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Abstract

This paper describes a two quadrant bidirectional soft switching converter for ultra capacitor interface circuits. The total
efficiency of the energy storage system in terms of size and cost can be increased by a combination of batteries and ultra
capacitors. The required system energy is provided by a battery, while an ultra capacitor is used at high load power pulses.
The ultra capacitor voltage changes during charge and discharge modes, therefore an interface circuit is required between the
ultra capacitor and the battery. This interface circuit must have good efficiency while providing bidirectional power conversion to
capture energy from regenerative braking, downhill driving and the protecting ultra capacitor from immediate discharge. In this
paper a fully soft switched two quadrant bidirectional soft switching converter for ultra capacitor interface circuits is introduced
and the elements of the converter are reduced considerably. In this paper, zero voltage transient (ZVT) and zero current transient
(ZCT) techniques are applied to increase efficiency. The proposed converter acts as a ZCT Buck to charge the ultra capacitor. On
the other hand, it acts as a ZVT Boost to discharge the ultra capacitor. A laboratory prototype converter is designed and realized
for hybrid vehicle applications. The experimental results presented confirm the theoretical and simulation results.
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I. INTRODUCTION

Traditionally, using a bidirectional DC/DC converter in
conjunction with a low-voltage energy storage system has been
a prominent option for hybrid electric and electric vehicles
(HEV/EV). A battery is capable of storing large amounts of
energy but is not suitable for supplying a large amount of
power in a very short time. An increase in efficiency can
be achieved by combining a smaller battery with an ultra-
capacitor (UC). The former has a lower peak output power
but the UC has the ability to supply a large burst of power.
Typically, a battery is used to supply a large amount of power
at light loads, thereby increasing the total efficiency, whereas
an UC bank is used for satisfying acceleration and regenerative
braking requirements. This in turn improves the onboard
battery life expectancy. An UC and a battery can be combined
easily to meet the storage and peak current characteristics of
EV [1]-[5], [16]. Furthermore this combination reduces the
weight and size of the overall energy supply system.

[6] and [7] demonstrate the use of a cascaded bidirectional
Buck-Boost converter used in a dc-motor-driven EV. The dc—
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dc converters can be categorized into hard switching and soft-
switching converters. Due to the limited efficiency of hard-
switching converters, soft-switching techniques are gaining
popularity. Soft switching includes zero voltage switching
(ZVS) and zero current switching (ZCS). Various soft switch-
ing techniques for increasing total efficiency are described
elsewhere [8]-[22], [24].

In [16] a converter with parallel channels for a system
based on a battery and an UC is described. [17] provides
a ride-through with Flyback converter modules powered by
an UC. The proposed approach is modular and allows for
additional modules to be added to suit higher voltage/power
ratings. In [18], a power-electronic interface for an UC-storage
based substation in a DC-transportation networks is proposed.
[19] describes the design of a high efficiency converter
which allows for bidirectional energy flow under the soft-
commutation condition. [20] proposes a full-bridge/push-pull
circuit-based bidirectional DC-DC converter which performs
adequate charge and discharge operations between a low-
voltage high-current UC and a high-voltage low-current main
battery.

Ultra capacitor voltage changes during the charge and
discharge modes. Therefore an interface circuit is required
between the ultra capacitor and the battery. This interface
circuit should handle power flows from low voltage (LV)
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Fig. 1. Buck-Boost bidirectional dc-dc converter.

to high voltage (HV) and vice versa. A suitable topology
for power flows from LV to HV is a Boost converter while
power flows from HV to LV require a Buck converter. To
achieve bidirectional capability, a Buck and Boost converter
were combined and the resulting topology is shown in Fig. 1
[23].

