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ABSTRACT This article first introduces the working principle of a push-pull current type DC/DC converter,
analyzes the transient working process of the converter within one working cycle of the control signal,
and draws the relevant waveforms of the main parameters of the circuit; Secondly, equivalent circuits are
established for each switch in the circuit to achieve soft switching. At the same time, due to the isolation of
the DC/DC converter using parasitic parameters of the converter for resonance, the soft switching conditions
of the switch are achieved. The main parameters of the resonance process are about the parasitic capacitance
of the switch and the transmission inductance of the converter. Therefore, based on the soft switching
implementation process of each switch, the influence relationship between the parameter design of parasitic
capacitance and transmission inductance on the soft switching is derived; Finally, the software simulation
and prototype experimental platform are built to verify that the derived soft switching conditions can serve
as the theoretical basis for the parameter design of push-pull current type DC/DC converters.

INDEX TERMS Bidirectional, DC/DC converter, push-pull type, soft switch.

I. INTRODUCTION

In recent years, bidirectional DC/DC converters have been
widely used in renewable energy power generation systems,
electric vehicles, uninterruptible power supplies and other
industrial fields [1], [2], [3], [4]. The voltage of energy
storage devices, such as batteries and super capacitors, is gen-
erally relatively low. It is necessary to solve the problem of
voltage mismatch between energy storage devices and DC
bus through high voltage gain isolated bidirectional DC/DC
converter. At the same time, the voltage of the energy storage
device changes continuously in the process of charging and
discharging, and its variation range is wide. Therefore, as the
interface of energy storage device, DC/DC converter needs
to meet the following requirements and have the following
characteristics: 1) It can realize bidirectional power transmis-
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sion; 2) High efficiency; 3) Suitable for wide voltage range; 4)
Low current ripple at battery side [5], [6], [7], [8]. Realizing
the soft switching state of each switch for the converter is
an important approach to ensure the high efficiency of the
converter. Therefore, many experts and scholars have done a
lot of research work.

After analyzing the power return phenomenon in the tradi-
tional phase-shift control of isolated bidirectional full bridge
DC/DC converter and the influence of return power on cur-
rent stress, [9] proposed the extended phase-shift control
of bidirectional full bridge DC/DC converter for microgrid
power distribution. Compared with the traditional phase-shift
control, the extended phase-shift control not only expands the
regulation range of transmission power, but also increases
the flexibility of regulation, reduces the current stress and
improves the transmission efficiency of the system. Refer-
ence [10] proposed a modulation scheme of dual active bridge
(DAB), which can reduce the effective value of current in a
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wide range of operating conditions by adjusting PWM signal
and relatively simple controller structure. Reference [11] pro-
posed a novel interleaved high conversion ratio bidirectional
DC/DC converter based on switched capacitor and coupled
inductor. The series connected switched capacitor and induc-
tor module improved the voltage conversion ratio and reduced
the voltage stress of the switch. The module with switched
capacitor and inductor in series can realize the soft charge and
discharge of switched capacitor, and can realize the automatic
current sharing on the inductor; The interleaving structure of
switched capacitor is adopted, which can reduce the current
ripple at the low voltage side and realize the application of
high power. Reference [12] reduced the current ripple by
increasing the low-voltage side coupling inductance, but lim-
ited the turns of other windings, thus limiting the voltage gain
of the converter. Reference [13] separated the low-voltage
side filter inductor from the coupling inductor to reduce the
current ripple at the low-voltage side, but the voltage stress
of all switches was higher than that of the high-voltage side
voltage. When analyzing the soft switching of double half
bridge DC/DC converter, [14] considered the relationship
between input inductance, phase shift angle and duty cycle.
References [15] and [16] proposed a high voltage rise DC/DC
converter with active clamping circuit to provide ZVS for
power switches. The active clamp circuit not only absorbs
the leakage energy of the magnetic device, but also leaks the
current through the anti-parallel diode of the main switch
before the arrival of the grid signal. However, due to the
series connection of the coupling inductor and the input DC
power supply, high input current ripple is generated in these
circuits, which is the main disadvantage of the converter.
Reference [17] used synchronous rectifier switches to replace
diodes to achieve ZVS conduction of switches. At the same
time, the zero DC bias of the coupling inductor can obtain
smaller magnetic size and lower core loss, but the voltage
gain is not high, and the voltage stress of the output diode
is large. Reference [18] used resonant topology and phase
shift control method to achieve soft switching. However, the
implementation was difficult and the control is complex. Ref-
erence [19] used the PPS control method to expand the soft
switching range of the converter by increasing the auxiliary
inductance. However, the increase of the auxiliary inductance
will increase its current RMS, which not only increases the
conduction loss of the switch, but also reduces the maximum
transmission power. Therefore, it is necessary to consider
the trade-off between wide range and high efficiency and
high power. In addition, when the converter proposed in [18]
and [19] changes in a wide gain range, ZVS is difficult to
achieve, and with the increase of circulating current, the
efficiency will be further reduced. Reference [20] proposed
a soft switching bidirectional DC/DC converter with large
transformation ratio. Through a special structure, the con-
verter makes use of the leakage inductance energy to turn on
the diode of the switch within the dead time, and realizes the
zero voltage turn-on of the switching device. However, the
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realization of soft switching requires the leakage inductance
of the coupling inductor to meet certain conditions. Refer-
ence [21] had constructed an accurate soft switching model
including all harmonic components for the dual active bridge
converter, so as to realize the soft switching parameter design
of all switches. However, this method is only applicable to
the single phase-shift control, but not applicable to the more
complex phase-shift strategy. Reference [22] proposed a high
voltage gain and wide range soft switching Bidirectional
DC/DC converter topology. The resonant cavity, composed
of the leakage inductance of the coupling inductance and the
resonant capacitor can not only control the leakage induc-
tance energy, but also suppress the change of the resonant
current, which can realize soft switching under full load
conditions within a wide voltage range at the low voltage
side. References [23] and [24] proposed a DC/DC converter
structure based on a single switch coupled inductor, which
had low input current ripple and ZCS performance. In these
converters, the regenerative passive clamping circuit helps to
recover the energy of the leaking inductor. Reference [25]
proposed a new improved Y-source step-up DC/DC converter
with ZVS characteristics. In this topology, higher voltage
gain is achieved by reducing the turn ratio of the secondary
and tertiary sides of the coupled inductor. References [26]
and [27] introduced two new step-up DC/DC converters using
low input current ripple. These topologies operate with Low
Reverse Recovery under ZVS conditions. The boost half
bridge current mode bidirectional isolated DC/DC converter
proposed in [28] can eliminate the high voltage spike at
the low voltage side without introducing a clamping circuit.
On the basis of [28] and [29] introduced the secondary side
of the transformer into the center tap and adds a half bridge.
The hybrid phase-shift plus PWM control is adopted. All
switches can realize ZVS switching within the full load range,
reducing the switching loss and improving the efficiency of
the converter. The topology of current mode bi-directional
isolated dc/dc converter proposed in [28] and [29] is shown
in Figurel and Figure 2.

