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Abstract 

High-power converters are widely used in renewable energy systems, electric 

vehicles, industrial drives and HVDC transmission. These converters handle 

large currents and voltages which results in significant heat generation inside 

semiconductor devices and passive components. If not properly managed, 

excessive temperature rise leads to reduced efficiency, reliability issues, and 

premature device failure. Thermal management therefore becomes a critical 

design consideration in modern power electronic converters. This paper 

presents a detailed review of thermal management techniques used for high-

power converters. The sources of heat generation, thermal modeling methods, 

cooling techniques, materials used for heat dissipation, and advanced strategies 

like liquid cooling and phase change materials are discussed. Comparison of 

various methods is provided through tables. Practical design considerations 

and recent trends are also included. This review helps designers to understand 

the importance of thermal control and select suitable techniques for improving 

converter life and performance. 

 

Keywords: Thermal management, High-power converters, Heat sinks, Liquid 

cooling, Power electronics, Thermal modeling, Reliability. 

 

INTRODUCTION 

High-power converters are the backbone of modern power electronic applications such as 

photovoltaic inverters, motor drives, EV chargers, traction systems and FACTS devices. These 

converters use semiconductor devices like IGBTs, MOSFETs, SiC and GaN devices which 
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 switch at high frequency and carry large current. During operation, conduction losses and 

switching losses generate large amount of heat inside these devices. 

 

Temperature is one of the most critical factor affecting performance and life of power electronic 

components. Studies shows that for every 10°C rise in junction temperature, the life of 

semiconductor device may reduce nearly by half. Therefore, maintaining the temperature 

within safe limits is essential. 

 

Thermal management refers to the techniques used to remove excess heat from the converter 

and maintain proper operating temperature. Without proper cooling arrangement, even well 

designed converter may fail early. In this paper, various conventional and advanced thermal 

management techniques are reviewed in detail. 

 

2. SOURCES OF HEAT GENERATION IN HIGH-POWER CONVERTERS 

High-power converters handle large currents and voltages while switching at high frequencies. 

As a result, significant heat is generated in both the semiconductor devices and passive 

components. Understanding the sources of this heat is crucial for designing effective thermal 

management systems. The primary sources of heat generation are described below. 

 

2.1 Conduction Losses 

Conduction losses occur when current flows through a semiconductor device such as an IGBT, 

MOSFET, SiC, or GaN transistor. Every semiconductor device has an inherent on-state voltage 

drop (V<sub>CE(sat)</sub> for IGBTs or R<sub>DS(on)</sub> for MOSFETs). When 

current passes through the device, this voltage drop results in power dissipation in the form of 

heat. 

 

Mathematically, conduction loss can be expressed as: 

Pcond=I2⋅Ron(for MOSFETs)P_{cond} = I^2 \cdot R_{on} \quad \text{(for 

MOSFETs)}Pcond=I2⋅Ron(for MOSFETs) Pcond=VCE(sat)⋅I(for IGBTs)P_{cond} = 

V_{CE(sat)} \cdot I \quad \text{(for IGBTs)}Pcond=VCE(sat)⋅I(for IGBTs)  

Where: 

 III = current through the device 

 RonR_{on}Ron = on-resistance of MOSFET 
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  VCE(sat)V_{CE(sat)}VCE(sat) = collector-emitter saturation voltage of IGBT 

 

Key Points: 

 Conduction losses increase linearly with current for IGBTs and quadratically for 

MOSFETs. 

 These losses are significant in low switching frequency applications but can dominate 

total losses in high-current scenarios. 

 Selecting devices with lower on-state resistance or saturation voltage reduces 

conduction losses. 

 

2.2 Switching Losses 

Switching losses occur during the turn-on and turn-off events of semiconductor devices. During 

these transitions, the voltage across the device and the current through the device are both non-

zero for a short duration. This simultaneous overlap causes instantaneous power dissipation, 

which contributes to overall heating. 

