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Abstract
This paper presents a reluctance-based model considering the frequency-dependent loss
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Correspondence

Sevket Canturk, Department of Electrical and
Electronics Engineering, Balikesir University,
Balikesir 10145, Turkey.

Email: scanturk@balikesir.edu.tr

demand parameters are analyzed by using the developed model. Additionally, by regard-
ing these performance parameters, the DC susceptibilities of the considered-type trans-
former and the single-phase shell-type transformer are comparatively evaluated. Finally,
for the studied grid voltage conditions, the effects of two important design considera-
tions as (i) magnetic core material selection and (ii) legs’ cross-sectional area sizing on the
MLC are investigated. It is concluded from these investigations that under saturation con-
ditions, the transformers, which have the core material with higher permeability or lower
reluctance, draw higher excitation current, and have lower MLC ratio when compared
to ones having the core material with lower permeability or higher reluctance. However,
for unsaturated transformers, which work under DC bias, the case is the opposite to
that in saturation conditions. On the other hand, under DC bias conditions, the effect
of cross-sectional area sizing on the MLC ratio is much more for the transformer with
high permeable magnetic core material with regards to ones with low permeable magnetic

core material.

1 | INTRODUCTION

power demands, and current harmonic pollution [7-11]. The
maximum loading capabilities of the DC-biased transformers

The direct current (DC) or quasi DC current flowing through
transformers, which are AC machines traditionally designed
for rated AC voltage, current, and power conditions at supply
grid frequency, is generally called transformer DC-biased case
in the literature [1, 2]. In the AC power networks, DC-biased
cases can occur due to induction of very low-frequency volt-
ages on transmission lines related to variation of the geomag-
netic field and improper design of grounding systems of high
voltage DC transmission systems and photovoltaic distributed
generation units [3—7]. Transformers can be saturated with DC
bias. Thus, they may have significant increase in losses, reactive

are significantly reduced due to their overheating that is related
to the extremely increased losses [7, 12, 13].

As a result, it can clearly be mentioned that under DC or quasi
DC-biased conditions, analysis of the transformers behaviour
and their proper design are essential to provide safe operation
of the power system. In the literature, for these analysis and
design studies, finite element method (FEM)-based transformer
models are generally simulated [14, 15]. However, FEM-based
models require long computation time and resources. For this
reason, reluctance-based models of the transformers have been
preferred in recent studies due to their computational efficiency.
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On the other side, it can be mentioned from the literature that
the frequency dependence of transformer winding resistances
is neglected in reluctance-based transformer models [16—18]
except the model of shell-type single-phase transformers
recently proposed by the authors [7]. Additionally, in [7], three
different approaches based on (i) rated primary side current,
(i) rated total loss, and (iii) rated primary side winding loss
are considered for calculating the maximum loading capability
(MLC) of transformers under the voltages with DC bias. It also
points out that the third approach should be taken into account
for safe operation of the transformers for the respected voltage
conditions. Here, it should be undetlined that the frequency
dependence of the windings resistors should be regarded to
obtain much more accurate results on loss determination and
sizing of the transformers for non-sinusoidal conditions.

In this study, firstly, a reluctance-based model is proposed for
three-phase five-limb core-type transformers by regarding the
frequency dependence of the windings in Matlab/SIMULINK
software. Secondly, to show the developed model’s validity
under sinusoidal and DC-biased grid voltage cases, it is com-
paratively analyzed with the FEM model, which is one of the
most preferred techniques for transformer analysis and design
in the literature [19]. Here, it should be mentioned that the FEM
modelling technique is also widely employed for the analysis of
transformers under DC-biased voltage and non-linear loading
conditions [20-22]. And then, for the considered-type trans-
former operated under DC bias, behaviour of the losses, excita-
tion current’s harmonic distortion, and reactive power demand
are investigated with using the developed model. Additionally,
by regarding these performance parameters, the DC suscepti-
bilities of the considered-type transformer and the single-phase
shell-type transformer are comparatively evaluated. Finally, for
the same conditions, the effects of two main design considera-
tions as (i) magnetic core material selection and (ii) legs’ cross
sections on the MLLC are parametrically analyzed.

