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Abstract

The presented work discusses issues related to the use of modern multiphase topologies of
Dual Active Bridge (DAB)-type converters. Converters of this type are widely used in most
DC microgrid applications. The introduction emphasizes a comparative analysis between
single-phase and multi-phase DAB topologies within high-power DC microgrids, delving
into their respective advantages, drawbacks, design procedures, and considerations based
on the latest knowledge. The publication explores the comparison and selection of viable
topologies for deployment in high-power and high-efficiency DC microgrids. The uni-
fied method of controlling 1-phase and multi-phase DAB converters was proposed in this
design, simplifying the issues of DC microgrid control. All topologies were tested on the
same controller concept. The study performs laboratory investigation of DAB 1-phase and
3-phase: Star–Star, and Star–Delta topologies. Attention was paid to maintaining uniform
operating conditions of the system, contrary to studies known from the literature, all tests
were carried out on the same laboratory stand and the same magnetic components in differ-
ent configurations. Analytical and laboratory analyses of the Zero Voltage Switching (ZVS)
region were performed, accounting for non-linear phenomena. Based on these findings,
an assessment of the system’s performance in soft switching was carried out. The pre-
sented results were implemented in a simulation model and subsequently validated through
tests on a constructed laboratory setup to ensure the proper operation of the system. This
work meticulously presents and discusses variations in efficiency, dynamic response, phase
current harmonic distribution, phase shift distribution, ZVS switching region, and more
among the examined topologies. To ensure a fair comparison, the converter configura-
tion for both simulation and laboratory models utilized identical components across all
configurations.

1 INTRODUCTION

The dissemination of the microgrid concept has a significant
impact on the current appearance of energy infrastructure. This
concept involves combining AC and DC installations into a
coherent whole to adapt to the needs of various solutions in the
field of electrical engineering developed around the world. In a
DC microgrid, electricity is generated by various sources such
as photovoltaic panels, wind turbines, batteries, generators etc.
This energy is then stored and distributed directly in the form of
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direct current, eliminating the need for conversion to alternating
current. Energy losses associated with the conversion of energy
by the next stage are thus avoided. This concept also enables use
of electronic devices and systems that are characterized by high
efficiency. It is a field of the future, interdisciplinary, and cur-
rently implemented around the world. In this publication, we
will focus on the DC microgrid part.

A very important part of the DC network is a possibility of
energy conversion for high-power installations. The key aspect
of such an application is to ensure high efficiency and safety. For
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these reasons and many others, the most popular topology cur-
rently used in DC microgrids is the Dual Active Bridge (DAB)
converter. It provides the ability to transfer energy between sys-
tems with different potentials while maintaining high efficiency
of up to 98% [1].

High-power microgrid installations find applications in vari-
ous domains such as photovoltaic installations, electric vehicle
charging systems, and smart energy storage systems. All these
installations focus on the safe transmission of high energy. The
energy density of power electronic converters is limited by avail-
able semiconductor and magnetic elements. For this reason,
multi-phase and/or parallel systems are used. DAB is a universal
topology that allows the converters to be connected in any way;
however, it is burdened with a problem of circulating currents
[2].

An alternative proposition involves the use of multi-phase
systems like DAB 3-phase topologies [3], which can be con-
nected in series-parallel configurations akin to the classic DAB
topology [4, 5]. Such solutions are prevalent in medium-
power systems, offering higher peak power than the traditional
topology.

Multi-phase topologies may vary in terms of the imple-
mentation of magnetic components [6] or semiconductor
topologies [7]. Despite differences in construction cost and
achievable energy density, these solutions operate in a funda-
mentally similar manner. For this reason, this publication will
discuss a comparison of topologies differing in the configu-
ration of transformer winding while maintaining the classic
semiconductor topology in the form of a classic three-phase
bridge.

Presently, control methods for 3-phase DAB converters pri-
marily aim at extending the Zero Voltage Switching (ZVS) range
[8–10] or involve strategies for detecting emergency states [11].
These control approaches leverage various modulators, ranging
from fundamental Single-Phase Shift (SPS) to more sophisti-
cated methods like those discussed in [12–15], all relying on
either current or voltage–current control loops. However, such
solutions lack the desired flexibility, limiting their applicability
across a diverse range of scenarios.

