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Light Load Efficiency Improvement of DAB
Converters With Optimal Switching Sequences
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Zongjian Li , Member, IEEE, and Hongliang Wang , Senior Member, IEEE

Abstract—This article introduces a method to enhance the light
load efficiency of dual active bridge converters through power
loss minimization via optimal switching sequences. Peak efficiency
points for various operational conditions are identified using a
comprehensive power loss calculation approach. Single phase shift
modulation and trapezoidal current modulation modes are utilized,
and an iterative algorithm determines the optimal switching se-
quence for the first, repeating, and final switching pulses under a
given peak inductor current in various operating condition. The
comprehensive state machine diagram of the proposed control
method demonstrates seamless integration of both continuous and
burst modes for efficiency improvement. Experimental waveforms,
efficiency curves, and power loss breakdown diagrams from a 1 kW
prototype demonstrate that the proposed method significantly out-
performs continuous operation mode, as well as conventional and
advanced burst modes, increasing light load efficiency from below
60% to above 85%.

Index Terms—Burst mode, dual active bridge converter, light-
load efficiency improvement.

I. INTRODUCTION

W ITH development of power electronic conversion ap-
plications such as dc data centers [1], [2], consumer

electronics [3], [4], energy storage systems [5], [6], [7], and
electric vehicles [8], [9] has been explosive. This has resulted
in a higher demand for efficiency in power conversion circuits,
not just at heavy loads but also at light loads. In some typical
applications, such as 80 Plus [10] and Energy Star [11], high
efficiency is required even at loads below 10%.

The dual active bridge (DAB) converter is expected to play an
important role in bidirectional power transmission applications
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as it can operate in both buck and boost modes with superior tran-
sient response and high efficiency [12]. Numerous modulation
schemes and control methods have been proposed to improve
the efficiency of DAB in different operating conditions. Doncker
et al. [13] proposed the original and simplest single phase shift
(SPS) modulation scheme, which showed high efficiency in
heavy load conditions. However, when the DAB output-to-input
voltage ratio deviates from unity in light load conditions, the
power switches lose their zero voltage switching-ON (ZVS-ON)
ability. Additionally, both the root mean square (rms) value and
the peak value of the inductor current (Irms and IPeak) increase.
To address this issue, dual phase shift and extended phase shift
modulation schemes were proposed in [14], [15], [16], and [17]
to eliminate reactive power and extend the ZVS-ON regions in
some operating points. The triple phase shift discussed in [18]
and [19] provides three degrees of freedom to reduce the power
loss of a DAB with a wide operating range. The triangular current
modulation (TCM) and trapezoidal current modulation (TRM)
proposed in [20] aim to reduce the conduction and copper losses
in low and medium power conditions.

In light load conditions, achieving ZVS-ON of all power
switches is not easy, resulting in predominant switching losses.
Choi et al. [21] and Everts et al. [22] proposed the All-ZVS
modulation scheme that enables ZVS-ON of all power switches
at the cost of increased conduction loss. Oggier and Ordonez
[23] and Hiltunen et al. [24] used varying switching frequency
to extend the ZVS-ON region of DAB. Riedel et al. [25], Qin et al.
[26], and Liu and Duan [27] used modified circuit topologies to
maintain the ZVS-ON regions of DAB. Recently, some artificial
intelligence based methods [28], [29], [30] are utilized for DAB
efficiency improvement.

Despite the various modulation schemes and methods dis-
cussed above, the efficiency of DAB still remains inadequate
when the load drops to 10% or lower. In addition to the con-
tinuous operating methods, the burst mode is an effective way
to improve the light load efficiency by switching the converter
between ON and OFF modes. During the burst-ON time, Ton, the
DAB operates with peak efficiency, and the output voltage in-
creases. During the burst-OFF time, Toff, all the power switches
are turned OFF and the output voltage decreases. Generally, burst
mode has the potential to boost the light load efficiency of con-
verters close to peak efficiency [31], [32], [33]. However, con-
trolling the converter can be challenging due to the dynamics and
oscillations at the boundary of the burst-ON/burst-OFF modes. In
[31], hysteresis burst mode with a predefined hysteresis band
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is used. The design of the hysteresis band is critical, as a larger
band can induce a large output voltage ripple, while a small band
leads to low efficiency. In [32] and [33], constant burst frequency
control and constant Ton control are proposed to reduce audible
noise and output voltage ripple.

State trajectory analysis has been used to explain the oper-
ation of converters in burst mode. Feng et al. [34] proposed
optimal trajectory control and its simplified version to improve
the efficiency of LLC converters. The first switching pulse is
also optimized in [35]. Based on this work, Fei et al. [36]
proposed three, five, and seven switching sequences that were
implemented using a digital signal processor.

In summary, burst mode control provides an effective way
to boost converter efficiency in light load conditions. Some of
the previous articles analyzed the performance of the converter
under different burst mode controls, while others focused on
digital implementation and optimization in typical operating
points. However, there is a need for a generic and quantitative
method to select the optimal switching sequence for DAB in
burst mode.

To address this missing gap, this article investigates the op-
timal burst mode operation switching sequence for improving
light load efficiency. First, it presents the power loss calculations
for burst mode under varying voltage gains, output power, and
peak inductor current conditions. Based on these calculations,
the optimal switching sequence, including the first, repeating,
and final pulses, is analyzed. A detailed state machine dia-
gram illustrates the proposed method, which selects the optimal
switching sequence for different conditions, ensuring a smooth
and seamless transition within the burst mode and between burst
mode to continuous operation mode.

