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Résumé

Les convertisseurs d’¢lectroniques de puissance sont des composants clés de la conversion et
gestion efficace de I’énergie électrique dans une large gamme d’applications. Pour des utilisations
véhiculaires, il est inévitablement nécessaire d’améliorer leurs performances et de réduire leur
taille. Ceci est particuliérement important dans le cas des convertisseurs a courant continu (CC) de
la chaine de traction ou des performances améliorées en réponse a une large gamme de variations
de charge sont recherchées tout en respectant les spécificités, caractéristiques et limitation d’espace
nécessaires aux véhicules électrifiés. Ces objectifs définissent une cible de recherche et en
particulier des progres sont essentiels dans le domaine des composants passifs, des dispositifs
semi-conducteurs, des topologies des convertisseurs et leurs commandes pour généraliser
’utilisation de véhicules électriques. Les composants passifs, en particulier les inductances de
puissance, sont des composants dominants qui affectent le volume global, le coflit et les
performances de ces convertisseurs d’électroniques de puissance.

Compte tenu de ces aspects, cette thése propose un concept de bobine variable afin de réduire le
poids et la taille des inductances de puissance qui sont traditionnellement encombrantes et ont une
gamme de fonctionnement assez limitée. En modulant la perméabilité du matériau magnétique, ce
concept améliore la capacité de gestion du courant des bobines de puissance, controle les
ondulations du courant et réduit les pertes magnétiques et par commutation, bien comme les
contraintes appliquées aux dispositifs de commutation. En outre, il permet 1’utilisation de noyaux
plus petits, ce qui entraine une réduction de masse et de volume, en permettant une amélioration
du fonctionnement du convertisseur et de ses performances globales. Cependant, pour 1’intégrer
aux convertisseurs CC-CC utilisés dans la chaine de traction, il est fondamental de se questionner
sur la conception du composant lui-méme, la sélection du matériau magnétique, la commande du
courant de I’enroulement auxiliaire et la gestion de la saturation du noyau magnétique. Cette these
aborde de maniere systématique ces différents défis de recherche.

Une attention particuliére est accordée a I’étude expérimentale d’un prototype de bobine variable
pour faire la preuve de concept a petite échelle afin d’explorer sa viabilité. Par la suite, une large
caractérisation par éléments finis a été développée pour déterminer le fonctionnement intrinseque
de ce composant passif. De plus, cette these propose une méthode systématique de design de
bobine variable basée sur le courant RMS pour réduire le surdimensionnement traditionnellement
associer aux inductances de puissance pour des applications véhiculaires. Dans cette
méthodologie, la sélection appropriée du matériau pour le noyau magnétique est une étape cruciale
pour garantir des convertisseurs plus petits et efficaces, donc une démarche de sélection simplifi¢e
basée sur la méthode des propriétés pondérées pour le choix de noyau magnétique approprié¢ au
besoin de I’application a été mis au point.

De plus, pour valider I’intégration de ce concept dans une topologie de convertisseur CC-CC
traditionnellement utilisée dans la chaine de traction des véhicules électrifiés, une méthode de
synthese affine a été utilisée pour définir les parameétres des contréleurs de courant et une stratégie
de gestion de la saturation du noyau a été proposée pour permettre le contréle dynamique de la



bobine variable. La commande du convertisseur et la stratégie ont été évaluées par simulation
d’une chaine de traction compléte d’un véhicule récréatif réel.

Les résultats expérimentaux a petite échelle et simulations a pleine échelle ont démontrés des
capacités intéressantes de cette bobine variable pour I’amélioration des performances des
convertisseurs CC-CC, ayant la capacité de gestion de la saturation du noyau magnétique tout en
réduisant la taille et le poids de ces composants passifs, dans le but de son utilisation dans la chaine
de traction des véhicules électrifiés.

Mots-clés: Synthese affine, processus de hiérarchie analytique, véhicule électrique, analyse par
¢léments finis, matériaux de noyau magnétique, convertisseur CC-CC, bobine variable, transport
durable, méthode de la propriété pondérée.



Abstract

Power electronics converters are key components and enable efficient conversion and management
of electrical energy in a wide range of applications. For vehicular use, there is an inevitable need
to improve their performance and reducing their size. This is particularly important in case of
powertrain DC-DC converters as they are required to have improved performance while respecting
the specifications, characteristics and stringent space limitations. These objectives define research
targets and a particular progress is essential in the field of passive components, semiconductor
devices, converter topologies and control. At the current state of technologies, the passive
components particularly the power inductors are dominant components which affect the overall
volume, cost and performance of power electronic converters.

Considering the aforementioned critical aspects, this thesis proposes a variable inductor (VI)
concept in order to reduce the weight and size power inductors which are traditionally bulky and
have fairly limited operating range. By modulating the permeability of the magnetic material, this
concept enhances the current handling capability of power inductors, controls the current ripples,
reduces the magnetic and switching losses, as well as the stresses applied to switching devices.
Furthermore, it enables the use of smaller cores which leads to the reduction of mass and volume
allowing improvements in the converter operation and its overall performance. However, to
integrate it into powertrain DC-DC converters, it is fundamental, to question the design of the
component itself, the selection of suitable magnetic core materials, and the control of current in
the auxiliary winding and saturation management of magnetic cores. This thesis systematically
addresses these different research challenges.

A particular attention is paid to the experimental study of a VI prototype to demonstrate the concept
on a small-scale in order to explore its viability. Subsequently a detailed characterization was
developed using finite element analysis to determine the intrinsic functionality of the passive
component. Furthermore, this thesis proposed an RMS current based VI design to reduce
oversizing of power inductors for electric vehicles application. In this methodology, the selection
of a suitable magnetic core material is a crucial step to assure smaller and efficient converters.
Hence, this thesis proposes a simplified approach based on weighted property method (WPM) for
an appropriate selection of magnetic core in accordance to the needs of the user.

Furthermore, to validate the integration of this concept in DC-DC converter topology used in the
powertrain of electrified vehicles, an affine parameterization method is used to design the control
parameters and a simple management strategy is proposed to enable dynamic control of the VI.
The converter control and the proposed strategy are evaluated through simulations of a complete
powertrain of a three-wheel recreational vehicle.

The small-scale experimental and simulations, and full-scale simulations have demonstrated an
interesting capacity of the VI for improving the performance of DC-DC converters for electrified
vehicles and manage the saturation of the magnetic core while reducing the size and weight of
magnetic components.



Keywords: Affine parameterization, analytical hierarchy process, electric vehicle, finite element
analysis, magnetic core materials, powertrain DC-DC converter, variable inductor, sustainable
transportation, weighted property method.



Table of Contents

TaADIE OF CONLENLS ...ttt ettt et sttt e e bt et st e sae e e enees ix
INOMENCIATUTE ...ttt ettt b e et sat et e e et e sbeentesenenbeennens xii
LSt OF FAGUIES ...ttt ettt ettt et e et esebeebeeeabeebaeesbeenseeenseenseeenseennns XVi
A 0 121 o) 1SS Xviii
Chapter 1 INtrOAUCTION.......cciiiiiieiieiie ettt et sttt e e steesbe e saeesbeessaeensaennneenne 1
1.1 Background and CONtEXt.........cceeeruerriieriieriieeieeiieeteeriee et esiee et e sseeebeesseeenreesenesnseenseeenne 1
1.2 General Overview of the Study SYStem .......cccoviieeiiiiieiiiecie e 4
1.2.1  Half-bridge Bidirectional DC-DC CONVETter...........ccceevierieeiiieniieeiienieeieesiee e 6
1.2.2 Variable INAUCLOT .......ccuiiiiiiiieiee ettt s 7

1.3 Scope and ODJECLIVES .....coueeuiiiiriiiiiiieritete ettt sttt et 10
| 01031 13'a 10] 113 o) 1 OSSPSR 11
1.5 Outline of the thesiS......c.oviiriiiiiiee e 12
Chapter 2 State-0f-the-ATt.....coouieieeiee et ettt saee e 14
2.1  DC-DC Converters for EV AppliCation.........c.cccveriieriieniieiiieeieeieeeieeieesreeveeseeeeeens 14
2.2 Wide Bandgap Switching Semiconductor DeviICes..........ceevveriieriienieeniienieeieenieeieans 22
2.3 Variable Inductor Topologies and Applications ...........ccccueevueerieeiieniieniienieeeesie e 23
23,1 BaCKEIOUNG .....ooiiiiiiieiieeieeieee ettt ettt ettt e e e e saeennaeenaeenne 23
2.3.2  TOPOIOZIES. c.uevieiiiie ettt ettt e e e et e e st e e st e e naee e s e e enbeeennbeeenaeas 24
233 APPLCALIONS ..ttt ettt et sttt st a e 26

