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Optimized Bidirectional DC-DC Converter Adapted
to High Voltage Gain and Wide ZVS Range

Yiliang Li, Yijie Wang
and Dianguo Xu

Abstract—As a key component connecting dc microgrid and
energy storage system, dual active bridge (DAB) converter has
some inherent problems under high gain conditions. To solve the
problems, this article proposes a half-bridge cascaded DAB con-
verter with partial switch sharing. The converter combines the
advantages of high voltage gain, wide soft switching range and
less reactive backflow loss, under a hybrid modulation strategy
based on pulsewidth modulation control and phase-shift control.
In this article, the output power, soft switching characteristic
and reactive backflow loss are analyzed in detail. By using the
Karush-Kuhn-Tucker function method to achieve multiobjective
optimization, the system can achieve the zero voltage switch (ZVS)
turn-ON and reduce the reactive backflow loss. Moreover, the cou-
pled relationships among variables are clarified clearly, and the
system can achieve high voltage gain at low turns ratio. A 500 W,
100 kHz experimental prototype is built to verify the correctness
of the theoretical analysis.

Index Terms—Bidirectional dc/dc (BDC) converter, phase shift
control, soft-switching, switch sharing.

I. INTRODUCTION

the stable operation and power quality of microgrid are
facing new challenges [1], [2]. Energy storage system has at-
tracted extensive attention as an effective way to ensure the
safe operation and efficiency improvement of microgrid [3], [4].
Fig. 1 shows the structure of the dc microgrids system based
on distributed generation. The high-performance bidirectional
dc/dc (BDC) converter, which connects the microgrid and the
energy storage system, is an essential interface circuit to control
the bidirectional flow of energy, maintain the stability of the grid
voltage, and improve the power quality of the dc grid [5], [6].
BDC converter can be divided into two categories: nonisolated
and isolated and suitable for different application scenarios [7].
Compared with the nonisolated BDC, the isolated BDC has
electrical isolation between the voltage of transformer on both
sides. By connecting the dc bus with the energy storage system
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Fig. 1. DC microgrids system structure based on distributed generation.

of different voltage levels through the isolation transformer, the
reliability and stability of the microgrid system are improved.
Therefore, isolated BDC converters are more suitable for energy
storage systems with high safety requirements [8], [9], [10]. As a
representative circuit in isolated BDC, dual active bridge (DAB)
converter has become a research hotspot due to its advantages of
symmetrical circuit structure, good soft-switching characteris-
tics and large transmission power capacity [11], [12]. The DAB
converter relies on the voltage difference between the two ends
of the inductor to achieve power transmission. Therefore, single
phase shift (SPS) control is the common control method of the
DAB converter which is simple and easy to implement [13], [14].

In microgrid applications with high voltage gain, DAB con-
verter with SPS control has some fundamental issues, for in-
stance, high reactive backflow loss and poor soft switching
characteristics [15]. To address these issue, different methods
are proposed, such as hardware optimization and software opti-
mization. To improve the voltage and power level of BDC, de-
vice series-parallel is the most typical technical idea. However,
the consistency of switches brings great risks to device series
technology [16], [17]. On the basis of the device series-parallel
scheme, Zhao et al. [18] and Liserre et al. [19], respectively,
propose the structure based on a modular multilevel BDC, which
enhances the reliability of the system. But each sub-module
cannot work independently, reducing the control flexibility of
the system. Tan et al. [20] and Wu et al. [21] propose the cascade
structure with two converters connected in series. By adjusting
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the front-stage pulsewidth modulation (PWM) converter or the
buck/boost converter, the rear-stage DAB circuit can achieve
voltage matching. While the step-down ability of the front circuit
is limited, and the buck/boost capability of the system is still
completed by the transformer of the post-stage DAB circuit.
What’s more, a partial parallel DAB converter, is proposed to
achieve high gain and low current stress in article [22]. However,
the circuit structure of parallel converter module is complex
and the number of components is large. Each module needs to
have good consistency, otherwise the system requires additional
control schemes to address the circulation between modules.

What’s more, passive components are added to DAB circuit to
form resonant circuit, such as LC, LLC, and CLLC resonant tank,
are discussed in article [23], [24], [25]. The symmetric CLLC
resonant converter can achieve soft-switching in the full load
range, and has been widely used. However, on the secondary
side of the CLLC converter, the capacitor of is large and the
inductor is small, so it is difficult to design parameters under
high gain conditions. What’s more the resonant converter has
strict requirements on parasitic parameters in the circuit. The
asymmetric parasitic parameters of primary and secondary sides
will affect the operation state of the system.

