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Abstract 

 

A bidirectional dc–dc converter is used in battery energy storage systems owing to the growing requirements of a charging and 
discharging mode of battery. The magnetic coupling of output or input inductors in parallel-connected multi modules of a 
bidirectional dc–dc converter is often utilized to reduce the peak-to-peak ripple size of the inductor current. This study proposes a 
novel design guideline to achieve minimal ripple size of the inductor current under bidirectional power flow. The newly proposed 
design guideline of optimized coupling factor is applicable to the buck and boost operation modes of a bidirectional dc–dc 
converter. Therefore, the coupling factor value of the coupled inductor does not have to be optimized separately for buck and 
boost operation modes. This new observation is explained using the theoretical model of coupled inductor and confirmed through 
simulation and experimental test. 
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NOMENCLATURE 

ଵܸ, ଶܸ Inductor voltage ݅ଵ, ݅ଶ Inductor current ଵܰ, ଶܰ Number of winding turns ߶ଵଵ Flux produced by current ݅ଵ and linked with 

 winding 1 ߶ଵଶ Flux produced by current ݅ଶ and linked with 

 winding 1 ߶ଵ Total flux linked with winding 1 ߶௅ଵ Leakage flux produced by current ݅ଵ ߣଵଵ Flux linkage with winding 1 and produced by 

 ݅ଵ(ߣଵଵ = ଵܰ߶ଵଵ) ߣଵଶ Flux linkage with winding 1 and produced by 

 ݅ଶ(ߣଵଶ = ଵܰ߶ଵଶ) ߣଵ Total flux linkage with winding 1(ߣଵ = ଵܰ߶ଵ) ܮଵଵ Self-inductance between ߣଵଵ and ݅ଵ(ߣଵଵ =  ଵଶ andߣ ଵଶ Mutual inductance betweenܮ (ଵଵ݅ଵܮ

 ݅ଶ(ߣଵଶ =  ଶଵ and ݅ଵߣ ଶଵ Mutual inductance betweenܮ (ଵଶ݅ଶܮ

ଶଵߣ)  = ௦ܮ) ௦ Self-inductanceܮ ௠ Mutual inductance in symmetrical core structureܮ (ଶଵ݅ଵܮ =  ଵ Total inductance in winding 1ܮ (ଵଵܮ	

k Coupling factor ݇ = ௅೘ඥ௅భభ௅మమ 
 

I. INTRODUCTION 

Battery energy storage system (BESS) is widely accepted 
in many industrial application fields. Distributed power 
generation and micro-grid applications that utilize renewable 
energy sources are actively adopting BESS to enhance the 
availability, reliability, and efficiency of the total system. In 
general, BESS involves a bidirectional power flow to cope 
with the charging and discharging operations of a battery. A 
bidirectional dc–dc converter can be utilized to implement 
this bidirectional power flow in the power conditioning 
system of the BESS [1]-[6]. Bidirectional dc–dc converters in 
BESS involve many functional requirements. For example, 
the requirement of low THD and small ripple for charging–
discharging current plays a significant role in determining the  
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Fig. 1. Block diagram of the BESS-based battery charging system. 

 

life cycle and reliability of battery. This requirement can be 
achieved by various power electronic techniques. Phase- 
staggering operation of multiple bidirectional dc–dc 
converters in parallel connection is considered to reduce the 
ripple size of summed inductor currents and mitigate the 
filtering requirement for the battery charging current. A 
reduction in inductor current ripple by a coupled inductor in 
the interleaving structure of multiple bidirectional dc–dc 
converter has also been proposed [9]-[11]. 

A coupled inductor can decrease the physical size of the 
inductor while still complying with the peak switching 
current limitation of power semiconductor switches in dc–dc 
converters. Design and analysis on two or multi-winding 
coupled inductors under the phase-staggering operation of 
multiple dc–dc converters have been reported in previous 
literature, as summarized in Table I. 

The coupling factor of a coupled inductor significantly 
impacts the phase-staggering operation of multiple 
bidirectional dc–dc converters and the flux distribution within 
the inductor core. Therefore, the selection of the optimal 
magnetic structure and coupling factor is an important task in 
designing a coupled inductor. The optimal coupling factor 
and magnetic structure of a coupled inductor applied in 
step-down dc–dc converters under the phase-staggering 
operation mode have been investigated [12], [13]. 

However, these previous studies have only focused on the 
unidirectional power flow mode of dc–dc converters and 
coupled inductors, i.e., battery charging mode. Bidirectional 
power flow is an essential feature of bidirectional dc–dc 
converters in BESS. Thus, the optimal design of coupling 
factor and magnetic structure of the coupled inductor should 
be applied in both the step-down mode and the step-up mode 
operation of a bidirectional dc–dc converter. In other words, 
the selection of coupling factor and magnetic structure of the 
coupled inductor should be optimized for bidirectional 
operation of dc–dc converters. However, the optimal coupling 
factor of a coupled inductor and its relationship with the 
operation of bidirectional dc–dc converters have been rarely 
explored. 

