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Summary

The work presented in this thesis is part of the European HIEFFICIENT project,
which aims to push the boundaries of powertrain inverter design, by enhancing
energy efficiency, reducing costs, and promoting the adoption of electric mobility
and green energy systems.

In this context, Ideas & Motion (I&M), the hosting company for this thesis, is re-
sponsible for the complete design, development, and prototyping of an automotive-
grade modular traction inverter with an integrated control unit.

This thesis addresses the design and development of a prototype control board
with a modular and flexible architecture, emphasizing both safety and adaptability.

The modularity of the design allows the control unit to drive either single or
dual Voltage Source Inverters (VSI), providing scalability for different powertrain
configurations. It also supports 3-level (3L) inverter topologies by generating up to
18 PWM control signals.

To ensure the safety and reliability of the electrical vehicle, the design incor-
porates several protection mechanisms, such as reverse polarity and battery short-
circuit protection, along with redundancy through dual power supply compatibility,
ensuring uninterrupted operation in the event of a power source failure. The control
board also includes hardware safety logic and an overcurrent detection circuit to
enable fast response times and prevent potential system damage.

To further enhance adaptability, the board interfaces with position sensors from
two motors, supporting both analog and digital types. Additionally, it is equipped
to handle multiple communication protocols, including SSI, SENT, CAN, and Eth-
ernet, ensuring robust, high-speed communication and reliable data exchange for
control operations and system diagnostics.

To improve the board’s versatility and integration into various systems, it pro-
vides programmable analog and digital inputs, as well as high-side and low-side
outputs, enabling seamless interfacing and management of several external auxil-
iary systems.

Simulations of each circuit design were conducted using specific device models
to ensure accuracy and full compliance with the application. These simulations
allowed for the evaluation of various design solutions, selecting the best approach
in terms of performance and cost.



Finally, experimental validation was performed on the most critical circuits,
demonstrating the good performance of the control board under real-world condi-
tions.

This thesis presents a control board design that effectively combines modularity,
safety, and adaptability through theoretical design, simulation, and experimental
validation. the resulting board provides a high-performance, versatile solution for
the design and implementation of traction inverter control boards, addressing the
rigorous requirements of modern electric vehicle powertrains.
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Chapter 1

Introduction

1.1 Scope of the Thesis

The rapid evolution of electric vehicles (EVs) has brought significant advancements
in automotive technology, addressing global environmental concerns and reducing
reliance on fossil fuels. A central component of the efficient operation of EVs is
the traction inverter, which converts direct current (DC) from the vehicle’s battery
into alternating current (AC) required by the electric motor. The performance and
reliability of the traction inverter significantly influence the overall efficiency, power
output, and driving range of the EV.

A key element within the traction inverter is the control board, which manages
the precise flow of power between the battery and the motor, ensuring optimal per-
formance across varying driving conditions. The control board implements complex
algorithms to regulate motor speed, torque, and energy regeneration. It also in-
terfaces with the vehicle’s sensors and communication systems to gather essential
data for real-time decision-making.

The primary motivation for this thesis is the demand for a high-performance
control board capable of piloting different types of traction inverters and motors.
This board shall be compliant with automotive safety standards and communication
protocols, incorporate the necessary interfaces for sensor data acquisition, and host
a microprocessor with adequate computational power to process data and control
the inverter and its associated loads with precision.

This thesis focuses on the design of a control board, employing innovative ap-
proaches for traction inverters used in electric vehicles. Through a combination of
theoretical analysis, simulation, and experimental validation, this research offers
practical solutions to improve the design and implementation of traction inverter
control boards. The outcome is a high-performance, versatile control board that
meets the rigorous requirements of modern electric vehicles.
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Introduction

1.2 Thesis Framework

This thesis was done in Ideas & Motion S.r.l. [6] (I&M) within the frame of HiEF-
FICIENT European project |7]. 1&M is an innovative Italian SME that provides
engineering services (both HW and SW) to OEM and Tierl companies in the au-
tomotive industry, while also being active as a supplier of Electronic Control Units
(ECU) in niche applications with low volumes and high technological contents as
well as developing Intellectual Property (IP) cores for integrated circuits. The
company is based in Cherasco (CN)- Italy.

HiEFFICIENT stands for Highly EFFICIENT and reliable electric drive trains
based on modular, intelligent, and highly integrated wide bandgap power electron-
ics modules. The project develops high-efficiency, reliable, and compact power
electronics solutions for electric and hybrid vehicles, as well as for industrial and
renewable energy applications. The project aims to improve power density, system
efficiency, and reliability by utilizing cutting-edge semiconductor technologies such
as Silicon Carbide (SiC) and Gallium Nitride (GaN). HIEFFICIENT addresses key
challenges in thermal management, power conversion, and system integration, aim-
ing to enhance energy efficiency, lower costs, and facilitate the widespread adoption
of electric mobility and green energy systems.

Within the HIEFFICIENT project, I&M is responsible for the complete design,
development, and prototyping of an automotive-grade traction inverter for hybrid
and electric vehicles. The company oversees the entire process, from defining tech-
nical specifications to producing a working prototype, which will then be integrated
into the project’s demonstrator. 1&M’s extensive experience in ECU design and
validation is a key factor in meeting the stringent automotive safety standards and
performance expectations.

1.3 Organization of the Thesis

This thesis is organized into several chapters, beginning with an overview of Trac-
tion Inverters, discussing their main components and topologies. The Control
Board chapter highlights the main features and design tools used, followed by
the Power Supply chapter, which covers both external and on-board power sup-
plies. The thesis then addresses Analog and Digital Position Sensors, focusing
on the design, simulation, and testing of their conditioning circuits. The Pro-
grammable Inputs chapter details the implementation of flexible input circuits,
while the Safety Features chapter explains the design of overcurrent, overvoltage,
and safety logic circuits. The SPI Level Shifter chapter discusses the solution
adopted to manage SPI communication between 5 V and 3.3 V devices, followed
by a chapter on PCB Design. The thesis concludes with a Conclusions chapter
summarizing the key design choices and findings.



Chapter 2

Traction Inverter

Various inverter topologies have been extensively studied in the literature, each
offering distinct advantages and disadvantages that make them suitable for spe-
cific applications. In the automotive industry, the voltage source inverter (VSI) is
the most commonly used configuration due to its favorable efficiency-to-cost ratio.
This makes the VSI particularly attractive for electric vehicle applications, where
achieving a balance between performance, cost, and efficiency is critical for the
overall system design.

The basic operation of a voltage source inverter involves rapidly switching the
DC input on and off to create a series of pulses. These pulses are then modulated
to approximate an AC waveform. Rather than directly producing a sinusoidal
output, the inverter creates a pulse-width modulated (PWM) rectangular waveform,
where the duty cycle is modulated in a sinusoidal manner to mimic the desired AC
waveform. The duty cycle is adjusted to control both the amplitude and frequency
of the fundamental component of the output voltage, ensuring that it matches the
desired specifications for driving the connected AC motor.

Since the output voltage of an inverter is non-sinusoidal, it contains a high level
of harmonics content. These harmonics are undesirable as they can cause motor
overheating, vibration, and pulsating shaft torque [8|. High-order harmonics can
be eliminated using appropriate filters, however, in automotive applications, the
inductive load of the motor’s stator windings is usually sufficient to filter out high-
order harmonics and isolate the fundamental frequency component that drives the
AC machine.

In the context of EV, the load of the traction inverter is always an electrical
machine (EM). The type of machine employed in automotive traction applications
varies depending on specific requirements. However, all of these machines share the
capability to operate both as a motor, converting electrical energy into mechanical
energy to drive the wheels, and as a generator, converting mechanical kinetic energy
into electrical energy to slow down the vehicle. This dual functionality is highlighted
by the term "machine" rather than simply "motor."
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Traction Inverter

To effectively utilize this dual capability, the traction inverter connected to the
machine must be bidirectional. This means that the power converter should act
as a proper inverter when driving the motor (motoring mode) and as a rectifier
during braking (braking mode) when the EM operates as a generator. The energy
recovered during braking can either be dissipated through a resistor (dissipative
braking) or fed back into the battery (regenerative braking), thereby extending the
EV’s driving range.

The classifications of inverters can be based on various criteria such as the
number of phases generated on the output, the number of voltage levels, and the
type of power devices used. Since most of the high-efficiency motors used in EVs
operate on three-phase AC power, we will focus on three-phase traction inverters.
The board designed within this thesis work is also based on three-phase voltage
source inverters.

2.1 Main Components

A typical voltage source traction inverter consists of several key components. An
overview of these components within an electric vehicle application is provided
below.

INVERTER

tor Position Sen
, |
Lv Control Gate " Current
Battery Board < o Driver ™ Sensors
£t
DC Link Voltag L
Temperature Power
Sensors [ ¥ Stage W Motor
ooling Controk— :
' Signal
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v h 4 *
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Cooling

Figure 1: Schematized view of an inverter system within an EV powertrain.



Traction Inverter

Power Stage

This is the core component of the inverter, where DC power from the high-voltage
(HV) battery is converted into AC power to drive the motor. It comprises power
electronic switches controlled by the gate drivers. The power stage handles high
currents and voltages, making its efficiency and thermal management critical to
the overall performance of the inverter. Traditionally, the automotive industry
has relied on IGBT (Insulated Gate Bipolar Transistor) technology for this pur-
pose. However, recent advancements in wide bandgap semiconductors have led
to the adoption of SiC (Silicon Carbide) and GaN (Gallium Nitride) based power
stages. These semiconductors offer significantly lower gate capacitance, enabling
faster switching times. This key feature reduces switching losses and allows the
power converter to operate at higher switching frequencies, which offers several ad-
vantages. Increasing the switching frequency creates a greater separation between
the motor’s fundamental driving frequency and the switching frequency, making it
easier to filter out higher-order harmonics.

Gate Driver

The gate driver is responsible for controlling the switching of transistors in the
power stage by converting low-power control signals (typically 0-5 V) from the
control board into higher voltage signals, tailored to the specific semiconductor type,
to efficiently operate power electronic switches. N-type transistors are generally
preferred for both high-side and low-side switches in traction inverter applications,
as they offer lower conduction losses compared to P-type. However, driving the
high-side N-type transistor requires specialized circuits, such as a charge pump or
bootstrap capacitor, to generate a gate voltage higher than the nominal battery
voltage. These circuits, along with the corresponding drivers, form the core of
the gate driver board. Additionally, the gate driver provides insulation between
the control board and the power stage, preventing high voltages from reaching the
logic circuits thereby maintaining the safety and integrity of the system.

Control Board

The control board’s task is to manage the operation of the inverter. It receives
inputs from various sensors getting information regarding phase currents, DC-Link
voltage, motor position, and temperature of various components. It processes these
inputs and then controls the gate driver to modulate the operation of the power
stage. The onboard microcontroller can run different algorithms based on the
operating condition of the whole vehicle system to optimize power conversion and
manage safety functions. The control board also allows the communication of
the inverter with the rest of the vehicle via CAN (Controller Area Network) or
via other vehicle communication protocols. To eliminate redundancy in control
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Traction Inverter

systems, modern inverter designs, such as the one developed by 1&M under the
HiEFFICIENT European project, incorporate a single control board capable of
managing multiple inverters. This approach is particularly advantageous in electric
vehicles (EVs) with multiple motors, where a unified control board can efficiently
coordinate the operation of multiple traction inverters, reducing system complexity,
cost, and space requirements.

Current Sensor

The current sensors monitor the current flowing to the motor, providing essential
feedback to the control board. This feedback allows the control board to regulate
output power efficiently and protect the system from overcurrent conditions. Prop-
erly managing the phase shift between the current and voltage waveforms at the
inverter output is crucial for optimal motor control, as the rotating magnetic field
in the stator is directly influenced by the current. The current sensing circuitry can
either be integrated directly into the power stage or placed on a separate board. In
both cases, the sensors are positioned in close proximity to the three-phase lines and
typically utilize Hall-effect technology. To ensure system safety, the sensor itself
or the feedback signals must be galvanically insulated from the phase line voltages
before reaching the control board. This prevents high voltages from reaching the
logic circuits in the event of a fault.

DC-Link and EMI Filter

The DC-Link is an energy storage element that acts as a buffer between the high-
voltage (HV) battery and the power stage. In the voltage source inverter, its
design includes capacitors that smooth out voltage fluctuations, providing a stable
DC voltage to the power stage. Since the output voltage of an inverter is impulsive,
the input power is also impulsive. Therefore, the buffer function of the DC-Link
is crucial as it acts as a reservoir that can handle impulsive power while ensuring
smooth absorption from the battery. However, even with the DC-Link, the switch-
ing action introduces a significant amount of high-frequency disturbances into the
battery power line. To prevent these disturbances from affecting the battery, an
electromagnetic interference (EMI) filter is placed between the DC-Link and the
battery. Without this filter, such disturbances could potentially cause the battery
management system to disconnect the battery.

High Voltage Battery

The High Voltage (HV) battery provides the primary power source for the inverter
and motor. It operates at a high voltage (typically several hundred volts) and
supplies the energy required for propulsion. The battery pack is the most expen-
sive part of an EV, with its cost significantly affecting the overall vehicle price
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Traction Inverter

[9]. It comsists of multiple cells, typically lithium-ion, which are arranged in se-
ries and parallel to form modules. These modules are integrated into the battery
pack, which includes thermal management and protection systems. The Battery
Management System (BMS) monitors cell voltage, current, and temperature to en-
sure optimal performance and longevity [10]. The standard nominal voltage for
electric vehicle batteries is typically 400 V. However, the automotive industry is
increasingly moving toward 800 V and higher, as this allows for significant current
reduction at the same power level. This reduction translates into benefits such as
thinner wiring (requiring less copper, thus less weight), reduced overheating due
to the Joule effect, and other efficiency gains. However, this increase in voltage
presents new challenges, particularly with the fast-charging infrastructure, which
is primarily designed for 400 V systems.

Low Voltage Battery

This battery supplies power to the low-voltage (LV) components of the inverter
system, including the control electronics. In automotive applications, the standard
low-voltage battery typically operates at 12 V. However, this type of battery is re-
sponsible for powering a variety of vehicle accessories such as infotainment systems
and electronic actuators like windshield wipers, electric windows, or seat adjust-
ments. Although the nominal voltage is 12 V, it generally operates closer to 13.5 V.
The acceptable operating output voltage range is between 9 and 16 volts, with oc-
casional voltage spikes reaching up to 18 V. This automotive standard is a legacy
of traditional internal combustion engine vehicles, which use lead-acid batteries for
auxiliary services.

Motor

The motor is the load driven by the inverter, converting the electrical energy
supplied by the inverter into mechanical energy that powers the vehicle’s move-
ment. Theoretically, a three-phase inverter can control any three-phase AC ma-
chine, though different machines require distinct control strategies and signals.
For instance, to properly control an induction motor (IM), the rotational speed
is a crucial feedback signal, while for a permanent magnet synchronous machine
(PMSM), the rotor position is the fundamental parameter [11]. An inverter can
also drive a brushless DC motor (BLDC) by generating a trapezoidal current in
the phases; however, due to its high torque ripple, this type of motor is not typ-
ically used in electric vehicles. PMSMs offer numerous advantages, such as high
efficiency, power factor, torque density, robustness, and reduced maintenance. The
high-energy permanent magnets employed in PMSMs reduce overall motor volume
and stator losses, enhancing efficiency by eliminating rotor copper losses. Despite
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challenges like the cost of magnets, risk of demagnetization, and additional con-
trol requirements, the technical benefits of PMSMs have led to their widespread
adoption in traction applications [12].

Temperature Monitor and Cooling System

The temperature monitor tracks the thermal conditions of the inverter compo-
nents, particularly the power stage and DC-Link. It provides critical data to the
control board, enabling thermal management strategies such as reducing power or
triggering cooling mechanisms to prevent overheating and ensure reliable opera-
tion. Efficient cooling is essential to maintain the performance and longevity of
the inverter, as power electronic components can generate significant heat during
operation. The cooling system could include liquid or air cooling, depending on the
design.

2.2 Three Level Inverters

As previously mentioned, the Voltage Source Inverter (VSI) remains the most com-
monly used inverter topology in modern electric vehicles (EVs) due to its high
efficiency, simplicity, and reliability. Its architecture is cost-effective and easy to
manufacture, offering a significant advantage for mass-market EV production.

However, the VSI does present some limitations. The large DC-Link capacitor,
necessary for stabilizing the DC voltage, can represent a substantial portion of
the inverter’s total volume and cost. Additionally, the requirement for a dead
time between the high and low-side switches to avoid short-circuiting introduces
distortion in the AC output that contributes to increased torque ripple [13][14].

Despite these downsides, the primary limitation of the VSI is that the maximum
AC output voltage cannot exceed the DC bus voltage, as it is inherently a buck-
type topology. This becomes a significant constraint when driving more powerful
motors that require higher voltage levels. To accommodate such voltages, the
power switches would need to withstand extremely high breakdown voltages, a
requirement that current semiconductor technologies have not yet fully met.

