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Abstract 

 

Vehicle charging and vehicle traction drive components can be integrated for multi-functional 

operations, as these functions are currently operating independently.  While the vehicle is parked, 

the hardware that is available from the traction drive can be used for charging. The only 

exception to this would be the dynamic vehicle-charging concept on roadways. WPT can be 

viewed as a revolutionary step in PEV charging because it fits the paradigm of vehicle to 

infrastructure (V2I) wirelessly. WPT charging is convenient and flexible not only because it has 

no cables and connectors that are necessary, but due more to the fact that charging becomes fully 

independent. This is possibly the most convenient attribute of WPT as PEV charging can be fully 

autonomous and may eventually eclipse conductive charging. This technology also provides an 

opportunity to develop an integrated charger technology that will allow for both wired and 

wireless charging methods. Also the integrated approach allows for higher charging power while 

reducing the weight and volume of the charger components in the vehicle. The main objective of 

this work is to design, develop, and demonstrate integrated wired and wireless chargers with 

boost functionality for traction drive to provide flexibility to the EV customers.  
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1 Introduction 

1.1  Background and Motivation 

As the need for enhanced energy security, reduced fuel costs, and improved health and safety 

through reduced impact on climate change increases, the market demand for electric vehicles 

(EVs) and plug-in hybrid electric vehicles (PHEVs) has grown in the last few years. The EV 

Everywhere Grand Challenge initiative was launched by the United States (U.S.) government in 

2012 focusing on the production of affordable PHEVs and EVs for the average American families 

within 10 years. One significant technology area that will impact the future of EVs and PHEVs is 

the battery charging. This has made charging for PHEVs and EVs one of the most critical 

challenges to overcome. 

As the worldwide market for EVs and PHEVs continues to grow, there will be more emphasis 

on the type of chargers to be used by the Original Equipment Manufacturers (OEMs).  Major 

factors in determining the adoption of these new generation cars will be the cost, efficiency and 

durability of the type of charger selected. There are several OEMs that have already deployed on-

board chargers in EVs and PHEVs to commercial markets. Also, some tier one suppliers offer an 

after-market conversion for hybrid electric vehicles (HEVs). These on-board chargers come with 

a plug-in interface located inside the vehicle, but need a new charging station to plug into. While 

this is a viable option, there are several drawbacks associated with such systems. The power levels 

that can be achieved for charging become limited as the weight and volume are big constraints, 

hence the charging times are very slow. With an off-board charger, higher power levels can be 

achieved and prove to be a fast charging option. However, both the on-board and off-board 

chargers featuring plug-in options inherently pose a danger of accidental electric shock, and 

depending on the size of the charger, they are heavy and inconvenient.  
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These challenges can be addressed by implementing wireless power transfer (WPT) technology. 

The field of wireless charging of plug-in electric vehicles (PEV) has grown tremendously in 

recent years. Today, its growth is marked by several companies offering commercial wireless 

chargers as aftermarket products for integration into light duty (LD) passenger vehicles. Wireless 

charging technology is not entirely a new concept; in general, the technology has been used in low 

power cell phone chargers [1]. However, WPT charging technology for level I and level II 

charging is one of the key emerging technologies that continues to evolve as PEVs and EVs are 

being pursued as next generation vehicles.  

WPT can be viewed as a revolutionary step in PEV charging because it fits the paradigm of 

vehicle to infrastructure (V2I) wirelessly. WPT is becoming established as a safe, convenient and 

flexible charging method for PEVs and battery electric vehicles [2]–[6]. It is deemed safe because 

the vehicle is inherently isolated from the grid connection via the large gap between the WPT 

transmission pad and the vehicle-mounted receiver coil. This allows wireless charging to be done 

during inclement weather without the need for a bulky cable and heavy duty (HD) plugs. WPT 

charging is convenient and flexible not only because it has no cables and connectors that are 

necessary, but due more to the fact that charging becomes fully independent. This is possibly the 

most convenient attribute of WPT as PEV charging can be fully autonomous and may eventually 

eclipse conductive charging. As the technology evolves, it is not difficult to imagine a vehicle 

with magnetic field sensing or a parking aide being capable of positioning itself over a primary 

pad for optimum alignment and autonomous charging.  WPT charging represents the end game in 

the context of connected vehicles and wireless communications. Eventually with the deployment 

of in-motion charging, WPT will be the ultimate in autonomous vehicle operation and dynamic 

wireless charging.  With all the above-mentioned advantages, WPT technology requires more 
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time for development and needs significant research in its infrastructure to become a 

commercially viable product.  

Along with convenience, another aspect of the charging technology that needs to be addressed 

is the cost of the charger. Integrated topologies will provide huge cost benefits by utilizing 

components with different functionalities. Vehicle charging and vehicle traction drive 

components can be integrated for multi-functional operations, as these functions are currently 

operating independently.  While the vehicle is parked, the hardware that is available from the 

traction drive can be used for charging. The only exception to this would be the dynamic vehicle-

charging concept on roadways. The integrated topologies also need to have the same isolation as 

the traditional chargers. This adds complexity to the system controls, and sometimes, the 

hardware as well. In addition to the complexities, the other challenge for integrated topologies is 

total system efficiency. The major challenge in charging systems is the ultimate goal of 

achieving system efficiencies greater than 90%. At present, being “on par” with traditional 

charging implies 85% to 90% overall efficiency between the grid connection and the vehicle 

battery pack [7].  

Currently, silicon (Si) based devices, comprised mostly of integrated gate bipolar transistors 

(IGBTs) and PiN diodes, are being used in charging and traction drive systems. With the 

limitations of Si based technology, it becomes extremely difficult to achieve the desired 

efficiency, especially at higher frequencies and power levels. There are several automotive 

applications that will have significant impact with the use of wide bandgap (WBG) devices and 

its attributes in several different aspects. Battery charging technology will certainly be one of 

most suited applications for the use of WBG devices because of the high efficiency requirements 
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at higher switching frequencies. Some of the specific WBG device attributes that will be of 

interest are: 

1. Faster turn-on and turn-off, 

2. High junction temperature operation, 

3. Lower loss of devices compared to Si devices, 

4. Less cooling requirements compared to Si devices, and  

5. Higher power density. 

Over the past decade, the advantages of WBG have been shown through simulations and 

prototype demonstrations for several applications. Of all the WBG devices, silicon carbide (SiC) 

device technology is the most advanced material. In recent years, gallium nitride (GaN) based 

devices have become available, but not in the voltage and current ratings that are required for 

power levels of 3 kW and higher.  

1.2  Research Objective  

The main objective of this research if to develop a novel charging solution through an  

integrated wired and wireless charger with boost functionality for traction drive to provide 

flexibility to EV customers. 

1.3  Dissertation Organization 

A review on the state of the art integrated chargers and associated topologies will be presented 

in Chapter 2. Also, a comprehensive literature review of the WPT technology and ongoing 

research is discussed. 

In Chapter 3, the description of the proposed topology for the integrated charger and the 

modes of operation of the topology will be presented. A novel analytical and circuit model of the 

wireless charging system including a detailed explanation of the derivations will be presented. 
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Chapter 4 will include sensitivity analysis of the integrated charger for different system 

parameters for variations in k. The design considerations and design methodology for the 

integrated charger will also be discussed in detail.  

The control design for the proposed integrated system and a simulation of the proposed 

system to demonstrate the functionality is discussed in Chapter 5. The design of a five stage 

integrated charger and boost converter system will also be presented in Chapter 5. Also, the 

experimental results of the tests for the different modes of operation of the system and the 

associated lessons learned will be discussed. Finally, the analytical model will be validated with 

the experimental and simulation results. 

In chapter 6 the integrated charger topology will be compared to commercial on-board 

chargers to highlight the difference in overall system parameters like weight, volume, and 

efficiency. Finally the conclusions and future work will be discussed in chapter 7. 

1.4  Contributions 

The dissertation includes several topics that are novel, and some of the key contributions are 
listed below: 

• Design and analysis of a novel hybrid integrated charger circuit topology that will 

provide wired and wireless options for charging EVs. 

• A new analytical system model that emulates the behavior of a wireless system with a 

battery load and an isolation transformer that can be used for designing of wireless power 

transfer systems.  

• Sensitivity analysis of the wireless power transfer system to understand the effect of 

system design and control parameters on power transferred.  

• A design methodology and design considerations that will provide designers with a step-

by-step procedure for the wireless power transfer system design. 
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• Analysis on the effects of adding an isolated transformer in the wireless charging system 

and the impact of the transformer parameters on the power transferred and control design. 

This study will help the WPT standards committee evaluate the effects of including 

galvanic isolation to the wireless charging systems. 

• A 6.6 kW prototype of the total integrated charger system which shows the design details 

of each component. 
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2 Literature Review  

2.1  On-board chargers for plug-in vehicles integrated with traction drive  

EV and PHEV chargers can be broadly divided into two categories: on-board and off-board 

chargers. The on-board chargers are typically limited in power, up to level 1 charging, because of 

size and weight constraints. The on-board chargers also have limited charging capability, with 

long charging times and are not typically suitable for opportunity charging and long range EVs. 

However, for PHEVs and EVs there are power electronic systems (PES) that are capable of 

handling at least 25 to 30 kilowatts (kW) for traction purposes. This provides an opportunity for 

integrated charger concepts, which can reduce the weight, volume, and cost by integrating 

components in a traction drive system. Thimmesch presented the first integrated charger, which 

was based on SCRs, in 1985 [8]. Since then, there were several topologies that have been 

developed to show the effect of integrated charger topologies. The integrated charger topologies 

can be classified into two broad categories based on the location of the integration in a traction 

drive system. One of them is based on the concept of using the boost direct current to direct 

current (dc-dc) converter and the other is using the motors in the drive. The literature that is 

available for both the categories will be presented in this chapter. The classification of the 

integrated charger topologies is shown in Error! Reference source not found.. 

2.2  Comparison of topologies with motor side integration  

Integrated charger designs, which utilize motor windings as inductors and the motor drive 

inverter as the converter, was the focus of the research for integrated topologies. This research 

was driven by more of the traditional voltage source-based drives that are the choice for electric 

traction drives. Solely based on the motor and inverter, the integrated chargers were classified by 

the number of the motors and its type, as well as the number of inverters used. The motor based 
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topology, three relays are used to change the hardware configuration under different operating 

modes. Under traction mode, K3 is closed while K2 and K1 are open. Under charging mode, the 

states of the contactors are reversed, connecting the two motor windings Ls2 and Ls3 to the ac 

power supply. The two phase legs of the inverter (S1, S2, S3, and S4) become a boost ac/dc 

converter, and also a unity power factor can be achieved if the battery voltage is enough and 

higher than the peak voltage of the ac power source. One of the potential issues of this structure 

is that the conduction loss of the relay K3 may be considerable with large power transferred to 

the induction motor. Moreover, three-phase ac input supply is not preferable in that there will be 

developed torque in the machine during charging mode. An additional line input filter is usually 

required to mitigate the harmonic current on ac side. 

 

 

Figure 2-2: SCR based integral charger. 

 

A non-isolated three-phase integrated charger based on a split-winding ac motor was reported 

in three different papers. Luis De Sousa et al. in Valeo Engine and Electrical Systems presented a 

non-isolated high power three-phase integrated charger in 2010 and also patented it in the same 

year [14]. Figure 2-5 illustrates the basic structure of the integrated charger, including a bi-

directional dc/dc converter, two three-phase full bridge inverters, and a three-phase electric 

machine with split windings. The maximum battery voltage is around 420 V and the dc bus 
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voltage is 900 V. In charging mode, the three phase ac power supply is connected to the inverter 

via the middle point of the stator windings and a small EMI filter. 

The system equivalent circuit in charging mode is shown in Figure 2-6. Two three-phase 

boost converters with the same power rating are paralleled, sharing the common ac power supply 

and dc bus. The input power of the two converters is controlled to be equal so that the current 

flowing through the half winding of the same phase in each converter has the same magnitude 

while in reverse direction. The equivalent magneto-motive force (mmf) of each winding is zero, 

and no rotational magnetic field in the motor will be generated in the charging mode [15].  

 

 

Figure 2-3: Two-motor two-inverter integrated charger concept. 

 

Similar concepts can be applied to a single-phase supply [17], as shown in Figure 2-7. 

Different from the three-phase power supply case, only four legs of the inverter and two phase 

windings are utilized to build a single phase boost converter. The current is also controlled to be 

equal in each half winding to eliminate the mmf issue. Since all of the converters are 

bidirectional, vehicle to grid is possible with this configuration. 
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Figure 2-4. Non-isolated integrated charger based on an induction motor. 

 

 

Figure 2-5. Three-phase non-isolated integrated charger based on a split-winding ac motor. 
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The split winding topologies are similar in functionality when compared to the dual motor and 

dual inverter concepts. They are better as they eliminate the need for two motors and are less 

expensive and lower in weight. However, the number of inverter switches and the contactors are 

still the same and also need a special winding machine. 

An integral battery charger for a four-wheel motor driven electric vehicle is proposed in [16]. 

Figure 2-8 illustrates the system configuration of the propulsion system, which includes four 

induction motors, four three-leg inverters, and a battery. An individual three-phase inverter 

directly controls each wheel.  

 

 

Figure 2-6. Charging mode equivalent circuit of the three-phase integrated charger. 
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Figure 2-7. Charging mode equivalent circuit of the single-phase integrated charger. 

 

In traction mode, all of the four inverters are connected to the dc link to provide driving power 

to the motor with neutral point floating. In charging mode, the whole system can be reconfigured 

to a single-phase battery charger through an auxiliary transfer switch (i.e. transfer switch moves 

from position 1 to position 2). The input ac source is connected to the neutral points of two of 

these motors (Motor 1 and Motor 2), and the battery is connected to the neutral points of the 

other two motors by the transfer switch. 

Two inverters are used to rebuild a single-phase boost converter with unity power factor 

operation capability, while the other two inverters are utilized to constitute a multiphase buck 

converter for battery charging. 

An equivalent simplified circuit during charging is shown in Figure 2-9, where the motor 

windings are used as inductors in charging mode. Similar to the above cases, the winding current 

for each motor is the same for each phase so there is no developed electromagnetic torque in the 

motors in charging mode. However, this solution is relatively high in cost and only preferable for 

vehicles with four-wheel motors.   
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Figure 2-8. Power circuit of integrated battery charger for a four-wheel drive. 

 

 

Figure 2-9. System equivalent circuit in charging mode of the integrated charger for a four-wheel 

drive. 
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To date, the literature survey was based on the induction motor. Non-isolated permanent 

magnet (PM) motor based topologies were reported in [18]–[20]. The mid-points of the machine 

winding were connected to the grid. This ensures that there is no coupling between the stator and 

the rotor and there is no rotor displacement. The circuit topology is presented in Figure 2-10. The 

problem with this topology is the need for individual control of each phase current, which makes 

it complex. 

