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Letters

An Ultrafast and Wide-Safe-Range Start-Up Method of DAB Converters With
Straightforward Frequency-Phase Closed-Loop Control

Linxiao Gong , Student Member, IEEE, Yunfeng Peng , Chaofan Cui , Jie Chen , Lingfeng Jiang ,
Xing Fang , Jian Wang, Junzhong Xu , and Yong Wang , Member, IEEE

Abstract—Fast and safe start-up is crucial for the dual-active-
bridge (DAB) converters. Conventional closed-loop start-up con-
trols fail to achieve theoretical maximum power output due to
manually predefined phase-shift modes, limiting start-up speed and
safe operational range. To address these issues, this letter proposes a
novel variable frequency plus extended phase-shift (EPS) control.
This approach enables ultrafast and wide-safe-range start-up of
DAB converters by maximizing power-per-current-stress capabil-
ity within safety limitations. In addition, sole EPS modulation is
required in the proposed control, thus eliminating complex mode
transitions and streamlining the start-up process. Experimental
results indicate that the proposed control achieves a broader
safe start-up range and improves start-up speed by up to 43%
under voltage-match condition compared to the state-of-the-art
methods.

Index Terms—Dual active full bridge, power per current stress
(PPS), start-up, variable frequency plus phase-shift control.

I. INTRODUCTION

DUAL-ACTIVE-BRIDGE (DAB) converters are vital in
uninterruptible power supply systems, providing backup

power support for dc grids, more electric aircraft, and data
centers. During emergencies, achieving a safe and fast start-up
is essential for rapid access of backup power [1].

During the start-up process, DAB converters rapidly charge
the output capacitor and operate under extremely low-voltage
gain conditions, leading to high inrush peak current and potential
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power device failures. Consequently, a series of open-loop start-
up methods has been proposed in [2], [3], and [4] to suppress
the inrush current. Typically, during the open-loop stage, the
secondary side switches are turned OFF, allowing the system
to function as a rectifier bridge. Once the voltage reaches the
threshold, closed-loop control is implemented to achieve the
reference voltage. These methods [2], [3], [4] often require
segmented mode transitions and meticulous manual fine-tuning
of parameters, thereby limiting their applicability.

Consequently, closed-loop-only start-up methods have gar-
nered significant research interest. In [5], an output-voltage-
based dynamic boundary control with single phase-shift (SPS)
modulation is proposed to expedite the start-up process. With
the development of advanced phase-shift modulation in [6],
extended phase-shift (EPS) and triple phase-shift (TPS) control
featuring trapezoidal current modulation (TZM) are selected
under the buck condition to fasten the start-up process under
current stress limitation. In [7], a two-mode EPS control with en-
hanced output power is employed to further speed up the process.
Despite that various advanced phase-shift controls are adopted in
[6] and [7], the theoretical maximum output power under given
current stress limitations still cannot be fully achieved due to
manually predefined phase-shift modes, thus constraining start-
up speed and safe operational range (as detailed in Section II).

To address aforementioned issues, a power-per-current-stress
(PPS) factor is established to quantify the start-up ability under
current stress limitations, and a novel variable frequency plus
continuous-current-based EPS control with the highest PPS
ability is proposed in this letter. The main contributions are as
follows.

1) Ultrafast start-up speed: Derived from mathematical anal-
ysis, the continuous current modulation (CCM) phase-
shift control offers the highest PPS ability compared to
controls in [5], [6], and [7], significantly accelerating the
start-up process.

2) Expanded safe start-up range: Combined with frequency
regulation, the maximum PPS capability can be main-
tained and extended to any current stress requirement,
thereby expanding the safe start-up range.

3) Simplified control: Only a single CCM pattern (a type of
EPS control) is required in the whole start-up process,
simplifying the control system.