In terms of control strategy, extended phase shift (EPS),
double phase shift, and triple phase shift (TPS) are successively
proposed to optimize the performance of DAB converter. The
optimization objectives of DAB include soft switching range,
reactive backflow loss and current stress, which mainly affects
the efficiency of the system [26], [27], [28]. Tian et al. [29]
propose an optimal control strategy based on complete dif-
ferential algorithm, which can achieve zero reactive backflow
loss. In [30], inductor current is minimized at the moment
of switch turn-OFF and the system realizes both zero voltage
switch (ZVS) and minimum reactive backflow loss. However,
the mathematical modeling of such controls is complex. Tong
et al. [31] introduces an accurate model to describe the analytic
expressions of the DAB converter under TPS control. Under
the condition of different power levels, the reference proposes
the global optimal condition equation, and the system achieves
the minimum RMS current operation in the whole operating
range. Similarly, Mahdavifard et al. [32] propose a hybrid con-
trol strategy based on asymmetric phase-shift control + TPS
control, which can optimize the soft-switching and RMS current.
However, the control system needs to determine the optimization
interval in advance, which increases the amount of calculation.
In addition, parameters optimization methods such as artificial
intelligence algorithm and particle swarm optimization algo-
rithm are applied in the design of DAB converter [33], [34].

With the rapid development of dc-power transmission, distri-
bution and consumption systems, the interconnection and energy
transmission between dc microgrid and energy storage system
become urgent. Due to variable characteristics of storage system
charging state, and low voltage-high power capacity battery
technology, BDC converters are required to operate in high
voltage gain. In order to obtain high gain under the condition
of low transformer turns ratio, this article designs a half-bridge
cascade DAB converter based partial switch sharing [35]. The
article is organized as follow. In Section II, the circuit topology
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Fig. 2.  Circuit topology of HB-DAB converter.

and operational principles are analyzed in detail. Section III
derives transmission power characteristics, and optimizes the
reactive backflow loss of the system. According to the control
strategy, the soft-switching characteristics is analyzed in detail.
In Section IV, the circuit parameters are optimized and an
experimental prototype is built and tested to verify the validity
of the theoretical analysis. Finally, the conclusion is drawn in
Section V.

II. CIRCUIT AND OPERATION

Fig. 2 shows the circuit topology of the proposed HB-DAB
converter. On the basis of the DAB circuit, it adds the voltage
regulating half bridge HB; and the inductor L,,. Through the
sharing of partial switches S; and So, the HB-DAB converter
can reduce conduction loss and the number of switches, which
can be considered as a one-and-half structure.

The HB-DAB converter adopts a hybrid control method. The
half bridge HB; adopts PWM control, changing the duty cycle
D of switches Q7 and Qs, to adjust the bus voltage on the
capacitor C. The DAB circuit adopts single-phase-shift control,
and adjusts the phase shift d p between full bridges FB; and FB,
to control the magnitude and direction of energy transmission. In
addition, a phase shift dr is added between half-bridge HB; and
full-bridge FB to optimize the soft switching range of the shared
switches. The switches on the same branch are complementary
turn-ON with the same switching frequency.

When the converter operates in step-down mode, take the
forward buck mode as an example to analyze the operation
process of the proposed converter. To simplify the analysis, the
following assumptions are made:

1) The energy storage components have no energy loss dur-

ing discharging and charging progress.

2) The voltage fluctuation on the bus capacitor Cy is ignored

and approximates to an ideal dc voltage source.

3) The dead time ¢ is ignored, and the duty cycle of switches

S1-Sg in DAB circuit is considered to be 0.5.

4) The switches are regarded as ideal active power devices,

the resonance process in the dead time is ignored.

The turn-ON time of switch Sy is taken as the reference zero
phase. The phase is positive when the switch lags behind S
turn-ON. Conversely, the phase is negative. According to the
relationship between the phase shift dp, dp and the duty cycle
D+, the proposed HB-DAB converter can be divided into four
different operation conditions. Fig. 3 shows the driving signals of
switches and the key steady-state waveforms in the circuit under
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Fig. 3. Key waveforms of HB-DAB converter under different control strategies. (a) Control strategy I, 0<dr <1-2D1. (b) Control strategy II, 1-2D1 <d<0.5.

(c) Control strategy III, —2D1 <d<0. (d) Control strategy IV, —0.5<dp<—2D1.
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(e) Mode 5 [14, t5]. (f) Mode 6 [15, tg].

different operation conditions. The characteristics of the four
control methods will be compared and analyzed in Section III. In
this article, the first control method is selected which has smaller
reactive backflow loss and good soft switching characteristics.

Take the turn-OFF time 7 of switch S5 as the starting point of
the circuit operation analysis. The steady-state operation can be
divided into six modes and the equivalent circuits are shown in
Fig. 4.

Cout

Cou

1+

Cou

1+

Equivalent circuit diagram of the buck mode under the control strategy 1. (a) Mode 1 [7, #1]. (b) Mode 2 [t1, t2]. (c) Mode 3 [f2, t3]. (d) Mode 4 [13, t4].

1) Mode 1 [ty, t1]: At time 1y, Sy and S3 are turned-OFF and
the full-bridge FB; enters the dead time. The inductor current
irm maintains the circulating current I,,, of the mode 6. The
reverse inductor current i,,- discharges the parasitic capacitor of
the switches and the body diodes Dg; and Dg, are turned ON.
The voltage across switches S; and Sy is clamped to zero. At
time 7, switches S and S, realize ZVS turn-ON. The inductor
L,, transfer energy to keep the bus voltage V, stable and supplies
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power to the output terminal. At time #;, switch Q5 turns OFF
and the half bridge HB; enters the dead time.

