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Abstract-The paper investigates the behavior of four trans-

former models in electromagnetic transients programs (EMTP) <VXE ﬂi
when calculating inrush currents due to shell-type transformers W2 n Yoke _
energization. These models are single-phase Saturable Trans- i l2 'E E ijl:g'ggg;
former (STC), BCTRAN, Hybrid Transformer (XFMR) and | L = = W3/W1: ’
UMEC. The measurements of a real transformer energization 3 Iy E 3 w4/ w=0.5082
performed by EDF in France are used to evaluate the accuracy WlI y I2/11=1
of the simulation results provided by each model. For the first &9 14/1,=0.6939
periods of the inrush, the results show that only a topologically 14/1,=0.6939
correct transformer model as the hybrid transformer model is
able to reproduce the current amplitude in the three phases and
the overall wave shape. BCTRAN, STC and UMEC may predict
the first inrush current peak, but the amplitudes in the other
two phases are far from the measurements. The current decay Fig. 1. Shell-form core and relative core dimensions.
in the 2 seconds after the energization is poorly predicted by
all of the models underlining a poor losses representation in the
transformer model and in the rest of the network. II. TRANSFORMER MODELS

Keywords: Power transformers, inrush currents, measure- The test object is a 96 MVA four-winding auxiliary trans-

ments, simulations, ATP, EMTP-RV, PSCAD/EMTDC. former with a shell-type core. The transformer is energized

from its primary 400 kV Y-coupled winding. The secondary
. INTRODUCTION side consists of three 6.8 kV delta-coupled windings.
RANSIENT energization studies of transformers are im- Available data for the queling of the transforme.r are '_[he
portant for power system reliability consideration angtandard test report shown in Table |, relative core dinterssi
particularly for the design of power system restoratioatstr and the_alr-(_:ore mductar_we. Thg relative core dl_men3|ws a
gies after blackout. During power system restoration, tf&OWN in Fig. 1. The air-core inductance provided by the
supplying network exhibits high harmonic impedance; therg@nufacturer is 1.4 Hreferred to the HV side. The tap-change
fore, the inrush currents may generate dangerous temporBRFition is set to tap 1, corresponding to 410 kV. Since tieere
overvoltages that could damage the transformers or otH¥t tap-changer option in the selected models, the tap-enang
equipment [1]. voltage is specified as no_mlr_1al voltage. _ _
However, the standard available models in EMT-type pro- 1he three secondary windings are merged into one equiva-
grams could in many cases have insufficient accuracy a,lﬁ&‘t winding in order Fo .be able to implement the t_ransform_er
capabilities. Uncertainties are in estimating the redifluges, N Models that are limited to two- or three-windings. This
the behavior in extreme saturation, the dependence of cbiePlausible since the three windings are identical and are
structure, and the influence of multi-windings designs [2]. considered as connected in parallel. _
In this paper, the simulation results obtained for various 1He target transformer is represented with the Saturable
standard available transformer models in ATP, EMTP-RV andansformer Component (STC), BCTRAN, Hybrid Trans-
PSCAD/EMTDC are compared to the measured inrush current

of a real energization performed at EDF in France. TABLE |
AUXILIARY TRANSFORMERS TESTREPORT
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former (XFMR), and UMEC models. Among these, only the | 5. A

B C —
XFMR model can handle a shell-type core topology directly. | g: . . %
For comparison, a triplex core equivalent is consideredéh C’ Lim b-Aﬁ |‘-lmb-BC‘
XFMR and UMEC cases. Single-phase transformer models o | : ‘ T @

cannot account for differences in direct- and zero-seqeienc
behavior of three-phase single-core transformers. Howeve
triplex representation may be enough if a delta winding is H
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present and rules the zero-sequence behavior of the trans-
former [3]. Furthermore, for shell-type and four- or fivaib
cores, the core provides an unwounded return path for the
phase flux. Therefore, differences between direct- and-zero
sequence behaviors are less significant than for threedegg
cores.
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Fig. 2. Shell-form core model in the Hybrid Transformer.

