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Abstract

This thesis explores the implementation and experimental validation of a Hardware-in-
the-Loop (HIL) system for real-time digital power conversion simulation. The primary
objective was to develop a HIL environment capable of simulating a high-power system
within the constraints of a 5V microcontroller. The system emulates an on-board charger
for electric vehicles, converting three-phase AC power to DC. To achieve this, averaged
models of power converters were used, and control algorithms were implemented to ensure
both stability and performance.
A comprehensive state machine was designed to manage all phases of the converter’s
operation, including grid synchronization, startup sequences, and fault detection. The
results demonstrate that the developed system can emulate the dynamics of a real circuit
effectively, providing a reliable tool for testing control algorithms in realistic, real-time
conditions. This thesis also details the hardware configurations, validation methodologies,
and experimental test scenarios.

Keywords: HIL simulation, digital power conversion, microcontroller, real-time, on-
board charger, electric vehicles.





Abstract in lingua italiana

Questa tesi esplora l’implementazione e la validazione sperimentale di un sistema Hardware-
in-the-Loop (HIL) per la simulazione in tempo reale della conversione di potenza digitale.
L’obiettivo principale è stato lo sviluppo di un ambiente HIL capace di simulare un sis-
tema ad alta potenza all’interno delle limitazioni di un microcontrollore a 5V. Il sistema
emula un caricatore di bordo per veicoli elettrici, convertendo potenza trifase da AC a DC.
A tal fine, sono stati utilizzati modelli mediati di convertitori di potenza e implementati
algoritmi di controllo per garantire stabilità e performance.
È stata progettata una macchina a stati completa per gestire tutte le fasi operative del
convertitore, inclusi la sincronizzazione alla rete, le sequenze di avvio e la rilevazione di
guasti. I risultati ottenuti dimostrano che il sistema sviluppato è in grado di emulare effi-
cacemente le dinamiche di un circuito reale, rappresentando uno strumento affidabile per
testare algoritmi di controllo in condizioni realistiche e in tempo reale. Questa tesi include
inoltre una descrizione delle configurazioni hardware, delle metodologie di validazione e
degli scenari di test sperimentale.

Parole chiave: simulazione HIL, conversione di potenza digitale, microcontrollore, tempo
reale, caricatore di bordo, veicoli elettrici.
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1| Introduction

1.1. Purpose of the Job

The purpose of this work is to implement and validate a Hardware-in-the-Loop (HIL)

platform capable of simulating devices with power ratings in the order of kW without the

need for special equipments. The system to be simulated is based on existing boards from

STMicroelectronics, speci�cally the "STDES-BCBIDIR" [8] and "STDES-PFCBIDIR"

[5]. The development of the simulator starts from the characteristics of these boards, which

are used for charging electric vehicles (EV) and on-board chargers (OBC). To complete

the system, the control of these boards is implemented and tested with the simulator.

The control is a power factor correction (PFC). The system can be represented as shown

in Fig. 1.1.

Figure 1.1: Closed loop control system block diagram for an ideal HIL [2].

Fig. 1.1 shows the setup for a Hardware-in-the-Loop test. The embedded controller is

the CPU that performs the system control (in this case, the OBC) and communicates

with the system through sensors and actuators. The actuators are the PWM signals

that the control sends based on the inputs (sensors) and the control algorithm within the

embedded controller. The system model can be the real system or the system simulated

by a HIL platform that is capable of receiving and sending out signals and internally

simulating the system via equations.
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1.2. State of Art

The thesis explores the simulation of OBC using HIL techniques. For this reason, the

state of the art is divided into two parts: one dedicated to HIL and the other dedicated

to OBC.

1.2.1. Hardware in the Loop

A basic part of any HIL simulation system is a real-time simulation model of the plant

which is executed on a real-time system. In an ideal HIL lab, the system is substituted

with its simulator and other hardware and software are exactly implemented [2]. It is

not always possible to use the hardware, and sometimes other parts of the hardware are

replaced with software simulation to reduce costs.

Figure 1.2: Precision, time and cost trade-o� in computer simulation, HIL simulation,

and actual situation [2].

Fig. 1.2 shows a graph that relates the costs and accuracy from desktop simulation to

experimental testing with hardware. HIL is in the middle and allows real-time simulation,

reducing costs while permitting the validation of some parts of the hardware (for example,

the control) with good accuracy.