In this mode, the current flowing through the energy storage
inductor L., is calculated as

. Vi
ipm(t) = I, — Lb (t —to). (1)
At time 11, the inductor current iy,,,(t1) is calculated as
Vb
iLm(t1) = I, — ——d 2
irm(t1) 5L, F 2)

where dr = ¢r/180°, ¢ is the phase difference between
switches S; and Q; and V,, represents the voltage across the
capacitor Cy.

2) Mode 2 [ty, t2]: At time t1, the switch Q> turns OFF, and
the half bridge HB; enters the dead time. The reverse inductor
current i, completes the charge and discharge of the parasitic
capacitor of switches Q1 and Q. At time 71, switch Q; realizes
ZVS turn-ON. The input voltage V;, and the energy storage
inductor L,, maintain the stability of the intermediate bus voltage
Vb

The current flowing through inductor L, is calculated as

. . Vi +nV;
ine(t) = ize(to) + %(t — t). 3)
At time 75, the inductor current iy,,.(f2) is calculated as
. . Vi + nVou
irr(t2) = irr(to) + L7 dp 4)

where 7 is the turns ratio of the transformer, dp is calculated as
dp = ¢p/180° and ¢ p is the phase difference between S; and
Ss.

3) Mode 3 [t2, t3]: At time t5, switches Sg and S7 turn OFF.
The forward inductor current iy, flows through the body diodes
of the switch S5 and Sg after discharging the parasitic capacitor,
which can realize the ZVS turn-ON.

In this mode, the inductor current i, is calculated as

. . ‘/in - V
iLm(t) = iz (b) + =" (t — ta). 5)
At time 3, the inductor current iy,,,(¢3) is calculated as
. V V;n - V
ZLm(tS) =In u dr + bDl- (6)

C2L,.f Lo f

4) Mode 4 [t3,14]: Attime t3, switch Q; turns OFF. The positive
inductor current iz,,,, clamps the voltage across switch Q- to zero.
At time 73, switch Q5 realizes ZVS turn-ON and input current
i;n(t) drops to zero. Inductor L,, freewheels through the loop
formed by switches S and Q», and keeps the bus voltage V)
stable.

The inductor current iy, is calculated as

irm(t) = ipm(t3) — I‘J/fb(ll —t3). (7)

m

At time 7,4, the inductor current iy,,,(¢4) is calculated as

VinD1 Vb

Tmf  2Lf ®

Z'Lm(tél) = Im +
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In the mode 3 and mode 4, the current flowing through the
leakage inductor L, is calculated as

Vi — nVou
L

At time 74, the inductor current iy,,.(t4) is calculated as

W — n‘/;)ut(l - 2dD)
2L, f .

5) Mode 5 [t4, t5]: At time t3, switches S; and S4 turn OFF.
The current iy, and iy, simultaneously charge and discharge
the parasitic capacitor of switches S5 and S3. After switches So
and S3 realizing ZVS turn ON, the voltage across the inductor
L, is zero and the inductor current iy, maintains at circulating
current /,,, circulating through Q- and Ss.

In this mode, the inductor current i, is calculated as

i (t) = ipo(ts) + (t — ta). )

irr(ta) = irr(to) + (10)

. . Wy +nV;
i (t) = i (ta) — =7 (t — ta). (1)
At time 5, the inductor current iy,,(f5) is calculated as
. . Vb - n‘/;)ut
r(ts) = ip,(t —— (1 —dp). 12
irr(ts) = irr(to) + Y ( D) (12)

6) Mode 6 [ts5, ts]: At time t5, the full bridge FB5 enters dead
time. At time 5, the reverse inductor current enables switches
S¢ and S7 to realize ZVS turn-ON. Inductor L,, maintains a
circulating current state. The capacitor C; transmits energy to
the output side through Sg and S7.

In this mode, the inductor current i, is calculated as

_‘/b + n‘/out

Z-Lr (t) - Z‘Lr (t5) + LT

(t—ts).  (13)
At time fg, the current flowing through the inductor L, is

calculated as

inr(te) = irr(to)- (14)

After the end of mode 6, the converter returns to mode 1 and
periodically starts next operation cycle.

III. RESEARCH ON TOPOLOGY CHARACTERISTICS
A. Output Characteristics Analysis

According to the analysis in Section II, the HB-DAB converter
can be regarded as a combination of a constant voltage source
and a constant power source. As the key device connecting the
front and rear stages, capacitor C; charges and discharges contin-
uously in an operation cycle to maintain the stability of the output
voltage V. To simplify the analysis, the charge-discharge loss
of capacitor Cy is ignored, and the intermediate voltage V; is
assumed to remain constant in one operating cycle. According
to formula (8), the voltage gain of the half bridge circuit can be

calculated as follows:
Vo/Vin = 2D (15)

It can be concluded that when the input voltage V;,, is constant,
the voltage V), is only related to the duty cycle D;.
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Fig. 5. Comparison of output power between HB-DAB and DAB converter.

(a) Half-bridge cascaded DAB. (b) DAB under SPS, EPS control.