The literature explores numerous modulators suitable for
3-phase DAB systems, yet a comprehensive modulation strat-
egy remains not solved. In contrast to 1-phase DAB sys-
tems, conventional modulation methods such as Dual Phase
Shift (DPS) and Triple Phase Shift (TPS) are not com-
patible with 3-phase setups. The distinct structure of the
three-phase bridge prohibits the utilization of the same
equations and relationships employed in the single-phase
system [14].

Modifications of the classic SPS modulation, incorporating
additional parameters like duty cycle control (DCC) [13], have
gained traction for enhancing system performance in dynamic
states and improving efficiency at varying voltage ratios. Simul-
taneous Pulse Width Modulation (SPWM) is another widely
adopted approach [13], while some researchers delve into fully
predictive control methods [14]. Another interesting method
is [13] fast transient current control (FTCC) method for the
3p-DAB with variable duty cycles. However, these advanced

solutions pose implementation challenges, demanding substan-
tial computational power from the control system. Notably,
these studies often overlook important aspects related to
control loop dynamics and flexibility.

The existing literature features several works that explore
the comparison between 1-phase and 3-phase DAB topologies
[15]. However, these studies often overlook the considera-
tion of diverse transformer topologies and fail to account for
operations on identical magnetic components. Moreover, they
lack a comprehensive analysis of current harmonics across the
evaluated topologies.

A work as [17] addresses the comparison of transformer cur-
rent harmonics. Nevertheless, the investigation in [17] is con-
ducted exclusively on multi-level topologies, and examinations
across the same magnetic circuit are notably absent.

Several research articles, namely [12, 16, 29–36], offer insights
into various topologies. Despite this, there remains a notable
absence of a cohesive presentation delineating the distinc-
tions between these topologies in a singular work, without
introducing hardware variations.

Furthermore, a comparative study of different transformer
topology variants is discussed in [9]. Regrettably, this compar-
ison fails to present findings related to harmonic distribution.
The study lacks assessments at low frequencies, does not include
a comparison to a single-phase system, and overlooks the
consideration of dynamic states in its analyses.

The contribution of this publication is to carry out com-
prehensive analytical and laboratory tests of the 3-phase DAB
system in two transformer configurations. A comparison of
results with a 1-phase system operates in the same conditions.
Investigations are made in accordance with novel research.
Conduct research using the original universal control loop
used for all solutions. Carry out a detailed analysis of ZVS
state for Star–Star and Star–Delta topology. Comparison of
differences between transformer topologies in terms of effi-
ciency, dynamic states, starting currents, and phase current
harmonics, while maintaining the same magnetic circuit, con-
trary to studies known from the literature. In essence, this article
stands as a valuable supplement to existing bibliographic items,
contributing a unique perspective and expanding the current
understanding within the field.

2 TOPOLOGY COMPARISON

The most common DAB topology is single-phase. Its scheme
is presented in Figure 1a. It is compared in Table 1 with the
3-phase DAB converter with transformer star-star topology
shown in Figure 2b. Both topologies have similar properties and
applications, but the difference is hidden in the details. DAB 1-
phase converters are used very widely and, depending on the
design, they can be used in medium power and medium voltage
systems [7, 17, 18].

Multi-phase topologies are mainly found in higher-power
applications, for power higher than 10 kW [17–20]. A com-
parison of the schematic of DAB 1-phase versus DAB 3-phase
topology scheme is shown in Figure 1.
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BACHMAN ET AL. 3

TABLE 1 Comparison of properties of DAB-1 phase.

Properties DAB-1 phase DAB-3 phase

Price Less expensive More expensive

Number of transistors 8 12 (2 × 3 ph-FB) or 16 (4x FB)

Magnetic circuit Less complicated Complicated 3 phase transf. and 3 inductors

Number of elements Only 2x FB and magnetics More components

Dynamic states Faster dynamic(∼100 us)a Slower dynamic(∼200 us)a

DC offset problem Bigger asymmetry currents Smaller asymmetry currents

Inrush starting current Very big (possible 100 A+)a Approximately 1/3 of DAB 1-phase

Peak power Depends on design 1.5 times of DAB 1-phase

Energy density Normal Higher

Current shape Trapezoidal (∼20 A/5 kW)a Sinusoidal (∼10 A/5 kW)a

EMI Very high Less than DAB 1-phase

Control Classic phase shift equation More complex phase shift equation

Efficiency Max 98%a Max 97%a

DAB, dual active bridge.
aResults obtained during laboratory tests Vin = 690 V, Vout = 380 V, Pmax = 10 kW, Fs = 50 kHz.

