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ABSTRACT Dual active bridge (DAB) converters are extensively used due to the advantages of wide
voltage regulation range and easy realization of soft switching. Besides, the concept of partial power
converters (PPCs) has been widely applied to increase the converter efficiency by reducing the power actually
processed by the converter. Therefore, in this article, the DAB converter and PPC are combined. And a high
frequency DAB-based PPC aiming at efficiency optimization is selected out by analyzing and comparing the
characteristics of several connections. Considering the wide voltage regulation range of DAB-based PPC, the
extended-phase-shift-based control strategy aiming at zero-voltage switching (ZVS) range and current stress
optimization is analyzed and adopted in this article. With the trend of high frequency for power converters,
the non-ideal factors like output capacitors of switches need to be considered to improve the performance.
The output capacitors are taken into consideration when analyzing the ZVS performance and the magnetizing
inductor is utilized to expand ZVS range. To verify correctness of theoretical analysis, a prototype using GaN
devices with 1 kW rated output power and 500 kHz switching frequency is built. The experimental results
are consistent with the analysis.

INDEX TERMS Extended-phase-shift control, DAB converters, partial power converters, switch output

capacitors.

I. INTRODUCTION

DAB converters are widely applied in photovoltaic (PV),
electric vehicles (EVs), energy storage systems (ESSs), and
DC distribution due to the advantages of bidirectional power
transmission, symmetrical structure, high power density, and
easy realization of soft switching [1], [2], [3], [4], [5]. High
frequency is one of the most popular trends of power convert-
ers. Higher operation frequency can make passive components
such as transformers and inductors smaller, which can in-
crease the power density and reduce the cost. However,
with the increase of the switching frequency, the switching
loss becomes a serious problem under the condition of hard
switching, which can cause EMI aggravation, efficiency de-
crease and more heat produce [6], [7], [8]. Therefore, the

achievement of ZVS is a crucial factor for converters to get
better performance under the condition of high frequency.
For DAB converters, the realization of ZVS has to do
with the control method. Phase-shift control is commonly
used in DAB converters. Single-phase-shift (SPS) control is
a classical method which is easy to be implemented be-
cause there is only one phase-shift angle between the two
H-bridges [1]. When the gain equals to one, DAB convert-
ers can achieve full load range ZVS of all switches under
SPS control. However, when the gain deviates from one, the
current stress and backflow power will increase, and ZVS
will lose, which will lead to efficiency decrease [9]. To im-
prove the performance, many control strategies with multiple
phase-shift angles are proposed, such as extended-phase-shift
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(EPS) control [10], dual-phase-shift (DPS) control [11] and
triple-phase-shift (TPS) control [12].

As for EPS control, besides the phase-shift angle similar
with that in SPS control, which is defined as the outer phase-
shift angle, there is a phase difference between the switches
on diagonal line of one of the two H-bridges, which is de-
fined as the inner phase-shift angle. This is the difference
between the two control strategies. Benefited from the addi-
tional phase-shift angle, the current stress and reactive power
decrease and the ZVS region expands, which can improve the
efficiency [11], [13]. DPS control and EPS control are similar,
but the difference is that in DPS, the switch pairs on diagonal
lines of the two H-bridges have the same inner phase-shift
angles. TPS control makes the same inner phase-shift an-
gles of DPS control independent. For control strategies with
multiple degrees of freedom, there are various combinations
of phase-shift angles to realize different optimization goals,
such as expanding ZVS range [14], [15], minimizing current
stress [16], minimizing backflow power [17], [18], enhancing
light-load performance [19], [20], and minimizing root-mean-
square (RMS) current [21], [22].

Under the condition of high frequency, the effects of the
output capacitors of switches can be amplified because the
charging and discharging process of output capacitors are hard
to be ignored due to short switching period. For DAB convert-
ers, the achievement of ZVS in essence is that the resonant
network formed by the output capacitors and the auxiliary
inductor finishes the discharging process of output capacitors
of the switches before the driving signals come [23]. Thus,
the output capacitors of switches should be taken into account
when analyzing ZVS conditions.

