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Abstract—This paper presents a novel topology for a noniso-
lated bidirectional de—dc converter with soft-switching capabil-
ities, which usually operates at a zero-voltage-switching (ZVS)
condition. A nonisolated dc—dc converter combines a buck con-
verter and a backward boost converter into one circuit, which
consists of a half-bridge power switch, an inductor, and capaci-
tors. In order to realize ZVS conditions, the proposed converter
utilizes a coupled inductor, a small independent inductor, and
auxiliary switches and diodes. Due to ZVS, switching stress on
switch components is reduced, and the reverse recovery problem
of MOSFET antiparallel body diodes is also eliminated. Moreover,
the operating modes of the proposed converter can be switched
between a ZVS mode and a conventional hard-switching mode on
the basis of load conditions. The soft-switching mode is for heavy
loads, and the hard-switching mode is for light-load conditions.
Therefore, the highest efficiency can be obtained at almost all
load ranges. The detailed theoretical analyses in each mode are
presented, and a 1-kW prototype is also built to verify the principle
of the circuit and the theoretical analysis.

Index Terms—Bidirectional, coupled inductor, dc—dc converter,
resonant power converter, zero-voltage switching (ZVS).

1. INTRODUCTION

IDIRECTIONAL dc—dc converters can deliver energy

between dc sources or loads in either direction. They have
been widely used in various areas, such as appliances, general
industries, and aerospace, which include uninterruptible power
supplies, intelligent battery chargers, hybrid energy storage
systems (HESSs) for electric vehicles (EVs) and hybrid EVs,
power converters for fuel cell vehicles, and solar power supplies
for satellites [1]-[13]. In a HESS [11]-[13], a bidirectional
dc—dc converter can be used to match different energy storage
systems with different voltage levels, such as batteries and
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ultracapacitors, which can supply large bursts of power during
start-up, acceleration, and hill climbing, and also recapture
a large amount of energy during regenerative braking. Small
size and high efficiency are the basic requirements for these
types of converters. In order to reduce the converter size, high-
switching-frequency operation is needed. However, the total ef-
ficiency will significantly drop as the switching losses increase
with switching frequency. Hence, soft-switching techniques are
usually adopted to reduce switching losses. The use of soft
switching can also decrease voltage and current stresses on
power switching components and increase the reliabilities of
dc—dc converters.

Usually, bidirectional dc—dc converters can be divided into
nonisolated types and isolated types, depending on isolation
requirements and voltage transfer ratios. This paper mainly
focuses on nonisolated bidirectional dc—dc converters, which
usually adopt the combination of a buck converter and a back-
ward boost converter in a half-bridge configuration [14]. Some
nonisolated bidirectional soft-switching topologies have been
proposed in the literature and can be roughly classified into
three types.

1) Utilizing auxiliary inductors, switches, and capacitors
[15]-[19]. By generating resonance between inductors
and capacitors, a zero-voltage condition or a zero-current
condition is realized. However, higher voltage stress and
current stress on switches are also generated. Auxiliary
switches usually operate under hard-switching conditions
[15], [16] and are switched twice in a switching circle
[18]. Thus, switching losses increase, and the control
mechanisms become very complicated. In [19], two inde-
pendent auxiliary circuits are used to implement the soft
switching for buck mode and boost mode, respectively.
Therefore, it will result in high costs and complexities.

2) Adopting the interleaved structure [20]-[23]. Several
conventional bidirectional dc—dc converters are con-
nected in parallel to constitute interleaved structures [20].
To achieve zero-voltage-switching (ZVS) conditions, in-
ductor currents flow in bidirectional directions (positive
and negative), and the negative inductor current is used
to charge and discharge the snubber capacitors. Since
the current ripple in each phase is large, multiphase
interleaved structures can be used to reduce the summed
current ripple. In addition, two phase inductors are cou-
pled with the same magnetic core to reduce the inductor
current ripple in each phase, and it can also reduce the
iron core losses, size, and cost of converters [21]. In this
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method, there are many components such as switches and
inductors in multiphase interleaved structures, and the
control algorithm is complex.

