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Abstract—An LLC dual active bridge (DAB) bidirectional con-
verter with reduced switch count as a dc—dc transformer (DCX) is
proposed in this article. It can achieve voltage regulation, full load
range zero voltage switching (ZVS) for eight main switches and
wide load range Z VS for four auxiliary switches, with consideration
of the switch junction capacitors under different power direction.
A part portion of total power is transferred through an auxiliary
DAB circuit to achieve voltage regulation and bidirectional power
conversion. The main power is transferred through LLC circuit
with an easy PWM scheme achieving high conversion efficiency.
Different from the existing LLC-DAB DCX structure, the two
secondary side transformer outputs are in parallel, and connected
to the same full-bridge circuit. In this way, the auxiliary DAB circuit
can not only adjust the output voltage, but also can inject current
into the secondary side to help achieving ZVS of switches without
synchronous rectifier circuit. The converter operation principle is
analyzed under different power directions, and ZVS is analyzed
with the consideration of all the switch junction capacitors. Based
on the analysis, the design consideration is introduced. Finally, a
2-kW prototype with 750 V input and 400 V output is built up to
verify the effectiveness of the proposed solution.

Index Terms—Bidirectional power flow, LLC-DAB bidirectional
converter, zero voltage switching.

I. INTRODUCTION

N RECENT years, due to the high efficiency, wide range of
I zero voltage switching (ZVS) and electrical isolation, LLC
resonant converter is widely used in energy storage system [1],
the electric vehicles [2], and solid state transformers [3].
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Fig. 1. General structure of the sigma converter. DCX means dc—dc trans-
former and D2D means dc to dc converter.

Using an LLC converter as a dc—dc transformer (DCX) [4],
[5], which operates at the resonant frequency, is a suitable
solution for maximizing the conversion efficiency. However,
the voltage regulation capability cannot be maintained because
the switching frequency is fixed [6], [7]. To make the DCX
converter achieve both flexible voltage regulation and high effi-
ciency conversion, the sigma converter structure first proposed
in [8] can be utilized. In [9], a 1-V voltage regulation module
using sigma structure is introduced. It is a combination of an
LLC-DCX converter and a dc to dc (D2D) converter (like a
buck converter), which are series-connected at the input and
parallel-connected at the output (ISOP), as shown in Fig. 1.
This structure is suitable for applications that need to con-
nect high voltage interface with low voltage interface, where
the high-voltage port has exceeded the withstand voltage of
a single switching device, such as railway traction systems,
new energy electric vehicle charging systems, and energy router
[10]. With this sigma structure, the inputs of multiple dc—dc
modules can be connected in series to solve the disadvantage
of the conventional single converter with limited voltage stress
and power flow. Similar to this structure, in [11] and [12],
a regulated LLC-DCX is proposed. An auxiliary pulsewidth
modulation (PWM) dc—dc stage is used to regulate the output
voltage. In these cases, LLC-DCX converter works at the res-
onant frequency and transfers the main power to achieve high
efficiency conversion, and the D2D converter is used to maintain
the voltage regulation through partial transferring power. It is
worth pointing out that, for these studies in [9]-[12], the power is
unidirectional because the added D2D converter for adjusting the
output voltage is unidirectional. Meanwhile, the ZVS operation
is easy to achieve for LLC converter in the sigma structure, as the
primary side bridge can work as a high frequency inverter and the
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Fig. 2. Traditional DAB-LLC DCX converter structure proposed in [17].

secondary side bridge can work as a synchronous rectifier (SR)
in unidirectional application [9]. To make the sigma converter
capable of transferring bidirectional power with isolation, the
D2D converter can be replaced by an isolated bidirectional
converter.

For bidirectional power transferring, the dual active bridge
(DAB) converter is a preferred topology with a wide range
of ZVS operation. For a DAB converter, the control of the
power flow and direction is simple because the power is di-
rectly related to the phase shift angle [13], [14]. In [15], it is
mentioned that DAB converter has higher efficiency than LLC
converter under heavy load, but such a conclusion is obtained in
high-step-down fixed-conversion-ratio applications, where the
current is relatively large being the main efficiency-limiting
factor. However, for high voltage and low current occasions,
the current is only one of the key factors affecting efficiency,
as well as circulating current, ZVS and etc. [16]. It is worth
noting that the D2D converter only transfers a part portion of the
total power in the sigma structure, thus, these shortcomings can
be minimized to some extent. Consequently, to utilize both the
bidirectional power flow capability of DAB converter and high
efficiency of LLC-DCX converter, a hybrid modular DCX uti-
lizing a series-resonant-DAB (SR-DAB) and phase-shift-DAB
(PS-DAB) converter topology is studied in [17], which can also
be regarded as a sigma structure. In [ 18], a hybrid dc transformer
with the ISOP configuration is proposed combining multiple
series resonant converters and DAB converters. It is then used
to be an interface between medium voltage dc and low voltage dc
distribution grids. In addition, LLC converter and DAB converter
are combined in [19] to form a DAB-LLC DCX converter, as
shown in Fig. 2. With properly design, the main power flows
through LLC converter, and DAB converter can undertake only
a part portion of power to adjust the output voltage. In this way,
the high efficiency conversion of LLC converter and the natural
bidirectional power control capability of DAB converter can
be fully utilized [19]. However, these studies [17]-[19] mainly
focus on the power control for the sigma connection utilizing
multitypes of converters, while the PWM scheme and the ZVS
operation are not further investigated. In addition, due to the
combination of multiple converters, the switch count becomes
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significantly large, resulting in more losses if the ZVS operation
cannot be ensured.

