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Abstract 

Inductive Wireless Power Transfer (WPT) is a common method to deliver power wirelessly 

that uses pairs of coils in the primary and secondary circuits. Moreover, to increase the power 

delivery, the circuit compensated using additional electronics elements such as capacitors to 

form a symmetry WPT system.  Further, many researchers use a resonance calculation to 

obtain the optimal operating frequency to improve power delivery. However, there might be 

violations of the idea of resonance calculation in practical situations. The situations occur when 

the WPT system becomes asymmetrical, such as in the undetermined WPT parameters or the 

multi-receiver WPT system. This asymmetry situation makes the resonance frequency cannot 

be calculated using the conventional method. Therefore, methods regarding finding the 

optimal frequency to obtain high power delivery need to be addressed. 

The WPT system modeling is essential to find the optimal parameters from the stimulus-

response. The WPT system model obtained using the circuit analysis continued by defining 

the state-space variables. The transfer function of the WPT system can be used to get the 

stimulus-response or steady-state analysis by giving the value of the parameter to the models 

so that the optimal operating frequency can be achieved. In practical situations, there are 

situations whether the parameter values are unable to be determined. Therefore, we cannot 

give the parameter's value to the models, and the optimal operating frequency unable to be 

observed through the frequency response analysis. Although it is theoretically possible to 

determine the optimal frequency by a wide range frequency sweep, it is practically important 

to spot it in a few trials of frequency. Therefore, this study proposes a frequency spotting 

strategy using a square wave input power signal. The method avoids a long time-consuming 

sweeping process with knowledge of response by square wave input. The Automatic 

Multiscale-based Peak Detection (AMPD) algorithm is applied to select the initial peak finding 

on every data sample increment iteration to further enhanced to find the set of peak patterns 

by calculating error parameters. 

Another situation that makes the WPT system is asymmetry is whether it only compensates 

by primary side capacitance.  It should be noticed that an additional component compensation 

on the symmetric WPT circuit increases the equivalent series resistance and affect the power 

absorbed by the load receivers. The complexity of the system will increase along with the 

increasing number of receivers. Thus, this study explores the WPT circuit that only 

compensated with the primary side capacitor in transferring high power to dual receivers. 

Using a single capacitor on the primary side makes the circuit lacks symmetry, so it cannot use 

the idea of resonance. Therefore, we propose an asymmetric multi-receivers WPT model to 

discover high power operating points and use an optimization approach to obtain the optimal 

parameters. This study challenges several design variables optimization to obtain high power 

operating point. The NSGA-II (Non-dominated Sorting Genetic Algorithm II) is used to 

optimize the mathematical system model design variables. The results show that the proposed 

system can obtain high power even though using only a single capacitor compensation 

without the idea of resonance. 
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This study's finding highlight is the contribution of presenting an approach to obtain the 

high power from an asymmetric situation that cannot use the idea of resonance. A fast-spotting 

strategy to find optimal frequency has been proposed in the single receivers with some 

indeterministic parameters. The wireless high-power transfer can be achieved in the multi-

receiver WPT system even if the circuits lack symmetry. Therefore, the capacitor on the 

receiver side can be neglected to reduce the complexity of the receiver circuit. 

This dissertation consists of 5 chapters. Chapter 1 introduction explains the background 

regarding the current situation of WPT research and the explanation of resonant (symmetry) 

and non-resonant (Asymmetry) situations. This chapter also presents the objective of the study, 

followed by the scope, contributions, and findings. Chapter 2 Resonance and Symmetric 

Circuit explains the common symmetric WPT circuit and the idea of resonance. This study 

observed the behavior of the symmetric WPT system by obtaining the circuit model through 

transfer function calculation. Afterward, the situation of the WPT system is presented in the 

form of frequency response and steady-state analysis. Chapter 3 A Fast-Spotting Strategy of 

Optimal Frequency in Wireless Power Transfer presenting a method to obtain the high-

power delivery without using the idea of resonance using a fast frequency spotting strategy 

using a square wave input power signal. Chapter 4 A Design Approach to Wireless High-

Power Transfer to Multiple Receivers with Asymmetric Circuit presents methods to obtain 

high-power in the asymmetric circuit. This study investigates a method to deliver high power 

in a circuit whether the idea of resonance is cannot be used. This section is presenting an 

optimization approach to obtain the optimal parameters in several design challenges. Chapter 

5 Summary gives a summarization of studies. It concludes the results regarding the 

investigation of the idea of resonance and symmetric circuits continue by presenting 

approaches to obtain high-power without the idea of resonance or in an asymmetric circuit. 

Moreover, this chapter explains the future works based on the current study. 
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Chapter 1  

Introduction 

1.1 Background 

Wireless Power Transfer (WPT) can supply electric power to an electric device without 

wires. Began in 1889, the innovation of the Tesla coil by Nicola Tesla realizes the idea of WPT 

when a light bulb is lit from some distance [1]. Tesla recognition has made the inductive WPT 

one of the researcher's common methods to deliver power wirelessly. This idea wants to be 

implemented by electronic appliance companies to avoid complex wire connections. Hence, 

the increasing WPT demand for electronic handheld and compact devices (mobile phone, 

laptop, tablet, Etc.). Until present, the WPT technology to supply compact electronic devices at 

close gap have been reaching standardization and available as a consumer product [2]. 

The inductive WPT research is accelerating further to improve the gap distance and power 

delivery [3] [4] [5] [6]. The basic inductive WPT circuit can be implemented using pair of coils 

in the primary and secondary circuit, which works as self-inductance and is affected by its 

mutual inductance [7]. This minimum WPT circuit can only deliver a small amount of power 

compared to the wired connection. Therefore, to increase the amount of power absorbed by 

the load, the circuit needs an additional inductor or capacitor in the primary, secondary, or 

both circuits. This method is known as the compensation technique [8] [9]. The most common 

method for compensating the inductive WPT circuit is using capacitance components in the 

primary and secondary sides to form a symmetric WPT circuit [10]. Then, the high-power 

delivery is obtained through resonance, which is a phenomenon that occurs in the circuit with 

the AC voltage source. The resonance phenomenon occurs when the coils' inductive reactance 

equals the capacitive reactance of the capacitor at some frequency points (resonant frequency). 

However, the violation and incapability of the idea of resonance may occur in practical 

situations. This situation happens when the WPT system becomes asymmetrical (non-resonant 

situation) or in the asymmetric WPT circuits. 

The violation of resonance frequency to deliver high power can occur because of coils 

misalignment, gap change, or indeterministic secondary receiver [11] [12] [13]. In this condition, 

a resonant frequency calculation to obtain operating frequency cannot be used, and system 

model computation should be conducted to obtain the behavior from a WPT system.  High 

power can be obtained through the model and frequency response analysis by knowing all 

parameters value other than frequency. Although the problem can be answered theoretically, 

another practical challenge occurs caused by a coupling coefficient parameter that represents 

the coils misalignment and gap. This coupling coefficient described as a value between 0-1, 

with both coils is having the same winding direction. Therefore, even though the high power 
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can be obtained using the system models and frequency response analysis, understanding the 

practical situation of how much coupling coefficient representing the gap/misalignment is 

challenging [14] [15]. In this meaning, the inverse problem of finding high-power operating 

frequency is an open challenge in the WPT research field. Tracking the operating frequency 

without considering the number of frequency sweep is a time-consuming process. Therefore, 

by considering the number of frequency sweeps, a method improvement for tracking and 

validating optimal frequency needs to be conducted. 

Since the resonant frequency calculation is violated in some conditions, the usage of 

capacitance at the secondary receiver becomes questionable. Adding components to 

compensate WPT circuit (ex: adding a capacitor in each receiver) can increase the circuit's 

equivalent series resistance so that it can affect the power and efficiency of the WPT system 

[16] [17] [18].  Furthermore, the capacitor addition on the multi-receivers WPT becomes more 

complex along with the number of receivers. For this reason, a question regarding the ability 

to obtain high power on a single capacitance asymmetric WPT circuit needs to be addressed. 

This study presents an approach to obtain the high power from an asymmetric situation 

that cannot use the idea of resonance. A fast-spotting strategy to find optimal frequency has 

been proposed to obtain high-power WPT in practical situations by considering the numbers 

of the frequency sweep. Next, this study also presents an approach to obtain high-power 

delivery on asymmetric WPT circuits by highlighting the simplicity of capacitance-less multi-

receivers.       

1.2 Research Objectives 

The objectives of this study are: 

1. Study the common symmetric WPT circuit to deliver a high power, using the idea of 

resonance. Investigate the resonance calculation results with the system behavior 

obtained from a frequency response through a model.  

2. Provide a solution to obtain operating frequency to deliver high power to the secondary 

circuit without the idea of resonance. The solutions provided should consider the 

number of frequencies sweeping to avoids a time-consuming sweeping process. 

3. Propose an approach to achieve wireless high-power transfer on the asymmetric circuit 

that highlights capacitance-less receiver circuit. 

1.3 Research Scope 

The near-field WPT with almost zero gaps has been established, standardized, and 

commercialized (Qi [2]). Therefore, the current research of WPT advances in improving the 

gap size and power delivery. The most common method to deliver high power in the WPT 

system is by utilizing pairs of inductance and capacitance on both primary and secondary sides 

to form an ideal symmetrical condition. In the practical challenge, the condition might become 

asymmetry when the WPT circuit has undetermined parameters value or when the WPT 

circuit only compensates by primary side capacitance. Therefore, this study investigates the 

resonant situation and the behavior of the symmetric WPT circuit theoretically. Then, this 



3 

 

study describes an alternative approach to achieve high power without the idea of resonance. 

This study also contributes to a method to obtain high power in the asymmetric circuit where 

the idea of resonance cannot be implemented. The scope of this study is presented in Figure 

1.1.  

 

Figure 1.1. Research Scope 

1.4 Contributions and Findings 

This study contributes to the study of resonant condition on the symmetric circuit by 

analyzing the circuit behavior through system model of symmetric WPT circuit. Afterwards, 

the investigation of the non-resonant and asymmetric circuits has been presented through two 

main findings which are:  

1. An approach to obtain global peak of power on the WPT system that avoid time-

consuming frequency sweep using stimulated response by the square wave input 

signals. 