In this paper, the working process of the converter is
divided into 12 working modes. On this basis, this paper will
comprehensively analyze the realization conditions of soft
switching from the aspects of circuit working mode, parasitic
capacitance, dead time, excitation inductance and so on. The
soft switching conditions of the converter are derived, and
the soft switching characteristics of the converter under all
12 operating modes are given, which provides the basis for
the design of circuit parameters of push-pull current mode
bidirectional DC/DC converter.

Il. THE WORKING PRINCIPLE OF THE CONVERTER

A. OVERVIEW OF CONVERTER TOPOLOGY

The topology of the push-pull current source bidirectional
DC/DC converter designed in this paper is shown in Figure 3.
For the similarity of the bidirectional working process of the
converter, this paper only takes the forward working process
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FIGURE 2. Topology proposed in [29].

as an example, that is, the energy is transmitted from the low
voltage side to the high voltage side. In Figure 3, V| and V>
represent the low-voltage input voltage and high-voltage out-
put voltage of the topology, respectively. On the low-voltage
side, S; and S, form the main switches of the push-pull
circuit, and S3 and S4 are two active clamp switches con-
nected to the clamp capacitor Cs, and the input inductance
L is connected to the transformer center tap to form a current
type input. On the high-voltage side, Ss and Sg form an active
voltage doubling circuit, where L; is the leakage inductance
on the secondary side of the transformer. The converter can
achieve bidirectional power transmission; the cascade design
of Boost circuit and push-pull transformer improves trans-
mission efficiency; the clamp capacitor ensures that the input
voltage can vary over a wide range; the series inductance
L on the battery side can reduce the input current ripple.
The arrow directions in the topology represent the positive
reference directions of the quantity, with v, being defined as
the voltage before the transmission inductance Lg and v¢q as
one after the transmission inductance L.

According to Figure 3, on the low-voltage side, S; and Sy
are main switches, and the duty cycle of each switch is D. the
turn-on pulse phase of S; switch is 180 ° ahead of that of S,
switch; S3 and S are complementary conduction, S4 and Sy
are complementary conduction. On the high voltage side, the
turn-on pulse phase of St is ahead of Ss, which is defined as
¢ is the phase shift ratio between S and S5, that is, the phase
angle difference (i.e., phase shift angle) between S| and S;
divided by 2m; The duty cycle D of switches S5 and Sg is
fixed at 0.5, so the symmetry of active voltage doubling can
be realized. The capacitances of voltage doubling capacitors
C1 and C; are same and the withstand voltages are same. The
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FIGURE 3. Topology of push pull current type bidirectional DC/DC
converter.

FIGURE 4. Equivalent transmission circuit of converter.
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FIGURE 5. Primary and secondary voltage waveforms of converter.

transformer ratio is 1:1:n, i1 and iy are the current of the two
windings on the primary side of the transformer.

The equivalent transmission circuit of the push-pull current
type bidirectional DC/DC converter is shown in Figure 4, the
primary and secondary side voltage waveforms are shown
in Figure 5. ir¢ represents the transmission current of the
transmission inductance L. It can be seen from Figure 4 and
Figure 5 that the ratio of V4 to V5 is 0.5. Therefore, in order
to reduce the circulating power of the circuit. By adjusting the
PWM pulse, the positive and negative amplitudes of v,, and
Veq are equal respectively, so the primary and secondary side
voltages match.