 

 

Figure 2-10. Integrated charger topology based on PM motor. 

 

Another non-isolated single-phase permanent magnet motor-based integrated charger for a 

scooter was reported in [21]. The system configuration of the integrated charger is shown in 

Figure 2-11, where the three-phase inverter is used as a single switch. The 110 V / 60 Hz ac 

power supply is connected to the middle point of the permanent magnet motor via an input filter 

and diode rectifier. After the rectifier stage, the motor windings together with the three-phase 

inverter serve as single-phase boost converter. The unity power factor operation is desirable for 
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the boost converter, and the THD of the ac line current is small because of the line filter. 

Moreover, since the current through the motor windings has the same direction and amplitude, 

there is no developed torque causing the rotation of the motor. A hardware prototype based on a 

6 kW axial flux permanent magnet motor with 0.1 mH inductance demonstrates that this scheme 

is capable of charging an 180V dc lead acid battery at a switching frequency of 25 kHz. The 

common issues associated with the configurations above include high battery current swings 

with a double grid frequency and impossibility for the vehicle to grid operation. 

  

 

Figure 2-11. Single-phase integrated charger for an electric scooter. 

 

The third type of non-isolated integrated charger topology is based on the switch reluctance 

motor. Three reluctance machine topologies were proposed by Chang, Barnes, and Haghbin 

[22]–[24]. A battery-powered switched-reluctance motor (SRM) drive for an electric vehicle was 

presented by H. C. Chang and C. M. Liaw [22]. The topology is shown in Figure 2-12. In this 

topology, a part of the charger (boost converter) is outside the vehicle and the SRM windings 

and the converter are utilized to complete the rest of the charger. The motor windings and the 

switches in the converter are used in a buck-boost rectifier configuration to provide the charging 
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functionality. Haghbin et al. proposed a method to implement transformer functionality with the 

SRM motor by adding an extra winding to the stator. During the charging operation there will be 

no rotation problem because of the self-aligning mechanism of the rotor. One disadvantage of 

this topology is that the stator winding will be asymmetrical because of the extra winding. 

 

 

Figure 2-12. Integrated charger topology based on switched reluctance motor. 

 

An isolated battery charger utilizing an induction motor as a step down transformer in 

charging mode is reported in [25].  The system configuration of this concept is shown Figure 

2-13, where the rated battery voltage is 48 V and the rated power rating of the induction motor is 

6kW. In charging operation, the stator and rotor winding of the motor is used as the primary side 

and secondary side of a step down transformer, respectively.  

The advantage of this topology is the galvanic insolation between the grid and battery. Other 

advantages include the possibility of bidirectional power flow, low harmonic distortion, and PFC 

capability. However, there are also some drawbacks for this concept. One is the large 
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magnetization current (i.e. low magnetizing inductance) because of the air gap between the stator 

and rotor side. Also, this concept can be only applied to the wound rotor, and the requirement of 

contactors and motor winding with proper voltage rating would increase the overall cost. 

 

 

Figure 2-13. Integrated charger with an induction motor based three-phase transformer. 

 

2.3  Comparison of topologies using DC-DC converter integration 

The dc-dc based topologies did not exist until the dc-dc boost converter was introduced in the 

traction drive in 1999 in the Toyota Prius. The advantage of using the dc-dc converter section of 

the traction drive inverter is that the main drive configuration can be kept unchanged, and there 

is no need for complex inverter configuration or the windings in the motor. The integration on 

the dc side also has advantages like using the available on-board passives such as the boost 

inductor and the dc-link capacitor, which has large capacitance.  

 An integrated bidirectional ac/dc charger and dc/dc converter was proposed in [26], as shown in 

Figure 2-14. The proposed converter is mainly composed of one inductor, six switches, and nine 

diodes, which are properly controlled to select buck-and-boost modes among voltage sources. 

Three different operating modes are possible: (1) non-inverting buck–boost operation for plug-in 

charging of the add-on battery, (2) boost operation from the add-on battery to the high-voltage 
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bus of the EV, and (3) buck operation for regenerative charging of the add-on battery. One 

drawback of this topology is that the battery draws an oscillating dc current, which tracks the 

output voltage of the diode rectifier for unity power factor at the ac side. In addition, compared 

to the conventional solutions, the efficiency of this topology is low because, the current flows 

through at least one additional power device. Also, an input filter may be needed to reduce the 

total harmonic distortion (THD) on the ac side. 

 

 

Figure 2-14. Non-isolated buck/boost diode rectifier integrated with dc/dc converter [26]. 

 

Based on the topology shown in Figure 2-14, an integrated ac/dc and dc/dc converter with 

three-level ac/dc interface was proposed in [27] to reduce the input current THD, as shown in 

Figure 2-15. The proposed converter has four different operating modes, enabling it to supply 

power to or from the battery to either the grid or the high voltage bus of the vehicle. Although a 

THD as low as 3% is achieved, because of the multi-level based active front end, a high number 

of active switches are required. 

A single stage integrated converter, with a novel direct AC/DC conversion as presented in 

[28]. The topology is shown in Figure 2-16. Compared to the conventional topologies, the 
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proposed topology has a less number of inductors and active switches, and higher conversion 

efficiency. In addition to driving, regenerative braking, and charging modes, this topology is also 

capable of transferring power back to the grid. While all of the operating modes use the same 

inductor L1, the total switch number of this topology is higher than that of the topology shown in 

Figure 2-14, even though vehicle to grid mode is provided. 

  

 

Figure 2-15. Three-level ac/ dc interface integrated with dc/dc converter. 

 

 

Figure 2-16. Buck/boost bridgeless direct ac/dc bidirectional converter integrated with dc/dc 

converter [28]. 
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A further cost-effective solution with one inductor, seven diodes, and four active switches was 

discussed in [29] and [30], as illustrated in Figure 2-17. The proposed converter has the ability to 

charge the battery from the grid by integrating AC/DC rectification stage. The battery charging 

mode with power factor correction (PFC) capability, motor operation, and regenerative braking 

operation mode share the same inductor L1. 

2.4  Literature review for wireless power transfer system topologies 

As mentioned earlier, WPT is an emerging technology and it is only in the last few years that 

this technology has resurfaced to become one of the most researched topics. However, there are 

only a handful of research groups that are actively pursuing the evaluation of the technology and 

analyzing the best possible solutions.  Also, the fact that there are several possible approaches to 

address the limitations and advance the technology, the literature available is diversified. For any 

given approach, there is a general design philosophy that drives the power stages involved in 

converting the power from the wall to the battery. Each design approach has its own challenges, 

and researchers generally tend to focus on one or more power stages when compared to others.   

The volume of research literature that is available for WPT technology can be broadly 

categorized into one of the five categories: 1) WPT research to maximize efficiency, 2) power 

flow control and optimization, 3) the physics of WPT including use of soft ferrites, Litz cable, 

and electromagnetic theory, 4) cross cutting applications such as WPT in medical, aerospace, and 

other applications, and 5) dynamic or in-motion wireless charging. The focus of this thesis will 

be on maximizing efficiency and power flow control and optimization of the power electronic 

systems for static WPT technology. 
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Figure 2-17. Diode bridge rectifier integrated with dc/dc converter. 

 

(1) Maximizing Efficiency 

In the recent literature, the focus has been on coupling coil design, electrical quality of the 

secondary side, and the use of power electronic based reactive power control.  Strong emphasis 

is placed on primary and secondary side by the authors in [31].  The key feature of this work is 

emphasized on tuning the procedure, semi-resonant Class-E operation of the HF inverter, and 

resistive load.  In the work cited in [32] and [33] the authors provide full details of coupling coil 

design, the fabrication sequence, characterization data and experimental results for WPT 

performance, including misalignment tolerance and its influence on efficiency. Additional details 

on frequency tracking to improve efficiency [34] and a summary of issues and challenges [35] 

complement this topic. 

(2) Power Flow Control and Optimization 

Miller and Onar [36] provide an in-depth analysis and experimental results for WPT power 

flow control. In this work, the WPT system is primary side controlled, relies on minimal 

secondary side electronics for compactness and cost, and utilizes private and secure wireless 

communications in the power regulation feedback path.  Huang, Boys, and Covic [37] expand on 
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considerable earlier WPT work [38] and present a new control strategy for series-parallel tuned, 

unity power factor (UPF), inductor-capacitor-inductor (LCL) pickup that utilizes minimal power 

electronics.  Use of power electronics for reactive power control does have a penalty in utility to 

secondary dc output efficiency as noted by the authors [39] where efficiency is 80% at full power 

and 70% at half load.  The authors in [40]–[42] investigate power electronic regulation of 

secondary side power via active rectification, employment of genetic algorithms, and focus on 

grid-side power flow control. The authors in [43]–[45] also focus on primary side control and 

optimization and provide solid theoretical basis for primary side regulation. Use of power 

electronics for WPT voltage control is developed extensively for the asymmetric case [46] and 

for symmetric voltage cancellation [47].  Power flow control is tied in with coupling coil design 

by the authors in [48] and [49]. Additional scope of non-contacting power flow control is 

provided in [50]–[54]. 

(3) Physics of WPT and Electromagnetics  

The entire field of WPT charging of PEVs owes its existence to early investigators of the 

physics of coupled circuits [55], inductance calculations of separated coils [56], including 

calculations on the flux from circular loops.  Other researchers have investigated WPT in the 

context of HF helical antenna [57], [58], all of which has its foundation in coupled circuit theory 

[59] and antenna theory relevant to WPT [60].  The need for field shaping and shielding afforded 

by use of soft magnetic materials, such as low loss ferrites for WPT, were investigated by the 

authors in [60] and [61].  Sibué, Kwimang, Ferrieux, Meunier, Roudet, and Périot [59] describe 

use of Ferroxcube 3C90 low loss ferrite E-cores in a 1.6 kW, 300 Vdc, 100 kHz WPT. Of major 

concern for WPT is the effect of skin depth in conductors operating at HF current and the 

attendant proximity effects when conductors are formed into coils.  The authors in [62] and [63] 
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focus on use of magneto-plated wire as a means to reduce proximity effects in spiral wound coils 

for use as induction heating in appliances. Use of ferrites in WPT back-plane structures, the need 

for Litz cable, and pressing need for standardization are discussed by the author in [64] and [65]. 

(4) Cross Cutting Applications  

It is not just the experience and component knowledge gained from the field of induction 

heating that applies to WPT, but from work in other fields in which power must be delivered 

across working gaps that include biologic or insulating materials. Si, Hu, Malpas, and Budgett 

[66] are a case in point.  In this work, efficiency of the secondary pickup in WPT is of paramount 

importance because energy dissipation will heat the surrounding tissue even when overall 

efficiency is on the order of 90%.  In such applications as implantable medical devices, primary 

voltage regulation is mandatory; the primary side frequency adjustment is used to tune or detune 

the secondary according to actual load requirements. The specific cases of a left ventricular assist 

device (LVAD), drug infusion devices, and artificial heart are cited as opportunities for WPT.  

The LVAD may require up to 30 W of delivered power of a WPT coil pair operating in the 50 

kHz to 500 kHz range, having coupling coefficient in the range of 0.1 to 0.3, parallel tuned 

secondary, and gaps up to 30 mm. In another example, Kelly and Owens [67] describe 

connectorless power delivery to in-seat entertainment systems in passenger aircraft where 

conductive power delivery is problematic due to connector malfunction and the need to locate 

seats in various places. In this system, an E-core primary having two windings in parallel are 

used to couple power to a moveable secondary pickup consisting of a C-core aligned to two slots 

of the primary core.  Power transfer of 52 W (5 V@~10A) at 28 kHz was the design criteria.  

Another early work in WPT for robots, machine tools, and moveable systems was presented by 

Meeke and Rathge [68] in which a pair of 400 mm diameter coils were designed to deliver 1 kW 
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across 300 mm gap when operated at 100 kHz, series-parallel tuned, and demonstrating an 

overall efficiency of 80%. 

(5) Dynamic Wireless Charging  

Easily, the most intriguing of all WPT applications is in-motion charging, and it shows 

promise for advanced electrified highway systems of the future. Smeets, Overboom, Jansen, and 

Lomonova [69] describe a contactless energy transfer (CET) for delivering power to a moving 

load such as MAGLEV (magnetic levitation), ropeless elevators, and on-road charging of PEVs. 

In the CET, the primary consists of multiple switched coils and a single, large pitch with a 

secondary coil that spans two primary coils.  The innovation in CET for long stroke linear 

motors is actively controlling individual primary coils that overcome the large primary leakage 

inductance of long-run primary cable type systems. Jung, Lee, Sung, Han, Han, and Jang [70] 

provide the most recent technical updates for their on-line EV technology with a major 

innovation in the supply of dc along the proposed energized track and distributed HF power 

inverters. Miller and Onar [71] and [72] describe a multiple, switched coil with a primary 

energized track for in-motion charging of a PEV along with experimental results for a Global 

Electric Vehicle (GEM) demonstration vehicle. Early results on the on-line EV system described 

in [73] are provided in [74]–[75].  Similarly, early work pertaining to results for in-motion WPT 

charging are provided in [76]–[79]. The salient issues of dynamic WPT are speed dependent, 

pulsating power, and delivery to the PEVs ESS along with pulsating burdens at the utility point 

of common connections, neither of which have good consequences. PEV batteries do not tolerate 

either high ripple current or pulsating charging power, and in fact, will deteriorate and age faster. 

At the utility and for energized tracks in both directions of traffic flow, the highly intermittent 

pulse loading is problematic for grid demand-response and stability. 
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2.5  Summary 

There are several types of integrated charger topologies that have been researched and 

reported in open literature. Initially, the topologies were based on the motor side and used the 

inverter as the ac-dc converter. There are on-board chargers that utilize the motor drives with 

different motor winding configurations. Most importantly, many of them are non-isolated, except 

one three-phase induction motor-based isolated topology. These are effective solutions; however 

they need complex control algorithms and also redesigned motor windings, which adds to the 

overall cost. Other topologies were based on dc-dc converters and do not have the same 

problems as the motor based solutions as they have the motors intact. Yet, the topologies that 

have been reported so far do not have isolation. Non-isolated dc-dc converters are generally 

cheaper, lighter, and more reliable. In order to provide isolation, a transformer is added to the 

system, and these are line frequency transformers that add significant cost and increase the size 

of the charging equipment. High frequency transformers can also be used to reduce the size. 

However, the cost of the high frequency magnetic materials is quite high and also requires fast 

switching power semiconductors in the power converters. The isolation topologies are typically 

used in off-board chargers and are generally only for high power level three charging (19 kW 

and higher).  

