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Abstract – In this paper, design and control method ZVT Interleaved Bidirectional LDC(IB-LDC) for 
mild-hybrid electric vehicle is proposed. The IB-LDC is composed of interleaved buck and boost 
converters employing an auxiliary inductor and auxiliary capacitors to achieve zero-voltage-transition. 
Operating principle of IB-LDC according to operation mode is introduced and mathematically 
analyzed in buck and boost mode. Moreover, PFM and phase control are proposed to reduce 
circulating current for low power range. Passive components design such as main inductor, auxiliary 
inductor and capacitors is suggested, considering ZVT condition and maximizing efficiency. 
Furthermore, a 600W prototype of ZVT IB-LDC for MHEVs is built and tested to verify validity. 
 

Keywords: Bi-directional converter, Dual voltage architecture, Mild-hybrid electric vehicle, ZVT 
 
 
 

1. Introduction 
 
According to the current state of fuel efficiency 

regulations in several countries, the fuel economy of 
vehicles is becoming a major issue. Consequently, the mild 
hybrid electric vehicle (MHEV) using a 48 V battery has 
been drawing significant attention as a potential solution 
to increase the fuel economy, by replacing the internal 
combustion engine vehicle. Furthermore, the 48 V system 
in an MHEV offers better efficiency with lower conduction 
loss than the existing 12 V systems, from lower current, 
using the same power [1-5]. However, the 12 V battery is 
necessary for the existing 12 V loads in vehicles, such as 
head lamps, radio systems, and wiper blade motors. As a 
result, a 12 V and 48 V dual voltage architecture is applied, 
as shown in Fig. 1. A bidirectional low voltage DC-DC 
converter (LDC) is required to charge the 12 V battery. 
Moreover, it charges the 48 V battery that drives the starter 
motor, to start up the vehicle when the 48 V battery is out. 
The efficiency, size, and light weight of the LDC are 
becoming significant factors when the characteristics of its 
application are considered.  

Owing to the characteristics of the MHEV, the 
bidirectional LDC has low voltage and high current. 
Therefore, many types of converters with interleaved 
structures are proposed, considering the size and cost. The 
advantage of the interleaved structure is that the ripple of 
the output current can be reduced, and the total current is 
shared by the number of converters. Consequently, the size 
of the passive component can be reduced [6-8]. 

 

Fig. 1. Speed profile of vehicle in urban area 
 
However, the effect of size reduction by means of the 

interleaving converter is limited in LDC [10]. Consequently, 
high switching with soft-switching is used to achieve size 
reduction and high efficiency. A low switching frequency 
has an advantage with respect to a low switching loss; 
however, the size of the passive components can be a 
problem. On the other hand, a high switching frequency 
has the effect of size reduction, but the switching loss 
becomes large. Therefore, a soft-switching technique has 
been proposed to resolve the switching loss problem [11-
13]. 

Soft-switching converters using auxiliary circuits, which 
include active components such as diodes and extra 
switches, were proposed in several papers. However, 
conduction loss and reliability issues can increase when the 
auxiliary circuits do not operate under soft-switching, or 
under specific circumstances [14]. Therefore, the converter 
with soft-switching using only passive components, as 
proposed in [15, 16], can offer better reliability. 

This is especially true for the interleaved bidirectional 
buck and boost converter with an auxiliary inductor, as 
proposed in [15]. The main switches operate under the 
ZVT condition, using the resonance between the additional 
inductor and the parasitic capacitors of MOSFETs. This 
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proposed converter in [15] is based on high voltage and 
low current application, but MHEVs have low voltage and 
high current characteristics. Therefore, it is necessary to 
consider about control method to reduce conduction loss 
from circulating current through auxiliary inductor such 
as pulse frequency modulation, phase and synchronous 
switching and optimal design of passive components 
including auxiliary capacitors considering switching turn-
off loss unlike the converter using parasitic capacitor in 
[15].  

