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Abstract – Because the on-board charger (OBC) is installed in electric vehicles (EVs), high power 
density is regarded as a key technology. Among components of the OBC, inductors occupy more than 
30% of the total volume. Thus, it is important to reduce the volume and the weight of inductors while 
maintaining thermal stability. Discontinuous conduction mode (DCM) can satisfy these requirements; 
however, only a few studies have adopted the DCM operation for OBCs because of the large inductor 
current ripple. In this paper, a design process is proposed for application of the DCM operation to 
OBCs. In order to analyze the inductor losses accurately, a numerical formula for the inductor current 
ripple is deduced based on a detailed analysis. Two inductors are fabricated using several ferrite cores 
and powder cores taking into consideration the inductor size, inductor losses, and temperature rise. In 
order to verify the analysis and design process, experimental results are presented that show that the 
designed inductors satisfy the requirements of the OBCs. 
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1. Introduction 
 
The on-board charger (OBC) requires high performance, 

that is, high efficiency and high power density, because it 
is mounted inside electric vehicles (EVs). In addition, the 
charging power rate of the OBC has been increased to 
reduce the charging time. Thus, many EVs operate at 
over SAE level 2 [1-4]. In order to increase the power 
density of the OBC, the weight and volume of the 
magnetic components should be decreased because these 
components occupy over 30% of the total volume. The 
conventional OBC consists of a power factor correction 
(PFC) circuit and an isolated DC–DC converter. Commonly, 
the topology of the PFC circuit is designed based on the 
boost converter, and the inductor current is operated in 
the continuous conduction mode (CCM). The boundary 
conduction mode (BCM) and the discontinuous conduction 
mode (DCM) have a higher inductor current ripple 
compared with the CCM mode. However, these two modes 
have their own advantages over the CCM mode [5, 6]. First, 
the switches and diodes can be turned on and turned off, 
respectively, at the zero current state. Thus, the switching 
losses can be decreased. Second, the PFC can be operated 
in the low-inductance condition. Thus, the inductor can 
be designed with low turns, which can reduce the 
resistance of the coil. Further, a low-permeability core can 
be used. However, a high inductor current ripple may cause 
magnetic saturation and increase the core losses of the 

inductor. Therefore, it is hard to design an appropriate 
inductor with high performance for OBCs. Commonly, 
these two operation modes are adopted in a 500-W system 
[6]. In terms of the inductor current ripple, the BCM has 
better performance compared with the DCM. However, 
the BCM operation requires various switching frequencies, 
which aggravates electromagnetic interference (EMI) 
noises [6]. A DCM operation PFC of the OBC has been 
introduced in [7]. However, it suffers from limitations 
with respect to the details and an appropriate design 
methodology for the inductor. Thus, an accurate analysis 
and an appropriate design methodology for the PFC circuit 
operated in DCM while taking installation in the OBC into 
consideration are urgently needed. 

In this paper, an inductor design operated in DCM is 
proposed for the 6.6-kW OBC. Equations of the inductor 
current ripple operated in DCM are deduced to calculate 
the inductor losses and the magnetic saturation. Several 
cores are analyzed for an optimal inductor design. Based 
on the analysis, two inductors are designed by using a 
ferrite core and a powder core. Experimental results such 
as the temperature rise, physical properties, and magnetic 
saturation are presented to verify the validity of the 
designed inductors. 

 
 

2. Analysis of Inductor Current 
 
The adopted PFC circuit is the two-phase interleaved 

boost PFC, as shown in Fig. 1, and the system 
specifications are shown in Table 1. The maximum RMS 
inductor current of each phase is 15 A, because the input 
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current is shared by two phases. In this section, the current 
ripple magnitude is analyzed to design the inductor 
operated in DCM. 

