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ABSTRACT

EFFECT OF PHASE CHANGE MATERIAL ON DYNAMIC THERMAL MANAGEMENT

PERFORMANCE FOR POWER ELECTRONICS PACKAGES

High temperature silicon carbide (SiC) die are the most critical and expensive component in
electric vehicle (EV) power electronic packages and require both active and passive methods to
dissipate heat during transient operation. The use of phase change materials (PCMs) to control the
peak junction temperature of the SiC die and to buffer the temperature fluctuations in the package
during simulated operation is modeled here. The latent heat storage potential of multiple PCM and
PCM composites are explored in both single-sided and dual-sided package configurations. The
results of this study show that the addition of phase change material (PCM) into two different
styles of power electronics (PE) packages is an effective method for controlling the transient
junction temperatures experienced during two different drive cycles. The addition of PCM in a
single-sided package also serves to decrease temperature fluctuations experienced by the package
as a whole and may be used to reduce the necessary number of SiC die required to divide the heat
load, lowering the overall material cost and volume of the package by over 50%. PCM in a single-
sided package may be nearly as effective as the double-sided cooling approach of a dual-sided
package in the reduction of both peak junction temperature of SiC as well as controlling

temperature variations between package layers.



ACKNOWLEDGEMENTS

First and foremost, I would like to thank Dr. Todd Bandhauer for his guidance, patience,
and support (both personally and professionally) throughout my undergraduate and graduate
career. His positive attitude and enthusiasm for thermal sciences and engineering in general are

both unending and infectious.

I would also like to thank the Army Research Laboratory for their contributions to this
project and their financial support. Specifically, thank you to Mike Fish for answering numerous
questions and sharing his knowledge with all things ParaPower and to Darin Sharar for his

guidance and support throughout.

I must also thank all the members of the REACH CoLab. It is inspiring to work with such
a talented and diverse group of individuals. I would specifically like to thank Ethan Markey and
Brandi Grauberger for their constant support, and Caleb Anderson for his help and advice

throughout this project.

Finally, thank you to my family. Without your love and support I would not be the person

[ am today.



TABLE OF CONTENTS

ABSTRACT . . .. ettt ettt e b e st e bt e st e e bt e s it e e bt e sabeebeesabeenbeeeaee ii
ACKNOWLEDGEMENTS ...ttt ettt sttt ettt beesaneenee e iii
LIST OF TABLES ...ttt ettt ettt ettt et e et e eeees vii
LIST OF FIGURES ...ttt ettt st et viil
NOMENCLATURE ..ottt sttt st e XVl
CHAPTER 1 INTRODUCTION ...ttt sttt ettt et e st 1
1.1.  Background and MOtIVATION ........coouiiiiiiiiiiieiiee ettt 1
1.2, ReESCAICH ODJECTIVES ..eeeuvviieiiiieeiieeeiieeeieeeeitee et e e rtteeetteesbeeesnbeeessbaeessseessseeensseesnsneesnseens 2
1.3, ThesiS OTZanizZatiON........ccccueeeruiieriieeriiieesieeesieeesieeesteeessbeeesaseeessreessbeesaseesseeesseeesseens 3
CHAPTER 2 LITERATURE REVIEW ...c.oiiiiiiiiieete et 4
2.1.  Power Electronic Packaging...........cccoovuiiiiiiiiiiiiiiiiiiiiceeecee et 4
2.2.  Phase Change Materials ...........c.coiiiiiiiiiiiiiieieeecct et 10
2.3, ReESCATCH INEEAS ..ccuuiiiiiiiieiiiieee ettt e 14
2.4 Focus of CUrrent StUAY .....c.cooeiuiieiiiiieiiieeeiie ettt e e e e e s e e s aeeeeens 14
CHAPTER 3 MODELING APPROACH......ccceoiiiiitiiiteeeteeeeee ettt 16
3.1, Package GEOMEITY....cccuiiiiiiiiiiieiie ettt ettt ettt e ettt e e et e e st e e sabee e 16
3.2.  Dynamic Power and Heat Load ............ccooiiiiiiiiiiiiiiiiiceeeeeeeeee e 19
3.3.  Heat Transfer CoeffiCIONt . .........cooiiiiiiiiiiiiiiiieeee e 21



3. PO SEIECHION. .. ettt e e e e e e e e e e e e e e e e e e e ee e e e eeeraeeeeaaaaaaes 23

3.5, PCM TRICKNESS ...uveeiiieiieiieeiteeeee ettt ettt et e b 25
3.6.  Package Modeling With PCM ..........ccociiiiiiiiiiiieieceeeeeee et 25
3.7, SIMUIAtION MAIX ..eoviiiiiiiieiiieeieee ettt ettt s 26
CHAPTER 4 RESULTS AND DISCUSSION ......coitiiiiieiinienieeteetesieeie ettt 29
4.1. Impact of PCM Selection and Placement............c.cooceeeviiiniiiiiiniiiiieneceeneceeeeeeeen 29
4.1.1 Single-Sided Package .........cooouiiiiiiiiiiieie e 30
4.1.2 Dual-Sided Package........ccuiieiiiiieiiieeiieecieeeee ettt 36

4.2. USO06 Drive Cycle Results with Erythritol-Copper PCM .........ccccoooviviiiiiniiiinieeniieen, 39
4.3. Urban Drive Cycle Results with Erythritol-Copper PCM ..........cccccevvviiiniiieniieeniiens 43
4.4. Relative Impact of Drive Cycle with Erythritol-Copper PCM .........cccccceeviiiiniiiinieenn. 47
4.5.  System Level Considerations ..........c.eiiuieiriiieniiiiniieerieeeieeeitee et eitee st 50
CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS OF FURTHER WORK....... 56
5.1.  Recommendations for Future Work ............coccoiiiiiiiiiiiiiiieeceeeeeeeee 58
REFERENCES ... ettt ettt sttt et e sbt e st e sat e e bt e sateenees 59
APPENDIX A RESULTS ...ttt ettt sttt ettt 66
A.1. Single-Sided Package US06 Results: Sections 4.1.1 and 4.2.........ccccoevveeviieiniiennieenn. 66
APPENDIX B HAND CALCULATIONS ...ttt ettt 87
APPENDIX C PARAPOWER ..ottt 91
Cll. PaAraPOWET ..ottt ettt st 91



C.1.1  Opening ParaPOWET ..........ccciiiiiiiiiiiiiiieeeeeceeeee e 91

C.1.2 ParaPower GUI ......cooiiiiiiiiiiie ettt 91
APPENDIX D MATLAB CODE .....c..ooiiiiiiiiee ettt ettt 98
D.1.  USO6 POWET FUNCHION ......ooutiiiiiiiiinieeiieitceieencee ettt ettt 98
D.2.  Urban POWEr FUNCHON ..ottt 99

vi



Table 3-1.

Table 3-2.

Table 4-1.

Table 4-2.

Table 4- 3.

Table B-1.

Table B-2.

LIST OF TABLES

Selected PCMSs in present StUAY ......ccc.veevieeeniiiieniieeiieeiee et 24
Simulations performed.............cooiiiiiiiiiiiiiinieeeee e 28
Comparison of PCM effect on maximum junction temperature in single-sided

package during USO6...........oiiiiii e 35

Cost comparison of PE package materials..........cccceeevvierriiinnieeniieeeieeeieeeee 51

Comparison of Single and Dual-Sided package performance, material cost, and

Churchill correlation and overall heat transfer coefficient hand calculations... 88

Representative Power Calculation ............occcoeveiniiiiiiiiiiniiiiiciieeeeiceeeeee 90

vii



Figure 2-1.
Figure 2-2.
Figure 2-3.
Figure 2- 4.
Figure 2-5.

Figure 2-6.

Figure 2-7.

Figure 2-8.

Figure 2-9.

Figure 2-10.

Figure 3-1.

Figure 3-2.

Figure 3-3.
Figure 3-4.

Figure 3-5.

LIST OF FIGURES

Functional block diagram of EV propulsion system. Adapted from [12]............ 4
Conventional PE package with single-sided cooling [17] .......cccccevieriiininnennnn 5
Dual-sided package using flip chip technology [18] ......ccocveeviiieviiiiriiiiniieeee, 6
Dual-sided package using power overlay technology [19].......ccccccooiiviiniienicens 6
Dual-sided package using EPCM [20].....ccccueovriiimiiiiiiieeiieeeeeeeee et 7

PE packages in recent all-electric and hybrid-electric vehicles adapted from [5]

Photos of porous nickel before (a) and after (b) the vacuum impregnation of
EIYINTIEOL [27] ettt ettt e e 11
Thermal conductivity and volumetric density of latent heat of each erythritol-
nickel composite teSted [27] ..ovvieriiieiiiieriie et 12

Endmember composites with fins parallel (a) and perpendicular (b) to heat flow

Package with PCM modeled by Nafis et. al. [7]....ccccoovviieniiiiniiiiniiiiieieene 13
Single-sided power electronic package based on 2014 Honda Accord modeled in

SolidWorks (top) and ParaPower (DOttom)...........ccovvveerieeenieenniienieesiieeeeen 17

Dual-sided power electronic package based on 2016 Chevrolet Volt modeled in

SolidWorks (top) and ParaPower (bOttom)............ccevvveerieeerieeenieeeieeeiieeeeeenn 18
ParaPower GUI with single-sided package modeled...........c.cccooceerieninnicnnen. 19
Additional forces acting on VEhiCle ..........cceeviiieriiiieiiieeiieeieeceeeee e 20

Speed and modeled power derived from the US06 (top) and Urban (bottom)

viii



Figure 3-6.

Figure 3-7.

Figure 3-8.

Figure 4-1.

Figure 4-2.

Figure 4-3.

Figure 4-4.

Figure 4-5.

Figure 4-6.

Figure 4-7.

Figure 4-8.

