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ABSTACT IN THAI 
 
งานวิจัยปริญญาเอกนี้ เน้นการออกแบบระบบถ่ายโอนพลงังานแบบไร้สาย (WPT) พร้อม

อุปกรณ์จัดตำแหน่งอัตโนมัติ (AAD) สำหรบัยานยนต์ไฟฟา้ (EV) ที่ใช้สำหรับผูสู้งอายุเป็นหลัก ใน
การศึกษาและออกแบบ เริ่มต้นด้วยสูตรสำหรบัการคำนวณโดยละเอียดและการวิเคราะห์เกี่ยวกบั
พารามิเตอร์กำลัง พารามเิตอร์พื้นฐานของมอเตอร์ขับเคลือ่น และความจุของแบตเตอรี่กำลังของ
รถยนต์ไฟฟ้าสำหรับผูสู้งอายุ จากนั้นได้ทำการวิเคราะหโ์ดยละเอียดเกี่ยวกับการวิเคราะห์
สนามแมเ่หล็กของระบบ WPT สำหรับรถยนต์ไฟฟ้าของผูสู้งอายุ ในเวลาเดียวกัน เมื่อตำแหน่งสัมพทัธ์
ของคอยลส์่งและคอยลร์ับใน WPT เปลี่ยนแปลง เราก็ได้ทำการคำนวณและวิเคราะห์โดยละเอียดตาม
ขนาดและการกระจายของค่าสมัประสิทธ์ิการเหนี่ยวนำร่วมระหว่างคอยล์ทัง้สอง เพือ่ใหบ้รรลุการจัด
ตำแหน่งอัตโนมัตริะหว่างคอยลส์่งและคอยล์รบัใน WPT และเพื่อให้ได้ประสิทธิภาพการส่งผ่าน
พลังงานที่ดีทีสุ่ด โดยในงานวิจัยน้ีได้เสนออัลกอริธึมการปรบัให้เหมาะสมใหม่ช่ือ Maritime Search 
and Rescue Algorithm (MSRA) ซึ่งอัลกอริธึมนี้ไมเ่พียงแต่มีประสิทธิภาพในการเพิม่ประสทิธิภาพที่
ดีข้ึนเท่านั้น แต่ยังมีความสามารถในการวางแผนเส้นทางไปยังไซต์ที่ดทีี่สุดอกีด้วย สำหรบัอลักอริธึม
การเพิม่ประสิทธิภาพอัจฉริยะอื่นๆ ที่มีอยู่ ไมเ่คยพบว่ามปีระสิทธิภาพทั้งสองอย่างนีเ้ลย ยิง่ไปกว่าน้ัน 
แบบจำลองทางคณิตศาสตร์ของ MSRA ได้ถูกสร้างข้ึน และสร้างรหัสเทียมของโปรแกรมคอมพิวเตอร์
ข้ึน สุดท้ายได้ออกแบบระบบฮาร์ดแวร์และซอฟต์แวรท์ั้งหมดของ WPT-AAD และได้สร้างชุดทดลอง
เพื่อตรวจสอบการวิเคราะห์ทางทฤษฎีและการออกแบบก่อนหน้านี้ทั้งหมดด้วยการทดลองจริง เพื่อให้
บรรลปุระสิทธิภาพตามทีก่ำหนดไว้ 
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ทางทะเล (MSRA), การถ่ายโอนพลังงานแบบไร้สาย 

 

  
This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



VII 

Thesis Title 
 
Student  
Student ID. 
Degree 
Program 
Year 
Thesis Advisor 

DESIGN OF WIRELESS POWER TRANSFER 
SYSTEM FOR THE ELDERLY ELECTRIC VEHICLE 
Zheng Junlong 
63601014 
Doctor of Engineering 
Electrical Engineering 
2024 
Assoc.Prof. Dr. Chaiyan Jettanasen 

 

ABSTRACT IN ENGLISH 
This research focuses on how to design a wireless power transfer (WPT) system 

with automatic alignment device (AAD) for an electric vehicle (EV) mainly used for 
elderly people. To study and design, we started with the formulas for detailed 
calculations and analysis on the power parameters, basic parameters of the driving 
motor, and the capacity of the power battery of an elderly EV. Next, we conducted a 
detailed analysis of the magnetic field analysis of the WPT system for an elderly EV. 
At the same time, when the relative positions of the transmitting coil and the receiving 
coil in the WPT change, we have also made detailed calculations and analysis 
corresponding to the size and distribution of the mutual inductance coefficient 
between the two coils. In order to achieve automatic alignment between the 
transmitting coil and the receiving coil in WPT, and to obtain the best power 
transmission efficiency, we innovatively proposed a new optimization algorithm named 
the Maritime Search and Rescue Algorithm (MSRA). The algorithm not only has better 
optimization performance, but also has the ability to plan the path to the best site. 
For other existing intelligent optimization algorithms, it has never been found that they 
have both of these performances. Moreover, the mathematical model of the MSRA 
was established, and the computer program pseudo-code was created. Finally, we 
designed the entire hardware system and software system of WPT-AAD, and we built 
an experimental bench to experimentally verify all the previous theoretical analysis 
and designs to achieve the determined efficiency. 

 
Keywords: Elderly cars, Electric vehicle, Maritime search and rescue algorithm 
(MSRA), Wireless power transfer  
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Chapter 1 
Introduction 

1.1 Introduction 

Population aging is a global issue and a shared challenge for the advancement 
of human society. The aging process of China's population is advancing rapidly, 
characterized by a large population and a high degree of aging. The problem of the 
aging population is increasing. How to help individuals spend their old age better and 
improve their happiness is a problem that our society needs to pay attention to. 
Traveling is an important way for the elderly to maintain their daily activities and 
connect with society. It is also an important aspect of enhancing the happiness of the 
elderly. 

In recent years, with the continuous development of society, the growth of 
urban population, and the rise in traffic pressure, many existing transportation methods 
are not suitable for the elderly. Many elderly individuals refrain from traveling due to 
travel challenges. There is limited research in this area globally, and the transportation 
issues of the elderly need to be addressed urgently. 

The purposes of elderly travel are roughly divided into exercise, leisure and 
entertainment, shopping, picking up children, visiting a doctor, visiting relatives and 
friends, and handling personal affairs. Among them, exercise and leisure activities are 
the most common. In terms of travel mode, due to the current transportation and 
traffic environment restrictions, most of the time the elderly is limited to walking and 
public transportation, and the travel distance is mainly short. Therefore, the purpose 
and significance of this research are to design a car that is suitable for the elderly to 
drive independently within the city, covering a total round-trip distance of 
approximately 100 kilometers, in order to provide more convenient transportation 
options for the elderly. 

There are currently existing mobility aids for the elderly available on the market, 
including mobility scooters, as depicted in the figure below: 
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Fig.1-1-1 Classification of electric walking tools for the elderly by appearance [1] 

 
Fig.1-1-2 Classification of electric walking tools for the elderly the number of 

wheels. [1] 

 
Fig.1-1-3 Classification of electric walking tools for the elderly the number of 

seats. [1] 
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Fig.1-1-4 Walking aids for the elderly. [1] 

 
Fig.1-1-5 Other means of transportation for the elderly. [1] 

 
The advantages of mobility tools for the elderly currently on the market are: 
1. Low cost and low market price, which solves the short-distance travel 

problem of the elderly within 2 km; 
2. The weight and volume are relatively small, compact and light. 
Existing problems: 
1. Long-distance travel, such as travel within a city, these means of 

transportation are not enough; 
2. The comfort performance is too poor. There is no air conditioning, and there 

is no good audio system; most types do not have a complete car box, and lack the 
function of rain and wind. 

3. The driving speed is slow, and the maximum speed of most models is only 
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20 km/h, which does not meet the travel needs of the elderly well. 
4. The safety performance is poor, and the safety systems such as airbags and 

ABS on elderly cars are lacking. 
5. The performance of passing obstacles is poor. 
6. The charging method for these elderly carss are all the plug-in charging 

method, and there is no convenient wireless charging method. Of course, the wireless 
charging technology is not yet mature in the charging of automotive power batteries, 
and large-scale commercial use has not been found worldwide. 

From the analysis of the market products of elderly cars, it is urgent necessaries 
to design an elderly car that can go back and forth in a city and a set of convenient 
wireless charging system for it 

At present, there are two main ways to charge an electric car: wired charging 
and wireless charging. The wired charging method for electric vehicles involves charging 
the vehicle through the charging gun connected to the charging station. This method 
is less flexible and can lead to wear and tear on the charging interface, potentially 
causing sparks and reducing safety. If you encounter severe weather conditions such 
as rain and snow, there is a higher likelihood of experiencing an electric shock due to 
factors such as the aging of the charging gun or cable, leakage, etc. In contrast, the 
application of wireless charging technology can effectively avoid the above-mentioned 
shortcomings. Wireless charging technology offers greater advantages in terms of 
convenience and security. The wireless charging transmitter is buried underground and 
transfers energy through an electromagnetic field. It does not produce sparks, 
experience wear and tear, and resolves security and maintenance issues. Wireless 
charging enables electric vehicles to charge while in motion and while at rest using a 
ground transmitter disk and an in-car receiver disk. In addition, wireless charging for 
electric vehicles can be performed without manual operation, significantly enhancing 
the user experience. 

The wireless charging technology for electric vehicles has been extensively 
researched and implemented. However, due to the high manufacturing costs and lack 
of market support, wireless charging vehicles have not yet been widely adopted for 
commercial use. The research adapts wireless charging technology to elderly electric 
vehicles, aiming to enhance the convenience of charging and address the security risks 
associated with charging these vehicles. 
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Based on the current research internationally, this thesis focuses on studying 
and designing an electric vehicle tailored for elderly individuals to commute within a 
city. Additionally, it designs a supporting wireless charging system that can 
automatically align. This research is of great significance in addressing the 
transportation challenges faced by the elderly in urban areas and improving the 
convenience of charging. 

At present, the wireless charging technology that can automatically align is being 
applied to electric vehicles for the elderly worldwide, and no research in this field has 
been found. Therefore, this thesis focuses on the automatic alignment device for 
wireless charging. 

 

1.2 Research status about the wireless charging technology for EV. 

Transmission of power without wires for supplying power to electrical devices 
and equipment, and for charging has been contemplated since the times of Tesla. 
However, this was not possible at that time because associated enabling technologies 
were not available[2]. A breakthrough to this end was achieved in 2007. In June 2007, 
the experimental team at the Massachusetts Institute of Technology (MIT) made a 
major discovery. Under the leadership of Professor Marin Soljačić, they discovered 
magnetic field resonance technology and used it to successfully light an electric bulb 
located 2 meters away from the experimental bench. Moreover, a safety test was 
conducted, and it was found that this type of power transmission would not endanger 
the people nearby [3]. 
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Fig.1-2-1 MIT lab bench [3] 

 
Wireless Power Transfer (WPT) and its practical implementations are being 

widely investigated due to their potential use in a variety of industrial and engineering 
applications [2]. Some of the applications where WPT can be used include EVs, 
electronic gadgets [4], [5], industrial plants [6], implanted medical devices [7], and so 
on. 

Reference [8] summarizes several forms of wireless charging technology: 
Microwave WPT, laser WPT, electromagnetic induction WPT, electric field coupling WPT, 
and Magnetically-Coupled Resonant WPT. Among them, Magnetically Coupled 
Resonant Wireless Power Transfer (MCR-WPT) technology utilizes a non-radiated 
magnetic field to transmit energy, resulting in less external electromagnetic 
interference and improved safety. This technology is particularly well-suited for 
ground-based applications. Compared with electromagnetic induction WPT and 
electric field coupling WPT, MCR-WPT technology offers a longer transmission distance 
(up to several meters) and greater flexibility. It can be used for wirelessly charging 
moving objects. Due to the unique advantages mentioned above, MCR-WPT 
technology is the most suitable option for automotive wireless charging compared to 
other WPT technologies. It has a broad range of applications and significant commercial 
value. Fig.1-2-2 shows the structural diagram of MCR-WPT. 
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Fig.1-2-2 Abridged view of EV wireless power transmission [9] 

 
For the MCR-WPT system research, Lionel Pichon [10] made a detailed analysis 

of the magnetic induction strength. Rui Feng et al [11] detailed analyzed of magnetic 
field distribution. Yang Yang et al [12], optimized the shape and structure of 
transmitting and receiving coils. Kafeel Ahmed Kalwar, et al [13], proposed a new coil 
design qad D quadrature. Sangwook Park [14] maded electromagnetic exposure 
assessment and analyzed the impact of different exposure scenes on human body. 
Haris Gulzar, et al [15], made a comprehensive electromagnetic design for MCR-WPT, 
and experiments verified that MCR-WPT can transmit power wirelessly with an 
efficiency of more than 85%. Rupesh Kumar Jha et al [16] analyzed the unit resonant 
topology used for WPT, and the performance of the topology is comprehensively 
evaluated and compared. Ihssen Jabri et al [17] analyzed the influence of transverse 
misalignment and separation distance between primary and secondary coils. 
Metaheuristic algorithm and genetic algorithm were used to optimize the design of 
primary and secondary coils. 

Literature[18], in 2019 by Winges, J. et al. Carried out multi-objective 
optimization on the transmission efficiency and output power of the MCR-WPT system 
from various perspectives, including the physical structure of the system and its 
components, as well as voltage and current values in the circuit. The study yielded 
optimal research results: when the resonant frequency is 85 kHz, the transmission 
distance ranges from 0.8 to 1.6 times the maximum coil radius, and the maximum 
power output is between 4 kW and 9 kW. The system demonstrates an efficiency of 
over 90% in transmission. 

To sum up, research on wireless charging technology for electric vehicles has 
accumulated significantly, providing a foundation for the integration of this technology 
into vehicles used by the elderly. 
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1.3 Objective 

The objectives of this research are as follows: 
1) To design a convenient wireless charging system for elderly individuals' cars. 
2) To enhance the convenience of the wireless power transfer (WPT) system, 

the automatic alignment device (AAD) for WPT is thoroughly researched. 
3) A new optimization algorithm, the Maritime Search and Rescue Algorithm 

(MSRA), has been proposed and implemented to enable the WPT-AAD to automatically 
find the optimal charging position. 

 

1.4 Scope of study 

1) The wireless charging system designed in this thesis for the elderly electric 
vehicle utilizes magnetic coupling resonance wireless power transfer. 

2. The WPT-AAD control unit studied in this thesis is the Microcontroller Unit 
(MCU), not other control components such as a programmable controller. 

 

1.5 Thesis outline 

Chapter 1 elaborates on the current market situation of the elderly electric 
vehicle (EV) industry. It is understood that the current electric vehicle (EV) products 
designed for elderly individuals in the market do not adequately cater to their city 
travel needs. Moreover, the process of charging these vehicles poses safety risks and 
inconvenience for elderly users. It is proposed to research and design an elderly-
friendly car with an automatic alignment wireless charging system that can travel within 
a city. This thesis discusses the current research status of wireless charging and 
automatic alignment devices for electric vehicles both domestically and internationally. 
It suggests that studying elderly cars with automatic alignment wireless charging 
systems is necessary, feasible, and innovative. At the same time, it is proposed that 
the focus of this thesis is Wireless Power Transfer with Automatic Alignment Device 
(WPT-AAD). 

Chapter 2, the fundamental parameters of the chassis for an elderly electric 
vehicle (EV) are initially chosen. This selection serves as a guide for the intricate design 
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of an EV tailored to meet the transportation requirements of elderly individuals in 
urban areas. Subsequently, a detailed calculation is conducted to determine the 
driving force, motor selection, and power battery capacity for the elderly EV. These 
calculations lay the groundwork for designing a wireless charging system with an 
automatic alignment function. 

Chapter 3 briefly introduces the structure and working principle of the electric 
vehicle magnetic coupling resonant radio energy transmission system. According to 
Biot-Savart's law, the magnetic field generated by the energy-transmitting coil in the 
wireless charging system is analyzed and calculated in detail. The mathematical 
expression for the magnetic induction intensity generated by the transmitting coil at 
any point in space is derived. Then, the distribution map of the magnetic induction 
intensity in the magnetic field space is created using the computer software Python. 
This map serves as the foundation for analyzing the mutual inductance between the 
transmitting coil and the receiving coil. Then, the mutual inductance distribution 
between the transmitting coil and the receiving coil is calculated in detail as the 
relative position of the transmitting coil and the receiving coil changes within this range. 
Finally, the distribution position of the maximum mutual inductance is derived. The 
research on the distribution of mutual inductance between the transmitting coil and 
receiving coil in space provides a theoretical basis for the design of MCR-WPT system. 

Chapter 4 introduces a new optimization algorithm called the Marine Search 
and Rescue Algorithm (MSRA). Together with SMA and GeneticA, the algorithm is 
applied to five well-known optimization algorithm test functions (Ackley, Rastrigin, 
sphere, Schaffer, Schwefel), and the results are compared and analyzed. The 
conclusion that MRSA has excellent performance is supported. The thesis then 
discusses the application of MSRA to WPT-AAD to determine the position of the 
maximum mutual inductance coefficient and achieve automatic alignment for wireless 
charging. 

Chapter 5 discusses the hardware system design of WPT-AAD, and the control 
program developed by MSRA for WPT-AAD is described. Then, the WPT-AAD 
experimental bench was built, and five experiments with different parameters of MCR-
WPT were conducted on the bench. Subsequently, WPT-AAD experiments were 
performed using appropriate parameters of MCR-WPT. In each experiment, the 
experimental data were recorded in detail and analyzed to verify that all theoretical 
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analyses and designs in this thesis are completely correct and feasible. 
Chapter 6: Conclusion and Suggestions. 
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Chapter 2 
The Overall Design of The Elderly EV 

In this chapter, the fundamental parameters of the chassis of an elderly electric 
vehicle (elderly EV) are preliminarily selected. This serves as a reference for the 
detailed design of an elderly EV to meet the travel needs of the elderly in a city. 
Subsequently, the driving force, selection of the driving motor, and power battery 
capacity of the elderly EV are calculated in detail. This forms the basic groundwork for 
the design of a wireless charging system with an automatic alignment function. 

This chapter is structured as follows. In section 2.1, the fundamental parameters 
of the chassis for the elderly EV are preliminarily selected. In Section 2.2, A basic design 
for the elderly EV chassis is provided. In Section 2.3, we analyzed and calculated the 
driving force for elderly EV. In Section 2.4, we calculated and analyzed the main 
parameters of the driving motor. In section 2.5, we calculate and analyze the capacity 
of the power battery. 

 

2.1 The selection of various parameters 

The elderly car is designed for elderly individuals' travel needs. According to 
market research, there are currently two types of transportation vehicles available for 
the elderly: electric tricycles and electric four-wheel mini-cars. 

