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ABSTRACT In order to improve the efficiency of battery charging and discharging in a wide conversion gain,
a dual-transformer-based full bridge converter using a block capacitor was proposed. By adding the blocking
capacitor in the primary side of one transformer, an extended zero voltage switching (ZVS) range is obtained
in a wide output voltage range, which is achieved by regulating the secondary voltage of the transformers to
match the output voltage according to the voltage-second balance in both boost and buck modes. Besides,
a mirror-symmetrical modulation is introduced in reverse power flow to avoid a limited ZVS range of the
traditional dual-transformer converter. The power characteristics and ZVS range are analyzed in detailed.
The analysis results and transformer current are compared with the published dual-transformer converter
and the conventional dual active bridge (DAB) converter to demonstrate the advantages. Finally, a 300W

prototype was built and tested to verify the effectiveness of the proposed converter.

INDEX TERMS Dual-transformer, blocking capacitor, ZVS, symmetrical.

I. INTRODUCTION

Isolated bidirectional DC-DC converters are widely used in
electric vehicles, new energy generation and other micro grid
systems with energy storage devices for galvanic isolation,
soft switching and buck/boost functions. Storage elements
such as batteries and super capacitors have the characteris-
tics of wide range voltage variation [1], [2]. How to realize
the high efficient operation of bidirectional converters in a
wide range of voltage has become a major challenge. In iso-
lated bi-directional converter, DAB is potential for inherit
zero voltage switching and bidirectional energy flow. If the
ratio of input and output voltage is equal to the turn ratio
of transformer, DAB can realize the full load range ZVS
and low reactive power with a single-phase-shift (SPS) con-
trol. Otherwise, there are a large peak current and circu-
lating current, and ZVS cannot be guaranteed under light
load. Large peak current leads to high conduction loss and
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switching-off loss. Circulating current increases copper loss
of transformer, and the turn-on switching losses will increase
when soft-switching is loss. Above factors result in low effi-
ciency of DAB converter and have been studied in many
papers.

Various improved modulation schemes on the DAB has
been proposed to expand ZVS and reduce circulating cur-
rent in [3]-[15]. In [3], a three-level PWM switching con-
trol strategy was proposed to achieve full-load ZVS by
driving H-bridge with internal phase-shifting at high volt-
age side. When the voltage conversation gain is not 1, the
extended phase-shifting (EPS) will be used to expand the
soft switching range and reduce the circulating current [4].
Dual phase shift (DPS) that inner phase-shift on both pri-
mary and secondary H-bridge for the regulated duty cycle
and outer phase-shift between the primary and secondary
voltages was proposed in [5]. The directions of phase shift on
both sides of H-bridge are opposite, which can improve the
efficiency at the light load [6]. Power loss of DAB with the
DPS control is analyzed and the relevant control strategy is
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given in [7]. In [8], a composite scheme combing SPS and
DPS was proposed to extend soft-switching. Furthermore,
triple phase shift (TPS) including three variables is adopted
to improve the performance of DAB converter in [9]. For
different optimization objectives, such as the total losses,
RMS of inductor current, and inductor current stress were
developed to improve the performance in [10]-[15]. But these
algorithms are based on complex mathematical calculation
and the optimization target is highly dependent on the system
parameters. These modulation strategies only can improve
efficiency in narrow voltage output range.

Various simple modified topologies were proposed to over-
come the low efficiency in wide output voltage range of
traditional DAB converters [16], [17]. In [16], a DC blocking
capacitor connected in series with the primary winding of
transformer is introduced. There are two working modes
of the H-bridge on the primary side, i.e. full- and half-
bridge, which makes the voltage conversation around 1. For
example, when voltage gain K = nV,/V; = 0.5, where V;
is input voltage and V; is the output voltage, the primary
bridge can work as half-bridge so that the voltage gain is 1.
In [17], a hybrid modulation strategy was proposed with
blocking capacitors in series with both primary and secondary
windings, which comprehensively considered the principle of
minimum inductance current. Considering the high voltage
in micro-grid, [18]-[20] reported a DC-DC converter with
neutral point clamped (NPC) three-level structure. In [18],
asymmetric PWM plus phase-shift control is used to realize
wide voltage and high efficiency operation where K is greater
than 2. Although they can achieve lower inductor current to
improve the efficiency in wider gain range, ZVS cannot be
ensured under quite a part of working conditions.