AIIVE CYCIES ettt ettt st 21
Maximum temperature in package with varying erythritol (a) and erythritol-
copper composite (b) PCM thiCKknesses..........c.ceovveeriiiiniiiiniieiniecnieeeeeeee 25
Single-sided power electronic package with PCM ...........cccccoviiiniiiiniicnnneen. 26
Dual-sided power electronic package with PCM in periphery (a),
emitter/collector (b), and DBC (C) .....uuuviiiiiiiiiiciiiiieee e 26
Die temperatures in single-sided package containing 10, 12, 14, 16, 18, 20, and

24 die during full USO6 drive CyCle.......cooouiiiiiiiiiiiiiiiiiiiceeeceeceeee 30

Junction temperature of SiC die in packages with 10 die with all PCMs modeled
during USOO6 drive CYCIE ......eeviiiiiiiiiiieeite ettt 30
Temperature profile of PE package layers of single-sided package with 24 die
and no PCM for complete USO6 drive CyCle .........eevviieriiiiniieiniiiniieenieeene 32
Temperature profile of die, cold plate, and erythritol in single-sided package
with 24 die during portion of US06 drive cycle ........cccevviiiviiiiniiiiniiiiniieeee 32
Temperature profile of die, cold plate, and erythritol-nickel in single-sided
package with 20 die during portion of US06 drive cycle .........ccceveuveeviiiinneenne. 33
Temperature profile of die, cold plate, and indium in single-sided package with
12 die during portion of US06 drive Cycle.........oovuiiiniiiiiiiiiiiieiiceiieceieeeee 34
Temperature profile of die, cold plate, and erythritol-copper in single-sided

package with 12 die (top) and 10 die (botton) during portion of US06 drive

Temperature profile of dual-sided PE package with 24 SiC and no PCM (top

left) and dual-sided PE package with erythritol in periphery (top right), emitter



Figure 4-9.

Figure 4-10.

Figure 4-11.

Figure 4-12.

Figure 4-13.

Figure 4-14.

Figure 4-15.

Figure 4-16.

and collector (bottom left), and DBC (bottom right) during portion of US06
DIIVE CYCLE ..ttt 36
Junction temperature of SiC die in dual-sided PE package with 10 SiC and

erythritol in different package configurations during portion of US06 drive

Erythritol-copper melt fraction according to placement location in dual-sided
package with 10 die throughout USO6 cycle .......cccceeriiiiniiiiniiiiniiiiceeene 38
Erythritol melt fraction according to placement location in dual-sided package
with 10 die throughout USO6 CycCle .........cooiiiiiiiiiiiiiiiccceeccece 39
Temperature profile of single-sided PE package with no PCM and 24 SiC (top),
single-sided PE package with erythritol-copper and 24 SiC (middle) and single-
sided PE package with erythritol-copper and 10 SiC (bottom) during portion of
USOO AriVe CYCIE..cnuiiiiiiieiiiete ettt ettt 40
Erythritol-copper melt fraction in single-sided package with 10 and 24 die
throughout USO6 CYCLE ....couviieiiieeiieeiee ettt 41
Temperature profile of dual-sided PE package with 10 SiC, no PCM (top) and
erythritol-copper composite PCM in the DBC (bottom) during a portion of the
USOG AV CYCIE..eniiiiiiiiieeiieeciee ettt ettt ete e et e et e e steeesbaeeesbeeesnsaeenes 43
Temperature profile of single-sided PE package with no PCM and 24 SiC (top),
single-sided PE package with erythritol-copper and 24 SiC (middle) and single-
sided PE package with erythritol-copper and 10 SiC (bottom) during portion of
Urban DIive CYCIe .....oooviiiiiiieeiie ettt ettt 44

Erythritol-copper melt fraction in single-sided package with 10 throughout



Figure 4-17.

Figure 4-18.

Figure 4-19.

Figure 4-20.

Figure 4-21.

Figure A-1.

Figure A-2.

Figure A-3.

Figure A-4.

Figure A-5.

Figure A-6.

UTDAN CYCIE ...ttt 46
Temperature profile of dual-sided PE package with no PCM and 10 SiC (top)
and dual-sided PE package with erythritol-copper in DBC and 10 SiC (bottom)
during portion of urban drive CycCle ..........cccoviiiiiiiiiiiiie 47
Histogram of SiC die time at temperature in single-sided (a) and dual-sided
package (b) throughout US06 Drive Cycle.........ccccooviiniiiiiiniiiiinicieeeeee, 49
Histogram of SiC die time at temperature in single-sided (a) and dual-sided
package (b) throughout Urban Drive Cycle........ccooceeriiiiniiiiniiiiniiiniceeene 50
Temperature profile of single-sided PE package with erythritol-copper and 10
SiC (top) and dual-sided PE package with 10 SiC no PCM (bottom) during
POrtion Of USO6 CYCIE .....ccoiuiiiiiiiiiieeeeeeeeee e 53
Temperature profile to steady-state of single-sided PE package with copper
thermal mass and 10 SiC (top) and single-sided PE package with PCM and 10
SiC PCM (bottom) during extended maximum power of US06 cycle............... 55
Temperature profile in single-sided package with 24 die and no PCM over full

USOO CYCIE ...ttt ettt e et e e e e e et e e saeeesnbaeeenbeeesnseeenes 66

Temperature profile in single-sided package with 24 die and erythritol ........... 67

Erythritol melt fraction in single-sided package with 24 die over full US06 cycle

Temperature profile in single-sided package with 20 die and erythritol-nickel 68

Erythritol-nickel melt fraction in single-sided package with 20 die over full US06

xi



Figure A-7.
Figure A-8.

Figure A-9.

Figure A-10.

Figure A-11.

Figure A-12.

Figure A-13.

Figure A-14.

Figure A-15.

Figure A-16.

Figure A-17.

Figure A-18.

Figure A-19.

Figure A-20.

Figure A-21.

Indium melt fraction in single-sided package with 12 die over full US06 cycle69
Temperature profile in single-sided package with 12 die and erythritol-copper70

Erythritol-copper melt fraction in single-sided package with 12 die over full US06

Temperature profile in single-sided package with 10 die and erythritol-copper71

Erythritol-copper melt fraction in single-sided package with 10 die over full US06

Temperature profile in single-sided package with 24 die and erythritol-copper72

Erythritol-copper melt fraction in single-sided package with 24 die over full US06

CYCLE ettt et sttt s 72
Temperature profile in dual-sided package with 24 die and no PCM ............... 73
Temperature profile in dual-sided package with 10 die and no PCM ............... 73

Temperature profile in dual-sided package with 24 die and erythritol in the
periphery over full USO6 CYCI@.....ccuvieiiiiiiiieeiieeieeeeeeee et 74
Erythritol melt fraction in periphery of dual-sided package with 24 die over full
USOO CYCIE ...ttt ettt ettt e et e e e e et e e saaeesnbaeeenbaeesnseeenes 74
Temperature profile in dual-sided package with 24 die and erythritol in the emitter
and collector over full USO6 CYCIe.......uieviiiiiiiieieeeieeeeeeee e 75
Erythritol melt fraction in emitter and collector of dual-sided package with 24 die
OVeT fUIl USOO CYCIE ....vvieiiieeiieeeeeeee et e 75
Temperature profile in dual-sided package with 24 die and erythritol in the DBC
OVeT fUll USOO CYCIE ....vvieiiiieeiieeeeeeee ettt 76

Erythritol melt fraction in DBC of dual-sided package with 24 die over full US06

Xii



Figure A-22.

Figure A-23.

Figure A-24.

Figure A-25.

Figure A-26.

Figure A-27.

Figure A-28.

Figure A-29.

Figure A-30.

Figure A-31.

Figure A-32.

Temperature profile in dual-sided package with 24 die and erythritol-copper in
the periphery over full USO6 CYCle .........ooiiiiiiiiiiiiiiiiieeeeceeee 77
Erythritol-copper melt fraction in periphery of dual-sided package with 24 die
OVEr fUll USOO CYCIE ...t 77
Temperature profile in dual-sided package with 24 die and erythritol-copper in
the emitter and collector over full USO6 cycle .........coooviiviiiniiiiniiiiniiiieene 78
Erythritol-copper melt fraction in emitter and collector of dual-sided package
with 24 die over full USOO6 CYCIe .....cocuiiiiiiiiiiiiiiiieeeeeeeeee e 78
Temperature profile in dual-sided package with 24 die and erythritol-copper in
the DBC over full USO6 CyCle ......cviiiiiiiiiieieeceeeceeeeeeeeeee e 79
Erythritol-copper melt fraction in DBC of dual-sided package with 24 die over
FUILUSOO CYCIE ... 79
Temperature profile in dual-sided package with 10 die and erythritol-copper in
the periphery over full USO6 CYCIe ......c.uevvviiieiiiieiieeieeeee et 80
Erythritol-copper melt fraction in periphery of dual-sided package with 10 die
OVeT fUll USOO CYCIE ....vvieiiieeiieeeeeeee ettt 80
Temperature profile in dual-sided package with 10 die and erythritol-copper in
the emitter and collector over full USO6 CycCle ........oevvveeeeiiinciiiniiieeiieeeieene 81
Erythritol-copper melt fraction in emitter and collector of dual-sided package
with 10 die over full USO6 CYCIE .....ccccuiieiiiieiieeiee et 81
Temperature profile in dual-sided package with 10 die and erythritol-copper in

the DBC over full USO6 CYCIE .....ccccvveeiieeiiieeiieeiee et 82

xiii



Figure A-33.

Figure A-34.

Figure A- 35.

Figure A-36.

Figure A-37.

Figure A-38.

Figure A-39.

Figure A-40.

Figure A-41.

Figure C-1.

Figure C-2.
Figure C-3.
Figure C-4.
Figure C-5.

Figure C-6.

Erythritol-copper melt fraction in DBC of dual-sided package with 10 die over
FULL USOO CYCLE ettt 82
Temperature profile in single-sided package with 24 die and no PCM over full
UTDAN CYCIE ..ttt 83

Temperature profile in single-sided package with 24 die and erythritol-copper83

Erythritol-copper melt fraction in single-sided package with 24 die over full urban

Temperature profile in single-sided package with 10 die and erythritol-copper 84

Erythritol-copper melt fraction in single-sided package with 10 die over full urban

Temperature profile in dual-sided package with 10 die and erythritol-copper in
the DBC over full urban CycCle ..........cooouiiiiiiiiiiiiiieeeeeeeceeee 86
Erythritol-copper melt fraction in DBC of dual-sided package with 10 die over
fUIl UTDAN CYCLE e e e 86

MATLAB home screen with ParaPower folder and subfolders added to

MATLAB path and command to open GUI in Command Window.................. 91
Blank ParaPower GUI with 7 user interface sections boxed in red................... 92
Features define for use in current Study .........cocceeervieeriiieniieiniieenieeeeeeeieeee 93
Analysis section Of GUIL........cccccoiiiiiiiiiiiiieeeee e 93
Parameters used to construct single-sided package .........c.ccccevvuveeviiieiniiiinieennne 94

Materials list with library of materials (and their properties) with option for

USETS tO INSEIT MNATETIALS ... e eeeeeee ettt e e e e e e e e e e e eeans 94

Xiv



Figure C-7.

Figure C-8.
Figure C-9.

Figure C- 10.

