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Abstract

Hardware-in-the-Loop (HIL) simulation has become an indispensable tool for rapid and cost-
effective development and validation of power electronic systems. This paper presents a detailed
experimental characterization and validation of a PLECS-based HIL model for a Dual Active Bridge
(DAB) DC-DC converter controlled using Single Phase Shift (SPS) modulation. An extensive
experimental investigation is conducted to characterize the converter's performance across a wide
range of operating conditions. The primary objective of this work is to validate and fine-tune the
PLECS-based HIL model of a single DAB converter, laying the foundation for building more complex
models, such as configurations with multiple converters connected in series or parallel. A DAB
prototype has been characterized by varying the PWM phase shift angle between the input-output
full-bridges over a range of equivalent input-output voltage levels. The power flow and efficiency
were also analyzed at different voltage gains (M = 0.6, 1, and 1.4). In addition, the influence of key
parameters like switching frequency and leakage inductance on the converter’s power flow and
efficiency was experimentally evaluated. The experimental efficiency trends and power
characteristics across the operating points provide valuable insight into the optimal modulation
range and loss mechanisms of the DAB converter under SPS control. The HIL model is thoroughly
tested against the experimental hardware prototype by comparing key metrics, including transferred
power and system efficiency. The results demonstrate a high degree of accuracy between the HIL
model and the physical system across all tested operating conditions. This work provides a validated,
high-fidelity HIL model and a comprehensive dataset that confirms the effectiveness of the PLECS
platform for the development and optimization of DAB converters, thereby reducing design time and
mitigating risks in subsequent prototyping stages.

Keywords: Dual Active Bridge (DAB); Hardware in the Loop (HIL); PLECS RT Box; Single Phase
Shift (SPS) modulation; efficiency; power flow characterization; DC-DC converter; voltage gain

1. Introduction

In recent years, the introduction of Renewable Energy Sources (RES), such as photovoltaics and
fuel cells, has been actively promoted as a means of addressing environmental issues. To accelerate
the use of RES, independent distribution systems, often defined as micro or nanogrids, have become
a solution for overcoming the power fluctuations of RES. Among them, the DC MicroGrid is gaining
rapid attention from researchers as an auxiliary solution to the existing power network, as it facilitates
the integration of Battery Energy Storage Systems (BESS) and EV fleets [1,2].

In a DC microgrid, converting power between different voltage levels requires features such as
high-power density and bidirectional power flow. Additionally, when interconnecting a medium-
voltage bus to a low-voltage bus, galvanic isolation becomes essential. This is to avoid the
propagation of fault and improve the grid safety, as well as giving the possibility to maintain two
different grounding schemes. The isolation can be achieved by utilizing High Frequency
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Transformers (HFT) due to their light weight and low volume. Thus, isolated bi-directional DC-DC
converters, utilizing fast switching semiconductor devices, are considered as the most suitable
candidates to provide an interlink between DC buses operating at different voltage levels [3]. Figure
1 shows a general block diagram of a DC microgrid, where a DC-DC converter is employed for
providing a link between two DC buses for power flow regulation.
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Figure 1. Architecture of a possible DC microgrid.

Various isolated DC-DC converters have been investigated in the literature for bidirectional
operation. Among them, the DAB converter poses to be an ideal solution because of its unique
features, such as a wide range of operating voltages (high voltage gain), a wide Zero Voltage
Switching (ZVS) region, bidirectional power transfer, high power density, enhanced power flow
capability, and galvanic isolation. In addition, DAB contains fewer components than resonant
converters and forms an integral part of a solid-state transformer or smart transformer [4].