To achieve ZVS in a wide operation range, a dual-
transformer asymmetrical dual-bridge which can work in
buck and boost modes was proposed in [21]. However, the
power flow is unidirectional. In [22] a dual-transformer struc-
ture was proposed for two variable input voltage. In [23]
three-level T-type isolated bidirectional DC-DC converter
was reported. The four-level voltage was generated to match
the output voltage for a hybrid bridge-based DAB con-
verter in [24]. PWM plus phase-shift control based on dual
transformers active bridge (DTAB) converter was proposed
in [25]. In both [24] and [25], the primary side can generate
a continuous adjustable voltage to match the output voltage
which achieves a wide ZVS range for most switches. But
there is a limited ZVS range for phase-shift leg on primary
side with reverse mode and the efficiency is improved with
K = (0.5-1). However, to apply the DC-DC converter for the
battery chargers in the electric vehicles (EVs), a wider output
voltage range is required (e.g., 200V-450V). The ranges of
voltage gain K in the previous DC-DC converters are not wide
enough for the battery charging and discharging.

Therefore, to achieve ZVS in wide conversion gain
range and satisfy most battery charging and discharging
range, a dual-transformer-based full bridge converter using
a block capacitor was proposed. For the proposed converter,
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four-level voltage on secondary winding is regulated to match
output voltage according to voltage second balance on both
boost and buck modes. The proposed converter expands the
ZVS range with not only K = (0.5-1) but also K = (1-1.5).
When power flow is reverse, a mirror-symmetrical modula-
tion is used to avoid a seriously limited ZVS range in reverse
mode compared with DTAB converter. A 300W prototype is
established to verify the theoretical analysis.

This article is organized as follows. In Section II, the
dual-transformer-based full bridge converter with a block-
ing capacitor is illustrated. The power characteristics of
converter, operation principle and ZVS range are deduced.
A comparison with DTAB converter and DAB converter is
demonstrated in Section III. In Section 1V, the experimental
results are presented based on a 300W prototype. Finally, the
conclusion is in Section V.

Il. TOPOLOGY AND MODULATION SCHEME

A. TOPOLOGICAL STRUCTURE AND MODULATION
METHOD

The topology consists of three bridge legs on the primary
side and a H-bridge on the secondary side. The transformers
Ty and T, are connected in parallel on primary and series
connection on secondary. A blocking capacitor is in series
connected in primary winding and a transmission inductor is
in series connected in secondary winding as shown in Fig. 1.

S Siaf

_CI
< N
S_I%E Sufs

FIGURE 1. Dual transformer based active bridge DC-DC converter.

The typical voltage/current waveforms in the boost mode
for this dual-transformer converter are shown in Fig. 2. The
case of 0 < ¢ < d is given as an example to explain the oper-
ation principle, where d is the duty cycle of the primary side
and ¢ is the phase shift ratio between vy and vgip>. The duty
cycle d is adjusted to extend ZVS range, by regulating the
four-level voltage v, in the secondary side of the transformers
to match a variable voltage vg1p> according to voltage-second
balance. The phase shift ratio ¢ is controlled to regulate
power flow. Two full bridges on the primary side share the
common leg including St3 and S14. The full bridge connected
with T, can operate in either the half bridge or the full bridge
mode. When S11 keeps off and S, keeps on, the full bridge
connected with T, works as the half bridge mode. An offset
DC voltage can be introduced on the blocking capacitor and
vs equals np V1 /2 4+ ny Vi, which is corresponding to the buck
mode of the converter. If the full bridge connected with T
work as the full bridge mode, there is no offset DC voltage
on the blocking capacitor and v equals no Vi + n1Vy, which
is corresponding to the boost mode of the converter.
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FIGURE 2. Typical waveforms in the boost mode.

B. OPERATION MODES ANALYSIS

Since the steady state waveform is symmetrical in the positive
and negative half switching cycles. Only half cycle operation
mode needs to be analyzed, which can be divided into six
intervals from #( to # as presented in Fig. 2. The correspond-
ing equivalent circuits are shown in Fig. 3.