Geometry visualization including materials assigned to geometry layers (single-

sided package ShOWN) .......cooviiiiiiiiiii e 95
Environmental Parameters used in current study.........c.cccocceevieenienieeniennennnen. 95
Initial conditions, time steps, and length of analysis used in current study....... 96
Run Solver and Detailed Visual Results sections of the GUI........................... 97

XV



NOMENCLATURE

Symbol Description Units
Symbols
A Area m?
a acceleration ms?
cD Coefficient of drag resistance -
CR Coefficient of rolling resistance -
D, Hydraulic diameter m
F Force N
FOM Figure of merit kI m*s!K!
v Friction factor -
g Gravity m s~
H Latent heat of fusion kJ kg!
ht Heat transfer coefficient W m? K!
k Thermal conductivity W m! K
m Mass kg
1 Mass flow rate kg s!
Nu Nusselt number -
P Power W
Pr Prandtl number -
Re Reynolds number -
T Temperature C
t Time S
U Overall heat transfer coefficient W m?2K!
u Flow speed ms’!
% Velocity m s’

XVi




Greek Symbols

Density kg m™
Efficiency -
Dynamic viscosity kg m's!

Subscripts

Fin prime surface

Melt

Overall

Total fin surface

XVii




CHAPTER 1 INTRODUCTION

1.1. Background and Motivation

As the market for more fuel efficient and environmentally friendly vehicles grows, the
demand for more versatile and capable all-electric and hybrid-electric vehicles increases. These
vehicles will require more electrical power to accommodate a wide variety of uses, from
commercial transportation of passengers and goods to military vehicles of varying size and
capabilities. Power electronics are one of the most important components in the electric vehicle
(EV) system. Power electronics are responsible for converting DC power from the traction
batteries to AC power for the traction motor. Increasing the PE efficiency, durability and lifespan
is crucial in developing more robust and cost-friendly EVs.

In the past, power electronic systems used a silicon insulated-gate bipolar transistor as the
main working component [1]. The advent of silicon carbide (SiC) based power electronic devices
has resulted in substantial performance improvements [2]. SiC devices are highly efficient, thinner
than Si devices, have a higher thermal conductivity (and therefore a lower thermal resistance), and
can operate reliably at much higher temperatures [2]. Si devices typically cannot withstand
temperatures higher than 150°C, whereas SiC devices have been calculated, using first order
simulations, to operate at temperatures up to 600°C [2, 3]. While operating at such high
temperatures is theoretically possible, some SiC devices have shown unstable behavior at
temperatures above 150°C, implying that high temperatures have the potential to reduce both
device and package reliability [4]. The package is made up of a variety of substrate layers that act
to both dissipate heat and add stability to the package. Due to the varying coefficients of thermal

expansion (CTE) in the substrate layers, high temperature fluctuations can degrade package



stability over time [5]. Three of the most important factors in PE packaging are performance,
reliability, and cost. Reliability of PE packages may be improved by decreasing both the maximum
temperature and temperature fluctuations experienced by the package [5]. The cost of the
packaging can be reduced by decreasing the number of SiC die that are necessary to divide the
power load, and in turn, the heat load experienced by the devices.

Due to its thermal storage properties, utilizing PCM in PE packaging has the potential to
aid in thermal management [6]. PCMs work by absorbing heat from the surrounding while rising
to its transition temperature, then undergoing a constant temperature phase change while
continuing to absorb heat [7]. PCM incorporated into PE packaging can effectively store heat
dissipated by the devices during its transient operation via phase change from solid to liquid (or in
some cases solid to solid) transformations, lowering the peak junction temperature in the device
[8]. The latent heat absorption during phase change also reduces dramatic temperature fluctuations
experienced by the package [9]. The reduction in temperature fluctuations in the package could
help mitigate thermally accelerated failures in the substrate layers of the package, increasing the
overall fatigue life of the package [5, 10].

1.2.  Research Objectives

While there have been reviews of both PCMs [9] and packages [5] for automotive PE, there
are limited studies on performance of PCMs under the transient conditions devices will be exposed
to during operation. Power pulses have been used to evaluate the viability of PCM as a source of
supplemental cooling in PE packages, but only model a single PCM (Xylitol) in the study [7]. This
paper investigates the effects of incorporating PCM into both single-sided and dual-sided power
electronics packages. PCMs with varying material properties are incorporated into the packages.

The PCMs effect on the maximum junction temperature of the SiC die, temperature fluctuations



in the package, and the potential for die reduction are analyzed. This analysis used heat load models
based off transient conditions PE packages would experience during both urban and interstate

travel.

1.3.  Thesis Organization

This thesis includes four additional chapters: Chapter 2 Literature Review, Chapter 3
Modeling Approach, Chapter 4 Results and Discussion, Chapter 5 Conclusions and
Recommendations for Further Work and an Appendix. The literature review includes a
detailed review of previous work on power electronics packaging, PCM studies and reviews,
and studies incorporating PCM into power electronics packages. Chapter 3 will examine the
approach used to create the package geometries, heat loads, heat transfer coefficient, and
PCMs modeled in the simulations. Results and Discussion examines the results of the
simulations and the significance of the findings. Chapter 5 will provide a summary of the
work and offer recommendations for further work and studies. Finally, the Appendix provides
the results of the full cycle simulations, hand calculations performed to validate the heat
transfer coefficient used throughout this study as well as hand calculations for representative
power calculations, a description of the use of ParaPower, and the MATLAB functions used

by ParaPower to apply transient heat loads to the modeled packages.



CHAPTER 2 LITERATURE REVIEW

The previous chapter discussed the importance of PE and their use in electric and hybrid-
electric vehicles. As detailed above, PE are responsible for the energy conversion from the traction
batteries to the traction motor, making them an integral component in electric and hybrid electric
vehicles. Effective thermal management is crucial to ensure both reliability and durability of the
devices. The thermal storage properties of PCM offer a unique means of passively cooling transient
devices. The purpose of this chapter is to provide a detailed literature review on both packaging
techniques and the use of PCM to improve the thermal performance of the power electronics found
in electric vehicles.

2.1. Power Electronic Packaging

Power electronics control the flow of power between the battery and the traction motor,
and account for 7-15% of the overall cost of an electric vehicle [11]. Figure 2-1 shows a functional
block diagram of an EV propulsion system. The thick lines represent power flow, the thin lines

represent signal flow, and the arrowheads denote directionality. Based on user input from the brake

Figure 2-1. Functional block diagram of EV propulsion system. Adapted from [12].



or accelerator pedals, the electronic controller sends control signals to the power electronics, which
regulates the power flow and converts DC power from the batteries to AC power for the motor
[12]. The backward flow of power from the motor to the batteries is due to regenerative braking,

where power is transferred back to the batteries during active deceleration.

Experimental studies have shown SiC devices achieving a peak efficiency of 99.5% in EV
propulsion applications [13]. While these devices are highly efficient, they generate a significant
amount of waste heat during operation that must be dissipated to ensure reliable operation.
Although the SiC PE devices offer significant performance improvements when compared to Si
devices, their performance is only as good as the package design. While numerous studies and
reviews of PE packaging techniques have been conducted, packaging methods employed for SiC
devices have not changed much from the traditional Si modules [14]. Many current packages are
still designed using a conventional approach to the module architecture. Figure 2-2 shows a
conventional PE package, with the PE soldered onto a direct bonded copper (DBC) substrate,
which is then attached with either solder or a thermal material interface (TIM) directly to a heat
spreader and/or a cold plate [15, 16]. This architecture only allows for single sided cooling, and

Wirebon
Soger - g e
b

1 —DBC

Heat Spreader

RKTIM

Heat Sink / Cold Plate

Figure 2-2. Conventional PE package with single-sided cooling [17]

precautions must be taken when designing substrate layers to match materials with similar

coefficients of thermal expansion (CTE) to reduce the risk of mechanical failure. The lower



thermal resistance advantages of the SiC devices are also reduced with each layer added to the

module.

Wire-bondless technologies have led to several novel packaging designs, the most notable
of which create a dual-sided package architecture. Figure 2-3 shows a package designed using flip

chip technology, which allows for the wire-bonds to be replaced with solder bumps, allowing for
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Figure 2-3. Dual-sided package using flip chip technology [18]

a dual-sided package [17]. Power overly technology (Figure 2-4) eliminates the wire-bonds by

curing the devices in resin, securing device interconnections with metalized through holes, and
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Figure 2- 4. Dual-sided package using power overlay technology [19]

applying base plates to both sides to aid in stability [18]. Figure 2-5 shows a single chip that is
incorporated into an Embedded Power Chip Module (EPCM), which replaces the conventional

wire-bonds with a metallization layer and provides a heat path for topside cooling [19]. The use of
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Figure 2-5. Dual-sided package using EPCM [20]

a dual-sided package architecture introduces the possibility of double-sided cooling, which
significantly improves the thermal performance of the package. Multiple papers have been written
exploring different the dual-sided configurations, potential packaging materials, and working
fluids to test the benefits of double-sided cooling [12-23]. Schletz et. al. highlighted the benefits
of utilizing the topside of the device as an additional heat removal path: thermal resistance is
lowered, and the active elements can operate more efficiently [15]. Kelley et. al. noted that double
sided cooling may allow for air to be used as a working fluid, eliminating the need for a dedicated
coolant loop, dramatically reducing the size and weight of the system [20]. Despite the numerous
benefits of dual-sided packaging, it has not been universally adopted commercially due to the lack
of design methodology, the high cost of production, unsolved thermo-mechanical models, and a
lack of understanding of the package lifespan [11, 21]. High temperature packaging, as well as
novel approaches to packaging architecture, have both been recognized as areas that need to be

further developed, so that the benefits of SiC devices can be fully realized [22].

Broughton et. al. conducted a thorough review of PE packaging materials as well as a
review of various power modules deployed in recent all-electric and hybrid-electric vehicles and
included packages with both the conventional single-sided and the newer dual-sided architectures
[5]. The authors note that package substrate layers typically of the die, which are connected to

either an aluminum or copper substrate layer, which acts as both an electrical interconnection and



a thermal path, with lead-free solder. The next layer of the substrate acts as an electrical insulator.
This substrate layer is typically a ceramic, such as silicon nitride (SizN4), chosen for its excellent
electrical insulation and high thermal conductivity. The ceramic is sandwiched between two metal
layers to provide an electrical ground on the top and additional heat spreading and stress reduction
on the bottom. The bottom metal layer in connected to a copper or aluminum heat spreader and/or

cold plate with either solder or TIM. Figure 2-6 shows the incremental advances in both package

design and material selection of the various PE packages reviewed by the authors.
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Figure 2-6. PE packages in recent all-electric and hybrid-electric vehicles adapted from [5]

The 2004 Toyota Prius (Figure 2-6, top left) uses a conventional packaging architecture

similar to that shown in Figure 2-2 [5, 23]. The authors note the design engineer’s preference of



aluminum in the substrate layers, possibly due to aluminum’s low density, offering weight saving
when compared to copper. The large base plate used in the package to aid in heat spreading places
the die 9mm from the active cooling provided by the working fluid.

