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INTRODUCTION

% Background
= Distorted signals caused by CT saturation results in mal-operation or operating time delay of relay
= Many utilities, including KEPCO use real-time simulators such as RTDS to perform dynamic tests of
relays on CT saturation
= Some CT saturation countermeasure algorithms use nonlinear magnetization characteristic curve of
CT to cope with these problems

= Need to ensure correct relay operation by detecting CT saturation or restoring the distorted signals

“ Problem
= When Vrms-Irms excitation curve (open circuit test data from a manufacturer) is applied to the RTDS

CT model, the curve obtained from its simulation is a bit different from the applied Vrms-Irms data
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INTRODUCTION

“ Proposed CT UDM(User Define Model) based on the modelling method of a nonlinear

element suggested by Dommel

= Computation of the ¢ — i curve from the V.,,,¢ — L5 CUrve

v" L. A.N. Neves, H. W. Dommel, "On Modelling Iron Core Nonlinearities", IEEE Transactions on Power Systems,
Volume 8, pp. 417 - 425, May 1993.

= Network solution technique considering nonlinear circuit

v' H.W. Dommel, "Nonlinear and time-varying elements in digital simulation of electromagnetic transients",
|IEEE Trans. Power App. Syst., vol. PAS-90, pp. 2561-2567, Nov./Dec. 1971.

% Simulation Studies
= Verification of the CT UDM and RTDS CT model by applying open circuit test
= Apply UDM to the power system model in RSCAD
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DEVELOPMENT OF A CT UDM(USER DEFINE MODEL)
Purpose & Target CT Equivalent Circuit

“ V,ms — Irms Dased Excitation Curve (10 points data used)

= Linear approximation of each segment
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DEVELOPMENT OF A CT UDM(USER DEFINE MODEL)
Proposed CT UDM

< Computation of the ¢ — i curve from the V,,,; — I,.,,s curve

= 10 points data /s used for modelling nonlinear branch(magnetizing inductance) in UDM

= An example of the computation method using 3 points is below

=)

[STEP 1] [STEP 2]

Il—rms IZ—rms 13—rms

Vims — Lrms curve v — i curve ¢ — i curve
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DEVELOPMENT OF A CT UDM(USER DEFINE MODEL)
Proposed CT UDM

< Computation of the ¢ — i curve from theV,.,,; — I,.,,s curve [STEP 1]

Vims 1% Obtaining the points V4, V5, ..., V. on the vertical axis is
A A simply a re-scailing procedure form rms to peak values

Vk = \/Evk—rms

V3 —-rms

VZ —-rms

Vl—rms o

A 4
iy

Calculation of the peak current I; on the horizontal axis is
straightforward (Since first point of Vrms, Irms is in the linear segment)

w Irms
Il—rms IZ—rms IS—Tms

Vims — Lrms curve v — i curve
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DEVELOPMENT OF A CT UDM(USER DEFINE MODEL)
Proposed CT UDM

< Computation of the ¢ — i curve from theV,.,,; — I,.,,,s curve [STEP 1]

v (0) V. (6) =V, sin@ v Peak currnet I, is found from the definition of the rms value (k > 2)
v | s 2 7\ sing
............................... _ “|2;2 2 — = 2 k 2
" i == [71%(0) 40 P = o e
i = 0 V,sin@-V.
i - R )40 +...+
Sinusoidal voltage R, v —icurvetobe: ! 5
. ! input signal | . i computed .
S —— — ; ; — 2 ing—
6; - K s 2 (1, + SN0 Nz
2 : i — i () "G R,
Output current x
04| s ] Unknown value
_ ---------- ® When, V() = V3sin()
Break points 04, 0,, ... 0;,_1 ’ | . @ When, V(8) = V,sin(6) Compute peak current I, using R,
.V, : .
0, = arcsm(\T‘J forj=1,2,...k-1 | @ When, V;(0) = V;sin(0) B Vi = Vie_1
‘ ] & 2 {©) I = R + Ik
2y k
0
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DEVELOPMENT OF A CT UDM(USER DEFINE MODEL)
Proposed CT UDM

