Energization of step-up transformers for MV wind-
farms: Description of the methodology for the
modeling of the equipment and its validation by on-

site tests
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Abstract--The voltage quality of the energy delivered isamajor
issue for wind-farms owners and also for the Distribution
networks operators. The no load energization of step-up
transformers of wind-farms from the Distribution network may
lead to high inrush currents and lead to high overvoltages which
may affect, in certain cases, the power quality.

The phenomena involved are described in the case of a 2.05
MVA 20kV/960V transformer, with a detailed description of the
modeling of the network.

A comparison between simulations and on site tests is firstly
presented in the case of the energization of onetransformer alone.

Keywords: wind-farms, residual  flux, transformer,
energization, inrush currents, circuit breakers, on sitetest.

I. INTRODUCTION

he connection to the Distribution Network in Frarise

submitted to several technical constraints [1]; agno
them, the voltage dip when coupling such a produacsiystem
must not exceed 5% at the Connection Point.

This can be caused by the energization of trangmsm
which may create the saturation of the magnetie eod lead
to high overvoltages and inrush currents [2].

The magnitude of those stresses may depend on
following different parameters:

Closing times of the circuit breakers poles,

Residual fluxes in the iron core of transformers,
Transformer parameters as the winding connectibes,
hysteretic curve of the magnetic core, the powssds
and the stray losses in the windings.

In this case, the study has been performed for MW
wind-farm, including four double fed machines havenrated
power of 2.5 MVA each.

Firstly, this paper describes the EMTP modelingtlod
network to be considered, using the EMTP-RV progiaimin
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particular, the modeling of the 2.05 MVA targetiséormer is
described, with a detailed representation of itturasion
characteristics and the underground cable linkirge t
Connection Point to the step-up transformer.

Secondly, a comparison has been made between the
simulations performed and the tests made on sitihei case of
the energization of one transformer.

Il. METHODOLOGY; DESCRIPTION OF THEM ODELING

A. Description of the Network

The whole meshed network is described in figureslbs,

with the following equipments in the 20 kV Netwanvolved:
The 15kV/20kV autotransformer for the connection to
the Distribution network,
The MV cable, being 14.7km long and linking the
autotransformer to the step-up transformers,
The 20kV/960V step-up transformers,
connection to the machines,

The induction machines.
CB;]Transformeﬂ CE;A@
Z0EE0N"
= 20k mE0s"
cE STranéf%r_Eer3 CEI/C@

g |
Cable : 14.7 km SOk EE0N

for the

Connection

Transfarmer2
'Ol =2

Avtotransformer cB_

1SRN 20k

Distribution
rletwrork

4 Transformsrd

CHE_ —B_D

20N a0y
Fig. 1. Description on the Network under study.

In this site, the connections are the following:

5 m of cable between the Connection Point and Wind
Transformer 1,

200 m of cable linking the CP, Wind Transformer 2 and
Wind Transformer 4,

300m of cable linking the CP and Wind Transformer 3,
as described in the figure 2 below:
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Fig. 2. Description of the C P and the locatiorthef transformers



B. Modeling of the upstream network and the auto- C. Modeling of the target transformers

transformer The 2.05 MVA step-up transformers, modeled by dhre
1) Upstream network single-phase transformers, are described below,reviiee
The network equipments have been represented tinelerleakage inductances, the copper and core lossestrand

phenomena being involved; in particular, the ugstre saturation curve are represented:
network, as seen from the secondary side of th&//PBIKV

autotransformer, has been represented by a stéagy20 kV ROy LLMy LY oy
voltage source behind the corresponding short itircu - Wil o
inductance L, and its damping resistanceg;Rthis value is W R .
derived from the time constant which characterthestime for i sidde ren g LY oside
the steady-state short circuit current to occur. E—

In fact, a more complex modeling has also been fethe Fig. 5. Description of the step-up transformer siod) (one phase
. . ted).
modeling of the 15kV/20KV auto-transformer, in ord® represented)

evaluate its impact on the phenomena involved. Those 2.05 MVA transformers, being three limbs

2 Autotran transformers, have a delta-wye connection. At thge w
) Autofransiormer connection side, we have represented the saturatioictance

In the previous cases performed on this subject tfig . S
auto-transformer has been represented by an impeplarl?y an hysteretic curve [2] and the wgeupling is directly

. . . . . rounded to the earth.
corresponding to the Joule losses in serie withntiagnetic g

