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ARTICLE INFO ABSTRACT
Article history: An efficiency improvement in ZVS switched dc-dcneerter using snubber is
Article Received 12 January 2015 proposed in this project. In this proposed convetrtero voltage switching (ZVS) of
Revised 1 May 2015 main switches is achieved by utilizing an activelsrer which consists of auxiliary
Accepted 8 May 2015 switches, diodes, an inductor and a capacitor.cAltfhh conduction losses associated
with additional components increase, switching éssare significantly reduced due
Keywords: to the ZVS operation of main switches. Thereforalt efficiency is improved.
Bidirectional dc-dc converter, lossless Moreover, there is no reverse-recovery problemhef intrinsic body diodes of the
active snubber, zero-voltage- switches. The total amount of the current flowirlgough the auxiliary circuit
switching. decreases significantly since the active snubbesraips during the short time

intervals. Therefore, conduction losses in maintavéds and auxiliary circuit are

significantly reduced and thus overall efficiensyimproved. Moreover, by utilizing

the snubber circuit, there is no reverse-recovérnpmenon that is induced by the
poor dynamic performance of the MOSFETs body didkiee proposed converters
are providedin order to verify ZVS and efficiencygroved.
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INTRODUCTION Kim, 2013; Jang, M.gt al., 2013; Li, W.,et al.,
2011; Rolak, M. and M. Malinowski, 2011;
IN recent years, alternative energy systems andJayasinghe, S.D.Get al., 2011). The bidirectional
applications like eco-friendly cars have been fecdus dc-dc converter is divided into an isolated typd an
on due to the exhaustion of fossil fuel and severenon-isolated type (Yao, Cat al., 2011; Lee, J.-Y &t
environmental  pollution.  Bidirectional dc-dc al., 2011; Vinnikov, D. and I. Roasto, 2011; Wu, T.-
converters are one of the most important energyF., et al., 2010; Singh, R.K. and S. Mishra, 2013;
conversion system in the applications such as plug- Wu, H.,et al., 2012; Das, Psgt al., 2010; Das, Pst
hybrid electric vehicle (PHEV), fuel-cell vehicle, al., 2009; Do, H.-L., 2011; Jung, D.-¥t al., 2013).
renewable energy system, and uninterruptible powerBecause an isolated bidirectional dc-dc converdsr h
supply (UPS) (Haghbin, Set al., 2013; Cao, J. and more than four switches and an isolated transfgrmer
A. Emadi, 2012; Park, T. and T. Kim, 2013; Jang, it has higher conduction losses and lower efficgenc
M., et al., 2013; Li, W.,et al., 2011; Rolak, M. and than a non-isolated bidirectional dc-dc converter
M. Malinowski, 2011; Jayasinghe, S.D.Gg al., (Yao, C., et al.,, 2011; Lee, J.-Y.et al., 2011,
2011; Arias, M..et al., 2012). In PHEV system, the Vinnikov, D. and I. Roasto, 2011; Wu, T.-Ft,al.,
bidirectional dc-dc converter acts as an energy2010). On the other hand, the non-isolated
transfer system from a low voltage battery to a DC- bidirectional dc-dc converter has high efficienayed
link that is an input voltage of an inverter for to a simple structure (Singh, R.K. and S. Mishra,
operating a vehicle motor, or from a DC-link to a 2013; Wu, H.gt al., 2012; Das, Psgt al., 2010; Das,
battery for charging regenerative energy (Haghbin,P., et al., 2009; Do, H.-L., 2011; Jung, D.-Ye al.,
S.,et al., 2013; Cao, J. and A. Emadi, 2012). In the 2013). Recently, soft-switching techniques are
renewable energy systems, including fuel cell applied to the non-isolated bidirectional dc-dc
systems, photovoltaic systems, and wind powerconverter to achieve soft-switching of power
systems, the bidirectional dc-dc converter is dé&@en switches in a wide range of load and reduce
for electric power conversion between a low voltage switching noises (Das, R al., 2010; Das, Pst al.,
battery where dump power is charged and a high2009; Do, H.-L., 2011; Jung, D.-Yet al., 2013).
voltage source for home appliances (Park, T. and T.Soft-switching technique makes it possible to have
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high efficiency by reducing switchirlosses, and it is
necessary for miaturization and light weigk(Jung,
D.-Y., etal., 2013; Lin, B.R. and C-H.Chao, 2013).
An active snubber was proposed(Das, P..et al.,
2010) where analysis of the buck converter \
given. Softswitching operation of the main switch
achieved byutilizing an auxiliary circuit consistin
of an additional switch, an additional diode,
resonant capacitor, and a resonant inductor. The
of the main switchis achieve. However, the
auxiliary circuit makes the output current rip
large.In addition the energy stored in the reson
inductor during the revergecovery of the auxiliar
diode can cause large voltage ringing across
switch and diode in the snubbeircuit. In order tc
suppress the voltage ringing, additional pas
shubbers are requireénd it will degrade systel
performance. Two active snubb&ese propose in
(Rolak, M. and M. Malinowski, 201), where
analysis for the boost converter was given. On
them is equal to that inD@s, P et al., 2010).
Therefore, they have the same drawbacks. In oo
solve these problems,a new snubber was prop
The voltage ringing is confinet the output voltage
However, many components aejuired and it will
degrade system efficiency and raise the ol cost.
To reduce the switching lossedigital frequency

