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Abstract: The emergence of Wireless Power Transfer (WPT) as a vital technology for contactless energy delivery for a wide variety of 

applications such as electric vehicles, biomedical devices, and consumer electronics is well documented. One of the key challenges in a 

WPT system is the achievement or retention of maximum energy efficiency under variable load and coupling conditions. This paper 

proposes a Maximum Energy Efficiency Tracking (MEET) method based on Sigma-Delta modulated Pulse Density Modulation (PDM), 

aimed at dynamically adapting the power transfer to changing operating conditions. The proposed method uses the precise control 

capability of sigma delta modulation to finely adjust pulse density and thus dynamically change the operating point to ensure optimal 

efficiency of the system. Simulation results validate the effectiveness of the proposed method and demonstrating improved system 

efficiency for all load conditions. 
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1. Introduction 
 

Wireless Power Transfer (WPT) technology is now quite 

well established as a discipline and its potential to power 

devices without the need for a physical connection is well 

appreciated. Developments in academia and industry 

highlighting its applications in electric vehicles, consumer 

electronics, biomedical implants, and underwater 

autonomous systems can be seen in the available literature. 

The efficiency of WPT systems is a critical performance 

metric, and achieving Maximum Energy Efficiency 

Tracking (MEPT) remains a major challenge, particularly 

under dynamic load and coupling conditions. 

 

In this context, Pulse Density Modulation (PDM) has 

emerged as a promising control technique to enhance the 

efficiency of a WPT system. It does so by modulating the 

pulse rate of the converter switches rather than varying the 

amplitude or frequency of the signal. Li et al. [1] proposed a 

novel PDM strategy that modulates the pulse density in real-

time to track the maximum efficiency point, showing 

significant improvements in energy transfer. Zhong and Hui 

[2] further established a framework for MEPT and 

demonstrated its implementation in typical WPT systems. 

 

In [3], the secondary-side controlled PDM mechanism was 

improved by Yenil and Cetin by using an LCC-S 

compensation network, enhancing system robustness and 

output regulation. Wang et al. [4] incorporated PDM with 

feed-forward power compensation resulting in an improved 

communication performance via FMPSK in WPT systems. 

Unal et al. implemented an irregular PDM control method to 

achieve constant current and voltage outputs, focusing on 

the non-linearity in load conditions [5]. A load-adaptive 

delta sigma PDM technique with frequency tuning, suitable 

for class-D high-frequency inverters, improving Zero 

Voltage Switching (ZVS) and efficiency was proposed by 

Mishima and Lai in [6]. Ye et al. proposed a PDM control 

mechanism for maintaining constant output voltage across 

multiple loads in magnetically coupled resonant systems [7]. 

The design of a low-subharmonic PDM strategy that 

operates efficiently over a wide modulation range for full-

bridge converters was discussed in [8]. In the domain of 

marine applications, Ma et al. presented a hill-climbing and 

golden section search hybrid algorithm for MEPT in 

underwater vehicles, integrating PDM within their 

optimization loop [9]. A multi-level control scheme 

employing Particle Swarm Optimization (PSO) to improve 

WPT system performance was proposed in [10]. 

 

Some other MEPT algorithms discussed and elaborated in 

the literature are mentioned in references [11-20]. These 

include methods for battery charging applications [11], 

methods based on Generalized State Space Averaging 

(GSSA) model [12], methods utilizing input voltage control 

for improved adaptability [14], load side efficiency tracking 

[15] and dual frequency PDM methods [17, 20] 

 

The progress indicates the evolution of PDM-based MEPT 

strategies in WPT systems ranging from control algorithms, 

converter design, compensation network improvements, and 

optimization techniques, collectively contributing to the 

realization of high-efficiency wireless power transfer under 

diverse operating environments. In this paper, a method for 

efficiency tracking (maximum efficiency retainment) is 

elaborated which utilized the sigma delta technique of pulse 

density modulation for voltage control. The method 

demonstrates the achievement of maximum efficiency for 

widely varying load conditions. 
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Figure 1: MATLAB / SIMULINK Model of the WPT System 

 

2. Block Diagram 
 

In the proposed system, the maximum energy efficiency of a 

wireless power transfer system is tracked using a pulse 

density modulation scheme based on “sigma delta 

modulation”. In this section, the various blocks comprising 

the system are detailed in terms of their architecture and inter 

connection. 

 

System Overview 

The proposed WPT (Wireless Power Transfer) system 

comprises of the following key subsysterms 

• DC Power Supply 

• Half-Bridge Inverter with Pulse Density Modulation 

using Sigma-Delta Modulation 

• Series-Series Compensated WPT Link 

• Rectifier and Load at Receiver Side 

 

A MATLAB SIMULINK block diagram of the proposed 

system is shown in Figure 1. Among the various 

compensation topologies available such as series-series, 

series-parallel, parallel-series and parallel-parallel, the series-

series compensated topology is used for both transmitter and 

receiver sides to maximize power transfer at the resonant 

frequency. The system parameters are summarized in Table 

1. 

