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Abstract 

Wireless Power Transfer (WPT) is a method that has been developed for about two decades to 

charge the battery pack in electric vehicles (EVs). It behaves convenient features: that charge 

EVs by a WPT without any physical contact. In this power transfer takes place by magnetic 

coupling between two coils: which are placed under the road surface and onboard the vehicle. 

Therefore, with respect to wired EV charging, such a solution is more reliable as there are no 

connected items (cables, plugs and sockets), hence, there is no exposition of the connection 

items to the environment; moreover, it is more friendly, safe and secure as there are no plugs to 

insert, no cables on the sidewalk and much less chance of vandalism.  

The different challenges that are currently with the electric power grid impose in terms of a 

synergistic, progressive, dynamic, and stable integration of electric mobility. Their solution is 

through a bidirectional power flow system through EVs. In this thesis some effects are taken  

to put these factors into a coherent framework for vehicle electrification in this thesis. The key 

contributions include the following areas: i) Grid-to-Vehicle, ii) Vehicle-to-Grid iii) Home-to-

Vehicle, iv) Vehicle-to-Home, v) V2H Uninterruptible power supply have been discussed. 

The step-by-step mathematical design of all the converters and coil system takes place as per 

the SAE J2954 for EVs and Low Voltage grid according to CEI 0-02, for bidirectional wireless 

system for V2H (BWV2H) application. On this basis, the input and output specifications for 

the BWV2H is designated. Subsequently, the active power involved at each conversion stage 

is calculated by the corresponding maximum current and voltage. This allows factors to 

determine the rating power of each power converter and of the passive elements arranging the 

BWV2H. The power sizings are of two different arrangements of BWV2H i.e., secondary in a 

chopper with cascade to the diode rectifier and a straightforward manner through the active 

rectifier was discussed. 

The thesis continues with the study and analysis of converter losses at different stages together 

with the series-series (S-S) compensating coils, via two distinct approaches to control the power 

converters. The operation of converters in SAHFWPT and DAHFWPT are controlled by the 

extended phase shift and dual phase shift methods respectively. Moreover, in this study, we 

analysed the operation and losses of the uni-directional power flow of the WPT system, i.e., 

from the DC bus on the primary side to the battery load on the secondary side. The loss 

estimation includes high frequency switching losses, conduction losses, hard turn on and turn 

off losses coil losses, etc. Finally the efficiency of both arrangement are compared with respect 

to the internal phase shift angle of converters or input power. 

Further, a study is carried out to review the effects of the different states of the control between 

primary and secondary H-bridge converters in WPT. However, in this arrangement the power 

regulated, in terms of active and reactive power takes place by changing external phase shift 

angle between both H-bridge by using DPS modulation method. It seems that the controller can 

work with a wide range of active and reactive power setups. Its helped in eliminating hard 

switching with small amount of reactive power drawn from source. 

Finally, it includes discussion that control algorithms for BWV2H system only with the primary 

and secondary active H-bridge converter for battery charger. Its focuses on the power 

conversion stages that are needed for a charging work and grid synchronization at home. The 

algorithms are built one by one in the continuous time domain using techniques based on the 



ii | P a g e  

 

analysis of Bode diagrams of the transfer functions involved in the operation of the system. The 

performance of each algorithms are checked using the simulation done in Matlab/Simulink 

environment.  
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1.1 Background 

THE world biggest concern in the today’s time is to increase the temperature of 

atmosphere of earth. That warning to human being for the wellbeing of mother earth and the 

existing lives on it. According to the records of several scientific agencies around the world, 

including National Aeronautics and Space Administration (NASA) and National Oceanic and 

Atmospheric Administration (NOAA), the year 2016 has been declared as the warmest year 

[1]. Contribution of conventional internal combustion engine (ICE) vehicles for global warming 

can be understood with the figure given by European Environment Agency (EEA) for the year 

2016 according to which nowadays more than two-third of the CO2 emission is done by ICE 

based vehicles. These emissions will increase rapidly in the coming future unless an appropriate 

action is taken [2]. Another big global concern is the forecasted crude oil scarcity in the coming 

future. Thus, to counter these issues, an ICE vehicle must be replaced by any other alternative 

technology. Electric vehicle (EV), in this context, is the best candidate due to its additional 

virtue of high efficiency, lower noise, zero-emission, and other. In current time being, In terms 

of vehicle autonomy, electric vehicles are not yet a mature technology, and a significant amount 

of research effort is being put forward by both academic institutions and private enterprises to 

enhance the overall performance of these vehicles. As per the Global EV outlook 2022 report 

the sales of the EVs are 6.6 million in 2021 i.e., the nearly10% of global car sales [3]. The target 

for zero emission CO2 that can be achieve in transportation sector by 2050 through 

modernization conventional vehicle into highly efficient EVs. Apart from zero emission of CO2 

from EVs, it wastes less energy during driving in cities, indeed, no tailpipe emissions of air 

pollutants such as nitrogen oxides and particles and less noise pollution too [4]. Up to the year 

2022 there are several electric vehicles production company are available world wise market, 

such as Tesla, Volkswagen, Renault, Toyota, Nissan, Mecedes-Benz, Kia, Hyundai, Tata 

motors and many more [5]. However, in the initial stage of acceptance of EVs facing high 

production cost, performance, autonomy and recharging limitation of battery, indeed in current 

time the advancement in technology and several Government interest in world wise to increase 

the production of the EVs, public charging infrastructure, research on different method of 

charging such as plugin charging and wireless charging of EVs, to make the EVs more reliable 

sustainable, long lasting and less costly for the users [6].  

1.2 History of Electric Vehicles 

We're all aware that today's automotive industry has undergone a paradigm shift as a result 

of the advent of electric automobiles. Very less people are aware that the EVs are not a new 

innovation, these have been around lot longer than todays. Indeed, EVs come into existence 

long before the internal combustion engine (ICE) vehicle. The first motorized carriage was 

constructed by Robert Anderson around the beginning of the 1830s, perhaps between 1832s 

and 1839s. Its look trickier to ride this vehicle before 1859s as the rechargeable battery come 

into existing 1859s, it makes the EVs market more ideal and viable. EVs ruled the roadway 

vehicles sector in 1890s as it sells are higher than the gasoline vehicles, and showrooms, which 

continued to be increasingly popular up to the middle of the 1910s. 
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Nevertheless, all of this impetus would eventually come to a halt as a result of Ford's 

invention of the cost-efficient assembly line and the increased availability of petroleum. Several 

well-known enterprises, like Studebaker and Oldsmobile, had their start as manufacturers of 

EVs before transitioning into the production of vehicles powered by ICEs. Up until the middle 

of the 1910s, EVs were the first choice of both buyers and producers. The dark period for EVs 

in between 1914s to 1970s as the mass production of ICE vehicles are takes place. 

From the 1960s through the 1980s, a series of events supposedly happened with the 

intention of bringing attention to the harmful consequences of pollution and environmental 

degradation; nevertheless, nobody brought the matter seriously and continued to disregard it. 

In the 1970s, 1980s, and 1990s, many countries started to realise that it had a nasty aspect even 

though there was a scarcity of foreign oil. The resurgence of EVs may be attributed to an 

increased consciousness of the drawbacks of combustion fuel and the dependence of ICE on it. 

In the late 1990s, a novel EV technology called the hybrid was made available for purchase on 

the market. The majority of hybrid vehicles are powered by gasoline, but they also include 

batteries that may be recharged when the vehicle comes to a stop or activated when the driver 

slows down, resulting in a decrease in fuel usage of around one-third. 

A new movement toward electric vehicles has been sparked by the success of Toyota Motor 

Corporation in 2000s, which manufactures cars. A significant number of automobile 

manufacturers have opted to produce plug-in hybrid electric vehicles (PHEV), which feature a 

more compact ICEs but bigger battery packs and electric motors. 

The revolution period of the EVs in the interval 2003s to 2020s. The demand of the EVs 

are increases exponentially, at the same time new battery technology entered the market, 

helping to improve range of EVs cost effective. Due to advancement of the technology the cost 

of lithium-ion batteries has reduced 97% since 1991 [7] and [8].  

1.3 Benefits of EVs  

The EVs stands out as the most promising alternative among the many technologies that 

are now available on the market as a result of the numerous advantages that it provides and the 

many benefits that it delivers. 

a) Environment friendly 

EVs contributes positive impact on the environment as they are able to reduce overall 

energy consumption as well as the amount of dangerous pollutants in the air. According to 

current research carried out in the United States, the eliminations of ICE leads to significant 

decreases in the overall emissions of volatile organic compounds (VOC), carbon monoxide 

(CO), and nitrogen oxides (NOx). Indeed, the use of EVs, powered by the energy supply by the 

thermal power plants, the green house emission from EVs may be limited to 59% compare to 

the ICE and its reduce the carbon foot print because of zero tailpipe emissions. It is important 

to take into account not just the emissions that are created by the vehicle itself, but also the 

activities that occur during the vehicle's entire life cycle that contribute to pollution. When it 
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comes to electric cars, a growing amount of waste batteries has a minimally negative impact on 

the surrounding environment [9] and [10]. It is good that lithium-ion batteries are more eco-

friendly than other kinds of batteries, such as lead-acid and nickel–cadmium, since this indicates 

that other forms of batteries contribute more negatively to the environment. 

b) Reduce the dependency on convention energy resource 

The availability of fossil fuel is limited on earth, and that can be estinto in coming days. 

However, to power the EV wheel, it can converter 90% of energy of the grid. Whereas petrol 

and diesel vehicle only convert 17%-21% of energy to power the wheel. Indeed, the better 

alternative to power the EVs are by adopting renewable energy source (RES), that can led to 

reduce the dependence of vehicle on conventional energy source such as oil.  

c)  Healthier 

It's wonderful news for human wellbeing since hazardous products of combustion are 

being lowered. Health and financial costs connected with air pollution may be reduced by 

improving air quality. Electrically powered vehicles provide less noise pollution as a 

consequence. 

d)  Low running cost 

There are substantially smaller number of moving components in EVs than the traditional 

ICE vehicles. The yearly maintenance cost of the EVs is significantly low. The EV have good 

efficiency, when accompanied with the lower cost of electricity, results in the fact that 

recharging an EV is less expensive than refuelling a petrol or diesel vehicle for the same amount 

of travel. 

e)  Home-charge and discharge 

EVs play an important role in meeting the grid's peak demand for electricity. During this 

time interval, the access energy in EVs can be utilised to give back to the grid. Even the EVs 

that are parked at home can be used to feed energy to the distributed network. And EVs can 

charge again when the grid's power demand is lower. 

1.4 Drawback of EVs  

Even if the proof of the benefits has become extremely evident, there are still certain 

drawbacks that each person has to think about before deciding whether or not to buy an electric 

vehicle as their next significant purchase. These are the reasons behind it: 

a) Recharging Station 

EV charging infrastructure is in the developing stage. If you don’t have a charging point 

at home, then it is quite difficult to find a charging station everywhere. So, at present, it is 

difficult to go on long drives with EVs. Apart from this, it’s also facing a longer charging period. 
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b)  High initial investment 

Since electric vehicles are still in their infancy on the market, you may be taken aback 

when you see how much they cost. Even the most budget-friendly versions may cost as much 

as $30,000 to $40,000, depending on the options and features. 

c)  Disadvantages of Silence 

Quietness might have been a negative since people want to hear behind-the-scenes 

commotion. However, an electric vehicle is quiet and sometimes causes accidents [11]. 

1.5 Charging of EV 

Electric vehicles may be refuelled in two ways: conductive charging (also known as cable 

charging) and wireless charging. To link the EV's charging port to the power grid, many 

connectors are utilized during the wired charging procedure. While charging by cable is 

common, it does have certain drawbacks. Most notably, there have been reports of difficulties 

with wires being entangled, and there have been concerns raised regarding its viability in damp 

environments. Over the last several years, there has been a rising tide of enthusiasm for 

decoupling electric load supply from the grid in favour of delivering it directly from a field. 

The rapid growth of decentralized power plants in recent years is largely responsible for this 

new emphasis. Field supply and wireless power transfer (WPT) systems relate to the same class 

of devices may be addressed using either term interchangeably. Their rollout has begun in order 

to jumpstart the process of charging the batteries installed in equipment that can operate off-

grid. Currently, equipment is recharged while it is in a fixed, on-purpose arrangement; however, 

the ultimate goal is to feed the equipment while it is in motion, with the hope of either doing 

away with the batteries altogether or significantly reducing their power requirements. As time 

goes on, we will succeed at this. A charge is being put into the equipment even while it is being 

utilized for its intended purpose. When compared to the traditional cable method, wirelessly 

charging an electric vehicle's battery offers several advantages. In particular, wireless charging 

allows one to do away with the requirement for any plug, cable, or outlet; i) simplify the 

charging procedure; ii) transfer energy securely in any setting; etc. Any use of a cord, outlet, or 

plug is avoided. Improvements to the charging procedure that are more intuitive for the end 

user. iii) Power may be transmitted without risk in any setting. Because of these factors, it is 

expected that WPT will soon play a significant part in the process of charging electric vehicles. 

The unique properties of electric, magnetic, and electromagnetic fields may be used in 

the construction of a WPTs via the employment of one of three distinct technological 

procedures. To achieve this goal, choose the most suitable method from those presented. 

Because magnetic field technology transfers more power per unit area than electric-field 

technology and is more efficient than electromagnetic-field technology, as employed in so-

called inductive WPT system, is the most practical option. This is because it plays a role in 

inductively coupled WPT system. Actually, low-power inductive WPT system using tightly 

linked coils have been on sale to the public for a while now. However, in recent years there has 

been an increase in interest in the technique of supplying energy at a medium-to-high power 
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level to a piece of equipment that is located at a distant place. Resonant WPT system, shorthand 

for inductive WPT system with a resonant topology, are the kind of WPT system often used in 

such contexts. As an example, consider the widespread use of wireless charging for the batteries 

of electric cars. 

Fig.1.1 depicts a resonant WPT system's overall architecture in a schematic format. It is 

made up of two different pieces: the primary section and the secondary section. Both of these 

sections include a coil that is related to the other section by a huge air gap in the middle. Power 

conversion circuitry is installed in both of the WPT system's individual portions. On the primary 

part, the grid supplies power to the coil by way of a combination of converters that may function 

as an AC-AC converter operating at low frequencies and producing high frequencies. Grid and 

AC-AC converter are the components that make up the supply for the primary coil. Then is 

capable of forming a magnetic coupling with the secondary coil, On the secondary end, the 

voltage that is induced across the secondary coil is used to charge the battery pack using an AC-

DC converter. This converter adjusts the current and voltage that it produces in response to the 

needs of charging the battery. 

Grid

Electric vehicle

 Compensation 

coil

Power

Primary 

converter

Secondery 

converter

 Compensation 

coil

 

 

Fig. 1.1 WPT schematics  

Despite the fact that we are aware that EVs have greater expenses at the moment. Then, 

we upgrade EV charging by using a WPT system. As a result, the total price of an EV rises 

dramatically. Most folks just cannot afford such a price range. Bidirectional wireless power 

transfer (BWPT) has gained popularity as a means to lessen this operating expense, hence 

lowering the total cost of ownership for EVs. But the current proliferation of distributed power 

generation has also prompted academics to investigate the use of BWPT for the purpose of 

charging and discharging electric vehicles. Therefore, a BWPT system can be used to realize 

the Grid-To-Vehicle (G2V) and Vehicle-To-Grid (V2G) concepts, which involve employing 

electric vehicles for purposes other than their traditional ones, such as driving the car by 

charging it via G2V, and instead treating the EV as the power source by using the battery as a 
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storage element for other users of the grid or other vehicles. V2G is a notion that stems from 

the principle of active demand, in which the end-user serves as both an energy consumer and 

generator. 

Fig. 1.1 is applicable not only to the unidirectional WPT system for EVs charging but 

also to the BWPT system for EVs charging and discharging. In point of fact, we need to 

reconsider the functioning of the converter using a strategy that takes into account both 

directions. The flow of electricity will have an effect on how the converter is operated, and that 

change will take place. For instance, converters that are capable of functioning as inverters in 

the G2V power flow mode also have the capability of functioning as rectifiers in the V2G power 

flow mode. 

1.6 Objective of the thesis 

✓  To get an understanding of comprehensive analysis of the currently available wireless 

power transfer technologies, In addition to this, a study of the process of charging EVs using 

the WPT system. 

✓ The standard SAE J2954 was used as the foundation for the research that was conducted 

on the WPT system. In order to charge electric vehicles in a unidirectional fashion using WPT, 

the J2954 standard, which referred as for the G2V method. The BWPT system does not have 

any standers. However, on the basis of J2954, which is often referred to as for V2G, an 

investigation for power flows reverse direction in BWPT systems is carried out. 

✓ The purpose of this research is to analyse and evaluate the converters that used in BWPT 

systems in terms of the direction of power flow, efficiency, and power sizing. 

✓  To evaluate the performance of the BWPT system using two distinct methods to the 

converter on the secondary side, one of which charges the battery using a chopper and the other 

of which does not use a chopper. 

✓ To study the effect of external phase shift angle on the efficiency of the BWPT.  

✓  Look into each converter's control approach for the BWPT system, such as 

synchronizing the flow of power between the primary and secondary converters, charging and 

discharging of batteries, and other similar activities. 

1.7  Organization of the thesis 

This thesis is organized into a total of six chapters, the first of which is the introduction. 

The general framework for the thesis is presented in the following: 

Chapter 2 

 This chapter discusses the existing electric power grid challenges in term of synergistic, 

progressive, dynamic, and stable electric mobility integration. EV bidirectional power flow is 

their answer. This chapter proposes improvements in the following areas to integrate these 

previously stated variables into a vehicle electrification framework: G2V, V2G, Home-to-

Vehicle (H2V), Vehicle-to-Home (V2H), Vehicle–to–Home Uninterruptible power supply, and 

more. 
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Chapter 3 

This chapter interprets two power electronics converters-based bi-directional wireless 

power transmission systems for electric vehicles. In the second stage, we create a Vehicle-to-

Home wireless charger step-by-step. The Italian reference technical guidelines for low-voltage 

utilities and SAE J2954 for wireless power transfer for electric cars set the design limits. Power 

scaling each step of the bidirectional wireless charger follows battery output power choices. 

Chapter 4 

This chapter analyses converter losses and series-series (S-S) compensatory coils in WPT 

systems using two alternative power converter control methods. The two approaches towards 

wireless DC-DC power flow control are termed as the Single-Active High Frequency Wireless 

Power Transfer (SAHFWPT) system and the Dual Active High Frequency Wireless Power 

Transfer (DAHFWPT) system. The extended phase shift and dual phase shift methods regulate 

converters in SAHFWPT and DAHFWPT, respectively. Both the SAHFWPT and DAHFWPT 

systems include active bridges. Ideal SAHFWPT and DAHFWPT efficiency evolutions are far 

from actual. This chapter also examines the WPT system's uni-directional power flow from the 

main DC bus to the secondary battery load. The converter controls WPT system efficiency. To 

test the concept, MATLAB/SIMULATION develops a 50 W–3600 W power range system at 

85 kHz. 

Chapter 5 

Electric vehicles may act as flexible loads and mobile generators, making them important 

in future power grids, smart grids, and micro grids. Bidirectional electric car chargers are 

needed for complete V2H services. Hence, these systems must account for power supply 

variations in both directions. The EV's active and reactive power consumption and generation 

are examined in this chapter to assess the impacts of primary and secondary H-bridge control 

signal states. According to an analytical examination, the controller can function with a broad 

variety of active and reactive power settings in wireless power transfer between converters' 

primary and secondary sides. 

Chapter 6 

This chapter discusses Bi-directional wireless power transfer for V2H (BWV2H) system, 

with their control algorithms for primary and secondary active H-Bridge converter for battery 

charger. It focuses on power conversion stages for vehicle-to-home chargers and discharge. 

Bode diagrams and transfer functions are used to build each algorithm in continuous time. Each 

method was tested using Matlab/Simulink simulations. 
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2.1 Introduction  

IN this chapter, we discuss the different challenges that the current electric power grid 

imposes in terms of a synergistic, progressive, dynamic, and stable integration of electric 

mobility. Their solution is through a bidirectional power flow system through EVs. In order to 

put these factors into a coherent framework for vehicle electrification, this chapter's key 

contributions include the following areas: i) G2V, ii) V2G iii) H2V, iv) V2H, v) V2H 

Uninterruptible power supply and many more. 

2.2 EV Power Flow Principle of Operation in Smart Grid 

Power in electric vehicles is transferred from the primary coil, which is buried in the road, 

to the secondary coil, which is located in the vehicle, through a magnetic field is known as WPT 

[1]. The WPT system includes coupling coils and the following components: i) a power supply 

connected with the primary coil to generate high-frequency voltage in accordance with SAE 

report J2954 [2], (ii) resonating capacitors together with the coupling coils to reduce the power 

supply sizing and increase the efficiency [3], and (iii) power conversion circuitry on the 

secondary side to convert the high-frequency-induced voltage into DC voltage suitable for the 

EV battery charging [4]. 

In the last few years, EVs have gained new interest from the grid-side point of view to 

mitigate the power fluctuations of renewable energy sources [5,6]. Ref. [7], for instance, 

demonstrates the grid frequency improvements in an isolated system derived from the EV 

battery utilization to reduce the impact of wind and solar generation. Such a strategy, known as 

V2G [8], stands on the fact that EVs are parked for most of the day and the energy stored in 

their batteries can be utilized during this time, provided that their initial state of charge (SoC) 

is restored before vehicle utilization by the user. The V2G strategy was created for the wired 

charging infrastructure, but it can be easily reproduced adopting the WPT technology [9,10], as 

long as all the unidirectional stages of the WPT systems are replaced by bidirectional ones to 

allow the power flow in both directions [11]. When considering a domestic or residential EV 

charging station, the V2G is also called Vehicle to Home (V2H) [12]. The customer in this case 

can either take advantage of the energy stored in the battery supplying its own domestic loads, 

or inject the power into the grid if the loads require low power [13,14,15]. The V2H strategy 

helps to stabilize or even reduce the variable power demand of domestic loads, decreasing the 

overall power cost. In addition, the user could receive remuneration for the service offered to 

the distribution system. 

The developments concerning the recharging of EVs batteries allowed their utilization as 

distributed energy storage systems integrated into the distribution grid [16,17]. This scenario 

facilitates the flexibility of power management, providing grid services in an efficient and cost-

effective way [16], through the so-called V2G concept. The EVs then not only draw the power 

from the grid, but they can deliver the power back to the grid via a bidirectional charger. In 

addition, their DC link capacitor inserted in the power conversion chain is inherently able to 

also provide reactive power to the grid utility [18], the EVs also has the ability to assist fix 

issues with power quality. The V2G concept can be easily extended to V2H systems to offer 

https://www.mdpi.com/2624-8921/3/3/25#B6-vehicles-03-00025
https://www.mdpi.com/2624-8921/3/3/25#B7-vehicles-03-00025
https://www.mdpi.com/2624-8921/3/3/25#B9-vehicles-03-00025
https://www.mdpi.com/2624-8921/3/3/25#B10-vehicles-03-00025
https://www.mdpi.com/2624-8921/3/3/25#B11-vehicles-03-00025
https://www.mdpi.com/2624-8921/3/3/25#B12-vehicles-03-00025
https://www.mdpi.com/2624-8921/3/3/25#B15-vehicles-03-00025
https://www.mdpi.com/2624-8921/3/3/25#B16-vehicles-03-00025
https://www.mdpi.com/2624-8921/3/3/25#B17-vehicles-03-00025
https://www.mdpi.com/2624-8921/3/3/25#B19-vehicles-03-00025
https://www.mdpi.com/2624-8921/3/3/25#B20-vehicles-03-00025
https://www.mdpi.com/2624-8921/3/3/25#B15-vehicles-03-00025
https://www.mdpi.com/2624-8921/3/3/25#B21-vehicles-03-00025
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more services. At the household level, the storage capacity presents significant potential such 

as voltage and load regulations and demand response capability. The V2H usually involves a 

single EV in a single house: its framework is depicted in Fig. 2.1, referring to a WPT charging 

infrastructure. While charging the battery, the EV absorb the power from the grid, but while 

discharging, the power flow has two possible directions: either to the domestic loads or to the 

main grid, according to the power demand of the home appliances during the discharging 

process. 
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Fig. 2.1 BWPT converters block arrangement   

2.3 Opportunities for Smart Grid  

In the previous section, "Section 2.2," we discussed the basic workings of electric vehicle 

power flow structures with the smart Home, smart grid, and home electrical loads. Because the 

purpose of this section is not to conduct an perlustration of the electric vehicle wireless charger 

(EVWC) system in terms of power electronics, the precise details of the topologies of the 

converters, regardless of whether they are implemented in software or hardware, are not 

discussed in this section. Rather, the problems and possibilities presented by the electrification 

of vehicles in relation to smart grids and smart homes will be the primary emphasis of this 

section. This is due to the fact that the purpose of this section not being to conduct an 

examination of the structures.  

2.3.1 EV Wireless Charger  

The primary modes of operation of an EVWC are presented in this section, along with 

consideration given to the advantages and disadvantages, these modes provide challenges for 

the operations of smart houses and smart grids, in particular with respect to the controllability 

of power and the newly acquired features for the installation, where the electric vehicle has to 

park. Fig. 2.2 illustrates a scenario in which an electric vehicle has been connected to a smart 

home (typically, in a wireless power transfer system, a portion of the power electronics 

converter is located outside the EV (off-board), while the remaining portion is located within 

the EV (on-board)). To be more specific, the electric vehicle's battery is charged by means of 

an EVWC that is hooked into the electrical grid in parallel with the household loads. As a result, 

the electric vehicle itself is considered a home load for the duration of its stay at the location. 

As shown, from a smart grid point of view, bidirectional connection between the smart home 

and the electrical grid is studied from the standpoint of controllability. 

https://www.mdpi.com/2624-8921/3/3/25#fig_body_display_vehicles-03-00025-f001
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Fig. 2.2 BWPT scheme of principle  

2.3.1.1 Grid-to-Vehicle (G2V) 

In most electric vehicles, the G2V mode is the only one accessible, and its only focus is 

on charging the vehicle's battery from the power grid. Fig. 2.3(a) depicts the EVWC's 

connection to the electrical grid through a smart house, which allows for unidirectional and 

bidirectional power flow and bidirectional communication between the EVWC, the grid, and 

the smart home. In this mode of operation, the EVWC grid-side current (𝑖𝑔) value is calculated 

independently of the other loads sharing the same electrical infrastructure (e.g., the entire 

current in a home is capped by the central circuit breaker, that might trip if the cap is breached). 

Fig. 2.3(b) depicts G2V mode voltage and current waveform, in a smart home by showing in 

the first subplot the grid voltage (𝑣𝑔) in a solid red line, the grid current (𝑖𝑔) in a solid black 

line, the home appliance load current (𝑖ℎ𝑎 = 0) not present as there are no household loads 

connect to the EV, and the EVWC grid-side current (𝑖𝑒𝑣 = 𝑖𝑔) that is represented by the solid 

green line in the second subplot. In this mode of operation, the ac–dc front-end converter is 

used to manage the current such that it is in phase with the voltage supplied by the power grid, 

so as not to degrade the power quality indices of the electrical grid. It is clear that actual 

circumstances, including skewed grid voltage (𝑣𝑔) and current demands from household 

appliances, are not taken into account (𝑖ℎ𝑎). Entire current 𝑖𝑔 taken from grid are utilised only 

charging to EV. 

 

 

 



14 | P a g e  

 

 

 

(a) (b) 

Fig. 2.3 G2V mode only 

2.3.1.2 Home-to-Vehicle (H2V) 

The regulated G2V mode, which is shorthand for the method by which the battery of an 

electric car is charged straight away through the grid. On the other hand, the value about the 

working power at home energy manager, is changed in the controlled G2V mode depending on 

other loads that are connected in the house. When talking about a home-based or residential 

charging station for electric cars, the G2V connection is often referred to as the Home to vehicle 

connection. In addition, the operating power of the EVWC may be modified in line with the 

electricity that is injected by the grid while using the H2V mode of operation, for example. 

From the perspective of the smart home, the objective is to achieve a state of equilibrium 

between the generation and consumption of electrical power, while at the same time ensuring 

that the power quality delivered by the grid is not degraded (e.g., frequency and amplitude 

deviations on the grid voltage). In order to put this mode of operation into effect, it is vitally 

important to create the communication between the EVWC and the grid (or the house hold 

energy manager unit, i.e., at the same time as the EV concatenated with a smart home). The key 

operational concept that distinguishes the regulated H2V mode of operation is shown in Fig. 

2.4(a). In this mode, the functionality of the energy management system at home is used to 

prevent overcurrent trips of the circuit breaker at the home control panel. Fig. 2.4(b) depicts 

H2V mode voltage and current waveform, in a smart home for the current demand by the grid 

𝑖𝑔 and the grid voltage 𝑣𝑔 line for the domestic power demand contract, which are represented 

with the black and red solid line waveform in first subplot. The ac–dc front-end converter is 

used to manage the current such that the grid current is sinusoidal and in phase with the grid 

voltage, so as not to degrade the power quality indices of the electrical grid. In the second and 

third subplot the power demand of electrical home appliances together with the EV is 

represented in terms of current in a solid blue and green line waveform, and their amplitudes 

are equal (i.e., the power share by the EV and electrical home appliances are equal). Moreover, 

the maximum RMS current demand by the grid 𝑖𝑔_𝑚𝑎𝑥 is the sum of the current needed for EV 

charging 𝑖𝑒𝑣 and the current needed to power the electrical appliances at home 𝑖ℎ𝑎, as expressed 

by equation (2.1). 
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𝑖𝑔_𝑚𝑎𝑥 = 𝑖𝑒𝑣 + 𝑖ℎ𝑎 (2.1) 

 

 

(a) (b) 

Fig. 2.4 H2V with home appliance’s 

Fig. 2.5 provides an illustration of how the H2V regulated mode works in practice. The 

EVWC runs with a sinusoidal grid-side current, precisely like the H2V mode. However, its 

amplitude is modified in real time depending to the other loads in the house. During the 

progression from CASE #A to CASE #B and finally to CASE #C. In CASE #A (in time interval 

0-0.08), there was equal power sharing by electrical appliances as a home load when they are 

active and the EV battery was in a charging state. As a consequence of this, the level of current 

consumption is equivalent to 𝑖ℎ𝑎 = 𝑖𝑒𝑣. These are shown by the solid blue and green line 

waveforms in subplots two and three of Fig. 2.5, respectively. In CASE #B (in time interval 

0.08-0.12), a some of home load was shut off, resulting in a lower current consumption 𝑖ℎ𝑎, 

which caused the EVWC to increase the amount of running power it was using (increasing the 

current consumption, 𝑖𝑒𝑣). However, due to the fact that the EVWC has an internal control 

system, the maximum power output that it is capable of cannot under any circumstances be 

surpassed. In CASE #C (in time interval 0.12-0.16), a some of home load was activated, which 

results in an increase in current consumption 𝑖ℎ𝑎, leading the EVWC to reduce the amount of 

running power it uses (decreased the current consumption, 𝑖𝑒𝑣). However, since these electrical 

household appliances have their own internal controls, the maximum amount of power that they 

are able to operate at cannot under any circumstances be surpassed. When this management 

approach is used to the charging of electric vehicle batteries, the maximum amount of power 

that the smart house is capable of functioning at is never surpassed, therefore the value remains 

the same. This is observable in the amplitude of the grid current 𝑖𝑔, which is shown as a 

continuous black line in the first subplot. 
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Fig. 2.5 H2V with power demand change of home appliance’s 

2.3.1.3 Vehicle-to-Grid (V2G) 

The V2G mode's basic functioning is shown in Fig. 2.6 (a). The G2V mode is the primary 

mode of operation for the EV bidirectional battery charger; Whenever V2G scheme is enter 

into this state of operation, the EV’s treated as the power sources and the portion of power store 

in EV batteries are flow back towards the domestic loads, smart grid, and power grid, together 

with power demand by the household appliances are not taken into the account, with the 

provision that the elementary SoC of EV batteries are return to a former state back when EV 

re-use by the user. This provides a convenience of operation for the grid management system 

and benefits the smart grid, power grid because it makes it possible to use the EV’s as an energy 

storage system (ESS) to manage the smart grid, and power grid stability, as well as the user of 

the EV also benefited in term of running cost of vehicle. Fig. 2.6(b) depicts V2G mode voltage 

and current wave form, in a smart home by showing in first subplot the grid voltage (𝑣𝑔) in 

solid red line, the grid current (𝑖𝑔) in solid black line, the home appliance loads current (𝑖ℎ𝑎 =

0) is not present as there is no household loads are connect to the EV, and the EVWC grid-side 

current (𝑖𝑒𝑣 = 𝑖𝑔) that is represent with the solid green line in second subplot. In this mode of 

operation, the ac–dc front-end converter is used to manage the current such that it is in phase 

opposition with the voltage supplied by the power grid. This mode of operation is managed by 

the power grid supervisor in a smart grid and power grid environment, and it operates in line 

with the preferences of the electric vehicle driver. Because of this, when it is necessary to send 

energy from the EV's batteries to the smart grid and power grid, the EV will receive 

predetermined points of energy and will manage the current flowing through the battery.  
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(a) (b) 

Fig. 2.6 V2G mode only 

2.3.1.4 Vehicle-to-Home (V2H) 

The regulated V2G mode, which is shorthand for the method by which the battery of an 

electric car reverts back power to the grid. On the other hand, the value about the working power 

at home energy manager, is changed in the controlled V2G mode depending on other loads that 

are connected in the house. When talking about a home-based or residential charging station 

for electric cars, the V2G connection is often referred to as the Vehicle to Home (V2G) 

connection. In addition, the operating power of the EVWC may be modified in line with the 

electricity that is injected to the grid while using the V2H mode of operation, for example. From 

the perspective of the smart home, the objective is to achieve a state of equilibrium between the 

generation and consumption of electrical power, while at the same time ensuring that the power 

quality delivered to the grid is not degraded (e.g., frequency and amplitude deviations on the 

grid voltage). In order to put this mode of operation into effect, it is vitally important to create 

the communication between the EVWC and the grid (or the house hold energy manager unit, 

i.e., at the same time as the EV concatenated with a smart home). The key operational concept 

that distinguishes the regulated V2H mode of operation is shown in Fig. 2.7(a). In this mode, 

the functionality of the energy management system at home is used to prevent overcurrent trips 

of the circuit breaker at the home control panel. On the other hand, it is used in situations in 

which the current flowing through the electrical equipment in the house is more than the 

maximum total current permitted in the residence. Fig. 2.4(b) depicts H2V mode voltage and 

current waveform, in a smart home for the current supply to the grid 𝑖𝑔 and the grid voltage 𝑣𝑔 

line for the domestic power demand contract, which are represented with the black and red solid 

line waveform in first subplot. The ac–dc front-end converter is used to manage the current 

such that the grid current is sinusoidal and in 180o out of phase with the grid voltage. In the 

second and third subplot the power demand of electrical home appliances together with the 

power supply by the EV is represented in terms of current in a solid blue and green line 

waveform, and the amplitudes of grid current and home current are equal (i.e., the power share 

by the grid and electrical home appliances are equal). Moreover, the maximum RMS current 

demand by the EV 𝑖𝑒𝑣_𝑚𝑎𝑥 is the sum of the current needed for feedback power to grid 𝑖𝑔 and 
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the current needed to power the electrical appliances at home 𝑖ℎ𝑎, as expressed by equation 

(2.2). 

