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When DC distribution grids with different voltage levels are connected, harmonic currents flow into the grid under light load
conditions, which is a significant cause of grid instability. In this paper, we proposed a method to reduce the current ripple at light
load by designing a bidirectional DC–DC converter reactor to have an inductance variable according to the load power capacity.
The inductance is varied using magnetic saturation and implemented in three ways: two magnetic circuits in one magnetomotive
force (MMF) circuit, a single magnetic circuit in one MMF circuit, and two magnetic components with different magnetic
permeability in one MMF circuit. The feasibility is verified through simulation and experiments targeting the 750 and 380V
DC grid connection. The operating characteristics and efficiency are compared and analyzed by applying the existing and proposed
variable reactor to a bidirectional DC–DC converter.

1. Introduction

Alternating current (AC) distribution networks generate
higher power losses than DC distribution networks due to
power conversion losses and line resistance during power
transmission. In addition, as the policy to expand the propor-
tion of renewable energy generation is implemented world-
wide, DC power sources such as photovoltaic power and fuel
cells are rapidly increasing, and the importance of DC systems
is increasing [1–7]. Accordingly, research on bidirectional
DC–DC converters for stable energy transfer according to
various DC operating voltages is actively conducted [8–23].

When a switching-type power converter, such as a digital
load or an electric vehicle, is connected to a DC-distributed
power source, harmonic components adversely affect the
system’s stability. Many converters installed in the DC dis-
tribution system cause harmonic currents to flow into the
grid due to high-switching frequency operation, causing mal-
function of various equipment. In particular, incoming har-
monic currents directly affect the life span and efficiency of

batteries for an energy storage system (ESS). In connecting
DC distribution systems with different voltage levels, current
harmonic components flowing into the system at light loads
are the leading cause of instability in the power supply sys-
tem [24–27]. Harmonic reduction technology for converters
is essential. However, most harmonic reduction technologies
studied in the microgrid converters are primarily developed
for harmonic reduction between the DC distribution system
and the DC grid [28–48]. Among them, a technique to reduce
ripple by configuring two DC voltages across two capacitors
connected with opposite polarities using a buck–boost DC–DC
converter has been introduced [30–32]. Since the sum of the
ripple energy stored in the two capacitors is approximately
equal to the pulsating energy of the system, the pulsating
energy does not appear on the DC bus. It can reduce both
dc bus voltage ripple and dc bus capacitance [35]. adopts a
method of injecting the third harmonic component into the
input current to minimize the DC bus capacitor. The reduced
pulsating input power reduces the DC bus’s ripple power and
capacitor volume. Lowering ripple by injecting harmonic
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current or distorting the input current changes the amount of
energy delivered to the load in each fundamental cycle [36].
This scheme does not add components to the power circuit
but has the problem of increasing the input current’s total
harmonic distortion. A method of adding an energy storage
circuit in parallel with the DC bus capacitor to bypass the
ripple current flowing through the DC bus capacitor has
been introduced [39–42]. By Cao et al. [41], a circuit was
constructed with one capacitor, one inductor, and two power
switches to absorb and emit ripple energy during different half
cycles. Since the ripple current is compensated with an aver-
age value instead of an instantaneous value, the voltage ripple
is significantly reduced but not satisfactory. A method of
connecting an active compensator in series with the dc bus
line has been proposed [45, 46]. Since the compensator serves
as a voltage source to offset the voltage ripple, the voltage
stress of the added compensator decreases due to series oper-
ation, but since the ripple power for a specific load is fixed, the
current stress of the compensator increases. In particular, only
the DC voltage after the compensator is clean with no notice-
able low-frequency ripple. However, the DC voltage before
the compensator still has a large low-frequency ripple. In a
DC microgrid system, there can be a wide variety of widely
distributed sources and loads, making it challenging to apply
existing methods to all DC sources and loads.

This paper proposes a harmonic reduction technology
that can satisfy the same current ripple rate regardless of
transmission current to construct a stable power supply sys-
tem with less harmonic current influence on the DC-
distribution grid and dc grid.

This paper’s most important technical contribution is a
method to reduce the current ripple at light load by designing
the reactor of the bidirectional DC–DC converter to have
variable inductance through magnetic saturation according
to the load power capacity. Three methods are proposed to
create a variable reactor: two magnetic circuits in one MMF
circuit, one magnetic circuit in one MMF circuit, and two
magnetic materials with different magnetic permeability in
one MMF circuit. A 750-V DC grid and a 380-V DC grid
are configured for simulation and experiment. The operating
characteristics and efficiency are analyzed by applying the
existing and proposed reactor to the bidirectional DC–DC
converter.

2. Bidirectional DC–DC Converters in DC Grids

Several DC–DC converters installed in the dc distribution net-
work perform step-up, step-down, and step-up and down
functions according to their roles. Renewable energy genera-
tion sources and most connected loads operate intermittently,
so the system’s stability fluctuates frequently.

The ESS converter that controls the grid voltage and the
power receiving converter between the grids are continu-
ously operated. Therefore, the worst condition is where
only the ESS converter and the power-receiving converter
work in the no-load state. The grid’s stability becomes the
worst due to voltage hunting due to the inflow of harmonic
current. In this case, to improve the grid stability, a converter
for ESS and a bidirectional DC–DC converter for receiving
power are needed to minimize the inflow of harmonic
current.