3) Using coupled inductors [24]-[28]. By adding an auxil-
iary winding with the main inductor, it can supply another
power flow channel to achieve soft-switching conditions.
In [24], its current ripple can be zero regardless the
direction of power flow. It is very beneficial to the battery
as the low side voltage source. In [28], a unidirectional
ZVS topology with coupled inductor is presented, and the
recycled energy is critical for ZVS conditions. However,
the drawback of this converter is the recycled energy,
which increases as the load decreases. Thus, the effi-
ciency is very low at light conditions.

In this paper, in order to achieve bidirectional capability and
improve the efficiency at light-load conditions, a novel noniso-
lated bidirectional soft-switching dc—dc converter is proposed
based on a ZVS converter [28]. The auxiliary circuit consists of
a coupled inductor, a small separate inductor, two MOSFETsS,
and two diodes. The main MOSFETs can operate under ZVS
conditions. Two additional MOSFETs are used to determine
whether the converter operates at a ZVS mode or a conventional
hard-switching mode. One of the two will always turn on or off
at buck or boost modes, so there are no switching losses for the
two additional MOSFETSs. Therefore, the converter can obtain
the highest efficiency at both heavy and light loads. A converter
prototype rated at 1 kW was built to verify the principles.

The rest of this paper is organized as follows. In Section II,
the converter topology and its detailed operating principle of
each mode are presented. The design principles of inductors
and snubber capacitors are given in Section III. Section IV
focuses on the experimental results and analyses. Finally, the
conclusion is drawn in Section V.

II. CONVERTER TOPOLOGY AND OPERATING PRINCIPLE

The proposed ZVS bidirectional dc—dc converter topology
as shown in Fig. 1(a) has two distinct operation modes: a buck
mode and a boost mode, which are illustrated in Fig. 1(b) and (c),
respectively. In this topology, inductors L; and Lo are tightly

Proposed ZVS bidirectional de/dc topology. (a) Complete topology. (b) Simplified topology of buck mode. (c) Simplified topology of boost mode.

coupled on the same ferrite core, and it is assumed that there is
no leakage inductance. Due to the existence of Lo, the current
across L3 is bidirectional (positive and negative), and there is a
recycled energy, which is critical for achieving soft switching.
In buck mode, S, is always off, and S,; is always on; S; and
Sy are the main power switches. In contrast, S,; is always off,
and S, is always on in boost mode. The detailed theoretical
analyses of steady-state operation in buck and boost modes
will be presented in the following sections. In the theoretical
analyses, one switching period is divided into seven intervals,
and the equivalent circuits for each interval will be also given.

A. Buck Mode

For the steady-state operation in buck mode, the waveforms
of i1, 72, i3, Vast, Vsi, 151, Vase, Vso, and 159 are shown in
Fig. 2. The equivalent circuits are shown in Fig. 3, where the red
solid arrows denote the actual current directions of each branch
in each mode.

Mode 1 [ty—t1, Fig. 3(a)]: Before t(, S; has been triggered
to conduct, and 72 has been decreasing. At %¢, io decreases to
zero, and D,y turns off. Then, this mode starts. Currents 73 and
41 are equal and increase linearly. This mode is similar to the
conventional buck converter. The slopes of i1, 2, and i3 are

dir _
dt

dis Vi, =V, dig
— = —— — =0. 1
dt L+ Lsg dt M)

Mode 2 [ti—ts, Fig. 3(b)]: At t1, Sy turns off, and then,
resonance occurs between inductors (L1, L3) and snubber ca-
pacitors (Cy1,Ca2). Cy is charged, and C,2 is discharged at
the same time. When the voltage across C,o decreases to zero,
Dy will conduct automatically. This interval is very short, so it
is assumed that the current in L3 does not change in this mode.
The transition time 7,1 can be considered as follows:

v
T =ty —t1 = (Car + Ca2)# ()
max

where I73max, the value of i3 at 1, is positive and reaches the
maximum in one switching cycle.
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Fig. 2. Waveforms of ’il, iz, i3, VGSL VSL ’igl, VGSQ, VSQ, and iSQ in
buck mode.