𝑖𝑒𝑣_𝑚𝑎𝑥 = 𝑖𝑔 + 𝑖ℎ𝑎 (2.2) 

 

 

(a) (b) 

Fig. 2.7 V2H with home appliance’s 

Fig. 2.8 provides an illustration of how the V2H regulated mode works in practice. The 

EVWC runs with a sinusoidal grid-side current, precisely like the V2H mode. However, its 

amplitude is modified in real time depending to the other loads in the house. During the 

progression from CASE #A to CASE #B and finally to CASE #C. In CASE #A (in time interval 

0-0.08), there was equal power sharing by electrical appliances as a home load when they are 

active and the grid was in a power demand by alternate source such as EV’s. As a consequence 

of this, the level of current consumption is equivalent to 𝑖ℎ𝑎 = 𝑖𝑔. These are shown by the solid 

blue and black line waveforms in subplots two and one of Fig. 2.8, respectively. In CASE #B 

(in time interval 0.08-0.12), a some of home load was shut off, resulting in a lower current 

consumption 𝑖ℎ𝑎, which caused the grid to increase the amount of running power it was using 

(increasing the current consumption, 𝑖𝑔). However, due to the fact that the home power manager 

has an internal control system, the maximum power output that it is capable of cannot under 

any circumstances be surpassed. In CASE #C (in time interval 0.12-0.16), a some of home load 

was activated, which results in an increase in current consumption 𝑖ℎ𝑎, leading the grid to reduce 

the amount of running power it uses (decreased the current consumption, 𝑖𝑔). However, since 

these electrical household appliances have their own internal controls, the maximum amount of 

power that they are able to operate at cannot under any circumstances be surpassed. When this 

management approach is used to the discharging of electric vehicle batteries, the maximum 

amount of power that the smart house is capable of functioning at is never surpassed, therefore 

the value remains the same. This is observable in the amplitude of the EV current 𝑖𝑒𝑣, which is 

shown as a continuous green line in the third subplot. 
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Fig. 2.8 V2H with power demand change of home appliance’s 

2.3.1.5 Vehicle–to-Home (V2H) Uninterruptible-power-supply 

The EVWC has a second mode of operation that allows it to function as a voltage source, 

but with the features of an offline uninterruptible power supply (UPS). Because the EVWC can 

provide voltage to the smart house practically immediately in the case of a power outage, this 

mode opens a new possibility for smart homes. Therefore, in this method of operation, the 

EVWC must interact to the smart home in order to detect a power failure and restore power to 

the essential loads. Fig. 2.9 depicts the operating principle typical of the V2H mode as an UPS, 

making it easy to see that the EVWC is detached from the grid and runs in a unidirectional 

mode. 

Similarly, to the described earlier method of operation, the grid-side converter of the 

EVWC functions with voltage control feedback and the current is set by the loads. A voltage 

failure may be detected by measuring the grid voltage, although this is not possible in the prior 

mode. When this happens, the EVWC immediately begins acting as a voltage source by sending 

a control signal to the main circuit breaker to disconnect the loads from the grid. The EVWC is 

aware of the issue once the grid power has been restored. When the grid voltage has completed 

a certain number of cycles, the system starts synchronizing with the phase of the voltage and, 

once the control system is synced, it returns to normal operation, at which point the loads are 

once again supplied by the grid. After this is complete, the EVWC might enter an idle state or 

switch to a different mode of operation (G2V, V2G, etc.). The schematic for this mode's 

operation is shown in Fig. 2.9 (b), which depicts the grid voltage (vg), grid current (𝑖𝑔.), loads 

voltage (𝑣ℎ𝑎), loads current (𝑖ℎ𝑎.), EVWC voltage (𝑣𝑒𝑣), and EVWC current (𝑖𝑒𝑣). There are 

four distinct use-cases for this kind of functioning. In CASE #A (in time interval 0-0.08), the 

EVWC is linked to the grid to receive electricity and charge the batteries in a G2V mode (i.e., 

with a sinusoidal current and unitary power factor). In CASE #B (in time interval 0.08-0.12), 

the EVWC detects a drop in grid voltage and switches to UPS mode, powering the loads. If 

CASE #C (in time interval 0.12-0.16) occurs, the grid power is restored, the EVWC exits UPS 

mode, and the loads are once again supplied back via the electrical grid. A sinusoidal voltage 

is produced by the EVWC, as indicated, even when the  
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grid voltage is distorted (CASE #A and CASE #C) or when there is no grid voltage 

(CASE #B). 

 

 

(a) (b) 

Fig. 2.9 V2H with Uninterruptible-power-supply 

2.4 Conclusions  

The electrification of vehicles is now a reality, and its enormous foreseeable growth and 

accompanying potential point toward a paradigm shift in the urban transportation industry. The 

positive benefits of this revolution on the electrical power system must, however, be balanced 

against the additional difficulties that have arisen as a result of it. As such, this chapter presents 

a thorough overview of the new issues and possibilities presented by on-board and off-board 

EVWCs in the form of operating modes that may be handled by smart grids. 

It has been shown that in-vehicle EVWCs have applications beyond grid-to-vehicle and 

vehicle-to-grid communication throughout this chapter. However, it has been shown that on-

board EVWCs may be linked with other aspects of smart grids, such as renewable energy 

sources and energy storage systems, while simultaneously correcting power quality concerns in 

the locations where they are deployed. There has been a lot of talk about the positive effects of 

new technologies toward a more sustainable future, and one of them is the potential for on-

board and off-board EVWCs to provide chances for smart grids. 
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3.1 Introduction  

THE Bi-directional wireless power transfer system [1] is made up of two Uni-directional 

WPT converters [2,3], which are depicted in Fig. 3.1 by the help block 𝐵1 and 𝐵2 together with 

the other electrical parameters. Indeed, block 𝐵1 is employed to propagate power 𝑃𝑔𝐵 from grid 

to battery (i.e., forward mode), and block 𝐵2 is employed to propagate power 𝑃𝐵𝑔 in the opposite 

direction, i.e., battery to grid (i.e., backward mode). While seeing the arrangement in Fig. 3.1, 

it looks like two different converter arrangements are required for the power flow in either 

direction. However, in the real-life scenario, this was not the case. We use single converters at 

each stage of WPT with the bi-directional switch to regulate the power flow in either direction 

of the bi-directional WPT converters. In initial study of this chapter, we interpret two distinct 

arrangements based on power electronics converters technology of Bi-directional wireless 

power transfer for V2H (BWV2H) [4]. In the second stage of this chapter, we present a 

comprehensive step-by-step design of a wireless charger for a Vehicle-to-Home application. 

The design procedure begins from the constraints disposed by the Italian reference technical 

rules for Low Voltage utilities (CEI-021) [5] and by the standard SAE J2954 for Wireless Power 

Transfer for electric vehicles [6]. The selection of the output power of the battery is followed 

by the power sizing of each stage of the bidirectional wireless charger. 

B1

B2

vg VB

Uni-directional WPT Converter

Uni-directional WPT Converter

PgB

PBg

input output

inputoutput

Grid Battery

 

Fig. 3.1 Construction of a Bi-directional WPT Converter using Ui-directional WPT Converter  

3.2 Type of Bi-directional WPT 

The BWV2H schematic is shown in Fig. 3.1. It’s simply arranged in the form of the black 

box. The black box doesn’t show what kind of converter topology, circuit configuration, and 

coil arrangement that is being used. That merely indicates the direction of the power flow that 

takes place between the domestic grid and electric vehicles. To further understand the operation 

of BWV2H, its converter topology, circuit configuration, and coil arrangement are further 
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divided into two different converter topologies, whose descriptions are presented in the 

upcoming subsection 3.21 and 3.2.2 of the chapter. 

3.2.1 Bi-directional WPT with secondary uncontrolled rectifier and chopper  
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Fig. 3.2 BWV2H with the uncontrolled rectifier with chopper  

The WPT chargers stand on the inductive coupling principle between two coils. The 

alternating magnetic field produced by the alternating current flowing through the coil placed 

under the road, hereafter called the primary coil, induces a voltage across the coil placed on 

board the vehicle, hereafter called the secondary coil. The voltage vs induced on the secondary 

coil derives from the well-known Faraday law [7] (3.1), which can be rewritten as in (3.2) in 

the case of sinusoidal quantities, according to Steinmetz transform [8] 

𝑣𝑆 = 𝑀
𝑑𝑖𝑃

𝑑𝑡
 (3.1) 

�̅�𝑆 = 𝑗𝜔𝐻𝐹𝑀𝐼�̅�, (3.2) 

where M is the mutual inductance between the coils, iP is the current flowing through the 

primary coil, VS and IP are the peak values of vS and iP, and ωHF is the supply angular frequency. 

Equation (3.2) is inferred considering the current iP as purely sinusoidal. Being the induced 

voltage across the secondary coil dependent from the supply frequency of the primary coil, the 

highest is the supply frequency fHF, the highest is the efficiency of the power transmission 

between the two coils and the smaller are the requested size for the two coils. For this reason, 

the primary coil cannot be directly fed by the grid utility, but several conversion stages are 

required: specifically, a rectification stage followed by an inversion one, to proper supply the 

primary coil at higher frequency. Finally, since the battery calls for Direct Current (DC), a 

further rectifier is needed on the secondary coil, which can be followed by a chopper to regulate 

the battery voltage. In a BWV2H application, the power flows alternatively from the grid to the 

battery and vice versa; then, both the chopper and the rectification stages need to be 

bidirectional. Fig. 3.2 depicts the architecture of the BWV2H. During charging mode, the grid 

voltage vG feeds the Front-End Converter (FEC) with the grid current iG through a filter inductor 

with inductance LG. The FEC output current IFEC is filtered by a capacitor CDCP to maintain the 

DC primary voltage VDCP nearly constant. The current IDCP supplies the High Frequency 

https://www.mdpi.com/2624-8921/3/3/25#B23-vehicles-03-00025
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Primary Converter (HFPC), whose output voltage and current are vHFPC and iHFPC, respectively. 

The current iHFPC flows in the compensation network and, subsequently, in the primary coil. If 

a series compensation is adopted, as explained in Section 3.5.1.2.5, iHFPC corresponds to the 

current circulating through the primary coil, i.e. iP. The voltage vS induced across the secondary 

coil forces the circulation of the current iS, which corresponds with the current iHFSC at the input 

of the High Frequency Secondary Converter (HFSC) in case of series compensation. The input 

voltage of the HFSC is vHFSC, whilst the output is VDCS, which corresponds to the voltage across 

the capacitor CDCS. The HFSC output current is split between the current flowing through CDCS 

and the one at the input of the Bidirectional Chopper, namely IBC. Finally, the BC output are 

the battery voltage and current, VB and IB, respectively. The FEC, the HFPC and the HFSC are 

Bi-directional H-bridge converters. The BC can reverse the current flow but not the voltage, 

which is necessarily lower on the battery-side, i.e. VB < VDCS. The HFPC and HFSC operate as 

the uncontrolled rectifiers, while power flow takes place from G2V and vice versa as V2G, 

respectively. The uncontrolled operations are done by the body diode of the MOSFETs. 

3.2.2 Bi-directional WPT with secondary controlled rectifier  
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Fig. 3.3 BWV2H with the control rectifier  

In a BWV2H application with secondary controlled rectifier, the power flows 

alternatively from the grid to the battery and vice versa. The construction of the BWV2H with 

secondary controlled rectifier is shown in Fig. 3.3. The circuit configuration of the primary side 

of BWV2H with the control converter is the same as the circuit configuration of the primary 

side of BWV2H with the uncontrolled rectifier and chopper shown in Fig. 3.2. Indeed, on the 

both arrangement of BWV2H working of primary side converters system are quite similar. 

Furthermore, it is not required to describe the same thing again up to the iP current that is 

circulating in the primary series-compensated coil. The operational detail after the voltage vS is 

induce in the secondary coil is presented in the following paragraph. 

The voltage vS induced across the secondary coil forces the circulation of the current iS, 

which corresponds with the current iHFSC at the input of the High Frequency Secondary 

Converter in case of series compensation. The input voltage of the HFSC is vHFSC, while the 

output is VDCS, which corresponds to the voltage across the capacitor CDCS. The HFSC output 

current is split between the current flowing through CDCS and the one at the input of the battery 
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passing through the filter inductance LO, namely IB. Finally, the voltage across the battery is VB. 

Where HFSC converter work as control rectifier. That can regulate the current across the EV 

battery while charging and discharging. The FEC, the HFPC, and the HFSC are Bi-directional 

H-bridge converters. 

3.3 Reference technical rules for the connection to the LV electrical utilities 

The BWV2H is meant for domestic user connected to LV utility grid. The majority of 

this kind of users have a single-phase connection, therefore the nominal RMS value of the grid 

voltage is 230 V [5]. The purpose of this chapter is the design and sizing of the different passive 

elements and of the power converters: therefore, the peak values of all the involved quantities 

will be hereafter considered. According to [5], the peak value of the nominal grid voltage VG,N 

that feeds the BWV2H is  

VG,N = 230√2 𝑉 ≅ 325 𝑉 (3.3) 

with maximum and minimum allowed values respectively equal to [18] 

𝑉𝐺,𝑚 = 0.9 𝑉𝐺,𝑁 ≅ 293 𝑉 

𝑉𝐺,𝑀 = 1.1 𝑉𝐺,𝑁 ≅ 358 𝑉 
(3.4) 

and nominal frequency fG,N, as per [5] 

𝑓𝐺,𝑁 = 50 𝐻𝑧. (3.5) 

The typical contractual power of a domestic customer is 3 kW, where the allowable 

maximum power PG,N and current IG,N withdrawn by the user, hereafter identified as nominal, 

are  

𝑃𝐺,𝑁 = 3.3 𝑘𝑊 

𝐼𝐺,𝑁 = 16√2 𝐴 ≅ 22.6 𝐴. 
(3.6) 

The main purpose of the BWV2H is recharging the battery of the electric vehicle; 

nevertheless, in certain conditions part of the stored energy can be released towards the 

domestic loads, with the possibility of injecting it in the grid if it is higher than the overall power 

absorbed by the home appliance. For this reason, the Italian reference technical rules for the 

connection to the LV electrical utilities (CEI 0-21) [5] categorizes the BWV2H as an active 

user, also called a prosumer. It is worth to note that the contractual power sets the limits for the 

maximum absorbable power, but it is not effective also for the injected one. In addition, [18] 

requires that the FEC exchanges reactive power with the grid, according to the diagram of 

Fig.3.4. It is shown that when the injected power is between 0 and 0.2 PG,N the prosumer can 

behaves either as an inductive or capacitive load, provided that the power factor cos(φG) is in 
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the range of 0.95 < cos(φG) < 1. When injecting active power in the range 0.2 PG,N < PG < 0.5 

PG,N, cos(φG) must be maintained at 1. At last, when the power is higher than 0.5 PG,N, the user 

has to inject reactive power of capacitive type, behaving as an inductive load, when the grid 

voltage exceeds a certain lock-in value (i.e., 1.05 VG,N). 

Capacitive or 
Inductive

0.2PG,N 0.5PG,N PG,N P

cos j

0.95

1

Injected 
Capacitive

 

Fig. 3.4 Power factor cos(φG) as a function of the active power injected into the grid. 

3.4 SAE J2954 Standard 

SAE J2954 standard establishes an industry-wide specification that defines acceptable 

criteria for WPT for light-duty plug-in electric vehicles. It addresses unidirectional charging, 

whilst bidirectional energy transfer may be evaluated in the future. Four power classes are 

defined (WPT1, WPT2, WPT3 and WPT4) according to the maximum volt-amps drawn from 

the grid connection, corresponding to 3.3 kVA, 7.7 kVA, 11.1 kVA, and 22 kVA, respectively. 

The vertical distance between the ground surface and the lower surface of the on-board coil 

identifies the WPT Z-class. The study case presented in this chapter refers to a WPT1/Z2 

system, with a range of 140-210 mm for the vertical distance. 

For WPT1, WPT2 and WPT3 a minimum efficiency of the system is required, measured 

as the ratio between the active power injected in the battery and the one withdrawal from the 

grid 

𝜂𝑡𝑜𝑡 =
𝑃𝐵

𝑃𝐺
≥ 0.80. (3.7) 

This value has to be maintained in every condition (i.e. minimum or maximum voltage, 

power, etc.) when the coils are aligned. Instead, in nominal condition ηtot shall be ≥ 0.85 while 

with coil misalignment it shall be ≥ 0.75. The transmitting coil, which can be either the primary 

or the secondary in case of bidirectional power transfer, has to be supplied by a voltage with a 

frequency fHF in the range of 79÷90 kHz having nominal value fHF,N = 85 kHz.  

3.5 Power sizing of BWV2H  

The design of the power converter, together with the series-compensated coil in terms of 

power sizing of electrical components such as resistance, inductance, capacitance, MOSFETs, 
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an EV battery, and many more, is taking place. Indeed, the design procedure starts with the 

constraints imposed by the Italian reference technical rules for domestic low-voltage (LV) 

utilities grids (CEI 0-21) and the Society of Automotive Engineers (SAE) J2954 for wireless 

power transfer for electric vehicles. Section 3.2 gives a description of two different converter 

arrangements for BWV2H and their operation principles. where the primary converter 

configuration is the same but the secondary converter configuration is not. Indeed, the power 

sizing process up to the secondary coil is the same, while power differences may be possible. 

Which are described in the upcoming section. 

3.5.1 Power sizing of BWV2H with secondary uncontrolled rectifier and chopper 

3.5.1.1 Grid-side and Battery-side Specification 

The specifications concerning the input and output of the BWV2H are determined 

considering the constraints given by CEI 0-21 and the battery, respectively. Being the power 

flow bidirectional, the involved quantities are worked out both during charging and discharging 

mode, so that the higher values can be subsequently taken as references for the sizing of the 

power converters. 

The electric vehicle’s market is addressing the storage branch towards the Lithium 

batteries, due to their high energy density and the long lifecycle. This chapter refers to a city 

car WPT charger, then the nominal battery voltage VB,N is set at 96 V [9] for this case is chosen. 

Table 3.1 lists six lithium cells, reporting the nominal, minimum and maximum cell voltage VN, 

Vm and VM, respectively, the required number of cells to reach the nominal battery voltage VB,N, 

and the corresponding minimum and maximum battery voltage VB,m and VB,M for each cell type. 

From these values, in order to carry out a design as general as possible, the minimum and 

maximum chopper voltage VBC,m and VBC,M have been selected so that they can accommodate 

all the cell types listed in Table 3.1. Specifically, they can be set respectively at 

𝑉𝐵𝐶,𝑚 = 65 𝑉 

𝑉𝐵𝐶,𝑀 = 120 𝑉. 
(3.8) 

Table 3.1. Features of lithium cells. 

Cell Type VN Vm VM Cells No. VB,m VB,M 

LiFePO4 3.2 2.5 3.65 30 75 109 

LiMn2O4 3.7 3.0 4.2 26 78 109 

LiNiMnCoO2 3.6 3.0 4.2 27 81 113 

LiCoO2 3.6 3.0 4.2 27 81 113 

LiNiCoAlO2 3.6 3.0 4.2 27 81 113 

Li2TiO3 2.4 1.8 2.85 40 72 114 

In the case of BWV2H with uncontrolled rectifier and chopper, LiFePO4 cells have been 

selected as case study [9]. The battery pack is made of thirty LiFePO4 type cells modules 

connected in series; its overall nominal capacity is 100 Ah. The nominal battery voltage VB,N is 

96 V while the working voltage of the battery is between 75 V and 109 V so that the output 

voltage of the BWV2H must be able to vary in this range. The nominal input and output currents 
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are 50 A. The current reference to be injected or extracted from the battery is regulated by the 

Battery Management System (BMS), which lithium battery packs are always equipped with, 

and whose function is to manage the battery charging process and to monitor its discharging 

process. The BMS estimates also the SoC of the battery, and according to its level manages the 

battery operation such as withdrawing power from the vehicle to inject it to the domestic loads, 

absorbing power from the grid to recharge the battery, or stopping the operations. Accurate SoC 

estimation is a critical concern for a proper V2G or V2H strategy: to this purpose, several 

methods have been presented, which can be classified into four main categories according to 

[10]: direct measurements methods, which estimate the SoC through physical measurements; 

book-keeping estimations that use battery charging and discharging current as input; model-

based methods, where the battery parameters and SoC are estimated using adaptive filters and 

observers; computer intelligence methods, also called data-driven algorithms [11], which 

require high computational time and storage size, but can operate without battery model. Direct 

measurements methods, such as ampere-hour, open-circuit voltage and impedance method, 

ignore the internal variation [12]. Model-based methods consider the battery as a dynamic 

system, describing its state-space using battery modelling. A variety of filters and observers, 

such as the extended Kalman filter [13], unscented Kalman filter [12], sliding-mode observer 

[14] are introduced to estimate the state variables. Their performance is related to the model 

accuracy and the signal collection precision. Finally, the data-driven, methods use intelligent 

algorithms to train the model, as neural networks [15] and fuzzy logic [16]. The selection of the 

best method for the SoC estimation related to the BWV2H application is out of the scope of 

this chapter, which aims to size its power stages. 

Considering the recommendations of SAE J2954, the total system efficiency ηtot has been 

designated equal to 0.85. The transmission efficiency ηt between the two coils is affected by the 

alignment, but it is usually above 0.9 [2]. In this work it has been reasonably assumed ηt = 0.92, 

as found from previous experimental results [3]. The total converter efficiency ηc is therefore 

equal to 

𝜂𝑐 ≥
𝜂𝑡𝑜𝑡

𝜂𝑡
≅ 0.92. (3.9) 

As demonstrated in [3], the efficiency of each power converter is similar to the other ones. 

As a consequence, the hypothesis that all the converters have the same efficiency ηi (with i = 

FEC, HFPC, HFSC, BC) is plausible; it derives that it has to be equal to 

𝜂𝐹𝐸𝐶 = 𝜂𝐻𝐹𝑃𝐶 = 𝜂𝐻𝐹𝑆𝐶 = 𝜂𝐵𝐶 = √𝜂𝑐
4 = 0.98 (3.10) 

The nominal power absorbed by the domestic user only for EV charging cannot exceed 

the one prescribed by the contract and highlighted in (3.6). As a consequence, the maximum 

power PB,N,c that can be injected in the battery during the charging mode is equal to 

𝑃𝐵,𝑁,𝑐 = 𝜂𝑡𝑜𝑡𝑃𝐺,𝑁 = 2.8 𝑘𝑊 (3.11) 
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where the subscript N,c states the nominal value during charging mode. The battery 

absorbs the nominal current IB,N,c in the first stage of the charging process, called constant-

current mode [3]. The nominal current absorbed by the battery with the limitation imposed by 

the domestic contract is then 

𝐼𝐵,𝑁,𝑐 =
𝑃𝐵,𝑁,𝑐

𝑉𝐵,𝑚
= 37.33 𝐴 (3.12) 

It can be observed that it is lower than the nominal battery current during the charging 

mode; this suggests that the charging time will be higher, but at the same time the battery life 

will be increased as a result of the diminished thermal stresses. While the battery voltage 

increases from VB,m up to the maximum value VB,M, the charging current should remain constant. 

Nevertheless, the power limitation imposed by the domestic contract forces the current to 

decrease to keep the power constant. Afterwards, the constant-voltage charging mode begins, 

where the current gradually decreases and so does the power. Subsequently, this charging mode 

does not affect the sizing of the BWV2H. 

During the discharging mode the vehicle injects the energy stored in its battery towards 

the domestic loads and, if there is a surplus, in the utility grid. In the extreme case that the home 

power is null, all the battery power PB,N,d, except the losses, is injected in the grid. Its value 

corresponds to 

𝑃𝐺,𝑁,𝑑 = 𝜂𝑡𝑜𝑡𝑃𝐵,𝑁,𝑑 = 𝜂𝑡𝑜𝑡𝑃𝐵,𝑁 = 4.63 𝑘𝑊 (3.13) 

where the subscript N,d states the nominal value during discharging mode. According to 

CEI 0-21, when injecting power into the grid the power factor must be maintained in the range 

0.95 < cos(φG) < 1 by the FEC. In the worst case, i.e. when cos(φG,m) = 0.95 and VG = VG,m, in 

order to inject the nominal power PG,N,d, the maximum grid-side current IG,M,d is:  

𝐼𝐺,𝑀,𝑑 =
2 𝑃𝐺,𝑁,𝑑

𝑉𝐺,𝑚 𝑐𝑜𝑠(𝜑𝐺,𝑚)
= 33.32 𝐴. (3.14) 

The voltages and currents referred to the grid-side and battery-side of the BWV2H are 

reported in Table 3.2. The calculation of the grid-side and battery-side nominal power and the 

evaluation of the converters efficiencies allows us to determine the active power flow at each 

stage of the BWV2H, as represented in Table 3.3. 

Table 3.2. Specifications for the grid-side and battery-side BWV2H sizing. 

Parameter Symbol Value 

Grid-side voltage VG,M 358 V 

Grid-side current IG,M 33.32 A 

Battery-side voltage VBC,M 120 V 

Battery-side current (charging mode) IB,N,c 37.4 A 
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Battery-side current (discharging mode) IB,N,d 50 A 

Table 3.3. Power exchanged in the BWV2H stages. 

Parameter PG,N PFEC,N PHFPC,N PHFSC,N PBC,N PB,N 

Charging mode 3.3 kW 3.23 kW 3.17 kW 2.92 kW 2.86 kW 2.8 kW 

Discharging mode 4.63 kW 4.725 kW 4.82 kW 5.24 kW 5.35 kW 5.45 kW 

3.5.1.2 Sizing of the Power Converters 

The key elements of a WPT system are the coupling coils and the related compensation 

networks. Nevertheless, the design of their reactive parameters relies upon the operating 

parameters of the HFPC and HFSC and, more specifically, on the currents and voltage IHFPC, 

IHFSC, VHFPC and VHFSC. In turn, these values depend upon the grid-side and battery-side sizing 

values reported in Table 3.2 and upon the operating parameters of the FEC and BC, which set 

the maximum values of the quantities IFEC, VDCP, IBC and VDCS. The sizing of the coils and 

compensation networks can be realized only after a first approximation design of the power 

converters, from the external ones (i.e. FEC and BC) towards the internal ones (i.e. HFPC and 

HFSC). 

3.5.1.2.1 Front-end Converter 

The FEC grid-side is connected to the home network through the LG inductor, whose aim 

is twofold: decoupling the grid voltage vG from the FEC medium frequency modulated voltage 

vFEC, and reducing the harmonic content of the grid current iG. The value has been set to LG = 3 

mH, which allows to comply with the harmonic current limits established by [33]. 

The amplitude of the fundamental component VFEC,1 that must be available at the FEC 

input can be derived from the equivalent circuit of Fig. 3.5a and its phasor diagram in Fig.3.5b. 

The voltage drop on the LG filter inductor must be counterbalanced by an increase in the 

fundamental component of the voltage VFEC,1. This effect is stronger the more the current IG is 

out of phase with respect to voltage VG, as can be seen from the following expression of VFEC,1 

𝑉FEC,1 = √(𝜔𝐺𝐿𝐺𝐼𝐺)2 + 𝑉G
2 + 2𝜔G𝐿G𝐼G𝑉G𝑠𝑖𝑛(𝜑𝐺). (3.15.) 

Analysis of (3.15) shows that VFEC,1 is maximum in the condition of maximum grid 

current and voltage IG,M and VG,M, respectively, maximum grid angular frequency ωG,M = 316.04 

rad/s and minimum power factor cos(φG,m) = 0.95. From these values it comes out VFEC,1,M = 

368.88 V. Fig..3.5b shows that the maximum FEC voltage is reached either during charging 

mode with the current leading the grid voltage or during discharging mode with the current 

lagging the grid voltage. 
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Fig. 3.5 (a) Equivalent circuit of the FEC input and (b) related phasor diagram for maximum VFEC,1 

during charging and discharging mode, respectively. 

The simplified schematic of FEC interfaced to the grid is shown in Fig. 3.6. Assuming 

ideal switches for the FEC, VFEC,1,M is equal to the CDCP bus voltage VDCP. To guarantee the 

proper operation of the FEC, the voltage across the capacitor CDCP must be kept as much 

constant as possible, even though the oscillation induced by the instantaneous power exchanged 

with the grid cannot be completely eliminated. Assuming a safety margin of 30 V for the proper 

operation of the BWV2H, the operating VDCP shall be at least equal to 400 V, which is perfectly 

in accordance with SAE J2954 [6] that establishes 

𝑉𝐷𝐶𝑃 = 450 𝑉 (3.16) 

By approximating VDCP with its average value and by neglecting the power exchanged 

with LG and the power losses in the parasitic resistances, from the instantaneous power balance 

at the input and at the output of the FEC it derives that the low frequency component of iFEC is 

mainly constituted by a continuous contribution equal to IDCP and a sinusoidal contribution at 

twice the grid frequency. Ideally, this contribution flows through CDCP and originates a voltage 

ripple whose amplitude given by 
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Fig. 3.6 Grid-side of the BWV2H with convention of the current according to charging mode. 

∆𝑉𝐷𝐶𝑃 =
1

2

𝑉𝐺𝐼𝐺𝑠𝑖𝑛(𝜑𝐺)

2

1

𝑉𝐷𝐶𝑃

1

𝐶𝐷𝐶𝑃

1

2𝜔𝐺
∫ 𝑠𝑖𝑛(𝜃)𝑑𝜃

𝜋
2

−
𝜋
2

=
𝑃𝐺

4𝜔𝐺𝑉𝐷𝐶𝑃𝐶𝐷𝐶𝑃
. 