 

Table 1: Model Parameters 
Parameter Value 

Transmitter coil inductance (L₁) 75.3 μH 

Receiver coil inductance (L₂) 75.3 μH 

Compensation capacitance (C₁, C₂) 400 pF 

Operating frequency (f₀) 100 kHz 

Mutual inductance (M) 0.8 μH  

Load resistance (Rₗ) 100 Ω (variable) 

Input voltage (V_in) 50 V (DC) 

 

As the name suggests, a series – series resonant WPT system 

consists of a resonant coil (having inductance) in series with 

a resistor and a capacitor. The circuit resonates at a 

frequency given by  

𝑓 =
1

2𝜋√𝐿𝐶
 

 

For the given parameters, this resonance frequency comes 

out to be nearly 920,000 Hz which lies in the upper ISM 

band and is quite popular for several WPT applications. The 

mutual inductance between coils varies with spatial 

alignment, affecting energy transfer efficiency. 

 

The variation of the output voltage and efficiency with 

respect to the operating frequency is shown in Figure 2. As 

can be seen, both the voltage and efficiency show a peak 

near the designated frequency of 920000 Hz (920 kHz) and 

this shows the sensitivity of the series – series compensated 

resonant inductive wireless power transfer system to the 

operating frequency.  

 
Figure 2: Variation of Output Voltage and Efficiency with 

Operating Frequency 
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3. Performance without PDM Control 
 

To validate the proposed Maximum Energy Efficiency 

Tracking (MEET) strategy using Sigma Pulse Density 

Modulation, comprehensive simulations were conducted in 

MATLAB / Simulink. The primary objective was to 

demonstrate the effectiveness of Sigma PDM in maintaining 

optimal energy efficiency under varying load conditions in a 

wireless power transfer (WPT) system. The key performance 

metrics were the output voltage and the energy efficiency (η) 

which is the ratio of the output power to the input power. 

The simulation scenario consisted of fixed coupling, varying 

load which models the change in receiver consumption. To 

this end, the load resistance was varied stepwise from 20 Ω 

to 180 Ω in steps of 40 Ω. Without sigma delta modulation, 

the voltage and efficiency variation is shown in Figure 3. 

The efficiency increases from 52% to a maximum of 65% 

and then drops to around 47%. The output voltage on the 

other hand increases from 32 V to nearly 50 V over the 

range. 

 

 
Figure 3: Variation of Output Voltage and Efficiency with 

Load Resistance in case of the Uncontrolled WPT System 

 

The performance of the WPT system also depends on the 

mutual inductance between the coils which is a function of 

the coil spacing, alignment, medium around etc. Figure 4 

shows the variation of the output voltage and the efficiency 

as the mutual inductance varies from 0.3 H to 1.2 H. Both 

the voltage and efficiency rise initially, reach a peak value 

between 0.8 H to 1.0 H and then decrease. 

 

 
Figure 5: MATLAB / SIMULINK Model of the Sigma Delta Based Pulse Density Modulator

 

 
(a) d = 0.4 

 
(b) d = 0.6 
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(c) d = 0.8 

Figure 6: Accumulator and Comparator Outputs for             

(a) d = 0.4, (b) d = 0.6, (c) d = 0.8 

 

 
(a) d = 0 

  
(b) d = 0.4 

 
(c) d = 0.6 

 
(d) d = 0.8 

 
(e) d = 1.0 

Figure 7: Gate pulses for (a) d= 0.2, (b) d = 0.4, (c) d = 0.6, 

(d) d = 0.8 and (e) d = 1.0 

 

4. Performance with PDM Control 
 

When sigma delta based pulse density modulation is 

employed, the results are shown in Figure 8. From the 

figure, it can be seen that, the over the entire load range, the 

efficiency can be maintained at 65% while the output 

voltage at 40 V. The necessary changes in the duty cycle on 

the transmitting and receiving side (d1 and d2) to achieve 

this objective is shown in Figure 2.4. 

 
Figure 8: Efficiency and Output Voltage Vs Load 

Resistance for Sigma Delta Modulated Control 

 

 
Figure 9: Control Parameters (Duty Cycles d1 and d2) used 

in maintaining constant efficiency 

 

5. Conclusion 

 
This paper presents an approach for retaining the maximum 

energy efficiency level over wide variations in load in a 

wireless power transfer (WPT) system. The efficiency 

tracking is achieved by means of a Sigma-Delta Modulated 

(SDM) controller. The Sigma-Delta form of Pulse Density 

Modulation enables precise control of energy transfer under 

varying load and coupling conditions. By suitably adjusting 
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the switching density for a load change, the SDM controller 

maintains optimal operating conditions, thereby maximizing 

energy efficiency. Simulation results demonstrate the utility 

of the mechanism and its effectiveness in scenarios with 

fluctuating load resistance and coil misalignment. The future 

work aims to focus on extending this approach to multi-

receiver systems and exploring hardware-in-the-loop 

implementations for real-time performance optimization. 
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