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Resumo

Este trabalho apresenta o desenvolvimento de uma estratégia de controlo para os motores da Equipe

de Fórmula Estudantil do Instituto Superior Técnico. A estratégia de controlo foi desenvolvida para

melhorar a resposta dinâmica do torque do motor e a eficiência do sistema. O motor foi caracterizado

experimentalmente e um ambiente de simulação foi criado para testar diferentes estratégias de controlo.

O MPC explícito foi selecionado como a estratégia mais adequada devido à sua resposta rápida e baixa

variação de corrente. Uma nova técnica de extensão de horizonte foi proposta para reduzir os erros na

previsão, 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 correspondência próxima com os resultados da simulação,

validando a estimativa de torque, as medições de corrente e a estratégia de controlo. A eficiência do

sistema foi melhorada devido à redução na THD de corrente e a resposta de torque foi melhorada em

ordens de magnitude em comparação com a solução atual.

Palavras-chave: MPC Explícito, RUSH MPC, Controlo de Motores, Veículos Elétricos, Fór-

mula Estudantil, Extensão de Horizonte
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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
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îdq Norm of the predicted dq0 currents

ixyz Phase currents vector (abc, dq0, or s)

ix Current

xiv



ixref
Current x reference

J MPC cost function

J Rotational Inertia

Jeq Equivalent Rotational Inertia

Jfeq Front motor Equivalent Rotational Inertia

Jreq Rear motor Equivalent Rotational Inertia

Jwheels Wheels Rotational Inertia

k Discrete time index

ki PI integral gain

kp PI proportional gain

Kshift Neutral point shift gain

kt Torque Constant

kv Voltage Constant

Lxyz Inductance matrix (abc, dq0, or s)

Lx Phase self inductance

m Modulation index

mp Efficiency formulation modulation index

mwheelequivalent Wheel mass linear equivalent

Mxy Phase mutual inductance

mcar Car mass

p Number of pole pairs

Po Inverter Output Power

PON Inverter Conduction Loss Power

PSW Inverter Switching Loss Power

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

Qg MOSFET gate charge

r dq0 Stator resistance

R0 Motor equivalent resistance

xv



RDSon
MOSFET on state resistance

Rxyz Resistance matrix (abc, dq0, or s)

rshunt Current Shunt resistance

rwire Wire resistance

rx Phase resistance

rtire Tire radius

Sx Inverter Switches states x ∈ [0, 8]

sx MPC cost gains

T Switching period

tcoontrol Time taken to compute a control action

Te Electromagnetic torque

Tload Load reaction torque

Tloss Losses equivalent torque

T∗ abc->dq0 Amplitude Invariant Transformation matrix

T abc->dq0 Transformation matrix

Toff MOSFET turn-off time

Ton MOSFET turn-on time

Tref Reference Torque

tx Period of time a Voltage vector x is active

THD Total harmonic distortion of the inverter output current

uxyz Phase voltages vector (abc, dq0, or s)

ux Voltage

v Car Velocity

Vds MOSFET drain source voltage

V ∗
dq Norm of the dq0 voltage reference

VORMS Line to neutral inverter output RMS voltage

VDC DC Link Voltage

Vref Voltage reference vector

xvi



Vx Voltage vector x ∈ [0, 8]

Z0 Motor equivalent impedance

Subscripts

act Active vector

α, β, 0 Alpha axis, Beta axis, and zero-sequence components

d, q, 0 Direct axis, quadrature axis, and zero-sequence components

f, r 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 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Control Methods Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 Thesis Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.4 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 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
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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
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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

20µs to allow a switching frequency of at least 50kHz.

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
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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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Chapter 2

Theoretical Background and PMSM

Model

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

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,
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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.

Skidpad

Acceleration

AutoX (1km)
Endurance (22km)

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-
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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 FST07, 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 532 V
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 0.01 s
Maximum Torque 21 Nm
Torque constant 0.26 Nm/Arms
Voltage constant 18.8 V/kRPM
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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.

DCLinkVdc

A B C

S1

S2

S3

S4

S5

S6

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 (S1,S2, 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 α and

β components which define the state space vectors are as defined by the Concordia transformation,

shown in Equation (2.1).

Co =

√
2

3


1 0 1√

2

− 1
2

√
3
2

1√
2

− 1
2 −

√
3
2

1√
2

 (2.1)

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

Switch State Vector VAB VBC VCA Vα Vβ

0 000 0 0 0 0 0

1 001 VDC 0 −VDC
√

2
3VDC 0

2 010 −VDC VDC 0 1√
6
VDC

1√
2
VDC

3 011 0 VDC −VDC − 1√
6
VDC

1√
2
VDC

4 100 0 −VDC VDC −
√

2
3VDC 0

5 101 VDC −VDC 0 − 1√
6
VDC

1√
2
VDC

6 110 −VDC 0 VDC
1√
6
VDC

1√
2
VDC

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.
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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.

V1(001)

V2(010) V3(011)

V4(100) V5(101)

V6(110)

Vref

T1V1
V 0(000)

V 7(111)

T3V3

Maximum Voltage
without neutral point shift

Maximum Overmodulation
Voltage

Maximum Voltage
without overmodulation

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 1√
2
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 1√
2
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
√

2
3VDC . 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-

tion (2.2). The output is free of distortion if m ≤ 2√
3
, and increasing the modulation index further

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

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 =
2
√
2√
3

|V ref |
VDC

m ∈
[
0,

4

3

]
(2.2)

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 Vref , 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 V1 for half of the active time and V3 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 t1 + t3 represents the active time and tn represents the null time.

Vref =
tnVn + t1V1 + t3V3

h
(2.3)

In the hardware implementation, the voltage reference is generated in the rotor reference frame (dq0)

and then the inverse dq0 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 V0 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 Kshift is the shift factor, and VAN ,VBN ,

and VCN 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 Kshift 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 Kshift.

Vshift = Kshift −Kshiftmax (VAN , VBN , VCN )− (1−Kshift)min (VAN , VBN , VCN ) (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

uBC

uCA

 =


ra 0 0

0 rb 0

0 0 rc



ia

ib

ic

+
d

dt


ψa

ψb

ψc

 (2.5)

In this equation, uxy represents the measured voltage between terminal x and y, ix is the current

flowing on each phase, rx is the phase resistance, and ψx is the flux linkage of each coil. Combining

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

Rabc =


ra 0 0

0 rb 0

0 0 rc

 (2.6a) iabc =


ia

ib

ic

 (2.6b) uabc =


uAB

uBC

uCA

 (2.6c)

Regarding the flux linkage, it can be defined as in Equation (2.7a), where ψPM is the permanent

magnet flux linkage, and θe is the rotor electrical position. Additionally, the Labc 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 Ex is the Back Electromotive Force (back EMF) as defined in Equation (2.7b).
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ψabcψabcψabc = Labciabc + ψPM


cos (θe)

cos
(
θe − 4π

3

)
cos
(
θe +

4π
3

)
 (2.7a) Eabc =


Ea

Eb

Ec

 = ψPM θ̇e


− sin (θe)

− sin
(
θe − 4π

3

)
− sin

(
θe +

4π
3

)
 (2.7b)

Lca

A

B

C
iC

iB

iA

+ 
   

   
   

  - Ec

rc

Lc

Lab

ic

+           -Ea

ra

La

Lbc

ia

rbLb

Eb

+           -
ib

Figure 2.4: Delta-wound PMSM

The expanded form results in Equation (2.8).

uabc = Rabciabc + Labc
diabc

dt
+
dLabc

dt
iabc +Eabc (2.8)

Note that the inductances are not constant, but they change regarding the rotor electrical position θe.

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 Lx1
,Lx2

,Mxy1 ,

and Mxy2 are constants and define the coefficients for the self inductances and the mutual inductances.

Labc =


La1 + La2 cos (2θe) Mab1 +Mab2 cos

(
2θe +

4π
3

)
Mac1 +Mac2 cos

(
2θe − 4π

3

)
Mba1 +Mba2 cos

(
2θe +

4π
3

)
Lb1 + Lb2 cos

(
2θe − 4π

3

)
Mbc1 +Mbc2 cos (2θe)

Mca1 +Mca2 cos
(
2θe − 4π

3

)
Mcb1 +Mcb2 cos (2θe) Lc1 + Lc2 cos

(
2θe +

4π
3

)

(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 Lx and the mutual inductances Lxy depicted

in Figure 2.4 are as defined in Equation (2.10).
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Lab =Mab1 +Mab2 cos

(
2θe +

4π

3

)
(2.10a) Lac =Mac1 +Mac2 cos

(
2θe −

4π

3

)
(2.10b)

Lba =Mba1 +Mba2 cos

(
2θe +

4π

3

)
(2.10c) Lbc =Mbc1 +Mbc2 cos (2θe) (2.10d)

Lca =Mca1 +Mca2 cos

(
2θe −

4π

3

)
(2.10e) Lcb =Mcb1 +Mcb2 cos (2θe) (2.10f)

La = La1 + La2 cos (2θe) (2.10g) Lb = Lb1 + Lb2 cos (2θe) (2.10h)

Lc = Lc1 + Lc2 cos (2θe) (2.10i)

2.3.2 dq0 Transformation

To simplify the mathematical models, some transformations were proposed. The most common is the

dq0 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 α and β 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 dq0 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).

Co =

√
2

3


1 0 1√

2

− 1
2

√
3
2

1√
2

− 1
2 −

√
3
2

1√
2

 (2.11a) Bl(θe) =


cos (θe) − sin (θe) 0

sin (θe) cos (θe) 0

0 0 1

 (2.11b)

T(θe) = Co Bl(θe) =

√
2

3


cos (θe) − sin (θe)

1√
2

cos
(
θe − 2π

3

)
− sin

(
θe − 2π

3

)
1√
2

cos
(
θe − 4π

3

)
− sin

(
θe − 4π

3

)
1√
2

 (2.12)

The power invariant transformation has the advantage of being an orthogonal matrix, thus T−1 = TT .