Psw=fs⋅Eon/offP_{sw} = f_s \cdot E_{on/off}Psw=fs⋅Eon/off  

 

Where: 

 fsf_sfs = switching frequency 

 Eon/offE_{on/off}Eon/off = energy lost per switching event 

 

Factors affecting switching losses: 

 Higher switching frequency increases losses proportionally. 

 Fast switching devices (like SiC or GaN) reduce switching losses but may require 

careful gate driver design to avoid oscillations. 

 Snubber circuits can help mitigate excessive switching transients. 

 

Example: In a 100 kW EV inverter switching at 20 kHz, switching losses can account for 20–

30% of total device losses if not properly optimized. 

 

2.3 Magnetic and Passive Component Losses 

Passive components such as transformers, inductors, and capacitors also generate heat, which 

must be considered in thermal design. 
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 1. Inductors and Transformers: 

 Copper losses (I²R losses): Due to current flowing through windings. 

 Core losses: Arising from hysteresis and eddy currents in the magnetic core. 

 Skin and proximity effects: At high frequencies, current tends to concentrate near 

conductor surface, increasing AC resistance. 

2. Capacitors: 

 Equivalent Series Resistance (ESR) losses: When AC ripple flows through capacitor 

ESR, heat is generated. 

 Dielectric losses: Minimal for film capacitors but can be significant in high-voltage 

electrolytic types. 

 

Impact: Passive component losses can sometimes exceed semiconductor losses in high-

frequency converters, especially if poorly designed. Proper core material selection and winding 

techniques are essential to minimize heating. 

 

2.4 Gate Driver and Control Circuit Losses 

Although comparatively small, losses in gate driver circuits, sensing circuits, and control 

boards contribute to overall heat generation, especially in compact designs. 

 

Details: 

 Gate drivers supply charge to turn semiconductor devices on/off; high-frequency 

operation leads to continuous energy dissipation. 

 Microcontrollers, sensors, and communication ICs on the PCB generate heat that, if not 

properly managed, can increase local temperature and degrade performance. 

Example: In a compact traction inverter, the control PCB mounted near power modules can 

see temperature rise up to 70–80°C, which can affect long-term reliability of components. 

 

3. THERMAL MODELING OF POWER CONVERTERS 

Thermal modeling is a critical step in the design of high-power converters. It enables engineers 

to predict temperature rise in semiconductor devices, passive components, and PCBs, allowing 

proper selection of cooling techniques. Accurate thermal modeling ensures reliability, prevents 

overheating, and maximizes efficiency. High-power converters often involve complex 
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 geometries, multiple heat sources, and nonlinear thermal behavior, requiring different levels of 

modeling detail. 

 

3.1 Thermal Resistance Network 

The simplest and most widely used approach is the thermal resistance network. In this 

method, heat transfer is modeled analogously to electrical circuits: heat flow is similar to 

current, temperature difference is analogous to voltage, and thermal resistance is analogous to 

electrical resistance. 

 

For a typical semiconductor module: 

Tj=Ta+Ploss⋅(Rjc+Rcs+Rsa)T_j = T_a + P_{loss} \cdot (R_{jc} + R_{cs} + R_{sa})Tj=Ta

+Ploss⋅(Rjc+Rcs+Rsa)  

 

Where: 

 TjT_jTj = junction temperature of the semiconductor 

 TaT_aTa = ambient temperature 

 PlossP_{loss}Ploss = total power loss in the device 

 RjcR_{jc}Rjc = thermal resistance from junction to case 

 RcsR_{cs}Rcs = thermal resistance of interface material (thermal grease, pad) 

 RsaR_{sa}Rsa = thermal resistance from case to ambient (through heat sink and 

airflow) 

 

Advantages: 

 Simple and fast to calculate 

 Useful for initial design and component selection 

 

Limitations: 

 Assumes steady-state conditions 

 Neglects spatial temperature distribution 

 Less accurate for high-frequency or high-density designs 

 