2. An approach to obtain high power using optimization on an asymmetric WPT circuit 

even by eliminate the receiver circuit capacitance. 

1.5 Outline 

This dissertation consists of 5 chapters: 

Chapter 1 introduction. This chapter explains the background regarding the current 

situation of WPT research and the explanation of resonant (symmetry) and non-resonant 

(asymmetry) situations. This chapter also presents the objective of the study, followed by the 

scope, contributions, and findings.  

Chapter 2 Resonance and Symmetric Circuit. This chapter is explaining the common 

symmetric WPT circuit and the idea of resonance. This study observed the behavior of the 

symmetric WPT system by obtaining the circuit model through transfer function calculation. 
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Afterwards, the situation of the WPT system presented in the form of frequency response and 

transient analysis.  

Chapter 3 A Fast-Spotting Strategy of Optimal Frequency in Wireless Power Transfer. 

This chapter is presenting a method to obtain the high-power delivery without using the idea 

of resonance using a fast frequency spotting strategy using a square wave input power signal.  

Chapter 4 A Design Approach to Wireless High-Power Transfer to Multiple Receivers 

with Asymmetric Circuit. This chapter is presenting methods to obtain high-power in the 

asymmetric circuit, a circuit whether the idea of resonance is cannot be used. This section 

presenting an optimization approach to obtain the optimal parameters in several design 

challenges.  

Chapter 5 Summary This chapter gives a summarization of studies and conclude the results 

regarding the investigation of idea of resonance and symmetric circuit, and the approaches to 

obtain high-power without the idea of resonance or in an asymmetric circuit. Moreover, this 

chapter explain the future works based on the current study.  
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Chapter 2  

Resonance and Symmetric Circuit 

Generally, the investigation and analysis of the WPT system want to obtain the absorbed 

power by the load or system efficiency. Moreover, it is important to analyze the stimulus-

response of the system and the transient steady-state analysis to understand the system's 

behavior in the frequency and time domain. Therefore, this study discusses the theorem of 

WPT in the scope of the process regarding how we obtain the WPT model and investigate the 

system behavior. The process is shown in Figure 2.1 and describes more details in the sub-

chapter. 

 

Figure 2.1. Wireless Power Transfer 

2.1 Wireless Power Transfer Symmetric Circuit  

WPT's objective is to deliver power originating at the primary side's power source to load 

𝑅𝐿 on the secondary side. The basic circuit of inductive WPT is consists of the primary side coil 

(𝐿1) and secondary coil (𝐿2). Then, it is common to add capacitors on both sides (𝐶1and 𝐶2) to 

use the idea of resonance. The resonance phenomenon occurs in a circuit with the AC voltage 

source where the coils' inductive reactance equals the capacitive reactance of the capacitor at 

some frequency points (resonant frequency). Therefore, a common WPT circuit is configured 

using a symmetry LC series on both sides to obtain high power delivery, as shown in Figure 

2.2. Then, the resonant frequency points can be calculated using the resonant formula (1). 

𝑓 =
1

2𝜋√𝐿1𝐶1
=

1

2𝜋√𝐿2𝐶2
 

 

(1) 

The Figure 2.2 primary circuit consists of an input voltage source (u) with an internal 

resistance 𝑅𝑆, a capacitor (𝐶1), the coil inductor (𝐿1), and its coil resistance (𝑅1). The secondary 

circuit consists of the receiver coil (𝐿2), a capacitor (𝐶2), its resistance (𝑅2), and the load (𝑅𝐿). 

M is the mutual inductance between the coils can be described as coupling co-efficient (K) can 
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be replaced with (2). The coupling coefficient K is a coefficient between 0-1 (Assuming the same 

direction of winding between coils) that can be represented as the gap between coils or 

misalignment [19].  

𝐾 =
𝑀

√𝐿1𝐿2
 (2)  

 

 

Figure 2.2. Wireless Power Transfer Symmetric Circuit 

This study is interested in the high-power delivery absorbed by 𝑅𝐿, then the input voltage 

(u) and the output voltage 𝑅𝐿 (y) are defined as the input and output of the system. The current 

flows in the primary and secondary coils are described as 𝑖1 and 𝑖2. 𝑣1 and 𝑣2 describe the 

voltage of capacitor at the primary and secondary circuits.  Then, by using Kirchhoff’s Current 

and Voltage Law, we can obtain the differential equations of the circuit as (3). 

 

𝑑𝑣1
𝑑𝑡

=
𝑖1
𝐶1

 

𝑑𝑣2
𝑑𝑡

=
𝑖2
𝐶2

 

𝑑𝑖1
𝑑𝑡

=
−𝐿2(𝑅1𝑖1 + 𝑅𝑆𝑖1 − 𝑢 + 𝑣1) + 𝑀(𝑅2𝑖2 + 𝑅𝐿𝑖2 + 𝑣2)

𝐿1𝐿2 −𝑀2
 

𝑑𝑖2
𝑑𝑡

=
−𝐿1(𝑅2𝑖2 + 𝑅𝐿𝑖2 + 𝑣2) + 𝑀(𝑅1𝑖1 + 𝑅𝑆𝑖1 − 𝑢 + 𝑣1)

𝐿1𝐿2 −𝑀2
 

(3)  
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2.2 System Model of Wireless Power Transfer  

The WPT transfer function as a system model can be obtained through the state space 

equation [20] [21]. The state-space equation is used to describe the algebraic model of the 

system as we expressed the input voltage (u) and the output voltage 𝑅𝐿  (y) in a transfer 

function by using 𝑣1 ,  𝑣2 , 𝑖1 , and 𝑖2  as the state space variables. from general state space 

representation in (4), by selecting 𝑣1, 𝑣2, 𝑖1 , 𝑖2 as our state space variables, we define our state 

space representations as (5). 

𝑥̇ = 𝐴𝑥̇ + 𝐵𝑢 

𝑦 = 𝐶𝑥̇ + 𝐷𝑢 
(4)  

[
 
 
 
 
 
 
 
 
𝑑𝑣1
𝑑𝑡
𝑑𝑣2
𝑑𝑡
𝑑𝑖1
𝑑𝑡
𝑑𝑖2
𝑑𝑡 ]

 
 
 
 
 
 
 
 

= 𝐴 [

𝑣1
𝑣2
𝑖1
𝑖2

] + 𝐵𝑢 

𝑦 = 𝐶 [

𝑣1
𝑣2
𝑖1
𝑖2

] + 𝐷𝑢 

(5)  

Then, from (3) and (5), matrix A, B, C, D can be described as (6). 

𝐴 =

[
 
 
 
 
 
 
 
 0 0

1

𝐶1
0

0 0 0
1

𝐶2

−
𝐿2

𝐿1𝐿2 −𝑀2

𝑀

𝐿1𝐿2 −𝑀2

−𝐿2𝑅1 − 𝐿2𝑅𝑆
𝐿1𝐿2 −𝑀2

𝑀𝑅2 +𝑀𝑅𝐿

𝐿1𝐿2 −𝑀2

−
𝑀

−𝐿1𝐿2 +𝑀2

𝐿1
−𝐿1𝐿2 +𝑀2

−𝑀𝑅1 −𝑀𝑅𝑆
−𝐿1𝐿2 +𝑀2

𝐿1𝑅2 + 𝐿1𝑅𝐿

−𝐿1𝐿2 +𝑀2]
 
 
 
 
 
 
 
 

 𝐵 =

[
 
 
 
 
 

0
0
𝐿2

𝐿1𝐿2 −𝑀2

𝑀

−𝐿1𝐿2 +𝑀2]
 
 
 
 
 

 
(6)  

𝐶 = [0 0 0 −𝑅𝐿]  

The transfer function (8) from u to y is given by (7) 

 
𝑌(𝑠)

𝑈(𝑠)
= 𝐶[𝑠𝐼 − 𝐴]−1𝐵 (7)  

=
𝐶1𝐶2𝑀𝑅𝐿𝑠

3

𝐶1𝐶2𝑠
2∆ + 𝑠2(𝐶1𝐿1 + 𝐶2𝐿2) + 𝑠(𝐶1𝑅1 + 𝐶1𝑅𝑆 + 𝐶2𝑅2 + 𝐶2𝑅𝐿) + 1

 

Where, 

∆= (𝑅1𝑅2 + 𝑅1𝑅𝐿 + 𝑅2𝑅𝑆 + 𝑅𝐿𝑅𝑆 + 𝑠2(𝐿1𝐿2 −𝑀2) + 𝑠(𝐿1𝑅2 + 𝐿1𝑅𝐿 + 𝐿2𝑅1 + 𝐿2𝑅𝑆)) 

(8) 
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2.3 Frequency Response 

In the symmetric circuit Figure 2.2, the idea to obtain high-power delivery is by finding the 

resonant frequency. Therefore, using inductance and capacitance parameters in Table 2.1, we 

can calculate the resonant frequency is at 54.05 kHz on the primary circuit and 54.92 kHz on 

the secondary circuit. The resonance calculation is interesting since there is a slight difference 

on both sides of the frequency resonant. Hence, obtain the resonant frequency is only able to 

be accomplished in the ideal situation.    

Table 2.1. Parameters Value 

𝐿1=900𝜇𝐻 𝐿2=82.4𝜇𝐻 𝐶1=9.6𝑛𝐹 𝐶2=100𝑛𝐹 

𝑅𝑆=0.1Ω 𝑅1=0.44Ω 𝑅2=0.17Ω 𝑅𝐿=20Ω 

 

After the system model is obtained through transfer function calculation (8), the frequency 

response analysis able to be conducted after (8) transformed into the frequency domain. Then, 

using the value of the parameter in Table 2.1 and (8). With a small AC signal 𝑢0 = 1 𝑉, the 

frequency is swept at a 100-100 kHz range. The plot of the frequency response with respect to 

𝑅𝐿 power is shown in Figure 2.3 using input square wave and sine wave. From the results, we 

obtain the optimal frequency at 54 kHz. The square wave frequency response shows whether 

several peaks exist at the swept frequency. The square wave input has a Fourier coefficient 

pattern consisting of a global peak frequency, 1/3 global peak frequency, 1/5 global peak 

frequency, Etc. These peaks can be selected when the WPT system design has some specific 

frequency constrain. Moreover, this information is helpful for global peak searching since it 

can validate the global peak frequency position.   