FIGURE 1 This figure presents DAB topologies: (a) DAB 1-phase, (b)
DAB-3 phase. DAB, dual active bridge.

FIGURE 2 This figure presents DAB 3-phase in Star–Star transformer
topology. DAB, dual active bridge.

Changing the single-phase system to a three-phase sys-
tem involves significant complexity of the magnetic circuit; its
complexity has been discussed in [21].

The topology comparison [22–24] presented in Table 1
shows the superiority of the DAB 3-phase system for high-
power systems. The comparison depends on the particular
converter design specified in Table 1 [1], the results may vary
depending on design.

For further work, the DAB 3-phase topology was selected.
It is characterized by a higher peak power, which determines
its choice for use in high-power applications while maintaining
lower problems. Other variants of the DAB topology such as
the parallel connection of DAB 1-phase are not considered as an
application in this publication due to problems with the currents
circulating between the modules. In the following section, we
will focus on topology variants of the 3-phase DAB.

3 ANALYSIS OF 3-PHASE DUAL
ACTIVE BRIDGE VARIANTS

DAB 3-phase can be divided into magnetic component vari-
ants:

(1) Common magnetic core
(2) Separate transformer design for each phase
(3) Topology Star–Star
(4) Topology Star–Delta
(5) Other configurations

The 3-phase DAB can have a design with a common or split
magnetic core transformer [18], the efficiency of which depends
on the design. It is assumed that transformers with a common
core have a much higher price and slightly a higher efficiency
[17]; however, results can vary depending on the design. The
type of winding connection in a three-phase system depends
on the designer and the expected results as well as exemplary
topologies are discussed in [17–24]. The most popular topolo-
gies are Star–Star and Star–Delta. Other transformer variants
are not as common and therefore will not be discussed. Another
possible division of 3-phase DAB is based on semiconductor
topology [25, 26]. The classic solution is to use two compact
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4 BACHMAN ET AL.

FIGURE 3 This figure presents DAB 3-phase in Star–Delta transformer
topology. DAB, dual active bridge.

3-phase bridges or 6-separate half bridges [27]. However, it
is also possible to use six single-phase bridges [28] with sep-
arate transformers for each phase. This solution significantly
increases the cost of the entire converter and reduces the poten-
tial energy density, but increases peak transfer power. Based
on [29], it was assumed that the Star–Delta and Delta–Star
topologies work analogously for a system with a voltage ratio
equal to one.

For further analysis, the Star–Star and Star–Delta topologies
with the split transformer, using two complex semiconductor 3-
phase bridges, were selected due to their modularity, price, and
non-exhaustive discussion in the literature.

3.1 Star–star

The topology diagram is shown in Figure 2.
This topology is characterized by:

∙ Star–Star having a wider allowed range of voltage ratio for
higher power load [29]

∙ Same phase and line current for the transformer [30]
∙ Low efficiency for low loads [30]
∙ Higher peak efficiency [19]
∙ Lower RMS currents than Star–Delta topology [30]
∙ Less sinusoidal phase current shape [32]
∙ Lower series inductance value [33]
∙ Lower phase shift angle than in the Star–Delta topology at

the same load [34]
∙ For phase shift equal 𝜋 losses ZVS condition [35]
∙ The topology is intended for use in high-power systems with

a small range of voltage variability [36]

3.2 Star–delta

The topology diagram is shown in Figure 3.
This topology is characterized by:

∙ DC link capacitance being able to be reduced by 40%
compared to Star–Star topology [17]

∙ The Star–Delta type conventional DAB suffering from a low
efficiency and low transformer utilization in partial loads, as
shown in the study [17]

