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Abstract

In order to reduce the impact of the adverse e�ects of climate change caused

by excessive emission of greenhouse gases, it is important to move towards

developing cleaner alternatives to technologies that have been relying on

fossil fuels. This means electri�cation of transportation industry and the

use of reusable Battery Energy Storage System (BESS) and relying more on

solar, wind, hydroelectric and nuclear energy generation. At the heart of

this electri�cation and shift to renewable energy lies advancement of Power

Conversion Unit (PCU) and utilization of its abilities to full extent, speci�cally

inverter technology. Inverters help in converting Direct Current (DC) power to

Alternating Current (AC) power and vice versa depending on the application.

In Battery Electric Vehicle (BEV) and Hybrid Electric Vehicle (HEV) the

inverter is used to convert the DC power from the battery pack to AC power

for the motor during driving and vice versa during regenerative braking.

Similarly inverters are used in solar power generation to convert the AC power

from the solar panels to AC power for the grid.
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For wind, hydroelectric and nuclear power generation the inverters are used

because even though the power output is AC it widely changes depending on

the wind speed in the case of wind generators, water 
ow rate in hydroelectric

generators and steam generation for nuclear power generation. The inverters

take this widely varying power and convert it to smooth and consistent AC

power that can be passed on to the grid.

This widespread adaptation of cleaner and greener electri�ed technology has

accelerated the development of Inverters and they have steadily grown in their

performance. Inverters contain semiconductor switching devices that help in

the AC/DC or DC/AC power conversion. Historically Silicon (Si) Insulated

Gate Bipolar Transistor (IGBT), commonly known as IGBT switches have

been used for most automotive traction inverter applications. Recently, in

an e�ort to increase power density and e�ciency Wide-Band gap (WBG)

devices such as Silicon Carbide (SiC) and Galium Nitride (GaN) Metal Oxide

Semiconductor Field E�ect Transistor (MOSFET) have started to replace

IGBT switches.

While the power electronics have improved in their power density and e�ciency,

in order to fully utilize these switching devices to their full potential, it is

important to provide adequate thermal management. This is because, even

though the WBG devices have higher e�ciency in general, as the power

increases the heat dissipated due to losses also increases, and performance of

these switching devices is directly tied to their junction temperature among

other factors. Thus the full e�ciency cannot be realized if the switching

devices are running hotter.
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Therefore, it is important to also scale the e�ciency and performance of

the thermal management system that goes along with power electronics.

Additionally, the switching devices and the thermal management needs to be

contained inside a housing that can withstand the harsh operating conditions

and provide protection from the environment and mechanical vibrations.

This thesis aims to provide a detailed analysis on the development of a 120kW,

and 250kW inverter with a cooling system integrated into the housing. In

order to optimize for performance, reduce weight and volume, design tools

such as Computational Fluid Dynamics (CFD) and Finite Element Analysis

(FEA) are used in tandem with analytical equation driven solutions. This

approach helps in creating fast and accurate thermal models that can be

implemented in real time rather than simply relying on just CFD analysis.

The thesis also outlines some of the basic Design For Manufacturing And

Assembly (DFMA) rules that should be followed to ensure that the design can

be manufactured and assembled with minimum cost and complications. Lastly,

a prototype of 120kW inverter is built considering automotive standards as it

represents some of the strictest, safest and harshest environments in which an

inverter is being used. The prototype is then used to further investigate and

validate the e�ectiveness and reliability of the tools and techniques described

in this thesis.

The thermal management is integrated into the housing not only because

the housing acts as heat sink that spreads and dissipates the heat away from

the switching devices, but also because it provide mechanical structure and

rigidity to the housing, protecting it from mechanical loads and vibrations.
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Chapter 1

Introduction

1.1 Motivation

In order for the electri�ed technology to succeed and compete with traditional

fossil fuel powered technology, it is important to signi�cantly increase the

power density and e�ciency. However simply improving the power density

isn't enough, because with high power density comes higher power losses,

even at very high e�ciency. This means that a more aggressive thermal

management system is required. The thermal management adds additional

weight to the system and ultimately impacts the power density of the whole

package. For example, the existing BEV are much heavier than Internal

Combustion Engine (ICE) vehicles because the batteries used even in the

most advanced BEV have a fraction of the power density when compared to

fossil fuels. This means that a bigger battery is needed to achieve acceptable

driving range when compared to ICE vehicle.
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Masters Thesis Jigar Mistry 1.1. Motivation

While, there are many advances being made in e�ort to improve the battery

technology, it is also important to save weight wherever possible. One such

target is the inverter inside the Electric Vehicle (EV). Typically after the

battery pack, the second most critical component of a EV is the Inverter.

Therefore, it is important to fully optimize the inverter design to minimize

the weight and volume while increasing e�ciency and performance. This can

be achieved by designing a compact, yet optimal cooling system that provides

the necessary thermal management to all the components that need cooling.

There are many solutions to designing a thermal management system. However,

most of the existing solutions rely heavily on just CFD for the design process,

and because CFD uses FEA at its core to reach solutions it is very challenging

to incorporate any optimization tools or techniques to drive the cooling system

design. Instead most common method used in design a cooling system is to

iterate on a few key parameters of a cooling system and then select the best

among them.

This thesis presents a partial equation driven cooling system geometry that

can be then optimized to maximize the coolant 
ow rate, heat transfer rate

and minimize pressure drop, while the rest of the cooling system geometry is

designed based on traditional techniques such as iteration of key parameters

to achieve best design. This combined method saves signi�cant amount of

computational time, design e�ort and produces truly optimal design solutions.
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Similarly, the inverter housing also needs be as compact and light as possible,

while being able to provide protection against dust, water and vibrations.

Additionally, Inverters have many essential components enclosed inside them,

and the optimal arrangement of these components is crucial as it determines

volume, weight manufacturing and assembly feasibility of the entire inverter.

By strategically organizing the components inside the housing multiple design

goals can be realized such as providing thermal management and structural

rigidity, improved power density, while maintaining low footprint, volume and

weight.

1.2 Thesis Objectives and Contributions

The main objective of this thesis is to provide comprehensive guidelines and

techniques to follow when developing and designing high power automotive

traction inverters that can be assembled and manufactured with minimal

challenges. The main contributions to realize these goals are listed below

1. Comprehensive analysis on the thermal management system design

2. Strategical integration of thermal management to improve power density

3. Analysis of mechanical loads subjected to the inverter

4. Designing and prototyping inverters to evaluate the proposed guidelines

and techniques.
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1.3 Thesis Outline

The thesis consists of 6 chapters including the introduction chapter. The

introduction Chapter provides motivation behind designing an e�cient thermal

management system, and a light, strong and low volume inverter housing.

Chapter 2 outlines all the main components of a high power traction inverter.

The thermal management of a 120kW SiC 3-level ANPC inverter is discussed

in Chapter 3, and the numerous ways in which switching devices can be

cooled are presented along with techniques to generate optimal designs.

