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Study on Transient Recovery Voltages
for Transformer-Limited Faults
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Toshiki Idemaru, and Hiromu Shinkai

Abstract—Severe transient recovery voltage (TRV) after current
interruption may appear when a fault occurs in the immediate
vicinity of a power transformer without any appreciable capac-
itance between the transformer and the circuit breaker. These
faults are called transformer-limited faults (TLFs), that may cause
higher rate of rise of TRV than the standard values specified for
terminal fault test duties T10 and T30 of IEC 62271-100 and IEEE
standard C37.06. TRVs for TLF conditions with large capacity
and high-voltage shell-type power transformer were measured
by the capacitor current injection method. The impedance fre-
quency response were also measured by the frequency-response
analysis (FRA) and then TRVs were reproduced by the simplified
transformer model with a series connection of parallel circuit of
inductance, capacitance, and resistance evaluated by the FRA
measurements. The reproduced TRV showed good agreement with
the measured TRV even though deformation from a sinusoidal
waveshape was observed due to superposition of higher frequency
components on the TRV.

Index Terms—Amplitude factor, circuit breaker (CB), fre-
quency-response analysis (FRA), rate of rise of TRV, trans-
former-limited fault, transient recovery voltage.

I. INTRODUCTION

L ARGE capacity and high-voltage power transformers,
such as 525/275 kV-1500 MVA and 1050/525 kV-3000

MVA classes, capable of onsite assembly, were developed to
meet a network requirement for high-capacity power delivery.
For this purpose, the transformers were developed to reduce the
number of legs (iron cores) and coil groups in order to realize
compact and reduced weight designs. The requirement for a
compact design may reduce the equivalent surge capacitance of
the transformer, resulting in a more severe transient recovery
voltage (TRV) in transformer-limited fault (TLF) duty for a
circuit breaker (CB) than the specified values for terminal
fault test duties T10 and T30 in the IEC 62271-100 standard
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Fig. 1. Transformer-limited faults (TLFs).

and IEEE standard C37.06, especially for the CB connected
directly to the primary or secondary or tertiary winding of the
transformer.
In accordance with IEC SC 17A requests, CIGRE Working

Group A3.22 investigated TRV for TLF conditions based on
available technical specifications and recommended higher rate
of rise of TRV (RRRV) and shorter time to the TRV peak than
the existing IEC standard values for 1100/1200-kV CBs [1],
[2]. The recommendation was determined by the transformer
impedance and its equivalent surge capacitance of a 1100-kV
power transformer (specified as 9 nF).
Recently, a transformer model for TRV analysis was reported

[3]–[5], but there are not enough actual survey results, and it is
thought that examination is more necessary [6], [7]. TRVs for
TLF conditions with the primary, secondary, and tertiary sides
of 525-kV–1500-MVA shell-type transformer were measured
by a capacitor current injection method. Impedance frequency
responses from the primary, secondary, and tertiary windings
of the transformer were also measured by frequency-response
analysis (FRA).
A simplified transformer model with a series connection

of parallel circuits with capacitance ( ), inductance ( ), and
resistance ( ) was estimated based on the FRA measure-
ments corresponding to the number of resonant frequencies.
Then, TRVs were reproduced by the simplified transformer
model. The comparison between the measured TRVs and the
reproduced TRVs provides detailed technical information on
switching phenomena related to TLF conditions.

II. TRV FOR TLFS

As shown in Fig. 1, TLF covers two types of faults for CB1:
transformer fed fault and transformer secondary fault depending
on a fault location either on the opposite (F1 point at HV) side
or the same side of the transformer (F2 point at LV).
The TRV frequency is generally determined by the induc-

tance ( ) and the equivalent surge capacitance ( ) of the
transformer.
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Fig. 2. TRV for TLF conditions.

Fig. 3. The 1500-MVA shell-type three-phase transformer.

TABLE I
SPECIFICATION OF THE 1500-MVA SHELL-TYPE TRANSFORMER

It ranges from several kilohertz to several ten kilohertz de-
pending on these parameters. In such cases, the rate of rise of
trv (RRRV) may exceed the values specified in the standards for
terminal fault test duties T10 and T30.
Fig. 3 shows a photograph of the 525-kV–1500-MVA shell-

type autotransformer used for TRV measurements and Table I
summarizes its specification for primary, secondary, and tertiary
windings (see Table I).

