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Resumo

Este trabalho apresenta o desenvolvimento de uma estratégia de controlo para os motores da Equipe
de Férmula Estudantil do Instituto Superior Técnico. A estratégia de controlo foi desenvolvida para
melhorar a resposta dindmica do torque do motor e a eficiéncia do sistema. O motor foi caracterizado
experimentalmente e um ambiente de simulagao foi criado para testar diferentes estratégias de controlo.
O MPC explicito foi selecionado como a estratégia mais adequada devido a sua resposta rapida e baixa
variagao de corrente. Uma nova técnica de extensao de horizonte foi proposta para reduzir os erros na
previsao, o que deu nome ao controlador: Real-time Ultra Short Horizon extension MPC (RUSH MPC).
A estratégia de controlo foi implementada numa FPGA e foi desenvolvida uma bancada de testes. Os
resultados experimentais mostraram uma correspondéncia préxima com os resultados da simulagéo,
validando a estimativa de torque, as medicdes de corrente e a estratégia de controlo. A eficiéncia do
sistema foi melhorada devido a redug¢é@o na THD de corrente e a resposta de torque foi melhorada em

ordens de magnitude em comparag¢do com a solucao atual.

Palavras-chave: vpc Explicito, RUSH MPC, Controlo de Motores, Veiculos Elétricos, Foér-

mula Estudantil, Extens&do de Horizonte



Abstract

This work presents the development of a control strategy for the motors of the Formula Student
Team of Instituto Superior Técnico. The control strategy was developed with the main goal of improving
the dynamic response of the motor torque and the system efficiency. The motor was experimentally
characterized and a simulation environment was created to test different control strategies. The explicit
MPC was selected as the most suitable strategy due to its fast response and low current ripple. A
novel horizon extension technique was proposed to reduce model mismatch, which gave the name of
the controller: Real-time Ultra Short Horizon extension MPC (RUSH MPC). The control strategy was
implemented in an FPGA and a test bench setup was developed. The experimental results showed a
close match with the simulation results, validating the torque estimation, the current measurements, and
the control strategy. The system efficiency was improved due to the reduction in current THD and the

torque response was improved by orders of magnitude compared to the current solution.

Keywords: Explicit MPC, RUSH MPC, Motor Control, Electric Vehicle, Formula Student, Hori-

zon Extension

vi



Contents

Acknowledgments . . . . . L L iv
Resumo . . . . . . v
Abstract . . . . e Vi
Listof Tables . . . . . . . . e X
Listof Figures . . . . . . Xi
Nomenclature . . . . . . . . e xiii
Glossary . . .. Xviii

1 Introduction 1
1.1 Motivation . . . . . . L 1
1.2 Control Methods Overview . . . . . . . . . e 2
1.3 Thesis Objectives. . . . . . . . . . . e 3
1.4 ThesisOutline . . . . . . . . . e 3

2 Theoretical Background and PMSM Model 5
2.1 FormulaStudent . . . . . . . .. e 5
2.2 Two Level Voltage Source Inverter . . . . . . .. ... 8
2.2.1 Space Vector Modulation . . . . ... ... ... 9

23 PMSMmodel . . . . . . 11
2.3.1 PMSMin ABCcoordinates . . . . .. .. ... ... ... 11

2.3.2 dg0 Transformation. . . . . . . . . . . 13

2.3.3 PMSMindgOcoordinates . . . . . . . . . . . e 14

2.3.4 Discretization ofthe PMSM model . . . . . . ... ... ... . oo 16

2.4 Control Methods State of the Art . . . . . . . . . .. ... .. . 18
2.41 Field Oriented Control . . . . . . . . . . 18

2.42 Direct Torqgue Control . . . . . . . . . . 19

2.4.3 Model Predictive Control . . . . . . . . . . . . . . 20

3 Machine Characterization and Control Methodology 21
3.1 Motor characterization . . . . . . . . ... 21
3.1.1 Phaseresistance . . . . . . . L 22

3.1.2 FluxLinkage . . . . . . . . 22

vii



4

3.1.83 Windings direct and quadrature inductances . . . . . ... ... ... .......
3.1.3.1 Method 1 . . . . . .

3.1.32 Method2 . . . . . . . . .

3.2 CurrentReferences . . . . . . . . e
3.2.1 Constraints with limited inputvoltage . . . . . . . . . .. ... ... ..o,
3.22 Inductance Curves . . . . . . . .

3.3 Loadprofile . . . . .
3.4 Control Methods Development . . . . . . . . .. .. . e
3.4.1 Finite Set MPC . . . . . . .
3.4.2 Finite Set with Null Vector MPC . . . . . . . . . . . ... ...
3.4.3 Non-Linear Continuous SetMPC . . . . . . . . . . ... ... ...
3.44 RUSHMPC . . .. .
3.4.41 HorizonExtension . . . . . . ...

3.442 SpeedControl . . . . . . . . ... ...

Simulation and Experimental Results

41 Simulation . . . . . . e
411 BaselineStep. . . . . . . . e
412 CurrentTHD . . . . . . e
41.3 Robustness . . . . . . ..
414 AccelerationEvent . . . . . . ...

4.2 Experimental Results . . . . . . . . . . . . .

Conclusions
5.1 Achievements . . . . . . . . . e e e
5.2 Future Work . . . . . . . e

Bibliography

A

B

Amplitude invariant dq0 PMSM model

Technical Datasheets
B.1 AMK Motor Datasheet . . . . . . . . . . . . e
B.2 AMK Inverter Datasheet . . . . . . . . . . . . . ..

Current Reference using characterized inductances

Inverter Design

D.1 Efficiency Equation Formulation . . . . . . . . ... ...
D.1.1 Motor and Controller parameters . . . . . . . . . . . . . . ...

D.2 Operation Points . . . . . . . . . e

D.3 Diode Selection . . . . . . . . L e

45
45
46
48
49
50
51

59
60
60

62

66

67
68
70

71



MOSFET Module Selection . . . . . . . . . . . . . . e 77

Gate Driver Design . . . . . . . . L 79
Current and Voltage Measurement . . . . . . . . . . . . . . . e 81
PCB Design . . . . . . . 81
Inverter Schematicsand Layers . . . . . . . . . . . . ... 83
D.8.1 Half Bridge Board Schematic . . . ... ... ... ... ... ... ... ...... 84
D.8.2 Half Bridge Board Layers . . . . . . . . . . . . . .. 85
D.8.3 Gate Driver Board Schematic . . . . . .. .. ... ... . ... ... ... . .. 86
D.8.4 Gate DriverBoard Layers . . . . . . . . . . ... 95
D.8.5 Current Sensor Board Schematic . . . . ... ... ... ... ... ......... 96
D.8.6 CurrentSensorBoardLayers . . . . . .. .. ... ... 100

D.8.6.1 Toplayer. . .. ... . . . e 100

D.8.6.2 BottomLayer. ... . .. .. .. . ... 100



List of Tables

2.1 FST13 Powertrain Specifications . . . . . . . . . .. ... . . . 7
2.2 Switching combinations and space vectors for a 2-level three-phase inverter . . . . . . .. 8
4.1 Simulation Parameters . . . . . . .. 46

4.2 Control Method Current THD comparison. THD is calculated until the Nyquist frequency,
that is 250k H z and 40k H z for the controllers running at 50k H z and 8k H = respectively. . . 48

D.1 List of possible diodes for the new inverter design compared to the solution used on the
current design. . . . . . L L e 77

D.2 List of possible MOSFET modules for the new inverter design compared to the discrete
solution used on the currentdesign. . . . . . . . . . ... 78

D.3 Efficiency comparison of the possible MOSFETs modules for the new inverter design. . . 78



List of Figures

1.1 FST12 Team at Formula Student Germany Competition. . . . . . . . ... ... ... ... 2
2.1 Formula Student Germany Tracks. . . . . . . . . . . . .. . .. 6
2.2 2-Level Voltage source Inverter arrangement. . . . . . . . . ... L. 8
2.3 Space vector for a 2-level three-phaseinverter. . . . . . .. ... ... oo L. 9
2.4 Delta-wound PMSM. . . . . . . . e 12
2.5 Field Oriented Control - from Texas Instruments [27]. . . . . . . .. . ... .. ... .... 18
2.6 Direct Torque Control - from El Quanjlietal. [33]. . . . ... ... .. ... ... .. .... 19
3.1 Flux Linkage characterization. . . . . . . . . . . ... .. . .o 23
3.2 Inductance measurement setup schematic. . . . . ... ... ... ... ... .. ... 23
3.3 Inductance measurementsetup. . . . . . . .. 24
3.4 Example of the voltage step response used for the inductance characterization. . . . . . . 25
3.5 Lginfunctionofig. . . . . . . . . . e e 25
3.6 Quadrature Inductance measurement alignment pulse setup. . . . . ... ... ... ... 26
3.7 Lginfunctionofi,. . ... ... ... 26
3.8 Identification voltage pulses - from Stumbergeretal. [40]. . . .. ... ... ... ..... 27
3.9 Quadrature Flux linkage @iq = —5A. . . . . . . . . . e 28
3.10 Flux linkage with different currents on a perpendicularaxis. . . . .. .. ... .. ... .. 28
3.11 Flux Linkage exponential fit. . . . . . . . . . .. .. 29
3.12 Maximum Torque per Ampere curve without constraints. . . . . . .. . ... ... ... .. 32

3.18 Constrained Maximum Torque per Ampere curve at minimum, nominal, and maximum

voltages. Reference currents are shown for 0, 13000 and 2000 RPMs. . . . . . . ... .. 33
3.14 Manufacturer inductance curves. . . . . . . . . . L 35
3.15 FSMPC Diagram. . . . . . . . o e e e 37
3.16 Finite Set with Null Vector MPC Diagram. . . . . . . . . . . . .. ... ... ... ... 38
3.17 Implicit Continuous Set MPC Diagram. . . . . . . . . . . . . . . . 39
3.18 Explicit Continuous Set MPC Diagram. . . . . . . . . . . . . . 40
3.19 Horizon extension by one timestep. . . . . . . . . . . .. .. L 40
3.20 Horizon Extension by control time. . . . . . . .. .. ... ... 41

Xi



3.21 Horizon extension comparison, on top the measured and predicted voltages. The bottom
lines are the computed control action and the applied control action . . . . .. ... ...
3.22 Speed control diagram. . . . . . ... L

3.23 Root locus plot for the closed loop system.. . . . . . . . ... ... ... L.

4.1 Simulink Models, Motor and Inverter. . . . . . . . . . . . . . .. ... ..
4.2 Control methods comparisoninatorquestep. . . . . . .. .. ... ... ... . ...
4.3 Monte Carlo Robustness Analysis. . . . . . . . . .. .. . . . . ..
4.4 Parameter correlation coefficient with performance metrics. . . . . . . ... ... ... ..
4.5 Control methods comparison on an Accelerationevent. . . . .. ... ... ........
4.6 Testbenchsetup. . . . . . . . . e
4.7 Torque estimation vs Measured. In the bottom the percentual error between the measured

and estimated torquesisshown. . . . . . . . .. .. ... L L
4.8 Line currents measured at steady state. Torque reference at 7Nm and rotor speed stable

At I6ORPMS. . o o o o o e e e e e e e e e e
4.9 Line Current measurements with a reference torque step from 0 to 7Nm at 0.02s. . . . . .
4.10 Torque reference following with a step fromO0to 7TNm. . . . . .. .. ... ... ... ...
4.11 Comparison of torque step response between the proposed method and the currently

implemented method. . . . . . . ...
4.12 Torque step response for different reference torque values. . . . . . . ... .. ... ...
4.13 RPM step from standstill to 2500RPMs. . . . . . . . . . . . ... oo
4.14 Pedaltorque profile. . . . . . . . . e

C.1 Constrained Maximum Torque per Ampere curve at minimum, nominal, and maximum

voltages. Reference currents are shown for 0, 13000 and 2000 RPMs. . . . . . .. .. ..

D.1  Motor power factor and current THD maps as a function of the motor speed and torque. .
D.2 Motor operation points for the 2023 Germany Endurance Event. The color represents the

number of points in each bin on a logarithmicscale. . . . ... ... ... .........
D.3 Combined motor operation points for the 2023 Germany Endurance Event. The color

represents the number of points in each bin on a logarithmicscale. . . . . . ... ... ..
D.4 Newinverterlosses analysis. . . . . . . . . . . .
D.5 Desaturation protection circuit (adapted from [5]). . . . . . . . ... o oL
D.6 Render of the PCBs used in the new inverterdesign. . . . . . ... ... ..........
D.7 Renderofthefinallegmodule. . . . .. ... ... . ... ... ...
D.8 Half Bridge Board Layers. . . . . . . . . . . . e
D.9 Gate Driver Board Layers. . . . . . . . . . . e

Xii

49

52

79

85



Nomenclature

Greek symbols

Q@ Exponential average smoothing factor
7 Efficiency

Mransm 1ransmission Efficiency

~ Desired voltage vector angle
L Lagrangian function

A Lagrange Multiplier

w Rotor velocity

wwheets Wheel rotational velocity

We Rotor electrical velocity

Uy Flux linkage

vy Combined Flux linkage in the direct axis (includes the permanent magnet component and the

current induced component)

p Air density

T Time Constant

0 Rotor position

0. Rotor electrical position

Roman symbols

Qg Exponential fit linear gain = € [0, 4]
A, Car frontal reference area

Gy Car acceleration in the x axis

by Exponential fit exponential gain = € [0, 4]

Xiii



Bl

Cq
Cdown
Coss

Ct

Fd'rag

F motor

13

Blondel-Park Transformation matrix

Exponential fit constant offset

Diode parasitic capacitance

Exponential fit lower saturation gain

MOSFET output parasitic capacitance

Total parasitic capacitance (MOSFET + Diode)
Exponential fit upper saturation gain

Drag coefficient

Concordia Transformation matrix

Rolling resistance coefficient

MPC soft constraint

Phase switch duty cycle

Average energy needed to switch the MOSFET gate at the switching frequency
Phase back-EMF vector (abe, dq0, or s)

Back EMF

Aerodynamic drag force

Motor equivalent linear force at tire contact patch

Motor power factor

Frollingresistance ROHIHQ resistance force

fsw

Switching Frequency
Gravitational acceleration
Transmission Gear Ratio
Sampling time period

dqg Current norm

linemaz Motor maximum line current

Ldq
1xyz

ig

Norm of the predicted dq0 currents
Phase currents vector (abc, dq0, or s)

Current

Xiv



iz,., Current, reference

J MPC cost function

J Rotational Inertia

Jeq Equivalent Rotational Inertia

Jy.,  Front motor Equivalent Rotational Inertia
Rear motor Equivalent Rotational Inertia
Jwheets Wheels Rotational Inertia

k Discrete time index

k; Pl integral gain

ky PI proportional gain

Kpipe Neutral point shift gain

k; Torque Constant

ky, Voltage Constant

Lxy, Inductance matrix (abe, dq0, or s)

L, Phase self inductance

m Modulation index

my Efficiency formulation modulation index
Muheelequivalent YWheel mass linear equivalent
M,, Phase mutual inductance

Mear Car mass

P Number of pole pairs

P, Inverter Output Power

Pon  Inverter Conduction Loss Power

Psw  Inverter Switching Loss Power

Yxyz  Flux linkages vector (abc, dq0, or s)

Qg MOSFET gate charge

T dqgO0 Stator resistance

Ry Motor equivalent resistance

XV



Rps,, MOSFET on state resistance
Ryy, Resistance matrix (abc, dq0, or s)

Tshunt CUrrent Shunt resistance

rwire Wire resistance

Ty Phase resistance

Ture  Tire radius

Sy Inverter Switches states x € [0, §]

Sy MPC cost gains

T Switching period

teoontrot 1ime taken to compute a control action

T, Electromagnetic torque

Tioaa Load reaction torque

T,ss Losses equivalent torque

T* abc->dg0 Amplitude Invariant Transformation matrix
T abc->dq0 Transformation matrix

Torr  MOSFET turn-off time

Ton MOSFET turn-on time

T..y Reference Torque

ty Period of time a Voltage vector « is active

THD Total harmonic distortion of the inverter output current
Uxy, Phase voltages vector (abc, dq0, or s)

Ug Voltage

v Car Velocity

Vs MOSFET drain source voltage

Tj;l Norm of the dq0 voltage reference

Vorums Line to neutral inverter output RMS voltage

Vbe

V;"ef

DC Link Voltage

Voltage reference vector

XVi



Ve Voltage vector = € [0, §]
Zy Motor equivalent impedance
Subscripts
act Active vector
a, 3,0 Alpha axis, Beta axis, and zero-sequence components
d,q,0 Direct axis, quadrature axis, and zero-sequence components
fyr Front and Rear axle
A, B,C Line values
n Null voltage vectors (Vector 0 or 8)
N Neutral point
a,b,c Phase values
PM  Permanent Magnet component
r Rotor value
s Stator value
Superscripts
Time derivative

T Transpose

XVii



Glossary

ADC Analog to Digital Converter.

ASR Autonomous System Responsible.

back EMF Back Electromotive Force.

CS-MPC Continuous Set Model Predictive Control.
DTC Direct Torque Control.

EMI Electromagnetic Interference.

FOC Field Oriented Control.

FPGA Field Gate Programmable Array.
FS-MPC Finite Set Model Predictive Control.
FSG Formula Student Germany.

FST Lisboa Formula Student Team of Técnico Lisboa.
IGBT Insulated-Gate Bipolar Transistor.

MAD Median Absolute Deviation.
MOSFET Metal Oxide Semiconductor Field Effect Transistor.
MPC Model Predictive Control.

MTPA Maximum Torque per Ampere.
NL-MPC Non-Linear Continuous Set MPC Model Predictive Control.
OEM Original Equipment Manufacturer.

PMSM Permanent Magnet Synchronous Motor.

XViii



PWM Pulse Width Modulator.

RUSH MPC Real-time Ultra Short Horizon extension MPC.

SAR ADC Successive-approximation Analog to Digital Converter.
SHE Selective Harmonic Elimination.

SiC Silicon Carbide.

SPWM Sinusoidal Pulse-Width Modulation.

SVM Space Vector Modulation.

THD Total Harmonic Distortion.

VSI Voltage Source Inverter.

XiX



Chapter 1

Introduction

Contents
1.1 Motivation . . . . .. ... e e e e e 1
1.2 Control Methods Overview . . . . . . . . . . it it ittt e e e e e e e e 2
1.3 ThesisObjectives . . . . . . . . . . i i i it i e e e e e e 3
14 ThesisOutline . . . . ... . . . . it e et 3

1.1 Motivation

With the increasing regulation efforts to reduce carbon footprints, an upward trend of investments in
the mobility sector for the development of electric and hybrid powertrains has emerged. This field has
received considerable interest for not only hardware improvements [1] but also new software alternatives
with several new control strategies being proposed. From one side the advancing processing power
available in microcontrollers has enabled the use of real-time predictive control strategies [2], while the
use of wide bandgap semiconductors results in a substantial efficiency improvement [3].

Formula Student is an engineering competition that challenges students to design, manufacture,
and test a formula-style race car inside a given set of regulations. Similarly to the industry trend, the
competition has pushed teams towards electrification, encouraging students to seek solutions that are
lightweight, powerful, and efficient. The Formula Student Team of Técnico Lisboa (FST Lisboa) was
funded in 2001, and since then has built 12 prototypes, from the fourth model (FST04) onward they
have an electric powertrain, with the last 3 having autonomous racing mode, with the last one shown in
Figure 1.1.

A major advance in the power converter field was the use of wide bandgap semiconductors, which
has allowed the development of more efficient converters with a higher power density. As a relatively
new technology, there aren’t many off-the-shelf solutions that fulfill the specifications required for a For-
mula Student prototype, thus some of the top teams started to develop their own motor drive solutions.
FST Lisboa started working on a fully self-developed powertrain in 2017 with the motor development

by Sarrico [4], and inverter development by Costa [5]. This development aligns with the fundamental



objectives of Formula Student, which is empowering technical and practical knowledge to better prepare
students. Additionally, the development of the entire powertrain system can result in a more efficient plat-
form, creating a system optimized for each prototype. Unfortunately, the motor prototype is not ready
to be used in the car, and the inverter is missing a system able to control the currently used motors.
This work intends to fill a critical gap which is the absence of adequate control for a Permanent Mag-
net Synchronous Motor (PMSM). By developing and implementing a control strategy that enables the
use of an in-house developed inverter with the commercial motor solution, this work not only addresses
the identified bottleneck in the powertrain section but also shifts the performance envelope standards,

improving the overall capabilities of the next prototypes.

Figure 1.1: FST12 Team at Formula Student Germany Competition, © FSG - Axel Grobe.

1.2 Control Methods Overview

Through the years, several approaches have been proposed to control synchronous machines using
a 2-level three-phase inverter. Regarding the control methods, several solutions have been presented
in the literature with the most common being Field Oriented Control (FOC) and Direct Torque Control
(DTC), with Model Predictive Control (MPC) [6] being introduced more recently, seeking a compromise
between the advantages of FOC and DTC. Some approaches require a modulator such as Space Vector
Modulation (SVM) [7], while others can directly output the semiconductor trigger signals [8].