The �eld of HIL simulation for power conversion has advanced signi�cantly in recent

years, especially with the development of high-performance HIL platforms based on Field-

Programmable Gate Arrays (FPGAs), such as those o�ered by Speedgoat. These FPGA-

based solutions provide very high processing power and ultra-fast real-time capabilities,
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making them particularly suited for applications requiring high-frequency switching and

extremely precise timing. Additionally, these solutions allow for integration with software

like Simulink, further speeding up the modeling process of the simulator. However, FPGA

simulators are expensive and require a signi�cant amount of time to transition from the

Simulink model to the model ready to be loaded onto the FPGA.

In contrast, the HIL simulation system proposed in this thesis prioritizes portability and

cost-e�ectiveness by using a standard dual-core microcontroller instead of an FPGA. Al-

though microcontroller-based HIL systems have limitations in processing speed compared

to FPGA-based solutions, they o�er an a�ordable and �exible alternative that retains

su�cient accuracy for testing a wide range of control strategies in power conversion ap-

plications.

1.2.2. On Board Charger

An OBC is a device integrated into EV that converts AC power from the grid into DC

power to charge the vehicle's battery. It manages the charging process, ensuring safe and

e�cient energy transfer while optimizing battery life and performance. Fig. 1.3 shows

main components of an EV.

Figure 1.3: EV main components [9].

The core of an EV is the High Voltage (HV) battery, which powers the motor and the

auxiliary service battery. The battery can be charged from either an AC or a DC voltage
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source. Charging with DC is faster because the power is drawn from the charging station

and directly absorbed by the battery. However, this type of charging requires a charging

station capable of converting AC to DC.

The second type of charging is through a station with an AC voltage source, which requires

onboard conversion of this energy into a DC voltage source: this is where the role of the

OBC comes into play.

The OBC is maninly composed by three parts:

ˆ EMI �lter : by de�nition, this is a �lter for Electromagnetic Compatibility.

ˆ PFC stage: transforms the AC source into DC while ensuring a high power factor

and a stable output voltage. This is the part analyzed in this thesis.

ˆ DC-DC stage: adjusts the DC voltage to the battery level and provides isolation

between the battery and the charging station (for example, through a transformer).

Currently, most EV's use a 400 V battery system but in 2019 Porsche has set a new

standard and 800 V powertrains have emerged [9]. 800 V allow to have transimt the same

amount of power of a 400 V system with half current. On the other hand all system must

withstand 800 V and this sets the requirements for the entire high-voltage powertrain,

including the OBC, low-voltage dc�dc converter, electric motor, and inverter [9].

In principle, in order to charge the battery, unidirectional OBC are su�cient (power goes

from AC to DC) but today bidirectional OBC are implemented since they are more �exible

and can provide other services. In particular, bidirectional OBC can provide the following

features [9]:

ˆ Vehicle-to-Load (V2L): enables the use of an EV as a grid to connect external

electrical devices. This feature applies in various practical cases, such as remote

locations like campsites or construction sites.

ˆ Vehicle-to-Vehicle (V2V): enables energy exchange between vehicles in a local grid.

ˆ Vehicle-to-Home (V2H): connects the vehicle to a local home grid or building. Here,

it can be interconnected with other assets like solar panels, loads, and stationary

energy.

ˆ Vehicle-to-Grid (V2G): Connect the vehicle to the electric grid as a �exible storage

unit.
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1.3. De�nition of the problem

With the rise of electric machines and the need to build an adequate infrastructure, com-

bined with the evolution of electronic components, the simulation of power converters of

tens of kilowatts has become increasingly necessary, and the controls have become more

advanced and complex. Testing such converters (for example, OBC for EVs) requires

expensive laboratory instruments and a lab with su�cient installed power. This is where

HIL simulation comes into play.

One of the primary challenges in achieving e�ective HIL simulation in a compact, low-

power system is the accurate modeling of power electronics components, such as MOS-

FETs and capacitors, on a microcontroller with limited processing power and memory.

Additionally, to maintain real-time operation at the required frequencies, the system must

employ e�cient modeling to avoid computational overload. This thesis addresses these

issues by implementing an averaged model of the power converter, reducing computa-

tional complexity while retaining essential system dynamics. This portable HIL setup

must also manage fault conditions and synchronize signals to replicate real-world power

system behavior, providing a reliable and valid alternative to traditional hardware-based

testing.

1.4. Proposed Solution

This thesis proposes an HIL simulation system based on a dual-core microcontroller, em-

phasizing portability and cost-e�ciency without compromising functionality or accuracy.

