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Abstract 

Sustainable energy has become a critical focus due to the environmental and 

economic limitations of traditional fossil fuels. One of the most prominent 

applications in this field is electric vehicles (EVs), which rely on high-voltage DC 

battery packs (typically 400V or 800V) as their primary energy source. These 

batteries supply power to AC motors via inverters that convert direct current (DC) 

to alternating current (AC). Additionally, EVs incorporate DC-DC converter 

systems to step down the high-voltage DC for auxiliary systems such as 

infotainment units, control modules, and lighting. The step-down DC-DC converter 

is composed of various components, including switches (such as MOSFETs or 

IGBTs) and diodes. These components are subject to different types of losses—

namely switching, conduction, and thermal losses—which can significantly impact 

system efficiency and performance. This article investigates these losses through 

simulation using the PLECS software across multiple operating scenarios. 
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1. Introduction  

Automobiles known as electric vehicles (EVs) feature one or more electric motors that operate from 

rechargeable battery energy storage systems [1]. EV’s has several advantages over traditional internal 

combustion engine (ICE) vehicles such as: zero emissions (no tailpipe emissions, reducing air pollution), high 

efficiency (electric motors are more efficient than internal combustion engines), instant torque (EVs typically 

use a single-speed transmission because electric motors provide high torque across a wide range of speeds, 

eliminating the need for multi-gear systems), lower maintenance (fewer moving parts compared to traditional 

vehicles) [2, 3]. The block diagram of the EVs can be seen in Figure 1. 

This research investigates the step-down DC-DC converter that lowers high voltage to provide power for 

auxiliary equipment such as lighting and infotainment units and control modules, together with electronics and 

climate control systems, and other equipment. The block diagram of the step-down converter is shown in Figure 

2. [4], [5]. 

https://creativecommons.org/licenses/by/4.0/
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Figure 1. Block diagram of the EV 

The operation of a buck converter can be divided into two states: 

1. On-state (D × T_s): The high-side MOSFET is turned on, connecting the input voltage to the inductor. 

The inductor current increases linearly, storing energy. 

2. Off-state ((1-D) × T_s): The high-side MOSFET is turned off, and the low-side MOSFET (or diode) 

conducts. The inductor current decreases linearly, transferring. 

 

 Figure 2. Step-down DC-DC converter 

The efficiency of a step-down converter is influenced by various types of energy losses that occur during the 

conversion process, which can be categorized into conduction losses, switching losses, and core losses. 

Conduction losses arise from the resistive elements in the circuit, such as the equivalent series resistance (ESR) 

of the inductor and capacitor, and the on-resistance (RDS (on)) of the switching transistor (typically a MOSFET 

or IGBT). These losses are proportional to the square of the current (I2*R) and dominate at higher load 

conditions. Switching losses, on the other hand, occur during the transition phases when the switch toggles 

between the on and off states. These losses are associated with the overlap of voltage and current during 

switching transitions, leading to power dissipation in the form of heat. The switching frequency is also a critical 

factor; the bigger the passive components are, the more the switching losses are; the switching frequency is 

higher, and the losses occur more often. 

The core of an inductor is subject to two primary types of losses: hysteresis losses and eddy current losses, 

which behave differently in response to changing operating conditions. These losses become particularly 

significant at high operating frequencies, where efficiency is affected by both magnetic and switching losses 

[6]. Hysteresis losses depend on the magnetic properties of the core material and increase with frequency, while 

eddy current losses are caused by circulating currents induced within the core material, which also scale with 

frequency and material conductivity [7], [8]. 

To mitigate these losses, modern inductors often use advanced ferrite materials with low core loss 

characteristics. Additionally, wide-bandgap semiconductors such as silicon carbide (SiC) and gallium nitride 

(GaN) are increasingly used in power switches due to their lower switching losses and superior thermal 
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conductivity [9], [10]. These material and component improvements play a critical role in enhancing the overall 

efficiency of step-down (buck) converters, which typically achieve efficiencies in the range of 90–98% in 

modern designs. 

