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High-Efficiency DAB Converter Using Switching
Sequences and Burst Mode

Germán G. Oggier, Member, IEEE, and Martin Ordonez, Member, IEEE

Abstract—Dual active bridge converters enable bidirectional
power flow in buck and boost operating modes. This paper
presents an advanced switching sequence and burst-mode strat-
egy to balance conduction, switching, and magnetic losses under
light, medium, and heavy loading conditions, leading to improved
operating efficiency. The implementation of the switching sequence
employs the natural state-plane trajectories of the converter and
contributes to higher efficiency and the ability to perform burst
mode. The proposed switching sequences improve the overall ef-
ficiency of the converter by enabling soft switching and adjusting
the frequency to match the minimum RMS transformer current in
the full operating range. Furthermore, it incorporates a fully con-
trolled burst-mode switching sequence for light loading conditions
to further extend the efficiency gains. As a result, maximum effi-
ciency is obtained by taking advantage of all the possible switching
structures of the converter. The analysis provides insight into the
natural trajectories of the converter, which produce soft-switching
transitions and enable the converter structures to achieve the tar-
get operating point directly. Simulation and experimental results
are presented to validate the benefits of the switching sequence and
illustrate the burst-mode operation.

Index Terms—Boundary control, dc–dc isolated converters, dual
active bridge (DAB) converter.

I. INTRODUCTION

B IDIRECTIONAL power converters are a core require-
ment for many different power electronic conversion ap-

plications [1]–[3] (such as backup systems, regenerative motor
drives, plug-in hybrid electric vehicles, microgrids, distributed
generation systems, and renewable energy applications with in-
termediate energy storage) and are necessary in order to adapt
different voltage levels and control the power flow between the
different components [4], [5].

In this context, the dual active bridge (DAB) converter shown
in Fig. 1(a) provides an effective means to implement power
interfaces, since it enables bidirectional power flow control and
can operate in both buck and boost modes, with fast transient
response [6]–[8]. The DAB converter has also been investi-
gated for high-power applications and is considered an essential
component of modern smart grids and microgrids, as it en-
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ables bidirectional power flow between the source and the load
[9]–[12].

By using a traditional modulation strategy, it is possible to
achieve high efficiency in the DAB converter owing to soft
switching, but only in a reduced operation region. This lim-
itation is a function of the voltage conversion ratio and the
output current [13]. In order to solve this problem, many efforts
have been made to maximize overall efficiency. These mainly
consist of ensuring operation under soft switching throughout
an extended region by applying modified modulation strategies
in order to force soft-switching transitions [14]–[20]. These
strategies generally also improve the form factor of the current
through the transformer, therefore reducing losses and mitigat-
ing harmonics. In this way, improvements in the overall per-
formance can be achieved [15]. The strategy developed in [21]
takes advantage of the discontinuous-current mode, which en-
ables the reduction of diode reverse recovery losses, owing to
the zero current switching transitions, and thereby benefits light
loading operation. One of the key parameters in the operation
of the DAB converter is the value of the transformer leakage
inductance. The power transfer can be improved by controlling
the series reactance and the reactive power [7], [14] between
the two active bridges, which is proportional to the transformer
leakage inductance. Recent proposals use a modulation strategy
where the series reactance is adjusted by changing the switching
frequency, as a function of the converter operation point, to en-
sure zero-voltage switching [22], [23]. The strategy of changing
the switching frequency has been extensively used for resonant
converters in the manner proposed in [24], where a three-level
isolated LLC resonant converter using a novel modulation strat-
egy for wide-voltage range operation is employed. This strategy
allows the dc gain of the converter to be changed between width
ratios by varying the switching frequency of the converter. As a
result, the converter can be designed to operate within a narrow
operation condition, maintaining high efficiency despite wide-
voltage range variations.

The efficient operation of DAB converters is challenging and
requires dealing with a wide range of operating conditions (from
light to heavy loads) while minimizing losses in all the elements
of the converter (passive and active) to mitigate conduction,
switching, and magnetic power dissipation. For example, un-
der light load conditions, the soft-switching mode is difficult
to obtain, and therefore, switching losses become predomi-
nant (conduction and magnetic losses are low). On the other
hand, losses in medium loading condition are balanced, while
heavy loading condition produces high conduction losses (RMS
current) in the switches and magnetic devices. Therefore, effi-
cient and improved DAB operation must involve the accurate
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Fig. 1. (a) Simplified scheme of the DAB converter. (b) Comparison of efficiency by using the conventional and the proposed strategies. (c) Conceptual
time-domain waveforms and phase-plane strategies to operate the converter under light, medium, and high load using the proposed strategies.

control of multiple mechanisms (such as frequency, soft transi-
tions, RMS current, and power flow simultaneously).