Electric tricycles are compact in size, have a small footprint, and offer flexibility 
in driving and turning. However, they lack body balance, making them prone to 
overturning during emergency braking. These tricycles have a limited cruising range, 
suitable only for short-distance trips for the elderly (within 10 kilometers). The anti-
theft mechanism for the car battery is inadequate, making it vulnerable to theft, 
causing inconvenience for the elderly. According to China's traffic laws, this model is 
classified as a power-assisted transportation tool, not a motor vehicle, and is not 
permitted on highways. It is inconvenient to use in cities. 

Electric four-wheeled mini-cars overcome many of the shortcomings of electric 
tricycles and significantly enhance the travel convenience for the elderly. However, 
the current electric four-wheeled mini-cars still have some shortcomings. They exhibit 
poor driving performance, are unsuitable for navigating uneven terrains, and struggle 
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to traverse small steps onto sidewalks. Additionally, there is a lack of adequate safety 
protection equipment for the elderly. Therefore, it is necessary to design a brand-new 
electric vehicle suitable for the travel needs of the elderly in the city. 

 

 
Fig. 2-1-1 Baojun E100 [19] 

 
In cities, traffic congestion is common, and parking spaces in ground parking lots 

are very limited. Most cars can only be parked in underground parking lots in urban 
areas, or they can find parking spaces away from shopping malls, parks, and other 
crowded places. Due to their advanced age, elderly individuals move slowly, making 
parking in underground lots or distant locations particularly inconvenient for them. 
Therefore, the compact car for the elderly should be small in size and able to be 
parked in the designated bicycle parking space next to the sidewalk. With reference to 
existing cars, it is found that the size of the "Baojun E100" [19] model produced by 
Chinese SAIC-GM-Wuling is more suitable. Therefore, the size, axle moment, front 
wheel moment, and rear wheel moment of the elderly car in this study are all based 
on the "Baojun E100" model. Other parameters should be adjusted according to the 
specific requirements of the elderly car, as outlined in the table below. 
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Table 2-1-1 Main parameters and design goals of vehicles[19] 
Parameter name Value Parameter name Value 

Length, width and 
height; (mm) 

2488*1506*1670 
Maximum cruising 

mileage; (km) 
200 

Axle moment, 
(mm) 

1600 M0, vehicle mass (kg) 840 

Front wheel moment, 
(mm) 

1310 ML, load mass (kg) 150 

g, gravitational 
acceleration, (m/s2). 

9.8 Ma, full load mass (kg) 990 

Rear wheel moment, 
 (mm) 

1320 
G, the total gravity of 
the full load car (N) 

9702 

Minimum ground 
clearance; (mm) 

180 it, total speed ratio 16.3 

umax1, maximum 
speed (km/h) 

80 A, windward area (m2) 2.244 

umax2, highest lasting 
Speed (km/h) 

60 𝜂𝑡
, transmission 
efficiency 

0.9 

uc, conventional 
cruising speed (km/h) 

40 Rt; tire radius (m) 0.306 

f, Rolling resistance 
coefficient 

0.016 
αmax, 

maximum climbing 
slope 

20% 
11.3° 

𝑡1, 0-40 km/h 
acceleration time (s) 

10 
𝑡2, 40-80 km/h 

acceleration time (s) 
10 

CD; wind resistance 
coefficient 

0.8 δ, rotating mass 
conversion factor 

1.06 

 

2.2 Design of elderly EV chassis 

Focusing on the Baojun E100 [19] electric vehicle, its chassis structures are as 
follows: single motor, front electric motor, front-wheel drive, single-speed transmission 
for electric vehicles, front suspension is a ferson independent suspension, rear 
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suspension is a single-arm independent suspension, both front and rear brakes are disc 
brakes, and the parking brake is a hand brake. The elderly EV in this thesis also adopted 
the chassis structure of this car. The wheel tire size of the Baojun E100 is 145/70 R12 
[19]. According to the marking method of automobile tire model specification [20], the 
wheel radius can be calculated as follows: 

 

145 × 70% + 12 × 25.4/2 = 253.9   (mm)   (2-2-1) 
 
The Baojun E100 equipped with these wheels has a minimum ground clearance 

of only 130 mm [19]. So, it can be considered that the highest obstacle that the car 
chassis can pass, is only 130mm higher than the wheels. Referring to Huang 
Chaosheng's analysis of wheeled vehicles passing vertical obstacles [21], it can be 
estimated that the maximum size of wheels with a radius of 253.9 mm that can climb 
over vertical obstacles is 200 mm. 

In order for the elderly EV designed in this thesis to be able to climb into a 
bicycle parking space on an urban sidewalk with a vertical height of 250 mm [22] for 
parking, the wheel radius needs to be increased by 50 mm (250 - 200 = 50 mm). Check 
the car tire standards and choose 145/80 R15 [23]. According to the marking method 
of automobile tire model specification [20], the wheel radius of the elderly EV can be 
calculated as follows. 

 

145 × 80% + 15 × 25.4/2 = 306.5  mm   (2-2-2) 
 
That is, the wheel radius is 306.5 mm. Only considering the wheel radius design, 

referring to Huang Chaosheng's analysis of wheeled vehicles passing vertical obstacles 
[21], it can be estimated that the wheels with a radius of 306.5 mm, can climb over 
the maximum size of vertical obstacles is 250 mm. 

 

2.3 Analysis of the driving force for elderly EV 

2.3.1 Rolling resistance 

Calculation formula of automobile rolling resistance [20] 
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𝐹𝑓 = 𝐺 × 𝑓   (N)       (2-3-1) 
 

where, 
G, is the total gravity of the car. 
f, the rolling resistance coefficient, which is related to the type of road surface, driving 
speed, and tire structure, material, and air pressure. When the vehicle speed is less 
than 50 km/h, f=0.0165, When the speed is greater than 50 km/h, it can be 
calculated using the following formula.[20]: 

 

𝑓 = 0.016 × [1 + 0.01 × (𝑉 − 50)]      (2-3-3) 
 
The driving speed of the elderly EV in this thesis is designed based on Table 2-

1-1, which includes the maximum driving speed. In the table, Uc=40 km/h. This 
indicates that the vehicle speed is below 50 km/h in most cases. To simplify the 
calculation of f, a uniform value of 0.016 is used, and the above value is substituted 
for calculation. The result is: Ff= 160.1 N. 

 

2.3.2 Air resistance 

Car air resistance calculation formula [20] 
 

𝐹𝑊 =
𝐶𝐷𝐴𝑢𝑎

2

21.25
     (N)    (2-3-4) 

 
where, 
FW, car air resistance 
CD, air resistance coefficient, as shown in Table 2-1-1, CD=0.8. 
A, the windward area of the car, as shown in Table 2-1-1, A=2.244 m2. 
ua, car speed, unit km/h, the accurate calculation should be the speed of the car 
relative to the air. When there is no wind, it is the driving speed of the vehicle. In most 
cases, the normal cruising speed of the car speed is directly used. As shown in Table 
2-1-1, ua=uc=40 km/h.  
Substitute relevant parameters for calculation, and get: Fw=10.43 N. 
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2.3.3 Climbing resistance 

Vehicle climbing resistance, when the vehicle is driving uphill. The component 
force of the vehicle's gravity along the direction of the slope is expressed as the vehicle 
climbing resistance. The calculation formula is:[20] 

 

𝐹𝑖 = 𝐺 sin(𝛽)    (2-3-5) 
 

where, 
Fi, climbing resistance, (N). 
G, is the total gravity of the car (N). 

β, the acute angle formed by the ramp and the horizontal line. As shown in Table 2-
1-1, the maximum climbing slope is 20%, then sin(𝛽)=0.1961. 
Substitute the relevant parameters for calculation, and get: Fi=194.139 N 

 

2.3.4 Acceleration resistance 

When the vehicle is accelerating, the inertial force generated by the mass is the 
acceleration resistance, denoted as FJ. For the inertial force, the mass of the vehicle 
is divided into two parts: translational mass and rotational mass. When accelerating, 
the translational mass produces inertial force, and the rotating mass produces moment 
of inertia. In order to simplify the calculation, the inertia moment produced by the 
rotating mass is typically transformed into the inertial force of the translational mass. 
The coefficient δ is the conversion coefficient of vehicle rotation mass. Then, the 
acceleration resistance of the vehicle FJ can be written as:[20] 

 

𝐹𝐽 = 𝛿𝑀𝑎
𝑑𝑣

𝑑𝑡
    (N)          (2-3-6) 

 
where, 

δ, the conversion coefficient of vehicle rotation mass. 
Ma, the mass of the vehicle, (kg). 

𝑑𝑣/𝑑𝑡, the acceleration of the vehicle, (m/s2). 
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Refers to Table 2-1-1 and substitute the relevant parameters for calculation, when 
the car accelerates uniformly from 0 to 40 km/h on a flat road in 10 seconds, 

FJ=1165.88 N. 
 

2.3.5 The balance equation of car driving force and resistance 

In order to analyze the dynamic performance index of the automobile, the 
mechanical model of the automobile is established. According to automobile theory, 
the balance equation of automobile driving mechanics is:[20] 

 

𝐹𝑡 = ∑𝐹 = 𝐹𝑓 + 𝐹𝑊 + 𝐹𝑖 + 𝐹𝐽    (N)     (2-3-8) 
 

Where:  
Ft, the driving force of the car, (N). 
Ff, the air resistance of the car, (N); 
Fi, the climbing resistance of the car, (N); 
FJ , the acceleration resistance of the car, (N); 
In this thesis, refers to Table 2-1-1, when a car is driving on a flat road at a normal 
speed uc=40 km/h, Fi = FJ =0, and the value is substituted into the calculation to 
be Ft= 170.53 N; 
When driving at a constant speed on a slope of 20% of the road, and the value is 
calculated as Ft=356.85 N; 
When the car is uniformly accelerating from 0 to 40 km/h on a flat road in 10 
seconds, Ft =1328.587 N. 

 

2.4 Main parameters of the driving motor 

In order to ensure that the elderly EV has good power and cost efficiency, it is 
necessary to carry out reasonable calculation and matching selection of the motor. 
The matching of EV driving motor mainly considers the performance indexes such as 
power, torque and speed. Referring to the knowledge of automobile theory [20], the 
performance indexes are calculated and analyzed as follows: 
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2.4.1 Rated power 

Rated power: refers to the maximum power required under the condition of 
continuous operation of the equipment and ensuring the specified indicators. 

(1) The rated power must meet the maximum stable speed [20]. As shown in 
Table 2-1-1, the maximum stable speed is 60 km/h. 

According to the driving requirements of EVs, the rated power of the motor is 
generally selected according to the maximum stable speed of the vehicle during 
uniform driving on a flat road [20]. 

 

𝑃𝑒 =
𝑢𝑚𝑎𝑥

3600𝜂𝑡
(𝑀𝑎𝑔𝑓 +

𝐶𝐷𝐴𝑢𝑚𝑎𝑥
2

21.25
)         (2-4-1) 

 
Where:  
Pe, rated power of motor, (kW). 
umax, maximum speed, (km/h). 
Ma, total mass of vehicle under full load, (kg). 
g, gravitational acceleration, (m/s2). 
f, rolling resistance coefficient; 
CD, air drag coefficient; 
A, windward area, (m2). 

𝜂𝑡 , transmission efficiency. 
Substitute the values from Table 2-1-1 into the above formula for calculation:  

 

𝑃𝑒 =
60

3600×0.9
(990 × 9.8 × 0.016 +

0.8×2.244×602

21.25
) = 8.533 kW 

 
(2) The rated power must meet the stable climbing speed [20]. 

 

𝑃𝑎 =
𝑢𝑐𝑙

3600𝜂𝑡
(𝑀𝑎𝑔𝑓 cos𝛽 +

𝐶𝐷𝐴𝑢𝑐𝑙
2

21.25
+ 𝑀𝑎𝑔 sin𝛽)    (2-4-2) 

 
where, 
Pa, rated power of motor (kW). 
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𝛽, climbing slope. 
The acute angle formed by the ramp and the horizontal line. When the car climbs a 
slope at a steady speed, the slope is usually calculated as 12% (6.8°) [20]. 
Substitute the values from Table 2-1-1 into the above formula for calculation. 
 

𝑃𝑎 =
40

3600×0.9
(990 × 9.8 × 0.016𝑐𝑜𝑠 6 . 8∘ +

0.8×2.224×402

21.15
  

 

+990 × 9.8 𝑠𝑖𝑛 6 . 8∘) = 17.747  kW 
 

Through the calculation of the above two items, the rated power Pa is taken the 
maximum value 17.747 kW. 

 

2.4.2 Rated speed and driving power of straight road 

Minimum normal driving power, refers to the working condition that the vehicle 
runs in a straight line at a constant speed of rated speed (40 km/h, as shown in Table 
2-1-1) on a straight road (𝛽=0). Required motor output power Pe. The formula (2-4-1) 
can be used for calculation: 

 

𝑃𝑒 =
40

3600×0.9
(990 × 9.8 × 0.016 +

0.8×2.224×402

21.15
) = 3.578 kW 

 

2.4.3 Peak power 

Peak power refers to the maximum power that can be achieved on a straight 
road in a short time, as long as the basic functions are met, regardless of whether other 
quality indexes of the equipment can be achieved [20]. 

(1) The peak power should match the maximum power at the maximum speed 
(80 km/h, as shown in Table 2-1-1), which can be calculated by substituting the values 
from Table 2-1-1 into the formula (2-4-1). 

 

𝑃𝑚𝑎𝑥1 =
80

3600×0.9
(990 × 9.8 × 0.016 +

0.8×2.244×802

21.15
)   

= 17.126    kW 
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(2) The peak power shall meet the maximum climbing gradient (20%, 11.3°, as 

shown in Table 2-1-1), which can be calculated by substituting the values from Table 
2-1-1 into the formula (2-4-2). 

 

𝑃𝑚𝑎𝑥2 =
40

3600×0.9
[990 × 9.8 × 0.016 cos(11.3°)   

 

+
0.8×2.224×402

21.15
+ 990 × 9.8 𝑠𝑖𝑛(11.3°)] = 27.011  kW 

 
(3) The peak power needs to meet the power required for the acceleration time 

from the normal speed of 40 km/h to the maximum speed of 80 km/h within the 
limited time of t (t=t2=10 s, as shown in Table). It can be calculated according to the 
following formula [20]. 

 

𝑃𝑚𝑎𝑥𝑡 =
𝑢𝑡

3600𝜂𝑡
(𝑚𝑔𝑓 +

𝐶𝑑𝐴𝑢𝑡
2

21.15
+ 𝛿 ⋅

𝑢1−𝑢0

3.6𝑡
)         (2-4-3) 

 
By substituting the values from Table 2-1-1, the calculation result is as follows. 
 

𝑃𝑚𝑎𝑥𝑡 =
80

3600×0.9
(990 × 9.8 × 0.016 +

0.8×2.224×802

21.15
  

 

+1.06 ×
80−40

3.6×10
) = 17.155     kW 

 
The maximum value among Pmax1, Pmax2, Pmaxt (17.126 kW, 27.011 kW, 17.155 
kW) is 27.011 kW, and this maximum value is multiplied by a safety factor of 2 to 
obtain the peak power (Pmax) [20], which is 54.022 kW. 

 

2.4.4 Peak torque 

(1) The peak torque shall meet the requirements of the maximum climbing 
gradient [20] (the maximum gradient is 20%, 11.3°, as shown in Table 2-1-1):  
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𝑇𝛼𝑚𝑎𝑥 ≥
1

𝜂𝑡

[𝐺𝑓 cos(𝛼𝑚𝑎𝑥)+𝐺 sin(𝛼𝑚𝑎𝑥)]𝑅𝑡

𝑖𝑡
         (2-4-4) 

 
where, 
Tamax, peak torque, (N-m). 
Rt, wheel radius, (m). 
it, total speed ratio. 
𝜂𝑡 , transmission efficiency. 
𝛼𝑚𝑎𝑥 , the maximum climbing gradient. 
By substituting the values from Table 2-1-1, the calculation result is as follows. 

 

𝑇𝛼𝑚𝑎𝑥 ≥
1

0.9
×  

 
[990×9.8×0.016𝑐𝑜𝑠( 11.3∘)+990×9.8 𝑠𝑖𝑛(11.3∘)]×0.306

16.3
= 50.388  N-m 

 
(2) The peak torque should meet the acceleration time, the speed from 0 to 40 

km/h is uniform acceleration[20], and the time required is 10 seconds (as shown in 
Table 2-1-1).  

 

𝑇𝑢𝑚𝑎𝑥 ≥
(𝐺𝑓𝑡1+𝛿𝑚𝑢𝑚+

𝐶𝐷𝐴𝑢𝑚
2

21.15
×

𝑡1
2
)⋅𝑅𝑡

𝑖𝑡𝜂𝑡𝑡1

        (2-4-5) 

 
where, 

𝑡1, 0-40 km/h acceleration time (s). 

δ, Conversion coefficient of rotating mass; 
um, acceleration target speed (km/h); 
Rt, wheel radius, (m); 
it, total speed ratio; 

ηt, transmission efficiency. 
Substitute the values from Table 2-1-1 for calculation: 

 

𝑇𝑢𝑚𝑎𝑥 ≥ (990 × 9.8 × 0.016 × 10 + 1.06 × 990 × 40  
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+
0.8×2.224×402

21.15
×

10

2
) ×

0.306

16.3×0.9×10
= 92.199  N-m 

 
After calculation, the peak torque Tmax is taken the maximum value in 𝑇𝛼𝑚𝑎𝑥 , 
Tumax, which is 92.199 N-m. 

 

2.4.5 Maximum rotation speed and rated rotation speed 

The maximum rotation speed and rated rotation speed of the motor are 
determined according to the maximum speed of the vehicle and the normal speed 
respectively [20]. 

 

𝑢𝑎 =
0.77×𝑁×𝑅𝑡

𝑖𝑡
               (2-4-6) 

 
where, 
ua, vehicle running speed (km/h); 
N, motor speed (rpm); 
Rt, wheel radius (m); 
it, total speed ratio; 
Substitute the value in Table 2-1-1 for calculation: 
 

40 =
0.77×𝑁𝑒×0.306

16.3
 ,     80 =

0.77×𝑁𝑚𝑎𝑥

16.3
  

 
Rated rotation speed: Ne =2794.565 rpm 
Maximum rotation speed: Nmax =5589.130 rpm 

 

2.4.6 Rated torque of the motor 

Rated torque, the rated torque is determined according to the rated power and 
rated speed of the motor [24] 

 

𝑇𝑒 =
9550𝑃𝑒

𝑁𝑒
  (N-m)     (2-4-7) 
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where, 
Te, rated torque of motor, (N-m); 

Pe, rated power of motor, (kW); 
Ne rated speed of motor, (rpm). 
Substituting into the numerical calculation, the rated torque is: 

 

𝑇𝑒 =
9550×17.8

2794.565
= 63.377  N-m 

 
Summarize the above calculations to the following table. 