Next, Chapter 4 discusses inverter packaging to achieve higher power density,

Thermal management integration and inverter housing design is presented

for the 120kW SiC 3-level ANPC inverter and a 250kW SiC 2-level inverter.

Chapter 5 analyses the mechanical loads on the inverter Finally, Chapter 6

concludes the thesis and discusses future work to improve upon the design

process of a inverter.
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Chapter 2

High Power Automotive

Traction Inverters

2.1 Power Components

There are four main power components in an Inverter, these components

are the switching devices, DC-link capacitor, AC and High Voltage Direct

Current (HVDC) connections and the discharge resistor. Typically the power

components are responsible for carrying high voltage and high currents. The

power components all together transfer the DC voltage and current from

the vehicle battery and output AC power in the form of three-phase AC

currents and voltage for the motor that drives the vehicle. Each of the

power components mentioned above has a critical role in achieving the power

conversion and is highly interdependent on other components to ensure safe,

reliable and desired operation of the inverter.
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2.1.1 Semiconductor Power Switching Devices

Semiconductor power switching devices are solid state switching devices that

help with power conversion from one form to another, i.e from AC to DC,

DC to AC, AC to AC and DC to DC. Typically, a switching device has two

states, on or o� that can be controlled via a gating signal. A PCU converts

power by rapidly switching a set of switches on and o� in a speci�c sequence

and for a speci�c time. The frequency at which the switches are turned on

and o� determines not only the waveform of the output voltage and current,

but also dictates the losses and e�ciency of the PCU. Historically, IGBTs

have seen wide spread use in automotive traction inverters and converters

due to its low cost, high temperature resistance and high e�ciency.

However, as the demand for higher power density and e�ciency has increased

in recent years IGBTs are not able keep up due to the material limit of

Si [1]. The discovery of WBG materials such as SiC and GaN and their

implementation in developing MOSFETs has enabled PCUs to reach even

higher power density and e�ciency. This is because WBG switching devices

o�er higher breakdown voltage, higher current density, higher temperature

resistance, higher thermal conductivity, faster switching speeds and lower turn

on resistance. Comparatively, GaN devices do have an edge over SiC devices

specially in low power (< 10kW) and high switching frequency applications

(> 80kHz), currently SiC MOSFETs are an ideal choice for automotive traction

inverters because they o�er similar performance to GaN MOSFETs at higher

voltages (800-1200 V), and higher power (> 10kW) and come in various

packing options readily available to choose from.
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Table 2.1 shows comparison of SiC, GaN and Si IGBT for a automotive

traction inverter.

Table 2.1: Comparison of key speci�cations of SiC, GaN and Si IGBT

Parameters SiC MOSFETs GaN MOSFETs Si IGBT source
Switching frequency

(kHz)
100 140 20 [2]

Voltage breakdown
(V=mm)

3 � 106 3 � 107 3:5 � 107 [3]

Thermal conductivity
(W=m k)

370 130 150 [3]

Maximum operational
temperature (°C)

175 150 175 -

Voltage rating
(V)

High Low Highest -

Current rating
(A)

High Low High -

Switching losses
(W)

Low Least Highest -

The switching devices come in two forms: power module packages and discrete

devices. The module packages can be divided into two categories: half-bridge

single-phase leg, and 3-phase power modules commonly refereed to as just

power modules . The discrete devices can be further categorized into surface

mounted switches and through hole mounted switches. The four types of the

switching device packages are shown in Fig. 2.1. The use of either discrete

devices or power module depends on the speci�c constraints of the design and

targeted power density. The discrete devices provide tremendous 
exibility

in terms of component placement, inverter topology selection and scalability.

However, one of the biggest challenges in using discrete devices for high power

density is the limitation of the PCB design and it's ability to carry high

currents.
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Figure 2.1: (a) Half-bridge power module, (b) 3-phase power module,
(c) Surface mounted switch, (d) Through hole mounted switch

In order to mitigate these issues and utilize the best of both discrete devices

and module packages manufactures such as Tesla and Audi have partnered

with Original Equipment Manufacturers (OEMs) such as ST Microelectronics

and Hitachi to create custom switching device packages shown in Fig. 2.2.

Figure 2.2: Custom SiC power module developed by ST Microelectronics for
Tesla
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2.1.2 DC-Link Capacitor

Dc-Link capacitor is the largest and bulkiest passive component in side a

EV. It has three primary functions: absorb ripple current generated by the

switching sequence, supply power di�erence between load and source during

transients and help in �ltering high frequency harmonics. There are three

main capacitor technologies: electrolytic, �lm and ceramic capacitors.

Electrolytic capacitors have the highest energy density, however they can only

operate at low switching frequencies and conduct limited ripple currents. In

contrast, �lm capacitors can operate at high frequencies, high voltage, and

can conduct large ripple currents provided the dielectric temperature is< 105

� C. Lastly, ceramic capacitors can conduct high ripple currents and handle

higher temperatures, but the ceramic dielectric strength is highly dependent

on temperature and the dielectric material is very rigid, therefore it can

crack and break due to high vibrations and thermal stress. Additionally the

dielectric strength breaks down at higher voltages, therefore more capacitors

are needed in series or parallel to handle higher voltages [2]

In an EV inverter, the typical switching frequency is in the range of 25kHz [3]

and therefore the use of electrolytic capacitors is not an option. Film capacitors

are the most ideal choice and are commonly used in automotive industry due

to their high reliability, safety, and the ability to handle high voltages despite

often requiring active cooling to conduct high ripple currents. That being said,

ceramic capacitors have the potential to replace �lm capacitors because of

their higher temperature resistance and much higher energy density, provided

the ceramic dielectric can handle high vibrations and thermal stresses.
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The DC-link capacitors comes in either a discrete component or a bulk

capacitor package as shown in Fig. 2.3 The bulk capacitor is nothing but

a group of small capacitors arranged in series or parallel depending on its

speci�cations and is encased in potting resin with integrated busbars. Bulk

capacitor packages are most commonly used with power module packages,

while discrete capacitors are often used with discrete switching devices and

are mounted on a PCB. There are some discrete capacitors that can be used

with power modules and separate busbars provided they can operate at higher

voltage and current ratings.

Figure 2.3: (a) Discrete capacitor PCB mounted, (b) Discrete capacitor with
busbar connection, (c) Bulk capacitor for power modules

While selecting or designing capacitor speci�cations, it is important to ensure

that the Eqivalent Series Resistance (ESR) and Equivalent Series Inductance

(ESL) is minimized as much as possible, either by having short over lapping

busbars or by minimizing PCB trace distances among other things [4]. This

is because excess stray inductance can cause massive voltage overshoots and

damage the switching devices and the capacitor itself.
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2.1.3 HVDC and AC Connections

HVDC connection is the primary point through which the DC power from

the battery is injected into the inverter. Therefore, it is important that

the HVDC connection system provides safe, reliable and an easy way of

connecting and disconnecting wires to the inverter, especially as the trend

moves towards 800-1200V architecture [5] Additionally, it also provides strain

relief, Electromagnetic Interference (EMI) shielding, creepage and clearance

insulation, along with environment protection. These features are critical

because they protect the components of the inverter from vibrations, electrical

noise and risk of short circuit due to water or dust ingress. Similarly, AC

connection is the primary point through which three phase AC power is

passed on to the motor. Just like an HVDC connection, the AC connection

also needs to be safe and reliable, while providing the features mentioned

above.