A. Saturable transformer model

The Saturable Transformer Component (STC) [2], [4] i offers better control over the magnetization charastiri
a two- and three-winding single phase transformer model.tftrough external nonlinear inductances.
is the nonlinear version of the classic Steinmetz model [5]. [N this paper, the core representation is connected to the LV
It represents the short-circuit impedances between wisdin Winding terminal in a delta configuration.
the load and magnetization losses, and the nonlinear iivduct
magnetization. When it is used to model three-phase trans-  C. Hybrid transformer model

formers, the inter-phase magnetic coupling is not reptesen o Hybrid Transformer model [9]-[11] is an engineering

in this model. STC is based on an equivalent star circuit @hefanstormer model based on limited input data, available in
the core representation can be connected either to the $@ppraw, The duality-derived electrical circuit of a shell
point or to the terminal of the winding closest to the corg,m core is shown in Fig. 2. In Test Report mode, the
This model may suffer from instability problem when threg,qqe| requires data like the one given in Table | and the
windings are modeled and the core is connected to the S{afgnetization curve is fitted to a modified Frolich equation
point [4], [6]. As proven in [7], this model is not valid for me t[ll] internally.

than three windings per phase. The STC model is implementedryg reative core dimensions must be entered according to
in both ATP and EMTP-RV. This model is available in PSCARxjg 1 except that the relative areas must be multiplied by a

as transformer model based on “classical modeling approggRior of 2. Since relative widths in Fig. 1 are equal for the

(not |d§al)”. o outer legs, yokes and middle limbs, the middle phase’s jtplar

In this paper, the core representation is connected at #iés 1o be reversed to get 1 p.u. flux in all core parts, as shown
star point, in-between the separated leakage reactancks iAFig. 2 (shell-form type B in ATPDraw version5.7).
winding resistances (the short-circuit impedance). While i |, the present case, the air-core inductance is specified
ATP and EMTP-RV the nonlinear inductances are modelethy the final slope of the magnetization characteristic is

with piecewise-linear characteristic, in the PSCAD mOd%Jpproximated by [12]:

they are modeled as a two-slope characteristic. The winding

resistance and leakage inductance are equally split on.a p.u Loo = Lair—core — (1 +k)LEL (1)
base between primary and secondary winding (0.5 splitti

Ii}\(7:11ereL1qL is the short circuit inductance from the test report
factor) [4].

andk is a calibration factor representing the leakage between
the inner winding and the core assumed to be 0.5 in the Hybrid
B. BCTRAN model Model. This givesL., = 0.8295 mH referred to the LV side.

The BCTRAN model [8] is a n-phase transformer model
where inter-winding coupling can be taken into account. The D. UMEC model
model is linear and assumes phase symmetry. It consistfhe UMEC transformer model [13], [14] is based on the
of a coupled RL or RC! matrix representing short-circuit concept of a unified magnetic equivalent circuit. A normediz
impedances between windings, load losses at rated fregueocre is used in order to remove the requirement of design data
and optionally linear inductive magnetization. Nonlinezg- only relative dimensions are required.
netization and core loss components may be added externallyThe magnetic network is derived from the transformer
usually at the terminals of the winding nearest to the core.core topology. Three-limb, five-limb, and three-phase bank
BCTRAN is implemented in EMTP-RV, ATP. In PSCAD is(triplex) transformer core constructions are possiblefigen
available as transformer model based on “classical magleliarations in the model. The core saturation characteristic i
approach (ideal)”. In PSCAD, the classical transformer ehodspecified directly as a rms I-V curve. The magnetic network
allows only for a two-slope saturation curve. The EMTP-RVepresenting the core and leakage inductances is described
and ATP implementation of BCTRAN is investigated here agith a matrix formulation using a permeance matrix. Both the



magnetic coupling between windings of different phases and

the coupling between windings of the same phase are taken
into account.
Winding and core losses are not included in the magnetic _
circuit and are represented by an equivalent linear regista =
at the winding terminals. Load losses are equally divide@on g
p.u. base and represented by linear series resistancesotedn £
at one terminal of each winding. Core losses are assumed & _—g—_img 222:: E'yetgge)
linear and equally divided on a p.u. base between primary ) 1.0+ XFMR shell (m&o limb)
and secondary windings. The use of a magnetic network does 07 —&— XFMR triplex 1
not allow a simple representation of topological core lesse 0.6 ‘ ‘ =9 BCTRAN& STC
therefore they are represented by linear shunt resistances 0 ! 2 et peal‘(‘[%] 5 6 !
connected at the terminals of each winding.
The UMEC model is implemented in PSCAD. Fig. 3. Saturation curves.
E. Saturation curves and open-circuit model responses 10° . .
One of the most critical steps in the creation of a transferme i iim E'T;ng
model for inrush current calculation is the constructiortraf ﬁg%RAN
saturation curves accounting for the nonlinear behavighef __ 10" }| —%— UMEC (orig)
core. These are calculated to match the open-circuit teaat da = —— UMEC (cond)
of Table I. g Y Test Report
A routine for the conversion from rms to peak value [15] J 1 [
is used for the generation of the saturation curve requised b
BCTRAN and STC. An additional point is defined beyond the
last calculated value to set the saturated inductance diagor -
to the air-core inductance: 10‘;.8 09 n 11 12 13
Voltage [pu]
Lsat = Lair—core = Lrip @ (a) No-load current.
and resulting in the curve shown in Fig. 3. For the STC model, 220 ' '
the saturated inductance is calculated by removing only a —e— XEMR shell
fraction of the total leakage inductande; ., corresponding 2001 iégﬂm\i‘mex
to the fraction of leakage placed on the primary side: 180t —— sTC
| | —¥— UMEC (orig) *
Lsat = Lair—core - g LHL (3) i 160 ¢ UMEC (cond)
§140 % Test Report *
where¢ is the fraction of total leakage placed on the primary & .
side.
In XFMR, the conversion from open-circuit test data to 1oor
saturation curve is performed by a sophisticated algorithm 80r

