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Abstract: A new family of non-isolated zero current transition bi-directional converters is introduced. Basic non-isolated
bi-directional DC—DC converters are derived by combining basic DC—DC converters and they are able to transfer energy
between two DC sources using two main switches. In the proposed bi-directional converters, instead of using two
independent auxiliary circuits for each main switch, same components with a single auxiliary switch is used to provide soft
commutation at both modes of converter operation. In addition, the soft switching range in the proposed converters is not
dependent on the duty cycle and the auxiliary circuit is applied only once in each switching cycle, which leads to a simple
control circuit. Low weight, small volume, high efficiency and the ease of control are the most important benefits of the
proposed converters. The proposed bi-directional buck and boost converter is fully analysed for both buck and boost
operating modes. The validity of theoretical analysis is justified using experimental results of a 200 W, 50—100 V prototype

converter.

1 Introduction

In recent years, using bi-directional DC—DC converters
(BDCs) in different applications is being developed. BDCs
are able to transfer energy between two DC sources, in
either direction. As BDCs are capable of reversing the
direction of current flow, these converters are increasingly
applied in applications like hybrid electric/fuel cell vehicles
[1-5], DC uninterruptible power supplies [6, 7], fuel cell
and battery equalisation [8—11] and photovoltaic
applications [12, 13].

Various BDCs can be divided into the non-isolated BDCs
and isolated BDCs. The isolated type is required when the
converter input and output sides cannot be grounded
simultaneously or high voltage gain is required. In this
case, a transformer is required which contributes to extra
cost and losses. Thus, when high voltage ratio is not
needed, non-isolated BDCs are always employed for their
simple structure and control scheme. Four basic non-
isolated BDCs are derived by combining basic converters
(buck, boost, buck—boost, Cuk, SEPIC and Zeta). The
resulting converters are buck and boost, buck—boost/buck—
boost, SEPIC/Zeta and Cuk/Cuk.

To reduce the volume of switching converters and increase
the power density, high switching frequency is required.
However, in hard switching converters, when the frequency
increases, switching losses and electromagnetic interference
increase. To solve these problems, soft switching converters
are employed.

In comparison to unidirectional converters, it is more
challenging to develop soft switching for BDCs owing to
more switches and complex energy flow. Zero voltage
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transition (ZVT) and zero current transition (ZCT) are two
techniques which incorporate soft switching function into
conventional pulse width modulation (PWM) converters
using auxiliary circuits [14—27]. Some of these auxiliary
circuits are employed for the non-isolated BDCs to obtain
soft commutation [28—36]. To avoid complexity in ZVT
and ZCT BDCs, it is desirable to share auxiliary elements
to provide soft switching in both power flow directions. In
[28—31], the idea of auxiliary circuits introduced previously
in [16, 17] are employed and then the number of auxiliary
components are reduced (one inductor, two auxiliary
switches and a snubber capacitor). However, in [28, 29],
the auxiliary switches turns off under hard switching
condition. In [30], soft switching condition is lost at
operating duty cycles lower than 0.5. In [31], the main
switches and the auxiliary switch are switched in every
switching cycle, which results in higher switching losses
and complexity of the control circuit. Another non-isolated
ZVT BDC is proposed in [32], which uses the previously
proposed auxiliary circuit in [17]. In [32], all switches are
soft switched and the duty cycle is not limited. However,
two split input voltages are required by means of inserting
two equal capacitors between the input line and ground.
Besides, in order to balance the capacitors, the auxiliary
circuit is applied two times in a switching cycle resulting in
a more complex control circuit and increased switching
losses. In [33], a combination of ZVT buck [16] and ZVT
boost [18] converters is used. But this converter suffers
from high number of circuit elements. Also, in [34] a
combination of ZVT boost [17] and ZCT buck [24], and in
[35] a combination of ZCT boost [14] and ZCT buck [14]
are used with same resonant elements. In [34-36], the
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number of auxiliary elements is reduced but still two auxiliary
switches are required.