2. Literature review 

A prototype step-down converter 200 V input and, 24V 10A output was built in [6] to check the theory 

examination findings. The report gives information regarding operational functions and practical evidence. The 

converter proposed has lower operational voltages compared to other IBCs, as well as high step-down 

capabilities. The converter has a good performance in high power applications due to the fact that it provides. 

A non-isolated step-down operating parameter, along with low output current ripple and constant input current 

behavior. The study compares the algorithm checking and performance of the converter with the aid of theory 

and experimental evidence. The building of a balanced assessment consists of the examination of constraints 

along with implementation issues and alternative solutions in which the proposed converter is performing 

inadequately. This aspect will be lacking, and the results will remain biased in the evaluation.  

In [7], conventional boost converters (CBCs) are compared to flying capacitor boost and discuss converters 

(FCBCs) and multilevel boost converters with an emphasis on their advantages and disadvantages. An FCBC 

delivers significantly greater ratios of voltage conversion compared to its counterpart CBC with the same duty 

cycle. The increased voltage output limits with FCBCs are due to reduced duty cycle limits, which could retard 

system behavior and reduce power switching loss. The diminished physical dimensions of FCBC. Inductors 

versus CBC inductors will result in a smaller weight and size, and lower cost, along with reduced weight of 

inductors, copper losses. The lifecycle of the output signals is passed through various stages in FCBC, which 

leads to reduced EMI. Complex design, along with control of FCBCs, increases production costs because their 

multiple components and intricate synchronization system demand additional complexity. Multiple switching 

stages decrease the overall efficiency levels of FCBCs. Multiple components in such systems typically generate 

more parasitic losses, which reduces total system efficiency. In summary, FCBCs offer enhanced voltage 

conversion and reduced inductor size but at the cost of increased complexity, cost, and potentially lower 

efficiency compared to CBCs.  

Study in [8] allows designers to calculate the total dynamic power loss in a buck converter using static 

characteristics and device parameters from datasheets. This enables optimization of device operation within the 

circuit. It investigates the dynamic power loss in a buck converter and offers several benefits, such as the key 

advantage of proposing a transient analytic model for calculating transient loss, incorporating significant 

parasitic parameters often overlooked in the past. However, a potential drawback is the document's specific 

focus on buck converters, which may limit its applicability to other types of converters. Additionally, relying 

on datasheet parameters may introduce inaccuracies if the datasheet information is incomplete or not 

representative of real-world conditions. The complexity of the proposed model could also be a barrier for 

designers unfamiliar with advanced power electronics analysis techniques.  

Study in [9] aims to provide an overview of thermal transport mechanisms at high temperatures, identify 

challenges, and explore material research opportunities for high-temperature thermal materials. Many 

drawbacks may be of interest in this document, like challenges in obtaining empirical data for high-temperature 

thermal properties, which could limit the robustness of conclusions drawn in the paper. Integrating insights from 

related fields (like low-temperature phenomena), it may lack a holistic view of thermal transport science.  

Study in [12] identifies where the greatest power losses occur in electric vehicles, allowing for targeted 

improvements in energy efficiency. It presents methodologies to optimize the operating points of key 

components such as the electric motor, inverter, and mechanical transmission, enhancing overall vehicle 

performance. Also, the document offers efficiency curves that can serve as a reference for manufacturers and 

engineers to improve design and functionality in future electric vehicle models. The main drawbacks of this 
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paper may include: limited scope of analysis, specific test environment, lack of economic analysis, and focus 

on efficiency without consideration of other factors.  Moreover, research by [14] evaluates the performance 

characteristics of a 1 kW Asynchronous Buck Converter (ASBC) and a Synchronous Buck Converter (SBC) as 

electric vehicle battery chargers. The article provides a comprehensive analysis of the computation of the IGBT 

power loss in the electric vehicle charging applications and thermal stability study. Figure 3 indicates that a 5A 

load current value will eventually stabilize the thermal distribution in the designed heatsink (IGBT) to 36.20 

and 42.50 with ASBC and SBC counterparts operating, respectively. 

