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Enhancement of Inductive Power Transfer Technology

Daniel Efrén Gaona Erazo

Abstract

Inductive power transfer (IPT) has been studied extensively during the last decades, partic-

ularly for electric vehicle chargers (EV). Inductive chargers offer several advantages over

standard plug-in ones. First, they reduce user interaction increasing comfort and mitigating

safety concerns. Furthermore, they allow for the automation of the charging process and the

implementation of opportunity charging schemes. Thus, distributed charging points can be

deployed in strategic locations Ð such as traffic lights, public and private parking places, etc.Ð

and EVs can be charged more frequently. This reduces the depth of discharge of the battery and

increases its lifespan. Furthermore, IPT systems with bidirectional power flow can facilitate the

adoption of vehicle-to-grid schemes (V2G).

IPT technology is reaching a mature state. Nevertheless, several aspects of the technology

can still be improved. First, the state-of-the-art systems are sensitive to misalignments between

the transmitter and receiver pads. Second, the complete standardization of the pad’s design

has not yet been achieved. Consequently, the interoperability of systems designed by different

manufacturers is not yet guaranteed. Third, the detection of foreign objects between the pads is

a problem that has not been completely solved. Last, the power density of the pads can still be

improved. Pads are generally large and heavy which hinders the adoption of this technology.

This dissertation addresses some of these problems in an attempt to enhance the state-

of-the-art of IPT technology. The largest portion of this thesis is dedicated to the study of

alternative core materials for IPT charging pads. In particular, nanocrystalline ribbon cores

are considered a promising material. This material offers a higher saturation flux density, a

higher permeability, superior thermal performance, and mechanical robustness compared to the

standard MnZn ferrites commonly used in IPT systems. A feasibility analysis of this material

was carried using intricate finite element models and experimental measurements. The analysis

concluded that higher power densities can be effectively achieved with nanocrystalline ribbon

cores. However, eddy-current losses on the outer/lateral faces of the cores were identified as

problematic. This motivated a new design approach in which the unique properties of this

material were considered during the design stage.

Guidelines for the design of nanocrystalline ribbon cores were derived. These were applied

to the design of a WPT3, 11 kW pad. These pads showed superior performance as compared to

identical pads with ferrite cores. Pads with nanocrystalline cores were 2% more efficient and

achieved an 11% higher coupling factor. Likewise, up to 25% lower flux leakage was obtained.

Moreover, their performance concerning temperature variation outperformed the one from



ferrite cores both in heat dissipation and thermal stability. Finally, the pads were tested near

magnetic saturation. Nanocrystalline cores were able to transfer more power before reaching

this point. Thus, higher power densities were achieved with this material. Finally, methods

for reducing the eddy-current losses in the system were tested. Ferrite shielding, in particular,

was found to be an effective method to improve efficiency and homogenize the temperature

distribution within the core. As a minor contribution, a control strategy that uses the dual-

resonant frequency characteristic of LCCL-compensated pads is also presented. This strategy

was validated experimentally, and it can be used to increase the power transfer capability of

pads under misaligned conditions. Moreover, this strategy can ease the interoperability of IPT

pads designed by different makers which have different ratings and dimensions.
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Chapter 1

Introduction

1.1 Motivation

In an attempt to fulfill the goals established during the Paris Climate Summit, European coun-

tries have agreed on accelerating the development of low-emission technologies for trans-

portation. This includes the reduction of CO2 emissions of vehicles powered by combustion

engines, in the short term, and the transition to zero-emission (e.g. electric vehicles) tech-

nologies, in the long term. Currently, the UK as well as other EU countries have already

determined deadlines for this transition. The Modern Transport Bill of 2016 estimates a com-

plete transition to electric vehicles (EV) by the year 2050 for the UK. Other EU countries have

set even tighter deadlines: Germany (2030), Sweden (2030), France (2040) [4].

The EV market continues growing every year as depicted clearly in Fig.1.1. In 2017, more

than 50000 electric cars were sold in the UK. Even though this represents only 2−2.5% of the

total automotive market size, the EV market share is expected to sustain exponential growth

in the next decades. The sustained growth in sales is parallel to the technology development

shown by the rapidly increasing number of scientific publications regarding EV technology

shown in Fig.1.2a. Most of the research projects have the same three main objectives: in-

creasing the power density, increasing or maintaining high efficiency, and minimizing costs

($/kW). According to the Power Electronics, Electrical Machines, and Electrical Energy Stor-

age Roadmap created by the Automotive Council UK and Advance propulsion Centre UK,

the cost of power electronics for EV’s is expected to drop by 40% by 2035. At the same time,

power ratings are expected to increase fivefold while components are expected to become

more efficient reaching values of up to η ∼ 98% [3]. Likewise, the cost of the electric motor

is expected to decrease to half of its current cost. The power density of e-motors is expected

to triple in the same period [1]. Following the same trend, the battery’s capacity is expected

to quadruple while its price is expected to drop to 40% of its current value [2]. The advances
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Fig. 1.1 Cumulative market for battery electric vehicles and plug-in vehicles. [4]

in battery technology are crucial to accelerating the adoption of EVs which is currently hin-

dered by the battery capacity. EV’s battery capacity has rapidly increased over the last decade

reaching ranges of up to ∼ 540km/charge [77]. Nonetheless, having a limited range still con-

cerns users particularly due to the sparse charging facilities in place as of today, and the long

charging times.

As the battery capacity increases, charging stations with higher power ratings are needed to

reduce the charging time. This has motivated the development of different charging schemes

and topologies at different power levels: Level 1 (domestic, low power rating), Level 2 (spe-

cialized, distributed, medium power rating), Level 3 (charger stations, centralized, high power

ratings). Moreover, two charging schemes are been proposed: centralized and decentralized.

The former seeks to implement Level 3 stations placed in a few strategic locations within the

city and highways (charging hubs) as to not impair the electric grid. This scheme is mostly

unidirectional, and it can be understood as the equivalent of a fuel station. On the other

hand, decentralized approaches seek to deploy a vast amount of Level 2 chargers in many

strategic points within the city following the concept of charge-on-the-go. This decentral-

ized scheme is particularly interesting for visionary grid developments such as Vehicle-to-grid

(V2G) integration and smart-grids. Within this scheme, inductive power charger technologies
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are particularly relevant as they present several advantages over plug-in chargers [11]. First,

the elimination of the galvanic connection allows the implementation of automatic charging

reducing the user involvement making it ideal for autonomous vehicles and fleets. Second,

inductive chargers eliminate the risks associated with users handling high voltage connections.

Additionally, it allows for automation of the charging process which, in turn, permits the imple-

mentation of opportunity charging schemes (OCs). OCs change the paradigm from sporadic

(high-power) to frequent (low-power) charging. Thus, by placing chargers in strategic loca-

tions (traffic lights, parking areas, bus stations, etc.) the charging process occurs frequently

and automatically. As a result, the depth of discharge of the battery is decreased drastically

which increases its lifespan. As well, OCs reduce the battery capacity requirement for EVs

[11]. This can lead to a reduction of the EV’s weight and volume. Opportunity charging can

be easily applied to public transportation methods such as buses, shuttles, etc. given that their

trajectory is known, and their stops are recurrent. Massive adoption of IPT chargers could

also facilitate Vehicle-to-grid (V2G) concepts which aim to use the car battery as an energy

storage unit for the grid. V2G could ease the stress on the grid and facilitate the integration of

renewable energy systems, peak shaving of electricity consumption, and the development of

Smart-grids [54].

The benefits of inductive power transfer (IPT) technology have inspired R&D teams world-

wide as evidenced by the rapid increase in the number of publications in this field shown in

Fig. 1.2bb). The IPT technology has been widely studied in the last decades by different

research groups and R&D companies worldwide such as Conductix-Wampfler, Momentum

Dynamics, Bombardier, WiTricity, and Qualcomm Halo. Conductix-Wampler, Bombardier,

and Momentum Dynamics focus on wireless solutions for the public transport sector (buses,

railways) with power ratings ranging from 3.3kW up to 20kW (Level 3) and with efficiencies

> 90%. On the other hand, WiTricity and Qualcomm Halo, focus on IPT systems for Level

(a) EV’s publications (b) IPT’s publications

Fig. 1.2 Number of publications for EV and IPT technologies as per Google Scholar from

2008 until 2019.



4 Introduction

2. The former, an MIT spin-off company, utilizes the concept of resonant coils to achieve

wireless power transfer with efficiencies of up to 94% [86]. Due to its high efficiency and re-

liability, WiTricity attracted the interest of several industrial partners such as Delphi Inc. and

several other car manufacturers such as Toyota and Mitsubishi [74]. Nowadays, WiTricity’s

inductive chargers are available in the market for current hybrid/electric vehicles. Qualcomm

Halo, on the other hand, has developed different prototypes in partnership with the University

of Auckland. Their designs range from 3.3kW to 20kW with efficiencies > 90%. Its principle

of operation relies on the compensation of the coil leakage inductance to improve the power

transfer capability of the system and its power factor. Apart from its compensation techniques,

Qualcomm Halo has also patented the "Double D" coil which delivers more power and more

efficiently as compared to standard circular charging pads. In 2019, Witricity acquired Qual-

comm Halo in an attempt to increase its market share and acquire technology. As a result,

Witricity is nowadays one of the key players in the wireless charging market for EVs. The lat-

ter is expected to grow up to $1478 million by 2025 with a CAGR of 22.4% [71]. This growth

is motivated by the rise in the EV and autonomous vehicle markets. Domestic chargers with

power ratings between 11 and 50 kW are expected to experience the fastest growth. This is

because IPT chargers are more attractive at medium power levels. For higher power levels, a

galvanic connection is preferred to reduce power losses and the cooling requirements.

IPT is a promising technology that provides an efficient, cost-effective, and safer charging

alternative. IPT promotes the adoption of EV technology and facilitates opportunity charging,

vehicle-to-grid, and autonomous charging schemes. Its potential is matched by the expected

growth of the wireless charging market for EVs. However, according to [71], this growth is

dependent on the companies being able to provide strong and lightweight prototypes. Apart

from being compact and light, IPT chargers are also required to achieve adequate efficiency

(≥ 88%) and performance even when the transmitter and the receiver are not perfectly aligned.

Thus, even when first products can already be found in the market, inductive power transfer

technology is still under development, and opportunities for improvement are not scarce. First,

the robustness of the system to misalignment between the transmitter and receiver must be

improved. When primary and secondary coils are perfectly aligned, efficiencies > 90% can

be achieved; however, when the primary and secondary are not aligned, the efficiency and

power transfer capability of the pad deteriorate drastically. For a circular pad, for instance,

the coupling factor and therefore the power transfer capability drops to zero when the pads

become misaligned by around 40% of the pad’s diameter [19]. As the power transferred to

the secondary decreases, so does the efficiency. On the other hand, following the current trend

of power electronics and electrical machines, IPT volumetric and gravimetric power densities

must be increased without compromising efficiency. Moreover, the mechanical robustness
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of the pad ought to be increased without compromising reliability, weight, or costs. Every

improvement must consider the constraints regarding volume and size available, thermal, and

stray flux limits as well as material and energy costs. Foreign object detection is another

clear area of improvement. Detecting metallic objects in between the pads is vital to ensure

safety during operation. Finally, the inter-operation of different chargers is another area of

research. Given the diverse topologies, dimensions, and ratings of IPT pads, methods to ensure

compatibility are required. In this context, this thesis seeks to contribute to the enhancement

of IPT technology by studying some of the aforementioned problems. The specific objectives

are detailed in the next section.

1.2 Research Objectives

As discussed in the previous section, this thesis seeks to improve the state-of-the-art of in-

ductive power transfer technology for EVs. In particular, this thesis focuses on the following

points.

• Core material: Different coil topologies have been introduced in the last decades to

increase the performance of IPT systems. However, the core material within the pads

has not received the same attention. In particular, the optimal amount of ferrite needed

and the optimal placement of the core bars within the pad have not been fully studied.

Moreover, little effort has been put into researching different materials that can outper-

form ferrite cores. In this thesis, nanocrystalline ribbon cores − such as Finemet from

Hitachi Metals and Vitroperm from Vacuumschmelze − are studied as a possible re-

placement of ferrite cores. Their superior properties can potentially increase the power

density, coupling factor, and robustness of the system. A detailed analysis is presented

in this thesis.

• Interoperability of pads: The standard SAE J2954 sets guidelines for the design of

IPT pads for EV applications. However, there is still a certain degree of freedom when

it comes to designing the pads in terms of topology, power rating, and ground clear-

ance. Nonetheless, pads should not be manufacturer-specific. In fact, they should be

able to operate regardless of their maker and rating. Another issue that affects the inter-

operability of the IPT system is the change in power transfer capability caused by the

misalignment between transmitter and receiver pads. A multi-frequency control strategy

that has the potential to ameliorate these issues is presented in this thesis. This strategy

makes use of the multiple resonant frequencies found in LCL and LCCL compensated

systems. A proof-of-concept of this strategy is presented and validated experimentally.





Chapter 2

Literature Review: State-of-the-Art and

Fundamentals

2.1 Inductive Power Transfer

Inductive power transfer (IPT) technology transmits energy from one system to another through

varying magnetic fields which couple power between transmitter (Tx) and receiver (Rx) pads

without physical contact. Many IPT systems have been successfully developed for a diverse

range of applications from medical devices (low power) to (high power) battery charging sta-

tions. Different circuit topologies, compensation strategies, and control algorithms are tailored

to each particular case [54]. In this thesis, the focus is on IPT systems for EV charging stations

rated at medium to high power levels. This section discusses the main theoretical concepts re-

quired concerning such systems.

The standard IPT schematic is shown in Fig.2.1. In a simplified manner, an IPT system

can be understood as a large-gap transformer operating at high frequencies. The first stage

of the system is the rectification of the low-frequency AC grid voltage. For this purpose,

uncontrollable single- or 3-phase rectifiers are required. A boost-PFC circuit is used for power

factor correction in applications with unidirectional power flow. Alternatively, active rectifiers

are employed in applications requiring bidirectional power flow such as in vehicle-to-grid

implementations. In the next stage, high-frequency AC voltages/currents are synthesized using

dedicated DC/AC converters. Additionally, different compensation circuits (resonant tanks)

are used between the converter and the coil in both the transmitter and receiver sides for

reactive power compensation and power flow regulation. Some compensation circuits can

also help the system sustain adequate performance when the transmitter and receiver pads

are misaligned. This is discussed further later in this chapter. During operation, the AC
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Fig. 2.1 General structure of an IPT system.

current exciting the primary coil induces a voltage in the secondary pad according to Faraday’s

Law. The induced voltage in the secondary is rectified and used to charge the EV battery in a

controllable manner [93]. Depending on the control strategy, the rectifier can be uncontrolled

or active and, in some cases, it can be followed by a DC/DC converter stage. This stage is used

to control the impedance of the receiver pad and to regulate the power flow. A more in-depth

description of the system’s components and control strategies is discussed in the next sections.

2.1.1 Main power electronics converters

On the primary (transmitter) side, the main power converters state is the AC grid rectifier. A

power-factor-correction module like the one shown in Fig.2.2.a is used at the primary side

to comply with the grid code. A similar topology is used in 3-phase IPT systems. Although

this stage is important, the main power electronic components of the IPT system are surely

the DC/AC and AC/DC converters on the primary and secondary sides, respectively. A volt-

age source H-bridge (VSI) shown in Fig.2.2.b is the preferred topology for the primary side

in voltage-controlled IPT systems. Contrarily, push-pull converters, like the one shown in

Fig.2.2.c are commonly used in current-controlled systems [36]. VSI converters are used

throughout this thesis; hence, push-pulled converters are not discussed any further, but more

information can be found in [36]. On the secondary side, a full bridge rectifier is commonly

used in unidirectional power flow systems. Alternatively, a MOSFET-based active bridge can

be used for bidirectional power flow or impedance matching. This is discussed in more detail

in this chapter when discussing the different control strategies for power flow regulation. Sili-

con carbide is the preferred semiconductor technology given the requirement for high switch-

ing frequency and low power losses. The most common voltage rating is 1.2kV. The current

rating depends on the power level; modules of over 325A have been presented for high-power

levels, > 100kW [24].
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Fig. 2.2 Illustration of the main power electronics circuits required for IPT systems in the trans-

mitter side. a) Power factor correction (PFC) b) Full-bridge inverter. c) Push-pull inverter.

2.1.2 Operating frequency

A high frequency of operation f is desirable as the induced voltage in the secondary coil

and the power transfer capability of the pad are both proportional to f . Additionally, high

frequencies result, generally, in smaller magnetic couplers [47] and higher power densities.

Operating at high frequency, however, presents several challenges. First, not all semiconductor

technologies can operate at high frequencies. Moreover, unless the switches are operated in

ZCS or ZVS mode, switching losses increase with the switching frequency. Furthermore,

skin and proximity effects within the coil positively correlate with the frequency. As a result,

thinner Litz wire strands are required which increases the cost of the pad. Higher operating

frequencies also result in higher hysteresis losses in the core which can affect the efficiency of

the system. Finally, higher frequencies result in higher voltages across the coils which result

in coils with higher VA ratings. IPT systems with operating frequencies ranging from few

kilohertz to megahertz have been developed in the last decades. Nonetheless, in the last years,

the standard SAE J2954 [72] has set a frequency of 85 kHz for EV applications. Consequently,

this frequency is the one used in the latest scientific publications and throughout this thesis.

2.1.3 Current harmonics

During normal operation, the VSI H-bridge converter of a typical IPT system synthesizes

a square-wave voltage signal at the desired frequency of operation (e.g. 85 kHz). This is

achieved by switching both legs of the converter with a 180 phase shift. The magnitude of

the n-th harmonic in a square signal is given by ui(n) =
4UDC,i

πn
. Although harmonics decrease

with the frequency at a rate of ∼20 dB/dec, the harmonic content of this voltage signal is

relatively high. To reduce the harmonic content of the voltage, multilevel converters can be

implemented at the expense of more components and complexity. Pulse-width-modulation

(PWM) is another alternative. PWM, however, will require switching frequencies in the order

of MHz which increases the system’s intricacy and the switching losses. Fortunately, such
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Fig. 2.3 Frequency response of the a) primary converter voltage and impedance as well as the

c) primary converter current. Adapted from [8].

complex solutions are not required for most IPT systems. This is because the impedance of the

pads limits the harmonic content of the voltage from being passed into the current [8]. The load

equivalent impedance of a series-compensated IPT system is depicted in Fig.2.3a. Due to the

resonant circuit between the coil and the converter, the impedance reaches a minimum at the

resonant frequency (frequency of operation) and increases at a rate of ∼20 dB/dec elsewhere.

The frequency response of the current is calculated from the ratio between the voltage and

the impedance at each specific frequency. Hence, the magnitude of the current harmonics

decreases rapidly at a rate of 40 dB/dec as shown in Fig. 2.3b. Consequently, the harmonic

content of the square voltage waveform produces almost negligible current harmonics. As a

result, the inverter can be represented as an ideal voltage source for most practical purposes.

The same principle applies to the converter on the receiver side.

2.1.4 Equivalent Load

Just as the primary converter can be approximated by its fundamental components, the sec-

ondary converter and load can be approximated by an equivalent impedance. Since in an

uncontrolled bridge rectifier the converter voltage (u2) and current (i2) are in phase, the equiv-

alent impedance is purely resistive. The selection of the appropriate equivalent resistance

depends on whether the receiver is driven as a current or a voltage source as shown in Fig.2.4.

The equivalent resistance values are given by (2.1)

Square i2 waveform : RL,eq =
π2u2

DC,2

8P2
Square u2 waveform : RL,eq =

8u2
DC,2

π2P2
(2.1)
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Fig. 2.4 Equivalent resistance model for a a) voltage and b) current driven source respectively.

Adapted from [73].

where, P2 is the power at the receiver estimated as the product between the DC output voltage

uDC,2 and current iDC,2 respectively. This expression is only valid for uncontrolled converters.

If the receiver side is active, the equivalent load will be controlled by the converter.

2.1.5 IPT Equivalent Models

In general, the magnetic pads in IPT systems can be represented as a pair of loosely coupled

inductors with self-inductances L1 and L2 (respectively) and a mutual inductance M. The

relation between voltages ui and currents ii in the primary and secondary coils is given by

u1

i1 L1 −M

M

L2 −M i2

u2

n = 1

Ideal transformer

(a) One Circuit

u1

i1 L1

− jωMi2 jωMi1

L2 i2

u2

Isolation

(b) Two isolated circuits

Fig. 2.5 Equivalent models of the two magnetically coupled coils. a) T-model. b) Isolated-

circuit model (M-Model).
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(2.2). Here, the subscript i = 1,2 stands for the transmitter and receiver sides respectively:

u1 = L1
di1

dt
−M

di2

dt

u2 = L2
di2

dt
+M

di1

dt
(2.2)

The ratio between the self- and mutual inductances k = M√
L1L2

is known as the "coupling

factor" and determines the portion of the magnetic flux linking both pads compared to the total

magnetic flux produced by the coils. Power transformers tend to have high coupling factors

∼ 1 which ensures high efficiency and minimum leakage inductance. For IPT pads, however,

k is between 0.15 to 0.5 depending on the magnetic design of the pad [46]. The coupling factor

is particularly sensitive to the coil topology as well as to the ratio of the distance between pads

and their size. The coupling factor is considered as a metric of the effectiveness of the pad’s

design. Higher coupling factors result in better efficiency and less leakage flux.

The magnetic couplers can be graphically represented with different models. The T-model

seen in Fig.2.5a is most used [8]. An alternative representation is shown in Fig.2.5b. Here,

both pads are represented as isolated circuits each one with one current-controlled voltage

source representing the coupling between them. Alternative representations can be found in

[8].

2.1.6 Efficiency

The standard SAE J2954 requires magnetic couplers used in EV applications to sustain effi-

ciencies over 85% during operation. Most commercial units report efficiencies greater than

80% −between the grid and the battery −, and often close to 90%. The efficiency achieved

with IPT systems is usually around 5% less than that of plug-in chargers. It is worth noting that

higher efficiencies (> 99%) are possible for an optimum design; however, efficiency is com-

promised when interoperability between pad manufacturers and tolerance to pad misalignment

are needed.

The power losses in the IPT systems can be attributed to the power electronic components

(MOSFETs/diodes, connectors, and passive elements) and the magnetic couplers (copper and

core losses). MOSFETS switching losses can be ameliorated by using soft-switching tech-

niques like ZVS or ZCS. Losses in the other power electronic elements, however, are inherent

to each component (dissipation factors). Thus, they must be sized appropriately to reduce

their impact on the system’s efficiency. The same is true for the coil and core in the magnetic

couplers. An adequate design is required to ensure high efficiency. This is discussed more in

detail in the next sections.
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Maximum Efficiency

To understand the effect that the design of the magnetic couplers has on the system’s efficiency,

an expression of the maximum efficiency ηmax can be derived. Considering only the magnetic

couplers, an equivalent model of an IPT system can be constructed as shown in Fig.2.6. A

series-compensation is implemented by adding a series capacitor Ci to each coil. Each capac-

itor resonates with its respective coil at the desired frequency of operation, i.e., f = 1
2π

1√
LiCi

.

The losses in the coil can be modeled by an equivalent resistance connected in series with

the coil inductance. Note that this loss equivalent resistance represents both the copper and

magnetic losses of the coil. Thus, the power transfer efficiency can be estimated from the

ratio: P2/(P2 +Ploss,1 +Ploss,2), where Ploss,1 and Ploss,2 correspond to the losses in the coil

as depicted in Fig.2.6. An equation for the maximum efficiency can be calculated from this

equivalent circuit:

ηmax =
k2Q1Q2

(

1+
√

1+ k2Q1Q2

)2
≈ 1− 2

kQ
(2.3)

where Qi is the quality factor of the individual coils. The quality factor Qi represents the ratio

between the coil reactance and resistance: Qi =
ωLi

Ri,ac
. The quality factor can be also understood

as the ratio between the power stored by the coil (inductance) and the power loss in the coil.

From (2.3), it is clear that the efficiency of the magnetic coupler is mainly dependent on k and

Q. The product kQ is one of the figures of merit of IPT technology [11]. Quality factors in

IPT technology are kept typically over 100 to ensure higher efficiencies.

To improve the pad’s efficiency, Q and k must be increased. The quality factor Q can be

improved by reducing the overall AC resistance or by raising the frequency of operation. The

AC resistance can be reduced by increasing the cross-section of the coil at the expense of

P1

C1

Ploss,1

Rloss,1 L1 −M12

M12

L2 −M12 Rloss,2

Ploss,2

C2

RL,eq P2

Fig. 2.6 Depiction of the power losses in a series compensated IPT system. Adapted from [8].
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Fig. 2.7 Efficiency of the system as a function of the load (load matching factor, γ =
RL,eq

ωL2
) for

a series-series (SS) and a series-parallel (SP) compensated systems. Q : Quality factor.[8].

more cost, volume, and weight. On the other hand, the coupling factor k can be increased by

optimizing the design of the pad. The factor k is particularly dependent on the ratio between

the coil area and the distance between pads. Consequently, coils that occupy larger areas yield

higher coupling factors. Larger pads imply lower power density as well as an increment in the

copper losses due to the extra coil length. A compromise is usually required during the design.

On the other hand, k can be also improved by reducing the distance between pads. This is,

however, determined by the application. For EVs, the clearance between pads ranges from

75mm to over 200mm [72]. For EVs, typical designs result in coupling factors below 0.3 [24].

Efficiency vs. Load

The maximum pad efficiency given by (2.3) is only achieved for a specific load RL,eq. Devi-

ations from this value produce a drop in efficiency. This decay is shown in Fig.2.7 for two

different compensation topologies: series-series (SS) and series-parallel (SP). Here, γ repre-

sents the equivalent load normalized by the coil reactance, i.e., γ =
RL,eq

ωL2
. In IPT systems, γ is

usually referred to as the "load matching factor".

An optimal pad design must ensure maximum efficiency at the rated load. At any other

load, the efficiency of the system will be sub-optimal unless the equivalent impedance of the

load is controlled to keep the load matching factor constant at every operating point. For this,

an active rectifier or a DC/DC converter stage between the rectifier and the battery is required

as seen in Fig.2.1.
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2.1.7 Power Transfer

The amount of power transmitted between pads can be estimated from the open-circuit voltage

Voc, short-circuit current Isc, and the load quality factor QR as in (2.4).

P2 =Voc · Isc ·QR = ω2 · i21 ·
M2

L2
·QR = Psu ·QR (2.4)

Here, QR refers to the ratio between the apparent power in the secondary coil VA2 and the

power output P2. In a series compensated system, QR is equivalent to the ratio between the

secondary coil reactance (ωL2) and the equivalent load resistance (RL,eq); i.e., QR = ωL2
RL,eq

. In

parallel compensated systems, QR is given by:
RL,eq

ωL2
. Higher QR values result in higher power

transfer. In practice, however, this value is usually limited to 10.

Psu in (2.4) refers to the uncompensated power and only considers the magnetic circuit

independently of the load and power electronics. For this reason, Psu is used as a metric when

comparing different designs of magnetic couplers. Psu can be also written as in (2.5):

Psu = (ω ·L1 · i1) · i1
M2

L1L2
= u1 · i1 · k2 = VA1 · k2 (2.5)

where VA1 represent the apparent power of the unloaded primary pad. Effectively, the VA

rating of the magnetic couplers is inversely proportional to the coupling factor. Lower VA

ratings are preferred as they lead to lower losses and lower component voltage/current stress

[66].

2.2 Magnetic Couplers: Coil and Core

The magnetic coupler comprises the winding, core, and shield. Its design determines the

performance of the pad in terms of efficiency, VA rating, and power transfer capability. In the

next sections, the most relevant aspects of these magnetic components are discussed.

2.2.1 Magnetic Coil

Topologies

The coils are excited with high-frequency currents and they are responsible for the genera-

tion of the magnetic fields involved in the transfer of power. Different topologies have been

introduced in the last decade. They can be classified into two groups: single-winding (circu-

lar) and multi-coil pads (Double-D, Double-D Quadrature, Bipolar, and Tripolar). Detailed
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Fig. 2.8 General structure of non-polarized pads with square or circular winding.

descriptions and design methodologies for each topology can be found in [16], [9], [15],[91],

[45, 44], respectively. A comparative study is presented in [50].

Non-polarized pads, usually known as circular pads (Fig. 2.8), are formed uniquely by

one coil which produces a single magnetic pole per pad. Its structure is simple and requires

less amount of copper; however, its performance is inferior compared to polarized pads. First,

its power transfer capability Psu is lower. Second, it is less robust to pad misalignment and

changes on the distance between the transmitter and receiver pads [16]. A polarized pad

can be 18% smaller compared to a circular pad. Moreover, it can transfer twice as much

uncompensated power and with higher efficiency with 28% less ferrite [50]. Moreover, they

are more tolerant to misalignments which results in an operational area three times larger than

that of circular pads [40]. Despite their inferior performance, circular pads are still used due to

their simplicity of design and implementation, attributed to their radial symmetry. A detailed

description of the optimal design of circular pads can be found in [12, 16].

Multi-winding pads require two or more coils per pad. These coils can be connected in

series or parallel or independently controlled depending on the application at hand. Multiple

coils can generate more than one magnetic pole; hence, they are commonly referred to as

polarized pads. The Double-D coil was introduced in 2013 [15]. Its general structure can

be seen in Fig.2.9a. A set of two coils are placed horizontally next to each other. The coil’s

middle section, also known as the flux pipe, creates two magnetic pole pairs. Having two pole

pairs helps to constrain the flux to the pad’s area more effectively. Consequently, the stray

(leakage) flux is largely reduced [10]. The flux created by a DD pad reaches about one-half of

the pad’s length for DD pads [15]. The ferrite core bars underneath the coils enhance the flux

pipe and improve the magnetic coupling. For circular pads, the flux extends only one-quarter

of the pad’s diameter. As a result, DD pads outperform circular pads in applications when

large air gaps are required. Regarding the robustness to pad misalignment, DD coils are more

robust to displacements in the y-axis as compared to circular coils. In the x-axis, however,

DD pads reach a null point (Psu = 0) when the misalignment reaches approximately 34 % of
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Fig. 2.9 Structure of different polarized topologies as well as their main and leakage fluxes. a)
Double-D b), DDQ c) Bipolar BPP and d) tripolar.

the pad’s length. A quadrature coil is often added to the receiver side to cope with this issue.

This arrangement is referred to as Double-D-Quadrature (DDQ) topology and it is shown in

Fig.2.9b. The Q coil improves the performance at misaligned conditions at the expense of a

higher pad’s weight, thickness, and volume [15]. A more in-depth description can be found in

[12, 16, 15].

Both coils in a DD pad are magnetically coupled to each other. This coupling is irrelevant

in some applications as the coils are connected in series forming one coil with an equivalent

lumped impedance. For other applications, however, each coil is connected to a respective

compensation circuit or power module and controlled independently from each other. In such

cases, the magnetic coupling between the coils is undesirable. This requirement has motivated

the development of bipolar pads, like the one shown in Fig.2.9c. Bipolar (BP) pads achieve

zero coupling factor between adjacent coils by partially overlapping them, as seen in Fig.2.9c

[91]. As a result, each coil is magnetically independent of the other. Thus, each coil can be

excited with a different current to generate a variety of magnetic fields. In fact, bipolar pads

can operate as polarized or non-polarized pads if needed [51]. Apart from the independence

between coils, several other advantages have been found. Bipolar pads can achieve similar ro-
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(a) Ferrite-less Pad (b) Ferrite-less Pad

Fig. 2.10 Example of coil topologies for ferrite-less pads. a) polarized b) non-polarized (cir-

cular) pad.

bustness to misalignment than DDQ pads while requiring ∼ 25.17% less copper. Additionally,

bipolar pads can increase not only the coupling factor but also its robustness to misalignment.

