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Abstract: Wireless Power Transfer (WPT) technology has attracted much attention because it is free from the limitations of physical cables, but its efficiency is limited by 
transmission distance, environmental interference and load changes. This paper presents an adaptive wireless energy transmission system with tuning and efficiency 
optimization of binary weighted capacitor arrays. By adjusting the resonant frequency and transmitting power in real time, combined with improved particle swarm optimization 
(PSO) intelligent optimization algorithm, the energy transmission efficiency and system stability can be significantly improved. The experimental results show that the power 
adaptive adjustment algorithm adjusts the transmit power according to SOC, and realizes fast charging, linear adjustment and trickle charging modes. Under the improved 
PSO strategy, the response time of the system to distance and load sudden change is less than 10 ms, the stability recovery time is less than 50 ms, and the efficiency 
recovery accounts for 89%, and the average efficiency of the optimized system is increased by 42.99%. When the load changes, the transmission efficiency fluctuates less 
than 2%, and the system has good robustness. After the introduction of metal barriers, the dynamic tuning efficiency of the system is maintained at 70.4%, and the unoptimized 
system efficiency is reduced to 44.6%, which indicates that the anti-interference performance of the system is good, and provides theoretical support for the design of high-
efficiency wireless charging system for electric vehicles.  
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1 INTRODUCTION 
 

With the rapid development of electric vehicle 
equipment, implantable medical electronics and unmanned 
mobile platforms, Wireless Power Transfer (WPT) 
technology has become a key supporting technology due to 
its flexibility and security. Especially in the smart home, 
industrial sensor networks, wearable devices and micro 
medical robots and other fields show irreplaceable 
application potential. However, traditional WPT systems 
face serious challenges in dynamic application scenarios: 
transmission efficiency fluctuates wildly with coupling 
coefficient, load impedance, and environmental 
interference. For example, the displacement or attitude 
change of the mobile terminal causes the relative position 
of the transceiver coil to shift, causing the coupling 
coefficient to plunge and even the resonant frequency 
mismatch [1]. In the scenario of multi-device coexistence, 
frequency band competition and cross-coupling effect will 
significantly reduce the stability of energy transmission [2]. 
In biomedical applications, differences in dielectric 
properties of biological tissues and the absorption effect of 
electromagnetic fields may lead to a surge in energy loss 
[3]. Existing static tuning methods (fixed frequency 
resonance, predefined impedance matching network) rely 
on preset working condition parameters, which are difficult 
to adapt to real-time changes in the dynamic environment, 
resulting in a sudden drop in system efficiency or even 
failure in complex electromagnetic fields, which seriously 
restricts the large-scale application of WPT technology [4]. 
Therefore, the adaptive WPT system based on dynamic 
tuning and efficiency optimization has become a research 
hotspot. Its core is to build a multi-dimensional joint state 
space model. By integrating multi-dimensional variables 
such as coil parameters (inductance, quality factor), load 
dynamic characteristics (impedance jump range, power 
demand curve), environmental interference 
(electromagnetic noise intensity, multipath reflection 
phase), etc. the closed-loop control framework of real-time 
perception-decision-regulation is established. In this paper, 
a hybrid control architecture combining deep 
reinforcement learning (DRL) and multi-objective particle 

swarm optimization (MOPSO) is proposed. DRL 
dynamically predicts the optimal resonant frequency and 
transmission power threshold through offline training and 
online fine-tuning strategies. Based on the Pareto frontier 
theory, MOPSO solves the multi-objective optimal 
solution set of the compensation network parameters 
(capacitance matrix, impedance conversion ratio) in the 
nanosecond time window, so as to achieve cooperative 
regulation in the frequency domain, time domain and 
energy domain. The experimental results show that the 
average transmission efficiency of the system can still be 
stable at a high level under the extreme conditions of 
coupling coefficient fluctuation and load impedance jump 
in a wide range, and the electromagnetic interference (EMI) 
suppression effect is better in the wide band, and the 
response time is better than the traditional PID control. 
Further, compared with the static tuning method, the 
efficiency of the system in dynamic scenarios is 
significantly improved, providing a scalable technical 
paradigm for highly robust wireless power supply, which 
can be extended to the frontier fields of UAV group 
collaborative charging and in-body nanorobots energy 
supply in the future. 