< Computation of the ¢ — i curve from the V,.,,; — I,.,,s curve [STEP 2]

b3
b2

A

[STEP 2]

v — i Curve ¢ — i Curve
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DEVELOPMENT OF A CT UDM(USER DEFINE MODEL)
Proposed CT UDM

< Computation of the ¢ — i curve from the V,.,,; — I,.,,s curve [STEP 2]

Nonlinear resistance

. 1 € (1) = T (i(t))

Nonlinear inductance

5 g(t) = £ (I(1) )| —————————)
i O=] vidt+ gt-Ab) =

v(t) =§¢(t)—v(t—m>—§¢(t—m)

—¢2

v(t) = §¢(t) + B(t - At) J

—V3 —¢s3
2 .
v — i Curve v(t)=—f(i(t) )+ B(t—At) ¢ — i Curve
[Nonlinear Resistance] At [Nonlinear Inductance]
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DEVELOPMENT OF A CT UDM(USER DEFINE MODEL)
Proposed CT UDM

< Network solution technique condisering nonlinear circuit
= Compensation method can be applied if there is only one nonlinear element in the circuit

= Nonlinear element is replaced by a current source iy,

—&——— |— Total network solution(final voltage)
Li +
Ti |Inear. Nonlinear U* (t) vlmear (t) R (t)
ime-Invariant | v, Element km — Th km
Network —
_.— q .
J Open circuit voltage of network |

(without nonlinear element)
Linear network including only one nonlinear element

Thevenin resistance —
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DEVELOPMENT OF A CT UDM(USER DEFINE MODEL)
Proposed CT UDM

“ Network solution technique considering nonlinear circuit

The solution process in each time step
@ Compute node voltage without nonlinear element

@ Solve the two scalar equations Network Equation and Nonlinear Equation simultaneously for iy,

® Find the final voltage solution by super-imposing the response to the current source iy,

Vkm
4 Nonlinear EQ

Nety, ;
O”"EQ [ Network Equation J—» vkm(t) = U;lcl,z,llear(t) — Ryplgm (L)

2
[ Nonlinear Equation ]—> Vim (1) = Ef(ikm(t)) + B(t — At)

. >
l
Solution km

Simultaneous solution of two equations
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DEVELOPMENT OF A CT UDM(USER DEFINE MODEL)
Proposed CT UDM

( D
At
< Network solution technique considering nonlinear circuit n n GL=77
. . . v, (t) 3L v (t Iy, (t—At)
The solution process in each time step L_( ) } L_( :

@ Compute node voltage without nonlinear element

(=20 0+ (=40

plinear | Norton equivalent of inductor |
l(t)(@ | Gr v}\l}gear s ; \
v linear . - -
idded G Lot AB) Vap (1) _ Gy Gy 1(t)
excldde L HL(t — linear -
: v, () | |-Gy G +G, | |l (t—At)
Proposed CT Equivalent Circuit Dommel Equivalent Circuit Vector of Conductance Vector of external
without nonlinear element nodal voltages matrix current sources

. ( hY J

| Nodal equation |
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DEVELOPMENT OF A CT UDM(USER DEFINE MODEL)
Proposed CT UDM

“ Network solution technique considering nonlinear circuit

The solution process in each time step

@ Solve the two scalar equations Network Equation and Nonlinear Equation simultaneously for iy,

® Find the final voltage solution by super-imposing the response to the current source iy,