Mode 3 [to—ts, Fig. 3(c)]: When Dy conducts, D, will
conduct at the same time. The following analyses will explain
the condition that D,; will conduct. At first, it is assumed that
D,1 does not turn on. Several equations can be obtained as
follows:

L
Li+ Ls

L1 and Loy are completely coupled on the same core, and nq
and ng are the turns of Ly and Lo, respectively; therefore,

Vit =V, x 3)

L
2 _ /22 (4)
ny L1
Thus,
T2 n2 Ly Ly ViLy
Vie=—V,1=— XV X ——— =4/ —x————. (5
B T T v L VLT Ly + Ls ©)

From the Kirchhoff’s voltage law (KVL) equation, we can
obtain

Vi—Vi1—Via —Vpa1 = 0. (6)

Substituting (3) and (5) to (6), we can obtain

Ls—M
al = _— 7
VDa1 VlXL1+L3 (7
M =+/LiLy 8)

where M is the mutual inductance between L and Ls.
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Fig. 3. Equivalent circuits for each operation mode of buck mode. (a) Mode 1,
to—t1. (b) Mode 2, t1—t2. (c) Mode 3, to—t3. (d) Mode 4, t3—t4. () Mode 5,
ta—ts. (f) Mode 6, t5—t6. (g) Mode 7, te—t7.

If Vpa1 is less than zero, D, will conduct. Therefore, if D1
will conduct, the next inequality must be satisfied

Ly < M. ©))

After D, conducts, Vp,1 is equal to zero, so the decoupled
equivalent circuit of this mode is shown in Fig. 4(a), and the
current slopes of Lj, Ly, and L3 can be derived as shown
hereinafter.

Based on KVL and Kirchhoff’s current law (KCL), we can
obtain

il = ig + i3
Vi—=Viienm —Viz-m =0
Veoynr — Viz-m = 0.

(10)
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Fig. 4. Decoupled equivalent circuits for buck mode. (a) Modes 3 and 4.
(b) Modes 6 and 7.

Then,

din _ diz | dig
dt_dt+dt

Vi4 (L1 + M)% 4+ (Ly — M) % = (11)
—(Ly+ M)%2 + (Ls — M) %2 = 0.
So, the current slopes are obtained as follows:
div _— Vi(Ls+L») (12)
dt (L1 +La+2M)Ls
dt — (Ly+ Lo +2M)L;
dt (L1 +La+2M)Ls’

Because L3 is comparatively small, 73 will decrease much
faster than i;. As long as D5 is on, S; can be triggered to turn
on under ZVS condition. Then, this mode naturally ends. In
addition, the total duration time of modes 2 and 3 is equal to
the dead time of the triggering pulse signals.

Mode 4 [ts—t4, Fig. 3(d)]: At ts, Sy is turned on to carry
on the current. The converter comes into the freewheeling
stage, in which i3 decreases from positive to negative. The
decoupled equivalent circuit of this mode is identical to that
of mode 3, so current slopes are also the same as those of
mode 3. When S5 turns off, this mode ends, and i3 decreases
to its minimum I3 ,i,, Which is critical for supplying ZVS
conditions. The energy stored in L3 must be large enough to
charge and discharge the snubber capacitors fully, so that ZVS
condition can be achieved. It can be expressed as

1 1
5Lgfggmin > —(Ca1 + Cu2) V2. (15)

2

When the load is the heaviest, the energy stored in Lj is the
least, so the maximum load is the worst situation for achieving
ZVS conditions.

Mode 5 [ty—ts, Fig. 3(e)]: At ty, So turns off, and then,
snubber capacitor Cy; is discharged and C\5 is charged. When
the voltage across C,; reduces to zero, Dy will conduct au-
tomatically. It provides ZVS conditions for S; turn-on. The
transition time 7,5 is also very short, and it can be assumed
that 73 is constant in this mode. 7T},,5 can be obtained as follows:

Vb

Trns =t5 —tg = (Cr1 + Cro) m——

(16)
‘ILSmin|

where 17,3 min 1S the real value of i3 at 4 and also the minimum.
The heavier the load is, the longer T},5 is. At the maximum
load, T,,5 has reached the maximum, which must be less than
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the dead time of the gate trigger signals. Otherwise, if T},,5 is
larger than the dead time, ZVS will not be achieved.

Mode 6 [ts—tg, Fig. 3(f)]: When D; conducts, i3 and 7
begin to increase, and ¢5 decreases. Conduction of D; provides
a ZVS condition for Sy to be turned on. After D, conducts, Sp
can be turned on immediately, and then, this mode is ended. In
addition, the total duration time of modes 5 and 6 is also equal
to the dead time of the triggering pulse signals. The decoupling
equivalent circuit of this mode is shown in Fig. 4(b), and the
slopes of the three inductor currents can be derived as follows.