The 2008 Lexus LS 600 h (Figure 2-6, middle left) utilizes a dual-sided package, allowing
for active cooling of both sides of the die [5, 24]. Authors note the package uses copper spacers,
along with copper emitter and collectors to serve as device interconnects and allow for heat
spreading. A layer of Si3Nu4 is used for electrical isolation, and is connected to the aluminum cold
plate with thermal grease as the TIM.

The 2010 Toyota Prius (Figure 2-6, bottom left) altered the design from 2004 by
significantly reducing the distance between the die and the coolant (from 9mm to 3.8mm). This
distance was decrease through the removal of the base plate, reducing the total package thickness.
The 3mm hole shown in the figure where also added to relax stresses caused by the CTE mismatch
between the aluminum and AIN ceramic used for electrical isolation [23].

Nissan’s 2012 Leaf (Figure 2-6, top right) uses copper-molybdenum buffer plate under the
die to ease the thermal transitions and relax CTE stresses [25]. The package also uses an insulating
pad with thermal grease as the TIM instead of ceramic DBC for electrical isolation. While this
reduces both the weight and cost of the package, this method incurs an increase in thermal
resistance when compared to the use of ceramic [5].

The 2014 Honda Accord uses a conventional package similar to that of the 2010 Toyota
Prius but used copper instead of aluminum near the PE devices [5, 26]. Authors note that copper
was likely chosen to increase heat spreading near the device. The package also uses solder in place
of thermal grease between the BDC and cold plate, reducing the overall thermal resistance in the

package.



Chevrolet’s 2016 volt utilizes a double-sided package architecture with the emitter and
collector in direct contact with the die, serving as the device interconnects [5, 27]. This package
also uses copper for the heat sink, where the packages previously discussed all used aluminum.
Authors note that the channel geometry may differ from the straight channels used in the aluminum

cold plates, possibly reducing the increase in weight from the use of copper.

2.2. Phase Change Materials

The latent heat thermal storage properties of PCMs offer a unique potential to aid in PE
package thermal performance. Gong and Mujumdar carried out a series of numerical studies and
found that the efficiency of thermal storage systems could theoretically be doubled using PCMs
[8, 28, 29, 30]. Studies have also shown incorporating PCM into heat sink cavities can increase
cooling performance of small transient electronic devices. Kandasamy et. al. conducted
experimental and numerical investigations and found that incorporating PCM benefitted thermal
performance of heat sinks when power levels were greater than 2 W, successfully lowering the
peak junction temperature of the Si die and increasing the time necessary to reach steady state [8].

Multiple reviews of PCMs have been conducted discussing their potential use in a variety
of thermal applications. Perhaps the most comprehensive review of PCM for vehicle applications
was written by Jankowski and McCluskey [9]. The authors reviewed over 700 PCMs from many
material classes, focusing on use in vehicle component thermal buffering. Of the PCMs reviewed,
erythritol was rated as a top candidate to buffer the transient temperatures experienced by PE due
to its appropriate melting temperature (Tm = 117.7°C) and its high latent heat. The authors also
note that erythritol is both non-toxic and non-corrosive.

While PCMs have been widely investigated as a means of passive cooling for transient

electronics operation, the low thermal conductivity (k) of most pure PCMs presents significant
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design challenges. Pure erythritol has a thermal conductivity of 0.733 W/m*K in its solid state
which significantly hinders its thermal storage potential. To overcome this drawback, researchers
have attempted to enhance thermal conductivity with high-k fins or impregnating erythritol in
porous metals.

Oya et al. developed a PCM composite of erythritol and porous nickel using vacuum

impregnation [31]. Figure 2-7 shows both macroscopic and microscopic views of the porous nickel

SO0 m

Figure 2-7. Photos of porous nickel before (a) and after (b) the vacuum impregnation of
erythritol [27]

before and after the vacuum impregnation of erythritol. The authors experimentally tested samples
with pore sizes of 100, 300, and 500pum and measured both thermal conductivity and volumetric
density of latent heat (Figure 2-8). Best results were shown using a pore size of 500pum, where
thermal conductivity of the composite was improved to 11.6 W/m*K, 15x greater than that of pure

erythritol.
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Figure 2-8. Thermal conductivity and volumetric density of latent heat of each erythritol-nickel

Shamberger and Fisher developed a method for approximating the thermophysical
properties of low-k PCMs with the addition of high-k fins [32]. The authors found that with the
proper ratio of high and low-k materials and the appropriate fin design, PCMs with high-k fins
could be viewed as composites. Upper and lower bounds of the composite’s effective thermal

conductivity, referred to as “endmembers”, were calculated according to fins’ placement in

relation to the thermal path:
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where ¢i and k; are the volume fraction and thermal conductivity, respectively, of component i.

The upper bound was set with fins parallel to the heat flow (Figure 2-9a) and the lower bound with

a)
vV

=
o
-

wall

Figure 2-9. Endmember composites with fins parallel (a) and perpendicular (b) to heat flow [28]
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fins perpendicular to the heat flow (Figure 2-9b). The composite’s intrinsic properties of interest
(density, heat capacity, and heat of fusion) could be estimated using the law of mixtures:

Xeomp=2i §; Xi 3)
where ¢i is the volume fraction of a component, and Xcomp and X; are the intrinsic property of
interest. They also found that while the addition of randomly dispersed high-k particles can
improve the thermal performance of PCMs, this method will not approach the upper bounds of
composite behavior.

Of the literature reviewed, only one study has investigated the use of PCM in PE thermal
management. Nafis et. al. conducted numerical studies on the effect of incorporating PCM in the
heat sink of a simplified single-sided PE package [7]. Their study used small power pulses with a
maximum of 4W, convection coefficients ranging from 5-80 W/m’K, indicating air as the working
fluid, and focused on a single PCM (Xylitol). While the results of this study showed that the PCM
was helpful at mitigating peak temperature and allowed for a more consistent temperature profile,
both the package (Figure 2-10) and the power loads modeled were simple and generic, making it

difficult to accurately judge the impact of PCM in an operational environment.

PCM

Heat
sink

Die

Figure 2-10. Package with PCM modeled by Nafis et. al. [7]
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2.3.

Research Needs

Research on the use of PCM has largely focused on mobile, intermittent use consumer

electronics. While there have been numerous reviews on both PE package design and PCMs for

thermal buffering of vehicle components, there have been limited studies on the actual impact of

PCM on PE package thermal performance. The current gaps in literature that this study hopes to

address are:

24

The modeling of PE packages representative of those found in commercial use. While
simplified PE package models can approximate the impact of PCM on the package’s
thermal performance, overly simplified models do not account for heat spreading or the
thermal resistance of the various materials throughout the substrate layers.

The modeling of realistic, transient operating conditions. Heat loads experienced by the PE
devices are transient in nature and can vary significantly depending on the operational
environment (highway, city, etc.). Simulating a variety of use cases is necessary to
understand PCMs effect on PE package’s thermal performance.

The only study found in literature studying the impact of PCM on PE package thermal
performance modeled a single PCM. Modeling multiple PCMs and PCM composites is
necessary to truly quantify the impact of PCMs on PE package thermal performance and
determine the material properties of the PCM that are necessary to have the maximum

impact.

Focus of Current Study

The current study seeks to investigate the impact of PCM on the dynamic thermal

management performance of PE packages. Two PE packages (single-sided and dual-sided),

representative of those found in commercial use, were modeled with multiple PCMs/PCM

14



composites and their thermal performance was simulated using ParaPower, a thermal modeling
platform created by the Army Research Lab (ARL). To test the packages thermal performance,
transient heat loads were created using two EPA driving schedules. These drive cycles served to

simulate real world driving conditions in both an urban and highway environment.
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CHAPTER 3 MODELING APPROACH

The previous chapter discussed the lack of published data on the impact of incorporating
PCM into PE packages. The current study seeks to quantify the impact of PCM addition in two
different packages that are representative of packages found in recent all-electric vehicles. To
quantify this impact, two package geometries were modeled in ParaPower. Two dynamic power
and heat load models were created using published EPA drive cycles. These models were applied
to the SiC die in the package model and used to simulate the transient operating conditions of the
PE. A heat transfer coefficient was also calculated and applied to the package cold plate, simulating
flow from the vehicle’s cooling loop. The following section details the approach used to create
these models.
3.1. Package Geometry

Two PE packages, without PCM, were modeled using ParaPower, an open-source tool
developed by the Army Research Lab. ParaPower uses a MATLAB based code that solves a
resistor network model of the system using implicit Euler formulation that offers a fast analysis of
thermomechanical systems and medium fidelity modeling of PCMs [33, 34]. The single-sided
model was based on packaging used in the 2014 Honda Accord [5, 26]. The package is comprised
of an aluminum base plate, solder, direct bonded copper (DBC) on silicon nitride (Si3N4) with the
power devices (2 SiC die) located 6.5 mm from the coolant. Figure 3-1 shows a SolidWorks model
of the package (top) as well as the ParaPower model (bottom) with the applied boundary
conditions. The second model was based on package geometry used in the 2016 Chevrolet Volt
[5, 27]. This package is comprised of the same materials, but with two layers to take advantage of

double-sided cooling. Figure 3-2 shows a SolidWorks model of the package (top) as well as the

16



ParaPower model (bottom) with the applied boundary conditions.

SiC: 5x5x0.25mm

Solder: t=0.05mm

Cu: t=1.25mm
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pEEEEEEEEEEEEEE 2x2mm channels
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Y+h=0,T, =25 Sic
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X+h=0,T =25

DBC

X- h=0,T =25

Y-h=3898, T =95

Figure 3-1. Single-sided power electronic package based on 2014 Honda Accord modeled in
SolidWorks (top) and ParaPower (bottom)
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Figure 3-2. Dual-sided power electronic package based on 2016 Chevrolet Volt modeled in
SolidWorks (top) and ParaPower (bottom)

ParaPower offers a graphical user interface (GUI) that allows users to define features, model 3D
geometries, and assign materials and material properties to different model layers (Figure 3-3).
The GUI also allows the user to assign boundary conditions, such as a heat transfer coefficient, to
the geometrical faces of the model and to assign power scalar values or functions to any feature
modeled. ParaPower then uses a 3D resistance network based on a mesh assigned by the user to
solve the heat equation. Parapower has shown to have good accuracy with fairly large time steps

and grid sizes, and the reduced order phase-change thermal model has accuracy comparable to

18



high-fidelity commercial software [35]. A detailed description on the use of ParaPower (creating

geometries, assigning materials, applying boundary conditions, etc.) can be found in Appendix C.