2 | DEVELOPED MODEL

As mentioned before, reluctance-based transformer models do
not regard the windings losses’ frequency-dependent nature
except the recent one which is presented for shell-type single-
phase transformers by the authors [7]. The model developed
here is an extension of the reluctance-based model [7] to three-
phase five-limb transformets.

The schematic of the model constituted in Mat-
lab/SIMULINK software is presented in Figure 1. The
electrical and magnetic equivalent circuit parts of the model are
interpreted as follows.

2.1 | The developed model’s electrical
equivalent circuit

By regarding the frequency-dependent nature of the windings
losses [7, 23, 24], for phase m (a, b, and ¢), there are below-

mentioned circuit components in the model’s electrical equiv-
alent circuit part

* R,,pcand R, pc are DC resistances of the primary and sec-
ondary windings, respectively,

* V() and v,,,;;(¢) are controlled voltage sources which
represent the frequency-dependent winding resistances
related with Puc (Recpm = bZREC;D,,,l and Recy,)y =
FPRpic ) for the primary and secondary sides, respectively,

* 0s.(t) and w05 (t) are controlled voltage sources
which represent the frequency-dependent winding resis-
tances related with Posp, (Rosrpm = M8 R 1 and
Rosrom = PS8 Rosr o) for the primary and secondary sides,
respectively,

* Ry, and Ry, denote the parts of the resistance related
with the core loss shared to the primary and secondary sides,
respectively.

The connection between the electric and magnetic equivalent
circuits is provided by the converter block in Figure 2, which is
available in the Matlab/SIMULINK library. They act as a con-
version between the electric and magnetic quantities according
to Equation (1) [25]:

wa (t) _ NX’” 0 J ijlﬁ (f)
Cxm (i ) B 0 NX;// X = (Dx”/ (f )
dr
forx = p, sandm = a, b, ¢ @

where for phase 7 = a, b, and ¢ at the primary and secondary
sides (x=p, 5)
ues of the induced voltages and excitation currents. /V,, denotes
the winding turns number, £, (#) is the magnetomotive force

, ey, (t),and i, (7) stand for the instantaneous val-

and @, (#) is the total magnetic flux at phase # (m = 4, b, and ¢)
of the primary and secondary sides (x = p, 5), respectively.

In order to find the currents and voltages in the electri-
cal circuit, the transient analysis in Matlab/SIMULINK can be
achieved with using the differential state equations expressed in
Equations (2) and (3) for phase = a, b, ¢

) APy
Vo (1) = Rompctp, &) + tpmec ) + tpmost. ) + Nom——
@
. dq)sm
Vi (1) = Rimpcdsm () + tmpc () + vimost, () + szm7
©)
where 7, () and 7, (7) can be expressed as
, om (1)
/)= —— f 4
me ( ) RMpm + ZCpm ( ) ( )
: tm )
Zsm (l‘) = ;;n + icsm (t) (5)
-Msm
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Fx,,,(t) = Nx,,,~ itx,,. ®

do

Xm

dt

FIGURE 2  The converter block employed in the developed model

and s,mpc(?), Zsmpc (@),
follows:

pmosL (?) and vgn0s1. () are defined as

hmax

Pompc () = Z \/— b SIN(h007 + o) Riscpmi 7 (6)

hmax

vt ) = Y, V2 sin(bont + @) Ricam ¥ ()
h=1

/max

Pomost. (#) = Z V21 Lot S (b7 + @) Rost pmi 4
[)_
®
hmax

FsmOSL <f) = Z \/Elsmh Sin(/yw()t + ¢smh)R()SLsmlbo.8 (9)
h=1

2.2 | The developed model’s magnetic circuit

The magnetic equivalent circuit part needs the core geometry
data of the transformer and the B—F curve of the core material

Circuit diagram of the model developed for three-phase five-leg transformers

so that the saturation effect is taken into account in the model.
For the studied transformer, these required data are obtained
from the transformer manufacturer, and they are given in the
appendixes.

The magnetic equivalent circuit consists of 13 reluctance
blocks: three main limbs ‘R 5, Ry, R, two outer limbs Ry’
and eight yoke ‘Ry” reluctance blocks. Other blocks in the cit-
cuit can be expressed as

* R;,, and R, represent the reluctance of the air gap in
which the primary and secondary windings leakage flux flows
for phase , respectively,

* R, is the leakage flux flowing from core to tank that can be
obtained by the no-load tests.