Based on KVL and KCL, we can obtain

11 =13 + 13
{ Vi—=Viisnm = Veagmr =0 (17)
Viosm — Viz—m — Vi = 0.
Then,
G- s |
Vit (L + M)% + (Lo + M) %2 = (18)
—(La+ M)%2 4 (Ly — M)%s — v}, = 0.
So, the current slopes are obtained as follows:
div ~ VpLs  Vi(Ls+ L) (19)
dt (Lo+ M)Ls  (L1+ Lo +2M)Ls
di Vi, L Vi(M — L
dip nle i 3) 20)
dt (Ly + M)Ls (L1 + Lo +2M)Ls
dt Lz (Ly+ Ly +2M)Ls’

Mode 7 [ts—t7, Fig. 3(g)]: Attg, Sy is triggered on. Current
i3 continues to increase from negative to positive, and 7; also
increases. Finally, ¢; and i3 will be equal at ¢7, so that iy
becomes zero and D; turns off; then, this mode ends, and
the converter enters into mode 1 as the beginning of the next
switching period.

Since the decoupled equivalent circuit is the same as that of
mode 6, the current slopes of this mode are identical to those of
mode 6, so the derivation process is omitted.

B. Boost Mode

For the steady-state operation in boot mode, S, is always
off, and S,- is always on. Waveforms of i1, i2, i3, Vigsi, Vsi,
151, Vas2, Vsa, and ig2 in boost mode, as shown in Fig. 5, are
similar to those in buck mode, but the directions are opposite.
The converter also has seven distinct operating modes in a
switching cycle. The equivalent circuit for each operation mode
is shown in Fig. 6.

Mode 1 [ty—t1, Fig. 6(a)]: Before t(, So has been conduct-
ing, and 75 has been increasing. At tg, 5 increases to zero, and
D5 turns off; then, this mode starts. Currents 73 and 7 are
identical and decrease linearly until S turns off. This mode is
also similar to that of conventional boost converters. The slopes
of 71, 72, and i3 are

-Vi diy

diy  di diz _

s A 22
dt dt L+ Lz dt @2)
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Fig. 5. Waveforms of i1, i2, and i3 in boost mode.

Mode 2 [t1—ts, Fig. 6(b)]: At ty, Sy turns off, and then, a
resonance starts between the inductor (L3) and snubber capac-
itors (Cy1 and Cya). Cyy is discharged, and C is charged at
the same time. When the voltage across C,; decreases to zero,
D will conduct automatically. As this duration is very short,
it can be supposed that 3 would not change. The duration time
T, can be obtained as follows:

Y
17,

3max|

T’:;ll = t2 - tl = (Crl + CTZ) (23)

where I7, . is the value of i3 at ¢;, and its absolute value is
the greatest in a whole switching period. Usually, the energy
stored in Lg is enough to charge and discharge the auxiliary
capacitors.

Mode 3 [to—ts, Fig. 6(c)]: When D; conducts, D,o will
conduct at the same time, the reason of which can be obtained
by the same method used in mode 3 of buck mode. Then, it can
also be obtained that the condition is the same as that of buck
mode, i.e., inequality (9) must be satisfied. After D, conducts,
the voltage across S7 is zero, so S; can be turned on under
ZVS condition. The decoupling equivalent circuit is shown in
Fig. 7(a), and the current slopes of inductors L, Lo, and L3
can be derived as shown hereinafter.
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Fig. 6. Equivalent circuits for each operation mode of boost mode. (a) Mode 1,
to—t1. (b) Mode 2, t1—t2. (c) Mode 3, to—t3. (d) Mode 4, t3—t4. () Mode 5,
ta—ts. (f) Mode 6, t5—t6. (g) Mode 7, te—t7.

-+ V2w - + Vigem -
L, Ym 2 mm
Ly+M Ly+M
i +Viiem -|+ Viem - is i +Vism -+ Vism - is
L+M - L; Li+M ML
+ 1+ + ﬂ_+
T T T
(a) (b)
Fig. 7. Decoupled equivalent circuits for boost mode. (a) Modes 3 and 4.