Current stress is an important performance metric of DAB
converters. For DAB converters, the current stress is the max-
imum value of the auxiliary inductor current. Low current
stress can bring low cost, low loss and high reliability. A
control strategy aiming at optimization of current stress and
ZVS range is proposed in [24], but the parasitic parameters
are not taken into account, and it is hard to be implemented
due to the high control complexity made by excessive degrees
of freedom. In [25], the effects of nonideal factors includ-
ing output capacitors and dead time are analyzed at length
and a control strategy is proposed to achieve soft switching
in a wide range as far as possible without considering cur-
rent stress optimization. Furthermore, the ZVS regions are
seamed, which causes non-ZVS realization in the transition
of operation modes.

To improve the efficiency further for large power appli-
cations, PPCs have gain more and more attention recent
years due to the advantages of increasing power density and
efficiency, which are realized by directly establishing an ad-
ditional power path from input side to output side [26], [27].
PPCs have been effectively applied in PV [28], EVs [29], and
ESSs [30], which is highly overlapped with the applications
of DAB converters. Therefore, the combination of PPCs and
DAB converters has been widely applied [30], [32]. The ef-
ficiency of partial power converters is up to 98.22% in [28],
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TABLE 1. Relationships of V;, I;, V, and I,

Connection Vi 1i Vo 1o
1 n-n L 4 L=
2 n-v, A 14 1, -1,
3 4 1 -1, =, -1,
4 14 I, -1, n=V, -1,

99.11% in [29], 98.2% in [30] and 99.6% in [31]. The reason
of such high-level efficiencies is that most of the energy is
transmitted through the direct path while only the rest frac-
tional energy is processed by the converters. The efficiency
of the energy directly transmitted approximately equals to 1.
Thus, compared to conventional full power converters, PPCs
have smaller size and higher efficiency due to less energy
processed in practice.

In this article, a DAB-based PPC is selected and adopted,
which increases the efficiency by an additional energy path.
All the connection methods are analyzed and compared to
pick out the most efficient path. And the effects of output
capacitors under EPS control are analyzed in detail for better
high frequency performance, which make two ZVS regions
separate from each other. To make the regions continuous,
the magnetizing inductance is considered. The magnetizing
inductance can expand the ZVS regions and its constraint con-
ditions are analyzed. Finally, an EPS-based control strategy
aiming at reducing current stress and full load range ZVS
is analyzed and applied. In addition, Gallium nitride (GaN)
devices with faster turn-on/off speed are applied to make dead
time shorter compared to silicon devices [33], [34], which can
avoid dead-time effects to a certain extent.

This article is organized as follows. In Section II, four
common partial power connections are analyzed, and the most
appropriate connection is selected. Then the DAB-based PPC
are combined according to the analysis. In Section III, the
effects of output capacitors and magnetizing current under
EPS control are analyzed in detail. In Section IV, the control
strategy aiming at optimization of ZVS range and current
stress considering output capacitors and magnetizing induc-
tor is analyzed. Sections V and VI give the analysis of the
experimental results and conclusion respectively.

Il. SELECTION OF PARTIAL POWER CONVERTER
TOPOLOGY
Partial power processing is to establish a direct connection
between input side and output side of converters. The di-
rect connection methods can affect the performance of PPCs.
There are four common connection methods as shown in
Fig. 1. Vi, I}, V, and I are the voltages and currents of input
side and output side of the system, respectively. The input
and output voltages and currents of the internal converter cell
are defined as V;, I;, V,, and I,,, respectively. The relationships
between the above parameters are summarized in Table 1.
This article focuses on EV applications, therefore, the in-
put voltage Vi = 400 V, the output voltage V, = 300 V
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FIGURE 1. Four common connections of partial power converters.
(a) Connection 1. (b) Connection 2. (c) Connection 3. (d) Connection 4.
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FIGURE 2. Efficiency curves of the four common connections.

