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Abstract

This paper proposes a soft-switching bidirectional dc-dc converter (BDC) with an auxiliary circuit. The proposed BDC can

achieve the zero-voltage switching (ZVS) using an auxiliary circuit in the buck and boost operations. The auxiliary circuit
supplies optimal energy for the ZVS operation of the main switches. The auxiliary circuit consists of a resonant inductor, a

back-to-back switch and two capacitors. A small-sized resonant inductor and an auxiliary switch with a low-rated voltage can be

used in the auxiliary circuit. Zero-current switching (ZCS) turn-on and turn-off of the auxiliary switches are possible. The
proposed soft-switching scheme has a look-up table for optimal switching of the auxiliary switches. The proposed strategy
properly adjusts the turn-on time of the auxiliary switch according to the load current. The proposed BDC is verified by the
results of PSIM simulations and experiments on a 3-kW ZVS BDC system.
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I. INTRODUCTION

As the energy crises continues to accelerate, renewable
energy has become the focus of research as a replacement for
fossil fuels. In addition, research on power conversion systems
(PCSs) such as renewable energy, battery chargers, energy
storage systems (ESSs), and electric vehicles (EVs) have
increased. In particular, ESSs can be applied to various
applications to save and utilize energy efficiently. In order to
charge and discharge a battery, a bidirectional dc-dc converter
(BDC) is necessary for high reliability, stability, and efficiency
[1]-[4].

BDCs are categorized into two types depending on the
purpose. The first type is made up of isolated converters
[5]-[7] and the other type includes non-isolated converters
[8]-[10]. An isolated BDC can protect a system by separating
its input and output stages from the transformer located
between the primary and secondary sides. Therefore, isolated
dc-dc converters are widely used in many applications
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requiring galvanic isolation. However, isolated converters
have a complex structure that increases the cost and volume
of a system due to the transformer and the number of the
power switches. On the other hand, non-isolated converters
have a simple structure without galvanic isolation. This
converter configuration is possible at a low cost and a small
volume. However, these converters have the disadvantage of
high stress on the power switches due to hard switching.

For this reason, a number of studies on soft switching have
been conducted to obtain high-efficiency non-isolated
converters [11]-[14]. The basic half-bridge type BDC was
proposed in [11] to achieve soft switching. Since a BDC
should be designed at its rated power to achieve ZVS
operation, the efficiency of light loads decreases due to a large
current ripple. A half-bridge bidirectional dc-dc converter
with a few passive components was proposed in [12] to
improve system efficiency. However, the proposed topology
has disadvantages due to the complex design of its passive
components and control strategy. Many passive components
and switching devices were added in [13] to accomplish the
ZVS operation. Excessive current is required in the additional
circuit for the ZVS operation. This results in current stress on
the power devices.

In this paper, a soft switching bidirectional dc-dc converter
with an auxiliary circuit is proposed. An auxiliary circuit is
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added to a conventional half-bridge BDC for ZVS operation
in the buck and boost modes. The auxiliary circuit consists of

a resonant inductor, a back-to-back switch and two capacitors.

When compared to conventional topologies, the auxiliary
circuit of the proposed converter has a simple structure and
control method. Power switches with a low-rated voltage can
be used in the auxiliary circuit. The power losses of the
auxiliary switches are minimized by the zero-current
switching (ZCS) operation. The proposed BDC is verified by
the results of PSIM simulations and experiments on a 3-kW
ZVS BDC system.

II. DESCRIPTION OF THE PROPOSED
BIDIRECTIONAL DC-DC CONVERTER

A. Configuration of the Proposed Converter

The proposed ZVS BDC is shown in Fig. 1. The topology
is configured by adding an auxiliary circuit to a half-bridge
BDC. The auxiliary circuit comprises a resonant inductor, a
back-to-back switch and two capacitors. The switches S; and
S,, which operate as main switches, transfer power in both
directions and are complementary to each other. The auxiliary
circuit is used to supply the minimum ZVS energy to the
main switches. The turn-on time of the auxiliary switches is
adjusted by a look-up table, which is made offline depending
on the load current. The proposed ZVS BDC can be operated
in both the buck and boost operation.

B. Analysis of Buck Operation

Fig. 3 shows a key waveform of the proposed ZVS BDC
during one switching period of buck operation. The waveform
is divided into eight modes depending on the switching state.
Fig. 2 shows equivalent circuits of the proposed ZVS BDC
during the buck mode.