modulation techniques also presenttin (Do, H.-L.,
2011; Jung, D.-Y.et al., 2019). The disadvantage of
this technique is that the inductor current is
continuous, and the inductor ripple crent is
severely large at full load.Fig.1 shows a -known
softswitching bidirectional c-dc converter that
achieves ZVS of switches by simply adding
auxiliary inductor and a capacitor. Disadvantags
this converter is that large circulating curi always
flows through an auxiliary inductor and a capac
for satisfying softswitching of switches, irrespecti
of load. So, high conduction losses are inducenh
resistance of an auxiliary inductor, a capacito
printed circuit board (PCB), and itches. To
overcome this problejra sof-switchingbidirectional
dcdc converter using a lossless active snutis
proposedas shown in Fig. 2. Compared with
converter in Fig. 1, the total amount of the cur
flowing through the auxiliary circuit dreases
significantly since the active snubber operatesndt
the shortime intervals. Therefore, conduction los
in main switches and auxiliary circuit &
significantly reduced and thus overall efficiency
improved. Moreover, by utilizing the snulr circuit,
there is no reversecovery phenomenc
thatisinducedby the poor dynamic performance
theMOSFETS’ body diode.
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Fig. s1: Conventional sofswitching bidirectional c-dc converter.
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I1. Analysis of The Proposed Converter: S, acts as a boost

The circuit diagram of the proposed bi-

directional converter is shown in

Fig. 2. The shitc
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Switchto boost operation and a synchronous

switch in buck operation. The switgh acts as a

At t,, the voltageVs, arrives atV,,; and Vg,
reaches zero with the turn-on @f,. Since the

synchronous switch in boost operation and as a buclswitch voltageVs, is zero before the gate pulseShf
switch in buck operation. The lossless active is applied, the ZVS of5; is achieved. Since the

shubber, which consists of an auxiliary indudtgr ,
an additional capacito€, , blocking diodesD;and
D,, and auxiliary switcheS; andS, , is added into

the conventional bidirectional dc-dc converter. In
order to minimize the conduction loss in the active o
snubber and provide soft-switching operation of the iz2(t) = —Is; + 2 (t — t1)
main switchess; ands, , the lossless active snubber .

voltagesv,, andv,, across the each inductor dtg
and V., respectively, the inductor currents; and
i, increase linearly as follow
. v

1) =Iny + ﬁ(t —ty) 2
3)

The switch currenty, is expressed as the sum of

operates during short time intervals. The diodes;  from (2) andi,, from (3).

Dg,,Ds,,Dg5, andDg, are the intrinsic body diodes of

S8, , S3 , andS,. The diodesD; and D, are

Mode 3, t3]:
This mode begins when the inductor currgpt

clamping diodes to clamp the voltages across thepecomes zero and the blocking dioBig is turned
auxiliary switches and the blocking diodes in the ft Agter that, the auxiliary switclf, is turned off in

snubber circuit. The capacitor§;; and Cs,

represent the parasitic output capacitances, anhd
S,. Assuming that the capacitance 6f is large
enough,C, can be considered as a voltage solifge
during a switching period.

the zero-current switching (ZCS) condition. The
switch currentig; is equal to the main inductor
currenti;, from (2).