Experimental results compare the proposed method with con-
tinuous operation modes, as well as conventional and advanced
burst mode control methods. The efficiency curves and detailed
power loss breakdown diagrams show that continuous operation
modes suffer from high-frequency hard-switching (HS) or high
conduction loss. Conventional and advanced burst mode control
methods lack switching sequence optimization, leading to sub-
optimal efficiency. In contrast, the proposed method optimizes
the switching sequence for power loss minimization, increasing
light load efficiency from below 60% to above 85%.

The contributions of this article include the following.
1) Derivation of a power loss minimization-oriented burst

mode optimal switching sequence for flexible light load
efficiency improvement.

2) An iterative algorithm for determining switching se-
quences for the first, repeating, and final pulses in burst
mode for practical implementation.

3) A comprehensive state machine diagram for the control
algorithm of the DAB converter, enabling flexible and
efficient operation in both continuous and burst modes.

The rest of this article is organized as follows. Section II
analyzes the power loss breakdown of a DAB under multiple
modulation schemes and discusses the operation characteris-
tics of burst mode. Section III presents the operation stage
equations and optimal switching sequences for SPS and TRM

Fig. 1. (a) Topology diagram of DAB. (b) Typical waveforms of DAB with
positive/negative power transmission.

Fig. 2. Classification and definition of the overall power loss of DAB.

modes. Section IV discusses the experimental results. Finally,
Section V concludes this article.

II. POWER LOSS UNDER DIFFERENT MODULATION SCHEMES

The topology diagram of the DAB is depicted in Fig. 1(a). Cin

and Cf are the input and output dc capacitors. S1–S8 are 8 power
MOSFETs. L denotes the power transmission inductor. The turns
ratio of the transformer is 1:n. The input and output voltages are
Vin and Vout, while the primary and secondary port voltages of
the transformer are vAB and vCD. The reflected value of vCD is
v’CD. The inductor current is iL and the switching frequency is as
fs. As depicted in Fig. 1(b), the power transmission in a DAB can
be positive or negative by manipulating the switching sequences
of the MOSFETs. Duty ratios in primary bridge ϕ1, in secondary
bridge ϕ2, and the phase shift angle α between two bridges
are expressed in radian, respectively. The control parameter of
DAB is denoted as (α, ϕ1, ϕ2). Fig. 1(b) also indicates the
ZVS-ON, HS, and incomplete ZVS (iZVS) states of MOSFETs.
Due to the symmetric nature of the DAB, this article considers
only the operating condition with buck mode and positive power
transmission.

A. Power Loss Analysis of DAB

As shown in Fig. 2, the overall power loss of DAB PLoss,
can be classified into switching loss PSW, iron loss PIron, and
ohmic loss POhm [37]. PSW is further divided into turn-ON
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loss, PON, and turn-OFF loss. POFF. POhm is further divided
into conduction loss PCond and copper loss PCopp. During the
deadtime when both MOSFETs in one leg are turned OFF, the
energy stored in the inductor must be greater than the energy
exchanged by the two nonlinear MOSFET parasitic capacitors
Coss [38]. Assuming the inductor current Id is reduced to zero at
the end of the switching process, the minimum ZVS boundary
inductor current Id-min is given as

LI2d
2

≥ Qoss (Vin)Vin ⇒ Id−min =

√
2Qoss (Vin)Vin

L
(1)

where Qoss(v) is the voltage-dependent charge of the nonlinear
MOSFET parasitic capacitors.

When (1) is satisfied, PON = EON × fs is negligible. Oth-
erwise, there will be residual drain-source voltage ΔV on the
Coss. This part of energy is also dissipated in the MOSFET. The
expression of EON in the iZVS condition is given as

EON = Eoss (ΔV )+Vin (Qoss (Vin)−Qoss (Vin −ΔV ))

− (Eoss (Vin)− Eoss (Vin −ΔV )) (2)

where Eoss(v) is the voltage-dependent energy stored in the
nonlinear capacitance.

Assuming a constant inductor current during the deadtime td,
the expression of ΔV can be roughly derived as

ΔV = Vin − Vin

Id
td. (3)

The turn-OFF loss, POFF = EOFF × fs, is formed by the
instantaneous current and voltage of Coss. The turn-OFF energy
loss EOFF of a power switch with turn-OFF current ISW is
expressed as

EOFF =

∫ Tf

0

ISWvdsdt =
T 2
f I

2
SW

48Coss
(4)

where vds is the drain-source voltage of the MOSFET, and Tf is the
time it takes for the current to fall linearly from ISW to ISW/2.

PIron is divided into the iron loss of the inductor PIron-L

and the iron loss of the transformer PIron-T. As for PIron-L,
considering the nonsinusoidal waveform of the flux density,
we use the improved generalized Steinmetz equation to cal-
culate core loss [39]. This method assumes that instantaneous
core losses are a function of B and its rate of change

PIron−L = Ve × 1

Ts

∫ Ts

0

ki

∣∣∣∣dB (t)

dt

∣∣∣∣
α

(2Bac)
β−αdt (5)

ki =

k

(2π)α−1 ∫ 2π

0 |cos (θ)|α2β−αdθ
≈ k

2β−1πα−1
(
0.28 + 1.7

α+1.4

)
(6)

where k, α, and β are the Steinmetz coefficients of the material,
and Ve is the effective volume of the core. PIron-T can be
calculated similarly.