 
Table 2-4-1 Basic parameters of driving motor 

Parameters of driving motor 
Calculation 

results 
Get 

value 
Pe, Rated power, (kW) 17.747 20 
Pc, rated speed and driving power of 
straight road, (kW) 

3.578 3.6 

Pmax, peak power, (kW) 54.022 55 
Te, Rated torque, (N-m) 63.377 65 
Tmax, Peak torque, (N-m) 92.199 100 
Ne, Rated speed, (rpm) 2794.565 3000 
Nmax, Maximum speed, (rpm) 5589.130 6000 

 
 

2.5 Selection of power battery 

1). Maximum power output of battery. 
 
During the operation of an EV, the output power of the power battery must be 

greater than or equal to the combined input power of the power motor and the on-
board electrical equipment. From the parameter calculation and analysis of the motor 
in the previous section, the peak power of the motor is 55 kW. Generally, the total 
power consumption of the entire vehicle's electrical equipment (including air 
conditioning) is about 1.5 Kw [25]. It can be calculated that the peak power demand This material is reserved for educational use only, not allowed for commercial use. 
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of the power battery output is 56.5 kW, which represents the maximum power output 
of the battery. 

 
2). Total storage capacity of power battery 
 
The total storage capacity of the power battery is directly related to the 

vehicle's maximum mileage once fully charged. If the total storage capacity of the 
battery is designed to be too small, it will result in limited mileage, thereby affecting 
the vehicle's performance. Conversely, if the total storage capacity of the battery is 
designed to be too large, it will lead to increased manufacturing costs and overall 
vehicle weight. The EV designed for the elderly in this thesis is primarily intended for 
use on urban roads, catering to the transportation needs of the elderly to and from 
the city. Therefore, the designed comprehensive mileage of the vehicle is 100 km. 

According to the calculations in the previous section, the power of the driving 
motor is 3.578 kW when the vehicle runs at the rated speed of 40 km/h on a straight 
road. The power of the driving motor is 17.747 kW when the vehicle is climbing a slope 
of 12% (6.8°) at the rated speed of 40 km/h. The total power of electrical equipment, 
including the air conditioner, of the whole vehicle is approximately 1.5 kW. From the 
perspective of parameter conservation, the total storage capacity of a power battery 
can be calculated using the following formula [25]. 

 

𝐸𝜉𝜂𝑞𝜂𝑡𝜂𝑚 = (𝑃𝑚𝑜𝑡𝑜𝑟 + 𝑃𝑑𝑖𝑣𝑖𝑐𝑒) ⋅
𝑆

𝑢𝑒
           (2-4-7) 

 
where, 
E represents the total energy of the power battery (kWh). 

ξ represents the discharge depth of the battery. In order to protect the power battery 
and avoid excessive discharge, ξ take 0.8 [25]. 

ηq represents the battery discharge efficiency (0.95) [25].  

ηt is the transmission efficiency of the vehicle power system in Table 2-1-1. 

ηm is the efficiency of the motor in converting electric energy into mechanical energy 
(0.9) [25].  
Pmotor is the power of the driving motor (kW). 
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Pdivice is the total power consumption of electrical equipment of the whole vehicle 
(kW) 

S is the endurance mileage of the vehicle under rated working conditions (km). 
ue is the rated speed (km/h). 

 
When estimating the overall city driving endurance mileage of an automobile, 

it can be roughly calculated based on the assumption that straight roads make up 70% 
and other complex road conditions make up 30% [25]. In order to simplify the 
calculation, the power consumption of these 30% complex road conditions is 
calculated based on the power consumption of an automobile at the rated speed of 
40 km/h and a climbing slope of 12% [25]. The detailed calculation is as follows. 

 

𝐸 × 0.8 × 0.95 × 0.9 × 0.9 = [(3.578 + 1.5) +    

(17.747 + 1.5)] ×
100×30%

40
   =>   E = 37.885  kWh 

 
Through the above calculation, it can be seen that the total storage capacity of 

the designed power battery should be 38 kWh. 
 
The parameter calculations in this chapter have laid the groundwork for the 

subsequent research. 
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Chapter 3 
Analysis of WPT Magnetic Field Distribution 

 
This chapter briefly introduces the structure and working principle of the 

magnetic coupling resonance radio energy transmission system for electric vehicles. 
According to Biot-Savart's Law, the magnetic field generated by the energy transmitting 
coil in the wireless charging system is reasoned, analyzed, and calculated in detail. The 
mathematical expression of the magnetic induction intensity generated by the 
transmitting coil at any point in space is derived. Then, a distribution map of the 
magnetic induction intensity in the magnetic field space is generated using the 
computer software Python. This map serves as a foundation for analyzing the mutual 
inductance coefficient between the transmitting coil and the receiving coil. It offers a 
theoretical reference for determining the positioning requirements between the 
transmitting coil and the receiving coil in the wireless charging system for electric 
vehicles. 

Then, the mutual inductance system is analyzed and calculated. It can be 
observed that the maximum mutual inductance coefficient (M) between the 
transmitting coil and the receiving coil of the EV wireless charging system is highest 
near the center point of the transmitting coil, taken as the coordinate origin. The 
displacement of the two coils along the x-axis within 0.1 m still results in the maximum 
value of M. Similarly, a displacement along the y-axis within 0.01 m also yields the 
maximum value of M. However, when the horizontal displacement of the two coils 
exceeds the range of X∈[-0.1,+0.1], Y∈[-0.01,+0.01], the M between the two coils 
decreases rapidly. Therefore, to achieve efficient wireless power transmission in the 
entire MCR-WPT system, it is essential to maximize the mutual inductance between 
the transmitting coil and the receiving coil. 

Later, this chapter analyzes the random parking positions of elderly EV in the 
parking space to determine the range of random positions of the MCR-WPT receiving 
coil. It also calculates the distribution diagram of the mutual inductance coefficient 
between the transmitting coil and the receiving coil in detail as the relative positions 
of the transmitting coil and the receiving coil change within this range. Finally, the 
distribution position of the maximum mutual inductance coefficient is deduced. 
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This chapter is structured as follows. In Section 3.1, we analyzed the problem 
of alignment between the transmitting coil and receiving coil in the existing WPT 
system. In section 3.2, we explained the working principle of the WPT system. In 
Section 3.3, we analyzed and established the mathematical model of the magnetic 
field for the transmitting coil. In Section 3.4, we analyzed the magnetic field distribution 
diagram for the transmitting coil. In Section 3.5, we analyzed the range of WPT magnetic 
field. In Section 3.6, we analyzed and established the mathematical analysis of mutual 
inductance. In section 3.7, we theoretically calculated the mutual inductance 
corresponding to the scenario where the receiving coil randomly falls at any point in 
the magnetic field. 

 

3.1 The Problems in WPT system of EV 

In the previous chapter, the fundamental dynamic parameters of the elderly EV, 
along with the essential parameters of driving motors and power batteries, have been 
analyzed. This analysis lays the groundwork for the subsequent design of a wireless 
charging system and a wireless charging automatic alignment device for electric 
vehicles intended for the elderly. 

The wireless charging technology for electric vehicles transmits power to the 
power pick-up mechanism located at the receiving end of the vehicle, which operates 
within a specific range above the ground. This is achieved through a power transmission 
coil buried or installed on the ground, in the form of a high-frequency alternating 
magnetic field. This process supplies power to the vehicle's energy storage equipment. 
The energy transfer efficiency of the wireless charging system for electric vehicles is 
highly dependent on the positioning relationship between the radiation ring and the 
receiving coil. When the centers of the two are aligned, the system can achieve the 
highest transmission power and efficiency. When the offset exceeds a certain range, 
the transmission power and efficiency of the system will be significantly reduced [26]. 

However, the current wireless charging technology for electric vehicles is not 
perfect, leading to breakthroughs in key charging capacity parameters, such as the 
automatic alignment of the primary and secondary coils. Currently, the solution to this 
technical issue involves continuously moving the vehicle with the receiving coil to 
achieve optimal alignment with the transmitting coil. This approach reduces the 
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distance of power transmission, enhances power, and improves efficiency. In the case 
of elderly electric vehicles, users, particularly the elderly, may need to move and 
adjust the vehicle multiple times to align the receiving coil on the vehicle with the 
underground power transmission coil. This method is very complicated, especially for 
the elderly. 

The next problem to be solved is the automatic alignment of the transmitting 
coil and receiving coil for electric vehicle wireless charging. Finally, after the electric 
vehicle enters the charging parking space, the power supply transmitting coil under the 
ground and the receiving coil installed on the vehicle can automatically adjust to the 
optimal charging position without the need for repeated adjustments to the vehicle's 
position. That is, we need to design a wireless power transfer automatic alignment 
device, abbreviated as WPT-AAD. This is also the focus of this research. 

 

3.2 The working principle for WPT system 

The wireless charging system designed in this thesis for the elderly EV is a 
magnetic coupling resonance wireless power transmission system (MCR-WPT). The 
overall system composition is shown in Figure 3-2-1. The working principle of the 
system involves several components: a rectifier filter circuit, a high-frequency inverter 
circuit, a driving circuit, a control circuit, a signal feedback mutual inductor, a resonant 
capacitor, transmission coil, receiving coil, high-frequency rectifier, and load. These 
components work together to convert municipal power into direct current. Among 
them, the 220V municipal power input is filtered by a rectifier to obtain DC voltage. 
Subsequently, the full bridge inverting circuit is utilized to generate specific frequency 
AC for the launch coil. The launch coil and the receiving coil form two LC resonant 
circuits with their respective resonant capacitances. By designing the physical 
parameters and the resonant capacitance values of the two coils, the inherent 
frequency of the coils matches the operating frequency of the system, enabling the 
system to operate in a resonant state. Magnetic field coupling resonance occurs 
between the transmitting coil and the receiving coil, generating a high-frequency 
alternating magnetic field. The alternating magnetic field radiates to the receiving coil, 
which generates an inductive current, enabling wireless transmission of energy. [27]. 
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Fig.3-2-1 MCR-WPT system composition structure diagram [27] 

 
As shown in the figure above, the circuit diagram illustrates the composition of 

the MCR-WPT system. In order to facilitate measurement and system control, the 
power loss from the mains Vac to the rectifying and filtering part is very small, and it 
is ignored in this thesis. Therefore, the total input power (Pin) of the system can be 
calculated by measuring the voltage (Ui) between points "1" and "2" and the current 
(Ii) flowing through "1". 

: 

𝑃𝑖𝑛 = 𝑈𝑖 × 𝐼𝑖                    (3-2-1)  
 

The total output power (Pout) of an MCR-WPT system can be calculated by 
measuring the voltage (Uo) between points "3" and "4" and the current (Io) flowing 
through "3". 

𝑃𝑜𝑢𝑡 = 𝑈𝑜 × 𝐼𝑜                  (3-2-2)  
 

From the perspective of energy conservation, considering the loss power 
Pinverter of the high-frequency inverter circuit and the loss power Prectifier of the 
high-frequency rectifier filter circuit, the total output power formula of the MCR-WPT 
system can be obtained. 

 

𝑃𝑜𝑢𝑡 = (𝑃𝑖𝑛 − 𝑃𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 − 𝑃𝑟𝑒𝑐𝑡𝑖𝑓𝑖𝑒𝑟) ⋅ 𝜂𝑐𝑜𝑖𝑙       (3-2-3)  
 

where, 
Pout, is the total output power of MCR-WPT system, (kW); 
Pin, is the total input power of MCR-WPT system, (kW) 
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Pinverter, refers to the power loss in the high-frequency inverter circuit, (kW), primarily, 
associated with the factory parameters, current, voltage, and frequency of the MOSFET. 

Prectifier, It refers to the power loss in the high-frequency rectifier filter circuit, which 
is primarily associated with the factory parameters, current, voltage, and frequency of 
the rectifier diode, (kW). 

𝜂coil, Is the efficiency of the resonance unit 
Since the proportion of Pinverter and Prectifier is very small and changes little 
during system operation, they can be ignored for accurate calculations. Therefore, 
the following formula can be obtained. [28] 

 

𝜂𝑐𝑜𝑖𝑙 ≈
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
=

𝑈𝑂𝐼𝑂

𝑈𝑖𝐼𝑖
= 𝜂                (3-2-4) 

 
When the MCR-WPT system operates in the fully resonant state, the efficiency 𝜂 of 
MCR-WPT can be expressed as follows. 

 

𝜂 ≈ 𝜂𝑐𝑜𝑖𝑙 =
𝜔𝑑

2𝑀2𝑅𝐿

(𝑅2+𝑅𝐿)(𝜔𝑑
2𝑀2+𝑅1𝑅𝐿+𝑅1𝑅2)

      (3-2-5) [28] 

 
where, 
M, mutual inductance coefficient between transmitting coil and receiving coil; 
RL, equivalent load at the output end of the resonance unit at the receiving end; 
R1, represents the series equivalent resistance of the equivalent resistance of the 
transmitting coil and the AC equivalent resistance of the compensation capacitor; 
R2, represents the series equivalent resistance of the equivalent resistance of the 
receiving coil and the AC equivalent resistance of the compensation capacitor 

𝜔𝑑, is the driving angular frequency of the high-frequency inverter when the system 
operates in the fully resonant state; 

𝜂coil, Is the efficiency of the whole resonance unit 

𝜂, efficiency of the whole MCR-WPT system; Since 𝜂𝑐𝑜𝑖𝑙 ≈ 𝜂, In the following, 𝜂 and 
𝜂𝑐𝑜𝑖𝑙 are not distinguished. 

It can be inferred from the above formula that the input and output power of 
the resonance unit are closely interrelated. They are directly proportional to the input 
DC voltage of the high-frequency inverter and are influenced by the coil mutual 
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inductance, equivalent resistance, load resistance, and driving frequency. The ratio of 
the output power to the input power of the resonance unit determines the efficiency 
of the resonance unit. Efficiency is a crucial indicator of the radio energy transmission 
system and energy utilization rate. It is independent of the input DC voltage and is 
related to the coil's mutual inductance, equivalent resistance, load resistance, and 
driving frequency. 

The equivalent resistance and driving frequency are determined by the design 
of the resonant unit. The load resistance is determined by the charged battery. The 
mutual inductance coefficient of the coil is related to the structural shape of the coil 
and the relative position of the two coils [11]. In order to more easily see the 
relationship between 𝜂 and mutual inductance M, the expression of 𝜂 is transformed 
into the following formula: 

 
1

𝜂
= 1 +

𝑅2

𝑅𝐿
+

(𝑅2+𝑅𝐿)(𝑅1𝑅𝐿+𝑅1𝑅2)

𝜔𝑑
2𝑀2𝑅𝐿

      (3-2-6) 

 
From the above formula, it can be seen that 𝜂 is positively related to coil 

mutual inductance M and angular frequency 𝜔𝑑. When M or 𝜔𝑑 increases, 𝜂 also 
increases. 

From the introduction in Chapter 1, despite the fact that researchers and 
specialists from all over the world have conducted extensive research on MCR-WPT, 
we discovered no precise analysis of the M between the transmitting and receiving 
coils, nor a particularly specific mathematical model. As a result, it is vital to study the 
M. 

From the above analysis, it can be seen that when the total input power Pin 
of the MCR-WPT system is determined, the efficiency 𝜂 of the MCR-WPT system must 
be improved to improve the total output power Pout  of the MCR-WPT system; To 
improve the 𝜂, we can consider the improvement of the coil mutual inductance M 
and the angular frequency 𝜔𝑑; However, the angular frequency 𝜔𝑑 is determined by 
the natural frequency of the resonance unit and is directly related to the parameters 
of the coil inductance coefficient, resonance capacitance and other electrical 
components of the resonance unit. When these electrical parameters are determined, 
the resonance frequency is also determined; Therefore, only the coil mutual 
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inductance (M) is left to be the direction of efforts to improve the efficiency 𝜂 of the 
resonance unit and thus to improve the total output power Pout of the entire MCR-
WPT system [29]. 

It can be seen that the M is one of the main factors affecting the overall 
efficiency of theMCR-WPT system. The mathematical expression of M can be obtained 
from its definition as follows: 

 

𝑀 =
Φ

𝐼
              (3-2-7) [30] 

 
where, 

I, is the current passing through the transmitting coil; 
M, is the mutual inductance coefficient between the transmitting coil and the receiving 
coil; 

Φ, Is the magnetic flux generated by the transmitting coil surrounded by the receiving 
coil; 

The magnetic flux (Φ) is affected by factors such as the relative position 
between the two coils, the shape of the coil [30], which in turn affects the M. In order 
to improve the efficiency of the WTP system, the Φ must be increased. In this thesis, 
the coil's shape is designed with reference to [31], and this influencing factor is 
determined. Therefore, it is necessary to study the impact of the relative position 
between the two coils. 

 

3.3 mathematical model of magnetic field for transmitting coil 

As shown in the figure, according to formula (3-3-1), Biot Savart law [32], through 
geometric analysis and mathematical operation, as shown in Fig.3-3-2, the magnetic 
induction intensity generated by a section of current carrying straight wire AB at any 
point P (x, y, z) in its magnetic field space is as shown in formula (3-3-2). 

𝑑𝐵⃗ =
𝜇0

4𝜋

𝐼𝑑𝑙×𝑟̂

𝑟2
                   (3-3-1) 

𝐵 =
𝜇0𝐼

4𝜋𝑟
(𝑐𝑜𝑠 𝛼1 − 𝑐𝑜𝑠 𝑎2)         (3-3-2) 

 

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



33 

 

   
Fig.3-3-1 The magnetic induction intensity produced by an electrified wire at 

any point around it [32]  
 

 
Fig.3-3-2 The magnetic induction intensity of an electrified straight wire at any 

point around it. 
 

Where, the length of the current-carrying conductor AB is "le," and the vectors 
from point P to both ends of the conductor A and B are "r1" and "r2," respectively. 
The direction of the magnetic induction intensity at point P and the cross product of 
"r1" and "r2" is the same, following the right-hand rule for vector multiplication. 