This study investigates the optimal design of coupling 
factor and the magnetic structure of a coupled inductor in 
bidirectional dc–dc converters applied for BESS. The optimal 
coupling factor of the coupled inductor is intended to increase  

 
Fig. 2. Bidirectional interleaved dc–dc converter. 

 

the inductor’s effective inductance and decrease the peak 
switching current stress on power semiconductors while 
keeping the same physical size of the inductor. This study 
extends the previous work of unidirectional dc–dc converters 
into bidirectional dc–dc converters [14]-[17], [19]-[22]. The 
process of selecting the optimal coupling factor is newly 
presented in consideration of step-down and step-up 
operations of bidirectional dc–dc converters. 

The rest of the paper is structured as follows. Section II 
describes the overall BESS and bidirectional dc–dc converter 
considered in this work. Section III explains the analysis and 
design process for the optimal coupling factor of a coupled 
inductor with two windings in two-phase parallel-connected 
bidirectional dc–dc converters under step-down and step-up 
operation modes. Simulations and experimental verification 
results are presented in Section IV. 

 

II. DESCRIPTION OF OVERALL SYSTEM 

The latest advancement in battery technology has 
accelerated the acceptance of BESS in many application 
fields of power system. In general, most battery types used in 
BESS, including lithium-based batteries, store electrical 
energy in the form of dc voltage source due to their intrinsic 
electrochemical characteristics. Therefore, BESS usually 
requires the power converter system, which converts the dc 
voltage source from batteries to the ac voltage source, to be 
connected to a power system of ac frequency. The growing 
penetration of renewable energy sources, such as photovoltaic 
and wind turbines, in the power system raises the possibility 
of intermediate dc grid connection of multiple renewable 
sources together with BESS. The dc grid connection in a 
relatively close distance range offers many advantages over 
the classical ac grid connection, such as unnecessary ac 
synchronization, simpler droop control, reduction in multiphase 
cable cost, and elimination of redundant offline ac–dc 
converters. This concept of intermediate dc grid connection  
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TABLE I 
SUMMARY OF PREVIOUS WORKS ON COUPLED INDUCTOR 

 In this paper [12] [13] [14] [15] [16] [17] [18] 

Topology 
Bidirectional dc–

dc converter 
Bidirectional 

dc–dc converter 
PFC converter 

Boost 
converter 

Three-level 
dc-dc 

converter 

Buck 
converter 

Boost 
converter 

Bidirectional 
dc–dc converter 

Number of 
windings 

2 n 2 2 2 and 3 n 2 2 

Analysis 
method 

Inductor voltage 
equation 

Inductor voltage 
equation 

Kirchhoff’s law 
and Faraday’s 

law 

IWCI 
method 

Pole voltage 
equation 

Magnetic 
circuit 

equation 

Inductor 
voltage 
equation 

Magnetic 
circuit equation 

Design 
target 

Inductor current 
ripple 

Transient 
response, 

Current ripple 
Maximum flux 

Maximum 
flux 

Inductor 
current ripple 

Inductor 
current ripple 

Analysis of 
CCM, 
DCM 

Core design 

Coupling 
factor (k) 

Optimal k under 
each duty ratio 

0.622 under two 
windings 

0.943 0.946 0.832 0.33 None 0.366 

 

for multiple renewable energy sources and BESS, together 
with a common offline ac–dc converter has been gaining 
wide acceptance, particularly in micro-grid systems. This 
study focuses on the BESS that shares the dc connection 
network with other renewable sources. 

Fig. 1 presents the overall system block diagram of thre 
target BESS and its dc–dc converter. BESS and multiple 
renewable energy sources present a common dc grid 
connection, i.e., dc-link stage. Batteries are connected to a 
common dc grid through dc–dc converters. BESS involves a 
bidirectional power flow depending on the charging and 
discharging modes of batteries. Thus, the dc–dc converter 
must deal with a bidirectional power flow, which results in a 
bidirectional dc–dc converter. The typical bidirectional dc–dc 
converter used in this study is shown in Fig. 2. The topology 
of the circuit in this figure is classified as two non-isolated 
half-bridge cells connected in parallel. In general, the 
intermediate dc-link voltage is higher than the battery voltage. 
Therefore, the half-bridge cell operates as a step-down 
converter (buck converter) during the battery charging mode. 
By contrast, a step-up converter (boost converter) operation is 
implemented by the half-bridge cell during the battery 
discharging mode [23], [24]. 

When multiple dc–dc converter cells are connected in 
parallel, the switching phase of the semiconductor switch in 
each cell is usually phase-staggered, i.e., interleaved switching. 
As a result, the dominant harmonic components of the inductor 
currents cancel out one another, leading to the summed battery 
current of less ripple. This reduced ripple of the battery current 
improves the reliability of the battery and eventually prevents 
sudden declining of lifetime [25]-[27]. In addition to the 
interleaved switching operation technique, the coupling of 
output inductors can also reduce the peak ripple value of 
inductor current [28], [29]. The coupling of output inductors 
for multiple half-bridge cells is shown in Fig. 2. In the 
present study, two windings from each output inductor of 
half-bridge cell are magnetically cross-coupled. The self- 
inductance value of this inductor plays a critical role in  

 
Fig. 3. Magnetic structure of the coupled inductor used in dc–dc 
converter. 