Mode 1 [to—t;]: At t = t0, the buck switch (S;) is in the
turn-on state and the other switches are all in the turn-off
state. When the auxiliary switch (S;,) is turned on, Mode 1 is
started. The ZCS turn-on of S, is possible due to the
switching operation at the zero current. Because positive
voltage (Vg - Viow) is supplied to the filter inductor, the filter
inductor current (/;,) is increased in the positive direction. On
the other hand, the resonant inductor current (/;,) is increased
in the negative direction due to the negative voltage across
the resonant inductor. The negative resonant inductor current
flows to C,, and C,,, and the voltage of C,, is increased
during Mode 1. The voltage of C,,, is maintained at half of
Viigr. When S; is turned off, Mode 1 is finished. The
equations for Mode 1 are described as:

iy (to) =1 os iry(tg) =1, =0 (D
vCrl(tO):O’ Ver2 (tO):Vhigh 2)

. 1
irf (f)=Tf(Vhigh _Vlaw)(tl ~ty)+ 1y o 3)

() V high

Fig. 1. Proposed ZVS bidirectional de-dc converter.
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Mode 2 [t;—t,]: When §; is turned off, Mode 2 begins. In
this mode, two steps are performed during the dead-time.
During the first step, the upper resonant capacitor (C,;) is
charged and the lower resonant capacitor (C,,) is discharged
by the resonance. Therefore, the ZVS condition of S, is
satisfied when the voltage of C,, reaches zero. When the first
step is finished, the filter and the resonant inductor current
are decreased by flowing through the anti-parallel diode of
the boost switch (S;). The equations for this mode are shown
in (6)-(12). w, is the resonant angular frequency and Z, is the
characteristic impedance. When S, is turned on, this mode is
finished.

vert (1) =0, vera (1) = Viign (6)
v,
ipe (1) =1 1+ ;}gh sinw, (1 1) @)
1 /. .
ver (1) = C*(lLf ‘lLr)(’—fl) ®)
rl
1 /. .
ver2 (1) = Vhigh _T(lLf —ig, )(t=1) ©)
r2
C.=C1+Cpy (10)
Veri(12) = Vaigns Vera(2)=0 (11
o, —— 7~ |k (12)

r m s Ly Cr

Mode 3 [t,-t;]: When S, is turned on, Mode 3 starts.
Because /;;and 1, flow through the anti-parallel diode of S5,
I;; and 1;, decrease continuously in this mode. When I,
reaches zero, only /; flows into the anti-parallel diode of S..
The ZCS turn-off of Sy, is possible because S, is turned off
when [, reaches zero. The equations for this mode are shown
in (13)-(16). When S, is turned off, Mode 3 is finished.

igg(2)=1Irp 2. i (t2) =1, 2 (13)
V,
igg (1)=1Ip 2~ Llow (3-13) (14)
/
. _ Vhigh 15
i (1)=1p, o+ oL (t-13) 15)
i (3)=11r 3, ig, (13)=0 (16)
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Fig. 2. Equivalent circuits of the ZVS BDC in the buck mode.

Mode 4 [t;—t,]: When S, is turned off, Mode 4 is activated.
In Mode 4, I;,flows into the anti-parallel diode of S, until the
auxiliary switch (Sy;) is turned on, as shown by:

i, () =0 (17

iy (0= 11y 3 =221y = 1) as)
’

iy (ta) =11y _as iLr(14) =0 (19)

Mode 5 [ty—ts]: Att =14, .S, is in turn-on state and the other
switches are all in the turn-off state. When the auxiliary
switch S,; is turned on, Mode 5 is started. The ZCS turn-on
of S, is possible in the same manner as in Mode 1. Because
the voltage across the filter inductor is negative (—V},,), I,/ is
decreased. When the auxiliary switch Sy; is turned on, I,
begins to gradually increase. Until /;, is smaller than 7, the
difference between I, and /;, flows to the anti-parallel diode
of S,. After I, is larger than I;, the difference between 7;, and
I, flows through the transistor of S,. The equations for this
mode are shown in (20)-(24). When S, is turned off, Mode 5
is finished.

v

i ()=1Ipp 4~ Llofw (15 -14) (20)
i (1) = Z”Lg;’ (15 ~14) @1
i (ts)=1I1s 5 =117 min (22)
i (ts) =11y 5 =11y max (23)
veri(ts) = Viighs vera (t5) =0 (24)
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/ Kﬁigh o f 5_,-*![ T o N )K’u’g}:
Saz
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Mode 6
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Mode 6 [ts—ts]: At t = t5, I;r and ;, almost reach their
minimum and maximum values, respectively. During the
dead-time in which the main switches are turned off, C,; is
discharged and C,, is charged by the resonance. When the
energy stored in C,, is discharged, the voltage of S; (Vs;)
reaches zero. The ZVS condition of the buck switch is
ensured when V;; is zero. After Vs, reaches zero, the
difference between I, and I;, flows into the anti-parallel
diode of S;. When §; is turned on, Mode 6 is finished. The
equations for this mode are shown in (25)-(27), and the ZVS
energy can be expressed as (28).