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

T∗
(θe)

=


cos (θe) − sin (θe) 1

cos
(
θe − 2π

3

)
− sin

(
θe − 2π

3

)
1

cos
(
θe − 4π

3

)
− sin

(
θe − 4π

3

)
1

 (2.13a)
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T∗
(θe)

−1 =
2

3


cos (θe) cos

(
θe − 2π

3

)
cos
(
θe − 4π

3

)
− sin (θe) − sin

(
θe − 2π

3

)
− sin

(
θe − 4π

3

)
1
2

1
2

1
2

 (2.13b)

Applying the power invariant transformation to the abc variables results in Equation (2.14).

Rdq0 = TT
(θe)

RabcT(θe) (2.14a) Ldq0 = TT
(θe)

LabcT(θe) (2.14b)

iabc = T(θe)idq0 (2.14c) udq0 = TT
(θe)

uabc (2.14d) ψabcψabcψabc = T(θe)ψdq0ψdq0ψdq0 (2.14e)

2.3.3 PMSM in dq0 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 d, q,0, denoting the direct axis, the quadrature axis, and the zero-sequence

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

Rdq0 =


ra 0 0

0 rb 0

0 0 rc

 =


r 0 0

0 r 0

0 0 r

 (2.15a) Ldq0 =


Ld 0 0

0 Lq 0

0 0 L0

 (2.15b)

Starting with Equation (2.5) and replacing the currents and flux linkages by their dq0 components

results in Equation (2.16).

uabc = RabcT(θe)idq0 +
d
(
T(θe)ψdq0ψdq0ψdq0

)
dt

= RabcT(θe)idq0 + θ̇e
dT(θe)

dθe
ψdq0ψdq0ψdq0 +T(θe)

dψdq0ψdq0ψdq0
dt

(2.16)

Replacing θ̇e with ωe, and multiplying TT
(θe)

to the left yields Equation (2.17).

udq0 = Rdq0idq0 +TT
(θe)

ωe
dT(θe)

dθe
ψdq0ψdq0ψdq0 +TT

(θe)
T(θe)

dψdq0ψdq0ψdq0
dt

(2.17)

As the transformation matrix is orthogonal, it can be further simplified, as in Equation (2.18).

udq0 = Rdq0idq0 + ωeT
T
(θe)

dT(θe)

dθe
ψdq0ψdq0ψdq0 +

dψdq0ψdq0ψdq0
dt

(2.18)

Lastly, calculate the derivative of the transformation matrix, as in Equations (2.19) and (2.20).

TT
(θe)

dT(θe)

dθe
=

2

3


cos (θe) cos

(
θe − 2π

3

)
cos
(
θe − 4π

3

)
− sin (θe) − sin

(
θe − 2π

3

)
− sin

(
θe − 4π

3

)
1√
2

1√
2

1√
2




− sin (θe) − cos (θe) 0

− sin
(
θe − 2π

3

)
− cos

(
θe − 2π

3

)
0

− sin
(
θe − 4π

3

)
− cos

(
θe − 4π

3

)
0


(2.19)
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TT
(θe)

dT(θe)

dθe
=


0 −1 0

1 0 0

0 0 0

 (2.20)

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
√

3
2 in the d and q axis, while the zero axis can give different

results.

udq0 = Rdq0idq0 + ωe


0 −1 0

1 0 0

0 0 0

ψdq0ψdq0ψdq0 +
dψdq0ψdq0ψdq0
dt

(2.21)

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).

ud = rid +
dψd
dt

− ωeψq (2.22a)

uq = riq +
dψq
dt

+ ωeψd (2.22b)

Te = p(ψdiq − ψqid) (2.22c)

dωe
dt

=
Te − Tload − Tloss

J
(2.22d)

dθe
dt

= ωe (2.22e)

Here ωe is the rotor electrical rotational velocity, p is the number of pole pairs, J is the rotor rotational

inertia, while Te is the electromagnetic torque, Tload is the reaction torque of the load attached to the

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

If ψ is assumed to be of form ψ = ixLx+ψPMx
where the inductance only varies with the current and

the permanent magnets flux (ψPMx ) is defined as constant and affecting only the direct axis (ψPMq = 0),

Equations (2.22a) and (2.22b) result in Equation (2.23).

ud = rid +
did
dt

(
Ld + id

dLd
did

)
− ωeLqiq (2.23a)

uq = riq +
diq
dt

(
Lq + iq

dLq
diq

)
+ ωe(Ldid + ψPM ) (2.23b)

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).

ud = rid + Ld
did
dt

− ωeLqiq (2.24a)

uq = riq + Lq
diq
dt

+ ωe(Ldid + ψPM ) (2.24b)

Te = p iq((Ld − Lq)id + ψPM ) (2.24c)

dωe
dt

=
Te − Tload − Tloss

J
(2.24d)

dθe
dt

= ωe (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
√

3
2 in the torque equation to have a power conservative output,

resulting in Equation (2.25). The
√

2
3 next to the ψPM is just a reminder that the flux linkage value has a

different value depending on the dq0 transformation used.

Te = 1.5p iq((Ld − Lq)id +

√
2

3
ψPM ) (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).

did
dt

=
ud − rid + ωeLqiq

Ld
(2.26a)

diq
dt

=
uq − riq − ωe(Ldid + ψPM )

Lq
(2.26b)

Te = p iq((Ld − Lq)id + ψPM ) (2.26c)

dωe
dt

=
Te − Tload − Tloss

J
(2.26d)

dθe
dt

= ωe (2.26e)
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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

dt
=
y(k + 1)− y(k)

h
(2.27)



id(k+1) − id(k)

h
=
ud(k+1) − rid(k+1) + ωe(k+1)Lq(iq(k+1))iq(k+1)

Ld(id(k+1))

iq(k+1) − iq(k)

h
=
uq(k+1) − riq(k+1) − ωe(k+1)(Ld(id(k+1))id(k+1) + ψPM )

Lq(iq(k+1))

Te(k+1) = p iq(k+1)((Ld(id(k+1)) − Lq(iq(k+1)))id(k+1) + ψPM )

ωe(k+1) − ωe(k)

h
=
Te(k+1) − Tload(k+1) − Tloss(k+1)

J
θe(k+1) − θe(k)

h
= ωe(k+1)

(2.28)

This set of equations has an algebraic loop, where the currents in k+1 depend on the value of ω(k+1),

that depends on the value of Te(k+1) that is defined by the currents in k+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

(Lx(ix(k+1)) ≈ Lx(ix(k))). Similarly, the rotor speed is assumed to vary little between iterations, so that

ω(k+1) ≈ ω(k).

With those considerations, and rearranging the equations, the system can be solved iteratively, as

shown in Equation (2.29).

id(k+1)

iq(k+1)

 =

 1 −hωe(k)Lq(iq(k))

hr+Ld(id(k))

h
ωe(k)Ld(id(k))

hr+Lq(iq(k))
1

−1

 Ld(id(k))

hr+Ld(id(k))
0

0
Lq(iq(k))

hr+Lq(iq(k))

id(k)
iq(k)

+

 h
hr+Ld(id(k))

0

0 h
hr+Lq(iq(k))

ud(k+1)

uq(k+1)

+

 0

−h ωe(k)ψPM

hr+Lq(iq(k))


(2.29a)

Te(k+1) = p iq(k+1)((Ld(id(k+1)) − Lq(iq(k+1)))id(k+1) + ψPM ) (2.29b)

ωe(k+1)

θe(k+1)

 =

1 0

h 1

ωe(k)
θe(k)

+
Te(k+1) − Tload(k+1) − Tloss(k+1)

J

 h
h2

 (2.29c)
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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 id and iq 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.

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 Vs is the stator voltage vector, Is is the stator current

vector, Rs is the stator resistance matrix, and ψr 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.

ψs =

∫
(Vs −RsIs)dt+ ψr (2.30a) Te = p(ψsIs) (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

Figure 2.6: Direct Torque Control - from El Ouanjli 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

Contents

3.1 Motor characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.1.1 Phase resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.1.2 Flux Linkage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.1.3 Windings direct and quadrature inductances . . . . . . . . . . . . . . . . . . . . . 23
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3.2.2 Inductance Curves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.3 Load profile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.4 Control Methods Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.4.1 Finite Set MPC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.4.2 Finite Set with Null Vector MPC . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.4.3 Non-Linear Continuous Set MPC . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.4.4 RUSH MPC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

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 3
2 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 10µΩ with an ac-

curacy of ±(0.25% + 25µΩ). The measurements were taken on the terminal wires at room temperature

and with the kelvin probe, resulting in 142.89 ± 0.06mΩ. This value is close to the datasheet one of

135mΩ, and the difference is probably due to the wire terminals. The resultant phase resistance (r) is

214.335± 0.091mΩ.

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).

ud = rd���
0

id +
�
�
�7
0

did
dt

(
Ld +���

0
id
dLd
did

)
− ωeLq�

�7
0

iq = 0 (3.1a)

uq = rq�
�7
0

iq +
�
�
�7
0

diq
dt

(
Lq +�

�7
0

iq
dLq
diq

)
+ ωe(Ld���

0
id + ψPM ) = ωeψPM (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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(a) Motor terminal voltage with rotor @386rpm
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(b) Flux Linkage as a function of RPM.

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

vDC

rshunt A

B

C iC
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iA
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rc

Lc
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Eb

+           -
ib

Lca

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 V6. In the aligned condition, the current through

phase b (ib) is zero, and ia = −ic. 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) = iArshunt(1− e
−t
τ ) (3.2a)

τ =
0.5Ld

r
2 + rwire + ra + rshunt

(3.2b)

In Equation (3.2a) u(t) represents the measured voltage on the shunt resistor, VDC is the power supply

voltage, τ is the system time constant, ra is the variable resistance to adjust the current,rshunt is the

shunt resistance, and rwire 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 0.632iArshunt. 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 id = iA√
3
.