Example: For an IGBT module with Ploss=150WP_{loss} = 150 WPloss=150W, 

Rjc=0.3°C/WR_{jc} = 0.3 °C/WRjc=0.3°C/W, Rcs=0.2°C/WR_{cs} = 0.2 °C/WRcs
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 =0.2°C/W, and Rsa=0.5°C/WR_{sa} = 0.5 °C/WRsa=0.5°C/W, with ambient Ta=40°CT_a = 

40°CTa=40°C: 

Tj=40+150⋅(0.3+0.2+0.5)=40+150⋅1=190°CT_j = 40 + 150 \cdot (0.3 + 0.2 + 0.5) = 40 + 150 

\cdot 1 = 190°CTj=40+150⋅(0.3+0.2+0.5)=40+150⋅1=190°C  

 

This clearly shows that additional cooling is required to bring the junction temperature within 

safe limits (typically < 125–150°C for IGBTs). 

 

3.2 CFD-Based Modeling 

Computational Fluid Dynamics (CFD) provides a more detailed and accurate thermal 

analysis. In this approach, the geometry of the converter, heat sources, and airflow patterns are 

simulated using numerical methods to solve the Navier–Stokes equations for fluid flow and 

heat transfer. 

 

Key Features: 

 Models 3D heat flow paths in semiconductors, PCBs, heat sinks, and enclosures 

 Simulates forced or natural convection and airflow distribution 

 Predicts hotspots, temperature gradients, and cooling efficiency 

 

Advantages: 

 Accurate for complex designs with multiple heat sources 

 Can optimize heat sink fins, airflow channels, and fan placement 

 Supports transient analysis for pulsed loads 

 

Limitations: 

 Requires high computational resources 

 Long simulation times for fine meshes 

 Requires detailed material properties and boundary conditions 

 

Example: CFD can identify airflow dead zones in an EV inverter enclosure where temperature 

could rise 20–30°C above average, allowing engineers to adjust fan placement or heat sink 

orientation. 
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 3.3 Electro-Thermal Co-Simulation 

High-power converters exhibit strong coupling between electrical and thermal behavior. Power 

losses in semiconductor devices depend on current, voltage, and switching frequency, while 

device temperature affects conduction and switching losses. To capture this interaction, 

electro-thermal co-simulation combines electrical circuit simulation with thermal modeling. 

 

Features: 

 Electrical model simulates converter switching and losses 

 Thermal model simulates heat dissipation and temperature rise 

 Coupling allows temperature-dependent losses to be updated in real time 

 

Mathematical Representation: 

Ploss(t)=f(Tj(t),I(t),V(t))P_{loss}(t) = f(T_j(t), I(t), V(t))Ploss(t)=f(Tj(t),I(t),V(t)) 

Tj(t+Δt)=Tj(t)+Δt⋅Ploss(t)CthT_j(t+\Delta t) = T_j(t) + \Delta t \cdot 

\frac{P_{loss}(t)}{C_{th}}Tj(t+Δt)=Tj(t)+Δt⋅CthPloss(t)  

Where: 

 CthC_{th}Cth = thermal capacitance representing heat storage in device and substrate 

 Ploss(t)P_{loss}(t)Ploss(t) = instantaneous power loss 

 

Advantages: 

 Captures dynamic thermal effects under variable load 

 Useful for high-frequency converters, pulsed applications, and wide bandgap devices 

(SiC, GaN) 

 

Limitations: 

 Computationally intensive 

 Requires accurate thermal and electrical models 

 

Example: In a 200 kW EV inverter, co-simulation can predict temperature rise in SiC 

MOSFETs during acceleration cycles, helping in selecting appropriate cooling plates and liquid 

flow rates. 
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 4. CONVENTIONAL THERMAL MANAGEMENT TECHNIQUES 

Conventional thermal management techniques have been widely used for decades in high-

power converters. They are reliable, cost-effective, and relatively simple to implement. These 

techniques primarily focus on removing heat from semiconductor devices and passive 

components to maintain safe operating temperatures. While advanced cooling methods exist, 

conventional techniques are often sufficient for low to medium power converters or as part of 

hybrid cooling systems. 