Like any engineered system, there are pros and cons for all the topologies proposed so far in 

the literature. In order to take advantage of the work that has been proposed and address all the 

above-mentioned issues, a new circuit topology that combines the integrated topology concept, 

galvanic isolation, and WPT technology has been proposed. The novel circuit has two levels of 

isolation with multifunctional operation flexibility such as charging and boost function. The 

proposed circuit  topology will be described in Chapter 3. 
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3 Topology Analysis and Analytical Model of a New Isolated 

Integrated Charger 

3.1  Description of the topology      

Based on the literature survey that was presented in the previous chapter, it is evident that the 

topologies with integrated dc-dc converter and charging functionality have no isolation in the 

system. Isolation is an important feature that is mandatory for user interface systems that have 

grid connections to prevent potential shock hazards and also ground faults. Therefore it is a huge 

limitation that needs to be addressed along with the integrated functionality. There are two 

solutions that can be used to address this issue. One is a traditional HF isolation transformer that 

can be added to the integrated system on board. However, this adds additional power stages, 

complexity, and component cost to the vehicle, and defeats the purpose of the integrated 

functionality. The other solution that can be utilized is an inherently isolated wireless charging 

system that can provide the required isolation from the grid. The WPT system has a huge benefit 

compared to other systems in terms of the component count that can be added to the car. The 

secondary system in the car can be as simple as a LC resonant coil with a rectifier and a filter 

capacitor. The rest of the system is located on the grid side stationary unit that has several stages 

of power conversion. 

Both of the above-mentioned solutions are attractive and have their pros and cons. However, 

there is a unique way of combining these functionalities and providing the best solution to EV 

and PHEV users. The proposed topology presented in this chapter is unique and a first of its kind 

topology that integrates a wireless charging system and boosts the converter for the traction drive 

system. Figure 3-1 illustrates the integrated stationary wireless charging circuit topology that is 

proposed. The topology has five stages of power conversion from the wall to the ESS in the 
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wireless charging mode and four stages in the wired charging mode. The boost mode of 

operation essentially remains the same as it is in the on-road vehicles. The charger is deemed 

stationary since the charging takes place in a residential garage or public parking structure when 

the WPT equipped vehicle is simply parked over a charging pad or a unit embedded into the 

floor. 

  

 

Figure 3-1. Circuit topology of the proposed integrated charger concept. 

 

3.1.1 Wireless charging mode of operation 

Figure 3-2 shows the circuit topology for the wireless mode of operation. Utility ac power is 

converted to controllable dc voltage by the active front end comprising a power factor correction 

(PFC) stage. Adjustable dc voltage is applied to the high power rails of a HF full bridge inverter 

with a selectable duty ratio. The HF stage delivers excitation current to a series tuned primary 

coil and the power is transferred to the secondary coil on the vehicle across the air gap. 

  

 

Figure 3-2. Circuit configuration for wireless operation mode. 
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Voltage induced at the secondary is rectified, filtered, and delivered to the vehicle HV battery.  

The integrated wireless charger has an advantage compared to the conventional topology. The 

boost inductor in series with the battery pack will minimize the ripple of the battery charging 

current, and with the capacitor, it acts as a low pass filter. This feature will increase the reliability 

of the battery, and in turn, the life of the battery. WPT applications may require inclusion of a 

HF transformer to provide electrical isolation of the WPT primary pad and cabling from the 

utility.  Isolation requirements and grid power quality are currently being discussed by the 

standards committee in the Society of Automotive Engineers (SAE) [80].  

However, a HF transformer provides several benefits for the entire system. In addition to the 

isolation, it can be utilized to step up or down the HF inverter output voltage. This enables the 

inverter to be operated at high voltage and low currents and results in higher efficiencies for the 

system.  

3.1.2 Wired charging mode of operation 

The HF transformer solution also provides the flexibility of using the system as a wired 

charger. This can be achieved by simply using a relay system that can be manually operated to 

disconnect the resonant coil system and connect the output of the HF transformer to the on-board 

section of the integrated charger system. The wired charging mode of operation utilizes the 

power stages until the output of the transformer and therefore has only four stages. This mode of 

operation will enable the EV users to use the plug-in charger wherever there is no wireless 

charging option. The efficiency of the system will be compared to the wireless mode of operation. 

However, the plug-in charging does not have the convenience of the wireless charging mode. 

Figure 3-3 shows the circuit topology for the wireless mode of operation. 
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Figure 3-3. Circuit configuration for wired mode of operation. 

 

3.1.3 Boost mode of operation 

The boost mode operation simply utilizes a single stage switch and a diode combined with an 

inductor designed for boost operation. The wireless and wired charging power stages are 

completely isolated by using the relays in the system. This topology is completely based on the 

two independent functions of the integrated systems, (1) charging and (2) boost, which do not 

require simultaneous operation. Figure 3-4 shows the circuit topology for the boost mode of 

operation. 

 

 

Figure 3-4. Circuit configuration for boost mode of operation. 

 

3.2  Analytical study of critical parameters  

A circuit level model of the entire system is very important for analyzing the system design 

and the impact of the system parameters. The circuit model can be combined with the analytical 

equations representing several system elements to provide a more practical model that can 



31 
 

represent actual system functionality. The model will provide the designer with details of the 

system operation to design a control scheme for practical use.  The proposed charging system 

can be represented as a circuit model for the wired and wireless charging modes. The front end 

rectifier and the HF inverter can be lumped into a voltage source for both modes of operation. 

The resonant coil system can be modeled as a loosely coupled transformer and can be 

represented by the transformer equivalent circuit. The magnetizing branch in this case will be a 

function of the coupling coefficient k and the leakage inductances of the primary and secondary 

coils. The transformer can be represented as an ideal element for simplicity and the only 

parameter that can be changed is the turns-ratio. One of the critical elements of the system is the 

load that is used in the model.  

Several analytical solutions have been proposed using resonant circuit modeling techniques. 

The most commonly used equivalent circuits of the system are represented by coil parameters 

and the rectifier and battery load are replaced with a simple load resistor [81]. These types of 

equivalent circuits are over simplified and fail to capture the effect of battery load on the rest of 

the system, especially for resonant systems where load impedance is critical.  Initial modeling 

and analysis of power transfer with the resistor showed that the load resistor under resonant 

conditions dictated the power transfer. Alternate analytical models have been modeled using 

several different approaches like time-domain modal analysis, fundamental mode approximation 

(FMA) analysis, and Rectifier-Compensated (RC) FMA analysis [82]. In these analytical 

methods, the load and rectifier and the input source are represented by fundamental frequency 

sine-wave voltage sources with their amplitudes representative of the input dc-link and battery 

voltages. This approach can be used to obtain the analytical model; however, discontinuous 

mode of the diode rectifier current and the dependency of the duty cycle of the high frequency 
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inverter are neglected. The effect of load impedance is discussed in detail later in this chapter. 

The schematic of the simplified charging system is shown in Figure 3-5.  The analytical model 

for each major component of the system will be presented in the next few sections. 
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Figure 3-5. Wireless power transfer system equivalent for the analytical model. 

 

3.2.1 Derivation of the voltage source on the AC input side 

There are two power stages with the front end PFC and the high frequency inverter on the ac 

input side. The voltage is derived using the empirical waveform analysis and can be represented 

by analytical expressions. For the circuit model representation, the first lumped approach starts 

with the inverter resonant stage since the front-end rectifier is essentially decoupled from the rest 

of the system. The output voltage of the inverter is a periodic quasi-square wave, which is a 

function of the duty cycle, frequency and dc-link voltage. The output voltage v0 waveform of the 

high frequency inverter is shown in Figure 3-6, where Vd is the DC bus voltage and τ is the 

effective pulse width of the output voltage. 
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Figure 3-6. Output voltage waveform of the high frequency inverter. 

 

The output voltage can be expressed as a Fourier series 
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where, A0 is amplitude of the DC component; An and Bn are the amplitude of the nth sine and 

cosine component respectively.  These amplitudes can be calculated by using: 
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Since the voltage is a periodic even function, Bn equals to zero and the output voltage can be 

rewritten as:  
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where, An can be calculated by 
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The fundamental component can be given as: 
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2

sin
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So the voltage source on the primary side can be represented by (3-5).  More specifically, for a 

square waveform with τ = π, the amplitude of fundamental component becomes 

π
dV

V
4

1 =                                                                                                         (3-6) 

3.2.2 Resonant stage model 

The inductive power transfer for loosely coupled systems is extremely poor in power transfer 

and thus highly inefficient. A tuning capacitor with the coil forms a resonant tank circuit and 

enables transfer of power over larger air gaps. This tuning capacitor can be either in parallel or 

series with the coil and thereby provides options to the designer to choose between series or 

parallel on the transmitting and receiving side. The four different combinations are series-series 

(SS), series-parallel (SP), parallel-series (PS), parallel-parallel (PP). The impedance of the 

resonant tank for these combinations will determine the amount of power transferred and will 

dictate the guidelines for the overall system design. The equivalent circuit of the loosely coupled 

system is shown in Figure 3-7. The system can be simplified to a total impedance network with a 
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voltage source on the primary side and the real and imaginary part of the impedance. It should be 

noted that the load impedance is represented by an equivalent resistance both for the continuous and 

discontinuous conduction modes of operation. 

 

 

Figure 3-7. Equivalent circuit with isolation transformer. 

 

3.2.3  Compensation Capacitance Calculation 

One of the most important parameters that are calculated for a given network is the primary 

side compensation capacitance. The value of the primary side compensation capacitance is 

chosen such that the reflected imaginary part of the impedance is zero. This condition allows for 

maximum power transfer to the load, and this condition is also used for calculating the 

capacitance Cp. This maximum power transfer is based on a single resonant frequency operating 

point that is designed to be the resonant frequency of the system. This resonant frequency can be 
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determined by either as a chosen parameter or designed for optimum performance for a given 

system for different applications. However, for automotive applications especially for battery 

charging, there are only certain frequency ranges that are available simply because of the 

interference that could impact the other systems. There are four frequency ranges that have been 

identified for inductive charging systems. The frequencies are 22 kHz, 48 kHz, 85 kHz, and 144 

kHz. Once the frequency range is determined, the secondary side resonant circuit is designed for 

that particular frequency. The secondary side tuning capacitor is calculated for the self-

resonating frequency. This ensures that the reflected secondary side impedance is almost zero. 

Finally the active power transferred for different resonant networks is calculated using the real 

part of the reflected impedance. So for a given system the impedance network can be used to 

determine the system performance and also serves as a useful tool to explain any phenomenon at 

the system level.  

In this section the equations to calculate the compensation capacitance for different resonant 

tank combinations will be presented. The four different combinations are shown from Figure 3-8 

to Figure 3-11. The corresponding four different equations for each network are shown from (3-7) 

to (3-10). 

 

 

Figure 3-8. Equivalent circuit of SS topology. 

 



37 
 

 

 

Figure 3-9. Equivalent circuit of SP topology. 

 

 

Figure 3-10. Equivalent circuit of PS topology. 
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Figure 3-11. Equivalent circuit of PP topology. 
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3.2.4 System impedance calculation 

With the selected compensation capacitance Cp, the equivalent impedance (including real and 

imaginary part) of Figure 3-8 to Figure 3-11 can be derived as well, as shown in (3-11) to (3-18). 

I. Equivalent Impedance-Real Part Zreal:  

Series-Series: 
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II. Equivalent Impedance-Imaginary Part Zimag:  
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(3-16) 
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3.2.5 Active Power Calculation 

The active power transferred can be calculated using the real and imaginary parts of the 

impedance of the reflected impedance which includes the load and the resonant tank. The power 

calculated using the equations represents an ideal operating condition without component losses. 

The parasitic resistances of each element can be added to the model as needed from measured 

values. This can be achieved by adding an equivalent bulk resistance value on the primary side 

of the isolation transformer.  

I. Input Active Power:  
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II. Output Active Power (Battery):  
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bbout IVP =                                                                                                                                               (3-20) 

III. Output Active Power (Resistive):  
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3.2.6 Gain Curve Calculation 

The other important system parameter that can be determined using the impedance model is 

the system gain curve. This gain curve can be calculated using the total system impedance for a 

given network. The gain curve also provides two important aspects that can be effectively used 

to design the control system and the other power stages in the system. One is the voltage gain at 

the resonant frequency that will determine the amount of voltage input that is needed for the 

system. The other one is that sharpness of the curve that will be useful to see the sensitivity of 

the system for a range of operating frequencies. This will be useful to determine the degrees of 

freedom for frequency as the control parameter and determine the stability for wide frequency 

range for a given load. The gain can be derived by equating the input and active power of the 

system, assuming that there are no losses and they are equal, as shown in (3-22)   
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3.2.7 Derivation of the system parameters with the isolation transformer 

The system parameters that were presented in the previous section were derived with a 

voltage source directly connected to the resonant tank and the load. The proposed integrated 

charger has a transformer for isolation and has a turns-ratio that can be used as a variable to 

accommodate the wide voltage range of input and output load voltages. The equations that were 
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derived in the previous section can be used with the addition of an ideal transformer model with 

the turns-ratio. However, based on the experimental data that was obtained later after the design 

was completed, the total leakage inductance and the resistance of the transformer were added as 

additional circuit elements on the primary side. The details of these additional elements will be 

explained in Chapter 5. The magnetizing inductance of this transformer is generally very high for 

this tightly coupled system, and therefore the current flowing through the magnetizing branch 

can be minimal. Based on this assumption, the magnetizing inductance can be neglected for 

modeling purposes. This assumption enables the use of previously derived equations for all the 

resonant tanks without any changes. The modified equations are given below: 

 

 

Figure 3-12. Equivalent circuit with isolation transformer. 
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3.2.8 Load Model 

As mentioned earlier the load impedance model is a critical aspect as it affects the system 

performance analysis. The load impedance model can be divided into two separate models based 

on the practical operating modes of the real system. The load can be either is continuous mode of 

operation or discontinuous based on the type of the load considered.  The secondary side circuit 

model of the wireless power transfer system can be represented as Figure 3-13, where the battery 

is charged through a diode rectifier. 

 

 

Figure 3-13. Secondary side circuit model of wireless power transfer system. 

 

I. Continuous mode of operation 

Typically, the load is represented by an equivalent resistance for simplicity, and it represents 

the case for continuous mode of operation. For a rectifier and the battery load, the resistor can be 

used if a filter inductor is used at the output of the rectifier. The inductor needs to be designed for 

continuous operation for this to be valid.  The equivalent resistance of the rectifier, filter and, the 

battery load is given as: 

 dceq RR ⋅





=

2

8

π
                                                                                                      (3-26) 



44 
 

This is the classic equation that is used for rectifier based resistive loads with a voltage source. 

The equivalent resistance can be modified as a current source based equation. This equation can 

be used for the designs with an inductor as the only filtering element. 
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8
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II. Discontinuous mode of operation 

For the discontinuous mode of operation the equivalent load can be derived empirically from 

the waveforms of a typical rectifier with battery load. The circuit can further be simplified into 

an equivalent secondary side circuit as shown in Figure 3-14. This equivalent circuit is based on 

the fact that, in order to deliver charging current, Id, to the battery at potential Ub, the voltage Ur 

must be maintained. The quadrature component of secondary current, Is, provides the current 

necessary to sustain the voltage at the capacitor. 

