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 This article delves into the growing demand for efficient power conversion 

technologies accompanying the rise in electric vehicle (EV) adoption. Boost 

converters, essential for increasing the battery pack voltage to propel EV 

motors, pose a challenge due to the electromagnetic interference (EMI) 

generated by the high switching frequency of power devices. To address this 

issue, practitioners employ zero-voltage switching (ZVS) and zero-current 

switching (ZCS) techniques. In this comparative study, we systematically 

evaluate the effectiveness of these soft switching techniques in reducing 

conducted EMI in boost converters designed for EV applications. The results 

illuminate the potential of both ZVS and ZCS in significantly mitigating 

EMI emissions when compared to conventional hard-switching methods. 

Notably, ZVS soft switching emerges as more efficient and effective, 

particularly under higher loads, while ZCS soft switching excels in reducing 

EMI at lighter loads. In conclusion, the study asserts that ZVS soft switching 

presents a more promising solution for curtailing conducted EMI in boost 

converters for EV applications, particularly in high-load scenarios. However, 

it underscores the importance of considering specific operational conditions 

when deciding between the two techniques. 
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1. INTRODUCTION 

In recent years, the burgeoning demand for electric vehicles (EVs) has propelled substantial research 

and development in power electronics converters, imperative for managing the robust high-power 

requirements of these vehicles. The boost converter, integral to EV applications for elevating battery voltage, 

assumes a central role in this landscape [1], [2]. Despite their ubiquity across diverse industries, these 

converters generate pollution owing to rapid switching characterized by quasi-trapezoidal waveforms [3]. 

The primary objective of our research is to mitigate conducted electromagnetic stresses in a boost converter 

tailored for EV applications [4], [5]. The metal oxide semiconductor field effect transistor (MOSFET) in 

power switches induces disruptive emissions during turn-off and turn-on phases, propagating within the 

frequency band spanning [150 KHz, 1 GHz] [6]. Despite a concurrent increase in frequency aligned with the 

evolution of power electronic components, resulting in heightened power density, it precipitates reduced 

efficiency and heightened electromagnetic pollution [7]. 

To address this challenge, we propose the application of the soft switching technique, aimed at 

reducing power losses and attenuating voltage or current gradients, thereby contributing to enhanced 
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electromagnetic compatibility [8]–[10]. Additionally, techniques such as filtering and pseudo-random 

modulation are implemented to mitigate electromagnetic interference (EMI) from power converters [11], 

[12]. The application of pseudo-random modulation at the control level serves to disperse harmonic energy 

across a wide frequency range, and its integration with resonant switching holds promise for meeting 

electromagnetic compatibility (EMC) standards [13], [14]. 

This research builds upon antecedent investigations into mitigating EMI in power electronics 

converters. A focal point is the concept of soft switching, designed to minimize power losses during 

transitions, ensuring switches operate under conditions of near-zero voltage or current [15], [16]. Despite 

notable advancements, critics underscore challenges in control algorithms, heightened component stress, and 

potential trade-offs with pivotal performance metrics, including size, weight, and cost considerations [17]. 

While extant studies have commendably explored various soft-switching techniques for EMI mitigation, a 

discernible gap exists in the lack of comparative investigations scrutinizing zero-current switching (ZCS) and 

zero-voltage switching (ZVS) methods, particularly in boost converters tailored for EV applications. This 

research seeks to bridge this intellectual void, presenting a comprehensive comparative analysis elucidating 

the efficacy of ZCS and ZVS techniques in diminishing EMI for EV boost converters. The scope of the 

investigation extends beyond EMI levels alone, encompassing critical performance parameters such as 

efficiency, power loss, and switching frequency. Moreover, the study delves into the nuanced impacts arising 

from diverse operating conditions, including load current and switching frequency, on the EMI levels 

engendered by each technique. The anticipated outcomes of this research are poised to offer valuable insights 

for researchers and engineers engaged in the development of efficient and acoustically unobtrusive power 

electronics converters tailored specifically for the demanding milieu of EV applications. In summary, this 

research stands as a pivotal contributor to the ongoing evolution of advanced power electronics converters, 

poised to meet and surpass the evolving requisites of the burgeoning EV market. 

 

 

2. BOOST CONVERTER: MODELING AND IMPLEMENTATION INSIGHTS 

Boost converters play a critical role in the realm of EVs by elevating the battery voltage to align 

with the requirements of the motor controller. This study focuses on scrutinizing the voltage augmentation 

from 24 to 48 V within a conventional 48 V EV. This process involves a switching configuration with a 

freewheeling diode (HFA25TB60) and a high-frequency MOSFET transistor (IRFP460), as depicted in 

Figure 1. The MOSFET is controlled by a fixed-frequency 𝐹𝑆 logic signal 𝑉𝐺𝑆, with a designated duty cycle 

represented by D. 

