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ABSTRACT 
 

This dissertation presents several concepts and techniques in order to (1) increase the 

inductance density and power density of power inductors (PIs) with high power efficiency and 

(2) achieve magnetically coupled wireless power transfer (WPT) systems with higher efficiency 

and longer transmission distances under varying conditions. 

Chapter 1 provides an overview and introduction on applications of power magnetic 

devices and systems along with the challenges facing the state-of-the-art PIs and WPT systems.  

Chapter 2 develops a concept which results in doubling the saturation current of a high 

current PI with NdFeB permanent magnet (PMPI). By adding a well-designed small piece of 

fabricated NdFeB magnet in the air gap of the PI, the saturation current of the PMPI is doubled 

with the same size and inductance value. Chapter 3 presents a two-phase coupled power inductor 

(CPI) that utilizes a PM in order to achieve almost doubled saturation current with the same size 

compared to the CPI and more than 70% core size reduction compared to the single-phase non-

coupled PIs. Both the PMPI and PMCI concepts are experimentally verified in DC-DC power 

converter prototypes.  

Chapter 4 and 5 present a two-coil and a four-coil reconfigurable WPT system topology, 

respectively, in order to optimize transmission efficiency under different distance and 

misalignment conditions. The two-coil reconfigurable WPT system achieves re-configurability 

by switching between different values of series and shunt capacitors at Tx side and/or Rx side. 

The four-coil reconfigurable WPT system achieves re-configurability by switching between 



iii 
 

different sizes of drive loops and load loops. Experimental results verified effectiveness of 

developed reconfiguration methods.  

Chapter 6 presents a method to achieve wired power conversion and WPT using a hybrid 

“Power Converter-WPT system”. By achieving WPT using AC switching ripple of power 

converter, the system eliminates the need for a transmitter stage of conventional WPT system, 

which could be beneficial for system size and cost reduction. The method is verified and 

demonstrated using Buck-WPT system as an example.    

The last chapter summarizes this work and provides conclusions before discussing some 

possible future research directions related to the dissertation work. 
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CHAPTER 1 

INTRODUCTION 

1.1 A Brief Overview 

 The main members of power magnetic devices and systems, family are illustrated in Fig. 

1.1, which include power inductors (PI), power transformers, electric machines and inductive 

wireless power transfer (WPT) coils/systems. Power magnetic devices and systems have been 

widely used in electric/electronic devices and systems, power transmission systems and energy 

conversion systems all over the world [A1-A118]. The dissertation focuses on PIs and WPT 

systems.  

Power 
Magnetics

Electric Machines

Power Transformers

Power Inductors

Wireless Power Transfer Systems  

Figure 1.1: Illustration of the family of power magnetics [A1] 
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PIs

PIs

VR
VR

VR
VR

VR

VR

 

Figure. 1.2: Illustration of motherboard with voltage regulators (VRs) and PIs highlighted [A2] 

 

1.2 Power Inductors 

A. Power Inductor Applications 

 As a passive energy storage element, a PI stores energy in its magnetic field and it resists 

the change of current passing through its winding. Various types of PIs have a wide range of 

applications ranging from wearable devices and consumer electronics to automotive electronics 

and electric vehicle (EV) applications, among others [A1-A65].  

 Take computer/server mother board as an example, as illustrated in Fig. 1.2. Study in 

[A2] shows that currently 30% of area of motherboard is occupied by voltage regulators. Among 

all voltage regulators, PIs account for a large portion (e.g. 30 - 50%) in both size and weight. 

This means size and weight reduction in each PI will significantly contribute to the size and 

weight reduction in the whole mother board. 
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 Take the automotive system as another example, many different types of power inductors 

have been used in a variety of subsystems, as illustrated in Fig. 1.3 [A1], where up to 21 

subsystems need one or more PIs. Among various types of PIs that have been used, common 

mode chokes and differential mode chokes used for filtering electromagnetic interference (EMI) 

are normally AC inductors, and PIs used in switching power converters are normally DC 

inductors. [A1-A65].   
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Figure 1.3: Automotive subsystems where power inductors are used [A1] 
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Figure 1.4: (a) Discrete and (b) integrated EMI filter [A3-A5] 
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 A common-mode choke is used for prevention of electromagnetic interference (EMI) 

from power supply lines in order to prevent malfunctioning of electronic equipment. Common-

mode choke passes differential currents while blocking common-mode currents [A3-A5]. A 

differential mode inductor passes common-mode currents while attenuating differential mode 

currents. An EMI filter, as an important part for power supply systems to attenuate switching 

noise and meet EMI standards, normally includes one or more common-mode choke, and/or a 

couple of differential mode chokes, and several capacitors [A3-A5]. An EMI filter with discrete 

components is shown in Fig. 1.4(a), where the common-mode choke and capacitors are big in 

size. By using the planar electromagnetic integration technologies and structural winding 

capacitance cancellation method, the integrated EMI filter as shown in Fig. 1.4(b) achieved much 

smaller volume and profile and much better characteristics over a wide frequency range 

compared to the discrete EMI filter [A3-A5].  

 PIs for switching power converters is one of two main focuses of this dissertation work. 

B. Power Inductors for Switching Power Converters 

 Switching power converters are indispensable parts in electrical platforms and systems 

such as computing platforms, communication and mobile systems, medical systems, electric 

vehicles’ electronics, military systems, energy harvesting systems, aerospace systems, and 

almost all peripherals and devices [A6-A65]. The performance of power devices such as power 

inductors and power FETs (Field Effect Transistors) is critical in switching power converters 

such as buck converter, boost converter and buck-boost converter [A28-A43]. 

 A power inductor is usually made up of one or more conductor windings (e.g. copper) 

and a magnetic core that can be of different shapes and dimensions. There are many standard 

core shapes available in the market, such as EI core, EE core, planar ER core, PQ core and toroid 
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core, among others [A1, A44]. The magnetic core provides shielding for magnetic fluxes and 

increases the inductance density of the power inductor. However, it limits the maximum DC 

current of that the power inductor is able to handle and introduces core power loss. The 

maximum DC current which a power inductor with magnetic core is able to handle, also known 

as the saturation current, is limited by the saturation magnetization of the magnetic core material. 

The core loss of a power inductor includes eddy current loss (which is mainly determined by 

resistivity of core material) and hysteresis loss (which is mainly determined by the coercivity of 

the magnetic material). In order to increase the inductance density, increase the saturation current 

and reduce the core loss of a power inductor, magnetic materials with larger permeability, higher 

saturation magnetization, larger resistivity and smaller coercivity (such as ferrite materials) are 

desired [A45-A48]. Research work and technological advances over the past few decades have 

resulted in size and weight reduction of other parts in power electronic circuits, such as power 

switches and capacitors in addition to controllers, at a much faster rate compared to power 

inductors [A6-A36, A49-A52].  

 Power inductor with larger inductance value and higher power density usually has larger 

size and requires larger magnetic core. The bulky magnetic core and thick copper winding 

contribute to increase in volume and weight for power inductors. The power inductor is usually 

the largest and the heaviest component in a switching power converter [A37-A43]. Therefore, it 

is important to investigate and develop methods to further increase the inductance density and 

power density of power inductors (i.e. reduce the size of the power inductor without reducing 

inductance value and saturation current value, or increase the saturation current value for the 

same size and inductance value). This supports the size reduction of power converters through 

power inductor miniaturization. For this purpose, different methods, such as the utilization of 
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new magnetic materials as power inductor cores and designing new power inductor structures, 

have been presented in the literature [A45-A48, A53-A54].  
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Figure 1.5: (a) The simplified block diagram of the distributed battery energy storage system 
architecture [A30] and (b) simplified main power stage schematic of DC-DC boost power 
converter used in each BPU 
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 In many battery powered systems such as mobile phones, tablets, laptops and EVs/HEVs, 

among others, smaller power converters size and weight are critical to meet size and weigh 

requirements. In a system where multiple battery cells are needed, the battery pack voltage can 

be regulated by a high power large power converter with large power inductor or when the 

distributed battery energy storage system presented in [A30] is used there will be the need for 

several power converters with several power inductors. This is because in the distributed battery 

energy storage system, rather than connecting battery cells in series to form a battery string and 

regulating the voltage of the battery string through a high power DC-DC power converter, 

battery cells are decoupled from one another by connecting each cell with a lower power boost 

power converter as illustrated in Fig. 1.5(a) [A30]. Each battery power unit (BPU) consists of 

one battery cell and one boost power converter. Fig. 1.5(b) shows the schematic of boost power 

converter used in BPU, which include input and output capacitors Cin and Co, control and 

synchronous power MOSFETs Su and Sl and a power inductor. A small size and weight 

reduction in each boost power inductor will contribute the to the size and weight reduction in the 

whole battery pack. 

 Therefore, it is important to investigate and develop methods to further increase the 

inductance density and power density of power inductors (reduced size and weight) with high 

power efficiency, which is an objective in this dissertation work. 

C. Coupled Power Inductors for Switching Power Converters 

 Coupled power inductor (CPI) has several applications, and one of them is in multi-phase 

power converters [A2, A55-A65]. Fig. 1.6(b) illustrates the application of the CPI in a two-phase 

buck power converter. Instead of using two separate PIs for two phases as illustrated in Fig. 

1.6(a), only one CPI is needed, which helps to reduce the total volume occupied by power 
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inductors on the power converter board and therefore results in higher power density. The 

volume reduction of the CPI is because 1) two separate inductors are integrated into one 

structure, and 2) the inverse coupling results in flux cancellation, which increases the saturation 

current of the CPI or equivalently reduces volume. Another advantage of the CPI used in DC-DC 

power converters is the ability to obtain smaller equivalent transient inductance (advantageous 

for lower output voltage dynamic deviation under transients) with a larger equivalent steady-state 

inductance (advantageous for smaller steady-state output voltage ripple and higher power 

efficiency) [A62-A65].  
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Figure 1.6: Main power stage illustrative schematics of the two-phase buck power converter (a) 
using two separate PIs and (b) with the CPI 
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 In order to increase the power density of the multi-phase power converters further, it is 

important to investigate and develop methods to further increase the inductance density and 

power density of CPIs with high power efficiency, which is an objective in this dissertation 

work. 

1.3 Wireless Power Transfer systems 

A. Early Work on WPT 

 The early research and development work on WPT dates back to early 20th century [A66-

A68]. At that time, Nikola Tesla even attempted to intercontinentally transmit power wirelessly 

before wired grid transmission [A67]. Fig. 1.7 illustrates two of the early WPT systems 

suggested by Tesla. Fig. 1.7(a) illustrates an application of Tesla’s WPT system for powering a 

lamp, which include a transmitter (Tx) coil and a receiver (Rx) coil, which is a two-coil 

configuration [A68-A70]. Fig. 1.7(b) shows that the transmitter side has a driving loop C 

coupled to a transmitter coil (Tx) A, which significantly steps up the voltage for an elevated 

terminal D. Similarly, the receiver side has a load loop Cꞌ coupled to the receiver coil (Rx) Aꞌ 

which is connected to an elevated terminal Dꞌ. It is a four-coil configuration. Through electrical 

oscillation, a current is discharged through the air between D and Dꞌ by conduction [A66, A69]. 

However, due to the undeveloped power electronic techniques, the efficiencies of the WPT 

systems were too low at that time to be practical and applicable for a long period of time. 
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(a) [A68] 

 

(b) [A66] 

Figure 1.7: Tesla’s early works on WPT: (a) a two-coil configuration and (b) a four-coil 
configuration 

 

 The past decade witnessed the reemerge of the WPT due to the fast development of 

power electronics and related applications. As a reemerging technology, WPT has several 

promising and potential applications such as consumer electronics, medical implants and electric 

vehicle (EV) charging, among others [A69-A73]. Next part discusses more details about the 
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WPT applications and research advances in recent years. WPT systems and magnetics are one of 

two main focus area in this dissertation work.  

B. Advances in WPT 

 Electromagnetic based WPT includes radiative (far-field) and non-radiative (near-field) 

methods. Some radiative WPT systems utilize microwave or laser beam to transfer power for 

directive long distance but with very limited efficiency [A74-A75]. Non-radiative WPT systems 

can be categorized into short-range and midrange WPT systems depending on the transmission 

distance (DIS). Short-range coupling refers to a transmission distance less than or equal to the 

dimension or diameter of the Tx structure and midrange usually refers to a distance of several 

times the dimension or diameter of the Tx structure [A69]. 

B.1 Short-Range WPT Systems  
 
 Inductive WPT (IPT) can be used to transfer significant amount of power within a short 

distance, which is usually less than one coil diameter [A73, A76-A83]. IPT system usually 

employs a two-coil system, which includes a Tx coil and a Rx coil. This usually aims to 

maximize total system energy efficiency (which is referred to as maximum energy efficiency 

principle in [A70]). Short range IPT system usually employs ferrite structures in Tx and Rx to 

achieve stronger magnetic coupling. It is able to transmit large amount of power with high total 

system energy efficiency that can go above 90% especially at very short distances [A73, A76-

A83]. Example applications for short-range WPT systems are illustrated in Fig. 1.8, which shows 

that transmission distances of the short-range WPT systems are very limited.  
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Figure 1.8: Midrange WPT system configurations: (a) two-coil system and (b) four-coil system 

 

B.2 Mid-Range WPT systems  

 Magnetic resonance coupled (MRC) WPT is suitable for mid-range low power 

applications such as consumer electronics charging where the transmission distance might be 

longer than one Tx coil diameter [A84-A101]. Magnetic resonance coupling, as a special form of 
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inductive coupling, utilizes magnetically coupled resonators (Tx coil and Rx coil) to transfer 

power wirelessly [A84-A101]. MRC-WPT also has advantages in tolerating larger angular and 

lateral misalignments [A85-A90]. In the mid-range WPT applications, if system energy 

efficiency is not the major concern, maximum power transfer principle can be adopted in order to 

maximize the power delivered to the load and extend the transmission distance at the expense of 

the system energy efficiency [A84-A91]. Reference [A70] discussed the difference between the 

maximum power transfer principle and the maximum system energy efficiency principle and 

how they are related to WPT systems. Two-coil WPT systems and four-coil WPT systems, as 

illustrated in Fig. 1.8, are commonly used in MRC-WPT systems. For both two-coil and four-coil 

WPT systems, higher quality factors for both Tx and Rx and stronger magnetic coupling between 

Tx and Rx are desired in order to maintain higher transmission efficiencies within longer 

transmission distances [A84-A91, A102]. 

 A two-coil MRC-WPT system improves transmission efficiency and/or transmission 

distance further by optimizing the series and parallel (shunt) capacitances in the Tx and Rx coils. 

Various WPT circuit topologies with different resonant types such as Series-Series (SS), Series-

Parallel (SP), Parallel-Series (PS), Parallel-Parallel (PP) have been discussed in the literature 

[A73], [A103]. Some literature such as reference [A103] concluded that the use of series-shunt 

mixed-resonant coupling for two-coil WPT system allows better flexibility for optimizing the 

transmission efficiency at different distances.  

 A four-coil MRC-WPT system, which includes a drive loop, a Tx coil, a Rx coil and a 

load loop, have been attracting great interests since being further explored in [A84], which shows 

a four-coil system with 60 cm diameter for Tx and Rx that can transmit 40W over a distance of 2 

m (~ 3.33 times of coil diameter). For this later system, the Tx coil to Rx coil transmission 
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efficiency is 40% and the total system energy efficiency is 15%. In four-coil systems, the Tx and 

Rx are usually open ended self-resonating coils that are not directly connected to the source and 

load [A84-A92], and they are inductively coupled to a drive-loop and a load-loop that are 

connected to source and load respectively. This is unlike the case for two-coil systems where Tx 

and Rx are directly connected to source and load circuit. Therefore, when both Tx and Rx coils 

operate at resonance and both of them have the same resonance frequency, higher quality factor 

can be obtained for Tx and Rx in a four-coil system compared to a two-coil system as explained 

in [A90-A91]. Meanwhile, the additional two loop-to-coil coupling factors (drive loop to Tx 

coupling factor and Rx to load loop coupling factor) in the four-coil system provide higher 

degree of freedom for design optimization to achieve impedance matching, when compared to 

the two-coil system, in order to extend the transmission distance [A70, A104].  

 In a four-coil MRC-WPT system, as long as the coupling factor between Tx and Rx (kTR) 

exceeds a threshold value (kc), i.e. Rx is within the over coupled region, frequency splitting can 

exist and nearly constant maximum transmission efficiency can be maintained [A85-A90]. In 

[A85], a frequency tuning technique is demonstrated to compensate for the efficiency variation 

(resulted from frequency splitting) when the transmission distance and/or Tx to Rx orientation 

are varied. By doing so, maximum transmission efficiencies are adaptively tracked. Similar 

frequency tuning technique is used in [A86-A90] to maintain a high efficiency region for a 

laterally misaligned MRC-WPT system with various vertical distances between Tx and Rx.     

 Combination of the frequency tuning and other techniques can further optimize 

transmission efficiency and/or extend transmission distance. Frequency tuning is combined with 

a variable coupling technique in [A105], which varies the loop-to-coil coupling factors (drive 

loop to Tx coil coupling factor and Rx coil to load loop coupling factor) by varying loop-coil 
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distances (distance between the  drive loop and Tx coil and distance between load loop and Rx 

coil). This technique improves transmission efficiencies within a distance of 100cm compared 

with fixed coupling system. Similarly, [A106] varies the loop-coil coupling factor by rotating the 

drive loop and load loop around the axis of the Tx and Rx. This results in improving 

transmission efficiencies and reducing cross coupling factors (drive loop to load loop coupling 

factor, drive loop to Rx coupling factor and Tx to load loop coupling factor). However, both 

techniques (which are referred to as the mechanical tuning methods in the rest of this 

dissertation) require mechanical movement of the drive loop and load loop, which increases the 

system volume and complexity. 

 For the midrange WPT systems, it is important to investigate and develop methods to 

further extend the transmission range under various distance and misalignment conditions for 

both two-coil and four-coil system, which are objectives in this dissertation work. 

1.4 Other Power Magnetics Components and Systems 

A. Power Transformers 

 A transformer is an electrical device that transfers electrical energy between two or more 

circuits through electromagnetic induction. Since the invention of the first constant potential 

transformer in 1885, transformers have become essential for the transmission, distribution, and 

utilization of AC electrical energy [A107]. Almost all of the world's utility AC electrical power 

passes through a series of transformers before it reaches the consumer. In power systems, the 

functionality of transformers can be summarized as: 1) delivering energy from primary side to 

the secondary side, 2) voltage step-up or step-down and 3) providing electrical isolation between 

the primary side to secondary side [A108-A117]. 
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 In the power grid, a step-up transformer steps up the voltage after generator for efficient, 

long-distance transmission of electricity. Step-down transformers step voltages down to the 

levels used by customers. These types of high voltage high power transformers, working at very 

low frequency (50 Hz/60 Hz), require large step up/down ratios and are very large in size [A108-

A111].  

 High frequency transformers have been widely used in the isolated DC-DC power 

converters such as flyback converter, forward converter, full bridge converter, half bridge 

converter, and LLC resonant converters, among others [A112-A117]. These isolated DC-DC 

power converters using high frequency transformers have been widely used in the applications 

such as power adapters and supplies for consumer electronics, power supplies for 

telecommunication systems and data center servers, and on-board battery chargers for EVs, 

among others [A112-A117]. High frequency transformers work at much higher frequencies 

(normally larger than 20 kHz) than the bulky power transformers used in power distribution 

systems (50 Hz/60 Hz), and therefore, have much smaller size. Though the further improvement 

of the power density and efficiency of power transformers are very important topics, they are not 

the focus of this dissertation work.  

B. Electric Machines 

 Electric machines, including electric generator and electric motor, convert mechanical 

power into electrical power and vice versa. Example electric machine applications include power 

generations, wind turbines, manufacturing productions, electric locomotives, EVs, robots, air 

conditioners and fans, among others [A118]. Study in [A118] shows that the primary supply of 

world's electrical energy is generated in three phase synchronous generators using machines with 

power ratings up to 1500 MW or more and electric motors consume approximately 60% of all 
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electricity produced. Even though there are many interesting research topics for electric 

machines such as improvements of power density, energy conversion efficiency, motor drive and 

control quality, among others, these are not the focus of this dissertation work. 

1.5 Dissertation Outline 

     Next chapter presents the concept, design and experimental evaluation of a high current 

PI with NdFeB permanent magnet (PMPI). By adding a small piece of fabricated NdFeB magnet 

(magnet volume is ~0.36% of the PMPI ferrite core volume) in the air gap of the PI, the 

saturation current of the PMPI is doubled with the same size and inductance value. The desired 

dimensions of the PM are theoretically calculated before fabrication and then the fabricated PM 

is characterized. The PMPI is experimentally evaluated in a DC-DC buck power converter. 

Results show that compared to a PI with the same size and inductance without the PM, the 

saturation current of the PMPI is doubled. Compared to another PI with a larger size needed to 

double the saturation current, the ferrite core weight of the PMPI is reduced to 53.6% and the 

core volume is reduced to 59.2%. Experimental results also show that the addition of the NdFeB-

N35EH PM does not introduce additional power losses and increase of temperature for the PMPI 

and does not affect the power converter efficiency. 

 Chapter 3 presents a two-phase Coupled power inductor (CPI) design that utilizes a PM 

in order to achieve almost doubled saturation current with the same size comparted to the CPI 

and more than 76.3% core size reduction compared to the single-phase non-coupled PIs. CPI can 

achieve size reduction compared with single phase PI because of the magnetic flux cancellation 

effect. Utilizing CPI in a multi-phase DC-DC power converter yields the benefit of smaller 

equivalent transient inductance (advantageous for lower output voltage dynamic deviation under 

transients) with a larger equivalent steady-state inductance (advantageous for smaller steady-
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state output voltage ripple and higher power efficiency). The presented permanent magnet 

coupled power inductor (PMCI) circuit model and required PM dimensions are derived and used 

as a design guide. The 3-D physical model of the PMCI is developed by using 

ANSYS®/Maxwell® software package to “visualize” the saturation current doubling. The 

fabricated PMCI is tested in a two-phase DC-DC boost power converter experimental hardware 

prototype. Results show that compared to a conventional CPI design with the same size, weight 

and inductance, the fabricated PMCI almost doubles the saturation current. Compared to another 

CPI with a larger size but with even a smaller saturation current, the core volume of the PMCI is 

reduced to 51.9% and the core weight is reduced to 51.2%. Experimental results also show that 

the addition of the PM does not cause significant additional power losses and temperature rises 

for the PMCI, and does not affect the multi-phase power converter efficiency. 

 Chapter 4 first compares two-coil and four-coil configurations for midrange magnetic 

resonance coupled wireless power transfer (MRC-WPT) systems, then presents a two-coil 

reconfigurable WPT system topology in order to optimize transmission efficiency under different 

transmission distance (DIS) and lateral misalignment (MIS) conditions. In the first part, physical 

model simulation results show that the four-coil system achieves longer transmission distance 

and larger misalignment tolerance with relatively lower efficiency at close distance compared to 

the two-coil system. In the second part, the two-coil reconfigurable WPT system includes one Tx 

side and one Rx side but it could switch between different circuit configurations (which are made 

up of different values of series and shunt capacitors) at Tx side and/or Rx side. Design guidelines 

of the two-coil reconfigurable WPT system are devised based on an equivalent circuit model. 

Proof of concept prototype results show that when the system is perfectly aligned, the 
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reconfigurable system improves the transmission efficiency by up to 20%. When system is 

laterally misaligned, the transmission efficiency is improved by up to 19%. 