One core is dedicated to generating three-phase signals and handling input �ltering, while

the other core manages control signals and computes duty cycles. This con�guration

allows the system to perform complex calculations and maintain accurate timing within

the microcontroller's limitations. Moreover, the control algorithm implemented in this

setup maintains the DC bus voltage, ensures sinusoidal current absorption, and achieves

unity power factor, while incorporating robust protection mechanisms to manage faults

e�ectively.
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2.1. Modeling of the system

The system to be modeled is a power converter that can be used in an OBC of an EV to

convert three-phase power from AC to DC and vice versa. The system is represented in

Fig. 2.3 and is primarily composed of the following components:

1. Three-phase AC grid : Each of the three generators is an ideal voltage source with

in�nite power, perfectly sinusoidal. The entire grid has only a direct component,

and the frequency is �xed.

2. Relays : These are necessary to connect or disconnect the grid from the power

converter, and additional relays are required to prevent inrush current.

3. Boost inductor : These inductors are used to boost the output voltage and also

function as �lters since power converters inject harmonics into the grid. The inductor

is modeled with a resistance and an inductance, as shown in Fig. 2.1.

Figure 2.1: Equivalent circuit of boost inductor.

4. Power Converter : It is composed of switches (MOSFETs) and capacitors. There

are di�erent topologies depending on how the switches are arranged, and the same

applies to capacitors. The switch is modeled as an ideal switch with an anti-parallel

diode, as shown in Fig. 2.2.
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Figure 2.2: MOSFET schematic diagram.

5. DC Load : This is a generic DC load that can be a resistor or an ideal current

source.

Figure 2.3: Full System.

The goal is to simulate an existing real board, so the data regarding nominal power,

MOSFET characteristics, �lters, and capacitors will be taken directly from datasheets.

2.1.1. Development Environment

The �rst approach is to simulate the previously explained circuit using Simulink and

Simscape Electrical. Fig. 2.4 shows the Simulink model.
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Figure 2.4: Simulink model.

In Fig. 2.4, it is possible to recognize three parts: Input, System, and Outputs. The

inputs are parameters that can be sent to the system. They are explained in detail below.

1. Duties : Numbers from 0 to 1 that come from the control or an external source.

These numbers are then input to the subsystem "PWM generation" to generate

gate signals for the switches. After that, the switches are directly controlled by the

gate signals without any driver since they are ideal MOSFETs.

2. Relays : There are two relays. The �rst one connects the grid to the converter,

while the other short-circuits the inrush resistor.

3. SwitchEn : Allows enabling or disabling the switches independently from the gate

signals. It can be a single signal or divided into multiple parts to enable only some

switches.

The system is the one already explained in Fig. 2.3. The three-phase blocks from Simscape

Electrical are used, making the Simulink model clearer. Starting from the left, there is

the three-phase AC voltage source, followed by the "VI sensors" block, which is necessary

to measure currents and voltages (phase voltages).

The purpose of the Relay Grid and Inrush was already explained; an inrush resistor

is necessary to avoid damaging components during the startup phase. In that phase, all

capacitors are discharged, and as soon as the Relay Grid closes, the capacitors immediately

see a voltage.

Next, there is the input inductor, modeled as in Fig. 2.1. The subsystem "power con-

verter" has a three-phase AC input and a DC output. Furthermore, it has gate signals

to control the switches. These signals are created starting from the duty cycle, and it is

also possible to add a dead-time.
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After that block, there are DC side capacitors. They can be one or more depending on

the topology. A midpoint can be present or not, depending on the power converter. The

output "sensors" of the "DC sensors" subsystem are measurements that depend on the

topology of the converter. The last part is a DC current source on the DC side.

The output area of the Simulink model consists of all measurements taken from the circuit.

2.1.2. Hypothesis of the real time simulation

Since the objective is to run the model in real-time on a microcontroller, the previ-

ously explained model is not suitable because it requires too much computational e�ort.

Additionally, the sample time must be in the order of�s , which is not suitable for a

microcontroller based on a CPU.

The solution for this is to use the so-calledaveraged model of the power converter.

In the averaged model, the switching elements (in our case, MOSFETs as shown in Fig.

2.2) are replaced, and their behavior is represented by a number (the duty cycle) that

indicates the time the switch is on during a switching period. The duty cycle is de�ned

as:

d =
ton

Ts
(2.1)

whereton is the time when the switch is on andTs is the full period of switching. With this

assumption, the model of the converter can run at the order ofms and is compatible with

real-time implementation on a microcontroller. The drawback is that it is not possible to

appreciate the current ripple caused by the switching of devices.