It is common for an EV inverter to have a receptacle for the HVDC connector

harness, as it provides a reliable two step fool proof process to safely disconnect

the inverter from the battery. Generally, the �rst step is to disengage the

harness lock, followed by physically separating the two receptacles by pulling.

An alternative to HVDC connector harness is cable cord grips, however they

are not an ideal choice for automotive application because in the event of

an emergency its challenging to disconnect a connection secured by a cord

grip in a quick and safe manner. Additionally, unlike a HVDC harness that

is keyed, it is di�cult to ensure that the wires are connected with the right

polarity.
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2.1.4 Discharge Resistor

The discharge resistor or a bleeding resistor is a small passive component that

is connected in parallel to the DC-link capacitor. It is used to dissipate stored

energy in the DC-link capacitor when the inverter is turned o� or in case of

an emergency, for safety reasons. Additionally, It eliminates the possibility

of a leftover charge in the capacitor so that the inverter is safe to handle for

maintenance without causing electric shock. The main factor that governs

the size of the resistor is the time it takes to discharge the capacitor, and for

high power applications it may be necessary to provide some passive or active

cooling to the discharge resistor so that it is not damaged.

2.2 Control Components

The control components are responsible for monitoring and controlling switching

sequence, and frequency of the switching devices. The four main control

components are: Control board, gate driver, current and voltage sensors and

Communication I/O connectors. Each of these components aid and enable

successful control of the switching sequence and frequency of the switching

devices therefore they are considered as critical components and must have a

high degree of reliability and redundancies built in to ensure safe operation.
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2.2.1 Control Board and Modulation Schemes

The control board is used to implement control algorithms designed to govern

the switching sequence and the frequency of switching devices. Two of the

most common Pulse Width Modulation (PWM) control schemes are Sinusoidal

Pulse Width Modulation (SPWM) and Space vector modulation (SVM).

SPWM is one of the easiest, most reliable and computationally inexpensive

modulation scheme. However, traditional SPWM schemes has high Total

Harmonic Distribution (THD) and the DC-link ( Vdc) utilization is limited to

Vdc/2. There are many multiple modi�ed SPWM schemes that have improved

performance [6], [7] and [8].

In contrast, SVM o�ers faster dynamic response, reduces THD, can readily

utilize upto Vdc/
p

3 bus voltage and has multiple redundant switching states.

One of the few drawbacks of SVM is it being complicated and computationally

expensive. But the introduction of faster 32 bit microprocessors has helped

bridge the gap and therefore, SVM is the preferred choice for real time digital

implementation [6].

In addition to running and implementing control schemes, the control board

is the desired location to receive external feedback from components such as

the battery and motor. These feedback signals include but are not limited to:

Battery voltage, Input current, motor position from resolver/encoder, current

drawn by the motor and Controller Area Network (CAN) bus signals.
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2.2.2 Gate Driver Board

The gate driver usually sits below the control board, takes input from the

control board and ampli�es it to control the switching sequence and frequency.

In high power applications, the Gate driver board must be designed to drive

su�cient current to utilize full switching speed of the switching device. A

dedicated driver is used to apply the required voltage and provide the drive

current to the gate of the power device. It is highly desirable to ensure that

the driver circuit is as close as possible to the switches because this helps in

reducing gate loop length and the associated parasitic inductances [9]

2.2.3 Current And voltage Sensors

Current sensors are a critical part of the control and feedback system because

the decision made by modulation scheme is heavily dependent on the current

that is being drawn from the load, as in the case of an EV-an electric motor.

Therefore it is important to ensure that current sensor is located inside the

inverter and can output current readings at extremely high frequency, with

minimal noise and high accuracy.

Similarly, it is important to have a voltage sensor inside the inverter to read

the input DC voltage form the battery. Just like knowing the current drawn

by the load is critical, the exact voltage supplied by the source is important

for the controller because it ensures proper voltage balancing of the capacitor

and implementation of motor control.
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2.2.4 Communication I/O

The communication (Input output)I/O is the primary point through which

the inverter receives and sends signals to Electronic control Unit (ECU) and

rest of the vehicle control systems. It is important for the I/O port to be

dust, water and vibration resistant. Table. 2.2 lists necessary I/O signals

along with their required channels and description. It is ideal to split the

signals listed in 2.2 between two di�erent connectors, where one of them

carries all shielded signals and the other connector carries signals that don't

need shielding.

Table 2.2: Number of I/O signals, channels and their description in a
automotive inverter

Signal Channels Channel description

Resolver 6
Resolver excitation, Resolver excitation, resolver return

sin + , sin -, cos +, cos - , shielded ground

Encoder 4 Encoder power, channel A channel B, Channel C

3-Phase motor current draw 4 Current U, current V current W, power

DC-Link voltage 1 Voltage +

2� CAN bus 3 � 2 Power, low signal high signal

Fault reporting 3 For any fault reporting

Temperature 6 Switching deviceTj (3) , capacitor Tj (3)

Serial Peripheral Interface (SPI) 4 Serial clock, master slave in master slave out, slave select

Ignition Input 1 Motor start up sequence if needed

Start Input 1 Inverter start up sequence

Power supply 2 12 and 24 V

Redundant channels 6 For any user de�ned control channels

Ground 1 common ground for channels mentioned above

Shielded ground 1 shielded ground for any shielded channels

Total 46 Total of 46 channels for 13 signals
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2.3 Cooling System

Cooling systems are arguably one of the most important inverter subsystems,

there are numerous failure modes due to increase in junction temperature

of the semiconductor switching devices [10], [11] [12] and [13], therefore it is

important to design a reliable cooling system. In an e�ort to improve the heat

transfer and reduce thermal resistance direct cooling has been implemented

on several commercially available power module packages. However, this type

of direct cooling is challenging to achieve on discrete devices because of their

small foot print and it would violate existing packaging standards such as

TO-247, T0-220, etc. Fig. 2.4 shows direct cooling and indirect cooling. The

main di�erence between the two is that in direct cooling the internal layers of

the switching device are directly soldered onto a heat sink, while in indirect

cooling the internal layers are soldered to a copper base plate, which then

needs to be mounted on a heat sink with an extra layer of Thermal Interface

Material (TIM) in between.

Figure 2.4: (a) Direct Cooling, (b) indirect cooling
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2.3.1 Air Cooling

Air cooling is the most reliable and easy to implement cooling system

mechanically speaking. It utilizes two out of three heat transfer mechanisms,

convection and conduction. In convective heat transfer a material medium

is required for the heat to transfer from the one place to another. But, the

key di�erence between conduction and convection is that convection requires

motion of the material medium. In the case of air cooling, the convection is

possible because the air around the heat source is in motion.