 Chapter 5 presents a method for four-coil reconfigurable magnetic resonance coupled 

wireless power transfer (R-MRC-WPT) system in order to achieve higher transmission 

efficiency under various DIS and/or MIS conditions. Higher efficiency, longer transmission 

distance and larger misalignment tolerance can be achieved with the presented R-MRC-WPT 

system when compared to the conventional four-coil MRC-WPT (C-MRC-WPT) system. The re-

configurability in the R-MRC-WPT system is achieved by adaptively switching between 

different sizes of drive loops and load loops. All drive loops are in the same plane and all load 

loops are also in the same plane, this method does not require mechanical movements of the 

drive loop and load loop and does not result in system volume increase. Theoretical basis of the 

method for the R-MRC-WPT system is derived based on a circuit model and an analytical 

model. Results from a proof of concept experimental prototype show that the transmission 

efficiency of the R-MRC-WPT system is higher than the transmission efficiency of the C-MRC-

WPT system and the capacitor tuning system for all DIS and MIS values.  

 Chapter 6 presents a method to achieve wired power conversion and wireless power 

transfer (WPT) using a hybrid “Power Converter-WPT system”. By achieving WPT using AC 

switching ripple of power converter, the system eliminates the need for a transmitter stage of 

conventional WPT system, which could be beneficial for system size and cost reduction. Using 

Buck-WPT system (achieves step down DC-DC power conversion and WPT at the same time) as 

an example, this chapter derives the system operation principle and maximum power transfer 

conditions for WPT. Experimental results verify the developed method and theoretical 

derivations.     
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 The last chapter summarizes this work and provides conclusions before discussing some 

possible future research directions related to the dissertation work.  
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CHAPTER 2 

HIGH CURRENT POWER INDUCTOR WITH NdFeB MAGNET FOR DC-DC POWER 
CONVERTERS 

2.1 Introduction 

 One of the methods used to increase the saturation current (or effectively reduce the size 

and weight) of the power inductor utilizes one or more permanent magnet(s) (PM) to partially 

cancel the magnetic fluxes generated by the power inductor winding [B1-B7]. Recently, this 

method was studied by using ANSYS®/Maxwell® 3-D physical model simulations in [B2-B5] 

and showed potential for different power inductor designs and applications. 

 In this chapter, a power inductor with NdFeB-N35EH magnet (PMPI) is developed, 

fabricated and experimentally evaluated in a 5V/2V DC-DC buck power converter. The 

dimensions of the required NdFeB magnet for the PMPI are theoretically devised and the 

fabricated magnet is characterized. 3-D physical model simulation results are used to visualize 

the saturation current doubling of the PMPI. Experimental results validate the saturation current 

doubling and other performance metrics of the PMPI. The experimental evaluation, which 

compares the PMPI to conventional designs, includes verification of operation, power loss and 

efficiencies evaluation, size and volume comparisons, inductance values comparisons and 

thermal characteristics evaluation. 

 While the idea of using permanent magnet to increase saturation current of power 

inductor has been previously discussed [B1-B7], the following summarizes the main contribution 

of chapter: (1) This chapter develops in detail the theoretical and practical guidelines to achieve 

the doubling of saturation current for a toroid power inductor with a piece of permanent magnet 
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(PMTPI). (2) Based on the equivalent energy stored in a gapped toroid core and energy supplied 

by the permanent magnet, this chapter devises the theoretical guidelines to determine the 

characteristics and dimensions that the permanent magnet needs to have in order to achieve 

doubling of saturation current. (3) Based on theoretical calculations of the equivalent stored 

energy, the desired PM is fabricated and its hysteresis loop is experimentally measured. (4) 

Circuit model is devised in this manuscript and is used to analyze and simulate the PMTPI in 

order to achieve doubling of saturation current. (5) The chapter evaluates the PMTPI in an actual 

experimental DC-DC power converter and demonstrate the ability of the PMTPI to have twice 

the saturation current of a TPI with the same size, same inductance density and same efficiency 

(in other words without tradeoff or drawback). (6) This chapter verifies the theoretical guidelines 

and assumptions by using several methods including (a) Experimental measurement of efficiency 

and inductance from an experimental power converter, (b) thermal rise measurements, and (c) 

ANSYS®/Maxwell® 3-D physical model simulations.   

 In most power converter designs and in power device development, there is a tradeoff 

between size and power efficiency. In many design examples, a designer might be able to 

improve efficiency while increasing size or able to reduce size while decreasing efficiency. 

Power inductor design is an example device which encounters tradeoff between size, efficiency, 

inductance density, and saturation current. Therefore, this chapter considers all of these metrics 

when evaluating the PMTPI and comparing it to other power inductors.      

 Next section presents the operation principle of the PMTPI based on equivalent magnetic 

circuit analysis. Section 2.3 presents the dimensions’ design and the characterization results of 

the fabricated NdFeB-N35EH magnet used in the PMTPI. Section 2.4 illustrates the saturation 

current doubling of the PMTPI by using ANSYS®/Maxwell® 3-D physical model simulation 
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results. Section 2.5 presents the experimental testing results and performance evaluations for the 

PMTPI. Section 2.6 gives a summary for this chapter.  

2.2 Operation Principle of The PMTPI  

 A PMTPI utilizes a PM in its structure in order to partially cancel the flux in the toroid 

magnetic core generated by the passing current through the windings so that a higher saturation 

current could be obtained [B2]. In order to increase the saturation current to its maximum 

possible value while maintaining proper operation with high efficiency/low power loss, the PM 

characteristics (in addition to the core and windings) have to be carefully designed, as explained 

in the next section of the chapter. The top views of a TPI and a PMTPI diagrams are illustrated in 

Fig. 2.1(a). The TPI and the PMTPI have the same ferrite core size, same core gap size, and 

same number of winding turns (10 turns in this design example). In both the TPI and PMTPI 

structures, a copper winding is wrapped around the toroid ferrite core. The DC input current 

direction of winding is shown in Fig. 2.1(a). The flux path generated by winding is represented 

by the dotted arrowed (orange) line. In PMTPI, a small piece of PM is placed in the ferrite core 

gap. The north and south poles of the PM are shown in Fig. 2.1(a-2). The flux generated by the 

PM is in the opposite direction to the flux generated by the current carrying windings. Therefore, 

the winding fluxes could partially be canceled by the PM fluxes. This flux cancellation effect 

helps in increasing the saturation current of the PMTPI. 
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Figure 2.1: (a-1) Top view of the TPI diagram, (a-2) Top view of the PMTPI diagram, and 
simplified equivalent magnetic circuit models of (b-1) the TPI and (b-2) the PMTPI 
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 Simplified equivalent magnetic circuit models (without considering the leakage flux and 

fringing effect) of the TPI and the PMTPI are shown in Fig. 2.1(b). N is number of winding 

turns, i is current that flows through the winding, FPM is the magnetomotive force (MMF) of the 

PM, ΦNi is the winding flux, ΦPM is the PM flux, Rc is the reluctance of the ferrite core, Rg is the 

reluctance of air gap of the TPI, Rg1 is the reluctance of air gap of the PMTPI, and RPM is the 

reluctance of the PM. The magnetic reluctance can be calculated from (2.1) [B8]. 

m

o r c

lR
Aµ µ

=
× ×

                                                                (2.1) 

 Where µo is vacuum permeability, µr is relative permeability, lm is the length of magnetic 

path and Ac is the cross section area of the power inductor core. By using Kirchhoff's Voltage 

Law (KVL), (2.2-a) and (2.2-b) can be derived from circuit models shown in Fig. 2.1(b).  

_ ( )TPI Ni TPI c gNi R R=F × +                                                        (2.2-a) 

_ 1( ) ( )PMTPI PM Ni PMTPI PM c g PMNi F R R R- = F -F × + +                            (2.2-b) 

 For the TPI and the PMTPI, the differences between Rc, Rg, Rg1, and RPM values are 

determined by µr of the material according to (2.1). µr of air is ~1, µr of 3C20 ferrite  (which is 

used in fabricated TPI and PMTPI in this chapter) is ~5500 [B9], µr of NdFeB magnet (which is 

used in PMTPI) is ~1.05 [B10]. Accordingly, Rg1+RPM ≈ Rg>Rc. Thus, (2.2) can be rewritten as 

(2.3).  

_ ( )TPI Ni TPI c gNi R R=F × +                                               (2.3-a) 

_( ) ( )PMTPI PM Ni PMTPI PM c gNi F R R- = F -F × +                             (2.3-b) 

 For the power inductor with cross section area of ferrite core Ac, the total flux in the 

ferrite core is Φ = B · Ac, where B is the flux density in the ferrite core. Saturation current of the 
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TPI and the PMTPI are derived as in (2.4), where Bsat is the saturation flux density of the power 

inductor core material.  

_ ( ) /sat TPI sat c c gI B A R R N= × × +                                            (2.4-a) 

_ ( ( ) ) /sat PMTPI sat c c g PMI B A R R F N= × × + +                               (2.4-b) 

 For the PMTPI, FPM of the PM has to satisfy 0 < FPM ≤ N · Isat_TPI to ensure the ferrite core 

is not saturated by the PM itself (i.e. ferrite core should not be saturated when winding current is 

zero). When FPM = N · Isat_TPI, (2.4) can be rewritten as (2.5). It shows that the saturation current 

of the PMTPI is twice as large as the saturation current of the TPI (with same winding and same 

ferrite core). Inductance is defined as L=λ/i=N2/R, where λ is flux linkage [B8]. Thus, when both 

the TPI and the PMTPI are not saturated, i.e. when ITPI < Isat_TPI and IPMTPI < Isat_PMTPI, the 

inductance values of the TPI and the PMTPI are given by equation (2.6). This equation shows 

that the TPI and the PMTPI have the same inductance value. 

_ _2 ( ) / 2sat PMTPI sat c c g sat TPII B A R R N I= × × × + = ×                                   (2.5) 

2 / ( )PMTPI TPI c gL L N R R= = +                                                           (2.6) 

 It can be concluded from the discussion presented in this section that when a piece of 

properly designed and fabricated PM is placed in the air gap of a TPI (in order to obtain a 

PMTPI), the saturation current could be doubled and the inductance value remains the same as 

long as the ferrite core is not saturated. 

2.3 Design and Characterization of Fabricated Magnet for PMTPI  

 PM material type and dimensions have to be carefully selected and designed in order to 

be able to double the saturation current of the PMTPI without affecting or reducing the 

inductance value, and in order to avoid core saturation. The PM has to have high enough intrinsic 
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coercivity (Hci) to make sure the PM is not irreversibly demagnetized by magnetic field 

generated by maximum winding current. Among commonly used PMs, which include Alnico5, 

hard ferrite, SmCo and NdFeB magnets [B10], Alnico5 and hard ferrite have relatively small Hci 

and are easy to be demagnetized in strong reverse field. Thus Alnico5 and hard ferrite are not 

suitable for designing the PMTPI in this chapter because of the desired high current capability 

that are given later in this chapter. Both the NdFeB and SmCo magnets are good candidates and 

can be used for the PMTPI example design presented in this chapter because both of them 

provide large maximum energy product (BH)max and high Hci. In this work, the NdFeB magnet is 

selected because 1) it has lower resistivity than the SmCo magnet [B10, B12] which allows for 

lower eddy current loss of PM [B13] and therefore higher efficiency, and 2) it has larger (BH)max 

than the SmCo magnet [B10, B12] which allows for smaller size based on (2.9) shown next in 

this chapter.   

 NdFeB-N35EH (with thickness of 0.3mm) is fabricated using sintering process [B14] and 

is characterized by using Physical Property Measurement System (PPMS) DynaCool. Its 

characterized hysteresis loop at 300 K (≈ 26.8 ̊C) is shown in Fig. 2.2. Both the intrinsic curve 

and the normal curve are shown. The intrinsic curve represents the intrinsic magnetization (4πM, 

in Gaussian unit) as a function of magnetic field (H). The normal curve represents the flux 

density (B) as a function of H field. The relationship between B and H is B=µ·H=µo·µr·H and the 

relationship between B and 4πM is B=H+4πM (in Gaussian units) [B11].  
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Figure 2.2: Measured hysteresis loop of the fabricated NdFeB-N35EH magnet 

 

 It can be obtained from Fig. 2.2 that Hci of the fabricated NdFeB-N35EH magnet is 

2244.8kA/m, coercivity Hc = 718kA/m, residual flux density Br=1.06T and maximum energy 

product (BH)max=188kJ/m3. For PM materials, when a sufficient reverse H field is applied to the 

PM and if the PM’s operation point is driven to the left part of the “knee” point (nonlinear part of 

the intrinsic curve), the PM material would start to be irreversibly demagnetized [B11]. At the 

“knee” point in Fig. 2.2, the magnetic field of NdFeB-N35EH is Hknee=-25kOe (or -1989kA/m). 

This means that as long as the reverse H field (resulted from the current carrying winding of the 

inductor) is less than 1989 kA/m, the fabricated NdFeB-N35EH magnet will not be irreversibly 

demagnetized. Therefore, the usable range (also referred to as the linear range) of the NdFeB-
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N35EH magnet for PMTPI on the intrinsic curve and normal curve are determined as Hknee≤H≤0 

and are marked in Fig. 2.2.  

 Next, how to theoretically calculate the required dimensions of NdFeB magnet for the 

PMTPI is discussed and related equations are devised. The maximum magnetic energy stored in 

the TPI/PMTPI core (Ecore) is determined by (2.7) [B8]. 

21
2core eff eff sat

eff

E A l B
µ

= × × ×
×

                                         (2.7) 

 Where, µeff, Aeff, leff are the effective permeability, effective cross section area and 

effective flux path length of gapped ferrite core, respectively.  Maximum magnetic energy 

produced by a PM in the external space (EPM) is determined by (2.8) [B11].  

max( )
2PM PM PM PM

BHE l w TH= × × ×                                      (2.8) 

 Where lPM, wPM and THPM represent length, width and thickness of the PM, respectively. 

To ensure the ferrite core is not saturated by PM itself, the relationship Ecore≥EPM has to be 

satisfied. As a result, the PM dimensions for the PMTPI (when Ecore=EPM) are derived based on 

(2.9). 

2

max( )
eff eff sat

PM PM PM
eff

A l B
l w TH

BHµ
× ×

× × =
×

                                  (2.9) 

 Based on the power inductor requirements and specifications given in the next section, 

the ferrite core are with µeff=74·µo, Aeff=18.7mm2, leff=42mm and Bsat at third quadrant is 0.255T 

[B9]. The NdFeB-N35EH magnet used in PMTPI experiment (refer to Fig. 2.3) are with 

lPM=4mm, THPM=0.3mm and (BH)max=188kJ/m3. From (2.9), the width of PM can be calculated 

as wPM≈2.4mm. These calculated dimensions are used in the 3-D physical model simulations and 

for the fabrication of the PMTPI. 
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2.4 Illustration of Saturation Current Doubling 

 The objective of this section is to introduce the power inductors design specifications and 

visually illustrate different points of operation through 3-D physical model simulation results 

(before presenting the experimental results in the following section). The 3-D diagram of the TPI 

and PMTPI designs is shown in Fig. 2.3 and the corresponding design parameter values are listed 

in Table 2.1. Both the TPI core and the PMTPI core use ferrite material 3C20 (µr=5500, Bsat in 

the first quadrant is 0.35T at 25 ̊C and resistivity is 5Ωm at 25 ̊C) [B9]. Two parallel solid 

magnetic copper wires with the size of AWG16 are used for power inductor windings. The TPI 

and the PMTPI each has 10 turns of winding.  
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Figure 2.3: 3-D physical model and design parameters of the PMTPI 
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Figure 2.4: B field of the (a) TPI and (b) PMTPI when the DC current increases from 0 to 16A 
(fixed scaling) 
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Figure 2.5: Demagnetizing field of the PM when the input DC current of PMTPI is 20A (a) 3-D 
view (b) and (c) cross-section views (auto scaling) 
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Table 2.1 The TPI and PMTPI Design Specifications 
 

Parameter Value Units Description 
OD 17 mm Outer diameter of core 
ID 11 mm Inner diameter of core 
H 6.4 mm Height of core 

THg 0.6 mm Length of gap 
THpm 0.3 mm Thickness of PM 
Wpm 2.4 mm Width of PM 
Hpm 4 mm Length of PM 
Hi 6.4 mm Height of insulator 
Wi (OD-ID)/2 mm Width of insulator 
THi THg-THPM mm Thickness of insulator 
N 10 − Number of winding turns 

Dw 1.29 mm Diameter of copper wire 
Tcore 3C20 − Material type of core 
Tpm NdFeB-N35EH − Material type of PM 

 
 

 Fig. 2.4(a) shows the B field of the TPI when the DC input current increases from 0 to 8A. 

It can be observed that the magnitude of B increases with the increase of the DC input current 

and the TPI core is partially saturated (Bsat=0.35T) when the DC input current is 7A, i.e. 

Isat_TPI=7A. Fig. 2.4(b) shows the net B field and B vector of the PMTPI core when the DC input 

current increases from zero to 16A. It can be observed that when the input current is 0, the ferrite 

core is not saturated by PM itself. When the input DC current increases from 0 to 16A, the net B 

value first decreases to zero at 5A and the PMTPI core is partially saturated at 14A. When the 

DC input current is 5A, the fluxes of winding and PM have the same values but in opposite 

directions, which makes the net flux inside of the PMTPI ferrite core equals to zero. The B 

vector directions (directions of arrows shown in Fig. 2.4(b)) change to the opposite direction 

when the DC input current increases from smaller than 5A to larger than 5A. These simulation 

results show that saturation current of the PMTPI is twice as large as the saturation current of the 

TPI, i.e. Isat_PMTPI=14A=2·Isat_TPI, which is consistent with the derivation in (2.5). 
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 As described in section 2.3, demagnetization of NdFeB-N35EH PM occurs when a 

reverse H field larger than |Hknee| (1989kA/m at 26.8 C̊) is applied to the PM. The PMTPI design 

has to ensure that the PM is never demagnetized under the maximum input current and 

maximum temperature. Fig. 2.5 shows the H field distribution of the PM when the DC input 

current is 20A. It can be observed from Fig. 2.5(a-c) that the maximum H value is 707.79kA/m 

(which is much smaller than Hknee = 1989 kA/m). At 100 ̊C, Hknee is calculated based on the 

temperature coefficient of NdFeB-N35EH [B10] as 1305 kA/m, which is also larger than the 

applied field of 707.79kA/m at 20A. This indicates that the PM used in the PMTPI design will 

not be demagnetized when the input current is as high as 20A and the temperature is up to 100 ̊C. 

The highest hypothetical temperature the fabricated NdFeB-N35EH is able to work without 

starting to be at risk of demagnetization is calculated as 164 ̊C. 

2.5 Proof of Concept Experimental Prototype Results 

 The PMTPI and the TPI with the specifications as in Fig. 2.3 and table 2.1 are fabricated. 

An air-core TPI (with the same size as PMTPI, to be referred to as Air-core TPI) and a bigger 

core TPI (with larger ferrite core but with the same inductance and saturation current of the 

PMTPI, to be referred to as Big-core TPI) are also fabricated for comparison purposes. A DC-

DC power converter (as illustrated in Fig. 2.6(a)) with example specifications is also designed 

and fabricated in order to test and evaluate the PMTPI in an example experimental setup. The 

fabricated buck power converter has input voltage (Vin) of 5V and output voltage (Vo) of 2V (can 

be adjusted to suite different applications, including those which require output voltages between 

0.8V and 3.3V, such as non-isolated bus converters, digital signal processors, memory chips, 

computer peripherals, and networking equipment [B15-B18]). Other specifications are switching 

frequency of 300 kHz, input capacitor (Cin) and output capacitor (Co) of 470 µF and 681µF, 
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respectively. In Fig. 2.6(a), Su represents the upper power MOSFET (control switch) and Sl 

represents the lower power MOSFET (synchronous switch). Io is load current (which is equal to 

the power inductor DC current). The Air-core TPI, the TPI, the PMTPI and the Big-core TPI are 

characterized and evaluated as a part of fabricated buck power converter. Fig. 2.6(b) shows the 

PWM waveforms for upper and lower side power MOSFETs and the waveform measured at the 

phase node (switching node). 

 

Table 2.2: Comparisons of fabricated power inductors 

 Air-core 
TPI 

TPI PMTPI Big-core TPI 

Core volume(mm3) - 787 787 1330 
Core weight(g) - 3.7 3.7 6.9 

Total inductor volume 
(mm3) 

4250 4250 4250 6736 

Footprint size(cm2) 4.01 4.01 4.01 5.39 
NdFeB-N35EH PM size 

(mm3) 
- - 

4×2.4×0.3 
=2.88 

- 

PM weight(g) - - 0.0216 - 
Winding length(cm) 37 37 37 39 

Inductance(µH) 0.26 6.8 6.8 6.7 
Saturation current (A)* - 7 14 13 

DCR (mΩ)@ 25 ̊C 2.5 2.5 2.5 2.6 
Inductance density 

(µH/cm2) 
0.065 1.7 1.7 1.2 

Current density (A/cm2) - 1.75 3.49 2.41 
(*) Saturation current is defined as the DC current with 10% inductance drop 
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(a)                                                             (b) 

Figure 2.6: (a) Illustrative schematics of the buck power converter with the PMTPI and (b) 
PWM waveforms and waveform measured at phase node 
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Figure 2.7: Fabricated (a) power inductor cores and (b) power inductors 
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A. Fabricated Power Inductors  

 Three of the four fabricated power inductors, the Air-core TPI, the TPI and the PMTPI 

have the same size. Air-core TPI has a plastic toroid core (non-magnetic core, which has the 

same permeability as air). The Big-core TPI has a bigger ferrite core and as a result longer 

winding wires. Fig. 2.7(a) shows the fabricated TPI ferrite core, the Big-TPI ferrite core and the 

NdFeB-N35EH magnet piece used in PMTPI. Fig. 2.7(b) shows the fabricated TPI and Big-core 

TPI. The PMTPI is fabricated by simply inserting the PM in the gap of the TPI. This PM magnet 

has the design specifications as calculated in Section 2.3. The size of the ferrite cores, PM and 

power inductors are marked on the pictures of Fig. 2.7(b). All of the fabricated inductors have 10 

turns of copper winding. Two branches of copper wires are connected in parallel in order to 

increase the current carrying capability of the power inductor’s windings. Some of the most 

important parameters and measured experimental results for the four fabricated power inductors 

are summarized in table 2.2 for comparison. 

 It can be observed from table 2.2 that the sizes and inductance values of the PMTPI and 

the TPI are the same (~6.8µH), but the PMTPI has double of the saturation current compared to 

the TPI with the same size (14A compared to 7A). The PMTPI has slightly larger inductance 

(~6.8µH) and slightly higher saturation current (14A) compared to Big-core TPI (~6.7µH and 

13A), but with 40.8% smaller core size and 46.4% lighter core weight. The volume of the PM 

(2.88mm3) is 0.36% of the volume of the PMTPI core (787mm3). The weight of the PM (21.6mg) 

is 0.58% of the weight of the PMTPI core. This means that the total weight increase of the 

PMTPI resulted from the addition of NdFeB-N35EH magnet is negligible. Additional 

performance evaluation details and comparisons are presented in the following sub-sections. 
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Figure 2.8: Measured current waveforms of the TPI, the PMTPI and the Big-core TPI when 
power inductor DC input current values are 7A (a-1 to a-3) and 14A (b-1 to b-3) 
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Figure 2.9: Inductance values as a function of power inductor current for the Air-core TPI, the 
TPI, the PMTPI and the Big-core TPI 
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Table 2.3: Saturation current of fabricated power inductors 

 Air-core TPI TPI PMTPI Big-core 
TPI 

Lmax (µH) 0.26 6.8 6.8 6.7 

Isat(A) 
10% L drop - ~7 ~14 ~13 
20% L drop - ~8 ~14.8 ~15 
30% L drop - ~9 ~15.5 ~17 

 

B. Saturation Current Doubling of The PMTPI 

 The saturation current values for each of the power inductors are experimentally 

determined by measuring the drop in the inductance values while increasing the inductor DC 

current. In other words, the current at which the inductor starts to saturate is detected when the 

inductance value starts to decrease. The inductor current waveforms are measured and recorded 

at different current values and then used to calculate the inductance values using (2.10) [B8].  

