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ABSTRACT: The transformer loss is the important factor influencing the transformer operation. The high fre-
quency eddy effects including skin and proximity effects raise the winding losses. The eddy current effects are
calculated by the finite element method in consideration of proximity effect and skin effect. The conclusion that
changing winding layout can decrease the winding losses is given, and the tendency of the losses caused by skin

effect and proximity effect based on different winding thickness, frequency and layer spacing is concluded.
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1 INTRODUCTION

In recent years, the switching power supply due to its
high efficiency and high power density advantages has
been widely used. With the miniaturization of the
switching power supply, the power frequency is also
increasing, and some manufacturers have accom-
plished frequency of 1 MHZ. Different from the pow-
er frequency transformer, the skin effect and the
proximity effect will make winding loss increase rap-
idly based on the condition of high frequency. Thus,
we can't use an analysis method of power frequency
transformer winding losses to study the high frequen-
cy transformer winding losses.

Many domestic and foreign scholars have done a lot
of research work for the high frequency transformer
winding losses. Literature [7] presented a winding loss
calculation in one-dimensional model, which makes
the calculation of high frequency transformer winding
loss possible. The literatures [8-11] analyzed the fre-
quency transformer winding loss by using finite ele-
ment method based on 2D condition. Literature [12-13]
studied the influence of the proximity effect and the
skin effect on the winding losses based on different
frequency and winding layout. There are a number of
scholars do research work on the magnetic compo-
nents running based on the effect of high frequency
14151 However, these methods that have a lot of mod-
el simplifications on establishment are not able to
fully reflect the real transformer winding losses.

The increasing developments of computer technol-
ogy make the application of finite element method
(FEM) 3D eddy current field simulation calculation
for the transformer possible. Compared with other
methods, the three-dimensional finite element simula-
tion can reflect the real situation; the calculated value
is more accurate. In this paper, we analyze the wind-
ing losses based on different winding thickness, fre-
quency and layer spacing.
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2 MATHEMATICAL MODEL OF 3D EDDY
CURRENT FIELD

2.1 Electromagnetic field equations

Seemingly stable magnetic field can be used to solve
the Maxwell equations, and the Maxwell equations in
differential form are shown as follows:
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ment current is negligible. That is to say, in the

o
study of the seemingly stable magnetic field, we only
consider the changes of magnetic field without con-
sidering the magnetic field generated by the electric
field.

In the 3D eddy current field analysis, we will divide
the field into the vortex zone and the non-vortex zone.
We will consider the electric field and the magnetic
field in the vortex zone, but in the non-vortex we will
only consider the magnetic field.

In this paper, we choose the control equation 4 [1 ®
method to establish the control equations of the elec-
tromagnetic field, and the control equations of the
vortex area is shown as follows:
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The control equations of the non-vortex area are
shown as follows:

V-(-iVy) =0
H=-Vy
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2.2 Uniqueness problem

In order to ensure that the model has a unique solution
based on the given initial conditions, the eddy current
field boundary of the 4,40 ¢ can be described in
the vortex zone as follows:
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In the non- vortex zone, it is shown as follows:
Vx(WxA)—V(VV~A):Jg (6)

In the interface, it is shown as follows:
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Outside of the solution, the region is shown as fol-
lows:
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2.3 Boundary conditions

The normal gradient of different media is equal as
follows:

nx (E1 - E2) =0
nx(B]~B2)=0 ©)
nx(H{—H»)=0

At the interface, the magnetic vector potential and
electric scalar potential equation is shown as follows:
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The expansion is shown as follows:
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2.4 Calculation of conductor current

After getting the dynamic magnetic vector potential,
the current density in the conductor can be calculated
by the equation J=-—jwiy4 . The currentof
the conductor can be obtained by the integral of
the current density in the conductor section.

3 WINDING SIMULATION MODEL
In this paper, the round wire is simplified to the rec-

tangle wire; the simplified model of windings is
shown in Figure 1:
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Figure 1. Simplified model of windings
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Figure 2. Three-dimensional simulation model of high fre-

In this simplified model, the circular conductor is
equivalent to rectangular wire with the same
height and width. The simplified model only considers
the proximity effect of layers and the skin effect with-
in layer and ignores the turn-to-turn proximity effect
on the layer.