based on a curve fitting approach. The resulting saturation 6
curves are shown in Fig. 3 for the triplex and shell topolegie

For the shell-core transformer case, four saturation cuave
calculated by the XFMR model based on the relative area and
length of each limb. One may see in Fig. 3 that for the sarf@. 4. Open circuit test of the transformer models comparedjatitest
flux-linkage value the curve fitting approach used in XFRNFPOt values.

leads to lower magnetization currents than those obtairigd w

curves wheréel,,; is located right after the last magnetization
point. For all models, the core losses are modeled with linear-resis

Similarly to XFMR, the UMEC model has also the abilitytor to match the losses at rated excitation. Nonlinear t@sis

to create the saturation curves from open-circuit dataign4 could be used to match more accurately the nonlinear loss
the curves labeled “UMEC (orig)” are with direct input of tesbehavior; however, their transient performances is soraéwh
report data according to Table |. As also pointed out in [10]ncertain [16].

the input has to be conditioned to match the no-load test dataOpen-circuit tests of the transformer models are performed
In Fig. 4 the curves labeled “UMEC (cond)” are obtained bto ensure the accurate match with the input data of Table I.
specifying the saturation curve labeled “BCTRAN & STC'With the exception of the original UMEC model, all models
in Fig. 3, scaled by,/3/2 for the current andv/+/2 for the can accurately match the input no-load current values asrsho
flux-linkages. in Fig. 4(a). The area beyond the last known point shows that

0.8 0.9 1 1.1 1.2 1.3
Voltage [pu]

(b) No-load losses.



some uncertainties and discrepancies can be observedheith t 10 i
different models. Fig. 4(b) shows the simulated no-loadéss ﬁmn

versus the test report input values. All models can match the
losses at rated excitation and again some differences can be
noticed at higher excitation.

5

I1l. TEST CASE

Voltage LV [kV]

A. Network topology 5 : i
The field test network used to benchmark the transformer WUU
models is represented in Fig. 5. The unloaded auxiliarystran

-10

former at the target plant is energized from a supplying 26 2.65 . 27 275
network consisting in a 315 km 400 kV overhead line fed by me ]
a source plant. The source plant's step-up transformeristsns (a) Voltages at the LV-side of the transformer.

of three single-phase units rated 550 MVA each. The source
plant’s auxiliary transformer is identical to the one at the
target plant and is loaded. The overhead line is doublesitirc
(albeit only one is energized) and untransposed. Two iae-c
compensation reactors of 100 MVAr each are present near the
target plant.

The network supplying the energized transformer is mod-
eled according to the findings in [17]. The generator is
modeled by an ideal voltage source behind an impedance
accounting for the subtransient reactance and the armature
resistance. The step-up transformer is modeled with single ‘ ‘ ‘ ‘
phase transformer models with nonlinear core. The overhead 26 265 27 275
line is modeled by cascaded PI cells calculated at the power Time [s]
frequency (50 Hz) from the conductors’ geometrical and phys (b) Flux-linkages (referred to the LV-side) and final residfluxes.
ical characteristics. The compensation reactances arelewd rig 6. Measurements of de-energization transient.
as constant inductances (they are linear in the voltageerang
of the measurements) with parallel resistances accoufaing
losses. the energized transformer and switching times of the dircui

breaker. The switching times were obtained by identifying
B. Measurements sudden changes of the voltages at the terminals of the trans-

. . ormer. A delay in the poles of the breaker is observed from
The measurements include LV-side voltages at the d{ y b

L : fie measurements where phase B and C close 11.6 ms after
energization of the transformer and HV-side voltages ame Clbhase A

rents at the energization, as well as induced LV-side veklag
The flux-linkages are calculated as the time integral of the
LV-side voltages. The measured waveforms and the calclla
flux-linkages are shown in Figs. 6-7. Throughout the paper, t
colors blue, green, and red are used to identify the wavefor
for phase A, B and C, respectively.