Round Litz wires are used as the windings for the inductors.
Copper losses caused by the skin effect and proximity effect
are calculated using modified Bessel functions. The skin effect

Fig. 3. Typical waveforms of DAB with different modulation schemes.
(a) SPS. (b) TRM. (c) TCM. (d) All-ZVS.

and proximity effect losses, denoted as PSkin and PProx, can be
simplified as

PSkin ≈ 2

πσd2r
i2Lac, PProx ≈ πσ2f2

s d
2
r

32
i2Lac (7)

where σ is the material conductivity and dr is the diameter of
the Litz wires [28].

The conduction loss PCond can be calculated by summing all
the resistive components, which is proportional to the square of
Irms, which can be expressed as

PCond = (req1 + req2) I
2
rms (8)

where req1 is the equivalent resistance of the power MOSFETs,
and req2 is the equivalent resistance of the primary/secondary
windings and the power inductor.

By combining (1)–(8), the analytical expression for PLoss can
be derived. The efficiency, η, can be calculated as

η =
Po

Po + PLoss
. (9)

B. Efficiency Curves Under Different Modulation Schemes

We calculated the efficiency curves of the DAB under four
modulation schemes: SPS, TRM, TCM, and All-ZVS, based
on (9). The typical normalized waveforms for these modulation
schemes with M = 0.8 are shown in Fig. 3. A comparison of
these modulation schemes is presented in Table I.

SPS and TRM are preferred for high and medium power
conditions. According to [18] and [19], the control parameters
and corresponding peak inductor current IPeak for SPS and TRM
are given from

α =

(
1−√

1− P
)
π

2
, ϕ1 = π, ϕ2 = π (10a)

IPeak =

{
π
2

(
1−M

√
1− P

) ∧M ∈ (0, 1)

π
2

(
M −√

1− P
) ∧M ∈ [1,∞)

(10b)
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TABLE I
COMPARISON OF DIFFERENT MODULATION SCHEMES

α =
1

2

(
1−

√
1− P

M2 + (M − 1)2

)
π (11a)

ϕ1 =

(
1− (1−M)

√
1− P

M2 + (M − 1)2

)
π, ϕ2 = π

(11b)

IPeak =
π

2

(
π −

√
(1− P )

(
M2 + (M − 1)2

))

∀P ∈ [2M (1−M) , 1] ∧M ∈ (0, 1) (11c)

α =
1

2

(
1 + (M − 2)

√
1− P

(M − 1)2 + 1

)
π (12a)

ϕ1 = π, ϕ2 =

(
1− (1−M)

√
1− P

(M − 1)2 + 1

)
π (12b)

IPeak =
π

2

(
M −

√
(1− P )

(
(M − 1)2 + 1

))

∀P ∈
[
2(M − 1)

M2
, 1

]
∧M ∈

[
1,∞

)
(12c)

where P is normalized output power, and the base value PBase

is given as

PBase =
nVinVout

8fsL
. (13)

In high power conditions, SPS and TRM are suitable due
to their relatively low PSW, PIron, and POhm. In comparison,
the All-ZVS modulation scheme is more efficient than TCM
in low power conditions, as PSW is a major contributor. Each
modulation scheme has its advantages and disadvantages. The
efficiency curves for these schemes in this typical DAB converter
are depicted in Fig. 4, with the electric parameters summarized
in Table II.

Based on the calculated PLoss, the peak efficiency curve and
corresponding output power are shown in Fig. 5. The red and
blue lines indicate peak efficiency achieved via SPS and TRM,
respectively. Note the mode change point at M = 0.67, with a
boundary efficiency of 97.2% and corresponding output power

Fig. 4. Calculated efficiency of DAB with different modulation schemes.
(a) SPS. (b) TRM. (c) TCM. (d) All-ZVS.

TABLE II
THE ELECTRIC PARAMETERS OF THE DAB CONVERTER

Fig. 5. (a) Peak efficiencies of DAB achieved via SPS and TRM in different
voltage gain conditions. (b) Corresponding output power with peak efficiencies
in different voltage gain conditions.
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Fig. 6. Diagram of the burst mode in DAB.

of 914 W. For M > 0.67, SPS shows higher efficiency, while for
M < 0.67, TRM is more efficient.

C. Operation Characteristic of Burst Mode in DAB

As depicted in Fig. 6, burst mode periodically blocks the
switch-gate driving signals VS1 and VS2 to reduce the power
loss (illustrated for S1 and S2). The burst period TBurst and burst
duty ratio DBurst are defined as

TBurst = Ton + Toff, DBurst =
Ton

Ton + Toff
. (14)

During Ton, the gate signals are activated. The input and
output energies of DAB are denoted as Ein-on, and Eo-on, which
can be expressed as

Ein−on = PinTon, Eo−on = PoTon,

Ein−on − Eo−on =
CfV

2
omax

2
− CfV

2
omin

2
= CfVoaveΔVo (15)

where Pin and Po denote the input and output power of DAB.
Vomax and Vomin denote the maximum and minimum output
voltage, Voave and ΔVo denote the average output voltage and
voltage ripple.