B B O10) 113 (o] B2 16 N0 117 . USRS 26

B T 1110100 F: 3 oy PSR 28
Chapter 3~ Variable Inductor Based Bidirectional DC-DC Converter for Electric Vehicles .. 29
3.1 INEFOAUCTION .ttt ettt ettt et sate e bt eabeesbeeeaneens 31
3.2 Variable INdUCIOr CONCEPL .....ccuviieiiiieiiie ettt e e e e e e 33
3.2.1  Operating principle and ripple control...........cccevieiiriiiniiniiniinieneeeeceeee 33
3.2.2  VItopology for bidirectional Operation ............cceeecveerriieeriiieeniiieeniie e eeee e 34

3.3 SySteM DESCIIPLION ..eeevvieeiiieeiiieeiieeeiiee et et e e et e e e e e ebeeesbeeesnbeeennseeenseeennseesnnns 36
3.3.1  Main Converter Control DESIN..........cccueeriiiriieriiieiieiie et 37
3.3.2  Auxiliary Converter Control DeSi@N........ccccuieeiiieeiiiiiiieeeiieeeiieeeee e eevee e 39
3.3.3  Global Control OPeration .........c.cceccueeeiiieeiiiieeiiieeieeeeeeeeieeeereeesreeeereesssreesseeeens 41

3.4  Experimental Setup and Results..........cccooeuiiiiiniiiiiiiiiieeeeeeee e 42
3.5 COMCIUSION. ¢ttt ettt e be e et b e st e bt e eabeenbeeeabeens 48

3.6 ACKNOWIEAZMENT .....oiiiiiiiiiie ettt e e e e e e e e 48



Chapter 4  Characterization of variable inductors using finite element analysis ..................... 49

4.1 TNEPOAUCTION ..ttt ettt et b ettt e bt et e bt e b e st e naeenneas 51
4.2 Study System DeSCTIPLION ......eiiiiiieriieeciieesiee et et eeveeetee e e ree e s e e e sreeesaseeessseesnseeens 54
4.3  Variable Inductor operation and voltage induced in the auxiliary winding................... 55
4.4  Finite Element Modeling of Variable Inductor.............ccoecveeviieiiiniieiienieceeee e, 60
4.5  Results and ANALYSIS ...ccccuiieiiuiiiiiiieeiie ettt e e e e e eaneeen 61
4.5.1  L0SSES N the VI ..ooiiiiiiiiiiiiieeee et 61
4.5.2  Impact of voltage induced in the auxiliary winding .............ccceevvrevveniienienieeinens 64
4.5.3  Characterization of the Variable Inductor............c.cccecvviiviiiiiniiiiee e 69
4.5.4  Experimental Validation of the inductance characterization curve. ........................ 72
4.0 CONCIUSION. ...coutiiiiitieieete ettt ettt et a ettt se e bt et e e st et e enaesaeenseenneas 74
4.7 ACKNOWIEAZEMENLS .......eiiiiiiiiiiieieee ettt ettt et e 74
4.8 APPCIAIX ceiiiiieeiiieiie ettt ettt et e be e te e b e e ntaeebeeeaaeenbeensaeenteenaneenseeneas 75
Chapter 5 Design of Variable Inductor for Powertrain DC-DC Converter............cccccecueeueenee. 76
ST B 0315 o T L To7 5 [ ) s WSS RTR 78
5.2 Variable Inductor Design Procedure.............cceecuiiiiiiiiienieeiieiecieeeee e 79
5.3 Design of VI for a Bidirectional DC-DC CONVEILET ..........cccveerureeirienieeiienireereenieeieens 87
54  FEM Simulation of VI for a Bidirectional DC-DC Converter............ccccccevveevueeneenncnns 89
5.5 CONCIUSION. ...ttt ettt et sb et et e bt et e e st e sbeenbeseeenbeenteeneenees 91
5.6 ACKNOWIEAZMENT .....ooiiiiieiiiicie et e e ee s 91
Chapter 6  Comprehensive Comparison and Selection of Magnetic Materials for Powertrain
DC-DC CONVEILETLS. ...ccuiiiuiiiriiieiieeiie ettt ettt ettt e sbee st esaeesaneens 92
0.1 INEFOAUCTION ..ottt et ettt et e st e e bt e s bt e teeeateesnbeenbeessaeenseans 94
6.2 Magnetic MALEIIALS .....cc.eeiiriiiiiiieieee ettt 97
0.2.1  FOITIEE COTES...ccuueiiutiiiiieiiieite ettt ettt ettt et et sbe e sbe e i e 97
6.2.2  Powdered Core MaterialS..........ceoouiiiieiiiiiieeieeie et e 97
6.2.3  AmOrphous Metal COTES .......ccueriiriiiiiiriiniieieeteeie ettt 99
6.2.4  NanoCTyStalliNeg COTES.......cccvreriiiieiiieeiiieeiieeeiieeerteeereeeaeeesaeeesebeeesreesnnaeesnsseeens 99
6.2.5 Laminated Iron AlLOY COTES ......cccueeiieriieiieiieeieerie ettt 100
6.2.6  SUMMATY Of COMPATISON ..cuuiiiiiieiiieiiieriie et eniee ettt ettt e bt e e ebeessaeebeeseaesaseens 100
0.2.7  COTE SRAPES ...eeeeiieiiiieeiie ettt et e et e et e et e e et e e s ae e s e e e e e e areeenaaeenneas 103
6.3 Selection Of MAZNELIC COTES......eeiuiiriiiiiieiieetieie ettt ettt et et e e bt e seeesteesaeeenbeenenas 105
0.3.1  CODWED ChaTT ..ottt 105
T 0 O T I 1 16 2R 110
0.4 CONCIUSION. .....eiuiiiiiiitieieet ettt ettt b ettt st sbe et s bt e be et e saeenbeentean 112



0.5  ACKNOWISAZMENL ....ocuviiiiiiiiiiiiecieee ettt et 113

0.0 APPENAIX .oiiniieiiiieiieeieeite ettt ettt et e et e b e tae e be e taeenbeensaeenbeensaeenbeeneas 113
Chapter 7  Performance Enhancement of Powertrain DC-DC Converters Using Variable
INAUCTOT c.e ettt ettt sb et et sbe e 115
/% S U115 (o T L To7 5 o ) s USSR 117
7.2 System Description and DeSIZN ........cccuvieeiiiiieiiieeiie et eeee e e e en 119
7.3 Modeling and COontrol ........cccooieeiieiiiiiiieiieeieee ettt e eebee e 122
7.3.1  Variable Inductor Modeling using FEA ..........ccccooiiiiiiiiiece e, 122
7.3.2  Converter MOAEING ......c.ceevuiiiiiie ettt eree s e e e e eeeeaeeenaeas 123
7.3.3  CONtrol DESIZN ...eiiuiieiiieiiieiieeieeite ettt ettt e e beesaeesbeessaeebeessaesnaens 125
7.3.4  Current fOllOWer Strate@Y ......ooouieiiiiiieiieeieee et 128
7.4  Simulation and Evaluations...........ccceeiiiieiiiieiiieeeece e e 129
741 SIMULAtION SYSEEIM ..eouviiiiiiiiiieiieiie ettt ettt teesieeebeesaeesbeessaeesseessnesasaens 129
742 EVAIUALIONS.....ccoiiieeiiieciie ettt et e e e et e e s e e e sab e e e sabeeesseeennreeenneas 130
7.5 CONCIUSION.....cciiiiiiiieeciee ettt et e ettt e e te e et e e et e e e taeeebaeesabaeessseeessseeesseeesseeesseessseenns 135
7.6 ACKNOWISAZMENL ....ocvviiiiiiiieiiiciiee ettt et eebeesaaeesseenenas 135
Chapter 8  Conclusions and Future DIireCtions..........cccueeevuieeeiieiciieeciie e 136
B.1  CONCIUSIONS ....uviieiiieeciiieeeieeeeitee e et e e et e et e e etaeeeaaeeebaeesssaeesssaeesssaeessseeensseeensseeensseeennns 136
8.2 FULUIE DITECLIONS ...c..eetieiiiiiieiieiie ettt ettt ettt et s et et e b e naeenee e 137
8.3 ConcClusions (FR)....c.uiiiiiiiieiieiit ettt ettt et ettt 138

RETCTEIICES .eneeeeeeeeeeee et e e e e ettt e e e e e e e e e e eaae e e e e e e e e aaeeeaeeeaaaeaaaaaaaaeeeraaes 141



Nomenclature

Variables

Ac Cross-sectional area of the core
Apmew  The cross-sectional area of the main winding
Apqes  Desired Area product

As area The total surface area of the core

B Magnetic field density

B; The magnetic field density in core 1
B, The magnetic field density in core 2
Bpnax Maximum Flux density

Bsq:  Saturation flux density

d e Diameter of the control winding wires
Dmar ~ Maximum Value of the duty cycle
Dpmin  Minimum Value of the duty cycle
Dnom  Minimum Value of the duty cycle