This paper presents an advanced switching sequence and
burst-mode strategy to balance conduction, switching [25] and
[26], and magnetic losses under light, medium, and heavy load-
ing conditions, leading to improved operating efficiency in the
entire operating range. A new framework based on trajectory
analysis is presented and results in accurate control of switch-
ing sequences, frequency, and RMS current, in order to obtain
higher efficiency from light to 100% loading condition. The
ability to control the trajectories of the converter provides a
significant opportunity in the form of a burst-mode switch-
ing sequence for light loads. This technique consists of turn-
ing ON the converter for a few switching cycles when a small
or light load is present, reducing unnecessary switching and

conduction power losses in the switches and, thus, increasing
operating efficiency.

The conceptual efficiency gains are presented in Fig. 1(b),
depicting three operating regions each for heavy (region M1),
medium (M2), and light (M3).

The proposed switching sequences are shown conceptually
in Fig. 1(c), which depicts time-domain waveforms and phase
planes, and in which different modes (M1, M2, and M3) are
shown that have been chosen as function of the output power.
When the load of the converter is close to the maximum output
power, the control scheme selects a minimal switching sequence
M1 (four trajectories) and applies an advantageous lower fre-
quency operation which is selected to minimize the RMS current
of the transformer. Under medium loading condition, the switch-
ing frequency is increased inversely with the output current, and
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the modulation strategy M2 employs six natural trajectories in
order to minimize the total converter losses. With the proposed
six trajectory strategy (M2), soft-switching transition are ob-
tained. An additional feature made possible by manipulating
the natural state-plane trajectories is the burst-mode switching
sequence (M3) for light loading conditions. Burst sequence M3
involves turning ON the converter for a few switching cycles
to charge the output capacitor and support a light load with
improved efficiency. The M3 burst sequence prevents unnec-
essary switching actions and conduction losses in the power
switches.

The natural state-plane trajectories employed in this study
provide significant insight into the operation of the converter
and lead to enhanced switching sequences to cover the whole
loading range of the converter. Simulation and experimental
results using a DAB converter validate the theory and concepts
proposed in this study.

II. DAB TOPOLOGY AND NORMALIZED DERIVATION

The DAB topology consists of a full bridge working as a dc–ac
converter, feeding a high-frequency transformer, which supplies
a second full bridge working as an ac–dc converter. The analysis
of the DAB converter could be simplified by referring the model
to one side of the transformer and considering the transformer
model to be represented only by its leakage inductance [13].

The conventional modulation strategy consists of controlling
both bridges in order to generate a constant-frequency voltage
waveform. The power flow is controlled by manipulating the
phase shift between the voltages of the transformer terminals
vT 1 and vT 2 [6]. The switching frequency to operate the con-
verter using the conventional strategy is fixed at 10 kHz. The
modified strategy uses special switching sequences under light,
medium, and heavy loading conditions to improve the system
efficiency in the whole operating range.

The derivation of the natural trajectories of the converter is
presented to cover the different operating modes. Power flow
from v1 to v2 is considered, called hereinafter as Vcc and v0 ,
respectively. The converter can be represented by a system of
differential equations as follows:

dv0

dt
=

1
C

(iLu2 − i0) (1)

diL
dt

=
1
L

(Vccu1 − v0u2) . (2)

The voltage applied to leakage inductance (L) can take dif-
ferent active levels depending on the state of the switches. Ac-
cording to the waveforms represented in Fig. 2, when the con-
verter operates with the switching sequence corresponding to
M1, there are four different structures, while for the switching
sequence corresponding to M2, there are six structures. For this
particular case, the voltage applied to the leakage inductance
takes the following values:

For buck mode : (Vcc + v0) , (Vcc − v0) , (−v0)

(−Vcc − v0) , (−Vcc + v0) , and (v0) .

Fig. 2. Main waveforms of the DAB converter for buck mode: (a) M1 and (b)
M2.

For boost mode : (Vcc + v0) , (Vcc) , (Vcc − v0)

(−Vcc − v0) , (−Vcc) , and (−Vcc + v0) .

These cases are represented in (1) and (2) by u1 = 1 for
vT 1 = Vcc , u1 = 0 for vT 1 = 0, and u1 = −1 for vT 1 = −Vcc .
In addition, for the second bridge, B2 , the different cases are
represented by u2 = 1 for v0 and u2 = −1 for −v0 . When the
converter operates in boost mode, the zero state is only possible
in bridge B2 [15].