ARL ParaPower Transient Stress Conditions
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Figure 3-3. ParaPower GUI with single-sided package modeled

3.2. Dynamic Power and Heat Load

A transient heat load model was created using both the US06 and EPA Urban
Dynamometer Driving Schedule [36], which were designed to simulate a vehicle’s speed during
interstate and city travel respectively. To simulate the heat load experienced by the PE during these
drive cycles, the derivative of each velocity profile was calculated through interpolation to
determine the vehicle’s acceleration. This acceleration, combined with the drag force and the
rolling resistance experienced by the vehicle during travel, were used to create a simple model
approximating the forces acting on a moving vehicle (Figure 3-4). Equation 4 shows the force

equation used:

F=ma+cymg+ % pcDAV2 “4)
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where m is the mass of the vehicle (1600 kg), a is the vehicle’s acceleration, cr is the coefficient

of rolling resistance (0.015), g is gravity, p is air density (1.225 kg/m?), cp is the coefficient of drag

—p*rcp*A*V

— cpEMEQ

Figure 3-4. Additional forces acting on vehicle

resistance (0.3), A is the frontal area of the car (0.58 m?), and V is the velocity [37, 38]. Equation
5 describes the traction power necessary to propel the vehicle:

P=VF (5)
where P is the traction power need to propel the vehicle forward, V is the velocity from the specific
drive cycle, and F is the force calculated in Equation 4. Equation 6 describes the heat load equation
that was applied to the SiC die in ParaPower:

Heat Load = (1 —n)|P| (6)
where the maximum efficiency, 7, is 98% and assumed constant [39]. The absolute value of the
power is taken to maintain power even during deceleration, to simulate regenerative braking.
Figure 3-5 shows the power and speed used to create the heat load model. This transient heat load
was divided by the number of die in the package (), with the assumption that the heat rate was
divided evenly among the die in the package (Equation 7). The US06 drive cycle (top) was the

more aggressive cycle, with power spikes reaching over 80kW and average power stretches up to
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20kW. The Urban drive cycle (bottom) had lower power levels, but longer periods of moderate

power levels up to 10kW.
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Figure 3-5. Speed and modeled power derived from the US06 (top) and Urban (bottom) drive

3.3.

cycles

Heat Transfer Coefficient

A typical vehicle engine coolant loop consists of a 50/50 mixture of water and ethylene

glycol that is pumped to a radiator to reject heat and maintain an operating temperature between

80°C and 100°C [8]. EVs typically have a cooling loop that operates at lower temperatures (60-

70°C) to cool electrical components. The higher operating temperatures of SiC devices are
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prompting new vehicle designs that target a single vehicle coolant loop for electrical and
mechanical components. For this reason, an average working fluid temperature of 95°C (higher
than average for an ICE vehicle) was chosen for this model for simplicity. An overall heat transfer
coefficient of 3898 W/m?K was calculated using the flow through and geometry inside the cold
plate and applied to the bottom of the package. The overall heat transfer coefficient (U) was
calculated from the heat transfer coefficient, fin efficiencies, and the cold plate geometry (Equation
8):

ﬂohAt
Ap

U= ()

where 70 is the overall fin efficiency, At is the total surface area of the fins, and As is the area of
the prime surface [18]. The heat transfer coefficient (%) was solved for using the Nusselt number
(Equation 9):

hD
Nu = Th €))

where Nu is the Nusselt number, Dn is the hydraulic diameter of the cold plate channels, and & is
the thermal conductivity of the working fluid. Churchill correlations [20] were used to solve for
the friction factor, and Nusselt number, and are described in Equations (10-14). Equation (10)
describes the overall Nusselt number:

2200— ReD
exp[

Nu = |Nu*° + (10)

[N Ut

where Nut describes the Nusselt number through the turbulent regime with Nui and Nuo describing
the Nusselt number through the laminar and transition regimes (Equations 11-13). Nusselt numbers

for the laminar and transition regimes were fixed under the assumption of uniform heat flux [19].
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0.079Rep, \/fPr
5

Nu, = Nu, + (11)
(1+Pr08)6

Ny = 5.33 (12)

Nu, = 6.3 (13)

Equation (10) describes the empirical relationship between the friction factor (f) and the Reynolds

number.

10
1 1 + (2.21 In Re;’h) (14)
s 10 ReDh 20
<ReDh> +(36500)

The Reynolds number from the coolant is described by Equation (15):

Rep, =22 (15)

where p is the density, u is the flow speed, and y is the dynamic viscosity of the fluid. During the
simulations, the total mass flow through the channels was 1.14E-3 kg/s and yielded a Reynolds
number of 754 for the 24-module design, indicating a laminar flow, even if the same amount of
flow was directed through 10 modules (the minimum number modeled). Thus, the variation in the
overall heat transfer coefficient was insignificant and assumed constant throughout during all

simulations.

3.4. PCM Selection
Multiple PCM and PCM composites were selected for modeling in both the single-sided
and dual-sided packages. PCMs were selected from their melt temperature (7m) and figure of merit

(FOM), which is defined as:

FOM = p He k (16)
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where p is the density, Hr is the latent heat of fusion, and & is the thermal conductivity of the high
temperature phase [40]. Erythritol was chosen due to its melting temperature and high heat of
fusion, though pure erythritol has the disadvantage of poor thermal conductivity (Table 3-1). A
PCM consisting of erythritol impregnated with nickel was also simulated. This PCM was
developed and tested by Oya et. al., and retained the high heat of fusion of pure erythritol, while
increasing its thermal conductivity by a factor of 15 [31]. An erythritol-copper composite was
modeled using methods developed by Shamberger et. al. to simulate the performance and material
characteristics of low-k and high-k composite materials [32]. As previously mentioned, the authors
found that when high-k material fins were appropriately designed and embedded in low-k PCMs,
the materials could be considered a composite. The effective thermal conductivity of the composite
was calculated using their formula for the upper-bound value (fins parallel to heat flow), and the
general linear rule of mixtures was used to determine the intrinsic properties of interest. Finally,
indium was selected for modeling for its relatively high thermal conductivity during liquid phase
and the ongoing interest in metallic PCMs. Due to indiums high melt temperature, a maximum

junction temperature of 175°C had to be considered for this case alone.

Table 3-1.Selected PCMs in present study

Optimum
Tmelt [\] FOM .

PCM [°C] k [W/mC] | H¢[kJ/kg] [ke/m®] | [kJ/m’sC] thEIcIll(;(]ass
Erythritol [9] 117 0.33 340 1480 166 7
Erythritol and

Nickel [31] 117 11.4 315 1453 5218 9
Erythritol-Copper | 250.5 254 5833 | 397096 25

Composite

Indium [9] 156 36 284 7310 7474 25
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3.5. PCM Thickness

The amount of each PCM that was incorporated into the packages was determined from
parametric simulations. Care must be taken when selecting the PCM thickness as there can be
negative returns when considering low-k PCMs and diminishing returns in PCM thickness with
higher-k composite PCMs (Figure 3-6). Figure 3-6a shows the negative returns experienced by a
package with 24 die and erythritol during the US06 drive cycle. Due to the low-k of erythritol,
increasing the PCM thickness beyond the optimum 7mm increases the maximum temperature
experienced by the die as the lower conductivity of the liquid phase begins to have an insulative
effect. Figure 3-6b shows the diminishing returns experienced by a package with 24 die and
erythritol-copper composite during the US06 drive cycle. Even with a higher-k composite,
increasing the thickness of the PCM show diminishing returns due to the melt temperature and the

transient nature of the heat load. Table 3-1 shows the optimum thickness for each PCM modeled.
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Figure 3-6. Maximum temperature in package with varying erythritol (a) and erythritol-copper

composite (b) PCM thicknesses

3.6. Package Modeling with PCM

Once the PCMs were selected, the packages were modeled with various PCM placement.

A single-sided package with phase change material was designed with the PCM in direct contact
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with the top surface (Figure 3-7). Any potential electrical complications due to the introduction of
metallic PCMs or PCM-metal composites was ignored for simplicity. Three different dual-sided
packages were investigated with PCM incorporated into different layers of the package (Figure 3-
8 a-c). Multiple configurations of dual-sided packages were modeled to observe the effects of heat
spreading on PCM effectiveness. Figure 3-8a shows the PCM inserted into the periphery of the
package. Figure 3-8b shows the PCM embedded into the emitter and collector of the package,
closest to the SiC die. Figure 3-8c shows the PCM embedded in the layer of DBC nearest to the

SiC die.

P

Figure 3-7. Single-sided power electronic package with PCM

(a) (b) (c)

Figure 3-8. Dual-sided power electronic package with PCM in periphery (a), emitter/collector
(b), and DBC (¢)

3.7.  Simulation Matrix
The purpose of this study is to quantify the impact of PCM on the dynamic thermal
performance of PE packages. Simulations were run in ParaPower using the PE packages described

above with the calculated overall heat transfer coefficient applied to base of the package and the
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calculated power/heat load applied to the die. First, base lines were determined for each package
without PCM, for both the urban and US06 drive cycles, with package configurations containing
10, 12, 14, 16, 18, 20, and 24 die. Once these base lines were established, the PCMs detailed in
Table 3-1 were incorporated into the packages as shown above. Table 3-2 outlines the simulations

performed in this study, with the key results discussed in Chapter 4.
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Table 3-2. Simulations performed

Package Die [#] PCM PCM Location | Drive Cycle
Single-Sided 10, 12, 14, 16, 18, 20 ,24 None N/A US06
Single-Sided 10, 12, 14, 16, 18, 20, 24 Erythritol Top USo06
Single-Sided 10, 12, 14, 16, 18, 20, 24 Erythritol-Nickel Top US06
Single-Sided 10, 12, 14, 16, 18, 20, 24 Erythritol-Copper Top USo06
Single-Sided 10, 12, 14, 16, 18, 20, 24 Indium Top US06
Single-Sided 10, 12, 14, 16, 18, 20, 24 None N/A Urban
Single-Sided 10, 12, 14, 16, 18, 20, 24 Erythritol Top Urban
Single-Sided 10, 12, 14, 16, 18, 20, 24 Erythritol-Nickel Top Urban
Single-Sided 10, 12, 14, 16, 18, 20, 24 Erythritol-Copper Top Urban
Single-Sided 10, 12, 14, 16, 18, 20, 24 Indium Top Urban
Dual-Sided 10, 12, 14, 16, 18, 20, 24 None N/A USo06

periphery,

Dual-Sided 10, 24 Erythritol emitter/collector, US06

DBC
periphery,
Dual-Sided 10, 24 Erythritol-Nickel emitter/collector, USo06
DBC
periphery,
Dual-Sided 10, 24 Erythritol-Copper | emitter/collector, US06
DBC
periphery,
Dual-Sided 10, 24 Indium emitter/collector, US06
DBC

Dual-Sided 10, 24 None N/A Urban

periphery,

Dual-Sided 10, 24 Erythritol emitter/collector, Urban

DBC
periphery,
Dual-Sided 10, 24 Erythritol-Nickel emitter/collector, Urban
DBC
periphery,
Dual-Sided 10, 24 Erythritol-Copper | emitter/collector, Urban
DBC
periphery,
Dual-Sided 10, 24 Indium emitter/collector, Urban
DBC
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CHAPTER 4 RESULTS AND DISCUSSION

The preceding chapter outlined the approaches used to model the two PE packages, the
power and heat load models, and the overall heat transfer coefficient of the simulated working
fluid. The current chapter will present the key results of the simulations described at the end of the
previous chapter. First the impact of the PCM selection and placement is presented. Since multiple
PCM were being investigated it was imperative to understand the impact of each. PCM placement
in the dual-sided package is also discussed. Next, the impact of the PCM is discussed under two
different operational heat loads. These heat loads were modeled using transient power/heat loads
derived from EPA drive cycles as described in the previous chapter. Finally, the impact of

incorporating PCM into PE packaging is discusses in terms of system level considerations.

