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ABSTRACT 

Presently, internal combustion engines provide power to move the majority of vehicles on 

the roadway.  While battery-powered electric vehicles provide an alternative, their widespread 

acceptance is hindered by range anxiety and longer charging/refueling times. Dynamic wireless 

power transfer (DWPT) has been proposed as a means to reduce both range anxiety and 

charging/refueling times. In DWPT, power is provided to a vehicle in motion using 

electromagnetic fields transmitted by a transmitter embedded within the roadway to a receiver at 

the underside of the vehicle. For commercial vehicles, DWPT often requires transferring hundreds 

of kW through a relatively large airgap (> 20 cm). This requires a high-power DC-AC converter 

at the transmitting end and a DC-AC converter within the vehicle.  

In this research, a focus is on the development of models that can be used to support 

the design of DWPT systems. These include finite element-based models of the 

transmitter/receiver that are used to predict power transfer, coil loss, and core loss in DWPT 

systems. The transmitter/receiver models are coupled to behavioral models of power electronic 

converters to predict converter efficiency, mass, and volume based upon switching frequency, 

transmitter/receiver currents, and source voltage. To date, these models have been used to explore 

alternative designs for a DWPT intended to power Class 8-9 vehicles on IN 

interstates. Specifically, the models have been embedded within a genetic algorithm-based multi-

objective optimization in which the objectives include minimizing system mass and minimizing 

loss. Several designs from the optimization are evaluated to consider practicality of the 

proposed designs.  
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 INTRODUCTION  

With the world witnessing the effects of climate change, it is important to take steps 

towards cleaner energy future. One of the biggest steps in this direction is the replacement of 

internal combustion engine (ICE) vehicles with battery electric vehicles (BEV). Currently the ICE 

vehicles overwhelm BEVs in sales and production with more than 90% of the vehicle sales in 2019 

being ICE vehicles [1]. The use of conventional fuel in ICE vehicles results in the emission of 

greenhouse gases and harmful particles. Furthermore, the mining of the petroleum resources again 

entails the use of fossil fuels. On the other hand, BEVs can present a much cleaner alternative and 

also possess a much higher well to wheel efficiency [2]. However, the BEVs possess the following 

disadvantages compared to their ICE counterparts: 

1. Lower energy density of power source 

2. Range anxiety 

3. Longer charging (refueling) times 

The above-mentioned problems become much more pronounced when the vehicle size 

increases from passenger cars to heavy duty trucks. In an effort to address these shortcomings, 

battery charging through dynamic wireless power transfer (DWPT) is being considered. In contrast 

to stationary charging systems, the DWPT system charges the vehicle while the vehicle is in 

motion. This alleviates the problems of range anxiety, on board battery size and reduces the need 

for vehicles to stop at charging stations and encounter the long charging periods. Since DWPT 

systems are designed to charge vehicles while in motion, the transmitter for this system are located 

within the roadways. 

DWPT systems can be classified into capacitive power transfer (CPT) and inductive power 

transfer (IPT) systems. CPT systems achieve power transfer by means of electric fields whereas 

IPT systems employ magnetic fields. Both CPT and IPT systems consist of transmitters embedded 

within the roadway and receivers within the vehicle. For CPT systems, the transmitter and receiver 

consist of a simple metallic plate and power supply cables. For IPT systems, the transmitter and 

receiver consist of a magnetically permeable core and associated windings. 

Since DWPT systems are meant for charging BEVs while in motion, the air gap between 

the transmitter and the receiver is large. This large air gap results in substantial power loss thereby 
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decreasing the efficiency of the system. To reduce the loss, compensation circuits are employed at 

both the transmitter and the receiver. Furthermore, in order to transfer power through the large air 

gap, high frequency power electronic converters are required at both the transmitter and receiver 

side.  

Each part of the DWPT system ï the transmitter and receiver, compensation circuit, and 

the power electronic converters ï contribute to the total power loss of the system. The transmitter 

and receiver parts cause ohmic power loss in the windings and in IPT systems, the transmitter and 

receiver cores give rise to core loss. The compensation circuit elements ï capacitors and inductors 

ï also lose energy. Finally, power electronic converters suffer from conduction and switching 

losses. In addition to the power loss, each component also adds to the mass of the system. The 

mass of the receiver side components is of particular interest since this leads to an increase in the 

vehicle mass and hence an increase in the power requirement of the vehicle. On the transmitter 

side, the mass of the components can be assumed to be a proxy for the cost of the components.  