In order to simplify the mathematical representation of the
converter, a normalization technique is employed to disen-
gage some of the parameters of the converter. The normaliza-
tion is performed by using the characteristic impedance of the
combined L and C values, Z0 =

√
L/C, natural frequency

f0 = 1/T0 = 1/
(
2π

√
LC

)
, and the converter reference volt-

age, Vr , as base quantities, as follows:

vxn =
vx

Vr
(3)

ixn =
ix
Vr

Z0 (4)

tn = t.f0 (5)

where vx and ix represent generic voltages and currents, and
vxn and ixn their respective normalized values.

After performing normalization, (1) and (2) can be rewritten
as

dv0n

dtn
= 2π (iLnu2 − i0n ) (6)

diLn

dtn
= 2π (VC C nu1 − v0nu2) . (7)

By combining (6) and (7), a general second-order differential
equation is obtained

d2iLn

dt2n
= 4π2u2 (i0n − iLnu2) . (8)

The solution of this second-order system can be written as

iLn = A cos (βtn ) + B sin (βtn ) + i0nu2 (9)

where A = (iLn (0) − i0nu2), B = (diLn (0)/dtn ) /β, and β =
2π.
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1

Fig. 3. Normalized natural trajectories for the DAB converter. (a) Buck mode.
(b) Boost mode.

At the target operating point iLn (0) = iLn,target u2 is derived
in order to operate the converter at a desired switching frequency
and von = Vrn , where

Vrn = 1. (10)

By using trigonometric identities and performing a transfor-
mation process, the normalized time, tn , can be eliminated from
(1) and (2) after using (3), (4), and (5), yielding the following
expressions for the natural trajectories of the DAB converter for
buck mode:

λ{1−6} = (Vccnu1 − v0nu2)
2 − (iLn λx − i0nu2)

2 −

− (Vccnu1 − u2)
2 + (iLn − i0nu2)

2 . (11)

And for boost mode:

λ{1,3,4,6} = (Vccnu1 − v0nu2)
2 − (iLn λx − i0nu2)

2 −

(Vccnu1 − u2)
2 + (iLn − i0nu2)

2 (12)

λ{2,5} = iLn +
Vccnu1

i0n
v0n − iLn λy − Vccnu1

i0n
. (13)

From these expressions, it can be deduced that the natural
trajectories of the DAB converter for the different modes are
circles and straight lines on the plane that shows the normalized
inductor current versus the normalized output voltage of the
converter using the proposed strategy. Fig. 3 shows the planes
of the normalized inductor current versus the normalized output
voltage, for buck and boost operating modes. Natural trajectories
can be used for fast transient response [8], but the objective of
this study is to do special modulations for high efficiency by
using novel modes M1, M2, and M3.

In this paper, iLn,target is derived in order to operate the con-
verter with the desired switching frequency, which is selected
as function of the required output power [see Fig. 1(c)]. Since
the inductor current at the switching angles is a function of the
switching frequency, terms of iLn λx and iLn λy given in previ-
ous expressions can be obtained from the steady-state inductor
current expressions as follows [27]:

Solutions for buck mode

iL λ1 =
Vcc (dπ − 2dδ − mπ)

2ωL
(14)

iL λ2 =
Vcc (2δ − mπ + dπ)

2ωL
(15)

iL λ3 =
Vcc (2δd + mπ + dπ − 2dmπ)

2ωL
. (16)

Solutions for boost mode

iL λ1 =
Vcc (mdπ − π − 2dδ)

2ωL
(17)

iL λ2 =
Vcc (mdπ − π + 2δ)

2ωL
(18)

iL λ3 =
Vcc (π + mdπ − 2mπ + 2δ)

2ωL
(19)

where δ is the phase shift between transformer primary voltage
and secondary voltage, which can be determined as function
of the required output power, ω = 2πf ∗

s and f ∗
s is the desired

switching frequency, d is the voltage conversion ratio, and m is
the modulation index, which are defined as

d =
v0

(nVcc)
(20)

and

m =
τ

π
(21)

respectively. In these expressions, n is the transformer turns
ratio and τ is the width of the pulse generated by the bridge
fed with the largest dc voltage. The modulation index could be
determined in order to operate the DAB converter under soft-
switching mode in the full operating range, as it is proposed
in [15].

A. Range of Variation of the Switching Frequency

The switching frequency is selected as a function of the output
power and it is modified between a minimum and a maximum
value, as it is shown conceptually in Fig. 1(c). The maximum
switching frequency at which the converter can be operated is
limited by the semiconductor switching losses, as it is concep-
tually explained in Fig. 4(a), whereas the minimum switching
frequency is determined by the maximum magnetizing current
of the transformer, which does not produce core saturation, as
is explained below.