 

    

Fig. 4. Photo of the coupled inductor used in the prototype. 
 

 
Fig. 5. Equivalent circuit of the coupled inductor. 

 

determining the ripple size of the battery current. Although 
increasing the value of self-inductance may be a straightforward 
solution to decrease the ripple size of the battery current, the 
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limitations of cost, weight, and volume profile on the output 
inductor make this approach impractical. This study proposes 
a novel way to achieve reduction in the inductor current 
ripple by applying an optimized coupling factor, not only for 
the buck operation mode but also for the boost operation 
mode of the coupled inductor. 

 

III. ANALYSIS AND DESIGN OF COUPLED  
INDUCTOR 

In this section, the analysis and design of the coupled 
inductor used for two parallel-connected half-bridge cells in 
Fig. 2 are presented. The coupled inductor equipped with two 
windings presents a magnetic core structure as shown in Fig. 
3. The magnetic core of the coupled inductor is composed of 
three legs. The center leg exhibits a dominant air gap. Magnetic 
coupling between two windings can be controlled by varying 
the length of the air gap in the center leg. The proposed 
magnetic core structure can provide symmetrical magnetic 
performance, such as same self-inductance for each winding. 
A photograph of the coupled inductor with the proposed 
magnetic core structure is shown in Fig. 4. This coupled 
inductor is also used in the experimental verification test. 

Among the numerous design factors related to a coupled 
inductor, the coupling factor among multiple windings plays 
an important role in determining the various characteristics of 
the coupled inductor, such as the ripple size of the inductor 
current. An optimized coupling factor that generates the least 
ripple size of the inductor current under different operating 
conditions should be introduced. Previous studies on the 
coupled inductor in dc–dc converters are summarized in 
Table I. The table shows that no previous works have focused 
on calculating the optimal coupling factor that generates the 
least size of inductor ripple current for a bidirectional dc–dc 
converter. The current study analyzes the operation of the 
coupled inductor under buck and boost modes of operation. 
On the basis of this analysis, the optimal value of coupling 
factor for both operation modes is calculated. Optimized 
coupling factor for the minimum inductor current ripple is 
derived on the basis of the equivalent circuit of the coupled 
inductor in Fig. 5 and the phase-staggering operation of multi 
paralleled buck converters in Fig. 2. In general, the inductor 
voltages of the coupled inductor can be represented by the 
self-inductance and mutual inductance as in (1) and (2). Flux 
linkage equations are written under the condition of direct 
coupling for general description. 

ଵܸ = ݐ݀݀ ଵଵߣ) + (ଵଶߣ = ଵଵܮ ݐ݀݀ ݅ଵ + ଵଶܮ ݐ݀݀ ݅ଶ (1) 

ଶܸ = ݐ݀݀ ଶଶߣ) + (ଶଵߣ = ଶଶܮ ݐ݀݀ ݅ଶ + ଶଵܮ ݐ݀݀ ݅ଵ (2) 

In (1) and (2), ܮଵଵ and ܮଶଶ represent the self-inductance 
terms, while ܮଵଶ and ܮଶଵ represent the mutual inductance 

terms. Mutual inductances are equal to each other on the 
basis of the reciprocity property, as shown in (3). ߣଶଵ݅ଵ = ଵଶ݅ଶߣ = ଶଵܮ = ଵଶܮ =  ௠ (3)ܮ

Coupling factor (k) is the key design factor in a coupled 
inductor and is defined as in (4). Positive coupling factor 
refers to a direct coupling, whereas a negative number 
indicates an inverse coupling. The coupled inductor used in 
this study adopts the symmetric magnetic structure shown in 
Fig. 3. ݇ =  ଶଶ (4)ܮଵଵܮ௠ඥܮ

With the use of (3) and (4), the inductor voltage equations 
of (1) and (2) can be simplified to (5) [26]. Given the 
coupling mechanism of the inductor, two inductor voltages 
( ଵܸ , ଶܸ ) are correlated to each other depending on the 
switching states of ܵ ଵܹ and ܵ ଶܹ . Four combinations of 
switching states are possible as explained in Table II [26]. 
The inductor voltage equation of (5) can be further simplified 
to (6) and (7) using one of the four equations in Table II and 
depending on the switching state. In (6) and (7), a variable 
inductance (ܮ௘௤) is a function of time, i.e., a function of 

switching states. 