2.1.3. Validation of the model

In order to validate the average model, it is necessary to �rst use Simulink to test it. To

do so, an equivalent system as shown in Fig. 2.4 is used. Equivalent means that the input

and output must be the same, so with a variant subsystem, both models can be tested.

The average model subsystem is shown in Fig. 2.5.
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Figure 2.5: Simulink average model.

As mentioned before, the average model works with the duty cycle and not with a PWM

signal. Therefore, the "Duty generation" block is necessary only to eventually add a

dead time and enable or disable switches. Going into "AverageModel" (Fig. 2.6) allows

us to observe the "Interpreted MATLAB Fcn" block, which permits calling a MATLAB

function.

Figure 2.6: Simulink average model - Interpreted function.

In this case, the function contains the average model and manages both relays (grid relay

and inrush relay). Outputs depend on the relays (whether they are open or closed) and,

of course, on the duty cycles of the switches.

The �nal validation of the model is done with the full system Simulator + Controller. In
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this way, it is feasible to run the Simscape model and the average model and check that

the results are compatible (within the limits of the average model).

2.2. Discrete model and real time implementation

A real-time implementation requires the discretization of the system. The averaged model

consists of di�erential equations that are already discretized within the MATLAB func-

tion. Consider the equation of an inductor:

vL = L
di
dt

(2.2)

In this scenario, the state variable is the current, which is computed at each step of the

average model. The termdt becomes� T, representing the step size. In other words, it is

the time required to perform all the calculations of the average model, thereby determining

the model's frequency. The termdi needs to be discretized, and at a speci�c instanttk ,

the current is:

i (tk) = i (tk� 1) +
� T
L

vL (2.3)

2.2.1. PWM input

There is a substantial di�erence between simulation and real implementation: during

simulation, it is straightforward to directly provide duty cycles to the simulated plant

(bypassing gate signals), whereas in real implementation, the control sends gate signals

to the simulator. For this reason, it is necessary to implement an algorithm (directly in C

code) that can receive gate signals and compute the duty cycle required for the average

model.

To achieve this, the timer peripherals of the microcontroller are utilized. In particular,

there is a function of the timer that can detect edges on the input signal. It is essential

that all timers are synchronized and share the same clock (this can be done by adjusting

the prescaler of each timer). This synchronization is useful because it provides a unique

time reference, ensuring that all edges are captured in the same interrupt. One timer has

a periodic interrupt (Application timer), and its trigger output is sent to all other timers

(the number of other timers depends on the number of gate signals and the number of

channels each timer has).

In any case, every gate signal is characterized by a rising edge, a falling edge, and a period,
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as shown in Fig. 2.7.

Figure 2.7: Gate signal.

The objective is to calculate the duty cycle as in equation 2.1, so we need the period of

the signal andton. Since every gate signal has a rising and a falling edge, two channels of

the timer are necessary for each signal: one to capture the rising edge and the other to

capture the falling edge. Rising and falling values are given in ticks with respect to the

timer counter.

For the calculation of the duty cycle, the period in ticks is necessary. The period of the

signal is known a priori and is �xed. The number of ticks for the period is calculated as:

TickPeriod =
Frequency of the timer

f s
(2.4)

The aim is to have a real-time implementation that runs at a frequency close to the

switching frequency. This is related to the de�nition of the duty cycle (eq. 2.1), which is

de�ned with respect to the switching period. For this reason, the de�nition of the duty

cycle is e�ectively respected if the sample time is close to the switching period.

One interrupt may not be su�cient to capture all the information necessary to compute

the duty cycle. The solution is to con�gure the application timer with two interrupts: the

prescaler of the timer is set in a way that the period of the timer is double with respect

to sample time of the average model as detailed in �g. 2.8.
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Figure 2.8: Application timer con�guration.

The average model si executed at both interrupt but this con�guration allow to have a

bu�er and avoid corrupting the computation in case of interrupt delay.

The entire procedure is divided into two main functions:

ˆ StorePwmInfo: This function is called immediately after the interrupt and, as

the name suggests, stores all rising and falling edges into a global array (one array

for rising edges and one array for falling edges). Since there are two interrupts, the

array has double the dimensions with respect to the number of gate signals to be

captured. When the interrupt is called, information about the interrupt (half or

reset) is sent to the function StorePwmInfo so that the value of the rising edge can

be stored in the correct position of the array. The same occurs for the falling event.

There is the possibility that neither falling nor rising events are present; in this case,

the status of the pin is also stored in an array. Rising and falling events are saved

into a dedicated register and are read only if the �ag register is on.