In order to consider the above-mentioned trade-offs between system size (mass) and loss a 

multi-objective optimization problem is formulated with the geometrical dimensions of the 

transmitter and receiver and the electrical quantities including transmitter winding current and 

system operating frequency as the design variables. Constraints are imposed on both the 

geometrical and electrical design variables to ensure practical operation and safety of the end users. 

The inverse of the system mass and power loss which includes the sum of the mass and power loss 

of each component in the system are the selected as the objectives of the multi-objective 

optimization. This multi-objective optimization is then performed using a genetic algorithm in 

order to obtain a Pareto-optimal front of designs.  

In the following subsection of this chapter previous works in the field of DWPT has been 

reviewed finally Section 1.2 then presents the organization of the thesis. 

1.1 Literature Review 

One of the earliest advancements in the field of DWPT was made by the University of 

California Berkeley, when they undertook the Partners for Advanced Transit and Highways 

(PATH) program in 1992 [3]. In the PATH program one of the first buses capable of receiving 

power through a DWPT system. The roadway inductor was typically 3 ï 4 ft wide and each of its 

segments is up to several hundred feet long [3]. Furthermore, the pick-up inductor was also 3 ft 
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wide and 6 ï 15 ft long, depending on the power requirement of the vehicle. The PATH was 

successfully able to transfer about 60 kW of power to the pick-up inductor through an air gap of 

7.6 cm at an efficiency of 60%. However, the buses could not be commercialized due to their size. 

The large size was due to low operating frequency of 400 Hz caused by the unavailability of fast 

power electronic switches, lack of high permeability ferrite cores, and conductors such as litz wires. 

   In [4], the authors employed an E-type ferrite core for DWPT application. The E-shaped 

transmitter cores embedded within the roadway are segmented into blocks. The 

primary/transmitter winding was wound around the center leg of the E type transmitter cores. the 

associated compensation circuit component values were determined using an inverter switching 

frequency of 20 kHz. The transmitter circuit was designed to deliver a power of 100 kW. The pick-

up module in [4] consisted of five ferrite core blocks each rated for 20 kW. Furthermore, each 

pick-up module was equipped with two rectifier and regulator units to convert the ac power to dc 

and to boost the rectifier voltage to a level suitable for battery charging [4]. The authors also 

considered methods to mitigate stray magnetic fields using passive and active shielding. Using the 

E-type topology the authors in [4] were able to achieve an efficiency of 80% while transferring 

100 kW through an air gap of 26 cm. 

In [5], the authors developed an I-shaped ferrite core for DWPT application. Unlike the E-

type transmitter inductor, the I-type core windings are arranged such that the magnetic poles on 

adjacent blocks are of opposite polarity. The individual I-shaped core blocks are connected using 

a ferrite bottom plate to enable low reluctance path for flux flow. The pick-up of the I-type system 

consists of ferrite plates with pick-up windings wound around it. The length and width of the pick-

up was chosen to be 100 cm and 80 cm respectively in order to decrease sensitivity to lateral 

misalignment. The inverter switching frequency used for this system was 20 kHz and the 

transmitter winding current was set at 200 A. The I-type system achieved an efficiency of 76% 

while transferring a power of 27 kW through an air gap of 20 cm. 

In [6], an S-shaped transmitter ferrite core has been developed for DWPT application. The 

system with the S-shaped cores have a pick-up similar to the system with the I-type core. Similar 

to the I-type cores the power line winding is wound in such a manner that the adjacent S-type core 

blocks have opposite magnetic polarity. The authors have also compared different winding 

methods in order to decrease the length of the conductor. The main advantages of the S-type cores 

over the I-type core is the fact that the S-type cores could be packed into modules thereby reducing 
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the construction cost and time. Furthermore, the system with S-type cores was found to be more 

tolerant to lateral displacement compared to the I-type core. The authors were able to transfer a 

power of 9.5 kW with a system efficiency of about 70% using the S-type core. 

