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1 - Introduction
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TLF / Introduction /clgre

- Severe TRV conditions may occur when there is a fault with a
short-circuit current fed by a transformer without any appreciable
capacitance between the transformer and the circuit breaker*.

These faults are called Transformer Limited Faults (TLF).

In such case, the rate-of-rise of recovery voltage (RRRV) exceeds
the values specified in the standards for terminal faults.

For example in case of a 362 kV 63 KA circuit breaker, the RRRV
(Rate of Rise of Recovery Voltage) in ANSI Guide C37.06.1 is

- 2.2 to 4.4 times the value for a terminal fault with a short-circuit
current respectively equal to 7% and 30% of rated value, i.e.

- 15.4 kV/us and 22.2 kV/us respectively for breaking currents of
4.4 kA and 18.9 KA.

* In usual cases TLF is covered by terminal fault test duties T10 and T30.
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TLF / Introduction

 In Standards or Guides, the TLF duty covers two cases

Case-1: Transformer- Case-2: Transformer-
fed fault for CB1 secondary fault for CB1

—CD—

GRID

ALSTOM

Tutorial CIGRE WG A3-28_TLF - P 5



2 - Options for the Specification of
TLF in IEEE C37.011-2011
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TLF / Options for Specification
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« As explained in [IEEE C37.011-2011 (Guide for the Application of
TRV for AC High-Voltage Circuit Breakers), the user has several
basic possibilities

1. Specify a fast TRV for TLF with values taken from standards or
guides (e.g. ANSI C37.06.1),

2. Specify a TRV calculated for the actual application taking into
account

- the natural frequency of the transformer,

- and/or (depending on the knowledge of system parameters)
additional capacitances present in the substation, sum of stray
capacitance, busbar, CVT etc

3. Add a capacitor to reduce the RRRV

ALSTOM
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TLF / Options for Specification @ﬁgre

« Option 1: Specify a fast TRV for TLF with values taken from
Guides (e.g. ANSI C37.06.1)

- ANSI Guide C37.06.1 is assumed to cover the large majority of all
cases for this switching duty.

- TLF TRVs are given for two fault currents: 7% and 30% of rated
short-circuit current.

- They are based on the assumption of a negligible capacitance
between the circuit breaker and the transformer.

ALSTOM
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TLF / Options for Specification

« Option 1 (Cont’d): TRV values in ANSI C37.06.1

Table 3B-Transient recovery voltage ratings fast time-to-peak (T:) values
for definite purpose circuit breakers 123 kV and above

Rated Trarnsient

Rated Recovery Voltage Definite Purpose TRY Parameters at Definite Purpose TRY Parameters at

Rated Rated Short-Circuit (1) 30% of Rated Short-Circuit Cument 7% of Rated Short-Circuit Cument

Maximum Vokage and Short- Peak Tmeto Peak Tmeto Peak Tmeto
Voltage Range TmeCurent | Vokage E: | Peak T: Cument Yokage Pealk Cument Yokage Peak

Line k¥, mme= (1) Factor (1) ki, mmes (1) KV, peak Lsec kA, mm= kV, peak pLsec ki, mme= kY, peak LSEC
Ho. Col1 Col 2 Col 3 Cold Col 5 Col 6 Col 7 Col g Col9 Col10 Col11
1 123 1.0 20 216 275 ] 245 283 1.4 2a83 487
2 123 1.0 an 216 260 12 245 235 28 2683 365
3 123 1.0 G3 216 260 149 245 21.4 4.4 253 31.0
4 145 1.0 20 255 330 ] 283 309 1.4 289 3.4
5 145 1.0 40 255 0 12 288 258 2.8 289 40.0
B 145 1.0 63 255 A0 14 288 235 4.4 209 34.0
7 145 1.0 g0 255 30 24 288 22.6 5.6 209 .2
a 170 1.0 16 289 345 a 338 352 1.1 2a0 634
4 170 1.0 M5 289 360 45 338 2491 22 2a0 47.0
10 170 1.0 an 249 260 12 338 278 28 2a0 432
11 170 1.0 a0 24949 360 15 338 26.4 35 3a0 a7
12 170 1.0 63 24949 360 149 338 254 4.4 3a0 3BT
13 245 1.0 N5 43 a20 95 487 343 22 a05 ag.2
14 245 1.0 an 43 a20 12 487 333 28 a05 a1.6
15 245 1.0 50 N a20 15 487 .6 3.4 a0a 47 .4
16 245 1.0 63 43 a0 149 487 0.3 4.4 ala 438
17 262 1.0 an G3T7 775 12 20 a0y 28 745 632
18 a62 1.0 f3 G3T T7a 14 T20 3T 4.4 Ta5 aa7
149 550 1.0 an YE3 13245 12 1094 490 28 1133 TE.1
20 550 1.0 63 Y63 1324 14 1094 447 4.4 1133 £3.9
21 aoo 1.0 an 1408 1530 12 15491 B0 28 1647 941
22 go0 1.0 3 1408 1530 19 1591 553 4.4 1647 799
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TLF / Options for Specification
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- Explanation on TRV value in ANSI C37.06.1

