Protection Current Transformers (CT’s) — Time to Saturation AND CT Over Dimensioning Factor

Short Circuit at primary side of CT _ & _r'\IF'Y\ VI\RAJ\ ) ol X
v moz tang = 2 -R
E, - V2 xV,, E = % E(t) = E,, sin(wt + 9)(@ ip (t) /\Vﬁt —0
V3 Z = R% + w?I?
Tp = % (sec — primary time constant of SC) )

R
/ ip(t) = —I,sin(@ —¢@) e L'+ 1, sin(wt +0 — @) , ip(t=0)=0

t
Short Circuit Current at CT Primary —> ip(t) =—1I, sin(B — (P) e Tp + L, sin(wt + 60— <,0) , ip (t — 0) =0

Current Transformer CT CTR: CT Ratio
___________________________________ Rcr = CT internal resiatance
_ip(®) . _
/CTR Rep 'S (t) = Relay Current Rexr Rpxr = External Resistances (Cable plus relay)

Ry, = Rer + Rgxr ov oo CT total burden

1
1

— AW————= ——
1
1
VCT@)T L 3| im®) = i () = is(® |
1

T¢ = secondary time constant

y Ts=7— dis(t) 1 dip(t)
dim d d di (t) dip(t) R S il — =P
=1L, i (t) =L, [ lp(t) ls(t) — Ln lS + R, is (t) =Ly, l;t b, dt + Tg S (t) dt




ip(t)
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Current Transformer CT

crri1 PO = (0 CTR

Ry

is (t) = Relay Current

W—»

im(t) = ip (t) — is(t)

t
ip(t) = —I,sin(@ — @) e TP + I, sin(wt + 6 — @)

&
.y ip(t)
.y Im . _TL Im .
ip(t) = —msm(e —@)e TP+ CTR sin(wt + 8 — @)
&
I
I = —=
CTR

in(t) = —1I,sin(@ — @) e TP + I, sin(wt + 6 — @)

!

dip() I 75
p(t) — ﬂsin(Q —@)e TP+ 1, w cos(wt + 0 — @)
dt Tp




ip(t)

Protection Current Transformers (CT’s) — Time to Saturation AND CT Over Dimensioning Factor

CTR:1

dis®) , 1 . __dip(t)
dt +T is () = dt

«f — ip(t)
ip(t) = /CTR R, is (t) = Relay Current

— —
AW &
VCT(t)/I\ Lin § im(6) = ip (6) — is(t) dit(t I _t
ll P()=—ﬂsin(0—g0)e Te + 1), w cos(wt + 6 — @)
dt Tp
dig(t 1 I _t
s(0) + — ig(t) = —="sin(@ — @) e TP + I}, w cos(wt + 6 — @)
dt Ts Tp

!

Refer Appendix A — Details of calculation of ig(t)

!

t

T I' sin(0 —p)e Ts— Is
To—Tp ™ ¢ Ts — Tp

t
is(t) = I sin(0 —@)e Tp + I sin(wt+ 6 — @)
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Calculating V7 (t)

t __t
Ver(t) = Ry, X ig(t) =Ry X — TP I’ sin(@ — @) e TS — TST_—STP I,sin(0 —@)e TP + I, sin(wt + 0 — @)

Calculating CT Flux @.r(t)

d @cr(t)
Ver(®) = = 2o 501 Ber(®) = [ = Ver(®) de
Tp __t
Dor(t) = f Ry, X |— Il sin(0 —¢p)e T s + I,,sin(@ —p)e Tp — I sin(wt + 6 — @)
Te—Tp ™ Ts — TP
, IsTp £ Im o
Dcr(t) = Ry X I, sin(0 — @) e TS — I sin(0 —@p)e TP+ — cos(wt+60 — )|+ Me Ts
TS T Te—Tp ™

t
Me Tsis aterm for initial or remanent flux (0. @t = 0). Remanent flux @ is normaly shown as per unit of

of knee point flux Qg for example Or = 0.3 Ok

for @r = Ki @, where Kpis a per unit number then
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TsTp , . TsTp , . Im
Kp@x = Ry, X TS_TPImsm(H—go)—TS_TP Imsm(9—<p)+zcos(0—<p) + M
Im
KR®K=Rb><Zcos(6—<p)+M
Im
M=KR®K—beZcos(9—g0)
I wTs T .t wTT _t 1) _t
Bor () = Ry X —= X > Psin(@—go)e Ts — —=> 1 sin(0 —¢@)e TP+ cos(wt+ 0 — )|+ |Kg K, —cos(@—¢@)|le Ts
w |Te =T, Te — Tp R, x Im
)

