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A Bidirectional Three-Phase Push—Pull
Converter With Hybrid PPS-DAPWM
Switching Method for High Power and

Wide Voltage Range Applications

Tat-Thang Le

Abstraci—High-power isolated bidirectional dc—dc con-
verters with wide voltage range are attracting increasing at-
tention in many applications. The bidirectional three-phase
current-fed dc—dc converters are known to be suitable for
wide voltage range applications compared to dual active
bridge based converters, having advantages of reduced
device current ratings and prevention of transformer sat-
uration due to high impedance nature. However, when the
duty cycle becomes lower than 0.33 or higher than 0.66,
power transfer capability is limited, and the efficiency is
significantly reduced due to increased circulating current,
which has rarely been discussed so far. In this article, a
hybrid dual-asymmetrical pulsewidth modulation (DAPWM)
and pulsewidth modulation plus phase-shift (PPS) switch-
ing method is proposed for efficiency improvement of the
bidirectional three-phase push-pull converter with very
wide voltage range. A seamless mode change method be-
tween PPS and DAPWM is also proposed for minimizing
the transient state. Further, through current waveform and
power flow analysis, the leakage inductance along with
transformer turn ratio are designed to minimize the root
mean square (rms) current of devices, while having the
capability of transferring the desired power and limiting
the slew rate of transformer winding current under wide
voltage range operation. Experimental results from a 22-kW
prototype are provided to validate the proposed concept.

Index Terms—Bidirectional dc—-dc converter, circulating
current, current-fed, dead-time effect, high power, wide
voltage range.

[. INTRODUCTION

ECENTLY, high-power isolated bidirectional dc—dc con-
R verters with the wide voltage range have aroused much
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interest in many applications such as energy storage systems, un-
interruptible power supplies, electric vehicles, renewable energy
systems, and dc microgrid systems. In high power applications,
the three-phase dc—dc converter has several advantages over the
single-phase dc—dc converter such as easy switch selection due
to reduced current rating, reduction of input and output filters’
volume due to increased effective switching frequency by a
factor of three, and reduction in transformer volume due to better
transformer utilization [1].

The three phase dual active bridge (DAB) converters have
been widely used in solid state transformers where the main op-
erating voltage range is not wide [1]-[8]. Due to the voltage-fed
nature of both sides, the DAB suffers from possible transformer
saturation and large circulating current, and loss of zero voltage
switching (ZVS) at the light load when operated under the wide
voltage range [1]. The voltage-fed types have simple structure
but it has disadvantage of high ripple current in the low voltage
side (LVS) [9]. In response to these concerns, bidirectional
three-phase current-fed de—dc converters with active clamp have
been introduced in [10]-[22]. By utilizing the active clamp, the
current-fed dc—dc converter not only clamps the surge voltage
[24] but also has smaller circulating current under wide voltage
range. The entire range ZVS of all switches can be achieved by
proper design of the filter and the leakage inductances [12]. Also,
the current-fed converter has smaller current ripple compared to
the voltage-fed converter. Further, due to the high impedance
nature of the current-fed converter, transformer saturation can
be avoided [22]. There are two types of bidirectional three-phase
current-fed converters with active clamp: half-bridge [12] and
push—pull converters [13]. The three-phase current-fed half-
bridge converter preserves the advantage of entire range ZVS,
smaller circulating current, and ripple current. However, sophis-
ticated balancing control using three current sensors is required
to balance three filter inductor currents [12]. The three-phase
current-fed push—pull converter using one filter inductor and one
current sensor has been introduced in [13] where the effective
frequency across the filter inductor is three times of the switching
frequency, resulting in significantly reduced core volume and
loss of the filter inductor.

In [12] and [13], the pulsewidth modulation plus phase-
shift (PPS) and dual-asymmetrical pulsewidth modula-
tion (DAPWM) switching methods were proposed for the
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three-phase current-fed converter to regulate the transferred
power while maintaining the clamp voltage the same with high
voltage side (HVS) voltage referred to the LVS voltage so that the
circulating current is reduced under the LVS voltage variation.
However, most of the previous literatures on the current-fed dc—
dc converters with active clamp [12]-—[13] deal with operation
with the duty cycle (D) only between 0.33 and 0.66. So far,
wide voltage range operation with the duty cycle smaller than
0.33 or larger than 0.66 has not been rarely implemented or
analyzed in detail. The converter in [25] tried to increase D
range with PPS switching method, however, in higher D range
(D>0.66), the circulating current becomes larger. The analysis
and experiment results just show the high circulating current
when D is 0.725, and does not provide any solution, resulting in
limitation of voltage range.