(b) Modes 6 and 7.

Based on KVL and KCL, we can obtain

11 =12 +13

Vi—Viienm = Viogmr = Vi =0

Viosm — Viz—m = 0.

(24)
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Then,

diy _ dig | dis
dt_dtert

Vit (Li+M)% 4 (Ly+ M)%2 v, =0 (25)
—(Ly + M)%2 4 (Ly — M)%s = 0.
So, the current slopes are obtained as
dt (L1 + Ly + 2M)L;
dt (L1 + Lo+ 2M)Ls
dis _ (Vi = Vi) (Ly + M) 28)

dt (Li+ Ly +2M)L3"

Based on (26)—(28), since L3 is very small, it can be easily
seen that 73 increases faster than i, and 75 increases in the
negative direction. When 1 is triggered on, D naturally turns
off, and this mode ends. The total duration time of modes 2 and 3
is equal to the dead time of triggering pulse signals.

Mode 4 [ts—t,, Fig. 6(d)]: At t3, S; turns on, and i3
continues to increase from negative to positive across Si. Si
will be turned off until ¢3 goes up to its maximum I7 5 . at
t4. I7 5., Must be large enough to make sure that the energy
stored in L3 can thoroughly charge C,; and discharge Clo.
When the load is the heaviest, the energy stored in L3 is the
least, so the maximum load is the worst situation for ZVS in
boost mode

1 *2

1
§L3[L3max > 7(07“1 + CT'Q)V}?

2 (29)

When S; turns off, this mode is over. In addition, the decou-
pled equivalent circuit and the slopes of i1, i, and ¢3 are the
same to those of mode 3.

Mode 5 [t4—t5, Fig. 6(e)]: After Sy is off at t4, resonance
begins. C,1 is charged, and C, is discharged. Then, the voltage
across So decreases to zero, which supplies ZVS conditions for
S turn-on. The duration time of this mode is very short and can
be calculated as follows:

Vo
Ty

L3 max

Ths =ts —ta = (Car + Ca2) (30)

It must be smaller than the dead time of the gate drive signals.
Otherwise, ZVS cannot be achieved. When the voltage across
S5 decreases to zero, Do automatically turns on, and this mode
is ended.

Mode 6 [ts—tg, Fig. 6(f)]: Conduction of Dy provides ZVS
condition for S to be turned on at ¢5. The decoupled equivalent
circuit is shown in Fig. 7(b). Based on KVL and KCL, some
equations are obtained, and three current slopes are derived.

iy = ig + i3
{ Vi—Veisnm — Vs =0 (31)
Vis-m — Vieys — Vi = 0.
Then,
diy _ dig | dis
G = a tar _
Vit (L1 +M)% + (L — M)%e =0 (32)

*(L3*M)%+(L2+M)%*Vh =0.
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So, the current slopes are as follows:

diy, — Villa+1Ls)  Va(M—Ls) (33)
dt (L1 4+ Lo +2M)Ls (L1 4+ Lo +2M)Ls

diy _ Vi(M — L3) n Vi(L1 + L3) (34)
dt (L1 + Ly +2M)Ls (L1 + Lo+ 2M)Ls

diz Vil  Vply (35)
dt (L2 —l—M)Ld (L1 +M)L3

Mode 7 [ts—t7, Fig. 6(g)]: Attg, So is turned on, and then,
i3 continues to decrease across So. Currents 71 and i3 will be
equal at ¢7, so that ¢35 becomes zero, and Do naturally turns
off. Then, the converter comes into mode 1 as the beginning of
the next switching cycle. The decoupled equivalent circuit, as
shown in Fig. 7(b), is the same as that of mode 3, so current
slopes are also the same.

III. DESIGN OF INDUCTORS AND SNUBBER CAPACITORS

In this topology, component parameters must be designed
properly to ensure that the converter operates under a ZVS
condition. The design methods of inductors (L, Lo, and Ls)
and snubber capacitors (C,; and C,2) are analyzed hereinafter.
From the analyses of buck mode, it is known that modes 3
and 4 are the current freewheeling stage, in which current
slopes remain constant. So, we can use these current slopes and
other constraints to calculate the parameters of inductors and
capacitors. The freewheeling stage starts at t5 and ends at ¢4, as
shown in Fig. 2. The equivalent circuits are shown in Fig. 3(c)
and (d), respectively. Since the maximum load is the worst
condition for ZVS conditions, the parameters are designed at
the maximum load.