∙ The converter with the Star–Delta winding configuration
having higher current harmonics in partial loads than the
Star–Star configuration—with the fifth and the seventh being

the dominant harmonics. It has also been shown that these
harmonics contribute positively to the power flow of the
Star–Star configuration. On the contrary, the active power
flow direction of the harmonics is the opposite of the fun-
damental for the Star–Delta configuration. This results in the
poor harmonic performance of the Star–Delta configuration
at low loads and potentially can result in increased losses [30]

∙ Star–Delta having a wider range of the allowed voltage ratio,
at no load or light load conditions [30]

∙ Increase of ZVS region for power levels below 30% [30]
∙ Low efficiency for low loads [31]
∙ More sinusoidal phase current shape—less THDi [32]
∙ Higher series inductance compared to Star–Star [33]
∙ Higher possible voltage ratio (from laboratory tests Star–Star

1,5 ratio, Star–Delta 1,8 [34]
∙ For power levels between 30 and 80%, a lower switch turn-off

current can be seen for the Star–Delta configuration [34]
∙ Secondary side current is reduced by factor

√
3 [35]

∙ In practice, ZVS boundaries are impacted by the parasitic
capacitance of the switches and dead time. As a result, the
soft switching boundary is slightly changed.

∙ Less reactive power flow in AC phase side [35]
∙ The topology works better for applications involving wide-

range voltage changes [35]

4 CONTROL LOOP

The aim of this paper is to consider a fully universal 3-phase
DAB system with various transformer topologies. Thus the con-
trol loop provides an immediate change between control of
the set value: current, voltage, and power. Moreover, there is a
safe and simple transition in control states, especially in states
of dynamic changes in load impedance. Furthermore, please
note that the control loop is intended for both Star–Star and
Star–Delta topologies.

The block for selecting the correct regulation value is imple-
mented based on the selection of the smallest calculated
instantaneous set current value, which minimizes the problem
of switching between regulation states.

A diagram of the control loop used in the DAB 3-phase
control is presented in Figure 4. The control topology was
already proposed by the authors in other publications for
the operation of the system with the 1-phase DAB topol-
ogy [36, 37]. This control is characterized by universality of
operation for DAB-type converters. It only requires mod-
ification of the phase shift equation for the appropriate
converter variant. When calculating the equation, it is impor-
tant to take into account the non-linearity of DAB converters
and problems with dead time drift; this topic is discussed
in [32]. The control loop must involve Equations (1) and
(2). The modulator should also be matched to the topology
variant.

To ensure that controllers can be switched safely, these con-
trollers start together with the same settings. Moreover, when
changing the controller, the integral value is transferred to the
second controller. In addition, the setpoint passes through a
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BACHMAN ET AL. 5

FIGURE 4 Control loop of DAB 3-phase. DAB, dual active bridge.

low pass filter, limiting its initial dynamics when changing the
controller, in first transition.

The control loop consists of a modulator with an additional
phase shift between the gate signals for the first control pulses
to reduce the current asymmetry phenomenon of the converter.
The value of the set current is calculated on the basis of the
phase shift equation, derived from Equations (1) and (2). The
control loop can be selected as a closed current, current-voltage,
or current-power loop. The system is tuned on the basis of the
principle discussed in another publication by the authors [38].

The source of the derivation of the power equation used in
the DAB 3-phase converter is [26]. The applied power equation
is presented below:

𝜑 =
1
2
−

√
1
4
−

2NLFswPout

VinVout
, i f i0 > 0 (1)

𝜑 = −
1
2
+

√
1
4
+

2NLFswPout

VinVout
, i f i0 ≤ 0 (2)

Series inductance calculation is based on the phase shift
equation and presented below:

L1 = L2 = L3 =
7nVinVout

8FswPmax
(3)

where φ is the phase shift, N the voltage ratio, L the leakage
inductance of one phase, Fsw the switching frequency, Pout the
output power, i0 the phase current, VinVout the input and output
voltages and Pmax the maximum output power of the converter.

Due to the application of the two transformer topologies
and the differences in the transformer ratio, it was neces-
sary to fine tune the PI controllers. A detailed discussion
of the calculation of the converter settings is presented in
[38]. The obtained results of PI settings are presented in
Table 2.