E Strip width

Eq Energy stored in the power inductor
H Magnetic field intensity

H; Magnetic field intensity of core 1
H, Magnetic field intensity of core 2

I, Auxiliary winding current
Auxiliary winding RMS current
Ispk,; Peak current across the i switch
Izys  Inductor current RMS value

iy Main winding current

Aig Inductor current ripple



Aig,, Peak to peak current ripple

Iy,ms Main winding RMS current

is sac Main winding saturation current

Ji Current density

K,xand y Steinmetz parameters

Ky, Gap loss coefficient

Kps A factor to consider the non-sinusoidal nature of the waveform for power converters
Ké’ Proportional gain of the auxiliary winding current controller

Ky Proportional gain of the current controller (PI)

Ky Proportional gain of the voltage controller (PI)

K Integral gain of the auxiliary winding current controller

Kf Integral gains of the current controller (PI)
K/ Integral gains of the voltage controller (PI)

K, Window utilization factor

K,,  Actual window utilization factor

1 Mean length of the magnetic core

Lqif  Differential inductance

ly Length of the air gap

L,  Main winding inductance

Ls Inductance of the power inductor

Lmin  Minimum value of inductance

M Mutual inductance

M. Mass of the core material

MLT, Mean length a single turn of the auxiliary winding
MLT,, Mean length a single turn of the main winding

N, Auxiliary winding number of turns

Ny, The main winding number of turns

Popper Copper losses of the power inductor

Piom  Nominal power

P, Core losses

P, 7ot Total losses in the power inductor

T Current ripple factor



Wam

Resistance of the main winding
Auxiliary winding, the resistance
Switching period

Temperature rise

Voltage induced in the auxiliary winding
Average DC-link voltage

The peak voltage across the i switch
Voltage induced in the main winding
Output voltage range

Nominal output voltage

Input voltage

Minimum value of input voltage
Nominal input voltage

Voltage ripple

Area occupied by the main winding conductors

W, .rs Effective window area

Greek symbols

p Scaling factor

y Performance Index

¢ Damping factor, and z is the zero

5 Skin depth

A Flux linkage in core 1

Ay Flux linkage in core 2

U Permeability of the core material

U1 Permeability of core 1

Uz Permeability of core 2

Wy Undamped natural frequency

Abbreviations
AHP Analytical hierarchy processes
CCM Continuous Conduction Mode

COy

Carbon Dioxide



CR consistency ratio

EMI Electromagnetic interference
ESS Energy Storage System

e-TESC e-Transport, Energy Storage and Conversion
EV Electric vehicles

FEA Finite Element Analysis

FEM Finite Element Method

HEV Hybrid electric vehicles

IC Integrated Circuits

IGBT Insulated Gate Bipolar Transistor
GHG greenhouse gas

MMF magnetomotive force

MOSFET Metal-Oxide Semiconductor Field-Effect Transistor

NMPZ Non-minimum phase zero

PI Proportional-integral

PID Proportional-integral-and derivative
PWM Pulse width Modulation

RMS Root mean Square

Si Silicon

SSP Switching stress parameter

VI Variable Inductor

WBG Wide band gap

WPM Weighted Property Method
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Chapter 1 Introduction

1.1 Background and Context

Our world is witnessing urgent and growing threats of climate change. This is mainly due to
greenhouse gases (GHGs) emission leading to global warming, resulting in environmental and
health risks. The scope and intensity of these risks will increase and it will be a significant threat
for the generations to come [1]. Hence, sustainable actions are needed to deal with this global
issue. The transportation sector, which uses about 20% of the global primary energy (Figure 1.1),
emits about 8.6 Gt of CO:e per year. The scale of this sector is expected to grow at a faster pace
due to growing demand of vehicles. This demand represents incredible challenges in exacerbating
climate change threats and energy scarcity [2]. Furthermore, the mercurial costs of fossil fuels and
their future uncertainty puts additional pressure on the socio-economic development of our world.
To tackle these global problems, there is a growing interest for the development of environmentally

friendly and efficient electrified vehicles.

i Residential

H Commercial

i Industrial

® Transportation

H Electric Power

Figure 1.1: Global Energy Consumption by Sector in 2018 [3].

Electrified vehicles help in reducing GHG emission and fossil fuel reliance leading to worth
recording health, economic and environmental benefits [4], [5], [6]. Furthermore, they will play a
significant role in the transformation of the transportation sector to meet the global sustainable
development goals. Subsequently, several countries and institutions are setting lofty goals to
reduce and finally end the sale of gas and diesel powered vehicles starting from 2040 [7]. Hence,

the electrified vehicles market is showing a promising trend in the automotive industry. The global
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sales of electrified vehicles exceeded 5.1 million in 2018 [8]. The trend is expected to increase

faster due to stringent CO» regulations, plummeting battery prices and global awareness.

The aforementioned reasons have driven an increased interest in research and innovations to
increase the rate of transportation electrification. Major emphasis is given to reducing the size,
weight, volume, cost and enhancing the performance of energy storage systems, power converters
and electric motors. In this context, significant improvements are achieved in terms of reducing
the cost, improving the performance and reducing the cost of power electronic converters, electric
motors and energy storage systems [9]. Nonetheless, still there is a long way and additional
research is needed to increase the penetration of electrified vehicles for long lasting impact of the

transportation sector electrification.

This thesis focuses on accelerating this trend by developing more efficient, more compact and
more reliable power electronic converters for electric vehicles. Power electronic converters are
required for processing, controlling and conversion electrical energy in electrified vehicles. They
are key enabling technologies for achieving fuel economy, reducing CO2 emission goals and oil
reliance. Next to the energy storage systems, the power electronic converters are the most
expensive and they dominate the size and weight. Furthermore, they are the most vital components
as they are used as a bridge for charging the energy sources, delivering power to traction motor
and auxiliary converters. Therefore, there is a critical need to improve their performance, reduce
their size, weight and cost. In electrified vehicles, smaller size and higher performance power
converters are key requirements, and they are influenced by circuit components such as passive
components. This mandates innovations, in converter topologies, control, materials, passive
(inductors and capacitors) and active components. The size and weight of power electronic
converters in EVs is dominated by the bulky and saturation limited power inductors. Hence,
reducing their size and weight and controlling their saturation behavior provides an opportunity in
addressing the aforementioned issues and introduces a challenge of controlling and integrating it

to existing and new converter topologies.

This research seeks a practical solution for scaling down the size of magnetic components by
controlling the saturation of magnetic core materials using the variable inductor concept, in order

to reduce size and enhance the performance of EV converters. The size reduction of the magnetic



component is achieved using a small dc current injected in an auxiliary winding of the magnetic
component. The small dc current in the auxiliary winding will be used to control of the saturation
characteristics of the magnetic core enabling it to operate in different conditions leading to the
enhancement of the current handling capability of the magnetic core. This adds a major merit in
magnetic core optimization, converter operation and performance enhancement. However, it
introduces realization, modeling, characterization, design and suitable magnetic materials
selection challenges. Furthermore a closed loop control of the overall system and a strategy are
vital for the integration of the VI in power electronic converters for electrified vehicles. This thesis

systematically addresses these different research challenges.

This thesis is completed at the electric — Transport, Energy Storage and Conversion Laboratory (e-
TESC Lab.), University of Sherbrooke, Quebec, Canada. It is part of the Canada Research Chair
in Efficient Electric Vehicles with Hybridized Energy Storage Systems aiming at improving the
efficiency and performance of the components of EVs and HEVs. The Chair has four research axes
focused on energy management, design and control of electrical machines, design, control and
development of power electronic converters for EV applications and energy storage systems. This
PhD thesis is under the power electronics axis focused on the size and weight reduction and
performance of enhancement of the DC-DC converters for sustainable transportation application.

A schematic summary is provided in Figure 1.2.
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Figure 1.2: Context and position of the thesis at e-TESC lab

1.2 General Overview of the Study System

The overall schematic diagram for illustrating the powertrain of an electric vehicle and the main
components that make up the complete system is depicted in Figure 1.3. It is composed of ESSs,
bidirectional DC-DC converter, a DC-DC converter for powering up the auxiliary components, an
inverter (DC/AC) a powertrain (consisting of an electric motor and the drivetrain) and the control

[10].



The energy storage systems could be battery, supercapacitor, flywheel, fuel cell or else a
combination based on the specific requirements. Due to the wide range load variations in typical
EVs, none of these technologies can fulfil power demand of EVs independently [11]. Coupling
multiple ESS with complementary characteristics is essential to meet higher load demands or

driving range.

The power electronics converters play a key role in obtaining adjustable speed performances. The
bidirectional DC-DC converter is the heart of the electric drive system, and it is used for
converting, regulating, transferring and interfacing the low voltage from the ESSs to the high
voltage dc-link in the propelling mode and vice-versa in the regenerative mode. Furthermore, the
DC-DC converter connected to the accessories is used to provide power to the auxiliary
components of the EV. The inverter (DC-AC converter) is used to convert DC supply into
multiphase AC supply to drive the drivetrain of an EV.