Viigh

i, ()=1p, 5- Y sinaw, (t—15) (25)
| .
Verl (t)= V]’ligh _Tl(ll‘r —lLf)(t—ts) (26)
1 /. .
VCFZ(t)=E(ZLV_1Lf)(t_t5) (27)
1 1
El’rILr2 2E(Crl +Cr2)Vhigh2 (28)

Mode 7 [te—t;]: When S is turned on, Mode 7 is activated.
Current equal to the difference between I, and /;, flows into
the anti-parallel diode of S; until /;,is larger than /;,. When /;,
is larger than I;,, current equal to the difference between I,
and /;. flows into the transistor of S;. In this mode, I,
decreases and reaches zero. S,; is operated under ZCS
turn-off at this moment. This exquations for this mode ar
described in (29)—(32). When S,; is turned off, Mode 7 is
finished.
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Fig. 3. Key waveform in buck operation.
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Mode 8 [t;—t3]: Mode 8 starts when S,; is tuned off. I,
flows through the filter inductor from V},,, to Vj,,. Because
positive voltage is supplied to the filter inductor, /;, increases
linearly. /;, is described as (33). In Mode 8, the converter
transfers power from Vj,;, to V},,. At the end of Mode 8, I;,
has its maximum value, /;; max.

Vhigh - Vlow (
f

i (0)=1p 7+ t5—17) (33)

C. Analysis of Boost Operation

Fig. 3 shows key waveform of the proposed ZVS BDC
during one switching period of buck operation. The waveform
is divided into eight modes depending on the switching state.
Fig. 2 shows an equivalent circuit of the proposed ZVS BDC
during the buck mode.

Boost mode operation can also be divided into eight modes.

However, the roles of the switches are opposite. S, and S; act
as the main switches. Meanwhile, the auxiliary switches are
also changed in the boost mode operation. Sy, supplies ZVS
energy to S, and S,; helps maintain the voltage of C,,, at half
of Vig. Fig. 5 shows a key waveform of the proposed ZVS
BDC during one switching period in the boost mode. An
equivalent circuit of the proposed ZVS BDC is shown in Fig.
4 during boost operation.

III. DESIGN METHOD OF THE CIRCUIT PARAMETERS

A. Design of the Filter Inductance

The design of the filter inductance has a significant impact
on the performance of the proposed BDC. The current of the
resonant inductor should be large to achieve ZVS operation
with a large filter inductance. In this case, the large current of
the resonant inductor increases the conduction loss of the
auxiliary switches. On the other hand, with a small filter
inductance, the main switches have a large current stress due
to a large current ripple. Therefore, the filter inductance must
be designed first.

In this paper, the target of the filter inductor current ripple
is less than 40 % of the rated load current. A, can be
expressed as (34).

AiLf x Dst < Imted x0.4 (34)

_ Vhigh —Viow
L
where D,, is the duty ratio of the main switch, 7 is the
switching period, Vj,;, is the high-voltage, Vj,, is the low-
voltage, and L, is the filter inductance. Using (34), the filter
inductance can be derived as (35).

Vhigh - Vlow

xD_ T,

Ly> g (35)

m

Aiyy

B. Design of the Resonant Inductance

To achiever ZVS operation, iy, should be larger than
irzmin. In buck operation, I;, is equal to the load current.
Therefore, I;,can be expressed as (36).

Iy =—"% (36)

where P;,.q is the power of a specific load condition. Using
(34) and (36), i1/mix can be expressed as:
Ai Lf
2
. PLoad _ Vhigh - Vlow %
Viow 2x L f

irfmin =drf =
(37
D, T

m=*s

From the inductor current equation, #;,.,,., can be expressed
as (38).
Vhigh
2x L

lLr,max -

X Talpha (38)
-

Topha should be limited to within 5 % of the switching
period. T4, can be expressed as (39). From equations (38)
and (39), the resonant inductance can be derived as (40).

Tyipha < Ty % 0.05 (39)

Vhigh X Talpha
L <——F—F— (40)
2XI1f min
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Fig. 5. Key waveform in boost operation.