The study in [15] was conducted by a team of researchers who made an effort to design thermal control methods 

that ensure the reliability of power electronic converters and extended lifetime operation. The heat dissipating 

control system is controlled actively by cooling, employing direct or indirect methods to control electrical 

quantities and resist temperature. A few of the cooling processes mentioned in this study are channel cooling 

and phase change material-based cooling and immersion cooling, and jet cooling. They were practically applied 

and were successful in the impregnation and spray cooling. 

3. Theoretical analysis 

3.1. Step-down DC/DC converter 

Step-down DC-DC converter mathematical calculations determine the link between all input and output values 

and other crucial parameters. The conversion process depends on essential mathematical evaluations, which 

enable necessary design steps and performance optimization of the converter for electric vehicle applications. 

The following section contains a complete mathematical breakdown of buck converter operations [16, 17]: 
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Where: 

D - Duty cycle, L - inductor value, Vin - Input voltage, Vout - Output voltage, fs - Switching frequency, IL - 

Current ripple, C - capacitor value, Vout - Voltage ripple,  - efficiency. 

3.2. Losses mechanism analysis 

Understanding loss mechanisms in step-down DC-DC converters used in electric vehicles is essential for 

improving system efficiency and increasing vehicle range. The main challenge in 400V to 12V applications is 

the high conversion ratio that leads to a low duty cycle and significant switching losses. Efficiency can be 

improved through appropriate device selection, application of advanced switching techniques, and consideration 

of alternative designs such as multi-phase or cascaded converters. These losses can be categorized into several 

key components, including conduction losses, switching losses, and parasitic losses. 

Conduction losses primarily originate from the resistance of the inductor and the on-state resistance of the 

activated MOSFET. These losses, along with the forward-voltage drop across the diode, collectively contribute 

to the total conduction losses. Since these losses are proportional to the square of the current, they become 

particularly significant under high load conditions. 
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Switching losses occur during the transition states of the transistors—when the MOSFET and the diode shift 

between on and off states. These losses are influenced by switching frequency and gate drive characteristics and 

become more pronounced at higher frequencies. Parasitic losses, such as those caused by the equivalent series 

resistance (ESR) of output capacitors, also contribute to overall inefficiency [11], [12]. Additional losses include 

the diode’s reverse recovery charge and other circuit parasitics. 

The total power loss in a step-down converter reflects the combined effects of these various sources, establishing 

a quantitative relationship among them [13], [14]. Therefore, optimizing the design parameters—such as 

selecting appropriate semiconductor devices, defining suitable inductor specifications, and determining optimal 

switching frequencies—is essential to minimize individual loss components [15], [16]. 

Effective design optimization of semiconductors, inductors, and switching behavior directly leads to reduced 

power losses and improved converter efficiency. This optimization is crucial for extending the driving range of 

electric vehicles (EVs), which increasingly demand enhancements in power handling and energy utilization. As 

a result, this area remains a major focus of current research and development in sustainable transportation 

technologies [17]–[19]. 

Conduction losses 

2
. ( )* ;swit cond out DS onP I R=  (2) 

Where: Iout – Output current, RDS(on) - the on-resistance of the MOSFET or IGBT. 

Inductor conduction loss 

2
. * ;ind cond out LP I R=  (3) 

Switching losses 

1
* * * * ;

2
switch in on s rP V I f t=  (4) 

Where: tr - the rise time of the switch. 

Core losses 

2* * * ;n
core h s e sP k f k f= +  (5) 

Where: kh and ke are material-dependent constants, and n depends on the magnetic material.  These various 

losses are represented in Figure 3, where the vertical axis represents the power loss in watts (W), while the 

horizontal axis represents the different loss components.  In Figure 4, thermal losses for various components 

used in the step-down converter are represented. 