In this paper, a new family of non-isolated ZCT BDC is
introduced. In contrast to previously introduced non-isolated
ZVT and ZCT BDCs, the proposed converter uses only one
auxiliary switch which provides considerable reduction in
cost, volume and weight. The auxiliary components create a
simple auxiliary circuit that is based on well-known ZCT
technique and is developed based on the fact that LC
resonance can create a bidirectional current. The role of the
auxiliary switch is to start the required resonance and
provide the required path for resonant current. In fact,
instead of using two independent auxiliary circuits for each
main switch, same components with a single auxiliary
switch is used to provide bidirectional current path to obtain
soft commutation at both modes of BDC operation.
Besides, the soft switching range in the proposed converters
is not dependent on duty cycle (in contrast to [30]) and the
auxiliary circuit is applied only once in a switching cycle
(in contrast to [31]), which leads to a simple control circuit.
To wverify the operation of the proposed converters,
operating modes and design considerations of a buck and
boost converter are presented. Finally, the 200 W prototype
of the proposed converter is implemented to confirm the
theoretical analysis.

2 Circuit description and operation

The proposed converter shown in Fig. 1 is composed of two
main switches, S; and S,, one auxiliary switch, S,, two
resonant inductors, Lg; and Lg,, a resonant capacitor, C,,
and main inductor, L. The converter has nine different
operating intervals in a switching cycle in both buck and
boost modes. To simplify the converter analysis, it is
assumed that inductor L is large enough to be considered as
a current source in a switching cycle. Also, the output
voltage is assumed constant and modelled by a voltage
source. Besides, it is assumed that all elements are ideal,
and the converter is operating in steady-state condition.
Detailed theoretical analysis for both buck and boost modes
are presented below.

2.1 Boost mode of operation

In this mode, S and S, are the main and auxiliary switches,
respectively. The proposed converter has nine operating
intervals in this mode as shown in Fig. 2, where the arrows
refer to the actual direction of currents and the voltage
polarity of C. refer to voltage polarity at the beginning of
each interval. The key waveforms of the converter in this
mode are illustrated in Fig. 3 according to the direction of
currents and the polarity of the resonant capacitor, C.,
defined in Fig. 1. Before the first interval, it is assumed that

Fig. 1 Proposed ZCT bidirectional buck-and-boost converter
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all switches are off and the input current is transferred to
the V5 through the body diode of S,, and C, voltage is
— Vo Besides, it is assumed that Lg; = Lg, = L.

Interval 1: [ty — t;] (Fig. 2a): At ty, the main switch S, is
turned on under zero current switching (ZCS) condition
because of inductors Lg; and Lg,. According to (1), S;
current increases linearly to input current /;, and prepares
the condition for the body diode of S, to turn off under
ZCS condition.

y
I =5 (1= 1) 0

At the end of this interval, S| current reaches /;,, and the body
diode of S, turns off under ZCS condition.

Interval 2: [t; — t,] (Fig. 2b): During this interval, ;, flows
through S;. This operating interval is identical to the switch-
on stage of any PWM boost converter.

Interval 3: [t, — t3] (Fig. 2¢): By turning S, on under ZCS
condition at the beginning of this interval, Lg,, Ls, and C;
form a resonance through S;, S,, and the body diode of .S,.
The body diode of S, turns on under ZCS condition. S; and
S, currents and C; voltage equations are as follows

2V =V,

V2
Iy =1 +—(t—t
S1 1n+2LS( 2)+( 4Z()

)sin(wo(t—tz)) (2)
2 —
I = 5= 1) - (P9 sinan(r- 1) O

V. V.

[ L )
“=VLe 7y

L=LgllLg = Lg/2

where

This interval ends when I, current reaches zero, and C,
charges to V. At the end of this interval, S; current is
equal to [;.

Interval 4: [t; — t4] (Fig. 2d): In this interval, Lg and C,
continue to resonate through S; and §,. During this interval,
Sy current and C; voltage are

Iy =1, — (I, —I})cos(w,(t — t;)) + I;—Cllsin (w,(t — 13))
(6)

Ve = =2y, — ) sin(w,(t — 15)) + Vi cos (o, (F — £3)))
(7)

1 [Lg
= |—1 Z, = |= 8
W LSCr’ 1 C. (®)

This interval ends when S, current becomes zero, and S
current decreases from /; to [;;,. It is assumed that C. is
charged to V-, at the end of this interval.

where
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Fig. 2 FEquivalent circuit for each operating interval of the proposed converter in boost mode
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Fig. 3 Converter theoretical waveforms in boost mode of
operation

Interval 5: [ty — ts5] (Fig. 2e): The resonance between Lg;
and C, continues through S; and body diode of S, and thus,
S, can be turned off under ZCS condition. S; current
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equation and C, voltage are

Ves

Igy = I, — 7 —Zsin(w,( — 1)) )
1

Ve, = Ve cos(o(t — 1)) (10)

At the end of this interval, S, current reaches zero, and it is
assumed that C; discharges to V3.