C. Design of the Resonant Capacitor

Typically, an additional capacitor achieves a greater
reduction in the turn-off loss. The turn-off loss and the
conduction loss are inversely proportional to each other.
When the resonant capacitance is large, the turn-off loss of
the main switches is decreased. However, the conduction loss

= Vhr’gh

of the main switch is increased due to the large current of the
resonant inductor. In the opposite case, with a small resonant
capacitance, the turn-off loss is increased and the conduction
loss is decreased. Therefore, an optimal design method for
the resonant capacitor is needed to minimize the total loss of
the main switches. A power loss analysis of the PSIM
simulation tools is used to design the resonant capacitor in
this paper. The result of a PSIM simulation is presented to
choose a proper resonant capacitance in the design example
section.

IV. CONTROL ALGORITHM OF THE PROPOSED
TOPOLOGY

A. Description of the Control Algorithm

Fig. 6 shows a block diagram of the proposed control
algorithm. The duty of the main switches, which is generated
from the current controller, is compared with V,;;, and the
power is transferred in both directions. The duty of the
auxiliary switch depending on the load is determined by a
look-up table. In addition, two phase shifted carrier waves are
generated to compare with the duty ratio of the auxiliary
switches. V., lags V,;; by half the duty of S;. On the other
hand, V,,;; leads V,; by half the duty of S,. In buck operation,
the duty of S, is compared with V., to generate the ZVS
energy for S;. On the other hand, S, is used to maintain V¢,
at half of V},,,. When only S, is operated, V¢, continuously
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Buck mode
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Table

1‘

{fu mrru’

K (5)

Current Controller

Fig. 6. Block diagram of the proposed control algorithm.

decreases, resulting in an unbalance between Ve, and Vi,
on the high-voltage side. In this case, the ZVS operation of
the main switches cannot be achieved because the energy
stored in the resonant inductor is not sufficient. To solve this
problem, the operation of S, is required. The phase shift
method of the two carrier waves (V,;; and V,,;;) and the
method for calculating the duty of the auxiliary switch are
described in the next section. In boost operation, the role of
the auxiliary switches is opposite. Sy, is triggered for the ZVS
operation of S, and S,; is used to maintain V¢, at half of

Vhigh~

B. Minimizing the Switching Loss with a Look-Up Table

It is difficult to obtain resonant current data due to DSP
performance limitations. Therefore, in this study, a look-up
table is used to reduce the operation time and to provide the
duty of the auxiliary switch according to each load current.
To achieve the ZVS operation of the main switches, an
optimal resonant current is injected. In order to generate the
minimum resonant inductor current, the optimal turn-on time
of the auxiliary switch needs to be calculated. It is possible to
obtain the optimal turn-on time under the assumption that
some of the parameters are known.

Fig. 7 shows a method for calculating the turn-on time of
the auxiliary switch. It is assumed that the energy stored in
C,; is discharged completely during the dead-time of the
auxiliary switch in buck operation. To obtain the optimal
turn-on time of the auxiliary switches, the minimum value of
I;; and the maximum value of /;, need to be known. As
mentioned previously, during the dead-time, the current
difference between I;, and I;, charges and discharges the
resonant capacitors. For buck operation, the average value of
I,;1is equal to the load current.

~
V;-S,‘II
Vesz Vesi 3
>
= t
/_ — ILr.max
/T\ Iy
\ / IZVS \
i Iy
"-_-_'<
Aar = ULf,min
— l:.I.r
0 >
T alpha Tn‘md Tm‘p.fm

Fig. 7. I;yand I}, depending on the PWM signal of the main and
auxiliary switches.

When S, is turned off, as shown in Fig. 7, I;, can be
approximated to a maximum value since there is almost no
difference between i, ,., and A/ during the dead-time.
Therefore, the maximum value of /;, can be approximated as:

Virx Talpha

7 _ Vhigh X Talpha
Lr,max — L

Y “h

7

The current for the ZVS operation (/z;5) can be expressed
as:

Izys =11 max —{1f,min (42)

Vhigh * Taipha | Proaa _ Vhigh =

xD,,T, (43)
2L, View 2Lf

Izys =

In this study, the resonant capacitors are assumed to be
fully charged and discharged during the dead-time, and /g is
assumed to be a constant value because the dead-time is
extremely short. Therefore, from the voltage equation of the
capacitor, I,y is expressed as:

dv,

44

" (44)
Vhigh

Izps =2C, —= (45)
dead

From (43) and (45), T, can be derived as:

Vhigh [PLnad Vhigh =Viow 1y TD 2L, (46)
L,
1

awna [ Tdead Vlow 2 Vhigh

The optimal turn-on time of the auxiliary switch (7,,,) is
equal to equation (47) as shown in Fig. 7. Therefore, the
optimal duty of the auxiliary switch (D,,,) can be expressed
as:

Taux_sw_on =2x Talpha + Tgeaa 47)
Toux_sw_on
Dy = } - (48)

S
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Fig. 8. Phase shift method for the switching operation.