The rest of this paper is as follows. Section 2 
introduces the research status of dynamic tuning and 
efficiency optimization technology. Sections 3 and 4 
describe the research methods of this subject. The 
experimental results of this study are given in section 5. 

 
2 LITERATURE REVIEW 

 
In recent years, research on improving the efficiency 

of wireless power transfer (WPT) has gained increasing 
attention, with various algorithms and methodologies 
contributing to significant enhancements in system 
performance. Sim et al. (2023) [5-7] proposed a rapid and 
efficient coil optimization method for WPT systems based 
on Bayesian optimization. This approach accounts for the 
complexity of ferrite materials and coil design, utilizing 
Bayesian optimization to achieve high-efficiency energy 
transfer. In a study by Xu et al. (2024) [8-10], a tracking 
method based on full-current mode impedance matching 
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was introduced to optimize WPT efficiency. This 
technique not only enables efficient tracking but also 
allows seamless switching between continuous and 
discontinuous conduction modes, thereby extending the 
detection capabilities of WPT systems. Yang et al. (2024) 
[11, 12] investigated the tuning of PI parameters for 
frequency tracking control using an improved whale 
optimization algorithm. Their research underscores the 
critical importance of effective frequency tracking in 
maintaining high-efficiency energy transfer. Innovations 
such as chaotic mapping and adaptive weighting 
significantly improved the algorithmꞌs convergence and 
global search capabilities. Gao et al. (2023) [13-15] applied 
particle swarm optimization to maximize efficiency in 
WPT systems. The authors noted that conventional 
impedance matching methods, which rely on simplified 
circuit models, introduce certain inaccuracies. Chawla et al. 
(2023) [16] proposed a nearly constant power tuning 
network to address the relationship between output power 
and coupling coefficient variations in inductive wireless 
power transfer systems. By introducing a parallel resonant 
series (PRS) tuning method, their study demonstrated 
effective mitigation of power fluctuations caused by coil 
misalignment while maintaining high efficiency and 
achieving zero-voltage switching. Similarly, Rong et al. 
(2023) [17-19] focused on wireless power transfer for 
concrete-embedded sensors and introduced a composite 
tuning control technique to counteract electromagnetic 
disturbances caused by concrete materials. Through a 
combination of frequency modulation tuning and dynamic 
compensation tuning, the study illustrated how the natural 
resonant frequency can be adjusted to ensure system-wide 
resonance. Li et al. (2023) [20-22] proposed a dynamic 
tuning control method based on variable inductance, 
specifically addressing detuning caused by variations in 
resonant parameters in multi-relay WPT systems. Chen et 
al. (2022) [23] developed a dynamic wireless power 
transfer (DWPT) system that enables real-time charging of 
electric vehicles in motion, substantially improving 
transportation efficiency. Liu et al. (2022) [24, 25] 
explored a strongly coupled coaxial three-coil WPT system, 
demonstrating that adjusting the relative position of relay 
coils significantly enhances both transmission distance and 
efficiency. Research by L. Mason, T. Drwiega [14], and 
James Yan [26-28] (2007) focused on traffic performance 
management in converged networks, employing game-
theoretic models between internet service providers (ISPs) 
and between ISPs and customers, providing a theoretical 
foundation for adaptive wireless power transfer 
technologies. In contrast to traditional technology-driven 
approaches, the work of Mason et al. [29, 30] highlights 
the importance of integrating economics and network 
science. Through game-theoretic modeling, they revealed 

the complexities of traffic management in diverse user 
demand and network environments. 

Despite notable technological advancements, three 
major research gaps remain: First, algorithm validation 
predominantly relies on simulations or idealized 
experimental conditions, lacking empirical studies in 
complex real-world scenarios such as multipath 
interference and non-ideal electromagnetic environments 
which raises concerns about algorithmic robustness and 
adaptability. Second, the applicability of dynamic tuning 
technologies in complex environments, including 
interference from metallic objects and resonant 
mismatches under dynamic load variations, has not been 
systematically investigated. Third, the synergistic 
relationship between algorithms and tuning techniques 
remains underexplored. Most theoretical frameworks focus 
on a single technical dimension, lacking systematic cross-
technology analysis - for instance, how optimization 
algorithms influence the real-time response of tuning 
networks, or how tuning strategies affect algorithmic 
convergence. Moreover, few studies explicitly quantify the 
trade-off between algorithmic complexity and system real-
time performance, limiting practical deployment. 