 While extensive work has been done in developing DWPT systems employing IPT, high 

power large air gap CPT circuits for DWPT applications are still being researched. In [7], the 

authors describe a CPT circuit capable of transferring 2.4 kW of power through an air gap of 15 

cm. The capacitive transmitter and receiver are made of 610 mm x 610 mm metal plates. Similar 

to the IPT systems, the CPT circuit has a compensation circuit and high frequency power electronic 

converters both at the transmitter and receiver side. Operating the inverter at a frequency of 1 MHz, 

the authors were able to achieve an efficiency of 92% with no misalignment. Some of the 

challenges faced by high power CPT systems have been explored in this thesis. 

1.2 Thesis Outline 

This work begins with an analysis of CPT systems. In Chapter 2, a detailed description of 

a CPT system has been provided and a time domain simulation of the CPT circuit has been 

conducted. Having explored the shortcomings of the CPT system, the remainder of the thesis 

concentrates on IPT systems.  

 Chapter 3 starts with the discussion of two transmitter and receiver geometries for the IPT 

system. The utilization of finite element analysis (FEA) has been justified and detailed calculations 

involving the self and mutual inductances of the transmitter and receiver system in order to 

condense the transmitter ï receiver system into a two winding transformer has been shown. Finally, 

in Chapter 3, the use of 2D FEA over 3D FEA has been justified and one of the geometries has 

been eliminated. 

  Chapter 4 discusses the significance of compensation circuits in an IPT system and gives 

detailed calculations concerning the design of each component of the compensation circuit. The 

calculations of the mass, volume and power loss occurring within the compensation circuit 

components have also been shown in Chapter 4. 

 Chapter 5 is dedicated to the calculations of mass and power loss occurring within the 

power electronic converters. A detailed metamodel is given in Chapter 5 in order to calculate the 

mass, conduction and switching losses occurring in the converters. Furthermore, temperature 



 

 

16 

considerations and a thermal equivalent circuit ï based method to calculate the junction 

temperatures of the switches have also been described. 

 Chapter 6 gives a brief description of design variables which are to be optimized in order 

to arrive at a set of non ï dominant designs. This set of designs, which form a Pareto front, vary 

from a high mass/cost high efficiency designs to low mass/cost low efficiency. From this set of 

designs an informed decision can be on the choice of the design to implemented.  

 Finally, Chapter 7 discusses the results of the optimization. Therein, salient characteristics 

of the designs have been discussed and possible reasons behind the exhibition of such 

characteristics have been stated. Furthermore, a comparison between three designs have provided 

and the values of the compensation circuit components, power electronic converters and their 

masses and volumes have been provided. 
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 CAPACITIVE DYNAMIC WIRELES S POWER TRANSFER 

One of the methods to achieve dynamic wireless power transfer is through capacitive power 

transfer (CPT). In a CPT circuit, the transmitter and receiver are composed of two metallic plates 

each and the power is transferred by means of the electric field generated between the plates. Some 

of the advantages that the CPT has over its inductive counterpart are as follows[7]: 

1. Unlike magnetic fields, electric fields are not sensitive to the presence of ferromagnetic 

materials, like iron, around the transmitter or the receiver. This reduces the leakage flux paths. 

2. Magnetic fields cause eddy current losses in ferromagnetic metals which could lead to potential 

thermal issues. 

 

 

Figure 1. Capacitive charging circuit 

A simple CPT circuit is shown in Fig.1. The circuit comprises of three main components: 

1. Power electronic converters ï high frequency inverter and rectifier 

2. The compensation inductor  

3. The transmitter/receiver capacitor 

The power electronic converters are needed to convert the input voltage from dc to high 

frequency ac at the source end and then from the high frequency ac to dc at the load end. The 

transmitter/receiver capacitor values obtained in the wireless power transfer circuits are in the 

range of nano-farads to picofarads [7] which result in high impedance values even with operating 

frequencies in the kilohertz to megahertz range. In order to overcome this, compensation inductors 

are used which have been shown connected in series with the capacitors in Fig. 1. The 
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compensation inductors are sized such that the equivalent impedance that the circuit presents to 

the source becomes zero at the fundamental operating frequency of the circuit. The value of the 

inductance is computed using (1). 

 ὒ  
ρ

‫ὅ
 (1) 

where, 

‫ȡ ac resonant frequency in rad/s 

ὅȡ plate capacitance 

The capacitance of the transmitter-receiver plates is assumed to be its value at complete 

alignment given by (2).  