The use of FOC and DTC have dominated the market for many years due to their simple implemen-
tation, but each of them has downsides. FOC combined with current control PID is known for having a
slow dynamic response when compared to DTC, while in steady-state behavior and disturbance rejec-
tion, FOC shows better results [9—-11]. DTC has a faster dynamic response, with the compromise of a
higher torque ripple and a higher current Total Harmonic Distortion (THD). MPC has been proposed as
a combination of the two, exhibiting a good dynamic response while being able to maintain low current
and torque ripple.

Technical advances in the microprocessor industry have allowed the increasing use of MPC in power



converters and drives [8]. This non-linear control scheme provides easy constraint integration while
optimizing the control action in real time and is adaptable to different types of electric machines being
controlled. The main downside of this strategy is the increased computational cost, which is offset by
the decreased cost of computational power.

MPC in power systems is usually divided in two categories: Continuous Set Model Predictive Control
(CS-MPC) and Finite Set Model Predictive Control (FS-MPC) [12], depending on their output signals.
The first type calculates the best possible voltage vector and then uses a modulator like SVM to compose
it, while FS-MPC exploits the fact that a motor drive usually has a limited number of possible voltage
combinations and thus predicts the currents for each of those vectors to evaluate the best option. The
second approach usually doesn’'t need a modulator as it only considers the finite set of all possible
converter states, although some variations have tried to increase the search space by introducing syn-
thetic vectors that are created from a combination of the native ones. This technique of subdivision and
refining vectors can be used to create a quasi-continuous set MPC [13], which, when combined with
reducing the search area to the most probable sector, can improve the torque and current ripple without

a prohibitive increase in computational cost.

1.3 Thesis Objectives

This work targets to develop a nonlinear control strategy that allows the use of the existing high-
efficiency inverter [5] with the commercial motors currently used by the team [14]. This control method
must be able to achieve a faster dynamic response than the current inverter used by the team while
maintaining or improving the same steady-state performance, and with a sampling time smaller than
205 to allow a switching frequency of at least 50k H z.

While the improved control method will enhance the performance, not all the gains will come from
that, but also the use of an inverter with Silicon Carbide (SiC) Metal Oxide Semiconductor Field Effect
Transistors (MOSFETS) greatly increases the efficiency. The increase in switching frequency shall bring
a reduction in the currents THD resulting in further efficiency improvements. Lastly, the use of an inverter
designed specifically for this motor will reduce the system mass, improving the power-to-weight ratio.

Summing up, this work aims to increase the dynamic response and the efficiency of the powertrain
system using wide bandgap semiconductors and nonlinear control methods. This will be verified in
simulations, and wherever possible with a prototype in a test bench, where the control method shall be
compared with the Original Equipment Manufacturer (OEM) system. A revised version of the inverter
will also be made, to improve the measurement robustness to Electromagnetic Interference (EMI) and

to increase the maximum current limit of the semiconductors to match the motor's maximum current.

1.4 Thesis Outline

Chapter 2 starts with an overview of formula student competitions, followed by an introduction to two-

level inverters. Then a mathematical model for a PMSM is developed, laying the ground for the proposal



of the control methods The chapter ends with a brief review of the control methods state of the art.

In Chapter 3 the motor characterization methodology is defined and the current reference generation
is presented. A load profile that represents the car is also defined, and the controllers studied in this
work are proposed.

Chapter 4 presents simulations comparing the control methods and validation of the simulation model
with experimental tests.

In Chapter 5 the conclusions are made, analyzing which objectives were fulfilled and proposing topics

for future research.
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This chapter covers some fundamentals used to develop this work. It starts with a brief overview

of Formula Student competitions and the current powertrain system used by FST Lisboa. After this, it

presents the basics on Voltage Source Inverter (VSI) and modulation techniques before developing a

mathematical model for the used motors and later converting it to discrete time. Lastly, a quick overview

of the literature control methods is done before introducing the proposed strategy.

2.1 Formula Student

In a formula student competition, two types of evaluation exist, the first category is comprised of static

events where the design, cost, and business model of the prototype are analyzed. In the dynamic cate-

gory, each prototype is evaluated through 5 different events: Skidpad, Acceleration, AutoX, Endurance,



and Efficiency (evaluated in the Endurance track), as shown in figure Figure 2.1. To be able to compete
in dynamic events each prototype needs to pass a series of safety and rule compliance inspections,
a process which starts even before de competition with the documentation analysis and finishes with
on-site scrutineering.

The Skidpad event is the least relevant for this study as it is designed to test the cornering ability of
the vehicle. It is comprised of two circles of radius 9.125m, where the vehicle performs an adaptation first
lap and then the lap time is measured on the second lap, when the car is at steady state cornering. As
it is a tight and steady course, the power consumption is low not reaching the regulations limit of 80kW,
thus the dynamic response and efficiency of the motors have almost no relevance to the performance.

The acceleration event consists of a standing start 75m straight acceleration, with the maximum
battery power limited to 80kw, as it is for all Formula Student events. For this event, the key factors from
a powertrain point of view are the torque dynamic response, and how efficiently the powertrain system

can deliver power to the ground. The AutoX is a 1km track with several corners and straights mixed.

AutoX (1km) Skidpad
Endurance (22km)

Acceleration

0.3m I 75 m - 75m -
Staging Line
StartLine Finish Line
a mml|®mm K\ A__A LA_A>
\ | >

q \ \
Start ! stop L >
| Area = ‘ﬁ
I

"""""" \—/‘ ) ‘\7‘"'"** ‘W“VE

Figure 2.1: Formula Student Germany Tracks, adapted from [15].

In this test, an increased dynamic response can delay the braking zone, and the efficiency allows it to
reach higher velocities using the same amount of power. Lastly, the endurance event is similar to the
AutoX, with enough laps to complete 22km. In this event, although improved dynamics can be beneficial,
efficiency is the key factor as it results in more available energy to complete the 22km track while also
scoring points in the Efficiency category.

For the autonomous part of the competition, there are very similar events, with the Skidpad and
Acceleration being the same as in the manual mode. The driverless AutoX needs to be a little differ-
ent, with a smaller distance for the Autonomous System Responsible (ASR) to be able to see the car

throughout the entire track and press the emergency button if necessary. The Endurance event driver-



less analogous is the TrackDrive event, usually being on the same track as the AutoX, but with fixed
10 laps. Currently, the points performance in the driverless events is mostly dictated by how good the
autonomous software is, but as the teams evolve, the cars will play a major role in the results, the same
way as it is in the manual category.

Since the FSTO07, FST Lisboa has used AMK motors and inverters [14, 16] (datasheets shown in
Appendix B), this set is a good solution for teams switching to a four-motor setup as it is already paired
and has good documentation. However, as the team evolves, it is natural to look for improvements,
and the AMK inverters were deemed one of the prototypes’ current bottlenecks. The use of Insulated-
Gate Bipolar Transistor (IGBT) as the switching component, means that this inverter is capped in its
switching frequency, using only 8kHz. This low switching frequency reduces powertrain efficiency and
increases the set’s weight. Another drawback of this solution is the control method as it uses a simple
FOC, thus having a low dynamic response and further reducing efficiency by not using Maximum Torque
per Ampere (MTPA) strategies. A brief outline of the current specification of FST Lisboa’s prototype is

shown in Table 2.1.

Table 2.1: FST13 Powertrain Specifications

Parameter Value
Battery Voltage Min 420 V
Battery Voltage Maximum 609 V (limited at 600 V by regulations)
Battery Voltage Nominal 532V

Maximum Battery Power 147 KW (limited at 80 kW by regulations)
Number of Motors 4

Maximum Power per Motor 36.75 kW
Typical Average Power 30 kW
Maximum Average Power (1 min) 60 kW
Maximum Current DC 160 A
Maximum motor current RMS (1,24s) 105 A

AMK Inverter Switching Frequency 8 kHz
Rotating magnetic field at Maximum Speed 1.6 kHz
Rated Motor Current 41 Arms
Rated Motor Voltage 350 V
Maximum Speed 20000 RPM
Motor Number of Poles 10
Quadrature Axis Inductance, 0.12 mH
Direct Axis Inductance 0.24 mH
Rotor time constant 0.01s
Maximum Torque 21 Nm
Torque constant 0.26 Nm/Arms
Voltage constant 18.8 V/KRPM




2.2 Two Level Voltage Source Inverter

The usual hardware used to control synchronous machines is a 2-level Voltage Source Inverter. Such
equipment is composed of six switches organized in three legs, where each pair of switches is connected

to a motor terminal, as shown in Figure 2.2.

(G QNC), JINE))

XC)| JENC)] JENC)]

Figure 2.2: 2-Level Voltage source Inverter arrangement.

Usually, each switch in an inverter leg is operated with the inverse logic of the other switch in the
leg, and this arrangement allows for 8 different switching combinations where 2 of them result in null
voltages. That gives 7 possible voltage vectors, as detailed in Table 2.2 and Figure 2.3. In Table 2.2
the Vector column denotes the top switches states (51,52, and S3), where a 1 means the top switch
is the conducting state with the bottom switch is on a cut-off state and a 0 the opposite. The « and
B components which define the state space vectors are as defined by the Concordia transformation,

shown in Equation (2.1).

1
5 1 0 %
Co = 3 -1 B 2 (2.1)
_1 _v3 1
2 2 V2

Table 2.2: Switching combinations and space vectors for a 2-level three-phase inverter

Switch State Vector | Vup Ve Vea Vo Vs
0 000 0 0 0 0 0
1 ’ 001 Ve 0 ~Vbeo \/g Ve 0
2 010 | ~Vpe | Vbe 0 Ve | Voe
3 011 0 | Voc | —Voe | —%Voe | Z5Voe
4 100 0 | Voo | Voe f\/gVDc 0
5 101 Vpe —Vbe 0 7ﬁVpc %Vpc
6 110 | —Vpe 0 Vbe ﬁVnc %Vnc
7 111 0 0 0 0 0

Despite the number of discrete voltage states, using some modulation techniques it is possible to

synthesize a resultant vector if it is inside the attainable region denoted by the hexagon in Figure 2.3.



The current inverter used by FST Lisboa uses this structure, but the switches are silicon IGBTs, which
when compared to SiC MOSFETs has a higher switching loss, leading to lower switching frequencies
being used [17]. The lower switching frequencies cause higher distortions in the current waveforms,
decreasing motor efficiency. The lower switching frequency system also needs a higher capacitance on
the DC Link, while the lower efficiency of silicon semiconductors requires a bigger heatsink, leading to a

higher volume and mass inverter, decreasing the power density of the solution.

2.2.1 Space Vector Modulation

Several modulation techniques have been proposed in the literature like Sinusoidal Pulse-Width Mod-
ulation (SPWM), Selective Harmonic Elimination (SHE) [18], SVM [7]. The most common method of
modulation in digital motor control is SVM, as it is a robust, easy-to-implement technique, and allows
higher voltage ratio.

Figure 2.3 shows a 2D representation of the space vector for a 2-level three-phase inverter. The basic
voltage vectors (previously defined on Table 2.2) are shown pointing to the hexagon corners. Connecting

the basic vectors produces the hexagon of possible voltage states.

without overmodulation . N Voltage

1 e [2
— Ve Vaoio) - e Vs 3o
\/5 L7 < T NS / 3
Maximum Voltage \"" Ty Maximum Overmodulation

Ve(t10) § ¥ Vo)

—Vbe . - .
22 Vagoo)y el - Vsgon

Maximum Voltage
without neutral point shift

Figure 2.3: Space vector for a 2-level three-phase inverter.

Using SVM it is possible to modulate any vector inside the hexagon shown in Figure 2.3, but if a
pure sinusoidal output is desired, the vectors should be constrained to the inscribed circle, that has a
radius of %VDC. The reason behind this is to keep the reference vector locus inside the hexagon,
avoiding distortions in the output. Note that although it is possible to generate waveforms with higher

RMS value, it is not possible to modulate a peak higher than %VDC for every vector angle. If a higher
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RMS value is requested the generated voltage will be saturated on the sides of the hexagon while near
the corners it will achieve the requested value, thus those waveforms become more and more distorted
as the amplitude approaches \/%VDC. To modulate a sinusoidal output the vector should develop a
circular trajectory, but in the overmodulation region the voltage constrains it to the voltage hexagon, and
thus the difference between the intended and the effectively applied vector increases.

To simplify the analysis of those vectors, a modulation index (m) is defined as shown in Equa-

2
ﬁ!
will result in diminishing returns in wave amplitude, while the output approaches a six-step commutation,

tion (2.2). The output is free of distortion if m < and increasing the modulation index further

greatly increasing the THD [19]. This area of operation is called overmodulation, and several approaches

have been proposed [20, 21] to minimize the distortions.

m:&“/mf| m € [ 4} (2.2)

0,-
\/3 Vbe 3

To modulate a voltage vector that is not exactly one of the basic voltage vectors a modulation tech-
nique is needed. When using the SVM method to compose a given reference vector V.. ¢, the algorithm
first detects the sector on which the reference vector lays. With the sector identified a ratio between the
adjacent basic vectors and a null vector is selected so that the average vector is equal to the reference
vector. This ratio is calculated as shown in Equation (2.3).

For example, let’'s consider the reference vector shown in Figure 2.3. According to SVM, this vector
can be modulated by using V; for half of the active time and V5 for the other half of the active time. The
active time refers to the duration when the vector amplitude is non-zero, while the null time refers to the
duration when a null vector is used to reduce the output amplitude. This modulation can be expressed

by Equation (2.3), where ¢, + t3 represents the active time and ¢,, represents the null time.

tn‘/n + tl‘/l + 2‘;3‘/3

eref = h

(2.3)

In the hardware implementation, the voltage reference is generated in the rotor reference frame (dq0)
and then the inverse dqO transformation is applied to obtain the phase voltages directly, without selecting
a sector to know which vectors to use. These phase voltages are then divided by the DC link voltage to
obtain the duty cycle of the switches. Note that this does not account though for the neutral point shift.
This simplification results in the same switching times for the active vectors as the geometric approach
of calculating which sector the reference vector is and then decomposing the reference vector in the two
adjacent vectors. The null vector distribution between 1, and V7 will dictate the neutral point shifting
method.

Several approaches have been proposed to accomplish this shift and they all rely on injecting a
variable offset voltage on the neutral point that has a strong third harmonic component. Although a
pure third harmonic sine wave can be used it is computationally expensive when compared with other
methods such as top, mid, or bottom clamp. This technique of mid-clamp aims to center the neutral point
between the DC link terminals, while the top clamp shifts the neutral point to the maximum voltage and

the bottom clamp to the minimum voltage. The main advantage of a top or bottom clamp is the reduced
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number of switching events when compared with a mid-clamp.

The chosen approach is defined by Equation (2.4), where K¢ is the shift factor, and Van,Vanw,
and Ve are the phase voltages referenced to a virtual neutral point that is the average of the phase
voltages with respect to the DC link negative terminal. The value of K5 dictates the shift method
used, when it is equal to 1 the top-clamp method is used, if it is 0.5 then the mid-clamp is used, and
0 results in the bottom-clamp method. Microchip [22] has a visualization tool with the main methods
shown. The calculated shift voltage is then summed to the desired phase voltages, and the modulation
technique is applied as usual. In the implementation, this results in the MOSFETs duty cycle being

shifted to center at the value of Kp;:.

Vshift = Kshigt — Konipr max (Van, Ven, Von) — (1 — Kgpige) min (Van, Ven, Von) (2.4)

2.3 PMSM model

As the proposed work is to improve the dynamic response and efficiency of the motor and motor
drive currently used by FST Lisboa, it is necessary to first develop a model to represent this machine, a

PMSM with delta-arranged windings.

2.3.1 PMSM in ABC coordinates

The stator voltages of the considered electrical machine can be given by Equation (2.5), with a

graphical representation in Figure 2.4.

UAB re. 0 0 la Ve

d
upc| =10 7 0 i | + P Uy (2.5)
UcA 0 0 Te ic /l/}C

In this equation, u,, represents the measured voltage between terminal = and y, i, is the current
flowing on each phase, r, is the phase resistance, and 1, is the flux linkage of each coil. Combining

this in a matrix representation we can define the variables in Equation (2.6).

re 0 0 la UAB
Rabe = | 0 r, 0 (2.68) iabe = i (26b) Uabe = |upc (2-60)
0 0 Te ic UCA

Regarding the flux linkage, it can be defined as in Equation (2.7a), where ¢ p,, is the permanent
magnet flux linkage, and 6. is the rotor electrical position. Additionally, the L,;. matrix is the inductance
matrix as later defined in Equation (2.9). With this definition, the Equation (2.5) can be expanded into

Equation (2.8), where E, is the Back Electromotive Force (back EMF) as defined in Equation (2.7b).

11



cos (6.) E, —sin (6.)
)| (27a) Babe = | By | = ¥pumbe | —sin (. — )| (2.7b)

cos (96 + %) E. —sin (96 + 47”)

Figure 2.4: Delta-wound PMSM

The expanded form results in Equation (2.8).

diabc dLgape,
Uabe = Rabciabc + Labcldi: + dtb labe + Eabc (28)

Note that the inductances are not constant, but they change regarding the rotor electrical position 6..
This variation exists because the selected machine has a spoke magnet arrangement on the rotor, thus
creating magnetic paths with different reluctances depending on the rotor angle. According to Marques
[23], this variation is a sum of even harmonics of a cosine function, but usually, it is enough to consider
up to the second one, resulting in the inductance matrix shown in Equation (2.9), where L., ,L,,, M, ,

and M., are constants and define the coefficients for the self inductances and the mutual inductances.

Lo, + Lg, cos (26.) M, + My, cos (20e + 4{) Mye, + Mg, cos (2 e — %ﬂ)
Labe = | Mpy, + My, cos (296 + %’r) Ly, + Ly, cos (296 - %’r) Mye, + My, cos (26,)
Mea, + Meq, cos (20, — 2F) My, + My, cos (26.) L¢, + L, cos (26, + 4F)
(2.9)

Is important to explain that the Equation (2.9) is derived assuming the 3 phases are separated by

120 electrical degrees and that the windings have a sinusoidal magnetomotive force distribution.

For comprehensive understanding, the self inductances L, and the mutual inductances L,,, depicted
in Figure 2.4 are as defined in Equation (2.10).
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4 4
Loy = Mgy, + My, cos (2(9e + ;) (2.10a)  Lue = Mye, + M, cos (296 — g) (2.10b)
Ly = Miya, + Myq, cos <296 + 4;) (2.10¢) Lye = Mpe, + Myc, cos (26.) (2.10d)
Lea = Mea, + Moq, cos (29e - 4;) (2.10e) Lep = Me, + Mep, cos (26.) (2.10f)
Loy = Lg, + Lg, cos (26,) (2.109) Ly = Ly, + Ly, cos (26,) (2.10h)
L.=L. + L., cos(26.) (2.10i)

2.3.2 dq0 Transformation

To simplify the mathematical models, some transformations were proposed. The most common is the
dqg0 transformation, which is a combination of the Concordia and the Blondel-Park transformations. The
Concordia transformation converts a three-phase system into an equivalent two-phase system, where
the two phases are orthogonal to each other, they are called o and 5 components. This transformation
has two main versions, the amplitude invariant, and the power invariant. The power invariant version,
initially presented in Equation (2.1), is shown again in Equation (2.11a) for easier reference.

The Blondel-Park transformation is a rotating referential transformation, where the referential is syn-
chronous with the rotor position. The transformation matrix is shown in Equation (2.11b). Note that
throughout this work the alignment of the transformation is always the d component with the phase
a. The dqO0 transformation is a combination of the Concordia transformation, and the Park referential
change, it produces a biphasic equivalent system with a synchronous rotating referential. The transfor-

mation matrix is shown in Equation (2.12).

5 1 0 % cos(f.) —sin(f.) O
Co=\/3|-3 ¥ Z5| (@mMa)  Bly,=|sin() cos6.) 0| (211b)
-3 ¥ % 0 0 1
cos (6.) —sin (6.) %
T.) = CoBlg,) = \/g cos (0 — %) —sin(b — %) 5 (2.12)
cos (e — %) —sin (6 — 4F %

The power invariant transformation has the advantage of being an orthogonal matrix, thus T=! = T7.

If the amplitude invariant form is used, as in Equation (2.13), then orthogonality is lost.

cos (8e) —sin (6.) 1
(6. = |cos (0 — &) —sin (0. — &) 1 (2.13a)



cos(6)  cos(8—%)  cos (= %)

- 2
Tl = 3 |—sin(0e) —sin (0. — %) —sin (0. — ) (2.13b)
2 2 3

Applying the power invariant transformation to the abc variables results in Equation (2.14).
quo = T@S)RabcT(Oe) (2143.) quo = T(T@e)LabcT(Be) (214b)

iabe = T(9.)idq0 (2.14c)  uaqo = T{y yUabe (2.14d) Yabe = T, Vg0 (2.14¢)

2.3.3 PMSM in dqO coordinates

Assuming the three phases are well balanced and using the dq0 transformation (power invariant
form) to transform the model into a two-phase system with a rotating referential, new resistance and
inductance matrices can be computed to this new referential. The new matrices are shown in Equa-
tion (2.15), with the subscripts 4, 4,0, denoting the direct axis, the quadrature axis, and the zero-sequence

axis, respectively. The transformation of the matrices is detailed in Marques [23].

re 0 0 r 0 0 Ly O 0
Rago= |0 7 0| =10 r 0O (2.15a) Ligo=|0 L, 0 (2.15b)
0 0 r. 0 0 r 0 0 Lo

Starting with Equation (2.5) and replacing the currents and flux linkages by their dqO0 components
results in Equation (2.16).

