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Abstract—This paper presents an outlook about controller
hardware-in-the-loop technology and how recent advancements
in time resolution improved real-time simulation accuracy for
testing high switching frequency power electronics applications.
To illustrate that, the control of a dual active bridge converter
(DAB) is taken as an example. The DAB converter is emulated on
Typhoon HIL device, while the control algorithm is implemented
on a digital signal processor from Texas Instruments. Real-time
simulations are performed, highlighting the increased precision of
the results obtained with the novel switch-level gate-drive signal
oversampling.

Index Terms—controller hardware-in-the-loop, dual active
bridge, time resolution, power electronics, real-time simulation.

I. INTRODUCTION

One of the key features that enabled the paradigm shift
from centralized generation to distributed generation based
on renewable energy sources was the accelerated development
and continuous advancements on power electronics (PE) tech-
nology, allowing to achieve rapid cost reduction as well as
increased reliability and improved power quality [1]. As a
consequence, engineers are continuously challenged to design
and implement different solutions more and more efficiently,
which calls for different tools and can be specially demanding
considering the need to comply with different requirements,
such as grid codes and electric vehicle (EV) integration
standards [2], [3]. In this direction, the strategy of waiting until
late stages of a project to verify the integration of different
hardware and software, as well as to assess the performance of
the systems against test protocols, is no longer suitable. Even
if scaled prototypes are considered, building the infrastructure
can be time-consuming and expensive, and the test flexibility
would still be limited by hardware constraints and also by the
need to establish proper instrumentation and safety precautions
[4]-[6].

For these reasons, the use of hardware-in-the-loop (HIL)
for development and testing is an important alternative. This
approach adds flexibility and security, besides reducing the
time spent in different parts of the development cycle. Ergo,
it has been a standard procedure in the automotive industry
for more than two decades and it has also been recognized
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as a viable and cost-effective method for testing and pre-
commissioning of microgrids [7], [8].

Considering PE industry, Controller-HIL (C-HIL) is an
usual approach, where the power part can be simulated in
real time, while the control and management systems, as well
as the protection devices, can be implemented in the exact
same platforms that will be embedded in the real apparatus.
In this way, it possible to have a safe and high fidelity
testing environment, where advanced control strategies and
the interactions between different systems can be rapidly
assessed without risking to damage the devices, reducing time
and cost, besides improving test coverage and reproducibility
[8], [9]. On the other hand, PE applications may encompass
various switches operating at very high switching frequencies,
especially considering the increasing use of wide bandgap
devices in sectors such as the e-mobility industry. As a
result, in order to capture the effects caused by the switching
behavior, one has dynamically complex electrical systems that
are really demanding to simulate with high fidelity in real time,
requiring high resolution sampling of the gate drive signals
(GDS) and very short simulation time steps and, therefore,
advanced processing capability and ultralow latency [10], [11].

In this direction, this paper shows how C-HIL technology
advanced, improving time resolution and therefore real-time
simulation accuracy for high switching frequency applications.
First, challenges related to the GDS sampling resolution
are discussed and the Global GDS Oversampling method is
introduced. A Boost converter operating at 80 kHz is used
to illustrate the improvements on the accuracy as a result of
this approach. Then, the Switch-level Oversampling method is
presented, which allows to deal with more demanding high-
switching frequency applications. To illustrate that, a dual
active bridge (DAB) converter operating at 250 kHz is taken
as a case study. The converter is emulated on the Typhoon
HIL404 device, which is built for advanced motor drive and
automotive applications, being able to reach simulation steps
down to 200 ns with input sampling resolution of 3.5 ns.
The control algorithm is implemented in the digital signal
processor (DSP) TMS320F28379D, from Texas Instruments.
Real-time simulations are performed and the accuracy of the
obtained results is analyzed.



