Stacked-bridge-based three-level DAB converter in
800V dc micro-grids

Haoyu Zhang!, Liang Wang!, and Haoyu Wang!»?
1 School of Information Science and Technology, ShanghaiTech University, Shanghai, China
2 Shanghai Engineering Research Center of Energy Efficient and Custom AI IC, Shanghai, China
Email: wanghy @shanghaitech.edu.cn

Abstract—800V dc micro-grid systems bring new challenges to
the design of power electronic interfaces. In this paper, a stacked-
bridge-based dual-active-bridge (DAB) converter is proposed to
achieve bidirectional power transfer between the storage battery
and 800V dc micro-grid. With the stacked bridge structure, the
voltage stresses of MOSFETsS on the high-voltage side are halved.
Therefore, MOSFETSs with lower voltage ratings can be applied to
high-voltage applications. Moreover, an asymmetric pulse-width
modulation (APWM) plus phase-shift modulation (PSM) hybrid
modulation scheme is proposed to realize voltage match over a
wide voltage range. A wide zero-voltage-switching (ZVS) range
can be achieved over a wide battery voltage range. To verify the
concept, a 1-kW rated prototype linking an 800V dc bus and
a 100V-200V energy storage unit is designed and tested. The
experimental results well validate the proposed concept.

Index Terms—Bidirectional DC-DC converter, high-voltage
bus, asymmetric pulse-width modulation (APWM), zero-voltage
switching (ZVS).

I. INTRODUCTION

Compared with 400V-based microgrids, the conduction loss
of 800V systems can be significantly reduced [1]. Therefore,
800V microgrid is deemed as a promising evolvement direc-
tion for dc microgrids. However, high dc bus voltage also
brings new challenges to the optimal design of the power
electronic interfaces. Typically, 1200V-rated power semicon-
ductors are required, which brings the concerns of increased
cost and degraded system reliability.

Dual-active-bridge (DAB) converter is widely used as the
interface converter between the dc bus and storage battery in
micro-grids [2]. In DAB converters, phase shift modulation
(PSM) can flexibly regulate the bidirectional power flow [3].
However, due to the wide voltage range of the battery, serious
voltage mismatch may occur. This mismatch leads to reduced
zero-voltage-switching (ZVS) range [4]. Moreover, when the
voltage of the dc bus is much higher than that of the battery,
a transformer with high turns ratio is required, which induces
higher transformer loss. Therefore, the DAB converter should
be redesigned and optimized for high voltage gain and wide
voltage range.

To reduce the voltage stress of semiconductors on the high-
voltage side and achieve high voltage gain, a type of voltage
multiplier rectifier is adopted in [5]-[7]. However, this circuit
structure requires more components, mainly capacitors and
diodes, which causes larger volume and lower efficiency and
can only transfer power unidirectionally. Stacked-bridge struc-
ture is investigated in the literature [8]-[11]. With cascaded
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Fig. 1. Schematic of the proposed converter.

half bridges, the voltage stress is reduced to half of the
input voltage or even lower. Meanwhile, compared with the
conventional four-switch full-bridge structure, the number of
switch devices is not added.

To optimize the performance of a DAB converter over
a wide voltage range, various modulation schemes, such as
extended-phase-shift (EPS) [12], [13], dual-phase-shift (DPS)
[14], [15], triple-phase-shift (TPS) [16], [17], have been in-
vestigated to achieve a general voltage match (VM). Besides,
there are also hybrid modulation schemes for optimization.
These methods have zero-level voltage intervals during the
operation, which causes limited power delivery capability. In
[18], an asymmetric pulse-width modulation (APWM) plus
phase shift modulation (PSM) method is proposed, which
realizes the VM over a wide voltage range and limits the zero-
level voltage intervals to enhance the power delivery capabil-
ity. However, expensive power semiconductors are required in
high-voltage applications.

In this paper, a stacked-bridge-based DAB converter is
proposed. A four-switch stacked bridge is installed on the
primary side and a conventional full bridge is adopted on
the secondary side. Due to the APWM control, a three-level
voltage can be generated on the primary side. Hence, voltage
match can be realized over the entire voltage range. The
circulating current can be reduced and the ZVS range can
be extended. Due to the stacked bridge structure, the voltage
stresses are decreased. Hence, 600V rating semiconductors can
be adopted in 800V systems. Despite the high voltage step-
down ratio, the turn ratio of the transformer is moderate.