Moreover, isolated control of each coil in a BP pad can lead to higher overall efficiencies [91].

The concept of bipolar pads can be extended to three or more sets of pads resulting in

tripolar (TPP) or quadpolar, DDQ2, etc [65]. Using a TPP primary pad can increase the

"effective coupling factor" keff between pads in such a way that power can be transferred with

45% less VA in the primary [45]. Here, keff is defined as the ratio between apparent power

in the secondary and primary, i.e., keff =
S2
S1

. It is useful to determine the power transfer

capability of multi-coil systems [44]. The higher keff found in TPP attest to its superior power

transfer capability. The TPP can adjust the magnetic field according to the misalignment and,

consequently, are more robust than other pads. Moreover, the TPP has shown less leakage

flux which facilitates the compliance of safety codes. However, it is worth noting that multi-

winding pads require extra materials, switches, and compensation circuits as compared to

single winding systems. The TPP will not be discussed further in this thesis.

Ferromagnetic materials are necessary to improve the magnetic coupling and constrain the

trajectory of the magnetic flux. The most common materials used as cores are ceramic. Hence,

they are brittle and behave poorly in harsh environments: high temperatures and vibrations. In

recent years, several authors have started to look for ferrite-less pads as a way of improving

the mechanical robustness of the pad, reducing cost, and simplify the design. As shown in

Fig.2.10, different coil topologies have been introduced: using the concept of Halbach array

[56] or reflection windings [76, 68, 66, 67]. Ferrite-less pads are an attractive solution for
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roadway IPT systems. However, it is worth noting that higher VA ratings are required as

compared to ferrite-based IPT systems [65].

Conductors

The high-frequency currents used to excite the coils make the conductors prone to skin and

proximity effects. Skin effect refers to the change in the current distribution within the cross-

sectional area of a coil as a function of the operating frequency. The proximity effect, on the

other hand, refers to the change in current distribution seen in stacked conductors due to the

magnetic field of adjacent ones [78]. Both effects tend to increase the AC resistance of the

coil. To mitigate the undesired effects of proximity and skin effects, Litz wires are commonly

used. Litz wire is a stranded coil designed for high-frequency operation. The diameter of the

individual strands is selected according to the skin depth δ of the conductor. The skin depth

can be understood as "the depth below the surface of the conductor at which the current density

J has fallen to e−1 of the current density at the surface Jsur f " [78] and can be approximated,

for round conductors, as in (2.6):

δ =

√

1

π f σ µ
(2.6)

where f is the frequency of operation, µ is the permeability of the conductor, and σ , its

conductivity.

Fig. 2.11 Coil area versus magnetic coupling k for different cross-section geometries of Litz

wire. Taken from [12].
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Even with Litz wire, winding losses could account for up to ∼ 70% of the overall losses of

the magnetic coupler [12]. These losses depend on the cross-sectional area of the conductor.

Thicker coils result in lower current densities, higher coil quality factors, and lower copper

losses. However, they increase the weight and cost of the pad. According to [9], "a current

density of approximately J =4 A/mm2 provides a good balance between copper losses and

copper utilization". This value can be used to determine the required cross-sectional area of

the coil. Alternatively, the AC resistance of the coil can be analytically calculated. There are

different methods to estimate the resistance of a coil in an IPT system. For circular pads, the

effective AC coil resistance of the Litz winding can be estimated employing (2.7) [78]:

Rac+dc = Rdc

(

2+
π2ω2µ2

0 N2n2d6
c γc

768ρ2
c b2

c

)

(2.7)

where, Rdc is the DC resistance of the coil, N is the number of turns, n the number of strands

per turn, dc the strand diameter, bc the breadth of the window area of the coil and γc a factor

accounting for the effects of the magnetic field (usually 1) [78]. Another method is presented

in [62]. This method is used in this thesis and it will be presented in the next chapter. Litz wire

can also have rectangular or square cross-sections. However, coils with circular cross-sections

yield higher coupling factors as seen in Fig.2.11. Square and rectangular coils yield lower

values of k due to the distortion of field distribution around the corners of the coil. Since the

efficiency of the pad is proportional to k, circular cross-sections are preferred.

2.2.2 Magnetic Core

Soft-magnetic materials are added to the IPT pads to improve their magnetic performance. The

addition of magnetic cores results in higher Psu and k, and lower VA ratings. High resistivity,

permeability, and saturation point are some of the requirements for the core material. High

resistivity is required to limit eddy-currents induced in the core while a slim hysteresis loop is

required to ensure minimum magnetic losses. For IPT applications, manganese-zinc powder

ferrites, such as the N87 from EPCOS or K2004, are the most used materials. Ferrite is

used due to its adequate magnetic properties, large availability, and low cost. Ferrite cores,

however, are brittle and make the implementation of small-scale or geometrically complex

cores impractical. Ferrite cores have a relatively low magnetic saturation point, limiting the

power rating of the magnetic coupler. Moreover, the performance of ferrite deteriorates rapidly

as the operating temperature rises. Ferrite-less pads or alternative materials are the current

focus of research.

For non-polarized coils, three core designs are the most recurrent in literature: plates

(Fig.2.12c), unidirectional bars (Fig.2.12a), and radially oriented bars (Fig.2.12b). Unidirec-
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(a) (b)

(c)

Fig. 2.12 Core designs used in polarized coils: a) unidirectional bars [9] b) radial core bars

[23] and c) complete core (plate) [12].

tional bars are a viable alternative for polarized coils as the flux is unidirectional. When both

the transmitter and receiver pads are non-polarized, plates or radially oriented bars are pre-

ferred. According to [16], discrete core bars achieve similar performance to a continuous core

(plate). The optimal size and placement of the core within the pad area have been prominent

topics of research in the last years. In [16], the analysis of the optimal placement and size

of radially oriented bars is presented. In [89], a particle-swarm-based optimization of 2D-

axis-symmetrical circular pads is introduced. In both cases, optimum placement patterns are

identified; however, the implementation of these intricate patterns is limited by the scarce op-

tions of commercially available geometries [89, 16]. In [22], ferrite nano-particles on a base of

polymer were introduced to improve the mechanical performance of the pads and reduce the

amount of ferrite. Although the obtained permeabilities are lower, the mechanical robustness

of the material was effectively increased.
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(a) (b)

Fig. 2.13 Core designs used in polarized coils: a) full core (plate) [60] b) core bars [12].

For polarized pads, both ferrite bars and plates are used as shown in Fig.2.13a. In [15],

guidelines for Double-D pad design are presented using I93 core bars. Since only discrete

core bars were considered, the design process was limited to obtain the optimum separation

between bars. The optimum spacing was determined to be twice the core bar thickness. The

thickness of the bars was determined according to the maximum allowed flux density within

the core. The maximum flux density is constrained by the saturation limit of the material. In

most cases, the maximum flux is restricted below the saturation point to reduce the losses in

the core. The optimal utilization of ferrite cores within a continuous ferrite plate was studied

in [59]. As shown in Fig.2.14c and Fig.2.14d, adjusting the core bar thickness proportion-

ally to the flux density results in better utilization of core material. However, this results in

a complicated geometry (thicker in the middle section, flux-pipe) which reduces the pad’s

manufacturability and robustness. In [65], the effect of reducing the amount of ferrite was

analyzed when considering a uniform ferrite plate below the pad. Fig.2.14a shows the primary

VA required for a Psu = 1kVA while the leakage flux with a fully displaced secondary is shown

in Fig.2.14b. The leakage flux is measured at 800 mm away from the center of the secondary

pad. As the amount of ferrite in the pad decreases, so does the leakage flux. At the same time,

however, the required VA and current in the primary pad increase. The increase in VA seems

to reduce after the flux pipe is filled with material.

Ferrite plates are considered both in [65] and in [59]. It is worth noting that large fer-

rite plates are not commercially available and bespoke designs are required. Moreover, large

ferrite pieces are difficult to manufacture due to the brittleness of the material. Thus, ferrite



2.2 Magnetic Couplers: Coil and Core 23

(a) VAp (b) Leakage flux x-axis

(c) Core cross-section: schematic (d) Prototype

Fig. 2.14 Optimization of ferrite in DD pads assuming a ferrite plate. a) shows the primary VA

required for a Psu = 1kVA while the leakage flux with a fully displaced secondary is shown in

b). The leakage flux is measured at 800 mm away from the center of the secondary pad. Plots

taken from [65]. c) and d) show the core topology discussed in [89]. The core cross-section

is shaped to minimize core losses.

plates are usually formed by several smaller units. The interface between units leads to sev-

eral problems such as partial saturation and localized heating in the cores. These problems

are more probable as the number of units used in the core increases. In [14], introducing gaps

in between units is suggested to mitigate these issues. However, this comes at the expense

of higher reluctance in the core which translates into lower coupling factors and inductances.

Due to these limitations, ferrite bars are preferred, particularly for high power applications

[10]. The spacing between bars is commonly used for cooling as shown in Fig.2.13b.

Core losses

Power losses within the magnetic core are mainly of two types: eddy-current and hysteresis

losses. The former results from the circulation of induced currents within the core while the

latter results from the stiffness of the magnetic domains [78]. Both are proportional to the

magnitude and frequency of the magnetic field density B. In general, power losses in the core

can be estimated employing the Steinmetz equation (2.8)
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Pv =CmC(ϑ) f αB
β
pk (2.8)

where Cm, α , and β are constants obtained heuristically for each material; f stands for the

frequency of the magnetic field, Bpk for the peak magnetic flux density while C(ϑ) is a cor-

rection factor due to changes in temperature (ϑ ). It is worth noting that (2.8) units are kW/m3.

Thus, to calculate the total losses, volume integration is required. This is commonly done with

FEM packages after solving for the magnetic field distribution within the core.

Ferrite losses can be also estimated directly from FEM simulations by specifying the per-

meability as a complex quantity. Complex permeability (µ ′) can be understood as follows.

When an AC excitation H = Hme jωt is applied to a ferromagnetic material, a flux density

B = Bme j(ωt−δ ) is obtained. Here, δ represents the phase angle between H and B and it is re-

lated to the power loss in the material due to the AC magnetization. The complex permeability

can be defined as the ratio between B and H as in (2.9) [26]:

µ ′ =
B

H
= µr + jµi =

Bm

Hm

cos(δ )− j
Bm

Hm

sin(δ ) (2.9)

The complex permeability µ ′ reflects the combined effect of eddy-current, hysteresis,

and relaxation losses [26]. Complex permeability values can be obtained from the material

datasheets. The measurement of complex permeability is commonly performed by using

toroidal cores. Thus, the measured values considered unidirectional uniform flux. When

the core is exposed to traverse fluxes, alternative methods of estimating losses are required,

particularly for anisotropic and/or laminated cores. These methods are discussed in this thesis

in Chapter 3.

2.2.3 Stray flux regulations and Shield

According to the International Commission of Non-Ionizing Radiation Protection’s guidelines

(ICNIRP), the general public should not be exposed to more than Brms =27 µT of magnetic

flux for frequencies between 3 kHz and 10 MHz. This value is slightly relaxed for occupational

exposure to about Brms = 100 µT [38]. For many IPT systems, the general public limit is

considered and, therefore, a limit of Brms = 27.3 µT is usually selected. [10, 13].

Contrary to the ICNIRP, the IEEE.C95 standard defines a limit of 205 µTrms for exposure

of head and torso and 1130 µTrms for limbs [39]. The lack of agreement between these two

standards is attributed to differences in statistical and biological models, stated objectives, and

specification of safety limits in specific body parts [70]. In literature, limits vary across re-

search institutes. In recent years, however, more authors seem to favor the pacemaker limit of



2.2 Magnetic Couplers: Coil and Core 25

15 µTrms as it considers a worst-case scenario [72]. To ensure code compliance, the magnetic

flux is measured in different points around the pad and the safe zone is defined accordingly

[72, 9]. A distance of ∼800 mm from the center of the receiver pad is usually considered as

the limit of the safety area (considering the vehicle width as 1.6 m), as shown in Fig.2.15.

The magnitude of the flux leakage depends on the frequency of operation, the primary

apparent power, and the coupling factor between pads [50]. High power ratings complicate

the compliance of safety codes as the flux leakage increases with the power level. Therefore,

most IPT systems use magnetic shielding to reduce leakage flux. Two main shielding methods

can be found in literature: metallic shielding and reflection coils [43]. A metallic shield

is a metal sheet placed in strategic locations within the pad, usually below the pad. The

magnetic flux reaching the shield induces currents which, in turn, creates a magnetic field that

opposes the main one [43]. The currents in the shield produce losses that can be estimated

with FEM simulations as is done in [11]. A reflection coil, on the other hand, is an additional

winding placed below the pad. When excited, it produces a magnetic field that cancels the

flux generated by the main windings. The reflection coil can be active (driven by a power

source) or passive (driven by the main winding). Active coils require more power electronics

and control units but are more versatile and easier to design as compared to passive coils.

2.2.4 Magnetic pad design

The optimum design of an IPT charger is not straightforward. There are many variables to

be defined and a similar number of constraints to be satisfied. The design variables refer to

the geometric and intrinsic characteristics of the coil (number of turns N, coil diameter, coil

area, the separation between coils, etc.) and core (material, size, placement, etc.). Several

metrics are used to evaluate and constraint the design; namely, the power density, efficiency η ,

Fig. 2.15 Depiction of the distance at which the stray flux is measured considering a vehicle

width of 1.6 m. The limits according the different standards are listed as well: IEEE.C95 [39],

ICNIRP [38], and pacemaker [72].
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Fig. 2.16 Pareto front delimiting the design space for IPT pads [11].

cost, tolerance to pad misalignment, and maximum leakage flux. Each design variable relates

intricately to a metric. Moreover, metrics are closely linked. Thus, adjusting a design variable

to improve one metric can have a detrimental effect on the others. As a result, the design of

an IPT system requires balancing opposing requirements [12].

Given that IPT receiver pads are installed under the EV’s chassis, the volume and weight

of the pad should be as minimum as possible. Moreover, the area occupied by the pad must

be also reduced as it is directly correlated to the volume, weight, and leakage flux. The power

density per unit area is defined for IPT systems as αA; i.e., the rated power divided by the

surface area of the pad in kW/dm2. More compact pads have a higher power density; however,

they are less robust to misalignment between pads. Moreover, their efficiency tends to be lower

as the coupling factor is proportional to the pad area. Lower efficiency can lead to thermal and

reliability problems. On the other hand, larger pads are more efficient but result in higher

leakage flux outside the vehicle, higher cost, and weight. As shown in Fig.2.16, there is an

inherent trade-off between metrics; particularly, between αA and η . This trade-off defines a

Pareto-front which can be used for the design of IPT systems [12]. A design framework based

on this Pareto-front is presented in [12] and it is briefly summarized next.

The first step during the design phase is to determine all the design requirements. These are

set by the power converters (maximum voltage, current, power rating, etc). Second, a range of

feasible values for all the design variables (pad width, the pad length, number of turns, etc.) is
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Fig. 2.17 Different compensation topologies. a) series-series, b)series-parallel, c) parallel-

parallel, d) LCL-LCL, and e) LCCL-LCCL.

defined. Thereafter, FEM simulations are used to sweep the design variables for a specific coil

topology and core material. The models that comply with design requirements are considered

as part of the design space. Analytic models and FEM results are used to calculate metrics

that evaluate the effectiveness of a specific design. Usually, efficiency and power density are

used as metrics. These metrics will define a Pareto-front from which the final design will be

selected depending on manufacturability, availability of materials, among other factors [10].

2.3 Compensation circuit

Compensation circuits are essential elements in an IPT system [40]. Due to the large air gaps,

the leakage flux of the coils is considerably high. Thus, the power factor of an uncompensated

IPT system is low. Moreover, large reactive currents cause unacceptable losses. Resonant

tanks are therefore used for reactive power compensation to achieve a unity power factor

[23]. Several compensation circuits have been analyzed during the last decades. The number

of components (capacitors and inductors) as well as their performance regarding power flow

control, robustness to misalignment, and current sharing are different for each topology. The

most commonly used compensation topologies for non-polarized pads are the series-series,

series-parallel, LCL-LCL, and LCCL-LCCL, as shown in Fig.2.17. For polarized pads, these

same resonant tanks, as well as combinations of them, are considered. The operation of these

topologies is discussed next.
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Analysis Framework

The analysis of any compensation topology follows the procedure depicted in Fig.2.18. First,

the equivalent impedance of the secondary side is obtained by combining the load and com-

pensation circuit into one single impedance Z2,eq. The capacitance and inductance values in

the secondary compensation tank are defined so its resonant frequency is ω = 2π f ; where f

is the desired operating frequency. As a result, the expression of Z2,eq can be significantly

simplified when considering resonance.

The current in the secondary coil iL2 is calculated as in (2.10):

iL2 =
jωM12iL1

Z2,eq

(2.10)

In some compensation topologies, the secondary coil current and the load current i2 are the

same. However, this is not always the case. In these cases, the load current i2 can be calculated

using Kirchhoff’s current law and iL2. The load current is required to compute the power

transfer to the load as given by (2.11):

P2 = i22RL,eq (2.11)

Once iL2 is defined, the secondary circuit can be reflected into the primary side as an

equivalent impedance by means of (2.12):

Zref =
− jωM12iL2

iL1
(2.12)

The equivalent input impedance Z1,eq is then estimated by combining Zref, L1, and the

compensation circuit in the primary coil. The input current i1 and the primary coil current iL1

are estimated from this equivalent circuit. The power can be also calculated as a function of

the voltage in the primary converter u1: P2 = u1 · i∗1.

Following this procedure, expressions for the converters and coil currents can be defined.

Moreover, explicit expressions for the power transfer can be found. Finally, the values of the

capacitors and inductors required to achieve resonance can be mathematically defined. Table

2.1 lists the most important equations for the commonly used compensation circuits. Details

of every compensation model are introduced in the next sections. It is worth noting that in

this analysis, the coil resistance is not considered. Thus, the coils are considered as loss-less

to facilitate the analysis of the compensation topologies. Nevertheless, the analysis can be

extended to lossy conductors following the same procedure.
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Fig. 2.18 Depiction of the process used when analyzing compensation circuits as part of IPT

systems.

2.3.1 Series-Series (CL)

This compensation is depicted in Fig.2.17.a and its most important equations are listed in Table

2.1. The main advantage of this topology is its simplicity and low component count; only one

extra capacitor per pad is necessary. Additionally, the resonant conditions are independent of

the coupling factor.

At the resonant frequency, the voltage u1 defines the current in the secondary i2 = iL2.

The input current i1 = iL1, on the other hand, is proportional to the load RL,eq. Assuming no

losses in the pad, the power transferred is given by (2.13) as a function of the input and output

voltages.

P2 =
U1 ·U2 · sin(θ)

ω

1

M12
(2.13)

In (2.13), θ is the phase difference between the RMS converter voltages U1 and U2. For a

passive secondary converter (e.g. diode bridge), θ is always π
2 when operated at the resonant

frequency. In active converters, θ can be controlled to regulate the power flow [23]. The power

transfer in (2.13) is inversely proportional to the mutual inductance M12. As M12 reduces

due to pad misalignment or due to the increase in the clearance between pads, the power

transfer capability of the pad increases at the expense of lower efficiency. The extreme case

is an operation without a receiver. In this scenario, the current in the primary will increase

uncontrollably. Thus, an open-secondary operation is not possible with this topology. Another

disadvantage attributed to this compensation method is the load dependency of the voltage
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Table 2.1 Relevant expressions for the most important compensation circuits.

Series-Series Series-Parallel LCL-LCL LCCL-LCCL

Secondary

Resonant condition C2 =
1

ω2L2
C2 =

1
ω2L2

C2 =
1

ω2L2

L2s = L2

C2p =
1

ω2L2”

L2s = L2”

L2” = L2 − 1
ω2C2

Secondary imp. Z2,eq RL,eq
jωL2

1+ j
RL,eq
ωL2

ω2L2
2
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transfer ratio; however, this is not an issue when using a load impedance matching converter

in the secondary.
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Fig. 2.19 Norton equivalent circuit of a parallel compensated IPT pad. a) Before and b) after

the transformation.

When designing a pad with this resonant circuit, the pad is designed to transmit maximum

rated power at the position with the highest coupling factor, k = kmax. At this condition,

the value of M12 can be estimated from (2.13) and the system can be designed accordingly.

Alternatively, the equivalent load can be calculated using (2.1): RL,eq =
π2u2

DC,2

8P2
. Thereafter,

the required self-inductances of the transmitter and receiver pads can be estimated as in (2.14).

L2 ≈
RL,eq

ωk
L1 ≈ L2

(

uDC,1

uDC,2

)2

(2.14)

It is worth noting that 2.14 requires a predefined desired (target) value of k. More information

on how to design series compensated pads can be found in [12].

2.3.2 Series-parallel (SP or CP)

The series-parallel topology is shown in Fig.2.17.b while the most important equations are

listed in Table 2.1. This topology can be more easily analyzed by replacing the secondary

circuit with its Norton’s equivalent as seen in Fig.2.19. As opposed to the series-series com-

pensation, the primary converter voltage u1 determines the value of u2. Thus, a constant

voltage ratio can be achieved independently from the load. This is an advantage over the

series-series topology. However, as opposed to series compensation topology, the capacitance

value at the primary side required for resonance depends on the coupling factor. This compro-

mises the actual implementation as the coupling factor changes with the position of the pad.

Moreover, parallel topologies usually require a filter inductor at the load side rectifier to force

a continuous sinusoidal current flow. To achieve this, a boost converter stage is placed after

the rectification. A current-based converter is required since a voltage source and a capacitor

cannot be connected in parallel. As explained in previous sections, the equivalent load for
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current-source converters is given by (2.1): RL,eq =
8u2

DC,2

π2P2
. RL,eq can be used to determine the

required values of L1 and L2 as show in (2.15).

L2 = RL,eq
k

ω
√

1+ k2
L1 ≈ L2

(

8

π2k

uDC,1

uDC,2

)

(2.15)

2.3.3 Series-series vs series-parallel

From Fig.2.7, it can be seen that for series-parallel topologies, the maximum efficiency is

achieved at higher load matching factors (γ), compared to a series-series system. Thus, for a

given load, frequency of operation, and coupling factor, a series-parallel needs lower induc-

tance value. Hence, this topology is popular for low-power applications in which the size of

the secondary’s pad is critical. In high power applications, however, low inductance values

are hardly realizable as the pad size is larger. Thus, the series-series topology is preferred.

Moreover, the resonant frequency of series-series compensated systems is independent of the

coupling factor. This makes the IPT system more robust to misalignments. At the same

time, the series-series compensation does not require a filter inductor in the secondary rec-

tifier which can reduce the converter size. For these reasons, series-series compensation is

one of the most used topologies for medium and high power IPT systems in the literature. In

commercial systems, however, LCCL-LCCL resonant tanks are dominant.

2.3.4 Parallel-series and parallel-parallel

When using a parallel compensation in the primary side, the equivalent impedance seen by the

primary converter is given by (2.16)

Z1,eq =
ω2L2

1

Zref
+

1

jωC1
(2.16)

where Zref is the reflected impedance of the secondary pad. The converter sees a capacitive

impedance; therefore, a voltage-source inverter cannot be used in the primary as it would imply

connecting a capacitor and a voltage source in parallel. A current-source inverter such as the

push-pull converter is used [36]. Topologies with a parallel compensation on the primary side

are less commonly used and they will not be discussed further in this thesis.
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2.3.5 LCL-LCL and LCCL-LCCL

The LCL topology, introduced by Wang in 2004 [80], is shown in 2.17.d. Its main equations

are summed up in Table 2.1. The analysis of the LCCL-LCCL topology is done by substi-

tuting the voltage sources with current sources using Norton’s theorem as shown in Fig.2.20.

Assuming no losses in the pad, the power transfer P2 is given by (2.17).

P2 =
u1 ·u2 · sin(θ)

ω

M12

L1sL2s

(2.17)

where θ is the phase of the voltage imposed by the secondary converter with respect to the

voltage waveform of the primary converter. Thus, the power transfer is directly proportional to

the voltage magnitude and the mutual inductance, and inversely proportional to compensation

inductances L1s and L2s. Higher power transfer can be achieved by reducing L1s and L2s.

However, to preserve the resonant frequency constant, the values of L1 and L2 must be also

reduced while keeping M12 constant. Achieving this by adjusting the geometry or number

of turns of the coil is challenging. Alternatively, capacitors can be added in series with the

main coils L1 and L2. These capacitors reduce the equivalent inductance without changing the

actual inductance values. This topology is known as LCCL-LCCL and behaves almost exactly

as the LCL-LCL when operated at the resonant frequency.

The primary coil current is independent of the load as seen in Table 2.1. When pads are

misaligned or the clearance between pads increases, the mutual inductance M12 drops, leading

to lower power transfer. This condition allows the safe operation of the pad even with an

open-secondary. This behavior is contrary to the series-series compensation and is a clear

advantage over the series-series topology. The improved performance, however, comes at the

cost of higher complexity and component count.

Fig. 2.20 Norton equivalent circuit of an LCL compensated IPT pad. a) Before and b) after

the transformation.
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2.3.6 Compensation topologies for polarized pads

For polarized pads, since the number of coils is equal to or greater than two, each coil can

be compensated in a different manner which gives rise to hybrid topologies. Hybrid topolo-

gies are based on the previously discussed compensation networks and seek to improve the

performance of the pad in response to misalignment or increments in the clearance between

pads [93]. In [93], for instance, a hybrid compensation topology is presented in which a series-

series and an LCL-LCL compensation are combined in parallel. Constant power is transmitted

despite when the pads are misaligned. Similar results are achieved by other authors with differ-

ent topologies [95, 94]. Hybrid topologies have been applied to pads with two coils (Double-D,

bipolar) as well as pad as three coils (DDQ) [92, 28]. In general, the number of components

required by these topologies is higher. However, several methods for reducing these elements

have been presented. One of these methods results from including the resonant inductors as

part of the main magnetic coupler [69].

2.4 Control Strategy

There are different control strategies used for power flow regulation in VSI-based systems.

The main control strategies are described below:

Fig. 2.21 Control strategy: Maximum efficiency control. Adapted from [8].
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• Maximum Efficiency Control with DC-link Voltage control-VC): For a series-series

compensated system, the power output is given by (2.18):

Pout =
U1U2

ωM
sin(θ) (2.18)

where U1 and U2 corresponds to the fundamental RMS voltages synthesized by the

primary and secondary converters, and θ is the phase angle between the AC converter

voltages. If the converters produce square voltage signals, (2.18) can be expressed as a

function of the DC-link voltages in the transmitter and receiver pads as shown in (2.13)

and repeated in (2.19):

Pout =
8

π2

uDC,1uDC,2

ωM
sin(θ) (2.19)

This expression is only valid when square voltage waveforms are considered. Consid-

ering (2.19), the power flow can be controlled by adjusting the DC-link values. The

DC-link voltage in the secondary uDC,2 can be adjusted via a DC/DC converter in the

secondary, between the rectification and the battery. Another DC/DC converter stage

can be used to regulate the DC-link voltages in the primary. The PFC converter used in

the input is not enough to regulate uDC,1 since both step-down and step-up capabilities

are needed and the PFC only permits boosting capability.

If the DC-link voltages are regulated, the primary converters (DC/AC in the primary

and AC/DC in the secondary) are operated at a constant duty-cycle of 50% and constant

frequency (85 kHz). As a result, soft switching can be always achieved. Consequently,

this control strategy achieves high efficiency but requires a larger number of power

electronic components and stages [8].

The overall scheme is shown in Fig.2.21. For a required power output, the DC-link

voltage in the secondary is adjusted to ensure that the equivalent load RL,eq yields the

maximum efficiency (impedance matching). If both DC-link voltages are reduced or

increased proportionally, then the maximum efficiency is always maintained. The load

matching is corrected only when there are changes in the coupling factor due to move-

ments (misalignment) in the pads. Wireless communication is needed for the secondary

to estimate the value of k in real-time. The value of k and the reference power Pout = P∗
2

is then used to determine the command uDC,2. A controller (PI, for instance) is used to

regulate the value of uDC,1 to provide the required power [8].



36 Literature Review: State-of-the-Art and Fundamentals

• Maximum efficiency control with duty-cycle control: The previous method achieves

high efficiencies by ensuring soft-switching at all times. In [23], however, Diekhans

and De Doncker showed that high efficiencies can be also achieved by using dual-side

power controllers and hard-switching when wide-bandgap switches are used. To this

goal, the passive rectifier in the secondary is replaced by an active VSI converter as

shown in Fig.2.22.a. The power flow, given by (2.18), is then regulated by adjusting

the magnitude of the fundamental AC voltages u1 and u2 while the DC-link voltages are

kept constant. Here, (2.18) corresponds to a series-series compensation; however, this

method can also be applied to other compensation circuits.

The fundamental AC voltages of a full-bridge with firing-angle control are given by

(2.20):

u1 =
4 ·uDC,1

π
sin

(α f ,1

2

)

u2 =
4 ·uDC,2

π
sin

(α f ,2

2

)

(2.20)

where α f is the firing angle of the converter as shown in Fig.2.22.b and Fig.2.22.c for

two exemplary cases. Substituting (2.20) into (2.18), the power transfer in the system is

given by (2.21):

Pout =
8 ·uDC,1uDC,2

π2
sin

(α f ,1

2

)

sin
(α f ,1

2

) 1

ωM
sin(θ) (2.21)

This methodology relaxes the requirements for DC/DC converter stages and reduces the

number of power electronics components. The firing angles are adjusted depending on

the coupling factor and the load. Since the duty cycle is not constant, soft switching

cannot always be guaranteed, only at rated load when α f ,1 and α f ,2 are both equal to π .

It is worth noting that the use of active converters in both transmitter and receiver sides

Fig. 2.22 Illustration of the firing angle control of an VSI H-bridge converter.
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also allows for bidirectional power flow. This can be easily achieved by making θ equal

to −π
2 .

• Switching frequency control (FC): Frequency control is widely used in the operation

of resonant converters. If the frequency of operation is shifted from resonance into the

inductive region, the impedance of the system increases, and the power flow is reduced.

For IPT systems in EV applications, however, the nominal frequency of operation is set

to 85 kHz (between 81.38 and 90 kHz) by the standard SAE J2954. Hence, this control

method is not ideal for EV charging. Particularly, since the efficiency of the system is

reduced when operating out of the resonant point [8].

• Self-oscillating Control (SOC): Self-oscillating control is a combination of frequency

control and duty cycle control of the receiving stage. A current sensor with its dedicated

signal conditioning circuit is used to estimate the zero-crossing of the converter current.

This signal is used to coordinate the converter switches. Thus, the system oscillates at

its natural frequency and no predetermined frequency is imposed beforehand. Once the

zero-crossing is determined and the sign of the current (positive or negative) is known,

the controller can inject/remove power in/from the system or enter in a free-wheeling

state. Power injection is guaranteed by matching the polarity of the converter voltage

and current for a specific duty cycle. Since the zero crossing is known, soft switching

can be achieved. Nonetheless, due to the high frequency of operation, SOC can be

difficult to implement [8].

• FC vs SOC and VC: For FC and SOC, the current in the primary is higher than the

current in the secondary at partial load. Unequal current sharing produces higher power

losses as seen in Fig.2.23. Controlling the voltage in primary and secondary, VC yields

higher efficiency values at partial load. However, this strategy requires extra compo-

nents and power converter stages. Similarly, controlling the AC voltage by changing the

firing angle reduces the losses at partial load [23]. However, the efficiency is lower com-

pared to VC due to the higher switching losses produce by hard switching. Nonetheless,

having an active secondary reduces the number of converter stages and components and

can facilitate bidirectional power flow. The selection of the best control strategy depends

on the application at hand.