According to formula (9)—(14), integrating inductor current
iz in each mode, the output power can be calculated as
2 % TLV;H V:)utD 1
— Wip:(t)dt = ————dp(1 —dp). (16
T./o biLy(t) L7 Dl p). (16)
The output power of the HB-DAB converter is similar to
the traditional DAB converter, and both formulas are the same
when D1 = 0.5. Fig. 5 shows the comparison of the normalized
transmission power P*.,+ between the proposed converter and
the DAB converter which is calculated as P*,ut = Pout/Pmax

Pout =

nVin VouD1

4L, f a7

Pmax = oul|dD:0.5 =

Both EPS control strategy and the HB-DAB converter can
change the output power of the system from a single curve
to an adjustable region. By adjusting the duty cycle D, of the
front half-bridge HB1, the proposed converter has a wider power
regulation range with a simpler and less computational control
strategy, which can enhance the control flexibility.

It should be pointed out that the traditional DAB converter
power distribution is not uniform. This shows that the power
distribution of the DAB converter is dense under light load
conditions. The effect of dead time cannot be ignored and a small
change of the phase shift angle will lead to a large error in the
output power. In contrast, as shown in Fig. 5(b), the output power
of the HB-DAB converter can be approximately linearized under
light load condition by adjusting duty cycle D;. The transmis-
sion power error can be significantly reduced. Therefore, the
converter shows better robustness under light load condition.

B. Soft Switching Characteristic Analysis

Soft-switching characteristic is an important indicator to de-
termine the efficiency and reliability between dc microrad and
energy storage system, especially in high frequency condition.
The duty cycle D; of switch Q; is adjusted to achieve voltage
matching of DAB circuit and an extra phase shift dr is added
between switches Q; and S; to expand the soft switching range
of sharing switches.

Before the driving signal arrives, the reverse inductor current
irm and i1, need to flow through the body diode of the switches,
and clamp the voltage across the switches to zero. To analyze
the soft switching conditions of each switch, the directional
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relationship of inductor current i,,,, and i1, can be calculated as
follows:

Q1 : in (tl) = iLm(tl) <0
Q2 : iQ (tg) = iLm(tg) >0
Sy isl to) =i, to) _iLm(tO) <0

(to) = i1
Sy ’L'SQ (t4) = iLT(t4) — iLm(t4) >0
Sy i, (ta) = ips( (18)
Sy tig, (to) = i, (

to) = ng (tg) = iLT<t2) >0

)
56/7 : iSG (tf,) = is7(t5) = iLr(t5) <0

Ignoring the ESR loss on the capacitor Cy, the active power
transmitted by the inductor L,,, is equal to the active power at the
output of the converter in one operation cycle. The circulating
current /,, of the inductor current iy, in modes 5 and 6 is
calculated as:

1 [t

Tt = = L () dt

=7 | iim®)

Im: Pout ‘/vinDl(QD1+2dF_1). (]9)
VEnDl Qme

Under steady-state conditions, the average current flowing
through the inductor L, is zero during one switching cycle,
calculated as
n%ut - 2Dl Vin - 2anV;)ut

AL, f '
According to the operation mode analysis of the system in

Section II, the soft switching conditions of switches Q1 and Q5
can be deduced as follows:

{n‘/ou!dD(ldD) _ VinD1(1-2D1) < 0

irr(to) =

(20)

Lrf 2Lm f

nVoudp(1—=dp) | ViaD1(1-2D1) @D
L.f

+ T >0

The soft switching range of switches Q7 and Qs is shown in
Fig. 6. The gray plane corresponds to the ZVS plane. Switch
Q1 achieves soft switching where the part of the surface below
ZVS plane. As shown in Fig. 6(a)—(c), the soft-switching range
of switch Q1 varies sinusoidally with duty cycle D; and phase
shift dp. With the increase of dp, the soft switch range of Q4
gradually decreases. In a certain voltage regulation range, the
switch Q; has a wide soft switching range, especially the duty
cycle is in the range of 0.1-0.4. Correspondingly, switch O can
always realize the soft switching as the surface above the ZVS
plane, which is consistent with the previous theoretical analysis.

The soft switching conditions of the switches S3-Sg can be
calculated as:

4L f 2Ly f

VinD1(2dp—1) nVout
. + 2L:“f >0

(22)

{"Vout(12dD) _ VD, <0

Fig. 7 compares the soft-switching range of switches Ss_g
between HB-DAB converter and DAB converter. Where K is
the system gain, calculated as V;,/nV,,¢, representing the buck-
boost capability of the system.

The shaded areas 1-4 in Fig. 7(a) correspond to the expanded
soft-switching range under different duty cycles D, respectively.
As shown by the shaded area in Fig. 7(b), the soft switching
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Fig. 6. Softswitching range of switches Q1 and Q5 under different conditions.
(@) Q1 (Vin =450V and Voue =48 V). (b) Q1 (Vin =400V and Vo = 48
V). (¢) Q1 (Vin =360V and Vot =48 V). (d) Q2 (Vin =450 V and Vout =
48 V). (e) Q2 (Vin =400V and Voue =48 V). (f) Q2 (Vin =360V and Ve
=48 V).
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Fig. 7. Soft switching range of switches S3_g. under different conditions. (a)
Traditional DAB converter. (b) HB-DAB converter.

range of HB-DAB converter is significantly increased, which
covers most of the hard-switching area of the traditional DAB
converter. By adjusting the duty cycle D;, the voltage stress
across the inductor L, can be optimized, under the high voltage
gain and light load conditions.