and the rated power is 1 kW. To select the most appropriate
connection, the four connections in Fig. 1 are analyzed and
compared with the traditional full power converter. Assuming
the efficiency of the converter is 7, the efficiency of the full
power system can be calculated as:

_ Wh
=i

The system efficiencies of the above four connections are
calculated as follows:

ey

S @)
T A=V v
Vi+(1-—mW,
Nsys2 = LT A 3)
Vi
nva
= - 4
Nsys3 n+DOVi—V, “4)
m+DHVI =V,
= - 5
Nsys4 i ()

where nsyst, Nsys2» Msys3» Nsys4 are the efficiencies of the con-
nection 1, 2, 3 and 4, respectively.

According to the above equations, the efficiency curves of
the four systems as shown in Fig. 2 can be obtained. With
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FIGURE 4. Power curves with different output voltage.

the increase of n, the efficiencies of the four systems increase,
and it can be seen that 74y is the highest in the whole range
of n. Therefore, the connection 2 in Fig. 1(b) is adopted in
this article with the consideration of efficiency. Therefore, the
topology of the DAB-based PPC is determined as shown in
Fig. 3. The direct path from input side to output side has been
added to the DAB converter. Similarly, V; and V; are the input
voltage and the output voltage of the system. The actual input
voltage of the DAB converter is V;. And it is apparent that V; =
V1 - V5. The transformer turn ratio is defined as n. k = V; / nV;
is defined as the voltage conversion ratio of the converter. The
output voltages of primary and secondary H bridges are Vap
and Vcp, respectively. The current of L is ir. The switching
frequency is f and the duty cycle is 7.

When the output current of the converter keeps 0.3A, the
curves of the total power and power actually processed by
the DAB converter with different output voltages are shown
in Fig. 4. It can be concluded that the when the output volt-
age increases, the actual processed power deceases, which is
beneficial to decrease the size and cost of the converter. How-
ever, there are some disadvantages for the DAB-based PPC.
For conventional DAB converters, the more input and out-
put voltages match, the better performance can be achieved.
Nevertheless, for DAB-based PPC, the more input and output
voltages match, though this brings less processed power, the
more the voltage gain of the internal DAB cell deviates from
one due to the input voltage V; = V| - V,. Therefore, for the
DAB-based PPC, the internal DAB cell has a wider voltage
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FIGURE 5. Key waveforms under EPS control. (a) Mode A. (b) Mode B.

regulation range than the conventional DAB converter, which
means another appropriate control is needed to be imple-
mented instead of the SPS control.

IIl. ANALYSIS OF FULL LOAD RANGE ZVS OPTIMIZATION
BASED ON EPS CONTROL

As mentioned above, although SPS control is easy to be im-
plemented, its voltage regulation range is narrow. When the
voltage gain deviates from one, the ZVS range is limited and
current stress increases, which is led by the single degree of
freedom. Compared to SPS control, EPS control can achieve
better performance when the gain is not one by two degrees
of freedom, which is not complicated to be implemented.
According to the analysis in Section II, the internal DAB cell
of the PPC has a wider voltage regulation range compared to
traditional DAB converters. Therefore, EPS control is applied
in the following analysis.

A. DEFINITION OF NEW MODES

The normalized transmission power expression under EPS
control is derived as:

_ {2 (=D?+2D\D, — Dy —2D3 +2D;) Dy < D
p= 4(D2—%D1)(1—D1) Dy, < Dy
(6)
where the inner phase-shift ratio D is the ratio of inner phase-
shift angle of the primary H-bridge to 7, and outer-phase-shift
ratio D> is the ratio of outer phase-shift angle to .