The input voltage Vin and the output voltage Vo of the 
PFC circuit are the sinusoidal and the dc voltage, 
respectively. Thus, the output-to-input voltage conversion 
ratio Gv is varied by the input voltage: 
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The inductor current has rising, falling, and zero periods, 

as shown in Fig. 2. DAT indicates that the inductor current 
becomes zero. The voltage gain Gv is determined by the 
rising period and the falling period. Thus, the voltage gain 
can be expressed as follows: 
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where D is the switch duty ratio. The inductor current iL is 
the same as the rectified input current |iin|. The input 
current is in phase with the input voltage when the input 
current PF is controlled to 1: 

 .( ) ( ) sinL in in pi t i t I wt= =    (3) 
 
If the switching frequency is high enough to the 

frequency of the input voltage, the average inductor current 
is constant during the nth switching period. The average 
magnitude of the inductor current iL.avg is the same as half 
of the peak inductor current iL.p, as shown in Fig. 2: 
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iL.p[n] is calculated as 
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where L is an inductance. DA can be obtained by 
substituting for iL.p from (4) to (5) as follows: 

 

 
.2 [ ]
[ ]

L avg
A

in

L I n
D

V n
⋅

=    (6) 

 
The duty ratio D can be found by substituting for DA 

from (6) to (2) as follows: 
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Therefore, the magnitude of the inductor current ripple 

can be calculated as 
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The inductance should be selected for operating in DCM 

under the entire load range. The DCM inductance under the 
full-load condition can be calculated as 

 
 . .2L p in avgi i> ⋅  (9) 

Table 1. Key parameters of the system 

Parameter Value 
Input voltage, Vin 220 Vac 
Output voltage, Vo 380 Vdc

 

Output power, Po 6.6 kW (3.3-kW for single phase) 

Switching frequency, fsw 50 kHz 

 

IL1

|Vin| Vo
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Fig. 1. Interleaved boost PFC circuit scheme. 
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Fig. 2. Inductor current waveform operated in DCM 
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Fig. 3. Calculated magnitude of inductor current ripple 
using (8) 
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From (9), DCM operation is guaranteed when the 
inductance is below 26.6 µH. Fig. 3 shows the magnitude 
of the inductor current ripple using (8). 

 
 

3. Inductor Design for DCM Operation 
 

3.1 Candidate core materials for DCM PFC inductor 
 
The DCM inductor requires appropriate core materials 

that have low core losses at an elevated frequency and a 
high current ripple. Furthermore, the inductor should 
have consistent DC bias characteristics to eliminate the 
possibility of CCM in the variable OBC input voltage. 
Ferrite and powder cores are selected for low core losses 
and good DC bias among potential candidate core 
materials, as shown in Table 2 [8]. Ferrite cores are ceramic 
compounds made by sintering iron oxide with Mn, Ni, and 
Zn. Mn-Zn ferrites are widely used for common mode 
noise filters and are used as high-frequency transformers 
such as 10-500 kHz transformers. However, ferrite cores 
have a saturation flux density that is below 0.5 T, which is 
much lower than that of metal alloyed cores, which is 0.7-
1.6 T, as shown in Table 2. Therefore, the ferrite core 
requires a larger size to overcome the low saturation flux 
density level for high-power applications. Fig. 4 shows the 
DC bias characteristics of ferrite and powder cores whose 
permeability is 60µ. It also shows the sharp saturation of 
bulk air-gapped ferrite cores and the soft saturation of 
distributed air-gapped powder cores [4]. The DC bias 
characteristics of bulk air-gapped cores have more linearity 
than distributed air-gapped cores before saturation, and this 
linearity is more advantageous for designing the DCM PFC 
inductor. In addition, there are risks from radiated EMI and 
induction heating arising out of bulk air gaps, which are 
inserted for good DC bias characteristics. 

In general, ferrite cores are strongly recommended for 
use below 120°C owing to their lower Curie temperature. 
Metal alloyed powder cores with a high Curie temperature 
of up to 250°C are available depending on the thermal 
class of the coating material. In particular, a distributed air 

gap structure has many advantages such as minimal 
fringing flux, soft saturation, a low acoustic noise level, 
and low core losses. The total core losses of the various 
cores consist of hysteresis losses, eddy current losses, and 
residual losses: 

 
 2

max( , ) ( ) ( ) ( )h r eP B f P a B f P c f P e f= ⋅ ⋅ + ⋅ + ⋅    (10) 
 

where Ph is the hysteresis loss, Pr is the residual loss, and 
Pe is the eddy current loss. 