 
Figure 3. Various losses of the step-down converter 
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Figure 4. Thermal losses of different components of the step-down converter 

4. Results and discussion 

This section is particularly important, as it demonstrates how the converter meets the stringent reliability, safety, 

and compatibility requirements of the automotive industry. The calculation values adopted in previous section 

is considered in this section which involves the inductor value, capacitor value, semiconductor selection (high-

side IGBT: with 650V rating, low RDS(on) (≈100mΩ), and optimized gate charge characteristics like 

IKWH70N65WR6-IGBT, low-side IGBT: low-voltage (80-100V) with ultra-low RDS(on) (≈3-5mΩ) to 

minimize conduction losses during the long off-time of the high-side switch). The main components of the buck 

converter are given in Table 1. In Figure 5, the simulation model of the buck converter using PLECS software 

is considered. 

 
Figure 5. Schematic diagram of a step-down converter with the losses instrumentation 
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Table 1. Main components of the buck converter 

Component Symbol Value 

Input voltage V_dc 400V 

Output voltage Vout 12V 

Inductor L1 100mH 

Capacitor C1 260µF 

Output resistor R1 10 

Switching freq. fsw 5-100 kHz 

Figure 6 illustrates the output voltage and inductor current of the step-down converter with different switching 

frequencies (5, 10, 50, 100) kHz. The provided waveforms offer valuable insights into the performance of the 

step-down DC-DC converter in electric vehicle applications when converting 400V to 12V. The waveforms 

show that increasing the operating frequency improves dynamic performance and reduces output ripple, with 

challenges in transient response and high conversion ratio. The converter's performance can be improved 

through advanced control techniques and by selecting the optimal frequency that balances performance and 

efficiency. The switching and conduction losses can be calculated using Equations 2 and 4. Table 2 summarizes 

these losses in the step-down converter considered in this article with respect to different frequencies. 

 

Figure 6. Simulation process of the step-down converter under different switching frequencies 



 SEI Vol. 7, No. 2, 2025, pp.449-462 

 

456 

Table 2. Summarized values due to calculations 

Switching 

losses(W) 

Conduction 

losses(W) 
Efficiency (%) Voltage ripple (V) Switching Freq. 

0.03 3.4 94.6 0.12 10000 

0.06 3.4 94.55 0.12 20000 

0.1 3.4 94.5 0.12 30000 

0.13 3.4 94.45 0.12 40000 

0.16 3.4 94.4 0.12 50000 

0.19 3.4 94.35 0.12 60000 

0.23 3.4 94.31 0.12 70000 

0.26 3.4 94.26 0.12 80000 

0.29 3.4 94.21 0.12 90000 

0.32 3.4 94.16 0.12 100000 

Using Table 2, the switching and conduction losses calculated for the step-down DC-DC converter can be 

mapped in Figure 7. 

 

Figure 7. Switching and conduction losses VS switching frequency 

 

Figure 8. Efficiency VS switching frequency in a step-down converter 
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The efficiency can be illustrated from another view, or the efficiency against load current, as it is shown in 

Figure 9. 

 

Figure 9. Step-down converter efficiency analysis alongside its relation to load current 

Another simulation attempt is considered in Figure 10, which describes the relationship between efficiency and 

input. 

 

Figure 10. Efficiency VS input voltage in a step-down converter 

The simulation results of the step-down DC-DC converter demonstrate several key performance characteristics 

across different operating conditions. Figure 7 illustrates the output voltage waveforms at various switching 

frequencies (10, 50, 75, and 100 kHz). As the switching frequency increases, there is a notable improvement in 

the dynamic performance of the converter, characterized by reduced output voltage ripple. This improvement 

is significant for automotive applications where a stable voltage supply to auxiliary systems is critical for 

reliable operation. The analysis of loss mechanisms reveals the distribution of power losses across different 

components of the converter. As shown in Figure 3, the total power loss is comprised of several components, 

with conduction and switching losses being the most significant contributors. The analysis of the thermal data 

in Figure 4 further illustrates how these losses are converted into thermal gains in various parts, which is crucial 

for thermal management and reliability concerns in automotive systems.  
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Table 2 shows the switching and conduction losses at various operating frequencies computed. The following 

calculations were done based on the mathematical models provided in the section on methodology: Conduction 

losses: 