In order to simplify the calculation, the new outer-shift ratio
is defined as D, = D> - D1 / 2 and the new inner-shift ratio
is defined as Dy, = 1 - Dy. Under the new definitions of the
phase-shift ratios, the new modes are redefined according to
the edge and position of the waveforms of V4p and Vp. There
are three modes under the new definitions. The range of phase-
shift ratios of mode A, mode B and mode C are 0.5(1 - Dy) <
Dy, <0.5(1 4+ Dy),0 <Dy <0.5(1 -Dy)and 0.5(1 + D)) <
D, < 1respectively. There will be a large circulating current if
Dy, > 0.5, hence only the first two modes are actually applied.
Thus, only the mode A and B are analyzed, and the upper limit
of mode A is forced to be 0.5. The key waveforms of the two
modes are shown in Fig. 5.
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FIGURE 6. Waveforms under EPS control considering output capacitors.

According to (6), the new expressions of the normalized
transmission power can be obtained as follows:

2
— D} +4D, +2Dy — 1

—_an
{PA— 4D, 7

PB = 4DyD¢

where p4 and pp are the transmission power of mode A and
mode B.

B. CONDITIONS OF ZVS CONSIDERING OUTPUT
CAPACITORS

Take mode A for example, the conditions of ZVS are ana-
lyzed. The output capacitors are taken into account to make
the ZVS conditions more precise under high switching fre-
quency. Fig. 6 shows the waveforms of mode A under EPS
control with the consideration of the output capacitors. The iy,
is calculated as:

4L[ —1)Dy +2D,] t=ty
1%}

o 4L[(k+1)D +2(Dy—1)] t=1

i (1) = ‘Tﬁ(k_l_sz) =1t ®)
”—i[(l—k)D + 2D, ] t=ts

Fig. 7 shows the equivalent circuits of the charg-
ing/discharging process of mode A. C; is the output capacitor
of the switch. Similarly, ic; is the current of the output capaci-
tor. To simplify the analysis, the values of all output capacitors
are same. Only the case of k > 1 is analyzed, which is similar
to the case of k < 1.

At 11, Q3 turns off. As shown in Fig. 7(a), i, discharges the
output capacitor of Q, in the meantime, it charges the output
capacitor of Q3. The end of the charging/discharging process
is defined as t,,1. From ¢; to t,,1, iz, can be derived as :

ducs ducss

ducs3
T, S~ ¢
dt o dr 5 dr

ir(t) =G ®)
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FIGURE 7. Equivalent ZVS circuit of mode A. (a) t; - t5. (b) t5 - #4. (c) t5 - ts.

According to the energy conservation, the energy relation-
ship can be obtained as:

Ey = E;, + Eioss + Eqel (10)

where E;1 and Ej,, are the energy stored by the inductor L at £
and #,,, respectively. Eqc is the energy transmitted by L. Ejgss
is the energy loss.

In this process, it can be equivalently regarded as that the
energy of Q4 is transmitted to Q3 through L meanwhile some
energy of the primary side is transmitted to the secondary side
through L. Regardless of the power loss, Eqe]; is the energy
transmitted by the inductor current, which can be calculated
as:

Eqenn = E; — E

m

tm1
=/ [—nVaip (t) — Viicsa (1)1 dt

|

—ev2 (142
=GV, p

The relationship of the energy E stored in the inductor L
and the current / of L is as follows:

1
E = —LI?
2

(1)

(12)

According to (11) and (12), the expression of I, which is
the minimum inductor current to ensure ZVS achievement is

derived as:
Inin = ,[2C,V? 1+% =
min — sV )L

13)

VOLUME 4, 2023

Therefore, the ZVS condition of Q3 and Q4 is obtained as :

/ 2\ 1
ip (1) < —=V;,|2C; <1+%>Z

Further, the ZVS condition expressed by D, and D, is
calculated as:

(14)

2(1 —=Dy,) +a,/(k*> + 2k
L R

- 1+k

where a = (32LC,)*/T.