For this reason, as the automotive industry moves toward higher battery volt-
ages, such as 800 V systems, multilevel inverters have gained attention as a viable
alternative to the traditional two-level VSI. The 3-phase, 3-level Neutral Point
Clamped (3L-NPC) inverter is particularly promising. This topology introduces an
additional output voltage level, effectively halving the voltage stress on the power
switches compared to a two-level voltage source inverter. This enables the use of
higher battery voltages without introducing stress-related issues to the power com-
ponents. Additionally, the extra voltage level reduces total harmonic distortion
(THD) in the output waveform, allowing for lower switching frequencies to achieve
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the same power quality as a two-level inverter, thereby reducing switching losses
[15].
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Figure 2: Line to line voltage and current of a 2L-VSI (a) and 3L-NPC (b) [1].

The 3-level inverter is not without its challenges. The increased number of com-
ponents, such as additional transistors and diodes, increases the complexity of the
control circuitry and adds to the overall cost and size of the system. Additionally,
maintaining voltage balance between the different voltage levels can be challenging
and often requires more sophisticated control algorithms to ensure proper opera-
tion. Despite these challenges, the 3-level inverter offers a compelling solution for
high-power applications where efficiency and power quality are critical [15].

2.3 1&M Voltage Source Inverter

Figure 3: Complete inverter design showing the dual voltage source implementation.

The traction inverter design developed by 1&M, as shown in Fig. 3, is based on
a dual voltage source inverter configuration. Central to the design is the DC-Link,
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which is located in the middle of the inverter and surrounded, on both sides, by
the power, driver, and control board layers, all organized in a compact and efficient
sandwich structure.

The control board, designed in this thesis, is capable of managing both invert-
ers, allowing for a single control board to drive the entire system. A dedicated
connector links the control board to the gate driver beneath it, while the second
inverter is connected via a flat cable that passes over the DC-Link, ensuring seam-
less integration with the second gate driver and power module. This efficient setup
reduces the need for additional control hardware, streamlining the overall system
design.

The three-phase voltage lines exit the inverter enclosure on both sides, while the
high-voltage battery connection is positioned at one end. Internally, the battery line
passes through an EMI filter before reaching the DC-Link via bus bars, ensuring
stable and noise-free power delivery. For thermal management of the DC-Link, a
thermal coupling pad is positioned beneath it, enhancing heat dissipation through
the enclosure.

Moreover, the inverter external connector provides low-voltage power to the
control board, along with communication lines and feedback signals from sensors
such as position sensors. Adjacent to this connector are the liquid cooling inlet
and outlet ports, which are designed to interface with an external cooling system.
The cooling system, potentially controlled by the inverter’s control board, ensures
thermal stability and reliable performance under varying load conditions.

Figure 4: Fzxploded view of the inverter design showing control, driver, and power boards,
including current sensing PCB.

To ensure safety, the cap of the inverter enclosure is designed with two windows
for proper connection of high-voltage cables. When closed, these access points press
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down a switch that ensures continuity in the high-voltage interlock loop (HVIL),
preventing high voltages from being present when the enclosure is open.

An exploded view of the layered architecture of power, driver, and control board,
is displayed in Fig. 4 where the current sensing circuit is implemented on a ded-
icated printed circuit board (PCB) near the three-phase output lines for precise
current measurement.

The current sensing PCB is based on Hall effect sensors supplied by LEM, which
are known for providing accurate and reliable current measurements. LEM’s cur-
rent sensors feature galvanic isolation, ensuring the separation of the measurement
system from the primary circuit for safety and precision. These sensors, which in-
clude protection mechanisms and low-offset characteristics, are particularly suited
for applications in electric vehicles, motor control, and battery management systems
[16].

The power stage is based on the Infineon HybridPACK™ Drive form factor, a
compact power module tailored for electric and hybrid vehicle traction inverters. Its
advantages include high power density, optimized efficiency, soft switching behavior,
and the integration of advanced silicon IGBT or SiC MOSFET technologies [17].
Efficient thermal management is achieved as the fins of the power module are in
direct contact with the liquid in the cooling circuit, located at the bottom of the
inverter enclosure.

The power module is connected to the driver board through a "routing" board,
which handles measurements and safety features, such as high-voltage isolation.
The control board is mounted on top of the driver board, shielded by a protective
cover that ensures electromagnetic interference immunity between the control and
driver boards.

In parallel with the dual voltage source inverter, a single inverter solution has
also been developed. In this design, the inverter section near the connector is
removed, and the connector is relocated closer to the bus bars, between the DC-
Link and the EMI filter, resulting in a more compact layout. A figure of this
enclosure is presented in Fig. 5.

Figure 5: Enclosure of the single inverter design.
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Chapter 3

Control Board

3.1 Main Features

This section presents the key design elements and operational features of the control
board developed in this thesis.

— GateDriver Interface

VBD
VBDaux Power Ethernet 100 MBps

Supply Hardware Overcurrent PHY Ethernet

Safety <~ overvoltage
Logic Detection

2x SingleEnded CAN1

Ff‘;;i‘{i"ogn 3x CAN | CAN2
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TC3x7
> Accelerometer

2x HallEffect DI

Digital

Position Memory
2x SSI Sensors I

Overcurrent e s— 4x High Side
Overvol’ltage " Safety Output =

16x Analog/ Programmable | | Detection Logic Drivers | 4x Low Side
Digital Inputs Inputs T

GateDriver Interface «——

Figure 6: Overview of the control board architecture
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Microcontroller

The Microcontroller Unit (MCU) is the core component of the control board, de-
signed to meet the specific requirements of electric powertrain applications in terms
of performance, standard compliance, voltage levels, and functional integration.
The board utilizes an Infineon AURIX™ TriCore™ TC3x7 microcontroller, aligning
with I&M reference design for software development.

The AURIX™ family of microcontrollers is built around the TriCore™ cores.
The TriCore™ is a unified 32-bit microcontroller DSP architecture, optimized for
real-time embedded systems. Its Instruction Set Architecture (ISA) combines the
real-time capabilities of a microcontroller, the computational power of a DSP, and
the performance efficiency of a RISC load/store architecture, all within a compact,
re-programmable core. The AURIX™ MCU chosen for this project offers a multi-
core architecture, advanced security, functional safety (ASIL-D compliance), and
connectivity features. Additionally, it integrates with the Multi-Voltage Safety
Microprocessor Supply (TLEF35584) [18].

Power Supply

The control board is designed to be powered at 12 V nominal and includes a power
management integrated circuit (PMIC), the TLF35584, that generates the main
onboard voltages required by the system.

The TLF35584 is a multi-output system supply designed for safety-critical ap-
plications, providing efficient and flexible power regulation for microcontrollers,
transceivers, and sensors over a wide input voltage range. It supports 5 V or 3.3 V
outputs for MCUs and includes various safety features such as UV/OV monitoring,
flexible watchdogs, error monitoring, and a safe state controller, which are crucial
for achieving ASIL-D compliance. The device is ideal for use in automotive sys-
tems like electric powertrains, braking, and chassis controllers, well integrated with
Infineon’s AURIX™ microcontrollers [19].

PWM Control Signals

The board is capable of generating 18 PWM signals with precise control over blank-
ing times, making it suitable for driving one or two Voltage Source Inverters (VSIs).
Additionally, this feature enables the control of a three-level ANPC inverter, which
requires 6 PWM signals per leg, offering enhanced flexibility for various power-
train configurations. The precise control of blanking times is made possible by the
Generic Timer Module (GTM) architecture integrated into the AURIX™ TriCore™
MCU. The GTM manages complex timing functions in embedded systems, partic-
ularly in automotive applications, through its specialized sub-modules for PWM
generation, signal processing, motor control, and safety features. By offloading
timing-related tasks from the CPU, the GTM reduces system interrupts, while its
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scalable architecture and integration with peripherals like ADCs make it highly
configurable for diverse applications.

Communication Interfaces

The control board is equipped with advanced communication capabilities, featuring
three CAN transceivers and a Ethernet (100BASE-TX) interface. These interfaces
provide robust, high-speed communication with the vehicle’s central management
unit (VMU) and other subsystems, ensuring reliable data exchange for control op-
erations and system diagnostics. One of the CAN transceivers includes a wake-up
option, which allows the turn-on of the control board via CAN, without the need for
the key signal. The Ethernet interface is particularly useful for tasks such as real-
time debugging and detailed diagnostics. Additionally, the CAN interface allows
for firmware updates to the control board, enabling VMU over-the-air (OTA) soft-
ware updates to be flashed to the control board without requiring a manual update
at an authorized service center. The CAN physical layer can also be utilized for
UART communications, as the microcontroller pins responsible for managing CAN
can be reconfigured to function as UARTSs. This design flexibility allows for max-
imum adaptability, enabling the control board to support various communication
protocols as needed.

Sensor Inputs

The control board is mainly designed for the dual voltage source inverter, meaning
that it must be able to receive position feedback from two motors. To enhance
the board’s adaptability to different motor and sensor configurations, conditioning
circuits for both digital and analog position signals are provided for each motor,
offering flexibility in sensor integration. Additionally, the board includes 2 SSI
(Synchronous Serial Interface) and 4 SENT (Single Edge Nibble Transmission)
interfaces, which allow it to receive precise information from various sensors.

The board also includes an onboard accelerometer, adding the ability to monitor
and respond to vehicle dynamics, further enhancing control precision and contribut-
ing to the overall stability and performance of the vehicle.

I/O Capabilities

The board includes a range of general-purpose analog and digital inputs, enabling
it to interface with various sensors and control signals within the vehicle. These in-
puts can be programmed via software according to the application’s requirements,
allowing for customization to suit incoming signals. Configurable features include
a low-pass filter with an adjustable cutoff frequency and selectable pull-up or pull-
down resistors, available in either strong (some kf2) or weak (tens of k2) configu-
rations.
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The control board includes 4 low-side and 4 high-side outputs, offering versa-
tile control options for managing auxiliary systems and driving various actuators
within the vehicle. These outputs enhance the board’s capability to control auxil-
iary functions, such as low-power modules and vehicle actuators, across a range of
applications.

Safety Features

The board incorporates a hardware protection circuit designed to detect motor
phase overcurrents, DC-Link overvoltage, and manage inverter safe states through
dedicated safety logic. Overcurrent protection is essential for preventing motor
damage and ensuring system safety, as excessive current can lead to overheating
and, in severe cases, component failure. By employing hardware-based detection
for rapid response, the system minimizes hazardous conditions, extends equipment
lifespan, and maintains safe operation.

Equally important is the monitoring of DC-Link overvoltages to safeguard both
the inverter and the connected components. Overvoltages can lead to insulation
breakdown, excessive heat, and potential damage to the battery.

The board also includes hardware safety logic for interfacing with gate drivers,
capable of managing two safe state signals to support four possible safe states. This
hardware-based safety logic operates independently of the microcontroller, ensuring
it can still respond in the event of a microcontroller failure, thereby enhancing the
overall safety and reliability of the system.

Memory

The board is equipped with 1 MB of F-RAM, offering non-volatile, high-speed
memory for storing critical data. This memory serves as a black box in the event
of an inverter system failure. Essential operational parameters are periodically
written to the memory, enabling the reconstruction of failure events. By capturing
data such as phase voltages and currents, DC-Link voltage, and switching state, it
provides crucial insights for failure analysis.

3.2 Design and Testing Tools

The circuit designs developed during this thesis and integrated into the control
board were carried out using Siemens Xpedition Enterprise [20], a widely used
industry-standard software for PCB development.

During the schematic design process, microcontroller pin assignments were fa-
cilitated by Infineon’s AURIX™ Development Studio [21], which allows users to
select a specific Infineon microcontroller and assign, through its pin mapper, the
appropriate pins for desired functions.
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During the evaluation of power losses, MATLAB, a programming and numerical
computing platform developed by MathWorks [22], was used to perform complex
calculations and generate graphs for visual analysis.

Simulations of each design were performed using LTspice, a simulator developed
by Analog Devices 23], which enables users to probe schematics and analyze results
through its built-in waveform viewer.

Lastly, tests were conducted on real components to validate the simulation re-
sults under real-world conditions. The instruments used during testing included a
multimeter, bench power supply, signal generator, oscilloscope, and Analog Discov-
ery 2. A detailed list of the instruments used can be found in Table 7.

Device Brand Model Serial Number
Multimeter Fluke 175 - True RMS 50250491
Multimeter Fluke 179 - True RMS 58590413

Power Supply TTI EX354RD - 280W 366245

Power Supply TTI CPX400DP - 420W 387492
Signal Generator GW Instek MFG-2260MFA GET852262

Oscilloscope Teledyne Lecroy | HDO9104, 40GSa/s | LCRY4404N30209

Oscilloscope Rohde Schwarz | RTO 1014,10GSa/s | 1316.k14-400035
USB Oscilloscope Digilent Analog Discovery 2 210-321

Figure 7: Table with test equipment used.
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Chapter 4

Power Supply

The low-voltage power supply architecture of the traction inverter system is de-
signed to ensure robust and reliable operation under varying conditions, including
protection against reverse polarity and redundancy in power sources. This chapter
describes the key components and pathways involved in delivering power to the
control board.

Control Board SensorSupply1
Key_Switch H— SensorSupply2
CAN CAN_WakeUp
CAN_BUS Tranciever ' [
PMIC_Enable Vs
Vepaux PIIC Vi

TLF35584
Vep Vs.oa
+ B + |
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Auxiliary Battery %7
Vere

LowSide
LDO BUCK

. H Driver 2%
{77 P TLE4253 NCVA117 TLF11251
+ = {jl__ ‘ Vaa Vias

GateDriver
Main Battery SensorSupply

4

Figure 8: Power Supply Scheme of the Control Board.
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4.1 External Supply

VBD (Battery Direct)

The primary power input to the board is derived from the Main Battery with a
nominal voltage of 12 V, typically ranging between 9 and 16 volts. The direct
connection from the Main Battery is designated as VBD (Battery Direct). To
safeguard the control board against the possibility of reverse polarity, the VBD line
is routed through a diode. This diode protects the system from potential damage
caused by incorrect battery connections.

VPW (Battery Power)

The VPW (Battery Power) line is another crucial power path originating from the
Main Battery. Unlike VBD, VPW is specifically intended to power high-side drivers,
which are components within the system that may require significant current to
operate.

Due to the potentially high current demands on the VPW line, employing a
simple diode for reverse polarity protection would not be appropriate. A diode
capable of handling high currents would generate significant power dissipation,
leading to inefficiencies and possible thermal management issues. Instead, reverse
polarity protection on the VPW line is achieved using an external relay.

The relay acts as a switch that physically opens or closes the VPW line. The
relay remains open by default, thereby preventing any power from being present on
the VPW line. Once the board is powered on (which means that the main battery
is correctly connected), a low-side switch energizes the relay, causing it to close and
allowing current to flow through the VPW line. This approach ensures that the
VPW is protected from reverse polarity without the drawbacks of a high-current
diode.

VBDaux (Auxiliary Battery)

In addition to the Main Battery, the control board is equipped to receive power
from a secondary Auxiliary Battery. The auxiliary battery is also rated at 12 V
and is connected to the board through another reverse polarity protection diode as
found in the VBD line. The output from the Auxiliary Battery is referred to as
VBDaux.

The VBDaux and VBD lines are merged together after their respective protec-
tion diodes. This configuration effectively creates a logical OR function between
the two batteries. The diodes ensure that power from each battery can flow to
the board, but not back into the other battery, thereby preventing any possible
cross-discharge between the two sources.
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This setup provides an important redundancy: if one of the power sources fails,
whether it be the Main Battery or the Auxiliary Battery, the other can seamlessly
continue to supply power to the control board. This redundancy enhances the
reliability of the system, ensuring continuous operation even in the event of a power
source failure.

IT Filter and VBP

Once the VBD and VBDaux lines are merged, the resulting line is filtered through
a Il (pi) filter before being renamed VBP (Battery Protected) and distributed
to the board’s circuitry. The II filter is composed of two capacitors connected
by an inductor, arranged in a configuration that resembles the Greek letter II.
Serving primarily as a low-pass filter, it effectively blocks high-frequency noise
and electromagnetic interference (EMI). The design of the II filter ensures that it
attenuates noise in both directions: protecting the board from power supply noise
and preventing EMI from being injected back toward the battery line. Furthermore,
the IT filter plays a crucial role in ripple attenuation, ensuring that the board’s
components receive a smoother DC voltage.

Key Switch and CAN Wake-Up Signals

The board’s power-up sequence can be initiated by two control signals: the Key
Switch signal and the CAN Wake-Up signal. The Key Switch is typically connected
to the vehicle’s ignition system, providing a signal when the ignition is turned on.
The CAN Wake-Up signal, on the other hand, originates from the vehicle’s CAN
bus and is used to wake the system up from a low-power state. Either of these
signals can independently power on the board depending on which one occurs first.