  

 

Figure 3-14. Secondary side equivalent circuit with modified load without the filter. 

 

Rectifier diode conduction angle β depends on the peak of the secondary voltage Vm and the 

battery voltage Vb as shown in Figure 3-15. The waveforms of the secondary voltage and the 

rectifier current Ir is also shown in Figure 3-15. Based on the waveforms, the rms value of the 

rectified voltage can be derived as: 
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Figure 3-15. Waveforms of the secondary voltage, battery voltage, and the rectifier input current. 
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The RMS value of the input current Ir(rms) can be derived by equating the input and output power 

assuming that there are no losses. 
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Solution for the Ir(rms)  yields  
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The relationship between the conduction angle β, secondary voltage Vm, rectifier input voltage 

Vr, and the battery voltage Vb can be expressed as: 

                       







= −

m

b

U

V1sinβ                                                                                               (3-31) 

Finally the equivalent load resistance for the discontinuous conduction mode of operation can 

be expressed as a function of β for a desired output power as: 

( )
( )

o

rmsr
betaeq P

V
R

2

=                                                                                             (3-32)
 

3.3  Case study 

In this section a case study of the proposed system will be presented to show the effectiveness 

of the derived analytical expressions. A series-parallel (SP) resonant tank configuration with a 

resistive load was chosen for this case study. The other system parameters provided in Table 3-1 

are generally obtained by designing each component and measured values. The design details 

and the methodology for system design will be discussed in Chapter 4. The first element that is 

calculated for any wireless system design is the primary side compensation capacitor. The 

primary side capacitor is an important system parameter that will determine the performance of 

the entire system operation for different operating conditions. The precise value of the capacitor 

can be calculated by sweeping over the desired frequency of operation and selecting the value 

that corresponds to the resonant frequency. A plot of the primary side capacitance versus the 

frequency for a coupling coefficient of k = 0.3 is shown in Figure 3-16.  

The other critical and important parameters that can be calculated by using the analytical 

model are the system impedances (real, imaginary and total). These impedance analytical models 

are not only useful for the design of the system but also for understanding the system behavior 

for different operating conditions. A plot of the impedances is shown in Figure 3-17. One of the 
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key features of this plot is that it can be used to confirm the design parameters for the system 

from the imaginary impedance curve. For example, if the imaginary curve goes to zero it 

indicates that the reflected impedance to the inverter on the primary side is all real at that 

particular frequency. If the design parameters are correct, the frequency should be the same as 

the designed resonant frequency. These impedances can further be used to calculate other 

parameters like gain, active power transferred, and also used for system sensitivity analysis.  

The voltage gain curve of the system is shown in Figure 3-18. The gain of the system at the 

resonant frequency is ~1.34. This parameter can be used to determine the amount of the input 

voltage required for a given design and also shows the sharpness of the system frequency 

response.  

 

Table 3-1. System parameters used for the case study. 

k=0.3 Coupling co-efficient 

Lp = 122.21e-6* (1-k) µH Primary side self-inductance 

Ls = 122.21e-6 * (1-k) µH  Secondary side self-inductance 

Lp1 = Lp/(1-k) µH Primary side leakage inductance 

Ls1 = Ls/(1-k) µH Secondary side leakage inductance 

Cs = 0.44e-6 F Secondary side Capacitance 

Vdc=400 V Primary side dc-link voltage 

fr=22 kHz Resonant Frequency 

Rdc=10 Ω Load resistance 
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Figure 3-16. Frequency sweeping result of primary compensation capacitance. 

 

 

Figure 3-17.  Frequency sweeping result of equivalent impedance. 
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Figure 3-18.  Frequency sweeping result of dc gain. 

 

 

Figure 3-19. Frequency sweeping result of input (or output) power. 
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The active power transfer equations were used for these system parameters, and the calculated 

active power versus frequency is shown in Figure 3-19. The active power transferred at the 

resonant frequency is typically the maximum. This active power calculated without any losses 

provides an insight into the amount of power that can be realized in ideal conditions without any 

parasitic elements. The effect of the parasitics on the power transferred will be presented in 

Chapter 5. 

The proposed system also has the isolated transformer in the topology which makes the 

system a complicated network to be analyzed. However, as described earlier the equations 

derived with no transformer can be used with little modifications. The two important parameters 

that will impact the performance and the design of the proposed system are the turns-ratio of the 

transformer and the total leakage of the transformer. The effect on the leakage inductance on the 

gain and the active power transferred are shown in Figure 3-20 and Figure 3-21 respectively. The 

data was plotted with a turns-ratio of 8:8.  It is evident from the figures that the leakage 

inductance (Llk) of 30 µH shifts the resonant point from the actual designed point. This 

phenomenon will be different for different resonant tank combinations, and the shift can be 

severe to negligible. 

Finally the effect of turns-ratio of the transformer is shown in Figure 3-22. The two sets of 

curves correspond to power versus with and without the leakage inductance. The curves also 

show the difference in active power transferred for the turns-ratio 8:5. This shows how the 

transformer impacts the overall power transfer and the overall ratings for the topology of the 

power electronics.  It should be noted that similar to the previous case of 8:8 turns ratio, the 8:5 

ratio also has the shift with the addition of leakage inductance to the model. 
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Figure 3-20. Gain curves with and without transformer leakage inductance. 

 

 

Figure 3-21. Power curves with and without transformer leakage inductance. 

 

1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3

x 10
4

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Frequency (Hz)

G
a

in

With Llk Without Llk

Turns ratio 8:8

1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3

x 10
4

0

0.5

1

1.5

2

2.5

3
x 10

4

Frequency (Hz)

P
o

w
e

r 
(W

)

Without LlkWith Llk

Turns ratio 8:8



52 
 

 

Figure 3-22. power curves with different transformer turns ratio. 

 

3.4  Summary 

The topology of the proposed integrated charger was introduced in this chapter. The different 

modes of operation and the schematics were explained in detail. A new system model which 

combines the analytical and circuit modeling techniques was presented. The analytical 

expressions for the system parameters were derived using the circuit models. A single case study 

was presented to show the value of the analytical model. The model can be used to compare 

various design parameters and their effect on the overall system performance. The model is also 

set up for sensitivity analysis that will be discussed in the next chapter. 
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4 Sensitivity Analysis of the Integrated Charger 

The analytical system model developed in Chapter 3 will be used for a parametric study to 

determine the effect of the critical parameters for both the wired and wireless modes of operation 

of the integrated charger. The details of the parametric analysis and the results will be presented 

in this chapter.  

For every system there are several design and operational parameters that impact the system 

performance differently. For this integrated charger, the passive components that are used for 

active power transfer impact the design of other components and the topology of the rest of the 

system. The impact of the passive components is more prominent in the wireless system design 

compared to the other modes of operation. The design of the passive components also impacts 

the sensitivity to the control parameters of the system and will drive the requirements for the 

closed loop control system. The operational parameters also impact the sensitivity of the system 

differently, and it is important to weigh the parameters for a stable operation in different modes. 

While the sensitivity analysis is a useful study for any system designer, it is important to 

understand the need for such a study in the context of the practical application.  

The integrated charger has both the wired mode and wireless mode of operation, and each of 

them need to be analyzed separately for the obvious reason that the parameters are different and 

for even the common ones the sensitivity is different. For example, the coupling coefficient for a 

loosely coupled system like wireless mode is a key parameter and impacts the system 

performance. However, for a tightly coupled core based system like the wired mode, the 

coupling coefficient impact is not as much.  
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4.1  Primary side compensation capacitance for the wireless mode 

Recalling (3-7) to (3-10), the capacitance for all four combinations of the resonant tank can be 

calculated. The same system parameters presented in Chapter 3 are used for this analysis. The 

impact of the change in the capacitance value over a frequency range for the series parallel 

configuration is shown in Figure 4-1. The capacitance that is calculated for the designed resonant 

frequency of 22 kHz is 0.475 µF. As seen from the figure, a small change in capacitance from 

0.516 µF to 0.432 µF shifted the resonant operating frequency by ~300 Hz. This shift in the 

resonant operating point can affect the power transferred significantly depending on the 

sharpness of the curve.  This can be compensated by either changing the frequency and/or other 

control variables in a system based on the topology and control design. The most important 

aspect of this analysis is that it highlights the practical significance of variance in capacitance for 

real world applications. This shift in capacitance can be caused by: 

i. Temperature rise in a capacitor that causes the de-rating of the capacitance value  

ii. Series and parallel connections to get the desired capacitance  

iii. Series and parallel combinations to accommodate the high resonant energy  

iv. Degradation of the capacitance after certain number of operating hours in a real field 

environment 

The other important fact that also needs be highlighted is the fact that there are few capacitors 

that are currently made for high energy resonant applications. The value of the resonant caps 

needed for wireless power transfer applications is typically small. So it is extremely hard for a 

designer to match the value and the energy which becomes an additional factor for the shift in 

capacitance from the designed value. 
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Figure 4-1. Impact of compensation capacitance on the output power for a series-parallel 

resonant tank at Vdc=400 V, RL=10 Ω, k=0.3. 
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the shift is large enough, there will be a significant impact on the system, and it will affect the 

stability of the designed control. There is another underlying analysis that can be expressed 

based on the amount of shift from the designed value of k and what parameter can be changed to 

retune the system. There are several system performance parameters like the power transferred, 

efficiency etc., that can be used as the indicators for optimizing the control and for determining 

the choice of variable to be changed for retuning. The analysis that is presented here will focus 

on the active power transferred as the indicator. 

In general, for any wireless power transfer system there are two variables that can be used for 

negating the effect of the change in the coupling coefficient. One is the source voltage applied to 

the resonant stage, and the other one is the frequency of operation. The voltage of the source can 

be varied by changing the input dc-link voltage and/or the duty cycle. However, for the isolated 

integrated charger design, there is an additional high frequency transformer that will add 

complexity and brings in additional passive elements that will affect the sensitivity of the three 

variables mentioned earlier. Each variable will be discussed in detail in the following sections. 

4.2.1 Operating frequency dependency for different values of coupling coefficients 

To explain the frequency based sensitivity, the series-parallel resonant based model presented 

in Chapter 3 was simulated in MATLAB. The active power transferred was plotted  over a 

frequency range to show the variation in the power for different values of k. The k was varied 

from 0.1 to 1.0, and the dc-link was fixed at 400 V. There are two cases that were simulated to 

show the effect of variation in k when the system is designed for one fixed value of k.  

In the first case the the system was designed for k = 0.7, and then the k values were swept 

from 0.1 to 1.0, as shown in Figure 4-2. As seen in the figure, the resonant frequency has shifted 

from 22 kHz at k = 0.7 to different values corresponding to each value of k. The power at the 
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designed resonant frequency is not the maximum once the k is changed. The decrease in power is 

because of the change in the total impedance as the k changes and this will be discussed in detail 

later in this section. There are two more key inferences that can be drawn from the figure. One is 

the variation in power for a wide range of frequency for the designed value of k = 0.7 is very 

minimal and the frequency range becomes wider for higher values of k >0.7. However for the 

lower values of k < 0.7 the power curve becomes extremely sensitive to frequency. The other 

inference is the peak value of the power for curves corresponding to k < 0.7  are higher than the 

designed curve. The values above k > 0.7 are high but not as much as the ones below 0.7. 

 

 

Figure 4-2. Output power vs frequency for different coupling coefficients for a series-parallel 

resonant tank at Vdc=400 V, RL=10 Ω. 
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The gain curves for k = 0.7 are shown in Figure 4-3. The gain curves will be very useful to 

understand the range of voltage that is available for a fixed input dc-link voltage over a wide 

range of frequency for different shifts in k value. This also shows that desired power cannot be 

reached by just changing the frequency if the value of k changes significantly. 

  

 

Figure 4-3. DC voltage gain vs frequency for different coupling coefficients for a series-parallel 

resonant tank at Vdc=400 V, RL=10 Ω. 
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sensitivity decreases significantly. The plots are split into two different figures to show the 

variation more effectively. This sensivity will help the system designer will details needeed for 

real time adjustment of operating frequency and the resolution needeed for the the controller 

design interms of the frequency step size. This curves will also serve as guidance for the designer 

to understand the overall system stability for a given value of  k. 

   

 

Figure 4-4. Power sensitivity vs frequency for coupling co-efficient values from 0.1 to 0.4 for a 

series-parallel resonant tank at Vdc=400 V, RL=10 Ω. 
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Figure 4-5. Power sensitivity vs frequency with coupling coefficients from 0.6 to 0.9 for a series-

parallel resonant tank at Vdc=400 V, RL=10 Ω. 
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These case studies show that the design value of k can significantly change the sensitivity of 

the power for changes in frequency for different k values. Also, it is evident from both cases that 

if the value of k shifts from the designed value (because of change in air gap or offset in the coils 

spacing) the desired power canot be obtained by just shifting the frequency. This is an important 

aspect of the control design and will determine the architecture of the control. It should be noted 

that even though the active power is higher for lower values of k it might be impractical to obtain 

the power because of the high currents that will be needed to transfer power across a large air 

gap. In other words, even though the power is higher, the efficiency of the system will be 

significantly less because of high currents. This can be explained from a simple calculation based 

on power curves shown in Figure 4-3. The power at k=0.2 is ~20 kW and the power at k=0.7 is 2 

kW for a dc-link voltage of 400 V. The corresponding current value for k=0.3 is ~50 A which is 

ten times the value of 5 A for k=0.7. 

4.2.2 DC-link voltage dependency for different values of coupling coefficients 

As mentioned earlier, dc-link input voltage is another parameter that can be adjusted to 

change the active power delivered to the load. To explain the voltage based sensitivity, the 

series-parallel resonant based model that was presented was used. The active power transferred 

was plotted over a voltage range to show the variation in the power for different values of k. The 

k was varied from 0.1 to 1.0, and the frequency was fixed at the designed resonant frequency. 

Similar to the frequency sensitivity analysis, two cases were simulated to show the effect of 

variation in k when the system is designed for one fixed value of k.  

In the first case the system was designed for k = 0.7 and then the k values were swept from 0.1 

to 1.0, as shown in Figure 4-9. The figure shows a plot of the power curves versus voltage at 22 

kHz resonant frequency. The power curve for k = 0.7 is the highest compared to other values of k 
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Figure 4-9. Power vs dc bus voltage for different coupling coefficients for a series-parallel 

resonant tank at RL=10 Ω, fr=22 kHz. 

 

 

Figure 4-10. Voltage sensitivity vs dc bus voltage for different coupling coefficients for a series-

parallel resonant tank at RL=10 Ω, fr=22 kHz. 
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Similar to the frequency sensitivity analysis, the impedance ratio is calculated however, at the 

resonant frequency only. The ratio is directly proportional to the power transferred through the 

system. As seen from Figure 4-11 the ratio is much higher at k = 0.7 and lower for other values. 

This shows that for a given design it is important to adjust the frequency and voltage to achieve 

the required power. 