Interval 6: [ts — t¢] (Fig. 2f): The resonance between Lg;
and C; continues through the body diodes of S; and S,.
During this interval, S; can be turned off under ZCS
condition. §; current and C, voltage equations are as follows

Ve .
Iy = I, — I, cos (w,(t — 15)) — %Sln(%(l‘ =) (11)

1

Ve, = =Z L, sin(o,(f — t5)) + Vg cos(w (1 — 15)) - (12)

At the end of this interval, body diode of S; turns off under
ZCS condition and it is assumed that C; discharges to — V4.

Interval 7: [ts —t;] (Fig. 2g): The resonance of the
previous interval ends at f¢, and according to (13), C;
discharges to ¥, linearly by the input current.

I

Ve, = —Ves — At —tg) (13)
T Cr

Interval 8: [t; — tg] (Fig. 2h): When C, voltage reaches V5, the

body diode of S, turns on under ZCS condition. This starts a

resonance between C; and Ly, through the body diodes of S,
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and S,. S, current and C; voltage equations are as follows
Iy = =1y + L, cos(@,(t — 17)) (14)

Ve = —(Zily sin(o,(t — 1)) + V) (15)

C; current decreases in a sinusoidal fashion, and the body
diode of S, turns off at the end of this interval. Also, C;
voltage reaches — Vo which is equal to V5 + Z;[;,.

Interval 9: [tg — ty + T'] (Fig. 2i): This operating interval is
identical to the switch-off stage of the hard switched PWM
boost converter, and the input current is transferred to the
V, through the body diode of S,.

2.2 Buck mode of operation

In this mode, S, and S, are the main and auxiliary
switches, respectively. The proposed converter has nine
operating intervals in this mode depicted in Fig. 4 where
the arrows refer to the actual direction of currents and
the voltage polarity of C; refer to voltage polarity at the
beginning of each mode. The key waveforms of the
converter in buck mode are shown in Fig. 5, according
to the direction of currents and the polarity of the
resonant capacitor, C,, defined in Fig. 1. Before the first
interval, it is assumed that all switches are off and the
output current flows through the body diode of S;. Also,
C, voltage is —Vs.

www.ietdl.org

Interval 1: [ty — t;] (Fig. 4a): By turning S, on at
the beginning of this interval, Lg,, Ls, and C, form
a resonance through S,, and the body diodes of S
and S,. Owing to Lg; and Lgp, S, turn on is under
ZCS condition. S; and S, current equations are as
follows

v, -2V,

—) sin(wy(t — 1) (16)

Vy
Iy = 1o +2—Ls(f —1p) — < a7,

V. V, =2V .
o=+ <2T0C5) sin(o(t— 1) (17)

C, voltage equation is also presented by

Vo= =3+ (Ves =3 costanit =) 19

At the end of this interval, the body diode of S; turns
off under ZCS condition. Also, it is assumed that S,
current reaches /;, and C, discharges to —Vcg.
Interval 2: [t; — t,] (Fig. 4b): In this interval, C, and Lg,
continue to resonate, but Lg; does not contribute to the
resonance anymore. S, and S, current and C, voltage
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e vz @

Ovz 10w

luntG Ovz l'""G) s1

TS2

OV2 1o

Fig. 4 FEquivalent circuit for each operating interval of the proposed converter in buck mode
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Fig.5 Converter theoretical waveforms in buck mode of operation

equations are as follows

V,—V
Iy = Iy + () — Ly cos(o (1 — 1)) + <ZZC6>
1

x sin(w,(t — 1)) (19)
Iy = —(I} — Ioy) cos(w (t — 1)) — (VZ%IVCG>
x sin(w,;(t — ¢))) (20)

Ve, = =V + 2y — Loy sin(@y (1 — 1))

— (V) = Vi) cos(wy (t — 1))

21

This interval ends when S, current reaches zero in a sinusoidal
fashion. Also, C, discharges to — V.