The dominant loss in the metal alloyed strip and 
powdered cores is eddy current losses owing to the low 
resistivity of their cores. The core losses of metal alloyed 
cores hardly change with temperature. On the other hand, 
the eddy current losses of ferrite cores are dramatically low 
owing to their high resistivity. However, the stray fluxes 
increase the core losses of ferrite and induction heating in 
the wire due to the bulk air gap: 
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where Bpeak is the peak flux density in the core (gauss), Wa 
is the window area of the core (cm2), Acore is the effective 
cross-sectional area of the core (cm2), Ipeak is the peak 
current of the inductor, J is the current density of the wire 
(A/cm2), and Wf is the winding factor. 

Fig. 4. Various 60µ materials according to DC bias [9] 

Table 2. Core material comparison 

Class Material μi Bmax [T] Curie [°C] λ [μ] Frequency [Hz]

Powder core 

MPP (Ni-Fe-Mo) 
High-Flux (Ni-Fe) 
Sendust (Fe-Si-Al) 

Mega-Flux® (Fe-6.5%Si) 

14–550 

0.7 
1.5 
1.0 
1.6 

450 
500 
500 
725 

0 
0 
0 

0.1 

2 M 
1 M 

10 M 
10 M 

METGLAS 2605SC 3,000 1.5 370 27.0 250 k 
METGLAS 2714A 100,000 0.5 205  250 k 

Fe-3%Si (unoriented) 400 1.8 740 7.8 1 k 
Fe-3%Si (oriented) 1,500 1.8 740 -0.8 1 k 

Sheet 
core 

Super core 
JNHF 
JNEX 

(Fe-6.5%Si) 
400 1.6 725 0.1 1 M 

Mn-Zn Ferrite 750–15,000 0.45 250 21.0 2 M Ferrite 
core Ni-Zn Ferrite 10–1,500 0.43 250 21.0 30 M 
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In this paper, the size of the cores is selected from the 
product of the areas WaAcore by using system parameters. In 
addition, an inductor design process is proposed by 
considering the temperature rise, the inductor losses, and 
the power density, as shown in Fig. 5. 

 
3.2 Ferrite inductor design 

 
Ferrite cores are commonly used for small-power-

range DCM applications such as under-500-W applications 
because of their low core losses. However, the design of 

the inductor, which has a high ripple current, is challenging 
for high-power applications. Table 3 shows the charac-
teristics of the three ferrite cores PM11, PM12, and PM15. 
Fig. 6 shows the temperature characteristics of the three 
cores. Among the three cores, PM12 is selected because of 
its temperature reliability with respect to permeability and 
core losses. The size of the cores is chosen from the 
product of the areas WaAcore at the given system parameters. 
Three core sizes can be considered, such as EQ3535, 
EQ4040, and EQ5050 with the bulk air gap. 

The core loss function parameters can be derived from 

Table 3. Mn-Zn Ferrite core material comparison [10] 

Parameter Condition PM11* PM12* PM15* 
Initial permeability (µi) 25℃, 10 kHz, 1mT 2400 3200 2500 

H=1200(A/m), 25℃ 520 520 530 Saturation flux density (Bs, mT) 
H=1200(A/m), 100℃ 420 420 420 

Curie temperature (Tc, °C) - >230 >210 >240 
100 kHz, ΔB = 2000G, 25℃ 570 315 550 Core loss 

(mW/cc) 100 kHz, ΔB = 2000G, 100℃ 300 300 250 
Density (g/cc) - 4.85 4.9 4.9 

 

 
Fig. 5. Inductor design process 

 

 
(a) PM11                    (b) PM12                      (c) PM15 

Fig. 6. Core permeability with varying temperature [10] 
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measuring values. The inductor losses can be calculated as 
the ripple current varies by using (8) and the core loss 
functions (12) and (13): 