In this paper, we use E-E type transformer as the
object of establishing simulation model. In order to
simplify the winding model and improve the operation
speed, we only establish the 1/2 transformer model.

The three-dimensional simulation model of high
frequency transformer is shown in Figure 2.

4 SIMULATION CALCULATIONS

4.1 Influence of winding layout on the winding losses

In order to study the transformer winding losses based
on different winding layout, we designed six kinds
of layouts as shown in Figure 3.

We obtain the current density distribution in wind-
ing as shown in Figure 4:
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Figure 3. Winding structure and arrangement of transformer
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Figure 4. Current density distribution in windings
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We plot the curves of current density distribution
for different winding structures as shown in Figure 5.

According to Figure 4, we selected three typical
winding arrangements which are A (cross arrange-
ment), C (sandwich arrangement) and F (no cross
arrangement) to analyze the influence of winding lay-
out on the winding losses.

Figure 3 and Figure 4 (F) show that when the
winding arrangement is no cross layout, the winding
current density is increased with the number of layers,
reaching a maximum of approximately 0.530E + 07
A-m™at the interface. The winding current density
started to decrease from the secondary side until re-
duced to zero. From the current distribution graph, we
can see that this simple winding arrangement will
greatly increase the winding losses. Therefore, we
cannot choose this winding layout scheme in the pro-
duction of transformer.

In Figure 3 and Figure 4 (C), when using the sand-
wich type winding arrangement, the maximum current
density is about 0.284E+07 A-m™ .Compared with
the no cross arrangement, we can see that the winding
losses of sandwich arrangement are decreased by
nearly half.

From Figure 3 and Figure 4 (A), it can be seen that
the maximum current density is about 0.178E+0
A-m™.The winding losses of cross arrangement are
decreased by nearly half. Therefore, we recommend
using the cross arrangement.

Based on frequencies of 20 kHz, we calculate the
winding losses of six winding layout schemes by the
finite element method.

Table 1.Winding loss based on different winding structures
Winding structures Winding  losses(W)

0.040364
0.047538
0.062668
0.073368
0.074465
0.133732

m m g O w >

Compared with the cross arrangement, we can see
from Table 1 that the sandwich arrangement did not
have a larger increase in the winding loss. The struc-
ture of cross arrangement is complex, and the capaci-
tance is larger. On the less demanding situations of
winding losses, we recommend the use of sandwich
winding.

4.2 Influence of winding thickness on the winding
losses

In order to research the influence of winding thickness
for the transformer winding losses, we choose A
(cross arrangement), C (sandwich arrangement) and F
(no cross arrangement) these three most typical wind-

ing layouts to simulate. We study the winding losses
of these three methods of winding arrangement with
the winding thickness changing. The simulation re-
sults are shown in Table 2:

Table 2. Winding loss based on different winding thickness

Winding structures

Thickness
(mm)
A(W) C(W) F(W)

0.2 0.1472 0.1316 0.1259
0.3 0.1131 0.0966 0.0899
0.4 0.0928 0.0739 0.0688
0.5 0.0917 0.0649 0.0557
0.6 0.0914 0.0609 0.0503
0.7 0.0981 0.0612 0.0452
0.8 0.1095 0.0619 0.0432
0.9 0.1125 0.0616 0.0421
1 0.1121 0.0617 0.0402
1.1 0.1123 0.0612 0.0403
1.2 0.1472 0.1316 0.1259
1.3 0.1131 0.0966 0.0899

From Table 2, at the beginning with increasing the
thickness of the winding, we can see the winding
losses decreases rapidly. However, when the winding
thickness is increased to a certain extent, the decrease
of amplitude of winding loss began to slow until
the winding loss is basically fixed.

When the winding thickness is small, A (cross), C
(sandwich arrangement) and F ((no cross arrange-
ment) winding loss of these three kinds of layouts are
not of much difference. That is to say, when the
winding thickness is small, the winding arrangement
for winding losses had little effect. But when the
winding thickness began to increase, the loss of dif-
ferent winding arrangements began to have signifi-
cant change. From Table 3, we can see the change of
winding thickness for A (cross arrangement) with the
greatest impacts, for C (sandwich arrangement) with
less impacts than that for A, and for F (no cross ar-
rangement) with minimum impacts.