This is accomplished by combining the two signals using a diode OR configura-
tion. Each signal is directed through its respective diode before being merged into
a single line. This combined signal then serves as the input to the PMIC Enable
Pin on the board. When either of the two signals becomes active, the Power Supply
Enable Pin is triggered, initiating the power-up sequence and activating the board’s
operation.

4.2 On-Board PMIC

The board’s power management system is based on the Infineon TLF35584, a multi-
output system IC designed for safety-critical applications. This IC provides a stable
5 V supply to components such as the microcontroller, transceivers, and sensors.
Its efficient operation across a wide input voltage range is made possible by an
advanced pre- and post-regulator architecture, which ensures reliable performance
even under varying power conditions. This IC incorporates multiple safety features
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that facilitate an ASIL-D compliant design when paired with Infineon’s AURIX™
MCUs. This compliance is crucial for applications demanding the highest levels of
functional safety, such as in automotive systems.

The TLF35584 provides seven different voltage outputs, each tailored for specific
requirements within the system:

Outputs | Nominal | MAX Comments

Voltage Current
(V) (mA)

Vpre 5.8 1500 Buck generated, high ripple

V5.0 5 600 LDO generated, for microcontroller supply

VS1 5 200 LDO generated, for peripherals supply

V5.0A |5 150 LDO generated, for ADC and voltage refer-

ences, highly stable

VSS1 5 150 V5.0A tracking, for sensor supply

VSS2 5 150 V5.0A tracking, for sensor supply

Vstb 5 10 Standby supply (not used)

Figure 9: Table of outputs with nominal voltage, max current, and comments.

Here is a detailed output analysis:

e Vpre: This 5.8 V output, sourced from the switching pre-regulator converter
within the IC, is capable of delivering up to 1500 mA. It exhibits significant
ripple, which may necessitate additional filtering depending on the application
sensitivity.

e V5.0: Reserved exclusively for the microcontroller, this 5 V output is gener-
ated by an internal LDO regulator, providing stable and clean power essential
for MCU operations.

e VS1: Also a 5 V output, VS1 is designed to power communication protocols
and other peripherals with a modest current limit of 200 mA.

e V5.0A: Another 5 V output, known for its exceptional stability and low
noise. This line is ideal for analog voltage references and ADC conversions,
ensuring precise and reliable readings.

e VSS1 and VSS2: These 5 V outputs are designed to supply external sensors,
tracking the stability and cleanliness of V5.0A.

In addition to the sensor supply outputs generated by the TLF35584, which pro-
vide power to motor position sensors off the board, two additional voltage trackers
have been implemented to power other sensors (including current sensors) via the
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gate-driver interface. These voltage trackers are sourced from Vpre and configured
to track the V5.0A output, ensuring stable and consistent voltage delivery. The
TLE4253E 1C was selected for this purpose to ensure that both the sensors and
the ADC share the same reference voltage, thereby improving the accuracy and
reliability of sensor readings.

In addition to the Infineon TLF35584 PMIC, which powers the 5 V circuits, the
board employs two specific DC-DC converters to further regulate the power supply
to lower voltage levels:

e 3.3 V: The 3.3 V required for powering some of the board’s logic circuits,
such as the Ethernet interface, and other components is generated by an LDO
(Low Dropout Regulator), specifically the NCV1117ST. This LDO steps down
the 5.8 V output from Vpre to 3.3 V. Favored in applications where noise
sensitivity is a concern and the input-to-output differential is minimal, LDOs
help maintain a clean and stable output voltage with minimal power loss.

e 1.25 V: The generation of 1.25 V is handled by a buck converter, the
TLF11251LD, which efficiently reduces Vpre’s 5.8 V down to 1.25 V. This
voltage is crucial for powering internal functions of the microcontroller, such
as its core logic. The lower voltage significantly reduces the overall power
consumption of the microcontroller, which is essential for minimizing heat
generation and enhancing energy efficiency. Buck converters are preferred
when there is a substantial difference between the input and desired out-
put voltages, offering better efficiency than LDOs under such conditions and
thereby minimizing heat production.

4.3 Power Consumption Estimation

During the control board design, it is essential to verify whether the onboard Power
Management IC (PMIC) can supply the required current. This is crucial to prevent
power failure of on-board circuits or overheating, which could lead to malfunction
or damage to the board.

The current consumption for each board component was estimated based on
datasheet specifications. In addition to the primary components, design choices
such as pull-up resistors, especially those with low resistance values, were also
considered, as they can draw a non-negligible amount of current, contributing to
the overall power consumption during operation.

The data was organized in a spreadsheet, with the results shown in appendix
A. This analysis accounts for the power consumption of all voltage regulators on
the board. However, the TLF35584 was identified as the most critical component
due to its configuration, which includes a switching pre-regulator and multiple
Low-Dropout (LDO) post-regulators. Additionally, all other regulators draw their
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current from the pre-regulator (Vpre), meaning their power consumption is indi-
rectly sourced from the TLF35584. To accurately estimate power losses within this
chip and assess its thermal performance during operation, the following approach
was applied.

For each LDO output of the TLF35584, power dissipation was calculated by
multiplying the drawn current for the voltage drop across the LDO. The drop is
given by V,,. = 5.8 V minus V,,; = 5 V, resulting in a 0.8 V difference for all the
post regulators. The total power dissipation for the post-regulators on the chip was
then obtained by summing the losses of each LDO. To account for the worst-case
scenario, the two sensor supply outputs of the TLF35584 were estimated at their
maximum rated current.

To estimate the losses in the switching pre-regulator under worst-case condi-
tions, parameters from the TLF35584 datasheet were applied. Although it operates
as a synchronous buck converter, only the two switching transistors are integrated
on-chip, while components such as the inductor and output capacitors are external.
Therefore, the loss estimation focuses on the switching and conduction losses of
the internal transistors. The mathematical derivation presented below does not
account for dead times between the two switches. However, to introduce a safety
margin and compensate for this exclusion, the total current drawn from Vpre was
approximated by rounding up. This leads to a higher current value, resulting in an
overestimation of the losses.

4.3.1 Derivation of Pre-Regulator Total Power Losses

To start the following parameters are defined:

V,=58V,I[,=12A, L =22x10"%H, f, =400 kHz
R, =063Q, R, =03Q,t, =14 ns, t; =18 ns
The duty cycle D is defined as:
Vs
D=—
Vin
The inductor current ripple I, is given by

;- W=V D_V, 1-D Vi = Vo
L fs L fs L Vafs

The maximum and minimum inductor currents are:

Vo V=V

I

]max = Io =
+ 2

I

Imin = Io -
2
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The RMS currents for each switch using Flat-Top Approximation are given by:

]l,rms = Io ' \/5
[2,rms:Io' vV1—D
The conduction power losses for each switch are given by:
‘R,
Ry

Pcl :Ii

rms

Po=12

,rms

The switching losses are given by:

Pslz%'(tr'vin'lmin_’_tf"/in'lmax)
.
Ps2_5.(tr'vgn']max+tf"/;n']min)

The total power loss P is the sum of the conduction and switching losses:

]Disot:Pc1+Pc2+Psl+Ps2

Vpre Losses
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Figure 10: Plot of the total power losses of the TLF35584 pre-requlator.
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4.3.2 Thermal Considerations

This mathematical derivation was then implemented in Matlab environment to
obtain a plot of Py, vs V;,.

From Figure 10, it is evident that the total power losses (P;y) of the pre-
regulator reach their minimum near the nominal input voltage. However, as the
input voltage moves towards the extremes of the operating range, the losses increase.
The worst-case scenario occurs at the minimum input voltage (Vin = 9 V), resulting
in a total power loss of 0.8765 W.

This value, combined with the losses from the post-regulators within the chip,
leads to a total power dissipation of 1336 mW. This value is then multiplied by the
thermal resistance "junction to ambient" (37 K/W), as specified in the datasheet,
to calculate the temperature rise during operation. The result of this analysis shows
an approximate temperature increase of 50 °C under worst-case conditions.

Considering a water cooling system temperature of approximately 60-65 °C for
the inverter and a delta of 20 °C for the air inside the inverter enclosure, the oper-
ating temperature for the control board is assumed to be around 85 °C. Given this
starting condition, the worst-case scenario of a 50 °C temperature rise still remains
below the maximum rated temperature of 150 °C, ensuring that even under extreme
load conditions, the TLF35584 remains within a safe operating temperature range.
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Chapter 5

Analog Position Sensors

5.1 Overview

The control of three-phase electric machines in electric powertrains relies heavily
on the accurate acquisition of rotor position. This information is essential for the
proper generation of the stator magnetic field. This requirement is not limited
to Permanent Magnet Synchronous Motors (PMSMs) but is also crucial for other

electric machines proposed for electric powertrains, such as Induction Motors and
Switched Reluctance Motors (SRM) [24].

Errors in sensor data can result in imprecise motor control, leading to various
problems within the powertrain system, such as reduced efficiency, shorter driving
range, and diminished driving quality due to torque ripple. These inaccuracies
can be caused by several factors, including sensor misalignment, shocks, vibrations,
temperature fluctuations, and magnetic interference. Additionally, data processing
errors, such as latency, jitter, noise, incorrect sampling frequencies, and quantiza-
tion failures, can further exacerbate these issues [25].

Traditional mechanical position sensors are commonly used to gather rotor po-
sition information. However, these sensors can introduce challenges, including in-
creased motor volume, shaft rotation inertia, and reduced power density. The
installation of these sensors increases motor complexity, raises system costs, and
complicates maintenance, particularly in motors with a high pole count, where
installation accuracy is crucial. [26].

To address the limitations of mechanical sensors, sensorless control technologies
have been developed and have gained significant attention in motor control research.
These technologies replace conventional mechanical sensors with software-based
solutions that analyze motor voltage and current in real time to determine rotor
position. This approach enhances detection reliability, extends motor service life,
simplifies connections between inverters and motors, reduces system costs, and
improves overall system reliability [26].
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Despite the potential of sensorless technologies, the sensored solution offers sev-
eral advantages. It enables motor operation at low speeds, where sensorless schemes
fail due to insufficient back-EMF for rotor position detection, making it ideal for
applications requiring maximum torque at zero speed [26]. It also ensures accurate
commutation at very high speeds, where back-EMF transitions become difficult to
differentiate. Additionally, sensored systems require simpler software implementa-
tion, as they eliminate the need for complex algorithms and real-time estimations
found in sensorless designs. This results in reduced CPU resource usage and lower
computational power requirements [27]. For these reasons and due to the automo-
tive stringent reliability requirements the sensored rotor angle detection remains
the industry standard for automotive applications [24].

A variety of rotor shaft position sensor technologies are available for PMSMs,
including resolver types, inductive/eddy current-based sensors, magnetoresistive
sensors, and encoders [11].

From the perspective of the control board, sensors can be categorized according
to their output data into analog or digital. This chapter focuses specifically on
analyzing the characteristics and integration of analog sensors, discussing how their
signals are conditioned and processed within the board.

The primary challenge when interfacing external analog signals lies in ensuring
that the signals fall within the acceptable input voltage range of the onboard ADC.
Additionally, the conditioning circuit must be designed to effectively filter out any
noise that may accumulate along the connection wiring, which is often long and
exposed to environments with high electromagnetic interference (EMI).

The analog position sensors, commonly referred to as SinCos sensors, generate
two analog signals in the form of sine and cosine waveforms as the motor rotates.
Once these signals are digitized by the Analog-to-Digital Converter (ADC), the
microcontroller calculates their ratio, representing the tangent of the angle 6. To
determine the angle #, the microcontroller typically utilizes a precomputed lookup
table (LUT), which relates signal ratios to their corresponding angle values. To
optimize size and processing speed, the LUT typically covers a limited range (e.g.,
0° to 45°). Trigonometric identities are then applied to extend the calculation
to the full 360° range, ensuring efficient angle computation without encountering
singularities [28][29].

Depending on the sensor configuration, the connection to the control board can
be either single-ended or differential. In both cases, the sensors are powered by the
board via dedicated 5 V supply lines. This ensures that both the sensors and the
ADC share the same reference voltage, which helps to guarantee that the sensor
outputs are already within the input voltage range of the ADC.

In a single-ended connection, each signal (sine or cosine) is transmitted over a
single wire, with the waveform modulated between 0 and 5 volts, meaning it includes
a DC component centered around 2.5 V (half the ADC’s dynamic range). This type
of connection requires fewer wires and a simpler conditioning circuit, as the board
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only needs to implement a low-pass filter to cancel out high-frequency noise without
the need to rescale or adjust the signal for the ADC input. However, the major
drawback of this configuration is its poor noise immunity, making it less suitable
for noisy EMI environments, such as those found in automotive applications.

To improve noise rejection, a differential connection is often used. In this setup,
each signal (sine and cosine) is transmitted over two wires: one wire carries the
original signal, as in the single-ended connection, while the other transmits an
inverted copy of the signal (mirrored around half dynamics: 2.5 V).

5.2 Conditioning Circuit Design

Ry 3.9k
ViV ) — ADC
Single— Ended
Dif ferential+
Dif ferential— — e
— 1nF

\Y%4 \Y%4

Figure 11: Circuit diagram showing the adopted solution for conditioning single-ended and
differential analog position sensor signals.

To maintain flexibility in the board design, allowing it to accommodate both
single-ended and differential input configurations, a blended solution was imple-
mented. The single-ended input is in common with the positive input of the differ-
ential circuit, and the output selection between the two configurations is managed
via an analog multiplexer.

The single-ended conditioning circuit consists of a passive low-pass RC filter,
made by R4 and C} chosen respectively equal to 3.9 k{2 and a 1 nF. In particular,
the capacitor Cj is placed after the multiplexer, close to the ADC pin of the micro-
controller, to stabilize the signal and ensure consistent readings. This placement
also has implications in the design of the differential circuit, as the capacitor is lo-
cated on the shared line after the multiplexer, affecting both input configurations.
The implemented design achieves a cutoff frequency of approximately 40 kHz. A
more detailed analysis of the filtering requirements for the conditioning circuit will
be discussed in the section addressing the differential analog position sensors.

To ensure compatibility with differential SinCos sensors, the onboard condition-
ing circuit must perform three operations: first, the signals need to be subtracted
from each other; second, the result of this subtraction must be scaled down by half
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to match with the ADC’s input voltage dynamic; third, it must add a DC offset to
translate the output signal between 0 and 5 volts. This differential configuration
offers superior noise immunity because external noise affects both wires equally. By
subtracting the signals, the common noise is canceled out, providing cleaner data
for the control board to process.

The design solution selected to meet these requirements is an operational ampli-
fier (op-amp) configured as a generalized adder. Another viable option considered
is an instrumentation amplifier, which would provide superior common-mode noise
rejection. However, this approach presents challenges in sourcing an automotive-
compliant, single-supply, and compact integrated circuit at a reasonable price. Fur-
thermore, given that the board is designed to interface with two motors, each con-
ditioning circuit is instantiated twice, effectively doubling the cost. This made the
selected design even more advantageous in terms of overall cost and component
sourcing.

Two 100 k€2 pull-down resistors have been added to the differential inputs (one
for each) to bring the line to GND if not used or disconnected. Given their relatively
high resistance, they do not affect the operation of the generalized adder, as will
be discussed and confirmed through simulation later in this chapter.

Ry 22k
V5.0A AAAY
R, 22kQ V.
V;',n+ + VB Rg 240 Q
AVAVAY Vout
Rpullfdown RO JR — Cl P
100k 22k —T— 470pF Cy 470 pF ooy
| | —T— 10nF
< < | ]
Ry 22KkQ2 Rpr 11kQ \Y4
Vin— AVAVAY

Rpull—down
100 k2

Figure 12: Circuit diagram showing the adopted solution for conditioning the SinCos
differential input signals.

The circuit shown in Fig. 12 is designed to perform the signal conditioning
functions previously described. The simple subtraction of the two input signals
(which are one the inverse of the other), results in a doubled amplitude with no
DC component. This would exceed the dynamic output range of the operational
amplifier leading to a clamped output waveform without the negative half period.
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To avoid this, the input signals are fed into the adder through two branches,
each with a gain magnitude of %, one positive and one negative, since they need to
be subtracted. This ensures that the resulting signal remains within the op-amp’s
operational range.

Furthermore, an offset is required to keep the output waveform within the ADC
admissible range. This is accomplished through an additional branch on the positive
side of the adder, which derives the necessary offset from a 5 V supply with a gain
of % The chosen reference voltage supply "V5.0A" is the one provided by the
onboard PMIC with the lowest ripple and most stable output, to ensure a precise
offset of the output waveform.

Additionally, to ensure the correct operation of the generalized adder, the fol-
lowing condition between branch gains must be satisfied:

A, = A, +1

where A, represents the sum of all positive branch gains, and A,, represents the
sum of all negative branch gains. Currently, this condition is not met, as we have
discussed a gain of % on the negative side and two gains of % on the positive side.

To balance the system, a "dummy" branch is added on the positive side with
the remaining gain of 3. This branch is connected to 0 V (GND) to ensure that
the overall gain condition is fulfilled but the desired behavior on the output is not
altered.

