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Abstract: A nonlinear state feedback controller is proposed to stabilise the output current of 

the wireless charging system for unmanned surface vehicles in response to the unstable 

charging and high waste of power resources caused by mutual inductance changes during 

the wireless charging process of unmanned surface vehicles. Firstly, the output 

characteristics of the wireless charging system with LCC-S topology are analysed and its 

mathematical model is established. Secondly, a state feedback controller is designed to 

control the output current of the wireless charging system of unmanned surface vehicles. 

Finally, a simulation model is built in Mtalab to verify the correctness of the control 

strategy. The simulation results show that the actual output current of the wireless charging 

system for unmanned vehicles can be quickly stabilised and kept constant under the change 

of mutual inductance. It also provides some reference for the research of optimal control 

method of wireless charging system for unmanned surface vehicles. 

1. Introduction 

As more and more unmanned surface vehicles are hybrid or fully battery-powered, Wireless 

Power Transfer (WPT) is increasingly becoming a focus of research and application[1-4]. This 

method can be used to recharge batteries, power equipment on board or directly drive motor drives. 

Typically, shore power is used to provide power to the ship when it is docked at a dock. Such 

traditional plug-in charging requires manual connection, and the ship operator may be exposed to 

the risk of electric shock or some safety hazards. And for unmanned surface vehicles that need to 

travel quickly to and from the dock, the docking time is very short, so the battery charging time is 

also very short. The introduction of wireless charging will facilitate the development of automatic 

and contactless pair charging for unmanned surface vehicles. 

When a WPT system is charging, the electrical energy is transmitted through a non-contacting 

coupling coil that generates a high-frequency magnetic field, which means that the system is 

susceptible to interference. WPT systems applied to unmanned surface vehicles will continue to 

have coupling coils that vary horizontally and vertically even when the unmanned surface vehicles 

are docked in a harbour due to the combined effects of wind, waves, vessel draught and loading and 

unloading. This will affect the effectiveness of power transmission in the WPT system and leave the 

Smart Systems and Green Energy (2024) 
Clausius Scientific Press, Canada

DOI: 10.23977/ssge.2024.060102 
ISSN 2523-904X Vol. 6 Num. 1

10



system in an unhealthy operating condition for a long time[5]. 

In order to compensate for this misalignment variation, scholars have successively carried out 

research in the adoption of composite resonant circuits, control strategies, and coil structures. In 

terms of composite resonant circuit, Zhang[6] proposed to satisfy the stable charging of the system 

by introducing a cast cut-off switching adjoint compensation network and combining it with PI 

control. Liu[7] proposed a dynamic tuning method of wireless charging system using a flux-

controllable inductor by adding an additional compensation inductor with an inverter circuit to cope 

with the power instability caused by mutual inductance changes and detuning of the compensation 

element. However, this method increases the complexity of the system and will also increase the 

weight and volume of the system.Vu[8] proposed the control method of switching the network 

structure by analysing the frequency characteristics of the bilateral LCC compensation network, 

which achieves the constant current/constant voltage charging mode that does not depend on the 

load. However, the frequency adjustable range of the WPT system is limited, which results in the 

method not being flexible and versatile enough.Regarding the use of novel coil structures, Chen[9] 

placed multiple transmitting coils in the same plane and selectively connected the transmitting coils 

according to the EV parking position to extend the charging range of the EV in the horizontal plane. 

Tang[10], on the other hand, achieved omnidirectional charging by using two orthogonal plane 

helical coils. By increasing the coupling pathways, the location requirement during wireless 

charging can be effectively reduced, but it also increases the complexity and cost of the system. In 

addition, as the number of coils increases, the difficulty of the control strategy also increases. In 

terms of control strategy, Ou[11] proposed a control method based on model predictive control for 

constant power output of dynamic wireless energy transmission system. The model prediction of the 

output power is carried out to obtain the optimal duty cycle corresponding to the desired output 

power, so that the output power is constant. Based on the load and mutual inductance parameter 

regression of the system, Wang[12] established a wireless charging control model on the state space 

model, designed a robust controller, and carried out a stability analysis of the system. However, this 

method only uses the transfer function to describe the input-output relationship of the system, which 

involves a large number of parameters and cannot describe the dynamic characteristics of the 

system well, and the performance of the controller is easily affected by the parameter drift.Zhou[13], 

based on the constant-current characteristics of the bilateral LCC-type resonance topology, carried 

out the state-averaged modelling of the secondary-side Buck circuit, and designed a multistep 

compensated control strategy for the sensor sampling delay, to achieve the load voltage of the WPT 

system. A multi-step compensated control strategy is designed for the sensor sampling time delay, 

which achieves the fast regulation of the load voltage of the WPT system. However, this method 

requires real-time acquisition of the inductor current and capacitor voltage of the Buck circuit, and 

storage and calculation of the target data in the past several acquisition cycles, which makes the 

control algorithm computationally large, and the cost and space occupation of the hardware 

implementation is high. 