ଵܸ − ݇ ଶܸ = (1 − ݇ଶ)ܮଵଵ ݐ݀݀ ݅ଵ (5) 

ଵܸ = ௘௤ܮ ݐ݀݀ ݅ଵ (6) 

ଶܸ = ௘௤ܮ ݐ݀݀ ݅ଶ (7) 

As a result, the coupled inductor presents a variable 
equivalent inductance (ܮ௘௤) depending on the corresponding 

time interval during switching cycle. This variable equivalent 
inductance can be either smaller or larger than the self- 
inductance (ܮଵଵ and ܮଶଶ), depending on the value of the duty 
ratio (D) and coupling factor (k). 

A. Buck Converter Mode 

In this subsection, the coupled inductor model as described 
in (6) and (7) is utilized to derive the relationship between the 
coupling factor and the ripple size of the inductor current 
under the buck converter operation mode. The total 
peak-to-peak ripple size of inductor current (݅ଵ) can be 
represented by several terms, depending on the size of duty as 
shown in (8) and (9). In (8), the value of ݅߂௅௣௣_௠ଵ 

(increment in inductor current ݅ଵ during Mode 1 in Table II) 
represents the total peak-to-peak ripple of ݅ଵ under the 
condition D < 0.5, as illustrated in Fig. 6. On the contrary, 
under the condition of D > 0.5, the total peak-to-peak ripple 
of ݅ଵ is represented by ݅߂௅௣௣_௠ଷ (decrement in inductor 

current ݅ଵ during Mode 3 in Table II). Therefore, the value  



Selection of Coupling Factor for Minimum Inductor Current Ripple in …                    883 
 

  

TABLE II 
EQUIVALENT INDUCTANCE UNDER DIFFERENT SWITCH MODES 

Mode 
Inductor voltage 

[Buck Mode] 
Inductor voltage 

[Boost mode] 
Correlation of inductor 

voltages 
Equivalent inductance (Leq) 

Mode 1 ଵܸ = ௜ܸ௡ − ௢ܸ ଶܸ = − ௢ܸ 
ଵܸ = ௜ܸ௡ ଶܸ = ௜ܸ௡ − ௢ܸ ଶܸ = 1ܦ− − ܦ ଵܸ ܮ௘௤ = 1 − ݇ଶ1 + 1ܦ − ܦ ݇  ௦ܮ

Mode 2 ଵܸ = − ௢ܸ ଶܸ = − ௢ܸ 
ଵܸ = ௜ܸ௡ − ௢ܸ ଶܸ = ௜ܸ௡ − ௢ܸ ଶܸ = ଵܸ ܮ௘௤ = (1 +  ௦ܮ(݇

Mode 3 ଵܸ = − ௢ܸ ଶܸ = ௜ܸ௡ − ௢ܸ 
ଶܸ = ௜ܸ௡ − ௢ܸ ଶܸ = ௜ܸ௡ ଶܸ = 1 − ܦ−ܦ ଵܸ ܮ௘௤ = 1 − ݇ଶ1 + 1 − ܦܦ ݇  ௦ܮ

Mode 4 ଵܸ = ௜ܸ௡ − ௢ܸ ଶܸ = ௜ܸ௡ − ௢ܸ 
ଵܸ = ௜ܸ௡ ଶܸ = ௜ܸ௡ ଶܸ = ଵܸ ܮ௘௤ = (1 +  ௦ܮ(݇

 

 
Fig. 6. Voltage mode and inductor current of the two-winding 
coupled inductor under buck mode and D < 0.5. 

 
of ݅߂௅௣௣_௠ଵ, which is the increment in inductor current ݅ଵ 

during Mode 1 in Table II, is calculated as shown in (10). 
Equation (11) describes the value of ݅߂௅௣௣_௠ଷ , i.e., the 

decrement in inductor current ݅ଵ during Mode 3 in Table II. 
Plugging the corresponding equivalent inductance value (ܮ௘௤) 

from Table II into (10) and (11) yields (12) and (13), 
respectively. In (12) and (13), the total peak-to-peak ripple of ݅ଵ is a function of the coupling factor (k) while keeping the 
input voltage ( ௜ܸ௡) and duty (D) constant. The minimum 
inductor current ripple is obtained when the equivalent 
inductance is at its maximum. Therefore, the optimal 
coupling factor of the coupled inductor for the minimal 
current ripple is to set the equivalent inductance terms in (12) 
and (13) at its maximum values. ݅߂௅௣௣_௠ଵ = ௅௣௣_௠ଶ݅߂ + ௅௣௣_௠ଷ݅߂ +     ௅௣௣_௠ଶ݅߂

(under D < 0.5) 
(8) 

௅௣௣_௠ଷ݅߂ = ௅௣௣_௠ସ݅߂ + ௅௣௣_௠ଵ݅߂ +  ௅௣௣_௠ସ݅߂

(under D > 0.5) 
(9) 

௅௣௣_௠ଵ݅߂ = ௜ܸ௡ − ௢ܸܮ௘௤ D	under)													ܶܦ ൏ 0.5) (10) 

௅௣௣೘య݅߂ = ௢ܸܮ௘௤ (1 − D	under)										ܶ(ܦ ൐ 0.5) (11) 

