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Abstract

This thesis investigates the potential of the Hardware-in-the-Loop (HIL) approach for
the development and validation of models dedicated to power electronics applications. In
particular, the work focuses on the detailed analysis of a widely adopted high-efficiency
AC–DC converter topology known as the Totem-Pole converter. The topology is thor-
oughly examined, mathematically modeled, and subsequently implemented on an STMi-
croelectronics development platform included in the STEVAL-HILE1G4K1 reference kit.

The kit consists of two boards: the first is used to emulate the reference power converter
model, while the second operates as the controller, executing the regulation algorithms
required for the converter under investigation.

The thesis will therefore begin with a careful analysis of the initial choices made, the
reasons for using this approach, and the actual advantages and difficulties of undertaking
this work. Special attention will be paid to a detailed description of the modeling tools
used and the various implementation steps, in order to obtain clear and transparent
results.

The developed model is then validated by executing the theoretical converter model on the
HIL board and interfacing it with the control firmware used in the STEVAL-7BIDIRCB
product. This firmware generates the actual control signals that would be applied to drive
the physical converter topology. Such an approach enables a comprehensive assessment
of the proposed model and provides a practical demonstration of its correct operation
within a realistic control environment.

The ultimate goal of this thesis is the development of a computationally efficient and highly
accurate digital model of a power electronic converter, capable of faithfully reproducing
the behavior of the corresponding analog system even at high switching frequencies, while
leveraging a low-cost microcontroller as the emulation platform.

Keywords: Digital emulation, Hardware In the Loop (HIL), Model Based Design (MBD)
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1

Introduction

In recent years, power electronics has assumed an increasingly central role in the devel-
opment of highly efficient energy systems, finding application in numerous sectors such
as electric mobility, renewable energy, industrial systems, and consumer electronics. The
growing demand for high performance, reduced energy losses, and increased power den-
sity has led to the development of increasingly sophisticated converters, featuring high
switching frequencies and advanced control strategies.

In this context, design and validation methodologies have also undergone significant trans-
formation. This has led to the need for new techniques for low-cost rapid prototyping.
Many companies require these types of structures, which, through digital emulation, aid
and fuel the development of new high-efficiency converters.

Hardware-in-the-Loop (HIL) is a well-established design and validation technique that
enables simulation, testing, and debugging of complex electronic systems. The core idea
is to replace a portion of the physical system with a simplified model that replicates, with
high fidelity, the same behavior as perceived by the remaining components. In this way, it
is possible to test the overall system by combining real hardware with simulated elements.

A natural question arises:

“Why adopt this approach if the real system is already available?”

The answer can be summarized in three key points:

• Ability to continue testing activities even when some system components are not
available

• Risk reduction when testing new and unvalidated systems

• Increased flexibility and speed in modifying system parameters

When developing complex systems composed of multiple subsystems, it is common that
some components are not yet available. This may be due to incomplete development at
the testing stage or to practical difficulties in physically accessing the hardware. This
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issue is particularly relevant in power electronics, where loads often consist of industrial
equipment installed in specific locations and are therefore not easily transportable.

As a result, testing control strategies for power converters supplying such loads may re-
quire direct access to the physical installation.This introduces logistical challenges due to
the need to reach potentially distant locations, as well as significant risks, since unsuc-
cessful tests may damage expensive equipment. For this reason, developing an emulation
of these subsystems makes it possible to test and debug, for instance, control units and
embedded controllers directly on the emulation platform. Preliminary tests can then be
performed simply by flashing the emulated model onto the device, connecting the con-
troller under test to its I/O pins, and observing the behavior of the Device Under Test
(DUT), namely the real hardware portion of the system.

As can be easily understood, such an approach is both highly safe and portable. In-
deed, HIL platforms can emulate high-power loads, generators, and devices absorbing
several kilowatts while operating on a compact low-power board consuming only a few
watts. Consequently, risks related to electric shock and the need for dedicated high-power
laboratory facilities are significantly reduced or eliminated.

Another noteworthy aspect of the proposed approach is the flexibility with which the
model can be modified and adapted. By simply updating the firmware, it is possible to
implement and emulate a wide range of converter topologies and electronic components
without requiring changes to the underlying hardware platform. This capability enables
the execution of numerous test scenarios under specific operating conditions with mini-
mal setup effort, significantly reducing the need for complex laboratory equipment and
dedicated prototypes.[1]

With these considerations in mind, this thesis explores the Hardware-in-the-Loop paradigm
through the following stages [2]:

1. selection of the emulation platform;

2. selection of a target subsystem to emulate ( a Totem-Pole AC-DC power converter);

3. development of a model compatible with the chosen emulation board, based on a
study of the converter topology;

4. validation of the model through software simulations using Simscape;

5. implementation of the model on the hardware platform;

6. verification, through hardware testing, that the emulation board behaves as ex-
pected within the system.
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1.1. Concept

As said before Hardware-In-the-Loop is a technique in which the idea is to replace a
portion of the physical system with a simplified model that replicates, with high fidelity,
the same behavior as perceived by the remaining components.

By the way if in the introduction we gave a motivation for moving towards this type of
digital emulations, working on power electronics a further question may arise:

“How can a low-power device such as a HIL platform emulate high-power sys-
tems rated in the order of tens of kilowatts while maintaining high fidelity?”

Once again, the answer is relatively straightforward, although some clarifications are
required.

First of all, the HIL platform does not replace the actual device during real operation;
rather, it reproduces only the effects observable at its electrical interfaces. More precisely,
the HIL board emulates not only the subsystem of interest, but also the sensors and com-
munication signals required to interact with the remaining parts of the system. Naturally,
the platform operates with low-voltage electrical signals (typically in the 0–5V range).
Therefore, the firmware programmed onto the HIL device must describe as accurately as
possible both the subsystem behavior and the associated sensing interfaces.

An example can help clarify this concept.

Consider a system composed of an electric motor and its control unit. In order to test the
controller in the conventional way, it would be necessary to program the control board,
connect the sensors and the motor drive stage, supply both the controller and the motor
with the required power, and finally observe the control response. Assuming the use of a
microcontroller produced by STMicroelectronics, the debugging process could be carried
out through STM32CubeIDE, allowing the monitoring of variables and execution flow
during runtime.



4 1| Hardware-in-the-Loop (HIL)

At this point, the role of the HIL platform becomes evident. In such a system, instead of
connecting the controller to the real motor, the controller can be directly interfaced with
the HIL device. The control board is programmed with the original firmware, while the
HIL platform is flashed with a dedicated model-based firmware that reproduces, at its
output interfaces, the same signals that the real motor would generate in response to the
controller commands.

Therefore, the HIL platform does not perform the actual mechanical work of the motor;
rather, it faithfully emulates the sensor-mediated electrical behavior as perceived by the
controller. Assuming an accurate emulation model, the results observed in STM32CubeIDE
during controller execution should be identical, or as close as possible, to those obtained
when operating with the real motor.

Consequently, the physical motor is no longer required during the preliminary validation
phase of the controller, allowing all the previously discussed advantages in terms of safety,
portability, and convenience.

To conclude the example, consider a situation in which the motor experiences an overcur-
rent condition due to an immature controller algorithm that fails to reduce the current
promptly. If the real motor were used, the machine could overheat, become damaged,
or even fail irreversibly. By contrast, with the HIL platform, the engineer would simply
observe an excessive current value reported to the controller. No physical damage would
occur, since the HIL does not absorb the actual high power involved. Nevertheless, the
exact information required to improve the control strategy would still be available before
real-world deployment.

Let us now consider the major advantage of HIL systems: parameter tuning and config-
uration flexibility.

Continuing with the previous example, the technical characteristics of the emulated sub-
system can be easily modified by changing the parameters of the firmware deployed on
the HIL platform. In this way, the same real system can be virtually reproduced under
multiple operating conditions.

For instance, if the control board must be tested with different motor configurations, a
traditional setup would require physical modifications of the machine, such as rewinding
stator windings or applying adjustable mechanical loads to the shaft. Such hardware
changes are often expensive, time-consuming, and dependent on the availability of dedi-
cated resources.

On the other hand, with an HIL platform, these variations can be reproduced almost
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instantaneously by simply editing firmware parameters. Moreover, even more advanced
scenarios become possible. In many cases, it is desirable to test the system within a
specific operating region, for example under steady-state conditions. When using real
hardware, each test must start from the initial startup sequence, and time is required
before reaching the desired operating point.

With HIL emulation, since the system behavior is described through mathematical equa-
tions, the simulation can start directly from any desired initial condition, eliminating
unnecessary waiting times. Similarly, the introduction of fault conditions or abnormal
scenarios can be performed rapidly and in a fully controlled manner.

Naturally, developing a detailed and accurate real-time model is not a trivial task. Nev-
ertheless, the advantages offered by this approach are undoubtedly significant.

1.2. State of the art

Numerous commercial platforms are currently available for Hardware-in-the-Loop appli-
cations. One of the main technological distinctions among these solutions concerns the
computational architecture adopted by the processing board, which is generally based
either on Field Programmable Gate Arrays (FPGA) or on Microcontrollers.

These two classes of devices differ substantially both in operating principle and in devel-
opment methodology. Although both are programmable platforms, they rely on distinct
design paradigms.

Microcontrollers are typically programmed using sequential languages such as C/C++, or
through higher-level environments such as MATLAB/Simulink, where control models and
algorithms can be automatically converted into C code through code-generation tools.
In these devices, execution is performed by an integrated CPU that processes instruc-
tions sequentially, while internal peripherals—such as timers, analog-to-digital converters
(ADCs), PWM modules, and communication interfaces—operate as auxiliary units and
interact with the main program flow primarily through interrupts or direct memory access
mechanisms.

By contrast, an FPGA is not programmed by defining a sequence of instructions to be exe-
cuted, but rather by directly describing the desired hardware architecture. This process is
carried out through Hardware Description Languages (HDL), among which the most com-
mon are VHDL and Verilog. The acronym VHDL stands for Very High Speed Integrated
Circuit Hardware Description Language. Through these languages, the designer speci-
fies logic blocks, finite-state machines, arithmetic units, registers, and interconnections,
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which are subsequently synthesized and physically implemented within the programmable
device.

The resulting structure is a dedicated hardware architecture capable of executing multiple
operations in parallel, with extremely low latency and deterministic timing behavior.

From the perspective of HIL applications, where real-time execution and high fidelity
in reproducing physical phenomena are required, FPGA-based solutions often represent
the most suitable choice. Real systems are inherently continuous in time and frequently
characterized by very fast dynamics. The capability to perform parallel computations,
guarantee extremely short sampling times, and maintain strictly deterministic timing
makes FPGAs particularly well suited for the numerical emulation of such systems.[3]
FPGAs, however, present two fundamental drawbacks:

• Slow development and programming time

• High cost

Indeed, the execution of the bitstream for relatively simple circuits emulation, even those
composed of a limited number of high-frequency components, may require several hours
or even days. This is due to the fact that FPGA bitstream generation involves multiple
computationally intensive stages, including logic synthesis, hardware resource mapping,
and, most critically, the place and route process.

The latter consists of the physical placement of logic blocks and the routing of internal
connections while satisfying strict area and timing constraints. This task can be inter-
preted as a complex combinatorial optimization problem, which often requires multiple
iterations before converging to a valid and timing-consistent solution.

In addition, FPGA devices are significantly more expensive compared to alternative so-
lutions. Their cost typically ranges from hundreds to thousands of euros, whereas micro-
controllers are generally available at a cost of a few tens to a few hundred euros, even for
relatively advanced devices.

Given these considerations, the use of microcontrollers becomes increasingly competi-
tive. Although this choice leads to a reduction in accuracy when reproducing very high-
frequency dynamics, it provides substantial advantages in terms of cost and, in particular,
development simplicity.