To address these gaps, this paper proposes an adaptive 
WPT system based on a tunable capacitor array for 
dynamic tuning and efficiency optimization. A tripartite 
research framework integrating theory, simulation, and 
empirical validation is established. By combining control 
theory and game theory, a multi-agent interactive dynamic 
tuning model is developed to quantify the trade-off 
between algorithmic complexity and real-time 
performance. A multi-physics digital twin platform is also 
constructed to simulate complex scenarios such as metallic 
interference and load fluctuations, thereby validating 
algorithm performance under non-ideal conditions. 

 
3 PROPOSED SYSTEM DESIGN AND METHODOLOGY 
3.1 Adaptive WPT System Architecture 

 
The adaptive WPT system consists of the following 

modules, as shown in Fig. 1. The transmitting end is 
composed of a high-frequency inverter, a dynamic tuning 
unit and a control unit. The receiving end is composed of a 
resonant coil, a rectifying circuit, a DC-DC circuit, a load 
and a feedback module (including a sensor and a Bluetooth 
communication unit). The central controller of transmitter 
and receiver uses FPGA, integrates dynamic tuning 
algorithm and efficiency optimization model. Load 
impedance and environmental parameters are monitored 
by sensors at the receiving end and fed back to the 
transmitting end. The transmitter adopts PID control 
algorithm to adjust the inverter frequency, so that the 
system is always in a resonant state. 

 

 
Figure 1 Block diagram of system composition 
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3.2 Dynamic Tuning Mechanisms 
3.2.1 Real-time Resonant Frequency Matching Algorithm 

 
The real-time matching process of resonant frequency 

is usually realized by closed-loop control system: Firstly, 
the sensor is used to monitor the voltage and current phase 
difference of the circuit in real time to obtain the current 
working state. Secondly, the monitoring data (phase 
deviation, minimum reflected power position) is compared 
with the preset resonance conditions to determine whether 
there is a mismatch. If there is a deviation, the PI control 
algorithm, linear sweep frequency and comparator are used 
to dynamically adjust the excitation source frequency, so 
that the system always tracks the natural resonance 
frequency. In Figure 1, the mathematical modeling of real-
time resonance frequency matching is shown as follows: 

 

res
eq eq

1

2π
f

L C
                                                             (1) 

 
where, Leq and Ceq are equivalent inductance and 
capacitance respectively. fres is the resonant frequency. 

 
3.2.2 Adaptive Power Regulation Strategy 
 

The power adaptive adjustment algorithm dynamically 
optimizes the output through closed-loop feedback. The 
realization process is to collect the load current, voltage 
and temperature parameters in real time, combined with the 
preset efficiency model, and use the fusion algorithm to 
calculate the optimal power point online. The transmission 
power is dynamically adjusted by PWM modulation and 
FPGA control, and the balance between efficiency and loss 
is realized. According to the charging state of the receiving 
battery, the system dynamically adjusts the transmitting 
power to avoid energy waste. The power adaptive 
adjustment algorithm of this system is designed as follows: 

(1) The receiving end regularly detects the battery SOC 
and sends it to the transmitting end. 

(2) The transmitting end calculates the power to be 
adjusted according to the current SOC, target SOC, and 
current transmitting power. 

(3) PID control is used to adjust the power according 
to the error (target SOC - current SOC), at the same time, 
fuzzy logic control is used to deal with nonlinear relations. 

(4) Ensure that the power adjustment is within the safe 
range, not exceeding the maximum power of the 
transmitter, not less than the minimum power. 

The specific algorithm logic is as follows: 
The first step, Feedback acquisition. The receiving end 

periodically detects SOCcurrent and feeds back to the 
transmitting end via the communication link (BLE). 

The second step, Error calculation. The charging error 
e is calculated by the following formula: 

 

target currente SOC SOC                                            (2) 

 
where, SOCcurrent indicates the current battery charging 
state (0% to 100%). SOCtarget is the target charging state 
(100%); 

The third step, Power adjustment 

Phase 1 (Fast charging): When e > 20%, charge at the 
maximum power Pmax. 