4.3 Influence of frequency on the winding losses

In order to research the influence of frequency for the
transformer winding losses, we choose A (cross ar-
rangement), C (sandwich arrangement) and F (no
cross arrangement) these three most typical winding
layouts to simulate. We study the winding losses of
these three methods of winding arrangement with
frequency changes. The simulation results are shown
in Table 3:

Table 3. Winding loss based on different frequency
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0.9 0.04040 0.06847 0.14131
Winding structures
Frequency 1 0.04094 0.06885 0.14137
(kHZ) 11 0.04129 0.06911 0.14141
AW) C(W) F(W) ’ ’ ’ ’

1.2 0.04219 0.06962 0.14152

0 0.0012 0.0011 0.0016
20 0.0403 00652 01334 1.3 0.04301 0.07017 0.14011
40 0.0589 0.1113 02716 1.4 0.04331 0.07051 0.14035
60 0.0651 0.1385 0.3488 From Table 4, when we use the cross arrangemgnt
and sandwiches arrangement, the winding losses in-
80 0.0789 0.1572 0.3955 crease a little with the layer spacing. And when we use
100 0.0907 0.1714 0.4265 no cross arrangement, the winding losses decrease a
120 0.1011 0.1822 0.4489 little with layer spacing. Overall, the influence of the
140 0.1113 0.1909 0.4662 distance between layers on winding losses is very
160 0.1197 0.1982 0.4799 weak, and we can almost ignore it. Therefore, in the
production of high-frequency transformer, we do not
180 0.1276 0.2039 0.4912 have too much to consider the impact of interlayer
200 0.1358 0.2088 0.5001 spacing for the winding losses. How to select the
220 0.1365 0.2131 0.5091 layer spacing depends on the Leakage inductance, the

We can see from Table 8 that when it is increased
with the frequency at the beginning, the winding loss-
es decrease rapidly. However, with the increase of
frequency, the growth rate of winding loss begins to
be slow until it reaches a stable growth trend.

When the frequency is small, the winding losses of
three winding arrangements have little difference.
However, with the increase of frequency, F (no cross
arrangement) loss increases fastest, C (sandwich ar-
rangement) is slower than F and A (cross) is the slow-
est. Thus, we can know the influence of frequency on
the three kinds of arrangements is F (no cross ar-
rangement) > C (sandwich arrangement) > A (cross
arrangement). The higher the frequency is, the more
obvious influence of winding layout for the winding
loss is.

4.4 Influence of winding layer spacing on the wind-
ing losses

We study on the influence of winding layer spacing on
the winding losses by changing the three winding
layout layer spacing. Results are shown in Table 4:

Table 4. Winding loss based on different layer spacing

Layer Winding structures

spacing

() AW) W) FW)
0.2 0.03661 0.06616 0.15486
0.3 0.03692 0.006637 0.15231
0.4 0.03763 0.06656 0.15039
0.5 0.03798 0.06701 0.15001
0.6 0.03869 0.06727 0.14724
0.7 0.03912 0.06754 0.14701
0.8 0.03978 0.06799 0.14533

distributed capacitance and the insulation between
layers.

5 CONCLUSIONS

(1) The amplitude of the current in the windings can
be effectively reduced when the winding is adjacently
arranged to the different current flow. By comparing
the C (sandwich arrangement) and A (cross arrange-
ment) winding losses in the two layout arrangements,
we find that compared with the cross arrangement and
the sandwich arrangement, the winding losses did not
have obvious increase. The cross arrangement is com-
plex, and the capacitance is larger.

(2) With increasing the thickness of the winding at
the beginning, the winding losses decrease rapidly.
However, when the winding thickness is increased to a
certain extent, the speed of decreasing amplitude of
winding losses begins to be slow until the winding
loss is basically fixed. When the winding thickness is
small, the influence of winding arrangements for the
losses is not strong. But when the thickness is in-
creased, the loss of significant changes is in. we can
see the change of winding thickness for A (cross ar-
rangement) with the greatest impacts, for C (sandwich
arrangement) with less impacts and F (no cross ar-
rangement) with minimum impacts.

(3) The influence of frequency on these three kinds
of arrangement is F (no cross arrangement) > C
(sandwich arrangement) > A (cross).

(4) The effect of winding layer spacing for the
winding loss is very limited.
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