Furthermore, air cooling can be classi�ed into two more categories: Natural

convection, and forced convection. Natural convection is when the 
uid

surrounding the heat sink is moving without any external driving force such

a fan or a pump. The 
uid motion occurs because warm air rises, and cold

air sinks. Therefore, air surrounding the heat source heats up and rises, this

creates a low pressure zone which is �lled by cold air moving in from the

surrounding to take place of the warm air. This cycle continues over and

over again and in process cooling the component. Forced convection, is the

opposite of natural convection and an external driver such as pump or fan is

used to force the air around the heat source to move the air causing a cooling

e�ect.

Air cooling can be realized in automotive applications and is demonstrated in

may research papers [14], [15], [16] and [17]. But, either the volume of the

inverter is too large, or the power density is low. The next section discusses

water cooling and its advantages over air cooling.
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2.3.2 Water Based Cooling

Water based cooling has been the norm in automotive industry, despite its

complexity and reliability issues when compared to air cooling. With the

trend moving towards higher and higher power density water based cooling

is the clear choice for automotive applications, and with advancements in

manufacturing, assembly and designing water cooling has never been more

reliable and easy to implement. Just like air cooling water based cooling is a

form of forced convective heat transfer. The reason why water based cooling

is signi�cantly better is because the Speci�c Heat Capacity (cp) of water is

4200 J/kg.k vs 9.93 J/kg.k [18] this means that water is four times as good

at storing heat than air, additionally the thermal Conductivity ( k) of water

is 0.58 w/m.k vs 0.024 w/m.k for air [18], meaning water can conduct heat

twenty-four times better than air.

One of the few challenges when designing water based cooling systems is

to ensure that the cooling system is easy to assemble and integrate into an

inverter. The coolant loop must be leak proof, and be able to sustain pressure


uctuations due to change in coolant temperature (-20� C upto 75 � C). It

should have the lowest possible pressure drop, while utilizing minimal weight,

materials, volume and provide e�ective thermal management. The design

philosophy and tools to achieve these targets are discussed in detail in the

next chapter.
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Jet and Spray cooling

To tackle the high heat 
ux generated by high power electronics spray and jet

cooling solutions have been designed and presented in numerous researches

[19], [20], [21], [22], [23], [24] [25]. Fig. 2.5 shows spray and jet cooling for

switching device packages.

Figure 2.5: (a) Illustration of spray cooling, (b) Illustration of jet cooling

The goal behind spray cooling is to force coolant through a very small ori�ce

causing it to split into multiple tiny droplets (atomization of coolant), and

directing these droplets directly towards heat sources. The tiny droplets

absorb heat from the source warm up condense and 
ow away from the heat

source, and this cycle repeats as more coolant is pumped and atomized. This

a form of multiphase cooling because the coolant changes it phase during

the cooling process. The biggest advantage of spray cooling is its ability to

maintain homogeneous temperature distribution among the switching devices.
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Jet cooling is similar to spray cooling where the coolant is forced through

a small ori�ce, but the key di�erence is that the coolant is not atomized,

instead it exits the ori�ce as a fast moving turbulent 
uid. The combination

of turbulent and fast moving 
uid increases heat transfer rate, and provide

cooling to the heat source. Just like spray cooling, the biggest advantage of

jet cooling is its ability to maintain homogeneous temperature distribution

among the switching devices

However, Neither spray or jet cooling has been adopted in the automotive

industry because of its high pressure drop, manufacturing challenges and

reliability issues. The spray and jet nozzles are prone to clogging by rust

or the small debris in the coolant loop, because the small nozzle diameter.

Additionally, creating a single prototype of spray or jet cooling is relatively

simple, however it is not scalable if thousands of parts need to be produced,

most spray or jet cooling systems described in the literature rely solely

on subtractive manufacturing, and cannot be made using more traditional

manufacturing techniques like various forms of metal casting.

Lastly, the thermal performance improvement is not signi�cant enough to

justify the challenges associated with the high pressure drop of up to 145 kPa

[19]. Specially considering that the cooling systems presented in the following

chapter can provide equivalent thermal performance while having signi�cantly

less pressure drop.
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2.4 Summary

Chapter two presents an overview of three main subsystems in an inverter:

Power components, control components and the cooling system. Power

Components section explains semiconductor switching technology and its

packaging, DC-link capacitor technology and its packaging, the importance

of HVDC connections, AC connections and the discharge resistor. Control

components section presents the importance of control board and gate driver

board design along with the need of having voltage, current feedback and

communications I/O to monitor and control the inverter operations. Lastly,

cooling system section presents two of the most common ways in which a

automotive traction inverter is cooled; Air cooled and Water based cooling,

with a brief explanation of challenges and advantages of each cooling method.

Fig. 2.6 shows the inverter subsystems and how they work together

Figure 2.6: Block diagram of inverter subsystems and how they work together
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Chapter 3

Thermal Management for a 120

kW Traction Inverter

3.1 Inverter Topology and Speci�cation

The thermal management presented in this chapter is designed for a 120kW

three level ANPC inverter and its switching devices. Due to the relatively

lower power of the inverter, active cooling is not necessary for capacitors. The

inverter presented in this thesis is designed for 800V automotive traction

application which leverages the higher voltage to boost e�ciency. Fig. 3.1

shows the ANPC topology.
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Figure 3.1: Topology of a three level ANPC inverter

Discrete SiC MOSFETs in a SO-247-4 package are used to create a three

level ANPC topology. The layout and arrangement of the MOSFETs used

to physically make the circuit is show in Fig. 3.2. The spacing between the

MOSFETs is a function of the electrical and PCB design, therefore it cannot

be reduced any further to save area.

Figure 3.2: Layout and arrangement of the SiC MOSFETs in the 120kW
ANPC inverter
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As seen in Fig. 3.2 there are a total of thirty-six switches with each of them

dissipating 60 watts of power adding up to a total of 2160 watts of loss for

the entire inverter. The losses assumed for the thermal management design

represent worst case scenario and lowest e�ciency. One of the thermal design

constraints is to limit the junction temperatures of the switching devices to

150 � C. This is 25 � C lower than the maximum allowable junction temperature

of 175 � C listed in the data sheet [26] of the MOSFETs.

3.2 Cooling System Design Criteria

In general, a safe, reliable and e�cient automotive traction cooling system

should comply with the following criteria:

ˆ Maintain low operational temperatures

ˆ Ensure homogeneous cooling of switching devices

ˆ Maintain low pressure drop

ˆ Is easy to manufacture, assemble and is highly reliable

ˆ Has a low volume and a lightweight design

The next sections explain in detail the importance and motivation behind

setting these criteria. Three di�erent types of thermal management solutions

are provided for the speci�cations listed above with each design being an

improvement over the former while increasingly satisfying all the design

criteria listed.
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3.2.1 Importance of Maintaining Low Operational

Temperatures

In a typical traction inverter a cooling system is necessary for the switching

devices. Additionally, the DC-link capacitor my also require cooling if it is

conducting high ripple currents. Research has shown that the SiC can sustain

operating temperature of up to 600� C [27] , [28], [29] But, the operation of

SiC is generally limited to 175-200� C because operation at high temperatures

comes at the expense of lower e�ciency. The e�ciency is impacted by an

increase in conduction losses generated due to increased turn on resistance

Rds;on.