 

Figure 2.3. Frequency Response using Square Wave and Sine Wave 
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2.4 Steady-State Analysis 

Our circuit equation stimulated by a periodic input has a periodic solution with the period 

same as the input, since the differential equation is a linear time-invariant system. If the system 

is stable, i.e., all the eigenvalues of the matrix A have a negative real part, then the periodic 

solution will be asymptotically stable. In other words, any solution starting with any initial 

value will behave like the periodic solution when the time has passed enough; thus, the 

periodic solution is often called a steady-state solution [22]. In the beginning, it is important to 

obtain the steady-state function to get the exact calculation in the steady-state conditions [23] 

[24]. Since this study analyzes the circuit's behavior using the sine wave input, the input 

function u(t) can be described as (9), where 𝑢0 is the amplitude of the input voltage.  

 

𝑢(𝑡) = 𝑢0𝑠𝑖𝑛(𝜔𝑡) (9)  

From the sinusoidal input (9) the steady-state function of the 𝑦𝑠𝑠 can be described as in (10) 

[25]. 

𝑦𝑠𝑠(𝑡) = 𝑢0|𝐺(𝑗𝜔)|𝑠𝑖𝑛(𝜔𝑡 + ∠𝐺(𝑗𝜔)) 
(10)  

The 𝑝𝑠𝑠(𝑡) is power at the load 𝑅𝐿  in steady state. The average of 𝑝𝑠𝑠(𝑡) over a period is 

called an average power at the load 𝑅𝐿 can be obtained using (11). Then, using the parameters 

value in Table 2.1, K=0.3 and frequency 53.41 kHz the steady-state plot of voltage and power 

in 𝑅𝐿 are plotted in Figure 2.4. 

𝑝𝑠𝑠(𝑡) =
𝑦𝑠𝑠(𝑡)
2

𝑅𝐿
 (11)  

 

 
(a) 𝑦𝑠𝑠(𝑡) 

 
(b) 𝑝𝑠𝑠(𝑡) 

 

Figure 2.4. the steady-state plot of voltage (𝑦𝑠𝑠(𝑡)) and power (𝑝𝑠𝑠(𝑡)) in 𝑅𝐿 
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2.5 Optimization of Power  

Using Table 2.1 and (11) we able to obtain the 𝑅𝐿 power frequency response as in Figure 2.5. 

Using small AC signal 𝑢0 = 1 𝑉 and the frequency is swept between 100 Hz-100 kHz, the 𝑅𝐿 

power frequency response is shown in Figure 2.5. By giving various value of K this study 

obtain that the resonant frequency is not always obtaining the highest power since the optimal 

frequency are changed on different coupling coefficient (K) situation.  

 
(a) K=0.1 

 
(b) K=0.3 

 
(c) K=0.6 

 
(d) K=0.9 

Figure 2.5. 𝑅𝐿 Power Frequency Response of Symmetric WPT Circuit 

More investigation is conducted to understand the optimal K position by giving smaller 

range of K coupling coefficient. Afterwards, for each of K coupling coefficient, the frequency is 

swept between 100 Hz-100 kHz and the global peak is obtained for each K. The result is 

obtained as in the Figure 2.6. We obtain whether the value of K is at 0.03 position and will be 

decreased when the value of K is getting smaller.  
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(a) Optimal K 

 

(b) 3D Representation of Optimal Power 

Figure 2.6. Optimal Power 

In this meaning, the optimal absorbed power at 𝑅𝐿 can be reach when the frequency and K 

coupling coefficient is optimized at some points. Other than K coupling coefficient, the 

frequency of the WPT system is affected by the value of inductance and capacitance (obtain 

from model). Therefore, in the next chapter, this study shows the investigation on the WPT 

system optimization by considering the combination of 3 design variables (capacitance, 

frequency, K coupling coefficient and inductance, capacitance, K coupling coefficient).  
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Chapter 3  

A Fast-Spotting Strategy of Optimal Frequency in 

Wireless Power Transfer 

 

3.1 Background 

WPT is one of the promising technologies to provide a sustainable future since it could 

reduce the usage of batteries and cables on electronic appliances [26]. Started by the Tesla 

experiment [1], the WPT methods had classified into a radiative category (such as using a 

microwave) and non-radiative category that uses the inductive and capacitive power transfer 

[27]. The inductive power transfer method has gained popularity stimulated by the research 

[28] in 2007, where non-radiative inductive power transfer successfully transferred 60 watts 

within 2 meters range and get 40% of efficiency. Currently, the WPT has been implemented in 

many applications such as electric vehicles [29], consumer appliance [30], Internet of Things 

[31], and biomedical applications [32]. 

Improvement of power transfer efficiency to deliver much power over coils is a challenge 

in WPT. Several methods to improve efficiency have been review in [23], including impedance 

matching [33], parameter optimization [21], and selection of an optimal frequency [34]. 

Furthermore, to reach the required efficiency, several efficiency-tracking methods have been 

proposed, such as dynamic coupling coefficient estimation [35], phase shift [36], and adaptive 

frequency [37]. Therefore, the WPT overall system performance depends on several key 

parameters such as frequency, the shape of input power source signal, type and section of coils, 

the radius of coils, and transfer distance [3].  

The power transfer efficiency requested can be found by knowing and giving a fixed 

parameter value. However, once the parameter changes, the efficiency of power transfer will 

decrease since the optimum parameters were only suitable for the previous condition. 

Optimum power transfer for the current situation was only able to be obtained by parameter 

recalculation and re-finding. In this meaning, the inverse problem of finding optimum 

parameters for a continuously changing situation is an open challenge in the WPT research 

field. Impedance and resonant frequency parameters (In the case of frequency) towards the 

coil distance variation is a situational example that can reduce the efficiency of a WPT system 

[37]. This problem can be avoided by always giving the correct frequency input to the WPT 

system by using frequency tracking and tuning. Frequency tracking and adjustment have been 

demonstrated in some research [37] [38] [34] [39]. However, tracking the optimal frequency 

without considering the number of frequency sweep is a time-consuming process. Therefore, 

by considering the number of frequency sweeping, a method improvement for tracking and 

validating optimal frequency needs to be conducted. 
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This paper concerns how to determine the frequency of AC power source optimal to 

maximum WPT. An optimal frequency can be found accurately by applying frequency sweep. 

However, the frequency sweeping takes a long time, and there is a high possibility that the 

parameters and situations might change during the process. This paper proposes a strategy to 

find and validate the optimal power transfer frequency in WPT with a square wave input 

signal. Compared to the sine wave, the square wave input signals can deliver higher power 

even if the input frequency restricted to a lower frequency than the resonant frequency [6] [40]. 

Furthermore, by using Fourier analysis of the response stimulated by the square wave input 

signals, the optimal power transfer can be validated, since the optimal frequency has a set of 

peak patterns between the frequency ranges. 

3.2 Proposed Method 

In the preliminary research and experiment, the WPT system received a 5-100 kHz (with a 

100 Hz interval) square wave input signal. We obtained 950 power data from the receiver with 

a 20-Ohm load resistance and 35mm distance between coils. Thus, based on the experiment 

result observation, a set of essential peaks (𝒍) was found, including the optimum frequency 

that delivers the highest power to the receiver. Figure 3.1 shows obtained data include the 

optimal power transfer frequency 56.9 kHz (𝒍𝟎), followed by other local peaks {𝒍𝟏, 𝒍𝟐, 𝒍𝟑, 𝒍𝟒}, 

located 18.2 kHz, 11 kHz, 7.8 kHz, and 5.9 kHz, respectively. 

 

 

Figure 3.1. Transferred power to 20 Ohm load depending on the driving frequency (experiment). 

 

Furthermore, let 𝒍 = {𝒍𝟎, 𝒍𝟏, 𝒍𝟐, 𝒍𝟑, … , 𝒍𝒏}, with respect to frequency, the pattern formula from a 

set of peaks was obtained and shown in the equation (12). Moreover, since the square wave 

signal has 3rd, 5th, 7th, nth-times frequencies in addition to the fundamental frequency, 
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deciding an optimal frequency will be possible, by referring this knowledge to discover the 

set of peak patterns. 

𝒍 = {𝒍𝟎,
𝟏

𝟑
𝒍𝟎,

𝟏

𝟓
𝒍𝟎,

𝟏

𝟕
𝒍𝟎,

𝟏

𝟗
𝒍𝟎, … ,

𝟏

𝟐𝒏+𝟏
𝒍𝟎}  (12) 

 

Our spotting method uses the AMPD algorithm [41] to find the initial peak since it is 

suitable for our WPT system that has a set of peak patterns with a multiscale periodic type of 

peaks [42] [43]. The AMPD algorithm will collect the initial peaks to further analyze by our 

spotting method. Afterward, our spotting method will determine the optimal frequency by 

validating its existence on each set of sample data. If the spotting method recognized the set of 

peaks, the optimum power transfer value could be obtained. The generic process from the 

proposed method illustrates using the flowchart shown in Figure 3.2. 

 

Figure 3.2. Proposed Method Flowchart 

By using the (12) as a rule to validate the optimal frequency, the proposed spotting method 

is described as follows:  

1. Retrieve a sample of data in 5-100 kHz starting from 10 kHz sampling interval (𝑖). Collect 

a set of peaks by using the AMPD algorithm (𝑝) in sample data by using several intervals. 

2. Increase the length of sample data until the length of 𝑝 is higher or equal to the length 

of peak pattern to be found (𝑛).  

3. Afterward, the optimal frequency (𝑙0) assumption (𝑔) is decided by finding the highest 

power in 𝑝. The next 𝑙1, 𝑙2, 𝑙3, … 𝑙𝑛 pattern approximation are found by computing a set 

of peak approximation frequency (𝑎) by multiplying 𝑔 with 
1

2𝑛+1
.  

4. For each 𝑎, find the nearest frequency as a candidate peak (𝑐) for each in 𝑝 and measure 

the distance error (𝑒𝑑) by averaging 
|𝑐𝑛−𝑎𝑛|

95000
, where 95000 is the observed frequency width 

(5-100 kHz).  