Stage 1 (tp-t7): before ty, S16, S22 and S»3 have been con-
ducting and other switches remain off. At 7y, S1» and S3 are
turned ON. During this interval, vy is equal to ny V1 +n,2 V7 and
vB1B2 1s equal to —V,. The voltage applied to L is vy — vB1B2.
At the beginning of this interval, the inductor current i, starts

to increase with a constant slew rate, which can be expressed
as:

ip(t —to) = ip(to) + (Vi +n2Vi + Vo)t — t9)/L (1)

Stage 2 (t;-t2): Before the turn-on of S;; and Sy, the
inductor current iy is positive as shown in Fig.2. At time ¢y,
S22 and Sp3 are turned off. The inductor current iy, begins to
discharge the parasitic capacitor of Sy; and Sy4 from V,/2
to zero and to charge the parasitic capacitor of Syy and S»3
from zero to V,/2. When the charging and discharging process
is over, i; freewheels through body diode of Sy; and Sy4 as
ir is positive. Sp; and Syy4 is turned on before i; changes its
polarity. Because the charging and discharging process is very
short and can be ignored to simplify ZVS analysis. Hence, the
ZVS constraints for So; and Sp4 can be obtained as

iL(r)) >0 @

Stage 3 (t2-t3): At tp, So1 and Sp4 is turned ON under
ZVS. In this interval, the secondary-side voltage of the two
transformers vy is still equal to n1 V1 +n, Vi and vp1p2 changes
to V5. In this interval, the inductor current i7, is increasing with
a lower constant slew rate, and i can be expressed as

it —n)=ir(t)+mVi+mVi = Vo)t —n)/L  (3)

Stage 4 (13-14): Att3, ip) arrive at peak current. Sy is turned
OFF. i, begins to discharge the parasitic capacitor of S15 and
charge the parasitic capacitor of Sj¢. After this charging and
discharging process, i, freewheels through the body diode of
Sis as iy is positive. Sys is turned on before 7,1 changes its
polarity. The ZVS constraints for S5 is

ip1(t3) = i (t3)n1 > 0 @

()

Su = Si3 Sis| T, 1:ny i,

||
17
a

(©

Ty Limyiy

Su |
L

(e)

FIGURE 3. Equivalent circuit for each mode. (a) Stage 1. (b) Stage 2. (c) Stage 3. (d) Stage 4. (e) Stage 5. (f) Stage 6.
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Stage 5 (t4-t5): At t4, S15 is turned ON under ZVS. During
this interval, va1a2 changes to be zero and vs becomes n, V7.
The inductor current expressions for iy can be obtained as

ip(t —t4) = ip(ts) + V1 — Vo)t — 14)/L (5)

Stage 6 (t5-15): S13 and S is turned OFF at #5. During this
interval, the parasitic capacitor of Si4 and Sy is discharged
from V,/2 to zero. At the end of this stage, i,> freewheels
through the bode diode of Sii, and i, + iy freewheels
through the bode diode of S14. The ZVS constraints for S14
and Si; can be obtained as

ipp(ts) =i (ts)ny > 0 (S11) ©)
ip1(t5) + ipa(ts) = ip(ts)(my +n2) > 0 (S14)

C. POWER CHARACTERISTICS
The full bridge connected with T, is as full bridge in the
boost mode with K = (1~1.5). There are three possible
combinations that consist of d and ¢ for pattern A:0 < ¢ <
d,pattern B: d < ¢ < 0.5 and pattern C: d — 0.5 < ¢ < 0.
The simplified operating waveforms are illustrated in Fig. 4.
Ignoring the loss of the circuit, the output power can be
calculated as:

1 [f
P=_— / vyir (1) dr 7)
TS o

According to three possible working patterns and current
value, the output average power can be obtained as (8), as
shown at the bottom of the next page.

The average power is illustrated in Fig.5 with duty-cycle
and phase-shift control. At different duty cycles, three work-
ing patterns can be obtained for the power transfer. Similar
to the DAB converter, the maximum power transfer can be
observed at different duty cycles and phase shift angles.

dT dTs
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I p— L
¢, 4T
—— iz {_VBna I
Wl Y s Y a— r~
h ty L Bl s ts hty & Kty ts ts
(a) (b)
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Vg m Vit Vil oV,
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173 ~ v

to t htsy U tste
(©)

FIGURE 4. Typical simplified operating waveforms in boost and forward
mode. (a) A:0 <¢ <d.(b)B:d <¢$ <0.5.(c) C:d —0.5 <¢ <O.