At 13, Qg and Q7 turn off. As shown in Fig. 7(b), i, is
the current of the secondary side, it discharges the output
capacitors of Qs and Qg, meanwhile, it charges the output
capacitors of Qg and Q7 from #3 to 74. The magnetizing in-
ductor is neglected here. The output capacitors of secondary
side and the equivalent inductor form the resonant network,
which means the energy keeps unchanged. The condition of
ZVS of Qs and Qg is derived as:

is(t3) = nir (13) = 0 (16)

At 15, Qg turns off. As shown in Fig. 7(c), iy discharges the
output capacitor of Q, while it charges the output capacitor
of Q. In this process, the charging/discharging end point is
defined as #,,,2. The expressions of i;, and the energy are as:

. ducs ducs ducs
tH)y=C —-C =2C 17
ir(t) s S dr s dr 17
tm2 2 2
Egerr = / [nV2ip (2) — Viigs1 ()] dt = GV, <% - 1)
n
(13)
Therefore, the ZVS conditions of Q; are calculated as:
ir(ts) > 0 k>?2
. 2 1 (19)
iL(ts) = Vi 2G, (3= 1)1 1<k =2

Similarly, the expression of the ratios are calculated as:

—k2)—
Dy > aﬂ/(Zkkikl) 2D, k<2 0)
Dy > 2 k>2

The mode B ZVS conditions of all switches can be analyzed
and obtained similarly. The ZVS conditions of all switches in
the two modes are summarized in Table 2. It can be concluded
that the ZVS conditions are stricter and more complicated
when taking output capacitors into consideration.

Fig. 8 shows the C; influence on ZVS region in detail.
Fig. 8(a) shows the change trend of ZVS region with the
increase of Cs. Fig. 8(b), (c) and (d) show the ZVS regions
under the condition of £ = 1.33 with OpF, 65pF and 200pF
capacitances respectively, wherein the 65pF is the output ca-
pacitance of GS66508B which is the switch adopted in this
article. It can be seen that due to the output capacitors, the
ZVS region is divided into two parts. With the increase of the
output capacitance, the degree of the separation increases, and
the non-ZVS-realization power range expands.
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TABLE 2. ZVS Conditions of All Switches

Switches ZVS conditions of mode A ZVS conditions of mode B
1 1 1
- D >—|1-— D <—
Q- 214 <1
b 5 2Deta (k> = 2k) 5
2 > >
Q-0 Dv22(17D¢)+a (& +2k) s . 1
I+k D, > k<2
T k-1
2k —k*)-2D, 2k —k*)-2D,
,2(1(7) <2 D‘Za ( ) L k<2
Q- " k-l ‘ k-1
-2D, -2D,
D > k>2 D, > k>2
T k-1 k-1

B C, = OpF
E=C, = 65pF
W C; = 200pF| VS
C—Non ZVS C—INon ZVS

0
0.1 0.2D0.3 04 05 Y0 0.1

connection

mode B
02503 04 05

E=7ZVS
C—INon ZVS

0.1 O.2D0.3 04 0.5 00 0.1 0'2Dw0’3 0.4 0.5
© ()

FIGURE 8. ZVS regions of all switches with output capacitance
consideration. (a) ZVS region comparison. (b) ZVS region with OpF output
capacitance. (c) ZVS region with 65pF output capacitance. (d) ZVS region
with 200pF output capacitance.
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FIGURE 9. Power transfer surface in the ZVS regions with 65pF output
capacitance.
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FIGURE 10. Main waveforms considering the magnetizing current ip,.

Fig. 9 shows the transmission power surface in the ZVS
region with 65pF output capacitance. It can be seen that due to
the separation of the ZVS region, the power surface is divided
into two parts. In the gap between the parts, ZVS cannot be
realized, which means the ZVS realization is not ensured in
the whole power range.