In this paper, a modification of this topology is proposed.
Both ZVS and ZCS techniques are applied to increase the
efficiency of a bidirectional dc-dc converter. The proposed
converter acts as a ZCT Buck to charge an ultra capacitor.
On the other hand, it acts as a ZVT Boost to discharge
an ultra capacitor. Efficiency, weight and cost are the three
main parameters for the designing of converters in EV. Many
articles have been written about interface circuits. Most of
them applied soft switching techniques to increase efficiency,
but they used many elements to achieve their aims, so their
control systems were complex and they could not increase the
efficiency as they wished. Meanwhile the weight and the initial
cost of the interface circuit increased remarkably. In this paper,
a fully soft switched two quadrant bidirectional soft switching
converter is developed for UC interface circuits and it uses the
minimum number of components to achieve the soft switching
techniques and to increase efficiency. The proposed auxiliary
circuit consists of two switches, one diode, two resonant
inductors and one resonant capacitor. Moreover several ZVT
converters and ZCT converters have been proposed but they
suffer from one or more drawbacks such as: the auxiliary
switch has a hard turn off which limits the gain in efficiency,
the conduction losses are vastly increased, the high current
peak is applied on the main switch, the switches have a hard
turn off, and the main switch has a hard turn on which limits
the gain in efficiency. In this paper a fully soft switched
two quadrant bidirectional soft switching converter for ultra
capacitor interface circuits is introduced without any of the
above mentioned disadvantages. This paper is organized as
follows. In the second section, a description and the operation
of the circuit are discussed. The design of the converter is
presented in section three. In section four the simulation and
experimental results are shown. Conclusions drawn from this
study are presented in the last section.
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Fig. 2. The proposed bidirectional converter.
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II. DESCRIPTION AND OPERATING PRINCIPLE OF THE
CIRCUIT

A diagram of the proposed converter is presented in Fig. 2.
This converter operates in two modes of operation: (1) it acts
as a ZCT Buck to charge an ultra capacitor (2) it acts as a
ZN'T boost to discharge an ultra capacitor. During the Boost
mode, S, and Dy are on while during the Buck operation mode,
S1 and D; are on. In addition, the converter is comprised of
two auxiliary switches (S,1, Sa2), a resonant inductor (L), an
auxiliary inductor (Ly) and a resonant capacitor (C;).

A. Principle of Operation During Buck

The proposed converter in Buck operation is shown in
Fig. 3. The main theoretical waveforms for this converter are
shown in Fig. 4. It is assumed that the input voltage and the
inductor L current (I,) are constant during a switching cycle.
In addition, all elements are considered to be ideal. During
one switching cycle, the proposed converter has six operating
modes as shown in Fig. 5.

Mode 1 (ty-t1): Prior to tg, Dy is on and the output current
flows through it. Furthermore at tp, Sy is turned on and the
current through the resonant inductor increases linearly. S;
is softly turned on under ZCS by the resonant inductor L.
At t;, the resonant inductor current reaches I,. Based on the
equivalent circuit in Fig. 5(a), the duration to complete Mode
1 can be written as:

L,.1I
H—tg=—- (D
s
The resonant iy, can be described as:
. |%
ire(t) = 1. @)

L
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Fig. 4. The key theoretical waveforms in Buck operation.

Mode 2 (ti-t): At tl, the main diode current reaches
zero and D, is softly turned off under ZCZVS and then
the resonance between the resonant inductor (L) and the
resonant capacitor (C;) starts through S; and D,;. Based on
the equivalent circuit in Fig. 5b, the resonant ir,, vcr and icy
can be respectively described as:

Vs .
i, (1) :IO+Z—‘sm(wo(t—t1)) 3)
0
ver(t) = Vs(1 —cos(ay(t —11)) “4)
Vs .
icr(t) = Z—sm((oo(t —1)) 5)
0
Where, |
w = IC. (6)
And,
L,
Z=\/¢ 7)

Mode 3 (t2-t3): At t,, the resonant capacitor current reaches
zero and then the resonance between the resonant inductor
and the resonant capacitor stops because the auxiliary switch
(Sa1) is turned off. In this period the resonant capacitor voltage
reaches 2V, the resonant inductor current reaches I, and the
power flows from the input source to the ultra capacitor, as
can be seen in Fig. 5(c).

Mode 4 (t3-t4): At t3, the auxiliary switch (Sa1) is softly
turned on under ZCS and the resonance between the resonant
inductor and the resonant capacitor starts so that the resonant
capacitor discharges. In this mode the resonant inductor cur-
rent reaches zero so we can softly turned off S; under ZCS.
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Operating modes stages during Buck operation.
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Fig. 5.

Based on the equivalent circuit in Fig. 5(d), the resonant iy,
and v, can be respectively described as:

(1) = I, — §sin(wo(z—z3)) @)
0
ver(t) = V(14 cos(ap(t —13)). )

ZCS occurs for S; when the resonant inductor current
reaches zero. Therefore, the constraint to achieve ZCS for S;
is determined by the following inequality:
Vi _
= > . 10
z 20 (10)

If g—é >1,, the body diode of the main switch conducts and
one more mode is added to the 6 modes.

