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Abstracts 

Nowadays, the significance of electrical vehicle has raised dramatically in the background 
of the depletion of fossil fuel resources. However, the charging technology is still in the 
development period, especially the wireless power transfer technology. Currently, there are 
merely a small number of EVs equipped with ultra-fast charging system, and none of them 
apply the water cooling technology, which has substantially high cooling efficiency. The 
ASSURED project in Europe has launched a new project to provide a charging solution for 
Fiat Doblo electrical version, concerning the cooling technology. 
 
In this paper, we mainly focus on the newly design of the water cooling system for this 100 
kW ultra-fast wireless power transfer system, with its vibration oriented mechanism design 
applying machine design techniques to guarantee its fixture stability during the travel of 
vehicle. Besides, we also consider that this cooling system also must cool down the battery. 
 
In the beginning, we make an approximate estimation on the loss generated on the WPT 
and the battery. Following this estimation, we calculate the parameter needed for the 
cooling system. Subsequently, we use both SimulationX and Solidworks to simulate and 
verify the designed cooling system, using temperature as the criteria. Finally, the fixture 
method is chosen and verified.  
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1. Introduction: The cooling system and 

vibration oriented mechanism of the 

wireless power transfer system on 

electric vehicle 

1.1 The wireless power transfer system on electric 

vehicles 

1.1.1 Background 

It is an internationally recognized effective strategy to develop electric vehicles for 

mitigating energy shortages and environmental pollution, which is crucial for the future of 

the world. Take China's oil consumption as an example. In 2009, net oil imports amounted 

to about 204 million tons, and the import dependency reached 52%, far exceeding the 

international call-out standard of 35%. Among them, vehicle fuel consumption accounts for 

1/3 of total oil consumption. Therefore, the development and promotion of alternative fuels 

for automobiles and electric vehicles to reduce fuel consumption has important strategic 

significance for alleviating environmental pollution, ensuring energy security and supply, 

and the country's sustainable development. Due to the advantages of zero emissions, 

relatively mature technology, and economical efficiency, pure electric vehicles powered by 

batteries have become environmentally friendly models which has been encouraged by 

governments of all countries and vigorously developed by various automobile 

manufacturers. However, due to the limitation of power battery capacity, the current driving 

range of EVs is relatively short. The construction of battery charging stations has become 

the biggest bottleneck restricting the application and development of EVs[1]. To this end, all 

countries are vigorously building charging stations to promote the application of EVs, such 

as the United States, plans to build 8 million charging stations; Japan plans to build 1,000 
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charging stations in Tokyo in 2012, and so on.  

 
Power battery electric charging methods include contact charging and wireless charging. 

The contact charging adopts the metal contact of the plug and the socket to conduct 

electricity; the wireless charging or the wireless power transmission (WPT) realizes the 

power transmission through the electromagnetic field. For WPTs for EVs, transformer’s 

primary and secondary windings are placed outside the vehicle and inside the vehicle 

respectively, and electrical energy is transmitted through the coupling of high-frequency 

magnetic fields. Compared with contact charging, WPT is easy to use, as well as safe, no 

spark and electric shock, no dust and contact loss, no mechanical wear and corresponding 

maintenance problems, and can adapt to a variety of harsh environments and weather. 

WPT facilitates unattended automatic charging and mobile charging. Under the premise of 

ensuring the required mileage, frequent charging can significantly reduce the power battery 

capacity of the EV, reduce the weight of the vehicle body, and increase the effective 

utilization of energy. Reducing the power battery capacity, the initial purchase cost of EVs 

can be reduced, and the marketization of EVs can be promoted. The huge demand for 

EV’s WPT and the unlimited business opportunities contained therein have made the 

development and application of related technologies quite active. 

Figure 1. 1 Block Diagram of Inductive Link Wireless Power Transfer System 
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Table 1. 1 Comparison on various types on wireless power transmission 

techniques 
 
For instance, typical applications include the 30kW passenger electric transporter at the 

National Geothermal Park in New Zealand, multiple WPT-EV models from GM, Nissan and 

Toyota, the WPT mobile charging trial highway in Los Angeles, USA, and the BMW 7 series 

equipped with an automotive WPT mobile phone charger sold in Korea. Car and so on. 

Although WPT has a number of advantages mentioned above, its low efficiency and high 

heat generation problems compared to contact power supply restrict its application, and it 

also poses challenges for R&D personnel. The charging host movement of the electric 

vehicle contains a high-power conversion circuit. The high-power conversion circuit is often 

implemented using a half-bridge or full-bridge circuit structure. Switching electronic devices 

such as IGBTs or MOSFETs are generally used as the bridge circuit structure in the main 

switching device. Switch-type electronic devices that are actually used are not ideal 

switches. They have a saturation voltage drop when turned on, and switching power 

consumption is generated during switching. Therefore, conduction losses and switching 

losses are generated, which are collectively referred to as device losses. The loss value of 
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the device is proportional to the current flowing in the switch-type electronic device, so the 

greater the output power of the high-power conversion circuit, the greater the current value 

and the greater the device loss. Device losses generally translate into device heating, so 

the greater the device losses, the greater the heat generated. At the same time, the 

electromagnetic induction charging coil will also produce about 5%-10% power loss. For 

the coil, there are several parameters that are more important and have a greater impact 

on power loss: quality factor, own turbine losses, and DC internal resistance. 

1.1.2 Standards and products 

The development of new energy vehicles is hindered by battery cost and cruising range to 

a certain extent, so wireless charging is regarded as one of the useful solutions to promote 

the development of new energy vehicles[2]. The American Society of Automotive Engineers 

(SAE) released the wireless charging standard SAE TIR J2954 on May 31, 2016. It is a 

technical guideline for the charging of pure electric vehicles (EVs) and plug-in hybrid 

electric vehicles (PHEVs) using wireless power (WPT) technology and has been 

considered as a wireless charging standard for electric vehicles[3]. The release of the 

wireless charging guide will definitely help vehicle manufacturers speed up the 

development of related innovations for EVs and PHEVs and other new energy vehicles, 

thus boosting the development of wireless charging on the supply side for vehicles. 

Figure 1. 2 SAE J2954 timing plan 
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Standardization is necessary for commercialization of high power wireless power transfer 

(WPT) of PH/EVs, since wireless charging has rapidly become the mainstream for 

consumer electronic devices in low power applications. In order to achieve a basis for the 

start of commercialization for WPT, it is important to define criteria for safety and 

electromagnetic limits, efficiency and interoperability targets, as well as a test setup for the 

acceptance of WPT, all of which is addressed in SAE TIR J2954. 
 
SAE International Wireless Power Group Chairman Jesse Schneider said, "The use of 

SAE TIR J2954 wireless power transmission will change the PH/EV new energy car game 

rules. A series of documents will help consumers to quickly park their vehicles with TIR 

J2954 equipment in the parking area, you don't need to do anything to walk away. The 

PH/EV hybrid will charge itself.” 
 
The Wireless Charging Guide determines the wireless charging frequency band and four 

different charging speeds. Among them, the general frequency is 85kHz frequency band 

(81.39k-90kHz); The four kinds of charging speeds are as follows: First, the ordinary 

charging output power of passenger cars is set at 3.7kW (WPT 1); Second, public taxis 

and other multiplication the general charge output power of the vehicle is set at 7.7 kW 

(WPT 2). Third, the fast charge output power in Europe is represented as 11 kW (WPT 3). 

Fourth, the fast charge output power in other regions is set at 22 kW (WPT 4) etc. 

 
Figure 1. 3 Standards of WPT system from SAE J2954 TIR 

 
In July 2016, Qualcomm announced that it had signed a WEVC license agreement with 

Lear, a supplier of car seats and electrical systems. Lear will incorporate Qualcomm Halo 
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electric vehicle wireless charging technology in its product portfolio[4] to support plug-in 

hybrid and pure electric vehicle manufacturers and wireless charging infrastructure 

companies[5] to commercialize WEVC systems. In accordance with the terms of the 

agreement, Qualcomm granted Lear to develop, manufacture and provide paid patent 

licenses for the WEVC system based on Halo technology. Qualcomm will mainly provide 

professional knowledge and technical support in the future[6]. 
 
Qualcomm's Halo electric car wireless charging technology has been authorized for use 

by three suppliers: Lear, Ricardo and Brusa Elektronik. In addition to Qualcomm, WiTricity, 

KAIST, Momentum Dynamics, and Evatran currently offer wireless charging technology for 

electric vehicles. Although the majority of companies have their own intellectual property 

in the field of EV wireless charging technology, only Qualcomm and WiTricity have begun 

licensing their technology to third-party hardware vendors. 
 
At present, 29 automotive companies support the J2954 charging guidelines, including 11 

OEMs such as GM, Ford and Toyota, 4 commercial vehicles, and 14 parts and components 

companies. The standardization of wireless charging technology is only the first step to 

promote wireless charging. Next, we need to solve the compatibility problem of each car 

system. In 2018, SAE will publish international standards that ensure compatibility with 

other company systems. 

 
Figure 1. 4 Automakers and Tier 1 supporting SAE J2954 WPT standardization[7] 
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1.2 The cooling system of the wireless power transfer 

system on electric vehicles: 

The excessively high temperature caused by the huge heat generated by the wireless 

power transfer system may cause the components to withstand excessive expansion 

thermal stress, resulting in the destruction of the components and structures, thereby 

reducing the lifetime of the components until failure. More than 55% of electronic device 

failures are caused by excessive temperatures. As the temperature continues to rise, the 

failure rate of various components in electronic equipment also shows a sharp increase in 

an exponential way, which will inevitably reduce the reliability of electronic equipment. It 

has become a key issue to solve the problem of heat dissipation in wireless charging 

circuits and other electronic devices to ensure its normal operation, and it is also a key 

issue studied by current scholars. 
 
The efficient cooling system can quickly transfer heat to the outside environment. At 

present, the cooling methods are mainly air-cooling, and the technology of liquid-cooling 

has not been realized yet. Air cooling is the most widely used heat dissipation technology, 

because it has the advantages of stable operation, easy installation, and low cost, and has 

applications in many devices. The air-cooled radiator is generally composed of two parts: 

a heat sink and a fan. The air is used as an intermediary to cool the objects to be cooled. 

Its basic principle is to force the heat dissipation by the fan to reduce the temperature of 

the heat sink. However, air cooling also brings problems such as high noise and violent 

heat dissipation. In recent years, the air-cooling has been proceeding toward a large-

volume pattern, which has caused inconvenience to the installation of the radiator, and has 

also made the air-cooling unsuitable for the heat dissipation with high heat flux density. 

Therefore, liquid cooling technology has attracted increasingly attention. 
 
Now there are several liquid cooling technologies that could be used for future wireless 

power transfer system. Liquid cooling technology transfers energy to the cold plate and 

then carries it away through the liquid flow. Compared with air cooling technology, liquid 

cooling technology has many advantages, such as: low noise, low vibration, high efficiency, 

and strong environmental adaptability. However, since the liquid cooling technology 

requires a separate cooling circulation system, it is much costlier than air cooling. Since 

water has a high specific heat capacity and thermal conductivity and a relatively low cost, 

water is generally used as a coolant for liquid cooling. According to the installation method 

of water cooling, water cooling can be divided into two situations: built-in water cooling and 

external water cooling. For the built-in water cooling method, it mainly consists of a radiator, 

a water pump, a water pipe, and sufficient cooling liquid, and requires a sufficient space 

inside the chassis, which makes the built-in water-cooled heat dissipation system have a 

relatively large “volume”. As for the external water-cooling method, the heat dissipating 
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water tank, the water pump and the water pipe are all arranged outside the chassis, which 

can not only reduce the occupied space of the internal space of the chassis, but also can 

obtain better heat dissipation effect. The application of external water-cooling heat 

dissipation methods in electrical equipment is very extensive, and it is also common in 

thermal analysis of multi-layer heat sources. 
 
In the liquid cooling system, the most important part is the radiator, because the 

performance of the radiator directly determines the cooling effect of the entire cooling 

system. According to the structure of the flow path of the radiator, the heat sink can 

generally be divided into a fin type (slab) type radiator, a parallel channel radiator, and a 

series channel radiator. 
 
(1) Fin (slice) type radiator: It can be divided into two types: fork fin (sheet) radiator and 

splay (sheet) radiator. The feature of this structure is that the fins (pieces) are added to the 

heat sink to increase the heat dissipation area of the heat sink, increase the degree of 

turbulence when the fluid flows, and achieve the purpose of enhancing the heat dissipation 

effect, and at the same time, the length of the straight channel can be reduced and the 

fluid flow rate can be increased. The literature has analyzed and studied the heat 

dissipation performance of the radiators in the cross-row structure and in the row structure 

as well as the pressure loss in the radiator. It was concluded that the overall heat transfer 

performance of the cross-row structure is about 20% higher, compared with the row 

structure. The heat change coefficient is on average 5% higher, while the fluid flow 

resistance is on average 50% higher. 
 