III. TRV MEASUREMENTS FOR TLF CONDITIONS

A. TRV Measurement by the Capacitor Current Injection
Method

Fig. 4 shows a TRV measurement circuit using the capacitor
current injection method according to Annex F of IEC 62271-
100. This circuit is assumed for first pole to clear of the 3LG
condition. When TRV for fault clearing on the primary side
was measured in the circuit, a tertiary terminal (63 kV) was un-
grounded, a secondary terminal (275 kV) was grounded, and a
primary terminal (525 kV) was connected to a capacitor with
several 100 F, which can supply an oscillating current with a
frequency determined by the capacitance and the transformer
inductance. The voltage at the primary terminal was measured

Fig. 4. Capacitor current injection method in IEC 62271-100. (a) Measuring
circuit for the primary side. (b) Measuring circuit for the secondary side. (c)
Measuring circuit for the tertiary side.

with a high-voltage divider after a diode interrupted the cur-
rent. Similarly, the voltages at the secondary and tertiary ter-
minals were also measured by changing the grounding and the
ungrounded points.
Typical TRV waveforms measured by capacitor-current in-

jection are shown in Fig. 5. The TRV for the primary side shows
a sinusoidal shape waveform. On the other hand, TRVs for the
secondary and tertiary sides show a slight deformation from a si-
nusoidal shape due to superimposition of higher frequency com-
ponents than a main TRV frequency. The effect of the polarity
of the charged capacitor as well as the direction of the diode on
TRV was checked and it was confirmed that there were no sig-
nificant differences of these impacts on TRVs.
The TRV frequency and amplitude factor obtained from the

measured TRVs for the primary, secondary, and tertiary sides
are summarized in Table II. The amplitude factor of TRV for the
secondary side is reduced compared with TRVs for the primary
and tertiary sides due to waveform deformation. It should be
noted that the amplitude factors do not exceed the standard value
of 1.7.

B. Impedance Frequency Responses by FRA Measurements

FRAmeasurements are usually applied to investigate internal
frequency resonance in relation to dielectric stress or to detect
any deviations from the response of a particular transformer.
The information on multiple frequency responses from a trans-
former can also provide a simplified transient transformermodel
with a series connection of multiple parallel circuits of , , and
.
Typical responses obtained by FRA measurements with the

first pole to clear at the primary, secondary, and tertiary sides
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Fig. 5. TRV measurements by the capacitor current injection method. (a) TRV
for the primary side. (b) TRV for the secondary side. (c) TRV for the tertiary
side.

TABLE II
TRV FREQUENCY AND AMPLITUDE FACTOR

of a 1500-MVA shell-type transformer are shown in Fig. 6. The
same circuit as that used for the TRV measurements was used
for the FRA measurements.
The prominent resonance frequency of the impedance

frequency response from the primary side is 7.9 kHz. The
impedance frequency response from the secondary side shows
two resonance frequencies at 8.04 kHz and 15.5 kHz. Further-
more, the impedance frequency response from the tertiary side
shows three resonance frequencies at 11.1, 16.8, and 24.5 kHz.
This appearance of multiple resonance frequencies can deform
the TRV waveforms.

IV. TRV REPRODUCTION USING THE SIMPLIFIED TRASFORMER
MODEL BASED ON FRA MEASUREMENT

TRV waveforms can be reproduced by a simplified trans-
former model with a series connection of multiple parallel cir-
cuits of , , and based on the FRA measurements and/or a

Fig. 6. Frequency response by FRA measurements with a 1500-MVA shell-
type transformer. (a) Frequency response for the primary side. (b) Frequency
response for the secondary side. (c) Frequency response for the tertiary side.

Fig. 7. Simplified transformer model for the primary side.

manufacturer model based on the transformer design. In the case
of the simplified transformer model, these equivalent lumped ,
, and parameter circuits can be evaluated from a linear-fitted
slope of the gain and/or gain at these resonant points. Typical
evaluation will be explained.

A. TRV Reproduction for the Primary Side of the Transformer

The simplified transformer model for the primary side can
be provided with a single set of parallel-connected , and
circuits as shown in Fig. 7, since the impedance frequency

response shown in Fig. 6(a) has one prominent resonance point.