In the second case, the system was designed for k = 0.3, and the k values were swept from 0.1 

to 1, as shown in Figure 4-12. Similar to the previous case, the power is the highest for k = 0.3, 

compared to other values. However, the change in the power when the k is changed from the 

design value of 0.3 is much higher compared to the previous 0.7 design value case. 

  

 

Figure 4-11. Impedance ratio vs coupling coefficient with designed k = 0.7, for a series-parallel 

resonant tank at RL=10 Ω, fr=22 kHz. 
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The impedance ratio curve in Figure 4-13 shows the sensitivity of power with the shift in k. 

With the frequency and voltage sensitivity analysis, it was shown that based on the design 

value of k for some cases, the desired power can be achieved by just changing frequency or 

voltage. However, in some cases both have to be modified in order to achieve the required power. 

It should be noted that all the analysis was performed for a fixed load value. This brings an 

additional parameter to the already complex impedance network and could change the sensitivity 

of the system altogether. The details of the load impact on the system is presented in detail in the 

next section. 

 

 

Figure 4-12. Power vs dc bus voltage for different coupling coefficients for a series-parallel 

resonant tank at RL=10 Ω, fr=22 kHz. 
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Figure 4-13. Impedance ratio vs coupling coefficient with designed k = 0.3. 
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Figure 4-14. Power vs frequency under different loads for a series-parallel resonant tank at 

Vdc=400 V. 

 

The other important aspect of this analysis is to obtain the Q factor of the system for different 

values of resistors. This can be obtained from the gain curves plotted for different values of 

resistances. Figure 4-15 shows that at resonant frequency the gain does not change for different 
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range. This can provide a stable operating range for any changes in the load. However the power 

transferred will be compromised. Also, it should be noted that even though the load is changing, 

the power is still the maximum at the resonant frequency. This is true for this particular case 

study and typically it can be confirmed through the reflected imaginary part of the impedance. 
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Zimag of zero at the resonant frequency. 
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Figure 4-15. Dc voltage gain vs frequency under different loads. 

 

 

Figure 4-16. Reflected imaginary impedance vs frequency under different loads. 
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However, in reality the load variations can be quite large and cause instability to the system. 

This phenomenon in wireless transfer system is called “bifurcation” which simply means that the 

power curve has more than one frequency point at which the power is higher than the resonant 

frequency. The bifurcation phenomenon has not been discussed much in literature. This 

phenomenon can be explained through the analytical equations for system impedance presented 

in Chapter 3.  The bifurcation can be checked by using the following equations: 

Series-Series: 
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Parallel-Parallel: 
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These equations are very complex and can have zero to multiple roots as a solution. These 

equations cannot be solved analytically but can be solved using numerical methods and 
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iteratively by using tools like MATLAB software. As mentioned earlier, impedance curve can be 

plotted as a function of frequency, and the roots of the equation are determined based on the 

values of frequency at which the imaginary part is zero.  

Figure 4-17 and Figure 4-18 show the power curve and the gain curves have multiple peaks at 

frequencies different than resonant frequency.  

 

 

Figure 4-17. Power vs frequency under different loads. 
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Figure 4-18. Dc voltage gain vs frequency under different loads. 

 

 

Figure 4-19. Reflected imaginary impedance vs frequency under different loads. 
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4.4  Impact of the transformer parameters on the integrated charger  

In the previous sections the sensitivity analysis that was presented was obtained using the 

model without any transformer parameters. As pointed out in Chapter 3, the transformer was 

added to this system topology to provide isolation and increase the dc-link voltage for higher 

efficiency. However the transformer adds complexity to a sensitive high frequency resonant tank 

network because of its passive elements, especially the leakage inductance and the self-

inductance due to variation in the turns-ratio. This section shows the sensitivity of these two 

parameters over the frequency range and the impact on the system. 

Figure 4-20 shows the power versus frequency for different values of leakage inductance. The 

resonant frequency is shifted from the designed 22 kHz at 0 µH to 19 kHz at 30 µH. This total 

leakage is an important parameter that needs to be addressed while designing the transformer. 

Also, the effect of this leakage current depends on the effective ratio of the primary side coil 

inductance to the total leakage inductance. The other critical aspect of this leakage inductance is 

the fact that there will be a voltage drop associated with the leakage inductance, especially for 

higher currents required by the resonant tank. This will cause additional losses in the transformer 

as well. 

Figure 4-21 shows the power versus frequency for different values of the transformer turns-

ratio. As expected, the turns-ratio of the transformer affects the active power transferred 

significantly for a fixed dc-link voltage and at resonant frequency. In this case the leakage was 

assumed to be zero. This can be further explained with the total impedance curve of the system 

which shows the sensitivity of the system for different turns-ratio. Figure 4-22 shows two 

important effects of the turns-ratio. 
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Figure 4-20. Power vs frequency with different transformer leakage inductances for a series-

parallel resonant tank at Vdc=400 V, RL=10 Ω. 

 

 

Figure 4-21. Power vs frequency with different transformer turns ratios for a series-parallel 

resonant tank at Vdc=400 V, RL=10 Ω, fr=22 kHz. 
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The impedance of the 10:2 case at resonance is relatively close to the lower turns-ratio 8:5 and 

is significantly high when the frequency is shifted. The sensitivity of the impedance is simply 

because of the impedance of the resonant tank is multiplied by the turns-ratio and reflected back 

on to the primary of the transformer. This sensitivity not only affects the power transferred, but it 

also affects the sensitivity of the operating frequency of the system. So for higher turns-ratio the 

system becomes more sensitive to frequency shifts. 

  

 

Figure 4-22. Impedance vs frequency with different transformer turns ratios. 
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stage and the components associated with them. The major fixed constraints are the AC input 

line voltage and current, output load conditions and the size of the resonant coils.  

The AC line voltage and current will determine the overall power rating of the entire WPT 

system as well as the power that will be available for the load minus the losses in each stage. 

Similar to the on-board chargers, the charging power level can be categorized as WPT Level-1, 2 

and 3. The output load condition for the automotive applications is determined by the battery 

voltage range. Once the input voltage and battery voltage range are determined for a given 

design, the maximum current through the resonant coil system can be determined. The other 

critical independent parameter is the size of the coil and the inductance that is associated with it. 

For a given distance between the coils, the diameter of the coils is calculated. After the 

diameter and current is determined, the appropriate wire size is selected. Then, based on the 

physical dimensions, the number of turns in the coils is calculated. The other critical parameters 

that have significant effects on the system efficiency are the magnetic field and the electric field 

at the operating frequency of the resonant system. Initially, SAE-J2954 focused on four 

operating frequency ranges that could be used for wireless charging of electric vehicles. The four 

bands are 22 kHz, 48 kHz, 85 kHz, and 144 kHz. This choice of frequency has an effect on the 

choice of semiconductor technology that is available for high power and high switching 

frequency applications. The two stages that will be most affected with the frequency of operation 

are the high frequency inverter on the transmitting side and the rectifier on the receiving side. 

Commercially available IGBT technology is limited to ~20 kHz for medium power levels. 

MOSFET technology can be used for higher frequencies; however, they are limited in voltage 

and current for high power ratings. Once these above mentioned design parameters are fixed, 

then the resonant compensation capacitors can be determined.  
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The secondary compensation network needs to be designed for the given frequency and then 

the primary compensation can be tuned based on the load impedance and the coupling co-

efficient k. The ideal operating condition for the compensation network is the frequency at which 

the imaginary power is zero.  

Another design feature that will also influence the other power stages and overall control 

system architecture is the natural voltage gain of the resonant tank system for a given operating 

frequency range. This gain will impose the voltage input requirements at the input of the 

resonant tank. This gain curve is different for different coil designs, tuning configurations, the 

coil topology, and the quality factor of the resonance. The voltage requirements will restrict the 

duty cycle of operation of the HF inverter and will eventually affect the reactive power 

requirements. Given the overall general guidelines as discussed in this section, the following 

choices were made for the proposed systems. 

4.5.1 Selection of the resonant coil tuning configuration 

There are several combinations that can be used for the compensation circuit. The four 

combinations are series-parallel, series-series, parallel-series, and parallel-parallel. The series 

configuration at the primary will result in high currents and is a current controlled network. The 

secondary tuning also determines the sharpness of the frequency versus power characteristics of 

the system. Based on a study from Oak Ridge National Laboratory (ORNL), it was shown that 

with series-series tuning, the peak power is broader for a given frequency band and then drops 

drastically outside of the band [2], [3]. In addition, with series-series tuning, primary reactive 

power is higher compared to other configurations. The series-parallel configuration has a current 

controlled primary and a voltage controlled secondary circuit. Also, the ORNL study revealed 

the series–parallel configuration has wider skirts in the power versus frequency resonance curve 
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and does not have sudden drop in power compared to the series-series configuration. This allows 

for more degrees of freedom in control and in actual hardware implementation. The reactive 

power for the series-parallel configuration is also less than the series-series configuration. A 

series-parallel tuning configuration is chosen for the proposed toplogy for all the above-metioned 

reasons. 

4.5.2 Selection of the active front-end rectifier topology  

As mentioned earlier, the resonant tank voltage gain (at resonant conditions) amplifies the 

input voltage which might result in voltages that are generally higher than the desired load 

voltages. Hence, in general, the front end of the WPT system needs to be designed with a voltage 

stepped down function to accommodate either 240 or 120 V AC voltages. The typical choice is 

to rectify the ac input and use a buck and/or buck-boost dc-dc converter to regulate the voltage 

into the inverter. This 3-stage design increases the component count and also impacts the overall 

system efficiency. However, since a HF transformer is used to step-down the voltage, a single 

stage active rectifier with voltage boosting functionality was chosen for the proposed system. 

The other reason for a single-phase ac boost is because the efficiency of the system is dependent 

on the primary side dc link voltage as the inverter losses are less for lower currents and higher 

voltages. The ac boost rectifier utilizes a single phase leg with active switches and a diode leg to 

minimize the losses during the boost operation. A single switch is used during the positive half 

cycle and another in the negative half cycle. The topology is shown in Figure 4-23. 

The single stage boost converter has a small ac input capacitor and a boost inductor at the 

input of the rectifier. 
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Figure 4-23. Single-stage boost active rectifier converter for WPT system. 

 

4.6  Design of the integrated charger  

The integrated charger design can be split based on the three modes of operation stated earlier. 

The design of the wireless mode will address most of the design for wired mode, except the 

changes that need to be accommodated for the absence of the resonant tank. First the design of 

the wireless system will be presented. The boost mode is an independent operation, and the only 

impact of the boost stage on the charging operation design will be the ratings of the diode bridge 

and the low pass filter values. 

4.6.1 Design methodology for the wireless operating mode 

Based on the sensitivity analysis and the design considerations of the system, a general design 
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established for the system, primary side or the secondary side regulation, isolation requirement, 
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scheme. The coil sizing and coil spacing calculations were based on a mid-size sedan type of 

vehicle. A series-parallel configuration was chosen for this design as explained earlier in this 

chapter. Of the four frequency bands available for the automotive application, 22 kHz was 

chosen and the reason was explained in Chapter 3. 

Step 1: Design the high frequency resonant coils 

Coil design is most critical in WPT systems since it determines the power transfer level, and 

overall performance and efficiency, in addition to the expected shielding and magnetic emissions 

levels. The important design features for the coil are resistance, high leakage inductance, low 

magnetizing inductance, and the shielding that is used for shaping the magnetic field. Litz cable 

is a very good solution and generally used for high frequency systems, as the wire based coils 

will have lower resistance. A soft ferrite structure, which is contained in a non-magnetic casing, 

will help in directing the field and help minimize the losses. The shield for the coil also helps in 

minimizing the hazard associated with WPT technology.  

The coil design starts with the spacing requirement between the primary and secondary coils. 

The coil radius is therefore of critical importance in not only vehicle packaging and WPT 

integration, but overall coupling factor and power transfer capability. North America vehicles 

have nominal ground clearances of approximately 200 mm and in Europe this metric may be 

closer to 150 mm. The z-axis spacing d, at which the field becomes progressively more of a flat 

field, and therefore less able to link with the secondary coil leading to a low coefficient of 

coupling should be condition to determine between the coils. As explained in [4] it can be 

concluded that coupling coil spacing should be half the coil radius or one-fourth its diameter to 

be most effective for coupling and power transfer, i.e. 

2
1a

d ≤  .                                                                                              (4-5) 
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Figure 4-24. Design methodology for the integrated charger in a detailed in a flow chart. 
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Also from [4] the mutual flux linked to the secondary coil is given as: 
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This is an important equation that can be used to calculate the coupling co-efficient k, and also 

to determine the radius of the secondary coil as a function of the primary coil radius. The self-

inductance of a circular current loop can be calculated using the Wheeler formula for self-

inductance as: 
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Then taking the ratio of mutual flux to primary coil flux the coupling coefficient can be 

calculated as: 
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where, N1 is the number of turns in the primary coil a1 is the radius of the coil; d is the distance 

between the coils; u0 is the permeability of air 

For a given distance between the coils, the diameter of the coils is calculated. After the 

diameter is determined for a given power and the current, the size of the wire is selected. Then, 

based on the physical dimensions, the number of turns in the coils is calculated. The secondary 

coil radius was determined to be effective when the radius was equal to the primary side. So the 

coil inductances for the primary and the secondary sides were identical. This also defines the 

turns ratio of the coils to be 1. The coupling coil parameters are summarized in Table 4-1. The 

final assembled coils are shown in Figure 4-25. 
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Table 4-1. Coupling coil parameters. 

Parameter/Dimensions Primary  Secondary  Unit 

a (inside) dimension 640-196=444 616-126=490 [mm] 

b (outside) dimension 640 616 [mm]  

  req (circ. coil equiv.) 300.7 310 [mm] 

Nc (number of turns) 9 9 # 

AWG 2  6 # 

 

 

           

           

Figure 4-25. Coil development: (a) Soft Ferroxcube 3C94 ferrite coils placed on aluminum 

shielding case and ferrites covered by non-conductive material before winding, (b) Litz wires 

being winded on ferrite cores. 
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The coil characterization was performed using the methodology provided in [4]. The coupling 

co-efficient calculated is also shown in Figure 4-26. The value of Lp and Ls at 22 kHz was 

calculated as 122 µH. 

 

 

Figure 4-26. Coupling coefficient calculation. 
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Recalling the equation for the primary side capacitor: 
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Cs can be calculated using the self-resonant frequency equation: 
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Using the Lp, Ls and C2, the calculated value of Cp is 0.475 µF. 

Step 3: Determine the load resistance and the total reflected impedance 

With the load power (Pload = 6.5 kW) and output voltage (311 V, nominal battery voltage), the 

load resistance is Rdc is around 19.2 Ω and the ac side equivalent resistance is around 

Ω== 6.15
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The real part of the reflected impedance is: 
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Substituting the values of all parameters, the real part is calculated as 23 Ω. 