(3.17) 

From (3.17), the value of CDCP can be inferred by considering the worst condition (i.e. 

nominal grid power PG,N and minimum frequency ωG,m = 298.45 rad/s) and assuming a 

reasonable voltage ripple ΔVDCP = 25 V. Therefore, the capacitor to be installed needs to have 

a capacitance CDCP at least equal to 

𝐶𝐷𝐶𝑃 = 0.25 𝑚𝐹. (3.18) 

Since the fundamental frequency of the current iDCP alternating components is equal to 

2fHF, i.e. 1700 times higher than the ripple generated by the grid frequency, the value obtained 

in (3.18) is sufficient to neglect the high frequency ripple on VDCP. The voltage VDCP, increased 

by the allowed voltage variation ΔVDCP/2, corresponds to the voltage to be handled by the 

switches, which results in 462.5 V. Similarly, the maximum voltage VLG,M to whom the filter 

inductor LG is subjected is given by 

𝑉𝐿𝐺,𝑀 = 𝑉𝐷𝐶𝑃 + 𝑉𝐺,𝑀 = 808 𝑉 (3.19) 

The maximum current flowing into the switches, in the filter inductor and in the primary 

DC capacitor is equal to IG,M.  

3.5.1.2.2 Bi-directional Chopper 
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The BC works as a buck converter during charging mode and as a boost converter during 

discharging mode. Then, it is a two-quadrant DC/DC converter with the possibility of reversing 

only the current. Its task is to regulate the battery current IB and voltage VB during the charging 

and discharging process, according to voltage-current profile supplied by the battery 

manufacturer. The BC scheme is shown in Fig. 3.7. 

As mentioned in (3.8), VBC,M is set at 120 V. Considering the voltage drop across the BC 

switches, the voltage VDCS across the capacitor CDCS must be slightly higher than VBC,M; it is 

then set at 

𝑉𝐷𝐶𝑆 = 130 𝑉. (3.20) 

which corresponds to the maximum voltage handled by the HFSC and BC switches 

CDCS
VDCS

IBC LBC

BATTERY

VB

IDCS

VBC

IB

T13 T14

 

Fig. 3.7 Battery-side of the BWV2H with BC and convention of the current according to charging mode. 

The inductance LBC is interposed between the BC and the battery, and its function is 

twofold: decoupling the modulated voltage VBC from the slowly variable battery voltage VB and 

reducing the current oscillations in order to safeguard the battery life. During the constant-

voltage charging process mode, the current injected into the battery gradually decreases until it 

disappears. Therefore, the end of the charging process can be arbitrarily set when the current 

reduces to 0.05 IB,N,c. The same value is then also imposed as the maximum limit of the peak-

to-peak oscillation of the current IB to ensure the continuous conduction of the current 

throughout the charging process. 

Indicating with δBC the duty cycle of the control signal of the upper switch of the BC, in 

steady-state conditions and neglecting the parasitic resistance of the inductance LBC, the 

following relation holds 

𝛿𝐵𝐶 =
𝑉𝐵

𝑉𝐵𝐶
. (3.21) 

Assuming continuous conduction operation, the peak-to-peak ripple of the current IB is 

given by  



36 | P a g e  

 

∆𝐼𝐵 =
1

𝐿𝐵𝐶
𝑉𝐵(1 − 𝛿𝐵𝐶)𝑇𝐵𝐶  (3.22) 

where TBC is the switching period of the BC. From (3.21) and (3.22) it can be derived that 

ΔIB reaches its maximum value when VB = VBC/2 and that, once exceeded this value, ΔIB 

decreases as VB increases. In order to carry out a more general design, the worst case among 

the cells listed in Table 3.1 is considered. The minimum value of VB is obtained with Li2TiO3 

cells and it is still larger than VBC/2. As a consequence, the maximum value of ΔIB is achieved 

by charging this type of cells, when the battery voltage reaches the minimum value VB,Li2TiO3,m 

= 72 V. Assuming that the BC switching frequency is the same of both the HFPC and the HFSC, 

the current oscillation is maintained within the desired limits for LBC choosing the minimum 

value of 

𝐿𝐵𝐶 =
𝑉𝐵,𝐿𝑖2𝑇𝑖𝑂3,𝑚(1 − 𝛿𝑚)𝑇𝐵𝐶

0.05 𝐼𝐵,𝑁,𝑑
= 151 𝜇𝐻 (3.23) 

where δm is the minimum duty cycle of the BC given by the ratio VB,Li2TiO3,m/VDCS. The 

maximum current flows in LBC during the battery discharging and is equal to IB,N,d, while the 

maximum voltage applied to its terminals is VBC,M. 

The sizing of the DC secondary capacitor CDCS starts by assessing the current flowing 

through it. The average value of the current IBC is easily derived considering the DC bus voltage 

VDCS and the power exchanged by the BC during the charging and the discharging mode, 

reported in Table 3.3. 

𝐼𝐵𝐶,𝑁,𝑐 =
𝑃𝐵𝐶,𝑁,𝑐

𝑉𝐷𝐶𝑆
= 22.0 𝐴  

𝐼𝐵𝐶,𝑁,𝑑 =
𝑃𝐵𝐶,𝑁,𝑑

𝑉𝐷𝐶𝑆
= 41.2 𝐴, 

(3.24) 

The average value of IBC is equal to the direct component of current iDCS, which is a 

rectified sinewave whose amplitude during charging and discharging mode is respectively 

𝐼𝐷𝐶𝑆,𝑁,𝑐 =
𝜋

2
𝐼𝐵𝐶,𝑁,𝑐 = 34.5 𝐴 

𝐼𝐷𝐶𝑆,𝑁,𝑑 =
𝜋

2
𝐼𝐵𝐶,𝑁,𝑑 = 64.7 𝐴 

(3.25) 

and whose frequency is twice the switching one, i.e. 170 kHz. The minimum sizing value of 

the capacitor CDCS can be obtained hypothesizing that it is flown by the alternate component of 

IDCS and considering the worst operating conditions, i.e. minimum switching frequency ωHF,m 

= 79 kHz and maximum current IDCS,N,d. By imposing the voltage ripple across CDCS is ΔVDCS = 

0.1VDCS, it results 
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(3.26) 

3.5.1.2.3 High-Frequency Primary Converter 

The HFPC is a H-bridge converter, as shown in Fig. 3.8. The generation of the high 

frequency voltage vHFPC required during charging mode does not allow the utilization of the 

PWM technique to regulate the amplitude of its fundamental component, since this technique 

would lead to excessively high switching frequencies. As a result, during the charging mode of 

the BWV2H, the HFPC is controlled with the phase shift technique, which allows to obtain a 

semi-square wave voltage whose fundamental component has frequency equal to the switching 

frequency of the HFPC, set at fHF,N, and amplitude given by 

𝑉𝐻𝐹𝑃𝐶,1 =
4

𝜋
𝑉𝐷𝐶𝑃𝑠𝑖𝑛 (

𝜎

2
), (3.27) 

where σ is the delay angle between control signals of T5 and T7 with respect to those of 

T6 and T8. The maximum value of the fundamental voltage component is reached when the 

control signals are delayed by π. Neglecting the voltage drop on the switches and the ripple of 

VDCP, the voltage at the HFPC output is a square wave whose fundamental component 

amplitude is 

𝑉𝐻𝐹𝑃𝐶,1,𝑀 =
4

𝜋
𝑉𝐷𝐶𝑃 =  573 𝑉. (3.28) 

3.5.1.2.4 High-Frequency Secondary Converter 

During charging mode, the easiest control solution for the HFSC is to leave all the 

switches off so that it acts as a diode rectifier. In such an operation mode, the alternated voltage 

vHFSC depicted in Fig. 3.9 is a square wave voltage in phase with the current iHFSC and with 

amplitude of the fundamental component of voltage given by 

𝑉𝐻𝐹𝑆𝐶,1,𝑀 =
4

𝜋
𝑉𝐷𝐶𝑆 =  165.5 𝑉 (3.29) 

When the BWV2H operates in battery discharging mode, the HFPC works as a diode 

rectifier and the HFSC works as an inverter. Maintaining the same control techniques described 

in Section 3.5.1.2.3, the voltage vHFSC is a semi-square wave voltage with frequency fHF and 

fundamental component equal to 
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Fig. 3.8 Schematics of the HFPC and convention of the current according to charging mode. 

𝑉𝐻𝐹𝑆𝐶,1 =
4

𝜋
𝑉𝐷𝐶𝑆𝑠𝑖𝑛 (

𝜎

2
), (3.30) 

whose maximum value corresponds to (3.29). During discharging mode, the voltage 

vHFPC is a square wave voltage, in phase with the current iHFPC and with amplitude of the 

fundamental component equal to (3.28). The H-bridge schematics of HFSC is shown in Fig. 

3.9, where the current direction is drawn according to the charging mode. 

3.5.1.2.5 Sizing of the Coupling Coils and Compensation Networks 

Considering the necessity of a symmetrical behavior for BWV2H in both the power flow 

directions, the series compensation results to be the preferred one in both the primary and 

secondary side [3]. This compensation technique forces the current flowing through the coils to 

be nearly sinusoidal, because the series of the resonant capacitors and the coils self-inductances 

behave as short circuits at the nominal frequency fHF,N. As a consequence, the voltage induced 

in the primary and secondary coils are ideally equal to vHFPC and vHFSC, respectively. These 

features allow us to simplify the schematics of the BWV2H by expressing the voltages vHFPC 

and vHFSC and the induced voltages across the coils as ideal voltage sources. This leads to 

circuital scheme of Fig. 3.10, where RP and RS represent the parasitic resistances of the coils. 
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Fig. 3.9 Schematics of the HFSC and convention of the current according to charging mode 
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Fig. 3.10 Equivalent diagram of S-S coupling coil. 

During battery charging mode, the presence of the parasitic resistances requests the HFPC 

to generate a voltage fundamental component VHFPC,1 higher than the one induced across the 

primary coil. In the same way, the voltage fundamental component VHFSC,1 is lower than the 

one induced across the secondary coil. By defining the primary and secondary coil efficiency 

as ηt,P and ηt,S, respectively, during the charging mode the active power flowing from the HFPC 

output to the secondary coil is given by the first of (3.31) while the second gives the active 

power at the input of the HFSC,  

𝑃𝐻𝐹𝑃𝐶,𝑐 =
𝑉𝐻𝐹𝑃𝐶,1𝐼𝑃

2
=

1

2

𝜔𝐻𝐹𝑀𝐼𝑆𝐼𝑃

𝜂𝑡,𝑃
  

𝑃𝐻𝐹𝑆𝐶,𝑐 =
𝑉𝐻𝐹𝑆𝐶,1𝐼𝑆

2
=

1

2
𝜔𝐻𝐹𝑀𝐼𝑆𝐼𝑃𝜂𝑡,𝑆. 

(3.31) 

From (3.31), the transmission efficiency can be derived as follows 
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𝜂𝑡 =  
𝑃𝐻𝐹𝑆𝐶,𝑐

𝑃𝐻𝐹𝑃𝐶,𝑐
. (3.32) 

Considering two identical coils, the transmission efficiency can be equally divided 

between primary and secondary coil 

𝜂𝑡,𝑃 = 𝜂𝑡,𝑆 = √𝜂𝑡 . (3.33) 

From (3.33), the voltage fundamental component VHFPC,1 and VHFSC,1 during battery 

charging mode becomes 

  𝑉𝐻𝐹𝑃𝐶,1 =
𝜔𝐻𝐹,𝑁𝑀𝐼𝐻𝐹𝑆𝐶

√𝜂𝑡

 

𝑉𝐻𝐹𝑆𝐶,1 = 𝜔𝐻𝐹,𝑁𝑀𝐼𝐻𝐹𝑃𝐶√𝜂𝑡 . 

(3.34) 

where ωHF,N=2πfHF,N is the nominal angular frequency of the HFPC. For battery 

discharging mode, dual equations can be written and are therefore omitted in this chapter. 

Assuming to charge the battery at the power PB,N,c, the power at the input of the HFSC 

needs to be PHFSC,N,c, as stated in Table 3.3; therefore, the amplitude of current iHFSC corresponds 

to 

𝐼𝐻𝐹𝑆𝐶,𝑁,𝑐 =
2𝑃𝐻𝐹𝑆𝐶,𝑁,𝑐

𝑉𝐻𝐹𝑆𝐶,1,𝑀
= 35.2 𝐴. (3.35) 

In order for this current to actually flow in the secondary coil, the induced voltage across 

the primary coil, increased of the voltage drop across RP, needs to be lower than the maximum 

fundamental component of the voltage vHFPC. From (3.34), the following inequality can be 

derived 

  𝑀 ≤
𝑉𝐻𝐹𝑃𝐶,1,𝑀

𝐼𝐻𝐹𝑆𝐶,𝑁,𝑐 𝜔𝐻𝐹,𝑀
√𝜂𝑡 = 27.6 𝜇𝐻. (3.36) 

Eq. (3.36) states the maximum value for the mutual inductance between the two coupling 

coils, determined considering the maximum angular frequency ωHF,M. 

The value established in (3.36) needs to be verified also for the discharging mode. The 

power at AC side of the HFPC is PHFSC,N,d, as expressed in Table 3.3. The nominal amplitude 

of current iHFPC,d is 

𝐼𝐻𝐹𝑃𝐶,𝑁,𝑑 =
2𝑃𝐻𝐹𝑃𝐶,𝑁,𝑑

𝑉𝐻𝐹𝑃𝐶,1,𝑀
= 16.8 𝐴.. (3.37) 
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In order for this current to actually flow in the primary coil, the induced voltage across 

the secondary coil, increased of the voltage drop on RS, needs to be lower than the maximum 

fundamental component of the voltage vHFSC. Using the dual equation of (3.34) for the 

discharging mode, the following inequality is derived 

  𝑀 ≤
𝑉𝐻𝐹𝑆𝐶,1,𝑀

𝐼𝐻𝐹𝑃𝐶,𝑁,𝑑 𝜔𝐻𝐹,𝑀
√𝜂𝑡 = 16.7 𝜇𝐻 (3.38) 

Eq. (3.38) is stricter than (3.36); hence, the value of M is fixed at 

    𝑀 = 16.5 𝜇𝐻. (3.39) 

Once set the value of M, it is possible to conclude the determination of the current flowing 

into the coils in both charging and discharging mode, and then size the switches that form the 

HFPC and HFSC. The worst condition is verified when the frequency is minimum, since higher 

currents are necessary to obtain the required induced voltages to transfer the predetermined 

amount of power.  

During battery charging mode, the voltage fundamental component of vHFPC in 

correspondence of minimum operating frequency is 

𝑉𝐻𝐹𝑃𝐶,1,𝑚,𝑐 =
𝜔𝐻𝐹,𝑚𝑀𝐼𝐻𝐹𝑆𝐶,𝑁,𝑐

√𝜂𝑡
=  300 𝑉. (3.40) 

Consequently, to transfer the power PHFPC,N,c, the amplitude of the current supplied by the 

HFPC has to be 

𝐼𝐻𝐹𝑃𝐶,𝑁,𝑐 =
2𝑃𝐻𝐹𝑃𝐶,𝑁,𝑐

𝑉𝐻𝐹𝑃𝐶,1,𝑚,𝑐
=  21.1 𝐴. (3.41) 

Similarly, in discharging mode the voltage fundamental component of vHFSC in 

correspondence of minimum operating frequency is 

𝑉𝐻𝐹𝑆𝐶,1,𝑚,𝑑 =
𝜔𝐻𝐹,𝑚𝑀𝐼𝐻𝐹𝑃𝐶,𝑁,𝑑

√𝜂𝑡
=  143.5 𝑉. (3.42) 

Consequently, to transfer the power PHFSC,N,d, the amplitude of the current supplied by the 

HFSC has to be 

𝐼𝐻𝐹𝑆𝐶,𝑁,𝑑 =
2𝑃𝐻𝐹𝑆𝐶,𝑁,𝑑

𝑉𝐻𝐹𝑆𝐶,1,𝑚,𝑑
=  72.9 𝐴. (3.43) 

By comparison between (3.37) and (3.41) and between (3.35) and (3.43) it can be 

observed that the primary coil, the primary resonant capacitor and the switches of the HFPC 
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have to be sized according to the current IHFPC,N,c, whilst the secondary coil, the secondary 

resonant capacitor and the switches of the HFSC have to be sized for the current IHFSC,N,d. 

Considering a coupling coefficient k = 0.12, where 𝑘 = 𝑀 (√𝐿𝑃𝐿𝑆)⁄ , in-between the 

minimum and maximum value established by SAE J2954, and assuming the same shape for the 

two coils, the self-inductance results to be 

𝐿𝑃 = 𝐿𝑆 =
𝑀

𝑘
=  162 𝜇𝐻 (3.44) 

The resonant capacitors are sized according to the nominal frequency fHF,N 

𝐶𝑃 = 𝐶𝑆 =
1

𝜔𝐻𝐹,𝑁
2 𝐿𝑃

=
1

𝜔𝐻𝐹,𝑁
2 𝐿𝑆

=  21.7 𝑛𝐹. (3.45) 

Each coil is subject to a voltage given by the sum of the voltage drop on the self-

inductance and the voltage induced by the current flowing through the other coil. With the series 

resonance topology, the two voltage contributions are π/2 out-of-phase one respect to the other. 

The nominal voltage on the coils is then equal to 

𝑉𝐿𝑃,𝑁 = √(𝜔𝐻𝐹,𝑁𝐿𝑃𝐼𝐻𝐹𝑃𝐶,𝑁,𝑐)
2

+ (𝜔𝐻𝐹,𝑁𝑀𝐼𝐻𝐹𝑆𝐶,𝑁,𝑐)
2

= 1.85 𝑘𝑉  

𝑉𝐿𝑆,𝑁 = √(𝜔𝐻𝐹,𝑁𝐿𝑆𝐼𝐻𝐹𝑆𝐶,𝑁,𝑑)
2

+ (𝜔𝐻𝐹,𝑁𝑀𝐼𝐻𝐹𝑃𝐶,𝑁,𝑑)
2

= 6.3 𝑘𝑉.. 

(3.46) 

The voltage across the resonant capacitors ideally corresponds to the voltage drop across 

the self-inductances of the coils, because of the series resonance. The nominal value for the 

primary capacitor is reached during the charging process, whilst the one across the secondary 

capacitor is reached during the discharging process: 

𝑉𝐶𝑃,𝑁 =
𝐼𝐻𝐹𝑃𝐶,𝑁,𝑐

𝜔𝐻𝐹,𝑁𝐶𝑃
= 1.82 𝑘𝑉  

𝑉𝐶𝑆,𝑁 =
𝐼𝐻𝐹𝑆𝐶,𝑁,𝑑

𝜔𝐻𝐹,𝑁𝐶𝑆
= 6.3 𝑘𝑉. 

(3.47) 

3.5.2 Power sizing of BWV2H with secondary controlled rectifier  
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Fig. 3.11. Schematics of the WPT with both bridge are active control. 
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3.5.2.1 Power sizing of BWV2H Grid-side and Battery-side Specification with secondary 

controlled converter 

It was specified in section 3.5.1.1, the input and output specifications of BWV2H are 

chosen, the higher values can be subsequently taken as references for the sizing of the power 

converters as per the constraints given by CEI 0-21 and the battery, respectively.  

Electric vehicle storage uses lithium batteries for their high energy density and long 

lifetime. The nominal battery voltage for the WPT city car VB,N is set at 118 V for this case and 

is chosen in this section. Table 3.1 already gives a precise description of six lithium cells. Here 

in Table 3.4, we report the nominal, minimum, and maximum cell voltages VN, Vm and VM, 

respectively for LiFePO4 battery, the required number of cells to reach the nominal battery 

voltage VB_LiFePO4,N =118 V, and the corresponding minimum and maximum battery voltages VB_ 

LiFePO4,m and VB_LiFePO4,M for LiFePO4  only. The detailed specification of LiFePO4 for charging 

through the BMS was mentioned in section 3.5.1.1. This can also be taken into account in this 

section. 

𝑉𝐵_𝑚 = 92 𝑉 

𝑉𝐵,𝑀 = 135 𝑉. 
(3.48) 

As filter inductor have some drop, there for the voltage at the secondary DC bus capacitor 
CDCS.is higher then Maximum batter voltage VB,M. There for maximum secondary DC voltage 
assume as VDCS,M = 160 V. 

Table 3.4. Features of lithium cells with secondary control converter. 

Cell Type VN Vm VM Cells No. VB_,m VB_M 

LiFePO4 3.2 2.5 3.65 37 92 135 

The total system efficiency ηtot, transmission efficiency ηt, and converter efficiency ηc are 

0.85, 0.92, and 0.92, respectively, already mentioned in section 3.5.1.1. As demonstrated in [4], 

the efficiency of each power converter is similar to the other ones. As a consequence, the 

hypothesis that all the converters have the same efficiency ηi (with i = FEC, HFPC, HFSC) is 

plausible; it derives that it has to be equal to 

𝜂𝐹𝐸𝐶_𝐶 = 𝜂𝐻𝐹𝑃𝐶_𝐶 = 𝜂𝐻𝐹𝑆𝐶_𝐶 = √𝜂𝑐
3 = 0.97 (3.49) 

The maximum power 𝑃𝐵,𝑁,𝑐 that can be injected into battery, while charging is 2.8kW. 

The battery absorbs the nominal current IB,N,c in the first stage of the charging process, called 

constant-current mode [4]. Relation (3.12) is used to calculate the nominal current absorbed by 

the battery, i.e., 30.48A. The charging current is lower than the nominal current 50A, there for 

the battery charging time will be higher and fewer thermal stresses on battery that causes longer 

battery life. While the battery voltage increases from VB,m up to the maximum value VB,M, the 
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charging current should remain constant. Nevertheless, the power limitation imposed by the 

domestic contract forces the current to decrease to keep the power constant. Afterwards, the 

constant-voltage charging mode begins, where the current gradually decreases and so does the 

power. Subsequently, this charging mode does not affect the sizing of the BWV2H.  

During the discharging mode, the vehicle injects the energy stored in its battery towards 

the domestic loads and, if there is a surplus, into the utility grid. In the extreme case that the 

home power is null, all the battery power PB,N,d, except the losses, is injected into the grid. Its 

value corresponds to 

𝑃𝐺,𝑁,𝑑 = 𝜂𝑡𝑜𝑡𝑃𝐵,𝑁,𝑑 = 𝜂𝑡𝑜𝑡𝑃𝐵 ,𝑁 = 5.73 𝑘𝑊 (3.50) 

To inject the nominal power PG,N,d into the grid, the maximum grid-side current IG,M,d 

=41.3 A is obtain by using the relation (3.14) in worst case when cos(φG,m) = 0.95 and VG = 

VG,m . 

The voltages and currents referred to the grid-side and battery-side of the BWV2H are 

reported in Table 3.5. The calculation of the grid-side and battery-side nominal power and the 

evaluation of the converters efficiencies allows us to determine the active power flow at each 

stage of the BWV2H, as represented in Table 3.6. 

Table 3.5. Specifications for the grid-side and battery-side BWV2H sizing with secondary control 
converter. 

Parameter Symbol Value 

Grid-side voltage VG,M 358 V 

Grid-side current IG,M 41.3 A 

Battery-side voltage VB_,M 135 V 

Battery-side current (charging mode) IB,N,c 30.48 A 

Battery-side current (discharging mode) IB,N,d 50 A 

Table 3.6. Power exchanged in the BWV2H stages with secondary control converter. 

Parameter PG,N PFEC,N PHFPC,N PHFSC,N PB,N 

Charging mode 3.3 kW 3.2 kW 3.1 kW 2.85 kW 2.8 kW 

Discharging mode 5.73 kW 5.84 kW 6.0 kW 6.54 kW 6.75 kW 

3.5.2.2 Sizing of the Power Converters with secondary control rectifier 

The coupling coils and associated compensation networks are essential components of a 

WPT system. Nevertheless, the currents and voltage IHFPC, IHFSC, VHFPC and VHFSC play role in 

the design of their reactive characteristics. The maximum values of IFEC, and VDCP are 

determined by the operating parameters of the FEC, which in turn are dependent on the grid-

side and battery-side size values shown in Table 3.5. After a first approximation design of the 

power converters, the size of the coils and compensation networks may be accomplished (i.e. 

FEC, HFPC and HFSC). 
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3.5.2.2.1 Front-end Converter with secondary control rectifier 

As in the case of BWV2H with the secondary control rectifier arrangement, primary side 

converters FEC and HFPC operation, and converter elements are same as in the case of BWV2H 

with the secondary uncontrolled rectifier shown in section 3.2. The FEC grid-side is connected 

to the home network via the 𝐿𝐺  inductor; the value has been set to 𝐿𝐺  = 3 mH, which is the 

same as the 𝐿𝐺  value chosen in Section 3.5.1.2.1, allowing compliance with the harmonic 

current limits established by [17].  

The amplitude of the fundamental component 𝑉𝐹𝐸𝐶,1 that derived from the equivalent 

circuit of Fig. 3.5a and its phasor diagram in Fig.3.5b. And equation (3.15) can be utilized to 

calculate the maximum 𝑉FEC,1 in the condition of maximum grid current and voltage 𝐼𝐺,𝑀 and 

𝑉𝐺,𝑀, respectively, maximum grid angular frequency 𝜔𝐺,𝑀 = 316.04 rad/s and minimum power 

factor cos( 𝜑𝐺,𝑀 ) = 0.95. From these values it comes out 𝑉𝐹𝐸𝐶,1,𝑀= 368.88 V. 

The simplified schematic of FEC interfaced to the grid is shown in Fig. 3.6. The 𝑉𝐹𝐸𝐶,1,𝑀 

is equal to the 𝐶𝐷𝐶𝑃 bus voltage 𝑉𝐷𝐶𝑃. As same as in section 3.5.1.2.1, the safety margin of 

𝑉𝐹𝐸𝐶,1,𝑀 is chosen 30 V, the operating 𝑉𝐷𝐶𝑃 shall be at least equal to 400 V, which is perfectly 

in accordance with SAE J2954 [5] that establishes 𝑉𝐷𝐶𝑃.=450 V. 

By approximating 𝑉𝐷𝐶𝑃 with its average value and by neglecting the power exchanged 

with 𝐿𝐺  and the power losses in the parasitic resistances, from the instantaneous power balance 

at the input and at the output of the FEC it derives that the low frequency component of 𝑖𝐹𝐸𝐶 . 

is mainly constituted by a continuous contribution equal to 𝐼𝐷𝐶𝑃 and a sinusoidal contribution 

at twice the grid frequency. Ideally, this contribution flows through 𝐶𝐷𝐶𝑃 and originates a 

voltage ripple. 

From (3.17), the value of 𝐶𝐷𝐶𝑃 can be inferred by considering the worst condition (i.e. 

nominal grid power 𝑃𝐺,𝑀 and minimum frequency 𝜔𝐺,𝑀 = 298.45 rad/s) and assuming a 

reasonable voltage ripple Δ𝑉𝐷𝐶𝑃 = 25 V. Therefore, the capacitor to be installed needs to have 

at least a capacitance 𝐶𝐷𝐶𝑃 = 0.25𝑚𝐹. 

High frequency ripple on VDCP ignored by using the value found for 𝐶𝐷𝐶𝑃 in (3.18), since 

the fundamental frequency of the alternating components of the current 𝑖𝐷𝐶𝑃 is equal to 2fHF, 

i.e. 1700 times higher than the ripple generated by the grid frequency. The voltage 𝑉𝐷𝐶𝑃, 

increased by the allowed voltage variation Δ𝑉𝐷𝐶𝑃/2, corresponds to the voltage to be handled 

by the switches, which results in 462.5 V. Similarly, the maximum voltage 𝑉𝐿𝐺,𝑀 = 808 𝑉 in 

(3.19) to whom the filter inductor LG is subjected. The maximum current flowing into the 

switches, in the filter inductor and in the primary DC capacitor is equal to 𝐼𝐺,𝑀. 

3.5.1.2.2 High-Frequency Primary Converter and High-Frequency Secondary Converter 

with secondary control rectifier 

The HFPC and HFSC are H-bridge converter, as shown in Fig. 3.8 and 3.9. During the 

charging and discharging mode of the BWV2H, the HFPC and HFSC are controlled with the 
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phase shift technique i.e., dual phase shift (DPS). Indeed, DPS is the controlled method by 

which we regulate the HFPC and HFSC with an equal internal phase shift angle, that can 

represent in Equations (3.27) band (3.28), which allows to obtain a semi-square wave voltage 

whose fundamental component has frequency equal to the switching frequency of the HFPC 

and HFSC, set at fHF,N. The maximum value of the fundamental voltage component is reached 

when the control signals are delayed by π. Neglecting the voltage drop on the switches and the 

ripple of VDCP, the voltage at the HFPC output is a square wave whose fundamental component 

amplitude 𝑉𝐻𝐹𝑃𝐶,1,𝑀 =  573 𝑉. obtain from (3.28), when 𝑉𝐷𝐶𝑃 =  450 𝑉 and the voltage at the 

HFPC input is a square wave whose fundamental component amplitude 𝑉𝐻𝐹𝑆𝐶,1,𝑀 = 203 𝑉 . 

obtain from (3.29), when 𝑉𝐷𝐶𝑆 =  160 𝑉. 

3.5.1.2.3 Sizing of the Coupling Coils and Compensation Networks with secondary control 

rectifier 

Considering the necessity of a symmetrical behavior for BWV2H in both the power flow 

directions, the series compensation results to be the preferred one in both the primary and 

secondary side [3]. This compensation technique forces the current flowing through the coils to 

be nearly sinusoidal, because the series of the resonant capacitors and the coils self-inductances 

behave as short circuits at the nominal frequency fHF,N. As a consequence, the voltage induced 

in the primary and secondary coils are ideally equal to vHFPC and vHFSC, respectively. These 

features allow us to simplify the schematics of the BWV2H by expressing the voltages vHFPC 

and vHFSC and the induced voltages across the coils as ideal voltage sources. This leads to 

circuital scheme of Fig. 3.10, where RP and RS represent the parasitic resistances of the coils. 

By defining the primary and secondary coil efficiency as ηt,P and ηt,S, respectively, during 

the charging mode the active power flowing from the HFPC output to the secondary HFSC. 

Assuming to charge the battery at the power PB,N,c, the power at the input of the HFSC needs to 

be PHFSC,N,c, as stated in Table 3.6; therefore, the amplitude of current iHFSC  is IHFSC = 28 A 

obtain by using the equation (3.35). In order for this current, that actually flow in the secondary 

coil, the induced voltage across the primary coil, increased of the voltage drop across RP, needs 

to be lower than the maximum fundamental component of the voltage vHFPC. From (3.34), and 

(3.35) the mutual inductance M ≤ 34.6 𝜇𝐻 is derived. 

The value established in (3.36) needs to be verified also for the discharging mode. The 

power at AC side of the HFPC is PHFSC,N,d, as expressed in Table 3.6. The nominal amplitude 

of current iHFPC,d is 𝐼𝐻𝐹𝑃𝐶,𝑁,𝑑 = 21 𝐴 obtain by using the equation (3.37).  

In order for this current, that actually flow in the primary coil, the induced voltage across 

the secondary coil, increased of the voltage drop on RS, needs to be lower than the maximum 

fundamental component of the voltage vHFSC. Using equations (3.34) and (3.37) for the 

discharging mode, the mutual inductance M ≤ 16.4 𝜇𝐻 is derived. Eq. (3.38) is stricter than 

(3.36); hence, the value of  𝑀 = 16.5 𝜇𝐻 is fixed.  

Once set the value of M, it is possible to conclude the determination of the current flowing 

into the coils in both charging and discharging mode, and then size the switches that form the 
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HFPC and HFSC. The worst condition is verified when the frequency is minimum, since higher 

currents are necessary to obtain the required induced voltages to transfer the predetermined 

amount of power.  

During battery charging mode, the fundamental component of voltage vHFPC in 

correspondence of minimum operating frequency is 𝑉𝐻𝐹𝑃𝐶,1,𝑚,𝑐 =  239 𝑉 is obtain from 

Equation (3.40). Consequently, to transfer the power PHFPC,N,c, the amplitude of the current 

supplied by the HFPC has to be 𝐼𝐻𝐹𝑃𝐶,𝑁,𝑐 = 25.9 𝐴. It is obtained from Equation (3.41) by 

putting the value of 𝑉𝐻𝐹𝑃𝐶,1,𝑚,𝑐 =  239 𝑉 and 𝑃𝐻𝐹𝑃𝐶,𝑁,𝑐 from Table 3.6. 