• Universal charger control strategy: In [52], the control strategy known as universal

control is presented. The main objectives of this design are 1) limit/eliminate the need

for wireless communication between charging pads and 2) facilitate the interoperability

of different pad designs. The control method is briefly described next.
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Fig. 2.23 Comparison of power losses for different control strategies: Self-oscillating control

(SOC), Frequency control (FC), and Voltage control (VC). Adapted from [8]. PL1 : power

losses in primary coil; PL2 : power losses in secondary coil. PC1 : power losses in primary com-

pensation capacitor. PC2 : power losses in secondary compensation capacitor. PFET : Switching

and conduction losses in the MOSFETs. PD : Losses in the rectification diodes.

(a) (b)

Fig. 2.24 a) Frequency response
u2(s)
u1(s)

for a series-series IPT system. b) Method of detecting

f1. Adapted from [52].
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In Fig. 2.24a, the frequency response
u2(s)
u1(s)

is plotted for a series-series compensated

pad. At the resonant frequency f0, the voltage increases along with the load RL,eq due

to the current-source behavior of the primary. Nevertheless, if the system operates at

f1 instead of f0, the voltage gain remains constant, and it is equal to 1 regardless of

the load. This facilitates the interoperability between different designs as the system

is impervious to changes in the load. However, it is worth noting that the impedance

seen by the primary at f1 is inductive for heavy loads (high Rload in Fig.2.24). On one

hand, an inductive equivalent impedance guarantees ZVS. On the other hand, a lower

power factor is expected. For light loads, however, the power factor at f1 is close to

one, as seen in Fig.2.24a. In fact, this is the strategy used in [52] to find f1 during

operation. This strategy is depicted in Fig.2.24b. Although this method of operation

can be practical for applications where the load varies drastically, finding f1 requires

extra circuitry. An extra voltage sensor and a current sensor at the output of the primary

inverter and as well as a phase estimation circuit are required. These requirements hinder

the implementation of this control strategy, particularly in commercial units.

2.5 Summary

This section presents the fundamentals as well as some more advanced concepts related to

IPT technology. The objective of this chapter was to present a theoretical background that

facilitates the analyses presented in the upcoming chapters. First, the basic operation of an

IPT system was discussed along with the most important mathematical models used for its

representation. The main components of the magnetic couplers were presented. Different coil

topologies, core materials, and methods for the calculation of power losses were described.

Additionally, different compensation circuits and their behaviors were introduced along with

mathematical expressions that define their performance. Finally, different control strategies

used in power flow regulation were discussed.





Chapter 3

Nanocrystalline Ribbon Cores for IPT

Applications

MnZn based ferrites such as the EPCOS [16, 10] or K2004 [10, 8] are commonly used as

magnetic cores in IPT systems. However, the brittleness of these materials makes the IPT

system prone to mechanical breakage and hinders the implementation of large-scale and/or

complex geometries. Moreover, ferrite cores have a lower flux density saturation point, which

presents challenges for compact and high-power IPT systems.

In recent years, reducing the amount of core material has become a popular topic of re-

search. Optimizing ferrite utilization is crucial to increase the power density and reliability of

the system. In [59], the core bars are reshaped to obtain a uniform flux density throughout the

entire bar. On the other hand, in [89], an optimum 2-D axis-symmetric placement of the core

for a polarized pad was studied. In both cases, optimum designs are intrinsically limited by

the poor mechanical (Young’s modulus, yield strength, and manufacturability) and magnetic

(magnetic saturation and permeability) properties of ferrite [58, 89]. The need for new mag-

netic materials becomes evident. In this chapter, nanocrystalline-ribbon cores are presented as

an alternative core material for IPT systems. Their performance in IPT systems is evaluated

experimentally and with FEM simulations.

3.1 Magnetic Core Materials

Ideal magnetic materials for optimum IPT designs ought to have the following properties:

high saturation flux density, high permeability, high resistivity, lower power loss, high ther-

mal stability, and low-cost [82]. No material can satisfy all these conditions and, therefore,

compromises are required. A list of magnetic materials commonly used in power electronic
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applications is shown in Table 3.1. To ease the comparison, the magnetic saturation flux den-

sity, permeability, and core losses are depicted in Fig.3.1 for the most common materials.

MnZn ferrites have low saturation flux density and permeability values; however, they

are reasonably priced and have high resistivity and moderate core losses [82]. Silicon steels

(FeSi) on the other hand have a higher flux saturation density Bsat with moderate values of

permeability. These materials are prone to eddy-currents which makes them lossy. They are

usually laminated to mitigate these losses. The lamination thickness ranges between 0.1 mm

to 0.65 mm. The content of Si can be also increased to reduce the conductivity of the material.

However, this makes the core more brittle. Thus, the percentage of Si is usually kept under 4 %

[61]. Due to the losses, the operation of this material is restricted to low frequencies (<kHz).

Different alloys are also used in magnetic cores. The Nickel-Iron alloy (NiFe), known as

Permalloy, offers higher permeability and Bsat than silicon-steels. The properties depend on

the specific composition [57]. Nickel-rich alloys have higher permeability but low saturation

flux density while iron-rich alloys have the opposite behavior. Iron-cobalt alloys such as Per-

mendur, exhibit high saturation flux density (2.54 T) but lower permeability than NiFe alloys

[18]. The high cost of cobalt limits its application. These alloys are used in the form of powder

which is then sintered to the required core shapes [18].

Amorphous alloys are also used as magnetic cores material. Amorphous alloys have higher

permeability and resistivity than the aforementioned crystalline structures [20]. They com-

monly contain Fe, Co, Ni, Si, B, and small quantities of Nb, Cu, Mn, and C. They are mainly

divided into two groups: Fe-based alloys and Co-based alloys. The former has higher satu-

ration flux density while the latter has lower magneto-restriction which translates into lower

losses [32, 20]. While amorphous materials are devoid of a lattice structure, crystalline and

nanocrystalline materials have a well-defined grain structure. Nanocrystalline grains range be-

tween 1 to 50 nm, much finer than other crystalline structures [88]. Nanocrystalline materials

exhibit very high permeability and saturation flux density and low magneto-restriction (low

hysteresis losses). For these reasons, they have been widely used in high-frequency applica-

tions [82].

Powder iron cores exhibit higher losses and low permeability which makes them not ideal

for IPT applications. Iron and silicon steel have lower losses but low permeability values. This

is also true for powder-based cores. Permalloy, Sendust, and FE-based amorphous materials

can count as possible replacements for ferrite in IPT pads due to their higher saturation point.

However, their magnetic properties are inferior to that of the nanocrystalline ribbon cores

[20]. Thus, nanocrystalline ribbon cores are a viable replacement for ferrite cores. A detailed

comparison of nanocrystalline ribbon core versus ferrite is presented next.
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Table 3.1 Properties of Commonly Used Magnetic Materials.

Material Type Manufacturer Material Bsat [T] µr Cont. Resist. Ther. Cond. Density Core Loss

@25 °C @20 kHz Temp. [µΩ·m] [W/mK] [g/cm3] [kW/m3]

Ferrite (MnZn) Ferroxcube 3C95 0.53 3000 140 5E+06 3.5-5 4.8 350

Ferrite (MnZn) EPCOS N87 0.49 2200 140 10 3.5-5 4.85 110

Powder Core (NiFeMo) Magnetics Molypermalloy 0.75 14-550 200 - - 8.2 45

Powder Core (AlSiFe) Magnetics KoolMu 26 1.05 26-125 200 - - 6.8 83

Powder Core (NiFe) Magnetics High Flux 1.5 14-160 200 - - 7.7 116

Powder Core (FeSi) Chang Sung Mega Flux 1.6 26-90 200 - 11.4 6.8 186

Powder Iron (C=OFe) Micrometals Mix-26 1.38 75 <75 - 4.2 7 630

Powder Iron (C=OFe) Micrometals Mix-30 1.38 22 <75 - 2 6 835

Amorphous (FeSiB) Metglas 2605SA1 1.56 600 150* 1.37 10** 7.18 70

Amorphous (FeSiB) Metglas S605SA3 1.41 35000 150* 1.38 10** 7.29 17

Silicon Steel (FeSi) JFE Steel 10JNHF600 1.88 600 150* 0.82 18.6** 7.53 150

Silicon Steel (FeSi) JFE Steel 10JNEX900 1.8 900 150* 0.82 18.6** 7.49 180

Nanocrys.(FeSiNbBCu) Vaccumsch. Vitroperm 500F 1.2 13200 120* 1.15 10** 7.3 5

Nanocrys.(FeSiNbBCu) Hitachi Finemet FT-3M 1.23 15000 155* 1.2 10** 7.3 5

Nanocrys.(FeSiNbBCu) AT&M Antainano 1.25 300-30000 155* 1.2 10** 7.2 5

∗ :laminated. ∗∗ : thermal conductivity along laminations
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(a) (b)

(c) (d)

Fig. 3.1 Comparison of the electromagnetic properties of commonly used magnetic materials.

a)−b) Permeability versus Saturation flux density [32, 90], c) Saturation flux density vs core

losses [84], and d) frequency vs core losses [32] for different magnetic materials.

Ferrite versus nanocrystalline

Fig. 3.2 compares a typical nanocrystalline alloy versus other standard materials for IPT cores

such as ferrite and other MnZn alloys. Nanocrystalline materials show several advantages that

make them attractive for IPT applications. First, their relative permeability can be tuned during

the manufacturing process from 120000 up to 300000 as shown in Fig. 3.2.a. These values

are several orders of magnitude higher than that of ferrite. Higher permeability has the po-

tential to increase the coupling coefficient k which is evaluated in the next section. Moreover,

higher permeability constrains more effectively the magnetic flux, reducing the flux leakage to

shields or other metallic surfaces. It is important to notice that the permeability of the ribbon

decays significantly as the frequency increases as shown in Fig.3.2.a. However, this is only

problematic for frequencies ≥ 100 kHz which are out of the desired range for high-power IPT

applications.
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Fig. 3.2 Comparison of the electromagnetic properties of MnZn Ferrite N87 [64, 75] and

nanocrystalline ribbon cores (Antainano) [5]. The power losses for the latter consider a stack-

ing factor of 0.88.

A seen in Fig.3.2.b, nanocrystalline alloys such as Antainano saturate at ≥1.25 T; more

than twice the saturation point of standard ferrite N87. A higher saturation point Bsat is cru-

cial to achieving high power density. Nanocrystalline powders can achieve similar saturation

levels; however, their relative permeability is restricted to values below 100. Thus, nanocrys-

talline powders do not outperform ferrite as core materials. The saturation flux density of

the nanocrystalline ribbon is more stable to temperature deviations. As seen in Fig. 3.2.c,

nanocrystalline Curie temperature is close to T ≥600 ◦C which is three times higher than that

of ferrite N87. Moreover, the decay of Bsat as a function of the temperature is gradual for

nanocrystalline. Hence, it can operate at higher temperatures without compromising the per-

formance of the system. Moreover, the metallic nature of nanocrystalline ribbon cores yields

higher thermal conductivity than the ceramic-based ferrite cores. Consequently, the require-

ments for cooling can be relaxed which simplifies its design and reduces its cost and size. In

contrast, Bsat decays rapidly with temperature for ferrite N87 as seen in Fig.3.2.c. As a result,

the operation is strictly restricted to the low-temperature range.
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In general, nanocrystalline exhibits lower magnetic losses as compared to ferrite and MnZn

as shown in Fig. 3.2.d. Magnetic losses are minimal due to the soft characteristic of the

material which ensures a slim hysteresis loop. Nonetheless, the eddy-current losses can be

problematic as the conductivity of nanocrystalline materials is high: σ =833333 S/m. For-

tunately, eddy-current losses are limited since the thickness of the nanocrystalline ribbon is

between 14−30µm thick. As seen in Fig.3.2.e, as the thickness of the ribbon decreases, so do

the power losses. IPT systems for EVs operate at a fixed frequency ∼85 kHz; thus, losses are

then only dependent on the magnetic flux as shown in Fig.3.2. f for a frequency of 100 kHz.

From Fig3.2.e and Fig3.2. f , the Steinmetz coefficients can be obtained which can be used later

in the estimation of the overall core losses. Finally, nanocrystalline ribbons have a higher yield

strength which makes the bar considerably more robust compared to other ceramic materials

such as ferrite.

Nanocrystalline cores are formed by stacking ribbons together using an organic binder.

Each ribbon is galvanically isolated from others. Laminated cores are therefore anisotropic;

that is, their properties are different in each axis. In most applications, the magnetic flux is

unidirectional and the anisotropy is inconsequential. However, it can problematic in applica-

tions with multi-directional flux, such as in IPT systems. Moreover, anisotropy can also lead

to extra losses in gap inductors [83].

3.1.1 Fabrication Method

MnZn Ferrite cores: The standard manufacturing process of MnZn ferrite cores is depicted

in Fig.3.3.a. The process begins with a mix of high purity raw materials in the form of pow-

ders. Water is usually used as a medium. Next, the mix is preheated in a process known as

pre-sintering. Here, the temperature is increased up to 75% of the final sintering temperature.

The impurities in the mix are evaporated and oxides are formed. A grinding process follows

next to make sure that the particle size meets the requirements, usually between 2 and 16µm.

Thereafter, a binder is added to the mix and the pressing process takes place. Through this pro-

cess, the core is given the required shape (E, C, I, U cores, etc.). Next, the cores are sintered.

This process is crucial to ensure the electromagnetic properties of the material. Sintering oc-

curs in a controlled environment with regulated temperature and atmosphere content. During

this stage, impurities, binders, and lubricants are burnt out and the final microstructure of the

material is achieved. As shown in Fig.3.4.a, the final microstructure of ferrite is formed by

domains whose size is in the order of tens of micrometers. To finalize the process, the cores

are machined (e.g. with a diamond wheel) to ensure the final dimensions. Quality control and

inspection then conclude the fabrication cycle.
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(a)

(b)

final

(c)

Fig. 3.3 Fabrication process of nanocrystalline and ferrite cores. a) Fabrication process of

MnZn ferrite cores [21]. b) Manufacturing process of the nanocrystalline ribbon [33]. c)
Detail of changes in the micro-structure as result of the annealing process [33].

Nanocrystalline alloy ribbon cores: The fabrication method of MnZn ferrite cores and

nanocrystalline alloy cores is substantially different. The manufacturing process is depicted

in Fig.3.3.b. The process starts with a high-temperature melt consisting of Fe −as the main
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(a) (b)

Fig. 3.4 Microstructure of nanocrystalline and ferrite cores. a) Ferrite microstructure SEM

[48]. b) Nanocrystalline alloy microstructure TEM [53].

phase−, Si, B, Cu, and Nb. This melt is quenched rapidly as it is poured onto a rotating wheel

forming an amorphous metal ribbon. This method is known as single-roll. The wheel speed

and the material injection rate define the thickness of the ribbon, which is usually between 14

and 25 µm. This amorphous ribbon is the precursor of the nanocrystalline one. The former is

wound into single units which are then annealed. The annealing process is critical as it defines

the microstructure of the material as well as its macro-scale properties such as its magnetic

permeability. The annealing process is depicted in Fig.3.3.c. In the early stages of annealing,

clusters of copper are formed. These clusters multiply the nucleation centers of iron (Fe). The

nucleation derives into a crystallization phase of Fe-(Si). These crystalline structures continue

growing until an equilibrium is reached. Equilibrium is achieved because the crystallization

temperature of the remaining amorphous phase increases and becomes more stable due to the

enrichment of Niobium (Nb) and Boron (B) [33]. The presence of Niobium also inhibits the

growth of the grain [41] during crystallization and keeps the size of the crystalline grain in

the order of nanometers, as seen in Fig.3.4.b. In the last stage of fabrication, the ribbons are

impregnated with resins (binders) which are responsible for binding the ribbons together. It

is critical to ensure that the resin forms an even and thin layer between the ribbons. After

the impregnation, the core is cured under controlled conditions. Should tooling be required,

special care must be also paid to prevent damaging the ribbons and the insulation between

them.



3.2 FEM Simulation of IPT systems 49

3.2 FEM Simulation of IPT systems

3.2.1 Fundamentals

It is a common practice to model the electromagnetic and thermal behavior of IPT systems

via FEM simulations. The values of self and mutual inductance, coupling factors, open-circuit

voltage, and short-circuit currents can be obtained from FEM simulations. Moreover, power

losses in the different components can be also calculated. In the literature, different authors

use different FEM software programs. Common options are JMAG, Ansys Maxwell, Opera,

and COMSOL. The latter is used throughout this thesis. To ensure the accuracy of the simu-

lations, several IPT systems were simulated and the results were compared against previously

reported values in [16, 10]. The results matched with a difference of less than 5%. The ac-

curacy of the simulations was also validated against experimental results shown later in this

chapter. Deviations of less than 8% are measured. Details regarding the modeling of all IPT

components are presented in the next sections.

2D vs 3D modeling

For IPT pads using circular non-polarized coils and core plates (Fig.2.12c), 2D-axis-symmetric

simulations can be used as the system has radial symmetry. When discrete core bars are used

as opposed to plates, the radial symmetry is disrupted, and 3D models are necessary. The

same is true for every polarized coil (DD, DDQ, BPP, etc.) as well as for non-polarized coils

with square coils. 3D models are used in this dissertation.

Time-domain vs frequency-domain simulations

As explained in Section 2.1.3, the harmonic components of the excitation current in the coil

are low and, therefore, the excitation current can be considered as sinusoidal for all practical

purposes. As a result, frequency domain simulations can be used considering the fundamental

current component at 85 kHz. The multi-physics environment within COMSOL permits heat

transfer simulations to be performed as well as simulating the IPT pad as a part of an electric

circuit. However, for the characterization of the IPT pad, electromagnetic simulations within

the frequency domain are usually sufficient.
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Fig. 3.5 Illustration of the homogenization method. a) Laminated Core. b): Equivalent Core.

3.2.2 Magnetic Core Modeling

Modeling of Solid and Laminated Cores

Ferrite is an isotropic material whose properties are homogeneous and oblivious to the mate-

rial orientation in space. Thus, they can be modeled with uniform electromagnetic properties.

Nanocrystalline bars, on the other hand, are formed by ribbons stacked together with a binder

material. As a result, the core bars are anisotropic; i.e., their electromagnetic properties (per-

meability and conductivity) are different in each axis.

The effect of laminations in numerical FEM simulation has been extensively researched

in the last century by Steinmetz, Bertotti, and more recently by Hanhne et al., Bermudez

[7] and Wang [37]. One of the most popular methods is the homogenization method since

it permits a decrease in the complexity of the FEM simulations with an acceptable compro-

mise of accuracy. Accuracy values over 95% can be achieved [83]. Thus, a laminated core,

shown in Fig. 3.5.a, can be represented as a non-laminated one with equivalent conductivity

σeq and permeability µeq values as shown in Fig.3.5b). The equivalent parameters can be

isotropic or anisotropic depending on the flux distribution. In transformers with laminated

cores, for instance, the equivalent conductivity can be isotropic as the flux is mainly unidi-

rectional. For cuboid-shaped magnetic cores in IPT applications, however, the flux paths are

multi-directional. Consequently, anisotropic properties must be considered; i.e., the equivalent

permeability (µeq) and conductivity (σeq) must be considered as tensors [82].

Several methods of calculating the equivalent properties for laminated cores are reported

in literature [7], [37], [81], and [35]. They vary in terms of accuracy, assumptions, and com-

plexity. In [7], (3.1) was introduced for the equivalent conductivity in the y-axis (σeq,y), for a
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Table 3.2 Equivalent Electromagnetic Properties of the Nanocrystalline ribbon cores using the

homogenization method: Antainano (AT&M) and Finemet (Hitachi Metals).

Material arib µeq,x = µeq,z µeq,y σeq,x = σeq,z σeq,y

Antainano 1k107 8 mm 78000µ0 4.54µ0 6.5×105 S/m 6.67 S/m

Antainano 1k107 16 mm 78000µ0 4.54µ0 6.5×105 S/m 1.66 S/m

Finemet F3CC0050 9.5 mm 2000µ0 5µ0 6.67×105 S/m 0.46 S/m

Finemet F3BC342425 4 mm 17710µ0 4.34µ0 6.41×105 S/m 21.9 S/m

stacking factor of 1 (F = 1). The stacking factor defines the portion of the core width filled

by the ribbon in relation to the binder. In other words, F indicates how closely packed the

ribbons are.

σeq,y = σ

(

Trib −2δ

Nrib(arib + trib−2δ )−arib

)2

(3.1)

In (3.1), σ is the conductivity of the bulk material, trib and arib represent the ribbon thickness

and width respectively, Trib is the core width (see Fig.3.5), and δ is the skin-depth defined

as δ = (
√

π f µ0µrσ)−1 with f as the frequency of operation (85 kHz). In [81], simplified

equations are presented which include the stacking factor F . The equivalent conductivity

tensor is given by (3.2) [81]. This expression is used in this thesis due to its simplicity and the

fact that the stacking factor is considered.

σeq,z = σeq,x = Fσ , σeq,y ≈
σ

F

(

trib

arib

)2

(3.2)

On the other hand, the estimation of the equivalent anisotropic permeability is straightfor-

ward as only the stacking factor is considered as shown in (3.3) and (3.4) [83].

µeq,x = µeq,z =
µµ0

Fµ0 +(1−F)µ
(3.3)

µeq,y = Fµ +(1−F)µ0 (3.4)

Here, µ refers to the bulk permeability whilst µ0 refers to the permeability of the free

space. A nanocrystalline ribbon core made with Antainano 1k107 (AT&M), has the following

properties: µ = 100000, σ = 8.33×105 S/m, trib =20 µm, and F = 0.78. Finemet F3CC0050,

on the other hand, has the following properties: µ = 2500, σ = 8.33×105 S/m, trib =20 µm,

and F = 0.8. Finemet F3BC342425 has the following properties: µ = 23000, σ = 8.33×105
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Fig. 3.6 Relative permeability as a function of the flux density for ferrite (isotropic) and

nanocrystalline ribbon cores (anisotropic). a) Nanocrystalline ribbon cores in the x and z

axes. b) Ferrite and nanocrystalline ribbon cores in the y-axis. Finemet FT-3M is considered

as the nanocrystalline material for this example.

S/m, trib =18 µm, and F = 0.77. The equivalent permeability and conductivity tensors are

shown in Table 3.2.

Depending on the design, saturation can be reached in some parts of the core. To ac-

count for saturation, the BH curve of the material is required. For an anisotropic material, the

BH-curve of the bulk material is scaled using (3.3) and (3.4) depending on the specific axes,

as seen in Fig.3.6 [96]. For ferrite, only one curve is required while two are needed for a

nanocrystalline ribbon core.

Lamination Orientation

In power transformers, the flux path is unidirectional; thus, as long as the flux travels along

the lamination, the lamination orientation has no relevance. Thus, orientation is selected only

based on manufacturability. In IPT systems, however, the flux is multi-directional and, a priori,

the orientation of the ribbons is not intuitive as the flux enters all sides of the bar except the

bottom side attached to the shield. To analyze the effect of the orientation, FEM simulations

are performed for two different orientations shown in Fig.3.7a and Fig.3.7d. Two identical

circular pads were considered. The pad dimensions were based on the design presented in

[16]. The outer radius of the pad is 42cm. The coil consists of 12 turns of 4mm-diameter Litz

wire. The mean radius of the coil is 23.8cm. For the core, eight I-cores (118× 30× 10mm)

are considered, all placed radially and uniformly in the pad area. Fig.3.7 shows the values of

L1, M12, k, and Psu for different distances between transmitter and receiver pads.

The eddy-currents induced in the core affect the overall magnetic circuit. They decrease

L1 and M which in turn decreases Psu and k. Their effect is stronger for small air gaps between

pads as the magnetic core plays a more important role over the overall magnetic circuit. For
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Fig. 3.7 Effect of the orientation of the nanocrystalline ribbons on the magnetic performance of

the pad. a)−c) y-axis cuts (z-axis orientation): σx = σz = 6.6×105S/m, σy =0.79 S/m, µy =
5µo, µx = µz = 240000µo. d)− f ) z-axis cuts (y-axis orientation): σx = σy = 6.6×105S/m,

σz =0.26 S/m,µz = 5µo, µx = µy = 240000µo.

large air gaps, the leakage flux dominates the magnetic circuit. As seen in Fig.3.7, a core

laminated in the z-axis is more affected as compared to a core laminated in the y-axis. Thus,

the latter is preferred, and it will be used throughout this thesis.

Core Losses

As explained in Chapter 2, power losses in the cores can be computed either using the concept

of complex permeability or following the traditional Steinmetz method. The complex perme-

ability model can be easily defined for isotropic materials, but it complicates the FEA compu-

tations for anisotropic ones. Consequently, the Steinmetz method is used for nanocrystalline

ribbon cores. This method is standard for core loss estimation in IPT designs as reported in

[10, 8, 16, 13]. The power loss per unit volume is given by (3.5):

Pv =Cm f αBβ (3.5)
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Table 3.3 Steinmetz coefficients for different the magnetic materials used in this thesis [75, 5,

34].

Material Thickness C′
m [W/m3/Tβ ] β

Nanocrystalline 15 µm 2.27×106×F 1.93

Antainano from 20 µm 3.01×106×F 1.93

AT&M 25 µm 4.48×106×F 1.93

Finemet F3BC342425 F = 0.77 18 µm 4.45×106×F 1.87

N87 2.5×107 2.7

F : Stacking Factor

where, Cm, α , and β are obtained from the datasheets of each material. In principle, given

the switching mode characteristic of the power electronics, the Modified Steinmetz Equation

(MSE) or the Generalized Steinmetz Equation (GSE) could be used to increase the accuracy.

However, if a compensation circuit is in place, the current harmonics are minimum, and the

excitation current can be considered as purely sinusoidal [11]. As a result, the standard Stein-

metz equation is sufficient to estimate losses with adequate accuracy. For a fixed frequency,

the Steinmetz equation can be rewritten as in (3.6):

Pv =C′
mBβ (3.6)

The coefficients C′
m, B, and β , are listed Table 3.3 for ferrite and Antainano [5, 75] and

Finemet F3BC 342-4-25. From Table 3.3, it is clear that nanocrystalline ribbon cores generate

fewer losses than ferrite cores for the same flux traveling along the ribbon. Traverse flux

(perpendicular to the ribbon), however, induces eddy-currents in the ribbons which in turn

increases the overall power losses. In fact, even in nanocrystalline U-shaped inductors with

small air gaps, gap losses can account for up to 40 % of the total losses at high flux densities

[83]. In [83, 82], the estimation of losses via FEM simulations was successfully validated

with an accuracy of 95 %. Using the same approach, the eddy-current and the hysteresis

losses, hereafter referred to as Pelec and Pmag respectively, can be estimated for nanocrystalline

ribbon cores.
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Fig. 3.8 Illustration of the modeling of a Litz-wire winding as a solid structure. The magnetic

field strength is depicted when considering individual conductors and a solid region for closely

and loosely wound coils.

3.2.3 Winding Modeling

Equivalent Winding Model

In FEM simulations, a multi-turn winding can be represented considering each individual turn,

or as a lumped solid region. Using individual conductors has several advantages. First, the

accuracy of the simulation is higher. Second, with a fine mesh inside the conductor, proximity

and skin effects can be modeled. As a result, accurate estimations of the losses in the winding

can be obtained. However, constructing 3D models of individual conductors is more compli-

cated than using solid regions. Furthermore, individual conductors increase the complexity

of the FEM model and the number of elements in the mesh. Third, simulating proximity and

skin effects require fine meshes. For large geometries (e.g. IPT pad), fine meshes result in

an extremely large number of elements. Such models are impractical for design purposes due

to the long computation times. Thus, modeling the individual conductors is a valid option for

2D-axis-symmetric models but not for 3D models.

A better approach is to model the winding as a solid region as shown in Fig.3.8. In general,

the following three conditions make the use of solid regions possible. 1) Since Litz wires are

used, proximity and skin effects are minimized. As a result, the current distribution within the

conductors is relatively homogeneous and, therefore, its impact on the overall magnetic field

is negligible. 2) The difference between the magnetic flux generated by a solid region and the

one generated by individual conductors is minimum when the coils are closely packed. The

discrepancy increases as the distance between coils enlarge. For closely wounded coils, like

the ones in IPT systems, errors of less than 2% are expected when using this approximation

[12]. 3) The estimation of coil losses is not performed directly using FEM tools but rather

employing analytic methods.
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Winding Losses

When using the solid region approximation for a winding, the copper losses cannot be directly

calculated from the FEM simulations as the proximity and skin effects are not considered

during the simulation. Thus, other methods are required. In [62], a method for estimation of

losses in a Litz wire winding is presented. This method has been validated for IPT systems

in [12] and it is used in this dissertation to estimate copper losses. The method considers

skin effect and the proximity effects separately: Pcu = Pskin +Pprox. DC losses are included

in Pskin. Expressions to compute Pskin and Pprox. are derived next. The geometric parameters

used during the derivation are depicted in Fig.3.9.

Skin Effect The skin effect losses are due to the AC current through each conductor. The

self-induced eddy-current losses change the distribution of the current in its cross-sectional

area. In a Litz wire, the skin effect losses are reduced due to the narrow diameter of the

strands. These losses can be estimated using (3.7) [62]:

Pskin,L = n ·RDC ·FR( f ) ·
(

ipk

n

)2

[W/m] (3.7)

where ri is the strand radius as depicted in Fig.3.9, ipk is the peak excitation current, n is the

number of strands per coil, RDC = 1
σπr2

i

is the DC resistance of a strand per unit length, and

FR( f ) represent the increment of the resistance as a function of the frequency of operation.

FR( f ) is given by (3.8) [62]:

Fig. 3.9 Illustration of the structure of a Litz-wire coil. a) Cross-section of the Litz wire coil.

b) Isometric view of the Litz wire coil.
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FR =
ξ

4
√

2

(

ber0(ξ )bei1(ξ )−ber0(ξ )ber1(ξ )

ber1(ξ )2+bei1(ξ )2
− bei0(ξ )ber1(ξ )+bei0(ξ )bei1(ξ )

ber1(ξ )2 +bei1(ξ )2

)

(3.8)

where ξ represents the ratio between the skin depth δcu of copper and the strand diameter:

ξ =
2 · ri√
2δcu

with δcu =
1√

πµ0σcu f
(3.9)

Likewise, berx and beix correspond to real and imaginary parts of the Kelvin functions of

order x. The Kelvin functions are the solution to the xth-order Bessel functions of the first kind

(Jx(z)) when the argument z is considered as real. In other words:

berx(ξ ) = ℜ(Jx(ξ e j 3·π
4 )) (3.10)

Despite the complexity of (3.8), it can be solved easily with specialized math software

like MATLAB. Both berx(ξ ) and beix(ξ ) can be calculated directly using MATLAB once ξ

is known.

Proximity Effect Proximity effect losses in one strand are a consequence of the alternating

magnetic fields which are produced by other strands in the same and neighboring coils. The

magnetic field that leads to proximity losses results from the sum of the external field He

and the internal field Hi. The former is the field induced by neighboring conductors while

Hi is produced from its neighboring strands in the same conductor. Consequently, the total

proximity losses can be calculated using (3.11) [62]:

Pprox,L = Pprox,L,ext + Pprox,L,int [W/m]

= n ·RDC ·GR( f ) ·
(

H2
ext,pk +H2

int,pk

)

[W/m] (3.11)

where GR defines the increment of the proximity effect as a function of the frequency and it

can be calculated as in (3.12) [62]:

GR =−ξ π22r2
i√

2

(

ber2(ξ )ber1(ξ )+ber2(ξ )bei1(ξ )

ber0(ξ )2+bei0(ξ )2
+

bei2(ξ )bei1(ξ )−bei2(ξ )ber1(ξ )

ber0(ξ )2+bei0(ξ )2

)

(3.12)
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Fig. 3.10 Illustration of the technique used in the estimation of copper losses of IPT coils. a)
Magnetic field intensity produced by one conductor with uniform current density. b) Magnetic

field intensity of a group of conductors. c) Illustration of the mirroring technique.

where ri, berx, and beix were defined in the previous section. The internal field strength Hint

can be approximated by (3.13) [62]:

Hint,pk =
ipk

2 ·
√

2 ·π · rc

(3.13)

where rc is the Litz wire radius as depicted in Fig.3.9.

