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Abstract—Inductor winding is often composed as 

parallel-connected wires to suppress the copper loss. 

However, in high frequency inductors, the proximity effect 

can cause concentrated AC current distribution, hindering 

suppression of the copper loss. Therefore, optimization of 

the physical inductor structure requires predicting the AC 

current distribution. Although simulators are commonly 

employed for predicting the AC current distribution, simple 

analytical methods are also required for effective design or 

invention of the inductor structure with less copper loss. 

The purpose of this paper is to propose a novel analysis 

method of the AC current distribution in parallel-connected 

wires of high frequency inductors. The proposed method is 

based on a novel insight that the AC current is distributed 

to give an extremum of the magnetic co-energy contributed 

by the AC flux and the AC current under the given total AC 

current. Experiments are presented in this paper to verify 

the proposed method. 

 
Index Terms—AC current distribution, Magnetic co-

energy, Inductor, Magnetic circuit. 

I.  INTRODUCTION 

The copper loss of power inductors are 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. Therefore, the winding 

is often made as parallel-connected wires to increase the 

wire cross-sectional area [1]–[7]. 

Parallel-connected wires offer effective copper loss 

reduction particularly for the DC current, because the DC 

current distribution depends on the parasitic resistance. 

Generally, the current in the parallel-connected wires is 

distributed to achieve the same voltage drop among the 

wires. The DC component of the 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 

necessarily contribute to effective copper loss reduction 

for the AC current [1]–[7]. The AC current causes the AC 

component of the voltage drop. The AC voltage drop 

equals to the AC impedance multiplied by the AC current. 

However, the AC impedance generally differs among the 

parallel-connected wires, even though the wire cross-

sectional area is the same. The AC impedance is deeply 

affected by the leakage inductance and the complicated 

magnetic coupling among the wires. Therefore, the AC 

current is not necessarily distributed uniformly among the 

wires. This mechanism is widely known and referred to 

as the proximity effect. 

The proximity effect tends to dominate the AC current 

distribution particularly in high frequency applications 

[1], [4], [6]–[8]. In this case, the parallel-connected wires 

may not effectively reduce the copper loss. This difficulty 

can be a severe issue particularly in inductors operated 

with large AC current at an extremely high frequency, 

because large inductor current tends to generate large 

copper loss. 

In spite of this difficulty, recent progress of power 

electronics has given rise to a number of power 

converters whose inductors are operated with large AC 

current at a high frequency. Many of these converters are 

beneficial in miniaturization of passive components such 

as inductors and capacitors as well as reduction of 

switching loss. For example, critical conduction mode 

boot choppers [9]–[12] are widely utilized for the PFC 

converters. Besides, resonant LLC converters [13]–[16] 

are widely utilized for extremely high frequency 

applications. However, these converters tend to suffer 

from large copper loss caused by the large AC current. 

Therefore, effective suppression of the copper loss is 

intensely required. 

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 wires [8], [17], [18]. 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 [4], 

[17], [18] has been analyzed and predicted commonly 

using FEM-based electromagnetic field analysis. 

However, numerical calculation 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, few analytical 

methods have been known to predict the AC current 

distribution in parallel-connected wires of high frequency 
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inductors. For example, [3], [6], [7] proposed practical 

analytical methods with simple model construction. 

However, these methods may still suffer from 

comparatively complicated calculation process. For 

example, [3] utilized numerical calculation of the 1-

dimensional magnetic field analysis. [6] partially utilized 

FEM analysis to determine the impedance of each wire. 

Besides, [7] modeled planar inductors as lumped circuit 

models. This method is beneficial because the circuit 

theory can be utilized for analysis of the AC current 

distribution. However, analysis by this method may 

suffer from complicated calculation because the 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 the magnetic circuit model. This method can be 

utilized to predict the AC current distribution in high 

frequency inductors, in which the parasitic resistance can 

be approximated to have 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 distributed to give an extremum of the 

magnetic co-energy [19][20] contributed by the AC flux 

and the AC current of the inductor under the condition of 

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 II presents demonstration of the extremum co-

energy principle. Section III presents the proposed 

analysis method of the AC current distribution. This 

section also presents basic examples of inductors with the 

EI cores. Section IV presents experiments on these 

examples to verify the proposed analysis method. Finally, 

section V gives conclusions. 

II.  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 and the AC current under the condition of 

the given total AC current. In this principle, the parasitic 

resistance of the wires is assumed to have ignorable 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. 

The following discussion considers an inductor with 

parallel-connected n wires, as shown in Fig. 1. The 

current of wires 1, 2, …, n is denoted as i1, i2, …, in, 

respectively. We introduce the current vector i defined as 

i=[i1, i2, …, in]t. The flux linkage of the wires is functions 

of i. Therefore, we denote them as ψ1(i), ψ2(i), …, ψn(i), 

respectively. In addition, we introduce the flux linkage 

vector ψ defined as ψ=[ψ1, ψ2, …, ψn]t.  