In this paper, design and control method of ZVT IB-
LDC is presented for MHEVs. The IB-LDC employed an 
auxiliary inductor and capacitors to implement ZVT. It is 
composed of two synchronous buck and boost converters. 
Furthermore, the auxiliary inductor is connected between 
the main inductors of the converters, and the auxiliary 
capacitors are connected to switches in parallel. The ZVT 
is implemented by resonating with the auxiliary inductor 
and capacitors. Therefore, it is suitable for high frequency 
switching, and it leads although the resonant inductor is 
added, the overall size can be reduced by the reduction 
of the size of the passive components [17]. Circulating 
current inevitably appears through the auxiliary inductor 
to implement ZVT, but the circulating current occurs more 
conduction loss. To resolve the drawback, pulse frequency 
modulation and phase control are adopted to reduce 
inevitable circulating current depending on operation mode. 
The auxiliary inductor will be designed considering ZVT 
condition based on energy relation. Moreover, the soft-
switching method using auxiliary inductor can reduce 
turn-on switching loss but the turn-off switching loss is 
increased by increasing switch current. Design of auxiliary 
capacitor is necessary to consider making less slope of 
voltage across the switches and ZVT condition, and it leads 
to minimization the conduction loss and turn-off switching 
loss for switches. Finally, 600W prototype is built and 
tested to verify validity for MHEVs. 

 
 

2. Operation Principle of ZVT IB-LDC 

 
The configuration of the IB-LDC for MHEVs is shown 

in Fig. 2. It is composed of two buck and boost 
bidirectional converters with an auxiliary inductor La and 
auxiliary capacitors Cax (x=1,2,3,4). The auxiliary inductor 

La is connected between the legs of the buck and boost 
converters, and the auxiliary capacitors are additionally 
attached to switches in parallel. Converter 1 is composed 
of two switches (S1, S2) and one main inductor (L1). 
Moreover, the other converter consists of switches S3 and 
S4, and inductor L2. 

The equivalent circuit diagrams of the switching states 
are shown in Fig. 3; the key waveforms of the interleaved 
bidirectional LDC in buck mode operation are shown in 
Fig. 4. Switches S1 and S2, S3 and S4 operates in interleaved. 
The entire operation can be classified into 8 operation 
modes, depending on the conditions of the switches. 
However, the last 4 modes are symmetric operations of 
the first 4 modes. Consequently, the first 4 modes are 
presented in this paper. The following assumptions are 
made in order to simplify the analysis. 
 The capacitances of Chigh and Clow are sufficiently high 

to assume a negligible voltage ripple. 
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Fig. 2. IB-LDC for MHEVs 
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Fig. 3. Equivalent circuit diagrams of buck and boost mode
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 The main inductors, L1 and L2, provide sufficient 
inductance to behave as ideal current sources. Moreover, 
the output current of each module is the same, i.e., IL = 
IL1 = IL2. 

 All auxiliary capacitors have the same capacitance, i.e., 
Ca = Ca1 = Ca2 = Ca3 = Ca4. 
 

2.1. Mode 1[t0~t1] 
 
After switch S2 is turned off, resonance between the 

auxiliary inductor La and capacitors Ca1 and Ca2, begins 
with mode 1. The resonant currents of Ca1 and Ca2 have 
different directions. The resonant current through Ca1 flows 
in the discharging direction to make the voltage of Ca1 zero, 
to turn on S1 under the ZVT condition. On the contrary, the 
resonant current flowing through Ca2 flows in the opposite 
direction to charge Ca2. Each voltage of the auxiliary 
capacitors Ca1 and Ca2 can be obtained by (1) and (2), 
considering the characteristic impedance and resonant 
frequency, respectively. 
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where 0 / (2 )a aZ L C , 0 1/ (2 )a aC L   
In mode 1, the output current IL and the auxiliary 

inductor current iLa have different directions, thus the 
magnitude of each resonant current of Ca1 and Ca2 is half of 
difference between output current IL and current of the 
auxiliary inductor iLa, at the instant of switch S2 is turned 
off. Moreover, the resonant current is decreased same as 
the auxiliary inductor current iLa is increased, and iLa can be 
calculated as 
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     (3) 

