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Inductor winding is often comprised of parallel-connected wires to suppress copper loss. However, in high-frequency
inductors, the proximity effect can cause concentrated AC current distribution, hindering the suppression of the copper
loss. Therefore, optimization of the physical inductor structure requires predicting the AC current distribution caused
by the proximity effect. Certainly, simulators have been commonly employed for predicting the AC current distribution.
However, simple analytical methods are also required for efficient design or invention of inductor structures that have
more uniform AC current distribution among the parallel-connected wires. The paper proposes a novel simple analysis
method for AC current distribution in parallel-connected wires of high-frequency inductors. The proposed method is
based on a novel insight that AC current is distributed to give an extremum of the magnetic co-energy contributed by
the AC flux under the given total AC current. Analysis of basic inductor structures revealed that the proposed method
can derive the AC current distribution by straightforward calculation. In addition, experiments supported the analysis
results. Consequently, the proposed method is suggested to be promising for developing inductor structures with less

copper loss.
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1. Introduction

The copper loss of power inductors is one of the major
power loss in power converters. The copper loss is the Joule
loss generated by the DC and AC current. As widely known,
the copper loss can be effectively suppressed by designing
sufficient wire cross-sectional area of the inductor winding.
However, an extremely thick wire may cause difficulty in
forming a winding because of its excessive stiffness. There-
fore, the winding is often made as parallel-connected wires
to increase the wire cross-sectional area .

Parallel-connected wires offer effective copper loss reduc-
tion particularly for the DC current because the DC current
distribution depends on the parasitic resistance. Generally,
the DC current in the parallel-connected wires is distributed
to achieve the same DC voltage drop among the wires. The
DC voltage drop equals to the parasitic resistance multiplied
by the DC current. Therefore, the DC current is distributed
uniformly among the parallel-connected wires of the same
cross-sectional area, leading to effective loss reduction by the
DC current.

On the other hand, parallel-connected wires do not nec-
essarily contribute to effective copper loss reduction for the
AC current””. The AC current is distributed to achieve
the same AC voltage drop among the wires. The AC volt-
age drop equals to the AC impedance multiplied by the
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AC current. However, the AC impedance generally differs
among the parallel-connected wires, even though the wire
cross-sectional area is the same. Actually, the AC impedance
is rather profoundly affected by the leakage inductance and
the complicated magnetic coupling among the wires. As a
result, the AC current is not necessarily distributed uniformly
among the wires. This mechanism is widely known as the
proximity effect.

The proximity effect tends to dominate the AC current dis-
tribution particularly in high-frequency operation ©®©-®_ In
this case, the parallel-connected wires may not effectively re-
duce the copper loss. This difficulty can be a severe issue
particularly in power inductors operated with large AC cur-
rent at an extremely high frequency.

In spite of this difficulty, recent progress of power elec-
tronics has given rise to a number of power converters whose
inductors are operated with large AC current at a high fre-
quency. Many of these converters are beneficial in miniatur-
ization of passive components such as inductors and capac-
itors as well as reduction of switching loss. For example,
critical conduction mode boot choppers *~"* are widely uti-
lized for the PFC converters. Besides, resonant LLC convert-
ers "% are widely utilized for DC-DC converters operated
at a high frequency. However, these converters tend to suffer
from large copper loss caused by the large AC current. There-
fore, effective suppression of the copper loss is intensely re-
quired.

The leakage inductance and the magnetic coupling, which
cause the proximity effect, are intensely dependent on the
physical structure of the core and the disposition of the
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wires ®"7"®  Therefore, effective suppression of the copper
loss may require design optimization of the inductor structure
to achieve a uniform AC current distribution in the parallel-
connected wires.

The AC current distribution of magnetic devices has been
analyzed and predicted commonly using FEM-based electro-
magnetic field analysis @"”"®. However, numerical calcula-
tion may be inconvenient in practical inductor design because
of its complicated analysis procedure as well as complicated
model construction. Therefore, simple analytical methods
may take an important role in practical inductor design.

In contradiction to the FEM analysis, only a few analyti-
cal methods have been known to predict the AC current dis-
tribution in parallel-connected wires of high-frequency in-
ductors. Certainly, practical analytical methods with sim-
ple model construction have been proposed in the preceding
works @©?_ However, these methods may still suffer from
comparatively complicated calculation process. For exam-
ple, the method proposed by W. Chen et al. ® needs numerical
calculation of the 1-dimensional magnetic field analysis. The
method proposed by R. Prieto et al. partially needs FEM
analysis to determine the impedance of each wire.

Certainly, the method proposed by M. Chen et al. ” is free
from magnetic field analysis because this method models pla-
nar inductors as lumped circuit models. As a result, this
method utilizes the circuit theory for analysis of the AC cur-
rent distribution. However, analysis by this method may still
suffer from complicated calculation because these lumped
circuit models tend to have many ideal transformers, each of
which represents a wire.