The estimation of the external field Hext,pk is more complicated as all the coils in the

winding must be considered. Hext can be obtained from FEM simulations or it can be estimated

analytically [10] as explained next. The magnetic field intensity Hi,pk(x) generated by the i-th

coil with uniform current density J [A/m2] is depicted in Fig.3.10.a. The assumption of a

uniform current distribution is valid for Litz wire coils. Hi,pk(x) can be analytically calculated



3.2 FEM Simulation of IPT systems 59

as a function of the position using (3.14):

Hi,pk(x) =







ipk(x−xi)
π·rc

; |x| ≤ rc

ipk

2·π·(x−xi)
; |x|> rc

(3.14)

where xi is the position of the center of the i-th circular conductor and rc is the conductor

radius. The total magnetic field intensity Hext(x) of the group of coils forming the winding

is generated from the superposition of field generated by every individual coil as shown in

Fig.3.10.b. Mathematically, Hext(x) can be described as in (3.15):

Hext,pk(x) =
N

∑
i=1

Hi,pk(x) (3.15)

where N is the total number of conductors. The total H(x) is intensified by the presence of

the magnetic cores in the vicinity of the coil. To include this effect, the method of images also

known as mirroring technique is used. The method is depicted in Fig.3.10.c. The boundaries

of the ferromagnetic material are used as mirror planes. Since the distance between pads is

large (100−200mm), the core in the receiver pad is usually not considered during mirroring

but it can be included to increase the estimation accuracy.

Total Losses The total losses are calculated considering (3.7) and (3.11). These expressions

are in per unit length; thus, they need to be multiplied by the length of the entire coil. A more

detailed explanation of the methodology can be found in [10] and [62].

3.2.4 Boundary Conditions and Geometric Symmetry

Two types of boundary conditions are commonly considered for solving electromagnetic FEM

problems: The Magnetic Insulation (MI) and the Perfect Magnetic Conductor (PMC) bound-

ary conditions. MI (Dirichlet condition) can be understood as the boundary to a domain with

infinity conductivity. Mathematically speaking, it defines the field as zero at the boundary.

This condition is the equivalent to encapsulate the model inside a sphere of very high conduc-

tivity. PMC, on the other hand, enforces a Neumann condition. Mathematically, it defines

the derivative of the field as zero at the boundary. That is, no current can be induced, and the

normal component of the field is zero. This condition is equivalent to encapsulate the model

inside a sphere of infinite permeability.

In practice, the mismatch in the results obtained using one condition or the other decreases

rapidly as the radius of the boundary (sphere) increases. A radius of 3 times the IPT system

size is considered an acceptable compromise. Moreover, the boundary, shown in Fig.3.11, is
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defined as an "infinite element" in COMSOL. The software then internally performs a coordi-

nate stretching to ensure high accuracy.

3.2.5 Meshing

Regarding meshing, a compromise between accuracy and computation burden is necessary.

Although automatic meshing of finite element domains usually leads to accurate inductance

estimations, it was not enough to guarantee the high accuracy of the estimated core losses. A

refinement of the mesh was performed.

To ensure the high accuracy of the eddy-current analysis it is suggested that the mesh

size should be no larger than half of the skin depth [63]. For nanocrystalline ribbon cores at

85 kHz, the skin depth is 0.9 mm. Thus, a mesh size between 0.3−0.4mm was considered at

the critical boundaries within the core as shown in Fig.3.11. The meshing in the core can be

uniform (for core bars or small cores) or it can follow a non-uniform distribution; i.e., it can

Fig. 3.11 Illustration of the meshing of the different components of the system as well as the

planes of symmetry used to simplify the mode. The meshing quality is also shown.
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be finer near the edges and coarser elsewhere. This meshing strategy, shown in Fig.3.11, is

optimum for bigger cores (e.g. core plates) as it reduces the number of elements. The effect

on the accuracy is negligible as the eddy-currents mainly occur at the lateral faces of the core

bars. In any case, the maximum element size was set to 5mm to keep the mesh quality high.

Tetrahedral and hexahedral meshes are combined to improve the accuracy of the FEM

model. Hexahedral meshes are used within the core as they have proved to reduce the num-

ber of meshing elements and lead to a more accurate representation of laminated cores [82].

Tetrahedral meshing is used elsewhere. To ease the meshing process, the core-to-shield and

core-to-coil clearances are meshed after the cores. They are meshed independently from the

rest of the components to ensure adequate quality. A slightly coarser mesh is used for shield,

winding, and surroundings as shown in Fig.3.11. Since accurate estimations of the copper

losses are not of interest, a fine meshing of the windings is not necessary. Regarding the sur-

roundings, outer and inner boundaries are considered. Within the inner boundary, a fine mesh

is used while a coarse mesh is used in the space between outer and inner boundaries. The

quality of the elements is shown in Fig.3.11. Mesh quality here is defined as the maximum

ratio between two sides of the tetrahedral normalized between 1 (good quality) and 0. Within

the inner boundary, the quality is close to 1. The mesh quality is lower for the outer boundary;

however, it is kept at values greater than 0.4 as to not compromise the accuracy.

Fig. 3.12 Dimensions of the Double-D pad used for the FEM analysis and experimental vali-

dation. The coil is made of 22 turns of Litz wire with a 5.5 mm2 cross-section.
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Geometric Symmetry

To reduce the computation time, the symmetry of the pad was exploited whenever possible.

This is only possible when simulating the coils at their nominal position; i.e., without mis-

alignments in the x or y axes. Under this condition, the pad can be represented effectively

by one-quarter of its volume. This volume along with the planes of symmetry are depicted

in Fig.3.11. The plane of symmetry in blue is set with a perfect magnetic conductor (PMC)

condition whereas a magnetic insulation (MI) condition is used for the other plane.

3.3 Simulation Results: Ferrite vs. Nanocrystalline ribbon

cores

Following the FEM methodology described in the previous section, a FEM-based comparative

study of nanocrystalline ribbon cores and ferrite cores is performed. Different electromagnetic

properties are evaluated. In particular, the effect of the higher permeability and conductivity

values are studied. The specific dimension of the pads, winding, and cores are shown in

Fig.3.12. Since the transmitter and receiver pads are identical, their self-inductance is the

same, i.e. L1 = L2 = L. The core is made up of four bars, each of 650mm×28mm×16mm.

N87 ferrite is considered for the ferrite cores while Antainano 1k107 (20µm ribbon) is used for

the nanocrystalline ribbon cores. The coil comprises 22 turns of Litz wire with a cross-section

of 5.5 mm2.

3.3.1 Effect of the core permeability on the self L1 and mutual M induc-

tances

Fig. 3.13 compares the self-inductance L1, mutual inductance M, and coupling factor k when

using ferrite and nanocrystalline ribbon cores respectively in an IPT pad. The cores are con-

sidered as loss-less materials (i.e. σ = 0) to isolate the permeability from the conductivity. An

air gap of 200 mm between pads is considered.

Given that the mutual inductance is inversely proportional to the magnetic reluctance ℜ,

the higher magnetic permeability of the nanocrystalline ribbon is expected to lower ℜ and

yield higher values of self and mutual inductances. As seen in Fig.3.13, a small increment

of L, k, and M is observed when using nanocrystalline ribbon cores as compared to ferrite

cores. An increment of only 5% to 9% (depending on the air gap) was observed even though

the permeability of the nanocrystalline material is more than 100 times higher than that of the

ferrite N87 used in this comparison. The reason for this relatively small increment is the fact
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that the air gap between pads dominates the magnetic circuit. Thus, a lower core reluctance has

an insignificant effect on the overall magnetic flux. Thus, the benefits of higher permeability

are relatively less important for large air gaps between pads. The impact of the permeability

increases as the clearance (air gap) between pads decreases. However, for IPT systems used in

EVs, the clearance is large (> 100mm) and thus the benefits of having a higher permeability

are less important.

3.3.2 Effect of the core conductivity on the self L1 and mutual M induc-

tances

Core bars, as opposed to plates, are commonly used to constrain effectively the magnetic flux

while reducing magnetic material, cost, weight, and fragility [15]. When using core bars, a

considerable portion of the flux enters through the lateral faces of the bars and induces eddy-

currents in the cores. For ferrite, the eddy-currents induced in the core are very small due to the

high resistivity (10 Ωm) of the material. The eddy-currents induced in the core are practically

negligible. In contrast, the resistivity of nanocrystalline material, 1.2×10−6Ωm, is consider-

ably lower than that of ferrite. Thus, the eddy-currents induced in the cores are not negligible.

The lateral faces of the core bar operate effectively as a shield. The shielding effect results

in magnetic fields that oppose the main field reducing the overall self and mutual-inductance

and increasing the power losses [8, 30]. As seen in Fig.3.14a)− b), the self and mutual in-

ductances obtained from nanocrystalline ribbon cores are only 1.5% to 3% higher than that
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Fig. 3.13 a) Coupling factor k, self L, and mutual M inductances for nanocrystalline ribbon

(−) and ferrite N87 (.−) cores with σx,y,z = 0. b) Normalized parameter variation as a function

of the airgap.
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of ferrite cores. Thus, the overall inductance is only marginally higher than the one obtained

with ferrite cores. The increment on the inductance obtained due to the higher permeability

(see Fig.3.13) is counterbalanced by the opposing field created by the eddy-currents induced

in the cores. The overall effect will depend on the exact design of the pad; i.e., the number of

cores, core dimensions, etc.

From these results, one can conclude that there is only a marginal improvement in the

magnetic performance of the pad when using nanocrystalline ribbon core bars as compared to

ferrite bars.

3.3.3 Comparison of Flux Distribution in the Core

The anisotropic characteristic of the permeability along with the eddy-currents induced in the

magnetic cores influences the distribution of magnetic flux within the core. A comparison

of the flux distribution in the core is shown in Fig. 3.15 for N87 and nanocrystalline ribbon

materials.

Ferrite Cores

Due to the isotropic properties of the material, the flux distribution in the cross-sectional area

of the N87 cores is practically uniform as depicted in Fig.3.15.a. The flux density reaches

its maximum value at the center of the coil (with respect to the x-axis) since that section
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Fig. 3.14 a) Coupling factor k, self L, and mutual M inductances for nanocrystalline ribbon

(−) and ferrite N87 (.−) cores with σx,y,z 6= 0. b) b) Normalized parameter variation as a

function of the airgap.
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offers a shorter flux path between two coils; i.e., nearly all flux paths cross the center of the

core. The flux density value is directly proportional to the coil excitation current and inversely

proportional to the clearance between pads. For large air gaps (≥50 mm), the leakage flux

accounts for the majority of the linkage flux. Here, the leakage flux is defined as the portion

of flux linking only the transmitter or receiver pads but not both. Therefore, the flux density

remains approximately constant, as seen in Fig.3.15.c. As a result, the self-inductance L does

not change greatly with the misalignment. As a result, during the design of an IPT pad, once

the operating point (air gap and excitation current) is determined, the thickness of the ferrite

core can be selected to ensure that saturation does not occur at any point within the core. This

will be further discussed in the next section.

Nanocrystalline Ribbon Cores

Similar to a pad with ferrite cores, the middle section of the nanocrystalline ribbon core bars

(x-axis) shows larger flux density as this region is below the pad flux pipe. As opposed to the

ferrite core, the flux distribution in the cross-sectional area of the core bar is not uniform. Due

to the anisotropic characteristic of the bar (see Section 3.2.2), the parallel direction (x-axis) is

the preferred magnetic path for the flux. The perpendicular direction (y-axis) represents a high

reluctance path due to the binder between ribbons. Thus, the flux entering the lateral face of

the bar will only reach a ribbon once the prevailing ones are close to saturation. As a result,

the core lateral faces show the highest flux density. From the lateral face to the middle of the

core bar (y-axis), the flux density decreases.

A model of this effect is shown in Fig.3.16. Here, ψ represents the total flux entering the

lateral faces of the core bar. Since the reluctance ℜadh >> ℜnano, the first lamination will

uptake most of the flux. The subsequent ribbons will carry decreasing amounts of flux. A high

magnetic flux ψ , can cause saturation of the ribbons close to the lateral face of the bar. The

extent of the saturated region depends on the actual design of the bar (thickness, width, etc.)

and the operation point of the pad. For the exemplary case shown in Fig.3.15.b, the saturation

region represents only a small portion of the total core volume. The higher flux density at the

lateral faces implies higher hysteresis losses. Thus, high temperatures during operation are

expected to occur at the lateral walls of the core.

Additionally, the flux perpendicular to the ribbons induces eddy-currents in the lateral

faces of the core which changes the distribution and increases the power losses. From [82],

higher flux density is expected in the upper part of the core closer to the coil as shown in

Fig.3.15.d.

Despite the localized effects at the faces of the bar, the flux density in most of the bar is

like that obtained with ferrite cores and therefore far from the saturation point of the nanocrys-
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Fig. 3.15 Flux density distribution for a) N87 b) nanocrystalline ribbon cores at an air gap

of 100 mm. c) Flux density in the middle of the ferrite core as a function of the air gap. d)
Eddy-currents induced in the nanocrystalline ribbon core. Result obtained from pad shown in

Fig.3.17.

talline material. This suggests that the thickness of the bar can be further reduced resulting

in higher power densities. Nonetheless, the effect that eddy-currents have on the losses and

efficiency must be considered.
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Fig. 3.16 Representation of the transverse flux magnetic ψ entering the lateral faces of the

cuboid core bars. ℜnano and ℜadh. represent the magnetic reluctance of the nanocrystalline

ribbon and binder between ribbons, respectively. ℜadh. >> ℜnano. ψ1 >> ψ2 >> ψ3 >> ψ4

3.4 Experimental Results

3.4.1 Experimental Setup

Inductive Couplers

Two identical Double-D pads were manufactured to validate the simulation results: one with

nanocrystalline ribbon cores and the other with N87 cores. The dimensions of the pad, wind-

ing, and cores are shown in Fig. 3.17a. The dimensions are based on a previous publication

[15] to have a reference for comparison.

The winding consists of 22 turns of Litz-wire which is made of 850 strands of AWG36,

giving a total cross-sectional area of 5.5 mm2. The coil is coated with a double-nylon layer for

protection. This coating is capable of handling high voltages and high temperatures.

The core consists of 4 bars. For the pad with ferrite cores, each core bar is made of 7 I93

(93× 28×16 mm) cores from TDK (EPCOS). The cores occupy approximately 30 % of the

surface area of the pad. The 16 mm core thickness ensures a maximum flux density of 350 mT

during operation. For the pad with nanocrystalline ribbon cores, each core bar is a single

unit. Each bar is formed by ribbons with a stacking factor of 0.78. The thickness of each thin

ribbon is 20 µm. Due to the selected orientation discussed in Section 3.2.2, the width of the

ribbon determines the thickness of the bar. Ribbons of two different widths have been used:

tc1 =16 mm and tc2 =8 mm. The core cross-sections are shown in Fig.3.17b. The cores are

held in place with double-sided tape (3M®). Kapton®tape is used to isolate the cores from

the shield and the coil. Transparent and perforated acrylic sheets are used to hold both the coil

and core in position. Fig.3.17b shows images of the pads after construction.
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Power Electronics

A bespoke power converter, shown in Fig.3.18, was designed to control the power flow be-

tween pads. The H-bridge uses Silicon carbide MOSFETs C3M0065100K from CREE as

switches. They are rated for 1000 V and 35A and have a low RDS(on) of 65 mΩ. This secures

low conduction losses. To increase the current rating of the converter, two MOSFETs (con-

nected in parallel) are used for every switch. The PCB layout is completely symmetrical to

secure equal current sharing between MOSFETs as well as symmetric turn-on and turn-off

times. From simulations, the DC-link voltage capacitor size was estimated as 300 µF. Six

film capacitors EPCOS 50 µF are used for this purpose. The board allows the connection of

an extra aluminum capacitor if needed.

A diode bridge rectifier is also connected to the same DC-link bus. This way, the device

can operate actively or passively. SiC diodes (On Semiconductor, 512-FFSH40120ADNF155)

are used. Additionally, the board incorporates gate drive circuits for each switch. The gate

(a) (b)

tc2
tc1

(c)

Fig. 3.17 Illustration of the pad constructed for the experimental testing. a) Dimension of the

Double-D pad. b)− c) Image of the pad after construction. d) From left to right, Nanocrys-

talline ribbon core with tc2 =8 mm, nanocrystalline core with tc1 = 16 mm, and ferrite core

t f e = tc1.
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Fig. 3.18 Illustration of the power electronics converters designed to test IPT systems. a)
3D-view of the H-Bridge Power Converter. b) Description of the components of the power

electronic board (PCB).

signals are generated from a Texas Instrument DSP controller (LAUNCHXL-F28379D) which

can be easily stacked into the board.

Several measurement circuits are also included on the board. The DC-link voltage and

the AC load current are measured employing dedicated sensors. The AC current is measured

using a LEM hall effect sensor. The DC-link voltage, on the other hand, is measured directly

through an isolated voltage divider circuit. Signal processing circuits are used to scale the

voltage and to reduce noise. These signals are fed back into the micro-controller and they can

be for closed-loop control. Additionally, the board contains auxiliary control features such as

push buttons, toggle buttons, and knobs to facilitate the safe operation of the system. Specific

schematics of these circuits are shown in Appendix A.
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Fig. 3.19 Photography of the test-rig constructed for the experimental validation. The compo-

nents of the test-rig and measuring equipment are highlighted.

Testbench and Instrumentation

A test rig has been designed and constructed to facilitate the movement of IPT pads. As

shown in Fig. 3.19, the transmitter pad has wheels below the shielding that allow it to move

freely in the xy-plane. A pulley system allows the secondary to be moved up and down (z-

axis). As a result, the pad can be misaligned in every direction. The setup can operate for

pads of different sizes and ratings. The test rig includes dedicated power converters −which

are placed in an enclosure for safety purposes−, and three instrumentation devices: a power

analyzer Yokogawa PX8000, an oscilloscope LeCroy HDO8000A, and a network analyzer

N4L PSM3750. The latter is used to measure inductance, coupling factors, and frequency

responses.

3.4.2 Measurement of Impedance

To validate the FEM simulation results, the impedance of a pad with three different cores is

measured. These measurements were conducted under small-signal conditions, i.e. low power

excitation. Self and mutual inductances are shown in Fig.3.20a)− c) at different clearances
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between pads (air gap) and pad misalignments. The inductance values match FEM results

with a difference of less than 8% for all pads using different cores. Only the FEM results

for the pad with the nanocrystalline ribbon cores of thickness tc1 are depicted in Fig.3.20 to

avoid information overload. As predicted by FEM models, pads with nanocrystalline ribbon

cores yield slightly higher self and mutual inductance values compared to pads with ferrite

cores. This is attributed to their higher relative permeability, µr. Fig.3.20d)− f ) depicts

the equivalent resistance of the pad measured with an impedance analyzer. The equivalent

impedance considers a series-connected resistor and inductor as shown in Fig.3.21b.. The

equivalent resistance R consists of both the high-frequency ohmic resistance of the coil (Litz

wire) and the core losses which are seen as a real impedance from the impedance point of

view.

Conventionally, the equivalent model of a pair of coupled coils (e.g. transformer) considers

a resistor in parallel with the magnetizing inductor to model the eddy-current and hysteresis

losses as shown in Fig.3.21.a. The value of the resistance represents the eddy-current loss.

When using the equivalent model in Fig.3.21.a, the resistor value is inversely proportional to

the conductivity of the magnetic core. Higher conductivities result in a lower resistor value and

a higher eddy-current loss. When using the series model, Fig.3.21.b, higher core conductivity

results in a larger resistance in the equivalent circuit. For the pads with nanocrystalline ribbon

cores, this resistance is between 7.6 and 20 times larger than that of ferrite’s pads depending

on the pad misalignment and the core thickness. The pad with slimmer nanocrystalline ribbon

cores yields lower resistance. This is explained by the fact that the eddy-currents in the lateral

faces of the core decrease proportionally to the area of the exposed surface.

Nanocrystalline alloy’s higher equivalent resistance reduces the effective pad’s quality fac-

tor Q as shown in Fig.3.20g)− i). While Q ranges from 500− 570 for the pad with ferrite

cores, it reaches a maximum value of 50 and 75 for the one with nanocrystalline ribbon cores

when the ribbon thickness is 16 mm and 8 mm, respectively. As discussed in Section II, the

efficiency of the pad is proportional to Q. Hence, pads with nanocrystalline ribbon cores are

expected to have a lower efficiency as compared to pads with ferrite cores for the same core

dimensions. This is analyzed with more detail in the next sections.

3.4.3 Measurement of Power Losses and Efficiency

To measure the power losses of the pad during normal operation, the set-up in Fig.3.19 is

used. Series compensation circuits are used for simplicity in both transmitter and receiver

sides. The resonant circuit is tuned for an air gap of 200 mm and perfect alignment between

the transmitter and the receiver pads.
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Fig. 3.20 Measurement of inductances, equivalent resistance, and quality factor of a Double-D pad with nanocrystalline and N87

cores at different pad misalignments. a)− c) Measured self L1 = L2 = L and mutual M inductances. d)− f ) Measured pad’s AC

equivalent resistance R at 85 kHz. f )− i) Coil quality factor Q =ωL1/R. tc1 = 16 mm. tc2 = 8 mm. COMSOL is the FEM estimation

of the nanocrystalline tc1.
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Fig. 3.21 Equivalent circuit of the coupled coils of an IPT system. On the left, a traditional

model of the eddy-current and hysteresis losses in the core as parallel resistors, Reddy and

Rhys respectively, is depicted. On the right, the equivalent circuit is considered as a series

impedance. L′ ≈ L as Rcore is large. The DC resistance of the coil was measured as 148 mΩ.

At these conditions, L1 = L2 = L =515 µH, M =130 µH, and CS = 1/(ω2L1) =6.8 nF.

The latter is achieved by connecting ten TDK capacitors of 68 nF in series.

It is well known that the efficiency of the pad depends on the load [8]. In the case of

identical transmitter and receiver pads, the maximum efficiency of the system is achieved

when the currents in both coils are equal. This operating point occurs when the equivalent AC

load on the receiver side is RL,ac = ωM = 69.4 Ω. This AC resistance is equivalent to a DC

resistance of approximately 85 Ω after the receiver rectifier stage. The maximum efficiency

point is independent of the voltage magnitude [12]. Therefore, the power transfer can be

regulated by adjusting the input DC-link voltage while maintaining maximum operational

efficiency.
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Fig. 3.22 Measured current and voltage waveforms at the primary converter, u1 and i1 as well

as at the secondary converter, u2 and i2. Double-D pad with a) ferrite N87 and b) nanocrys-

talline ribbon tc2 cores, respectively. Air gap between pads: ∼ 200 mm.
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Fig. 3.23 Measured power losses for the Double-D pad with nanocrystalline and N87 cores,

respectively. a) Power DC input. b) Measured power losses in the coils (core and copper

losses). c) Overall system efficiency. d) efficiency of the pad (without considering converter

losses).

A LeCroy HDO8000A−equipped with a 120 MHz differential voltage probe and a 100 MHz

Hall-effect current probe− is used to acquire AC waveforms and measured AC power. Fig.3.22

shows the voltage and current waveforms at the converter terminals for an operating point of

5 kW. A Yokogawa PX8000 is used at the DC sides to measure the overall system efficiency.

The power and efficiency measurements are shown in Fig.3.23 for the different pads.

Fig.3.23 shows the power input of both pads, the power losses in the pads as well as

the pad’s and system’s efficiencies. The lower efficiency of the pads with nanocrystalline

ribbon cores is evidenced in Fig.3.23d). At about 5 kW, the power losses in the system with
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ferrite and nanocrystalline ribbon cores are approximately 200 W and 600 W, respectively.

The pad efficiency is approximately 89 % when using nanocrystalline ribbon cores and 97 %

when using ferrite cores. The power converter efficiency for both cases remains constant at

approximately 98 % since the operating conditions for the converter are the same. As a result,

the overall system efficiency with nanocrystalline ribbon cores is approximately 87.5 %. This

efficiency is higher than the minimum efficiency required by the standard SAE J2954 of 85 %

but lower than the ferrite counterpart which achieves a system’s efficiency of 95 %. The system

with nanocrystalline ribbon cores with thickness tc1 is about 1% less efficient than the one with

tc2 even though more material is used. Using more core material results in lower flux densities

within the core. Thus, lower hysteresis losses are expected with thicker cores. However, the

reduction of hysteresis losses is counterbalanced by the higher eddy-currents at the lateral

faces of the cores. The overall result is a reduction in efficiency.

For ferrite cores, due to their isotropic behavior, a reduction of efficiency is observed as a

result of a decrease in core thickness. The minimum core thickness is limited by saturation.

Apart from the increase in power losses, operation in saturation implies non-linear system

performance which is undesirable. Thus, nanocrystalline ribbon cores offer an alternative for

high power density and high-power rating IPT applications. Nevertheless, without further

changes in core geometry, the lower efficiency of the pad can be problematic and limit the

application of nanocrystalline ribbon cores for IPT applications. Methods for reducing these

losses will be discussed in the next chapter.

Estimated vs. Measured Power Losses

The measured losses can be segregated in terms of components using the methodology for

estimation of core and coil losses detailed in Section 3.2). Fig.3.24 shows the overall and

breakdown losses for both materials where Pcu corresponds to the copper loss, Pcap to the

capacitor loss, Pshield to the loss in the aluminum shield, and Pelec and Pmag to the eddy-current

and hysteresis losses in the core, respectively.

The losses in the compensation capacitors Pcap are calculated from (3.16):

PL,cap =
tan(δ ( f0))

4 ·π f0C
· i2pk, f0 = 85kHz (3.16)

where C corresponds to the capacitance value while tanδ ( f0) = 1.85×10−3 is the dissipation

factor. The latter is identified from the datasheet of the TDK’s Metallized Polypropylene Film

Capacitors (MKP) Series B32651. The losses in the coil and core are calculated using the

methodologies presented in Sections 3.2.3 and 3.2.2, respectively.
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Ferrite cores: For the pads with ferrite cores, the majority of the loss, 40.9 %, corresponds

to the compensation capacitors. Magnetic loss accounts for a third of the total loss while the

copper loss corresponds to only 22.6 % of the total loss. This is due to the high number of

strands used in the coil. On the other hand, the loss due to stray flux coupled in the shield

accounts for only 1.5% of the total loss. The difference between the measured and estimated

total loss is less than 8%.

Nanocrystalline ribbon cores: Similar accuracy has been obtained when estimating the

power loss of the pad with nanocrystalline ribbon cores. A difference of less than 6% has

been achieved. While the losses in the shield and the capacitors are similar to the ones seen
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Fig. 3.24 Breakdown of the calculated losses in the system for different DC-link voltages. a)
ferrite-based Double-D pad. b) nanocrystalline-based Double-D pad. Pcu: Copper losses. Pcap:

Capacitor losses. Pelec: Eddy-current losses in the core. Pmag: Hysteresis Losses in the core.

Pshield: Power losses in the aluminum shield.
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in the system with ferrite cores, the eddy-current and the hysteresis losses are higher. eddy-

current loss accounts for almost 60 % of the total loss. On the other hand, the hysteresis loss

accounts for 23.6% of the total loss and it is approximately 2.5 times higher than that of the

pad with ferrite cores. All things considered, the total loss is 3 times higher than that obtained

with ferrite cores.

The higher losses of the nanocrystalline ribbon cores are mainly a result of the higher

conductivity of the core bars and the transverse flux. The 2.5% increment of the hysteresis

losses Pmag is negligible compared to the larger increment of eddy-current losses Pelec. Thus,

mitigating the latter is crucial to take advantage of the higher power density achievable by

nanocrystalline ribbon cores.

3.5 Summary and Conclusions

In this section, a feasibility analysis of using nanocrystalline as a core material for IPT systems

is presented. The chapter begins by discussing different magnetic materials that are used in

components for power electronics. A detailed comparison between ferrite and nanocrystalline

ribbon cores is then presented, highlighting the benefits of the nanocrystalline ribbon cores.

Next, a FEM simulation methodology for IPT systems with laminated cores is detailed. This

section covers all aspects of the simulation process. Simulation and experimental results are

used to validate the following conclusions:

1. The higher permeability of the nanocrystalline ribbon cores results in a slight improve-

ment of L, M, and k. However, its high conductivity tends to counterbalance this effect

by decreasing L, M, and k. The overall effect would depend on the core dimensions.

2. Due to the anisotropy of the material, the flux distribution in the nanocrystalline rib-

bon cores tends to accumulate at the lateral walls of the core bars. However, the flux

density in the majority of the bar is lower than the saturation point, which allows for

miniaturization of the IPT pad.

3. The losses in the nanocrystalline ribbon cores are higher than the ones obtained from

ferrite cores. The dominant contribution of the loss originates from the eddy-current

loss at the core’s lateral walls.

4. The analytic calculations of power losses closely match the experimental results. This

methodology can be used for other ultra-thin laminated cores for IPT applications.
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Nanocrystalline ribbon cores are studied as a possible core material for IPT systems.

Higher power densities can be achieved. The eddy-current losses, however, result in lower

efficiency. Methods for reducing these losses are discussed in the next Chapter.



Chapter 4

Improved Utilization of Nanocrystalline

Ribbon Cores

In Chapter 3, a comparison of nanocrystalline ribbon cores versus ferrite cores was presented.

IPT pads with nanocrystalline ribbon cores achieved a slightly superior coupling factor, higher

power density but lower efficiency. This is due to the eddy-current losses induced by the

magnetic flux perpendicular to the ribbon. A reduction of the eddy-current losses is required to

unleash the full potential of nanocrystalline alloys. The IPT pad analyzed and tested in Chapter

3 was originally designed for ferrite cores. Later, the cores were replaced by nanocrystalline

ribbon ones of the same dimensions. The design of the pad was therefore optimized only for

ferrite. For this material, brittleness, temperature, and availability of geometries are the most

important design constraints. For nanocrystalline ribbon cores, however, the constraints are

different: anisotropy, manufacturability, and reduction of eddy-current losses. Consequently,

a new design method that considers the unique characteristics of this material is necessary.

In this Chapter, the optimum utilization of nanocrystalline ribbon cores is studied. First,

the effect of the core dimensions on the power transfer capability, saturation flux density, and

core losses is analyzed in general, for any core material. Next, the effect of dimensions of

the nanocrystalline ribbon cores on the performance of the system is studied. Guidelines for

the optimum sizing of nanocrystalline ribbon cores are presented in the context of a WPT3

(11.1 kW) pad. The pad is evaluated via FEM simulations and experiments and compared

against an identical one with ferrite cores. Finally, the Chapter introduces different methods

for reducing eddy-current losses. Among them, the shielding of the nanocrystalline ribbon

cores with ferromagnetic material is identified as a promising method and it is evaluated via

FEM simulations and experimental measurements.
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4.1 Double-D Pads: Core Design versus Pad Performance

Regardless of the core material, the dimension of the core bars (thickness tc, width wc and

length lc), the number of core bars per core nc, as well as their location within the pad have an

impact on the power transfer capability of the system. In the next section, the optimal sizing

and positioning of the core bars are studied for Double-D pads. A similar analysis for circular

coils can be found in Appendix B. For this analysis, isotropic and linear magnetic properties

are considered without loss of generality. This analysis seeks to identify design trends that

ensure optimum core utilization.