" — —_ — (o]
Case: Ur =362kV, ISC_ 63 kA, ITLF = 1% ISC Reactance Reactance
- Load voltage at the time of interruption supply transformer
) P A
Uy =(X, +X,)x0.07 I =XgxIg X, | x
0.93 Uy () U |-
0.07XL=0.93XS XL:O.WXS load

U, =X, X007, =093X,I,.=093U, +
- TRV peak (neglecting the contribution on the supply side)
Ur
U.=ky xﬁxUload =k, xﬁxO.%xkpp X

V3
with k,, =1.5 (assumed in ANSI C37.06.1) and k= 1.8
U, =1.8xﬁx0.93x1.5%=742 kV

GRID
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TLF / Options for Specification

« Option 1 (Cont’d): TRV values in ANSI C37.06.1

Calculation TLF TRV peak - Case 7% rated short-circuit current

Ur Ur sqrt(2/3) kp kaf kvd Calculated Uc ANSI C37.06.1
rated voltage phas?%f’ir:n%e\il:ltage pole-to-clear factor | amplitude factor acr\g;at?:nirfz?mer TRV peak TRV peak

kV kV pu pu pu kV kV

123 100,4 1,5 1,8 0,93 2522 253

145 118,4 1,5 1,8 0,93 297,3 299

170 138,8 1,5 1,8 0,93 3485 350

GRID
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TLF / Options for Specification

* Questions at this point

- What are the relevant factors (k,, ky and k) for higher
currents (e.g. 30% lIsc) ?

- What are the relevant factors for higher rated voltages (e.qg.
362 kV and above) ?

* Answers from CIGRE WG A3-28 will be given in section 6.

Note:
k, is the pole to clear factor (for any pole)

K, is the first pole to clear factor

GRID
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TLF / Options for Specification
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« Option 1 (Cont’d)

- As indicated in ANSI/IEEE Std C37.016-2006, time t; is given by the
following equation:

U xC

t, =0.106

I TLF

where U. is the rated voltage in kV, C is equal to the lumped equivalent
terminal capacitance to ground of the transformer in pF, and /; ¢ is
equal to the transformer-limited fault current in kA.

C = 1480 + 89 I; ¢ (pF) for rated voltages less than 123 kV

C = 1650 + 180 /1 ¢ (pF) for rated voltages 123 kV and above
- For U, 2123 kV, time t; can be also expressed as follows:

3.18% /U, t, decreases (and RRRYV increases)
I, = e when the fault current increases.
I .
TLF
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TLF / Options for Specification @ﬁgre

* Option 2a Check the actual TRV time to peak from the natural
frequency of the transformer(s)

T2 — 1
2><fnat
where T, is the time to TRV peak (= 1.15 ,)

f

n

.t IS the natural frequency of the transformer

- If T, is longer than the value in ANSI C37.06.1 it may be cross-
checked with available test results.

- Determination of the transformer natural frequency can be done in
several ways as explained in part 3.

ALSTOM
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TLF / Options for Specification /clgre

« Option 2b TRV calculation for a given application

- Calculate the TRV for the given application, taking into account
additional available capacitances or additional added
capacitances i.e. line to ground capacitors, CVT’s, grading
capacitors etc.

- The additional capacitance increases the time to TRV peak
(To,moq) @nd reduces the stress for the circuit breaker according
to the following equations

T2m0d =7 \/LX (Cnat + Cadd)

where
@xU 5 >
L = \/5 r X(Isc _lj Cnat — (ZXTQ) /(471' XL)
2ax f.oxI, \I

GRID
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TLF / Options for Specification

« Option 2b (Cont’d)
where

k,, 1s the first pole to clear factor
U. Is the rated maximum voltage

L. Is the rated short circuit current

/ 1s the transformer limited fault current

1. 1s the power frequency

[ 1s the equivalent inductance of the transformer

C .. 1s the equivalent capacitance of the transformer (2/3 of the surge
capacitance in case of 3-phase ungrounded fault)

C.4q4 'S the equivalent additional capacitance (2/3 of the capacitance
added phase to ground in case of 3-phase ungrounded fault)

ALSTOM
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TLF / Options for Specification
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« Option 2b (Cont’d) : Example
- Rated maximum voltage : 362 kV
- Rated short circuit current : 63 kA

- Based on 30% of rated short circuit current, the required test
current is 18.9 KA.

- TRV parameters as defined in ANSI C37.06.1
 T,=371yus u,=720kV
- The equivalent inductance and capacitance of the transformer
are derived using previous equations
« L=30.7mH C,;=4.54nF

- Taking into account additional (equivalent) capacitances present
in the substation (sum of stray capacitance, busbar, CVT etc. )
of 3.5nF, the modified time to peak 7,4 IS equal to 49 ps. This
Tomog WOUld be the shortest time to peak TRV that the breaker
has to withstand in service and during testing.

ALSTOM

GRID

Tutorial CIGRE WG A3-28_TLF - P17



TLF / Options for Specification @’émré

« Option 3 Additional capacitor

- Test reports may be available for the circuit breaker showing a
certain T, value which is higher than the T, value given in ANSI
C37.06.1.