(2) Parallel channel radiator: The parallel channel radiator is a combination of multiple 

channels connected in parallel, which is like the parallel electrical circuit. The variation of 

the flow velocity of the fluid in the parallel passage radiator is fairly uneven, and in some 

cases, the flow velocity of the fluid in different flow passages can be significantly different. 

It is due to the phenomenon that uneven distribution of temperature occurs in the heat 

radiators of the parallel passages, which may lead to the occurrence of uneven 

temperature distribution of the heat dissipating objects, thereby greatly reducing the heat 

radiation capacity of the parallel passages. The cooling effect of the common parallel 

structure is worse than that of the series structure, but the pressure loss in the parallel 

structure channel is smaller than in the series structure. 
 
(3) Series channel radiators: The serial channel radiator has only one flow path in the entire 

flow channel structure. In the case of the same flow at the inlet, the flow rate of the fluid in 

the series channel is larger than the flow rate of the fluid in other structures, its convection 

heat transfer coefficient is also relatively large, so the heat dissipation performance of the 

structure is better[8]. However, the flow rate of the fluid and the convection heat transfer 

coefficient are not in a linear relationship. Therefore, it is obviously not feasible to simply 

enhance the heat transfer effect by increasing the fluid velocity. In addition, compared to 
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the parallel channel radiator, there is no uneven distribution of the flow velocity of the fluid 

in the serial channel radiator, in other words, the fluid velocity in the radiator of the serial 

channel is relatively evenly distributed. It is because the series channel radiator has a very 

good and uniform distribution of the fluid flow velocity, so its application in the industry is 

very extensive. In the straight portion of the series channel, the pressure loss is smaller 

because of the smaller pressure gradient. However, there is a large pressure gradient at 

the corner of the channel, although the radiator in the series channel breaks the hydraulic 

boundary layer and the thermal boundary layer at the corner, and this will result in the 

increase of convection heat transfer coefficient of the radiator at the corner[9]. But it also 

leads to a relatively large pressure loss at the corners of the channel. In addition, due to 

violent collisions between the fluid molecules at the corners of the channels, it will inevitably 

result in the loss of part of the energy, thus increasing the extra power for heat dissipation. 

Therefore, when designing a series channel radiator, it is necessary to reduce the pressure 

loss in the radiator as much as possible while satisfying the premise of heat dissipation[10]. 

The series channel radiator can be applied to the double heat source model. Therefore, it 

is very important to model and optimize the heat sink. It can not only predict the 

temperature of the heat source, but can also provide the basis for the design of the serial 

channel radiator, under the premise of maximizing the heat sink cooling efficiency and 

reduce the pressure drop within the radiator. 
 
The use of simulation software for thermal simulation analysis and research mainly 

provides the basis for the design of heat dissipation equipment. At present, most 

researches are using existing advanced computer-aided simulation software to perform 

related thermal analysis. After the temperature distribution is obtained, the cooling device 

is optimized. 

1.3 The vibration oriented mechanism of the wireless 

power transfer system on electric vehicle 

Due to the vibration generated by the impact of the elastic elements in the suspension 

system, in order to improve the ride comfort of the vehicle, a suspension is arranged in 

parallel with the elastic element. In order to damp the vibration, the vibration damper used 

in the automobile suspension system is mostly hydraulic vibration damping. The working 

principle of the device is that when the relative movement between the frame (or body) and 

the axle is caused by the vibration, the piston in the shock absorber moves up and down, 

and the oil in the shock absorber cavity repeatedly passes through a different cavity. The 

pores flow into the other cavity. At this time, the friction between the wall of the hole and 

the oil and the internal friction between the oil molecules form a damping force on the 

vibration, so that the vibration energy of the automobile is converted into the thermal energy 

of the oil and then is absorbed by the shock absorber to be emitted to the atmosphere. 
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When the cross section of the oil passage and other factors are constant, the damping 

force increases or decreases with the relative movement speed between the frame and 

the axle (or wheel), and is related to the viscosity of the oil. 
 
The vibration of the wireless power transfer system can be reduced or offset by the 

suspension system on vehicle. Since the ultra-fast WPT system has a relatively large 

volume (850mm*850mm*75mm), and large mass (50~60kg), it is critical to ensure the 

stability during the travel of the vehicle. Thus, the fixation in terms of mechanical connection 

between WPT system and the vehicle ought to be sufficiently strong. 

2. The research content 

2.1 The goal of the ASSURED project 

 

ASSURED is mainly focus on evaluating several infrastructures in different cities across 

Europe, facilitating the urban commercial vehicles’ electrification and their integration with 

high power fast charging infrastructure[11].  
 
The project started from October 2017 with the goal of developing and testing high-power 

solutions for heavy-duty, full-size and urban applications. The basic goal are designed to 

supply energy for a great number of buses, verifying that each of these solutions will be 

able to charge different types of EV.  
 
The usage of creative strategies of charging management will make great contribution to 

reduce the total cost of operational and ownership, air pollution, as well as the noise. 

Another part which will be developed is the grid stability to ensure energy supply security, 

which is necessary for future usage as a great number of vehicles will rely on the wireless 

charging infrastructure. 
 

Figure 2. 1 The ASSURED project 
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To achieve this, ASSURED project will test six different public transport buses, one delivery 

truck, one light commercial delivery vehicle and two garbage trucks, with automatic ultra-

fast charging, which means that the human interaction is avoided during the charging 

process. The charging solutions tested by ASSURED will take into account various types 

of plug-in and wireless charging technologies. 
 
The aim is to charge different types of vehicles by using the same infrastructure, which will 

help support the standardization of the components of the infrastructure and reduce costs 

if it is successful. Before this project, the test of interoperability of the charging solutions 

applied has not been performed. 
 

Its main objectives are: 
1. Understanding the attitudes and needs of the end-users, operators and cities when it 

comes to ultra- fast charging infrastructure for the next generation of electric buses, trucks 

and commercial vans in metropolis; 
 
2. While reducing the environmental impact of the urban transport, especially air and noise 

pollution, developing and testing of the innovative charging management strategies to 

achieve the optimization of operational costs and ensure grid stability; 
 
3. Providing end-users, operators and cities with scalable and interoperable high-power 

ultra-fast charging solutions among several main charging solution providers in Europe; 
 
4. Evaluating and calculating the cost, noise, energy conversion efficiency, impact on the 

grid and environmental impact of the solutions from ASSURED; 
 
5. By eliciting probative value and knowledge on ultra-fast charging solutions for decision-

makers, facilitating the ASSURED business cases and project results across Europe. 

Figure 2. 2 Electric vans in logistics and other utility vehicles 
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2.2 The introduction of the Doblo electric vehicle 

2.2.1 Information 

In February 2010, Tofaş have revealed their development activities on the All-Electric 

version of their Doblo 2010. 
 
Fiat’s Tofas joint venture in Turkey is to team up with Arcelik, the country’s largest 

appliance-maker, to develop an electric powertrain for the Doblo van. Tofas, owned 38% 

by Fiat, is to invest up to E20million to build the Doblo EV, reports Automotive News, with 

a view to production by mid-2011. 
 
The vehicle itself was also introduced to press in July 2010, as "The First Commercial 

Electrical Vehicle Developed in Turkey". It has been also revealed that, Tofas will be FIAT's 

development pole for electric light commercial vehicles (LCV). In the one millionth 

ceremony of the Doblo, the Doblo EV was tested by press and Turkish Minister of Industry 

and Commerce, Nihat Ergün. 
 
It has a 100KW static wireless charging system, and consists of: optimized electric van 

Figure 2. 3 the Fiat Doblo electric vehicle 



 
 
 
 

Automotive vibration oriented design of a 100kW  
integrated liquid cooled wireless power transfer system 

16 
 

demonstrator with fast wireless charging system and verification of new E/E System for 

fast static wireless charging. 
 

2.2.2 Cooling system 

Currently, the water cooling technology has not been used for fast wireless charging 

system, since all of the existing WPT systems, which belongs to WPT1, 2 and 3 (according 

to SAE J2954 standard), apply air cooling as an economic option, because of the limit heat 

released from those system.  
 
However, the Doblo’s 100KW ultra-fast WPT system, which belongs to WPT4 (according 

to SAE J2954 standard), will create great number of heat in a short time, thus the necessity 

of the application of water cooling solution becomes much higher. Therefore, our goal is to 

design such a water cooling system to satisfy the requirement of high amount of heat 

transfer during charging process. 

3. Loss analysis of wireless power 

transfer system on electric vehicle and 

design of its cooling system 

3.1 Loss analysis of wireless power transfer system on 

electric vehicle 

In the power conversion circuit of the wireless power transfer system of the electric vehicle, 

the power loss caused by the high-frequency switch operation of the power electronic 

device is the main source of the system loss. The power loss of power electronic devices 

makes the system less efficient, and even causes system damage due to increased device 

temperature. Abide by the law of conservation of energy when the cooling system reaches 

steady state of the balance of heating. That is, the energy that is generated by the loss of 

the power electronic device is equal to the energy dissipated in the radiator per unit time. 

Therefore, it has great significance for the loss analysis of the power conversion circuit of 

the wireless power transfer system of electric vehicle.  
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3.1.1 Loss analysis of the power conversion circuit 

In our case, the power of wireless power transfer system of the electric vehicle is set to 

100kW, the circuit structure is shown in Figure 3.1. It can be seen that the power conversion 

circuit mainly consists of three parts: input rectifier circuit, inverter circuit and output rectifier 

circuit. The input rectifier circuit consists of six diodes, while the inverter circuit consists of 

four IGBTs, and the output rectifier circuit consists of four fast recovery diodes[12]. Its 

working principle is that the input rectifier circuit rectifies and filters the three-phase AC 

power supply into DC power, the inverter circuit converts the DC power into high-frequency 

AC power to the primary coil, after the secondary coil receives the high-frequency AC 

power of the primary coil, the output rectifier circuit AC power rectifies and filters the high-

frequency AC power into DC power supply to charge the battery pack[13][14][15]. 

 
Figure 3. 1 The circuit of wireless power transfer system of electric vehicle 

 
The following describes the loss analysis of the input rectifier circuit, inverter circuit and 

output rectifier circuit of the 100kW wireless power transfer system of electric vehicle. It 

can be seen from the above that the power electronic device in the system are mainly 

composed of rectifier diodes and IGBTs. Therefore, we mainly focus on the loss of diode 

and IGBT. 
 
1. Loss analysis of diode 
The losses of diode mainly include the following: turn-on loss, on-state loss, recovery loss, 

and turn-off loss, where the diode turn-on and turn-off losses are negligible. 
 
1-a. The on-state loss of diode 
From the approximate linearization of the output characteristic curve of the diode, a linear 

relationship between the voltage across the diode and the current flowing through it can 

yielded: 

𝑈𝑉𝐷𝐹 = 𝑈𝑉𝐷𝐹 + 𝑅𝑉𝐷𝐹 ∙ 𝐼𝐶 
Where:  
UVDF is the forward voltage drop of diode, U0 is the threshold voltage, RVDF is the on-state 
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equivalent resistance of diode, IC is the on-state current of diode. 
 
Then, when the diode is turned on, the above voltage and current are integrated to obtain 

the conduction loss of the diode in one conduction period, that is the on-state loss[16]: 

𝑃𝑉𝐷−𝐶 = ∫ 𝑈(𝑡) ∙ 𝐼(𝑡) ∙ 𝐹(𝑡)𝑑𝑡 

Where:  
U(t) is the forward voltage drop of diode, I(t) is the On-state current of diode, F(t) is the time 

function of diode，when the diode is turned on, we define F(t)=1, and when the diode is 

turned on, we define F(t)=0[17]. 
 
In addition, the loss of the on-state of the anti-parallel diode of the IGBT is: 

𝑃𝑉𝐷−𝐶 = (
1

2𝜋
−

𝑐𝑜𝑠 𝜑

8
) ∙ 𝑈𝑉𝐷𝐹 ∙ 𝐼𝐶 + (

1

8
−

𝑐𝑜𝑠 𝜑

3𝜋
) ∙ 𝑅𝑉𝐷𝐹 ∙ 𝐼𝐶

2
 

Where:  
φ is the phase angle of voltage and current, UVDF is the forward voltage drop of diode, RVDF 

is the On-state equivalent resistance of diode, IC is the On-state current of diode. The on-

state equivalent resistance can be obtained from the manufacturer. 
 