5. Measure the amplitude error by identifying whether the amplitude for each 𝑐𝑛 > 𝑐𝑛+1 

is satisfied using Boolean value, or not. If the result is false, then 𝑒𝑎 = 1 otherwise 𝑒𝑎 =

0.  
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6. Decide the optimal frequency validity by computing total error 𝑒𝑡𝑜𝑡𝑎𝑙 = (0.2𝑒𝑑 + 0.8𝑒𝑎), 

where 0.8 weight given to 𝑒𝑎 since a 𝑒𝑎 error is unacceptable. Therefore, if the result of 

𝑒𝑡𝑜𝑡𝑎𝑙 is higher than 0.8, the status of the optimal frequency will be considered invalid, 

and more data samplings are required.  

7. Check whether all 𝑙𝑛 has been find and 𝑒𝑡𝑜𝑡𝑎𝑙 is less than 0.8. Increase the sample data if 

some 𝑙𝑛 is missing or less then the 𝑛 requested.  

Increment of the sample data will include the previously gathered data appended with new 

sample data. The new sample data obtained by reducing the starting frequency interval (𝑖) by 

a decrement variable (𝑑) that decided by the experiment shown in Figure 3.3 The iteration 

process will continue until 𝑖 = 0. 

 

Figure 3.3. The experiment conducted to collect 𝑒𝑡𝑜𝑡𝑎𝑙 on each iteration with d=400. The data 

sample increment (i) starts with 10 kHz interval and find the 𝑒𝑡𝑜𝑡𝑎𝑙 value from 5-100 kHz. 

3.3 Result and discussion 

The spotting strategies implemented using Python programming language and the 

experiment begin by finding the decrement interval variable. The experiment conducted by 

collect 𝑒𝑡𝑜𝑡𝑎𝑙 on each iteration, as shown in Figure 3.3. In the first iteration, ten data samples 

obtained with a 10 kHz interval. Since the 𝑒𝑡𝑜𝑡𝑎𝑙  is higher than 0.2, the optimal frequency 

considered to be invalid, and it will continue to the next iteration. Sample data will be 

propagated (include the previously retrieved data) by subtracting the current 𝑖  by 400. 

Therefore, on the next iteration, sample data will be appended every 9.6 kHz.  

The iteration will continue until 𝑖 = 0, and in this experiment, 238 sample data were able to 

be collected. Based on Figure 3.3 observation, the optimal frequency can be determined since 

the number of samples of data reaches 159 samples. Therefore, by capturing 𝑒𝑡𝑜𝑡𝑎𝑙  on each 

iteration, the optimal frequency was able to be decided whenever the 𝑒𝑡𝑜𝑡𝑎𝑙 value is less than 

0.8 in some iterations. Figure 3.4 shows the situation when the AMPD algorithm finds the 
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peaks based on 159 data samples. The AMPD algorithm collected ten peaks for further analyze 

by the spotting method to find the correct set of peaks. 

 

Figure 3.4. The Experiment during the 159 data samples with 10 peaks found by the 

AMPD Algorithm. 

Table 3.1 shows the result when the iteration reaches a total of 159 data samples. The 𝑒𝑑 

shows a small 0.005464 value, which means the approximation value (𝑎) for each local peak is 

found in the peak collect by the AMPD Algorithm. The 𝑒𝑎 is 0 since the condition of the power 

amplitude for 𝑐0 > 𝑐1 > 𝑐2 > 𝑐3 > 𝑐4 was true. Afterward, the 𝑒𝑡𝑜𝑡𝑎𝑙 will be calculated and use 

to select a set of peaks 𝑙 = 𝑙4, 𝑙3, 𝑙2, 𝑙1, 𝑙0, as shown in Figure 3.5. 

Table 3.1. Set of peak candidates, error computation, optimal frequency decision, and validation. 

Obtained during 159 data with ten peaks found by the AMPD Algorithm. 

Highest Power Frequency 

Found by AMPD algorithm 

(𝑝) 

Set of Peak Candidate (𝑐) (Hz) Error 

Frequency 
(𝑐0) 
(Hz) 

Power 

(Watt) 
𝑐1 𝑐2 𝑐3 𝑐4 𝑒𝑑 𝑒𝑎 𝑒𝑡𝑜𝑡𝑎𝑙 

57000 
(𝒍0) 

0.694 
18200
(𝑙1) 

11000
(𝑙2) 

7800 
(𝑙3) 

5000 
(𝑙4) 

0.005 0 0.001 

 

To validate the result obtained by the AMPD and the spotting method, we compare the set 

of peak 𝑙 results from Figure 3.5 with the real peak obtained from direct observation, as shown 

in Table 3.2. This result showed that the optimal power transfer frequency obtained from the 

proposed algorithm has a 0.17% error distance from the real optimum. Furthermore, this 

algorithm can continue to retrieve the data among the peak width if a more accurate result is 

required. 
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Table 3.2. The set of peaks (𝑙) comparison between the spotting method result and correct (𝑙) set of 

peaks obtained from direct observation. 

Set of 

peak 

patterns 

(𝑙) 

Peak 

detection 

with 205 

data 

(Hz) 

Power 

(Watt) 

Peak 

Width Range 

(Hz) 

Real peak 

Frequency 

(Hz) 

Power 

(Watt) 

Error 

Distance 

(%) 

𝑙0 57000 0.694 51800-65800 56900 0.706 0.175 

𝑙1 18200 0.008 16200-19000 18200 0.147 0 

𝑙2 11000 0.079 9800-11400 11000 0.079 0 

𝑙3 7800 0.057 7400-8200 7800 0.057 0 

𝑙4 5000 0.019 5000-5000 5900 0.035 15.254 

 

 

Figure 3.5. The 159 data samples with set of peaks (𝑙 = 𝑙4, 𝑙3, 𝑙2, 𝑙1, 𝑙0) 

respectively from smallest to highest frequency alongside with the peak width, 

after being selected by the spotting strategies 

The second experiment conducted to evaluate the spotting method works well in different 

experimental data. Figure 3.6 shows additional data that have similar characteristics. These 

three data have a different optimal frequency, although the location of the peaks is close to 

each other. The same scenario was conducted, which is to check the 𝑒𝑡𝑜𝑡𝑎𝑙 plot on each iteration 

with the starting frequency (𝑖) is 10 kHz, and the decrement variable (𝑑) is 400 Hz. Afterward, 

we check the plot result and find the first condition where 𝑒𝑡𝑜𝑡𝑎𝑙 < 0.8 on both data. In the last 

step, we compare the result with the peak obtained from the direct observation. 
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Figure 3.6. Three experimental data consists of 950 power data, received from 

WPT system by 20 Ohm resistor using square wave input signal. 

 

Figure 3.3 shows the 𝑒𝑡𝑜𝑡𝑎𝑙  plot for data-1. While Figure 3.7 and Figure 3.8 display the 

𝑒𝑡𝑜𝑡𝑎𝑙 plot for data-2, and data-3, respectively. Both figures show that the optimal frequency 

discovers when the spotting method detects 𝑒𝑡𝑜𝑡𝑎𝑙 < 0.8  condition. The optimal frequency 

validated after the iteration reach 173 data samples on the data-2 and 150 data samples on the 

data-3. Thus, the proposed spotting method is successful in finding the optimal frequency 

without a time-consuming sweeping process. 

Table 3.3. Error distance comparison between the spotting strategies set of peaks with 159 samples 

with the direct observation with 950 data. 

Data 
AMPD Peak 

Find 

Total 

Data 

The spotting strategies error distance (%) compared to the real 

distance by direct observation 
Optimal Power 

Difference 

(Watt)  𝑙0 𝑙1 𝑙2 𝑙3 𝑙4 

1 10 159 0.175 0 0 0 15.254 0.012 

2 18 173 0 1.086 0 0 16.667 0 

3 5 150 0.178 1.086 0 0 16.667 0.006 

 

Table 3.3 shows the error distance of the set of peaks found by the spotting method 

compared with the direct observation. The result shows that the accuracy of the proposed 

spotting method to find an optimal frequency (𝑙0 ) achieves a minimal error, and a small 

difference in the power received. However, 𝑙4 distance error accuracy is high since the peak 

shape in the 𝑙4 has short prominence proved with the peak width analysis in Table 3.2. A 

frequency sweeping can be performed among the peak width on the discovered 𝑙0 frequency 

to increase the accuracy to find the optimal frequency. Nevertheless, this process depends on 

the requirement, since on this experiment, the received power difference is small. 
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Figure 3.7. The experiment conducted to collect 𝒆𝒕𝒐𝒕𝒂𝒍 on each iteration with 𝑑 = 400 from a total 

238 of data samples in Data-2 with the 𝒆𝒕𝒐𝒕𝒂𝒍 < 0.8 start at the 173 data samples.  

 

 

Figure 3.8. The experiment conducted to collect 𝑒𝑡𝑜𝑡𝑎𝑙 on each iteration with 𝑑 = 400 from a total 

238 of data samples in. Data-3 with the 𝑒𝑡𝑜𝑡𝑎𝑙 < 0.8 start at the 150 data samples. 

3.4 Conclusions 

Finding optimal driving frequency as fast and accurate as possible is essential in any WPT 

system to transfer much power over coils driven by the AC power source. This paper has 

proposed a spotting strategy to find the optimal frequency by using Fourier analysis of the 

response stimulated by the square wave input signals. The spotting method avoids a time-

consuming sweeping process by using initial peak selections from the AMPD algorithm. From 

the experiment, our method could have found and validated the optimal frequency using less 

than 180 sample data with 950 sampled data sweeps from 5-100 kHz. The method has less than 

1% error of the spotted optimal frequency, compared with the correct optimal frequency. As 

further research, we interested to enhance the spotting method performance by applying a 

robust pre-processing method and comparing it with different peak finding algorithms during 

the initial peak selections. Furthermore, the spotting method optimal frequency tracking and 

tuning will be being implemented and evaluated with various conditions such as load, coil, 

and distance alteration. 
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Chapter 4  

A Design Approach to Wireless High-Power 

Transfer to Multiple Receivers with Asymmetric 

Circuit 

4.1 Background 

Wireless Power Transfer (WPT) can supply electric power to an electric device without 

wires. Nowadays, WPT has been implemented in many practical applications, such as in an 

electric vehicle [44], biomedical [32] [45], and electronic appliances [46]. The increasing 

demand for electronic appliances increases the WPT usage since many companies want to 

avoid complex wire connections. For now and the future challenge, WPT is required to be able 

to meet the need to charge multiple devices at once [47] [48] [49] [50]. The architecture and 

optimization fields are considered as a research hotspot in WPT research [11]. The common 

WPT architecture uses a capacitor compensation on their primary and secondary circuits [5] to 

achieve high power. Therefore, many works use the idea of resonance as a requirement to 

obtain the operating frequency [4]. Further, impedance matching [12] and optimization 

techniques [51] have been proposed to make a high-power WPT system.  