To achieve precise power regulation in diverse electrical applications, a pulse width modulation 

(PWM) signal is generated, a vital component in this context. When combined with a driver like the TLP250, 

this PWM signal is not only amplified but also electrically isolated, effectively governing the power device 

(MOSFET). The PWM signal, through adjusting pulse duration, facilitates output management. 

Simultaneously, the driver ensures accurate switching and provides protection to the field programmable gate 

arrays (FPGAs) board against high power circuit voltages. This collaborative interaction achieves efficient 

energy management and safeguards sensitive components from potential electrical interference. The 

development of the examined boost converter is directed towards aligning with the specifications elucidated 

in Table 1. 

 

 

 
 

Figure 1. Boost converter: structure and EMI device measurements 
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Table 1. Simulation settings 
 Parameter Normalized value Units 

1 Input voltage 𝑉in 24 V 

2 Output voltage 𝑉𝑜 48 V 

3 Inductance 𝐿𝐹 150 uH 

4 Capacitance 𝐶𝐹 10 uF 

5 Load resistance R𝐿 12 Ω 

6 Input capacitance 𝐶𝑖𝑛 2.2 mF 

7 Parasitic capacitor 𝐶𝑃 130 pF 

8 Switching frequency 𝐹𝑠 100 KHz 

9 Duty cycle D 0.5 --- 

 

 

3. SOFT SWITCHING IMPLEMENTATION STRATEGIES FOR ENHANCING BOOST 

CONVERTER PERFORMANCE 

Soft switching, a fundamental technique in electrical systems, plays a crucial role in mitigating rapid 

voltage or current fluctuations within electronic setups, while concurrently suppressing conducted and 

radiated disturbances [18]–[20]. This involves integrating a damping circuit, such as a parallel capacitor 

(deployed in ZVS), to deliberately decelerate voltage transitions. Additionally, a series inductance (utilized in 

ZCS) is incorporated to judiciously temper current fluctuations during the intricate switching phase. Multiple 

soft switching configurations present versatile solutions, featuring: ZVS: this technique meticulously ensures 

that the voltage across the power switch, exemplified by a MOSFET transistor, meticulously maintains a 

state of zero during the intricate switching process, facilitating seamless transitions of electric current 

between states. (ZCS): ZCS, with precision, guarantees that the current coursing through the power switch 

assumes a state of zero at the precise moment of switching, orchestrating a harmonious transition of electrical 

voltage between distinct states. Both ZVS and ZCS, through their meticulous orchestration, demonstrate a 

discernible efficacy in the reduction of energy losses and disturbances intricately linked with sophisticated 

switching processes. 

In a comprehensive panorama, the design of quasi-resonant converters operating at either zero 

voltage or zero current conspicuously manifests a set of distinctive characteristics: 

i. Normalized resonance frequency 𝑓𝑛= 
𝑓𝑠

𝑓𝑟
 with 𝑓𝑟= 

1

2 𝜋√𝐿𝑅 𝐶𝑅
. 

ii. Characteristic impedance 𝑍𝑛= √
𝐿𝑅

𝐶𝑅
. 

iii. Normalized load resistance Q= 
𝑅𝐿

𝑍𝑛
. 

iv. Conversion ratio M= 
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
 . 

 

3.1.  Soft switching: zero voltage switching 

The scenario involves assuming that the inductance (L) and capacitance (C) of the filter significantly 

outweigh the inductance and capacitance of the resonance. As a result, the voltage source (𝑉𝑖𝑛) connected in 

series with inductance (L) is replaced with a direct current source (𝐼𝑖𝑛), and the output is simulated using a 

direct voltage source (𝑉𝑜). This concept is visually demonstrated in Figure 2. The operational configuration of 

the previously depicted boost converter is delineated into four modes (Figure 3), the four modes are linear 

(Figure 3(a)), resonance (Figure 3(b)), recovery (Figure 3(c)), and freewheeling (Figure 3(d)), each 

determined by the statuses of the primary switch and the freewheeling diode. 