- Such a breaker could be used for this application by adding a
capacitor to ground which changes the actual T, to a value where a
proof for the circuit breaker capability exists.

2
T2 test

Cadd = -C
L><7L'2 nat

where T, . value is the time to peak of tested TRV.

- If for example, a circuit breaker has been tested with a time T, ., of
70 ps, a current equal to 30 % of its rated short circuit current of
63kA and a rated maximum voltage of 362 kV, this would require
an additional capacitance of 11.6 nF in order to make the breaker

feasible for this application.
ALSTOM
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3 - Transformer Frequency & Model
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TLF / Transformer Frequency & Model @Glge

« The transformer frequency can be derived from measurements by
—  Current injection,
- Resonant frequency measurement,
- Daini-kyodai method.

« The transient response on the transformer side is quite
complicated in most cases, so that two approaches are possible:

1. A simplified model with an equivalent RLC circuit that gives
the main TRV frequency and associated amplitude factor.

2. Detailed models that are able to reproduce the multi-
frequency phenomena,

Examples are given in the following, taken from papers A3-
107 [3] & A3-108 [4] presented at CIGRE session 2012.

ALSTOM
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TLF / Transformer Frequency & Model @’élgl‘é

Determination of transformer natural frequency

« Current injection method
— The method is described in Annex F of IEC 62271-100
- It provides the TRV for the first-pole-to-clear

Charging  Switch H

resistor &
DC AL
sourcﬂ_
Source ™
capacitor_n _
- TRVs for the second and third-pole-to-clear can also measured

with the core type by removing the earthing points at A or at A
and B, respectively.

Diode —-

o

(A) 7
Earthing point

GRID
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TLF / Transformer Frequency & Model

Determination of transformer natural frequency

e Current injection method (Cont’'d)
—  Example of TRV measurement (CIGRE paper A3-108_2012)

300 Firstspolestosclear, Primary side 150 Firstspolestomclear, Secondary side 50 Firskpoleste-clear, Secondary side

4 -
=00 TRV freque-ncy &0 kHz 00 L 0 TRV I‘re1:|uem:;|,.I 16,8 kHz

TRV frequency: 8,5 kHz B
100 |- 50 |- = i: - A
. } \ /\ /\5 ENAWAWN

LI

1 1 1 Vf\v u
i 3 4 5 ﬂ'l:l 25
v V Time Ale V v Time A0r V
Apo L ime: (ms) 50+ ime (ms) a0k A TII"I‘IE (ms)
r
200 Amplitude factor (A'B): 1,62 400 Amplitude factor (A/E): 1,40 30 -

ik Amplitude factor (AB): 154

-

Voltage (V)
Volage (V)
Vohage (V)

«300 =150 «50

(a) Primary side, shell type (b) Secondary side, shell type (c) Secondary side, core type
TRVs for TLF conditions with 525 kV-1500 MVA shell and core type transformers

Tutorial CIGRE WG A3-28_TLF - P 22 GRID
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Reproduction of TRV waveforms by simplified transformer models
Primary (500kV) side model with single set of parallel L-C-R circuit (single resonant frequency)

— Measured
—— Calculated

e 200
= 100 |
=
T R L g’ ]
S _1o00 04 05
4 fime[ms]

c RZF L }
1 1 1 % . f:\\/f\vm AT

2 0/ 0. 0.2 03 04 05

G T sz Lz%
ol nd ] e

{57

T RT L )
CaT RgT L._,g . time[ms]
) K3

|||—|

GRID
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TLF / Transformer Frequency & Model

Determination of transformer natural frequency

« Resonant frequency measurement (FRA)
—  Test circuit and example of measurement

R Io Primar Transformer Resonant frequency fx
SAUA y (One phase) -
Series
Winding
@ @D Secondary | Tertiary
Frequency c
ommon i
Generator Winding I Jﬁ{f&?{,‘é
1 1 . 1
— = = = L 150 (R [Re L [ L bt
Frequency (Hz)
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TLF / Transformer Frequency & Model
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Determination of transformer natural frequency

« Daini-kyodai method
—  Test circuit

Rm

— M

Transformer

Q

Step voltage
Generator

Tutorial CIGRE WG A3-28_TLF - P 25

(One phase)

Series
Winding I

J_ @D %I‘ Secondary

R, Constant current
— ] >
o
R, >>r, Zx /:,1
m b r---- -|

Step voltage Oscilloscope ~Reference Test object
source resistor

GRID
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Determination of transformer natural frequency

« Daini-kyodai method

—  Example of measurement

Equivalert circuit

Example of oscillation waveform
of transformear
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TLF / Transformer Frequency & Model

Determination of transformer natural frequency

« Daini-kyodai method

The oscillation waveform of Zx directly shows the transient impedance of
the test object.

The components C, R and L of Zx can be calculated from the waveform
of Zx by a comparison with the waveform obtained with r (see Annex B).