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

24



Figure 3.4: Example of the voltage step response used for the inductance characterization.
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Figure 3.5: Ld in function of id.

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: Lq in function of iq.

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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ud = rid(t) +
dψd(t)

dt
− ψq��*

0
ωe (3.3a)

uq = riq(t) +
dψq(t)

dt
+ (ψd + ψPM )��*

0
ωe (3.3b)

dψd(t)

dt
= ud − rid(t) (3.4a)

dψq(t)

dt
= uq − riq(t) (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 uq

while maintaining the current id constant (Figure 3.8). The integration of those curves will result in the

quadrature flux linkage variation with iq. These steps are repeated for several values of id, 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 ux = rix,

this is done to reduce integration errors on the flux linkage and also to account for wires, connections,

and MOSFET resistances.

(a) Voltage (b) Currents

Figure 3.8: Identification voltage pulses - from Stumberger et al. [40].

The same procedure is used for measuring ψd, 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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Figure 3.9: Quadrature Flux linkage @id = −5A.

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

28



inductance value for the given current on the respective axis.

ψx = (a1 · e−b1·x + a2 · e−b2·x) + cdown

(
1−

(
1

a3 · e−b3·x + 1

))
+ cup

(
1

a4 · e−b4·x + 1

)
+ c (3.5)

-50 0 50

 i
d
 (A)

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

 
d
 (

W
b
)

Fitted  
d

Data

Fit

-100 -50 0 50 100

 i
q
 (A)

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

 
q
 (

W
b
)

Fitted  
q

Data

Fit

-50 0 50

 i
d
 (A)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

 L
d

10
-3 Derivative of fitted  

d

-100 -50 0 50 100

 i
q
 (A)

0

0.2

0.4

0.6

0.8

1

1.2

 L
q

10
-3 Derivative of  fitted  

q

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 ψd and 0.9681 for ψq). The bottom plots show the inductances
as the derivative of the fit.

Ld =
∂ψd
∂id

≈ ∆ψd
∆id

(3.6a) Lq =
∂ψq
∂iq

≈ ∆ψq
∆iq

(3.6b)

The resultant inductances are shown in Figure 3.11. The fit has a R-squared value of 0.8879 for the

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 iq 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 =
√
i2d + i2q. This strategy is called MTPA, and when there aren’t constraints it becomes

a simple problem defined in Equation (3.7).

max
id,iq

p iq((Ld − Lq)id + ψPM )

s.t. i =
√
i2q + i2d

(3.7)

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

L = p iq((Ld − Lq)id + ψPM )− λ(
√
i2q + i2d − i) (3.8)

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

∂L
∂id

= p iq(Ld − Lq)−
λid√
i2d + i2q

(3.9a)

∂L
∂iq

= p((Ld − Lq)id + ψPM )− λiq√
i2d + i2q

(3.9b)

∂L
∂λ

=
√
i2q + i2d − i (3.9c)

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 =
√
i2q + i2d (3.10a)
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λid
i

= p iq(Ld − Lq) (3.10b)

λiq
i

= p((Ld − Lq)id + ψPM ) (3.10c)

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

p((Ld − Lq)id + ψPM )id
iq

= p iq(Ld − Lq) (3.11)

Rearranging to a quadratic form produces Equation (3.12).

id + i2d
Ld − Lq
ψPM

= i2q
Ld − Lq
ψPM

(3.12)

Solving for id results in Equation (3.13).

id = ±

√
4
(
Ld−Lq

ψPM

)2
iq

2 + 1− 1

2
Ld−Lq

ψPM

(3.13)

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).

id =

√
4
(
Ld−Lq

ψPM

)2
iq

2 + 1− 1

2
Ld−Lq

ψPM

(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).

ud = rid − ωeLqiq (3.15a)

uq = riq + ωe(Ldid + ψPM ) (3.15b)

√
u2d + u2q ≤ VDC (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).

(rid − ωeψq)
2
+ (riq + ωeψ

∗
d)

2 ≤ V 2
DC (3.17)

Here ψ∗
d = Ldid+ψPM and ψq = Lqiq. 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

elipse constraint.

min
id,iq

√
i2q + i2d

s.t. Tref = p iq((Ld − Lq)id + ψPM )

(rid − ωeψq)
2
+ (riq + ωeψ

∗
d)

2 ≤ V 2
DC

(3.18)

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.

Torque Operation Points @420 V
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Torque Operation Points @600 V
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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 id 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 id 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 +mwheel equivalent) ax = Fmotorηtransm − Frolling resistance − Fdrag (3.19)

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).

Fdrag = 0.5ρCdArv
2 (3.20)

Frolling resistance = Crmcarg (3.21)

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

2
Jeqω

2 =
1

2
mcarv

2 +
1

2
Jwheelsω

2
wheels (3.22)

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

tion (3.23).
1

2
Jeqω

2 =
1

2
mcar(ωwheelsrtire)

2 +
1

2
Jwheelsω

2
wheels (3.23)
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Knwoing the transmission gear ratio the wheel velocity is replaced by its equivalent in the motor, as in

ωwheels =
ω
Gr
rtire, yielding Equation (3.24).

1

2
Jeqω

2 =
1

2
mcar

(
ω

Gr
rtire

)2

+
1

2
Jwheels

(
ω

Gr

)2

(3.24)

Rearranging to solve for Jeq results in Equation (3.25).

Jeq =
mcarr

2
tire + Jwheels
G2
r

(3.25)

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.

Jfeq = 2
mcarr

2
tire + 6 Jwheels
12 G2

r

(3.26a) Jreq = 2
mcarr

2
tire + 3 Jwheels
6 G2

r

(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 Jfeq
2 is the equivalent inertia.

Jfeq
2
ω̇ = Tmotorηtransm − (Frolling resistance + Fdrag) rtire

6 Gr
(3.27a)

Jreq
2
ω̇ = Tmotorηtransm − (Frolling resistance + Fdrag) rtire

3 Gr
(3.27b)

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

dq0 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.

J = s1

(
idref − idk+1

idref

)2

+ s2

(
iqref − iqk+1

iqref

)2

+ Csoft (3.28a)

Csoft = s3 max

(
0,
√
i2dk+1

+ i2qk+1
−
√

2

3
ilinemax

)
+ s4 max

(
0,
√
u2dk+1

+ u2qk+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 sx 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.

Cost Function
Cost Function

Phase Currents (k)
Current and

Torque prediction
(k+1)

Motor EquationsTheta(k)

Voltage Vector
Lower Cost

Vector Gate DriversMotor Equations
Motor Equations Cost Function min

Figure 3.15: FSMPC Diagram.

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 Tref − Te(k) and Tref − Te(k+1) 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 act and n represents the active and null vectors respectively.

ix = iactdact + indn (3.29)

Tx = Tactdact + Tndn = Tactdact + Tn − Tndact (3.30)

With that property, and knowing that dact+ dn = 1 the duty cycle for the active vector is calculated as

shown in Equation (3.31).

dact =
Tref − Tn
Tact − Tn

(3.31)

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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Duty CycleSelector

Duty Cycles

Figure 3.16: Finite Set with Null Vector MPC Diagram.

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

38



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)

Voltage (k)Numerical Solver
with constraintsTheta(k)

Reference Currents (k)

Gate
DriversSVM

Figure 3.17: Implicit Continuous Set MPC Diagram.

3.4.4 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).

ud(k+1)

uq(k+1)

 =

 h
hr+Ld(id(k))

0

0 h
hr+Lq(iq(k))

−1

 1 −hωe(k)Lq(iq(k))

hr+Ld(id(k))

h
ωe(k)Ld(id(k))

hr+Lq(iq(k))
1

idref
iqref

−

 Ld(id(k))

hr+Ld(id(k))
0

0
Lq(iq(k))

hr+Lq(iq(k))

id(k)
iq(k)

−

 0

−h ωe(k)ψPM

hr+Lq(iq(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).

γ = arctg

(
ud(k+1)

uq(k+1)

)
(3.33a)

usatd(k+1)
= min

(
ud(k+1) , VDC cos(γ)

)
(3.33b)

usatq(k+1)
= min

(
uq(k+1) , VDC sin(γ)

)
(3.33c)
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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 k, pick the control action for k+1 in the timestep k, as shown in Equation (3.34)

where x represent the currents, u 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

.

xk+1 = A−1 (Bxk + Cuk +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].

Stage 1 Stage 3

Stage 2 Stage 4Sensor Acquisition
Reads line currents, DC Link voltage,

and rotor position. Calculate the
present rotor speed.

Horizon Extension
Predicts the currents, rotor speed,
and rotor position at the next cycle

MPC Calculation
Use the values predicted on stage 3
to calculate the control action for the

next timestep.

Modulator
Apply the previously calculated

vector to the gate control channels.
Depending on the method this uses

a modulator(SVM) or not. Stage 1

tcontrol

t0
1/fsw

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 to h = tcontrol, while the

system timeline is shifted as in Figure 3.20.

Stage 1 Stage 3

Stage 2 Stage 4Sensor Acquisition
Reads line currents, DC Link voltage,

and rotor position. Calculate the
present rotor speed.

Horizon Extension
Predicts the currents, rotor speed,

and rotor position at t0+tcontrol

MPC Calculation
Use the values predicted on stage 2

to calculate the control action
necessary to reach the references.

Modulator
Apply the calculated vector to the
gate control channels. Depending

on the method this uses a
modulator(SVM) or not. Stage 1

tcontrol

t0
1/fsw

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 îdq represents the norm of the estimated dq current at the end of the horizon exten-

sion, Vdq is the norm of the dq voltage applied by the SVM, and V ∗
dq 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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(b) Ultra Short Horizon Extension.

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 PI

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.