According to the one cycle current balance principle of
input boost inductor, it can be obtained that

VID+ (Vi = V)1 —-D)=0 (D

It can be seen that the voltage Vi of the clamping capacitor
at the original side is
T 1-D

Ve @

When the circuit enters steady-state operation, the amplitude
of the voltage on both sides of the transmission inductance at
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the secondary side of the transformer are

nVe. n
Vap = = ——— V) =kV 3
b= -y 1 3
%)
Vea = 5 4)

In order to reduce the circulating power, the square wave
voltage amplitude on both sides of the transmission inductor
Lg is equal by PWM adjustment. The equation is as follows:

nVy 1 _ 1)

2 1-D 2

Then the voltage conversion ratio of input voltage V| and
output voltage V; can be obtained as

&)

Vs n
o = (6)
Vi 1—-D
According to the current KCL characteristics and ampere
turns characteristics of the transformer

inl“l‘inz:iL (7)
in, X Nl —in, X N +ip, x N3 =0 ®)

Set the turn ratio relationship as
Ni:Ny:N3=1:1:n )

By combining (7), (8) and (9), the following can be solved

iL —ni
in, :% (10)
. iL + nig
an:T (1)

The converters proposed in [28] and [29] are current mode
isolated bidirectional DC/DC converters. The comparison for
topology proposed have and ones in [28] and [29], as given
in Table 1:

TABLE 1. Comparison of key circuit parameters.

. Proposed in Proposed in .
Comparison Proposed in
Parameters References References this Paner

[28] [29] P
Number of switches 4 6 6
High voltage side 116V 400V 700V
voltage
Transmission Ratio 3-4 7-13 6-12
Applicable Power Low Medium High

B. ANALYSIS OF CONVERTER WORKING PRINCIPLE

According to duty cycle D and shift ratio ¢, the converter
can be divided into 12 operating modes, as shown in Table 2.
The “+4” in the working mode number indicates the forward
transmission of power, that is, the energy flows from the
low-voltage side to the high-voltage side; “—’ indicates the
reverse transmission of power, that is, the energy flows from
the high-voltage side to the low-voltage side. The working
state between 0< D <1/2 and 1/2< D <1 is slightly
different, which has been distinguished in mode division.
Taking the A4 mode with D >1/2 as an example, this paper
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FIGURE 6. Key waveforms of the converter in a switching cycle.

TABLE 2. 12 working modes shift down compared to ¢ range.

Duty Power Phase Shift Ratio Operating
Cycle Flow Mode
Direction
0<D<1/2 P<0 -1/2<p<D-1/2 E-
P<0 D-1/2<¢p<D/2-1/4 D-
P>0 D/2-1/4<p<0 D+
P>0 0<p<D E+
P>0 D<¢<D/2+1/4 F+
P<0 D/2+1/4<¢<1/2 F-
1/2<D<1 P>0 -1/2<¢<D/2-3/4 C+
P<0 D/2-3/4<p<D-1 C-
P<0 D-1<p<0 B-
P<0 0<p<D/2-1/4 A-
P>0 D/2-1/4<¢<D-1/2 A+
P>0 D-1/2<¢p<1/2 B+

analyzes the specific working state of the converter, and the
analysis process of other modes is similar.

In the working state of the push-pull current type bidi-
rectional DC/DC converter, there are 18 working stages in
a switching cycle. The time period #y-f¢ is one cycle of the
converter. The waveform in a switching cycle of the push-pull
current DC/DC converter is shown in Figure 6, and the modal
analysis is carried out as follows.

Stage 1 (fp-10/): Before g, switch S, and Sg are turned on,
Cs; and Csj3 are resonant with Lg, and the working state is
t5/7 - te(Stage 18). At 1y, the resonance between Csi, Cs3
and Lg ends, Dg; is turned on, and the zero voltage turn-on
of switch Sy is realized. The secondary circuit state of the
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transformer does not change, and the current if ¢ is positive
and ig is negative.

Stage 2 (to/ -to/7): At to/, in] rises from negative to zero, and
then increases positively.

Stage 3 (1o// - to//1): At ty/7, the transmission inductance cur-
rent ip g drops to zero, then becomes negative and continues
to decrease. The boost inductance current iy, i1, is2, is6, Inl,
and iy at the input side are all positive.

Stage 4 (to//7 - t1): At to/11, switch Sg turned off, parasitic
capacitances Css and Csg of S5 and S¢ resonate with trans-
mission inductance Lg, voltage vcss at Css decreases from Vs,
and voltage vcse at Csg rises from zero. Until 71, vcse rises to
V2, vess drops to zero, and the resonance process ends.

Stage 5 (#1- t1/ ): At 11, the resonance process ends and
a drive signal is added to the switch Ss. Since the inductive
current ir ¢ cannot change suddenly, the transmission induc-
tive current i s forms a loop through the parasitic diode of the
switch Ss, realizing the zero voltage conduction of Ss.

