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 A novel and practical methodology is presented in this study for designing 

contactless wireless energy systems using resonant-mode Class-E 

converters, aiming to sustain efficient soft-transition switching under various 

levels of magnetic coupling, even under coil misalignment. The approach 

integrates the wireless power transfer (WPT) circuit with the inverter’s series 

resonant network and analytically derives the relationship between the 

coupling coefficient and impedance phase angle to identify zero voltage 

switching (ZVS) conditions. A key contribution is the use of the maximum 

expected coupling coefficient as a critical design point to ensure ZVS across 

practical variations. A complete step-by-step design procedure is provided. 

Simulation and experimental results confirm that the inverter achieves and 

maintains ZVS for coupling values in the range 0 < k ≤ kdesigned, with 

efficiencies reaching up to 95%. This work supports the advancement of 

soft-switching inverter design to enable robust and efficient WPT systems 

under practical misalignment conditions. 
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1. INTRODUCTION 

Recently, wireless charging technology has seen widespread adoption across various application 

areas, including biomedical implants [1]-[3], small-scale electronic equipment [4], [5], and power 

wheelchairs [6], [7]. For high-power applications, it is also used in electric vehicles (EVs) [8]-[10]. 

Enhancing both safety and convenience, wireless power transfer presents a notable advancement over 

traditional wired charging methods. 
Within a wireless charging setup, the inverter serves as a key component by transforming direct 

current (DC) power into high-frequency AC signals. This high-frequency AC energizes the primary coil to 

generate a fluctuating magnetic field, which induces voltage in the secondary side. Wireless charging systems 

utilize different inverter configurations, including full-bridge [11], half-bridge [12], and Class-E inverters, 

which were initially introduced in [13]. Utilizing a full-bridge inverter necessitates four switching devices, 

which increases the overall component count, cost, and associated power losses. Additionally, achieving 

zero-voltage switching (ZVS) with this topology poses considerable challenges [14], [15]. In contrast, the 

half-bridge inverter reduces the number of power switches and related circuitry by half, thereby simplifying 

the design and mitigating these issues. Nonetheless, this configuration typically results in a reduction of the 

system’s rated output power. 

https://creativecommons.org/licenses/by-sa/4.0/
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Due to its efficient performance, compact structure, and economic viability, the Class-E inverter has 

gained considerable attention in wireless power transfer (WPT) applications. This is due to its use of a single 

switch, which is capable of operating under ZVS conditions, which minimizes energy dissipation during switching 

and reduces stress on the switch. This type of inverter can be applied in wireless power transfer systems. 

However, its operation may deviate from ZVS conditions, particularly because of the unavoidable misalignment 

between coils in practical operations. Previous research efforts have attempted to address this drawback. 

Previous study [16], an improved Class-E configuration is designed to maintain a stable output 

current and maintain ZVS under varying loads. However, the impact of magnetic coupling variations was not 

addressed. Preview study [17], a Class-E configuration tolerant to load variations and equipped with parallel 

resonance enables zero-voltage switching by ensuring switch voltage falls to zero before turn-on, regardless 

of load variations. Preview study [18], ZVS is achieved using a Class-E² structure with three inductors in a 

push–pull arrangement and LCC-S tank, enabling wide-range load-independent switching without active 

feedback. In [19], [20], an introduction to a Class-E converter is provided, designed to address the high 

voltage stress issues in the WPT systems. By incorporating a supplementary circuit into the converter, the 

introduced topology significantly reduces voltage stress and switching losses, while also achieving zero-

voltage switching (ZVS) conditions to ensure efficient power transfer. He and Guo [21] proposed using 

impedance matching and a searching algorithm to combine a series/parallel capacitor array to tune the Class-

E inverter operation, bringing it back to the optimal state for different coil distances. As well as [22], this 

paper proposed a tuning method by adjusting the phase angle of the series resonant branch with pulse width 

modulation capacitor on the transmitter side. Ahmadi et al. [23] introduced a method for achieving ZVS in 