The purpose of this paper is to propose a simple analytical
method that allows straightforward calculation based on sim-
ple magnetic circuit models. This method can be utilized to
predict the AC current distribution in high-frequency induc-
tors, in which the parasitic resistance can be approximated to
have an ignorable effect on the AC current distribution.

This proposed method is based on a novel insight proposed
in this paper. According to this insight, the AC current is dis-
tributed to give an extremum of the magnetic co-energy “”*”
contributed by the AC flux of the inductor under the given
total AC current. Hereafter, this insight is referred to as the
extremum co-energy principle.

The following discussion consists of 4 sections. Section 2
presents demonstration of the extremum co-energy principle.
Section 3 presents the proposed analysis method of the AC
current distribution. This section also presents some basic
examples of inductors with EI cores. Section 4 presents ex-
periments on these examples to verify the proposed analysis
method. Finally, section 5 gives conclusions.

2. Extremum Co-energy Principle

According to the extremum co-energy principle, the AC
current in parallel-connected wires is distributed to give an
extremum of the magnetic co-energy contributed by the AC
flux under the given total AC current. In this principle, the
parasitic resistance of the wires is assumed to have an ignor-
able effect on the AC current distribution. Therefore, the AC
current distribution is rather dominantly determined by the
leakage inductance and the magnetic coupling of the wires,
as is often the cases in high-frequency inductors.
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Fig.1. Generalized inductor model with parallel con-
nected wires

The following discussion considers an inductor with
parallel-connected n wires, as shown in Fig.1.  The
instantaneous current of wires 1,2,...,n is denoted as
i1, o, ..., I, respectively. We introduce the current vector i
defined as i = [iy, iz, ..., i,]". The flux linkages of these wires
are functions of i. Therefore, we denote them as (i), ¥ (i),
..., Wn(i), respectively. In addition, we introduce the flux
linkage vector ¢ defined as ¢ = [y, Y2, ..., ¥, ).

Then, the total magnetic co-energy E of this inductor can
be expressed as

0

We regard current iy, i, ... , i, as the sum of the
DC current I;,1,,...,1I, and the instantenous AC cur-
rent iaci,lacas- - -»lacn, respectively. We further regard
the flux linkage i,y¥7,...,¥, as the sum of the DC
flux linkage Yqci,¥dca,--->%den and the AC flux link-
age Wacl, Wacds - - - Wacn, respectively. The DC current
L, Ip,...,1I, are assumed to be given. The DC flux linkage
Wdels Wdeas - - - » Wden are also assumed to be given, because the
DC flux linkage can be determined by the given DC current
distribution.

We define the DC current vector I and the AC current vec-
torig as I=[I1, 15, ..., 1,)" and iy = [iacts fac2s - - - » dacnl’s TE-
spectively. Hence, i = I+i,.. We also define the DC flux
linkage vector ¥, and the AC flux linkage vector ¥, as ¥4,

= [wdcl’ l//dcb sy l//dcn]t and ‘/’ac = [Wacl’ l//aCZ’ e Wacn]l’ re-
spectively. Hence, Y = ¢y + ¥
Then, (1) can be rewritten as
1| I+ic
E(I,iac)=f¢~di+ 1/7)1
0 1
= Edc (I) + 'ﬁdc : iac + Eac (I, iac) s Tt (2)

where Eg. is a function of I and E,. is a function of I and i,
defined as

1
Eqe (D) =f Y - di,
0

I+, iac

Eac (I, iac) = Wac -di= lﬁae (I, iac) . diac-
1 0

The requirement of the given total AC inductor current can
be expressed using iyci, fac2s - - - » lacn @S

where k is the index of the wires, and i, (a1 1S the given total
AC current. E,. (I, i,.) is the magnetic co-energy contributed
by the AC flux. Therefore, the extremum co-energy principle
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requires E,.(L, i,.) to take an extremum under the given total
AC current iyc_iotal-

Now, we seek for the solution of i, that gives an extremum
of E(I, i,c) under given i, yor,1- This solution can be obtained
using the Lagrangian multiplier method. We introduce E’(1,
i,c, A) defined as

E’ (L, A) = Eyc (Lige) + 4 [iac_lotal - iack] P
k=1

where A is the Lagrangian multiplier. Then, the solution of i,.
must give an extremum of E’. Therefore, the solution meets
the following requirement:

OE’ OE’ OE"  OF’
e O B @)
Olac1 Oiacr Olacn o1
As aresult, we obtain (5) and the following relation:
Wacl = Wacs =+ = Wan = Aueevvrerveemnneaneans 8)

Equation (8) indicates that the AC flux linkage in all the
wires must be the same. This requirement is consistent with
Kirchhoff’s voltage law applied to the parallel-connected
wires, because the time derivative of the AC flux linkage of
a wire equals to the voltage induced in the wire, according to
Faraday’s law.