Stage 6 (#1/ - t2): Atty/, switch Sj is turned off. At this time,
the capacitance Cs, and Cs4 resonate with the inductance Lg,
the voltage vcs» at Csp rises from zero, and the voltage vcsa
at Cs4 decreases from V. Until £, vesy rises to Vs, vess
drops to zero, and the resonance ends.

Stage 7 (f- t27): At tp, the driving signal S4 is added to
S4 for conduction. Since the inductive current iy» cannot
change suddenly, the parasitic diode of switch S4 is used for
freewheeling, and the switch Sy4 realizes zero voltage switch-
on.

Stage 8 (2/ - t2//): The current is4 of switch S4 changes
from negative to zero, and then becomes positive and contin-
ues to increase.

Stage 9 (1217 - 13): At 121/, the switch Sy is turned off. At this
time, Csp and Cs4 resonate with the transmission inductance
L, the voltage vcsa at Csq rises from zero, and the voltage
vese at Csp falls from Vg, Until 3, vesg rises to Vs, ves?
drops to zero, and the resonance process ends. At #3, Sy is
turned on, and the DC/DC converter operates for half a cycle.

The time period #3-74 is the second half of the cycle, and its
working stage is similar to #p-#3 working stage, so it will not
be repeated here.

Ill. ANALYSIS OF SOFT SWITCHING PROCESS

Through the analysis of the working principle in the previous
section, it can be found that the push-pull current source
DC/DC converter realizes zero voltage switching on at the
moments of switching on and off of the switch. The para-
sitic capacitance of the switch resonates with the transformer
transmission inductance Ls, and when the opposite the bridge
arm is turned on, the voltage of the switch drops to zero,
making the reverse parallel diode conductive. By analyzing
the resonant process, the soft switching conditions of push-
pull DC/DC converter can be deduced, which need to meet
the following requirements: (1) the current direction of the
switch is negative at the opening time; (2) The energy in
the transmission inductor can fulfill the demand of parasitic
capacitor charging and discharging. The resonant modes of
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push-pull current type DC/DC converter are stage 4 (to/ //
- 11), stage 6 (#1/ - 1), stage 9 (t2// - 13), stage 13 (377 -
t1), stage 15 (24’ - ts), and stage 18 (#5// - 16). At fo/// in
stage 4, the switch S¢ is turned off, and then Ss realizes
zero voltage switching on; in stage 6, switch S; is turned off
at 71/, and then S4 realizes zero voltage switching on; Sy is
turned off at #,/7 in stage 9, and then S; realizes zero voltage
switching on; at #3/ // in stage 13, S5 is turned off, and then
Se realizes zero voltage switching on; Sy is turned off at 74/ in
stage 15, and then S3 realizes zero voltage switching on; S3 is
turned off at #5/7 in stage 18, and then S realizes zero voltage
switching on.

In the push-pull current type DC/DC converter, the oper-
ation stages of bridge arms S; and S;, S3 and S4, S5 and
Se are completely symmetrical, and there is no lead and lag
phenomenon. Therefore, as long as the zero voltage switching
on of switches S1, S3 and S5 are realized, the zero voltage
switching on of all switches can be realized. Therefore, the
soft switching analysis will be carried out for switch S;
(stage 18), S3 (stage 15), and S;5 (stage 4).

In the soft switching analysis, the ratio of the equiva-
lent transmission inductance Lg/ to the original transmission
inductance Ly is 1: n?; The ratio of the equivalent voltage dou-
bling capacitor voltage V1’ to the original voltage doubling
capacitor voltage V¢ is 1: n.

A. SOFT SWITCHING ANALYSIS OF SWITCH S,
At t5/ 7, the switch Sz is turned off. At this time, Cs; and Cs3
resonate with the transmission inductance Lg, the voltage vcs3
at Cs3 rises from zero, and the voltage vcs; at Cs; decreases
from V. Until t6, ves3 rises to Vg, vesy drops to zero,
and the resonance process ends. The Zero voltage switch-on
circuit of Sy is shown in Figure 7. According to the switch-
on process, the S| zero voltage switch-on equivalent circuit
is shown in Figure 8.

The following formula can be listed by the equivalent
circuit

[ vess + vest = Vs

/di;_/S /

L~ =Va —vesi
dv

i3 = Cs3 dCtS3 (12)
i~ dvcsi

1 s1—;
i1 =i3+ lis

Due to the symmetry of switching devices,
Csi=Cs3 =6 (13)
Solve the above equation and obtain

d?if 1

o/ — 0
a2 oo

(14)

At time #s5//, the switch S3 is turned off, and according to the
steady-state process, the initial value 1 g3 of the current i g/
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can be obtained as
)i In1(12) i (1 —D)D 1) 0 (15)
Ls3 = In1 = - - —z)<
oIS 4Lf, 2

By combining the above two equations, it can be concluded
that

o 1 "
i (1) = I3 COS[WU —15)] (16)