In general, in the high voltage and high power application,
a large dead time is required for preventing the converter from
shoot through during a switching interval [26]-—[29]. It will be
shown in this article that DAPWM (PPS) with large dead time
dramatically increases circulating current especially when the
duty cycle gets smaller than 0.33 (larger than 0.66), and therefore
limits the power transfer capability.

In this article, through comprehensive comparison between
PPS and DAPWM including dead-time effect on circulating
current, power transfer area, rms current, and power flow under
whole duty range, a hybrid-switching method is newly proposed.
The proposed switching method greatly reduced the circulating
current loss in the low (<0.33) and high (>0.66) duty cycle range
compared to only PPS and only DAPWM, respectively. Also, a
seamless mode change method between PPS and DAPWM is
proposed for minimizing the current and voltage transient under
the mode change.

In order to be capable of transferring the desired power under
wide voltage range (D < 0.33 or D > 0.66), the leakage induc-
tance L; should be decreased. However, this causes so called,
“high slew rate of transformer winding current” [23], [24],
resulting in high peak transformer winding current. This article
designed the leakage inductance value along with transformer
turn ratio so that the slew rate of transformer winding current is
limited and the rms current is reduced while having the capability
of transferring the desired power.

The proposed hybrid switching method and design method
can be applied for general bidirectional three-phase current-fed
(push—pull or half-bridge) converters with the active clamp,
which have same problems under wide voltage range application
in [12], [13], and [30].

A 22 kW bidirectional three-phase push—pull converter was
built and tested to verify the validity of the proposed operation.

[I. ANALYSIS OF TWO SWITCHING METHODS FOR
BIDIRECTIONAL THREE-PHASE PUsH—PuULL CONVERTER

Fig. | shows the configuration of the bidirectional three-phase
push—pull converter with the active clamp introduced in [13].
The PPS switching method is a technique combining pulsewidth
modulation control technique and phase-shift control technique;
duty cycles of top switches Dy and Dy of the primary and
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Fig. 1. Circuit diagram of the current-fed bidirectional three-phase

push—pull converter.

secondary sides are the same and used for controlling the active
clamp voltage; and the phase-shift, D, is used for controlling
the power. D, is defined as /27, ¢ is phase-shift between sides
inradian. The DAPWM switching method uses two independent
duty cycles, Dy, and AD; the active clamp voltage is controlled
by LVS duty cycle Dy, and power is controlledby AD (= Dy —
Dyp) that is difference between Dy and Dy

Switching patterns of two switching methods of DAPWM and
PPS for each phase of the converter are given in Table I. There is
120° between phases. The control variables of DAPWM and PPS
switching methods are Dy, AD and Dy,, D, respectively. The
duty cycle Dy, is used to control Vi, = Vi /N for minimizing
the circulating current, where N is the transformer turn ratio. The
power is regulated by AD and D.,. The power flow direction of
the converter is determined by the sign of AD and D,: the
negative sign for the reverse mode from HVS to LVS, and the
positive sign for the forward mode from LVS to HVS. Neglecting
dead time T}y, the ratio of V7, and V. is expressed as

Vi
VCC -

Dy, ey

However, in case of large dead time Ty, the ratio Vi, /Ve.
depends on 7. The effect of the dead time on the clamp voltage
is detailed in the next sections.

A. Operation Principles According to Switching
Methods and Duty Range

In case of wide voltage range, three operation ranges of Dy,
should be considered in both switching methods: low Dy, range
(D1 < 0.33), medium Dy, range (0.33 < Dy, < 0.66), and high
Dy, range (Dy, > 0.66). Fig. 2 shows the key waveforms in
forward mode, for DAPWM and PPS switching methods. It
is noted in this figure that there exist two notable intervals
regarding the switching methods and duty range: power transfer
interval and the circulating current interval, which exists in both
reverse and forward modes.