CDC'DC Accessories A
onverter -

| | DC-bus

Energy DC-DC T | DC-AC

Source1 Converter Cdéc | Converter |

Generating Mode

Energy DC-DC
Source n Converter

Figure 1.3: Schematic diagram of electric drive components

The electrical motor provides the rotational speed and torque to the mechanical load to propel the
EV system. . The transmission system converts the motor torque into a higher torque value in order
to turn the wheels. In EVs, the mechanical load is composed of the road characteristics, the wheels,
the vehicle components and passengers’ masses. The control system is governed by control
algorithms and is used to control the key variables of an EV such as rotational speed, torque,

currents and voltages.
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In all the aforementioned converters, the magnetic component and the capacitor are very vital and
dominant components. They significantly influence the size, weight, cost and performance [12].
As such, this thesis aims at the miniaturization of the bidirectional DC-DC converter, improving
the current handling capability of the power inductor and enhancing the performance of the

converter by managing the saturation level of the power inductor.

1.2.1 Half-bridge Bidirectional DC-DC Converter

The thesis is based on a half-bridge DC-DC converter shown in Figure 1.4. It is composed of an
energy storage system (ESS), a half-bridge DC-DC converter, dc-link capacitor, the powertrain of
an EV and the control layer. To reduce the size of such type of converters, the saturating power
inductor is replaced with a VI. The VI is composed of two windings, the main winding and the
auxiliary winding (for providing controlled current to regulate the saturation level of the main
winding). This enable the control of the saturation of the power inductor in such bidirectional DC-

DC converters.

The control layer includes the controllers for the bidirectional converter and a strategy for the
auxiliary winding of the VI. The function of the dc-link controller is to maintain the dc-link voltage
at the desired levels, attenuate ripple current, reduce EMI and suppress surge voltage caused by
leakage inductance and switching operations [13]. Furthermore, it decouples the DC voltage
source and provides low impedance path for ripple currents associated with the inverter. In
motoring mode, the DC-link voltage tends to fall to provide more power to the load but in case of
regeneration mode, the DC-link voltage tends to increase, hence the DC-link controller helps in
regulating the DC-link voltage for the smooth operation of the vehicle in different modes of

operation [14].

The current controller of the bidirectional DC-DC converter monitors the current to be delivered
by the ESSs during propelling mode of operation and vice-versa in regenerative mode. This
converter topology is selected due to its worth recording benefits in simplicity. The management
strategy layer is used for determining the modes of operation of the VI and the amount of auxiliary
winding current needed by the auxiliary winding in order to regulate the magnetic properties of

the variable inductor.



Ip _ i’ s ia
| 2-D Lookup > >
is Table L S Load

1 I B I

D]_ : |

Variable A_| v lde | 1| inverter :

Inductor | Powertrain |

+ || [

i £y | '

i) o Ve | =

+ - |

Ls S i :

—| v _| Dz : |

—_ S A \ X _ _ _____ JI

R _:
is :
-y ;.| DC-Link -y Vo :
Current I's dc :
«—( )=—— Voltage = ( )+——
Controller + Controller +

Figure 1.4: Schematic Diagram of the Study System

1.2.2 Variable Inductor

The variable inductor (VI) is a current controlled magnetic device [15], [16]. Unlike classical
power inductors, it is composed of two groups of windings (main and auxiliary). The main winding
carries the main winding current and the auxiliary winding is used for providing a small dc current.
The small current in the auxiliary winding is used for adjusting the magnetic property of the
magnetic core in the B-H curve. The principle of operation of the VI concept is based on the
fundamental electromagnetism laws. It can be illustrated with the simplest VI topology shown in

Figure 1.5.
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Figure 1.5: Simple VI configuration with one main and one auxiliary windings

Using Ampere’s law, the flux intensity as a function of both the main winding and auxiliary
winding parameters such as the number of windings and currents of each winding can be written

as:

Nmis B Ncib
H=—"7" (1.1)

where H, N, is , N., i;, and [ are the magnetic field intensity of the magnetic core, the total main
winding number of turns, the main winding current, the auxiliary winding total number of turns,

the auxiliary winding current and the mean length of the magnetic core in respective order.

The magnetic flux density, B and the magnetic field intensity, H, are related by the permeability

of the material, u, as:
B = uH (1.2)
The total flux of a magnetic coil multiplied by the number of turns gives the flux linkage (1).
A= Np jL BdA = N,,BA (1.3)

Replacing B in (1.3) by (1.2), the linkage flux (1) can be written as:

A= N,,uHA (1.4)



Rewriting the magnetic flux intensity in terms of the main current and auxiliary current, the flux
linkage in the magnetic core can be expressed as:

N, i. — N.i .
A:NmuA(—msl < (1.5)

From the flux linkages in (1.5) the apparent (absolute) inductances L of the main windings can be

calculated as shown in (1.6).

1 (1.6)

Replacing A in (1.6) with (1.5) the inductance can be written as:

N (et el 0
L =

is

As clearly shown in (1.7), the inductance depends up on several variables. To vary the inductance,
it is required to change any of the variables revealed in (1.7). The number of turns, the cross-
sectional area and the mean length depend on the geometry of the magnetic material and require
moving or replacing parts to adjust the inductance. Hence, it is cumbersome to change one of these
parameters. However, the control current can be easily controlled to adjust the permeability of the
material leading to the change of effective inductance by changing the core material property
instead of the physical structure. From (1.7), it can be shown that the inductance of a magnetic
material depends up on the permeability of the magnetic core and it depends up on the
magnetomotive force (MMF). Hence, by changing the MMF either by adding to the main winding
MMF or by subtracting from the main winding MMF, the permeability of the magnetic core can

be modified, hence it can be used to adjust the effective inductance of the main power inductor.

The topology presented in Figure 1.5, is simple and suitable to illustrate the VI concept and its
principle of operation. Nonetheless, it is prone to parametric coupling between the two windings.
The parametric coupling leads to higher voltage induced in the auxiliary winding that can damage
the auxiliary winding circuit. These phenomena of this configuration can be clearly shown with

analytical expressions.
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The voltage induced in the main winding can be expressed as:

di, (t) dip (t) 18
a M (1.8)

vm(t) =Lpy

In a similar manner, the voltage induced in the auxiliary winding can be expressed as in (1.9):

dip(t) y dip(t) (1.9)

t)=1L
vp (1) b T dt dt

where L,, , M, i,,, and i, are the main winding inductance, the mutual inductance, the main
winding current and the auxiliary winding current in respective order. By keeping the auxiliary
winding current constant, the voltage induced in the main winding due to the auxiliary winding
and its effects can be minimized. Nonetheless, as the current in the main winding is quite large and
it is varying in nature, there will be an induced voltage in the auxiliary winding due to the main
winding current. At times, it can be very large and can damage the auxiliary circuit. To overcome
the aforementioned issue, several topologies are proposed in literature. In this thesis a two
magnetically decoupled cores based VI topology is used in order to avoid the parametric coupling
in the magnetic device. The detailed studies of the topology, its operation and detailed

characterization are presented in [17].

1.3 Scope and Objectives

The focus of this thesis is to improve the performance of bidirectional DC-DC converters in
traction systems while reducing the size, cost and volume. Particular emphasis is given to the bulky
power inductor. The conventional power inductor is replaced with a two winding VI, where one
winding is used to regulate the magnetic property of the magnetic material in order to adjust its
permeability using a small control current. A small current is used to produce a magnetic field in
opposing direction to the main winding; hence delaying its saturation. This enhances the current
handling capability of the magnetic material, which means a magnetic core designed for small
currents can be used for higher currents. The reduction in the magnetic material with this approach

mitigates the critical weight issue and enables more compact integrated design and implementation



11

of power electronic converters. The small DC current in the auxiliary winding provides control of
the saturation characteristics of the magnetic core. However, it introduces realization and control
challenges. To this end, this thesis provides detailed characterization of the current controlled
magnetic device (VI) in order to understand its operation for addressing its challenges of
integrating in power electronic converters. Furthermore, a systematic design procedure is proposed
in order to benefit from the feature of the current controlled magnetic device. Besides, a closed
loop control system, which consists of the converter control and a strategy to determine the
operation of the device is developed and verified with simulations for large scale powertrain DC-

DC power conversion.
The main objectives of this thesis are:

v" To explore a way of improving the existing practices of building DC-DC converters for the
next generation electrified vehicles by incorporating the VI.

v To provide detailed experimental and simulation characterization of the small-scale VI to
demonstrate the concept to explore its viability, its intrinsic functionality and to extract
essential parameters for integrating it to power electronic converters.

v To provide a systematic design procedure of VI for electrified vehicles and selection of
suitable magnetic core materials for powertrain DC-DC converters.

v' To develop a dynamic model of the device considering the target application and
accordingly develop an integrated closed loop control with a strategy to enable continuous

regulation of the magnetic properties of the VI.

1.4 Contributions

The main contributions of this work are summarized, and the detailed contributions are included

in five published papers.

1. Experimental Characterization of a small-scale proof of concept VI (IEEE TVT 2017)
2. Characterization of VI using the FEM simulations in order to investigate its viability and to

extract essential parameters for its integration to power electronic converters (SIMPAT 2019).
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3. A systematic design of VI and selection of suitable magnetic core materials (IET EST 2019
and IEEE ISIE 2019).