Similarly, in discharging mode, the fundamental component of voltage vHFSC in 

correspondence of minimum operating frequency is 𝑉𝐻𝐹𝑆𝐶,1,𝑚,𝑑 =  179.5 𝑉. It is obtained by 

putting the value of 𝐼𝐻𝐹𝑃𝐶,𝑁,𝑐 = 25.9 𝐴 in Equation (3.42). Consequently, to transfer the power 

PHFSC,N,d, the amplitude of the current supplied by the HFSC has to be 𝐼𝐻𝐹𝑆𝐶,𝑁,𝑑 = 72.9 𝐴. It is 

obtained from Equation (3.43) by putting the value of 𝑉𝐻𝐹𝑆𝐶,1,𝑚,𝑑 =  179.5 𝑉and 𝑃𝐻𝐹𝑆𝐶,𝑁,𝑑 from 

Table 3.6. 

By comparison between (3.37) and (3.41) and between (3.35) and (3.43) it can be 

observed that the primary coil, the primary resonant capacitor and the switches of the HFPC 

have to be sized according to the current IHFPC,N,c, whilst the secondary coil, the secondary 

resonant capacitor and the switches of the HFSC have to be sized for the current IHFSC,N,d. 

Considering a coupling coefficient k = 0.12, where 𝑘 = 𝑀 (√𝐿𝑃𝐿𝑆)⁄ , in-between the 

minimum and maximum value established by SAE J2954, and assuming the same shape for the 

two coils, the self-inductance results to be 𝐿𝑃 = 𝐿𝑆 =
𝑀

𝑘
= 162 𝜇𝐻. The resonant capacitors are 

sized according to the nominal frequency fHF,N is 𝐶𝑃 = 𝐶𝑆 =
1

𝜔𝐻𝐹,𝑁
2 𝐿𝑃

=
1

𝜔𝐻𝐹,𝑁
2 𝐿𝑆

=  21.7 𝑛𝐹. 

Each coil is subject to a voltage given by the sum of the voltage drop on the self-

inductance and the voltage induced by the current flowing through the other coil. With the series 

resonance topology, the two voltage contributions are π/2 out-of-phase one respect to the other. 

The nominal voltage on the coils is then equal to 𝑉𝑃,𝑁 = 2.25 𝑘𝑉 and 𝑉𝑆,𝑁 = 6.3 𝑘𝑉. Obtained 

by relation (3.46). 

The voltage across the resonant capacitors ideally corresponds to the voltage drop across 

the self-inductances of the coils, because of the series resonance. The nominal value for the 

primary capacitor is reached during the charging process, whilst the one across the secondary 

capacitor is reached during the discharging process are 𝑉𝐶𝑃,𝑁 = 2.24 𝑘𝑉  and 𝑉𝐶𝑆,𝑁 = 6.3 𝑘𝑉. 

It is obtained relation (3.47).  

3.5.1.2.4 Sizing of the Coupling Coils and Compensation Networks with secondary control 

rectifier 

VDCS is set at 160 V. Considering the voltage drop across the LPF, the voltage VDCS across 

the capacitor CDCS must be slightly higher than VB_C,M. The inductance LO is interposed between 
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the HFSC and the battery, and its function is twofold: decoupling the modulated voltage VDCS 

from the slowly variable battery voltage VB and reducing the current oscillations in order to 

safeguard the battery life. During the constant-voltage charging process mode, the current 

injected into the battery gradually decreases until it disappears. Therefore, the end of the 

charging process can be arbitrarily set when the current reduces to 0.13 IB,N,d. The same value 

is then also imposed as the maximum limit of the peak-to-peak oscillation of the current IB to 

ensure the continuous conduction of the current throughout the charging process. 

Assuming continuous conduction operation, the peak-to-peak ripple of the current IB is 

given by  

𝐿𝑂 = 𝑉𝐿𝑂

𝑇𝐵

∆𝑖𝐵
 (3.51) 

where TB is the switching period of the HFSC. 𝑖𝐵,𝑁,𝑑=42.2 A ripple of inductor current is 

chosen 13 %, worst condition of switching frequency is 79kHz. 𝑉𝐿𝑂 = 68 𝑉 when we choose 

voltage across battery have minimum i.e., 75V. As the 13% ripple are in the tolerance rage, the 

filter inductor 𝐿𝑂 = 156.9 𝜇𝐻 is achieve. There for we chose the final value of 𝐿𝑂 is same as 

the previous case i.e., 151 𝜇𝐻. 

The sizing of the DC secondary capacitor CDCS starts by assessing the current flowing 

through it. The average value of the current IB is easily derived considering the DC bus voltage 

VDCS and the power exchanged by the battery during the charging and the discharging mode, 

reported in Table 3.6. The charging and discharging current of the battery 𝐼𝐵,𝑁,𝑐 = 17.5 𝐴 and 

𝐼𝐵,𝑁,𝑑 = 42.2 𝐴  obtained by considering the data from Table 3.5 and 3.6 in Equation 

(3.24). 

The average value of IB is equal to the direct component of current iDCS, which is a 

rectified sinewave whose amplitude during charging and discharging mode are 𝐼𝐷𝐶𝑆,𝑁,𝑐 =

27.49 𝐴 and 𝐼𝐷𝐶𝑆,𝑁,𝑑 = 66.28 𝐴, respectively from equation (3.25). and whose frequency is 

twice the switching one, i.e. 170 kHz. The minimum sizing value of the capacitor CDCS can be 

obtained hypothesizing that it is flown by the alternate component of IDCS and considering the 

worst operating conditions, i.e. minimum switching frequency ωHF,m = 79 kHz and maximum 

current IDCS,N,d. By imposing the voltage ripple across CDCS is ΔVDCS = 0.1VDCS, it results 𝐶𝐷𝐶𝑆 = 

3.51 𝜇𝐹 by using equation (3.26). 

3.6 Result and Discussion  

This Section presents some considerations concerning the sizing of both the BWV2H 

system such as, the secondary uncontrolled rectifier together with the chopper, and secondary 

controlled rectifier, the simulations results obtained through the MATLAB software. The sizing 

values of the coupling coil and compensation networks are resumed in Table 3.7, and 3.9, while 

Table 3.8 and 3.10 reports the sizing values of the main components of the BWV2H system 

such as, the secondary uncontrolled rectifier together with the chopper, and secondary 

controlled rectifier, respectively It can be observed that in the secondary side a higher current 
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can flow. This leads to higher voltage across both the secondary reactive elements, i.e. LS and 

CS, as illustrated in Table 3.7 and 3.9. The current values selected for sizing purposes are the 

highest between the charging and discharging mode in each stage. The current on the secondary 

side is strongly related to the sizing of the reactive elements, in particular of the mutual 

inductance M (and, consequently, of the self-inductances and the resonating capacitor). A 

higher value of M leads to higher induced voltage and, therefore, lower current to ensure the 

requested power transfer. 

Table 3.7. Sizing values of the BWV2H coupling coils and compensation networks for secondary 
uncontrolled rectifier together with chopper. 

Element Symbol Value Voltage [kV] Current [A] 

Mutual inductance M 16.5 μH - - 

Primary coil self-inductance LP 162 μH 1.85 21.1 

Secondary coil self-inductance LS 162 μH 6.3 72.9 

Primary resonant capacitor CP 21.7 nF 1.82 21.1 

Secondary resonant capacitor CS 21.7 nF 6.3 72.9 

Table 3.8. Sizing values of the BWV2H power converters for secondary uncontrolled rectifier 
together with chopper. 

Converter Element Value Voltage [V] Current [A] 

 Filter inductor LG 3 mH 808 33.3 

 Static switches - 462.5 33.3 

 Capacitor CDCP 0.25 mF 462.5 33.3 

 Static switches - 462.5 21.1 

 Capacitor CDCS 6.92 μF 143 72.9 

 Static switches - 143 72.9 

 Inductor LBC 151 μH 120 67.5 

 Static switches - 143 67.5 

The cost analysis of a WPT installation has been reported in [4] for an EV battery with 

nominal power of 560 W, i.e. much lower than the one analyzed in this paper. The total cost for 

the prototype in that case was equal to 5800 €. Differently from the unidirectional WPT of [4], 

the FEC, HFSC and BC of the BWV2H are bidirectional converters, contributing to further 

increase the installation costs, nevertheless, it shall be considered that a future mass-production 

of such a technology could remarkably decrease its cost. 

Table 3.9. Sizing values of the BWV2H coupling coils and compensation networks for secondary 
controlled rectifier. 

Element Symbol Value Voltage [kV] Current [A] 

Mutual inductance M 16.5 μH - - 

Primary coil self-inductance LP 162 μH 2.25 25.9 

Secondary coil self-inductance LS 162 μH 6.3 72.9 

Primary resonant capacitor CP 21.7 nF 2.24 25.9 

Secondary resonant capacitor CS 21.7 nF 6.3 72.9 

Front-End Converter 

High Frequency Primary 

Converter 

High Frequency Secondary 

Converter 

Bidirectional Chopper 



50 | P a g e  

 

Table 3.10. Sizing values of the BWV2H power converters for secondary controlled rectifier. 

Converter Element Value Voltage [V] Current [A] 

 Filter inductor LG 3 mH 808 41.3 

 Static switches - 462.5 41.3 

 Capacitor CDCP 0.25 mF 462.5 41.3 

 Static switches - 462.5 21.1 

 Capacitor CDCS 3.51 μF 179.5 72.9 

 Static switches - 179.5 72.9 

 Inductor LO 151 μH 135 42.2 

     

3.6.1 Simulation 

This Subsection shows the waveforms obtained through the MATLAB software of some 

quantities involved in the BWV2H operation such as, the secondary uncontrolled rectifier 

together with the chopper, and secondary controlled rectifier. At first, the grid-side has been 

analyzed, achieving the results showed in Fig. 3.12. The grid voltage and the FEC voltage are 

depicted in solid red and dashed blue line, respectively, while the dashed magenta line reports 

the voltage across the capacitor CDCP and the solid black line reports the grid current, whose 

peak value corresponds to IG,N = 22.6 A as highlighted in (3.6). Fig. 3.12a and c shows the grid-

side of BWV2H during charging mode: it can be observed that the current is lagging the grid 

voltage: the power factor is in fact set at 0.95, i.e. the minimum allowed by CEI 0-21. The 

voltage vDCP shows the ripple given by the alternating component of current iFEC, whose 

frequency is twice the grid frequency and whose amplitude is given by (3.16). Fig. 3.12b and d 

shows the same quantities depicted in Fig. 3.12a and c, but in discharging mode. Since the grid 

current is designated as positive when entering into the BWV2H, its phase is shifted by 180°. 

Furthermore, its amplitude is increased to 33.32 A and 41.3 A, respectively, as described by 

(3.14). 

  

(a) (b) 

Front-End Converter 

High Frequency Primary 

Converter 

High Frequency Secondary 

Converter 

Filter Inductor 
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(c) (d) 

Fig 3.12 Grid-side voltage and current waveform in (a) and (c) charging and (b) and (d) discharging 

mode, respectively. 

Fig. 3.13 presents qualitatively the quantities related to the battery of the BWV2H system 

such as, the secondary uncontrolled rectifier together with the chopper, and secondary 

controlled rectifier, i.e. voltage VB, current IB and power PB, in solid red, dashed blue and solid 

black line, respectively. The time scale indicates 6 hours: during the first 3 hours the battery is 

charging, whilst during the second 3 hours it operates in discharging mode. Different time 

intervals during charging and discharging mode are divided as follows: 

• 0h-0.3h: the battery voltage is constant at its minimum value VB,m; the current and the power 

are equal to 0. 

• 0.3h-2h: the current initially is at the nominal value IB,N,c given by (3.12) and the battery voltage 

increases from VB,m until reaching the maximum value VB,M; the current consequently decreases 

in order to comply with the power limitation. 

• 2h-3h: the voltage is kept at the maximum value VB,M during the constant-voltage charging 

mode; simultaneously, the current decreases and so does the power. 

• 3h-4h: the battery is in discharging mode. The voltage decreases reaching the nominal value 

VB,N. The battery delivers the nominal current IB,N,d. The power is maximum only for the first 

instants when the battery voltage is equal to VB,M, since the current is fixed at IB,N,d; then, the 

power follows the voltage profile. 

• 4h-4.3h: during the last period, the battery voltage is constant at minimum value, whilst the 

current and the power are equal to 0. 
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(a) (b) 

  
(c) (d) 

Fig 3.13 Battery-related quantities during charging (from 0 to 3 h) and discharging mode (from 3 to 

6 h): (a) and (c) voltage and current and (b) and (d) power. 

Usually the first part of battery charging is the constant-current mode, where the voltage 

increases while the current is kept constant. On the contrary, in this situation when the voltage 

increases, the current decreases so as to keep the active power constant, as can be observed by 

inspection of Fig. 3.13a and c. This is due to the power limit set by the maximum contractual 

power of the user and expressed by (3.11). From 3h to 4h, the battery is in discharging mode, 

supplying with its power either the domestic loads or the distribution grid. The discharging 

mode can be inferred from the reverse of the current and power, which are denoted with 

negative sign in the figure. Since no limitation is established by CEI 0-21 for the injected power, 

the battery is delivering the nominal current IB,N,d throughout the whole discharging process. As 

a consequence, when the battery voltage decreases, the power follows the voltage profile. The 

values reported in Fig. 3.13 reflect the ones found in the design part of Section 3.5.1. In 

particular, IB,N,c is equal to 37.4 A and 30.48 A respectively, and IB,N,d is equal to 50 A, as 

specified in Table 3.2 and 3.5. Concerning Fig. 3.13b and d, in the time interval the power 

absorbed by the battery is 2.8 kW, corresponding to PB,N,c, whilst the maximum power is 

delivered only at the beginning of the discharging process (when VB = VB,M), and it is equal to 

5.45 kW and 6.75 kW by using data of Table3.3 and 3.6, shown in Fig 3.13 b and d , 

respectively. 
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3.7 Conclusions 

This chapter presents a comprehensive step-by-step design procedure for a BWV2H for two 

different arrangement, giving a handy instrument for its design, which can be easily utilized for 

higher power WPT systems. Starting from the Italian reference technical rule for the connection 

of active loads to the LV utility and from the SAE J2954 standard for WPT chargers, the initial 

constraints are set, regarding the grid-side quantities and the efficiency and operational 

frequency of the WPT. Subsequently, the grid-side and battery-side specifications have been 

derived, together with the power limits in each stage of the BWV2H. The maximum allowable 

currents and voltages are then calculated for each converter, comparing the charging and 

discharging mode to find out the correct values to be considered for the design. Finally, the 

reactive elements for the WPT are sized, including the capacitors of the compensation networks, 

on the basis of the mutual inductance between the two coils required to transfer the active power 

defined in previous steps. The obtained voltage and current values are plotted though the 

MATLAB software to illustrate the different modes of operation identified throughout the 

paper. By suitably changing the constraints introduced in this chapter, such as the input power 

or the battery parameters, the equations presented can be easily rearranged so as to design a 

BWV2H according to the user requests. The spread of BWV2H technology will help the 

demand response and the transition towards the smart grid and a smooth integration of 

renewable energy sources. A future extension of SAE J2954 in favor of bidirectional WPT will 

help the development of BWV2H, which require a standardization for their ultimate diffusion. 
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4.1 Introduction  

THIS chapter presents the study and detailed analysis of converter losses at different 

stages together with the series-series (S-S) compensating coils in wireless power transfer 

systems, via two distinct approaches to control the power converters. The two approaches 

towards wireless DC-DC power flow control are termed as the Single-Active High Frequency 

Wireless Power Transfer (SAHFWPT) system and the Dual Active High Frequency Wireless 

Power Transfer (DAHFWPT) system. The operation of converters in SAHFWPT and 

DAHFWPT are controlled by the extended phase shift (EPS) and dual phase shift method 

respectively. The general schematic of the SAHFWPT system consists of an active bridge and 

a passive bridge, while the schematic of the DAHFWPT system consists of both active bridges. 

The efficiency evolutions of ideal SAHFWPT and DAHFWPT are far away from the real ones. 

Moreover, this chapter analyses the operation and losses of the uni-directional power flow of 

the WPT system, i.e., from the DC bus in the primary side to the battery load in the secondary 

side. The loss estimation includes high frequency switching losses, conduction losses, hard turn 

on and turn off losses coil losses, etc. Also the efficiency of the WPT system depends on 

operation of the converter. A 50 W–3600 W Power range system at a resonant frequency of 85 

kHz is implemented in MATLAB/SIMULATION to demonstrate the validity of the proposed 

method. 

4.2 Background  

In the current scenario, the energy storage system (ESS) plays an important role during the 

different trend of power demand as explained in [1]. As intensity of renewable energy (RE) is 

not constant throughout a day, the ESS plays a crucial role in the area of storage excess energy 

that can be generated by the RE sources [2], and that can be used to power the various loads 

such as a household load, industrial load, street load, etc. when we are not able to use the RE 

sources. The wireless DC–DC converters are becoming more pervasive due to the fact that they 

are compact in size, isolated power flow between the resonating coils, and have excellent 

efficiency [3]. In earlier studies, there have been a lot of isolated DC–DC power converters, 

such as single active bridge (SAB), dual active bridge (DAB), phase shift full bridge (PSFB), 

and so on for high-frequency applications mentioned in [4,5,6,7,8]. 

Fig. 4.1 shows the generalized schematic of the wireless DC–DC converter that can be used 

for both Single Active High-Frequency Wireless Power Transfer (SAHFWPT) and Dual Active 

High-Frequency Wireless Power Transfer (DAHFWPT). During the operation of the 

SAHFWPT system, the primary side converter operates as an active converter, i.e., high-

frequency inverter, and the secondary side converter operates as a passive converter through 

the diode, i.e., uncontrolled rectifier. The control approach of the primary H-bridge converter 

takes place by the internal phase shift control method as describe in [9,10,11]. In the operation 

of DAHFWPT system, the primary and secondary sides H-bridge converters are operating as 

active bridges, but their operation is different, i.e., the primary works as the high-frequency 

inverter and the secondary works as the controlled rectifier [12]. Moreover, the control of the 

primary and secondary H-bridge converters was also takes place by the internal phase shift 
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control method. However, in both the SAHFWPT and DAHFWPT converters, power transfer 

takes place via external phase shift of converter from the source voltage 𝑉𝑆 to the load which 

can be considered equivalent load resistance 𝑅𝐵 in place of the battery. As the H-bridge works 

at high frequency, the passive components (i.e., S-S coupling coil, source filters, and load 

filters) compatibly reduce in size so that the SAHFWPT and DAHFWPT system stand out due 

to the high values for the power density as well as specific power in [13,14,15,16]. 

As previously stated, the SAHFWPT and the DAHFWPT converters can be used in 

applications requiring both uni-directional and Bi-directional power flow, such as electric 

vehicles, household appliances, mobile phones, medical devices, and other fields [17]. The 

schematics for SAHFWPT and DAHFWPT in Fig. 4.1 include two H-Bridge, besides the two 

H-bridges, with following elements: (1) the coupling coils 𝐿𝑃 and 𝐿𝑆 as well as the series 

resonating capacitors 𝐶𝑃 and 𝐶𝑆, which keep coil current sinusoidal even when the voltage 

across the series compensated coil in a quasi-square or square wave; the mutual inductance M 

between the primary and secondary coils; (2) the capacitor 𝐶𝑂, which filters out ripple of the 

voltage 𝑉𝑂; (3) the inductor 𝐿𝑂, which can filter out the ripple of current that passes through 

𝑅𝐵; (4) and the resistance 𝑅𝐵 represents the battery’s equivalent resistance [18,19,20,21,23,24]. 

The most effective optimization models are those that are based on the nonlinear equivalent 

model of the magnetic equivalent coupler of the WPT converters. This model considers the 

losses that are incurred as a result of the nonlinear operation of the converters, which include 

the conduction losses in MOSFETs, diodes, and body diodes, the hard-switching loss of the 

switches, and the reverse recovery loss of diodes. The gap between standard loss models and 

experimental measurements is well-known in [6]. Table 4.1 provides a comparison overview 

between a SAHFWPT and a DAHFWPT in terms of control method, losses, and selection of 

extra DC–DC converter. It is ideal to build a DAHFWPT battery charger with no additional 

DC–DC converter. Soft switching of the inverter and active rectifier circuits takes place with 

the help of zero voltage switching (ZVS) and zero current switching (ZCS), resulting in low 

circulating reactive power when the external phase shift of the converters is equal to 3π/2, and 

optimized overall loss is described in [14]. Depending on their application, four distinct 

switching modes (single phase shift (SPS) [25], extended phase shift (EPS), dual phase shift 

(DPS) [26], and triple phase shift (TPS) [6] may be used to optimize converters losses. Whereas, 

SAHFWPT is ideal to build a battery charger with an additional DC–DC converter, while 

SAHFWPT has no circulating current as the external phase shift angle is fixed at 3π/2, soft 

switching of the inverter and passive rectifier by the help of zero voltage switching (ZVS) and 

zero current switching (ZCS) are mention in [27], and overall loss optimization. Depending on 

their use, two distinct switching options are available, such as SPS and EPS. The S-S coil losses 

are included in both systems, but these losses are not same as they are dependent on the current 

and design parameters of the coil. 

Many of the articles discuss the switching operation, power flow operation, and different 

approaches to control of the SAHFWPT and DAHFWPT converters for EV. The comparative 

study of power loss of converters and coils during operation of the SAHFWPT and DAHFWPT 

converters is discussed in this chapter. Apart from that, the purpose of this chapter is to study 



58 | P a g e  

 

the effects on the overall efficiency of the WPT of the two different control methods, i.e., EPS 

and DPS of the H-bridge converter for SAHFWPT and DAHFWPT, respectively. Further, we 

performed a comparative analysis of the power range of WPT, while keeping the battery voltage 

constant. For this study, we fixed the internal phase angle of the primary and secondary H-

bridge, the angles to be equal in the operation of DAHFWPT, and we are aware that the 

secondary of SAHFWPT works as the uncontrolled rectifier. So, to maintain the same power 

drawn from the source as DAHFWPT, we must only change the internal phase shift angle of 

the primary H-bridge. 

Table 4.1 A comparison is made between a SAHFWPT and a DAHFWPT. 

Feature SAHFWPT DAHFWPT 

Reference  [3] [5] [6–9] [3] [5] [6–9] 

Switching control 

SPS       

EPS       

DPS       

TPS       

Additional chopper       

Hard switching of MOSFET       

Circulating current       

S-S coil loss       

Overall loss analysis       
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Fig 4.1 Schematic of wireless DC–DC converter. 

4.3. Methods of Operation of SAHFWPT and DAHFWPT 

4.3.1. Circuit Schematic 

The schematics of the SAHFWPT and DAHFWPT converters are shown in Fig. 4.2. a,b. 

The SAHFWPT and DAHFWPT are separated into primary and secondary sections. The 

primary active H-bridge is designed as the high-frequency primary converter (HFPC), which is 

powered by the DC source voltages 𝑉𝐷𝐶𝑃_𝑆 and 𝑉𝐷𝐶𝑃_𝐷 for both the SAHFWPT and the 

DAHFWPT, respectively. HFPC work as a high-frequency phase shift inverter, generating 

high-frequency quasi-square wave output voltages 𝑣𝐻𝐹𝑃𝐶_𝑆 and𝑣𝐻𝐹𝑃𝐶_𝐷. The output current 𝑖𝑃_𝑆 

and 𝑖𝑃_𝐷 are sinusoidal due to the resonating effect of the coil. Moreover, output voltage 

waveform level depends on switching control method, as mentioned in Table 4.1. The output 

voltage levels of HFPC by SPS and EPS switching are two and three, whereas in the control 

Switching control 



59 | P a g e  

 

operation the HFSC have an output voltage level of two in SAHFWPT and DAHFWPT. Aside 

from these two switching methods, the DPS and TPS are only useful for DAHFWPT. Since the 

SAHFWPT secondary is uncontrolled and the resulting voltage is always two levels. The HFPC 

consists of four MOSFETs (𝑇5 − 𝑇8). Furthermore, if we look at the HFPC schematic in Fig. 

4.2.a,b, we can observe the antiparallel body diodes (𝐷5 − 𝐷8) of MOSFETs, that can be 

operated when the circulating current flow takes place. The coupled coils create the connection 

between the primary and secondary converter by wireless means. The secondary H-bridges is 

referred as the high-frequency secondary rectifier (HFSR) or high-frequency secondary 

converter (HFSC) according to their passive or active operations, respectively. The voltage 

𝑣𝐻𝐹𝑆𝑅_𝑆 and 𝑣𝐻𝐹𝑆𝐶_𝐷 induced in the secondary coil due to variation in current 𝑖𝑃_𝑆 and 𝑖𝑃_𝐷 in 

the primary coil, according to the Faraday law of induction, secondary voltage serves as the 

input voltage source of the HFSR and HFSC and the current 𝑖𝑆_𝑆 and 𝑖𝑆_𝐷 flow through the 

secondary coil. The output voltage 𝑉𝑂_𝑆 and 𝑉𝑂_𝐷of the HFSR and HFSC are applied across the 

equivalent load, which includes the low pass filter 𝐿𝑂𝐶𝑂 and 𝑅𝐵 equivalent battery resistance, 

where 𝐶𝑂 can be used to smooth or remove the ripple of voltage 𝑉𝑂_𝑆 and 𝑉𝑂_𝐷, and 𝐿𝑂 can be 

used to smooth or remove ripple of current 𝐼𝑂_𝑆 and 𝐼𝑂_𝐷. The output voltages 𝑉𝑂_𝑆 and 𝑉𝑂_𝐷, as 

well as the currents 𝐼𝑂_𝑆 and 𝐼𝑂_𝐷, are kept at the desire levels for charging the battery by the 

phase-shifted regulation of the HFPC and HFSC. The HFSR and HFSC are fabricated of four 

high-frequency diodes (𝐷9 − 𝐷12) and MOSFETs (𝑇9 − 𝑇12) with the relevant antiparallel body 

diodes (𝐷9 − 𝐷12), respectively. The primary side’s input filter is a 𝐶𝐼 filter, which is not seen 

in Fig. 4.2. a,b. 

The switching frequency of the SAHFWPT and DAHFWPT converters are in the range of 

79–90 kHz. The operating frequency was fixed at 85 kHz and the resonant circuits are tuned to 

this frequency as in [9,10]. This frequency is selected as per the J2954 standard of the society 

of automotive engineering (SAE) about charging of electric vehicle through WPT. The design 

of self-inductor 𝐿𝑃, 𝐿𝑆 and capacitors 𝐶𝑃, 𝐶𝑆 of the series-series resonating coil are usually at 

resonating frequency 𝜔𝑟 i.e, 

𝜔𝑟 =
1

√ 𝐿𝑃𝐶𝑃

=
1

√𝐿𝑆𝐶𝑆

 (4.1) 
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Fig 4.2 Schematic of WPT converter with equivalent load (a) SAHFWPT (b) DAHFWPT 

4.3.2. Operation and Analysis 

Fig. 4.2.a,b depict the switching operation of the SAHFWPT and DAHFWPT converters 

at resonance frequency. The EPS and DPS switching mechanisms are used to control the 

converters of SAHFWPT and DAHFWPT, respectively. The plot is divided in three parts: (1) 

gate signals of the HFPC on the upper section of the plot, (2) waveforms of current and voltage 

of HFPC together with the conduction intervals of its switches, (3) and waveforms of current 

and voltage for HFSR together with the conduction intervals of its switches in the case of 

SAHFWPT (Fig. 4.3. a) and gate signals. For correlation between both the wave forms, the gate 

signals in the upper section are assumed same for both SAHFWPT and DAHFWPT, the HFPC 

switching operation takes place by the internal phase shift angle between its two legs. The 

middle part of Fig. 4.3. a,b, depicts the direction of current flow through the HFPC’s. During 

the positive half cycle of the current, three different switching periods can be recognized, 

namely (1) interval 1: (0 to Ф − α/2), (2) interval 2: (Ф − α/2 to Ф + α/2), and (3) interval 3: 

(Ф+α/2 to π). While the currents 𝑖𝑃_𝑆 and 𝑖𝑃_𝐷 circulate in the MOSFETs and body diode, the 

circulating current does not flow across the source voltage 𝑉𝐷𝐶𝑃_𝑆 and 𝑉𝐷𝐶𝑃_𝐷, respectively. 

Indeed, the output voltage of HFPC is zero, i.e., 𝑣𝐻𝐹𝑃𝐶_𝑆 = 𝑣𝐻𝐹𝑃𝐶_𝐷 = 0, in the intervals 1 and 

3. Switches (T8, D7), and (T5, D6) are in conduction state, as the energy stored in the reactive 

element such as 𝐿𝑃 and 𝐶𝑃 forces the current to circulate in intervals 1 and 3. Aside from that, 

the amplitudes of 𝑣𝐻𝐹𝑃𝐶_𝑆 and 𝑣𝐻𝐹𝑃𝐶_𝐷 in interval 2 are identical to 𝑉𝐷𝐶𝑃_𝑆 and 𝑉𝐷𝐶𝑃_𝐷. The 

wave forms clearly show that the output voltages 𝑣𝐻𝐹𝑃𝐶_𝑆 and 𝑣𝐻𝐹𝑃𝐶_𝐷 square, as well as the 

currents current 𝑖𝑃_𝑆 and 𝑖𝑃_𝐷 sinosuidal, are in the same phase and have half-wave symmetry, 

due to the resonating behavior of the coil. As per the Faraday law induction, EMF is induced in 

the secondary coil due to flux linkage between the primary and secondary. The average power 

𝑃𝑃𝑆 flow from primary to secondary due to induced voltage in the secondary, which can serve 

as voltage source for the SAHFWPT and DAHFWPT secondary. 
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Fig. 4.3 Control signal and operating waveform of WPT (a) SAHFWPT (b) DAHFWPT. 
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HFSR and HFSC converters are passive and active in behaviour, respectively. As shown 

in the lower part of the waveform in Fig. 4.3. a, HFSR conducts for a full cycle, i.e., (𝐷12, 𝐷9) 

conducts during the positive half cycle and (𝐷10, 𝐷11) conducts during the negative half cycle. 

As a matter of fact, the HFSR input voltage 𝑣𝐻𝐹𝑆𝑅_𝑆 and current 𝑖𝑆_𝑆 are square and sin wave, 

respectively, thanks to the resonating behaviours of the coil. On the contrary, the active rectifier 

HFSC operation during the positive half cycle is divided into three intervals: (1) interval 1: −π/2 

to −β/2; (2) interval 2: −β/2 to β/2; and (3) interval 3: β/2 to π/2. In the intervals 1 and 3, the 

output voltage of HFSC is zero, i.e., 𝑣𝐻𝐹𝑆𝐶_𝐷 = 0, while the current 𝑖𝑆_𝐷 flows in the MOSFETs 

and body diodes of HFSC and do not reach the load. The switches (𝑇11, 𝐷12) and (𝑇10, 𝐷9) are 

in conduction state during the intervals 1 and 3 respectively. The circulation of current occurs 

due to the energy stored in the reactive elements such as 𝐶𝑆 and 𝐿𝑆. Apart from this, the 

amplitudes of 𝑣𝐻𝐹𝑆𝑅_𝑆 and 𝑣𝐻𝐹𝑆𝐶_𝐷 are equal to 𝑉𝑂_𝑆 and 𝑉𝑂_𝐷 in the interval 2. From the shape 

of the wave form, it was easy to see that the output voltages 𝑣𝐻𝐹𝑆𝑅_𝑆 and 𝑣𝐻𝐹𝑆𝐶_𝐷 square and 

the currents 𝑖𝑆_𝑆 and 𝑖𝑆_𝐷 sinusoidal have the same phase and are half-wave symmetric, due to 

the resonating behaviours of the coil. 

The output voltages𝑉𝑂_𝑆 , 𝑉𝑂_𝐷 and currents 𝑖𝑆_𝑆, 𝑖𝑆_𝐷 of the HFSR, and HFSC are almost 

constant due to filtering effect of 𝐿𝑂 and 𝐶𝑂. The external phase shift angle for primary and 

secondary converter is fixed at Ф in the case of SAHFWPT and DAHFWPT. 

The equivalent circuit of SAHFWPT and DAHFWPT with S-S coupling is shown in Fig. 

4.4. As per Fig.4.3 the operation begins at time t = 0, and the internal phase shift angles of 

HFPC and HFSC are α and β, respectively (whereas in the case of SAHFWPT, β = π is fixed). 