( )in MOS o onV V V TL
i

- -
=

D
                                                       (2.10) 

 Where, Ton is the on time of the upper power MOSFET, VMOS is the voltage drop across 

the upper power MOSFET and Δi is the peak-to-peak ripple of the inductor current. The 

measured power inductor current waveform samples are shown in Fig. 2.8. It can be observed 

that when Io=7A, Δi of the TPI is the largest (0.65A) and Δi of the PMTPI is the smallest (0.6A), 

which indicates that the TPI has started to saturate because its inductance value has started to 

become smaller. When Io=14A, Δi of the TPI is 4.04A, and the current waveform becomes 

nonlinear (as in Fig. 2.8(b-1)), which indicates that the current of the TPI is well beyond the 

saturation current value. On the other hand, Δi of the PMTPI has the smallest value (0.65A), 

which indicates that addition of PM has prevented the saturation of the PMTPI at higher current 

values up to 14A. 
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(b) Temperature rise                                       

Figure 2.10: (a) Temperature distribution images of TPI and PMTPI when power inductor 
current is 7A and 14A and (b) temperature as a function of inductor current 
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(b) Power inductor DC losses 
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Figure 2.11: Power inductor losses as a function of current 

 

 The inductance values at different power inductor current values (from 1A to 20A) are 

calculated from the experimentally measured waveforms and are plotted as shown in Fig. 2.9. It 

can be observed that the Air-core TPI has a constant but the smallest inductance value (0.26µH). 

It is not saturated when the current increases because it does not have a magnetic core. The 

inductance value of the TPI is nearly constant at ~6.8µH when Io<7A, i.e. when the current is 

below the saturation value. The PMTPI’s inductance value is nearly constant at ~6.8µH when 

Io<14A, i.e. when the current is below the saturation value. This agrees with (2.5) and (2.6) 

which are derived in Section 2.2. The Big-core TPI’s inductance value is nearly constant at 

~6.7µH when Io<13A. The maximum inductance value (Lmax), the saturation current value (Isat), 

and the current value at which the inductance drops with a given percentage of Lmax for each of 
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the four power inductors are summarized in table 2.3. It can be observed that the TPI, the PMTPI 

and the Big-core TPI have similar Lmax values (~6.8µH).  

C. Thermal Characteristics 

 Temperatures of the power inductors at different current values are measured using FLIR 

T-62101 thermal imaging camera. Sample temperature distribution images of the TPI and 

PMTPI at selected current values (7A and 14A) are shown in Fig. 2.10(a). Based on the 

temperature measurement results for the Air-core TPI, the TPI, the PMTPI and the Big-core TPI 

at various current values (from 1A to 15A), curves for the temperature rise as a function of 

current are plotted as shown in Fig. 2.10(b). It can be observed that the temperature increases 

with the increase of current for all power inductors, as expected. The Air-core TPI has the 

highest temperature at every current value from 1A to 15A. This is because the small inductance 

value of Air-core TPI (0.26µH) leads to large inductor current ripple (Δi≈15A), which results in 

higher copper (conduction) power loss. The TPI, the PMTPI and the Big-core TPI have similar 

temperature rise values. When Io is less than 11A, the temperature of PMTPI (TPMTPI) is slightly 

higher than temperature of the TPI (TTPI). For example, when Io=7A, TPMTPI=29.5 ̊C and 

TTPI=29.1 ̊C. This is because the NdFeB-N35EH magnet has small resistivity (ρPM=180µΩ·cm) 

and its eddy current loss contributes to the temperature rise of PMTPI. When Io is larger than 

11A, the TPMTPI is slightly smaller than TTPI. For example, when Io=14A, TPMTPI=42.2 ̊C and 

TTPI=42.6 ̊C. This is because the saturation of TPI core contributes to larger inductor current 

ripple and higher power losses. It can be concluded from the results in this sub-section that the 

addition of NdFeB-N35EH magnet in the PMTPI does not have significant effect on temperature 

rise. 
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D. Power Inductor Losses 

 Power losses in the four different power inductors are measured. The total power inductor 

losses (Pt) are determined by averaging the instantaneous power dissipation of the inductor over 

one switching period (Ts). Pt of the Air-core TPI, the TPI, the PMTPI and the Big-core TPI are 

measured by using Tektronix DPO7104 Digital Phosphor Oscilloscope at various current values 

ranging from 1A to 15A and are plotted in Fig. 2.11(a). Similar with the trend of the temperature 

rise, Pt of all power inductors increase when current increases. The Air-core TPI has the highest 

total loss at every different load current ranging from 1A to 15A. The TPI, the PMTPI and the 

Big-core TPI have similar Pt at the different current values. When Io is less than 11A, Pt of 

PMTPI (Pt_PMTPI) is slightly larger than Pt of TPI (Pt_TPI). For example, when Io=7A, 

Pt_PMTPI=450mW and Pt_TPI=430mW. When Io is larger than 11A, Pt_PMTPI is slightly smaller than 

Pt_TPI. For example, when Io=14A, Pt_PMTPI=1200mW and Pt_TPI=1250mW). The variation trends 

of Pt for all of the four power inductors match the variation trends of the temperature rise 

discussed in previous sub-section, which is expected.  

 Pt for each of the four power inductors is composed of DC power losses (PDC) and AC 

power losses (PAC). DC winding resistance (DCR) of the four fabricated power inductors at 25 ̊C 

are measured and are listed in table 2.2. The temperature (T) dependent DCR value is determined 

from the equation DCR = DCRo · (1 + α · (T - To)) [B7], where DCRo is the DCR at temperature 

To. α is the temperature coefficient of the resistance  and for copper (used as power inductor 

windings) is equal to 3.93×10-3/ ̊C [B7]. PDC values for the Air-core TPI, the TPI, the PMTPI and 

the Big-core TPI are calculated from (2.11) [B8] and plotted in Fig. 2.11(b).  

2
2 2( ) ( (1 ( )))

12DC rms o o o
iP I DCR I DCR T TaD

= × = + × × + × -                       (2.11) 



 
 

45 
 
 

 Where, Irms is the measured RMS (Root-Mean-Square) value of power inductor current. It 

can be observed from Fig. 2.11(b) that PDC values of all of the four power inductors increase with 

the increase of load current. The Air-core TPI has the highest PDC at all current values because it 

has the largest Δi (~15A) which contributes to larger Irms values at every Io. Among the other 

three power inductors with ferrite cores, The Big-core TPI has the largest PDC because it has the 

longest winding (refer to Table 2.2). The TPI and the PMTPI have similar PDC values because 

their winding lengths are the same, which is also supported by the fact that they have the same 

temperature rise. 

 PAC is determined from equation PAC=Pt-PDC. PAC is composed of winding AC power loss 

and core loss. PAC for each of the four power inductors as a function of current is plotted in Fig. 

2.11(c). It can be observed that PAC for all of the power inductors increases with the increase of 

current. The Air-core TPI has the highest PAC due to its largest Δi (~15A). Among the three 

power inductors with ferrite cores, the Big-core TPI has the smallest PAC due to its largest core 

size (refer to Table 2.2). The TPI and the PMTPI have the same PAC when Io<11A. When Io≥11A, 

PAC of the TPI is larger than PAC of the PMTPI because the TPI’s core has been saturated. It can 

be concluded from this sub-section that the addition of the NdFeB-N35EH magnet does not have 

significant effect on the power losses. 

 In general, for any gapped power inductor (with or without permanent magnet), the 

“leakage loss” in the air gap increases as the switching frequency increases [B13, B19-B20]. As 

the switching frequency increases, the winding proximity effect loss caused by fringing flux in 

the vicinity of the air gap increases [B19-B20]. The eddy current loss of the permanent magnet 

piece [B13] might also increase. However, this loss is usually very small compared to the other 

power losses including the core loss. When designing a power inductor for higher switching 
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frequency, reducing this loss needs to be taken into consideration while optimizing the overall 

design. 

60
65
70
75
80
85
90
95
100

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15C
on

ve
rt

er
 E

ffi
ci

en
cy

 (
%

)

Load Current (A)

Air-core TPI PMTPI Big-core

~97%

89.2%

~91.5%

 

(a) 0≤Io≤15A 

91
91.5
92
92.5
93
93.5
94
94.5
95
95.5
96

7 8 9 10 11 12 13 14 15

C
on

ve
rt

er
 E

ffi
ci

en
cy

 (
%

)

Load Current (A)

TPI PMTPI Big-core

 

(b) 7A≤Io≤15A 

Figure 2.12: Buck converter efficiencies (considering driver losses) as a function of load current 
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E. Total Power Converter Efficiency 

 The power efficiency (η) of the buck power converter with each of the four power 

inductors is evaluated in this sub-section. η is determined from (2.12) and is plotted as a function 

of load current as shown in Fig. 2.12. Both the power stage losses and the driver loss (Pdriver) are 

included in the efficiency calculations.  

out o o

in driver in in driver driver

P V I
P P V I V I

h ×
= =

+ × + ×
                                   (2.12) 

 Where, Vdriver and Idriver are voltage and current supplied to driver IC, respectively. It can 

be observed from Fig. 2.12(a) that the buck power converter with the Air-core TPI (ηair) has the 

lowest efficiency and the buck converters with the rest of the three power inductors have almost 

the same efficiency. The value of ηair peaks at 89.2% when Io=9A and the efficiencies of buck 

converter with the TPI (ηTPI), with the PMTPI (ηPMTPI) and with the Big-core TPI (ηbig) peak at 

~97% when Io=3A. It should be noted that because the switching frequency value and inductance 

value used are same when experimentally evaluating each of the ferrite power inductors, the 

switching and conduction losses in the switches of the buck converter are almost the same when 

the efficiency curves of Fig. 2.12 are recorded. 

 A zoomed in view of the efficiency curves when 7A≤Io≤15A are shown in Fig. 2.12(b). It 

is shown that when Io<10A, ηTPI has the largest value but only 0.3% higher than the ηPMTPI (e.g. 

when Io=7A, ηTPI=95.87%, ηPMTPI=95.60% and ηbig=95.85%). When Io>10A, ηbig and ηPMTPI have 

almost the same value and both of them are larger than ηTPI (e.g. when Io=15A, ηTPI=91.11%, 

ηPMTPI=91.66% and ηbig=91.70%).  

 The experimentally measured temperature rise results shown in Fig. 2.10 provide 

additional support in addition to the experimentally measured efficiency. This is because it can 

be concluded that since the temperature rise values of the PMTPI are the same as for the other 
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ferrite power inductors used for comparison, the PMTPI does not have larger total power loss. 

Therefore, it can be concluded that the PMTPI is able to double the saturation current (from 7A 

to 14A) while maintaining the same inductance value and the same size without negatively 

impacting the power converter efficiency.  

2.6 Summary 

 This chapter presents the concept, design and experimental evaluation of a high current 

PI with NdFeB permanent magnet. Experimental results show that the PMTPI has twice the 

saturation current with the same size and the same inductance compared with the TPI. On the 

other hand, compared to  the Big-core TPI design without a PM which has larger size in order to 

obtain the same saturation current and inductance value as the PMTPI design, the PMTPI’s core 

weight is less by 46.4% and its core size is less by 40.8%. The addition of the fabricated NdFeB-

N35EH magnet in the core gap of the PMTPI does not increase its total size and the increase in 

weight is negligible (only 0.58%). Moreover, the PM does not cause significant additional 

temperature rise and does not affect the efficiency of the power converter.  

     For different applications such as those with higher power and/or higher frequency, the 

design methodology and guidelines presented in this manuscript still apply. If higher saturation 

current is desired, the size and (BH)max of the PM might increase accordingly and lamination of 

PM might be required to reduce its eddy current loss. 
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CHAPTER 3 

PERMANENT MAGNET COUPLED POWER INDUCTOR FOR MULTI-PHASE DC-
DC POWER CONVERTERS 

3.1 Introduction 

 The concept of the permanent magnet power inductor (PMPI) not only doubles the 

saturation current for a single phase PI, but also reduces its volume and weight significantly as 

discussed in chapter 2. However, the structure realization and performance of coupled power 

inductor (CPI) with PM (PMCI) have not been investigated in the literature before, which is a 

main objective of this chapter. 

1 2
1 1

1 2
2 2

di div L M
dt dt
di div M L
dt dt

ì = +ïï
í
ï = +
ïî

                                                             (3.1.1) 
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Figure. 3.1: Coupled inductor and its operation in two-phase boost converter. 
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 In a two-phase CPI, the two coupling types are illustrated in Fig. 3.1(a)-(b), where L1 = 

L2 = Ls is self-inductance and M is mutual inductance. Both types can be described by (1-1), 

where v1 and v2 are the voltages applied to the two corresponding windings of the CPI as shown 

in Fig. 3.1 (a-b). Coupling factor α is determined by (1-2). Both M and α are positive for the 

direct coupling and negative for the inverse coupling. Inversely coupled CPI is used in multi-

phase power converters [C1-C9]. Fig. 3.1(c) illustrates the utilization of the CPI in a two-phase 

boost power converter. Instead of using two separate PIs for two phases, only one CPI with two 

coupled windings is needed, which helps to reduce the total volume occupied by power inductors 

and therefore results in a power converter with higher power density. The volume reduction of 

the CPI is because 1) two separate inductors are integrated into one core structure which reduces 

footprint, and 2) the inverse coupling results in flux cancellation, which increases the saturation 

current of the CPI or equivalently reduces volume.  

 In order to review the advantage of using the CPI in a multi-phase DC-DC power 

converter, the operation of the example boost converter using CPI is briefly summarized next in 

this section. Note that detailed operations for both multi-phase buck converter and boost 

converter using coupled inductor have been extensively presented in the literature [C1-C9]. Fig. 

3.1(d)-(f) show the steady state operation waveforms of the DC-DC power converter with a CPI 

when the duty cycle D < 0.5, D = 0.5 and D > 0.5. Control signal of S1 and S2 are 180 ˚ out of 

phase. S1 and S3 are turned on and off complementary, and S2 and S4 are turned on and off 

complementary as well. Consider the case when D < 0.5 as an example, during the time interval 

t0 ~ t1, S1 is turned on and S2 is turned off, and the inductor current i1 of Phase 1 rises (inductor is 

charged) and inductor current i2 of Phase 2 decreases (inductor is discharged), but slopes of i1 

and i2 are smaller while using CPI compared to the non-coupled case because of the effect of the 
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inverse coupling. During the time interval t1 ~ t2, both S1 and S2 are turned off, and the slopes of 

the two inductor currents in the two phases are the same when using CPI and when using two 

separate PIs that are not coupled. During the time interval t2 ~ t3, S1 is turned off and S2 is turned 

on, i1 decreases and i2 rises, but slopes of i1 and i2 are smaller when using CPI compared to the 

non-coupled case because of the inverse coupling. During the time interval t3 ~ t4, both S1 and S2 

are turned off again and the slope of inductor currents are the same again. In a complete 

switching cycle, the peak-to-peak value of the inductor current ripple is smaller when using a 

CPI than when using two separate PIs because of inverse coupling. This is the case when D < 

0.5, D = 0.5 and D > 0.5, i.e. the current ripple can be smaller under different duty cycle value. 

The amount of decrease in the steady state inductor current ripple is dependent on both the duty 

cycle value and the coupling factor value [C1-C9]. The equivalent steady state inductance (LSS) 

of a CPI is the inductance measured between the two terminals (① and② for L1, ③ and ④ for 

L2 as illustrated in Fig. 3.1(c)) for each phase of CPI, which can also be determined by (2-1), 

where Ton is the on time of the control MOSFET, i.e. S1 and S2 in Fig. 3.1(c), and Δi is the peak-

to-peak ripple of the inductor current for each phase. The smaller steady state inductor current 

ripple values of the two-phase boost converter while using CPI, as illustrated in Fig. 3.1(d)-(f), 

show that using CPI results in larger equivalent steady state inductance than using non-coupled 

inductors. This is advantageous for smaller steady-state inductor current ripple and higher power 

efficiency. Note that the average inductor currents, or DC component, of i1 and i2 are tuned by a 

closed-loop controller to be equal, as illustrated in Fig. 3.1(d)-(f) in order to equally distribute the 

thermal stress between two phases. 

in on
SS

V TL
i

=
D

                                                                (3.2.1) 
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(1 )tr SL La= +                                                             (3.2.2) 

     Fig. 3.1(g) illustrates an example case during transient operation where duty cycle is 

perturbed by the amount ∆D by the closed-loop controller that regulates the output voltage and 

maintains equal current distribution between the phases. The resulted amount of change in the 

average inductor current is determined by an equivalent inductance, which is referred to as 

equivalent transient inductance (Ltr). Fig. 3.1(h) illustrates the equivalent circuit of the transient 

inductance of a CPI, from which the per-phase Ltr is derived in (3.2.2) [C3]. The amount of the 

change in inductor current when using a CPI (∆i_CPI in Fig. 3.1(g)) is larger than it is when using 

two separate PIs (∆i_2PIs in Fig. 3.1(g)).  This is because the CPI has a transient inductance value 

that is smaller than the steady-state inductance value (for a PI with no coupling, the steady-state 

inductance and the transient inductance are equal). This implies that using a CPI allows for 

achieving faster dynamic/transient response compared to when using two non-coupled PIs, 

which is an advantage. To summarize, because an inversely coupled CPI can be designed with 

the same or larger steady-state inductance compared to two non-coupled PIs while maintaining 

smaller transient inductance, a power converter can potentially achieve higher efficiency and/or 

improved transient response. Note that during a design process and optimization of a switching 

power converter, the designer faces a tradeoff when selecting the inductance value of the power 

inductor. Larger inductance supports higher efficiency while smaller inductance supports faster 

transient/dynamic response to load variations while achieving smaller size.  

 This chapter presents and investigates a structure for permanent magnet coupled power 

inductor (PMCI), which utilizes a PM to either double the saturation current or equivalently 

reduces the size and weight of the CPI (or a mix of both). . A PMCI with NdFeB-N35EH PM is 

developed, fabricated and experimentally evaluated in a 4V/8V DC-DC boost power converter. 
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Operation principle and magnetic circuit model of the PMCI, and the dimensions of the required 

PM are theoretically devised and used as design guidelines. 3-D physical model simulation 

results are used to “visualize” the saturation current doubling of the PMCI. Experimental results 

validate the developed method. This chapter considers all of design metrics for power inductors 

including tradeoffs between size, efficiency, inductance density, and saturation current when 

evaluating the PMCI and comparing it to other power inductors. 

 The method of inductor core biasing using an extra winding with controllable current, as 

presented in [C10], can control the inductance values of the inductor under different operation 

states and achieve saturation current increase. However, the needed extra winding, power 

source/circuit, and fast controller to adjust the biasing leads to added size, weight, and power 

losses. On the other hand, The PMCI is able to double the saturation current or equivalently 

reduce the inductor size significantly without size increase and with negligible weight increase 

and power loss increase because of the PM. While the extra winding based inductor core biasing 

requires a high speed controller which controls the injected DC flux for the inductor 

instantaneously when load varies or during fast load transient (which increases its design 

complexity), the PMCI does not require control. The PMCI maintains all the advantages of using 

an inversely coupled power inductor (CPI) in a two-phase DC-DC power converter including 

high steady-state inductance to transient inductance ratio for higher power efficiency and 

reduced transient inductance to improve the transient performance while achieving smaller size 

and weight or higher saturation current. 

3.2 Concepts and Theoretical Analysis 

A. Structure and Operation Principle of PMCI 

 Fig. 3.2(a) illustrates the front view diagram of the conventional CPI with EE core 
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structure. There are three gaps in each inductor, i.e. central gap gc, left side gap g1 and right side 

gap g2. Using airgaps in a CPI core helps to 1) increase the saturation current as it is the case in 

single phase power inductors, and 2) tune the coupling factor between the two phases because 

coupling factor is dependent on the dimensions of airgaps in the central leg and the side legs. A 

larger central leg airgap and smaller side leg airgaps lead to a larger coupling factor magnitude, 

and vice versa. The per-phase input currents IDC1 and IDC2 and their directions are marked in Fig. 

3.2(a) (shown on each of the side legs of the core). The fluxes generated by winding1 and 

winding2 are represented by the dashed arrowed green line and dotted arrowed orange line, 

respectively. Fig. 3.2(a) shows that the fluxes of winding1 and winding2 partially cancel with 

each other in two side legs, resulting in inverse coupling between two phases of a CPI and 

contributes to the size reduction of the CPI. Fig. 3.2(a) also shows that part of fluxes of winding1 

and winding2 superimpose in the central core leg, leading to the saturation of the CPI core when 

per phase winding current reaches to a certain level, which is referred to as saturation current. If 

a DC magnetic flux source is added in the central leg of the CPI such that winding fluxes can be 

partially/fully canceled, then the saturation current of the CPI can be increased. A piece of PM is 

able to provide the required DC magnetic flux source.  

 By placing a small piece of PM in the central gap of the CPI, a PMCI is obtained as 

illustrated in Fig. 3.2(b). The PM needs to have properties as will be described in Section 3.2.C. 

The dash-dotted arrowed white line denotes the flux path generated by the PM. The PM needs to 

be placed in the correct polarities such that its flux loops and winding flux loops are in opposite 

directions. As a result, the winding fluxes and the PM flux partially or completely cancel out, 

resulting in a significant increase in the saturation current compared to the CPI. When the PMCI 

is well designed, its saturation current can potentially be doubled compared to a conventional 
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CPI. Due to the PM flux cancellation effect in addition to the windings’ flux cancellations, PMCI 

can achieve more size reduction compared with CPI. 

 

(a) CPI                                                   (b) PMCI 

Figure. 3.2:  Schematic diagram of core structure and DC flux lines in (a) CPI and (b) PMCI 
core (front view). 
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 Fig. 3.3 illustrates the operation range of CPI core and PMCI core on their BH curves, 

where hysteresis characteristics for the magnetic core material are neglected in this principle 

analysis. Same core material is used in the CPI and the PMCI for fair comparison. It is known 

that the magnetic flux density B = µ·H, where µ is magnetic permeability of the material and H is 

the applied magnetic field. H is directly proportional to the per phase winding current. Bsat is the 

saturation flux density of the magnetic core material, Hsat is the corresponding magnetic field and 

Isat is the corresponding saturation current. In Fig. 3.3, a series of points including P0, P1, Psat, 

P0ꞌ , P1ꞌ , P2, P3 and Psatꞌ  denote the operation points of the CPI and the PMCI for different 

IDC values including I0, I1, Isat, I3 and Isatꞌ . When IDC = I0 = 0, CPI core operates at P0 with 

zero flux density while PMCI core operating at P0ꞌ  with flux density value of -Bsat because the 

PM flux exists. This means that the PMCI core is pre-biased by using the PM to its -Bsat point 

when the input current is zero. When IDC = Isat, CPI core operates at Psat and starts to saturate 

while PMCI core operating at P2 with zero net flux density. The zero net flux density is resulted 

from the flux cancellation between the winding fluxes and the PM flux because they are in 

opposite directions as illustrated in Fig 3.2(b). When IDC = Isatꞌ  = 2 × Isat, CPI core is 

deeply/highly saturated while PMCI core is just starting to saturate. It can be observed from Fig. 