Let consider V,, and Vj,_ represent the two input signals, and let V represent
the output of the adder. The overall desired transfer function of the circuit is
described by the following equation:

Vi = 3Vins = 5Vine + 3

The resistors in the circuit define the gain for each branch. Let R;, represent
a generic input resistor in a generic input branch, and R represent the feedback
resistor. Since the gain is uniform across all branches, in this particular case, the
following relationship holds:

1
V5.0A + §GND

Ry 1

Ry, 2

This result indicates that identical input resistors are used for each branch,
meaning R;, = Ry = Ry = Ry = Ry. In the final implementation, 22 k() resistors
were used consistently throughout. To meet the requirement for the feedback re-
sistor value, two resistors equal to R;, were placed in parallel in the feedback loop,
effectively achieving the desired resistance.

While this approach is slightly more expensive in terms of the number of compo-
nents and PCB area, it offers improved accuracy. All resistors in the design share
the same resistance value which means that they are typically sourced from the
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same production batch, ensuring consistent deviation from the nominal value and
thus better overall circuit performance. Additionally, this method minimizes the
number of unique part numbers, simplifying the bill of materials (BOM).

5.2.1 Filter Design

Due to the non-negligible tolerances of real components, the branches of the adder
will not be perfectly balanced, leading to residual noise after signal subtraction. Ad-
ditionally, even in well-constructed systems, there will always be minor differences
in the noise accumulated on one wire compared to the other within the differential
pair. These differences necessitate a filtering stage within the differential condition-
ing circuit.

An important aspect of the filter design is the input frequency of the sine and
cosine signals. The frequency of these signals is critical for proper filter design,
as it directly impacts the cutoff frequencies required for optimal noise attenuation
without signal distortion. Understanding how this frequency is determined requires
an examination of the relationship between the motor’s speed and its pole pairs.

The number of pole pairs refers to the number of north-south magnetic pairs in
the rotor. During each mechanical revolution of the rotor, the position sensors on
the stator detect changes in the magnetic field, which are multiplied by the number
of pole pairs.

What is obtained is the electrical frequency (w,) that is directly related to the
SinCos input frequency, and is related to the motor’s mechanical speed (w,,) and
the number of pole pairs (p) by the following equation:

We = Wm X P

To better understand this concept, the motor employed in the HIEFFICENT
project will be used as an example.

To determine the SinCos input frequency, the following data was derived from
the Elaphe M700 motor specification:

Motor pole-pair number: p = 28
Maximum speed at 400 V: w,, = 1000 RPM

The mechanical speed is given in revolutions per minute (RPM). To convert
this to revolutions per second (RPS), the following equation is used:

~ 1000RPM

= = 16. P
60 seconds 6.67 RPS

Wm

Each mechanical revolution corresponds to one electrical cycle per pole pair.
Therefore, the frequency of the SinCos signals is the product of the mechanical
speed (RPS) and the number of pole pairs:
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fsinCos = Wm X p = 16.67 RPS x 28 pole pairs = 466.76 Hz

Thus, the frequency of the SinCos signals for the M700 motor, operating at its
maximum speed of 1000 RPM with a 400 V DC-Link, is approximately 467 Hz.
This frequency is a key factor to consider in the filter design to ensure it adequately
filters out noise while preserving the integrity of the signal processed by the ADC.

To address this, a two-stage filter has been implemented taking as a reference a
generic input frequency of 1 kHz. The first stage consists of a first-order low-pass
filter integrated directly into the adder. The second stage is a passive low-pass RC
filter applied to the output of the generalized adder. This filtering approach ensures
effective noise suppression by achieving a -40 dB/dec slope for higher frequencies,
reducing unwanted noise while preserving the integrity of the differential signal.

The mathematical derivation for the positive and negative input transfer func-
tions is presented below. This is done using the principle of superposition, where
each input is considered active individually, while the others are turned off.

For V,,_, the transfer function corresponds to that of an inverting amplifier
configuration:

where Zy = Rp || Cs.

For Vj,,,, the computation is performed in two stages: from the input to V4 and
from V4 to the output of the adder (V). A similar derivation can be applied to
the other positive input branches.

From the input to node "A":

Vi 4
Vinge Ri+ 724

where Zl = R2 H RO H Cl.
From node "A" to node "B", the transfer function corresponds to a non-inverting
amplifier configuration.

Vb Zo
B4 22
Vi R
Thus, the total transfer function for V;,, becomes:
Ve Vi Ve 21‘0+@>_ Z  Ru+2
Vint  Vinr Va R+ 23 Ry R+ Z; Ry

If:

Ry+72y,=Ri+ 7= Ry =R, and o= 11
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Then:

Ve 7
V;n—i- B RN

This result holds under the condition that Ry = Ry, which has already been
addressed in the adder design discussed earlier. Additionally, the condition Zy = Z;
must be satisfied. While the relation Ry || Ry = Rp is already ensured by the design
of the generalized adder, the requirement C; = C5 must also be fulfilled. This is
accomplished by selecting both capacitors C; and C5 to be equal. In the design,
the capacitance value has been chosen to be 470 pF.

Thus, this conclusion shows that both inputs share the same transfer function,
differing only by a negative sign, and therefore undergo the same filtering effect.

Using the negative input transfer function as an example:

1
‘Zf_ = —g—i (Passband Gain) X 15 sCotr (Low-Pass Filter)

The cutoff frequency f. is given by:

1
fc N 27TC2RF

Substituting the values for Rp = 11 k2 and Cy = 470 pF:

1
271 x 11 kQ x 470 pF

The second filtering stage is implemented at the output of the operational am-
plifier, consisting of an RC low-pass filter formed by a series resistor (R3) and a
capacitor (C3). The selected values for this stage are Ry = 240 Q and C3 = 10 nF.
Since C} is in parallel with C}, the previously mentioned 1 nF capacitor near the
microcontroller’s analog pin, the total equivalent capacitance is 11 nF, and the
expected cutoff frequency is calculated as:

fe ~ 31 kHz

1
21 x 240 Q x 11 nF

The interaction between the two filtering stages is now considered. The overall
transfer function, from the differential input to the ADC, is obtained as the product
of the two transfer functions. The second stage does not introduce any additional
gain but contributes a second pole, which causes the slope of the Bode plot to
increase to -40 dB/decade beyond the cutoff frequency.

The overall transfer function, starting from the negative input, is derived as the
product of the transfer functions of the two filters:
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Vout VeV, Rp 1 1

ij, _Vtm, V_B:_R_N 1+SCQRF.1+803R3

The canonical form of the second-order low-pass filter transfer function is given
as:

2
wp 1

52 4+ 2Cwos +wg 5_23+2£w_i)+1

Omitting the pass band gain, the overall transfer function, rewritten in its
canonical form, is expressed as:

1
SQCgRgchF + S(CgRg + CQRF) +1

From this, the natural frequency wy can be derived by identifying the coefficient
of 52, yielding:

1
B 271'\/ CgRgCQRF
The quality factor @ is also determined as:
Q - i oV C3R302RF
2¢  C3R3+ CyRp

The quality factor @) characterizes the behavior of the transfer function at the
natural frequency. In this case:

2 ~ 43.08 kHz

~ 0.473

v,
=Q=0473~ —6.5dB
Vi |

0

This value will be verified through simulation and testing to confirm that the
mathematical derivation aligns with the actual behavior of the implemented circuit.

This dual-stage filtering approach effectively attenuates high-frequency noise,
ensuring a clean signal at the ADC input without introducing distortion or delay
within the operational frequency range.

5.3 Simulation

In the simulation of the design, the real component model of the operational ampli-
fier was imported directly into the LTSpice environment from the Texas Instruments
website [30]. This step was taken to ensure the simulation reflected the most ac-
curate behavior of the circuit. The remaining components were considered ideal to
avoid unnecessary complexity in the analysis.
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Figure 13: LTspice scheme of the differential SinCos conditioning circuit.
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Figure 14: Frequency domain simulation result.

The frequency response of the circuit was evaluated with the "AC analysis"
command built into LT'Spice. From the generated bode diagram, the simulated
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-3 dB cutoff frequency was derived to be 25.68 kHz (Fig. 14). This frequency was
key in determining the low-pass filtering characteristics of the circuit.

Also, the behavior at the natural frequency was evaluated. The simulation
results precisely match the expected behavior of the circuit. At 43.08 kHz the bode
diagrams show an attenuation of -6.48 dB pretty close to the -6.5 dB expected value

V(a) Vib) V(out)

0.0V
0.0ms .2ms 0.4ms
V{out): (765.12262y15,11.465888mV)
V{out): (1.266485ms,4.9881657V)
delta: (501.3624y:s,4.9766998V)

0.6ms 0.8ms 1.0ms 1.2ms 1.4ms 1.6ms 1.8ms 2.0ms

Figure 15: Time domain simulation results with 1 kHz input frequency.

The time-domain simulation was conducted using the "Transient" mode in LT-
Spice. Repetitive simulations were performed by varying the input signal frequen-
cies to observe the behavior of the output waveform under different conditions.
A benchmark input frequency of 1 kHz was selected as a representative case to
evaluate the filter’s behavior in the passband.

As shown in Fig. 15, the output amplitude at 1 kHz in the simulation was
approximately 4.98 V, which closely matches the input amplitude of 5 V. The
-3 dB amplitude was calculated by multiplying the input amplitude by the factor
LQ, resulting in a value of approximately 3.54 V.

At 25 kHz, as depicted in Fig. 16, the resulting output amplitude closely aligns
with the calculated -3 dB value, with a minor deviation (3.63 V vs. 3.54 V). This
slight difference is consistent with the expected frequency response because the
input frequency of 25 kHz is slightly below the cutoff frequency. As a result, the
observed amplitude is marginally higher than the ideal -3 dB value.

In conclusion, this small mismatch does not contradict the circuit’s calculated
cutoff frequency from the AC analysis. Rather, it demonstrates consistency between
the time-domain and frequency-domain simulations, validating the filter behavior.
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delta: (20.26087p15,3.6331277V)

Figure 16: Time domain simulation results with 25 kHz input frequency.

A comparison of the two time-domain simulations reveals significant differences
in signal behavior at the two frequencies. At 1 kHz, the input and output signals are
nearly indistinguishable, indicating that the circuit operates within the passband
without introducing any noticeable attenuation or phase delay. However, at 25 kHz,
a clear attenuation and delay in the output signal relative to the input can be
observed.

The measured delay at 25 kHz was approximately 6.9 us. To determine the
phase shift between the input and output signals, the delay was divided by the
period of the input signal and then multiplied by 360 degrees. This yielded a phase
shift of approximately 62°, which aligns well with the AC analysis (Fig. 14), where
the phase shift at 25 kHz was measured at 61.75°. This close agreement between the
time-domain and frequency-domain analyses confirms the consistency and accuracy
of the measurement results.

5.4 Testing

A measurement was conducted on the physical circuit to validate the expected
behavior of the components and the overall system performance. The purpose of
the test was to ensure that the measured results align with theoretical predictions
and simulations conducted earlier.

The measurement was conducted with input sine waves generated by the signal
generator at frequencies of 1 kHz and 25 kHz to assess the performance of the
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circuit. The oscilloscope was used to observe the output waveforms and compare
them to the expected behavior.

At 1 kHz, the circuit exhibited a slight amplification behavior, which resulted
in a clamped output waveform when the input was set to a 5 V peak-to-peak
amplitude. The measurement demonstrates that the actual input range is less
than the nominal one of 0-5 V. However, the reduced range does not affect normal
operation since input waveforms from the SinCos sensors usually do not fully utilize
the entire dynamic range.

For example, the Elaphe M700 motor, as previously discussed, uses SinCos
sensors that operate with a dynamic range of 3.6 V 4= 0.8V even though they are
supplied at 5 V.

Therefore, to better measure and test the circuit, the amplitude of the two
input signals was reduced to achieve a non-distorted sinewave at the output. The
observed amplification was calculated as the ratio between the output amplitude
and the input amplitude, and it was evaluated as follows:

Py <
L S L e
= ~ I = —
ﬂ -
av|

Measure P1lampl(Add... P2:ampl(ADC... P3:ampl(Vin+] P4:frea(Vin+) P3:hold(Vin+.... P6:hold(Vin+, P7--- P8:-- - Pg:--- PAD:- - - P11 - - P12:---
value 45845V 45807V 43815V 1.0003313 kHz
status v

L L LA

: : Timebase 0 s||Trigger L5 L8

: : 200 ps/div| Ao 150 V

1.00 Vidiv 1.00 Vidiv 1.00 Vidiv| 1.00 Vidiv 2 MS 1GSis|Edge Positive
-3.0000 V -3.0000 V 20000 V 20000  {SNSNR :

Figure 17: Oscilloscope capture at 1 kHz input frequency; on the upper graphic differential
inputs, on the lower graphic the output of the adder and the ADC input.

From the oscilloscope measurement in Fig. 17, the input amplitude Vj,  is
approximately 4.38 V, and the output amplitude V4pe is approximately 4.58 V.
The amplification factor A, is calculated as:

_ Output Amplitude  4.58 V
~ Input Amplitude  4.38 V

Thus, the amplification factor is:

A, ~ 1.045
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At 25 kHz, the circuit exhibited the expected behavior, with the output wave-
form closely matching both theoretical predictions and simulation results. The
inputs were once again driven with the full voltage swing, ranging from 0 to 5
volts. The measured output amplitude of 3.586 V confirmed the expected -3 dB
attenuation, aligning almost perfectly with the simulated value of 3.63 V.

The oscilloscope capture of the waveform is shown in Fig. 18, illustrating the
accuracy of the measurement and the consistency with the simulation findings.
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Figure 18: Oscilloscope capture at 25 kHz input frequency; on the upper graphic differential
mputs, on the lower graphic the output of the adder and the ADC input.

The delay measured during the simulations at 25 kHz was confirmed by the
measures taken on the oscilloscope. The delay found in the real circuit is 7 us very
close to the 6.9 us of the simulation.

A frequency-domain analysis was conducted using the Analog Discovery 2, a
USB oscilloscope, to measure the actual frequency response of the circuit. The
Analog Discovery 2 produces Bode plots via the network analyzer function, exploit-
ing the internal function generator, at selected starting and stop input frequencies,
amplitude, and number of samples. The tool automatically sweeps through the
defined frequency range, measuring the circuit’s output and calculating the gain of
the transfer function between the input and output. The results are then plotted
as a frequency-based Bode plot.

Due to the limitation of selecting only one input as the frequency sweep source, it
was not possible to measure the frequency response when the circuit was configured
as a differential amplifier. To approximate the desired behavior, the positive input
was set as intended to 5 V peak-to-peak with a 2.5 V offset while the negative input
was supplied with a DC voltage equal to 2.5 V to counterbalance the offset on the
positive branch.

The results are shown in Fig. 19, where the blue curve represents the overall
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circuit response, and the yellow curve depicts the filtering effect observed after the
first stage (the output of the adder).
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Figure 19: Frequency response measured with Analog Discovery 2: Blue curve shows full
circuit, yellow curve shows first filtering stage.

The cutoff frequency for the complete circuit (blue curve) was measured at
approximately 25.8 kHz, which is just above the simulated value but still very
reasonable, accounting for component tolerances and parasitic.

The observed discrepancy between the simulated and measured Bode diagram
amplitude is due to the difference in how the magnitude is reported by the tools
used. Specifically:

e LTSpice reports the magnitude as the peak voltage at the output. This
means that the value displayed in the Bode plot (8 dB in the passband)
directly corresponds to the actual output voltage (2.5 Vpeax)-

e Analog Discovery 2 calculates the magnitude as the ratio of the output
voltage to the input voltage. In this case, the reported value (-6 dB in the

passband) represents the transfer function Y2, which reflects the relationship

Vin
between the input and output signals (% = 0.5).

Because of this difference in reference, the amplitude at 1 kHz (and other fre-
quencies) appears higher in the LTSpice simulation, as it represents the absolute
output voltage. On the other hand, the Analog Discovery 2 tool reports the normal-
ized transfer function, which inherently takes the input signal into account. Taking
this difference in the results reports, the measured and the simulated Bode plots
are well aligned.
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Also, an evaluation of the natural frequency was performed. the results found
by testing the real circuit are pretty close to the simulation. the gain of the whole
conditioning circuit transfer function at ~ 43.1 kHz is found at -6.54 dB, a value
that agrees with the simulation results.

The design validation performed by the simulation of the circuit and the testing
of the board confirmed the precise compliance to the design expectation, aligned
with the overall system requirements.
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Chapter 6

Digital Position Sensors

6.1 Overview

There are several methods by which a digital sensor can provide the rotor’s position
to the microcontroller, each with varying levels of complexity and precision. One of
the simplest methods involves the binary output of a latching device, such as a Hall
effect sensor, combined with other sensors placed on different phases of the motor.
This setup usually employs three Hall sensors, one per motor phase, to monitor the
rotor’s magnetic field and determine its position.