Class-E inverters for the WPT systems utilizing series-series compensation. This is accomplished by 

connecting a compensation switch across the secondary side capacitor. By controlling the ON/OFF state of 

this switch, the secondary circuit parameters can be varied to satisfy the ZVS condition. As well as, in [24] 

used reconfiguration of the receiver circuit by a switched-capacitor to achieve the ZVS condition under 

variation of load. The result in [25], a modified PSO-based method was proposed for designing Class-E 

switching circuits. While WPT is noted as a potential application, the method is not implemented in a WPT 

system. ZVS in an inverter based on Class-E topology applied to CWPT can be realized by tuning LC 

resonant components and compensating load reactance with external inductors or capacitors [26]. However, 

the study does not address IPT systems. An off-nominal Class-E amplification was utilized to attain ZVS by 

allowing a nonzero voltage slope at turn-on [27]. However, the method was not applied to wireless power 

transfer. A Class-E-based WPT configuration insensitive to load variations was introduced to enable zero-

voltage switching without control, using dual-resonance and constant reactance via proper receiver tuning 

and Class-D rectification [28]. The method was validated in a multihop robotic arm system. An inverter 

based on Class-E topology, along with a Class-DE rectification stage, was utilized in developing a WPT 

system for biomedical implants, with ZVS achieved through circuit design [29]. 

In [16]-[24], achieving ZVS conditions relies on circuit reconfiguration or the addition of extra 

components. In contrast, [25]-[29] achieve ZVS through inherent design approaches. However, 

comprehensive design guidelines for ensuring ZVS in wireless power transfer applications, especially under 

coil misalignment, remain limited. This paper addresses this gap by presenting a detailed analysis and design 

methodology for Class-E inverters in WPT systems, ensuring reliable ZVS operation under misalignment 

without additional tuning or control. The proposed approach employs the maximum expected coupling 

coefficient as a key design parameter and is validated through both simulation and experimental results. 

The structure of this paper begins with an overview of methods and design approaches in section 2, 

followed by validation through simulations and experiments in section 3, followed by concluding insights 

discussed in section 4. 

 

 

2. METHOD 

This section presents an in-depth analysis of a system for wireless power delivery integrated with a 

Class-E topology. The focus is on identifying the regions of zero voltage and non-zero voltage based on the 

magnetic coupling coefficient, deriving component design equations, providing a demonstrative design case 

study, and elucidating the various operational modes of the system. 

 

2.1.  Circuit analysis 

This section analyzes the impedance behavior within a WPT arrangement, emphasizing the 

relationship between impedance phase angle and magnetic coupling coefficient, enabling the identification of 

ZVS and non-ZVS conditions. ZVS is crucial for reducing switching losses and enhancing system efficiency. 

This analysis provides valuable insights for determining optimal design parameters. The assumptions 

underlying the circuit analysis in this section are as follows: 

- A switch operates at a duty cycle of 0.5. 
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- The switching device has a zero-turn-on resistance. 

- The resonant network has a sufficiently high quality factor, ensuring the current through the WPT system 

is sinusoidal. 

- The large choke inductance allows the current ripple to be neglected, and the choke inductor's DC 

resistance is disregarded. 

- The choke inductor's self-capacitance and parasitic capacitance are included in the shunt capacitance of 

the switch. 

 

2.1.1. Impedance analysis in Class-E inverter-based wireless power transfer systems 

Figure 1(a) illustrates a typical Class-E resonant inverter circuit. Its components include DC input 

voltage (V1), a choke inductor (Lf), and an electronic switch (S). Parallel to the switch is a shunt capacitance 

(C1), which incorporates both the stray capacitance of the switching device and the intrinsic capacitance for 

the choke inductor. The inductance L0 forms a series path alongside resonant capacitor C₀ and load resistance 

R, forming a resonant network that satisfies the resonance condition. To apply the inverter with the WPT 

system, the resistive load (R) in Figure 1(a) is replaced by the wireless power system, depicted in Figure 1(b). 

The components of WPT circuit include primary inductance (LP) and secondary inductance (LS) of the coil, a 

secondary capacitance (CS) used to cancel the secondary leakage inductance under resonant conditions, 

diodes (D1-D4) acting as a rectifier circuit that transforms high-frequency AC into DC, a filter capacitor (Cf), 

and the load resistance (RL). In practice, the resonant tank (L0) can be included with the primary inductance 

(LP) to become a single inductance, and using the capacitance (C0) to cancel the primary leakage inductance, 

thereby reducing the reliance on an extra coil and capacitance. 