For a full load range ZVS of LLC converter in DAB-LLC
structure under unidirectional power transfer, as mentioned pre-
viously, it is easily achieved since the secondary side switches
only operate as a SR according to the current zero crossing point.
However, for bidirectional power transmission applications, the
PWM scheme for LLC converter is a challenge, because the
SR circuit would have to exchange under different power trans-
mission direction. In [20], a PWM strategy is proposed to face
with bidirectional power transfer without power flow detection
procedures, but only switches in one bridge can achieve ZVS.
Similarly, although the switches can be turned on and off si-
multaneously at the primary and secondary side without SR
detection and achieve constant voltage gain, only half of the
switches can achieve ZVS operation [21]. At the same time, it is
analyzed in [22] that when the switching frequency equals to the
resonant frequency, if the drive signals of primary and secondary
side are consistent, the secondary side is hard to achieve soft
switching. To achieve the full load range ZVS operation of
all switches, the series-resonant converter is modified with an
auxiliary inductor in [23]. However, the added auxiliary inductor
will increase the circuit complexity and induce additional losses.
In [24], a digital adaptive synchronous rectification driving
scheme is proposed to achieve ZVS operation of all switches.
And, a bidirectional LLC converter, which achieving transition
between the forward and backward mode is presented in [25].
However, for these strategies [24], [25], the PWM logics shifting
under different power transmission directions are complicated,
and are highly dependent on the system parameters. In addition,
the effects of junction capacitors on the ZVS operation are not
discussed for these previous methods. As pointed out in [26],
the secondary side junction capacitors can cause the inconsistent
charge/discharge time. This further increases the complexity of
achieving full load range ZVS achievement.

To achieve full load ZVS range of LLC converter in the sigma
structure, this article proposes an LLC-DAB bidirectional DCX
converter with reduced switch count. The junction capacitors
of all the switches are considered when analyze the working
principle and ZVS achievement. The connection of LLC and
DAB in the sigma structure is reconstructed. Under the pro-
posed modification, four switches in the secondary side can be
removed, and it also offers a new solution for the bidirectional
LLC converter to achieve the full load range ZVS operation
of all switches. The secondary side of DAB transformer is
directly connected in parallel with the secondary side of LLC
transformer to provide sufficient charging energy to achieve
the ZVS operation of the secondary side switches. It should be
pointed out that DAB circuit only transfers part portion of the
total power and it can achieve wide load range ZVS when the
voltage gain variation is small. The advantages of the proposed
solutions are summarized as follows.

1) The output voltage can be regulated while ensuring high
efficiency. Referring to the sigma structure, the proposed
converter consists of a bidirectional LLC circuit and an
auxiliary DAB circuit. The main power flows through
LLC primary circuit, and the auxiliary DAB circuit is used
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Fig. 3. Proposed LLC-DAB bidirectional DCX converter. (a) Detailed circuit
diagram. (b) Power distribution diagram.

to control the power flow direction. And when the input
voltage varies, the output voltage can be regulated.

2) The switch count of the secondary side is reduced from 8
to 4, and the auxiliary DAB circuit can not only transfer
partial power to adjust its output voltage, but also can
inject current into the secondary side to support the ZVS
operation.

3) The PWM scheme is easy to be implemented. Under
different power transmission directions, without changing
the modulation logics of LLC primary circuit and the
secondary side, whose driving signals of the primary and
secondary sides are identical, full load range ZVS can
be achieved for the main eight power switches, and four
auxiliary switches in auxiliary DAB circuit can achieve
wide ZVS range. This simple control method does not
require power transmission direction judgment and SR
detection.

The rest of this article is organized as follows. Section II
introduces the topology and analyzes the operation modes under
different power directions. The analysis of ZVS range for all
the switches under different power directions is presented in
Section III, Section IV gives the parameters design, and Sec-
tion V illustrates the experimental results from a 2 kW prototype,
which verify the effectiveness of the proposed topology. Finally,
Section VI concludes this article.

II. PROPOSED CONVERTER AND OPERATION PRINCIPLES

A. Converter Topology

The topology of the proposed LLC-DAB bidirectional DCX
converter is shown in Fig. 3(a). Different from the structure
shown in Fig. 2, the secondary side of the transformer of
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auxiliary DAB circuit is directly connected in parallel with the
secondary side of the transformer of LLC primary circuit. In this
way, only four switches are needed in secondary side, which
reduces the switch count.