The impedance and the impedance gain can be ex-
pressed with , , and by

(1)

Gain (2)
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The resonant angular frequency can be given by

(3)

Substituting (3) into (1), gain is expressed by

(4)

Therefore, the resistance can be evaluated from the gain
(26.4 dB) at the resonance frequency

(5)

When the frequency is much smaller than the resonant fre-
quency ( ), approaches zero. It is also assumed that

, therefore

(6)

On the contrary, when the frequency is much larger than the
resonant frequency ( ), approaches infinity. It is also
assumed that l; therefore

(7)

The impedance gain linearly increases with the frequency in
the ranges from 10 to several kilohertz (up to the resonant point)
so the slope of the gain can provide the equivalent inductance
or it can also be evaluated from a gain of 5.75 dB at the

frequency 1 kHz according to (6)

(8)
On the other hand, the impedance gain can linearly decrease

with the frequency higher than the resonant point so the slope of
the gain can provide an inverse value of the equivalent capaci-
tance or it can be evaluated from a gain of 0.97 dB at the
frequency of 30 kHz

(9)
Accordingly, the simplified transformer model for the pri-

mary side can be obtained by the response of the FRA mea-
surement. The impedance response evaluated with the simpli-
fied transformer model agreed with the FRA measurement well
(see Fig. 8).
These equivalent circuit parameters can be deduced with a

dumping oscillating response to the step voltage assuming a
single frequency by the second Kyoto University method [2].
Fig. 9 shows a measured waveform. The equivalent capacitance
of 5240 pF as well as the equivalent inductance and resistance
obtained by the method agrees well with the values evaluated
by the FRA measurement.
The TRV for the primary side was calculated with the simpli-

fied transformer model and compared with the measured TRV
by the capacitor current injection method shown in Fig. 10. TRV

Fig. 8. Response by the simplified transformer model. (a) Gain. (b) Phase.

Fig. 9. Damped oscillation response by the second Kyoto university method.

Fig. 10. TRV reproduced by the simplified transformer model.

reproduced by the simplified transformer model shows good
agreement with the measurements.
The TRV waveform shown in Fig. 10 can be expressed as

follows. Here, is a voltage across the CB at the current zero

(10)

(11)
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B. TRV Reproduction for the Secondary Side of the
Transformer

The impedance response from the secondary side shows two
prominent resonance frequencies at 8.04 and 15.5 kHz. It means
that the simplified transformer model has a series connection of
two set of parallel circuits of , , , , , and . The
impedance can be provided by

(12)

Equation (12) confirms that its two sets of addition are of the
same form as (1). Therefore, , , , , , and can be
derived in procedure the same as (3)–(8).
The impedance gain linearly increases with the frequency in

the ranges from 10 to several kilohertz (up to the first resonant
point) so the equivalent total inductance can be
evaluated from the gain of 18.95 dB at the frequency 1 kHz.

(13)

On the other hand, the impedance gain linearly decreases with
the frequency higher than the second resonant point so the total
capacitance can be evaluated from a gain
of 14.03 dB at the frequency 60 kHz

(14)

Each resonant frequency provides the following equations:

(15)

(16)

The resistances and can be evaluated from gains (14.14
and 5.89 dB) at each resonance frequency

(17)

(18)

Similarly, the simplified transformer model for the secondary
side can be obtained by the response of the FRA measurement
as shown in Fig. 11. The impedance response evaluated with
the simplified transformer model agreed with the FRAmeasure-
ment well (see Fig. 12).
The TRV for the secondary side was calculated with the sim-

plified transformermodel and compared with themeasured TRV

Fig. 11. Simplified transformer model for the secondary side.

Fig. 12. Response by the simplified transformer model.

Fig. 13. TRV reproduced by the simplified transformer model.

by the capacitor current injection method shown in Fig. 13. TRV
reproduced by the simplified transformer model shows good
agreement with the measurements, even though it exhibits some
deformation due to double frequency components.
The TRV waveform shown in Fig. 13 can be expressed as

follows. Here, is a voltage across the CB at the current zero

(19)

(20)
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Fig. 14. Simplified transformer model for the tertiary side.