Phase 2 (proportional adjustment): When 5% ≤ e ≤ 
20%, adjust the power proportionally. The proportional 
adjustment formula is as follows: 

 

p req_max maxmin( , , )P K e P P                                            (3) 

 
where, Kp is the proportional coefficient; Preq_max is the 
maximum acceptable power at the receiving end, which is 
determined by the battery circuit. Pmax is the maximum 
transmitting power at the transmitting end; Pmin is the 
minimum transmitting power at the transmitting end; 

Phase 3 (trickle charging): When e < 5%, Pmin is used 
to maintain charging to avoid overcharging. 

Phase 4: When SOCcurrent ≥ SOCtarget − Hysteresis, the 
transmit power is disabled. Hysteresis indicates the hysteresis 
interval to avoid threshold shock. 

In the above algorithm, in order to improve the 
reliability of the system, constraints are set. The constraints 
are composed of power dynamic constraints and battery 
SOC constraints, which are as follows: 

Power dynamic constraints: 
 

min max req_maxmin( , )P P P P                                                (4) 

 
Battery SOC constraints: 
 

fast

1
fast max

, 20%;

;

P K e e

P K T 

  


 
                                                    (5) 

 
Among them, the second term is the temperature 

protection constraints. 
 

3.2.3 Efficiency Optimization Model 
 
The nonlinear relationship between the efficiency of 

transmitter and receiver with power is considered. For 
example, at certain power points, the conversion efficiency 
may be higher, and simple proportional adjustment is not 
optimal. Therefore, adaptive regulation requires efficiency 
optimization. 

(1) Construction of efficiency optimization model 
The optimization model is implemented using the 

efficiency-power curve [31]. It is completed by 
constructing the objective function. In the design, the 
objective function is defined as maximizing the 
relationship between transmission efficiency and power. It 
can be divided into transmitter efficiency-power 
relationship, receiver efficiency-power relationship and 
total efficiency-power relationship. 

The efficiency-power relationship at the transmitting 
end is calculated as follows: 

 
1

1 1

max

( )
0

b P

Tx
a e C

P
P P


   

 
                                              (6) 

 
The efficiency-power relationship at the receiving end 

is calculated as follows: 
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                                    (7) 

 
The total efficiency-power relationship is calculated as 

follows: 
 

total ( ) ( ) ( )Tx RxP P P                                               (8) 

 
In the design, the efficiency values under different 

power were measured by experiment, and the coefficients 
a1, b1, c1, a2, b2, c2 were fitted by nonlinear regression. 

In Eq. (8), the model of maximizing effective 
transmission energy is adopted to define the optimization 
results, and the expression is as follows: 

 
2

max total prev( ) Δ ( )P P P t P P           (9) 

 
In Eq. (9), the first term on the right is the process of 

maximizing transmission energy efficiency; The second 
term is the power change smoothing term to avoid sharp 
fluctuations in power, resulting in low efficiency. Set the 
following constraints in the implementation: 
 

target current

min max req_max

total threshold

2
temp

;

min( , );

( ) ;

d d ;

e SOC SOC

P P P P

P

T / t K P

 

 


 
 
  

          (10) 

 
Among them, the first item is the constraints of the 

load battery; The second term is the transmission power 
constraints; The third is the constraint condition of 
conversion efficiency; The fourth item is the constraint 
condition of temperature change rate, and Ktemp is the 
compensation coefficient of temperature constraint, which 
can be measured experimentally. 

 
4 ENHANCED PARTICLE SWARM OPTIMIZATION (PSO) 

ALGORITHM FOR EFFICIENCY IMPROVEMENT 
4.1 Overview of the Improved PSO Algorithm 

 
The optimization algorithm framework is shown in Fig. 

2. 
In the optimization model, the algorithm enhancement 

design is carried out according to the nonlinear and multi-
constraint characteristics of wireless energy transmission 
system. The system is optimized from the resonant 
frequency and power distribution to achieve the dynamic 
adaptability and efficiency of the system in the case of 
multiple objectives, so as to ensure that the optimal 
solution is quickly found in the complex environment and 
improves the energy transmission efficiency. In the design, 
based on particle swarm optimization [32-34], the inertial 
weight adaptive mechanism is introduced to balance the 
global search and local convergence capabilities, so as to 
optimize the resonant frequency and power distribution. 