2.1. Bidirectional DCDC Converter. Figure 1(a) shows a
bidirectional DC–DC converter structure applicable to the
DC-distribution grids with different voltage levels. In a bidi-
rectional DC–DC converter, the current ripple of the reactor
determines the switching frequency, inductance, and operat-
ing voltage.

ΔI ¼ d 1 − dð Þ ⋅ Vi

fs ⋅ L
: ð1Þ

Regardless of the load current, it is determined only by
the duty ratio as given in Equation (1), and the maximum
current ripple appears when the duty ratio is 0.5, as shown in
Figure 1(b).

When the converter’s switching frequency is increased to
reduce the current ripple, the switching loss increases rapidly
depending on the operating voltage and power capacity.
Since there is a limit to increasing the switching frequency,
it is a general method to design the ripple factor of the rated
current to be 30%–40% by increasing the inductance. How-
ever, when only the ESS converter and the power converter at
the power receiving stage are operated, the grid’s stability
severely deteriorates due to the current ripple in the no-
load condition.
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FIGURE 1: Bidirectional DC–DC converter structure and current ripple according to duty ratio, (a) Converter structure applicable to the DC
distribution grids with different voltage levels and (b) current ripple according to the duty ratio [49].
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The current ripple of the reactor must be reduced to
decrease the harmonic current in standby conditions or light
load. The switching frequency or inductance can be changed
to lower the reactor current ripple during the light load
operation. First, the current ripple can be reduced at light
loads by varying the switching frequency according to the
load during operation. This method has a limitation due to
an increase in switching loss and has a problem in that power
conversion efficiency is significantly reduced at light loads.
Next, increasing the inductance causes an economic problem
due to an increase in the size and weight of the inductor.

To solve this problem, this paper proposes a new type of
reactor that can solve economic issues such as the size and
weight of the reactors by serially coupling two independent
reactors with different characteristics.

2.2. Proposed Concept Composed of Two Independent Reactors
in Series. Figure 2 shows an equivalent magnetic and electrical
circuit when two independent reactors with different char-
acteristics are connected in series. When a low current flows
in a state where a small-value reactor with a large air gap (Lm)
and a large-value reactor with a small air gap (La) is con-
nected in series, the total inductance appears as the sum of
the two inductances. However, when the current increases
and the magnetic circuit with the small air gap (La) saturates,
the total inductance appears only as the inductance with the
large air gap (Lm). The relationship between magnetomotive
force (MMF), magnetic flux, and inductance without consid-
ering the magnetic saturation is as follows:

Fm ¼ N1I ¼ Rgm þ Rcm þ Rgm þ Rcm

À Á
ϕm ¼ Reqmϕm;

ð2Þ

Reqm ¼ N1I
ϕm

; ð3Þ

Lm ¼ N1
2

Reqm
¼ N1

2

Rgm þ Rcm þ Rgm þ Rcm

À Á ; ð4Þ

Fa ¼ N2I ¼ Rca þ Rcað Þϕa ¼ Reqaϕa; ð5Þ

Reqa ¼
N2I
ϕa

; ð6Þ

La ¼
N2

2

Reqa
¼ N2

2

Rca þ Rcað Þ : ð7Þ

The inductance when the magnetic flux is not saturated
is the same as the above formula, but when the magnetic flux
is saturated, it becomes zero. The proposed combination of
two reactors has a large inductance at a low current where
the magnetic flux does not saturate and a small inductance at
a large current where the magnetic flux saturates. Therefore,
if this reactor is used for a DC–DC converter in a DC–
distribution network, it dramatically reduces current ripple
at light loads [49].

2.3. Design Consideration of Series-Coupled Reactors with
Two Different Characteristics. Figure 3(a) shows the relation-
ship between magnetic flux, current, and inductance accord-
ing to the air gap in the reactor under the ideal condition.
Since the inductance at the rated current (Irate) is determined
by the reactor with a large air gap, the inductance consider-
ing the current ripple is first calculated under the rated cur-
rent condition. Next, the inductance of the reactor with a
small air gap is computed at a light load considering the
current ripple by the reactor with a small air gap.

The inductance value of a reactor with a large air gap
that satisfies the current ripple rate at rated current can be
obtained from Equation (8)

Lm ¼ d 1 − dð Þ ⋅ Vi

fs ⋅ ΔIrate
: ð8Þ

Here, Lm is the inductance of the reactor with a large air
gap, ΔIrate is the ripple factor at rated current, d is the duty
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FIGURE 2: The magnetic and electrical equivalent circuit according to two reactor series configuration; (a) series connected reactors with
different characteristics, (b) magnetic and electrical equivalent circuit of a reactor with a gap, (c) magnetic and electrical equivalent circuit of a
reactor with no gap, and (d) series inductance.
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ratio, fs is the switching frequency, and Vi is the input
voltage.

The inductance of a reactor with a small air gap that
satisfies the current ripple at no load and light load can be
obtained from Equation (9)

La ¼
d 1 − dð Þ ⋅ Vi

fs ⋅ ΔIno-load
− Lm: ð9Þ

Here, La is the inductance of the reactor with a small air
gap, ΔIno-load is the ripple factor at no load condition, d is the
duty ratio, fs is the switching frequency, and Vi is the input
voltage.