 The common WPT circuit using the idea of resonance cannot always obtain high power 

[13]. Adding components to compensate WPT circuit (ex: adding a capacitor in each receiver) 

can increase the circuit's equivalent series resistance so that it can affect the power and 

efficiency of the WPT system [16] [17] [18].  Furthermore, the capacitor addition on the multi-

receivers WPT becomes more complex along with the increasing number of receivers. For this 

reason, we propose to use a single capacitor compensation on the primary side of the WPT 

system. This proposed system can disregard the capacitance parameters and its parasitic 

resistance on the secondary side. The challenge of exploring this circuit is it lacks symmetry, 

so it cannot use the idea of resonance. Hence, another approach to achieve high-power optimal 

operating points needs to be addressed.  

 In the proposed system, the optimal operating points can be obtained by selecting 

design variables from the system models depend on the WPT design and system requirements. 

Therefore, this works challenges the proposed WPT system in three WPT design approaches. 

Which are 1) Optimal operating capacitance, frequency, and coupling [52]. 2) Optimal 

operating capacitance, primary coil inductance, and coupling. 3) Optimal capacitance and 

frequency.  Afterward, a problem set is defined based on the selection of design space variables.  

Since the problem set has multi-objective functions with multi design variables, we use the 

NSGA-II(Non-dominated Sorting Genetic Algorithm II) [53] to discover the optimal operating 

points. The NSGA-II has been proven to be effective and fast to solve multi-objective problems 

in many research fields [9] [54].  
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 In this paper, we present our approach in several steps. Initialized by analyzing the 

circuit equations, we obtain transfer function as our system model [20] [21] [6]. Our system 

model contains two transfer functions for each of the load receivers. Thus, both transfer 

function is used as the objective function and the problem set is defined from the selection of 

design variables. We confirm our results by conducting LTSPICE simulation for each of the 

optimization scenarios. 

4.2 Proposed Method 

4.2.1 System Model 

Figure 4.1 shows our proposed WPT circuit, which only uses a single capacitor to transfer 

power to two receivers. In the primary circuit, the components consist of u as the voltage of 

voltage source and its voltage resistance 𝑅𝑆, the capacitor (C), the primary coil (𝐿1) and its 

parasitic resistance (𝑅1). The first receiver consists of the first receiver coil (𝐿2) and its parasitic 

resistance (𝑅2), and load (𝑅𝐿1). In the second receiver, the components consist of a second 

receiver coil (𝐿3) along with its parasitic resistance (𝑅3), and load (𝑅𝐿2). The Mutual inductance 

between the primary circuit with the first receiver is symbolized with 𝑀1, and the mutual 

inductance between the primary circuit and the second receiver is notated with 𝑀2. In this 

circuit, we also put the cross-coupling mutual inductance between the first and second receiver 

as 𝑀3. 

 

Figure 4.1. Proposed Single Capacitor Dual Receiver WPT Circuit 

Using Figure 4.1, we model our system start with the Kirchhoff voltage and current circuit 

analysis described in (13). 

 

𝑢 = 𝑖1𝑅𝑆 + 𝑖1𝑅1 + 𝐿1
𝑑𝑖1
𝑑𝑡

+𝑀1

𝑑𝑖2
𝑑𝑡

+𝑀2

𝑑𝑖3
𝑑𝑡

+ 𝑣1 

𝑖1 = 𝐶
𝑑𝑣1
𝑑𝑡

 

0 = 𝑖2𝑅𝐿1 + 𝑖2𝑅2 + 𝐿2
𝑑𝑖2
𝑑𝑡

+ 𝑀1

𝑑𝑖1
𝑑𝑡

+ 𝑀3

𝑑𝑖3
𝑑𝑡

 

 

(13) 
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0 = 𝑖3𝑅𝐿2 + 𝑖3𝑅3 + 𝐿3
𝑑𝑖3
𝑑𝑡

+ 𝑀2

𝑑𝑖1
𝑑𝑡

+ 𝑀3

𝑑𝑖2
𝑑𝑡

 

By 𝑣1, 𝑖1, 𝑖2 and 𝑖3 are the state-space variables, u is the input, and y is the output, the state-

space representations described as (14). 

𝑥̇ = 𝐴𝑥̇ + 𝐵𝑢 
𝑦𝐿1 = 𝐶𝐿1𝑥̇ + 𝐷𝑢 
𝑦𝐿2 = 𝐶𝐿2𝑥̇ + 𝐷𝑢 

(14) 

where,  

[
 
 
 
 
 
 
 
 
𝑑𝑣1
𝑑𝑡
𝑑𝑖1
𝑑𝑡
𝑑𝑖2
𝑑𝑡
𝑑𝑖3
𝑑𝑡 ]

 
 
 
 
 
 
 
 

= 𝐴 [

𝑣1
𝑖1
𝑖2
𝑖3

] + 𝐵𝑢 

𝑦𝐿1 = 𝐶𝐿1 [

𝑣1
𝑖1
𝑖2
𝑖3

] + 𝐷𝑢 ;  𝑦𝐿2 = 𝐶𝐿1 [

𝑣1
𝑖1
𝑖2
𝑖3

] + 𝐷𝑢  

 
𝐶𝐿1 = [0 0 −𝑅𝐿1 0] 
𝐶𝐿2 = [0 0 0 −𝑅𝐿2]  

D=0 

(15) 
 

 

The transfer-function from u to 𝑦𝐿1 and 𝑦𝐿2 are given by: 

 

𝐺𝐿1(𝑠) = 𝐶𝐿1(𝑠𝐼 − 𝐴)−1𝐵 + 𝐷 

𝐺𝐿2(𝑠) = 𝐶𝐿2(𝑠𝐼 − 𝐴)−1𝐵 + 𝐷 

 

 

𝐺𝐿1(𝑠) =
𝐶𝑅𝐿1𝑠

2(𝑀1𝑅3 +𝑀1𝑅𝐿2 + 𝑠(𝐿3𝑀1 −𝑀2𝑀3))

Δ
 

 

𝐺𝐿2(𝑠) =
𝐶𝑅𝐿2𝑠

2(𝑀2𝑅2 +𝑀2𝑅𝐿1 + 𝑠(𝐿2𝑀2 −𝑀1𝑀3))

𝛥
 

(16) 

where,  

Δ = 𝐶𝑠4(𝐿1𝐿2𝐿3 − 𝐿1𝑀3
2 − 𝐿2𝑀2

2 − 𝐿3𝑀1
2 + 2𝑀1𝑀2𝑀3) + 𝐶𝑠3(𝐿1𝐿2𝑅3 + 𝐿1𝐿2𝑅𝐿2 + 𝐿1𝐿3𝑅2 + 𝐿1𝐿3𝑅𝐿1 + 𝐿2𝐿3𝑅1 + 𝐿2𝐿3𝑅𝑆 −𝑀1

2𝑅3
−𝑀1

2𝑅𝐿2 −𝑀2
2𝑅2 −𝑀2

2𝑅𝐿1 −𝑀3
2𝑅1 −𝑀3

2𝑅𝑆) + 𝑅2𝑅3 + 𝑅2𝑅𝐿2 + 𝑅3𝑅𝐿1 + 𝑅𝐿1𝑅𝐿2 + 𝑠2(𝐶𝐿1𝑅2𝑅3 + 𝐶𝐿1𝑅2𝑅𝐿2
+ 𝐶𝐿1𝑅3𝑅𝐿1 + 𝐶𝐿1𝑅𝐿1𝑅𝐿2 + 𝐶𝐿2𝑅1𝑅3 + 𝐶𝐿2𝑅1𝑅𝐿2 + 𝐶𝐿2𝑅3𝑅𝑆 + 𝐶𝐿2𝑅𝑆𝑅𝐿2 + 𝐶𝐿3𝑅1𝑅2 + 𝐶𝐿3𝑅1𝑅𝐿1 + 𝐶𝐿3𝑅2𝑅𝑆
+ 𝐶𝐿3𝑅𝑆𝑅𝐿1 + 𝐿2𝐿3 −𝑀3

2) + 𝑠(𝐶𝑅1𝑅2𝑅3 + 𝐶𝑅1𝑅2𝑅𝐿2 + 𝐶𝑅1𝑅3𝑅𝐿1 + 𝐶𝑅1𝑅𝐿1𝑅𝐿2 + 𝐶𝑅2𝑅3𝑅𝑆 + 𝐶𝑅2𝑅𝑆𝑅𝐿2
+ 𝐶𝑅3𝑅𝑆𝑅𝐿1 + 𝐶𝑅𝑆𝑅𝐿1𝑅𝐿2 + 𝐿2𝑅3 + 𝐿2𝑅𝐿2 + 𝐿3𝑅2 + 𝐿3𝑅𝐿1) 

Using sine wave input (17) (𝑢0 is the amplitude of the input voltage), we obtain the steady-

state voltage formula for the 𝑅𝐿1 and 𝑅𝐿2 as 𝑦𝑠𝑠1 and 𝑦𝑠𝑠2 described as (18). Next, we describe 

the formula of steady-state power at 𝑅𝐿1 and 𝑅𝐿2 as  𝑝𝑠𝑠1 and 𝑝𝑠𝑠2 described in (19). 
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𝑢(𝑡) = 𝑢0sin(𝜔𝑡) 
 

(17) 

𝑦𝑠𝑠1(𝑡) = 𝑢0|𝐺𝐿1(𝑗𝜔)|sin(𝜔𝑡 + ∠𝐺𝐿1(𝑗𝜔)) 
𝑦𝑠𝑠2(𝑡) = 𝑢0|𝐺𝐿2(𝑗𝜔)|sin(𝜔𝑡 + ∠𝐺𝐿2(𝑗𝜔)) 

 

(18) 

 

𝑝𝑠𝑠1(𝑡) =
𝑦𝑠𝑠1(𝑡)

2

𝑅𝐿1

 

𝑝𝑠𝑠2(𝑡) =
𝑦𝑠𝑠2(𝑡)

2

𝑅𝐿2

 

 

 

(19) 

 

4.2.2 Objective function and Optimization 

A WPT system can be designed using a couple of coils to deliver power wirelessly. However, 

this simplest WPT circuit cannot produce high power to the load receivers. Therefore, an 

additional component needs to be added in the primary or secondary circuit to obtain better 

power. This method is commonly called the compensation method [8]. Thus, this study adds 

a single capacitor component on the primary side circuit and calculates the optimal capacitance 

value to obtain high power. 