II. REAL-TIME SIMULATION FOR PE

Power electronics plants can be modeled based on ideal
switches, neglecting dynamics associated to the transitions
between switching states. Therefore, the semiconductors are
either conducting or blocked, and the commutation between
these two states is ideally fast. Nevertheless, real-time sim-
ulation devices run in discrete time and typically employ
linear state-space equation solvers with fixed time step. To
take into account the switching nature of the PE converters,
a piece-wise linear approach can be used. In this scenario,
the simulation dynamically changes among a finite number of
modes, which are linear time-invariant models defined based
on the possible states of the semiconductors (i.e., the reachable
submodel topologies). Therefore, one has a fixed state-space
representation over each simulation time step, for which the
matrices can be computed offline during the compilation
process and then stored in the solver memory [10].

On the other hand, note that the number of modes grows
exponentially with the number of switches, which can lead
to high memory resource requirements. To mitigate that,
PE converters can be organized as pre-packaged components
optimized for real-time execution, with an specialized run
time logic that allows to reduce number of reachable modes.
In addition, FPGA-based multi-core processors can be used,
taking advantage of parallel computing to not only reduce
the memory requirements but also to reduce the simulation
step size. Those strategies are employed in the Typhoon HIL
devices, as the ones used to obtain the results that will be
presented in this paper.

As mentioned in the introduction, PE encompass a number
of applications which require high-power converters that are
operated at high frequencies, demanding high time resolu-
tion to achieve accurate simulation results. In this direction,
considering fixed time step solvers, if the digital inputs are
sampled only at the beginning of each simulation step, the
sampling period of the pulse-width modulation signals is equal
to the simulation time step. In addition, considering C-HIL
applications, the simulation clock is not synchronized with
the outputs of the connected digital controller. Therefore,
since switching events can only be detected in the simulation
step after the event has occurred, there is an inaccuracy to
identify the exact instant where the digital input changed its
state, leading to variable delays that cause imprecise duty
cycle detection and hence inaccurate simulation results. The
resulting sampling error depends on when the GDS changes
with respect to the simulation steps, and the latency will be
in the range from one to two simulation steps. This is shown
in Figure 1, where DI represents the digital input (GDS) and
X illustrates the state change due to the input event.

Ideally, in offline simulations, these outcomes could be
mitigated by arbitrarily reducing the simulation time step at
the expense of longer execution times, which is not viable for
real-time simulators [13]. Thus, even FPGA based simulators
are limited to simulation time steps of hundreds nano seconds,
which still poses limitations to the accuracy of simulations for
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Fig. 1. Sampling error without GDS Oversampling [12].
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Fig. 2. Illustrative representation of the GDS Global Oversampling [12].

high switching frequency converters.

In this regard, although being able to reduce the simulation
time step is important, additional strategies to enhance sampled
GDS time resolution are also key features, as will be detailed
in the next section [14].

III. STRATEGIES FOR TIME RESOLUTION ENHANCEMENT

In the following subsections, two strategies for time resolu-
tion enhancement will be discussed, namely, the Global GDS
Oversampling and the Switch-level GDS Oversampling.

A. Global GDS Oversampling

As mentioned before, the larger the simulation time steps,
the larger the GDS sampling error can be, which will translate
to larger errors in the state variables calculation. In order to
meet high accuracy requirements with limited simulation step
sizes, time resolution can be improved by using the Global
GDS Oversampling method. In this approach, the driving
signals are sampled multiple times within one simulation
step, which allows to attenuate the sampling errors. Also, the
switching events are time stamped, i.e, the time of the GDS
transition is precisely captured, and then used to compensate
the state variables [13], [15]. Figure 2 illustrates the Global
GDS Oversampling method.

The Global GDS Oversampling algorithm can be summa-
rized by the following steps [12]:

1. Sampling the GDS multiple times within a simulation
step and identifying the instant when the change in the
digital input occurs.

2. Calculation of the state variables without updating the
GDS input. Meanwhile, information about the time when
the GDS actually changed is used to calculate the value
of states that will be used for the compensation in the
next simulation step. These values are not visible at the
outputs.
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Fig. 3. Boost converter operating at 80 kHz: input current and output voltage
without GDS oversampling.
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Fig. 4. Boost converter operating at 80 kHz: input current and output voltage
with Global GDS oversampling enabled.