௅௣௣_௠ଵ݅߂ = ௜ܸ௡ܮܶܦ௦ 1 − ܦ + 1ܦ݇ − ݇ଶ = ݂(݇) (12) 

௅௣௣_௠ଷ݅߂ = ௜ܸ௡(1 − ௦ܮܶ(ܦ ܦ + ݇ − 1ܦ݇ − ݇ଶ = ݂(݇) (13) 

B. Boost Converter Mode 

In this subsection, the coupled inductor model as described 
in (6) and (7) is utilized to derive the relationship between the 
coupling factor and the ripple size of the inductor current 
under the boost converter operation mode. In the same 
manner as in the buck operation mode, the total peak-to-peak 
ripple size of inductor current (݅ଵ) can be represented by 
several terms depending on the size of duty as shown in (14) 
and (15). In (14), the value of ݅߂௅௣௣_௠ଵ  (increment in 

inductor current ݅ଵ during Mode 1 in Table II) represents the 
total peak-to-peak ripple of ݅ଵ under the condition D < 0.5, 
as illustrated in Fig. 7. By contrast, under the condition D > 
0.5, the total peak-to-peak ripple of ݅ଵ  is represented by ݅߂௅௣௣_௠ଷ (decrement in inductor current ݅ଵ during Mode 3 

in Table II). Therefore, the value of ݅߂௅௣௣_௠ଵ, which is the 

increment in inductor current ݅ଵ during Mode 1 in Table II, 
is calculated as shown in (16). Equation (17) describes the 
value of ݅߂௅௣௣_௠ଷ, i.e., the decrement in inductor current ݅ଵ 

during Mode 3 in Table II. Plugging the corresponding 
equivalent inductance value (ܮ௘௤) from Table II into (16) and 

(17) yields (18) and (19), respectively. In (18) and (19), the 
total peak-to-peak ripple of ݅ଵ is a function of the coupling 
factor (k) while keeping the input voltage ( ௜ܸ௡) and duty (D) 
constant. Minimum inductor current ripple is obtained when 
the equivalent inductance is at its maximum. Therefore, the 
optimal coupling factor of the coupled inductor for the 
minimal current ripple is to set the equivalent inductance 
terms in (18) and (19) at its maximum values. 
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Fig. 7. Voltage mode and inductor current of the two-winding 
coupled inductor under boost mode and D < 0.5. 

௅௣௣_௠ଵ݅߂  = ௅௣௣_௠ଶ݅߂ + ௅௣௣_௠ଷ݅߂ +     ௅௣௣_௠ଶ݅߂
(under D < 0.5) 
 

(14) 
௅௣௣_௠ଷ݅߂  = ௅௣௣_௠ସ݅߂ + ௅௣௣_௠ଵ݅߂ +  		௅௣௣_௠ସ݅߂

(under D > 0.5) 
 

(15) 
௅௣௣_௠ଵ݅߂  = ௜ܸ௡	ܮ௘௤ D	under)						ܶܦ ൏ 0.5) 

 

(16) 
௅௣௣೘య݅߂  = ௢ܸ − ௜ܸ௡ܮ௘௤ (1 − D	under)																							 	ܶ(ܦ ൐ 0.5) 

 

(17) 
 

௅௣௣_௠ଵ݅߂ = ௜ܸ௡ܮܶܦ௦	(1 − (ܦ 1 − ܦ + 1ܦ݇ − ݇ଶ = ݂(݇) 
 

(18) 
௅௣௣_௠ଷ݅߂  = ௜ܸ௡ܶܮ௦ ܦ + ݇ − 1ܦ݇ − ݇ଶ = ݂(݇) 

 

(19) 
 ݇௢௣௧ = −1 + ܦ + √1 − ܦܦ2 	(under	ܦ ൏ 0.5) 

 

(20) 
 

݇௢௣௧ = ܦ− + ܦ2√ − 11 − ܦ 					(under	ܦ ൐ 0.5) (21) 

 

IV. SYSTEM VERIFICATION 

This section presents the simulation and experimental 
verification results for the proposed mathematical equation of 
optimal coupling factor in (20) and (21). Simulation and 
experimental verification are performed with the two-winding 
coupled inductor in two-phase staggered bidirectional dc–dc 
converter modules, as shown in Fig. 2. The influence of two- 
winding coupled inductors with different coupling factors on 
the ripple size of the inductor current is investigated and 
compared with that of the theoretical model. The simulation 
and experiment are carried out for buck and boost operation  

TABLE III 
TEST SPECIFICATIONS FOR VERIFICATION 

 Buck mode Boost mode 

Input voltage 300 V 100 V 

Self-inductance 1.1 mH 1.1 mH 

Coupling factor −0.3 −0.3 

Duty ratio 0.4 0.3 

Output Cap. 330 uF 330 uF 

 

 
Fig. 8. Hardware test setup for coupled inductor testing. 

 
modes separately. Table III shows the test specification for 
verification of test and simulation. 