In the medium Dy, range, both PPS and DAPWM switching
methods have no circulating current interval. It is seen from
current [z that the power is always being transferred to the
load. The rms values of the transformer winding currents of
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TABLE |
TwO SWITCHING METHODS FOR THE BIDIRECTIONAL THREE-PHASE PUSH—PULL CONVERTER
Switching methods DAPWM PPS
Dils —F ¢ (1-D)Ts DTs — 56 (I-DJTs %
St | S > Sy | S |
Switching patterns DuTs (1-Dp)Ts DyTs (1-Dy Ts ——>
Sii ‘ N > l Sy | [ S | N
ADTg = AD=Dy- D, = < DTy Dy=D;, D,=¢/2x
Control variables D, ,AD D, (=D,), D,
Low Dy range Medium Dy, range High Dy, range
(0<D;<0.33) (0.33<D;<0.66) (0.66<D;<1)
D,To> & DT, D,T, = D,T, - _(-DyT, ~—D,T,
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‘ a” . I, Ty ‘ 7 Lpow,
175) pow i oW i .
[ 4, a cil
& [ | Feo e | o= Z==S
X — L_%:(\f B __/
b
T\/3 T3 ——T/3—
TS> < D, T, £ D, T, ;}ADTX ADT— (]-DL)TS
N N o 7 i N
2 ‘ I lci ‘ ]d V i ngw—l L2 [pfw Td
= a pow a pov i ]”
z Iy , OZ):{ - o= =
Q i( ! M l( b —_./_’_\__J—
—T,/3— T./3 «T,/3 5

Fig. 2.

[ :Power transfer area —) :Circulating current area

Key waveforms of secondary transformer current and load current of PPS and DAPWM with different Dy, in forward mode.

TABLE Il
COMPARISON OF PPS AND DAPWM SWITCHING METHODS CONSIDERING WIDE LVS RANGE AND DEAD TIME

Operation range DAPWM PPS
of Duty cycle Circulating current Power transfer area Circulating current Power transfer area
Low D, range Larger Smaller * Smaller Lareer
D;<0.33 (Always appear the circulating current) » Can be reduced by minimized 7, g
Medium D, range . . .. . . L.
0.33<D,<0.66 Power transfer interval (No circulating interval) Power transfer interval (No circulating interval)
High D, range P Sineler - Larger * Smaller
L b : . .
D,>0.66 Can be reduced to zero when 7y is large Larger « Can be reduced by minimized T szmAbeA increased by
enough minimized T,

the two switching methods in this range are almost the same.
Performance of two switching methods in this range are similar.

Inthe low Dy, range, the power transfer and circulating current
intervals are determined by value of Dy. The lower Dy, is, the
shorter the power transfer interval becomes, resulting in larger
circulating current in both switching methods. The magnitude
of circulating current /.;,. of PPS is always smaller than that
of DAPWM. Further, the magnitude of power transfer current
I,0u of PPS is not affected by the dead time, whereas that of
DAPWM is reduced by increased dead time Ty. Thus, it is
concluded that PPS switching method is better to be used in
the low Dy, range. The calculated values of I,,,,,, I.; of each
switching method are detailed in the Table VII in the Appendix.

In the high Dy range, the larger Dy, is, the shorter the
power transfer interval becomes, resulting in larger circulating
current in both PPS and DAPWM switching methods. When 7
increases, circulating current /.;,- of PPS increases while that

of DAPWM decreases. It is concluded that DAPWM switching
method is better to be used in the high Dy, range.

The detailed comparison of PPS and DAPWM switching
methods in wide voltage range with the large dead time is
summarized in Table II.