. d (T (6, )%aq0
Uabe = RabcT(6.)laqo + %
(2.16)
= RabcT (s, )iaqo + 0 LT(OE)i/Jd o+ T Wago
abc - (0.)'dq e dee q' (0e) dt
Replacing 6. with w,., and multiplying Tg;e) to the left yields Equation (2.17).
. dT, d
Ugqo = quoldqo + T@C)we #"pdqo —+ T{@c)T(Gg) "l:i‘;qo (217)
As the transformation matrix is orthogonal, it can be further simplified, as in Equation (2.18).
. dT @, d
Udqo = quolqu + WET@C) #'Kﬁdqo + I(Zl;qo (21 8)
(&
Lastly, calculate the derivative of the transformation matrix, as in Equations (2.19) and (2.20).
cos(fe)  cos (0. — 2F) cos (A — &%) —sin (6.) —cos (6.) 0
dT
T(Tee)idézﬁ) =3 —sin (0.) —Sin( e — 2{) —sin( e — 4%) —Sin( e — 2{) —Cos( e — %ﬂ) 0
\}5 \}5 \}5 —sin(e—%”) —cos(@e—%”) 0
(2.19)
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0 -1 0
0 0 (2.20)
0 0 0

r 4T, _
0 qp,

Thus, the PMSM model in the dq0 frame is presented in Equation (2.21). This approach can be used
for the amplitude invariant transformation and will result in the same form of equation (Appendix A), but

the equation will be scaled by a factor of \/§ in the d and q axis, while the zero axis can give different

results.
0 -1 0
. d
Udqo = qu()lqu +we |1 0 0 1/)qu + % (221)
0O 0 O

Is worth noticing that because this is a delta wound machine, the sum of the phase currents is not
necessarily zero, and as such, it is mathematically possible to have a circulating current through the
phases [24], thus the zero-sequence component is not directly zero as in a Y wound device. For such
currents to exist, an external exciting winding, a relevant non-considered inductance harmonic, or an
imbalance through the phases is necessary. Even when those currents are present, they are usually
dependent on the rotor position, and cannot be controlled with the standard 3-terminal connection, thus

for the sake of simplicity, they are discarded throughout this work, which gives Equation (2.22).

Ug = Tig + % — Wethy (2.22a)
g = ig + 1 4wy (2.220)
T, = p(tbaiy — yia) (2.22c)
% = T~ Tost — Tl 2.224)
dj: = we (2.22¢)

Here w. is the rotor electrical rotational velocity, p is the number of pole pairs, J is the rotor rotational
inertia, while T, is the electromagnetic torque, T},.4 is the reaction torque of the load attached to the

motor, and T}, is a torque equivalent to the losses on the motor (such as iron or friction losses).

If ¢ is assumed to be of form ¢ = i, L, +¢¥p, Where the inductance only varies with the current and
the permanent magnets flux (¢pyy, ) is defined as constant and affecting only the direct axis (¢Ypys, = 0),
Equations (2.22a) and (2.22b) result in Equation (2.23).

di dL
Ug = Tlqg + ﬁ (Ld + delj) — weLqiq (2233)
di dL
Ug = T’iq + % (Lq + quzq> + we(Ldid + pr) (223b)
q

Note that in Equation (2.23) the cross-magnetization effect is not accounted for, but the saturation is
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included in the inductance variation [25]. If the inductance derivative is small when compared with the

other terms, it can be further simplified to Equation (2.24).

ug = Tig + Ld% — weLyig (2.24a)
di
Uq = Tig + Lq% + we(Laia + ¥par) (2.24b)
T. = piq((Ld — Lq)id + wp]w) (2.240)
dwe o Te - T‘load - T'loss
o = 7 (2.24d)
do
° = 2.24
o e (2.24e)

Lastly, for the sake of completeness, if the amplitude invariant dq0 transformation is used, the cur-
rents need to be multiplied by a factor of \/§ in the torque equation to have a power conservative output,
resulting in Equation (2.25). The \/g next to the ¢ p,/ is just a reminder that the flux linkage value has a

different value depending on the dq0 transformation used.
. . 2
T, = 1-5p2q((Ld - Lq)Zd + \/;"/JPM) (2.25)

2.3.4 Discretization of the PMSM model

An approximation of the differential equations is needed to discretize the equations to be able to use
the model in a discrete time control system. Two usual solutions are the Backward and the Forward Euler
methods. Although simpler to compute, the Forward Euler method is prone to instabilities especially in
fast systems such as power converters, in contrast with the Backward alternative that is unconditionally
stable. Due to this consideration, the Euler Backward technique will be prioritized.

From Equation (2.24), knowing that the currents and voltages vary with time and that the inductances

are dependent on the currents the derivatives are isolated, as shown in Equation (2.26).

dig  ug —1ig + weLgig

= 2.2
at T (2.26a)
diq _ ug—rig — we(Laia + Ypumr) (2.26b)
dt L, '
T. = pig((La — Lq)ia +Ypar) (2.26¢)
dwe Te - CZ—‘loaul - /I‘loss
= — 2.2
dt J (2.26d)
db.
= we (2.266)
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Then it is possible to discretize the system with h as the sampling time, and ¢t = kh. As the Back-
ward Euler method is desired, the derivatives are approximated by Equation (2.27), resulting in Equa-
tion (2.28)

dy _ylk+1) — y(k)

- - (2.27)
ld(k+1) — Td(k) _ UYd(kt1) = Tla(k+1) T We(k+1) Lg(iy (k1) Tg(k+1)
h B Lagi,k+1))
Gq(k+1) — Ggk)  Ug(k+1) — Tigkt1) — Wek+1) (La(ia(k+1))idk+1) + ¥PM)
h - Lq(i, (k-+1))
(2.28)

To(kr1) = Pligher1) (Lagig(k+1)) — Lg(iy(k+1)))id(ks1) + ¥PM)
We(k+1) — We(k) Te(k+1) - /I’load(kJrl) - T‘loss(k+1)
h B J

ee - 96 k
(k:+1)h B _ )

This set of equations has an algebraic loop, where the currents in k+1 depend on the value of w(1),
that depends on the value of 7. ;1) that is defined by the currents in £+1. The same thing happens with
the inductances, as they depend on the currents, but the currents define the value of inductance. Those
problems are solved by first assuming that the inductance change due to the current change in a time
step is small enough so that the inductances can be calculated using the previous time step currents
(La(i,(k+1)) =~ Lo, ky))- Similarly, the rotor speed is assumed to vary little between iterations, so that
W(k+1) = W(k)-

With those considerations, and rearranging the equations, the system can be solved iteratively, as
shown in Equation (2.29).

. wek) LaGiqen ]~
Zd(k+1) o 1 _h h’l“+Ld(L'dq(k))
- | wen Lagig(r))
ZQ(k?Jrl) h }L7"+Lq(lqd(k)) 1
Lagigv)) ) h
R Latig 0 W) | | B a0 0 Uaghe) | 0
0 Lq(iqr) i 0 h u 1 We()¥PM
hr+L(iqr)) a(k) hr+L(iq (k) q(k+1) h"+Lq<iq<k>()2 J0a)
.29a
Te(k+1) = Plg(et1) (Lagiae+1)) = Laiq(e+1)))age+1) + ¥par) (2.29b)
Wek+1) | _ |1 Of |wew) N Tekt1) — Tioad(k+1) — Tioss(k+1) | 1 (2.290)
Oe(i1) ho 1| | e J h2
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2.4 Control Methods State of the Art

The quest for higher efficiency and performance has pushed the development in the field of control
of electrical machines, and even though several advances have been made, the main strategies in
the market are still the FOC with PID current control, and DTC. While robust and well-known, these
methods cannot explore the full performance envelope of the controlled machines, and the development
of more complex machines with increased dynamic response and efficiency has pushed for new control
strategies. In this context, the use of MPC has grown as a good alternative as it explicitly considers the

system dynamics and constraints.

2.4.1 Field Oriented Control

For many years field oriented control has been one of the cornerstones of electrical machine control
due to its simplicity and easy implementation [26]. This technique is based on the Blondel Park trans-
formation, where it converts the currents and voltages from a stationary ABC reference frame into a
rotating referential dq0. This allows the individual control of the motor magnetic flux and torque, which
are proportional to iy and i, respectively. These currents usually are controlled using two separated
PIDs, where the quadrature current reference comes from the desired motor torque and the direct cur-
rent comes from the field weakening strategy. The PIDs compare the references with the measured
values and output a voltage to be applied in each axis, voltages that are passed to a modulator (usually
SVM) to calculate the duty cycle of each MOSFET and generate the control signals. An example of such

a system is shown in Figure 2.5.
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Figure 2.5: Field Oriented Control - from Texas Instruments [27].

While simple and robust, this technique heavily depends on the rotor position which is not always

available, thus often needing some form of estimation to work correctly. Despite this limitation, FOC is a
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versatile method, being suitable not only for PMSM, but also for induction motors, reluctance machines,
among others [28, 29]. One of the great advantages of FOC is that it produces a smooth operation in

the full range of the motor, with low current distortions and reduced torque ripple [30].

2.4.2 Direct Torque Control

The principal rival of FOC is DTC, it shows better dynamic response with simpler implementation
and less dependency on machine characterization [28]. Popularized by its use on induction machines,
this method usually operates at the abc reference frame, calculating the flux based on the voltage and
current vectors as in Equation (2.30a), where V; is the stator voltage vector, I, is the stator current
vector, R, is the stator resistance matrix, and ¢,. is the rotor magnetic flux vector. Using this information,
the torque can be calculated as in Equation (2.30b), where p is the number of pole pairs. When using an
induction machine it is not necessary to have a rotor position, but on PMSM this becomes a necessity
as in FOC.

Ps = / (Vs = RsIs)dt + 4, (2.30a) T, = p(¢s L) (2.30b)

With these states calculated, a simple hysteresis band is applied to each, torque and flux, to select
one of the 8 possible voltage vectors. This selection is done based on a lookup table that depending on
the output of both hysteresis controllers, chooses the vector that pushes the torque and flux towards its
references. This table can be generated using several strategies with different resultant dynamics [31,

32]. The general schema of the DTC is shown in Figure 2.6. Note that the nature of only switching
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Figure 2.6: Direct Torque Control - from El Ouanijli et al. [33].

vectors when the hysteresis is surpassed results in a variable switching frequency as opposed to FOC
that has a fixed switching frequency. Another feature of the DTC is that it does not need any modulators,
as it directly chooses the voltage vector to be applied.

DTC is a very accessible method, with simpler implementation than FOC a faster dynamic response

and low sensitivity to motor parameters, but it falls short in steady state operation with torque and current
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ripple often bigger than its rival FOC [34, 35].

2.4.3 Model Predictive Control

With the increase in computational power, the MPC has gained space among the machine controllers
as it handles multivariable non-linear cases, is easy to integrate constraints, and has a great dynamic
response and integrates constraint managing [36]. The model predictive controller’s basic idea is to use
a mathematical model of the controlled system to test several control actions and make a prediction
about the system response. This prediction is then evaluated by a cost function that can include some
soft constraints and the control action with the smaller cost is chosen as optimal. Vazquez et al. [8]
classifies the topologies typically used in power converters and drives into continuous set, and finite set,
based on the process used to find the optimal control.

Continuous set is very similar to predictive controllers used on other control fields, it computes a
continuous control signal and uses a modulator to generate these voltage vectors. This topology comes
with the advantage of fixed switching frequency at the cost of harder implementation and processing
power requirements, as it needs an optimization solver. The finite set topology explores the limited
control options of power converters to simplify the optimization process. This topology tests a set of
the possible control vectors (this set can contain all or part of the possible vectors), and evaluates each
of the vectors based on the predictions. While simpler to formulate, this method results in the chosen
vector being applied to the full switching period, which results in a higher ripple when compared with a
strategy that uses a modulator at the same control frequency. Another property of this strategy is the
variable switching frequency, as the same vector can be chosen consecutively.

To reduce the problem of applying the vector for the full timestep, a subset of finite set topology was
presented. It adds time as part of the equation by computing the optimal switching sequence instead
of the optimal switching vector, similar to a modulator [8]. This allows the controller to choose a set of
vectors to be switched in a given sequence with a duration also chosen by the controller.

When applied to PMSM the predictive controllers are commonly designed with the dq0 model Equa-
tion (2.24) [37], and may track the currents or the torque to a given reference. The current tracking
computational cost tends to be lower as the current optimization can be done offline while tracking
torque makes online parameter estimation easier. If the topology is chosen to be continuous, a solver
needs to be designed, one of the approaches is to expand the model and cost function into Taylor series

approximations, and then use the derivative of the cost function to create a control law [38].
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Chapter 3

Machine Characterization and Control

Methodology
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3.1 Motor characterization

Although AMK has provided the motor datasheet (shown in Appendix B) with the key parameters
on it, it is important to verify how well they track the real values, and how they change regarding the
motor operation. The datasheet values are linear approximations of the magnetic circuit on the motor,
and as such do not accurately represent the machine at high current operating points. To account for
the saturation effect, a variable inductance approach will be used [39, 40], where the inductance of each

axis will be a function of the current on the respective axis.
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3.1.1 Phase resistance

Assuming the machine is well balanced, the phase resistance will be equal to % of the terminal
resistance. Although a multimeter can be used, it will give poor precision, as the resistance is very
low, so it's better to use a milliohmmeter or even better a micro-ohmmeter. A good practice would be
to evaluate the parameters at different temperatures, especially the resistance, but that would require

some specific hardware that is currently not available for this work.

The used device was a UNI-T UT620A Micro-ohmmeter, that has a resolution of 10u£2 with an ac-
curacy of +(0.25% + 25u£2). The measurements were taken on the terminal wires at room temperature
and with the kelvin probe, resulting in 142.89 + 0.06mf2. This value is close to the datasheet one of
135m£2, and the difference is probably due to the wire terminals. The resultant phase resistance (r) is
214.335 4+ 0.091mS2.

3.1.2 Flux Linkage

The magnet flux linkage can be measured by externally rotating the rotor and measuring the gener-
ated back EMF. From Equation (2.23), if the terminal wires are disconnected from everything, the current
will be constantly zero, thus the measured voltage will be only a result of the flux linkage and the rotor

velocity as shown in Equation (3.1).
0 v 0
A di AL ‘
ug = Td%"‘zl%‘([/d +7é‘225> - weLq%: 0 (8.1a)
0 y 0
A di AL )
Ug = Tahy + 7, <Lq +%9 dij) +we(Lagd+ ¥pur) = wetbpy (3.1b)

Using an external device, the rotor was kept at a constant speed that was measured by the digital
encoder in the AMK motor, while an oscilloscope (Promax OD-571) was connected to two terminal wires.
The oscilloscope on the used settings has an accuracy of +(3% + 0.2508V"). An example of the output

is shown in Figure 3.1(a).

In the example image, the oscilloscope measured a peak voltage of 10.2, while the rotor was spinning
at 386rpm, which is equivalent to 202rad/s electrical velocity. This results in a flux linkage of 0.050Wb.
The same procedure was repeated at several speeds, and the results are shown in Figure 3.1(b). In this
graph, two other lines are shown, they represent the flux linkage estimated using the torque and speed
constant provided in the datasheet. Notice that the experimental data aligns well with the value derived
from the voltage constant but it is very different from the value derived from the torque constant. This is
probably due to different references and transformations being used, but as there isn’t much information

available on the datasheet, the measured value is assumed to be the correct one.
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Figure 3.1: Flux Linkage characterization.

3.1.3 Windings direct and quadrature inductances

To achieve better accuracy, two different methods will be proposed, one using the inverter, and the

other only using a DC power supply.

3.1.3.1 Method 1

Tshunt

== VDC Oscilloscope

B i
o >
—>
ip Ep
C ic

Figure 3.2: Inductance measurement setup schematic.

The simpler method, which does not use the inverter, works by measuring the current throughout a
voltage step and measuring the time constant of the system. To measure the current, a shunt resistor
is used coupled with the same oscilloscope from the previous section (Promax OD-571). To achieve
a variable current, a variable resistor was used in series with the shunt, as shown in Figure 3.2. The
system resistance was measured with the micro ohmmeter from the previous section (UNI-T UT620A

Micro-ohmmeter), including wire and switch resistance. The experiment setup is shown in Figure 3.3.
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Figure 3.3: Inductance measurement setup.

Direct Axis

The direct axis measurement starts with the resistance measurement of the entire setup, motor,
wires, switch, and shunt. Then, a quick voltage pulse is applied to align the rotor with the magnetic field,
which in this setup is equivalent to the voltage vector Vs. In the aligned condition, the current through
phase b (i) is zero, and i, = —i.. After the rotor is aligned, a new pulse is applied, now for the actual
measurement as exemplified in Figure 3.4. The time constant can be retrieved using the basic equation
for an RL circuit applied to the shunt resistor (Equations (3.2a) and (3.2b)).

u(t) = iaTshunt(1 — =) (3.2a)

T
b + Twire + Ta + Vshunt

In Equation (3.2a) u(t) represents the measured voltage on the shunt resistor, V¢ is the power supply
voltage, 7 is the system time constant, r, is the variable resistance to adjust the current,rs..¢ is the
shunt resistance, and r,;.. is the sum of the wire resistances with the switch resistance.

With the curve plotted on the oscilloscope, the time constant was measured by evaluating how long
it took for the voltage to reach 0.632i47snun:- Then, with the time constant and the system resistance,
the inductance was calculated. Note that this inductance was measured for a phase current of half the
line current, resulting in a direct axis current of iy = f/—%

The inductance variation with current is not symmetrical in the current axis, as the permanent mag-
net offsets the magnetic curve, causing saturation with very small positive currents in the direct axis.
Although simple, this method has the drawback of not measuring the variation of inductance in the field
weakening operating range, only on the field intensifying range that is not often used. To measure in the
field weakening range it is necessary to lock the rotor after the initial pulse, and then invert the power
supply polarity.

The test results are shown in Figure 3.5, and as with the flux linkage, there is a great difference
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Figure 3.4: Example of the voltage step response used for the inductance characterization.
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between the measured data and the value from the datasheet. The saturation effects are clear and start

with very little current, as predicted.

Quadrature Axis

The quadrature axis measurement is very similar to the direct axis, with only two differences. The
first change is on the alignment pulse, instead of shorting the B and C terminals and applying the pulse
from A to BC as done for the direct inductance measurement, the pulse is only applied from B to C as
shown in Figure 3.6. This will align the rotor with the phase b axis allowing it to be locked in a position
electrically orthogonal to the resultant voltage of a pulse from A to BC. That is the second difference,
after the alignment an external tool is necessary to lock the rotor in place. The rest of the procedure is
the same as the direct axis measurement.

The results of the quadrature inductance are shown in Figure 3.7. It is important to note that as there

isn’t a reminiscent magnetic flux in the quadrature axis, the variation of the inductance with current is
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Figure 3.6: Quadrature Inductance measurement alignment pulse setup.

symmetrical in the current axis, and only shows signs of saturation at high currents.
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Figure 3.7: L, in function of i,.

3.1.3.2 Method 2

The second method for inductance characterization is according to Stumberger et al. [40]. It uses

a VSI coupled with a control algorithm to keep the current in one of the axis constant, and then do a

voltage step in the other axis. This measurement also needs to be done in a locked rotor position, but

it has the advantage of characterizing the cross-magnetization effect. The rotor needs to be locked to

allow the simplification shown in Equation (3.3), resulting in Equation (3.4).
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ug = rig(t) + 2 g0 (3.3a)
g = riglt) + L8 4 (4 gprr) e (3.30)
dw;t(t) = Uqg — Tid(t) (3.43)
d
‘/’;t(t) — iy — rig () (3.4b)

This method defines the flux linkage based on the integration of Equation (3.4), and to measure
the flux linkage variation in the quadrature axis, it performs a series of stepwise voltage changes in u,
while maintaining the current i, constant (Figure 3.8). The integration of those curves will result in the
quadrature flux linkage variation with i,. These steps are repeated for several values of i4, and for each
of them, a flux linkage curve is created as shown in Figure 3.9. Note that this figure was generated as
a concatenation of two separate voltage steps, one positive and one negative, to simplify the process.
This concatenation is the reason for the small misalignment in the flux linkage lines near the origin.

Instead of using the measured value for the phase resistance, its value is estimated by assuming the
current is at a steady state at the end of the voltage pulse so that the flux linkage is stable and v, = ri,,

this is done to reduce integration errors on the flux linkage and also to account for wires, connections,
and MOSFET resistances.
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Figure 3.8: Identification voltage pulses - from Stumberger et al. [40].