ˆ ComputePwm: This function e�ectively computes the duty cycle once events are

stored and is called with the same interrupt as "StorePwmInfo". First, events of

the current interrupt are checked (if the interrupt is the half, information about this

interrupt is checked), and then, if rising or falling events are missing, events of the

other interrupt are checked. The C code for this part is shown in Fig. 2.9.
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Figure 2.9: Check events.

The variable "o�set" is passed to the function and indicates which of the two in-

terrupts is running. At every interrupt, before saving events, they are set to the

hexadecimal number 0xFFFF. This number cannot be read from the register, so if

that number is found, it means no events are stored. "nbu�er" is a variable equal

to the number of gate signals to be stored.

The second part of the function is dedicated to the computation of the duty cycle,

and three possible cases need to be managed:

1. Both events

2. Only one event

3. No events

The part of the code that manages the cases just listed is shown in Fig. 2.10.
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Figure 2.10: Duty cycle computation.

If both events are present, "delta" is used to compute the di�erence between the

falling and rising edges. In an ideal situation, a gate signal is as shown in Fig.

2.7, and it is easy to compute the duty cycle as�=TickPeriod . However, this is not

always true since the interrupt of the simulator is not at the same frequency as the

input PWM, and the clock is not synchronized with the clock of the control board.

Another di�erence from the ideal situation is that the event can be captured after

the interrupt. An example is shown in Fig. 2.11.

Figure 2.11: Interrupt delay.

In the case shown in Fig. 2.11, the time reference for the two events is di�erent,
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and since the timer counter restarts after the interrupt, the variable "delta" will

be higher than TickPeriod , and the duty cycle would be higher than 1, which is

impossible by de�nition. This is managed in the �rst "if" statement in Fig. 2.10,

where TICK_NUM_70 = Tick Period and "TIM16_PERIOD" is the count of the

timer (considering the reset interrupt and not the half one). After managing that,

it is checked that "delta" is greater than zero: it can happen that the rising edge

is after the falling edge, as shown in Fig. 2.11, leading to a negative duty cycle

without this check. "pShared_core2" is the array where all duty cycles are stored.

If only one event is present, the duty cycle computed in the previous interrupt is

considered, while if there are no events, the duty cycle is the pin status (so the duty

will be 0 or 1).

2.2.2. Dual core implementation

The average model, as mentioned earlier, uses di�erential equations that require signi�cant

computational e�ort for the CPU. Moreover, all variables of the average model are �oats,

which increases the CPU load.

To overcome these limitations while maintaining a good model frequency, a dual-core

implementation is realized.

The �rst step is to decide which parts of the model will run on each core. Speci�cally:

1. Core 1: Three-phase generation, Input �lter, Converter, Capacitor, DC load.

2. Core 2: Receive gate signals and compute duty cycles.

Core 1 initializes and runs Core 2, while on Core 2, every timer peripheral is set up. The

two cores must communicate with each other, and the duty cycles computed by Core 2

must be passed to Core 1. To achieve this, shared memory (accessible by both cores) is

used. Speci�cally, Core 2 initializes a pointer to the shared memory, and the same is done

by Core 1. This part of the memory is also used by the microcontroller for its functions,

which can create interference if the same part of the memory is used to pass data from

Core 2 to Core 1. For this reason, the available shared memory for the microcontroller is

reduced so that this speci�c part of the memory can be exclusively used to pass our data.

Another important aspect is that Core 1 and Core 2 must read and write at the appropriate

times. Core 2 computes all duty cycles as explained in Chapter 2.2.1, and when the

procedure is completed, it sends an interrupt to Core 1. Fig. 2.12 shows the C code where

the PWM computation function is called and an interrupt is sent to Core 1 (SEV_).
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Figure 2.12: Core 2 application callbacks.

As mentioned earlier, the application timer has two interrupts (half and reset), which

can be seen in Fig. 2.12. Core 1 now executes the average model, three-phase grid, and

emulates the DC load.

This ensures that Core 1 e�ectively takes the latest computation of the duty cycle.

2.2.3. Emulate DAC output

A microcontroller works with signals ranging from 0 V to 3.3 V. This means the simulator

should emulate the same analog signals that a real power board sends to the controller.

A DAC can achieve this, but there are many signals that the simulator needs to send, as

shown in Fig. 2.6. The number of signals can be high, and this can be a limitation since

microcontrollers usually do not have a large number of DACs.

For this reason, these signals are sent out in a di�erent way to emulate a DAC. Speci�cally,

timer peripherals are used.