Theta(k)Position 
Encoder

Unfiltered
Omega(k)

Wrap-around 
and time
derivative

Omega(k)Exponential
Average

PI

RPM Reference

RPM(k) Tq Ref(k)

Throttle

Brake

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 333Hz, and the sample time of the encoder is smaller than 70µs, 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 α is the smoothing factor, that defines the weight of the past samples in the

current average.

ω(k+1) = αω(k) + (1− α)
θ(k+1) − θ(k)

h
(3.35)
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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 α, as shown in Equa-

tions (3.36) and (3.37).

τ =
−h
ln(α)

(3.36)

ω

ωunfiltered
=

1
τ

s+ 1
τ

(3.37)

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 (Te), mechanical losses (Tloss), the external load (Tloss), and the system

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

dωunfiltered
dt

=
Te − Tload − Tloss

J
(3.38)

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

ωunfiltered
Te

=
1

Js
− Tload + Tloss

JTes
(3.39)

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).

ωunfiltered
Te

=
1

Js
(3.40)

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

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

H(s) =
ω

Te
=

1

τJs2 + Js
(3.41)

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

C(s) = kp +
ki
s

(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).

ωmeasured
ωref

=
C(s)H(s)

1 + C(s)H(s)
=

kps+ ki
s(Js2(τ + 1) + Js2)

(3.43)

ωreal
ωref

=
(kps+ ki)(sτ + 1)

Jτs3 + Js2 + kps+ ki
(3.44)

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 185gcm2, the controller gains were defined as kp = 0.035Nm/RPM and ki =

10−9Nm/RPM , with the smoothing factor α = 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.

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 MOSFETs 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 S1,

S2, S3, S4, S5, S6, are the gate control signals that come from the control strategy.

The parameterization of the MOSFETs 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 40µF , while the battery series resistance

is 0.03Ω, both based on the existing hardware. The ground connections are 420kΩ 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 0.0848kgm2
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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 0.2µs

DC Link Capacitor 40µF

Battery Series Resistance 0.03Ω

Ground Connection 420kΩ

Testbench Inertia 185gcm2

MOSFETs
Wolfspeed
C2M0040120D

Switching Frequency 50kHz

Encoder Resolution 18 bits

Encoder Frequency 12.5kHz

Current and Voltage
Sensor Resolution

14 bits

Current and Voltage
Sensor Frequency

50kHz

Car mass 230kg

Pilot mass 60kg

Tire radius 0.23m

Wheel assembly
moment of inertia

0.2kgm2

Gear ratio 15.21

Air density 1.2kg/m3

Reference car area 1m2

Drag coefficient 1.59

Rolling resistance coefficient 0.09

Speed Controller
proportional gain (kp)

0.035Nm/rpm

Speed Controller
integral gain (ki)

10−9Nm/rpm

4.1.1 Baseline Step

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

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

ods at 50kHz. 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 12kRPM . The rising time of each method is
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shown in Figure 4.2.

(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.

(b) Proposed method (in purple) vs Currently used method (in blue).

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 200µs, 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 250kHz and 40kHz for the controllers running at 50kHz and 8kHz respectively.

1000 RPM 7333 RPM 13666 RPM 20000 RPM

1Nm 57.62% 43.44% 207.54% 29.62%
11Nm 3.22% 10.62% 12.14% 58.53%

FOC
@8kHz

20Nm 5.15% 6.50% 10.18% 37.08%

1Nm 56.95% 11.08% 14.12% 4.71%
11Nm 2.18% 2.19% 1.93% 4.85%

FOC
@50kHz

20Nm 1.41% 1.41% 2.28% 3.86%

1Nm 696.41% 566.94% 247.13% 72.31%
11Nm 39.42% 30.17% 28.04% 11.82%

FS-MPC
@50kHz

20Nm 22.10% 16.88% 8.52% 11.82%

1Nm 30.67% 120.31% 159.20% 221.12%
11Nm 1.59% 10.65% 12.40% 11.51%

FS-MPC
Null Vector
@50kHz 20Nm 1.76% 6.43% 7.10% 8.54%

1Nm 6.59% 9.98% 12.60% 14.50%
11Nm 0.81% 1.48% 1.89% 2.17%

NL-MPC
@50kHz

20Nm 0.81% 0.96% 1.18% 1.12%

1Nm 7.20% 11.91% 16.82% 21.95%
11Nm 0.76% 1.47% 1.92% 2.16%

RUSH MPC
@50kHz

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).

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 (kt). 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.

(a) Torque profile in the acceleration event using the currently
implemented FOC.

(b) Torque profile in the acceleration event using the proposed
EMPC
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(c) Motor speed profile in the acceleration event. The blue line
is the currently implemented FOC while the orange line is the
proposed EMPC.
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(d) Distance traveled in the acceleration event. The blue line
is the currently implemented FOC while the orange line is the
proposed EMPC.

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.

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 7Nm. 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 269RPM . 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
plot on top present values from the measurement board,
while the bottom plot is from the simulation.
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Figure 4.8: Line currents measured at steady state. Torque reference at 7Nm and rotor speed stable at
169RPMs.

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
plot on top presents values from the measurement board,
while the bottom plot is from the simulation.
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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 PI 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 157µs. 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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Figure 4.12: Torque step response for different reference torque values.

with high gains in the PI it produced some oscillations which can be improved with a less aggressive

filter and a better-tuned PI 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 0.04Nm and peaking at 1.6Nm if the period of the power supply shortage

is discarded.
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(b) Torque reference and measured values. The torque reference is derived from the speed controller
but saturated to ±5Nm.
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Figure 4.13: RPM step from standstill to 2500RPMs.
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(c) Torque reference and measured values. The torque reference is derived from the speed controller but
saturated to ±5Nm.
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(d) Torque reference tracking error.

Figure 4.14: Pedal torque profile.

58



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 90A,

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).

uabc = RabcT
∗
(θe)

idq0 +
d
(
T∗

(θe)
ψdq0ψdq0ψdq0

)
dt

= RabcT
∗
(θe)

idq0 + θ̇e
dT∗

(θe)

dθe
ψdq0ψdq0ψdq0 +T∗

(θe)

dψdq0ψdq0ψdq0
dt

(A.1)

Replacing θ̇e with ωe, and multiplying T∗
(θe)

−1 to the left yields Equations (A.2) and (A.3).

udq0 = Rdq0idq0 +T∗
(θe)

−1ωe
dT∗

(θe)

dθe
ψdq0ψdq0ψdq0 +T∗

(θe)
−1T∗

(θe)

dψdq0ψdq0ψdq0
dt

(A.2)

udq0 = Rdq0idq0 + ωeT
∗
(θe)

−1
dT∗

(θe)

dθe
ψdq0ψdq0ψdq0 +

dψdq0ψdq0ψdq0
dt

(A.3)

Lastly, calculate the derivative of the transformation as in Equation (A.4), resulting in Equation (A.5).
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T∗
(θe)

−1
dT∗

(θe)

dθe
=


0 −1 0

1 0 0

0 0 0

 (A.5)

Thus, the PMSM model in the dq0 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
√

3
2 in the direct and quadrature axis, but in the zero axis some results may vary.

udq0 = Rdq0idq0 + ωe


0 −1 0

1 0 0

0 0 0

ψdq0ψdq0ψdq0 +
dψdq0ψdq0ψdq0
dt

(A.6)
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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

website1.

1https://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 data sheetMotor-Datenblatt 

Schutzart/degree of protection: IP 65Bauform/mounting type: IMB5

Polzahl/number of poles "2p" (ID32775): 10
Bemessungsdrehzahl/rated speed "Nn" (ID32772): 12000

Nennspannung/rated voltage "Un" (ID32768): 350

Bemessungsmoment/rated torque "Mn" (ID32771): 9,8Dauerstillstandsmoment/continuous Stall Torque "Mo": 13,8
Bemessungsleistung/rated power "Pn": 12,3
Betriebsart/duty type: S1 dT=100K Schaltung/connection type: D

Nennstrom/rated current "In" (ID111): 41

Klemmenwiderstand/terminal resistance  "Rtt" (ID34164): 0,135

Kühlart/cooling type: liquid 4l/min

Maximales Moment/maximum torque "Mmax": 21
Isolierklasse/insulation class: FLeistungsdaten

Elektrische Daten

Theo. Leerlaufdrehzahl/theor. no-load-speed "No": 18617
NmNmkWrpmrpm
Nm

VArms

Ohm
Drehmomentkonstante/torque constant " kt": 0,26
Klemmeninduktivität/terminal inductance  "Ltt" (ID34167): 0Querachseninduktivität/quadrature axis inductance "Lq" (ID34046) 0,12Hauptachseninduktivität/direct axis inductance "Ld" (ID34045): 0,24 mHmHmH

Nm/ArmsSpannungskonstante/voltage constant  "ke" (ID 34234): 18,8 V/kU/min

Maximalstrom/maximum current  "Imax" (ID109): 105 ArmsDauerstillstandsstrom/cont. stall current " Io" (ID34096): 53,1 ArmsMaximale Dauer für/duration for  "Imax" (ID34168): 1,24 s

Motorkennlinien

0 2 00 0 4 0 0 0 60 0 0 80 0 0 1 00 0 0 1 2 00 0 1 4 0 00 16 0 0 0 18 0 0 0 2 0 00 0 2 2 00 00
1 0
2 0
3 0
4 0 0 2 00 0 4 0 0 0 60 0 0 80 0 0 1 00 0 0 1 2 00 0 1 4 0 00 16 0 0 0 18 0 0 0 2 0 00 0 2 2 00 00
1 0
2 0
3 0

U Z K=5 0 0 V DC+ f ie ld  w e a ke n in g
U Z K= 6 0 0 V D C+ fie l d  w e a k e n in gU Z K=6 0 0 V DCU Z K =5 0 0 V DC

Leistu
ng / Po

wer [k
W]

D re h z a h l /  s p e e d  [1 /m in ]

