e'm)]
K= 26.29
495x10°

loase = \3x220x10° =1299A

Due to value of lpase select 2500/1 CT for sizing.
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_ 18900

ALF a1 = oo ¥26.9
18900
ALF a1 = oo ¥26.9

ALF 415 = 193.68

ALFactual (Rct"'RB(actual))
(Rct+RB(rated))

AI—Frated =

ALFcrua*(Pi +PB(actuaI))

AI—Frated = (Pi+PN)

Standard rated ALF values are 20, 30 and so on.

According to the above equations of (23) and (25) the high ALF swa has to be

£ (Pi+Pg(actual))
(Pi+Pn)

burden and 6VA can be justified as the CT internal burden. However, CT sizing, the

compensated by very low ratio o . Value of 30VA can be justified rated

above two parameters has to be specified by the CT selector according to the

protection requirement.

CT installatﬁ ih GIS S{stémsl 2 smmPcrdss-settionkt'ald 5m twin copper cable is
selected.

A numerical relay gives very low burden.

Cable resistance R :p—A': 0'0127?10 =0.0176Q

193.68x(6+0.5716)

AI—Frated = (6+30)

ALF 0 > 35.34
Check for required knee point voltage
UaI = ( Ifault (max) / |pn) X th X |sn X ( Rct +2 RLine + Rrelay)

18900
Uai >~ %26.2 9x1x (6+0.5716)

Ua >1306.12
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The calculated actual burden is higher than the standard rated burdens. Therefore, the
CT ratio of 2500/1 is not suitable. Hence, recalculate for 4000/1 ratio.

18900

ALF = o ¥26.9=121.05

121.05x(6+0.5716)

ALFateq = (6+30)

ALF 300> 22.09

18900

>
Uai 2 7500

x22.09x1x(6 + 0.5716)

Ua > 685.91V

This value is within the standard ALF (30), however CT size is much larger than
2500/1.

Considering over dimension factor (a) recommended by numerical relay for the

second fault duration.

Kig = [] mﬁ@l—e i)]+a ......... Theses & - Diccertatians )

th = |:1T7 AJIUAU.LLUA(L7C J—*”}J TC

Ky = 18.08+2=20.08

ALF o= e x20.08=144.58

144.58x(6+0.5716)

ALFateq = (6+30)

ALF, e > 26.39
U > <25 x20.08x1x (6+0.5716)

Ua > 997.60V
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This means that a closed core can be used with numerical relay. Then class TPX can

be recommended with the numerical relay.
Condition 2, CT sizing for gapped core
Assumption for secondary time constant

The practical range of the secondary time constant will be between 300ms to 3s.

However, this value must be followed in the error limit specified by equation (46).

100K

Assume Ts=3s

Tp = 110ms (system data)

Trr =75 ms, Te=25ms

Tpr=400 ms

Use genera@t}uation for K (not eensidering relay type)
== v ligag 2 8

Ky = [1+M(e ™N-e TS)} e Ts + [1+M (e ™N-e TS>] ......... (47)
Tn-Ts TN-Ts

_ 314.285x0.110x3x , 1> 0075 1 425 314.285x0.110x3x ¢ 2 0025
Kig = [1+ —olios (e10-e" 3 )] e 3+ [1+ ol (e 110-@” 3 )]

However, Ky and Ts must within error limits and recalculate Ts according to the

error limit

100x26.3
S —=314.285x10

T5<0.836

According to the new secondary time constant, recalculate K.
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Take Ts=0.8s

314.285x0.110x0.8x 0075 7 425 314.285x0.110x0.8x [ 2> 0025
= D ——— 110 0.8 O 8 + + 110 0.8
K= |1+ 0.110-0.8 (e10-e08) e 1 0.110-0.8 (e € )

Ky = 21.222

18900

ALF s = e ¥21.222=160.43

160.438%(6+0.5716)

ALFateq = (6+30)

ALF 00> 29.28

18900

Ug>—=— ><21 222x1x (6+0.5716)

Ua>1053.33V

The total Ky for numerical relay is given as saturation free time or over dimension

factor.