After mathematical calculations, the three components of magnetic induction 
intensity at point P in the X, Y, and Z directions can be obtained. [32]: 

 

𝐵𝑥−𝐴𝐵 =
𝜇0𝐼𝑧(𝑦2−𝑦1)

4𝜋𝑟
(
𝐷1

𝑟1
+

𝐷2

𝑟2
)                      (3-3-3) 

𝐵𝑦−𝐴𝐵 =
𝜇0𝐼𝑧(𝑥1−𝑥2)

4𝜋𝑟
(
𝐷1

𝑟1
+

𝐷2

𝑟2
)                     (3-3-4) 

𝐵𝑧−𝐴𝐵 =
𝜇0𝐼(𝑥1𝑦2−𝑥2𝑦1+𝑥𝑦1−𝑥1𝑦+𝑥2𝑦−𝑥𝑦2)

4𝜋𝑟
(
𝐷1

𝑟1
+

𝐷2

𝑟2
)     (3-3-5) 
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where, r, D1 and D2 are respectively calculated by the following formula: 
 

𝑟 = [(𝑥1 − 𝑥2)
2 + (𝑦1 − 𝑦2)

2]𝑧2 + [(𝑦1 − 𝑦2)𝑥  
 −(𝑥1 − 𝑥2)𝑦 + (𝑥1𝑦2 − 𝑥2𝑦1)]

2  
𝐷1 = [(𝑥1

2 + 𝑦1
2) − (𝑥1 − 𝑥2)𝑥 − (𝑦1 − 𝑦2)𝑦 − (𝑥1𝑥2 + 𝑦1𝑦2)]  

𝐷2 = [(𝑥2
2 + 𝑦2

2) − (𝑥2 − 𝑥1)𝑥 − (𝑦2 − 𝑦1)𝑦 − (𝑥1𝑥2 + 𝑦1𝑦2)]  
 
For the rectangular coil, as shown in Fig. 3-3-3, the current-carrying rectangular 

coil with length a and width b can be considered as the vector superposition of the 
magnetic field generated by four sections of wires. The component Bz- rectangle of 
the magnetic induction intensity generated by any point P (x, y, z) in the magnetic field 
space in the Z direction is expressed as. [32]    

 

 
Fig.3-3-3 The magnetic induction intensity produced by an electrified 

quadrilateral at any point around it.[32] 
 

𝐵𝑧−rectangle =   
𝜇0𝐼(𝑏−𝑦)

4𝜋[𝑧2+(𝑏−𝑦)2]
(

𝑎−𝑥

√(𝑥−𝑎)2+(𝑦−𝑏)2+𝑧2
+

𝑎+𝑥

√(𝑥+𝑎)2+(𝑦−𝑏)2+𝑧2
)   

+
𝜇0𝐼(𝑎+𝑥)

4𝜋[𝑧2+(𝑎+𝑥)2]
(

𝑏−𝑦

√(𝑥+𝑎)2+(𝑦−𝑏)2+𝑧2
+

𝑏+𝑦

√(𝑥+𝑎)2+(𝑦+𝑏)2+𝑧2
)  

+
𝜇0𝐼(𝑏+𝑦)

4𝜋[𝑧2+(𝑏+𝑦)2]
(

𝑎+𝑥

√(𝑥+𝑎)2+(𝑦+𝑏)2+𝑧2
+

𝑎−𝑥

√(𝑥−𝑎)2+(𝑦+𝑏)2+𝑧2
)  
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+
𝜇0𝐼(𝑎−𝑥)

4𝜋[𝑧2+(𝑎−𝑥)2]
(

𝑏+𝑦

√(𝑥−𝑎)2+(𝑦+𝑏)2+𝑧2
+

𝑏−𝑦

√(𝑥−𝑎)2+(𝑦−𝑏)2+𝑧2
)  (3-3-6) 

 
where, 
μ0 is the permeability in vacuum, μ0=4π×10

-7, unit: T-m/A; 
The permeability in the air is close to the vacuum permeability, and the vacuum 
permeability can often be directly used in the calculation[33]; 
I is the current intensity passing through the coil, unit A; 
a, b is the length and width of the coil, unit m; 
Bz-rectangle is the magnetic induction intensity of point P in space in the Z 
direction, unit T; 

 

3.4 Magnetic field distribution diagram for transmitting coil 

The elderly EV wireless charging system studied in this thesis is the MCR-WPT 
system. The magnetic coupling resonance mechanism of the system mainly consists 
of a transmitting coil and a receiving coil. The transmitting coil generates a magnetic 
field due to the exciting current, while the receiving coil produces induced 
electromotive force in response to the changing magnetic field. [10] 

The transmitting coil is installed on the ground, and the receiving coil is installed 
under the vehicle chassis. When working, the two are approximately parallel. According 
to the principle of induced electromotive force generation, only the component BZ 
perpendicular to the plane of the receiving coil can form the effective magnetic flux. 

As shown in Fig.3-4-1, the shape of the coil is similar to that of the rectangular 
coil, which is designed with a circumference of 8. The coil measures 650×500 mm, with 
an inner space size of about 350×200 mm. The average width of each turn is 
approximately 37.5 mm (0.0375 m). It is equivalent to the magnetic field formed by 
vector superposition in space of 8 rectangular coils of different sizes carrying the same 
current. The coil is wound with two wires, and both wires collectively carry the current 
intensity. For the convenience of calculation, first calculate according to the single wire, 
and then multiply the calculation result by 2 to obtain the total magnetic induction 
intensity generated by the transmitting coil at any point in space. 
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Fig.3-4-1 planar graph of transmitting coil [31] 

 
According to the calculation method of the magnetic induction intensity of the 

rectangular coil described in the previous section, the formula for calculating the 
magnetic induction intensity component Bz generated in space by the WPT 
transmitting coil wound with 8 turns in the above figure is as follows. 

 

𝐵𝑧 = 2 × ∑ {
𝜇0𝐼((𝑊−𝑔𝑖)−𝑦)

4𝜋[𝑧2+((𝑊−𝑔𝑖)−𝑦)2]
(

(𝐿−𝑔𝑖)−𝑥

√(𝑥−(𝐿−𝑔𝑖))2+(𝑦−(𝑊−𝑔𝑖))2+𝑧2
7
𝑖=0   

+
𝐿−𝑔𝑖+𝑥

√(𝑥+(𝐿−𝑔𝑖))2+(𝑦−(𝑊−𝑔𝑖))2+𝑧2
)  

+
𝜇0𝐼(𝐿−𝑔𝑖+𝑥)

4𝜋[𝑧2+(𝐿−𝑔𝑖+𝑥)2]
(

𝑊−𝑔𝑖−𝑦

√(𝑥+𝐿−𝑔𝑖)2+(𝑦−(𝑊−𝑔𝑖))2+𝑧2
  

+
𝑊−𝑔𝑖+𝑦

√(𝑥+𝐿−𝑔𝑖)2+(𝑦+𝑊−𝑔𝑖)2+𝑧2
)  

+
𝜇0𝐼(𝑊−𝑔𝑖+𝑦)

4𝜋[𝑧2+(𝑊−𝑔𝑖+𝑦)2]
(

𝐿−𝑔𝑖+𝑥

√(𝑥+𝐿−𝑔𝑖)2+(𝑦+𝑊−𝑔𝑖)2+𝑧2
  

+
𝐿−𝑔𝑖−𝑥

√(𝑥−(𝐿−𝑔𝑖))2+(𝑦+𝑊−𝑔𝑖)2+𝑧2
)  

+
𝜇0𝐼(𝐿−𝑔𝑖−𝑥)

4𝜋[𝑧2+(𝐿−𝑔𝑖−𝑥)2]
(

𝑊−𝑔𝑖+𝑦

√(𝑥−(𝐿−𝑔𝑖))2+(𝑦+𝑊−𝑔𝑖)2+𝑧2
  

+
𝑊−𝑔𝑖−𝑦

√(𝑥−(𝐿−𝑔𝑖))2+(𝑦−(𝑊−𝑔𝑖))2+𝑧2
)}                   (3-4-1) 
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where, 
μ0 is the permeability in vacuum, μ0=4π×10-7, unit: T-m/A; 
The permeability in air is close to vacuum permeability, so vacuum permeability can 
be directly used in calculation; [33]. 
"I" is the current intensity passing through the coil, unit A; 
L、W, are the length and width of the transmitting coil, unit m; In this thesis, 
calculated from Figure 3-4-1, 0.65m and 0.50m are taken respectively; 
g is the average line width of each cycle of the coil, calculated from Figure 3-4-1, 
taken as 0.0375m in this thesis; 
i is the cumulative ordinal number; calculated from Figure 3-4-1, Initial value i=0, 
i=i+1<=7; 
Bz is the magnetic induction intensity of point P in space in the Z direction, unit T; 
For the positioning research of WPT, we focus on the spatial distribution of the 
effective magnetic induction component BZ of the magnetic field generated by the 
transmitting coil. 

If a 20 A current is applied to the coil, formula (3-4-1) can be used to calculate 
a specific value for the magnetic induction intensity at any point P in the magnetic 
field space. In this thesis, the magnetic field distribution generated by the transmitting 
coil is estimated to facilitate the identification of the optimal position of the receiving 
coil. The magnetic induction intensity distribution in multiple planes parallel to the 
transmitting coil is plotted using the computer programming language Python, with 
reference to formula (3-4-1). 

 

  

Fig.3-4-2 Bz distribution map Fig.3-4-3 Bz distribution contour map. 
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(Z=0.20 I=20). (Z=0.20 I=20). 
 

  

Fig.3-4-4 Bz distribution map 
(Z=0.20 I=-20) 

Fig.3-4-5 Bz distribution contour map 
(Z=0.20 I=-20) 

 

 
 

Fig.3-4-6 Bz distribution map 
(Z=0.15 I=20) 

Fig.3-4-7 Bz distribution contour map 
(Z=0.15 I=20) 
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Fig.3-4-8 Bz distribution map 
(Z=0.10 I=20) 

Fig.3-4-9 Bz distribution contour map 
(Z=0.10 I=20) 

 
As shown in Fig. 3-4-2, Fig. 3-4-3 displays the distribution diagram of the effective 

magnetic induction intensity Bz in the XY plane directly above 20 cm from the 
transmitting coil and parallel to the transmitting coil when the transmitting coil carries 
20 A forward current. 

As shown in Fig. 3-4-4, Fig. 3-4-5 depicts the distribution diagram of the effective 
magnetic induction intensity BZ in the XY plane directly above 20 cm from the 
transmitting coil and parallel to the transmitting coil when the transmitting coil carries 
a reverse current of -20 A. 

As shown in Fig. 3-4-6, Fig. 3-4-7 displays the distribution diagram of the effective 
magnetic induction intensity BZ in the XY plane directly above 15 cm and parallel to 
the transmitting coil when the transmitting coil is connected to 20 A forward current. 

As shown in Fig. 3-4-8, Fig. 3-4-9 displays the distribution diagram of the effective 
magnetic induction intensity BZ in the XY plane directly above 10 cm and parallel to 
the transmitting coil when the transmitting coil is connected to 20 A forward current. 

From the analysis of the above figures, it can be seen that the effective magnetic 
induction intensity BZ is mainly concentrated directly above the transmitting coil. BZ 
decreases rapidly outside the area deviated from the upper part of the opening. When 
a reverse current is applied to the transmitting coil, the direction of BZ is also reversed. 
As the distance between the receiving coil and the transmitting coil decreases from 20 
cm to 15 cm and 10 cm, the magnitude of BZ increases rapidly. However, the 
uniformity of effective magnetic induction intensity distribution on the same plane 
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decreases. 
By analyzing the distribution of effective magnetic induction Bz in space, it can 

be estimated that the receiving coil of a WPT system should be positioned directly 
above the transmitting coil and coaxial with the center line of the transmitting coil to 
receive the maximum effective magnetic flux. Additionally, the effective magnetic 
induction Bz increases as the receiving coil gets closer to the transmitting coil. The 
research on the spatial distribution of effective magnetic induction BZ provides a 
theoretical basis for the design of WPT system positioning. 

 
 

3.5 Analysis range of WPT magnetic field 

In the previous section, the magnetic field distribution generated by the 
transmitting coil of the WPT system has been analyzed. It is clearly known that the 
receiving coil should be positioned directly above the transmitting coil and coaxial 
with the center line of the transmitting coil to receive the maximum effective magnetic 
flux. However, aligning the transmitting coil by adjusting the vehicle position poses a 
significant challenge for elderly drivers in parking technology. 

The following is a set of automatic alignment devices designed to solve this 
problem. The driver only needs to park the car in the designated parking space for it 
to be charged. The charging alignment device can automatically align the transmitting 
coil with the receiving coil, eliminating the need for the driver to repeatedly adjust the 
position of the car. 

According to the analysis in the second chapter, the dimensions of the elderly 
car designed in this thesis are 2488 × 1506 mm. According to the standard parking 
space size design method, the length and width are increased by 1000 mm and 800 
mm respectively based on the size of the car, and rounded to the nearest integer. 
Therefore, the parking space size designed for this specific elderly car in this study is 
3480 × 2300 mm. 

The transmitting coil designed in this thesis is shown in Fig. 3-4-1. The shape of 
the coil is approximately rectangular, with dimensions of 650 × 500 mm. The receiving 
coil designed in this thesis is shown in Fig. 4-2-1. The coil shape is approximately square, 
with dimensions of 350 × 350 mm. 

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



41 

 

As depicted in the figure, it shows a schematic diagram of the EV parking at the 
limit position in the upper right corner. This diagram can indicate the limit position in 
the upper right corner relative to the center point of the on-board receiving coil. 
Similarly, when the vehicle is parked at the lower left corner limit position, the lower 
left corner limit position of the center point of the on-board receiving coil can be 
identified. By using this drawing method, the active range for the center point of the 
receiving coil can be illustrated. 

 
Fig.3-5-1 Schematic diagram of the EV parking at the limit position in the upper 

right corner 
 
From the above analysis of the distribution range of the magnetic field 

generated by the transmitting coil, it can be estimated that the optimal position for 
wireless charging occurs when the transmitting coil is aligned with the center of the 
receiving coil. Therefore, the active range for the center point of the receiving coil 
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depicted in the above figure is also the active range for the center point of the 
transmitting coil. Based on this active range, expand it to accommodate the volume 
of the transmitting coil, resulting in an active range for the entire transmitting coil of 
1444mm × 1236 mm, as illustrated in the figure below. 

 

 
Fig.3-5-2 Schematic diagram of active range of transmitting coil 

When the elderly EV parks randomly in a parking space marked with the center 
point of the receiving coil, the center point of the receiving coil falls randomly into the 
active range, as shown in the figure. The transmitting coil is initially positioned at the 
center point, which serves as the origin of the marking system. The limit position of 
the random situation is as shown in the figure above. The receiving coil is positioned 
at one of the four corners, and the value range of the coordinates (x0, y0) of the 
central point of the receiving coil is. 

x0∈[-794/2,+ 794/2], y0∈[-736/2,+ 736/2]          （3-5-1） 
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Unit: mm 
After calculation, it is obtained that, x0∈[-397,+397], y0∈[-368,+368]. 
 

3.6 Mathematical analysis of mutual inductance 

This chapter focuses solely on the positioning design of WPT. Therefore, it is 
essential to pay attention only to the effective magnetic flux of the receiving coil, 
rather than voltage, current, excitation frequency, etc. 

In order to simplify the writing and calculations, start by calculating the effective 
magnetic flux enclosed by the outermost perimeter of the receiving coil. This can be 
achieved through a double integration of equation (3-4-1). 

 

Φ = ∬ 𝑓(𝑥, 𝑦)
𝐷

𝑑𝑥𝑑𝑦                (3-6-1) 
where,  
𝑓(𝑥, 𝑦) = 𝐵𝑧, as seen in formul (3-4-1). 

Φ Is the effective magnetic flux formed by the magnetic induction component in the 
z-axis direction (Wb,1Wb=1T*m2). 
D is an integral closed region: 
 

 𝑥0 −
𝑙

2
≤ 𝑥 ≤ 𝑥0 +

𝑙

2
    ;𝑦0 −

ℎ

2
≤ 𝑦 ≤ 𝑦0 +

ℎ

2
  

 
l, h, are the length and width of the receiving coil (m). 
a, b, are the length and width of the transmitting coil respectively; 

 

−a/2 < 𝑋0 < a/2        −b/2 <  𝑌0 < b/2  
 

The receiving coil designed in this thesis is shown in the figure below. Since the 
area surrounded by the coil decreases uniformly from the outer to the inner side, the 
integral area of each loop is successively reduced for integration. By summing these 
reductions, the total effective magnetic flux within all the coils wound for n cycles of 
the receiving coil can be accurately calculated. 
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Fig.3-6-1 planar graph of receiving coil [31] 

 
According to the mutual inductance of the coil, the received magnetic flux (Φ) 

can be defined by the mutual inductance coefficient M divided by the current I 
passing through the transmitting coil. Combined with the above calculation of magnetic 
flux, the expression of the M between the receiving coil and the transmitting coil can 
be obtained as follows. 

 

𝑀 = 2 × ∑ {8
𝑗=0 ∬ ∑ {7

𝑖=0𝐷𝑗
  

𝜇0((𝑊−𝑔𝑖)−𝑦)

4𝜋[𝑧2+((𝑊−𝑔𝑖)−𝑦)2]
(

(𝐿−𝑔𝑖)−𝑥

√(𝑥−(𝐿−𝑔𝑖))2+(𝑦−(𝑊−𝑔𝑖))2+𝑧2
  

+
𝐿−𝑔𝑖+𝑥

√(𝑥+(𝐿−𝑔𝑖))2+(𝑦−(𝑊−𝑔𝑖))2+𝑧2
)   

+
𝜇0(𝐿−𝑔𝑖+𝑥)

4𝜋[𝑧2+(𝐿−𝑔𝑖+𝑥)2]
(

𝑊−𝑔𝑖−𝑦

√(𝑥+𝐿−𝑔𝑖)2+(𝑦−(𝑊−𝑔𝑖))2+𝑧2
  

+
𝑊−𝑔𝑖+𝑦

√(𝑥+𝐿−𝑔𝑖)2+(𝑦+𝑊−𝑔𝑖)2+𝑧2
)  

+
𝜇0(𝑊−𝑔𝑖+𝑦)

4𝜋[𝑧2+(𝑊−𝑔𝑖+𝑦)2]
(

𝐿−𝑔𝑖+𝑥

√(𝑥+𝐿−𝑔𝑖)2+(𝑦+𝑊−𝑔𝑖)2+𝑧2
  

+
𝐿−𝑔𝑖−𝑥

√(𝑥−(𝐿−𝑔𝑖))2+(𝑦+𝑊−𝑔𝑖)2+𝑧2
)  

+
𝜇0(𝐿−𝑔𝑖−𝑥)

4𝜋[𝑧2+(𝐿−𝑔𝑖−𝑥)2]
(

𝑊−𝑔𝑖+𝑦

√(𝑥−(𝐿−𝑔𝑖))2+(𝑦+𝑊−𝑔𝑖)2+𝑧2
  

+
𝑊−𝑔𝑖−𝑦

√(𝑥−(𝐿−𝑔𝑖))2+(𝑦−(𝑊−𝑔𝑖))2+𝑧2
)}𝑑𝑥𝑑𝑦}               (3-6-2) 
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where, 

Dj is the integral closed region: 
 

𝑥0 −
𝑙

2
+ 𝑗𝑟 ≤ 𝑥𝑗 ≤ 𝑥0 +

𝑙

2
− 𝑗𝑟        (3-6-3) 

𝑦0 −
ℎ

2
+ 𝑗𝑟 ≤ 𝑦𝑗 ≤ 𝑦0 +

ℎ

2
− 𝑗𝑟        (3-6-4) 

 
M is the mutual inductance coefficient of transmitting coil and receiving coil; 
μ0 is the permeability in vacuum, μ0=4π×10

-7, unit: T-m/A. The permeability in air 
is close to vacuum permeability, so vacuum permeability can be directly used in 
calculation [33]. 
L、W,  is the length and width of the transmitting coil, unit m; In this thesis, 0.65m 
and 0.50m are taken respectively. 
g is the average interval width of each turn of the transmitting coil, which is taken as 
0.0375m in this thesis. 
r is the average interval width of each turn of the receiving coil, which is taken as 
0.009m in this thesis. 
i, j is the cumulative ordinal number, initial value i=0, step=1, i<=7, j<=8. 
l, h is the length and width of the receiving coil (m), which is taken as 0.35m and 
0.35m respectively in this thesis; 
(x0, y0) is the center of the receiving coil. In order to help understand x0, y0, j, r, 
a special drawing is drawn to help understand. 
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Fig.3-6-2 Illustration of calculation parameters 

According to the analysis in the previous section, the value range of (x0, y0) is 
x0∈[-0.397,+0.397], y0∈[-0.368,+0.368], and the unit is meter "m". When (x0, y0) 
takes an appropriate value, the mutual inductance M will have a maximum value. 