This aspect is far from trivial. While large companies can afford to enter the market by
acquiring dedicated emulation devices, small and medium-sized enterprises often cannot.
By adopting a microcontroller-based approach, it becomes possible to reach a broader
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and strategically important customer base, making emulation more accessible prior to
final implementation.

From a market feasibility perspective, particularly in an industrial context, it is important
to note that this type of emulation is not intended to be integrated into the final system,
but rather to serve as a debugging testbench. For this reason, a low-cost solution is
significantly more attractive.

Given the current trend toward boards featuring combined FPGA–CPU architectures, it
is useful to analyze what the market currently offers and to evaluate the performance of
the various boards specifically designed for Hardware-in-the-Loop (HIL) emulation that
are presently available.

1.2.1. FPGA Based

Typhoon HIL

Typhoon HIL is a company specialized in hardware-in-the-loop (HIL) solutions for the
real-time simulation and testing of power electronics systems.

The model is built using a proprietary schematic editor, in which the user selects and
connects typical power electronics components such as semiconductor switches, diodes,
passive elements, and electrical machines. Once the circuit and the control logic are
defined, the system automatically compiles the model into an optimized FPGA represen-
tation.

This process is fully transparent to the user, who is not required to interact directly with
low-level hardware programming. This approach enables rapid prototyping and signifi-
cantly reduces implementation complexity, making these platforms particularly suitable
for academic environments and for applications focused on switching power converters.

OPAL-RT Technologies

A more flexible but also more complex approach is adopted by OPAL-RT Technologies.

In this case, the modeling is typically performed in MATLAB/Simulink or through ded-
icated tools such as HYPERSIM. The model is then partitioned into different parts de-
pending on the system dynamics: slow dynamics are executed on a real-time CPU, while
faster dynamics, particularly those related to power device switching, are implemented
on FPGA hardware.

This partitioning step requires a deep understanding of the system and of its timing
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constraints, but it enables high scalability and the simulation of complex multi-domain
systems.

The workflow therefore involves separate code generation for the CPU and FPGA targets,
followed by deployment on the real-time hardware platform.

Plexim

The solution proposed by Plexim through the PLECS RT Box platform represents one
of the most straightforward workflows.

The model is developed within the PLECS environment, which is also used for offline
simulation. Once validated, the same model can be executed directly on the real-time
platform without substantial modifications. This is made possible by a discrete solver
that is specifically designed to satisfy real-time constraints.

This approach eliminates the need for hardware-specific adaptations or optimization steps,
making the platform highly accessible. However, it is less flexible in terms of customization
and may be less suitable for applications involving extremely fast transient phenomena.

Speedgoat

In the case of Speedgoat platforms, the modeling workflow is tightly integrated with the
Simulink environment.

The model is developed using standard Simulink blocks and then configured for real-time
execution by selecting a fixed-step solver and ensuring compliance with timing constraints.
The code is automatically generated via Simulink Coder and executed on a real-time target
machine.

In this context, the FPGA is typically used for deterministic handling of I/O operations
or for specific computational tasks, while the main simulation runs on the CPU. This
approach represents a good trade-off between simplicity and flexibility, although it may
become limiting for applications involving very high switching frequencies.

National Instruments

An even lower-level approach is offered by National Instruments solutions, based on PXI
architectures with programmable FPGA modules.

In this case, modeling can be performed using LabVIEW FPGA or directly through
hardware description languages such as VHDL or Verilog. The user has direct access to
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the logic implemented on the FPGA and can precisely define system behavior, including
execution timing and hardware resource management.

This provides maximum flexibility and high performance, but requires advanced expertise
in digital design and typically results in significantly longer development times.

All these hardware configurations represent excellent solutions from a technical stand-
point. Indeed, they provide multiple high-frequency analog and digital I/O channels that
are fully configurable and suitable for a wide range of real-time applications.

However, the main drawbacks are represented by their extremely high cost and the overall
implementation time. The price of a single development platform can range from tens to
hundreds of thousands of euros, to which several additional thousands of euros must be
added for the software licenses required to develop the model. As an example, a MATLAB
license costs approximately €2,645, while an individual Plexim license is around €8,000.

Of course, the concept of cost is relative. However, when the objective is to identify a
low-cost emulation platform, with a target budget in the order of a few hundred euros,
these development platforms become considerably less accessible, especially in academic
or early-stage prototyping contexts.

Furthermore, the advantages gained during model development at the software level are
often partially offset by long synthesis and compilation times, since high-frequency simu-
lations must be implemented and mapped mainly onto FPGA hardware.

The following table presents the main boards, enabling a direct comparison in terms of
performance and cost—these being the only truly objective parameters, as opposed to the
inherently subjective nature of software usability.

Platform Indicative Cost Hardware Typical Timestep Development Environment

Typhoon HIL604 ∼120k € Proprietary FPGA 20 ns Typhoon HIL Control Center

OPAL-RT OP5707 ∼100k € Intel CPU + Xilinx FPGA 145 ns RT-LAB / HYPERSIM / Simulink

PLECS RT Box 1 ∼18k € FPGA + CPU 7.5 ns PLECS Blockset + RT Box Toolchain

Speedgoat Performance ∼60k € Intel CPU + FPGA ∼ 100 ns MATLAB/Simulink Real-Time

NI PXIe-7822R ∼12k € Xilinx FPGA 20 ns LabVIEW FPGA / NI VeriStand

ST HIL board ∼200 € MCU ∼10 us Stellar-Studio (free) / Simulink

Table 1.1: Concrete examples of FPGA-based HIL platforms for power electronics appli-
cations [4–8]
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1.2.2. Microcontroller Based

Restricted to microcontroller-based HIL solutions, the market is relatively limited: except
with STMicroelectronics with the STEVAL-HILE1G4K1 kit [9] there are no large-scale
industrial platforms dedicated exclusively to this approach, but rather relevant techno-
logical families and reference solutions is proposed by different manufacturers.

While the FPGA-based HIL market is well established, the use of microcontrollers in this
context represents a more recent direction of innovation and ongoing research.

The general approach consists in providing hardware, software, and reference designs that
enable the development of simplified HIL systems, in which the microcontroller can act
either as the controller under test or as a low-complexity system emulator.

Indeed, as observed in the analysis of FPGA-based boards, the inclusion of a CPU com-
ponent within the architecture responsible for executing a significant portion of the com-
putations is a common feature in the OPAL, Speedgoat and Plex offerings.

With the significant increase in microcontroller computational performance, many emu-
lation tasks can now be effectively handled by ultra-low-cost devices while still achieving
a satisfactory level of fidelity.

Apart from some CPU solutions that are not very relevant and often used only as an
integration to FPGA-based boards, only STMicroelectronics offers an alternative to the
previous HIL development boards.

STMicroelectronics

The solution currently available on the market, released at the beginning of this year, is
the HIL board included in the STEVAL-HILE1G4K1 kit. This kit represents one of the
most advanced solutions within the STM ecosystem oriented towards real-time emulation
and HIL applications.

This board is probably the only microcontroller fully dedicated natively for the HIL
implementation.

The hardware platform embeds a set of peripherals tailored for power electronics and con-
trol applications, such as precision PWM generation units, fast parallel ADC acquisition
channels, and standard industrial communication buses (CAN, SPI, UART). The archi-
tecture is designed to ensure deterministic coordination between sensing and actuation
paths, minimizing control-loop delays to the microsecond range, which makes it particu-
larly effective for real-time Hardware-in-the-Loop emulation of systems like electric drives
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and power conversion stages.

In addition, the system benefits from an integrated graphical interface that allows con-
tinuous real-time observation of signals, streamlined debugging operations, and straight-
forward interaction with the eDesignSuite environment. Structure which significantly
improving the overall development and validation workflow.

Since this board is the one adopted for the emulation development presented in this
thesis, the following section is entirely dedicated to its description and to the motivations
why this kit currently represents the best alternative in terms of cost, reliability, design
simplicity, and portability.

1.3. HIL board

At STMicroelectronics, and more specifically within the laboratory where this thesis work
is being carried out, the second approach microcontroller oriented has been adopted.
More precisely, for HIL applications in power electronics, it is generally not necessary to
emulate systems operating at extremely high frequencies, since the dominant dynamics
are inherently in the order of kilohertz.

As a consequence, the use of a microcontroller operating in the range of several hundreds
of kilohertz provides a level of fidelity that is fully compatible with the target application,
while simultaneously benefiting from the advantages previously discussed in terms of cost
reduction and development simplicity.

1.3.1. Functionalities

As laboratory for the various HIL projects has been adopted a custom HIL board designed
internally by Daniele Caltabiano . The reference kit through which this hardware platform
can be acquired is the STMicroelectronics evaluation kit named STEVAL-HILE1G4K1
[9].

The kit includes two separate boards:

• Emulator board based on the Stellar E1 microcontroller

• Control board featuring the STM32G474RE microcontroller

The kit has been specifically designed to provide high versatility and compatibility across
different applications, particularly with respect to the accessibility and exposure of the
microcontroller pins. Furthermore, a common standard has been adopted for LEDs, push-
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buttons, and pinout organization in order to maintain consistency among the various
applications. Nevertheless, the microcontroller configuration can still be adapted and
customized according to the specific requirements of each project.
Let us initially focus on the HIL board included in the kit.

Figure 1.1: HIL board

As can be observed, the board provides multiple connectors that can be used both for
the generation and acquisition of analog and digital signals. These interfaces can be
connected to external boards through terminal blocks, while dedicated expansion headers
allow convenient oscilloscope probing directly on the board.

The main connector is the CONN64, which exposes:

• 13 12-bit Digital-to-Analog Converters (DACs)

• 12 Timers (Output PWM or Input Capture mode )

• 2 UART TX/RX channels

• 3 Successive Approximation Register (SAR) Analog-to-Digital Converters (ADCs)

• 11 Microcontroller GPIOs configurable in Alternate Function mode if required

• Power supply and GND connections

The details of the pinout will not be discussed at this stage, since they will be analyzed
later in the context of the specific application presented in this thesis.

The same signals are also exposed through grouped dedicated connectors:
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• DAC channels 1:13 located at the bottom-left side of Figure 1.1

• GPIOs and ADCs located at the bottom-right side of Figure 1.1

• PWM outputs or input capture channels located on the right side of Figure 1.1

The board also includes a main power switch and three push-buttons (S1, S2, S3), which,
together with two onboard potentiometers, allow runtime modification of HIL parameters
in order to emulate different system configurations.

Additionally, the board features 8 DIP switches, 8 LEDs, UART communication termi-
nals, SWD debugging interfaces, and a USB-C connector, all of which are useful both as
peripherals and for programming the Stellar E1 microcontroller.

1.3.2. Model-Based Design Coding

Two different approaches can be adopted for programming the microcontroller:

• StellarStudio / STM32CubeIDE

• MATLAB Simulink + Hardware Support Package

Traditionally, STMicroelectronics microcontrollers have been programmed in C language,
supported by integrated libraries providing Hardware Abstraction Layer (HAL) functions.
These functions are primarily intended to simplify the management and configuration of
the various microcontroller peripherals.

When the target device belonged to the automotive-oriented families, the adopted Inte-
grated Development Environment (IDE) was typically StellarStudio, whereas STM32CubeIDE
was commonly used for STM32 microcontrollers. These development environments allow
the user to write, compile, and upload firmware directly onto the target board, integrating
within a single platform the code editor, compiler, and debugging tools.

However, the approach promoted by STMicroelectronics and extensively adopted within
our laboratory consists in using a different development environment based on MAT-
LAB, and more specifically on Simulink Embedded Coder coordinated with the dedicated
Hardware Support Package provided by the company.

This environment enables the programming of microcontrollers through the automatic
generation of source code starting from graphical models developed in Simulink. Com-
pared to a traditional IDE, where the developer manually writes firmware in C/C++, the
model-based approach relies on block diagrams describing algorithms, control strategies,
and logical flows; the corresponding source code is then automatically generated by the
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code generation engine.