As sharing switches, the soft switching of S; and Sy are
realized by the combined action of inductor currents ir,,,(#) and
ir.~(t). By designing the inductor current iy, the ZVS turn-ON
of S; and S5 can be easily realized.

According to formula (10), the soft switching conditions of
S1 and S5 can be calculated as

{isl (to) = iLr<t0) — iLm(tO) <0

is, (ta) =ipr(ta) —ipm(ta) >0 (23)
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Simplify as

iLr(tO) <I, < _iLr(tO)‘ (24)

Inductor current i,,(fy) less than zero is a necessary condition
for switches S; and Sy to realize soft switching, which can
completely discharge the parasitic capacitors of switches S; and
S5. When the inductor current iy,,,(f) is close to zero, switches
S1 and S can always achieve ZVS turn-ON with good soft
switching characteristics.

Substitute formula (12) and (13) into the inequality above

(172dD)72D1K _ D1K(2D1+2dpfl) < dD(lde)

4L, f 2L f L, f (25)
(2dp—-1)+2D1 K D1 K(2D142dp—1) dD(l—dD)

i,y 2L ] Z LT

Fig. 8 shows the variation curve of the soft switching range
under different conditions of S and S5. The soft switching range
of switches S; and Sy can be expressed as the part of surface
above the ZVS plane. The solid line and dotted line correspond
to the soft switching of §; and Sa, respectively.

It can be conculcated that the soft switching condition of S
and S, is related to the voltage gain K, the duty cycle Dj, the
phase shift dp and dp. With the increase of dp, D and K, the
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TABLE I
COMPARISON OF CIRCULATING CURRENT AND REACTIVE RETURN LOSS UNDER DIFFERENT CONTROL STRATEGIES

Control Strategy Circulating current /,,

Reactive backflow loss Py¢

. [ = Lo, VuDQD, +2d; 1) o L, [nrda-dy) ¥,DED-1) ’
VDy 2L, f " 21-2D)f L 2L,
5 2
P A | e ] A T
" 2(1-2D) f 4L L
2 2
I N G p 22 [[20 @) [ ay(-dy)om
" DY, 4/L, o 4 8L, L
+dD (l_dD)nV‘“ﬂLm Vi |:4D‘ +(dF_1)2:|+(1_dD)anVocl
2L, 21, L
2 2 2
o Lyt (4D, +dF—2Dl—4D‘dF)+andD(1,dD)
of 4L, L
I oo be JJu[4D0DQA )] (0D, -d,) (2D —d 1) dy(1-dy)di VT,
"V, D aL.f s 8L 2L f
N L, (2D17dF)(2D|*dF*1)+d+V +dn(1’dn)”Vom ’
2(1-2D,) f 4L, " ]
A
. " DV, 2L.f 1, (Dy, (1=dy)dyV,, )
; - Pu DV, YA L
"DV, 2L.f

soft switching range of switches S; and S, gradually increases.
But according to Fig. 8(a)—(c), the effect of phase shift d on
the soft switching of S; and S5 shows an opposite trend. With
the phase shift d increases, the soft-switching range of switch
S increases, but that of switch Sy decreases.

To extend the soft switching range, the design of phase shift
dp is optimized. According to formula (6), (8), and (19), the
maximum and minimum values of the inductor current iy, are
calculated as follows:

. nVoudp(l —dp)  ViaD1(142Dy)
m—max — 26
i L, + ] (26)
1-— D1(1 — 2D
P nVoudp(1 —dp)  VinDi( 1) @7
fL, 2L, f

It can be concluded that the current stress of the inductor L,,,
is independent of the phase shift d . By changing the phase shift
dr, the circulating current /,,, is adjusted and the effective value
of the inductor current i,,,, can be optimized.

When the circulating current /,,, is close to zero, the RMS
value of inductor current iy, is lower and switches S; and Sy
can realize ZVS turn-ON. The current /,,, is approximately equal
to zero, and calculate the phase shift dr as follows:

- 1-— 2D1 . TLV;,uth(]. — dD)Lm
2 VinD1 Ly

dp (28)

C. Reactive Backflow Loss Analysis

According to the operation analysis in Section II, the reverse
inductor current iy, is a necessary condition for the switch to

realize ZVS turn-ON. But, the input voltages and currents of
different phases inevitably causes reactive backflow loss in mode
2. Similarly, this is a fundamental issue in the traditional DAB
converter, especially under full load conditions. The reactive
backflow loss does not contribute to the output power, causes
additional stress to the devices and reduces the efficiency of the
system. In the dc microgrid system, the large reactive backflow
loss will cause disturbance to the dc grid, reducing the stability
and safety of the system.
According to formula (2), the input current i, (1) is
nVoudp(1 —dp) . ViD1(2D; — 1)
L,f 2Ly f
According to formula (5), the duration of the reverse input
current is calculated as
At — & + dD(l - dD)n%uterl ]
2f (2D1 = 1) Vin Ly f
Combining formulas (29) and (30), the reactive backflow loss
Pyyunder the control strategy I is calculated as