4. Modeling of VI considering the target application and accordingly develop an integrated closed
loop control and a simple strategy to enable continuous regulation of the magnetic properties

of the VI (IET EST 2020)

1.5 Outline of the thesis

This thesis presents the use of VI concept to control saturation of magnetic cores to enable size
and volume reduction and performance enhancement of power electronic converters for electrified

vehicles. It is organized into eight chapters.

The first chapter provides a general introduction, overview of the study system, the objectives and

main contributions of the thesis.

Chapter 2 provides the detailed literature review on bidirectional DC-DC converters for EV
applications, Wide Band Gap (WBG) switching devices and VI topologies and applications for the
purpose of enhancing the efficiency and reducing the volume, weight and cost of the power train

DC-DC converters.

The third chapter presents the experimental characterization of a VI in regards, its current ripple

control capability and its control, and its integration in a small-scale prototype.

Chapter 4 provides the characterization of VI to verify its suitability for DC-DC converters with
wide range of load variations using Finite Element Analysis tool MagNet Infolytica software. The
inductance characterization, the losses and improvements in the saturation level are used to
quantify the capability of the VI. The characterization and analysis are essential base for
researchers and designers to integrate the VI in converters and help them in choosing suitable VI

configurations for their application.

Chapter 5 provides a step by step design procedure of a VI considering the nature and requirements

of a three-wheel recreational electric vehicle.
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Chapter 6 presents systematic approach for selecting suitable magnetic core materials and a
comprehensive review of magnetic core materials for powertrain DC-DC converters as a

supplement to the design of VL.

Chapter 7 provides the dynamic modelling of VI considering the target application and the
development of an integrated control loop and a simple strategy to enable continuous regulation
of magnetic properties of the VI and analysis of the performance enhancements due to its

introduction to powertrain DC-DC converters.

Finally, the main concluding remarks and possible future trends of this thesis work are provided

in the last chapter.



Chapter 2 State-of-the-Art

2.1 DC-DC Converters for EV Application

The generic schematic of the state-of-the-art architecture of EV with its vital power electronic
converters, ESSs and an electrical motor is revealed in Figure 2.1. The role of bidirectional DC-
DC converter is very significant, especially in terms better utilization of energy sources, power
management, dynamic performance, flexibility, system optimization and reduction of weight and
cost [18]. Furthermore, these converters enable the hybridization of energy sources. Thereby
enhancing the lifetime of batteries, efficiency and reliability and cost reduction of energy storage
systems. Besides stepping up the energy storage systems voltage to a higher dc-link voltage, they
are used to decouple the battery voltage variations and enable the reduction of the oversizing of the

electric motor [19].

Y

Propelling Mode

- Boost -
> P Inverter > Motor
Energy DC-DC
Sources P Converter Rectifier | Generator
« Buck i -

Regenerative Mode

A

Figure 2.1: Schematic Diagram of EV System Components

DC-DC converters enable electrical drives to make full use of their power sources, increase their
power density and provide bidirectional power flow capability. In the forward power flow mode,
the voltage from the energy storage systems is stepped up by the DC-DC Converter to the dc-link
voltage level and a three-phase inverter change the stepped-up voltage into three-phase voltage to
drive the motor and create the required torque. On the other hand, when, the electric motor works
as a generator, the regenerated energy flows backwards to recharge the ESSs and the inverter
operates as a rectifier and the bidirectional converter works as buck converter to charge the ESSs
[11]. These converters should be smaller size, lighter in weight, and have lower cost and higher
performance. This is particularly important in transportation electrification due to stringent space

limitations. Nonetheless, downsizing of high power DC-DC converters and improving their
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performance efficiency is challenging [20], due to the presence of bulky and heavy passive

components.

Sometimes, the battery packs can be directly connected to the dc-link in parallel with the dc-link
capacitor [21]. If the ratio the dc-link to the battery voltage is much higher than the battery pack
voltage, a number of battery modules/sub-packs are connected in series. This requires more space,
increases the cost, deteriorate the reliability, adds additional critical failure points, complexity to
the battery equalization circuitry, and require more maintenance [22]. Furthermore, if the battery
packs are connected directly to the dc-link, the battery lifetime will be affected due to the current
variations [23]. Lower inverter input voltages will affect the efficiency and the cost due to higher
currents. Currently, the commonly used motor drive voltage tends to be significantly higher than
the typical battery voltage, generally 500-700V. At these voltages, the conductors in the motors
can be smaller, allowing for higher density and higher power rating motor drive components.
Therefore, there is an immense need of high-step up and higher efficiency power electronic

converters for higher power applications in EVs [24].

With a particular emphasis of improving the efficiency, voltage gain, power handling capability,
size, volume and power density, several step-up converters with different configurations and
topologies are presented in [25], [26], [27]. Reference [26], identified the most commonly used
step-up topologies and noted the fundamental challenges of several topologies. Accordingly,
categorized them based on their circuit configurations and their applications. The comprehensive

comparison of bidirectional converter topologies and their control schemes is provided in [27].

For EV applications, the DC-DC converters are needed to have a high efficiency, low cost, compact
design and smaller input current and output voltage ripples [28]. Furthermore, they are required to
have bidirectional power flow capability and they can be classified as non-isolated and isolated
ones [29], [27]. The first group of converters are suitable in applications where galvanic isolation
i1s not important and they have reduced size, weight and volume, better efficiency and less
components count [30], [31]. Such types of converters are suitable for applications where smaller
size and weight are important requirements such as automotive applications. Isolated boost

converters provide high boost ratio and they are suitable for interfacing energy storage systems
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such as batteries, fuel cells and supercapacitor. Besides, isolation and safety, they have salient
features in current regulation, adaptable step up ratio adjustment and transfer energy over wider
range of voltage [26], [32]. These converters are suitable for on-board applications [33].
Nonetheless, these converters are composed of high frequency isolating transformer and more
passive components that add up to the components count and affect the efficacy of the converter
for EV applications. The use of isolated DC-DC converters reduces the power density and increases
the cost and complexity. Due to all the aforementioned facts, for applications such as traction,
where efficiency, size, weight and low cost are stringent requirements, the non-isolated converters

are more attractive and preferable [23].

The non-isolated converters can also be classified into conventional, multilevel, interleaved,
switched capacitor, and derived converters. Some of the commonly used conventional, derived and
multilevel converters are shown in Figure 2.2. The class C DC-DC Chopper (half-bridge) shown
in Figure 2.2 (a) is the simplest and low cost converter that can be used for stepping up voltage for
EV applications without isolation [34], [35]. However, it needs to operate at higher duty cycle for
high step up voltage and this leads to more ripple and larger passive components. This also
introduces practical implementation challenges due to reverse recovery issues and massive losses.
Furthermore, operating at higher duty cycles causes high switching stress resulting in more losses

and larger heat sinks [26].

Furthermore, new converter topologies derived from cascading of the conventional converters can
be obtained. Cascading the conventional converters can increase the flexibility of voltage gain
variation and can help in reducing the input current ripples. Unfortunately, the higher number of
passive components, active switches and diodes complicate the system control, deteriorate the
efficiency and robustness of the system [26], [36]. Hence, cascading is not suitable approach for

high power density and higher efficiency converters for EV.

Multilevel topology of converters offers high step up voltage for high power applications. The
rating of the switching devices is greatly reduced resulting in increased efficiency and fault
tolerance capability. Nonetheless, this family of converters require voltage balancing circuits which
complicate and increase the size of the converters. Furthermore, these types of converters require

complicated control structures [37]. They are characterized by low voltage stress, smaller passive
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components, reduced losses and EMI, and they are applicable for high power applications [38].
Nonetheless the voltage unbalance between different levels and higher number of output capacitors

increase the components count and complicate the control circuitry [36], [39].

In the pursuit of increasing the power level of power electronics converters at higher efficiency,
performance and power density, paralleling of devices has been considered as one of the common
solutions for increasing the power levels, but this solution fails to correct the input and output
ripples. Furthermore, it requires current balancing circuits which complicate the system and affect

the overall size of the converter [26], [40].
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Interleaving multiple cells to increase the power levels and simultaneously splitting the overall
system into smaller sub systems with relatively low power rating is one technique for stepping up
voltage without the need of extreme duty cycles. This technique provides promising significance
in reducing device stress, reducing filter size, current ripple, harmonic reduction, reducing the size
of output filter capacitors, enhancing power density, improving performance efficiency and better
reliability [28], [41],[42], [43]. Furthermore, the interleaved converter can be used to improve the
efficiency by partial operation of the individual phases at light loads and improve the reliability
under faulty condition of one of the phases [28]. Subsequently, several interleaved based converters

are proposed in literature and some of them are provided in Figure 2.3.