WT Be 1 UL CIOTE
K= [1+—%(eTN eTS] lic Hheses & Dissertations. .. (48)

a=2 (leen by protection relay)

_ 314.285x0.110x0.8x 0.075 425
K = [1 oi00s (& Ti-6 03 )] e08+2
th =19.2
ALFactyal = 1890 ><19 2=145.15
145.152x(6+0.5716)
ALFrated = (6+30)

ALF eq > 26.5

18900

Ua > =x19.2x1x (6+0.5716)

Ua > 953.89V
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6.5.2.2 Fault in zone limit with ARC application

Step 1: Finding source impedance or network impedance up to 220 kV bus (Xs)

Assumption - X~ zs (source equivalent resistance is negligible)

VL 220x10°
Xs = V3xlge V3x18.9x103 6.72Q

- Ls _ Xslo
TN = 22 = T e (49)
Re = Xs _ 672 ~0.19

oxTy  314.285x0.110

Considered zone limit is 85% from line length, transmission line is double circuit and

mutual impedance is considered to fault calculation.
RiT(Line+mutuary = (0.650+3.322)x0.85 = 3.37

XL 1(Line rmutuany = (3.70+8.35 )x0.85 = 10.24

Total impe@e at halance point

Zpalance poi,wt‘féfi‘3.37+o.19)+(6.72+1o.24) % 3.56+16.96j
Fault current at balance point

VLN3  _ 127.01x10°
Zpalance point 17.32

=7.33kA

Iscvalance point) =

Primary time constant, Ty at balance point

_ (Xs*+XU)lo _ 0.053 _

Rg+RL B 3.56 15ms

N

For closed core application

Tr = 75 ms, T, = 25 ms (relay parameters and breaker parameters remaining as

above)

Tn =15ms
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71 2
Kia = [1+mTN(l-e TN)] + [1+03TN (1—e TN)] ............................ (44)

75 25
Kig = |1+ x60x0.015%(1-¢75)| + [1+ % x50x0.015x (1-e'E)]

Ky = 10.49

ALF al = 22 ¥10.49 = 30.75

30.75%(6+0.5716)

ALFateq = (6+30)

ALF g > 5.61

AI—Factual(at close in fault) > AI—Factual (at close in fault)

18900
Ua > = x10.49x1x (6+0.5716)

Ua >521.16V

CT must begsj%ed to‘higher ARLE ia- Th'this easetwe havetd Size the CT for close in

faults condition.

Gapped coie application

The relay parameters, breaker parameters and secondary time constant are the same

as above.

Tr = 75 ms, Tr, = 25 ms (relay parameters and breaker parameters remaining as

above)

Tn =15ms, Ts=0.8s

314.285x0.015%0.8x , /2 0075 7 425 314.285x0.015x0.8x 25 0025
= + 15- 0.8 0.8 + +— 15- 0.8
Kw=|1 0.015-0.8 (e=-eos)le 1 0.015-0.8 (e € )
Kq=8.48
7330
ALF 0= 500 x8.48=24.86
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24.86x(6+0.5716)

ALFateq = (6+30)

ALF g > 4.53

Uy > 18900
al

Z 00 x8.48x1x (6+0.5716)

Ua >421.30V

6.5.2.3 Size comparison between closed core and gaped core CTs

Kid (closed core)y = 26.29  (Over dimension factor for closed core, saturation free time

given by numerical relay is not considered.)

Kitd(gapped core)e = 21.222 (Over dimension factor for gapped core, saturation free time

given by numerical relay is not considered.)

Core cross section reduction

_ Ktd(closed core)_‘»th(gapped core) % 100 = 26.29-21.22 %100 = 19.28%
th(%g;g‘clrcore) 26v28
=

This size redQQtion depends o yalueof Ka.