5 LABORATORY SETUP

The layout of the stand is presented in Figure 5. The sys-
tem is tested using two independent DC power supplies by

TABLE 2 Comparison of PI control tuning parameters for Star–Star and
Star–Delta topologies.

Properties Star–Star Star–Delta

Kp 0.5 0.75

Ki 0.5 0.75

Ti 0.0008 0.00055

Tf 6.82 × 10 × 10−3 6.82 × 10 × 10−3

Kf 5.86 × 10 × 10−4 5.86 × 10 × 10−4

FIGURE 5 Laboratory setup based on bidirectional DC power supply.

TABLE 3 Laboratory setup parameters of DAB 3-phase.

Properties Specification

Rated output power 10 kW

Udc1 600 V/380 V

Udc2 324 V

Switching frequency 50 kHz

Power supply ITECH60188

Transformer 3 × 3C95 ferrite core (SMA)
OD = 87/ID = 56/H = 50 mm

L1, L2, L3 25 µH

Power supply ITECH60188

Efficiency meter Yokogawa WT5000

Transistors F423MR12W1M1PB11BPSA1

DAB, dual active bridge.

ITECH IT6018B and adjustable ITACH load. The micro-
controller (MCU) and field programmable gate array (FPGA)
control board, connected through the JTAG to the computer,
controls the converter and auxiliary agents.

The laboratory setup parameters for both topologies are
presented in Table 3.

The test laboratory setup pictures are presented in Figure 6.

6 LABORATORY RESULTS

The results obtained on the laboratory setup are presented
below, divided into static, dynamic, efficiency, and switching
characteristic results.

Figure 7 presents the static results of the Star–Star topology,
the most interesting part of the characteristic being the shape
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6 BACHMAN ET AL.

FIGURE 6 View of the laboratory setup power converter used for tests.
(a) The whole converter with connected control board, (b) power hardware.

FIGURE 7 Laboratory results for Star–Star DAB 3-phase: (a) primary
side results, from top: 1 to 3 phase current, 4 to 6 phase voltage, 7 DC input
voltage and 8 DC output voltage, (b) secondary side phase voltages. DAB, dual
active bridge.

FIGURE 8 Laboratory results for Star–Delta DAB 3-phase: (a) primary
side results, from top: 1 to 3 phase current, 4 to 6 phase voltage, 7 DC input
voltage and 8 DC output voltage, (b) secondary side phase voltages. DAB, dual
active bridge.

of phase current corresponding to the shape of phase voltages.
Figure 8 presents the static results of the Star–Delta topology,
showing that the phase currents have less higher harmonics
and are more sinusoidal. This confirms the assumptions of the
research.

Figure 9 illustrates the dynamic response comparison
between the two transformer topologies under examination.
The experimental assessments involved an accurate evaluation
of two transformer configurations under a consistent voltage
ratio, subjected to a load variation of 1 kW. Measurements were
conducted for electrical values, temperature variations, and effi-
ciency. Importantly, the series inductance remained unchanged
throughout the experimental tests.

It is noteworthy that the Star–Star topology operated within
a voltage range of 600 to 324 V, while the Star–Delta con-
figuration functioned at 380 to 324 V. The observed voltage
disparity is attributed to the utilization of the same transformer
with distinct winding configurations. This deliberate choice mit-
igates challenges associated with transformer manufacturing
discrepancies.

To maintain consistent phase shift values between the two
configurations, the series inductance value for the Star–Delta
topology underwent adjustment through multiplication by two
coefficients, specifically, approximately √3 and the voltage
ratio. This adjustment ensures parity with the phase shift
values obtained in the Star–Star configuration. The conducted
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BACHMAN ET AL. 7

FIGURE 9 Dynamic state comparison. From top: DC output current of
the DAB 3-phase and DC output voltage of the load: (a) Star–Star topology, (b)
Star–Delta topology. DAB, dual active bridge.

FIGURE 10 Comparison of DAB 3-phase topology. (a) Phase shift vs
power, (b) phase current vs power comparison: Star–Star and Star–Delta
topology. Star–Star A and Star–Star B label the phase current on both sides of
transformer. DAB, dual active bridge.

tests, however, were designed to utilize identical magnetic
components in varying configurations, resulting in a notable
discrepancy in the phase angle, as evident in Figure 10.