In Fig. 3(a), Q1—Q4, O5—Q0g are the switches of LLC primary
circuit and auxiliary DAB, respectively. S;—S, are the secondary
side switches. L,., L,,, and Ly, are the resonant inductor, magne-
tizing inductor, and leakage inductor, respectively. C,, Cy, Ca,
and C, are the output filter capacitor, and input capacitor of
LLC primary circuit, input capacitor of auxiliary DAB circuit
and resonant capacitor, respectively. Cp ¢, CppDAB, and Cg
denote the junction capacitors for switches in LLC primary
circuit, auxiliary DAB circuit and secondary side, respectively,
which are equivalently obtained according to [27]. V1, Vo, Vo1,
Ve, and v, represent the total input voltage, output voltage,
input voltage of LLC primary circuit, input voltage of auxiliary
DAB circuit and resonant capacitor voltage, respectively. i, i1,
irm, and iz are the secondary side current, resonant current,
magnetizing inductor current, and leakage current, respectively.
K, and K5 are the turns ratio for transformers 7, and 7o,
respectively. With proper design of these two turns ratios, the
distribution of the power for LLC primary circuit and auxiliary
DAB circuit can be controlled. It is assumed that V1/K1 = Vs
under the steady state since LLC circuit works in DCX mode.
The main power flows through LLC primary circuit to achieve
high conversion efficiency, and the auxiliary DAB circuit utilizes
partial power to achieve voltage regulation and bidirectional
power flow control, as shown in Fig. 3(b), where A is the power
distribution coefficient. Under this power distribution, Q1—Q4
and §1-S, are selected as main switches and Q5—Qyg are selected
as auxiliary switches.

The PWM logics are shown in Fig. 4, where T is the switching
period. The proposed converter is operated at a fixed resonant
switching frequency with 50% duty cycle. The upper switch and
lower switch in any bridge leg are complementary. The driving
signals of Q; (i =1, 2, 3, and 4) are the same as that for §; (i = 1,
2,3, and 4) at the secondary side. For the auxiliary DAB circuit,
Qs and Qg are turned ON and OFF simultaneously, and has a phase
shift angle ¢ with respect to the driving signal of Q7 and S;. The
voltage regulation and power flow control can be obtained with
the controlling of ¢. It is worth noting that the power transfer
from V7 side to Vs side is denoted as forward power transfer.
Fig. 4 shows the key waveforms of the proposed converter under
forward and backward power transmission mode.

B. Forward Power Transmission Mode

Fig. 4(a) shows the key waveforms under forward power
transmission mode. The equivalent circuits during each time
interval are shown in Fig. 5.

Before t(, the switches of LLC primary circuit and the sec-
ondary side are turned off. And, Qs and Qg are conducted. The
resonant current iy, flows through the body diodes of Q1 and
Q4. The secondary side current i, flows through the body diodes
of S and Sy, as shown in Fig. 5(a).

Stage 1 [ty, 1] [see Fig. 5(b)]: At ty, O1, Q4, S1, and Sy
are turned ON with zero voltage switching. LLC primary circuit
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Key waveforms of the proposed converter. (a) Forward power trans-

enters the resonance process. The resonant current iLr magne-

tizing current iy, leakage current iy, and resonant capacitor

voltage v, can be expressed as
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Equivalent circuit of the proposed converter in forward power trans-
mission mode. (a) Before g. (b) [tg, t1]. (¢) [t1, t2]. (d) [t2, t3]. (€) [t3, t4]. (F)
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sides (is1 and i49), is shown as follow:

©))

Stage 2 [t1, t2] [see Fig. 5(c)]: At t;, O5 and Qg are turned
OFF. The leakage current i;;(71) is larger than zero, which is
expressed as

Z‘s - isl + isZ = Kl (iLr - ZLm) + K2iLk~

. _ 2KoVop — KoVo + Vo KoVag
irk (t1) = =

4kas 2kas

where f is the switching frequency. The junction capacitors of
auxiliary DAB circuit can be discharged/charged through iy .
At the end of this stage, i1 flows through the body diodes of
Qg and Qr to create the ZVS turn ON condition.

Stage 3 1, t3] [see Fig. 5(d)]: Att2, Qg and Q7 are turned ON
with zero voltage switching. Then, iy starts to decrease with a
constant slop.

Stage 4 [ts, t4] [see Fig. 5(e)]: At t3, Q1, Q4, S1, and Sy are
OFF. At this time, i, is equal to i1,,,, which can be expressed as

K\Vs
AL fs

During this stage, the magnetizing inductor current will
charge/discharge the junction capacitors of switches in LLC
primary circuit. As for the secondary side switches, even though
the secondary side current of 7 will approach zero, the current
of T5 can still provide energy to discharge/charge the junction ca-
pacitor of the secondary side switches to achieve ZVS switching.
The current of the transformer secondary side can be expressed
as (5). At the end of this stage, the body diodes of Qs, O3, So,
and S3 will be conducted

is (tB) =2 (t3) (5)

Stage S [After t4] [see Fig. 5(f)]: Atty, O2, O3, S2, and S5 turn
ON with zero voltage. After 74, the operation mode is similar to
Stage 1, and the other half of the switching period begins.