The equivalent resistance seen from the rectifier circuit to RL, as shown in Figure 1(b), can be 

expressed by (1), and the secondary-side impedance can be defined by (2). 
 

𝑅𝐿𝑒𝑞 =
8𝑅𝐿

𝜋2  (1) 

 

𝑍2 = 𝑅𝐿𝑒𝑞 + 𝑗 (𝜔𝐿𝑆 −
1

𝜔𝐶𝑆
) − 𝑗𝜔𝑀 (2) 

 

As depicted in Figure 1(b), the circuit is simplified into an equivalent form, which is modeled in Figure 1(c), 

with the reflected impedance Zr defined in (3). 
 

𝑍𝑟 =
(𝜔𝑀)2

𝑅𝐿𝑒𝑞+𝑗𝑋𝑆
 (3) 

 

Thus, the corresponding circuit, illustrated in Figure 1(b), is converted into the configuration depicted in 

Figure 1(c). The WPT system's input impedance (Zin) is determined by 𝑍𝑟 + 𝑗𝜔𝐿𝑃, as expressed in (4). 

 

𝑍𝑖𝑛 =
(𝜔𝑀)2−𝜔𝐿𝑃𝑋𝑆+𝑗𝜔𝐿𝑃𝑅𝐿𝑒𝑞

𝑅𝐿𝑒𝑞+𝑗𝑋𝑆
 (4) 

 

The circuit in Figure 1(d) is a simplified version of the circuit in Figure 1(c). The impedance ZTi, as seen in 

Figure 1(d), is determined by the expression (𝑍𝑟 + 𝑗𝜔𝐿𝑃) + 𝑗 (𝜔𝐿0 −
1

𝜔0𝐶0
). The impedance ZTi can be 

separated into its real RTi and imaginary parts XTi, as expressed in (5)-(7). 
 

𝑍𝑇𝑖 = 𝑅𝑇𝑖 + 𝑗𝑋𝑇𝑖 (5) 
 

𝑅𝑇𝑖 =
(𝜔𝑀)2𝑅𝐿𝑒𝑞

𝑅𝐿𝑒𝑞
2 +𝑋𝑆

2  (6) 

 

𝑗𝑋𝑇𝑖 =
𝑗[(𝑅𝐿𝑒𝑞

2 +𝑋𝑆
2)(𝜔𝐿𝑃+𝑗𝑋0)−𝑋𝑆(𝜔𝑀)2]

𝑅𝐿𝑒𝑞
2 +𝑋𝑆

2  (7) 

 

The equivalent impedance Zeq, in Figure 1(d), can be determined using (8). By substituting the expressions 

from (6) and (7) into (8), the result is given by (9). 
 

𝑍𝑒𝑞 =
1

𝑗𝜔𝐶1
∥ (𝑅𝑇𝑖 + 𝑗𝜔𝐿𝑇𝑖) (8) 
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𝑍𝑒𝑞 =
𝑅𝑇𝑖+𝑗𝜔𝐿𝑇𝑖(1+𝜔2𝐶1𝐿𝑇𝑖−

𝐶1𝑅𝑇𝑖
2

𝐿𝑇𝑖
)

(1−𝜔2𝐶1𝐿𝑇𝑖)2+(𝜔𝐶1𝑅𝑇𝑖)2  (9) 

 

The phase angle of Zeq is derived from (9) and presented in (10). 
 

𝜙𝑒𝑞 = 𝑡𝑎𝑛−1 [
𝜔𝐿𝑇𝑖(1−𝜔2𝐿𝑇𝑖𝐶1−

𝐶1
𝐿𝑇𝑖

𝑅𝑇𝑖
2 )

𝑅𝑇𝑖
] (10) 

 

Figure 2 illustrates the relationship between the phase angle (eq) of Zeq and the coupling coefficient (k). An 

optimal phase angle for achieving the ZVS condition is explained in the literature [21], [29], [30], and is  

shown in (11). 
 