3.3 that the operation range of the CPI core is limited in the first quadrant on the BH curve, while 

the PMCI core extends its operation range into the third quadrant because of the PM flux 

cancellation effect. As a result, the PMCI core has twice the operation range compared with the 

CPI core. This results in the effect of saturation current doubling, i.e. Isat_PMCI = 2 × Isat_CPI, 

which is further analyzed in the next part of this section based on the magnetic circuit model and 

is verified by using ANSYS®/Maxwell® 3D physical model simulation results as shown in 

section 3.3 and the experimental results presented in section 3.4.  
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Figure 3.4: Magnetic circuit models of the PMCI: (a) complex model and (b) simplified model. 

B. Magnetic Circuit Model Analysis 

 The magnetic circuit model for the presented PMCI illustrated in Fig. 3.2(b) is shown in 

Fig. 3.4. In the complex model shown in Fig. 3.4(a), R11, R12, R13, R14, R21, R22, R23, R24, Rc1 and 

Rc2 are reluctances of magnetic core legs. Rl1, Rl2, Rlc, Rlc1, Rlc2, Rlc3 and Rlc4 are leakage 
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reluctances. Rg1, Rg2 and Rgc are reluctances of air gaps. Rf1, Rf2 and Rfc are fringe reluctances of 

three gaps. Calculations of fringe reluctances and leakage reluctances of the power inductors are 

discussed in [C6]. Fig. 3.4(a) can be simplified as shown in Fig. 3.4(b). ξ1 =N1I1 and ξ2 = N2I2 

are magnatomotive force (MMF) of winding1 and winding2, respectively. Φ is the magnetic flux 

and N is the number of winding turns. ξpm is the MMF of the PM. Rlc1, Rlc2, Rlc3 and Rlc4 are much 

larger than the other reluctance values and can be treated as if they each is equal to infinity. The 

rest of the reluctances are grouped into R1, R2, and Rc as given by (3.3.1).  

1 11 12 13 1 1 1 14

2 21 22 23 2 2 2 24

1 2

( ( || )) ||
( ( || )) ||

( || || )
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c c c gc fc lc

R R R R R R R R
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ì = + + + +
ï = + + + +í
ï = + +î

                                        (3.3.1) 

 Reluctance values are determined by (3.3.2), where le and Ae are the effective length and 

effective cross section area of the magnetic flux path, respectively. µe = µrµo is the effective 

permeability, µr is relative permeability and µo is the vacuum permeability.  

e e

e e r o e

l lR
A Aµ µ µ

= =                                                            (3.3.2)  

 Inductance can be calculated from L = λ/i = N2/R, where λ is flux linkage [C11]. Self-

inductance (Ls) for each phase is determined next. When winding1 exists alone, i.e. ξpm and ξ2 

are shorted, the equivalent reluctance Req1 is calculated as given by (3.4.1). When winding2 

exists alone, i.e. ξpm and ξ1 are shorted, the equivalent reluctance Req2 is calculated as given by 

(3.4.2).  

                                               (3.4.1) 

                                              (3.4.2) 
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 Symmetrical structure for CPI is widely used in multi-phase power converters [C1-C9] 

and thus is further discussed in this chapter. In a symmetrical structure, N1 = N2 = N and R1 = R2 

= R. Accordingly, Req1  and Req2 are simplified as given by (3.5).  

1 2
(2 )c

eq eq eq
c

R R RR R R
R R

+
= = =

+
                                                           (3.5) 

 Self-inductances for phase1 and phase2 can then be determined from (3.6). When 

compared to the CPI, the side leg reluctances R1 and R2 of the PMCI remain unchanged. 

However, Rgc is affected by the PM. The permeability of the PM material (the relative 

permeability of NdFeB magnet is ~1.05) is only slightly higher than the permeability of the air. 

This means that the Rc value of the CPI and the Rc value of the PMCI are almost the same, but Rc 

is slightly higher for the PMCI because of the PM. As a result, the self-inductance values of the 

CPI and the PMCI are almost equal but the PMCI has slightly larger inductance as a result of 

placing the PM in the central leg gap of the PMCI core. 

22

1 2
( )
(2 )

c
S S S

eq c

N R RNL L L
R R R R

+
= = = =

+
                                                   (3.6) 

 Mutual inductance can be calculated from (3.7) [C11].  

1 12 2 21
12 21

2 1

N NM M M
I I
F F

= = = =                                                    (3.7) 

 Where Φ12 is the magnetic flux generated by I2 that passes through winding1, and Φ21 is 

the magnetic flux generated by I1 that passes through winding2. From Fig. 3.4(b), Φ12 and Φ21 

are derived as given by (3.8).  

12 21 R (2 )
c c

eq c c

R RNI NI
R R R R R

F =F = =
+ +

                                           (3.8) 

 Based on (3.7) and (3.8), mutual inductance is derived as in (3.9). The negative sign in 
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(3.9) comes from the inverse coupling between phase1 and phase2. 

2

12 21 (2 )
c

c

N RM M M
R R R

= = = -
+

                                                         (3.9) 

     The coupling factor (α) of the PMCI is derived as in (3.10).  

c

s c

RM
L R R

a = = -
+

                                                                (3.10) 

 It can be observed from (3.9) and (3.10) that the mutual inductance and coupling factor 

values of CPI and PMCI are also the same. In order to derive the saturation current of CPI and 

PMCI, Fig. 3.4(b) is transformed into Fig. 3.5. By using Kirchhoff's Voltage Law (KVL), (3.11) 

can be derived from circuit models shown in Fig. 3.5. 

R/2

RcΦCPI

NiCPI ξpm

R/2 RcΦPMCI

NiPMCI

ΦPM

 

                                          (a)                                                         (b) 

Figure 3.5: Transformed magnetic circuit model of (a) CPI and (b) PMCI. 

    ( )
2CPI CPI c
RNi R=F +                                                       (3.11.1) 

( )( )
2PMCI pm PMCI PM c
RNi Rx- = F -F +                                        (3.11.2) 

 For the CPI and PMCI cores with effective cross section area of Ae, the total flux in the 

ferrite core is Φ = B·Ae, where B is the flux density in the magnetic core. Per phase saturation 
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current of the CPI and PMCI are derived as in (3.12), where Bsat is the saturation flux density of 

the power inductor core material.  

_

( )
2sat e c

sat CPI

RB A R
I

N

+
=                                                      (3.12.1) 

_

( )
2sat e c pm

sat PMCI

RB A R
I

N

x+ +
=                                             (3.12.2)  

 In the PMCI design, ξpm has to satisfy 0 < ξpm ≤ N·Isat_CPI to ensure the magnetic core is 

not saturated by the PM itself when winding current is zero. When ξpm = N·Isat_CPI, (3.12.2) can 

be rewritten as (3.13), which shows that the per phase saturation current of the PMCI can be 

twice as large as the saturation current of the CPI with same windings and same magnetic core 

(indicating the same inductance, same size and same weight).  

_ _ _

( )
2 2

sat e c

sat PMCI sat CPI sat CPI

RB A R
I I I

N

+
= + = ×                                       (3.13) 

C. Permanent Magnet Design for PMCI 

 In the PMCI design, PM design is a critical step in order to achieve the saturation current 

doubling without reducing the inductance value. The PM used in the PMCI should have a BH 

characteristic with a wide hysteresis loop as shown in Fig. 3.6. The intrinsic curve represents the 

intrinsic magnetization 4πM (in Gaussian units) as a function of applied magnetic field (H). The 

normal curve represents B as a function of H. B=µ·H=µo·µr·H and B=H+4πM (in Gaussian units) 

[C12]. Br is the residual flux density, Hc is coercivity (the reverse field which will reduce B to 

zero) and Hci is intrinsic coercivity (the reverse field required to reduce 4πM to zero). For PM 

materials, demagnetization occurs when a sufficient reverse H field is applied across the PM. 

When the operation point of the PM is driven to the left part (nonlinear part) of the “knee” point 
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on BH curve as shown in Fig. 3.6, the PM material will start to be irreversibly demagnetized. To 

avoid such demagnetization under any operation condition of PMCI, PM materials with 

sufficiently high Hci and Hknee values are needed. Usable/safe operation range of the PM for the 

PMCI design is marked on both the normal curve and intrinsic curve. 

B

Intrinsic Curve

Normal Curve

Knee
Br

Hci

Hc

Hknee

-Br

4πM

H

Usable Range 
for PMCI 

 

Figure 3.6: Magnetic hysteresis loop of the PM 

 

 Similar with PM dimension design for the single phase permanent magnet power inductor 

as detailed in Chapter 2, dimensions of PM to be used for PMCI design can be determined based 

on the equivalent energy stored in the magnetic core and energy “supplied” by the PM. 

Maximum magnetic energy produced by a PM in the external space (EPM) is determined by 

(3.14) [C12].  

max( )
2PM PM

BHE V=                                                         (3.14) 

 Where (BH)max and VPM represents maximum energy product and volume of the PM, 

respectively. The maximum magnetic energy stored in the CPI/PMCI core (Ecore) is determined 

by (3.15) [C11]. 
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sat

core e
e

BE V
µ

=                                                               (3.15) 

 Where, µe and Ve are the effective permeability and effective volume of gapped magnetic 

core for each phase, respectively.  To ensure the ferrite core is not saturated by the PM itself, the 

relationship EPM ≤ Ecore has to be satisfied. Let Ecore = EPM, then the volume of PM is derived as 

in (3.16) and the dimensions of the PM can be determined accordingly. When EPM = Ecore, 

maximum amount of flux cancellation can be achieved and saturation current can theoretically 

be doubled without saturating the inductor core by the PM itself. When EPM < Ecore, flux 

cancellation effect still exist but the potential of the PM in increasing the saturation current of the 

power inductor is not maximized. In other words, if EPM < Ecore, the saturation current increase 

would be less than double.  

2

max( )
sat e

PM
eff

B VV
BHµ

=
×

                                                        (3.16) 

 Equation (3.16) shows that a higher (BH)max results in lower volume of PM, which 

contributes to smaller weight and lower cost. Based on requirements for high Hci, Hknee and large 

(BH)max values, NdFeB magnet is used in this work. The main characteristics of fabricated 

NdFeB-N35EH magnet at 300 K (≈26.8 ̊C) are listed in Table 3.1. 

 

Table 3.1. The Characteristics of The PM 

Parameter Value Parameter Value 

PM type NdFeB-N35EH Hknee 1989 kA/m 

(BH)max 188 kJ/m3 Br 1.06 T 

Hc 574.8 kA/m Mass density 7.5 g/cm3 

Hci 2244.8 kA/m Resistivity ρPM 180 µΩ·cm 
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D. Design procedures of PMCI 

 
                                    (a)                                                       (c) 

Figure 3.7: Design procedures of PMCI. 

Step 3.1: Select CPI core material, shape 
and size based on the CPI specs and 

converter switching frequency, dimension 
limitations, EMI and efficiency etc.

Step 7: Test PMCI in targeted power 
converter circuit

Step 3: Conventional CPI design (Fig. 7b)

Step 4:
CPI specs satisfied?

Step 1: Based on converter specs, 
calculate L_PMCI and Isat_PMCI

Step 2: Calculate corresponding CPI specs
L_CPI = L_PMCI 

Isat_CPI = ½× Isat_PMCI 

Start

NO

YES

Step 5: Design PM and get initial 
prototype of PMCI (Fig. 7c)

Step 6:
Get targeted Isat_PMCI ?

NO

YES

Step 8: Evaluate the PMCI performance 
parameters including L_PMCI, Isat_PMCI, 
efficiency, power losses, temperature 

rises and/or radiated EMI

Step 9:
Get targeted PMCI ?

NO

YES

End

Step 3.2: Determines the number of 
winding turns and wire size

Step 3.3: Tune airgap if necessary to 
get targeted L, α and Isat_PI.

Step 3.4: Test CPI in targeted power 
converter circuit.

Step 5.1: Select PM material based on 
the Hci, Hknee, Br and (BH)max 

Step 5.2: Determine the dimensions of 
PM based on equation (16). 

Step 5.3: Place the PM in the airgap of 
CPI with correct polarity to get PMCI

Step 5.4: Check the demagnetization of 
PM when maximum possible current is 

injected to PMCI winding.

Step 5.5:
Is PM demagnetized ?

NO

YES

Step 5.6: Get an initial prototype 
for PMCI

(b)
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 Fig. 3.7(a) illustrates the design procedures for PMCI. Sub-steps for CPI design and 

PMCI design are illustrated in Fig. 3.7(b) and Fig. 3.7(c), respectively. Note that both CPI design 

process and PMCI design process are multi-step iterative design processes, as it is the case for 

single-phase power inductor design [C11]. 

 

Table 3.2. Dimensions of PMCI Core 

Parameter Value Parameter Value 

he 8.2 mm hw 5.7 mm 

wi 11.3 mm wo 16 mm 

wc 4.7 mm tc 4.7mm 

g1=g2=gc 0.34 mm PM 4mm×4mm×0.3mm 

PM
N
S

wo

wi

wc he

hw

Winding1

Winding2
g1 gC g2

I1_in

I2_in
I1_out

I2_out

 

Figure 3.8: 3-D physical model and design parameters of the PMCI 

 

3.3 3-D Physical Model Simulation of PMCI 

 The 3-D physical model developed in ANSYS®/Maxwell® for the PMCI design is 

shown in Fig. 3.8 and core dimensions are listed in table 3.2. The CPI and PMCI use the same 

EE shaped ferrite core E 16/8/5 (EF 16) [C13] from TDK and the ferrite material is N87 (Bsat is 

~0.45 T at 25  ̊C, resistivity is 10 Ωm and density is ~4850 kg/m3) [C14]. Both winding1 and 
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winding2 have 8.5 turns of copper wire. The core shape, size and windings are predetermined 

based on an example boost converter application which will be presented in the next section. 

Based on the datasheet specifications, effective quantities of the PMCI core are calculated as 

µeff= ~72.1·µo, Aeff = 10 mm2 and leff = 40.7 mm. The required VPM of NdFeB-N35EH magnet are 

calculated from (3.16) as VPM = 4.83 mm3. The thickness of the fabricated NdFeB-N35EH 

magnet is 0.3 mm, then the length and width of the PM can be calculated as ~ 4 mm. 

 

CPI 0 CPI 5A CPI 10A CPI 13A CPI 15A

PMCI 0 PMCI 5A PMCI 10A PMCI 13A PMCI 15A

PMCI 20A PMCI 24A PMCI 25A PMCI 30APMCI 22A  

(a) B field of CPI and PMCI under various DC current/phase (fixed scaling) 
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3D view

Cross-section view

Zoomed in view for PM
 

(b) H field of the PM when DC current of PMCI is 30A/phase (auto scaling) 

Figure 3.9: FEA simulation results. 

 

 Finite element analysis (FEA) results shown in Fig. 3.9(a) “visualize” the B field 

distribution of the CPI and PMCI cores when the DC input current increases from 0 to 30 

A/phase. For the CPI, the magnitude of B increases with the increase of the DC input current and 

B values start to approach Bsat = 0.45 T when the DC input current is 13 A/phase. Namely, the 

saturation current of the CPI Isat_CPI = 13 A/phase. For the PMCI, when the input current is 0, the 

ferrite core has significant amount of magnetic fluxes generated by PM but is not saturated by 

PM itself. When the input current increases from 0 to 30 A/phase, the net B value of PMCI first 

decreases to a very small value at 13 A/phase then gradually increases. The PMCI core starts to 

saturate when the input current is ~24 A/phase. The reason why the net flux reaches to its 

minimum at 13 A/phase is that the cancellation effect between the winding fluxes and PM flux as 

illustrated in part A of section 3.2. Simulation results show that saturation current of the PMCI 



 
 

70 
 
 

(~24 A/phase) is almost twice as large as the saturation current of the CPI (~13 A/phase) which is 

consistent with the derivation in (3.13). 

     Demagnetization of the PM is checked when 30 A/phase is applied to the PMCI and 

resulted H field distribution as illustrated in Fig. 3.9(b). As discussed in part C of section 3.2, PM 

operates in its safe range as long as the H field magnitude in the PM is less than the value of 

Hknee, which is 1989 kA/m for the NdFeB-N35EH used in PMCI design at 26.8 ̊C. Fig. 3.9(b) 

shows that the maximum H value of the PM is 1137 kA/m < Hknee = 1989 kA/m. The Hknee value 

is calculated based on the temperature coefficient of NdFeB-N35EH [C15] as 1375 kA/m when 

the PM operates at 100 ̊C, which is also larger than 1137 kA/m. This indicates that the PM used 

in the PMCI design operates in the safe range even when the input current is as high as 30 

A/phase and the temperature is up to 100  ̊C. The highest hypothetical temperature the fabricated 

NdFeB-N35EH is able to work safely at with 30 A/phase is calculated as 138 ̊C. 

16

16.34.5

20

205.65

CPI

PM (4× 4×0.3 = 4.8)mm3PMCI

27
.2

209.1

Core Volume (mm3):  1173.6                2260                         4950.4        

Big-CPI 2 PIs
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CPI

26

16.5

PM (4× 4×0.3 = 4.8)mm3PMCI

10.2

Big-CPI 2 PIs

30

20.5
11.5

19.2

13
.6

16

Unit: mm

Inductor Volume (mm3):  4375.8         7072.5                      8355.8      

 

 (b) 

Figure 3.10: Dimension specifications for (a) power inductor cores and (b) power inductors. 

 

Table 3.3. Comparisons of Fabricated Power Inductors 

 CPI PMCI Big-CPI 2 Separate PIs 
Core volume(mm3) 1173.6 1173.6 2260 4950.4 

Core volume reduction compared to 2 PIs (%) - 76.3% 54.3% - 
Core weight(g) 3.78 3.816 7.45 14.37 

Core weight reduction compared to 2 PIs (%) - 73.4% 48.2% - 
Total inductor volume (mm3) 4375.8 4375.8 7072.5 8355.8 

Total inductor weight (g) 13.41 13.45 15.761 24.6 
PM size (mm3) - 4×4×0.3 

=4.8 
- - 

PM weight(g) - 0.036 - - 
Self-Inductance Ls 

(µH/phase) 
3.2 3.3 3.2 4 

Coupling factor a - 0.29 - 0.29 - 0.29 0 
DCR(mΩ/phase) 

@ 25 ̊C 
3.14 3.14 2.93 2 

Equivalent steady state inductance LSS (µH/phase) 4.1 4.25 4.1 4.0 
Equivalent transient inductance Ltr (µH/phase) 2.3 2.3 2.3 4 

Saturation current (A/phase)* 13 24 18 22 
(*) Saturation current is defined as the inductor DC current with ~10% inductance drop 
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3.4 Proof of Concept Experimental Prototype Results 

 Fabricated inductors and their dimensions are shown in Fig. 3.10. The PMCI is fabricated 

by inserting the designed PM in the central gap of the CPI. The characteristics of the fabricated 

NdFeB-N35EH magnet for the PMCI are specified in Table 3.1 and its dimensions are calculated 

in section 3.3. A CPI that has bigger core but smaller saturation current compared with PMCI, 

referred to as Big-CPI, is used for size and weight comparison purpose. The side-leg gaps of 

CPI, PMCI and Big-CPI are filled with insulation tape, which has almost the same permeability 

value as the air. The central leg gap of CPI and Big-CPI is filled with air, and the central leg gap 

of the PMCI is filled with NdFeB magnet and air. Note that the value of the relative permeability 

of NdFeB magnet (~1.05) is very close to that of the air (~1).  

 Two parallel solid magnetic copper wires with the size of AWG 18 are used for power 

inductor windings. Detailed core dimensions and core material used are specified in section 3.3. 

Two separate PIs (SER2014-402ML) from Coilcraft [C16] are used for size and weight 

comparison purposes. A two-phase DC-DC boost power converter as illustrated in Fig. 3.1(c) is 

designed and fabricated in order to test and evaluate the PMCI. The fabricated converter’s input 

voltage Vin = 4 V,  switching frequency is 150 kHz, input capacitor (Cin) and output capacitor 

(Co) are 120 µF and 480 µF, respectively. Fig. 3.11 shows sample waveforms for the two-phase 

boost converter when input current is 10A. Since the measured waveforms when using the PMCI 

are experimentally verified to be the same as when using the CPI, only one group of waveforms 

are presented to avoid repetition of the same waveforms. Fig. 3.11(a) shows the waveforms 

measured for the phase node voltages and the inductor currents for phase1 (i1) and phase2 (i2) of 

the two-phase boost converter when D = 0.3, 0.5 and 0.7, respectively. Note that the shape and 

magnitude of inductor current ripples are affected by the duty cycle and they are the same for the 
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CPI and PMCI as expected. Fig. 3.11(b) shows the sum of two phase inductors i1 + i2. Note that 

ripple values of (i1 + i2) are affected by duty cycle. Fig. 3.11(c) shows the waveforms of (i1 - i2). 

Note that the DC values of (i1 - i2) are zero, because the currents of phase1 and phase2 are equal 

(balanced). The analysis and discussion in the rest of the chapter are based on the application 

example when the input voltage Vin = 4 V and the output voltage Vo = 8 V, i.e. D = 0.5. 

 

Phase1 7V/div

Phase2 7V/div

i1 2A/div

i2 2A/div
 

(a-1) D = 0.3                        (a-2) D = 0.5                      (a-3) D = 0.7 

i1+i2 4A/div

i1 2A/div

i2 2A/div
 

(b-1) D = 0.3                        (b-2) D = 0.5                      (b-3) D = 0.7 

i1-i2 4A/div

i1 2A/div

i2 2A/div
 

(c-1) D = 0.3                        (c-2) D = 0.5                      (c-3) D = 0.7 

Figure 3.11： Sample experimentally measured waveforms for phase node voltages and inductor 
currents (DC coupled) which are same for both the CPI and the PMCI. 
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 Some of the most important parameters and measured experimental results for the 

fabricated power inductors are summarized in table 3.3 for comparison. Results show that the 

sizes and inductance values of the PMCI and the CPI are the same, but the PMCI has almost 

double of the saturation current compared to the CPI (24 A/phase compared to 13 A/phase). The 

PMCI has slightly larger inductance and higher saturation current compared to Big-CPI (18 

A/phase), and achieves 48.1% core size reduction and 48.8% core weight reduction. The addition 

of the PM does not cause any size increase because it is placed in the airgap. The weight of the 

PM (36 mg) is 0.95% of the weight of the PMCI ferrite core, which means that the total weight 

increase of the PMCI due to the addition of the NdFeB-N35EH magnet is negligible. Compared 

to two separate PIs, the PMCI achieves 76.3% core size reduction and 73.4% core weight 

reduction. Detailed performance evaluations and comparisons are presented in the following sub-

sections. 

CPI @ 10 A/phase 1 A/div

CPI @ 20 A/phase 3 A/div

PMCI @ 10 A/phase 1 A/div

PMCI @ 20 A/phase 1 A/div

Saturation

 

Figure 3.12: Measured current waveforms for CPI and PMCI when power inductor current 
values are 10 A/phase and 20 A/phase (AC coupled). 
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Figure 3.13: Inductance values as a function of per phase power inductor current. 

 

A. Inductance and Saturation Current Measurements 

 The current value at which the inductor starts to saturate is identified when the inductance 

value drops by ~10%. The per phase equivalent steady state inductance LSS is determined based 

on (3.2.1). The measured power inductor current waveform samples are shown in Fig. 3.12. The 

waveform shapes are similar with the case that two separate inductors are used because duty 

cycle in this example application is 0.5, as illustrated in Fig. 3.1(d)-(f). It can be observed that 

when inductor is saturated, Δi is larger and the current waveform becomes nonlinear. The 

inductance values at different power inductor current values (from 1 A to 25 A/phase) are 

calculated from the experimentally measured waveforms and are plotted in Fig. 3.13. The CPI 

has nearly constant inductance value of ~4.1 µH/phase when current is less than its saturation 

current value 13 A/phase. The PMCI has nearly constant inductance value of ~4.25 µH/phase 
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when current is less than its saturation value 24 A/phase. This verifies magnetic circuit model 

analysis and 3-D physical model simulation results for saturation current doubling. The Big-CPI 

has nearly constant inductance value of ~4.1 µH/phase before starting to saturate at 18 A/phase. 