Various control techniques are proposed in the literature for regulating the performance of
conventional DAB, each having its own advantages and limitations [5]. The modulation schemes of
DAB converters can be mainly classified into four kinds according to the control variables or the
degrees of control freedom. The simplest method with only one control freedom to control the output
power of DAB converters is Single Phase Shift (SPS) modulation [6,7] that controls the phase shift
ratio between the primary side full bridge and the secondary side full bridge. It has high efficiency at
full load and a unity voltage conversion ratio, due to ZVS. However, when there is a deviation of the
voltage conversion ratio from unity, especially at light load, it loses ZVS and undergoes hard
switching, thus leading to increased switching losses. Moreover, it also increases reactive power
(circulating power) and current stress, which reduces its efficiency. To overcome the aforementioned
limitations, Extended Phase Shift (EPS) [8,9] and Dual Phase Shift (DPS) [10,11] techniques were
proposed. For the EPS modulation scheme, the internal phase-shift duty ratio of one full bridge can
be adjusted additionally. Similarly, by modifying the SPS control, the DPS modulation scheme can
regulate the internal phase-shift duty ratios of both full bridges for the DAB converter with the same
value. Both EPS and DPS modulation schemes have two control variables. The Triple Phase Shift
(TPS) modulation scheme [12-14], which controls the duty ratios of two full bridges and the phase
shift ratio between them individually, facilitates the greatest degree of control freedom with the
constant switching frequency. Hence, SPS control, EPS control, and DPS control can be considered as
special cases of TPS control.
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Typically, the first step in developing a physical prototype of a power electronic converter for a
particular application is to verify the feasibility and the basic technical characteristics of the proposed
concept. For these purposes, various computer simulation tools are used to simulate the electrical
behavior of the converter. Two main approaches are commonly used to simulate the power section
and control system of the converter. The first (also traditional) approach is the implementation of
only off-line simulation, also known as Software-In-the-Loop (SIL) simulation, while the second one
involves on-line simulation using the Hardware-In-the-Loop (HIL) system [15].

With the traditional approach, computer simulation programs mainly model the electrical
behavior of the power section of the converter. Offline simulation experiments are followed by
choosing the necessary components and the development of a physical model of the power section
of the electronic converter. Thereafter, a series of laboratory tests is carried out together with a control
electronic module. Errors detected during these tests usually require modifications to the converter’s
power and control section, leading to several iterations of the design process. An increased number
of iterations necessarily leads to higher costs and longer times of the converter design process [16].
On the other hand, in the HIL simulation approach, a physical converter prototype is not developed
immediately after offline simulations of the power section. Instead, the prototype is realized only
after the control electronics have been tested and verified. The model of the power section of the
converter, simulated offline, is uploaded to a real-time emulator that reproduces its operation. Using
its analog/digital inputs and outputs, this emulator is connected to a control electronics module with
a built-in control algorithm. Especially when the converter topology is complex or multiple power-
conversion stages must be interconnected, this approach accelerates the system design, making it
more efficient and more cost-effective than designs based solely on offline simulations [17]. However,
validation of each stage model is essential to avoid propagation of modelling errors or
underestimated effects. This paper presents the key steps in designing the HIL simulation model of
the DAB DC-DC converter using PLECS RT BOX 1 CE real-time power electronics emulator from
Plexim, and the relative validation through an experimental prototype.

Over the years, the theory behind DAB converters and HIL simulations has been well
established through a number of studies, yet one crucial area still needs to be addressed by the
researchers, and that is the full experimental validation of HIL models in situations where the
converter is operating in the multi-variable design space. Most of the findings of the previous studies
are limited by the operational points of the models, which are usually nominal points, and variations
in phase shift and power transfer are mainly considered [18-21]. On the other hand, a detailed
experimental study, which at the same time investigates the impact of different parameters on power
transfer and efficiency, is completely missing. This includes parameters like phase shift, voltage gain,
switching frequency, inductance, and PWM duty ratio, which are central to DAB optimization. This
is necessary for the precise validation of HIL models and the understanding of converter behavior in
the real world. The present paper fills this gap by carrying out a very thorough, multi-faceted
experimental characterization and validation of a PLECS-based HIL model of the DAB converter,
systematically evaluating converter performance across a wide matrix of operating conditions, thus
providing valuable insight into its steady-state and efficiency characteristics.

The rest of this paper is structured as follows: Section II presents the operational principle of a
DAB converter, while Section III talks about the basics of DAB HIL setup in PLECS. Furthermore.
Section IV shows the experimental testbench and different characterizations performed on the DAB
converter. The multi-variable comparative results derived from both the HIL setup and experiments
are also presented in this section, and the work is concluded in Section V.

2. Operating Principle of DAB Converter Under SPS Modulation

The simplicity of SPS modulation makes it the most widely used power flow control technique
for the DAB converter. The basic topology of a DAB converter is shown in Figure 2. It is composed
of two full-bridge converters, an isolating HFT, and an energy storage inductor, which could be an
external inductor or the lumped leakage inductor of the transformer.
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Figure 2. Basic architecture of a DAB converter.