 

 

 
 

Figure 2. Schematic of the zero voltage switching quasi-resonant boost converter 
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(a) (b) 

  

  
(c) (d) 

  

Figure 3. Equivalent circuits for (a) linear, (b) resonance, (c) recovery, and (d) freewheeling mode 

 

 

Mode 1 [linear] (0 ≤ 𝑡 ≤ 𝑡1): this mode is characterized initially by the charging of the capacitor 𝐶𝑟. This 

leads to (1) and (2): 

 

𝑖𝐿𝑅 = 𝐼in (1) 

 

𝑉𝐶𝑅 =
𝐼𝑖𝑛

𝐶𝑟
(𝑡 − 𝑡0) (2) 

 

Mode 2 [resonance] (𝑡1 ≤ 𝑡 ≤ 𝑡2): this mode commences when 𝑉𝐶𝑅 reaches 𝑉𝑜, at which point the voltage 

across diode D becomes positive. The inductor 𝐿𝑟 and capacitor 𝐶𝑟 are now in resonance. This leads to (3) 

and (4): 

 

𝐼𝐿𝑅(𝑡)=𝐼𝑖𝑛.𝑐𝑜𝑠 𝑤𝑟(𝑡 − 𝑡1) (3) 

 

𝑉𝐶𝑅(𝑡)=𝑉𝑜 + 𝑍𝑟 . 𝐼𝑖𝑛 .sin 𝑤𝑟(t-𝑡1) (4) 

 

The strict conditions that should be satisfied: 𝐼𝑖𝑛 ≥  
𝑉𝑜

𝑍𝑛

 

Mode 3 [recovery] (𝑡2 ≤ 𝑡 ≤ 𝑡3): This mode is characterized by the end of resonance. Then, 𝐼𝐿𝑅 starts to 

increase linearly until reaching 𝐼𝑖𝑛. This leads to (5) and (6): 

 

𝐼𝐿𝑅(t)=
𝑉0

𝐿𝑟
(𝑡 − 𝑡2)+ 𝐼𝑖𝑛[1+cos 𝑤𝑟(𝑡2-𝑡1)] (5) 

 

𝑉𝐶𝑅(t) = 0 (6) 

 

Mode 4 [freewheeling] (𝑡3 ≤ 𝑡 ≤ 𝑇𝑠): in this mode, the input current 𝐼𝑖𝑛 is freewheeling through 𝐿𝑟  and the 

main switch. This leads to (7) and (8): 

 

𝐼𝐿𝑅(t)= 𝐼𝑖𝑛 (7) 

 

𝑉𝐶𝑅(t)=0  (8) 

 

At the end of this mode, at time t=𝑇𝑠, the cycle repeats. The waveforms of the resonant tank are depicted in 

Figure 4. Figure 4 shows the current and voltage for the ZVS approach for control voltage (Figure 2(a)) Vgs, 

inductor current ILR (Figure 2(b)), and capacitive voltage Vcr (Figure 2(c)). 
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(a) (b) 

 

 
(c) 

 

Figure 4. Current and voltage for the ZVS approach for (a) control voltage Vgs, (b) Inductor current ILR, and 

(c) capacitive voltage Vcr 
 

 

The voltage conversion ratio, M, of the quasi-resonant ZVS converter can be expressed using the 

principle of energy conservation in the (9): 
 

𝑀=[
𝑓𝑛

2𝜋
( 

𝑄

2 𝑀
+π+𝑠𝑖𝑛−1( 

𝑄

𝑀
 )+

𝑀

𝑄
(1+√1 − (

𝑄

𝑀
)2)]-1 (9) 

 

Thus, the plotting of the conversion ratio M against normalized frequency is conducted in this study for 

different load values Q. A numerical analysis technique, specifically the Newton-Raphson method, has been 

employed. The control characteristic illustrated in Figure 5 provides visual confirmation of these findings. 

Table 2 presents a summary of the ZVS-QRC parameters discussed earlier. 
 

 

 
 

Figure 5. Conversion ratio characteristic as a function of normalized load 
 

 

Table 2. Customizing the ZVS-QRC boost converter configuration 
Parameter Normalized value 

Inductance 𝐿𝑟 

Capacitance 𝐶𝑟 

Resonant frequency  𝐹𝑟 

Duty cycle D 

4.7 uH 

150 nF 

198 KHz  
~ 0.54 

 

 

3.2.  Soft switching: zero current switching 

The assumptions from the previous section still hold, where the inductance (L) and capacitance (C) 

of the filter are considerably greater than the inductance and capacitance of the resonant elements. This is 

depicted in the illustrative Figure 6. The operational configuration of the previously modeled boost converter 
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is delineated into four modes (Figure 7), the four modes are linear (Figure 7(a)), resonance (Figure 7(b)), 

recovery (Figure 7(c)), and freewheeling (Figure 7(d)), each determined by the statuses of the primary switch 

and the freewheeling diode. 
 