The idea is to output a PWM signal from the microcontroller of the simulator and then

�lter it to obtain the analog signal as if it were sent from a DAC.

To achieve this, the counter is set to a maximum value that matches the DAC's resolution

(4095 in the case of a 12-bit DAC). In this way, the timer's comparator can be set directly

using the bias and o�set as in a DAC. The signal must be as continuous as possible, and

while a PWM is not continuous, the higher the PWM frequency, the smaller the error

compared to a DAC signal. After the PWM output, an active second-order low-pass �lter
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with a gain di�erent from 1 is introduced. The complete con�guration is shown in Fig.

2.13.

Figure 2.13: Second order low pass �lter.

A gain may be necessary depending on the con�guration and characteristics of the timer

peripheral to fully exploit the 0-3.3 V range.
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3| Real Time Controller

3.1. Modeling of the system

The purposes of the controller are [3]:

ˆ Control the DC bus voltage, maintaining it at a constant desired value

ˆ Ensure sinusoidal current absorption

ˆ Achieve unity power factor operation

The converter is bidirectional and can either absorb current on the DC side (recti�er

mode) or inject current on the AC side (inverter mode).

To implement the control block, the following requirements are necessary [3]:

ˆ Measure the AC grid voltage and line current

ˆ Measure the DC side voltage

ˆ Estimate the phase of the AC grid voltage and synchronize the line current phase

(Phase Locked Loop)

ˆ Compute and set the desired reference values for the controlled variables

ˆ Generate gate signals for the converter switches (PWM)

ˆ Adjust the error between the reference and the actual values (Regulators)

Additionally, a state machine is implemented to manage all control operations and prevent

system damage by checking for faults on both the AC and DC sides.

3.1.1. Development Environment and Real time implementa-

tion

The development environment used is Simulink, as described in Chapter 2. The control

is developed and then tested using the previously implemented simulator. The control

is implemented using Simulinkvariant sink and variant source blocks, as illustrated in
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Figure 3.1.

Figure 3.1: Variant source and variant sink blocks.

In this way, thanks to model-based design (if the microcontroller is compatible), it is pos-

sible to directly generate the C code of the same control algorithm just tested in desktop

simulation.

The controller communicates with inputs from the simulator through sensors and actua-

tors, as described in Figure 1.1. The controller subsystem is shown in Figure 3.2.

Figure 3.2: Controller subsystem.
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The inputs are the same outputs of the simulator and are taken directly from Simulink in

the case of a desktop simulation, while inputs are taken from an ADC bu�er in the case

of C code generation. The same applies to the outputs: in the case of desktop simulation,

they go to the simulator, while in the case of C code generation, they go to GPIO and

timer peripherals.

The BUS is a bus that contains all debug variables coming from the control algorithm.

3.1.2. Control algorithm

As mentioned in section 3.1, the controller operates in a d-q reference frame. To achieve

this, Park and Clarke transforms are implemented. The Clarke transform allows the tran-

sition to an orthogonal reference frame (alpha, beta, zero) as follows:

8
<

:
U� = 2

3ua � 1
3ub � 1

3uc

U� =
p

3
3

�
ub � uc

� (3.1)

The zero component does not appear since it is assumed to be a balanced system where

the sum of a, b, c is equal to 0.

The Park transform allows the rotation of the reference frame according to a speci�c an-

gle, which in this case is provided by the Phase Locked Loop (PLL). The Park transform

equations are:

8
<

:
Ud = U� sin(!t ) � U� cos(!t )

Uq = U� cos(!t ) + U� sin(!t )
(3.2)

The angle!t depends on the phased-locked-loop (PLL). The purpose of using a PLL is to

have a reference frame in whichVq = 0. To achieve this, a PLL block is implemented with

a PI regulator that acts on Vq. The Park transformation requires the computation ofsin

and cosof the angle!t , but in the PLL block, these two functions are already computed.

Consequently,sin and cos are directly provided for use in the Park transformation, re-

ducing the computational e�ort for Simulink and especially for the microcontroller. The

PLL Simulink block is shown in Fig. 3.3.
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Figure 3.3: Phase Locked Loop.

The "abc" inputs are three-phase AC side voltages. The "freq" and "Theta_rev" outputs

are for debugging purposes (to check if the PLL is working properly), while "Vdq" and

"SinCos" are used in the control.

The purpose of the control is already described in 3.1. An equivalent single-phase circuit

of the system is represented in Fig. 3.4.

Figure 3.4: Equivalent single-phase circuit [3].

In particular, two control loops are carried out: one loop for DC voltage regulation and

the other for unity power factor operation. PI regulators are used to compensate for the
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error.

