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Abstract—This paper proposes and analyzes triple phase shift
modulation techniques aiming at maximizing the efficiency of
the dual active bridge (DAB) converter. The DAB converter finds
natural application in smart dc power systems integrating renew-
ables and energy storage systems, for which loss minimization
is crucial. This paper shows that the investigated modulation
schemes allow converter efficiency improvements by exploiting
complete or partial zero-voltage switching in a range of operating
conditions as wide as possible, similarly to other papers in the
literature based on triple phase shift modulation. Distinctively,
the approach presented herein is based on simple converter
modeling and the characterization of the switching elements.
Experimental results are reported showing the performance
attained by the proposed techniques considering a 1.5-kW
converter prototype.

Index Terms—dc-dc converters; dual active bridge; efficiency;
loss minimization; triple phase shift; zero-voltage switching.

I. INTRODUCTION

Nowadays, dc renewable energy sources and energy storage
systems are gaining ground in many application fields. Such
resources are often interconnected through electronic power
converters (EPC) to form nano- or micro- grids [1], as shown
in Fig. 1. Similar structures can be found in different appli-
cation scenarios, like, for example, in the implementation of
the electrical powertrain of hybrid or electric vehicles [2],
[3]. Typically, these energy resources provide a non-regulated
output voltage, varying with their status (e.g., the state of
charge for a battery storage system or the irradiation level for a
photovoltaic array), and thus require suitable EPCs to interface
with a common distribution bus of known nominal voltage.
EPCs process the energy from the resources and supply loads
at specific voltage levels, therefore, an optimal operation of the
EPCs is crucial to ensure an efficient and reliable operation of
the whole system.
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Fig. 1: Electronic power converters (EPC) in a dc nanogrid.

Several dc-dc converter topologies, with different character-
istics in terms of step-up ratios, power density, switching and
conduction losses, power flow direction, galvanic isolation,
and control performance, are described in the literature [4].
The dual active bridge (DAB) [5] is one of the most renown for
implementing isolated bidirectional converters (the red blocks
in Fig. 1), on which this paper focuses.

A comprehensive operation and control analysis of the DAB
can be found in [6]. The studies reported in the literature
mainly concern efficiency and performance improvements,
which are addressed in different ways. Two main issues
affect the DAB performance: the increase of the transformer’s
circulating currents when the input-output voltage ratio is
different from the transformer’s turns ratio, which brings to
increased rms currents and conduction losses [7]; the loss of
zero voltage switching (ZVS) turn-on in specific operating
conditions, especially at light load [8]. Various modulation
strategies aiming at minimizing the conduction losses and
ensuring ZVS operation are reported. The Phase Shift Modu-978-8-8872-3745-0 ©2019 AEIT



lation (PSM) [6] is a simple, classical modulation technique
by which the DAB topology can achieve ZVS over a range of
operating conditions that depends on the input-output voltage
ratio and the transferred power [7]. Improvements can be
achieved by more advanced modulation techniques, like the
extended phase-shift (EPS) [9], the dual phase-shift (DPS)
[10], and the triple phase-shift (TPS) [11], which better exploit
the available degrees of freedom of the topology. Based on
a TPS approach, modulation strategies aiming at conduction
loss minimization and efficiency maximization are proposed
in [12] and [13], respectively. Both modulations rely on
accurate and precise models of the converter operation and
loss contributions [14], which might be not easily available in
practical implementations and pose deployment challenges in
digital control platforms.

The mentioned efficiency improvement aspects are tackled
herein by triple phase modulation techniques that aim at ZVS
operation of the converter, so that to reduce the significant
amount of power dissipation related to the switching losses.
This is achieved by an analysis and also a simple characteriza-
tion of the converter in order to identify convenient, in terms
of efficiency, triple phase shift modulations.

In the following, a formal assessment of the topology
operation is reported in Sect. II. Sect. III presents the main loss
contributions affecting the efficiency of the topology, review-
ing the desirable features of candidate modulation techniques
for minimizing converter losses. On the basis of the obtained
analysis results and models, different approaches for selecting
convenient modulation parameters are presented in Sect. IV.
It is shown that the resulting triple-phase shift modulation
maps allow to improve the converter efficiency with respect to
the classically used modulations, that is the PSM, especially
at light load. The obtained results are finally experimentally
verified in Sect. V, also reporting the performance measured
on a prototype rated for 1.5 kW.

II. DAB CHARACTERISTICS AND OPERATION

A basic DAB topology is displayed in Fig. 2a. It consists of
a high-frequency transformer and two full bridges connected
at the primary (i.e, low-voltage) and secondary (i.e., high-
voltage) sides. The transformer allows galvanic isolation and
high step-up/down ratios between the two sides; its leakage
inductance, possibly combined with an additional external
inductor, is exploited as energy transfer element. The full
bridges can impress three-level voltage waveforms vA and vB ,
defining the power flow intensity and direction. An equivalent
representation is provided in Fig. 2b, where vA and vB , by
appropriate modulation schemes, present patterns achieving
the desired power flow and switches operation. A classical
modulation technique is the PSM, in which vA and vB are
fixed-frequency square waveforms whose relative phase-shift
is adjusted to control the power flow between the two sides
[6], as shown in Fig. 3. By using the EPS, DPS, and TPS
modulations, it is possible to control the pulse duration of vA,
vB , or both. These additional degrees of freedom are exploited
to improve the conversion efficiency, as discussed in Sect. IV.
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Fig. 2: (a) Dual Active Bridge (DAB) converter topology; (b)
equivalent circuit for power transfer analysis.
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Fig. 3: Phase-shift modulation (PSM): the input and output
bridges operate with 50% duty-cycle D1 and D2, while the
phase shift ϕ is adjusted to modulate the power transfer.