3. Third phase is the compensation of states. The temporary
calculated states from the previously simulated step and
information about the time when GDS changed are used
to calculate new state output. After calculation and com-
pensation, the correct value of the state will be present
at the output.

To illustrate the improvements on simulation accuracy ob-
tained with the Global GDS Oversampling method, let us
consider a Boost converter operating in open-loop with a fixed
duty cycle. The converter is driven by an external controller
with switching frequency set to 80 kHz, while the real-time
simulation runs on a Typhoon HIL402, with time step of
500 ns and GDS sampling period of 6.25 ns. Open-loop oper-
ation is chosen to emphasize the effects of the oversampling
method without including controller dynamics in the compari-
son. Figure 3 shows the input current and the output voltage of
the converter operating without GDS oversampling. In these
results, we can see that the insufficient sampling resolution
of the driving signal led to low frequency fluctuations on the
converter states, which is an undesired behavior. On the other
hand, when the Global GDS Oversampling feature is enabled,
one has the results shown in Figure 4. Clearly, we can see
that the low frequency fluctuations are mitigated, leading to
the expected steady state behaviors.

As shown in the previous results, the Global GDS Over-
sampling method can significantly improve effective time
resolution and therefore extend the range of switching fre-

quencies that can be supported with high accuracy. However,
this method leads to an increase in the computational burden
and also to the need for an additional time step dedicated for
compensation of the state variables. Therefore, the calculation
time becomes prohibitive if multiple switching events occur,
posing a limit on the number of GDS transitions that can
be handled in a single simulation step [13], [15]. In cases
where more than one GDS transition usually happen per sub-
circuit within a simulation time step, higher accuracy can be
obtained by employing oversampling methods that operate
at the component level, as will be described in the next
subsection.

B. Switch-level GDS Oversampling

Differently from previous method, the Switch-level GDS
Oversampling is implemented at component level. This means
that, instead of relying on the compensation of the state
variables after the GDS transition is identified, it actually
restructures the power converter model. For that, instead of
purely using the ideal switch concept, the switching transitions
of every externally commuted switch are modeled by means
of controlled voltage and current sources, whose values are
defined taking into account the average value of the GDS over
the simulation time step. This average value (duty cycle) is
calculated based on the digital input oversampling. Therefore,
if the GDS resolution is high enough so that the quantization
error can be neglected, it is possible to compensate all GDS
transitions within that simulation step. Moreover, since the
simulation step period is small in comparison to the switching
period, the switching ripple will be preserved [13].

To illustrate that, let us consider an IGBT leg, as shown
in Figure 5(a). Figure 5(b) shows the implementation of this
IGBT Leg component using the Switch-level GDS Oversam-
pling method. Notice that a pair of diodes is also included to
support direction-dependent current flow and natural commu-
tation, as well as to enable discontinuous conduction mode.
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Fig. 5. IGBT leg: (a) ideal component; (b) implementation based on the

Switch-level GDS Oversampling method.



For the IGBT leg shown in Figure 5, the Switch-level GDS
Oversampling working principle can be summarized by the
following steps:

1. Calculation of the average switching signals over the
simulation time step (GDSpot and GDSqp) for every
controllable switch. Recall that duty cycles are calculated
very precisely thanks to small GDS oversampling period.

2. The converter receives information about duty cycles of
the gate drive signals. Together with current and voltage
measurements, these information are used to control the
current and voltage sources and to define the converter‘s
output, as shown in Figure 5(b).

As mentioned before, this method allows to compensate
all GDS transitions within one simulation step, which is an
advantage when compared to the Global GDS Oversampling.
Nevertheless, due to algorithm complexity, it also includes a
delay of one simulation step between GDS inputs and the
state outputs. Moreover, since the model has to be restructured
including controlled sources and diodes, it is more complex
and computationally expensive then the previous approach.