 
After the voltage of Ca2 has reached Vhigh and Ca1 is 

dropped to zero, the resonant current starts flowing through 
the body diode of switch S1. In general, the body diode 
has relatively poor characteristic, and it causes a greater 
conduction loss under the same current condition. 
Therefore, the minimization of current flow through the 
body diode is required to improve efficiency by set proper 
dead time between the switches S1 and S2. If the dead time 
is insufficient, the ZVT condition is not satisfied. Therefore, 
the proper dead time for the resonance is required to be set 
to time tmode1, and the time tmode1 can be obtained as 
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2.2 Mode 2[t1~t2] 

 
After the voltage of Ca1 has reached zero, switch S1 is 

turned on under ZVT condition. The input voltage Vhigh is 
applied to the auxiliary inductor La, and thus, the current of 
the auxiliary inductor is linearly increased in this mode. 
The current can be obtained as 

 

 0 1(t) ( ) (t t )
a a

high
L L

a

V
i i t

L
    (5) 

 
The auxiliary inductor current iLa is increased during the 

period in DT which the switch S1 is turned on, where D is 
the duty ratio and T is the switching period, and the peak 
value of iLa is calculated as 

 

 , 2a

high
L peak

a

V
I DT

L
    (6) 

 
The peak value ILa,peak is an important factor in the 

design of the auxiliary inductor. This is closely related to 
the ZVT condition, it can only be achieved when ILa,peak is 
higher than output current as much as being able to secured 
energy to charge and discharge auxiliary capacitors. If the 
output current is higher than the auxiliary inductor current, 
the ZVT condition cannot be satisfied. Moreover, the 

 
Fig. 4. Key waveforms of buck mode operation 
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current of switch S1 (is1) can be obtained from the sum of IL 
and iLa, as shown below. 
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2.3 Mode 3[t2~t3] 

 
At the instant at which switch S1 is turned off, the output 

current IL and the auxiliary inductor current iLa have the 
same direction, unlike in mode 1. Therefore, the magnitude 
of the resonant current is half of the sum of the output 
current IL and the auxiliary inductor current iLa. The voltage 
of vca1 and vca2 changes faster than in mode 1. Moreover, 
the resonant current flows in the opposite direction to mode 
1, which discharges the auxiliary capacitor Ca2 and charges 
the auxiliary capacitor Ca1 until vca2 is zero, and vca1 is Vhigh, 
respectively. After vca1 and vca2 have changed, the mode is 
completed. Each voltage of Ca1 and Ca2, depending on time, 
can be calculated by sum of the output current IL and the 
auxiliary inductor current iLa, as (8) and (9), respectively. 
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where 0 / (2 )a aZ L C , 0 1/ (2 )a aC L  . 

Moreover, the resonant current is increased by the same 
amount by which the auxiliary inductor current iLa is 
increased, and iLa can be calculated as 
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As mentioned in mode 1, the dead time has to be set as 

the period of mode 3, tmode3, for the minimization of current 
flow through the body diode. The period of mode 3, tmode3, 
can be obtained as 
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2.4 Mode 4[t3~t4] 

 
As a freewheeling period, switches S2 and S4 are turned 

on. The auxiliary inductor current iLa is circulating. The 
auxiliary current iLa is kept until the switch S4 is turned off. 
At this time, the current flowing through switch S2 is 
calculated as the negative value considering the sum of IL 
and iLa, as shown in (12). The current is2 is changed 
following output current is changed.  
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The key waveforms of boost mode operation are 

depicted as Fig. 5. The boost mode has different directions 
of output current IL, and thus, the boost mode has 
symmetrical resonant current of buck mode. Unlike mode 1 
of buck mode, the currents iLa and IL have same directions 
in mode 1 of the boost mode, the high resonant current 
occurs. On the contrary, the low resonant current appears in 
mode 3 of the boost mode unlike mode 3 of the buck mode 
due to the direction difference of current. As mentioned 
above, buck and boost modes have almost symmetric 
operations; therefore, the boost mode analysis is omitted 
owing to this similarity. 