The same procedure is used for measuring 4, but this time the quadrature current is fixed and the
direct voltage is changed in stepwise form. Although the original method is proposed to characterize
cross-magnetization effects, the results shown in Figure 3.10 present little variation with currents on the
perpendicular axis, thus to simplify the study they are approximated as independent. This approximation
is used to reduce the dimensionality of the current reference table and to reduce the used space on the
Field Gate Programmable Array (FPGA). To improve the efficiency of the process the quadrature flux
linkage was not characterized for positive and negative currents, as the direct axis was, but only for

negative currents. Due to the symmetry of the motor, the quadrature axis results were mirrored to create
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the flux values for positive and negative currents, as shown in Figure 3.10.
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Figure 3.10: Flux linkage with different currents on a perpendicular axis.

After the characterization of the fluxes, an exponential fit is done to the data as shown in Figure 3.11.
This fit is made disregarding cross magnetization effects, as explained before, and uses the format of

Equation (3.5). This allows analytical differentiation, resulting in Equation (3.6). This derivative is the
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inductance value for the given current on the respective axis.
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Figure 3.11: Flux Linkage exponential fit. The blue dots are the measured flux linkage, while the red line
is the exponential fit (R-square 0.8879 for 14 and 0.9681 for v,). The bottom plots show the inductances
as the derivative of the fit.
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The resultant inductances are shown in Figure 3.11. The fit has a R-squared value of 0.8879 for the

La (3.6b)

(3.6a)

direct axis and 0.9681 for the quadrature axis. The increased error in the direct axis is due to the cross

magnetization effects that were not accounted for in the fit.

Ideally, this test should be performed with a voltage pulse big enough to cover the full current range
of the machine, but the available hardware was not capable of reaching such currents, thus the limited
range. Despite the limitations, the inductance values using this method closely match with the ones
found using method 1 from Section 3.1.3.1. This not only increases the confidence in the results but also

enables the formulation of a calibration routine on the inverter software that, given some adaptations,
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can calculate all the motor parameters within a few minutes.

3.2 Current References

To simplify the real-time computations, the current references can be calculated offline. A simple
approach would be to only consider the quadrature current i, as the main component of torque, and
compute the reference using the torque constant. This approach is simple and fast, but it does not
account for the motor’s inductance, which can be used to increase efficiency. The maximum torque
per ampere strategy actively uses the inductance differences between the direct and quadrature axes
to get the maximum torque for a given current, but as the inductances are variable, the optimal current
reference is also variable. This section aims to calculate the optimal references for the current at all
operating points and generate a lookup table for the real-time controller.

Although it is possible to use the MPC to optimize the current references, doing it offline not only
allows for faster computational times but also results in more precise references. The downside of this
approach is that it negates the possibility of acting upon online parameter estimation, however, this
drawback can be mitigated by implementing regular calibration procedures.

As efficiency is one of the objectives, a good approach is to maximize the torque generated by a
given current i = /i3 + 2. This strategy is called MTPA, and when there aren’t constraints it becomes

a simple problem defined in Equation (3.7).

max piq((Ld - Lq)id + Ypur)
(3.7)

P [52 4 52
s.t. 1= zq—i-zd

To optimize 3.7, one can write the problem using Lagrange multipliers (), as in Equation (3.8).

£ = pig(La — LyYia +¥rar) — A(y/2 + 3 — i) (3.8)

The partial derivatives of the Lagrange function are defined in Equation (3.9).

oL ) Aig

= pig(Ly— Ly) — ——2— (3.9a)
oL ) Y}
+— =p((Lqg — Lq)ia +v¥pr) — g (3.9b)

Oigq

\/ 15+ 02
%Zw/ingiﬁ—i (3.9¢)

Now, equating the partial derivatives to zero, and replacing Equation (3.9a) in Equation (3.9b) and

Equation (3.9c¢) yields Equation (3.10).

i=Ji2 42 (3.10a)
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Ni .
Td — pig(Lg— Ly) (3.10b)
Aig

- = P((La = Lq)ia + ¥ru) (3.10¢)

Isolating A in Equation (3.10c) and replacing it on Equation (3.10b), results in Equation (3.11).

p((Lg — Lq).z'd +¢pm)ia _ pig(La— L) (3.11)

lq

Rearranging to a quadratic form produces Equation (3.12).

'2Ld_Lq _i2Ld_Lq

iq + = 3.12
e VP T Ypu (3:12)
Solving for i, results in Equation (3.13).
La—L,\2. 2
4( prq) L
ig ==+ = (3.13)
YvpMm

But comparing with the torque equation is clear that the negative option would not maximize the torque,

thus, the final result is Equation (3.14).

2

Lg—L - 2

td = oL,
YPM

(3.14)

This equation is valid for a constant inductance and with no constraints. If the inductance curve is
used then an iterative approach can solve the algebraic loop of the inductances. If the inductances are
assumed to be monotonically decreasing, then the iterative approach is guaranteed to converge to the

proper value, resulting in Figure 3.12.

3.2.1 Constraints with limited input voltage

While direct, the presented approach does not account for voltage limitations, meaning that when
the rotor speed increases the back emf becomes large enough to limit the current operation points. To
account for that the voltage constraint must be defined.

If the current is assumed to be constant, Equation (2.24) can be rearranged to calculate the maximum
current for a given voltage and velocity as in Equation (3.15), with the voltage constraint defined in
Equation (3.16).

Ug = Tig — weLygig (3.15a)

Ug = Tig + we(Lgiq + ¥Ypur) (3.15b)

\Jui +u2 < Vpe (3.16)
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Figure 3.12: Maximum Torque per Ampere curve without constraints.

Subjecting Equation (3.15) to Equation (3.16) an ellipse equation is obtained, where the center is
defined by the rotor speed and the flux linkage, while the radius is defined by the DC link voltage and

the resistance. The ellipse is defined as in Equation (3.17).

(rig — wethy)® + (rig + wets)? < V2o (3.17)

Here ¢ = Lyiq+vpy and ¢y = Lyig. Note that this ellipse size dynamically changes depending on
the instantaneous rotor velocity and DC link voltage.

Using the ellipse as a constraint, Equation (3.7) can be rewritten as in Equation (3.18), where the
speed and DC link voltage are known. This optimization problem tries to minimize the current modulus,

while matching the produced torque with the reference torque and keeping the currents inside the voltage

min 4/i2 + i3
LLLL q
1d,lq

s.t. T,'ef = piq((Ld — Lq)id + wp]u)

elipse constraint.

(3.18)
(ria — wewq)2 + (rig + we¢2)2 < V1:2)c

This optimization problem was formulated on MATLAB for several speeds and voltages. Some of the
main cases are shown in Figure 3.13. On this graph, the iso-torque lines show the current combinations
that yield the same torque, independent of the velocity or the voltage. The voltage ellipses are defined
from the rotor velocity and the current DC link voltage, and they assume that the current is constant.

The area contained by the ellipse is the feasible region at that speed and supply voltage. Steady-state
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operation at any point outside the ellipse would require a speed reduction or a voltage increase.
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Figure 3.13: Constrained Maximum Torque per Ampere curve at minimum, nominal, and maximum
voltages. Reference currents are shown for 0, 13000 and 2000 RPMs.

Note that while the torque map is symmetrical relating to the i4 axis, the voltage ellipse is not, it has

been rotated slightly in an anti-clockwise direction. This rotation is due to the resistance of the phases

that when the machine is working as a motor, reduce the total available voltage to fight the back EMF.

If the phase resistance is low the ellipse becomes aligned with the i4 axis. Another important remark is
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the center of the voltage ellipse, as the AMK motor has permanent magnets with strong flux linkage the
ellipse center is shifted farther away from the origin, but in a reluctance machine, the center would be at
the origin, the same as the torque. Special cases appear when the ellipse center is inside the feasible
current region, as the voltage-limited speed goes to infinity. An important location in this graph is the
motor characteristic point, which can be easily located as being the place where the maximum phase
current circumference yields the higher torque. The speed at this point is the motor’s characteristic
speed, and if the graph is created for the motor’s nominal voltage, that becomes also the nominal speed
of the motor. This point is important as any further increase in speed will result in a reduction in the

maximum motor torque.

Figure 3.13 clearly shows that the optimal current reference is the MTPA while the velocity and
voltages allow it, and after that, the voltage ellipse becomes the best alternative. It is important to
understand that the voltage constraint is dependent on the combination of DC Link voltage and rotor
speed, when the voltage increases the ellipse for a given speed expands, allowing further operation on
the unconstrained MTPA line. This not only increases efficiency (as it produces the same torque with
less current) but also improves performance, pushing the motor characteristic point further on the torque

vs rpm diagram.

Some processing is still needed to account for points outside of the feasible region, but the presented
graphs can be used as a motor map, where given the current DC Link voltage, motor speed, and de-
sired torque, it returns the reference currents to optimally reach the torque reference. This can also be

expanded to include temperature effects.

3.2.2 Inductance Curves

The inductance curves used to generate the motor maps presented in Section 3.2 were obtained from
a spreadsheet provided by the manufacturer that contained simulation data. The inductances computed
from it are presented in Figure 3.14. However, for the sake of completeness, the current reference curves
generated from the inductance values obtained through characterization (Figure 3.11) are included in
the Appendix C. This was necessary because a working testbench with stable control was needed to
properly characterize the inductances. This characterization was completed after the implementation of
the control in the experimental setup. Unfortunately, shortly after, testbench limitations impeded further
testing. Consequently, the maps generated using the characterization inductance curves were not tested

experimentally.

Note that replacing the manufacturer tables with the characterized inductance curves from the ap-
pendix should not have a significant impact on the controller performance, only affecting the current
references passed to the controller. The process to generate the current references and the controller

structure remains the same despite the inductance curves.
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Figure 3.14: Manufacturer inductance curves.

3.3 Load profile

To properly simulate the use case of the motor, a representative load profile must be defined. This
profile will be used in the motor torque balance equations inside the simulations. To derive a represen-
tative load profile for the motor a car model is necessary. In this case, a simple one-dimensional point

mass model is used in Equation (3.19), it represents the car as a point moving in a straight line.

(mcar + Maheel equivalent) Ay = Fmot()’r‘nh’ansm - Frolling resistance — Fdrag (31 9)

Where the rolling resistance is a constant force that depends on the rolling resistance coefficient and the
weight of the car (Equation (3.21)), the losses are neglected, and the aerodynamic drag is calculated as
in Equation (3.20).

Firag = 0.5pC4A,0° (3.20)

Froll’i'ng resistance — C’r'mca'rg (321)

To calculate the inertia seen by the motor, an equivalent rotational inertia must be computed. To
do that, the energy stored in the rotating parts and on the car is equated with the equivalent inertia as

shown in Equation (3.22).
1 1 1
iJquQ = §mcarv2 + §J1Uh€€lswl20heels (3.22)

Assuming a no slip condition, the car velocity can be replaced by v = wypeersrtire, Which gives Equa-

tion (3.23).
1 1
§Jeqw2 = imcar (wwheelsrtire)2 + §th€€l5w3)heel3 (323)
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Knwoing the transmission gear ratio the wheel velocity is replaced by its equivalent in the motor, as in

Wwheels = G%Ttire’ yielding Equation (3.24).

1 1 w S| w\?
§Jeqw2 = imcm“ <CT,TTtire> + §theels <Gr> (324)

Rearranging to solve for .J,, results in Equation (3.25).

2
MearTiire + Jw heels

G?

Jeq = (325)

From experimental tests with previous prototypes, a good rule of thumb is that when accelerating,
only one-third of the power can be applied at the front axle, while the rear axle receives two-thirds.
Ideally, a weight transfer function would be used, but to simplify the equations the constant distribution
will be used. Thus the equivalent rotational inertia at each motor is on Equation (3.26), where Equa-
tion (3.26a) is for the front axle motors, and Equation (3.26b) for the rear. This difference is to account

the approximated load transfer when the vehicle is accelerating.

2
MearTiire T 6 Jwheels

MearThive + 3 Juwheel
.26a J =9 car' tire wheels
12 G2 (3.26a)

6 G2

Jp, =2 (3.26b)

Combining the equations, a torque profile for each axle is defined in Equation (3.27). Where the

second term represents the load torque, at a given car state, and % is the equivalent inertia.

7erq w = TmOtOTntransm _ (Frolling resistance 1 Fdrag) Ttire (3273.)
2 6G,

J;f:q o= notorTransm — (Frolling resist;ncc; + Fdrag) Ttire (327b)
r

3.4 Control Methods Development

In this section some of the main MPCs used on the power converters field are developed. At the end
of the section, the proposed control strategy is presented. The methods compared with the manufac-

turer’s FOC are:
* Finite Set MPC
+ Finite Set with null vector MPC
* Non-Linear Continuous Set MPC
* Real-time Ultra Short Horizon extension MPC (RUSH MPC)

All those methods rely on the line current and rotor position encoder data to estimate the currents in the

dqgO frame. The DC Link voltage is also measured to account for battery voltage fluctuation. The control
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strategy is then applied to the motor model to predict the next time step values. This processed data
is refreshed at each time step to be utilized by the selected control strategy. Although it is possible to
use multiple horizon prediction steps, to keep the computational cost low, and maintain high switching
frequencies, all the proposed methods use a horizon of only 1 discretized time step.

Some of these control methods depend on a cost function definition to choose the best control action.

The control action that minimizes this cost function is then applied to the system.

. . 2 . . 2
T =8 <Zd1~ef Ydp 41 ) + 59 (quef. Lqp1 > + Csoft (3283)

Zdref Z(Jref

I ; 2. /
CSOft = Szmax (O’ ZZkJrl + 13k+1 - \/;Zlinemaw> + 54 max <O7 U§k+1 + U5k+1 - VDC) (3.28b)

The cost function shown in Equation (3.28a) is composed of the error between the reference and the
predicted values of the currents, and a soft constraint that penalizes the system for exceeding the max-
imum line current or the DC link voltage while some gains s, are used to adjust the priorities. The soft

constraint is defined in Equation (3.28b).

3.4.1 Finite Set MPC

In a FS-MPC each of the basic vectors defined on Table 2.2 are applied to Equation (2.29) using the
current measured data, resulting in different predictions for the next time step values. A cost function
that compares the torque and currents (to account for MTPA) with the references, is then evaluated for
each of those predictions. The vector with the lowest cost is then applied at the next time step, as shown

in Figure 3.15.

—Phase Currents (k l
Current and
Theta(k
(k) Motor Equati Torque prediction”| Cost Functi —
—Voltage Vector otor Equations (k+1) " ost Function

Figure 3.15: FSMPC Diagram.
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Driver:
Vector Gate ers

3.4.2 Finite Set with Null Vector MPC

Although effective, the simple Finite Set MPC can incur heavy torque ripple, due to its limited options
on which vector can be applied. That behavior can be exacerbated by low power operation points, where
the active vectors result in a bigger percentual change in currents. This problem can be mitigated by
introducing the possibility of sharing the sample time between the chosen active vector and a null vector.
Such an approach allows the control to apply vectors that point in the direction of the native ones but
have smaller amplitude.

This addition of a null vector comes with the problem of now having virtually infinite vector options
(depending on the Pulse Width Modulator (PWM) resolution), but that can be solved with some approx-
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imations. This method begins as the previous one, where each of the 7 possible vectors is applied to
the motor model, but before passing those results for the cost function the predicted torque is compared
with the reference. If a crossing is detected, meaning the values T;..; — T.(x) and Ty — T, (r41) have
different signals the algorithm assumes that the ideal vector has a smaller amplitude, thus computes a
ratio of active vector time and null vector time. To calculate such a ratio an approximation was made
that, given the short sample time, the complete system is assumed to behave linearly during that period.
If the system behaves linearly, the currents and torque for a combination of null and active vectors will
also be a linear combination of the individual values for each vector multiplied by its application time.
This approximation is shown in Equations (3.29) and (3.30), where d is the duty cycle value for a given

vector, and the subscripts ,.; and ,, represents the active and null vectors respectively.

Iy = iactdact + ann (329)
Tz = Tactdact + Tndn = actdact + Tn - Tndact (330)

With that property, and knowing that d,.; + d,, = 1 the duty cycle for the active vector is calculated as

shown in Equation (3.31).

Tref - Tn

T, T, (3.31)

dact =

Given the duty cycle, the predictions are updated and passed to the cost function, which chooses

the best combination of active and null vectors. A diagram of this method is shown in Figure 3.16.
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Figure 3.16: Finite Set with Null Vector MPC Diagram.
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3.4.3 Non-Linear Continuous Set MPC

In the continuous set MPCs the control action is not limited to a finite set of vectors, but it is assumed
that any vector attainable by a defined modulation technique is available. This increases the complexity
of the control, as the control action locus becomes infinite. This approach is very similar to the most
common approach of MPC used in other fields that are not power systems. It takes an implicit approach,
where the motor model shown in Equation (2.29) is combined with an optimization solver that numerically

finds the best control action. This MPC technique has the advantage of easy constraints implementation
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while having the benefits of a continuous set controller. This advantage comes at the cost of largely
increased computational time, as it needs to evaluate the model equation several times to find the optimal
voltage vector that fulfills the constraints. This additional complexity can often be prohibitive for power

systems where a fast-acting control is needed. The diagram of this method is shown in Figure 3.17.

—Phase Currents (k)
Numerical Solver Gate
SVM .
Theta(k) with constraints Voltage (k) Drivers

Reference Currents (k)

Figure 3.17: Implicit Continuous Set MPC Diagram.

3.44 RUSH MPC

One of the advantages of the approximations made in the discretization process is that even though
the matrices change in time, for a given moment the system is linear, and as such an inverse dynamic
can be derived. So, if in Equation (2.29) the currents on the next step are replaced by a reference
for the current vector, the necessary applied voltage can be calculated in real-time. This is done by
Equation (3.32).

h 0
Ud(k+1) _ | Pr+Lagig e
__h
uQ(’V+1) 0 hT‘—i—Lq(iq(k))
We(k) Lg(ig (1)) . Lagiqtm) ,
1 —h 4
hr+Laigoe | |Ydres | _ | Pr+Laggoe 0 (k) | 0
Wek) Lagiy (k) 1 . Lq(igk)) . _h We(k)¥YPM
T+ Lg(ig (i) Ygrey 0 R+ Lg(iq (i) Lq(k) BT+ Lg(ig (k)

(3.32)

This approach is commonly used in linear unconstrained MPCs to improve computation times, where

a control law is precomputed and stored in memory. But in the presented case there is an important
constraint that is not accounted for in the previous equation. When very short time steps are used, and
there is a big reference change, the necessary voltage to achieve the target on just one discrete time
step can be very high. This would lead to problems, like distortions due to overmodulation or not being
able to reach the desired voltages. The solution to this problem is to saturate the voltage vector. Some
authors have suggested saturating based on the closest possible vector [41], in this work, the saturation
only limits the vector amplitude to match the DC-link voltage, maintaining the desired vector angle as

shown in Equation (3.33).

~ = arctg (ud(k+1)> (3.33a)

Ug(k+1)
Usatygsr, = Wi (Uaet1) » Vpe cos(y)) (3.33b)
Usatyqyry = M (Ug(t1) » Vo sin(y)) (3.33¢)
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Figure 3.18: Explicit Continuous Set MPC Diagram.

This method greatly reduces the time taken to compute the control action, as instead of trying 7
different possible inputs (or more) it just calculates one time the necessary voltage and clamps it to the
attainable values. As this control uses a continuous set, those values are then forwarded to a SVM

system to modulate the PWM signals. The diagram of this method is shown in Figure 3.18.

3.4.4.1 Horizon Extension

A previously overlooked problem is the compensation of the computational time, as the acquisition
and control calculations cannot be done instantly their delay needs to be compensated. The strategy
adopted here is to use the motor model equations Equation (2.29) coupled with the previously calculated
control action to predict the system state in the next time step, this is called horizon extension. Usually,
this is done in a fixed timestep manner, where the predictive controllers instead of picking the control
action for k in the timestep &, pick the control action for k41 in the timestep &, as shown in Equation (3.34)
where z represent the currents, « is the voltage vector, A, B, C, and D are the matrices and vectors of

the model in Equation (2.29) and are all dependent on the prediction duration h =

1
fsw®

Tpy1 = A~ (Bay + Cuy, + D) (3.34)

For this equation to work the system timeline needs to be as in Figure 3.19, starting with taking the
current and voltage measurements, followed by applying the voltage vectors calculated in k& — 1, then

extending the horizon by one timestep, and calculating the voltage vector for the next timestep [36].
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Figure 3.19: Horizon extension by one timestep.

This can be improved by only extending the horizon by the necessary time to compute the control

action, this way the prediction error derived from model mismatch is reduced because the amount of
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time to predict is smaller. To do that the prediction duration is simply reduced t0 h = tcontror, While the

system timeline is shifted as in Figure 3.20.
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Figure 3.20: Horizon Extension by control time.

The final control cycle starts with sensor acquisition, followed by horizon extension, and lastly the
future control action computation. Note that this delay is not a problem with simulation in Simulink, as it
can instantly do the calculations, but it is good practice to simulate it with the proper delays to increase
the similarity between simulation and experimental results.

