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ABSTRACT 

 

 

XIWEN XU. Wireless power transfer for railway applications. (Under the 

direction of DR. TIEFU ZHAO) 

 

 

The United States trains have the highest energy demands in rail transport in the 

world. More than 90% of the trains are powered by diesel, which aggressively impacts 

climate change. Thus, railway system electrification is a trend to reduce the speed of global 

warming and realize carbon zero emissions. In addition, the current procedure of charging 

an electric locomotive is more complicated compared with charging an electric vehicle 

(EV). Thus, Inductive power transfer (IPT) technology has a huge potential for charging 

locomotives wirelessly. 

IPT technology has been extensively studied for EV application in the past decades. 

However, it has not drawn much attention to railway applications. Due to the unique 

requirements of the railway system, most of the EV coupler designs are not directly 

compatible with wireless charging applications for a train. To fill this technical gap, this 

dissertation discusses the design considerations for railway application and introduces a 

design of a modular 5-kW IPT system for rail locomotives. According to the design 

constraints, a novel W-I coupler is proposed for the 5-kW IPT system, and the system is 

optimized via ANSYS Maxwell, to achieve high power transfer capability and lower cost. 

The optimized LCL-S compensated IPT system is also proposed for the railway IPT system 

to improve the system efficiency. A prototype of the proposed IPT system is developed at 

an airgap of 5 inches and 85 kHz operating frequency. The prototype has been validated in 

full power of 5 kW with a DC to DC efficiency of 92.5%, which is the highest efficiency 



iv 

 

reported for the railway system. The experimental results validate the feasibility of the IPT 

system design for rail application. 

In addition, the factory manufacturing tolerance effect on the power transfer 

capability was also investigated. Most of the existing designs have not considered the 

system inductance variation caused by factory manufacturing tolerance and ambient 

environment change, which can weaken the power transfer capability of the IPT systems 

significantly. A 10% coil tolerance can lead to a power reduction of up to 61.3%. To fix 

this issue, this dissertation proposed a frequency modulated maximum power point 

tracking (MPPT) method to adjust the inverter frequency to achieve its maximum power 

point. The simulation results under different circumstances were analyzed. The 

experimental results show the feasibility of this method in improving the power transfer 

capability. 
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CHAPTER 1: INTRODUCTION 

 

 

1.1 Introduction and Motivation 

Human activity in the industrial era is accelerating the speed of global warming 

caused by greenhouse gas emissions. In order to reduce its impacts on the environment, 

scientific consensus suggests that the global anthropogenic carbon dioxide (CO2) emission 

should decline by about 45% from 2010 levels by 2030, and reach carbon neutrality around 

2050 [1]. The United States freight trains have the highest energy demands in rail transport 

in the world, according to Figure 1-1 (a). Among these different types of energy 

consumption in Figure 1-1 (b), More than 90% of the freight trains are powered by diesel, 

which aggressively impacts climate change [2]. These diesel locomotives emit 35 million 

tonnes of CO2 each year and produce air pollution that cause about 1000 premature deaths 

annually, accounting for approximately $6.5 billion in health damages cost per year [3]. 

Although the current diesel locomotives are installed the catalytic converter to reduce the 

emissions, the air pollution issue has not been solved from the root causes. In order to 

            

(a)                                                                   (b) 

Figure 1-1 (a) Energy demand in rail transport by region; (b) Source to power 

the locomotive by type. 
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achieve zero carbon emissions, a few solutions have been proposed, including developing 

the hydrogen-powered locomotive and the electric-powered locomotives. Since almost all 

hydrogen is produced with fossil fuels, which will still cause air pollution, the 

electrification of the railway system has become a trend in the past decades. The reduced 

battery price in recent years also accelerated the rail electrification speed.  

Therefore, rail electrification has been implemented in many cities at the turn of the 

21st century in the US. In addition to being associated with clean energy, the electrified 

rail is quieter, faster, more reliable, and less expensive in maintenance when compared to 

the diesel-fueled locomotives. But the cost of electrification infrastructure and equipment 

is very high (up to $10 million per route mile), which becomes a huge obstacle to realize 

electrification transformation [31]. Therefore, with the benefits of the lower cost, the higher 

power efficiency and the reduced environmental impacts, the half-electrified hybrid 

(diesel-electric) locomotives are more widely accepted and used. However, the current 

procedure of charging hybrid locomotives is facing many challenges. Different from 

     

                                               (a)                                                                    (b) 

Figure 1-2 (a) A charging locomotive and its charging station; (b) Heavy 

electrical cable and terminal for charging the locomotives 
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charging the electric vehicle (EV) battery with only a single cord, multiple cords are 

required to charge a locomotive displayed in Figure 1-2 (a). The power cords shown in 

Figure 1-2 (b), which are bulky and heavy, have to be moved from the warehouse to the 

railway and manually connected to the locomotive. The staff responsible for charging the 

locomotives is exposed to the risk of electric shock while plugging the cables. Besides, the 

charging is restricted by harsh environmental conditions, such as heavy rain and snowstorm.  

In order to overcome these difficulties, wireless power transfer (WPT) technology 

has been explored as an alternative for wayside power charging of rail locomotives. The 

charging infrastructure and the onboard system are wirelessly connected via magnetic 

coupling. The coupled systems have the feature of galvanic isolation, which reduces 

electrical shock and safety risk. Furthermore, by getting rid of the components associated 

with the cables, the IPT charging system on locomotives is more flexible and reliable and 

with better resistance against adverse weather conditions. Different from the IPT 

technology on the roadway application, the rail tracks provide the locomotives with a fixed 

route, thus eliminating the lateral misalignment problem, which is very common in EV IPT 

systems. The IPT infrastructure also has fewer modifications to the conventional railroad 

compared to the roadway IPT systems which have to rebuild the roads to bury the IPT 

transmitter systems under the roadway. Finally, the IPT infrastructure can still be utilized 

after full rail electrification, which can save the overall cost significantly. Thus, IPT 

technology has huge potential to become the next-generation charging method for hybrid 

and fully electric locomotives. 
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1.2 Overview of the Wireless Power Transfer 

Wireless power transfer (WPT) technology was investigated and developed, as an 

emerging technology to transfer the power from a transmitter system to a receiver system, 

without wire connections between them. The concept was first proposed by Nicola Tesla 

at the turns of 20th century [4], which was to transfer the power wirelessly based on 

Ampere’s law and Faraday’s law which describes the interaction between the magnetic 

field and electric circuits. However, the development of WPT technology was very slow 

until the end of the 20th century because of the limitations in power electronics, including 

operating frequency, system efficiency as well as cost. With the emerging development of 

wide bandgap devices, WPT research is growing rapidly to be applied in implant 

pacemakers, portable devices, EVs, etc. Figure 1-3 depicts the classification of WPT 

technology by the category of field, which are acoustic power transfer (APT), optical power 

transfer (OPT), microwave power transfer (MPT), inductive power transfer (IPT), and 

capacitive power transfer (CPT) [5]. The characteristics and the applications for each 

category of WPT will be discussed in this section. 

1.2.1 Acoustic Power Transfer 

The concept of APT is to use the sound waves to transmit the energy without relying 

on electrical contact [6]. It is generally used in low power applications such as charging 

 

Figure 1-3 Classification of WPT technology 
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sensors or implant devices with small system dimensions. Since APT does not rely on 

electromagnetic (EM) field as an energy carrier to transfer the power, APT technology is 

more applicable for biomedical applications, as well as the power transfer requirement with 

a metal media, that EM fields are prohibited. However, the main challenges of the APT are 

the reflections and the resulting spatial resonances issues, which limit the system efficiency. 

Based on the record in [6], the efficiency of APT systems could generally reach 

approximately 50%. The loss model is complicated, therefore difficult to modelized to 

describe all the loss effects according to the examined literature. 

1.2.2 Optical Power Transfer 

The concept of OPT is based on the principle of the photoelectric effect, which 

allows energy to be transferred over a long distance up to several kilometers. The common 

media of OPT is laser because of its efficient atmospheric propagation window as well as 

its ability to deliver a large amount of power to a small aperture. Though the long-distance 

power transfer capability brings benefits and flexibility to the power transmission, the 

drawbacks of OPT, such as low efficiency (20% or less), potential safety issues to human 

beings and animals, as well as the line-of-sight requirement of transmitters and receivers, 

makes the OPT application be generally used in aero-based power transfer, such as 

unmanned aerial vehicles, robots, and orbiting satellites [7]. 

1.2.3 Microwave Power Transfer  

MPT is also a far-field WPT technology that transfers the energy via microwave 

(GHz-order radio wave). It requires the rectifying antenna or rectenna, a radio frequency 

(RF) receiver that consists of an antenna and rectifying circuit with a diode or CMOS, to 

converter the RF power to the direct current for energy harvesting purposes. MPT has been 
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wildly used in telecommunications, however, there are many challenges of WPT 

application for the high power transmission purpose. The power density of a high-power 

WPT system is low. For example, it needs a 3.4 m × 7.2 m rectenna array to receive 30 kW 

power by WPT [8]. The efficiency of the system is mostly less than 50%. Besides, the 

radiation of the microwave is not human-friendly, which also limits the application of WPT. 

Nowadays, power transmission by microwaves is applied in aircrafts and satellites. 

1.2.4 Capacitive Power Transfer 

CPT transfers the power from anode metal plates to cathode metal plates via the 

electric field. The power transfer capability of CPT relies on the coupling capacitance 

between the transmitter and receiver. The low permittivity of air limits the coupling 

capacitance, which requires the compensation circuit to provide higher voltages for 

generating stronger electric fields to transfer power. Benefits from low eddy current losses 

and low cost, CPT has been used in many low-power applications, such as integrated 

circuits, biomedical devices, LED lighting, and mobile device charging [5]. In recent years, 

CPT could transfer several kilowatts power, which became a candidate for EV charging 

applications. However, the efficiency and the power density of CPT in high power 

application is the main concern. The transmission distance is also the primary constraint 

limiting the CPT to be applied in a mid-airgap charging. 

1.2.5 Inductive Power Transfer 

IPT is used the magnetic field to transfer the power wirelessly. The power could be 

transferred via magnetic coupling from a small to medium range airgap distance. It 

provides galvanic isolation between the transmitter and receiver systems. IPT is suitable 

for systems rated from several watts to several hundred kilowatts, with an efficiency of 
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around 90%. Nowadays, IPT technology has been commercialized in many low-power 

systems, such as implant device charging and mobile device charging. IPT is also relatively 

mature in EV application, because it could achieve high efficiency, high power rating, high 

power density, mid-airgap requirement, as well as safety requirements. However, there are 

still some challenges of IPT, especially applying it to some high-power systems. The main 

disadvantage of IPT is that it leads to a significant eddy current loss in its ambient metals 

during the energy transmission. The electromagnetic interference (EMI) might cause safety 

issues for humans, which needs to be taken into consideration while the rated power of the 

IPT system increases to several kilowatts.  