On the other hand, (5) corresponds to Kirchhoff’s cur-
rent law. Noting that ¥uci,Yac2, ..., Yacn are the func-
tions of i,c1, a2, ..., 0lacn, W€ can obtain the solution of
lacls lac2s - -+ » lacn from (5) and (8). In fact, (5) and (8) suf-
fice to determine all of iy, iac2, - - -, Lacn Decause (5) and (8)
give n + 1 equations of n + 1 unknown parameters, i.e.
iacls iaCZ’ s iacna A

Consequently, the extremum co-energy principle is shown
to be consistent with Kirchhoff’s voltage law. This indicates
the appropriateness of this principle. Furthermore, the ex-
tremum co-energy principle in combination with Kirchhoff’s
current law suffices to determine the AC current distribution
in the parallel-connected wires.

3. Proposed Analysis Method of AC Current
Distribution

3.1 Proposed Method According to the extremum
co-energy principle, we can determine the AC current distri-
bution based on the magnetic circuit model. In the magnetic
circuit model, the magnetomotive force follows Kirchhoff’s
voltage law; and the flux follows the Kirchhoff’s current law.
Therefore, we can easily solve the flux passing through the
reluctance using the circuit theory. As a result, we obtain the
AC flux as functions of the AC current of the wires.

Then, the total magnetic co-energy contributed by the AC
flux can be obtained from this solution of the AC flux. For
convenience, we neglect the magnetic saturation. Hence, the
reluctance is assumed to be constant. Under this assumption,
the AC flux linkage ¥uc1, Yacos - - - » Wacn 1S independent on the
DC current I. Therefore, the magnetic co-energy contributed
by the AC flux equals to the total magnetic co-energy under
the condition in which only AC current and no DC current
flows in the winding.

The total magnetic co-energy is the sum of the co-energy
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contributed by all the reluctance. As for the reluctance R,
through which only AC flux ¢, passes, the magnetic co-
energy contributed by this reluctance can be expressed as
Repac2/2. Because the AC flux is a function of the AC current,
the total magnetic co-energy at no DC current is a function of
the AC current of the wires.

According to the extremum co-energy principle, the solu-
tion of the AC current distribution must give an extremum of
the magnetic co-energy at no DC current without changing
the total AC current. This solution can be obtained as fol-
lows. Let E(iac1, iac2, - - - » Iacn) be the total magnetic co-energy
at no DC current given as a function of the instantaneous AC
wire current iaeq, lac2, - - - » lacn; and let iy ora be the given total
instantaneous AC current.

According to the Lagrangian multiplier method, we in-
troduce modified magnetic co-energy E’(iac1, fac2s - - - » bacn> 4)
defined as

’ . . . . . .
E (lacls Lac2s " " 5 lacns /l) =E (lacl’ lac2, * " * » lacns /l)

+1 (iacl + iacZ t++ iacn - iac,total) .

Then, the solution can be obtained by solving the following
relation:

OE' _ OF
aiacl aiacZ

OE" OF'
D= e 10
Oigey 04 (10)

The result gives n + 1 equations of 7 + 1 unknown parame-
ters, i.€. iy, - - . » lacns A. Therefore, we can determine the AC
current of all the wires.

3.2 Example 1 We consider an inductor with two
parallel-connected wires wound on a pair of EI cores as
shown in Fig. 2. The cores have gaps on the center and outer
legs. The winding consists of two winding layers, each of
which is formed of a wire and has the same number of turns
N. We denote the wire that forms the winding layer closer to
the gaps as wire 1; and we denote the other as wire 2.

The magnetic circuit model of Fig. 2 is constructed by ap-
plying Dowell’s approximation ®"*”. This approximation is
effective to simplify the model construction of the planar
magnetic devices with uniformly wound winding layers. In
addition, appropriateness of the resultant models have been
verified in many preceding studies *"*.

According to this approximation, we assume 2 dimen-
sional magnetic field based on the vertical cross-section view
of the magnetic core. In addition, we assume that all the mag-
netic flux paths can be classified into only two categories:
One is the flux path passing through the magnetic core, and
the other is the flux path passing between the winding layers
or between the winding layer and the magnetic core. Further-
more, uniform magnetic flux distribution is assumed along

gaps

EI ferrite core /‘\

000000 Vir!
000000 Vir2

_________

_________

winding layer

Fig.2. Cross-section view of the inductor of example 1
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Iye1slacat AC current of wires 1 and 2
N: Number of turns
Ry ¢ Reluctance of the gaps
Ricax : Reluctance of the flux path
between the winding layers
R \cax : Reluctance of the flux path
between the I core and the top
winding layer
R"cax : Reluctance of the flux path
between the E core and
the bottom winding layer

Ni,

Ni,

Fig.3. Magnetic circuit model of the inductor of example 1

the winding layers.

The vertical cross-section of the EI core has the mirror
symmetry with respect to the center line. Hence, the left
half of Fig. 2 has the same magnetic flux distribution and the
same magnetic co-energy as those of the right half. There-
fore, we only need to construct the magnetic circuit model of
the left half of Fig. 2 because the condition of the extremum
co-energy for the left half is the same as that for the whole
magnetic structure.