The following basic transformer equations [28] provide in-
sight into the effects of moderate changes in the switching fre-
quency. Its capability is given by

S =
(VB 1rmsIB 1rms + VB 2rmsIB 2rms)

2
. (22)

The induced emf in a winding is determined according to
Faraday’s law of induction, which is proportional to the rate
of change of the magnetic flux. The induced emf can also be
expressed as function of the switching frequency as follows:

E = K1fsB. (23)

As discussed in [29], silicon steel sheet is normally used in
large power converters for transmission or distribution power
systems. By contrast, ferrite is often used in higher frequency
operation for low- and medium-power converters. Amorphous
and nanocrystalline materials are also popular to apply as core
materials in medium-frequency transformers.
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Fig. 4. (a) Conceptual switch power losses for two different switching frequencies: waveforms of iB 1 and iB 2 corresponds to the dc current of bridge B1 and
B2 , respectively. (b) Transformer model considering the magnetizing inductance (top) and variation of the magnetizing current as function of the induction of the
core (bottom).

The total core losses comprise mainly the eddy current losses
and the hysteresis losses, and in order to simplify the calculation
of these losses, the transformer can be considered to be fed by
a sinusoidal voltage waveform, and the following equation can
be used: Pcore = Ped + Phy = Kc1f

2
s B̂x + Kc2f

y
s B̂z , where

Kc1 and Kc2 are constants given for the material of the core,
and x, y, and z are exponent lying between 1 and 3 that can
be established from the core datasheet. The winding resistive
losses are functions of the RMS current Pw = K3I

2
rms , and K3

is a constant given for the resistance of the windings.
The magnetizing current is related to the core induction,

which is function of the B–H loop of the magnetic core

iM = f(B) (24)

in which the magnetizing current increases faster than the core
induction, B.

Thus, for a particular transformer, the capability of which is
given by (22) and the amplitude of V1 and V2 are determined by
the application, a change in the switching frequency produces an
inversely proportional change in the core induction, B [see (23)].
On the other hand, the core losses will increase as switching
frequency increases and the core induction will decrease in a
squared ratio. As a consequence, the total transformer losses
will be reduced when the switching frequency increases within
moderate limits.

On the other hand, when the switching frequency increases,
the magnetizing current is reduced by a greater proportion than
the induction of the magnetic core, which is reduced according
to the magnetization curve of the material, as it is shown in
Fig. 4(b).

In conclusion, if the transformer is operated with a moderated
higher frequency, the total losses will be lower, as will be the
magnetizing current. In this manner, a moderate increase in
frequency establishes a mechanism can be used to improve the
efficiency of the converter under certain loading conditions.

III. EFFICIENCY IMPROVEMENT STRATEGY

In this section, the proposed strategy to operate the DAB
converter efficiently is presented, covering the entire loading
range. As mentioned in previous sections, in order to operate
the converter with maximum efficiency for all values of the
output power, different switching sequences are used. In this
paper, the switching frequency is adjusted to minimize the RMS
transformer current as a function of the output power, which
allows the conduction and transformer winding losses to be
minimized. Since MOSFET power switches are employed in the
converter operating at moderate frequencies, conduction losses
play a dominant role as part of the total efficiency of the system.

The RMS transformer current is defined in steady state as
follows:

IL rms =

√
1
π

∫ π

0
(iL (θ))2dθ (25)

where iL (θ) can be established for the different structures shown
in Fig. 2(a) and (b).

By solving (25), the expressions given in Table I can be
obtained, valid for buck and boost operating modes.
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TABLE I
TRANSFORMER RMS CURRENT

Buck mode and δ > 0◦ 1
6

√
3V1

√(
d2 π 4 + 2

m 2 π 3 √a

V1
− 4

√
aP0 ωLπ 2

dV1
3 − 4

√
amπ 3

V1
+ 3m 2 π 2 − 2m 3 π 4

)

ωLπ

Buck mode and δ < 0◦ 1
6

√
3V1

√√
√
√

(

d2 π 2 + m 3 π 2 d − 3dmπ 2 + 12
(P0 ωL)2

dmV1
4 + 3m 2 π 2 − 2m 3 π 2

)

ωL

Boost mode and δ > 0◦

√√
√√
√

− 1
12

(
−3d4 V1

3 m 2 π 3 + 2d4 V1
3 m 3 π 3 − 3

√
b(dV1 mπ )2 −

√
b3 + 6

√
bm (dV1 π )2 − π 3 d2 V1

3
)

V1 π (dωL)2

Boost mode and δ < 0◦ 1
6

V1

√√
√
√

(

−6m 3 d2 π 2 + 9m 2 π 2 d2 + 3dm 3 π 2 − 9mπ 2 d + 36
(P0 ωL)2

dmV1
4 + 3π 2

)

ωL

where a = 2m (V1 dπ )2 − (dV1 mπ )2 − 4dP0 ωLπ and b = −dπ
(
V1

2 dm 2 π + 4P0 ωL − 2V1
2 dmπ

)
.