A comparison of the different horizon extension methods is shown with example values in Fig-
ure 3.21. Here Z represents the norm of the estimated dq current at the end of the horizon exten-
sion, Vy, is the norm of the dq voltage applied by the SVM, and Wiﬁ; is the norm of the computed dq
voltage reference. The lines on the top represent the predicted and measured currents, while the lower
lines are the voltages. Note that the markers in this figure are placed on the exact time the hardware
finishes each computation, thus the delay between measurement, extension, and control calculation.
The dashed voltage line represents the moment when the control action reference was computed, so
in the regular horizon extension it is ahead of the applied control action as it needs to wait for the next
SVM cycle to be applied. The ultra short horizon technique allows it to be applied as soon as it is com-
puted, resulting in the computed reference and SVM applied voltages overlapping. Note that the use of
a reduced horizon also improves the model mismatch, as the integration error is reduced shown by the
reduced lag between the predicted and real currents in Figure 3.21.

The combination of explicitly solving the MPC model equation with the hybrid horizon timestep ap-
proach, where the horizon extension has a shorter timestep than the controllable horizon is called Real-
time Ultra Short Horizon extension MPC (RUSH MPC). It has the benefits of being a continuous set
model predictive control, thus reducing the ripple, while being computationally efficient, as it is explicitly
calculated, and reducing the prediction error due to model mismatch as it uses the reduced horizon

extension technique.

3.4.4.2 Speed Control

In the current architecture, the car has a slip controller that is responsible for limiting the wheels

slip ratio. This controller is based on limiting the maximum (or minimum in the case of braking) speed
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Figure 3.21: Horizon extension comparison, on top the measured and predicted voltages. The bottom
lines are the computed control action and the applied control action

that a wheel can have. In order to implement this it is necessary to have a rotor speed control. While
this could be implemented directly on the MPC, the speed dynamics are much slower than the current
dynamics, and as such, it is possible to use a simpler control method. The proposed method is a Pl
controller that receives the rotor speed error and outputs a torque reference. This torque reference is
then passed through a saturation which has the limits defined by the throttle and brake pedals, and the
resultant torque is used as the input for the MPC controllers. The saturation of torque is considered in

the integral part of the PI, clamping it if the output is saturated. This structure is shown in Figure 3.22.

Position Wrap-around Unfiltered , | Exponential
Theta(k) and time niiitere P Omega(k) RPM(k
Encoder derivative Omega(k) Average

Figure 3.22: Speed control diagram.

Note that Figure 3.22 also presents a calculation for the rotor speed, this is done by calculating the
difference in rotor position between two-time steps and dividing by the sample time. As the rotor posi-
tion encoder is absolute the position value has a wrap-around point, and thus to calculate the position
time derivative an assumption is made that the rotor position does not change more than 180 degrees
between two samples. This assumption is valid as the maximum speed of the motor is 20000rpm, which
translates to 333 H z, and the sample time of the encoder is smaller than 70u.s, meaning that the rotor can
only move 8.4° between samples. This value can increase in the case of a failure in the encoder, but
the margin is large enough to accommodate eventual encoder failures. With the rotor position deriva-
tive calculated, exponential averaging is applied to smooth the signal and reduce noise, this is done
by Equation (3.35), where « is the smoothing factor, that defines the weight of the past samples in the

current average.

O s1) — 0
) R (3.35)

W(k+1) = QW(k) + (1 - a) h
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A continuous approximation of the exponential moving average can be modeled as a transfer func-
tion of a first-order system, with a time constant defined by the smoothing factor «, as shown in Equa-
tions (3.36) and (3.37).

(3.36)

1

== (3.37)

1
Wun filtered S+ =

To define the speed controller gains, a simplified motor model was used. As the torque controller is
much faster than the speed dynamic, it is assumed to be ideal, without delay. Thus, the speed is only
dependent on the motor torque (7.), mechanical losses (T},ss), the external load (7},ss), and the system

inertia (J), as shown in Equation (3.38).

dwunfiltered Te — Tioad — Tioss
= 3.38
dt J ( )

Using the Laplace transform the transfer function is given by Equation (3.39).

Wyn filtered 1 ,‘Tload + T’loss
—_— = —_— 3.39
T, Js JT.s ( )

Assuming the external load, and the mechanical losses as disturbances, the model can be reduced

to a first-order system, shown in Equation (3.40).
Wyn filtered 1
—_— = — 3.40
T, Js ( )

Combining the motor model with the exponential moving average, a transfer function for the system

can be derived, as shown in Equation (3.41).

w 1
H(s) T. 71Js*+Js (3.47)

The controller is defined as a PI controller, thus its transfer function is given by Equation (3.42).

C(s) =k, + % (3.42)

The closed-loop transfer function from reference speed to filtered speed is then given by Equa-
tion (3.43), while the transfer function from reference speed to actual speed is presented at Equa-
tion (3.44).

Wmeasured _ C(s)H(s) kps + ki (3.43)
wrep L+ C(s)H(s)  s(Js2(r+ 1)+ Js?) :
Wreal (kps + ki)(ST + 1) (3 44)

Wref T Jrs3 4+ Js2 4+ kps + k;

With the transfer function defined, the controller gains can be adjusted to define a critically damped
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system, with a fast response time. For the testbench used in the experimental validation that has an
inertia of approximately 185gcm?, the controller gains were defined as k, = 0.035Nm/RPM and k; =
10~°Nm/RPM, with the smoothing factor o = 0.8. The resulting root locus plot is shown in Figure 3.23,
where the poles are located at —3984.8, —3602.0, and 0.
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Figure 3.23: Root locus plot for the closed loop system.
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Chapter 4

Simulation and Experimental Results
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4.1 Simulation

To accelerate the development time, a model was developed in Simulink, allowing for faster prototyp-
ing and direct comparison of the methods in a controlled environment. An adaptation of the Simscape
Specialized Power Systems block Permanent Magnet Synchronous Machine was made to convert it to
a delta-wound machine and to accept variable inductances as in Equation (2.29). This model was com-
bined with six MOSFETSs blocks in three legs to simulate the VSI. To supply the MOSFETs, a model of
the battery was made, where an ideal voltage source is connected through a series resistor to the DC
link, where a capacitor stabilizes the voltage. In Figure 4.1 the resultant system is presented, where S,
Sa, S3, Sy4, S5, Sg, are the gate control signals that come from the control strategy.

The parameterization of the MOSFETSs used in the simulation is derived from the model used in [5],
the Wolfspeed C2M0040120D. The motor model is the one derived on Section 2.3, with the parameters
from Section 3.1. The rotor position is based on Heidenhain ECI1118 properties as this is the encoder
that the manufacturer uses. The DC link capacitor is set to 40uF', while the battery series resistance
is 0.0312, both based on the existing hardware. The ground connections are 420k(2 each, to simulate
the isolation between high voltage and low voltage in the car, while the inertia and torque source blocks

inside the motor area are to simulate the testbench environment, with the standard value of 0.0848kgm?
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Figure 4.1: Simulink Models, Motor and Inverter.

to the inertia, and the torque source being controlled to maintain a constant speed. All those parameters

are shown in Table 4.1 alongside the car parameters used in the load simulation on Section 4.1.4.

Table 4.1: Simulation Parameters

Simulation timestep 0.2us Car mass 230kg
DC Link Capacitor 40uF Pilot mass 60kg
Battery Series Resistance 0.03Q Tire radius 0.23m
Ground Connection 420kQ2 Wheel assembly 0.9k am?
. . 2Rgm
Testbench Inertia 185gcm? moment of inertia
Wolf Gear ratio 15.21
MOSFETs olfspeed _ :
C2M0040120D  Air density 1.2kg/m3
Switching Frequency 50kH z Reference car area 1m?
Encoder Resolution 18 bits Drag coefficient 1.59
Encoder Frequency 12.5kH Rolling resistance coefficient 0.09
Current and Voltage . Speed Controller
) 9 14 bits P . j 0.035Nm/rpm
Sensor Resolution proportional gain (k,)
Current and Voltage Speed Controll
9 50kH z P otler 10=°Nm/rpm

Sensor Frequency

integral gain (%;)

4.1.1 Baseline Step

With the model implemented on Simulink, a baseline was made using the manufacturer control

scheme, FOC with the standard 8kH z switching frequency, and compared with the proposed meth-

ods at 50kH z. The difference in frequency is to account for the complete system, where the use of

wide bandgap semiconductors allowed for a faster switching frequency. The baseline profile is a positive

torque step with the machine fixed at the nominal speed of 12kRP M. The rising time of each method is
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shown in Figure 4.2.
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(a) MPCs comparison. In orange the Finite set MPC, in yellow the finite set MPC with null vector, in green the continuous set
implicit MPC, and in purple the proposed continuous set explicit MPC.
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Figure 4.2: Control methods comparison in a torque step.

Note that the predictive controllers all perform similarly, having a good dynamic response, with an av-
erage rising time (0 to 100%) of 200u.s, while the FOC method performed much slower, at approximately
180ms. While the rising time in the FOC can be improved by better tuning the PID (these results are
with the values recommended by the manufacturer), it would result in more pronounced overshoots and
settling time, and would not reach the performance of a predictive controller, where the torque rising is
only limited by the machine inductances, which shows the great dynamic performance of predictive con-
trollers. It is important to also notice a small delay in the implicit Non-Linear Continuous Set MPC Model
Predictive Control (NL-MPC) response, this delay is due to the solver failing to converge. Although this
may not always occur at each reference torque step, it was intentionally left on this graph to remind us
of the possibility of this event.

Divergence among the proposed methods becomes apparent during the analysis of steady-state
conditions. The basic FS-MPC stands out with the highest torque and current ripple, significantly worse
than the baseline, rendering it impractical. This ripple is due to the absence of a modulator, thus the
chosen vector will stay applied for the full sampling time. Although an increase in switching frequency
would improve the absolute performance of this method, in comparison it would never be as smooth as
a modulated control, as it uses discrete vector options, while a simple SVM would switch multiple times
in a single period. The increased switching reduces the ripple at the cost of lowered efficiency due to
switching losses.

The addition of the null vector on the second method reduces the ripple at low angular speeds but
still fails to do so when the machine accelerates, with curves very similar to the FS-MPC. The use of
complete modulators can reduce this torque ripple problem, as the SVM allows for a third vector to

be applied during the same time step, allowing the control to accurately point the voltage vector to the
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desired angle and amplitude, where the null vector only lets the controller change the amplitude of the

existent active vectors.

4.1.2 Current THD

The distortion of currents was evaluated by setting the motor at a constant speed, waiting a few
periods for it to reach a steady state and then calculating the average THD of all line currents through 5

electrical periods. This was repeated in a grid pattern with some of the results shown in Table 4.2.

Table 4.2: Control Method Current THD comparison. THD is calculated until the Nyquist frequency, that
is 250k H z and 40k H = for the controllers running at 50k H z and 8k H z respectively.

1000 RPM 7333 RPM 13666 RPM 20000 RPM
1Nm 57.62% 43.44% 207.54% 29.62%

FOC

@8RH? 11Nm  3.22% 10.62% 12.14% 58.53%
20Nm  5.15% 6.50% 10.18% 37.08%
foc INm  56.95%  11.08% 14.12% 471%
osokne  1INM 2.18% 2.19% 1.93% 4.85%
20Nm  1.41% 1.41% 2.28% 3.86%
FSPC INm  696.41%  566.94%  247.13% 72.31%
ook, TINm  89.42%  30.47%  28.04% 11.82%
20Nm  22.10%  16.88% 8.52% 11.82%
FS-MPC INm  30.67%  12031%  159.20%  221.12%
Null Vector 11Nm  1.59% 10.65% 12.40% 11.51%
@50kHz ~ 20Nm  1.76% 6.43% 7.10% 8.54%
NLMPC INm  6.59% 9.98% 12.60% 14.50%
osokna  1INM 081% 1.48% 1.89% 217%
20Nm  0.81% 0.96% 1.18% 1.12%
1N 7.20% 11.91% 16.82% 21.95%
RUSH MPC m 0 9 6.8 95
ooz TINm  0.76% 1.47% 1.92% 2.16%
20Nm  0.81% 0.98% 1.19% 1.12%

Table 4.2 exposes the advantage of continuous MPC over the other alternatives, with distortions
expressively smaller than the baseline and the finite set MPCs, backing up the ripple analysis previously
made. As expected the addition of a null vector reduced expressively the THD in operation points of low
modulation index, but made no difference when the modulation index increased. When comparing the
methods that use SVM, the distortion is very similar when operated at the same frequency, meaning that

the main factor is the modulation frequency, not the control algorithm.

Another advantage of the proposed methods is they actively use the direct axis current to generate
torque throughout the full operation map of the motor, not only in field weakening as the method currently
implemented on the car. This is a result of the use of MTPA references which improves efficiency, as it

produces a reduction in the current vector modulus necessary to generate the same torque.
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4.1.3 Robustness

To test the controller's robustness, a Monte Carlo analysis is proposed. A normal distribution is
assigned to the motor parameters with a mean equal to the characterized value, and a standard deviation
equal to 5% of the mean. The step of Figure 4.2 was simulated for 1000 samples with the modified

parameters applied to the motor without updating the controller (Figure 4.3).

Monte Carlo Robustness Analysis
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Figure 4.3: Monte Carlo Robustness Analysis. The motor parameters are shown in percentual change
from the controller’'s expected value.

To evaluate the performance with degraded parameters three metrics were used, the steady-state
mean torque, the steady-state current THD, and the torque rising time. Based on these metrics the most
influential parameter is the flux linkage, with a correlation of almost 100% with the steady-state torque
as shown in Figure 4.4. This is explained by the type of motor used, where the inductances between the
direct and quadrature axes are very similar, resulting in most of the torque derived from the permanent
magnet’s flux linkage. Note that this dependency is also present in the method currently used by the
team, where the quadrature current reference is based on the machine torque constant (k;). While
relatively easy to characterize, the flux linkage is also the parameter most prone to change with the life
of the motors, where the magnets can overheat or be demagnetized by a high direct axis current, thus
a good approach is to develop a characterization routine that can be automatically executed whenever
the user deems necessary.

The quadrature inductance has a higher correlation with the torque rise time, as expected. Since
almost all of the torque is derived from the permanent magnet’s flux linkage the torque will rise as fast
as the controller manages to create quadrature currents. While this correlation is not definitive proof,
it reinforces the statement that the proposed controller dynamic response is limited by the machine
inductances. The high flux linkage correlation with the rise time is due to the increase in steady-state
torque since with higher flux the steady-state torque is higher and the rise is approximately linear, with

an increase in steady-state torque the rise time also increases.
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Figure 4.4: Parameter correlation coefficient with performance metrics.

Regarding the current THD, the parameter influences are well balanced, with the direct axis induc-
tance being a little more correlated. When combining this with the small absolute variance of the THD,
it is clear that the control strategy is very robust against model mismatches, maintaining a low distortion

even with the wrong parameters.

4.1.4 Acceleration Event

The load profile defined in Section 3.3 was used to simulate a typical acceleration event. The car load
parameters are as shown in Table 4.1, and the torque reference was set to reach 21.3kW of delivered
power (after inverter and motor efficiency losses). The power value was chosen assuming an 80%
powertrain efficiency and the previous approximation of one-third of the car load on the rear motors. As
shown in Figure 4.5, the Real-time Ultra Short Horizon extension MPC (RUSH MPC) improved the time
from 3.943s to 3.883s (1.6%), reaching also a higher top speed than the currently implemented control
method and presenting a lower torque ripple. While the 0.06s seems like a small gain, comparing with
the results from Formula Student Germany (FSG) 2023 it would put FST Lisboa three positions higher
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in the event ranking. If the proposed control method is combined with the efficiency improvement from
the use of new inverter hardware, the time is further reduced, to 3.759s (4.7%), translating to a 6 position

gain in the event ranking.
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Figure 4.5: Control methods comparison on an Acceleration event.

4.2 Experimental Results

To validate the simulated results, some tests were made on a test bench. The RUSH MPC was im-
plemented using Xilinx Model Composer inside Simulink, compared with the simulation implementation
and then generated for the FPGA present in a Digilent Zybo Z7-20. The hardware used was comprised
of the inverter developed on [5], coupled with a current measuring board, developed for this thesis to
increase noise immunity. This pairing was supplied with a power supply by Elektro-Automatik (EA-PSI
8360-15 DT) capable of up to 1.5kWh, and the characterized AMK motor was set in a test bench with a
Sensor Technology torque transducer (RWT441-EC-PG) and another AMK motor as load. The complete
setup is shown in Figure 4.6.

The inverter used in the experimental setup was a limiting factor due to the chosen semiconductors
not being able to handle the maximum motor current. This limitation was explained in [5], where it was
mentioned that the intended MOSFET was not available, thus an alternative semiconductor had to be
used. The evolution of the SiC semiconductors since the previous design was also noticeable, going

from a second SiC MOSFET generation to a fourth, improving reliability and efficiency. Those limitations,
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combined with the advances in the SiC semiconductors industry exposed the need for a new hardware
version. Even though this work focuses on the controller development, not the hardware, a new inverter
design was made, covering the limitations of the current one. This new inverter design was not ready for

the experimental tests, but a brief chapter on the design process is included in Appendix D.
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Figure 4.6: Testbench setup.

First, a simple constant torque test was made to evaluate if the model was correctly calculating the
generated torque. Figure 4.7 presents the torque estimated based on the motor parameters and the cur-
rent measurements with the value measured with the ST transducer output. The current measurement
from the developed measurement board had some outliers from EMI, so the currents and torque in this
section were filtered using a moving median (8 samples) and if the sample is further than 2 Median Ab-
solute Deviation (MAD), then it is considered an outlier, thus it is replaced by the average of the closest
2 points.

The estimated torque is constantly smaller than the measured torque, with a difference of 0.5Nm.
This difference is due to the motor parameters not being perfectly matched with the real motor, and the
current measurements not being perfect. The difference between the estimated and measured torque

is small enough to consider the model valid for the next tests.

With the torque estimation validated, the next step was to verify the currents on a steady state test,
ideally, this would be done with nominal torque, but due to a limited maximum inverter current the motor
was commanded to keep a constant torque of TNm. To create a load, another motor was connected
to the shaft and the motor phases were short-circuited, creating a load torque that changes with the
speed, this resulted in the speed stabilizing at 269 RPM. The current was measured with the developed

measuring board and with an oscilloscope probe (ELDITEST CP6550), while the torque was estimated
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Figure 4.7: Torque estimation vs Measured. At the bottom, the percentual error between the measured
and estimated torques is shown.

by the control algorithm and compared with the simulation results. The simulation results were obtained
by running the same model used for the controller implementation, with the same parameters and inputs.

The results are presented in Figure 4.8.
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(a) Measurement Board and Simulation measurements. The (b) Oscilloscope measurements. Channel 1 (in yellow) represents
plot on top present values from the measurement board, the line A current, while channel 2 (in blue) is the line B current
while the bottom plot is from the simulation.

Figure 4.8: Line currents measured at steady state. Torque reference at 7N'm and rotor speed stable at
169RP M s.

The oscilloscope measurement was made with a probe that has a sensitivity of 20mV/A. The results
show that the current measured by the developed board is identical to the one from the oscilloscope
probe, proving the system’s accuracy. When comparing the measured currents with the simulation
results, although they have the same form and amplitude, it is clear that the simulated curve is cleaner.
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This is backed by the THD comparison, where the measured current has a THD of 2.44% and the
simulated current has a THD of 0.47%, both of them calculated to the 50th harmonic. This difference is
due to inaccuracies in the measurements and parametrization.

Then a torque step response was applied with the motor at a standstill and with the same load as the
constant current test. Once again it would be a good approach to use the nominal values but the inverter
was a limitation so a reference of 7Nm was used. The currents presented in Figure 4.9 show an almost
instantaneous dynamic response, transitioning to the specified amplitude without noticeable distortions.
The oscilloscope currents are also very similar to the ones measured by the developed board, with the
same form and amplitude. The simulation results are very similar to the measured ones, with the same
form and amplitude, but the simulation is cleaner. The difference between the measured and simulated

currents is small enough to consider the model valid.
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(a) Measurement Board and Simulation measurements. The (b) Oscilloscope measurements. Channel 1 (in yellow) represents
plot on top presents values from the measurement board, the line A current, while channel 2 (in blue) is the line B current
while the bottom plot is from the simulation.

Figure 4.9: Line Current measurements with a reference torque step from 0 to 7Nm at 0.02s.

Figure 4.10 shows the torque dynamic response to the step. The reduced sampling time creates
significant uncertainty in the measurement, but it is possible to state that the torque rise time is less than
200 microseconds, which is a great improvement when compared with the current control method. The
simulation results have a greater sampling rate showing that the rise time is smaller than 100 microsec-
onds. An improved sampling frequency would allow for a better comparison between the simulation and
experimental results.

To compare the performance of the proposed method, a torque step was also applied to the current
solution of the inverter and control strategy. The results presented in Figure 4.11 show that as expected,
the current solution is much slower than the proposed method, with a rising time of 30ms and a delay of

10ms. When compared with the simulated values in Figure 4.2 a difference can be seen in the overshoot
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Figure 4.10: Torque reference following with a step from 0 to 7Nm. The upper plot presents the experi-
mental data, while the bottom plot is from the simulation

value of the current method, which is not present in the experimental results. That is due to the gains
used on the Pl current controller, which are not as aggressive as the ones used in the simulation. This
also resulted in a slower rising time, as in the simulation it reached the 10Nm mark in half the time as

the experimental results.
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Figure 4.11: Comparison of torque step response between the proposed method and the currently
implemented method.