It also risks the possibility of thermal runaway because an increase in junction

temperatures (Tj ) causes more losses, e�ectively setting up a positive feedback

loop. Furthermore, even if the SiC die can operate at such high temperatures,

and the risks of thermal runaway can be navigated, other components inside

the switching device package such as solder will melt if the temperatures are

pushed past 350� C.

Another challenge in operating at extreme temperatures is possibility of

critical failure as a result of thermo-mechanical stress. As shown in Fig 3.3

the internal layers of switching device packages are made of di�erent materials

that have di�erent thickness. This di�erence in materials corresponds to a

di�erence in coe�cient of thermal expansion (� l ). Most materials experience a

change in shape and size when it is subjected to a high change in temperature.
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In an automotive application it is common for the temperatures to change

signi�cantly due to transient loads, this temperature delta combined with

di�erence in � l can cause layers to expand at di�erent rates inducing stress

on their neighbouring layers. The induced stress can cause the layers to peel,

solder joints to break and wire bonds to crack [30], ultimately leading to a

short circuit followed by critical failure.

Figure 3.3: Layers inside a typical switching device package

3.2.2 Ensuring Homogeneous Cooling of Switching

Devices

In a typical cooling system the coolant travels a long distance between the

inlet and outlet. This means that the coolant heats up as it absorbs heat

from the switching devices and therefore each subsequent switching device

along the way receives warmer coolant. Fig. 3.4 shows how the coolant has to


ow from left to right or vice-versa in a commercially available 3-phase power

module package. This type of design may create an undesirable temperature

gradient.
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Figure 3.4: Power module pin �n base and the direction of coolant 
ow [31]:
(a) Side view, (b) Bottom view

A temperature gradient in coolant temperature and switching devices in

inevitable simply due to the physics of the 
uid 
ow and heat transfer.

However, the goal is to minimize the temperature gradient and homogenize

the coolant temperature along the entire cooling surface. In this case minimize

the temperature delta between left side switches and right side switches in

Fig3.4 (a).

If the temperature deltas between the switches is too high it can create a

reliability issue as warmer switching devices age faster and earlier [32]. This is

specially undesirable for automotive application because the typical lifespan

of a component must be at least ten years.
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3.2.3 Maintaining Low Pressure Drop

Most EV have 3 coolant loops, one for the cabin temperature control, one

for the battery thermal management and the last one for power electronics

thermal management. Fig. 3.5 show a power electronics coolant loop. Cold

coolant from the radiator gets pumped into the inverter �rst, followed by the

DC-DC converter, On board battery charger, and lastly to the traction motor.

The DC-DC converter revives coolant before the battery charger because if the

car is on, the DC-DC converter is always working to provide auxiliary power

to low voltage components, while the on board battery charger only generates

heat when the rest of the car is turned o� and the battery is charging. This

arrangement also eliminates the use of a chiller and a heater to either cool

or heat the coolant. This is because at any given point the coolant is never

too cool for the inverter, and a fan on the radiator ensures that the coolant

entering the inverter is not too hot.

Figure 3.5: Coolant loop for power electronics component
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The coolant provides e�ective cooling to the subsequent components after it

passes through the inverter, thus it is necessary to minimize the pressure drop

in each of the components including the inverter. Low pressure drop helps

in reducing the strain on the pump, size of the pump and increases its life

span, while eliminating the need for a second pump because a single pump

can overcome the pressure drop of the entire coolant loop. This signi�cantly

reduces assembly complications, plumbing, cost, weight and auxiliary power

draw, all of which are necessary to reduce in an automotive application.

In an e�ort to reduce the pressure drop even more and reduce the number

of coolant loops, manufactures such as Tesla have completely eliminated the

coolant loop for cabin temperature control, and coupled the battery coolant

loop and power electronics coolant loop together [33].

Tesla uses the chiller and heater used to maintain precise coolant temperature

of the battery loop to reuse and recycle heat to maintain cabin temperatures

all the while reducing plumbing necessary for a third loop, reducing the

number of pumps form three to two, and drawing less auxiliary power . One

of the only few drawback of such an system is the added complexity due to

increased number of 
ow valves and temperature control scheme, in addition

to reduced reliably in providing adequate thermal management to the battery,

power electronics and the cabin at the same time.
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3.2.4 Ease of Manufacturing, Assembly and High

Reliability

Manufacturing, assembly and component reliability is extremely important in

the automotive industry. There are various possible solutions to challenging

issues such as thermal management and pressure drop reduction, however

these solutions do not consider the means of manufacturing as part of the

design constraint. This results in great designs that work on paper, but

cannot be utilized easily in a practical application.

Designs that can be manufactured using traditional manufacturing methods

such as sand casting, die casting, injection moulding and in some cases

subtractive manufacturing are always favoured over designs that require more

exotic manufacturing processes such as additive manufacturing. Even if

additive manufacturing is considered for a component intended for production

vehicles, most Fused Deposition Modeling (FDM) plastic 3D-printers do not

o�er automotive grade materials and their structural reliability is questionable.

Direct Metal Laser Sintering (DMLS) metal 3D printers can produce strong

and reliable parts, that have seen special use cases in the aerospace and

bio-medical industry but are unable to scale the rate of part production to

automotive requirements.

That being said, additive manufacturing is invaluable in the early design

stages as it helps a designer quickly prototype, test a component, and based

on the results quickly iterate on the designs. This cuts the development time

signi�cantly, and yields more reliable components that have been tried and

tested.

30



Masters Thesis Jigar Mistry 3.2. Cooling System Design Criteria

3.2.5 Low Volume and Lightweight design

One of the biggest challenges faced by electric vehicles is extremely high

weight of the entire vehicle compared to gas powered vehicles. This impacts

the range of the vehicle [34], [35] so great care focus must be put into ensuring

that the vehicle is as light as possible.

Since the traction inverter is one of the most essential and largest component

inside of an EV the Department of Energy (DOE) has set an aggressive

target of achieving a power density of 100kW=L by 2025. Simply improving

the power density of the stitching devices will not help in achieving this

aggressive target. Inside an inverter, in addition to the switching devices, the

the DC-capacitor, the cooling also system occupies a signi�cant amount of

weight. Thus optimizing weight and volume of the cooling system is crucial.