During Toff, the power balance equations are

Ein−off = 0, Eo−off = PoToff

Ein−off − Eo−off =
CfV

2
omin
2 − CfV

2
omax
2 = −CfVoaveΔVo.

(16)
In one burst period, the output voltage returns to the steady-

state value, where

PinTon = PoToff + PoTon ⇒ PinDBurst = Po. (17)

The output voltage ripple ΔVo is given as

ΔVo =
Po (1−DBurst)TBurst

CfVoave
=

Po (Pin − Po)TBurst

CfVoavePin
. (18)

When properly controlled in burst mode, the initial inductor
current in Toff is zero, making PSW, PIron, and POhm zero.
Because there is no power loss during Toff, the efficiency of
DAB in burst mode equals the efficiency during Ton.

The efficiency curves of DAB in continuous operation mode
are depicted in Fig. 7. The red and blue lines represent the
efficiency curves for M = 0.9 and M = 0.6, respectively. The
maximum efficiencies (ηMax-0.9 and ηMax-0.6) are achieved via
SPS and TRM with P0.9 and P0.6 power transmission. Denote the

Fig. 7. Typical efficiency curves of DAB in burst mode.

theoretical efficiency of burst mode when M = 0.9 as ηBurst-0.9,
we can achieve ηBurst-0.9 = ηMax-0.9 via SPS in the burst-ON

time. DBurst and TBurst are adjusted by the load condition and
ΔVo, respectively.

III. OPTIMAL SWITCHING SEQUENCES IN BURST MODE

In burst mode, DAB is more susceptible to current asymmetry
and spikes due to the absence of dc blocking capacitors between
the inverter bridges and the transformer. This section focuses on
determining the optimal switching sequences in burst mode to
mitigate dc current bias, implement ZVS, and improve efficiency
within a predefined peak current limit.

A. Operation Stage Equations in Burst Mode

As depicted in Fig. 8, there are 7 equivalent stages of DAB
considering a resistive load RL in burst mode (the reflected value
of Vo is denoted as V’o). The equivalent circuits for these stages
can be derived as follows. For example, applying Kirchhoff’s
voltage and current laws to stage 1 yields⎧⎪⎪⎨

⎪⎪⎩
i1 (t) = i10 +

(Vin+V ′
o1(t))t

L

V ′
o1 (t) = V ′

o1 − (i1(t)+Io(t))t
n2Cf

Io (t) =
nV ′

o1(t)
RL

(19)

where i1(t) and V’o1(t) denote the inductor current and the output
voltage, i10 and V’o1 denote the initial values of i1(t) and V’o1(t).

Hence, V’o1(t) and i1(t) can be solved as⎧⎨
⎩
V ′

o1 (t) =
n2CfLRLV

′
o1−RL(Vint+i10L)t

n2CfRL+(nL+RLt)t

i1 (t) =
n(nCfRL+t)(Vint+i10L)+n2CfRLV

′
o1

n2CfRL+(nL+RLt)t
.

(20)

For stages 2–6, similar expressions of V’o2(t)–V’o6(t) and
i2(t)–i6(t) can be derived. Stage 7 occurs during Toff where
all the power switches are turned-OFF. V’o7(t) and i7(t) in stage
7 are given as {

V ′
o7 (t) =

nCfRLV
′
o7

nCfRL+t

i7 (t) = i70.
(21)

According to these expressions and the continuity character-
istic of iL and V’o, the waveforms of DAB during burst mode
can be solved cycle by cycle.
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Fig. 8. Seven equivalent stages of DAB in burst mode.

Fig. 9. Energy loss in the first cycle in burst mode.

B. Optimal Switching Sequences in the First Cycle

The burst-OFF time is usually much longer than one switching
period. Since all MOSFETs are deactivated, there is no path for
the inductor current, and it can be assumed to be zero at the start
of the first switching cycle. In the first cycle, both the primary
and secondary power switches operate in iZVS. The energy loss
in the first cycle is calculated as follows:

ELoss = EON + EOFF + EOhm + EIron

= EON + EOFF +
(req1 + req2) I

2
RMS

fs
+

PVLVeL + PVTVeT

fs
.

(22)

The energy loss composition (in μJ) when IPeak varies from
2.4 to 4.4 A is depicted in Fig. 9. EON remains constant, while
EOhm, EOFF, and EIron all increase with higher IPeak.

Fig. 10. Typical waveforms of switching sequence “1243” with SPS in burst
mode. (a) The output voltage waveform. (b) The waveforms of vAB, v’CD, and
iL. (c) The zoomed waveforms of vAB, v’CD, and iL.

After the first cycle, SPS and TRM are the two candidates to
be used according to the voltage gain conditions.

C. Optimal Switching Sequences With SPS and TRM

SPS is used when M > 0.67. Typical waveforms for Voave =
400 V (M = 0.8), ΔVo = 6 V are depicted in Fig. 10. In this
case, there is IPeak = 3.5 A, TBurst = 7.36 ms, DBurst = 0.137.
There are five switching cycles during Ton, with the sequence
“1243”. The zoomed waveforms during Ton are illustrated in
Fig. 10(c). Vo gradually increase in the following four switching
cycles. After Vo > Voave +ΔVo/2, the last stage sequence ends.
Since iL is not returned to zero, there will be voltage and current
oscillation if the final pulse is not activated.