For convenience, we assume that the magnetic cores have
far greater permeability compared with the gaps and the leak-
age flux path; and therefore, we ignore the reluctance con-
tributed by the magnetic cores. In addition, we assume that
all the height of the area between the neighboring winding
layers are the same so that the flux paths passing through
these area have the same reluctance. As a result, we ob-
tain the magnetic circuit model of this inductor as shown
in Fig.3. Reluctance Ry, is the reluctance of the flux path
passing through the gaps, whereas Ry is the reluctance of
the flux path passing through the area between the winding
layers. Reluctance R’k and R eqx are the reluctance of the
flux path passing through the area between the I core and the
top winding layer and that between the E core and the bot-
tom winding layer, respectively. Current i,.; and i ., are the
instantaneous AC current of wire 1 and 2, respectively.

Note that no flux passes through R”jc,x. Therefore, the to-
tal magnetic co-energy E.; for Fig.3 at no DC current can
be expressed as

Eo = (Niacl + NiaCZ)z NZiiCZ _______________ (11)
e ZR,gap 2Rleak ’

where R'gp is the equivalent impedance of the parallel con-
nection of Ry and R'jea. Hence, R gap = ReapR' teak / (Reap +
R,leak)-

We seek for the solution of i,.; and i, that gives an ex-
tremum of E.; under the given total instantaneous AC cur-
rent iy ora1. 1Then, the modified magnetic co-energy E’q is
obtained as

. (Nig1+Nig)? N* S
exl = aczlﬂ,gap a2 2Rl::i +A (iac1 +iac2 —fac_total) -
................... (12)
Applying (12) to (10) yields following equations:
N2 (iacl + iac2) _ N2 (iacl + iacZ) N2iacZ - -1
Rggap ' Réap Rleak ’
T (13)
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EI ferritg_core
\ 000000

wirel
wire2

®

)
£aps

> wirel

EI ferrite corg

/

EI ferritg core

/

wirel
wire2

Iac1» Iaca: AC current of wires 1 and 2
N: Number of turns per layer
Reap: Reluctance of the gaps
Rieak: Reluctance of the flux path between neighboring winding layers
R’ leak: Reluctance of the flux path between the I core
and the top winding layer
R’ 1eak: Reluctance of the flux path between the E core
and the bottom winding layer

Fig.5. Magnetic circuit models of the inductors of example 2

Solving (13), we obtain iyc; = Iyc_qotal a0d iyer = 0. There-
fore, all the current will flow in wire 1, which is the wire close
to the gaps.

3.3 Example 2 Next, we analyze three other induc-
tors, each of which has two parallel-connected wires wound
on a pair of EI cores as shown in Fig. 4. The winding con-
sists of four winding layers. Each wire forms two series-
connected winding layers. In these examples, each wind-
ing layer has the same number of turns. However, the order
of the winding layers differs among Fig. 4(a), Fig. 4(b), and
Fig. 4(c).

The magnetic circuit models of Fig.4 are presented in
Fig.5. First, we analyze Fig.5(a). The total magnetic

IEEJ Journal IA, Vol.7, No.1, 2018
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co-energy Ecx», for Fig. 5(a) at no DC current is

(2Niac1 + 2Nia02)2 (Niacl + 2Nia02)2

Eexoa =
e 2‘Réap 2RIeak
, Wit + Niwd?  Nia 4
2Rieak 2Rieak

We seek for the solution of i,.; and i, that gives an ex-
tremum of E, without changing the total instantaneous
inductor current iy ;. The modified magnetic co-energy
E’ .04 1s Obtained as

E, _ (2Niacl + 2Nia02)2

ex2a 2Ré »

+ (Niacl +Nia02)2
2Rleak

(Niacl + 2Nia02)2
2Rleak

N?i2

ac2

2Rleak

+4 (iacl + iacZ - iac_tolal) .

Applying (15) to (10) yields

4N2 (iacl + iac2) + N2 (Ziacl + 3ia02) —

R:gap Rieak

4N2 (iacl + iacZ) + N2 (3iacl + 6iacZ) -

R:gap ﬂleak

facl + fac2 = lac_total-

The solution of (16) can be obtained as
3 1

lacl = Eiac_total, lac2 = _Eiac_total-

This result indicates that the opposite current flows (or the
phase of the current is delayed by x) in wire 2. Therefore,
this disposition of the wires even increases the AC copper
loss compared with the inductor with only one wire.