1.3 Development of IPT for Railway Applications 

Since Nicola Tesla proposed the wireless power transfer concept, IPT technology 

has been investigated extensively. However, the development of IPT technology was very 

slow until the end of the 20th century because of the limitations in power electronics, 

including operating frequency, system efficiency as well as cost. With the emerging 

development of wide bandgap devices, IPT research is growing rapidly to achieve a higher 

output power, higher efficiency, and lower cost. During the past decades, numerous 

research institutes have proposed different IPT systems and demonstrated several 

prototypes for EV application [9] – [16]. Witricity developed a 3.3kW wireless charging 

system with an efficiency of 90% at 18cm airgap in 2013 [17] and an 11kW wireless 

charging system with 91 – 94% efficiency in 2016 [18], respectively. IPT technology has 

presented a 100kW wireless charging solution for electric buses [19]. The team from 

Fraunhofer Institute for Solar Energy Systems (ISE) demonstrated a 22kW bidirectional 

charging system with a pulse density modulation (PDM) method to achieve a system 
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efficiency of 97.4% [20]. Oak Ridge National Laboratory (ORNL) proposed a 120kW IPT 

system with 96.9% DC-DC efficiency in a 5 inches airgap in 2018 [21]. Table 1-1 displays 

some designs and prototypes of the IPT system in industry and academia for EV application, 

which have a trend for high power and high efficiency. Therefore, IPT technology is 

relatively mature and commercialized in EV applications. 

Table 1-1 IPT system designs for EV applications 

Name Year Air gap Power Efficiency References 

KAIST 2009 1 cm 3 kW 80% [22] 

KAIST 2009 17 cm 60 kW 72% [23] 

KAIST 2010 20 cm 15 kW/pick up 83% [24] 

KAIST 2010 20 cm 27 kW 80% [25] 

Bombardier 2013  200 kW  [26] 

Witricity 2013 18 cm 3.7 kW 90% [17] 

Toshiba 2014 16 cm 7 kW  [27] 

BOSCH 2015  7 kW 86% [28] 

Fraunhofer 

ISE 
2015 13 cm 22 kW 97.40% [20] 

Witricity 2016 9 – 28 cm 11 kW 91 - 93% [18] 

INTIS 2016 11 cm 30 kW  [29] 

ETH 2016 16 cm 50 kW 95.80% [30] 

Toshiba 2017 10 cm 44 kW  [31] 

ORNL 2018 15 cm 50 kW 95% [32] 

ORNL 2018 5 inches 120 kW 96.90% [21] 

WAVE 2019  500 kW  [33] 

Zhejiang 

University 
2020 16 cm 50 kW 95.20% [34] 

Momentum 

dynamics 
2021  450 kW  [35] 

ORNL 2021  200 kW 98.30% [36] 

IPT technology   100 kW  [19] 
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For railway applications, however, only a few projects of IPT system design have 

been reported. Bombardier PRIMOVE developed a 250-kW IPT system for trams [15]. 

Korea Advanced Institute for Science and Technology (KAIST) proposed and optimized 

several coupler designs and IPT system designs up to 100kW for rail applications from 

2010 to 2015 [37] – [44]. They also implemented a 1-MW dynamic IPT system with an 

efficiency of 82.7% [43]. In 2020, KAIST improved the system efficiency to 90.8% at 

12.7kW, with an airgap of 23 cm [48]. For all of the KAIST designs, the cores are mostly 

composed of core plates. These designs lead to high core volumes in the system, which 

increase the core material costs. Although the I-type coupler design and S-type coupler 

design can receive more magnetic flux on the receiver sides, which improves the power 

transfer capability, they also cause power fluctuations when the misalignment occurs or 

during the dynamic charging. The system efficiencies are less than 90% at their full power 

operating conditions. Southwest Jiaotong University team developed a dual transmitter and 

receiver design for the railway application which has been validated at 1.5kW [45]. The 

power transfer capability is improved by the dual transmitters enhancing the magnetic field, 

and the dual receivers capturing more magnetic field. However, the crossing coupling 

between two coils will decrease the efficiency and transmitted power. The decoupled 

transformers are required to be added to the circuit to reduce this impact. In 2021, Harbin 

Institute of Technology team proposed a three-phase IPT system for the railway application, 

which has been validated at 5kW with an efficiency of 82.7%. The coil distribution for the 

I-type cores reduces the power fluctuations during the dynamic charging compared to the 

single-phase coils. Whereas, the core volumes are still high that increases the core material 

cost. Table 1-2 indicates the current research works of wireless charging development for 
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railway applications. The detailed challenges for railway applications are discussed in the 

next section. 

 

Table 1-2 IPT system designs for railway applications 

 

1.4 Challenges of IPT on Railway Applications 

The application of the IPT system for charging locomotives is still facing a lot of 

challenges. One of the key technical challenges is that the general coupler design for EVs, 

such as the circular pad, DD coupler [5], and DDQ coupler [50], cannot meet the design 

Name Year Air gap Power Efficiency Reference 

KAIST 2010 20cm 27kW 74% [37] 

KAIST 2011 20cm 60kW 83% [38] 

KAIST 2012  100kW  [39] 

KAIST 2012 20cm 79.5kW 81.70% [40] 

KAIST 2013 20cm  91% [41] 

KAIST 2014 26cm 100kW 80% [42] 

KAIST 2015 5cm 1MW 82.70% [43] 

KAIST 2015 20cm 22kW 87% [44] 

Southwest 

jiaotong 

University 

2017 12cm 1.5kW  [45] 

UNCC 2018 5cm 1.1kW  [46] 

Pathumwan 

institute of 

technology 

2019  17.5kW 69.14% [47] 

KAIST 2020 23cm 12.7kW 85% [48] 

Harbin 

Institute of 

Technology 

2020 30cm 5kW 82.70% [49] 
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considerations for wireless train charging. An IPT system for charging locomotives needs 

a higher power rating and a more flexible charging space to ensure the parking spot 

tolerance will not severely affect the power transfer capability. A modular design is more 

suitable for the railway system to be extended easily to achieve a high power rating and 

compensate for the parking spot tolerance. Furthermore, coupler designs for the railway 

application, such as S-type coupler [44] and I-type coupler [37], have the null position. It 

significantly reduces the power transfer capability during misalignment and leads to power 

fluctuations during dynamic charging. The ideal IPT system should have high 

compatibility to dynamically charge the locomotives when they are entering or leaving the 

stations and to stationarily charge the trains when they are parked in the station. The coupler 

design must be compatible with both dynamic and stationary charging. Besides, the current 

coupler designs mostly have high core volumes, which increases the core material cost. 

The coupler design for the railway system should be cost-effective and maintain its power 

transfer capability. The IPT electrical system needs to be co-designed with the magnetic 

couplers to maximize the performance for high efficiency and better system stability. The 

system is also required to eliminate the communication between the transmitter and 

receiver to simplify the system and keep it robustly. The control method should be 

implemented not only to control the output power but also to have a cost-effective way to 

maximize the power transfer capability.  

1.5 Overview of the Proposed Research 

In order to fill the gaps and challenges of IPT system for the railway application, a 

W-I shaped coupler is proposed, which has a relatively higher coupling coefficient and a 

significantly lower core volume to reduce the core material cost and maintain the power 
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transfer capability. The modular design is easy to be extended for both static and dynamic 

charging. Finite element analysis (FEA) by ANSYS Maxwell has been conducted to 

optimize the W-I core design to fulfill a higher coupling coefficient. The W-I shaped 

coupler was also compared with the current coupler designs for the railway application in 

terms of coupling coefficient, core material cost, and misalignment tolerance.  

According to the characteristics and constraints of the railway system, a modular 

LCL-S IPT system design for charging locomotives was also optimized in the dissertation. 

The compensation circuit has been co-designed with the proposed W-I coupler to minimize 

the number of passive components used in the system, which improves the system 

efficiency. The LCL-S compensation network could also eliminate the communication 

between the transmitter and receiver side, and maintain the system stability during the 

misalignment conditions. The co-simulation was conducted to analyze the losses in the 

magnetic system and electrical system. A prototype of the W-I coupler based IPT system 

is developed to validate the design. The prototype has been tested at 5 kW with a DC-DC 

efficiency of 92.5%, which is the highest IPT system efficiency reported for railway 

applications.  

Besides, most of the existing IPT system designs have not considered the system 

inductance variation caused by factory manufacturing tolerance and ambient environment 

change, which can weaken the power transfer capability of the IPT systems significantly. 

In this dissertation, the effects of the inductance variation on the power transfer capability 

of IPT systems were investigated. A 10% coil tolerance can lead to a power reduction of 

up to 61.3%. To fill this gap, this dissertation proposed a frequency modulated MPPT 

method to adjust the inverter frequency to achieve its maximum power point. The 
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simulation results under different circumstances were analyzed. The experimental results 

show the feasibility of this method in improving the power transfer capability. 

1.6 Organization of the Dissertation  

Chapter 1 introduces the importance and motivation of implementing the wireless 

charging system for railway applications. The challenges of the railway IPT system are 

discussed. Chapter 2 reviewed the state-of-the-art IPT technology in terms of coupler 

design, compensation circuit design, controller design, as well as the electromagnetic 

interference (EMI) standard for high-power applications. The detailed technical gaps and 

challenges are discussed in this chapter. Chapter 3 introduces the proposed W-I shaped 

coupler design in detail. The FEA results and the prototype development are also 

demonstrated. In Chapter 4, the proposed LCL-S compensated IPT system design for the 

railway system is introduced. The detailed simulation results and experimental results are 

presented in this chapter. Then, Chapter 5 illustrated the inductor variation impact on the 

power transfer capability. A frequency modulated MPPT method was proposed to fix the 

resonant frequency and improve the transferrable power. The simulation and experimental 

results are shown in this section. Chapter 6 summarized the research works and author’s 

contributions, as well as the future works to complete and optimize the proposed system 

designs. 
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CHAPTER 2: LITERATURE REVIEW 

 

 

2.1 Introduction 

A regular IPT charging system shown in Figure 2-1 consists of two electrical 

systems without wire connections. Two electrical systems, the transmitter system (primary 

side) and receiver system (secondary side), are coupled magnetically and transfer the power 

via the magnetic field. Two physical laws are applied to the inductive charging procedure: 

Ampere’s Law and Faraday’s Law. Ampere’s Law states that the changing electric current 

generates the changing magnetic field. Faraday’s Law states that the changing magnetic 

field produces the induced voltage in the circuits. The DC power supply is converted to a 

high-frequency switching power and injected into the transmitter coil via a DC/AC inverter. 