R 1, and R, can be expressed in terms of inductance
(Lcy,,) and turn number (IV,, ) of the respected winding as

R, =N, / L., forx = p, s sides and m = a, b, ¢ phases
(10)

For the iterative calculation of the magneto-motive forces
(FA@), (), Fc@), Fp() and Fy(?) dropped on the Ry Ry,
R, Ry and Ry reluctances, the calculation block shown in
Figure 3 is used. During the calculation, firstly, the magnetic
fluxes (@) of the main legs, outer legs, and yokes, which flow
through the respected reluctance blocks in the magnetic equiv-
alent circuit model, are measured, and they are divided by their
cross-sectional area. Hence, the magnetic flux density values (B)
of the core parts are found.

Then, with the 'Lookup Table’ block, the magnetic field
strength values (77) are calculated according to the B—/7 charac-
teristic curve of the core material entered in the parameters sec-
tion. As a result of multiplying /7 with the length of the legs or
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FIGURE 3 Modelling of R, Ry, R, Ri, Ry reluctance blocks

yoke (), the magneto-motor forces on these parts are found. In
the model simulation, the equations presented in (2— 5) and the
expressions of the magnetic fluxes given in (11-15) are solved
simultaneously in the time domain

Pry )+ P4 )+ P () =0 an
D 4p(1) + Ppct) = Py () + o () (12)
Pryr @)+ P (1) + Ppc (1) =0 13)
¢, )=, + P, # (14)
/., @) = h‘%@ (15)

In Equations (11-15), ®,,(#) stands for the fluxes flowing
through main limbs of the core, ®, ., (#) are the leakage fluxes
flowing through R;,,,, and @ (?) is the leakage flux flowing
through R,.

3 | SIMULATION RESULTS

In this section, firstly, for the rated pure sinusoidal voltage and
the rated sinusoidal voltage with DC bias, the results of the
2D FEM model created in Maxwell/Ansys softwate and the
reluctance-based model developed in Matlab/Simulink software
are comparatively analyzed by regarding no-loading and loading
cases of the transformer. Thus, it is aimed to show the valid-
ity of the computationally efficient reluctance model for DC
excitation conditions. Secondly, under the rated sinusoidal volt-
age with several DC-biased levels, behaviour of the losses, reac-
tive power demand, excitation current’s harmonic distortion and
MILC are investigated with using the developed model. Finally,
for DC-biased conditions, the effects of two main design con-
siderations as (i) magnetic core material selection and (ii) legs’
cross sections on the losses and MLC are investigated. The
schematic of the test system set-up for the performed analy-

ses is given in Figure 4. The DC voltage value (I'p¢) dropped
on the energy transmission line in the system is provided by DC
voltage sources. With respect to the DC voltage drop values on
the transmission line per kilometre mentioned in [26, 27], I'p¢
is increased up to 10 V/km in the simulations. The transformer
modelled in the test system has rated values as 70 MVA, 50 Hz,
and 154/34.5 kV. The transmission line has a length of 100 km
and a voltage level of 154 kV. Other parameters of the energy
transmission line and the modelled transformer can be found in
the appendix. The transformer is loaded with a pure resistor in
the simulations. Accordingly, the fundamental frequency

reactive power [28], which is demanded by the transformer,
can be calculated with using Equation (106):

Ql = Z I/Iv)ml [pml Sinepml (1 6)

m=a,b,c

whete 1 and /1 denote voltage and current rms values at
the primary side of phase » for supply frequency, and 6,1 is
difference between their phase angles.

Total demand distortion index of the transformer primer cut-
rent at 7 phase (TDDI,)) is calculated as

[ ~ohmax >
h=2 [th

TDDI =100
om (B) o

17

where Zpy is the rated primary side current of the transformer.