' , The saturation curvi&(l) is built from the voltage-current
losses; the auto-transformer has also been modekedecond .
o . curve, where data are given by the manufacturdo up3 Un.
step by a more complex model, with its saturatiemve

represented by a non linear inductance as desciibéid 3 For highly saturat|on. cqndltlons, the parametey digspnbes
below: the slope, as shown in figure 6 below, and detezthinith the

following formula:
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The simulations performed on the energization e ofithe 0y o To0o s o0 a0
step-up transformers of the wind-farm, as describedhe furrant ()

\ . Fig. 6. Saturati nA(l) of the 2.05 MVA transf :
following chapters, with both models for the autarsformer, 9 aturation cur/(l) of the ranstormer

give the following results: The air-core inductance valueait-coreis given by the

og e p-siiept manufacturer with an accuracy of 20%; the Lsat ipetar,

08 /’J = which is the last point on the saturation curveated at the
gg; A LV side, is fixed at its lowest value 0.12 p.u. @4iH) in
o ,,Jf, L order to be conservative, where
& g:4 d _ 0L gy

02 < Lo P-U) = ——=

0.1 e n

U808 17T 145 12 T2 73 T35 14 Tis The leakage inductance is represented in the nmapakd

Cvervoliage st the connection point (o)
Fig 4. Statistical distribution of overvoltagesla¢ transformer entrance.

calculated from short circuit tests.
Taking into account the fact that the MV windindasated
As they are very close, with no significant inteiaes V€Y close to the iron core, theleakagevalue is divided as

between transformers through the cable, the ficgleting has follows:

been chosen in the following for the applicatiorsatéded in ) 0.9*U U
- 90% at the MV sideL,, =—— ¢« — MV,
this paper. MV o s,
The overvoltages are below the whistand level af th
equipment, in that case; they may be more crificdhe case 0.1*Uge Vr%LV

when the target transformer has a higher rated pawpeto 10 and 10% at the LV side-y =

MW, the other conditions being the same, especihélyshort-
circuit power of the upstream network.



D. Modeling of the underground cables
1) Description of the cable
The cable of the wind-farm site, located in the tNoof
France, is a cable 3*1*240mm?2 Copper type C33-2267 km
long.
The cable has the following characteristics, desctiin
figure 7:

e — Conductor : Copper

Conductor screen :
Extruded semi-conductor compoundd

Inzulation (4LPE)

Core screen : Stripable ripped extruded
compound with water-tightness

#— Metallic screen:
Aluminium tape bonded to
the outer sheath

| —— Cuter sheath

Fig. 7. Description of the different layers in &/ cable.

The MV cable is represented by electrical Pl catider the
frequencies involved; the number of Pl cells hasnbehosen
to eight, in order to represent correctly its exagiedance for
the twelfth harmonic which is the resonance fregyeof this
network.

Each cell is described as shown in figure 8 below:

Fig. 8 : A Pl-cell for the modeling of the cableh@st length) at low
frequencies.

It includes the resistance R, the linear phase ddhe
capacitance C, the linear self-inductance L, thedaotance G
and the mutual inductances M between phases.

The main issue is the determination of those patensie
they can be determined with mathematical formutessimple
cases, but for more complex geometries, the ussotsf which
generate the elements of the Pi-cell from the etedtand
geometrical characteristics may be necessary.

In that case, the ULIS software [6], [7] develodmd the
R&D Division of EDF for MV cables, which is the exence
tool for the ERDF (Distribution network) for the rgration of
electrical parameters under steady state condjtibehables
the representation of cables where the size of siei-
conductor layers may not be neglected as deschibledv.

In that case, the traditional modeling for EHV ehlwhich is

very powerful for those cables, may not be complete

applicable, as the thickness of the semiconductomat
negligeable compared to the one of the insulatidrich may
has an impact on the values of the capacitances [4]

Certain electrical parameters may be estimated fiisa
step by simple formulas, described below:

2) Determination of the conductance G of the cable

It represents the dielectric leakage conduction the
insulation between the two main conductors, the @rd the
screen; it is mainly characterized by the naturkthe state of
the insulation, being also dependent on the weatheditions
(humidity, temperature, ...).lts value is given bg following
expression:

2% mrf*C,

Q
In the case under consideration, its value is equ@l2 16°
ohm/km.

G= I [1]

3) Determination of the resistance R of the cable

It is given by the following formula:
R=p*(lS) [2]

The software ULIS, which generates a Pi-cell, gieslue

very close to the one given this simple formulaéthwa
discrepancy within 5%.