The single phase PI has nearly constant inductance value of ~4.0 µH before starting saturation at 

22A. 

 During load transient, voltage overshoot or undershoot are suppressed by controller 

through varying the duty cycles dynamically. Because test results have shown that steady state 

operation waveforms are the same in the case of CPI and PMCI with various duty cycles, 

transient waveforms will also be the same. In other words, equivalent transient inductance will 

be the same for CPI and PMCI as also supported by (3.2.2). Using (3.2.2), the calculated results 

are listed in table 3.3. Results show that the CPI, PMCI and Big-CPI have the same Ltr value 

(~2.9 µH), which is smaller than the Ltr value of the single phase PI (4 µH). As a result, a power 

converter that uses a CPI, PMCI or Big-CPI will have the same transient performance and will 

be better than when using two separate PIs.  

 

PMCI @ 10 A/phase PMCI @ 20 A/phase CPI @ 10 A/phase CPI @ 20 A/phase  

(a) 
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(b) 

Figure 3.14: (a) Temperature distribution images and (b) temperature as a function of per phase 
inductor current. 

B. Thermal Characteristics And Power Inductor Losses 

 Temperature rise values for the power inductors at different current values are measured 

using FLIR T-62101 thermal imaging camera. Sample temperature distribution images of the 

CPI and PMCI are shown in Fig. 3.14(a). Based on the temperature measurement results, curves 

for the temperature rise as a function of per-phase inductor current are plotted, as shown in Fig. 

3.14(b). It can be observed that the temperature increases with the increase of current for all 

power inductors, as expected. When inductor current is less than the saturation current of CPI 

(13 A/phase), all three inductors have similar temperature rise values but the temperature of 

PMCI (TPMCI) is slightly higher than temperatures of the CPI (TCPI) and Big-CPI (TBig-CPI). For 

example, at 10 A/phase, TPMCI = 36.4 C̊, TCPI = 35.3 C̊ and TBig-CPI = 33.8 C̊. This is because eddy 

current loss of the NdFeB-N35EH magnet contributes to the temperature rise of PMCI due to its 
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small resistivity (ρPM = 180 µΩ·cm). Meanwhile, there exists large DC bias in the B field of the 

PMCI core when inductor current is small because of the PM, as illustrated in Fig. 3.9(a). As a 

result, the core loss of the PMCI at small inductor current will be slightly increased, which also 

contributes to higher TPMCI values. When inductor current is larger than 13 A/phase and smaller 

than the saturation current of the Big-CPI (18 A/phase), the TBig-CPI has the smallest values 

because of its big size. TCPI is larger than TPMCI because the saturation of CPI core contributes to 

larger inductor current ripple and higher core and winding losses. When inductor current is larger 

than 18 A/phase, both TCPI and TBig-CPI have larger values than TPMCI. This is because both CPI 

and Big-CPI cores are saturated but PM cancels the magnetic flux in PMCI core and helps to 

reduce the core and winding losses. For example, at 20 A/phase, TPMCI = 61 C̊, TCPI = 74.4 C̊ and 

TBig-CPI = 63 ̊C. 
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Figure 3.15: Power inductor DC losses as a function of per phase inductor current. 
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 Temperature rise values shown in Fig. 3.14(b) are good indication for total power 

inductor losses. It is also interesting to know the DC power losses (PDC) of different power 

inductors. DC winding resistance (DCR) of different power inductors at 25 ̊C are measured and 

are listed in table 3.3. The temperature (T) dependent DCR per phase can be determined from the 

equation DCR=DCRo·(1+α·(T-To)), where DCRo is the DCR at temperature To, α is the 

temperature coefficient of the resistance and for copper it is equal to 3.93×10-3/ ̊C. PDC values are 

calculated from (3.17) and plotted in Fig. 3.15.  

2 2
_1 _2( )( (1 ( )))DC rms rms o oP I I DCR T Ta= + + -                                    (3.17) 

 Where, Irms_1 and Irms_1 are measured RMS (Root-Mean-Square) values of power inductor 

current per phase. Fig. 3.15 shows that PDC values of all power inductors increase with the 

increase of inductor current. The Big-CPI has the smallest PDC because it has the shorter winding 

and smaller DCR than that of CPI and PMCI. The CPI and the PMCI have similar PDC values 

before saturation of the CPI. When inductor current is larger than 13 A, namely after saturation 

of CPI, the PMCI has smaller PDC values, which is also supported by temperature rise values 

shown in Fig. 3.14. 
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Figure 3.16: Two-Phase boost converter efficiencies (considering driver losses) as a function of 
load current. 

C. Total Power Converter Efficiency 

 Two-phase boost power converter efficiencies are measured when using PMCI and CPI. 

Efficiencies are determined by using (3.18) and measured efficiencies are plotted as a function of 

input current, as shown in Fig. 3.16.  

            𝜂 = +,
+-./+01-231

= 4,∙6,
4-.∙6-./401-231∙601-231

                                          (3.18) 

 Where Vin is the input voltage measured at two terminals of input capacitor, Iin is the 

input current measured through the constant power source/supply, Vo is the output voltage 

measured across the two terminals of output capacitor (which is maintained at fixed value by 

slightly adjusting the duty cycle), and Io is the output current measured from the DC electronic 

load used in the experiment. Vdriver and Idriver are voltage and current of the gate drivers, 

respectively. Note that the converter input current is two times of the per phase power inductor 

current. Results show that power converter achieves ~ 99% peak efficiency with all three 
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coupled power inductors. The power converter with CPI and power converter with PMCI have 

similar η values before saturation of the CPI. When converter input current is larger than 26 A, 

namely after saturation of CPI, the converter with PMCI starts to have higher efficiency. During 

light load conditions, i.e. when the converter input current is smaller than 6 A, the efficiency of 

the converter with PMCI is less than 1% lower than the efficiency with CPI due to the PM loss 

and larger PMCI losses because the PM contributes to larger DC bias of the B field, as explained 

in part B of this section. Power converter with Big-CPI has the highest efficiency when input 

current is less than 46 A. When input current further increases, Big-CPI is largely saturated and 

power converter with PMCI starts to have highest efficiency. Efficiency results also agree with 

temperature rise results shown in Fig. 3.14. 

3.5 Summary 

 The presented PMCI is fabricated based on the guidelines derived from the developed 

magnetic circuit model and PM characteristics. Experimental results show that the PMCI almost 

doubles the saturation current compared to the CPI (from 13 A/phase to 24 A/phase) with the 

same size, weight and the same inductance. PMCI also achieves 48.1% core size reduction and 

48.8% core weight reduction compared to the Big-CPI with the same inductance but with a 

smaller saturation current (~18 A/phase). In addition, PMCI achieves ~76.3% core size and 

~73.4% core weight reductions compared to two separate single phase PIs with the same steady 

state inductance and similar saturation current, thanks to the dual flux cancelation effect from the 

coupling and PM realized by the presented power inductor structure.  

     It should be noted that the presented PMCI is suitable for unidirectional power converters 

with unidirectional power flow, and is not suitable or intended for bidirectional power converters 

with bidirectional power flow. This is because in order for the design to double the saturation 
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current, the flux density of the PMCI core is designed to be near the saturation flux density value 

when the current is zero. If the current flows in the opposite/negative direction, it will drive the 

PMCI core to saturation. 
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CHAPTER 4 

TWO-COIL RECONFIGURABLE WPT SYSTEM  

4.1 Introduction 

 This chapter first compares two-coil and four-coil configurations for midrange magnetic 

resonance coupled wireless power transfer (MRC-WPT) systems based on the simplified circuit 

model and 3-D physical model simulations, then presents a two-coil reconfigurable WPT system 

topology in order to optimize transmission efficiency under different transmission distance (DIS) 

and lateral misalignment (MIS) conditions. The adaptively reconfigurable WPT system includes 

only one Tx coil and one Rx coil. Adaptive switches at Tx side and/or Rx side can switch among 

different circuit configurations (which include different values of series and shunt capacitors) to 

yield a higher transmission efficiency under various DIS and MIS conditions. 

 In the next section, physical model simulation results show that the four-coil system 

achieves longer transmission distance and larger misalignment tolerance with relatively lower 

efficiency at close distance compared to the two-coil system. Section 4.3 presents the two-coil 

reconfigurable system. Section 4.4 presents proof of concept experimental results. Section 4.5 

gives a summary for this chapter. 



 
 

84 
 
 

RF amplifier & 
Source Circuit Load

Tx Coil Rx Coil

DIS  

(a) 

Drive Loop Load Loop

Load

Tx Coil Rx Coil

RF amplifier & 
Source Circuit

DIS  

(b) 

Figure 4.1: MRC-WPT system with spiral structures: (a) two-coil system and (b) four-coil system 
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4.2 Range and Misalignment Tolerance Comparisons between Two-coil and Four-coil 
Wireless Power Transfer Systems 

 Two-coil and four-coil configurations are used in MRC-WPT systems [D1-D13]. As 

illustrated in Fig. 4.1(a), the two-coil configuration connects the power source and the load to the 

Tx and the Rx directly. This is unlike the case in the four-coil configurations where Tx and Rx 

are magnetically coupled to the extra drive loop and load loop that are connected to the power 

source and the load respectively as illustrated in Fig. 4.1(b). The Tx and the Rx are usually multi-

turn spiral shape or helix shape copper coils. The Tx and Rx parameters such as coil diameter, 

number of turns, wire radius and gap between neighboring turns can vary for different 

applications based on system requirements. The drive loop and the load loop are usually single 

copper loop each.  

A. Circuit Model Extraction and Analysis of Four-coil and Two-coil MRC-WPT Systems 

 In this section, a simplified circuit model parameters of the four-coil and the two-coil 

MRC-WPT systems are first extracted from 3-D physical models then the circuit models are 

analyzed. No external capacitors are connected to the physical models. That is to say, all 

capacitances appeared in circuit models are parasitic capacitances of WPT coils. The footnote “-2” 

in the rest of the chapter is used to differentiate the variables of two-coil systems from the 

variables of four-coil systems. 

 In a two-coil system, when the port is connected to the spiral coil in the way shown in Fig. 

4.2(a) and the two ends are open, referring to the open-ended coil, equivalent circuit of coil can 

then be extracted and is shown in Fig. 4.2(b). In this RLC circuit, L2 is the self-inductance of the 

coil, C2 is the parasitic capacitance of the coil and R2 is the parasitic resistance of the coil. When 

a driving source is connected to the port, series resonance occurs when the source frequency 
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satisfies (4.1). The simplified circuit model of a two-coil MRC-WPT system (Fig. 4.1a) is shown 

in Fig. 4.2(c). Both the source impedance (Rs-2) and load impedance (RL-2) are fixed at 50Ω. kTR-2 

is the coupling coefficient between the Tx coil and Rx coil, which is calculated from (4.2). In the 

case of two-coil system, kij=kTR-2, Li=LT-2 is the self-inductance of Tx, Lj=LR-2 is the self-

inductance of Rx and Mij=MTR is the mutual inductance between Tx and Rx coils.  

 In a four-coil system, the port is connected to the drive/load loop as shown in Fig. 4.3(a) 

and two ends of Tx/Rx coil are also open. The corresponding equivalent circuit for Fig. 4.3(a) is 

shown in Fig. 4.3(b). Where the footnote “l” represents drive/load loop and the footnote “-c” 

represents Tx/Rx coil. The open-ended coil is modeled as a RLC series resonator. The self-

resonance frequency of the coil is also determined by (4.1). The loop is modeled as an inductor 

Ll in series with a parasitic resistor Rlp and without considering the parasitic capacitance because 

the parasitic capacitance values are negligible. The loop and coil are magnetically coupled with a 

coupling coefficient of klc, which is determined by (4.2). The simplified circuit model of the 

four-coil MRC-WPT system (Fig. 4.1b) is shown in Fig. 4.3(c). Similar to the two-coil system, 

both the source impedance (Rs) and the load impedance (RL) are fixed at 50Ω. kTR is the coupling 

coefficient between the Tx coil and the Rx coil. kDT is the coupling coefficient between the drive 

loop and Tx coil. kRL is the coupling coefficient between the Rx coil and the load loop. For 

simplicity, the cross couplings (Drive loop-to-Rx coupling, Drive loop-to-Load loop coupling 

and Tx–to-Load loop coupling) are ignored because their influences on system transmission 

efficiency are negligible and only symmetrical systems are analyzed for both two-coil and four-

coil systems. 

1
2of LCp

=                                                              (4.1) 



 
 

87 
 
 

ij
ij

i j

M
k

L L
=                                                                 (4.2) 

Port
Open-ended

Tx/Rx Coil

 

(a) 

C2L2R2

Port

 

(b) 

RpT-2

CT-2
LT-2

RpR-2

CR-2

LR-2

VS-2

RS-2

RL-2

Tx Coil Rx Coil

kTR-2
 

(c) 

Figure 4.2: (a) Physical model of the open-ended Tx/Rx coil, (b) circuit model of the open-ended 
Tx/Rx coil and (c) circuit model for the two-coil MRC-WPT system 
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Figure 4.3: (a) Physical model of the drive-loop/load-loop and Tx/Rx coil, (b) circuit model of 
the drive-loop/load-loop and Tx/Rx coil, (c) circuit model of the four-coil MRC-WPT system 
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Table 4.1: Circuit model parameters 

Parameters Values 
2-coil fo of Tx/Rx 10.28 MHz 
4-coil fo of Tx/Rx 10.25MHz 

RS = RL = Ro 50 Ω 
LT = LR =Lcoil 39.4 µH 

2-coil CT-2 = CR-2 = Ccoil-2 6.09 pF 
4-coil CT = CR = Ccoil 6.13 pF 

RpT = RpR = Rcoil 1.5 Ω 
2-coil Qcoil-2 (*) 1718 
4-coil Qcoil    (*) 49 
LD = LL = Lloop 0.58 µH 
RD = RL = Rloop 0.1 Ω 
kDT = kRL = klc 0.15 

kTR Fig. 4.4 
*Calculated from (4.3) 
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Figure. 4.4: kTR as a function of DIS between Tx and Rx 
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 Circuit model parameters of both two-coil and four-coil systems are shown in Fig. 4.1 

(physical model parameters are given in the next section) are extracted from ANSYS® HFSS® 

and ANSYS® Maxwell® 3-D physical model. Extracted parameters are summarized in Table 

4.1, where quality factors are calculated from (4.3). The value of kTR as a function of distance 

(DIS) is plotted in Fig. 4.4. It can be observed that kTR is inversely proportional to the DIS. 

 1 1 o

o

LLQ
R C RC R

w
w

= = =                                                 (4.3) 

 Transmission efficiency (η) of MRC-WPT system can be evaluated by using scattering 

parameter (S21) as given by (4.4) and (4.5) [D6-D10]. In a MRC-WPT system, critical coupling 

coefficient (kcritical) [D6-D10] represents the smallest kTR value where nearly constant maximum 

transmission efficiency (ηcritical) can be maintained. Usually, the smaller the kcritical is, the longer 

DIS the system can achieve. The values of kcritical-2 and ηcritical-2 of the two-coil system are derived 

as in (4.6) and (4.7), respectively [D8-D9]. The values of kcritical and ηcritical of the four-coil 

system, only for the case when external capacitors are used in the drive loop and load loop, are 

derived in [D6, D8-D9]. Using similar derivation techniques as those used in [D6, D8-D9], the 

values of kcritical and ηcritical of four-coil system when no external capacitors are used are derived in 

this chapter as given by (4.8) and (4.9), respectively. In (4.8) and (4.9), Zloop is the impedance of 

drive/load loop and is defined as given by (4.10). It can be observed from (4.6) through (4.9) that 

larger quality factor results in smaller kcritical and larger ηcritical. This means that larger quality 

factor, as expected, is advantageous in achieving longer transmission distance at higher 

transmission efficiencies.   

 Using the extracted circuit model parameters given in Table 4.1 and (4.6) through (4.9), 

the values of kcritical and ηcritical for both two-coil and four-coil systems are calculated and 
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summarized in Table 4.2. It can be observed from Table 4.2 that four-coil system has smaller 

kcritical value (0.014) and smaller ηcritical value (92.3%) compared with two-coil system. Therefore, 

four-coil system is able to transmit for longer DIS but efficiency is ~2% smaller within short 

distance range. The value of kcritical for two-coil system and four-coil system are marked in Fig. 

4.4, from which the corresponding transmission distance values (DIScritical) are predicted. These 

predicted values from circuit model analysis are compared with the 3-D physical model 

simulation results in the next section.  
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Table 4.2: Comparison between four-coil and two-coil WPT systems 

 Four-coil system Two-coil system 

Qcoil 1718 49 

kcritical 0.014  0.02 

|S21|critical 0.96  0.97 

ηcritical 92.3% 94.1% 

DIScritical ~0.4m ~0.5m 

 

B. ANSYS®/HFSS® 3-D Physical Modeling and Simulation Results  

 In this section, design examples of two-coil and four-coil MRC-WPT systems are 

compared based on ANSYS® HFSS® 3-D physical model simulations using finite element 

analysis (FEA) method. FEA methods are widely used for magnetic component simulations [D7-

D12]. The physical model parameters are given in Fig. 4.5 and Table 4.3. Two-coil system and 

four-coil system have the same size of Tx/Rx coils.  
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Figure. 4.5: Parameter specifications of MRC-WPT system 
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Talbe 4.3: Physical model parameters for MRC-WPT system 

Parameter Values Parameter Values 
Coil structure Spiral Pitch 10mm 
Wire material copper rcoil 1.3mm 

RS, RL 50 Ω rloop 1.3mm 
Coil turns (Ncoil) 10 dlc 70mm 

Dcoil 400mm DIS 0-1000mm 
Dloop 180mm MIS 0-400mm 

 

 In perfectly aligned MRC-WPT systems, the lateral misalignment value is MIS = 0. 

Frequency responses of two-coil system and four-coil system at selected distances are illustrated 

in Fig. 4.6(a) and Fig. 4.6(b) respectively. When the system is positioned in the over-coupled 

region, where kTR > kcritical, frequency splitting can be clearly observed. In MRC-WPT systems, 

nearly constant transmission efficiency can be maintained as long as frequency splitting exists 

[D6-D9]. When frequency splitting disappears and DIS further increases, efficiency drops 

rapidly in both two-coil and four-coil systems. The maximum efficiency that the two-coil and 

four-coil systems are able to maintain when varying DIS from 0 to 1000mm is given in Fig. 

4.6(c). It can be observed that in the case of two-coil system, nearly constant maximum 

efficiency of ~96% is maintained when DIS ≤ 350 mm. In the case of four-coil system, nearly 

constant efficiency of ~85% is maintained when DIS ≤ 500 mm. When DIS > ~370 mm, 

efficiency of four-coil system is larger than efficiency of two coil system at every DIS point. For 

example, when DIS = 500 mm, two-coil system achieves efficiency of 30.4 % while four-coil 

system achieves efficiency as high as 84.2%, which is larger than 2.5 times higher than two-coil 

system efficiency. Therefore, four-coil system is able to transmit for longer distance (~0.5 m) 

with high efficiency of ~85% but its efficiency at close distance (DIS < 0.35 m) is lower than 

two-coil system efficiency (~96%).  
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 Critical distance and efficiency values obtained from 3-D physical model simulations are 

compared with circuit model prediction in Table 4.4. The circuit model analysis values closely 

match with 3D physical model simulation values.  

 

Table 4.4: Comparison between critical values obtained from physical model simulations and 
circuit model prediction 

 Circuit Model Prediction 3-D Physical Model 
Simulation 

Two-coil system ηcritical 94.1% ~96% 
Four-coil system 

ηcritical 
92.3% ~90% 

Two-coil system DIScritical ~0.4m ~ 0.35m 
Four-coil system DIScritical ~0.5m ~0.5m 

 

Two-coil DIS=100mm Two-coil DIS=200mm Two-coil DIS=300mm

Two-coil DIS=400mm Two-coil DIS=500mm Two-coil DIS=600mm  
(a) 
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Figure 4.6: Selected plots for frequency responses of (a) two-coil system, (b) four-coil system, 
and (c) efficiency as a function of DIS when MIS=0 
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Four-coil MIS=100mm Four-coil MIS=200mm Four-coil MIS=300mm  
(b) 
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Figure 4.7: Selected plots for frequency responses of (a) two-coil system, (b) four-coil system, 
and (c) efficiency as a function of MIS when DIS=150mm 

 

 Lateral misalignment is unavoidable in many WPT system applications such as consumer 

electronics charging [D1]. References [D8, D11-D12] identify high efficiency range for laterally 

misaligned MRC-WPT systems with different DIS values. Two-coil system and four-coil system 

are compared in terms of misalignment tolerant capability.  

For the simulated laterally misaligned MRC-WPT systems in this chapter, vertical Tx to Rx 

distance is fixed at DIS = 150 mm. Frequency responses of two-coil system and four-coil system 

at selected MIS values are illustrated in Fig. 4.7(a) and Fig. 4.7(b), respectively. Frequency 

splitting is also clearly observed when systems exist in over-coupled region. When frequency 
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splitting disappears and MIS further increases, efficiency drops rapidly in both two-coil and four-

coil systems. The maximum efficiency that the two-coil and four-coil systems are able to 

maintain when varying the MIS from 0 to 300mm is given in Fig. 4.7(c). It can be observed that 

in the case of two-coil system, nearly constant maximum efficiency of ~96% is maintained when 

MIS ≤ 200 mm, i.e., the high efficiency range is 0.2m. In the case of four-coil system, nearly 

constant efficiency of ~90% is maintained when MIS ≤ 275 mm, i.e., the high efficiency range is 

0.275m. When MIS > ~210 mm, efficiency of four-coil system is larger than efficiency of two 

coil system at every MIS point. For example, when MIS = 300 mm, two-coil system achieves 

efficiency of 35.1 % while four-coil system achieves efficiency as high as 72.2%, which is about 

two times higher than the two coil system efficiency. It can be concluded that four-coil system 

has longer high efficiency range than two-coil system when there exists lateral misalignment. In 

other words, four-coil system has higher misalignment tolerant capability. 
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Figure 4.8: Two-coil reconfigurable WPT system: (a) both Tx side and Rx side are 
reconfigurable, (b) only Tx side is reconfigurable 

 

4.3 Two-coil Reconfigurable WPT System 

 Fig. 4.8(a) illustrates the equivalent circuit model of the two-coil reconfigurable WPT 

system. In this system, the Tx coil (LT) and Rx coil (LR) are coupled with the coupling factor of 

kTR. There are N numbers of possible configurations in both the Tx and Rx side. Each 

configuration corresponds to one of the connections made by the switch at Tx side (STX) and the 

switch connection at Rx side (SRX). Each configuration has different values of series capacitor 

and shunt capacitor. E.g. configuration-1 of Tx side has the series capacitor CTS-1 and shunt 

capacitor CTp-1, configuration-1 of Rx side has the series capacitor CRS-1 and shunt capacitor CRp-

1, and so on. Synchronized switches STX and SRX select one configuration at a time among N 

different configurations in order to obtain the maximum possible transmission efficiency under 

different conditions. On and off states of two switches are determined by an adaptive controller 
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based on the sensed power value at load side (in a way that maximizes the power received at the 

load side). 

 In many applications such as consumer electronics charging and medical implantable 

devices charging, the size of Rx side has critical limitations. Therefore, it is more practical to 

include N number of adaptive configurations in Tx side while keeping only one configuration in 

Rx side as shown in Fig. 4.8(b). In this way, the size of Rx side can be significantly reduced.  