3.1 | Validity analysis of the developed model

In validation tests, the preferred transformer type is simulated
by 2D FEM analysis in ANSYS Maxwell software [29]. The
transformer geometry including the windings and the core cre-
ated in this software is presented in Figure 5, which shows the
flux density distribution in the core when Ipc is 10 V/km.
On the other hand, ANSYS Maxwell’s circuit editor tool is used
for the transformet’s supply voltage and loading, For the accu-
racy of the simulation, the transient analysis is preferred where
the mesh number is 10,000 and the eddy current losses are not
neglected. M5-0.30 mm is preferred as the core material and the
B-H and P-B curves of this material, which should be entered
in ANSYS Maxwell, are presented in the appendix. Thus, the
reduced waveforms of currents and voltages to pu obtained
from the simulations of 2D FEM and the developed models
in the supply cases with sinusoidal and DC voltages are given in
Figures 6-9.

In these figures, it is seen that the instantaneous current and
voltage waveforms obtained from the simulations performed
with both models are quite similar. Additionally, for the pure
sinusoidal (I'pc = 0 V/km and /ppc = 0 pu) and the DC bias
(Vbe = 10 V/km and Ippc = 0.45 pu) conditions, the root
mean square difference (RMSD) between the voltage and cur-
rent waveforms obtained with the FEM and developed models
is presented in Table 1. From this table, it can be concluded that
both models give very close results to each other.
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FIGURE 4  Test system created in Matlab/SIMULINK software
Resl . TABLE 1 RMSE values for both models
1)
l e 50% loading No-load
200
e Vpe (V/km) 0.0 10.0 0.0 10.0
140
l > Ippc (pu) 0.0 0.45 0.0 0.45
by Ly (o) 0.00241 0.00642 - 0.01895
I e L (pu) 0.00252 0.00815 . 0.01256
0.00
lpa (pu) 0.00245 0.00918 - 0.01487
Ve (pu) - 593 x 107+ - -
1, (pu) - 6.78 x 1074 - -
Ve (bW - 6.45x 107 - _

FIGURE 5
transformer

3.2 |

behaviour for DC-biased grid voltage

2D geometry of the studied three-phase five-limb power

Analysis of the studied transformer’s

In this section, for the transformer operated under grid volt-

age with various DC-biased levels, (i) the harmonic spectrum,

total demand distortion, and rms values of the primary winding

currents, (i) DC, eddy current, other stray, no-load, and total

losses, and (iii) reactive power demand quantities are analyzed
with the developed model. In the examination, the transformer

is unloaded and the DC-biased value is increased from 0 to

10 V/km.

Under no-loading condition, for the simulated ¢ levels,

the rms primary side phase currents (4, /1, and /) in pu

1 T T T T T 1 T T T T T 1 T T T T T
=== FEM Model === FEM Model === FEM Model
= = Rel, Model = = Rel, Model = = ‘Rel. Model

05 05 0.5
£) 3 0
2 2 &
a0 o 0 a0
<, ~ ~
.-ﬂ. .-ﬂ. u-lnl
0.5 0.5 0.5
1 ) . . . . 1 ) . L . L 1 . L . ) .
000 001 002 003 004 005 006 000 001 0.02 003 004 005 006 000 001 002 003 004 005 0.006
Time(s) Time(s) Time(s)
(a) phase (b) phase (c) phase

FIGURE 6
(Vbe = 0 V/km)

Waveshapes of primary side currents obtained with FEM and the developed models under low (40%) loading and sinusoidal condition
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FIGURE 7 Waveshapes of primary side currents obtained with FEM and the developed models under no loading and DC-biased condition (' = 10 V/km)
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FIGURE 8  Waveshapes of primary side currents obtained with FEM and the developed models under low (40%) loading and DC-biased condition

(Vpe = 10 V/km)

N ¢ C 2N
: FEM model/a phase FEM Model/a phase
P Q P Q FEM Model/b phase FEM Model/b phase
FEM Model/c phase FEM Model/c phase
o d o 0 — ©— - Rel. Model/a phase — ©— - Rel. Model/a phase
’E A — <~ - Rel. Model/b phase ,;
— @~ - Rel. Model/c phase
= P ® . 2
) e
b4 D]
» ( Q »
2 =
i »
>
IS P 0 i
»7 ) >§
o
a L -
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.01 0.02 0.03 0.04
Time(s) Time(s)
(a) (b)
FIGURE 9 Waveshapes of secondary sides terminal voltages for 40% loading of the transformer under (a) sinusoidal (I’ = 0 V/km ) and (b) DC-biased grid