4) Determination of the linear self-inductance of the cable

The software ULIS provides the self and mutual
inductances for the different elements, the sceeehthe core.
It is also possible to determine the linear indocéaof cable
using the following formulation, which takes intocaunt the
distance between the different phases of the cabtk the
mutual induction between them:

])*f 3]

N.A: D =0.0361 m; Rngucto= 0.0091 m;k = 1p,=1
N.A: L =0.326 mH/km
Data from manufacturer: L = 0.326 mH/km

k.D

+In| ———
R

conductor

I“Ir*I“IO (E
2*m 4

L=

There is a very good match between this formulatiod
the data providing of the manufacturer, also takémaccount
in the ULIS software

5) Determination of the linear capacity C of the cable
The classic formulation provides for two conductors

* * *
C= 2* mr ey *e,
|n[ Rinsulation J
Rconductor

N.A:  Risulation= 0.0155 mM; Rongucto= 0.0091, =1
N.A: C =260 nF/km

g [4]



Note:

The software ULIS gives a value of 367.55 nFfiamthe
linear capacitance, with a discrepancy of 30% wdwnparing
to the formula described above; in fact, the calitoh takes
into account the internal and external semicondscto

frequency (Figure 9) depending on the number dé.cel

—— Impedance (at 300 Hz) Impedance (at 400 Hz)
Impedance (at 500 Hz) —¥—Impedance (at 591 Hz)
—@— Impedance (at 600 Hz) —+—Impedance (at 700 Hz)

. . 12}
surrounding the conductor and the screen. It githes E 6000 ’Aﬂ”
following values for the elementary pi-cell: S N
g AN
% 3000
TABLE | 2 2000 \ ———¢ o9 |
ELECTRICAL VALUES OF API-CELL FOR THE CABLEDESCRIPTION g 1002 N " " o -
Capacity Inductance Resistance = ) . I o 100
(nF/km) (mH/km) (Q/km) numbers of Pl-cells
367.55 0.326 0.0754 Fig. 9: Influence of the number of pi cells on treue of the impedance of

the upstream network for different harmonic frecgies, up to 700 Hz.
Those values have been used in the following, far t

description of one pi-cell. Indeed, a single cell is not enough to model calgrele cable

at high frequencies because its impedance doesrytimearly

6) Modeling by several cells Pi with the length and the frequency involved. In fatte

The energization of a transformer generates temporsimulations performed with the EMTP-RV[5] prograhos/ed
overvoltages including harmonics, which are injdcte the that the magnitude of the impedance reaches aatnglue
network connected to it; therefore, it is impottém have a when eight cells are involved, which reinforces tieed for a
valid representation of the cable valid for thésguencies , 8-cell modeling for the optimal modeling of the kaln that
in order to represent its impedance correctly. case.

In fact, the cable has not been modeled by a freyue This modeling has been adopted for the comparison
dependent modeling, as the ULIS software may peotid pi between simulations and measurements made on the- wi
cells only, with no propagation model yet develgpetich is farm site.
completely suitable under harmonics, when using ribht
number of pi cells according to the length of theble and Zero sequence :
frequencies considered.

We have determined for this cable the influencethef
number of pi-cells on its impedance value, congigeboth
the direct sequence and also the zero sequence:

Direct sequence :

In that case, the injection is performed by apgyihe
same voltage on the different phases at one erdl,ttzen
connecting the other end of the cable directlyrtmugd (zero
sequence), as described below:

Rgr Lt
fy 8 Pi-czllz
TABLE Il @ 0115 115mH
INFLUENCE OF THENUMBER OFPI-CELLS ON THE IMPEDANCE OF THE 20KNRMSLLD *x ]
NETWORK (DIRECT SEQUENCE) @ e e 8 Fi-cell=
Resonant | Discrepancies 20KRMSLLD bz '
Number of | Impedance . . iy @—
: frequency | (with 8 Pi cells @ 01155 11 5mH
Pi-cells (Q) 20kNARRASLLD
(Hz) as the reference) ! o .
Fig. 10. Determination of the zero sequence impeelafithe network.
1 6420 598 +16 %
2 5735 593 +4 % TABLE II
4 5548 592 +0.4% INFLUENCE OF THENUMBER OF PI-CELLS ON THE IMPEDANCE OF THE
8 5524 591 0% NETWORK (ZERO SEQUENCE
16 5525 591 +0.02 % Number of | Impedancd Resonant Dl.screpa.mmes
50 5508 589 +007 % Pi-cells @) frequency | (with 8 Pi cells
100 5529 589 +0.09 % (Hz) | as the reference
1 2168 597 +18 %
The number of Pl-cells have in impact mainly on the 2 1912 293 *+5%
magnitude of the impedance and very little abou¢ th 4 1856 593 +15%
resonance frequency of the network. The choice chlasle 8 1830 591 0 %
model with 1 or 8 cell represents a difference é¥%lon the 16 1829 591 -0.06 %
value of the magnitude of the impedance. 50 1830 591 0 %
To improve the choice of the number of cells neefted 100 1840 592 +0.6%