Measured waveform for r

Measured waveform for Zx

a=rxyly (Q) a,=r xy:ly (Q)

Tutorial CIGRE WG A3-28_TLF - P 27 GRID
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TLF / Transformer Frequency & Model

Determination of transformer natural frequency

« Comparison of frequency measurement and Daini-kyodai

method
100000 e
::-:; =—Daini-Kyodai Method
10000 Impedance Zx
'ﬁ is evaluated with
O parallel L, C and R,
g —~ 1000 which are measured
£ E by Daini-kyodai method
[ ]
& 2
E 100
10
1
10 100 1000 10000
Frequency (Hz)

Comparison of measurement results with UHV transformer

GRID
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TLF / Transformer Frequency & Model
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Transformer Model: Simplified RLC Model from FRA

In this example L, C, and R values are evaluated from the slope of
the gain and the gain at the resonant frequency obtained by FRA
(Frequency Response Analysis) measurements for the first-pole-to-
clear at the primary and the secondary sides of a shell-type

k1] T 20
L1 pe200ohm Tog 26448 ccoinnl oo Resos0ehm.ogl 14148 1
20 : 10 | ; —]
P T Y 5. ——— T T R=10T0ohm-—J -4 589dB
—_ Cooonnnn S : St Sl —_ o 1| Measurement Y RN T Hi
z " g i ; 'ab-im!' 5
N D N 20 = s
£ £ R b Dl qREKHz L 1.
o ma 5 . e
o =20 s = o =30 A~ B I T Pty o)
A0 . v Calculation by simplified transformer 2 00 A : A Lo 1C=28480 pF
- model with single connection of S -| Calculation by simplified transformer  &:=25000 pF
40 parallel setof L, C and R 50 model with double connections of
: ::::::| Do ::::::| : ooo| parallel set of Ly, La, C1, Cz, Raand Rz
10 1? 102 1 108 10 1R 108 10 108
Frequency (Hz)

Frequency (Hz)
(a) First-pole-to-clear at primary side (525 kV) (b) First-pole-to-clear at secondary side (275 kV)

Fig.5 Frequency response with FRA measurement for the 1500 MV A shell type transformer
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TLF / Transformer Frequency & Model

Transformer Model: Detailed Model

« First example from CIGRE paper A3_108 2012 [4]
- Multi-mesh and lumped models

T 275 kv (V3 terminal 5KV T ZTSKV NI B
Eﬁ-k\" 'mndmg i 56,25 mH ; g s13mn L 1 %0 lumped model | |
1l — I 7;]: L-C mult-mesh model
= B 400 anufaciurer model) f\
3 E 1164 mH | /
+— »—{% — Lo =‘f" Bg W 206 kV /\
525KVI3 8 @ ”’ H [ { g N
r_T terminal ; E’ 200
Sl o vrd x5
A W T st =
- 2400 pF 100 ,‘_,/r
i l g% ? ggazsﬁémamﬁ rL ! | &//
‘T + wﬁ 0 by
i —k + ﬁﬂ A 2 40 _511 B 10
525KV x 23 =449 kv 1§ 100 | 206=0876x550525x275x V213

"’urqle-ph s circuit moded

(a) L-C Multi-mesh model

Three-phas

e circuit model

Time (ps)

(b)Y Lumped model (c) Comparison of TRV with different models
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TLF / Transformer Frequency & Model

Transformer Model: Detailed Model

2"d example from CIGRE paper A3_107_2012 [3]

- Conventional model with capacitances to earth & between
windings (manufacturer model)

i ; (=)
|/ CHL ¥
1§ /

N |
P
"

CH
J_ZR“% % 43 T

/]
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Transformer Model: Detailed Model

« 2nd example from CIGRE paper A3_107_2012 (Cont’d)

Tutorial CIGRE WG A3-28_TLF - P 32 GRID

Black-box model having an admittance matrix with self and mutual
components that are frequency dependent. Fitting technique leads

to N R
Y(jw) =
(‘] ) ZmZI ]a)_am

+D+ JoE

where R is a residue matrix, D and E are real matrices.
This model can be implemented in MATLAB using MatrixFitting.

Comparison of transformer modeling and field measurements done
by A. Rocha et al. is given in the next slide.
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TLF / Transformer Frequency & Model @’élgl‘é

Transformer Model: Detailed Model

« 2nd example from CIGRE paper A3_107_2012 (Cont’d)

- Comparison of 25 MVA single-phase transformer self-admittance and
angle by black box model with rational fitting (black curve) and by field
measurement (blue curve).

x il
AS+VE+Meas  —F—— %ﬁ ) T-W( |
|

Admitmrea[S]
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TLF / Transformer Frequency & Model

Transformer Model: Detailed Model

« 2nd example from CIGRE paper A3_107_2012 (Cont’d)

- Comparison of 3-phase ungrounded transformer secondary fault TRV
with conventional model (in blue) and black-box or rational fitting model

(in green). Fault current is 2 KA.

Comparison of RRRV

9.1 kV/us : conventional model

Voltage [kV]

5.07 kV/us : rational fitting model

Note: AS (curve in red) is another
method called asymptotic synthesis
described in the next slide, it gives an | | | | | | . . .