     In a reconfigurable WPT system, it is important to tune the resonance frequency of both 

Tx side and Rx side to the same value. The resonance frequency is determined by (4.11), where 

L is the coil inductance, Cs is the series capacitance and Cp is the shunt capacitance. Variations of 

Cp and/or Cs affect the resonance frequency. In order to obtain the same resonance frequency for 

all configurations, series capacitances and shunt capacitances need to satisfy (4.12). Since series 

resonance benefits for achieving relatively higher efficiency within shorter distance while shunt 

resonance benefits for achieving longer transmission distance with relatively lower efficiency 

[D14]. Maximum achievable efficiencies of all configurations (ηmax_i, i = 1, 2, ···, N) can be 

sorted as (4.13) and transmission distances of all configurations (DISi, i = 1, 2, ···, N) while 

achieving ηmax_i can be sorted as (4.14). The illustrative diagram of efficiency as a function of 

DIS for all configurations are shown in Fig. 4.9(a). Efficiency of WPT system at all DIS ranges 

can be optimized by adaptive configurations as illustrated in Fig. 4.9(b). It can be observed that 

adaptive reconfigurable WPT system significantly increases transmission efficiency and 

transmission distance compared with conventional WPT system with only one configuration (e.g. 

config-2).  
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Figure 4.9: (a) Illustrative efficiency curves for N configurations, (b) efficiency curve for 
reconfigurable WPT system 
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1 2s s sNC C C> > ××× >                                                 (4.12-1) 
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max_1 max_ 2 max_Nh h h> > × × × >                                           (4.13) 

1 2 NDIS DIS DIS< < ×××<                                               (4.14) 
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4.4 Proof of Concept Experimental Results 

 The preliminary proof of concept experimental prototype for the two-coil reconfigurable 

WPT system with three configurations at Tx side and only one configuration at Rx side is shown 

in Fig. 4.10(a). Design dimensions and parameters are illustrated in Fig. 4.10(b) and Table 4.5. A 

Vector network analyzer (VNA) E5061B from Agilent is used to experimentally measure |S21| 

and transmission efficiency is calculated from (5).  

Table 4.5: Parameter specifications 

Parameter Values Parameter Values 
Coil structure Helix Coil height 22mm 
Wire material copper Rwire 1.1mm 

RS, RL 50 Ω Dcoil 11.5cm 
Coil turns (Ncoil) 10 DIS 0-20cm 

No. of Configurations 3 MIS 0-12cm 
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Figure 4.10: (a) Experimental testing setup for two-coil reconfigurable WPT system, (b) design 
specifications 

 Both Tx side and Rx side circuit is tuned to the resonance frequency of 3MHz. 

Capacitance values of three configurations in Tx side and one configuration in Rx side are listed 

in Table 4.6, which obeys constrains in (4.12). Reconfigurable WPT system is experimentally 

compared with a conventional WPT system (with config-2 only in Tx side) when system is 

perfectly aligned (MIS=0) and when system is laterally misaligned at DIS=5cm. 

 

Table 4.6: Capacitance values in different configurations 

 Configuration Cs Cp 

Tx side Config-1 CTs-1 = 139pF CTp-1 = 10pF 

Config-2 CTs-2 = 93pF CTp-2 = 55pF 

Config-3 CTs-3 = 43pF CTp-3 = 103pF 

Rx side − CRs = 120pF CRp = 29pF 
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DIS=3cm DIS=6cm DIS=9cm DIS=12cm  

 (a) Config-1 

DIS=3cm DIS=6cm DIS=9cm DIS=12cm  

(b) Config-2 

DIS=3cm DIS=6cm DIS=9cm DIS=12cm
 

(c) Config-3 

Figure 4.11: Frequency responses in selected DIS values of (a) config-1, (b) config-2 and (c) 
config-3 
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Figure 4.12: (a) Efficiency curves for three configurations, (b) efficiency comparison of 
reconfigurable and conventional WPT system in perfectly aligned case 
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MIS=1cm MIS=4cm MIS=7cm MIS=10cm  

(a) Config-1 

MIS=1cm MIS=4cm MIS=7cm MIS=10cm  

(b) Config-2 

MIS=1cm MIS=4cm MIS=7cm MIS=10cm  

(c) Config-3 

Figure 4.13: Frequency responses in selected MIS values of (a) config-1, (b) config-2 and (c) 
config-3 when DIS=5cm 
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Figure 4.14: (a) Efficiency curves for three configurations, (b) efficiency comparison of 
reconfigurable and conventional WPT system in laterally misaligned case 
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A. Perfectly aligned system 

 In perfectly aligned WPT systems, the lateral misalignment value MIS=0. Frequency 

responses of three different configurations for two-coil system at selected DIS values are 

illustrated in Fig. 4.11, where x-axis sweeps frequency from 2MHz to 4MHz and y-axis shows 

the value of |S21|. Maximum |S21| value and corresponding frequency are marked on each figure, 

from which maximum achievable efficiency could be calculated from (4.5). E.g. reading Fig. 

4.11(a) at DIS=3cm finds that maximum |S21| value of 965mU (=0.965) is obtained when 

frequency is 2.75MHz. Therefore, maximum achievable efficiency can be calculated as 

0.9652≈93.1%. When the system lies in the over-coupled region, frequency splitting could be 

clearly observed. In MRC-WPT systems, nearly constant transmission efficiency can be 

maintained as long as frequency splitting exists [D6-D12]. When frequency splitting disappears 

and the DIS further increases, efficiency drops down rapidly. The maximum achievable 

efficiencies that the three configurations of two-coil system are able to maintain when varying 

the DIS from 0 to 20cm are given in Fig. 4.12(a). These curves have similar shape with the 

theoretical illustrative curves shown in Fig. 4.9(a). It can be observed that config-1 yields the 

highest efficiency (~95%) for the short distance range of 0-7cm. Config-2 yields the highest 

efficiency (~80%) for the medium distance range of 8cm-10cm. Config-3 yields the highest 

efficiency (~60%) for the relatively longer distance range up to 14cm. It can also be observed 

that the more configurations are used in the system, the further the transmission efficiency can be 

optimized within all DIS ranges. Fig. 4.12(b) shows the comparison of the efficiency as a 

function of DIS between adaptively reconfigurable WPT system and the conventional WPT 

system. Results show that the reconfigurable system improves the transmission efficiency by up 

to 8.5% when DIS=6cm and improves the transmission efficiency by up to 20% when 
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DIS=14cm. Meanwhile, the reconfigurable WPT system extends the range of over 50% 

efficiency from 12cm to 14cm, which extends the transmission distance by 16.7%.  

B. Laterally misaligned system 

 Lateral misalignment is unavoidable in many WPT application systems such as consumer 

electronics charging [D10-D12]. The reconfigurable WPT system with lateral misalignment 

when DIS=5cm is evaluated. Frequency responses of three different configurations for two-coil 

system at selected MIS values are illustrated in Fig. 4.13. Frequency splitting could also be 

clearly observed when the system lies in the over-coupled region. The maximum achievable 

efficiencies that the three configurations are able to maintain when varying the DIS from 0 to 

12cm are given in Fig. 4.14(a). It can be observed that config-1 yields the highest efficiency 

(~90%) for the short misalignment range of 0-5cm. Config-2 yields the highest efficiency 

(~75%) for the medium misalignment range of 5cm-8cm. Config-3 yields the highest efficiency 

(~50%) for the relatively longer misalignment range up to 10cm. Similar to the aligned case, the 

more configurations are used in the system, the further the transmission efficiency can be 

optimized within all MIS ranges. Fig. 4.14(b) shows the comparison of the efficiency as a 

function of MIS between adaptively reconfigurable WPT system and the conventional two-coil 

WPT. Results show that the reconfigurable system improves the transmission efficiency by up to 

11.6% when MIS=1cm and improves the transmission efficiency by up to ~19% when 

MIS=10cm. Meanwhile, the reconfigurable WPT system extends the range of over 45% 

efficiency from ~9cm to ~10cm, which extends the misalignment range by 11.1%. 
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4.5 Summary 

     1) MRC-WPT system achieves nearly constant transmission efficiency as long as the 

frequency splitting exists. Both circuit model analysis and 3-D physical model simulation results 

show that four-coil system is able to efficiently transmit power for longer distance but achieves 

relatively lower efficiency when the distance is short when compared to the two-coil system. In 

laterally misaligned case, four-coil system achieves longer high efficiency range and shows 

higher misalignment tolerant capability compared with two-coil system. 

     2) The developed two-coil adaptive reconfigurable WPT system tracks the optimum 

transmission efficiency at different transmission distance ranges and different misalignment 

ranges by adaptively reconfiguring the circuits at Tx side and/or at Rx side. The reconfigurable 

WPT system includes only one Tx coil, one Rx coil, one or two synchronized switches, multiple 

capacitors and the adaptive controller which tracks the power received at the load side. 

Preliminary proof of concept experimental prototype with three different possible adaptive 

configurations at Tx side and one configuration at Rx side is designed and evaluated. Results 

show that the reconfigurable system improves the transmission efficiency by up to 20% in the 

perfectly aligned case and by up to 19% in laterally misaligned case. The more configurations 

are used in the adaptively reconfigurable WPT system, the further the transmission efficiency 

can be optimized for different distance and misalignment ranges. 
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CHAPTER 5   

FOUR-COIL RECONFIGURABLE WPT SYSTEM 

5.1 Introduction 

 This chapter presents a method for a reconfigurable magnetic resonance coupled WPT (R-

MRC-WPT) system in order to obtain maximum achievable transmission efficiency under various 

transmission distance (DIS) and/or misalignment (MIS) conditions. Higher efficiency, longer 

transmission distance and larger misalignment tolerance can be achieved with the presented R-

MRC-WPT system when compared to the conventional four-coil MRC-WPT (C-MRC-WPT) 

system. The re-configurability in the R-MRC-WPT system is achieved by adaptively switching 

between different sizes of drive loops and load loops. Since all drive loops are in the same plane 

and all load loops are also in the same plane, this method does not require mechanical movements 

of the drive loop and load loop and does not result in system volume increase. The presented R-

MRC-WPT system includes an array of drive loops, one Tx coil, one Rx coil, and an array of load 

loops. It adaptively switches between different system’s configurations and tune the frequency of 

operation in order to obtain the maximum transmission efficiencies under various DIS and MIS 

conditions. The R-MRC-WPT is different from adding external tuning circuits such as capacitors 

and/or inductors to a C-MRC-WPT system with fixed size of drive/load loop. This is because 

external tuning circuits can only move the system operating point back to the impedance matching 

point to achieve the maximum possible efficiency at a given DIS (or set of conditions) for the 

fixed design structure, while switching between different loops reconfigures the system such that 
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it switches between different designs or operating/efficiency curves that are more optimized for 

different DIS and MIS conditions.  

 Next Section presents the R-MRC-WPT system and derives its theoretical basis based on 

an in depth analysis of a circuit model and an analytical model. Proof of concept experimental 

prototype results are presented in Section 5.3. Section 5.4 discusses the uses of ferrite and litz 

wire in R-MRC-WPT system and a summary is given in Section 5.5.   
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Figure 5.1:  (a) Physical model and (b) the simplified circuit model of the R-MRC-WPT system 
(i=1, 2…, n) 
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5.2 Reconfigurable MRC-WPT System 

A. R-MRC-WPT System 

 Fig. 5.1(a) illustrates the physical model of the R-MRC-WPT system. The system 

includes an array of drive loops with n separate single loops (from DL_1 to DL_n) placed in the 

same plane, a Tx coil, a Rx coil and an array of load loops with n separate single loops (from 

LL_1 to LL_n) placed in the same plane. There is a switch array attached to the drive-loop array 

and another switch array attached to the load-loop array. A controller obtains information from 

load side and source side to decide which drive loop and load loop should be turned on (or 

connected) under a given operating condition such as a DIS and/or a MIS condition. The 

decision making is based on the calculation of transmission efficiency, which is defined as the 

load power (PL) divided by the maximum available power at drive-loop (PA), i.e. PL/PA. PL and 

PA are marked on Fig. 5.1(b). Note that transmission efficiency is different from the total system 

energy efficiency as clarified in [E1]. Therefore, the transmission efficiency for the four-coil 

system in this chapter is the drive loop to load loop efficiency. When switching between different 

loops using the switch-array, a switch must be turned on in order to keep at least one loop 

connected before another switch is turned off in order to avoid sudden interruption of current and 

power flow thorough the WPT system.  

 This chapter focuses on the symmetrical system analysis, i.e. DL_i (i=1,2…,n) at Tx side 

and LL_i (i=1,2…,n) at Rx side are turned on and off simultaneously such that the radii of the 

drive and load loops are equal for each configuration. The configuration of R-MRC-WPT system 

when DL_i and LL_i are turned on is referred to as Configuration-i. Tx and Rx are magnetically 

coupled to the DL_i and LL_i, respectively. DL_i and LL_i are connected to the power source 
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and the load respectively. Tx and Rx are symmetrical self-resonators (no external capacitors are 

connected to them) and they are linked through magnetically coupled resonances.  

     The adaptive reconfiguration for the MRC-WPT system is realized by switching between 

different loops such that higher efficiency can be obtained for various transmission ranges and 

misalignment conditions (which is explained in detail next). No mechanical movements are 

required in the R-MRC-WPT system. Since all drive loops are in the same plane and all load 

loops are in the same plane, the R-MRC-WPT system does not result in volume increased when 

compared to the C-MRC-WPT system. Therefore, the R-MRC-WPT system does not suffer from 

the disadvantages of mechanically tuned WPT systems as explained in part B of section 1.4, 

where mechanical movement is required and volume is increased. 

 Fig. 5.1(b) shows the simplified lumped element circuit model for the system illustrated 

in Fig. 5.1(a), where the capacitors shown with Tx and Rx coils represent the lumped model of 

the parasitic capacitances in the self-resonating Tx and Rx spiral coils. DL_i is modeled as an 

inductor LD_i with a series parasitic resistor RpD_i. DL_i is connected to an AC voltage source Vs 

(with a source resistance Rs) from one side and is inductively coupled to Tx with a coupling 

factor of kDT_i from the other side. The coupling factor is defined in (5.1), where Mxy is the 

mutual inductance, and Lx and Ly are self-inductances. Tx and Rx are modeled as two separate 

series LCR resonators. Rx is coupled with Tx by a coupling factor of kTR, which is inversely 

proportional to DIS3 [E2-E4]. The self-resonance frequencies of two resonators are determined 

by (5.2) and the angular resonance frequency is defined as ωo=2πfo. Similar with DL_i, LL_i is 

modeled as an inductor LL_i with a series parasitic resistor RpL_i. LL_i is connected to load RL 

from one side and is inductively coupled to Rx through a coupling factor of kRL_i from the other 
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side. No external capacitors are connected to drive and load loops and parasitic capacitances of 

drive and load loops are negligible. 

xy
xy

x y

M
k

L L
=                                                                 (5.1)                                

   1
2of LCp

=                                                                  (5.2) 

B. Circuit Model Analysis  

 In this subsection, some important equations for R-MRC-WPT system are derived based 

on the simplified circuit model shown in Fig. 5.1(b). To simplify analysis, all cross couplings are 

ignored, only symmetrical system is analyzed, and only one DL_i and one LL_i are turned on in 

each configuration (configuration-i). Based on this, all circuit model parameters can be 

simplified as in (5.3). The impedance of each loop could then be expressed as in (5.4), where, 

ZD_i and ZL_i are the impedances of DL_i and LL_i, respectively. These two impedances are 

equal in the symmetrical case and are renamed as Zloop_i = ZD_i = ZL_i. ZT and ZR are the 

impedances of Tx and Rx, respectively. These two impedances are also equal in the symmetrical 

case and are renamed as Zcoil = ZT = ZR. The current in each loop could be determined as given 

by (5.5) by using Kirchhoff's Voltage Law (KVL). The voltage ratio VL/VS as a function of ω and 

kTR can then be solved for as given by (5.6), where ω = 2πf.  
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 The voltage ratio in (5.6) can directly be used to calculate the equivalent S21 scattering 

parameter (5.7), which then can be used in (5.8) to evaluate the transmission efficiency (η) for 

MRC-WPT system when source and load impedances are equal [E1, E3-E8]. Mathematical 

proofs for (5.7) and (5.8) are provided in appendix I. The series quality factor of the Tx and Rx 

coils is defined by (5.9). The quality factor of drive/load loop at the self-resonance frequency of 

Tx/Rx is defined in (5.10). 
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 Using the same derivation techniques as in [E3-E5], for configuration-i, the critical 

coupling factor (kc_i), critical |S21| (|S21|c_i) and transmission efficiency (η_i) can be derived as 

given by (5.11), (5.12-1) and (5.12-2), respectively. Note that kc_i is the smallest Tx to Rx 

coupling factor (kTR) within which the system is able to maintain nearly constant η_i when 

configuration-i is selected. In other words, as long as kTR ≥ kc_i, nearly constant η_i can be 

maintained in the corresponding transmission distance DIS_i. When kTR > kc_i, the system 

operates in the over coupled region and there exists frequency splitting. When kTR = kc_i, the 

system operates at the critical coupling point, at which the two resonance frequencies merge into 

one. When kTR < kc_i, the system operates in the under coupled region where there is no 

frequency splitting anymore. In the under coupled region, the η_i quickly decreases as Rx moves 

away from Tx. Therefore, a smaller kc_i (which corresponds to a longer DIS_i) and a larger |S21|c_i 

(which corresponds to a higher η_i) are desired in order to extend transmission distance with 

higher transmission efficiencies.  
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Table 5.1. Design example parameter values [E3] 

Parameters Values Parameters Values 
fo 10 MHz RpD = RpL = Rloop 0.25 Ω 

RS = RL = Ro 50 Ω Qloop 1.25 
LT = LR =Lcoil 20.0 µH kDT = kRL = klc 0.1 

CT = CR = Ccoil 12.6 pF kTR 0 < kTR <1 
RpT = RpR = Rcoil 1 Ω Frequency sweep 8 MHz ≤ f ≤ 12 

MHz 
LD = LL = Lloop 1.0 µH - - 
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Figure 5.2: A 3-D view of |S21| as functions of frequency and kTR 

 

     A 3-D view of |S21| as functions of frequency and kTR is plotted in Fig. 5.2 by using the 

example parameters shown in Table 5.1, where the x-axis is the frequency, the y-axis is kTR value 

and z-axis is the value of |S21|. As expected, frequency splitting is observed in the over coupled 

region when kTR > kc_i, within which nearly constant |S21| value is maintained. With the decrease 
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of kTR, the two frequency peaks gradually merge into one at the critical coupling point when kTR 

= kc_i. When kTR decreases further with the increase of DIS, |S21| value decreases quickly. 

     It can be observed from (5.11) and (5.12-2) that a larger Qcoil contributes to both a smaller 

kc_i and a larger |S21|c_i. Based on this, maximizing the value of Qcoil can result in increasing the 

values of DIS_i and η_i. Other factors that affect kc_i and η_i include klc_i, Qloop_i, Zloop_i, and Ro. Ro 

is fixed at 50Ω in this analysis. Moreover, it can be observed from (5.4) and (5.10) that Zloop_i 

and Qloop_i are all directly proportional to the Lloop_i. In order to clarify the relationship between 

the physical dimensions of drive/load loop and Lloop_i, klc_i, kc_i, η_i, and DIS_i, analytical model of 

R-MRC-WPT system is derived and discussed next in the chapter.  

C. Analytical Model Analysis 

 The value of the self-inductance of a single conductor loop is given by (5.13) [E9], where 

r is the radius of the loop, µo is the vacuum permeability, µr is the relatively permeability (in the 

case of air µr ≈1), and d is the diameter of the conductor. It can be observed from (5.13) that the 

inductance Lloop_i of the ith drive/load loop is directly proportional to its radius ri. 

        loop 0
16[In( ) 2]r
rL r
d

µ µ= -                                           (5.13) 

     However, the relationship between klc_i and ri is not easily observable because when 

varying ri, both self-inductance Lloop_i and mutual inductance Mlc_i change. In order to study how 

klc_i varies as a function of ri, an analytical model of klc_i as a function of ri is derived. Mutual 

inductance of two planar loops is given by (5.14) based on Neumann’s equation [E10], where r1 

and r2 are radii of two different loops respectively, and h is the distance between the two loops.  
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     Multi-turn spiral coil can be modeled as concentric loops and its self-inductance can then 

be calculated from (5.15), which can be used to calculate the inductance of Tx/Rx coil. In (5.15), 

n is the number of turns and Lj is the inductance of jth
 turn in the Tx/Rx coil, which can be 

calculated from (5.13).  

           
1

coil
1 1 1

2
n n n

j ab
j a b a

L L M
-

= = = +

= + ´å å å                                      (5.15) 

     Mutual inductance between two coils can be derived as in (5.16) [E10], where n1 and n2 

are the number of turns for the two coils, Mab represents the mutual inductance between the ath 

turn of one coil and the bth turn of the other coil. Mab can be calculated from (5.14).  
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     Based on (5.1) and (5.13)-(5.16), klc_i can be expressed as in (5.17), where Mlc_i is the 

mutual inductance between ith drive/load loop and Tx/Rx coil, Lloop_i is the inductance of ith 

drive/load loop, n1 is the number of turns of the drive/load loop (which is equal to 1), and n2 is 

the number of turns of Tx/Rx coil.  
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     From (5.17), klc_i as a function of ri can be derived as in (5.18), where rb is the radius of 

the bth turn of Tx/Rx coil and dlc is the distance between drive/load loop and Tx/Rx coil.  
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Figure 5.3: klc_i as a function of ri 

 

 In order to be able to clearly observe the relationship between klc_i and ri, klc_i as a 

function of ri is plotted as shown in Fig. 5.3 by using the analytical model in (5.18), where 0 < ri 

≤ outer radius of Tx/Rx coil (=30 cm) and the other parameters are given in table 5.2. It can be 

observed from Fig. 5.3 that klc_i is directly proportional to ri when 0<ri ≤27 cm. When 27cm<ri 

≤30 cm, klc_i drops slightly. It should be noted that 27cm is equal to (Router+Rinner)/2, where Router 

is the outer radius of the spiral coil and Rinner is the inner radius of the spiral coil. Therefore, the 
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maximum theoretical radius of drive/load loop which guarantees that klc_i is directly proportional 

to ri is rmax=(Router+Rinner)/2. This leads to the conclusion that klc_i is directly proportional to ri 

when 0<ri ≤ rmax.  

 In addition to the results obtained from the analytical model, klc_i as a function of ri is also 

measured from the experimental prototype by using the inductance aiding method as given by 

(5.19) and the k-compensation method as given by (5.20) [E11]. The mathematical proofs for 

(5.19) and (5.20) are shown in appendix II and III, respectively. All of the inductance values in 

(5.19) are measured using impedance analysis function of the Vector Network Analyzer (VNA 

E5061B). When (5.20) is utilized, a SMA 100A signal generator is used to inject a sinusoidal 

voltage wave into the coil, a Tektronix P5205 differential probe is used to measure the open 

circuit voltage across the loop array and a Tektronix TCP A300 current probe is used to measure 

currents. It can be observed that the experimental measurements shown in Fig. 5.3 agree with the 

results obtained from the analytical model. 
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 Next, the relationship between klc_i and transmission efficiency (η_i) is discussed. η_i is 

derived as in (5.12-2). In order to clearly observe the relationship between klc_i and η_i, (5.12-2) 

is rewritten as in (5.12-3), which shows that η_i is directly proportional to klc_i. Due to the fact 

that klc_i is directly proportional to ri when 0<ri ≤ rmax, ri is directly proportional to η_i.  