 ὅ  
Ὣ

‭ὃ
 (2) 

where, 

Ὣȡ air gap between transmitter and receiver plates 

ὃȡ Area of the transmitter and receiver plates 

‭ȡ Permittivity of air 

The power transferred to the resistive load at the resonant frequency is estimated using (3). 

 ὖ  
ὠ

‭ὃ
 (3) 

2.1 LCLC Capacitive Power Transfer Circuit  

The capacitive circuits such as the one shown in Fig.1 suffer from the high voltage across 

the capacitors and hence results in the need to make the capacitance larger which requires that the 

air gap between the transmitter and the receiver plates be on the order of millimeters which is 

impractical for vehicular applications. In order to enable charging across large air gaps the LCLC 

CPT circuit shown in Fig. 2 has been proposed in [7]. The main parts of the circuit are: 
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1. The power electronics converters 

2. The filter circuit consisting of ὒ , ὅ , ὒ  and ὅ  

3. The compensation inductors - ὒ and ὒ 

4. The voltage sharing capacitors - ὅ and ὅ 

5. The transmitter and receiver capacitors - ὅ  and ὅ  

 

 

Figure 2. LCLC capacitive power transfer circuit 

The power electronics converters, once again, convert the dc voltage to high frequency ac 

and vice versa. In order to explain the working of the other parts of the circuit a simplified circuit 

model is considered, wherein the source is considered to be an ac sinusoidal source with the 

frequency being equal to the fundamental frequency of the square wave input available at the 

output of the inverter. This circuit is shown in Fig. 3. 

 

 

Figure 3. Equivalent LCLC capacitive power transfer circuit 

Fig. 3 also shows the circuit with the transmitter/receiver capacitor pair converted to a 

single equivalent capacitor with the capacitance being equal to the series combination of the 

capacitors. This simplification is justified since it can be verified by using Kirchhoffôs voltage law 
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that the current that flows in both the capacitors are the same and so are the voltages which can be 

added. Furthermore, it is easier to derive the state model of the circuit shown in Fig. 3 compared 

to the original circuit.  

In order to explain the circuit and derive the formula for the inductances - ὒ , ὒ, ὒ and 

ὒ  - the circuit will be broken up into two parts ï the filter components with the sinusoidal voltage 

source and the middle part of the circuit consisting of the compensation inductor and the capacitors. 

Superposition along with phasor analysis is used to analyze the circuit.  

Consider the circuit shown in Fig. 4. This circuit shows the filter components and the 

voltage source with a load impedance connected in parallel with the capacitor. 

 

 

Figure 4. Equivalent filter circuit 

The load voltage and current are given by: 

 ὠ  
ὤ

ὤ  ὤ
ὠ (4) 

 

 Ὅ  
ὤ

ὤ  ὤ
Ὅ (5) 

where, 

 ὤ  
ρ

Ὦ‫ὅ
 (6) 
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 ὤ  
ὤ ὤ

ὤ  ὤ
 (7) 

 ὤ Ὦ‫ὒ  (8) 

and 

 Ὅ  
ὠ

ὤ  ὤ
 (9) 

Substituting the value of Ὅ in (5) and (4) the load current and voltage can be calculated as: 

 Ὅ  
ὤ ὠ

ὤ ὤ  ὤ ὤ ὤ
 (10) 

 

 ὠ  
ὤ ὤ

ὤ ὤ  ὤ ὤ ὤ
Ͻὠ (11) 

At resonance the component impedances are related as follows: 

 ὤ  ὤ π ᵼὒ  
ρ

‫ Ͻὅ
 (12) 

The equations of the load current and the load voltage at resonance are then given by: 

 Ὅ  
ὠ

ὤ
 (13) 

 

 ὠ  
ὤ

ὤ
ὠ (14) 

It can be seen from (13) that the load current does not depend upon the load impedance at 

resonance. Hence it can be said that this part of the circuit behaves like a current source with the 

value of the current given by (13). Fig. 5 shows the circuit in Fig. 3 with the initial part of the 

circuit replaced with a current source. 
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Figure 5. Equivalent circuit with filter circuit  replaced by current source 

With this part of the circuit we intend to calculate the load impedance which appears across 

the current source. 