III. CONVERTER LOSSES

The considered loss contributions include the conduction
losses due to the on-resistance of the switches [7], the losses
due to the windings resistances of the transformer [14], and
the switching losses [15]. Other contributions like driving
circuit losses, magnetic core losses, and other frequency-
dependent losses, also related to the printed circuit board, are
not analytically modeled herein.



The conduction loss for the DAB topology is modeled as:

Pcond = 2Ron,LV (n IL,rms)
2
+ 2Ron,HV I2L,rms+

Rpri (n IL,rms)
2
+Rsec I

2
L,rms

(1)

where Ron,LV is the on-resistance of the low-voltage switches,
Ron,HV is the on-resistance of the high-voltage switches, Rpri

is the resistance of the low-voltage side winding, Rsec is the
resistance of the high-voltage side winding, n is the turns ratio
(see Table I) and IL,rms the rms current value of the equivalent
energy transfer inductance L.

For what concerns the switching losses, these depend,
mainly, on the switches’ equivalent drain-source capacitance,
the chosen dead-times, the value of inductor L and the stored
energy at the switching instants, and the switching frequency.
An accurate model of the switching losses is derived in [16]
and can be estimated as described in [14]. An effective means
to minimize such a loss contribution is to ensure ZVS [16]
at the turn-on. Based on the circuit in Fig. 4a, hard switching
(HS) occurs when S2 turns on with a voltage vC close to
Vx (Fig. 4b): the beginning of the plateau region of vgs,S2

coincides with the transition of the voltage vC toward zero. In
this case the equivalent capacitance at node C is completely
discharged by means of S2, resulting in a dissipative process
and the worst condition in terms of losses. On the contrary,
with ZVS, the switching loss is minimum if S2 turns on when
vC has already reached zero, as in Fig. 4d; in this case only
the inductor current iL (if of appropriate sign) determines the
transition of the node voltage vC toward zero, by means of
a non-dissipative process where the energy is exchanged with
the inductor. All the intermediate conditions where the switch
S2 turns on during the transition of vC toward zero are called
partial ZVS, represented in Fig. 4c. Similar considerations can
be done for the opposite transition of vC .

A. Minimum Current Constraint

On this light, considering a fixed deadtime between the turn-
off of a switch and the turn-on of the complementary one, ZVS
can be achieved by ensuring a sufficiently intense current of
appropriate sign at the beginning of the deadtime, that is, in the
case of Fig. 4, at the turn-off of S1. To a first approximation,
assuming a constant inductor current during the deadtime, the
ZVS condition translates into a minimum current constraint:

ISx,turn−on > Imin
Sx,turn−on =

Ceq,QVi

tdead
(2)

where Ceq,Q is the equivalent charge capacitance [15] at the
node, Vi is its voltage at the switching instant (i.e., VIN or
VOUT ), and tdead is the dead-time. Remarkably, switching
losses typically account for a predominant portion of the total
converter losses in the considered application [12].

A first modulation approach could be to chose the duty-
cycles and phase-shift of the converter to satisfy (2). Of course,
this may be a too hard constraint that is not possible to
achieve in particular operating conditions. However in such
cases partial ZVS may still be possible.
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Fig. 4: Typical behavior across the turn-off of upper switch
S1 and the turn-on of lower switch S2. From top to bottom:
hard switching (red), partial ZVS (blue), and ZVS (green).

B. Switching Leg Behavior Characterization

To exploit partial ZVS the model introduced in the previous
paragraph should be refined in order to suitably describe the
behavior of the node voltage vC along the transition from the
full voltage to zero and vice-versa. Due to the highly non-
linear behavior, the waveforms of vC and iC are acquired
during a ZVS of the kind in Fig. 4d and the charge exchange
giving a ZVS, a partial ZVS or a hard switching transition
extrapolated from the measurements.

By referring to the experimental prototype considered in
this paper and described in Sect. V, a switching transition
from 50V to 0V of the drain source voltage of switch S2

(the central node of S12 leg) is used to characterize the input
switches behavior (Fig. 5a), while 400V to 0V of switch S6

(the central node of S56 leg) to characterize the output ones
(Fig. 5b). By using these waveforms it is possible to derive
the charge Qnode necessary to discharge the node C from
a certain voltage value to zero and also the losses Psw. In
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Fig. 5: Measured switching waveforms at the turn-on of S2

(a) and S6 (b).
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Fig. 6: Qnode and Psw as a function of drain-source voltage of
S2 (a) and S6 (b). Psw values are calculated with a switching
frequency of 60 kHz (see Table. I). Relations derived from the
measurements reported in Fig. 5.
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Fig. 7: Possible switching sequences for vA and vB in Fig. 2b.