Figure 3(b) shows the relationship between magnetic flux,
current, and inductance of a reactor in a practical condition. It
shows the change of total flux-linkage and inductance accord-
ing to the current. As the current increases, the magnetic flux
density of the core and the total flux linkage become saturated.
At this time, the inductance value decreases inversely to the
current growth. Even in the practical conditions, when the air
gap of the reactor is large, the inductance is small, but the
rated current capacity is large.

On the other hand, when the air gap of the reactor is
small, the inductance is significant, but the rated current
capacity is low. Therefore, by connecting two reactors with
different rated current capacities in series, it is possible to
design reactors with varying values of inductance depending
on the magnitude of the current. The method of varying the
inductance value mentioned above is implemented by divid-
ing it into three types, and its characteristics are compared
and analyzed. Case 1 configures two magnetic circuits in one
MMF circuit. Case 2 is a method implemented by using one
magnetic circuit for one MMF circuit. Case 3 is a method of

using two magnetic circuits with different permeability in
one MMF circuit.

2.3.1. Case 1: Two Magnetic Circuits in One MMF Circuit.
Figure 4 shows Case 1, where the inductance is changed
by configuring two magnetic circuits in one MMF circuit.
Case 1 is constructed using the same magnetic material. A
magnetic circuit is built by arranging the distance between
the outer and inner magnetic materials to be larger than the
air gap [49]. The outside reactor has a large air gap, and the
inside reactor has a small air gap. The relationship between
MMF and magnetic flux without considering the magnetic
saturation phenomenon is as in Equation (10)

ϕ¼ ϕm þ ϕa; ð10Þ

where ϕm ¼ NI
2 RcmþRgmð Þ ; ϕa ¼ NI

2Rca
.

Since the magnetic resistance of the outside reactor is much
larger than that of the inside reactor with no air gap, most of the
magnetic flux flows into the magnetic circuit by the inside reac-
tor. After the inside magnetic circuit is saturated, most of the
magnetic flux is formed in the outside magnetic circuit.

2.3.2. Case 2: Single Magnetic Circuit in One MMF Circuit.
Figure 5 shows Case 2, in which the inductance is changed by
configuring a single magnetic circuit in one MMF circuit.
Case 2 is a method of increasing the air gap by laser cutting
on the outer part of the magnetic material. Case 2 uses the
same magnetic material so that the outside has a large air gap
in the magnetic circuit, and the inside has a small air gap in
the single magnetic circuit. The relationship between MMF
and magnetic flux without considering magnetic saturation
is described in Equation (11)
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FIGURE 3: Relationship between magnetic flux, current, and inductance for a reactor with a large air gap, a reactor with a small air gap, and the
case of connecting the two reactors in series; (a) ideal and (b) practical [49].
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ϕ¼ NI

Rc1 þ Rc2 þ 2
Rga⋅Rgm

RgaþRgm

� � : ð11Þ

In the structure of Case 2, if the magnetic flux is small, a
magnetic path is formed through the inside small air gap.
However, magnetic saturation occurs in the inside small air
gap when the magnetic flux is large. The equivalent air gap
becomes large becausemagnetic saturation occurs only around
the small air gap. At this time, magnetic flux is formed through
the large air gap.

2.3.3. Case 3: Magnetic Circuit by Two Magnetic Materials
with Different Permeability in One MMF Circuit. Figure 6
shows Case 3, where the inductance can be varied by using a
magnetic circuit made of two magnetic materials with differ-
ent magnetic permeability in one MMF circuit. Case 3 con-
sists of two magnetic materials with different permeability.
The outer reactor uses a magnetic material with a small
permeability, and the inner reactor uses a very high perme-
ability. The relationship between MMF and magnetic flux

without considering magnetic saturation is described in
Equation (12)

ϕ¼ ϕm þ ϕa ¼
Rca þ Rcm

Rca ⋅ Rcm

� �
NI: ð12Þ

Because the inner reactor has a large permeability, the
magnetoresistance is smaller than the outer reactor with low
permeability. Therefore, most of the magnetic flux flows into
the internal magnetic circuit, and after the internal magnetic
circuit is saturated, the magnetic flux is formed in the outer
magnetic circuit. The magnetic circuit of Case 3 operates as
almost independent circuits due to different permeability. It
has the effect of significantly reducing the noise of the reactor
because there is no air gap.

3. Simulation and Experimental Results

3.1. Simulation Results. Figure 7(a) is a PSIM (Powersim’s
circuit analysis simulation tool) schematic for simulating the
proposed variable reactor concept. Figure 7(b) shows the
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FIGURE 5: A method of varying the inductance by configuring a single magnetic circuit in one MMF circuit, (a) Case 2 configuration and (b)
equivalent magnetic and electric circuit of Case 2.
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FIGURE 4: A method of varying the inductance by configuring two magnetic circuits in one MMF circuit, (a) Case 1 configuration and
(b) equivalent magnetic and electric circuit of Case 1.
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slope change of inductance according to the current magni-
tude to realize variable inductance in simulation. Where Lmax

is the inductance capacity of the reactor with a small air gap
(La), it starts to saturate at Imin. Until Ibound, the inductance is
modeled as decreasing by La_sat.