B Halla n . —
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Figure 20: Siz-Step Motor Commutation Control Scheme for a PMSM motor with one
pole-pair [2].

In a basic implementation, each Hall sensor outputs either a high (H) or low
(L) signal, indicating whether the North or South pole of the rotor magnet was the
last to pass by the sensor. The three Hall sensor outputs form a 3-bit binary code,
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where each unique combination corresponds to a specific step in the commutation
sequence. The commutation sequence is the predefined order in which the inverter
switches are activated to energize the appropriate motor windings, ensuring the
rotor moves smoothly and efficiently. This simple coding scheme enables the mi-
crocontroller to determine which motor phase needs to be energized next to drive
the rotor in the desired direction.

An important distinction is that with analog sensors, the resolution of posi-
tion sensing is determined by the number of samples acquired by the ADC and is
therefore not dependent on the sensor itself. In contrast, with digital sensors, the
resolution is finite and limited to the number of sensing elements [27].

Taking the Elaphe M700 motor as an example, assuming it is equipped with 3
Hall effect digital latching sensors, the achievable resolution is obtained by dividing
the full turn angle by the product of the number of pole pairs and six (the number
of possible combinations of the three inputs).

360°
M =
axRes 78 % 6

The simplicity of this method makes it suitable for many applications, espe-
cially in cost-sensitive designs, as it requires minimal processing power and can
operate efficiently even with low-resolution sensors. However, for applications with
high-speed motors, where typically the pole pair count is smaller, Hall effect-based
sensors require a large number of Hall elements to achieve sufficient accuracy, which
increases the costs [11].

=2.14°

6.2 Conditioning Circuit Design

Ry 1k Ry 10k$2
‘/in ’ ’ /\/\/\/ /\/\/\/7'7 out
Rpull—up BAV99 Rpull—down _— Cl _— CZ
—T— 4.7nF —T— 470 pF
3.9k 22k
PullSelect \Y4 \Y4

Figure 21: Clircuit diagram showing the adopted solution for conditioning the digital posi-
tion input signals.

When using latching Hall effect sensors, the frequency of the digital signals on
the microcontroller’s input channels is determined by the electrical frequency of
the motor and is expressed in the same manner as discussed in the analog sensors
conditioning chapter.

42



Digital Position Sensors

A conditioning circuit is still required to properly interface digital position sen-
sors to reject noise that could result in errors in the data transmission. The circuit
implemented on the board has been designed to properly handle the digital signal
in the intended frequency range while effectively rejecting noise. To achieve this, a
second-order low-pass filter is employed, which provides a double-pole characteris-
tic. This is implemented by cascading two RC low-pass filters with the same cutoff
frequency.

The transfer function can be derived as follows:

Vout _ Ch || (Re + Cy) . Cy
Vi RI+Cy || (Ry+Cy) Ry+Cy

which in the Laplace domain become

1
$2R1R2C102 +s [Rl (Cl + CQ) + RQCQ] +1

From this expression, similar to the analysis of the analog sensors, the natural
frequency and quality factor of the circuit can be identified. By design, the two
poles introduced by the RC stages are placed at the same frequency, resulting in a
natural frequency that coincides with the cutoff frequency of both filters.

Since the cutoff frequency of a single-stage RC low-pass filter depends on the
product R-C, the implementation of the two stages can be done with either identical
values for both stages or with different component values that maintain the same
RC product. If both stages are designed to be identical, the quality factor of the
total transfer function will be ) = % This is suboptimal, as it results in an
attenuation of -9.54 dB at the designed cutoff frequency.

To achieve better performance, the two stages can be designed with the same
RC product but with component values that differ by a decade. This approach
significantly improves the quality factor, and it was the solution chosen for imple-
mentation on the board. Specifically, the values chosen are R;=1 k{2 and C1=4.7 nF
for the first stage, and Ro=10 k€2 and C;=470 pF for the second stage. The result-

ing natural frequency can be calculated as follows:

1
fO B 27T\/ RleCng

The quality factor @) is determined as:

Q . 1 . vV R1R2C1C2 . 10
20 R (Cr+Cy) + ReCy 21
This quality factor corresponds to an attenuation of -6.44 dB at the natural
frequency, which is a significant improvement compared to the previous solution.
It is important to note that, when cascading two passive RC filters with the same
cutoff frequency, the maximum achievable quality factor is % This means that the
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chosen design, where the component values of the two stages differ by a factor of
10, already provides a substantial improvement over a design where both stages are
identical.

This design solution provides proper filtering of high-frequency noise while al-
lowing the digital signal of interest to pass through without any considerable data
integrity problems.

Additionally, the way sensors drive the digital line must be considered, as some
may be push-pull, while others may be open drain configurations. To maintain
flexibility, a selectable pull resistor circuit is implemented. The selection of the pull
resistor is controlled through a dedicated line and two diodes. The configuration
of this line (high or low) determines which diode is activated, and consequently,
which resistor is used to pull the external digital line.

In the push-pull configuration, no pull-up resistor is required, as the sensor is
capable of driving the line both high and low. In this case, the circuit should
include a weak pull-down resistor, with a sufficiently high value to avoid interfering
with the sensor’s driving capability. The pull-down resistor provides a diagnostic
feature: in the event of disconnection or malfunction of the sensor, the resistor will
pull the line low, allowing the microcontroller to detect the fault condition.

In the open-drain configuration, the sensor can only pull the line low, while the
high state is maintained by an external pull-up resistor. The pull-up resistor must
have a sufficiently low resistance to ensure fast signal transitions. However, since
the sensor signal originates from the external environment, potential faults, such
as a short to the battery voltage, must be considered. This issue is addressed by
placing a diode in series with the pull-up resistor, which prevents reverse current
flow during a short-to-battery event. As a result, this configuration eliminates the
limitation on the pull-up resistance value while providing protection against fault
conditions.

Nevertheless, the pull-up resistor value is still constrained by several factors,
including the power ratings of both the diode and resistor. Lower pull-up resistance
values can result in overcurrent conditions in the sensor and the component driving
the pull-select line if the current exceeds their rated capacity. To mitigate this risk
and minimize unnecessary power dissipation, a pull-up resistance value of 3.9 k{2
was chosen for the final design. This value strikes a balance between achieving fast
signal transitions and preventing sensor overload.

6.3 Simulation

A simulation of the circuit was conducted using an NMOS transistor, specifically
the BS170, to emulate the output of an open-drain sensor. Additionally, a model
of the BAV99 diode was imported from the Nexperia website [31] to accurately
replicate the behavior of the real circuit.
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Figure 22: LTspice scheme of the digital position conditioning circuit.

Figure 22 presents the electrical schematic as configured in the LTSpice simula-
tion environment. The initial simulation involved a transient analysis of the circuit,
operating at a reference input frequency of 1 kHz. The results demonstrated that
the circuit performed as expected.

The output of this transient simulation is illustrated in Figure 23.

V(in) V{out)

0.0ms 0.2ms 0.4ms 0.6ms 0.8ms 1.0ms 1.2ms 1.4ms 1.6ms 1.8ms 20ms 2.2ms 24ms
V(in): (498.6376115,56.77974mV)
V(out): (543.59673y15,3.4839502V)
delta: (44.959128ys,3.4271705V)

Figure 23: Time domain simulation results with 1 kHz input frequency.

During the simulation, the delay introduced by the circuit was measured, with
particular attention to the rise time, where the pull-up resistor plays a critical role
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in the speed of the transition. The delay interval was measured from the beginning
of the sensor’s signal transition to the point where the logic level on the microcon-
troller side reached the "Vig" (input high voltage) threshold for CMOS/Automotive
logic, which is 3.5 V according to standard specifications. The measured delay was
approximately 45 us, which represents around 4.5% of the input signal’s period.
While this is relatively high, 1&M experience has confirmed that this delay does
not compromise the precision of the position readings, ensuring accurate perfor-
mance during standard operation.

The falling-edge delay was also measured at approximately 14 us. This interval
was taken from the start of the falling edge on the sensor side to the point where the
logic level reached the "Vi," (input low voltage) threshold on the microcontroller
side, which is 1.5 V in accordance with CMOS/Automotive logic standard.

An AC analysis was performed to verify the actual cutoff frequency of the circuit
using the ".ac" function in LT'Spice. For this simulation, the voltage generator V}
was directly connected to the input of the circuit, bypassing the NMOS BS170
transistor. The simulation generated a Bode plot with a frequency range from
1 kHz to 1 MHz.

The -3 dB cutoff frequency was measured at approximately 20.36 kHz, which
is, as expected, lower than the natural frequency of the circuit. The Bode plot also
showed an attenuation of approximately -6.44 dB around the natural frequency fo,
which aligns closely with the expected theoretical value.

The simulated Bode plot result is shown in Fig. 24:

V(in) V(out)
12dB 0

-20°

0dB-
-40°

-6dB

-60°
-12dB

-80°

-18dB

-24dB -100°

-30dB

-36dB

-42dB

-160°
-48dB

-54dB -180°
10KHz 100KHz 1MHz
V(out): (1KHz,7.9496789dB)
V(out): (20.36884KHz,4.942236dB)
Delta Freq: 19.36884KHz Ratio: (-3.0074429dB,-59.644265°)

Figure 24: Frequency domain simulation results.
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6.4 Testing

To validate the actual behavior of the circuit, several tests were performed on the
physical board to ensure proper functionality.

The frequency response of the circuit was measured to verify its filtering per-
formance. The results are shown in Figure 25.

N Single Start: ‘1 kHz ~ ‘Sleps: ‘1 k v ‘ Source: Wavegen C1 ~ | Amplitude: Scale: |Logarithmic
P Run Stop:  [1MHz ~ | /Decade: (333 | Mode: Constent ~ | Offset: &4 Options -

Ready I C2 1000 steps 1 kHz - 1 MHz | 2024-09-19 13:31:01.684
10 T T T T — T T T T T T
XL: 1 KH C1:-1.47985 dB A: -1.46905 dB  A/AX: -1.14112 dB/dec
: iz X2:19.381 kHz AX: 18.381 kHz
3 €2: -3.11644 dB A:-3.00422 dB  A/AX: -2.3336 dB/dec

b
9P sproiben (A

S

W

L
1 MHz

-60 L L L L L L L L 1 Lo 1 1 1
X v 1kHz 2 kHz 3 kHz 10 kHz 20 kHz 30 kHz 100 kHz 200 kHz 300 kHz

Figure 25: Frequency response measured with Analog Discovery 2: Blue curve shows full
circuit, yellow curve shows first filtering stage.

The blue curve represents the output of the conditioning circuit, while the yellow
curve shows the response of the first filtering stage. It is evident that the filter
achieved a post-passband slope of -40 dB/dec. The measured cutoff frequency was
slightly lower than the simulated one, measured at 19.3 kHz. This deviation is likely
due to extra parasitic capacitances and tolerances of the physical components used
in the circuit.

The natural frequency attenuation was measured at -6.9 dB, which, while
slightly lower than the expected value, is consistent with prior measurements indi-
cating a lower cutoff frequency.

A time-domain analysis was performed using the BS170 transistor to emulate
the open-drain output of a digital position sensor. The NMOS transistor was driven
at a frequency of 1 kHz, and the pull-select line on the board was set to 5 V to
engage the pull-up resistor. The observed behavior was captured on the oscilloscope
and is displayed in Figure 26. In this figure, the magenta waveform represents the
input signal applied to the gate of the transistor, while the blue waveform shows
the filtered output signal.

By zooming in on the time axis, the real delay between the sensor’s commutation
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Figure 26: Oscilloscope capture at 1 kHz input frequency.

and the time when the logic level on the microcontroller reaches the minimum value
for a valid reading was measured. The measurements were taken on both the rising
and falling edges of the commutation, allowing for comparison with the simulated
results.

The results for the rising edge delay and the falling edge delay are shown in
Figure 27.

(") Cursor Results 1 (B[ X

2 AV U2 35020 v
47.1ps BV 55022V

/8¢ 2123142 Kz BV/Bt 74357 kV*Hz Pos -4 dv e .y I i

e GG 8 ook vaverorm

Y Cursor Results 1
—E

2
a 12us &Y 10 v
1/Bt  3.33333.. kHE BV/AU -262.05kV'Hz

Type B Track waveform

Figure 27: Oscilloscope capture of rising and falling edge delay measurements.

As expected, the delay during the rising phase was significantly larger than
during the falling edge. The measured delays were: t, = 47 us and tgy = 12 us.
These results show minor deviations from the simulations remaining within accept-
able limits.

In conclusion, the measurements on the physical board confirmed the good
behavior of the circuit under the intended operating conditions.
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6.5 Synchronous Serial Interface

Another method through which digital position sensors can communicate with a
microcontroller is by using dedicated communication protocols. One of the most
commonly used is the Synchronous Serial Interface (SSI).

The SSI protocol is a widely used method for transmitting position data from
encoders to microcontrollers. It offers a synchronous form of communication, where
data is transmitted in sync with a clock signal provided by the microcontroller.
This synchronous nature allows for better control over the timing and speed of
data transmission.

One of the key advantages of SSI is its use of well-established physical communi-
cation standards such as RS-422 or RS-485 [32|. These standards offer robust noise
immunity and are well-suited to automotive environments where high levels of elec-
tromagnetic interference (EMI) can occur. The use of differential signaling in SSI,
with separate twisted-pair lines for the clock and data signals, further enhances its
resistance to interference, ensuring reliable data transmission even in challenging
conditions.

In operation, the SSI master initiates communication by sending a clock signal
to the encoder. The encoder, in response, transmits the position data serially, bit
by bit, starting with the most significant bit (MSB). In addition to position data,
many SSI encoders transmit error checker bits at the end of the data transmission
sequence. These error checker bits are used to verify the integrity of the transmitted
data, ensuring it has not been corrupted during transmission.

A notable feature of SSI is its use of Gray coding for position data [32]. Gray
code is a binary numeral system where only one bit changes between successive
values, reducing the chance of errors during state transitions. In fast-moving sys-
tems, such as motors or robotics, this feature is particularly important because it
minimizes the risk of erroneous readings caused by simultaneous bit changes.

Overall, the SSI protocol provides a robust and flexible approach for transmit-
ting absolute position information, making it ideal for applications requiring high
precision and reliability. Its synchronous communication method, strong noise im-
munity, error-handling mechanisms, and the use of Gray coding make it particularly
suited for demanding environments. In the context of automotive electric motors,
SSI ensures efficient and accurate communication of position data, allowing for pre-
cise motor control and contributing to the overall reliability and performance of the
system.

The SSI compatibility is ensured by the integration of the SN65LBC179QDR
IC from Texas Instruments on the board. This IC is a low-power differential line
driver and receiver pair capable of handling the differential signals required by SSI
while communicating in single-ended mode with the microcontroller. One of its key
features is the ability to support full-duplex operation, as the driver’s differential
outputs and the receiver’s differential inputs are connected to separate terminals.
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Data+
Data
Data-
Clock+
Clock
Clock-

Figure 28: SSI transceiver logic diagram [3].

This characteristic is essential for the proper functioning of the SSI protocol, which
is why this IC was selected.

A 120 € termination has been implemented on the receiver’s differential inputs
using two 60.4 €2 resistors in series. The necessity of termination depends on the
characteristic impedance of the transmission line used to connect the sensor to the
board. For example, in the case of the two communication standards mentioned ear-
lier, RS-422 requires termination only at the end of the line opposite to the driver,
while RS-485 requires termination resistors at both ends [33]. The implemented
design allows for flexibility, providing the option to mount or not the termination
impedance depending on the requirements of the final application. Additionally, in
the event a different physical standard is used, the resistor values can be adjusted
to match the characteristic impedance of the transmission line, ensuring proper
signal integrity.
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Programmable Inputs

To make the control board adaptable to a wide range of applications, it was designed
with broad compatibility in mind. While position sensor feedback is crucial to the
motor control strategy, the board also needs to interact with other generic sensors
and subsystems that may communicate using different protocols or signal types. To
address this, the board incorporates three types of interfaces for external inputs,
each capable of handling analog signals, digital on/off states, and frequency-based
signals such as PWM. All of these interfaces are software-programmable, which
significantly enhances the board’s flexibility and adaptability.

7.1 Shift Registers

As previously mentioned, each circuit is programmable, allowing the configuration
of inputs to accept both analog and digital signals. This flexibility introduces
significant challenges in designing the conditioning circuits, as different signal types
require distinct processing.

In designing configurable hardware, a significant number of configuration sig-
nals are required to accommodate the various input types. Directly using micro-
controller pins to handle all these signals would quickly exhaust the available 1/O
resources. To overcome this challenge, shift registers were implemented. By using
shift registers, multiple configuration signals can be controlled with just a few mi-
crocontroller pins through serial communication, reducing the hardware complexity
while still allowing for full programmability of the board’s inputs.

The shift registers used in this design are SN74LV595AQPW, which do not
have a native SPI interface. Instead, they operate using basic serial input and
clock signals, requiring careful consideration when interfacing with the SPI bus to
ensure proper operation, especially when communicating with other peripherals on
the SPI bus.