Mode 5 (t4-15): At t4, the resonant inductor current reaches
zero and the output inductor current flows through the resonant
capacitor so that the resonant capacitor voltage decreases
linearly. At the end of this mode the resonant capacitor voltage
reaches zero, as shown in Fig.5(e).

Mode 6 (t5-15): At ts, the resonant capacitor voltage reaches
zero so D5 is turned on under the ZVS condition and we can
turn off the auxiliary switch (S;1) under the ZVS condition
as well. In this mode the energy flows from L¢ to the ultra
capacitor, as can be seen in Fig. 5(f).

B. Principle of Operation During Boost

In order to analyze the converter during the Boost operation,
the circuit is shown in Fig. 6. The main theoretical waveforms
are shown in Fig. 7. It is assumed that the input voltage and
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Fig. 7. Theoretical waveforms during Boost operation.

the inductor L¢ current (I,) are constant during a switching
cycle. In addition, all elements are considered to be ideal.
During one switching cycle, the proposed converter has eight
operating stages in Boost mode as shown in Fig. 8.

Mode 1 (ty-t;): Prior to ty, Dy is turned on, so that the energy
from the ultra capacitor and the inductor Ly flows to the dc
link. At 9, Sa; and Sy are turned on, so that the auxiliary
inductor (Ly) voltage is Vs — V¢ap and causes the auxiliary
inductor current to increase linearly. At #;, ipx reaches I,.
Based on the equivalent circuit in Fig. 8a, the duration of
Mode 1 and i x can be respectively described as:

Ly,
f—tyg= —2 (11)
Vcap_Vs
Veap — V.
ina(t) = = — (12)
‘X

Mode 2 (t1-12): At t1, iLx reaches Io and the resonant capac-
itor voltage is Vs +Zpl,. Therefore, the resonance between the
resonant capacitor (C;), Ly and L, starts through S,; and S,;.
At 1, the resonant capacitor voltage reaches zero. Because of
the resonance between C,, Ly and L;, two auxiliary switches
are turned on under ZCS. Based on the equivalent circuit in
Fig. 8b, the resonant iy, and v¢; can be respectively described

as:
Vi+2Z,1,—YV,
(1) = P i (1)) 1y (1)
1

ver(t) = (Vs +Zolo — Veap) cos(o1 (f —11)) + Veap (14)

where: !
0 = —F— (15)

C.(L,+Lyx)
L +L,

Z = . 16
1 C. (16)

C; completely discharges in the resonance cycle by the
following inequality:

Vs +Zoly 2 2Veqp (17)
L
Z, = F (18)

Mode 3 (12-13): If Vy+Z,1, > 2V,4p, the resonant capac-
itor voltage becomes negative during the resonance cycle.
Therefore, D, conducts and the resonant inductor (Lr) current
decreases and reaches lo. Finally, S, is turned on under ZCS.
Based on the equivalent circuit in Fig. 8c, the resonant if, can
be described as:

. . Vs +2Zoly — Vcap Vcap 2
ip ()= "1 [ —F
Z Vs +Zoly — Vcap (19)
Vcap
— t—t 1.
L, +Lx( 2) + 1,

Mode 4 (t3-t4): In this mode, the resonant inductor (L;)
current decreases linearly from I, and ig, increases linearly. At
14, igp reaches I, and ir, reaches zero. Based on the equivalent
circuit in Fig. 8(d), the duration of Mode 4 and the resonant
irr can be respectively described as:

L(L+L
(ts—13) = w (20)
cap
. Vcap
i, (t) =1, — t—13). (21)
L(t) =1, Lr+Lx( 3)

Mode 5 (t4-ts): In this mode, the energy flows from the ultra
capacitor to L¢ and we can turn off the auxiliary switches. The
duration of this mode is determined by Fig. 8(e).