From a technical perspective, a traditional IDE provides direct control over memory al-
location, hardware registers, interrupts, scheduling mechanisms, and peripherals, making
it particularly suitable for low-level development and resource optimization. Simulink, on
the other hand, introduces a higher level of abstraction by enabling simulation, model
verification, and automatic firmware generation, although at the cost of reduced direct
control over the hardware implementation and the final generated source code. The re-
markable advantage of using the Hardware Support Package (HSP) for code generation
does not lie solely in the intuitive Model-Based Design approach offered by Simulink,
but also in the complete compatibility that allows even complex Simulink blocks to be
compiled and deployed directly into the microcontroller firmware simply through a drag-
and-drop workflow within the model. [10]

As a result, the entire firmware structure becomes significantly more readable and main-
tainable compared to a traditional C implementation.

Furthermore, the use of an environment such as MATLAB greatly simplifies the creation
of testbenches for firmware development. This is possible because all blocks, except those
specifically related to the HSP hardware interfaces, can be fully simulated directly in
Simulink without the need to flash the firmware onto the target microcontroller, thus
enabling preliminary validation of the control logic. [11]

In many cases, step signals or dedicated test waveforms are applied at the inputs of
the simulated firmware, effectively emulating the behavior of real hardware inputs. The
response of the block-based implementation can then be analyzed and validated before
deploying the firmware onto the actual board, where these signal generators are replaced
by the physical HIL peripherals.

An additional and extremely valuable feature is provided by the Data Inspector, a Simulink
tool that allows monitoring, recording, and plotting virtually every internal firmware
variable, thereby enabling precise analysis of the system behavior.

This functionality is available both during standalone Simulink simulations and while op-
erating the HIL board in External Mode. This operating mode is conceptually very similar
to the Live Expressions feature available in the STM32CubeIDE debug environment, while
additionally benefiting from the advanced plotting and visualization capabilities provided
by MATLAB.

The communication between the target board and the host computer is performed through
the USB-C serial interface and is therefore limited by the serial baud rate. Nevertheless,
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for low-frequency signals, the acquired waveforms remain sufficiently accurate and repre-
sentative for faithful plotting and analysis.

Another particularly interesting aspect arising from the use of MATLAB in model devel-
opment is the possibility of directly comparing the obtained results with Simscape.

Simscape is a physical modeling environment integrated within Simulink that enables the
development of multidomain physical models including electrical, electronic, mechanical,
and thermal systems through a graphical Model-Based Design representation based on
the components of the real system.

By leveraging advanced numerical techniques, Simscape allows a highly detailed descrip-
tion of complex systems, combining the physical plant model with the associated control
algorithms.

Simscape is already widely adopted not only for system-level simulations but also for
circuit-oriented design activities. This means that, instead of relying exclusively on exper-
imental measurements performed on electro-mechanical systems intended for emulation,
Simscape itself can be employed as a reference system for validating the firmware model
developed within the HIL framework. [12]

This approach provides not only immediate access to the system behavior through simu-
lation, but also the possibility of creating a realistic testbench environment that can be
seamlessly integrated with the HIL firmware logic under development.

The canonical workflow typically adopted for Hardware-in-the-Loop projects based on the
Model-Based Design approach is the following:
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Figure 1.2: Flow HIL Design

1.3.3. Board technical details and HIL challenge

Given the possibility of performing detailed simulations through Simscape, which is one
of the tools integrated within the MATLAB environment, a natural question arises:

“Why not directly use Simscape to develop the firmware model to be flashed
onto the HIL board?”

At first glance, it seems reasonable to assume that, through the HSP environment, all
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the blocks available within Simulink, including those provided by Simscape, could be
directly employed for firmware generation. Following this idea, one might simply consider
deploying the Simscape model onto the HIL platform through the appropriate porting
process, thereby obtaining the desired emulation system.

However, there exists a critical limiting factor that must be taken into account: the
computational capability of the target board.

Indeed, when simulations are executed in Simulink, all computations are performed by
the processor of the host computer running the simulation. The objective of Simscape is
to provide accurate simulations through advanced numerical techniques, executing them
as efficiently as possible, although still far from achieving true real-time operation.

By the way, this represents one of the key concepts in HIL emulation and arguably one
of its greatest challenges, tightly coupled with the accuracy of the obtained results. The
presence of highly detailed physical models inevitably leads to computational times that
exceed the duration of the simulated real-time interval.

In practical terms, depending on the selected discretization step and on the complexity of
the adopted model, simulating a transient lasting one second may require more than one
second of actual computation time for the processor to solve all the underlying equations.

At the end of the simulation, Simscape is therefore capable of providing accurate results;
however, these results become unsuitable for direct HIL deployment, except as a validation
reference.

Returning to the previous controller motor example, the controller is designed to interact
with a physical motor whose behavior is inherently analog. Consequently, all signals
acquired by the controller from the motor are intrinsically continuous and effectively
instantaneous from the perspective of the control system. When using Simscape, and
similarly when operating an HIL board, the output signal must first be processed according
to the provided inputs and only afterward generated at the output interface.

Achieving the exact same level of detail as a truly analog response is inherently impossi-
ble. Nevertheless, according to the Shannon Sampling Theorem, it is possible to determine
whether a signal reconstructed from its discrete samples still retains the complete infor-
mation content of the original analog waveform.

Many real-world signals are not perfectly band-limited, especially in the presence of abrupt
transitions such as switching events. Their spectra may contain very high-order harmonic
components, theoretically extending toward infinite frequency. However, in practical ap-
plications, beyond a certain frequency threshold the signal energy becomes negligible;
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therefore, this frequency can reasonably be considered as the effective maximum frequency
of interest.

By sampling the generated signal at a frequency at least twice as high as this maxi-
mum reference frequency, it is possible to obtain a sufficiently accurate simulation and/or
emulation of the original analog behavior.

In Simscape, satisfying this constraint is relatively straightforward because the simulation
is not bound by real-time execution requirements. The numerical solver can employ
extremely small integration steps, thereby increasing the internal sampling frequency of
the simulation, even at the expense of significantly longer execution times.

Instead, for a proper emulation, it is sufficient to ensure that all equations are solved
within a time constraint dictated by twice the maximum frequency of the analog signal.
By the way we must also take into account the limited computational capability of the
target hardware.

The HIL board integrates a microcontroller SR5E1E770C30F01X belonging to the Stel-
lar E1 family , selected for its high performance in real-time applications compared to
competing solutions.

The device is based on a dual-core 32-bit Arm Cortex-M7 architecture, featuring a double-
precision Floating Point Unit (FPU), L1 cache memory, and dedicated Digital Signal
Processing (DSP) instructions aimed at efficient signal processing operations.

Thanks to this architecture, the microcontroller can operate at frequencies up to 300
MHz, ensuring high computational capability in real-time execution and low latency in
critical operations [13].

According to the datasheet, optimal signal generation is guaranteed up to 100 kHz; how-
ever, it is essential to continuously verify that the computations performed by the model
do not lead to CPU saturation. This happens because the management of all the structure
is feasible only in many CPU operations to produce the desired output signals.

Considering that Simscape is capable of resolving fast transient phenomena in simulation
at effective frequencies in the GHz range, it becomes evident that directly deploying a
Simscape model onto the HIL board is not realistic.

For this reason, it is necessary to develop a dedicated reduced-order model that can
emulate the behavior of the real system with a limited number of computational steps,
while still preserving a good level of accuracy, even during fast transient conditions.
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One of the main application fields of the Hardware-in-the-Loop Model-Based Design
(MBD) approach is the emulation of power converters.

Regardless of whether the converter is AC–DC or DC–DC, every power conversion sys-
tem generally follows the same fundamental structure: a plant, responsible for energy
conversion and power delivery, and a controller, responsible for regulating the system
behavior.

Due to the safety concerns associated with high-power operation and the rapid prototyp-
ing requirements discussed in Chapter 1 (Section 1.1), virtual testbench are frequently
developed for such systems.

Through digital emulation, numerous advantages can be achieved, motivating STMicro-
electronics to further investigate this field in order to expand its product portfolio, both
for external customers and for internal prototyping activities.

One of the main projects carried out within our laboratory consists in the development
of an online repository containing multiple power converter topologies freely accessible to
users. The proposed platform provides:

• Selection of the plant topological parameters

• Functional analysis of the closed-loop topology

• Download of the customized HIL firmware for the plant

• Download of the control firmware

• Download of the graphical user interface for real-time signal monitoring

Using the reference kit STEVAL-HILE1G4K1, the HIL board can therefore be pro-
grammed with the plant model, while the second board executes the real control firmware.
At the same time, the signals exchanged between the plant emulator and the controller
can be monitored in real time through the dedicated graphical user interface (GUI). The
official platform where the entire infrastructure is managed is the STMicroelectronics Dig-
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ital Power Workbench, available at:
https://eds.st.com/eds-console/#/digital-power-workbench?all_specs=false

2.1. Totem-Pole Power-Factor-Converter Topology

In this thesis, the focus is placed on the study of a specific and widely used class of AC–
DC converters, namely the Totem-Pole (TP) topology. The same considerations presented
for this configuration can, in principle, be extended to any converter topology; however,
in order to clarify the discussion and to gain a deeper understanding of the concepts
underlying Hardware-in-the-Loop emulation, it is convenient to adopt this topology as a
representative example.

First of all, it is necessary to examine its structure and operating principle.

The Totem-Pole AC–DC topology is a particular Power Factor Correction (PFC) converter
architecture widely used in high-efficiency power supplies. The main idea behind this
converter is to replace the conventional diode bridge rectifier with a structure composed
primarily of active switches (MOSFETs or GaN FETs), in order to significantly reduce
conduction losses. [14]

Due to its symmetric structure, the converter can be used both as a regulated DC voltage
source from an AC input and, conversely, as an inverter when operated in the reverse
direction.

As in any AC–DC converter, the key element governing voltage and current dynamics
is the control of the line inductor. Thanks to the feedback control loop that actively
drives the switches, it is possible to regulate the current flowing through the inductor and
consequently set the desired output voltage.

To better understand its operation, we start from the schematic representation.

https://eds.st.com/eds-console/#/digital-power-workbench?all_specs=false
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Figure 2.1: Totem Pole Schematic

Let us begin by considering the converter operating in AC–DC mode. The input consists
of a single-phase sinusoidal voltage, which is applied to the input inductor L1.

The power stage is composed of four power transistors, as highlighted by the presence of
the body diode in the schematic. Intrinsically, within the structure of a MOSFET, there
exists a parasitic PN junction between the body and the drain, which behaves as a diode.
In power MOSFETs, this element is explicitly represented in the schematic because it
is not merely a negligible parasitic effect, but rather a key component that is actively
exploited during startup phases and for the recirculation of current spikes generated by
fast switching transients.

Power MOSFETs therefore include an optimized intrinsic diode specifically designed for
such applications.

The operating principle of this topology relies on the fact that the two left-side transistors
are commutated synchronously with the AC source, effectively acting as a controlled
rectifier, while the right-side leg operates at high switching frequency in order to generate
the boost conversion effect.

A more detailed derivation of the governing equations will be presented in the following
sections; however, to develop an intuitive understanding, the circuit can be represented
through four distinct operating states. [15]
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Figure 2.2: Model 4 Phases Totem Pole

The main idea behind this topology is to use the low-frequency switches as a form of
controlled rectifier, while the high-frequency switches are responsible for the charge and
discharge of the inductor in order to generate the classical boost conversion effect.

As shown in the Figure 2.2, the current direction is on the DC side always positive, in
order to continuously supply the output capacitor, which therefore maintains a strictly
positive voltage.

This topology is designed to convert an AC mains supply, acting as a power source, into
a regulated DC output delivering power to the load. The load power demand determines
the resulting input current waveform.