 
 

3. Control Method of ZVT IB-LDC 
 
Based on the condition of ZVT, the auxiliary inductor 

current has to be greater than output current, thus the 
circulating current through the auxiliary inductor appears 
inevitably. The auxiliary inductor should be designed to 
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Fig. 5. Key waveforms of boost mode operation 
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flow the minimum current satisfying ZVT condition at full 
load condition. However, because the auxiliary inductor 
current is not changed as much as output current is 
changed it results unintended conduction loss. Therefore, 
the PFM and phase control methods are proposed to reduce 
the unintended conduction loss considering operation 
modes. 

 
3.1 Pulse frequency modulation control 

 
The auxiliary inductor current has to be greater than the 

output current to implement ZVT condition when the 
auxiliary inductor current and output current have different 
direction. When the auxiliary inductor is designed based on 
above condition, whenever output current is changed, the 
high peak value owing surplus energy of the auxiliary 
inductor current occurs high conduction loss. Due to the 
auxiliary inductor current is not changed as much as output 
current changed. Therefore, pulse frequency modulation 
(PFM) is necessary to control the peak of auxiliary 
inductor current depending on varying the output current. 
The peak value of the auxiliary inductor current has to be 
more secured as much as Idiff,min than negative value of 

minimum output current as Fig. 6. In energy perspective, 
energy of auxiliary inductor has to be greater than energy 
of two auxiliary capacitors to satisfy ZVT condition as (13). 

 
 12La caE E      (13) 

 
The difference current Idiff,min satisfying above condition 

with the auxiliary inductor current and output current can 
be calculated as  
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Switching frequency depending on duty and output 

current can be obtained as (15) using (6) and (14). 
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The frequency variation securing the difference current 

Idiff,min depending on duty and output power can be depicted 
as Fig. 7. The minimum frequency is 200kHz at full load, 
and the maximum switching frequency is set to 450 kHz at 
10% load. 

 
3.2 Phase control for zero-current mode 

 
Specific applications such as MHEVs have batteries for 

input and output. And, the operation mode is changed up 
following vehicle conditions. When the vehicle starts up, 
IB-LDC supplies power to 48V battery from 12V battery 
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by boost mode operation to drive ISG motor. Otherwise, 
IB-LDC always operates to charge 12V battery which keep 
supplying power to loads of vehicle. When the load is 
small and SOC of 12V battery is higher than specific SOC, 
IB-LDC needs to operate as a zero-current mode. Moreover, 
when the 48V battery does not have enough SOC to charge 
12V battery, IB-LDC operates as zero-current mode. In 
buck and boost mode, the auxiliary inductor current can be 
minimized to reduce loss of circulating current under ZVT 
condition by PFM control. However, switching frequency 
should be infinite to minimize the auxiliary inductor 
current according to proposed PFM control, thus phase 
control is necessary to implement ZVT condition and 
reducing circulating current loss. 

In buck and boost mode, the two converter modules 
operate in interleaved, but phase of the converter module 2 
is controlled as much as dead time from in phase for zero-
current mode. The key waveforms of phase control can be 
depicted as Fig. 8. The detail operating mode can be 
classified into 6 modes, but last 3 modes are symmetric 
operation of first 3 modes as shown Fig. 9, thus only first 3 
modes are analyzed in this paper. 

 
3.3 Mode 1[t0~t1] 

 
After switch S2 is turned off, resonance between the 

auxiliary inductor La and capacitors Ca1 and Ca2, begins. 