Increasing the number of phases in interleaving greatly reduces the filter size (volume by (1/N?)
times, device stresses and enhance the dynamic response [41]. The reduction of current ripple
content in the total current relieves the current stress on both high and low side capacitors.
Furthermore, The power inductors in interleaved converters can be integrated in a single core with
specific coupling methods in order to reduce the size of the magnetic core and reducing the
switching losses resulting in improved efficiency and easier thermal management [44], [45]. The
performance and power density of interleaved converters can further be enhanced by coupled
inductors where all the inductors are wound in the same magnetic core. Furthermore, by the use of
inverse coupling, the circulating currents can be suppressed and the transient performance can also
be enhanced [46]. The salient features of these types of converters makes them attractive for the
automotive applications where smaller space and lighter weight are stringent requirements.
However, there is a considerable leakage inductance due to the non-ideal coupling of the coupled
inductors that results in high voltage spikes, parasitic ringing and losses in the converter, which
make the converter performance degraded. Hence, they require additional circuitry and have
complex control and driving circuitry to compensate these effects [47]. Besides the increase of cost
and components count, these converters require multiple current sensors and are prone to unbalance

of currents [30].

Double dual boost converter [48], [49], and multi-device interleaved boost converters [50] are also
proposed. Though, these topologies can be used in cancelling the ripple currents and reducing the
size of input and output filters, the higher number of components count increases the cost, control

complexity and reduces the reliability.
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Floating interleaved power converters are proposed in [51]. These converters provide notable
significance in controlling the current ripple and improving the power density of converters for
ESSs such as batteries and fuel cells. Nevertheless, the higher number of active components leads

to higher cost and control complexity.

To increase the voltage gain limit of interleaved boost converters, voltage doubler is introduced in
[52]. A unity turn ratio autotransformer is used for equally sharing the currents between the
switches. This configuration reduces the current ripple and voltage stress of the switches.
Nevertheless, the autotransformer increases the size and cost. A two phase interleaved charge pump
topology with high voltage conversion capability, higher efficiency and simpler control strategy is
presented in [53]. Unlike the classical interleaved converters, this topology uses two switches in

the same path and have additional charge pump capacitor.

An impedance (Z) source inverter which incorporates the functionalities of both DC-DC converters
and inverter is used to connect the energy storage systems (ESS) to the motor [54]. This
configuration has less number of switching components, at the expense of bulky passive

components [37].

To recap, the state-of-the-art DC-DC converters for high power EV applications several topologies
are presented in Figure 2.2 and Figure 2.3, and a summary of their comparison considering their
merits and demerits, voltage ratio, switching devices stress and number of active and passive

components is provided in Table 2.1.

Several topologies are presented in literature. To improve the performance and reduce the size of
components in the topologies, new trends in topologies, control, switching devices such as
introducing wide bandgap (WBG) switching devices and improvements in passive components are
needed. The comparison of the state-of-the-art converter topologies is provided in order to choose
suitable candidates. WBG switching devices provide an opportunity for scaling down passive
components and reducing switching losses. Nonetheless, as they are in their nascent stage, still a
lot of work is needed. At the state of current technologies, the use of VI can play a significant role
in reducing the size of magnetic components. It is important to note that with advancements in the

WBG topologies, the VI can be integrated in WBG based converters. The combination of the VI
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and WBG switching devices can provide an opportunity for further reducing the size and improving
the performance of power electronic converters. The state-of-the-art review of each of them is

presented in the remaining part of this section.
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Figure 2.3 Interleaved Converters and Z-source Converter (a) Two-phase interleaved (b) Coupled
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Table 2.1: Comparison of Step up DC-DC Converters

Conversion Ratio itchi i Switches
Topology _ Vo Sw1tc_h1ng Magnetic Outp_ut Voltage Remarks
MD)=—) Devices Components | Capacitor
Vs Stress
Half-bride L 2 1 1 Ve Simple topology, low cost and components count
1-D Limited range of voltage and output capacitor to filter the output current
. 1 Can operate in four quadrant and is flexible topology
Full bridge 1D 4 1 1 Vac + Vs Less switching stress and better reliability
Higher number of switches which complicates its control and increases its size
D Provides filtered input and output currents
Cuk 1-D 2 2 2 Vac + Vs Higher number of components
Not easy to stabilize
D Provides filtered input and output currents
SEPIC 1-D 2 2 2 Vac + Vs Higher number of components
Not easy to stabilize
1 1 Wider conversion ratio, reduced stress on the first two switches and reduced current ripples.
Cascaded 1-D,'1-D, 4 2 2 Vac Its robustness is compromised due to higher number of passive components and its reduced efficiency [36]. The control
scheme is also complex. It could be costly

2 Vye Enable wide range of conversion, has continuous input current, semiconductor switches are rated at half of the output

Three level 1D 4 1 2 > voltage and it can be built in a modular way [38]. It has higher switching components and two output capacitors, which
makes it larger size. The output diode reverse recovery problem is a concern
The power inductors are rated at half of the input current, smaller and lighter weight components, this gives more
Two phases 1 flexibility in component selection. High power density
interleaved 1-D 4 2 1 Vac Can provide redundancy with improvements in reliability, expandability, availability and maintainability [55].
The ripple current in each arm can be higher which requires attention.
More active and passive components and control complexity.

Coupled inductor 1 Coupling inductors interleaving improves efficiency, reliability and reduces the size of magnetic components Non-ideal
two phase 1D 4 2 1 Vae coupling may result in high voltage spikes and losses, requiring an additional circuitry for compensation. For high
interleaved power applications, the coupled inductors are difficult to manufacture and the cost will be significantly increased [56].

Smaller inductors as they are rated at half of the input current, suitable for high power applications and it has higher
o 1+D Ve voltage gain.
Floating interleaved 1o 4 2 2 14D Nonetheless, it has higher current stress and two capacitors at the output [31]. Interleaving should be pair in order to
balance the floating bus [57]. It also needs isolated gate drivers, has lower efficiency and floating load connection.
furthermore, these converters have drawbacks including parts count, circuit complexity, and control complexity
Vdc
Interleaved with 2 -~ (51, Ss, . . . . . .
terleaved wit 4 2 2 S)) Doubles the output voltage in comparison the simple boost, less conduction losses, reduced voltage stress in switches
charge pump 1-D v 4(52) but it has higher number of passive components [53].
dc
Z-source 1 1 2 2 Vac It uses single conversation stage hence saves components count and cost
1-2D 1-2D Larger size, and higher component stress, complex control ,limited boost ratio, less reliability [58], [42].
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2.2 Wide Bandgap Switching Semiconductor Devices

The switching frequency is one of the key parameters in the design and selection of the power electronics
converters. It significantly impacts the inductor current ripple, energy source current ripple, input capacitor
current ripple and the losses. Hence, an optimized switching frequency is needed to achieve a better trade-
off between converter size, cost, and system efficiency [59]. The most commonly available automotive power
converters use Silicon (Si) based semiconductor switches. These types of switching devices are constrained
to operate at a lower frequency (few kHz), this is mainly due to high switching losses which compromise the
efficiency of power electronic converters [60]. Furthermore, lower switching frequencies lead to larger
passive components (power inductors and capacitors), which limits their application for high power
applications greater than 100 kW range [61]. Consequently, the size of the passive components particularly
the power inductor and capacitor is large in such types of converters [62]. This in turn increases the overall
size of the power electronic converters and limits the space for ESSs in electrified vehicles, constraining the

autonomy.

Wide bandgap switching semiconductor devices such as Gallium Nitride (GaN) and Silicon Carbide (SiC)
enable high frequency switching. High frequency switching enables in reducing the energy requirements of
power inductors, leading to the scaling down the size and weight of power inductors leading to the reduction
of power electronic converters [63]. Subsequently, they are promising and they are expected to be the
backbone for future power electronics converters for traction application [64]. These switching devices have
lower losses and they can have faster switching speed, low switching and conduction losses, high operating
temperature (well above 200°C possible for SiC vs 150°C in case of Si [65]) and small packaging size.
Furthermore, these devices have higher frequency of operation, leading to faster switching, smaller
components and less thermal management challenges in comparison to the conventional Silicon based

semiconductor devices.

The introduction of these devices to the traction power conversion can be rewarding in scaling down the size
of passive components. Nonetheless, due to fast switching transition, parasitic inductance, and low on-state
resistance, converters with such types of switching devices are prone to overshoot and oscillations which
lead to losses and EMI challenges [66], [67]. Furthermore, losses due to skin and proximity effects, and
fringing losses are difficult to reduce requiring specialized design of passive components for high frequency
operation [68]. These technologies are in their nascent stage with limited production and limited power levels.

As a result, their cost is still prohibitive compared to Si-based semiconductor switches [69]. Even though
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they have a promising potential in the future of automotive power electronic converters, there is still a long
way to go to address the aforementioned issues that impede the design and implementation of these devices

[70].

2.3 Variable Inductor Topologies and Applications

2.3.1 Background

The VI is a magnetic device, which is composed of two groups of windings. One group of windings make
the main winding of the VI and the other windings make up the auxiliary winding, which is used to control
the effective inductance of the main winding with a very small controlled current. Due to its control

flexibility, it is suitable for applications with a wide range of load variations [71].