Figure 29 illustrates the internal structure of the shift register. The integration
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Figure 29: Shift Register Internal Diagram [4],

of this IC into the board design involves connecting the SER (serial input) pin to
the MOSI line and the SRCLK (shift register clock) pin to the SPI clock. With
each clock pulse, data in the shift register shifts by one position, with new data
being stored in the first position. The RCLK (register clock) pin is connected to
the chip select (CS) signal, which controls when the stored data is transferred to
the output pins. During SPI communication, the CS (active low) remains asserted,
keeping the outputs unchanged. Once the communication is complete and the CS
signal is deactivated, the data is latched and transferred to the output pins, allowing
the shift register to output the newly stored data.

All the shift registers share the same chip select (CS) signal because they are
connected in a daisy-chain configuration. In this setup, the serial data output of
one shift register is directly connected to the serial data input of the next register
in the chain. As a result, data is shifted through each register sequentially, with
the output of one register feeding the input of the next. This allows a single serial
data stream to configure all the shift registers efficiently, reducing the number
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of control lines needed and enabling control of multiple registers using minimal
microcontroller resources. The serial data output from the last shift register (QH’)
is then sent back to the microcontroller via the SPI MISO line.

Because the shift registers lack a native SPI interface, two tri-state buffers are
needed to prevent communication errors when the SPI bus is used for other devices.

One buffer is placed on the MISO line, ensuring that the MISO line is released
when other devices need to use the SPI bus. This effectively prevents any unin-
tended interference from the shift registers, which could otherwise continue to drive
the line even when the CS is disabled.

Another tri-state buffer is placed on the clock line. This buffer prevents unin-
tended shifts in the shift register data when the SPI clock is being used for other
devices. Although the outputs remain unchanged, the internal flip-flops still shift
data on each clock pulse. This can lead to unknown data within the shift registers,
which is undesirable.

Even with the buffer on the clock line, an extra clock signal transition can occur
at the end of transmission, depending on the SPI configuration. This can lead to an
unintended extra shift in the data stored within the shift registers. To avoid this,
it is essential to configure the SPI clock polarity (CPOL) and clock phase (CPHA)
correctly to ensure proper synchronization with the shift registers.

These two parameters control how the clock signal interacts with the data during
transmission, and each can be set to either 0 or 1. Their functions are as follows:

- — Lttty
SCK (CPOL=0, W

10 -(L%/XDBXUESX%XD:;XMXMXD'O)-

Figure 30: SPI timing diagram showing clock behavior for different CPOL and CPHA
configurations [5].

e Clock Polarity (CPOL): This parameter defines the default or idle state
of the clock signal when no data is being transmitted.

If CPOL is set to 0, the clock signal remains low (0) when idle.
If CPOL is set to 1, the clock signal remains high (1) when idle.
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e Clock Phase (CPHA): This parameter determines when the clock transi-
tions from its idle state to its active state during data transmission. Specifi-
cally, CPHA defines the point in the transmission cycle when data is sampled.

If CPHA is set to 0, the clock transition occurs in the middle of the data
transmission, so data is sampled on the leading edge (from idle to active).

If CPHA is set to 1, the clock transition from idle to active occurs at the
beginning of the data transmission, meaning that data is sampled on the
clock’s trailing edge (from active to idle).

The shift register clock is triggered by the rising edge, which means that to
avoid an extra shift at the end of the communication when the chip select signal is
disabled, the clock signal must not exhibit a rising transition. To ensure this behav-
ior, a pull-down resistor is placed after the clock buffer, keeping the shift register’s
clock line at a low logic level when not driven. This hardware design, combined
with the configuration of CPOL and CPHA ensures the desired communication
behavior without unintended data shift at the end of the transmission.

CPOL and CPHA settings can be adjusted depending on the peripheral the SPI
is communicating with, but this design allows interaction with the shift registers
without the need for explicit clock parameter configuration. This solution ensures
compatibility and correct operation with the default settings of CPOL = 0 and
CPHA = 0, enabling the microcontroller to efficiently manage the shift registers,
despite their lack of a native SPI interface.

7.2 Rereading Pull-Up Voltage

10k
AVAVAY: Vpullup
10k
FlexibleInput ' AVAVAY, Vout
BAV99
PullSel 4 4
FilterSel

Figure 31: Circuit diagram showing the flexible input "ReReading Pull-Up Voltage".

This circuit design provides flexibility in how the input signal is conditioned,
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with options to adjust pull-up/down resistors and filtering behavior. Here’s a break-
down of how the circuit operates:

The circuit provides a flexible configuration for selecting different pull-resistor
values. Specifically, the implemented design uses a "strong" pull-up with a low
resistance value (some k2) and a "weak" pull-down with a higher resistance value
(typically tens of k).

This flexibility allows the circuit to be tailored to the specific requirements of
the connected sensor or signal source. By programming the output of the shift
register via SPI, which is connected to the PullSel line, it is possible to select the
desired configuration by means of two diodes interposed between the PullSel line
and the resistors. The BAV99-Q diodes used in this design are the same employed
in the digital position sensor conditioning circuit, from which this design draws
inspiration.

The circuit also provides flexibility in adjusting the filtering of the input sig-
nal. By default, the signal is filtered by an RC network with a cutoff frequency of
48 kHz. For enhanced filtering, especially when acquiring analog signals, an addi-
tional capacitor can be placed in parallel with the existing one. The "FilterSel"
signal, connected to a shift register output, controls the operation of a MOSFET
(NX3008BKS). When the "FilterSel" signal activates the MOSFET, the extra ca-
pacitor is connected between the signal line and ground, thereby increasing the
low-pass filtering effect. Conversely, when the MOSFET is off, the capacitor re-
mains disconnected, leaving the input signal unaffected by the additional capacitor.

The MOSFET is necessary due to the limitations of the SN74LV595A-Q1 shift
register. While it can place its outputs in a high-impedance (Z) state, this fea-
ture applies to all outputs simultaneously, preventing selective control of individual
outputs. As a result, in normal operation, the shift register’s outputs behave as
totem-pole (push-pull) logic, meaning each output can only switch between high
or low states. For proper operation of the configurable filter, it is essential to leave
the capacitor floating when not used, which requires a high-impedance state. The
MOSFET is therefore employed to achieve this functionality.

This circuit topology is particularly effective when a very strong pull-up resistor
is required, meaning a low pull-up resistance is necessary. This is the case, for
example, when interfacing PT1000 temperature sensors, which are characterized
by a nominal resistance value of 1000 2 at 0 °C, matching the sensor’s name. In
order to accurately read these sensors, the pull-up resistor must form a voltage
divider with the sensor’s resistance to achieve a voltage near the midpoint of the
ADC’s dynamic range. This constraint necessitates very low pull-up resistor values,
which introduce several challenges.

First, a small pull-up resistance allows more current to flow, leading to higher
power dissipation. Second, in the event of a short to the battery voltage on the
sensor input line, the pull-up resistor would be subjected to a much higher voltage
drop than it was designed to handle, resulting in an excessive current that could
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damage the resistor. Moreover, this current would be drawn from the shift register’s
output, potentially overloading it and causing failure.

The effectiveness of this circuit lies in the use of diodes to select the pull-up
resistance, as they prevent reverse current flow, thereby protecting the circuit from
overcurrent events in the case of a short to Vi, on the sensor line. This protection
allows the use of very small pull-up resistances, enabling proper interfacing with
temperature sensors such as PT1000, thus expanding the board’s compatibility and
application possibilities.

The output of this circuit is connected to a microcontroller pin that can be
configured to read either analog or digital signals. This flexibility enables the
circuit to interface with a wide range of sensors and signal types, making it highly
adaptable for different applications.

To support a wide range of different sensors and drivers, different pull-up resistor
values are implemented in various instances of this circuit on the board. Since the
pull-up resistor is connected through a diode (which introduces an unknown voltage
drop), an additional line is used to monitor the voltage between the pull-up resistor
and the diode to ensure accurate and reliable measurements. This line is RC-
filtered with a cutoff frequency of 159 Hz and connected to an analog input of the
microcontroller.

The total number of signals involved in this circuit, excluding the input signal,
is four: two signals are used for selecting the desired behavior of the conditioning
circuit (pull-up/pull-down selection and filter activation) driven by the shift reg-
ister, and two signals are needed by the microcontroller to read the conditioned
input and the voltage on the pull-up resistor for accurate measurements.

Although measuring the voltage across the pull-up resistor adds complexity to
both the circuit design and the microcontroller’s sampling algorithm, this approach
enables compatibility with sensors that require very low pull-up resistance values,
thereby significantly enhancing the board’s flexibility and expanding its range of
applications.

7.3 Pull-Select From MCU

A more efficient solution in terms of required signals is the following:

In this topology, the pull-up or pull-down configuration is controlled directly by
the microcontroller. A 3.9 k) resistor is placed in series with the "PullSel" line.
When the microcontroller pin is configured as an output, it introduces a small series
resistance (55 + 25)Q2, which is negligible compared to the already present series
resistor. Depending on whether the microcontroller output is set to high or low, a
strong pull-up or pull-down is achieved.

Additionally, a weak pull configuration can also be realized. When the micro-
controller pin is configured as an input, it internally connects the line to a pull-up
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Figure 32: Circuit diagram showing the flexible input "Pull-Select from Micro"

or pull-down resistor, depending on the selected setting. The pull-up resistor in
CMOS/Automotive logic level typically ranges between 30 k2 and 42 k{2, while
the pull-down resistor ranges from 43 k{2 to 58 k). Combined with the series
resistor already present on the line, this configuration acts as a weak pull-up or
pull-down, depending on the desired setting, thus enabling flexible control of the
circuit’s behavior.

Additionally, this configuration eliminates the need for a diode in series with the
pull-up resistor, thereby removing the requirement for an extra signal to read the
pull-up voltage. This reduces the total number of signals compared to the previous
design, making it more efficient.

The limitation of this design is its inability to use pull-up resistors with very
low resistance values, as there is no diode to prevent reverse current flow in the
event of a short to Vy.;. To address this, the series resistor has been selected with
sufficiently high resistance values to ensure that the current remains within the
microcontroller’s maximum allowable specifications in the event of a short to Vi,
providing protection against overcurrent conditions.

Like the earlier design, this circuit allows the filtering of the input signal to
be adjusted. The same principle is applied, where an additional capacitor can be
connected to modify the filtering behavior, controlled by the "FilterSel" signal.

As before, the output of this circuit is mapped to a microcontroller pin capable
of reading both analog and digital signals, maximizing adaptability for different
sensor or signal requirements.

This solution is more flexible and does not require additional measurements
when used with temperature sensors such as NTC thermistors, as the pull-up volt-
age is directly provided by the microcontroller and is therefore known.

The series resistance introduced by the microcontroller, when configured in
strong pull-up mode, can be accounted for in the measurement. According to
the datasheet, the uncertainty of this resistance is +25¢2. When applied to the
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circuit instance with the smallest implemented pull-up resistor value of 3.9 k2, this
uncertainty is negligible, contributing to a measurement uncertainty of only 0.63%.
Therefore, the impact of this variation in resistance on the overall accuracy of the
measurement is minimal.

7.4 Single Edge Nibble Transmission

The final design implemented as a flexible input is a modified version of a Single
Edge Nibble Transmission (SENT) protocol conditioning circuit.

The SENT protocol, as defined by the SAE J2716 standard [34], is a low-
cost and reliable method for digital data transmission in automotive and industrial
applications. This protocol is designed to transfer high-resolution sensor data over a
unidirectional, point-to-point link, making it particularly suitable for environments
where high noise immunity, precision, and minimal wiring complexity are crucial.
SENT is ideal for communication between sensors and control units, like the one
discussed in this thesis.

SENT transmits data in nibbles, which are 4-bit blocks. Each SENT message
frame begins with a synchronization pulse that allows the receiving unit to recal-
ibrate the signal timing and establish a reference point. This synchronization is
critical because SENT operates without a continuous clock signal, using the time
between falling edges of the signal, referred to as "tick time", to encode informa-
tion. The synchronization pulse enables the receiver to compensate for any clock
variations caused by manufacturing tolerances or environmental conditions, ensur-
ing accurate timing and robust data integrity. This ability to handle clock drift
makes SENT a cost-effective alternative to more complex protocols, particularly in
point-to-point communication scenarios.

SENT also includes a Cyclic Redundancy Check (CRC) for error detection,
which further enhances the integrity of the transmitted data. The CRC is calculated
over the entire frame and sent as part of the message, allowing the receiver to
verify that the data has not been corrupted during transmission. This feature is
particularly valuable in harsh environments, such as automotive systems, where
electromagnetic interference (EMI) may degrade signal quality.

Although SENT is not as fast as other protocols like CAN or SPI, with a data
rate of up to 40 kbps, it is typically sufficient for many automotive applications
where reliability and resolution are prioritized over speed. This trade-off between
speed and resolution makes SENT particularly well-suited for sensor applications
that require accurate, high-resolution data transmission without the need for ultra-
fast updates.

In accordance with protocol specifications, the SENT conditioning circuit re-
quires a weak pull-up resistor and a two-stage low-pass RC filter with specific time
constants for each stage. The resulting cutoff frequency of this circuit is relatively

o8



Programmable Inputs

Ry 1kQ Ry 10kQ2
FlexibleInput AVAVAY: AVAVAY: Vout
By S e e A
PullSel —"\\/\ g
47k
F v v
FilterSel

Figure 33: Circuit diagram showing the flexible input "Sent”.

high, around 100 kHz, as it is designed to process digital signals. The pull-up resis-
tor, according to specifications, should be chosen within a range of 10 k{2 to 55 kf2,
based on system requirements. This is followed by a two-stage RC low-pass filter
to attenuate high-frequency noise and enhance signal quality. The first stage com-
prises R; and C, with resistance and capacitance values specified between 448 )
and 672 €2, and 1.54 nF and 2.86 nF, respectively, yielding a time constant 77 be-
tween 0.74 ps and 1.73 ps. The second stage consists of Ry and (5, with resistance
values required between 4 k() and 10 k€2, and a typical capacitance value for Cy of
A7 pF, resulting in a time constant 75 between 0.6 us and 1.4 us.

However, since the SENT-compatible pins on the microcontroller can also be
mapped as analog inputs, the circuit was redesigned to accommodate analog signals
as well. The pull-up resistor can also be configured as a pull-down resistor using
the "PullSel" signal. An additional capacitor can be added in parallel with the
second RC filter stage to increase the filtering effect, enabling the circuit to handle
analog signals effectively.

The filtering selection is achieved in the same way as in previous designs, using
the "FilterSel" signal to enable or disable the extra filtering stage as needed. This
allows the circuit to be versatile, handling both SENT digital signals and analog
signals with appropriate filtering when required.

The component values implemented in the final design differ slightly from those
specified in the protocol datasheet. This adjustment was made to reuse components
already present in other sections of the board. The pull-up resistor was selected as
47 k€2, while the two RC stages were implemented with R; = 1 k2, |, = 1 nF,
Ry = 10 k2, and C5 = 100 pF. Consequently, the time constants for both stages
are equal at 1 us, which, in the case of the first filtering stage, is slightly outside
the specified range.

For the design of the first RC stage, R; was selected with a value slightly higher
than the maximum specified in the protocol, and a 1206 package was chosen, unlike
the other resistors in the design, which use the smaller 0402 package. This decision
was based on experimental observations made during electromagnetic compatibility
(EMC) testing. During these tests, high-frequency power signals are injected into
the board through the input, causing the first-stage filtering capacitor to behave
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like a short to ground. Consequently, a significant current, referred to as bulk
current, flows through the R; resistor. To mitigate potential damage due to the
bulk current and to improve power dissipation capabilities, a higher resistance value
was selected, and the larger 1206 package was chosen for Ry, as it is better suited
for handling higher currents and dissipating heat more efficiently than the smaller
0402 package.
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Chapter 8

Safety Features

Since the primary application of the control board is to manage a dual inverter
configuration, it is equipped with two distinct gate driver interfaces, one for each
gate driver board. These interfaces handle critical signals necessary for controlling
the inverters and ensuring the safe operation of the power electronics. Each interface
is paired with safety circuitry, including overcurrent and overvoltage detection, as
well as hardware safety logic, which will be discussed in detail in this chapter.

8.1 Overcurrent Detection

One of the most critical signals from the gate driver interface is the current feedback
for each phase. This signal, which originates from current sensors is ensured to be
within the expected voltage range and properly insulated from high voltages by the
driver board. It is an analog voltage in the range of 0-5 V. Since the current in the
phases can flow in both directions, a value of 2.5 V represents zero current. The
range from 0.5 V to 4.5 V is considered linearly proportional to the actual current
in the motor phases, while the regions outside this range (0-0.5 V and 4.5-5 V)
indicate potential overcurrent conditions, disconnection, or sensor malfunctions.

