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Real-Time Digital Simulation of a CHIL-Based Test Bench
for Bidirectional DC-DC Converters
in Microgrid Applications
Simulacion en Tiempo Real de un Banco de Pruebas CHIL para
Convertidores DC-DC Bidireccionales en Aplicaciones de Microrredes
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ABSTRACT

This work proposes the implementation of a test bench for Buck-Boost DC-DC converters used as battery interfaces in electrical mi-
crogrids, applying the Controller Hardware-in-the-Loop (CHIL) fechnique within a real-time digital simulation (RTDS) environment. The
primary objective is to evaluate the converter behavior through closed-loop control using Pl algorithms, ensuring safe testing without
risking physical damage to the hardware. These converters enable bidirectional power flow between the battery and the DC-Link,
supporting the integration of energy storage and generation devices within microgrids. The use of an RTDS based on an OPAL-RT
simulator enhances testing accuracy, eliminates the need for additional microcontrollers, and enables the evaluation of various oper-
ating scenarios. Furthermore, this approach helps detect faults before real-world implementation, ensuring system stability and opti-
mizing the performance of electrical grids with high penetration of renewable energy sources. The proposed methodology contributes
to the development of innovative control strategies for sustainable and resilient microgrids.

Keywords: CHIL (Controller-Hardware-in-the-Loop); Hybrid Microgrid; Real-time Digital Simulation; OPAL-RT;
MATLAB/Simulink

RESUMEN

Este trabajo propone la implementaciéon de un banco de pruebas para convertidores DC-DC Buck-Boost utilizados como interfaces
de baterias en microrredes eléctricas, aplicando la técnica Controller Hardware-in-the-Loop (CHIL) en un entorno de simulacién digi-
tal en tiempo real (RTDS). El objetivo principal es evaluar el comportamiento del convertidor mediante control en lazo cerrado con
algoritmos P, garantizando pruebas seguras sin poner en riesgo el hardware fisico. Estos convertidores permiten el flujo bidireccional
de energia entre la bateria y el DC-Link, favoreciendo la integracién de dispositivos de almacenamiento y generacién de energia en
micrormredes. El uso de un RTDS basado en el simulador OPAL-RT mejora la precisién de las pruebas, elimina la necesidad de micro-
controladores adicionales y permite evaluar diversos escenarios de operacion. Ademds, este enfoque facilita la deteccion de fallos
antes de la implementacion real, asegurando la estabilidad del sistema y la optimizacion del desempeno de redes eléctricas con
gran penetracion de fuentes de energia renovable. La metodologia propuesta contribuye al desarrollo de estrategias de control
innovadoras para microrredes sostenibles y resilientes.

Palabras clave: CHIL (Conftroller-Hardware-in-the-Loop); Microrred Hibrida; Simulacién Digital Tiempo Real; OPAL-RT;
MATLAB/Simulink
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Introduction transformer. Additionally, they serve as voltage regulators by
maintaining a constant output voltage despite fluctuations in load

The efficient integration of renewable energy sources (RES) into current or source voltage.

electrical microgrids requires advanced power converters that can

maintain system stability and energy balance under variable oper- In this study, DC-DC converters are utilized to integrate compo-

ating conditions. DC-DC converters are electronic power circuits nents, including batteries, generators, and DC loads, into the mi-

that adjust (step up or step down) the voltage level of a power crogrid. Their efficiency in reducing the number of power conver-

source, acting as the direct current (DC) equivalent of an electrical sion stages while ensuring power quality and independence from
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the primary grid makes them highly suitable for this role. In most
cases, a four-quadrant Buck-Boost DC-DC converter topology is
employed due to its ability to either increase or decrease voltage,
depending on the duty cycle, and to operate bidirectionally. This
feature is crucial when the converter functions as an electronic
interface with the DC-Link of battery banks, managing both charg-
ing and discharging processes. Batteries, in turn, play a vital role
by storing energy and supplying it to the grid when the microgrid
demands it.