voltage condition (I’ = 10 V/km)
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FIGURE 11 The vatiation of TDDIp,, TDDIpy,, and TDDIp. with ¢

and their total demand distortion values (TDDI,,, TDDI,,
TDDI,) are plotted in Figures 10 and 11. Figure 10 shows that
in the considered I'pc interval, Z,,, Z,p, and /. increase from
0.03 pu to 0.65, 0.54, 0.66 pu, respectively. The DC and har-
monic components of the primary side phase currents (/p,pc
and /py,, for 7 = a, b, ¢) in pu are shown in Figure 12.

It can be pointed out from Figures 11 and 12 that I results
in excessive increment of no-load phase currents harmonic dis-
tortion. For 10 V/km of I"p¢, TDDI,, TDDL,, and TDDI,,
are 21%, 32%, and 22%, respectively. All three figures also show
that there is an unbalance among primary side phase currents at
fundamental and non-fundamental frequencies due to the asym-
metrical construction of transformer core.

The normalized values (V) of Ppc, Prc, Post, Pri, Par, and
O are given in Figure 13. Note that in this figute, to provide the
normalized values, the losses (Ppc, Prc, Post, Pri, Pai.) ate
divided by the rated total loss of the transformer and the fun-
damental harmonic reactive power () is divided by the rated
power of the transformer. Similar to findings for single-phase
shell-type transformer presented in [7], it can be pointed out
that Ppc, Prr, and O significantly increase with I'p¢ level. The

0.0
pc 1 2 3 4 5 6 7 8 9 10

Harmonic order
(a) a and c phases

0.5 = T T T T T T T T T T
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=9
o
[9)
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0.1

pc 1 2 3 4 5 6 7 8 9 10

Harmonic order
(b) b phases

FIGURE 12 The harmonic spectrums of the primary side current for the
simulated T levels
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FIGURE 13 The variation of the losses and fundamental harmonic
reactive power demand with ¢
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TABLE 2  Excitation current rms and demand distortion values, power 0.5 +- - - o -
losses, and reactive power demand for single-phase shell-type and three-phase Q% -G~ -M3-0.23mm
five-leg transformers = A - M4-0.27mm
0.4FA, ® 1
K ® = B :M5-030mm

Single-phase shell-type Three-phase five-leg AA ® - & *M6-0.35mm

Vpc (V/km) 0 10 0 10 = 03F I End of saturation conditions
=Y ‘ {
I, (pu) 0.017 0.889 0.018 0.592 "’E R,
TDDIp (%) 0.955 44.05 0.521 24.66 =o02f
Ppc (N) 0.98 x 107# 0.321 0.87 x 107# 0.193
Prc (N) 1.14x 107 0.084 1.02x 1074 0.046 0.1F
Pogt (N) 1.71 x 107 0.042 1.57 x 107 0.035
Py 0.221 0.268 0.166 0.182 0 : * * * :
. () 1 1.05 1.1 115 1.2 1.25
0N 0.012 0.517 0.014 0.325
AC/ACN
FIGURE 14  Variation of /p; with increment of core cross-sectional atea

increment of DC-biased level leads to an increase in Py higher
than Pgc and Pogy -

In addition to that, for the single-phase shell-type and
three-phase five-leg transformers modelled in [7] and this study,
respectively, under sinusoidal voltage (I'pc = 0 V/km) and
the highest DC-biased voltage condition (I'pc = 10 V/km),
1,, TDDL,, Ppc, Prc, Post, Pais and Q) values are given
in Table 2. Note that /, and TDDIp values for the studied
three-phase five-leg transformer are mean values of those
quantities measured at phases, and both transformers have the
same voltage and frequency ratings and the same .X/R ratio of
the windings, three-phase five-leg transformer has the power
rating three times of single-phase one. From this table, it can be
mentioned that when compared with the three-phase five-leg
transformer, all these quantities of single-phase shell-type one
increase much mote with DC bias. In other words, the studied
three-phase transformer type is much more immune to the
DC-biased voltages.