The external phase shift angle Ф varying in the range [0 2π] during the operation of DAHFWPT 

(whereas Ф = 3π/2 is fixed in the case of SAHFWPT). The voltages 𝑣𝐻𝐹𝑃𝐶  and 𝑣𝐻𝐹𝑆𝐶  are 

expressed as a Fourier series as follows: 

𝑣𝐻𝐹𝑃𝐶(𝑡) = 𝑣𝐻𝐹𝑃𝐶_𝑀 ∑
1

𝑛

∞

𝑛=1,3,…

𝑠𝑖𝑛(𝜔𝑟𝑡) 𝑠𝑖𝑛 (
𝑛𝛼

2
) (4.2) 

𝑣𝐻𝐹𝑆𝐶(𝑡) = 𝑣𝐻𝐹𝑆𝐶_𝑀 ∑
1

𝑛

∞

𝑛=1,3,…

𝑠𝑖𝑛(𝜔𝑟𝑡 + Ф) 𝑠𝑖𝑛 (
𝑛𝛽

2
) (4.3) 

LP LS

iP iS

MCP CS

vHFPC

vHFSC
or

vHFSR

 

Fig. 4.4 Equivalent circuit of the SAHFWPT and DAHFWPT with S-S coupling. 
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The maximum values of amplitudes for the first harmonic components of the voltages of 

the HFPC and HFSC of DAHFWPT are represented by 𝑣𝐻𝐹𝑃𝐶_𝑀 and 𝑣𝐻𝐹𝑆𝐶_𝑀, respectively. 

Take into consideration that the external phase shift angle Ф ranges in the interval [0, 2π] for 

the Bi-directional operation DAHFWPT, whilst for the uni-directional operation, such as power 

flow exclusively from primary to secondary, the external phase shift angle Ф spans the interval 

[π, 2π]. However, for maximum power transfer it is Ф = 3π/2. Apart from Ф = 3π/2 value, the 

power transfer is not maximal due to the reactive current being not in the phase with the HFPC 

output and HFSC input voltage. This leads the circulating current flowing through the converter 

and coil. 

Since the HFSR is a passive converter, the following conditions hold β = π and Ф = 3π/2, 

and from (4.3) the input voltage for the HFSR is expressed as: 

𝑣𝐻𝐹𝑆𝑅(𝑡) = 𝑣𝐻𝐹𝑆𝑅_𝑀 ∑
1

𝑛

∞

𝑛=1,3,…

𝑠𝑖𝑛(𝜔𝑟𝑡 + Ф) (4.4) 

The harmonic and maximum harmonic input voltage of HFSR of SAHFWPT are 

represented by 𝑣𝐻𝐹𝑆𝑅  and 𝑣𝐻𝐹𝑆𝑅_𝑀. From Equation (4.2) it is clear that primary voltage 𝑣𝐻𝐹𝑃𝐶  

relation is same for SAHFWPT and DAHFWPT. So from Fig. 4.3 and 4.4 𝑣𝐻𝐹𝑃𝐶_𝑆 =

𝑣𝐻𝐹𝑃𝐶_𝐷 = 𝑣𝐻𝐹𝑃𝐶 . Indeed the secondary voltage relation is not same, from the Fig. 4.3 and Fig. 

4.4, 𝑣𝐻𝐹𝑆𝑅_𝑆 = 𝑣𝐻𝐹𝑆𝑅  and 𝑣𝐻𝐹𝑆𝐶_𝐷 = 𝑣𝐻𝐹𝑆𝐶 , respectively. 

Applying Kirchhoff’s voltage law in Fig. 4.4, we obtain 

𝑣𝐻𝐹𝑃𝐶(𝑡) = 𝑅𝑃𝑖𝑃(𝑡) + 𝐿𝑃

𝑑𝑖𝑃(𝑡)

𝑑𝑡
+ 𝑣𝑃𝐶

(𝑡) + 𝑣𝑃(𝑡) (4.5) 

𝑣𝐻𝐹𝑆𝐶(𝑡) = −𝑅𝑆𝑖𝑆(𝑡) + +𝐿𝑆

𝑑𝑖𝑠(𝑡)

𝑑𝑡
+ 𝑣𝑠𝐶

(𝑡) + 𝑣𝑆(𝑡) (4.6) 

where 𝑅𝑃 and 𝑅𝑆 internal resistance, 𝐿𝑃 and 𝐿𝑠 self-impedance of coil, 𝑣𝑃𝐶
(𝑡) and 𝑣𝑆𝐶

(𝑡) 

voltage drop across capacitor, 𝑖𝑃(𝑡) and 𝑖𝑆(𝑡) current flow from the S-S coil, 𝑣𝑃(𝑡) = M
𝑑𝑖𝑆(𝑡)

𝑑𝑡
 

and 𝑣𝑆(𝑡) = −M
𝑑𝑖𝑃(𝑡)

𝑑𝑡
 are the induced voltage of primary and secondary S-S coils, respectively, 

M is the mutual inductance. 

At the resonance frequency, the instantaneous power absorbed by the inductor 𝐿𝑃, 𝐿𝑆 is 

equal to the instantaneous power delivered by the capacitor𝐶𝑃, 𝐶𝑆. The net power delivered and 

absorbed by the capacitor and inductor is zero in the primary and secondary S-S coils, 

respectively. The impedance of the S-S coils is minimum at the resonating condition. Indeed, 

primary and secondary coil impedances are minimum; therefore, they represent the internal 

resistance of the S-S coil, i.e., 𝑅𝑃, 𝑅𝑆. Therefore, Equations (4.5) and (4.6) are re-arranged at 

resonating frequency as 
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𝑖𝑃(𝑡) =
𝑣𝐻𝐹𝑃𝐶(𝑡) − 𝑣𝑃(𝑡)

𝑅𝑃
 

 

 

𝑖𝑆(𝑡) =
−𝑣𝐻𝐹𝑆𝐶(𝑡) + 𝑣𝑆(𝑡)

𝑅𝑆
 (4.7) 

The voltage and current relationship at fundamental resonance frequency are represented 

in (4.8) to (4.11) for the DAHFWPT, similarly it is represented in (4.12) to (4.15) for 

SAHFWPT, by using approximation ωM >> 𝑅𝑆 and (𝜔𝑀)2 >> 𝑅𝑃𝑅𝑆 for high Q-factor coil 

[6]. The expressions DAHFWPT and SAHFWPT are represented at fundamental harmonic 

approximation of the sinusoidal component in Tables 4.2 and 4.3 [20,22], respectively. 

Table 4.2. DAHFWPT current voltage expressions at fundamental harmonic. 

𝑣𝐻𝐹𝑃𝐶_1(𝑡) = 𝑣𝐻𝐹𝑃𝐶_1_𝑀 𝑠𝑖𝑛 (
𝛼

2
) 𝑠𝑖𝑛(𝜔𝑟𝑡) (4.8) 

𝑣𝐻𝐹𝑆𝐶_1(𝑡) = 𝑣𝐻𝐹𝑆𝐶_1_𝑀 𝑠𝑖𝑛 (
𝛽

2
) 𝑠𝑖𝑛(𝜔𝑟𝑡

+ Ф) 

(4.9) 

𝑖𝑃_𝐷_1(𝑡) =
𝑣𝐻𝐹𝑆𝐶_1_𝑀

𝑀𝜔𝑟

𝑠𝑖𝑛 (
𝛽

2
) 𝑐𝑜𝑠(𝜔𝑟𝑡 + Ф) 

(4.10) 𝑖𝑠_1(𝑡) =
−𝑣𝐻𝐹𝑃𝐶_1_𝑀

𝑀𝜔𝑟

𝑠𝑖𝑛 (
𝛼

2
) 𝑐𝑜𝑠(𝜔𝑟𝑡) (4.11) 

Table 4.3. SAHFWPT current voltage expressions at fundamental harmonic. 

𝑣𝐻𝐹𝑃𝐶_1(𝑡) = 𝑣𝐻𝐹𝑃𝐶_1_𝑀 𝑠𝑖𝑛 (
𝛼

2
) 𝑠𝑖𝑛(𝜔𝑟𝑡) (4.12) 𝑣𝐻𝐹𝑆𝑅_1(𝑡) = 𝑣𝐻𝐹𝑆𝑅_1_𝑀 𝑠𝑖𝑛(𝜔𝑟𝑡 + Ф) (4.13) 

𝑖𝑃_𝑆_1(𝑡) =
𝑣𝐻𝐹𝑆𝑅_1_𝑀

𝑀𝜔𝑟

𝑐𝑜𝑠(𝜔𝑟𝑡 + Ф) (4.14) 𝑖𝑠_1(𝑡) =
−𝑣𝐻𝐹𝑃𝐶_1_𝑀

𝑀𝜔𝑟

𝑠𝑖𝑛 (
𝛼

2
) 𝑐𝑜𝑠(𝜔𝑟𝑡) (4.15) 

𝑣𝐻𝐹𝑃𝐶_1_𝑀, 𝑣𝐻𝐹𝑆𝐶_1_𝑀 and 𝑣𝐻𝐹𝑃𝐶_1, 𝑣𝐻𝐹𝑆𝐶_1 are the fundamental maximum amplitude and 

fundamental voltage of HFPC and HFSC, respectively. The secondary fundamental currents 

𝑖𝑠_1, represented in Equations (4.11) and (4.15) for DAHFWPT and SAHFWPT, are the same 

as they only depend on 𝛼. Moreover, the primary fundamental current 𝑖𝑃_𝐷_1 of DAHFWPT 

depends on β, while the primary fundamental current 𝑖𝑃_𝑆_1 of SAHFWPT is constant, as β is 

fixed at π. 

The uni-directional power flow was considered only in the case of battery charging, and 

the rated source voltages 𝑉𝐷𝐶𝑃_𝑆 = 𝑉𝐷𝐶𝑃_𝐷 = 386 V are constant for SAHFWPT and DAHFWPT; 

as mentioned in Table 4.4 the battery voltage is also same, i.e., 𝑉𝑂_𝑆 = 𝑉𝑂_𝐷 = 120V. The 

secondary absolute lossless power for SAHFWPT and DAHFWPT can be express in (4.16) and 

(4.17) by using the (4.9), (4.11), (4.13), and (4.15) 

𝑃𝑆𝐴𝐻𝐹𝑊𝑃𝑇_𝑆 =
−𝑣𝐻𝐹𝑃𝐶_1_𝑀𝑣𝐻𝐹𝑆𝐶_1_𝑀 𝑠𝑖𝑛 (

𝛼
2) 𝑠𝑖𝑛(Ф)

2𝜔𝑀
 (4.16) 

𝑃𝐷𝐴𝐻𝐹𝑊𝑃𝑇_𝑆 =
−𝑣𝐻𝐹𝑃𝐶_1_𝑀𝑣𝐻𝐹𝑆𝐶_1_𝑀 𝑠𝑖𝑛 (

𝛼
2) 𝑠𝑖𝑛 (

𝛽
2

) 𝑠𝑖𝑛(Ф)

2𝜔𝑀
 (4.17) 
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where 𝑣𝐻𝐹𝑃𝐶_1_𝑀 =
4𝑉𝐷𝐶𝑃_𝑆

𝜋
 and 𝑣𝐻𝐹𝑆𝑅_1_𝑀 =

4𝑉𝑂

𝜋
 are the maximum voltage at the primary 

and secondary coil. From the Equations (4.16) and (4.17), the secondary power can be regulated 

using the internal phase shift angles α = β ∈ [0, 2π], and external phase shift angle Ф ∈ [π, 2π], 

while in Equation (4.16) β = π and Ф = 3π/2. the secondary power of SAHFWPT and 

DAHFWPT can be related by Equation (4.18): 

𝑃𝐷𝐴𝐻𝐹𝑊𝑃𝑇_𝑆 = 𝑠𝑖𝑛 (
𝛽

2
) 𝑃𝑆𝐴𝐻𝐹𝑊𝑃𝑇_𝑆 (4.18) 

Table 4.4. Simulation parameter for EV. 

Parameters Symbols Values 

Source Rated Voltage 𝑉𝐷𝐶𝑃_𝑆, 𝑉𝐷𝐶𝑃_𝐷 384 V 

Battery Rated voltage 𝑉𝑂_𝑆 ,𝑉𝑂_𝐷 120 V 

Resonating frequency 𝑓𝑟 85 kHz 

MOSFETs 𝑇5 − 𝑇12 SiHG33N60EF 

Self-Inductance 𝐿𝑃𝐿𝑆 220 µH 

Compensation Capacitors 𝐶𝑃𝐶𝑆 15.9 nF 

S-S coil Resistance 𝑅𝑃𝑅𝑆 0.5 Ω 

Mutual-Inductance M 22.5 µH 

Fig. 4.5 shows the comparison of power curve between DAHFWPT and SAHFWPT of 

secondary power, w.r.t α, where α is in radian. The power 𝑃𝐷𝐴𝐻𝐹𝑊𝑃𝑇_𝑆 plotted with the red line, 

and 𝑃𝑆𝐴𝐻𝐹𝑊𝑃𝑇_𝑆 plotted with the blue line are directly related with sin(α/2) as mentioned in 

(4.18), when we fixed Ф = 3π/2 for maximum power transfer condition. From the power curve, 

it can be proven that the power of DAHFWPT and SAHFWPT are same at α = 3.14, i.e., π. 

Apart from that, DAHFWPT power sinusoidal decreases and it is always less than the 

SAHFWPT power that decreases almost linearly. It is observed in Fig. 4.5 that SAHFWPT and 

DAHFWPT have similar instantaneous power, the internal phase shift angle of secondary 

power of DAHFWPT is always bigger than secondary power of SAHFWPT. 

 

Fig. 4.5 Secondary of the S-S coupling coil power relation of SAHFWPT and DAHFWPT w.r.t. 𝛼. 
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4.4. Methods of Loss Analysis of SAHFWPT and DAHFWPT 

The operation of SAHFWPT and DAHFWPT are approximately same. The only difference 

is in the operation of the secondary side converter. The secondary HFSR of SAHFWPT is the 

passive converter, while the secondary HFSC of DAHFWPT is the active converter. Because 

HFSR and HFSC work in different ways, they are operating in the soft switching mode and the 

hard switching mode, respectively. Indeed, the switching losses of switches for the HFSR and 

HFSC are lower and higher, respectively. However, each diode of the HFSR are conducted for 

a π phase interval, whereas the conducting phase interval of the HFSC switches depending on 

β which one varies in the range of [0, 2π] so that the conduction period of HFSC switches may 

be π or the lesser than π period. The conduction loss of MOSFETs and body diodes depends on 

the amount of current flowing in the converter. As the secondary converter operation of the 

SAHFWPT and DAHFWPT are not the same, the power drawn from the source towards the 

rated load is different. Furthermore, conduction losses are only equal at the α = β = π. Apart 

from this loss, the few losses that depend on the converters are due to the gate charge, body 

diode conduction, output capacitor, body diode recovery, hard turn on, and hard turn off. In this 

section the comparative loss in the S-S coil is elaborated by using simulation parameter that 

listed in Table 4.4 whilst the losses in the filter capacitor and inductor are neglected. 

4.4.1. S-S Coil Loss 

Referring to the equivalent circuit shown in Fig. 4.4, the resistive loss of the S-S coupling 

coil [10] can be expressed as: 

𝑃𝑆−𝑆_𝑐𝑜𝑖𝑙_𝑆𝐴𝐻𝐹𝑊𝑃𝑇_𝑙𝑜𝑠𝑠 = 𝑖𝑃_𝑆_1_𝑟𝑚𝑠
2 𝑅𝑃 + 𝑖𝑆_1_𝑟𝑚𝑠

2 𝑅𝑆 (4.19) 

𝑃𝑆−𝑆_𝑐𝑜𝑖𝑙_𝐷𝐴𝐻𝐹𝑊𝑃𝑇_𝑙𝑜𝑠𝑠 = 𝑖𝑃_𝐷_1_𝑟𝑚𝑠
2 𝑅𝑃 + 𝑖𝑆_1_𝑟𝑚𝑠

2 𝑅𝑆 (4.20) 

where 𝑖𝑃_𝑆_1_𝑟𝑚𝑠, 𝑖𝑃_𝐷_1_𝑟𝑚𝑠, and 𝑖𝑆_1_𝑟𝑚𝑠 are the rms values of 𝑖𝑃_𝑆_1, 𝑖𝑃_𝐷_1, and 𝑖𝑆_1, 

respectively. 𝑅𝑃 and 𝑅𝑆 are the primary and secondary coil resistance. Using (4.10), (4.14) and 

any one from (4.11) and (4.15), we obtain 

𝑖𝑃_𝑆_1_𝑟𝑚𝑠 =
𝑣𝐻𝐹𝑆𝑅_1_𝑀

√2𝑀𝜔𝑟

 
(4.21) 

𝑖𝑃_𝐷_1_𝑟𝑚𝑠 =  
𝑣𝐻𝐹𝑆𝐶_1_𝑀

√2𝑀𝜔𝑟

𝑠𝑖𝑛 (
𝛽

2
) (4.22) 

𝑖𝑆_1_𝑟𝑚𝑠 =  
𝑣𝐻𝐹𝑃𝐶_1_𝑀

√2𝑀𝜔𝑟

𝑠𝑖𝑛 (
𝛼

2
) 

(4.23) 

The efficiency of the S-S coupling coil of SAHFWPT and DAHFWPT can be expressed 

by using (4.16), (4.17), (4.19), and (4.20) as 
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𝜂𝑆−𝑆_𝑐𝑜𝑖𝑙_𝑆𝐴𝐻𝐹𝑊𝑃𝑇 =
𝑃𝑆𝐴𝐻𝐹𝑊𝑃𝑇_𝑆

𝑃𝑆𝐴𝐻𝐹𝑊𝑃𝑇_𝑆 + 𝑃𝑆−𝑆_𝑐𝑜𝑖𝑙_𝑆𝐴𝐻𝐹𝑊𝑃𝑇_𝑙𝑜𝑠𝑠
 (4.24) 

𝜂𝑆−𝑆_𝑐𝑜𝑖𝑙_𝐷𝐴𝐻𝐹𝑊𝑃𝑇 =
𝑃𝐷𝐴𝐻𝐹𝑊𝑃𝑇_𝑆

𝑃𝐷𝐴𝐻𝐹𝑊𝑃𝑇_𝑆 + 𝑃𝑆−𝑆_𝑐𝑜𝑖𝑙_𝐷𝐴𝐻𝐹𝑊𝑃𝑇_𝑙𝑜𝑠𝑠
 (4.25) 

𝜂𝑆−𝑆_𝑐𝑜𝑖𝑙_𝑆𝐴𝐻𝐹𝑊𝑃𝑇 =
𝜂𝑆−𝑆_𝑐𝑜𝑖𝑙_𝐷𝐴𝐻𝐹𝑊𝑃𝑇(𝐴 + 𝐵 + 𝐶) 𝑠𝑖𝑛

𝛼
2

𝐴 𝑠𝑖𝑛
𝛼
2 + 𝐵 + 𝐶 𝑠𝑖𝑛2 𝛼

2

 (4.26) 

Equation (4.26) represents the relation between 𝜂𝑆−𝑆_𝑐𝑜𝑖𝑙_𝑆𝐴𝐻𝐹𝑊𝑃𝑇 and 𝜂𝑆−𝑆_𝑐𝑜𝑖𝑙_𝐷𝐴𝐻𝐹𝑊𝑃𝑇 

and can be derive by using (4.16), (4.17), (4.19), (4.20), (4.24), and (4.25) and setting 

𝐴 =
𝑣𝐻𝐹𝑃𝐶_1_𝑀𝑣𝐻𝐹𝑆𝑅_1_𝑀

2𝑀𝜔𝑟
 

𝐵 =
R𝑣2

𝐻𝐹𝑆𝑅_1_𝑀

2𝑀2𝜔2
𝑟

 

𝐶 =
R𝑣2

𝐻𝐹𝑃𝐶_1_𝑀

2𝑀2𝜔2
𝑟

 

𝑅 = 𝑅𝑅 = 𝑅𝑆 

𝛼 = 𝛽 

(4.27) 

Fig. 4.6 shows the comparison of the S-S coil efficiency curves of SAHFWPT and 

DAHFWPT w.r.t α. They are computed by (4.24) and (4.25), using the parameters listed in 

Table 4.4 taken from an experimental setup. The efficiency plot of 𝜂𝑆−𝑆_𝑐𝑜𝑖𝑙_𝑆𝐴𝐻𝐹𝑊𝑃𝑇 is drawn 

in a solid blue line, while the plot of 𝜂𝑆−𝑆_𝑐𝑜𝑖𝑙_𝐷𝐴𝐻𝐹𝑊𝑃𝑇 is drawn in solid red line. At α = π the 

efficiency is equal in both systems. The efficiency of both systems are approximately same in 

the range of 2 rads to 4 rads. Further with movement left from 2 rads and right from 4 rads and 

up to approximate 0.3 rads and 6 rads, the efficiency of the SAHFWPT is higher than the 

DAHFWPT. Equation (4.26) complies with the graph plotted in Fig. 4.6. 

4.4.2. Loss of HFSR, HFSC and HFPC  

According to the Fig. 4.2a,b, the secondary and primary converters of SAHFWPT and 

DAHFWPT are denoted as HFSR, HFSC, and HFPC. Two MOSFETs SiHG33N60EF are 

turned on at a same instant of time in the HFSC and HFPC converter during the active mode. 

Furthermore, the diodes are used for the passive mode of the HFSR. As the converters have a 

different operating principle, their losses are not equal. 

4.4.2.1 Conduction Loss of MOSFET and Diodes 

The conduction loss depends on amount of current flowing through the converter switches 

during in operating state, i.e., 𝑖𝑠_1_rms, 𝑖𝑃_𝑠_1_rms, and 𝑖𝑃_𝐷_1_rms. The current 𝑖𝑠_1_rms depends 

on α, but α is not the same in both the HFSR and HFSC converters for the same instantaneous 
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power. As shown in Fig. 4.5, the current flowing through HFSR is less than the current 

following through the HFSC apart from α =π. The current 𝑖𝑃_𝑠_1_rms is constant at 8.99 A whilst 

𝑖𝑃_𝐷_1_rms varies depending on β, and is always lower than or equal to 8.99 A. The conduction 

losses of the diodes, body diodes, and MOSFETs are 𝑃𝐻𝐹𝑆𝑅_𝐶𝑜𝑛𝑑_𝑙𝑜𝑠𝑠, 𝑃𝐻𝐹𝑆𝐶_𝐶𝑜𝑛𝑑_𝑙𝑜𝑠𝑠, 

𝑃𝐻𝐹𝑃𝐶_𝐶𝑜𝑛𝑑_𝑆_𝑙𝑜𝑠𝑠, and 𝑃𝐻𝐹𝑃𝐶_𝐶𝑜𝑛𝑑_𝐷_𝑙𝑜𝑠𝑠 and are represented in Equations (4.28), (4.29), (4.30), 

and (4.31), respectively [11] as 

 

 

Fig. 4.6 S-S coupling coil efficiency of SAHFWPT and DAHFWPT w.r.t. 𝛼. 

𝑃𝐻𝐹𝑆𝑅_𝐶𝑜𝑛𝑑_𝑙𝑜𝑠𝑠 = 2𝑖𝑆_1_𝑟𝑚𝑠
2 𝑅𝑆𝐷_𝑜𝑛 + 2𝑉𝑆𝐷|𝑖𝑆_1_𝑎𝑣𝑔| (4.28) 

𝑃𝐻𝐹𝑆𝐶_𝐶𝑜𝑛𝑑_𝑙𝑜𝑠𝑠 =  2𝑖𝑆_1_𝑟𝑚𝑠
2 𝑅𝑆𝐷_𝑜𝑛 + 2𝑉𝑆𝐷|𝑖𝑆_1_𝑎𝑣𝑔| (4.29) 

𝑃𝐻𝐹𝑃𝐶_𝐶𝑜𝑛𝑑_𝑆_𝑙𝑜𝑠𝑠 =  2𝑖𝑃_𝑆_1_𝑟𝑚𝑠
2 𝑅𝑆𝐷_𝑜𝑛 (4.30) 

𝑃𝐻𝐹𝑃𝐶_𝐶𝑜𝑛𝑑_𝐷_𝑙𝑜𝑠𝑠 =  2𝑖𝑃_𝐷_1_𝑟𝑚𝑠
2 𝑅𝑆𝐷_𝑜𝑛 (4.31) 

where 𝑖𝑃_𝐷_1_𝑎𝑣𝑔 and 𝑖𝑆_1_𝑎𝑣𝑔 are the average currents flowing in the diodes of the HFPC 

and HFSR in half of the switching period. From the data sheet of SiHG33N60EF, 𝑅𝑆𝐷_𝑜𝑛 results 

in about 0.085Ω and the diode forward voltage 𝑉𝑆𝐷 is about 0.9 V. 

4.4.2.2. Hard Turn on and off Loss  

The switching loss of diodes of MOSFETs for HFSR are zero, as diodes turn on and turn 

off at zero current, as shown in Fig. 4.3a. However, in the HFSC the body diodes 𝐷9 and 𝐷12 

have hard turn on and turn off at 
−𝛽

2
 and 

𝛽

2
 as shown in Fig. 4.3b. The power 𝑃𝐻𝐹𝑆𝐶_𝑜𝑛__𝑜𝑓𝑓_𝑙𝑜𝑠𝑠 

corresponds to the switching loss of switches for the HFSC and is given by (4.32) in [12,13], 

the power 𝑃𝐻𝐹𝑃𝐶_𝑜𝑛__𝑜𝑓𝑓_𝑆_𝑙𝑜𝑠𝑠, and 𝑃𝐻𝐹𝑃𝐶_𝑜𝑛__𝑜𝑓𝑓_𝐷_𝑙𝑜𝑠𝑠 are the switching loss of switches for 

the HFPC for SAHFWPT and DAHFWPT, respectively, and they are provided by (4.33) and 

(4.34), respectively  as 



69 | P a g e  

 

𝑃𝐻𝐹𝑆𝐶_𝑜𝑛__𝑜𝑓𝑓_𝑙𝑜𝑠𝑠 =
1

2
𝑓𝑟𝑉𝑂_𝐷𝐼𝑜𝑛𝑡𝑜𝑛 +

1

2
𝑓𝑟𝑉𝑂_𝐷𝐼𝑜𝑓𝑓𝑡𝑜𝑓𝑓 (4.32) 

𝑃𝐻𝐹𝑃𝐶_𝑜𝑛__𝑜𝑓𝑓_𝑆_𝑙𝑜𝑠𝑠 =
1

2
𝑓𝑟𝑉𝐷𝐶𝑃_𝑆𝐼𝑜𝑛𝑡𝑜𝑛 +

1

2
𝑓𝑟𝑉𝐷𝐶𝑃_𝑆𝐼𝑜𝑓𝑓𝑡𝑜𝑓𝑓 (4.33) 

𝑃𝐻𝐹𝑃𝐶_𝑜𝑛__𝑜𝑓𝑓_𝐷_𝑙𝑜𝑠𝑠 =
1

2
𝑓𝑟𝑉𝐷𝐶𝑃_𝐷𝐼𝑜𝑛𝑡𝑜𝑛 +

1

2
𝑓𝑟𝑉𝐷𝐶𝑃_𝐷𝐼𝑜𝑓𝑓𝑡𝑜𝑓𝑓 (4.34) 

From the data sheet of SiHG33N60EF, 𝑡𝑜𝑛 and 𝑡𝑜𝑓𝑓 are 28ns and 161ns, respectively. 𝐼𝑜𝑛 

and 𝐼𝑜𝑓𝑓 are on the and off current of 𝑖𝑆_1_𝑟𝑚𝑠 at 
−𝛽

2
 and 

𝛽

2
 in the HFSC shown in Fig. 4.3b. 𝐼𝑜𝑛 

and 𝐼𝑜𝑓𝑓 are the on and off current of 𝑖𝑃_𝑆_1_𝑟𝑚𝑠; 𝐼𝑜𝑛 and 𝐼𝑜𝑓𝑓 are on and off current of 𝑖𝑃_𝐷_1_𝑟𝑚𝑠 

current at Ф −
𝛼

2
 and Ф +

𝛼

2
 in the HFPC for the SAHFWPT and DAHFWPT shown in Fig. 4.3a 

and 4.3b, respectively. 

4.4.2.3. Other Switching Losses in the MOSFET 

Apart from the above losses of the MOSFET, the overall switching loss estimation depends 

on some other losses. Such as, output capacitance 𝐶𝑂𝑆𝑆 and body diode reverse recovery losses. 

When MOSFETs turn off, the energy stored in the 𝐶𝑂𝑆𝑆 discharges through the body diode and 

originates the turn on loss provided in [22]. The 𝑃𝐶𝑜𝑠𝑠_𝑙𝑜𝑠𝑠 in 𝐶𝑂𝑆𝑆 is expressed in Equation 

(4.35) as 

𝑃𝐶𝑜𝑠𝑠_𝑙𝑜𝑠𝑠 =
1

2
𝑓𝑟𝐶𝑜𝑠𝑠𝑉𝐷𝑆

2   (4.35) 

From the data sheet of SiHG33N60EF 𝐶𝑜𝑠𝑠 = 154 𝑝𝐹, the switching frequency is same as 

resonating frequency 𝑓𝑟 = 85 kHz and the drain to source voltage 𝑉𝐷𝑆 is the same as the voltage 

applied across the converter. 

The body diode reverse recovery takes place [10], therefore the diode turns off while 

carrying a positive forward current due to the large reverse time 𝑡𝑟𝑟. The relation for body diode 

reverse recovery loss 𝑃𝑏𝑜𝑑𝑦_𝑙𝑜𝑠𝑠 is as follows 

𝑃𝑏𝑜𝑑𝑦_𝑙𝑜𝑠𝑠 = 𝑓𝑟𝑄𝑟𝑟𝑉𝑜𝑓𝑓  (4.36) 

where 𝑉𝑜𝑓𝑓 is the forward voltage drop of the diode during the conduction. 𝑄𝑟𝑟 = 2𝜇𝐶 is 

the reverse recovery charge.  

4.5. Efficiency of SAHFWPT and DAHFWPT 

The efficiency is the ratio of the output power to the input power of any system. The general 

expression for efficiency is 
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𝜂 =
𝑃𝑂

𝑃𝑖𝑛
  (4.37) 

whereas 𝑃𝑖𝑛 = 𝑃𝑂 + 𝑃𝑙𝑜𝑠𝑠 with 𝑃𝑙𝑜𝑠𝑠 denoting the overall losses of the system, 𝑃𝑖𝑛 

represents the input power and 𝑃𝑂 represents the output power. Equation (4.37) express the 

overall efficiency of the system. However, overall efficiency expression for SAHFWPT and 

DAHFWPT follow Equation (4.37). and are represented as 𝜂𝑆𝐴𝐻𝐹𝑊𝑃𝑇 and 𝜂𝐷𝐴𝐻𝐹𝑊𝑃𝑇 and 

formulated in Equation (4.38) and (4.39), respectively. 

𝜂𝑆𝐴𝐻𝐹𝑊𝑃𝑇 =
𝑃𝐵

𝑃𝐵 + 𝑃𝑆𝐴𝐻𝐹𝑊𝑃𝑇_𝑙𝑜𝑠𝑠
 (4.38) 

𝜂𝐷𝐴𝐻𝐹𝑊𝑃𝑇 =
𝑃𝐵

𝑃𝐵 + 𝑃𝐷𝐴𝐻𝐹𝑊𝑃𝑇_𝑙𝑜𝑠𝑠
 (4.39) 

where 𝑃𝐵 represents the power at the battery end. 𝑃𝑆𝐴𝐻𝐹𝑊𝑃𝑇_𝑙𝑜𝑠𝑠 and 𝑃𝐷𝐴𝐻𝐹𝑊𝑃𝑇_𝑙𝑜𝑠𝑠 

represent the overall loss of the SAHFWPT and DAHFWPT, respectively. They can be 

subdivided into the contributions provided by 

𝑃𝑆𝐴𝐻𝐹𝑊𝑃𝑇_𝑙𝑜𝑠𝑠 = 𝑃𝑆−𝑆_𝑐𝑜𝑖𝑙_𝑆𝐴𝐻𝐹𝑊𝑃𝑇_𝑙𝑜𝑠𝑠 + 𝑃𝐻𝐹𝑆𝑅_𝐶𝑜𝑛𝑑_𝑙𝑜𝑠𝑠 +

𝑃𝐻𝐹𝑃𝐶_𝐶𝑜𝑛𝑑_𝑆_𝑙𝑜𝑠𝑠 + 𝑃𝐶𝑜𝑠𝑠_𝑙𝑜𝑠𝑠 + 𝑃𝑏𝑜𝑑𝑦_𝑙𝑜𝑠𝑠+𝑃𝐻𝐹𝑃𝐶_𝑜𝑛__𝑜𝑓𝑓_𝑆_𝑙𝑜𝑠𝑠 
(4.40) 

𝑃𝐷𝐴𝐻𝐹𝑊𝑃𝑇_𝑙𝑜𝑠𝑠 = 𝑃𝑆−𝑆_𝑐𝑜𝑖𝑙_𝐷𝐴𝐻𝐹𝑊𝑃𝑇_𝑙𝑜𝑠𝑠 + 𝑃𝐻𝐹𝑆𝐶_𝐶𝑜𝑛𝑑_𝑙𝑜𝑠𝑠

+ 𝑃𝐻𝐹𝑃𝐶_𝐶𝑜𝑛𝑑_𝐷_𝑙𝑜𝑠𝑠 + 𝑃𝐶𝑜𝑠𝑠_𝑙𝑜𝑠𝑠 + 𝑃𝑏𝑜𝑑𝑦_𝑙𝑜𝑠𝑠

+ 𝑃𝐻𝐹𝑃𝐶_𝑜𝑛__𝑜𝑓𝑓_𝐷_𝑙𝑜𝑠𝑠 + 𝑃𝐻𝐹𝑆𝐶_𝑜𝑛__𝑜𝑓𝑓_𝑙𝑜𝑠𝑠 

(4.41) 

The Equations (4.40) and (4.41) represent the overall loss of the WPT system. That 

includes coil loss, conduction loss of switch, output capacitor of MOSFET discharging time 

loss, diode, body diode reverse recovery loss, and converter on and off losses are included for 

both the SAHFWPT and DAHFWPT system.  