The efficiency is defined as function of the total DAB con-
verter losses as follows:

PT = I2
S rmsRdson +

1
2
IpVxtcfsw + I2

L rmsRcu + Pcore . (26)

The two first terms correspond to switch conduction and
switching losses, respectively; the third term corresponds to
transformer winding losses. In relation to skin effect and as-
sociated losses, the effect of increase the winding resistances
of the transformer can be estimated from the datasheet of the
manufacturer. IS rms is the RMS current of the power switches
and is proportional to the RMS transformer current; Rdson is the
equivalent MOSFET on-resistance; Ip is the summation of the
transformer current at the switching angles; Vx is the dc voltage
of the bridge x, and the tc is the time of the turn-on/off transition
of the power switches. The Pcore represents the losses asso-
ciated with the magnetic core, which depend on the magnetic
flux, the frequency, the core volume, and the voltage waveform,
which can be modeled as proposed in [30] . Thus, the efficiency
can be expressed as η = P0/(P0 + PT ), where P0 is the output
power.

Fig. 5 shows the evolution of the DAB converter’s efficiency
versus the output power, according to (26), when the switching
frequency is modified between 6 and 10 kHz using the dif-
ferent switching sequences. The implementation is made with
MOSFETs for a 1-kW prototype, an input voltage of 50 V,
and an output voltage of 100 V. M1, M2, and M3 strategies
are depicted, along with the efficiency obtained through the
conventional modulation strategy, using the parameters of the
implemented DAB converter. It can be observed that for each
output power, there is a maximum efficiency that can be obtained
for each switching frequency and switching sequence.

These results clearly suggest that the different switching se-
quences and the switching frequencies have a significant impact
on the efficiency of the converter. What follows is a detailed
description of the switching strategies M1, M2, and M3.

Fig. 5. Theoretical efficiency versus output power with the switching sequence
and frequency as a parameter.

A. Four Trajectories Strategy—M1

This strategy is selected for high output loading condition,
which is characterized by switching between four natural tra-
jectories by satisfying the next sequence in a full switching
period: λ1 → λ2 → λ4 → λ5 for buck mode and λ1 → λ3 →
λ4 → λ6 for boost mode, where the different trajectories are
defined in Section II for each mode.

This strategy improves the efficiency of the DAB converter
when the output power is high because the soft-switching op-
erating mode is ensured. Furthermore, for the same value of
switching frequency, the ability to operate the converter using
the switching strategy M1 allows more power to be transferred
than any other sequence under soft-switching mode. This is be-
cause the structures λ3 and λ6 [shown in Fig. 2(b)] have the
effect of reducing the maximum power that can be transferred
and should be avoided with heavy loading condition. Sequences
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Fig. 6. Phase-plane and time-domain waveforms using the strategy M1 (left) and the strategy M2 (right). M1 works very well for high loading condition but
enters in hard switching under mid loading.

with six trajectories (such as M2) are not recommended un-
der heavy loads due to the power transfer capability reduction
limited by high series reactance. M1 enhances power trans-
fer with soft transitions and also allows a moderate switching
frequency reduction to utilize the transformer magnetization
capacity, and consequently, the losses due to the RMS current
are restricted proportionally to the reduction of the switching
frequency.

B. Six Trajectories Strategy—M2

When the output power decreases, the converter can start op-
erating under hard-switching mode if the strategy M1 is used.
Consequently, the total converter losses can increase consider-
ably. Soft-switching constraints dictate that the current at the
interval corresponding to λ2 for M1 and intervals correspond-
ing to λ2 and λ3 for M2, defined in Fig. 2, must be positive
[13]. Switching sequence M1 can operate under soft switching
within a reduced range of operation, depending on the voltage
conversion ratio and on the output current, which is limited to a
high-power range. When the output power decreases, the con-
verter can start operating in hard switching mode, making it
necessary to change the switching strategy in order to modify
the transformer current waveform. To maximize the efficiency
of the DAB converter for the medium power range, the controller
selects the strategy M2, which allows the current waveform to
be modified properly by using six different structures, defined
in Section II. This situation is shown conceptually in Fig. 6: the
DAB converter operates under hard-switching mode when M1
is used (left phase plane), and under soft switching when strat-
egy M2 is used (right phase plane). As a result, soft-switching
transitions are ensured by enabling new combinations in the
structures of the converter.

In order to maintain the balance of the transformer current,
the next sequence has to be satisfied in a full switching period
for mid load range: λ1 → λ2 → λ3 → λ4 → λ5 → λ6 , where
the general expressions of λ are given in (11)–(13).