1-b. The switching loss of diode 
According to the characteristics of the diode and the operating characteristics of the circuit, 

its turn-on losses can be ignored, and we only consider its turn-off loss. The sum of energy 

consumed by a single shutdown can be calculated using the manufacturer's database. 

When the switching frequency is fs, the calculation formula of the turn-off loss of diode is: 

𝑃𝑉𝐷−𝑆 = 𝑓𝑆 ∙ ∑ 𝐸𝑉𝐷−𝑂𝐹𝐹

𝑓𝑆

𝑛=1

 

Where: 
EVD-OFF is the energy that the diode turns off once at a certain current. 
 
After the above formula is linearized, the switching loss expression of diode can be 

obtained as: 

𝑃𝑉𝐷−𝑆 = 𝐸𝑉𝐷−𝑂𝐹𝐹 ∙
𝑓𝑆 ∙ 𝑈𝐷𝐶 ∙ 𝐼𝑂

𝜋 ∙ 𝑈𝑁 ∙ 𝐼𝑁
 

Where: 
UN and IN are the nominal voltage and nominal current of the diode, UDC is the amplitude 

of the DC voltage, and IO is the amplitude of output current. 
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2. Loss analysis of IGBT 
The losses of IGBT mainly include turn-on loss, on-state loss, turn-off loss, driving loss, 

and off-state leakage loss. The turn-on losses and turn-off losses are collectively referred 

to as switching losses and refer to the loss of IGBT during turn-on and turn-off. Switching 

loss is the main source of the loss of IGBT, and with the increase of switching frequency, 

the proportion of total IGBT losses gradually increases, which has become a major factor 

affecting the efficiency of the wireless power transfer systems of electric vehicles. The on-

state loss refers to the loss due to the voltage drop of IGBT's conduction state. The driving 

loss refers to the power loss by IGBT during the switching process of the control pole and 

the power loss to maintain a certain driving current during the conduction process. In 

general, the driving loss can be ignored compared with other losses. The off-state leakage 

loss refers to the off-state power loss that may be caused by a tiny leakage current when 

the IGBT is turned off. However, due to the very small leakage current, the power loss is 

between several tens of microamperes and several hundred microamperes, its loss power 

is very low and negligible. 
 
2-a. The on-state loss of IGBT 
In the wireless power transfer system designed, the single IGBT in the inverter circuit only 

passes the positive half cycle or negative half cycle current, and its on-state loss calculation 

equation is[17]: 

𝑃𝐼𝐺𝐵𝑇−𝐶 = 𝑓𝑆 ∙ ∫ 𝑈𝐶𝐸(𝑡) ∙ 𝐼𝐶(𝑡) ∙ 𝐹(𝑡)𝑑𝑡
𝑇

0

 

Where: 
UCE(t) is the voltage of IGBT between the collector and emitter, IC(t) is the current across 

collector, F(t) is the time function of IGBT, when the IGBT is turned on, we define F(t)=1, 

when the diode is turned on, we define F(t)=0. UCE(t), IC(t) and F(t) are all the functions of 

time t. T is the period, fs is the switching frequency, and fs=1/T. 
 
The UCE(t) and IC(t) of the IGBT fluctuate with time, and the output characteristic curve 

representing the relationship between the two is nonlinear. In order to obtain a relation that 

is easy to calculate, the output characteristic curve is approximately linearized to obtain a 

linear relationship between the UCE(t) and IC(t) of IGBT:  

𝑈𝐶𝐸(𝑡) = 𝑈0 + 𝑅𝐶𝐸 ∙ 𝐼𝐶(𝑡) 
Where: 
In the above formula: U0 is the threshold voltage of the IGBT, and RCE is the equivalent 

resistance between the collector and the emitter when the IGBT is turned on. 
 
In our inverter circuit, it can be deduced that the IGBT's on-state loss expression is as 

follows: 
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𝑃𝐼𝐺𝐵𝑇−𝐶 = (
1

2𝜋
+

𝑐𝑜𝑠 𝜑

8
) ∙ 𝑈0 ∙ 𝐼𝐶−𝑀𝐴𝑋 + (

1

8
+

𝑐𝑜𝑠 𝜑

3𝜋
) ∙ 𝑅𝐶𝐸

∙ 𝐼𝐶−𝑀𝐴𝑋
2

 

Where: 
In the above formula: φ is the phase angle of voltage and current, U0 is the threshold 

voltage of the IGBT, IC-MAX is the maximum current across collector, RCE is on-state 

equivalent resistance. The on-state equivalent resistance can be obtained through the UCE-

IC curve provided by the manufacturer[18]. 
 
2-b. The switching loss of IGBT 
When the switching frequency is fs, the calculation formula of the switching loss of IGBT is: 

𝑃𝐼𝐺𝐵𝑇−𝑆 = 𝑓𝑆 ∙ ∑(𝐸𝐼𝐺𝐵𝑇−𝑂𝑁 + 𝐸𝐼𝐺𝐵𝑇−𝑂𝐹𝐹)

𝑓𝑆

𝑛=1

 

Where: 
In the above formula: EIGBT-ON is the energy that the IGBT turns on once at a certain current, 

EIGBT-OFF is the energy that the IGBT turns off one time at a certain current. fs is the switching 

frequency. 
 
The quantitative relationship between the energy of the IGBT turn-on and turn-off losses 

and the IC can be obtained from the manufacturer's database. This relationship is nonlinear 

therefore, similar linearization is needed to facilitate calculations, then the switching loss 

expression of a single IGBT after linearization is: 

𝑃𝐼𝐺𝐵𝑇−𝑆 =
𝑓𝑆

𝜋
∙ (𝐸𝐼𝐺𝐵𝑇−𝑂𝑁 + 𝐸𝐼𝐺𝐵𝑇−𝑂𝐹𝐹) ∙

𝑈𝐷𝐶

𝑈𝐶𝐸−𝑁
∙

𝐼𝐶−𝑀𝐴𝑋

𝐼𝐶−𝑁
 

Where: 
EIGBT-ON is the energy that the IGBT turns on one time under the nominal voltage and 

nominal current conditions, EIGBT-OFF is the energy that the IGBT turns off one time under 

the nominal voltage and nominal current conditions, UCE-N and IC-N are the nominal voltage 

and nominal current of the IGBT, UDC is the amplitude of the DC voltage, and IC-MAX is the 

maximum current across collector.  
 
Based on the above analysis, the expression for the total loss of a single diode is[19]: 

𝑃𝑉𝐷 = 𝑃𝑉𝐷−𝐶 + 𝑃𝑉𝐷−𝑆 
And the expression for the total loss of a single IGBT is: 

𝑃𝐼𝐺𝐵𝑇 = 𝑃𝐼𝐺𝐵𝑇−𝐶 + 𝑃𝐼𝐺𝐵𝑇−𝑆 



 
 
 
 

Automotive vibration oriented design of a 100kW  
integrated liquid cooled wireless power transfer system 

21 
 

The anti-parallel diode is integrated inside the IGBT used in the inverter circuit, so the total 

loss is: 

𝑃𝐼𝐺𝐵𝑇−𝑇𝑂𝑇𝐴𝐿 = 𝑃𝑉𝐷 + 𝑃𝐼𝐺𝐵𝑇 

Therefore, for the 100kW wireless power transfer system of electric vehicle designed in 

this paper, the Infineon's DDB6U180N16RR_B11 module is used as the diode of the input 

rectifier circuit, in the condition of IFVD=150A and VFVD = 1.2V, the RFVD can be calculated 

as 8mΩ. The Infineon's FF300R12KS4 module is used as the IGBT of the inverter circuit, 

which conduction voltage drop is VCE=3.2V. The Infineon's ND242S10K as the diode of the 

output rectifier circuit, in the condition of IFVD=800A and VFV=1.55V, the RFVD= 1.94mΩ. By 

consulting the database provided by the manufacturer of the diode and IGBT used, it can 

be calculated: 
The total loss of the input rectifier circuit PIN= 676W. 
The total loss of the inverter circuit is PCON=905W. 
The total loss of the output rectifier circuit is POUT = 563W. 
 
3. Loss analysis of other devices 
In the wireless power transfer system of the electric vehicle designed, the primary coil and 

the secondary coil are matched with a resonant compensation capacitor[20]. For the loss of 

the resonant compensation capacitor, its series equivalent resistance can be directly 

measured with an impedance analysis equipment, and then its loss can be estimated 

based on the actual current across during operation. The series equivalent resistances of 

the primary and secondary resonant compensation capacitors are RCP-SER=10mΩ，RCS-

SER=10mΩ, respectively. In actual operation, the currents in the primary and secondary 

coils are approximately 250A and 200A, respectively. Therefore, it can be estimated that 

the losses of the primary and secondary resonant compensation capacitors are 625 W and 

400 W, respectively. 
 

3.1.2 Loss analysis of the coil 

The coil loss of the wireless power transfer system of the electric vehicle mainly includes 

the copper loss of the coil wire and the hysteresis loss of the magnetic shielding material. 

The copper loss refers to the loss caused by the resistance of the coil wire, when the high-

frequency current passes through the coil, the equivalent resistance increases, so that the 

loss on the coil also increases. The hysteresis loss is mainly due to the hysteresis effect of 

the magnetic shielding material used. 
 
1. The loss analysis of copper 
The equivalent circuit model of the coil part of the wireless power transfer system of the 

electric vehicle designed in this paper is shown in Figure 3.2. UIN is a high-frequency AC 
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voltage source, LP and LS are the inductances of the primary coil and the secondary coil 

respectively[21], CP and CS are the resonant compensation capacitances of the primary coil 

and the secondary coil respectively, M is the mutual inductance between the primary coil 

and the secondary coil, RP and RS are the equivalent resistance of the primary coil and the 

secondary coil respectively, and RL is the load[22]. 

M

Cp

LpVIN
IP

Primary coil

Rp

Ls Is

Rs

Cs

Secondary coil

 
Figure 3. 2 Equivalent circuit model of the coil part 

 
When the power supply UIN is sinusoidal and the angular frequency is ω, according to the 

Kirchhoff voltage law[23], the KVL equations is listed for the primary coil and the secondary 

coil circuit[24]. 

(𝑗𝜔𝐿𝑃 +
1

𝑗𝜔𝐶𝑃
+ 𝑅𝑃) ∙ 𝐼�̇� + 𝑗𝜔𝑀𝐼�̇� = 𝑈𝐼𝑁

̇  

𝑗𝜔𝑀𝐼�̇� + (𝑗𝜔𝐿𝑆 +
1

𝑗𝜔𝐶𝑆
+ 𝑅𝑆 + 𝑅𝐿) ∙ 𝐼�̇� = 0 

Assuming that ZP is the impedance of the primary coil, ZS is the impedance the secondary 

coil, then the following equations can be obtained[25]:  

𝑗𝜔𝐿𝑃 +
1

𝑗𝜔𝐶𝑃
+ 𝑅𝑃 = 𝑍𝑃 

𝑗𝜔𝐿𝑆 +
1

𝑗𝜔𝐶𝑆
+ 𝑅𝑆 + 𝑅𝐿 = 𝑍𝑆  

Thus, it can calculate from the above two equations[26]: 

𝑈𝐼𝑁
̇ = (𝑍𝑃 +

(𝜔𝑀)2

𝑍𝑆
) ∙ 𝐼�̇�  

Then, it can be easily calculated that the input active power PIN, output active power Pout, 

and the efficiency η of the wireless power transfer system are as follows: 
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𝑃𝑖𝑛 = 𝐼𝑃 ∙ [𝑅𝑃 + 𝑅𝑒 ∙
(𝜔𝑀)2

𝑍𝑆
] 

𝑃𝑜𝑢𝑡 = (
𝜔𝑀𝑈𝐼𝑁

𝑍𝑃 ∙ 𝑍𝑆 + (𝜔𝑀)2
)

2

∙ 𝑅𝐿  

𝜂 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
 

When the wireless power transfer system works in resonance, the system has the 

maximum wireless transmission efficiency ηMAX. 

𝜔 =
1

√𝐿𝑃 ∙ 𝐶𝑃

=
1

√𝐿𝑆 ∙ 𝐶𝑆

 

𝜂𝑀𝐴𝑋 =
(𝜔𝑀)2 ∙ 𝑅𝐿

[𝑅𝑃 ∙ (𝑅𝑆 + 𝑅𝐿) + (𝜔𝑀)2] ∙ (𝑅𝑆 + 𝑅𝐿)
 

As can be seen from the above equation, the mainly factors influencing the efficiency of 

the wireless power transfer system are the mutual inductance M, the angular frequency ω, 

the resistance values of the primary coil and the secondary coil RP, RS and the load RL
[27]. 