 ὒ  
ρ

‫ὅ
 (15) 

Choosing the values of ὒ  and ὅ  such that at resonance they are related by (15) we see 

that the part of the circuit indicated within the red box presents an infinite impedance to the current 

source and hence no current flows through ὒȢ The impedance presented to the current source by 

the rest of the circuit is given by: 

 ὤ  ὤ  ὤ  (16) 

where, 

 ὤ Ὦ‫ὒ (17) 

 

 ὤ  
ρ

Ὦ‫ὅ
 (18) 

 

 ὅ  ὅ  
ὅὅ

ὅ ὅ
 (19) 

 

 ὒ  
ρ

‫ὅ
 ὒ  (20) 

If the value of the inductance of ὒ given by (20) is substituted in (17), then the impedance 

presented by this part of the circuit to the current source is given by (21). 
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 ὤ  ὤ  (21) 

Substituting this value of load impedance back into (14) gives us: 

 ὠ  ὠ (22) 

Furthermore, the substitution of the load impedance value in (9) yields and using the relation 

between impedances during resonance given by (12) we get: 

 Ὅ  
ὠ

ὤ  ὤ
π (23) 

Equation (23) implies that the source current does not depend on the source voltage but 

depends only on the load/battery voltage. A similar analysis can be conducted by considering only 

the load/battery voltage since the circuit is symmetric. Therefore, using receiver side voltage as 

the source and performing a similar analysis one can conclude that the current flowing into the 

battery depends only on the input voltage and not the battery voltage. Next, the phase relationship 

between the input and output variables are derived. It had been proved earlier that the input current 

does not depend on the input voltage. Using the circuit shown in Fig. 5, the voltage across capacitor 

ὅ can be calculated as follows: 

 ὠ  Ὅ
ὤ

ὤ  ὤ  ὤ
ὤ  (24) 

where, 

 ὤ  
ρ

Ὦ‫ὅ
 (25) 

 

 ὤ  
ρ

Ὦ‫ὅ
 (26) 

 

 ὤ  
ρ

Ὦ‫ὅ
 (27) 

and, 

 Ὅ  
ὠ

ὤ
 (28) 
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Since at resonance no current flows through the inductor ὒ, we can say that the voltage 

across capacitor ὅ  is the same as that across capacitor ὅ. Therefore, the output current flowing 

through the inductor ὒ  is given by: 

 Ὅ  
ὠ

ὤ
 (29) 

In (29) 

 ὤ Ὦ‫ὒ (30) 

At resonance: 

 ὤ  ὤ  
ρ

Ὦ‫ὅ
 (31) 

Therefore, 

 Ὅ  
ὠ

ὤ
 Ὦὠ ‫ὅ  (32) 

Substituting the expressions for the impedances into (13) and (24), one obtains the value 

of the output current as follows: 

 Ὅ  Ὦὠ
‫ὅὅ ὅ

ὅὅ  ὅὅ  ὅὅ
 (33) 

From (33) one can observe that the output current leads the input voltage by 90 degrees. 

Since the output voltage is rectified by using an H-bridge, the output voltage also leads the input 

voltage by 90 degrees[7]. Using a similar analysis, the input current can be computed resulting in: 

 Ὅ  ρὭϽὠϽ
‫ὅὅ ὅ

ὅὅ  ὅὅ  ὅὅ
 (34) 

From (34) it can be seen that the input current lags the output voltage by 90 degrees and 

hence is in phase with the input voltage. Using (33) and (34) and the fact that the input voltage and 

current are in phase with each other, the average value of the input power can be calculated using 

(35). 

 ὖ  ὠϽὍ  ὠὠ
‫ὅὅ ὅ

ὅὅ  ὅὅ  ὅὅ
 (35) 

Similarly, the output power can be calculated using: 
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 ὖ  ὠϽὍ  ὠὠ
‫ὅὅ ὅ

ὅὅ  ὅὅ  ὅὅ
 (36) 

Note that in the absence of any resistances, the output power equals the input power. 

However, in reality this will not be the case due to the power loss occurring in the capacitors and 

inductors and also due to the leakage of electric flux between the transmitter and receiver plates. 

2.2 Simulation and case for inductive power transfer 

The LCLC capacitive power transfer circuit shown in Fig. 2 is simulated in SIMULINK. 