!/

I . .
Dac—max = Rp X Z’" then @.r(t) equation can be re — write

wTs T .t wTT _t 1)} _t
> Psin(0—<p)e Ts — —> F sin(0 —¢@)e Tp + cos(wt+9—<p)]+[KR—K—Cos(9—<p)]e TS}

t) = - X
(Z)CT( ) (Z)AC Max { TS —Tp TS —Tp @AC—Max

Dk Vk Vi

p— p— 7
Oac-max Vac-max Rp XIn

At knee point this ratio is valid : K =
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1)
Multiplying ®—K to Qcr(t)
K

@K (,()TS Tp . _t Q)TS Tp t K _t
Der(t) = Dac—prax X — X sin(0 —@p)e Ts— sin(d —¢p)e TP+ cos(wt+ 6 — )|+ |Kg———— cos(0 —¢p)|e Ts
QK TS - TP TS - TP ®AC Max
0) wTs Tp t wTs Tp t 1) _t
Dor(t) = — K [x { 2 sin( —@)e Ts — > sin( —p)e Tp + cos (wt+ 6 — go)] ! — X _ cos (6 — go)] e TS}
L TS - TP T - TP @Ac Max
Dac—Max
O ([wTsTp _t T Ty _t _t
Dor(t) = X sin(0 —@p)e Ts — sin(0 —¢@)e Tp+ cos(wt+ 6 —@)|+ [KzgKs— cos (6 —¢)le Ts
K~ \|Ts — Tp Te — Tp

Time to saturation (tg)

Time to saturation (ts)is the first instant that CT flux or CT voltage reach to the @y or Vi :

®K Cl)T T Q)TS T _t_S
Oer(t =ts) = O = X sin(6 — @) e TS — sin(f — @) e TP + cos (wtg + [KrKs — cos (6 — @)le Ts
K~ \||Ts — Tp Te — Tp
or at tg:
(UTS Tp . _t_s (A)TS T

sin(0 — @) e TP + cos (wts + 0 — @) + [KgKs — cos (0 — ¢)]e T_S
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Practical Simplifications

in closed core CT's Tg >» Tp then Ts — Tp = Tg then :

wTs Tp _ls @TeTp _ts ts

s=—%7 sin(@0 —p)e Ts— — sin(0 —¢@)e TP+ cos(wts+ 60 — @)+ [KgKs — cos (0 —¢@)]e Ts
’ _Is ” _ts _ts
Ks=wTpsin(@—¢@)e Ts—wTpsin(@ —¢@)e TP+ cos (wts+ 6 — @) + [KzxKs — cos (0 —¢@)]e Ts
ts

for typical values of T (e. g.10 sec) , during first few cycles (below 100ms), the magnetude of eTs will be approximately 1:
_Is
Ki=wTpsin(@ —¢@)x1—wTpsin(0 —@p)e TP+ cos(wts +60 — @) + [KgKs — cos (6 — )] x1

l

for the wosrt case scenario max of cos (wts + 8 — @) should be 1 and same
—> direction with [w Tp sin(6 — )] component (or same sign with sin(0 — ¢))
//

/ !

_ts
/ K¢ =wTpsin(@ —¢p) —wTpsin(@ —@p)e TP+ 1+ KgKs — cos (8 — @)

v

p—

wTpsin(@ —@)e Tp

or: Same sign withsin(8 — ¢)

. (1-Kg)Ks+ cos(0—¢p)—1 _is
w Tp sin(6 — @) — €
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Time to saturation

. (1-Kg)Ks+ cos(0—¢p)—1 _is

=e Tp
w Tp sin(6 — @)
Finally
(1-Kg)Ks+ cos(0—¢)—1
=—Tp XIn|1—
s p il w Tp sin(6 — @)

Same sign with sin(6 — @)

n

X
substitute "w Tp = R

wR
te = ——X Inl1 = 1- KR))I;S tcos(@—g) -1 \[1 — cos (68 — @) +%(sin(9 — @) X (1 — e__ts)]
’ RS~ ¢) s~ A—FKo)
VK / . . . . . P . . .
K¢ = ———— where I5. is the maximum AC symmetrical short circuit current divided by CT ratio.Vy is CT knee point voltage. R,
Rp X I, S¢
= Rer + Rgxr

Kg:per unit value of the remanence flux compare to the max flux (knee point flux)