Common WPT circuit (in Figure 4.2) [5] [4] compensate the system with a capacitor installed 

on the primary circuit and each receiver's side to obtain high power. Then, the idea of 

resonance is used to obtain operating frequency (20). 

 

Figure 4.2. Common Dual Receivers WPT Circuit with Capacitor Compensation in Each Receiver. 

 

𝜔 =
1

√𝐿1𝐶1
=

1

√𝐿2𝐶2
=

1

√𝐿3𝐶3
 (20) 
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We proposed a method different from the common idea of resonant calculation since our 

proposed circuit lacks symmetry. Therefore, the optimization approach is needed to be 

conducted using several choices of the design variables. 

4.2.3 Objective Functions 

Our study aims for the highest power possible to be absorbed by the load receivers. The 

objective functions are taken from the steady-state power formulas describes in equation (19). 

Thus, from (18) to (19), we express our multi-objective function as (21), where 𝑓1 is power 

absorbed at 𝑅𝐿1 and 𝑓2 is power absorbed at 𝑅𝐿2. The minus sign is given to the expression 

since the algorithm is using the minimization approach. 

𝑓1 = −
|𝐺𝐿1(𝑗𝜔)|

2

𝑅𝐿1

 

𝑓2 = −
|𝐺𝐿2(𝑗𝜔)|

2

𝑅𝐿2

 

 

(21) 

 

Equations (21) contain many parameters (13-parameters), and it will be challenging to 

conduct the optimization using all the parameters. Therefore, it is important to choose the 

correct design variables during optimization. The WPT design variables were chosen based on 

the common WPT design requirement and approach, which are:  

1. Design a high power WPT to work on the design when the variables selected were 

capacitance, frequency, and coupling coefficient. 

2. Design a high power WPT to work on the design when the variables selected were 

capacitance, primary coil, and coupling coefficient.  

3. Design a high power WPT to work on optimal operating point when the circuit 

component is fixed except for the capacitor. In this case, the design variables selected 

were capacitance and frequency. 

4.2.4 Design Variables: Capacitance, Frequency, and Coupling Coefficients 

Other than capacitance and frequency, the coupling coefficient plays an important part in 

the WPT system [51] [55]. In our situation, the coupling coefficients  𝐾1, 𝐾2 and 𝐾3 (as in (22)) 

are likely to change depends with the gap size between the primary circuit coil and each coil 

on the receivers [56].  

𝐾1 =
𝑀1

√𝐿1𝐿2
   𝐾2 =

𝑀2

√𝐿1𝐿2
  𝐾3 =

𝑀3

√𝐿1𝐿2
      (22)  

The coupling coefficient value is 0 ≤ 𝑘 < 1 (with the same winding directions of coils). The 

coupling coefficients can be represented as air gap width between primary and secondary coils 

[19] the 𝑘 value approach to zero describes a wide gap situation between coils and vice versa. 

However, the higher coupling coefficient (or narrow gap) is not always equal to the high power. 

Our study conducted preliminary computation to get a better representation of this 

phenomenon. The analysis performed using the equation (21), numerical component values in 

0 and  𝐾1 = 𝐾2 as free variables. In this computation we assume there is no cross-coupling 
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between receivers, therefore 𝐾3=0. At this preliminary computation we configured the 𝜔 = 760 

K𝑟𝑎𝑑/𝑠𝑒𝑐 and C=62.3 nF.  

Table 4.1. Numerical Component value 

Parameter Value Parameter Value 

𝐿1 22 𝜇𝐻 𝑅1=𝑅2=𝑅3 0.01 Ω 

𝐿2 11 𝜇𝐻 𝑅𝑠 1 Ω 

𝐿3 9 𝜇𝐻 𝑅𝐿1, 𝑅𝐿2 8 Ω, 15 Ω 

 

Figure 4.3 shows the result of the computation and present a result where 𝑓1and 𝑓2 peak is 

located at some values of 𝐾1 = 𝐾2 . Therefore, a higher coupling coefficient is not always 

resulted in high power.  

 

Figure 4.3. Preliminary Computation Results of 𝑓1 and 𝑓2 with Numerical Values in 0where 𝐾1 =

𝐾2 and 𝐾3=0 

The situation can be complicated if the coupling coefficients 𝐾1 ≠ 𝐾2.  A preliminary 

computation has been conducted to observe the situation.  Using Table 4.1 as the component 

values, we configured the 𝜔 = 760 K𝑟𝑎𝑑/𝑠𝑒𝑐 and C=62.3 nF and 𝐾2 is fixed at 0.3 values. Figure 

4.4 showed a situation when the second receiver coupling coefficient 𝐾2 is fixed at 0.3, the gap 

between primary circuit with the first receiver is getting narrower simulated by the 𝐾1 is swept 

from 0-1. From  Figure 4.4  the power at second receiver becomes smaller along the first receiver 

gap is becomes narrower to the primary circuit. Therefore, in this works, we assume the design 

meets the optimization requirement where 𝐾12 = 𝐾1 = 𝐾2 . Then, we describe the problem set 

as in (23). 
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Min 𝑓1(𝐶, 𝜔, 𝐾12) 

Min 𝑓2(𝐶, 𝜔, 𝐾12) 
1 𝑝𝑓 ≤ 𝐶 ≤ 0.1𝑓 

100 𝑟𝑎𝑑/𝑠𝑒𝑐 ≤ 𝜔 ≤ 1 ⋅ 109𝑟𝑎𝑑/𝑠𝑒𝑐 
0.01≤ 𝐾12 ≤ 0.2 

(23) 

 

 

Figure 4.4. Preliminary Computation Results of 𝑓1 and 𝑓2 with Numerical Values in Table 4.1 where 𝐾1 

is free variables, 𝐾2 = 0.3 and 𝐾3=0 

4.2.5 Design Variables: Capacitance, Primary Coil, and Coupling Coefficients 

Some WPT design requirement is needed to work on  ISM (Industrial, Scientific, and 

Medical) band which 6.78 MHz, 13.56 MHz, and so on [57] [58] [59]. Then, it comes to the fixed 

frequency. The selection for the others parameter focuses on the primary coils 𝐿1 since the 

receivers should be in a fixed parameters condition. Therefore, in the ISM band WPT design, 

we propose to optimize capacitance, primary coil inductance, and coupling coefficients. Then 

the problem set is defined in (24). 

Min 𝑓1(𝐶, 𝐿1, 𝐾12) 

Min 𝑓2(𝐶, 𝐿1, 𝐾12) 
1 𝑝𝑓 ≤ 𝐶 ≤ 0.1𝑓 

100 𝑟𝑎𝑑/𝑠𝑒𝑐 ≤ 𝜔 ≤ 1 ⋅ 109𝑟𝑎𝑑/𝑠𝑒𝑐 
1μH ≤ 𝐿1 ≤ 100 μH 

0.01≤ 𝐾12 ≤ 0.2 

(24) 
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4.2.6 Design Variables: Capacitance and Frequency 

Our optimization also considers an optimization with two selection of design variables, 

where the selected two variables are the capacitance and frequency. Then, the problem set 

expresses as in (25). 

Min 𝑓1(𝐶, 𝜔) 

Min 𝑓2(𝐶, 𝜔) 
1 𝑝𝑓 ≤ 𝐶 ≤ 0.1𝑓 

100 𝑟𝑎𝑑/𝑠𝑒𝑐 ≤ 𝜔 ≤ 1 ⋅ 109𝑟𝑎𝑑/𝑠𝑒𝑐 

(25) 

 

4.2.7 Optimization Tools and Decision Making  

We run the optimization using Python Multi-Objective Optimization (PyMOO) [60] by 

using the NSGA-II. The NSGA-II runs in 500 populations and 200 generations. Since our 

proposed approach is multi-objective optimization, the solutions can be more than one and 

result in conflict between objectives. Therefore, a decision to select the best solutions need to 

be obtained [61].  

In this study, we use the pseudo-weight vector approach provided by PyMOO [60] to select 

the best solutions by configuring the weight of the objectives as in (26) where i is the i-th 

objective function, 𝑥̇ is the design space variables and M is the total of the objective functions.  

 

𝑤𝑖 =
(𝑓𝑖

𝑚𝑎𝑥 − 𝑓𝑖(𝑥̇))/(𝑓𝑖
𝑚𝑎𝑥 − 𝑓𝑖

𝑚𝑖𝑛)

∑ (𝑓𝑚
𝑚𝑎𝑥 − 𝑓𝑚(𝑥̇))/(𝑓𝑚

𝑚𝑎𝑥 − 𝑓𝑚
𝑚𝑖𝑛)

𝑀

𝑚=1

 
(26)  

 

Then we decide the best operating point among the optimization solutions, which are 

selecting the fairest solutions described by giving the pseudo-weight for 𝑓1 and 𝑓2 solutions as 

0.5. 

4.3 Results and Discussion 

4.3.1 Optimization Results with Capacitance, Frequency, and Coupling Coefficients as 

Design Variables.  

In this section, we conducted the optimization by using C, 𝜔, and 𝐾12 as design variables 

and problem set in (23) to obtain high power and optimal operating coupling coefficient. By 

substituting the component values in Table 4.1 to the problem set, we obtained the objective 

function (27). 