2
( ) * * ;

 0.5* * * * .

out DS on

in out r s

Conduction losses I R D

Switching losses V I t f

=

=
 (6) 

These losses, along with the switching frequency, are graphically illustrated in Figure 7. The results indicate 

that switching losses increase proportionally with frequency, while conduction losses remain relatively constant 

across the frequency range. This linear relationship between switching frequency and switching losses aligns 

with theoretical expectations, as higher frequencies lead to more frequent transitions in the semiconductor 

devices, thereby increasing energy loss. In contrast, conduction losses are primarily influenced by the on-state 

resistance of the semiconductor devices and the magnitude of the current, making them largely independent of 

switching frequency. 

The step-down converter was tested in varying operating conditions to offer efficiency  and in-depth knowledge 

of its performance behavior. Figure 8 shows the correlation between switching frequency and efficiency. The 

findings indicate that efficiency is reduced with an increase in the switch frequency, which can be explained by 

higher switching losses at higher frequencies. This trade-off between switching frequency and efficiency is a 

critical consideration in the design of DC-DC converters for electric vehicles, where both high efficiency and 

compact size (enabled by higher switching frequencies) are desirable. The efficiency versus load current 

relationship, presented in Figure 9, demonstrates that the converter achieves its peak efficiency at moderate load 

currents. At light loads, the fixed losses (such as gate drive losses and core losses) become proportionally 

significant, reducing overall efficiency. At heavy loads, the I²R losses in the semiconductor devices and passive 

components increase quadratically with current, also reducing efficiency. Figure 10 shows the efficiency as a 

function of input voltage. The results indicate that the converter maintains relatively stable efficiency across the 

input voltage range, which is important for electric vehicle applications where the battery voltage can vary 

significantly depending on the state of charge. 

Under simulated operating conditions, the selected components IKWH70N65WR6 for high-side IGBT and low-

side IGBT showed suitable temperatures as per thermal analysis. The ability to maintain stable temperatures in 

high-temperature environments serves as an essential attribute for automotive converter reliability, as 

automotive environments pose harsh conditions that can lead to severe component failure effects. 

The simulation results demonstrate a balanced trade-off between switching frequency and key performance 

metrics in a 400V to 12V step-down DC-DC converter. As the switching frequency increases—particularly 

within the 10 kHz to 100 kHz range—both output voltage ripple and dynamic response show significant 

improvements. This enhanced dynamic behavior supports stable voltage delivery to auxiliary systems in electric 

vehicles. 

However, these performance gains come at the cost of increased switching losses, which negatively affect 

overall converter efficiency. This presents a fundamental design challenge in power electronics for EVs: the 

trade-off between high-frequency performance benefits and energy efficiency. 

Higher switching frequencies enable the use of smaller passive components, such as inductors and capacitors, 

thereby reducing the size, weight, and cost of power converters—an important advantage in space-constrained 

and weight-sensitive automotive applications, especially for autonomous and compact EV designs. In such 

cases, minimizing component size contributes directly to extended driving range and improved vehicle 

performance. Lower efficiency at higher switching frequencies can offset these benefits by requiring more 

robust thermal management systems and potentially larger components to handle the resulting heat, which may 

in turn reduce overall vehicle range. 
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Therefore, selecting the optimal switching frequency must account for the specific requirements and constraints 

of the EV design. In applications where energy efficiency and battery conservation are critical, lower switching 

frequencies are preferable. In contrast, applications prioritizing size and weight optimization may benefit from 

higher switching frequencies, provided the efficiency trade-offs are acceptable. Ultimately, the ideal switching 

frequency is context-dependent, based on a careful evaluation of performance priorities and system limitations. 