Since the objective is to transfer all available power to the load with minimal reactive
power exchange, the converter is designed to achieve a power factor as close as possible
to unity.

This factor determines the phase shift between the sinusoidal voltage waveform and the
input current waveform. In this converter, which is directly connected to the electrical
grid, the input voltage is sinusoidal at 50 Hz with an RMS amplitude of 230 V.

As the inductor is connected in series with the AC source, the current supplied from the
grid is equivalent to the current flowing through the input inductor. So it must also be a
sinusoidal waveform at 50 Hz for a complete power transfer.

The control system therefore drives the PWM signals applied to the MOSFETs according
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to specific control laws in order to enforce this current shape.

Through active rectification, the output capacitor is able to charge even though the input
current is sinusoidal with zero average value. The boost effect is instead obtained through
the interaction between the inductor and the high-frequency switching action (in the order
of tens of kHz) of the MOSFETs in the right leg.

During this analysis, the states of the two low-frequency MOSFETs and the high-frequency
switching action are assumed to be constant over each period. The corresponding equiv-
alent circuits are represented, respectively, in the two rows of Figure 2.2.

It follows that, during one phase, the inductor is charged by the input voltage source,
while during the switching action of the high-frequency MOSFETs, the inductor releases
its stored energy by injecting current into the output capacitor. Due to current continuity,
this process results in an increase of the capacitor voltage, which can rise above the peak
value of the grid voltage.

2.2. Circuit Equations

We now proceed with the analytical derivation of the equations describing this topology.
First, it is important to outline the fundamental characteristics of the circuit, namely:

• a second-order system

• non-linear switching behavior

The second-order dynamics arise from the presence of two independent energy storage ele-
ments. The system therefore exhibits two independent modes of time evolution, governed
by the differential equations associated with the capacitor and the inductor.

iC(t) = C
dvC(t)

dt
(2.1)

vL(t) = L
diL(t)

dt
(2.2)

The nonlinear behavior of the converter is introduced by the four MOSFETs operating
as ideal switching devices. Their transitions between ON and OFF states continuously
modify the equivalent circuit topology, thereby altering the current conduction paths.

The system can therefore be modeled as a piecewise-linear switching system, characterized
by four distinct operating modes. Each mode is linear and time-invariant, while the overall
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nonlinearity arises from the switching transitions between these modes.

As shown in Figure 2.2, the upper-left and lower-left operating phases both charge the
inductor and, from an analytical point of view, are described by the same set of equations.

The other two phases, instead, differ in sign, consistently with the rectification behavior
described previously. By carefully tracking the sign conventions and maintaining consis-
tent reference directions for all electrical quantities across all operating modes, we obtain
that

State Variables:

x =

[
iL

vdc

]

Phase 1 up left - PWM LF DOWN and HF DOWN = ONLdiL
dt

= vin(t)

C dvc
dt

= −iload

Phase 2 up rigth - PWM LF DOWN and HF UP = ONLdiL
dt

= vin(t)− vc

C dvc
dt

= iL − iload

Phase 3 down left - PWM LF UP and HF UP = ONLdiL
dt

= vin(t)

C dvc
dt

= −iload

Phase 4 down rigth - PWM LF UP and HF DOWN = ONLdiL
dt

= vin(t) + vc

C dvc
dt

= −iL − iload

We have therefore obtained a piecewise-defined system. The branch and node variables
of the circuit are determined by the state variables, which, due to continuity, define the
boundary conditions at the switching events.

Within each switching interval, however, the system is linear and time-invariant.
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The classical analytical solution of such a system consists in solving the differential equa-
tions by integrating them within each operating region.

As a first step, it is important to understand the expected waveform during the steady-
state operation of this topology. Naturally, during the initial phase there is a transient
behavior, which will be described in detail in the following sections; however, a steady-
state analysis already provides valuable insight into the fundamental behavior of the
converter.

As previously discussed, during one phase the inductor stores energy, while during a sub-
sequent phase it releases this energy by injecting current into the circuit due to continuity.

Two possible operating cases can therefore be identified: either the inductor completely
discharges its stored energy within a switching cycle, or it does not.

These operating regimes are conventionally referred to as

• Discontinuous Conduction Mode (DCM)

• Continuous Conduction Mode (CCM)

The main difference between the various conduction regimes lies in the amount of energy
stored in the inductor during the charging phase. If this energy is not sufficient to sustain
current transfer over the entire switching period, the inductor fully discharges before the
beginning of the next cycle, resulting in intervals where the current drops to zero, which
is characteristic of Discontinuous Conduction Mode (DCM).

As the load current demand varies, and consequently the energy required during the
discharge phase changes, the system may transition from Continuous Conduction Mode
(CCM) to DCM, passing through the boundary condition known as Boundary Conduction
Mode (BCM), in which the stored energy is exactly depleted at the end of each switching
period.

It is worth noting that during the transition between CCM and BCM there is a variation
in the average inductor current, whereas in DCM it is primarily the current slope, and
thus the energy discharge rate, that determines the resulting waveform shape.
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Figure 2.3: Operative regime Inductor at steady state

Although the Totem-Pole topology can operate in different conduction regimes, the anal-
ysis presented in this work is limited to CCM operation. This simplification is justified
by the operating conditions and by the reference converter selected for the emulation,
namely the STEVAL-7BIDIRCB, which is designed to operate predominantly in CCM.

In the following chapters, these data will be used to validate the proposed emulation,
demonstrating the equivalence between the behavior of the physical Totem-Pole converter
and its HIL-based implementation.

This practical possibility of validation has been a key factor in the selection of this specific
topology, in addition to the company’s research focus on this type of converter.

With this in mind, let us focus on the waveform of the topology operating in Continuous
Conduction Mode and on the reason why we can assume a linear behavior within each
switching phase, as shown in Figure 2.3.

Although the dynamics of inductors and capacitors are generally described by differential
equations and may lead to exponential or nonlinear responses in many practical circuits, in
CCM operation the inductor current is often approximated as linear within each switching
interval. This is due to the fact that, during each sub-phase, the voltage applied across
the inductor can be considered approximately constant, resulting in a linear variation
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of the current if the parasitic resistance of the inductor is neglected (from the inductor
relation, if v(t) is constant, then i(t) varies linearly).

This approximation becomes particularly accurate at high switching frequencies. Its va-
lidity will be further demonstrated in chapter 3 through a high-fidelity simulation of the
topology performed in Simscape.

2.3. Original schematic and sensors

Let us now better understand which signals actually need to be emulated.

Ideally, all the electrical quantities of the circuit should be observed. However, since the
available hardware resources are limited, it is important to identify the signals that are
effectively measured by the sensors.

The schematic of this power converter is available at the following link:
https://www.st.com/resource/en/data_brief/steval-7bidircb.pdf

The converter is a complete system, consisting of both the plant that will be emulated
and the control stage. [16]

To recall, the objective of this thesis is to:

1. develop a model of the Totem-Pole converter (plant) that can be performed at
frequencies compatible with the working frequency of the HIL board (∼ 100kHz)

2. validate it through software simulations using Simscape;

3. implement it on the HIL hardware platform;

4. connect the HIL board to the control board mounted on the STEVAL-7BIDIRCB
product;

5. verify through hardware testing that the controller responds to and regulates the
HIL model as if it were interacting with the real converter;

6. verify that the regulated waveforms match those observed on the real power system.

As a first step, it is therefore necessary to gain a thorough understanding of the topology
and identify the sensors used by the controller, both for input and output signals.

It is precisely through these sensors that the conversion between the high-power domain of
the plant and the low-power domain of the controller takes place. As discussed previously,
these sensors are an integral part of the HIL emulation.

https://www.st.com/resource/en/data_brief/steval-7bidircb.pdf
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Based on the schematic, it is possible to build a detailed Simscape simulation of the plant.

Figure 2.4: Simscape circuit model

The schematic describes all the signals that must be handled as inputs and emulated as
outputs by our HIL board.

INPUT (Orange)

• grid_enable: grid enable signal

• RELAY: signal that closes the switch and bypasses the inrush resistor at the input

• ILF4_HS: low-frequency PWM signal for the high-side MOSFET

• ILF4_LS: low-frequency PWM signal for the low-side MOSFET

• ILF1_HS: high-frequency PWM signal for the high-side MOSFET

• ILF1_LS: high-frequency PWM signal for the low-side MOSFET

• Load_current: signal defining the load current

OUTPUT (Green)

• VACN: AC source voltage at the negative terminal with respect to ground

• VACL: AC source voltage at the positive terminal (towards inductor L) with respect
to ground

• IL1: current flowing through the inductor

• Vout: output capacitor voltage (DC bus)

• I_Load: load current
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With regard to the outputs, it is important to clarify a conceptual aspect. According to
the original schematic of the STEVAL-7BIDIRCB, the control system does not directly
measure the input voltage Vin as the voltage difference across the source terminals, but
instead measures each terminal with respect to ground.

In fact, by computing the difference V ACL − V ACN , the input voltage Vin is recon-
structed.

The only reason for this decomposition is that the negative node of the DC bus, which
defines the circuit ground, is always topologically the lowest potential node in the system.
Therefore, by measuring the voltages in this way, both V ACL and V ACN remain positive,
which simplifies signal processing in the control system, as there is no need to introduce
a bias in order to represent the negative half-cycle of the waveform.

Let us now focus on the effect of the sensors. The control system present in the STEVAL-
7BIDIRCB measures the signals defined as outputs of the HIL board.

Each signal is, however, scaled in amplitude by a given gain, may be shifted by an offset
when necessary, and is filtered by the sensor circuitry.

In this way, the output signals of the sensors are always constrained within the range 0V
to 3.3V, ensuring full compatibility with the ADC inputs of the control unit.

Sensor Gain Bias Sensor Type LP Filter fc

VACN 5.3 mV/V 0 V Resistive divider 15.92 [kHz]
VACL 5.3 mV/V 0 V Resistive divider 15.92 [kHz]
Vout 5.3 mV/V 0 V Resistive divider 72.38 [Hz]
IL1 44 mV/A 1.67 V ACHS-7123-000E(∗) 28.4 [kHz]
I_Load 66 mV/A 1.67 V ACHS-7123-000E (∗) and Resistive divider 1.59 [kHz]

(∗) Isolated Hall-effect current sensor.

Table 2.1: Sensor gains and bias values from schematic

In order to emulate these sensors on the HIL board, it is necessary to reproduce the same
gains. In this context, the Digital-to-Analog Converter (DAC) plays a central role. The
DAC introduces a fixed gain determined by its operating range and resolution.

The objective is to satisfy the following relationship:

Gdigital ·GDAC = Ganalog (2.3)

Since the DACs mounted on the HIL board are 12-bit devices with a 0V–3.3V range, the
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conversion gain is constant and given by:

GDAC =
3.3

212
≈ 0.00080566 [V/count] (2.4)

From this, the digital gain Gdigital of each sensor can be derived and used within the
Model-Based Design implementation to convert the results obtained by solving the system
of differential equations into DAC counts on the HIL board.

Through this scaling, the effect of the sensors is accurately emulated.

Sensor Gain Bias Digital Gain Digital Bias
VACN 5.3 mV/V 0 V 6.5785 [count/V] 0 [count]
VACL 5.3 mV/V 0 V 6.5785 [count/V] 0 [count]
Vout 5.3 mV/V 0 V 6.5785 [count/V] 0 [count]
IL1 44 mV/A 1.67 V 54.6 [count/A] 2048 [count]
I_Load 66 mV/A 1.67 V 81.9204 [count/A] 2048 [count]

Table 2.2: Digital Gains and Digital Bias

For the input sensors, i.e., those that receive low-power signals from the control system
and convert them to high-power signals for the plant, no additional modeling effort is
required.