Fig. 6a and Fig. 6b the charge and the losses, expressed as a
function of the drain-source voltage of the input switches S2

and S6, respectively, are presented. Similar considerations can
be done for the complementary switches S1 and S5, obtaining
the complete behavior of the input bridge legs S12, S56 and of
the output bridge legs S34, S78, by exploiting the symmetry
of the DAB structure.

IV. TPS MODULATION SCHEMES

In Fig. 7 are presented all the possible switching sequences,
categorized by the order of the switching edges of voltages vA
and vB of Fig. 2b [11], that are achievable with TPS. Twelve
cases result, for which it is possible to derive the instantaneous
behavior of the inductor current iL, which gives information
on the rms current values linked to conduction losses and on
the current values at the switching instants to recognize ZVS
conditions [15].

On the basis of the considerations reported in Sect. III and
the complete converter analysis covering all the cases in Fig. 7,
three approaches are investigated herein to define triplets D1,
D2, and ϕ (defined in Fig. 3) that, for a given power transfer
POUT and input and output voltage VIN and VOUT , provide
improved converter operation:
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1) First approach (TPS1): select, for a given power transfer,
triplets that primarily favor ZVS conditions and, for
equal ZVS conditions, sequences presenting minimum
rms current.

2) Second approach (TPS2): select, for a given power
transfer, triplets that primarily favor ZVS conditions at
least at the input or the output bridge, if not possible
for both, and, for equal ZVS conditions, sequences
presenting minimum rms current.

3) Third approach (TPS3): select, for a given power trans-
fer, triplets that primarily favor ZVS conditions and, for
equal ZVS conditions, sequences presenting minimum
rms current. For non-ZVS conditions (partial ZVS)
select sequences that ensure minimum switching losses
and present minimum rms current.

In all the cases, rms current minimization only is considered
in case it is not possible to exploit ZVS or partial ZVS at the
input or at the output. The first approach uses the minimum
current constraint (2) in Sect. III-A to aim at full ZVS of the
input and output bridge, with ZVS regions displayed in Fig. 8
together with the classical modulation scheme. Notably, the
ZVS region is extended by this approach, leading, as shown
in Sect. V, to lower total losses. The second approach uses
the same minimum current constrain and is an evolution of
the first one because it considers not only the complete ZVS
but also favor, if not complete ZVS is achieved, the ZVS of all
the input bridge or output bridge switches. The map in Fig. 9
refers to this latter scheme. Notably, the ZVS regions of the
input and output bridge are the same of the previous scheme,
but ZVS for the input bridge is also achieved at light load.
The last approach relaxes the constraints by exploiting also
partial ZVS conditions, that is, all the intermediate conditions
between ZVS and hard switching, as discussed in Sect. III-B.
Fig. 10 displays the values of D1, D2, and ϕ with respect to
the output power level using this third approach.
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V. EXPERIMENTAL RESULTS

This section reports some preliminary experimental results
considering a DAB converter prototype rated for 1.5 kW.
The parameters of the converter are listed in Table I. The
converter is connected to a power supply, at the input port,
and to an electronic load, at the output port. A LAUNCHXL-
F28377S development board with a TI TMS320F28377S DSP
embedded is used to implement the modulators and generate
the PWM signals.

Fig. 11 shows the efficiency curves obtained with the in-
vestigated approaches, together with the efficiency obtained
with the classical PSM at the nominal conditions of VIN =
50V, VOUT = 400V. Higher efficiencies can be obtained
with respect to the PSM with all the investigated approaches,
the maximum recorded improvements, amount to 1.2% with
TPS1, 0.4% with TPS2, and 11.77% with TPS3. TPS3 provides
significant improvements thanks to a more precise modeling
of the switching losses, also during partial ZVS.



TABLE I: DAB Converter parameters (Fig. 2a)

Parameters

Input voltage VIN (V) 40 ÷ 60
Output voltage VOUT (V) 400
Nominal power PN (kW) 1.5
Switching frequency fs = 1

Ts
(kHz) 60

Energy transfer inductance (µH) 186
Turns ratio (n = ns/np) 8

Low-voltage side devices IPP023N10N5
High-voltage side devices FCP110N65F
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Fig. 11: Efficiency curves at VIN = 50V, VOUT = 400V.

VI. CONCLUSION

In this paper the dual active bridge (DAB) is analyzed
and three modulation approaches are proposed and tested
to improve the converter’s efficiency. Zero-voltage switching
maps are reported to show the most favorable operating condi-
tions to reduce switching and conduction losses contributions.
The results are validated considering an experimental DAB
converter prototype. It is shown that accounting ZVS with
the characterization of switching behavior of the devices
allows significant improvements with respect to simply give
a constraint on the instantaneous current switching values, at
the reported operating conditions.
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