This paper proposes the implementation of a test bench for DC-
DC Buck-Boost converters used as battery interfaces in electrical
microgrids. The test bench is developed using the Controller
Hardware-in-the-Loop (CHIL) technique within a real-time digital
simulation (RTDS) environment based on an OPAL-RT simulator.
The primary objective is to replicate the operational environment
of the converter and implement closed-loop control using PID al-
gorithms directly within the real-time simulator. This methodol-
ogy is chosen due to its robustness as a tool for validating con-
verter performance in realistic scenarios without compromising
hardware safety, making CHIL an ideal platform for safe and de-
tailed testing.

The tools provided by OPAL-RT enable high-precision evaluation
of system behavior and allow for the reproduction of various con-
verter operating scenarios without risking physical equipment.
Furthermore, the flexibility of this approach facilitates real-time
tuning of control parameters. A key advantage is that the proposed
methodology eliminates the need for dedicated microcontrollers
between the converters and the DC-Link to manage control and
optimization. This simplifies the design process for converters
with different characteristics by eliminating the need to modify the
control hardware.

Finally, using OPAL-RT for both control and real-time simulation
significantly simplifies the testing process, enhances the reliability
of results, and reduces the risks associated with hardware valida-
tion. The proposed system not only provides a robust platform
for research and development of Buck-Boost DC-DC converters
but also supports the design of innovative control strategies that
promote greater integration of renewable energy sources into mi-
crogrids. This is essential to ensure power system stability under
dynamic operating conditions and contributes to the development
of more sustainable and resilient electrical grids.

In contrast to conventional CHIL test benches that rely on exter-
nal DSP/FPGA controllers, the proposed setup integrates control
directly into the OPAL-RT/HYPERSIM environment, eliminating
the need for additional hardware layers. This feature differentiates
the present work from existing regular CHIL applications.

Theoretical Concepts
Hybrid Microgrids

Microgrids are essentially medium- or low-voltage distribution sys-
tems with clearly defined boundaries that operate as a single con-
trollable entity with respect to the primary power grid. They in-
corporate distributed generation (DG) sources—primarily based
on renewable energy—as well as energy storage systems and local
electrical loads. A microgrid can operate in either islanded mode
(autonomously) or in connected mode to the primary utility grid.

The generation units mentioned above can be classified according
to their output current: direct current (DC) sources, such as pho-
tovoltaic panels and batteries, or alternating current (AC) sources,
including wind turbines and small hydro turbines. This classification
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leads to three main types of voltage buses in microgrids: AC-cou-
pled, DC-coupled, and hybrid-coupled systems, with DC-coupled
configurations being the most commonly used.

Furthermore, the connection between each unit and the main bus
can be either direct or through power converters. These include
DC-DC converters, DC-AC converters or inverters, AC-DC
converters or rectifiers, and AC-AC converters or transformers.
A schematic example of an electrical microgrid is shown in Fig. |.
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Figure 1 Electrical Microgrid (source: internet)
Buck-Boost DC-DC Power Converter

DC-DC converters are essential components in modern power
systems, as they serve as power electronic interfaces between the
alternating current (AC) grid and both generation and load com-
ponents. Their primary function is to enable efficient energy trans-
fer between different voltage levels.

In particular, the Buck-Boost converter shown in Fig. 2 is a DC-
DC buck/boost (step-down/step-up) converter, whose behavior
depends on the duty cycle. This type of converter is chosen in this
work to enable bidirectional energy exchange between the DC
bus (or DC-Link) of the inverter and the battery banks. Such a
configuration allows for efficient battery charging and discharging
according to the requirements defined by the control system.
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Figure 2 Buck-Boost Converter:
(a) ON Mode (b) OFF Mode (own elaboration)

In this study, a Half-Bridge configuration was selected. Its sche-
matic diagram is shown below in Fig. 3. The circuit includes IGBT
transistors used as switching elements, protection diodes that en-
sure current flows in a single direction, an inductor, and two volt-
age sources representing the DC-Link and the battery.
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Figure 3 Simplified Model of the Buck-Boost DC-DC Con-
verter (own elaboration)

Control Hardware-in-the-Loop (CHIL)

Control Hardware-in-the-Loop (CHIL) is a control methodology
in which the controller interacts with a real-time simulated system.
This approach allows the evaluation of system behavior under ex-
treme conditions or critical events without risking damage to the
physical hardware. The ability to simulate power systems in real-
time using RTDS helps reduce development costs and optimize
design processes.