 

3.7 Calculation of mutual inductance 

From Equation (3-6-2), it can be predicted that when the center of the receiving 
coil (x0, y0, Z) takes any value within the defined range, the mutual inductance M 
between the receiving coil and the transmitting coil is very complex. This calculation 
must be performed using a computer program. The program flowchart is as follows. 

The pseudo code of the program is as follows: 
The pseudocode for calculating the M 
1 
2 
3 
4 
5 
6 
7 
8 
9 

Begin 
Scientific computing module 
Define the calculation range, variables and parameters 
 L, W, pai, u0, d 
Define function F(x, y)  
Define function FBz(x, y): 
 for i in range(0,8):  
  Bz = Bz + F(x, y) 
  L = L - 0.0375 
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10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 

  W = W - 0.0375 
 return Bz 
 end for 
Define integral function INF(x0,y0) 
 l=0.35, h = 0.35, r=0.009 
# Length, width and step of receiving coil 
 for j in range (0,9):  
 #Superimpose the magnetic flux surrounded 
  by each turn of receiving coil 
  xDlimit=x0-l/2+jr, 
  xUplimit=x0+l/2-jr 
  yDlimit=y0-h/2+jr 
  yUplimit=y0+h/2-jr 
  Fi=Fi+integrate.nquad(FBz (x,y), [[xDlimit, 
   xUplimit], [yDlimit,yUplimit]]) 
 Return Fi 
 end for 
Define the value range of x0 and y0: 

 x0∈[-0.397,+0.397], y0∈[-0.368, +0.368] 
for p in range(0,100): 
 for q in range (0,100): 
  Fi = INF (x0[p, q],y0[p,q]) 
#Loop call INF function for integral operation 
  Fi_list.append(Fi) 
 end for 
Fi_array=array(Fi_list) 
Plot(x0,y0, Fi_array) 
end 

 
In this thesis, Python software is utilized to develop a calculation program for 

determining the distribution diagram of mutual inductance (M) between two coils. The 
calculation is based on the position (x0, y0) of the center point of the receiving coil 
in the vicinity of the XY plane, located 0.2 m above the transmitting coil. 
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Fig.3-7-1 mutual inductance 
distribution map 

Fig.3-7-2 mutual inductance distribution 
contour map 

 

  

Fig.3-7-3 Y=0, X- mutual inductance 
graph 

Fig.3-7-4 X=0, Y- mutual inductance 
graph 

 
Graphic illustration: 
The four figures above display the mutual inductance (M) between two coils. 

The XY coordinate represents the location of the center point of the receiving coil, 
with the coordinate origin at the center point of the transmitting coil. The distance 
between the receiving coil and the transmitting coil above it is 0.2 m. 

Fig. 3-7-1 and Fig. 3-7-2 show the continuous distribution of M in the area where 
x0 ∈ [-0.397, +0.397], y0 ∈ [-0.368, +0.368], and z = 0.2. 

Unit, meter, m. 
Fig. 3-7-3 shows the M-X distribution curve along the middle segment parallel 

to the X-axis with y = 0 and z = 0.2 m; 
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Fig. 3-7-4 shows the M-y distribution curve along the middle line segment 
parallel to the Y-axis with x = 0 and z = 0.2 m; 

From the four figures above, it is evident that the mutual inductance (M) of the 
two coils is at its maximum when the receiving coil is directly above the transmitting 
coil. Even when the receiving coil is slightly shifted about 0.10 m to the left or right 
along the x-axis direction, the M still remains close to its maximum value. However, 
when the receiving coil is moved in the y-axis direction while directly above the 
transmitting coil, the value of M decreases rapidly. This phenomenon is attributed to 
the impact of the rectangular structure of the transmitting coil. 

By running the computer program using Python software, it was calculated that 
the maximum value of M is. 

 
Mmax=7.87×10

-6   H          (3-7-1) 
 
This chapter examines the distribution of mutual inductance between the 

transmitting coil and the receiving coil in space. This analysis provides a theoretical 
foundation for designing the positioning of MCR-WPT system. 
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Chapter 4 
Algorithm for Finding Maximum Mutual Inductance 

 
This chapter creatively proposes a new optimization algorithm, Maritime Search 

and Rescue Algorithm (MSRA) - and applies the algorithm, along with Slime Mold 
Algorithm and Genetic Algorithm, to five well-known optimization test functions 
(Ackley, Rastrigin, Sphere, Schaffer, and Schwefel). The calculation results are 
compared and analyzed, leading to the conclusion that MSRA demonstrates excellent 
performance. Firstly, the convergence speed of MSRA is slightly slower, but it can solve 
the optimization calculation of most problems with a small total number of iterations, 
especially for complex functions such as Schwefel and Schaffer. Secondly, the 
optimization trajectory of MSRA is clear and organized, making it suitable for practical 
engineering optimization problems such as locating radioactive sources in three-
dimensional space. Additionally, the convergence speed, visiting density, and cycle 
operation times of MSRA can be easily adjusted based on the characteristics and 
complexity of the calculation object, thereby enhancing calculation accuracy and 
expanding application scope. Finally, this chapter discusses the application of MSRA to 
WPT-AAD in this thesis to determine the location of the maximum mutual inductance 
coefficient. 

This chapter is structured as follows. In section 4.1, we provided an overview of 
existing algorithms and determined that none of them were suitable for the WPT-AAD 
topic. Therefore, we propose a new algorithm called MSRA. In Section 4.2, we analyzed 
the principle of MSRA and established its mathematical model. In Section 4.3, 
Introduction to Optimization Algorithm Test Functions. In section 4.4, we compare the 
performance of MSRA with two other optimization algorithms. In Section 4.5, we apply 
MSRA to WPT-AAD in this thesis. 

 

4.1 Algorithm overview 

In the analysis of the previous chapter, it was found that when Eelderly-EV 
randomly parks within the parking space markings, the center point of the receiving 
coil randomly falls within the active range shown in Fig. 3-5-2. By programming the 
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control system, after each charging cycle is completed, the transmitting coil returns to 
the center point within its active range, and this center point is used as the coordinate 
origin. 

Therefore, the task of automatic alignment control is to position the transmitting 
coil so that the receiving coil falls within a defined interval randomly, aiming to 
maximize the mutual inductance between the two coils. 

Since the motion is relative, for ease of calculation and analysis, it is assumed 
that the transmitting coil is stationary as the reference for motion, and the center point 
of the transmitting coil is considered as the coordinate origin. The algorithm's task is to 
calculate the motion vector of the receiving coil and then control the transmitting coil 
to move in the opposite direction to achieve the same effect as moving the receiving 
coil. 

Among the actual social production projects, some have a common trait: they 
not only need to solve the location of the optimal point, but also need to plan the 
optimal route, make the optimal decision, and so on. Examples of these projects 
include searching for the location of the maximum magnetic mutual inductance in a 
three-dimensional magnetic field, searching for the location of radioactive sources in 
three-dimensional space [34], searching for the location of the leakage of hazardous 
chemicals and toxic volatile substances [35], sea surface search and rescue [36], etc. 
The equipment in the optimization project is what is explained here, such as the search 
and rescue helicopter [36] in the sea search and rescue project and the handle-held 
detector [34] in searching for the location of radioactive sources. To increase labor 
productivity, this kind of optimization project needs the right optimization method. 
Numerous optimization techniques are currently in use, including the SMA [37], the 
sparrow search algorithm [38], and others. 
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Fig.4-1-1 SMA trajectory route of optimization operation 

 
As seen in Fig.4-1-1, this was a simulation experiment in which we applied the 

SMA to formula (3-6-2) in order to find the maximum value of M on a computer. The 
chaotic curves in the picture are the moving paths taken by the receiving coil. The 
number of individuals in the population was defined as 20 and the number of cycles 
as 100. The calculation process created a total of 2020 population members, meaning 
that there were a total of 2020 iterations. The error value of the computation result 
was 8.33 E−175. The graphic shows that the route design was disorganized. There were 
a total of 2020 probe position points. Every two adjacent points in time formed a 
section of the route, and the total route formed many circuitous paths. The majority 
of intelligent algorithms, like the SMA, are to blame for this. A population made up of 
dozens of people is defined at the beginning of each algorithm, such as the Mayfly 
Algorithm [39], the Butterfly Optimization Algorithm [40], the Monarch Butterfly 
Optimization Algorithm [41], the sparrow search algorithm [38], the Black Widow 
Optimization Algorithm [42], and so on. Each person in the population represents a 
random search location point. A batch of the population is created during each 
iteration. The requirements can be met even though these intelligent algorithms 
frequently need to define thousands of iterations. The definition of the population 
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individual is a random number generated in the calculation range because these 
algorithms do not take path planning into account and only take optimization 
calculations into account. Therefore, projects that need to find the best points and 
perform route planning cannot use the current intelligent optimization algorithms. 

 

 
Fig.4-1-2 The path planning bace on GWA [43] 

 
The Fig.4-1-2 is the robot route map based on the path planning of the Gray 

Wolf Optimization Algorithm (GWA) [43]. Each wolf is a potential solution to the 
problem, according to the GWA’s guiding principle. Each wolf in the path optimization 
of the mobile robot represents a different path that the robot will take as it moves, 
and the GWA will use optimization calculations to select the best path from a variety 
of paths. The path-planning algorithm, obviously, plans the best route between two 
points while also avoiding obstacles for a given starting point and end point. The 
existing path-planning methods, such as the GWA, the particle swarm optimization 
algorithm (PSO) [44][45], etc., are not relevant if they do not know the end point and 
need to discover the optimal location point as the end point and, also, plan the way 
to the best point. 

Aiming at the problem of not only finding the best, but also route planning and 
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route movement, this thesis proposes a new algorithm: Maritime Search and Rescue 
Algorithm (MSRA). 

 

4.2 Principle of MSRA 

The MSRA was inspired by marine search and rescue missions. For example, in 
the event of a maritime accident, the search rescue organization is given the task, 
sends search and rescue ships to the designated sea areas [LB, UB], and then, sends 
shipborne helicopter1, helicopter2, and so forth, to search, as shown in Fig.4-2-1. The 
algorithm’s fundamental idea is then thoroughly explained using the behavior of a 
single helicopter as an example. As shown in Fig.4-2-2, the search starting point for a 
single helicopter’s search and rescue operations is chosen at random within the 
delimited area [LB, UB]. The helicopter’s arbitrary starting point is indicated by the blue 
triangle ">" in the illustration. Formula (4-2-1) can be used to describe this behavior: 

 
Fig.4-2-1 Scenario diagram of maritime search rescue [46] 
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Fig.4-2-2 Schematic diagram of MSRA (The objective function is the Schwefe) 

 

𝑋 0 = 𝑟𝑎𝑛𝑑 ∗ (𝑈𝐵 − 𝐿𝐵) + 𝐿𝐵            (4-2-1) 
 

where, 𝑋 0 is the starting position vector, UB is the upper boundary, LB is the 
lower boundary, and "rand" is the random number between (0, 1). [LB, UB] is 
the definition area. For this topic in this thesis, [UB, LB] is the value range of the 
XYZ coordinates in the magnetic field space to be searched. For the Ackley test 
function (see Fig.4-3-1), the value range of XY is [-5, +5]. 

Linearly scan the sea surface in the specified X direction (or Y direction) starting 
from the starting point. The following formula can be used to describe this behavior: 

 

𝑋 𝑡+1 = 𝑋 𝑡 + 𝑌⃗ 𝑠𝑒𝑝 + 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 ∗ 𝑋𝑠𝑡𝑒𝑝    (4-2-2) 
 

where, 𝑋 𝑡 is the position of helicopter1 at time "t" from 𝑋 0. 𝑋 𝑡+1
 is the position 

update. 𝑌⃗ 𝑠𝑒𝑝 is the line spacing between each line of scanning. "𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 " is the 
search direction. "Xstep" is the search step. These parameters above can be 
expressed by the following mathematical formula: 
 

𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 = (−1)𝑖             (4-2-3) 
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𝑋𝑠𝑡𝑒𝑝 = (𝑈𝐵 − 𝐿𝐵)/𝑠𝑡𝑒𝑝       (4-2-4) 

𝑌⃗ 𝑠𝑒𝑝 = (𝑈𝐵 − 𝐿𝐵)/𝑟𝑜𝑤𝑠       (4-2-5) 
 

where, "i" is the scanning order (0, 1, 2, 3 . . . ). It scans in the positive direction at 
the start of i = 0. Return to scanning with i = 1 once you have reached the upper 
boundary. When scanning in the positive direction, "i" is even, and when scanning in 
the negative direction, it is odd; this cycle is followed. "step" refers to the quantity 
of visits made while scanning in a positive (or negative) direction and can be 
interpreted as an integer of the form of 50, 100, 1000, etc. The term "rows" refers 
to the total number of scanning lines that are anticipated during the entire defined 
interval and can be represented as an integer such as 5, 6, 7, etc. The distance 
between planned scanning lines in maritime search and rescue should be as short as 
possible when encountering complex water conditions and low visibility, which 
increases the number of scanning lines. The two parameters "step' and "rows" 
control the sensitivity and error of the MSRA. The sensitivity increases with the value, 
and this has an impact on the MSRA's computation time as well. 

After finishing the x-direction scanning, the aircraft repeatedly scans the 
suspected area in the y direction. The following formula can be used to describe this 
behavior. 

𝑌⃗ 𝑡+1 = 𝑌⃗ 𝑡 + 𝑋 𝑏𝑒𝑠𝑡𝑓𝑖𝑡𝑛𝑒𝑠𝑠 + 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 ∗ 𝑌𝑠𝑡𝑒𝑝    (4-2-6) 

 
where, "direction" and 'Ystep" have the same significance as their equivalent 
counterparts in the x-direction scanning. This is not stated again here. 𝑋 𝑏𝑒𝑠𝑡𝑓𝑖𝑡𝑛𝑒𝑠𝑠 
fitness represents the position corresponding to the optimal fitness determined in 
the previous X-direction scanning. For the minimum problem, the position vector 
corresponding to the minimum value was obtained. For the maximum problem, the 
position vector corresponding to the maximum value was discovered. 

After completing the previously mentioned all-around rough scanning, the 
search region was shrunk to concentrate on the ideal suspicious place. With the 
exception of the smaller search region, the scanning process was the same as the 
rough scanning method described above. The following mathematical equations can 
be used to describe this behavior. 
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𝑂𝑛𝑒𝑤 = 𝑌⃗ 𝑏𝑒𝑠𝑡𝑓𝑖𝑡𝑛𝑒𝑠𝑠
                    (4-2-7) 

𝑈𝐵𝑛𝑒𝑤 = 𝑂𝑛𝑒𝑤 +
𝑈𝐵−𝐿𝐵

2 ∗𝑚𝑎𝑥[5,8×(𝑡−2)]
         (4-2-8) 

𝐿𝐵𝑛𝑒𝑤 = 𝑂𝑛𝑒𝑤 −
𝑈𝐵−𝐿𝐵

2∗𝑚𝑎𝑥(5,8×(𝑡−2))
         (4-2-9) 

 
where, [UBnew, LBnew] is a newly defined narrowing boundary that is 

allocated to [UB, LB], after which the x-direction and y-direction scanning described 
above is repeated. "t" is the sequence number of this repetition. It is clear from the 
formula that the convergence speed of the MSRA is governed by max(5,8×t-1) 
and that this speed has an impact on the calculation inaccuracy of the MSRA. To 
decrease the convergence speed and increase the calculation accuracy for 
complicated calculation targets, the convergence parameters can be appropriately 
changed. 

In order to facilitate computer programming, we wrote the pseudo-code of the 
MSRA. 

MSRA pseudo code of the program is as follows. 
 Pseudo-code of the MSRA 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 

Begin. 
Define the parameters: UB, LB, step, rows, Ysep, Ystep, Mter; 
Initialize the position of search and rescue aircraft: X0, 

Xi(i=1,2,…,n)Xi(i = 1,2, … , n); 
While t in [1, MSRALoop]. 
    For i in range (0, step): 

       𝑋 𝑖+1 = 𝑋 𝑖 + 𝑌⃗ 𝑠𝑒𝑝 + 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 ∗ 𝑋𝑠𝑡𝑒𝑝 

    End for 
    Calculate the fitness of all 𝑋 𝑖 

    Get the best fitness of 𝑋  
    Assign the Y coordinate corresponding to the best fitness to Yt. 
    For i in range (0, step): 

     𝑌⃗ 𝑖+1 = 𝑌⃗ 𝑖 + 𝑋 𝑏𝑒𝑠𝑡𝑓𝑖𝑡𝑛𝑒𝑠𝑠 + 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 ∗ 𝑌𝑠𝑡𝑒𝑝 

    End for 
    Calculate the fitness of all 𝑌⃗ 𝑖 
    Get the best fitness of 𝑌⃗  

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



58 

 

17 
18 
19 
20 

    Calculate the new UB, LB, and then Update UB, LB 
    t=t+1 
End While 
Return bestFitness and the corresponding XY coordinates. 
END 

 
In the pseudo-code of MSRA, line 2 defines several necessary parameters. These 

parameters were explained in detail in the previous mathematical derivation. 
Line 3 writes Formula (4-2-1) as a computer program. 
Line 4 sets a loop body. The number of loops is determined by MSRALoop. 
Line 5-7 writes Formula (4-2-2) as a computer program. 
In line 8-9, the coordinate points scanned in the X direction are substituted into the 
test function to calculate and take the optimal value. For seach the maximun M in 
this thesis, this step is to collect the mutual inductance data scanned in the X direction 
and obtain the optimal value. 
In line 10, the Y coordinate corresponding to the best fitness is assigned to Yt as the 
initial value of the Y-direction scan. 
Line 11-13 writes Formula (4-2-6) as a computer program. 
In line 14-15, the coordinate points scanned in the Y direction are substituted into the 
test function to calculate and take the optimal value. For Project 1, this step collects 
the mutual inductance data scanned in the Y direction and obtains the optimal value. 
Line 16 writes Formulas (4-2-7) ～ (4-2-9) as a computer program. 
In line 17-18, judge whether the loop calculation is completed or not. 
In line 19, take the optimal value and the corresponding XY coordinates. 