Linear
k Time-Invariant

k i O 2
| o — NSRS [ Nonlinear Equation }—> vkm(t) = A—tf(lkm(t)) + B(t — At)
Li + i(t) —z\ R
Time-llr:Iizrriant v ( ’ [ Net k E i }_’ (t) — linear(t) — Rppl
i Jem c etwork Equation Viem (£) = v, Thikm (t)
Networ —
L
A
Nonlinear UG IHL (t - At) : 4T
o Eloment l Final voltage
" % [ ICLLIETS Open circuit voltage of network
‘1 Element
Linear network including only one nonlinear element Thevenin resistance —
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DEVELOPMENT OF A CT UDM(USER DEFINE MODEL)
Proposed CT UDM

% CT UDM & model parameters

Current_Transformer.def Current_Transformer.def
BURDEN § Vrms Irms DATA | SIGNAL NAMES BURDEN IVrmS Irms DATA r SIGNAL NAMES
MAIN DATA | PROCESSOR ASSIGNMENT I/ TRANSFORMER DATA | MAIN DATA I/ PROCESSOR ASSIGNMENT r TRANSFORMER DATA
Name Description Value Unit Min Max Name Description Value Unit Min Max
CT UDM Vrms1 40.0 0.0 = Rbi Burden series resistance 1 Ohms 1e-9
Irms1 0.0 0.0 Lbi Burden series inductance 1e-9 H 1e-9
Vrms2 0.0 0.0
Irms2 0.0 0.0 = Current_Transformer.def
control model Vrms3 250.0 00 BURDEN | Vrms Irms DATA | SIGNAL NAMES
Irms3 0.0 0.0 MAIN DATA [ PROCESSOR ASSIGNMENT TRANSFORMER DATA
Vrms4 400.0 0.0 |
Irms4 p.0 0.0 Name Description Value Unit Min Max
Vrms5 550.0 0.0 lsec Total Secondary Current Mamea Isec_UDM
Irms5 0.0 0o Ibur Burden Current Name Ibur_UDM
Vrmsf 500.0 0.0 - Imag Magnetizing Current Mame Imag_UDM
Flux Flux Mame Flux_UIDM
Update H Cancel H Cancel Al Vour Burden Voltage Name Vour_UUDM
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SIMULATION STUDIES
Verification of the CT UDM by applying open circuit test

«» Simulation Conditions

* Compared Models = s | ums)
v' CT UDM A Point1  0.0129 40
v RTDS CT model ; = Point2  0.0291 90
Inout Sienal i = v Point3  0.0816 250
- Input i ®
i Lnag = $ o7 Point4 0134 400
v" Sinusoidal current = S Ep— —
4 v Point6  0.283 600
Point7  0.984 700
Proposed CT Equivalent Circuit R - 750
Point9  4.48 800
Point10  9.98 850
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SIMULATION STUDIES
Verification of the CT UDM by applying open circuit test

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T EEEEEEmmm—_———— Y
i (D Using RTDS CT Model @ !
i = |nput Saturation Characteristics Data Types = Construct a CT equivalent circuit using Saturable Reactor Model |
i 1) Physical Core Data = |nput Saturation Characteristics Data i
i 2) B-H Characteristic Data & v’ Linear Inductance, Knee-point Voltage, Air Core Inductance |
i 3) Vrms-Irms Characteristic Data RTDS CT Model i
i J; YWYW\—W i
i Core Loss i
i - _ 3| Saturable i
i Lsec (A) Ymagé (') Glossé lsec = E Reactor i
i Imag ~ Iloss % i
i Magnetizjng Inductance i
i Branch e i
i RTDS CT Equivalent Circuit CcT eq_xivalent Circuit using RTDS Saturable Reactor i
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SIMULATION STUDIES
Verification of the CT UDM by applying open circuit test