X
0: voltage angle at the instant of short circuit. @:angle of thevenin impedance at the point of short circuit ((p = tan! E) :

X:reactance component of thevenin impedance at the point of short circuit. R: Resistive component of thevenin
impedance at the point of short circuit
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Time to saturation

worst time of short circuit initiation is whensin(@ — @) = 10r8 — @ = 90°so :

X 1—Kp)Kc+ cos(@—¢)—1 X 1-Kp)Kc+0-—-1
t5=——R><ln 1_( R)XS ( ®) =——R><ln 1_( R)? S
w Esin(@—q)) @ ﬁxl
— — wR
wR X Ko =
R s (1 — Kg)

More important in CT sizing is calculating Ks when t, is equal to relay operating time or relay pick up time tpg

Re arrangement of ts equation by calculating K¢ when tpgy = ts,another name for Ks in this case is "CT dimensioning factor"

P
s = lpk K, = R

(1 - Kg)
tpg = 00 |:> [1 n {] anservative value for Ks, if' K equal to this value then CT
K, R will never saturate for the highest fault

T (1—Kg)
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QCT“
Ignoring remanence flux when there is no Auto Reclosing

Prior to fault CT

. secondary currents
Remanence flux after clearing fault - y

|
|
Remanence flux after de — energising circuit in normal operation /M:
|

i ; >lmag
( / lmag-K

Hysteresis Curves imag-r When icr = 204 (Fault)

imag—n When icr = 1A (normal)

Refer to the above graph, the magnitude of the remanence flux in normal operation is very low compare to the CT knee point flux.
In most applications , after tripping CB , circuit is not reenergised until fault is removed . As such, this is not a practical scenario
to switch on fault with high remanence flux @y (from previous fault).The only exception is after re — closing in Auto Reclosig
scheme where there is a high chance to switch on to fault with high CT remanence flux left from first operation.

For this practical reason ,we can ignore CT remanace flux for most applications (wWhen there is no auto reclosing).

By applying Kr = 0, equation of CT dimensionig factor (Ks) is simplified to:

ll +%((1 —e wTRtPK)]

(1 - Kg)

=0 | Ks=1 +%(1 e tex)

KS —
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Example 1 — of impact of relay operation time on CT dimensionig factor
Instantaneous operation area

t (No intentional time delay)
a
250 X )
CT: == Ip—ac-10 = 10kA, 7 = 10,R, = 40 (. \.
| |
1 | |
tpx1 = 3 Cycle = 10ms = 0.01sec Relay 1 Pickup (operation)time i i
| |
tpxo, = 1.5Cycle = 30ms = 0.03sec Relay 2 Pickup (operation)time i i
| . i
| |
X wR | |
- St
Ke=1+=(1-¢ x tox) o
R tpk : Relay Pickup time (Operating time) [K———f ——————— | N IF
i
|
Ir_ac-10 = 10kA

. . Ir[A]
Required CT knee point voltage Vg1= Kg1 XRpX——— 10000
K51 = 14+10 X (1 —e” 0.1 ><27‘L’><50><0.01) =37 CTR, VKl =37 X4 X 50 =592V
. . _ Ip[A]
Required CT knee point voltage Vg,= Kgy; XRpX CTR 10000
Ko = 1410 x (1 — g~ 01 x2mx50x003) — 7 9 > Viey = 7.1 X 4 % 550 = 1136V

Min required Knee point voltage of relay 1 CT with 10ms operating time is less than minimum required Knee point
voltage of relay 2 CT with 30ms operating voltage.
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Instantaneous operation area

t : : :
Example 2 — Calculate Min required CT knee point voltage for 3® SC , o mtent“’"alA“me delay)
250 X
CT: == Ip-ac-30 = 10kA, = = 10,R, = 40

tpx = 1.5 Cycle = 30ms = 0.03sec Relay Pickup (operation)time

|

Bpa — @ =90° So: sin(9¢,A — q)) =1and cos(9¢,A - go) =0
Worst case switching instant at ¢4 { 0pp — ¢ = 240° + 044 — ¢ = 240° + 90° = 330° So: sin(9¢,B - go) = —0.5 and cos(9¢3 — (p) = 0.866
Opc — @ = 120°+ Oy, — ¢ = 120° + 90° = 210° So: sin(6yc — @) = —0.5 and cos(Bpc — ) = —0.866