 

𝑓1 =
𝑓1𝑛
𝑓𝑑

    𝑓2 =
𝑓2𝑛
𝑓𝑑

 

Where: 
𝑓1𝑛 = −(𝐶2𝐾12

2 𝜔4(1.56 ⋅ 10−19𝜔2 + 4.36 ⋅ 10−7)) 

(27) 
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𝑓2𝑛 = −(𝐶2𝐾12
2 𝜔4(3.59 ⋅ 10−19𝜔2 + 1.90 ⋅ 10−7)) 

𝑓𝑑 = −(𝐶2𝜔2(𝜔6(1.89 ⋅ 10−29𝐾12
4 − 1.89 ⋅ 10−29𝐾12

2 + 4.74 ⋅ 10−30)
+ 𝜔4(2.72 ⋅ 10−17𝐾12

4 − 3.03 ⋅ 10−17𝐾12
2 + 1.57 ⋅ 10−17)

+ 𝜔2(1.267 ⋅ 10−6𝐾12
2 + 7.02 ⋅ 10−6) + 14.745 ⋅ 103)

+ 𝐶𝜔2(𝜔4(8.62 ⋅ 10−25𝐾12
2 − 4.31 ⋅ 10−25) + 𝜔2(1.42

⋅ 10−12𝐾12
2 − 1.42 ⋅ 10−12) − 0.63) + 9.8 ⋅ 10−21𝜔4

+ 3.24 ⋅ 10−8𝜔2 + 14.455 ⋅ 103)) 

 

The optimization results are presented in 0, where the NSGA-II obtained a total of 18 

solutions. The results of the decision making shown in 0Afterward, The LTSPICE simulations 

were conducted to confirm the TABLE II Results. The simulations ran in the AC analysis with 

1-Volts source voltage. The results from the LTSPICE are processed and plotted using Python 

in 0. 

 

Figure 4.5. Optimization Results for objective functions in equation (27) Using Numerical Values in 

0where 𝐾12 = 𝐾1=𝐾2 and 𝐾3=0  

Table 4.2. Figure 4.5 Decision Making Results 

Decision Making 

Objective Values Design Values 

𝑓1 

(Watt) 

𝑓2 

(Watt) 

C 

(F) 

Frequency 

(Hertz) 
𝐾12 

Pseudo-Weight 

0.5−𝑓1 
0.09 0.15 10.2n 343.01 k 0.16 
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Decision Making 

Objective Values Design Values 

𝑓1 

(Watt) 

𝑓2 

(Watt) 

C 

(F) 

Frequency 

(Hertz) 
𝐾12 

0.5−𝑓2 

Smallest  
𝐾12 

0.09 0.15 7.78 n 392.95 k 0.15 

 

 

Figure 4.6. LTSPICE Results Plotted using Python for obtained design values in Table 4.2. 

4.3.2 Optimization Results with Capacitance, Primary Coil and Coupling Coefficients as 

Design Variables.  

In this section, the optimization conducted when the frequency is fixed at 6.78 MHz, and 

the design variables chosen were C, 𝐿1 , and 𝐾12 . The optimization is conducted using the 

component values in the Table 4.1 except for the 𝐿1 will be treated as the design variables.   

By substituting the component values to Table 4.1 with frequency 6.78MHz to the problem 

set (24), we obtained the objective function in (28). 

𝑓1 =
𝑓1𝑛
𝑓𝑑

    𝑓2 =
𝑓2𝑛
𝑓𝑑

 

Where: 

𝑓1𝑛 = −(4.253 ⋅ 1031𝐶2𝐾12
2 𝐿1) 

𝑓2𝑛 = −(9.736 ⋅ 1031𝐶2𝐾12
2 𝐿1) 

(28) 
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𝑓𝑑 = −(4.238 ⋅ 1041𝐶2𝐾12
4 𝐿1

2 − 4.238 ⋅ 1041𝐶2𝐾12
2 𝐿1

2 + 2.828

⋅ 1032𝐶2𝐾12
2 𝐿1 + 1.06 ⋅ 1041𝐶2𝐿1

2 + 5.968
⋅ 1025𝐶2 + 2.338 ⋅ 1026𝐶𝐾12

2 𝐿1 − 1.17 ⋅ 1026𝐶𝐿1
+ 3.227 ⋅ 1010) 

 

The optimization generates single solutions shown in 0Using the optimum value in 

capacitance, primary coil inductance, and coupling coefficients in TABLE III, we conducted 

the AC analysis with a 1-Volts voltage source simulation in LTSPICE. The results were plot 

using Python as in 0. 

Table 4.3. Decision Making Results 

Objective Values Design Values 

𝑓1 

(Watt) 

𝑓2 

(Watt) 

C 

(F) 

 𝐿1 

(H) 
𝐾12 

0.09 0.15 56.2p 10.65μ 0.19 

 

Figure 4.7. LTSPICE Results Plotted using Python for obtained design values in 0 

4.3.3 Optimization Results with Capacitance and Frequency Design Variables.  

In this sub-section, we present results when the optimization considers only two design 

variables: capacitance (C) and frequency (𝜔). The numerical values for other components are 

shown in Table 4.4. 
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Table 4.4. Component values for optimization with capacitance and frequency as design variables 

Parameter Value Parameter Value 

𝐿1 𝟐𝟐 𝝁𝑯 𝑲𝟐 𝟎. 𝟏𝟐 

𝐿2 11 𝝁𝑯 𝑲𝟑 𝟎 

𝐿3 𝟗 𝝁𝑯 𝑹𝒔 𝟏 𝛀 

𝑅1=𝑅2=𝑅3 𝟎. 𝟎𝟏 𝛀 𝑹𝑳𝟏 𝟖 𝛀 

𝐾1 𝟎. 𝟎𝟗 𝑹𝑳𝟐 𝟏𝟓 𝛀 

 

By substitute the component values from Table 4.4 to equation(25), we obtain the second 

scenario objective function. The 𝑓1 is representing power at load 𝑅𝐿1, and described in equation 

(29).  

𝑓1 =
𝑓1𝑛
𝑓𝑑

    𝑓2𝑑 =
𝑓2𝑛
𝑓𝑑

 

 

Where: 
𝑓1𝑛 = −(𝐶2𝜔4(1.556 ⋅ 10−21𝜔2 + 4.33 ⋅ 10−9)) 
𝑓2𝑛 = −(𝐶2𝜔4(5.245 ⋅ 10−21𝜔2 + 2.781 ⋅ 10−9)) 

𝑓𝑑 = −𝐶2𝜔2(4.513 ⋅ 10−30𝜔6 + 1.54 ⋅ 10−17𝜔4 + 7.043 ⋅ 10−6𝜔2 + 14.745 ⋅ 103)
− 𝐶𝜔2(4.206 ⋅ 10−25𝜔4 + 1.412 ⋅ 10−12𝜔2 + 0.636) + 9.801
⋅ 10−21𝜔4 + 3.245 ⋅ 10−8𝜔2 + 14.455 ⋅ 103) 

 

(29) 

The optimization performed using NSGA-II by configuring the population size 500 and 200 

generations.  The results obtained by NSGA-II from PyMOO tools, showing 192 solutions, as 

presented in 0. 

 

Figure 4.8. Optimization Results for objective functions in equation (29) Using Numerical Values in 

Table 4.4. 
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Table 4.5. Figure 4.8 Decision Making Results 

Decision Making 

Objective Values Design Values 

𝑓1 

(Watt) 

𝑓2 

(Watt) 

C 

(F) 

Frequency 

(Hertz) 

Pseudo-Weight 

0.1−𝑓1 

0.9−𝑓2 

0.06 0.13 18.45n 251.93k 

Pseudo-Weight 

0.5−𝑓1 

0.5−𝑓2 

0.06 0.14 11.6n 317.95k 

Pseudo-Weight 

0.9−𝑓1 

0.1−𝑓2 

0.05 0.17 2.59n 674.74k 

 

Figure 4.9. LTSPICE Results Plotted using Python for obtained design values in Table 4.5. 
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4.3.4 Comparison Between Proposed WPT Circuit with The Common WPT circuit.  

This study compares the proposed circuit in Figure 4.1 with the common WPT circuit in 

Figure 4.2 using the component configuration in Table 4.6 was taken from research in  [47].  

Table 4.6. Component values for scenario 1 

Parameter Value 

𝐿1=𝐿2=𝐿3 𝟐𝟐 𝝁𝑯 

𝑅1=𝑅2=𝑅3 𝟎. 𝟎𝟏 𝛀 

𝑀1=𝑀2 𝟓 𝝁𝑯 

𝑀3 0 

𝑅𝑠 𝟏 𝛀 

𝑅𝐿1 = 𝑅𝐿2 𝟖 𝛀 

 

By substituting the component from Table 4.6 0to equation (21), we obtain the objective 

function (30). The 𝑓1  and 𝑓2  value component is equal since both receivers have the same 

component values. 

𝑓1 =
𝑓1𝑛
𝑓𝑑

   𝑓2 = 𝑓1 

 

 

𝑓1𝑛 = 8𝐶2𝜔4(1.21 ⋅ 10−20𝜔2 + 1.60 ⋅ 10−9) 
 

𝑓1𝑑 = 𝐶2(9.11 ⋅ 10−29𝜔8 + 2.77 ⋅ 10−17𝜔6 + 2.11
⋅ 10−6𝜔4 + 4.199 ⋅ 103𝜔2) + 𝐶(−9.24
⋅ 10−24𝜔6 − 2.59 ⋅ 10−12𝜔4 − 0.18𝜔2)
+ 2.34 ⋅ 10−19𝜔4 + 6.21 ⋅ 10−8𝜔2

+ 4.116 ⋅ 103 

(30) 

 

We run the optimization using Python Multi-Objective Optimization (PyMOO) by 

configured the population size 500 and 200 generations.  The results obtained are C = 21.4 nF 

and freq =243.89 kHz with 𝑓1 = 𝑓2 =  0.12 Watt. For the common WPT circuit in Figure 4.2, we 

are using the idea of resonance calculations using equations (20) by configuring 𝐶1 = 𝐶2 = 𝐶3 =

110 nF and frequency =102 kHz. 