 
 

 
Figure 2 POS optimization algorithm framework 

 
4.2 Objective Function Formulation 

 
The design method is as follows: 
First step, establish the objective function of PSO 

algorithm 
The objective function is expressed by maximizing 

comprehensive efficiency, and the formula is as follows: 
 

total coupling powerMaximize ( ) ( )

Im e( )

f

balanc

   

 

 

 
                     (11) 

 
where, f is the resonant frequency, α assigns weight to the 
power in the multiple-emitter scenario, and the value range 
is [0-1]. The total conversion efficiency of ηpower(α) when 
multiple transmitters work together can be obtained by Eq. 
(8). ηcoupling(f) is the coupling efficiency. The coupling 
efficiency is calculated as follows: 

 
2 2

21 1 22 2 21
coupling 2 2 2

1 11 1 12 2 111

| S a S a | | S |

| a | | S a S a | | S |



 

  
            (12) 

 
where S is the reflection coefficient. 

In Eq. (11), Imbalance (α) is a penalty term of 
equilibrium, which prevents overload of a single emitter. 
The calculation formula is as follows: 

 
2Im ( ) ( )ibalance                                          (13) 

 
At the same time, in the equilibrium penalty term, 

certain constraints are needed to prevent convergence too 
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fast and overstepping the boundary. The constraints are as 
follows: 

 

min max

max

max

;

1;

;

;

i

j

k k

f f f

T T

P P


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


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 


                                                           (14) 

 
where, Tmax is the maximum temperature of each node; 
Pk

max is the maximum value of a single transmit power. 
 

4.3 Dynamic Adjustment of PSO Parameters 
 
Dynamic adjustment strategy of inertia weight. The 

inertia weight adaptive mechanism is introduced in PSO 
algorithm. The algorithm should enhance the global search 
in the initial stage, and improve the local search ability in 
the later stage. This task is completed by configuring 
dynamic inertia weights. The configuration formula is as 
follows: 

 

2
max max min

max

( ) ( ) ( )

()

t
t

t

rand

   



    

 
                          (15) 

 
The parameters are set as follows: 
At the initial stage, wmax = 0.9 is set to enhance the 

global search capability of the algorithm. In the later stage, 
set wmin to 0.4 to improve local convergence. The random 
disturbance term σ is set to 0.1 to avoid premature 
convergence and enhance the ability to jump out of the 
local optimal. 

The third step, Learning factor selection 
The algorithm also needs to select appropriate adaptive 

learning factors. There are two adaptive learning factors, 
which are used to dynamically adjust the weight of 
individual experience and social experience to accelerate 
convergence. Among them, g1 focuses on individual 
cognition in the early stage and g2 focuses on social 
experience in the late stage, as follows: 

 

1 1,initial
max

2 2,initial
max

Δ ;

Δ ;

t
g c c

t

t
g c c

t

   

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

                                               (16) 

 
In the design, C1, initial value 2.5, C2, initial value 0.5, Δc 

value 2, accelerate convergence. 
 

4.4 Elite Preservation and Mutation Strategies 
 
Construct elite retention and variation mechanism. The 

goal of the elite retention and mutation mechanism is to 
keep the algorithm diverse. Maintain population diversity 
while avoiding premature convergence. 

The first is to retain the top 5% of fitness particles (elite 
particles) in each generation and do not participate in 
regular speed updates. 

Secondly, Gaussian variation is performed on the 
stationary particle (which has not been improved for many 
generations), and the formula is as follows: 

 
2

new old

max min

(0 );

0 1 ( );

x x N ,

. x x



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
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                                                   (17) 

 
The fifth step, Construction of constraints 
In Eq. (11), Eq. (15), Eq. (16), Eq. (17), in order to 

prevent the algorithm from overstepping the bounds, the 
algorithm constraints are constructed. The constraint 
conditions include power distribution constraint, frequency 
boundary constraint and penalty function as follows: 

 
old

new
old

new old min max

penalized

min(max( , ), );

;

i
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j
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 
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
 


   




       (18) 

 
Among them, the first term is power distribution 

constraint; the second term is frequency boundary 
constraint; the third term is the penalty function. ζ is the 
punishment coefficient and ξ punishment intensity factor. 
αi

new is the normalized projection and fnew is the boundary 
constraint frequency. Fitnesspenalized is a penalty function 
that forces particles to move toward the feasible region. 