Tupha 1s determined by Pj,qq in (46). Therefore, (48) always
has an optimal value with a variation of the load. D,,, is
calculated with the entire load offline and is saved to the
look-up table. A minimal /;, is used because the resonant
capacitors are charged and discharged during the dead-time.
Therefore, the power loss of the auxiliary circuit can be
minimized. The auxiliary switches remain in the turn-on state
while one of the main switches S; or S, is turned on. Thus,
Tux_sw on Should be smaller than the turn-on time of the main
switch. The available duty ratio can be expressed as:

Taux_sw_on <(1_Dm)rv (Dm >0'5) (49)
Tauxiswion < Dst (Dm < 0'5)

In the proposed control algorithm, three up-down carrier
waves are used to operate the main and auxiliary switches. A
phase shift method for the operation of the auxiliary switches
is proposed in this paper. Fig. 8 shows this phase shift
method.

As shown in Fig. 6, the current controller generates the
duty of the main switch, and the dead-time is applied to the
duty. The duty, including the dead-time, is compared with
Vi1 to generate a pulse width modulation (PWM) signal. In
buck operation, the phase of V., lags V,.; by half the duty of
the main switch (Ds;), and the phase of V,,;; leads V,; by half
the duty of the main switch (Dyg;).

D, in the look-up table is compared with V., or V,; to
generate a PWM signal according to the operation mode. For
buck operation, the duty of S,; (D) is compared with V.,
and Sy, is operated to perform ZVS of S;. When only S, is
operated, Ve, continuously decreases. This results in an
unbalance between Ve, and Ve, To solve this problem,
under ideal conditions, the duty of S; is used as the duty of
S4>. However, under non-ideal conditions, when the duty of
S4; and Sy, are the same, the unbalance problem still exists.

Therefore, if V¢, is larger than Ve, a duty as small as 1 %
of the Dg,; duty is used as Dg,,. In the opposite case, a duty
as large as 1 % of Dgy; is used as the S,, duty. For boost
operation, the duty of Sy, (Dg4,) is compared with V,,;, and
Sy, 1s operated to perform ZVS of S,. The duty of Sy, is
determined in the same manner as in buck mode operation.

C. Comparison with Other Topologies

Table I shows a comparison of the proposed topology with
other topologies that perform soft switching. In [11], the
design of a soft-switching BDC for a high-power system was
proposed using the discontinuous conducting mode. The
proposed converter has the advantages of simple construction,
and reduced turn-off losses by connecting a resonant capacitor.
The ZVS operation of the proposed converter can be
achieved by using the discontinuous current mode (DCM).
The current ripple of the filter inductor should be large
enough to meet the DCM condition. Furthermore, the circuit
parameters of the dc-dc converter are designed based on the
rated power. As a result, the efficiency is decreased under
light load conditions since the conduction loss increases due
to a large current ripple. Therefore, the current stress of the
switches is increased due to a large current ripple.

In [12], a soft switching bidirectional dc-dc converter with
an LC series resonant circuit was proposed. The merit of this
topology is that the configuration of the system is simple.
However, it has drawbacks since the design of the passive
components is complicated and the switching frequency
changes according to the load condition. The ZVS principle
of the proposed BDC is based on the series resonance
between the resonant inductor and the capacitor during the
turn-off time of the switch. The current generated by the LC
resonance flows to the switch during most of the time that the
switch is turned on. Therefore, this operation results in a large
conduction loss, which leads to a large current stress of the
switch.

In [13], a dc-dc converter was proposed that uses an
auxiliary resonant circuit. The auxiliary circuit consists of
two diodes, two switches, and two passive components.
Although the efficiency of the system is increased by
reducing the switching loss through soft switching, the
configuration and control method are complicated. The ZVS
operation is achieved using the auxiliary circuit. The voltage
stress is applied to the auxiliary switch with a maximum Vg,
The large current generated by the resonance flows to the
main switch for a long time when compared with one
switching period. Therefore, the current flowing to the main
switch increases the conduction loss.