Lo, Voudp(1 = dp) | ViaD1(2D1 — 1) ?
2(1—2Dy)f L, 2Ly,

iin(t1) = (29)

(30)

Py=

(€29)
Similarly, the system circulating current /,,, and reactive back-
flow loss under control strategies II, III, and IV are calculated,
and the results are given in Table I.
By comparison, control strategy I has the less reactive back-
flow loss which is not affected by the phase shift dz. When the
circuit parameters are fixed, the reactive backflow loss Py can
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Fig. 9. Comparison of reactive backflow loss between HB-DAB converter
and DAB converter. (a) Half-bridge cascaded DAB. (b) DAB under SPS, EPS
control.

D=0.2 D=0.25

D\=0.4
0.05

0.8 0.8
3 3

(b

Fig. 10.  Comparison of reactive backflow loss under different conditions. (a)
Dy =0.2.(b) D1 =0.25.(c) D1 = 0.4.

be regarded as a function of the phase shift dp and the duty
cycle D;. According to the system output power formula (16),
the proportion of reactive backflow loss in the process of energy
transfer is calculated as follows:

pe _ [ Di(1=2Dy) L, Vi + 2dp (dp — 1) LynnVou | *
Y\ Di(1 = 2D1) L, Vi — 2dp (dp — 1) LynnVou
(32)

where P* bf = be/(be + Pout)-

Fig. 9 shows the comparison of the standardized reactive
backflow power P*;rbetween HB-DAB converter and DAB con-
verter, under the same voltage gain condition, with the variation
of the phase shift dp and the duty cycle D;.

For the convenience of expression, d; represent the intra-
bridge phase shift in the traditional DAB converter. As shown in
Fig. 9(b), when the primary and secondary voltages of the DAB
converter do not match, the reactive backflow loss is relatively
large. With the increase of the phase shift dp, the reactive
backflow loss of the DAB converter shows an increasing trend.
When the phase shift dp is greater than 0.5, the reactive backflow
loss increases rapidly.

By comparison, the HB-DAB converter has less reactive back-
flow loss, especially under the full load condition. On the other
hand, the reactive backflow loss of the HB-DAB converter is
symmetrically distributed with respect to the inter-bridge phase
shift dp, which expands the control range of the inter-bridge
phase shift, and makes the control more flexible.

Fig. 10 shows the distribution of reactive backflow loss in the
soft switching range of the HB-DAB converter under different
voltage gain conditions. According to Fig. 10(a)—(c) and formula
(31), the reactive backflow loss is symmetrical about the duty
cycle D1 = 0.25. With the increase of |D1-0.25|, the reactive

3493
1y Py 01y pry
0.8y 0.08
064 0.06
0.4 0.04 4 \ | Optimized
\ trajectory
02 0.02 A0
0 Powes 0l >
0.3 g trajectory . 0>\ s
02 04 ; \ =
D 03 b, 2 N 4
' 01 g2 e ! 01 02 9D
(a) (b)
Fig. 11.  Control trajectories for reactive backflow loss optimization. (a) Nor-

malized output power. (b) Normalized reactive backflow.

backflow loss of the system decreases, but the soft switching
range of switch Q; decreases at the same time.

The duty cycle Dy and phase shift dp affect both the output
power P, and the reactive backflow loss of the HB-DAB
converter. Therefore, with duty ratio D; and phase shift dp
as the control degrees of freedom, the Karush—Kuhn-Tucker
(KKT) function with reactive backflow loss as the optimization
objective function is established. The power transfer function is
used as the equality constraint, and the soft switching condition
of the switch Q; is used as the inequality constraint

L(dp,Di,A,p) = Pog + A(Pow — Po) + p[inm(t1) — izvs)
(33)
where izy g represents the critical current of switch Q4 to achieve
soft switching. To simplify the analysis, when the current i, (#1)
is reversed, the switch Q1 can realize ZVS.
Based on the KKT condition, the Lagrange function in for-
mula (33) can be calculated as follows:

OL/ddp =0 OL/OD; =0 (34)
OL/Oor=0 OL/Ou=0
The decoupling relations between D, and dp is
b1y (LY = 16LunVoudn(1 = dp) ) *
T L Vin
(35)

To simplify system control, the decoupling function (35)
is approximated by interval linearization, and the linearized
decoupling relationship is obtained as

o 2Lmnv:)uth Lmnv;)ut Cpi

D, = - .
! L Vi 4

36
LV (56)

According to the above analysis, the optimized control trajec-
tory of reactive backflow loss is drawn in Fig. 11. It can be seen
that the output power of the system is stable, and the reactive
backflow loss is obviously optimized.