 
We define the quality factor of the primary coil as QP, it can be calculated[28]:  

𝑄𝑃 =
𝜔𝐿𝑃

𝑅𝑃
 

We define the quality factor of the secondary coil as Qs, it can be calculated[28]: 

𝑄𝑆 =
𝜔𝐿𝑆

𝑅𝑆
 

We define the coupling coefficient of the primary coil and secondary coil as k, it can be 

calculated: 

𝑘 =
1

√𝐿𝑃 ∙ 𝐿𝑆

 

Then, the system efficiency can be expressed as QP, QS, and k as follows: 

𝜂 =
𝑘2 ∙ 𝑄𝑃 ∙ 𝑄𝑆

(√𝑘2 ∙ 𝑄𝑃 ∙ 𝑄𝑆 + 1 + 1)
2 

It can be seen from the above equation that the efficiency of the wireless power transfer 

system increases with the coupling coefficient k and the quality factor QP and QS, of the 

primary coil and the secondary coil. Then, the method of improving the efficiency of the 
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wireless power transfer system can be started from two aspects. One is to increase the 

coupling coefficient k between the coils, and the other is to increase the quality factor QP 

and QS of the coils. 
 
Therefore, for the 100kW wireless power transfer system of electric vehicle designed in 

this paper, the internal resistance of the coil is known to be RP=14mΩ and RS=14mΩ, 

respectively. In practice, the currents in the primary coil and the secondary coil are 

approximately 250 A and 200 A, respectively. It can be calculated that: 
 The loss of primary coil is PCOIL-P=875 W  
 The loss of secondary coil is PCOIL-S=560.5 W. 
 
2. The loss analysis of magnetic shielding material 
Assume a magnetic material has a cross-sectional area of A, an average magnetic path 

length of L, and a number of coil turns of N, if the voltage U(t), the current is I(t), the 

magnetization curve is shown in Figure 3.3[29]. In the figure: Bm is the saturation flux density, 

Br is the residual flux density, Hc is the coercive force, SA is the area of the magnetic 

material from -Br to Bm and the area surrounded by the vertical axis, SB is the magnetic 

material from Bm to Br. The area enclosed by the curve and the vertical axis, the slope of 

the curve represents the relative permeability μ. 

B

H

Br

Bm

-Br

SA

O

SB

-Bm

HC-HC

 
Figure 3. 3 The magnetization curve of magnetic material 

 
According to ampere loop law: 
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𝐻 =
𝐼(𝑡) ∙ 𝑁

𝐿
 

And according to the law of electromagnetic induction: 

𝑢 = 𝑁 ∙
𝑑𝜙

𝑑𝑡
= 𝑁 ∙ 𝐴 ∙

𝑑𝐵

𝑑𝑡
 

In half a cycle, the energy entering the magnetic shielding material is[30]: 

∫ 𝑈(𝑡) ∙ 𝐼(𝑡)𝑑𝑡

𝑇
2

0

= ∫ 𝑁 ∙ 𝐴 ∙
𝑑𝐵

𝑑𝑡
∙

𝐻 ∙ 𝐿

𝑁
𝑑𝑡

𝐵𝑟

−𝐵𝑟

= 𝑉 ∫ 𝐻𝑑𝐵
𝐵𝑟

−𝐵𝑟

= 𝑉(∫ 𝐻𝑑𝐵
𝐵𝑠

−𝐵𝑟

− ∫ 𝐻𝑑𝐵)
𝐵𝑟

−𝐵𝑠

= 𝑉 ∙ (𝑆𝐴 − 𝑆𝐵) 

Where V=AL is the core volume. 
From the above equation, it can be seen that the energy loss of the magnetized core 

material in the half cycle is V(SA-SB), which is the area enclosed by the magnetization curve 

-Br-Bm-Br and the vertical axis. Similarly, the magnetization core loss in the other half cycle 

is the area enclosed by the magnetization curve and the vertical axis in the second and 

third quadrants, that is, the area enclosed by the hysteresis loop represents the hysteresis 

loss of the unit volume core[31]. When the magnetic core has a certain volume, each cycle 

of magnetization consumes energy proportional to the encircled area of the hysteresis loop. 

The higher the frequency, the greater the power loss. The larger the magnetic induction 

swing, the greater the area of envelopment and the greater the loss[32]. 
 
Hysteresis loop depends on the characteristics of the magnetic material, from the above 

analysis we can see that in order to reduce the hysteresis loss in the magnetic core should 

make the hysteresis loop enclosed area as small as possible. When Bm is constant, the 

higher the relative permeability μ, the smaller the area of the corresponding hysteresis loop; 

the lower the relative permeability μ, the larger the area of the corresponding hysteresis 

loop. The smaller the coercive force Hc and the residual magnetic flux density Br, the 

corresponding hysteresis loop becomes narrower. That is, from the perspective of selecting 

a magnetic material, the initial magnetic permeability μi is required to be high, the coercive 

force Hc and the residual magnetic flux density Br are smaller, that is, the corresponding 

hysteresis loop is of a thin high type, and the hysteresis loss is small. At the same time, 

the saturation flux Bm cannot be too small, otherwise it will easily affect the system 

operation due to the saturation of the magnetic core. 
 
In addition, the following formula is commonly used in engineering calculations to calculate 

the hysteresis loss: 
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𝑃ℎ = 𝐶0 ∙ 𝑓 ∙ 𝐵2 

Where C0 is a constant of change depending on the material properties. 
 
We can find that in the case of a weak magnetic field, the area enclosed by the hysteresis 

loop is very small, so the hysteresis loss is also very small. As the magnetic field strength 

increases, the hysteresis loss will increase rapidly. When the ferromagnetic material is in 

a strong alternating magnetic field, hysteresis loss occurs due to hysteresis effect. Mn-Zn 

ferrite has very low electrical conductivity and high relative magnetic permeability. At low 

frequency, the losses in the magnetic core are almost all hysteresis losses. 
 
The assuming operating frequency of the wireless power transfer system in our case is 

85Khz, so the hysteresis loss is the dominant loss in the system magnetic piece. Because 

the hysteresis loss is also proportional to the magnetic core volume, in addition to the 

magnetic materials used in the thin and high hysteresis loop, the magnetic core should be 

designed to minimize the volume of the magnetic core to reduce hysteresis loss in the 

magnetic core. The parameters of Mn-Zn ferrite are shown in Table 3.1[33]. 
Magnetic shielding 

material 
Conductivity（S/m） Relative Magnetic 

permeability 
Mn-Zn ferrite 1 2200 

Table 3. 1 The parameters of Mn-Zn ferrite 
 
The loss on the coil was measured under the conditions of only the coil, and the conditions 

of both coil and the magnetic shielding material. The measured values were subtracted to 

obtain loss of the magnetic shielding material. For the loss, the fitting curve expression for 

the loss of the magnetic shielding material is: F(x)=0.0187x2, which can be seen in the 

same form as the formula[34]. 
 
Therefore, for the 100kW wireless power transfer system of electric vehicle designed in 

this paper, it can be calculated that: 
The loss of magnetic shielding material for the primary coil is PMSM-P=360.5W.  
The loss of magnetic shielding material for the secondary coil is PMSM-S=525W. 

3.1.3 Loss analysis of the battery 

The heat generation mechanism of a lithium battery mainly refers to the thermal behavior 

caused by various electrochemical reactions inside the battery and the ohm resistance 

generated by the physical resistance of lithium ions to each constituent material. In addition, 

the chemical reactions occurring at the electrodes will also cause polarization internal 

resistance, which will produce tolerance polarization internal resistance in the process of 

lithium ion transfer. These are collectively referred to as polarization internal resistance, in 
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which tolerance internal resistance and current magnitude. The solid phase diffusion 

coefficient is related to the liquid phase diffusion coefficient. The study found that there are 

four main sources of heat for lithium battery: reaction heat QR, polarization heat QP, Joule 

heat QJ, and side reaction heat QS. In general, the total heat generated by the battery is[35]: 

𝑄𝑇𝑂𝑇𝐴𝐿 = 𝑄𝑅 + 𝑄𝑃 + 𝑄𝐽 + 𝑄𝑆  

Where: 
QR is the heat generated by the reversible reaction inside the battery, QP is the heat 

generated by the battery polarization reaction, QJ is the heat generated by the battery 

internal resistance, and QS is the heat generated by the battery side reaction and self-

discharge. 
 
1. The heat of reaction: QR 
The electrochemical reactions occurring inside the battery are reversible, lithium ions are 

embedded or unembedded between the positive and negative electrodes, and heat is 

generated during this process. The battery absorbs heat when charging, and the reaction 

heat is negative. The battery emits heat when discharged and the reaction heat is positive. 

The formula for the heat of reaction is summarized as: 

𝑄𝑅 =
𝑚𝑛𝑞𝑙

𝑀𝐹
 

Where: 
q is the total heat generated by the positive and negative electrodes during electrochemical 

reaction inside the cell, F is the Faraday constant, and its value is 96484.5C/mol. I is the 

current during charge and discharge, n is the number of cells, and m is electrode mass, M 

is molar mass. 
 
2. The heat of polarized: QP 

Lithium battery has polarization resistance during charge and discharge. Ohm polarization, 

differential polarization, and electrochemical polarization usually cause polarization 

resistance. When the current passes through the inside of the battery, the internal 

resistance of the polarization will also cause a certain pressure to drop and generate heat. 

The formula for the polarization reaction heat is as follows: 

𝑄𝑃 = 𝐼2 ∙ 𝑅𝑃 = 𝐼2 ∙ (𝑅0 + 𝑅𝑁 + 𝑅𝐷) 

Where: 
I is the current when the battery is charged and discharged, RP is the internal resistance of 

the battery, R0 is the internal resistance of ohm polarization, RN is the concentration of 

internal resistance, RD is the internal resistance of electrochemical polarization[36]. 
 
3. The joule heat: QJ 
Lithium battery have resistors such as poles, electrolytes, and separators. When charging 
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and discharging, the current passes through these places, and the Joule effect generates 

a certain amount of heat, which is called joule heating. joule heating is positive during 

charging and discharging processes and is the most important source of battery heat power. 

The calculation formula is: 

𝑄𝐽 = 𝐼2 ∙ 𝑅𝐽  

Where: 
I is the current during charging and discharging, RJ is the ohm resistance of the cell. 
 
4. The heat of side effects: QS 
Lithium battery will undergo side reactions under over-charge and over-discharge 

conditions. Decomposition of electrode materials caused by self-discharge of batteries and 

decomposition of electrolytes under high temperature conditions will generate a certain 

amount of heat. These heats are collectively referred to as side reaction heat. However, 

the heat generated by self-discharge and electrolyte decomposition is small and can be 

ignored. The heat of side reactions is mainly heat generated under overcharge and over-

discharge conditions. 
 
Studies have shown that after the temperature of a lithium-ion battery reaches 75℃, the 

heat of reaction QR begins to increase sharply and becomes the main source of heat 

generation; at temperatures below 75℃, the reaction heat is not significant, relative joule 

heat and polarization heat. The proportion of reaction heat is very small, only about 1%. A 

battery pack with a reasonable thermal management system has a battery operating 

temperature much less than 75℃, so the heat of reaction can be ignored during calculation. 

In addition, the heat generated by the side-reaction heat QS compared to the other three 

parts is also very small and can be neglected in the calculation[37]. 
 
The joule heat QJ and the polarization heat QP are positive at the time of charge and 

discharge, and the reaction heat QR is negative at the time of charge and positive at the 

time of the discharge, the heat generation rate of the battery in the discharge phase is 

higher than that of the charge phase. The heat generation rate in the medium is so large 

that the temperature when the battery is discharged under the same environment is higher 

than the temperature at the time of charging. On the one hand, it shows that the battery 

has less heat accumulated in the charging process, and the temperature field is more 

evenly distributed. On the other hand, it also shows that if the thermal management system 

can meet the cooling requirements of the battery pack's high-power discharge, it can also 

meet the cooling requirements of the battery pack charging. 
 
Lithium battery charging and discharging process is a reversible electrochemical reaction 

process that emits heat, showing a clear exothermic phenomenon. Further, the positive 

electrode reaction of the battery shows a relatively obvious exothermic phenomenon, and 

the negative electrode reaction of the battery shows a weak endothermic phenomenon, 
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but the overall reaction of the battery shows a clear exothermic phenomenon. 
 