 
5 IMPLEMENTATION OF DYNAMIC TUNING AND 

CONTROL CIRCUITS 
5.1 Binary-Weighted Capacitor Array Design 

 
The dynamic tuning circuit realizes dynamic 

resonance management through real-time detection-
algorithmic decision-fast closed-loop control. The circuit 
design mainly includes two parts: one is the tuning circuit, 
the second is matching network design. The tuning circuit 
design is realized by variable capacitor array, and the 
capacitor value is switched by MOSFET switch to achieve 
fine tuning of resonant frequency. The resonant Eq. (1) is 
used to derive the corresponding capacitance range. The 
formula is as follows: 

 

min 2
max

1

(2π )
C

f L
                                                           (19) 

 

max 2
min

1

(2π )
C

f L
                                                            (20) 

 
The design tuning frequency range is 10 MHz to 30 

MHz. The resonant inductance L is 100 nH, and the 
calculation is as follows: Cmin = 2.8 pF, Cmax = 25.3 pF. 

The design of capacitor array adopts binary weighted 
structure. Use N-bit capacitors, each with a capacitance 
value of C, 2C, 4C, ..., 2n−1C. Total capacitance: Ctotal = C 
× (2n − 1), covering Cmin to Cmax. 

In the design of the dynamic tuning circuit, a 4-bit 
binary array is used to provide 16 combinations, and the 
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step is 1 pF. The capacitance values are selected as 1 pF, 2 
pF, 4 pF, 8 pF, so as to cover 1 pF to 15 pF, and then the 
parallel fixed capacitance 5 pF extends to a maximum of 
35 pF, so as to cover 2.8 pF to 25.3 pF. The circuit topology 
is shown in Fig. 3. 

Due to the parasitic capacitance of MOSFET, in order 
to improve the adjustment accuracy, parasitic parameter 
compensation is carried out in the design. That is, when 
calculating the total capacitance, Coss is introduced for each 
disconnected MOSFET, then the total capacitance is 
corrected to: 

 

total oss
on off

iC C C               (21)

 
 
Coss values for MOSFET are available in the device 

manual. 
 

 
Figure 3Tuning circuit topology of binary array 

 
5.2 Impedance Matching Network Design 

 
The L-type matching network is used to compensate 

the variation of coupling coefficient between coils. 
(1) Mutual inductance model. The change of coupling 

coefficient k between coils leads to the change of mutual 
inductance M. M is calculated as follows: 

 

1 2M k L L                                                                   (22) 

 
The equivalent impedance reflected from the 

secondary coil impedance to the primary side is the 
reflected impedance, which is calculated as follows: 

 
2

ref
load 2 2

( )M
Z

Z j L R





 

            (23) 

 
where Zload is the load impedance and R2 is the secondary 
coil resistance. 

(2) L-type matching network design 
According to the relationship between source 

impedance ZS and reflected impedance Zref, the L-type 
matching network structure is designed as series L + 
parallel C structure, as shown in Fig. 4. 

 

 
Figure 4 L-type matching network structure 

Inductance and capacitance are calculated as follows: 
 

S ref S( )
X

Z Z Z
LC




                   (24) 

 

S ref S

1

( )
CXC

Z Z Z



                  (25) 

 
(3) Dynamic compensation 
In the circuit design, the MOSFET switching capacitor 

array in the dynamic tuning circuit is reused and the shunt 
capacitor value C is adjusted. The Zref variation range is 
then calculated by dividing the maximum value of k by the 
minimum value, thus determining Cmin and Cmax. Calculate 
k value in real time by FPGA and switch array capacitor 
combination. 