La sat ¼ −
Lmax − Lbound
Ibound − Imin

i − Iminð Þ þ Lmax: ð13Þ

The saturation phenomenon of the reactor with a large
air gap (Lm) from Ibound to Imax, is modeled to have a gentle
slope by Lm_sat.

Lm sat ¼ −
Lbound − Lmin

Imax − Ibound
i − Iboundð Þ þ Lbound: ð14Þ

Table 1 shows the simulation parameters. Although the
inductance value decreases nonlinearly when the reactor is
saturated, it is modeled linearly to simulate the proposed
variable reactor characteristics. Characteristics are analyzed
by comparing with a conventional converter with a fixed
value reactor under heavy and no-load conditions. In the
simulation, the primary inductance (Lm) is simulated with
1.4mH and the auxiliary inductance (La) with 16mH. Since
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–
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FIGURE 6: A method of varying the inductance by configuring two magnetic materials with different permeability in one MMF circuit, (a) Case
3 configuration and (b) equivalent magnetic and electric circuit of Case 3.
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FIGURE 7: Simulation setup,: (a) converter schematic for PSIM simulation and (b) inductance change modeling according to the current
magnitude.
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magnetic saturation could not be implemented as in the
experiment, two inductance values (Lm, La) with a difference
of about 10 times that were suitable for implementing the
characteristics of Figure 7(b) were used.

Figure 8 is the load drop simulation for voltage control of
a bidirectional DC–DC converter operating with an input
voltage of 750V and an output voltage of 380V. Figure 8(a)
is the simulation result of having a constant inductance of
1.4mH regardless of the load condition. In this case, the
current ripple appears as 17.54A. The proposed variable
reactor in Figure 8(b) is modeled to have an inductance
of 1.4mH under heavy load and an inductance of 16mH
at no load after the load is dropped. It can be seen that the
current ripple at no load is significantly lowered to 2.58 A.
The initial startup becomes a steady state within 80ms by
applying the soft-start function, and the duty ratio of the
steady state becomes 0.529 to control this. When the load is
dropped, the output voltage increases to 454V but returns
to a steady state within 18ms.

Figure 9 shows the reactor current characteristics accord-
ing to the increase or decrease of the load current when

controlling the current of the bidirectional DC–DC con-
verter. The input side is 750V, and the output side is simu-
lated under 380V. Figures 9(a) and 9(b) are simulation
results when the current command value varies from 30 to
0A. In both methods, the dynamic characteristics for load
fluctuations are almost identical. Since conventional reactors
have a fixed inductance, the current ripple is constant regard-
less of the load. In the case of the proposed variable induc-
tance, since it has 16mH at no-load and 1.4mH at heavy
load, the current ripple appears close to zero under no-load
conditions.

3.2. Prototype Reactor Design

3.2.1. Case 1: Two Magnetic Circuits in One MMF Circuit.
Figure 10 shows the design drawing and prototype photo of
the reactor to which the Case 1 concept was applied [49].
Case 1 reactor uses UU core composed of the same magnetic
material. The air gap of the large core is designed to be 7mm,
the air gap of the small core is 0.1mm, and the wire is wound
with 60 Turns using Litz wire 15SQ. To remove the interfer-
ence between the large and small cores, the gap between the

TABLE 1: Simulation parameters.

Parameters Value Unit

Inductor
Conventional 1.4 mH

Inductor
Large air gap (Lm) 1.4 mH
Small air gap (La) 16 mH

Switching frequency 6 kHz
Input voltage 750 V
Output voltage 380 V
Rated power 25 kW
Capacitor

Input and output 1,000 μF

Inductance

Output voltage

Reactor current

Capacitor current

Duty ratio

0
0

0.2
0.4
0.6

–20
0

20
40
60

–20
0

20
40
60

0
200
400

0.0013
0.0014
0.0015

L

Vo2

I(RL2)

I(C4)

Out0

0.1 0.2 0.3 0.4 0.5 0.6

Load drop

Time (s)

ðaÞ

L
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I(C4)

Out0

0
0

0.2
0.4
0.6

0
0004

0.008
0.012
0.016

0
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40

0
20
40

0
200
400

0.1 0.2 0.3 0.4 0.5 0.6

Inductance

Output voltage

Reactor current

Capacitor current

Duty ratio

Load drop

Time (s)

ðbÞ
FIGURE 8: Load drop simulation for voltage control of a bidirectional DC–DC converter; (a) with conventional fixed inductance and (b) with
proposed variable inductance.
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cores is designed to be 1.5 times larger than the air gap of the
large core. The critical parameters of the core used for the
large and small reactors are given in Table 2, and the induc-
tance of each reactor can be obtained from Equations (15)
and (16)

Lm ¼ μrμoAcN2

lc
; ð15Þ

La ¼
μoAcN2

lg
: ð16Þ

Since the bidirectional DC–DC converter using the pro-
posed variable inductor operates in buck mode and boost
mode, finding the optimal inductance value for both direc-
tions is difficult. Therefore, we need to calculate the induc-
tance and select an appropriate core in the buck mode with

Inductance

Input voltage

Reactor current

Duty ratio

Output voltage

0.1 0.15 0.250.2
Time (s)

0.3

0.4
0.3

0.5
0.6
0.7

–20
–10

0
10
20
30
40

300
400
500
600
700
800

0.00125
0.0013
0.0014
0.0015

0.00135
0.00145
0.00155

Out1

Vin

I(RL2)