In boost mode, the calculating method is similar to that
of buck mode, and if the external conditions are the same,
the obtained parameters are also identical. Therefore, only the
derivations of parameters in buck mode are given. There are five
steps, as discussed in the following.

Step 1—Duty Ratio: The relationships of input voltage and
output voltage are the same to those of conventional buck and
boost converters. Because V}, and V; are known, the duty ratio
D is obtained. It is assumed that the switching frequency is fsy.
So, the freewheeling time can be obtained as

1-D Vi 1
At = _ =
fsw Vh)fsw

Step 2—Parameters 11: In buck mode, the average of ¢; is
equal to the load current. It is supposed that the maximum load
current iS ljoadmax, SO the average current of L, is equal to
Tioadmax- The ripple coefficient 7 of ¢; is usually set as 40%
of the average current, so the variation of ¢; with the maximum
load in freewheeling stage can be

=1

(36)

A]'Ll = ILl min — ILl max — _Iloadmax XTp1- (37)

Step 3—Parameters i3: Lg is very critical to achieve ZVS,
and i3 decreases from the maximum /7,3 ,,x (positive, equal to
111 max) to the minimum I73 i, (negative) in the freewheeling
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stage. Usually, for achieving ZVS, I3, 1S as small as pos-
sible to supply more energy for charging and discharging the
snubber capacitors. However, when the load current is zero, the
absolute value of I3y, reaches its maximum, which should
not be more than I3, because of the limitations of wire size
and magnetic saturation. Therefore, I73 i, at the maximum
load is equal to —Ioadmax X (rr1/2). The variation of i3 in
the freewheeling stage is

Alrz = Ir3min—I13max = —lload max X (1+TL1)- (38)

Step 4—Snubber Capacitor and Ls: To achieve ZVS con-
ditions, inequality (15) must be satisfied. In addition, based on
the analyses in mode 5, the duration time 7;,,5 is set as 100 ns
in this topology. Usually, C,; and C,5 are the same, and the
maximum C|, ,ax can be obtained. In fact, the selected C\
and C,o are smaller than C,,.x, since the effective output
capacitance of MOSFET should be included in C ,.x. The
derivation processes are as follows:

v
Trns =t5 —ta = (Ca1 + Ca2)7

< 100 ns. 39)
|IL3m1n|
So,
50 1 min
Clymax = M pF. (40)
Vi
Substituting (40) into (15),
2C V2 Vi
L L min — amah o — H. 41
’ g ’ 1%311’111’1 10 X |IL3min| 4 ( )

Step 5—L and Ly: From (12) and (14), current variations
of L and L3 in the freewheeling stage are expressed as follows:

Vi(Ls + Lo)
AL = A 42
STt Lt oM “2)
Vi(Ly + M)
AT A 4
ST L+ L+ 2M)Lg (“43)

where M =+/L1Ly. Vi, L3, At, Al;, and Al3 are already
known from the four steps mentioned previously, and L; and
Ly are obtained by solving (42) and (43). In addition, inequality
(9) should be used to verify the solved results of Ly and Ls.

IV. EXPERIMENT RESULTS

To verify the aforementioned analyses, a prototype converter
(1 kW, V), =100 V, and V; = 50 V) has been built. The details
of the experimental setup of the proposed converter are pre-
sented in Table I. Fig. 8 shows the photograph of the proposed
converter prototype. The switching waveforms of S; and S,
are measured to validate ZVS effects. Efficiencies are also
measured. In all experiments, both 751 and 75 are measured by
an ac current measurement probe, because the dc probe cannot
be installed on the MOSFETs (package: TO-247). The real zero
positions will be marked in each figure.
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TABLE 1
EXPERIMENTAL CONDITIONS AND CIRCUIT PARAMETERS
Parameters Values
Vi 100 V
v 50V
Sow 50 kHz
Maximum output power 1000 W
L, (turns) 80.7 uH (18)
L (turns) 0.78 uH (2)
L; (turns) 1.3uH (4)
Cur>Ca2 3000 pF
MOSFETs IPW60R041C6
Diodes 60EPUO2PbF

Fig. 8. Experimental setup of the proposed converter.