As shown in Figure 2, the converter’s two H-bridges (full bridges) transform the DC input and
output voltages into high-frequency 2-level square waves (V1 and V2). We can control the power flow
by adjusting the phase shift between these square waves using SPS. Figure 2 shows the possible
directions of power flow (positive or negative). The direction depends on the sign of the phase shift
angle. A positive angle means V2 lags behind Vi, resulting in positive power flow. On the contrary, a
negative angle means that Vi lags behind V2, leading to negative power flow. Figure 3 shows typical
steady-state operational waveforms for a DAB converter operating in buck mode (Vin > Vou) with
positive power flow using SPS modulation. In this mode, both bridges operate at the same switching
frequency with a 50% duty cycle [22-24].
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Figure 3. Typical theoretical waveforms of the DAB converter under SPS modulation.

By ignoring the resistive losses in the converter, the average transmitted power can be expressed
by (1), where f; is the switching frequency of the converter, and L is the equivalent inductance and
given by (2). In (2), Li and Lt are respectively the leakage inductances of the primary and secondary
sides of the HFT, while Ls is the additional series inductance.

_ VinVoutqo(T[ - (P)

By =  omnlf 1)

1 2
L=Ls+ Ly + (E) Lty 2)
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According to (1), the magnitude of the power transferred in the positive direction increases as
the phase shift angle (¢) increases up to a maximum at 7t/2, after which any increase in phase shift
angle causes a decrease in power sent. A similar pattern is found in the reverse direction, with the
highest reverse power obtained at -7t/2.

3. Hardware-in-the-Loop Modelling of DAB Converter Using PLECS

In HIL testing, the DAB power converter with the load represents the physical Device Under
Test (DUT) and is therefore the plant. This plant model is implemented in the RT BOX 1 CE power
electronics emulator from Plexim with a PLECS circuit simulator. The control algorithm is
implemented in an STM32F446RE microcontroller development board from ST-Microelectronics. The
physical connection between RTBOX CE and the STM32 microcontroller is provided by the interface
boards, thus enabling real-time emulation of the DAB power stage. These boards connect and protect
the input-output pins between the microcontroller and the RTBOX CE. Figure 4 shows the block

diagram of HIL testing.
Converter Model
(RTBOX CE)
Analog
output Plant PWM
— < < -
DRt model Capture
Control
ADC ~| algorithm . i PWM
input
(STM32 DSP)

Control Hardware

Figure 4. Block diagram of HIL Testing.

During the development of the HIL simulation model, both the physical limitations of RTBOX
CE hardware and the need for optimization to improve simulation accuracy must be carefully
considered. One key optimization step involves employing either sub-cycle averaging or nanostep
models of the switching devices in combination with the PWM Capture components implemented
on the RTBOX CE FPGA. This real-time optimization strategy enables the use of smaller simulation
time steps and allows the evaluation of significantly higher converter switching frequencies.
Furthermore, with an appropriate choice of discretization time step, the PLECS hybrid power
modules can accurately depict the main switching ripple characteristics of the converter and reduce
the number of ideal switches and diodes in the model, which lowers the quantity of state-space
matrices needed to describe a power converter. With these optimizations, a reduction of the
computational load of real-time simulations can be achieved. The plant model of the DAB HIL setup
in the PLECS environment is shown in Figure 5.
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Figure 5. Plant model of the HIL testing in PLECS.

4. Experimental Setup, Characterization, and Results

An experimental prototype of the DAB converter was assembled as shown in Figure 6. The
converter uses a motherboard that hosts four half-bridges implemented with wide-bandgap GaN
power transistors from EPC (EPC23102). GaN devices were selected to enable higher switching
frequencies while keeping dynamic switching losses low, which is particularly advantageous for the
low DC-link voltages targeted in this work (< 50 V). Two ITECH IT-M3902C-85-40SAS bidirectional
power supplies were used to set the input and output voltages of the DAB converter. The
experimental setup also includes an oscilloscope (Teledyne LeCroy WaveSurfer 3024z) for
monitoring PWM switching waveforms, currents, and voltages, as well as auxiliary fans for active
cooling. A FLIR A325 thermal imaging camera was employed to detect any potential overheating
during the tests. Particular attention was given to the GaN power transistors, inductors, and
transformers, as these are the components most subject to heat dissipation. Table 1 shows the
converter specifications adopted for the initial tests. The converter control and characterization were
done using an STM32F446RE development board.