 

 
 

Figure 6. Schematic of the zero current switching quasi-resonant boost converter 
 

 

  
(a) (b) 

  

  
(c) (d) 

  

Figure 7. Equivalent circuits for (a) linear, (b) resonance, (c) recovery, and (d) freewheeling mode 
 

 

Mode 1 [linear] (0 ≤ 𝑡 ≤ 𝑡1): in this mode, when the main switch conducts at 𝑡0, the diode D remains in its 

conducting state (𝐿𝑟 starts to store energy). This leads to (10) and (11): 
 

𝑖𝐿𝑅=
𝑉𝑜

𝐿𝑟
(t-𝑡0) (10) 

 

𝑉𝐶𝑅=𝑉o (11) 

 

Mode 2 [resonance] (𝑡1 ≤ 𝑡 ≤ 𝑡2): this mode initiates when diode D stops conducting, causing 𝐿𝑟 and 𝐶𝑟 to 

start resonating. As a result, we derive the (12) and (13): 
 

𝐼𝐿𝑅(𝑡)=𝐼𝑖𝑛 +  
𝑉𝑜

𝑍𝑟
. sin 𝑤𝑟(t-𝑡1) (12) 

 

𝑉𝐶𝑅(𝑡)=𝑉𝑜 . cos 𝑤𝑟(t-𝑡1) (13) 
 

The strict conditions that should be satisfied: 𝐼𝑖𝑛 ≤  
𝑉𝑜

𝑍𝑛

 

Mode 3 [recovery] (𝑡2 ≤ 𝑡 ≤ 𝑡3): This mode is characterized by the end of resonance. Consequently, 

capacitor 𝐶𝑟 begins to charge from the input current source 𝐼𝑖𝑛. As a result, the (14) and (15) are obtained: 

 

𝐼𝐿𝑅(t)=0 (14) 
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𝑉𝐶𝑅(t) =
𝐼𝑖𝑛

𝐶𝑟
(𝑡 − 𝑡2)+ 𝑉𝑜 . cos 𝑤𝑟(𝑡2-𝑡1) (15) 

 

Mode 4 [freewheeling] (𝑡3 ≤ 𝑡 ≤ 𝑇𝑠): In this mode, the capacitor voltage is clamped to the output voltage, 

and the diode resumes conduction. This leads to the (16) and (17): 
 

𝐼𝐿𝑅(t)= 0 (16) 

 

𝑉𝐶𝑅(t)=𝑉𝑜 (17) 
 

At the end of this mode, at time t=𝑇𝑠, the cycle repeats. In Figure 8, the theoretical waveforms of the resonant 

tank are presented. Figure 8 shows the current and voltage for the ZCS approach for control voltage Vgs 

(Figure 8 (a)), capacitive voltage Vcr (Figure 8 (b)), and inductor current ILR (Figure 8 (c)). 

The voltage conversion ratio, M, of the quasi-resonant (ZCS) converter can be articulated through 

the application of the principle of energy conservation in the (18): 
 

𝑀=[1-
𝑓𝑛

2𝜋
(

𝑀

2 𝑄
+2π-𝑠𝑖𝑛−1( 

𝑀

𝑄
 )+

𝑄

𝑀
(1-√1 − (

𝑀

𝑄
)2))]-1 

(18) 

 

Thus, the plotting of the conversion ratio M against normalized frequency is conducted in this study for 

different load values Q. The control characteristic is illustrated in Figure 9. The parameters for the ZCS-QRC 

discussed earlier are conveniently summarized in Table 3. 
 

 

  
(a) (b) 

 

 
(c) 

 

Figure 8. Current and voltage for the ZCS approach for (a) control voltage Vgs, (b) capacitive voltage Vcr, and 

(c) inductor current ILR 

 

 

 
 

Figure 9. Conversion ratio characteristic as a function of normalized load 
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Table 3. Customizing the ZCS-QRC boost converter configuration 
Parameter Normalized value 

Inductance 𝐿𝑟 

Capacitance 𝐶𝑟 

Resonant frequency  𝐹𝑟 

Duty cycle D 

4.7 uH 
150 nF 

198 KHz 

~0.46 

 

 

4. SIMULATION RESULTS AND DISCUSSION 

4.1. Conducted electromagnetic interference assessment in boost converter systems: a quantitative 

analysis 

The boost converter's impact on conducted-mode electromagnetic disturbances is significant. The 

switching cell represents the disruptive element that promotes current and voltage gradients, subsequently 

contributing to the generation of EMI that propagates through conduction within the frequency range [150 KHz, 

30 MHz] (Figure 10). To assess these interferences, a line impedance stabilization network (LISN) is commonly 

used (Figure 10(a)). Serving as a filter between the tested boost converter and the power supply network, the 

LISN effectively isolates the power supply from the equipment under test, which can create disturbances in 

common mode and differential mode, as illustrated in Figure 10(b). 