C. TRV Reproduction for Tertiary Side of the Transformer

The impedance response from the tertiary side shows three
prominent resonance frequencies at 11.1, 16.8, and 24.5 kHz. It
means that the simplified transformer model has a series con-
nection of three set of parallel circuits of , , , , ,
, , , and . The impedance can be provided by

(21)

Each resonant frequency provides the following equations:

(22)

(23)

(24)

The resistances , , and can be evaluated from gains
(7.84, 9.16, and 0.65 dB) at each resonance frequency

(25)

(26)

(27)

Similarly, the simplified transformer model for the tertiary
side can be obtained by the response of the FRA measurement
as shown in Fig. 14. The impedance response evaluated with
the simplified transformer model agreed with the FRAmeasure-
ment well.
The TRV for the tertiary side was calculated with the simpli-

fied transformer model and compared with the measured TRV
by the capacitor current injection method shown in Fig. 16. TRV

Fig. 15. Response by the simplified transformer model.

Fig. 16. TRV reproduced by the simplified transformer model.

reproduced by the simplified transformer model shows good
agreement with the measurements, even though it exhibits some
deformation due to triple frequency components.
The TRV waveform shown in Fig. 16 can be expressed as

follows. Here, is a voltage across the CB at the current zero

(28)

(29)

The simulation can also explain the TRV amplitude factor,
which is reduced to less than 2.0 without considering any losses
due to a distributed parameter circuit (inductance and capac-
itance) characteristic on a practical transformer resulting in a
TRV synthesized with plural frequencies.
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Fig. 17. Synthetic TRV with double frequency components.

V. EFFECT OF THE SUPERIMPOSITION OF HIGHER FREQUENCY
COMPONENTS ON TRV

The changes of TRV amplitude factor and RRRV due to the
superimposition of higher frequency components on TRV were
studied with a double-frequency model shown in Fig. 17, where
TRV can be represented by the following equation with a main
frequency and a higher frequency :

(30)
The parameter means an amplitude ratio of the higher fre-
quency to the main frequency. Fig. 17 shows the synthetic TRV
waveforms in the case of 0.25 (main frequency : 8.04
kHz, higher frequency : 15.5 kHz, ), which cor-
responds to TRV for the secondary-side TLF condition with the
shell-type transformer. Compared with the TRV in the case of
the main frequency circuit only ( ), the synthetic TRV is
suppressed, and the amplitude factor is reduced from 2.0 to 1.57
(0.79 times). On the other hand, the RRRV becomes 1.09 times
higher.
Fig. 18 shows the dependency of the amplitude factor and

RRRV on the frequency ratio of the higher frequency to the
main frequency ( ) in the case of 0.25 and 0.125. The
amplitude factor becomes a minimum value (about 1.53 for
0.25) and the RRRV increases by about 10% for 0.25, when
the frequency ratio ( ) is 2.
Two measured TRV amplitude factors are plotted in Fig. 18

that shows 1.62 for the primary and 1.40 for the secondary side.
Compared with the values for 0.25, the measured ampli-
tude factors are 20% lower for the primary and 10% for the sec-
ondary side. The reductions of the amplitude factor might not
be only caused by losses or resistance but also distributed cir-
cuit characteristics of the practical transformer described in the
next chapter.

Fig. 18. Dependence of the TRV amplitude factor (AF) and rate of rise of TRV
(RRRV) of synthetic TRV on the frequency ratio of a higher frequency compo-
nent to the main TRV frequency.

Fig. 19. Cross section of the coil.

VI. TRV REPRODUCTION WITH MANUFACTURER MODEL

In a previous chapter (Section IV), the TRV reproduction
using a simplified transformer model based on FRA measure-
ment was evaluated. In this chapter, a precise manufacturer
model based on the detailed transformer design is studied
and reproduced the TRV waveform using the Electromagnetic
Transients Program (EMTP) [8] with this model.

A. Manufacturer Model Based on Transformer Design

Fig. 19 shows the cross-sectional diagram of the transformer
coils with two groups used for TRV measurement. The design
of the coil is divided into the primary windings (H), secondary
windings (M), and tertiary windings (L). Each group has five
separate coils consisting of a pair of primary (H) coils, two pairs
of secondary (M1 and M2) coils, and two pairs of tertiary (L1
and L2) coils.
Fig. 20 shows an equivalent circuit of the transformers.
The circuits between the primary coil (H) and the secondary

coils (M1and M2), between the secondary coils (M1and M2)
and the tertiary coils (L1 and L2), and between the primary coil
(H) and the tertiary coils (L1 and L2) are modeled with a se-
ries-connected resistance and inductance as well as capacitance.
The circuits from each terminal to the ground are modeled with
the capacitance. The capacitance from the tertiary coil to the
ground is expressed as , and that between the tertiary coil
and secondary coil is expressed as . These resistances can
significantly affect the amplitude of TRV waveforms measured
at the power-supply side.
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Fig. 20. Five elements model. (a) Single phase transformer model. (b) Three-
phase transformer model.