B. Power Flow Analysis

Assuming that the magnetizing current of the transformer is
small and can be ignored, the relationship between primary and
secondary winding currents of the transformer is given in (2)
where i, pp pc and i, . are the primary and secondary winding
currents, respectively. The power flow caculation is carried out
based on the secondary winding current and power transfer
interval, as shown in Fig. 2. Specifications of the bidirectional
three-phase push—pull converter is given in Table V. The calcu-
lation results are listed in the Table VI. Fig. 3 shows the power
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TABLE Il

VOLTAGE RATIO V7, /Vz. AND RANGE OF CONTROL VARIABLES DEPENDING ON d;

Operation range of Duty cycle Vi/Vee Range of control variables
PPS DAWPM PPS DAPWM
Reverse |- 2:=0-33 VilVee= D, VilVee =D, (D, -D<D, <-T, /T, -(D,/2-T,/T)) <AD<-T,/T,
mode 0.33<D;<0.66 V,|V,=D, V,/Ve=D, -T,IT, D, <=T, /T, ~T,/3<AD<-T, /T,
D;>0.66 V, IV, =D, V,/Ve=D, =T, /T, (D, -)<D,<-T,/T, ~T,/3<AD<-T,/T,
D;<0.33 Vo IVe =D, +T, /T, V, V. =D, 0<D, <D, -T,/T, T,/T,<AD<T, /3
F‘r’nr(v):iaerd 0.33<D,<0.66 V,/Vo=D,+T,/T V,/Vo=D,+T,/T T,/T,<D,<T,/3 T,/T <AD<T, /3
D>0.66 VilVee =D, +T, /T, VilVee =D, +T, /T, T,/T,<D,<1=(D,~T,/T) T,/T,<AD<(1-D,)/2+T, /T,
400 — Forward power trankfer raige D,>0 40.0 T—TForward power transfer range ADZ0 Power
30.0 1— Reverse power transfer rghge D, <0 )ﬁ' 30.0 {— Reverse power transfer range A/J<0 llmlt 2
= 20.01 Zexo-power-at-D)={0 g 2. Zexo-powes-at-AD=0 _E
Z 777 | Zero power transfir r: dueto 7, /X "g § 20071 — Zero power transfer ran; 0Ty
2 10.04 X Simulation result 3 = 10.01 x Simulation results g
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Fig. 3. Power flow under wide voltage range (Vi =220 ~ 650V, Vg, =800V, fsw = 20 kHz, Ty = 2.5 ps, L, = 43 pH, Ppax = 22 kW).

(a) PPS. (b) DAPWM.

TABLE IV

FEED FORWARD VALUE OF CLAMP VOLTAGE VCC CONTROL

sign (1)
-1 (reverse mode) 1 (forward mode)
(PgS) D[f:NVL/VH Df/‘: NV[/VH —Td/TS
m
1
(DAPWM) D[f= NV[/VH-Td/TS Df/= NV /Vy +A4D,

TABLE V

SPECIFICATIONS OF THE THREE-PHASE CURRENT-FED
PusH—PULL BIDIRECTIONAL CONVERTER

Items Symbol Value
Low side voltage Vi 220V~650V
High side voltage Vi 745V
Maximum current Timax 55A (V=220V~400V)
Maximum power Py 22kW (V= 400V~650V)
Switching frequency f 20 kHz
TABLE VI

DESIGN PARAMETERS AND SELECTED DEVICES OF THE CONVERTER

Items Values and Rating Selected devices
Switches (SL]'SL(,, Vpk 800 V PMH75120S002
SH1-She) Lims 30 A (Raon=0.09Q2, Ti=2.5us)
Clamp capacitor C¢ Value 90 uF FES2N6L0306*B (3ea)
Vok 800 V
Transformer turn ratio N=N/N  13/14 EI-118 (2¢a)
»
Leakage inductor L Value 15 uH -
Magnetizing  inductor  Value 2 mH -
Ly,
Filter inductor Z, Value 300 «H CH740125
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flow analysis graphs of the converter with DAPWM and PPS
switching methods

1
= Z.u,,b,c + 515 (2)

3

ipa,pb,pe

Since the LVS voltage ranges from 220 to 650 V, the ratio
of V1, /Ve. largely varies from 0.275 to 0.81. Under varying
condition of V,, V. is controlled by Dy, so that V. is fixed
at 800 V (equal to Vi /N), and the transferred powers of PPS
and DAPWM switching methods are calculated as function of
D, and AD, and the results are shown in Fig. 3(a) and (b),
respectively. The simulation results are in close agreement with
the calculation results.