It is important to recall that while a large variety of models
works well with Global GDS Oversampling, Switch-level GDS
Oversampling method is indicated for those models which
rely on high switching frequencies and where more than one
GDS transition often happen during one simulation step. A
Typical example are the DAB converters. This case study will
be presented in the next section, together with a comparison
between the two aforementioned oversampling methods.

IV. CASE STUDY: DAB CONVERTER

The DAB converter was proposed in [16] as a high-
power-density bidirectional DC/DC topology. By means of
soft switching, the converter is capable of reducing switch-
ing losses, therefore enabling operation with high switching
frequency. The topology of the DAB converter comprises
two single-phase full-bridge inverters and a high-frequency
transformer, as illustrated in Figure 6. The series inductor Lp
is also highlighted in the figure and, in practice, it represents
the leakage inductance of the transformer [17].
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Fig. 6. Topology of the DAB converter [17].

Taking advantage of characteristics such as efficiency, reli-
ability and inherent galvanic isolation, DAB converters have
been used in different cutting-edge applications, such as un-
interrupted power supplies, microgrids and bidirectional EV
chargers. For instance, [18] presents a discrete non-linear
controller to regulate the output voltage of a DAB converter
operating at 20 kHz, taking into account parametric variations.
Suitable results are obtained by means of C-HIL real-time
simulations using Typhoon HIL402 device. Regarding EV ap-
plications, [6] provides an overview of the advantages of DAB
converters for grid-to-vehicle and vehicle-to-grid applications.
The system is emulated using Typhoon HIL602 device, and
high quality real-time simulation results are provided.

In order to control the DAB converter, the conventional
strategy is based on the two-level modulation with phase
shift, called single phase shift (SPS). Using this strategy, the
power flow can be controlled by changing the phase difference
between the carrier signals of the two inverter bridges, while
keeping a constant duty cycle. Nevertheless, even with a sim-
ple control structure such as SPS, DAB converters operating
at high frequencies can be really demanding to simulate in
real-time with high precision.

To illustrate that, let us take as a case study the DAB
converter with parameters detailed in Table I. Notice that
two different switching frequencies (fs,) are considered, in
order to compare the simulation performance with the two
oversampling methods under different operating conditions.

TABLE I
CASE STUDY: PARAMETERS OF THE DAB CONVERTER
Parameters Values
Maximum power 100 kW
Input and output voltages V; =800 V and V,, = 400 V
Transformer ratio (INp:Ns) 1:1
Series resistance Rp = 100 m$2
Switching frequencies fswi =50 kHz | fsw2 = 250 kHz
Series inductor Lp; =8 uH Lpo =1.6 uH

V. REAL-TIME SIMULATION RESULTS

In this section, C-HIL real-time simulation results are pre-
sented for the DAB with parameters given in Table I. The
converter is emulated on the Typhoon HIL404 device, with
a simulation time step of 250 ns and GDS sampling period
of 3.5 ns, employing the oversampling methods presented in
Section III. Once again, open-loop operation is considered to
avoid that controller performance influences the assessment of
the simulation accuracy. The SPS modulation is implemented
in the DSP TMS320F28379D, from Texas Instruments.

A. Operation with switching frequency of 50 kH z

Initially, consider operation of the DAB converter with
switching frequency of 50 kHz and a phase shift PS=50°. For
real-time simulation employing the Global GDS Oversampling
method, Figure 7 shows the current through the series inductor
Lp, as well as the voltages at the primary and secondary
of the transformer (V}, and Vj, respectively). Although the



Fig. 7. Operation with fs,, = 50 kHz and PS = 50° using Global GDS
Oversampling method: (top) current through Lp; (bottom) voltages at the
primary and secondary of the transformer.

Fig. 8. Operation with fs,, = 50 kHz and PS = 50° using Switch-level
GDS Oversampling method: (top) current through L p; (bottom) voltages at
the primary and secondary of the transformer.

overall results are suitable, it is possible to see that there is
an undesired behavior on the current waveforms close to the
zero-crossing region, which can be attributed to the multiple
GDS transitions and high switching frequency.