The equivalent single-phase circuit is useful for understanding the dynamics of the circuit

in order to tune the PI regulators. The purpose of the inner loop (current loop) is to

ensure the absorption of a sinusoidal current in phase with the voltage. The dynamics of

that loop depend on the following equation:

vconv = vs +
�

Rs + L
di
dt

�
i s (3.3)

Moving to a dq reference frame, the equation becomes:

vconv� d = vsd � Rsi d � L
did
dt

+ !Li q (3.4)

vconv� q = vsq � Rsi q � L
diq
dt

� !Li d (3.5)

where the termu = Rsi q � L di q

dt is the output of the PI, and the others are compensating

terms. The same happens for both d and q axes. The compensating term is divided into

two parts:

ˆ vsd and vsq are the AC feedforward terms

ˆ !Li q and !Li d are decoupling terms

The �nal Simulink block scheme of the inner loop is shown in Fig. 3.2.

Figure 3.5: Inner control loop.

The "CurrentControl" subsystem is shown in Fig. 3.6, while the "ACFeeforward" subsys-

tem is shown in Fig. 3.7. To guarantee unity power factor,i qref , which refers to reactive

power, is set to 0; nonetheless,i dref comes from the outer control loop.
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Figure 3.6: CurrentControl subsystem.

Figure 3.7: ACFeeforward subsystem.

It is possible to observe that these subsystems represent equations 3.4 and 3.5. Addi-

tionally, an enable block is added so that feedforward and compensating terms can be

disabled.

The PI controller is implemented as shown in Fig. 3.8.
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Figure 3.8: PI controller.

Ts is the sample time of the control where the PI is placed, and an anti-windup technique

is carried out: based on the di�erence across the "OutSat" block, the integral is reduced

(or increased depending on the sign).

The DC side of the system is now analyzed. The aim of the outer loop is to maintain the

DC voltage bus (vdc in Fig. 3.4) at a given reference value and provide the reference for

the d-axis current to the inner loop.

Let us analyze the dc-side capacitor power [3]:

pcap(t) =
dEcap

dt
=

d
dt

�
1
2

Cdv2
dc(t)

�
=

1
2

Cd
d
dt

v2
dc(t) (3.6)

In the Laplace domain, assumingv2
dc = x [3]:

Pcap(S) =
1
2

CdSX (S) (3.7)

Moving to the square of DC voltage, it is found a relation with the power that is linear.

As a result, the tuning of the PI is easier and does not depend on the working point. After

the PI, a feedforward term for the power is considered: assuming a lossless converter, the

DC power is:

pac � pdc = vdci dc = pcap + pload (3.8)

wherepload = vdci load is known andpcap is the output of the PI regulator. Based on the
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dq reference frame, the power on the AC side is:

8
<

:
P = 3

2vdi d

Q = 3
2vdi q

(3.9)

It has already been pointed out that the q-axis current is equal to 0 in order to have unity

power factor, while from the active power equation, the d-axis reference current is found

and then sent to the inner loop.

The outer loop implemented in Simulink is shown in Fig. 3.9. The output of the block

"id_ref_computation" is in p.u. so the inner control loop works in directly in p.u.

Figure 3.9: Voltage loop.

The last part of the control algorithm is the modulation to control the switches of the

converter. Speci�cally, after computing vd and vq from equations 3.4 and 3.5, Inverse

Park and Clarke transformations are used to pass from dq reference to abc in order to

have modulation waveforms (which must be between -1 and 1). From modulation wave-

forms, duty cycles are obtained that are instead between 0 and 1. Fig. 3.10 represents

the Simulink block just described.
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Figure 3.10: Duty computation.

The subsystem "Duty_computation" depends on the topology of the converter, and also

the number of outputs changes depending on how many switches there are in the converter.

3.1.3. State machine

The Simulator has elements to be controlled (Relay, SwitchEn). Additionally, the Con-

troller must be able to detect any type of faults and act to prevent damaging components.

For these reasons, a State Machine is deployed using State�ow, which is integrated into

Simulink.

The state machine is divided into two main parts:

ˆ IO FAULTS SM : Receives all measurements and checks that every measurement is

under the maximum limit (Fig. 3.11) and sends a signal to the main state machine.
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Figure 3.11: IO FAULTS SM.

ˆ Main State Machine : Starting from the situation where everything is o�, it

manages the inrush, the grid relay, activates PWM, and in case of a fault, switches

o� PWM and opens the grid relay. The states of the state machine are:

� Wait : The state machine is waiting for the AC source, for the PLL to be

synchronous with the grid, and for the DC current to be zero.