In this paper, a soft-switching BDC with an auxiliary
circuit and a control algorithm are proposed. Although the
system is complex in configuration, the minimum ZVS
energy is generated by properaly adjusting the auxiliary
switch. The ZVS operation is performed by injecting the
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TABLE 1
COMPARISON OF DIFFERENT TOPOLOGIES
[11] [13] Proposed Topology
System configuration Simple Simple Complicated Complicated
Control me.thod Simple Complicated Simple Simple

complexity

Number. of external 0 ) 0
diodes
Number.of external 0 ) )
switches

Number of external 0 ) 3
passive components
C0ns1dern.1g. the load Not considered Considered Considered Considered

conditions

I f th . . . . . .
Vo tz?g.e stress. of the No auxiliary switches No auxiliary switches Maximum Vg, Maximum Vg, /2
auxiliary switches
Current §tress of the Excessive Large Large Small
switches
Efficiency 96.77 % 97.52 % 96.03 % 98.8 %
minimum current during the dead-time. The resonant inductor 12.00 42.00
current flows for a short time when compared with one —_—

switching period. The on-time of the auxiliary switch is about
5 ps and the switching period is 40 ps under the experimental
conditions. Therefore, the current stress of the auxiliary
switches is small due to the low conduction loss of the
auxiliary switches. Furthermore, the voltage stress of the
auxiliary switch is applied up to half of V. In terms of the
current stress for the switches, the resonant inductor current
flows to the main switches during 7,,. Since the maximum
value of T, should be 2 ps under the experimental
conditions, the current stress of the switches is low. In
addition, the conduction loss of the auxiliary switches is
small.

V. DESIGN EXAMPLE

Based on the design methods, a design example of the
passive components is presented. V},g;, is 350 V, V,, is 200 V,
and f; is 25 kHz. From the derived equation (34), the filter
inductor current ripple can be found as:

3501 —200V “ 2001V
Ly 3501

Aipp = x40us <6 [A] (50)

Using (35) and (50), the filter inductance is estimated as:

350V =200V 200/ 1
Lf > X X
6A4 350V  25kHz

=571uH (51

From equation (51), the filter inductance is selected as 600
1H. Then, the filter inductor current ripple can be calculated
as:

3501 =200 2001
600uH 3501

Aipy = x40us =5.714 (52)
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Laosses of the main and auxiliary switches [W]
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= Condnction loss(main) == Turn-off loss(main)

e Condnidetion loss(aix) == Total Loss

Fig. 9. Loss comparison depending on the resonant capacitance.

When considering the rated power condition, from the
derived equations (36) and (37), i /., can be calculated as:

Ai
SKW__ 2 15 144 (53)

i o=
Lfsmin =500 2

Since the switching frequency is selected as 25 kHz, T,
is selected to be 2 us by (39). Using (40), the resonant
inductance can be evaluated as:

< 350V x2us

L, .
2x ILf ,min

=28.8uH 54

When considering the volume of the resonant inductor, the
resonant inductance is selected as 12 uH.

To design the optimal resonant capacitance, the power loss
of the switch is analyzed by a PSIM simulation. Fig. 9 shows
a comparison of the losses in terms of the resonant
capacitance. Depending on the resonant capacitance, there is
a trade-off between the switching loss and the conduction.
When the resonant capacitance increases, the turn-off loss
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decreases and the conduction loss increases. In the obtained
simulation results, when there is a resonant capacitance of 17
nF, the total loss is the lowest when compared to the other
resonant capacitances. Therefore, 17 nF of the resonant
capacitor is applied to the proposed BDC.

VI. SIMULATION RESULTS

Simulations were performed to verify the effectiveness of
the proposed ZVS BDC and control algorithm using PSIM
software. Table II shows the parameters of the simulation. As
previously mentioned, the duty of the auxiliary switch is
applied by a look-up table depending one the load conditions.

A. Simulation Results in Buck Operation

Fig. 10 shows simulation results with the proposed control
algorithm in buck operation. The phase of V., which is
compared with the duty of S,;, lags that of V,;; by half the
duty of the main switch. The duty of S, is referenced in the
look-up table. V.3, which is compared with the duty of S,,,
leads V,;; by half the duty of the main switches. The duty of
S, is adjusted to maintain Vp,, at half of V. When S, is
turned off, /;, charges C,, and discharges C,; during the
dead-time. V; reaches zero and remains there during the
dead-time. Therefore, the ZVS operation of S; can be
achieved. In the buck mode, S, is operated to balance V¢,
and Vepor.