RRRV of 5.09 kV/lJS Time [ms]
ALSTOM
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TLF / Transformer Frequency & Model

Transformer Model: Detailed Model

« 2nd example from CIGRE paper A3_107_2012 (Cont’d)

— Asymptotic synthesis model

Conventional 50/60Hz transformer model with terminals connected
to RLC circuits calculated in order to fit the self-admittance of each
of the windings (primary and two secondary in this case).

For three winding transformer DD AP
secondary fault, the terminal
admittance considered to model |

the transformer is dependent on TN CENaT T
the winding where the short i%é % i % % §

circuit-circuit occurred.
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TLF / Transformer Frequency & Model

- Example of dependence of TRV on short-circuit point (on
secondary or tertiary)”

System equiv _
Short line Y
More than one model T :
IS necessary to '
represent all the short- =
circuit conditions ]
300- 442KV
200- 320kV 5.09 kV/ ps
o 2,11 kV/us
* CIGRE 2012 SCA3 PS1 .
Angélica C. O. ROCHA « Green line: short-circuit at tertiary
(Brazil) CEMIG GT "« Red line: short-circuit at secondary
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4 —Surge Capacitance of a Transformer
and TRV from FRA Measurements
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TLF / Surge Capacitance of a Transformer
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Reverse Fourier Transform

FRA = Z(w) and I(t) = S* with S=2mfV2* Irms
TRV(w) = (w)*Z(w) = S*Z(w)/w? — TRV(1)

log(Z) in blue and log (TRV) in red

-

3

1 2 4
_5 \

RN
~

log (frequency,

GRID

ALSTOM

Tutorial CIGRE WG A3-28_TLF - P 39




-

Tutorial CIGRE WG A3-28_TLF - P 40

Examples TRV from FRA-measurements
(KEMA HPL)

Transformer characteristics: 1J-1N tapd, 80 MyvA 3, HY =400 K, LWV = 118 KY, Lv2 =115 K AT, k@ 50 Hz = 309.3

10 . T . . T 120
_ an
& 2w}
R ] =
= o 30t
= £
= = 0
o S
c ) w  -adf
T 10°F - ‘g{
: i
- -0
1DD 1 1 1 1 1 _120 1 1 1 1 1
10’ s 10 10 10° 10° 10’ 10’ lin 10° 10 10’ 10° 10’
Frequency [Hz] Fregquency [Hz]
Estimated TR pararaters: kaf= 163 13=61.1 ps
=
=
>
o
'_
] ] | | | | | | | ] ]

150 200 250

Time [ps]

300 350 400 450 500
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Examples TRV from FRA-measurements
(KEMA HPL)

Transformer characteristics: 1U-1% tap1, 1 MVA 32 HY = 1T kY, LV =042 KW AT Xk@ S0Hz =930

10° : : : : : 120
a0

Impedance phase (deg)
]

Impedance magnitude (£

i}
10 1 1 1 1 1 _12D 1 1 1 1 1
10 10 10 10* 10° 10 107 10° 10° 10 10 10 10° 10

Frequency [Hz] Frequency [Hz]

Estimated TRY paramaters: kaf= 166,13 =334 us

TRY [pu]

| | ] ] | | ] | ] |
50 100 140 200 250 300 350 400 450 500

Time [pe]

Tutorial CIGRE WG A3-28_TLF - P 41 GRID A LST@’M




Examples TRV from FRA-measurements
(KEMA HPL)

Impedance magnitude (C)
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Transformer characteristics: 1.1-1.2 tapd, 102 MVA 1 $ HY = 2308 KV, LV =16 kY AT Xk@ a0Hz =34 02

10 120
90
\ & B0t
T 1 L 30t
=
= 0
sk}
= 30
2 ] - r
10 F 1 E"_
£ -60 -
-80
1DD 1 1 1 1 1 _120 1 1 1 1 1
10 10° 10° 10* 10° 10° 10 10/ 10° 10° 10° 10° 10° 107
Frequency [Hz] Freguency [Hz]
Estimated TRY paramaters: kaf=1.54, 13 =23.1 us
=
=
=
i
'_

150 200 250

Time [s]

300 350 400 450 a0a
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Examples TRV from FRA-measurements
(KEMA HPL)

Transformer characteristics: 1.1-1.2 tapd, 102 MVA 1T HY = 2308 K, LY =16 kY AT, Xk@ 20 Hz =34 0

10 . . . . . 120
- a0
g Z B0}
ERIN! 1 -
= m o 30F
= 113
@ = 0
E w
2 2
g 102 L i g S0 F
=) [11]
- 80
1E|D 1 1 1 1 1 _120 1 1 1 1 1
10’ 10 10° 10° 10° 10° 10 10’ 107 10° 10 10° 10° 10
Frequency [Hz] Frequency [Hz]
Estimated TRY paramaters: kaf =154 t3=23.1 ps
=3
=
=
[
'_
] ] ] ] ] ] | | ] |

&0 100 150 200 250 300 340 400 450 500
Tirme [ps]
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Examples TRV from FRA-measurements
(KEMA HPL)

Transformer characteristics: 1.1-12tap 5, 0 MVA 1 &, HY =420 kY, LV = 20k, BT Xk@ S0 Hz =151 &2