� Idle: Everything is ready to close, and this state waits for a certain interval

before proceeding to the next step.

� Init : The grid relay is closed. An inrush current charges the capacitors, and

now the circuit works as a diode recti�er.

� Burst (start) : After the voltage has reached a certain limit (comparable with

the DC voltage for a diode bridge recti�er) and a certain time has passed, a

burst mode is implemented to increment the DC voltage up to the reference

value (some switches may be o�). The inrush relay can be closed.

� PFC : After reaching a certain voltage, the PFC starts, all switches are turned

on, and the control begins.

� Fault : In any part of the machine, if a fault is detected, all relays are opened

and all switches are turned o�.
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3.1.4. Validation of the control

The control algorithm is tested in Simulink with the Simscape model of the simulator to

ensure that all requirements have been met. After this, the average model is used to verify

that the results of the Simulink simulation are comparable with the results obtained using

the Simscape model.

3.2. Real Time implementation

The real-time implementation requires C code to be built for the microcontroller. This is

done directly by Simulink using the Embedded Coder. The Simulink model must meet

certain requirements to be compatible with the Embedded Coder: �rst, all blocks used

must have a discrete time implementation, and the solver type must be Fixed-Step with

the solver set to "discrete (no continuous states)". The control algorithm is the same for

both desktop simulation and the microcontroller. The main di�erence lies in how inputs

and outputs are managed.

Inputs for the controller are the outputs of the simulator and vice versa, as already de�ned

in Chapter 2. Inputs of the control are managed by the ADC peripheral, while outputs

are PWM signals managed by the timer peripheral and other GPIOs for the relay.
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4| Hardware Description

In this chapter, the hardware used is described. The hardware is divided into the control

board and the simulator board. The control board is the one that is also used with the

real board, while the simulator board emulates the real board. Therefore, the connectors

and the function of each pin on the connector must be the same.

4.1. Control board

The control board used is based on an STMicroelectronics Stellar E MCU (SR5E1E7).

The SR5E1 family consists of MCUs with two 32-bit ARM Cortex-M7 cores, running at

300 MHz. The two cores can be used either in parallel or with one core in a lockstep

con�guration. It has 12 timers and 2 High-Resolution Timers (HRTIM) that allow the

creation of complex waveforms with a resolution of 102 ps. Speci�cally, the high-resolution

timer can generate up to 12 digital signals with highly accurate timings. It is primarily

intended to drive power conversion systems such as switch-mode power supplies or lighting

systems, but it can also be used for general purposes whenever very �ne timing resolution

is required. Its modular architecture allows for the generation of either independent or

coupled waveforms. Furthermore, it is capable of handling various fault schemes for safe

shutdown purposes [7]. The control board is shown in Fig. 4.1.
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Figure 4.1: SR5E1 Control board.

The blue rectangle is the connector to communicate with the simulator board.

The red rectangle highlights all ADC inputs; in detail, there is an RC �lter and a test

point to check the signal before entering the microcontroller.

The green rectangle points out some LEDs with their respective test points. LEDs D5

and D7 are useful to check if the power supply is functioning correctly; LED D4 is used

when the microcontroller is reset. The other three LEDs below can be programmed by

the user.

The yellow rectangle shows other test points related to timers, HRTIM, and GPIOs.

The board also has 2 DACs that do not have dedicated test points: one is in the red

rectangle (where the ADCs are) and the other one is in the yellow rectangle.

The output of the connector must be compatible with both the simulator and the power

board: each pin must have the correct function. The connector is divided into two columns

(A and B), each with 32 pins. The purpose of each pin is described together with the

simulation board since they must be matched.
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4.1.1. Input �lters of ADC's

The ADCs on the connector (Red rectangle in Fig. 4.1) of the microcontroller have an

RC �lter. The control board is equipped with an RC �lter as shown in Fig. 4.2.

Figure 4.2: Control board input �lter.

The cuto� frequency of this �lter is:

f c =
1

2�RC
=

1
2� 10
 100pF

= 1:6 GHz (4.1)

This cuto� frequency does not match the requirements of this application. Therefore, this

�lter has been modi�ed (by changing R and C) as follows:

f c =
1

2�RC
=

1
2� 10k
 2 :2nF

= 7:2 kHz (4.2)

4.2. Simulation board

The simulator board is also based on an STMicroelectronics Stellar E MCU (SR5E1E7).

The simulation board is shown in Fig. 4.3.
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