The torque step response was repeated for several reference torque values, from 1 to 10Nm, to
evaluate the tracking capabilities of the controller. The results presented in Figure 4.12 show that the
RUSH MPC is capable of tracking the reference torque independently of its magnitude. The rising time
stayed constant throughout the steps, being smaller than the sampling time of 157us. It can also be seen
that there is not a pronounced overshoot.

To test the speed controller, an RPM step was applied with the motor at standstill and without load.
In Figure 4.13 the rotor speed and the torque are presented. The speed controller was saturated to
+5Nm to avoid overcurrents as the power supply was not able to constantly supply high currents. A
small overshoot can be seen in the speed response, this is due to the exponential average filter that was

implemented on the RPM measure. The filter reduced the bandwidth of the signal and when combined
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with high gains in the Pl it produced some oscillations which can be improved with a less aggressive

filter and a better-tuned Pl controller. The RUSH MPC has great tracking capabilities, as shown by the

torque graph, with the estimated torque overlaying the reference torque. The error between the torque

reference and the estimated torque is shown in Figure 4.13(c), showing an average error of 0.05Nm and

a peak error of 0.9Nm.

A torque profile to simulate the driver’s input was also tested and is presented in Figure 4.14. The

controller fails to output the reference torque around 0.1s due to the power supply not being able to

provide enough current, thus it switched from constant voltage to constant current output, reducing the

available voltage to the inverter. Aside from this, the controller was able to follow the torque reference

with a small error, averaging 0.04N'm and peaking at 1.6 Nm if the period of the power supply shortage

is discarded.
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Figure 4.13: RPM step from standstill to 2500RPMs.
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Figure 4.14: Pedal torque profile.
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Chapter 5

Conclusions

The work developed in this thesis aimed to fill the identified gap in the process of a powertrain
developed fully in-house for the FST Lisboa that is the control strategy for the motors. This necessity led
to a study of control strategies and motor models that was performed with an emphasis on improving

the dynamic response of the motor torque and the system efficiency.

To achieve those goals, the motor was characterized by performing several measurements and tests.
This not only provided a plant model to simulate the control algorithms but also provided the Formula
Student team of Instituto Superior Técnico with valuable information about their motor characteristics

and performance.

With the motor parametrized, it was possible to set up a simulation environment and some control
strategies were implemented in it. This allowed a comparison between the different strategies and the
selection of the most suitable for the application. The selected strategy was the Real-time Ultra Short
Horizon extension MPC (RUSH MPC) due to its fast response, low current ripple, and computational

efficiency.

The proposed control was then implemented in an FPGA and the hardware necessary to test the
control in a test bench was developed. The motors and inverter were then assembled on a test bench
to perform experimental tests. Although the testbench hardware was later verified to be a limiting factor,

the experimental results were very promising.

The simulation and experimental results were compared and analyzed showing a close match be-
tween them. The torque estimation was also validated and the control strategy was able to control the
motor torque with a dynamic response orders of magnitude smaller than the current solution and with a

very low torque ripple. The system efficiency was also improved due to the reduction in current THD.

While not exhaustive the developed system continued to build on the great work of the previous
thesis and the team’s work, creating a solid platform from which the team can continue the work and
implement it on the next prototypes. The work done in this thesis was a major step towards the team’s

goal of developing a fully in-house powertrain.
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5.1 Achievements

The major achievement of the present work was the development of a control strategy capable of
greatly increasing the dynamic response of the motor while also improving its efficiency. This work
showed that by changing the control strategy there are performance gains to be achieved without hard-
ware changes, only by using a control strategy that is tailored to the motor characteristics. The ability
to control the currently used motor without any hardware modifications on the motor enables the team
to develop its own inverter and control strategy without changing the motor, unlocking major advances
in powertrain efficiency, performance, and density. Additionally, it provided some valuable information
about the motor characteristics and performance that can be used in future work and at competition
design events.

Summing up the achievements of this thesis, the following points can be highlighted:
» The currently used motor is characterized and a simulation environment was created;

» Several MPC strategies were compared with the current FOC solution leading to the selection of
the RUSH MPC;

+ The proposed control strategy was implemented in an FPGA;

» The necessary hardware for a test bench setup was developed and tested to a high level of accu-

racy;
+ Simulation data was validated with experimental results comparison;

» Motor characterization validated by comparing the torque estimation with a commercial transducer;
» System efficiency improved by the reduction of the current THD;

» The torque response was improved by orders of magnitude compared to the current solution.

» A new inverter was designed to overcome the limitations of the current one.

5.2 Future Work

One of the major setbacks of this work was the test bench hardware, which was later verified to be
a limiting factor. The used setup was not able to properly align the motor shafts and the transducer,
leading to eccentricity-induced vibrations. Those vibrations not only caused some torque oscillations in
the experimental results but also limited the tested maximum speed. The test bench hardware should
be redesigned to allow for a proper alignment of the motor shafts and the transducer, allowing for higher
speeds and more accurate results.

The inverter used was also deemed a limitation, as it was developed to a maximum current of 904,
limiting the maximum torque that could be applied to the motor. A revision of the inverter was developed,

but time constraints impeded it to be tested. The new inverter should be tested to verify if the limitations
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of the current inverter are overcome and to verify if it meets the efficiency and performance requirements
of the team. Some design aspects of the inverter should also be revised, such as the thermal design of
the components, and the DC link capacitance, which could be reduced to save space and weight. The
voltage measurement circuit should also be revised to include filters and improve the EMI immunity of
the system.

Regarding the motor characterization, the inverter limitations did not allow for a full current range
characterization of the inductances, which could be performed in the future. The current reference maps
should also be updated with the maps generated using the characterization inductances, to replace the
ones that used the manufacturer’s data.

A proper study of the tradeoff between the reduction of the current THD by increasing the switching
frequency and the losses in the inverter and motor derived from such increase should be performed. An
optimal point should be found to maximize the efficiency of the system.

A known drawback of the chosen strategy is the dependence on a good model of the system. A cal-
ibration routine should be developed to allow for the controller to automatically adjust the model param-
eters to the real system. Another alternative is the development of a real-time parameter identification
algorithm to adjust the model parameters in real-time, but this would require the current references to
be solved in real-time, similar to the work done in [42].

The current implementation uses the rotor speed to estimate the current position of the rotor in
between encoder readings, which is a known limitation of the system. A better approach would be to
use the MPC predictions to estimate the rotor position, which would also benefit from a load torque
observer, to improve the velocity and position predictions.

The proposed speed controller although capable of controlling the motor speed, could be improved,
as it was not the focus of this work. It could be incorporated into the MPC controller and account for the
load torque estimation to preemptively adjust the torque reference to allow for a more robust control.

Another known limitation is the encoder sampling rate, which is very reduced when compared to
the control frequency. That, combined with the elevated level of complexity of the encoder protocol and
its scarce documentation, suggests that the encoder should be replaced by a more modern and faster
sensor.

Lastly, the current implementation of the FPGA uses almost all the available resources, which limits
the implementation of more complex algorithms. It also is currently controlling only one motor, but
by pipelining the control, it could control two motors, limited by the number of available GPIOs in the
Zybo board. One solution could be to switch the control algorithm from floating point to fixed point,
which would require fewer resources and would allow for more complex algorithms to be implemented.
Another solution would be to use a more powerful FPGA, which would also enable the control of the four

motors in only one FPGA, reducing the cost and volume of the system.
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Appendix A

Amplitude invariant dq0 PMSM model

Starting with Equation (2.5) and replacing the currents and flux for the ones presented in Equa-

tion (2.14) results in Equation (A.1).

a (T}, bao )
o dat (A.1)
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Replacing 6. with w,, and multiplying TZ‘QE)*1 to the left yields Equations (A.2) and (A.3).
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Lastly, calculate the derivative of the transformation as in Equation (A.4), resulting in Equation (A.5).
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Thus, the PMSM model in the dg0 frame using amplitude invariant transformation is presented in Equa-
tion (A.6). This result is the same as Equation (2.21)with the currents, voltages, and fluxes scaled by a

factor of \/§ in the direct and quadrature axis, but in the zero axis some results may vary.

0 -1 0
dwdqo
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Appendix B

Technical Datasheets

The datasheets for the current inverter and motor used in the project are presented in this appendix.
The inverter datasheet is an excerpt from the original document with the main characteristics, while the
motor datasheet is the full document. More information about the kit is available at the manufacturer’s

website'.

"https://www.amk-motion.com/amk-dokucd/dokucd/en/DokuCD_HTML5_en.htm#projekt/doku-cd_html5/topics/amk_
automotive.htm
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Motor-Datenblatt motor data sheet

ANMK

Bezeichnung/name DD5-14-10-POW - 18600-B5

Teile-Nr:/part number A2370DD

- Formula Student Datum/date:

Zeichn.-Nr:/drawing no.:12703-01260

27.11.2018

Motorbeschreibung motor description:

Motorprinzip/motor principle: synchron
Kuhlart/cooling type: Flussigkeit 4//min  liquid 4l//min
Bauform/mounting type: IMB5
Schutzart/degree of protection: IP 65
Isolierklasse/insulation class: F
Leistungsdaten performance data:
Betriebsart/duty type: S1.dT=100K
Dauerstillstandsmoment/continuous Stall Torque "Mo": 13,8 Nm
Maximales Moment/maximum torque "Mmax": 21 Nm
Bemessungsmoment/rated torque "Mn" (ID32771): 9,8 Nm
Bemessungsleistung/rated power "Pn": 12,3 kW
Bemessungsdrehzahl/rated speed "Nn" (ID32772): 12000 rpm
Theo. Leerlaufdrehzahl/theor. no-load-speed "No": 18617 rpm

Motorkennlinien performance - characteristics:

30

U, =500V U, =600V,

20

Moment / Torque [Nm]
=

40 U”:ﬁUUVDc U_=6pov
g 30 U,=500V L] —=—=12 " Ifeidveakening
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g 20 _—
e / e e —- —..
Q
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0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 22000
Drehzahl/ speed [1/min]

Kennlinie kann die maximal zuldssige Drehzahl tibersteigen! / Characteristic may exceed mechanical speed limit of motor

Elektrische Daten electrical data:
Nennspannung/rated voltage "Un" (ID32768):
Nennstrom/rated current "In" (ID111):
Dauerstillstandsstrom/cont. stall current " 10" (ID34096):
Maximalstrom/maximum current "Imax" (ID109):

Maximale Dauer fiir/duration for "Imax" (ID34168):
Drehmomentkonstante/torque constant " kt":
Spannungskonstante/voltage constant "ke" (ID 34234):
Schaltung/connection type:

Polzahl/number of poles "2p" (ID32775):
Klemmenwiderstand/terminal resistance "Rtt" (ID34164):
Klemmeninduktivitat/terminal inductance "Ltt" (ID34167):
Querachseninduktivitat/quadrature axis inductance "Lq" (ID34046)
Hauptachseninduktivitat/direct axis inductance "Ld" (ID34045):
Magn.-Strom/magn. current "Im" (ID32769):
Magn.-Strom/magn. current "Im1" (ID32770):
Rotorzeitkonstante/rotor time constant "Tr" (ID32774):

Reglereinstellungen controller settings:

Stromregler current controller:

Verstarkung g-Achse/gain g-axis "Kpq" (ID34151):
Verstarkung d-Achse/gain d-axis "Kpd" (ID34152):
Nachstellzeitkonstante/time constant "Tnq" (ID34050):
Nachstellzeitkonstante/time constant "Tnd" (ID34052):
Adaption Verstarkung/adaption gain "Kpg2" (ID 34179)
Adaption Nachstellzeit/adaption time constant "Tng2" (ID 34180)
Untere Anpal3schwelle/lower adaption limit "lua" (ID34177):
Obere Anpafischwelle/upper adaption limit "loa" (ID34178):
Drehzahlregler speed controller (default for plain motor):
Verstarkung/gain "Kp_n" (ID100):
Nachstellzeitkonstante/time constant "Tn_n" (ID101):
Spannungsregler voltage controller:
Spannungsregler/voltage controller "Kp" (ID34148):
Spannungsregler/voltage controller "Tn" (ID34149):
Spannungsiberhéhung "dU" (ID34235):

Systemwiderstand "Rs" (ID34233):
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Fiir dieses Dokument und die darin enthaltenen Angaben behalten wir uns alle Rechte und technische Anderungen vor
All rights reserved for this document and all information included. Technical modifications reserved

(c) AMK Antriebs- und Steuerungstechnik GmbH Co. KG
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Motor-Datenblatt motor data sheet AM(

Bezeichnung/name DD5-14-10-POW - 18600-B5 - Formula Student Datum/date: 27.11.2018

Teile-Nr:part numbe A2370DD Zeichn.-Nr:/drawing no.: 12703-01260
Mechanische Daten mechanical data: Lagerbelastung bearing load: (Lastangriff Mitte Abtriebswelle):

Gesamtmasse/motor mass "m": 3,55 kg . . (Force to the middle of the shaft): F?

Motortragheitsmoment/inertia "J": 2,74 kgcm? A/B - Lager/A/B - side bearing: r

Mech. zul. Drehzahl/mech. speed limit "Nmax": 20000 rpm Lagertyp/bearing type : 6005 / 6003

Rundlauf/run out (DIN 42955): N Fettsorte/type of grease: GE2 /| GE2

Wuchtgiite/balancing quality: G2,5 theo. Fettgebrauchsdauer/grease life time: 13000 / 18000 h

Passfeder/shaft key: _ bei Nenndrlehzahl und 70°C Lagerauenringtemp/at rated sp.eed and 158°F at outer bearing ring ®

erforderliche Fettmenge/necessary grease quantity : 0/

Maximale Axialkraft bei Montage/max. axial force for assembly: 3275 N

Bremsendaten brake data: A - Lager/A - side bearing:

Typ/type - 1-10 4 -
Bremsmoment/brake torque: Nm '.
Bremsenstrom/brake current: A = 4000 [
Bremsenspannung/brake voltage: \Y; g L (F 6000 ]
Spannungsart/voltage type - = AU Tmin Y "
Einfallzeit/engage time "Te": ms t:': LA(Fr 12000 ) oo 4
max. Bremsenergie/max. braking energy: s min Y,
. L . 3 18000 4000 3 -
einmalig/single engagement: 2 LA(Fr , _) .
Lebenslangllifetime: E- R min R
. - 2000 SR
Liifterdaten fan data:
AMK-TNr./AMK part number: - o -
Lifterspannung/fan voltage: \Y 0 300 600 . 200 1200 1500
Strom/currert: A '
Frequenz/frequency: Hz Radialkraft / radial force [N]
Wicklungsschutz thermistor: Geberdaten position encoder data: Bemerkungen remarks:
Typ/type (ID34166): KTY84 AMK-TNr/AMK part number. 108072 automatisch erstellt, Geber 18 Bit,
Ansprechtemp./operation temp: - °C Typltype: P Sonderparameter FSE
Widerstand/resistance (25°C) < =: 629 Q Impulszahl/number of pulses: 262144 Daten nur giltig mit enstprechender Wasserkiihlung

* Typenschildbezeichnung unterstrichen; bitte bei Riickfragen immer angeben /Nameplatedata underlined; please state with every inquiry
Ersteller/created by: SMM Anderungsstand Mechanik/revision motor-mechanics:  0.00 Anderungsdatum/motor revision motor date 26.10.2016
Fiir dieses Dokument und die darin enthaltenen Angaben behalten wir uns alle Rechte und technische Anderungen vor

All rights reserved for this document and all information included. Technical modifications reserved (c) AMK Antriebs- und Steuerungstechnik GmbH Co. KG
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AMKmotion

4 Technical data

4.1 Technical data — inverter

Terminal / | KW26-S5-FSE-4Q (2WD inverter)
strand | (data per inverter)

Rated input voltage HV+, HV- power supply HV+, HV- | 540 VDC

Input voltage range 250VDC-720VDC

Input current 48 A

Power supply for HV = 540 VDC

Intermediate circuit 75 uF

Supply voltage X08 24 VDC +15%,

for logic supply LV (X09) The 0V potential must be connected to the vehicle ground
(vehicle chassis).

Input current <500 mA

for logic supply LV

Capacity at input of internal switched-mode 1,500 uF

power supply

Efficiency Approx. 98%

Ground Vehicle ground (vehicle chassis) or ground strap
Switching GND for logic voltage is internally connected to the
frame of the inverter

Control method PWM

Switching frequency 8 kHz

Output frequency ) U,V,W |[0-1200Hz

Output voltage (HV = 540 VDC) 350 VAC (sinusoidal output current)

Output voltage range (HV = 250 - 720 VDC) 160 - 490 VAC

Rated output power 26 KVA

Rated output current Iy 43A

Peak output current I, 107 A

Max. duration of peak output current I, 10s

¢ Output frequency foyt >1 Hz

Max. duration of peak output current I, 1s

¢ Output frequency foy1 <1 Hz

Temperature sensor evaluation X12 KTY e.g., KTY84-130

Protective / monitoring function Short-circuit / ground fault, intermediate circuit overvoltage, excess

temperature at motor / heat sink, current overload as per 12t

Gal ic isolation voltage b HV and 2200VDC

Lv

Cooling Liquid cooling

Flow rate 1.5bar/ 10 l/min

Max. cold plate and ambient temperature 40°C

Protection class IP 00
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AMKmotion

Terminal /
strand

KW26-S5-FSE-4Q (2WD inverter)
(data per inverter)

Dimensions (2WD inverter)

RS
Approx. 339 mm length, approx. 183 mm width, approx. 131 mm heigh‘v

Weight for 2WD inverter including heat sink | Approx. 6,3 kg

1) Speed setpoint values are limited to 30000 rpm

4.2 Technical data — motor

Please refer to the motor data sheet (see: Motor_data_sheet_A2370DD_DD5) for the technical data for the motor.

When the system is started up for the first time, the motor parameters are automatically transferred fron@
encoder database to the inverter.

AU| )lII\IY

A

The function is not performed if the motor parameters have already been entered manually. The AIPEX 's
‘Initial program loading' (PW: 500591) function in direct mode allows the factory settings from AMK to beq

restored.

Prerequisite for the automatic transfer of the data from the encoder database:

« Encoder cable connected

« Motor parameters have not already been changed manually
« The data has been stored in the encoder at the factory

199yseleq

PDK_205481_KW26-S5-FSE-4Q / Version 2022/15
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Appendix C

Current Reference using

characterized inductances

As explained in Section 3.2.2, the used current references on the experimental results were not
calculated using the inductance values obtained from the motor characterization. This section presents
the current references calculated using the characterized curves.

An important distinction to make is that the curves in Figure C.1 present an inversion in torque signal
depending on the direct axis current. This is due to the reluctance torque reaching and surpassing the
torque generated by the permanent magnets. This phenomenon is due to the saturation effect, which

reduces the quadrature axis inductance, while the direct axis inductance increases.
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Figure C.1: Constrained Maximum Torque per Ampere curve at minimum, nominal, and maximum volt-
ages. Reference currents are shown for 0, 13000 and 2000 RPMs.
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Appendix D

Inverter Design

The new inverter design was intended to solve the current and voltage measurement issues that were
present in the previous design, while also increasing the maximum current supported by the inverter. It
was mainly designed using the same process as [5]. The design process started with the selection of
the semiconductor devices based on an efficiency analysis, followed by the design of the gate drivers
and the current and voltage measurement circuits. As this version of the inverter was intended to be
used in the next prototypes, a special focus was given to reducing further the size of the inverter, while

also making it more modular to allow for easier maintenance and replacement of components.

D.1 Efficiency Equation Formulation

To ease the process of choosing the semiconductor efficiency analysis approach was used. This
was performed with the efficiency formulation for a three-phase inverter from [43], as it represents well
the system developed. In [43] the power loss is assumed to be majorly composed by the semiconductor
losses, as the inverter does not have magnetic components. This assumption is based on [44], where it
is stated that the power losses of SiC MOSFET chips in the power module account for more than 93.4%
of the total power losses of the power inverter.

The power losses of the MOSFET chips can be divided into conduction losses and switching losses
defined as in [43]. The conduction losses are given by Equation (D.1).

Pon Rps,,

= 22 (1 4 THD? D.1

Where Py is the conduction losses, P, is the output power, Rpg, . is the on-state resistance of the
MOSFET, R, is the load equivalent resistance and TH D is the total harmonic distortion of the output
current.

The switching losses are presented in Equation (D.2).

Psyy VB) ton+torr  3CiZo
= 3— D.2
P, (27Tmpr T m2E,T (8=my) (D-2)
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Where Psyy is the switching losses,Z; is the load equivalent impedance defined as Z, = % with
F, being the load power factor, t,,, and ¢,s; are the turn-on and turn-off times of the MOSFET, T is the
switching period, C; is the total parasitic capacitance defined as C; = C,ss + Cy with C,s being the
MOSFET output parasitic capacitance, and C, the external diode parasitic capacitance. The modulation
index m,, used in this formulation is different from the one used on the control scheme, and it is defined

as \/EVORMS/VDC where Voruss is the line to neutral output RMS voltage.