3.3 | Effect of the transformet’s major core
design parameters on the MLC under DC bias

In this section, for DC-biased conditions, the effects of two
main design considerations as (i) magnetic core material selec-
tion and (ii) legs’ cross sections on the MLC are investigated.

For this aim, under DC-biased voltage, MLC or derating fac-
tor of three-phase five-leg transformer is analyzed by using the
developed model. MLC in percentage can be found as the ratio
of the highest permissible load apparent power (§y;) and the
rated power of the transformer ($1g):

Sy
MLC (%) = 1005i (18)

TR

For safe operation of the transformer under the grid volt-
age with DC bias, the highest permissible load apparent power
is obtained as the supplied load apparent power in which the
loss of the primary winding equals the rated loss of primary
winding [7].

for different core materials under 10 V/km DC bias

Accordingly, in the analysis, the variation of MLC is investi-
gated for different core materials under DC bias. For the anal-
ysis, the considered core materials are in order of magnetic
permeability from the largest to the smallest as follows M3-
0.23 mm, M4-0.27 mm, M5-0.30 mm, and M6-0.35 mm. For
each material, the B—F curves and the core loss resistances are
entered to the model. Core dimensions and winding impedances
are kept constant during the analyses. This means that the core
produced from material with high magnetic permeability will
have a smaller reluctance. In addition to the different core mate-
rial selections, the cross-sectional areas of the yokes and outer
legs of the transformer are vatied in the analysis. The cross-
sectional areas are not changed on the main legs where the wind-
ings are located. This is because the cross-section increase in the
main legs changes the size and impedance of the windings.

With the increment of core cross-section area up to 30%,
under no-load condition the variations of the fundamental fre-
quency current rms (/py) values of the three-phase five-leg trans-
formers, which have different core materials as M3-0.23 mm,
M4-0.27 mm, M5-0.30 mm, and M6-0.35 mm are given in
Figure 14. For the analysis, the DC-biased level is simulated as
10 V/km in the system. In the figure, the cross-sectional area
increment is denoted as the ratio of the core cross-sectional area
(Ac) and nominal cote cross-sectional area (Acy)-

It is seen from Figure 14 that for all four magnetic core
materials, with the increment of A/ Ay ratio, at the first /pg
decreases and attains its lowest value, and then it increases.
Thus, it can cleatly be mentioned that for the interval of
Ac/Acn tatio in which /p; decreases, the transformer is under
saturation. On the other hand, for the rest interval of A/ AN
ratio in which /p; increases, the studied transformer has low
magnetic flux density (B) values below the knee point of B—H
curve of the core material, and it needs high excitation current.

In addition, it can also be pointed out from Figure 14 that
for M3-0.23 mm, M4-0.27 mm, M5-0.30 mm, and M6-0.35 mm
materials, the saturation of the transformer is eliminated where
Ac/Acn is about 1.21,1.17, 1.14, and 1.12, respectively. Under
saturation conditions, the transformer with the core material
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FIGURE 15 Variation of MLLC with increment of core cross-sectional
area for different core materials under 10 V/km DC bias

having higher permeability or lower reluctance draws higher
excitation current. However, this is not the case for unsaturated
transformers.

With the increment of the core cross-sectional area, the vari-
ation of MLC values of the transformer for the same core mate-
rials and DC bias condition is presented in Figure 15.

It is observed from Figure 15 that for considered four core
materials, with increment of Ac/Acy, at the first, the MLC
ratio increases, reaches a highest value at the A¢/Acy values
in which saturation is eliminated and then decreases. Under
saturation conditions, at the original cross-sectional area value
(Ac/Acn = 1), the MLC values are about 43%, 47%, 50%, and
55% for M3-0.23 mm, M4-0.27 mm, M5-0.30 mm, and M6-
0.35 mm, respectively. In addition to that, the highest MLLC val-
ues are about 74%, 70%, 65%, and 63% for M3-0.23 mm, M4-
0.27 mm, M5-0.30 mm, and M6-0.35 mm, respectively.

4 | CONCLUSIONS

First of all, it is intended to investigate the effects of DC
bias on performances of three-phase five-leg transformers by
developing a computational efficient reluctance-based model.
Current harmonic pollution, reactive power demand, DC, and
frequency-dependent losses and maximum loading capability
(MLC) are considered performance parameters. Here, it should
be noted that the developed model can be used for the analysis
of the transformer dedicated to supply non-linear loads [30-32].