L

Vo2

ðaÞ

Inductance

Input voltage

Reactor current

Duty ratio

Output voltage

0.1 0.15 0.250.2
Time (s)

0.3

0.6
0.4

0.8

–20
–10

0
10
20
30
40

300
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600
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800

0
0.004
0.008
0.012
0.016

Out1

I(RL2)

L

Vin Vo2

ðbÞ
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FIGURE 9: Reactor current characteristics according to the increase or decrease of the load current under current control of a bidirectional
DC–DC converter; (a) when changing from 30 to 0A with the fixed inductance, (b) from 30 to 0A with the proposed variable inductance, (c)
when changing from −30 to 0A with the fixed inductance, and (d) when changing from −30 to 0A with the proposed variable inductance.
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FIGURE 10: Case 1 reactor design: (a) front view, (b) side view, (c) top view, and (d) photo of a prototype.
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the same power capacity and larger current. Considering the
load power capacity, if the inductance of the primary induc-
tor and auxiliary inductor at the allowable current peak is
obtained using Equations (15) and (16), they are 1.5 and
9mH, respectively, which is about 2.4mH. Considering the
output voltage of 380V in buck mode under the condition of
24 kW load, the average inductor current is 65.8 A. Consid-
ering the switching frequency of 6 kHz and the voltage rela-
tionship from 750 to 380V, the duty ratio of the switch is
about 0.5. Therefore, the inductor’s ripple current (peak-to-
peak) is obtained as in Equation (17)

dI ¼ V
dt
L

� �
¼ 750 − 380ð Þ 0:5 × 0:167 × 10−3ð Þ

2:4 × 10−3
¼ 12:87A:

ð17Þ

Next, selecting a core that satisfies the calculated induc-
tance and ripple current is necessary. Trade-off considering
the size and price of the core, is common, but in this paper, a
UU-Core made of Mn-Zn PC40 that satisfies the inductance
and ripple current was selected. The number of turns of the
inductor is determined as 60 Turns using Equation (18) in
consideration of the AL value of the core [50, 51].

N ¼
ffiffiffiffiffiffi
L
AL

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2:4mH
667 nH

r
¼ 60 Turns: ð18Þ

3.2.2. Design Procedure. There are several approaches to
inductor design applied to power electronic systems. This
paper implements variable inductance by combining a core
with magnetic saturation and a core without magnetic satu-
ration, slightly different from the general design method.

Step 1: in Case 1, the allowable ripple current of the
inductor is first calculated by Equation (17), con-
sidering the load power capacity of the DC–DC
converter. At this time, the current slope can be
determined using the inductance value. This step
determines an arbitrary inductance value by con-
sidering the current peak and slope (considering
the current peak means considering the current
rating of the switch that can be used).

Step 2: select a core (Lm) that can handle the allowable
ripple current among the cores sold on the mar-
ket. When selecting a core, it should be easily
obtainable, and structurally, it should be consid-
ered whether two magnetic circuits can be com-
posed of one MMF circuit like Case 1.

Step 3: as the auxiliary core (La) where magnetic satura-
tion occurs, a core with the same magnetic per-
meability as Lm but with a smaller cross-section is
selected.

Step 4: refer to the AL-value in the core data sheet and
use Equation (18) to determine the number of
windings. When a core is selected, the values in
the data sheet are used for permeability and
cross-sectional area depending on the core shape.

Step 5: since μr, μ0, and Ac can be found through the core
datasheet and the number of windings has been
determined, adjust the air gap (lc) in Equation
(15) to obtain the desired Lm.

Step 6: adjust the air gap (lg) in Equation (16) to obtain
the desired La.

Step 7: if the desired inductance cannot be obtained even
after adjusting the air gap, return to Step 1 and
try again.

Cases 2 and 3 use the same procedure to design inductors.
Figure 11(a) is the analysis result using Flux3D for the

current density flowing in the conductor. The current den-
sity of 6.5e+ 06 A/m2 is shown on the surface of the core,
and the current density of about 4.817e+ 06 A/m2 appears
on the curved surface where the wire is folded. Figure 11(b)
shows the result of electromagnetic analysis. It shows
0.0123 Tesla in the primary core and 0.530 (tesla) in the
auxiliary core.

3.2.3. Case 2: Single Magnetic Circuit in One MMF Circuit.
Figure 12 shows a 3D view and prototype of a reactor apply-
ing the Case 2 concept. Case 2 uses three EE cores made of
the same magnetic material. The key parameters are shown
in Table 3. Design the air gap of the large core as 16mm and
the air gap of the small core as 1mm. 70 Turns are wound
using Litz wire 20SQ. The inductance of the large core
(Lm) is 1.48mH, and the inductance of the small core (La)
is 33mH.

TABLE 2: Critical parameters of the magnetic component to implement Case 1 concept.