4.1.1 Optimum Core Location

In this section, the optimal location of the core bars is studied for coils with different turns

N, and different number of cores Nc. For all the cases, the length and thickness of the core

(a)

V
A

(b) N = 10

V
A

(c) N = 20

Fig. 4.1 Location of cores with respect to the edge of the pad/coil for different number of

cores Nc and number of turns N. For all cases, the area of the core covered by core material

is constant at 30%; wc is adjusted according to the number of cores. Shaded area depicts the

coil footprint. lpad =740 mm.wpad = 430 mm.
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bars are kept constant. Similarly, the percentage of pad’s area covered by core (Ac) is kept at

30%. Thus, the core width wc is adjusted depending on the number of cores (Nc). Since the

core bars are equally spaced and centered in the pad area, the only degree of freedom is the

distance Dside between the edge of the pad/coil and the first core bar as shown in Fig. 4.1a.

As shown in Fig. 4.1, there is an optimal core location for every (N,Nc) combination. For

Nc = 4, for instance, the optimal location lies near the edge of the coil. When more cores are

used, Dside reduces slightly. Increasing Dside after the optimum point reduces the core material

in the flux pipe and therefore leads to lower Psu values. Reducing Dside from its maximum,

on the other hand, reduces the amount of core material covering the flux pipe. Moreover, it

increases the leakage flux but not the linkage flux. This results in lower Psu and k values. The

optimal position of the coil can be found via FEM simulations for a specific design. However,

for an initial design, setting Dside as approximately 10% of the coil width yields an adequate

performance.

Another interesting finding is that the magnetic performance of the pad increases as the

core is segregated in a larger number of bars (Nc). This is due to the reduction of the reluctance

in the flux path. Using more cores also results in a more uniform flux density in the air gap

which yields higher power transfer.

4.1.2 Optimum Core Dimensions

As shown in Fig.4.2, the power transfer capability of the pad Psu, the maximum flux density

in the core Bmax, and the core losses Ploss depend on the volume and dimension of the core

bars. The core dimensions −core length lc, width wc, thickness tc, number of cores Nc − were

varied in order to understand the impact that each of these variables has on the system. The

percentage of pad covered by the core material (Ac) is presented as a metric instead of the bar

width wc. The analysis considers the pad tested in Chapter 3. The main findings are listed

below:

• Psu increases with the volume of the core material. However, for a given core volume,

different core dimensions lead to higher or lower Psu values, as seen in Fig.4.2a.

• For the same volume of core material, the segmentation of the magnetic core in a higher

number of uniformly distributed core bars produces a higher Psu. This is due to the more

uniform flux patterns. This effect decreases when a large portion of the pad is covered

with core material (i.e., higher Ac values).

• There is an optimum core length. As shown in Fig. 4.2a, Psu increases with the core

length lc until it reaches a value of ∼ 88% of the pad’s length. Longer cores increase
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Fig. 4.2 Power transfer capability Psu and maximum flux density in the core Bmax versus vol-

ume of core material for different values of lc, wc, and Nc. Pad dimensions shown in Fig.3.12.

i1,rms = 23A. f0 =85 kHz. The lines results from the change of one specific dimension (lc, Nc,

Ac or tc) while the others remain fixed.

the leakage flux in the transmitter without increasing the mutual inductance; therefore,

decreasing both k and Psu.

• Psu increases along with Ac and the bar thickness tc. As Ac increases, however, the

influence of tc reduces. For Ac ≥ 60%, the thickness of the bar has an almost negligible

impact on Psu. Increasing tc, nonetheless, reduces the flux density within the core; i.e.,

Bmax. Consequently, tc can be selected to prevent saturation in the core as it is done in

[9, 15, 10].

• The maximum flux density Bmax is inversely proportional to the core volume as seen in

Fig.4.2c.

From Fig.4.2, guidelines for design can be obtained. An optimal core design should lie

on the Psu,max-envelop shown in Fig.B.2a. The core designs forming the Pareto-front are then
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ones that with large cores (lc ≈ 88% of lpad) and ample area coverage (Ac > 60%). It is worth

noting that this envelope does not decrease linearly with the core volume. Contrarily, Psu,max

is fairly constant and only decays for low volumes of the core material. Thus, to optimize

the utilization of core material, the design should be near the knee point of Psu,max. At the

knee point, Psu is around 90% of that achieved with a full ferrite plate below the coil. Given

that Bmax is inversely proportional to the core volume, for some designs, the knee point can

exceed the saturation point of magnetic material. If ferrite is used in the cores, Bmax is limited

to 0.45T at ambient temperature. If nanocrystalline ribbon cores are used, Bmax can reach up

to 1.25T . Consequently, higher power densities can be achieved with nanocrystalline ribbon

cores. However, from Chapter 3, it is known that eddy-current losses are a limiting factor for

nanocrystalline ribbon cores. The effect of the core dimensions on the eddy-current losses is

analyzed in the next section.

4.1.3 Core Loss versus Core Dimensions for Nanocrystalline Ribbon Cores

The dimensions of the core have an impact on the power transfer capability of the pad but also

the hysteresis and eddy-current losses. This is analyzed via FEM simulation. Different values

of Ac (percentage of the pad’s area covered by core material), core thicknesses tc, and the

number of cores Nc are considered. The coil tested in Chapter 3 is considered for the analysis.

Both ferrite and nanocrystalline ribbon cores are compared. The results are shown in Fig.4.3.

The most important conclusions are discussed next.

Psu is practically identical for both systems using nanocrystalline and ferrite cores. Nanocrys-

talline ribbon cores result in marginally higher Psu values due to their higher permeability. As

discussed in the previous section, Psu increases along with Ac. The rate of increase is higher

when more cores (Nc) are used. Increasing Nc also reduces the eddy-current losses. This can

be explained as follows. Even though the number of faces exposed to transversal flux increases

linearly with Nc, the magnitude of the transversal flux entering each bar decreases. As a result,

the overall eddy-current losses reduces (compare Pelec in Fig.4.3.a and Fig.4.3.b).

Regarding hysteresis losses, nanocrystalline ribbon cores exhibit higher hysteresis losses

Pmag than ferrite cores despite their lower Steinmetz coefficients. As explained in Chapter 3,

this is due to the higher magnetic flux density at the lateral faces of the core bars. However,

the hysteresis losses decay as the area coverage (Ac) increases. This is true for both materials

and it is due to the reduction of the flux density in the core. A similar reduction of flux density

and associated losses can be achieved by using thicker cores. However, the thickness of the

core increases the eddy-current losses as discussed next.

Although almost negligible for ferrite cores, eddy-current losses are considerably high for

the nanocrystalline ribbon cores. To reduce these losses, the flux entering the lateral faces
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Fig. 4.3 Magnetic performance and core loss in nanocrystalline ribbon cores for different core

dimensions. Self-inductance L1, mutual inductance M, eddy-current losses Pelec and hysteresis

losses Pmag for a Double-D pad with different percentages of surface area covered by core

material (Area coverage: Ac), different coil thicknesses tc, and number of cores Nc.

of the bars must be reduced. As shown in Fig.4.3, this can be achieved by increasing Nc

or Ac. Thus, for nanocrystalline ribbon cores, higher values of Ac are required to mitigate

eddy-current losses. The increment of the core material required by larger area coverage

can be compensated with a reduction of core thickness. Thinner cores also result in lower

losses (compare Pelec in Fig.4.3.a and Fig.4.3.c) since the area exposed to transversal flux is

proportional to the thickness of the core.

4.1.4 Summary of Design Guidelines for nanocrystalline ribbon cores

From the analysis of the flux density distribution in the core and the effect of core dimensions

on the pad performance (power transfer and core losses), it is possible to determine design

guidelines to be used for IPT systems with nanocrystalline ribbon cores.
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The core length has the largest impact on the power transfer capability of the pad. Core

lengths between 80% and 88% of the pad’s length are recommended. To reduce eddy-current

losses, the core ought to cover a large portion of the pad’s area. Larger areas yield lower power

losses. In fact, full plates are a recommended option. To limit the core volume while using

large core areas, the core thickness can be reduced accordingly. The thickness of the core (tc

in Fig.4.1a) can be as small as possible but sufficiently large to avoid magnetic saturation. The

thickness of the core bar (tc) is determined by the width of the nanocrystalline ribbon. Man-

ufacturability constraints the minimum attainable width. Commonly, the minimum width of

the ribbon commercially available is three to four millimeters [79] [34], [33]. Thus, nanocrys-

talline ribbon cores are best suitable for high-power IPT systems as low power systems would

require slimmer cores. Finally, the first and last core bars ought to be placed near the inner

border of the winding. As a rule-of-thumb, the distance Dside between the coil and core should

be around 10% of the coil width. The optimum point can be estimated for every specific case

via FEM simulations.

4.2 Optimum Design of a WPT3/Z1 Pad

The design guidelines discussed in the previous section are applied here in the design of a

WPT3/Z1 (11.1 kW/100 mm air gap) IPT system. The design methodology of a series com-

pensated IPT system presented in [12, 10] is used in this section.

4.2.1 Coil Design

The design process starts by selecting the DC-link voltages in the primary and secondary sides:

uDC,1 and uDC,2. A voltage of 650 V is selected for both DC-links. Next, the mutual inductance

required to transfer a given power P2 of 11.1 kW is calculated. The power transfer equation

for a series compensated IPT system is shown in (4.1):

P2 =
4 ·uDC,1uDC,2

π3 · f0 ·M12
(4.1)

Thus, the value of M required to transmit 11.1 kW is ≈ 57µH. Next, the coil dimensions

and the number of turns N need to be selected. For this purpose, FEM simulations are per-

formed to obtain the design space considering full coverage of the core plate underneath the

coil. From the analysis presented in Section 4.1.2, core designs near the knee of the Pareto-

front Psu,max result in values of mutual inductance of approximately 90% of the ones obtained

with full core coverage. Assuming that L2 and M change in the same proportion in response

to changes in the ferrite core, we can say that M at the knee of the Pareto front decreases to
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Fig. 4.4 Design space for the WPT3/Z1 system of >11 kW for different pad’s lengths lpad ,

widths wpad , and number of turns N. a) Coupling factor k b) mutual inductance M. The

contour lines in c) define the pad size required to obtain the target mutual inductance of 64 µH.

∗: Selected designs.

approximately 90% of its value with full core coverage. Thus, when sizing the pad, FEM

simulation with full core coverage can be used as long as a value of M of 64 µH is considered

as opposed to 57 µH.

Fig.4.4a and 4.4b show the coupling factor k and mutual inductance M respectively, for

different pad dimensions and number of turns. The coupling factor increases with the area of

the pad and it is practically unaffected by the number of turns. On the other hand, M is directly

proportional to both the pad area and the number of turns N. For every value of N, one can

determine different pad dimensions that result in the required value of M. These are depicted

as contour-lines in Fig.4.4c. Every design on the line would result in the same value of M and

P2. At first, two pads with different power densities are considered: 1) a 53 cm×34 cm pad
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with N = 7; and 2) 42 cm×21 cm pad with N = 15. These two pads are considered during the

design of the core shown in the next section.

4.2.2 Core Design

Fig.4.5a)−d) show the core’s design space for the two pads selected in the previous section.

The design space considers different core dimensions: length lc, width wc, thickness tc and

number of cores Nc. The smaller pad requires less core material. However, the flux density

in the core will be higher as compared to the larger pad. Consequently, the saturation point

of the material becomes a limiting factor in the design of smaller pads with minimum core

material. This can be more easily seen in Fig.4.5c) and Fig.4.5 f ) where the blue (x) and

red (•) markers represent the designs achievable with nanocrystalline and ferrite cores, respec-

tively. Designs with nanocrystalline bars require less core material and can achieve higher

power densities. This is particularly important for smaller pads as designs near the knee point

of Psu,max-envelope are not possible with ferrite cores. Thus, the smaller pad is used in this

dissertation to exploit the advantages of the nanocrystalline material. Selecting a smaller foot-

print has a detrimental impact on the ferrite design as it makes it operate outside its acceptable

specification. Giving that the pad was optimized for nanocrystalline cores, the performance of

an identical system that uses ferrite cores will be inevitably sub-optimal. This will be shown

later on during the experimental comparison.

From the possible designs at the knee point of Fig.4.5e), one design is selected following

the guidelines of core design presented in Section 4.1.4. The final core design has the follow-

ing properties: Ac =60 % (which corresponds to a total core width of 150mm), lc =342 mm

(∼ 82% of the pad length), and tc =4 mm. The thickness of 4 mm was deliberately selected

as this is the minimum ribbon width commercially available. Lower widths are currently re-

stricted by the manufacturing process. The core can be one single-plate or divided into Nc

bars. This is analyzed next.

Solid core plate vs core bars

Superior core-utilization factors can be achieved when the core material covers a large portion

of the pad area. The same area coverage, however, can be achieved with a single-core plate

or by using more core bars with different spacing between them. Fig.4.6 illustrates the effect

that core segmentation has on the power transfer capability of the pad Psu and the core losses

when using nanocrystalline ribbon cores.

In Fig.4.6.a, the total core width is constant while the spacing between the cores is in-

creased. This results in a reduction in the volume of the core material. Four bars are consid-



88 Improved Utilization of Nanocrystalline Ribbon Cores

ered for this analysis. As the spacing increases, Psu decreases rapidly while the hysteresis Pmag
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Fig. 4.5 Power transfer capability Psu and maximum flux density Bmax within the core for

different core dimensions. a), c) and e) correspond to a 53 cm ×34 cm pad with N = 7. b), d),
and f ) correspond to a 42 cm×21 cm pad with N = 15. In e) and f ), (x) and (•) indicate the

designs that are achievable with nanocrystalline and ferrite cores respectively. Psu is calculated

considering an excitation current of i = 30Arms.
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Fig. 4.6 Simulation results showing the effect of the spacing between core bars on the power

transfer capability of the pad Psu, eddy-current losses Pelec, and hysteresis losses Pmag. In a)
the total core width is constant while in b) the core volume is constant. c) Illustration of the

core segregation. Excitation current i1,pk = 21 A.

and eddy current Pelec losses increase. Eddy-current losses increase drastically from 98 W for

an entire ferrite plate to 497 W when the bars are 25 mm apart from each other.

In Fig.4.6.b, the volume of the core material is kept constant while the distance between

the bars is increased. At a spacing of 5 mm, the power transfer capability of the pad Psu reaches

a maximum, increasing 1% compared to that at zero spacing. However, at this point, the eddy-

current losses are already 18% higher than those of a solid plate (zero spacing). Eddy-current

losses increase continuously with the spacing. At the same time, the power transfer capability

of the pad Psu reduces as less core material is present in the flux pipe region of the DD pad.

In both analysis, Fig.4.6.a and Fig.4.6.b, the hysteresis losses increase with the distance

between bars. This increment results from the higher flux density at the lateral faces of the

core bars. Another effect of the separation of the core bars is that more flux leaks to the shield.

This deteriorates the performance of the pad even further. For these reasons, solid plates are
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Fig. 4.7 Dimensions of the final design of the WPT3/Z1 IPT system.

preferred for nanocrystalline ribbon cores used in IPT systems. For ferrite cores, simulation

results also showed that solid plates can improve the performance of the system as compared

to segregated bars. However, the increment in power loss caused by the segregation is less

important than for the nanocrystalline ribbon counterpart.

Final Pad design

The final dimensions of the pad and the core are shown in Fig.4.7. The coil is made of 15-turns

of Litz wire.

4.2.3 Flux Distribution and Power Losses

Flux Distribution: Fig4.8 shows the distribution of the flux density B in the core for the pad

designed in the previous section. Both ferrite and nanocrystalline ribbon cores are considered.

Given that ferrite is an isotropic material, the flux distribution is uniform in the y-axis. The

flux density is limited to the saturation value of 0.45 T [27]. The anisotropic behavior of the

nanocrystalline ribbon core results in a more convoluted distribution. The edge of the core in

the y-axis are zones of higher flux density due to the perpendicular flux entering the lateral

wall of the core [27]. The other two areas of higher flux density are found in the flux-pipe

region (center of the core) and are due to both the anisotropic permeability of the core and the

geometry of the winding.

Power Losses: Fig.4.8c shows a break-down of the core losses for a 6.6kW power transfer,

for both nanocrystalline ribbon and ferrite cores. The hysteresis losses in the nanocrystalline
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Fig. 4.8 Flux distribution and power losses in the system when using ferrite and nanocrystalline

ribbon cores, respectively. Flux density distribution within the core when using a) ferrite N87

and b) finemet’s FT-3M cores. Air gap: 10 cm. Ipk =40 A. c) Estimation of core losses at

6.6 kW.

ribbon cores are much lower than those obtained with ferrite cores due to the lower Steinmetz

coefficients. The eddy-current losses are higher in the nanocrystalline ribbon cores but they

are compensated by the lower hysteresis losses. As a result, nanocrystalline ribbon cores

have about 21% lower core losses as compared to the classic ferrite cores for the same power

transfer. This ensures a higher power transfer efficiency and relaxes the cooling system’s

requirements.

4.3 Experimental Validation

Two identical DD coils were built for the transmitter and receiver pads as shown in Fig.4.9a.

The pad’s dimensions are shown in Fig.4.7. The coil comprises 15 turns of Litz wire, made

of 850 0.1 mm-diameter strands, giving a total cross-sectional area of 6.5 mm2. For the core

material, nanocrystalline ribbon cores and ferrite cores are considered. In the case of ferrite,

two structures are used. The first one considers a core made of an array of 54 pieces of

38.1 mm×25.4 mm×4 mm ferrite N87, as shown in Fig.4.9b. The second configuration uses

only 11 tiles as shown in Fig.4.9c. Three pieces of 150 mm×100 mm×4 mm DMR44 fill most

of the core surface area. Additionally, 8 pieces of 38.1 mm×25.4 mm×4 mm DMR44 are

located at the edges of the core to fill the desired surface area.
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N = 15

(a) (b) (c) (d)

Fig. 4.9 Photography of the pad and the cores used for the experimental validation. a) Con-

structed pad (the dimension of the pad are shown in Fig.4.7). b) N87 ferrite core (54 tiles). c)
DMR44 ferrite core (11 tiles). d) Finemet’s FT-3M nanocrystalline ribbon core.

The nanocrystalline ribbon core, on the other hand, comprises 6 nanocrystalline ribbon

bars, each of 342 mm×25.4 mm×4 mm as seen in Fig.4.9d. Hitachi’s FT-3M nanocrystalline

18 µm ribbon is used. The ribbons are coated with insulation material and bonded using an

organic resin. The overall core has a stacking factor of approximately 0.77.

The same power electronics, measurement equipment, and test-rig used in Chapter 3 are

also used for these pads. Series compensation circuits are used on both transmitter and receiver

sides. The capacitors used for the resonant tank correspond to the series KEMET PHE450 with

a voltage rating of 3kV-DC. These capacitors have a dissipation factor of approximately 0.15%

at 100kHz. Several capacitors are combined in series and/or parallel to achieve the required

capacitance and voltage rating. The electromagnetic properties of the cores are discussed next.

4.3.1 Nanocrystalline Ribbon vs. Ferrite: Material Structure and Prop-

erties

The fabrication method of nanocrystalline ribbon cores was presented in Chapter 3. A sum-

mary of the process is depicted in Fig.4.10a. After the annealing process, the ribbons are

wound into the required geometry. The ribbons are covered with a resin material and wound

around molds which can be toroidal or U-shaped. The winding process continues until the

core achieves the required thickness. The final result is a core race track like the one shown in

Fig.4.10b. The core is then cured, to ensure the adhesion of the ribbons, and then segmented.
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For inductors, the core race track is split into two C-shaped cores. For the bespoke cores de-

signed in this dissertation, on the other hand, the core is divided into two U and two I cores,

as seen in Fig.4.10c.

(a)

(b)

(c)

Defects

(d)

Fixtures

(e)

Fig. 4.10 Fabrication process of the nanocrystalline ribbon cores. a) Manufacturing process

of the laminated nanocrystalline alloy. b) Core race track after impregnation, cure and before

cutting. c) Cut cores. d) Defects found in discarded bars. e) Location of the fixtures used

during annealing and curing.
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During the winding, curing, and tooling processes, mechanical defects can be introduced

to the bars. During winding, large air gaps between laminations −like the ones shown in

Fig.4.10d− can be formed. These defects are particularly problematic as they can lead to

localized heating. Also, during curing, the mechanical fixtures used to hold the core in place

can damage the core surface as shown in Fig.4.10e. Moreover, during tooling, cutting in

particular, the ribbons can be damaged, bent, or short-circuited. Usually, etching treatments

are necessary after cutting to ensure the ribbons are electrically isolated from each other to

prevent eddy currents.

Microscopic defects can also be introduced during fabrication, depending on the quality of

the manufacturing process. This is clear when comparing the nanocrystalline alloy core bars of

two different manufacturers. Fig.4.11 shows microscope images of the cores manufacture by

Hitachi Metals (.a-.c) and AT&M (.d-. f ). Fig.4.11.a and Fig.4.11.d correspond to TOP views

of the cores. Hitachi’s bars depict in a better way the separation between ribbons as compared

to the ones from AT&M. The same conclusion can be drawn when comparing the sides of the
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Fig. 4.11 Images of the nanocrystalline ribbon cores taken with a microscope AMPScope

MA500. Nanocrystalline ribbon cores from a)−c) Hitachi Metals and d)− f ) AT&M. a)−d)
Top view. b)− e) Side view (edge). c)− f ) Manufacture defects in the bar.
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Table 4.1 Electromagnetic properties of Finemet’s FT-3M, Ferrite N87, and DMR44.

Parameter Nanocrystalline Ferrite Ferrite

at 85 kHz Finemet N87 DMR44

Density w/o resin 7300 kg/m3 4850 kg/m3 4800 kg/m3

Density with resin 5717 kg/m3 NA NA

Filling/Stacking Factor F 0.77 1 1

Ribbon thickness t 18 µm NA NA

Ribbon width 4 mm NA NA

Resistivity 1/σ 1.2 µΩm 10 Ωm 2 Ωm

Relative Permeability (Bulk) 23000 2300 2400

σeq,z = σeq,x 6.42×105 S/m 0.1 S/m 0.5 S/m

σeq,y 22 S/m 0.1 S/m 0.5 S/m

µeq,z = µeq,x 17652 2300 2400

µeq,y 4.34 2300 2400

C′
m in (3.6) 4.45×106 2.54×107 1.51×107

β in (3.6) 1.87 2.3 2.06

core bars shown in Fig.4.11.d and Fig.4.11.e. When measuring the resistance across the bar (y-

axis), Hitachi’s cores yield higher resistances (129 Ω) compared to the AT&M cores (2.75 Ω).

This suggests that the insulation between ribbons is not as effective in the latter. This effect is

detrimental to the efficiency of the system. Other macroscopic and microscopic defects were

found in the bars. In Hitachi’s bars, surface damages were observed particularly in places

where the fixtures were used to hold the bar during annealing and curing. This is shown in

Fig.4.11.c. Surface damages were also found in AT&M’s bars, as seen in Fig.4.11. f . At the

edges of these bars, the ribbons were flaking causing a loss of material. Hitachi’s bars do

not present any signs of flaking which suggests that the manufacturing process is of a higher

quality.

Twenty-four bars (12 core race tracks) were manufactured by Hitachi following the same

fabrication process. The equivalent relative permeability of the cores along the ribbon was

measured to be 17652± 2000. The standard deviation is not negligible, about 11% of the

mean value. This is attributed to manufacturing tolerances such as temperature differences

during annealing, different resin thicknesses, differences in the stacking factors, etc. It is

worth noting that manufacturing tolerances are larger for bespoke designs like this one as

compared to standard products. Therefore, lower tolerances are expected in mass production.

The electromagnetic properties of this nanocrystalline ribbon material are listed in Table

4.1. The equivalent conductivity and permeability − obtained following the methodology

described in Chapter 3 − are also listed along with the Steinmetz coefficients for core loss

estimation. These properties are used for FEM modeling. The mesh of the FEM model near
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the lateral faces of the cores is restricted to 0.4mm. Coarser meshes are defined elsewhere.

Within the core, the maximum element size is set to 5 mm to ensure adequate accuracy.

4.3.2 Nanocrystalline Ribbon vs. Ferrite: Self/Mutual Inductance and

Coupling Factor

The self and mutual inductance of pads constructed with nanocrystalline and ferrite cores

were measured at 85 kHz using a dedicated piece of equipment: N4L PSM3750. The results

are shown in Fig.4.12 for different alignments between transmitter and receiver pads. For

the pad with nanocrystalline ribbon cores, the measurement of the inductance matches the

FEM simulations with a difference of less than 3%. Nanocrystalline ribbon cores yield higher

inductance values (compared to ferrite) due to the higher relative permeability of the bulk

material.

For the N87-ferrite cores, the difference between the simulated and measured inductances

is higher, approximately 6.5%. This is because the simulation considered the core as a single-

piece whereas, in practice, the core is constituted of discrete tiles as shown in Fig.4.9b and

Fig.4.9c. Despite being closely packed, there are diminutive air gaps between tiles. These air

gaps reduce the magnetic performance of the pad. Fig.4.12 includes simulation results includ-

ing air gaps of 50µm between the tiles. The measurement results lie between the simulation

result with and without air gaps for both ferrite materials: N87 and DMR44.

Table 4.2 shows the inductance and other metrics for the pads without misalignment and

with a clearance of 100 mm between pads. Compared with the ferrite core made with 54 tiles,

the self-inductance of the pad that uses nanocrystalline ribbon cores is approximately 10%

higher. Similarly, the mutual inductance is 23% higher which results in an 11.1% improvement

in the coupling factor. This not only improves the power transfer capability of the pad but

also its efficiency. The quality factor is higher for the pad with ferrite cores. However, it

is important to notice that this factor is measured at very low power due to the limits of the

measuring device. The quality factor decreases at higher power as the core losses become

Table 4.2 Inductance measurement for different core configurations and materials

Parameter Ferrite N87 (54 tiles) Ferrite DMR44 (11 tiles) Finemet’s FT-3M Unit

L1 159.5 165 175.8 µH

L2 153.2 162.8 170.6 µH

M 46.35 50.53 57.15 µH

k 0.297 0.308 0.33

Q =
√

Q1Q2 340 435 286

Psu 1.65 1.85 2.25 kVA
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Fig. 4.12 Measurement of self L1 ≈ L2 = L and mutual M inductances of the designed DD

pad with nanocrystalline and N87/DMR44 cores at different clearances (air gaps) between

transmitter and received pads. For the ferrite cores, two simulation results are shown. One

considering a core made up of N87-ferrite tiles with 0.05mm separation between them and

another considering a complete N87-ferrite plate and marked with (*).
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more important [65]. The measurement of the quality factor at rated conditions is intricate and

it is a current topic of research. To compare pad designs with different cores, efficiency is a

better metric. This is discussed further in the next section. The magnetic performance of the

pad constructed with 11 ferrite tiles is superior to that of the one obtained with the core made

of 54 tiles. This is due to the smaller air gap introduced in the magnetic circuit. However,

the pad using nanocrystalline ribbon cores has still a 6.5% higher self-inductance and 13%

higher mutual inductance. This results in a 7% improvement in the coupling factor and 22.1%

improvement in the power transfer capability of the pad.

Better performances of the ferrite cores could be obtained with a core made of a single

piece of ferrite. However, solid ferrite cores of large dimensions are not commercially avail-

able and hence must be custom-made. It is worth noting that even in bespoke designs, the

small thickness of the core makes the construction of large segments unpractical since they

will be very fragile. Moreover, according to [21], the production of ferrite cores of large

dimensions entails temperature gradients across the body which result in high stress and ulti-

mately in product cracking. The DMR44 ferrite cores shown in Fig.4.9c were manufactured

exclusively for this dissertation; however, their size was restricted to 150 mm due to the afore-

mentioned reasons. On the other hand, the length of nanocrystalline ribbon core bars is less

restricted; they can be built as considerably long pieces. Since no air gaps are introduced in

the core, superior magnetic performance can be achieved.

4.3.3 Nanocrystalline Ribbon vs. Ferrite: Power Transfer and Efficiency

The efficiency and the power transfer capability of the pads with ferrite and nanocrystalline

ribbon cores were evaluated using the power analyzer Yokogawa WT5000. For this, the trans-

mitter and receiver pads were placed at the distance of 100 mm. They were both connected to

the same DC-link, in recirculating power mode. Since the transmitter and receiver pads are

practically identical, this operating mode allows the system to function at the optimum load

matching factor which ensures maximum efficiency (see Chapter 2). Under these conditions,

the power transfer is given by (4.2):

P2 =
8U2

DC

π2

1

ωM12
(4.2)

The power transfer increases quadratically with the DC-link voltage as shown in Fig.4.13.a.

The power transfer is inversely proportional to the mutual inductance. Thus, more power is

transmitted with the pad with ferrite cores for the same DC-link voltage. Nevertheless, more

power is transferred with the nanocrystalline ribbon cores for the same excitation current.
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The efficiency of the system (ηDC−DC) is shown in Fig.4.13.b. The efficiency was mea-

sured at different DC-link voltages and 25 °C. The overall system’s efficiency of the IPT sys-

tem with N87-ferrite cores converges to 93.5% as the power transfer increases. A slightly

higher efficiency, 93.9%, is obtained for the pad with DMR44 cores. For the pad with

nanocrystalline ribbon cores, an efficiency of 95.5% is achieved. The superior efficiency is

attributed to the higher coupling factor (due to fewer air gaps in the core plate) and the lower

hysteresis losses of the material.

The efficiency of the pad without considering converter losses is shown in Fig.4.13.c. The

efficiency remains more or less constant at approximately 96.26% for the pad with nanocrys-

talline ribbon cores. The efficiency of the pad with N87-ferrite cores, however, starts at approx-

imately 95.5% at low power and decreases for higher power ratings. At rated power, 11.1 kW,

Fig. 4.13 Measured power loss, efficiency, and loss-breakdown for the Double-D pad with N87

cores and nanocrystalline ribbon cores. a) Output power to the load. b) Overall efficiency of

the system ηDC−DC. c) Efficiency of the pad without considering the power converters. d)
Breakdown of losses in the pad. Pcu : Copper losses, Pcap : Capacitor losses, Pelec : Eddy-

current losses, Pmag : Hysteresis losses, Pshield : Losses in the shield. Experimental results are

shown with (⋆).
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it is about 94.5%. This reduction in efficiency is due to the hysteresis losses in the ferrite

material which increases exponentially with the flux density. As a result, the quality factor

of the coil also worsens at high power-transfer levels. This behavior matches the analysis of

the quality factor at high power presented in [42]. Similar behavior is observed for the pad

with DMR44-ferrite cores. However, for this pad, the efficiency converges to 95% at 11.1 kW.

This efficiency is superior to the one obtained with the N87-ferrite cores but still 1.26% lower

than that obtained with the nanocrystalline ribbon cores. The slight efficiency improvement,

compared to the N87, is attributed to the higher coupling factor and slightly lower hysteresis

losses.

In Chapter 3, a pad with four nanocrystalline ribbon core bars was evaluated. Its efficiency

(88%) was lower than the one achieved with identical ferrite cores (94%). That design did

not consider the particular characteristics of nanocrystalline ribbon cores. The results shown

in Fig.4.13 demonstrate that pads with nanocrystalline ribbon cores can, in fact, yield high

efficiency when designed properly, following the guidelines discussed in Section 4.1.4.