During the whole burst period, PLoss is calculated as

PLoss = PON + POFF + POhm + PIron

=
∑

(EON+EOFF)+

(
PVLVeL+PVTVeT+(req1+req2) I

2
RMS

fs

)
NSw.

(23)

Here, PON and POFF are calculated for each switching pro-
cess, while POhm and PIron are estimated using steady-state
values. NSw indicates the number of switching cycles during
Ton.

TRM is more efficient than SPS when M < 0.67. Typical
waveforms for Voave = 300 V (M = 0.6), ΔVo = 4 V in TRM
are depicted in Fig. 11. In this case, there is IPeak = 4.5 A, TBurst

= 5.16 ms, DBurst = 0.107. There are three switching cycles
with sequence “126435” during Ton. The zoomed waveforms
during Ton are illustrated in Fig. 11(c). The method to determine
the optimal switching sequences with TRM, as well as the
calculation of PLoss can be obtained similarly.
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Fig. 11. Typical waveforms of switching sequence “126435” with TRM in
burst mode. (a) The output voltage waveform. (b) The waveforms of vAB, v’CD,
and iL. (c) The zoomed waveforms of vAB, v’CD, and iL.

The algorithm for determining optimal stage sequences in
burst mode is depicted in Fig. 12. The inputs are voltage gain
M, the power transmission P, and the peak inductor current
IPeak. Based on M, either SPS or TRM is used. In each scenario,
the first pulse {α(1), ϕ1(1), ϕ2(1)}, the repeating pulse {α(R),
ϕ1(R), ϕ2(R)}, and the final pulse {α(F), ϕ1(F), ϕ2(F)} are
determined. First, initialization sets the initial output voltage
VInit as the minimum output voltage Vomin, and the initial
inductor current IInit as zero. For the first pulse, {α(1), ϕ1(1),
ϕ2(1)} are obtained given M, P, and IPeak, and power loss is
calculated PLoss = PON + POFF + POhm + PIron based on
(22). For the repeating sequence, VInit and IInit are derived from
VEnd and IEnd of the previous cycle. Control parameters are then
calculated based on (10)–(12), and operation stage constraints
are checked for validity. End values VEnd and IEnd are saved as
the initial values for the next cycle. This process repeats until
VEnd exceeds Vomax. A final pulse ensures IEnd returns zero to
mitigate oscillations at the start of burst-OFF mode.

The algorithm outputs include power losses, efficiency, and
optimal switching patterns (the first, repeating, and final pulses).
Iteratively running this algorithm provides control parameter
relations for different voltage gains, output power, and peak
inductor current conditions.

Based on the obtained optimal switching patterns, the deliv-
ered energy PDel, can be calculated cycle-by-cycle. Combining
PLoss and PDel, the efficiency curves in burst mode with different
switching cycles are depicted in Fig. 13. Fig. 13(a) illustrates
the delivered energy under different voltage gain conditions.
One cycle (NSw = 1) consists of the first switching pulse, one
repeating pulse, and one final switching pulse. Since the power
delivered during the first switching pulse is less than that of the

Fig. 12. Algorithm to determine the optimal stage sequence in burst mode.

Fig. 13. (a) Calculated efficiency curves of 1–3 switching cycles in different
voltage gain conditions. (b) Delivered energy of 1–3 switching cycles in different
voltage gain conditions.

repeating pulses, two cycles (NSw = 2) may not deliver twice
the power of one cycle. In Fig. 13(b), the efficiency in one cycle
is lower than in multiple cycles for the same reason. The peak
efficiency, shown as the purple line, represents the continuous
operation efficiency (i.e., NSw >> 1). In practice, burst mode
efficiency is lower than continuous operation efficiency due to
additional losses in the first and final switching pulses. As the
number of switching cycles increases, the efficiency, delivered
energy, and ΔVo all increase.
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Fig. 14. Experimental platform of the DAB converter prototype.

IV. EXPERIMENTAL RESULT

The experimental results of different switching sequences in
burst mode with a laboratory prototype are depicted in Fig. 14
and the specifications of the experimental prototype are listed
below.

1) DC capacitor: 14 μF, 1200 V film capacitor and 10 nF,
1200 V metallized film (CBB) capacitor.

2) Switches: 8 SiC MOSFET C2M0080170P from CREE.
3) Transformer: turn ratio n = 1:1, EE70, ferrite core.
4) Power transmission inductor: Permalloy core, 200 μH.
5) Input voltage: 500 V, Output voltage: 300 V–400 V.
6) Switching frequency: 50 kHz.
7) Controller: TMS320F28377D C2000 32-bit 200-MHz.
Upon integrating the optimal switching sequences with SPS

and TRM, the resulting control scheme is illustrated in the state
machine diagram in Fig. 15. This diagram includes four modes:
continuous SPS (Mode 1), burst SPS (Mode 2), continuous
TRM (Mode 3), and burst TRM (Mode 4), along with their
corresponding actions.