ST

L/ l "
ves1(t) = Ve + g, | —— sin] ———(t — 1<)] 17
cs1(?) c1 13, 2C 2LgCr( 5) an

In the formula, Z; = ,/ 2L—C“ is the characteristic impedance

of the resonant circuit, and w, = is the resonant
J2LIC;

frequency, the instantaneous value of voltage vcs; is

vesi(t) = Vi, + I Ze sin[on(t — 13)] (18)

The variation of voltage vcs; on switch Sy can be analyzed
by (18). When wy(t — t5) = 7 /2, the voltage vcs; reaches its
minimum value,

Vesimin = Vél + ILs3Z; (19)

In order to achieve zero voltage switching on of switch Sy, the
voltage at S should be reduced to zero at the end of stage 18,
so Dg; can conduct, that is Vcsimin <O,

/

V.
7 > % (20)
- S
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It can also be written as

’ !/
L - h 1)
2C; —ILs3
The above analysis process shows that when the transmission
inductance is fixed, the smaller the parasitic capacitance Cr,
the easier for Sy to achieve soft switching in a certain range.

When the parasitic capacitor is charged and discharged, the
current will drop at the slope V1//Lg7; When Cg; is too small,
the voltage vcs1 will drop to zero in advance, but at this time,
the drive signal does not come, which makes the parasitic
capacitor Cs; lose the opportunity of soft switching when
charged. Therefore, it is necessary to design the dead time
T4 to make the voltage vcs; meet the minimum requirement
without causing the capacitor Cs; to be recharged. Usually,
the dead time Ty = T/4, where T; = 2m/w; is the resonant
period.

B. SOFT SWITCHING ANALYSIS OF SWITCH S5

At 14/, switch Sy is turned off. At this time, the capacitors Cs;
and Cs3 resonate with the inductance Lg, the voltage vcsy on
Cs rises from zero, and the voltage vcs3 on Cs3 decreases
from V. Until #5, ves rises to Vs, vess drops to zero, and
the resonance ends. The circuit of S3 to realize zero voltage
switching on is shown in Figure 9, and its equivalent circuit
is shown in Figure 10.

DssCss

. .
-3
—
IL
"
Q

’:'.\ E
noS S3 s i
sy 1" s FT,
.:}1 l_l:}-.? l _;:4_:'3_? = C
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IDSICSI Ds:Cs2 1DssCss
FIGURE 9. Zero voltage switch-on circuit of S5.
Cs3 i3 L/
1] N Y YY"\
1
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Vess iV iy P
+ + +
O Coi== ves1 V' QO

FIGURE 10. Zero voltage switch-on equivalent circuit of S3.
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The following formula can be listed by the equivalent
circuit

[ vess + vest = Vs

/diLS /

L, " = Vcy — Ves + vess
dv

i| = Cs dCtS] (22)
e C dvcs3

3 83,
i3 =11 — iis

Due to the symmetry of switching devices,
Cs1 =Cs3 =C; (23)

At time #4/, the switch Sy is turned off, and according to the
steady-state process, the initial value I1¢; of the current if ¢/
can be obtained

\%)
—= 1
Inst = Ini(1y) = 4Zf (I1-D)D - 5) >0 (24

By combining the above two equations, it can be concluded
that

ves3(t) = Vs — Vi — I Ze sinfa(t — 1)] (25)

The variation of voltage vcs3 on switch S3 can be analyzed
by (25). When w(t — tft) = 1 /2, the voltage vcs3 reaches
its minimum value Vcs3min. In order to achieve zero voltage
switching of switch S3, the voltage at S3 should be reduced
to zero at the end of stage 15, so Ds3 can conduct,that is
Ves3min <0,

L, Ves—V
Zo= | = - MEInndel (26)
2Cr ILS]

The above analysis process shows that when the transmission
inductance is fixed, the smaller the parasitic capacitance Cr,
the easier for S3 to achieve soft switching in a certain range.
When the parasitic capacitor is charged and discharged, the
current will drop at the slope (Vci/ -Vs)/Lg/, and when Cs3
is too small, the voltage vcs3 will drop to zero in advance, but
at this time, the drive signal does not come, which makes the
parasitic capacitor Cs3 lose the opportunity of soft switching
when charged. Therefore, it is necessary to design the dead
time T4 to make the voltage vcs3 meet the minimum require-
ment without causing the capacitor Cs3 to be recharged.

C. SOFT SWITCHING ANALYSIS OF SWITCH S5

At 1o/ 1, switch Sg is turned off. At this time, the capacitors
Css and Csg resonate with the inductance Lg, the voltage vcss
on Cgs decreases from V5, and the voltage vcsg on Csg rises
from zero. Until #1, vcse rises to Va, vess drops to zero, and
the resonance ends. The circuit of S5 to realize zero voltage
switching on is shown in Figure 11, and its equivalent circuit
is shown in Figure 12.

59392

: DGy iDuC ID (Ce
: T as
: aGEs adEs SR o (C
H T o] ) :'_Tl
H S So 1 S,
: : - .
: - i Lln L i
C. L Al R

—
L
AT
AR
Yl
L
A L
o .
AT i
-
3‘.
FE,;:-
—
IL
L
o

FIGURE 11. Zero voltage switch-on circuit of Ss.
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FIGURE 12. Zero voltage switch-on equivalent circuit of Ss.