𝜙𝑜𝑝𝑡 = 𝑡𝑎𝑛−1 (
2

𝜋
) = 0.569 rad = 32.48° (11) 

 

The optimal phase angle (ϕopt) is calculated to be 32.48°. Figure 2 illustrates the correlation between ϕeq and 

the magnetic coupling coefficient (k). When k equals kdesigned (0.66), ϕeq matches ϕopt, achieving ZVS 

operation. This kdesigned value was determined through practical measurements. For coupling coefficients 

below kdesigned, ϕeq exceeds ϕopt. Conversely, when k exceeds kdesigned, ϕeq falls below ϕopt. At this point, the 

inverter transitions from ZVS to non-ZVS operation, making kdesigned the critical threshold for maintaining 

ZVS conditions. Therefore, the maximum magnetic coupling coefficient should be used in the design 

procedures to ensure ZVS mode of operation throughout any misalignment conditions. 
 

 

(a) 

 
  

(b) 

 
  

(c) 

 

(d) 

 
 

Figure 1. The WPT system's circuit: (a) standard single-ended resonant converter employing a Class-E-based 

switching scheme, (b) improved high-efficiency topology delivering power to a wireless transmission 

configuration, (c) simplified equivalent circuit of the WPT system, and (d) a further simplified model for 

impedance analysis 
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Figure 2. Relationship between phase angle (eq) with the magnetic coupling coefficient (k) 

 

 

2.1.2.  Voltage and current analysis 

The circuit in Figure 3 are used in the analysis. When the switching voltage in the switched-off state, 

that is, for 0     the shunt capacitance current can be represented as (12). 

 

𝑖𝐶1(𝜃) = 𝐼1 − 𝐼𝑚 𝑠𝑖𝑛(𝜃 + 𝜙) (12) 
 

Where I1 represents the direct current input, Im represents the magnitude of an output current, 𝜃 = 𝜔𝑡, which 

 is angular switching frequency. is() is the switch current that is equal to zero in the turned-off state. While 

turned-on state, specifically for     2 the current is() can be expressed as (13): 

 

𝑖𝑆(𝜃) = 𝐼1 − 𝐼𝑚 𝑠𝑖𝑛(𝜃 + 𝜙) (13) 

 

and iC1() = 0. The switch voltage vS() for 0     equals an integral of the current flowing through the 

shunt capacitor iC1(), represented bym (14). 

 

𝑣𝑆(𝜃) =
1

𝜔𝐶1
∫ 𝑖𝐶1(𝜃)

𝜃

0
𝑑𝜃′ (14) 

 

Thus, for 0 < 𝜃 ≤ 𝜋, voltage across the switch 𝑣𝑆(𝜃) can be written as (15). 

 

𝑣𝑆(𝜃) =
𝐼1𝜃+𝐼𝑚 𝑐𝑜𝑠(𝜃+𝜙)−𝐼𝑚 𝑐𝑜𝑠 𝜙

𝜔𝐶1
 (15) 

 

Satisfying the ZVS condition as derived from 𝑣𝑆(𝜋) = 0, thus, from (15), yielding (16). 

 

𝐼1 =
2𝐼𝑚

𝜋
𝑐𝑜𝑠 𝜙 (16) 

 

With no loss in the circuit, the input power equals the output power, that is 
2

1 1 / 2m TiV I I R= . Thus, mI can be 

represented as (17). 
 

𝐼𝑚 =
4𝑉1

𝜋𝑅𝑇𝑖
𝑐𝑜𝑠 𝜙 (17) 

 

Replace (17) with (16), and the DC current can be obtained as (18). 

 

𝐼1 =
8𝑉1

𝜋2𝑅𝑇𝑖
𝑐𝑜𝑠2 𝜙 (18) 

 

Because the voltage at the choke inductor is zero, the DC input voltage can be expressed by (19). 

 

𝑉1 =
1

2𝜋
∫ 𝑣𝑠(𝜃)

2𝜋

0
𝑑𝜃 ′ = −

2𝑉1 𝑠𝑖𝑛 2𝜙

𝜋2𝜔𝐶1𝑅𝑇𝑖
 (19) 
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Hence, as in (20). 