 

4.3 Introduction to optimization algorithm test functions 

To verify the effectiveness of the MSRA, this study introduced several promising 
optimization algorithm test functions. Ackley, Sphere, Schaffer, Schwefe [47], etc., were 
some of the test functions used for verification. The following is an introduction to the 
functions. 

The Ackley function comes first. Its two-dimensional shape is characterized by 
an almost flat outer region, as shown in Fig. 4-3-1. The variables' range of limitations is 
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[-5, 5]. Many valleys or peaks modulated by cosine waves are superimposed in this 
nearly flat area, creating an uneven surface and a sizable hole in the center. For 
optimization algorithms, especially hill-climbing algorithms, this function poses the risk 
of becoming stuck in one of its numerous local minima. Formula (4-3-1) provides the 
formulation for this function. [48] 

 

𝑓1(𝑥) = −20𝑒𝑥𝑝(−0.2√
1

𝐷
∑ (𝑥𝑖

2)𝐷
𝑖=1 )   

−𝑒𝑥𝑝(
1

𝐷
∑ (𝑐𝑜𝑠(𝐷

𝑖=1 2𝜋𝑥𝑖))) + 20 + 𝑒𝑥𝑝(1)      (4-3-1) 

 

  

Fig.4-3-1 Ackley function Fig.4-3-2 Rastrigin function 
 
The second test function is Rastrigin. This function has numerous local minima. 

It is highly multimodal; the minimum positions are frequently spread out. But the 
global minimum is 0, located in the middle. The two-dimensional variable value range 
of this function is [-5, 5], and its graph and formula are as follows. 

 

𝑓2(𝑥) = 10𝐷 + ∑ (𝑥𝑖
2 − 10 𝑐𝑜𝑠(𝐷

𝑖=1 2𝜋𝑥𝑖))  (4-3-2) [48] 
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Fig.4-3-3 Sphere function 

 
The third function is the Sphere function. The Sphere function is a unimodal 

function used for minimization, primarily for verifying algorithms. The two-dimensional 
variable value range of this function is [-10, 10]. Its global minimum value is 0, located 
at (0,0). The image is shown below, and its formulation is as follows. 

 

𝑓3(𝑥) = ∑ 𝑥𝑖
2𝑛

𝑖=1
                       (4-3-3) [48] 

 
The Schwefe function has many local small peaks and valleys, and the image 

of its two-dimensional variable resembles a vast series of rolling mountains. The two-
dimensional variable value range of this function is [-500, 500]. The global minimum 
value of the function is approximately 2.5455132458773733E-05, occurring at 
(420.9687468, 420.96874586). The global maximum value is around 
1675.9315745448675, found at (-420.96874707, -420.96874634). The function's 
formulation and graph are presented below. 

 

𝑓4(𝑥) = 418.9829𝑑 − ∑ 𝑥𝑖
𝑑
𝑖=1 𝑠𝑖𝑛(√|𝑥𝑖|)  (4-3-4) [48] 

 
The Schaffer function is often used to test the performance of optimization 

algorithms. The function exhibits strong fluctuations and numerous extreme points. 
The global maximum value is 1, located at (0,0), and there are local extreme values 
surrounded by infinite circles at the periphery of the global optimum. The two-
dimensional variable value range of this function is [-7.5, 7.5], and its graph is shown 
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below. The function is formulated as follows. 

𝑓5(𝑥) = 0.5 −
[𝑠𝑖𝑛(√𝑥1

2+𝑥2
2)]

2

−0.5

[1+0.001×(𝑥1
2+𝑥2

2)]
2

          (4-3-5) [48] 

 

  

Fig.4-3-4 Schwefe function Fig.4-3-5 Schaffer function 
 
In addition, there are numerous optimization algorithm test functions, such as 

the Griewank function [49], the Rastrigin function, the Levy function, the Langermann 
function, and others, that are commonly used for testing optimization algorithms [50]. 
Due to space constraints, detailed descriptions of these functions and datasets were 
not provided here. 

 

4.4 Performance comparison between MSRA and other two algorithms 

To verify the effectiveness of the MSRA, this study introduced several promising 
optimization algorithm test functions above and compared the test results with the 
classical Genetic Algorithm (GA) [51] and the SMA. 

In the 1970s, the GA was first advocated by John Holland in the United States 
of America [52]. The algorithm was created and put forth in accordance with the 
natural rules of evolution that apply to creatures. It is a computer simulation of the 
biological evolution process that replicates the genetic and natural selection 
mechanisms described in Darwin’s theory of biological evolution [53]. This technique 
mimics the natural evolution process in order to find the best answer. The method 
changes the process of problemsolving into one that is analogous to the crossing and 
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computer simulation [52]. When compared to other traditional optimization 
techniques, it typically produces better optimization outcomes more quickly when 
handling complex combinatorial optimization issues. The GA has been made extensive 
use of in combinatorial optimization, machine learning, signal processing, adaptive 
control, and artificial life [54]. 

The SMA was proposed by Li et al. in 2020 [37]. It was inspired by the diffusion 
and foraging behavior of slime molds. The SMA mainly simulates the behavior and 
morphological changes of slime molds during the foraging process without modeling 
the complete life cycle. The weight index was used to simulate the three correlations 
between the morphological changes of the myxomycete venous duct and the 
contraction mode. The algorithm is a meta-heuristic algorithm, which has the 
characteristics of fast convergence and strong optimization ability. 

To unify the assumptions, the number of iterations was defined as one 
operation by substituting independent variables into the objective function each time, 
which was counted as one iteration. 

The following describes the performance comparison analysis of the MSRA, SMA, 
and GA applied to the four aforementioned test functions. 

Three optimization algorithms are applied to the aforementioned five test 
functions, with a maximum of 5000 iterations set. As mentioned above, the term 
"number of iterations" refers to counting each operation of substituting the 
independent variable representing the position into the test function as one iteration. 
The four functions Ackley, Rastrigin, Sphere, and Schwefel utilize all three optimization 
algorithms to calculate the minimum value. In the case of the Schaffer function, the 
three optimization algorithms calculate the maximum value. By conducting these 
operations, the iterative curve depicted in Fig. 4-4-1~Fig. 4-4-5, and the error value of 
the calculation result is shown in table 4-4-1. 
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Fig.4-4-1 Algorithm iteration curve（Ackley function） 

 

 
Fig.4-4-2 Algorithm iteration curve（Rastrigin function） 

 

 
Fig.4-4-3 Algorithm iteration curve（Sphere function） 
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Fig.4-4-4 Algorithm iteration curve（Schwefe function） 

 
Fig.4-4-5 Algorithm iteration curve（Schaffer function） 

 
By analyzing the iterative curve and error table, it is found that the convergence 

speed of SMA is the fastest, followed by GeneticA, and finally MSRA. For the three test 
functions of Ackley, Rastrigin, and Sphere, the three algorithms demonstrate excellent 
optimization performance. Among them, SMA has the smallest error value and the 
highest accuracy, followed by MSRA. However, the error value of MSRA also reaches 
the level of 10-15, making it suitable for most applications. On the other hand, GeneticA 
has the largest error value, reaching the level of 10-2, which may not meet the 
requirements of most applications. For the relatively complex Schaffer and Schwefe 
test functions, MSRA still demonstrates excellent optimization performance, while SMA 
and GeneticA perform much worse. It is estimated that these two algorithms reach 
local extremum in complex test functions. 
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Table4-4-1 5000 iterations error analysis table (5 functions) 

Test function Ackley Rastrigin Sphere Schaffer Schwefe 
iteration 5000 5000 5000 5000 5000 

MSRA Error 3.55e-15 1.53e-15 2.59e-31 6.49e-15 2.55e-05 
SMA Error 2.31e-86 7.55e-73 2.39e-176 4.19e-2 118.438 

GeneticA Error 8.71 e-2 3.51 e-4 1.45 e-1 1.34 4.343 
 
In the classical GeneticA, the natural selection process employs the roulette 

method, where individuals with high fitness have a greater chance of being selected 
to pass on their genes and phenotypes, while those with low fitness are more likely 
to be eliminated. However, due to the randomness of the roulette method, individuals 
with optimal fitness may also be eliminated, leading to variations in results obtained 
by the classical genetic algorithm across multiple runs, which may only approximate 
the optimal solution. Therefore, when GeneticA is applied to a simple function such 
as Sphere, the results of each operation vary greatly, and the error value is also large, 
which is a limitation of the classical genetic algorithm. 

Adjust the number of iterations for the three algorithms to 20,000 times. The 
adjustment method is MSRA. For functions with many local extremum, increase the 
number of scanning lines and visitation density, and appropriately reduce the number 
of cyclic operations. For functions similar to a sphere or cone, reduce the number of 
scanning lines and increase the visitation density and cyclic operations accordingly. For 
SMA and GeneticA, in functions with many local extremums, increase the number of 
populations and appropriately reduce the number of cyclic operations. For functions 
such as spheres or cones, the number of iterations can be reduced, while the number 
of cyclic operations can be appropriately increased. After setting the iteration times for 
the three algorithms, they are also applied to the aforementioned five test functions. 
The operation results are shown in Table 4-4-2. 

 
Table4-4-2 20000 iterations error analysis table (5 functions) 

Test 
function 

Ackley Rastrigin Sphere Schaffer Schwefe 
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MSRA 
Error 

3.553e-15 0 4.4036e-30 0 3.3164e-05 

SMA Error 0 0 0 0.00972588 4.1154e-05 
GeneticA 

Error 
0.0630238 0.08175796 -0.0342940295 0.00971834 0.28997843 

For the data in the table, the error value of 0 only indicates the calculation results 
under the default accuracy conditions of the running software python. 

 
By analyzing the table data, it can be seen that for functions similar to spherical, 

conical, or disk terrain, such as Ackley, Rastrigin, and Sphere, when the number of 
iterations is limited to 20,000, the performance of SMA is slightly better than MSRA, 
while GeneticA performs the worst. For mountain-shaped functions like Schaffer and 
Schwefe functions, MSRA demonstrates the best performance, SMA estimation gets 
trapped in local extreme points, and GeneticA shows the worst performance. 

By comparing and analyzing the data in Table 4-4-1 and Table 4-4-2, it is evident 
that, irrespective of the number of iterations, the performance of the GeneticA was 
the poorest among the three algorithms. For functions with a simple shape, when the 
number of iterations was 5000, the performance of the SMA was obviously better than 
the MSRA. However, when the number of iterations was increased to 20,000, the 
performance of the SMA and MSRA became very similar. For functions with complex 
shapes, regardless of the number of iterations, the performance of the MSRA was 
significantly better than the SMA. 

The following focuses on the performance of MSRA and SMA algorithms in 
complex test functions. 
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Fig.4-4-6 MSRA and SMA Search track (Schwefe function) 
 
In order to visualize the performance of MSRA and SMA algorithms when applied 

to complex test functions like Schwefe from the perspective of a search and rescue 
aircraft, the starting point ">" of the search and rescue operation and the optimal 
fitness position point “X” are computer-programmed. These points are then marked 
on the contour map of the test function, as illustrated in Fig. 4-4-6. Subsequently, 
these points are connected with line segments based on the search order to depict 
the flight route of the search and rescue aircraft. Similarly, the search position points, 
search starting points, and optimal fitness positions during SMA operation are marked 
on the contour map of the test function. These points are also connected with line 
segments according to the search order. In the case of MSRA, the contour map of the 
test function can be interpreted as the search and rescue sea surface of the specified 
area. In search and rescue operations, the highest or lowest point in an area is the 
target point. In the context of Spatial Movement Automaton (SMA), the contour map 
of the test function can be likened to the foraging area of a specified region, with the 
highest or lowest point representing the location with the most abundant food 
resources. For the Schwefe function, in order to clearly identify the location of food 
abundance, the iteration times of generation optimization trajectory cannot be set too 
large. The MSRA and SMA algorithms set the iteration times to 1×104 to perform all 
operations to obtain the maximum value. Each algorithm is run three times, and the 
optimal position and error value are calculated, as shown in Table 4-4-3. Figure 4-4-6 
above displays the optimization trajectory diagram of one of the two algorithms. 
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Table4-4-3 Error and optimization target point location (Schwefe function) 
Running 

sequence 
1th 2th 3th 

Iteration 10000 10000 10000 
 Error Location Error Location Error Location 

MSRA  
3.64e-

12 
(-420.96875, 
-420.96875) 

5.06e-
08 

(-420.9692, -
420.9692) 

9.4e-
08 

(-420.9680277, 
-420.9692) 

SMA 368.0 (-453.7, 500) 392.6 
(-432.5, -
241.1) 

137.7 (-409.3, 306.9) 

 
By analyzing the table data, it can be seen that MSRA can calculate the optimal 

position accurately each time, with very small error values. On the other hand, the 
optimal location points obtained by each SMA operation vary significantly and tend to 
fall into local extreme points randomly. 

By analyzing the trajectory diagram, it can be seen that the trajectory of MSRA 
is clear and orderly, which is suitable for engineering projects requiring actual mobile 
optimization equipment, such as sea search and rescue, searching for the position of 
maximum magnetic induction intensity in three-dimensional magnetic field space, and 
locating electromagnetic wave emission sources in three-dimensional space. On the 
other hand, the trajectory of SMA is chaotic and exhibits significant overlap. It is not 
suitable for engineering projects that require actual mobile optimization equipment. It 
is only suitable for optimizing the objective function on a computer. 

 

 
 

Fig.4-4-7 MSRA and SMA Search track (Schaffer function) 
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For the Schaffer function, its maximum value lies on a small cusp. MSRA and 

SMA both set the number of iterations to 10000 and then operated 10 times, 
respectively. The two algorithms inevitably fall into local extreme points at random. 
To address this issue, consider increasing the scanning line density and visiting point 
density of MSRA, as well as boosting the population number and cycle operation times 
of SMA. Additionally, set the iteration times of both algorithms to 1×105 and then 
operated 10 times, respectively. The trajectory diagram of an optimization operation 
is depicted in Figure 4-3-12. Since the trajectory diagram of the SMA is a chaotic line 
segment and lacks meaning, only the iterative position points are depicted on the 
diagram. The two algorithms are applied to the Schaffer function. The error value and 
optimization target point location of the operation result are shown in Table 4-3-4. 
The data in the table is only selected three times. 

 
Table4-4-4 Error and optimization target point location (Schaffer function) 

Running 
sequence 

1th 2th 3th 

Iteration 100000 100000 100000 
 Error Location Error Location Error Location 

MSRA 0 
(-1.212E-14, 
1.212E-14) 

0 
(-1.212E-14, 
1.212E-14) 

0 
(-1.185E-14, 
1.213E-14) 

SMA 9.717E-3 
(3.13559095, 
0.11067923) 

9.716E-3 
(2.31053, 
-2.12505) 

9.721 
E-3 

(-2.204, 
2.238) 

 
By analyzing the values in the table, it can be seen that under the default 

calculation accuracy of Python software, the MSRA method is applied to the Schaffer 
function to determine the maximum value, resulting in an error value of 0. Such 
excellent results can be obtained after multiple operations. Under the condition that 
the number of scanning rows is 99 and the number of scanning columns is 1, with 200 
visits per row or column, the number of cycles is reduced from 6 to 2, resulting in a 
total of 20,000 iterations. After running MSRA more than 10 times, none of the runs 
reached a local extreme point, and the error value of the results was 0. This 
demonstrates the excellent performance of MSRA on complex test functions. In 
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contrast, SMA still occasionally gets stuck in local extreme points, as evidenced by its 
iterative trajectory and relatively large calculation errors. To address this, the number 
of myxomycetes was increased from 1000 to 5000, and the number of iterations from 
100 to 1000, resulting in a total of 5 million iterations. After more than 10 operations, 
the SMA is analyzed based on its output iterative trajectory and the error value of 
calculation results. It still randomly converges to the local optimum value. 

For the complex function optimization problem, the SMA will arbitrarily land in 
the local extreme values. Investigating the cause is essential. According to the SMA 
principle, the slime mold population is initially globally distributed at random at the 
beginning of the first cycle. At this point, it is inevitable that some areas would have a 
significant amount of slime mold, while other areas would be empty. The portrayal of 
its repetitive journey lends credence to this. Beginning with the second series of 
procedures, the search region is swiftly constrained around the best point identified 
during the previous search. Reaching local extreme points for functions as complex as 
the Schwefe and Schaffer functions is simplified by this algorithmic concept. Likewise, 
any algorithm that relies on a random population distribution, such as the sparrow 
search algorithm [27], inherently possesses these shortcomings. 

The MSRA principle states that exploration points are uniformly distributed 
globally during the first cycle of operation. Subsequently, starting from the second 
cycle of operation, the search range is gradually reduced at a certain convergence 
speed to enhance output accuracy. In problem optimization calculations, unlike swarm 
intelligence optimization algorithms such as the SMA, which rely on a randomly 
distributed population principle, the MSRA does not have this limitation. According to 
this principle, the MSRA can be used to solve the majority of optimization calculation 
issues. 

Another notable benefit of the MSRA is its ability to utilize a direct search route 
trajectory to locate the optimal position point for functions such as the Sphere 
function. These functions are akin to spherical or conical surfaces but do not have 
local extrema. According to Figure 4-4-7, which uses the Sphere function as an example, 
">" represents the search's randomly chosen starting point; the black line denotes the 
search route's trajectory, and "X" denotes the best fitness position that was sought. 
Three scanning lines, one column, one thousand visits per line, five cyclic operations, 
and twenty thousand iterations make up the MSRA's parameter settings. The margin of 
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error for the calculated result was 2.87 × 10−26. The figure illustrates how the MSRA 
can achieve such accuracy with a simple and clear track route. 

 

 
Fig.4-4-8. MSRA trajectory to find the optimal value (Sphere function). 
 
In addition, we also tested and compared all the other test functions mentioned 

in Reference [50], totaling 47. We arrived at the same conclusion as above, but due to 
space constraints, we will not describe them in detail here. 

The research mentioned above makes it clear that the MSRA performs 
optimization operations effectively, and its optimization process is straightforward and 
well-structured. It is expected that the MSRA will have a promising future in terms of 
applications. 

Several problems remain unresolved. Firstly, for the social production projects 
mentioned in the previous section of the thesis, we utilized the MSRA for WPT-AAD 
and conducted experiments to validate it. For the other three projects (searching for 
the location of the leakage of hazardous chemicals and toxic volatile substances, sea 
surface search and rescue), we did not have the conditions for experimental 
verification. Secondly, it is necessary to optimize the MSRA's mathematical model and 
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study the mathematical models and test analyses that the MSRA applies to higher-
dimensional optimization problems. Third, when planning the route, the MSRA does 
not include obstacle avoidance functionality. This function needs further development. 

 

4.5 MSRA is applied to find the maximum mutual inductance 

Primary research focuses on a wireless power transfer automatic alignment 
device, abbreviated as WPT-AAD. 