This is because the signals generated by the controller are purely digital in nature, such
as PWM or enable signals. The sensors placed between the control and the plant are only
used to scale the voltage levels in order to drive MOSFET gates and enable relays.

In the model being developed, it is sufficient to detect when a logical transition occurs,
rather than the exact voltage level at which it takes place.

Obviously, some transient effects introduced by these components will be neglected. How-
ever, in practice, by relying only on the logical state of the control signals, it is possible
to determine the operating state of the system. By solving the corresponding equations,
all relevant physical quantities required for the output sensors can then be computed.

2.4. Control Firmware

As discussed previously, our objective is to develop an emulation of the plant. For valida-
tion purposes, we aim to interface the plant emulation with the controller implemented
in the ST product STEVAL-7BIDIRCB. This choice is motivated by the fact that the
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associated firmware has already been documented, implemented, and validated. The
firmware is publicly available through the official eDesign website, the online repository
described previously. According to the datasheet, the code has been developed in C for
the STM32G474RET6 microcontroller.

By opening the downloaded project in STM32CubeIDE, we can first analyze its pinout
and, more importantly, understand the logic governing the relay actuation and PWM
generation. This will allow us to develop a robust model that is also computationally
efficient by adapting to the converter operating mode.

By inspecting the source code, it can be observed that the controller is structured as a
state machine, which can be represented as follows:

Figure 2.5: Firmware State Machine
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State Description
WAIT Persistent state where the application is intended to stay, for a defined wait

time, after fault conditions disappeared or at power-on. Following state is
normally IDLE.

IDLE Persistent state, following state can be INIT if all required conditions (input
voltage and/or external command) are satisfied or STOP if there is a fault
condition. Inside this state, the Inrush Current Limitation is performed, then
it is checked if bus voltage reaches the 90% of mains peak voltage before going
in INIT state.

INIT “Pass-through” state, the code to be executed only once between IDLE and
START states to initialize control variables and to enable outputs. Following
state is normally START but it can also be STOP if there is a fault condition.
The system can also stay in this state if the gate driver boot capacitor pre-
charge, needed to supply HS MOSFET by gate driver, is enabled.

START Persistent state where the converter’s start-up is intended to be executed:
Vbus is increased up to reference value. The following state is normally RUN
as soon as start-up procedure is completed correctly. The following state is
STOP if there is a fault condition.

RUN Persistent state where converter is running normally. The following state is
STOP if there is a fault condition or a stop command is received.

STOP “Pass-through” state where PWMs are disabled. The following state is
FAULT if a fault caused the stop of the converter, WAIT otherwise (ex-
ternal command received).

FAULT Persistent state after a fault. Following state is normally WAIT as soon
faults are cleared or recovered (not all faults can be recovered without a
system reset)

Table 2.3: State machine description

Given this state machine, we can reconstruct the events that perturb our plant, repre-
sented in Figure 2.4, namely:

• Inrush phase: the grid relay controlled by grid_enable is activated, while the
relay bypassing the line resistor remains open. The state machine transitions from
WAIT to INIT.

• Burst phase: this phase is structured into two stages. First, the relay that bypasses
the inrush resistor is closed. Then, after a timeout expires, a soft-start phase begins,
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during which the PWM signals are activated in order to charge the output capacitor
through short current pulses of constant amplitude until a predefined threshold is
reached. The state machine operates in the START state.

• PFC phase: this is the phase in which the feedback loop between the Plant and the
Controller is closed. The controller regulates the PWM signals driving the MOS-
FETs through a structure based on two Proportional-Integral (PI) controllers.[17]
The PWM management implements the Power Factor Correction strategy described
previously. The state machine operates in the RUN state.
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Let us now move to the core of our work, namely the development of a robust, discrete
model that can be implemented on the HIL board.

It is important to keep in mind that the maximum computational rate of the HIL board
is approximately 100 kHz, corresponding to a minimum sampling period of 10µs.

With this constraint in mind, by analyzing the complete STEVAL-7BIDIRCB system, and
in particular its control strategy, three operating phases can be identified. In chronological
order from converter startup, these are:

1. Inrush phase

2. Burst phase

3. Power Factor Correction phase

Following this sequence, the next sections will describe and model each of these operating
phases.

3.1. Inrush phase

When thinking about power converters, the primary focus is usually their operation at
steady state. This condition is reached after a certain amount of time, which depends
on the electrical quantities and parameters of the circuit, when the waveforms become
periodic and repeat indefinitely.

At this point, all system variables have stabilized, reaching an equilibrium condition
which, for the correct operation of a power converter, must be stable.

Since reaching this equilibrium requires time, the initial portion of the converter opera-
tion is known as the transient phase, during which the electrical quantities evolve before
settling following an event that has perturbed the previously established equilibrium.

Proper management of this phase is fundamental, since it is often characterized by voltage
and current peaks that may lead to component damage or even failure. A precharge phase
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is therefore required, which in the modeled topology corresponds to a soft-start procedure
for charging the output capacitor.

At startup, the DC bus capacitors are completely discharged. If the converter were to
immediately enter steady-state regulation, it would attempt to bring the output voltage
to its nominal value as quickly as possible, resulting in a very large inrush current. The
soft-start phase is specifically introduced to avoid excessive inrush currents, component
stress, and control instability in this transient.

During startup, when the input voltage Vin is connected to the converter, the closure
of the relay causes an almost instantaneous change in the operating conditions. This
transient can be particularly critical for LC circuits, which may generate large voltage
and current peaks in the absence of a controlled voltage ramp.

It is sufficient to consider that an ideal infinite voltage derivative applied to a capacitor
would theoretically result in an infinite current, regardless of the amplitude of the voltage
step.

For this reason, a soft-start phase is also implemented in the Totem-Pole topology.

To understand its operation, let us consider the following figure.

Figure 3.1: Inrush circuit model

We start from the initial state, where the relay controlled by grid_enable and RELAY is
open. The capacitor C and the inductor L are assumed to be initially discharged.

As soon as the grid_enable relay is closed, the inrush phase begins. This phase consists
of charging the DC bus capacitor through the inrush resistor.

During this stage, the current flows through the body diodes of the power MOSFETs,
which effectively form a passive rectifier bridge. All MOSFET gates are kept in the OFF
state.
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Depending on the selected resistance value, the charging current is limited, and the DC
bus capacitor exhibits the classical exponential charging behavior across its terminals.

Once the charging process is completed, approximately up to the peak value of the input
sinusoidal voltage, the inrush resistor is bypassed by closing the relay controlled by RELAY,
allowing full power transfer from the source to the load.

To understand how to model this behavior, we begin by analyzing the relevant quantities
during this initial transient.

In this topology we have

• grid voltage: 230 V at 50 Hz

• electrolytic capacitors in the order of mF

• inductors in the order of hundreds of µH

With these characteristics, the response of the circuit to the 50 Hz input is inherently
slow, due to the presence of large capacitor banks at the output and the current limitation
imposed by the inrush resistor.

Due to the rectifier bridge effect, the system of equations describing the transient can be
modeled as a piecewise linear system.

Topologically, three operating phases can be identified, based on Figure 3.2:

• D1 and D3 ON while D2 and D4 OFF

• D2 and D4 ON while D1 and D3 OFF

• all diodes OFF

The other combinations are not possible, since, due to the sinusoidal input voltage, when-
ever two diodes are forward-biased, the other two are necessarily reverse-biased.

Furthermore, it is not possible for only one of the two forward-biased diodes to conduct:
once the voltage exceeds a certain threshold, both devices turn on simultaneously.
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Figure 3.2: Inrush circuit model

Based on this scheme we can define the analytical equations in the three phases

D1-D3 ON D2-D4 OFF
Vin(t) = Rinrush · iL(t) + L

diL(t)

dt
+ 2 · VTH + vc(t)

C
dvc(t)

dt
= iL(t)−

vc(t)

Req_load

D2-D4 ON D1-D3 OFF
Vin(t) = Rinrush · iL(t) + L

diL(t)

dt
− 2 · VTH − vc(t)

iL(t) = −C
dvc(t)

dt
− vc(t)

Req_load

D1-D2-D3-D4 OFF
iL(t) = 0

− vc(t)

Req_load

= C
dvc(t)

dt

The system is a piecewise system where the state variables are

x =

[
iL

vc

]
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It is now necessary to define a structure capable of determining when to switch between
the different sets of equations, i.e., to precisely identify the instants at which the diodes
turn on and off.

To achieve this, a simple state machine can be implemented.

Figure 3.3: Diodes operation state machine

To better understand the reason behind these transitions, it is sufficient to observe that:

• if two diodes are conducting, there will always be an intermediate state in which all
four diodes are turned off before the other pair turns on;

• if all four diodes are off, no current flows in the circuit; therefore, turn-on is de-
termined solely by Vin with respect to the threshold Vth, defined as the sum of
the forward thresholds of the two diodes that are going to conduct added to the
capacitor voltage;

• for the turn-off condition, even if the voltage changes, the inductor continues to force
current in the same direction due to continuity. It would therefore be incorrect to
evaluate the voltage drop with respect to a threshold. When the current reaches
zero or changes sign, it means that the operating regime has ended and the system
transitions to the OFF state.

Through this simple state machine, we are always able to track the operation of the
rectifier bridge, and therefore, at each instant, we know which set of equations must be
solved.

At this point, we only need to solve the differential equations case by case, while enforcing
the continuity of the state variables at each switching event. However, this naturally raises
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the following question:

"Which technique do we use to solve a system of differential equations on a
microcontroller?"

This question must be addressed carefully, since the computation is performed in discrete
time by a microcontroller, and therefore requires a discussion within the framework of
numerical methods.

3.1.1. Euler methods for numerical computation

Euler’s method represents one of the earliest and most important algorithms developed
for the numerical solution of ordinary differential equations. Introduced by Leonhard
Euler in the 18th century, it constitutes the theoretical starting point for most modern
numerical techniques used in the simulation of dynamic systems [18].

The objective of the method is to determine an approximate solution of an initial value
problem described by a first-order differential equation. In many engineering applications,
an analytical closed-form solution is not available, or the computational cost required
to obtain it is excessively high. It therefore becomes necessary to rely on numerical
procedures that approximate the evolution of the solution through a sequence of discrete
steps.

The basic idea behind Euler’s method is to exploit the information provided by the deriva-
tive of the function. Since the derivative represents the rate of change of the considered
quantity, it can be used to predict the value of the solution at the immediately subsequent
time instant.

Starting from a known initial condition, the method assumes that, within a sufficiently
small time interval, the solution can be approximated by the tangent line to the curve at
the current point.

From a geometric point of view, the procedure is equivalent to locally replacing the actual
curve with a sequence of straight line segments. At each iteration, the slope of the
solution is computed at the current point, and this slope is used to estimate the value of
the function at the next time step. By repeating this process over the entire integration
interval, an approximate trajectory of the solution is obtained.

The accuracy of the method strongly depends on the size of the integration step h. Smaller
values of h generally lead to more accurate results, since the linear approximation remains
valid over shorter intervals. However, reducing the step size increases the number of
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required iterations and therefore the computational cost.

This results in the classical trade-off between numerical accuracy and computational ef-
ficiency that characterizes most numerical integration methods.

Forward Euler

The Forward Euler method is one of the simplest numerical methods used to approximate
the solution of an ordinary differential equation (ODE).

The method assumes that, over a small interval h, the solution follows the slope of the
tangent line at the current point:

y(tn + h) ≈ y(tn) + h y′(tn)

Applied iteratively, this relation allows the construction of the entire function y(t).

The key assumption is that, within each interval of width h, the function does not vary
significantly and can therefore be approximated by the tangent line at the initial point of
the interval.

Iteratively, the error accumulates from step to step. To study stability and ensure that
the numerical solution does not diverge, the so-called test equation is typically used, since
it represents the simplest linear differential equation and, by assumption, can locally
describe even complex systems.

y′ = λy

where λ is a constant. This test does not exactly describe the derivative of a real function,
but it allows a straightforward assessment of numerical stability.