The rest of this letter is organized as follows. In Section II, the
flaws of state-of-the-art start-up controls are discussed in detail.
Section III analyzes a phase-shift pattern with maximized PPS
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Fig. 1. Topology of DAB converters and the definitions of phase-shift angles.
The DAB converter consists of two H-bridges with AC voltages denoted by v1
and v2 and transformer T with a leakage inductance L and a turns ratio n:1.

Fig. 2. Prolonged start-up time of TZM and EPS, where M = 1.2, Po = 0 W,
ILim = 30 A, and other parameters are identical to those in Table II.

Fig. 3. Maximum output power of TZM and EPS control under ILim=0.35IN.
IN represents the maximum stress of DAB and IN = V1/(4fsL).

ability and explores the feasibility of frequency regulation. In
Section IV, the variable frequency plus continuous current mod-
ulation (VF+CCM) control is developed, and its characteristics
are analyzed. Experimental results are presented in Sections V.
Finally, Section VI concludes this letter.

II. FLAWS OF STATE-OF-THE-ART START-UP CONTROLS

The topology of DAB converters and the definitions of phase-
shift angles discussed in this letter are illustrated in Fig. 1. The
voltage gain M is defined as M = nV2/V1. For state-of-the-art
closed-loop start-up controls [6], [7], flaws can be summarized
and detailedly described as follows.

A. Slow Start-Up Speed

The start-up processes in TZM [6] and EPS [7] are illustrated
in Fig. 2. To ensure a safe start-up, the current stress of the

Fig. 4. Control pattern of CCM modes (a type of EPS control).

Fig. 5. PPS ability comparison between various controls under M= 0.7, where
per unit power p = Po/PN, and per unit current stress I∗max = Imax/IN.

Fig. 6. Current stress variation of CCM control withf∗
s , wheref∗

s = fs/fsteady,
where fsteady represents the switching frequency under steady operation.

inductor must be maintained within safety limits to protect
the devices. Consequently, the current stress limitation ILim is
proactively considered in the design of phase-shift controls in
[6] and [7]. However, since the current stress of DAB converters
is positively related to the output power, the inclusion of current
limiting would weaken output power ability, thereby extending
start-up time to two to three times longer compared to SPS
control.

B. Narrow Safe Range

The output power curves under ILim in TZM and EPS are
shown in Fig. 3. Pmax represents the theoretical maximum power
with phase-shift modulation obtained through iterative MAT-
LAB searches. Regions I and II correspond to the theoretical
power gap between the two controls and Pmax under M < 1 and
M > 1. As illustrated, the primary power gap occurs in region II,
where both EPS and TZM transition to SPS control, leading to
a sharp decrease in Po under ILim. Furthermore, as M increases,
Po in both the algorithms drops to zero when M > 1.3, meaning
that safe start-up cannot be achieved under high-voltage gain
conditions.
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Fig. 7. Analysis of power increasing reason in VF+CCM control under
M = 1.3.

Fig. 8. System closed loop of the proposed VF+CCM control.

Therefore, to enhance the speed and safe range of the start-up
process, it is essential to maximize output power under ILim and
maintain this capability across a wide voltage range.

III. MAXIMUM PPS PATTERN

First, the following optimization target should be established
to maximize output power under ILim:{

Imax = f (D1, D2,Φ) · IN = ILim

max {P = f (D1, D2,Φ) · PN} . (1)

By combining the power and current stress expressions of
DAB converters under various phase-shift modes [8], optimal
control laws can be obtained by Karush–Kuhn–Tucker condi-
tions. For example, under M < 1, optimal control would locate
in two modes

DCM
{
D1 = Ilim

2(1−M) , D2 = D1

M ,Φ = Ilim
4M , Pmax =

I2
limPN

2M(1−M)

CCM

⎧⎨
⎩
D1 = 1− (1−Ilim)(M−1)

(M−1)2+M2
, D2 = 1

Φ = 0.5− 0.5M(1−Ilim)

(M−1)2+M2
, Pmax = 1− (1−Ilim)2PN

(M−1)2+M2

(2)
where Ilim = ILim/IN, PN = nV1V2/(8fsL), and corresponding
applicable Ilim range is DCM:0 ≤ Ilim ≤ 2M(1 – M) and CCM:
2M (1 – M) ≤ Ilim ≤ 1. The pattern of CCM mode is illustrated
in Fig. 4.