Fig. 11 shows an analysis of the power losses of the
switches. This analysis of the power losses is obtained from a
PSIM simulation. As shown in Fig. 11, the power loss from
the main switch accounts for 77 % of the total power loss. Of
this, the conduction loss of the main switches is dominant.
Since the turn-on ZVS operation is performed, the switching
loss of the main switches corresponds to the turn-off loss.
The power loss generated by the auxiliary switches accounts
for 22 % of the total power loss. Since the ZCS turn-on and
turn-off operations are performed in the auxiliary switches,
most of the power loss generated from the auxiliary switch is
conduction loss. The conduction loss and switching loss of
the auxiliary switches are 21 % and 1 % of the total loss,
respectively.

B. Simulation Results in Boost Operation

Fig. 12 shows the performance and control algorithm of the
proposed converter in the boost mode. The phase of V,;; is
compared with the duty of S,, to generate a PWM signal of
the main switch. The duty of S,, is obtained by a look-up
table reference. The phase of V., which is compared with
the duty of S,;, leads that of V,,; by the duty of the main
switches. The duty of S,; is adjusted to maintain V¢, at half
of Ven. With Sy, turned on, /;, is increased linearly. When S,
is turned off, /;, charges C,; and discharges C,, during the
dead-time. The ZVS condition is satisfied when VC,; is zero,

TABLE II
PrROPOSED ZVS BDC PARAMETERS
Rated power 3 kW
High-side voltage 350V
Low-side voltage 200V
Filter inductor 600 uH
Resonant inductor 12 pH
Resonant capacitor 17 nF
Switching frequency 25 kHz

est Ves2

12

08

04
0.2

-0.2

. .
541 Vgsaz

12

0.8

0.4
0.2

-0.2

Minimum i;,
» L

4

20/N//
0

ZVS operation of S

Vi /350 Vg
2 J—.
'1 1 1
I 1
0.8 1 1
06 1 !
04 1
02 1 1
0 T T
02 T ¥
0.11992 0.11994 0.11996 0.11998 012

Time (s)

Fig. 10. Simulation results during buck operation.
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Auxilairy switch Conduction » Auxilairy switch Switching

Fig. 11. Analysis of the power loss from the switches.

as shown in this figure. When S is turned off, [}, charges C,,
and discharges C,, during the dead-time. The ZVS condition
is satisfied when V¢,, is zero, as shown in the figure. In this
mode, Sy; is operated for the balancing control.
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Fig. 12. Simulation results during boost operation.

VII. EXPERIMENT RESULTS

An experiment was implemented on a 3-kW prototype
ZVS converter to verify the effectiveness of the proposed
topology and control algorithm. The experimental setup is
shown in Fig. 13. The experimental setup was composed of a
half-bridge BDC with an auxiliary circuit, gate driver
modules, a control board, an ADC sensing circuit, and a
switching mode power supply (SMPS). The experimental
parameters were the same as those in Table 1. Table III shows
the specification of the main and the auxiliary switches. The
proposed ZVS BDC was utilized in both buck and boost
operations. In order to reduce the turn-off loss of the main
switches, an additional resonant capacitor was connected in
parallel to the main switches. VMOG60-05Fs from IXYS were
used for the auxiliary switches. The buck and boost
operations can be distinguished by the direction of the filter
inductor current. A positive current of the filter inductor
implies buck operation. The opposite case implies boost
operation.

Fig. 14 shows I;rand /;, according to the gate signals in the
two modes. The operation mode is distinguished according to

the gate signal of the auxiliary switch and the direction of /;,

and /;,. As shown in Fig. 14(a), in the buck mode, 7;, flows in
the positive direction during the turn-on state of Sy;.
Furthermore, /;, flows in the positive direction. On the other
hand, when S,, is turned on, I;, flows in the negative
direction. In the boost mode, /;, flows in the negative
direction and /;, flows in the positive direction when S, is in
the on state as shown in Fig. 14(b).

Filter inductor )?esommr Control
inductor board
—

P
T | - = o)
;. < ey

Fig. 13. Experimental setup.

TABLE III
SPECIFICATIONS OF THE MAIN AND AUXILIARY SWITCHES
Part Number Parameter Value
Ip (25°C) 60 A
VMO 60-05F Coss 1.35nF
(MOSFET) Vbss 500V
Vsp 1.5V
P
. Vueisny [20Vidi
V_;_r ate(SAT) [ ZOVMN] \ gate(S1) [l .tV]
e i s A e vl
i [204/div]
RIS S N e S et
0 -_— —
1
iy, [20A/div] [10us/div]
(@)
by bl
Voersny [20Vdiv
Voaetsazy [20VIdiv] ey ll &

I SN S (1 1} (7 VO, . S——

i), [204/div)

|

iy [2041div] [ 10ws/div)

(b)
Fig. 14. I,y and I}, with gate signals depending on the operation
mode: (a) Buck mode; (b) Boost mode.