Initially, the operation mode is determined based on the
sampled values of Vin, Vout, Iout, and the preset values of
IPeak, ΔVo, Vref, NSw, Pm. Here, Vref is the output voltage
reference, NSw is the preset number of switching cycles in burst
mode, and Pm is the lower boundary for transitioning from
continuous to burst mode. In continuous SPS and TRM mode, a
proportional-integral controller regulates the control parameters
(α,ϕ1,ϕ2), as given in (10)–(12). When the voltage gain exceeds
boundary values, the mode switches between continuous SPS
and continuous TRM. If the output power falls below Pm, the
converter transitions to the corresponding burst mode.

In burst SPS mode, the optimal switching sequences are
activated when Vout drops below the lower threshold Vref –
ΔVo. Initially, the first pulse {α(1), ϕ1(1), ϕ2(1)} is applied,
and the counter is reset to zero. If the counter is less than NSw,
the repeating sequence {α(R), ϕ1(R), ϕ2(R)} is applied, and the
counter increments by one. When the counter reaches NSw, the
final pulse {α(F), ϕ1(F), ϕ2(F)} is enabled, and the counter is
reset. The converter then enters the burst-OFF phase, deactivating
all MOSFETs until Vout drops below the threshold again.

Fig. 15. State machine diagram of the control algorithm for real-time imple-
mentation in the DSB converter prototype.

Fig. 16. Execution time of the proposed algorithm.

To test the availability and execution time of the proposed
algorithm, we present a typical case in burst TRM mode with
the following conditions: Vin = 500 V, Vout = 250 V, IPeak = 5,
NSw = 2, ΔVo = 1 V, and the experimental results is depicted in
Fig. 16. We used the general-purpose input/output (GPIO) flag
toggles to measure the execution time of the real-time control
algorithm, inserted in the ADC interrupt.

When the ADC conversion finishes, the GPIO is set to 3.3 V.
All sampled signals at instant k, including Vin[k], Vout[k], and
Iout[k], are filtered using a four-bit moving averaging digital
filter. Based on the preset values of IPeak, ΔVo, Vref, NSw, Pm,
and the fitted functions, the control parameters for the first pulse
are obtained. The EPWM register values are then calculated and
updated, and the GPIO resets to 0 V, sending the PWM signals
to the power switches. Since the switching patterns are derived
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from Vin[k], Vout[k], and Iout[k], the voltage ripple ΔVo has
only a minor influence on the pattern calculations.

The experimental waveform shows the execution time of the
proposed method is around 5.5 μs, which is acceptable for a
50 kHz switching frequency (20 μs) DAB converter. All power
MOSFETs achieve ZVS, except during the first switching pulse,
due to the initial zero inductor current being insufficient to
charge or discharge the MOSFET parasitic capacitances. With a
rated input voltage of 500 V, voltage spikes on the primary-side
MOSFETs reach about 700 V, leaving a safety margin in the
selection of SiC MOSFETs for the prototype.

A. Operating Waveforms With Different Modulation Schemes

Steady state waveforms for four operation conditions are
shown in Fig. 17: Vout = 400 V, Pout = 1050 W (with SPS),
Vout = 300 V, Pout = 840 W (with TRM), Vout = 400 V,
Pout = 85 W (with All-ZVS), and Vout = 300 V, Pout = 60 W
(with All-ZVS). ZVS-ON for all power switches is achieved. The
efficiencies in SPS and TRM conditions are 97.4% and 96.8%,
closely matching the theoretical efficiencies shown in Fig. 5.
The corresponding IPeak are 5.1 A, 6.2 A, 2.2 A, and 2.1 A,
respectively.

B. Operating Waveforms in Light Load Conditions

We tested two light load conditions: Vout = 400 V, Pout =
85 W (case 1), and Vout = 300 V, Pout = 60 W (case 2). In
case 1, the waveforms for optimal switching sequences with
NSw = 1 and NSw = 3 are shown in Fig. 18. Since these is M
= 400/500 = 0.8 > 0.67, the burst SPS mode is activated. The
burst periods TBurst in these two conditions are 177 μs, 624 μs,
with corresponding Ton of 19 μs, and 60 μs, respectively. As
NSw increases, TBurst, Ton, and ΔVo all increase, but DBurst

remains constant at around 10%. The zoomed waveforms in
Fig. 18(b) and (d) show voltage spikes in vAB and v’CD due
to iZVS of the power MOSFETs. After the final pulse, iL is
nonzero due to parasitic components, causing oscillations at the
beginning of Toff.

For comparison, Fig. 19 shows conventional burst control
waveforms with a 1.4 V hysteresis band. During Ton, SPS with
α = 0.1π is used. There is a dc current bias in iL, risking
transformer saturation. The delivered energy per cycle is much
smaller than in the optimal switching sequence, resulting in a
higher IPeak. Strong oscillations occur during Toff since the final
pulse is not activated.

In case 2, the waveforms for optimal switching sequences
with NSw = 1 and NSw = 3 are shown in Fig. 20. Since these is
M=300/500=0.6<0.67, the burst TRM mode is activated. The
burst periods TBurst in these two conditions are 297 μs, 814 μs,
with corresponding Ton of 21 μs, and 63 μs, respectively. Due
to lower output power in case 2, TBurst in case 2 is longer than
that in case 1.