Herein, a PPS factor is defined to quantify the start-up ability
under ILim requirement, calculated as PPS= p/I∗max. According
to (2) and the control laws in [6] and [7], the PPS ability in
different controls can be obtained and illustrated in Fig. 5. As

Fig. 9. Key features of different controls. (a) Power comparison under ILim

= 0.35IN. (b) Control variables of VF+CCM.

Fig. 10. Switching currents of all the switches under the boost condition.
(a) Per unit current. (b) Practical switching current.

Fig. 11. Key features of different controls. (a) Power comparison under ILim

= 0.35IN and f∗
s is limited to [1] and [3]. (b) Control variable variation under

frequency limitation.

Fig. 12. Hardware prototype.

can be seen, the CCM mode exhibits the highest PPS capability
among all the controls. However, its application range is limited.
The CCM control can only be used when 2M(1 – M) ≤ Ilim ≤ 1,
i.e., 0.42 in Fig. 5.

To extend the application range, Fig. 6 shows the current
stress variation of CCM control at different unified switching
frequency f ∗

s .
As illustrated, the minimum value of I∗max decreases with

increasing f ∗
s . For example, increasing f ∗

s from 1 to 2 would
extend I∗max from 0.42 to 0.2. Moreover, at the same current
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TABLE I
EXPRESSIONS OF PROPOSED VF+CCM CONTROL SCHEME

stress level (I∗max = 0.42), there exists an optimal frequency (f ∗
s

= 1.5) that enlarges p from 0.42 to 0.52.
The influence of f ∗

s on output power can be explained by
Fig. 7. In the VF+CCM control, as f ∗

s increases from 1.0 to 1.65,
the active power (purple area) remains essentially unchanged,
while the backflow power (gray area) increases with the rise of
Φ. According to the following equation:

Po =
1

Ts

∫ D2Ths

0

v2iLdt

although the integral term v2·iL decreases, the period Ts de-
creases with increasing fs, leading to a possible increase of
Po. However, when f ∗

s = 2.2, the backflow power significantly
increases, resulting in a reduced Po. In addition, since algorithms
in [6] and [7] transition to SPS control under boost conditions,
their output power is significantly lower than that of CCM
control under the same current stress.

Therefore, it is feasible to adjust fs to extend the application
range of CCM control and further increase output power at
the same ILim level. Combined with (1) and (2), the optimal
control law of VF+CCM control under both the buck and boost
conditions can be readily obtained, as summarized in Table I.

IV. PROPOSED VF+CCM CONTROL

A. Control Loop Design

Based on the aforementioned analysis, a novel VF+CCM
control is proposed, with its control loop illustrated in Fig. 8.
The specific control process is listed as follows.

1) Stage I: Upon receiving the start-up command, the
proportional–integral output ILim surges to the safe cur-
rent limit Isafe defined by the saturation function. All the
control variables are determined, as specified in Table I.

2) Stage II: When V2 ≥ 0.95V2ref is detected, the system
prepares to transition to steady-state operation. The fre-
quency is smoothly regulated and fixed at the steady value
fsteady.

3) Stage III: When V2 ≥ V2ref is detected, the system en-
ters steady operation. Under no-load conditions, ILim is
automatically reduced to 0 to maintain a constant output
voltage.

B. Maximum Output Power Characteristic

With the proposed VF+CCM control, the maximum PPS
operation can be realized in a wide voltage gain, as shown in
Fig. 9(a). Furthermore, the proposed control’s output power even
exceeds the theoretical maximum value of phase-shift control
(Pmax) under fixed fs, which is attributed to the introduction of
frequency regulation.