It is seen that both DAPWM and PPS switching methods
with L, =43 yH have a limitation of power transfer capa-
bility caused by narrow power transfer interval when Dy <
0.33 or Dy, > 0.66. Power transfer capability of DAPWM is
dramatically reduced in low Dj range due to small power
transfer area and dominant circulating current area as analysis
in Fig. 2. Reducing leakage inductance Ly, increases the transfer
power as shown in Fig. 4. In the high (>0.66) D}, range, the
value of Ly has to be smaller than 34 and 35 pH for delivering
the rated power of 22 kW with PPS and DAPWM, respectively.
However, as L, decreases the slew rate of transformer winding
current increases, resulting in increased conduction losses. The
detailed design of L is described in Section IV.

In general, between the forward and reverse power transfer
ranges of the converter, there is a zero power transfer range
caused by the dead time in which the transfer power is zero even
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Fig. 4. Power flow with different leakage inductance Ly, at Vi, /V. = 0.81. (a) PPS. (b) DAPWM.
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Fig. 5. RMS current of transformer secondary winding with PPS,

DAPWM, and proposed hybrid control.

though the control variables varies. The power starts to increase
when the control variables reach to a knee value, which causes
a small delay in transient response of the system. This effect
of zero power transfer range depending on the magnitude of
dead time is shown to be trivial and can be eliminated by feed
forward control when power is zero. The ranges of the control
variables and voltage ratio V7, /V. depending on Dy, Ty and
power direction are expressed in Table II1.

I1l. PROPOSED HYBRID PPS-DAPWM SWITCHING METHOD

A. Principles of the Proposed Hybrid
PPS-DAPWM Method

Fig. 5 shows the transformer secondary winding with PPS,
DAPWM, and proposed hybrid method. The proposed hy-
brid method is aimed to reduce the circulating current and
to increase the power transfer area in low (<0.33) and high
(>0.66) Dy ranges. Thus, PPS is selected due to the ad-
vantage of larger power transfer area and smaller circulating
current in the low and medium Dy, range while DAPWM is
selected due to the smaller circulating current in the high Dy,
range.

The mode change between PPS and DAPWM is defined
at Vi, /Vee = 0.66. The worst case in term of transformer
winding current in high Dj; range is determined at Vi =
650 V. It is noted that the proposed hybrid method has
smaller rms current by combining PPS and DAPWM switching
methods.

Power

estimation

m=0: PPS control
m=1: DAPWM control

Fig. 6. Proposed hybrid PPS-DAPWM method with seamless control.

B. Seamless Mode Change of Hybrid
PPS-DAPWM Method

During the mode change between PPS and DAPWM, the
transients of the clamp voltage V. and transfer power should be
minimized. Fig. 6 shows control block diagram of the proposed
hybrid PPS-DAPWM for seamless mode change, which includes
feed forward V. control block for regulating the clamp voltage
and power estimation block for keeping the transferred power
constant during the mode change.

The clamp voltage is controlled by D, with the set point value
of Vee ref = Vi /N. The reference value of transfer power
is represented by I, ,.s. The detect mode signal m is used
for selecting the switching mode: PPS or DAPWM. In order
to prevent the unwanted rapid switching noise of V. during
measuring, controlling, and mode changing, the hysteresis band
for Vo of 20 V is used.

The power estimation block observes the power from the
measured value of LVS V7, and filter inductor current I;, and
then gives the feed forward control variables Do and ADj to
the controller. Values of Do and AD, depending on measured
power can be determined by power flow formulas in Table VII.

Fig. 7 shows the simulation results of mode change.
When Vi, /Ve. < 0.66, the PPS method is selected (m = 0,
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Fig. 7. Simulation waveforms of mode change from PPS to DAPWM.

(a) Reverse mode. (b) Forward mode.
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Fig. 8. Slew rate of transformer current with different L, when
Dy, = 0.66.

Dy = Drp), the transferred power is controlled by D . When m
changes to 1, the feed forward control signal Dy depending on
different operation mode is determined for maintaining active
clamp voltage V. constant, as given in Table IV; the power
estimation block gives Dy = Dy, + A Dy, which helps to keep
filter inductor current Iy constant. It can be seen from the
simulation results shown in Fig. 7(a) and (b) that V. and I,
have trivial transient during the mode change.