Next, we analyze Fig. 5(b). The total magnetic co-energy
Ecxop for Fig. 5(b) at no DC current is

(2Niacl + 21\]l.ac2)2 (Niacl + 21\]l.ac2)2

Eexop =
exzb 2R 2Rieak
4N2 1302 N2 iicZ (18)
+ Lttt s e ettt
2Rieak 2Rieak

Then, the modified co-energy E’cx. is obtained as

’ (2Niacl + 2Niac2)2

Eex2b = 2R
2ap

4N2i§C2

+
2Rieak

(Niacl + 2Niac2)2
2R1eak

N?2

ac2

—+4 (iacl + iacZ - iac_total) .
2Rleak

Applying (19) into (10) yields
4N2 (iacl + iac2) + N2 (iacl + 2iac2) —
Réap Rieak
4N2 (iacl + iac2) + N2 (Ziacl + 9ia02) - _

Réap Rieak

lacl T lac2 = lac_total -

-2,

The solution of (20) can be obtained as
7 1

lacl = giac,total’ lac2 = _giac,totab
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Finally, we analyze Fig. 5(c). The total magnetic co-energy
Ex>. for Fig. 5(c) at no DC current is

(2Niacl + 2Nia02)2 (Niacl + 2Nia02)2

Eexoe =
e ZR;;ap 2R1eak
(Niacl + Niacz)z NZiicl ........... (22)
2Rleak 2‘Rleak )

Then, the modified magnetic co-energy E’xp is obtained as

_ (2Niye1 + 2Nia02)2 (Niye1 + 2Nia02)2

EI

ex2c T ZRé ap ZRleak
(Nige1 +Niger)® N?i2, S
+ acleleakacZ 2ﬂleali + A (fac1 +iac2 —Tac total) -
................... (23)
Applying (23) into (10) yields
4N2 (iacl + iacZ) N2 (3iacl + SiaCZ)
; + =-A1,
ﬂgap Rleak
4N2 (iacl + iacZ) N2 (3iacl + SiaCZ)
; + =-A1,
Rgap Rleak
T T (24)
The solution of (24) can be obtained as
T O S (25)

The results obtained as (17), (21), and (25) indicate that the
opposite current in wire 2 is greatly reduced in Fig. 4(b) and
Fig.4(c) compared with Fig.4(a). Therefore, Fig. 4(b) and
Fig. 4(c) are preferable to Fig. 4(a), although both of the in-
ductor structures suffer from concentration of the AC current.
If we compare Fig. 4(b) and Fig. 4(c), Fig. 4(c) is preferable
because no opposite current flows in wire 2. However, the
difference between Fig. 4(b) and Fig. 4(c) is more subtle than
that between Fig. 4(a) and Fig. 4(c) because Fig. 4(b) has far
smaller opposite current in wire 2 than Fig. 4(a).

4. Experiment

Experiments were carried out to verify the proposed
method. In the experiments, examples 1 and 2 presented in
the previous section were tested.

4.1 Example 1 First, we tested example 1. Figure 6
shows the experimental inductor constructed on a pair of EI
cores. Specifications of the inductor are shown in Table 1.
The winding was comprised of two parallel-connected wires
of Litz wire (¢0.1 x 57 strands). Each wire forms a wind-
ing layer of 7 turns. The length of the gaps was set at 1 mm.
The height of the space between the winding layers was set
at | mm.

We applied the AC voltage with the frequency of 100 kHz
to the experimental inductors. The total AC inductor current
was set at 0.50 Arms. Then, the AC wire current was mea-
sured using Rogowski coils.

Figure 7 shows the experimental result of the AC current
ixc1 and iyep. In this figure, i, and iy, are expressed as pha-
sors plotted on the complex plane. The phase zero is defined
as the phase of the total AC current i, ; and the abso-
lute value of the phasors equals to the effective value of the
AC current. As can be seen in the figure, both i and i,

IEEJ Journal IA, Vol.7, No.1, 2018
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gaps (Imm)
—7\

ferrite core
(PC40)

wirel (Litz wire, 7T)
wire2 (Litz wire, 7T)

49mm

Fig.6. Photograph of the experimental inductor of

example 1
Table 1. Specifications of the inductor of example 1
Inductance 14.7uH
Litz wire (wire 1 and wire 2) Sumitomo Electric
Lz 1-FEIW-N ¢0.1x57
Number of turns per layer 7T
Outer diameter of winding layers 35mm
Inner diameter of winding layers 20mm
Height of the space between the
winding layers tmm
Material of the bobbin for the winding polyethylene
Size of the E core 19%49x17mm
Size of the I core 9%49.5x14mm
Magnetic material TDK PC40
Length of the gaps Imm
Gap material polyethylene

Imaginary current [A]
0.75 7

0.5 1

0.25

0 AiacZ Al

-0.25 0 025 05 075
025 A Real current [A]

acl

-0.75  -0.5

-0.5 1

-0.75

Fig.7. Experimental result of the AC current in the
inductor of example 1. The AC current was plotted as
phasors on the complex plane

are plotted close to the real axis. Furthermore, the absolute
value for i, is far greater than i,.,, indicating that almost all
the AC current flows in wire 1. Therefore, the experimental
result was consistent with the theory, supporting appropriate-
ness of the proposed method.