modeling this network, we note the impedances Herént
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Fig. 11 Number of PI-cells impact on impedance.

As for the direct sequence, it confirms that 8&ls lead
to an appropriate modelling of the network .

I1l. DETERMINATION OF THE FREQUENCY OF THE UPSTREAM

NETWORK

It is possible to deduce the frequency of the @astr
network from the overvoltage appearing at the fanser
entrance when energizing the MV cable, no loaded
connected to a transformer, as this frequencyesemt in the
frequency response of this overvoltage.

The Department MIRE of the R&D, involved in the Acswre

measurements on site, has performed the followi(iy(t)
calculation at the entrance of the transformershkgwn in
figure 12 below:
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Fig. 12. Direct impedance versus frequency efuthstream 20 kV network.

Frequency analysis of the phase to ground
voltages at the Connection Point (){10"1\/)
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Fig. 13. Direct impedance versus frequency efuthstream 20 kV netwark

IV. COMPARISONBETWEEN SIMULATIONS AND ON SITE TESTS
FOR THEENERGIZATION OF ONETRANSFORMER

A. Description of the network

The network is described by the following one line
8iragram, on figure 14 below:

Connadion
L Cable:14.7 km  Paint
5C

- Cable - 5m Transformer 1
.—W\I—' i ‘—-—’8 Pi-cells 3 Pi-cells )
01182 115mH - L0023 = "

20k0 00155 5 20KNBEDN
20kAE120 B3 0023 s
20k 20

Fig. 14. Representation of the network when emgrgi one step-up

transformer.

The MV cable is represented by 8 Pl-cells, as presly
mentioned in Il, as we kept the same modelling,ctvtdould
also be modelled by one pi cell, with no differerme the
results.

All the simulations (inrush currents, voltage dips,
overvoltages) have been performed at the CP, wiiese
voltage divider was connected; in fact, the CoripedPoint is
located at the interface of both networks, betwienstep-up
transformers and the MV cable.

B. Determination of theinitial conditions for the
simulations

It shows a frequency equal to 600 Hz, confirming th The initial conditions involved when energizing ttep-up

electrical characteristics of the upstream netwods
previously mentioned.
The simulations performed in the variation rang¢hefreal

short circuit values [108MVA-131MVA] showed thateth

resonance frequency of the network may vary betve&éiz
and 640Hz.

Although this short circuit power was not expligitjiven
by the Distribution operator during the tests, @shbeen
possible to determine a precise value of 110 MVA tfe
short circuit power at the secondary 20 kV side tloé
autotransformer, corresponding to the resonantuérecy of
600 Hz; a voltage spectrum analysis has been peefbron
the overvoltage calculated at the entrance of lwesformer,
as shown in figure 13 below,

2.05 MVA transformer are:

* The closing instants of the circuit breaker poles,

* The residual fluxes values circulating in the cof¢he

target transformer before its energization (seketép

The closing instants are determined from the om teists,
from the times when the currents begin to rise ughothe
circuit-breaker poles, which are respectively 2L ahd t3 for
phases A, B and C.

The residual fluxes are determined from the assomphat
the maximum residual flux value of 0.8 p.u. (whér@.u. is
equal to the nominal flug,, having a value of 2.5 Wb) is
reached on one of the three phases, at the caeemtrossing
on the hysteretic curve, when opening the circtéaker
before its energization.