According to the above calculation, gapped cored (class TPY) ratio of 2500/1 and
ALFateq Of 30 is better CT option for 220kV KPS — Biyagama line at the GIS end.

Sizing of linear core CT (class TPZ)

In the case of linear core CT, due to the very high leakage flux the low secondary
time constant, there is no requirement for CT sizing for remanence flux. This shows
in the figure 5.8 (remanence flux variation with secondary time constant). Saturation
free time (T4 ) has to be taken as time for maximum flux development in CT core.

Kiq has to be size for the maximum flux.

General equation is given below;

Ts

Kig = 1+oTgX [1—2]ﬁ .................................................. (50)
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However, the CT has to comply following error limit.

_ 10900

Ominute = 180 + 18 minute (acceptable error limit given by IEC)
Acceptable Ts = 61ms (Derived from error limit)

Tn =110 ms (given by system data)

61
Kyg = 1+314.285%0.061x [ 22|

th =9.20

Size comparison between closed core and linear core CTs.

. . K Ky 26.29-9.20
Core cross section reduction = —closed core)”uddinear core) o 190 = 2222 %100 = 65.00%
Kid(closed core) 26.29

6.6  CT size comparison with apd without numerical relay

6.6.1 Casgv%i}: Closedcore

Kig =26.29 (Over -dimension facior of closed core without considering relay type)
Kty =20.08 (Over- dimension factor of closed core with numerical relay)

Cross section reduction

_ th(without numerical reIay)'th(with numerical relay) x100 = 26.29-20.08 %100 = 23.62%
th(without numerical) 26.29 '

6.6.2 Case 2: Gapped core

Kiq = 21.222 (Over- dimension factor of gapped core without considering relay type)

Kiq = 19.2 (Over- dimension factor of gapped core with numerical relay)
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Cross section reduction

__ Kid(without numerical relay)~Ktd(with numerical relay) x100 = 21.222-19.2 %100 = 9.52%
Kitd(without numerical) 19.2 '

The above analysis means that the combination of closed core and numerical relay
provides almost the same reduction of cross section with the combination of
conventional relay and gapped core CTs. In the case of conventional protection
relays, due to the requirement of high saturation free time (Ty), it dominates sizing of
Ky than the low secondary time constant of gapped core. The recommended

optimum selection for the GIS systems is numerical relay with gapped core CT.

)
ﬂzs«’v .
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CHAPTER 7

CASE STUDY

This case study is based on a mal-operation of protection in Wimalasurendra Power
Station (WPS). WPS is one of most crucial link in the cascaded Laxapana
hydropower complex. WPS consists of two 20MW generators and both generators
feed 132kV bus bar through 30MVA step up transformers.

132 KV BUS
30MVA 30MVA
132/11 KV 132/11 KV
Synchronizing N
| Breaker 'eynn hronizing
‘7 = I; ‘
\=) P¢ 1 111G BN ¥ 1 LLYAI

Figure 7-1: Wimalasurendra generator arrangement

7.1 Events of incident

1. Generator unit-1 tripped due to the operation of protection relay 87G on
15.12.2012 at 08.30hrs.When the generator tripped; it was running at a load
of 20 MW.

2. When unit-2 transformer was energized, the unit-1 generator tripped. In
normal operation practice two generators units feed to common 132kV bus
bar through 30MVA transformers.

3. Data was taken from disturbance recorder (F731) and it was analyzed.
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7.2

It was also found that generator neutral side CTs were saturated during
transformer energization.

Faults records were taken from digital fault recorder (Ben32).

It was also observed and confirmed that this is due to the saturation of
generator differential protection CTs.

Same type of faults occurred to unit-2 generators on 10", 21% and 29" of

November 2012 when unit-01 transformer was energized.