Based on the above analysis, the total heat generated by the battery can be expressed as: 

𝑄𝑇𝑂𝑇𝐴𝐿 = 𝑄𝑃 + 𝑄𝐽 = 𝐼2 ∙ 𝑅 = 𝐼2 ∙ (𝑅𝑃 + 𝑅𝐽) 

Where: 
R is the total battery resistance. This total resistance can be considered as the sum of the 

ohm internal resistance RJ and the internal polarization resistance RP. 
 
The physical parameters of the lithium battery monomer mentioned above are shown in 

Table 3.2: 
 

Monomer 
Voltage 
（V） 

Capacity

（Ah） 
Internal 

resistance

（mΩ） 

Volume 

L*W*H 
（mm） 

Monomer 

quality 
(Kg) 

3.25 200 1.4 180*90*90 4.2 

Table 3. 2 The physical parameters of the lithium battery monomer 
 
Based on the above analysis and the physical parameters of the lithium battery monomer, 

the heat power of the lithium battery monomer under the conditions of constant rate 

discharge of 1/3C, 2/3C, 1C, 2C and 3C is calculated and simulated, respectively. The data 

of heat power obtained when the lithium battery monomer is discharged at different rates 

are shown in Table 3.3: 
Discharge rate 

（C） 
Discharge time 

（s） 
The rate of heat 

power（W/ m3） 
Heat power

（KJ） 

1/3 8220 3250 52.3 
2/3 4110 11085 101.6 
1 2740 26768 150.5 
2 1370 48655 198.9 
3 913.33 82334 247.6 
Table 3. 3 The data of heat power under different rate discharge 

 
Through the above analysis and calculation, it can be seen that the heat power of the 

battery monomer under the discharge rate of 1/3 C is 52.3KJ, which is much lower than 

the heat generation power of 247.6 KJ under the condition of the 3C discharge rate. This 

shows that in the case of large-current discharge of the battery, the rate of heat and heat 

power will increase dramatically, and the heat dissipation demand will increase 

dramatically 
 
According to the data in Table 3.3, the losses of the battery monomer and the battery pack 
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used in the 100kW wireless power transfer system of electric vehicle designed in this paper 

under different charge and discharge rates can be calculated as shown in Table 3.4. 

Discharge rate 

（C） 

Losses of battery 

monomer 

（W） 

Losses of battery 

monomer and 

battery pack

（W） 

1/3 6.36 222.6 

 2/3 24.72 865.2 

1 54.93 1922.55 

2 145.18 5081.3 

3 271.1 9488.5 

Table 3. 4 Losses of battery monomer and battery pack under different charge and 

discharge rates 
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3.2 Design of the cooling system of the wireless power 

transfer system on electric vehicle 

3.2.1 Optimized design of the cooling system 

The theory of heat transfer 
First of all, it is necessary to introduce the principle of heat transfer. Heat transfer is energy 

in transit due to a temperature difference. When a difference in temperature exists within 

a body or among bodies a heat transfer takes place. There are three different kinds of heat 

transfer processes[38]: 
CONDUCTION 
CONVECTION 
RADIATION 
 
1. CONDUCTION HEAT TRANSFER 
When in a medium (solid or fluid at rest) there is a temperature gradient a heat transfer 

occurs within the medium by CONDUCTION 
Physical mechanism: 
-Atomic and molecular activity (interaction) with an energy transfer from the more energetic 

to the less energetic particles 
   Gases & liquids: collision and diffusion 
   Solids: lattice vibrations and electrons migration 
-Higher temperatures are associated with higher atomic energies 
FOURIER’S LAW 
For one-dimensional plane wall with a temperature distribution T(x) the rate of heat transfer 

per unit area perpendicular to the direction of transfer (x direction) is proportional to the 

Figure 3. 4 Heat transfer through one-dimensional plane wall 
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temperature gradient. 
 

𝑞𝑥′′ = −𝑘
𝑑𝑇

𝑑𝑥
     [𝑊/𝑚2] 

The proportionality constant is k the material thermal conductivity (W/mK) 
The minus sign is due to the heat transfer direction (direction of decreasing temperatures)  
At steady state, with a linear temperature distribution within the wall we have a heat flux 

(W/m2): 

𝑑𝑇

𝑑𝑥
=

𝑇2 − 𝑇1

𝐿
 

𝑞𝑥′′ = −𝑘 ∙
𝑇2 − 𝑇1

𝐿
 

The heat rate equation (W) through a plane wall of area A is: 

𝑞𝑥 = −𝑘 ∙ 𝐴 ∙
𝑇2 − 𝑇1

𝐿
 

 
2. CONVECTION HEAT TRANSFER 
The heat transfer between a solid surface and a moving fluid due to a difference in 

temperature is called CONVECTION 
Physical mechanism: is due to super imposition of two different kind of energy transfer: 
-Energy transfer due to random molecular motion (conduction) 
-Bulk or macroscopic motion of the fluid 

Figure 3. 5 Temperature and velocity distribution 
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NEWTON’S LAW 
The heat flux exchanged by convection is: 

𝑞′′ = ℎ ∙ (𝑇𝑆 − 𝑇∞)     [𝑊/𝑚2] 
where: 
h is the fluid convection heat transfer coefficient (W/m2K) 
Ts is the surface temperature 
T∞ is the temperature in a zone sufficiently far from the wall where the effects related to the 

presence of the wall are vanished. 
  

The rate of heat transfer [W] is:  

𝑞 = ℎ ∙ 𝐴 ∙ (𝑇𝑆 − 𝑇∞)      [𝑊] 
 
3. RADIATION HEAT TRANSFER 
The energy emitted by a surface at a certain temperature is called RADIATION 
 
Physical mechanism: surfaces at finite temperature emit energy in the form of 

electromagnetic waves (photons)[39] 
-The emission process may be  
attributed to changes in electron configuration of the atoms and molecules 
-The exchange of energy by radiation may take place also in vacuum 
 
The rate at which energy is released per unit area (W/m) is called: emissive power 
The upper limit to the emissive power (Eb=black body emissivity) is stated by the 
Stefan-Boltzmann law: 

𝐸 = 𝜎 ∙ 𝑇𝑆
4 

Where: 
σ=5.67·10-8 W/m2K4 is the Stefan-Boltzmann constant 
Ts is the absolute temperature (K)  
 

Figure 3. 6 Convection from a surface to a moving fluid 
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For a real surface: 

𝐸 = 𝜀 ∙ 𝜎 ∙ 𝑇𝑆
4 

where: ε is the emissivity (surface property) and 0 ≤ ε ≤ 1 
 
4. Overall heat transfer coefficient 

 

 
Considering the composite wall 

𝑅𝑡𝑜𝑡 =
1

ℎ1 ∙ 𝐴
+

𝐿𝐴

𝐾𝐴 ∙ 𝐴
+

𝐿𝐵

𝐾𝐵 ∙ 𝐴
+

1

ℎ3 ∙ 𝐴
 

�̇� = 𝐾𝑟 ∙ 𝐴 ∙ 𝛥𝑇 
Kr = overall heat transfer coefficient 

𝐾𝑟 =
1

𝑅𝑡𝑜𝑡 ∙ 𝐴
=

1

1
ℎ1

+
𝐿𝐴
𝐾𝐴

+
𝐿𝐵
𝐾𝐵

+
1

ℎ3

 

 
5. Heat transfer from the coil to the coolant pipe 
The coolant pipe is much more complex than a simple metal plate. Therefore, its global 

heat transfer coefficient Kr cannot be theoretically calculated but is experimentally 

Figure 3. 8 Composite plane wall 

Figure 3. 7 Electrical analogy 
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evaluated. 

�̇�𝑐 = 𝐾𝑟 ∙ 𝐴𝑟 ∙ (𝑇𝑟𝑖 − 𝑇𝑎𝑖) 

Where: 
Ar = heat transfer area of the pipe 
Tro = coolant temperature at the pipe outlet 
Tri = coolant temperature at the pipe inlet 
Tai = coil temperature at the interface with pipe 
 
6. Water flow rate to cool the coil 
When the heat disposed by the WPT system is known, the coolant mass flow rate can be 

evaluated: 

�̇�𝑐 =
�̇�𝑐

𝑐𝑐 ∙ 𝛥𝑇
=

�̇�𝑐

𝑐𝑐 ∙ (𝑇𝑟𝑖 − 𝑇𝑟𝑜)
 

Where: 
Ar = heat transfer area of the pipe 
Tro = coolant temperature at the pipe outlet 
Tri = coolant temperature at the pipe inlet 
Cc = specific heat of the coolant 
 

The designing processes 
We mainly focus on the heat transfer happening between the coil which generates the heat 

and the pipe which contains the coolant. Thus, it is necessary to decide the global heat 

transfer coefficient and the minimal heat transfer area so that the dimension of the cooling 

pipe could be designed, as well as the minimal coolant mass flow rate. 
 

Figure 3. 9 Overall heat transfer coefficient 
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As the information given, the coolant is set to 50% ethylene glycol solution with aluminum 

pipe. The coil consists of a 5mm aluminum layer, a 10mm ferrite layer and a 15mm copper-

phase change material mixture (80% copper, 20% PCM in terms of mass) layer. However, 

the detailed information of the PCM is not given, thus we assume it as resin. Also, without 

knowing the specific sort of ferrite, we assume its density equals to 4000 kg/m3, in terms 

of the calculation of mass. While we consider the copper-phase change material mixture 

as pure copper during the calculation of thermal conductivity. It is required that the coil 

temperature should not higher than 65°C during a 5-minute ultra-charging process, with 

5kW power to be transferred. 
 
There are also several assumptions needed to guarantee the designing phase: the coolant 

temperature at the inlet and outlet of the pipe are assumed to be 40°C and 45°C, 

respectively. 
 
1. Estimation of the mass of coil 

𝑚 = 𝑚𝐴𝑙 + 𝑚𝐹𝑒 + 𝑚𝐶𝑢 + 𝑚𝑃𝐶𝑀

= 𝑉𝐴𝑙 ∙ 𝜌𝐴𝑙 + 𝑉𝐹𝑒 ∙ 𝜌𝐹𝑒 + 𝑉𝐶𝑢 ∙ 𝜌𝐶𝑢 + 𝑉𝑃𝐶𝑀 ∙ 𝜌𝑃𝐶𝑀

= 𝑉𝑐𝑜𝑖𝑙 ∙ (𝑉𝐴𝑙% ∙ 𝜌𝐴𝑙 + 𝑉𝐹𝑒% ∙ 𝜌𝐹𝑒 + 𝑉𝐶𝑢% ∙ 𝜌𝐶𝑢

+ 𝑉𝑃𝐶𝑀% ∙ 𝜌𝑃𝐶𝑀) = 46.0955  𝑘𝑔 
 
Where[40]: 
mAl = mass of aluminum 
mFe = mass of ferrite 
mCu = mass of copper 
mPCM = mass of PCM 
VAl = volume of aluminum 
VFe = volume of ferrite 
VCu = volume of copper 
VPCM = volume of PCM 
ρAl = density of aluminum 
ρFe = density of ferrite 
ρCu = density of copper 
ρPCM = density of PCM 
 
From the density database of common materials, we can easily find the density of 

aluminum, copper and resin are 2700 kg/m3, 8500 kg/m3 and 1070 kg/m3, respectively[41]. 
 
Thus, the mass of the coil is 46.0955 kg, approximately. 
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2. Estimation of the heat transfer area of the coolant pipe 
 

𝐾𝑃 =
1

𝐿𝐴𝑙
𝐾𝐴𝑙

+
𝐿𝐶𝑢
𝐾𝐶𝑢

+
1
ℎ𝑐

= 1.6343 ∗ 104  𝑊/(𝑚2 ∙ 𝑘) 

Where: 
Kp = global heat transfer coefficient between the coil and the coolant. 
Hc = convective coefficient of 50% ethylene glycol solution 
KAl = thermal conductivity of aluminum 
KCu = thermal conductivity of copper 
LAl = thickness of aluminum 
LCu = thickness of copper 
 
From the table 3.4, we can find the convective coefficient of water with forced convection 

is 50 to 10000 w/(m2*k). Thus, we assume the convective coefficient of 50% ethylene glycol 

solution equals to 1000 w/(m2*k). 
Flow type (W/m2k) 

Forced convection; low speed flow of 

air over a surface 
10 

Forced convection; moderate speed 

flow of air over a surface 
100 

Forced convection; moderate speed 

cross- flow of air over a cylinder 
200 

Forced convection; moderate flow of 

water in a pipe 
3000 

Forced Convection; molten metals 2000 to 45000 
Forced convection; boiling water in a 

pipe 
50000 

Forced Convection - water and liquids 50 to 10000 
Free Convection - gases and dry 

vapors 
5 to 37 

Free Convection - water and liquids 50 to 3000 
Air 10 to 100 

Free convection; vertical plate in air 

with 30°C temperature difference 
5 

Boiling Water 3000 to 100000 
Water flowing in tubes 500 to 1200 

Condensing Water Vapor 5 to 100 
Water in free convection 100 to 1200 
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Oil in free convection 50 to 350 
Gas flow on tubes and between tubes 10 to 350 

Table 3. 5 Convective coefficient of typical flow types 
 
From the table 3.5, we can find the thermal conductivity of aluminum and copper are 220 

W·m−1·K−1 and 390 W·m−1·K−1, respectively. 