The auxiliary capacitor Ca1 and Ca2 are discharged and 
charged respectively. As voltage of the capacitor Ca2 is 
increased, the auxiliary inductor current iLa is decreased. 
When the voltage of capacitor Ca1 reaches to zero, ZVT 
condition is satisfied to S1. If the peak value of the 
auxiliary inductor current iLa is greater than Idff,min, the ZVT 
condition is satisfied. The peak value iLa can be obtained as  
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C
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The auxiliary inductor current iLa can be calculated as 

(17) using (16). 
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And the time of mode 1 which is minimum dead time of 

zero-current mode can be obtained as  
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3.4 Mode 2[t1~t2] 

 
Because of high side voltage Vhigh, the auxiliary inductor 

current iLa starts increasing after switch S1 is turned on. At 
the same time, the auxiliary capacitor Ca3 and Ca4 are 
discharged and charged respectively. As voltage of the 
capacitor Ca4 is increased, voltage of auxiliary inductor is 
decreased, thus the auxiliary inductor current is clamped 
unlike mode 2 of buck and boost mode. The current iLa and 
time of mode 2 is calculated as (19), (20), respectively. 
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3.5 Mode 3[t2~t3] 

 
When voltage of Ca3 reaches to zero, switch S3 is turned 

on under ZVT condition. Moreover, the voltage of La 
reaches to zero, thus the auxiliary inductor current is 
circulated through the switch S1 and S3 until the switch S1 
is turned off.  

The peak value of the auxiliary inductor current is same 
as (16). And the time of mode 3 is calculated as 
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Fig. 10 is control block diagram of ZVT IB-LDC for 

MHEVs with switching frequency modulation and phase 
control. Basically, CC-CV control is adopted for buck and 
boost mode. Moreover, feedforward is employed to start 
from zero-current point considering input and output 
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voltage. Only PFM controller and phase & PFM controller 
are applied to control of converter module 1 and 2, 
respectively.  

 
 

4. Design of ZVT IB-LDC 
 
Considering the low voltage and high current 

characteristic of the application, the design of the main 
inductors L1 and L2 has to be considered in order to reduce 
the peak current, by operation in the continuous conduction 
mode(CCM). Moreover, the inductance should be designed 
as low as possible, considering the size and weight. The 
auxiliary inductor La should be designed to satisfy the ZVT 
condition that iLa has to be greater than the output current IL. 
To maximize efficiency, difference with the two current 
should be Idiff,min at rated power. After the auxiliary inductor 
is designed, the auxiliary capacitor is designed to satisfy 
the condition that the resonant voltage has be greater than 
the voltage Vhigh and minimizing turn-off loss. 

 
4.1 Design of main inductor 

 
Considering applications such as the MHEV, size and 

weight are important factors, thus, the main inductor size 
should be considered. In hard switching converter, the 
switching frequency should be low to avoid a high switching 
loss. And, the inductance increases proportionally to the 
how low of the switching frequency. This leads to bulky 
size and heavy weight. However, the IB-LDC can be 
applied to minimum 200kHz, maximum 450kHz 
controllable switching frequency by PFM control, thus it is 
expected to the reduction in size and weight, even though 

the auxiliary inductor is added.  
The main inductor is designed to operate in CCM on 

both buck and boost mode. In buck mode, the main switch 
is located on upper side and main inductor voltage VL1,2 is 
(Vhigh – Vlow) when main switch turns on. Therefore, current 
of main inductor iL1,2 is linearly increased as much as (22) 
during turn-on time of main switch.  
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If ZVT IB-LDC operates in steady state condition, the 

increment of iL1,2 is equal to the decrement because of volt-
second balance principle. Consequently, the peak-to-peak 
ripple of iL1,2 also can be represented as (22) in buck mode. 

In boost mode, the main switch is located on lower side 
and vL1,2 is (– Vlow) when main switch turns on. Thus, iL1,2 is 
linearly decreased as much as (23) during turn-on time of 
main switch and increased equally in steady state condition. 
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In this case, D means duty ratio on buck mode and so 

Vlow is DVhigh. Consequently, ripple of main inductor 
current in buck mode ∆iL1,2_buck is equal to ripple in boost 
mode ∆iL1,2_boost because Eq. (22) and (23) become the 
same. 

To maintain CCM operation in buck mode, main 
inductor current iL1,2 always should be larger than 0[A] by 
(24).  