A. Buck Mode

The turn-on process of Sp is shown in Fig. 9(a). Voltage Vs
across Sp decreases to zero before the gate trigger signal Vizs1
is applied. Therefore, ZVS turn-on is achieved. Fig. 9(b) shows
the turnoff process of Sy. It can be seen that, when the turnoff
trigger signal is applied, ¢ g1 decreases sharply to zero, and then,
V1 increases to V). Hence, ZVS is also achieved in the turnoff
process.

Fig. 10(a) shows the turn-on process of S5. It can be seen
that ZVS is achieved at the turn-on process because Vg has
been decreased to zero before the turn-on trigger signal Vi go
starts. The turnoff process of Sy is shown in Fig. 10(b), where
ZVS is also achieved.

B. Boost Mode

The turn-on and turnoff processes in boost mode are shown
in Fig. 11(a) and (b), respectively. In Fig. 11(a), Vg1 reduces to
zero before the gate trigger signal V51 is applied, so ZVS turn-
on is achieved. In Fig. 11(b), when the turnoff trigger signal is
applied, 751 decreases sharply to zero, and then, Vg; increases
to V},. Therefore, ZVS is also achieved in the turnoff process.

Fig. 12(a) shows the turn-on process of S3, in which ZVS is
achieved. Fig. 12(b) shows the turnoft process of S3, and ZVS
is also validated.

From the aforementioned experimental analyses, even at the
maximum load, both S; and S5 have realized ZVS turn-on
and ZVS turnoff, no matter the converter works in buck mode
or boost mode. It can also be shown that both S; and Ss
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Fig. 11.

operate under ZVS conditions across all load ranges, because
the maximum load is the worst case for ZVS. Moreover, it can
be seen that the switching waveforms of S; in buck mode are
similar to those of S5 in boost mode at the same output power.
The switching waveforms of S5 in buck mode are also similar
to those of S7 in boost mode.

C. Efficiency Analyses

The efficiency curves in buck mode and boost mode are
shown in Fig. 13(a) and (b), respectively. The efficiencies are

Tek Al ® Stop M Pos: 9.100us SAYE/REC
‘. >

H1 10.0Y CH2 40,0 M 500ns CH1
CH3 100.0. 50,

(b)

S1 switching waveforms in boost mode. (a) Turn-on process. (b) Turnoff process.

measured without regard to the controlling and driving circuits.
In each figure, one is measured under the soft-switching mode,
and the other is measured under the hard-switching mode as
comparison. In hard-switching mode, S,; and S,» are always
off, and only S; and S5 are controlled by the pulsewidth-
modulation controller. Due to soft switching, the proposed
converter’s efficiencies of buck mode and boost mode are
significantly improved at heavy-load conditions, compared with
conventional hard-switching mode. However, the efficiencies at
light-load conditions under soft switching are not as high as
those under the conventional hard-switching mode. It is because
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Fig. 13. Measured efficiencies of the proposed converter. (a) Buck mode.

(b) Boost mode.

that the recycled energy results in the additional conduction
losses of auxiliary circuits.

In Fig. 14, the waveforms of i3 at different output powers
(1035, 617, 320, and 0 W) are shown. It can be seen that, the
smaller the output power is, the bigger the absolute value of
i3 minimum is, i.e., the greater the recycled energy is. Thus, it
will result in more conduction losses at a lower output power.
In addition, the varying trends of each waveform are similar,
and the peak-to-peak values are almost equal, which is equal

dc—dc converter has been proposed. In buck and boost modes,
the power MOSFETSs can operate under ZVS conditions. The
detailed operating principles in each mode have been presented,
and the design steps of the main circuit have also been dis-
cussed. The prototype of the proposed converter was built,
and the experiment results verify that ZVS is achieved and
other theoretical analyses are correct. Compared with hard-
switching mode, efficiencies are improved, with up to 96.46%
in boost mode and 96.03% in buck mode at the maximum load.
Moreover, in order to avoid the impact of the large recycled
energy at light-load conditions, the change between hard- and
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soft-switching modes can be utilized to obtain high efficiencies
at light-load conditions.
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