Equations (37) - (44) describe the state model which has been used to model the circuit. The circuit 

has been simulated for a transfer a power of 2.4 kW across an air gap of 15 cm. The circuit 

parameter and component values used for simulation have been listed in Table 1 and the definitions 

of the variables used in (37) - (44) have been provided in Tables 2 and 3. The values used for 

capacitors ὅ , ὅ , ὅ, ὅ, ὅ  and ὅ  has been obtained from [7] and the inductance values can 

be calculated using the equations derived in the previous section. 
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Table 1. Circuit Component Values 

Component/Parameter  Value 

ὒ  ρρȢφ ‘Ὄ 

ὅ  ςȢρψ ὲὊ 

ὒ ςσρ ‘Ὄ 
ὅ ρππ ὴὊ 
ὅ  σφȢχ ὴὊ 
ὅ  σφȢχ ὴὊ 
ὅ ρππ ὴὊ 
ὒ ςτς ‘Ὄ 
ὅ  ςȢρψ ὲὊ 

ὒ  ρρȢφ ‘Ὄ 
ȿὺȿ 265 V 

ȿὺȿ 280 V 

Table 2. State Variables Description 

State Variables Variable Description 

Ὥ  Current through inductor ὒ  

ὺ  Voltage across capacitor ὅ  

Ὥ  Current through inductor ὒ 

ὺ  Voltage across capacitor ὅ 

ὺ  Voltage across capacitor ὅ 

Ὥ  Current through inductor ὒ 

ὺ  Voltage across capacitor ὅ  

Ὥ  Current through inductor ὒ  
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Table 3. Input Variables Description 

Input Variables Variable Description 

ὺ Transmitter side inverter output voltage 

ὺ Receiver side rectifier input voltage 
 

 

 

 

Figure 6. Input voltage and current waveform
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Figure 7. Output voltage and current waveform 

Figs. 6 and 7 show the input and output voltage and current waveforms of the circuit. The 

frequency used for the simulation is 1 MHz. It can be seen from Fig. 6 that the input voltage is a 

square wave and the input current has an almost sinusoidal form. Another observation is that the 

input voltage and current are in phase. The output voltage and current waveforms exhibit similar 

waveform characteristics as the input waveforms. The 90o phase shift between the input and output 

waveforms, derived in (33) and (34) can also be observed when we compare Figs. 6 and 7. 

Dynamic wireless charging requires the CPT circuit to be capable of transferring hundreds 

of kilowatts of power through the air gap. In order to understand the circuitôs response at such high 

power levels, the circuit is simulated with the input voltage level changed to 11kV such that the 

circuit is capable of transferring a power of 280 kW.  

Figs. 8 and 9 show the voltages occurring across the air gap and across the capacitor  ὅ 

inside the vehicle. The voltages across the air gap and within the vehicle have amplitudes greater 

than 400 kV and 100 kV respectively, making it potentially unsafe for the pedestrians and drivers. 
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Figure 8. Voltage across air gap 

 

 

Figure 9. Voltage inside vehicle 
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To consider further one can use the voltage and current relation of a capacitor to derive a 

simple formula for the voltage across of the capacitor in terms of the capacitance, the switching 

angular frequency and the power level. 

 ὠ  
ὖ

ς“ϽὪὶὩήϽὅ
 (45) 

It can be seen that for a given power level, the only way we can achieve lower voltage 

levels is to increase the capacitance or to increase the switching frequency. The only way to 

increase the capacitance is by increasing the area of the plates. Since the dimensions of the receiver 

plates are limited by the dimensions of a vehicle, this parameter cannot be increased drastically to 

reduce the voltage. The only other option available is to increase the switching frequency. This 

means that one needs to operate at switching frequencies in the range of several tens of MHz while 

conducting high currents. The lack of existing availability of such high frequency power electronic 

switches limits this option for the foreseeable future. 

To summarize, the unsafe voltage levels appearing across the air gap and within vehicle 

and limitations to mitigate this high voltage renders the implementation of CPT method impractical 

given modern technology limits. Although this is a technology which could be implemented with 

further advances in the power electronic switches, it is more prudent to an alternative ï inductive 

power transfer ï for dynamic wireless power transfer.     
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 TRANSMITTER AND RECEIVER  

3.1 E ï Type transmitter and receiver System 

The E-type transmitter-receiver system, as the name suggests, consists of óEô shaped 

transmitter and receiver cores. The transmitter is embedded within a pre-fabricated concrete slab 

while the receiver is placed within the EV. The following section gives a description of the E ï 

type transmitter and receiver and the flux diagram obtained using an E ï type transmitter-receiver 

system. 