When a change in the output voltage reference or load oc-
curs, the natural trajectories given in (6) change their respective
centers and radiuses to match the new operating condition, and
the operating point will be located outside of the figure delim-
ited by the steady-state natural trajectories. Then, the control
strategy selects the sequence in order to reach the boundary
of the plane that determines steady-state operation with min-
imum switching actions. Thereafter, a change in the structure
of the system is performed (u1 and/or u2 changes) to force the
operating point to follow the perimeter of the plane.

Fig. 7 shows the evolution of the normalized output voltage
and normalized inductor current for different initial conditions
marked as A and B, for both operating modes. For example,
by analyzing the initial condition A in Fig. 7(a), two possible
solutions can be employed to reach the target. The first option
consists of turning ON S1 , S4 , S5 , and S8 power switches in
order to allow variables to evolve according to natural trajectory
λ2 (straight lines) while λ4 < 0. Once λ4 becomes positive,
then turn ON S2 , S3 , S5 , and S8 power switches to obtain a
structure corresponding to natural trajectory λ4 . The second op-
tion consists of changing the natural trajectory λ2 by λ4 until
λ3 becomes positive. The difference between each options is
made clear by analyzing Fig. 7(a), where a lower peak cur-
rent is achieved using the first option and a higher peak cur-
rent is obtained using the second option. It is interesting to
note in Fig. 7 that a proper trajectory selection improves the
behavior of the converter in transient mode. Moreover, the six-
trajectory strategy of M2 provides increased efficiency in steady-
state operation, as will be demonstrated through experimental
results.

A similar analysis can be made of the different initial points
(A and B) in the buck and boost operating modes shown in
Fig. 7. It should be noted that the initial condition A [boost
mode in Fig. 7(b)] provides two options to resolve the transient:
λ1 and λ2 . The λ2 provides better dynamic voltage regulation
(less voltage drop) than λ1 and results in the same maximum
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Fig. 7. Switching trajectories for the DAB converter using switching sequence M2. (a) Buck mode. (b) Boost mode.

Fig. 8. Burst-mode switching sequence strategy for the DAB converter. (a) Buck mode. (b) Boost mode.

current when arriving at λ3 . For the initial condition marked as
B in Fig. 7(b), only one option is possible (λ3).

C. Burst-Mode Switching Sequence—M3

The ability to control the trajectories of the converter opens
a significant opportunity in the form of a burst-mode switching
sequence for light loading condition. This technique consists
of turning on the converter for a few switching cycles when a
small or light load is present, reducing unnecessary switching
and conduction power losses in the switches, and thus increasing
the efficiency of the converter.

Fig. 8 shows the burst-mode switching strategy for the DAB
converter for both operating modes: buck and boost. Once the
converter is turned OFF, the converter output voltage is reduced,
due to the presence of the converter load, to a predefined min-
imum value, for instance 5% or 10% according to the require-
ments of the load. At this point, the converter is turned ON again
and the control strategy selects the proper trajectories to reach
the target, as is shown in Fig. 8 for buck and boost operating
modes.

The mechanism to prevent saturation is achieved by means
of reversing the trajectories selected to increase the output volt-
age. The case shown in Fig. 8 corresponds to half period using
trajectories λ2 while the operating point reaches λ3 , and then,
the natural trajectory λ3 is chosen. For the next half period,
the natural trajectories selected to keep a volt–second balance

TABLE II
EXPERIMENTAL PROTOTYPE CHARACTERISTICS

Maximum output power (P0 m a x ) 1000 W

Switching frequency (fs ) 6–10 kHz
Maximum output current (I0 m a x ) 25 A
Output voltage (V0 ) 30–100 V
Input voltage (Vc c ) 30–50 V
Transformer turns ratio (n) 1
Total inductance (L) 40 μH
Output capacitor (C ) 20 μF

are λ5 while the operating point reaches λ6 , and then switch to
λ6 .

This useful new feature in the form of burst mode results from
the manipulation of the natural trajectories of the converter and
results in a significant improvement in efficiency under light
loading condition. Simulation and experimental evidence will
be discussed in the following sections.

IV. RESULTS

Simulations and experimental results of a DAB converter
are presented in this section in both buck and boost modes to
verify the theoretical analysis presented in previous Sections.
Table II presents the converter specifications for a 1-kW proto-
type. Fig. 9 shows a block diagram of the experimental setup.
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Fig. 9. Block diagram of the experimental setup.