Moving cores, moving air gap, tapped inductors, switched decade boxes, gyrator circuitry, electromagnet and
permanent magnet biasing are the common ways of realizing the VI [15], [16], [72]. The mechanical servo
system requirement of moving cores and air gap makes them very demanding and inefficient. Similarly, the
switched decade boxes fail to provide precise regulation. The use of permanent magnet biasing also offers
considerable impact in improving the current handling capability and saturation control of inductors, but it
has limited flexibility and controllability. The gyrator circuitry is also an emulation of inductance.
Nonetheless, the saturable core reactor provides better flexibility, higher accuracy as it can be easily
controlled with a small electrical current [15]. The use of electro-permanent magnets biasing is another way
of increasing the power density of inductors by regulating the magnetic properties of the core material.
Nonetheless, such type of inductor is composed of electromagnet and permanent magnet which makes them
intricate to design and control. The saturable reactor is deliberately saturated with a small dc-current to drop
the inductance of power inductor drastically. Unlike, this device, the VI can be used to either increase or

decrease the inductance of power inductors as per the user requirements.

The comparison of different techniques for VIs implementation and the fundamental mathematical equations
which characterize a VI are also provided in [15]. In [73] a method of predicting the inductance of a coil with
change of an applied DC current is proposed for optimization of the power inductor in power conversion
applications. The 3D finite element analysis model of VI is studied in [74] and used to model distribution of
flux density and determine the region of saturation. The detailed modelling and behavioral model of VI for
magnetically controlled electronic ballasts with E core magnetic material is presented in [75]. A detailed

review of VI, its applications and configurations is provided in [76]. Nonetheless, the detailed
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characterization of the VI to integrate it to power electronic converters for traction applications still requires
further investigation. Furthermore, the systematic design of the VI taking into consideration the nature of
traction applications is not yet addressed. Part of this thesis is focused on these two important aspects that
are essential for the integration of the VI in power electronic converters to enhance their performance and

reduce their size.

2.3.2 Topologies

Several patents and research articles present different VI topologies. Some of them are presented in Figure
2.4. The parameters with m subscript are for the main winding and those with b subscript are for the auxiliary
winding. The simplest topology is the one that is shown in Figure 2.4 (a). It consists of the main winding and
the control winding in the same magnetic core. This configuration provides a precise control of the flux in
the core; nonetheless, as both windings are strongly coupled to each other, there is might be a huge voltage
in the auxiliary winding due to the main winding currents variation, which compromises the safety of the
auxiliary winding circuit. In Figure 2.4 (b) and (c) two double E-cores are shown, in the first one main
winding is divided into two equal parts and placed in the side limbs of the core. The main winding coils are
connected in series to each other and the control winding is placed at the central arm. In this topology, there
is still a voltage induced in the auxiliary winding due to the currents in the main winding. However, in the
later topology, the main winding is placed in the central arm and the control windings are placed at the side
limbs. Such configuration reduces the auxiliary winding voltage due to the main winding currents.

Nonetheless, in both configurations both windings are coupled to each other.

Another way of cancelling the effect of mutual flux coupling in VI is to use two separate rectangular magnetic
cores as revealed in Figure 2.4 (d), where the main windings are connected in series and the control windings
are connected in series but with opposite flux linkage to each other. The opposing series connection of the

control windings make the net voltage across this winding nil.

In Figure 2.4 (e), the main winding is placed in the center of two gapped E-cores and the control winding is
placed in the center leg of an additional E-core. In this configuration, the mutual coupling and voltage induced
in the auxiliary winding is reduced. The VI realized in two toroidal cores where the main and the control
windings are split in two toroidal cores and connected in series as shown in Figure 2.4 (f) [77]. In this
topology, the control windings are connected in series and they are wound in such a way that there is no
coupling between them, hence there is opposing flux from each winding resulting in a nil voltage reflection

and no coupling between the two windings.



25

)

h

(

Figure 2.4: Different VI topologies

(g

3
———— —_—— —— —
nnnn \\|I|+|A|I|4/_ =
4 N\ — __ /__ J))))
b JE —
-~ d b d __Ll ,\ & /,
| (VAVACAvRY | Q- [« s N |
A D & 3 P & !
| = ¢ n|_|_|u &d e I A W
_ q (d ! i
4 | ) p !
| | = a q I 4
| _ } " —_ _/ ) | T .
\ AnAOan ) \-=-—=-—=-—=-=Z , [ongon
\\\\\\\\\\ = BN I
N~ e — — — [ i | N
T T T (FEEEEER e N e
| \PACAvhvavy “ = 1l __ W ((W( U v
“ z | ] D dl r | - W
Hp— 3 P !
4 ! £ e +
| ' q h © ﬁi_um ! nnnnn »,
I ! b I Pz 1L J
fa¥a¥aWa¥al ) | =
\ q | 1P E; |
-— - 1)) aly | SN i " 4
= _zf/ ||||||| \\ |m A
s | | NTT—————_
r\r\r\r\_
_E
lnnnn
= : — I e
(VAVAvAvR; | | k I ﬂ I |
! € 2} | [
w z @‘L | e _ I 7 3 _
| | 4 I I c __ © |
I ! ; , = €
o " 1z , , I [ |
[aWaWallfal ] AN AN [ [P | %* %
—_ | —_ \ | ~
O AN E R D s e i o g ’ ° | _ 3
-~ ~ P 0 I A N ~ £ | z |
— = | .
, ESEEE /._ | - k | oo W | e aNala) __ NNNNA ;
“ = I — | £ | N ddd — /_Iuln 4 414
| Iv* + W U U UU U U U
“ e W [ R =
| .
ILannnn © | ! | £
N = J—— \ N
ISAvAvEY




26 State-of-the-Art

A combination of a rectangular core and U core is shown in Figure 2.4 (g). This configuration is also prone
to the effects of voltage induced in the auxiliary winding. In Figure 2.4 (h), a small air gap is placed in the

central arm in order to reduce the losses and unwanted hysteresis in the inductor.

In all configurations, the addition of the control winding adds complexity to the system and have some
additional costs, but its significant role in regulating the effective inductance, reducing the losses and the
current ripple leads to smaller volume cores, which overcomes the drawback of its addition. Subsequently,
there is a need to a simpler and cost effective VI topology with a simple control and strategy to integrate it
to power electronic converters without sacrificing the performance of the converter. This aspect is dealt in

part of this thesis.

2.3.3 Applications

The practical use of these devices stems from the beginning of the 20™ Century. Initially the concept of VI
was introduced in the form of magnetic amplifiers, where they were used in long-range radio communication.
In the end of the World War II, this device was popularly used in German military equipment in range of
applications such as servo controllers in planes, voltage regulators in the V-1 bombs and German naval fire
control [76], [78]. As a result, its popularity both in military and industrial control application emerged and
has been used in effective stabilization of guns, sonar and radar. Furthermore, it is used in electric power
system networks as voltage and frequency regulator [76]. With time, the principle of these devices evolved
to VI. The variable inductor is a very powerful and promising device that can have considerable practical
applications. This device has been effectively used in power control of resonant filters, in lamp driver
applications, in LED lamp drivers, inductive power transfer [79], PV systems [80], [81], electric lighting
systems [82], [83], and VAR compensation in electrical power system networks. Furthermore, it has worth
recording applications in resonant AC and DC-DC converters [84], [85], power factor correction [83], power

flow control and fault current limiting [86], harmonic control and voltage regulations [71].

2.4 Control and Strategy

The most widely used control approaches for DC-DC converter are the average current and the peak current
control methods [87]. The first one uses the information of the average current of in order to provide precise
reference tracking. This provides good stability, noise immunity and fast response and correct perturbations
and disturbances. However, the maximum achievable bandwidth of this concept is limited due to the

inevitable closed loop delays [87]. The peak current control is also another simple and low-cost solution.
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However, in its conventional implementation, its transient response is severely affected by the need for slope
compensation, which is required for stability in a wide operating region [87]. Furthermore, hysteretic
controller is also presented in literature [88]. This control method provides excellent large signal properties
and its implementation is simple. Nonetheless it suffers from switching frequency jittering [87]. Sliding mode
(SM) controller based non-linear controller are deemed to be promising for such DC-DC converters due to
their improved robustness in providing transient responses over a wide range of operating conditions [89].
Furthermore, it is robust even against the plant parametric variation and can compensate the modelling
approximations [90]. PWM based sliding mode current control are suitable for non-minimum phase
converters [91], [92]. However, their conceptual complexity makes them impractical [89]. This is mainly due
to the unavailability of SM controllers in integrated circuits (IC) forms for power electronics applications.
Furthermore, this control method introduces steady state errors which makes it not suitable for applications

which require precise control [91].