A nonlinear state feedback controller is designed to address the problems of low charging 

efficiency and high waste of power resources caused by mutual inductance changes in the wireless 

charging process of unmanned surface vehicles. Firstly, the WPT system with LCC-S structure is 

mathematically modelled and its dynamic characteristics are analysed. Then, design of non-linear 

state feedback controllers based on mathematical modelling The number of physical sensors is 

reduced and hardware cost is saved. Finally, the overall wireless power transmission system is 

analysed using Matlab. The simulation results show that the application requirements of the WPT 

system can be met under the variation of mutual inductance. 
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2. Wireless Charging System Analysis and Modelling  

The wireless charging system based on the LCC-S compensation network structure is shown in 

Fig. 1, which is mainly composed of a high-frequency inverter part, a resonant coupling part, and a 

rectifier filter part. The DC power supply at the transmitting end generates high-frequency 

alternating current (AC) through the full-bridge inverter circuit, and then the high-frequency 

magnetic field is generated by the coupling coil through the resonant network to transfer the energy 

to the secondary coupling coil. The energy passes through the vice-side resonant network and then 

through the rectifier to supply power to the load. 
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Figure 1: Topology of LCC-S type wireless charging system 

2.1. Mathematical Model of LCC-S Wireless Power Transfer System 

In this paper, the LCC-S wireless charging system is selected as the research object, and its 

fundamental equivalent circuit is shown in Fig 2. Where pL , SL , respectively, is the self-

inductance of the transmitting coil and receiving coil; ABU  is the AC voltage after the inverter 

change; 1i  is the current on the compensation capacitor; 2i  is the current on the primary coil; 3i  is 

the current on the secondary coil; 0u  is the output voltage; 0i  is the output current; 0R  is the load 

resistance; Compensating inductance 1L  and compensating capacitance 1C  and 1fC  constitute the 

primary resonant network; M  for mutual inductance between the coils; the secondary resonant 

network is a series topology and contains the compensating capacitance SC . The primary and 

secondary resonant compensation networks utilise the principle of inductor-capacitor resonance at a 

specific frequency, eliminating the influence of the coil's own magnetic leakage on the energy 

transfer, reducing reactive power and improving efficiency. 
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Figure 2: Equivalent circuit of LCC-S WPT 

According to Kirchhoff's law the following equation can be obtained:  
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The rectifier input voltage cdu  is the AC voltage that depends on the amplitude of the rectifier 

voltage ou  and the secondary receiver coil current 3i , and its expression can be written as (2), 

where the function 3sgn( )i  is defined in (3):  

3sgn( )cd ou i u                                                                     (2) 
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Similarly, the absolute value of 3i  can be written as: 

33 3sgn( )i i i                                                                     (4) 

To determine the wireless charging system of the LCC-S type, Introducing state variables 

1 1 2 3 1 2 3 4 5 6 7[       ] [       ]P SC C C ox u u u i i i u x x x x x x x  , and by substituting Eqs. (2) and (3) into (1), the 

system model can be expressed as: 
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Where, 2
p sL ML  . 
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2.2. Dynamic Characterisation of Wireless Charging Systems 

Wireless charging utilises the principle of magnetic induction coupling between coils for energy 

transfer. When unmanned vehicles use wireless charging, the charging coils will be deflected and 

shifted because of the effects of weather, wind and waves. This unaligned characteristic of the 

charging coils will lead to changes in the air gap between the coils, resulting in changes in the 

mutual inductance between the charging coils, which will lead to changes in the output current and 

affect the charging effect. The study of the dynamic transmission characteristics of the wireless 

charging system is crucial for the design of the controller. 

Impedance analysis is used to analyse the equivalent circuit of the WPT system. As shown in Fig 

2, the KVL law is used to obtain: 
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where abU  and cdU  are in the form of phasors of abu  and cdu , respectively. 1I , 2I  and 3I  are in 

the form of phasors of 1i , 2i  and 3i , respectively. Assuming that the rectifier is lossless, according 

to the rule of power conservation, the receiver-side rectifier and the load eqR  can be expressed by 

the equivalent resistance, which is given by: 

2
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Set   as the resonant frequency of the system, a secondary side resonant network can be under 

the resonant condition when it satisfies Eq (10). 
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After satisfying the resonance condition. Substituting Eqs (9) and (7) into Eq (6) yields: 

3

1

ab
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U
I

L R
                                                                      (11) 

From Eq (11), when the wireless charging with LCC-S structure operates at the resonance point, 

the output current 3I  on the secondary inductor without rectifier filtering is related to the mutual 

inductance, compensation inductance and load. The mutual inductance changes dramatically when 

the coil is offset, which leads to a sharp change in the output current. 
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Figure 3: Current variation with different mutual inductance 

As can be seen in Fig 3, the current 3I  in the wireless charging system of LCC-S type. The peak 

output current differs by 15A under different mutual inductance, which shows the influence of 

mutual inductance parameters on the output current. 