Fig. 15 represents the ZVS turn-on operation of the main
switches in the buck and boost modes. S; and S, perform the
ZVS operation regardless of the operation mode. The energy
of C,, is fully discharged before Vg, is turned on, as shown in
Fig. 15(a). For this reason, the ZVS condition of S, is ensured
by the resonance. For S,, the energy of C,, is discharged
before S, is turned on during the dead-time. Therefore, S, also
performs the ZVS turn-on in the buck mode. In the boost
mode, the ZVS turn-on of S, is possible in the same manner
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Fig. 15. ZVS turn-on operations of the main switches: (a) Buck
mode; (b) Boost mode.
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Fig. 16. ZVS operations under variation of the load condition in
buck operation: (a) 100 % load condition and (b) 50 % load
condition.

as in the buck mode as shown in Fig. 15(b).

Fig. 16 shows the ZVS operation of S; when a variation of
the load occurs in the buck mode. The peak value of i, is
almost 20 A in the 100 % load condition as shown in Fig.
16(a). Comparing Figs. 16(a) and 16(b) shows that the peak
value of i;, decreases to 12 A at the 50 % load condition.
Therefore, the ZVS operation of the main switches can be
achieved because the optimal current is injected according to
the load condition.

isy [2047div] Vg, [200V7div]

| SRR, ISR | S 5 RSOOSR R

_Verp [100V/div)
Ve [100V/div)

Tiurn-off ZCS.

il [500ms/div)

Fig. 17. ZCS operation of the auxiliary switches in the buck
mode.
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|
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; ———
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0—

Fig. 18. Variation of the input voltage in the buck mode.

Fig. 17 shows the ZCS operation of the auxiliary switch
and the voltage of C,, and C,, in the buck mode. The ZCS
turn-on of S,; is achieved because the current is zero when
Sy, is triggered. The ZCS turn-off operation is also possible
because S,; is triggered after the current of S,; reaches zero.
In boost operation, the ZCS turn-on and turn-off operations of
S, are performed in the same manner as in buck operation. In
addition, Fig. 17 shows the voltage of the auxiliary capacitors
in buck operation. Since the voltage of Cj,, is decreased when
compared with half of V), the duty ratio of S, is increased
1 %. In the opposite case, the duty ratio of S, is decreased in
the same manner. The voltage of the capacitors, as shown in
Fig. 17, is maintained at 175 V, which is half of V,, by
using the proposed control scheme.

Fig. 18 shows the input voltage variation at a fixed load in
buck operation. As shown in Fig. 18, the input voltage varies
from 350 V to 300 V and from 300 V to 350 V. Despite the
variations of the input voltage, the output voltage is kept
constant.

Figs. 19 and 20 indicate an efficiency comparison between
the conventional ZVS converter proposed in [11] and the
proposed ZVS converter in the buck and boost operations.
The efficiency of the proposed ZVS converter is higher than
that of the conventional ZVS converter under the wide-load
condition as shown in Fig. 19 and Fig. 20. The conduction
loss of the main switches increases due to the large current
ripple of the filter inductor in the conventional ZVS converter.
On the other hand, in the proposed control method, because
the minimum resonant inductor current required for ZVS
operation is used during a short time, the conduction losses of
the main switches and auxiliary switches can be reduced
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Fig. 20. Experimental efficiency graph in the boost mode.

when compared with those of the conventional ZVS
converter. In particular, the improvement of efficiency is
greatly increased under light load conditions.

VIII. CONCLUSIONS

In this paper, a ZVS BDC with an auxiliary circuit is
proposed. The auxiliary circuit is composed of a resonant
inductor, a back-to-back switch and two capacitors. The
auxiliary circuit is connected between the middle of the main
switches S; and S, and the middle of V. By adjusting the
turn-on time of the auxiliary switch from a look-up table
reference depending on the load current, the minimum
resonant inductor current is supplied to the main switches for
ZVS operation. Therefore, the ZVS operation of the main
switches is ensured in both the buck and boost operations. As
a result, the proposed dc-dc converter can improve efficiency
by achieving soft switching for wide-load conditions. The
proposed topology and control method are verified by
simulation and experimental results.
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