Figure 6. Picture of the DAB experimental test bench for carrying out tests. From left to right: A) Bidirectional
power supply ITECH IT-M3902C-85-40SAS, B) PC for microcontroller monitoring, C) Thermal IR camera FLIR
A325, D) Multimeter FLUKE 83V, E) DAB prototype, F) PC for thermal imaging monitoring, G) Multimeter HP
34401A, H) Power supply TTI CPX400DP, I) Power supply Keysight E3646A, ]) Multimeter Keysight 34450A, K)
Multimeter FLUKE 45, L) Oscilloscope Teledyne LeCroy WaveSurfer 3024z.

Table 1. Specifications of the DAB converter of the early test.

Parameters Value
DC input voltage (Vin) 10V
DC output voltage (Vour) 10V

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Transformer type Coilcraft PL300-100L

Transformer turns ratio (1:n) 1:1
Series inductor L 13 uH
HEF filter capacitance C1, C2 58.6 uF, 58.6 uF
Primary-side and secondary- EPC23102
side MOSFETs
Switching frequency 100 kHz

The results of the power transfer and efficiency obtained for different series inductors’
inductances (L), voltages, and switching frequencies (fww) when the converter normalized gain is M =
Vout/(nxVin) =1 (i.e., in this case, Vout = Vin) are shown in Figures 7 and 8. As outlined in Figure 7, four
different configurations were tested: (a) a single 10 pH inductor at 100 kHz; (b) a parallel combination
of three 33 uH inductors (resulting in an effective inductance value of 11 uH ) at 50 kHz; (c) the same
11 puH parallel inductor bank at 100 kHz; and (d) a parallel combination of two 10 puH inductors
(resulting in 5 puH ) at 200 kHz. These variations allow for the analysis of the impact of the
characteristic impedance Z = jwL (where w = 27tfw, and j = V—1) on power transfer, soft-switching,
and overall efficiency.
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Figure 7. Power transfer characterization at different voltages, frequencies, and inductances, V = nxVin = Vou.

All the curves in Figure 7 show that for any given phase shift, the magnitude of the power
transfer increases proportionally as the voltages increase from 10 V to 48 V, confirming the direct
relationship between power flow and voltage amplitude according to equation (1). Moreover, the
power curves at all the voltages increase as the phase shift increases, with the peak power occurring

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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when the normalized phase shift is 0.5. Also noticeable is that the power transfer curves of Figure 7a
and Figure 7d are nearly identical despite the different inductances and switching frequencies. This
is because both configurations have the same characteristic impedance (i.e., their reactances are X, =
wala = 21x100x10%x10x10-¢ = 21t Q and Xa = waLa = 2tx200x103x5x10-6 = 27t Q). If we compare all four
plots at 20 V, it is observed that Figure 7b provides the largest power transfer simply because its
characteristic impedance is the smallest, i.e., X» = wbLs = 2mx50x103x11x10-6 = 271x0.55 Q.

The efficiency curves of Figure 8 show that at a particular voltage, efficiency increases as power
demand increases up to an optimal point, after which efficiency drops. As we move from one voltage
level to the other, the zone of higher efficiency changes. In all cases, the light load efficiency is highest
when the voltage is smallest due to lower switching losses, while the heavy load efficiency is highest
when the voltage is largest. The efficiency curves of Figure 8d are higher than those of Figure 8a,
mainly because the DC resistance of the inductor is lower (1 mQ // 1 mQ = 0.5 mQ)), hence the
conduction losses are reduced.
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Figure 8. Efficiency characterization at different voltages, frequencies, and inductance values, V = Vin = Vout.

An extraction of the maximum power and efficiency points at different voltages for the case
given in Figure 7a and Figure 8a gives the plot shown in Figure 9, where it is clearly seen that as the
input/output voltage increases, the maximum efficiency increases up to a maximum of 96% when the
voltage is 48 V.
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Figure 9. Power points and maximum efficiency for different bus voltages (fs«w =100 kHz, L = 10 pH).