Breakdown of Losses

Fig.4.13.d shows a breakdown of the losses in the pad. The copper losses, Pcu, are calculated

analytically using the methodology presented [27], [62] and [8]. The eddy-current, hysteresis,

and shield losses − Pelec, Pmag, and Pshield , respectively − are computed using COMSOL by

means of volume integrals. Capacitor losses, Pcap, are calculated considering a dissipation

factor of 0.15% typical of KEMET PHE450/F450 film capacitors. A detailed methodology

of estimation of losses was presented in Chapter 3. For the ferrite core, the estimation of

losses shown in Fig.4.13.d is calculated considering a N87 ferrite plate core without loss of

generality. Experimental results are shown with a (⋆) for DMR44, N87, and nanocrystalline

ribbon FT-3M cores.

In the pad with nanocrystalline ribbon cores, the eddy-current losses are the largest com-

ponent of the losses, accounting for almost 30% of the total loss. Hysteresis losses correspond

to 23% of the total power loss. On the other hand, for the pads with ferrite cores, the majority

of the loss corresponds to the hysteresis losses. They account for approximately 58% of the

total loss. Hysteresis losses in the pad with ferrite cores are about 2.6 times larger than that

of the pad with nanocrystalline ribbon cores. As a result, despite having larger eddy-current

losses, the system that uses nanocrystalline ribbon cores shows lower overall losses for the

same current. When comparing the power losses at the same power transfer, the results are

even more clear. For the same power transfer, the total losses in the pad with ferrite cores

are between 38% (DMR44, 11 tiles) and 59% (N87 54 tiles) larger than the losses obtained

with the nanocrystalline ribbon cores. This is depicted in Fig.4.13.d. As mentioned before,



4.3 Experimental Validation 101

�

a

b

80cm

8
0
c
m

Fig. 4.14 Measured leakage flux at 80 cm from the center of the pad in the a) y-axis and b)
x-axis. c) Depiction of the testing points.

the lower losses achieved with the DMR44-ferrite are due to the higher coupling factor and

slightly lower hysteresis losses achieved with this material as compared to the N87-ferrite. Fi-

nally, it is worth noting that there is a good agreement between the estimated and measured

losses which validates the modeling approach.

4.3.4 Nanocrystalline Ribbon vs. Ferrite: Flux Leakage

The flux leakage was measured for pads using both ferrite and nanocrystalline ribbon cores.

For the measurement, a Beehive Electronics’ 100C magnetic flux probe and a Rigol’s Spec-

trum Analyzer DSA815 were used. The pads were tested at a clearance of 100 mm between

the transmitter and the receiver pads. The leakage was measured at a distance of 80 cm from

the center of the pad. Two points on the mid-plane between the transmitter and receiver pads

were selected, as shown in Fig.4.14.c. These points were considered as simulations show that

they corresponded to the maximum leakage flux. This is because both transmitter and receiver

pads are identical and the pads are under perfect alignment during the measurement of the

leakage flux.

As seen in Fig.4.14.a and Fig.4.14.b, the leakage flux increases with the power rating.

However, due to the smaller footprint of the pad − compared to other commercial units [72]−,

the leakage flux remains below 2.5 µT even at the rated power, 11.1 kW. The leakage flux

for the system with nanocrystalline ribbon cores is up to 25% lower than for the system with

ferrite cores. This is attributed to the higher permeability of the core. Lower leakage fluxes

facilitate the compliance of safety regulations at high power ratings.
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Fig. 4.15 Schematic of heat transfer model used in the FEA.

4.3.5 Nanocrystalline Ribbon vs. Ferrite: Flux Density and Tempera-

ture Distribution

The flux distribution within the core cannot be easily measured. However, given that the power

losses are correlated to the flux density, thermal images of the core can be used to estimate the

flux distribution within them. For this purpose, the shield is removed from the receiver side

and thermal images were taken after a 5 min operation at 6.6 kW before the system reached

thermal equilibrium. This was done purposely as, at thermal equilibrium, the temperature

distribution in the core becomes more uniform. Consequently, the regions of the core with

higher flux density −and heat generation− are less evident. Thermal images at the thermal

equilibrium were also taken. Heat transfer simulations are also shown for comparison. A brief

description of the thermal model is presented next followed by a discussion of the results.

A schematic of the heat transfer model is shown in Fig.4.15. The model considers nat-

ural convection. A wind speed of 0.2 m/s is defined to simulate this effect. For the ferrite

cores, the thermal conductivity is considered isotropic. Different authors considered different

thermal conductivity values, from 3.5 W/mK [64] to 5 W/mK [82, 75]. A value of 4 W/mK

is considered here as an average. For the nanocrystalline ribbon core, an anisotropic thermal

conductivity is considered due to its laminated structure. Following the thermal analysis of

nanocrystalline ribbon cores presented in [82], 10 W/mK for the x and z axes and 0.5 W/mK

for the y-axis are selected. To complete the model, the layer between the coil and the core,

which corresponds to the fiber insulation of the Litz wire, is set to 0.15 W/mK. With this

model, the temperature distribution of the pads at thermal equilibrium was estimated. It is

worth noting that this model was not optimized for accuracy as it is only used to have an

estimation of the temperatures in the core.
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Fig. 4.16 Temperature distribution in the ferrite cores when the system operates at 6.6 kW.

N87-ferrite (54 tiles) after a) 5 min operation and b) thermal equilibrium. DMR44-ferrite (11

tiles) after c) 5 min and b) 10 min operation. DMR44-ferrite (11 tiles) with a 0.1 mm air gap

between tiles after e) 5 min and f ) 10 min operation. Simulation results at thermal equilibrium

g) without and h) with shield.
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Ferrite Cores

Fig.4.16a shows the temperature/flux distribution of the N87 ferrite core (54 tiles) after a

5 min operation. The temperature/flux distribution is nonuniform. This is opposed to what is

expected from the FEM simulations. The heterogeneous flux distribution is due to the small

air gaps between the tiles forming the core. Since the air gaps are not identical nor uniformly

distributed, the flux density is higher where the gap between tiles is narrower. Localized heat is

therefore found at these spots due to the concentration of magnetic flux. The higher localized

temperatures reduce the magnetic performance of the pad, its efficiency, and can lead to failure

due to thermal shock. When the pad reaches thermal equilibrium, Fig.4.16b, the temperature

distribution is more uniform than at transient and it is closer to the distribution obtained with

the FEM analysis shown in Fig.4.16g and Fig.4.16h for the system without and with shield,

respectively. The shield helps to spread the heat and reduces the maximum temperature in the

pad.

Fig.4.16c, shows the temperature/distribution of the DMR44-ferrite core (11 tiles) after a

5 min operation. Three larger ferrite pieces constitute the center of the core. Due to manu-

facturing tolerances, the borders of these pieces do not match perfectly. As a result, the flux

concentrates in the mid-section of the tiles, resulting in two clear heat spots. After a 5 min op-

eration, the temperature reached 108 °C at the these spots. After only 10 min, the temperature

already reached 174 °C as seen in Fig.4.16d. The test was stopped at 180 °C before reaching

thermal equilibrium due to safety constraints.

In [14], increasing the spacing between the tiles forming the cores was proposed as a

method to mitigate hot spots at the expense of magnetic performance. To evaluate this strat-

egy, a gap of 0.1 mm was added in between the three tiles below the flux pipe. As shown

in Fig.4.16e, the two hot spots remain, however, the temperature is more evenly distributed.

After a 5 min operation, the maximum temperature in the core was approximately 62 °C, al-

most 46 °C lower than the one without the air gap between tiles. After 10 min, the maximum

temperature of the core reached 105 °C, as seen in Fig.4.16f. This is almost 69 °C lower than

without the air gap between tiles. The test was also stopped at 180 °C after approximately

30 min. This confirms that the introduction of air gaps can indeed improve the thermal per-

formance of the pad. However, this improvement comes at the cost of a 9% reduction of the

mutual inductance and a ∼ 5% lower coupling factor.

Nanocrystalline Ribbon Cores The flux/temperature distribution for the nanocrystalline

ribbon cores after a 5 min operation is shown in Fig.4.17a. The distribution agrees with flux

mapping shown in Fig.4.8b. The top and bottom edges of the core show higher temperatures

due to eddy-current losses. Additionally, two other regions with higher temperatures are ob-
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Fig. 4.17 Temperature distribution in the nanocrystalline ribbon cores when the system oper-

ates at 6.6 kW after a a) 5 min operation and at b) thermal equilibrium. Simulation results at

thermal equilibrium g) without and h) with shield.

served. These regions coincide with the zones of higher flux density and eddy-current losses,

according to Fig.4.8b. The upper part of the nanocrystalline ribbon core in Fig.4.17a shows

slightly higher temperatures. This asymmetry is attributed to manufacturing tolerances as the

separation between bars is slightly larger at the top. Since the nanocrystalline ribbon bars

used in this design are bespoke, the manufacture tolerances are more important than that of

off-the-shelf products. A deeper analysis of the effect of the manufacture tolerances on the per-

formance of the pad is not presented in this dissertation. Particularly, since in mass production,

the tolerances are generally much lower than in bespoke designs.

At the thermal equilibrium, the temperature distribution in the nanocrystalline ribbon core

is more uniform than at transient. Its distribution resembles the one obtained via FEM and

shown in Fig.4.17c and Fig.4.17d for the system without and with shield, respectively. The

estimated temperatures are close to the measured ones. The shield improves the thermal perfor-

mance and reduces the temperature as well as the temperature gradient. This is true regardless

of the core material.

Out of all ferrite core materials and configurations, the ones with N87-ferrite (54 tiles)

show the best thermal performance. Despite having several hot spots, the flux distribution is

more uniform. Using fewer tiles, as in the case of the DMR44-ferrite core (11 tiles), leads

to better magnetic performance. However, this core configuration is more prone to breakage.
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Moreover, if the air gap between tiles is not uniform, this configuration can degenerate in a

few high-temperature spots with large flux concentrations. This can greatly compromise the

thermal performance of the pad. Including air gaps between tiles can improve the thermal

performance of the pad but at the expense of lower coupling factor and efficiency values.

Using a single ferrite tile is still the preferable solution. However, as discussed in Section 4.3.2,

making larger pieces of ferrite is difficult due to the brittleness of the material. Nanocrystalline

ribbon core bars, on the other hand, can be manufactured as long pieces without compromising

the mechanical robustness of the core.

Fig.4.16b and Fig.4.17b compare the thermal performance of the ferrite and nanocrys-

talline ribbon cores once thermal equilibrium is achieved. The maximum temperature in the

core is lower when using nanocrystalline ribbon cores: 99.7 °C versus 113 °C for ferrite cores.

The average temperature in the center of the core is also lower: 98 °C for the ferrite and 86 °C

for the nanocrystalline ribbon core. The temperature in the x-axis is less homogeneous in the

ferrite core. The maximum temperature difference in the core is approximately 55 °C. This

large difference is attributed to the lower thermal conductivity of the ferrite which is worsened

by the air gaps between the tiles. Contrarily, the higher thermal conductivity of the nanocrys-

talline ribbon permits a better heat distribution in the x-axis. This enhances the heat dissipation

of the pad. The maximum temperature difference within one nanocrystalline ribbon core bar

was measured as 45 °C. The lower temperature gradient in the core is partly due to the lower

cores losses as well as due to the higher thermal conductivity of the ribbon.

4.3.6 Nanocrystalline Ribbon vs. Ferrite: Performance vs. Temperature

The performance of the pad versus temperature was evaluated by measuring the power trans-

ferred and the efficiency of the pad during operation. For this, the system was tested at a

clearance of 10 cm between transmitter and receiver pads. The initial power transfer is fixed

at 6.6 kW and the system uses series-series compensation.

Ferrite Cores

Three ferrite core structures were tested: 1) N87-ferrite (54 tiles), 2) DMR44 (11 tiles), and

DMR44 with a 0.1 mm air gaps between tiles. For all the materials, similar trends can be seen.

First, the increase in the temperature produces a reduction of permeability which translates

into lower values of self L and mutual M inductances and coupling factor k. This produces an

increment in the power transfer P2 since the latter is inversely proportional to M (see (4.1)).

Moreover, the changes in L also alter the resonant point of the system, and consequently the

power being transferred. Thus, as the temperature increases due to the core and coil losses,
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the power transfer for a fixed DC-link voltage also increases, as seen in Fig.4.18.b. A 2.2%

increment is measured for the N87-ferrite core (54 tiles) at thermal equilibrium.

With the increasing temperature, the efficiency of the pad increases. This is expected

as the hysteresis losses decrease with temperature for MnZn-ferrites as shown in Fig.4.19.a.

This change however is non-monotonic; i.e., the losses decrease until the core reaches approx-

imately 100 °C. Thereafter, the core losses increase once again. This can be clearly seen in

Fig.4.18.a. For the DMR44-ferrite core, this point is achieved rather quickly. The inclusion

of an 0.1 mm air gap slows down the temperature increase. However, a similar efficiency drop

is observed after the delay. The N87-ferrite core configuration is the only one that can reach

thermal equilibrium before the efficiency drop. It also shows the largest improvement in effi-

ciency. Hence, in the next sections of this Chapter, only the N87-ferrite configuration will be

discussed as its performance is superior to the others.

For optimum efficiency, ferrite cores should be operated at around 100 °C. However, the

decay of the saturation flux density with temperature should be also considered. As seen in

Fig.4.19.b, the saturation flux density of the material can decay swiftly with temperature. A

deeper discussion of magnetic saturation is presented in Section 4.3.7.

Nanocrystalline ribbon cores

Similarly to the previous subsection, the performance of the nanocrystalline ribbon cores was

evaluated with respect to time/temperature. The temperature was sensed with a thermocouple

placed in the center of the pad. The results for the N87-ferrite cores are also shown for compar-

ison. The measured temperatures are shown in Fig.4.20.a. These temperatures are measured

Fig. 4.18 Performance of the pad versus time/temperature when using ferrite cores. a) Vari-

ation of the efficiency and b) power transfer capability of the pad for different configuration

and ferrite materials.
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Fig. 4.19 Variation of the core loss and saturation flux density for different magnetic materials.

a) Core loss vs. temperature for the ferrite N87 and DMR44. b) Saturation flux density vs.

temperature for the FT-3M nanocrystalline ribbon [34] and typical MnZn ferrites [55].

at the center of the pad and do not consider the irregular temperature distribution in the core

discussed in Section 4.3.5.

Fig.4.20.b shows the change in the power received in the secondary pad as a function of

time. As mentioned before, the power increases with the temperature. A 2.2% variation of

power is seen for the system that uses ferrite cores whereas a 1% variation is measured for

the one with nanocrystalline ribbon cores. The latter is, therefore, more stable to temperature

variations.

Fig.4.20.c shows the change in the pad’s efficiency versus time. As expected, the efficiency

of the pad with ferrite cores increases with the temperature. It changes by approximately

0.85%. The increase is monotonic as the average temperature remains below 100 °C. During

the same interval, the efficiency of the pad with nanocrystalline ribbon cores reduces by about

0.3%. Even with this reduction, the efficiency of the pad with nanocrystalline ribbon cores is

∼ 1.2% higher than that of the pad with N87 cores. This is seen more clearly when comparing

the power losses in the pad, depicted in Fig.4.20.d. These losses consist of the core losses,

capacitor losses as well as copper losses, all of which increase with temperature.

The Curie temperature of nanocrystalline ribbon cores is approximately 570 °C. Due to the

uneven distribution of temperature in the cores, a temperature-controlled chamber is required

to accurately analyze the performance of the pad at high temperatures. This analysis is not

presented in this dissertation and it is suggested as future work.
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4.3.7 Nanocrystalline Ribbon vs. Ferrite: Magnetic Saturation

Nanocrystalline ribbon cores have a higher saturation point. Therefore, they can operate at

higher magnetic loading. To analyze the effect of saturation within the cores, the pads were

tested exceeding their nominal rating of 11 kW. The distance between the transmitter and the

receiver pads was increased for the system with nanocrystalline ribbon cores until its mutual

inductance matched that of the one with ferrite cores. This way, the excitation currents and

the power transferred for a given DC-link voltage are the same for both pads. The ferrite cores

were tested at an air gap of 10.5 cm whereas the nanocrystalline ribbon cores were tested at

14.5 cm; i.e., a 38% larger air gap. The power transferred between the pads and the efficiency

is shown in Fig.4.21.

Fig. 4.20 Pad performance versus time/temperature when using nanocrystalline ribbon cores.

The performance of the N87-ferrite is also shown for comparison. a) Estimated temperature

at the center of the pad. Variation of the b) power transfer and c) efficiency of the pads. d)
Power losses.
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The power increases quadratically with the DC-link voltage for both pads. This is seen

more clearly in Fig.4.21.c and Fig.4.21.d where the square of the voltage is used in the x-

axis. For the pad with ferrite cores, however, the power transfer is limited to ∼16 kW due

to saturation. DC-link voltages which are greater than ∼600 V result in almost no additional

Fig. 4.21 Performance of the WPT3/Z1 pad with (a)−c)) N87-ferrite and (d)− f )) nanocrys-

talline ribbon cores at power levels above their rating. a),e) Output power. b),d) Linearized

out power. c), f ) System’s efficiency.
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(a) 250V

(b) vDC = 650

Fig. 4.22 Converter’s currents and voltages for the WPT3/Z1 pad with ferrite cores for an a)
unsaturated and b) saturated core. u1 (yellow), u2 (blue), i1 (red), and i2 (green). a)uDC,1 =
uDC,2 =250 V and a)uDC,1 = uDC,2 =650 V. Air gap between pads: ∼ 100 mm.

power. For the pad with nanocrystalline ribbon cores, the power increases unrestricted. The

measurement was limited to 20 kW due to safety regulations in the laboratory where the test

took place. Even at this power rating, the cores remained unsaturated. Thus, more power

could be transferred between pads.

For an unsaturated pad, the system’s efficiency usually increases along with power transfer

and it levels out for higher power transfer values, as shown in Fig.4.21. f for the nanocrystalline

ribbon cores. At a clearance of 14.5 cm, this pad has achieved an efficiency of approximately

93 %. When the system with ferrite cores was operated at this clearance, its efficiency was

less than 90 %, as seen in Fig.4.21.c. Due to saturation, the system’s efficiency of the system

with N87-ferrite cores does not equalize but rather decays as the pad approaches saturation.

This is due to the following two reasons. First, saturation produces a change in the effective

coil inductance. As a result, the resonant frequency shifts, and the compensation circuit is no

longer at resonance. This can be seen in Fig. 4.22.b; here, the power factor in the transmitter

side is no longer one (unity power factor) for higher DC-link voltages. Second, the current

waveform is no longer sinusoidal during saturation. It shows large peaks as seen in Fig.4.22b).
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Fig. 4.23 Illustration of a stable operating point converging into saturation due to the change in

temperature. a) Current in the primary coil vs. time. Zoomed in view at at two time instants:

b)0.2 s and c)0.8 s. Air gap:100 mm.

This results in higher copper losses. It is worth noting that these currents increase rapidly

as the pad approaches saturation and can exceed the current limits of the converter. This is

particularly dangerous as it can cause the failure of the power electronics components. Dur-

ing experimentation, the DC power supply was used to limit the current once saturation was

reached to prevent possible faults.

The saturation point of ferrite is temperature-dependent. In fact, it decays rapidly as the

temperature increases as shown in Fig.4.19.b. The rate of decay varies depending on the com-

position of the ferrite. For most cases, the saturation point halves for temperatures between

100 and 150 °C. The saturation point of nanocrystalline alloy also decays with temperature.

However, its rate of decay is much slower. Even at 200 °C, the saturation point decreases only

by less than 20% as seen in Fig.4.19.b. Most of the pads with ferrite cores are designed for

maximum flux density less than 200 mT and operating temperature below 100 °C [10, 9]. In

this context, nanocrystalline ribbon cores have an advantage over ferrite cores since they can

withstand operation at high temperatures.

Due to the high rate of change of the saturation point versus temperature, a stable operating

point can quickly reach saturation. This is shown in Fig.4.23. Here, the pad was operated close

to saturation point − 600V DC-link as seen in Fig.4.21.a − for a few seconds. The saturation
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can be observed by the rapid increase in the current which happens rather quickly. The DC

power supply restricts further increase in the current after the saturation point is reached.

4.4 Nanocrystalline Ribbon Core Segmentation

This section analyses the effect of core segmentation by considering gaps of 5, 10, and 15 mm

between core bars. Fig.4.24.a shows the 6 bars that constitute the core with different sepa-

rations between them. Fig.4.24.b and Fig.4.24.c, on the other hand, compares the system’s

a)

Fig. 4.24 Effect of the spacing between nanocrystalline ribbon core bars on the efficiency and

power transfer capability of the pad. a) Depiction of the bars with different spacing: 5 mm,

10 mm, and 15 mm. Analysis of the effect of the core segmentation on: a) the power transfer

capability Psu, total system losses Plosses, and b) the system’s efficiency ηDC−DC. Six core bars

are considered, each of 4 mm×25 mm×342 mm. The efficiency was measured at 25 °C. Psu

@ i1,pk =21 A.
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Fig. 4.25 Temperature distribution in the segregated nanocrystalline ribbon core after a 5 min

operation at 3.3 kW. Separation between the core bars: a) 10 mm and b) 15 mm.

efficiency (DC-DC), power loss, and power transfer capability Psu for different separations

between bars.

The experimental results confirm the conclusions obtained from simulations. Increasing

the separation between the cores reduces the power transfer capability of the pad as shown in

Fig.4.24.b. At the same time, the power losses increase, leading to lower system efficiencies,

as seen in Fig.4.24.c. The reduction of efficiency increases exponentially with the separation

between bars.

Thermal images of the pads are shown in Fig.4.25 for the pads with 10 mm and 15 mm

separation between the nanocrystalline ribbon bars. The thermal images were taken after a

5 min operation at 3.3 kW with an ambient temperature of 23 °C. In both cases, the highest

temperatures are located at the lateral faces of the core bars. This agrees with the analysis made

in Chapter 3 (see Fig.3.15). These are regions where higher eddy currents and magnetic flux

densities are present. Higher temperatures are measured for the pad with a 15mm separation.

This is due to the higher losses in this configuration.

From these results, one can conclude that the use of segregated bars as cores of an IPT

pad with nanocrystalline ribbon cores is not effective. Keeping the core bars together forming

one equivalent core plate helps to reduce eddy-current losses. One can argue that using a core

plate as opposed to core bars requires more magnetic material. However, this is incorrect as

the thickness of the core can be reduced to keep the volume of the core material constant

−provided that the core remains unsaturated.
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4.5 Screening and Magnetic Shielding

4.5.1 Analysis of Copper screening

In large electrical machines, flux shields (also known as screens) are used to cover the stator

end-core laminations. This prevents the non-axial flux generated by the end-windings from

reaching the core, avoiding with this, excessive eddy-current losses [29] in the stator. In

inductors, copper screens are sometimes used to reduce the air gap fringing flux which causes

eddy-current losses in the exposed conductors [25]. This strategy can also be applied to the

nanocrystalline ribbon core bars. Covering the lateral faces of the bar with copper or aluminum

foils can reduce the power losses.

The effect of the metallic shielding can be mathematically described as follows. A mag-

netic field B0 reaching the shield will induce eddy currents in it, which in turn will produce a

magnetic field Be. Be opposes B0 (Lenz’s law). The overall magnetic field, Br, results from

the superposition of these two fields. Br can be approximated as in (4.3):

Br =
B0

1+
j·ω·Ash·KBr,ish

Rsh

(4.3)

where Ash is the shield area, ω is the frequency of the sinusoidal flux B0, Rsh is the shield

resistance, and KBr,ish
is the constant that relates the eddy currents in the shield to the magnetic

field produce by them. KBr,ish
depends on the geometry and dimensions of the shield. For large

shields of high conductive material, the second term in the denominator of (4.3) is larger than

1. Thus, Br can be approximated as in (4.4):

Br ≈
B0 ·Rsh

j ·ω ·Ash ·KBr,i
(4.4)

From (4.4), one can see that Br is proportional to the shield resistance Rsh. This resistance

depends on the conductivity of the shielding material as well as on the dimensions of the shield.

Rsh can be calculated using (4.5):

Rsh =
Lsh

δsh · tsh ·σsh

with δsh =

√

1

π · f ·σsh ·µsh

(4.5)

where tsh is the shield sheet thickness, Lsh is the shield perimeter, δsh is the skin-depth, f is

the frequency of operation (ω = 2π f ), and σsh and µsh refer to the conductivity and perme-

ability of the shield, respectively. Thick shields of high conductivity materials result in lower

resistance values and, therefore, in lower overall values of Br.
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The shielding effect is produced by the formation of eddy currents. These currents generate

losses which can be estimated employing (4.6):

Peddy,sh = i2sh,rms ×Rsh =

(

∂ (Br ·Ash)

∂ t
· 1

Rsh

)2

×Rsh

=

(

j ·ω ·Br ·Ash

Rsh

)2

×Rsh =

(

B0

KBr,i

)2

×Rsh (4.6)

Eddy-current losses in the shield are proportional to Rsh and the magnetic flux which is

imposed by the IPT system. As a result, the losses for a given frequency decrease with the

shield thickness. Additionally, eddy-current losses decrease with the conductivity of the shield,

proportionally to σ
1/2
sh . The resistivity of copper and aluminum is 0.0168µΩm and 0.0265Ωm,

respectively. These values are two orders of magnitude lower than that of the nanocrystalline

ribbon. Using copper or aluminum to cover the nanocrystalline ribbon core bars can lead to

a reduction of the eddy-current losses. However, it is worth noting that the shield will have

an impact on the flux distribution and reduce the coupling factor as discussed in [30]. This is

evaluated via simulation and experimental results.

Simulation results

Fig.4.26 shows the effect of the copper screening on the system. The copper screen reduces

the eddy-current losses. A small thickness (<0.5 mm) is sufficient to completely shield the

core. Since the shield prevents the flux from entering the core, the flux density in the core

also reduces. As a result, the hysteresis losses are also slightly decreased. By placing a shield,

the eddy-current losses are now localized in the copper screen. These losses decrease as the

screen thickness increases as shown in green in Fig.4.26.a.

As opposed to ferromagnetic shielding, using copper screening reduces the linkage flux

of the pad. Consequently, the power transfer capability of the pad, Psu, decreases as seen in

Fig.4.26.b. Thus, more current is required to transfer the same power. The benefit of lower

eddy-current losses can be outweighed by the reduction of Psu, particularly for thin screens.

This is evaluated experimentally in the next section.

Experimental Results

Fig.4.27 shows the core with copper screens on the lateral faces of the nanocrystalline ribbon

core plate as well as a table comparing their performance. The experimental results agree with

the simulation results. Adding a copper screening reduces the magnetic flux entering the bar.
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Fig. 4.26 FEM analysis of the effect of copper shielding on the core losses: a) eddy-current

losses Pelec and hysteresis losses Pmag, losses in the copper screen, and total losses. b) Power

transfer capability of the pad, Psu.

(a)

(b)

w/o 50 µm 350 µm
Units

Parameter Screen Screen Screen

L1 176.6 175.7 175.5 µH

M 57.375 56.9 56.7 µH

k 0.33 0.329 0.328

Psu 2.264 2.240 2.231 kVA

ηDC−DC 95.4 95.2 95.3 %

c)

Fig. 4.27 Experimental evaluation of copper screening. a) Location of the copper screens in

the core. b) Image of the core with the copper screens. c) Table comparing the performance

of the pad when using the screens. Clearance between pads around 95 mm. Psu @ i1,pk =21 A.

This translates into lower inductance values, coupling factor, and power transfer capability

Psu. Copper screening is intended to reduce the eddy-current loss. However, the reduction of

the eddy-current losses is outweighed by the reduction in power transfer. Consequently, the

overall efficiency is diminished. This is seen in Fig. 4.27.c when comparing the efficiency

with and without screening. Using a thicker screen (350 µm yields a slightly better efficiency

as compared to using thin screens (50 µm). Nevertheless, the efficiency is lower than the one

obtained without the copper screen. These results suggest that copper screening is not an

effective method for improving the efficiency of nanocrystalline ribbon cores in IPT systems.
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A better alternative would be to use ferromagnetic shielding. This is discussed in the next

section.

4.5.2 Analysis of Magnetic Shielding

Apart from copper screens, ferromagnetic materials can also be used as shielding. This method

has been successful at reducing eddy-current losses in transformers constructed with nanocrys-

talline ribbon cores [6]. As opposed to metallic shielding, ferromagnetic shielding does not

necessarily decrease the magnetic performance of the pads.

In IPT systems, ferromagnetic shielding can be used to cover the lateral faces of the

nanocrystalline alloy core plate as shown in Fig.4.28. The shield needs to be attached to

the cores with an adhesive layer. This results in the equivalent magnetic circuit shown in the

same figure. The total magnetic flux, ψ , entering the lateral face of the core is distributed

between the ferrite shield and the nanocrystalline ribbon core depending on the value of the

reluctance of the magnetic circuit: ℜadh, ℜnano, and ℜ f e. These depend, among other things,

on the dimensions of the ferrite shield, its permeability, and the thickness of the adhesive

layers (µr = 1). The reluctance of the ferrite shield remains low during the linear region but

increases rapidly once it reaches saturation. Thus, the shielding is only effective if the ferrite

shield is not saturated. After this point, the shield no longer prevents the flux from entering

the nanocrystalline ribbon core.

One can approximate the reluctance values of the equivalent system shown in Fig.4.28

using the parameters of Table4.1 and the standard reluctance equation: ℜ = l
µµrA

. Here, l

corresponds to the length of the flux-path and A the flux-path cross-sectional area. The ra-

tio between the reluctance of the ferrite ℜ f e versus the total reluctance that comprises the

nanocrystalline core and the adhesive gaps is shown in Fig.4.28 for different shield thick-

nesses. As this ratio decreases, more flux is channeled through the shield and less through the

nanocrystalline core.

Fig.4.29.a shows the losses in the nanocrystalline alloy as a function of the thickness of

the ferrite shield. As the thickness increases, both eddy-current and hysteresis losses in the

nanocrystalline alloy core decrease. This is because the amount of the flux entering the lateral

faces of the nanocrystalline alloy bar drops. As a result, eddy-current losses decrease and

settle at a lower value. Approximately a 17 % reduction of these losses is achieved. Since less

flux enters the nanocrystalline alloy core, the flux density also reduces. This translates into a

slight decrease in the overall hysteresis losses, as seen in Fig.4.29.a.

Power losses in the ferrite shield are shown in Fig.4.29.b. They show a non-monotonic

profile which can be explained as follows. The losses in the shield depend on both the volume

of ferrite and the amplitude of the magnetic flux density. The increase in shield thickness
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Fig. 4.28 Lumped parameter magnetic circuit illustrating the effect of ferromagnetic shielding.

ℜ : Reluctance. Subscript: adh. : adhesive, f e : ferrite shield, nano : adhesive layer.

reduces its magnetic reluctance. Consequently, more flux is carried by the shield which in turn

tends to increase the losses in the shield. Once most of the perpendicular flux is conducted

through the ferrite, any increment in thickness translated into a reduction of both the flux

density and power losses in the shield.

The overall core losses considering both the losses in the nanocrystalline alloy core and

the ferrite shield are depicted in Fig.4.29.c. In effect, the ferromagnetic shielding reduces the

overall losses for a given excitation current. Moreover, the shield also increases the power

transfer capability of the pad (Psu), but only until a certain point, as shown in Fig.4.29.d. If

the shield thickness is increased after this point (∼8 mm in this case), the self-inductance of

the pad increases more than the mutual inductance leading to lower Psu values and coupling

factors. This can have a detrimental effect on efficiency.