It is imperative to recognize that alterations in operational
parameters may introduce efficiency variations, stemming from
amplified current amplitudes and consequent elevated losses in
semiconductor elements. Additionally, modifications in voltage
levels influence changes in phase shift. However, comparing
both topologies on the same components allows for a better
illustration of the differences between these topologies.

In Figures 8 and 9, a significant difference can be seen in the
Star–Star and Star–Delta phase current waveforms. In the Star–
Delta topology, the phase current is significantly smoothed due
to the nature of the transformer topology and the reduction of
current harmonic ripple. The shape of the phase current trans-
lates into the amount of EMI generated by the system. Phase
current at 10 kW Star–Star: (Primary-18,75 A, Secondary-35,16
A), Star–Delta (Primary-3799 A, Secondary-2833 A).

Figure shows the difference in the shape of the phase current
for DAB 3-phase in the Star–Star and Star–Delta topologies.

A mathematical analysis was carried out based on [39, 40].
On its basis, an equation for the system operation condition in
the ZVS mode was derived. The laboratory results were then
verified with the following conditions:

Star–Star:

2𝜋 − 3𝜑
2𝜋

≤ D ≤
2𝜋

2𝜋 − 3𝜑
for 0 ≤ 𝜑 ≤

𝜋

3
(4)

3𝜋 − 6𝜑
2𝜋

≤ D ≤
2𝜋

3𝜋 − 6𝜑
for

𝜋

3
≤ 𝜑 ≤

2𝜋
3

(5)

Star–Delta:

2
3

n ≤ D ≤ 2n for 0 ≤ 𝜑 ≤
𝜋

6
(6)

9𝜋 − 18𝜑
4𝜋

≤ D ≤
4𝜋

3𝜋 − 6𝜑
for

𝜋

6
≤ 𝜑 ≤

𝜋

3
(7)

where n is the transformer turn ratio, ku is nUdc2∕Udc1, Pout is
output power and D is Udc1∕Udc2.

In order to apply the universal ZVS characteristic for DAB
applications, take into account [41]:

∙ Not perfect MOSFET transistor structure. The main issue
here is the problem with non-linearity of the output capaci-
tance. Because of the existence of the parasitic currents when
the transistor is turned off, the ZVS area can be reduced.

∙ The influence of dead time values on full bridges – dead time
drift effect. Dead time introduced additional phase shift drift
as well as the dead time drift problem. Determining the cor-
rect dead time values should be implemented carefully. When
dead time is too short, it causes the drain current not to drop
to zero. Too high value of a dead time will change the ZVS
range and even produce a dead band issue.

∙ Attention should be paid to the inaccuracies of the trans-
former voltage transformers and the input-to-output voltage
ratio. The ideal state is when the value of this parameter is
equal to one; unfortunately, this is very difficult to achieve
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8 BACHMAN ET AL.

FIGURE 11 Soft switching characteristics: (a) Star–Star, (b) Star–Delta.

in practice due to problems related to control stability and
resolution, oscillations of the control set value, or parameter
control.

Based on the derived equations and constraints, the ZVS
region shown in Figure 11 was prepared.

Upon comparing these configurations, it becomes evident
that ZVS operation in the Star–Delta system is attainable at
lower power levels within a specific Ku range, a feature not
achievable with the Star–Star topology. Furthermore, the Star–
Star topology exhibits a broader range of allowable variations in
voltage ranges.

This directly translates into the performance of the presented
systems under low load conditions. Consequently, the Star–
Delta topology proves to be more adept at operating in the low
power range. However, the assertion that the Star–Star topol-
ogy boasts a significantly wider voltage range holds true. It is
noteworthy that the maximum power condition remains the
same for both topologies. Furthermore, the Star–Star topol-
ogy exhibits ZVS characteristics remarkably similar to the DAB
1-phase topology.