The paper is organized as follows: Section II introduces the
operation principles of the proposed topology and analyzes it
in theory. Key design considerations are given in Section III.
Section IV presents the experimental results. Finally, the paper
concludes in Section V.



| l | | | l
Vgs | Vost L | Vgs2 | Vst ' [ Ve 1l
1 1 1 L 1 L 1
N I | ([ Vess || | Vgss [l | Ves |
N 7
Vs [ Vgss.8 [l [ Vesr | || Vgss.8 [ | Veser
1 Vo | 1 Vin 1 ’
Vop [ | ch | | | ch |
| [ 05V, | | | 05V, | .
| ViVa 1 1 Viva | ?
Vap 1 ] 1 1 ] 1 : >
| v, T05V, Ve L Vo | v, 0.5V, Ve Vep
Ved L 1 | [ 1] | N\
] 1 [ = —] 1 I - ?
b L4 M 4 T 5
12N 0.5Ts > 0.5Ts —
¢’TS DTS wTs DTS

Fig. 2. Steady-state waveforms of gate signals and critical voltages and current.

II. OPERATION PRINCIPLES AND THEORETICAL ANALYSIS

The proposed stacked-bridge-based DAB converter is plot-
ted in Fig. 1. As shown, the converter consists of a stacked
bridge on the primary side and a full bridge on the secondary
side. A transformer with n:1 turns ratio connects both sides
and an inductor Lg is placed before the transformer on the
primary side. C,, is sufficiently large which decouples the dc
bias.

The steady-state waveforms are illustrated in Fig. 2. At
steady state, the voltages of C; and Cjy are equal to V;,/2.
The operation modes of the stacked bridge are shown in Fig. 3.
When S; and Sy are ON, v,, equals V,,. When S; and S3 are
ON or S5 and Sy are ON, v,, equals 0.5V},. When S, and S3
are ON, v, equals 0. Two pairs of MOSFETSs, S 2 and S5 4,
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Fig. 3. Operation modes of stacked bridge. (a)S1 and Sy are ON. vop = V.
(b)S2 and Sy are ON. vop = 0.5V}. (¢)S1 and S3 are ON. vop = 0.5V}
(d)S2 and S3 are ON. vop = 0.

are driven complimentarily respectively. When the duty cycle
of one of the two pairs of MOSFETs: is extended over 50%, a
0.5V}, interval will be generated in the waveform of v,,. The
redundant duty cycle can be defined as the asymmetrical duty
cycle D. Therefore, a three-level voltage v,, can be generated
on the primary side. To balance the voltages of C; and Cj,
the driving signals alternate between two adjacent cycles as
shown in Fig. 2. Thus, the two modes shown in Fig. 3(b) and
Fig. 3(c) will operate alternately. C; and C3 will be charged
and discharged alternately. With the dc bias of Cp, vgp is
generated as a square ac waveform, which has a step in the
negative intervals. On the secondary side, the MOSFETs are
driven complimentarily with a 50% duty cycle. The phase of
S5 and Sy is identical. Therefore, a 50% square waveform
veq 18 generated on the secondary side. Moreover, an outer
phase-shift ratio ¢ between the primary and secondary sides
modulates the magnitude and direction of power. The range
of ¢ is between -0.5 and 0.5.

A. Modulation: Voltage Match
Based on the volt-second balance of the series inductor and
the transformer. We can derive the voltage of the V7,
0.5T5(Vyp—Vep) +DT(0.5V, — Ve ) +(0.5—D)Ts(—Vep) = 0
ey

—0.5T,V, + DT,
0.57,V, + DTV, )

T
Thus, the positive and negative levels of v, can be calcu-
lated,

‘/;/,:

=0.5(1+ D)V,

Vabpos =V — Viy = 0.5(1 = D)V @
Vab,negl = 05Vp - V::p = —OSDV;) (4)
Vab,neg2 = _‘/Cp = —05(1 + D)Vp (5)

To realize voltage match (VM), the duty cycle D is mod-
ulated to match the average voltage of v,, with v.q, which
satisfies the expressions,

Vabpos = 0.5(1 — D)V,

nVs (6)
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Fig. 4. Steady-state waveforms of four possible operation modes: (a) Mode
A:0< ¢ < D.(b)Mode B: D < ¢ < 0.5. (¢c) Mode C: D —0.5 < ¢ < 0.
(d) Mode D: —0.5 < o < D —0.5.

T _ DTsvab,negl + (05 - D)Tsvab,negQ
abneg — Ts (7)
—0.5(1 — D)V, = —nV,

The normalized voltage gain is defined as,

nV
Vi

M= =0.5(1— D) (8)

Therefore, the general voltage match is well realized in a
wide voltage range when 0.25 < M < 0.5, with 0 < D < 0.5.