B. TRV Reproduction for the Secondary and Tertiary Side of
the Transformer

The TRV for the primary side was calculated with the manu-
facturer model based on the transformer design and compared
with the measured TRV by the capacitor current injection
method shown in Figs. 21 and 22. The TRV reproduced by the
manufacturer model based on the transformer design shows
good agreement with the measurements. The impedance re-
sponse evaluated with the manufacturer model agreed with the
FRA measurement well.
Relatively large capacitance between the tertiary winding and

ground ( ) could be considered as a main contributor for
TRV’s deformation. TRV was calculated in Fig. 21(b) under the
conditions that the capacitance ( ) is reduced 1/10 in order
to confirm the influence on the deformation. The result shows
less TRV deformation with reduced capacitance ( )
In this case, TRV has no deformation. Therefore, TRV’s

deformation is caused by the capacitance between the tertiary
winding and ground.

VII. CONCLUSION

The TRV phenomena of TLF conditions were investigated
and the following results were obtained:
1) TRV waveforms were measured with large capacity
shell-type transformers by the capacitor current injection
method. Deformation from a sinusoidal shape waveform
was observed when the TRV possesses multiple frequency
components higher than a main TRV frequency.

Fig. 21. TRV reproduced by the manufacturer model with five separate coils.
(a) Primary side. (b) Secondary side.

Fig. 22. Response by five elements model (secondary side).

2) TRV waveforms were reproduced by the simplified trans-
former model with a series connection of multiple parallel
circuits of , , and evaluated by the FRA measure-
ments depending on the number of the resonant frequency.

3) These equivalent circuit parameters , , and for the
simplified transformer model for the primary side deduced
with a dumping oscillating response to the step voltage as-
suming a single frequency by the second Kyoto university
method shows good agreements with the values evaluated
by the FRA measurement.

4) The TRV amplitude factor is reduced to less than 2.0 due
to TRV synthesized with plural frequencies.

5) TRV reproduced by the transformer model based on the
design shows good agreement with the measurements by
the capacitor current injection method.

This paper will contribute to the future revision of the IEC
62271-100 by explaining the TRV phenomena that can be re-
produced by the simplified transformer models based on TRV
measurements as well as the manufacturer models with various
types of large-capacity power transformers.
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Fig. 23. Measurement of surge impedance (second Kyoto University method).

Fig. 24. Waveform of the oscillation appearing between the line terminal and
ground.

APPENDIX
METHOD OF CALCULATING THE EQUIVALENT CIRCUIT
CONSTANTS OF THE TRANSFORMER ACCORDING TO THE

SECOND KYOTO UNIVERSITY METHOD [2]

The second Kyoto university method is a way to measure
transient impedance in a power line or electrical equipment by
comparing the unknown impedance of a power line or elec-
trical equipment to a known high resistance.
Here, the electrical equipment is modeled as a transformer

and the unknown impedance is represented as a parallel -
- circuit to obtain the various constants. The rated transformer
tap position is measured with the typical phase for each winding
(U phase).
In Fig. 23, switch connects to and the generated voltage

rises sharply to produce a waveform that has a very long tail, and
then the switch connects to . At that time, a voltage oscillation
occurs between the line terminal and ground as shown in Fig. 24.

The oscillation waveform is expressed by

(31)

From (31) and Fig. 24

(32)

(33)

From (32) and (33)

(34)

Fig. 25. Transformer lumped constant circuit.

Substituting (34) into (32), is expressed by

(35)

Further, and , so from Fig. 24, .
Therefore

(36)

From (34)–(36), , , and are obtained. Here, the following
equation is obtained from converting (31)

(37)

The transformer is represented as a lumped constant circuit
(Fig. 25). Expressing that circuit as an operator function, the
following equation is obtained

(38)

Comparing (37) and (38)

(39)

Thus, when the transformer is represented as a lumped con-
stant circuit, such as that shown in Fig. 3, the various surge
impedance constants can be obtained by using (39).
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