 
 [ / ] cP mW cc a B= ⋅    (12) 

 
where a and c are the core loss parameters, 19.62 and 2.795, 
respectively, for PM12. 
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Table 4 shows the design output of the ferrite core 

specifications. The EQ3535 inductor has the disadvantage 
of a high flux swing due to the small number of turns. Fig. 
7(a) shows that EQ3535 exceeds the saturated level of the 
ferrite core. EQ4040 and the EQ5050 are designed with 
adequate cores that have constant DC bias characteristics 
and avoid saturation. Among these cores, EQ5050 has the 
smallest core losses. However, EQ5050 is too bulky to 
increase the power density. EQ4040 has a sharp drop curve 
below 50 A at 130°C. However, the peak inductor current is 
controlled below 50 A, and the temperature also is 
managed below 130°C. Thus, EQ4040 is selected taking 

into consideration the saturation, size, and losses. 
 

3.3 Metal alloyed powder core design 
 
Different powder cores of 26μ were designed to satisfy 

the above reliability requirements. The DC bias 
characteristics determine the peak current level, and a flat 
inductance is preferred for the ability to increase the DCM 
area. Table 5 shows three different inductors that were 
designed with different powder core materials. CH467026 
has the flatter inductance with a low core loss and a smaller 
volume. The powder core has a stable permeability and 
core loss that are robust to temperature variation because of 
the core structure. CH358026, CH400026, and CH467026 
are designed by applying different sizes of the High Flux 
core with similar inductance values and total losses. The 
core loss parameters of (12) are 230.75 and 2.252, 

Table 4. Ferrite inductor design result 

Core part no. EQ3535 EQ4040 EQ5050 
Material PM12 PM12 PM12 

Cross-sectional area  1.96 cm2 2.01 cm2 3.28 cm2 
Air gap (mm) 2.8 10 15.8 

Wire, Ts 
(USTC) 

0.12*380P 
11 Ts 

0.12*380P 
24 Ts 

0.1*560P 
21 Ts 

Wf 55.5% 55% 58.5% 
DCR (mΩ) 5.9 10.9 13.8 

Inductance @ 60 A 7 μH 24 μH 26 μH 
Core volume(cc) 17.26 20.45 28.52 

Core loss  2.47 W 0.31 W 0.39 W 
Copper DC loss  2.36 W 4.36 W 4.36 W 

Copper proximity 
loss  0.94 W 3.27 W 4.80 W 

Total loss 5.77 W 7.94 W 9.55 W 
 

Table 5. Powder core inductor design result 

Core part no. CH358026*2 CH400026 CH467026
Material High flux High flux High flux 

Cross-sectional area  1.34 cm2 1.07 cm2 1.99 cm2 

 
Air gap (mm) - - - 

Wire, Ts 
(USTC) 

0.12*380P 
23 Ts 

0.12*380P 
27 Ts 

0.1*380P 
21 Ts 

Wf 28% 29% 21% 
DCR (mΩ) 7.7 6.8 7.2 

Inductance @ 60 A 22 μH 21 μH 24 μH 
Core volume(cc) 12.18 10.55 21.4 

Core loss  5.85 W 5.99 W 5.31 W 
Copper DC loss  2.72 W 2.72 W 2.88 W 

Copper proximity 
loss  ≒0 W ≒0 W ≒0 W 

Total loss 8.57 W 8.71 W 8.19 W 
 

 
(a) EQ3535 

 
(b) EQ4040 

 
(c) EQ5050 

Fig. 7. DC bias characteristics of ferrite inductors with 
varying current and temperature 
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respectively. CH400026 is selected for its flatter inductance 
with a moderate low core loss and the smallest volume. 
The powder core has almost zero core proximity loss 
because of the low fringing flux. In the ferrite core 
structure, a discrete air gap is inserted into the ferrite cores 
to lower their effective permeability. Thus, they have a 
lower operating flux density. However, a discrete air gap 
can cause severe localized gap loss problems. In this case, 
the air gap loss will exceed the core loss [11]. However, 
because powder cores have a distributed air gap, these 
localized gap losses can be almost eliminated. 