 

 

  
(a) (b) 

  

Figure 10. Conducted electromagnetic emission measurements by means of (a) a LISN device for both and 

(b) common and differential modes 

 

 

This segment of the study conventionally involves the quantification of conducted-mode EMI [21], 

[22], specifically for the standard boost converter whose features have been detailed earlier. The 

configuration of the employed chopper encompasses a power source, a conducted emissions measurement 

device (LISN), a control architecture, and a switching cell integrated with a filter and a resistive output load 

(refer to Figure 11). It is noteworthy that the voltage 𝑉𝑙𝑖𝑠𝑛  recorded across the LISN serves as a representation 

encapsulating both differential and common-mode disturbances [23]. 

 

 

 
 

Figure 11. The testing framework for conducted emissions in a boost converter 

 

 

In crafting the simulation framework for the model illustrated in Figure 11, we employed the Isis 

Proteus environment, incorporating the parameters detailed in Table 1. Our analysis was primarily centered 

on the spectral composition of voltage 𝑉𝑙𝑖𝑠𝑛 , serving as an indicator of disturbances in both differential and 
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common modes. Our principal objective revolved around the mitigation of the frequency components within 

this voltage, with particular emphasis on reducing the power spectral density, specifically within the 

frequency range spanning from 10 kHz to 30 MHz [24]. The ensuing section delves into an in-depth 

investigation of the envisaged methodologies, namely ZVS and ZCS, and their respective efficiencies in 

curtailing the electromagnetic disturbances propagated by the typical boost converter operating under Hard 

switching conditions. The simulation results are presented in Figure 12, especially in Figure 12(a) the results 

of the ZVS approach, and Figure 12(b) the results of the ZCS approach. 

 

 

  
(a) (b) 

 

Figure 12. Frequency analysis of voltage (Vlisn) for (a) ZVS and (b) ZCS approach 

 

 

The simulation findings emphasize the discernible merits associated with soft switching 

methodologies, specifically both ZVS and ZCS, with respect to the amelioration of conducted 

electromagnetic disturbances. The ZVS switching technique, as delineated in Figure 12(a), excels in the 

considerable mitigation of the high-frequency spectrum attributable to its smooth transitions, thereby 

attenuating abrupt voltage fluctuations. Practically, this approach ensures that the voltage across the switches 

remains proximate to zero during the switching process, thereby mitigating swift voltage transitions and 

suppressing the generation of high-frequency harmonics. 

In contradistinction to conventional hard switching techniques, the utilization of both ZVS and ZCS 

methodologies presents considerable advantages in terms of electromagnetic compatibility and interference 

reduction [25]. This distinction is particularly noteworthy in Figure 12(b), where the efficacy of ZCS 

switching becomes apparent at lower frequencies by minimizing current spikes during switching transitions. 

This deliberate strategic approach is directed towards mitigating disturbances stemming from abrupt 

alterations in current, a critical endeavor in managing emissions within lower frequency ranges. The inherent 

attributes of ZVS and ZCS position them as promising choices for the effective control of conducted 

electromagnetic disturbances. When implemented, these techniques not only enhance the quality and 

integrity of electrical signals but also prove instrumental in high-performance applications that demand strict 

adherence to electromagnetic performance standards. 

 

 

5. CONCLUSION 

In summary, this study demonstrates the efficacy of ZVS and ZCS techniques in mitigating EMI in 

EV boost converters. These methods significantly reduce power spectral density within the [10 kHz, 30 

MHz] frequency range, enhancing electromagnetic compatibility. ZVS is engineered with a primary focus on 

attenuating high-frequency EMI through the facilitation of seamless transitions in voltage. In parallel, ZCS is 

meticulously crafted to diminish abrupt spikes in current at lower frequencies. The conspicuous superiority 

exhibited by both ZVS and ZCS in comparison to conventional hard-switching methodologies signifies a 

compelling prospect for heightened operational efficiency and broader integration within the specialized 

domain of power electronics for EVs.These findings establish a solid foundation for improving reliability and 

efficiency in EV power electronics. For future work, exploring machine learning algorithms for real-time 

adaptive control of ZVS and ZCS parameters is recommended. Investigating synergies between advanced 

control strategies and switching techniques can optimize EMI mitigation. Additionally, studying scalability 

for different power levels and EV architectures will offer insights for widespread implementation in the 

automotive industry, advancing this critical technology. 
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