C. CONSTRAINT CONDITIONS OF MAGNETIZING

INDUCTOR

To make the two separate ZVS regions connected, the mag-

netizing current is taken into consideration, which can expand

the ZVS region. As shown in Fig. 10, the magnetizing current

i,, influences iy, but the waveform of i; remains constant.
The expression of i is as follows:

is(t) = nlip (1) — im ()] 21

Because of the change of i, the conditions of ZVS also
change. Therefore, the secondary side current limit of mode
A is derived as:

is(3) =nlip (t3) —in (t3)] >0 (22)

Due to the symmetry of the magnetizing current, the mag-
netizing current at 73 is calculated as:

in (1) =~ 23)
Further, the ZVS condition of Q5-Qg in mode A is obtained
as:
D¢>1[1—1<1+£)} (24)
-2 k Ly,
Similarly, the ZVS condition of Qs-Qg in mode B is as
follows:
D, < l (1 + i) (25)
Tk L,

Table 3 which is the ZVS conditions of all switches consid-
ering both output capacitors and magnetizing inductor can be
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TABLE 3. ZVS Conditions Considering Output Capacitors and Magnetizing
Inductor

Switches ZVS conditions of mode A ZVS conditions of mode B
1 1 L 1 L
- D >2—|1-—|1+— D <—|1+—=
QS Q8 ! 2‘: k[ Lmjjl . k[ Lmj
2D, +a\|(k* - 2k)
2(1-D, )+ af(k* +2k bz 2
Qs5-Qq D> (1-2,)+a( ) . k=1
1+k D, > k<2
Y k-1
a\(2k-k*)-2D, a\J(2k—k*)-2D,
D>V~ " [<2 D, > k<2
Q:-Q, Y k-1 ’ k-1
-2D, -2D,
D, > 2 k>2 D, > L k>2
k-1 Yok -1

=/, = 18uH
7, = 36pH
E=7, =72uH
C—1Non ZVS

C—Non ZVS

mode B
02503 04 05

01 02503 04 05 00 01
a

Em7ZVS
C—Non ZVS

0001

mode B l
02503 04 05 0001 02p03 04 05

) (d)

FIGURE 11. ZVS regions of all switches with consideration of 65pF output
capacitance and magnetizing inductances. (a) ZVS region comparison.

(b) ZVS region with 18 xH magnetizing inductance. (c) ZVS region with 36
1H magnetizing inductance. (d) ZVS region with 72 xH magnetizing
inductance.

obtained based on the above analysis. Fig. 11 shows the ZVS
regions considering 65pF output capacitance and magnetizing
inductances. Fig. 11(a) shows the change trend of ZVS region
with the increase of L,,. Fig. 11(b), (c) and (d) show the ZVS
regions under the condition of k = 1.33 and 65pF output
capacitance with consideration of 18 uH, 36 uH and 72 uH
magnetizing inductances, respectively.

It can be concluded that the decrease of L,, is useful for
connection of ZVS regions. However, a very small L,, has a
serious impact on the i; and the transmission power model.
Therefore, the value of L,, should be set reasonably. The ZVS
realization constraint condition of L,, is analyzed by using L,
=36 nH for example. As shown in Fig. 11(c), the coordinates
of point C and point D are calculated as follows:

1 1 2
Dyc=1+a/l1+%

(26)
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FIGURE 12. Power transfer surface in the ZVS region with 65pF output
capacitance and 36 xH magnetizing inductance.

27)

The positions of the two points vary with the magnetizing
inductance. To ensure the two parts are connected, the point D
should be located at the upper left of the point C. Therefore,
the limitation of the magnetizing inductance can be derived
as:

k‘(”ﬁ) - k=l-ay/R 4k
2k = 2k (28)

%+a,/1+%§%(1+LLm)

Hence, the range of magnetizing inductance is as follows:

L
[ —

b = avk? + 2k 29

The power transfer surface in the ZVS region with 65pF

output capacitance and 36 puH magnetizing inductance is

shown in Fig. 12. It can be concluded that with the consid-

eration of the magnetizing current, full load range ZVS can

be realized. Different combinations of the phase-shift ratios

can be selected under soft switching for different transmission
power.