In this thesis, the control of WPT-AAD involves optimizing the objective function 
defined by formulas (5-4-1) and (5-5-1). In the theoretical analysis of the algorithm, 
since the actual input and output power of the WPT system are not measured, the 
objective function of the algorithm uses formula (3-6-2). Through the analysis of the 
experimental data in the third chapter, we can observe that in the WPT system, the 
distribution of the magnetic field, the coefficient of mutual inductance, and the 
positional relationship between the two coils are in line with practical applications. 
Therefore, the theoretical analysis of the algorithm using formula (3-6-2) does not 
affect the applicability of the algorithm itself. 

In this thesis, the calculation process of the mutual inductance coefficient 
involves two cumulative calculations and one integral calculation. The calculation 
formula is very long, resulting in a complex calculation process and extended 
calculation time. MSRA requires a significant amount of time for each iteration of the 
mutual inductance coefficient formula. Therefore, the MSRA parameters were adjusted 
to a smaller value of 2500. After 10 iterations, the same results were achieved. As 
shown in Fig. 4-5-1, several broken line segments represent the search route. The ">" 
symbol indicates the random search starting point, while "X" represents the optimal 
fitness position searched, which is the position point with the maximum mutual 
inductance coefficient to be searched in this thesis. The depth of the cold and warm 
colors in the figure represents the magnitude of the mutual inductance coefficient. 
"Obviously, this is consistent with the theoretical analysis and estimation in Chapter 4 
of this thesis." The position of the maximum mutual inductance coefficient should be 
at the center of the transmitting coil. Moreover, the maximum mutual inductance 
coefficient calculated based on the positive central coordinate is 7.8702842E-06 with 
deviation. The optimal position point identified by MSRA is (8.0885E-02, 0) or (-8.0885E-
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02, 0), with an optimal value of 7.8741988776E-06. It is evident that the optimal value 
found by MSRA is superior, and the optimal position point is slightly offset to the left 
or right of the central point. Analyze the impact of the transmitting coil's structure. 

 

 
Fig.4-5-1 Trajectory diagram of MSRA search the maximun mutual inductance 

 
This chapter analyzes and discusses a new optimization algorithm, MSRA, and 

applies it to the topic of WPT-AAD, providing a theoretical basis for the subsequent 
research. It can be predicted that MSRA has good universal applicability, and its 
application prospects are very broad. 

 
 

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



74 

 

Chapter 5 
WPT-AAD of Design and Experiment 

According to the theoretical analysis and control requirements discussed in the 
previous chapter regarding the application of the Maritime Search and Rescue 
Algorithm (MSRA) to WPT-AAD (Wireless Power Transmission Automatic Alignment 
Device), this chapter focuses on designing the hardware system of WPT-AAD and writing 
the control program for MSRA applied to WPT-AAD. Then, the WPT-AAD experimental 
bench is designed, and five experiments with different parameters of MCR-WPT are 
conducted on this bench. Subsequently, the WPT-AAD experiment is performed using 
appropriate parameters of MCR-WPT. In these six experiments, detailed experimental 
data were recorded and analyzed. As a result, it was concluded that the experimental 
data essentially aligned with the previous theoretical analysis. 

This chapter is structured as follows. In Section 5.1, we designed the hardware 
of WPT-AAD. In Section 5.2, we designed the MCU (Microcontroller) control program 
for WPT-AAD. In Section 5.3, we set up the experimental bench for WPT-AAD. In 
sections 5.4, 5.5, and 5.6, we conducted six experiments and analyzed the 
experimental data. 

 

5.1 Structural design for WPT-AAD 

From the above analysis, the WPT-AAD can utilize MSRA to determine the 
location of the maximum mutual inductance and plan the search route. 

Next, it analyzes how to use MSRA for WPT-AAD control and hardware design. 
According to the above analysis, the control of WPT-AAD can be achieved 

through an automatic control system consisting of a stepper motor, screw slide, and a 
single-chip microcomputer. As shown in Figure 5-1-1, the transmitting coil is fixed on 
the x-axis slide, and the entire set of x-axis screw slides is fixed on two synchronously 
moving Y-axis slides. In this way, an "H"-type XY two-axis motion unit is constructed, 
composed of three sets of screw slides. The motion control is mainly achieved by the 
MCU through the stepper motor driver to control the stepper motors in two directions, 
enabling the motion control of the transmitting coil in the XY directions. The overall 
installation layout of the WPT-AAD system is illustrated in Figure 5-1-2. 
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Fig.5-1-1 Diagram of the WPT-AAD 

1. Active range for Transmite coi. 
2.Y-axis positive direction limit position sensor. 
3. X-axis negative direction limit position sensor. 
4. Y-axis negative direction limit position sensor 
5. X-axis positive direction limit position sensor 
6. Y-axis screw rod one; 
7. Y-axis screw rod two; 
8. X-axis screw rod; 
9. Transmitting-coil; 
10. Y-axis sliding-table-one; 
11. X-axis sliding table; 
12. Y-axis sliding-table-two; 
13. Active range for center point of receiving-coil; 
14. receiving-coil; 
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15. Glass cover; 
16. Parking space ground; 
MCU. Microcontroller Unit. 
Y-SM. Stepper motor in Y-axis; 
VC-SM. Voltage and current sampling module; 
X-SM. Stepper motor in X-axis; 
Y-SMD. Stepper motor driver in Y-axis; 
X-SMD. Stepper motor driver in X-axis; 
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Fig.5-1-2 Overall installation layout of the WPT-AAD 
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5.2 Design of MCU control program 

The Microcontroller Unit flow chart of the control procedure is as follows 

 
Fig.5-2-1 Main program flow chart of MCU 
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Fig.5-2-2 X-direction subprogram flow chart of MCU 
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Fig.5-2-3 Y-direction subprogram flow chart of MCU 

 
The MCU program based on the C language is shown in Attachment 1, Table 5-

2-1. This program can be compiled directly, burned into the MCU, and then executed. 
 

5.3 Setup of WPT-AAD experimen bench 

Through the calculations and analysis in Chapter 2, it can be seen that the total 
power storage capacity of the power battery of the elderly EV designed in this thesis 
is 38 kWh. According to the requirement of completing 90% of the charging capacity 
in 8 hours, a wireless charging system with a charging power of 4.75 kW needs to be 
designed to meet this criterion. 

The overall design of MCR-WPT consists of the main circuit module ② and 
two driving circuit modules ① and ③, as shown in Fig. 5-3-1. The main circuit 
module ②  comprises the rectifier filter circuit, high-frequency inverter circuit, 
resonant unit, high-frequency rectifier, and load. The resonant unit is divided into the 

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



81 

 

transmitter resonant unit and the receiver resonant unit. The transmitter resonant unit 
consists of the transmitter coil L1 and the resonant capacitor C22. The receiver 
resonant unit is composed of the receiver coil L2 and the resonant capacitor capacitor 
C23. The resonant capacitors are connected in series with the coil. 

The transmitter of the system converts the DC output from the DC power supply 

④ into a high-frequency square wave AC through the high-frequency inverter to drive 
the transmitter resonant unit. The L1 and C22 in the system exhibit high-frequency 
resonance. When the driving frequency of the high-frequency inverter matches the 
resonant frequency, the impedance of the transmitter is in a purely resistive state. The 
transmitting coil is excited by the output current of the inverter and generates a 
magnetic field around it. The receiving end resonant circuit, composed of the receiving 
coil L2 and the resonant capacitor C23, is positioned in the magnetic field. It generates 
induced electromotive force, facilitating the wireless transmission of electric energy 
from the transmitting end to the receiving end. The induced AC voltage is rectified into 
DC through the rectifier. Subsequently, the switch ripple is filtered out by the output 
filter capacitor to provide stable DC power for the load. The resonant unit module ⑥ 
is formed by the transmitting end resonant circuit and the receiving end resonant circuit 
working together. 
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Fig.5-3-1 MCR-WPT System circuit diagram 

 
The main circuit module ②, with circuit details shown in Fig. 5-3-2, converts 

the AC power supply VAC into DC after passing through the rectifier filter circuit ④. 
The DC is then converted into AC with controllable frequency after passing through 
the full bridge inverter circuit module ⑤ , and subsequently loaded into the 
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transmitter resonant circuit consisting of the transmitter coil L1 and the resonant 
capacitor C22. 

 
Fig.5-3-2 Detailed diagram of main circuit ② 
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The full-bridge inverter circuit module ⑤ is mainly composed of four MOSFET 

transistors. MOSFET is selected, and the model chosen is ipw60r040c7. The rated 
working voltage and current are 650V and 50A, respectively. The dead time and the 
working frequency can reach up to 500kHz. The reason for choosing MOSFET over IGBT 
is that while IGBT has a higher withstand voltage capacity and can handle more current, 
its operational frequency is generally limited to tens of kHz. The operating frequency 
of a MOSFET is much higher than that of an IGBT, reaching up to MHz. 

Module ⑦ is an output module, mainly consisting of a rectifier filter circuit, a 
voltage regulation circuit, and a load. 

Among modules ⑦, D21~D24 are high-frequency rectifier diodes that must 
have a rated working voltage and current of 650V and 40A, respectively, and a rated 
working frequency of less than 1MHz. The model of the silicon carbide Schottky diode 
made by Infineon Technology Co. Ltd. in Germany is IDW40G65C5. 

In module ④, VAC is single-phase mains power at 220V and 50Hz. The four 
rectifying diodes in the figure are required to have a rated working voltage of 300V, a 
current of 40A, and a frequency of 50Hz. In order to facilitate the purchase of 
components, this thesis selects a diode suitable for the high-frequency rectifying circuit: 
the Infineon Technology Co., Ltd. model IDW40G65C5, a silicon carbide Schottky diode 
made in Germany. 

Sampling circuit ⑧ is used to collect the values of output voltage, current, 
and electric power. 

Module ① and module ③ are grid driving circuits. Their main function is to 
amplify the signal transmitted from the control circuit so that it has enough power to 
drive the full bridge and generate high-frequency AC. The circuit design of the two 
modules is entirely consistent. The main chip used is UCC21520. This chip is 
characterized by complete isolation between input and output. It is an excellent gate 
drive chip. The difference is that the input signal of EPWM is switched. The output 
control signals are respectively connected to different MOSFET tubes of the inverter 
circuit ⑤. It should be noted that the two modules require a total of four completely 
independent 15V DC power supplies. There should be no connection between the 
four DC power supplies, and the grounding points should not be shared. Otherwise, it 
will cause an internal short circuit of the chip and burn it. For example, in Figure 5-3-
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3 of module ①, the signal output terminals q1s and q3s are respectively connected 
to the source of MOSFET 1 and 3 of the inverter circuit. During the operation of the 
inverter circuit, there is a potential difference between the two sources. If the 
grounding points of the two 15V DC power supplies are connected, it will cause a short 
circuit inside the chip and damage the chip. 

 

 
Fig.5-3-3 Detailed diagram of driving circuit ① 

 
The input signals ePWM-A and ePWM-B are two complementary pulse signals 

with dead time, which are generated by the DSP (digital signal processing) module. The 
program in the DSP is developed by the upper computer and then loaded into the 
DSP chip TMS320F28335 (Texas Instruments, America). 

The L1 and L2 in module ⑥ are designed in reference [31], as shown in the 
figure. 
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Fig.5-3-4 Structure diagram of transmitting coil [31] 
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Fig.5-3-5 Structure diagram of transmitting coil [31] 

 
According to the design of WPT-AAD and MCR-WPT in this chapter, the 

experimental test bench is illustrated in Fig. 5-3-6 and Fig. 5-3-7. 
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Fig.5-3-6 Photos of the WPT-AAD experimental bench 
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Fig.5-3-7  Partial detail of the WPT-AAD experimental bench 

 
Fig.5-3-1～Fig.5-3-7, notes: 

① gate driving circuit one; 

② the main circuit module fo MCR-WPT 
③ gate driving circuit two. 
④ high power DC regulated power supply 

⑤ Full bridge inverter circuit module; 
⑥ the resonant circuit composed of L1, L2, C22, and C23. 
⑦ Full bridge rectifier filter circuit in output module; 

⑧ Output voltage and current sampling circuit; 
⑨ Upper computer; 
6. Y-axis screw rod one. (Numbers 6, 7, and 8 correspond to Fig.5-1-1) 
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7. Y-axis screw rod two; 
8. X-axis screw rod; 
L1. Transmitting-coil; 
L2. receiving-coil; 
C22. Resonant capacitance at the transmitter; 
C23. Resonant capacitance at the receiver; 
Y-SM. Stepper motor in Y-axis; 
X-SM. Stepper motor in X-axis; 
Y-SMD. Stepper motor driver in Y-axis; 
X-SMD. Stepper motor driver in X-axis; 
MCU. Microcontroller Unit; 
DSP. Digital Signal Processing 
RL. Load resistance in the output module; 
A.15V Four independent DC regulated power supplies 
 

Direct measurement of coil inductance and calculation of resonant capacitance: 
Use the induction meter to measure the transmitting coil L1 and receiving coil 

L2 three times each, and then calculate the average value. The measurements of each 
of the two coils are shown in Fig. 5-3-8 and Fig. 5-3-9. 

The values obtained from three measurements of L1 are: 52.515 μH; 52.576 μH; 
52.462 μH. The average value is 52.518 μH. 

The values obtained from three measurements of L2 are 25.672 μH, 25.642 μH, 
and 25.728 μH. The average value is calculated as 25.681 μH. 

After the inductance value of the coil is obtained, the matching resonant 
capacitance can be calculated by the following formula: 

 

𝐶22 =
1

(2𝜋𝑓)2𝐿1
          𝐶23 =

1

(2𝜋𝑓)2𝐿2
     (5-3-1) [55] 

 
where, 
C22, is the resonant capacitance of the transmitting coil. 
C23 is the resonant capacitance of the receiving coil. 
f, resonant frequency, 85kHz; [55] 
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L1 and L2 are the inductance coefficients of the transmitting coil and the receiving 
coil respectively; Substitute the directly measured value for calculation: 
 

𝐶22 =
1

(2×3.14×85000)2×52.518×10−6
= 66.757 × 10−9  (F) 

𝐶23 =
1

(2×3.14×85000)2×26.681×10−6 = 136.518 × 10−9  (F) 

 
That is, C22, which should be taken as 66.8nF; C23 should be 136.5nF 

 

  
Fig.5-3-8 L1 inductance measurement Fig.5-3-9 L2 inductance measurement 

 

5.4 Analysis of MCR-WPT experimental data 

As shown in Fig. 5-3-2, the DC voltage and current output by module ④ 
(rectifier and filter module) are equivalent to the input voltage and current of the 
entire WPT system, as recorded in Fig. 5-1-2. Similarly, in Fig. 5-3-7, module ⑧ 
represents the same sampling module, with the collected voltage and current being 
the output of the entire MCR-WPT system, as recorded in the same figure. In Fig. 5-3-
7, adjust the position of L1 to align it with the center point of L2. The relative distances 
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are 10 cm, 15 cm, 20 cm, 25 cm, and 30 cm, respectively. Adjust the input voltage of 
WPT and adjust the frequency of the EPWM output using a DSP. This frequency is 
actually the driving frequency (f) of the high-frequency inverter circuit in module ⑤. 
The data from several experiments are presented in the following tables. 

 
Table5-4-1. MCR-WPT experiment 1 
(D=20 cm, Ui=200 V, RL=70 Ω) 
Drive 

frequency 
f, (kHz) 

Input 
voltage 
Ui, (V) 

Input 
current 
Ii, (A) 

Output 
voltage 
UO, (V) 

Output 
current 
Io, (A) 

WPT 
efficiency 

η, (%) 
80.0  200 3.53 173.9  2.5  61.21  
81.0  200 3.66 177.9  2.5  61.74  
82.0  200 3.74 182.2  2.6  63.39  
83.0  200 3.89 188.2  2.7  65.07  
84.0  200 4.13 196.4  2.8  66.69  
85.0  200 4.47 205.8  2.9  67.66  
85.1  200 4.49 206.6  3.0  67.91  
85.2  200 4.55 208.5  3.0  68.22  
85.3  200 4.83 215.3  3.1  68.54  
85.4  200 4.52 208.0  3.0  68.34  
85.5  200 4.46 206.0  2.9  67.99  
85.6  200 4.39 203.8  2.9  67.57  
86.0  200 4.21 198.4  2.8  66.77  
87.0  200 4.08 193.2  2.8  65.33  
88.0  200 3.91 186.4  2.7  63.44  
89.0  200 3.79 181.1  2.6  61.82  

 
Data in the table, except WPT efficiency η All the other data were directly 

recorded during the experiment; WPT efficiency η， Is calculated by the following 
formula: 

𝜂 =
𝑃𝑜

𝑃𝑖
=

𝑈𝑜𝐼𝑜

𝑈𝑖𝐼𝑖
          (5-4-1) 
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where, Pi input power, Po output power, Ui input voltage, Ii input current, UO 
output voltage, IO output current. 

 
Table5-4-2. MCR-WPT experiment 2 
(D=20 cm, Ui =300 V, RL =70 Ω) 

Drive 
frequency 
f, (kHz) 

Input voltage 
Ui, (V) 

Input current 
Ii, (A) 

Output 
voltage 
UO, (V) 

Output 
current 
Io, (A) 

WPT 
efficiency 

η, (%) 
80.0  300 5.10  269.3  3.8  67.70  
81.0  300 5.18  272.4  3.9  68.23  
82.0  300 5.28  278.3  4.0  69.89  
83.0  300 5.40  284.7  4.1  71.56  
84.0  300 5.67  295.2  4.2  73.19  
85.0  300 6.01  305.9  4.4  74.15  
85.1  300 6.01  306.5  4.4  74.41  
85.2  300 6.08  308.8  4.4  74.72  
85.3  300 6.41  317.7  4.5  75.04  
85.4  300 6.09  309.4  4.4  74.85  
85.5  300 6.02  306.9  4.4  74.48  
85.6  300 5.95  304.3  4.3  74.07  
86.0  300 5.77  297.9  4.3  73.26  
87.0  300 5.65  292.0  4.2  71.83  
88.0  300 5.48  283.7  4.1  69.94  
89.0  300 5.34  276.9  4.0  68.32  

 
Table5-4-3. MCR-WPT experiment 3 
(D=20 cm, Ui =400 V, RL =70 Ω) 

Drive 
frequency 
f, (kHz) 

Input 
voltage 
Ui, (V) 

Input 
current 
Ii, (A) 

Output 
voltage 
UO, (V) 

Output 
current 
Io, (A) 

WPT 
efficiency 

η, (%) 
80.0  400 6.69  369.9  5.3  73.09  
81.0  400 6.68  371.2  5.3  73.61  
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82.0  400 6.83  379.5  5.4  75.28  
83.0  400 6.93  386.5  5.5  76.95  
84.0  400 7.27  399.9  5.7  78.58  
85.0  400 7.59  411.1  5.9  79.54  
85.1  400 7.54  410.5  5.9  79.79  
85.2  400 7.65  414.2  5.9  80.11  
85.3  400 8.00  424.6  6.1  80.43  
85.4  400 7.61  413.6  5.9  80.24  
85.5  400 7.61  412.4  5.9  79.87  
85.6  400 7.45  407.2  5.8  79.45  
86.0  400 7.35  402.4  5.7  78.65  
87.0  400 7.16  393.4  5.6  77.21  
88.0  400 7.01  384.5  5.5  75.33  
89.0  400 6.93  378.1  5.4  73.71  

 
Take the above three experimental data as abscissa with drive frequency f and WPT 

efficiency η Is the vertical coordinate, and is drawn as a curve, as shown in Fig.5-4-1 

 
Fig.5-4-1 Diagram for WPT drive frequency, input voltage and efficiency 

 
Combining Fig. 5-4-1 and analyzing the experimental data from 1 to 3, it can be 
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observed that the energy transmission efficiency of WPT follows a normal distribution 
between the driving frequencies of 80 kHz and 90 kHz. The maximum transmission 
efficiency is achieved at a driving frequency of 85.3 kHz. This driving frequency can be 
considered the actual resonant frequency of the system, which is consistent with the 
theoretical design resonant frequency of 85.0 kHz, with only a 0.3 kHz error. This 
discrepancy may be attributed to measurement errors in the inductance of the 
transmitting coil L1 and the receiving coil L2, as well as errors between the nominal 
and actual values of the resonant capacitance C22 and C23. This error is not significant 
and is still within the acceptable range for the project. 