Moreover, as shown in Fig. 9(b), benefiting from a single
CCM phase-shift mode, all the phase-shift angles and frequen-
cies can be smoothly adjusted without mode transition, which
helps suppress dc bias caused by abrupt control variations.

C. Zero-Voltage Switching Characteristic

Since the proposed control primarily relies on increasing
frequency to enhance the start-up speed, the switching losses
might be exacerbated under high switching frequencies. There-
fore, it is necessary to analyze the zero-voltage switching (ZVS)
characteristics of the proposed control.

Based on the phase-shift definition in this letter and the
symmetry of the inductor current, the per-unit turning-ON current
expressions for each switch can be derived as follows:⎧⎪⎨

⎪⎩
I (tS1) = D1 (M − 1)− 2MΦ
I (tS4) = −D1 (M + 1) + 2MΦ+ 2M
I (tQ1) = D2 (M + 1) + 2Φ− 2
I (tQ4) = D2 (M − 1) + 2Φ.

(3)

Combining the phase-shift angles and frequency expressions
in Table I, each current expression can be simplified as follows
(taking boost condition as an example):⎧⎪⎪⎪⎨

⎪⎪⎪⎩

I (tS1) = I (tS4) =
2(M−1)−M

√
2(M−1)

(M−1)2+1

I (tQ4) =
√

2 (M − 1)

I (tQ1) =
√

2 (M − 1)− 2(M−1)
(
M−

√
2(M−1)

)

(M−1)2+1
.

(4)

As can be seen, each turning-ON current is only related to
M. Therefore, current variation curves for each switch can
be directly obtained, as shown in Fig. 10(a). Combining the
per-unit value of the inductor current IN = V1/(4fsL), practical
turning-ON currents can be obtained, as shown in Fig. 10(b).
As seen, switching currents IS1 = IS4 < 0 and IQ4 > IQ1 > 0,
indicating that ZVS operation of all the switches can be realized
by VF+CCM control.

Due to the operation symmetry of DAB converters, similar
conclusion can be obtained under the buck condition.

D. Determination Principle of Frequency Range

Fig. 11(a) and (b) further illustrates the output power and
control variable changes under the unified frequency limitation
[1], [3], respectively. As shown, setting the minimum switching
frequency f ∗

smin to 1, i.e., the steady-state operating frequency,
only results in a slight power loss near M = 1. Therefore, fsmin

can be set as fsteady to avoid the issue of transformer saturation.
For the upper limit frequency fsmax, since ZVS operation

of all the switches can be realized during the start-up process,
increasing the frequency does not lead to a significant rise in
losses. Furthermore, as the start-up of the DAB converter is a
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Fig. 13. Voltage-match condition start-up comparison under V1 = 100 V, V2ref = 250 V, Mref = 1, Po = 0 W, and fsteady = 100 kHz. (a) EPS [7]. (b) Proposed.

Fig. 14. Boost condition start-up comparison under V1 = 100 V, V2ref = 400 V, Mref = 1.6, Po = 0 W, and fsteady = 100 kHz. (a) EPS [7]. (b) Proposed.

TABLE II
SYSTEM SPECIFICATIONS

millisecond-level transient process, the short-term accumulation
of losses is unlikely to cause a significant temperature rise in the
power devices. Therefore, fsmax can be directly derived from
Table I. Taking the hardware parameters of Table II into Table I,
fsmax in this letter is calculated to 300 kHz.

V. EXPERIMENTS

The DAB converter used for the experiment is illustrated in
Fig. 12, with detailed parameters provided in Table II.

Notably, ILim on the V1 side is set to 40 A. To prevent device
damage, relatively high drain–source currents are selected for
switches Sx (ID = 100 A@TJ = 25 °C) and Qx (ID = 35 A@TJ

= 25 °C). The steady operational frequency fsteady = 100 kHz.