The simulation process demonstrates that conduction losses maintain similar levels throughout the testing 

period. The frequency range produces a steady conduction loss rate, but switching losses rise in direct proportion 

to frequency.   The characteristics of efficiency for different operating conditions enable the researchers to make 

valuable conclusions related to practical applications. This reduction in efficiency with the number of switching 

times requires proper selection of the operating frequency, which is equally essential since it affects the devices' 

performance. The load current vs efficiency relationship deduces that the power converter values off to its peak 

operating value where the converter operates in medium levels of power; therefore, the auxiliary load in electric 

vehicles adopts varying values during operation.  

Considering the efficiency curve, which can provide more precise predictions of the converter operation in real-

world considerations. There is not much difference in the converter's efficiency when it is run over the given 

range of the input voltage. Experiments on the device in actual operating conditions can determine methods for 

regulating loads that would be most efficient for the system. In electric vehicles, the converter performs well 

since the voltage in batteries varies in extreme values. The level of charge determines the level of fluctuation of 

the voltage of the battery, and this is 20% or more, depending on the state selected. The converter is stable, as 

also verified by the efficiency measurement. The 400 V to 12 V converter in question compares favorably in 

terms of performance with the traditional step-down converters, defined in the article, both in power density 

and power efficiency. Even though it was of a high conversion ratio (33.3:1), the design possesses unique issues 

that cannot be addressed by single-stage buck converters along with this design. A number of steps in a cascaded 

or series type shall provide better output efficiency in converting 400 V to 12 V because the process of 

conversion is divided into various steps, which operate with maximum duty cycles. The parameters of the 

present study can be enhanced with the help of microstrip filters [21, 22], antennas [20, 24], AI methods [25, 

26], and wireless networks [27, 28]. 

5. Conclusion 

This article analyzes in detail a 400V to 12V step-down DC-DC converter for electric vehicle auxiliary systems. 

Electric vehicle auxiliary systems, with particular focus on loss mechanisms and performance optimization 

across various operating conditions. Through systematic PLECS simulations with switching frequency range 

from 10 kHz to 100 kHz, an important relationship is found between operating parameters and converter 

efficiency that defines the converter performance. The efficiency of EV power systems depends heavily on 

operating parameter relationships, which require analysis for design purposes. The analysis demonstrates that 

converters have to balance between different switching frequency settings. The dynamic response and output 

voltage performance of the system are optimized through high-frequency operation between 75-100 kHz. The 

improved power quality perception provides essential benefits to sensitive automotive electronics. However, 

this improvement decreases efficiency when switching losses elevate during operation. In contrast, lower 

frequencies (10-30 kHz) increase the efficiency range of these converters but imply large passive components, 

which result in weight and space requirements based on converter size and weight. 

6. Future works 

Future research in high-step-down DC-DC converters should focus on analyzing alternative topologies capable 

of achieving large voltage conversion ratios. Notable examples include tapped-inductor buck converters and 

hybrid switched capacitor/inductor-based converters. These topologies offer potential performance 

improvements; however, realizing their full benefits, especially at high switching frequencies, remains a 
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challenge, even with advanced wide-bandgap devices such as SiC and GaN. Nonetheless, these technologies 

represent a promising direction for future development. Adaptive control strategies also show strong potential 

for optimizing converter performance by dynamically adjusting operating parameters based on real-time load 

conditions and temperature measurements. Such control approaches could significantly enhance efficiency and 

responsiveness. 

To ensure long-term reliability in automotive environments, rigorous testing and reliability assessments must 

be conducted. Components must withstand harsh conditions, including repeated thermal cycling and other 

environmental stresses typical of vehicular applications. The proposed research directions aim to improve the 

performance, power density, and reliability of step-down converters in electric vehicles. These advancements 

are critical for the continued evolution of EV technology, supporting greater energy efficiency, compact design, 

and extended vehicle range. 
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