Imaginary part of the reflected impedance is:  
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The value of Zimag at the resonant frequency (22 kHz) should be zero. The calculated value of 

Zimag is 0.02 Ω. This verifies that the value of the compensation capacitor is correct. However 

there could be more than one value of frequency at which the Zimag could be zero. This 
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phenomenon was presented in Chapter 4. Figure 4-27 shows the plot of the Zimag over a wide 

range of frequency which has only one single value of frequency when Zimag is zero. 

 

 

Figure 4-27. Imaginary part over frequency. 
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value is calculated for ideal components, and it does not include loss associated with each of 

them. The Vdc needed to achieve 100 Vrms at the output can be calculated as: 

( ) tcos
2

sin
4

11 ωτ
π

dV
tv =                                                                        (4-14) 

The value of Vdc needed is ~120 V for a fixed duty cycle of 0.9. 

Step 5: Compute the input voltage to the resonant tank 

The AC rectified voltage can be calculated based on the input voltage available from the wall. 

Then based on the minimum voltage required calculated, we can determine if the excess voltage 

will be enough to deliver the power required at the load. This is an important calculation that will 

determine the type of the topology that is needed to achieve the necessary voltage adjustment. 

So for this design, 220 V ac input was used because of the level of power required at the load 

(6.5 kW). The rectified voltage is 311 Vrms and the minimum required is 120 Vdc. So the 

voltage is sufficient to clamp to the load and the required load power can be achieved as long as 

the input current from the wall connection is sufficient. It should be noted that the system is 

assumed to be perfectly aligned, and the frequency is fixed at the designed resonant value for this 

power transfer condition to be met. 

Even though the system design meets all the requirements the design is not complete, as it 

requires several more system functions for controllability, efficient operation, and isolation 

which are very important for practical application of the system. The most important practical 

consideration, for which the additional functionality is needed, is the load variation because of 

misalignment, change in the distance between the coils or the interoperability for different type 

of vehicles with different batteries and power requirements. 



88 
 

In order to control the operating frequency, the only choice is to change the frequency of the 

high frequency voltage source inverter. So the topology of the front end system becomes very 

important next step in the design, especially for the primary side controlled system. 

Step 6: Determine the topology for controlling the voltage input 

In order to achieve the voltage control, there are two different methods that can be adapted. 

One is stepping the voltage down through buck operation of a dc-dc converter and a passive 

diode bridge rectifier, or a buck ac single rectifier. Then a high frequency isolation transformer 

can be used for isolation purposes. The other one is by varying the dc-link through a single phase 

ac boost rectifier, and then varying either the duty cycle of the inverter or by using a passive step 

down transformer.  

Based on the design considerations presented earlier in this chapter, the ac boost converter 

with a passive step down transformer method of controlling the voltage was chosen. The design 

parameters that need to be considered are the input inductor sizing and the dc current ripple. This 

frequency has an impact on the PFC efficiency, and hence need to be carefully chosen. A 

switching frequency of the ac boost PFC rectifier was chosen to be 40 kHz for this design. Since 

this value is chosen as a trade-off between the efficiency and current ripple, the choice of 

semiconductor will also be an important factor in the design. The other constraint will be the 

amount of voltage boost that can be obtained with the voltage limitation of the semiconductors 

switches used in the high frequency inverter.  

Step 7: Design the parameters for the transformer 

The turns-ratio of the transformer is another important factor in this design methodology, 

which will influence the degrees of freedom in the control of the voltage. The turns-ratio can be 

designed based on the voltage range that is available and the gain of the resonant system. 
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General rule of the design will be to step the voltage down by at least the factor of the gain for 

the minimum voltage clamping of the load, and the additional turns will leave the margin for 

control. So for this design the gain at resonant frequency is 3.1. So the minimum turns-ratio is at 

least 3:1 for the voltage. For this ratio the minimum rectified voltage is 311 Vdc and this will 

bring the voltage to the input of the resonant stage to ~ 100 Vrms. This ratio will ensure the load 

is clamped, and there will a minimum amount of power that can be transferred. With this ratio, 

the desired load power of 6.6 kW cannot be met since the voltage is controlled, and to achieve 

any power beyond the minimum power the voltage has to be boosted. The range of control is still 

limited and the amount boost voltage range will be less. Again this is assuming that there is no 

limitation on the input current values. 

In order to achieve more range of control for the same input power, the turns-ratio was 

increased to 10:2 for this design. Also it gives more flexibility to address the practical issues that 

were mentioned before. The voltage input range for this ratio is ~60 Vrms for the resonant stage 

which will ensure full range control. However, the disadvantage is the amount of the boost 

required which will affect the efficiency of the PFC rectifier. 

The other important parameter of the transformer design is the leakage inductance. The 

sensitivity of the turns-ratio and the leakage inductance were shown in Chapter 4. So there is a 

trade-off in achieving the high turns-ratio to gain control and also the sensitivity of system which 

will affect the stability of the entire system. There is another disadvantage of this turns-ratio that 

will indirectly affect the losses in the coils. This is because of the high turns-ratio the currents in 

the coil will be much higher which will cause additional losses compared to a lesser turns-ratio 

design. 



90 
 

A high frequency transformer was built For the HF transformer, eight of the Ferroxcube 3C94 

low-loss MnZn ferrite ring core stack were used, while the primary and secondary windings are 

wound on the same core. The MnZn material has low saturation flux density; therefore, the core 

size is relatively larger but this is an advantage when using two AWG wires. The primary (input) 

side of the transformer is connected to the HF power inverter H-bridge output whereas the 

secondary side is attached to the coil and tuning capacitor network. The transformer prototype is 

shown in Figure 4-28. The transformer was characterized to measure the parameters. The 

parameters of 10:2 and 8:5 turns ratio are shown in Table 4-2 and Table 4-3 respectively. 

Step 8: Design of the control system for the proposed system 

Frequency response of the WPT system depends on the load conditions (i.e., state-of-charge 

of the battery) and the coupling coefficient (i.e., vehicle coil to primary pad gap and any 

misalignment between primary and secondary coils). The amount of power transferred to the 

secondary coil is governed by the switching frequency, duty cycle, and the input voltage of the 

inverter. For instance, the primary coil voltage can be expressed as (1) where the HF power 

inverter rail voltage is Ud0, pulse duty ratio, d, and angular frequency ω 

 

                

(a)                                                         (b) 

Figure 4-28. HF transformer core (a) and the final built (b). 



91 
 

Table 4-2. High frequency transformer parameters of 10:2 one. 

Parameter Value Unit 

Primary turns 10 # 

Secondary turns 2 # 

Primary leakage inductance 22.69 [µH] 

Secondary leakage inductance 0.9076 [µH] 

Mutual inductance 2.457 [mH] 

Coupling coefficient 0.9908 # 

Primary resistance @22kHz 29.05 [mΩ] 

Secondary resistance @22kHz 1.162 [mΩ] 

 

Table 4-3. High frequency transformer parameters of 8:5 one. 

Parameter Value Unit 

Primary turns 8 # 

Secondary turns 5 # 

Primary leakage inductance 11.69 [µH] 

Secondary leakage inductance 4.56 [µH] 

Mutual inductance 1.788 [mH] 

Coupling coefficient 0.9935 # 

Primary resistance @22kHz 6.9 [mΩ] 

Secondary resistance @22kHz 2.7 [mΩ] 
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Based on (4-15) there are three different control variables that can be used to adjust the power 

delivered to the secondary to account for the change in coils gap, alignment and also the load 

variations. While keeping the real power control as the primary objective, the important quantity 

that needs to be monitored and controlled is the reactive power control of the system, in order to 

reduce the burden on the receiving side system components, which include the active rectifier 

and the high frequency inverter. 

A WPT system consists of a grid-tied active front end (AFR) rectifier, a high-frequency power 

inverter, coupling coils, vehicle rectifier and filter, and the communications system. 

Communications is essential in WPT since all charger rate and vehicle regenerative energy 

storage system (RESS) pack state of charge (SOC) information must be communicated to the 

grid side HF converter in order to manage the power transfer phase. Vehicle CAN messages from 

the RESS battery management unit (BMS), augmented with WPT specific messages contribute 

to overall charge regulation.  

As discussed above, primary coil voltage can be controlled dynamically by the active front-

end converter for a given resonant frequency and a constant duty cycle. The grid converter 

provides a controllable dc voltage, Udo, to the high frequency (HF) power stage according to the 

coarse voltage control command, Ud
*. The Udo reference is generated by power demand on the 

load by estimating the SOC of the battery or a desired power level to charge the battery. The 

voltage and the current commands are then fed to the active front end PFC rectifier to generate 

the PWM signals. In the control system shown in Figure 4-29, the reference charging power of 

the battery is first divided by the battery terminal voltage in order to obtain the battery reference 

current. This reference battery current is then compared with the actual battery current going into 
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the battery and the error is processed with a PI controller. This PI controller determines the 

magnitude of the reference grid current, which satisfies the battery reference power. Indirectly, 

the more current drawn from the grid, the larger DC link voltage is created to be applied to the 

high frequency inverter. Once the grid current’s reference magnitude is known, grid voltage is 

normalized and multiplied with the current reference magnitude. In other words, the grid voltage 

phase angle determined by a phase-locked-loop system is applied to the reference grid current 

magnitude through a waveform generator. This is required to ensure power factor correction 

occurs at the grid connection point. Then, this reference grid current is compared with the actual 

grid current and the error is used to turn the switches Tb1 to Tb4 ON or OFF. 

  

 

Figure 4-29. WPT complete control system. 

 

4.6.2 Design methodology for wired mode of operation 

The design methodology is very similar to the wireless mode, and all the steps including the 

control architecture can be followed. The major difference is that the wired mode does not have 
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the resonant tank, and the design depends on the isolation transformer and the load. The load is 

directly coupled with the output of the transformer, and the reflected impedance can be 

calculated using the standard T-model of the transformer. The wired mode also has the 

advantage of fixed frequency of operation which makes the system more stable in operation.  

Since the transformer is the same for the wired and wireless mode, the frequency of operation 

is constrained by the wireless mode. The difference is the turns-ratio that is needed for the wired 

mode is different from the wireless mode. This is an important difference in design which 

essentially becomes a trade-off between the two modes. The difference in turns-ratio is more 

sensitive in the wireless mode than the wired mode. However, the dc-link voltage needed in the 

wired mode will be much higher because of the absence of the resonant tank gain. This affects 

the efficiency of the PFC because of the increase in conduction losses of the devices. Also the 

voltage rating inverter will be a limiting factor. If the higher voltage switches are used to 

accommodate the increase in dc-link voltage, the efficiency might be impacted because of 

increase in switching losses. So a low turns-ratio which is more suitable for the wired mode of 

operation is preferred. So for the wired mode of operation an 8:5 turns ratio was chosen to give 

enough control flexibility when clamped to the battery voltage. The trade-off will be the amount 

of control on the load power that can be achieved. Also the philosophy of primary side control is 

determined based on the wireless mode of operation. The transformer was designed similar to the 

wireless mode of operation and the turns-ratio was changed. The transformer was characterized 

to get the new parameters.  

4.6.3 Design of the boost stage converter: 

Boost stage converter is a traditional single stage boost converter that has been used in on-

road vehicle. The design of the boost converter will impact the performance of the wired and 
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wireless charging modes, as the components will be used for the receiver side on the vehicle side. 

The most critical components are the filter design for the input side of the boost converter and 

the power semiconductor ratings. The filter design on the input side is used with the battery 

while charging as a load side and the for the boost operation it is used as a source side. The 

advantage of the integrated charger is the fact that if the filter is designed for the boost operation 

for certain voltage and current ripple specification, it will also work for the charging operation. 

The boost side also takes precedence because of the power required form the battery is higher 

than the charging mode.  

The other design point that needs to be considered is the switching frequency of the boost 

converter. Typically the frequency of operation is around 10 kHz which is limited by the Silicon 

devices used. However, for the integrated operation the switching frequency is determined by the 

wireless mode. So the impact of the integrated design on the boost converter could result in 

higher semiconductor losses than before, even though the filter component sizes could be less. 

This becomes a design trade-off for the boost converter. The other component that will be 

designed independent of the integrated charger is the dc-link capacitor on the vehicle side. This 

dc-link value is designed to handle the ripple current from the motor side which has low 

frequency ripple currents, and the typical value of the rms ripple current is around 300 A. This 

capacitor becomes a part of the filter circuit for the receiving side of the vehicle for charging 

operation. This capacitor together with the boost inductor on the input side of the battery 

essentially forms CL filter across the secondary side of the wired and wireless charging modes. 

Typically a small filter capacitor is added to the input side of the battery to mitigate the parasitic 

inductance between the inductor and the battery. The small filter capacitor is not used in this 

design as the battery load is assumed to be close to the secondary side. 
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This is an important advantage of the integrated charger topology which saves the cost and 

volume required. The power rating of this filter stage is much higher than required for the 

charging operation, and also the values are large enough to provide and important functionality 

of the continuous operation for the charging modes.  

The boost circuit is shown in Figure 4-30. Usually, the peak to peak current ripple of 

inductors should be around 20% of the average current under CCM state. Therefore, the current 

ripple can be given as 

L
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i %20=⋅⋅=Δ .                                                      (4-16) 

Solution for the L, one obtains  
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Figure 4-30. Circuit diagram of boost-mode operation. 

 

4.7  Summary 

The sensitivity of the critical parameters for the integrated charger was analyzed, and the 

effects on the system performance were presented. This study will provide insight into the 
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system behavior for practical application of the charging system. Some of the system parameters 

like the transformer and its sensitivity have never been discussed before in the literature, and 

these are important fundamental results which will guide the standards committee in SAE to 

decide on the effects of galvanic isolation. Also, the detailed analysis of the effect of several 

system parameters (to compensate for the change in the coupling co-efficient because of 

different practical issues) has not been presented in previous literature as well. The analysis was 

presented for only series-parallel resonant tank based charging system; however similar analysis 

can be performed for the other three combinations. Based on the analysis, the design guidelines 

for the integrated charger were formed and the design considerations for a few important stages 

of the design were discussed. A detailed methodology for designing the wireless system was also 

presented. The simulation and experimental validation of the design will be discussed in the next 

chapter. 
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5 Simulation and Experimental Validation of the Integrated 

Charger System 

In this chapter, the design and simulation of the integrated charger along with the overall 

control system is presented. Also, the hardware testing and experimental results will be presented 

and validated with the simulation results. The design methodology of the integrated charger 

discussed in the previous chapter is used a guideline for the hardware design and implementation. 

5.1  Simulation of the proposed system  

5.1.1 Wireless mode 

A simulation model of the integrated charger was built using PSIM. The resonant coil system 

is modeled as a loosely coupled transformer model, and the HF transformer is modeled as an 

ideal transformer with series leakage inductance. The magnetizing branch inductance, Lm, is 

assumed to be large for this highly coupled core-based HF transformer, and therefore it has not 

been included in the model. All the measured values from the components designed as shown in 

the previous chapter were used in the model. The list is shown in Table 5-1.   