 
Table 3. 6 Thermal conductivity for common materials 

 
Therefore, the global heat transfer coefficient equals to 1.6343*104 w/(m2*k). 

𝐴𝑃 =
1

𝐾𝑝 ∙ (𝑇𝑐𝑜𝑖𝑙 − 𝑇𝑐𝑖)
= 0.3198 𝑚2 

Where: 
Ap = heat transfer area of the pipe 
Tcoil = temperature of the coil 
Tci = coolant temperature at the pipe inlet 
 
It is easy to get that the minimum heat transfer area of pipe should be 0.2122 m2. In our 

design, we set this value to 0.3198 m2. 
 
3. Estimation of the mass flow rate of the coolant 
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�̇�𝑐 =
�̇�𝑐

𝑐𝑐 ∙ (𝑇𝑐𝑖 − 𝑇𝑐𝑜)
= 0.4 𝑘𝑔/𝑠 

Where: 
Tci = coolant temperature at the pipe inlet 
Tco = coolant temperature at the pipe outlet 
Cc = specific heat of the coolant 
 
From the table 3.6, we can find the specific heat of 50% ethylene glycol solution is 3.377 

kJ·kg-1·k-1. 
 Specific Heat of Ethylene Glycol Solution (% by volume)   kJ/(kg.k) 

Temperature℃ 
10% 20% 30% 40% 50% 60% 70% 80% 90% 

-35     3.068 2.844 2.612 2.37  
-30     3.088 2.866 2.636 2.397  
-25     3.107 2.888 2.66 2.423 2.177 
-20    3.334 3.126 2.909 2.685 2.45 2.206 
-15    3.351 3.145 2.931 2.709 2.477 2.235 
-10   3.56 3.367 3.165 2.953 2.733 2.503 2.264 
-5  3.757 3.574 3.384 3.184 2.975 2.757 2.53 2.293 
0 3.937 3.769 3.589 3.401 3.203 2.997 2.782 2.556 2.322 
5 3.946 3.78 3.603 3.418 3.223 3.018 2.806 2.583 2.351 
10 3.954 3.792 3.617 3.435 3.242 3.04 2.83 2.61 2.38 
15 3.963 3.803 3.631 3.451 3.261 3.062 2.854 2.636 2.409 
20 3.972 3.815 3.645 3.468 3.281 3.084 2.878 2.663 2.438 
25 3.981 3.826 3.66 3.485 3.3 3.106 2.903 2.69 2.467 
30 3.989 3.838 3.674 3.502 3.319 3.127 2.927 2.716 2.496 
35 3.998 3.849 3.688 3.518 3.339 3.149 2.951 2.743 2.525 
40 4.007 3.861 3.702 3.535 3.358 3.171 2.975 2.77 2.554 
45 4.015 3.872 3.716 3.552 3.377 3.193 3 2.796 2.583 
50 4.024 3.884 3.73 3.569 3.396 3.215 3.024 2.823 2.612 
55 4.033 3.895 3.745 3.585 3.416 3.236 3.048 2.85 2.641 
60 4.042 3.907 3.759 3.602 3.435 3.258 3.072 2.876 2.67 
65 4.05 3.918 3.773 3.619 3.454 3.28 3.097 2.903 2.699 
70 4.059 3.93 3.787 3.636 3.474 3.302 3.121 2.929 2.728 
75 4.068 3.941 3.801 3.653 3.493 3.324 3.145 2.956 2.757 
80 4.077 3.953 3.816 3.669 3.512 3.345 3.169 2.983 2.786 
85 4.085 3.964 3.83 3.686 3.532 3.367 3.193 3.009 2.815 
90 4.094 3.976 3.844 3.703 3.551 3.389 3.218 3.036 2.844 
95 4.103 3.987 3.858 3.72 3.57 3.411 3.242 3.063 2.873 
100 4.112 3.999 3.872 3.736 3.59 3.433 3.266 3.089 2.902 
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105 4.12 4.01 3.886 3.753 3.609 3.454 3.29 3.116 2.931 
110 4.129 4.022 3.901 3.77 3.628 3.476 3.315 3.143 2.96 
115 4.138 4.033 3.915 3.787 3.647 3.498 3.339 3.169 2.989 
120 4.147 4.045 3.929 3.804 3.667 3.52 3.363 3.196 3.018 
125 4.155 4.056 3.943 3.82 3.686 3.542 3.387 3.223 3.047 

Table 3. 7 Specific heat of ethylene glycol solution[42] 
 

Therefore, the minimum mass flow rate of the 50% ethylene glycol solution equals to 

0.2961 kg/s. In our design, we set this value to 0.4 kg/s. 
 

3.2.2 Creation of the simulation model of the cooling system 

1. SimulationX results 
First, we use simulationX to verify whether the coolant mass flow rate (0.4 kg/s) and the 

heat transfer area (0.3198 m2) we set can meet the requirement that the coil temperature 

should not be higher than 65°C. As the loss analysis showing, both the battery and the 

WPT produce 5kW heat, respectively. In order to simulate the extreme working condition, 

we set the initial coil temperature to 65°C. We put the battery and coil connected in a series 

way, setting the coil and WPT material as copper, and pipe as aluminum, to check whether 

the output parameter is in the range we require. The configuration is shown below: 

 
In the cooling circuit, we consider that the heat conduction happens at the interface 

between heat source (battery and WPT) and cooling pipe. Then the heat is transferred to 

the coolant by forced convection. Finally, the radiator transfers the heat from coolant to the 

Figure 3. 10 Configuration for the cooling system of WPT 
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outside air, also by convection. For simplicity, we ignore the influence of heat radiation. 

Then we get the result: 
 

 
As shown from the figure, the temperature gradually dropped, so the coil can be cooled 

down by our cooling circuit. 

 

Figure 3. 11 Temperature of WPT 

Figure 3. 12 Heat flux of WPT 
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The heat transfer rate between coil and the pipe reached maximum at first, then gradually 

drop. 

The trend of the temperature of battery is quite unique, which reduced at first then increase 

slightly. We conjecture that this phenomenon is due to the series configuration of battery 

and WPT.   
 

 
Figure 3. 14 Heat flux of the battery 

 

Figure 3. 13 Temperature of the battery 
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The pattern of heat flux of the battery has a similar way as that of WPT, but slightly lower. 

 

 
The heat transfer rate of forced convection is similar as that of conduction, both for WPT 

and the battery.  

Figure 3. 15 Heat flux of the forced convection in the pipe (WPT) 

Figure 3. 16 Heat flux of the forced convection in the pipe (Battery) 
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We can find the coolant temperature grows significantly since it receives the heat from both 

WPT and the battery. 

 
Here we can see that the value is negative since the heat is taken by the cool air at 

environment temperature. 
  

Figure 3. 17 Temperature of coolant at the outlet of the heat transfer area with WPT 

Figure 3. 18 Heat flux at the radiator 
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2. Solidworks results 
 
The SimulationX provides a simulation more in a theoretic way, whereas the Solidworks 

can illustrate a more specific one. We create a model consists of a box and the coil inside, 

as well as the bracket which plays a role as fixture. Due to the limit information given 

currently, we only draw a cooling pipe without pump, fan and radiator, as well as the 

components for the battery. But we can still control the mass flow rate and the heat transfer 

area for the WPT we design. 

  
Figure 3. 19 3D model of the cooling system 
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Figure 3. 20 Dimension of the cooling system 
 

The coil is the assembly of the three layers: aluminum, ferrite and copper. In order to 

simulate the extreme condition, we assume that all of the area in the box will generate 

heat, so we modify the shape of the coil to the same as the box.

Figure 3. 21 3D model of the coil 
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Figure 3. 22 3D model of the cooling pipe 

Figure 3. 23 Dimension of the cooling pipe 



 
 
 
 

Automotive vibration oriented design of a 100kW  
integrated liquid cooled wireless power transfer system 

48 
 

 
Here we ensure the minimum heat transfer area, and let it distribute as wide as possible. 

 
In order to test the extreme working condition, the initial temperature of the WPT is 65°

C .We set the simulation time to 5 minutes to verify whether the temperature of WPT can 

be cooled down from 65°C. The results are shown following: 
 

Figure 3. 24 3D model of the bracket for fixture 
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As the figure illustrating, the average temperature can be reduced effectively, although it 

slightly increased when it reaches the minimum value. 

 
We find that there is a peak value which exceed our requirement by approximately 2.565°

Figure 3. 26 Average temperature of the coil 

Figure 3. 25 Maximum temperature of the coil 
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C at the beginning of the cooling process. Thus, the result can’t be accepted and we must 

analysis the reason. 

 
The average temperature of pipe is coincident with that of the coil, since they are contacted 

with each other and heat conduction happens here. 

Figure 3. 27 Average temperature of the pipe 

Figure 3. 28 Heat flux of the conduction 
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Due to the high temperature of WPT set in the beginning, the heat flux reaches its peak 

value rapidly. Then with the decline of the temperature, the heat flux reduced.  
 
We also make several surface plots below to show a more detailed situation. 

 
There is a large high temperature area distributed on the surface of the coil, which is higher 

than 65°C, while other area can be cooled down by 10°C. 

Figure 3. 29 Surface temperature of the coil 

Figure 3. 30 Surface temperature of the pipe 
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The same pattern can be found on the surface temperature of the pipe, which is also higher 

at the same area. 

 
The distribution of heat flux is substantially even on the pipe. 

 
The coolant is heated from inlet to the outlet through forced heat convection and its 

Figure 3. 31 Heat flux of the pipe 

Figure 3. 32 The temperature distribution of the coolant 
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temperature gratitude is about 5°C, consistent with our assumption. 

 
The position in which the pipe is located has an acceptable temperature, lower than 55°C. 

 
The position in which the pipe is not located has an unacceptable temperature, higher than 

65°C. 
 
Therefore, the simulation result is not completely coincident with our theoretic design 

Figure 3. 33 The temperature on the section surface (1) 

Figure 3. 34 The temperature on the section surface (2) 
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because the average temperature is acceptable while the maximum temperature outstrips 

our criteria. We must modify our model. 
 

3.2.3 Analysis of the simulation result of the cooling system 

From our first simulation result, we found that the high temperature area occurs near the 

inlet and outlet part of the pipe. The distance between the inlet and outlet is excessively 

large so that the heat generated at this position cannot be transferred immediately. Instead, 

it accumulates in the coil at this area, leading to the high temperature. Thus, although the 

average temperature is acceptable, proved by our analysis before, the maximum 

temperature is still over the requirement. In the second trial, we modify this distance to 

check our analysis. 

 
Figure 3. 35 3D model of the cooling system after modification 
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Here we also ensure the minimum heat transfer area as before, and the distance between 

the coolant inlet and outlet has been reduced. 

Figure 3. 36 Dimension of the cooling system after modification 

Figure 3. 37 3D model of the cooling pipe after modification 
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In order to test the extreme working condition, the initial temperature of the WPT is still 65°

C .We set the simulation time to 5 minutes as before to verify whether the temperature of 

WPT can be cooled down from 65°C, especially the maximum temperature. The results 

are shown following: 

Figure 3. 38 Dimension of the cooling pipe after modification 

Figure 3. 39 Average temperature of the coil after modification 
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As the figure illustrating, the average temperature still can be reduced effectively, although 

it slightly increased when it reaches the minimum value. The absolute value also reduced 

compared with the situation in the first trial. 

 
We find that there is also a peak value which is about 0.9°C higher than our requirement 

at the beginning of the cooling process. Because we have already set the coil temperature 

at 65°C. Thus, we regard the result as acceptable. 

Figure 3. 40 Maximum temperature of the coil after modification 

Figure 3. 41 Average temperature of the pipe after modification 
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The average temperature of pipe is still coincident with that of the coil and the absolute 

value also reduced compared with the situation in the first trial. 
 