The proposed efficient switching sequences were implemented
using a TMS320F28035 fixed-point DSP. The processing power
of the DSP defines how quickly the algorithm can be computed
and, therefore, the maximum switching frequency of the con-
verter. With the ongoing price reductions for high-performance
DSP processors, the controller can be implemented at a rea-
sonable cost. Hall-effect sensors are used in the implemen-
tation to measure current waveforms and voltage signals. It
should be noted that the sensors selected to implement this ad-
vanced control technique are also used to protect the converter
(typical input/output overcurrent and input/output overvoltage
protections).

Fig. 10 shows the sequence of actions in the analog-to-digital
converter interrupting routine considering the first half cycle for
buck mode, which is called every time that the conversion of all
the measured variables is completed.

Fig. 11 shows simulation results using the proposed strategy
when the converter operates in boost mode with d =1.5 for three
different output loads: the initial value of load current is io =
1 A and the controller selects the M3 mode; the output current
then changes to io =6.5 A, and the controller selects the M2
mode with a switching frequency of 10 kHz; finally, the output
current changes to io =13.5 A, and the controller selects the M1
mode with a switching frequency of 8 kHz. Fig. 12(a) shows
the normalized state-plane trajectories during start-up and the
transition from M3 to M2, and Fig. 12(b) shows the normalized
state plane trajectories for the transition from M2 to M1.

It can observed that there is a smooth transition between the
different switching sequences, due to the transformer current
does not present a high value in order to reach the output voltage
target when a change of load occurs. It can be observed in both
Figs. 11 and 12 that the transformer current remains bounded
when the output current changes from 1 to 6.5 A at 2 ms and
then from 6.5 to 13.5 A at 3 ms.

As can be observed from these results, the operation of the
converter is stable for the different loads and switching se-
quences, and during the transients when a change of load occurs.
A constant output current loading condition is employed since

Fig. 10. DSP control algorithm flowchart for buck mode and M2 switching
sequence.

it represents the worst-case scenario in terms of stability for
positive equivalent resistance load: a situation where the system
does not provide damping.

Fig. 13 shows start-up and steady-state experimental results.
Fig. 13(a) corresponds to operation in buck mode when M1
switching sequence is used, while Fig. 13(b) shows the phase
plane of the inductor current versus the output voltage for the
same experiment. As predicted by the theory, the switching se-
quence is able to handle both start-up and steady-state operation,
while following the natural trajectories explained in Section II.
Experimental results for the switching sequence M2 are shown
in Fig. 13(c) and (d) for buck mode and in Fig. 13(e) and (f)
for boost mode, showing time-domain behavior along with the
phase planes. During these transients, the strategy determines
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Fig. 11. Simulation results of the DAB converter using the proposed efficiency control strategy for three different output loads. When io = 1A, the M3 mode
(burst) is selected; when io =6.5 A, the M2 mode is selected, and when io =13.5A, the M1 mode is selected.

Fig. 12. Phase-plane simulation results of the DAB converter using the proposed efficiency control strategy for three different output loads. (a) Start-up and
transition from M3 to M2. (b) Transition from M2 to M1.

the sequence explained in Section III-B, from time zero until
steady state is reached. Hence, the response has no overshoot
and steady state is reached in a few switching actions. For these
results, the maximum inductor current is limited to 42 A in order
to protect the switches of overcurrents during the start-up.

When the load of the converter is light, the strategy selects the
burst-mode switching sequence (M3) in order to obtain a high
efficiency. Fig. 14 shows the start-up and steady-state operation
using this mode for two values of output power. Fig. 14(a)
corresponds to P0 = 50 W and Fig. 14(b) corresponds to P0 =
100 W. During these transients, the volt–second magnetizing
balance is controlled by alternating the polarity of the switching
sequences to avoid saturation, as explained in Section III-C.
It is interesting to note that the converter is operative for a
fraction of the time (burst-mode operation), leading to higher

efficiency. This advantageous operating mode, M3, is possible
due to the ability of the strategy to manipulate the natural state-
plane trajectories described in the theory.

Experimental results regarding changes to output voltage ref-
erence for buck mode are presented to validate the analysis
presented in Section III-B regarding the selection of switch-
ing trajectories. Fig. 15(a) shows the response of the converter
when the reference changes from 35 to 50 V in buck mode using
M1 switching sequence. The converter reverts to steady state in
only one switching action. The experimental results shown in
Fig. 15(b)–(d) correspond to the converter operating in buck
mode under M2 switching sequence for a reference changes
from 25 to 35 V. Note that different transient resolution options
(switching sequences) are used to reach the target operating
point. As discussed in the theory presented in Section III, M2