e

Same sign withsin(8 — ¢) tpk * Relay Pickup time (Operating time) |[€—————————} ————- . >
[1 cos (0 — @) + Xsin(H Q) X (1 e_wTR tPK)] i I
- - R - - Kr=0 (i ! X _9R =
K, = e r=0 (ignore remanence f ux)) K = [1 — cos (6 — ) + Esin(@ — ) X (1 e X tPK)] Ir_pc—30 = 10kA 'F
( Required CT knee point voltage Vg_ = KSAxbeIgT[f;] 10000
Ga: Kga =[1—0+10x 1 x (1 — e~ 2m50x0.1x003)] — 79 > Viea =71 X4 X —= = = 1136V
) Required CT knee point voltage Vg_g= KSBxbeI;[:;] 10000
dp: Ksg = |[-1 = 0.866 + 10 X (—0.5) x (1 — e~ 2m50x0.1x0.03)]| = | —4.92| = 4.92 = 0.7K,, > Vi = 4.92 x4 Xx —— =787.2V
250
Required CT knee point voltage Vg_c= KSCxbeICFTl;?] 10000
: Koo = |[-1 — (—0.866) + 10 x (—0.5) X (1 — e~ 2750x0.1x003)]| — | _3 2| = 3.2 = 0.45K, s Ve =32 X4X—— =512V
L C SC S k—-C 250

All three phases are not in their worst case switching instant in 3¢ short circuits (instantaneous protections).This example
shows that when ¢, is at worst case switching with calculated CT over dimensiong factor of Ksy ,at ¢c,Ksc = 0.45K5,

As such,in 3¢ SC,due to smaller SC DC component in other phases ,CT over dimensiong factor of worst case switching should
be reduced by approximately 50% (= multipliying by |sin(68 — @)| of other phases). In this example ,min Vi = 512V.
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Instantaneous operation area

Simplification of Ks equation :

ame sign with sin(6 — ¢)

X . _WR, :
— [1 — 08 (0 B (,0) + FSIH(Q B (,0) X (1 —e PK)] In practical scenarios = —lsm(H —_ <,0)| X [1 + { X (1 — e_wTR tPK)]

Ks KD ~ [T A-Kp)

Example 3 — Calculate Min required CT knee point voltage for 2 SC

A

|

e

t (No intentional time delay)

tpx = 1.5 Cycle = 30ms = 0.03sec Relay Pickup (operation)time tpi : Relay Pickup time (Operating time) | ————__—— b - ———- — >
Lo
250 V3 X ||
CTT 'IF—AC—3¢‘ = 10kA, IF—AC—Zq) = 710’(14 = 8.67 kA,ﬁ = 10’Rb = 4()

tpxk = 1.5 Cycle = 30ms = 0.03sec Relay Pickup (operation)time

Ir—ac-30 = 10kA

V3
Ip_ac—20 = TIF—AC—3<D
red CT k . . @Ip-so[A]
|sin(6 — ¢)| X _WR, sin(6-¢)=0 &Kg=0 1 Required CT knee point voltage V= KsXRpX-—r—
= X 1+—X(1— X PK)] v Ke=— X[1+10x (1 - —0.1 X2t x50x0.03 =71

V3

— %X 10000

2

Ve =71 X4X =984V

250

Ig
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Conclusions:

In the ideal situation,CT's shall not be saturated for any through faults to give the exact image of the primary fault current to the protection relays.

Due to high asymmetrical fault component (DC component) of SC in HV power systems,CT's can be saturated at the initiation of the faults if their knee point

voltages only enough to handle AC symmetrical fault current. As such when calculating required CT knee point voltage (V),CT over dimensioning factor (Ks) is calculated
as well and is multiplied to the short circuit AC symmetrical component to make sure that CT is not saturated during short circuit. However, it is not always practical to
have CT with required Vi ,e.g.assume a 100 to 1 CT in a system with 10kA SC, the secondary current will be 1004 during SC and saturation is almost inevitable in the

standard CT' in this range.

One of methods for finding required CT knee point voltage in instantaneous protections (such as distance zone 1, instantaneous overcurrent) is to calculate CT
time to saturation then calculating required CT knee point voltage in a way that protection relays measure short circuit current accurately prior to CT saturation

This presentation demonstrates equations and circuit theory bakground of finding CT over dimensioning factor based on CT time to saturation.

There are several researches and patents (from relay manufacturers)in this topic about methods of current measuring in dif ferent protection relays
(e.g.some of them can detect CT saturation)which are beyond this presentation. In practical cases ,protection relays'OEM (Original Equipment Manufacturer)

recommendations shall be followed.