The power is transferred wirelessly via the coupled coils with a certain airgap distance. 

During this procedure, energy was transduced from electrical energy to magnetic energy 

by Ampere’s Law in the transmitter and then transduced back to electrical energy based on 

Faraday’s Law in the receiver. The high-frequency induced voltage on the receiver side is 

converted to a DC voltage by a rectifier. A DC/DC converter might be used to control the 

power flow from the receiver to the load. The compensation circuits on the transmitter and 

receiver sides are resonant with the transmitter and receiver coils, respectively, which are 

aimed to reduce the VA rating as well as maximize the power transfer capability. 

Battery
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Figure 2-1 IPT charging system diagram 
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[51] proposed a method to derive the output power in an IPT system. Assumed the 

Ls and Lp are the self-inductance of the transmitter coil and receiver coil with a mutual 

inductance M. For a track current (current in transmitter coil) I1 operating at an angular 

frequency ω, the induced voltage on the receiver is,  

                                                        (2.1) 

If the receiver side is shorted, the short current is,  

                                                  (2.2) 

The product of (2.1) and (2.2) is the maximum VA rating for the receiver called 

Psu. The maximum power Pout that the system can transfer is, 

                                          (2.3) 

where Q2 is the quality factor of the secondary side that is compensated by the 

receiver compensation circuit. According to equation (2.3), the output power is positively 

proportional to ω, M, I1, or Q2. Since the IPT system is sensitive to the frequency, 

increasing the frequency could increase the power but also have to change the designed 

values of the compensation circuit, which is not feasible in a designed IPT system. A higher 

frequency will also cause EMI safety issues in a high-power operating condition. 

Increasing the mutual inductance will not require any variation of the designed IPT 

parameters, which is the best solution to increasing the power. The mutual inductance, 

however, is constrained by the coupler size, coupler material, configuration of the coil, etc. 

Increasing the track current will increase the magnetomotive force (MMF) on the primary 

side coil to improve the output power while decreasing the system efficiency by more 

power consumption on the primary side wires. Increasing Q2 of the secondary side current 
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is another solution, but the VA rating on the receiver circuit is increased and the bandwidth 

is narrowed. These factors make the design of the IPT systems complicated. In order to 

design an IPT system for a locomotive, the IPT design considerations need to be taken in 

four aspects, 

1) Coupler design; 

2) Compensation circuit and system design; 

3) Controller design; 

4) Electromagnetic interference (EMI) standard investigation. 

In this chapter, these design aspects for the railway applications are investigated. 

The effects of different design considerations and how these factors affect the system 

performance are analyzed and discussed.  

2.2 Coupler 

The coupler is one of the most critical parts of an IPT system. It is comprised of the 

transmitter core and coil as well as the receiver core and coil. The design of a coupler 

determines the coupling coefficient k of the system [52]. For a higher k value, more power 

could be transferred to the secondary side with the same track current. A good coupler 

design will also have a higher misalignment tolerance. The k value could be improved by 

adding the ferrite cores in the transmitter and receiver coil. However, the ferrite cores with 

high permeability increase the cost of an IPT system significantly. Thus, there is a trade-

off between the coupler cost and the coupling coefficient of the couplers. Many coupler 

designs are proposed in recent years to improve the power transfer capability.  
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A research team from KAIST works on the wireless charging for locomotives since 

2010 [37] – [44], [48]. Most of their designs selected the operating frequency at 20 kHz, 

 

(a) 

 

(b) 

 

                              (c)                                                               (d)       

Figure 2-2 Coupler designs from KAIST team: (a) I type coupler; (b) S type 

coupler; (c) Rectangular coupler; (d) 1-MW project coupler. 
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which made it possible to achieve the highest power efficiency as well as a high output 

power with a large air gap. As shown in Figure 2-2, four types of coil designs were 

developed for the railway system. In 2011, the I-type coupler displayed in Figure 2-2 (a) 

was developed for a 60kW IPT system with an airgap of 20 cm. The system could achieve 

a frequency of 83%. The S-type coupler shown in Figure 2-2 (b) was proposed in 2015 for 

a 22kW IPT system. The narrow-width design is more compact and has less leakage 

magnetic field. For both I-type and S-type designs, the flux directions at neighborhood 

poles are in opposite directions. These core designs canceled the electromagnetic field 

(EMF) by neighborhood poles and reduced the EMF for pedestrians around the power 

supply. A large lateral displacement is also allowed in this design. However, these two 

designs all have a null position when the pickup coils are located between two I-type or S-

type core units. This null position will cancel the magnetic field across the receiver and 

reduce the power transfer capability, making the designs not applicable for static charging. 

During the dynamic charging, the system will also have a large power fluctuation that 

weakens the transferable power as well as affects the control system stability. Besides, the 

core designs consist of many core plates, which have a high core volume and leads to an 

expensive core material cost. The KAIST research team also developed a 1-MW IPT 

system for a high-speed train with two U-type cores on the transmitter and an E-shape core 

on the receivers shown in Figure 2-2 (d). This design reduced the misalignment problem 

as well as reduced the magnetic field above the pickup with E shape core. Figure 2-2 (c) 

demonstrates the coupler design proposed in 2020 for the railway application. The system 

was validated at 12.6kW with a 23 cm airgap and an 85% maximum efficiency. Both of 

these two designs have a much longer transmitter coil than the receiver, which is more 
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suitable for dynamic charging. If the trains stop at a station for static charging. Most of the 

magnetic flux will be wasted or generate extra losses due to the small size of the receiver. 

Southwest Jiaotong University team proposed a dual transmitter and receiver 

coupler design for wireless locomotive charging in 2017. Figure 2-3 displays their coupler 

design. The system operated at 20kHz with a 1.5kW output power. The dual transmitter 

could enhance the magnetic field, and the dual receivers could capture more magnetic 

fields. Thus, the power transfer capability will be improved in this design. However, the 

crossing coupling between two coils will decrease the efficiency and transmitted power. 

The decoupled transformers are required to reduce this impact. The system efficiency is 

not evaluated in their paper. 

 

Figure 2-3 Coupler design from Southwest Jiaotong University 

 

Figure 2-4 Coupler design from Harbin Institute of Technology 
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Figure 2-4 presents a three-phase coupler design for the railway system from 

Harbin Institute of Technology team. The operating frequency is also 20kHz with an airgap 

of 30 cm. The system has been operated at 5 kW with an efficiency of 82.7%. The coil 

distribution reduces the fluctuation of the output power compared with a single phase I 

type transmitter. But the core volume is still high, which reflects the core material cost.  

2.3 Compensation Circuit and System Design 

In a loosely coupled IPT system (coupling coefficient k < 0.5), such as the battery 

charging for EVs or locomotives, the leakage inductance on the primary and secondary 

side is relatively high compared with conventional transformers. Hence, the leakage 

inductance is required to be compensated for providing more power to the receiver as well 

as reducing the VA rating of the source. The requirements of the compensation circuits are 

concluded as follows [53] – [58], 

1) maximize the power transfer capability; 

2) minimize the VA rating on the source side and load side; 

3) provide a constant current or constant voltage output; 

4) avoid the bifurcation phenomena [54]; 

5) increase the system efficiency. 

 

Figure 2-5 Basic compensated topologies for IPT system 
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Figure 2-5 shows the four basic compensated topologies SS, SP, PS and PP of IPT 

system, where the first S or P stands for the series or parallel compensation on the 

transmitter side and the second S or P represents the series or parallel compensation on the 

receiver side [54]. S compensation on the primary side provides a large VA rating at the 

input side while the P compensation on the primary side has a low VA rating at the power 

supply. The compensated Cp is independent of the load in S compensated primary, but Cp 

in P compensated primary is a function of the load. In series compensated secondary side, 

the load is required to be small for maximum the power transfer while the load should be 

large in parallel compensated secondary side. The series-series topology is the easiest 

topology to design an IPT system because the system can work at a frequency independent 

of the coupling factor and load. However, the transmitter coil current might have the over 

current issue during a low couping coefficient condition. Therefore, the communication 

between the transmitter and receiver is required to control the track current. The parallel-

parallel topology is also a good choice for the design because of the low VA rating at the 

transmitter side as well as the pure current source characteristics on the receiver side - 

which is more suitable for battery charging [55]. However, the change of the coupling 

coefficient will affect the resonant frequency because of the equivalent capacitance change, 

which increases the complexity of the controller design. Besides the basic compensation 

topologies, the LCL compensation [58] [59], LCC compensation [55] – [57], [61] also 

become competitive compensation topologies applied in the IPT system because of its 

better performance and characteristics. [60] proposed an analysis method to design the 

compensation circuit in order to achieve constant voltage or constant current output. 
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2.4 Controller 

The operating frequency at or near the secondary resonant frequency is a logical 

choice in most applications because the maximum power transfer capability can be 

achieved. Furthermore, it is also desired that the output voltage and current of the power 

supply be in phase, in order to minimize the VA rating of the power supply. In order to 

achieve the operating frequency range, both the primary controller and secondary 

controller need to be implemented in the IPT system. The primary controller is responsible 

for the primary current magnitude control in order to achieve maximum power transfer 

capability. The secondary controller is responsible for the power flow regulation by means 

of a switched-mode controller within the secondary pickup for power flow control [53]. 

There are two methods for frequency control: Fixed frequency control and variable 

frequency control. Fixed frequency control is easier to operate. However, if the load and 

coupling factor have large and variable ranges, the power supply will need a higher VA 

rating for the same power transfer. On the other hand, the variable frequency controller 

operates at the primary ringing frequency and the operational frequency (ZPA frequency 

of the load impedance) will shift away from the nominal resonant frequency because of the 

variations in load and the degree of coupling between the primary and secondary coils. 

This results in a loss of power transfer capability if the frequency shift is too large and may 

also result in a loss of frequency stability and controllability [53]. 