 

𝜔𝐶1𝑅𝑇𝑖 = −
2 𝑠𝑖𝑛 2𝜙

𝜋2  (20) 

 

The phase angle ( )  in (20) can be determined by assuming the system is no loss. Therefore, the output 

power matches the DC input as shown in (21). 

 

𝑃𝑜𝑢𝑡 = 𝑉1𝐼1 =
8𝑉1

2

𝜋2𝑅𝑇𝑖
𝑐𝑜𝑠2 𝜙 (21) 

 

Thus, the phase angle ( ) can be given by (22). 

 

𝜙 = 𝑐𝑜𝑠−1 (
𝜋

𝑉1
√

𝑃𝑜𝑢𝑡𝑅𝑇𝑖

8
) (22) 

 

 

 
 

Figure 3. The simplified circuit model representing the Class-E inverter combined with the WPT system 

 

 

2.2.  Designed circuit parameters 

In this section, the parameters in the circuit are designed through corresponding formulas. The 

resistive load (RL) for the WPT system, as shown in Figure 1, is calculated using the relationship between 

Vout and Iout, as given in (23). 

 

𝑅𝐿 =
𝑉𝑜𝑢𝑡

𝐼𝑜𝑢𝑡
 (23) 

 

The rectifier and its resistive load are modeled as an equivalent AC resistance (RLeq), as illustrated in  

Figures 1(b) and 1(c). 

 

𝑅𝐿𝑒𝑞 =
8𝑅𝐿

𝜋2  (24) 

 

The secondary compensation capacitor CS is calculated based on the expression provided in (25). 

 

𝐶𝑆 =
1

4𝜋𝑓𝑠
2𝐿𝑆

 (25) 

 

The total primary-side inductance (L1) can be expressed as a combination of the inductances Lo and Lp, as 

defined in (26). 

 

𝐿1 =
𝑄𝐿𝑅𝑇𝑖

𝜔0
 (26) 

 

In (26), QL represents the quality factor, and 0 is defined as 2πfS, where fS represents the switching 

frequency. The inductance (L0) is calculated using (27). 

 

𝐿0 = 𝐿1 − 𝐿𝑃 (27) 

 

Replacing (22) into (20), the C1 can be presented by (28). 
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𝐶1 = −
2 𝑠𝑖𝑛 2(𝑐𝑜𝑠−1(

𝜋

𝑉𝑑𝑐
√

𝑃𝑜𝑢𝑡𝑅𝑇𝑖
8

))

𝜔0𝜋2𝑅𝑇𝑖
 (28) 

 

The value of resonant capacitor (C0) can be expressed in (29). 

 

𝐶0 =
1

𝜔(𝑅𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑𝑄𝐿−𝑋)
 (29) 

 

Where 𝑋 = 𝑅𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 (𝑐𝑜𝑡 𝜙 −
𝜋2

4
𝑐𝑜𝑠𝑒𝑐 2𝜙) [24]. The choke inductance (Lf) can be determined by (30). 

 

𝐿𝑓 = 2 (
𝜋2

4
+ 1)

𝑅𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑

𝑓𝑠
 (30) 

 

The DC input voltage (V1) can be calculated by (31). 

 

𝑉1 = √
𝑅𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑(𝜋2+4)

8
 (31) 

 

2.3.  Modes of operation 

The mode of operation under optimal conditions is presented in Figure 4, alongside the associated 

electrical signals derived from the configuration in Figure 1(b). Its behavior can be divided into nine distinct 

operational modes, with Figure 5 providing a description of the switching operation for each mode: 

- Mode 1 [t0 – t1]: Activation by gating voltage (vGS) triggers a power switch. This action enables the 

switch current (iS) to reverse its direction and pass through the antiparallel diode. Concurrently, 

transmitter current (iP) flows positively, while receiver current (iS) flows negatively. When diodes D2 and 

D3 conduct simultaneously, the resulting receiver voltage v2 becomes negative (Figure 5(a)). 

- Mode 2 [t1 – t2]: The switching device stays conducting. At t2, current iS through the switch reverses to a 

positive direction. During this interval, the transmitter current iP and receiver current iS exhibit no 

significant change. The transmitter-side voltage v2 continues to exhibit negative polarity (Figure 5(b)). 