Then, the total magnetic co-energy E of this inductor 

can be expressed as 

( ) ∫ ⋅=
i

0

iψi dE .                  (1) 

We regard current i1, i2, …, in as the sum of the DC 

current I1, I2, …, In and the AC current iac1, iac2, …, iacn, 

respectively. We further regard the flux linkage ψ1, ψ2, …, 

ψn as the sum of the DC flux linkage ψdc1, ψdc2, …, ψdcn 

and the AC flux linkage ψac1, ψac2, …, ψacn, respectively. 

The DC current is assumed to be given. The DC flux 

linkage is also assumed to be given, because the DC flux 

linkage can be determined by the DC current. 

We define the DC current vector I and the AC current 

vector iac as I=[I1, I2, …, In]t and iac=[iac1, iac2, …, iacn]t, 

respectively. Hence, i=I+iac. We also define the DC flux 

linkage vector ψdc and the AC flux vector ψac as 

ψdc=[ψdc1, ψdc2, …, ψdcn]t and ψac=[ψac1, ψac2, …, ψacn]t, 

respectively. Hence, ψ=ψdc+ψac. 

Then, (1) can be rewritten as 
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where Edc is a function of I and Eac is a function of I 

and iac defined as 

( ) ( )

( ) ( ) ( ) .,,

,

acac

acacacacacac

dc
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∫

⋅=⋅=

⋅=

+ i
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                  (3) 

The condition of the given total AC inductor current 

can be expressed using iac1, iac2, …, iacn as 

,
1

acac_total ∑
=

=
n

k
k

ii                 (4) 

where k is the index of the wires, and iac_total is the 

given total AC current.  

Eac(I, iac) is the magnetic co-energy contributed by the 

AC flux and the AC current. Therefore, the extremum co-

energy principle requires Eac(I, iac) to take an extremum 

under the given total AC current iac_total. 

Now, we seek for the solution of iac that gives an 

extremum of E(I, iac) under given iac_total. This solution 

can be obtained using the Lagrangian multiplier method. 

We introduce Eʹ(I, iac, λ) defined as 

wire 1

wire 2
wire 3
wire 4

wire n

itotal

Magnetic Core

i1

i2

i3

i4

in

 
Fig. 1.  Generalized inductor model with parallel connected wires. 
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where λ is the Lagrangian multiplier. Then, the solution 

of iac must give an extremum of Eʹ. Therefore, the 

solution meets the following requirement: 

0
ac2ac1ac

=
∂

′∂
==

∂

′∂
=

∂

′∂

ni

E

i

E

i

E
L .                  (6) 

As a result, we obtain 

λ=ψ==ψ=ψ nac2ac1ac L .                  (7) 

Equation (7) 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, (4) corresponds to Kirchhoff’s 

current law. Noting that ψac1, ψac2, …, ψacn are the 

functions of iac1, iac2, …, iacn, we can obtain the solution of 

iac1, iac2, …, iacn from (4) and (7). In fact, (4) and (7) 

suffice to determine all of iac1, iac2, …, iacn because (4) and 

(7) give n+1 equations of n+1 unknown parameters, i.e. 

iac1, iac2, …, iacn , λ. 

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 extremum co-energy principle in 

combination with Kirchhoff’s current law suffices to 

determine the AC current distribution in the parallel-

connected wires. 

III.  PROPOSED ANALYSIS METHOD OF AC CURRENT 

DISTRIBUTION 

A.  Proposed Method 

According to the extremum co-energy principle, we 

can determine the AC current distribution based on the 

magnetic circuit model. In the magnetic circuit model, the 

electromotive 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 flux as functions of the wire current. 

 Then, the total magnetic co-energy contributed by the 

AC flux and the AC current can be obtained from this 

solution of the flux. For convenience, we neglect the 

magnetic saturation. Therefore, the reluctance is assumed 

to be constant. In this assumption, the AC flux linkage 

ψac1, ψac2, …, ψacn is independent on the DC current I. 

Therefore, the magnetic co-energy contributed by the AC 

flux and the AC current equals to the total magnetic co-

energy, when only AC current flows in the winding 

without DC current.  

The total magnetic co-energy is the sum of the co-

energy contributed by all the reluctance. As for the 

reluctance R, through which only AC flux φac passes, the 

magnetic co-energy contributed by this reluctance can be 

expressed as Rφac
2/2. 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. 