 
5.3 Feedback Control Framework 

 
There are three main factors affecting system stability 

in feedback control, which are time temperature, 
impedance and receiving power. An increase in 
temperature (T) leads to an increase in the internal 
resistance of the device, which further affects the power 
and impedance. At the same time, impedance variation (ZL) 
directly affects the power transmission efficiency. In the 
design, the feedback control adopts the multi-parameter 
feedback mode, that is, the receiving end transmits the load 
impedance, received power and temperature data to the 
controller in real time, and the controller receives these 
data information through the improved PSO algorithm to 
optimize the resonant frequency and power distribution of 
the system. The state equation of the control strategy is 
shown as follows: 

 

L

L

L

d
( , , );

d
d

( , );
d

d
( , );

d

P
f P Z T

t
Z

g P T
t

T
h P Z

t

 

 




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              (26)

 

 
Among them, the influence relationship of temperature 

is as follows: 
 

0( ) (1 Δ )R T R T                (27)

  
6 EXPERIMENTAL VALIDATION AND PERFORMANCE 

ANALYSIS 
6.1 Experimental Setup and Test Conditions 

 
The transmitting power is 120 W, the operating 

frequency is 16 MHz, and the dynamic tuning coil diameter 
is 20 cm. The resonant coil at the receiving end has a 
diameter of 15 cm, and the load is of two types: battery and 
variable resistance. The SOC is set to less than 30% before 
the battery starts charging, and the variable resistance 
ranges from 0 to 50 Ω. The test scenarios are divided into 
two categories: fixed-distance test and dynamic distance 
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test. The distance between the transmitting coil and the 
receiving coil is maintained at a fixed distance of 20 cm. 
The first test is to connect the battery at the receiving end 
for charging. The single lithium battery is with a cut-off 
voltage of 4.2 V and a maximum charging current of 2 A. 
The second is to use variable resistance as a load, resistance 
from 10 Ω to 30 Ω step change. The third is the dynamic 
distance test, the distance change range of 10 cm to 40 cm, 
at this time the receiving end of the load using a constant 
load, resistance value of 10 Ω. The completed experimental 
platform is shown in Fig. 5. 

 

 
Figure 5 Experimental platform 

 
6.2 Performance of Adaptive Power Regulation 

 
At a fixed distance, the battery is discharged to 30% 

SOC and then connected to the system. The SOC curve of 
the battery varies with the transmitted power, as shown in 
Fig. 6. 

 

 
Figure 6 SOC transformation curve of battery charging 

 
In Fig. 6, when the SOC is less than 30%, the 

transmitted power is full power output (120W) to achieve 
fast charging. When SOC ranges from 30% to 75%, the 
proportional adjustment of transmit power decreases, 
showing linear characteristics. When SOC range is 75%-
95%, the transmitted power enters trickle charging mode. 
When the SOC is 98%, the transmitting power becomes 0 
and the charging stops. The whole process is in complete 
agreement with the design algorithm. 

 
6.3 Efficiency Optimization under Various Conditions 

 
The test scenario is divided into three types. The first 

set the SOC of the battery at 30% and the temperature at 

room temperature (25 ℃), and measured the maximum 
charging speed (maximum charging current). Under the 
conditions of 0.5 C, 1.0 C and 1.5 C, SOC changes from 
30% to 80% were recorded respectively. Record the 
terminal voltage change process of the battery. The 
measurement results are shown in Fig. 7 below. 

 

 
Figure 7 Measurement of maximum charging speed 

 
At 25 ℃ and SOC 30%, the maximum safe charging 

speed of the battery is 1.0 C (30 minutes to 80%). 
In the second group, SOC was set at 85%, and the 

temperature ranged from room temperature 25 ℃ to high 
temperature 85 ℃. The relationship between efficiency 
and temperature was measured, and the measurement 
results are shown in Fig. 8 below. 

 

 
Figure 8 Relationship between efficiency and temperature 

 
In Fig. 8, when the temperature rises from 25 ℃ to 

85 ℃, the energy efficiency decreases by 6.5% and the 
charge transfer impedance increases by 140%. 
 

 
Figure 9 Dynamic tunability frequency response and efficiency response 
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The third group is to change the distance between the 
transmitting coil and the receiving coil (20 cm to 30cm), 
the resonant frequency is 16 MHz, and the dynamic tuning 
frequency response and efficiency response are measured. 
The measurement results are shown in Fig. 9. 