The microcontroller samples the current at each PWM cycle. Sampling is timed
to occur during the middle of the high portion of the PWM signal. This timing
is crucial for accuracy and is achieved using the microcontroller’s Generic Timer
Module (GTM). The GTM allows the ADC to be triggered directly by the same
timer responsible for generating the PWM signal, ensuring precise synchronization
between PWM modulation and current acquisition.

At a PWM frequency of 20 kHz (a typical frequency for traction inverters),
the current is sampled every 50 pus. While this is fast, it is not always sufficient to
ensure a high level of safety in the event of an overcurrent. To achieve better safety,
an additional hardware overcurrent detection circuit is implemented to provide
instantaneous protection, beyond what is possible with the regular sampling of the
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Figure 34: Circuit diagram showing the adopted solution for the overcurrent detection.

microcontroller.

The overcurrent detection circuit uses comparators to monitor the current signal
and to detect when it exceeds predefined thresholds. When an overcurrent event
occurs, a latch stores the event, allowing the microcontroller to respond.

The comparators used are LM2901DT. In the configuration used for the overcur-
rent detection, they do not include any hysteresis. For this reason, the thresholds
are set at 4.75 V and 0.25 V, allowing noise margins to prevent false triggers. Due
to their limited common-mode input voltage range (Vee-2 V), a level shifter circuit
is required to ensure the input signals remain within the comparator’s operational
range. The current signal is scaled using a resistive voltage divider (two equal
5.1 kQ resistors) to halve its amplitude, ensuring reliable comparator operation.
Similarly, the overcurrent thresholds are scaled accordingly to 2.375 V for the up-
per threshold and 0.125 V for the lower threshold. They are derived from a resistive
voltage divider based on the V5.0A supply to keep them as stable as possible.

The LM2901DT comparators have open-drain outputs, meaning they require
pull-up resistors to bring their output high. This characteristic allows the outputs
of multiple comparators (for both upper and lower current limits) to be connected in
parallel. The combined output of these comparators is fed into the latch, ensuring
that the latch is triggered if any of the comparators detect an overcurrent condition.
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8.2 Latch
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Figure 35: Clircuit diagram showing the adopted solution for the latch using a comparator
with a diode on the feedback.

The latch circuit is particularly critical because overcurrent events can occur
within a very limited instant of time. The latch implemented in this design con-
sists of a comparator with a diode in the feedback loop, ensuring that once an
overcurrent event is triggered, it remains latched until the microcontroller explic-
itly resets it. This approach guarantees that transient overcurrent conditions are
reliably captured and addressed, preventing potential damage to the system.

To further enhance the system’s flexibility, the circuit incorporates an OR con-
figuration using diodes, which allows an external overcurrent signal (if present,
generated by the gate driver board) to trigger the same latch. This ensures that
the latch will respond consistently, regardless of whether the overcurrent event is
detected by the external gate driver or by the onboard protection circuit.

The microcontroller can reset the latch via a dedicated reset signal. A diode is
placed in series with this reset signal, ensuring that the reset pin from the micro-
controller operates in open-drain mode, which is necessary for the correct operation
of the latch. Even though the pin from the AURIX™microcontroller connected to
this reset line is three-state, the use of the diode ensures compatibility with this
setup.

The design of the latch circuit is an adaptation of 1&M’s existing expertise
in using a comparator-based latch configuration. The primary focus of this work
was to adjust the design to match the resistor and capacitor values already used
in other circuits on the board, thereby minimizing the bill of materials (BOM).
This optimization ensures that the design remains efficient while leveraging ex-
isting components to reduce costs and simplify production without compromising
performance.
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8.3 Overvoltage Detection

In addition to the overcurrent detection, the board also includes an overvoltage
detection system. Since the LM2901DT package includes four comparators, and
only seven comparators are needed for the overcurrent detection and latch functions,
one comparator remains available. This unused comparator is exploited to monitor
the DC-Link voltage for overvoltage events.

5.1kQ 100k$2
V5.04 —ANN— —\VV\
1.21kQ ——100nF
+
100 k2 v »— Qvervoltage
VoltageDClink AVAVAY. -
33k —___100nF
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Figure 36: Clircuit diagram showing the adopted solution for the Overvoltage detection.

DC-Link overvoltage detection is critical because, during regenerative braking,
the voltage on the DC-Link can rise above safe operating limits, potentially dam-
aging both the battery and the inverter. Additionally, overvoltage conditions can
occur during fault scenarios, such as when the system shuts off the power switches
to protect the inverter and motor. In these situations, the energy stored in the
stator inductance, which was previously driving the motor, is fed back into the
DC-Link capacitor via the freewheeling diodes. This can cause the capacitor to
charge to higher voltages, further increasing the risk of damage. Proper overvolt-
age detection helps mitigate these risks, ensuring safe operation and preventing
component failure [35].

To prevent false triggering of the overvoltage detection circuit, the input voltage
to the comparator is heavily filtered compared to the overcurrent detection circuit.
This is to avoid potential voltage spikes to set the overvoltage signal. Additionally,
the overvoltage detection circuit uses a comparator configured with hysteresis to
enhance its robustness. The hysteresis prevents minor fluctuations or noise from
causing oscillations around the threshold, ensuring that the detection mechanism
only triggers when the DC-Link voltage has definitely crossed the critical limit.

To provide adaptability in the system design, the overvoltage detection circuit
allows flexible implementation. This means the overvoltage signal can either trigger
the latch (similar to the overcurrent detection) or simply be read by the microcon-
troller without latching. The choice of configuration can be made during the PCB
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design phase by selecting the appropriate components to mount, offering flexibility
for different applications.

The DC-Link voltage feedback from the gate driver interface is designed to
remain within the 0-5 V range, with a linear relationship to the actual DC-Link
voltage up to 4 V. Beyond 4 V, the signal enters a non-linear range, where volt-
ages between 4 V and 5 V indicate an overvoltage condition. The thresholds for
overvoltage detection are set at 4 V (upper limit) and 3.8 V (lower limit).

To avoid common-mode voltage issues, both the DC-Link voltage and the com-
parator thresholds are scaled by a factor of 1/4. This means the comparator thresh-
olds are set at 1 V and 0.95 V.

To properly scale the DC-Link voltage for the comparator, a resistive voltage
divider consisting of 100 k{2 and 33 k() resistors is used, reducing the voltage by
a factor of 1/4. Designing the resistors that determine the exact threshold values
involves more complex calculations. In the following, the mathematical derivation
for designing an inverting comparator with hysteresis is provided.

As previously mentioned, the comparators used in the design have open-drain
outputs; however, this is not relevant for the threshold design. The only critical
parameters are the output voltage levels, Vo, and Vog. When the output is low, the
comparator pulls the output to ground, resulting in Vo, = 0 V. When the output
is high, the pull-up resistor raises the line to 5 V, giving Voy = 5 V. Additionally,
the thresholds are derived from the V544 voltage, as in the overcurrent protection
circuit, to ensure maximum stability. Consequently, the supply voltage V4, from
which the reference voltage Vgrgr is derived, in the design is set to 5 V.

Var
R1 RQ RQ
VrEF AVAVAY; ' AVAVAY
Rp
Vo —— Vo
v, § R, Vi
A4

Figure 37: Inverting comparator with hysteresis.

Given the following data:

VAL =5 V; VOL =0 V; VOH =5 V; VTHl =1 V; VTH2 =095V
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The thresholds characteristic equations of an inverting comparator with hys-
teresis are:

Vrm +Vree 1 Ry R,
Threshold Mean Value: ———= = —(V/ Vor)=——= + Vapr—=——="
resho can Value 5 2( on + OL)Rl TR + REF R RS
Threshold Amplitude: V, V; (Vou — Vor) £
resho mplitude: — = — _—
p THI1 TH?2 OH OL Ry + Ry
From the amplitude equation:
Ry Vo —Vor 1 —99
Ry Ve — Vrms
Substituting into the mean value equation:
Ri+ Ry V, % Ve Ve R
Vepp = 1+ o Ve + Ve Vow + oL M _ oz96mv

R, 2 2 Ry

Vrer is derived from Vy; via the following equation:

R4
Veer = Var - =———
REF AL B T RA
from which we get:
Rp
B _ 4921 = Rp=51k0, Ri=121k0
Ra
Finally:
RyRp
Ri=———7"—=97797 Q= 1kQ
"7 Ri+Rp

This design successfully achieves the desired circuit behavior with the intended
threshold values. Later in this chapter, simulations of this circuit will be conducted
to validate and demonstrate its performance.

8.4 Hardware Safety Logic

The interface supports two Safe State (SS) signals, enabling four possible configu-
rations to manage system safety during faults. These signals are essential for gate
drivers supporting mechanisms such as Active Short Circuit (ASC), particularly in
PMSM applications. In the event of a fault at high speeds, leaving the switches
open can generate strong braking torque and large back-EMF, potentially leading
to rear-end collisions and overvoltage breakdowns. ASC mitigates these risks by
actively shorting the motor windings, absorbing the back-EMF, and producing zero
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braking torque, preventing potential damage that could occur with open-circuited
motor windings. However, ASC’s main drawback is that it can result in exces-
sive current during the transition to a safe state, necessitating power switches with
higher current tolerance, which increases both hardware costs and inverter size [36].

Properly managing these signals ensures that, in the event of a fault, the inverter
enters the appropriate safe state based on its operating conditions, thereby reducing
the risks associated with fault scenarios and enhancing overall system safety.

SS1Control

) SafeStatel
PSSafeState ——
HW Fault ——————
SafeState2
SS2Control /

Figure 38: Circuit diagram showing the adopted solution for the hardware safety logic.

To meet the safety requirements of the system, the Gate Driver Interface in-
cludes a dedicated hardware safety logic, which is duplicated for both gate driver
connectors. This logic ensures that safe state signals are appropriately generated
and managed, providing a fail-safe mechanism for the inverter control system.

The safety logic is implemented using two three-input AND gates, configured
with negated (active-low) logic. Each gate is responsible for generating one of the
two safe state signals (SS1 and SS2). These signals control the gate driver board’s
behavior during fault scenarios.

Each AND gate receives three critical inputs:

e Microcontroller Control: One input is directly controlled by the micro-
controller, allowing the system to decide dynamically which safe state to
activate. This flexibility enables the microcontroller to decide the most ap-
propriate safe state to implement based on real-time system conditions, such
as vehicle dynamics and actual speed.

e Power Supply Safe State: The second input is connected to the power
supply’s safe state signal. This input is vital for ensuring safety even if the
microcontroller becomes unresponsive. In the event of a microcontroller fail-
ure, the external watchdog timeout and the PMIC take control, forcing the
system into the default "00" safe state. This prevents potentially hazardous
conditions by stopping the inverter and protecting the system from further
damage.

e Hardware Protection Latch Output: The third input comes from the
output of the latch in the hardware protection circuit. If an overcurrent or
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overvoltage fault is detected, the latch stores the event, and this signal is used
to drive the default safe state "00". By feeding this signal into the AND gate,
the system ensures that critical hardware-level faults can immediately trigger
a transition to a safe state.

The combination of these three inputs allows for a robust and flexible safe
state mechanism. The microcontroller, when functioning correctly, has the ability
to make decisions about which safe state is appropriate for the current operating
condition. However, if the microcontroller becomes unresponsive, either the power
supply or the hardware protection circuit can take over and force the system into
a default safe state to prevent damage or unsafe conditions.

In addition to generating the safe state signals (SS1 and SS2) that are sent to
the gate driver boards, these signals are also fed back to the microcontroller for
monitoring purposes. This feedback mechanism is implemented via 100k} series
resistors, which decouple the actual safe state signals from the microcontroller in-
puts. The resistors ensure that the microcontroller can monitor the state of the
system without directly interfering with the signals sent to the gate driver boards.

This decoupling provides an extra layer of safety. In the unlikely event of a
microcontroller pin failure, the resistors prevent the microcontroller from pulling
the safe state lines into an unknown or undesired state, thus maintaining system
integrity. By rereading the signals, the microcontroller can confirm that the correct
safe states are being implemented and detect potential failures.

8.5 Simulations

To validate the functionality of the hardware protection circuit, which encompasses
the overcurrent, overvoltage, and latch sub-circuits, and to evaluate its response
time, simulations were carried out in LTSpice. The LM2901DT comparator model,
sourced from STMicroelectronics, was utilized to ensure accurate simulation of the
system’s behavior [37].

Figure 39 presents the simulation schematic for the overcurrent, overvoltage,
and latch circuits in LT Spice.

For the overcurrent circuit, a 1 kHz sinusoidal waveform was used for the current
feedback, consistent with the motor’s electrical frequency discussed in the position
sensors chapters. A transient analysis was performed to validate the working prin-
ciple of the circuit.

Figure 40 illustrates the simulation results. The following waveforms are ob-
served:

e Red: Sinusoidal current waveform (VourrentPhase)

e Cyan: Scaled version at the comparator input (VeurrentCompin)

68



Safety Features

Latch Overvoltage

Val

g

rrentPhase

R15
33.2

OverCurrentCompOut

B
verVoltageCompOut

,.
2
N
o
xternalOverCurrent

5.1k |100p
u

Figure 39: LTspice scheme of the Overcurrent, Ouervoltage, and Latch circuits.
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Figure 40: Time domain simulation results for the overcurrent detection circuit.

e Purple: Output of the overcurrent comparator (VovercurrentCompOut)
e Blue: Output of the latch (Viatenout)
e Green: Latch reset signal (Viatcurst)

The results show that the circuit performs as expected: when the sinusoidal
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waveform exceeds the comparator thresholds, the latch output is driven low, trig-
gered by the comparator output. When the current waveform is within the per-
missible range, the comparator output returns to high, while the latch remains low
until a reset signal is applied, which restores the latch to a high state.

The simulation confirmed the overcurrent threshold levels. The upper threshold
was measured at 2.38 V, precisely matching the designed value, while the lower
threshold was measured at 116 mV, with a deviation of less than 10 mV from the
intended design.

A separate transient simulation was performed to verify the correct operation
of the overvoltage comparator. A pulsed waveform with a base value of 3 V and an
overvoltage value of 5 V was used to simulate the DC-Link voltage. Both "latch"
and "non-latch" configurations were tested; the results for the "latch overvoltage"
configuration are reported for simplicity.

V(latchout)

0.0v

0.0ms 0.5ms 1.0
( in): (1.852861ms,996. )
V(voltagecompin): (3.1634877ms,951.0866mV)
delta: (1.3106267ms,45.505761mV)

1.5ms 2.0ms 2.5ms 3.0ms 3.5ms 4.0ms 4.5ms 5.0ms

Figure 41: Time domain simulation results for the overvoltage detection circuit.

Figure 41 shows the following waveforms:

e Red: DC-Link voltage waveform (VyoitageDCLink)

Cyan: Scaled and filtered version at the comparator input (VoitageCompin)

Purple: Output of the overvoltage comparator (VovervoltageCompOut )

Blue: Output of the latch (Viatchout)

Green: Latch reset signal (ViatchRrst)
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The simulation demonstrates the expected behavior in the "latch overvoltage"
configuration. The thresholds measured in the simulation were 996.5 mV for Vi
and 951.5 mV for Virgo, both very close to the designed values. The comparator
output returns high once the input voltage crosses the second threshold, while the
latch retains the overvoltage event until a reset signal is applied.

Finally, an evaluation of the response time of the overcurrent circuit was per-
formed using a sawtooth input waveform with a peak-to-peak voltage of 4 V and a
DC offset of 3 V. This ensures a trigger of the upper threshold with a sharp edge,
avoiding triggering the lower threshold.

The delay between the moment when the current waveform crosses the upper
threshold and the latch output goes low was measured at approximately 1.74 us.
This value will be verified during the testing of the board.

8.6 Testing

To evaluate the overcurrent circuit, the upper and lower thresholds were first
measured using a multimeter. The measured values were UpTh = 2.372 V and
LowTh = 0.122 V, both very close to the designed values, demonstrating the accu-
racy of the implemented circuit. A signal generator with two outputs was used to
generate both the input signal and the latch reset signal. The results of the testing
are shown in Figure 42.
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Figure 42: Oscilloscope capture of the overcurrent detection circuit.

The oscilloscope output confirmed the desired behavior of the circuit. The
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following waveforms are observed:

e Blue: Current waveform.
e Purple: Latch reset signal.
e Light blue: Output of the overcurrent comparator.

e Yellow: Output of the latch.

An additional test was performed to measure the delay between the threshold
triggering at the comparator and the corresponding logic level at the latch output.
The same test conditions used in the simulations were applied. A sawtooth wave-
form with a peak-to-peak amplitude of 4 V and a DC offset of 3 V (1 V minimum,
5 V maximum) was generated by the signal generator to trigger only the upper
threshold.

The oscilloscope was configured to trigger on the rising edge of the input signal,
positioning the O-time mark at the center of the screen. By zooming in on the
time axis, it was possible to measure the actual delay in the real circuit. The
oscilloscope’s native hold time measurement feature was utilized to quantify the
delay, defined as the time between the rising edge of the input signal and the
falling edge of the latch output, both measured at 50%. Additionally, the logic
output of the hardware safety logic was also captured.