Interval 3: [t, — t3] (Fig. 4c): This operating interval is
identical to the switch-on stage of the hard switched PWM
buck converter. The output current flows through S,.

Interval 4: [t; — t4] (Fig. 4d): At t3, S, is turned on, which
results in a resonance between C; and Lg, through S, and S,.
S, turns on under ZCS condition, and C, voltage reaches
—Veg. S> current and C; voltage equations are presented as
following

Ver = V-
Iy = lou — (%) sin(o,(t =) (22)
1

Ve, = =(Vy + (Ver — Vy) cos(w (1 — 13))) (23)

This interval ends when S, current reaches zero.

Interval 5: [ty — t5s] (Fig. 4e): The resonance between Lg,
and C, continues through S, and the body diode of S,.
During this mode, S, can be turned off under ZCS
condition. S, current and C; voltage equations are presented
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as following

Ve — V.
[SZ = Iout - Iout cos(wl(t - t4)) - <C822>
1

x sin(w, (t — t;)) (24)
Ve, = =(Vy = Zy L sin(w, (1 — 1))

+ (Vg = Vo) cos(@, (1 — 1)) (25)

This interval ends when the body diode of S, turns off under
ZCS condition. It is assumed that C, voltage is — Vo at the
end of this interval.

Interval 6: [ts — tg] (Fig. 4f): At t5, resonance stops and the
output current charges C; linearly.

1
Ve, ==Veo + g—ut(t — 1) (26)
T

At the end of this interval, C; voltage reaches zero.

Interval 7: [ts — t;] (Fig. 4g): At tg, the body diode of S;
starts to conduct and a resonance between C, and Lg
begins. S, current and C; voltage equations are as follows

Iy = Iy cos(wy(t — 1)) @7)
Ve, = Zilyysin(,(t — 1)) (28)

S, current decreases in a sinusoidal fashion, and reaches zero
at the end of this interval. And simultaneously C, charges to
Vcs.

Interval 8: [t; — t3] (Fig. 4h): The resonance between
C, and Lg; continues through the body diodes of S, and S;.
During this mode, S, can be turned off under ZCS
condition. S, current and C, voltage equations are as
following

a

Iy = = syt 1) (29)
Ve, = Ves cos((f — £7)) (30)

At the end of this interval, the body diode of S, current
reaches zero and C; voltage reaches — Vs.

Interval 9: [ty — to+ T (Fig. 4i): At tg, the body diode of
S, turns off under ZCS condition, and output current flows
through the body diode of S;. This operating interval is
identical to the switch-off stage of the PWM buck converter.

3 Design considerations

The converter filter inductor and capacitor is designed like a
regular PWM converter. Lg; and Lg, are the snubber
inductors of main switches and should be designed like any
turn on snubber [37]. Therefore C, is designed to provide
ZCS for the main switches at turn off instant. According to
(9) and (22), the following equations should be satisfied in
order to provide ZCS condition for the main switches

14
zZ, <-4 (31)
[in
Vey — V-
zZ, < 071 2 (32)
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In the above equations, V¢, and (V7 — V) are almost equal
to 7, in both boost and buck modes. Another consideration
for designing C; is the additional voltage stress of main
switches in buck and boost modes. In order to limit this
additional voltage stress to 20% of their voltage stress in a
regular converter, the following equations should be satisfied

0.2V,
Z, < —2 (33)
I
2V,
Zl<01 2 (34)

out

Thus, the minimum value of C; is designed according to
equations (33) and (34).

4 Experimental results

A prototype of the proposed bidirectional buck and boost
converter is implemented at 50-V (low voltage) V; and 100-
V (high voltage) V,. The converter operates at 100 kHz and
an output power of 200 W.

According to the discussions in the previous section, the
designed values for Lg;, Lg, and C; are 1.5 pH, 1.5 wH and
56 nF, respectively. Furthermore, the value of L is selected
300 puH. For all switches IRGBC20U is used. The
experimental results are depicted in Figs. 6—-9. Figs. 6
and 7 show the voltage and current of main and auxiliary
switches in boost mode of operation, respectively. Also,
Figs. 8 and 9 show the voltage and current of main and
auxiliary switches in buck mode of operation, respectively.
It can be observed from the figures that for all switches
ZCS condition is provided at both turn-on and turn-off
instants. Also in Table 1, the current peaks of the hard
switching converter and the proposed soft switching
converter are compared. It is important to notice that
although the current peak of the main switches in the
proposed soft switching converter is higher than its hard
switching counterpart, the average current through the
switches is the same in both converters. Since the
conducting voltage of insulated-gate bipolar transistor
(IGBT) is almost constant and independent of switch
current, once IGBTs are used as switches; the important
parameter is the average current through the switch instead
of switch peak current. Also, according to the design
procedure and considerations, the main switches voltage
stress is only 20% higher than the hard switching counterpart.