When the full bridge connected with T> works as a half
bridge in the buck mode with K = (0.5~1), n, V7 in Fig.4 will
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FIGURE 5. Power characteristics with different duty cycle in boost mode.

change to n, V1/2. There are also three possible combinations
that consistof d and ¢ (0 < ¢ <d,d < ¢ <0.5,d —0.5 <
¢ < 0). The output average power can be obtained as (9), as
shown at the bottom of the next page.

The normalized power Ppasg and corresponding normal-
ized current Igssg are defined as follows:

Ppasg = KV2T,/8L (10)
Ipase = ViTy/8L (11)

As shown in Fig.6, the mirror-symmetrical modulation
is introduced in reverse power flow. The typical voltage
and current waveforms are mirror-symmetrical to those in
Fig.4 (a). The reverse power characteristics have the same
operation modes. The power characteristics in reverse mode
are symmetrical to those in forward mode with respect to
output voltage.

—

[se&s, | su&s,

Sis Si6 Sis
I S24&Sp; S»&S, | S4&S5;
[ar_] —
¢”7Vl
Vs 2
acid
T -
T V. —
VBIB2 <¢L> I 2
T/2

FIGURE 6. Typical voltage and current waveforms in the reverse flow.

D. ZVS CONSTRAINS AND BASIC OPERATION PRINCIPLE
It can be seen from part B that the ZVS implementation of
corresponding switch is based on the current polarity of the
transformer when switch is turned ON ignoring the charge
and discharge time. The constraints for ZVS of all switches
are listed in Table 1.
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TABLE 1. ZVS current constraints.

WOrking patterns SII’SIZ’SH’SM SIS’SIG SZI’SB’SZB’SZA

E =V, — mnyVy — 2dn;Vi. When E is equal to zero, the
ZVS conditions for Si1, S12, S13, S14 and Sp1, S22, S23, Sya
can be ensured under full load range. In fact, whenm = 1 and

A:0<g<d i, (6,) <0 i, (5,)>0 i(4)>0 m = 0.5, E = 0 means voltage-second balance [26] in boost
B:d<¢$<05 i, (,)<0 i,(t)>0 i,(6,)>0 mode and buck mode as shown in Fig. 7.
C:d-05<¢<0 i, (,)<0 i, (1)>0 i, (6,)<0
dar,
— n1V1+n2_V1L LdTs mVi+nVi/2
Applying volt-second balance principle, the integration of y 7‘ | 2 Vlk Z. impiol L
the inductor current is zero in one cycle as: ’ 12 | Vso—Tﬁ—LI—l
1 /‘ o
— ir ()tdt =0 (12) —
V.
Ts fo VBIB: h I 2 VBB £ V) % 17, r
Take pattern A for example, in one cycle, the instantaneous —

secondary current value has the following relationship at the
instants of turning on.

i(t) =—i(ty) =i(to)+(m Vi +n2 Vi — Va)(t1 — to)/L
i(t2)=—i(ts)=i(t) +(m Vi+m Vi — Va)(ta — t1)/L  (13)
i(13) = —i(te) = i(t2) + (V1 — V2)(13 — 12)/L
From equations (12) and (13), the current values required
in Table 1 can be deduced as:
i(to) = —i(t3) = —(2Vap + mVid
+0.5nV Ty — 0.5V, Ty) /2L
i(t1) = —i(t4) = (=1 Vid — 0.5n2V T
+0.5VoTs + 2nVigp + 2n Vi9) /2L
i(t)) = —i(ts) = CnoVid + mVid — 0.5n V1 T
4+ 0.5V Ty — 2Vod + 2V2¢) /2L

(14)

Substituting equation (14) into the current constraints in
Table 1, the relationships between duty cycle and phase-shift
under different voltage for ZVS are shown in Table 2.
It can be seen from Table 2 that ZVS conditions are
the inequality expressions about d, ¢, and the transformer
turns ratios n; and np. There are many ZVS optimiza-
tion objectives for the switches with four variables. While,
all the inequalities in Table 2 contain the same factor:

(a) (b)

FIGURE 7. Voltage-second balance on the inductor L. (a) boost mode.
(b) buck mode.