Historically, most heat sinks and heat pipes in cooling systems were made

from copper due to is superior thermal conductivity, however this came at an

expense of the increased weight. A good alternate to copper is aluminum, it

is 107 % lighter, but the thermal conductivity is about 79 % lower. Thus a

hybrid approach is used where majority of the cooling system is made from

a lighter material, and heat sinks are made from copper. For example, the

power module packages both half bridge and full 3-phase packages have plastic

body with copper base plates either with or without copper �ns, similarly the

MOSFET case is made from plastic or potting resin, but the base is made

from copper. This thesis aims to replace copper heat sinks with aluminum

heat sinks in the proposed designs in an e�ort to save even more weight

without compromising thermal performance.
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3.3 Fundamentals of Heat Transfer and

Fluid Mechanics

3.3.1 Heat Transfer

Conduction Heat Transfer

In order to design an e�ective cooling solution, it is important to understand

the underlying physics that governs the heat transfer. There are two modes of

heat transfer that are responsible for cooling the SiC MOSFETs - conduction

and convection. The heat generated by the SiC die inside the MOSFETs


ows through the various layers underneath it until it reaches the boundary

where the heat sink and the coolant are in physical contact. From there, the


uid motion around the boundary absorbs the heat and transports it out via

convection.

Generally, the rate of heat transfer decreases when the thickness of the

medium is increased, while the heat transfer rate increases when the area or

temperature di�erence across the area through which heat is dissipated is

increased. This evidence suggests that the that rate of heat transfer through

conduction is proportional to the temperature di�erence across the medium,

and the area perpendicular to the heat transfer, and is inversely proportional

to the thickness of the medium. This can be represented by,

Rate of heat conduction/
(Area)(Temperature Di�erence)

Thickness

or by equation 3.1
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Qcond = kA
Ts � Tamb

� x
(3.1)

where, the constant of proportionalityk is the thermal conductivity of the

medium and it represents the measure of a material to conduct heat.A is the

perpendicular area through which heat is conducted.Ts is the temperature of

the heat source andT1 is the temperature of the ambient air or the coolant,

whereT1 > T s . Equation 3.1 can be rearranged to form equation 3.2 and

it can be used both for conduction and convection, as long as the thermal

resistance(Rth ) is known. whereQl represents the losses

Ql =
Ts � T1

Rth
(3.2)

For most switching devices the areas and thickness of the internal layers are

unknown, therefore representing it as a lumped value ofRth simpli�es the

equations and cooling system design process. Depending on the heat transfer

mechanism, conduction or convection,Rth is de�ned by equation. 3.3 or

equation 3.4 respectively. Where,h is the heat transfer coe�cient and L is

the thickness of the conducting material

Rcond =
L

kA
(3.3)

Rconv =
1

hA
(3.4)
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It's important to note that the thermal resistance is not a constant value,

because as the material heats up, it experiences thermal expansion changing

its overall area. The thermal conductivity of a material is also a function of

the material temperature, therefore its not a constant value [31]. However,

for most practical applications and in this thesis the thermal resistance value

corresponding to a speci�ck and h can be consider as a constant. Another

important material property to consider is the thermal di�usivity, it represents

how fast heat is di�used through a material and it is de�ned as

� =
k

�c p
(3.5)

Where, density times speci�c heat capacity (� c p) represents the measure of

a material to store heat, therefore� is the ratio of heat conducted to heat

stored per unit volume. This plays an important role in designing a heat

sink because it is critical to reduce the value of� so that most of the heat is

propagated through the layers, to the heat sink and �nally into the coolant

and not just getting stored into the layers and the heat sink.

Based on the equations above it is clear that, for a given ambient temperature

and power loss the best way to reduce the heat source temperature is to reduce

Rth and � . For conduction this can be achieved by maximizing the area and

the thermal conductivity. For convection, the heat transfer coe�cient (h)

must be maximized in addition to the area (A). Reducing � is generally not

practical since it is associated with material property, and there are only a

handful of materials that are suitable for automotive applications.
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Convection Heat Transfer

As Mentioned earlier conduction and convection are responsible for cooling

the SiC MOSFETs. Convection is heavily dependent on the 
uid motion,

and it can occur due to buoyancy e�ects (natural convection) or due to

forced 
uid motion forced convection. Convection heat transfer is quite

complicated because it involves 
uid motion and heat conduction. The 
uid

motion improves heat transfer because colder 
uid absorbs the heat from its

surrounding and then moves away, and is replaced by new 
uid. In fact faster

the 
uid 
ow, higher the heat transfer.

Convective heat transfer depends on 
uid properties such as the dynamic

viscosity (� ), thermal conductivity( k), density (� ), speci�c heat capacity (cp),


uid velocity ( V). It also depends on the geometry and its surface roughness

(Ra) and roughness ("). Lastly, the type of 
uid 
ow i.e laminar, transient

or turbulent 
ow greatly in
uences convective heat transfer. Despite this

complexity, convection rate of heat transfer can be represented by Newtons

law of cooling and is shown in equation 3.6.

Qconv = hA(Ts � T1 ) (3.6)

One of the biggest challenge of convective cooling system design is determining

h, and as mentioned earlier it depends on many other factors.
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In order to reduce the number of variables and simplify the equations, a lot

of the variables are combined to form nondimensionalized numbers. One such

important number is the Nusselt number and it is de�ned as,

Nu =
hL c

k
(3.7)

Where, L c is the characteristic length. For simple geometries such a 
ow over

a planar surfaceL c is just the lenght of the surface. As the geometry gets

complex, de�ning L c becomes challenging. Nusselt number in general is the

ratio of convective heat transfer to conductive heat transfer.

3.3.2 Fluid Mechanics

All 
uids have an intrinsic property known as viscosity, and it represents how

a 
uid resists to a sudden change in its shape. As the coolant moves along

the cooling system, viscous forces act on the 
uid resisting its overall 
ow.

However, depending on the initial conditions such as velocity, temperature

and geometry the viscous forces can dominate the path of the 
uid and

subsequently the heat transfer. The viscosity of automotive coolant is low

enough that the vicious forces do not dominate the 
ow, except in the

boundary layers which will be discussed in the following sections, thus the

overall 
ow is considered as inviscid. Similarly all 
uids are compressible,

however the forces required to naturally compress the coolant in a cooling

system simply are not generated, therefore the 
ow is treated as incompressible.

These assumptions greatly simply the analysis without sacri�cing accuracy.
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Velocity Boundary Layer

A overall 
uid 
ow can be considered as multiple layers of 
uid stacked on

top of each other, the 
uid layer closest to a solid boundary layer has zero

velocity due to the friction between the solid and 
uid. This layer of 
uid

slows down the layer of 
uid above it because of the friction between them,

the following layer is also slowed down relative to the layer below it so on and

so forth until some distance� . Beyond this point the velocity of the 
uid is

nearly same as the initial bulk velocity. This phenomenon is true for 
uid


ow over a planar surface, and not blunt objects such as cylinders. Fig. 3.6

shows the velocity boundary layer.