PID or PI is a widely used and industry standard controller in power electronic converters. However, their
tuning is demanding task due to the non-linear transfer functions. Furthermore, controller parameters are
affected by parameter variations, load disturbances and speed variations [93]. This case is more demanding
in case of EV converters due to the wide range of load variations and uncertainty of driving situations. These
problems can be addressed by fuzzy logic controllers, which does not require mathematical models but are
based on linguistic rules that can be obtained from the human experience. Fuzzy logic-based controllers are
commonly used, and they are based on the human experience and fuzzy control rules. These controllers are
cheaper, robust, efficient, reliable and customizable. Nonetheless, they require more data, an extensive human
expertise and regular update of the rules is needed. PI controllers provide better performance in steady state,
but fuzzy logic controller provides better performance during transient performances. Hybrid of PI and Fuzzy

are also proposed in literature to exploit the complementarity of the two types of controllers [94].

In this work, the affine parameterization (Q-parameterization or Youla parameterization) design is proposed
to build stable feedback controller to regulate the control parameters. Unlike the classical control design
methods, this method starts with the nominal closed loop transfer function of desired closed loop
performances. Affine parameterization simplifies model-based controller designs [95]. The controller
parameters are directly derived from desired closed-loop models. Furthermore, this method being internally
stable provides faster dynamic response to adapt the rapid dynamic load variations [96]. This method

provides an insight into control system design and it renders the closed loop sensitivity functions in a design
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variable. Furthermore, it provides a simpler description of all stabilizing controllers for both the open loop
stable and unstable linear plants. It gives valuable insight into the control problem and opens the door to
various optimization based strategies for design [97]. Affine parameterization makes the control parameter

tuning straight forward and more flexible and assure the control stability [96].

For controlling the VI, both the auxiliary biasing circuit [9], voltage controlled current source based on linear
regulation [98], and forward converter [99] are reported in literature. In references [16], [100], a separate DC
supply with variable resistors have been used. However, this does not provide a precise control of current
and it is not efficient. Similarly, the forward converter could provide better flexibility and it can be integrated
to the application circuit but as it requires isolation, it has larger size, less efficiency and higher number of
components. To address these issues, a digitally controlled, simple and low-power buck converter that can

be integrated to DC-DC converters for regulated adjustment of the auxiliary current is implemented.

2.5 Summary

This chapter presents the state-of-the-art review in the major research areas which provide an opportunity for
improving the performance and reducing the size of DC-DC converters for electrified vehicles. A focus is
given to the DC-DC converter topologies, WBG devices, variable inductors topologies and their application
and control. The comparison of several DC-DC converters and VI topologies is provided in order to explore
the potential candidates and select a suitable converter topology. Several approaches have been proposed in
literature and their merits and drawbacks have been identified. Furthermore, brief review of the merits and
challenges of WBG devices are illustrated. The advancement of WBG provides a significant opportunity in
improving the performance and miniaturization of automotive converters, yet their challenges needs to be
addressed. It is important to note that, not only the size and weight but also the performance of power
electronic converters in EVs dominantly influenced by the bulky and saturation limited power inductors.
Hence, reducing their size and weight, and controlling their saturation behavior provides an opportunity in
reducing the size of power electronic converters but it is challenging. To this end, this thesis seeks a solution
for scaling down the size of magnetic components by controlling the saturation characteristics of magnetic
core materials. The magnetic saturation control provides a salient merit in core reduction, converter operation
and performance enhancement. Nonetheless, it introduces, characterization, modelling, design and suitable
materials selection, control and the need of strategy challenges. The focus of this thesis is based on these

issues in order to integrate the VI in new and existing converter topologies for electrified vehicles.
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Summary

Content: This article presents the viability of VI for building DC-DC converters for applications with a wide
range of load variations such as EVs. The conventional power inductor in DC-DC converter is replaced by
VI in order to have better ripple control, enhanced current handling capability and adaptive control of the
saturation level of a power inductor. Experimental approach is used to study the potential significance of the
VI for converters with wide range of load variations. More emphasis is given to the details of the device and
its application for ripple control and enhancing the current handling capability of an inductor and the control
of the overall system.

Results: The validity of the proposed VI, the biasing circuit and the improved DC-DC converter are verified
through experimental studies. The presented results reveal the importance of VI in enhancing the current
handling capability of magnetic core materials and controlling current ripples.

Contribution to the thesis: Magnetic components are bulky and dominant components in DC-DC converters.
This article presents the use of the VI for scaling down the size of such components and enhance the
performance by controlling the magnetic properties of magnetic core materials. The proof of concept small
scale prototype developed in this study and the results are used as a benchmark to perform detailed studies
such as the characterization, design and selection, modeling and control of the VI in order to exploit its merits
for large scale electrified vehicles DC-DC converters.

Abstract

This paper presents the feasibility study of variable inductor (VI) based bidirectional DC-DC converter for
applications with wide range of load variations such as electric vehicles (EVs). An additional winding is
introduced to the conventional power inductor to inject a control current for adjusting the permeability of
magnetic cores. This has significant merits in controlling the current ripple and enhancing the current
handling capability of power inductors thereby reducing the size of magnetic components and improving the
performance. For current values, twice and three times the rated current, the current ripple is reduced by
40.90 % and 36.10 % respectively. Nonetheless, this device requires a precisely controlled dc-current. As
such, a small current controlled, low-power and low-cost buck converter is built to power up the auxiliary
winding. To improve the reliability and robustness of the VI, an integrated closed loop control that enables
the control of the main converter and the auxiliary converter is also implemented and tested in real time to
test the viability of the VL.

Keywords

Bidirectional DC-DC converter, electric vehicle, magnetic core, ripple control, traction, variable inductor
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3.1 Introduction

In traction systems, energy sources should be connected to the motor drive by efficient and suitable power
electronics converters. These converters are vital in adapting the voltage levels, managing the power flow
and provide better performances [101], [102], [103]. Their sizing, selection and design is very critical, since
they are required to have smaller size, higher efficiency, higher power density and enhanced overall
performance [104]. The power inductor and the dc-link capacitor are key components that dominate the size
and dynamic performance of power electronic converters [105]. Due to wide range of load variations in
traction applications, the selection of these components, particularly the power inductor requires a meticulous
attention. This is mainly due to the core material limitations, losses and its impact on the overall
performance[16],[106],[107]. Conventionally, this component is selected to meet the ripple specifications
under all operating conditions. Nonetheless, in applications where there are wide range of dynamic load
variations and with multiple kind of energy storage systems, such as EVs, the transient currents during
acceleration and regenerative braking may reach very high values. Selecting power inductors to meet the
high transient currents will lead to bulky and heavy power inductors. This increase the size and weight of
power electronic converters. Larger power electronic converters, limit the space for energy sources, thereby
restricting the autonomy of EVs. Therefore, it is vital to scale down the size of passive components in order
to reduce the overall size of these converters. This has motivated the adoption of numerous
studies [104], [6], [50]. Several methods such as the development of new materials, winding configurations,
assembly techniques, increasing the switching frequency, interleaving techniques, the use of coupling
inductors and the use of permanent magnets have been proposed and explored in recent

literature [6], [7], [108], [109].

Magnetic-based solutions have been presented in recent literature; integrated winding coupled inductors have
been used to reduce the size and volume of the magnetic material. However, they have higher switching
losses due to close coupling and stray capacitance [109]. Furthermore, interleaving technique has been
successfully used to reduce the size of passive components, reducing the input current ripple, improving the
efficiency and dynamic performance, reliability and modularity [110]. Nevertheless, it requires higher

number of components count and current balancing control which complicate the control circuitry [47].

Power inductors in interleaved converters can be also integrated in a single core with specific coupling
methods in order to reduce the size of the magnetic core and improve the performance [44, 45]. However,

there is a considerable leakage inductance due to the non-ideal coupling of the coupled inductors which
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results in high voltage spikes and parasitic ringing, which require additional circuitry to compensate this
effect. The use of permanent magnets to partially cancel the magnetic fluxes in magnetic cores have been
also used to enhance the saturation current and reduce the size of power inductors[106]. Even though this

solution provides remarkable improvement in doubling the saturation current, its control flexibility is limited.

In this paper, a current controlled magnetic device, the so-called variable inductor (VI) is introduced into a
half-bridge bidirectional DC-DC converter (as shown in Figure 3.1) to enhance the inductor flux density
capability. By feeding the auxiliary winding with a controlled dc-current in closed loop operation, it is
possible to detect high current load demands and regulate the saturation level of the core. For this, a power
control layer and an additional converter are designed and implemented. The auxiliary converter used in this
study is smaller and has less number of components compared to the H-bridge [108] and forward [111]
converters proposed in literature. Besides improving the current handling capability of the power inductor by
effectively controlling the reluctance of the magnetic core, the VI will also act as a current ripple regulator.
Furthermore, with faster controllers, by forcing the power inductor to saturation, faster transient

performances can be obtained [108]. This points out another salient advantage of the V1.
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Figure 3.1: Schematic Diagram of VI based bidirectional Converter and its control structure
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This paper is organized in five sections. The introduction is presented in section 3.1. Section 3.2 introduces
the VI-concept, including its