Conclusion and discussion

It was observed that there was a DC component in the transformer
energization current (inrush current).
It was also observed that there was an abnormal sequence in three phases as
recorded by the fault recorder (Ben 32).
a) It was identified that the polarity of wiring from phase B of the CT to the
fault recorder (Ben 32) had been changed.

b) e | J > efror f the ‘ecorder (Ben-2)

vv@“go krecied.

o T TToe PR TP
:Siﬁie SORSOF th1s MadtOpel aALH

b) Higher line impedance with comparative transformer impedance.
Typically, it should be less than 10% of transformer impedance. Due to
high line impedance, unit-01 generator acted as the main source of
transformer unit two energization, and it contributed a high current with
comparative current component of the line side for transformer energization
current. However, this current component has to be quantified and if this
current component is higher than maximum fault current which affects the
CT, and sizing of the CT must be based on highest current.

c) This transformer energization current is not a fault current. Therefore
critical clearing time not affect saturation limiting and it highly depends on
magnitude and decaying time of dc current component of transformer

energization current. As it was discussed in chapter 5.2.1.5 , in case of
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through faults (high current condition), relay analyzes the CT secondary
wave forms and avoids from tripping command for pre determined
(specified by the relay) time. If the CT saturation exists longer beyond this
period, the relay gives tripping command. This says that relay gives
guarantee for stability in through faults within only defined time, which is
given by protection relay. If the transformer energization current causes to
CT saturation beyond this period, it may cause to this unwanted tripping.

d) The abnormal magnetic characteristics of transformer causes very large
decaying time of DC component of transformer energization current and
very long CT saturation time.

4. This protection mal-operation has not occurred in every transformer
energization, and has occurred occasionally. That shows the relationship with

the inception angle and the magnitude of DC current component.

7.2.1 Inadequate CT size

CT size has _to be calculated .with petwork parameters compared with existing CT
parameters.'é‘"%r
7.2.1.1 Existing CT data

Table 7-1: Existing CT data

1 | Rated primary current 2000A

2 | Rated secondary current 5A

3 | Class 5P

4 | ALF 10

5 | Rated burden 30VA (At cos@ = 0.8)

6 | Applied standard 60044-1

7 | Manufacture DELLE

8 | Ts Not specified (closed core)

69



7.3

Problems that have to be answered

1. Numerical relay (REG316*4) is used for 87G protection. Therefore,
following problems have arisen.
a) What is the required saturation free time for protection relay? Or else, what
is the value for Ky recommended for the relay?
b) What is the limit of relay used it saturation detection capability?

c) What is the limit of critical clearing time involvement?

REG316*4 Numerical relay has not given clearly defined values for required
saturation free time or Kig and it has given effective ALF (n’) by the equation
(52) for differential protection (RE216/316 CT requirements — application
notes — 1IKHA001038Aen Edition August 2008).

N = 12028 TNHL) cereeeeere e, (52), n'> 20

According to the basic equations of Ky highlighted part of the above equation
equals to Ky at infinite saturation free time with closed core CT. That means
REGS?%M defines Kiq beyond 5ms qf first time zone defined by IEC 61869
standard7According to; the,comparigon with fundamental equation, the ratio of
maximam possible fault current and rated current has been restricted to 1.2 or

final n should equal or greater than 20.

Fundamental equation for effective ALF,

According to the above equation, n" should maintain with limit of fault current

or size of CT and not with relay parameters.

However, ALF of existing CT has not fulfilled requirement of protection relay
(REG316*4). ALF of existing CT equals to 10 (7.2.1.1- existing CT data) and
protection relay required ALF of 20.

70



2. In the case of two or more generators are feeding through separate power
transformers to single high voltage bus, how should it cater to transformer

energization current in CT sizing.

It is very clear that the transformer energization current is not a fault current,
and it contains a DC component and second harmonic component. The CT has
to cater for this DC component in the total duration of decaying. If the
protection relay consists of second harmonic detection and trip command
blocking for an appropriate period, then CT sizing has to be based on possible
maximum fault current. This particular feature is normally included in
transformer differential protection. However, in the case of similar arrangement
of WPS, if harmonic detection is enabled in generator differential protection,

stability will be increased.

3. If we select transient class CT for application, what would be the final

performance?