Core parameters
Large core (Lm) with

large air gap
Small core (La)

with small air gap
Air gap (Lm)
(core-to-core)

Air gap (La)
(core-to-core)

Unit

Permeability
μo 1.25664e-06 μo 1.25664e-06 μo 1.25664e-06 μo 1.25664e-06 H/m
μr 400 μr 400 μr 1 μr 1

Cross-sectional area Ac 0.00124124 Ac 0.00062062 Ac 0.00124124 Ac 0.00062062 m2

Windings N 60 N 60 N 60 N 60 Turns
Length magnetic pass, air-gap lc 0.2079 lc 0.2079 lg 0.007 lg 0.0001 m

Inductance
Lcm 10,805.3 Lca 5,402.6 Lgm 802.2 Lga 28,078.7 μH
2x 21,610.6 2x 10,805.3 2x 1,604.5 2x 56,157.4 μH

Synthetic inductance 1,493.6 9,061.7 – – μH
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L¼ Lm ⋅ La
Lm þ La

: ð19Þ

The combined inductance of Case 2 is calculated by
Equation (19) because the primary inductor and auxiliary
inductor are coupled in parallel. The ripple current is
obtained using Equation (17) in the same way as Case 1,
and a core that satisfies it is selected. In this paper, the
Tangda EE160 core is selected. As in Equation (18), if the
number of turns is calculated considering the AL value of the
core, it is 70 Turns.

Figure 13(a) is the analysis result using Flux3D for the
current density flowing in the conductor. The current density
of 1.866e+ 05A/m2is shown on the surface of the core, and
the current density of about 1.374e+ 06A/m2 appears on the
curved surface where the wire is folded. Figure 13(b) shows
the result of electromagnetic analysis. It can be seen that the
minimum value of 0.0028 Tesla appears in the air gap of
the primary inductor core and the edge of each core, and
the maximum value of 0.557 Tesla occurs in the air gap of the
auxiliary inductor core.

3.2.4. Case 3: Magnetic Circuit by Two Magnetic Materials
with Different Permeability in One MMF Circuit. Figure 14
shows the 3D view and prototype of the reactor to which the
Case 3 concept was applied. Case 3 uses a toroidal core made
of two different magnetic materials. Mega flux core with low
permeability and EMI core with high permeability is used.
The key parameters are listed in Table 4. Winding is 48
Turns using Litz wire 15SQ. As in the simulation, the induc-
tance of the mega flux core is about 1.3mH and the induc-
tance of the EMI core is 12.8mH.

L¼ μrμoCN2

2π
ln

A
B

� �
; ð20Þ

Bm ¼ μrμoNIpk
lc

: ð21Þ

The inductance of Case 3 is calculated by Equation (20)
considering the cross-sectional area of the toroidal core, and
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FIGURE 11: Current density and electromagnetic analysis for variable inductor case 1; (a) current density analysis and (b) electromagnetic
analysis.
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the magnetic flux density is defined by Equation (21). Using
Equation (17), the ripple current is obtained in the same way
as Case 1 and Case 2, and a core that satisfies this is selected.
In this paper, Mega flux and EMI cores with different mag-
netic materials are selected. As in Equation (18), if the num-
ber of turns is calculated considering the AL value of each
core, it is 48 Turns.

Figure 15(a) is the analysis result using Flux3D for the cur-
rent density flowing in the conductor. It can be seen that high-
current density occurs on the core side of the auxiliary inductor.
Figure 15(b) is the electromagnetic analysis result. It is as high as
0.4182 Tesla in the auxiliary inductor core and shows a value of
0.0866 Tesla in the core of the primary inductor.

3.3. Experimental Results. Figure 16 shows the experimental
setup. The conventional reactor, three ways to implement the
proposed variable reactors, and the bidirectional DC–DC
converter are shown. To simulate the DC grid with two

different voltages connected to both sides of the converter,
a 750-V DC grid using a power supply and a 380-V DC grid
using a battery cell are constructed. In addition, it consists of
an oscilloscope (Wavesurfer 3024) for measuring the experi-
mental waveform of the bidirectional converter, a power ana-
lyzer (WT1800) for measuring efficiency, and a PC for
monitoring and control.

Figure 17 shows the reactor current waveform at no-load
when the voltage across both ends of the bidirectional
DC–DC converter is controlled to DC 750V and DC
380V. In the case of applying the conventional reactor in
Figure 17(a), the current ripple is about 30A. In Case 1, the
reactor current ripple is about 20A, the reactor with the
small air gap core (La) is saturated, and the reactor with
the large air gap core (Lm) operates. In Case 2 and Case 3,
the reactor current ripple is about 1A, and the current ripple
is low due to the influence of the reactor with the small air
gap core and the EMI core having a large inductance.

88.0 mm

39.3 mm
43.0 mm 39.3 mm

132.0 mm
19

9.
4 

m
m

15
7.

0 
m

m
16

.0
 m

m

ðaÞ ðbÞ
FIGURE 12: Case 2 reactor design; (a) 3D view and (b) photo of a prototype.

TABLE 3: Critical parameters of the magnetic component to implement Case 2 concept.