Inrush currents and subsequent harmonic overvoltages
highly dependent on two initial conditions: residual fluxas

Flux-linkage LV [Wb-t]

Fig. 6 highlights a rather long ring-down transient lasting
few periods, supposedly due to large transformer capaci-
Snces [18], resulting in relatively low final residual flexe
The residual fluxes estimated from the flux-linkages after th
rFﬂﬁgdown transient are 6.3%, 5.5%, and -10.2% of the rated
flux, respectively for the three phases. Due to their lowesju

y have been neglected in the simulations.

IV. RESULTS
3x550 MVA : 290 km : 25 km | A. Inrush current waveforms
e . . . .
° q. | Figs. 8-13 show the first four periods of the inrush current

@ waveforms calculated with the different models. Each cisve
@;6‘9 compared with the measured inrush current.
In general, all the models based on a triplex or single
phase representation give similar results in terms of atirre

2x100 Mve
\ " o 0\ ) amplitude and shape of the waveforms as shown in Fig. 8,
Sonmtlam ()ver;;e:d e Target Fig. 9, Fig. 11 and Fig. 13. STC, BCTRAN, and UMEC (with

plant conditioned data) give very similar result as they are based
on the same saturation curve (Fig. 3). In XFMR with triplex
Fig. 5. Field test case. core, the current is slightly lower due to a higher saturatio
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Fig. 7. Measurements of the energization transient.
Fig. 10. Inrush current with XFMR (shell core). Color linesmulation.
Black lines: Measurements.
curve. The inrush currents calculated with these models are
relatively close to the first peak’ O.f phase C. However, thdy fEi‘/OItages are less sensitive than currents and similar wawesf
to reproduce the other phf';\ses flrst peak and thg overglbsh e obtained with all the analyzed models.
of the waveforms. The simulation results obtained with the
XFMR model using a topologically correct shell-core model
can match both the inrush current and waveform shape in the ~ B- Current Decay
first periods of the inrush transient, as shown in Fig. 10. The absolute value of the inrush current envelope for the
Fig. 12 shows that the UMEC model does not succeed ficst two seconds after the energization of the transformer i
accurately represent inrush transient when no-load dataar shown in Fig. 15 for the considered models, as well as for the
conditioned. measurements. All the models can poorly predict the current
Fig. 14 shows the induced voltage on the LV-side and cordecay. Curves are all parallel reflecting that the model® hav
pares the simulation result obtained with XFMR (shell) witlsimilar losses’ representation (linear winding and cossés).
the measurements. Since there is no significant overvgltage only exception is BCTRAN as it has a much larger decay
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Fig. 11. Inrush current with XFMR (triplex). Color lines:nsulation. Black Fig. 14. Induced LV-side voltages with XFMR (shell core).|@olines:
lines: Measurements. simulation. Black lines: Measurements.

100

effect of the switching instant, the inrush current pattefor

the case of zero residual flux are presented in Fig. 16 and
Fig. 17. These patterns are obtained by varying the swigchin
in instant with the introduction of a delay between 0 and
20 ms. Then the maximum inrush current is recorded and
plotted as a function of the switching in delay. The time t=0
is equivalent to the test case switching instant.

Fig. 16 shows the inrush current pattern when a delay of
150 ‘ ‘ ‘ ‘ ‘ ‘ 11.6 ms is maintained between the first pole to close (phase
046 048 05 052 054 056 058 A) and the other two poles. From this figure, it is evident that

Time [s] the analyzed test case (in t=0) is close to the maximum inrush
Fig. 12. Inrush current with UMEC (original data). Colordst simulation. current for phase C, but is less than half the most severstinru
Black lines: Measurements. current that can be experienced by this transformer.
The effect of a different delay between the circuit breaker

50

-50+

Current HV [A]

-100

1%0r poles is also shown in Fig. 16. The thinner lines show the
100+ | inrush pattern for poles delay of 10.6 and 12.6 ms. The inrush
current first peak is highly sensitive to a variation of this
§ 50r parameter.
T ofd | Fig. 17 compares the inrush pattern obtained with XFMR
g (shell core) and BCTRAN for simultaneous three-pole clgsin
3 -sof 1 The two models predict a similar maximum inrush current for
100} v | the transformer of about 220 A (1.15 p.u.). While BCTRAN
predicts an equal pattern for the three phases, XFMR with its
-150 ‘ ‘ ‘ ‘ ; ‘ 1 topologically-correct shell-core representation carcdalte a
046 048 05 O-STZ;me [2j54 0.56  0.58 lower current for the middle phase. While the maximum inrush

current estimated by the two models is fairly similar, atcfie
Fig. 13.  Inrush current with UMEC (conditioned data). Colimes: SWitching instants the difference can be up to 200%.
simulation. Black lines: Measurements.