 
Due to the coolant receive more heat from the high temperature area where heat is 

accumulated in the first trial, we can find both the peak value increased slightly,   
 
We now verify the surface temperature of the coil. 

Figure 3. 42 Heat flux of the conduction after modification 

Figure 3. 43 Surface temperature of the coil after modification 
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The high temperature area on the surface of the coil disappeared, all of the area is lower 

than 65°C, which is cooled down by 10°C. 

 
The same pattern can be found on the surface temperature of the pipe, the high 

temperature area also disappeared. 

 

Figure 3. 44 Surface temperature of the pipe after modification 

Figure 3. 45 Heat flux of the pipe after modification 
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The distribution of heat flux is still substantially even on the pipe. 

 
The coolant is heated from inlet to the outlet through forced heat convection and its 

temperature gratitude is about 5°C, the same as before. 

 
All of the surface of the coil has an acceptable temperature, lower than 55°C. Thus, after 

guaranteeing every point is not far from the coolant pipe, the heat is not accumulated 

anymore so that the temperature is reduced successfully. This configuration can verify our 

design. 
  

Figure 3. 46 The temperature distribution of the coolant after modification 

Figure 3. 47 The temperature on the section surface after modification 
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4. Analysis and design of the vibration 

oriented mechanism of the wireless 

power transfer system on electric 

vehicle 

4.1 Analysis of the vibration oriented mechanism 

Since the WPT system will be imposed load during the vibration generated from the road, 

we decide to choose four threaded fasteners located at the four corners to ensure the 

reliability of the fixture. 
 
First, it is necessary to simplify the working condition of these threaded fasteners: the 

vibration can be considered as the alternating tensile stress acting on the axial direction of 

the bolts. Thus, we introduce the theories of alternate stress. 
 

4.1.1 Theories of the stress variation on components and 

calculation of the strength of components  

There are three cases about the law of stress variation on parts. 
 
1. The stress ratio r is a constant 

𝑟 =
𝜎𝑚𝑖𝑛

𝜎𝑚𝑎𝑥
 

Under the premise of a simple loading condition, r = C. Where r is the stress ratio and C is 

a constant. In this situation the strength calculation is to compute the maximum stress 

safety factor. The strength condition is: 

𝑛𝜎 =
𝜎′𝑚𝑎𝑥

𝜎𝑚𝑎𝑥
=

𝜎−1

𝐾𝜎 ∙ 𝜎𝑎 + 𝛹𝜎 ∙ 𝜎𝑚
≥ [𝑛]        (1) 

 
Where: 
nσ = maximum stress safety factor of components 
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σ’
max = maximum stress of components (N/mm2) 

σmax = maximum received stress of components (N/mm2) 
σ-1 = symmetrical cyclic tensile fatigue strength (N/mm2) 
σa = alternating stress amplitude of components (N/mm2) 
σm = mean stress of components (N/mm2) 
Kσ = comprehensive influence coefficient  
ψσ = material factor 
 
2. The minimum stress is a constant 
In theory, when the minimum value of alternate stress is a constant, that is: σmin = C. 

According to the maximum stress, the maximum stress safety factor can be calculated. 

The strength condition is: 
 

𝑛𝑎 =
𝜎′𝑚𝑎𝑥

𝜎𝑚𝑎𝑥
=

2𝜎−1+(𝐾𝜎 − 𝛹𝜎) ∙ 𝜎𝑚𝑖𝑛

(𝐾𝜎 + 𝛹𝜎) ∙ (2𝜎𝑎 + 𝜎𝑚𝑖𝑛)
≥ [𝑛]          (2) 

 
3. The mean stress is a constant 
In theory, the maximum and minimum value of working alternate stress are constant, that 

is: σm = C. The strength condition is: 
 

𝑛𝜎 =
𝜎′𝑚𝑎𝑥

𝜎𝑚𝑎𝑥
=

𝜎−1+(𝐾𝜎 − 𝛹𝜎) ∙ 𝜎𝑚

𝐾𝜎 ∙ (𝜎𝑚 + 𝜎𝑎)
≥ [𝑛]            (3) 

 
Following these theories of alternate stress in the three cases, the maximum stress safety 

factor nσ can be computed, which should be no less than the allowable stress safety factor 

[n] in order to guarantee the safety during working. However, the above situations may not 

actually occur in isolation. Therefore, the choice of the formula for the calculation should 

be based on the law of the possible changes in the stress of the specific component. 
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4.1.2 Calculation method of fatigue strength of bolts 

subjected to unidirectional constant alternating load 

1. Force analysis of the bolts 

 
As can be seen from Figure, the bolt as a fastening part to withstand the constant 

alternating load, after the role of the pre-tightening force F1 (without considering the friction 

torque case), withstand the tension between 0 ~ F3, bolts received by the total tension 

varying between F1 and F. When the bolt is subjected to a cyclical fluctuating working load 

from 0 to F3, its internal stress is an asymmetric cyclic variable stress, and the total tensile 

load it receives is periodically fluctuating between the remaining preloads F2 and F3. At this 

time, the bolt is subjected to unidirectional stable stress. 
 
2. Calculated theoretical basis and calculation method 
According to the basic theory of variable stress loading on parts, we can better understand 

the situation of bolts subjected to variable stress and the calculation of fatigue strength. 

Some mature viewpoints have been formed, that is, under the premise of the law of variable 

stress, the maximum stress safety factor can be used to check the strength. Several major 

ideas and calculation methods are described below. 
 
2-a. Minimum variable stress maintains unchanged 

𝜎𝑚𝑖𝑛 =
𝐹1

𝜋𝑑2

4

 

Where: 

Figure 4. 1 Alternate stress 
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F1 = pre-tightening force 
d = nominal diameter of the bolt, a constant 
So σmin = C. The equation (2) can be used for the calculation of fatigue strength of the bolts, 

that is: 

𝑛𝑎 =
2𝜎−1 ∙ (𝐾𝜎 − 𝛹𝜎) ∙ 𝜎𝑚𝑖𝑛

(𝐾𝜎 + 𝛹𝜎) ∙ (2𝜎𝑎 + 𝜎𝑚𝑖𝑛)
≥ [𝑛] 

When this condition is met, the safety can be guaranteed. 
 
2-b. The main influencing factor of fatigue strength is cyclic alternating stress 

amplitude 

𝑛𝜎 =
[𝜎𝑎]

𝜎𝑎
≥ [𝑛𝑎] 

Where: 

[𝜎𝑎] =
𝜎−1

[𝑛𝑎] ∙ 𝑘𝜎
 

kσ is the effective stress concentration factor. When this condition is met, the safety can be 

guaranteed. 
 
2-c. Simplification from asymmetrical cycle to symmetrical cycle 
In this method, r = C. The equation (1) can be used for the calculation of maximum stress 

safety factor, that is: 

𝑛𝜎 =
𝜎−1

𝐾𝜎 ∙ 𝜎𝑎 + 𝛹𝜎 ∙ 𝜎𝑚
≥ [𝑛] 

When this condition is met, the safety can be guaranteed. 
 

4.2 Optimized design of the vibration oriented 

mechanism 

In our case, the bolts on the WPT system will be subjected to variable stresses during the 

travel of vehicle. Due to the limited information given, there are several important 

assumptions placed to complete the designing phase. According to the previous 

calculation, the weight of coil is 46.0955 kg. Considering it is placed into a box with other 

electric elements, we assume the total weight of the system is 100 kg. Thus, the four bolts 

will be imposed a 981N force, each 245.25N as static load. However, due to the 

unevenness of road, the tire pressure and the characteristic of vehicle’s suspension system, 
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the bolts will be subjected to a variable load. An assumption is made that the maximum 

force Ft applied on each bolt is 300% of the WPT system’s weight, and the working load 

varies from 100% to 300% weight, which can fully represent the extreme working condition. 

Thus, the four bolts get a 981~2943N working force (Ft). Besides, we assume that the 

residual pre-tightening force (F2) equals to 1.5 times working load. We choose 1035 steels 

(carbon steel, American standards), property class 5.6, as the bolts material. 
 
1. Calculation of the maximum working load on each bolt 

 

𝑞 =
𝐹𝑡

4
= 735.75 𝑁 

Thus, the maximum working load for each bolt is 735.75N. And the working load of varies 

between 245.25~735.75N. 
 
2. Calculation of the residual pre-tightening force on each bolt 

𝐹2 = 1.5𝑞 = 1103.625 𝑁 
Thus, the residual pre-tightening force for each bolt is 1103.625N. 
 
3. Calculation of the maximum tension force on each bolt 

𝐹 = 𝑞 + 𝐹2 = 1839.375 𝑁 
Thus, the maximum tension force for each bolt is 1839.375N. 
 
4. Calculation of the pre-tightening force on each bolt 

𝐹1 = 𝐹 −
𝐶1

𝐶1 + 𝐶2
∙ 𝑞 = 𝐹 − 𝐾𝑐 ∙ 𝑞 = 1250.775 N 

Where the Kc is the relative stiffness of bolts, in relation to the materials of the gasket. 

Figure 4. 2 Working force (Ft) on bolts 
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Material Metal（or no 

gasket） 
Leather Copper-

asbestos 
Rubber 

 

Kc 0.2~0.3 0.7 0.8 0.9 

Table 4. 1 Relative stiffness of bolts 
 
Here we assume copper asbestos gasket, so Kc =0.8. 
Thus, the pre-tightening force for each bolt is 1250.775N 
 
5. Calculation of the allowable stress 
 
No. Mechanical or 

physical 

property 

Property class 

4.6 4.8 5.6 5.8 6.8 8.8 9.8 10.

9 
12.

9/1

2.9 

d≤1

6m

m a 

d>1

6m

m b 

d≤1

6m

m 

1 Tensile 

strength, 

Rm, MPa 

no

m. c 
400 500 600 800 900 100

0 
12

00 

min

. 
400 420 500 520 600 800 830 900 104

0 
12

20 

2 Lower 

yield 

strength, 

ReL d, 

MPa 

no

m. c 
240 - 300 - - - - - - - 

min

. 
240 - 300 - - - - - - - 

3 Stress at 

0,2 % 

non-

proportio

nal 

elongatio

n, 

no

m. c 
- - - - - 640 640 720 900 10

80 

min

. 
- - - - - 640 660 720 940 110

0 
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7 

Rp0,2, 

MPa 

4 Stress at 

0,0048 d 

non-

proportio

nal 

elongatio

n for full-

size 

fasteners, 

Rpf, MPa 

no

m. c 
- 320 - 400 480 - - - - - 

min

. 
- 340 

e 
- 420 

e 
480 

e 
- - - - - 

5 Stress 

under 

proof 

load, Sp f, 

MPa 

no

m. 
225 310 280 380 440 580 600 650 830 97

0 

Proof strength 

ratio Sp,nom/ReL 

min or 

Sp,nom/Rp0,2 min or 

Sp,nom/Rpf min 

0.9

4 
0.9

1 
0.9

3 
0.9

0 
0.9

2 
0.9

1 
0.9

1 
0.9

0 
0.8

8 
0.8

8 

6 Percenta

ge 

elongatio

n after 

fracture 

for 

machined 

test 

pieces, 

A, % 

min

. 
22 - 20 - - 12 12 10 9 8 

7 Percenta

ge 

reduction 

of area 

after 

fracture 

for 

machined 

min

. 
- 52 48 44 44 
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test 

pieces, 

Z, % 

8 Elongatio

n after 

fracture 

for full-

size 

fasteners, 

Af 

min

. 
- 0.2

4 
- 0.2

2 
0.2

0 
- - - - - 

9 Head 

soundness 
No fracture 

10 Vickers 

hardness, 

HV F ≥98 

N 

min

. 
120 130 155 160 190 250 255 290 320 38

5 

ma

x. 
220 g 250 320 335 360 380 43

5 

11 Brinell 

hardness, 

HBW F = 

30 D2 

min

. 
114 124 147 152 181 238 242 276 304 35

6 

ma

x. 
209 g 238 304 318 342 361 41

4 

12 RockWell 

hardness, 

HRB 

min

. 
67 71 79 82 89 - 

ma

x. 
95.0 g 99.