IV. DESIGN OF THREE-PHASE PUSH—-PULL
DC-DC CONVERTER

Table V summarizes the specifications of a 22-kW three-phase
push—pull bidirectional dc—dc converter. The filter inductor and
the active clamp capacitor are designed based on [13], and
the designed values is listed in Table VI. This article focuses
on design of the turn ratio of the transformer and the leakage
inductance considering minimization of the transformer winding
current and clamp voltage V..

From Figs. 4 and 5, it is seen that the highest of the trans-
former winding current and the limitation of power transfer
capability occur at Vi, = 650 V. The rated power of 22 kW
can be achieved by reducing L; and N. However, reducing N
increases clamp voltage V¢ resulting in increased voltage rating

HVS capacitor (Cp)

Three-phase transformer

HVS gate drivers and
switches

. Auxiliary inductor

LVS gate drivers
and switches

Clamp capacitor (C,)

Filter inductor (L)

LVS capacitor (C;)

Fig. 9. Photograph of implemented 22 kW prototype of bidirectional
three-phase push—pull converter.

o,

[ sl FRAMM'! =B Swliv
widy | : ” :
LI10A] 1, [10A/diV] L [10ATiv] | | Lo [10A/AIV] To [IOA/dIVI L [10A/div]

/ \

5 Y
| M\ - 2

§ Smaller circulating area

sy, /-

Neamed
Larger circulating area due to larger
dead:time T S W T

o 10214 ) 105611

(a) (b)

Fig. 10.  Experimental results showing the effect of different switching
methods on circulating current at D;, = 0.81 (high Dy, range). (a) PPS.
(b) DAPWM (proposed).
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Fig. 11.  Experimental results showing the effect of different L, on the
slew rate current at P, = 4 kW. (a) Ly, = 3 uH. (b) Ly, = 15 pH (designed
value).

of LVS switches. Also, reducing Ly, increases the slew rate of the
transformer winding current resulting in increased peak winding
current, as shown in Fig. 8. The design procedure of L; and N
is detailed further.

A. Turn Ratio of Transformer N

The active clamp voltage is determined by

Vi
N 3)

In this design, the active clamp voltage V¢ is limited to 800 V
considering the voltage rating of the LVS switches, therefore
N should be equal to or larger than 0.93. Since increasing the

VCC =
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Fig. 12.  Experimental waveforms of the filter inductor and secondary transformer current in the forward mode. (a) Vr, =220V, Dy, = 0.22 (Low

Dr), Po = 12 kW with PPS method. (b) V;, =400 V, Dy, = 0.45 (Medium Dy), P, = 21 kW, with PPS method. (c) Vi, = 650 V, Dy, = 0.76

(High D1), P, = 22 kW, with DAPWM method.
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transformer current in the reverse mode (a) V. =220 V, Dy, = 0.27 (Low

Dp), P, = 11.8 kW, with PPS method. (b) V. = 400 V, D;, = 0.50 (Medium D), P, = 22.1 kW, with PPS method. (c) V; = 650 V, D;, = 0.81

(High Dr), P, = 22.5 kW, with DAPWM method.

turn ratio increases the transformers winding current [25], N is
selected to be 0.93.

B. Leakage Inductance Ly,

With designed value of N = 0.93, the maximum value of L,
is calculated to be 35 pH for achieving the rate power of 22 kW
at the worst case of V;, = 650 V.