Figure 43 presents the oscilloscope results.

|

38009V
v

Figure 43: Overcurrent response delay test results.

The following waveforms can be observed in the figure:
e Yellow: Input sawtooth signal.
e Pink: Latch reset signal.

e Blue: Latch output.
72



Safety Features

e Green: Safety logic output.

The results indicate that the actual behavior of the latch output is not as sharp
as observed in the simulation. However, this slower transition is mitigated by the
hardware safety logic sub-circuit that provides a very sharp digital output. This
explains why the logic gate was not included in the simulations, as its propagation
delay is on the order of nanoseconds and is negligible for the application.

The measured delay in the real circuit was slightly longer than predicted by
the simulations but remained within acceptable limits for the intended application.
This discrepancy could also be attributed to the signal generator, which, as evident
in the oscilloscope screenshot, exhibits non-ideal behavior following the rising edge.

In conclusion, a 2 us time interval for overcurrent detection represents a signif-
icant improvement compared to the 50 us in the previously considered example.
This circuit has proven to be an effective solution for preventing damage in an
overcurrent scenario.
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Chapter 9
SPI Level Shifter

The onboard peripherals communicate with the microcontroller primarily via the
Serial Peripheral Interface (SPI). The microcontroller is equipped with five indepen-
dent SPI lines, each designated for different functions. One SPI line is exclusively
dedicated to the onboard PMIC, another manages the communication with the
Gate Driver Board for Inverter 1, while a third is shared between Inverter 2 and
the rest of the onboard peripherals. The remaining two lines are used for SSI
communication to handle position sensor data.

The SPI line shared across the board peripherals and the second inverter faces
the challenge of communicating with components that operate at different logic
levels. Specifically, the gate driver boards operate on 5 V SPI communication,
while the accelerometer and memory operate at 3.3 V logic. This mismatch in
voltage levels creates the need for a level-shifting circuit to ensure safe and reliable
communication between the microcontroller and the 3.3 V peripherals.

The level-shifting mechanism can be implemented by several methods including:

e Resistive voltage dividers
e Active level shifter integrated circuits (ICs)

e MOSFET-based configuration.

While resistive voltage dividers could technically be used to step down the 5 V
SPI signals to 3.3 V, this approach presents several challenges. First, voltage di-
viders do not solve the reverse issue of stepping up the MISO (Master In Slave
Out) signal from 3.3 V to 5 V, which, in theory, is required for proper communica-
tion with the microcontroller. Second, voltage dividers, in the presence of parasitic
capacitance, can behave like low-pass filters. Even with a small input capacitance
(such as 10 pF) on the input pins of the 3.3 V peripherals, this can cause signal
degradation at higher SPI frequencies (above 1 MHz). This results in the rounding
of signal edges, slower transitions, and ultimately leads to unreliable communication
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due to the inability to maintain sharp signal transitions necessary for high-speed
operation.

Another viable option could have been the integration of ICs that actively trans-
late the logic levels between 5 V and 3.3 V in both directions. However, this solution
is not optimal, as it would introduce an additional part number (PN) into the de-
sign, increasing both complexity and cost. This would unnecessarily complicate
the Bill of Materials (BOM), making the overall design less streamlined without
significant performance benefits compared to a MOSFET-based solution.

Given these reasons, the latter configuration was selected for this design. This
decision was influenced by a few key factors. First, the specific MOSFET part
number used in the design, the NX3008NBKS, was already implemented in other
sections of the board, allowing for the reuse of existing components. Second, this
MOSFET-based solution provides reliable, fast switching for SPI communication,
ensuring the signal integrity necessary for high-speed data transfer without the
worries of parasitic capacitance.

9.1 MOSFET-Based Level Shifter

V51 V3.3 V3.3

3.3kQ 3.3k

5 V Logic . T 3.3 V Logic

Figure 44: Circuit diagram showing the adopted solution for the MOSFET-based level
shifter.

What follows is a functional description of a MOSFET-Based Level Shifter
operating principle

From Microcontroller to Peripheral (MOSI, CLK, CS lines)

When the microcontroller is not actively driving the SPI line, both the drain side
(connected to the microcontroller) and the source side (connected to the peripheral)
are held at a high logic level (5 V on the drain side and 3.3 V on the source side)
due to the presence of the pull-up resistors on both sides.

When the microcontroller drives the drain side low, the body diode of the MOS-
FET starts conducting, progressively lowering the voltage on the source side (con-
nected to the peripheral). As the voltage on the source side drops below a certain
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threshold (the Vg threshold of the MOSFET), the MOSFET turns on, and a con-
ductive channel is formed between the drain and source. This effectively pulls the
low signal (0 V) from the drain side (microcontroller) to the source side (peripheral),
bringing the logic low to the peripheral.

When the microcontroller drives the drain side high again, the MOSFET ini-
tially remains on because the conductive channel is still formed. As a result, the
high voltage from the drain side (5 V) starts to propagate to the source side. How-
ever, once the source voltage rises to a certain point (reaching the MOSFET’s Vq
threshold), the MOSFET turns off. At this point, the source side remains at a
stable high logic level of 3.3 V, maintained by the pull-up resistor on the source
side. With the MOSFET no longer conducting, the logic high is reliably held at
3.3 V on the peripheral side, ensuring proper communication.

From Peripheral to Microcontroller (MISO line)

For the MISO line in SPI communication, the direction of the signal is from the
source side (3.3 V peripheral) to the drain side (5 V microcontroller). Both sides
are at high logic levels when idle, held there by the pull-up resistors.

When the peripheral drives the source side low, the Vg of the MOSFET de-
creases. This causes the MOSFET to turn on, creating a conductive channel be-
tween the source and drain. The low logic level from the source side is thus propa-
gated to the drain side, allowing the microcontroller to correctly read a low signal.

When the peripheral drives the source side high (to 3.3 V), the MOSFET ini-
tially stays on since the channel is still formed. The 3.3 V signal from the source
side is passed to the drain side. However, as the Vg drops to zero, the MOSFET
turns off. At this point, the pull-up resistor on the drain side begins pulling the
voltage up from 3.3 V to 5 V.

The MOSFET-based level shifter circuit is crucial for adapting logic levels be-
tween the microcontroller and 3.3 V peripherals on a shared SPI bus, which also
includes 5 V peripherals like the gate drivers. Without it, 5 V signals could reach
the 3.3 V components, risking damage or communication errors. Additionally, 3.3 V
components could interfere with communication by clamping the high logic level
when 5 V is expected. The level shifter effectively decouples the 3.3 V peripherals,
ensuring safe and reliable communication across all components on the shared SPI
lines.

9.2 Simulations

To validate the performance of the level shift circuit, a simulation was conducted.
Initially, the voltage divider-based level shifter was simulated to demonstrate its
degradation in performance as the frequency increases, particularly beyond 1 MHz.
This simulation highlights how the voltage divider struggles to maintain clear
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transmission data at higher frequencies, confirming the need for more robust level-
shifting techniques in high-speed applications.

in R1 ,out
V1 30kpy - C1
6.49k_~  20p
<~

Figure 45: LTspice scheme of the level shifter based on resistive voltage divider.

In the simulation of the resistive voltage divider level shifter circuit, a con-
servative parasitic capacitance of 20 pF was considered to account for both the
accelerometer and memory pins. The results, shown in Fig. 46, depict a square
wave input signal at three frequencies: 100 kHz, 1 MHz, and 10 MHz. From the
simulation, it is evident that while the circuit performs adequately at lower fre-
quencies, it is not suitable for frequencies exceeding 1 MHz. The degradation in
performance becomes particularly apparent at 10 MHz, where the output signal
is significantly distorted, making evident the limitations of this configuration for
high-speed applications.

Figure 46: Time domain simulation results with 100 kHz, 1 MHz, and 10 MHz input
frequencies.

The implemented level shifter circuit, based on a MOSFET, was simulated to
validate its performance. The simulation was conducted in both directions to rep-
resent both the MOSI and MISO lines in a typical SPI communication. The circuit
diagram, as shown in Fig. 47, was implemented in LTSpice, with the MOSFET
model for the NX3008NBKS imported from the Nexperia website [38]. Also in this
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simulation, a generic parasitic capacitance of 20 pF was considered on the receiver
side for both peripherals and microcontroller inputs.

> V3
n
\£!
> u1i 5V
3.3V DRAIN 3.3k
CATE " souRce R2
V2 NX3008NBKS 3.3V
3.3k

3.3 ! .
% 20p 3.3V_logic

Figure 47: LTspice scheme of the level shifter based on MOSFET using NX3008NBKS.

The simulation results illustrate the behavior of the MOSFET-based level shifter
at input frequencies of 100 kHz, 1 MHz, and 10 MHz. In Fig. 48, the MOSI line
is driven by a 5 V logic signal. Despite the presence of voltage spikes during
transitions, the logic levels remain consistent with 3.3 V logic on the source side.
An evaluation based on the memory datasheet’s input voltage thresholds confirmed
that the minimum high voltage level (V) required is 2.31 V, while the simulation
shows that even at 10 MHz, the receiver side voltage remains consistent at 3.3 V,
ensuring correct communication between the two logic levels.

R T T S L T S T

Figure 48: Time domain simulation results with 100 kHz, 1 MHz, and 10 MHz input
frequencies - MOSI line.
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In Fig. 49, the MISO line shows that at higher frequencies, the logic voltage
on the drain side becomes clamped at 3.3 V due to the slower response time of
the pull-up resistor. This occurs because the pull-up resistor cannot be too small,
as reducing its value would lead to excessive power dissipation. However, this is
not an issue because the microcontroller can be configured to operate in Transistor
Transistor Logic (TTL), where any voltage above 2 V is interpreted as a high signal.
Therefore, even though the MISO line is clamped at 3.3 V, the microcontroller still
interprets this as a high logic level, maintaining reliable communication at high
frequencies.

o) i) oo e o) W e

THO 4L
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Figure 49: Time domain simulation results with 100 kHz, 1 MHz, and 10 MHz input
frequencies - MISO line.
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Chapter 10

PCB Design

Once the schematic design was completed and all signals were correctly connected
to the microcontroller, the subsequent steps in the PCB design were carried out
by specially trained employees of I&M and monitored in the third person to en-
sure the best possible results. The first step involved initiating the packager tool,
which organizes all components instantiated in the schematic by assigning them
unique identifiers. This step is crucial as it generates a comprehensive list of com-
ponents and their corresponding nets, providing the foundation for the later stages
of component placement and PCB layout.

After obtaining the complete list of components, the total space required by
the physical footprint of each component was compared to the surface area of the
intended PCB. The physical dimensions of the board were constrained by the re-
quirements of the inverter design, where the gate driver and power stage were
already finalized prior to the board’s design. The resulting percentage of occupied
surface area was used to determine the appropriate stackup needed to route all sig-
nals effectively. The calculated occupied area was approximately 45%, a relatively
high value that typically requires an 8-layer stackup. However, to reduce costs, a
6-layer stackup was selected. If the 6-layer configuration proves insufficient during
layout design, it is possible to upgrade to an 8-layer stackup, although downsizing
is more challenging, as it would require a complete redesign of the layout.

Another important factor when selecting the stackup is the microcontroller
package type, as it typically has the highest number of nets, requiring the most
complex routing. The microcontroller chosen for this board uses an LFBGA292
package, which has pad connections distributed across the entire surface. Due to
this, even if the board’s component-to-surface ratio is low, a stackup with fewer
than six layers would not allow for complete routing of the microcontroller pins.

Once the stackup was selected, the Constraint Manager tool within Xpedition
Enterprise was utilized to define the physical constraints for the PCB traces. This
tool allows for the specification of various parameters, such as the characteristic
impedance of certain traces, which is essential for components like the Ethernet
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interface that require controlled impedance connections. Additionally, it enables
the definition of trace widths for specific nets, such as larger traces where a high
current is expected. Another key feature of the tool is the ability to define restricted
areas around components, such as the microcontroller, where specific routing rules
apply. For example, due to the close proximity of the microcontroller pads, the
Constraint Manager allows for the use of thinner traces to ensure all signals are
routed properly.

Once these steps are addressed, the layout work begins. Initially, components
required for specific functions are grouped together to facilitate routing. For exam-
ple, components forming circuits such as hardware protection are aggregated into
blocks. These blocks are then distributed and rotated on the board surface to op-
timize routing. Components like anti-reverse diodes and the board’s power supply
are placed near the external power connector to minimize the length of the power
traces. Where possible, particularly for components prone to heat generation, vias
are placed underneath to channel heat from the top to the bottom of the board.

In general, both the top and bottom layers are used for component placement
and do not follow strict net routing rules due to the forced transitions imposed
by the components. Layers 2 and 5 are typically designated for the ground plane
and power plane, respectively. The central layers (3 and 4) are usually used for
signal routing, one for vertical and the other for horizontal traces, except in the
area around the microcontroller, where additional constraints are imposed by the
complexity of its pin configuration.
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Figure 50: Control board top layer placement
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Conclusions

This thesis has contributed to the European HIEFFICIENT project, which aims to
advance powertrain inverter design by improving energy efficiency, reducing costs,
and promoting the adoption of electric mobility and green energy systems. Specifi-
cally focused on the control board, this work aimed to develop a flexible, modular,
and safety-oriented solution to meet the stringent demands of modern electric ve-
hicle powertrains.

The control board prototype presented in this thesis successfully demonstrates a
modular and adaptable architecture, capable of supporting multiple inverter topolo-
gies and diverse powertrain configurations. Its versatile design allows it to drive
both single and dual Voltage Source Inverters as well as 3-level inverters, providing
essential scalability for a range of EV applications. This flexibility is particularly
beneficial for electric vehicles with multiple motors, where a unified control board
can efficiently manage the operation of multiple traction inverters, reducing system
complexity, cost, and space requirements. By minimizing the need for additional
control hardware, the overall system design is streamlined, enhancing both effi-
ciency and integration.

A key focus of the design was ensuring system safety and reliability. The con-
trol board incorporates multiple protection mechanisms, including reverse polarity
protection through diodes and external relays, as well as dual power supply com-
patibility to ensure uninterrupted operation in the event of power source failures.
Additionally, hardware fault detection circuits provide a rapid response time of 2 us
to potential overcurrent and DC-Link overvoltage conditions, effectively preventing
system damage. The integration of hardware safety logic further enhances relia-
bility during fault conditions by allowing the inverter to switch to freewheeling or
active short circuit modes, depending on the operational state. This management
of safe states external to the microcontroller ensures secure operation, even in the
unlikely event of a microcontroller failure, safeguarding the system from critical
faults.

82



Conclusions

The board also incorporates advanced features to enhance adaptability. It sup-
ports analog position sensors in both single-ended and differential wiring configu-
rations, utilizing a multiplexer to select between the two modes. Additionally, it
interfaces with digital position sensors, including simple latching devices and SSI
sensors, using selectable pull-up or pull-down resistors or a full-duplex transceiver,
respectively.

The board’s ability to handle various communication protocols such as SENT,
CAN, and Ethernet ensures robust, high-speed data exchange and system diagnos-
tics, further improving integration into different powertrains.

To enhance the board’s adaptability, it integrates programmable analog and
digital inputs using shift registers in a daisy-chain configuration, ensuring efficient
resource management. This design handles a large number of configuration sig-
nals while minimizing microcontroller resource usage, allowing for flexible input
programmability. It supports adjustable low-pass filtering characteristics and the
selection of pull-up or pull-down resistors, ensuring compatibility with analog, dig-
ital (on/off), and frequency signals. Combined with high-side and low-side drivers,
this flexibility enables seamless interfacing with a wide range of external systems
and devices.

Throughout the development process, simulations were conducted using spe-
cific device models sourced from suppliers, including BAV99, LM290, OPA316, and
NX3008NBKS, to verify performance and ensure compliance with application re-
quirements. These simulations facilitated the optimization of design choices, such as
comparing the voltage divider and MOSFET-based solutions for the level shift cir-
cuit, and were crucial in determining the effective cutoff frequency for the low-pass
filter in the position sensor conditioning circuits. The insights gained from these
simulations allowed the selection of the most suitable designs to be implemented on
the board, making simulations an indispensable step in the overall design process.

Tests conducted on the actual components confirmed the intended operation of
the circuits, validating the design under real operating conditions. This experimen-
tal verification ensured that the theoretical design and simulations translated into
practical functionality, reinforcing the board’s reliability and compliance with the
stringent requirements of automotive standards.

In conclusion, the control board developed in this thesis successfully addresses
the key challenges of modularity, safety, and adaptability in traction inverter control
systems. By combining theoretical design, simulations, and experimental valida-
tion, the resulting board provides a high-performance, versatile solution well-suited
to meet the rigorous demands of modern electric vehicle powertrains, contribut-
ing to the advancement of energy-efficient, reliable, and scalable electric mobility
solutions within the European HIEFFICIENT project.
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