The verification process of the experiment requires multiple 
coupled inductors with different coupling factors. Thus, the 
experiment is conducted with the help of a hardware-in- 
the-loop simulation (HILS) setup, particularly for realizing 
coupled inductors with various coupling factors. In other 
words, the coupled inductor model available from HILS is 
used and substituted in place of a real coupled inductor. To 
verify the validity of this coupled inductor model from HILS, 
the test result using HILS is compared with the complete 
hardware test result by using a real coupled inductor of the 
same coupling factor. In this paper, the test result using the 
HILS model of coupled inductor and the real coupled 
inductor with the same coupling factor of 0.3 is presented. 
Verification of the coupled inductor’s HILS model is 
performed under the buck and boost operation modes. 

The complete hardware test setup is illustrated in Fig. 8. 
The conceptual block diagram explaining the basic 
application principle of Typhoon HILS is shown in Fig. 9. 
Fig. 10 describes the test setup employing the coupled 
inductor model from Typhoon HILS. 

A. Verification of Buck Converter Mode 

In this subsection, the simulation and experimental results 
for the coupled inductor under buck operation mode is 
presented. Unless otherwise noted in this paper, the 
simulation and experimental results under buck operation 
mode correspond to the duty ratio of 0.4. The simulation and 
experimental results are likewise compared with a coupling 
factor of −0.3 (inverse coupling). 
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Fig. 9. Conceptual block diagram describing the application 
principle of Typhoon HILS. 

 

 

Fig. 10. Test setup of hardware-in-the-loop simulator for coupled 
inductor testing. 

 

 
Fig. 11. Simulation waveforms of inductor currents under duty = 
0.4 and coupling factor = 0 (non-coupled). 

 
Fig. 12. HILS waveforms of inductor currents under duty = 0.4 
and coupling factor = 0 (non-coupled) (݅ଵ, ݅ଶ [2 A/div, 50 us/div]). 

 

 
Fig. 13. Simulation waveforms of coupled inductor currents 
under duty = 0.4 and coupling factor = −0.3. 

 

Waveforms obtained through the simulation and HILS are 
presented in Figs. 11 and 12, respectively. The waveforms in 
these figures correspond to the operation condition under 
which the duty ratio is set to 0.4 and the coupling factor is 
maintained at 0, i.e., non-coupled. Therefore, these 
waveforms represent the gate switching signal and the 
inductor current for the two-phase staggering operation of 
two buck converter modules with two separate non-coupled 
inductors. Figs. 13–15 show the simulation, HILS, and 
experimental waveforms of gate switching signal and the  
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Fig. 14. HILS waveforms of coupled inductor currents under 
duty = 0.4 and coupling factor = −0.3 (݅ଵ, ݅ଶ [2 A/div, 50 us/div]). 

 

 

Fig. 15. Experiment waveforms of coupled inductor currents 
under duty = 0.4 and coupling factor = −0.3 (݅ଵ, ݅ଶ [2 A/div, 50 
us/div]). 

 

inductor currents (݅ଵ and ݅ଶ) under the duty of 0.4 and the 
coupling factor of −0.3 (inverse coupling) in the two 
phase-staggered operation. An obvious contrast is found 
between the slope of the inductor current in Figs. 11–12 and 
in Figs. 13–15. Figs. 13–15 show that the magnetic coupling 
of output inductors leads to the variation in current slope  

 
Fig. 16. HIL waveforms of coupled inductor current vs. coupling 
factor under duty ratio = 0.4. 
 
during the ramping down of inductor currents in the same 
manner as those in Fig. 6. Fig. 14 represents the waveforms 
obtained from HILS using the coupled inductor model of 
Typhoon HILS. The waveforms of inductor current in Fig. 14 
are very similar to those in Fig. 15, which were measured 
from the real experimental setup using the real coupled 
inductor of the same coupling factor. Therefore, the model of 
coupled inductor from Typhoon HILS closely matches the 
electrical characteristics of the real coupled inductor. 

On the basis of this observation, the coupled inductors of 
various coupling factors are implemented by Typhoon HILS 
and used in the experimental verification of (20) and (21) 
under buck operation mode. In Fig. 16, the waveforms 
obtained from multiple coupled inductors of different 
coupling factors (e.g., 0, −0.2, −0.38, and −0.7) are compared 
to verify the minimization of inductor current ripple. As 
shown in Fig. 16, the coupling factor of −0.38 exhibits the 
smallest ripple size of inductor current. 