U ZK = 6 0 0 V D CU ZK = 5 0 0 V DC

U Z K = 5 0 0 V D C+ f ie ld  w e a k e n in g

U ZK = 6 0 0 V D C+ f ie ld  w e a k e n in g

 

Mome
nt / To

rque [N
m]

Kennlinie kann die maximal zulässige Drehzahl übersteigen! / Characteristic may exceed mechanical speed limit of motor

Magn.-Strom/magn. current "Im" (ID32769): 35 Arms

Motorbeschreibung

Magn.-Strom/magn. current "Im1" (ID32770): 0 ArmsRotorzeitkonstante/rotor time constant "Tr" (ID32774): 0,01 s
Verstärkung q-Achse/gain q-axis "Kpq"  (ID34151): 0,64 V/Ams

Verstärkung/gain "Kp_n" (ID100): 40 ms

Bezeichnung/name DD5-14-10-POW - Formula StudentZeichn.-Nr:/drawing no.:12703-01260Datum/date: 27.11.2018- 18600-B5

Spannungsregler/voltage controller "Kp" (ID34148): 0,08 A/VSpannungsregler/voltage controller "Tn" (ID34149): 6 ms

ReglereinstellungenStromregler

Drehzahlregler
Spannungsregler

Nachstellzeitkonstante/time constant "Tnq" (ID34050): msVerstärkung d-Achse/gain d-axis "Kpd" (ID34152): 0,58 V/A1,2
Untere Anpaßschwelle/lower adaption limit "Iua" (ID34177): 19 %Adaption Verstärkung/adaption gain "Kpq2" (ID 34179) 20 %
Obere Anpaßschwelle/upper adaption limit "Ioa" (ID34178): 68Adaption Nachstellzeit/adaption time constant "Tnq2" (ID 34180) 400 %%
Nachstellzeitkonstante/time constant "Tn_n" (ID101): 20

Pole

motor description:
performance data:

 performance - characteristics:

 electrical data:

controller settings:current controller:

speed controller (default for plain motor):
voltage controller:

Nachstellzeitkonstante/time constant "Tnd"  (ID34052): 1,2

Teile-Nr:/part number A2370DD

Spannungsüberhöhung "dU" (ID34235): 116 %Systemwiderstand "Rs" (ID34233): 0 Ohm

Flüssigkeit 4l/minMotorprinzip/motor principle: synchron

Für dieses Dokument und die darin enthaltenen Angaben behalten wir uns alle Rechte und technische Änderungen  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 data sheetMotor-Datenblatt 

Gesamtmasse/motor mass   "m": 3,55Motorträgheitsmoment/inertia  "J": 2,74
Rundlauf/run out   (DIN 42955): NWuchtgüte/balancing quality: G2,5Passfeder/shaft key: -

Daten nur gültig mit enstprechender Wasserkühlung

Bremsenspannung/brake voltage:Bremsenstrom/brake current:Spannungsart/voltage type -
Typ/type: -

AMK-TNr./AMK part number: -Lüfterspannung/fan voltage:Strom/currert:Frequenz/frequency:
Typ/type (ID34166): KTY84Ansprechtemp./operation temp: -Widerstand/resistance (25°C) < =: 629

Mech. zul. Drehzahl/mech. speed limit  "Nmax": 20000

Bemerkungenautomatisch erstellt, Geber 18 Bit,                                 Sonderparameter FSE
Änderungsdatum/motor revision motor date 26.10.2016Änderungsstand Mechanik/revision motor-mechanics: 0.00Ersteller/created by: SMM

Mechanische Daten

Bremsendaten

Lüfterdaten
Wicklungsschutz 

kgkgcm²rpm

AV

VAHz
°C  Ω* Typenschildbezeichnung unterstrichen; bitte bei Rückfragen immer angeben /Nameplatedata underlined; please state with every inquiry

AMK-TNr/AMK part number. 108072Typ/type: PImpulszahl/number of pulses: 262144
Geberdaten

Nm

A/B - Lager/A/B - side bearing:

Lager-Lebensdauer A-Lager  bei unterschiedlicher Radialkraft Fr in [N] 
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Lagerbelastung
Lagertyp/bearing type : 6005 / 6003

(Lastangriff Mitte Abtriebswelle):

Fettsorte/type of grease: GE2 / GE2theo. Fettgebrauchsdauer/grease life time: 13000 / 18000 hbei Nenndrehzahl und 70°C Lageraußenringtemp/at rated speed and 158°F at outer bearing ring

Bremsmoment/brake torque:

Bezeichnung/name DD5-14-10-POW - Formula StudentZeichn.-Nr:/drawing no.: 12703-01260Datum/date: 27.11.2018- 18600-B5

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

Einfallzeit/engage time "Te": ms
einmalig/single engagement: JLebenslang/lifetime: J

max. Bremsenergie/max. braking energy:

Fr(Force to the middle of the shaft):

A - Lager/A - side bearing:

mechanical data:  bearing load:

brake data:

fan data:
 thermistor: position encoder data:  remarks:

Teile-Nr:part numbe A2370DD

erforderliche Fettmenge/necessary grease quantity : 0 g/

Für dieses Dokument und die darin enthaltenen Angaben behalten wir uns alle Rechte und technische Änderungen  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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4 Technical data

4.1 Technical data – inverter
Terminal /
strand

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

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

Input voltage range 250 VDC - 720 VDC

Input current
Power supply for HV = 540 VDC

48 A

Intermediate circuit capacity 75 μF

Supply voltage
for logic supply LV

X08
(X09)

24 VDC ±15%,
The 0 V potential must be connected to the vehicle ground
(vehicle chassis).

Input current
for logic supply LV

≤ 500 mA

Capacity at input of internal switched-mode
power supply

1,500 µF

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
Switching frequency

PWM
8 kHz

Output frequency 1) U, V, W 0 - 1200 Hz

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 IN 43 A

Peak output current Imax 107 A

Max. duration of peak output current Imax
l Output frequency fOUT >1 Hz

10 s

Max. duration of peak output current Imax
l Output frequency fOUT ≤1 Hz

1 s

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 I²t

Galvanic isolation voltage between HV and
LV

2200 VDC

Cooling Liquid cooling

Flow rate 1.5 bar / 10 l/min

Max. cold plate and ambient temperature 40 °C

Protection class IP 00

16 / 116 PDK_205481_KW26-S5-FSE-4Q / Version 2022/15

Terminal /
strand

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

Dimensions (2WD inverter) Approx. 339 mm length, approx. 183 mmwidth, approx. 131 mm height

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

Prerequisite for the automatic transfer of the data from the encoder database:
l Encoder cable connected
l Motor parameters have not already been changed manually
l The data has been stored in the encoder at the factory

PDK_205481_KW26-S5-FSE-4Q / Version 2022/15 17 / 116

B
.2

A
M

K
Inverter

D
atasheet
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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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Torque Operation Points @420 V
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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
Po

=
RDSon

R0
(1 + THD2) (D.1)

Where PON is the conduction losses, Po is the output power, RDSon
is the on-state resistance of the

MOSFET, R0 is the load equivalent resistance and THD is the total harmonic distortion of the output

current.

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

PSW
Po

=

( √
(3)

2πmpFp

ton + toff
T

+
3CtZ0

m2
pFpT

)
(3−mp) (D.2)
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Where PSW is the switching losses,Z0 is the load equivalent impedance defined as Z0 = R0

Fp
with

Fp being the load power factor, ton and toff are the turn-on and turn-off times of the MOSFET, T is the

switching period, Ct is the total parasitic capacitance defined as Ct = Coss + Cd with Coss being the

MOSFET output parasitic capacitance, and Cd the external diode parasitic capacitance. The modulation

index mp used in this formulation is different from the one used on the control scheme, and it is defined

as
√
6VORMS/VDC where VORMS is the line to neutral output RMS voltage.

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

η =
1

1 + PON

Po
+ PSW

Po

=
1

1 +
RDSon

FpZ0
(1 + THD2) +

( √
3

2πmpFp

ton+toff

T + 3CtR0

m2
pF

2
pT

)
(3−mp)

(D.3)

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.
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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.

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 MOSFETs 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 MOSFETs, 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 VRRM(V) Vf (V) If (A) Ifsm(A) C(pF) TMAX(◦ C) Price (C)

ST STBR3012-Y 1200 0.95 30 300 15 175 2.62

Littelfuse LSIC2SD120D15 1200 1.5 44 120 76 175 10.5

Microchip MSC050SDA120B 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 150A, with a nominal current of 45ARMS ,

setting the minimum drain current rating of the MOSFETs 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 VDSS(V) RDSon(mΩ) Id(A) T◦
max C COSS(pF) ton(ns) toff (ns) Price (C)

Infineon FF4MR12W2M1HP_B11 1200 4 200 175 840 44 16 260.85
Infineon FF6MR12W2M1H_B11 1200 5.4 150 175 630 39 15 194.88
Infineon FF08MR12W1MA1_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 41.1 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 SK150MB120CR03TE2 1200 8 188 175 520 17 29
Vincotech 10-EZ122PA016ME-LJ67F68T 1200 17 83 175 258 6.72 21.48
Vincotech 10-EY122PA008ME01-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.

Manufacturer Model Conduction
Loss (W)

Switching
Loss (W) Efficiency (%) Price (C)

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 FF8MR12W1M1H_B11 35.84 22.34 99.16 165.21

Vincotech 10-EY122PA008ME01-LU38F06T 40.31 15.88 99.19
Infineon FF08MR12W1MA1_B11A 32.43 20.60 99.23 268.99

Microchip MSCSM170AM11CT3AG 38.94 11.85 99.26 499.29
Semikron SK150MB120CR03TE2 35.40 13.56 99.29
Infineon FF6MR12W2M1H_B11 23.89 16.03 99.42 194.88
Infineon FF4MR12W2M1HP_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 FF8MR12W1M1H_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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(d) Efficiency.