The following formula can be listed by the equivalent
circuit

[ vess + vese = Ver + Vel
dip s
L - Vea — vess
dv
isc = Cse dCtS6 (27
= C dvcss
5 S5 dr
is = ig + iLs
Due to the symmetry of switching devices,
Css = Cs6 = G (28)

At time fo/ 77, the switch Sg is turned off, and according to the
steady-state process, the initial value I 46 of the current iy
can be obtained

2 1Dy 29
TRAYEEE Y 29

By combining the above two equations, it can be concluded
that

Ise =ILs(ty ) =

vess(1) = Voo + IuseZe sinfox(t — 1)) (30)

The variation of voltage vcss on switch Ss can be analyzed
by (30). When w.(t — t(/)”) = /2, the voltage vcss reaches
its minimum value Vcssmin. In order to achieve zero voltage
switching of switch Ss, the voltage at S5 should be reduced
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to zero at the end of stage 4, so Dgs can conduct,that is
Vessmin <0,

L Ve
>

Zo=|— 31
T 2C. €2

—Iis6

The above analysis process shows that when the transmis-
sion inductance is fixed, the smaller the parasitic capacitance
C;, the easier for S5 to achieve soft switching in a certain
range.

When the parasitic capacitor is charged and discharged, the
current will drop at the slope Vca/Lg, and when Css is too
small, the voltage vcss will drop to zero in advance, but at
this time, the drive signal does not come, which makes the
parasitic capacitor Css lose the opportunity of soft switching
when charged. Therefore, it is necessary to design the dead
time T4 to make the voltage vcss meet the minimum require-
ment without causing the capacitor Css to be recharged.

The above is the analysis of the soft switching implementa-
tion process of the converter in A+ mode. Similarly, the soft
switching characteristics of all switches in all 12 operating
modes of the converter are shown in Table 3.

TABLE 3. Soft switching characteristics of switches in 12 working modes.

Duty Operating
Si S3.4 Ss.6
Cycle Mode
Hard-
ZVS ZVS D+E+F+
switched
D<1/2
Hard-
ZVS ZVS D-E-F-
switched
A+B+C+A-
D>1/2 ZVS ZVS ZVS
B-C-

It can be seen from table 3 that all switches of the converter
can realize soft switching under six operating modes with
duty cycle D >1/2. While duty cycle O< D <1/2, S; and
S, are hard switching during forward power transmission; S3
and S4 are hard switching during reverse power transmission.
Through the design of the transformer turn ratio, the converter
can operate in the duty cycle D > 1/2 mode, which can realize
the zero voltage switching of all switches and improve the
efficiency of the converter.

D. INFLUENCE OF EXCITATION INDUCTANCE ON SOFT
SWITCHING

When analyzing the working principle of the system, it is
generally considered that the value of transformer excitation
inductance Ly, is very large, and its influence on the circuit is
ignored. However, the excitation inductance Ly, of the trans-
former in the actual system is not infinite, and its size will
have a certain impact on the soft switching characteristics of
the converter. This section describes this problem. Figure 13
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shows the transformer equivalent model in the actual sys-
tem. The boost inductance L and transmission inductance
Lg remain unchanged, and the inductance Ly and Ly» are
the excitation inductance of the two windings on the primary
side. The currents i, and i, are the converted currents from
the secondary current to the primary side.
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FIGURE 13. Equivalent model of push pull transformer in actual system.

In the actual equivalent model of push-pull transformer
shown in Figure 13, the inductance currents meet the follow-
ing relationship:

inl +in2 + iml — Im2 = IL

ipt X N1 —ipp X No +ipg x N3 =0

ipl + iml = inl (32)
ip2 —im2 = I

iml = im2

According to formula (32),

ip1 = (ip — niLs)/2

ipp = (ip + niLs)/2

ipl + im1 = inl (33)
ip2 —im2 = 2

iml = im2

From (33), it can be seen that the values of primary wind-
ing currents i1 and iy, are related to excitation inductance
currents iy and ipp. Since the soft switching characteristics
of the primary side switch are related to the winding current
value, the excitation inductance currents iy and iyy will
also affect the soft switching conditions of the primary side
switch.

Figure 14 is the key waveform diagram considering the
excitation inductance in A4+ mode. As the influence of excita-
tion inductance on the circuit waveform is mainly considered,
time division in Figure 14 is slightly different from that in
Figure 6. By analyzing the operation process of the circuit,
it can be seen that during #p-t> and f3-t5, the switches S
and S, are turned on at the same time. At this time, the
primary winding voltage is zero, and the excitation induc-
tance currents iy and imy remain unchanged. During #-13,
the switches S; and S4 are turned on at the same time.
At this time, the primary winding voltage is the clamping
capacitor voltage Vg, and the excitation inductance currents
im1 and i increase along a positive direction. During #5-t¢,
the switches S, and S3 are turned on at the same time. At this
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FIGURE 14. Key waveform of A+ mode considering excitation inductance.

time, the primary winding voltage is the negative clamping
capacitor voltage Vg, and the excitation inductance currents
im1 and iy first decrease along the positive direction and then
increase along the reverse direction.