The input power of SAHFWPT and DAHFWPT system are represented in equations (4.42) 

and (4.43), respectively. 

𝑃𝑖𝑛_𝑆𝐴𝐻𝐹𝑊𝑃𝑇 = 𝑃𝐵 + 𝑃𝑆𝐴𝐻𝐹𝑊𝑃𝑇_𝑙𝑜𝑠𝑠 (4.42) 

𝑃𝑖𝑛_𝐷𝐴𝐻𝐹𝑊𝑃𝑇 = 𝑃𝐵 + 𝑃𝐷𝐴𝐻𝐹𝑊𝑃𝑇_𝑙𝑜𝑠𝑠 (4.43) 

Where 𝑃𝐵 denotes the power absorbed by the battery.  

4.6. Simulation Results 

The SAHFWPT and DAHFWPT in Fig. 4.2a,b were simulated in MATLAB with the 

parameters specified in Table 4.4. This section presents the discussion about the overall losses 

and the efficiency of the system, described by the loss characteristics and efficiency curve. 
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Voltage and current plots in Fig. 4.7a refer to SAHFWPT, the solid blue line represent the 

output voltage of HFPC and the input voltage of HFSR in steady state and the corresponding 

currents using the solid red lines. Voltage and current plots in Fig. 4.7b refer to DAHFWPS, 

the solid blue line the output voltage of HFPC and input voltage of HFSC in steady state, and 

the corresponding currents using the solid red lines. For a clear viewing of the current, the 

primary current and the secondary current are multiplied by the factors 20 and 3, respectively. 

Due to resonating behaviour of the S-S coupling coil, the currents of primary and secondary 

coils are sinusoidal in nature and the voltage are a quasi-square wave. The input power ratings 

are 1252 W and 472 W at 𝛼 = 0.73 for SAHFWPT and DAHFWPT, respectively. 

It will be investigated with Table 4.5 data that can be taken from the several MATLAB 

simulation operations. The total loss of the system is calculated using equations (4.21–4.23). This 

table is formed by taking the condition with the internal phase shift angle 𝛼 of HFPC and 

internal phase shift angle β of HFSC, the internal phase shift angle HFPC is same as the HFSC 

but the internal phase shift angle HFSR is fix at β=π. The respective parameters include the 

comparative data between in SAHFWPT and DAHFWPT in term of input power, loss of WPT 

system and efficiency, in Table 4.5. When we look at Table 4.5. Its divided into four column 

section: the first column includes the internal phase shift angle, the second column includes the 

input power of SAHFWPT and DAHFWPT, the third column includes the complete loss of 

SAHFWPT and DAHFWPT, the fourth column includes the complete loss in percentage of 

SAHFWPT and DAHFWPT, respectively. Table 4.5 first column contains the various value of 

𝛼. For the analysis, we consider 𝛼 equal to 𝛽 as a reference value. Further, input power, 

complete loss of the system, and complete loss in percentage are further subdivided into two 

column sections, the second and third columns are associated with decreases in input power for 

SAHFWPT and DAHFWPT, the fourth and fifth columns are associated with decreases in 

complete losses for SAHFWPT and DAHFWPT, and the second and third columns are 

associated with decreases in complete percentage losses for SAHFWPT and DAHFWPT, 

respectively.  

From the analytical data reported in Table 4.5, the percentage losses of SAHFWPT 

decrease as 𝛼 decreases, but near to zero value of 𝛼, percentage losses increase. On the contrary, 

in the case of DAHFWPT, losses percentage is almost constant as 𝛼 decreases but, as it happens 

with SAHFWPT, near to the zero value of 𝛼 loss percentage increases and losses in DAHFWPT 

are higher than losses in SAHFWPT. However, the instantaneous input power of SAHFWPT 

and DAHFWPT at 𝛼 = 0.33 are 604 W and 102 W. These results are obtained at Ф = 3π/2. 
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(a) 

 

(b) 

Fig. 4.7 Current (red) and voltage (blue) wave input of primary coil and output of the secondary coil of 

(a) SAHFWPT (b) and DAHFWPT. 

Table 4.5. Overall loss analytical data for SAHFWPT and DAHFWPT at Ф = 3π/2 and α = β 

Α Input Power Loss into the System % Loss into the System 

 SAHFWPT DAHFWPT SAHFWPT DAHFWPT SAHFWPT DAHFWPT 

3.12 3605 3605 586 586 16.25 16.25 

2.16 3146 2807 469 453 14.97 16.15 

1.82 2795 2252 388 361 13.87 16.05 

1.44 2312 1574 290 250 12.54 15.88 

1.14 1881 1057 217 165 11.51 15.65 

0.73 1245 467 136 71 10.94 15.23 

0.33 605 102 99 23 16.34 22.43 

Fig. 4.8a,b show the steady state input power and the loss curves of the SAHFWPT in solid 

blue line and DAHFWPT in solid red line. The input power of the system is in the range of 0 
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to 3600 W. As per Equation (18), SAHFWPT input power is always greater than DAHFWPT 

at equal 𝛼 apart from 𝛼 = 𝜋. Both input power and loss curve are symmetric with respect to 

𝛼 = 3.14. From the loss curve, it is visible that the losses in SAHFWPT are always greater than 

losses in DAHFWPT. Consequently, for the same instantaneous input power in both systems, 

the losses are not same. For example, at the input power equal to 2004 W indicated by data tip 

at 𝛼 = 1.68 and 𝛼 = 5.06, the losses are 320 W and 236 W for the DAHFWPT and the 

SAHFWPT, respectively. From the above discussion and Table 4.5 data, it is proven that the 

losses of SAHFWPT are less than or equal to the DAHFWPT. 

  
(a) (b) 

Fig. 4.8.(a) Input power (b) overall losses of the system w.r.t. 𝛼. 

To replicate the losses of the complete system, as mentioned in Fig. 4.8b. Further, it will 

be investigated in detail with Table 4.6 data that can be taken from the several MATLAB 

simulation operations. This table is form by taking the condition with the equal instantaneous 

input power, and respective parameters includes the comparative data between in SAHFWPT 

and DAHFWPT in term of efficiency, primary and secondary current, and internal phase shift 

angle 𝛼 and β, whereas 𝛼 = β in case of DAHFWPT and β= π fixed in case of SAHFWPT in 

Table 4.6. When we look at Table 4.6. Its divided into two column sections of WPT converters 

arrangement, SAHFWPT and DAHFWPT, respectively. Both arrangement are further 

subdivided into six column section: the first and second sub columns are associated with the 

internal phase shift angles 𝛼 and β, third and fourth sub column are associated with the input 

power and efficiency of WPT system, fifth and sixth sub column are associated with the primary 

and secondary s-s coil current of WPT system. 

The equal instantaneous input power 1252 W of SAHFWPT and DAHFWPT is given in 

Table 4.6. The efficiencies of SAHFWPT and DAHFWPT converters are 89.13% and 84.31%, 

respectively. The primary and secondary coil RMS currents of SAHFWPT and DAHFWPT 

converters are 8.99 A, 10.33 A and 5.28 A, 16.91 A, respectively, and are drawn from the source 

to maintain the input power equal. To limit these current the internal phase shift angle α of 

HFPC in the case of the SAHFWPT and DAHFWPT operation are 0.234π and 0.4 π. While, 

the internal phase shift angle β of the HFSR and HFSC in the case of the SAHFWPT and 

DAHFWPT operation are π and 0.4 π, respectively. The above explanation is for the one case 
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of study w.r.t. the input power. Several case study in terms of different instentatenious input 

power was mentions in Table 4.6.  

From the above explanation, it is clear that for the same instantaneous input power, the 

primary and secondary coil currents in SAHFWPT and DAHFWPT are not equal shown in. Fig 

4.9(a) and (b) by the bar chart for primary current blue and secondary current orange w.r.t. 

instantaneous efficiencies of SAHFWPT and DAHFWPT, respectively.The RMS current 

relation is obtained from equations (4.21 to 4.23). The well-known value of internal resistance 

(paracetic resistance) 𝑅𝑃, 𝑅𝑆 in primary and secondary of s-s coils is 0.5 Ω, as mentioned in 

Table 4.4. That could be used to calculate the losses into the coils by using the primary and 

secondary RMS currents of the coils from equations (4.21) to (4.23) of SAHFWPT and 

DAHFWPT, respectively.  

 
(a) 

 
(b) 

Fig. 4.9 Bar chart for primary current blue and secondary current orange w.r.t. instantaneous 

efficiency (a) SAHFWPT (b) DAHFWPT  

Table 4.6. Overall loss analytical data for SAHFWPT and DAHFWPT at Ф = 3π/2 and α are not equal 

β 
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SAHFWPT DAHFWPT 

α β Pin(W) Η iP(A) iS(A) Α β Pin(W) η iP(A)  iS (A) 

0.002π π 92.04 10.3 8.99 0.09 0.1π 0.1π 92.04 76.72 1.4 4.5 

0.0544π π 350 74.7 8.99 2.46 0.2π 0.2π 350 84 2.77 8.89 

0.134π π 750 85.99 8.99 6.01 0.3π 0.3π 750 84.69 4.08 13.06 

0.234π π 1252 89.13 8.99 10.33 0.4π 0.4π 1252 84.31 5.28 16.91 

0.34764π π 1808 88.66 8.99 14.94 0.5π 0.5π 1808 84.09 6.36 20.34 

0.4705π π 2363 87.34 8.99 19.37 0.6π 0.6π 2363 83.93 7.27 23.27 

0.599π π 2864 85.94 8.99 23.25 0.7π 0.7π 2864 83.86 8.01 25.63 

0.731π π 3261 84.78 8.99 26.24 0.8π 0.8π 3261 83.80 8.55 27.36 

0.8657π π 3517 84.02 8.99 28.13 0.9π 0.9π 3517 83.77 8.88 28.41 

π π 3605 83.76 8.99 28.77 π π 3605 83.77 8.99 28.77 

Fig. 4.10a presents efficiency plots, i.e., 𝜂𝑆𝐴𝐻𝐹𝑊𝑃𝑇 in solid blue line and 𝜂𝐷𝐴𝐻𝐹𝑊𝑃𝑇 in solid 

red line as a function of the internal phase shift angle 𝛼, obtained from (4.38) and (4.39) for the 

SAHFWPT and DAHFWPT, respectively. Both the maximum efficiencies of the SAHFWPT 

and DAHFWPT, i.e., 89.2% and 84.9%, are reached at 𝛼 = 0.73, respectively. The efficiencies 

𝜂𝑆𝐴𝐻𝐹𝑊𝑃𝑇 and 𝜂𝐷𝐴𝐻𝐹𝑊𝑃𝑇 have two picks at 𝛼 = 0.73 and 5.55. For 𝛼 in the ranges from 0.73 

to 2.3 and from 3.98 to 5.55 the efficiency 𝜂𝑆𝐴𝐻𝐹𝑊𝑃𝑇 is always greater than 𝜂𝐷𝐴𝐻𝐹𝑊𝑃𝑇. 

Moreover, in these range of 𝜂𝐷𝐴𝐻𝐹𝑊𝑃𝑇 the results nearly constant. For 𝛼 ranging in the interval 

from 2.3 to 3.98, the efficiency 𝜂𝑆𝐴𝐻𝐹𝑊𝑃𝑇 is almost equal to 𝜂𝐷𝐴𝐻𝐹𝑊𝑃𝑇. 

Fig. 4.10b reports the efficiency plots as a function of the input power 𝑃𝑆𝐴𝐻𝐹𝑊𝑃𝑇 and 

𝑃𝐷𝐴𝐻𝐹𝑊𝑃𝑇, obtained from (38) and (39), respectively. The maximum efficiencies of 89.2% and 

84.9% of SAHFWPT and DAHFWPT are reached at 𝑃𝑆𝐴𝐻𝐹𝑊𝑃𝑇  = 1325 W and 𝑃𝐷𝐴𝐻𝐹𝑊𝑃𝑇  =

491 W, respectively. It is visible that the operating conditions of the SAHFWPT and 

DAHFWPT can be divided into two zones. When power 𝑃𝑆𝐴𝐻𝐹𝑊𝑃𝑇  is in the 

interval [648 W 3606 W], efficiency 𝜂𝑆𝐴𝐻𝐹𝑊𝑃𝑇 is greater than efficiency 𝜂𝐷𝐴𝐻𝐹𝑊𝑃𝑇. However, 

for the input power 𝑃𝐷𝐴𝐻𝐹𝑊𝑃𝑇 less than 648 W, the efficiency 𝜂𝐷𝐴𝐻𝐹𝑊𝑃𝑇 is greater than the 

efficiency 𝜂𝑆𝐴𝐻𝐹𝑊𝑃𝑇. 

At the end of the study and their losses comparison of SAHFWPT and DAHFWPT, we are 

able to decide the superiority of the DC–DC converters, in terms of efficiency and input power. 

As per the above discussion, the efficiency performance of the SAHFWPT is greater than that 

of DAHFWPT in the medium power range. Indeed, at medium power the efficiency of the 

SAHFWPT is 4.3% more than the efficiency of the DAHFWPT. Whilst for the low power range 

the efficiency of the SAHFWPT is approximately 12% less than the efficiency of the 

DAHFWPT. 
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(a) (b) 

Fig. 4.10 Efficiency of WPT system (a) w.r.t. 𝛼 (b) w.r.t. 𝑃𝑆𝐴𝐻𝐹𝑊𝑃𝑇 𝑎𝑛𝑑 𝑃𝐷𝐴𝐻𝐹𝑊𝑃𝑇. 

4.7. Conclusions 

This chapter presents a step-by-step comparison study of the losses at different stages of 

converters and S-S coupling coils together with the control approaches of primary and 

secondary converters of the SAHFWPT and DAHFWPT, respectively, at a domestic load, i.e., 

domestic load input power up to 3600 W. This includes the uni-directional power flow 

estimation at each stage of the WPT system, such as the HFPC, primary coil, secondary coil, 

HFSC, and HFSR. The power assessment includes the estimation of system losses considering 

the switches losses, conduction losses, hard turn on and off losses, and S-S coil losses, etc. 

These estimations of the power are performed according to the SAE J2954 and the domestic 

grid power. To analyse the comparative performance of SAHFWPT and DAHFWPT, the two 

different converters control approaches, i.e., EPS and DPS methods took place by varying the 

internal and external phase shift angle. This was further verified through MATLAB, and the 

respective power loss and efficiency plots were drawn. Following from the simulation result 

discussion reported in Section 5 about the loss and efficiency of the SAHFWPT and the 

DAHFWPT, the efficiency of the SAHFWPT converter was found always superior at the 

medium power level of domestic use, i.e., 89.2%. Indeed, it has approximately 4% higher 

efficiency. Whereas in the lower and higher power ranges, the DAHFWPT is more efficient 

than the SAHFWPT with this method of control. 

The literature has reported about the use of the SAHFWPT and DAHFWPT system to 

control the battery current during charging. Indeed, charging through the SAHFWPT needs one 

more DC–DC converter to control the battery charging. Nevertheless, since the efficiency of 

SAHFWPT is higher than that of DAHFWPT in medium power range of domestic use, we have 

a new result: if we are able to design the secondary DC–DC converter (i.e., chopper) having 

approximately 98% efficiency, then the SAHFWPT is superior in terms of efficiency at medium 

power of domestic use. 
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5.1 Introduction  

THE ability of electric vehicles to serve as both flexible loads and mobile generators will 

make them a valuable asset in power grids, smart grids, and micro grids of future. The purpose 

of this study is to investigate these aspects in the context of a wireless power transfer in term of 

V2H, which can be considered in terms of a micro grid, and reports the considerable advantages 

for vehicle owner. In order to provide a full suite of V2H services, electric vehicle chargers will 

need to be upgraded to bidirectional power flow. As a result, it is crucial for these systems to 

account for the adjustments needed to supply power in both directions. This chapter compares 

the effects of the different states of the control signals in between primary and secondary H-

bridge by looking at the EV's active and reactive power consumption and generation, 

respectively. Series-Series compensation is an important element in the area of wireless 

charging and it is the foundation of the control strategy. Based on the results of an analytical 

investigation, it seems that the controller can work with a wide range of active and reactive 

power setups in the wireless power transfer between primary and secondary side of converters. 

5.2 Background and application of DC to DC BWV2H converter 

Electric vehicles may be refuelled in two ways: conductive charging and wireless charging. 

While charging by cable is common, it does have certain drawbacks. Most notably, difficulties 

with wires being entangled, and there have been concerns raised regarding its viability in damp 

environments. [1]. Wireless power transfer overcome above issues [2]. When compared to the 

traditional conductive method, wireless charging of electric vehicle's battery offers several 

advantages such as i) elimination of plug, cable, outlet; ii) simplify the charging procedure; iii) 

safe energy transfer in any environment condition; etc. [3].  

Fig.1.1. from chapter one depicts a resonant WPT system's architecture. On primary 

section, the grid supplies power to the coil through converters that function as an AC-AC 

converter operating at grid frequency at input and producing high frequencies output, in range 

of 79-90 kHz, as per SAE J2954 standard [4]. The primary coil is inductively coupled with 

secondary. The voltage induced across the secondary coil is used to charge the battery pack 

through AC-DC converter, by regulating current and voltage [5]. 

The current proliferation of distributed power generation has also prompted academics to 

investigate the use of bidirectional battery chargers to realize the Grid-To-Vehicle and Vehicle-

To-Grid concepts, which involves employing EVs as the power source [6]. V2G is a notion that 

stems from the principle of active demand, in which the end-user serves as both an energy 

consumer and generator, which can further realize in term of Home-to-Vehicle and Vehicle-to-

Home [7]. In this context, the Bidirectional WPT could lessen the operating expense of EVs 

and hence lowering the total cost of ownership of EV [8]. 

This chapter contributes in design and implementation of V2H by BWV2H [9] to charge 

and discharge EV as per requirements of load by configuring two high frequency H-bridge 

converters and S-S compensated coupling coil. By the help of MATLAB/ Simulation we 
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investigate control approach i.e., based on the dual phase shift (DPS) control [10],[11]. The 

control approach is based on comparative mathematical study at different state of active and 

reactive power flow in between primary and secondary DC bus and EV battery [12]. With this 

study we are able to understand the effects of reactive power in WPT system, and to analyse 

the consequent efficiency and VA rating of the system [13]. 
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Fig. 5.1 BWV2H Topology of primary and secondary H-bridge converters 

The schematic of the DAHFWPT converter with equivalent load in Fig. 4.4 b has been 

redrawn in Fig. 5.1 with the distinct nomenclatures that will be the one of the power transfer 

converter section of BWV2H system. This was done to prevent any confusion between the 

application area and the relation that we use to study this system. It depicts a typical BWV2H 

converter setup for V2H. In this chapter, we are focusing on control operation of primary and 

secondary H-bridge converters to regulate active and reactive power in DC-to-DC BWV2H 

converter [9]. The two converters are denoted as Primary Bi-direction active converter (PBAC) 

and secondary Bi-directional active converters (SBAC). The switching operation of converters 

takes place by MOSFET (𝑇5, 𝑇12), and anti-parallel diode (D5, D12). These converters are 

connected through S-S compensated coils, represented in Fig. 5.1 as capacitors CP, CS, 

inductors LP, LS and mutual inductor M. The currents iP, iS are sinusoidal due to the resonance 

and 𝑣𝑃𝐵𝐴𝐶, 𝑣𝑆𝐵𝐴𝐶  output and input voltages PBAC and SBAC have a quasi-square waveform, 

as shown in Fig.5.2. 

However, PBAC and SBAC of BWV2H are operating at 85 kHz resonating frequency. Fig. 

5.2 depicts a typical switching operation and respected voltage, current wave form of BWV2H 

topology of primary and secondary H-bridge converters at unity power factor. To regulate 

power flow of BWV2H, as per to fulfil the power demand by EVs and load can be achieved by 

using phase shift control i.e., Dual phase shift (DPS). To mitigate control complexity of the 

analysis we choose DPS control, in which we consider the internal phase shift (IPS) 𝛼 and 𝛽 of 

of PBAC and SBAC, respectively, to be equal, i.e. (𝛼 = 𝛽). The DPS control does not end with 

the internal phase shift angle; Consequently, the power flow depends on the external phase shift 

(EPS) angle Φ. When the fundamental voltage and current of the primary converter are lagging 

by the secondary converter through the angle Φ. Active power will flow from the primary to 

the secondary and vice versa for reversal direction of the of the BWV2H system, when Φ is 

either +90 or -90. However, the system operates at the maximum efficiency in either direction 
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in this condition. It is only possible when the chosen system is lossless. But in real time, some 

loss always available in to the system, due to the parasitic resistance of the system components. 

Apart from loss, reactive power is also an important factor that affects the efficiency of the 

system.  

Each power state of BWV2H operation in Fig.5.3 are associate with switching operation 

of converters w.r.t gating signal in Fig. 5.2. The eight state PBAC and SBAC with the DPS 

control method of BWV2H in unidirectional operation are explain i.e., when power flow from 

primary to secondary side take place i.e., forward mode. We are not going to explain the reverse 

mode of operation as the operation mode are similar as forward mode. 

1. 𝑇7, 𝑇8 and 𝑇9, 𝑇12 having gating signal at t0-t1: this is the passive phase for the primary 

converter, the current 𝑖𝑃 is circulating through the T8 and D7, Even the circulating 

current not reach the primary DC side so 𝑣𝑃𝐵𝐴𝐶 is zero as shown in Fig 5.3(a) and the 

primary instantaneous current at t0 is zero. Due to resonating behaviour of coil at time 

t0, 𝐿𝑃 is discharging and during same time capacitor 𝐶𝑃 charging from negative pick 

toward positive pick till time t1, as gating operation shown in Fig. 5.2. However, in 

the interval t0-t1, this is the active phase of the secondary converter, 𝑖𝑆 current is 

flowing through secondary coil, diode 𝐷9 and 𝐷12, further path is complete through 

battery of EV. In this interval 𝐿𝑆 charging towards the positive peck and the 𝐶𝑆 

discharging towards the negative peck till time t1.  

2. 𝑇5, 𝑇8 and 𝑇9, 𝑇10 having gating signal at t1-t2:  this is the active phase of the primary 

converter, current 𝑖𝑃 is flowing through primary MOSFET 𝑇5 and 𝑇8, in this operation 

current from DC primary source to the primary coil are flowing, at time t1 primary 

voltage 𝑣𝑃𝐵𝐴𝐶 is appear across coil as shown in Fig 5.3(b), still in this interval 𝐿𝑃 

discharging after reaching sudden jump in voltage due to 𝑣𝑃𝐵𝐴𝐶 and capacitor 𝐶𝑃 

charging, in this interval as 𝐶𝑃 oppose the sudden change in voltage, it continues 

charging up to t1. At t2 the instantaneous current of primary coil current was the 

maximum 𝑖𝑃 as gating operation shown in Fig. 5.2. However, in interval t1-t2, this is 

the passive phase for the secondary converter, the current 𝑖𝑆 is circulating through the 

𝑇10 and 𝐷9, Even the circulating current not reach the secondary DC side so 𝑣𝑆𝐵𝐴𝐶  is 

zero, the 𝑖𝑆 current start decreasing from maximum value as shown in the Fig. 5.2 the 

instantaneous current 𝑖𝑆 at t2 is zero. In this interval 𝐿𝑆 is still charging towards the 

positive peck and the 𝐶𝑆 discharging towards the negative peck till time t2. 

3. 𝑇5, 𝑇8 and 𝑇9, 𝑇10 having gating signal at t2-t3: Fig 5.3 (c) depicts for interval t2-t3. 

In this interval the primary converter is still in the active mode so 𝑇5 and 𝑇8 are still 

in conduction state, however the 𝑖𝑃 start decreasing from the maximum. 𝐿𝑃 and 𝐶𝑃 

still following same trend for charge and discharge. However, during the interval t2-

t3, the secondary converter operates in the passive phase, the 𝑖𝑆 circulate from 𝑇9 and 

𝐷10 and the polarity of 𝑖𝑆 become reverse as shown in Fig 5.2 still no current reaches 

secondary of battery. In t2-t3 interval, 𝐿𝑆 start discharging towards the negative pick 

and 𝐶𝑆  start charging towards positive pick as gating operation shown in Fig. 5.2.  

4. 𝑇5, 𝑇6 and 𝑇10, 𝑇11 having gating signal at t3-t4 : In the time interval t3-t4 , the primary 

converter again in passive phase,  the 𝑖𝑃 current circulating through the 𝑇3 and 𝐷6, 𝑖𝑃 
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current was in decreasing in nature, the instantaneous current 𝑖𝑃 at t4 is zero as gating 

operation shown in Fig. 5.2 and 𝑖𝑃 don’t even reach the primary DC bus side. At t3 

primary voltage 𝑣𝑃𝐵𝐴𝐶 is become zero across coil as shown in Fig 5.3(d), still in this 

interval LP charging after reaching sudden drop in voltage due to 𝑣𝑃𝐵𝐴𝐶 and capacitor 

𝐶𝑃 discharging, in this interval as 𝐶𝑃 oppose the sudden change in voltage, it continues 

discharging up to t4. At the same time, the secondary converter in time interval t3-t4 

is under the active phase, current 𝑖𝑆 from secondary coil to battery of EV is flowing 

through the 𝐷10 and 𝐷11, However the 𝑣𝑆𝐵𝐴𝐶  is appear at the input of the converter. 

Indeed, the instantaneous 𝑖𝑆 current at t4 is negative maximum. In this interval the 𝐶𝑆 

and 𝐿𝑆 are charge and discharge as the same as in step 3 up to the time t4. 

5. The operation of the converter for first half cycle was explain in the step 1-4. As wave 

shape of voltage and current for first-half cycle is symmetrical at t4 with second-half 

cycle shown in Fig. 5.2. A fundamental different appear on the basis of symmetrical 

switch operating in second half cycle as shown in Fig. 5.3(e), (f), (g) and (h), those 

switches are (𝑇6, 𝑇7, 𝑇9 , 𝑇12, 𝐷5, 𝐷8, 𝐷11, 𝐷12) and respective wave form is shown in 

Fig. 5.2. Indeed, no need explain twice whole process for step 5-8. 
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Fig. 5.2 The switching operation and respected voltage, current wave form of BWV2H 
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Fig. 5.3 Operation of DC-to-DC BWV2H system for V2H 
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5.3 Analysis  

Denoting with 𝐼𝑆 and 𝐼𝑃 the First Harmonic Components (FHC) of the coil’s currents, by 

the Faraday law of electromagnetic induction [14], the FHC voltages 𝑉𝑃 and 𝑉𝑆 induced across 

the coils are: 

𝑉𝑃 = 𝑗𝜔𝑀𝐼𝑆 (5.1) 

𝑉𝑆 = −𝑗𝜔𝑀𝐼𝑃 (5.2) 

where ω is angular switching frequency, by mesh analysis of circuit of Fig. 5.1, they can 

be expressed as below: 

𝑉𝑃𝐵𝐴𝐶 = 𝑍𝑃𝐼𝑃 + 𝑉𝑃 (5.3) 

𝑉𝑆𝐵𝐴𝐶 = −𝑍𝑆𝐼𝑆 + 𝑉𝑆 (5.4) 

Where, 𝑍𝑃and 𝑍𝑆are impedance, that includes primary and secondary inductor 𝐿𝑃 and 𝐿𝑆, 

primary and secondary resonating capacitor 𝐶𝑃 and 𝐶𝑆 and primary and secondary parasitic 

resistance of coils 𝑅𝑃 and 𝑅𝑆, respectively. Moreover, 𝐼𝑃 , 𝐼𝑆 and 𝑉𝑃𝐵𝐴𝐶 and 𝑉𝑆𝐵𝐴𝐶 are the 

fundamental component of the converter’s current and voltage. 𝑉𝑃 and 𝑉𝑆 are the induce 

voltage of the primary and secondary coils, respectively. 

According to Fig.5.1, secondary side complex power 𝑆𝑆𝐵𝐴𝐶 relation for BWV2H system 

is expresses in (5.5). Where 𝑃𝑆𝐵𝐴𝐶 , 𝑄𝑆𝐵𝐴𝐶 represent the active and reactive power flow in 

secondary of S-S coil, due to switching effect of PBAC and SBAC convertor.  

𝑆𝑆𝐵𝐴𝐶 = 𝑃𝑆𝐵𝐴𝐶 + 𝑗𝑄𝑆𝐵𝐴𝐶  (5.5) 

Table 5.1: Eight mode of the BWV2H between primary and secondary converters. 

 + 𝑃𝑆𝐵𝐴𝐶  

axis 

1st 

quadrant 

+ 𝑄𝑆𝐵𝐴𝐶 

axis 

2nd 

quadrant 

- 𝑃𝑆𝐵𝐴𝐶  

axis 

3rd 

quadrant 

- 𝑄𝑆𝐵𝐴𝐶 

axis 

4th 

quadrant 

𝑃𝑆𝐵𝐴𝐶  > 0 > 0 0 < 0 < 0 < 0 0 > 0 

𝑄𝑆𝐵𝐴𝐶 0 > 0 > 0 > 0 0 < 0 < 0 < 0 

The power level and power flow were first configure via active power (𝑃𝑆𝐵𝐴𝐶). But as 

mentioned in the Table 5.1, comprehensive and advanced control approaches involve the 

adjustment of both active and reactive power. As shown in Table 5.1, we may discuss control 

operation in a four-quadrant scheme when considering both forms of power. EV battery 

draining is connected with Quadrant-I and Quadrant-IV operations. EV battery charging occurs 
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in Quadrant-II and III. The quadrant is connected to reactive power flow. Reactive power is 

positive in Quadrant I and Quadrant II, and thus, it behaves as an inductive load. The charger 

produces reactive power as a capacitive load in Quadrant III and IV. With varied 𝑃𝑆𝐵𝐴𝐶  and 

𝑄𝑆𝐵𝐴𝐶 values, advanced algorithms will operate in quadrant regions. Nevertheless, early 

techniques that do not address the adjustment of a reactive power to a reference power differing 

from null only move axis of Table 5.1. So EV can regulate power in eight different states in 

the BWV2H system. That can be investigated for active power and reactive power absorb and 

deliver in BWV2H system at different state, obtained by regulating external phase shift angle 

Φ of PBAC and SBAC converter that can vary in all quadrant and axis as: 

Sate 1 charges the battery with no power factor. G2V. 

Sate 2. V2G power transfers deplete the battery with zero power factor. 

Sate 3. The controller makes the power converter and battery use positive reactive power and 

zero active power. The secondary side has a pure inductive load. 

Sate 4. The secondary load (power converter and battery) is capacitive with zero active power 

and negative reactive power. 

Sate 5. The controller may configure. any first quadrant point to have positive active and 

reactive power. The power converter and supplementary batteries form a general inductive 

load. 

Sate 6. V2G means the battery sends active power to the grid. The secondary power converter-

battery set also uses positive reactive power.  

Sate 7. like Sate 6, active power flows from the battery to the grid, but the secondary load 

provides reactive power, acting as a generic capacitor. 