Figure 10 shows the DAB power transfer and efficiency curves when the DAB converter is
characterized at different gain values of M =0.6 (Vie=30V, Vour=18 V), M=1 (Via =30V, Vour =30 V),
and M=1.4 (Vin=30V, Vour =42 V). It is observed in Figure 10a that as the gain increases, more power
can be transferred for every increase in the phase shift. Moreover, Figure 10b shows that the efficiency
of the converter at light load is higher when the converter gain is lowest (M = 0.6), whereas the
efficiency at heavy load is highest when the converter gain is highest, and finally, at medium loads,
the efficiency is highest when M =1.
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Figure 10. Characterization of the different converter gains at M =0.6, 1, and 1.4.

The efficiency trends in Figure 10b can be explained by the distribution of conduction and
switching losses at different operating points. Operating at light load with a lower gain (M = 0.6)
minimizes circulating current and core excitation, leading to reduced conduction and magnetizing
losses and therefore higher efficiency. At heavy load, however, a higher gain (M = 1.4) reduces the
required phase shift to deliver the same power, which lowers RMS currents and conduction losses,
improving efficiency. At medium loads, the system operates closest to its nominal design point when
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M =1, balancing both conduction and switching losses and resulting in the highest efficiency at that
gain level.

Figure 11 shows a power flow comparison of the HIL setup with the experimental setup under
different operating conditions.
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Figure 11. HIL and experimental results, with L =10 uH, f«w =100 kHz, and different input and output voltages.

It can be observed that at all operating conditions tested, the HIL. model accurately reproduces
the power-flow behavior of the converter for positive phase-shift values. In this region, the HIL and
experimental curves exhibit nearly parallel trends, with power scaling consistently with the applied
voltage, and both traces closely following the same power envelope as a function of phase shift. For
negative phase shifts, the HIL model remains accurate at low power levels. However, as the
transferred power increases, a modest deviation emerges between the HIL predictions and the
measured responses, with the greatest difference being when M = 1.4. This discrepancy can be
attributed to the non-idealities of the real prototype not modelled in the HIL model, such as
transformer parasitics, dead-time effects, magnetizing inductance, and switching nonlinearities,
which become increasingly significant at high power levels. Overall, the proposed HIL model
provides a robust and reliable representation of the physical system and is therefore suitable for
further control development and testing.

5. Conclusions

This paper presents a validated, high-fidelity PLECS-based HIL simulation methodology for the
development and validation of DAB converters controlled with SPS modulation. Through systematic
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experimental characterization across a broad range of operating points including multiple voltage
levels (10 V, 20 V, 30 V, and 48 V), voltage gains (M = 0.6, 1, and 1.4), switching frequencies, and
leakage inductances, we demonstrate that the HIL model reproduces the measured power-transfer
trends with close agreement under both nominal and extended conditions. The detailed comparison
between HIL simulations and experimental measurements validates the suitability of this approach
for rapid prototyping and control validation. A modest divergence at the higher converter gains
highlights the limitations of idealized device models and switching approximations and points to
clear opportunities for improvement by incorporating more detailed device characterization (for
example, non-ideal switch transitions, device parasitics, and thermal effects) and
communication/timing jitter into the HIL model.

The comprehensive dataset generated during this investigation confirms that PLECS RT Box
platforms, when properly interfaced with real-time DSP controllers like STM32F4466RE, can reliably
emulate the DAB’s dynamic behavior in real time, thus providing a reliable, cost-effective, and lower
risk alternative to hardware prototyping for DAB converter design and optimization.

Overall, this work establishes a validated foundation for future research, for instance, advanced
modulation strategies, multi-port DAB architectures, and real-time fault or stress analysis within
high-power conversion systems, and demonstrates that the methodologies and validation
approaches presented are transferable to other power-conversion topologies. Consequently, the
proposed HIL workflow can help designers shorten development cycles and reduce prototyping risk
in modern power-electronics systems.
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Abbreviations

The following abbreviations are used in this manuscript:

DAB Dual Active Bridge

HIL Hardware-in-the-Loop
SPS Single Phase Shift

EPS Extended Phase Shift

DPS Dual Phase Shift

TPS Triple Phase Shift

PWM Pulse Width Modulation
RES Renewable Energy Sources
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BESS Battery Energy Storage Systems
EV Electric Vehicle
HFT High Frequency Transformer
SIL Software-in-the-Loop
DUT Device Under Test
RTBOX  Real-Time Box (Plexim hardware)
GaN Gallium Nitride
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