The simulation results for the proposed circuit are plotted in 0, and the results show 0.12-

Watt power obtained by both 𝑅𝐿1and 𝑅𝐿2. Next, we simulated the idea of resonance calculation 

on common The LTSPICE simulations ran on using AC analysis with frequency swept from 

50-150 kHz. The simulations results are plotted in 0, where 0.10-Watt power obtained by the 

𝑅𝐿1 𝑎𝑛𝑑 𝑅𝐿2 at optimum frequency. 
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Figure 4.10. Power at 𝑅𝐿1 𝑎𝑛𝑑 𝑅𝐿2 using proposed circuit and optimization method with C=21.4 nF and freq=243.89 kHz (Obtained from 

LTSPICE simulations) 

 

Figure 4.11. Power at 𝑅𝐿1 𝑎𝑛𝑑 𝑅𝐿2 in Fig.2. circuit and idea of resonance calculation using 𝐶1 = 𝐶2 =

𝐶3 = 110 nF. (Obtained from LTSPICE simulations) 
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4.3.5 Discussions 

This study presented a high power WPT system using single capacitor compensation on the 

primary circuit. A system model has been obtained from the system transfer function. The 

objective function is obtained through the system model and tested using several design spaces 

to answer the WPT design challenges. The optimization is conducted with PyMOO tools with 

NSGA-II using 500 populations and 200 generations. Since the optimization conducted using 

two objective functions, the obtained solutions can be more than one. Therefore, a decision 

making using fair 0.5𝑓1-0.5𝑓2 pseudo-weight is chosen. If there are changes in priority due to 

the system requirements, the weight can be changed as in Figure 4.9. Then the LTSPICE 

simulation conducted using the AC analysis using 1-Volt source voltage and plotted using 

Python programming.  

Table 4.7. Design Spaces Comparison Result 

Design Spaces  

Optimum Objective 

Values Optimum Design 

Values 𝒇𝟏 

(Watt) 

𝒇𝟐 
(Watt) 

C, 𝜔, 𝐾12 

Pseudo-weight=0.5𝑓1-0.5𝑓2 
0.09 0.15 

C=10.2nF 

freq= 343.01 kHz 

𝑲𝟏𝟐=0.16 

C, 𝐿1, 𝐾12 0.09 0.15 

C=56.2pF 

𝑳𝟏=10.65μH 

𝑲𝟏𝟐=0.19 

C, 𝜔 
Pseudo-weight=0.5𝑓1-0.5𝑓2 

0.06 0.14 
C=11.6nF 

freq =317.95kHz 

 

The optimization results on the three design space variables (C,  𝜔 , 𝐾12  and C,  𝐿1 , 𝐾12 ) 

showing all solutions have a 0.14 -Watt summation from  𝑓1  and 𝑓2 .The conclusion for both 

optimization results shown in Table 4.7. By comparing the total optimum objective values in 

𝑓1 and 𝑓2 for every solution on design variables scenario, it can be concluded the optimum 

value can be obtained from the three choices of design spaces, which are C, 𝜔,𝐾12 and C, 𝐿1, 𝐾12. 

Compared with the common WPT circuit, this study conducted a comparison using the same 

component values except for the capacitor and frequency components. Our results show better 

power able to be absorbed by both receivers. The common WPT circuit with the idea of 

resonance and selected capacitor and frequency values is not working on the operational point 

conditions. Therefore, even though resonance can be calculated using equations (20), the 

optimal operating points discovery should be considered in any kind of circuit to obtain high 

power.   

This study uses the running metric analysis [62] to observe whether the number of 

generations satisfies the optimization result. The running metric analysis is conducted since the 

true Pareto front of our objective function is not known. The results of the running metric 

analysis are observed in Figure 4.12. The results show that the objective function difference is 

closer when the optimization run in the 160-200 generations. Therefore, this study chooses the 

200 generations.   
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Figure 4.12 Running Metrics Analysis 
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This study also observed the time execution during the optimization process. The time 

execution conducted using pseudo-code below:   

The experiment was conducted ten times on every optimization process in the optimization 

scenario mentioned in the sub-chapters 4.3.1, 4.3.2, and 4.3.5. The result of the time analysis is 

shown in Table 4.8.  

Table 4.8. Optimization Time 

Experiment 

4.3.1 
Elapsed 

Time 
(seconds) 

4.3.2 
Elapsed 

Time 
(seconds) 

4.3.3 
Elapsed 

Time 
(seconds) 

1 39.41 31.65 27.28 

2 36.81 33.70 27.28 

3 45.28 30.94 26.76 

4 39.44 31.44 26.82 

5 44.26 29.21 27.21 

6 53.9 28.39 26.73 

7 44.41 31.43 27.16 

8 38.49 31.87 26.92 

9 34.92 31.03 26.91 

10 36.67 31.69 26.79 

Avg 41.36 31.14 26.99 

 

The proposed approach is currently focused on a series-series WPT circuit from the 

optimization of components design variables. Whereas there are possibilities, higher power 

start_time = time.time() 

problem = MyProblem() 

algorithm = NSGA2(pop_size=500) 

res = minimize(problem, 

               algorithm, 

               ("n_gen", 200), 

               verbose=False, 

               seed=1) 

end_time = time.time() 

print("Elapsed time:",end_time-start_time) 
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can be achieved at some operating points on other forms of architecture.  In the future, the 

mathematical model in the other forms of architecture can be derived using our approach in 

obtaining transfer function. Then, the optimal high-power operating points can be compared 

between architectures in order to get the highest power WPT system. 

Our current system is supplied by one voltage source with one frequency. In the future, it 

is also important to consider whether each of the load receiver able to absorb power delivered 

using many frequencies from many voltage sources. Therefore, our current system model 

should be improved by adding multi-frequency source analysis. 

4.4 Conclusions 

In this paper, we proposed a high-power WPT system with single capacitor compensation 

on the primary side. Our approach initialized with the derivation of the mathematical system 

model.  The system model consists of two load receivers transfer functions to be used in the 

objective function. The problem set is defined from the selection of design variables and 

optimized using NSGA-II. The optimization has been conducted in three WPT design variables 

selection, which are: 1) Optimal operating capacitance, frequency, and coupling. 2) Optimal 

operating capacitance, primary coil inductance, and coupling. 3) Optimal capacitance and 

frequency.       

 The optimization results show that the three design space variables selection (C, 𝜔, 𝐾12 

and C, 𝐿1, 𝐾12) have a maximum power achieved (0.14-Watt). Based on the experiment, the 

proposed system load receivers absorbed higher power than the common WPT circuit using 

the idea of resonance by 20%. Therefore, our proposed system's optimal operating points are 

achieved, even though our proposed system lacks symmetry and not using the ideas of 

resonance.  
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Chapter 5 Summary 
 

This study main objectives are conducting investigation for common symmetry WPT 

circuit and its method to deliver high-power using the idea of resonance. By applying system 

model and analyzed the behavior of the system through frequency response, it has been found 

whether the idea to deliver high-power using resonant frequency is not accurate. Reasons and 

alternative solutions concluded as follow:  

1. The theoretical computation and investigation have been conducted to observe the 

method to deliver high-power using symmetric circuit and the idea of resonance. 

Based on the frequency response, the idea of resonance in the symmetric circuit is 

only valid at some coupling coefficient value. The optimal operating frequency to 

deliver high-power during the changes of coupling coefficient (gap/misalignment) 

is shifted from the frequency resonant calculation.  

2. This study provides a solution to obtain operating frequency to deliver high-power 

to secondary circuit in without the idea of resonance by conducted based on a 

frequency sweeping improvement. Although it is theoretically possible to 

determine the optimal frequency by wide range frequency sweep, it is practically 

important to spot it in a few trials of frequency. Hence, this study presents a 

frequency spotting strategy using a square wave input power signal. The method 

is implementing Fourier analysis of the response stimulated by the square wave 

input signals. Therefore, an alternative peak other than the global peak can be 

selected if the system has frequency restrictions. This strategy avoids a long time-

consuming sweeping process with knowledge of response by square wave input. 

The Automatic Multiscale-based Peak Detection (AMPD) algorithm is applied to 

select the initial peak finding on every data sample increment iteration to further 

analysis to find the set of peak patterns by calculating error parameters. 

3. This study has been presented an approach the deliver wireless high-power 

transfer on asymmetric circuit (capacitance-less receiver circuit). It should be 

noticed that an additional component compensation on the common WPT circuit 

increases the system's equivalent series resistance and affect the power and 

efficiency absorbed by the load receivers. The complexity of the system will 

increase along with the increasing number of receivers. Thus, in this works, we 

explore the WPT circuit that only compensated with the primary side capacitor in 

transferring high power to dual receivers. Using one capacitor on the primary side 

makes the circuit lacks symmetry, so it cannot use the idea of resonance. Therefore, 

to discover high power operating points, we use an optimization approach. This 

study presented several design variables optimization approaches to obtain high 

power operating point. The NSGA-II (Non-dominated Sorting Genetic Algorithm 

II) is used to optimize the mathematical system model's design variables. The 

results show that the proposed system can obtain high power even though using 

only a single capacitor compensation without the idea of resonance.  The 
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optimization results show that the three design space variables selection (C, 𝜔, 𝐾12 

and C,  𝐿1 , 𝐾12 ) have a maximum power achieved (0.14-Watt). Based on the 

experiment, the proposed system load receivers absorbed higher power than the 

common WPT circuit using the idea of resonance by 20%. Therefore, our proposed 

system's optimal operating points are achieved, even though our proposed system 

lacks symmetry and not using the ideas of resonance.  

Our study founds whether the idea of resonance and symmetric circuit are not always able 

to deliver high-power. This study presented that the high-power can be delivered even though 

without the idea of resonance, or without using the symmetric circuit. For the future works, 

the real-time estimation of gap/coil misalignment should be conducted to know the coupling 

coefficients estimation. This method can be conducted by comparing the results of sweeping 

using our fast-spotting algorithm and the results of the model computation that collect the data 

from several coupling coefficient values. By understanding the current coupling coefficient 

value, the circuit can be compensated by some primary capacitor values that can be obtained 

using optimization such as our proposed approach. 
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