4.2 Example 2 Next, we tested example 2. Figure 8
shows three experimental inductors constructed on a pair of
EI cores. Specifications of these inductors are shown in Ta-
ble 2. These inductors have the winding of two parallel-
connected wires of Litz wire (¢0.1 X 57 strands), similarly as
in example 1. Each wire forms two series-connected winding
layers of 6 turns. The length of the gaps was set at 1 mm.
The height of the spaces between the winding layers was set
at 0.5 mm.

We evaluated the AC current distribution in the parallel-
connected wires. We again applied the AC voltage with the
frequency of 100 kHz to the inductors. The total AC current
was set at 1.0 Arms.

Figure 9 shows the experimental result of the AC current
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gaps (1mm)

ferrite core
(PC40)

29mm

wirel (Litz wire, 6T)
wire2 (Litz wire, 6T)
wirel (Litz wire, 6T)
wire2 (Litz wire, 6T)

gaps (1lmm)

ferrite core
(PC40)

wirel (Litz wire, 6T)
wirel (Litz wire, 6T)
wire2 (Litz wire, 6T)
wire2 (Litz wire, 6T)

29mm

49mm

(b)
gaps (1mm)

ferrite core
(PC40)

wirel (Litz wire, 6T)
wire2 (Litz wire, 6T)
wire2 (Litz wire, 6T)
wirel (Litz wire, 6T)

29mm

49mm
(©)
Fig.8. Photographs of the experimental inductors of
example 2

Table 2. Table 2 Specifications of the inductors of

example 2
Inductance of Fig. 8(a) 34.4pH
Inductance of Fig. 8(b) 34.7uH
Inductance of Fig. 8(c) 35.2pH

Sumitomo Electric

Litz wire (wire 1 and wire 2)
Lz 1-FEIW-N ¢0.1x57

Number of turns per layer 6T
Outer diameter of winding layers 33 mm
Inner diameter of winding layers 20 mm
Heigth of the space between the

0.5 mm

winding layers
Material of the bobbin for the winding polyethylene
19%49x17 mm

9x49.5x14 mm

Size of the E core

Size of the I core

Magnetic material TDK PC40
Length of the gaps 1 mm
Gap material polyethylene

iac1 and iyp. Similarly as in the previous subsection, i,.; and
iac2 are expressed as phasors plotted on the complex plane, in
which the phase zero is defined as the phase of the total AC
current iy ora- Similarly as in example 1, both iy and i,
are plotted close to the real axis, which is consistent with the
theory.

Next, the AC current distribution was compared between
the experimental result and the theoretical prediction. For
this purpose, we neglected the imaginary part of the experi-
mental phasors of i,.; and i,c»; and we calculated the ratio of
the real part of i, to that of the total AC current. Then, this
ratio was compared with the theory discussed in subsection
3.3.
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Fig.9. Experimental results of the AC current in the
inductors of example 2. The AC current was plotted as
phasors on the complex plane
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Fig. 10. Experimental result and theoretical prediction
of the ratio of the real part of the phasor of the AC cur-
rent in wire 2 (i,») to that of the total AC current (ic_oral)

Figure 10 shows the result. Although the experimental re-
sult of the ratio was slightly larger than that of the theoretical
prediction, dependency of the ratio on the winding disposi-
tion was consistent between the experiment and the theory.
This slight deviation from the theory may be caused by leak-
age flux paths not incorporated in the magnetic circuit mod-
els because the theoretical prediction was made based on ex-
tremely simple magnetic circuit models to simplify the theo-
retical analysis.
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Fig.11. Experimental result of the AC resistance of the
inductors of example 2

In addition, we measured the AC resistance of the experi-
mental inductors at 100 kHz with an LCR-meter. Certainly,
the AC resistance is contributed not only by the copper loss
but also by the iron loss. However, difference in the cop-
per loss will be reflected in the AC resistance because the
iron loss is hardly dependent on the winding disposition and
therefore the iron loss will be almost the same among the ex-
perimental inductors.

The measurement result of the AC resistance is shown in
Fig. 11. The result revealed that Fig. 8(c) showed the least
AC resistance. The difference between Fig. 8(b) and Fig. 8(c)
was subtle compared with the difference between Fig. 8(a)
and Fig. 8(c). These features were also consistent with the
theory.

Consequently, these experimental results supported appro-
priateness of the proposed method and suggested that the pro-
posed method can be utilized to choose the winding disposi-
tion with least AC resistance.

5. Conclusions

Parallel-connected wires are commonly utilized for the in-
ductor winding to suppress the copper loss. However, the
proximity effect can cause concentration of AC current in
one wire, hindering effective suppression of the AC copper
loss. Therefore, predicting the AC current distribution is re-
quired to optimize the inductor structure. In order to provide
a straightforward method to predict the AC current distribu-
tion, this paper proposed a novel analysis method based on
the extremum co-energy principle. The experiment supported
appropriateness of the proposed method. Furthermore, the
experiment suggested that the proposed method can be uti-
lized to choose the winding disposition with least AC resis-
tance. Consequently, the proposed method is promising for
analyzing the AC current distribution in parallel-connected
wires to optimize the inductor structure.