 
 

4. Implementation and Experimental Result 
 

4.1 Inductor implementation 
 
Fig. 8 shows the distributed thermal image of the 

inductor using a thermal imaging camera. Fig. 8(a) shows 
the thermal image of the implemented ferrite core. The 
wire temperature is much higher than the core side owing 
to induction heating from the 10-mm air gap as shown in 
Fig. 8(a) [11]. Thus, the wire is placed near the bottom, 
which is cooled with water coolant to obtain good thermal 
flow. Fig. 8(b) shows that the thermal image of the 
implemented ferrite core heat source of the toroidal 
structure is concentrated in the inner center. Therefore, in 
order to dissipate the inner heat, the center pole of the 
aluminum is formed as a pole structure for ease of heat 
transfer by creating a thermal path. Fig. 9 shows the inner 
structure of the inductor and the thermal flow through its 
bottom. The amount of the heat transfer is determined by 
various factors such as the flow velocity of the coolant, 
the coolant temperature, and the thermal conductivity of 
the interfere materials. The potting material and aluminum 
case can make available an excellent thermal path from 

(a) Ferrite core                                      (b) Powder core 
Fig. 8. Implemented inductor with temperature rise 

. 

 

                      
(a) Ferrite core inductor                        (b) Powder core inductor 

Fig. 9. Thermal flow of inductor and final implemented inductor 
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the internal heat to the bottom. To increase the power 
density, the generated heat must be dissipated, which is a 
challenging problem. Table 6 shows the thermal 
conductivities of the cores, coils, potting materials, and 
case. 

 
4.2 Experimental results 

 
The experiment was carried out as proposed under the 

conditions shown in Table 1. The temperature rise was 
measured using a thermal recorder. Fig. 10 shows the 
inductor current of each phase and the input voltage. The 
inductor current is operated in DCM and is not saturated. 
Potting materials were used to decrease the temperature 
rise for the fabricated inductors. The High Flux and ferrite 
inductors, whose thermal conductivity is 1.0/m·K, were 
compared for verification of the potting effect. Fig. 11 

shows that the temperature of the High Flux inductor is 
saturated at 106.1°C, and the ferrite inductor is saturated at 
101.1°C. Fig. 12 shows the DC bias characteristics of the 
two inductors for various temperatures and the currents. 
Each inductor exhibits an inductance over 21 μH at the 50-
A condition, regardless of the temperature. In terms of 
stable operation, the powder core inductor has better 
performance in comparison with the ferrite core inductor 
because of the low inductance drop over 50 A. 

Table 7 compares the physical properties of the two 
inductors. The High Flux inductor reduces the total 
weight by 25% and the volume by 16.4%. The reduction in 
the core volume of 48% cannot decrease the total volume 
dramatically because the EQ type is superior to the toroidal 
type in terms of structure. Thus, the High Flux inductor 
increases the power density by 7.8%. However, in terms 
of the temperature rise, the ferrite core exhibits better 
performance, as shown in Fig. 11. From the experimental 
results, either of the two cores can be implemented for the 
DCM PFC circuit of the OBC to obtain high performance. 

 
 

5. Conclusion 
 
To apply the DCM operation to the PFC circuit of the 

OBC, a detailed design method was proposed. The inductor 
current was analyzed to calculate the inductor losses 
accurately. To design the optimal inductor for the OBC, the 
core losses, temperature rise, weight, and volume were 
considered, and these factors were calculated using ferrite 
cores and powder cores. Among several cores, the High 
Flux powder core and the PM12 ferrite core were selected. 
From the experimental results, the High Flux inductor had 
better performance in terms of the power density and stable 
operation in terms of the inductance drop. However, the 
ferrite inductor had better performance in terms of the 
temperature rise. Therefore, either of the two inductor 
cores can be used for the PFC circuit of the level 2 OBC 
operated in DCM by applying the proposed design process. 

Table 6. Thermal conductivity of inductor parts 

Description Thermal Conductivity (W/m-k) 
Aluminum case 203.0 

Potting materials 1.0 

High Flux core 6.8 

Ferrite core 5.0 
Copper 395.0 

 
 

Fig. 10. Experimental waveforms at full load 
 

Fig. 11. Temperature rise of High Flux inductor and ferrite 
inductor 
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Fig. 12. Comparison of DC bias characteristic with varying 
temperature and current 
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