Mode 4[5, t,]:

At t; , the auxiliary switchS; is turned on .

The theoretical waveforms of the proposed gince the voltager,, across the inductak,is v, ,
converter in boost and buck operations are shown inpe inductor current,, increases linearly with a

Fig. 3(a) and (b), respectively. The boost and buck
operations are described in Fig. 4(a) and (b). Each, _ Vea
operation can be divided into eight modes during on ‘-2 ®) = Z(t —ta)

switching period .

[11. Operation Principle:
A. Boost Operation:

slope ofV.,/L, as follows

(4)
The switch currentg, is the sum of;; andi,,

obtained from (2) and (4). At the end of this mode,

the inductor currents,; and i;, arrive at their
maximum valuesi,;and ig; , respectively. The

Before t,, the switchesS, and S, are currentsl,,; andig, can be obtained by
conducting._ The inductor currents;; _and iro Lyt = Iz +%DT5 (5)
decrease linearly and reach their minimum values Vea 1
Im; and—I, respectively at,. Since the current, i1 =7 "ATs (6)

is larger thar,,,, , the switch current,, changes the

Where the duty is cycle and is the ratio of the

current flow direction from negative to positive as time interval,

shown in Fig.3(a).

Mode 1, t4]:

The switchS, is turned off at,. The parasitic
output capacitorC,; starts to discharge and;,

During which the auxiliary inductak,is storing
energy, to oneSwitching period.

Mode 5 E,, ts]:

The switchS; is turned off att, . The parasitic

begins to charge. Assuming that the parasitic dutpu output capacito€, starts to charge ar@}, begins to

capacitorC,; andC,, have very small capacitor and discharge.

time interval in this mode is very short, the inttuc

Assuming that the parasitic output
capacitorsCs; andCs, have very small capacitance

currentsi;; andi;, can be regardedas constant and and the time interval in this mode is very shdng t

the voltaged/;, andV,, vary linearly.
The transition time intervdl,, can be expressed

as follows
_ (Cs11Cs2)Vpi
Ty =—"7"T"—
Isz_lmz

Mode 2, t,]:

)

inductor currentsi;; and i;, can be regarded as
constant and the voltageg, andvg, vary linearly.
The transition time intervdl,, can be expressed as

follows

th — (Cs1+Cs2)Vhi (7)

Imitlsy
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Mode6

Mode7

Mode8
Fig. 4(a): Boost operation of the converter

Mode 6fs, t; 1

At ts, the voltagevs; arrives atV,; and vg,
reaches zero with the turn-on d@f,. Since the
switch voltagevs, is zero before the gate pulseSef

The switch curreniy, is the sum of-i,;and
—i;, obtained from (8) and (10). At the end of this
mode, the inductor currentg andi;,arrive at their
minimum values,,; and-Is,, respectively. The

is applied, the ZVS of S, is achieved. Since the currents and can be obtained by

voltagey,; ands,
are-(V,; —V,,) and —(V,,; — V¢,) respectively, the
inductor currents and decrease linearly as follows:

i12(6) = Iy = P (¢ — £5) ®)

. (4 i~V o)
() = Iy — hL—ZI (t—ts) ()]

across the each inductor | = . _%(1 —D)Ty
1

(11)
(12)

_ _ YhiVca
_152 - _—L ATS
2

B.Buck Operation:
The buck operation of the proposed converter as

The switch currents, is expressed as the sum of Shown in Figure.3(b) and 4(b)is similar to the koos

—i;, from (8) and—i,, from (9).
Mode 7, t;]:

operation except that the main inductor currept
and the switch currents,is, have the opposite

This mode begins wheip,zero becomes and the direction of those in boost operation. Beforg, the

blocking diode D;is turned off. After that, the
auxiliary switch S; is turned off in the ZCS
condition. The switch curret, is equal to the main
inductor current-i;, from (8).