For the input side, the voltage-second product is defined
as the time integral of a half-cycle of the secondary winding
voltage. For the output side, the product of voltage value in
half-cycle is rectangular area. The relationship of voltages
(vs, vB1B2) on both sides of the transmission inductor L can
be expressed as

mVidTs + mnaViTs /2 = VT /2 (15)

The duty ratio d according to equation (15), which can
satisfy inductor voltage-second balance in boost and buck
mode is calculated as follow:

d =V, —mnyV1)/2mVy (16)

E. THE TRANSFORMER TURNS RATIO AND ZVS RANGE

For the proposed converter, the input voltage is V| and the
output voltage variation is Vomin ~ Vomax. The voltage gain
K is from 0.5~1.5. Hence, Kmax = 3 Kmin and Vomax =
3Vomin. According to voltage-second balance law in the equa-
tion (15), the relationship between duty ratio d and the turns

_n2V1 VoopTs — 2naV V2¢2 —2mVy V2¢2 + 0.5m V1 VodTs — n V4 V2d2 +2mViVado

Py =
T,L
» maViVagdTy — 2n0 Vi Vagp? — 211 Vi Vadp + 0.5n V1 VadTs + n Vi Vod? ®
B = —
TsL
P —maVi Vo |§] T + 21V Vag? + 0.5n, Vi VadTys — 211 Vi Vad || — 11V Vad?
€= T,L
p 0.5V VaoTs — npVy V2¢2 —2mVy V2¢2 + 0.5n V1 VodTs — n V4 V2d2 + 21V Vodo
A =
TsL
p 0.5n V1 Voo Ty — naVy V2¢2 = 2mV1Vadp + 0.5n V1 VodTs + nVy V2d2 )
B =
T;L
p —0.5mViVa o) Ts + noVy V2¢2 4+ 0.5n V1 VodTs — 2n Vi Vod || — n V) V2d2
C =
T,L
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TABLE 2. ZVS conditions.

Working patterns S,1>S12>S13:S14 Si55Si6 S,158,,,5,3,5,,
A:0<gp<d E<4V,¢ A d(mnV; +nV, =V,) +Vof] > —E 4(n, +mn,Vp>~E
B:d<¢$<0.5 E<4V,4 AV, d(n, +mn,)+V,(d - $)]>—E 4V,(nd +mnyp) > —E
C:d-05<$<0 E<4V,4 AV, d(n, +mn,)+V,(d - $)]>—E 4V,(nd +mn,g) > —E

E=7V>2—mn2V1 - 4dm V1, m=1(boost mode), m=0.5(buck mode)

ratios n1 and n, can be expressed by:

2n1d 4+ mny = & a7

Vi
where m = 1 and 0.5 represent boost mode and buck mode
respectively.

By using of blocking capacitors, the voltage amplitude of
Vaoaz can be V1/2 or Vi. When m = 0.5, Va3 is V1/2 and
duty ratio d can be set to 0~0.5 to match the output voltage
Vomin ~ V2min + (V2max — V2min)/2. At output voltage Vo =
Vomin, duty ratio d = 0. When m = 1, Vasa3 is V7 and duty
ratio d can be set to 0~0.5 to match the output voltage Vomin+
(Vamax — V2min)/2 ~ Vamax. At output voltage Vo = Vomax,
duty ratio d = 0.5. Then the following relationship can be
obtained:

V.
n+ny = 2 max
v,V (18)
nz/zzﬂ
Vi

Because of Vomax/Vomin = 3, the turns ratio for two trans-
formers should satisfy n, = 2n;.

In Table 2, when the time integral of vs equals to vg1p2, the
switches always can be turned ON under ZVS except S15 and
S16. ZVS conditions of S5 and S;¢ are dependent on d and
¢. Substituting equation (16) into the ZVS conditions with
ny = 2n1 in Table 2, ZVS range of S;5 and S1¢ versus output
voltage can be plotted in Fig.8. Region A, B, C represent
working patterns as shown in Fig.4. Region A’, B’, C’ rep-
resent working patterns in reverse power flow. As presented
in Fig.8, hard switching for S5 and S{¢ exists only in regions
B and B’, which is symmetrical versus output voltage.