4.1. Impact of PCM Selection and Placement

Base line simulations were run with both the single-sided containing 10, 12, 14, 16, 18, 20, and 24
die and dual-sided packages containing 10 and 24 die. Figure 4-1 shows how temperatures
experienced by the die during the full US06 drive cycle (with peak temperature at 575s) can be
reduced by incorporating more die into the module to divide the power load. While this strategy is
effective at reducing peak temperatures, it can dramatically increase the overall cost of the
package. Simulations were run with all four PCMs in both packages to determine the impact of

each and to determine the placement that is most effective in the dual-sided package.
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Figure 4-1. Die temperatures in single-sided package containing 10, 12, 14, 16, 18, 20, and 24
die during full US06 drive cycle

4.1.1 Single-Sided Package

Of the PCMs modeled the erythritol-copper composite allowed for the greatest reduction

in the number of die in the single-sided package. Figure 4-2 shows the junction temperature in the
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Figure 4-2. Junction temperature of SiC die in packages with 10 die with all PCMs modeled
during US06 drive cycle
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single-sided packages with 10 die for each PCM in the most aggressive drive cycle. The portion
of the US06 drive cycle shown contains two of the highest power spikes of the cycle, at 350 and
575s, which is consistent with the two highest die temperatures experienced in the cycle. All cases
show a reduction in the maximum temperature experienced. However, only the erythritol-copper
composite was able the keep the peak temperature near 150°C with 10 die. For example, at 575s,
the peak temperature was 228°C with no PCM, and the addition of the erythritol-copper composite
reduced the peak temperature to 152°C. Indium also performed well, reducing the temperature at
575s to 184°C, but its higher transition temperature and lower enthalpy of melting were a
disadvantage. Pure erythritol and erythritol-nickel had the highest enthalpy of melting, but the
performance of both PCMs was hindered by their poor thermal conductivity. In all cases, the AT
experienced in the package was also reduced, with the results varying as expected with the PCMs’
FOM.

While the best results were shown with the erythritol-copper composite, the addition of
PCM to the single-sided package improved its thermal performance in all cases. The single-sided
package with no PCM required 24 SiC die to keep the maximum temperature near 150°C during
the drive cycle, which was assumed to be the target junction temperature in this study (an exception
was made for the use of indium). Figure 4-3 shows temperature in each substrate layer of the
package over the complete US06 drive cycle, with the peak die temperature of 150.5°C at 575s.
While the entire package is modeled for all results shown in this chapter, only the portion of the
drive cycle with the highest peak powers (producing the highest die temperatures) will be detailed,
along with temperature profiles of the cold plate, die, and PCM when applicable. All other
substrate layers will not be shown for figure clarity, and full results of the simulations discussed

below can be found in Appendix A.

31



155 —Cold Plate —Solder bottom DBC

Si3N4g ——top DBC —Solder
145

—Die

135

125

Temperature [C]

115

105

95
0 100 200 300 400 500

Time [s]
Figure 4-3. Temperature profile of PE package layers of single-sided package with 24 die and no
PCM for complete US06 drive cycle

With the addition of pure erythritol to the package, the maximum temperature was reduced
to 147.9°C, again at 575s, but 24 die were still required to achieve this temperature (Figure 4-4).

While the peak temperature of the die was slightly reduced, temperature variability throughout the

155 ——~Cold Plate - Erythritol Die
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Figure 4-4. Temperature profile of die, cold plate, and erythritol in single-sided package with 24
die during portion of US06 drive cycle

package remains roughly the same. Peak temperatures could be reduced further to 142°C with 24

die by incorporating the erythritol-nickel composite. The temperature could also be kept below the
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target temperature while reducing the number of die to 22. Reducing the number of die to 20 with
the erythritol-nickel PCM kept temperatures slightly below those experience by the package with
24 die and no PCM at 575s (Figure 4-5). While use of erythritol-nickel is more effective at reducing
the peak temperatures when compared to pure erythritol, it too shows little effect in dampening
the transient temperature fluctuations throughout the cycle or decreasing temperature variability
throughout the package.

155 —Cold Plate - Erythritol-Ni Die

Temperature [C]

105

315 365 415 465 515 565

Time [s]

Figure 4-5. Temperature profile of die, cold plate, and erythritol-nickel in single-sided package
with 20 die during portion of US06 drive cycle

To utilize the thermal storage potential of indium, the maximum allowable junction
temperature was increased to 175°C due to the higher melting point of indium. The single-sided
package without PCM required 18 die to keep the temperature below that point, while the addition
of indium reduced to necessary number of die to 12. While the die temperature reaches above the
targeted 150°C throughout the cycle, with peak value approaching 175°C at 345s, significant
reductions in temperature variations throughout the package can be seen in Figure 4-6, indicating

a possible reduction in thermomechanical stress in the package throughout the cycle.
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Figure 4-6. Temperature profile of die, cold plate, and indium in single-sided package with 12
die during portion of US06 drive cycle

Figure 4-7 shows the temperature profile of the cold plate, die, and erythritol-copper PCM
in a package containing 12 die (top) and 10 die (bottom). In addition to allowing for a significant
reduction in the number of die necessary to keep temperature around 150°C, the erythritol-copper
also show the potential to dampen the transient temperature fluctuations experienced by the
package throughout the cycle, as well as decrease temperature variability throughout the package
layers.

Table 4-1 shows a summary of the results discussed above. Results from the full US06
cycle simulations, including temperature profiles for each substrate layer in the package can be

found in Appendix A.
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Figure 4-7. Temperature profile of die, cold plate, and erythritol-copper in single-sided package
with 12 die (top) and 10 die (botton) during portion of US06 drive cycle

Table 4-1. Comparison of PCM effect on maximum junction temperature in single-sided
package during US06

PCM Number of Maximum Junction Temperature [°C]
Die
None 24 150.5
Erythritol 24 147.9
Erythritol and Nickel 20 150.4
Indium 12 174.2
Erythritol-Copper Composite 12 145

Erythritol-Copper Composite 10 152.1
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4.1.2 Dual-Sided Package

In simulations of a dual-sided package modeled with 24 die, the addition of PCM was less
effective at reducing peak temperatures and can increase the maximum temperatures experienced
throughout the package in many configurations. For example, Figure 4-8 shows the temperatures
experienced in a dual-sided package with 24 die and erythritol in the different configurations
shown in Figure 3-8 during the portion of the US06 drive cycle with the highest average power

(20kW). The package temperatures never reach the transition temperature of the PCM, and as a
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Figure 4-8. Temperature profile of dual-sided PE package with 24 SiC and no PCM (top left)
and dual-sided PE package with erythritol in periphery (top right), emitter and collector (bottom
left), and DBC (bottom right) during portion of US06 Drive Cycle

result, the thermal storage potential of the PCM is not utilized. The addition of PCM to the
periphery of the package (top right) has little to no effect on package thermal performance. Adding
PCM into the emitter/collector (bottom left) provided additional thermal resistance to the
respective package layer, limiting heat spreading and increasing the maximum die temperature by
over 3°C. A noticeable increase in temperature variation between the cold plate and die is visible
between 575-585s. Incorporating erythritol into the DBC showed a slight decrease in the maximum
die temperature. For example, Figure 4-8 (bottom right) show the maximum temperature reduced

from 115 to 113°C at 485s and from 118 to 116°C at 575s. This suggests that placing PCM directly
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in the thermal path, but far enough away from the die to allow for heat spreading is the most
suitable placement. These results also suggest that care must be taken when adding PCM to a dual
sided package to ensure that the transition temperature is reached, otherwise the thermal storage
potential is not utilized, and the lower thermal conductivity can negatively impact the packages
thermal management properties.

Due to the advantage of dual-sided cooling, the dual-sided package without PCM was able
to maintain a peak junction temperature of 150°C during the drive cycle with only 10 SiC die. The
erythritol-copper composite was incorporated into different layers of the dual-sided package
models to test the effectiveness of the best performing PCM in improving package thermal
management performance. The maximum temperature reached during the cycle occurs at 575s.
The addition of the composite PCM to the periphery of the package reduced the maximum
temperature from 149.9 to 145.1°C (Figure 4-9). While successful, the indirect placement of the

PCM in relation to the thermal path allowed less the 10% of the PCM to melt throughout the cycle.
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Figure 4-9. Junction temperature of SiC die in dual-sided PE package with 10 SiC and erythritol
in different package configurations during portion of US06 drive cycle
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Figure 4-10 show the melt fraction of the erythritol-copper when placed into the periphery,
emitter/collector, and DBC as detailed in Figure 3-8. The composite was the most successful when
placed directly in the thermal path. When placed in substrate layers of the package, either the
emitter and collector or the top layer of DBC, the peak temperature was reduced to below 145°C.
When placed closest to the die, in the emitter and collector, the PCM reached nearly 70% melting

at 120s and reduced the peak temperature to 144°C at 575s. The peak temperature was further
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Figure 4-10. Erythritol-copper melt fraction according to placement location in dual-sided
package with 10 die throughout US06 cycle

reduced to 143.1°C at 575s with placement in the top layers of the DBC. While a maximum 35%
of the PCM melted at 125s while in this location, the placement allowed for more heat spreading
and less thermal resistance in the substrate layers closest to the die, reducing the temperature
slightly when compared to placement in the emitter/collector.