Sate 8. In this mode, the power converter and backup battery use active power and create 

reactive power. 

Control logic in different quadrant can be easily determine by knowing active power and 

reactive power flow in it. The expiration for primary and secondary active and reactive power 

are determine by equation (5.1), (5.2), (5.3), and (5.4) are as follow: 

𝑃𝑃𝐵𝐴𝐶 =
𝑍𝑆 𝑉𝑃𝐵𝐴𝐶

2 − 𝜔𝑀𝑉𝑃𝐵𝐴𝐶𝑉𝑆𝐵𝐴𝐶 𝑠𝑖𝑛(Ф)

2(𝑍𝑃𝑍𝑆 + 𝜔2𝑀2)
 (5.6) 

𝑄𝑃𝐵𝐴𝐶 =
−𝜔𝑀𝑉𝑃𝐵𝐴𝐶𝑉𝑆𝐵𝐴𝐶 𝑐𝑜𝑠(Ф)

2(𝑍𝑃𝑍𝑆 + 𝜔2𝑀2)
 (5.7) 
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𝑃𝑆𝐵𝐴𝐶 =
−𝑍𝑃 𝑉𝑆𝐵𝐴𝐶

2 − 𝜔𝑀𝑉𝑃𝐵𝐴𝐶𝑉𝑆𝐵𝐴𝐶 𝑠𝑖𝑛(Ф)

2(𝑍𝑃𝑍𝑆 + 𝜔2𝑀2)
 (5.8) 

𝑄𝑆𝐵𝐴𝐶 =
𝜔𝑀𝑉𝑃𝐵𝐴𝐶𝑉𝑆𝐵𝐴𝐶 𝑐𝑜𝑠(Ф)

2(𝑍𝑃𝑍𝑆 + 𝜔2𝑀2)
 (5.9) 

From the above equation and Table 5.1, it is clear that EV charger can consume and deliver 

both active and reactive power and that from the point of view of the grid it can be treated as 

inductive, capacitive and resistive load. The values of power consumed and delivered depend 

on operation of the converters. The work in [11] deals with charger converters based on Table 

5.1. The values of the active and reactive transferred power depend on Ф , α and β. For example, 

consider Fig. 5.4, where the input voltage and current waveforms of SBAC converter are 

reported for different value of Ф. With Ф = -90°, the SBAC operates with the active power as 

voltage V and current I are in phase and reactive power are almost zero as shown in Fig. 5.4(a). 

When Ф approaches 0°, current I leads the voltage V as in Fig. 5.4(b), and the SBAC can be 

treated as capacitor. Finally, when Ф approaches -180°, the current I lags the voltage V as in 

Fig. 5.4(c), and the SBAC can be treated as an inductor. These are three possible conditions of 

BWV2H functioning, useful for the analysis of active and reactive power flow and in both the 

direction.  
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Fig. 5.4 Secondary coil square wave voltage (red solid), voltage fundamental sinusoidal (black solid) 

current (green dash) 

Apart from loss, reactive power is also an important factor that affects the efficiency of the 

system, the effect of reactive power in the secondary of BWV2H already explain in last 

paragraph with the help of Fig. 5.4. The EPS angle determine by equation (5.8) and (5.9) with 

assumption 𝑍𝑃 << 𝜔𝑀.  

Ф = tan−1
−𝑃𝑆𝐵𝐴𝐶

𝑄𝑆𝐵𝐴𝐶

 
(5.10) 

From the above relation, the EPS angle Ф is dependent on both active and reactive power 

of secondary. The dominancy of the reactive element depends on Ф. Indeed, it is the deciding 

factor to quadrature operation as we are dealing with the bidirectional power flow.  

Further, as per the consideration in earlier section IPS angle 𝛼 = 𝛽 on the basis of DPS 

control. We know that 𝑉𝑃𝐵𝐴𝐶 =
4𝑉𝐷𝐶𝑃

𝜋
𝑠𝑖𝑛 (

𝛼

2
) and 𝑉𝑆𝐵𝐴𝐶 =

4𝑉𝐵

𝜋
𝑠𝑖𝑛 (

𝛽

2
) using this relation in 

equation (5.9) with assumption 𝑍𝑃 << 𝜔𝑀 the IPS angle to control the amount of power deliver 

and absorb by BWV2H is represented in (5.11) 

𝛼 =  𝛽 = 2sin−1√
−𝜋2𝑃𝑆𝐵𝐴𝐶 (𝑍𝑃𝑍𝑆 + 𝜔2𝑀2)

8𝜔𝑀𝑉𝐷𝐶𝑃𝑉𝐵 𝑠𝑖𝑛(Ф)
 

(5.11) 

By the using the equation (5.10) and (5.11), we are able to generate the driving signal for 

both PBAC and SBAC converter to operate the BWV2H charge in all the possible direction. In 

general, only active power operation is takes place to control the power flow as mention in Fig. 

5.4(a). While using this control method, we are able to control active and reactive power in 

respective quadrant system is possible, as shown in Fig. 5.4(b) and 5.4(c). As freedom to control 

active and reactive power with this method, but its cause lower efficiency of BWV2H system.  
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(c) 

Fig.5.5 Primary and secondary coil voltage (red) current (green), primary current multiple of 20 and 

secondary current multiple of 3 at (a) Φ = −0.5 π (b) Φ = −0.4 π (c) Φ = −0.7 π 

5.4 Discussion and Result 

Fig. 5.5. depicts the steady state MATLAB/simulation waveforms of primary and 

secondary current and voltage side of S-S coil. The simulation result was taken place by utilized 

simulation parameters from Table 4.4 in chapter 4. Comparing Fig.5.5 (a), 5.5(b) and 5.5(c) of 

secondary side with Fig. 5.4(a), 5.4(b), 5.4(c) control approach of active and reactive power 

and following the same pattern as given in Fig. 5.4. We can see in Fig. 5.5(a), 5.5(b) and 5.5(c), 

the primary inverter and secondary control rectifier control with internal phase shift angle 𝛼 =

 𝛽 = 𝜋 and external phase shift angle Ф was chosen for three different states of control for 

−0.5 π, −0.4 π, −0.7 π. The effect of change in external phase shift angle was visible in these 

wave form. As, Ф = −0.5 π the behaviour of the BWV2H is resistive, so it operates at unity 

power factor, as a result voltage and current are in the phase. It causes only active power flow 

in BWV2H operation and negligible amount of reactive power is available. However, for Ф =

−0.4 π the behaviour of the BWV2H secondary and primary sides are inductive and capacitive, 

indeed, it operates at lagging and leading power factor i.e., current leads voltage in secondary 

and current lag voltage in primary, respectively. Due to this circulating current behaviour 

reactive power are available in this interval of control Moreover, for Ф = −0.7 π the behaviour 

of the BWV2H secondary and primary sides are capacitive and inductive, indeed, it operates at 

leading and lagging and power factor i.e., current lag voltage in secondary and current leads 

voltage in primary, respectively. Due to this circulating current behaviour reactive power are 

available in this interval of control.  

As we are aware that, in BWV2H system we utilise the active power to make the system 

more efficient, we are neglecting reactive power operation in BWV2H system. It was well 
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undusted from above control analysis and simulation result shown in Fig. 5.5 that, reactive 

power in BWV2H system is depended on Ф value. Indeed, secondary active and reactive power 

at different value of Ф are shown in Table 5.2, and it also realized that when reactive power is 

in action, it cause the VA rating of BWV2H system will be higher and its effect the efficiency 

of system.  

Table 5.2. Active and reactive power at different Ф value 

 Ф = −0.5 π Ф = −0.4 π Ф = −0.7 π 

𝑃𝑆𝐵𝐴𝐶  1570 W 1500 W 1310 W 

𝑄𝑆𝐵𝐴𝐶 -15 VAR -490 VAR 893 VAR 

Fig. 5.6. depicts the efficiency plot of BWV2H system w.r.t input power flow from primary 

to secondary. For drawing this efficiency plot by MATLAB, we are considering losses of the 

system such as S-S coil loss, switching loss, conduction loss, effect of reactive power and many 

more. However, for comparative study, for the effect of reactive power on the efficiency of 

BWV2H system was plotted at Ф = −0.5 π, −0.4 π, −0.7 π  in blue, red, and black dotted, 

respectively in Fig. 5.6. Maximum efficiency 84.9%,84%, and 82% were achieved at power 

500W, from there efficiency of the system are slightly reduce as in put power of the system are 

increase. The maximum loss take place in the secondary side, as it has more than double current 

w.r.t to primary side, and having large hard switching loss too. We are not repeating the reversal 

mode operation as they are the mirror image and having almost similar loss. Still in secondary 

side have higher loss as the voltage in secondary is low as per the battery voltage label, there 

for it have higher current w.r.t primary side. 

As per the current study, we see that the efficiency of the system is reduce when we are 

changing Ф from its optimal value, this is the major draw back of the system to control the 

power flow with this method. But it will become reward for BWV2H, when we utilise this 

control method with minimum reactive power flow, to almost eliminate the hard switching of 

PBAC and SBAC converter. It can help to improve the efficiency of BWV2H system by 1% - 

2% approximate.  

5.5 Conclusion 

This chapter includes BWV2H operation based on J2954. We explain and examine 

operation of active and reactive power flow with quadrature operation. Further, we analyse the 

control approach of BWV2H by DPS control method with different EPS angle, to understand 

the effect of reactive power. Indeed, when Ф = −0.5 π, −0.4 π, −0.7 π, maximum efficiency 

84.9%,84%, and 82% was achieved with a transferred power of 500W. This can be considered 

as a drawback, but it could result in an advantage if a small amount of reactive power is 

transferred to eliminate the hard switching. This condition could enhance the efficiency 

approximately of 1% - 2%. To eliminate the hard switching control method was not analysis 

till now. As future work, we would like to investigate this control with zero voltage switching. 
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Fig. 5.6 BWV2H Topology of primary and secondary H-bridge converters  
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6.1 Introduction  

CHANGES in electric vehicle charging method will have an effect on the electrical grid 

in the near future. According to the "vehicle-to-grid" concept, electric vehicle battery chargers 

can send and receive power in both directions [1,2]. They will provide valuable services to the 

distribution grid or to the home grid of the person who owns the vehicle. Wireless power 

transfer battery chargers make it possible for people who aren't good with technology to use 

electric vehicles in a way that is safer and easier to use [3,4]. The next step in all of these ideas 

is the development of wireless chargers that can send power from a vehicle to the grid [5]. 

Before come to know that what we are dealing in this chapter? Two different arrangement 

power sizing of the BWV2H [6,7] i.e., secondary with passive rectifier together with the DC-

DC chopper, and secondary only with active rectifier are explain in Chapter 3. However, in this 

chapter we discuss the control algorithms for BWV2H system only with the primary and 

secondary active H-bridge converter for battery charger [8]. It focuses on the power conversion 

stages that are needed for a charging work and grid synchronization at home [9,10,11,12,13]. 

The algorithms are built one by one in the continuous time domain using techniques based on 

the analysis of Bode diagrams of the transfer functions involved in the operation of the system. 

Using simulations made in the Matlab/Simulink environment, each algorithm's performance 

has been checked on its own.  

6.2 Circuital scheme of the BWV2H  

Fig. 6.1 shows the circuital scheme of BWV2H. In the scheme and through the full chapter, 

uppercase letters indicate constant quantities or quantities that vary slowly with respect to the 

grid frequency, peak amplitudes of alternating quantities, or average values of continuous 

quantities. Lowercase letters indicate alternating or variable quantities at or above grid 

frequency. 

The BWV2H is interfaced to the domestic grid by means of the front-end converter (FEC) 

equipped with an inductive input filter LG.[14] The FEC absorbs the current iG from the 

domestic grid. The phase of iG with respect to grid voltage vG is adjusted in order to define the 

direction of the active power flow and the amount of the reactive power exchanged with the 

grid [15], if any. At the output of the FEC the capacitor CDCP sustains the dc bus of the primary 

section. The continuous voltage VDCP, which can be considered nearly constant, is applied to 

the input of the high-frequency primary converter (HFPC). 

The HFPC generates the quasi-square wave voltage vHFPC at the nominal supply frequency 

of 85 kHz [16], and controls the first harmonic amplitude VHFPC of this voltage by adjusting the 

phase delay between the gate commands of its two legs, according to the phase shift control 

technique [17]. The HFPC supplies the primary coil and its compensation network, consisting 

of the capacitor CP connected in series to the coil and resonating with the coil’s self-inductance 

[18,19].  

Thanks to resonance, the current iP flowing in the coil is practically sinusoidal. It generates 
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a variable magnetic induction flux that links the secondary coil and induces an alternating 

voltage across its terminals. The induced voltage is the mean by which the power PPS is 

transferred from the primary to the secondary section of the BWV2H. The series resonant 

capacitor CS compensates for the voltage drop across the secondary coil’s self-inductance LS 

originated by the flow of the current iS. Consequently, the first harmonic of the voltage vHFSC 

applied across the input of the HFSC is ideally equal to the induced voltage [18]. During the 

charging operation, the switches T9-T12 of HFSC are driven, and the current iS flows through 

the switches T9-T12. The alternating component of the rectified current IDCS flows in the 

capacitor CDCS while its average component IB, that suitable to charges the battery. The 

capacitor CDCS is sized so that the dc bus voltage VDCS of the secondary section of the BWV2H 

can be considered constant. Following from this condition, and in the hypothesis that iS flows 

for the whole supply period forcing the alternative conduction of the pairs of switches T9-T12 

and T10-T11, it derives that vHFSC actually have a square waveform.  

In order to reverse the direction of the power flow, i.e. to transfer the power PSP from the 

EV battery to the grid, it is sufficient to adjust the current references provided to the control 

loops of FEC and to mutually exchange the control strategies of HFPC and HFSC. Indeed, in 

this condition the HFPC behaves as a high frequency active rectifier whilst the HFSC operates 

as a high frequency inverter. 

IDCP
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Fig. 6.1 Circuital scheme of the BWV2H 

6.3. Generalized control approach  

As a general approach, the controllers of the algorithms of the internal and external levels 

are based on the PI topology and are designed by imposing the phase margin M and the 

passband angular frequency PB of the control loop.  

The use of proportional integral (PI) controllers gets rid of this limitation. The TF between 

the error e(t) at the input of a PI controller and the manipulated quantity y(t) at its output is 

given by (6.1) in terms of the proportional gain KP and the integral time constant I. 

𝐶(𝑠) ≜
𝑌(𝑠)

𝐸(𝑠)
= 𝐾𝑝 (

1+𝑠𝜏𝐼

𝑠𝜏𝐼
).  (6.1) 
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From the expression (6.1) it is found that the controller's time constant must satisfy the 

condition in terms of phase margin (M) of the controller at the passband frequency 𝛚𝐁𝐏 is 

expressed as   

𝑎𝑡𝑎𝑛(𝜔𝑃𝐵𝜏𝐼) −
𝜋

2
= −∠𝑆𝑦𝑠(𝑗𝜔𝑃𝐵) − π + 𝑀𝜙 ,  (6.2) 

where the left-hand terms give the phase at the passband angular frequency of the TF of 

the PI and ∠𝑺𝒚𝒔(𝒋𝝎𝑷𝑩) is the phase of the system to be controlled. From (6.2), the time 

constant I is worked out as 

𝜏𝐼 =
1

𝜔𝑃𝐵
𝑡𝑎𝑛 (−

π

2
− ∠𝑆𝑦𝑠(𝑗𝜔𝑃𝐵) + 𝑀𝜙).  (6.3) 

The assumption, usually taken, that the passband of the closed-loop TF corresponds to the 

cut-off frequency of the open-loop TF, leads to the relation 

𝐾𝑃 |
1+𝑗𝜔𝑃𝐵𝜏𝐼

𝑗𝜔𝑃𝐵𝜏𝐼
| |𝑆𝑦𝑠(𝑗𝜔𝑃𝐵)| = 1,  (6.4) 

where the operator |∙| denotes the magnitude of its argument. 

By substituting (6.3) into (6.4) it is possible to work out I and KP as functions of the system 

TF and of the required PB and M. Finally, the integral gain KI of the controller is expressed 

as 

𝐾𝐼 =
𝐾𝑃

𝜏𝐼
.  (6.5) 

The controllers are designed in the continuous-time domain according to (6.3) and (6.4), 

but bearing in mind that they will be implemented in a discrete-time system with sampling 

period T. To this end, in designing the controller a block representing the sampling delay has 

been inserted in series to the system to be controlled. This block, which in the discrete-time 

domain is represented by the z-1 operator, in the continuous-time domain is modelled using 

𝑆𝐷(𝑠) =
1 − 𝑠

𝑇
2

1 + 𝑠
𝑇
2

 (6.6) 

obtained by bilinear or inversion of the Tustin discretization method.  

After computing KP and KI, the controller is discretized using the Tustin method obtaining 

(6.7), which links the present value of the controller's output to its value in the previous 

sampling instant and to the present and previous values of the error signal. 
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𝑌(𝑘) = 𝑌(𝑘 − 1) + 𝐾𝑒(𝑘)𝑒(𝑘) + 𝐾𝑒(𝑘−1)𝑒(𝑘 − 1).  (6.7) 

The gains 𝐾𝑒(𝑘) and 𝐾𝑒(𝑘−1) are given by the equations 

𝐾𝑒(𝑘) = (𝐾𝐼
𝑇

2
+ 𝐾𝑃), (6.8) 

𝐾𝑒(𝑘−1) = (𝐾𝐼

𝑇

2
− 𝐾𝑃) . (6.9) 

6.4. Control algorithms design 

6.4.1. Grid current control by FEC 

vG

iG

RGLG

vFEC

 

Fig. 6.2 Equivalent scheme of the system to be controlled. 

The internal current loop (ICL) acquires the reference iG,ref, generated by external voltage 

loop (EVL), computes the reference for the voltage vFEC to be generated at FEC input, and 

finally generates the gate commands for the FEC converter as a function of vFEC,ref and of the 

measured dc voltage VDCP.  

The system to be controlled consists of the filter inductance LG placed at the FEC input and 

its serially connected parasitic resistance RG. The grid voltage vG acts as an external 

disturbance. The scheme of the controlled system is shown in Fig. 6.2. Its TF is 

𝐺𝑖𝐺(𝑠) =
1

𝑠𝐿𝐺+𝑅𝐺
, (6.10) 

and the block diagram of the relevant control loop is shown in Fig. 6.3 

CiG,VFEC(s)   GiG(s)   SD(s)  

iG,ref

LPF(s)  

iG
vFECvFEC,ref

vG

 

Fig. 6.3. Block diagram of the current control loop of iG 

The controller CiG,VFEC(s) processes the error on iG and generates vFEC,ref. Within one 



101 | P a g e  

 

sampling delay the voltage reference is converted into the command signals for the power 

switches of the FEC and vFEC is generated at its input. A first order TF, given by (6.10) and 

having a cutoff frequency of 10 kHz, is inserted in the feedback path, to represent the LPF that 

attenuates the high-frequency components of the signal coming from the transducer of iG.  

𝐿𝑃𝐹(𝑠) =
1

𝑠𝜏𝐿𝑃𝐹+1
.  (6.11) 

The supply frequency of the coupled coils is standardized at 85 kHz [16]. However, the 

outputs of the control algorithms are updated once every four supply periods of the HFPC in 

order to allow the microcontroller enough processing time. Hence, the output of the discretized 

version of CiG,VFEC(s) is updated every 45 s. For reasons related to the simplicity of the 

implementation of the control loops and to the reduction of the power losses, the switches of 

the FEC commutate with the same period, i.e., at 21.25 kHz. Given the sampling frequency 

above 20 kHz and the requirement of generating a sinusoidal current at 50 Hz, it is reasonable 

to set the passband PB of the control loop to 1 kHz and the phase margin M to 70°. This 

selection of M gives a quick response, but causes an overshoot when a stepwise reference is 

applied. However, it must be remembered that iG,ref is sinusoidal, so this problem does not arise 

in the considered application. 

The CiG,VFEC(s) controller is of the PI type and has been designed by applying the procedure 

reported in the section 6.3 to a system constituted by the cascade of GiG(s), SD(s), and LPF(s). 

Considering a BWV2H having the parameters reported in Table. 6.1 [1], the open-loop system 

without the controller has the Bode diagram plotted with the dashed green line in Fig.6.4.  

The diagram of the open-loop controlled system is drawn with the dashed red line, while 

that of the closed-loop controlled system is shown by the solid blue line. The analysis of the 

diagrams confirms that CiG,VFEC(s) successes in imposing the required bandwidth and phase 

margin.  

The step response for close loop iG is plotted in Fig 6.5. As expected there is a small over 

elongation; Moreover, in the first moments after the step reference is applied, the system output 

decreases and becomes negative rather than increasing. Because of the inclusion of the delay 

block in the forward gain loop and the low pass filter in the feedback route, the control system 

does not behave like a conventional second-order system, which is normally used as a reference 

   
Fig. 6.4 Bode diagram relevant to internal current loop. Open-loop uncontrolled system (dashed green), 
open-loop controlled system (dashed red), closed-loop controlled system (solid blue). 
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in assessing the responses to canonical signals. As in the case of over elongation, this non-ideal 

behavior does not give cause for concern since the reference signal for this control loop will be 

sine.  

Table 6.1. Specification of BWV2H 

Parameters Symbol Value 

Grid power  PG 3300 W 

Grid Peak Voltage VG 358 V 

Grid Current iG  22.6 A 

Battery Maximum voltage VB,M 130 V 

Battery Minimum voltage VB,m 95 V 

Battery current (charging) IB,C 30.48 A 

Battery current (discharging) IB,D 50 A 

Grid side inductance LG   3 mH 

DC Primary Capacitor CDCP 1.21 mF 

Primary & Secondary Inductance LP = LS   220 H 

Primary & Secondary Capacitor CP = CS   15.9 nF 

DC Secondary Capacitor CDCS 3.51 F 

Battery side inductor  LO   151 H 

Battery nominal charging current IB,C,N 30.48 A 

Battery series resistance RB,ESR 0.1  

From (6.4), and (6.5) the gain of continuous-time PI controller are 

KP = 18.773 (6.12) 

KI ≜ 15930 (6.13) 

Respectively the gain in the discrete domain from is obtain in (6.14), and (6.15). by putting 

the value of 𝐊𝐏 and 𝐊𝐈 (6.9) and (6.10) where 𝛕 = 𝑻 

Ke(k),𝑖𝐺
= 19.1481090455518 (6.14) 

Ke(k−1),𝑖𝐺
= −18.3984509438856 (6.15) 

In order to limit the ripple of the current iG, it was chosen to control the static FEC 

switches with the bipolar technique. The two duty cycles are calculated as 

𝛿𝐴 = 0.5 +
1

2

𝑣𝐹𝐸𝐶,𝑟𝑒𝑓

𝑉𝐷𝐶𝑃
 (6.16) 

𝛿𝐵 = 0.5 −
1

2

𝑣𝐹𝐸𝐶,𝑟𝑒𝑓

𝑉𝐷𝐶𝑃
 (6.17) 
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6.4.2. External close loop of VDCP voltage through PG 

6.4.2.1. Generation of PG,ref 

The FEC has the two tasks of controlling the average voltage VDCP across the terminals of 

CDCP to a value that allows the HFPC to operate correctly and of managing the power exchanged 

with the grid following the indications of CEI 0-21 [20], which requires adjusting the ratio of 

active to reactive power according to grid conditions. This latter issue is not considered in this 

chapter, however, EVL for VDCP and ICL for iG , which manipulates and controls the grid 

current, respectively, are designed to also provide for the management of reactive power. The 

two tasks of EVL for VDCP are easily integrated if the algorithm is designed to manipulate 

directly the active and reactive power PG and QG exchanged with the grid rather than the current 

iG. The grid current reference iG,ref is then obtained by processing the active power reference 

PG,ref and, possibly, the reactive power reference QG,ref. 

The EVL for VDCP has an interaction of the first type with EVLC for VDC during battery 

charging and another interaction of the first type with EVLD for VDCP during battery 

discharging. During the charging process, EVLC for VDCP tries to bring VDCP to the lower 

reference value VDCP,ref,low by generating a reference for the power PPS absorbed from CDCP and 

transferred to the secondary side of BWV2H. At the same time, EVLD for VDCP tries to bring 

VDCP to the higher reference value VDCP,ref,high by generating the reference for the grid power PG 

injected in CDCP. Instead, while discharging the battery, EVLD for VDCP tries to bring VDCP to 

the higher reference value VDCP,ref,high by generating the reference for the power PSP drawn from 

the battery and injected in CDCP. At the same time, EVL for VDCP tries to bring VDCP to the 

lower reference value VDCP,ref,low by generating the reference for the power PG drawn from CDCP  

and injected in the grid. 

The assumption that the power PSP is transferred from the battery and injected into CDCP 

entails that the losses in the power converters and in the coupled coils have been neglected. The 

same approach is also applied in manipulating the power references to obtain the current 

references. This approximation does not affect the functioning of the system since it is 

automatically compensated by the feedback control loops implemented in all the algorithms. 

 
Fig 6.5 Response to the step of the current control loop of iG 
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Given that EVL for VDCP generates a reference for PG, it results convenient to model the 

controlled system by highlighting this quantity. The first step is to express the relationship 

between the voltage across a capacitor and its stored energy in terms of Laplace transforms. By 

considering that the energy stored in the capacitor corresponds to the integral of the injected 

power, this relationship is given by 

𝑃(𝑠)

𝑠
=

1

2
𝐶𝑉2(𝑠), (6.18) 

where V2(s) is the L-transform of the capacitor squared voltage. From (6.18) it derives that 

the state variable used in modelling the system is VDCP
2 instead of VDCP and that it is convenient 

to control the square of CDCP voltage rather than the voltage itself. 

The ideal scheme of the voltage control loop is represented in Fig. 6.6. Like in the previous 

cases, the controller CVDCP,PG(s) is of the PI type. The integral action would not be strictly 

necessary if the purpose of the controller was only to charge an insulated capacitor at the desired 

voltage. In this case, however, the capacitor supplies the HFPC (or the FEC, during battery 

discharging). Consequently, CVDCP,PG(s) must require the injection of power into CDCP even 

when the voltage error is null to compensate for the power PPS absorbed by the HFPC. 

The block denoted as PG,ref→IG,ref represents the conversion between the active power 

reference generated by the controller and the reference IG,ref for the amplitude of the grid current. 

It is approximated by the relation 

𝐼𝐺,𝑟𝑒𝑓 =
2𝑃𝐺,𝑟𝑒𝑓

𝑉𝐺,𝑁
, (6.19) 

obtained by assuming that the grid voltage is sinusoidal and with the nominal amplitude 

VG,N, that the grid current is in phase with the voltage, and that the efficiency of the FEC is 

equal to one. The reference IG,ref will be further manipulated to work out the grid current 

reference iG,ref to be provided to ICL for iG , described in Subsection 6.4.1.  

The block denoted as IG,ref→IG models the non-idealities introduced by the control 

algorithm ICL for iG in modulating the amplitude of iG. Considering that the amplitude Bode 

diagram of the control loop of iG, shown in Fig. 6.4, is flat up to 1 kHz, and that, as it will be 

shown in the following paragraphs, the bandwidth of the loop controlled by CVDCP,PG(s) is much 

smaller, these effects can be disregarded and the block IG,ref→IG can be considered as an unitary 

gain. The block IG→PG represents the conversion between the actual amplitude of the grid 

current and the power entering into to the dc bus of the FEC. By disregarding the FEC losses, 

CVDCP,PG(s)  IG,ref           IGPG,ref           IG,ref

VDCP,ref
2

IG           PG 2/sCDCP 

VDCP
2

PPS

 

        Fig. 6.6 Ideal block diagram of control loop of VDCP. 
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it is approximated by reversing (6.19). The power PPS constitutes a disturbance for the system. 

It is subtracted from PG to obtain the net power injected in the capacitor. The last block in the 

forward path of Fig. 6.6 derives from (6.18) and represents the capacitor CDCP.  

In implementing the control system, it must be remembered that the transduced quantity is 

VDCP instead of VDCP
2 and that CDCP is actually charged by a current. Consequently, the block 

diagram of Fig. 6.7 gives a more realistic representation of the physical structure of the control 

loop of VDCP. In the figure, the block PG,ref→IG,ref has been substituted for by the gain coming 

from (6.19) whilst the block IG→IFEC represents the relation between the grid current and the 

currents that actually enters into the dc bus of the FEC. In order to simplify the diagram, the 

disturbance current IDCP, which accounts for the power PPS, is not shown. The blocks (∙)2 

represent the square operator and are implemented by the microprocessor while processing the 

samples of VDCP,ref and of the voltage acquired at the output of the LPF. 

The capacitor CDCP has the function of absorbing the oscillating components of the power 

exchanged with the grid in order to charge or discharge the battery with a constant power. For 

this reason, at steady state, VDCP oscillates at twice the grid frequency around its reference value 

and can be approximated as  

𝑉𝐷𝐶𝑃(𝑡) ≈ 𝑉𝐷𝐶𝑃,𝑟𝑒𝑓 + ∆𝑣𝐷𝐶𝑃𝑠𝑖𝑛(2𝜔𝐺𝑡). (6.20) 

The quantity processed by the controller CVDCP,PG(s) is VDCP
2 that, following from (6.20), 

is approximated with the expression 

𝑉𝐷𝐶𝑃
2(𝑡) ≈ 𝑉𝐷𝐶𝑃,𝑟𝑒𝑓

2 +
∆𝑣𝐷𝐶𝑃

2

2
+ 2𝑉𝐷𝐶𝑃,𝑟𝑒𝑓∆𝑣𝐷𝐶𝑃𝑠𝑖𝑛(2𝜔𝐺𝑡)

−
∆𝑣𝐷𝐶𝑃

2𝑐𝑜𝑠(4𝜔𝐺𝑡)

2
, 

(6.21) 

obtained using the half-angle formulas. In (6.20) a term with angular frequency 4G, 

corresponding to 200 Hz, appears. 

The controller CVDCP,PG(s) should not attempt to eliminate the oscillations of VDCP
2, 

otherwise a distortion in the waveform of iG would be introduced. Hence, either the components 

at frequencies of 100 Hz and 200 Hz are left outside the bandwidth of the VDCP control loop, or 

they are attenuated before being processed by the controller. In designing the control loop, an 

intermediate solution has been selected: the bandwidth B has been set to 2∙20 rad/s and the 

CVDCP,PG(s)  IG,ref           IG2/VG,N 

VDCP,ref
IG           IFEC 1/sCDCP 

VDCP

(.)
2

LPF(s)  NVDCP(s)  

(.)
2

 

         Fig. 6.7 Ideal block diagram of control loop of VDCP. 
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phase margin to 80°, and a notch filter, denoted as NVDCP(s) in Fig. 6.7, has been inserted in the 

feedback path of the loop. The notch filter has the TF 

𝑁𝑉𝐷𝐶𝑃(𝑠) =
𝑠2+𝜔0

2

𝑠2+𝑠𝜔𝐵+𝜔0
2, (6.22) 

with a bandwidth B=2∙40 rad/s and a center frequency 0=2∙100 rad/s. Being inserted 

after the square operator (∙)2, the notch filter operates both on the 100 Hz and the 200 Hz 

components of VDCP
2. 

The presence of the operator (∙)2 makes the diagram of Fig. 6.7 not linear and, consequently, 

the controller CVDCP,PG(s) cannot be designed using the conventional approach. The diagram is 

then linearized around the nominal working point VDCP=VDCP,N by expressing VDCP in the form 

𝑉𝐷𝐶𝑃
2 ≈ 𝑉𝐷𝐶𝑃,𝑁

2 + 2𝑉𝐷𝐶𝑃,𝑁Δ𝑉𝐷𝐶𝑃, (6.23) 

where Δ𝑉𝐷𝐶𝑃 is the variation of VDCP with respect to VDCP,N. Using (6.23) and a similar 

expression for 𝑉𝐷𝐶𝑃,𝑟𝑒𝑓
2, the diagram of Fig. 6.7 has been redraw as in Fig. 6.8. The block 

IG→IFEC has been replaced by 

𝐼𝐷𝐶𝑃 =
𝑉𝐺,𝑁

2𝑉𝐷𝐶𝑃,𝑁
𝐼𝐺 (6.24) 

obtained neglecting the losses of the FEC and in the hypothesis that the current iG is in 

phase with the voltage vG and that the voltage VDCP remains close to its nominal value. The 

CVDCP,PG(s)  IG,ref           IG2/VG,N 

ΔVDCP,ref
VG,N /(2VDCP,N) 1/sCDCP 

ΔVDCP

2VDCP,NLPF(s)  NVDCP(s)  

2VDCP,N

 
Fig. 6.8 Ideal block diagram of control loop of VDCP. 