3

Iy =1Lm = (4)

= Ksipy < 0.

C. Backward Power Transmission Mode

When the power transfer is reversed, the phase-shift angle ¢
will be negative. The backward operation is shown in Fig. 4(b).

Stage 1 [t5, ts] [see Fig. 6(a)]: At 5, Q5 and Qg are turn ON.
During this stage, L, is resonating with C,,, and iy increases
linearly since the applied voltage is constant.

Stage 2 [tg, t7] [see Fig. 6(b)]: At tg, Q1, Q4, S1, and Sy are
turned OFF. And, iy, equals to iy,. At this time, i; = i42, since
is1 1s approaching zero.

Then, the junction capacitors of switches in LLC primary
circuit can be charged/discharged by current iz, and those in
the secondary side can be charged/discharged by current igo. At
the end of this stage, the body diodes of Qs, O3, S2, and S5 will
be conducted.

Stage 3 [t7, t3] [see Fig. 6(c)]: Att7, Oz, O3, S2, and S3 are ON
with zero voltage. Then, i starts to increase and the resonant
tank enters into the resonance process again.

Stage 4 [After tg] [see Fig. 6(d)]: At ts, Q5 and Qg are
turned OFF. The discharge/charge process of junction capacitor
is similar to the forward operation. After g, the operation modes
are similar with the previous stage.
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III. ZVS OPERATION ANALYSIS

This section mainly analyzes ZVS conditions of all the
switches under the forward power transmission and backward
power transmission modes.

A. ZVS Analysis of the Secondary Side Circuit

A. 1) Forward Power Transmission Mode: As analyzed pre-
viously, iz reaches the negative maximum during Stage 4 in
the forward power transmission mode, which can inject current
to the secondary side to assist the discharge/charge process
according to (5). Moreover, when the junction capacitors of LLC
primary circuit complete discharge/charge process, i, starts to
decrease. The difference between iy, and ij,, can also assist
the secondary side to achieve the ZVS operation. Then, to com-
pletely discharge/charge of secondary side junction capacitors
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before the end of the dead time, the following relationship should
be satisfied:

2Ktk (t3) Thead + (Tdead - Tpfdis) Kiitm (t3) > 403‘/2
(6)
where i (t3) and i1,,(f3) can be calculated according to (1),
and T'gcaq and T}, gis are dead time and discharge/charge time of
LLC primary junction capacitors, respectively.
2) Backward Power Transmission Mode: Under the backward
power transmission mode, the secondary side current can be
deduced from the circuit

is = K1 (irr —inm) + Kaipk. (N

The difference of the ZVS operation analysis between the
backward and forward power transmission mode is that the
transformer secondary current of auxiliary DAB circuit starts to
decrease toward zero, as shown in Fig. 4(b). Then, the secondary
side current at the end of the discharge/charge process can be
expressed as

is_end = Kl (iLr (tﬁ) + AiLT - iLm (t6))
+ K (izk (te) + Airk) 3)

where Ay, is the variation of resonant current caused by the
inconsistent discharge/charge time of C),',c and Cs, and Aipy,
means the current injected into the secondary side by auxiliary
DAB circuit gradually decreases. According to (8), the range of
ZVS operation of the secondary side is narrower.

In order to ensure the achievement of ZVS operation of the
secondary side, the secondary side current needs to be negative at
end of Stage 2 [tg, t7] in the backward power transmission mode.
As the switches are turned off at the resonant point, i,.(5) equals
to i1m,(ts) in (8). Thus, the secondary side current at the end of
this interval i,-¢,q can be expressed as

1s_end

Ky*Vao Voo + KaVo
K
2L fs M Ly,

= KlAiLr — (Tdead - Tdis)

€))

where Ty;s is the total discharge/charge time of primary and
secondary. The difference of the discharge/charge time for pri-
mary and secondary side junction capacitors will bring a sudden
change on the voltage v,,- crossing the resonant inductor L,., thus
changing the sign of Aiy,.. When the discharge/charge time of
the secondary side is shorter than LLC primary circuit vy, =
Ve1+Ky Vo+v e, which make Aip,. to be positive. Conversely,
if the discharge/charge time of the secondary side is longer than
LLC primary circuit vy, = -V¢1-K1 Vo+v oy, which make Aip,.
to be negative. According to (9), the range of ZVS operation can
be extended if Aiy, is negative. Therefore, T)-qis is designed
smaller than the discharge/charge time of the secondary side
T-qis to make vp,,- smaller than zero in this article. The theoret-
ical discharge/charge time can be calculated as

Tp?dis - SCprLCmes
4C€kas'

Ts_dis = T35 -

K> ¢

(10)
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An illustration of the discharge/charge process is shown in
Fig. 7. The equivalent charging capacitor value is used here,
so the discharge/charge process can be linear. Then, v, at the
end of the discharge/charge time of LLC primary circuit, can be
calculated as

1 isK Kot t
i (tea) = —2K1Va + vor (tea) + 22221 20k (t6)

s
Va Ty ais K1 K>* Voo
= 2K,V = 0
W2t Re T (K1 +Ky) 2nfCa
(11

where R denotes the load. Since the discharge/charge process of
secondary side is not complete, the remaining discharge/charge
time is divided into two interval from ¢, to fg..