10° : . : . : 120
50
B0}
ot

0
_30 L
.BD L
a0

Impedance magnitude ()
Impedance phasze (deg)

1DD 1 1 1 1 1 1 _12D 1 1 1 1 1
10 10 10 10 10 10 10 10 10 10 10 10 10 10
Frequency [Hz] Fregquency [Hz]

Estimated TRY paramaters: kaf=1.47 t3=199 us

TRY [pu]

| | | | | | |
g0 100 150 200 250 300 350 400 450 500
Time [ps]
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Examples TRV from FRA-measurements
(KEMA HPL)

Impedance magnitude ()
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Transformer characteristics: C-Mtap?, 128 MyA 3 & HY = 380KV, Lv = 3320 K AT Xk@ ol Hz =762 0

120
=]
BO
30r

a
ank

Enk

80

-120 L : : L :

Impedance phase (deg)

TRY [pu]

5 5} 7 1 2 3 4 K} i 7

10° ¥ 10t 10 10

10
Freguency [Hz] Frequency [Hz]

Estirated TR paramaters: kaf=1.71 13 =463 us

140 200 250

Time [Ws]

300 350 400 450 |00

GRID ALST@)M



Examples TRV from FRA-measurements

(KEMA HPL)

Impedance magnitude (C)
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Transformer characteristics: 1U-2U tap8b, 315 MWA Autotr, HY =400 kv, L1 = 220K V2 =33 K BT ¥k@ o0 Hz =847 0

TRY [pu]

10 10

2

10*
Fregquency [Hz]

Impedance phase (deg)

120
80

BO -
30

1]

30 F
B0 F

80
-120

10 10 10 10

Fregquency [Hz]

Estimated TRY paramaters: kaf= 165,13 =646 s

a a0 100 150 200 240 300 350 400 450 500
Tirne [ps]
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Based on short-circuit inductance and surge capacitance
2-parameter TRV values

Case 4 Case 8 Case 9 Case 10 Case 11 Case 12
KEMA* t3 (us) 39.2 61.1 33.4 64.6 50.5 46.3
Simple t3 (us) 43.5 53.0 35.0 49.0 56.5 33.5
KEMA* AF 1.75 1.69 1.66 1.65 1.54 1.71
Simple AF 1.80 1.84 1.74 1.80 1.78 1.78
KEMA* kV/us 44.6 27.7 49.7 25.5 30.5 36.9
Simple kV/us 41.4 34.7 49.7 36.7 31.6 53.1

KEMA*: from reverse Fourier transform
Simple: from LCR parallel circuit
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5 — Influence of External Capacitances
Between Circuit Breaker & Transformer
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Influence of external capacitance

Csurge

« Shift of surge capacitance to the left, lower frequencies by J Csurget Coxt)

FRA-patron with peaks shifts also to left

Peak-values do not change (in resonance points determined by R)
Larger C, lower Z=VL/C, higher R/Z-ratio, somewhat higher AF
Minimum values:

2500

2000

*
1500
pF :
L 4 # 10 higher volt.
1000
to lower voli.
500
. 4 <
0 T T T T 1
0 1 2 3 4 5
Voltage class
=200 kV =300kV =600kV > 600 kV
Tutorial CIGRE WG A3-28_TLF - P 49 GRID A LS I 6’"




TLF / Additional Capacitances

Capacitance according to IEEE C37.011-2011

« Busbar
« Surge arrester
« CT/VT

for air-insulated bus: 8.2-18.0 pF/m.

80-120 pF

- the capacitance of an outdoor current transformer is: 150-450 pF

- the capacitance of an outdoor potential transformer is: 150450 pF

- CVT

Tutorial CIGRE WG A3-28_TLF - P 50

Voltage class
(kV)

Capacitance
(PF)

145

4 000-22 000

170

4 000-16 500

245

3 000-12 500

362

2 150-9 500

550

1 500-6 300

800

2 000-6 200

GRID
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TLF / Additional Capacitances

- Example of connection between circuit breaker and
transformer: Hydro Quebec 735kV side of transformer

5m 5m

CB DS

CT

Tutorial CIGRE WG A3-28_TLF - P 51

9m

4.5 m

13 m

[

transformer

MOSA

GRID
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TLF / Additional Capacitances

- Example of connection between circuit breaker and
transformer: Hydro Quebec 230kV side of transformer

20m
im
| 10m 9m
3m
/ _ 3.5m
transformer DS DS /
MOSA CB
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6 — TLF TRV Peak Factors

Pole-to-clear factor, Amplitude Factor
& Voltage Drop Ratio

ALSTOM



« The TRV peak is function of 3 factors as shown in the following

equation

U.=k, Xk, Xk, X

U 2

V3

k, = pole-to-clear factor, k;; = amplitude factor, k= voltage drop

across the transformer

 Pole-to-clear factor

- On the EHV or UHV side, the transformer neutral is effectively

grounded,

as a consequence, pole-to-clear factors are between 1.0 and

1.15 (see calculation in Annex).

- A conservative value could be taken as equal to 1.3.

ALSTOM
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TLF / TRV Amplitude Factor ’cugre

- From the initial part of the FRA-measurement an equivalent
inductance can be determined. In the higher frequency region
(some hundreds of kHz) the equivalent capacitance can be
approached.