This ig@liscussed Jn chapter 5

o)

[
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Figure 7-2: Disturbance records from protection relay (REG316*4)
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Figure 7-3: Disturbance records from protection relay (REG316*4)
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CHAPTER 8

DEVELOPMENT OF CT SELECTION CRITERIA

8.1 Network and CT parameters based CT selection criteria

Get fault level and
X,R values at
selected location

v

Calculate primary
time constant
(consider infeeds if
any)

Calculate fault
current (Max)

If remenance is important
parameter for application (ARC or
not)

Con....pg3

Type of
protection

Distance

Due to CT satujal
Relay time sé

Select protection relay for

etreshic T

difference, < E] C saturation free time by
this effee! No protection relay)
stability of sy: N
Con..Pg%-

selection(Details

are given Select Class

,TPX,TPY,TPZ,X

seperatly)

A4

lower Kiq (get defined

ore saturation
minimizing only

|

Calculate Kig (Ts >>Tp, -closed
core)

for total saturation free
transformation T=a

Justify rated burden and
specify CT internal

,approximately National grid Tp
max =120ms,hence dc
decaying nearly takes 200ms.

Ta Should co-ordinate with
T,

For Through fault

Calculate actual
urden (relay ,wire

bi

resistance of CT

P

loop)

currents should be
checked for Kigmax)

Calculate knee point voltage
(> Kss*Kia*(Ret +Rp)*1s )

Calculate actual ALF (Ips/Ipn*)Kiy

[ALF]

v

If selection is X

Calculate ratio of Actual secondary
impedance to secondary rated

impedance ,Rs(act)/Rs(n) Con....Pg 2

Pgl

L

Figure 8-1: Network and CT parameters based CT selection criteria-Page 1
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From pg 1

From pg 3

Calculate new
ALF”(ALF*secondary
impedance ratio)

Compare standard
ALF(20,30ect) with new
ALF”

v. libanrt.a

select rtection relay for

Yes

Kt is ok
td IS O Pg 2

Figure 8-2: Network and CT parameters based CT selection criteria-Page 2
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From pg 1

distance

If remenance is important
parameter for application
(ARC or not)

ore saturatiol
minimizing only
by CT

Justify minimizing
effect of CT core
saturation

Select CT
Select spaces is ;V;::'pz',;
Transient ess eg Gl paa

class

Yes

Select(TPX’)

Same as
differential
protection
functions

Tal

protection relay or

Recalculate Kig
,

andTal’ must co-
ordinate with

__ Tmax

el

ectronic Theses
Aww. lib.mrt.ac.lk

Recalculate possible

7| T4 at practical

liversity of M&fdtiWa, Sri Lanka.

1ssertations

Pg3

Figure 8-3: Network and CT parameters based CT selection criteria-Page 3
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Due to CT

Time Delayed saturation, Relay

protection time setting and

functions actual relay q ) Core saturation

———— | operating time may ———»| Justrlzasrtc;ltsgmn minimizing only by
have difference, CT
Frompg 1 Evaluate this effect
and stability of
system.

Setting >>120ms

Setting <120ms

Accept all
protection class of
CTs

parameters and
breaker
(Ppaigmaters

University ol Moratuwa.
Electronic Theses & Dissertations
www.lib.mrt.ac.lk

Pg 4

Figure 8-4: Network and CT parameters based CT selection criteria-Page 4

76



8.2  Relay based CT selection

Start

Get fault level and X,R values
from transmission/generation
sections at selected location

| Calculate primary time constant (consider
infeeds if any)

Calculate fault current (Max)

> T corgpalection(A¢gofdmoito:
the protection function)

Justify protection scheme

Select protection relay with ability to saturation Justify Numerical Relay type (single
detection(Numerical relays-gives very low Tal and Ktd) function or multifunctional)

A

Specify CT parameters according
to the protection relay(ALF, Knee
Point voltage, Turn ratio, Ts)

Figure 8-5: Relay based CT selection
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CHAPTER 9

PSCAD SIMULATION

This model is included with two 300MVA, 13.8kV generators are connected parallel
through 350MVA, 13.8/132kV, delta/star transformers, and these two generators
feed to star connected 50MW and 15MVAR load.