The converter efficiency curve is shown in Fig. 10, and is
compared to the regular hard switching converters, for both

Fig. 6 Voltage (top waveform) and current (bottom waveform) of
main switch S; when the converter is operating in boost mode

Vertical scale is 100 V/div or 15 A/div, and the time scale is 2.5 ps/div
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Fig. 7 Voltage (top waveform) and current (bottom waveform) of
auxiliary switch S, when the converter is operating in boost mode

Vertical scale is 100 V/div or 12 A/div, and the time scale is 2.5 ps/div

Fig. 8 Voltage (top waveform) and current (bottom waveform) of
main switch S, when the converter is operating in buck mode

Vertical scale is 100 V/div or 10 A/div, and the time scale is 2.5 ps/div

Fig.9 Voltage (top waveform) and current (bottom waveform) of
auxiliary switch S, when the converter is operating in buck mode
Vertical scale is 100 V/div or 10 A/div, and the time scale is 2.5 ws/div

buck and boost modes using PSPICE software. The
efficiency comparison is done with same parameters using
IRGBC20U as the switches. Actually, there are not many
ZCT BDCs in the literature; however, in comparison to
[28] in which the main switches turn-on and the auxiliary
switches turn-off are under hard switching condition,
which results in higher switching losses, the proposed
converter has a higher efficiency. Also, in [35], a ZCT
BDC is introduced which suffers from two auxiliary
switches and also because of the converter topology, the
efficiency is lower than the proposed converter.
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Table 1 Comparison of the switches current peaks in the proposed soft switching converter and the hard switching counterpart

Main switch (S;) current  Auxiliary switch (S,) current Main switch (S,) current  Auxiliary switch (S,) current

peak in boost mode

peak in buck mode

peak in buck mode peak in boost mode

proposed soft 13A 7A 16 A 8A
switching converter
hard switching 6A - 6A -
converter
95 955
94.5 14"/’-. 95 /
94 / 94.5
935 /
o 94 —— Soft Switching ~
25 =+ Soft Switching _ 935 / = B =Hard Switching
92 — B -Hard Switching _ 93
aie 925
Sl ’__.____....-—l 92 R
- - —
90.5 -+ ._‘...-"‘ 915 ’..____....-—-'
- -
90 - 91
" '
89.5 . r . x . . 90.5 . . . .
80 100 120 140 160 180 200 80 100 120 140 160 180 200

a

b

Fig. 10 Efficiency comparison of the proposed soft switching converter (continuous line) and a hard switching buck converter (broken line)

against output power

a In boost mode
b In buck mode

5 Other ZCT bidirectional converters

Similar to the bidirectional buck and boost converter, this
ZCT technique can be applied to other basic bidirectional

converters to improve their efficiency, as shown in Fig. 11.

Ls2

a
L1 c1 L2
i
Lsl Crss Ls2
+
v s1 Sa s2 vz

- 4 [

b

Fig. 11 Proposed family of ZCT PWM bidirectional converters

a Buck—boost/buck—boost
b Cuk/Cuk
¢ SEPIC/Zeta
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In all topology variations, the theoretical operating modes
are very similar to the operation of the bidirectional buck
and boost converter explained in Section 2. Depending on
the application, the most appropriate family member can be
used. For instance, if a very smooth input and output
currents are indispensable, Cuk—Cuk BDC is a proper
option, as it is the only BDC with non-pulsating input and
output currents.

6 Conclusion

In this paper, a new family of zero current transition bi-
directional converters is introduced in which all
semiconductors benefit from soft switching condition using
just one auxiliary switch. The theoretical analysis for a
bidirectional buck and boost converter is presented in
details, and it is confirmed that ZCS is achieved for all
switches. To validate the theoretical analysis, a 200 W
prototype of the converter at 100 kHz is implemented. Also,
the other family members of bidirectional converters are
presented.
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