% Ignore Core Loss, Secondary Resistance and Leakage Reactance

YW\—W\
Y
Ignore
_e) Lsec Ymag Glossg : V1.1 V10,110 |/ P-LOSS DATA |/ MOMNITORING |/ SIGMAL NAMES
I " loss
RTDS CT Model mua. % MAIN DATA r PROCESSOR ASSIGNMENT |/ TRANSFORMER DATA |/ BURDEM
Ignore \ Mame Description Value Unit Min M ax
. . . Fs Secondary Side Resistance 0.0 COhms 0.0
RTDS CT Equivalent Circuit Ls Secondary Side Inductance 0.0 H 0.0
Ratio Turns ratio 1 ]
o V1,11 V10,110 |/ P-LOSS DATA |/ MOMITORING |/ SIGMAL NAMES
Y MAIN DATA r PROCESSOR ASSIGNMENT |/ TRANSFORMER DATA |/ BURDEM
% Leec Ymag Mame Qescriptinn Yalue Init Min I ax
. Imag é LoopW Loop Width 0 Do 0 100
N I | RTDS CT Parameters Menu
Proposed CT Equivalent Circuit
Technologies IZ@



SIMULATION STUDIES
Verification of the CT UDM by applying open circuit test

< Burden voltage of 850 [rms volts]

CT UDM ! RTDS CT
Vbur_rms_UDM o ]| ([imag_rms_UDW o | Tvbur_rms_RTDS 0| |[mag_rms_RTDS| 0|
Vbur_rms. . . Vbur_rms...
In 850.0 'c_:' | Ii’l 550.0 'c_:'
Imag_ms.] & v 1500 150 . IMag_ms.] o ': 15004 L
® =l g‘{xﬂ + {m\j @ 13 S {Q + g@f +
= o - LU . = 0 o
8500 || 0980 | 8500 || JL__ 7.931
(00w | [T |
/N /N / N\ | /N /N /N
= o / / - = o / ’X
-500 I -500
ol N\ N/ N/ A e AN N/ N/
- (a0 VDUEW @'ms_unm ) '1'522 [Ieg.RT07] \.-‘bur?F{TDS @ Vbur_rms_RTDS
T b, ms I - - ms
W I A [ : W Il | I
EDK\{JL\(J&\\(J O : E‘”L e JLTFJ o
o \‘ f \ [ \ } Imag_UDM 3 ' Imag_rms_UDM . 1o _\'”[_ _\] }[_ [ Imag_RTDS i Imag_rms_RTDS
-20 L ms I -20 k, rms
0000000000000000000000000000000000000 : o 000833 0.01687 0035 D
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SIMULATION STUDIES
Verification of the CT UDM by applying open circuit test

< Change burden voltage from 0 to 850 [rms volts] by using script

1000

CT UDM o RTDS CT
Vbur_rms... 800 Vbur_rms...
In 8500 ) g In 8500 )
(D Imag_rms..] "é :‘ ; (0 Imag_rms. ] 's :‘
(=] b (=]
9980 c = 600 7931 » c
S = S
@ : : : : : :
[=)] i i i i : :
LD e s oo e e —
[=) H H H H H i
B O | O SO SN SO R S
= : : : : : :
o s s ; ; s ; ~
o— @ ———© B 200 |t ERLLLL) LELLLELEEEERECRRELE i preeeeee 6— @ 8
Vbur_UDM Vbur_ms_UDM = 5 : : : ; ; Vbur_RTDS Vbur_rms_RTDS
\, s o I ] comomocamssmesesabecamssmmssmmmssmmodbnossasssmossd g g g L, ms
—CT UDM
e —— ——RTDS CT
o—3 ——o i . i ) i ) Input Data [reference] o— [l  S—
Imag_UDM Imag_rms_UDM Imag_RTDS Imag_rms_RTDS
—r 0 2 4 6 8 10 ms
[ by

Magnetizing Current [Amps rms]

Test results
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SIMULATION STUDIES
Apply CT UDM to the power system

% 154 - 22.9kV Power system

BJS5 ASwacn BUS C Swixcn 88 & Swxn
| A4 { A4
Relaying Point [525&] & +« [153007] | @as | [153097] 2256%a] |'g'ag | [225624]

()

()

= I
H Subsyst —O—I—O— ~ _oJ_o_
swssed Fault Point R g 2

8.36639(4.27980]
CT UDM RTDS CT - AR 1 1
| Eal P Il Ea1l Q |

335340 Sl..lbsysw“ S.uhsyste,, :
—O—I—O— AN AN —OJ—O—

8.36639]14 27980

igi.