TABLE III
START-UP TIME COMPARISON AMONG STATE-OF-THE-ART CONTROLS

A. Verification of the Start-Up Process

A. 1) Voltage-Match Condition: The start-up processes of
EPS [7] and VF+CCM controls are shown in Fig. 13. As can
be seen, ILim can be actively controlled to 40 A by both the
controls. However, through frequency regulation, the start-up
time of VF+CCM control is reduced from 27.5 to 15.7 ms,
achieving a 43% reduction. Furthermore, the start-up times
of TZM control, EPS control, and proposed control under
Mref = [0.4, 1.0] are tested and listed in Table III, demon-
strating that the proposed control features the fastest start-up
speed.

A. 2) Boost Condition: The start-up processes of EPS and
VF+CCM controls under Mref = 1.6 are shown in Fig. 14. Sim-
ilarly, combined with VF+CCM control, the start-up time can
be reduced from 35 to 25 ms. More importantly, for EPS control,
which transitions to SPS control under the boost condition, the
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TABLE IV
COMPARISON AMONG STATE-OF-THE-ART START-UP CONTROLS

Fig. 15. Steady waveforms of the proposed control. (a) M = 1.2, V2 = 300 V,
fs = 188 kHz. (b) M = 1.4, V2 = 350 V, and fs = 265 kHz.

Fig. 16. Key ZVS waveforms of VF+CCM control under V1 = 100 V, V2 =
300 V, fs = 188 kHz, ILim = 40 A. (a) S1 and S4. (b) Q1. (c) Q4.

current stress cannot be maintained at 40 A when M > 1.2. To
achieve start-up in a wide voltage range, ILim of EPS control
must be relaxed, resulting in an exaggerated current stress of
80 A at M = 1.6. However, for VF+CCM control, ILim can be
maintained at 40 A across the entire voltage range, effectively
extending the safe start-up capability of the converter.

Notably, the dc bias phenomenon is hard to be observed in
both Figs. 13(b) and 14(b), since the adjustments of frequency
and phase shifts in each adjacent period are relatively small under
the millisecond-level process. Furthermore, in each subfigure,
whose total display duration is 20 µs, switching frequency
remains constant as the control period is set to 100 µs.

B. Verification of ZVS Operation

To verify the ZVS characteristics of the proposed control,
Fig. 15 presents the steady-state waveforms under VF+CCM
control at different voltage points, where the ZVS point indicates
that corresponding switch achieves ZVS operation. As observed,
S1 and S4 turn ON with negative current. Q1 and Q4 turn ON under
positive current, meaning that ZVS operation is realized.

Fig. 16 further illustrates the detailed ZVS states of all the
switches in Fig. 15(a), where the ZVS states of S1 and S4 can
both be represented by Fig. 16(a) since both the switches turn ON
simultaneously. As observed, the drain–source voltages vds of
all the switches fall to zero before the rise of the gate signal vgs,
and inductor current flows through the antidiode of the switches,
indicating that ZVS operation of all the switches is achieved by
the VF+CCM control.

Finally, a detail comparison among [4], TZM [6], EPS [7],
and proposed control is listed in Table IV. In summary, the pro-
posed VF+CCM control operates solely in a single CCM mode,
eliminating the need for mode transitions and, thus, resulting in a
highly simplified control scheme. Furthermore, by incorporating
frequency regulation, the proposed control method offers the
broadest safe start-up range and the fastest start-up speed.

VI. CONCLUSION

This letter proposes an ultrafast and wide-safe-range start-up
control scheme for DAB converters. First, an EPS-based CCM
control featuring the maximum PPS capability is analyzed and
introduced. By integrating frequency regulation, the maximized
PPS capability of CCM control can be maintained under any
current stress limitation, thereby enhancing the speed and safe
range of the start-up process. Consequently, a VF+CCM con-
trol is established, enabling the entire start-up process to be
accomplished within a single CCM mode, thereby eliminating
complex mode transitions and simplifying the control system.
Experimental results indicate that the proposed control achieves
a broader safe start-up range, 43% faster start-up speed under
voltage-match condition, and ZVS operation for all the switches.
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