Since the excitation currents iy and iy are completely
symmetrical in the first and second half cycles, the following
boundary conditions can be obtained:

im1(t0) = —im1(23) (34)

The excitation currents at 7o and #3 are equal in magnitude
and opposite in direction. According to this relationship and
the working principle of the converter, the expressions of
excitation inductance currents iy, and iy can be solved,

iml(e) = lm2(9)

1
D—1 0<6<D——
1 1
_ Vcs % 29—D D—§<9<§
2L 1
s 1-D §<9<D
-20+D+1 D<0<1

(35)

where L, is the value of the overall excitation inductance of
the primary winding

From Figure 14 and (35), it can be seen that at #y, switch
S, is turned on, and the direction of excitation inductance
current iy and winding current i are along the same direc-
tion, which is conducive to the realization of soft switching.
At t5, the switch S3 is turned on, and the excitation inductance
current iy and winding current i, are along the same direc-
tion, which is conducive to the realization of soft switching.
Therefore, in the soft switching characteristics of the system,
the excitation current is always conducive to the realiza-
tion of the soft switching process. In the actual parameter
design of push-pull transformer, the excitation current can be
appropriately increased by appropriately reducing the value
of excitation inductance Ly, so as to accelerate the charging
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and discharging process of parasitic capacitor of switch and
create conditions for zero voltage switching on.

IV. ANALYSIS OF SIMULATION RESULTS

In this paper, PISM software is used to simulate the working
process of the circuit, and the simulation parameters are
shown in Table 4.

TABLE 4. System parameters.

Quantity mbol Value
Input voltage Vi 96V
Output voltage Vs 700V
Input inductance L 100pH
Transmission inductance L 80uH
Clamping capacitor Cs 220pF
Voltage doubling capacitor C 220uF
Voltage doubling capacitor C, 220uF
Output resistance R 490Q
Transformation ratio n 3
Switching frequency fs 50kHz
300
<200 o
£ 100 g
: E
0
-100
0.079839 0.07984 0.079841
1(s)
FIGURE 15. The simulation waveform of switch S; turned on.
300 30
o @]
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0 0
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0.079891 0.079892 0.079893
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FIGURE 16. The simulation waveform of switch S5 turned on.

A. SIMULATION ANALYSIS OF SOFT SWITCHING IN
A+MODE
The simulation waveform of switch S; turned on is shown
in Figure 15. It can be seen that the current igs; is always
negative before the drain source voltage vq4s; drops to zero at
the turn-on time of the switch, indicating that the current has
been flowing through the parasitic diode of switch S;, and
that switch S1 has realized zero voltage switch-on.
According to the soft switching process analysis of switch
Si, after substituting the corresponding values, it can be
obtained that I1 g3 = —5A, Ly = 8.89uH, V17 = 116.67V,
and according to (21), C; <8.17nF. The parasitic capacitance
of switch S; is 60pF, which is within the numerical range
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FIGURE 17. The simulation waveform of switch S5 turned on.
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FIGURE 18. The simulation waveform of S, turned on when 0.1xF
parasitic capacitor was added.

of soft switching parasitic capacitance. Therefore, switch S|
achieves soft switching.

The simulation waveform of switch S3 turned on is shown
in Figure 16. It can be seen that the current igg3 is always
negative before the drain source voltage vq4s3 drops to zero at
the turn-on time of the switch, indicating that the current has
been flowing through the parasitic diode of switch S3, and
that switch S3 has realized zero voltage switch.

According to the soft switching process analysis of switch
S3, after substituting the corresponding values, it can be
obtained that I 51 = 5.07A, Ly = 8.89uH, V17 = 116.67V,
and according to (26), C; <8.4nF. The parasitic capacitance
of switch S3 is 120pF, which is within the numerical range
of soft switching parasitic capacitance. Therefore, switch S3
achieves soft switching.

The simulation waveform of switch S5 turned on is shown
in Figure 17. It can be seen that the current igg5 is always
negative before the drain source voltage vqs5 drops to zero at
the turn-on time of the switch, indicating that the current has
been flowing through the parasitic diode of switch Ss, and
that switch S5 has realized zero voltage switch-on.

According to the soft switching process analysis of switch
Si, after substituting the corresponding values, it can be
obtained that I1 ¢ = —7A, Ly = 80uH, Vo = 350V, and
according to (31), C; <16nF. The parasitic capacitance of
switch S5 is 130pF, which is within the numerical range of
soft switching parasitic capacitance. Therefore, switch Ss
achieves soft switching.

B. THE INFLUENCE OF PARASITIC CAPACITANCE ON SOFT
SWITCHING

On the basis of achieving zero voltage switch-on for each
switch in the previous section, 0.1uF parasitic capacitance
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FIGURE 19. Simulation waveform of S; when excitation inductance is
500.H.
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FIGURE 20. Simulation waveform of S; when excitation inductance is
10004H.

is added to the switch S,. The simulation waveform of the
turn-on time is shown in Figure 18.