BUS B Swich
:w‘.’[] - =
2o [ [

(m

—— r
d I 66KV L™
DL3 F | DL3 Q |
S Subsyste. O——0 8 36639]4 27980
AR AR - —] L1l
' 154KV 1 22.0kV
208500533041 |} —{ } 0
_o_l_o_ _OJ_O_ DL4 P
8 36639]4 27980
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SIMULATION STUDIES
Apply CT UDM to the power system

= Single Line to Ground Fault (Fault Angle : O[deg]) =
« Primary Current
= CT Load 8[Q] (R = 8[Q] pf 1.0) // \\ //\\ //\ P /
] °
Relaying Point . ? AV \U/ \\// \\J/
'e') 'e’ -éu—_ ; e
Subsyste.. 0 ]_pu 100} CT UDM /n/\

CT UDM RTDS CT = |UN e . / N /N /]
O E A AN A N AL
335240/t17.7839) {1 ¥ / \v/ \\// \\_//

Imag i
g IBU'R AL B - [Ewr TS | imag_RTOS
e () 73 Lo R = 8[2] «| RTDS CT Model
o e - /1N ™ /T ™, A
- J AN /AN / / /
AR RYVARWARWARW
Proposed CT Equivalent Circuit s N
29293, — L L e e e e
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SIMULATION STUDIES
Apply CT UDM to the power system

= Single Line to Ground Fault (Fault Angle : O[deg]) =
«/ Primary Current ™
= CT Burden 8[Q] (R = 7.2[Q], L = 0.00925[H] pf 0.9) \ ™\ ~ ~
B / \\ // \\ // N2/
BUS A | A4 [
Relaying Point ® ® o _/ %
Subsyste.. 0 1pu 100 CT UDM \(\
CT UDM RTDS CT | Axl g w 7\ N
O b YAANN /AN~ .
— N/ N/ N/ N/
1 : N N
o SR 1) e e
— @ Ak 150
e ) Slme || F20EY ) «| RTDS CT Model
o = O - Y\ VAl N\ a
i JINN AN/
AR NS N/ N SN/
Proposed CT Equivalent Circuit A S N
sofsasedl] |——pmm—— 2
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CONCLUSIONS

< Summary of the presentation

= When Vrms-Irms data is applied to the RTDS CT model, the curve obtained from its simulation is
a bit different from the applied Vrms-Irms data

CT UDM which accurately reflects input data was developed using computation method of the

peak data from rms data and network solution technique(nonlinear element is included)

Verity the performance of the CT UDM by using open circuit test and apply to the power system

- Can be regarded as an effective method
to simulate the CT saturation phenomenon

*» Future Studies

= Consider Core Loss (Hysteresis loss & Eddy current loss)

= Consider residual flux simulation

USER SPOTLIGHT SERIES BY HIITB;!:IllgS 24//26




REFERENCES

@ L. A.N. Neves, H. W. Dommel, "On Modelling Iron Core Nonlinearities", IEEE Transactions on

Power Systems, Volume 8, pp. 417 - 425, May 1993.

@ H.W.Dommel, "Nonlinear and time-varying elements in digital simulation of electromagnetic

transients", IEEE Trans. Power App. Syst., vol. PAS-90, pp. 2561-2567, Nov./Dec. 1971.

® RTDS "POWER SYSTEM COMPONENTS MANUAL"

USER SPOTLIGHT SERIES BY [l[RTDS

Technologies

25/26




THANK YOU FOR YOUR ATTENTION

USER SPOTLIGHT SERIES BY