The light load efficiency improvement method from [23] is
also investigated. This method selects burst mode switching
sequences based on the natural sequence in half a switching
period, then selects the negative counterpart for volt-second

Fig. 17. (a) Steady state waveforms of SPS when Vout = 400 V, Pout

= 1050 W. (b) Steady state waveforms of TRM when Vout =300 V, Pout

= 840 W. (c) Steady state waveforms of All-ZVS when Vout = 400 V,
Pout = 85 W. (d) Steady state waveforms of All-ZVS when Vout = 300 V,
Pout = 60 W.
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Fig. 18. Waveforms with burst SPS mode in case1. (a) Waveforms with one
cycle. (b) Zoomed waveforms with one cycle. (c) Waveforms with three cycles.
(d) Zoomed waveforms with three cycles. (e) Burst mode waveforms based on
[23]. (f) Zoomed waveforms burst mode waveforms based on [23].

Fig. 19. (a) Typical waveforms of the conventional burst mode control a 1.4 V
hysteresis band. (b) Zoomed waveforms during burst-on phase.

balance. For the given two light load conditions, the waveforms
are depicted at the bottom of Figs. 18 and 20. This method
is similar to the first switching pulse in the proposed method.
Since it uses only one switching cycle, it results in an increased
burst frequency. Additionally, due to iZVS in the first switching
cycle, increased switching loss occurs. Moreover, as part of the
SPS mode, its efficiency decreases with increasing voltage gain
mismatch conditions.

We also evaluate the dynamic performance of the proposed
method to determine its capability for a seamless transition from
burst mode to continuous mode upon an increase in load, as
shown in Fig. 21. The burst mode boundary power is set at
Pm = 600 W. The experimental setup involves connecting the
input and output of the prototype to dc voltage sources, with the
system operating under output current control mode. The input
and output voltages are Vin = 500 V and Vout = 400 V. A fixed

Fig. 20. Waveforms with burst TRM mode in case2. (a) Waveforms with one
cycle. (b) Zoomed waveforms with one cycle. (c) Waveforms with three cycles.
(d) Zoomed waveforms with three cycles. (e) Burst mode waveforms based on
[23]. (f) Zoomed waveforms burst mode waveforms based on [23].

Fig. 21. Dynamic performance of the proposed method with an increase of
load. Initially, it employs a fixed three-cycle SPS burst mode. Subsequently,
upon the load power escalating to 600 W, it undergoes a seamless transition into
continuous SPS mode.

three-cycle (NSw = 3) burst mode control is deployed, initiating
three switching cycles during the burst-ON phase.

The initial output current reference is set at ioref = 0.7 A
(280 W). At this point, the burst frequency remains constant, and
the output current io displays a pulse waveform. Subsequently,
ioref increases following a predefined slope. As ioref increases,
the burst frequency also increases, with the burst mode conclud-
ing once ioref reaches approximately 1.5 A. The converter then
transitions smoothly to continuous SPS mode as ioref attains
2.5 A. This seamless transition demonstrates that the proposed
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Fig. 22. (a) Efficiency curves when Vout = 400 V. (b) Efficiency curves when
Vout = 300 V. (c) Efficiency curves when Vin = 750 V and Vout = 600 V. (The
power consumption of the sampling, driver, and control circuits are excluded.)

burst mode control can be effectively integrated into the widely
used DAB continuous operation mode control strategies.

In summary, the proposed algorithm operates effectively in
both continuous operation mode and the proposed burst mode,
including steady-state operation and dynamic transitions.

C. Efficiency and Power Loss Breakdown Comparison

The efficiency curves in different operation conditions are
depicted in Fig. 22. In case 1, SPS shows the highest efficiency
when Po > 800 W, TRM is most efficient for 550 W< Po <
800 W, and All-ZVS is most efficient when Po < 250 W. The
light load efficiency curves at the bottom of Fig. 22(a) show peak
efficiencies of 87.4%, 90.1%, 92.0%, and 93.9% with increasing
Po. Interestingly, conventional burst control efficiency is lower

Fig. 23. Detailed power loss breakdown diagram in case 1 with Vout = 400 V,
and 55 W output power.

than All-ZVS when Po < 55 W. Similar conclusions are drawn
in case 2. In Fig. 22(b), peak efficiencies are achieved with All-
ZVS, TCM, and TRM as Po increases. SPS efficiency drops
rapidly due to high PSW and POhm. In light load conditions,
peak efficiency is achieved with optimal burst sequences of three
switching cycles, despite a larger ΔVo.

With the input voltage increased to 750 V and an output
voltage of 600 V, the efficiency curves for different control
methods are shown in Fig. 22(c). At around 60 W output power,
the SPS mode achieves 45.2% efficiency, significantly lower
than the All-ZVS mode at 81.7% and the proposed three-cycle
burst mode at 88.3%. At approximately 110 W, the SPS mode
reaches 68.1%, and the All-ZVS mode 87.3%, while the pro-
posed three-cycle burst mode attains the highest efficiency at
94.9%. Notably, increasing the input voltage to 750 V enhances
efficiency across all operating conditions compared to the 500 V
input case.

The measured efficiencies with one and three repeating
switching pulses are slightly lower than the calculated val-
ues, with less than 5% deviation. This discrepancy is due
to oscillations at the burst-ON/burst-OFF boundaries, caus-
ing extra losses. Compared to Fig. 19, these oscillations are
significantly mitigated with the proposed optimal switching
sequences.