2.5 EMI Standard 

The IPT system transfers the power via high-frequency magnetic fields, which 

cannot be shielded. In loosely coupled IPT systems, the leakage flux is relatively high and 

should be constrained to meet the requirements of the standards for human safety.  
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There are four standards regarding EMI in the low-frequency range. The first 

standard is the ICNIRP 1998 / ICNIRP 2010 [63]. The International Commission on Non-

Ionizing Radiation Protection (ICNIRP) provides scientific advice and guidance on the 

health and environmental effects of non-ionizing radiation (NIR) to protect people and the 

environment from detrimental NIR exposure. In ICNIRP 2010, the average magnetic field 

exposed limit is 27 uT for general public exposure, while the limit is 100 uT for 

occupational exposure. IEEE Std. C95.1 2005 provides recommendations to protect against 

harmful effects in human beings exposed to electromagnetic fields in the frequency range 

from 3 kHz to 300 GHz are provided in this standard. The limit is 205 uT for general public 

exposure, while the limit is 615 uT for occupational exposure [64]. Another standard is 

IEC61980 [65]. In this standard, IEC 61980 1:2015 covers general requirements for 

Electric Vehicle (EV) Wireless Power Transfer (WPT) systems, including general 

background and definitions for example efficiency, electrical safety, Electromagnetic 

Compatibility (EMC), protection from electromagnetic field (EMF) and so on. IEC 61980 

2:2019 contains the requirements for the communication between EV and WPT systems 

when connected to the supply network. IEC 61980 2:2019 covers specific requirements for 

EV magnetic field wireless power transfer (MF WPT) systems. The last is FCC rules, 

which require Wireless power transfer devices operating at frequencies above 9 kHz are 

intentional radiators and are subject to either Part 15 and/or Part 18 of the FCC rules [56]. 

In order to promise safety, the standard with the lowest value is selected which is the 

standard of ICNIRP 2010.  

The measurement point for EV application has been determined in J2954 [66], a 

guidance for the stationary applications of WPT system for EV. The measurement point is 
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0.8m away from the center of the WPT system. This point is also the edge of the train 

carriage. For the railway application, however, there is no specific standard or rules for the 

WPT system [75]. There is a standard IEC 62957 about magnetic field levels with respect 

to human exposure. This standard determines the measurement points for both inside and 

outside of the locomotives. The measurement points outside the locomotive are 0.3m to 

the surface, with different measuring heights of 0.5m, 1.5m, and 2.5m. For safety purposes, 

the 0.8m measurement point was selected to measure the EMF. 
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CHAPTER 3: PROPOSED WI COUPLER DESIGN FOR THE RAILWAY SYSTEM 

 

 

3.1 Introduction 

Figure 3-1 depicts a conceptual IPT system for charging a train wirelessly [68]. The 

IPT system for the railway application contains a transmitter infrastructure embedded 

between the tracks and an on-board receiver system located on the underbelly of the 

locomotive. The DC power is converted to a high-frequency AC power and injected into 

the transmitter coil via an inverter. The power is transferred wirelessly via the coupled coils 

with a certain airgap distance. During this procedure, energy was transduced from electrical 

energy to magnetic energy by Ampere’s Law in the transmitter and then transduced back 

to electrical energy based on Faraday’s Law in the receiver. The compensation circuits on 

the transmitter and receiver sides are resonant with the transmitter and receiver coils, 

respectively, which are aimed to reduce the VA rating as well as maximize the power 

transfer capability. The high-frequency induced voltage on the receiver side is converted 

 

Figure 3-1 Conceptual diagram of wireless train charging application 
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to a DC voltage by a rectifier. A DC/DC converter might be used to control the power flow 

from the receiver to the batteries and loads. Therefore, the IPT design needs to consider 

both magnetic design (coupler) and electrical design (compensation circuits and 

converters). 

The shape and size of the coupler are constrained by the track gauge and the chassis 

size of the locomotives. Since the tracks are made of iron, the edge of the coupler should 

not be too close to the tracks, which can lead to additional magnetic losses by generating 

stranded eddy current within the tracks. Although the coupler length has considerable 

design flexibility because the standard length of a locomotive is 20m long, a longer coupler 

would increase the cost considerably as well as increase the difficulty for the installation 

of a single-piece coupler system. The minimum required distance from the bottom of the 

locomotive to the top of the tracks defines the airgap between the coupler for the 

locomotives, which leads to the IPT system becoming a loosely coupled system.  

The power transfer capability is directly affected by the k value according to 

Equation (2.3). Thus, achieving a higher coupling coefficient k becomes one of the main 

objectives to improve the power transfer capability of a loosely coupled IPT system. 

Towards this goal, core material with a higher permeability is also required to achieve a 

higher k value. As a wireless charging system for railway applications, the coupler design 

should be capable of both stationary and dynamic charging. Currently proposed couplers 

for train applications such as the I-type coupler designs have relatively high k values, but 

they also require precise positions on which the power transfer capability is fully realized. 

Since it is difficult to park the locomotive at an accurate spot during the stationary, it is 
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inevitable for a locomotive to be parked at a null position with almost zero power transfer 

capability. The null position of I-type designs significantly reduces the transferable energy 

of the IPT system during stationary charging. 

Based on the constraints and requirements discussed above for the wireless 

locomotive charging, a W-I shape coupler depicted in Figure 3-2 is proposed for the IPT 

 

(a) 

 

(b) 

Figure 3-2 Dimensional information of the proposed W-I shaped coupler (a) 

Overview; (b) Front view. 
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system for railway application. The coupler consists of a W-shaped transmitter (Tx) core 

and two I-shaped receiver (Rx) cores. The core material is Ferroxcube 3C90 which has a 

relative permeability of 2300. The airgap of the coupler is designed to be 5 inches (12.7cm). 

The shape and size of the coupler, as well as the position of the coils, were optimized via 

ANSYS Maxwell to achieve the highest coupling coefficient k to increase the output power 

transfer capability. The coupler was designed to be a modular discrete distributed system 

along the tracks, which reduces the cost of the cores and increases the feasibility of 

installation.the tracks, which reduces the cost of the cores and increases the feasibility of 

installation. 

3.2 Coupler Optimization 

Figure 3-3 shows the magnetic circuit of the proposed coupler design for optimizing 

the coupler geometry. The flux received by the receiver ΦRx and the leakage flux from the 

transmitter ΦLkg can be represented as follows, 

                                        (3.1) 

                                                              (3.2) 

where mmf is the magnetomotive force generated in the transmitter coils, and RTx, 

RRx, Rgap, Rair, and RLkg are the magnetic reluctance of the transmitter cores, receiver cores, 

airgap, and air. The coupling coefficient k reflects the ratio of received flux ΦRx to the total 

flux ΦRx+ΦLkg [46]. Based on Equation (3.1) and (3.2), the k value can be expressed as 

follow, 

                                 (3.3) 
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The geometry of the coupler is one of the critical factors for improving the coupling 

coefficient k. By implementing the W shape on the transmitter side, RLkg near the 

transmitter increases by introducing more air reluctance in the magnetic loop compared 

 

Figure 3-3 Magnetic equivalent circuit of the proposed W-I coupler. 

 

 

Figure 3-4 Increasing percentage of k value by varying airgap distances. 
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with the regular flat plate core with the same length and thickness. Thus, the k value is 

improved with the increase of RLkg according to Equation (3.3). Figure 3-4 displays the 

FEA results that compared the performance between a W slots core shown in Figure 3-2 

(a) and a flat plate core with the same length, width, and thickness. The figure demonstrates 

the k value improving percentage of the W shape transmitter in different airgap distances. 

When the airgap is smaller, Rgap and Rair are sharply decreased to make ΦRx increase 

significantly. ΦLkg is reduced and takes a much smaller portion of the total magnetic flux 

generated from the transmitter. So the coupling coefficient between the transmitter and 

receiver is lifted by reducing the airgap distance. In this situation, though the W shape core 

reduces the ΦLkg, the impact on k improvement is negligible due to the analysis above. By 

increasing the airgap distance, ΦLkg takes a higher portion in the total generated magnetic 

flux. The effect of shape optimization is more obvious in improving the k value. Therefore, 

the W shape transmitter can improve the power transfer capability by increasing the k value 

in a loosely coupled system. The coupling coefficient is enhanced by 4.8% while the 

designed airgap is 5 inches, which can improve the power transfer capability of an IPT 

system by 10% based on Equation (3.1). On the receiver side, the shape of the receiver 

affects RRx value. The I-type receiver design in Figure 3-2 (a) provides the shortest 

magnetic path compared with other shape designs, thereby having a lowest RRx. The k value 

is enhanced according to Equation (3.3) by implementing the I-type receiver. Consequently, 

the coupler is optimized to the W-I shape to achieve a higher coupling coefficient in a 

loosely coupled IPT system. 

Then, the dimensional optimization was conducted on the design parameters shown 

in Figure 3-5, which include: 
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• length of transmitter flanges DTx_sw; 

• depth of transmitter U-shape slots DTx_d; 

• distance between the two I-shape receiver cores DRx_d; 

• width of receiver coil DRxc_w; 

• position of transmitter coil DTx_cd. 

Since k is determined by the radius of both Tx and Rx coils, the width of Tx coil, 

also known as DTx_w, is first determined as 20.32 cm. By varying the design parameters, 

the FEA results of k are displayed in Figure 3-6. Figure 3-6 (a) and Figure 3-6 (b) show the 

optimization for the length of transmitter flanges and the depth of transmitter U-shape slots, 

respectively. According to the FEA simulation, the longer DTx_sw and DTx_d are, the higher 

the coupling coefficient k would become. However, the increase of DTx_sw and DTx_d will 

become less effective to increase k and, at the same time, result in more eddy current loss 

in the tracks and increase the cost of the coupler. By taking these factors into consideration,  

 

Figure 3-5 Design parameters of proposed W-I coupler 
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                                     (a)                                                                 (b) 

 

                                     (c)                                                                 (d) 

 

(e) 

Figure 3-6 FEA results of design parameters. (a) DTx_sw vs. k; (b) DTx_sw vs k; 

(c) DRx_d vs k; (d) DRx_d vs k; (e) DRx_d vs k. 
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DTx_sw and DTx_d values are determined and are shown in Figure 3-2. Figure 3-6 (c) and 

Figure 3-6 (d) demonstrate the k value variation by modulating the distance between two 

I-shape receiver cores DRx_d and the width of receiver coil DRxc_w. The k achieves the 

maximum value with DRx_d = 10 cm and DRxc_w = 25 cm. The relationship between the 

position of the transmitter coil and the k value is depicted in Figure 3-6 (e). By lifting DTx_cd 

from the bottom to the top of the U-shape slots, the k value improved from 0.180 to 0.247, 

which increases the k value by 37.2%. Thus, the ideal position of the transmitter coil is on 

the top edge of the U-shape slots. However, installing and fixing of Tx coil will become 

difficult for hardware development. Therefore, the final design of the W-I coupler includes 

the thickness of Tx coil support into consideration, which determined the DTx_cd to be 1 cm.  

The relative permeability µr is also an important core materials parameter, which 

affects the power coupling coefficient and power transfer capability. Higher µr will 

increase the coupling coefficient of the coupler, but the price will also be more expensive 

at the same time. After the shape and size of the coupler have been determined, the relative 

permeability is also a critical parameter to ensure the system has a high transferable power 

as well as a lower cost. The FEA was implemented to vary the µr from 1 (same as air) to 

2500 to observe the coupling coefficient change. Figure 3-7 displays the coupling 

coefficient as well as the output power changes while the relative permeability is increasing. 