- Mode 3 [t2–t3]: The switching element continues conducting, enabling a forward current flow (iS). During 

this phase, the transmitter current (iP) reverses and takes on a negative polarity. In contrast, the receiver 

current (iS) shows no variation, and the transmitter voltage (v2) maintains its negative level (Figure 5(c)). 

- Mode 4 [t₃ – t₄]: The power switch continues conducting, enabling the current iS to flow in the forward 

direction. In parallel, the transmitter current iP retains its positive flow. From time t3 onward, the receiver 

current iS is redirected through diodes D1 and D4, resulting in a rise of the receiver voltage v2 to a 

positive level (Figure 5(d)). 

- Mode 5 [t₄ – t₅]: At t4, the gate signal vGS drops to zero, deactivating the power switch. As a result, the 

shunt capacitor C1 begins charging from the supply. During this interval, the transmitter current iP 

reverses direction and becomes negative, while the receiver current iS continues to flow forward via 

diodes D1 and D4, sustaining a positive receiver-side voltage v2. Although iP flows oppositely, iS 

maintains its direction, ensuring that v2 remains positive (Figure 5(e)). 

- Mode 6 [t₅ – t₆]: While the switching element stays non-conducting, capacitor C1 continues accumulating 

charge from the input supply. At t5, the transmitter current iP begins to flow in the forward direction. 

Simultaneously, the receiver current is sustains its positive flow through diodes D1 and D4, maintaining a 

positive voltage across the receiver side v2 (Figure 5(f)). 

- Mode 7 [t6 – t7]: With the power switch remaining inactive, the shunt capacitor C1 begins discharging. At 

this stage, the transmitter current iP flows in the forward direction, while the receiver current iS continues 

its positive path through diodes D1 and D4, thereby sustaining a positive voltage across the receiver side 

v2 (Figure 5(g)). 

- Mode 8 [t7 – t8]: The power switch stays in the off state, permitting the shunt capacitor C1 to discharge. 

During this interval, the transmitter current iP maintains its forward direction. Meanwhile, at t7, the 

receiver current iS starts flowing in the reverse direction via diodes D2 and D3, leading to a negative 

voltage across the receiver side v2 (Figure 5(h)). 

- Mode 9 [t8 – t9]: The power switch stays in the off state. At t8, the shunt capacitor C1 completes its 

discharge, directing current via the intrinsic diode path within the switching device. Consequently, a 

reverse-direction current iS is conducted, establishing zero-voltage switching (ZVS) conditions. During 

this time, the transmitter current iP remains constant, and the receiver voltage v2 retains its negative value 

(Figure 5(i)). The switching cycle then proceeds back to Mode 1. 
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Figure 4. Waveforms related to the modes of operation for analysis 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

 

(g) 

 

(h) 

 

(i) 

 
 

Figure 5. Switching sequence representation for each operating condition: nine-stage operating sequence:  

(a) Mode 1, (b) Mode 2, (c) Mode 3, (d) Mode 4, (e) Mode 5, (f) Mode 6, (g) Mode 7,  

(h) Mode 8, and (i) Mode 9 are the corresponding to time intervals t0 – t9 as described in the main text 
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3. STUDY RESULTS 

This section provides a detailed overview of the simulation and experimental results. A prototype 

for untethered energy transmission utilizing a resonant-mode Class-E converter topology was developed 

following the proposed design framework. 

 

3.1.  Parameter design 

A wireless power prototype is developed to verify the proposed method for transferring power to a 

load: a 3,400 mAh lithium-ion battery delivering 4.2 V at its terminals and accepting a 2 A charge input. This 
battery's load resistance is considered constant. From the simulation, which examines the battery's state of 

charge (SOC) between 20% to 80%, it was found that the internal resistance remains relatively constant. 

Therefore, a load resistance of 2.1 Ω is selected for the study. The transmitter and receiver coils consist of 

conductors placed on square ferrite cores, each measuring 5.3 cm by 5.3 cm, with an inductance of 6.25 μH 

per coil. The magnetic coupling coefficient at an aligned distance of 1 cm between the coils is 0.66, which is 

used as the design value. The remaining parameters were calculated using the equations from section 2.3. 