* From these two values (L and C) both a single frequency can be
determined and an equivalent value Z.

 The ratio between the highest peak of the FRA-impedance
measurement and this value Z determines the amplitude factor.

- Aratio R/Z of 5, as found in a case studied by WG A3-28, gives
an amplitude factor of 1.73.

* In CIGRE paper A3-108-2012, values of amplitudes factors are
equal or lower than 1.62.

GRID
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Damping or Amplitude factor
Single frequency model

Alan Greenwood’s: Electrical Transients in Power Systems, 2"

1,9
1.85 /
1,8
175 i
AF /
17 !

1.65 /

/ i . /~ ™\ )
1.6 7 i : / N /
) / N\
. S o N/
0 2 4 ! 6 z 05 0 2 NS

RIZ . | | | | |
0 2 a 6 8 10
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TLF / Voltage Drop Ratio @ﬁgre

* In IEC & IEEE standards, the voltage drop ratio is assumed to be 0.9
for terminal fault test duty T10.

» The voltage drop ratio is function of the ratio of TLF current (I, 1 ) and
the bus short-circuit current minus the contribution from the faulted

transformer (1, .¢,)
Considering the circuit breaker (et
at the primary side, the voltage l
drop in case of transformer R
secondary fault (TSF) is '
I T Is (TSF) -> Ip (TFF)
~TLF
AV — 1 T Ip Is {net)
p—net
Tutorial CIGRE WG A3-28_TLF - P57 GRID A LST@’M




TLF / Voltage Drop Ratio

- Based on the previous equation, the voltage drop can be expressed
as function of the ratio TLF fault current divided by rated short-circuit
current (in percentage) assuming different possible values of the bus
short-circuit current

Voltage drop versus ItIf/rated Iscc
I(net) = 25%, 50%, 75% and 100% rated Iscc

120

100

Voltage \\\ e
dropin % \ \ ~—_ — 0%

0 10 20 30 40 50 60
I1tlf as % of rated Iscc

o L
l1.r in % of rated short-circuit current |,
GRID
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TLF / Voltage Drop Ratio @/ﬁgre

 CIGRE WG A3.28 has started a survey of voltage drop values for
EHV and UHV. Preliminary results for 550kV in Japan (TEPCO) are
given below. The maximum value is 72%.

 First results for EHV show that for TLF currents in the range 25-30%
Isc the voltage drop is close to 70% (or voltage factor = 0.7).

_ w100 %currant= Faad short- circuit currant of S3kA,

DAL

2 ® Case 3 (TFF)
E 075 L e 4 TEEY
5 o}
B 070 C
Voltage = >
N b
dropin% 3 gss "
H
F os0
=] ] @
,g 055 < T
=
050
o 5 10 15 20
0% 8% 5% 24 % (32 %
TLF shart-circuit current (k)
Tutorial CIGRE WG A3-28_TLF - P 59 GRID A LST@’M




/7 — Standardization of TLF
for UHV in IEC 62271-100

S
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Standardization of TLF for UHV
in IEC 62271-100

« Transformer limited fault (TLF) is covered in Annex M.

 M.4 is for rated voltages higher than 800kV

- The system TRV can be modified by a capacitance and then be
within the standard TRV capability envelope. As an alternative, the
user can choose to specify a rated transformer limited fault (TLF)
current breaking capability.

- The rated TLF breaking current is selected from the R10 series in
order to limit the number of testing values possible. Preferred
values are 10 kA and 12,5 kA.

- TRV parameters are calculated from the TLF current, the rated
voltage and a capacitance of the transformer and liaison of 9 nF.

- The first-pole-to clear- factor corresponding to this type of fault is
1,2. Pending further studies, conservative values are taken for the
amplitude factor and the voltage drop across the transformer. They
are respectively equal to 1,7 and 0,9.

ALSTOM
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Standardization of TLF for UHV

in IEC 62271-100 yagre
- | /

Calculation of TLF TRV by IEC MT36 TF UHV (Pierre Riffon)

* Calculation assumptions

- First-pole-to-clear factor: 1,2
- Fault currents: 10 and 12,5 kA (50Hz and 60Hz)
- Amplitude factor: 1,7 x 0,9 (90% voltage drop in the transformer)

* Basic circuit () - : -
K\J K1 i]i I:1 -
X - Ur i
1~ .//_\ﬁ et . [}
\/§X1f““” l Y X, 1o
X =033xX B |
n 1 f/-(“;:\ Y . D
N X, L ,
C,=9nF
C =3C, % 1
Back i
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Standardization of TLF for UHV
in IEC 62271—1_00

o

* Equivalent circuit for first-pole-to-clear

Crirrst-brasmin
fsb-noke-ta-Claar

c, 5x L,

* The worst case regarding RRRV is for 60 Hz, values in IEC are based
on 60Hz and cover the need for 50 Hz.