Three phase symmetrical fault is simulated at 132kV bus bar terminals. The current

transformer JA model is used for simulation.

lpm
EEY Isal
Ea
Timed
Fault
Logic

Figure 9-1: Fault Simulated Network

9.1 Core cross section and CT saturation

Figure 9.2 and figure 9.3 compare the CT secondary current variation with core cross
section. Figure 9.2 shows secondary current wave at fault with cross section of 0.5 x

10 m?and saturation has not took place. Figure 9.3 shows secondary current wave at
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same network parameters and same turn ratio with cross section of 0.1 x 10> m?.The

secondary current wave saturates due to low cross section.

Wain : Graphs - Main : Graphs

50 = 10.0

a0 5 /\ i Ao
: — wiwwim
o0 | Prejdan (| o )‘i\r}/l‘l\“ L
£ L TV < iaivdURERY
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Figure 9-2: Unsaturated secondary current wave with lager cross section
(0.5x 10° m?
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Figure 9-3: Saturated secondary current wave with smaller cross section
(0.1 x 10° m?

9.2 Turns ratio and CT saturation

Figure 9.4 and figure 9.5 compare the CT secondary current variation with turns
ratio. Figure 9.4 shows secondary current wave at fault with turns ratio of 1: 200 and
saturation has not took place. Figure 9.5 shows secondary current wave at same
network parameters and same cross section with turn ratio of 1:100. The secondary

current wave saturates due to low secondary turns (high secondary current).
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Figure 9-4: Unsaturated secondary current wave with higher secondary turns (200)
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Figure 9-5: Saturated secondary current wave with lower secondary turns (100)

9.3 Burden and CT saturation

Figure 9.6 and figure 9.7 compare the CT secondary current variation with secondary
burden. Figure 9.6 shows secondary current wave at fault with lower burden of 0.5 Q
and saturation has not took place. Figure 9.7 shows secondary current wave at same
network parameters and same cross section and same turn ratio with secondary

burden of 2.5Q.The secondary current wave saturates due to high secondary burden.
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Figure 9-6: Unsaturated secondary current wave with lower secondary burden (0.5Q)
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Figure 9-7: Saturated secondary current wave with higher secondary burden (2.5Q)
9.4  Remanence flux and CT saturation

Figure 9.8 and figure 9.9 compare the CT secondary current variation with
remanence flux. Figure 9.8 shows secondary current wave at fault with lower
remanence flux of 0.1T and saturation has not took place. Figure 9.9 shows
secondary current wave at same network parameters, same cross section, same
burden and same turns ratio with remanence flux of 1.5 T. The flux due to secondary
current superimposes with high remanence flux and CT core tends saturation.
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Figure 9-8: Unsaturated secondary current wave with lower remanence flux (0.1T)
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CHAPTER 10

CONCLUSION AND RECOMMENDATIONS

10.1 Conclusion

Despite of protection relay type, correct CT class selection and optimum CT sizing
are mandatory requirements for proper protection relay functioning. In case of
instantaneous protection functions, such as differential and distance protection,
transient behavior of CT makes high influence of correct operation of CT. Therefore,
transient class CTs are more suitable for differential protection and distance

protection.

In case of CT sizing for numerical protection relays, fundamental CT sizing
calculation for over dimension factor (Ky) using line and CT parameters provides
better guideline and this value should be compared with Ky that is given by

protecti
In throughi@&8lk condition of idifferential protestiops-critical learing time of
faulty branéi€an beiusediad thoraeffactile ing.

Not only the fault current, maximum possible current including fault current and

transformer inrush current which affect to CT has to be evaluated in CT sizing.

10.2 Recommendation

The above developed criterion (Chapter 8) is recommended for selection of

protection CTs.
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