The detailed power loss breakdown diagram when Vout =
400 V is depicted in Fig. 23. The power loss components
are classified into conduction loss PCond, turn-OFF loss POFF,
turn-ON loss PON, iron loss PIron, and copper loss PCopp, with
the difference between calculated and experimental measure-
ments denoted as error power loss PError. These components
are represented by different colors in the diagram.

In SPS and TCM, high-frequency HS results in significant
turn-ON losses of 24.2 W and 16.3 W, respectively. High circu-
lating current in SPS also leads to high conduction loss, reducing
efficiency to 60% at an output power of 60 W (6% of full load).
In contrast, burst mode achieves much higher efficiency, with
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Fig. 24. Output voltage ripple comparison between the continuous All-ZVS
mode and the proposed burst mode when Vout = 300 V, Po = 60 W.

TABLE III
COMPARISON OF DIFFERENT LIGHT LOAD EFFICIENCY IMPROVEMENT

METHODS

total power loss reduced to 9.35 W in the [23]-based burst
mode, further reduced to 7.26 W in the proposed one-cycle burst
mode, and 4.89 W in the three-cycle burst mode. The calculated
power losses match the experimental results within an accept-
able error range, verifying the effectiveness of the proposed
method.

Table III summarizes the comparison of different light load
efficiency improvement methods for DAB. TCM and All-ZVS,
being continuous operating methods, maintain a ΔVo around
0.3 V, significantly smaller than in burst mode (around 0.4 V
with one-cycle burst mode and around 1.2 V with three-cycle
burst mode). The hysteresis burst mode shows low efficiency
due to high PSW. Constant TBurst methods, Oggier and Or-
donez [23] based advanced burst mode method, and optimal
trajectory control methods exhibit relatively high efficiency but
are only applicable to LLC resonant converters at the resonant
frequency, not considering different voltage gain conditions.
Conversely, the proposed burst mode control method shows high
efficiency, with the output voltage rippleΔVo adjustable accord-
ing to the number of repeating switching pulses during To n.

In the final part of this study, we compare the output voltage
ripple of continuous operation mode and the proposed burst
mode under various conditions. For instance, with a load power
of 60 W and an output voltage of 300 V, the output voltage ripple
waveforms for continuous All-ZVS mode and the proposed burst
mode are measured using a 200 MHz differential voltage probe
(HVD3106 from Teledyne LeCroy, 200 MHz bandwidth, ac

coupled), as shown in Fig. 24. The results show a ripple voltage
of around 300 mV in continuous All-ZVS mode, increasing to
1.4 V in burst mode, which represents only 1.4/300 = 0.47% of
the output voltage and is acceptable for practical applications.
Although the ripple in the proposed burst mode is significantly
higher than that in continuous mode, additional dc link ca-
pacitance is unnecessary. Since burst mode is only activated
under light load conditions, where load current is minimal, the
increased ripple remains manageable.

V. CONCLUSION

This article introduces a method to enhance the light load
efficiency of DAB converters by minimizing power loss through
optimal switching sequences. Peak efficiency points for various
operational conditions are identified using a comprehensive
power loss calculation approach. An iterative algorithm deter-
mines the optimal switching sequence for the first, repeating,
and final pulses under a given peak inductor current condition.
The proposed control method demonstrates seamless integration
of both continuous and burst modes for improved efficiency.
The experimental results from a 1 kW prototype, including
waveforms, efficiency curves, and power loss breakdown dia-
grams, show that the proposed method significantly outperforms
continuous operation, as well as conventional and advanced
burst modes, increasing light load efficiency from below 60% to
above 85%.

APPENDIX

For stages 2–6, V’o2(t)–V’o6(t) and i2(t)–i6(t) are given as⎧⎨
⎩
V ′

o2 (t) =
n2CfLRLV

′
o2−RL(Vint+i20L)t

n2CfRL+(nL−RLt)t

i2 (t) =
n(nCfRL+t)(Vint+i20L)−n2CfRLV

′
o2

n2CfRL+(nL−RLt)t

(A1)

⎧⎨
⎩
V ′

o3 (t) =
n2CfLRLV

′
o3+RL(Vint−i30L)t

n2CfRL+(nL+RLt)t

i3 (t) =
−n(nCfRL+t)(Vint−i30L)+n2CfRLV

′
o3

n2CfRL+(nL+RLt)t

(A2)

⎧⎨
⎩
V ′

o4 (t) =
n2CfLRLV

′
o4+RL(Vint−i40L)t

n2CfRL+(nL−RLt)t

i4 (t) =
n(nCfRL+t)(Vint−i40L)−n2CfRLV

′
o4

n2CfRL+(nL−RLt)t

(A3)

⎧⎨
⎩V ′

o5 (t) =
LRL(n2CfV

′
o5−i50t)

n2CfRL+(nL+RLt)t

i5 (t) =
n(i50Lt+nCfRL(i50L+V ′

o5t))
n2CfRL+(nL+RLt)t

(A4)

⎧⎨
⎩V ′

o6 (t) =
LRL(n2CfV

′
o6−i60t)

n2CfRL+(nL−RLt)t

i6 (t) =
n(i60Lt+nCfRL(i60L−V ′

o6t))
n2CfRL+(nL−RLt)t

.
(A5)
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