Mode 6 (t5-t): When S5 is turned off, the inductor current
flows through the resonant capacitor. In this state, the resonant
capacitor charged with a constant current and its voltages
reaches Vgs. Therefore, S, is turned off under ZVS. Based
on the equivalent circuit in Fig. 8(f), the duration of Mode 6
and the resonant vc; can be respectively described as:

VsCr
I,

fe—15s = (22)
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Fig. 8. Operating modes during Boost operation.
Io
ver(t) = = (t —1s). (23)
C

Mode 7 (tg-t7): When the resonant capacitor voltage reaches
V;, Dy starts to conduct. The diode current increases slowly
by the resonant inductor, so that when the resonant inductor
current reaches I,, the resonant capacitor is charged to Vg +
Zoly, as can be seen in Fig. 8(g).

Mode 8 (t7-t3): In this mode, the resonant capacitor is
overcharged and the body diode of the auxiliary switch (S,1)
is turned off under ZCS. In addition, the resonant inductor cur-
rent reaches I, and the energy flows from the ultra capacitor,
as shown in Fig. 8(h).

III. CONVERTER DESIGN

In this section, a design procedure to determine the compo-
nent values of the proposed bidirectional Buck-Boost converter
is given. The initial conditions of the proposed converter
system are given as follows.

- Battery voltage:
- Ultra capacitor voltage:

Vg = 48 V.
Ve = 24 V.

- Output Buck current: IoBuck = 4.2 A.
- Output Boost current: ToBoost = 2 A.
- Switching frequency: fg = 100 kHz.

A. Resonant Capacitor and Inductor

ZCS occurs for S; when the resonant inductor current
reaches zero. Therefore, the constraint to achieve ZCS for S;
is determined by the following inequality:

Yoot (24)

— " obuck *
0
After that, in Boost operation, C; completely discharges in

the resonance cycle by the following inequality:

Vst+Zol, = =>2Veap (25)
L
Z, = E: (26)

If Vy <2V, the best operation for the proposed converter
can be calculated by using (24) and (29), i.e.

2Vcap_VS<Z < Vs
>~%Lo0 =~ F .

obuck

27
~oboost
If Vs > 2V.4p, the best operation for the proposed converter
can be calculated by using (24). C; and Ly can be respectively
calculated by the main switch and the auxiliary switch speed.
With the values of the battery voltage and the output Buck
current by the initial conditions, equation (24) is able to define
the characteristic impedance.

Zo = Vs/Topuck = 48/4.2 = 11.43

In designing methods, the coefficient for safety is usually
20%.

Zy (design) =0.8Zy (theory) =0.8x 11.43=9.14

With the value of the characteristic impedance, equation
(26) is able to define the resonant inductor and the capacitor.
By Choosing C;= 5nF, the resonant inductor is given by:

Li=Zyp xC,=0.42uH

However, the value of the resonant inductor is not sufficient
to achieve soft switching in Buck operation. By increasing the
value of the resonant inductor and choosing L, = 1.5uH, the
resonant capacitor is given by:

C,=L;/Zyp = 18 nF

B. Duty Cycle in Buck and Boost Operation

In Buck operation the maximum duty cycle (D) is not
limited. However, turning off the main switch is not allowed
before the charging of the resonant capacitor, so the minimum
duty cycle (D) is limited.

Based on Fig.9, D is determined by the following inequality:

DT > T,,. (28)

In Boost operation D is not limited. However, before the
main switch is turned on again, the resonant capacitor should
be discharged, so D is limited.

Based on Fig.10 D is determined by the following inequal-
1ty:

DT <T—-T,. (29)
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Fig. 10. The voltage and current of auxiliary switch (Sy2) in Boost
operation.

C. Ultra capacitor voltage

The voltage of the ultra capacitor is very important. The
ultra capacitor and the converter can be damaged seriously
if; the ultra capacitor voltage is higher than the allowable
maximum or lower than the allowable minimum.

The ultra capacitor is charged during Buck operation so:

Vcap =V (30)

where Vcap is the maximum ultra capacitor voltage and Vj is
the battery voltage.

However, the ultra capacitor minimum voltage is determined
by the following equation:

Vs+Z,l
Kcap — $ ; oboost (31)
where V., is the minimum ultra capacitor voltage and /g,

is the minimum output current of the proposed converter in
Boost mode.

IV. SIMULATION AND EXPERIMENTAL RESULTS

To verify the above analysis, a simulation model of the
proposed ZCT Buck converter has been built in Orcad. The
parameters are shown in table 1. The model is shown in Fig.11.

The simulation results are shown in Fig.12 and the experi-
mental results are shown in Fig.13.