 In order to understand the relationship between klc_i and DIS_i, it is important to recall the 

definition of the critical coupling factor kl_i given in Part B of this section (kc_i is the smallest Tx 
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to Rx coil coupling factor (kTR) within which the system is able to maintain nearly constant η_i 

when configuration-i is selected). Since kTR is inversely proportional to DIS3 [E2-E4], a smaller 

kc_i is desired in order to achieve a longer DIS_i. It can be observed from (5.11) that klc_i is 

directly proportional to kc_i, and therefore a smaller klc_i results in a longer DIS_i. Due to the fact 

that both klc_i and Lloop_i are directly proportional to ri, a smaller ri results in a longer transmission 

distance DIS_i. 

 It can be concluded from the analytical model analysis that ri is directly proportional to 

η_i but inversely proportional to DIS_i. Therefore, by switching between different configurations, 

i.e. different sizes of drive/load loops, higher transmission efficiency can be achieved for 

different ranges of distances. 

5.3 Proof of Concept Experimantal Prototype Results 

A. System Descriptions 

 A proof of concept experimental prototype (photo picture is shown in Fig. 5.4(a)) is 

developed to study and validate the presented method of the R-MRC-WPT system and to obtain 

preliminary experimental results. The prototype parameter specifications are shown in Fig. 5.4(b) 

and Table 5.2. There are six drive loops in the drive loop array and six corresponding load loops 

in the load loop array. Each drive loop and its corresponding load loop are equal in size and 

similar in design (symmetrical system). The Drive loop array and the load loop array are 

connected to two separate switch arrays which are able to turn on one drive loop and a 

corresponding load loop at the same time. BNC connectors provide interfaces to the external 

circuits. A Vector Network Analyzer (VNA E5061B) is used for measuring the transmission 

efficiencies of the R-MRC-WPT system under various distances and misalignment conditions. 

Configuration-i is abbreviated as Config-i in the rest of this chapter, where i = 1, 2…6. In the 
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next two subsections, the R-MRC-WPT system performance is evaluated by obtaining 

experimental measurements and is compared to a C-MRC-WPT system (where there exist only 

DL_2 and LL_2 in the system) when varying DIS and MIS.  

 In the next two subsections, the R-MRC-WPT system performance is evaluated by 

obtaining experimental measurements and is compared to a C-MRC-WPT system (where there 

exists only DL_2 and LL_2 in the system of Fig. 5.1(a)) and another system using capacitor 

tuning matrix (where there exists only DL_2 and LL_2 as well), which is abbreviated as Cap-

Tuning system (illustrated in Fig. 5.5) in the rest of the chapter.  
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Figure 5.4.  (a) Proof of concept prototype of R-MRC-WPT system and (b) parameter 
specifications 
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Figure 5.5.  Circuit diagram of four-coil MRC-WPT system using capacitor tuning (Cap-Tuning 
system) 
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Table 5.2: Parameter specifications of the R-MRC-WPT system 

Parameters Values Parameters Values 
Coil structure Spiral DIS 0-2m 
Wire material Copper MIS 0-0.6m 

RS, RL 50 Ω DL_1 = 2r_1 54cm 
Coil turns (Ncoil) 5 DL_2= 2r_2 48cm 

Dcoil = 2Router 60cm DL_3= 2r_3 44cm 
Pitch 1.5cm DL_4= 2r_4 38cm 
rcoil 1.3mm DL_5= 2r_5 30cm 
rloop 1.3mm DL_6= 2r_6 26cm 
Router 30cm Rinner 24cm 
dlc 5cm - - 

 

B. DIS Variation 

 In this subsection, the presented experimental measurements and comparisons are for 

when MIS = 0 and DIS is changing from 0 to 2m with 10 cm steps. Transmission efficiencies of 

R-MRC-WPT system when selecting different configurations (from config-1 to config-6) are 

calculated based on (5.8) from measured data using VNA. Fig. 5.6 shows selected measurement 

results when DIS = 30cm (Fig. 5.6a) and DIS = 60cm (Fig. 5.6b). It can be observed that when 

DIS=30cm, frequency splitting exists in all six configurations.  The peak value of |S21| decreases 

gradually from 0.95 to 0.68 as the configuration is changed from config-1 to config-6. Therefore, 

config-1 has the highest efficiency at DIS=30cm compared to the other configurations. When 

DIS=60 cm, there is no frequency splitting in config-1, config-2 and config-3 while there exists 

frequency splitting in the rest of the configurations. The value of |S21| first increases and then 

decrease when switching from config-1 to config-6. The highest efficiency for DIS=60 cm is 

obtained when using config-3.  
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Figure 5.6: |S21| as a function of frequency at (a) DIS = 30cm and (b) DIS = 60cm 
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Figure 5.7: Transmission efficiency as a function of DIS when Tx and Rx are perfectly aligned 
(a) transmission efficiency under different configurations and (b) transmission efficiency curves 

for C-MRC-WPT, R-MRC-WPT and Cap-tuning systems 
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(b) 

Figure 5.8: Transmission efficiency as a function of lateral misalignment (MIS) when DIS=40cm 
(a) transmission efficiency under different configurations and (b) transmission efficiency curves 

for C-MRC-WPT, R-MRC-WPT and Cap-tuning systems 
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Figure 5.9:  Transmission efficiency as a function of lateral misalignment (MIS) when 
DIS=50cm (a) transmission efficiency under different configurations and (b) transmission 

efficiency curves for C-MRC-WPT, R-MRC-WPT and Cap-tuning systems 
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 Transmission efficiency as a function of the DIS is plotted in Fig. 5.7. It can be observed 

from Fig. 5.7(a) that config-1 yields the highest efficiency (~90%) for the short distance range of 

0-50 cm. Config-2 yields the highest efficiency (~75%) for the range of 50 cm-55 cm. Config-3 

yields the highest efficiency (~65%) for the range of 55 cm-65 cm. Config-4 yields the highest 

efficiency (~60%) for the range of 65 cm-70 cm. Config-5 yields the highest efficiency for the 

range of 70cm-110cm. From 70 cm to 90 cm, an efficiency value of ~55% is maintained since 

config-5 is still in the over coupled region for this distance range. From 90cm to 110cm, 

efficiency drops from ~55% to ~28% because the system lies in the under coupled region for this 

distance range. Config-6 yields the highest efficiency for a relatively long distance range of 110 

cm-200 cm and efficiency drops from ~28% at 110 cm to ~4.9% at 200 cm. It can be observed 

that each configuration has highest transmission efficiency for a given distance range and 

therefore by switching between the different configurations transmission distance can be 

extended with higher efficiency.  

 In the R-MRC-WPT system, maximum achievable efficiency at different DIS values can 

adaptively be tracked while reconfiguring the system such that transmission efficiencies within 

all DIS ranges are improved. The efficiency curve obtained from the R-MRC-WPT system is 

compared to the efficiency curves obtained from the C-MRC-WPT system and the Cap-tuning 

system as shown in Fig. 7b. It can be observed that the transmission efficiency of the R-MRC-

WPT system is the highest at every point and the transmission efficiency of Cap-tuning system is 

the lowest at every point when DIS ranges from 0 to 2m. When compared to the C-MRC-WPT 

system at DIS = 30 cm, the R-MRC-WPT system improves the efficiency by 10.1%. At DIS = 

90 cm, efficiency is improved by 34.5%. If one of the system configurations, for example config-

5, is removed from the R-MRC-WPT system, system efficiency in the range of 70 cm<DIS<90 



 
 

131 
 
 

cm would drop from ~55% to ~40%. In other words, the larger the number of configurations 

used, the higher the transmission efficiency improvement can be obtained for the DIS ranges. 

C. R-MRC-WPT System with Lateral Misalignment 

 In this subsection, the presented experimental measurements and comparisons are for the 

R-MRC-WPT system when varying MIS values from 0 to 60 cm with 10cm steps at fixed DIS of 

40 cm and 50 cm. The transmission efficiency experimental measurement results as a function of 

the MIS when DIS = 40 cm are plotted in Fig. 5.8(a). It can be observed that config-1 yields the 

highest efficiency for the MIS range of 0-30 cm. From 0 cm to 20 cm, an efficiency value of 

~80% is maintained since config-1 operates in the over coupled region for this MIS range. When 

Rx position changes from MIS = 20 cm to MIS = 30 cm while using config-1, efficiency drops 

from 80% to 60%. This indicates that the operation of config-1 moved to the under coupled 

region when MIS > 20 cm. The results obtained as shown in Fig. 5.8(a) show that config-2 does 

not yield to a highest efficiency for any MIS range. Config-3 yields the highest efficiency for the 

MIS range of 30cm-38cm. Config-4 yields the highest efficiency for the range of 38cm-50cm. 

Config-5 yields the highest efficiency for the range of 50cm-60cm. As it is the case for config-2, 

config-6 does not yield to a highest efficiency for any MIS range. Each of the other four 

configurations (config-1, config-3, config-4 and config-5) provides highest transmission 

efficiency for a given range of MIS. 

 The resulted transmission efficiency curve of the R-MRC-WPT system is shown in Fig. 

5.8(b), and is compared to the efficiency curves of the C-MRC-WPT and the Cap-tuning 

systems. It can be observed that transmission efficiency of the R-MRC-WPT system is the 

highest and transmission efficiency of the Cap-tuning system is the lowest. When compared to 
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the C-MRC-WPT system at MIS = 20 cm, the R-MRC-WPT system improves the transmission 

efficiency by 8.8%. At MIS = 40 cm, transmission efficiency is improved by 9.8%. 

 Experimental measurements and analysis are also performed for the case when varying 

MIS while fixing DIS at 50 cm. The transmission efficiency as a function of the MIS is plotted in 

Fig. 5.9(a). It can be observed that config-1 does not yield highest efficiency for any MIS range. 

This is because when DIS=50cm and MIS=0, config-1 already operates in the under coupled 

region and its transmission efficiency drops down rapidly when DIS and/or MIS further 

increases. Config-2 yields the highest efficiency for the MIS range of 0-15cm. Config-3 yields 

the highest efficiency of ~50% for the MIS range of 15cm-25cm. Config-4 yields the highest 

efficiency for the MIS range of 30cm-50cm. Config-5 yields the highest efficiency for the range 

of 50cm-60cm. As it is the case for config-1, config-6 does not yield the highest efficiency for 

any MIS range. It can be observed that each of the other four configurations (config-2, config-3, 

config-4 and config-5) can improve the transmission efficiency for a given range of MIS.  

 The resulted transmission efficiency curve of the R-MRC-WPT system is compared to 

the efficiency curves of the C-MRC-WPT and the Cap-tuning systems. It can be observed that 

transmission efficiency of the R-MRC-WPT system is the highest and transmission efficiency of 

the Cap-tuning system is the lowest. When compared with C-MRC-WPT system at MIS = 40cm, 

the R-MRC-WPT system improves the transmission efficiency by 10.7%. Similar to the case 

when DIS is varied, the larger the number of configurations is, the higher the transmission 

efficiency improvement can be obtained for the MIS ranges.  

     From efficiency comparisons above, it can be concluded that the Cap-tuning system can 

approach the maximum possible efficiency only at a given DIS or MIS value for the fixed design 

structure, while switching between different loops reconfigures the system such that it switches 
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between different designs or operating/efficiency curves that are more optimized for different 

conditions with higher efficiency values. 
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       (b)                           (c) 

Figure 5.10: (a) 3-D model of R-MRC-WPT system with ferrite structure on Tx side and Rx side, 
(b) 3-D view of ferrite structure and (c) cross section view of Tx side structure 
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5.4 Additional Comments 

A. The Use of Ferrite with the R-MRC-WPT System 

 This subsection presents preliminary investigation on the use of the ferrite material in the 

R-MRC-WPT system by using the ANSYS® HFSS® 3-D physical model simulations. Fig. 5.10 

shows the 3-D model of R-MRC-WPT system with ferrite structure used with both the Tx side 

and the Rx side. The properties of the ferrite material used in the simulation are shown in Table 

5.3. Results for transmission efficiency values for the R-MRC-WPT system with and without 

ferrite material for different DIS and MIS (while DIS = 40cm) conditions are shown in Fig. 5.11 

for comparison. It can be observed that the R-MRC-WPT system with and without ferrite has 

almost the same transmission efficiency for small DIS values (≤50 cm) and for small MIS values 

(≤30 cm). When DIS and MIS increase, the R-MRC-WPT system without ferrite has larger 

transmission efficiency.  

 

Table 5.3: Properties of ferrite material used in R-MRC-WPT system 

Property Value 

Material Type 4F1 [E12] 

Saturation Flux density 0.32T 

Resistivity ~105 Ωm 

Magnetic Loss Tangent 0.00035 

Relative Permeability 300 

Relative Permittivity 15 

Mass Density 4600kg/m3 
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Figure 5.11: Comparison between transmission efficiency values for the R-MRC-WPT system 
with and without ferrite structure for (a) different DIS and (b) different MIS (with DIS = 40cm) 

conditions 
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Figure 5.12: Comparison between transmission efficiency values for the Config-5 (a) without 
ferrite structure at DIS=40cm, (b) with ferrite structure when DIS = 40cm and (c) under 

different DIS conditions 

 

 However, the results in Fig. 5.11 do not mean the ferrite has no effect on the four-coil 

MRC-WPT system. For example in Fig. 5.12(a) and Fig. 5.12(b), operation frequency of Config-

5 without ferrite (10.34 MHz) is ~2.5MHz higher than that with ferrite (8.06 MHz). This is 

because ferrite has much higher relative permeability (~300 in this design) than air (~1) and 

therefore effective inductance/mutual inductance values of the coils increase and self-resonance 
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frequency of Tx/Rx coil decreases according to (5.2). Transmission efficiencies with and without 

ferrite for Config-5 under various DIS conditions are compared in Fig. 5.12(c), which shows that 

the transmission efficiency with ferrite is slightly higher than that without ferrite at close distance 

(DIS ≤ 50cm). When DIS increases, efficiency of Config-5 without ferrite is higher than that 

with ferrite. Therefore, it is possible to increase the transmission efficiency of the four-coil 

MRC-WPT system at shorter distances by adding ferrite structure while decreasing transmission 

efficiency at longer distances. 

 The use of ferrite structure might achieve larger transmission efficiency improvement at 

shorter distances for a two-coil system [E11, E13-E19]. However, in the R-MRC-WPT system, 

the transmission efficiency has already been improved as a result of reconfiguring the system 

such that only a smaller improvement can be achieved at shorter distances when using ferrite 

structure. 

B. Use of Litz Wire with the R-MRC-WPT System 

     Litz wire is designed to reduce the skin effect and proximity effect losses in conductors 

used at high frequencies. Commercially available Litz wires can operate with frequencies up to 

2.8 MHz [E20]. Even though 2.8 MHz is lower than the operation frequency of the R-MRC-

WPT system presented in this chapter (which is higher than 10MHz), higher transmission 

efficiency might be obtained by using Litz wire. This topic is a candidate for future investigation. 

5.5 Summary 

 The chapter presented a method for R-MRC-WPT system that adapts the reconfiguration 

of four-coil WPT system in order to improve transmission efficiency under various transmission 

distances and misalignment conditions. The re-configurability of the system is realized by 

adaptively switching between different sizes of drive loops and load loops, which does not result 
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in the disadvantages that exist in mechanical tuning method such as volume increase and 

requirement of mechanical movements. Theoretical basis for the presented method are devised 

from a circuit model and an analytical model and are validated by using a proof of concept 

experimental prototype results. Experimental results show that the R-MRC-WPT system has 

better performances than the C-MRC-WPT system and Cap-Tuning system in terms of 

transmission efficiency, transmission distance and misalignment tolerance. Analysis also shows 

that when a larger number of configurations are used in the system, higher efficiency 

improvement can be achieved under various DIS and/or MIS conditions. 

 While this work focuses on presenting the R-MRC-WPT system for low-power 

applications such as consumer electronics, the concept is candidate for higher power levels. 

However, there might be health and safety concerns above certain power levels especially that the 

presented system transmits power for distances that are larger than one coil diameter. Future work 

includes but is not limited to developing and implementing adaptive control algorithms to 

automatically realize the system re-configurability. 
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CHAPTER 6  

WIRELESS POWER TRANSFER USING INDUCTOR CURRENT SWITCHING 
RIPPLE OF POWER CONVERTER 

6.1 Introduction 

 A conventional inductive WPT system normally includes a transmitter (Tx) side circuit, a 

Tx coil, a receiver (Rx) coil, and Rx side electronics/load. The major part of the Tx side circuit is 

the DC-AC inverter/power amplifier such as full-bridge/half-bridge inverter and class-E power 

amplifier [F2-F4]. The generated high frequency AC drives the Tx coil to create oscillating 

magnetic field in the proximity of the Tx coil. Energy is then delivered to Rx coil through this 

oscillating magnetic field to realize WPT. The Tx side circuitry and Tx coil are essential parts in 

conventional WPT system but they are bulky in size and weight.  

 DC-DC power converters have been widely used in many applications such as computing 

platforms, consumer electronics and renewable energy systems, among others [F5]. DC-DC buck 

power converter, for example, steps down the DC voltage from one level to another. Inductor 

current in a buck converter includes DC component (equals to the output current) and AC 

switching ripple. The AC ripple in the power inductor generates high frequency oscillating 

magnetic field. This oscillating magnetic field is usually considered  a disadvantage and a “trouble 

maker” in terms of radiated electromagnetic interference (EMI), but its potential for WPT has not 

been well explored before.  

 This chapter presents a WPT method that utilizes the inductor’s current AC ripple of a 

DC-DC power converter by placing a Rx coil to the proximity of the planar power inductor of a 
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power converter. By doing so, the power converter-WPT system achieves DC-DC power 

conversion (wired power transfer) and WPT function at the same time, which helps to eliminate 

the Tx side circuitry and Tx coil of the conventional WPT system and achieves size and cost 

reduction of the total system. Next section presents the developed method based on an example 

Buck-WPT system (achieves step down DC-DC power conversion and WPT at the same time) 

and devises its operation principle and maximum power transfer condition. Section 6.3 presents 

proof of concept experimental prototype results. Section 6.4 gives the summary for this chapter.    
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Figure 6.1: (a) Circuit diagrams of Buck-WPT system, (b) equivalent circuit when looking into 
ports of L1, (c) diagram of operation waveforms for Buck-WPT system, (d) wired output 

operating alone, (e) diagram of operation waveforms when wired output operating alone, (f) 
WPT output operating alone and (g) diagram of operation waveforms when WPT output 

operating alone 
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6.2 Power Converter-WPT System and Analysis 

A. Buck-WPT System 

 Using Buck-WPT system as an example, this section presents the concept and operation 

principle of Power converter-WPT system that realizes DC-DC power conversion (wired power 

transfer) and WPT operation at the same time. Fig. 6.1(a) illustrates the circuit diagram of the 

Buck-WPT system. The system has one input Vin and two outputs: one for WPT, which is 

referred to as Vo_WPT, and one for wired power transfer, which is referred to as Vo_wired. The 

current of the inductor i1 = Io + ir by superposition consists of the DC current component (Io) and 

the AC ripple current component (ir) as illustrated in Fig. 6.1(c). Vnode is the voltage at the phase 

node, which has the same waveform shape as the PWM control signal of high side/control 

MOSFET Su. In a Buck-WPT system, Vo_wired and Vo_WPT can operate simultaneously without 

interrupting the operation of each other as illustrated in Fig. 6.1(a) and (c), or each of them can 

operate alone as illustrated in Fig. 6.1(d)-(e) and Fig. 6.1(f)-(g), respectively.  

 The wired power path has the same operation as the conventional buck converter without 

WPT and it mainly depends on the DC current value Io for power delivery and regulation. The 

power inductor L1 and output capacitor Co are used to form the LC low pass filter leading to 

Vo_wired. The WPT power path does not have a stand-alone Tx side driving circuit and Tx coil. 

Instead, it utilizes the buck converter power stage as the Tx side circuit and uses power inductor 

L1 as the Tx coil. The AC component of the inductor current is used to achieve WPT. This is 

because the AC ripple of the current generates oscillating magnetic field in the proximity of the 

Tx coil with L1, which can be used for inductive WPT to a receiver Rx. When a planar receiver 

(Rx) coil with L2 is placed in the proximity of the planar Tx coil, the Tx and Rx coils are coupled 

through a mutual inductance M. As a result, certain amount of power can be delivered to the 
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WPT load R. The Buck-WPT system eliminates Tx side circuitry and Tx coil compared with the 

conventional WPT system, which helps to reduce the size and cost of the total system.  

 It is important to investigate and show whether or not the operation of the two outputs 

impact each other. The equivalent circuit when looking into the port of L1 is extracted as shown 

in Fig. 6.1(b). It can be seen from Fig. 6.1(b) that for the DC component of the inductor’s current 

Io, the DC impedance Zin = ZDC = 0. This means that even when there exists the WPT output, the 

DC voltage gain of the buck power path from Vin to Vo_wired maintains the ideal relationship 

Vo_wired/Vin = D (D is the duty cycle) as in conventional buck converter and is not affected by the 

WPT operation. For the AC ripple component of the inductor’s current ir, the impedance Zin = 

ZAC is derived as 

                                      (6.1) 

 Where ω = 2πf is the angular frequency and k is the coupling factor between L1 and L2, 

which is defined as 

1 2

Mk
L L

=                                                                         (6.2) 

 The equivalent resistance Req and equivalent inductance Leq obtained in (6.1) determine 

the inductor’s current ripple ir. Let ILmin and ILmax be the minimum and maximum values of 

inductor’s current, respectively. When the switch Su shown in Fig. 6.1(a) is turned on, (6.3) can 

be obtained based on Kirchhoff's Voltage Law (KVL) 

_
L

in o wired eq L eq
diV V R i L
dt

- = +                                                    (6.3) 
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Solving (6.3) yields  

_ _/
max min( )in o wired in o wiredDT
L L

eq eq

V V V V
I I e

R R
t-- -

= - +                                   (6.4) 

 Where T = 1/f is the switching period and τ is equivalent time constant, which is 

determined from τ = Leq/Req. Similarly, when Su is off, the following equation can be obtained 

based on KVL 

_
L

o wired eq L eq
diV R i L
dt

- = +                                                      (6.5) 

     Solving (6.5) yields  

_ _(1 )/
min max( )o wired o wiredT D
L L

eq eq

V V
I I e

R R
t- -= + -                                            (6.6) 

 From (6.4) and (6.6), the peak to peak value of ir is obtained as  

max min
( 1)( )

( 1)

DT T DT

in
r L L DT T

eq

V e e ei I I
e e R

t t t

t t

- -
D = - =

-
                                      (6.7) 

 When there is no load on the WPT branch, i.e. R = ∞, ZAC becomes  

( ) 10AC R eq eq RZ R j L j Lw w=¥ =¥= + = +                                                (6.8) 

 This means that Δir, when there is no WPT load, becomes as in (6.9), which is the same 

as in conventional buck converter.  