3 NO ZVS /ZVS boundary 5 NS) AN ,ZVS boundary
= 0.5 2o
q Zvs o A
5 A » A
3 o
° l E
Iy Zvs 2 c  Zvs
2 N z 0
_‘3 \ VAR 5] ¢ zvs
IS 3
= N ’
= W\ " s WA
IS} B\ ZVS g q ZVS
>-0.5 5
Z Z-OAS
0.5 0.6 0.7 08 09 1 1 1.1 12 13 14 15

Voltage ratio K Voltage ratio K
(a) (b)

FIGURE 8. ZVS range for S5 and S;¢ versus output voltage. (a) buck
mode. (b) boost mode.
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FIGURE 9. Power range versus voltage ratio. (a) proposed converter.
(b) DTAB. (c) DAB.

lIl. COMPARISON

A. POWER RANGE

Power characteristics of the proposed converter can be
obtained according to equations (8) and (9). There are two
decoupled variables d and ¢. d is independent of ¢ and
varies with output voltage to satisfy voltage-second balance
on the inductor. The maximum power of proposed converter
is monotonically increasing with K from 0.5 to 1.5 as shown
in Fig.9 (a). It is because the constant input voltage V; is
adjusted by duty cycle to match the varying output voltage V5.
The maximum power with variable gain in DTAB is as shown
as Fig.9 (b). It’s monotonically decreasing from 0.5 to 1. It
is because the varying output voltage V; is adjusted by duty
cycle to match the constant input voltage V. The maximum
power of DAB is 1 (p.u.) with variable gain in traditional DAB
converter as shown in Fig.9 (c). In practical application, the
rated power is designed smaller than 0.5 (p.u.) in order to limit
the reactive power [27] [28], which is illustrated as shadow
part in the proposed converter. The power range of proposed
converter is enough to satisfy the requirements of most wide
output voltage situations.

B. ZVS RANGE

As mentioned in the section II, only considering current
polarity at turn-on instant for ZVS constrains, the region of
hard-switching for S;s and Sig is very small and the other
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FIGURE 10. ZVS range versus voltage ratio. (a) proposed converter.
(b) DTAB. (c) DAB.

switches can turn on under ZVS in whole region as shown in
Fig.10 (a). There is a limited ZVS range without a symmet-
rical modulation in reverse mode for S3 and S4 with K from
0.5 to 1 in DTAB as shown in Fig.10 (b). Moreover, it works
as a traditional DAB in the range of 1-1.5. In Fig.10 (c), the
traditional DAB suffers from secondary-side hard-switching
with K from 0.5 to 1 and primary-side hard-switching with K
from 1 to 1.5 at light load. Obviously, the proposed converter
obtains a wider ZVS range in actual working region.

C. THE TRANSFORMER CURRENT
The loss of dual-transformer-based converter mainly consists
of two parts: switching loss and transformer loss. When
the switch turns on at ZVS, switching loss is determined
by switching off loss and conduction loss which is propor-
tional to RMS current flowing through the switch. Accord-
ingly, transformer losses are divided into coil losses and core
losses. The coil loss is proportional to RMS current. Thus,
the transformer RMS current is a significant specification
for the proposed converter. Fig. 11 shows the plots of the
normalized transformer secondary RMS current of the pro-
posed converter, DTAB and traditional DAB converter when
the normalized active power P is 0.4 (p.u.) and 0.1 (p.u.),
respectively. RMS current in DTAB is lower at relatively
low voltage gain. Four-level is generated based a varying
output voltage to match a constant input voltage in DTAB,
hence a smaller ¢ is obtained for DTAB at the same power.
With the gain increasing, the proposed converter has lower
RMS current especially at light load. This advantage helps
the proposed converter to reduce transformer winding loss
and switches conduction loss in most gain range.

The magnitude of peak current is related to the switching
loss. The turn-off loss of the switching device is determined
by the current magnitude at the instants of switching off.
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For example, the current of S5 reaches its peak value at the
instants of switching off as shown in Fig.2. The magnitude
of peak current can be derived in (14). Fig. 12 shows the
normalized peak current of the transformer secondary wind-
ing with different K. Similar to RMS current, peak current
in DTAB is lower at relatively low voltage gain. But the
proposed converter has lower peak current in most gain range.
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FIGURE 12. Normalized peak current versus voltage ratio K. (a) P = 0.1
(p-u.). (b) P = 0.4 (p.u.).

D. THE TRANSFORMER CAPACITY

The proposed converter operates at a constant input voltage
V1 and a variable output voltage npV1/2 —3nyV1/2. When
the full bridge connected with T, works as half bridge, the
voltage amplitude applied to transformers T and T is V/2.
The transmission capacity of transformer T is equal to that
of T with d = 0.5. When the full bridge connected with T,
works as full bridge, the transmission capacity of transformer
T is half of that of T, with d = 0.5. Finally, transformer T
capacity is designed as half of T, transmission capacity when
d = 0.5 in boost mode.