Acknowledgment

This work was supported by Electric Technology Research
Foundation of Chugoku.

References

R. Prieto, J.A. Cobos, O. Garcia, P. Alou, and J. Uceda: “Using parallel wind-
ings in planar magnetic components”, Proc. IEEE Power Electron. Specialist
Conf. (PESC), Vol.04, pp.2055-2060 (2001)

Y. Hu, J. Guan, X. Bai, and W. Chen: “Problems of paralleling windings for

(1)

(2)
planar transformers and solutions”, Proc. IEEE Power Electron. Specialist
Conf. (PESC), Vol.2, pp.597-601 (2002)

W. Chen, Y. Yan, Y. Hu, and Q. Lu: “Model and design of pcb parallel wind-
ing for planar transformer”, IEEE Trans. Magn., Vol.39, No.05, pp.3202—
3204 (2003)

(3)

IEEJ Journal IA, Vol.7, No.1, 2018



Extremum Co-energy Principle for Analyzing AC Current Distribution (Tomohide Shirakawa et al.)

(4)

(5)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

17y

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

D. Fu, FC. Lee, and S. Wang: “Investigation on transformer design of high
frequency high efficiency DC-DC converters”, Proc. Appl. Power Electron.
Conf. Expo. (APEC), pp.940-947 (2010)

X. Margueron, A. Besri, Y. Lembeye, and J.P. Keradec: “Current sharing
between parallel turns of a planar transformer: prediction and improvement
using a circuit simulation software”, IEEE Trans. Ind. Appl., Vol.46, No.3,
pp.1064-1071 (2010)

R. Prieto, R. Asensi, and J.A. Cobos: “Selection of the appropriate winding
setup in planar inductors with parallel windings”, Proc. IEEE Energy Con-
version Congr. Expo. (ECCE), pp.4599-4604 (2010)

M. Chen, M. Araghchini, K.K. Afridi, J.H. Lang, C.R. Sullivan, and D.J.
Perreault: “A systematic approach to modeling impedances and current dis-
tribution in planar magnetics”, IEEE Trans. Power Electron., Vol.31, No.1,
pp-560-580 (2016)

J.D. van Wyk, Jr., W.A. Cronje, J.D. van Wyk, C.K. Campbell, and P.J.
Wolmarans: “Power electronic interconnects: skin- and proximity effect-
based frequency selective multipath propagation”, IEEE Trans. Power Elec-
tron., Vol.20, No.3, pp.600-610 (2005)

E. Finnansyah, S. Tomioka, S. Abel, M. Shoyama, and T. Ninomiya: “A
critical-conduction-mode bridgeless interleaved boost power factor correc-
tion”, Proc. IEEE Intl. Telecommunications Energy Conf. INTELEC), pp.1—
5(2009)

J.C. Hernandez, L.P. Petersen, and M.A.E. Andersen: “Characterization and
evaluation of 600 v range devices for active power factor correction in bound-
ary and continuous conduction modes”, Proc. Appl. Power Electron. Conf.
Expo. (APEC), pp.1911-1916 (2016)

J.-W. Kim and G.-W. Moon: “Minimizing effect of input filter capacitor in
a digital boundary conduction mode power factor corrector based on time-
domain analysis”, IEEE Trans. Power Electron., Vol.31, No.6, pp.3827-3836
(2016)

Z.Liu, Z. Huang, F.C. Lee, and Q. Li: “Digital-based interleaving control for
GaN-based MHz CRM totem-pole PFC”, Proc. Appl. Power Electron. Conf.
Expo. (APEC), pp.1847-1852 (2016)

G. Ivensky, S. Bronshtein, and A. Abramovitz: “Approximate analysis of res-
onant LLC DC-DC converter”, IEEE Trans. Power Electron., Vol.26, No.11,
pp.3274-3284 (2011)

G. Yang, P. Dubus, and D. Sadarnac: “Double-phase high-efficiency,
wide load range high-voltage/low-voltage LLC DC/DC converter for elec-
tric/hybrid vehicles”, IEEE Trans. Power Electron., Vol.30, No.4, pp.1876—
1886 (2015)

H. Liand Z. Jiang: “On automatic resonant frequency tracking in LLC series
resonant converter based on zero-current duration time of secondary diode”,
IEEE Trans. Power Electron., Vol.31, No.7, pp.4956-4962 (2016)

W. Zhang, F. Wang, D.J. Costinett, L.M. Tolbert, and B.J. Blalock: “Investi-
gation of gallium nitride devices in high frequency LLC resonant converter”,
IEEE Trans. Power Electron., Vol.32, No.99 , pp.571-583 (2017)

Y. Suzuki, I. Hasegawa, S. Sakabe, and T. Yamada: “Effective electromag-
netic field analysis using finite element method for high frequency trans-
formers with Litz-wire”, Proc. IEEE Intl. Conf. Elect. Mach. Syst. (ICEMS),
pp-4388-4393 (2008)