The ripple size of inductor current versus coupling factor is 
measured and presented in Fig. 17. For consistent comparison, 
the measurement is carried out while keeping the duty ratio 
constant at 0.1, 0.2, 0.3, and 0.4. The curves in Fig. 17 are 
drawn in accordance with (12), that is, the ripple size of 
inductor current as a function of coupling factor with the 
constant parameter of duty ratio. The values of ripple size are 
displayed in per unit basis with respect to the absolute value 
at the coupling factor of zero, i.e., non-coupled. The dotted 
data points in Fig. 17 represent the measurement values from 
the HILS setup. As shown in Fig. 17, the measurement values 
from the HILS setup closely follow the pattern of the 
theoretical curves. Therefore, the theoretical model of (12) is 
confirmed by the combination of HILS and experiment test. 
The similar verification of (13) in the range of duty ratio > 
0.5 is successfully carried out. The verification result for (13) 
is omitted in this paper because of space limitations. Fig. 17 
shows that, under the duty ratio of 0.4, the minimal inductor 
current ripple corresponds to the coupling factor of −0.38, 
which is consistent with the waveforms presented in Fig. 16. 
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Fig. 17. Mathematical and experimental data of inductor current 
ripple vs. coupling factor under buck mode and duty < 0.5 [line: 
mathematical analysis, dot: experiment]. 

 

 
Fig. 18. Simulation waveforms of inductor currents under duty = 
0.3 and coupling factor = 0 (non-coupled). 

B. Verification of Boost Converter Mode 

In this subsection, the simulation and experimental results 
for the coupled inductor under boost operation mode are 
presented. Unless otherwise noted in this paper, the simulation 
and experimental results under boost operation mode 
correspond to the duty ratio of 0.3. In addition, the simulation 
and experimental results are compared with a coupling factor 
of −0.3 (inverse coupling). 

Waveforms obtained through the simulation and HILS are 
presented in Figs. 18 and 19, respectively. The waveforms in 
these figures correspond to the operation condition under 
which the duty ratio is set to 0.3 and the coupling factor is  

 
Fig. 19. HILS waveforms of inductor currents under duty = 0.3 
and coupling factor = 0 (non-coupled) (݅ଵ, ݅ଶ [2 A/div, 50 us/div]). 

 

 
Fig. 20. Simulation waveforms of coupled inductor currents 
under duty = 0.3 and coupling factor = −0.3. 

 
maintained at 0, i.e., non-coupled. Therefore, these waveforms 
represent the gate switching signal and the inductor current 
for the two-phase staggering operation of two boost converter 
modules with two separate non-coupled inductors. Figs. 20–
22 show the simulation, HILS, and experimental waveforms 
of gate switching signal and the inductor currents (݅ଵ and ݅ଶ) 
under the duty of 0.3 and the coupling factor of −0.3 (inverse 
coupling) in the two phase-staggered operation. An obvious 
contrast is observed between the slope of inductor current in  
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Fig. 21. HILS waveforms of coupled inductor currents under 
duty = 0.3 and coupling factor = −0.3 (݅ଵ, ݅ଶ [2 A/div, 50 us/div]). 

 

 
Fig. 22. Experiment waveforms of coupled inductor currents under 
duty = 0.3 and coupling factor = −0.3 (݅ଵ, ݅ଶ [2A/div, 50 us/div]). 

 
Figs. 18–19 and in Figs. 20–22. Figs. 20–22 show that the 
magnetic coupling of output inductors leads to the variation 
in current slope during the ramping down of inductor currents 
in the same manner as those in Fig. 7. 

Fig. 21 shows the waveforms obtained from HILS using 
the coupled inductor model of Typhoon HILS. The waveforms 
of inductor current in Fig. 21 are very similar to those in Fig. 
22, which were measured from the real experimental setup 
using the real coupled inductor of the same coupling factor. 
Therefore, the model of coupled inductor from Typhoon 
HILS closely matches the electrical characteristics of the real 
coupled inductor that is also under boost operation mode. On 

the basis of this observation, the coupled inductors of various 
coupling factors are implemented by Typhoon HILS and used 
in the experimental verification of (20) and (21) under boost 
operation mode. The ripple size of inductor current versus 
coupling factor is measured and presented in Fig. 23. For 
consistent comparison, the measurement is carried out while 
keeping the duty ratio constant at 0.1, 0.2, 0.3, and 0.4. The 
curves in Fig. 23 are drawn in accordance with (18), that is, 
the ripple size of inductor current as a function of coupling 
factor with the constant parameter of duty ratio. The values of 
ripple size are displayed in per unit basis with respect to the 
absolute value at the coupling factor of zero, i.e., non-coupled. 
The dotted data points in Fig. 23 represent the measurement 
values from the HILS setup. As shown in Fig. 23, the 
measurement values from the HILS setup closely follow the 
pattern of the theoretical curves. Therefore, the theoretical 
model of (18) is confirmed though a combination of the HILS 
and experiment test. A similar verification of (19) in the 
range of duty ratio > 0.5 is successfully conducted. The 
verification result for (19) is omitted in this paper because of 
space limitations. 

The verification results presented in Figs. 11–17 for buck 
operation mode and Figs. 18–23 for boost operation mode 
exhibit many similarities. These similarities are due to the 
same behavior that the theoretical model of (12) and (13) for 
buck operation mode and the other theoretical model of (18) 
and (19) for boost operation mode show with respect to the 
variation in ripple size as a function of coupling factor. 