IV. EXPERIMENTAL VERIFICATION
A. Parameter Design of the Converter

The inductor L, is the core part of the energy transfer of the
DAB circuit. To reduce the current stress of the current iy, and
expand the adjustment range of the shift phase dp, the inductor
L, should take a larger value under the condition of satisfying
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Fig. 12.  Soft switching range of Q1, S1 and So at 450 V input voltage. (a) 01
ZVS turn-ON. (b) S1 ZVS turn-ON. (c) S2 ZVS turn-ON.

the output power. According to the output power of the system,
the inductor L, is calculated as 6.8 uH.

The parameters of energy storage inductor L., have great
influence on the soft switching range of partial switches. Ac-
cording to the soft switching condition of switch Q1 shown in
formula (21), the soft-switching critical condition of switch O
can be calculated as

D1K(1-2Dy)
2dp(1 —dp)
Substitute the control trajectory of formula (36) into the above

formula, and calculate the inductor L,, that satisfies Q; torealize
ZVS turn-ON as follows:

Lo < L. (37)

K
Lin < L,. (38)

(1—2d%)

Similarly, the inductance parameter of the shared switches to
realize ZVS turn-ON are calculated as

. 2D, K (2D142dp—1
S1: Ly > 172dD172§)1K174d,§(17)dD)L7‘ (39)
S2 . Lm < 2D1K(2D1+2dpfl) L

2dp—1+2D1K—4dD(1—dD) T

Substitute the control trajectory of formula (36) into the
formula (39), and calculate the inductor L,, that satisfies S
and Sy to realize ZVS turn-ON. According to the above analysis,
under the high voltage gain condition, the soft switching range
of switches Q1, S1 and S varied with inductor L,,, are shown
in Fig. 12. With the increase of inductor L,,, the soft switching
range of switches Q; and S decreases, while the soft switch-
ing range of switch S; increases. There is an inductance L,,
parameter interval which can always realize Q1, S1 and S3 ZVS
turn-ON.

In addition, considering the influence of inductor L,, value
on the effective value of the inductor current iy,,,(f), the RMS
value of current iy,,(f) is calculated as follows:

I, s = (B> = C? + AB + AC)dr
+ (C? +4A% + AC)

+ (2B% +2BC + C? — A* — AC)D]/6
(40)
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Fig. 13.  Surface diagram of i1,;,-rMs varying with inductor L,,, under differ-
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Fig. 14.  Surface diagram of reactive loss varying with inductor L. (a) Fixed
duty cycle Dy. (b) Optimized duty cycle D .

where the expressions for A, B, and C are as follows:

A=i = ; drpD1V;
iLm(to) = Im; B = iLm(ts3) = Im e Lmlfm
—i _ dpD\Vi | Di(1-2D)Viy
C=irm(ty) = Im — Fl/mlf s L. f 2 . 4D

Fig. 13 shows the variation of the iz,,(f) RMS value with
different inductance L,,, values. Under the condition of fixed duty
ratio D1, the effective value of inductor current iy, decreases
rapidly with the increase of inductor L,,, as shown in Fig. 13(a).
However, the soft switching range of Q is significantly reduced.
When the duty cycle D; adopts optimal control, as the inductor
L,, increases, the duty cycle D; gradually decreases to maintain
the soft switching of the switch Q. When the inductor L,, is
greater than 60 ;H, duty cycle D; operates in the extreme duty
cycle condition, the voltage across the inductor L,, is large, and
the effective value of inductor current iy, increases.

According to formula (32), Fig. 14 shows the change of the
reactive backflow loss with the phase shift dp and inductor L,,
under the condition of fixed shift phase D; and the condition
of optimized duty cycle D;. Under the condition of fixed D,
with the increase of L,,, the freewheeling effect L,,, is enhanced,
and reactive backflow loss can be reduced. While, under the
condition of low L,,, the reactive backflow loss accounts for a
large proportion. On the contrary, according to Fig. 14(b), the
reactive backflow loss no longer changes monotonically with
L,,, which can be optimized in the whole operation range. This
proves the effectiveness of the optimal control.
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Fig. 15.

Diagram of the experimental prototype.

TABLE I
PROTOTYPE SPECIFICATIONS

Specification/Parameter Value
Input Voltage Range Vi, 450-360 V
Rated Input Voltage Vi, 400 V
Rated Output Voltage Vou 48V
Rated power Poy 500 W
Switching Frequency f' 100 kHz
Transformer Turns Ratio » 3
Energy Storage inductor Ly, 42 uH
Leakage inductor L,/n* 6.8 uH
Energy storage capacitor Cy, 150 uF
Switches IMBG65R057M1H

B. Experimental Prototype Test

According to the above theoretical analysis, a prototype is
constructed and tested to verify the circuit characteristics of
the proposed converter. The experimental prototype is shown
in Fig. 15. Table II gives the parameters of the experimental
prototype. According to the optimized design of parameters, the
inductor L,,, is 42 uH, and the inductance L, is 6.8 uH. To obtain
high voltage gain at low turns ratio, the turns ratio N of the
transformer is designed to be 3. To maintain the stability of the
bus voltage V4,5 and reduce the disturbance of the input voltage
of the DAB circuit, the value of the bus capacitor Cy, is selected
as 150 uF.