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 8.2Ω for charging and 2.7Ω 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 120kΩ, 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 5.6kΩ 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

4.8229MHz 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 Qg is the gate charge of the

MOSFETs, Vs is the supply voltage swing of the gate driver, Cdecoupling is the decoupling capacitance,

Vinitial is the initial voltage of the capacitor, and Vfinal is the final voltage of the capacitor. The resultant

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

Eg = QgVs =
1

2
Cdecoupling(V

2
initial − V 2

final) (D.4)

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 MOSFETs. This is a very important protection mechanism,

as it can prevent the MOSFETs from being destroyed in case of a short circuit.

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 Z2

was used to produce a higher voltage drop and trigger the desaturation function with a lower current.

The MOSFET datasheet details the VDS with different drain currents and gate voltages, based on that it

was verified that at room temperature the MOSFET has a VDS 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 D1 has a forward voltage drop of 1V at room

temperature, Z2 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 Rdesat and the capacitor Cdesat. They were dimensioned

by Equation (D.5) to have a blanking time of 3.8µs.

tdesat =
VrefCdesat
Idesat

(D.5)

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 33Ω 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 72.3kHz. 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 70µm on external layers and 35µm 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
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(b) Inner Layer 1.
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(d) Inner Layer 3.
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(e) Inner Layer 4.
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(f) Inner Layer 5.
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(g) Inner Layer 6.
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Figure D.8: Half Bridge Board Layers.
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Inputs and Outputs
PWM_IN - Input of the PWM signal for the SiC Driving

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

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

RESET - Input signal to reset the gate driver after a desaturation error
RDY - Output signal that states the gate driver is ready to operate
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Gate Driver Low Side
The 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 a repetitive 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.
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Inputs and Outputs
PWM_IN - Input of the PWM signal for the SiC Driving

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

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

RESET - Input signal to reset the gate driver after a desaturation error
RDY - Output signal that states the gate driver is ready to operate
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Gate Driver High Side
The 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 a repetitive 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.
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Active first order low pass filter. Cutoff frequency 
designed to 79.58kHz, can be tuned by Cf3:
fc = 1/(2*pi*Cf3*Rg1)

Active first order low pass filter. Cutoff frequency 
designed to 79.58kHz, can be tuned by Cf5:
fc = 1/(2*pi*Cf5*Rg5)

Differential to single-ended amplifier output stage.

Vout = VinP*Rg8/Rg7 - VinN*Rg5/Rg6 + Vcm

Vcm is the voltage injected by Rg8, in this case 
connected to ground, so 0V.

Differential to single-ended amplifier output stage.

Vout = VinP*Rg4/Rg3 - VinN*Rg1/Rg2 + Vcm

Vcm is the voltage injected by Rg4, in this case 
connected to ground, so 0V.

Helpfull documentation:

Interfacing a Differential-Output (Isolated) Amp to a Single-Ended Input ADC (Rev. B)
https://www.ti.com/lit/ab/sbaa229b/sbaa229b.pdf?ts=1715175751100
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PAIC1016 