The complete efficiency formulation is presented in Equation (D.3).

1
n= Poz\} Psw R V3 tontt 3C. R (DS)
L+ 755+ 73 L+ }«Pszoon(lJrTHDz)Jr(zwm R +m2}7‘2%1) (3 —my)
P ‘pLp pip
D.1.1 Motor and Controller parameters

With the efficiency equation defined, the next step was to define the load parameters, in this case,
the motor operation points. As the power factor of the motor changes with the motor speed and torque,
a map of the power factor was used. This map is derived from manufacturer data and is presented in
Figure D.1(a). As the manufacturer only provided the power factor for positive torque, the power factor
for negative torque was assumed to be the same as the power factor for positive torque. While this is

not accurate, it is a good approximation for the efficiency analysis.

I \ 0:6‘ 055 i J 20 F .
Ope ™ T 67| A
2l 0 0014
0.7 J 10 Q'QQ\ 0.022 —
” — //mg////’o.oa/
E 0.75 E = § %/0-%5?1 —
< 0.8 2 of U o, oo
= 10]] 0.85 : I e — O
0.9 0.9 — \007 ——— 003
10k 074

5f 0.95 0.95 — 10 \ \8'822—
e, o, 018 —
L 2 % Yy, 0.014 —
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(a) Motor power factor.

(b) Current THD.

Figure D.1: Motor power factor and current THD maps as a function of the motor speed and torque.

The current THD was calculated using the simulation environment presented in Section 4.1. The

motor was kept in a steady state for each of the operation points, and the current THD was calculated.

The results are presented in Figure D.1(b).
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D.2 Operation Points

As the load parameters are not constant a competition data-driven approach was taken to evaluate
which module is better suited for the application. The logs from the 2023 competitions were used to
create a 2-D histogram with the motor speed and torque usual operation points. Figure D.2 presents the

histogram of the operation points for each motor in the 2023 FSG Endurance Event as an example.

Front Left

Front Right

Torque(Nm)
o

-20
0 5000 1000015000 0 5000 1000015000
RPM RPM
Rear Left Rear Right

Torque(Nm)
Torque(Nm)
o

0 5000 1000015000 0 5000 1000015000
RPM RPM

Figure D.2: Motor operation points for the 2023 Germany Endurance Event. The color represents the
number of points in each bin on a logarithmic scale.

To generalize the design, each of the motor’s operation points was combined, resulting in a single
histogram with the operation points of all the motors. An example of the combined histogram is presented
in Figure D.3.
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Figure D.3: Combined motor operation points for the 2023 Germany Endurance Event. The color repre-
sents the number of points in each bin on a logarithmic scale.

With the operation points defined, the efficiency of the inverter was averaged using the operation
points histogram as weights. This allowed a direct comparison of the average efficiency of each semi-
conductor in a representative competition environment. The results for the chosen module are presented

in Figure D.4.

D.3 Diode Selection

The antiparallel diode is used with two main functions, the first is to protect the MOSFETSs from the
reverse voltage generated by the motor inductance in case a fault occurs and the control shuts down
the inverter while the motor is still spinning. Although in this case, the MOSFET body diode would allow
the current to flow, it usually has a smaller forward current rating and a high forward voltage drop, thus
in a failure mode it would heat the module and possibly damage it. The second reason is related to
efficiency, as it allows the current that would flow through the MOSFET body diode to flow through the
external diode, which has a smaller forward voltage drop, thus reducing the conduction losses in the
dead time period. To select the proper diode to parallel with the MOSFETSs, the principal factors are the
diode must support at least double the DC Link voltage in reverse voltage, and the peak current of the
diode must be at least the peak current of the motor. The continuous current rating is not a concern
here because in normal operation as soon as the MOSFET is turned on the diode will not conduct
any current, as the MOSFET resistance produces a voltage drop smaller than the forward voltage of the

diode. Ideally, the diode would be dimensioned to endure the peak current for the longest fault mode, but
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timing constraints prevented this study from being made, so it was dimensioned by the normal operation
conditions of the motor datasheet [14]. The diode should also have a small parasitic capacitance to
reduce the increase in the switching losses, and a low forward voltage drop to reduce the conduction
losses in the dead time period.

Table D.1 presents the list of possible diodes for the new inverter design compared with the one used
on the current design.

Table D.1: List of possible diodes for the new inverter design compared to the solution used on the
current design.

Manufacturer Model Verm(V) Ve(V) Ig(A) Igm(A) C(PF) Twmax(°C) Price (€)
ST STBR3012-Y 1200 0.95 30 300 15 175 2.62
Littelfuse LSIC2SD120D15 1200 1.5 44 120 76 175 10.5
Microchip MSCO050SDA120B 1200 1.5 109 290 214 175 16.6
GeneSiC GD60MPS17H 1700 1.5 122 600 252 175 42.85
Vishay VS-E5TH3012S2L-M3 1200 1.9 30 240 17 175 2.76
Cree C4D10120E 1200 1.5 33 75 41.5 175 11.53

Due to its reduced cost and good performance, the ST STBR3012-Y was chosen for the new inverter
design. While this is not a SiC diode, it still fulfills the requirements for the application and presents the

best performance on paper.

D.4 MOSFET Module Selection

To increase the inverter density and improve the thermal performance the semiconductors were
limited to half-bridge modules, as they allow for a more compact design and easy integration, while also
reducing the number of components needed. The use of the half-bridge configuration was also motivated
by the modularity provided, as this simplifies the design to one inverter leg that can be replicated to
compose the complete inverter. This modularity also allows for easier maintenance and replacement of
components, at the cost of the reduced number of available semiconductors in the market.

As the battery voltage currently used is 600V, the semiconductors needed to have a voltage rating of
at least 1200V. The maximum motor current is approximately 1504, with a nominal current of 45Az s,
setting the minimum drain current rating of the MOSFETSs to 45A. The other parameters can be rea-
sonably selected to maximize the efficiency of the inverter. Based on these initial requirements a list
of possible MOSFETs was created and shown in Table D.2. Note that the 1700V semiconductors are
significantly more expensive than the 1200V semiconductors, thus they are not considered for the final
design. The Microchip modules include Schottky diodes, while the other modules do not include the
diodes, thus in the efficiency calculations the capacitance of the chosen diode was summed to the other
modules to allow for a fair comparison.

For each semiconductor in the list, an efficiency map was created using the efficiency formulation

presented in Equation (D.3), and the operation points histogram presented in Figure D.3 was used to
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Table D.2: List of possible MOSFET modules for the new inverter design compared to the discrete
solution used on the current design.

Manufacturer Model Vpss(V) Rps,,(m2) Ig(A) Tp.C Coss(PF) ton(ns) tog(ns) Price (€)
Infineon FF4AMR12W2M1HP_B11 1200 4 200 175 840 44 16 260.85
Infineon FF6MR12W2M1H_B11 1200 5.4 150 175 630 39 15 194.88
Infineon FFO8MR12W1MA1_B11A 1200 7.33 150 150 700 35 38 268.99
Infineon FF8MR12W1M1H_B11 1200 8.1 100 175 420 70 20 165.21
Infineon FF11MR12W2M1HP_B11 1200 10.8 100 150 315 411 21.2 125.12

Microchip MSCSM170AM11CT3AG 1700 8.8 240 175 600 17 19 499.29
Microchip MSCSM170AM15CT3AG 1700 11.7 181 175 450 17 19 425.52
Microchip MSCSM120AM11CT3AG 1200 10.4 254 175 810 30 25 360.10
Microchip MSCSM120AM16CT1AG 1200 16 173 175 540 30 25 206.89
Semikron SK150MB120CR0O3TE2 1200 8 188 175 520 17 29

Vincotech 10-EZ122PA016ME-LJ67F68T 1200 17 83 175 258 6.72 21.48

Vincotech 10-EY122PA00BMEO1-LU38F06T 1200 9.11 184 175 516 40 16.92

Wolfspeed C2M0040120D 1200 44 55 150 171 61 13 45.94

Table D.3: Efficiency comparison of the possible MOSFETs modules for the new inverter design.

Conduction Switching

Manufacturer Model Loss (W) Loss (W) Efficiency (%) Price (€)
Microchip MSCSM120AM16CT1AG 70.80 15.53 98.76 206.89
Vincotech 10-EZ122PA016ME-LJ67F68T 75.22 7.94 98.80

Infineon FF11MR12W2M1HP_B11 47.78 15.66 99.08 125.12
Microchip MSCSM120AM11CT3AG 46.02 17.38 99.08 360.10
Microchip MSCSM170AM15CT3AG 51.77 10.83 99.09 425.52

Infineon FFSMR12W1M1H_B11 35.84 22.34 99.16 165.21
Vincotech 10-EY122PA008SMEOQ1-LU38F06T 40.31 15.88 99.19

Infineon FFOBMR12W1MA1_B11A 32.43 20.60 99.23 268.99
Microchip MSCSM170AM11CT3AG 38.94 11.85 99.26 499.29
Semikron SK150MB120CRO3TE2 35.40 13.56 99.29

Infineon FF6MR12W2M1H_B11 23.89 16.03 99.42 194.88

Infineon FF4AMR12W2M1HP_B11 17.70 18.76 99.47 260.85

Wolfspeed C2M0040120D 194.69 17.19 97.00 45

compute the average efficiency throughout the last FSG Endurance event. The average results are

presented in Table D.3.

Although it does not have the highest efficiency, the Infineon FFBMR12W1M1H_B11 [45] was chosen
as it has one of the smallest footprints, while having good efficiency and a reasonable price. It also
brings significant performance gains when compared to the discrete option used on the current inverter
design that averaged at 97% efficiency, and even more when compared with the inverter currently used
on the vehicle, which averages at only 86%. One interesting factor to note here is the dominance of
the conduction losses over the switching losses, indicating an increase in switching frequency could be
beneficial to the efficiency of the inverter as it would reduce the current THD and thus the conduction

losses. The resulting inverter efficiency is presented in Figure D.4(d).
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Figure D.4: New inverter losses analysis.

D.5 Gate Driver Design

ASR Model Predictive Control (MPC) The selection of the gate driver was based on models proposed
by the manufacturer, with the key aspects being a high source/sink current capability, galvanic isolation,
and a fast desaturation function. The selected device was the Infineon EiceDRIVER™ 1ED332xMC12N [46],
but as the design was defined to have the main gate driver on a mezzanine board, a secondary gate
driver was needed to be placed next to the module on the power module and reduce the parasitic induc-
tance of the gate driver connections. The secondary gate driver does not need such strict requirements,
only requiring a high source/sink current capability, as the desaturation function and isolation are al-
ready present on the main gate driver. The selected secondary gate driver was the Texas Instruments
UCC27614 [47], as it can provide 10A of source/sink current, can whitsdant the —5 to 18V voltage range
of the primary gate driver, while having a small 8-Pin SON DSG footprint.

The gate resistance was chosen using the recommended values from the datasheet of the MOSFETs
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module, set in 8.2 for charging and 2.7%2 for discharging the gate. One drawback of using this cascaded
gate driver approach is the increased impedance seen by the primary gate driver, as the secondary
gate driver has an input impedance of 120k€2, which makes this signal extremely sensitive to noise.
To mitigate this issue, a strong pull-down resistor was added near the secondary gate driver input to
reduce the impedance seen by the primary gate driver. A 5.6k resistor was chosen, as this is the
smallest resistance value that does not exceed the maximum power dissipation of a 0603 resistor. A
low-pass filter was also added to the gate driver input after the pull-down, with a cutoff frequency of
4.8229M H = to increase noise immunity. Equation (D.4) was used to calculate the decoupling capacitor
value that would allow a voltage ripple smaller than 1%. In this equation @, is the gate charge of the
MOSFETSs, V; is the supply voltage swing of the gate driver, Cyecoupiing iS the decoupling capacitance,
Vinitiar 1S the initial voltage of the capacitor, and V;,,.; is the final voltage of the capacitor. The resultant

value was 5u.F, but a smaller 100nF' was added in parallel to account for high-frequency oscillations.

1
E!] = QQ‘/S = §Cd900u17“n9(‘/iiitial - VfQinal) (D4)

The short circuit protection of the MOSFETs was made using the desaturation function of the primary
module, the used circuit is shown on Figure D.5. The desaturation function is a protection mechanism
that detects the voltage drop on the MOSFETs when they are on, and if this voltage drop is higher than a
certain threshold, the gate driver turns off the MOSFETSs. This is a very important protection mechanism,

as it can prevent the MOSFETSs from being destroyed in case of a short circuit.
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Figure D.5: Desaturation protection circuit (adapted from [5]).

The threshold voltage of the desaturation on the primary gate driver is 9V, so the Zener diode Z
was used to produce a higher voltage drop and trigger the desaturation function with a lower current.
The MOSFET datasheet details the Vps with different drain currents and gate voltages, based on that it
was verified that at room temperature the MOSFET has a Vpg of 1V with a 120A drain current. As the
module heats up this voltage drop is reached with lower currents, thus it has a negative feedback that
ensures the current will not exceed 120A. As the diode D; has a forward voltage drop of 1V at room
temperature, Z> should have a Zener voltage of 7V, summing up to the 9V reference voltage of the gate

driver. This is a very conservative current limit to start the design tests, but as the team’s confidence in
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the design is increased, the Zenner voltage can be decreased to allow higher currents.

The desaturation function has a blanking time to account for short bursts of current in normal opera-
tion, this blanking time is defined by the resistor R,.s.: and the capacitor Cy.s.:. They were dimensioned
by Equation (D.5) to have a blanking time of 3.8us.

Vr'ef Cdesut

tdesat =
Idesat

D.6 Current and Voltage Measurement

The design of the current and voltage sense was focused on increasing its noise immunity, as the
previous design had issues with the current measurement. The current sensor was chosen to be the
LEM LA 100-P [48], as it's a compact solution that can measure up to 150A with low drift and linearity
error while having the bandwidth necessary for the fast controller frequency. Another advantage of
this sensor is that it does not use integrated conductors, it only needs to wrap the primary conductor
with the sensor, and as such, the current sense board does not need to be designed for high currents.
This sensor outputs a current in the secondary circuit proportional to the primary circuit current, so a
measurement resistance was set to 33Q2 as recommended by the manufacturer.

The output voltage is amplified and converted to a differential signal by a low drift operational amplifier
with passive and active low pass filters, both with a cutoff frequency of 72.3k H z. This signal conditioning
was placed as close as possible to the sensor output to reduce EMI in the readings. Next to the signal
conditioning circuitry, a 14-bit Successive-approximation Analog to Digital Converter (SAR ADC) was
placed to read the sensor output. This multichannel Analog to Digital Converter (ADC) is also used to
read the voltage and temperature sensors. Its output is sent to the main controller through an RS-485
communication interface.

The voltage sense is done using a voltage divider followed by an isolated amplifier that also is coupled
with an active lowpass filter. The voltage divider has a configurable input that allows selecting the module
to measure DC Link voltage or motor phase voltage. This ability to measure the motor voltage was

implemented to enable future automatic characterization routines.

D.7 PCB Design

The PCB was designed with creepage distances according to IPC2221A [49] to withstand the maxi-
mum battery voltage. One of the main goals in the PCB design was to keep the solution compact, and to
achieve that a mezzanine approach was selected. This approach allowed the leg module to be designed
within the size of the MOSFET module, reducing the size of the inverter and allowing for great liberty
with how the modules are arranged by the team inside the inverter container.

The design is comprised of three main boards: Half-Bridge, Driver, and Current sense boards. The
Half-Bridge board is the only board carrying high currents in the inverter, it contains the MOSFETs, DC

Link capacitors, and the secondary gate drivers. It uses a 8-layer stack-up with copper thicknesses
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of 70um on external layers and 35um on internal layers. The use of 8 layers allowed to increase the
current carrying capability of the board, being able to stand a current of 90A continuously. The Driver
board contains the primary gate driver, the isolated DC/DCs to supply the gate drivers, and the isolation
components for the voltage and temperature measurement. It also handles the connection with the
other boards and the main controller. The Current sense board contains the current sensor coupled
with the signal conditioning circuitry. It also includes the ADC to read all the module sensors and the
communication interface with the main controller. The communication is done using RS-485, as it is a
robust communication protocol that can be used in noisy environments. A render of each board and the

final leg module is presented in Figures D.6 and D.7.

(a) Half-Bridge board. (b) Driver board.

(c) Current sense board.

Figure D.6: Render of the PCBs used in the new inverter design.
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Figure D.7: Render of the final leg module.

D.8 Inverter Schematics and Layers

The resulting schematics and layers of the inverter are presented in the next pages.
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D.8.2 Half Bridge Board Layers

(e) Inner Layer 4. (f) Inner Layer 5. (9) Inner Layer 6. (h) Bottom Layer.

Figure D.8: Half Bridge Board Layers.
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] Tout Tin_P [

>

U_Voltage_Sense
Voltage_Sense.SchDoc

VOUT P

] VA2

ource_K_U
Gate_Out_ U
DESAT U

] HV+ a

VOUT_N Line A [}

U_NTC_Sense

NTC_Sense.SchDoc
] NTC_OUT_P

] NTC_OUT N

L] Line A pymIN_U

Active [ _p————

:l L Reset D—
Fault_EXT <}
PWM IN_L
{ ] NTC+
{ ] NTC- :;ul
89%
s2d
v 38a
I L

-[C
Ressl | DESATU 9 L] cate_outu
===— > RESET &g _ READY [}
'E = Fault_OUT [_x
T PWMIN B B U_Enable-Fault_Logic
> Fault_IN ﬂ Enable-Fault_Logic.SchDoc
> Ready_U
> Fault_Out_ U
GND Fault EXT \— payie_exT
Acti Fault_IN
+5.0V Adive 15 Active
U_Gate_Driver_L I f > :au:_olin_L
Gate_Driver_L.SchDgc { > Ready_|
> Fault_IN %L’ Fault_OUT %
PWMIN QO READY
= E—E Gate_Out L [
E&
Reset ' Rpeser B3
{ > DESAT_L
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Connectors

/8

External Connections

+240V +240V - - -
. Half Bridge High Side
1 2 Z A +18V_ISO_U
3 4 o
5] . 6 |8 HV_U (DA §|%| n -5V_ISO_
71, g L8 234198-E
s 10 [Souce KU JSMEERUE g1 o 5 AL 05
u 12 Fault_EXT DESAT U 0o B2 23 A2 [t
18153 142 —1 83 A3
L 15 135 16 (OemmBaRal B4 1y A R4
Wil 17 | 17 13 |10 eumibuldliilh % B5 25 A5 AZ b,
! 19§ 19 20 | emballiEl B6 f g == ap (A &= NTC-
a2 o e i T
AReceiverl 23 | 3 o rivers, gle
W&.g % 2 %—A.M
7 B
2 30
TEM-115-02-03.0-G-D-L1 = . .
GND * GND Half Bridge Low Side
A <t ™
HV_L(DH g5 »
+18V_ISO_L -5V_I1SO_L | 234198E
Current Sense Board [DESAT L Rdllabems/® a5 - Bo [ SLLIEA
[Gate_our L sdeld 2 f a5 S5 85 22
A4 B4
A A4 B4 |—t
A3 B3
A+5.0V A+15.0V VB2 \/B2 A-15.0V Soltce K 1 A2 A3 B3 E
I [ Source K L ~ A2 § & B2 i
2 2 1 Aa =2 m R v
2 1
41, 3 -3 = E| E'
e | 6 5 IV} SIS
8 7
- 8 7 -
GaRllEL, 10 1 15 g —9—E-Rﬂiﬁil
215, gt 2 piverl,
= L 14 19, 1328 riverz =
AGND  AdReceive 16 1,5 ;5 | 15_ADrveR  AGND
o R e
20 19 vers,
LSHM-110-01-F-DH-A-N-K-TR
Project: Driver Board.PrjPch Car:FST 13  Version: v1.0 !
Page Title: Connectors.SchDoc Page n: 2/9
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[ Source K U oo KU

Power Supply

Gate Drivers DC/DC

24V to +-15V DC/DC

A
+
HV U+ WVISOU o ot HEVAISOU
+24.0V 6 D7
PS2
L2
1 2 1 7
+VIN +VOUT
XFL2010-473MEC 21| i com |6 _Source KU “D6 and D7 are used to
cs 5 5 generate a non regulated
2.20F ] MOC) 18V supply. This is due to
RKZ-242005D the recommended maximum
-5V ISO_U gND U | Voltage to the mosfet gate
— ~ | being 18V.
A +20V_ISO_L +18V_I1SO_L
HV_L VS-E7FX0212HM3/I
+24.0V L0 D8 D9
PS3
L4
)1(FL2010 473MEC ; e OU ;
. . =
c7 LY V%CL)JMI' 5 D8 and D9 are used to
2.2 F== - generate a non regulated
-eul RKZ-242005D 18V supply. This is due to
5V 150 L the recommended maximum
=SS @ voltage to the mosfet gate
— being 18V.
GND

Isolation Amplifier LDOs

A A
AL Laay 1s0 L +15v_Iso_L| | *18VISOU o, +15V_150 UHDHV_U
IC5
TLV76015DBZR ) TLV76015DBZR L
2N o out - IN g ouT
g [0)
Cc17 C18 C19 L C20 L
100nFi - 100nF ™ 100nF,
=
The supply to the LDO is
from the 18V to help
increase the constant current GND L GND_U
consumption to increase the -

diode voltage drop.