We now apply the Forward Euler method using the test equation, obtaining:

yn+1 = (1 + hλ) yn

The exact solution of the test differential equation is:

y(t) = y0e
λt

which is exactly the function whose derivative is itself multiplied by a constant.
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Therefore, numerical stability is guaranteed only if:

|1 + hλ| < 1

As you can see, λ depends on the function, but h is our chosen step. For large steps, i.e.,
h, there is a risk of instability.

Backward Euler

The difference from Forward Euler lies in the construction of the derivative. In this
method, we evaluate the derivative at the next time step, so the iterative structure is:

y(tn + h) ≈ y(tn) + h y′(tn + h)

We also apply the test using Euler’s formulation and the test equation, obtaining:

yn+1 = yn + h(λyn+1)

which, after collecting terms, becomes:

yn+1 =
1

1− hλ
yn

For all physically stable problems (i.e., where the real part of Re(λ) ≤ 0), the method is
always stable for any value of h > 0, therefore:

• it never diverges

• it never oscillates

• even with very large steps, the system remains damped

Therefore, despite higher complexity and a greater computational cost compared to For-
ward Euler, we obtain a method that is always stable. Obviously if we use too large steps
to describe fast dynamics it will not be accurate but in any case it will be stable.

3.1.2. Numerical Equations for Inrush phase

Given its intrinsic stability, we will adopt the Backward Euler method, with step size h,
to solve the piecewise system of the inrush phase.

We now rewrite the continuous equations in discrete form, evaluating them using the
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derivative at the next time step, consistently with the formulation of the method.

D1-D3 ON D2-D4 OFF
Vin,n+1 = RiL,n+1 + L

iL,n+1 − iL,n
h

+ 2VTH + vc,n+1

C
vc,n+1 − vc,n

h
= iL,n+1 −

vc,n+1

Req_load

D2-D4 ON D1-D3 OFF
Vin,n+1 = RiL,n+1 + L

iL,n+1 − iL,n
h

− 2VTH − vc,n+1

iL,n+1 = −C
vc,n+1 − vc,n

h
− vc,n+1

Req_load

D1-D2-D3-D4 OFF
iL,n+1 = 0

− vc,n+1

Req_load

= C
vc,n+1 − vc,n

h

Rearranging the equations and making the system state variables explicit, we obtain:

D1-D3 ON D2-D4 OFF
(
R +

L

h

)
iL,n+1 + vc,n+1 = Vin,n+1 +

L

h
iL,n − 2VTH

− iL,n+1 +

(
C

h
+

1

Req_load

)
vc,n+1 =

C

h
vc,n

D2-D4 ON D1-D3 OFF
(
R +

L

h

)
iL,n+1 − vc,n+1 = Vin,n+1 +

L

h
iL,n + 2VTH

iL,n+1 +

(
C

h
+

1

Req_load

)
vc,n+1 =

C

h
vc,n

D1-D2-D3-D4 OFF
iL,n+1 = 0(
C

h
+

1

Req_load

)
vc,n+1 =

C

h
vc,n
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By solving the system, we obtain the new values of the state variables and, step by step,
build their waveforms. In the next chapter, this set of equations will be validated respect
with Simscape and the implementation on hardware using the HIL board with a h step
of 1

65kHz
∼ 15us consistent in timing for the board will be discussed.

For the moment, we proceed to mathematically model the second phase of our transient.

3.2. Burst phase

The burst phase completes the soft-start process initiated during the inrush phase. Its
purpose is to bring the DC bus to its nominal operating condition by fully charging the
output capacitor. During this stage, the load is not connected, and almost all the power
drawn from the source is transferred to the capacitor, except for the losses mainly caused
by the parasitic resistances of the inductor, the capacitor, and the equivalent on-state
resistances of the MOSFETs.

This phase is characterized by two distinct events that must be handled separately in
order to implement an efficient model on a microcontroller.

• closure of the inrush relay

• activation of the PWM signals in burst mode

As far as the first part is concerned, we can model the new operating state as follows:

Figure 3.4: Diodes operation state machine

Therefore, by simply changing the value of the resistance with respect to the inrush
phase, we are able to model both the closure of the switch and the effect of the parasitic
elements. In fact, the bypass resistance is an equivalent resistance computed as the sum
of the inductor series resistance and the internal resistance of the MOSFET body diode.
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From the model point of view, this event does not introduce significant changes. We
simply continue to execute iteratively the model developed for the inrush phase, updating
the value of the resistance accordingly. Following the temporal sequence imposed by the
controller, after a certain delay the PWM signals are activated in order to charge the
output capacitor through short current pulses of constant amplitude until a predefined
voltage threshold is reached. In principle, when developing a plant model, the internal
operation of the controller should not be relevant, since the behavior of the plant is
completely determined by its topology.

“Why, then, do we not use a single unified model instead of separating the operation into
different phases?”

It is important to keep in mind that the maximum computation rate of the HIL board
is approximately 100 kHz, while the switching frequency of the STEVAL-7BIDIRCB is
65 kHz, according to the datasheet. During the first phase, as previously discussed, the
plant evolves naturally with relatively slow dynamics. However, once the PWM signals
are activated, they introduce a fast dynamic that becomes comparable to the execution
speed of the microcontroller running our model.

In fact, during the first stage we did not model the MOSFET itself, but only its associated
body diode. Moreover, we only considered its threshold voltage, neglecting its nonlinear
behavior. This approximation is perfectly adequate for modeling the initial transient,
but once the PWM signals become active, these assumptions are no longer valid. A new
model must therefore be developed to account for the new current paths created by the
switching of the MOSFETs.

Consequently, it becomes unavoidable to design a new model capable of accurately repro-
ducing the fast transient behavior imposed by the 65 kHz switching frequency.

This represents the main challenge and hardware limitation of the project, and it is
precisely the solution proposed in the next section that gives value to the work presented
in this thesis.

Since the model used for the burst phase and for the Power Factor Corrector phase is
exactly the same, in the next section we will describe the new model and the technique
adopted to represent the high-frequency transient behavior.

3.3. Power Factor Corrector (PFC) phase

Let us now focus on the core challenge of this work, namely:
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“How can a microcontroller capable of executing a complete computation cycle at
approximately 100 kHz emulate dynamics characterized by switching frequencies of

65 kHz?”

In this phase, the high-frequency PWM signals impose a switching dynamic with a period
of approximately 15 µs, which is compatible with the computational capabilities of our
board. However, it should be noted that, according to the sampling theorem, a signal
should be sampled at least at twice its maximum frequency component.

An ideal PWM signal exhibits infinitely steep rising and falling edges, meaning that an
infinitely high sampling frequency would theoretically be required to represent it exactly
in a discrete-time framework. In practice, however, we can reasonably assume that di-
viding the PWM period into approximately 100 intervals provides a sufficiently accurate
representation of the switching transients.

Therefore, by carrying out the calculation, we obtain:

Switching period =
1

65 000 Hz
= 1.5385e− 05 ∼ 15.38us

which by discretizing becomes

Tmodel =
Switching period

100
∼ 153.8ns

with a corresponding sampling frequency of approximately ∼ 6.5MHz.

Such a frequency is clearly not achievable on a microcontroller. It therefore becomes
necessary to adopt a mathematical technique capable of describing the high-frequency
transient behavior even when using a relatively slow discrete-time sampling rate.

The solution adopted in this work is the Average Model.

3.3.1. Average Model

The average model is a modeling technique that enables the description of switching power
converters by replacing the time-varying dynamics introduced by the switching actions
with an equivalent averaged behavior over a switching period.

In this approach, the switching dynamics of the system are substituted by an equivalent
continuous-time representation obtained as the weighted average of the state derivatives
over the different switching intervals. [19] This formulation relies on the assumption that
the state variables evolve slowly with respect to the switching period, allowing their high-
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frequency ripple components to be neglected while preserving the dominant low-frequency
dynamics of the converter.

dx(t)

dt
≈

〈
dx(t)

dt

〉
= duty(t)

(
dx(t)

dt

)
ON

+
(
1− duty(t)

)(dx(t)

dt

)
OFF

From a computational point of view, once the derivative is obtained and the switching
period is known, the state variables can be updated simply by applying discrete integration
via Euler Forward.

x(t+ Tswitching) = x(t) + Tswitching

(
dx(t)

dt

)
Average

This approach, based on a duty-cycle-weighted average of the ON and OFF configurations,
makes it possible to obtain a continuous-time model, significantly simplifying both the
analysis and the design of the system.

Our objective remains the development of a faithful plant emulation through the HIL
platform, and the signal generation process will be based precisely on the average model.
This naturally leads to the following question:

"Why do we use the Average Model?"

As discussed in subsection 1.3.3 of Chapter 1, the HIL board used in this work is inherently
constrained by its available computational resources and processing speed.

Consequently, the high-frequency dynamics associated with the switching action of the
high-frequency MOSFETs cannot be directly implemented on the HIL platform. For
this reason, the average model becomes a fundamental tool. It provides a mathematical
framework capable of capturing the overall behavior of the converter while avoiding the
need to explicitly reproduce every switching event.

By implementing the averaged equations on the HIL, it becomes possible to emulate the
dominant converter dynamics and accurately reproduce its macroscopic behavior. In this
way, the effects of switching phenomena occurring at frequencies much higher than the
available computation rate can still be represented through their averaged contribution
to the system dynamics.

Furthermore, the reason for adopting the Average Model lies in the remarkable accuracy
with which it is able to describe this type of transient behavior. As discussed in Section
2.2 of Chapter 2, the steady-state operating condition considered in this work is the
Continuous Conduction Mode (CCM), which can be approximated, to a first order, as a
sequence of linear transients during the high-frequency switching intervals.
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The Average Model naturally fits into this framework. The average state derivative is com-
puted as the weighted sum of the derivatives associated with the different PWM switching
states, where the weighting factors are determined by the fraction of the switching period
spent in each state, that is, by the duty cycle. Equivalently, after dividing by the total
switching period, the average derivative can be expressed simply as the sum of the state
derivatives multiplied by their respective duty-cycle coefficients.

The key point to emphasize is that, although this approach does not explicitly track the
rising and falling portions of the high-frequency transient, the initial and final values of
the state variables over each switching period are mathematically preserved. In other
words, the switching ripple within the period is neglected, while the overall evolution of
the system is accurately reproduced.

A particularly illustrative example is the inductor current waveform, shown below without
a specific scale for conceptual purposes in order to highlight the principle behind the
Average Model. This waveform will be presented and discussed in greater detail in the
final chapter.

Figure 3.5: Average Model VS CCM inductor current waveform

The waveform shown in purple represents the Average Model, which accurately captures
the average behavior of the orange waveform corresponding to the high-frequency switch-
ing ripple.

3.3.2. Numerical Equations for the PFC Phase

In Section 2.2 of Chapter 2, the system was modeled as a piecewise linear system. The
conventional approach typically adopted in FPGA-based emulation platforms consists
of numerically solving these equations by applying the Backward Euler method with a
time step on the order of nanoseconds. The procedure is straightforward: the differential
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equations are rewritten in discrete form, the appropriate set of equations is selected ac-
cording to the current operating state, and continuity between different operating modes
is ensured through the state variables.

As previously discussed, such an approach is not feasible in our case. Therefore, the
first step is to apply the Average Model technique over the switching period, allowing
the use of a sampling frequency compatible with the computational capabilities of the
microcontroller.

The required steps are:

• identify the operating phases that compose each switching period;

• derive the state-variable derivatives for each phase;

• compute their average over the switching period according to the duty cycle;

• integrate the average derivative using the Forward Euler method.