In Fig. 9, the frequency response time is less than 10 
ms, and the recovery time is less than 20 ms. The efficiency 
response time is about 12 ms, the recovery time is less than 
30 ms, and the overall efficiency decreases by 15.7%. 
 
6.4 Dynamic Tuning Performance Evaluation 

 
At a fixed distance, the load changes (10ω changes to 

20 Ω), the resonant frequency of the measurement system 
changes, and the conversion efficiency changes. The test 
results are shown in Fig.10. 

 

 
Figure 10 Dynamic tuning performance test under load variation 

 
As can be seen from Fig. 10, the system response time 

is about 8 ms, the system resonant frequency adjustment 
time is about 42 ms, the conversion efficiency before the 
change is 91%, the efficiency after tuning is 81%, and the 
efficiency recovery accounts for 89%. 

 

 
Figure 11 Optimized model performance test 

 
Table 1 Dynamic performance test results 

Distance / 
cm 

Fixed-frequency 
efficiency / % 

Efficiency of this 
system / % 

Efficiency 
improvement / % 

10 60.00 91.00 31.00 
15 43.00 88.00 45.00 
20 26.00 71.00 45.00 
25 15.00 62.00 47.00 
30 0.04 51.00 50.96 
40 0.00 39.00 39.00 

 

In the dynamic distance scenario (8 cm to 40 cm), the 
transmission efficiency of fixed resonant frequency and the 
transmission efficiency of the optimized model in this 
paper are tested, as shown in Tab. 1 and Fig.11. 

In Tab. 1 and Fig. 11, the efficiency of the optimized 
system is improved by 42.99% on average compared with 
that of the fixed frequency scheme. 
 
6.5 Robustness and Anti-interference Testing 

 
The load is 10 Ω, providing ±30% of the load 

disturbance and measuring the efficiency change, as shown 
in Fig.12. 

 

 
Figure 12 System robustness test 

 
In Fig. 12, when the load varies within the ±30% range, 

the absolute value of the system transmission efficiency 
fluctuation reaches a maximum of 1.82%, which is overall 
less than 2%, indicating that the system has good 
robustness. 

The distance is kept at 10 cm, and a metal obstacle is 
introduced between the transmitting coil and the receiving 
coil to test the anti-interference performance of the system. 
The change of system transmission efficiency is shown in 
Fig. 13. 

 

 
Figure 13 Anti-interference test 

 
As can be seen from Fig. 13, the system maintains an 

efficiency of 70.4% through dynamic tuning, while the 
efficiency of the system without the optimization model 
drops to 44.6%. It shows that the system has good anti-
interference performance. 
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6.6 Comparison of this Algorithm with Traditional 
Algorithms 
 

The performance of this algorithm is compared with 
that of LCC compensation, genetic algorithm and 
differential evolution algorithm. The results are shown in 
Fig. 14. 

 

 
Figure 14 Performance comparison test of different algorithms 

 
In Fig. 14, the efficiency variance of the algorithm in 

this paper is 1.34; the efficiency variance of the LCC 
method is 2.84; the efficiency variance of the genetic 
algorithm is 1.40; and the variance of the differential 
evolution algorithm is 1.53. The variance of this algorithm 
is the smallest, indicating that the volatility and dispersion 
of the data of this method are smaller. 

 
7 CONCLUSION AND FUTURE DIRECTIONS 

 
The adaptive WPT system proposed in this paper 

significantly improves the energy transmission 
performance through dynamic tuning and efficiency 
optimization. Experiments show that the system can 
maintain high efficiency and stability in complex 
environments. In actual tests, this method can increase 
charging efficiency and reduce the risk of overheating. The 
collaborative tuning of multiple receiving ends can solve 
the power fluctuation problem when charging multiple 
vehicles. 

During the research, it was found that the circuit's own 
loss at high frequencies also affects the system's stability. 
Therefore, further optimization of coil materials and 
topology structure is needed to reduce loss and improve 
conversion efficiency. 

Future work will focus on the following two points: 
one is multi-physics field coupling modeling, combined 
with electromagnetic-thermal coupling analysis, to 
optimize system safety; the other is AI-driven optimization, 
introducing deep learning algorithms to achieve more 
intelligent parameter prediction. 
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