IV. ANALYSIS OF THE OPTIMIZATION OF ZVS RANGE AND
CURRENT STRESS

Since the conditions of ZVS are inequalities, there are still
different combinations of the phase-shift ratios for the same
transmission power. Therefore, the phase-shift ratios which
satisfy ZVS and minimum current stress simultaneously are
analyzed. The normalized values of the current stress in mode
A and B are calculated as follows:

I, =2(kDy+2D, = Dy) 0<D, <3 (1—-D))
12*1,=2(kDy+2D¢, -Dy) 5(1-D)) <Dy <3

(30)

The minimum current stress can be calculated by the

Lagrange multiplier method (LMM) and the Karush-Kuhn-
Tucker (KKT) conditions. Taking mode A as an example,
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the normalized value of the current stress is the optimiza-
tion goal, the expression of the transmission power is the
equality constraint condition, and the unequal relationships of
the phase-shift ratios for different modes are the inequality
constraint conditions. The KKT conditions can be obtained
as:

L =2 (kDy + 2Dy — Dy) + pu1 (=Dy) + p2 (Dy — 1)
+u3 (1 = Dy = 2Dy) + p4 (2D — Dy — 1)

+A (4D} — Dy + 4D, + 2Dy — 1 — p)

A#0,  pr, po, 13, g >0

AL _ . DL _9

aD, > 9D,

—4D} — Dy +4Dy, +2Dy — 1 —p =0

w1 (=Dy) =0, pa(Dy—1)=0

p3 (1 =Dy —2D,) =0, p4(2Dy —Dy—1) =0

1-D, 14D,
>~ <Dy <—>, 0=<D,=<1

(30
The solution can be calculated as:
Dy+k—2
D, = >y " “
2(k—1)
Furthermore, the range of Dy and the transmission power
which satisfies the KKT conditions are as follows:

(32)

(33)

The solution of mode B can be obtained similarly. The
relationship of D, and Dy in the full power range is as follows:

2(k— 1Dy +2—k El<p, <1
Dy:{ (k=DDy+ w =P Gy

2D, k
=1 0<D, <%

Based on the expressions of the transmission power and
the relationships of D, and D,, the red line on the power
transfer surface as shown in Fig. 13(a) can be obtained ac-
cording to (34), which is the track of phase-shift ratios that
represent minimum current stress. Fig. 13(b) shows the D,
- D, projection of the curves in Fig. 13(a). As can be seen
clearly, part of the control curve is beyond the ZVS region.
Under the condition of high switching frequency, we assume
that the priority of ZVS is higher than that of the current
stress. Therefore, the segment of the control curve which is
beyond the ZVS region is compelled to be constrained on the
boundary region as shown in Fig. 13(c). So far, the control
strategy aiming at optimization of both ZVS range and current
stress is determined.

V. EXPERIMENTAL RESULTS

To verify the above analysis, a prototype as shown in Fig. 14
with 1kW rated output power and 500kHz switching fre-
quency is built. The dimension of the prototype is 133.2mm
(length) x92.7mm (width). The electrical specifications and
main used components are summarized in Tables 4 and 5,
respectively. The input and output voltages of the system are
Vi = 400V and V, = 300V respectively, which means V;
= 100V. The transformer turn ratio is n = 0.25. Therefore,
voltage conversion ratio is k = 1.33.
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C—INonZVS
\—y Control strategy
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D

(b)

Boundary

constraint

\—y Control strategy applied

mode B
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
D<o
©

FIGURE 13. Optimization control strategy at case of k = 1.33.
(a) Control strategy on the power transmission surface. (b) Control strategy
in the ZVS region. (c) Applied control strategy in the ZVS region.