 

4.1 Heat Sinks 

Description: 

Heat sinks are passive cooling devices designed to increase the surface area available for heat 

dissipation from semiconductor devices to the ambient air. They are typically made from high 

thermal conductivity materials such as aluminium (≈205 W/m·K) or copper (≈385 W/m·K). 

The fins on heat sinks enhance convective heat transfer by increasing the surface area in contact 

with the air. 

 

Design Considerations: 

 Material selection: Copper has higher thermal conductivity than aluminium but is 

heavier and more expensive. Aluminium is commonly used in automotive and 

industrial converters due to a good balance of cost, weight, and conductivity. 

 Fin geometry: Fin height, spacing, and thickness affect airflow and thermal 

performance. Closely spaced fins increase surface area but may restrict airflow. 

 Mounting: Heat sinks are typically attached to the device using screws and thermal 

interface materials (TIM) to minimize thermal resistance. 

 

Advantages: 

 Low cost and widely available 

 Simple design, easy to implement 

 No moving parts, leading to high reliability 

 

Limitations: 

 Limited cooling capability for very high power converters (>50–100 kW) 

 Performance depends on ambient airflow; natural convection may be insufficient in 

enclosed designs 
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 Example: In a 10 kW solar inverter, an aluminium heat sink with 50 fins can maintain IGBT 

junction temperature below 100°C under full load using natural convection. 

 

4.2 Forced Air Cooling 

Description: 

Forced air cooling uses fans or blowers to increase airflow across heat sinks, significantly 

improving convective heat transfer. This method is widely used in medium-power converters 

and industrial applications where natural convection alone is insufficient. 

Design Considerations: 

 Fan placement: Fans should direct airflow uniformly across heat sinks to avoid 

hotspots. 

 Airflow rate: Measured in cubic feet per minute (CFM), sufficient flow is required to 

maintain junction temperatures within safe limits. 

 Dust management: Filters may be needed in dusty environments to prevent clogging 

and maintain airflow. 

 

Advantages: 

 Enhanced cooling compared to natural convection 

 Suitable for medium-power applications (up to 50 kW) 

 Relatively low cost and easy to retrofit 

 

Limitations: 

 Introduces noise and vibration 

 Requires maintenance of fans and filters 

 Reduced reliability in dusty or harsh environments 

 

Example: A 25 kW traction inverter in an industrial motor drive may use forced air cooling 

with a 100 CFM fan to reduce IGBT junction temperature from 150°C to 90°C under full load. 

 

4.3 Thermal Interface Materials (TIM) 

Description: 

Thermal interface materials are used between the semiconductor device and heat sink to reduce 

thermal contact resistance caused by microscopic air gaps. Air is a poor conductor of heat  
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 (~0.025 W/m·K), so TIMs enhance heat transfer from the device to the heat sink. 

 

Common Types of TIM: 

 Thermal Grease/Paste: High thermal conductivity (~1–5 W/m·K), easy to apply, fills 

microscopic gaps. 

 Thermal Pads: Solid sheets that are convenient for mass production, slightly lower 

conductivity than paste. 

 Phase Change Materials (PCM): Solid at room temperature, melt upon heating, 

filling gaps and improving thermal contact. 

 

Design Considerations: 

 TIM thickness: Too thick increases thermal resistance; too thin may not fill gaps 

adequately. 

 TIM compatibility: Must not degrade or pump out under thermal cycling. 

 

Advantages: 

 Improves heat transfer efficiency 

 Reduces junction temperature of devices 

 Simple to implement with existing heat sinks 

 

Limitations: 

 Requires careful application; uneven spreading reduces effectiveness 

 Some TIMs degrade over time, especially under high temperature cycling 

 

Example: In a high-frequency SiC inverter, using a high-performance thermal grease reduces 

thermal resistance between the device and heat sink by 30%, allowing higher power density 

without overheating. 