The obtained circuit parameters are summarized as follows: an equivalent resistance RLeq = 1.702 Ω, a 

compensation capacitor C2 = 64.845 nF, a reflected resistance Rreflected = 21.41 Ω, a resonant inductance L0 = 

266.35 μH, and two capacitances C1 = 5.9893 nF and C0 = 1.5957 nF. 

 

3.2.  Simulation results 

By employing the circuit layout depicted in Figure 1(b), simulations were conducted for cases where  

k = kdesigned, k < kdesigned, and k > kdesigned. In this design, kdesigned represents the optimal value, empirically 

determined to be 0.66. The corresponding results are presented in Figure 6. The first set of measurements was 

collected for k = kdesigned = 0.66. Afterward, the measurements were performed again by modifying the 

horizontal misalignment and a separation between coils to achieve cases where k < kdesigned and k > kdesigned. 

The misalignment has affected the WPT system’s efficiency, as discussed in [31]-[35]. In parallel, enhanced 

system efficiency under varying coupling and alignment conditions has also been explored in [36]-[38]. 

Figure 6(a) illustrates the gate-to-source voltage (VGS) waveform and switching voltage (VDS) 

waveform across the drain and source terminals. In Figure 6(a), the VGS waveform is scaled by a factor of 75 

for clarity. The zero-voltage switching (ZVS) point is indicated with a small negative switch voltage, 

showing that the vDS reduces to zero prior to the switch activation, achieving the ZVS condition. Figure 6(b) 

illustrates the simulation results for k < kdesigned = 0.51. The voltage waveform VDS becomes narrower and 

exhibits a higher voltage amplitude. The inverter operates under ZVS conditions, consistent with the analysis 

in section 2.1.1, which states that ZVS can be achieved when k < kdesigned. The simulations were performed 

for k > kdesigned = 0.84. The results, presented in Figure 6(c), indicates that the inverter operates in a non-zero-

voltage condition. This phenomenon occurred because the magnetic coupling coefficient exceeded the 

optimal value, as discussed in subsection 2.1.1. Finally, Figure 6(d) presents the simulation results for k > 

kdesigned = 0.9. At this coupling coefficient, the overlap between the VDS and VGS waveforms confirms that the 

inverter still operated in a non-ZVS condition. 

 

 

 
(a) (b) 

 
(c) (d) 

 

Figure 6. The switching voltage (VDS) and gate-to-source voltage (VGS) under different coupling conditions: 

(a) k = kdesigned = 0.66; (b) k < kdesigned = 0.51; (c) k > kdesigned = 0.84; and (d) k > kdesigned = 0.9 
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The simulated outcomes align with the analytical findings outlined under section 2.1.1. The 

observed ZVS and non-ZVS switching behaviors in Figure 6 correspond directly to the calculated phase 

angle ϕeq in each case. When k = kdesigned, the phase angle approaches the optimal ϕopt, resulting in ZVS 

operation. In contrast, deviation from kdesigned leads to a phase angle mismatch, explaining the deterioration of 

ZVS conditions as predicted by the analytical model. 

 

3.3.  Experimental results 

Figure 7 illustrates the experimental setup, detailing the arrangement of equipment and the 

procedures used to conduct the tests and gather data. In the experimental setup, the coil separation distance 

and misalignment were tuned to reach the desired level of coupling coefficient. The first set of measurements 

was taken with k = kdesigned = 0.66. The experiment was then repeated with adjustments to the coil 

misalignment and separation between coils to achieve k < kdesigned = 0.51, k > kdesigned = 0.84, and k > kdesigned 

= 0.9. In the experimental configuration, a 20 V DC supply was used to drive the inverter, operating at 

250 kHz with a 50% duty cycle. Power was wirelessly delivered to a resistive load located on the secondary 

side of the circuit. The coils were accurately aligned with a 1 cm spacing, yielding a magnetic coupling 

coefficient of 0.66 under the initial test condition. Waveforms of VDS and VGS were captured using an 

oscilloscope, as depicted in Figure 8(a). The observed ZVS behavior of VDS and VGS correlates well with the 

simulated data (see Figure 6(a)). An output power of 10 W was successfully transferred to the output stage, in 

alignment with the intended design criteria. The input power associated with this condition was recorded at 

10.5 W, resulting in an overall efficiency of 95%. The coil misalignment was adjusted to gain a magnetic 

coupling coefficient of 0.51. Figure 8(b) presents the experimental results for the switching voltage (VDS) and 

gate-to-source voltage (VGS), which closely align with simulation results, as illustrated in Figure 6(b). 