TABLE I
THE PARAMETERS OF COMPONENTS

component parameter
Input voltage 48V
Output voltage 24V
Switching frequency 100kHz
Output current 4.2A
Filter inductor 200uH
Filter capacitor 100uF
Switches IRF540
Resonant inductor 1.5uH
Resonant capacitor 18nF

Journal of Power Electronics, Vol. 11, No. 1, January 2011
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Fig. 11. Simulation model of the ZCT Buck converter.
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Fig. 12.  Simulation results for the proposed ZCT Buck converter. (a) The
voltage and current of main switch (Sy). (b) The voltage and current of
auxiliary switch (S,p).

Fig.12. shows that soft switching is applied in the main
switch (S;) and the auxiliary switch (S,;) and Fig.13 shows
that the experimental waveforms resemble the simulation
waveforms, which confirms the theoretical and simulation
results.

The efficiency curves for the proposed ZCT Buck converter
and a conventional Buck converter are shown in Fig.14. The
nominal power of the proposed ZCT Buck converter is 100
Watts so; at this power the efficiency is maximized. However,
when the power is less than the nominal power (because the
losses of the auxiliary circuit are increased to higher than the
main circuit) the efficiency is decreased. This is common for
all soft switching converters. Fig.14 shows that the efficiency
of the proposed ZCT Buck converter at nominal power is
higher than 96%.

To verify the above analysis, a simulation model of the pro-
posed ZVT Boost converter was built in Orcad. The parameters
are shown in table II, and the model is shown in Fig.15.

The simulation results are shown in Fig.16 and the experi-
mental results are shown in Fig.17.

Fig.16. shows that soft switching is applied in the main
switch (Sy) and the auxiliary switch (S;2) and Fig.17 shows
that the experimental waveforms resemble the simulation
waveforms, which confirms the theoretical and simulation
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TABLE II
THE PARAMETERS OF COMPONENTS

component parameter
Input voltage 24V
Output voltage 48V
Switching frequency 100kHz
Output current 2A
Filter inductor 200uH
Filter capacitor 100uF
Switches IRF540
Resonant inductor 1.5uH
Resonant capacitor 18nF
Auxiliary inductor 1uH

¢ I1 D1 M4
1rr
1uH
Le V2
13uH
Lf

24Vac T V1

1H

Fig. 15. Simulation model of the ZVT Boost converter.
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Fig. 16. Simulation results for the proposed ZVT Boost converter. (a) The
voltage and current of main switch (S;). (b) The voltage and current of
auxiliary switch (Sy2).

results.

The efficiency curves for the proposed ZVT Boost converter
and a conventional Boost converter are shown in Fig.18. The
nominal power of the proposed ZVT Boost converter is 100
Watts so; at this power the efficiency is maximized. However,
when the power is less than the nominal power (because the
losses of the auxiliary circuit are increased to higher than the
main circuit) the efficiency is decreased. This is common for
all soft switching converters. Fig.18 shows that the efficiency
of the proposed ZVT Boost converter at nominal power is
higher than 95%.

V. CONCLUSION

This paper describes a two quadrant bidirectional soft
switching converter for ultra capacitor interface circuits. For
the interface circuit, ZVT and ZCT techniques are applied that
guarantee the soft switching condition for all semiconductor
devices. The proposed converter acts as a ZCT Buck to charge
an ultra capacitor. On the other hand, it acts as a ZVT Boost
to discharge an ultra capacitor. The proposed converter has
the advantages of high efficiency, a simple circuit, low cost
and reduced weight. On top of that, it uses limited elements
to achieve soft switching in comparison with other articles.
The measured efficiency of the proposed converter in Buck
mode is more than 96% and in Boost mode it is more than
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Fig. 17. Experimental results for the proposed ZVT Boost converter. (a)
The voltage and current of main switch (S;). (b) The voltage and current of
auxiliary switch (Sy2).

Fig. 18. Efficiency curves.

95% under full load. In case of a light load, the efficiency
decreases due to the fact that the circulating energy involved
in the resonant process is constant and independent of the
load. The soft switching condition is achieved for the full load
range. A comparison between of the proposed converter for
ultra capacitor interface circuits and other interface circuits
demonstrates its superior performance.

A laboratory prototype converter was designed and realized
for hybrid vehicle applications. The experimental results pre-
sented, confirm the theoretical and simulation results.
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