Core parameters
Large core (Lm)
with large air gap

Small core (La) Air gap (core-to-core) Unit

Permeability
μo 1.25664e-06 μo 1.25664e-06 μo 1.25664e-06 H/m
μr 300 μr 300 μr 1

Cross-sectional area Ac 0.0010032 Ac 0.0010032 Ac 0.0010032 m2

Windings N 70 N 70 N 70 Turns
Length magnetic pass, air-gap lc 0.2082 lc 0.2242 lg 0.016 m

Inductance
Lcm 8,901.3 Lca 8,265.7 Lgm 386.1 μH
4x 35,605.3 4x 33,062.8 4x 1,544.3 μH

Synthetic inductance 1,480.1 33,062.8 – μH
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Figure 18 is the experimental waveform of the reactor
current ripple when the bidirectional DC–DC converter
operates at 6 kW under voltage control. The conventional
reactor in Figure 18(a) has a current ripple of about 30A.
Figure 18(b) shows the current ripple when the Case 1 reac-
tor is applied. In Case 1, since the inductance of a large air
gap core (Lm) is small and saturation occurs quickly, only up
to 3 kW is tested. The current ripple appears to be about
30A. Case 2 in Figure 18(c) has a current ripple of almost
24A. In Case 3 of Figure 18(d), the current ripple appears
according to the inductance of the large air gap core (Lm) due
to the saturation of the small air gap core (La), measured at
about 44A.

Figure 19 shows the reactor current waveform during
12 kW operation under voltage control, with the voltages at

both ends of the bidirectional DC–DC converter being DC
750V and DC 380V. In Figure 19(a), when the conventional
reactor is applied, the current ripple is about 30A and shows
a constant value regardless of the load condition. In Case 1,
the experiment is impossible because the main reactor is
saturated at 12 kW operation. In Case 2, the reactor current
ripple is about 24A, and in Case 3, the current ripple is about
60A. In Cases 2 and 3, the current ripple is determined
according to the inductance of the large core as the small
core is saturated.

Figure 20 is an experimental waveform to analyze the
steady-state characteristics after no-load startup, assuming
that the 750-V DC grid is connected to the 380-V DC grid.
In Figure 20(b), the small core (La) of Case 1 is saturated, and
the large core (Lm) is in operation. The initial soft-start
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FIGURE 13: Current density and electromagnetic analysis for variable inductor Case 2: (a) current density analysis and (b) electromagnetic
analysis.
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response of the conventional and proposed reactors is the
same. Still, the current ripple of the proposed reactor Cases 2
and 3 in the steady state is reduced to about 1/30.

Figure 21 is an experimental waveform to analyze the
steady-state characteristics after starting with a 12 kW load
when a 750-V DC grid is connected to a 380-V DC grid. In
Figure 21(b), Case 1 shows the starting characteristics at
3 kW due to the saturation of the large air gap core (Lm).
The initial attributes of the conventional and proposed reac-
tor show similar characteristics even when the load is
applied. In addition, it can be seen that the current ripple
is identical to that of the conventional reactor because the
small air gap core (La) of the proposed method is saturated in
the 12 kW load operation. However, in Case 3, the inductance
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FIGURE 14: Case 3 reactor design: (a) 3D view and (b) photo of a prototype.

TABLE 4: Critical parameters of the magnetic component to imple-
ment Case 3 concept.

Core parameters Mega flux (Lm) EMI (La) Unit

Permeability
μo 1.25664e-06 μo 1.25664e-06 H/m
μr 60 μr 4,000

Cross-sectional area
A 0.165 A 0.140 m
B 0.089 B 0.106 m
C 0.025 C 0.025 m

Windings N 48 N 48 Turns

Inductance
Lcm 433.5 Lca 12,819.6 μH
3x 1,300.5 1x 12,819.6 μH

Total inductance 14,120.2 μH

IET Electrical Systems in Transportation 13



of the Mega flux core is small, about 1.3mH, so the current
ripple during load operation is enormous.

Figure 22 shows the experimental waveform in current
control mode when the 750-V DC grid and 380-V DC grid
are connected. The current ripple of the conventional reactor
is about 30A. The current ripple of the Case 1 reactor is
about 20A, the small air gap core (La) is saturated, and the
large air gap core (Lm) is operating. The reactor current
ripple in Cases 2 and 3 is about 1A, and the current ripple
is low due to the influence of the small air gap core (La) and
the EMI core (La) having a large inductance.

Figure 23 is an experimental waveform transmitting
10A from the 750-V DC grid to the 380-V DC grid under
current control mode. The large air gap core (Lm) of Case 1 in
Figure 23(b) shows saturation. The small air gap core (La) in
Case 2 and the EMI core (La) in Case 3 is saturated, and the
large air gap core (Lm) in Case 2 and theMega flux core (Lm) in

Case 3 are running. The current ripple of the conventional
reactor is about 30A. The current ripple of the Case 1 reactor
is about 44A, the current ripple of the Case 2 reactor is about
20A, and the current ripple of the Case 3 reactor is about 36A.

Figure 24 is an experimental waveform for transferring
20A from a 750-V DC grid to a 380-V DC grid under cur-
rent control mode. Case 1 cannot be tested due to saturation.
In Case 2, the small air gap core (La) is saturated, and the
large air gap core (Lm) is running. In Case 3, the EMI core
(La) is saturated, and the Mega flux core (Lm) is operating.
The current ripple of the conventional reactor shows about
30A regardless of the load condition. The current ripple of
the Case 2 reactor is about 24A, and the current ripple of the
Case 3 reactor is about 44A.