Mode 8-, tgl:

At t, , the auxiliary switcl$, is turned on. Since
the voltages,, across the inductok, is —(Vy; —
Vee) , the inductor currenti;, decreases linearly
with a slope of (V; — V,)/L,as follows

i1 (6) = — T (¢ — ) (10)

switches S, and S, are conducting. Att, , the
inductor current, andi;, are decreasing linearly
and reach their minimum valuesi,,; and —i,, ,
respectively.

Mode 1k, t;

The switchS, is turned off att, . In a similar
way to mode 1 in boost operation, the switch
voltagesvg; and vg, vary linearly. The transition

time intervalT;; can be expressed as follows

T. = (Cs1+Cs2)Vhi
t1 —
Imi+ls2

Mode 2, t,]:

(13)
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At t;, the voltagevs, arrives atVy; and vg,
reaches zero with the turn-on b§;.In a similar way
to mode 2 in boost operation, the ZVS &f is
achieved. Since the voltageg, andv;, across the
each inductor arev,, and v., respectively, the
inductor currentsi;; and i;, increase linearly as
follows

i1(8) = —Ipy + VL_I: (t—t) (14)
i2(t) = —Is; + % (t—t) (15)

The switch currents, is expressed as the sum of
i, from (14) and,, from (15)
Mode3[[t,, t5]:

This mode begins wheip,zero becomes and the
blocking diode D, is turned off. After that, the
auxiliary switch S, is turned off in the ZCS
condition. The switch currefyt is equal to the main
inductor curreny; from (14).

Mode 4[5, t,]:

At ty, the auxiliary switch; is turned on.
Since the voltage,, across the inductby isV,,, the
inductor currenti;, increases linearly as follows

i12() = 7£2 (¢ ~ t3) (16)
The switch currentg, is the sum ofi;, andi,,
obtained from (14) and (16).

Model

Mode?2

Mode3

Mode4
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Mode5

Mode6

Mode7

Mode8
Fig. 4(b): Buck operation of the converter

At the end of this mode, the inductor currepts
andi,, arrive at their maximum valuesi,,, and iy,
, respectively. The currentsi,, and i;; can be
obtained by

Vio
—lpy = =l + ﬁDTS (17)
Vca
Iy, = ﬁATS (18)
Mode5[t,, ts]:
The switchS, is turned off at, . In a similar
way to mode 5 in boost operatiop, andv,, vary

linearly. The transition time interval can be
expressed as follows

th — (Cs1+Cs2)Vhi Ilg
Is1—=Im2

Mode 6[ts, t¢]:

At t; , the voltagels, arrives atVy;and vy,
reaches zero with the turn-onBf,. In a similar way
to mode 6 in boost operation, the ZVS 8fis
achieved. Since the voltages and across the each
inductor are and respectively, the currents and
decrease linearly as follows

. Vhi—Vio

i1(8) = =y — —hL1 L(t—ts) (20)
. Vhi—Vca

ip(t) = Iy — 252 L et —ts) (21)
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The switch current,, is expressed as the sum
—i;, from (20) and-i,, from (21).

Mode7[ts t,]:

This mode begins wherf), zero becomes ar
the blocking diodeD, is turned &. After that, the
auxiliary switchS,is turned off in the ZCS conditio
The switch current,, is equal to the main induct
current—i;, from (20).

Mode 8 tg]:

At t, , the auxiliary switchS, is turned on.
Since the voltageV,,across te inductor L,
is —(Vni — Veo), the inductor curreni;, decreases
linearly with a slope of(V},; — V,)/L, as follows

ir2() = =M ( — t7) (22)

The switch currenty, is the sum of—i;;and
—i;,0btained from (20) and (22). At the end of t
mode, the inductor currentg,andi;, arrive at their
minimum values-I,, and —Is, respectively. The
currents—1,,; and—Is, can be obtained |

Iy = =y = =122 (1 = DT (23)
— Iy =— HETCa AT (24)

2

V. Simulation Result:
The system parameters are used given in
following waveforms.

0.0429425 0042043 00429435 0042944 00429445 0042945
Tim

(a) Inductor voltage

Vst

110

100

0

0.0768 0077 00772

(b) Source voltage (M)

00774 00778 00778 0078 00782
Time ()

00482 0043t 0043

Time 5

oM | L l

00438 0044

(c) Source current in buck mode opera

00442 00444
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(e) Output waveform of buck operation
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