Inverter continued to operate under zero-voltage switching (ZVS), delivering an average of 8.85 W at the 

output, while drawing approximately 10.17 W at the input, resulting in an overall efficiency of 84%. 

Figure 8(c) presents the experimental results for k = 0.84. Under this condition, the inverter demonstrated 

non-optimal performance, as the ZVS condition was not met. Measured output power was 8 W, whereas the 

measured input power was 9.1 W, resulting in an overall efficiency of 88%. Likewise, Figure 8(d) depicts the 

experimental result obtained for k = 0.9. The average output power was measured at 7.31 W, with the 

average input power measured at 8.6 W, resulting in an overall efficiency of 85%. Efficiency decreases due 

to losses caused by the overlapping of switch voltage and current signals. 

The study reveals that when designing the WPT system powered by the Class-E inverter for 

operating under ZVS conditions, the maximum value of the magnetic coupling coefficient should be used in 

the design process. This approach ensures that the system operates under ZVS as long as k remains within the 

condition k < kdesigned. However, even though the inverter can maintain ZVS operation when k is less than 

kdesigned, the output power may deviate from the designed value due to weak coupling. Experimental results 

indicate that when k drops to 0.51 or below, the output power falls below 9 watts. 
 

 

 
 

Figure 7. The layout of the experimental setup and the arrangement of equipment 

 

 

These experimental results are in line with the theoretical ZVS operation zones identified in section 

2.1.1. Specifically, when the coupling coefficient equals the designed value k = 0.66, the measured VDS 

waveform confirms that ZVS is achieved, as predicted by the phase angle ϕeq reaching the optimal value ϕopt. 

A reduction in the coupling factor to k = 0.51 allows the inverter to maintain ZVS operation, as predicted by 
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the model where ϕeq > ϕopt. This condition still satisfies ZVS, but results in reduced output power due to 

weaker magnetic coupling. For cases where k > 0.66, such as k = 0.84 and k = 0.9, the VDS waveform 

overlaps with VGS, indicating that ZVS is no longer achieved. This confirms the theoretical prediction in 

section 2.1.1, where ϕeq < ϕopt, violating the ZVS condition. The measured efficiencies also correlate with 

these switching conditions: highest under ZVS (95% at k = 0.66) and reduced under non-ZVS due to 

simultaneous voltage-current overlap, causing switching losses. 

The experimental waveforms also support the theoretical model in section 2.1.1, where the coupling 

coefficient variation affects the phase angle ϕeq, thus impacting the ZVS condition. The decline in efficiency 

in the cases of misalignment further confirms the model's prediction. 

 

 

 
(a) (b) 

 
(c) (d) 

 

Figure 8. Switching voltage (VDS) and gate-to-source voltage (VGS) from experimental measurements under 

different coupling conditions: (a) k = kdesigned, (b) k < kdesigned = 0.51, (c) k > kdesigned = 0.84, and (d) k > kdesigned. 
 

 

4. CONCLUSION 

This work introduces a novel framework for designing Class-E-based converters utilized in 

contactless energy delivery applications, aiming to ensure soft-switching performance over various levels of 

magnetic coupling. The proposed strategy analytically links the phase angle and coupling coefficient to ZVS 

conditions and uses the maximum expected coupling coefficient as a critical design parameter to ensure 

robust ZVS operation, even under coil misalignment. Simulation and experimental results confirm that the 

inverter satisfies ZVS for 0 < k ≤ kdesigned, with peak efficiency reaching 95%. The proposed method offers 

practical value for varying coupling scenarios, aiding in enhancing the design of dependable and high-

performance wireless energy transfer solutions. 
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