Figure 3.6: Velocity boundary layer due to no-slip condition and friction [36]

The region of 
uid above � has negligible frictional e�ects, while the layer

below can be signi�cantly impacted by changes in initial condition such asV,

and subsequently in
uencing heat transfer.
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Thermal Boundary Layer

Similar to the velocity boundary layer, when a 
uid of speci�c temperature


ows across solid with di�erent temperature a temperature boundary layer is

developed. Consider a 
uid with uniform temperature moving across a planar

surface with temperature. The 
uid layer closest to the solid surface will have

same temperature as the solid surface. The 
uid layers then exchange energy

with the layers above it, creating a temperature pro�le that reaches formTs

to T1 as shown in Fig. 3.7

Figure 3.7: Thermal boundary layer whereTs > T 1 [36]

Based on 3.7 it can be noted that the heat transfer rate along the surface

is related to the temperature gradient. The velocity of the incoming 
uid

has a signi�cant impact on the shape of the temperature gradient. To avoid

excessive press drop due to high velocities and maximize the heat transfer it is

ideal to have� = � t . This is almost impossible to achieve in practice because

determining the thermal and velocity boundary is extremely challenging for

complex geometry, let alone engineering a 
ow and geometry so that� = � t .
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Laminar Flow

Laminar 
ow is smooth and orderly motion of 
uid particles relative each

other. This type of 
ow is generally observed in 
uids with high viscosity

moving at low speeds, or by 
uids with low viscosity but moving at speci�c

speeds (usually high speeds) through a smooth channel. Because of the

smooth and orderly 
ow, the pressure drop experienced due to laminar 
ow is

the smallest, and therefore pipes and connectors used in automotive industry

are designed to maintain laminar 
ow when the coolant is in transit form

one component to another. Great care and e�ort is needed to maintain this

laminar 
ow, typically most laminar 
ows will devolve to a turbulent 
ow

over time and through the course of its path. It is ideal for the 
ow to start

devolving into turbulent 
ow as it enters the inverter, and exits as a laminar


ow or develops into a laminar 
ow.

Turbulent Flow

Turbulent 
ow is chaotic and the motion of 
uid particles relative to each

other is highly randomized. As mentioned earlier, most laminar 
ows devolve

into turbulent 
ows, however this change is not sudden and it happens over

time where the 
ow 
uctuates between laminar and turbulent before becoming

fully turbulent. This phase of 
uctuations is known as transient 
ow. The

random mixing of 
uid in turbulent 
ow enhances rate of heat heat transfer

between 
uid molecules and the thermal boundary layer.
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Therefore special considerations are made to insure that the 
ow is turbulent

to enhance heat transfer, however this comes at an expense of high pressure

drop because the frictional forces also increase as the 
uid mixes randomly.

The type of 
ow regime mainly depends on the geometry, 
uid velocity, surface

roughness, temperature and the characteristics of the 
uid. The in
uence of

these parameters can can be captured by two main forces, inertial forces and

viscous forces. The Reynolds number, which is a dimensionless quantity is

the ratio of inertial forces to viscous forces and is represented by,

Re =
V �L c

�
(3.8)

Flows with Re number less than 2300 are considered as laminar, 
ows with

2300> Re < 4000 are transitional 
ows, and lastly 
ows with Re > 4000 are

turbulent.

Another dimensionless number that is frequently used in thermal analysis is

the Prandlt number P r. It describes the ratio of the momentum of di�usivity

to thermal di�usivity, as is given as

Pr =
cp�
k

(3.9)

The equations and fundamentals mentioned above will help in analytical

analysis going forward.
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3.4 Pipe Embedded Cold Plate

A pipe embedded cold plate is a viable thermal management solution for

cooling discrete devices. A typical cold plate is composed of a block of

aluminum with channels around regions of heat source where a circular

copper pipe that is press �t into the channels. Fig. 3.8 shows an aluminum

cold plate with copper pipe embedded into ideal number of channels. Each

channel is directly below the MOSFETs so that the path of heat transfer from

the MOSFETs to the coolant underneath is direct and as short as possible.

Figure 3.8: Ideal cold plate with wide copper channels underneath every
MOSFET
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However, this is challenging to achieve practically because the copper pipe

cannot be bent with such tight radius. A general rule of thumb while bending

pipe stock is to achieve a minimum bend radius of two times the outer

diameter of the pipe.

r cp;min = 2 � Dcp;od (3.10)

The copper channel layout in Fig. 3.8 uses a pipe with 12 mm Internal

diameter and 14 mm outer diameter. Using equation 3.10 a pipe with outer

diameter of 14 mm would require a bend radius of 28 mm, which is greater

than the vertical distance (ym ) between two MOSFETs. To ensure that there

is coolant 
ow underneath each MOSFET the copper pipe outer diameter

can be reduced to 4.5 mm. This change would worsen the pressure drop

and increase velocity. Since the width of the coolant channels is smaller and

velocity is higher the combined e�ect will impact the thermal performance.

An alternate solution is to reduce the number of channels, but this would

mean that the each MOSFET will not have a coolant channel underneath it.

Each solution has its tradeo�s in terms of thermal performance and pressure

drop. The temperature gradient cannot be calculated analytically because

as the coolant moves past each MOSFET the coolant temperature increases,

this increase in temperature will a�ect heat transfer of subsequent MOSFETs.

Therefore, Ansys Fluent will be used to model the temperature gradient, but

the pressure drop can be calculated analytically. The following sections will

discuss the tradeo�s mentioned above quantitatively.
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3.4.1 Pressure Drop Analysis

The pressure drop in the cold plate pipe channels can be modelled as pressure

drop in pipe. There are two main forces that cause pressure drop; hydrostatic

forces due to change in elevation and frictional forces due to friction between

the solid and 
uid, and between the 
uid particles itself. Frictional losses(hL )

can be divided into minor losses and major losses as shown in equation 3.11.

Major losses are a result of viscous forces on the boundary layer, while minor

losses are due to every bend, valve and joint in the pipeline.

hL = hLminor + hLmajor (3.11)

Where, hL is the total head loss,hLminor is the minor head loss andhLmajor

is major head loss. Minor and major head loss can be calculated using the

following formulas,

hLminor =
X

K L
V 2

2g
(3.12)

hLmajor = f f
lV 2

D2g
(3.13)

Where, K L is loss coe�cient, f f is Darcy friction factor, l is the length of the

pipe, D is the diameter of the pipe andg gravitational acceleration. K L is

are a function Re and geometry, whilef f is a function of Re and relative

roughness which is de�ned by"=D. where" is the roughness of the pipe.
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As seen above, the pressure drop is function of many parameters

� P = F (V ; D; "; �; �; l ) (3.14)

The sheer number of variables that a�ect pressure drop make solving for

pressure extremely challenging, especially if the geometry is complex. However,

for simple geometry such as a pipe variables in equation 3.14 can be integrated

into Bernoulli's energy equation 3.15 to determine pressure drop analytically.