Figure 5-1 shows the complete system response to a 6.6 kW reference power. In order to 

supply this amount of power, the control system automatically boosts and regulates the dc-link 

voltage around ~454 V. The current that the controlled rectifier draws from the grid is in phase 

with the grid voltage with close to unity power factor. The reference and actual measured grid 

current are plotted in order to demonstrate the performance of the current control loop. The 

inverter output voltage is shown in Figure 5-2. The dc-link voltage has less than 5 V voltage 

ripple, which shows that the dc-link capacitor of the PFC output stage is large enough to keep the 

dc-link stiff. 
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Table 5-1. Simulation model parameters. 

Parameter Symbol Value Unit 

AC input voltage Vac 220 [Vac] 

DC link voltage Vdo 311-600 

(controlled) 

[Vdc] 

Primary tuning capacitor C1 0.45 [μF] 

Primary coil inductance L1 115.79 [μH] 

L1 internal resistance RL1 122.7 [mΩ] 

Secondary coil inductance L2 132.6 [μH] 

L2 internal resistance RL2 150.8 [mΩ] 

Secondary tuning capacitor C2 0.40 [μF] 

Coupling factor k 0.3 # 

Distance between the coils z 160 [mm] 

Filtering capacitor Co 680 [μF] 

Battery nominal voltage  Vb 311 [Vdc] 

Battery target power Pb 6600 [W] 
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Transformer secondary and the coil primary voltage waveforms with different values of 

leakage inductances are shown in Figure 5-4. This is another important waveform which shows 

the effect of the leakage inductance on the rms value of the transformer output voltage. The 

voltage waveforms have a transient curve because of the drop across the leakage inductance, and 

the rms value of the voltage across the coil is reduced. As mentioned earlier in the analytical 

model derivation section, this is an important design parameter that will affect the resonant 

frequency operation point and also the input voltage and power required.  To illustrate this 

phenomenon, three different curves with different leakage inductances were plotted as shown in 

Figure 5-4. The three different leakages are 0 uH, 25.3 uH, 45 uH. 

The effect of the turns-ratio on the dc-link input voltage for a duty cycle of 0.78 is shown in 

Figure 5-5. The figure shows the non-linear variation in the sensitivity for different values of 

turns-ratio. 

The gain of the system was calculated using the simulation parameters, and compared with the 

analytical model parameters. The figure shows that the gain is close to the calculated value using 

the model. This validates the model derived in Chapter 3 using the simulation results. The 

calculated gain curve and the simulated values are shown in Figure 5-6. The difference between 

the curves is because of the parasitic resistances used in the simulation and the analytical model. 

Also the analytical model has only the fundamental voltage component while the simulation has 

harmonics included in it. 

The other important result from simulations is the effect of filter design on the system 

performance. The CL filter with the values designed show that the current ripple is within the 

limits of SAE standard of less than 10% [85].  
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Figure 5-6. Calculated gain curve and the simulated values. 

 

This verifies two things: (1) the filter is working and (2) continuous conduction mode of 

operation for the system. The battery voltage and battery current ripples are shown in Figure 5-7. 

Finally, Figure 5-7 also shows the amount of power transfer to the load side (~6.6 kW). The 

input power is around 7.46 kW and the total efficiency (ac-dc) is ~88.5 %. This verifies that the 

closed loop control system is working and the output power is regulated to the designed value.  

5.1.2 Wired mode 

The wired mode was simulated without the resonant tank, and the parameters of the 

components except the transformer were kept the same. As mentioned in the design methodology  

section, the parameters from the 8:5 design were used. The control system strategy for the wired 

mode was kept the same. Unity power factor was achieved with the wired mode as well. The 

reference and actual measured grid current are plotted in order to demonstrate the performance of 

the current control loop as shown in Figure 5-8. 
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device attributes, such as faster turn-on and turn-off times with lower losses will be very useful 

for achieving high efficiency. There are several WBG devices that are available from several 

manufacturers. The most advanced technology of these devices is the SiC MOSFET, and these 

devices are available from more than one manufacturer. One of the limitations of the SiC 

technology is the voltage ratings of the switches that are available. The minimum voltage rating 

is 1200 V, and so for this project 1200V, 100A SiC MOSFET modules with similar rated SBD 

diodes for all power stages of the system were used. For the inverter and converter designs the 

module will be characterized first in order to obtain the losses for different operating conditions. 

The module is shown in Figure 5-12. 

  

 

Figure 5-12. 1200 V, 100 A SiC MOSFET module. 

 

(2) Characterization of the 1200V, 100A SiC module  

The static characteristics of the devices were obtained over a wide temperature range. Figure 

5-13 shows forward characteristics of the (1200V, 100A) SiC MOSFET for operating 

temperatures from 25°C to 150°C, in 25°C increments for a gate voltage of +20 V Vgs. SiC 

MOSFETs exhibit a linear relationship between voltage and current and have a positive 

temperature coefficient, which means their conduction losses will be higher at higher 

temperatures. 
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Figure 5-13. Forward characteristics of 1200 V, 100 A SiC MOSFET module. 

 

A standard commercial driver integrated circuit (IC) from ROHM Semiconductor was used in 

the drive circuit for both devices. The driver can provide a peak output current of 5 A with a 

maximum output resistance of 1 Ω. According to the data sheet specifications, the maximum rise 

time was 45 ns for a capacitive load of 10nF with Vcc=24V. This feature enables the driver to 

supply a high dynamic gate current to the SiC MOSFET with a short rise-time. The gate driver 

has galvanic isolation up to 3000 Vrms and integrated overcurrent protection, under-voltage 

lockout, and temperature feedback. The gate driver board is shown in Figure 5-14. 

Switching measurements (double pulse tests) were performed to characterize the SiC 

MOSFET dynamically. The actual test setup is shown in Figure 5-15, with a load inductance of 

120 µH used for all tests. The equipment used was a Tektronix DPO 7104 1 GHz, a TEK 

differential probe P5205 with 100 MHz bandwidth, and a Pearson current probe with 2877 MHZ 

bandwidth. The switching waveforms at 600 V and 100 A are shown in Figure 5-16. The total 

energy losses of the devices were obtained at 600 V and at different currents of up to 100 A 

(Figure 5-17). 
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Figure 5-14. Gate driver board for the 1200 V, 100 A SiC MOSFET module. 

 

 

Figure 5-15. Test setup for the SiC MOSFET module with a gate driver. 
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Figure 5-16. Turn-on and turn-off waveform of 1200 V, 100 A SiC MOSFET module at 600 V. 

 

 

Figure 5-17. Energy losses of the 1200 V, 100 A SiC module at 600 V. 
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A continuous test bed was setup to evaluate the performance of the modules and gate drive 

electronics before they are used in the power converters to ensure reliable operation of the 

converter. For the all-SiC inverter, the 1200 V, 100 A SiC modules and the new gate driver 

boards were evaluated for functionality. The setup is shown in Figure 5-18. The single-phase 

converter was tested with a resistive load. The waveforms obtained from the test bed are shown 

in Figure 5-19. 

  

 

Figure 5-18. Continuous test bench test set-up. 

 

(3) The heat-sink design for the SiC based Inverter and converter  

The designed maximum output power for the integrated charger is 6.6 kW, and the desired 

efficiency of the system is at least 85 % in order to be comparable to on-board chargers. There 

are five stages of power conversion for the wireless mode and four for the wired mode of 

operation. This is quite challenging considering the overall target efficiency and the number of 

stages involved. One of the key parameters that can affect the efficiency of the system is the heat 

sink design for the power stages. The on-board chargers are typically designed with liquid cooled 

heat sinks for high power density. 
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the power required significantly. The power required at each stage can be obtained from the 

simulated values for each mode of operation. The simulations were performed for a load of 6.6 

kW with the ac input voltage of 220 Vrms and voltage of the load is assumed to be fixed at 311 

V dc. The maximum current available from the source is assumed to be 50 A rms which is 

typical of a 220 V service for homes. So for each stage, losses can be calculated using device 

loss data obtained from testing of the 1200 V, 100 A SiC module. Table 5-2 shows the values of 

voltage, current for each stage in the wireless mode and the losses associated with them.  

Table 5-3 shows the values of voltage, current for each stage in the wired mode and the losses 

associated with them. 

 

Table 5-2. Voltage and current in wireless mode of operation. 

Power stage Voltage (rms) Current (rms) Power loss (W) 

Rectifier load side 311 Vac 21.2 A 76 

Inverter 454 Vdc 15.3 A 250  

AFE rectifier with PFC 220 Vac 34 A 230 

 

Table 5-3. Voltage and current in wired mode of operation. 

Power stage Voltage (rms) Current (rms) Power loss (W) 

Rectifier load side 311 Vac 21.2 A 50 

Inverter 556 Vdc 12.3 A 230 

AFE rectifier with PFC 220 Vac 34 A 220 
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The cooling system for the prototype was designed using commercially available single-sided 

cooling heat sinks. The liquid used for cooling is a water-ethylene glycol 50-50 mix. The 

modules were mounted on the heat sink with thermal grease as the heat transfer medium from the 

lower side of the power modules. The power loss calculated for each stage was used to estimate 

the maximum junction temperature for the power modules. The thermal resistances of the 

modules and the heatsinks were obtained from the manufacturer’s data sheets. The coils and  

transformer are passively cooled, and there is no heat sink designed for those components.  The 

junction temperature calculations were based on the classic thermal resistance nodal network 

model. 

DJCAJ PRTT ×+= θ                                                                        (5-1) 

where TA is the ambient temperature; RθJC is the junction to ambient thermal resistance; PD is the 

power dissipation. 

The calculations for the rectifier, AFE and the HF inverter are shown in the Table 5-4. The 

passive element values were obtained from the simulation models. The components for the 

power stages were also off-the shelf commercially bought. 

 

Table 5-4. Thermal calculation for each power stage. 

Power stage Junction-case thermal 

resistance (oC/W) 

Maximum junction 

temperature (oC) 

Rectifier load side 0.2  40.2 

Inverter 0.2 75 

AFE rectifier with PFC 0.2 69 
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5.3  Overall System Assembly and Experimental Results 

The assembled individual prototypes are shown in the Figure 5-20 to Figure 5-22. The AFE 

and the high frequency inverter with the pre charge circuit and the contactors were assembled in 

one box. The control system of the inverter is implemented within a TMS320F28335PGFA DSP 

module from Texas Instruments. The DSP and the interface boards were also mounted inside the 

box. The final primary side prototype with the AFE rectifier and the HF inverter with the 

contactors are shown below in Figure 5-23. 

The experimental setup of the system with SiC-based active-rectifier including primary 

(bottom) and secondary coil (top) and in the background the HF transformer, resonant tuning 

capacitors and secondary side vehicle side rectifier with a small filter capacitor are shown in 

Figure 5-24. 

The experimental test set-up is shown in Figure 5-25. A programmable AC voltage source and 

an electronic battery emulator load bank were used for the experiments. A Tektronix current 

probes and P2500 differential probes were used for current and voltage measurements. A 6-

channel Yokogawa WT3000 power analyzer was used to measure the power and calculate the 

efficiencies of the total system and each  power conversion stage. Voltage, current, power, power 

factor and power angle, and the voltage on the primary tuning capacitor were recorded in the 

power analyzer. 

The closed loop control feedback was implemented through hard wired RS-232 

communication cable and interfaced with the DSP board. For practical applications this will be 

implemented by utilizing radio for feedback. The control system architecture shown in the 

simulation section was implemented in MATLAB/SIMULINK and then converted to C using the 

embedded toolbox in SIMULINK.  
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Figure 5-22. All SiC high frequency inverter.  

 

 

Figure 5-23. PFC converter integrated with the high frequency power inverter and enclosed in 

the stationary box. 
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Figure 5-24. Primary and secondary WPT coils, tuning capacitors and the vehicle side rectifier. 

 

 

Figure 5-25. Overall test setup. 
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The initial PI gains were obtained from simulation and were adjusted based on the feedback 

latencies in the real system. It should be noted that the dc-link voltage on the primary side was 

regulated for each power reference and the frequency was adjusted manually to account for the 

shift in the coupling co-efficient ‘k’ from the designed value. 

5.3.1 Wireless mode of operation 

The experimental set-up was used to evaluate the wireless mode first. The transformer was 

wound for a turns-ratio of 10:2 as per the design and the load voltage was set to 311 V dc. The ac 

input voltage was ramped up to 220 V rms and the corresponding power at each stage was 

recorded. The required power output was changed in steps and the efficiencies were calculated. 

The desired 6.52 kW power transfer to the vehicle battery for an input power of 7.67 kW to the 

system was achieved. This power level corresponds to ~86.1% overall efficiency from AC grid 

to the vehicle battery terminals. The voltage and current waveforms for the AC input and DC 

link to the inverter are given in Figure 5-26 whereas the inverter, transformer, coil, and rectifier 

output waveforms are given in Figure 5-27. The detailed stage-by-stage power of the system is 

illustrated in Figure 5-28 (highlighted in green). 

There are several important parameters that can be analyzed to understand the impact of each 

component and also to validate the simulation results. The dc-link boost voltage is 459 V dc 

which closely matches with the simulated value of 452 Vdc for the same system parameters. One 

more important parameter is the leakage inductance of the transformer and its effect on the turns-

ratio. The turns-ratio from the experiments is 5:1 validating the designed value 5:1. The most 

important parameter is the leakage inductance and the turns ratio associated with that design 

which will make the voltage drop across the leakage inductance reflect less turns-ratio. This will 

affect the rms value of the voltage on the secondary side. So for this design, the turns-ratio being 
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close shows that voltage-drop across the leakage inductance for the transformer is negligible. 

This can also be observed in the waveforms of the transformer secondary voltage as shown in 

Figure 5-27. The value of leakage inductance is 45 µH and the current is around 18 A rms. The 

inductive reactance is dependent on the resonant frequency. So for higher frequencies, the 

voltage drop could be even higher which makes the impact of the transformer parameters even 

more critical. This will be another design consideration for the isolated integrated charger. 

The proposed system is also tested at different power levels; i.e., at 0.93, 2.35, 3.21, 4.01, 

4.79, 5.54, 6.28, 6.56 kW, and the efficiency of the each power conversion stage is obtained with 

respect to the different levels of the charging power delivered to the load. The power vs. 

efficiency curves of the PFC, inverter, coils, and the rectifier are presented in Figure 5-29. In 

Figure 5-30 and Figure 5-31, the overall (end-to-end) and Dc-to-Dc (from inverter input to the 

vehicle battery) efficiency variations are shown. Since not all the stages are optimized, their peak 

efficiency values vary depending on the power transfer. 

 

 

Figure 5-26. The voltage and current waveforms for the AC input and DC link to the inverter. 
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Figure 5-27. The inverter, transformer, coil, and rectifier output waveforms. 