Digital Simulator OPAL-RT and HYPERSIM

OPAL-RT is a real-time digital simulator (RTDS) used to imple-
ment CHIL testing, developed by OPAL-RT Technologies Inc. It
operates with two modeling platforms: RT-LAB and HYPERSIM,
both proprietary software tools that require a license for use.
These environments allow the integration of digital controllers and
enable real-time performance evaluation, ensuring a smooth tran-
sition from simulation to physical implementation.

In this study, the simulation was carried out using the OPAL-RT
OP4610xg model (Fig. 4) together with the HYPERSIM software,
which serves as the modeling platform for power systems. This
configuration allows for high-fidelity simulation of power convert-
ers. It is essential to note that the hardware continuously interacts
in a closed loop with the simulation, operating entirely in real-time.

orasio )G

Figure 2 Simulator OPAL-RT OP4610XG (source: internet)

Test Bench Implementation

The proposed control circuit is illustrated schematically in Fig. 5,
where the closed-loop configuration is evident. The Buck-Boost
DC-DC converter receives control signals from the real-time sim-
ulator, allowing the system to charge or discharge the battery as
required. The feedback signal is the battery voltage measurement,
which determines how the control system should operate.
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Figure 3 Loop Control (own elaboration)
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Calculation and Design

The printed circuit board (PCB) design was carried out using Au-
todesk Eagle software, mainly for the following benefits:

e Itincludes a wide range of component models, from var-
ious manufacturers, and is freely accessible.

e |t allows for both schematic design and PCB layout, in-
cluding support for multilayer circuits.

e It provides tools to simulate the circuit and detect mis-
takes before fabrication, improving accuracy and reduc-
ing costs.

The objective is to develop the PCB based on the electrical sche-
matic shown in Fig. 6. For this purpose, the circuit is designed to
include interfaces or access pins to connect with the simulator and
either generate or acquire the corresponding signals.
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Figure 4 Details Control System and DC-DC Converter (own
elaboration)

The converter circuit design is shown in Fig. 7. As can be seen, all
the components mentioned in the last section are included. Addi-
tionally, a current sensor (TMCSI107) based on the Hall effect is
integrated, enabling current measurement over a wide range. This
sensor was selected for this circuit because the expected operat-
ing values are 30 V for the battery (with a maximum current of
10 A) and 100 V for the DC link.
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Figure 5 Converter Circuit Design in EAGLE (own elabora-
tion)

Current Measurement System

The current measurement system consists of a differential-mode
operational amplifier in an inverting configuration, which receives
the output voltage from the current sensor (LEM) along with a
3.3 V reference signal. The output of this first amplifier is con-
nected to a second amplifier with unity gain, which inverts the sig-
nal again to ensure a positive output voltage. This final output rep-
resents the output current of the DC-DC converter.
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Figure 6 Measurement Current System (own elaboration)
Voltage Measurement System

The voltage measurement system comprises two operational am-
plifiers, combined with a differential resistive voltage divider and
an operational amplifier configured as a differential amplifier. Both
measurement circuits operate in the same way. As shown in Fig.
9, the first circuit measures the DC-link voltage, while the second
circuit measures the battery voltage.

The purpose of these circuits is to obtain, through their gain, an
appropriate output voltage level that can be read and processed
by the real-time simulator, which accepts values between +16 V.
In this case, both measurement systems are designed with a gain
that ensures the output voltage is lower than the input voltage,
thereby providing compatibility with the simulator input range.
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Figure 7 Voltage Measurement System (own elaboration)
Printed Circuit Board

The printed circuit board (PCB) was manufactured by JLCPCB
(Hong Kong), a company selected for its speed, reliability,
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advanced technology, and high-quality finishing. Fig. 10 and 11
show the fabricated PCB and the fully assembled board, respec-
tively.