IV. EXPERIMENT

A. VERIFICATION OF THE PROPOSED CONVERTER

The output power is designed as 0.5 (p.u.) with different
output voltage as shown in the shadow area of Fig. 9 (a).
A 300 W laboratory test setup with K = 1.5 was established
to validate the proposed converter and the parameters are
shown in Table 3. The photo of the experimental setup is
shown in Fig. 13. The primary side of the converter is con-
nected with a 50 V constant DC power supply. DC output port
of secondary side is connected to the battery simulator. DSP
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DC blocking
capacitor

FIGURE 13. Experimental setup.

TABLE 3. Parameters and components.

Parameters Values
Input voltage 50VDC
Output voltage 25V-75VDC
Output power 300W
Switches IRFP4568PBF
Transformer core Ferrite N87
Transformer turns, 7} 2:1
T, 1:1
Auxiliary inductor L, 100uH
Capacitors C, and C, 330uF
Output Capacitors 330uF
DC blocking capacitor C, 60uF
Switching frequency 20kHz

TMS320F28335 from Texas Instruments is used to control
the DC/DC converter.

Fig. 14 shows the experimental waveforms when the nor-
malized active power is 0.4 (p.u.). vasa1 and vaoa3 are
the voltages of primary full bridges. vgip2 is the voltage
of secondary full bridge. v¢p is the voltage of the block-
ing capacitor. The full bridge connected with T, is mod-
ulated as half bridge and v¢p exists 25 V DC offset in
Figs. 14 (a), (b), and (c). The full bridge connected with T»
is modulated as full bridge and v¢p, exists 0 V DC offset
in Figs. 14 (d), (e) and (f). Figs. 14 (a) and (f) is the wave-
forms when input voltage matches output voltage, which
waveforms are similar to the traditional DAB converter with
SPS. As Figs. 14 (b) and (c) shown, the converter works
under pattern B and pattern A in forward buck mode when
V> increases to 28 V and 40 V, which are corresponding to
the region of pattern B and A in Fig. 8 (a). Corresponding
duty cycle is also increasing to keep voltage-second balance.
The converter works under pattern A and pattern B in forward
boost mode when V5 increases to 52 V and 60 V, which are
corresponding to the regions of pattern B and A in Fig. 8 (b).
According to the current polarity at turn-on instant, ZVS is
realized in Fig.14.
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P = 0.4 (p.u.) in forward mode. (a) V, = 25 V. (b) V, = 28 V, pattern B.
(c) V5 = 40V, pattern A. (d) V, = 52V, pattern B. (e) V, = 60 V, pattern A.
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FIGURE 15. Experimental waveforms with the normalized power

P = 0.1 (p.u.) in forward mode. (a) V, = 25 V. (b) V, = 28 V, pattern A.
(c) V5 = 40V, pattern C. (d) V, = 52V, pattern A. (e) V, = 60V, pattern C.
fVy=75V.

Fig. 15 presents the operation waveforms with the nor-
malized power P = 0.1 (p.u.). Figs. 15 (a), (b), and (c) are
the waveforms in forward buck mode which have 25 V DC
offset. Also, Figs. 15 (d), (e) and (f) are the wave-
forms in forward boost mode which have 0 V DC offset.
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(p-u.) in reverse mode. (a) V, = 40V, pattern A. (b) V, = 28 V, pattern B.
(c) V5 = 60V, pattern A. (d) V, = 52 V, pattern B.

Figs. 15 (a) and (f) show the proposed converter works as the
conventional DAB. Figs. 15 (b) and (c) show that it works
in pattern B and pattern C in forward buck mode when V>
increases to 28 V and 40 V, which are corresponding to
the regions of pattern B and C in Fig. 8 (a). The proposed
converter works under pattern B and pattern C when V
increases to 52 V and 60 V, which are corresponding to the
regions of pattern B and C in Fig. 8 (b). According to the
current polarity at turn-on instant, ZVS is realized in Fig. 15.