Other materials modeled showed different results according to where they were placed in
the package. Figure 4-9 also shows the temperatures experienced by the die in a dual-sided PE
package with erythritol placed in the same configurations. The addition of the lower-k erythritol
to the periphery of the package reduced the maximum temperature at 575s from 149.9 to 149.3°C,

but less than 25% of the PCM melted during the cycle due to the indirect placement relative to the
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Figure 4-11. Erythritol melt fraction according to placement location in dual-sided package with
10 die throughout US06 cycle

thermal path (Figure 4-11). Placing erythritol directly in the thermal path had mixed results. The
lower-k erythritol showed the ability to disrupt the thermal path when placed in layers closest to
the SiC die, resulting in an increase in maximum temperature to 153.5°C. The PCM melted
completely during the cycle, as shown at 120s, but the lower-k of erythritol increased thermal
resistance of the substrate layer. Placement in the DBC allowed for more heat spreading closer to
the die and a reduction of peak temperature to 146.4°C, though only 25% of the PCM transitioned
during the cycle. These results again suggest care must be taken when incorporating PCM into the

dual-sided package so as not to negatively impact its thermal performance.

4.2.  US06 Drive Cycle Results with Erythritol-Copper PCM

While all PCMs chosen for this study showed the ability to reduce temperatures in the
packages modeled, erythritol-copper composite showed the best results. Therefore, a detailed
discussion on the impact of the drive cycle will be given here with this PCM only. Again, the full
drive cycle results presented here can be seen in Appendix A. The US06 is an aggressive drive
cycle and was chosen to evaluate PCM performance under extreme conditions, with speeds

reaching over 80 miles per hour and rapid decelerations, creating transient power spikes of over
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80 kW. Figure 4-12 shows the temperatures experienced in the single-sided package during the

portion of US06 drive cycle with the greatest power spike (80.1 kW) and the highest sustained
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Figure 4-12. Temperature profile of single-sided PE package with no PCM and 24 SiC (top),
single-sided PE package with erythritol-copper and 24 SiC (middle) and single-sided PE package
with erythritol-copper and 10 SiC (bottom) during portion of US06 drive cycle

average power (20 kW). The top figure shows the package with 24 die and no PCM. The most

significant temperature increase can be seen between 565 and 575s, where the junction temperature
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jumps from 96°C to 150°C and creates a temperature difference between package layers of over
20°C. These large temperature variations in the package create thermomechanical stress in
substrate layers that can reduce both performance and reliability throughout its life.

To mitigate these temperature fluctuations, an addition of 2.5cm of erythritol-copper
composite PCM was added to the single-side package. Figure 4-12 (middle) shows that the
maximum junction temperature is reduced to below 125°C, and temperature variation throughout
the package is significantly reduced. The PCM is effective at reducing both the transient
temperature spikes as well as the temperature variation in the package, therefore likely reducing
the thermomechanical stress in the package. In this case, the PCM temperature rarely goes above
the melting temperature and acts mostly as a thermal mass, with less than 2% of the PCM
undergoes phase change throughout the drive cycle (Figure 4-13). Though it does not impede the

thermal pathway, the latent heat storage potential of the PCM is not being thoroughly utilized in

this case.
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Figure 4-13. Erythritol-copper melt fraction in single-sided package with 10 and 24 die
throughout US06 cycle

To increase PCM utilization, the number of die were reduced to increase the amount of

heat dissipated. The bottom of Figure 4-12 shows the temperatures experienced in a single-sided
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package with 10 die and the addition of 2.5cm of erythritol-copper composite PCM. The maximum
junction temperature of the die reaches 150°C, but the number of die necessary to achieve this
temperature was reduced by over 50%. For reference, the same package without PCM reached a
peak junction temperature of 228°C, with temperature fluctuations approaching 130°C during the
cycle. The latent heat is fully utilized in this case as 100% of PCM melts earlier in the cycle, as
shown in Figure 4-13. The transition back from liquid to solid can be seen near 500, 535, 545, and
565s. The reduction of temperature variation in the package during these times is shown due to the
heat release during this transition. As previously mentioned, device reliability may be improved
by decreasing temperature fluctuations in the package, mitigating thermally accelerated failures in
substrate layers, increasing its overall fatigue life [5, 10]. The reduction in temperature variation
throughout substrate layers provided by the PCM may increase in package reliability and lifespan
due to the likely reduction of thermomechanical stresses in the package.

In addition to the single-sided package, the impact of erythritol-copper composite was
determined using the best performing configuration of a dual-sided package: in the DBC (Figure
3-8c). Figure 4-14 shows the temperatures experienced in the dual-sided package with and without
PCM during the same portion of US06 drive cycle. The top figure shows a package with 10 die
and no PCM. The most significant temperature increase can be seen between 565 and 575s, where
the junction temperature jumps from 98°C to 150°C and creates a temperature difference between
package layers of over 25°C. The bottom figure shows the same package with erythritol-copper
placed in the DBC. The addition of the PCM is effective at increasing package thermal
management performance, reducing the peak temperature from 150 to 144°C at 575s. While PCM
is effective at reducing the transient temperature spikes during the aggressive drive cycle, there is

little effect on the temperature variation throughout the package. While the die temperature is
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reduced to 6°C at 575s, the temperature variation between the package layers remains at 25°C.
This is likely due to the PCM adding additional thermal resistance to its substrate layer, as well as

its limited time at transition temperature.
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Figure 4-14. Temperature profile of dual-sided PE package with 10 SiC, no PCM (top) and
erythritol-copper composite PCM in the DBC (bottom) during a portion of the US06 drive cycle

4.3. Urban Drive Cycle Results with Erythritol-Copper PCM
The EPA Urban Dynamometer Driving Schedule (UDDS) is a less aggressive drive cycle
and was used to simulate PCM performance during the to stop and go conditions of city driving.

Figure 4-15 shows the temperatures experienced in the single-sided package during the portion of
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the drive cycle with the highest average power (10 kW). Figure 4-15 (top) shows the package with

24 die and no PCM.

The maximum temperature experienced by the SiC die is approximately

122°C at 190s. The largest temperature increase can be seen between 190-200s, where the junction
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Figure 4-15. Temperature profile of single-sided PE package with no PCM and 24 SiC (top),
single-sided PE package with erythritol-copper and 24 SiC (middle) and single-sided PE package
with erythritol-copper and 10 SiC (bottom) during portion of Urban Drive Cycle

temperature increases by 20°C and the temperature variation in the package increases from 2°C to

12°C. Incorporation of a PCM mitigates these fluctuations. The middle figure shows the
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temperatures experienced in a single-sided package with 24 die and the addition of 2.5cm of
erythritol-copper composite PCM. The maximum junction temperature was reduced to
approximately 110°C, and temperature variations experienced in the package was reduced by 50%
relative to the baseline case without PCM. The PCM is effective at reducing both the transient
temperature spikes as well as the temperature variation in the package, therefore likely reducing
the thermomechanical stress in the package. In this case, the PCM temperature never rises above
the melting temperature and acts solely as a thermal mass. Again, it does not impede the thermal
pathway but the latent heat storage potential of the PCM is not utilized in this case.

To increase the amount of melting, a single-sided package with 10 die and the addition of
2.5cm of erythritol-copper composite PCM was simulated (Figure 4-15, bottom). In this case, the
maximum junction temperature of the die is increased to 127°C, but the number of die necessary
to achieve this temperature was reduced by over 50%. For comparison, the same package without
PCM reached a peak junction temperature of 160°C, with temperature fluctuations of 65°C during
the cycle. Due to the lower power levels and corresponding lower temperature in this drive cycle,
the latent heat storage potential is only partially utilized as only 25% of PCM melts during the
cycle (Figure 4-16). Under less extreme conditions, the PCM is still effective at smoothing the
transient temperatures by also acting as a thermal mass. The addition of PCM allows for both a
reduction of the cost of the package, as well as possible increase in the package lifespan due to the

reduction of thermomechanical stress in the package.
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Figure 4-16. Erythritol-copper melt fraction in single-sided package with 10 throughout urban
cycle

Figure 4-17 shows the temperatures experienced in the dual-sided package with and
without PCM during the same portion of Urban drive cycle. While the PCM is also effective at
reducing the transient temperature spikes during this less aggressive drive cycle, there is again
little effect on the temperature variation throughout the package due to the addition of a lower-k
material into the thermal path. For example, without PCM, the maximum temperature experienced
by the SiC die is 122°C at 190s. The largest temperature increase can be seen between 190-200s,
where the junction temperature jumps by 17°C and the temperature variation in the package
increases to 10°C. In contrast, Figure 4-17 (bottom) shows the same package with erythritol-
copper placed in the DBC. The addition of the PCM is effective at increasing the package’s thermal
management performance, reducing the peak temperature by 3°C. Unlike the single-sided package
there is little effect on the temperature variation throughout the package in this cycle. While the
placement of the lower-k material does not impede the thermal path, the PCMs distance from the
die does not allow it to reach transition temperature due to the lower power levels and

corresponding lower temperatures in this drive cycle.
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Figure 4-17. Temperature profile of dual-sided PE package with no PCM and 10 SiC (top) and
dual-sided PE package with erythritol-copper in DBC and 10 SiC (bottom) during portion of
urban drive cycle

4.4. Relative Impact of Drive Cycle with Erythritol-Copper PCM

While the temperature profiles of the die and substrate layers offer a dynamic visualization
of the transient operating conditions experienced by the PE during the drive cycles, it can be
difficult to quantify the impact of the PCM with the profiles alone. To better understand the impact
of the PCM over the entirety of the drive cycles, histograms were created to compare the SiCs
overall time at different temperatures in the package configurations of interest. Histograms of the
SiC time at temperature highlight the composite PCMs ability to reduce the temperature variability

experienced by the die during the two drive cycles. To observe a comprehensive picture of the
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impact of PCM, both single-sided and dual-sided packages are compared. The single-sided
package contains 24 die with no PCM, and well as 24 and 10 die with the erythritol-copper
composite while the dual-side package contains 10 die without PCM and with PCM in the DBC.
Figure 4-18a shows that the single-sided package with 24 die and no PCM spends 90% of the time
during the drive cycle between 95-145°C, with peaks up to 150°C. The same package with the
addition of PCM spends 91% of the same drive cycle between 95-125°C, and 75% between 105-
115°C, with junction temperatures never rising above 125°C. Keeping the PCM and reducing the
number of die to 10 still keeps the junction temperature within a 30°C window for 91% of the
drive cycle, but shifts this window to 115-145°C, with a few peaks up to 150°C. One of the most
common causes of failure in SiC devices is the repeated temperature fluctuation leading to
temperature-induced degradation [41]. These results suggest that PCM addition to single-sided PE
packages may increase the overall durability as well as allow for a reduction in the number of die
necessary to control peak junction temperature.