The solution of the 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 follows. Let E(iac1, iac2, …, iacn) be the total 

magnetic co-energy at no DC current as a function of the 

AC wire current iac1, iac2, …, iacn; and, let iac_total be the 

total AC current. We substitute the relation 

iac_total=iac1+iac2+…+iacn into E(iac1, iac2, …, iacn) to 

eliminate one of the AC current. For convenience, we 

assume that iac1 is eliminated. Then, the solution can be 

obtained as follows: 

0
ac3ac2ac

=
∂
∂

==
∂
∂

=
∂
∂

ni

E

i

E

i

E
L .                  (8) 

The result gives n−1 equations of n−1 unknown 

parameters, i.e. iac2, …, iacn. Therefore, we can determine 

the AC current of all the wires. 

B.  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 

by 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.  

For convenience, we assume that the magnetic cores 

have far greater permeability compared with the gaps and 

the leakage flux path; and therefore, we ignore the 

reluctance contributed by the magnetic cores. As a result, 

we obtain the magnetic circuit model of this inductor as 

shown in Fig. 3. Reluctance Rgap is the reluctance of the 

flux path passing through the gaps, whereas Rleak is the 

reluctance of the flux path through the area between the 

wire1

wire2

EI ferrite core

gaps

winding layer  
Fig. 2.  Cross-sectional view of the inductor of example 1. 
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Niac1

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

 



 

winding layers. Current iac1 and iac2 are the AC current of 

wire 1 and 2, respectively. 

The total magnetic co-energy Eex1 for Fig. 3 at no DC 

current can be expressed as 

( )
leak

2

2ac

2

gap

2

2ac1ac
1ex

RR

iNNiNi
E +

+
= , (9) 

We seek for the solution of iac1 and iac2 that gives an 

extremum of Eex1 under the condition of the same total 

AC current iac_total. Substituting this condition, i.e. 

iac_total=iac1+iac2, into (9) to eliminate iac1, we obtain 

leak

2

2ac

2

gap

2

ac_total

2

1ex
RR

iNiN
E += .  (10) 

The result indicates that the magnetic co-energy takes 

an extremum at iac2=0. Therefore, all the current must 

flow in wire 1, which is the wire close to the gaps. 

C.  Example 2 

Next, we analyze two other inductors, each of which 

has two parallel-connected wires wound on a pair of EI 

cores as shown in Fig. 4. The winding consists of four 

winding layers. Each wire forms two series-connected 

winding layers. In these examples, each winding layer 

has the same number of turns. However, the order of the 

winding layers differs between Fig. 4(a) and Fig. 4(b).  

The magnetic circuit models of Fig. 4(a) and Fig. 4(b) 

are presented in Fig. 5(a) and Fig. 5(b), respectively. The 

total magnetic co-energy Eext2a for Fig. 5(a) at no DC 

current is 

( ) ( )

( )
.

222

leak

2

2ac

leak

2

2ac1ac

leak

2

2ac1ac

gap

2

2ac1ac
a2ex

RR

RR

NiNiNi

NiNiNiNi
E

+
+

+

+
+

+
=

 (11) 

We seek for the solution of iac1 and iac2 that gives an 

extremum of Eex2a without changing the total inductor 

current iac_total. Substituting this condition, i.e. 

iac_total=iac1+iac2, into (11) to eliminate iac1, we obtain 

( )

.
2224

4
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2ac

2

2acac_total

2

leak

2

ac_total

2

gap
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ac_total

2

leak
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2
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a2ex
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iNNiNiiNiN
E
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++=
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According to the extremum co-energy principle, 

∂Eex2a/∂iac2 must be zero. Therefore, we have 

.
2

1
,

2

3
ac_total2acac_total1ac iiii −==  (13) 

This result indicates that the inverse current flows in 

wire 2. Therefore, this disposition of the wires even 

increases the AC copper loss compared with the inductor 

with only one wires. 

On the other hand, the total magnetic co-energy Eext2b 

for Fig 5(b) is 
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Substituting iac_total=iac1+iac2 into (14) we obtain 
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Substituting (15) into ∂Eex2b/∂iac1=0, we have 

wire1

wire2

wire1

wire2

(a)

(b)

EI ferrite core

EI ferrite core

gaps

gaps

Fig. 4.  Cross-sectional views of the inductor of example 2. 

 

iac1,iac2:  current of wires 1 and 2        

N:  Number of turns per layer

Rgap :  Reluctance of the gaps

Rleak : Reluctance of the leakage path between  neighboring 

winding layers

Fig. 4(a)
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Fig. 5.  Magnetic circuit models of the inductors of example 2. 

 



 

.0, 2acac_total1ac == iii  (16) 

The result indicates that all the inductor current flows 

in wire 1. Therefore, Fig. 4(b) is more preferable than Fig. 

4(a), although both of the inductor structures suffer from 

the concentration of the AC current. 

As we have seen above, the proposed method can be 

applied to many cases in which even the value of the 

reluctance is unknown. This implies usefulness of the 

proposed method in practical inductor design. 