According to Figure 3-7, a higher coupling coefficient will improve the output power level 

of the IPT system. The coupling coefficient increases rapidly while the relative 

permeability is less than 2000, which prompts a significant increase of the output power. 

The increasing rate of k is less than 5%, while the relative permeability is more than 2000. 

Thus, the relative permeability around 2000 is a reasonable selection for the core material. 
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The core material is finally determined to be Ferroxcube 3C90 with a relative permeability 

of 2300. 

3.3 FEA Results 

The FEA results of the optimized W-I coupler are demonstrated in Figure 3-8 and 

Table 3-1. The simulated airgap is 5 inches. and the couple coefficient k is 0.236 based on 

the FEA results.  

 

Table 3-1 FEA Results 

Parameter Symbol Value 

Tx self-inductance Lp 70 uH 

Rx self-inductance Ls 175 uH 

Mutual Inductance M 26.1 uH 

Coupling coefficient k 0.236 

Airgap DAir 5 in 

 

 

Figure 3-7 Relative permeability impact on power transfer capability 
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3.3 Core Design Evaluation 

In order to evaluate the proposed W-I coupler, FEA was also conducted for 

different coupler designs for the railway application, including aligned I-type coupler [67] 

in Figure 3-9 (a), paralleled I-type coupler [46] in Figure 3-9 (b), U-U design coupler [43] 

in Figure 3-9 (c), and the propose W-I coupler in Figure 3-9 (d). The comparison focuses 

on the coupling coefficient and the volume of cores in the transmitter and receiver, which 

indicate the power transfer capability and the cost of the core material. The coupler designs 

are all constrained to be one meter in length. The simulated k values, the core volumes, and 

the estimated core material cost are displayed in Figure 3-10. The cost of the core material 

 

(a) 

 

(b) 

Figure 3-8 Magnetic flux density overlay of the W-I core. (a) Front view; (b) Side 

view. 
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is estimated to be $0.1515/cm3 based on the marketing investigation. According to the 

results in Figure 3-11, the paralleled I-type coupler shown in Figure 3-9 (b) has the highest 

k value of 0.345. However, the volume of the cores is also the highest among the four types 

of coupler designs, which means it has the highest cost of the core material. The core 

material cost of the W-I shaped coupler reduces by 93.2%, but the coupling coefficient is 

only reduced by 31.6%, compared to the paralleled I-type coupler. The coupler design in 

Figure 3-11 (a) and Figure 3-11 (c) have higher core volumes as well as lower k values wh- 

 

                                     (a)                                                                 (b) 

 

                                     (c)                                                                 (d) 

Figure 3-9 Four types of coupler designs: (a) aligned I-type, (b) paralleled I-type, (c) 

U-U design, (d) proposed W-I coupler. 
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Figure 3-10 Power transfer capability and core material cost comparison. 

 

Figure 3-11 Misalignment tolerance comparison. 
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en compared to the proposed W-I coupler shown in Figure 3-11 (d). The W-I coupler has 

great advantages in both power transfer capability and core material cost. Thus, the W-I 

coupler is the coupler design of choice with relatively higher power transfer capability and 

cost-saving characteristics. 

The misalignment tolerance for four types of coupler designs is also analyzed. The 

locomotives have two tracks to guide their route, so they don’t have the lateral 

misalignment. This section only assesses the longitudinal misalignment that might occur 

for the railway IPT systems. The coupling coefficient change is simulated by ANSYS 

Maxwell from the aligned position to a misalignment distance of 110 cm. The FEA results 

are shown in Figure 3-11. Two I-type designs have higher coupling coefficients when the 

misalignment is less than 10 cm. Due to the existence of the null position, however, the 

coupling coefficient reduces significantly when the misalignment distance is between 20 

cm and 50 cm. If the coupler is used for dynamic charging, these two designs also have an 

output power fluctuation during the charging that impact the total transferable power. The 

W-I coupler provides the highest power transfer capability in this misalignment range. 

When the misalignment is more than 50 cm, the power transfer capability of the two I-type 

coupler designs is slightly recovered to the same level as W-I shaped coupler. Therefore, 

the W-I shaped coupler has a more stable performance when a misalignment distance is in 

the IPT system. It can even provide a higher power transfer capability compared to the 

bipolar coupler designs in their null positions. 

3.4 Core Loss Evaluation 

The FEA of core loss is conducted to estimate the proportion of the core loss to the 

total losses. Since the core material has been determined to be Ferroxcube 3C90, the B-H 
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curve and B-P curve of the material could be imported to ANSYS Maxwell for the core 

loss evaluation. The electrical circuit is also co-simulated for providing the excitation 

current and induced voltage to the coupler coils. More detail about the circuit design is 

presented in Chapter 4. The simulation condition is that the W-I coupler operates at 650V 

input voltage and 5kW output power. The operating frequency is 85kHz. The simulation 

 

(a) 

 

(b) 

Figure 3-12 (a) Excitation current in transmitter coil (Red) and receiver coil (Green); 

(b) Simulation results of core loss at 5kW operating condition. 
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results of the transmitter and receiver coil current, as well as the core loss, are shown in 

Figure 3-12. The transmitter coil peak current is 20.8 A, while the receiver coil peak current 

is 38.4 A. The core loss is 26.56 W at 5kW operating condition, which takes only 0.53% 

of the output power. The core loss of the designed W-I coupler accounts for a small 

proportion of the 5kW testbed. 

3.5 Prototype Development 

Figure 3-13 demonstrates the prototype of the W-I shaped coupler. The core 

material is Ferroxcube 3C90, with a relative permeability of 2300. The coupler coils are 

the 38/1500 Liz wires, which could alleviate the skin effect in high operating frequencies 

to reduce the AC losses. It has five turns on the transmitter side, and eight turns on the 

receiver side. The self-inductance and the mutual inductances are measured by the LCR 

meter to validate the design. Table 3-2 displays the comparison between the simulation 

results and the testing results. The measured coupling coefficient is 0.215 at 5 inches airgap. 

In conclusion, the proposed W-I shaped coupler is an optimized design for the 

railway application. It has a high power transfer capability with a low core material cost 

according to its discrete core design. The coupler has a good misalignment tolerance for  

Table 3-2 W-I coupler parameters 

Parameter Symbol Theoretical Value Measured Value 

Tx self-inductance Lp 70 μH 70.4 μH 

Rx self-inductance Ls 175 μH 174.6 μH 

Mutual Inductance M 26.1 μH 23.8 μH 

Coupling coefficient k 0.236 0.215 

Airgap DAir 5 inches 5 inches 
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(a) 

 

(b) 

Figure 3-13 Prototype of the proposed W-I shaped coupler.(a) transmitter; (b) 

receiver. 
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stationary charging and less power fluctuation for dynamic charging. The core loss only 

accounts for a tiny proportion of the output power, which will improve the system 

efficiency. The modular design is easy for extension and applicable for both static and 

dynamic charging.  
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CHAPTER 4: IPT SYSTEM DESIGN FOR THE RAILWAY SYSTEM 

 

 

4.1 Introduction 

In contrast to tightly coupled systems, loosely coupled IPT systems require the 

compensation circuits on both transmitter and receiver sides to reduce the VA rating on the 

source and load sides and maximize the power transfer capability. Different combinations 

of the compensation topologies have been introduced in Chapter 2. As stated earlier, there 

is some degree of difficulty parking a locomotive at a precise charging position. The 

coupling coefficient may vary each time while the locomotive is parked on the top of the 

transmitter. Hence, a constant track current irrelative to the coupling coefficient is desired 

to provide a constant magnetomotive force to the receiver and ensure the stability of the 

power transfer process. The constant track current is also beneficial for dynamic charging 

to simplify the control system. There have been many compensation topology designs such 

as LCC-S and double side LCC to fulfill these requirements. The second capacitor in series 

with the transmitter coil increases the design flexibility. However, these designs will also 

increase the number of passive components to increase the conduction loss as well as affect 

the system efficiency. In order to simplify the compensation circuit to reduce the 

component and keep its benefits, an optimized LCL-S compensation topology shown in 

 

Figure 4-1 Proposed LCL-S compensated IPT system for railway application. 
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Figure 4-1 is proposed for the IPT system to charge the locomotive wirelessly. The co-

design for electrical circuits and magnetic coupler is implemented to ensure the 

compensation circuit has a minimum number of passive components, which can maintain 

the design requirements and improve the system performance. The LCL-S compensation 

circuit also provides a constant track current which will not be affected by the misalignment 

and load variation. Thus, the communication between the transmitter and receiver side 

could be eliminated. This design will simplify the control system.  

This chapter aims to design a 5kW modular IPT system for locomotive wireless 

charging. The circuit modeling and analysis have been discussed in detail in this chapter. 

The experimental results of the designed IPT system for locomotive charging are also 

demonstrated in the chapter. 

4.2 Circuit Modeling 

Figure 4-1 shows the equivalent circuit of the LCL-S compensation circuit. This 

topology removes the capacitor in series with the transmitter coil in the LCC-S topology 

to reduce the number of passive components in the circuit and lower the conduction loss in 

the compensation circuit. Due to the compensation circuits filtering the high-order 

harmonics, only the fundamental frequency, which is also the designed resonant frequency, 

 

Figure 4-2 LCL-S compensation circuit equivalent circuit. 
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is analyzed. According to the Fourier analysis, the inverter output voltage Vinv and the 

equivalent resistance Rac can be derived respectively as, 

                                                   (4.1) 

                                                           (4.2) 

where Vdc_in is the input DC voltage and Rdc is the load resistance. To minimize the 

volt-ampere (VA) rating, the compensation circuits are required to be operated at the 

resonant frequency [54]. Therefore, the design constraints of the LCL-S compensation 

circuit are, 

                                                         (4.3) 

where Lp and Ls are the self-inductances of transmitter and receiver. By analyzing 

the equivalent circuit in Figure 4-2 via Kirchhoff’s Voltage Law (KVL), the track current 

I1 and rectifier voltage Vrec are derived as follows, 

                                    (4.4) 

                                                                    (4.5) 

where LR and CR are the resonant inductance and resonant capacitor on the transmitter side. 

According to Equation (4.4), the track current only depends on the input voltage Vinv, 

switching frequency ω, and resonant parameters in the transmitter, like LR and CR. The 

track current can be kept constant while the coupling coefficient k and the load Rac vary. 

Based on Equation (4.5), the LCL-S compensation circuit also provides a load-independent 



46 

 

output voltage. Besides, by the frequency domain analysis of the inverter output voltage 

and current, the high-frequency inverter is capable of achieving zero voltage switching 

(ZVS) while the system operates at the designed resonant frequency. 