OGGIER AND ORDONEZ: HIGH-EFFICIENCY DAB CONVERTER USING SWITCHING SEQUENCES AND BURST MODE 2079

Fig. 13. Start-up and steady-state experimental results of the DAB converter using the strategy M1 for buck mode with Vcc = 50 V and vo = 35 V for (a) time
domain and (b) phase plane. Operation using the M2 switching strategy in buck mode with Vcc = 50 V and vo = 27.5 V for (c) time domain and (d) phase plane.
Operation in boost mode with Vcc = 50 V and vo = 78 V for (e) time domain and (f) phase plane. Output voltage (Ch1), inductor current (Ch2), primary voltage
(Ch3), and secondary voltage (Ch4).

can resolve the transient with the sequence in Fig. 15(d) to avoid
output voltage drop while keeping the current level low—this is
the best transient resolution strategy. Fig. 15(b) shows the tran-
sient response obtained by choosing the natural trajectories λ1 ,
while the operating point reaches λ3 , after which λ3 becomes
the natural trajectory. Using this option, the output voltage drops
(undesired) and inductor current peak is too high to reach steady-
state operation. Fig. 15(c) shows the transient response obtained
by choosing the natural trajectories λ2 defined for boost mode
while the operating point reaches λ3 and, then, when the operat-

ing point reaches λ3 , choosing natural trajectories to follow. Us-
ing this trajectory, the inductor current peak is high (undesired)
and the output voltage drop is minimal to reach steady state.
Finally, Fig. 15(d) shows the transient response obtained by
choosing the natural trajectories λ2 corresponding to buck mode
while the operating point reaches λ3 , and then, the transient re-
sponse obtained when λ3 becomes the natural trajectory used to
reach steady-state operation. By using this switching sequence,
the inductor current remains moderate and the output voltage is
recovered without dropping. From the experimental results in
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Fig. 14. Start-up and steady-state experimental results of the DAB converter using M3 burst-mode switching sequence with Vcc = 30 V and vo = 50 V for (a)
P0 = 50 W and (b) P0 = 100 W. Output voltage (Ch1), inductor current (Ch2), primary voltage (Ch3), and secondary voltage (Ch4).

Fig. 15. Experimental evaluation of switching trajectories for a change of reference for buck mode: (a) strategy M1 switching sequence from 35 to 50 V. Strategy
M2 from 25 to 35 V with trajectory (b) λ1 (output voltage drop and current peak), (c) λ2 for boost mode (current peak), and (d) λ2 for buck mode (best trajectory
selection with no voltage drop and moderate current). Output voltage (Ch1), inductor current (Ch2), primary voltage (Ch3), and secondary voltage (Ch4).

Fig. 15, it can be concluded that a proper selection of the switch-
ing sequences leads to behavior more conducive to reaching
steady-state operation, thus validating the proposed strategy.

The experimental results presented in Fig. 16, obtained us-
ing the proposed switching sequence (M1, M2, and M3) and a
variable frequency from 6 to 10 kHz, show the efficiency of the
strategy compared to the conventional modulation strategy in

boost mode with Vcc = 50 V and Vo = 66 V. The M1 strategy
employs 6 kHz above 700 W, M2 strategy uses 8 kHz between
500 and 700 W and 10 kHz between 200 and 500 W, and M3
strategy is used from 50 to 200 W (burst mode). It can be con-
cluded that efficiency gains are achieved for the whole operating
range, from light to heavy loads, as a result of employing the
proposes switching sequences.
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Fig. 16. Experimental efficiency gains, versus output power, employing M1,
M2, and M3 switching sequences.

Burst mode (M3) is a discontinuous sequence strategy by
definition. When the output power increases, the burst interval
increases and the dormant interval decreases. Therefore, the
overall losses from using the power switches and transformer are
higher, resulting in lower efficiency. Fig. 15 is the experimental
confirmation of the theoretical losses model presented in Fig. 5.
It can be seen that the burst interval is small compared to the
dormant interval.

V. CONCLUSION

This paper presented high-efficiency switching sequences
based on the natural state-plane trajectories to reduce power
losses in DAB converters. The analysis provided insight into
the mechanisms to produce soft-switching transitions for light,
medium, and heavy loading conditions while minimizing the
RMS current levels to mitigate conduction losses. The theory
and experimental validations revealed that careful selection of
the switching sequence and frequency allows operation at im-
proved efficiency levels. Burst mode was introduced to transfers
power on-and-off for a few cycles under light loading condition,
thus reducing unnecessary operation of the converter. As a re-
sult, three operating regions were selected namely, heavy (M1),
medium (M2), and light (M3). Region M1 provided a minimal
sequence with four soft-switching trajectories and moderately
lower frequency; M2 employed a six trajectory strategy with
moderately higher frequency and soft transitions; and M3 en-
abled an advantageous burst mode for efficient light loading
operation. The experimental results obtained with a 1000-W
prototype confirmed the operation of M1, M2, and M3 with
their associated efficiency gains.
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