The first duration is from f4, to the time when v, becomes
zero at tgp, and ir, will decrease to be less than iy,,, which
causes the current of the transformer secondary side of LLC
primary circuit is; less than zero. Then, the discharge/charge
process of the secondary side will be accelerated. Denoting that
T6va = tgb-tga, it is obtained that

K1 K9*Vao
2Cstfs

K1 Tepa vrr (tea)
2C, L,

ULr (th) = ULy (t6a) -

=0.

+ (12)

At end of this interval, the variation of the resonant current
can be calculated as

A'L'Lrl

| KoPVao + ) (Ko*Va0) 480, Li? £ v, (f6)?/ Ly
B 1K, Li ], '

(13)
Then, the duration T3, from fg, to g can be expressed as

2kasCsULr (tﬁa)
K1 (K2*Vag + 2Ly f K1 Nipy)
(14)

Toba = tep — toa = —
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The second duration is from 7g; to the time when the dis-
charge/charge process of secondary side is complete at #s, the
secondary side junction capacitor voltage can be calculated as

ver o V2
2K, 8RC,f. K (K + K3)'

Uds_s (tﬁb) = (15)

When vy, becomes larger than zero, i, starts to increase until
the discharge/charge process ends. The variation of the resonant
current in this interval can be calculated as

AiL7’2

2
__K22‘/2¢+ \/(K22Vv2¢) +16Lk2f5205udsfs (th) UC’I‘/LT

4K, Ly fs
(16)

Then, the duration Tg ., from fg to tg. can be calculated as

4kascsudsfs (th)
Ky (—K2*Vod + 2K Ly foNip1)
(17)
Finally, the total variation of the resonant current Aiy,,. and the
duration from 7, qis to the completion of the discharge/charge
process can be obtained as

Airy = Nigro — ANiprr
Tﬁca = Tﬁba + Tﬁcb '

Toeh = toe — tep = —

(18)

Based on (10) and (18), is-enq can be calculated as

, , K5*V,
1s_end = KlAZLr - ;Tf{‘)d)
Voo + KoV,
+ Ky~ —22% (Tucaa — Toca — Ty g,)  (19)

Ly

where Air, can be calculated according to (13) and (16), and
T o can be calculated according to (10), (14), and (17). There-
fore, through proper parameter design, the current before the
switches turned on, i -o;,q in (19), can be negative, thus achieving
the ZVS operation of the secondary side.

B. ZVS Analysis of LLC Primary Circuit

1) Forward Power Transmission Mode: When the switches of
LLC primary circuit are turned OFF, the resonant current equals
to the magnetizing inductor current. Then, the ZVS realization
depends on the magnetizing inductor current iy,,,,. To complete
the discharge/charge process of the junction capacitor during
dead time, according to (10), the discharge/charge time can be
derived as

Tp_dis = SCp_LLCmeS < Tdead' (20)

At the same time, the dead time should not set too large to
cause antiresonance.

2) Backward Power Transmission Mode: As shown in
Fig. 4(b), under the backward power transmission mode, the
charging/discharging energy are also provided by the magnetiz-
ing current, therefore, (20) is still valid.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 2, FEBRUARY 2022

1 T T T 3
oal P{:IWE!’ Maé'gin i P S W 0 U O SO
| Dra .
: [
0.6 i =
* : - P
» | P RSN B0 @ns)
0.4 r / ;
: 1 |
0.2 /e R o e R o5 - :
0 . 0
0 0.1 0.2 0.3 0.4 0.5 0 0.2 0.4 0.6 0.8 1
¢ P
(2) (b)
Fig. 8. Transferred power characteristics and the ratio of the reactive power

for the DAB converter. (a) Transferred power characteristics. (b) Ratio of the
reactive power to active power.

C. ZVS Analysis of Auxiliary DAB Circuit

The ZVS operation analysis of auxiliary DAB circuit using
the SPS modulation strategy has been discussed extensively in
the literature. In the proposed converter, the energy stored in the
leakage inductor needs to be higher than the energy stored in the
junction capacitor of switches, as follow:

2

. 2 2
Liirk oftmin~ > 2C, paBVe2

where i1 offmin 18 the minimum turn OFF current.