 

5. Advanced Cooling Techniques 

5.1 Liquid Cooling 

Liquid such as water or glycol flows through cold plates attached to devices. 
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 Benefits: 

 High heat removal capacity 

 Compact design 

 Suitable for EV and traction converters 

 

5.2 Heat Pipes 

Sealed pipes containing working fluid which transfers heat by phase change. 

Benefits: 

 Passive operation 

 Very high thermal conductivity 

 

5.3 Vapor Chamber Cooling 

Similar to heat pipe but planar structure for uniform heat spreading. 

 

5.4 Phase Change Materials (PCM) 

Materials absorb heat during melting process and maintain temperature constant. 

 

6. EMERGING TECHNIQUES 

6.1 Micro-Channel Cooling 

Very small channels fabricated in cold plates to enhance heat transfer. 

6.2 Jet Impingement Cooling 

High velocity liquid jets directly strike hot surface. 

6.3 Immersion Cooling 

Entire converter submerged in dielectric cooling liquid. 

6.4 Thermoelectric Cooling 

Peltier modules used for precise temperature control, though less efficient. 

 

MATERIALS USED FOR THERMAL MANAGEMENT 

Material Thermal Conductivity (W/mK) Application 

Aluminium 205 Heat sinks 

Copper 385 Base plates 

Graphite 150–500 Heat spreaders 
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 Material Thermal Conductivity (W/mK) Application 

Ceramic (AlN) 170 Substrates 

Silicone Grease 1–5 TIM 

 

COMPARISON OF COOLING TECHNIQUES 

Technique Cooling Capacity Cost Complexity Application Suitability 

     

Natural Air Low Very Low Simple Low power converters 

Forced Air Medium Low Moderate Industrial drives 

Heat Sink + Fan Medium Low Moderate Inverters 

Liquid Cooling High High Complex EV, HVDC 

Heat Pipes High Medium Moderate Compact systems 

Immersion Cooling Very High Very High Complex Research, data centers 

 

DESIGN CONSIDERATIONS FOR THERMAL MANAGEMENT 

 Proper selection of heat sink size 

 Ensuring uniform airflow 

 Minimizing thermal resistance path 

 Proper placement of temperature sensors 

 Consideration of ambient temperature 

 Reliability and maintenance issues 

 

THERMAL MANAGEMENT IN WIDE BANDGAP DEVICES 

SiC and GaN devices operate at higher temperature but generate high heat density. Requires 

advanced cooling like liquid cooling and ceramic substrates. 

 

RELIABILITY AND THERMAL CYCLING 

Repeated heating and cooling causes thermal stress and solder fatigue. Proper cooling increases 

lifespan of converter. 
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 PRACTICAL APPLICATIONS 

 EV Inverters 

Liquid cooling plates are widely used. 

 Solar Inverters 

Forced air cooling with large heat sinks. 

 HVDC Converters 

Water cooling systems with redundancy. 

 

FUTURE TRENDS 

 Integration of cooling into PCB 

 Smart thermal monitoring using sensors 

 AI based thermal prediction 

 Use of nano-fluids for cooling 

 

CONCLUSION 

Thermal management is very important aspect in design of high-power converters. Excess heat 

directly affects efficiency, reliability and life of semiconductor devices. Various techniques 

such as heat sinks, forced air cooling, liquid cooling, heat pipes and immersion cooling are 

used depending on power level and application. Advanced methods are becoming popular with 

rise of compact and high density converters. Proper thermal modeling and material selection 

also plays major role. With growing demand of EVs and renewable energy, efficient thermal 

management solutions are becoming more necessary than ever. Designers must give equal 

importance to thermal design as electrical design for achieving reliable power electronic 

systems. 
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