3. State Feedback Nonlinear Controller Design  

In a wireless charging system, it is crucial to maintain a stable output current. If the output 

current is unstable, it will directly affect the charging efficiency and lead to longer charging time. In 

addition, unstable output current may also lead to overheating or even damage to the internal 

circuitry of the charging device. Especially for the dynamic wireless energy transmission of 

unmanned surface vehicles, misalignment between the coupling coils is unavoidable when the 

transmitting and receiving coils are moving relative to each other, resulting in mutual inductance 

changes, and thus the output current becomes unstable. Ensuring stable regulation of the output 

current is important to guarantee the normal operation of the charging system. 

3.1. Controller Design  

In Eq (5) above, the controller design task becomes more difficult due to the discontinuity of the 

sign function and the nonlinearity of the mutual inductance M. In order to solve this problem, we 

adopt a controller design method that uses abu  as the control signal. By establishing the relationship 

between the current on the compensation capacitor and the output current, we can indirectly control 

the load charging current 1C  by controlling the current on the compensation capacitor. 

Further, by replacing the rectifier filter circuit and the load in the fundamental equivalent circuit 

of the LCC-S wireless charging system with eqR , the equivalent diagram shown in Fig 4 is obtained. 
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Figure 4: WPT equivalent circuit 
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It can be obtained from KVL and KCL laws: 
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Substituting Eqs (8) and (7) into (13) yields: 
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The new reference current expression can be obtained: 
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The error between the actual charging current and the desired reference current, defined as: 

1e or f oei i                                                                     (16) 

Substituting brefi  in the above equation into equation (15), the new error function is obtained as: 
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Theorem 1: For the unmanned surface vehicles WPT charging system (5), the controller is 

designed as: 
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Then the closed-loop system controls the asymptotic stabilisation of the system, where k > 0 is 

the control gain. 

Proof: In order to prove the stability of the closed-loop system, a positive definite Lyapunov 

function is chosen： 
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Derivation of the above equation, followed by substituting 1 4 4refe x x   with equation (5) 
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Bringing the control input (18) into equation (20) yields 
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Obviously, 1V  is negatively definite. According to Lyapunov's stability theorem, it is known that 
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the overall closed-loop control system is asymptotically stable. Theorem 1 is proved. 

4. Simulation Analysis  

The objective of this section is to illustrate and analyse the performance of the proposed WPT 

charger controller. According to the methodology introduced in the literature[14], a sliding mode 

observer is established using a mathematical model and combined with the controller to simulate 

the closed-loop control block diagram of the wireless charging system for unmanned surface 

vehicles shown in Fig. 5 in MATLAB/Simulink software. The relevant parameters are shown in 

Table 1 
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Figure 5: Closed-loop control block diagram of wireless charging system for unmanned surface 

vehicles 

Table 1: System parameter 

Parameter Value Parameter Value 

Primary Coil Inductors pL  554 h  compensation capacitor SC  37.729 nF  

Side Coil Inductance sL  94 h  coil mutual inductance M  20 H  

Compensating Inductance 1L  30.4 h  load resistance R  10  

compensation capacitor 1C  115.32 nF  operating frequency f  85 KHz  

compensation capacitor PC  6.69 nF  filter capacitor fC  470 F  

The coupling degree of mutual inductance in the wireless charging process is changing at any 

time, in order to observe the unmanned surface vehicles wireless charging system on the mutual 

inductance of the change of the anti-interference, add a perturbation at 10ms, at this time, the 

mutual inductance of the mutation from 20uh to 25uh, at this time, the current output waveform is 

shown in Figure 6. 

According to the simulation output waveform, it can be seen that the output of the system can 

keep the output current stable, and the system has a strong anti-interference ability. 
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Figure 6: Simulated waveform of output current when mutual inductance changes 

5. Conclusions  

In order to solve the problems of output current fluctuation and transmission energy efficiency 

degradation caused by wind and wave disturbance of wireless charging system of unmanned surface 

vehicles in the marine environment, a state feedback controller is designed in this paper. This paper 

firstly analyses the wireless charging output characteristics and establishes a mathematical model of 

the wireless charging system by establishing the equivalent circuit of the WPT system. Considering 

that in the practical application of electric vehicle wireless charging system, the change of mutual 

inductance will lead to the change of power transmission, which will affect the stability of the 

system. This paper proposes a closed-loop state feedback controller based on the accurate 

mathematical model. This control method can make the wireless charging system ensure the output 

current of the system is constant under the change of mutual inductance. The feasibility of the 

control strategy is finally verified using simulation software implementation. 
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