IV. PARAMETERS DESIGN

According to the abovementioned analysis, to realize the ZVS
operation of all the switches under different power transmission
directions, the parameters needs to be proper designed.

A. Power Distribution and Transformer Turns Ratios

Since the proposed converter is a sigma structure, the distribu-
tion of power flowing through LLC primary circuit, and auxiliary
DAB circuit is determined by the corresponding transformer
turns ratio. Referring the power distribution analysis in [19],
this article further discusses. It can be known that if the power
ratio of auxiliary DAB circuit is very small, it will affect the
dynamics of the system. At the same time, the power ratio of LLC
primary circuit will increase accordingly, causing high voltage
stress of the switches, which will result in the need for higher
voltage level switching devices and insulation. In this article, the
power distribution is designed based on the tradeoff between
ZVS region and these aforementioned factors, which will be
shown in part C.

B. Leakage Inductor Ly,

The leakage inductor in auxiliary DAB circuit is a power link
between the primary and secondary side, and it is related to
the maximum transmission power. The maximum steady-state
phase shift angle ¢y, is defined as 0.25 considering the maxi-
mum power margin and the ratio of the reactive power to active
power, as shown in Fig. 8.

The maximum value of L;, can be obtained as

K>RV max 1- max
I, < 52 C2@max (1 — ¢ )_

N 2V2 fs (22)
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Then, based on the ZVS operation analysis of auxiliary DAB
circuit, the minimum iz, can be deduced according to (3) as
; - KoVogmin
Lk_off min 2kas
where n is the ratio between ¢, and ¢, which can be
obtained as

ULk_off

(23)

n = ¢max — 2¢max . (24)
d)min ]. — \/]. — (08) ¢max (1 - ¢nlax)
Substituting (22) and (23) into (24) can obtain as
2 _ 2
Lk Z 2CYp_DABI(Q [TLRVCQ (]- Qbmax)] ' (25)

V2
The minimum leakage inductor corresponding to the min-
imum turn OFF current can be obtained, which ensures ZVS
operation under light load conditions (10% of rated power).
If the value is less than the rated maximum inductor value, a
compromise can be made within the interval, given as

KoRVead (1 —¢)
2V2fs )

20, papK3[nRVes (1 - 9)1” _ L <

V32 ==
(26)

C. Magnetizing Inductor L,,

According to the previous ZVS analysis, the secondary side
under backward power transmission is the most difficult to
achieve ZVS. The discharge/charge time of LLC primary circuit
T _dis is designed to be smaller than the secondary side time
T_gis for extend the ZVS operation range. According to (10),
L,, should be satisfied the following relationship:

CsLy,

2K2°¢C) Lrc

27

It can be seen from (24) and (25), the magnetizing inductor
is related to the transformer turns ratio, which means that to
determine the above parameters, it is necessary to determine
the power distribution. Since the proposed structure, the power
distribution of the auxiliary DAB circuit when ignoring the
conversion loss is given as

Ppas _ Ppas _ Veoin
P, Prrc+Ppap Vet + Veais
Ky
= 28
K1 K, (28)

where 7; is input current and A is a power distribution coefficient.
In order to determine the power distribution relationship, the
basic parameters of the proposed converter are given in Table I,
where the value of the junction capacitors can be obtained by
referring to the datasheet. To achieve high efficiency, the propor-
tion of the power that flows through auxiliary DAB circuit should
be as low as possible to ensure that main power flows through
LLC primary circuit. Generally, A is better smaller than 1/3,
thus, the leakage inductor Lj and power devices can be initially
determined according to (26). As the switching frequency selects
as 100 kHz, the resonant inductor L,. and the resonant capacitor
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TABLE I
SYSTEM PARAMETERS
Symbol Parameter Value
Vi Input Voltage 750 V
143 Output Voltage 400 V
L, Resonant Inductor 25 uH
C, Resonant Capacitor 0.1 pF
Ly Leakage Inductor 55 uH
P, Rated Power 2 kW
s Switching Frequency 100 kHz
Cy 1ic Junction Capacitor in LLC Primary Circuit 200 pF
Cy pas Junction Capacitor in Auxiliary DAB Circuit 250 pF
C; Junction Capacitor in Secondary 290 pF
Non ZVS Region
100
LyH) 5 550 P(W)
©
Fig. 9. ZVS range of the secondary side in backward power transmission

mode. (a) A = 1/3. (b) A =4/15. (c) A = 1/5.