Pin +
1
2

�V in
2 + �gz 1 = Pout +

1
2

�V out
2 + �gz 2 +

X
K L �

V 2

2
+ f f �

lV 2

D2
(3.15)

Where, Pin is the pressure at the inlet,Pout is the pressure at the outlet,z1,

z2 represent change in elevation,Vin is the inlet velocity and Vout is the outlet

velocity. Note that the last two terms in equation 3.15 represent the head

losses(hL ). The expressions given in the stand alone equations(3.13 and 3.12)

gives head losses in losses meters (m), while the expression integrated into

3.15 give head losses in Pascals Pa.

f f can be determined using Moody chart shown in [36], originally made by

Lewis F. Moody in [37]. K L for 90 degree bends can also be found in [18] for

90 � along with K L for various other scenarios and shapes. Note that in cases

where the pipe is bent to a \U" shape, minor losses for two 90 degree bends

are added up.
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Alternatively, equation 3.16, can be used to determinef f , however this formula

is an approximation of the the Moody chart, and was originally formulated

by Haaland in [38]

f f =

0

B
B
B
B
@

1

� 1:8log

" �
"=D
3:7

� 1:11

+
6:9
Re

#

1

C
C
C
C
A

2

(3.16)

For non-circular inlet and outlets, equation 3.17 is used to convert the

non-circular pro�le to an equivalent diameter known as hydraulic diameter.

Dh =
4A
p

(3.17)

Where, Dh is hydraulic diameter,A is the area of the inlet or outlet andp is

the perimeter of the inlet or the outlet. The hydraulic diameter is used in

place of normal diameter in any calculation that requires use of the inlet or

the outlet diameter that is non-circular.

The velocity of the coolant at the inlet is determined using equation 3.18.

V =
_v
A

(3.18)

Where, V is the velocity of the 
ow at the inlet, _vis the volume 
ow rate and

A is the cross sectional area perpendicular to the 
ow at the inlet.
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3.4.2 Cold Plate With Four Pipe Embedded Channels

Fig. 3.9 shows a cold plate with four pipe channels, it uses a pipe with 14

mm outer diameter and 12 mm internal diameter that is press �t into the

cold plate.

Figure 3.9: Cold plate with 4 channels for embedded copper pipe
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In Fig. 3.9 the internal and outer diameters are deformed to a non-circular

pro�le when the pipe is press �t into the channels, therefore equation 3.17 is

used to determine equivalent diameter. Table 3.1 summarizes the parameter

values that are used in equation 3.15 to compute the pressure drop in cold

plate with 4 channels for embedded copper pipe.

Table 3.1: List of parameters and their values used in equation 3.15

Parameter Value Units

Glycol 50/50 density (� ) 1031 kg=m3

Glycol 50/50 dynamic viscosity (� ) 1:98� 10� 3 kg=m s

Drawn copper pipe roughness (") 0.005 -

Copper pipe internal hydraulic diameter (Dcp;id) 0.0096 m

Copper pipe hydraulic area (Ahd) 7:44� 10� 5 m2

Copper pipe hydraulic perimeter (phd) 0.039 m

Copper pipe lengthl 0.970 m

Change in elevation (z1 � z2) 0 m

Change in velocity (Vin -Vout ) 0 m

Minor loss coe�cient for 90 degree bendK L 0.22 -

Darcy friction factor f f 0.0286 -

Number of 90� bends 6 -

The pressure drop calculated analytically using equations 3.17 , 3.18, 3.8,

3.16 and 3.15 show the pressure drop to be 6751 Pascals(Pa). The inlet and

outlet areas are the same, therefore, the inlet velocity is equal to the outlet

velocity due to conservation of mass. Lastly, the change in elevation is also

zero because the copper pipes are all on the same level, relative to each other.
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Table 3.2: boundary conditions for CFD simulations

Boundary Condition Value

Coolant type Glycol 50/50

Coolant 
owrate 8L=min

Coolant inlet temperature 65 °C

Ambient temperature of the MOSFETs 105 � C

Total power dissipated by the MOSFETs 2160 Watts

Fig. 3.10 shows layering of components and their thermal resistances in a

typical pipe embedded plate assembly. The losses generated in the MOSFETs

are modelled as heat 
ux generated on the top surface of the TIM.

Figure 3.10: Layering of components and their thermal resistances in a typical
cold plate assembly

Rth 1 is the thermal resistances between the MOSFET junction and case,

Rth 2,Rth 3 are the thermal resistances of the TIM [39] and the heat sink

respectively. Lastly,Rth 4 is the thermal resistance between the coolant and

heat sink. Rth 2-Rth 4 are determined by the CFD software based on the

material and geometry, whileRth 1 is found in the MOSFET data sheet [26].

48



Masters Thesis Jigar Mistry 3.4. Pipe Embedded Cold Plate

Simulation Results: Cold Plate With Four Pipe Embedded

Channels

Figure 3.11: Simulation results of a 4 channel pipe embedded cold plate:(a)
MOSFET case temperature gradients (b) Pressure drop in the

Shown in Fig. 3.11(b) the pressure drop value closely matches the analytical

value of 6751Pa. The temperature shown in 3.11 (a) is the case temperature

of the MOSFETs. Using equation 3.3 and theRth 1 from the MOSFET data

sheet [26] the maximum junction temperature is calculated to be 140� C.

49



Masters Thesis Jigar Mistry 3.4. Pipe Embedded Cold Plate

3.4.3 Cold Plate With Six Pipe Embedded Channels

The temperature and pressure drop shown in Fig. 3.11 are reasonable, however

as discussed earlier, another solution is to use smaller pipe so that the coolant


ows under each MOSFET. Intuitively this con�guration is expect to show

better thermal performance because the heat generated in each MOSFET has

a direct path to the coolant, while the pressure drop is signi�cantly higher.

Fig. 3.12 shows a cold plate with 6 channels with copper pipes

Figure 3.12: Cold plate with 6 narrow channels for embedded copper pipe
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Simulation Results: Cold Plate With Six Pipe Embedded

Channels

The pressure drop is calculated to be 1229kPa and the overall maximum case

temperature is reduced by approximately 12.5� C. This results in junction

temperature of 126.5� C. Fig. 3.13 shows the simulation results of 3.12, and

it can be seen that the analytical pressure drop matches simulated one closely.

Figure 3.13: Simulation results of a 6 channel pipe embedded cold plate:
(a)MOSFET case temperature gradients (b) Pressure drop
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The 12.5 � C di�erence in junction temperature is not worth the extreme

pressure drop in designs shown in Figs. 3.9 and 3.12. Additionally, both

designs have a temperature delta of 8� C and 11 � C respectively, while the

temperature deltas are not bad, there are other design approaches that can

help minimize the temperature delta, reduce the pressure drop and junction

temperatures.

Note that in both designs the MOSFETs closer to \U" bends have lower

temperature, this is because the turbulence and velocity around the bends

is higher, resulting in a higher rate of heat transfer. One way of eliminating

this is by extending the length of the cold plate and copper pipe so that the

MOSFETs are always underneath an un-bent section. This will result in a

cold plate with marginal improvement in thermal performance at the expense

of additional weight and volume.

The design shown in 3.12 can be improved by increasing the width of the

copper pipe so that a larger area of the MOSFETs receive cooling. However,

this is not possible due the manufacturing constraints. Both design are also

challenging to integrate into an inverter housing because of the extending

copper pipes beyond the cold plate. This prevents the cold plate to be

inserted directly into the housing, additionally the non-circular diameters and

extending copper pipes make it harder to securely connect a coolant hose.

The next section shows designs that can avoid some of the short comings of

the designs already shown.
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