In the case of the process of turning off transistors, the pro-
cess of overcharging capacitances connected in parallel with
the switches can be used to create soft conditions. For exam-
ple, considering the diagram presented in Figure 12a, it can be
assumed that after turning off the transistor T2 and with the
appropriate direction of Io current flow, the further Ioflow is

FIGURE 12 Transistor soft turn-off in an converter bridge leg with
additional parallel capacitances: (a) scheme, (b) operational waveforms.

maintained by additional capacitances C1 and C2 (Figure 12b).
As a result, compared to hard commutation, the steepness of
the voltage waveforms Uc1 and Uc2 is reduced, which results
from the process of overcharging the capacitances C1 and C2
by the Io current. As a result, transistor T2 is turned off under
ZVS conditions. After the capacitance overcharging process is
completed, diode D1 takes over the further conduction of the
Io current [42]. A summary and verification of the theoretical
waveforms that should be in the ZVS state was also carried out,
presented on Figure 13.

Further in the work, research was carried out comparing the
results of the analysis with the results at the laboratory stand.
An example of the presented result for one of the transistors is
shown in Figure 14.

The converter operation analysis indicates that the system
works in soft switching. In the state of operation with the
voltage ratio equal to one, diode switching takes place in the sec-
ondary side bridge [10]. The system was checked at a low power
range of 2 kW to confirm that soft switching was achieved for
both topologies.

The relationship between the phase shift and transformer
phase currents in both topologies is linear. This indicates that
the system operates within the linear range of the output power
characteristics. In the Star–Delta configuration, the phase cur-
rents are higher, primarily due to the lower input voltage and
the type of connection.

The Star–Delta topology offers an extended range of phase
shift angle control, thereby enhancing control accuracy. It is
important to note, however, that the maximum phase angle
should be carefully managed to avoid exceeding the linear
section of the characteristic.

7 EFFICIENCY COMPARISON

The tested systems are compared in Figure 15. The presented
results indicate a higher efficiency of the Star–Star topology by
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BACHMAN ET AL. 9

FIGURE 13 Switching condition for Star–Star topology for 2-kW load.
(a) Primary side bridge. From top: phase current, source to DC+, phase
voltage, gate signal of upper transistor, (b) secondary side bridge. From top:
phase current, phase voltage, source to DC+, gate signal of upper transistor.

about 3%. The article [34] shows the characteristic in which the
Star–Delta configuration had a slightly higher efficiency. The
difference in the efficiency results obtained during the labora-
tory tests comes from the difference in output voltage, which
for the Star–Delta topology was lower due to the design of the
magnetic circuit. This difference results from the concept of the
tests performed and a different approach to comparing these
topologies.

Topology efficiencies have been compared with DAB 1-
phase and different transformer ratio. In Figure 16 the following
waveforms have been added to the presented results: compari-
son of the efficiency of DAB 1-phase with DAB 3-phase in the
Star–Star and Star–Delta variant. The higher efficiency of the 1
phase topology results from fewer magnetic and semiconduc-
tor components. The second diagram shows the comparison
of DAB 3-phase efficiency values in the Star–Star and Star–
Delta topologies with the addition of the efficiency result for
the reverse transformer ratio. This means the systems worked
in the step-down mode.

In Figure 16b for the Star–Star topology, there is a noticeable
difference in the efficiency of up to 8% between the directions
of energy transmission. This is due to the fact that the system
worked in mode n1 with a ratio of 1:1.82 and in mode n2 with
an inverse ratio while maintaining the same voltages. The sys-
tem worked in the voltage step-down mode, and in this case,
the efficiency drop is not that big considering that the system
worked with a voltage drop of nearly 50%. It is worth noting
that increasing the voltage by 50% is also possible but has not
been tested due to hardware limitations.

FIGURE 14 Magnified waveforms during the rising edge of the gate
signal for 2-kW load. (a) Primary side bridge. From top: phase current, source
to DC+, phase voltage, gate signal of upper transistor, (b) secondary side
bridge. From top: phase current, phase voltage, source to DC+, gate signal of
upper transistor.

FIGURE 15 Efficiency comparison for DAB 3-phase between Star–Star
and Star–Delta topology. DAB, dual active bridge.