5 
- 

RockWell 

hardness, 

HRC 

min

. 
- 22 23 28 32 39 

ma

x. 
- 32 34 37 39 44 
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13 Surface 

hardness, 

HV 0,3 

ma

x. 
- h h, i h, j 

14 Height of 

non-

decarburi

zed 

thread 

zone, E, 

mm 

min

. 
- 1/2 H1 2/3 

H1 
3/4 

H1 

Depth of 

complete 

decarburi

zation in 

the 

thread, 

G, mm 

ma

x. 
- 0.015 

15 Reductio

n of 

hardness 

after re-

temperin

g, HV 

ma

x. 
- 20 

16 Breaking 

torque, 

MB, N⋅m 

min

. 
- in accordance with ISO 898-7 

17 Impact 

strength, 

KV 
k, l, J 

min

. 
- 27 - 27 27 27 27 m 

18 Surface integrity 

in accordance 

with 

ISO 6157-1 n IS

O 

61

57-

3 
a. A value does not apply to structural bolting. 
b. Structural bolt connection d≥M12. 
c. The nominal value is only for the designated system of the property category. 
d. Allow to measure the stress at 0.2% non-proportional elongation Rp0,2 when 

the lower yield strength ReL cannot be determined. 
e. For attribute classes 4.8, 5.8 and 6.8, the value of Rpf min is under 
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investigation. The present value given is only used to calculate the verification 

stress ratio. They are not test values. 
f. Prove the loads specified. 
g. The hardness of the end of the fastener should be 250 HV, 238 HB or 99.5 

HRB. 
h. When the hardness of the surface and the hardness of the core are measured 

with HV 0,3, the surface hardness shall not exceed the 30-dimensional Vickers 

point of the hardness measured on the fastener. 
i. Any increase in surface hardness indicates that surface hardness exceeding 

390 HV is unacceptable. 
j. Any increase in surface hardness indicates that surface hardness exceeding 

435 HV is unacceptable. 
k. The value is determined at a test temperature of 20°C. 
l. Suitable for d≥16mm. 
m. The value of m KV is under investigation. 
n. In place of ISO 6157-1, ISO 6157-3 can be applied by agreement between the 

manufacturer and the purchaser. 
Table 4. 2 Mechanical and physical properties of bolts, screws and studs[43] 

 
Load 

properties 
Allowable 

stress 
Safety factor without control of pre-

tightening force [n] 
Safety 

factor with 

control of 

pre-

tightening 

force [n] 
Static 

load 
[σ] =

𝑅𝑒𝐿

[𝑛]
 

Material Diameter Regardless 

of diameter 

M6~M16 M16~M30 M30~M60 

Carbon 

steel 
4~3 3~2 2~1.3 1.2~1.5 

Alloy 

steel 
5~4 4~2.5 2.5 

Dynamic 

load 
According 

to 

maximum 

stress 

[σ𝑡] =
𝑅𝑒𝐿

[𝑛]
 

Carbon 

steel 
10~6.5 6.5 6.5~10 1.2~1.5 

Alloy 

steel 
7.5~5 5 5~7.5 

According 

to cyclic 

[𝑛𝑎] = 2.5~5 [𝑛𝑎]

= 1.5~2.5 
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alternating 

stress 

amplitude 
[σ𝑎]

=
𝜀 ∙ 𝜎−1𝑝

[𝑛𝑎] ∙ 𝑘𝜎
 

1. σ-1p is the tensile and compressional fatigue limit of material (see Table 4.4) 
2. ε is the dimensional factor (see Table 4.5) 
3. kσ is the effective stress concentration factor (see Table 4.6) 

Table 4. 3 Allowable safety factor [n][44] 
 

Material 10 Q235-A 35 45 40Cr 

σ-1p 120~150 120~160 170~220 190~250 240~340 

Table 4. 4 Tensile and compressional fatigue limit of material 
 

Diameter/mm <12 16 20 24 30 36 42 48 56 64 

ε 1 0.87 0.8 0.74 0.65 0.64 0.60 0.57 0.54 0.53 

Table 4. 5 Dimensional factor 
 

Tensile strength 

Rm/MPa 
400 600 800 1000 

kσ 3 3.9 4.8 5.2 
Table 4. 6 Effective stress concentration factor[45]  

 
From the tables above, we found the parameter needed. Since in our assumption we 

control the pre-tightening force, and  
5-a. The bolts get a static load, we choose the maximum value in the range, [n] = 1.5; 
5-b. The bolts get a dynamic load, we choose the maximum value in the range, [n] = 1.5;  
5-c. The bolts get a dynamic load with cyclic alternating stress amplitude, we choose the 

maximum value in the range, [na] = 1.5; 
In order to decide the dimension of bolts, we use static strength [σ] in case 5-a for 

calculation. For 1035-steel, property class 5.6, its yield strength ReL = 300 N/mm2. 

[𝜎] =
𝑅𝑒𝐿

[𝑛]
= 200 𝑁/𝑚𝑚2 

So [σ] equals to 200 N/mm2. 
 
6. Calculation of the nominal diameter of the bolts 
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𝑑1 ≥ √
4 × 1.3 ∙ 𝐹

𝜋 ∙ [𝜎]
= 3.902 𝑚𝑚 

So, the thread trails d1 should no less than 3.03 mm. 

𝑑1 = 𝑑 − 1.0825 ∙ 𝑃 

 
Size - Nominal 

Diameter 
(mm) 

Pitch1) 
(mm) 

 

Clearance 

Drill 
(mm) 
 

Tap Drill 
(mm) 
 

Tensile Stress 

Area 
(mm) 
 

M 1.6 0.35 1.8 1.25 
 

M 2 0.40 2.4 1.60 
 

M 2.5 0.45 2.90 2.00 
 

M 3 0.50 3.40 2.50 
 

M 3.5 0.60 3.90 2.90 
 

M 4 0.70 4.50 3.30 8.78 
M 5 0.80 5.50 4.20 14.2 
M 6 1.00 6.60 5.00 20.1 
M 8 1.25 9.00 6.80 36.6 
M 10 1.50 12.00 8.50 58.0 
M 12 1.75 14.00 10.20 84.3 
M 14 2.00 16.00 12.00 

 

M 16 2.00 18.00 14.00 157 
M 20 2.50 22.00 17.50 245 
M 22 2.50 25.00 19.50 

 

M 24 3.00 27.00 21.00 353 
M 27 3.00 30.00 24.00 

 

M 30 3.50 33.00 26.50 561 
M 36 4.00 40.00 32.00 817 
M 42 4.50 46.00 37.50 1120 
M 48 5.00 53.00 43.00 1470 
M 56 5.50 62.00 50.50 2030 
M 64 6.00 70.00 58.00 2680 
M 68 6.00 74.00 62.00 

 

Table 4. 7 Metric threads - Coarse thread pitches 
 
From the table, we choose M5 coarse thread pitches bolts, with P=0.80 mm, d=5 mm, so 

its d1=4.134 mm, which meets the requirement. 
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4.3 Verification of the vibration oriented mechanism 

1. Calculation of the dangerous section area of the bolts 

𝐴1 =
𝜋𝑑1

2

4
= 13.42 𝑚𝑚2 

Thus, the dangerous section area A1 equals to 13.42 mm2  [46]. 
 
2. Calculation of the maximum stress on the bolts 

𝜎𝑚𝑎𝑥 =
𝐹

𝐴1
= 137.06 𝑁/𝑚𝑚2 

Thus, the maximum stress σmax equals to 137.06 N/mm2. 
 
3. Calculation of the minimum stress on the bolts 

𝜎𝑚𝑖𝑛 =
𝐹1

𝐴1
= 93.20 𝑁/𝑚𝑚2 

Thus, the maximum stress σmin equals to 93.20 N/mm2. 
 
4. Calculation of the alternating stress amplitude on the bolts 

𝜎𝑎 =
𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛

2
= 21.93 𝑁/𝑚𝑚2 

Thus, the alternating stress amplitude σa equals to 21.93 N/mm2. 
 
5. Calculation of the mean stress on the bolts 

𝜎𝑚 =
𝜎𝑚𝑎𝑥 + 𝜎𝑚𝑖𝑛

2
= 115.13 𝑁/𝑚𝑚2 

Thus, the alternating stress amplitude σm equals to 115.13 N/mm2. 
 
6. Calculation of other inputs 
There are also some inputs should be found: the comprehensive influence coefficient Kσ 

and the material factor ψσ. 
 
6-a. Comprehensive influence coefficient Kσ 
There are many factors affecting comprehensive influence coefficient Kσ 
Factors related to the component: 

– Size, CS, not considered in tension and compression 
– Notches, Kf, the fatigue stress concentration factor 
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– Surface finishing, CF 
– Surface treatments (mechanical, thermal or chemical, coatings…) 

Factors related to service conditions: 
– Loading mode, CL 
– Reliability, CR  
– Temperature 
– Environment (moisture, corrosives…) 

𝐾𝜎 =
𝐾𝑓

𝐶𝐿 ∙ 𝐶𝑆 ∙ 𝐶𝐹 ∙ 𝐶𝑅
 

CL=0.7 (experimentally 0.6~0.8) for tension/compression 
CF=1, assume surface roughness Ra=0.8. 

 
Figure 4. 3 Surface finishing factor 

 
CR=0.620, assume reliability should be 99.999%. 

Reliability CR Factor 

50% 1.000 
90% 0.897 
95% 0.868 
99% 0.814 

99.9% 0.753 
99.990% 0.702 
99.999% 0.659 
99.9999% 0.620 

99.99999% 0.584 
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99.999999% 0.551 
99.9999999% 0.520 

Table 4. 8 Reliability factor 
 
Kf =1.45, for 1035 steel and M4 bolts with coarse thread pitches. 
 

𝐾𝜎 =
𝐾𝑓

𝐶𝐿 ∙ 𝐶𝐹 ∙ 𝐶𝑅
= 3.341 

 
Then we get Kσ equals to 3.341 
 
6-b. Material factor ψσ 

For carbon steel, the material factor ψσ≈0.1~0.2. For alloy steel, ψσ≈0.2~0.3. As carbon 

steel in our case, we choose ψσ≈0.15. 

𝜎−1 = 0.5𝑅𝑚 = 250 𝑀𝑝𝑎 

For 1035 steel with property class 5.6, its Rm = 500Mpa, so σ-1 = 250Mpa. 
 
7. Verification of the fatigue strength 

7-a. Verification according to constant minimum stress, σmin = C 
For allowable safety factor we choose the maximum value in the range, [n] = 1.5[47] 

𝑛𝑎 =
2𝜎−1+(𝐾𝜎 − 𝛹𝜎) ∙ 𝜎𝑚𝑖𝑛

(𝐾𝜎 + 𝛹𝜎) ∙ (2𝜎𝑎 + 𝜎𝑚𝑖𝑛)
= 1.72 ≥ [𝑛] 

7-b. Verification according to cyclic alternating stress amplitude  
For allowable safety factor we choose the maximum value in the range, allowable safety 

factor [na] = 1.5. For 1035 steel, its effective stress concentration factor kσ = 3.45. 

𝑛𝜎 =
[𝜎𝑎]

𝜎𝑎
=

𝜎−1

[𝑛𝑎] ∙ 𝑘𝜎 ∙ 𝜎𝑎
= 2.20 ≥ [𝑛𝑎] 

7-c. Verification according to constant stress ratio, r = C 
For allowable safety factor we choose the maximum value in the range, [n] = 1.5 

𝑛𝜎 =
𝜎−1

𝐾𝜎 ∙ 𝜎𝑎 + 𝛹𝜎 ∙ 𝜎𝑚
= 2.76 ≥ [𝑛] 

From the above three verification methods, we can find differences among their results but 

all of them meet the strength condition. Thus, the design that we use M5 coarse thread 

pitch bolts with 1035 carbon steel property class 5.6 can be verified. 
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5. Conclusions 
Liquid cooling is indeed an effective method to cool down the high power ultra-fast charging 

system and the application to the market will be a new trend. 
 
From the above research, the preliminary configuration of the cooling system is designed 

and analyzed, in terms of several important system parameters: the mass flow rate and 

the heat transfer area. The coolant pipe in this paper merely represents one possible 

solution, taking into the cooling effectiveness instead of cost and manufacture easiness. 

Although the specific devices such as radiator, pump and fan are not focused, the 

simulation process can inclusively consider all elements in this system. In the future, the 

specific parameters of those devices should be decided. 
 
As for the mechanism part, the fixture method is also designed, with the dimensions of the 

threaded fasteners, the choice of materials. Although this solution is verified in terms of 

mechanical performance, the cost and supply are not considered. It is well worthy to note 

that the formula used for the design are constant and can be used if those parameters 

changed in the future. 
 
In conclusion, this paper gives a draft design with simplicity, some parts are not fully 

realistic but consistent with the theoretic knowledge. I hope to refine those aspects in the 

future. 
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