B. Modulation: Power Regulation

Based on the relationship of phase shift ratio ¢ and D, the
waveforms of four possible operating modes are exhibited in
Fig. 4. Meanwhile, it should be mentioned that the converter
reaches a true complete voltage match under two conditions
when M = 0.25 or M = 0.5. Duty cycle D is 0.5 or 0
respectively. It operates as a conventional DAB converter with
SPS modulation. As shown in Fig. 4, the ZVS of all MOSFETs
can be realized with proper current direction.

Mode A is taken as a case study. According to the charge
balance of C,, the inductor current expression at different
instants is derived as,

ip (to) = Ip (0.25D% — 0.125D + 0.5D¢ — 0.5¢)
ip (t1) = Ip (0.25D% — 0.125D — 0.5D¢p + 0.5¢)
ip (t2) = I5 (0.25D% — 0.125D — 0.5Dp + 0.5¢)  (9)
ip (t3) = Ip (0.25D% — 0.125D — 0.5Dyp)
ip (t4) = Ip (—0.75D% + 0.375D + 0.5D¢ — 0.5¢)
where Ip is defined as,
V,T's
Ip = JZ (10)

Through the integration of the product of v.q and 4, the
output power of the converter can be derived as,

Py = J& veq () iy (1) dt

nTy (1
D? D D 2
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where Py, is defined as,
VAT,
Pbase = Ls (12)

and the other part is defined as the normalized power.
The analysis of the other three modes is similar. The output
power expressions of four modes are listed as follows,
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According to (13), the power characteristic of the proposed
converter is plotted in Fig. 5. When the polarity of normalized
power is positive, the converter is in forward mode. On the
contrary, the converter is in backward mode, when the polarity
is negative. Practically, the magnitude of ¢ is constrained,
because poles exist on the power plot. Increasing the phase
shift above a certain magnitude may not help to raise the power
level.

C. ZVS Conditions

The ZVS condition of the proposed converter should be
analyzed separately according to the voltage gain.

For the two extreme conditions, M = 0.5 and M = 0.25,
the proposed converter is modulated as conventional phase-
shift modulation. When M = 0.5, for the duty cycle D equals
0, only Mode B and C exist. The ZVS condition of forward
mode can be derived with expressions of Mode B,
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Fig. 5. Output power versus phase shift ratio.

5174 : ip(to) —0.51390 < —Inin
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(14)

56,7 : ip t4

where I,,,;, is the minimum current to charge and discharge
the parasitic junction capacitance C,ss of the MOSFETs on
the primary/secondary side at switching instants, which can
be expressed as,

Lo vy (5152858 as)
2V, COL:S’S, (S5, 56,57, Ss)

When M = 0.25, the ZVS condition can be derived with
similar methods,

8174 : ip(to) = —0.25.[3(,0 < —Imin

52’3 : ip(tg) = 025[390 > Lin (16)
Ss.8 ip(t1) = 0.25Igp > Ly

S6,7 1 ip(ta) = —0.25Ipp < —Ipnin

Assuming the C,ss of all MOSFETSs are zero for simple
analysis, all MOSFETs can always realize ZVS when the
converter is operating in M = 0.5 or M = 0.25 conditions.
Owing to the symmetry, in the backward mode, the ZVS
condition can be satisfied.

When 0.25 < M < 0.5, taking Mode A as an example, the
ZVS condition can be derived similarly,

Staiplto) =T (5 =2+ 52 = %) < ~Lin
o tip(ts) = Ip (—32° 432 4 De %) > Inin
Sas tip(te) = In (5 = 8 = B2+ %) > Luin
S tip(tt) = I (& =2 = B2+ 2) > L
Seiplts) = Ip (& — 2 — %e) < —Inin

A7)

Neglecting the junction capacitance of MOSFETSs, four
MOSFETs can always realize ZVS and the other four MOS-
FETs can realize ZVS when the phase shift ratio ¢ satisfies,

D(1-2D) 3D(1—-2D)

4(1-D) 4(1-D)
As shown, the ZVS range of the converter varies with the
asymmetric duty cycle D.

With a similar method, the ZVS condition for Mode B,
Mode C and Mode D can be derived,

(18)

D5 —2D)
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ode 11=D) <p<0.5
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ode 1= D) < <05

Thus, the ZVS range for the condition 0 < D < 0.5 can be
illustrated in Fig. 6.
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Fig. 6. ZVS range of condition 0 < D < 0.5.

Due to the limitation of the phase shift ratio, the converter
mainly operates in Mode A to transfer forward power and in
Mode C to transfer backward power. Thus, only the ZVS range
of Mode A and C should be considered.