It can be seen from Figure 18 that after 0.1uF parasitic
capacitor is connected in parallel at the switch, the drive
signal ves» has been added between grid and source before
the drain source voltage vy of the switch drops to zero. The
drain current igs» flows through the switch with a positive
value, causing the voltage and current to form an overlapping
region at the turn-on time, and resulting in the turn-on loss.

From the above research, it can be seen that the parasitic
capacitance range of the switch is C; <8.166nF, and that the
parasitic capacitance at the switch should be within this range,
otherwise the push-pull current type DC/DC converter will
not be able to form zero voltage switch-on, resulting in losses
during the turn-on process and affecting the service life of the
switch.

C. THE INFLUENCE OF EXCITATION INDUCTANCE ON
SOFT SWITCHING
In this section, the influence of excitation inductance on
soft switching is simulated, and the simulation parameters
are consistent with Table 4. Figure 19 shows the simulation
waveform of switching on process of switch S| in A+ mode,
when the excitation inductance is 500 H. Figure 20 shows
the simulation waveform of switching on process of switch
St in A4+ mode, when the excitation inductance is 1000 H.
By comparison, it can be found that, when the excitation
inductance is 500uH, the winding current iy; at the opening
time of switch S1 is —3A, and that the parasitic capacitance
is charged and discharged within the dead time. Before the
drive signal Vy arrives, the drain source voltage of switch has
been reduced to zero, realizing zero voltage switching. When
the excitation inductance is 1000 H, the winding current
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c) The simulation waveform of switch Ss turned on under light load

FIGURE 21. The simulation waveform of switch S;,S5 and S5 turned on
under light load.

in1 at the opening time of the switch is -2A, which is less
than the winding current when the excitation inductance is
500uH. During the dead time, the charging and discharging
of parasitic capacitance cannot be completed, and the switch
S cannot realize zero voltage switching.

D. SOFT SWITCHING SIMULATION UNDER LIGHT LOAD

In the design of soft switch, it is not easy to realize soft switch
due to small current under light load. Therefore, this section
verifies the realization of soft switch under light load. The
rated power of the converter designed in this paper is 3kW,
and it is generally considered as light load when the output
power is 10% of the rated power. Therefore, this section gives
the soft switching condition when the output power is 0.3kw,
as shown in Figure 21. Adjust the Output resistance R from
490%2 to 1633%2.

It can be seen from the simulation waveform that the
current is always negative before the drain source voltage
drops to zero at the turn-on time of the switches, indicat-
ing that the current has been flowing through the parasitic
diode of switches, and that switches has realized zero voltage
switch-on.

V. EXPERIMENTAL VALIDATION
The photo of the experimental platform is shown in Figure 22.
The circuit parameters are listed in Table 4. Figure 23 shows
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the soft switching waveform of S;. Excitation inductance of
single transformer is S00uH, the switch junction capacitance
is 288pF and the dead time is 200ns. When the switch is
turned off, the drain source voltage Vg, is clamped at 245V
by the clamping capacitor. When the drive signal is turned
on, the drain source voltage of the switch has dropped to
zero, and the current of the switch is less than zero, then
the current flows through the anti-parallel diode. This shows
that the switch S; achieves zero voltage switching. The soft
switching process of S3 is similarly to that of Sy. Figure 24
shows the soft switching waveform of S3.

/
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&
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3 Circuit

L

b) Drain source voltage and drive voltage of S1

FIGURE 23. Soft switching experimental waveform of S;.

Figure 25 shows the soft switching waveform of Ss. Sin-
gle transformer excitation inductance is 500uH, the switch
junction capacitance is 200pF and the dead time is 200ns.
When the switch is turned off, the drain source voltage Vg5 is
clamped at 700V by the clamping capacitor. When the driving
signal is turned on, the drain source voltage of the switch
has dropped to zero, then the current flows through the anti-
parallel diode. This shows that the switch S5 has realized zero
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FIGURE 24. Soft switching experimental waveform of Ss.
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FIGURE 25. Soft switching experimental waveform of Ss.

voltage switching. The spike of the driving pulse is caused by
the switching action of other switches during the operation of
the system.

VI. CONCLUSION

The push-pull current-mode bidirectional DC/DC converter
designed in this paper adopts a topology in which a boost
circuit is cascaded with a push-pull transformer. This design
enables bidirectional power transmission, and is suitable for
a wide voltage input range, and has a small current ripple
on the battery side. Firstly, this paper analyzes the operat-
ing modes of the converter and takes the A+ mode as an
example to analyze the soft switching process of the con-
verter. Secondly, by establishing an equivalent circuit of the
switching transient of the switch, the influence of the dead
time, parasitic capacitance, and excitation inductance on soft
switching is analyzed, and the conditions for achieving soft
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switching in the converter are obtained. The soft switching
characteristics under all 12 operating modes of the converter
are also given. Finally, based on the analyzed soft switching
conditions, suitable circuit parameters are selected to sim-
ulate and experimentally verify the DC/DC converter. The
results show that the push-pull isolated DC/DC converter can
achieve soft switching of all switches by applying the soft
switching conditions proposed in this paper, which verifies
the correctness and effectiveness of theoretical analysis.
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