On the other hand, Figure 8 shows the waveforms for the
same operating conditions, but now obtained with real-time
simulation employing the Switch-level GDS Oversampling.
One can notice that the undesired behavior pointed out in the
previous current waveform is no longer existent, leading to
more accurate results. To better illustrate how this affect the
overall accuracy of the simulation in different operation points,
Figure 9 shows the average output power as function of the
phase shift angle employing both oversampling methods. As a
reference, the theoretical output power is also plotted [18]. It is
possible to verify that both oversampling methods are able to
follow the theoretical curve with good precision. Nevertheless,
the switch-level GDS oversampling method leads to a slightly
better accuracy when compared to the Global oversampling,
specially when the phase shift approaches limit values.

B. Operation with 250 kH z

Let us now consider operation of the DAB converter with
250 kHz, while maintaining the phase shift at 50°. For the
real-time simulation employing the Global GDS Oversampling
method, Figure 10 shows the current and voltages waveforms.
Differently from Figure 7, we can notice now a larger impre-
cision in the current waveform, which is caused by higher
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Fig. 9. Average output power as function of the phase shift angle for operation
with switching frequency of 50 kHz.

Fig. 10. Operation with fs,, = 250 kHz and PS = 50° using Global GDS
Oversampling method: (top) current through Lp; (bottom) voltages at the
primary and secondary of the transformer.

Fig. 11. Operation with fs,, = 250 kHz and PS = 50° Switch-level GDS
Oversampling method: (top) current through L p; (bottom) voltages at the
primary and secondary of the transformer.

GDS sampling errors associated to the significantly higher
switching frequency. In opposition, by employing the Switch-
level GDS Oversampling method it is possible to properly
compensate multiple GDS transitions within a simulation time
step, leading to the current waveform shown in Figure 11,
where the undesired behavior seen in the previous result was
eliminated. The effect of the Switch-level GDS oversampling
method can also be seen comparing the voltage waveforms in
Figure 10 to the respective ones in Figure 11.

Figure 12 shows the average output power as function of the
phase shift angle employing both oversampling methods for
operation with 250 kHz. As expected, the Switch-level GDS
Oversampling leads to very accurate results. However, differ-
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Fig. 12. Average output power as function of the phase shift angle for

operation with switching frequency of 250 kHz.

ently from what was concluded for operation with 50 kHz, the
Global GDS Oversampling is no longer able to ensure suitable
results for the entire range of operation.

Finally, Table II shows a comparison of the computational
resource utilization when running without oversampling and
also when employing the aforementioned oversampling ap-
proaches. As expected, although able to achieve more accurate
results, the Switch-level GDS Oversampling method is more
complex and computationally expensive, requiring a higher
time slot and matrix memory utilization then the Global GDS
Oversampling method. It is worth to notice that the utilization
values presented in Table II consider that the converter stage
is emulated in a single core. Nevertheless, using Typhoon
HIL404 device, circuits can be partitioned into up to 4
cores, allowing to reduce hardware utilization and emulate
considerably larger systems.

TABLE 11
COMPARISON OF THE COMPUTATIONAL RESOURCE UTILIZATION

None Global | Switch-Level
Time slot utilization 72.86% | 84.29% 98.57%
Matrix memory utilization | 34.47% | 34.47% 61.94%

Computational latency 1 2 2
(simulation steps)

VI. CONCLUSION

This paper presented how enhancements on sampling reso-
Iution enabled the use of C-HIL technology to achieve high fi-
delity real-time simulation results for high switching frequency
applications. Firstly, the Global GDS Oversampling method
was introduced, and results obtained for a boost converter
confirmed that this approach can mitigate the insufficient sam-
pling resolution of the driving signal, improving the accuracy
of the simulation for PE applications. Then, the Switch-level
GDS Oversampling method was presented, detailing how it
is able to compensate multiple switching events within a
simulation time step. A DAB converter was taken as case study
to illustrate the performance of both oversampling methods,
confirming that the presented approaches allow to significantly
extend the range of switching frequencies that can be handled
with high accuracy by C-HIL real-time simulation.
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