PAIC1015 

PAIC1014 

PAIC1013 

PAIC1012 

PAIC1011 

PAIC1010 

PAIC109 PAIC108 

PAIC107 

PAIC106 

PAIC105 

PAIC104 

PAIC103 

PAIC102 

PAIC101 

COIC1 

PAIC2016 

PAIC2015 

PAIC2014 

PAIC2013 

PAIC2012 

PAIC2011 

PAIC2010 

PAIC209 PAIC208 

PAIC207 

PAIC206 

PAIC205 

PAIC204 

PAIC203 

PAIC202 

PAIC201 

COIC2 

PAIC301 PAIC302 PAIC303 PAIC304 

PAIC308 PAIC307 PAIC306 PAIC305 

COIC3 

PAIC401 PAIC402 

PAIC403 

COIC4 

PAIC501 

PAIC502 

PAIC503 

COIC5 

PAIC601 

PAIC602 

PAIC603 

PAIC604 

PAIC608 

PAIC607 

PAIC606 

PAIC605 

COIC6 

PAIC701 PAIC702 PAIC703 PAIC704 

PAIC705 PAIC706 PAIC707 PAIC708 

COIC7 

PAJ10MH2 

PAJ10MH1 

PAJ10MP4 
PAJ10MP3 

PAJ10MP2 
PAJ10MP1 

PAJ10B6 
PAJ10B5 

PAJ10B4 
PAJ10B3 

PAJ10B2 
PAJ10B1 PAJ10A6 

PAJ10A5 
PAJ10A4 

PAJ10A3 
PAJ10A2 

PAJ10A1 
COJ1 

PAJ20MH2 PAJ20MH1 

PAJ20MP4 

PAJ20MP3 PAJ20MP2 

PAJ20MP1 

PAJ20B6 PAJ20B5 PAJ20B4 PAJ20B3 PAJ20B2 PAJ20B1 

PAJ20A6 PAJ20A5 PAJ20A4 PAJ20A3 PAJ20A2 PAJ20A1 

COJ2 

PAJ30 
PAJ301 PAJ302 

PAJ303 PAJ304 

PAJ305 PAJ306 

PAJ307 PAJ308 

PAJ309 PAJ3010 

PAJ3011 PAJ3012 

PAJ3013 PAJ3014 

PAJ3015 PAJ3016 

PAJ3017 PAJ3018 

PAJ3019 PAJ3020 

COJ3 PAJ40S2 

PAJ40S1 
PAJ401 

PAJ403 

PAJ405 

PAJ407 

PAJ409 

PAJ4011 

PAJ4013 

PAJ4015 

PAJ4017 

PAJ4019 

PAJ4021 

PAJ4023 

PAJ4025 

PAJ4027 

PAJ4029 

PAJ402 

PAJ404 

PAJ406 

PAJ408 

PAJ4010 

PAJ4012 

PAJ4014 

PAJ4016 

PAJ4018 

PAJ4020 

PAJ4022 

PAJ4024 

PAJ4026 

PAJ4028 

PAJ4030 

COJ4 

PAL101 

PAL102 

COL1 

PAL201 

PAL202 COL2 

PAL302 PAL301 
COL3 

PAL401 

PAL402 
COL4 

PANT101 

PANT102 

CONT1 

PANT201 PANT202 

CONT2 

PANT201 
PANT202 

PAPS107 PAPS106 PAPS105 

PAPS104 PAPS102 PAPS101 
COPS1 

PAPS207 PAPS206 PAPS205 PAPS202 PAPS201 

COPS2 

PAPS307 PAPS306 PAPS305 PAPS302 PAPS301 
COPS3 

PAPS401 PAPS402 PAPS403 PAPS404 

COPS4 

PAQ101 

PAQ102 

PAQ103 COQ1 

PAQ203 

PAQ202 PAQ201 

COQ2 

PAQflt103 

PAQflt102 PAQflt101 

COQflt1 

PAQflt203 

PAQflt202 PAQflt201 

COQflt2 

PAQrdy101 PAQrdy102 

PAQrdy103 COQrdy1 

PAQrdy203 

PAQrdy202 PAQrdy201 
COQrdy2 

PAR101 

PAR102 

COR1 

PAR201 

PAR202 
COR2 

PAR301 PAR302 
COR3 

PAR401 PAR402 
COR4 PAR502 

PAR501 

COR5 

PAR602 

PAR601 
COR6 

PAR701 

PAR702 COR7 

PAR801 PAR802 

COR8 

PAR901 

PAR902 

COR9 
PAR1001 

PAR1002 COR10 
PAR1102 PAR1101 COR11 

PAR1201 

PAR1202 COR12 

PAR1301 

PAR1302 

COR13 

PAR1403 

PAR1402 

PAR1401 

COR14 

PAR1602 

PAR1601 COR16 
PAR1702 

PAR1701 COR17 

PAR1801 

PAR1802 

COR18 

PAR1902 

PAR1901 

COR19 

PARf102 

PARf101 

CORf1 

PARf201 

PARf202 
CORf2 

PARg101 

PARg102 

CORg1 

PARg201 
PARg202 
CORg2 

PARg301 
PARg302 

CORg3 
PARg401 PARg402 CORg4 

PARg501 

PARg502 
CORg5 

PARg601 

PARg602 

CORg6 
PARg701 

PARg702 

CORg7 
PARg801 PARg802 

CORg8 

PARled102 PARled101 
CORled1 

PARled201 PARled202 
CORled2 

PARled301 PARled302 
CORled3 

PARled401 PARled402 
CORled4 

PAU106 PAU105 PAU104 

PAU103 PAU102 PAU101 
COU1 

PAU206 PAU205 PAU204 
PAU203 PAU202 PAU201 

COU2 

PAU306 PAU305 PAU304 
PAU303 PAU302 PAU301 

COU3 

PAC1302 

PAC1602 

PAC3402 

PAC3502 

PAC3602 

PAIC1015 

PAIC2015 

PANT201 

PAPS404 

PAQflt102 

PAQflt202 

PAR602 

PAR702 

PAR1202 

PAR1302 

PARled102 

PARled302 

PAU105 PAU106 

PAU205 

PAU305 

PAC1802 

PAC2502 

PAIC501 

PAIC603 

PAC2002 

PAC2102 PAIC303 

PAIC401 

PAR1901 

PAC602 

PAC1702 PAD901 

PAIC205 

PAIC502 

PAJ20A3 

PAC302 

PAC1902 

PAD701 

PAIC105 

PAIC402 

PAJ10A1 

PAD802 

PAPS307 

PAD602 

PAPS207 

PAC102 

PAC402 

PAC702 

PAC902 

PAJ402 

PAJ403 PAJ404 

PAJ405 

PAL101 

PAL201 

PAL301 

PAL401 

PAC801 
PAIC201 

PAIC208 

PAJ20A4 

PAPS305 

PAC501 PAIC101 

PAIC108 

PAJ10A2 

PAPS205 

PAC2202 

PAC2302 

PAC2802 PAC2902 

PAIC308 

PAIC608 

PAJ304 

PANT202 

PAC3202 
PAIC708 

PAJ302 

PAPS107 

PAC3302 PAIC704 

PAJ301 

PAPS105 

PAJ3011 

PAJ4018 

PAJ3015 

PAJ4022 

PAJ3019 

PAJ4026 

PAJ3012 

PAJ4023 

PAJ3016 

PAJ4019 

PAJ3020 

PAJ4015 

PAJ4010 

PAU306 
PAC2201 

PAC2301 

PAC2801 PAC2901 

PAC3201 

PAC3301 
PACf402 

PACf602 

PAIC305 

PAIC605 

PAJ303 

PAJ307 PAJ308 

PANT102 

PAPS106 

PARg402 

PARg802 

PAJ309 

PAJ4016 

PAJ3013 

PAJ4020 

PAJ3017 

PAJ4024 

PAJ3010 

PAJ4025 

PAJ3014 

PAJ4021 

PAJ3018 

PAJ4017 

PAD402 

PAJ20A6 

PAC1502 

PAD501 

PAIC202 

PAR1101 

PAC1202 

PAD201 

PAIC102 

PAR501 

PAD102 

PAJ10B2 

PAIC2013 

PAQflt201 PAR1301 

PAU101 

PAU203 

PAIC1013 
PAQflt101 PAR701 

PAU103 

PAU201 
PAJ4012 

PAU104 

PAR401 

PAR1001 

PAU204 

PAIC206 PAJ20A5 

PAIC106 

PAJ10A3 

PAC101 

PAC201 

PAC401 

PAC701 

PAC901 PAC1001 

PAC1101 

PAC1301 

PAC1401 PAC1601 

PAC3401 

PAC3501 

PAC3601 

PADflt102 

PADflt202 

PAIC109 

PAIC1011 

PAIC1016 

PAIC209 

PAIC2011 

PAIC2016 

PAJ406 

PAJ407 PAJ408 

PAJ4011 

PAJ4013 PAJ4014 

PAJ4027 PAJ4028 

PAJ4030 

PANT101 

PAPS102 

PAPS202 

PAPS302 

PAPS401 PAPS403 

PAQ102 

PAQ202 

PAQrdy102 

PAQrdy202 

PAR101 

PAU102 

PAU202 

PAU302 

PAJ20B1 
PAR1401 

PAJ20B6 

PAR1403 

PAC202 
PAL102 PAPS101 

PAC1002 PAL302 

PAPS402 

PAC2402 
PAIC301 

PAC2601 

PAC2702 

PAR1601 
PAR1702 

PAC2602 

PAR1402 

PAR1602 

PAC3102 PAIC601 

PACf302 

PAIC706 

PARg102 

PARg201 
PACf401 

PAIC705 
PARg301 

PARg401 

PACf502 

PAIC702 
PARg502 

PARg601 PACf601 

PAIC703 
PARg701 

PARg801 

PAD101 
PAR502 

PAR102 

PAD401 

PAR1102 

PAD601 PAD702 

PAD801 PAD902 

PADflt101 

PARled201 

PADflt201 

PARled401 

PADrdy101 

PARled101 

PADrdy102 

PAQrdy103 

PADrdy201 

PARled301 

PADrdy202 

PAQrdy203 

PAIC1010 

PAQ103 

PAR202 

PAIC2010 PAQ203 PAR802 

PAL202 

PAPS201 

PAL402 

PAPS301 

PAQ101 

PAR402 

PAQ201 PAR1002 

PAQflt103 PARled202 

PAQflt203 PARled402 

PAU206 

PAU304 

PAJ10A5 

PAR1902 PARf102 

PAJ10A6 

PANT201 

PAIC306 

PARg602 

PAIC307 

PARg702 

PAJ4029 

PAR801 

PAJ401 

PAR201 

PAJ409 

PAR302 

PAR902 

PAC1402 

PAIC2014 PAR901 

PAC1102 

PAIC1014 

PAR301 

PAIC2012 

PAQrdy201 PAR1201 

PAU301 

PAIC1012 

PAQrdy101 PAR601 

PAU303 

PAC601 

PAC802 

PAC1501 

PAC1701 

PAC1801 

PAC2501 

PAC3001 PAC3101 PACf201 

PAD502 

PAIC203 

PAIC503 

PAIC604 

PAJ20A2 

PAPS306 

PAR1801 

PAC301 

PAC502 

PAC1201 

PAC1901 

PAC2001 

PAC2101 

PAC2401 

PACf101 

PAD202 

PAIC103 

PAIC304 

PAIC403 PAJ10B1 

PANT202 

PAPS206 

PACf102 

PAIC302 
PARf101 

PACf202 

PAIC602 

PARf201 

PAC2701 
PAC3002 PAR1701 PAR1802 PARf202 

PACf301 

PAIC707 

PAJ306 

PARg101 

PACf501 
PAIC701 

PAJ305 

PARg501 

PAIC606 

PARg202 

PAIC607 

PARg302 

(b) Inner Layer 1.