1

(1 )in
r R

V D DTi
L=¥

-
D =                                                            (6.9) 

 When the WPT output is shorted, i.e. R = 0, ZAC becomes  

( ) 2
0 0 10 (1 )AC R eq eq RZ R j L j L kw w= == + = + -                                       (6.10) 

 This means that Δir at R = 0 becomes 
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0 2
1

(1 )
(1 )

in
r R

V D DTi
L k=

-
D =

-
                                                       (6.11) 

 Where 0 ≤ k2
 < 1, and 0 < L1(1-k2) ≤ L1. This yields Δir|R=0 ≥ Δir|R=∞, which means the 

inductor ripple Δir gets to its largest value when WPT load is shorted. In a practical Buck-WPT 

system, WPT load has 0 < R ≤ ∞, therefore the boundaries of Δir can be expressed as  

2
1 1

(1 ) (1 )
(1 )

in in
r

V D DT V D DTi
L L k
- -

£ D <
-

                                             (6.12) 

 From the first glance on (6.12), the existence of the WPT branch increases the value of 

the inductor current ripple because Δir ≥ Δir|R=∞. But this is true only when inductance L1 is not 

affected by the existence of Rx coil for WPT, i.e. when the Rx coil does not have a magnetic 

core (e.g. ferrite core). In this design example, as it is the case in many tightly coupled WPT 

systems, Tx coil has a ferrite plate on its back side for shielding purpose and to enhance the 

mutual coupling between Tx and Rx. This means when the Rx coil with ferrite plate is placed in 

the proximity of the Tx coil, self-inductance of Tx coil will be increased. i.e. L1 in Fig. 6.1(a) for 

Buck-WPT system is greater than L1ꞌ  in Fig. 6.1(c) where there is no Rx coil for WPT (L1 > 

L1ꞌ ). The amount of the increase in self-inductance of Tx coil because of the Rx ferrite is 

determined by several factors such as the geometry and dimensions of the Rx ferrite plate, the 

distance between Tx coil and Rx coil, and the properties of ferrite material, among others. This 

means that the existence of the Rx coil with ferrite might finally lead to a smaller Δir value at 

some load conditions because of the increase in the self-inductance of L1. Example load 

condition where the Buck-WPT system gets smaller Δir will be discussed in the experimental 

section. In summary, the existence of the WPT output does not affect the DC voltage gain of the 

wired output, but it affects the inductor’s current ripple. Example design and waveforms will be 

illustrated in the experiment section. 
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(a)                                                                         (b) 

Figure 6.2: (a) Equivalent circuit for the WPT power path and (b) illustration of first harmonic 
approximation of VL when D = 0.5 

 

B. Maximum Power Transfer  

 In order to perform analysis to estimate the amount of power delivered to the WPT 

output, the equivalent circuit of the WPT power path is extracted as in Fig. 6.2(a). For more 

accurate power estimation, parasitic resistance Rp1 of L1 and parasitic resistance Rp2 of L2 are 

included in the model. VS represents the peak value of sinusoidal approximation of VL, as 

illustrated in Fig. 6.2(b) for the case when D = 0.5. The following can be obtained from Fig. 6.2 

based on mesh analysis 

1 1 1

2 2 2 0
p S

p

j L R j M I V
j M j L R R I

w w
w w
+ -é ù é ù é ù

=ê ú ê ú ê ú- + + ë ûë ûë û
                                          (6.13) 

 The power delivered to the load R can then be calculated as  

2 2 2
2 1 2

2, 2 2 2 2 2
1 2 2 1 1 2 1 22( ( ( ) ) ( ( ) (1 )) )

S
rms

P P P P

V k L L RP I R
L R R L R R R R L L k

w
w w

= =
+ + + + - -

                  (6.14) 

 Solving dP/dR = 0 yields the optimum resistance Ropt for maximum power transfer 

2 2 2 2 2 4 2 2 2 2 2 2 2 2 2 2
1 2 1 2 1 2 1 2 1 2 1 2 2 1 1 2

2 2 20
1 1

( 2 2 )P P P P P P
dPopt
dR P

k L L k L L L L R R L L L R L R R RR R
L R

w w w w w w
w=

- + + + + +
= =

+
    (6.15) 
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 Substituting the value of Ropt obtained in (6.15) into (6.14) yields maximum power Pmax 

that can be delivered by the WPT branch as in (6.16). 

max optR RP P ==                                                                   (6.16) 

 When parasitic resistances are neglected, i.e. Rp1 = Rp2 = 0, optimum resistance Ropt_0 

becomes 

1 2

2
_0 20

(1 )
P P

opt opt R R
R R L kw

= =
= = -                                                  (6.17) 

 The corresponding maximum power Pmax_0 then becomes  

_ 0

2 2

max_0 2
14 (1 )opt

S
R R

k VP P
L kw== =

-
                                                   (6.18) 

 Equation (6.18) shows that Pmax_0 is directly proportional to k and VS, but inversely 

proportional to L1 and ω. VS, L1 and ω are all related to current ripple value of the buck 

converter. Larger VS, smaller L1 and smaller ω all lead to a larger inductor current ripple, 

resulting in larger WPT output Pmax_0. In a buck converter, Δir has the largest value when D = 

0.5, which indicates that Pmax_0 is also maximized at D = 0.5 assuming all other design variables 

are constant. When D = 0.5, VL is a square wave with the peak value of ±Vin/2. Based on first 

harmonic approximation, VS is denoted as 2Vin/π when D = 0.5, as illustrated in Fig. 6.2(b) [F6].  

 Total efficiency of the Buck-WPT system is evaluated as  

2
_ _ 2,o Buck o WPT o o rms

in driver in in driver driver

P P V I I R
P P V I V I

h
+ +

= =
+ +

                                                             (6.19) 

     Where Po_Wired is the output power from wired output, Po_WPT is the output power from 

WPT output and Pdriver = VdriverIdriver is the power switches’ driver power loss. 
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6.3 Proof of Concept Experimantal Results 

 A proof of concept experimental prototype of Buck-WPT system is developed in order to 

study and validate the presented method of the Power converter-WPT system and to obtain 

preliminary experimental results. Photo pictures of the Buck-WPT system are shown in Fig. 6.3 

and specifications are detailed in Table 6.1. The prototype in Fig. 6.3(a) shows that the Buck-

WPT system achieves wired DC-DC power conversion (5V to 2.5V with Io = 2A) and WPT 

(illustrated by the lighted incandescent bulb) at the same time. The Buck-WPT system is tested 

under different load conditions. When D = 0.5, VS is calculated as 3.183 V.  

Vin

Vo_wired

Io

Rx coil/L2
Tx coil/L1

Buck-WPT 
System 

Light Bulb

Buck-WPT 
System 

Load Resistor RTx coil/L1 Rx coil/L2
5.3 cm

5.3 cm 5.3 cm

 
(a)                                                             (b) 

Figure 6.3: The prototype of the Buck-WPT system: (a) a demo for powering the 2A constant 
current load at Vo_wired and lighting a light bulb at Vo_WPT and (b) more detailed view of the 

Buck-WPT system 

 

Table 6.1. Parameter specifications of the Buck-WPT system 

Parameters Values Parameters Values 
Switching frequency fs 150 kHz WPT transmission distance 2 mm 

Vin 5 V Tx/Rx ferrite dimensions 5.3cm×5.3cm×0.6cm 
Vo 1 V - 3.3 V Rp1 @ 150 kHz 0.12 Ω 
L1 2.706 µH Rp2 @ 150 kHz 0.25 Ω 
L2 9.724 µH Cin 470 µF 

L1ꞌ  1.877 µH Co 1.04 mF 
M 4.268 µH k 0.832 
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Figure 6.4: Power delivered through WPT output When D = 0.5 
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Figure 6.5. Δir as a function of D when Ropt = 2.9 Ω 
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 Fig. 6.4 shows the values of Po_WPT under various WPT load R values when the wired 

output has no load (Po_wired = 0) and D = 0.5. The curve “Cal-simp” is calculated by using the 

simplified model derived in (6.17) and (6.18). The curve “Cal-full” is calculated by the full 

model derived in (6.14) - (6.16), which considers parasitic resistances Rp1 and Rp2. As expected, 

the “Cal-full” curve has a better match with the measured results than the “Cal-simp” curve. 

Measured maximum value of Po_WPT is Pmax = 1.856 W at Ropt = 2.9 Ω as indicated on Fig. 6.4.  

 Fig. 6.5 shows a plot for inductor current ripple Δir as a function of D at maximum WPT 

load condition Ropt = 2.9 Ω. The “Cal” curve is calculated by (6.7), which matches the measured 

value within 5.5% error. Fig. 6.6 shows sample waveforms measured from Buck-WPT system 

with various values of Vo_wired at Ropt = 2.9 Ω. Waveforms include the phase node voltage, ir and 

i2. Δir and RMS values of i2 are marked on the figure. When D = 0.5, both Δir and I2,rms are at 

their maximum values, and Po_WPT also is at its maximum value since Po_WPT = I2,rms
2R. Table 6.2 

shows the measured Δir values under various load conditions when D = 0.5. The column “Buck” 

(Δir = 4.44 A) represents the case when WPT branch is removed. In this case, inductance L1ꞌ  = 

1.877 µH is less than L1 = 2.706 µH as expected. L1 is larger because the existence of the ferrite 

plate for Rx coil increases self-inductance of the Tx coil, as explained in part A of section 6.2. 

Table 6.2 also shows that when WPT load is less than 10 Ω, inductor current ripple values are 

larger than 4.44A, but when R = 10 Ω, Δir = 4.09 A (< 4.44A). This verifies the discussion in 

part A of section 6.2 that “the existence of the Rx coil with ferrite might finally lead to a smaller 

Δir value at some load conditions”.  

Table 6.2. Δir under various WPT load conditions when D = 0.5 

R (Ω) Buck 1.43  2 2.5 2.9 3.33 5 7.5 10 
Δir (A) 4.44 7.88 7.30 6.77 6.40 6.11 5.32 4.48 4.09 
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Figure 6.6: Waveforms of the Buck-WPT system when R = 2.9 Ω. ir is AC coupled and i2 is DC 

coupled. 
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Fig. 6.7. Po_WPT as a function of Io at various WPT load values when Vo_wired = 2.5V 
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Figure 6.8: Total Efficiency of the Buck-WPT system (a) for full Io range and (b) a zoomed in 
view when Io ≤ 1A 
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      Po_WPT values as a function of Io at various WPT load R values when Vo_wired = 2.5V are 

plotted in Fig. 6.7. It shows that Po_WPT maintains nearly constant within 6.4% variations in full 

load range of wired output at a given WPT load R value. The small variations of Po_WPT are due 

to the small variations in D in order to keep Vo_wired = 2.5V. Fig. 6.8 shows the measured 

efficiency curves of Buck-WPT system. The curve “Buck” represents the efficiency when buck 

converter works alone as shown in Fig. 6.1(c). All efficiency curves have very close values when 

Io > 0.4A. Fig. 6.8(b) shows that when Io < 0.4A, the Buck-WPT system with various WPT load 

R values achieves much higher efficiency than when there is no WPT output. The achieved 

efficiency improvement reaches up to ~85% (when Io approaches to zero). This means that the 

Buck-WPT system is better than conventional buck converter in terms of light load efficiency 

when a WPT load exists.   

6.4 Summary 

     This chapter presented a method for Power converter-WPT system that achieves wired 

power conversion and WPT at the same time. The method eliminates the Tx side circuitry and 

Tx coil of a conventional WPT system by achieving WPT using inductor current ripple of a DC-

DC power converter. As a result, the system size and cost could be reduced. The method is 

validated by using an example Buck-WPT system. Experimental prototype results verify derived 

operation principle of Buck-WPT system and maximum power transfer condition for WPT 

output. Results also show that the Buck-WPT system achieves better light load efficiency 

compared with conventional buck converter and the achieved light load efficiency improvement 

reaches up to ~85%. 
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CHAPTER 7  

CONCLUSIONS AND FUTURE WORK 

7.1. Summary of Conclusions  

     Power magnetic devices and systems including power inductors (PI), power transformers, 

electric machines, and inductively coupled coils such as those used in Wireless Power Transfer 

(WPT) have been widely used in electric/electronic devices and systems, power transmission 

systems and energy conversion systems around the world. This dissertation work focuses on PIs 

and WPT Systems.  

     Power Inductors are indispensable in many electronic devices and usually they are the 

bulkiest and/or heaviest component in switching power converters, inverters and filters. Research 

work and technological advances over the past few decades have resulted in size and weight 

reduction of other parts in power electronic circuits, such as power switches and capacitors in 

addition to controllers, at a much faster rate compared to power inductors. Power inductor with 

larger inductance value and higher power rating usually has larger size and requires larger 

magnetic core and copper windings. Therefore, the first part of this dissertation work investigates 

and develops methods to further increase the inductance density and power density of power 

inductors (i.e. reduce size and weight) with high power efficiency.        

     On the other hand, Wireless Power Transfer (WPT), has several promising and potential 

applications such as consumer electronics, medical implants and electric vehicle (EV) charging, 

among others. During the past decade and currently, there is an increasing interest to develop 

WPT magnetics and systems with higher efficiency, smaller size and longer transmission 
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distances under varying conditions to meet several applications’ demands. Therefore, the second 

part of this dissertation work investigates and develops methods to improve WPT systems.  

 In this dissertation work, several concepts and techniques have been developed in order 

to (1) further increase the inductance density and power density of power inductors (i.e. reduce 

size and weight) with high power efficiency and (2) develop WPT magnetics and systems with 

higher efficiency and longer transmission distances under varying conditions. The contribution 

of this work is summarized in the following subsections:  

A. High Current Power Inductor with NdFeB Magnet for Power Converters 

 In Chapter 2, a concept is devised and developed which will result in doubling the 

saturation current of a high current PI with NdFeB permanent magnet (PMPI). By adding a well-

designed small piece of fabricated NdFeB magnet (magnet volume is ~0.36% of the PMPI ferrite 

core volume) in the air gap of the PI, the saturation current of the PMPI is doubled with the same 

size and inductance value. Magnetic circuit model of PMPI is devised as a design guideline. The 

desired dimensions of the PM are theoretically calculated before fabrication and then the 

fabricated PM is characterized. The 3-D physical model of the PMPI is developed by using 

ANSYS®/Maxwell® software package to illustrate the saturation current doubling. The PMPI is 

experimentally evaluated in a DC-DC buck power converter. Results show that compared to a PI 

with the same size and inductance without the PM, the saturation current of the PMPI is doubled. 

Compared to another PI with a larger size needed to double the saturation current, the ferrite core 

weight of the PMPI is reduced to 53.6% and the core volume is reduced to 59.2%. Experimental 

results also show that the addition of the NdFeB-N35EH PM does not introduce additional power 

losses and increase of temperature for the PMPI and does not affect the power converter 

efficiency. This work contributes to higher density single-phase power electronic converters with 
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high efficiency for smaller and efficient devices and equipment, such as power adaptors, mobile 

electronics devices, renewable energy systems, battery management systems and electric 

vehicles (EVs), among others.  

B. Permanent Magnet Coupled Power Inductor for Multi-Phase DC-DC Power 
Converters     

     Chapter 3 presents a two-phase Coupled power inductor (CPI) design that utilizes a PM 

in order to achieve almost doubled saturation current with the same size comparted to the CPI 

and more than 76% core size reduction compared to the single-phase non-coupled PIs. CPI can 

achieve size reduction compared with single phase PI because of the magnetic flux cancellation 

effect. Utilizing CPI in a multi-phase DC-DC power converter yields the benefit of smaller 

equivalent transient inductance (advantageous for lower output voltage dynamic deviation under 

transients) with a larger equivalent steady-state inductance (advantageous for smaller steady-

state output voltage ripple and higher power efficiency) while increasing saturation current or 

reducing size. The presented permanent magnet coupled power inductor (PMCI) circuit model 

and required PM dimensions are derived and used as a design guide. The 3-D physical model of 

the PMCI is developed by using ANSYS®/Maxwell® software package to “visualize” the 

saturation current doubling. The fabricated PMCI is tested in a two-phase DC-DC boost power 

converter experimental hardware prototype. Results show that compared to a conventional CPI 

design with the same size, weight and inductance, the fabricated PMCI almost doubles the 

saturation current. Compared to another CPI with a larger size but with even a smaller saturation 

current, the core volume of the PMCI is reduced to 51.9% and the core weight is reduced to 

51.2%. Experimental results also show that the addition of the PM does not cause significant 

additional power losses and temperature rises for the PMCI, and does not affect the multi-phase 

power converter efficiency. This work contributes to higher density multi-phase power electronic 
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converters with high efficiency for smaller and efficient devices and equipment such as 

consumer electronics, telecommunication systems, data center servers and EVs, among others.  

C. Two-Coil Reconfigurable WPT System 

 Chapter 4 first presents a comparison between two-coil and four-coil WPT configurations 

for midrange magnetic resonance coupled wireless power transfer (MRC-WPT) systems, then 

devise a two-coil reconfigurable WPT system topology in order to optimize/maximize 

transmission efficiency under varying transmission distance (DIS) and lateral misalignment 

(MIS) conditions. In the first part, physical model simulation results show that the four-coil 

system achieves longer transmission distance and larger misalignment tolerance with relatively 

lower efficiency at close distance compared to the two-coil system. In the second part, the two-

coil reconfigurable WPT system includes one Tx side and one Rx side and is able to switch 

between different circuit configurations (which are made up of different values of series and 

shunt capacitors) at Tx side and/or Rx side. Design guidelines of the two-coil reconfigurable 

WPT system are devised based on an equivalent circuit model. Proof of concept prototype results 

show that when the system is perfectly aligned, the reconfigurable system improves the 

transmission efficiency by up to 20%. When system is laterally misaligned, the transmission 

efficiency is improved by up to 19%. The main contributions of this work include (1) developing 

theoretical analysis and simulation models that show the performance differences between the 

two WPT system types and how the efficiency is impacted by different parameters and (2) 

devising a two-coil WPT reconfigurable system for highest efficiency for a wider range of 

distance compared to the conventional system which can achieve highest efficiency for a much 

narrower distance range. This work contributes to extending the transmission distances and/or 

efficiency in applications which can benefit from having two-coil WPT systems.         
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D. Four-Coil Reconfigurable WPT System 

     Chapter 5 presents a four-coil reconfigurable magnetic resonance coupled wireless power 

transfer (R-MRC-WPT) system in order to achieve higher transmission efficiency under various 

DIS and/or MIS conditions. It contributes to higher efficiency, longer transmission distance and 

larger misalignment tolerance that can be achieved with the presented R-MRC-WPT system 

when compared to the conventional four-coil MRC-WPT (C-MRC-WPT) system. The re-

configurability in the R-MRC-WPT system is achieved by adaptively switching between 

different sizes of drive loops and load loops. All drive loops are in the same plane and all load 

loops are also in the same plane, this method does not require mechanical movements of the 

drive loop and load loop and does not result in system volume increase. Theoretical basis of the 

method for the R-MRC-WPT system is derived based on a circuit model and an analytical 

model. Results from a proof of concept experimental prototype show that the transmission 

efficiency of the R-MRC-WPT system is higher than the transmission efficiency of the C-MRC-

WPT system and the capacitor tuning system for all DIS and MIS values. This work contributes 

to extending the transmission distances and/or efficiency in applications which can benefit from 

having four-coil WPT systems. 

E. Wireless power transfer using inductor current switching ripple of power converter 

 Chapter 6 presents a method to achieve wired power conversion and wireless power 

transfer (WPT) using a hybrid “Power Converter-WPT system”. By achieving WPT using AC 

switching ripple of power converter, the system eliminates the need for a transmitter stage of a 

conventional WPT system, which could be beneficial for system size and cost reduction. In 

addition, it is shown that the hybrid system can achieve higher light load efficiency due to the 

utilization of part of the switching ripple energy when there exists WPT load. Using Buck-WPT 
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system (achieves step down DC-DC power conversion and WPT at the same time) as an 

example, the work derives the system operation principle and maximum power transfer 

conditions for WPT. Experimental results verify the developed method and theoretical 

derivations. This work contributes to improving the power density and system efficiency, as well 

as reducing the cost in applications where both wireless power transfer and wired power 

conversion are needed.  

7.2. Possible Future Research Directions  

 The following subsections provide a brief outlook on some possible future research 

directions that are related to the work presented in this dissertation.  

A. Power Inductors 

     Power inductors are still one of the largest and heaviest components in a switching power 

converter especially when tight regulation for wide load and input range is required and high 

efficiency is a must. The following are example possible future research topics: 

(1) Investigate alternative and better power inductor geometries that take advantage of 

the PMPI and PMCI concepts in order to yield additional size/volume reduction and 

efficiency improvement.  

(2) Continue developing more accurate models which take into consideration the effect 

of multiple parameters on power losses, efficiency and size performances of the 

power inductors. 

(3) Investigate on-chip integration configurations and fabrication schemes for the PMPI 

and PMCI.  
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(4) Investigate the use of different soft and hard magnetic materials which can yield 

PMPI and PMCI with smaller size and higher efficiency at different power levels and 

various operation conditions.  

(5) Investigate concepts that allow for the use of PMPI and PMCI in power converters 

with bidirectional power flow.    

B. Wireless Power Transfer and Harvesting Systems  

   The work in this dissertation focused on the configurations and performances of power 

magnetics part for inductively coupled wireless power transfer systems. The following are 

example possible future research topics: 

(1) Investigate the development of control algorithms and circuits/embedded systems to 

realize closed-loop controllers for the presented two-coil reconfigurable WPT system.  

(2) Investigate the development of control algorithms and circuits/embedded systems to 

realize closed-loop controllers for the presented four-coil reconfigurable WPT 

system.  

(3) Investigate efficient low-cost power electronic circuits to drive the Tx coils. 

(4) Investigate efficient low-cost power electronic circuits and controllers to achieve 

voltage/current/power regulation at the Rx side under varying distances, 

misalignments, and surrounding objects.    

(5) Investigate and develop control methods and/or modified topologies which allow for 

regulating power converter with dual types of outputs, one wireless and one wired, 

based on the presented Hybrid Power Converter-WPT system which can yield power 

regulation system with reduced size and cost.        
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Figure A.1: General two-port network 

 

A general two-port network is shown in Fig. A.1, where a1 and a2 are incident waves and b1 

and b2 are reflected waves. a1 and b2 are defined in (A-1) and (A-2), respectively [E21]. In this 

chapter, Zs = ZL = Z0 = 50Ω.  
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    From the definition of S21, the following can be obtained:  
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According to the maximum power transfer theorem [E22], the maximum available power (PA) 

at port one of the two-port network is given by: 
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Therefore, the transmission efficiency of the two-port network is 
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Appendix II 
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Figure A.2: Equivalent circuit model of directly coupled inductors that are connected in series 

 

    When Lcoil and LLoop_i are connected in series and are directly coupled as shown in Fig. A.2, 

the equivalent inductance Laid_i is given by (A-6) [E22].    

  _ coil loop_ 2aid i iL L L M= + +                                                  (A-6) 

    Therefore, the mutual inductance between Lcoil and LLoop_i is given by  

           _ coil loop_( )
2

aid i iL L L
M

- +
=                                                   (A-7) 

    Based on (5.1) and (A-7), klc_i can be calculated as  

                      aid _ coil loop_
_

coil loop_ coil loop_

( )
2
i ilc

lc i
i i

L L LMk
L L L L

- +
= =                                (A-8) 
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Appendix III 

 

Lcoil Lloop_i

I1 I2

V1 V2

M
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Primary Secondary

 

Figure A.3: Equivalent circuit model of a coupled inductor 

 

    For Fig. A.3, the following can be derived using circuit analysis [E22]: 

1 2
1 coil

1 2
2 loop_

( )

( ) i

di div t L M
dt dt
di div t M L
dt dt

ì = -ïï
í
ï = - +
ïî

                                              (A-9) 

    When the secondary side is open circuit, I2 = 0 and (A-9) can be rewritten as 

             

1
1 coil

1
2

( )

( )

oc
oc

oc
oc

div t L
dt
div t M
dt

ì =ïï
í
ï = -
ïî

                                                          (A-10) 

    When the secondary side is shorted (short circuit), V2 = 0. Therefore,  

       loop_ 2 1i sc scL I M I´ = ´                                                     (A-11) 

    From (A-10) and (A-11), the following can be obtained: 
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=ï
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î

                                                         (A-12) 

    Thus, using (5.1) and (A-12),                                    

     2 2
_

1 1coil loop_

lc oc sc
lc i

oc sci i

M V Ik
V IL L

´
= =

´
                                         (A-13) 

 

 

 

 

 

 

 

 

 