Figs. 16 and 17, respectively, shows the soft switching situa-
tion of all the switches under full load condition and half-load
condition, when the converter operates in the buck mode with
a rated input voltage of 400 V. It can be seen that all the
switches can realize ZVS turn-ON, under full load and half-load
conditions. Fig. 18 shows the waveform of voltage V,; and V4
and the current waveform of inductance L,, and L,. It can be
seen that voltage V,;, and V.4 are stable and the system has
stable output. Moreover, according to the current of the inductor
L, the reactive backflow loss of the system is low, and the
circulating current /,,, is close to zero.

Experimental test waveforms of input voltage at 450 and 360
V are shown in Figs. 19-24. Corresponding, the output voltage
and current waveform of backward boost mode are shown in
Fig. 25. Within a wide input voltage range, the converter has
good soft switching characteristics and low reactive backflow
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(a) Q1 and Q2. (b) S1 and S2. (c) S3 and Sy4. (d) S5, Sg, S7, and Sg.
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(a) Q1 and Q2. (b) S1 and S2. (c) S3 and Sy4. (d) S5, Sg, S7, and Sg.
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Fig. 18.  Output voltage and current waveform of 400 V input voltage. (a)
Output in full load condition. (b) Output in half load condition.

loss. The system can achieve high voltage gain and stable
output under the condition of less turns ratio. The experimental
results can prove the correctness and rationality of the theoretical
analysis.

Fig. 26 shows the test efficiency comparison curves of the
HB-DAB converter under different transmission power and in-
put voltage conditions. By dismantling the half bridge HB,,
the test of traditional DAB converter is carried out. Under high
voltage gain condition, serious mismatch of voltages causes
large losses in DAB converters. Compared with the traditional
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(a) 01 and Q. (b) S1 and Sa. (c) S3 and S4. (d) S5, Se, S7, and Ss.
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DAB converter, the proposed HB-DAB converter can maintain

high efficiency and satisfy the design specifications with stable F Vo - T o :
output. In addition, the maximum efficiency can reach about - - - . . / ;
Vop(300V/div)

94.2%. I S | Voo o

A comparison between the HB-DAB converter and other [ ‘ - T .
optimized DAB converters is given in Table III. At present, in 'M _M
mostreferences, DAB converter operates in the voltage matching I e N iy | SV
state to improve the soft switching range of the system. However, : Time (2usdi) | Time (usldiv)

under the condition of high voltage gain, more coil windings ® ®)

will lead to the increase of the core volume and window area  Fig. 25.  Output voltage and current waveform of boost mode. (a) Output in
of the transformer. This article considers to obtain high gain full load condition. (b) Output in half load condition.
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TABLE III
COMPARISON WITH OTHER OPTIMIZED DAB CONVERTERS

. . Objective of Input/ Turns  Power Peak
Article Modulation optimization Output Frequency ratio level efficiency
[26] EPS ZVS 400 V/48 V 250 kHz 20:6 500W 95%
[29] EPS ZVS +Reactive 100 V/25V 20 kHz 1:1 2kW 92.6%
[30] EPS ZVS +Reactive 114 V/100 V 20 kHz 1.1:1 545W 93.56%
[32] AEPS+TPS ZVS +RMS 400 V/48 V 50 kHz 6.6:1 SkW 97.7%
[36] EPS Reactive loss 140 V/70 V 20 kHz 2:1 200W 90.2%
[37] APWM RMS current 200 V/50 V 50 kHz 66:28  625W 95%
[38] APWM RMS current 380 V/56 V 50 kHz 76:15 500W 95.5%
HB-DAB  PWM+SPS ZVS +Reactive 400 V/48 V 100 kHz 3:1 500W 94.2%
100 and the large ON-resistance of the switches. The efficiency of
95t 1 the system can be further improved by selecting switches with
'T . . . .
% /./-—"*‘—-——— S lower on-resistance and increasing the copper thickness of the
9 85l circuit on the PCB board.
g L
S 80f :
‘S J
‘552 751 V. CONCLUSION
70+ o TTBDAS T =i00V To.optin.lize t.he performanc.e of DAB converters in dc mi-
HB-DAB V,~450V crogrids with high voltage gain, a HB-DAB converter based
65| ~8-HB-DAB 7;,=360V/ | . . . ° . g .
J ~8-SPS Control on partial switch sharing is designed in this article. Compared
6100 200 300 400 500 with the DAB converter, the proposed converter can achieve
Power Level (W) high voltage gain under less turn ratio. According to the KKT
_ ) function, the converter realizes multiobjective optimal control.
Fig. 26.  Efficiency versus output power plot of the proposed converter. The system has 200 d soft switchin g characteristics and low
reactive backflow loss. It can realize the high efficiency of energy
I Conduction loss transmission and reduce the disturbance of the energy storage
L, - ;the" sttraly losses system to the dc microgrid. Moreover, the circuit parameters are
additional loss Core loss agnetic e optimized and a 500 W experimental prototype is tested. The
5.1% 14.9% [l Reactive backflow loss . X
Reactive experimental results can prove the correctness of the theoretical
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