Although the Backward Euler method offers superior numerical stability properties, as
discussed in the previous section, the Forward Euler method is employed in this work
to minimize the computational cost associated with the real-time implementation on the
microcontroller. The Average Model already incurs a non-negligible computational effort
and directly provides the system state derivatives. Therefore, the remaining task consists
solely of integrating these derivatives, for which the Forward Euler scheme represents the
simplest and most computationally efficient solution.

Furthermore, despite the fact that Forward Euler is only conditionally stable, the risk of
numerical divergence is mitigated in the present application. The derivatives are obtained
from the Average Model, which provides smooth averaged dynamics by construction. As a
result, the state derivatives remain bounded within the operating conditions considered,
making the use of Forward Euler suitable for the intended implementation. Recalling
the equations derived in Section 2.2 and isolating the state derivatives for each operating
phase, we can construct the following table:

In principle, we know that the converter has four possible operating states. However,
within a switching period, only the transistors driven by the high-frequency PWM sig-
nals actually switch. Therefore, the system can be represented in the following way by
considering the PWM sequence.
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Phase 1 – Q1 Q4 ON Phase 2 – Q1 Q3 ON

diL
dt

=
vin(t)

L
dvc
dt

= −iload
C

diL
dt

=
vin(t)− vc

L
dvc
dt

=
iL − iload

C

Phase 4 – Q2 Q3 ON Phase 3 – Q2 Q4 ON

diL
dt

=
vin(t)

L
dvc
dt

= −iload
C

diL
dt

=
vin(t) + vc

L
dvc
dt

=
−iL − iload

C

Table 3.1: State derivatives in the four switching phases

Figure 3.6: Qualitative PWM in PFC mode

As a preliminary remark, it is important to emphasize that the PWM signals are not
shown to scale. In fact, if the low-frequency PWM signals with a period corresponding
to the 50 Hz mains frequency were represented together with the 65 kHz PWM signals,
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the latter would not be graphically visible in the figure. Their switching events would be
so densely packed that they would simply appear as a solid block at this zoom level.

Therefore, solely for the purpose of illustrating the structure of the Average Model, the
high-frequency switching is represented by only a few commutations. Moving from one
switching period to the next, three possible operating conditions can be identified:

• Q1 ON with fast switching of Q3–Q4;

• Q2 ON with fast switching of Q3–Q4;

• DEADTIME: all PWM signals are OFF.

Consequently, our model determines the operating condition according to the logical state
of the two low-frequency PWM signals and then applies the corresponding set of Average
Model equations.

The two average derivatives for the inductor current are

Phase 1 - 2 - Q1 ON〈
diL
dt

〉
=

vin(t)

L
dutyQ4(t) +

vin(t)− vc
L

dutyQ3(t)

Phase 3 - 4 - Q2 ON〈
diL
dt

〉
=

vin(t)

L
dutyQ4(t) +

vin(t) + vc
L

dutyQ3(t)

While for the derivative of the capacitor voltage:

Phase 1 - 2 - Q1 ON〈
dvc
dt

〉
= −iload

C
dutyQ4(t) +

iL − iload
C

dutyQ3(t)

Phase 3 - 4 - Q2 ON〈
dvc
dt

〉
= −iload

C
dutyQ4(t) +

−iL − iload
C

dutyQ3(t)

Once the average state derivatives have been defined, they can be integrated using the For-
ward Euler method with a time step equal to the switching period, Ts = switching_period.
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By iteratively applying this procedure, the current and voltage waveforms can be recon-
structed.

iL(k + 1) = iL(k) + Ts

〈
diL
dt

〉
k

vc(k + 1) = vc(k) + Ts

〈
dvc
dt

〉
k

As can be observed from Figure 3.6, a third operating region must also be taken into
account, namely the dead time between the low-frequency PWM signals.

Since the low-frequency PWM operates at 50 Hz, corresponding to a period of 20 ms, the
dead time is not negligible with respect to the high-frequency PWM dynamics, having a
duration of approximately 500 µs.

During this interval, a sufficiently large delay is intentionally introduced between the turn-
off of one MOSFET and the turn-on of the other in order to avoid extremely dangerous
short-circuit conditions. The main risk is that, due to a glitch or timing mismatch, both
MOSFETs could become active simultaneously, effectively short-circuiting the entire DC
bus capacitor and generating extremely high current peaks.

For this reason, the dead-time interval must also be included in the model.

During this period, the inductor current cannot be interrupted because of the continuity
property of the inductor. Instead, it flows through an alternative path provided by the
body diodes of the MOSFETs. In practice, for a short interval, the converter operates in
diode conduction mode until the next MOSFET is turned on.

Since the recirculation structure through the body diodes is exactly the same as the one
used in the inrush modeling described in Section 3.1, the dead-time model in PFC mode
is implemented using the same model as the inrush phase.

We now have all the elements required to construct the complete plant model, which will
be validated both at software level using Simscape and at hardware level with the HIL
board in the next chapter.



53

4| Chapter Four: Validation

In the previous chapter, we developed a robust and computationally efficient model for the
implementation of the emulation on a microcontroller. However, its actual performance
must now be verified through a concrete validation process.

The proposed validation is carried out on two different levels:

• Software validation;

• Hardware validation.

In this chapter, we first compare the complete model, including the inrush phase, burst
phase, and PFC phase, against a high-fidelity simulation developed in Simscape. After
verifying the correctness of the model at the software level, the same logic is deployed
onto the target microcontroller, and the generated waveforms are measured using an
oscilloscope. These results are then compared with the waveforms acquired from the
physical plant, namely the STEVAL-7BIDIRCB.

The experimental measurements, performed in a laboratory dedicated to high-power ap-
plications, are based on the temporal evolution of the plant voltages and currents regulated
by the controller implemented on the STM32G474RET6 microcontroller.

It is necessary to include the controller in the validation procedure because testing a
power converter in open-loop operation would simply cause the plant dynamics to diverge,
defeating the purpose of the converter itself. In the experimental measurements performed
on the Totem-Pole converter, the presence of the controller was mandatory, since an
uncontrolled divergence of voltages and currents would quickly lead to the destruction
of the hardware due to the high power levels involved. Consequently, the validation of
the plant model on the HIL board follows the same closed-loop methodology, providing a
realistic, reliable, and objective comparison.
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4.1. Software Validation

Let us begin by validating the Model through software by first developing a Simulink
model that directly compares the high-fidelity model of the topology with our proposed
model.

Figure 4.1: Simulink model

This model is composed of five subsystems containing:

• the Simscape plant model (top right);

• the microcontroller-oriented plant model (bottom right);

• the controller state machine (left);

• the PI controllers logics (center).

The combination of the state machine, the control algorithm, and the Simscape plant
model defines the high-fidelity system emulation executed in Simscape (upper part of the
figure). In contrast, the combination of the state machine, the same control algorithm,
and the microcontroller plant model (lower part of the figure) constitutes the testbench
used to validate the proposed model.

For the Simscape simulation performed within the Simulink environment, we configure
a fixed-step Backward Euler solver with a discretization step Ts,Simscape of 153.85 ns,
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corresponding to one hundredth of the switching period. On the other hand, the sampling
time of the microcontroller simulation is set equal to the switching period of the topology,
namely 15.385 µs, which is also the exact timing that will be adopted for the HIL board
implementation.

Since the two subsystems on the right emulate the plant at different execution rates, each
of them is provided with its own dedicated controller, both driven by the same state
machine in order to guarantee temporal synchronization throughout the simulation.

The outputs of both the Simscape plant simulation and the microcontroller plant simula-
tion are then logged and visualized using the MATLAB Data Inspector, a MATLAB tool
specifically designed for displaying and analyzing signals recorded during a simulation.

The signals logged from the Simscape model have already been presented in Figure 2.4 of
Chapter 2. The same set of signals is extracted from the microcontroller model to enable
a direct comparison.

While the Simscape implementation closely resembles the actual electrical circuit, the
Microcontroller Plant Simulation is structured as follows:

Input

• discretized sine wave generator

• circuit parameter

• gate signal information and logical relay signals

Algorithm

The core of the model consists of a MATLAB Function block implementing the complete
algorithm. It is developed for the inrush phase and for the first part of the burst mode by
means of the state machine and the Backward Euler method, the second part of the burst
mode and the PFC mode are instead implemented using the Average Model approach.

All the equations derived in Chapter 3 are therefore organized into a sequence of con-
ditional branches, while continuity between the different operating modes is guaranteed
through the use of two persistent variables: the capacitor voltage and the inductor cur-
rent. At each simulation cycle, determined by the fixed-step solver, the MATLAB Func-
tion block is executed and the persistent variables are updated according to the current
operating condition.
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Output

At the output of the model, we provide the inductor current and the capacitor voltage,
both updated step by step through the persistent variables. In addition, the input source
voltages with respect to ground, namely VACL and VACN, are computed at each iteration
according to the conduction state of the corresponding diodes or MOSFETs.

The resulting Model-Based Design implementation in the simulation environment is shown
below.

Figure 4.2: Simulink Microcontroller plant model

Before moving on to the simulations, it is important to briefly discuss the controller
used in the validation process. While for the hardware validation we will use the firmware
implemented in C code described in Section 2.4 of Chapter 2, for the software validation we
need to reconstruct its behavior and implement it using a Model-Based Design approach.

In practice, we aim to digitally emulate the controller in order to debug the plant model.
Although the original firmware, downloadable from eDesign for the STM32G474RET6
microcontroller, is written in C, it cannot be directly used in MATLAB. The reason is
straightforward: while MATLAB supports integration of C code through specific inter-
faces, the firmware in question also includes hardware abstraction and peripheral man-
agement layers, such as HAL (Hardware Abstraction Layer) functions, which are not
compatible with a direct simulation environment.
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Therefore, wrapping the entire firmware inside a Simulink C Function block is possible in
principle, but the code would need to be extensively restructured. The approach adopted
instead was to develop a simplified controller in Simulink, which retains fewer safety
mechanisms but still manages the main state transitions, namely relay control and PWM
generation.

This made it possible to build a controller suitable for debugging and validating the
response of the plant model to these input signals.

The main differences can be summarized in two points:

• fault management;

• operating frequency.

Indeed, in the Model-Based Design simulation of the controller, fault handling is not in-
cluded in the state machine; only the transition chain from WAIT to RUN is implemented,
as shown in Figure 2.5. This is because the firmware used in the hardware validation phase
will be responsible for managing faults and safely disabling the MOSFETs by controlling
the PWM signals.

At this stage, our main objective is to ensure that the plant responds correctly to the
input stimuli. Once this is verified, the specific duty cycle value generated by whatever
control (e.g., 30% or 70%) becomes irrelevant, since this simplified test already provides
confidence that the plant behaves correctly under all operating conditions.

Another important aspect concerns the controller operating frequency. In the real im-
plementation, the controller processes signals from the peripherals using moving averages
and high-frequency filtering to avoid aliasing during sampling. In order to avoid this ad-
ditional complexity, the simulation runs the controller at the same frequency as the plant
model.

Consequently, the controller for the Simscape plant operates at 6.5 MHz, whereas the
controller for the microcontroller plant operates at 65 kHz. It should be emphasized that
this is also a significant simplification, although it is fully appropriate for the validation
purposes of this work.

4.1.1. Software Simulation Results

By pressing RUN, the complete model is executed. With the two plant models running
in parallel, the simulation requires approximately 2–3 minutes to compile and simulate
4 seconds of transient behavior. In contrast, consistently with the different discretiza-
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tion step, executing only the Microcontroller Plant model while disabling the Simscape
simulation reduces the execution time to approximately one second.

The logged signals are then visualized using the MATLAB Data Inspector.

Figure 4.3: Comparison 1/2 between Simscape results and Model results

Figure 4.4: Comparison 2/2 between Simscape results and Model results

As can be observed from the figure, the high-frequency Simscape simulation and the
proposed Average Model produce almost identical results. In the simulations, the output
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capacitance was set to C = 4 × 470 µF = 1.88 mF, while the inductance was chosen as
L = 211 µH.