 

 1,2 1,2 _

1
0

2L L buckI i    (24) 

 
In this case, IL1,2 is average of main inductor current and 

this value depends on input and output voltage and duty 
ratio. Using (22), (24), condition of main inductor L1,2 to 
maintain CCM operation can be expressed by (25).  
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       (25) 

 
Moreover, the change in the inductance with respect to 

the switching frequency can be depicted as shown in Fig. 
11. The inductance is 216 μH at 25 kHz, 108μH at 50 kHz, 
54 μH at 100 kHz, and 27 μH at 200 kHz, under a 5% 
current ripple. 

 
4.2 Design of the auxiliary inductor 

 
The practical condition of soft-switching is to secure a 

peak of the auxiliary current iLa, which is greater than the 
main inductor current IL as much as at least Idff,min , in order 
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to secure sufficient resonant current, as shown in Fig. 12. 
This condition can be satisfied by designing the auxiliary 
inductor considering the maximum current. The calculation 
of the peak value ILa,peak can be simplified by ignoring the 
slight gradient change from the resonance. Consequently, 
the maximum value of La can be calculated based on the 
above assumption as (26), using (6), Idiff,min. 

 

 
,min2( )

high
a s

L diff

V
L DT

I I



 (26) 

 
4.3 Design of the auxiliary capacitors 

 
As stated in (2)-(5), the charging current Ca1 is based on 

the sum of the main inductor current IL and the auxiliary 
inductor current iLa, because they have the same direction 
of current flow. Therefore, the ZVT condition is satisfied 
even though the auxiliary capacitor can have a large 
capacitance. On the other hand, the charging current Ca3 is 
based on difference of IL and iLa in (6)-(9), owing to the 
different directions of the current. In the case of the two 
currents having different directions, if the capacitance is 
too large, the ZVT condition cannot be satisfied owing to 
the small resonant current. Therefore, the design of the 
auxiliary capacitor is considered based on the condition of 
the two currents with different directions, similar to mode 3 
in the buck mode. In mode 3, the resonant voltage has to be 
greater than the voltage Vhigh to fully charge or discharge 
the auxiliary capacitors, as shown in Fig. 13. Consequently, 
the following condition has to be satisfied. 

 

 0 ,( )
ahigh L peak LV Z i I          (27) 

 
From (27), the maximum range of the auxiliary capacitor 

Ca can be obtained as 
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  (28) 

 
The variation of the resonant voltage according to the 

auxiliary capacitor and inductor is depicted in Fig. 14. The 
upper range of the brown square is the satisfied region of 
the ZVT condition. Additionally, the auxiliary capacitors 
in the circuit demand the more current in auxiliary 
inductor to achieve ZVT as (29). Therefore, the conduction 
loss can be increased in MOSFET switches. However, the 
ZVT IB-LDC uses the auxiliary capacitor paralleled with 
the MOSFET switches to make a little slope in voltage 
across the main switch, the turn-off switching loss can be 
reduced as shown Fig. 15. Thus the optimal value of the 
auxiliary capacitor to minimize the loss can be selected 
by calculations below. The turn-off switching loss in 
MOSFET switches is calculated with turn-off time [18], the 
peak current of the switch and the dead time in buck mode 
3 as the various value of auxiliary capacitor. 
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Fig. 11. Inductance variation with respect to fs 
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Fig. 13. Switch of current and voltage 
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The conduction loss in MOSFET switches is calculated 

as (30) through the shape of current flowing the switches 

shown in Fig. 16. And the ratio of the loss in MOSFET 
switches over the total power are shown in Fig. 17. The 
optimal value of the auxiliary capacitor to minimize the 
loss in MOSFET switches can be selected as the 
minimum value of loss in the graph. In this paper, the 
auxiliary inductor and capacitor are determined as 2.0μH 
and 12nF considering the high voltage side 48V battery, 
respectively. 

 
 

5. Experimental Results 
 
An experiment was performed to verify the feasibility of 

the bidirectional LDC with ZVT for MHEVs, using a 600 W 
prototype as shown Fig. 18. In addition, TMS320F28335 
was adopted as a digital signal processor for control. A 
DC24 battery from Delkor is used as 12V battery, and 4 
DC24 battery is connected in series as 48V battery. The 
experiment parameters are listed in Table 1, and an 
AUIRFS3107-7P (75V, 240A, and 2.1mΩ) MOSFET 
from INFINEON was used as the switch. 