Flux distribution

Fig.4.30 shows the distribution of the flux density B for a pad with nanocrystalline alloy cores

with and without ferromagnetic shielding. The flux distribution of the nanocrystalline alloy

core without shielding was previously discussed in Section 4.3.5. The sides of the core plate

are zones of higher flux density −due to the magnetic flux entering the lateral faces of the core

[27]. The addition of the ferrite shield results in a reduction of the flux density at both sides of

the core plate, as seen in Fig.4.30.b and Fig.4.30.c. The flux density in the ferrite shield can

be reduced if the thickness of the shield is enlarged as shown in Fig.4.30.c. By doing so, the

flux density and hysteresis losses in the shield can be both reduced.
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Fig. 4.29 FEM analysis of the effect of ferromagnetic shielding on the core losses: a) eddy-

current losses Pelec and hysteresis losses Pmag. b) Hysteresis losses in the shield. c) Total

losses in the core including losses in the shield. d) Power transfer capability of the pad also

known as uncompensated power, Psu @ ipk =21 A.

Power losses

Fig.4.31 shows a detailed comparison of the losses for three different core materials: 1) ferrite

N87, 2) nanocrystalline ribbon, and 3) nanocrystalline ribbon with a 4 mm ferrite shielding. As

discussed before, nanocrystalline ribbon cores result in ∼ 20% lower core losses as compared

to that of ferrite cores. When adding a 4 mm shield to the core, the eddy-current losses reduce

by nearly 7.5% which brings the overall core losses down by about 4.5%. Nanocrystalline

ribbon cores, with a 4 mm shield, are 24 % less lossy than ferrite cores. Magnetic shielding is

an effective method to mitigate eddy-current losses in nanocrystalline alloy cores used in IPT

systems. Since the amount of ferrite in the pad is minimum, any impact on the mechanical

robustness of the pad can be considered negligible. Experimental results are shown next.
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Fig. 4.30 Flux density distribution within the core for a) nanocrystalline ribbon cores with-

out shielding, b) with a 4 mm and a c) 8 mm shielding for an exemplary operating point at

Ipk =40 A and with and air gap of 100 mm.

Fig. 4.31 Estimation of core losses in the ferrite and nanocrystalline ribbon cores with and

without ferromagnetic shielding (4 mm) at 6.6 kW.
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Fig. 4.32 Experimental validation of ferromagnetic shielding. a) Efficiency of the pad with

different core materials. b) Power transfer capability of the pad considering vs. shield thick-

ness. c) Efficiency of the pad at 6.6 kW vs. shield thickness. d) Power losses at at 6.6 kW vs.

shield thickness. Psu @ i1,pk =21 A.

Experimental Power Measurement

The nanocrystalline ribbon core plate was shielded with closely packed ferrite tiles of dif-

ferent thicknesses: 1 mm (DMR44), 2 mm (DMR44), 4 mm (DMR44), 10 mm (N87), and

25 mm (N87). The shields cover the entire lateral walls of the nanocrystalline core plate,

each of 342mm×4mm as shown in Fig.4.28. The experimental results are shown in Fig.4.32.

Fig.4.32.a shows the power transfer capability of the pad Psu for different shield thicknesses.

The experimental results agree with the simulations. The addition of the shield improves Psu

but only until a certain thickness (∼ 4 mm). For larger thicknesses, Psu decreases as the leak-
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(a)
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(b)
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(c)

65.12��2

(d)

Fig. 4.33 Temperature distribution in the nanocrystalline ribbon cores after a 5 min operation

at 6.6 kW for different shield thicknesses: a) no shield b) 4 mm shield, c) 10 mm, and d)
25 mm

age flux becomes more important. The reduction of Psu decreases the efficiency as discussed

next.

Fig.4.32.b shows measurements of efficiency for different DC-link voltages and different

core configurations. Compared to the N87-ferrite core (54 tiles), nanocrystalline ribbon cores

with and without shielding yield higher efficiency. Higher efficiency values can be obtained

when using the shield. However, the improvement of efficiency is non-monotonic. An opti-

mum point was determined, for this particular design, at a thickness of approximately 4 mm.

This can be seen more clearly in Fig.4.32.c where the efficiency of the pad is compared at an

operating point of 6.6 kW. This power level was selected to achieve adequate accuracy. At the

highest efficiency, the power losses decrease by about 10 W. This represents approximately a

4 % reduction in losses. With this, the total efficiency of the pad reaches a value of 96.44%.

This confirms that shielding can effectively improve the pad performance.

In the simulation, the maximum point took place at a shield thickness of approximately

10 mm. In the experiment, this point was achieved at 4 mm. The difference is attributed

to the different materials used for shielding: N87 has slightly higher hysteresis losses than

the DMR44. Moreover, due to the limited commercial availability, 38 tiles were used for the

10 mm-thick shield, whereas only 7 were required for the shields with DMR44. The higher the
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number of tiles, the lower the effective permeability of the shield. Better performance could

be obtained with a single-piece shield; however, the fabrication of such a piece is constrained

by the brittleness of the material.

Experimental Flux/Temperature Distribution

Temperature images of the core after are used to determine the effect of the shielding on the

flux distribution and losses. Fig.4.33 shows the temperature distribution of the nanocrystalline

ribbon core with and without shielding after a 5 min operation at 6.6 kW. The clearance be-

tween pads was approximately 10.5 cm.

Comparing the temperature distribution with and without shielding, the effect of the shield

can be observed. With the shield, the temperature at the top/bottom edges of the core plate

decreases and becomes more uniform. Shielding improves the thermal performance of the pad

by removing the localized losses (hot spots) at the edges of the bar. The maximum tempera-

tures are in the same range for all the cases. However, slightly lower temperatures are obtained

when the shield thickness is around 4 mm. This is attributed to the improvement in efficiency.

In this contribution, individual ferrite tiles whose lengths lie between 18 mm and 38 mm were

used and packed closely. Better performance is expected when using single-piece shields. Par-

ticularly since localize heat-spots can be produced at the border between tiles. An example

of such case is shown in Fig.4.33d with a �. Moreover, the small air gaps between the tiles

can reduce the effectiveness of the shield. This can be seen in Fig.4.33c when comparing the

temperature at the top and bottom of the core: lower temperatures are achieved at the bottom

which suggests a more effective shielding in that edge.

4.6 Other Methods for Reduction of eddy-current losses

The mitigation of eddy-current losses in laminated cores has been a continuous topic of re-

search, both in Academia and Industry. Apart from the shielding, other strategies have been

applied to the design of inductors, transformers, and electric machines. Some of these methods

can also be applied to nanocrystalline alloy cores used in IPT applications. The most relevant

methods are described below. Their feasibility in IPT applications is also discussed.

4.6.1 Modification of the cross-section of the core

Eddy currents are a product of the flux entering perpendicular to the nanocrystalline ribbon.

Thus, they can be mitigated by limiting the number of ribbons exposed to perpendicular

(transversal) flux. This can be achieved by modifying the cross-section of the core bars. Two
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exemplary cases are shown in Fig.4.34. In Fig.4.34a, the ribbons at the lateral walls of the

cores are placed radially. This way, the side of the ribbon is not exposed to the flux. This

geometry is convoluted and therefore difficult to manufacture. A simpler alternative is shown

in Fig.4.34b. Here, the core bar is chamfered into a trapezoidal geometry. Thus, the exposed

planar surface of the ribbon is reduced. According to FEM simulations, a reduction of 54%

and 16% of the eddy current and the hysteresis losses, respectively, can be expected when

using these cores as compared to cuboid-shaped bars like the ones used in Chapter 3.

In principle, bars with trapezoidal cross-sections can be constructed stacking ribbons of

different widths. However, the minimum width commercially available is 3.2 mm [79]. Addi-

tionally, stacking ribbons of different widths is not possible with the current technology and

novel equipment would be required. An alternative manufacturing method is to cut a rectan-

gular bar into a trapezoidal one. This method was attempted. However, the results were less

than promising. Normal cutting methods such as turning or waterjet cutting are too strident

for the cores. They damage ribbons, break pieces of the core, and ruin the insulation between

them. Thus, more delicate methods, such as electro-discharge machining (EDM), are required.

One of the 8 mm bars used in Chapter 3 was cut using this method. EDM did not compromise

the integrity of the core bar; however, it damaged several ribbons, particularly the ones at the

edge of the bar. This is shown in Fig.4.35a and in Fig.4.35b. Several ribbons were bent, and

flaking was detected along the edge of the bar. Moreover, due to the cutting, the insulation be-

tween ribbons was damaged which could result in short circuits between ribbons. The defects

introduced by this method along with the high cost of the EDM and a large amount of wasted

material make this methodology sub-optimal for loss reduction. Thus, this method was not

pursued further.

Rc Airfl
ow

a rib

Trib
Shield Plane

(a)

θr

w rib

wc
Shield Plane

(b)

Fig. 4.34 Proposed core cross-sections to mitigate the eddy-current losses in nanocrystalline

ribbon cores. wc: Core width. wrib: Ribbon width. Rc: radius of curvature.
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(a)

1 mm

Damaged Ribbons

Bent
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(b)

Fig. 4.35 Images of the nanocrystalline ribbon core after being cut into a trapezoidal form.

a) Cross-section b) Lateral face after the cut. The flaked, damaged, and bent ribbons are

highlighted in the figure.

4.6.2 Core segmentation

In [17], core segmentation was introduced as a method to reduce the gap-losses in C-shaped

nanocrystalline alloy inductors. Here, gap losses refer to the eddy-current losses induced in

the core by the presence of the air gap between two C-shaped cores. A significant reduction of

these losses was achieved by dividing the core into different segments as shown in Fig.4.36a.

The eddy-current losses decrease exponentially with the number of core segments as seen in

Fig. 4.36b.

Likewise, IPT cores can be segmented as shown in Fig.4.36c. The total core volume is

constant, but the eddy-current loops can be reduced. For medium power levels, WPT1 and

WPT2, core segmentation is not always possible since the required core thickness is less than

5 mm and it is already close to the manufacturing limits. For VACUUMSCHMELZE, the

minimum width of the ribbon is 3.2 mm while it is 4 mm for AT&M and Hitachi Metals.

Nonetheless, core segmentation is a viable alternative for high power IPT systems (>WPT3)

that required thick cores such as the 50 kW studied in [9, 72]. These power levels are out of

the scope of this dissertation. Further analysis is recommended as a topic for future work.

4.6.3 Core Slitting

In large electrical machines (generators), it is common to slit the stator-tooth laminations at

both ends of the stator. Slitting reduces the eddy-current losses produce by the non-axial flux



4.6 Other Methods for Reduction of eddy-current losses 127

(a)

(b) (c)

Fig. 4.36 Reduction of gap losses in nanocrystalline ribbon cores by segmenting the core. a)
Gap losses in a nanocrystalline inductor for different number of segments in the core. The air

gap between cores is 4 mm, f0− 150 kHz. b) Normalized losses vs air gap between cores and

number of core segments. c) Equivalent method applied to IPT cores. Here, 3·tc3 = 2·tc2 = tc1.

Slitting

(a) (b)

Fig. 4.37 Depiction of core slitting. a) Core-End slitting of the core-end lamination of an

electrical machine [29]. b) Slitting of IPT cores.
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generated by the end-windings. An example of tooth-slitting is shown in Fig.4.37a [29]. This

method can be applied to the lateral walls of the nanocrystalline ribbon core bars a shown

in Fig.4.37b. The slit dimension has been exaggerated to ease the visualization. Slitting

only applies to a portion of the bar since the ribbons in the center are not affected by the

perpendicular flux. The number of slits per bar, depth of cut, and slit dimensions have an

impact on the eddy-current losses. The cuts can be done parallel to the z axis (as in Fig.4.37b),

parallel to the x axis, or at an angle. The former case, however, might lead to gap losses

like the one seen in gapped inductors made with nanocrystalline ribbon cores as the slits are

perpendicular to the main flux path. The introduction of slits can also decrease the effective

permeability of the core. A quantification of this effect requires a deeper analysis and it is

suggested as future work. It is worth noting that slitting the cores can lead to damage to

the insulation between ribbons. A chemical etching is therefore required to ensure galvanic

insulation after slitting [5]. Alternatively, several shorter cores can be manufactured and placed

next to the core bar. This is equivalent to the core segmentation discussed previously.

4.6.4 Hybrid-cores: ferrite and nanocrystalline

The flux density in the core is not uniform. Higher flux density is encountered in the mid-

section of the core bar, just below the flux pipe, as seen in Fig.3.15. In [59], this feature is

exploited when designing the cores. The distribution of core material is adjusted according to

the flux density; i.e., more material is placed below the flux pipe and less everywhere else, as

seen in Fig.2.14c.

A similar strategy can be applied to pads using nanocrystalline alloy cores. Nanocrys-

talline alloys can be used in the mid-section of the core which is subjected to a higher flux

density while ferrite can be used elsewhere. This hybrid-core can potentially lead to higher

power densities without compromising efficiency, performance, or cost. Nonetheless, the me-

chanical robustness of the pad will still be compromised due to the brittleness of ferrite. The

study of hybrid cores is not presented in this dissertation and it is suggested as a topic of future

work.

4.7 Summary and Conclusions

This Chapter studied the design of IPT pads with nanocrystalline ribbon cores taking into

account the anisotropic and particular properties of this material. Guidelines of design were

first derived:
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• For an optimal design, the core length and the percentage of the area of the pad covered

by core material (Ac) ought to be maximized. Lengths between 82% and 88% of the

pad’s length are recommended. High values of Ac (> 60%) are also suggested. As Ac

increases, the losses in the core decrease.

• To limit the volume of core material, the thickness of the core can be defined as small as

possible, provided that the core remains unsaturated. Slim cores help to reduce the eddy-

current losses. With the current technology, the minimum core thickness commercially

available is 3 to 4 mm. Hence, nanocrystalline ribbon cores are better suitable for high-

power IPT systems.

• As opposed to ferrite cores where the use of core bars is advisable, core plates are

recommended for IPT systems using nanocrystalline ribbon cores. Eddy-current losses

increase exponentially with the separation between bars.

• The higher saturation flux density of nanocrystalline ribbon cores makes them ideal for

IPT systems with small footprints, high power levels, and high power densities.

These guidelines were used in the design of an 11.1 kW WPT3/Z1 system. Ferrite and

nanocrystalline ribbon cores were both tested under the same operating conditions. The main

results and conclusion are:

• Compared to ferrite, the system with nanocrystalline ribbon cores yields superior mag-

netic performance in terms of coupling factor and mutual inductances. Similarly, lower

leakage fluxes were measured. A reduction of up to 25% was achieved. Moreover, the

efficiency of this system was between 1.3% and 2% higher than the system with fer-

rite cores. These results show that it is possible to design efficient IPT systems with

nanocrystalline ribbon cores following the aforementioned guidelines. The efficiency

can be further improved by using ferromagnetic shielding. The thickness of the shield

should be adjusted as to not compromise the power transfer capability of the system.

• Additionally, the system showed superior thermal performance with lower thermal gradi-

ents and steady-state temperatures. Moreover, the higher saturation flux density allowed

the system to operate at double its rated power while the system with ferrite cores satu-

rated at a lower value. Thus, higher power densities can be achieved when using these

cores.

The Curie temperature of nanocrystalline alloys lies around 570 °C. This value is almost

twice the Curie temperature of MnZn ferrites. Thus, the operation at higher temperatures is a
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clear possibility. By exploiting this advantage, IPT systems with nanocrystalline ribbon cores

could operate at higher power levels and with minimum or without forced cooling. A careful

evaluation is recommended for future work.



Chapter 5

Multi-frequency operation of a

Double-sided LCCL compensated IPT

system

In the previous chapters, it was shown that nanocrystalline ribbon cores can be used to design

IPT systems with a high power density and small footprints. These highly dense systems

are still expected to interoperate with other ferrite-based or even ferrite-less systems made by

the same or different manufacturers. Inter-operability becomes then a clear challenge. The

standard SAE J2954 was developed in an attempt to regulate and normalize IPT technology

in terms of power levels, air gap tolerance, and health code compliance. However, there are

several degrees of freedom when it comes to the design of an IPT system. Each pad can have

a different coil topology (circular, Double-D, bipolar, etc.), coil dimensions, number of turns,

compensation circuit, as well as voltage and current ratings. Thus, inter-operability of pads

developed by different manufactures remains a current problem [31, 85, 49].

Fig. 5.1 Double-sided LCCL compensation topology (LCCL-LCCL). If C1 = C2 = ∞, this

topology is referred to as LCL-LCL.
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In this Chapter, a multi-frequency control strategy is presented for a double-sided LCCL

compensated system. The strategy has the potential to facilitate the inter-operability of pads

that were design for different voltage/current ratings or clearances between the transmitter and

the receiver. Moreover, this strategy can be applied to systems with nanocrystalline cores to

enhance their inter-operation capability. The Chapter begins with an analysis of the frequency

response of LCL-LCL and LCCL-LCCL compensation topologies. Next, the control strategy

is presented and validated via simulations and experimental results. Conclusions regarding the

advantages and drawbacks of this control strategy are also presented.

5.1 LCCL-LCCL frequency response

The double-sided LCCL, also known as LCCL-LCCL, is shown in Fig.5.1.a. It was introduced

previously in Section 2.3.5 for a fixed operating frequency f of 85 kHz. Here, the study

is expanded to other operating frequencies. To understand the behavior of the system, the

effective input impedance of the system, Zin = u1/i1, must be analyzed. An expression for Zin

can be derived as shown in (5.1).

Zin(ω) = jωL1s +

(

ωL1 − j 1
C1ω − j

M2
12ω2

κ

)

C2pω
(

jωL1 − j 1
C1ω − j 1

ωC1p
+

M2
12ω2

κ

) (5.1)

where

κ = jωL2 − j
1

C2ω
− j(RL,eq + jωL2s)

C2pω
(

RL,eq+ jL2ω − j 1
C2pω

) (5.2)

C1, C2, L1s, L2s, C1p, and C2p are the resonant tank components. They are tuned for a

resonant frequency f =85 kHz (ω = 2π f ) following (5.3):

ω2 = (2π · f )2 =
1

L1sC1p

=
1

L2sC2p

L1s = L1 −
1

ω2C1
and L2s = L2 −

1

ω2C1
(5.3)

This way, at the resonant frequency, Zin is real and a unity power factor is achieved. At any

other frequency, however, Zin would have both real and imaginary components depending on

the operating conditions. Zin depends on the equivalent load RL,eq and the coupling factor k.

The former varies according to the battery management system (BMS) while the latter changes

with the position of the pad. The effect of k and RL,eq in the frequency response is studied in
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Fig. 5.2 Frequency response of an LCCL-LCCL compensated system and its operation at dif-

ferent loads. a) Frequency response of the LCCL-LCCL system shown in Fig.5.1.b highlight-

ing the effect of RL,eq on Yin. Simulation results of the primary and secondary converter current

and voltages under different conditions: b)RL = 48Ω, P2 = 200W. c)RL = 24Ω, P2 = 100W.

k ∼ 0.45, f = 85kHz.

the next sub-sections. For this analysis, the input admittance Yin = 1/Zin is considered, as

opposed to Zin, for sake of simplicity since Yin is directly proportional to the input current.

The analysis considers the DD pad tested in Chapter 3 (see Fig.3.12) and whose equivalent is

depicted in Fig.5.1.b.

Effect of RL on Zin

Fig.5.2.a shows the frequency response of the input admittance, |Yin|, for different equivalent

load values RL,eq. At f =85 kHz, |Yin| increases proportionally to the load RL,eq. Thus, the

power transfer is proportional to the load. This current-source behavior is typical of an IPT

system with LCCL-LCCL compensation. From Fig.5.2.a, it is clear that LCCL-LCCL topol-

ogy has two other secondary resonant frequencies: f2,a (57 kHz) and f2,b (127 kHz). The
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location of these resonant frequencies changes only slightly with the load. Their magnitude,

however, is directly proportional to the load, RL,eq. For light loads, the value of |Yin| at the

secondary resonant frequencies can be higher than that at the main resonant frequency.

Fig.5.2.b and Fig.5.2.c shows the primary and secondary converter voltages and currents

for the IPT system in Fig.5.1.b and two different loads: 48Ω and 24Ω, respectively. As RL,eq

decreases by 50%, so does the power transfer P2 and the voltage u2. This decrease is accom-

panied by an increment in the current harmonic content. This is because |Yin| at f =255 kHz

(third harmonic) is almost independent of the load as seen in Fig.5.2.a. Consequently, higher

harmonic content is expected at light loads (low RL,eq values). This can be seen when com-

paring Fig.5.2.b and Fig.5.2.c. In principle, harmonic content is not harmful to the system

as the receiver side has a rectification stage. However, the harmonic content can affect the

soft-switching strategy of the converters and it also radiate emissions. Current harmonics are

also known to increase both coil and core losses.

Effect of k on Zin

Fig.5.3.a shows the frequency response of the input admittance, |Yin|, for different coupling

factors. The input admittance |Yin| is directly proportional to the coupling factor at the main

resonant frequency, f =85 kHz. Thus, more power is transferred to the load when the coupling

factors are high. This matches the analysis presented in Section 2.3.5 and equation (2.17).

Conversely, the magnitude of |Yin| at the second resonant frequencies is inversely proportional

to the coupling factor. For low coupling factors, |Yin| at the secondary resonant frequencies

can be higher than |Yin| at the main resonant frequency, f .

The location of the secondary frequency depends largely on the coupling factor. As k

tends to zero, the secondary resonant frequencies converge to fixed frequencies that can be

calculated analytically by means of (5.4):

f2,a = f ·

√

√

√

√1−
√

1

1+C1p/C1
; f2,b = f ·

√

√

√

√1+

√

1

1+C1p/C1
(5.4)

Considering f =85 kHz and the system parameters in Fig.5.1.b, f2,a and f2,b are approximately

60 kHz and 104 kHz, respectively. These frequencies are depicted in Fig.5.3.

Fig.5.3.c and Fig.5.3.d show the pad performance at two different coupling factors, 0.45

and 0.15, respectively. When k is reduced from 0.45 to 0.15, the power transfer decreases

from 200 W to ∼68 W. Moreover, the current harmonic content is larger for the system with

lower coupling. This is because the magnitude of Yin at f3 =255 kHz (third harmonic) remains
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approximately constant regardless of the value of k. Thus, higher coupling factors lead to a

lower current harmonic distortion. This can be seen when comparing Fig.5.3.b and Fig.5.3.c.

5.2 LCL-LCL frequency response

The LCL-LCL topology is a special case of the LCCL-LCCL. The input impedance Zin can

be computed from the equivalent LCL-LCL circuit shown in Fig.5.1.a neglecting C1 and C2.

Zin is then given by (5.5):

Zin(ω) = jωL1s +

(

ωL1 − j
M2

12ω2

κ

)

C1pω
(

jωL1 − j 1
ωC1p

+
M2

12ω2

κ

) (5.5)
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Fig. 5.3 a) Frequency response of the LCCL-LCCL system shown in Fig.5.1.b highlighting

the effect of k on Yin. Simulation results of the primary and secondary converter current and

voltages under different conditions: b)RL = 48Ω, k ∼ 0.45, P2 = 200W. c)RL = 144Ω, k ∼
0.15, P2 = 59W. f = 85kHz.
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with

κ = jωL2 −
j(RL,eq + jωL2s)

C2pω
(

RL,eq + jL2sω − j 1
C2pω

) (5.6)

The components of the resonant tank, C1p, C2p, L1s, and L2s are tuned for f =85 kHz

according to (5.7):

ω2 = (2π · f )2 =
1

L1sC1p

=
1

L2sC2p

L1s = L1 and L2s = L2 (5.7)

Similar to the LCCL-LCCL, the frequency response is affected by changes to the load and

the coupling factor. This is discussed in the next sub-sections. Once again, the admittance Yin

is considered to ease the analysis.

Effect of RL on Zin

Fig.5.4.a shows the frequency response of the input admittance, |Yin|, for different equivalent

load values RL,eq. The behavior of the LCL-LCL topology is similar to the LCCL-LCCL.
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Fig. 5.4 Frequency response of the LCL-LCL system shown in Fig.5.1.b. a) Effect of RL,eq on

Yin. b) Effect of k on Yin.
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First, |Yin| is proportional to the load. Second, |Yin| at the third harmonic (255 kHz) is almost

independent of the load. Thus, a higher harmonic content is expected at light loads. As

opposed to the LCCL-LCCL, however, there is only one secondary resonant frequency, f2

(139 kHz in this case). |Yin| at this frequency increases proportionally to the load. In some

cases, particularly for light loads, Yin at f2 can be higher than at the main resonant frequency,

f .

Effect of k on Zin

Fig.5.4.b shows the frequency response of the input admittance, |Yin|, for different coupling

factors k. Yin shows similar behavior as the one seen in the LCCL-LCCL topology. Yin at the

main resonant frequency is directly proportional to k. The opposite behavior is observed at

the secondary resonant frequency f2. The position of this secondary resonant frequency also

changes with k. For low coupling factors f2 converges to f1 ·
√

2. For f1 =85 kHz, f2 is equal

to 120 kHz as seen in Fig.5.4.b.

5.3 Summary of frequency response

From the analysis of the frequency response, the following conclusions can be drawn. First,

the amplitude of the third harmonic is practically unaffected by the load or the coupling factor.

As a result, current harmonics in the inverter currents are more important at light loads and

low coupling factors. Second, the capability of the pad to transfer power at the main resonant

frequency f is directly proportional to the coupling factor and the load, RL,eq. Third, the LCCL-

LCCL topology has secondary resonant frequencies. The capability of the pad to transfer

power at these frequencies is inversely proportional to the coupling factor k. At partial load,

the admittance |Yin| at the secondary frequencies can be higher than the one obtained at the

main resonant frequency f . These features are used in the control strategy presented in the

next section. The location of the secondary frequencies depends mainly on k. As k reduces,

the second resonant frequencies converge to values closer to the main resonant frequency. If

the parameters of the system are known, the location of these secondary resonant frequencies

can be calculated using (5.4) for the LCCL-LCCL topology. Moreover, one can design the

system to ensure that the secondary resonant frequencies lie on a particular frequency range.

For the LCL-LCL topology, only one secondary resonant frequency exists. This frequency

converges to ( f ·
√

2) as the coupling factor tends to zero.
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(5.9)

Fig. 5.5 Illustration of the multi-frequency control Strategy. Co and Lo are the filter inductance

and capacitance of the battery.

5.4 Control Strategy

The power transfer equation at the main resonant frequency f for an LCL-LCL or LCCL-

LCCL compensated pad is given by (5.8):

P2 =
u1 ·u2 · sin(θ)

ω

M12

L1sL2s

(5.8)

where θ is the phase of the voltage imposed by the converter (usually 90°). From (5.8), it is

clear that the maximum power transferred to the load is compromised for low values of M12.

This occurs when the pads are misaligned, the clearance between pads (air gap) increases,

or when pads of different design (number of turns, size, etc.) are used. To increase the

power transfer, one can increase the DC-link voltage; however, this voltage is usually limited

by the rating of the converter. A viable solution, inspired by the analysis of the frequency

response presented in the previous sections, is to utilize the secondary resonant frequencies.

The capacity of an LCCL-LCCL IPT system to transmit power at these frequencies is inversely

proportional to the coupling factor. Thus, for certain operating conditions, the operation at

these resonant frequencies can be beneficial. Operation at the secondary resonant frequencies

is also a viable solution for partial load provided that the magnitude of Yin at f2 is higher than it

is at the primary frequency f . For these cases, operating at the second resonant frequency can

lead to lower current harmonics and higher quality factors (Q=ωL1/Rcoil). A multi-frequency

control strategy that takes into account these considerations is presented in this section. The

control strategy is shown in Fig.5.5.

A simple system without an impedance matching stage is considered to demonstrate the

advantages of multi-frequency operation. The normal operation of the system at the primary

resonant frequency is as follows. First, the secondary pad communicates the power set-point
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Fig. 5.6 Flow diagram of the handshake protocol required before the beginning of the power

transfer for the multi-frequency control strategy.

(P2∗) as well as the system parameters (C2, C2p, L2s, and L2) to the primary pad. The primary

converter adjusts the AC voltage u1 according to the required power P2∗. This can be done by

adjusting the firing angles in the primary converter (see Fig.2.22) or by controlling the DC-link

voltage on the transmitter side.

The same principle of operation can be applied if the pad were to operate at a second res-

onant frequency. To determine when to operate at f or f2, a handshake protocol is required

before the start of the charging process. An exemplary handshake protocol is shown in Fig.5.6.

First, the mutual inductance M12 and coupling factor k are estimated using a predefined se-

quence of test pulses along with measurements of i2. This methodology of estimation of k is

standard in IPT systems [11]. M12 is calculated using (5.9).

M12 ≈
π

4
· |i2| ·

L1s ·L2s

uDC,1 cos(α)
(5.9)

where α defines the firing angle of the converter. With the information of M12, k, P2∗, and

RL,eq, the controller can determine the frequency of operation. In this case, the coupling factor

kth is used as a threshold. For values of k lower than kth, the secondary resonant frequencies

are used. A threshold for the load can be also determined. If the operation at the secondary

resonant frequencies is required, the controller will then identify their location and proceed

with the normal operation.
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Since the impedance Zin changes significantly with the frequency, empirical methods are

required to locate the secondary resonant frequencies. To locate these frequencies, two fea-

tures can be used. First, at a resonant frequency, |Yin| is at a local maximum. Thus, finding

the resonant frequency entails locating this maximum. For this, only the amplitude of the

converter current needs to be measured. This can be done with a simple circuit such as the

one shown in Fig.5.7.a. Second, at the resonant frequencies, the voltage and current wave-

forms are in phase. Thus, a zero-crossing circuit can be used to estimate the phase of the

converter current with respect to the voltage. An exemplary circuit that achieves this is shown

+

-

+

-

R R

R
R

R

C

Rin

Vout

(a)

(b)

Fig. 5.7 Exemplary signal conditioning circuits for measuring the current magnitude and phase.

a) The AC voltage generated by a current transducer is rectified and filtered. Only the magni-

tude is measured. b) Signal processing to estimate the phase difference between the converter

current and voltage waveforms.
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in Fig.5.7.b [52]. This method, however, can be more difficult to implement, particularly due

to the noisy signals. Regardless of the strategy, a searching algorithm, like the binary search,

is required to find the secondary resonant frequencies. While a frequency sweep scans all

frequency, a binary search, also known as half-interval search, dissects the frequency space in

two, evaluates them, and disregards one. This process continues until the desired frequency

is found. Accurate initialization points for the searching algorithm can be found using (5.1).

However, this can be mathematical/computational intensive. Alternatively, the initial points

can be also estimated using (5.4) with less accuracy. Equation (5.4) is simpler and relies only

on the capacitance values of the primary pad.

Once the secondary frequencies are located, the charging begins and power flow continues

as usual: adjusting the voltage magnitude. Changes in the load or pad position can shift the

secondary resonant frequencies. In this case, a tracking algorithm is necessary, similar to

the Maximum Power Point Tracking (MPPT) algorithm used in solar PV systems. Dynamic

tracking of the secondary frequencies is not presented in this dissertation and it is suggested

as future work. Simulation and experimental results are shown in the next section to validate

the proposed control strategy.

5.5 Simulation and Experimental Results

The pad presented in Chapter 3 is tested at two different coupling factors: k = 0.45 and k =

0.15. The parameters of the system are shown in Fig.5.1b). These coupling factors correspond

to air gaps of 100 mm and 250 mm respectively. Such large changes to the coupling could

result from paring transmitters and receiver pads of different classes (Z1, Z2, or Z3), power

levels, or manufacturers. Three different operating modes are considered. Table 5.1 list the

most important parameters for comparison. For all the operating modes, the battery voltage is

set to 100 V. The maximum voltage in the converter is also limited to 100 V.

1. Normal operation, k = 0.45, f =85 kHz: The first mode, referred to as normal opera-

tion, is shown in Fig.5.8.a. The transmitter DC-link voltage is 100 V and the coupling

Table 5.1 Performance of an IPT system at three different operating points under the multi-

frequency control strategy.