Unlike the reluctance-based models previously proposed in
the literature, it takes into account the frequency-dependent
nature of the winding resistances. Accordingly, the developed
model is validated with comparing 2D FEM model simulated
in ANSYS Maxwell software under sinusoidal and DC-biased
voltages.

And then, by using the suggested model, it is seen from the
analysis performed for different DC-biased voltage conditions
at no-load condition that the DC bias leads to saturation and
increase in losses, reactive power demand, and excitation cut-

rent’s distortion for the studied transformer. Besides, by com-
paring the analysis results obtained in this study and the results
previously presented in [7], it can be mentioned that the three-
phase five-leg transformer is much more immune to the DC-
biased voltages when compared with single-phase shell-type
transformer.

Finally, under DC-biased voltage conditions, the magnetic
material selection and legs cross section sizing on MLC are
investigated. For the analysis, the considered core materials are
in order of magnetic permeability from largest to smallest as
follows M3-0.23 mm, M4-0.27 mm, M5-0.30 mm, and M6-
0.35 mm. In the analysis, the cross-sectional areas of the yokes
and outer legs of the transformer are varied. The cross-sectional
areas are not changed on the main legs where the windings
are located. This is because the cross-section increase in the
main legs changes the size and impedance of the windings. The
main findings concluded from the analysis can be arranged as
follows:

* Under saturation conditions, the transformers, which have
the core material with higher permeability or lower reluc-
tance, draw higher excitation current, and have lower MLC
ratio when compared with ones having the core material with
lower permeability or higher reluctance.

* However, for unsaturated transformers, which work under
DC bias, the case is the opposite of that in saturation con-
ditions.

* Transformers with high permeable core material need more
increment of cross-sectional area to escape the saturation
related to DC bias when compared with ones with low per-
meable core material.

* For DC bias conditions, the effect of cross-sectional area on
the MLC ratio is much larger for the transformer with high
permeable magnetic core material with regards to ones with
low permeable magnetic core material.

In future studies, for DC bias conditions, the authors will plan
to study optimal design of transformers using developed model
in this study. Three windings case of the transformer will also
be studied in the future works.
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APPENDIX
The studied transformet’s properties are given in Table Al.

The studied transformetr’s construction is drawn in

Figure Al.

The transmission line parameters are presented in Table A2.

TABLE A1 Properties of the studied transformer

Parameters Value
Winding structure YnYn
Primary winding Ry (Q) 0.7322
Primary winding /. (mH) 67.4
Secondary winding Rp¢ (€2) 0.0597
Secondary winding 2. (mH) 10.15
Load losses (IKW) 260
No-load losses (KW) 48
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FIGURE A1l The drawing of transformer construction
TABLE A2 Transmission line parameters in the test system
Parameters Value
Resistance 0.003068 pu
Inductive reactance 0.014399 pu
Admittance 0.006167 pu
For the simulated core materials, the B~/7 and P-B curves data are presented in Table A3.
TABLE A3 B/ and P-Bdata of the simulated core materials
M3-0.23 mm M4-0.27 mm M5-0.30 mm M6-0.35 mm
B (T) P (W/kg) H (A/m) P (W/kg) H (A/m) P (W/kg) H (A/m) P (W/kg) H (A/m)
0.2 0.0128 6.8 0.017 5.3 0.0165 4.9 0.0203 4.2
0.4 0.049 10.2 0.0623 7.9 0.0623 71 0.0745 6.1
0.6 0.108 121 0.133 10.3 0.135 9.2 0.159 9.2
0.8 0.188 14.9 0.228 12.8 0.235 11.5 0.274 11.5
1.0 0.290 17.7 0.349 16.0 0.364 14.3 0.420 15.2
1.2 0.417 21.4 0.498 19.3 0.523 18.9 0.601 18.4
1.4 0.579 329 0.689 28.7 0.725 27.8 0.826 26.3
1.6 0.824 70.2 0.966 67.8 1.01 606.5 1.13 65.5
1.8 1.39 478.8 1.55 467.8 1.56 459.7 1.69 452.7
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