Fig. 19 shows the experimental waveforms in buck 
mode operation. The gate signals G1 and G2, and switch 
currents is1 and is2, are presented in Fig. 19(a). Moreover, 
the gate signals Vgs1 and Vgs2, and switch voltages vds1 and 
vds2, are illustrated in Fig. 19(b). As mentioned before, if 
the switch voltage is dropped or raised before the gate 
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Table 1. Experiment parameters 

Parameters Symbol Value 
High voltage battery Vhigh 48 V (30~52V) 
Low voltage battery Vlow 12 V (8~15V) 

Rated power Po 600 W 
Switching frequency fs 200~450 kHz 

Main inductor L1, L2 27 μH 
Input capacitor Cin 10 μF 

Output capacitor Cout 10 μF 
Auxiliary inductor La 2.0 μH 
Auxiliary capacitor Ca 12 nF 

 

Gate & Power 
Board

Voltage Sensor

Aux. SMPS

Main 
Inductor

48V Input

Control Board

12V Input

Aux. 
Inductor

 

Fig. 18. Experimental set for ZVT IB-LDC 
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signal, it indicates that ZVT is implemented. Fig. 19(c) 
shows the switch voltage vs1, gate signal Vgs1, output 
current IL1, and auxiliary inductor current iLa. The basic 

condition to .implement ZVT is satisfied by IL1 being lower 
than iLa. The output currents IL1 and IL2, and the auxiliary 
current iLa, can be observed in Fig. 19 (d). 
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Fig. 19. Experimental waveforms in buck mode operation. 
(a) Gate signals G1 and G2, switch currents is1 and 
is2. (b) Gate signals Vgs1 and Vgs2, switch voltages 
vs1 and vs2. (c)Gate signal Vgs1, switch voltage vs1, 
output current IL1 and auxiliary inductor current 
iLa. (d) Output currents IL1, IL2 and current of 
auxiliary inductor iLa 
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Fig. 20. Experimental waveforms in boost mode operation. 
(a) Gate signals G1 and G2, switch currents is1 and 
is2. (b) Gate signals Vgs1 and Vgs2, switch voltages 
vs1 and vs2. (c) Gate signal vgs1, switch voltage vs1, 
output current IL1 and auxiliary inductor current 
iLa. (d) Output currents IL1, IL2 and current of 
auxiliary inductor iLa 
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Fig. 20 shows the experimental waveforms in boost 
mode operation. The gate signals G1 and G2, and switch 
currents is1 and is2, are presented in Fig. 20 (a). Moreover, 
the gate signals Vgs1 and Vgs2, and switch voltages vs1 and 
vs2 are shown in Fig. 20(b). Similar to the buck mode 
operation, the switch voltage is dropped or raised before 
the gate signal, under the ZVT condition. Fig. 20(c) shows 
the switch voltage vs1, gate signal Vgs1, output current IL1 
and auxiliary inductor current iLa. The ZVT condition is 
satisfied by IL1 being lower than iLa. The negative 
directions of the output currents IL1 and IL2 and auxiliary 
current iLa, are depicted in Fig. 20(d). 

Fig. 21 shows the experimental waveforms in zero-

current mode with phase control and without phase control. 
The gate signals G1 and G2, and output current IL1 and the 
auxiliary inductor current iLa are presented. The peak value 
of iLa is about 25A without phase control, whereas the 
current is decreased to about 4A with phase control. At the 
same time, the auxiliary inductor current is secured to 
implement ZVT condition. 

Fig. 22 shows the measured efficiency using power 
analyzer YOKOGAWA WT-3000. The maximum efficiency 
is 94.65% at 600W under 200kHz switching frequency in 
buck mode. However, low efficiency is measured without 
PFM control by circulating current at low power range, 
whereas when the PFM control is applied, the efficiency is 
improved about 12% at the 10% load condition. Moreover, 
better efficiency is measured with PFM control under 
overall range. 