A+15.0V
+24.0V
u ps1
SlRN301UBTA IS%M : FVIN_(VCC) +VouT E73
" T REMOTE_ON/OFF COMMON —5_—|||-AGND
CL L Clg T -VIN_(GND) -vouT
100F u -
TDN_3-2423WISM N
L NT A-T50V
’:‘ — —
GND AGND
24V to 5V DC/DC
+24.0V +5.0V A+5.0V
Input filter 1 NT2
NT
12 , ps .
A ~—g < +VIN(VCO) +vouT
o 6.8uH -VIN(GND) -VOUT
® D3 TME_24055
] ! N ED
> g 10uF 10uF.
S ST souTClo
R1 L
10k b=
GND GND GND
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1 2 ‘ 3 4

Output characteristic (typical), MOSFET
Io = f(Vps)

Inputs and Outputs
PWM_IN - Input of the PWM signal for the SiC Driving
Supply5 - 5 Volt Supply for the Insulated DC/DC's

SupplyGND - Ground Reference for 24 Volt and 5 Volt Supplys
FAULT_IN - Fault Signal that results from the OR of all fault signals
FAULT_OUT - Fault signal generated by this gate driver

RESET - Input signal to reset the gate driver after a desaturation error
RDY - Output signal that states the gate driver is ready to operate placed on the half bridge PCB. It has a forward voltage 140

Gate_Out_L - Gate control output (Lower) drop of 1V@25°C and 0.87V@125°C.
DESAT_L - Desaturation sense, from the mosfet source (after the voltage protection diode) 1

PWM IN PWM_IN_L Fault IN FAULT_IN_L

Gate Driver Low Side ,

180

S 160
The protetction diode against the source voltage is

The module maximum continuous current is
90A@175°C Vj, with arepetitive peak of 200A.

1, (A)

100

FAULT_L . . 80
+5.0V Fault_ OUT = The gate driver desat threshold voltage is 9V. The
RESET IN L zenner diode D1 is set to 7V so that a safety margin is 60
SupplyGND |I-GND RESET - - present for the initial tests, this should probably be
reduced to 6V later if the desaturation protection 40
ate_Out L —perms RDY_L

[ DESAT L Pl triggers under full torque. N
[ DESAT L DESAT L

- ) The blanking capacitor and resistor are set according to
the datasheet.

68

D2 is only apin protection against overvoltage, it can
be replaced by other 12V zenners.

HV_U
RESET IN L R9 _ RESET L A
pe
100 c14
100pF 1C2
pwMm IN L R8 . 10 [\ RLE
= 1k GND,|| BER Ry a +18V_ISO_L
GND NC [——
| 6 emadioaOUlly
FAULT IN L R10 Q2 RDY L 12 | o out ot D4
10k ;_—’;g; t ij’ Eng DESAT 2 el - w — c6
S 10F
1 o RST +18V_ISO_L 5 HPZR-CTV0-0X B L
= +5.1 g -
GND e vcez —gJ C15 g D5
= vee GND2 ———|8 >GND_L 2208 & | 12v 8
C16 GND1 1! VEE22 N 1uF
+50V +50V 100nF 16 | GNp12! VEE21 [ =
1ED3323MCI1ZNXUMAL 1 -SV_ISO_L
Rled3 Qfit2 £ 5vIS0 L GND_L GND_L
1k | FAULT. = -
{ [ _FAULT L D
=
N Drdy2
NLED Rled4
g 1k
450V 450V
RDY L Qrdy2
iz R12 R13
. 10k 10k . ] - -
oY L FAUCTL Project: Driver Board.PrjPch Car:FST 13  Version: v1.0 !
— = Page Title: Gate_Driver_L.SchDoc Page n: 4/9 LisBoA
GﬁD GND
Author: Israel Sother Date: 5/19/2024
1 2
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4

Inputs and Outputs
PWML_IN - Input of the PWM signal for the SiC Driving

Supply5 - 5 Volt Supply for the Insulated DC/DC's

SupplyGND - Ground Reference for 24 Volt and 5 Volt Supplys
FAULT_IN - Fault Signal that results from the OR of all fault signals
FAULT_OUT - Fault signal generated by this gate driver

RESET - Input signal to reset the gate driver after a desaturation error
RDY - Output signal that states the gate driver is ready to operate
Gate_Out_U - Gate control output (Upper)

DESAT _U - Desaturation sense, from the mosfet source (after the voltage protection diode)

[PWMIN —FWMIN.U (R ——FAULTIN U
[Supphy5 — —+5.0v WLT,U
[ SwoND ]l ono  [REsEr>— e
Gateioutiu RDYﬁU

DESAT U PESAT_U

Gate Driver Hig

Output characteristic (typical), MOSFET
Ip =f(Vps)

N Side

AThe protetction diode against the source voltage is
placed on the half bridge PCB. It has a forward voltage
drop of 1V@25°C and 0.87V@125°C.

The module maximum continuous current is
90A@175°C Vj, with arepetitive peak of 200A.

The gate driver desat threshold voltage is 9V. The
zenner diode D1 is set to 7V so that a safety margin is
present for the initial tests, this should probably be
reduced to 6V later if the desaturation protection
triggers under full torque.

The blanking capacitor and resistor are set according to
the datasheet.

D2 is only a pin protection against overvoltage, it can
be replaced by other 12V zenners.

Vgs =18V
/ A
/
180 % /
/ s
160 / ye
/ 4
’
140 /
/
y /
= 100
s0-|
/
71/
60 4
/
71/
40 /)
20444/ ———1,-157
At T,=175°C

(
os

HV_U
RESET IN U_R3 ) RESET U A
100 L.,
100pF Ic1
R2
1 PWM_IN U . 10 | N CLAMP | +18V_ISO_U
= 1k GND-I”—11 IN- 4
GND NC 76 Gate ouru
ate_Oul
FAULT IN UR4 QL RDY U 12 | oo OUT =+ s D1 @
10k Q/;szg 3 ﬁ E DESAT |2 <DESAT PIN U . w A% DESAT U 1uF oND U
RST +18V_ISO_U J 3 HPZR-C7V0-QX -
= +5.0V 5 I & D2
GN 5 veez = Cl2 = C5
= vee GND2 HGND_U 2200F 37 1oy 1uF
c13 GND1 1! VEE2 2 N
+5.0V +5.0V 100nF 16 | oNDL 2! VEE2 1 L T -5V_ISO_U
1ED3323MC12NXUMAL
Rledl Qfitt = -5V_1SO_U GND_U GND_U
1k {: FAULT U GND
—
Driyl 450V +5.0V
N
LED Rled2
4 1k
R6 R7
10k 10k
RDY U Qrdyl JDfitt DY_U FAULT U
NLED
g Project: Driver Board.PrjPch Car:FST 13  Version: v1.0 ﬂ
= — Page Title: Gate_Driver_U.SchDoc Page n: 5/9 Liss0A
N =
GND
Author: Israel Sother Date: 5/20/2024
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Ready U Ready U

Ready L ie;’_d L
[Active  £SME——

Fault EXT __ [Rult EXT

Enable Logic

+5.0V
Fault Out L 1 R
Fault Out U

Fault EXT

=
SN74LVC1G10DCKR Fault_EXT | signals the controller if
the module is at fault or not, while the
Active| enbles or disebla the

module by the |Fault_IN| signal.

U3A Fault Out U e
Ready L 1 Fault Out L 3 4 Fault _IN
Rea_dy U] 3 4 6
Adiv b SN74LVC1G10DCKR
SN74LVC1G11DCKR
20V u1B
5 { vee GND 2
SN74LVC1GI0DCKR
u3B
51 vee GND 2
SN74LVCIGI1DCKR
= 51vecc oD |2
TuF ==fj§ ==fj§ SN74LVCIGI0DCKR
GND
Project: Driver Board.PrjPch Car:FST 13  Version: v1.0
Page Title: Enable-Fault_Logic.SchDoc Page n: 6/9
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c6

Voltage Sense

HV_L
. @
+15V_ISO_L
C25
1uF
R14 4
HV+ g
[LineA J—mt o z
0 & JR16 630V cpp GND_L
o 3360k FiE = -
2 101% 1% [10F &
b g Analog
g IR eaov|cor & ®
Q 2360k o TI5F 2 +15V_ISO_L —
ol A Ic6 A ARV A+5.0V
o \/_in_unfi Rf2 P T
= 2 2i N voD2 [ I
3 1k 0.05% VD1 OUTP (& L VeI VouT P AL db
% cf2 (e VCAP OUTN [2———————— VOUT N “(1:2§ -_5219F
50V 1 c30 = = GND1 GND2 [ ul .1ul
Gemo Ll sl TS 1 :
Zlo1% C0603C124J5RACTU 0 1S0224BDWV =
’ AGND =
(i AGND
=
Passive first order low pass filter.
"V Cutoff frequency designed to
GND_L 72.3kHz:
fc = 1/(2*pi*CfL*Rf1)
Project: Driver Board.PrjPch Car:FST 13  Version: v1.0
Page Title: \oltage_Sense.SchDoc Page n: 7/9
Author: Israel Sother Date: 5/19/2024
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1 2 3 4
Temperature characteristic (typical), NTC-Thermistor
R=f(Tyrc)
100000
N T C S 7
=k
= 1000
HV_U
q) 1004
+15V_ISO_U
10 T T T T T T
0 25 50 75 100 125 150 175
el T C)
+15V_ISO_U GND_U
Analog
R19 +15V_ISO_U
CLETY P - _ T Ic3 A ARV A+5.0V
NTC* } T_in_unfiltered Tin 2N vopz | R WE e aC
2k 0.05% VDD1 OUTP (— NTC OUT N { NTC OUT P
2 VCAP OUTN 5 - { NTC OUT N TC22 TC23
Cfll 1 =y GND1 GND2 —1_‘ 1uF () 0.1uF
AT 220nF 150224BD L
NT2 51
NTC- } ot 2 HEND AGND
NT
&
Passive first order low pass filter.
Cutoff frequency designed to
36.2kHz: <7
fc = 1/(2*pi*Cf1*Rf1) GND_U
Project: Driver Board.PrjPch Car:FST 13  Version: v1.0 !
Page Title: NTC_Sense.SchDoc Page n: 8/9 LisBoA
Author: Israel Sother Date: 5/19/2024
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Signal Amplifie

r

Analog

< Vin N

< Vin P

{_Tin_N

{ Tin_P

Cf3
A-15.0V A+15.0V
22nF 25V 1%
&
Rgl Active first order low pass filter. Cutoff frequency
T T igned to 79.58kHz, can be tuned by Cf3: IC7C
1858 O fc = 1/(2*pi*C3*Rg1)
Rg2
p 6 ; 100nf L, OPAZIBOIDGKR 122\"/'::032
J nF ==
1k 005% Rg3 5 vout v |0
&
1k 0.05% i i i - ifi X
o OPA2189IDGK Differential to single-ended amplifier output stage.
Vout = VinP*Rg4/Rg3 - VinN*Rg1/Rg2 + Vecm

Rg4 =y, Vem is the voltage injected by Rg4, in this case
1k 4 connected to ground, so 0V.
0.05% 2.2nF

. 25V

1%
_L_
AGND
Cf5
il
220 stv &3 AActive first order low pass filter. Cutoff frequency
g designed to 79.58kHz, can be tuned by Cf5:
e 005% fc = 1/(2*pi*Cf5*Rgs5)
Rg6 2 I
1
1k 0.05%
Rg7 3l
e @ OPA2189IDGKR
ADifferential to single-ended amplifier output stage.
1ng8 Tcf6 Vout = VinP*Rg8/Rg7 - VInN*Rg5/Rg6 + Vem
0.05% 2.2nF
90l osv Vem is the voltage injected by Rg8, in this case
| 1% connected to ground, so OV.
AGND

@
Helpfull documentation:

Interfacing a Differential-Output (Isolated) Amp to a Single-Ended Input ADC (Rev. B)
https://www.ti.com/lit/ab/shaa229b/shaa229b.pdf?ts=1715175751100

Project: Driver Board.PrjPch Car:FST 13  Version: v1.0

Page Title: Amplifier.SchDoc Page n: 9/9

Author: Israel Sother Date: 5/19/2024
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D.8.4 Gate Driver Board Layers

(c) Inner Layer 2. (d) Bottom Layer.

Figure D.9: Gate Driver Board Layers.
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1 2 ‘ 4
U_ADC Repeat(U_RS_485_Driver_1,1,3)
ADC.SchDoc RS_485_Driver.SchDoc
— R : A Driver
epeat(DI) Repeat(B_Driver) [
U_Current Sense ISORE25VASESe K> 1SO_+2.5V_sense Repeat(A_Driver) [
Current Sense.SchDoc 1SO +25V > 1S0_+25V
Curr_N > Curr_N
Curr_P > Curr_P
VA2
—_— VA2
Repeatgu RS_485 Receiver,1,3) =
RS_485_Receiver.SchDoc
A Recei —— > VB2
5 CCEIVEr I Repeat(B_Receiver) Repeat(RO) [
e [ Repeat(A_Receiver) B A_Driverl B_Driverl
> SCLK
{ > ADDR A Driver2
A Driver3 B Driver3
>
o
&
.
= A
& A
oo
1S0.45.0V +2.5V Reference
w
|§ 3 [C3 MAXG070AAUT25+T
2 [ — = outs |2 1SO_+2.5V_sense
| E————
= 1
H FILTER OUTF ISO_+2.5V
. External Connections GND
&
B Receiverl A Receiverl T CrefLT Cref2 ~ . Connect
1SO+5.0V 1SO +15.0V 15015V 100nF | 100nF sense as
100nF | closeas
B_Receiver2 A_Receiver2 J1 1 1 possible to
=E s = = 15 156_cnp | theload
B_Receiver3 A_Receiver3 41, 3 |3 15_ISO_GND 15_ISO_GND o0 (kelvin
VA2 6 6 5 5 VB2 o measure)
8 7 Not found ’
B Receiverl 10 ?0 ; 9 B Driverl Error+-1mV  Max current +-10mA
A Receiverl 12 1 1 1 A Driverl
= B Rece!verz 14 19, ;3|13 B Dr!verZ = Analog@—
15_1SO_GND A Receiver2 16 16 15 15 A Driver2 15 1SO_GND
B_Receiver3 18 18 17 17 B Driver3 i | i
A Receiver3 20 | ,) ;9 | 19 A Driverd Project: Current Sensor.PrjPch Car:FST13  Version: v1.0

LSHM-110-02.5-F-DV-A-N-TR

Page Title: Hierarchy.SchDoc

Page n: 1/5

Author: Israel Sother

Date: 5/19/2024
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L6

ot found|=1_p *
Not found| /2000

Ul
1 RM
ISO +15.0vV 33 0.01%
+ (3 =
s . 1cs 15_1SO_GND
& Ly T LuF

Sensor bandwidth: -2
200kHz (-1dB)

LA_100-P 1SO-15V

Current Sense

=
Non Inverting amplifier.

G =1+Rg1/Rg2

Rg2
15_1SO_GND -|||—m— .
Ral | 33k 0.05%

&
Falstad Simulation

https://www.falstad.com/circuit/circuitjs.html?ctz=CQAgjCDMB0
AsDsAMZLUtgUWLTXLANNAGWACSssADIJUfmPiZQKwhO4tO
WvZhgBQAJSiI8+liCxhxBcVwhhlikljjwWXDdCZ8A8qzAjYjVv
GnGNfAO551h40wWN5jkK8qp5qykiQ9IcX AJzcuKjITXXA-SGo+Q
MRvcNhbcLIgaOtEu2CkkljX0J8c-LwiWFyAQy8CAwynLh8wFk
KWMPFTUiLhgMFhESCJeOjAKH000ygb4fDZEeCTIFAPWVSpXQ
ekxYVFZPgBzStY ForZZXNj4pgP4mQjF1JjwMKvEdyuU6lgakq
4jKE+QesaGjdWulWgOmINTCRIASEODaKVXrdOkkiE8bCIvst
At9vjVMUDXNIfkQmOJfi49CSye4kFxthZrDiwkT3Fj0SZpEkm
HFrilorsPqT2aRhrlkRieTUjBZAqtiqUnsESrylninsrFZtckJelZlerY
Mg5CB8MCWtcRpQy|giCVUeD8DMSrgRtprLr5fdpEalcF1kUX
nwAMbs6Eilph66QHhyaANeZUkkIXgUHwgbS7TXfTVEKOW1
W1SNSzzLENZsKal5QaCl1JZ11JMbD4CQjJELjCHTWhzBVaPLx
SMBks7L3hKTBEuU5AD2JvAxwMiDoylUBHwg51IRtq8okBBnW
u4a20-kc+QppNOCtK9IXR1gbHgwwvedglkGuSAA

Vout 11 0,05%

=
Passive first order low pass filter. Cf2

Cutoff frequency designed to 220F |

72.3kHz, can be tuned by Cf2:

fc = 1/(2*pi*Cf2*Ral)

15_1SO_GND

3 4
A
Analog @— /\
1S0 -15V 1SO +15.0V
- -
Active first order low pass filter. Cutoff frequency i
designed to 72.3kHz, can be tuned by Cf1: 100nF ==c1
fc = 1/(2*pi*Cf1*Rgl) 25V
Cfl
I
L
220pF 25V 1% 15, 1100 ERD
Rgl
0k 0.05% B
IC1 -
b A
A
5 gﬂg i‘ Curr P ;Hierarchy[lB], ADC[3B]
Rb1 Rb2 Curr_N Hierarchy[1B], ADC[3B]
OPA2189IDGKR
adlmen 1k 1k 0.05%
a;
0.05% i)
— OPA2189IDGKR
- N
15_1SO_GND | Inverting Amplifier, with unitary gain.
G =Rb2/Rbl
Cc
D
Project: Current Sensor.PrjPch Car:FST13  Version: v1.0 !
Page Title: Current Sense.SchDoc Page n: 2/5 LISBOA
Author: Israel Sother Date: 5/19/2024
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1 2 ‘ 3 4
Analog
A
True Bipolar Input! Dual 12-Bit/14-Bit,
“RANGEL | RANGEQO | Range Selected 2-Channel, Simultanegus Sampling SAR ADC
0 | | #l0V IC2
o | 1 | 45V ; 1 1 = curP ’
1 | 0 | 0Vtol0V Hierarchy[38]<{__ DoutA | 53| DOUTA VBL Curr P |Hierarchy[2B], Current Sense[4B] 1S0 +15.0V
1 | 1 | Donotprogram Hierarchy[3B]<___DoutB | DOUTB VB2 VB2 |Hierarchy[2B] :
22 n = Curr_N g
S ) ) Hierarchy[3B]< _Busy | BUSY VAL — Curr_N___|Hierarchy[2B], Current Sense[4B] ca c5
Toachieve IMSPS @V Drive Hierarchy[28]|__ CNVST 2L | ENvsT vaz 22 VA2 |Hierarchy[2B] TrooeT
should be greather than 4.75V. : 20 10uF | 100nF
. b Hierarchy[2B] SCLK SCLK
R T cs DCAPB (-8 L 2 oo wasv Hierarchy[28]
reduces it to 900kSPS i +2. sense lerarchy] _
Hierarchy[26)|NADDR A2DR pcapa (2 NT 1SO_+25V_|Hierarchy[2B] =
18 | REFSEL ce |7 15_1S0_GND
> RANGED vop BT esoneT 15015V
— RANGEL Vss ———=
N i Vss
+5.0V GND \éeﬂ-% VDORIVE | Avce SRV =
© 24 DVCC  AGNDL 15_1SO_GND c8 109 L
Dvee DGND AGND 2 - 10uF | 100nF
cio Jcin | AD7367BRUZ
10uF | 100nF L
+5.0V ISO+50V —= 15_ISO_GND
GND 1 NT2 , 15_1SO_GND 1S0.+5.0V
NT3 AVce
+5.0V L 2
) NT cr2 Jciz L
VDrive = = 10uF | 100nF
cia lcis | GND 15_ISO_GND
10uF | 100nF] = L
Manufacturer advises to short AGND with =
_ DGND and AVcc with DVcc as close as 15_ISO_GND
GﬁD possible. Voltage diferences between analog
and digital supplies should not exceed 0.3V
in any circunstance.
Project: Current Sensor.PrjPch Car:FST13  Version: v1.0
Page Title: ADC.SchDoc Page n: 3/5
Author: Israel Sother Date: 5/19/2024
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2 ‘ 3
-
RS 485 Driver -
+5.0V Hierarchy[38
Vel ict Driver Y7 e Hierrchyl4e]
+5.0V o v B
Ci6 T é VCC GND (= —— “\‘GND
1000F DE z l—%
Driver N
Lﬂ_r_(lsuzgssmz-'r B Driver (48]
= 1k
GND
Driver P, R2 R3 Driver N
604 | 604
“Termination split o filter
common mode noise. Cut off
frequency of 26.35kHz
c
GND
D
Project: Current Sensor.PrjPch Car:FST13  Version: v1.0
Page Title: RS_485_DriverSchDoc Page n: 4/5 wussoa
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