As shown in Figs. 17 and 23, a particular coupling factor 
value exists at which the ripple size of inductor current 
becomes minimum. Interestingly, this value for the minimal 
ripple size is located in the negative side of the coupling 
factor, i.e., inverse coupling. Therefore, Figs. 17 and 23 
indicate that the inverse coupling (negative coupling factor) 
in limited operation ranges can generate smaller ripple size 
than the non-coupled case, while direct coupling (positive 
coupling factor) always provides the largest ripple size. This 
particular coupling factor value corresponding to a minimal 
ripple size depends on the value of duty ratio. The optimized 
coupling factor values with the minimum ripple size of 
inductor current as a function of duty ratio are plotted in Fig. 
24 under buck and boost operation modes. The plotted points 
in this figure are obtained from Figs. 17 and 23 under buck 
and boost operation conditions, respectively. These data 
points from Figs. 17 and 23 match each other well. Thus, 
buck and boost operation modes generate nearly the same 
optimized coupling factor values versus duty ratio. This 
observation is in line with the fact that the theoretical 
equations of optimal coupling factor, as represented by (20) 
and (21), are valid for buck and boost operation modes. This 
fnding is of high practical value in designing the coupled 
inductor for a bidirectional dc–dc converter because the 
coupling factor value does not have to be optimized  
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Fig. 23. Mathematical and experimental data of inductor current 
ripple vs. coupling factor under boost mode and duty < 0.5 [line: 
mathematical analysis, dot: experiment]. 

 

 

Fig. 24. Coupling factor of the minimum inductor current ripple 
vs. duty ratio [line: mathematical analysis, dot: experiment] 
[Buck mode and Boost mode]. 

 
separately for buck and boost operation modes. In other 
words, once the coupled inductor is optimized for either buck 
or boost operation mode, then it also becomes optimized for 
the other operation mode in a bidirectional dc–dc converter. 
The experimental data presented in Fig. 24 clearly prove this 
theoretical argument for (20) and (21). 

Fig. 24 shows that, as duty ratio approaches 0.5, the 
optimal coupling factor value becomes −1, i.e., inverse 
coupling without leakage inductances. On the contrary, when 
the operation points for the duty ratio move to 0 or 1, the 
optimal coupling factor value becomes 0, i.e., zero mutual 
inductance (ܮ௠). The optimized coupling factor values of (20) 
and (21), which correspond to a minimal ripple size of 
inductor current under buck and boost operation modes, can 
be a useful engineering guideline for practical engineers 
when designing coupled inductors applied in bidirectional 
dc–dc converters. 

Table IV shows the power loss data of conduction, 
switching-on, and switching-off loss factor. As shown in the 
table, the conduction and switching-off loss factors are 

TABLE IV 
COMPARISON OF SWTICH POWER LOSSES UNDER NON-COUPLED 

AND COUPLED CASES 

 ஼ܲ௢௡ௗ. ௌܲௐ௢௡. ௌܲௐ௢௙௙ ௧ܲ௢௧௔௟ 
Non-coupled 

(k = 0) 
3.66 W 0.29 W 3.51 W 7.46 W 

Coupled 
(k = −0.3) 

3.60 W 0.52 W 3.32 W 7.44 W 

 

decreased by employing the coupled inductor compared with 
those by using the non-coupled inductor. In conclusion, the 
total loss value for the switching device decreases by 0.25% 
compared with that for the non-coupled case. Although the 
improvement is insignificant, the coupling of inductors may 
contribute better than the loss factor of inductor and the 
required maximum current rating of power semiconductor 
devices, especially in high-power applications. 

 

V. CONCLUSION 

A half-bridge bidirectional dc–dc converter is a commonly 
used power converter topology in a power conditioning 
system of BESS. The output/input coupled inductor plays a 
significant role in determining many important electrical 
characteristics of BESS, such as the ripple size of battery 
charging/discharging current, harmonic contents in input/ 
output current, and peak current stress on power 
semiconductor switches. 

This study proposes a simple and unique design guideline 
for optimal coupling factor of the coupled inductor to 
minimize the peak-to-peak ripple of inductor current. 
Compared with previous works, this study investigates this 
novel guideline for buck and boost operation modes of 
bidirectional converters. Results show that the optimal 
coupling factor values corresponding to a minimal ripple size 
of inductor current exhibit the same distribution pattern under 
buck and boost operation modes. This finding is important 
from a practical point of view because most bidirectional 
converters use a single coupled inductor that is subject to 
buck and boost operation modes, i.e., a bidirectional power 
flow. As a result, once the coupled inductor is equipped with 
an optimized coupling factor value, the inductor generates a 
minimal inductor current ripple under buck and boost 
operation modes. This argument is confirmed through 
simulation and experimental results with the help of the HILS 
model of the coupled inductor. This new engineering 
argument will greatly help industry engineers in designing 
coupled inductors for bidirectional dc–dc converters. 
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