 

Fig. 6.9. Bode diagrams relevant to EVL for VDCP. Open-loop uncontrolled system (dashed green), 
open-loop controlled system (dashed red), closed-loop controlled system (solid blue). 
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CVDCP,PG(s) controller was designed on the basis of Fig. 6.8 using the same technique described 

in Subsection 6.4.1. The Bode diagram for VDCP control loop is shown in Fig. 6.9 where, as in 

the previous figure, the dotted green line represents the diagram of the open-loop system 

without the controller; the dashed red line refers to the open-loop controlled system, and the 

solid blue line shows the Bode diagram of the closed-loop controlled system. 

From equation (6.4), and (6.5) as mention in section 6.4.1 the gain of continuous-time PI 

controller are 

KP,V𝐷𝐶𝑃
= 0.0377, (6.25) 

KI,V𝐷𝐶𝑃
≜ 0.3188 (6.26) 

Respectively the gain in the discrete domain from is obtain in (6.14), and (6.15). by putting 

the value of 𝐊𝐏,𝐕𝑫𝑪𝑷
 and 𝐊𝐈,𝐕𝑫𝑪𝑷

 (6.9) and (6.10) where 𝛕 = 𝑻 

Ke(k),V𝐷𝐶𝑃
= 0.0376845537993056 (6.27) 

Ke(k−1),V𝐷𝐶𝑃
= −0.0376695569697946 (6.28) 

6.4.2.2 Generation of iG,ref 

The power reference PG,ref computed by CVDCP,PG(s) is further manipulated to work out the 

grid current reference iG,ref for ICL of iG.  

In static converters connected to the three-phase grid, the power control algorithm is often 

developed on the basis of the theory of instantaneous power [15]. The application of this theory 

requires a prior transformation of the three-phase voltages from the reference frame a,b,c to the 

stationary reference frame ,, and, eventually, to the synchronous reference frame d,q,0 by 

means of the well know Clarke and Park matrixes. 

In a three-phase system without neutral, or when the sum of the phase currents is identically 

zero, the theory of instantaneous power defines the real instantaneous power p and the 

imaginary instantaneous power q as 

𝑝 ≜
3

2
(𝑣𝛼𝑖𝛼 + 𝑣𝛽𝑖𝛽) =

3

2
(𝑣𝑑𝑖𝑑 + 𝑣𝑞𝑖𝑞)

𝑞 ≜
3

2
(𝑣𝛼𝑖𝛽 − 𝑣𝛽𝑖𝛼) =

3

2
(𝑣𝑑𝑖𝑞 − 𝑣𝑞𝑖𝑑)

,  (6.29) 

where i, i, id, and iq are the current components in the stationary and in the synchronous 

reference frames. 

In a three-phase system with symmetrical voltages and balanced currents, the real 

instantaneous power corresponds to the active power whilst the imaginary instantaneous power 

corresponds to the opposite of the reactive power. From this property it derives that, if the 
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reference for the active and the reactive power are given, by inversion of (6.29) it is possible to 

work out the corresponding references for the currents in the stationary and/or in the 

synchronous reference frames by means of 

𝑖𝛼 =
2

3

𝑝𝑣𝛼−𝑞𝑣𝛽

𝑣𝛼
2+𝑣𝛽

2 ,        𝑖𝑑 =
2

3

𝑝𝑣𝑑−𝑞𝑣𝑞

𝑣𝑑
2+𝑣𝑞

2

𝑖𝛽 =
2

3

𝑝𝑣𝛽+𝑞𝑣𝛼

𝑣𝛼
2+𝑣𝛽

2 ,       𝑖𝑞 =
2

3

𝑝𝑣𝑞+𝑞𝑣𝑑

𝑣𝑑
2+𝑣𝑞

2

.  (6.30) 

In single-phase systems, like the BWV2H, the Clarke transformation cannot be applied 

because only one phase voltage is available. Nevertheless, vα and vβ are computed considering 

that v=vG and that vβ has the same waveform as vG but lags it by 90°. The subsequent Park 

transformation requires to know the instantaneous phase θG of vG, obtained by means of a PLL. 

If a Park based PLL is used, the voltage components vd and vq are obtained as a side-product of 

the computation as shown in the diagram of Fig. 6.10 have oscillations. The oscillations are 

attenuated by LPF, that present in a loop between the direct and inverse Park transform performs 

to obtain �̅�𝒅  and  �̅�𝒒. Indeed, 𝒗𝜶
′  and 𝒗𝛃

′  achieve by implementing the inverse Park transform 

to �̅�𝒅  and  �̅�𝒒. In simulating the BWV2H the one described in [14] has been adopted. 

Once vd, vq, and θG are obtained from the PLL, the active power references coming from 

CVDCP,PG(s), and, possibly, the reactive power reference generated by a suitable control loop, 

are processed according to the block diagram of Fig. 6.11 to work out iG,ref. The gain 3 between 

iα and iG,ref is explained considering that the instantaneous power theory used to derive iG,ref is 

based on the assumption of operating with a three phase system, but in the actual BWV2H the 

full power must be exchanged through a single phase. 

α β 

To

 d q 

d q

 To

α β  

PI

LPF

LPF

1/S
Vq

Vd
Vin

ωG,N

Vα 

Vβ
 

Vβ
 

Vα
 Vq

Vd

PD LF FPG

ωG,es

θG,es

 

Fig. 6.10 Block diagram of a inverse Park -PLL 
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It has been hypothesized that in the initial phase of the simulation the grid operated at a 

frequency of 314 rad and with nominal voltage of 325 V. In addition, the initial voltage of the 

capacitor has been set to 365 V and it is assumed that the HFPC did not absorb power. So, in 

the first moments of operation of the system, capacitor CDCP was loaded up to its rated voltage 

of 450 V and then kept in such condition. From the instant t=0.5 s the power absorbed by the 

HFPC has been increased to 80% of the rate with a ramp lasting 0.1 s. Instantly t= 1 s the grid 

frequency was increased to 320.28 rad in 0.1 s and from the instant t= 1.5 s the grid voltage was 

increased to 358 V, i.e. 110% of the nominal with a ramp lasting 0.1 s; finally, instantly t=2 s 

the flow of power absorbed by the HFPC has been reversed, bringing it to -80% of the nominal 

with a ramp lasting 0.2 s.  

The VDCP voltage trend during this operations is shown in the left half of Fig 6.12 with the 

red line; the blue line is the reference for VDCP. The Fig. shows how in the initial the capacitor 

CDCP is discharged instead of loaded, however after less than 0.1 s the charging process is 

actually started and around 0.4 s the capacitor reaches the reference voltage VDCP,N. The initial 

discharge of the capacitor is due to the transient PLL, which initially does not provide the 

correct phase of the grid voltage and consequently makes it impossible to correctly fix the sign 

of the power exchanged with it. This problem can be easily solved by delaying the power 

exchange by a few fractions of a second compared to activating the BWV2H control system to 

give the PLL time to synchronize with grid voltage. It is noted that during the charging the 

capacitor the voltage VDCP smooth and there are no undulations. Latter, on the other hand, after 

0.5 s, the capacitor is discharged from HFPC and it is necessary to recharge it by current iFEC 

(6.29)

PG,ref

QG,ref

Park-1

3
id

iq

iα

 iβ

iG,ref

vd

vq

θG,es

 

Fig. 6.11 Block diagram for the generation of iG,ref. 

  

Fig. 6.12 Primary DC voltage reference (blue) VDCP,ref and control primary DC voltage (red) VDCP 
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obtained by straightening the grid current. In the first phase of charging the iFEC it is quite low, 

so that the undulations produced on the capacitor voltage are contained. When it is necessary 

to compensate for the power taken from the HFPC, this current is greater and therefore the 

voltage oscillations also grow. This phenomenon is also present during the inversion of power 

absorbed by the HFPC. As shown in the right half of Fig 6.12, initially the VDCP voltage 

increases and as a result the amplitude of the current IFEC is reduced to zero, thus reducing the 

amplitude of the oscillations; subsequently the control ring of VDCP requires the absorption from 

the grid of a current of increasing amplitude but of opposite phase in order to discharge the 

CDCP capacitor, so that the voltage oscillations at its heads resume to increase until they reach 

the amplitude present before the power reversal. If you look at the left half of Fig 6.12, you can 

see that neither the change in the grid frequency nor the variation in its amplitude have visible 

effects on VDCP.  

These changes, on the other hand, have a significant influence on the PLL's estimate of grid 

frequency. The left half of Fig 6.13 shows with the red line the grid angular frequency estimated 

by the PLL during the test sequence while with the blue line it shows its real value. Apart from 

the initial transient, during which the error is very large, it is noted that the PLL is able to 

provide an accurate estimate of the grid angular frequency. When it presents the step variation 

from 314 rad to 320.44 rad the PLL provides the correct estimate within about 0.4 s after having 

produced an over elongation of about 0.45 rad, as shown in the right half of Fig 6.13. At full 

speed there remains an estimated error about sine with twice the frequency of the grid. 

Fortunately, errors in the frequency estimate have only a marginal impact on the grid phase 

estimate, as shown in Fig 6.14. Except in the very first moments of operation, both when the 

system is starting and if the change in the grid frequency at time 1s, the error in estimating the 

 

Fig. 6.14 Grid phase estimate error 

  

Fig. 6.13 Grid frequency estimate by the PLL(blue) and real grid frequency(red) 
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phase of the grid voltage remains less and less than 3°. When the grid voltage has the amplitude 

variation at time 1.5s, despite a considerable error in estimating the frequency, the phase 

estimation error is less than 8°. The Fig. shows that at full speed the phase estimation error has 

a range of high-frequency oscillations about zero-centered. This is due to the fact that the phase 

of the grid voltage varies continuously over time while the phase estimated by the PLL is 

updated in discrete time.  

The block shown as PG,ref->I,G,ref in Fig 6.11 implements Equation (6.29) and generates the 

reference id,ref for the current component that involves exchanging active power with the grid. 

Since in this case there is no reactive power involvement, the absolute value of id,ref multiplied 

by 3 corresponds to the amplitude reference for the grid current. It is shown with the green line 

in the left half of Fig 6.15. According to the conventions adopted, when the id,ref is negative the 

BWV2H delivered power to the grid while when the id,ref is positive the power is absorbs from 

the grid. In the same Fig. the grid current is shown with the red line; the comparison between 

the two waveforms confirms the correct functioning of the control ring of iG. The right half of 

Fig 6.15 refers to the initial charge of the capacitor and shows with the green line the trend of 

id,ref, with the blue line the reference iG,ref and with the red line the actual value of iG. It is noted 

that the id,ref is subject to a small oscillation that increases with the amplitude of the current. It 

is due to the residual oscillation present at the exit of the notch filter placed on the feedback 

path of the control ring of VDCP whose regulator generates the reference PDCP,ref from which id,ref 

is then obtained. The block referred to as Anti-Park in Fig 6.10 implements switch from id,ref to 

iG,ref. This operation is accurate, in fact the peaks of the sine blue of Fig 6.15 lie on the red 

curve. Finally, the comparison between the iG,ref and iG confirms that the grid current control 

ring operates correctly even under dynamic conditions. 

In the left half of Fig 6.16 are shown the trends of the grid current has the amplitude variation 

at time 1.5s, the same magnitudes at the time of the step-by-step increase in the amplitude of 

the grid voltage while the right half of the Fig. refers to the inversion of power deliver and 

absorbed by the HFPC. In the first case, to keep the deliver power constant, the reference for 

the amplitude of the current iG,ref (blue) is promptly reduced and the actual grid current grid 

current iG (red) reduce and also a 180° shift of the current with respect to the grid voltage (black) 

demand in about 2ms. In the second case, the amplitude of the current absorbed by the grid is 

 

Fig. 6.15 Grid current actual (red) , id,ref (green),  and estimated grid current(blue) 
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initially increased again until it reaches a value higher than the initial value, to keep the absorbed 

power constant, the reference for the amplitude of the current is promptly increase and the actual 

grid current is in phase with the grid voltage. The change of direction of power flow is 

highlighted by the fact that the i d,ref (green)changes sign. 

6.4.3. Control of the amplitude of the secondary coil current during battery charging  

When the power flows from the grid to the battery, HFPC acts as an inverter and HFSC act 

as active rectifier, its gate commands are generated by IS current loop to deal with single PI 

control, to make system cost effective. The control method is base on the DPS modulation 

method, in which both bridge converters are control. Thanks to the series resonance, the first 

harmonic components of the HFPC output voltage vHFPC is about equal to the voltage induced 

across the primary coil, and consequently, its amplitude is proportional to that of the current iS 

flowing in the secondary coil. Based on this condition, during the battery charging, IS current 

loop manipulates vHFPC  and vHFSC to control IS. 

6.4.3.1. Current transduction iS 

The design of the IS controller presents some difficulties due to the high frequency of the 

alternating quantities involved in the operation of the coupled coils. It is reasonable to assume 

that the frequency of sampling and processing of the BWV2H control algorithm is at most equal 

to the feed frequency of the coils. Consequently, it is not possible to control the waveform of 

the current is for an instant but only its peak amplitude, while it maintains an almost sine 

waveform due to the filtering effect of the compensation networks. It is therefore necessary to 

create a transduction and conditioning circuit which makes available to the analog digital 

converter of the microcontroller a voltage proportional to the peak amplitude of is. An example 

of such a circuit is given in Fig 6.17, which also shows an indicative representation of the 

waveform of signals exchanged between the different stages of the circuit. 

 

Fig. 6.16 Grid current estimate (blue) and real grid current (red), id,ref (green), and grid voltage (black) 
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The instantaneous value of currents is assumed to be translated by means of a Hall effect 

probe or another type of transducer. The signal at the transducer output is then processed by a 

high pass filter (HPF) to eliminate any continuous component due to transducer offsets. The 

output of the high pass filter is straightened to obtain its absolute value which, in turn, 

constitutes the input of a LPF. This filter provides the average value of the straightened value 

of the current and allows you to trace its peak value by the relation 

𝐼𝑝𝑒𝑐𝑘 =
𝜋

2
𝐼𝑎𝑣𝑒𝑟𝑎𝑔𝑒 .  (6.31) 

The (6.31) is valid only if the currents are sinusoidal, but this condition is well verified in 

resonant wireless systems. Particular attention should be paid to the size of the LPF: its 

cutting frequency must be low enough to effectively attenuate the oscillations present at the 

output of the circuit, but high enough to allow the filter output to faithfully follow changes in 

the peak amplitude of the current. The cutting frequency of both the high pass filter and the 

low pass filter has been set at 1kHz. 

In designing the controller, the coil current transduction circuit was modeled using the TF 

𝑇𝐼𝑡
(𝑠) = 𝑇𝐼𝑟

(𝑠) =
𝜋

2

1

1+𝑠𝜏𝑃𝐵
  (6.32) 

con PB=1.5e-4. 

6.4.3.2. Transfer function between the peak value of vHFPC and the peak value of iS 

The TF from the first harmonic of vHFPC to iS is obtained from the equivalent circuit of the 

coupled coils sketched in Fig. 6.18 and results in 

𝐺𝑣𝐻𝐹𝑃𝐶 ,𝑖𝑆
(𝑠) = −

M𝐶𝑆𝐶𝑃𝑠3

𝐷4𝑠4+𝐷3𝑠3+𝐷2𝑠2+𝐷1𝑠+1
,  (6.33) 

HPFTransducer Abs Value LPF
 

Fig. 6.17 Principle diagram of the acquisition circuit 
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obtained by using the complex variable “s” instead of “j” in representing the reactive 

components of the circuit and then working out the ratio is/vHFPC by means of the conventional 

approach based on the Kirchhoff laws. The coefficients of the denominator of GvHFPC,iS(s) are 

equal to 

𝐷4 = 𝐶𝑆𝐶𝑃𝐿𝑆𝐿𝑃 − 𝐶𝑆𝐶𝑃𝑀2

𝐷3 = 𝐶𝑆𝐶𝑃𝐿𝑆𝑅𝑃 + 𝐶𝑆𝐶𝑃𝐿𝑃𝑅𝑆

𝐷2 = 𝐶𝑆𝐿𝑆 + 𝐶𝑃𝐿𝑃 + 𝐶𝑆𝐶𝑃𝑅𝑆𝑅𝑃

𝐷1 = 𝐶𝑆𝑅𝑆 + 𝐶𝑃𝑅𝑃

  (6.34) 

and its Bode diagrams are plotted in Fig. 6.19. 

Generally speaking, it is reasonable to assume that the sampling and processing frequency 

of iS current loop is at most equal to the supply frequency of the coils. In the considered 

application, it is even a submultiple. Consequently, it is not possible to control the actual 

waveform of iS but only its amplitude IS, relying on the filtering effect of the compensation 

network to enforce the current to maintain an almost sinusoidal waveform. 

On the other hand, vHFPC cannot be freely manipulated because only the amplitude VHFPC 

of its first harmonic component is directly affected by the phase shift angle between the gate 

commands of the legs of the HFPC. Then, the TF GvHFPC,iS(s) is not useful in designing the 

controller of  iS current loop and must be substituted for by the TF from VHFPC to IS. It can be 

demonstrated [28] that if the bandwidth of the variations of VHFPF is much smaller than the 

supply frequency, and if the amplitude Bode diagram of GvHFPC,iS(s) is smooth enough around 

the supply frequency, as it happens in the considered case, then the TF that links VHFPC to IS 

can be simply approximated by the gain of GvHFPC,iS(s) computed at the supply frequency, i.e. 

by 

 

Fig. 6.19 Bode diagram of GVHFP,iS(s). 

LP

CPRP

LS

CS RSM

iP iS
vHFSC

vHFPC ~ ~

 

Fig. 6.18 Equivalent circuit of the coupled coils. 
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𝐾𝑉𝐻𝐹𝑃𝐶 ,𝐼𝑆
=

1

𝜔𝐻𝐹𝑀
,  (6.35) 

where HF is the supply angular frequency. With the parameters of Table. 6.1, it results 

KVHFPC,IS=0.083.  

When designing the controller of IS, it must be remembered that the computation of IS,ref 

and the transduction of IS are performed in the secondary section of the BWV2H, whilst the 

manipulated voltage vHFPC is related to the primary section. It is therefore necessary to set up a 

communication channel between the two sections. A viable solution is to employ a pair of radio 

transceivers operating on the industrial, scientific and medical (ISM) band. It is reasonable to 

assume a refresh period of the transmitted data of 1 ms.  

The block diagram of the control loop of IS is shown in Fig. 6.20. The blocks within the 

dashed red rectangle are located on the primary section of the BWV2H whilst the others are on 

the secondary section. The blocks crossed by the rectangle interface the two sections: TD(s) 

represents the delay due to data transmission, whilst KVHFPC,IS approximates the TF from VHFPC 

to IS. The blocks SD(s) and CIS,VHFPC(s) represent the microprocessor delay and the controller, 

respectively. Like in the previous subsection, SD(s) is computed supposing that the sampling 

frequency of the microcontroller is one fourth of the HFPC switching frequency. The amplitude 

IS is obtained by processing the signal coming from the transduction of iS using an analog peak 

detector with a bandwidth of 10 kHz [28]. It is represented by the PD(s) block in the feedback 

path of the diagram of Fig. 6.20.  

The Bode diagrams of the open-loop system without the controller, obtained using the 

parameters from Table. 6.1, are plotted with the dashed green line in Fig. 6.21. Initially, 

CIS,VHFPC(s) has been designed as a PI controller, sizing its gains in order to obtain a control 

loop with a bandwidth of 50 Hz and a phase margin of 80°. However, with this approach, the 

closed-loop gain at high frequencies was not effectively attenuated, and undue oscillations 

occurred in the system response. To prevent this issue, the controller architecture has been 

modified by inserting an additional pole at a frequency of 2 kHz. The pole has been considered 

part of the forward path of the system to be controlled, and the gains of CIS,VHFPC(s) have been 

computed again to maintain the same bandwidth and phase margin. The Bode diagrams of the 

open-loop and closed-loop systems with the enhanced controller are shown in Fig. 6.21 using 

TD(s) SD(s)   CIS,VHFPC(s)  

IS,ref

PD(s)  

KVHFPC,IS

ISVHFPCVHFPC,ref

 

Fig. 6.20 Block diagram of control loop of IS. 
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the dashed red line and the solid blue line, respectively. 

Once computed VHFPC,ref, the phase phase shift angle between the gate commands of the 

legs of the HFPC and HFSC are obtained as [26] 

𝛼 = 𝛽 = 2𝑎𝑟𝑐𝑠𝑖𝑛 (
𝜋

4

𝑉𝐻𝐹𝑃𝐶,𝑟𝑒𝑓

𝑉𝐷𝐶𝑃
).  (6.36) 

The discrete version of the controller has been inserted into a simulation along with a 

circuital model of the HFPC and of the coupled coils to check the performance of the control 

algorithm. The response to an IS,ref (red) a square wave was used with frequency of 10 Hz, step 

from minimum value 5A to maximum value 45 A has been considered, obtaining the plots 

reported in Fig. 6.22. The solid blue line represents IS (blue) obtained at the output of PD(s). It 

can be seen that the control loop reaches the steady state in about 60 ms without any overshoot, 

  

(a)                                                                                          (b) 

  
     (c)                                                                                          (d) 

Fig. 6.22 IS current loop responses. (a): IS,ref (red) and IS (blue). (b): iS (red) and IS (blue) during transient 
and their magnifications in (c), and (d): IB (red)battery charging current . 

  

Fig. 6.21 Bode diagrams relevant to IS current loop. Open-loop uncontrolled system (dashed green), open-
loop controlled system (dashed red), closed-loop controlled system (solid blue)  
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even if a small oscillation is superimposed on the response shown in Fig 6.22(a). Fig 6.22(b) 

shows the waveforms of iS (red) and IS (blue) during the transiant up to 0.12 s. Because of its 

high frequency, at the time scale of the Fig., iS appears as a solid red area with IS following its 

envelope. It is worth highlighting that the peak detector operates accurately only at steady state 

and if iS is sinusoidal. During the transient, these conditions are not satisfied and this explains 

why, in the first 5 ms after the reference step, the correspondence between IS and the actual 

amplitude of iS is not perfect. The magnification of the Fig., which is relevant to the steady state 

condition, shows that IS tracks the amplitude of iS accurately even if some oscillation at twice 

the supply frequency can be found in Fig 6.22 (c). However, Fig. 6.22 (d) repersent the battery 

charging current IB (red) step from 1A to 26 A has been considered. 

6.4.3.3 Control of the amplitude of the primary coil current during battery discharging 

When the power flows from the battery to the grid, the functions of the two power 

converters are exchanged, and IP current loop generates the gate commands for HFSC and 

HFPC. Where as HFSC work as the inverter and HFPC work as the active rectifier. In this case, 

the reference IP,ref and the transduction of IP are performed in the primary section of the 

BWV2H, whilst the manipulated voltage vHFSC and vHFPC to control IP current. Hence, the use 

of the radio transceiver and the relevant refresh period of 1ms must be considered in designing 

the controller CIP,VHFSC(s) as well. The design procedure is the same as that described for 

CIS,VHFPC(s) in the previous subsections. The results obtained from the simulation of this control 

loop are reported in Fig. 6.23. It clearly appears that the responses are quite similar to those 

relevant to IS current loop. 

 

     (a)                                                                                          (b) 

  

(c)                                                                                          (d) 
Fig. 6.23 IS current loop responses. (a): IP,ref (red) and IP (blue). (b): iP (red) and IP (blue) during transient 
and their magnifications in (c), and (d): IB (red) battery discharging current. 
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6.5 Conclusion 

This chapter faced the topic of developing a control strategy for a wireless battery charger 

system with V2H functionality. The proposed strategy is based on the control of the voltages 

of the dc buse and of the battery and is carried out by manipulating the power exchanged 

between the grid and the battery through the static power converters and the coil coupling. This 

approach allows to satisfy the charging and discharging requirements of the battery and at the 

same time to avoid exceeding the voltage or current ratings of the converters. 

The control strategy is arranged in two levels: the algorithms of the internal level process 

the current references and the feedback signals transduced from BWV2H circuits to generate 

the gate commands for the static converters, while the external level control algorithms generate 

the references for the power to be exchanged between the various stages and between the two 

sections of the BWV2H. The functioning of the internal level algorithms has been verified in 

the Simulink environment using accurate circuital models of the various power converters that 

constitute the BWV2H.. 
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Nomenclature 

AC Alternating Current 

BMS Battery Management System 

BC Bidirectional Chopper 

CDCP, CDCS High-Frequency Primary and Secondary Converter DC capacity 

CP, CS Primary and secondary resonant capacitor 

δ Duty cycle of the Bidirectional Chopper 

DC Direct Current 

ΔIO Peak-to-peak current ripple on the inductor LO 

ΔVHFPC Peak-to-peak voltage ripple on the capacitor CHFPC 

ηc Power converter efficiency 

ηt Transmission efficiency between the two coils 

ηtot Total efficiency of the V2H wireless system 

FEC Front-End Converter 

fG Grid frequency 

fHF Switching frequency of power converters supplying the coils 

HFPC High Frequency Primary Converter 

HFSC High Frequency Secondary Converter 

IDCP, IDCS Input current of HFPC and output current of HFSC in charging mode 

IFEC FEC output current in charging mode 

IG Grid-side current 

IHFPC, IHFSC Output current of HFPC and input current of HFSC in charging mode 

IO Battery-side current 

IS Secondary coil current 

IP Primary coil current 

LBC Chopper inductance 

LG Grid filter inductance 

LO Battery filter inductance 

LP, LS Primary and secondary coil self-inductance 

M Coils mutual inductance 

PG Grid-side active power 

PHFPC HFPC output active power in charging mode 

PHFSC HFSC output active power in discharging mode 

PO,𝑃𝐵 Battery-side active power 

Req Equivalent resistance seen from the HFPC 

SoC State of Charge of the battery 

V2H Vehicle to Home 

VB Battery voltage 

VBC BC voltage before the chopper inductance 

VCP, VCS Voltage across CP and CS 

VDCP, VDCS Voltage across CHFPC and CHFSC 

VFEC Input FEC voltage (during charging mode) 

VG Grid voltage 

VHFPC, VHFSC Output voltage of HFPC and input voltage of HFSC in charging mode 
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VLP, VLS Voltage across LP and LS 

VP, VS Voltage across the primary and secondary coil 

VO Output BC voltage (during charging mode) 

WPT Wireless Power Transfer 

SAHFWPT Single Active High-Frequency wireless power transfer 

DAHFWPT Dual Active High-Frequency wireless power transfer 

SPS Single Phase Shift 

EPS Extended Phase Shift 

DPS Dual Phase Shift 

TPS Triple Phase shift 

EV Electrical Vehicle 

RE Renewable Energy 

ESS Energy Storage System 

SAB Single Active Bridge 

DAB Dual Active Bridge 

PSFB Phase Shift Full Bridge 

𝑅𝐵       Battery Equivalent Resistance 

𝐶𝑂       Output low pass filter capacitor 

ZVS       Zero Voltage Switching 

ZCS       Zero Current Switching 

𝑉𝐷𝐶𝑃_𝑆, 𝑉𝐷𝐶𝑃_𝐷      DC voltage source of SAHFWPT and DAHFWPT 

𝑣𝐻𝐹𝑃𝐶_𝑆, 𝑣𝐻𝐹𝑃𝐶_𝐷     Output voltage of HFPC of SAHFWPT and DAHFWPT 

𝑖𝑃_𝑆, 𝑖𝑃_𝐷       Output current of HFPC of SAHFWPT and DAHFWPT 

𝑣𝐻𝐹𝑆𝑅_𝑆, 𝑣𝐻𝐹𝑆𝐶_𝑆      Input voltage of HFSR and HFSC of SAHFWPT and DAHFWPT 

𝑖𝑆_𝑆, 𝑖𝑆_𝐷       Input current of HFSR and HFSC of SAHFWPT and DAHFWPT 

𝑉𝑂_𝑆, 𝑉𝑂_𝐷       Input current of HFSR and HFSC of SAHFWPT and DAHFWPT 

𝜔𝑟       Resonant Frequency 

Ф        External Phase shift angle 

α        Internal phase shift angle of HFPC 

β        Internal phase shift angle of HFSC 

𝑣𝐻𝐹𝑃𝐶_𝑀, 𝑣𝐻𝐹𝑆𝐶_𝑀   Peak amplitude of output and input voltage of HFPC and HFSC of 

DAHFWPT 

𝑣𝐻𝐹𝑆𝑅_𝑀       Peak amplitude of input voltage of HFSR of SAHFWPT 

M        Coils mutual inductance 

𝑃𝑃𝑆 Average power flow from primary to secondary  

𝑣𝐻𝐹𝑃𝐶_1, 𝑣𝐻𝐹𝑆𝐶_1 Fundamental Output and Input voltage of HFPC and HFSC of 

DAHFWPT 

𝑣𝐻𝐹𝑆𝑅_1 Fundamental of Input voltage of HFSR of SAHFWPT 

𝑖𝑃_𝐷_1, 𝑖𝑃_𝑆_1 Fundamental primary coil current of DAHFWPT and SAHFWPT 

𝑖𝑠_1 Fundamental secondary coil current of DAHFWPT and SAHFWPT 

𝑃𝐷𝐴𝐻𝐹𝑊𝑃_𝑆, 𝑃𝑆𝐴𝐻𝐹𝑊𝑃𝑇_𝑆     Secondary Power of DAHFWPT and SAHFWPT 

𝑃𝑆−𝑆_𝑐𝑜𝑖𝑙_𝐷𝐴𝐻𝐹𝑊𝑃𝑇_𝑙𝑜𝑠𝑠, 𝑃𝑆−𝑆_𝑐𝑜𝑖𝑙_𝑆𝐴𝐻𝐹𝑊𝑃𝑇_𝑙𝑜𝑠𝑠  Coil Loss of DAHFWPT and SAHFWPT 
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𝜂𝑆−𝑆_𝑐𝑜𝑖𝑙_𝐷𝐴𝐻𝐹𝑊𝑃𝑇_𝑙𝑜𝑠𝑠, 𝜂𝑆−𝑆_𝑐𝑜𝑖𝑙_𝑆𝐴𝐻𝐹𝑊𝑃𝑇       Efficiency of coil of DAHFWPT and 

SAHFWPT 

𝑃𝐻𝐹𝑃𝑅_𝐶𝑜𝑛𝑑_S_𝑙𝑜𝑠𝑠, 𝑃𝐻𝐹𝑆𝑅_𝐶𝑜𝑛𝑑_𝑙𝑜𝑠𝑠      Conduction loss of HFPC and HFSR of SAHFWPT 

𝑃𝐻𝐹𝑃𝑅_𝐶𝑜𝑛𝑑_D_𝑙𝑜𝑠𝑠, 𝑃𝐻𝐹𝑆𝐶_𝐶𝑜𝑛𝑑_𝑙𝑜𝑠𝑠     Conduction loss of HFPC and HFSC of DAHFWPT 

𝑃𝐻𝐹𝑆𝐶_𝑜𝑛__𝑜𝑓𝑓_𝑙𝑜𝑠𝑠           Switching loss of switches for HFSC 

𝑃𝐻𝐹𝑃𝐶_𝑜𝑛__𝑜𝑓𝑓_𝐷_𝑙𝑜𝑠𝑠, 𝑃𝐻𝐹𝑃𝐶_𝑜𝑛__𝑜𝑓𝑓_𝑆_𝑙𝑜𝑠𝑠 Switching loss of switches for HFPC of 

DAHFWPT and SAHFWPT 

𝑃𝐶𝑜𝑠𝑠_𝑙𝑜𝑠𝑠 Output capacitor loss of MOSFET 

𝑃𝑏𝑜𝑑𝑦_𝑙𝑜𝑠𝑠 Body diode reverse recovery loss 

𝜂 Efficiency 

PO Output Power 

𝑃𝑖𝑛           Input Power 

𝑃𝑙𝑜𝑠𝑠           Power Loss 

𝑃𝑆𝐴𝐻𝐹𝑊𝑃𝑇_𝑙𝑜𝑠𝑠          Overall loss Power of SAHFWPT 

𝑃𝐷𝐴𝐻𝐹𝑊𝑃𝑇_𝑙𝑜𝑠𝑠          Overall loss Power of DAHFWPT 

𝜂𝑆𝐴𝐻𝐹𝑊𝑃𝑇           Efficiency of SAHFWPT 

𝜂𝐷𝐴𝐻𝐹𝑊𝑃𝑇           Efficiency of DAHFWPT 
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