Appendix A — Details of calculation of ig(t)

dig(t 1 I _t
s(0) + — ig(t) = —=—sin(@ — @) e TP + I/, w cos(wt + 6 — )

dt = Tg Tp

t t
ls(t) = lso(t) + lSl(t) + lsz(t) = KO e Ts + Kl e Tp + KZ Sin(wt + ﬂ)

!

_ L I _ L
ig1(t) = Ky e Tp = Particular Solution for is(t) when dif frential equation = — Tﬂsin(e — @) e TP (needs to calculate K;)
P
is,(t) = Kzt sin(wt + B) = Particular Solution for is(t) when dif frential equation = I,, w cos(wt + 8 — @) (needs to calculate K, & f3)

iso(t) = Ky e Ts = Natural Responce of dif frential equation (needs to calculate K, after calculating is,(t) & is,(t) then applying is(0) = 0)
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Calculating i¢1(t)

K - L K -t I L T,
— T_P e Tp + T_s e Tp =—T—Psm(0—go) e TP 55> K, =— —— I}, sin(6 — @)
52(0) = — = It sin(9 — p) e T
i = — sin(6 —¢@)e Tp
Calculating is;(t)by time domain method
dig,(t 1
Sdzt( ) + o igy (t) = I, w cos(wt + 0 — @) AND is,(t) = K, sin(wt + )
S

1 1
K, w cos(wt + ) + o K, sin(wt + B) = I}, w cos(wt + 0 — @) = K, [cos(wt + ) + T sin(wt + B)] = I, cos(wt + 6 — @)
S S

1 R, Ry 1
U)TS

Assume tan Q.1 =

[l
e
o~
3
[l
S
3
[l
S~
3
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Calculating i, (t)by time domain method — Continue

sin
K, [cos(wt + B) + tan @y sin(wt + B)] = I, cos(wt + 6 — @) — K, [cos(wt + B) + - Per sin(wt + B)] = I, cos(wt + 0 — @)
CcT
cos(x —y) = cosxcosy + sinx siny, assume X =wt+ B andy = @cr
s (wt + ) = I}, cos(wt + 6 — @)
Cos oo cos(wt + f — @cr) = I, cos(w ©
. Ry ~ 0
f=60—q@+ @cr since X, > Ry then tan e = T 0 then ¢ r = 0 then f~=60-0¢
m
_ 1
sin“x + cos’x =1 - tanx + 1 = —=— — cosx =
cos?x V1 + tan?x
2 2
KZ N RZZJ Kz Rb +Xm ’ Xm ’ ;
=K2\/1+tan(pCT=K2 1+ == =1, > K =———1,, > X;, » Rythen K, = I,
COS Qcr X Xm 2 2
RZ + X2,

iso(t) = K, sin(wt + B) = I, sin(wt + 6 — @)
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Calculating iq,(t)by phasor ( frequency method)

is,(t) is solution for a sine wave and it can be calculated by phasor

I, sin(lwt+ 60 — @) =1, < (60 — @)

iXm X,, < 90°

I;n <(9—(p) R, ISZ <X

AW
g
l

I X, < (6—q+90°— tan_l()}g—’;’))

Is; <x=15,<(0—9) =1 <(0—9) =

Ry + JXm IRy + jXom| < tan~1 (22
b

Xm Xm

I X, < (6—q+90°— tan-l()}g—’:))

/Rg + X2,

Xm > Ry then : ~ 1 AND tan™! <R_> ~ 90° So: I, <x =

b

/Rg + X4

So:

Is, = I, and x = (0 — @)

is,(t) = I, sin(wt + 0 — @)

= Iy <(0-¢)

/Rg + X7
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Calculating i¢y(t)and is(t)

t t
ls(t) = lso(t) + lSl(t) + iSZ (t) = KO e Ts + Kl e Tp + KZ Sin((l)t + ﬁ)

_t T _t
is(t)=Kye Ts — = —ST I, sin(@ — @) e Tp + I}, sin(wt + 6 — @)
s —1p
s, ;o
0 =K, o I}, sin(8 — @) + I}, sin(6 — @)
s—1p
Ts . . T,
K, = T =T, I}, sin(6 — @) — I}, sin(0 — @) = T =T, I}, sin(6 — @)
TP -t TS _t
is(t) = — I;,sin(6 —@p)e Ts — — I, sin(6 —@)e Tp + I, sin(wt + 6 — @)
Ts —Tp Ts —Tp