4.3 Parameters Optimization 

In order to optimize the LCL-S IPT system to achieve high efficiency, the designed 

transmitter inductor Lp and receiver inductors Ls effects, as well as the airgap (k value) 

effects on the IPT system efficiency were analyzed. The losses in the inverter and rectifier 

are minimal and could be negligible owing to the soft-switching and the diode feature, 

respectively. Thus, the losses in the compensation circuit are mainly discussed. The 

equivalent circuit of the LCL-S compensation circuit is depicted in Figure 4-3. According 

to the KVL analysis, the circuit matrix and the current in each path could be derived as, 

             (4.6) 

The input current Iin, track current I1, and the output current I2 could be derived 

from Equation (4.6), 

                                             (4.7) 

 

Figure 4-3 Proposed LCL-S compensated IPT system for railway application. 
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                                                      (4.8) 

           (4.9) 

where, 

             (4.10) 

In the equations above, Iinv is the inverter output current, I1 is the transmitter coil 

current (track current), I2 is the receiver coil current, RLR, Rp, Rs, and RCR are the ESRs of 

inductors and capacitors in the compensation circuit. Therefore, the output power Pout and 

the system efficiency η could be obtained as, 

                                                        (4.11) 

                   (4.12) 

The variation of Rac represents the change of operating point, as well as determines 

the transferable power and efficiency of the IPT system. The target of the optimized 

operating point is to work at the 5kW rated output power with relatively high efficiency by 

considering the parameter optimization and the capacitor selection. The nominal values of 

Lp, Ls, and k are determined from the coupler design in Table 3-1. Based on the constraints 

of the compensation circuit in Equation (4.3), the compensation capacitor values could be 

derived while analyzing the Lp and Ls changes. By substituting Equation (4.7), (4.8), and 

(4.9) into Equation (4.11) and (4.12), the output power and efficiency variation can be 

depicted as shown in Figure 4-4. The marked points in each curve exhibit the maximum  
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efficiency points in the top figures and the corresponding output power in the bottom 

figures. Besides, the voltage stress on CR and Cs are also compared while the system 

operates at 5kW by varying Lp, Ls, and k. The detailed analysis results are shown in Figure 

4-5. 

The Lp variation effect on the system efficiency and the output power is shown in 

Figure 4-4 (a). By reducing the value of Lp, the power transfer capability is improved at the 

 

Figure 4-5 Voltage stress on compensated capacitors. 
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same Rac value due to the increase of track current. The transferable power at the maximum 

efficiency is also lifted. However, more conduction loss on the transmitter leads to the 

reduction of the maximum efficiency. In addition, lower Lp shifts the maximum efficiency 

point to be closer to the efficiency drop cliff where in the low Rac range, which will 

constrain the design to achieve a high output power with high efficiency. But lower Lp 

could reduce the voltage stress on both CR and Cs, which increases the capacitor design 

flexibility as shown in Figure 4-5. The airgap impact on the efficiency and the output power 

is illustrated in Figure 4-4 (b). The k value change reflects the airgap variation between the 

transmitter and receiver. With a smaller airgap, the IPT system can elevate the power 

transfer capability as well as its efficiency. Besides, a smaller airgap also alleviates the 

voltage stress on Cs based on Figure 4-5. However, the airgap has limited flexibility in the 

railway application because the minimum gap distance is required between the bottom of 

the locomotive and the top of the tracks. Thus, the airgap should be designed as small as 

possible to ensure a higher transferable power and higher efficiency. Figure 4-4 (c) depicts 

the Ls variation effect on the output power and efficiency. Owing to the output voltage that 

is proportional to Ls and irrelevant to Rac, the increase of Ls can improve the system 

efficiency and enhance the power transfer capability at the same time. But the trade-off is 

the compensation capacitor Cs requires a lower capacitance and carries higher voltage 

stress. In Figure 4-5, 40% increase of Ls leads to the voltage stress on Cs increasing from 

3.9kV to 4.6kV with a capacitance reduction from 20.0nF to 14.3nF. This increases the 

capacitor design and selection difficulty, which becomes a drawback in improving the 

power transfer capability and system efficiency by increasing Ls. 
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The designed parameters are tabulated in Table 4-1 based on the analysis above. 

The parameter selection considered not only the parameter optimization but also the 

possible combination of the capacitors to meet the requirements of rated voltage and 

capacitance values, which ensures the design feasibility of the IPT system for railway 

applications.  

4.4 Simulation Results 

The 5kW IPT modular design was simulated via PLECS to validate the design. The 

designed parameters have been shown in Table 4-1. The IPT system aims to charge an 

800V battery. Thus, a boost converter is connected to the IPT system to boost the voltage 

level. Since the LCL-S topology can provide a constant track current and constant output 

Table 4-1 IPT system designed parameters. 

Parameter Symbol Value 

Tx self-inductance Lp 70 uH 

Rx self-inductance Ls 175 uH 

Coupling coefficient k 0.236 

Tx resonant inductor LR 70 uH 

Tx capacitor CR 50.1 nF 

Rx capacitor Cs 20.0 nF 

Operating frequency f0 85 kHz 
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voltage, the controller of the boost converter doesn’t need communication with the IPT 

system. Figure 4-6 displays the circuit diagram of the designed IPT system for the railway 

application.   

The system operates at 85kHz with an input DC voltage of 650V. The output 

voltage is 800V with an output power of 5kW. In order to validate its performance. The 

misalignment occurs at 1.5s by varying the coupling coefficient from 0.22 to 0.18 to 

observe the system response. Figure 4-7 demonstrates the simulation results of the track 

current as well as the output power. According to Figure 4-7 (a), the track current keeps a 

constant value of 14.6 A when the misalignment occurs. The system could still provide a 

5kW output power when the misalignment occurs in Figure 4-7 (b). The rectifier output 

voltage is decreased because the coupling coefficient decreases in Figure 4-7 (c). Thus the 

voltage stress on the receiver side capacitor will be increased. The rated voltage and current 

of the receiver side capacitor should be carefully selected to allow the misalignment 

tolerance during the charging.  

 

 

 

Figure 4-6 Circuit diagram of the designed IPT system. 
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(a) 

 

(b) 

 

(c) 

Figure 4-7 Simulation results of the designed IPT system. (a) inverter out voltage and 

current; (b) output information; (c) rectifier input voltage and current. 

14.6A (rms) 14.6A (rms)
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4.5 Prototype Development 

In order to validate the performance of the W-I coupler and the LCL-S compensated 

IPT system design, a prototype was designed and implemented in the lab as shown in 

Figure 4-8. The prototype was designed to operate at 85kHz. A high-frequency (HF) 

inverter was developed with CREE C2M0080120D Silicon-Carbide MOSFET to provide 

the HF power to the coupler. The components in LCL-S circuit were connected by Litz 

wires to alleviate skin-effect and reduce the conduction loss in the coils. Since the 

transmitter and receiver coils are also required to carry high voltage stress, the Litz wires 

are wrapped by Kapton tapes to provide the high voltage insulation. The HF rectifier is 

composed of four C5D50065D Schottky diodes. The material of W-I cores is 3C90 from 

Ferroxcube. The transmitter compensation capacitor bank is composed of eighteen 

B32656S2224 film capacitors to attain 48.4nF with a 7.2kV rated voltage. The receiver 

compensation capacitor bank is five HC1 high power resonant capacitors in series to obtain 

20nF with 5kV rated voltage. The measured parameters of the IPT prototype are tabulated 

in Table 4-2. The measured coupling coefficient is 0.215 at 5 inches airgap, which matches 

the FEA and simulation results. 

4.5.1 Power and Efficiency Testing  

The IPT prototype with the proposed W-I coupler was tested by ramping up the 

input voltage from 150V to the rated 650V with 8.5Ω load resistance. The simulation 

results and testing results are shown in Figure 4-9. The simulation model is built in PLECS 

by taking not only the conduction losses but also the switching losses of the semiconductor 

devices into consideration to improve the simulating precision. The DC-DC efficiency was 

measured by Tektronix PA3000 Power Analyzer. The testing output  
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Figure 4-9 Experimental results of the output power and efficiency variation. 

 

Table 4-2 Measured parameters of the IPT prototype. 

Parameter Measured Value 

Lp 70.4 μH 

Ls 174.6 μH 

LR 70.5 μH  

CR 48.4 nF  

Cs 20 nF  

Cdc 120 μF 

k 0.215 

f 85 kHz 

Rdc 8.5 Ohm 

Airgap 5 inch 
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power was lifted from 265W to the rated power 5kW with a system efficiency from 90.7% 

to 92.5%. The output power and the efficiency of the simulation results were slightly higher 

than the testing results because of the tolerance from passive components values, ESRs, 

and the coupler installation. Figure 4-10 illustrates the working conditions at 5kW rated 

power. The inverter output voltage is a square wave with a peak value of 650V. Since the 

compensation circuit operates near the resonant point, the coil and capacitor voltage values 

are much higher than the input and output voltage values. Figure 4-10 shows the Rx side 

capacitor voltage, also equals to the Rx coil voltage, is 3.6kV. Because of the 

characteristics of the LCL-S compensation circuit, the inverter is operated at ZVS condition, 

which will reduce the switching losses and improve the system efficiency. The track 

current is a constant value of 15A, which is irrelevant to the k value and load variation.  

 

Figure 4-10 Experimental waveforms of the IPT system. 
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Figure 4-11 System efficiency measurement results for the IPT prototype. 

 

 

 

Figure 4-12 Testing results of different operating points at rated input voltage. 
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The output power of the W-I coupler based IPT prototype at 650V input voltage is 5kW 

with a DC-DC efficiency of 92.5%. This is the highest IPT system efficiency reported for 

railway application to the best of the author’s knowledge. The efficiency in the high-

frequency section is also estimated by an oscilloscope and is demonstrated in Figure 4-11. 

The efficiencies for DC/AC inverter, coupler and compensation circuit, and rectifier stages 

are 97.2%, 96.5%, and 98.6%, respectively. The experimental results validate the 

feasibility of the W-I shaped LCL-S compensated IPT system design. 

The prototype was also tested at the rated input voltage of 650V with Rdc variation. 

The output power and efficiency testing results are shown in Figure 4-12. The proposed 

W-I shaped IPT system can reach to the highest DC-DC efficiency of 94.3% while the 

system is operating at 2.3kW, which matches the simulation results. Besides, the designed 

operating point could be different from the maximum efficiency point to achieve a higher 

output power, as long as the voltage stress on the passive components does not exceed the 

maximum voltage. According to the testing results, the system could improve the output 

from 2.3kW to 5kW by only sacrificing 1.8% efficiency. 