TABLE 4. Electrical Specifications

Parameters Value
4] 400V
Va 300V
Vi 100V

f 500kHz
k 1.33
Rated Power 1kW
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92.7mm

r 133.2mm

FIGURE 14. Photo of the prototype.

TABLE 5. Main Components Used in Prototype

Components Model Parameters
L E32/6/20 L=4.7uH
T ETD44 n=025,L, =36uH
C, -- C, =20pF
C, -- C, =10pF
Q GS66508B C =65pF

Vis(250V/div)
LT " ~ ) o u ! " ol e

Vep(250V/div)

i (5A7div) time(1us/div)

(a) The main waveforms of forward transmission.
V45(250V/div)

rw”::%“mhm
5w el
O 0

77 (5A/div)

time(1ps/div)

(b) The main waveforms of backward transmission.

FIGURE 15. Main waveforms when p = 0.8.

Fig. 15(a) and (b) respectively shows the forward and re-
verse transmission waveforms of Vup, Vep and ip when p =
0.8, which verifies the bidirectional power transmission. It can
be seen that the phase relationship of V4p and V¢p reverses
when the power transmission direction reverses.
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V.5(250V/div)
Vep(250V/div)

i (SA/div) time(1ps/div)
(a) The waveforms of Vg, Vcp, and i.

Vgs(10V/div)
I-‘ { 1. i3 t f
izvsi va(100V/div)

Pasmmpnamesmiiaion | S —

i (5A/div) . time(400ns/div)
(b) The waveforms of Q.

FIGURE 16. Main waveforms when p = 0.6.

V,5(250V/div)

Vep(250V/div)

A T T T
WA EREWE RN ENE

LUl VI oo WEY o 5 WY a WD i WR
ir (SA/div) time(1ps/div)

(a) The waveforms of Vyz,Vcp, and ;.

ve(10V/diy)
vsi Va(100V/div)
L S TR _

iL(5A/div)  time(00ns/div)
(b) The waveforms of Q.

FIGURE 17. Main waveforms when p = 0.15.

Besides the waveforms of V4p, Vcp and ip,, Figs. 16(b) and
17(b) show the waveforms of gate-source voltage and drain-
source voltage when p = 0.6 and 0.15 respectively. As shown
in Figs. 16(b) and 17(b), ZVS is realized.

Fig. 18 gives the efficiency curves when V, = 300V, 320V
and 340V, which are shown as red line, green line and blue
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FIGURE 18. Efficiency curves with different output voltage.
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FIGURE 19. Efficiency curves under SPS control and EPS-based control.

line, respectively. As analyzed in Section II, due to the in-
crease the mismatch of the input and output voltages led by
the increase of the output voltage, the actual processed power
decreases. Therefore, the efficiency becomes higher when the
output voltage increases. The peak efficiency under rated out-
put voltage is up to 97.0%.

Fig. 19 shows the efficiency curves under SPS control and
the optimal EPS-based control. The power condition of the
experiment is p = 0.4. The optimal control can ensure the ZVS
realization of all switches and minimization of the current
stress. Therefore, the efficiency of the converter under opti-
mal EPS-based control is higher than that under SPS control,
which is consistent with the analysis.

VI. CONCLUSION

In this article, a DAB-based PPC is adopted. Compared with
traditional DAB converters, DAB-based PPCs need a wider
voltage regulation range. Therefore, an EPS-based control
strategy aiming at optimization of full load range ZVS and
minimum current stress is analyzed in detail and applied. For
better high frequency performance, the output capacitors are
considered and the magnetizing inductor is utilized to solve
the separate ZVS region caused by the output capacitors.
Finally, a prototype with 1kW rated transmission power and
500kHz switching frequency is built to verify the theoretical
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analysis. The experimental results are consistent with the anal-
ysis and the peak efficiency under rated output voltage is up
t0 97.0%.
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