U, x~/2x1,2x1,7x0,9
C V3

t, =015x1,

« Equation for TRV peak value U

* Time delay

* Reference voltage coordinate u'= U%

Back

GRID
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Standardization of TLF for UHV
in IEC 62271-100

° I I r—u'
Reference time coordinate 1= ARRV +1,

* TRV Table

Table M.2 - Standard values of prospective transient recovery voltage for circuit-
breakers with rated voltages higher than 800 k¥ intended to be connected to a
transformer with a connection of low capacitance

Rated TLF fault First- Ampli- TRY Time Time Voltage Time RRBY=
voltage current pole-to- tude peak delay
clear factor value
i factor - u, i3 ¢4 u’ ¥ ut;
kY ki rom.s. kop p.u. k' U Hs k' Us ks
SYIM. pou.
1100 10 1.2 1.7 %09 1649 107 16 550 51 15 4
1100 125 1,2 1.7 %09 1649 95 14 550 45 172
1200 10 1,2 1.7 %09 1799 112 17 GO0 54 161
1200 125 1,2 1.7 %09 1799 100 15 GO0 45 18,0
2 RRRY = rate of rise of recavery voltage.

ALSTOM
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8 - Conclusion
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Conclusion

- Transformer-limited-faults produce fast TRVs with a high RRRV if
there is a low capacitance between the transformer and the
circuit-breaker.

- For this duty, it is important to properly evaluate the capacitance
(frequency) of the transformer and the capacitance of the liaison
between the circuit breaker and the transformer.

« Several methods were presented for the evaluation of a
transformer surge capacitance/ TRV frequency: by current
injection or from FRA measurements.

 RRRV is also function of the TRV peak, as it is the ratio of the
TRV peak by the time to peak (related to the TRV frequency).

TRV peak is function of several factors (pole-to-clear, amplitude
factor, voltage drop across transformer) that must be properly
chosen in standards.

ALSTOM
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9O - Annexes

Annex A - Calculation of 4, for TLF
Annex B - Calculation ¢, R and L by Daini-kyodai method

—

ALSTOM



Annex A / Calculation of kpp for TLF
I

Case: Three-phase to ground fault

Simplified circuit for primary fault Simplified circuit for secondary fault

Transformer with Transformer with
delta winding delta winding Thevenin source
X1 E
1
X0 |

> Positive-sequence reactance > Positive-sequence reactance
Source Transformer Source
X1 Xs Xp Xs Xp A1

e Y Y e (YY Ly o PR a'a" o W oo " TN
X, =X, + X, +X,, X=X+ X, + X,
. o * o . ‘

> Zero-sequence reactance __ 3% > Jero-sequence reactance K —_ 3%
Source Transformer P2X, + X, Transformer Source P2X,+ X,

Xso X Ap f Xs Xp Xso *
. XX, + X
5 t -3 =0 t I3 =0

o -
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Annex A / Calculation of kIOIO for TLF

o
Gope

- First-pole-to-clear factor for 3-phase to ground faults

- First-pole-to-clear factor for TLF was evaluated in case of a power
transformer with delta connection for tertiary winding providing
lower voltage networks with short-circuit power of 50kA (system

with effectively-grounded neutral).
- The study shows that
* Kk, for a primary fault is lower than 1.15

*  k,, for a secondary fault is lower than 0.95.

ALSTOM
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Annex B / Calculation C,R and L by
Dai_ni_—kyodai method

THe- procedure to calculate the constants of C, R and L from the waveforms shown in figure 4 is described

bellow. The oscillation waveform Zx (f) can be expressed by equation 1,

ZT(I) — 4 @ T LGQIIL OF  reretetereereeeeeeeemaeeaeeee e {1}
where parameters a1 and a2 are defined by equation 1 and 2.

a,=A- PP pp (2)

a,=A- s T P (3)

The values of parameters a1 and a2 can be obtained from the waveform as follows.

Measured waveform for r

. »
i 4 N\

Measured waveform for Zx

I

Figure 3 Schematic illustration of a transient waveform

GRID
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Annex B / Calculation C,R and L by
Dai_ni_—kyodai method

a, = N, 0, a, = B, (0) (see Figure 4)
¥ ¥y
And the times t1 and t> can also be obtained from the waveform.
Then equation 4 is given as follows.

1n &
o = e, (4)
FE - rl
Equation 3 is given by equation 2 and equation 4.
1;"1i
as 4
Ad=a, e (5)
Then the operational function Zx (p) is given as follows;
1
7y _ _ LI TTETTEPEPPPS PTRPPRPRRTR PP 6
(p) 1 2o a +o 1 ©)
Ao Ao Ao p
where @w=2x : .
t,—1
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Annex B / Calculation C,R and L by
Dai_ni_—kyodai method

-

1
Zq;(p) — i [ {7)
Cp+—+—
R Ip
Then, surge impedance of power transformer can be given as follows.
c-_L p_de ;_ 40
Aw 2a a” + o

Measured waveform for r

Measured waveform for Zx

aj=rxXyyyv(Q) a=rXyzy(Q)
Figure 4 Calculation of waveform parameters
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Thank you for your attention 2

Questions ?

P

Thanks to Members of CIGRE WG A3-28 for their input and to
Dr Hiroki Ito (Chairman of CIGRE SC A3).
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