Fig. 16 shows reverse operation waveforms with the nor-
malized power P = 0.4 (p.u.). vg1p2 is leading to vs and duty
cycle is set up on opposite direction. Current waveforms iy,
are mirror-symmetrical to forward operation mode as shown
in Fig. 6.
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FIGURE 17. ZVS waveforms in forward mode when V, =60V, P = 0.4
(p-u). (a) Sy3.- (b) Sy3. (¢) Sy5- (d) S21-

Figs. 17 and 18 illustrate gate-source voltage, drain-source
voltage and the inductor current at turn-on instants of Sij,
S13, S15 and Sj1, when the voltage works at 60 V and the
normalized active power P is 0.4 (p.u.) in forward and reverse
mode. The drain-source voltage of the switches has been
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reduced to zero before turning ON. All the switches realize
ZVS in forward and reverse direction as shown in Fig. 8.
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FIGURE 18. ZVS waveforms in reverse mode when V, = 60V, the
normalized active power P = 0.4 (p.u.). (a) Sq1- (b) Sy3- (¢) Sy5- (d) Spq-

B. EFFICIENCY AND LOSS DISTRIBUTION

In order to verify the performance of the proposed converter, a
traditional DAB converter and DTAB are used for comparison
at same active power. For the justification of comparison,
the half bridge connected to a constant voltage in DTAB
is replaced with a full bridge. The efficiency versus output
voltage at 80% of load and 20% of load is plotted in Fig. 19.
When V, is 50 V (K = 1), DAB is more efficient than
proposed converter and DTAB for one less transformer. When
the gain is away from the optimal operating point (K = 1),
the proposed converter is more efficient. This phenomenon is
attributed to lower transformer RMS current and wider soft
switching region especially in light load for the proposed
converter. Although the DTAB is more efficient in quite
low output voltage, it only obtains improved efficiency from
0.5to 1.

98 98
odl o4 —&— Proposed converter
-~ e —e— DTAB
<908 S ——Dpas ]
286k Y S
§ 2 \
282f 282 1
E —a—Proposed converter| &<
578 = 78 1
2l —e—DTAB o |
20 —e— DAB

20 30 40 50 60 70 80 ‘%0 30 40 50 60 70 80
Output voltage (V) Output voltage (V)
(2) (b)

FIGURE 19. Efficiency versus output voltage at different loads in forward
mode. (a) P = 0.4 (p.u.). (b) P = 0.1 (p.u.).

The measured efficiency of proposed converter, DAB and
DTAB from 20% load to 100% load is illustrated in Fig. 20.
When output voltage is 40 V, the efficiency of proposed con-
verter is very close to that of DTAB, which is more efficient
than traditional DAB converter as shown in Fig. 20 (a). That’s
because DAB converter has a narrow ZVS range at light
load. When the load reaches 60% to 100% in reverse mode,
DTAB suffers from hard switching as shown in Fig 10 (b),
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which leads a low efficiency. In relatively high output voltage
range (over 70 V), the proposed converter exhibits distinct
advantage over the other two converters.
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FIGURE 21. Loss evaluation with the normalized active power P = 0.4

(p-u.) with 80% load. (a) V; = 40 V in reverse mode. (b) V, =70 V in
forward mode.

Fig.21 shows the loss evaluation for the dual transformer
based converter with the proposed converter when normal-
ized power P is 0.4 (p.u.), corresponding to 80% of full load.
As shown in Fig.21 (a), for reverse mode (Vi = 40 V),
switching loss of DTAB is bigger because of hard switching.
For forward mode (V> = 70 V), DAB and DTAB have higher
switching loss for hard switching and conduction loss for
large RMS current in Fig.21 (b).

V. CONCLUSION

To achieve ZVS in wide conversion gain range to satisfy
battery charging and discharging, a dual-transformer-based
full bridge converter using a block capacitor was proposed.
The duty cycle of primary side is adjusted to extend ZVS
range by regulating the four-level voltage in the secondary
side of the transformers to match a variable output voltage
according to voltage-second balance in both boost and buck
modes. It enables efficient operation within K = (0.5-1.5).
The mirror-symmetrical modulation is used to obtain a wide
ZVS range in reverse power flow. The performances of
the proposed converter were compared to the published
dual-transformer converter in terms of power characteristics,
ZVS range and RMS current to demonstrate the advantages.
A 300 W prototype is implemented to verify the effective-
ness of the proposed converter. Theoretical and experimental
results demonstrate the proposed converter is suitable for
wide output range.
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