3.1.1 Transmitter Description 

 

Receiver Ferrite Core

Transmitter Ferrite

Core

Transmitter

Winding

Receiver Winding  # 2

Receiver Winding  # 4Receiver Winding  # 1

air gap

Receiver Winding  # 3

 

Figure 10. E ï type transmitter and receiver 

The E-type transmitter and receiver core and the transmitter and receiver windings along 

with the current direction is shown in Fig. 10. The E-type transmitter is embedded within the 

roadway and is made up of 15ft x 12 ft concrete slabs with multiple óEô shaped ferrite cores 

embedded within each one of them as shown in Fig. 11. The ferrite core is divided into multiple 

units due to the brittle nature of ferrite. Dividing the cores into multiple units help the cores to 

withstand the pressure of the vehicles on the road and also helps in integration with the concrete 

slab as the concrete is allowed to flow in between individual units. 
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The transmitter winding consists of litz wire which is wound around the center leg or 

around the side legs. The choice of litz wire is attributed to its ability to uniformly distribute the 

current within the wire under high frequency operation. 

 

12 ft

15 ft

Concrete Slab

Transmitter Cores

 

Figure 11. E - Type transmitter core layout 

3.1.2 Receiver Description 

The receiver for the E-type system consists of an almost E shaped ferrite core with 

windings. Unlike the transmitter, the receiver core is a uniform ferrite core since it will not be 

subjected to high pressure conditions like the transmitter. 

The receiver winding consists of litz wire turns wrapped around the vertical limbs of the 

core. The receiver winding is composed of four coils of litz wire. The center two limbs house two 

coils, each with 5 turns and the end limbs house one coil, each with 4 turns. Each of these coils 

could be connected in various series and parallel combinations. In this study all the coils are 

connected in series to mitigate losses caused by circulating currents which would be encountered 

in the case of parallel connected coils. 
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3.1.3 Flux Path 

 

Figure 12. E - Type system flux diagram 

For the direction of current shown in the Fig.10, we can see from Fig.12 that the flux 

emanates from the middle leg of the transmitter, links the receiver windings and returns back 

through the side legs. For the opposite direction of current the flux emanates from the side legs 

and returns through the middle leg. It is evident from the flux paths that in either case (different 

current directions), the flux through the middle leg is larger than the flux which flows through the 

side legs. Therefore, it can be said that the width of the middle leg should be at least twice the 

width of the side legs to limit the effects of saturation of the core. 

3.2 Double ï D Type transmitter and receiver system 

The Double-D type transmitter-receiver system was first introduced in [8]. The Double-D 

type architecture is a loosely coupled transmitter ï receiver system aimed at charging EVs with a 

power transfer capability of 2kW over an air gap of 200mm at an operating frequency of 20kHz. 

Fig. 13 shows the Double-D type transmitter introduced in [8]. 
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Figure 13. Double - D transmitter [8] 

3.2.1 Original DD Transmitter  

The original DD Transmitter had a core made up of individual ferrite bars separated at a 

fixed distance. The transmitter winding consists of two co-planar coils placed on top of the ferrite 

bars. The part in the center constitutes what the authors in [8] describe as a flux pipe because the 

coils are magnetically in series and electrically connected in parallel. Furthermore, an aluminum 

shielding is also placed between the coils and the ferrite bars. It is suggested in [8] that in order to 

increase the mutual flux, the flux pipe portion of the transmitter must be made as long as possible. 

Doing so results in two coils shaped like a óDô placed back to back and hence the name óDDô. The 

following advantages were observed as a result of utilizing the DD transmitter: 

1. Single sided flux paths 

2. Average flux path height proportional to half the length of the transmitter 

3. Insensitivity to aluminum shielding 

4. Low leakage flux out of the back 

3.2.2 Magment Double ï D Transmitter  

Fig. 14 shows the DD transmitter developed by Magment. The DD transmitter developed 

by Magment differs from the original DD transmitter developed by the authors of [8] in both 

structure and material. Magmentôs DD transmitterôs core, unlike the original DD transmitter, does 

not consist of ferrite bars separated by a fixed distance from each other. Magmentôs transmitter 

core is instead composed of magnetizable concrete ï MC40 which can be poured to make a rigid 






















































































































