Figure 25 is an experimental waveform for transferring
30A from a 750-V DC grid to a 380-V DC grid with current
control. Case 1 cannot be tested due to saturation. The small
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FIGURE 15: Current density and electromagnetic analysis for variable inductor case 3: (a) current density analysis and (b) electromagnetic
analysis.
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FIGURE 16: The experimental setup: (a) the existing reactor, the proposed three variable reactors, and the bidirectional DCDC converter for the
experiment, (b) the power supply for the 750-V DC grid, and (c) the battery cell for the 380-V DC grid.
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FIGURE 17: Continued.
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air gap core (La) in Case 2 and the EMI core (La) in Case 3 is
saturated, and the large air gap core (Lm) in Case 2 and the
Mega flux core (Lm) in Case 3 are running. The current ripple
of a conventional reactor represents about 30A regardless of
load conditions. The current ripple of the Case 2 reactor is

about 24A, and the current ripple of the Case 3 reactor is
about 60A.

Figure 26 is an experimental waveform in which the
750-V DC grid and the 380-V DC grid transfer 11 kW of
power in both directions under current control mode. The
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FIGURE 17: Reactor current ripple when the bidirectional DC–DC converter operates at no-load under voltage control; (a) conventional
reactor, (b) Case 1, (c) Case 2, and (d) Case 3.
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FIGURE 18: Reactor current ripple when the bidirectional DC–DC converter operates at 6 kW under voltage control,; (a) conventional reactor,
(b) Case 1 @3 kW, (c) Case 2, and (d) Case 3.
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FIGURE 19: Reactor current ripple when the bidirectional DC–DC converter operates at 12 kW under voltage control, (a) conventional reactor,
(b) Case 2, and (c) Case 3.
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FIGURE 20: Experimental waveform to analyze the steady-state characteristics after no-load startup, assuming that the 750-V DC grid is
connected to the 380-V DC grid; (a) conventional reactor, (b) Case 1, (c) Case 2, and (d) Case 3.
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FIGURE 21: Experimental waveform to analyze the steady-state characteristics after starting a load of about 12 kW when a 750V DC grid is
connected to a 380V DC grid: (a) conventional reactor, (b) Case 1 @3 kW, (c) Case 2, and (d) Case 3.
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FIGURE 22: He experimental waveform at current control mode when the 750V DC grid and 380V DC grid are connected; (a) conventional
reactor, (b) Case 1, (c) Case 2, and (d) Case 3.
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FIGURE 23: Experimental waveform transmitting 10A from the 750V DC grid to the 380V DC grid under current control mode;
(a) conventional reactor, (b) Case 1, (c) Case 2, and (d) Case 3.
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FIGURE 24: Experimental waveform transmitting 20A from the 750V DC grid to the 380V DC grid under current control mode;
(a) conventional reactor, (b) Case 2, and (c) Case 3.
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conventional reactor in Figure 26(a) shows a constant cur-
rent ripple even when the load changes. In the case of Case 1,
the experiment is impossible due to the saturation of the
reactor under the 11 kW load condition. In Cases 2 and 3,
there is almost no current ripple.

Figure 27 analyzes the efficiency according to the load
current in the bidirectional DC–DC converter. Cases 2 and 3
are more efficient at no-load than the converter using a
conventional reactor. The loss of the converter at no load
is 249.8W in the conventional reactor. The converter using
the Case 1 reactor is 152.3W, the converter using the Case 2
reactor is 114.8W, and the converter using the Case 3 reactor
is 108.8W. The converter loss at no load is the lowest in
Case 3.

4. Conclusions

This paper’s most important technical contribution is a
method to reduce the current ripple at light load by designing
the reactor of the bidirectional DC–DC converter to have
variable inductance through magnetic saturation according
to the load power capacity.

Cases 1 and 2 have large inductance due to the series
connection of a small air gap core and a large air gap core
under no-load or light-load conditions, thereby reducing
current ripple. Since magnetic flux saturation occurs with
the load current increase, it was confirmed that the induc-
tance of the large air gap core operates only. Similarly, Case 3
maintains a large inductance by series coupling of the two
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FIGURE 25: Experimental waveform transmitting 30A from the 750V DC grid to the 380V DC grid under current control mode;
(a) conventional reactor, (b) Case 2, and (c) Case 3.
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cores under light load conditions. When the load current
increases, the EMI core with high permeability saturates
and operates as an inductance by the mega flux core, realiz-
ing variable inductance conditions according to the load
current. As a result of the experiment, the proposed Case 3,
at light load, showed an 8% efficiency improvement com-
pared to the existing method, and the converter loss was a
minimum of 108.8W.

Suppose the proposed current ripple reduction technol-
ogy using the variable reactor is applied to the DC distribution
network of a microgrid. In that case, it is expected to increase
the stability of the DC grid through harmonic reduction.

Data Availability

The data used to support the findings of this study are
included within the article.

0

500 V

0

200 V

0

500 V

0

20 A

750 V DC grid

380 V DC gridReactor current

Reactor voltage
1 s

ðaÞ

0

500 V

0

200 V

0

500 V

0

20 A

750 V DC grid

380 V DC grid

Reactor current

Reactor voltage
1s

ðbÞ

0

500 V

0

200 V

0

500 V

0

20 A

750 V DC grid

380 V DC grid

Reactor current

Reactor voltage
1s

ðcÞ
FIGURE 26: The experimental waveform in which the 750V DC grid and the 380V DC grid transfer 11 kW of power in both directions under
current control mode: (a) conventional reactor, (b) Case 2, and (c) Case 3.
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