III. KEY DESIGN CONSIDERATIONS
A. Design of L

As is shown in Fig. 5, the plot of the output power has
poles, so the maximum power of the proposed converter is
determined by Ppese shown in (12). If input voltage V,, and
switching period T, are constant, L, determines the power
transfer capability of the DAB converter. Smaller L leads to
larger power transfer capability. Derived from (12), L should
be designed no larger than a maximum value,

VT,
Ls,maz Prate (20)
where P, is the minimum P, .. which ensure the converter
can transfer expected power at all range of voltage gain M




and can be derived according to the power characteristic plot
in Fig. 5.

Besides, larger L, leads to a larger phase shift ratio ¢ when
transferring the same power. However, large ¢ may cause
the high circulating RMS inductor current and large ratio of
reactive power, which leads to lower efficiency, especially in
the high load. Thus, a relatively small inductor is expected in
this design.

According to the ZVS analysis in Section II-C, the converter
may lose ZVS when the magnitude of the phase shift ratio ¢ is
near zero if the C,,s of MOSFETsS is taken into consideration.
Thus, the inductor should not be too small to ensure the
converter achieve ZVS at high load condition.

B. Control Strategy

The diagram of the digital control scheme is plotted in
Fig. 7. The converter can be close-loop controlled through
two control variables D and (. Asymmetrical duty cycle D
is controlled by the feedback of the voltages on both sides to
achieve the voltage match. The phase shift ratio ¢ is adjusted
to regulate the power flow. Closed-loop control is implemented
to meet the requirement in different operation conditions.

Primary-side PWM
Generator Unit

Secondary-side PWM
Generator Unit

Fig. 7. Digital control diagram.

TABLE I
COMPONENT PARAMETERS

Component Parameter
Primary side voltage (V),) 800V
Secondary side voltage (V) 100 — 200V
Maximum power 1000W
Switching frequency fs 100kH z
Inductor L 40pH
Capacitor Cp, 40uF

Turns ratio (np : ns) 2:1

Primary side MOSFETs (S1 — Sa) IPA60R120P7
Secondary side MOSFETs (S5 — Sg)  IRFB4137PBF
Controller TMS320F28379

Fig. 8. Picture of designed stacked-bridge-based DAB prototype.
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IV. EXPERIMENTAL RESULTS

To verify the effectiveness of the proposed converter, a
1000W prototype is built. Fig. 8 shows the picture of the
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Fig. 10. ZVS waveforms when D = 0.375. (a) S1,2. (b) S3,4. (c) S5,6.

prototype. The key component parameters are summarized in
Table 1.

Fig. 9 shows the steady-state waveforms when the con-
verter transfers forward power with different secondary-side
voltages. v, leads v,y in forward conditions. Fig. 9(a)-
9(b) demonstrate two extreme conditions when D = 0 and
D = 0.5. Both are tested at 1000W full load. In Fig. 9(a), the
effective voltage vy, is half of V), while the effective voltage of
Vap 18 a quarter of V}, in Fig. 9(b). The voltages of two sides are
completely matched while the waveform of ¢, is trapezoidal,
which is similar to the conventional SPS modulation. ZVS
of all MOSFETs can be easily achieved in these modes.
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Fig. 11. Steady-state waveforms of vy, vcq and 7, in backward mode when
Vp =800V. (a) D=0.(b) D=0.5.(c) D=0.375.

Fig. 9(c) demonstrates the waveforms when the converter
operates between two extreme points with D = 0.375. The
waveforms agree well with the theoretical analysis in Mode
A. As is shown in Fig. 10, when the output power is 300W,
there is an apparent gap between every rising of vy, and falling
of vgs. Thus, the ZVS is achieved on every MOSFET in the
prototype at this medium state.

The experimental results in the backward mode are also
presented in Fig. 11. Similar to the forward mode, Fig. 11(a)-
11(b) demonstrate two extreme conditions when D = 0 and
D = 0.5 at 1000W maximum load. Fig. 11(c) demonstrates
the waveforms of the middle point D = 0.375 in backward



mode, which agrees well with the theoretical analysis in Mode
B. ZVS at this condition can also be achieved.

V. CONCLUSION

In this paper, a stacked-bridge-based DAB converter with
an APWM+PSM hybrid modulation scheme is proposed. The
proposed converter is featured a high conversion voltage ratio,
wide voltage range, and wide ZVS range. Low-voltage stress
semiconductors can be applied in high-voltage applications.
The operation principles and theoretical analysis are detailed.

The optimal design consideration of L is discussed to reach
the designed power transfer capability and higher efficiency
and ensuring ZVS over a wide voltage range. Finally, a
1000W-rated prototype is tested to demonstrate the effective-
ness of this proposed topology and modulation scheme.
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