For transformer 1 this value will remain stable tlere is TABLE V
no Capacitive element Connected directly to thestfmmer, COMPARISONBETWEEN SIMULATIONS AND MEASUREMENTS FORNRUSH

. . . . . CURRENTS
which couldllead, by forming an osglllatory qrcurvith the Simulation| Measurements Discrepancies
transformer inductance, to the damping of thischesi flux;
furthermore, the sum of the fluxes in the threebkinare equal | <urent1l -397 A -405 A 2%
{0 Z€r0 ' g Current 12| -295 A -285 A 3%
' Current 13| 511 A 539 A 5%
TABLE IV ) _ ) )
INITIAL CONDITIONS FOR THESIMULATIONS IN THE CASE OF ONE This confirms the fact that there are residualdkidowing
TRANSFORMERENERGIZATION in the transformer limbs after the opening of thecugt-
Phase 1 Phase|2 Phase 3 breaker. Figures 17 and 18 show the frequency regpof the
Closing ins_tants of the 00123| 00185 00128 inrush currents, simulated and measured respegtivel
CB (in s)
Residual fluxes in the 250 o
transformer limbs (in 0.8 -0.4 -0.4 T — 2
o.1) 200 3

iy
iy}
[}

C. Determination of the inrush currents

Simulations have been made with these initial ctiors,
leading to the inrush currents of figure 15, whete very

Amplitude of current
=
=]

Ay
]

close to the ones measured on site, as shown umefi6 0 l shtutitess it o ae e E e
liESdgpgopooERe RS nam
below: e = R Rl v B vy B e e ol A i e 7
Fregquency (Hz)
Infush currents at the Connection Paint (&) Fig. 17. Frequency response of the currents oidiom the simulations.
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Fig. 15. Simulated inrush currents at the CP. Frequency (Hz)

Fig. 18. Frequency response of the inrush curmetssured on site.
Inrush currents at the Connection Faint (&)

o — :;12 The spectral analysis confirms the fact that ihi@monics
400 | — B between two harmonics exist, and consequently igitdyhnon
' linear magnetic behavior of those transformerssTdan be
<00 explained by the fact that the value of the airecogactance
ot (given in p.u.) is low, due to the small size of tinansformer
and the low losses characteristics of the laminatif the iron
-200 core. The values obtained by simulations and measemts
00 are given by the table 6 below:
0 100 200 300 400 500 G00 700 800 900
Time (ms) TABLE VI
Fig. 16. Measured inrush currents at the CP. COMPARISONBETWEEN SIMULATIONS AND MEASUREMENTS FORNRUSH
CURRENTSAMPLITUDES
The waveshapes from Figure 15 and Figure 16 shatv th - Simulation Measurements Discrepancies
the simulated waveforms are very close to thosesured on Amplitude 253 A 245 A 4%
site with similar amplitude values (see Table Dbl A;tp?it%e
at 50 Hz 189 A 200 A 6%
Amplitude
at 100 Hz 70 A 75 A 7%




D. Determination of the overvoltages at the
transformer entrance

It may also come from the fact that the measuresneave
been be performed with an active filter locatedttet CP ;

During the energization, harmonics generated by tR&other origin may come from the fact that the neash

transformer are injected through the upstreetwork, which

network is only represented by its short-circuitvpo, this

may generate voltage-dips at the CP point and al@pothesis being however acceptable as the shertici

overvoltages at the entrance of the transformer.

The overvoltages in that case are quite low, asvshio
both simulations and measurements, and describledv ey
figures 19,20 and 21 respectively:
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Fig. 19. Simulated overvoltages during a no laaergization athe
entrance of the transformer.
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Fig. 20. Simulated overvoltages at the Conned#oimt during 2 periods.
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Fig. 21. Overvoltages measured at the Conne&@nt during 2 periods.

The overvoltage waveshapes are slightly more asoily
in the simulations compared to the measurementstenthis
may come from the modeling of the losses and esalhethe
magnetic losses in the transformer, representdidaincase by
a single non linear core in parallel with a resistg however,
an hysteretic modeling of the saturation curve b t
transformer gives similar results in that case.

power is high, due to its connection to the Distfidn
Network.

The results obtained validate the modeling proposed
well as the assumptions considered on the initimddions
and also the value of short circuit power derivesht the on
site tests.

V. CONCLUSION

This paper describes the phenomena involved in BI\A0
wind-farm, located in the North of France, whenrgizng the
2.05 MVA 20kV/960V step-up transformers.

A detailed modeling of the network and equipemerdeu
the phenomena involved has been described

A comparison between simulations and on site tésts
presented in the case of the energization of caestormer,
secondly in the case where three others transferraee
previously energized, showing a good agreement dmiw
simulations and measurements.
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