Z* k Freq. u1,DC RL,eq PDC,1 PDC,2 ηDC−DC PAC,1 PAC,2 ηAC−AC i1,pk i2,pk

[mm] [Hz] [V] [Ω] [W] [W] [%] [W] [W] [%] [A] [A]

1) 103 0.45 85 100 48 220 205 93.3 217 208 96.0 3.4 3.3

2) 250 0.15 85 100 144 73 66.9 91.5 70.6 67.2 95.2 1.0 1.1

3) 250 0.15 108 48 48 277 197 71.3 265 201 75.96 9.4 3.2
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Fig. 5.8 Experimental validation of the multi-frequency control strategy. Three different opera-

tion modes ares tested. a)RL = 48Ω, k = 0.45, f = 85kHz,P2 = 200W. b)RL = 144Ω, k ∼ 0.15,

f = 85kHz,P2 = 68W. c)RL = 48Ω, k = 0.15, f∗= 106kHz ( fexp = 108.1kHz),P2 = 200W.
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factor is 0.45. The pad transmits approximately 200 W at 85 kHz. The currents have a

low harmonic content.

The converter currents i1 and i2 are almost the same. This is because the transmitter and

receiver pads are practically identical, and the DC-link bus and battery voltages are the

same (100 V). As a result, the system operates at the maximum AC efficiency since the

load matching factor is optimum (see Section 2). An AC efficiency (without considering

converter losses) of 96% is achieved.

2. Low-k operation, k = 0.15, f =85 kHz: In the second operating mode, the air gap is

increased which reduces the coupling factor to 0.15. The increase in the air gap also

changes the self-inductances of the pads: L1 and L2. As a result, the primary resonant

frequency is no longer at 85 kHz. The power factor is, therefore, no longer unity when

the system is operated at 85 kHz. The current waveform is also affected as the equivalent

impedance is now partially capacitive. Furthermore, the lower coupling factor implies

an increase in the harmonic content of the current as seen in Fig.5.8.b.

The power transfer capability of the pad is also diminished due to the lower coupling fac-

tor. At 85 kHz, the simulation estimates that the maximum power transfer is only 68 W

at the maximum DC-link voltage (100 V). In practice, only 59 W are transferred to the

load when the primary converter is at its rated voltage. The difference is attributed to the

coil, core, and converter losses which are not perfectly accounted for in the simulation.

The power transfer efficiency drops to 95%. The drop in efficiency is due to the lower

coupling factor. The load, however, is still close to the optimum load matching factor

at which the maximum efficiency is achieved. This is demonstrated by the fact that the

converter currents and voltages are approximately the same.

3. Low-k- f2 operation, k = 0.15, f = f2: In this mode, the secondary resonant frequency

f2,b is used to increase the power transfer capability of the system. First, a frequency

sweep is performed. From (5.1), the secondary resonant frequency f2,b was calculated

as 106 kHz. This frequency is used as a starting point for the searching algorithm. The

secondary resonant frequency was found to be 108.1 kHz.

The magnitude of Yin at the secondary frequency f2,b is larger than that at f0. Thus,

for the same DC-link voltage, the power transfer capability of the pad increases. In

the simulation, a DC-link voltage of 33 V is enough to provide the required 200 W to

the load. In practice, a slightly higher voltage was required, 40 V. The extra required

voltage is necessary to compensate for the losses in the pad.
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Apart from improving the power transfer capability of the pad. Operating at f2,b reduces

the third harmonic content of the current as seen when comparing Fig.5.8.b to Fig.5.8.c.

This facilitates the implementation of soft-switching techniques. The system can be

operated at a frequency slightly higher than f2,b to ensure ZVS.

As seen in Table 5.1, the current in the primary converter is almost 3 times higher than

that of the secondary side. As a result, the optimum load matching point is no longer

sustained. As discussed in Chapter 2, the efficiency drops when operating at sub-optimal

load matching factors. An efficiency of 76% was measured. It is worth noting that this

effect is not particular to this control strategy but arises from the operation at off-rated

conditions. This is explained more clearly in the next section.

Operation with an impedance matching circuit

Table 5.2 compares the operation of the LCCL-compensated system under different sce-

narios. The first case, against which all other cases are compared, corresponds to the

operation at rated conditions: k = 0.45. For all the other cases, the coupling factor is

lower: 0.15. Case 2) corresponds to the one analyzed in the previous section: operation

without an impedance matching circuit at the rated frequency. The lack of an impedance

matching circuit restricts the power transfer to approximately P2/3. However, the load

matching factor is kept at its optimal as the currents and voltages are the same for both

the transmitter and the receiver side. Hence, high efficiency is achieved.

An impedance matching circuit is added at the receiver side in the Case 3). With this,

the equivalent resistance RL,eq can be adjusted to allow the transfer of the rated power

P2. As a result, the secondary DC-link voltage and the coil current (iL,2) triple. Thus,

the load matching factor is sub-optimal which yields a lower efficiency. The losses are

concentrated in the secondary coil as the current is 3 times the rated one. The currents

in the primary side, on the other hand, are the same as in the rated case 1).

Table 5.2 Simplified comparison of the operation of the LCCL system

# uDC,1 i1,rms iL1,rms k iL2,rms i2,rms uDC,2 RL,eq P2 γ Freq.

1) Umax i iL 0.45 iL i Ubatt. RL P2 Opt. f1

2) Umax i/3 iL 0.15 iL i/3 Ubatt. 3 ·RL P2/3 Opt. f1

3) Umax i iL 0.15 3 · iL i/3 3 ·Ubatt. 9 ·RL P2 Sub-opt. f1

4) Umax/3 3 · i 2.3 · iL 0.15 1.3 · iL i Ubatt. RL P2 Sub-opt. f2

i =3.14 A iL = 1.7 A Umax =100 V Ubatt. =100 V RL =48 Ω P2 =200 W
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Case 4), on the other hand, presents the operation of the system at the secondary reso-

nant frequency. As discussed in the previous section, the rated power P2 can be trans-

ferred without the need for an impedance matching circuit. Similar to the case 3), how-

ever, the load matching factor γ is sub-optimal. This is evidenced by the difference

between the currents in the primary and secondary circuits. As opposed to the case 3),

nonetheless, the losses are concentrated on the primary rather than the secondary cir-

cuits. This is favorable as losses in the stationary ground pad can be more easily handle

since the size and the weight of this pad are of less importance. Last, since an impedance

matching circuit is not required, its associated losses are omitted.

Operation at the secondary resonant frequencies is also possible with an impedance

matching circuit at the secondary side. The added degree of freedom can be used to

improve the load matching factor. This analysis is not presented in this thesis and it is

suggested as future work.

5.6 Considerations for Multi-frequency operation

The multi-frequency operation could facilitate the integration and the interoperability of IPT

pads with different designs and power levels or chargers placed on EVs with different chassis

heights. The harmonic content can also be improved which facilitates the implementation of

soft-switching techniques. Two important features, however, must be considered when design-

ing such systems. The higher power transferred achievable with this methodology implies that

higher currents will circulate through the coils and compensation elements. Thus, the voltage

and current rating of these components must be designed carefully considering the critical op-

erating points that exert the highest stress in the components. Moreover, since the magnitude

of the gain of the admittance |Yin| at the secondary frequencies can be large, de-rating of the

DC-link voltage or a closed-loop current control is required to avoid over-currents. Finally, it

is worth remembering that the secondary resonant frequencies change slightly with the load

but largely with the coupling factor. Thus, this control strategy is not recommended for sys-

tems in which the mutual coupling changes frequently during the charging process like in

dynamic charging. For static charging, the coupling factor does not change during operation.

This eases the implementation of this strategy.
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5.7 Summary and Conclusions

In this chapter, a review of the state-of-the-art frequency response of LCL and LCCL compen-

sation topologies is presented. Based on the multi-resonant performance of these topologies,

a multi-frequency controls strategy is suggested. The most important conclusions are:

• LCL and LCCL compensation topologies have more than one resonant frequency. These

frequencies shift slightly with the load but largely with the change of coupling. As the

coupling reduces, the resonant frequencies converge to values that can be determined

analytically.

• For LCL or LCCL compensated systems, light loads and low coupling factors result

in currents with high harmonic content which can reduce the system’s efficiency and

restrict soft-switching operation.

• Operating the system at the secondary resonant frequency can improve the power trans-

fer capability of the system under off-rated conditions (lower coupling factor). Thus,

more power can be transferred without using an impedance matching circuit. Moreover,

this control strategy can reduce the harmonic content of the converter currents.

• Multi-frequency control can facilitate the inter-operability of pads of different sizes and

power levels of EV’s with different chassis heights.

• Since the input impedance Yin can be large, the inverter current limits may be exceeded.

This needs to be considered during the design and operation of the system.

The control strategy presented here is a proof-of-concept and requires further analysis. For

instance, the optimum design of an LCCL-LCCL pad intended purposely for the operation

at two different frequencies is required. Moreover, the dynamic tracking of the secondary

resonant frequencies is another topic for further research. Finally, an impedance matching

circuit at the secondary side can be used to improve the load matching factor and efficiency.

This analysis is not presented in this thesis and it is also suggested as future work.



Chapter 6

Conclusions and Future Directions

Inductive power transfer (IPT) is a key technology to accelerate the adoption of electric vehi-

cles. First, it increases safety by limiting user interaction with high-voltage galvanic terminals.

Second, IPT technology allows for automation of the charging process. This not only in-

creases the user’s comfort but also allows for vehicles-to-grid (V2G) and opportunity-charging

schemes. Through V2G, the battery of every EV works as a storage unit for the grid, facilitat-

ing peak-shaving and the integration of renewable generation. Opportunity-charging schemes,

on the other hand, can reduce the range anxiety of EV users, reduce the depth-of-discharge

of batteries, and increase their lifespan. The work presented in this thesis had the objective

of enhancing the state-of-the-art of this technology by addressing some of the remaining chal-

lenges. In particular, this thesis focuses on the improvement of the magnetic performance of

the charging pads to increase their power density, efficiency, and reliability. The following

sections summarize the work presented in this thesis and suggest directions for future work.

6.1 Summary and Conclusions

In recent years, the improvement of the magnetic performance of IPT systems has received

a lot of attention from industry and academia. Different coil topologies for single-phase and

three-phase systems have been proposed − DD, bipolar, tripolar, 3-phase DD, etc. Differ-

ent shielding materials and methods (reflection winding, aluminum/nanocrystalline shielding)

have been also introduced. Likewise, the magnetic core has been the focus of attention. Most

IPT systems use MnZn as a core material. This material presents several drawbacks when used

in IPT systems. First, its permeability and saturation flux density are both relatively low when

compared to other ferromagnetic materials. Higher permeabilities are desired to improve the

coupling factor and reduce the leakage flux. At the same time, higher saturation flux densities

are required to increase the volumetric and gravimetric power densities. Second, ferrite is
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brittle, particularly when manufactured as pieces with large footprints and small thicknesses.

This reduces the reliability of the system particularly when the system is exposed to harsh

environmental conditions. Finally, the magnetic properties of ferrite change drastically with

temperature. This stresses the requirements of the cooling system and hinders the design of

high-power-dense systems and their reliability.

The optimization of the ferrite core has been studied by different researchers. The use

of polymers along with ferrite cores has also been proposed to reduce the amount of ferrite.

However, in most cases, the designs are constrained by the brittleness and saturation flux

density of this material. Ferrite-less or coreless designs have been also investigated in recent

years. These pads can achieve adequate performance at the expense of higher VA ratings.

In this thesis, the use of nanocrystalline ribbon cores as cores of IPT systems is presented.

Nanocrystalline alloys have several properties that make them ideal for IPT applications. First,

higher permeabilities can be achieved, up to 100 times higher than the one achieved with

ferrites. Moreover, the saturation flux density of these materials is up to three times that of

ferrite. Additionally, these materials are metallic, malleable, and mechanical more robust than

ceramic ferrite cores. Finally, the Curie temperature of these materials is around 570 °C and

hence they can operate at high temperatures.

The analysis of nanocrystalline core began in Chapter 3 with the modeling of IPT systems

using nanocrystalline ribbon and ferrite cores. The modeling of nanocrystalline ribbon cores

was not a trivial task due to the drastic ratio between the dimension of the domains. The rib-

bon thickness is in the micrometer range while the dimension of the IPT system can be up

to 80 cm for some designs. Homogenization methods were used to simulate the laminated

nanocrystalline ribbon cores as a single unit. For this, the electromagnetic properties of the

core had to be defined as tensors with different values on every axis. Lower conductivity and

permeability values were defined in the axis perpendicular to the ribbon. Moreover, saturation

was also considered which resulted in non-linear FEM simulations for which the meshing be-

come a crucial element. For a base of comparison, a typical IPT system with 4 segregated core

bars was considered during the FEM analysis. Ferrite and nanocrystalline ribbon cores were

tested and compared. The results show that the higher permeability of the nanocrystalline al-

loys improves the magnetic performance of the pad but only marginally. This is because the air

gap between pads dominates the reluctance of the magnetic circuit formed by the transmitter

and receiver pads. Improvements between 5% to 10% are expected depending on the air gap.

Due to the anisotropic character of the nanocrystalline ribbon cores, the flux density in the

core is nonuniform and it concentrates at the lateral faces of the core bars. The flux entering

these faces also produces eddy-current losses which first, reduce the magnetic performance of

the pad, and second, cause severe losses in the system.
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A test rig was built to test the nanocrystalline cores. The test rig included dedicated SiC-

based power electronics, compensation circuits, and measuring equipment. The experimen-

tal results validated the simulation results. Higher-self and mutual inductance values were

achieved with the nanocrystalline ribbon cores. However, its improvement was minimum

(5%). The efficiency of the pad with nanocrystalline cores was measured as 88% while the

one with ferrite core was measured as 97%. In general, nanocrystalline ribbon cores have

lower hysteresis losses. However, the flux entering the lateral walls of the core increases

the flux density in these regions and the hysteresis losses. These losses along with the eddy-

current losses are the reason for the lower efficiency values. According to the simulations, and

validated later through thermal image testing, the losses are concentrated on the lateral faces of

the core bars. The rest of the bar (majority) showed lower losses and lower flux density values.

Since the saturation flux density of the nanocrystalline ribbon cores is large (1.25T) higher

power densities can be achieved. However, to makes use of this potential, the losses produced

by the eddy-currents ought to be mitigated. This was analyzed more deeply in Chapter 4.

To reduce the eddy-current losses, different methods were first proposed: 1) the modifica-

tion of the core geometry, 2) the optimum design of the core, and 3) the use of hybrid (ferrite

and nanocrystalline) core geometries as well as ferromagnetic shielding. Core slitting and the

modification of the core cross-section were quickly discarded due to the difficulty of manu-

facturing nanocrystalline ribbon cores of unusual cross-sections or reshaping the core after

construction. Although the core bars are mechanically more robust (higher yield strength)

compared to ferrite (ceramic), machining the bars after construction produces flaking and

jeopardizes the integrity of the insulation between ribbons. As an alternative method, the core

design process was carefully analyzed to determine guidelines that considered the anisotropic

properties of the nanocrystalline ribbon cores into account. First, the effect of the dimensions

of the core (length, width, thickness, and the number of core bars) on the power transfer ca-

pability of the pad (Psu) and the maximum flux density within the core (Bmax) was studied.

The analysis shows that the length of the core and the percentage of the pad’s area covered

by core material (Ac) are keys to achieve higher values of Psu. Psu is also improved by us-

ing more core bars but only for low values of Ac. For larger values of Ac, the number of

cores used has less importance. On the other hand, the thickness of the core (tc) was found

to be critical in reducing Bmax but its impact on Psu was found to be less important. Thus,

tc can be adjusted during the last stage of design to ensure the core remains unsaturated. A

Pareto-front was found between the volume of the core material and Psu. Contrary to what

was expected, Psu remains fairly constant and only decays for very low volumes of the core

material. Thus, higher core utilization factors can be achieved by selecting a core design at the

knee point of the Pareto-front. Designs at this point are however constrained by the saturation
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point of the core material. For pads with small footprints, especially, designs at the knee of

the Pareto-front are only achievable with materials that possess high saturation flux density

such as nanocrystalline ribbon cores. A second study was done in which the effect of the core

dimension on the hysteresis and eddy-current losses were analyzed. The study revealed that

increasing Ac permits a reduction of the core loss. Likewise, the use of slimmer cores also

helps to reduce eddy-current losses. These analyses were used to determine guidelines for the

design of nanocrystalline ribbon cores.

For IPT systems, long and monolithic magnetic cores without air gaps are advantageous;

particularly for polarized IPT pad designs where the mainstream magnetic flux is conducted

along with the length of the core. A length between 80% and 88% of the pad’s length is rec-

ommended. To reduce eddy-current losses, the core ought to cover a large portion of the pad’s

area. Full coverage of the pad’s flux-pipe is recommended. The core thickness can be reduced

when the coverage is increased to reduce the core volume and eddy-current losses. The core

thickness, however, must be adjusted to prevent saturation. Commonly, the minimum width

of the ribbon commercially available for core production is between three to four millimeters,

depending on the manufacturer. Thus, nanocrystalline ribbon cores with vertically-aligned rib-

bons are better suitable for high-power IPT systems. The design guidelines can be also used

for ferrite cores; however, ferrite cores show different dimensional limitations. It is difficult to

make ferrite cores with large footprints, particularly when the ratios of length-to-thickness and

width-to-thickness are large. Thus, multi-piece cores a more viable solution. Nonetheless, un-

desirable air gaps between pieces are inevitable. On the positive side, since the eddy-currents

are not a significant issue for ferrite cores, the percentage of the pad’s area covered by core

material (Ac) can be relaxed as compared to the cores made with nanocrystalline ribbon cores.

Thus, the design process is different for nanocrystalline ribbon and ferrites cores.

These guidelines were put into practice in the design of a 11.1 kW pad with a footprint of

420 mm×210 mm. Simulation results showed that using nanocrystalline ribbon cores, supe-

rior magnetic performance and efficiency can be achieved. This was validated experimentally.

The pads with nanocrystalline ribbon cores improved the coupling factor by 11% and the mu-

tual inductance by 23% compared to ferrite cores. The improvement was slightly larger than

expected from the simulations due to the air gaps between ferrite tiles that made up the core.

Even when closely packed, the air gaps between tiles are unavoidable due to manufacturing

tolerances. These gaps reduce the overall permeability and the magnet performance of the

pad. Better performance can be achieved with larger ferrite pieces; however, manufacturing

ferrite cores with large footprints is difficult as breakage can occur during fabrication due to

the thermal gradients. Moreover, larger pieces can more easily break during handling. The

intersection between ferrite tiles is prone to hot spots and localized saturation. Hot spots can
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be reduced by increasing the separation between tiles at the expense of magnetic performance.

Nanocrystalline ribbon cores, on the other hand, can be constructed as long bars. Thus, no air

gaps are included in the flux path. Hence, superior magnetic and thermal performance can be

obtained.

Apart from the superior magnetic performance, the pads with nanocrystalline ribbon cores

also achieved higher efficiencies compared to those with ferrite cores. A 2% higher efficiency

was achieved for the same operating conditions. The lower losses are attributed to the higher

coupling factor and lower hysteresis losses of the nanocrystalline ribbon cores. This shows

that high efficiency can be achieved with this material. However, these results also show that

an adequate design process, different from the one used for ferrite cores, is critical to take

advantage of the superior electromagnetic properties of this material. The higher efficiency

of the pad yielded lower core temperatures in steady-state. Along the y-axis, slightly higher

temperatures were obtained in the center of the pad and the sides of the bar, where the flux

concentration and eddy-currents are larger. The temperature distribution at the sides of the core

can be improved by using ferromagnetic shielding. Shielding can also improve the efficiency

of the system. Along the ribbon length, on the other hand, the temperature distribution was

relatively uniform. This is due to the high thermal conductivity of this material. On the

other hand, the temperature distribution in the ferrite cores was less homogeneous. Large

temperature gradients were observed in the core, generated by the hot spots between tiles. A

better temperature performance can be achieved by increasing the air gap between tiles to

reduce the hot spots. This however proved to be detrimental to the magnetic performance of

the pad.

The performance of the pad to temperature variations was also studied. For both materials,

temperature increments reduce the mutual inductance between pads. This change was lower

for the pad with nanocrystalline ribbon cores; i.e., these cores are more robust to temperature

variations. Regarding efficiency, ferrite and nanocrystalline ribbon cores exhibit opposing be-

haviors. In the case of ferrite cores, the power losses decrease with the temperature. However,

this reduction only holds until approximately 100 °C. For higher temperatures, hysteresis loss

increase once again. Contrarily, for the nanocrystalline ribbon cores, the losses increase mono-

tonically with temperature. The rate of increment is moderate which ensures that the reduc-

tion of efficiency is minimum. Even that 100 °C (optimal temperature for the pad with ferrite

cores), the efficiency of the pad using nanocrystalline ribbon cores was 1.26% higher than that

of the pad with ferrite cores. This shows that the performance of nanocrystalline ribbon cores

at high temperatures (≥100 °C) is superior. This conclusion is supported by the fact that the

saturation flux density of ferrite decays drastically with the temperature. For most ferrites, it

halves between 100 °C and 150 °C. The saturation point of nanocrystalline ribbon cores is two
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to three times larger than that of ferrite. As a result, more power can be transferred between

pads for the same core volume; i.e., higher power densities can be achieved. This was vali-

dated experimentally. Furthermore, the saturation flux density versus temperature decreases

at a slower rate than in ferrites. Thus, nanocrystalline cores can operate at higher temperatures

without compromising majorly the performance of the pad or its reliability.

The results obtained from Chapter 3 and 4 show that nanocrystalline ribbon cores can

be effectively used in IPT applications. The analysis presented in Chapter 4 shows that the

vertically-oriented nanocrystalline ribbon cores are particularly important in the design of pads

with smaller footprints, high power levels, and high power densities. The smaller footprints

and superior magnetic performance reduce the leakage flux. Up to 25% lower leakage fluxes

were measured when using these cores as opposed to ferrite cores. This eases the compliance

of safety regulations which in turn accelerates the adoption of IPT systems. Moreover, pads

using nanocrystalline ribbon cores achieve higher efficiencies and power densities. Also, su-

perior performance at high temperatures is attainable. This facilitates the design of systems

with high power densities and relaxes the requirements of the cooling system. The design and

simulation methods presented in this thesis can be used in the further analysis of these cores.

Suggested directions for future research are presented in the next section.

Finally, a minor contribution was also presented in Chapter 5 for IPT systems operating

with LCL-LCL or LCCL-LCCL compensation circuits. These systems are known for having

more than one resonant frequency. These secondary resonant frequencies can be designed to

be within the desired frequency range (e.g., 70-100 kHz). When the pads become misaligned,

the capability of the system to transfer power at the main resonant frequency decreases. At the

same time, the amount of power that can be transferred at the secondary resonant frequencies

increases. A control system that takes advantage of this phenomenon is presented in this thesis.

This control can improve the power transfer capability of the pad at different air gaps between

Tx and Rx and misalignments. Moreover, it can facilitate the interoperability of pads from

different manufacturers. Experimental results validated this control strategy.

6.2 Future Work

Future direction for research are listed below:

• Analysis of the thermal performance of nanocrystalline ribbon cores at high tem-

peratures (≥200 °C): The Curie temperature of the nanocrystalline alloys is around

570 °C. Thus, in principle, pads with nanocrystalline ribbon cores could operate at very

high temperatures. This can be beneficial for systems with high power ratings and den-

sities. The maximum temperature in the pad is restricted by the temperature rating of
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the binder used between ribbons, winding insulation, and fixtures used to hold the com-

ponents in place. Nonetheless, operation above 200 °C is not unrealistic. Ferrite cores

cannot operate at these temperatures due to their lower Curie temperature. With the in-

creasing temperature, copper and core losses increase. A careful analysis of IPT systems

with nanocrystalline ribbon cores operating at high temperatures is therefore required to

evaluate the efficiency, power transfer capability, and reliability of the system at these

operating conditions. For this, a thermal chamber is required to guarantee measurement

accuracy and uniform core temperatures.

• Optimization of the core utilization factor: In this thesis, the performance of nanocrys-

talline ribbon cores in the IPT system was studied. However, it is important to recognize

that nanocrystalline ribbon cores are more costly than ferrite ones. In this thesis, the cost

was not considered as the focus was on the optimization of the pad performance. Thus,

different studies are still pending. First, methods to reduce the required volume of core

material without compromising the performance of the pad are necessary. The core vol-

ume is directly correlated to the cost, size, and weight of the pad. Alternatively, the

design of the core can be also optimized considering cost and performance. A compro-

mise can be found for every particular application. In the same direction, an analysis

of the cost of cores in mass production can be carried out. To date, the production of

nanocrystalline ribbon cores has been limited to specific applications. This technology

has been optimized for the production of U and toroidal cores but not for bars such as

the ones needed in IPT systems. For this reason, the production of bespoke nanocrys-

talline ribbon cores is expensive. However, this cost is expected to drop significantly

if the core bars are produced in large quantities. An analysis of this cost reduction can

shine a light on the applicability of nanocrystalline cores. If the cost reduction is large

and the amount of core material per pad can be optimized, nanocrystalline cores can be

adopted for most IPT applications. Otherwise, their applicability will be restricted to ap-

plications where high power density, reliability, and robustness to harsh environmental

conditions are more important than cost.

• Hybrid cores (ferrite + nanocrystalline ribbon cores): The mid-section of the core,

below the flux pipe, is the region of the core with higher flux density. The rest of the core

remains at relatively lower flux densities. One of the main features of nanocrystalline

ribbon cores is their higher saturation flux density. Thus, nanocrystalline ribbon cores

can be used in the mid-section while ferrite can be used elsewhere. This hybrid structure

can help to reduce the cost of the core. Moreover, as shown in Chapter 4, by placing fer-

rite strategically, the nanocrystalline ribbon cores can be shielded which translates into
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lower core losses. The optimum location, geometry, and composition of these hybrid

cores require an in-depth analysis.

• Horizontally-oriented nanocrystalline ribbons cores: In this thesis, the ribbons were

oriented vertically (perpendicular to the shield). This orientation is beneficial for two

reasons. The majority of the flux entering the bar is perpendicular to the shield. Thus,

by placing the ribbons vertically, the flux can travel parallel to the ribbon, reducing

the formation of eddy-currents. Also, by placing the ribbons vertically, the thermal

conductivity in the z-axis is high. Thus, the heat produced by the core losses can be

transferred more easily to the shield which helps spread the heat and improve the ther-

mal performance of the system. Nonetheless, cores with vertically oriented ribbons are

more difficult to manufacture. Moreover, the minimum thickness of the core is limited

to 3-4 mm, depending on the manufacturer. Using horizontally oriented ribbons, slim-

mer cores can be more easily constructed. To reduce the production of eddy-current

losses, flaked ribbons can be used. A first attempted of this topology was presented in

[87]. Here, slimmer cores were constructed which yielded adequate efficiencies (>96%).

Nonetheless, the thermal performance of this system was poor due to the low thermal

conductivity of this structure, particularly in the z-axis. Methods to improve the thermal

performance of these pads and the optimal design of these cores are two very interesting

research topics.

• Optimization of the multi-frequency control strategy: The control strategy presented

in Chapter 5 is a proof-of-concept and requires further analysis. First, LCL or LCCL-

compensated pads are usually designed to operate at the main resonant frequency. The

design methodologies found in the literature seek to enhance the power transfer capa-

bility of the pad at this frequency while reducing it for the other secondary resonant

frequencies. Therefore, the optimum design of an LCL or LCCL compensated pad in-

tended purposely for the operation at two different frequencies is an interesting topic of

research.

In this thesis, a method to estimate the location of the secondary frequencies was de-

scribed. However, the dynamic tracking of the resonant frequencies when the load or

coupling factor change was not presented. This is could also be further explored. Fi-

nally, in Chapter 5, an impedance matching circuit at the secondary side is suggested

as a possible method to improve the load matching factor and efficiency of the system

when operated with the proposed control strategy. This analysis is not presented in this

thesis and it is also suggested as future work.
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Appendix A

PCB Design
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Fig. A.1 PCB Design, Top Layer.
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Fig. A.2 PCB Design, Bottom Layer.





Appendix B

Core Design for Circular Pads

Optimum Core and coil Position

• For circular pads without shield, Psu increases with the coil mean radius as seen in

Fig.B.1a. In fact, Psu reaches its maximum when the coil outer radius matches the pad

radius rpad . Even higher Psu can be achieved with longer cores.

• For shielded pads and small cores, the coil position that maximizes Psu depends on the

core length lc and number of turns N as seen in Fig.B.1b and Fig. B.1c. For larger cores

(lc ≥ 60%lpad), Psu reaches a maximum when the coil mean radius is ∼ 70% of the pad

radius. This is independent of the number of turns.

• For fixed coil mean radius rmean and lc, the power transfer Psu increases linearly with the

number of turns N, as seen in Fig.B.1e. Psu increases linearly as opposed to quadratic

since rmean is kept constant. Any increase in N results is smaller inner coil radius rinner,

and therefore lower inductace.

• For a fixed coil mean radius rmean and N, Psu increases with the core length, as seen in

Fig.B.1f. The rate of increase decays for larger lc (≥70 % of the pad radius). Effective

utilization of ferrite should consider values of lc between 70% and 85% of the pad

radius. Longer coils bring only a marginal improvement in the performance of the pad.

Moreover, longer rectangular bars cannot be easily accommodated within the pad.

Thus, two heuristic rules for pad design are determined: 1) the coil center should be located

at ∼ 67% of the pad radius and 2) the length of core bars should be between 70 and 85% of

the pad radius.
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Fig. B.1 Power transfer capability Psu of a circular pad for different core lengths lc, number

of turns N, and coil position. The latter is defined as a location of the mean coil radius with

respect to the pad radius. The core length is also normalized with respect to the pad radius

rpad. Pad radius: rpad =175 mm. i1,rms = 23A. f0 =85 kHz.

Optimum Core Dimensions

The power transfer capability of the pad Psu, the maximum flux density in the core Bmax, and

the core losses Ploss depend on the volume and dimension of the core bars. Fig.B.2 shows the
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effect of each core dimensions (core length lc, width wc, thickness tc, number of cores Nc). As

opposed to wc, the percentage of area covered by the core Ac% is presented as a metric. The

main findings are listed below:

• Bmax and Ploss are inversely proportional to the volume of core material, as seen in

Fig.B.2c. Psu increases with the volume of core material. However, for a given core

volume, different core dimension lead to higher or lower Psu values, as seen in Fig.B.2a.

• Increasing lc, Ac, or tc result in higher Psu but the rate of increase is different. lc has the

biggest impact on Psu followed by Ac and tc.

• Increasing tc improves Psu only slightly but reduces Bmax and Ploss considerably. Increas-

ing lc or Ac does not reduce Bmax and Ploss considerably.
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Fig. B.2 Power transfer capability Psu, maximum flux density in the core Bmax, and core losses

Ploss versus volume of core material for different values of lc, wc, and Nc. N = 12. Pad radius:

rpad =175 mm. i1,rms = 23A. f0 =85 kHz.
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• For the same core volume, Psu and Bmax increase both with Nc. This is due to the lower

reluctance obtained with a more symmetric core placement.

From Fig.B.2, guidelines for design can be obtained. An optimal core design should lay on

the envelope of the Fig.B.2a. The envelope corresponds to design with large cores, a relatively

high number of cores. Considering the analysis in Section B, a length between 80% to 90% of

the pad radius must be considered. The core width can be increased to obtain more than 60%

of the are covered by core material. Finally, the core thickness can be designed last as it has

the lowest impact on Psu. Thus, tc can be adjusted to ensure ensure Bmax remains below the

saturation flux density Bsat . It can be further increased to reduce core losses.