From this overall view, we can clearly identify

• the initial exponential charging phase of the output capacitor through the body
diodes (Rinrush = 47 Ω);

• the small voltage step caused by the closure of the relay that bypasses the inrush
resistor;

• the burst-mode ramp, obtained by injecting a constant current (2 A RMS) into the
output capacitor through appropriate duty-cycle regulation;

• the slow discharge of the capacitor after the burst phase due to the modeled parasitic
effects (for the Simscape model: Rds_ON = 40 mΩ and RL,series = 50 mΩ; for the
Microcontroller model: Rbypass = 100 mΩ and Rload_eq = 100 kΩ);

• the application of a 5 A load step.



60 4| Chapter Four: Validation

Figure 4.5: Start Inrush Comparison

Figure 4.6: Burst phase 1 Comparison
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Figure 4.7: Burst phase 2 Comparison 1/2

Figure 4.8: Burst phase 2 Comparison 2/2

PFC Mode - Load step
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Figure 4.9: PFC Step phase Comparison 1/2

Figure 4.10: PFC Step phase Comparison 2/2
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Figure 4.11: PFC Steady-State phase Comparison 1/2

Figure 4.12: PFC Steady-State phase Comparison 2/2

By analyzing the different operating phases, it can be observed that an almost perfect
overlap between the two models is achieved throughout the entire simulation. During
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the inrush phase, the state machine consistently identifies the correct diode conduction
states, as demonstrated by the excellent agreement in both the magnitude and direction of
the current waveform. Furthermore, no numerical divergence appears during the various
state transitions, confirming the stability guaranteed by the Backward Euler integration
method.

At the end of the first inrush stage, a small discrepancy of approximately one volt can
be observed between the two capacitor voltage waveforms. This difference is mainly due
to minor parasitic effects that are locally modeled in Simscape, whereas in our simpli-
fied implementation they are lumped into the equivalent resistances Rbypass and Rload_eq.
Nevertheless, the deviation is less than 1% with respect to the approximately 300 V bus
voltage reached during this phase and can therefore be considered negligible. Passing to
the stage in which both PWM signals become active, it can be observed that our model
accurately reproduces the behavior of the Average Model. While the voltage ripple is
almost negligible due to the attenuation provided by the large output capacitance, the
inductor current clearly highlights the averaging effect: the orange waveform generated
by our model follows the average value of the blue current waveform obtained from the
high-fidelity Simscape simulation.

As discussed in the previous chapter, the switching ripple is so fast that the blue wave-
form appears almost as a solid trace at this time scale. However, by zooming in, the
characteristic behavior shown in Figure 3.5 of Chapter 3 can be clearly recognized. The
dead time associated with the low-frequency switching is also correctly averaged, without
introducing artificial spikes or numerical discontinuities.

It can also be observed that the high-frequency duty-cycle signals generated by the two
controllers are almost identical, further confirming the equivalence of the control actions
applied to the two plant models. Similarly, the response to the applied load step is
accurately reproduced, demonstrating that the proposed model is able to capture the
dynamic behavior of the converter even under transient operating conditions.

Looking at the inductor current, which corresponds to the input current drawn from the
grid, it is in phase with the input voltage. This confirms that the controller correctly
performs the Power Factor Correction (PFC) function.

Furthermore, once the system reaches steady-state operation, a power balance can be
carried out to verify the consistency of the simulation results. As previously described,
the simulation includes a load step corresponding to 5 A, a regulated DC bus voltage of
400 V, an AC input voltage of 230 Vrms, and a sinusoidal inductor current with a peak
value of approximately 12.3 A, corresponding to 8.69 Arms.
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By performing the power balance, we obtain

Pin = 230[V _rms] · 8.69[A_rms] ∼ 2000[W ] = 400[V ] · 5[A] = Pout

In this case, the most dominant apparent error is the initial current spike observed in the
inductor when the PWM is enabled for the first time [Figure 4.9], both during the burst
phase and during the load step transition. However, it is important to note that the same
spike is present in both the Simscape simulation and our proposed model, which confirms
that the two simulations remain fully consistent.

This indicates that the source of the discrepancy is not the plant model itself, but rather
the controller implementation. In particular, a more refined control strategy would require
the inclusion of a PWM soft-start technique in order to avoid these current peaks during
transients. At this stage, however, this improvement is not relevant, since it pertains to
controller optimization rather than plant validation.

Our objective is to verify the correctness of the plant behavior, and this strong overlap,
despite the use of a simplified controller, confirms that goal.

We can therefore conclude that the microcontroller-implementable plant model correctly
reproduces the system dynamics, with only minor and negligible discrepancies. The next
step is the hardware implementation of the model.

4.2. Hardware Validation

The hardware validation represents the final stage of the verification process, allowing
us to demonstrate that the proposed model, once implemented on a microcontroller, is
capable of accurately emulating the real-time behavior of the Totem-Pole topology.

To perform this validation, the following experimental setup is adopted:

• an HIL board running the microcontroller-oriented plant model;

• an ST Nucleo development board featuring the STM32G474RE microcontroller,
programmed with the original control firmware.

The HIL board used for the emulation is the one included in the ST STEVAL-HILE1G4K1
kit, while the controller is implemented using an ST Nucleo board, specifically the STM32
Nucleo-64 development board with STM32G474RE MCU. This choice is motivated by the
fact that the control board included in the kit is based on a different microcontroller and
is therefore not fully compatible with the porting of the control firmware used in this
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work.

On the other hand, the Nucleo board exposes all the microcontroller pins through its
connectors, making it particularly suitable for our application. The only required step is
to correctly map the Nucleo board I/O pins to the corresponding signals available on the
64-pin connector of the HIL board, ensuring proper communication between the controller
and the emulated plant.

4.2.1. Nucleo–HIL Porting and Wiring

To define the port mapping, we first analyze the .ioc file associated with the control
firmware, which specifies the configuration and usage of the microcontroller pins.

Figure 4.13: Control Firmware IOC
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Starting from this information, all the pin assignments are extracted into an Excel spread-
sheet and grouped into the following categories:

• Control Firmware inputs, which must be connected to the outputs of the HIL
board;

• Control Firmware outputs, which must be connected to the input channels of
the HIL board;

• Internal control connections, namely signals that are internally routed within
the controller itself in order to support and verify the correct operation of the control
firmware.

At this point, using the Nucleo board datasheet [20], we identify the physical connector
pins corresponding to the various microcontroller I/O ports.

Figure 4.14: NUCLEO-G474RE Pinout

Similarly, from the HIL board datasheet, we extract the pinout of the exposed 64-pin
connector.
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Figure 4.15: HIL-board 64-pin Connector Pinout

While the I/O assignment on the controller side is fixed by the firmware implementation,
the HIL board offers complete flexibility, allowing us to choose which physical pins are
used to expose the various input and output signals according to the most convenient
wiring configuration.

The complete mapping adopted for this work is summarized in the following three Excel
tables.
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Input Control - Output HIL

Figure 4.16: Control port (LEFT) - HIL board OUT port - Nucleo board IN port (RIGTH)

Output Control - Input HIL

Figure 4.17: Control port (UP LEFT) - Nucleo board OUT (DOWN LEFT) - HIL board
IN (RIGTH)
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Internal Connections

Figure 4.18: Control port (UP LEFT) - Nucleo board OUT (DOWN LEFT) - HIL board
IN (RIGTH)

By following the wiring scheme described above and assigning the corresponding I/O
ports in the plant model implemented on the microcontroller, we can proceed with the
experimental validation.

4.2.2. Hardware Validation Results

Once all the electrical connections have been completed, the only remaining step is to
deploy the proposed model onto the HIL board. At this stage, the advantages of the
Simulink development environment become particularly evident. In fact, it is sufficient to
create a new model defining the required I/O mapping, copy the plant model previously
debugged through software validation, and the Totem-Pole emulator is immediately ready
for deployment.[21]

Through the Hardware Support Package (HSP), the peripherals of the HIL board are
configured and managed in order to physically generate the output waveforms produced by
the plant model, properly scaled according to the corresponding sensor gains, as described
in Section 2.3 of Chapter 2.

At this point, the resulting waveforms can be directly observed and analyzed using an
oscilloscope.
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Figure 4.19: Oscilloscope Validation

Figure 4.20: Start Inrush
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Figure 4.21: Burst phase 1

Figure 4.22: Burst phase 2
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Figure 4.23: PFC Mode - Steady State

As can be observed across the different operating phases, the first stage once again con-
firms the high stability and robustness of the model, mainly ensured by the Backward
Euler formulation. In this region, the model behaves correctly even in the hardware im-
plementation. In the first burst phase, there is only one peak, compared to the simulation
where there are two. This is simply a consequence of the different closing point of the
relay; if it trips at a capacitor voltage higher than our control, the first current injection
is sufficient to bring it to steady state.

While regarding the second burst phase, some numerical glitches can be observed in the
current emulation. However, the controller monitored via STM32CubeIDE does not enter
in a fault state and, as evidenced by the correct voltage ramp behavior, the system remains
operational, indicating that the model is still valid but requires further refinement.

A more detailed analysis shows that the glitch originates specifically during the dead-time
interval of the Low Frequency PWM. This is due to the fact that the current implemen-
tation does not explicitly include an additional dead-time contribution associated with
the PWM soft start-up behavior. During this interval, the low-frequency PWM signals
are turned off, while only one of the two high-frequency PWM signals is active. In this
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case, the controller implemented on the Nucleo board expects a PWM soft-start phase;
however, since this behavior is not included in the model, it has no corresponding effect
in the emulation. Consequently, when the PWM signals switch to full operation, the
controller has accumulated an error that results in a current spike call, producing the
observed glitch.

This represents the only current limitation of the model; however, it can be addressed by
introducing a dedicated Average Model formulation that explicitly includes this soft-start
behavior.

Finally, the model performs correctly in steady-state operation and, as shown in the last
figure, the power balance is consistent with the results obtained in simulation. It can also
be concluded that the system responds properly to both load steps and load variations.

For completeness, I also report the measurements actually performed on physical Totem-
Pole which attest to the quality of the emulation.

Figure 4.24: Physical board measurements
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Figure 4.25: Physical board measurements

And finally a photo of the complete hardware setup to give a concrete idea of the work

Figure 4.26: Hardware Setup
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5| Conclusions and future

developments

We have now reached the conclusion of this thesis after a long development process that led
us from the initial idea of emulating a power converter topology to its full implementation.
The requirements of safety and simplicity in the Hardware-in-the-Loop approach have
been addressed through an intensive modeling effort, which ultimately led to satisfactory
results.

As shown in the hardware validation, which is generally the most challenging and rep-
resentative compared to purely software-based simulations, the system exhibits a correct
and consistent behavior. As previously discussed, the mitigation of the glitches caused
by PWM soft-start effects would further improve the overall performance; however, this
extension is already well structured within the current modeling framework and can be
readily implemented by extending the existing Inrush and PFC models.

If in the abstract it was stated that

“to develop a highly computationally efficient digital model of a power elec-
tronic circuit, with high fidelity such that it is capable of reproducing the be-
havior of the analog system even at high frequencies, while using a low-cost
microcontroller as the emulation platform.“

This objective can be considered achieved.

The proposed HIL board is therefore suitable for real-time, low-cost emulation for inter-
ested users. Moreover, the Model-Based Design approach is strongly recommended not
only for those developing emulation systems, but also for those implementing microcontroller-
based control strategies. In fact, through the Hardware Support Package, both design and
implementation become significantly more user-friendly and streamlined.

Finally, I would like to thank the reader for their attention, and I hope that this thesis
may be useful for future work in this field. For any questions, clarifications, or suggestions
regarding related topics, I can be contacted at: giulio.salbego@gmail.com
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