To compare efficiency of conventional converter and the 
ZVT IB-LDC, switching loss and conduction loss are 
mathematically analyzed. In conventional converter, the 
switching loss and conduction loss of MOSFET switches 
can be considered as the main loss. The switching loss is 
calculated as (31)-(33), the overlap loss and reverse 
recovery loss is considered [20]. And the number of 
MOSFET switches should be reflected considering the 
interleaved structure. 
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The conduction loss is calculated by average value as 

shown in (34) and the number of MOSFET switches should 
be considered, too. Therefore, the losses of conventional 
IB-LDC are shown as Fig. 23 and AUIRFS3107-7P from 
INFINEON is used as MOSFET switches. 
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Fig. 21. Experimental waveforms in zero-current operation. 
(a) Zero-current mode without phase control. (b) 
Zero-current mode with phase control 
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In case of ZVT IB-LDC with PFM, the loss of auxiliary 
inductor is considered additionally. The turn-on switching 
loss is omitted because of ZVT. The turn-off switching loss 
and conduction loss is calculated as (29), (30). The core 
loss of auxiliary inductor is calculated by (35), using 
Steinmetz equation, the volume and material of core is 
considered. The flux density is obtained by (36) and it is 
considered in core loss–flux density curve of ferrite core. 
The core type and material of designed auxiliary inductor 
in experiment is PQ4040, PC44. Additionally, the resistance 
of winding wire and the effective value of current flowing 
the auxiliary inductor are considered in the copper loss of 
auxiliary inductor as (37). The losses of ZVT IB-LDC with 
PFM are shown as Fig. 24. 

 

 ( )core s LP kf B V    (35) 

 peakL I
B

N A


 


  (36) 

 2
, , ,L copper L rms L dcP I R   (37) 

 
In comparison of conventional IB-LDC, ZVT IB-LDC 

with PFM improves the switching loss, especially reverse 
recovery loss and turn-on overlap loss. But the conduction 
loss of MOSFETs is high relatively because of additional 

current to achieve ZVT. And the core loss of auxiliary 
inductor is about 3~4[W] regardless of various power 
condition. Therefore, the total loss of ZVT IB-LDC with 
PFM is higher than conventional IB-LDC in case of low 
power condition. The comparison of total loss of them is 
shown as Fig. 25. Therefore, the experiment results have 
same tendency of the calculated total loss as Fig. 22 and 
Fig. 25. However, the efficiency at rated power is more 
effective due to general C.C. and C.V. control for charging 
battery considering the characteristic of application. And 
the efficiency is relatively about 3% higher than the 
conventional hard switching converter at rated power.  

 
 

6. Conclusion 
 
Design and control method of ZVT IB-LDC for MHEVs 

is proposed in this paper. The IB-LDC is developed based 
on the conventional interleaved buck and boost bidirectional 
converter with auxiliary inductor and capacitors to achieve 
ZVT for all the active switches. Comparing existing paper, 
synchronous switching is adapted to reduce loss from body 
diode of MOSFET. Operations depending on switching 
states are mathematically analyzed all operation modes 
including zero-current mode. The boost mode is simply 
presented because it has symmetric operation of buck 
mode operation. 

Moreover, PFM control and phase control are presented 
to reduce circulating current while satisfying ZVT 
condition which is the energy of auxiliary inductor has to 
be greater than twice of auxiliary capacitor energy. 
Moreover, the passive components such as main inductor, 
auxiliary inductor and capacitors are designed. And the 
turn-off switching loss and conduction loss in MOSFET 
switches is calculated to select the optimal value of the 
auxiliary capacitor. 600W laboratory prototype is built and 
tested to verify the validity of the ZVT IB-LDC for MHEV. 
The IB-LDC can be an option to reduce the size and weight 
as well as improve the efficiency for the LDC of MHEV. 
Moreover, by increasing the phase of 2n converters 
according to the required capacity, higher effects can be 
expected at higher capacities. 
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