In these three experiments, a positive correlation was observed between the 
transmission efficiency and the input voltage. The higher the input voltage, the greater 
the transmission efficiency. Next, the experiment on the relationship between input 
voltage and transmission efficiency is conducted with a driving frequency of 85.3 kHz. 

 
Table5-4-4. MCR-WPT experiment 4 
(D=20 cm, f=85.3 kHz, RL =70 Ω) 

Drive 
frequency 
f, (kHz) 

Input 
voltage 
Ui, (V) 

Input 
current 
Ii, (A) 

Output 
voltage 
UO, (V) 

Output 
current 
Io, (A) 

WPT 
efficiency 

η, (%) 
85.3 200 4.83 215.3  3.1  68.54  
85.3 225 5.21  239.4  3.4  69.87  
85.3 250 5.58  263.9  3.8  71.34  
85.3 275 5.96  289.9  4.1  73.23  
85.3 300 6.33  315.8  4.5  75.04  
85.3 325 6.71  343.1  4.9  77.12  
85.3 350 7.12  371.1  5.3  78.93  
85.3 375 7.63  399.7  5.7  79.78  
85.3 400 7.94  422.9  6.0  80.43  
85.3 425 8.32  446.1  6.4  80.41  
85.3 450 8.72  469.9  6.7  80.40  
85.3 475 9.10  493.3  7.0  80.41  
85.3 500 9.49  516.8  7.4  80.41  
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Fig.5-4-2 Diagram for input voltage and efficiency 

 
Combining Fig. 5-4-2 with the data from Experiment 4, it is evident that when 

the drive frequency equals the resonant frequency, the input voltage is positively 
correlated with system efficiency. However, as the input voltage exceeds 400V, the 
enhancement of system efficiency slows down significantly. When the input voltage 
ranges between 450V and 500V, the system efficiency remains almost unchanged and 
stable at about 80.4%. This observation deviates somewhat from the theoretical 
analysis presented in Chapter 3. The theoretical analysis in Chapter 3 suggests that the 
efficiency of the resonant unit is not influenced by the input DC voltage but is instead 
linked to the coil mutual inductance, equivalent resistance, load resistance, and driving 
frequency. The efficiency of the MCR-WPT system is primarily impacted by the 
efficiency of the resonant unit, the power loss of the high-frequency inverter unit, and 
the power loss of the rectifier filter unit. However, the latter two factors account for a 
small proportion and can be ignored; therefore, the efficiency of the MCR-WPT system 
can be considered to be mainly affected by the efficiency of the resonant unit. The 
reason may be related to the structure of the transmitting coil and the receiving coil. 
Only when the input voltage is relatively high can power be transmitted wirelessly with 
high efficiency within a distance of 20 cm. When the input voltage is lower than 400V, 
the magnetic induction intensity generated by the transmitting coil is relatively small. 
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Consequently, the wireless transmission distance of power is limited, leading to a 
decrease in the overall efficiency of the system. 

Analyzing the data from the MCR-WPT Experiment 5, Table 5-4-5 and Fig. 5-4-3 
also confirmed this conclusion: the distance between the two coils is within the range 
of D=10 cm~25 cm. When the input voltage (Ui) is lower than 400V, the efficiency (η) 
of the MCR-WPT system is significantly influenced by both D and U. When the input 
voltage reaches 400V, the efficiency (η) of the MCR-WPT system is almost independent 
of the input voltage (Ui), which aligns with the theoretical analysis in Chapter 3. 

 
Table5-4-5. MCR-WPT experiment 5 
(D=10～25 cm, f=85.3 kHz, RL =70 Ω) 
Distance 
between 
two coils 
D, (cm) 

Input 
voltage 
Ui, (V) 

Input 
current 
Ii, (A) 

Output 
voltage 
UO, (V) 

Output 
current 
Io, (A) 

WPT 
efficiency 

η, (%) 

10 200 4.83 227.0  3.2  76.21  
15 200 4.83 224.7  3.2  74.66  
20 200 4.83 215.3  3.1  68.54  
25 200 4.83 197.8  2.8  57.87  
10 300 6.33  324.3  4.6  79.12  
15 300 6.33  322.1  4.6  78.04  
20 300 6.33  315.8  4.5  75.05  
25 300 6.33  299.1  4.3  67.29  
10 400 7.94  423.2  6.0  80.55  
15 400 7.94  422.9  6.0  80.44  
20 400 7.94  422.9  6.0  80.44  
25 400 7.94  409.9  5.9  75.58  
10 500 9.49  518.9  7.4  81.07  
15 500 9.49  518.2  7.4  80.86  
20 500 9.49  516.9  7.4  80.46  
25 500 9.49  509.8  7.3  78.26  
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Fig.5-4-3 Diagram for Distance between two coils and efficiency 

 
Analyzing the data in Table 5-4-5 of MCR-WPT experience 5, when the input DC 

voltage is 500V and the distance between the receiving coil and the transmitting coil 
is 20cm, the output power is 3.82 kW, and the efficiency of the wireless charging system 
is 80.46%. This fully meets the requirement that the total power storage capacity of 
the power battery of the elderly EV designed in this thesis is 38 kWh, and it can 
complete the charging from the original 20% to 90% in 8 hours (a wireless charging 
system with a charging power of 3.33 kW is required). 

 

5.5 Analysis of mutual inductance experimental data 

As depicted in Fig. 5-3-7 and Fig. 5-3-7, by programming the MCU, it can 
meticulously record the data of each coordinate point of the receiving coil along with 
the corresponding input and output voltage and current values during the experiment. 
The center point of the initial position of the transmitting coil is the origin of the 
coordinates. The data is organized in Table5-5-1. 
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Table5-5-1. Mutual induction distribution experiment 
(D=20 cm, Ui=400 V, f=85.3 kHz, RL =70 Ω) 

X 
coordinate 

(m) 

Y 
coordinate 

(m) 

Input 
voltage 
Ui, (V) 

Input 
current 
Ii, (A) 

Output 
voltage 
UO, (V) 

Output 
current 
Io, (A) 

WPT 
efficiency 

η, (%) 

Mutual 
Inductance 
M, (H) 

-0.397 -0.368 400 7.94  267.97  3.83  32.30  2.64E-06 
-0.370 -0.368 400 7.95  278.59  3.98  34.87  2.80E-06 
-0.342 -0.368 400 7.94  287.22  4.10  37.09  2.94E-06 
-0.315 -0.368 400 7.94  292.55  4.18  38.52  3.03E-06 
-0.287 -0.368 400 7.94  296.67  4.24  39.59  3.10E-06 
-0.260 -0.368 400 7.95  299.47  4.28  40.30  3.14E-06 
-0.233 -0.368 400 7.93  300.47  4.29  40.66  3.17E-06 
-0.205 -0.368 400 7.94  302.13  4.32  41.06  3.19E-06 
 
Data in Table 5-5-1, except for WPT efficiency (η) and mutual induction (M), 

were directly collected during the experiment. WPT efficiency (η) is calculated using 
equation (5-4-1), similar to several experiments mentioned above. The M is 
determined by substituting formula (5-5-1) into the data collected from the experiment. 

Formula (5-5-1) is derived from the formula (3-2-6) in Chapter 3 by performing 
the necessary calculations. For easier reference, the formula (3-2-6) is restated below: 
{3-2-6}. 

𝜂 =
𝜔𝑑

2𝑀2𝑅𝐿

(𝑅2+𝑅𝐿)(𝜔𝑑
2𝑀2+𝑅1𝑅𝐿+𝑅1𝑅2)

      (3-2-6) 

 

𝑀 = √
𝜂𝑅1(𝑅2+𝑅𝐿)2

𝜔𝑑
2𝑅𝐿−𝜔𝑑

2𝜂(𝑅2+𝑅𝐿)
         (5-5-1) 

 
Since there is a large amount of data in Table 5-5-1, to analyze the data more 

intuitively, the data from the table is visualized using Python software, as depicted in 
Fig. 5-5-1 and Fig. 5-5-2. Simultaneously, to aid in the analysis, the data on the 
distribution of M near the XY coordinate axis in Table 5-5-1 is represented in a two-
dimensional curve using Microsoft Excel software, as illustrated in Fig. 5-5-3 and Fig. 5-
5-4. 
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Fig. 5-5-1 to Fig. 5-5-4 depict the experimental data from Table 5-5-1, generated 
using computer software. It is not difficult to see that the four figures are very similar 
to Figure 3-7-1~Fig. 3-7-4 from the theoretical analysis in Chapter 3 above. 

 

  

Fig.5-5-1 mutual inductance 
distribution map 

Fig.5-5-2 mutual inductance 
distribution contour map 

 

  

Fig.5-5-3 Y=0, X- mutual inductance 
graph 

Fig.5-5-4 X=0, Y- mutual inductance 
graph 

 
Looking up Table5-5-1, the maximum value of mutual induction M is as follows: 
 

Mmax=7.76×10
-6    H          (5-5-2) 

 
The maximum value of M corresponds to WPT efficiency, η. The maximum 

value η is 80.38%. This maximum value of M, and the maximum value calculated by 
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theoretical analysis in Chapter 3 (Mmax=7.87 × 10-6 H), differs by 0.11 × 10-6 H. The 
reason for the error may be attributed to imperfections in the design structure of the 
transmitting coil and the receiving coil, or inadequate magnetic field shielding. However, 
the error ratio is approximately 1.4%, which is small and does not significantly impact 
the research on this topic. 

Therefore, the theoretical analysis of mutual induction distribution in Chapter 3 
of this thesis can be considered validated by the experimental data presented in this 
chapter. 

 

5.6 Analysis of WPT- AAD experimental data 

Next, the following experiments are carried out, applying the MSRA proposed in 
Chapter 4 to the WPT-AAD designed in Chapter 5 to find the location of the maximum 
mutual inductance coefficient. 

In order to reduce the amount of data, only 600 iterations were performed 
during the experiment, resulting in 600 sets of data, as shown in Table 5-6-1. 

 
Table5-6-1 MSRA be applied to WPT-AAD for finding the position of the 
maximum mutual inductance 

X 
coordinate 

(m) 

Y 
coordinate 

(m) 

Input 
voltage 
Ui, (V) 

Input 
current 
Ii, (A) 

Output 
voltage 
UO, (V) 

Output 
current 
Io, (A) 

WPT 
efficiency 

η, (%) 

Mutual 
Inductance 
M, (H) 

-0.312 -0.139  400 7.94  405.97  5.80  74.13  6.48E-06 
-0.292 -0.139  400 7.94  408.53  5.84  75.07  6.65E-06 
-0.272 -0.139  400 7.94  410.51  5.86  75.80  6.78E-06 
-0.252 -0.139  400 7.95  412.22  5.89  76.37  6.89E-06 
-0.232 -0.139  400 7.95  413.49  5.91  76.82  6.97E-06 
-0.212 -0.139  400 7.93  414.05  5.91  77.18  7.04E-06 
-0.192 -0.139  400 7.94  414.90  5.93  77.39  7.09E-06 
-0.172 -0.139  400 7.94  415.11  5.93  77.51  7.11E-06 

 
Data in Table 5-6-1, except for WPT efficiency (η) and mutual induction (M), 

was directly collected during the experiment. WPT efficiency (η), as in the above 
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experiments, is calculated using formula (5-4-1). The M is calculated by substituting 
formula (5-5-1) into the data collected in the experiment. 

Due to the large amount of data in Table 5-6-1, to facilitate a more intuitive 
analysis, the XY coordinates from the table are plotted into a two-dimensional curve 
using Microsoft Excel software. This visualization helps to clearly depict the path 
followed by MSRA in search of the location with the highest output power, 
representing the trajectory of MSRA in search of the point with the maximum mutual 
induction M, as illustrated in Figure 5-6-1. 

In Fig. 5-6-1, the yellow ">" indicates the starting point of the MSRA search, while 
"X" indicates the target point searched by MSRA, which is also the endpoint of the 
search. According to Table 5-6-1, the target point location searched by MSRA is (-0.057, 
0.002). The corresponding MCR-WPT efficiency is 80.41%, and the mutual induction M 
is 7.76E-06. From the previous experiments, it can be seen that these values fall within 
the defined interval η or Mmax. 

 
Fig.5-6-1 Track Roadmap of MSRA being applied to WPT-AAD for Finding the 

position of the maximum mutual inductance 
 
Through experiments, it has been proven that the application of MSRA in WPT-

AAD is reasonable and reliable. Simultaneously, it also validates that the design of all 
hardware and software in this project is correct. 
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Chapter 6 
Conclusion and Suggestion 

The focus of this thesis is to study and design the Wireless Power Transfer with 
Automatic alignment Device (WPT-AAD) for elderly EV. First, this thesis describes the 
current market products in the elderly EV industry. It is understood that the current 
elderly EV products in the market do not meet the transportation needs of the elderly 
in urban areas. The process of charging these vehicles is considered unsafe and 
inconvenient for the elderly. Therefore, it is proposed to research and design a car 
specifically tailored for the elderly, capable of navigating city streets and equipped 
with an automatic positioning wireless charging system. This thesis focuses on the field 
of the WPT-AAD, discussing the current research status all over the world. It argues 
that studying an elderly car with WPT-AAD is necessary, feasible, and innovative. The 
primary focus of this thesis is WPT-AAD. 

Secondly, the fundamental parameters of the chassis of an elderly EV are 
preliminarily selected in this thesis. This selection serves as a reference for the detailed 
design of an elderly EV to meet the travel requirements of the elderly in urban areas. 
Subsequently, the driving force, selection of the driving motor, and power battery 
capacity of the elderly EV are meticulously calculated. These calculations lay the 
groundwork for designing a wireless charging system with an automatic alignment 
function. 

Thirdly, this thesis briefly introduces the structure and working principle of the 
electric vehicle magnetic coupling resonant radio energy transmission system. 
According to Biot-Savart's law, the magnetic field generated by the energy transmitting 
coil in the wireless charging system is carefully analyzed, reasoned, and calculated in 
detail. The mathematical expression for the magnetic induction intensity generated by 
the transmitting coil at any point in space is derived. Then, the distribution map of the 
magnetic induction intensity in the magnetic field space is created using the computer 
software Python. This map serves as the foundation for analyzing the mutual 
inductance between the transmitting coil and the receiving coil. 

Fourth, this thesis analyzes the range of random parking positions of elderly EV 
in parking spaces and determines the range of random positions of MCR-WPT receiving 
coils. Subsequently, the distribution of mutual inductance between the transmitting 
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coil and the receiving coil is calculated in detail as the relative position of the 
transmitting coil and the receiving coil changes within this range. Finally, the position 
of maximum mutual inductance distribution is derived. The research on the distribution 
of mutual inductance between the transmitting coil and receiving coil in space 
provides a theoretical basis for the design of MCR-WPT system. 

Fifthly, this thesis innovatively proposes a new optimization algorithm, namely, 
the Maritime Search and Rescue Algorithm (MSRA), and applies this algorithm, together 
with SMA and GeneticA, to five well-known optimization algorithm test functions 
(Ackley, Rastrigin, Sphere, Schaffer, Schwefel), and compares and analyzes the 
operational results. It is concluded that MSRA has excellent performance. The thesis 
then discusses the application of MSRA to WPT-AAD to determine the position of the 
maximum mutual inductance M and achieve the automatic alignment function of 
wireless charging. 

Sixth, based on the theoretical analysis and control requirements of the MSRA 
applied to WPT-AAD, this thesis designs the hardware system of WPT-AAD and compiles 
the control program for MSRA applied to WPT-AAD. 

Finally, this thesis constructed the WPT-AAD experimental bench and 
conducted five MCR-WPT experiments with various parameters on the bench. 
Subsequently, the WPT-AAD experiment was performed using appropriate parameters 
from the MCR-WPT experiments. In these six experiments, the experimental data were 
recorded in detail and analyzed. 

In general, in this thesis, through theoretical analysis and experiments, the 
correctness of MSRA was verified. The rationality of applying MSRA to WPT-AAD control 
was verified, and the correctness of the theoretical analysis of mutual inductance 
distribution between the transmitting coil and receiving coil in the WPT system was 
confirmed. It was demonstrated that the WPT system with AAD meets the 
requirements of an elderly EV. The WPT-AAD hardware system designed in this thesis 
is deemed entirely correct and feasible. Moreover, it is foreseeable that the MSRA will 
have good prospects for promotion and application. 

Several problems remain unresolved. First, due to lack of funds, we do not have 
the conditions to actually manufacture a prototype elderly EV for the based on the 
design of this thesis. Without any conditions, the WPT designed in this thesis is installed 
on the prototype vehicle for debugging. Second, for the MSRA proposed in this thesis, 

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



105 

 

we do not have the experimental verification conditions for other promotion and 
application projects such as searching for the location of the leakage of hazardous 
chemicals and toxic volatile substances, sea surface search and rescue. Third, it is 
necessary to optimize the mathematical model of MSRA and study the mathematical 
model and verification analysis of MSRA applied to high-dimensional optimization 
problems. Fourth, while planning the route, the MSRA does not have the function of 
avoiding obstacles and this feature needs to be further developed. 

For in-depth research on this topic, we give some suggestions. For WPT, changing 
the structural shape and other parameters of the transmitting coil and receiving coil 
may lead to higher power transmission efficiency. For wireless transmission of electric 
energy, in addition to the magnetic coupling resonance form (MCR-WPT) used in this 
thesis and several other known forms, there may also be forms with higher 
transmission efficiency. For automatic alignment devices (AAD), in addition to the 
optimization algorithm used in this thesis to find the optimal position, other solutions 
such as laser alignment, infrared alignment, and video recognition alignment can also 
be considered. 
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