Fig. 8 shows the secondary transformer current waveforms
with different Lj. Although the active clamp control loop is
aimed at making the transformer winding current as flat as
possible during the interval of time [t; — ¢2] for minimizing rms
current. However, the percentage change of transformer winding
current %Al also depends on leakage inductance and parasitic
resistance as shown in the following [25]:

BAT = (1 — e (rean/Lr)(t2=t1)y 5 10, 7

The equivalent resistance r.q, is experimentally estimated to
be 0.15 €2, includes ON-state resistance of switching devices and
parasitic resistance. It can be seen from (7) that as Ly, increases
%Al decreases. The minimum value of Lj is determined by
limiting the slew rate of transformer winding current. The worst
case slew rate of the transformer current occurs at D;, = 0.66, in
which [¢; — ¢2]isnear T /3 as shown in Fig.8. %Al s suggested
to be less than or equal 15%. From (7), the minimum value of
Ly, is calculated to 15 pH as shown in Fig. 9, and the transformer
winding current becomes nearly flat compared with L, = 3 puH.
The range of the Lj, can be obtained as follows:

15puH < Ly, < 35uH. ®)
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Meanwhile, in general, increasing Lj causes higher trans-
former winding current. Thus, the value of L, is selected to be
15 pH.

V. EXPERIMENTAL RESULTS AND DISCUSSIONS

Fig. 9 shows the photograph of an implemented 22 kW
prototype of the bidirectional three phase push—pull converter
for battery changing and discharging application. The main
specifications are summarized in Table V. Table VI shows design
parameters and selected devices of the prototype.

Asdiscussed in Fig. 5, DAPWM is chosen in the high (D, >
0.66) Dy, range, and PPS is chosen in the low (D < 0.33)
and medium (0.33 < Dy, < 0.66) Dy, ranges for the proposed
hybrid method. Fig. 10 shows the effect of different switching
methods on circulating current at V, = 650 V (in the high Dy,
range) where the DAPWM is shown to have much smaller
circulating current compared to PPS.

Fig. 11 shows the effect of different values of L on the slew
rate of transformer winding current. In the case of Ly = 3 pH,
%Al is 58%, resulting in high rms current as shown in Fig. 11(a).
With the designed value of L, = 15 uH, %Alisreducedto 14%,
as shown in Fig. 11(b). From Section IV, %Al is calculated to
56.5% and 14.8% with L; = 3 yH and L, = 15 uH, respec-
tively. The experimental results are in close agreement with the
calculation results.

Figs. 12 and 13 show the experimental waveforms of the
converter under wide voltage range of LVS (0.222 < Dy,
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mode change at Vi, = 530 V, Vi = 745 V). (a) From DAPWM to PPS in the forward power flow. (b) From PPS to DAPWM in reverse power flow.
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Fig. 15. Measured efficiencies of the converter with PPS, DAPWM
and proposed hybrid switching method at I/, = 22 A (V<400 V),
I, =10 KW/Vp (V1 >400 V).

< 0.81) in the forward and reverse modes, respectively. When
Vi =220V (in the low Dy, range), as shown in Figs. 12(a)
and 13(a), the circulating current is small. At V;, =400 V (in
the medium Dy, range), as shown in Figs. 12(b) and 13(b), the
converter operates without circulating current interval. When
Vi = 650 V,itis noted from Figs. 12(c) and 13(c) that the rated
power of 22 kW in both power flows was achieved with near
zero circulating current.

In the battery charging and discharging application, the LVS
voltage V7, is slowly reduced or increased, when Vi, reaches
530 V (V1./Ve. = 0.66), the mode change between PPS and
DAPWM occurs. Fig. 14 shows the experimental results of
transient state during the mode change in both power flows. It is
noted from Fig. 14(a) that the clamp voltage V., filter inductor
current, and three-phase transformer currents have little transient
during the mode change from DAPWM to PPS. Fig. 14(b)
shows small overshoots of currents and voltage during several
switching cycles from PPS to DAPWM, which is acceptable for
normal operation of the transformer and switching devices.

Figs. 15 and 16 show the efficiency curves of the converter
measured by YOKOGAWA WT3000. Three switching methods
of the proposed hybrid, PPS only, and DAPWM only have been
implemented with the prototype.

InFig.15, inthe low Dp, range, DAPWM method could not be
properly implemented due to excessive heat of switching devices

96.0
S
< 94.01
>
2
. 92.01
2
B 90.07 —=— 1,220V
-§ 88.01 —o— V=400V
z —A— =650V
< L
L p
< 860
84.0 T T . :
0 5 10 15 20
Power (kW)
Fig. 16. Measured efficiency as a function of the output power,

IL_max =55A (VL < 400 V)

caused by dominant circulating current and small power transfer
area, as discussed in Section II. The PPS method has lower
efficiency than the DAPWM method in the high Dy, range due to
high circulating current, as shown in Fig. 15. It is concluded that
the proposed hybrid switching method significantly improves
the efficiencies especially in low and high Dy, ranges compared
to PPS and DAPWM only methods.