IV.  EXPERIMENT 

Experiments were carried out to verify the proposed 

method. In the experiments, examples 1 and 2 shown in 

the previous section were evaluated.  

A.  Example 1 

First, we evaluated example 1. Figure 6 shows the 

experimental inductor wound on a pair of EI cores. 

Specifications of the inductor are shown in Table I. The 

winding is composed as two parallel-connected wires of 

Litz wire (57 strands of φ0.1 wires). Each wire forms a 

winding layer of 7 turns. The core has the gaps of 1mm. 

The space between the winding layers is set at 1mm. 

We applied the AC voltage of 300kHz to the 

experimental inductor. The total AC and DC inductor 

current was 0.50Arms and 0.0Arms, respectively. Then, 

the AC wire current was measured using Rogowski coils. 

The result is shown in Fig. 7. The result shows that 

almost all the AC current flows in wire 1. Therefore, the 

experiment verified the analysis for this example.  

B.  Example 2 

Next, we evaluated example 2. Figure 8 shows two 

experimental inductors wound on a pair of EI cores. 

Specifications of the inductors are shown in Table II. The 

inductors have the winding of two parallel-connected 

wires of Litz wire (57 strands of φ0.1 wires), similarly as 

in example 1. Each wire forms two winding layers of 6 

turns. The core has the gaps of 1mm. The spaces between 

the winding layers are set at 0.5mm.  

First, we evaluated the AC current distribution in the 

parallel-connected wires. We again applied the AC 

voltage of 100kHz to the inductors. The total AC and DC 

current were set at 1.0Arms and 0.0Arms, respectively. 

Figure 9 shows the result. As for Fig. 8(a), the inverse 

current was successfully found in wire 2, although the 

amplitude of the inverse current was slightly smaller than 

the theory. Furthermore, almost all the AC current flows 

in wire 1 in Fig. 8(b), which is also consistent with the 

theory. 

In addition, we measured the AC resistance of the 

experimental inductors at 100kHz with an LCR-meter. 

wire1 (Litz wire, 7T)

wire2 (Litz wire, 7T)

ferrite core

(PC40)

gaps (1mm)

49mm

2
9

m
m

 
Fig. 6.  Photograph of the experimental inductor of example 1. 

TABLE I 

SPECIFICATIONS OF THE INDUCTOR OF EXAMPLE 1 

Inductance 14.65 μH 

Litz wire (wire 1 and wire 2) 
Sumitomo Electric 

Lz 1-FEIW-N  φ0.1×57 

Number of turns 7 

Outer diameter of winding layers 35 mm 

Inner diameter of winding layers 20 mm 

Space between the winding layers 1 mm 

Material of bobbin for coil polyethylene 

Size of E core 19×49×17 mm 

Size of I core 9×49.5×14 mm 

Mag. material TDK PC40 

gaps 1 mm 

Material of gaps polyethylene 
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Fig. 7.  Experimental result of the AC current distribution 

in the inductor of example 1. 
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Fig. 8.  Photographs of the experimental inductors of example 2. 

TABLE II 

SPECIFICATIONS OF THE INDUCTOR OF EXAMPLE 2 

Inductance of Fig. 8(a) 34.57 μH 

Inductance of Fig. 8(b) 35.14 μH 

Litz wire (wire 1 and wire 2) 
Sumitomo Electric 

Lz 1-FEIW-N φ0.1×57 

Number of turns per layer 6 

Outer diameter of winding layers 33 mm 

Inner diameter of winding layers 20 mm 

Space between the winding layers 0.5 mm 

Material of bobbin for coil polyethylene 

Size of E core 19×49×17 mm 

Size of I core 9×49.5×14 mm 

Mag. material TDK PC40 

gaps 1 mm 

Material of gaps polyethylene 

 



 

The result is shown in Fig. 10. The result revealed that 

Fig. 8(b) reduced the AC power loss compared with Fig. 

8(a), contributed by reduction of the inverse current. 

Consequently, we concluded that the experiment 

verified the proposed method.  

V.  CONCLUSIONS 

Parallel-connected wires are commonly utilized for the 

inductor winding to suppress the copper loss. However, 

the proximity effect can cause concentration of AC 

current in a wire, hindering effective suppression of the 

AC copper loss. Therefore, predicting the AC current 

distribution is required to optimize the inductor structure. 

In order to provide a straightforward method to predict 

the AC current distribution, this paper proposed a novel 

analysis method based on the extremum co-energy 

principle. This paper presented two examples, in which 

the AC current distribution is analyzed using the 

proposed method. The results are experimentally verified, 

supporting appropriateness of the proposed method. 
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Fig. 9.  Experimental results of the AC current distribution 

in the inductors of  example 2. 
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Fig. 10.  Experimental results of the AC resistance 

in the inductors of  example 2. 