 

 

Figure 5-28. The stage-by-stage power of the system. 
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Figure 5-29. Stage-by-stage cascaded efficiency of the proposed integrated charger in wireless 

charging mode. 

 

 

 

Figure 5-30. AC-DC end-to-end efficiency. 
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Figure 5-31. Dc-to-Dc efficiency. 

 

5.3.2 Wired mode of operation 

The experimental set-up that was used to evaluate the wireless mode was changed to the wired 

mode test by changing the transformer and removing the resonant network based on the design 

discussed in the previous chapter. The transformer was wound for a turns-ratio of 8:5 as per the 

design, and the load voltage was set to 311 V dc. The ac input voltage was ramped up to 220 V 

rms and the corresponding power at each stage was recorded. The required power output was 

changed in steps and the efficiencies were calculated.  The dc-link boost voltage is 555.8 Vdc 
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Unlike the wireless mode of operation the effect of leakage inductance is negligible. 

The desired 6.7 kW power transfer to the vehicle battery for an input power of 7.67 kW to the 
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to the vehicle battery terminals.  
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The detailed stage-by-stage power output of the system is illustrated in Figure 5-32. The 

voltage and current waveforms for the AC input and DC link to the inverter are given in Figure 

5-33, whereas the inverter, transformer, coil, and rectifier output waveforms are given in Figure 

5-34. 

The proposed system is also tested at different power levels; i.e., at and the efficiency of the 

each power 1.42, 2.29, 3.2,4, 4.8, 5.6, and 6.73 kW, conversion stage is obtained with respect to 

the different levels of the charging power delivered to the load, as shown in Figure 5-35. In 

Figure 5-37 and Figure 5-36 the Dc-to-Dc (from inverter input to the vehicle battery) efficiency 

variations are shown. Since not all the stages are optimized, their peak efficiency values vary 

depending on the power transfer.  

 

 

Figure 5-32. The detailed stage-by-stage power of the system. 
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Figure 5-33. The voltage and current waveforms for the AC input and DC link to the inverter. 

 

 

Figure 5-34. The inverter, transformer, coil, and rectifier output waveforms. 
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Figure 5-35. The efficiency of the each power conversion stage. 

 

 

 

Figure 5-36. Overall (ac input-to-battery) efficiency. 
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Figure 5-37. Dc-to-Dc (from inverter input to the vehicle battery) efficiency. 

 

As a summary, the integrated charger was tested in wired and wireless modes with different 

transformer turns-ratios because of the difference in the voltage gain of the resonant tank, the 

input and output voltage requirements. In order to optimize the design with one single 

transformer turns-ratio, the system had to be tested with 10:2 transformer for the wired mode and 

8:5 transformer for the wireless mode. So for the wired mode in order to obtain the desired 311 

V at the load with the 10:2 transformer, the input dc-link voltage has to around 1500 V rms. This 

voltage is above the ratings of the devices being used, so this turns-ratio will not be suitable for 

the wired mode. However, for the wireless mode the 8:5 turns-ratio will work with some 

sacrifice in the overall efficiency. This is because the lower turns-ratio will cause an increase in 

the current from 35 A rms to 58 A rms on the primary side of the transformer for the same output 

power.  

76
78
80
82
84
86
88
90
92
94

0 2 4 6 8

Ef
fic

ie
nc

y 
η

(%
)

Output Power Pout (kW)

Efficiency of DC-DC stage



131 
 

The efficiencies are shown in Figure 5-38. The overall efficiency of the system dropped from 

86% to 84.3%. There is another effect on the overall system performance because of the increase 

in current. The voltage drop across the leakage inductance of the transformer will be much 

higher than the previous case because of the increase in current. The leakage inductance for this 

transformer was 23.4 µH. At the same resonant frequency as the 10:2 case the drop should be 

less. However as noticed in Figure 5-39, the drop is much higher as the current is significantly 

higher compared to the 10:2 case. The effective turns ratio is 2.4 instead of 1.6. 

   

inP outP

 

Figure 5-38. Stage by stage efficiency of the wireless mode with 8:5 turns-ratio. 

 

The voltage drop and the waveforms are shown in Figure 5-40. Also the secondary side 

voltage waveform will be more distorted. The boost converter operation was not discussed since 

it is a conventional topology. 

5.4  Validation of the analytical and the simulation model 

The experimental setup was used to validate the analytical and the simulation model results 

for the wireless charging mode. A dc power supply was used as the source on the primary side 

and a resistive load bank was used on the secondary side. The initial tests were performed to 

obtain the gain and power curves at low voltage and low power and were compared to the 

simulation and analytical model results. The data was obtained by sweeping the resonant 
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frequency at a fixed voltage and fixed load resistance. The duty cycle of the inverter was kept as 

a constant as well. A 10:2 turns-ratio transformer was used for this test cases. The coils were 

separated by an air gap of 16 cm. The approximate value of k is around 0.32 for this design.  

The comparison of the gain and the power curves of the system without the transformer are 

shown in Figure 5-41 and Figure 5-42 for a load of 7.6 Ohms. 

The plot clearly shows that the experimental gain curve matches very closely with the 

analytical calculated gain curve with similar system parameters. The important characteristic that 

matches with the experimental data is the q factor of the gain curve. The peak value of the gain 

and the power are close but the value of the peak is controlled by the parasitic resistance in the 

system. The resistances become more effective at the peak than the skirts of the curve because of 

the ratio of the reflected impedance to the parasitic resistance values. At resonance since the 

imaginary power is almost zero, the parasitic resistances become more dominant.   

 

 

Figure 5-39: The voltage drop of the transformer leakage inductance. 
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Figure 5-40. The voltage and current waveforms of the inverter, transformer and coils for the 

wireless mode of operation with the 8:5 turns-ratio. 

 

 

Figure 5-41. Comparison of gain curves of the system without the transformer. 
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Figure 5-42. Comparison of power curves of the system without the transformer. 
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Figure 5-43. Comparison of gain curves of the system with the transformer. 

 

 

Figure 5-44. Comparison of power curves of the system with the transformer. 
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The other major difference from the designed value to the actual test setup was the difference 

in the value of k. The distance between the coil is used to calculate the coupling co-efficient and 

s small change in k will shift the resonance frequency. So the designed value of 0.29 at 22 kHz is 

now 22.7 kHz because of shift in k = 0.32. 

Finally, the experimental, simulated, and the analytical data was compared to validate the 

design of the integrated charger system. As seen from the comparison in Figure 5-45, there is an 

excellent match between the analytical and simulation model results and the experimental results. 

  

 

Figure 5-45. Comparison experimental, simulated and the analytical data. 
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resistive, and the dependence on the values of the parasitic resistances in each case is more 

prominent. The experimental results have lower peak values compared to other curves as 

expected because of higher resistances in the system which include the cables and voltage drops 

across devices in several power stages. The simulation has higher peak compared to the 

analytical results because of the higher order harmonics that are included in the output voltage of 

the secondary side. In the analytical model, only the fundamental voltage is considered. It should 

also be noted that the parasitic resistances can be measured and the models can be validated to be 

closer. However, the existing accuracy of the models is good enough for general design and can 

be confidently used for evaluating system behavior. 

5.5  Summary  

The simulation of the wired and wireless modes of operation was presented in this chapter. 

The hardware design details and the experimental results for different modes were also discussed. 

The impact of the transformer parameters were shown through the test results. The efficiencies 

of both wired and wireless modes of operation were compared. The experimental results were 

validated with the analytical model and the simulation results. The experimental results will be 

used to compare the proposed integrated charger with the commercial on-board chargers. 
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6 Comparison of the Integrated Charger with the On-board 

Commercial Chargers  

6.1  Comparison of component number 

In this chapter, the proposed integrated charger topology is compared with commercial on-

board chargers to highlight the advantages of the integrated charger system. The Nissan Leaf EV 

on-board charger was used as specific example to compare the topology and the component 

count. The on-board charger system is detailed in [87], and is composed of three main stages 

(Figure 6-1). The first stage is the input rectification with boost, and the second stage is HF 

isolation and rectification. The topology consists of a front-end rectifier with a dc-dc boost 

converter, a high frequency inverter, and the high frequency transformer with a passive diode 

bridge on the secondary side and a pair of filter inductors. The integrated charger can also be 

split into similar stages as the Nissan Leaf charger for comparison purposes. The comparison of 

topologies is shown in Table 6-1 to Table 6-3 with number of components for the overall system. 

 

 

Figure 6-1. Commercial on-board charger topology from Nissan LEAF. 
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Table 6-1. Integrated charger components-wireless mode. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6-2. Integrated charger components-wired mode. 

Stage 

 

Component 

Input stage HF stage Rectification stage Total 

Diodes 4 4 4 12 

Switches 2 4 2 8 

Capacitors 1 3 1 5 

Inductors 1 0 1 2 

Transformers 0 1 0 1 

Relays 1 1 1 3 

         Stage 

 

Component 

Input stage HF stage Rectification stage Total 

Diodes 4 4 4 12 

Switches 2 4 2 8 

Capacitors 1 3 1 7 

Inductors 1 2 1 4 

Transformers 0 1 0 1 

Relays 1 1 1 3 



140 
 

Table 6-3. Commercial vehicle on-board charger components. 

  

 

 

 

 

 

 

 

 

According to the three tables, it is seen that the proposed integrated charger has reduced 

number of components compared to the commercial on-board charger. The proposed integrated 

charger system, at the cost of three switches and primary and secondary coils, adds isolated 

wired and wireless charging functionality to the system. In addition, the power factor correction 

stage and the high frequency transformer can be moved to the grid-side, eliminating the bulky 

components on the vehicle, i.e., input inductor for the PFC and the high frequency isolation 

transformer. This will result in reduced weight and volume, compared to the on-board system, 

and also potentially higher charging power levels. 

6.2  Comparison of power density and efficiency 

In order to give an insight regarding the possible size reduction, Nissan Leaf on-board charger 

(OBC) dimensions are given in Figure 6-2 [87]. The Nissan Leaf OBC weighs 16.3 kg and its 

volume is 11ℓ. Since the power rating is 3.3 kW, the corresponding specific power is 202.45 

W/kg and the power density is 300 W/ℓ. With the proposed charger, the input PFC, the high 

Stage 

 

Component 

Input stage HF stage Rectification stage Total 

Diodes 5 4 11 20 

Switches 1 4 0 5 

Capacitors 5 0 2 7 

Inductors 1 0 2 3 

Transformers 0 1 0 1 

Relays 1 0 0 1 
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As detailed in [88], the specific power of the GM Chevy Volt OBC is 326 W/kg and its power 

density is 492 W/ℓ. The detailed graphical specific power and power density comparison of the 

Chevy Volt on-board charger [88] and Nissan Leaf on-board charger [87], and the proposed 

integrated charger are presented in Figure 6-3 and Figure 6-4, respectively. The detailed 

efficiency comparisons of the Chevy Volt on-board charger, Nissan Leaf on-board charger [89], 

and the proposed integrated charger are presented in Figure 6-5 and Figure 6-6, respectively. 
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Figure 6-3. Specific power comparison with commercial plug-in chargers and the integrated 

charger with wireless charging and boost functionality. 
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Figure 6-4. Power density comparisons with commercial plug-in chargers and the integrated 

charger with wireless charging and boost functionality. 

 

 

Figure 6-5. Efficiency comparison of the integrated charger in wireless mode of operation with 

commercially available on-board chargers. 
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Figure 6-6. Efficiency comparison of the integrated charger in wired mode of operation with 

commercially available on-board chargers. 

 

6.3  Summary  

A comparison of the on-board charger with the integrated charger was presented in this 

chapter. The component count of the integrated charger was less compared to the on-board 

charger. The efficiency of the integrated charger was slightly less than the wired chargers in the 

wireless operating mode. However, the efficiency of the integrated charger was equal to the on-

board chargers in the wired operating mode. The power density of the integrated charger was 

much higher than the on-board chargers. The specific power was slightly higher for the 

integrated charger. 
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7 Conclusion and Future Work 

7.1  Conclusion 

A new integrated charger topology with charging and boost function was presented in this 

dissertation. The proposed topology is a unique and a first of its kind topology that integrates a 

wireless charging system and the boost converter on the traction drive in a vehicle. There were 

several key contributions that will provide direction on the design of a wireless system. A 

general design methodology for the wireless system with a step-by-step procedure was 

presented. A new analytical model was derived for the wireless system with and without the 

isolation transformer. The analytical model was used to perform sensitivity analysis of the 

system for several control parameters for different values of k. In depth analysis on the effects of 

adding an isolated transformer in the wireless charging system, and the impact of the transformer 

parameters on the power transferred and control design was also presented. This study will help 

the SAE WPT standards committee evaluate the effects of including galvanic isolation to the 

wireless charging systems.  

 A simulation model was also developed using PSIM software to verify the system design and 

control design functionality. The five stage hardware components were built and tested in 

different modes of operation. SiC semiconductors were used for this system hardware, and this is 

the first wireless system that has demonstrated an all-SiC based solution. The experimental 

results were compared with the simulation and the analytical model and to validate the model 

and the design. 

 Finally, the proposed integrated charger was also compared with the commercial on-board 

chargers. The proposed system with wireless charging functionality has an overall efficiency 

(AC outlet to the vehicle battery) of 86.1% in the wireless charging mode and 89.1% in the wired 
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charging mode of operation. The efficiencies were comparable to the on-board chargers, and 

with further optimization, the efficiencies can be further improved. However, the power density 

of the vehicle side components of integrated charger is 810 W/ℓ and the specific power is 395 

W/kg. The higher power density and the specific power values of the integrated charger 

compared to the on-board charger highlight the advantages of the proposed concept. 

7.2  Future Work 

The research that was presented in this dissertation had several topics that were novel and 

were analyzed to provide valuable design inputs for future research. However, there are several 

more unexplored areas of this dissertation that can be further researched and could lead to 

valuable contributions for practical implementation of the concepts. Some of them are listed 

below: 

1. The analytical model for the wireless power transfer system can be further improved by 

developing a load model that could emulate the battery load for discontinuous mode of 

operation. 

2. The analytical model was developed for a voltage source using the fundamental frequency 

component only. The model can be used to derive the higher frequency components to 

improve the accuracy of the model and will closely represent the real application. 

3. The system parameter based sensitivity analysis was done for maximum power transfer 

with variation in the coupling co-efficient k. A similar sensitivity analysis can be done for 

maximum efficiency with variation in k. 

4. Based on the sensitivity analysis, an algorithm can be developed and implemented in the 

real system for optimized performance when the coupling co-efficient changes because of 

variations in air gap between the coils. 
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5. The four frequency range (22 kHz, 44 kHz, 85 kHz, 144 kHz) analysis is a fairly 

complicated research topic and will need further consideration. This is an important aspect 

of the wireless power transfer system, and this work will help the SAE standards 

committee to decide on the frequency. 

6. The integrated charger can further be optimized without any contactors and can be 

implemented with semiconductor switches. 
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