Fig. 16 shows the measured efficiency of the converter as a
function of the output power with proposed hybrid switching.

VI. CONCLUSION

This article proposed a hybrid switching method for efficiency
improvement of the bidirectional three-phase push—pull con-
verter with wide voltage range. The problems related to wide
voltage range operation such as limitation on power transfer
capability, effect of slew rate of transformer winding current,
and dead-time effect on circulating current were analyzed in
detail. Through the analysis, an optimized design of L value
along with transformer turn ratio was also proposed to minimize
the rms current of transformer winding, limit the slew rate of
transformer winding current to 15%, and have the capability of
transferring the desired power. Further, two switching methods
of PPS and DAPWM were compared in terms of dead-time
effect on circulating current and power transfer area. The hybrid
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TABLE VII
TRANSFORMER SECONDARY CURRENT AND POWER TRANSFER EQUATION OF PPS AND DAPWM
D, <0.33 0.33< D, <0.66 D, >0.66
1V
N i (ZADT +2T,) if (ADT, > -3T,) 0 if (ADT, > -2T,)
I = 1,=42
2 ar =12 Yy ADT, +2T,) if (ADT, <-2T,
3 1 ~ADT,T) (DT, <3 =Sy ADT ) 3TN L) Y(ADT, <=21,)
27,
2 , Z B (ADT, +2T,
5 Ly =1(,,v+3 by p P:ii" _— (£+2ADT‘) "3 ( 2
§ 3 NL, T N 3 3 ; V D ;
Vi1 pos o p (AP Np L
P ; "””((D+AD)T ) TN (« i+ )7, 2)
= 0 if (ADT, <2T;)
g I,=127, .
b 37 AP -2L) if (ADT, 22T;)
A 17, _1V, 4ADT -T)) N
o DT, ol TR T A
N Y N "U3NL 3 % bu_apr, -1))
= oy 1 ¥, 2(ADT.-T,)
g ]pow:]ur‘_iij;i L 3NL 3 3V 1,,+1,
i 3 LN o Lo (0= DT+ 22— (ADT = T,)
<
z 3 Vi (AP Ly I - - if
E P= N o S+ DT+ = (-ADT, +2T,) PfTAN(I,Wl(TA ADT, -2T;) o 1 14f(ADTx<2T{,)
oW + cir
+1,,,, (4T, ~ADT)) TN (lp.m( —-D,)T, +%Td
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YLGDT) (DT <-21)
1V T, I LYy (DT>
2 tn oy D T>_7 pow- d g ols
. 3N ¢ if ( 5 % V,, (DT, +T,) if(D,T,2-2T)) | I = 23VLkN 2T
cr = - <«“la
2 2V (DT+T)lf(DT<_5) 27, 3LN F (DT <—%)
g 3 NL, 2 S—L(D,T) if(D,T,<-2T)
3LN e ? 27
z 27, Ly = o=+ 37D 4T,
8| 1,.,=1, +7—(DT+T) P 4 »
2 (DT+ ) (DT, =2-2T;)
= #l,) T 3 B oy, 0-0,+D y Loty T
”(Im(D +D,)— %(D,ﬁ?”)) 3V, T DWT Ly ot o Lo 2 T
- g 3V I, s
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% [ Y EE
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g ey N e 1,,,= 3L, (DT, -T,) lf(DwT—T)
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s P= V (L (DT, —TTS +T))) L, =1+ Y (D,T.-T,)
: p=3liy &-lp) b
= - N ‘m 327 H I cir -1 pow
( I, (- D,,—Dw)—wa)

PPS-DAPWM method was proposed for minimizing circulating ~ which are carried out based on the secondary winding current
current, in which the PPS is chosen in the low (D < 0.33) and the power transfer interval.
and medium (0.333 < Dy < 0.66) Dy, ranges, and DAPWM
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