4.5.2 Misalignment Testing 

To validate the misalignment performance of the W-I coupler, the system was 

tested in different misalignment positions from 0cm to 50cm with an increment of 10cm 

as shown in Figure 4-13. The self-inductance of the transmitter and receiver, as well as the 

k value variation, were measured and shown in Figure 4-14. Since the misalignment 

changes the magnetic circuit whereby changing the receiver position, the transmitter and 

receiver self-inductance was reduced by 0.64% and 2.34%, respectively. The coupling 

coefficient was reduced by 37%, which will impact the power transfer capability as well  
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(a) 

 

(b) 

Figure 4-13 Experimental setup of the IPT prototype with (a) 0 cm misalignment; (b) 

50 cm misalignment 
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Figure 4-14 Misalignment impact on k and self inductance. 

 

 

Figure 4-15 Misalignment impact on the output power and efficiency. 
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as the system efficiency. Figure 4-15 depicts the misalignment impact on the output power 

and efficiency. By giving the 650V input voltage and 8.5Ω load resistance, the output 

power was dropped from 5kW to 1.8kW, whereas the efficiency could still maintain at 

more than 90%. The measured output power has a good match with the simulation results. 

The efficiency difference between the simulation and experiment comes from the inductor 

value design and the ESRs measurement tolerance. 

4.5.3 Electromagnetic Field Testing 

In order to assess the electromagnetic field (EMF) emission surrounding the 

proposed IPT system, The EMF testing experiment was conducted and shown in Figure 4-

16 using EHP-50F field strength analyzer. The testing point was setup 80 cm away from 

 

Figure 4-16 Experimental setup of the EMF measurement. 
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the center of the coupler. This point is also about the edge of a locomotive, which is the 

closest point that humans might be exposed to the EMF. International Commission on Non-

Ionizing Radiation Protection (ICNIRP) 2010 drew up the guidelines of EMF exposure at 

frequencies <100kHz, which was used to evaluate the EMF emission for the design IPT 

system. The guideline noted that EMF exposure should be no more than 27µT for human 

safety purposes [63]. By implementing the EMF measurement experiment, the measured 

EMF at the testing point is 12.4µT at 85kHz with a 5kW operating condition, which meets 

the ICNIRP 2010 standard. 
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CHAPTER 5: FREQUENCY MODULATED MPPT METHOD FOR IPT SYSTEMS 

 

 

5.1 Motivation 

Electric vehicles are gradually being used for residential and industrial 

transportation since they have no tailpipe emissions which harms the environment, and 

they are much quieter than conventional vehicles. The general method to charge an EV is 

conductive charging. However, this method always has bulky power cords to be 

manipulated, as well as the potential of electric shock hazards during the charging 

procedure. To overcome these concerns, wireless charging technology has been developed 

rapidly in recent years that brings convenience and a safer way to charge EVs. Inductive 

power transfer is the most common method to charge the EVs wirelessly, because of the 

unique requirements of EV charging that include power rating, airgap distance, system 

efficiency, and electromagnetic interference concerns, etc. A typical IPT system consists 

of a transmitter system and a receiver system. The concept uses the electromagnetic 

coupling between the transmitter and the receiver to transfer the power wirelessly. For 

loosely coupled IPT systems, the compensation circuits are also required on both 

transmitter and receiver sides to maximize the power transfer capability and improve the 

system efficiency. Many research teams have investigated and developed high-power EV 

wireless charging systems with high performance, some of which have been 

commercialized and introduced in Chapter 2. However, most of the wireless charging 

system designs did not consider the coupler inductance's factory-producing tolerance. An 

investigation has been conducted on the fixed inductor tolerance and the wireless charging 

coil inductor tolerance in the market [74]. According to the datasheet investigation shown  
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(a) 

 

(b) 

Figure 5-1 Inductance tolerance investigation. (a) Fixed inductor tolerance; (b) 

Wireless charging coil inductance tolerance. 
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in Figure 5-1 (a), 83% of fixed inductor manufacturing tolerances in the market are more 

than ±10%. Figure 5-1 (b) displays the coil inductor tolerance for the wireless charging 

application. More than half of the manufacturing tolerance for wireless charging coil is also 

±10%. Thus, the general tolerance of an inductor from factories is around ±10%. The 

coupler inductance might also change while the ambient temperature and humidity vary. 

Besides, the misalignment of the coupler will also lead to the inductance variation in an 

IPT system. These variations will change the resonant point of the system which will 

weaken the power transfer capability significantly. Due to the change of coupler inductance, 

some of the IPT systems might not be able to work at their maximum power points. In 

order to tune the system to achieve the maximum power point, [70] proposed a tracking 

method by adjusting the frequency and capacitance value. [73] also proposed a method to 

optimize the values of passive components to mitigate the system sensitivity. But these 

methods are only applicable to the design stage. When the system is manufactured, the 

factory tolerance cannot be compensated to achieve the maximum power point. [71] 

created a capacitor matrix to track the impedance matching point. However, the capacitor 

matrix will increase the cost of the system by adding multiple switches and extra capacitors. 

[72] also presented a tuning method to track the optimized operating frequency, but the 

tuning time is too long as 3 seconds. 

This chapter proposed a frequency modulated maximum power point tracking 

(MPPT) method to adjust the system to achieve its maximum power transfer capability 

within the system constraints. It could track the maximum power point by finding the 

optimized frequency to improve the power transfer capability weakened by the inductance 

variation. The impact of inductance tolerance on the system power transfer capability is 
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analyzed based on an LCL-S compensated IPT system. The simulation results of the 

proposed MPPT method validate the feasibility under different inductance variation 

conditions. 

5.2 Inductance Variation Impacts on IPT Systems 

The equivalent circuit of the LCL-S IPT system has been shown in Figure 4-2. The 

design constraints of this compensation circuit are , , and 

, where LR is the transmitter resonant inductance, CR is the transmitter 

resonant capacitance, Lp is the transmitter coil self-inductance, Ls is the receiver coil self-

inductance, Cs is the receiver compensation capacitor, and ω is the angular frequency. This 

compensation topology can keep the track current I1 constantly regardless of the coupling 

coefficient k and the equivalent load Rac change, which is a common compensation circuit 

for wireless charging systems. The method in [54] was applied to simplify the circuit to 

derive the input impedance Zin, which reflects the power transfer capability of IPT systems 

in a constant input voltage condition. The receiver side equivalent impedance Zs is, 

                                         (5.1) 

The reflect impedance Zr from the receiver side to the transmitter side is derived as 

follows, 

                                           (5.2) 

where M is the mutual inductance between transmitter and receiver coils, and I2 is the 

induced current in the receiver coil. The input impedance Zin could be derived as follows, 
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                                          (5.3)  

Therefore, the system apparent power S is expressed as, 

                                 (5.4) 

In order to quantify the system, the designed parameters in Table 4-1 were used for 

the frequency sweep analysis to observe the power variation. Since the equivalent model 

does not take the losses into consideration, Re(S) which could be defined as output power 

P represents the power transfer capability of the IPT system. According to Equation 5.3 

and 5.4, the output power can be modulated by varying operating frequency or the 

equivalent load Rac. In order to find the updated resonant point, the system was analyzed 

 

Figure 5-2 Frequency sweep of the IPT system. 
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under a constant resistance load condition. Figure 5-2 depicts the frequency sweep results 

based on the designed parameters. There are two peak values based on the results. One 

peak value is the working condition when the system is operating at its designed frequency 

of 85 kHz with a designed output power of 5.7 kW. Another peak value is shown at 123 

kHz with much higher output power. Although this condition is the maximum point in the 

frequency sweep, this operating point is extremely unstable since the phase of S varies 

sharply around this point, as well as the power rating has far exceeded the design 

requirements. Thus, the working condition at 85 kHz is considered to be the reasonable 

maximum power point. 

When the system has the inductor coils with a manufacturing tolerance, the power 

transfer capability will reduce with fixed frequency control. Figure 5-3, Figure 5-4, and 

Figure 5-5 demonstrate the LR, Lp, and Ls variation impacts on the system power transfer 

capability, respectively. The x-axis has been normalized to be f / f0, which f0 = 85 kHz. In 

Figure 5-3, the output power reduces from 5.7 kW to 5.6 kW at 85 kHz while the LR varies 

±10%. The maximum power point reduces by 0.1% while LR increases 10%, and by 0.7% 

while LR decreases 10%. Therefore, the variation of LR impact on power transfer capability 

can be negligible. In Figure 5-4, the change of Lp does not lead to the maximum power 

point drifting, however, the power transfer capability increases from 5.7 kW to 6.3 kW 

when there is an inductance change of +10%, and decreases to 5.1 kW when the inductance 

change is -10%. In the meanwhile, inductance variation makes Im(S) not zero at the 

maximum power condition, which will cause a higher VA rating and lead to higher 

conduction losses. In Figure 5-5, the change of Ls reduces the output power by 61.3% (from 

5.7 kW to 2.2 kW) while Ls has a variation of ±10%, which limits the power transfer capa- 
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Figure 5-3 LR variation effects. 

 

Figure 5-4 Lp variation effects. 
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Figure 5-5 Ls variation effects. 

 

 

 

Figure 5-6 LCL-S compensation IPT system diagram with the frequency modulated 

MPPT controller. 
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bility significantly. The operating frequencies to achieve the maximum power point are 

shifted by ±5% when Ls changes ±10%. 

Thus, the inductance variation, especially the Ls change, has a great impact on the 

power transfer capability of the IPT system. The frequency needs to be constrained in a 

reasonable range to maintain the maximum power transfer capability and meet the design 

requirements during the frequency controller design. 

5.3 Proposed Frequency Modulated MPPT Method 

A frequency modulated MPPT method was proposed to optimize the system to its 

maximum power transfer point by adjusting the operating frequency. This method can not 

only be applied for the design stage to find the optimized operating frequency, but also can 

adjust the frequency for the application stage to maximize the power transfer capability 

against the inductance variation caused by factory manufacturing tolerance and 

environment change. In a typical LCL-S compensated IPT system depicted in Figure 5-6, 

the measured output power will be fed to the MPPT controller of the inverter, in order to 

track the power and optimize the frequency to achieve the maximum power point. The flow 

chart of the frequency modulated MPPT is shown in Figure 5-7. The frequency increment 

Δf needs to be appropriately selected, to reach the maximum power point faster and to 

ensure the stability of the IPT system. The frequency modulation boundary is also required 

to ensure the voltage and current in each component will not exceed the designed rating. 