V. Nabaei, S.A. Mousavi, K. Miralikhani, and H. Mohseni: “Balancing cur-
rent distribution in parallel windings of furnace transformers using the ge-
netic algorithm”, IEEE Trans. Magn., Vol.46, No.2, pp.626-629 (2010)

R. Krishnan, Switched reluctance motor drives, Boca Raton, FL, USA: CRC
Press, pp.3-7 (2000)

T.J.E. Miller: Electronic control of switched reluctance machines, Oxford,
U.K.: Newns, pp.43-45 (2001)

J.P. Vandelac and P.D. Ziogas: “A novel approach for minimizing high-
frequency transformer copper loss”, IEEE Trans. Power Electron., Vol.3,
No.3, pp.266-277 (1988)

J.A. Ferreira: “Appropriate modelling of conductive losses in the design
of magnetic components”, Proc. IEEE Power Electron. Specialist Conf.
(PESC1990), pp.780-785 (1990)

F. Robert and P. Mathys: “Ohmic losses calculation in SMPS transformers:
numerical study of Dowell’s approach accuracy”, IEEE Trans. Magn., Vol.34,
No.4, pp.1255-1257 (1998)

W.G. Hurley, E. Gath, and J.G. Breslin: “Optimizing the AC resistance of
multilayer transformer windings with arbitrary current waveforms”, IEEE
Power Electron., Vol.15, No.2, pp.369-376 (2000)

J.T. Strydom and J.D. van Wyk: “Improved loss determination for planar in-
tegrated power passive modules”, Proc. IEEE Appl. Power Electron. Conf.
Expo. (APEC2002), Vol.1, pp.332-338 (2002)

R. Pittini, Z. Zhang, and M.A.E. Andersen: “High current planar transformer
for very high efficiency isolated boost DC-DC converters”, Proc. IEEE Intl.
Power Elecron. Conf. (IPEC2014), pp.3905-3912 (2014)

M.A. Bahmani, T. Thiringer, and H. Ortega: “An accurate pseudoempirical

42

model of winding loss calculation in HF foil and round conductors in switch-
mode magnetics”, IEEE Trans. Power Electron., Vol.29, No.8, pp.4231-4246
(2014)

(28) J.M. Lopera, M.J. Prieto, J. Diaz, and J. Garcia: “A mathematical expres-
sion to determine copper losses in switch-mode power supplies transform-
ers including geometry and frequency effects”, IEEE Trans. Power Electron.,
Vol.30, No.4, pp.2219-2231 (2015)

(29) T. Shirakawa, G. Yamasaki, K. Umetani, and E. Hiraki: “Copper loss analysis
based on extremum co-energy principle for high frequency forward trans-
formers with parallel-connected windings”, Proc. Annu. Conf. IEEE Ind.
Electron. Soc. IECON2016), pp.1099-1105 (2016)

Tomohide Shirakawa (Student Member) was born in Nagasaki,
Japan. He received the B. degree in electrical engi-
neering from Okayama University, Okayama, Japan
in 2015. His research interest includes magnetic anal-
ysis for magnetic components of high-frequency con-
verters.

Genki Yamasaki (Student Member) was born in Okayama, Japan. He
received the B. degree in electrical engineering from
Okayama University, Okayama, Japan in 2016. His
research interest includes operation analysis of DC-
DC converters.

Kazuhiro Umetani (Member) was born in Kobe, Japan. He received
the M. and Ph.D. degree in geophysical fluid dynam-

ics from Kyoto University, Kyoto, Japan in 2004 and

2007, respectively. In 2015, he received the second

Ph.D. degree in electrical engineering from Shimane

University, Japan. From 2007 to 2008, he was a Cir-

cuit Design Engineer for Toshiba Corporation, Japan.

From 2008 to 2014, he was with the Power Electron-

ics Group in DENSO CORPORATION, Japan. He is

currently an Assistant Professor at Okayama Univer-

sity, Okayama, Japan. His research interests include new circuit configura-
tions in power electronics and power magnetics for vehicular applications.
Dr. Umetani is a member of the Institute of Electrical and Electronics Engi-
neers and the Japan Institute of Power Electronics.

Eiji Hiraki (Member) received the M.Sc. and Ph.D. degrees from
Osaka University, Osaka, Japan, in 1990 and 2004,
respectively. He joined Mazda Motor Corporation
in 1990. From 1995 to 2013, he was with the
Power Electronics Laboratory, Yamaguchi Univer-
sity, Yamaguchi, Japan. He is currently a Profes-
sor with the Electric Power Conversion System Engi-
neering Laboratory, Okayama University, Okayama,
Japan. His research interests include circuits and con-
trol systems of power electronics, particularly soft-
switching technique for high-frequency switching power conversion sys-
tems. Dr. Hiraki is a member of the Institute of Electrical Engineers of Japan
and the Japan Institute of Power Electronics.

IEEJ Journal IA, Vol.7, No.1, 2018




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