V. DISCUSSION

than the other models. In BCTRAN, the core is connected The transformer models analyzed in this paper can estimate
to the LV winding. Therefore, current flows in both HV andhe first peak of the inrush current with good accuracy. The
LV winding resistances. This gives higher losses and fast8@in reasons are the knowledge of the air-core inductance
current decay. Hence, it is incorrect as only the currertipz (Provided by the manufacturer) and the availability of an
sequence component of the current should circulate in tRg€NSive no-load test report (with maximum induction leve

LV winding; therefore, the contribution to the inrush cuntre of 115%). ] ]
damping is minimal. The knowledge of the air-core inductance allows to treat

the final slope of the saturation curve equally in all models.
At 115% excitation, the current is only few per-cent of the
C. Inrush patterns rated current. However, during inrush current transiehts t
The simulations presented until now are representative @frrent peaks are in excess of the rated current. The unknown
a single switching sequence. In order to better investittade area beyond the last known point in the saturation curve
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(STC), at the LV-terminals (BCTRAN) or at internal points
(UMEC and XFMR) makes a difference in both the maximum
inrush and the decay. The shell-form core's geometry is not
too far away from that of a triplex core. However, the use of a
topologically-correct shell-form core representatiofiuiences
the waveform for the currents by considering asymmetriat th
exist between phases. This can be an important factor to take
into consideration when overvoltages have to be analyzed, a
they depend both on the current peak and the waveform.

The sensitivity of the simulation results to the switching
instant is an important issue. Both switching instant andyde
between each pole have to be accurately considered as they

is therefore critical for the accuracy of the inrush currenjreatly influence the inrush current magnitude.
estimation. As outlined in [12], [19], an accurate représgon Residual flux is quite low as seen from the measurements
of the saturation and its final slope is of uttermost imparéanand has not been taken into account in the analysis to avoid
for the simulation of transformer energization. including an additional complicating factor. Initializan of

The main difference between the analyzed models is duertonlinear inductors, especially when included in topatady-
the approach used for the estimation of the saturation cureerrect core models, is still an issue and needs to be further
In the STC, BCTRAN and UMEC models, the slope afteinvestigated.
the last test report value (115%) is constant and equal ip, In order to improve the estimation of the inrush current
while in the XFMR model, the slope after this point decreasefgcay, the loss modeling has to be greatly enhanced. This may
smoothly to reach asymptotically the value bf,; (Frolich be achieved with the use of frequency dependent winding re-
equation fitting). sistances and the representation of nonlinear and topallbgi

In addition, the modeling approach of the core has showndorrect core losses. As shown in [19], the frequency depende
be important. The connection point of the core at the stamtpowinding losses are important for transients between 0.1 Hz



and 3 kHz, while an accurate representation of hysteresis afp] B. A. Mork, F. Gonzalez, D. Ishchenko, D. L. Stuehm, and Jtr&)

iron losses may be unnecessary. Hence, a frequency-deyiende
winding-resistance model is required to represent thecotsr

decay more accurately. The loss modeling in the other n&twaro]

components is also important.

VI. CONCLUSION

11
Several transformer models have been evaluated in th[eir]

capability to accurately predict inrush currents due to the

energization of three-phase shell-core transformers.s§ hé'?]

models are readily available in several simulation sofésar

The evaluation consists in comparing the field measurements
for a real transformer energization case performed at ERF an’

the simulation results provided by each model.
The simulation results show that a topologically correct

core model is required if a higher accuracy is desired whéif

simulating highly nonlinear and unbalanced electromagnet
transients. Good accuracy in the estimation of the inrush

current’s first peak can also be achieved with equivalepr?

models if an accurate representation of the saturation @&nd i
final slope is employed.

report up to 115% excitation and air-core inductance were
available. Hence, it is important for transformer owners
request such parameters when purchasing their units.

[16]
In general, the investigated models manage to represent the
inrush currents very well. The main reason is that no-loatl tg17]
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