The frequency boundary also provides the benefits to meet the frequency range 

requirement from the WPT standard for real-world applications. Besides, it can maintain 

the stability of the controller and the system. This frequency range is determined by the co- 



73 

 

  

 

Figure 5-7 Frequency modulated MPPT algorithm 
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mpensation topology as well as the design parameters. Noted that this frequency modulated 

MPPT method was investigated under a constant resistance load to find its optimal 

operating frequency. Before enabling the MPPT controller, the maximum and minimum 

frequency, initial frequency, frequency increment, and the sampling time are required to 

be setup in the controller. Then, the controller compares the output power change and 

decides to increase or decrease the frequency. A visualization figure of the frequency based 

MPPT controller is shown in Figure 5-8. The operating points are on the left side of the 

MPP, the operating frequency is gradually increased, while the operating points are on the 

right side of the MPP, the frequency is gradually reduced to improve the output power. 

Due to the frequency range constraint, the frequency will not exceed the boundary through 

the system has not reached to its MPP. 

 

Figure 5-8 Frequency modulated MPPT method. 
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The feasibility of the frequency modulated MPPT method was validated via the 

simulation. Since the Ls variation changes the maximum power point drifting most, the 

simulation varied the value of Ls to change by ±10% to observe if the proposed frequency 

based MPPT method could optimize the frequency and track the maximum power point. 

The increment frequency was 100 Hz with a sampling time of 0.5ms to ensure a fast 

response time. The frequency range was designed from 78 kHz to 92 kHz. 

Figure 5-9 demonstrates the simulation results of the modulating procedure. The 

IPT system is designed to be 5 kW rated power at 85 kHz. The nominal designed 

parameters are shown in Table I. The frequency modulated MPPT is enabled at ten 

milliseconds (ms). While the Ls decreases by 10% as shown in Figure 5-9 (a), the output 

power is weakened to be only 1.6 kW because of the manufacturing tolerance. After 

enabling the frequency modulated MPPT controller, the frequency is gradually increased 

with an increment of 100 Hz. The final optimized frequency is around 89.7 kHz, with a 

transient time of 26 ms. The output power is increased by 3.6 times, from 1.6 kW to 5.8 

kW. While the Ls increases by 10% as shown in Figure 5-9 (b), the output power is 2 kW 

before enabling the frequency modulated MPPT controller. The frequency starts to 

decrease after enabling the frequency modulated MPPT controller. The output power is 

optimized to 4.8 kW after the modulation, which increases by 2.4 times. The final 

optimized frequency is around 81.5 kHz, with a transient time of 17 ms. 

In order to validate the frequency boundary setup, the inductor tolerance of Ls is set 

to be ±20% for validating the corner case of the controller. Figure 5-10 displays the 

simulation results of the modulating procedure. When the inductance of Ls has a tolerance 

of -20%, the frequency could be modulated to around 95 kHz when the controller has no  
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(a) 

 

(b) 

Figure 5-9 Simulation results of the frequency modulated MPPT controller. (a) Lp 

decreases by 10%; (b) Lp increases by 10%. 
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(a) 

 

(b) 

Figure 5-10 Simulation results of the frequency modulated MPPT controller. (a) Lp 

decreases by 20%; (b) Lp increases by 20%. 
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boundary setup. However, the higher operating frequency will increase the voltage and 

current stress in the IPT system exceeding the designed rating and potentially damaging 

the system. Therefore, the boundary to limit the frequency range is required. Figure 5-10(a) 

demonstrates that the system is operating at its maximum frequency boundary when the 

inductor has a tolerance of -20%. The power transfer capability is improved by 8.2 times 

from 0.5 kW to 4.1 kW. Figure 5-10(b) shows the system is operating at its minimum 

frequency boundary when the inductor has a tolerance of +20%. The power lifts from 0.8 

kW to 4.6 kW, while the frequency is clamped at its minimum edge of 78 kHz. 

5.4 Experimental Results 

To validate the frequency based MPPT method, an LCL-S compensated IPT system 

shown in Figure 4-8 has been implemented for testing. The detailed design procedure has 

been described in Chapter 3 and 4. According to the analysis of inductance variation for 

the LCL-S IPT system, the change of Ls weaken the output power most compared with 

other inductor parameters. Thus, the receiver coil was changed from 175 µH to 195 µH to 

mimic the factory inductance tolerance. The initial operating frequency is designed to be 

85kHz with a constant load of 8.5Ω. The frequency modulated MPPT controller was setup 

a frequency range from 78kHz to 92 kHz, with an increment of 100 Hz. Sampling time was 

settled to be 0.5 ms for the controller. The voltage and current were collected from a voltage 

and current sensor and imported to the Digitial Signal Processing (DSP) TI28379 for 

processing.  

It was tested at an input voltage of 250V with an 8.5 Ohm resistance to observe the 

power transfer capability variation. The first experiment is to perform a frequency sweep 

to the IPT system with an inductance tolerance, in order to observe the updated maximum 
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output power point and the updated operating frequency. The experimental results are 

depicted in Figure 5-11. The frequency sweep was conducted from 79kHz to 85kHz, while 

the output power and the DC-DC efficiency were measured and demonstrated. The 

maximum power point is 710 W when the operating frequency is 81 kHz. The updated 

MPP is also the maximum efficiency point with an efficiency of 91.6%, because of the 

operating resonant point with a minimum VA rating. The IPT system only has an output 

power of 270W with an initial operating frequency of 85kHz. The power transfer capability 

can improve by 2.6 times if the frequency is optimized to compensate the inductor tolerance.  

 

Figure 5-11 Maximum power point and efficiency testing. 
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The efficiency can also be optimized from 89.4% to 91.6% if the frequency can be 

modulated. 

Then the frequency modulated MPPT method was tested in the same working 

condition described above to validate the functionality. The modulating results are shown 

in Figure 5-12. When the MPPT was enabled, the output power was improved from 230W 

to 710W. The operating frequency is also modulated from 85 kHz to around 81kHz, which 

matches the MPP testing in the frequency sweep. The track current can still maintain at 

5.7A without the effect of the frequency change. The voltage stresses at CR and Cs are 

increased because of the improvement of the output power. The transient time to find the 

optimized frequency point is 320 ms. The longer transient time is caused by the signal 

noise on the DSP input side. When the system operates at the optimized operating point, 

the output power also has a power drop issue due to the noise. The future work will 

optimize the voltage and current sensor hardware to minimize the noise and reduce the 

power fluctuations. 
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CHAPTER 6: CONCLUSION AND FUTURE WORKS 

 

 

6.1 Conclusion and Contributions 

The motivation and the huge potential of the wireless power transfer technology for 

railway applications were investigated. The technical gap in achieving wireless charging 

for the railway was also discussed in detail. 

A W-I shaped coupler is proposed to wirelessly charge the rail locomotives based 

on the current challenges and gaps of IPT technology for the railway application. The 

optimization and analysis of the W-I shaped coupler were conducted in terms of geometry 

and size. The W-I shaped coupler has a relatively higher coupling coefficient and a 

significantly lower core volume, which can reduce the core material cost and maintain the 

power transfer capability. Its modular design is easy to extend to achieve a higher power 

rating and is compatible with static and dynamic charging. 

An LCL-S compensated IPT system was designed and optimized to achieve system 

stability during misalignment and load variation due to the constant track current irrelevant 

with load and misalignment change. The design eliminates the communication between 

transmitter and receiver to simplify the control algorism design. The optimized LCL-S 

circuit simplifies the components for higher system efficiency. The parameter was also 

optimized and designed to achieve a higher system efficiency. 

The prototype of the W-I shaped coupler based IPT system was implemented. The 

prototype was validated at 5 kW with 92.5% DC to DC efficiency, which is the highest IPT 

system efficiency reported for railway applications. The misalignment performance of the 

IPT prototype was tested, which matched the simulation results. The EMF was also 



83 

 

measured at a reasonable test point to ensure the safety of the designed wireless charging 

system. 

The impact of inductance variation on the power transfer capability was discussed 

based on an LCL-S compensated IPT system. A frequency modulated MPPT method was 

proposed to track the maximum power point of the IPT systems by adjusting the operating 

frequency. The method could track the output power point and improve the output power, 

which is weakened by the inductance manufacturing tolerances and the coupler 

misalignment. 

The algorithm has been validated and analyzed via simulation in different operating 

cases. The proposed modulated MPPT method can track the maximum power point by 

varying the operating frequency of the inverter to improve the output power that is affected 

by the resonant point drifting. The experimental results of the frequency modulated MPPT 

method was demonstrated in a low power rating to show the feasibility. 

6.2 Future Works 

Operate the IPT testbed in different working conditions to validate the power 

transfer capability and analyze its performance. Add the shielding to the IPT system and 

evaluate its performance. Measure the EMF in more testing points surrounding the IPT 

testbed to ensure the emission meet the ICNIRP 2010 standard. 

Investigate the optimization method for the IPT system for the railway application 

to improve its power transfer capability with higher system efficiency and a better 

misalignment performance. 

Continue to analyze the inductor tolerance impact with multiple parameter 

variations. Add the mission profile of the battery to the system to explore the application 
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of the frequency modulated MPPT method in different load types. Improve the MPPT 

method in terms of its stability and the transient time. Implement the hardware testing in 

different working environments to validate the controller performance. 

6.3 Publications 

My main publications are listed as follows, 

1. X. Xu, T. Zhao, S. -E. Chen, N. Braxtan and D. Ward, "A Frequency Modulated 

Maximum Power Point Tracking Method for Wireless Charging Systems," 2022 IEEE 

Transportation Electrification Conference & Expo (ITEC), 2022, pp. 285-289. 

2. K. Lin, X. Xu, T. Zhao, S. Chen, N. Braxtan, D. Cook, D. Ward, “Optimized Shield 

Design of an Inductive Power Transfer System for Railway Applications”, 2022 IEEE 

Transportation Electrification Conference & Expo (ITEC), 2022, pp. 606-610. 

3. Best Student Paper Award: X. Xu, L. Wang, K. Lin, T. Zhao, S. Chen, D. Cook, D. 

Ward, "Design Considerations of An Inductive Power Transfer System for Rail 

Application," 2021 IEEE Transportation Electrification Conference & Expo (ITEC), 

2021, pp. 457-461. 

4. Y. Wang, X. Xu and T. Zhao, "An Arcless Step Voltage Regulator based on Paralleled 

Power Electronics Converter Configuration," 2020 IEEE Applied Power Electronics 

Conference and Exposition (APEC), 2020, pp. 1006-1011. 

5. X. Xu, Y. Wang and T. Zhao, "A Hybrid Switch based Arcless Voltage 

Regulator," 2018 9th IEEE International Symposium on Power Electronics for 

Distributed Generation Systems (PEDG), Charlotte, NC, 2018, pp. 1-5. 
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