C,. are selected, as shown in Table I, to form a resonant tank,
where the relationship can be expressed as

1
2L, C,

In order to final design magnetizing inductor L,,, under the
premise of satisfying (27), substituting system parameters into
(19) to calculate the secondary side current i, at the end of dead
time under different L,,, with different A, as shown in Fig. 9. If

fs:fr: (29)
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01, 02, 03, 04 frequency 81, 82, 83, S4 or
*® LLC Primary Circuit [_'_ S“"gi‘i‘zzyits’d”[ v,
Vi -
Auxiliary DAB Circuit
—e—
Q5$ Qﬁs Q7s QX
V;
[R— SPS ¢ PI 42—
Synchronous  PWM Driver < W
Clock
Fig. 10.  System control block diagram.
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Fig. 11.  Performance of the proposed converter under different power trans-

mission modes. (a) Forward power transmission mode. (b) Backward power
transmission mode.

the secondary side current i; can maintain a negative value, the
ZVS operation can be achieved. It can be seen from Fig. 9, if
L, exceeds the boundary, there will be a case where i, is greater
than zero in the same power range, thus causing ZVS to be lost.
It can also be concluded from Fig. 9 that when A is decreased,
the ZVS region can be extended.

According to previous analysis, the voltage regulation ability
will be weak as A decreases. Finally, the magnetizing inductor
L,, and the power distribution coefficient A are selected as
500 pH and 4/15 for a compromise according to Fig. 9.

V. EXPERIMENT RESULTS

A 2 kW LLC-DAB bidirectional DCX converter prototype
is built up with 750 V input and 400 V output voltage. The
system circuit parameters are previously shown in Table I
The system control block diagram is shown in Fig. 10. The
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Fig. 12.  Key waveforms of power distribution of the proposed converter. (a)
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Fig. 13.  Gate signals of LLC primary circuit and secondary side under the
full load condition. (a) Forward power transmission mode. (b) Backward power
transmission mode.

LLC circuit is open loop operation, which is operated at fixed
resonant switching frequency. A proportional-integral controller
is adopted by auxiliary DAB circuit to regulate the output voltage
regulation, which is implemented on a digital signal processor
TMS320F28069.
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Fig. 14.

Soft switching performance of the proposed converter under forward power transmission mode. (a) and (d) are for LLC primary circuit in full and light

load conditions. (b) and (e) are for the secondary side in full and light load conditions. (c) and (f) are for auxiliary DAB circuit in full and light load conditions.

A. Steady-State Performance

The steady-state performance of the proposed converter under
full load in different power transmission directions is shown
in Fig. 11, which includes output voltage V,,, leakage inductor
current of auxiliary DAB circuit iz, resonant current of LLC
primary circuit iy, and output current /,, respectively.

In order to verify the power distribution relationship, Fig. 12
shows the input voltage of LLC primary circuit and auxiliary
DAB circuit, V1 and Voo, under light and full load condition. It
can be seen that the ratio of input voltage of LLC primary circuit
and auxiliary DAB circuit is around 550/200. As the proposed
converter is series-connected at the input, the input currents of
the two circuits are equal. Hence, it can be calculated that the
power flowing through LLC is 550/(550+200) = 73.3% of the
total power, and the power flowing through DAB accounts for
200/(5504-200) = 26.7% of the total power. Therefore, the main
power is processed by LLC primary circuit, while partial power
has been transferred through the auxiliary DAB circuit. This
agrees well with the analysis.

Fig. 13 shows the gate signals of the switches in LLC primary
circuit (#gs_¢1) and the secondary side (uys_g1) under the
forward and backward power transmission modes, which are
consistent. It means that the PWM scheme does not need to be
changed when the power direction changes, and it is easy to
implement.

B. Soft Switching Performance and Comparison

In order to verify ZVS performance under the forward power
transmission mode. The soft switching performance of proposed
solution is shown in Fig. 14, where Fig. 14(a)—(e) shows the
output voltage V,, resonant current of LLC primary circuit i,
drain to source voltage, and drive voltage can be observed.
Fig. 14(c) and (f) shows the output voltage V,, leakage current
of auxiliary DAB circuit iz, drain to source voltage and drive
voltage, respectively. From the measured waveforms, the ZVS
operation on all switches of the LLC primary circuit, secondary

TABLE II
SWITCH TYPES FOR THE CONVERTERS

Item Proposed Converter Converter in [19]
01-04 NTHLI190N65S3HF

S1-84 FCHO72N60 IPW60R170CFD7
0Os-0s IRFP4137PBF

Ss - Ss Not Used IPW60R125P6

side and auxiliary DAB circuit can be realized under the full
load (2 kW) and light load (200 W).

Similarly, the soft switching performance under backward
power transmission mode is shown in Fig. 15. It can be seen
that the ZVS operation on all switches can also be achieved
under full load (2 kW) and light load (200 W) condition.

To further demonstrate the superiority of the proposed con-
verter in terms of ZVS operation, comparison experiments are
carried out on the traditional DAB-LLC DCX converter proposed
in [19], where the system parameters are the same as those in
Table I, and the switching devices on the secondary side are
chosen to be the same, as shown in Table II. Fig. 16 shows its soft
switching performance. It can be seen that the ZVS operation
is lost at half load and full load conditions when the power
transfers backward. Therefore, it can also be verified that under
the same modulation strategy, the traditional DAB-LLC DCX
converter is difficult to completely realize the ZVS operation
in full load range under different power transmission modes.
While the proposed solution is effective which has been shown
in Figs. 14 and 15, respectively.