Due to the characteristic of the transistor module used in the
integrated full bridge topology, it should be noted that the losses
in the system on the diodes are significant and higher than the
losses on the transistors. This means that the diode losses affect
the efficiency of the system depending on the direction of power
transmission.
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10 BACHMAN ET AL.

FIGURE 16 The results show the efficiency of the DAB topology in
different variants. (a) Comparison of the DAB 1-phase topology with the DAB
3-phase, Star–Star, and Star–Delta topologies. (b) Comparison of DAB 3-phase
Star–Star and Star–Delta in both directions. DAB, dual active bridge.

FIGURE 17 Starting inrush current for tested configurations zoom for
Star–Star topology.

The starting inrush current in the tested circuit did not exceed
50 A, and was similar for the Star–Star and Star–Delta topology,
result presented in Figure 17.

A comparison of the startup waveforms for a 3-ph DAB con-
verter in the Star–Star and Star–Delta topologies is presented

FIGURE 18 Starting inrush current for tested configurations for (a)
Star–Star topology and (b) Star–Delta topology.

(Figure 18). Based on the results obtained, there were no signifi-
cant differences in the overshoots of the starting currents. These
results are a significant improvement compared to the results of
the 1-phase DAB system.

Based on the collected results, an analysis of the harmonic
components of the phase current was performed for both
topologies. The summarized results are presented below in
Figure 19. Based on the obtained results, it is possible to read
that the harmonic level for the Star–Delta topology has been
reduced by approximately 5%, results presented in Figure 19b.
This result indicates a significant improvement in the emissiv-
ity of this topology. The difference in harmonic distribution
for lower power is presented in Figure 19a. Total THDi val-
ues for: low powers for the Star–Star (15.7%), Star–Delta
(10.4%) topologies, and high powers Star–Star (5.7%), Star–
Delta (5.2%). The difference in THDi for low power is 0.7%.
These results indicate that the advantage of using the Star–
Delta topology becomes more pronounced as the output power
increases.

8 SUMMARY AND CONCLUSION

In the presented publication, comparative tests of the DAB
3-phase topology and comparison to DAB 1-phase were car-
ried out. Several simulations and a test stand were provided
in two variants: the Star–Star and Star–Delta. While the Star–
Star topology exhibited higher efficiency, it displayed a less
sinusoidal current shape.

A universal control method was employed for both 1-phase
and 3-phase: Star–Star and Star–Delta variants, emphasiz-
ing the potential for simplifying large microgrid control and
enhancing overall reliability. Moreover, the same magnetic com-
ponents were used for testing (in a different configuration),
which allowed us to compare topologies in a different way
than those previously reported in the literature. This solution
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BACHMAN ET AL. 11

FIGURE 19 THDi comparison for Star–Star and Star–Delta topology:
(a) Low load – 2 kW, (b) high load −7 kW. THDi, total harmonic distortion.

excludes differences in the implementation of magnetic circuits
in comparison.

The analysis included an investigation of the ZVS region,
considering non-linear phenomena and subsequently evaluating
the system’s performance in soft switching.

The DAB 3-phase has a lower efficiency compared to
the DAB 1-phase. This is due to the number of semi-
conductors, the number of magnetic components, and the
change in the nature of circulating currents in 3-phase
magnetics. However, both topologies still have interesting
properties: such as reduced EMC interference (Star–Delta)
or higher efficiency (Star–Star). For this reason, we believe
that both topologies can be successfully used in various
applications.

In comparing DAB 3-phase topology variants, it was
observed that the Star–Star configuration demonstrated supe-
rior dynamics (0.3 ms, 14% more than Star–Delta), resulting in
nearly a 5% reduction in Total Harmonic Distortion (THDi)
and significant emission reduction. The voltage rise difference,
as measured with an ITECH laboratory load, was found to be
insignificant. During performance tests, the system operated in
a soft-switching region, validated through transistor switching
characteristics.

The operation of the system with the reverse gear ratio and
the same voltage range, and thus operation with the voltage is
reduced by nearly 50%, which in turn results in a significant dif-
ference in efficiency, of even up to 8%. The presented results

can be used in the design of a DC microgrid system based on
multiphase DAB.

Further work will be devoted to the implementation of a uni-
versal control to a multi-module DAB converter for microgrid
applications.
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