Figure 9 Final Board (own elaboration)

Control System

The control system of the converter was modeled in HYPERSIM,
utilizing cascaded controllers based on Pl control, rather than a
complete PID strategy as initially proposed. Although derivative
control can improve transient response, it often introduces noise
and may destabilize the system due to the derivative sensitivity to
measured signals. For this reason, a Pl controller was preferred to
achieve a proper balance between stability and response speed.

The implemented control system, illustrated in Fig. 12, first in-
cludes an analog-to-digital converter (ADC) that adjusts the input
signals from the simulator to appropriate levels for operation.
These inputs correspond to the measured battery voltage, output
current, and DC-Link voltage. The signals are then passed through
gain blocks and sent to summing nodes, where they are combined
with their respective reference values.

The blocks labeled H(s) represent the transfer functions of the
voltage and current controllers, with the current controller placed
in cascade after the voltage controller. The purpose of the division
block is to calculate the duty cycle of the converter by dividing the
controlled output voltage by the DC-Link voltage. This result is
then used to generate the PWM signal that drives the IGBT tran-
sistors.



Finally, this signal is sent back to the physical circuit, after passing
through a digital-to-analog converter (DAC) to ensure proper sig-
nal conditioning.

Results

In this initial implementation of the system, as previously men-
tioned, Pl controllers were used for both current and voltage con-
trol, rather than the proposed initially PID controllers. This deci-
sion was primarily due to simulation stability and the quality of the
measured signals, as the derivative control introduced noise that
led to system instability.

The proper operation of the PWM signal generation system has
been verified. This signal controls the switching frequency of the
IGBT transistors in the half-bridge, and the duty cycle required is
calculated by dividing the controlled output voltage by the DC-
Link voltage. This duty cycle (D) determines whether the con-
verter operates in buck mode (D < 0.5), boost mode (D > 0.5),
or as a bidirectional energy interface (D = 0.5).

The reference voltage, duty cycle value, and the resulting PWM
signal are illustrated in Fig. 13. The figure displays the evolution of
the reference voltage, duty cycle, and PWM waveform, highlighting
the transient adaptation and subsequent stabilization of the con-
trol system.

Beyond qualitative validation, quantitative indicators further con-
firm the stability of the proposed system. Under steady-state op-
eration, the output voltage deviation from the reference remained
below 2%, ensuring accurate regulation across the tested scenar-
ios. During step disturbances, the transient overshoot did not ex-
ceed 5%, and the converter reached its new operating point within
1020 ms, which reflects the fast dynamic performance of the PI-
controlled loop. These figures are in line with recent CHIL-based
studies of Buck—Boost converters [1 1], [13], [14], highlighting that
the integration of the control algorithm directly in the OPAL-RT
real-time platform enables both low steady-state error and rapid
convergence under dynamic conditions.
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Figure 11 PWM Reference Value, Duty Cycle, and PWM Signal
(own elaboration)

Conclusions

In this work, a test bench was implemented for Buck-Boost DC-
DC converters, which are used as an interface for battery energy
storage systems in electrical microgrids. The development was
carried out using the Controller Hardware-in-the-Loop (CHIL)
technique within a real-time simulation environment (RTDS).

Initial evaluations of the converter performance were conducted
using closed-loop control with Pl algorithms, ensuring safe opera-
tion under both steady-state and dynamic conditions. Based on the
results obtained, it is proposed to extend this methodology to
other converter topologies, such as the full-bridge Buck-Boost
converter, and to explore advanced control strategies based on
neural networks to enhance system adaptability. However, the
proposed half-bridge Buck-Boost offers a favorable trade-off be-
tween simplicity and robustness, making it a suitable baseline for
CHIL-based microgrid validation.

The results have proven to be satisfactory, and the system has
demonstrated robust performance, responding effectively under
various operating conditions. The implementation in the RTDS
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Figure 10 Control System Implementation in Hypersim (own elaboration)

SICEL XII



simulation environment, utilizing the CHIL technique, enables real-
time adjustment of control parameters and continuous evaluation
of system behavior. This approach can be adopted for the devel-
opment of more complex applications in the future. Despite these
promising results, certain limitations must be acknowledged. The
dependence on high-cost RTDS hardware restricts accessibility,
and the Pl controller, while effective, may not fully address nonlin-
earities in large-scale implementations.
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