C. Dynamic Performance and Efficiency

In order to verify the voltage regulation capability, the load is
changed from 400 W to 1800 W. The key waveforms are shown
in Fig. 17. It can be seen that the output voltage remains stable
at 400 V under the load step change.
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Soft switching performance of the proposed converter under backward power transmission mode. (a) and (d) are for LLC primary circuit in full and light

load conditions. (b) and (e) are for the secondary side in full and light load conditions. (c) and (f) are for auxiliary DAB circuit in full and light load conditions.

Uy 54:[250V/div] .
/ — i;,2[10A/div] #gs sa:[10V/div]

Non-ZVS

L
(a

Time:[1ps/div]

72,5005,
SM points

[; %50 V N

u

[10A/div]

Uy s42[250V/diV] iLr
~ Ugy s4:[10V/div]

Non-ZVS

Time:[1ps/div]

LS ¥

1.00p:s 2.5065/5
o Ju 5M points

Fig. 16 . Soft switching performance of secondary side in the traditional DAB-
LLC DCX converter under backward power transfer. (a) Half load condition. (b)
Full load condition.

V,:1100V/div]

==

, . A
ir,:[10A/div] ii:[10A/div]
Y S

X
L:[5A7div]|

Time:[400ms/div]

@ 100V &

10.0 A B
Fig. 17.
change.

1.25MS/s
5M points

/
600mA

3 SE‘M . ][400ms

Dynamic performance of the proposed converter with a load step

V,:[100V/div]

ir,:[10A/div] ie:[10A/div]

e
700V Vi [500V/div]
B
Time:[400ms/div]
E) 100 v By 6 400ms 1.2?MS/3 o/
1004 & 500 V &y ][ 5M points 600mA

(a)
V,:[100V/div]

i, [10A/div]

. SR
iLk: 10A/div

L
Vi [500V/div]

ime:[400ms/div]

100V &
10.0A &

1.25MS/s
5M points

e/

400ms.
& 600mA

(b

[2]
@ 500

|0

Fig. 18.  Performance of the proposed converter with input voltage variation.
(a) Input voltage drops. (b) Input voltage increases.

Since LLC primary circuit and the secondary side is used as a
DCX in the proposed converter, its output voltage is determined
by the input voltage. When the input voltage changes, the
proposed converter can stabilize the output voltage by adjusting
the phase shift angle in auxiliary DAB circuit. Fig. 18 shows
the key waveforms when the input voltage drops from 750 V to
700 V and increases from 750 V to 800 V. It can be seen that the
output voltage remains constant under different input voltage.

D. Efficiency Comparison

In order to verify the advantages of choosing LLC circuit as the
main power processing unit, Fig. 19 shows the loss comparison
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Fig. 21. Measured efficiency under different load conditions.

between the proposed converter with LLC as the main power
processing unit and the proposed converter with DAB as the
main power processing unit, under rated power (2 kW) and light
load power (200 W), respectively. It can be seen that compared
with DAB as the main power processing unit under rated power
and light power, the loss reduction of the proposed converter is
6.8 W and 1.6 W, respectively. Therefore, the proposed converter
with LLC as the main power processing unit is more efficiency.

For better illustrating the efficiency performance of the pro-
posed converter within a certain input voltage range, the com-
parison of loss breakdown results are presented in Fig. 20 when
the input voltage are 700 V, 750 V, and 800 V, respectively. It can
be seen that when the input voltage is increased, the total loss
are increased. That is because the power flowing through the
DAB circuit is increased, resulting in increased loss. However,
the increased loss is relatively small and acceptable.

The comparisons of the measured efficiency under different
load conditions between the proposed converter and the tradi-
tional DAB-LLC DCX converter are shown in Fig. 21. It can
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be seen that the peak efficiency of the proposed converter is
97.3%. The efficiency of the traditional converter under light
load is much smaller, and the efficiency under other loads
is also smaller than the proposed converter. In addition, the
proposed converter also has less switch number compared with
the traditional converter.

VI. CONCLUSION

To achieve flexible voltage regulation, and a wide load range
of ZVS operation of all switches under the forward and back-
ward power transmission, this article proposed an LLC-DAB
bidirectional DCX converter. The proposed converter adopts a
sigma structure. By connecting to the same full-bridge circuit in
the secondary side, the proposed converter requires four fewer
switches than the conventional solution. In this way, DAB is used
as an auxiliary power regulation unit that only processes partial
power, and LLC primary circuit transfers the main power with a
simple PWM scheme, achieving a high efficiency. The operation
modes, the ZVS operation range considering the switch junction
capacitors, and the design are discussed in detail. Finally, the
experimental results have verified the effectiveness of the pro-
posed converter by comparing its performance with that of the
conventional solution. As for the future work, since the outputs
of the two transformers are connected together, the modeling of
this structure to analyze the dynamic performance is worth of
study.
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