PAC102 

PAC101 

COC1 
PAC202 

PAC201 
COC2 

PAC301 

PAC302 
COC3 

PAC401 

PAC402 

COC4 

PAC501 

PAC502 COC5 

PAC601 

PAC602 

COC6 

PAC702 

PAC701 

COC7 

PAC801 

PAC802 

COC8 

PAC902 

PAC901 

COC9 

PAC1002 

PAC1001 

COC10 

PAC1101 

PAC1102 COC11 PAC1202 PAC1201 
COC12 

PAC1301 

PAC1302 

COC13 

PAC1401 

PAC1402 

COC14 PAC1501 PAC1502 COC15 

PAC1601 

PAC1602 

COC16 

PAC1701 

PAC1702 

COC17 PAC1801 PAC1802 COC18 

PAC1901 PAC1902 
COC19 

PAC2001 

PAC2002 

COC20 

PAC2101 

PAC2102 
COC21 

PAC2202 

PAC2201 
COC22 

PAC2302 

PAC2301 

COC23 

PAC2401 

PAC2402 COC24 

PAC2501 

PAC2502 

COC25 
PAC2601 

PAC2602 

COC26 

PAC2701 

PAC2702 

COC27 PAC2802 

PAC2801 

COC28 
PAC2902 

PAC2901 

COC29 
PAC3001 

PAC3002 

COC30 
PAC3101 PAC3102 

COC31 

PAC3201 

PAC3202 COC32 
PAC3301 

PAC3302 
COC33 

PAC3401 

PAC3402 COC34 

PAC3501 

PAC3502 

COC35 

PAC3602 

PAC3601 COC36 

PACf102 

PACf101 

COCf1 

PACf201 PACf202 

COCf2 

PACf301 

PACf302 

COCf3 

PACf401 

PACf402 

COCf4 

PACf501 

PACf502 
COCf5 PACf601 PACf602 

COCf6 

PAD102 PAD101 COD1 

PAD202 PAD201 COD2 

PAD402 

PAD401 

COD4 
PAD502 

PAD501 

COD5 

PAD602 

PAD601 

COD6 

PAD702 

PAD701 

COD7 

PAD802 

PAD801 

COD8 
PAD902 

PAD901 

COD9 

PADflt102 

PADflt101 

CODflt1 

PADflt202 

PADflt201 CODflt2 

PADrdy101 

PADrdy102 

CODrdy1 

PADrdy202 

PADrdy201 CODrdy2 

PAIC1016 

PAIC1015 

PAIC1014 

PAIC1013 

PAIC1012 

PAIC1011 

PAIC1010 

PAIC109 PAIC108 

PAIC107 

PAIC106 

PAIC105 

PAIC104 

PAIC103 

PAIC102 

PAIC101 

COIC1 

PAIC2016 

PAIC2015 

PAIC2014 

PAIC2013 

PAIC2012 

PAIC2011 

PAIC2010 

PAIC209 PAIC208 

PAIC207 

PAIC206 

PAIC205 

PAIC204 

PAIC203 

PAIC202 

PAIC201 

COIC2 

PAIC301 PAIC302 PAIC303 PAIC304 

PAIC308 PAIC307 PAIC306 PAIC305 

COIC3 

PAIC401 PAIC402 

PAIC403 

COIC4 

PAIC501 

PAIC502 

PAIC503 

COIC5 

PAIC601 

PAIC602 

PAIC603 

PAIC604 

PAIC608 

PAIC607 

PAIC606 

PAIC605 

COIC6 

PAIC701 PAIC702 PAIC703 PAIC704 

PAIC705 PAIC706 PAIC707 PAIC708 

COIC7 

PAJ10MH2 

PAJ10MH1 

PAJ10MP4 
PAJ10MP3 

PAJ10MP2 
PAJ10MP1 

PAJ10B6 
PAJ10B5 

PAJ10B4 
PAJ10B3 

PAJ10B2 
PAJ10B1 PAJ10A6 

PAJ10A5 
PAJ10A4 

PAJ10A3 
PAJ10A2 

PAJ10A1 
COJ1 

PAJ20MH2 PAJ20MH1 

PAJ20MP4 

PAJ20MP3 PAJ20MP2 

PAJ20MP1 

PAJ20B6 PAJ20B5 PAJ20B4 PAJ20B3 PAJ20B2 PAJ20B1 

PAJ20A6 PAJ20A5 PAJ20A4 PAJ20A3 PAJ20A2 PAJ20A1 

COJ2 

PAJ30 
PAJ301 PAJ302 

PAJ303 PAJ304 

PAJ305 PAJ306 

PAJ307 PAJ308 

PAJ309 PAJ3010 

PAJ3011 PAJ3012 

PAJ3013 PAJ3014 

PAJ3015 PAJ3016 

PAJ3017 PAJ3018 

PAJ3019 PAJ3020 

COJ3 PAJ40S2 

PAJ40S1 
PAJ401 

PAJ403 

PAJ405 

PAJ407 

PAJ409 

PAJ4011 

PAJ4013 

PAJ4015 

PAJ4017 

PAJ4019 

PAJ4021 

PAJ4023 

PAJ4025 

PAJ4027 

PAJ4029 

PAJ402 

PAJ404 

PAJ406 

PAJ408 

PAJ4010 

PAJ4012 

PAJ4014 

PAJ4016 

PAJ4018 

PAJ4020 

PAJ4022 

PAJ4024 

PAJ4026 

PAJ4028 

PAJ4030 

COJ4 

PAL101 

PAL102 

COL1 

PAL201 

PAL202 COL2 

PAL302 PAL301 
COL3 

PAL401 

PAL402 
COL4 

PANT101 

PANT102 

CONT1 

PANT201 PANT202 

CONT2 

PANT201 
PANT202 

PAPS107 PAPS106 PAPS105 

PAPS104 PAPS102 PAPS101 
COPS1 

PAPS207 PAPS206 PAPS205 PAPS202 PAPS201 

COPS2 

PAPS307 PAPS306 PAPS305 PAPS302 PAPS301 
COPS3 

PAPS401 PAPS402 PAPS403 PAPS404 

COPS4 

PAQ101 

PAQ102 

PAQ103 COQ1 

PAQ203 

PAQ202 PAQ201 

COQ2 

PAQflt103 

PAQflt102 PAQflt101 

COQflt1 

PAQflt203 

PAQflt202 PAQflt201 

COQflt2 

PAQrdy101 PAQrdy102 

PAQrdy103 COQrdy1 

PAQrdy203 

PAQrdy202 PAQrdy201 
COQrdy2 

PAR101 

PAR102 

COR1 

PAR201 

PAR202 
COR2 

PAR301 PAR302 
COR3 

PAR401 PAR402 
COR4 PAR502 

PAR501 

COR5 

PAR602 

PAR601 
COR6 

PAR701 

PAR702 COR7 

PAR801 PAR802 

COR8 

PAR901 

PAR902 

COR9 
PAR1001 

PAR1002 COR10 
PAR1102 PAR1101 COR11 

PAR1201 

PAR1202 COR12 

PAR1301 

PAR1302 

COR13 

PAR1403 

PAR1402 

PAR1401 

COR14 

PAR1602 

PAR1601 COR16 
PAR1702 

PAR1701 COR17 

PAR1801 

PAR1802 

COR18 

PAR1902 

PAR1901 

COR19 

PARf102 

PARf101 

CORf1 

PARf201 

PARf202 
CORf2 

PARg101 

PARg102 

CORg1 

PARg201 
PARg202 
CORg2 

PARg301 
PARg302 

CORg3 
PARg401 PARg402 CORg4 

PARg501 

PARg502 
CORg5 

PARg601 

PARg602 

CORg6 
PARg701 

PARg702 

CORg7 
PARg801 PARg802 

CORg8 

PARled102 PARled101 
CORled1 

PARled201 PARled202 
CORled2 

PARled301 PARled302 
CORled3 

PARled401 PARled402 
CORled4 

PAU106 PAU105 PAU104 

PAU103 PAU102 PAU101 
COU1 

PAU206 PAU205 PAU204 
PAU203 PAU202 PAU201 

COU2 

PAU306 PAU305 PAU304 
PAU303 PAU302 PAU301 

COU3 

PAC1302 

PAC1602 

PAC3402 

PAC3502 

PAC3602 

PAIC1015 

PAIC2015 

PANT201 

PAPS404 

PAQflt102 

PAQflt202 

PAR602 

PAR702 

PAR1202 

PAR1302 

PARled102 

PARled302 

PAU105 PAU106 

PAU205 

PAU305 

PAC1802 

PAC2502 

PAIC501 

PAIC603 

PAC2002 

PAC2102 PAIC303 

PAIC401 

PAR1901 

PAC602 

PAC1702 PAD901 

PAIC205 

PAIC502 

PAJ20A3 

PAC302 

PAC1902 

PAD701 

PAIC105 

PAIC402 

PAJ10A1 

PAD802 

PAPS307 

PAD602 

PAPS207 

PAC102 

PAC402 

PAC702 

PAC902 

PAJ402 

PAJ403 PAJ404 

PAJ405 

PAL101 

PAL201 

PAL301 

PAL401 

PAC801 
PAIC201 

PAIC208 

PAJ20A4 

PAPS305 

PAC501 PAIC101 

PAIC108 

PAJ10A2 

PAPS205 

PAC2202 

PAC2302 

PAC2802 PAC2902 

PAIC308 

PAIC608 

PAJ304 

PANT202 

PAC3202 
PAIC708 

PAJ302 

PAPS107 

PAC3302 PAIC704 

PAJ301 

PAPS105 

PAJ3011 

PAJ4018 

PAJ3015 

PAJ4022 

PAJ3019 

PAJ4026 

PAJ3012 

PAJ4023 

PAJ3016 

PAJ4019 

PAJ3020 

PAJ4015 

PAJ4010 

PAU306 
PAC2201 

PAC2301 

PAC2801 PAC2901 

PAC3201 

PAC3301 
PACf402 

PACf602 

PAIC305 

PAIC605 

PAJ303 

PAJ307 PAJ308 

PANT102 

PAPS106 

PARg402 

PARg802 

PAJ309 

PAJ4016 

PAJ3013 

PAJ4020 

PAJ3017 

PAJ4024 

PAJ3010 

PAJ4025 

PAJ3014 

PAJ4021 

PAJ3018 

PAJ4017 

PAD402 

PAJ20A6 

PAC1502 

PAD501 

PAIC202 

PAR1101 

PAC1202 

PAD201 

PAIC102 

PAR501 

PAD102 

PAJ10B2 

PAIC2013 

PAQflt201 PAR1301 

PAU101 

PAU203 

PAIC1013 
PAQflt101 PAR701 

PAU103 

PAU201 
PAJ4012 

PAU104 

PAR401 

PAR1001 

PAU204 

PAIC206 PAJ20A5 

PAIC106 

PAJ10A3 

PAC101 

PAC201 

PAC401 

PAC701 

PAC901 PAC1001 

PAC1101 

PAC1301 

PAC1401 PAC1601 

PAC3401 

PAC3501 

PAC3601 

PADflt102 

PADflt202 

PAIC109 

PAIC1011 

PAIC1016 

PAIC209 

PAIC2011 

PAIC2016 

PAJ406 

PAJ407 PAJ408 

PAJ4011 

PAJ4013 PAJ4014 

PAJ4027 PAJ4028 

PAJ4030 

PANT101 

PAPS102 

PAPS202 

PAPS302 

PAPS401 PAPS403 

PAQ102 

PAQ202 

PAQrdy102 

PAQrdy202 

PAR101 

PAU102 

PAU202 

PAU302 

PAJ20B1 
PAR1401 

PAJ20B6 

PAR1403 

PAC202 
PAL102 PAPS101 

PAC1002 PAL302 

PAPS402 

PAC2402 
PAIC301 

PAC2601 

PAC2702 

PAR1601 
PAR1702 

PAC2602 

PAR1402 

PAR1602 

PAC3102 PAIC601 

PACf302 

PAIC706 

PARg102 

PARg201 
PACf401 

PAIC705 
PARg301 

PARg401 

PACf502 

PAIC702 
PARg502 

PARg601 PACf601 

PAIC703 
PARg701 

PARg801 

PAD101 
PAR502 

PAR102 

PAD401 

PAR1102 

PAD601 PAD702 

PAD801 PAD902 

PADflt101 

PARled201 

PADflt201 

PARled401 

PADrdy101 

PARled101 

PADrdy102 

PAQrdy103 

PADrdy201 

PARled301 

PADrdy202 

PAQrdy203 

PAIC1010 

PAQ103 

PAR202 

PAIC2010 PAQ203 PAR802 

PAL202 

PAPS201 

PAL402 

PAPS301 

PAQ101 

PAR402 

PAQ201 PAR1002 

PAQflt103 PARled202 

PAQflt203 PARled402 

PAU206 

PAU304 

PAJ10A5 

PAR1902 PARf102 

PAJ10A6 

PANT201 

PAIC306 

PARg602 

PAIC307 

PARg702 

PAJ4029 

PAR801 

PAJ401 

PAR201 

PAJ409 

PAR302 

PAR902 

PAC1402 

PAIC2014 PAR901 

PAC1102 

PAIC1014 

PAR301 

PAIC2012 

PAQrdy201 PAR1201 

PAU301 

PAIC1012 

PAQrdy101 PAR601 

PAU303 

PAC601 

PAC802 

PAC1501 

PAC1701 

PAC1801 

PAC2501 

PAC3001 PAC3101 PACf201 

PAD502 

PAIC203 

PAIC503 

PAIC604 

PAJ20A2 

PAPS306 

PAR1801 

PAC301 

PAC502 

PAC1201 

PAC1901 

PAC2001 

PAC2101 

PAC2401 

PACf101 

PAD202 

PAIC103 

PAIC304 

PAIC403 PAJ10B1 

PANT202 

PAPS206 

PACf102 

PAIC302 
PARf101 

PACf202 

PAIC602 

PARf201 

PAC2701 
PAC3002 PAR1701 PAR1802 PARf202 

PACf301 

PAIC707 

PAJ306 

PARg101 

PACf501 
PAIC701 

PAJ305 

PARg501 

PAIC606 

PARg202 

PAIC607 

PARg302 

(c) Inner Layer 2.

PAC102 

PAC101 

COC1 
PAC202 

PAC201 
COC2 

PAC301 

PAC302 
COC3 

PAC401 

PAC402 

COC4 

PAC501 

PAC502 COC5 

PAC601 

PAC602 
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Figure D.9: Gate Driver Board Layers.
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D.8.6 Current Sensor Board Layers
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