As shown in the previous section, dual-side cooling improves the performance by reducing
the thermal resistance from the junction to the cooling fluid. Improved performance allows the
dual-sided package to spend the majority of the aggressive US06 drive cycle below the transition
temperature of erythritol-copper, 117.7°C (Figure 4-18b). This limited time above transition
temperature, along with PCM placement constraints of the dual-sided package, reduce the PCMs
effectiveness at reducing temperature variations between package layers and fluctuations in
junction temperature. However, PCM is still effective at reducing the maximum junction
temperature during the US06 drive cycle. Figure 4-18b shows overall time at temperature of 10
SiC die in a dual-sided package without PCM and with erythritol-copper in the DBC. The dual-

sided package without PCM spends 98% of time during the US06 drive cycle between 95-155°C.
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The dual-sided package with the addition of PCM spends 98% of time during the same cycle
between 95-145°C. As previously mentioned, some SiC devices have been found to exhibit
unstable behavior above 150°C [4]. Incorporating PCM into a dual-sided package may provide a
buffer to aid in the reduction of peak junction temperature and improve the packages overall

thermal performance, but overall, the impact is minimal.
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Figure 4-18. Histogram of SiC die time at temperature in single-sided (a) and dual-sided
package (b) throughout US06 Drive Cycle

A histogram of the SiC time at temperature during the urban drive cycle is shown in Figure
4-19. Figure 4-19a shows the single-sided package with 24 die and no PCM spends 96% of the
time during the less aggressive drive cycle between 95-125°C, with peaks up to 125°C. The same
package with the addition of PCM spends 93% of the same drive cycle between 95-115°C, and
75% between 95-105°C, with junction temperatures never rising above 115°C. Keeping the PCM
and reducing the number of die to 10 keeps the junction temperature within 30°C for 90% of the
drive cycle, keeping the main temperature window from 95-125°C, similar to the package with 24
die and no PCM with the exception of a few transient spikes over 125°C. Again, the addition of
PCM created a more even junction temperature distribution over the course of the drive cycle,
reducing the transient spikes that can contribute to temperature-induced degradation of the device.

Figure 4-19b shows overall time at temperature of 10 SiC die in a dual-sided package

without PCM and with erythritol-copper in the DBC. Improved performance allows the die in the
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dual-sided package to spend the majority of the urban drive cycle below the transition temperature
of erythritol-copper, 117.7°C. The PCMs distance from the die due to packaging constraints does
not allow it to reach transition temperature, reducing the PCMs effectiveness at reducing
temperature variations between package layers and fluctuations in junction temperature. However,
PCM is again effective at reducing the maximum junction temperature during the Urban drive
cycle, reducing the amount of time the die spends above 115°C by 41% by adding an additional

thermal mass to the package.
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Figure 4-19. Histogram of SiC die time at temperature in single-sided (a) and dual-sided
package (b) throughout Urban Drive Cycle

4.5. System Level Considerations

As shown above, using the same number of SiC die in a single-sided package and adding PCM
reduces temperature fluctuations throughout the package during operation, potentially extending
its operational life through the reduction of thermal fatigue. The addition of PCM could also be
used to reduce the number of die in the package. Considering only raw materials, the SiC die are
the most expensive portion of the package, and their reduction would serve to reduce the total
material cost (Table 4-2) [42, 43, 44]. Due to the rapid transition from silicon-based power devices
to SiC, both the cost and supply of SiC devices is extremely volatile, and demand is growing faster

than supply [45].
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Table 4-2. Cost comparison of PE package materials

Material Price [$/kg]
SiC Mosfet $32-82 per
Erythritol $2-42
Aluminum $1.77
Copper $6.58
Si3N4 $10-50

Incorporating PCM into PE packaging may help mitigate these challenges. Table 4-3 was
created to compare thermal performance, estimated material cost, and size of the packages
modeled, using data from the US06 simulations, package geometry, material properties, and
material costs from Table 4-2. The addition of PCM to a single-sided package with 24 die reduced
the maximum junction temperature by 26°C, while adding less than 20% to the volume and less
than $1 to material costs. Thermal performance of the package was increased significantly, with
a negligible increase in material cost and an increase in package volume from 93.4 to 111.2 cm?®.
The addition of PCM into a single-sided package alternatively allowed for the reduction of die
from 24 to 10, lowered the material cost of the package from $1368 to $570, reducing the package
volume by almost 60%, and only slightly increasing the maximum junction temperature. All prices
assumed the maximum cost for erythritol at $42 per kilogram, and an average cost of $57 per SiC
die. While the addition of PCM to the single-sided package offered significant improvements in
the packages overall thermal management performance, incorporating PCM into a dual-sided
package showed mixed results. Adding PCM into a dual-sided package with 24 die had negligible
results on package thermal performance, due to the low temperature experienced in the package
and the addition of a lower-k material into the thermal path. When the number of die was reduced
to 10, a dual-sided package had similar thermal performance when compared to a single-sided

package with PCM, but with a greater volume. Incorporating PCM into a dual-sided package with

51



10 die reduced the peak junction temperature during the drive cycle but was less effective at
reducing temperature variation in package layers due to placement constraints, increase in thermal
resistance, and lower overall temperatures. The material cost of the dual-sided package is also
comparable to the single-sided with the same number of die due the small size of the packages and

the fact that the SiC devices are the cost driving factor with respect to materials.

Table 4-3. Comparison of Single and Dual-Sided package performance, material cost, and size

Pkg # of Ma).( Averz}ge Star.ldz?rd Material | Volume
Tvoe | Die PCM Junction Junction | Deviation Cost [$] [em?]
yp Temp [°C] | Temp [°C] [°C]

Single | 24 None 150.6 114.6 12.36 1368.20 | 93.4

Single | 24 | Eothritol 1,4 106.3 13.54 1368.60 | 111.2
Copper

Single | 10 None 228.3 142.8 26.54 570.20 38.9

Single | 10 | Bl s 1226 15.43 570.50 46.3
Copper

Dual | 24 None 106.3 98.16 6.399 1368.50 | 216.4

Dual | 24 | Eothdtol |y 0g 1032 8371 | 136890 | 2164
Copper

Dual | 10 None 150.3 116.2 12.84 570.5 90.1

Dual | 10 | Ethritll 4 116.1 12.36 570.8 90.1
Copper
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The dual-sided package may be superior in terms of thermal performance, but it has yet to
be universally adopted due to a lack of understanding of its thermo-mechanical lifetime and due
to the high cost of manufacturing [21, 11]. Incorporating PCM into a single-sided package may be
a viable alternative to improving PE reliability and thermal performance without incurring the high
cost of manufacturing dual-sided packages. To better compare the performance of these two
packaging approaches, Figure 4-20 shows the temperature profile of a single-sided package with

PCM (top) and a dual-sided package without PCM (bottom), both with 10 die during the same
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Figure 4-20. Temperature profile of single-sided PE package with erythritol-copper and 10 SiC
(top) and dual-sided PE package with 10 SiC no PCM (bottom) during portion of US06 cycle

portion of the US06 drive cycle. While the die temperature peaks are nearly identical at 575s, there
is a noticeable buffering of the transient die temperatures in the single-sided package, especially

between 500-560s. This suggests that the PCM is more effective at smoothing the transient
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junction temperatures in the single-sided package. The latent heat storage of the PCM also smooths
the low temperature valleys as shown at 490-505s and 560-570s, suggesting an overall reduction
in temperature variation throughout the cycle and decreased temperature variation in the layers of
the package. These reductions in the temperature fluctuation could create more temperature
consistency between package layers and improve both the reliability and durability of the device.

To further emphasize the latent heat storage benefits of PCM, the thermal performance of
a single-sided package (10 die) with erythritol-copper was compared to the same package with an
equal volume of copper placed on top, acting solely as a thermal mass. While the volume of the
materials was equal, the mass of copper modeled was 35% larger than that of the PCM. A steady-
state heat load of 160.2W was applied to the die, simulating temperatures experienced by the die
at a constant maximum power of 80.1kW (peak power of the US06 cycle). Figure 4-21 shows the
time to steady-state temperature profiles for both packages. The SiC die reached a steady-state
temperature of 239°C around 120s in the package with the copper thermal mass (Figure 4-21 top).
Figure 4-21 (bottom) shows the same package with PCM. The die temperature remained around
150°C until the PCM was fully melted (t=30s). Once the PCM had fully transitioned and the
thermal storage was exhausted, the die temperature rose to a steady-state of 245°C at around 210s.
While the steady-steady state temperature was slightly higher (~7°C), due to the lower thermal
conductivity of the PCM, the latent heat storage of the PCM delayed the steady state temperature

by 90s.
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Figure 4-21. Temperature profile to steady-state of single-sided PE package with copper thermal
mass and 10 SiC (top) and single-sided PE package with PCM and 10 SiC PCM (bottom) during
extended maximum power of US06 cycle
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CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS OF FURTHER WORK

The current study evaluated the effectiveness of PCM in improving a PE packages thermal
performance. Chapter 3 described the modeling approached used in this investigation. Two
different PE packages, representative of both single and dual-sided packages found commercially,
were modeled in ParaPower. Dynamic power/heat load models were created to simulate the
transient operating conditions of both highway and urban use. These heat loads were divided by
the number of die in the package allowing for various package sizes to be simulated. Four different
PCMs were modeled on top of the single-sided package and in three different locations within the
dual-sided package. Chapter 4 presented the key results of the simulations performed. A summary
of the key results is shown below:

e The addition of PCM to a single-sided package was shown to reduce the peak
junction temperature experienced by the SiC die, as well as reduce the overall
temperature fluctuations throughout the package during both the US06 and Urban
drive cycles.

e The addition of PCM to a single-sided package with 24 die reduced the maximum
junction temperature by 26°C, adding less than 20% to the package volume with a
negligible addition the package material cost.

e The addition of PCM into a single-sided package alternatively allowed for the
reduction in the number of die necessary to maintain a peak junction temperature
at approximately 150°C from 24 to 10. This reduction is the number of SiC die
resulted in a 58% reduction in the material cost of the package and a similar

reduction in volume.
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A dual-sided package without PCM was also able to maintain a peak temperature
below 150°C, but experienced greater temperature fluctuations in the package
throughout both cycles when compared to the single-sided package with PCM.
PCM placement in the dual-sided package was modeled in three different locations:
the periphery, in the emitter/collector, and in the DBC. Results were mixed,
depending on the properties of the PCM. The lowest performing PCM, erythritol,
showed minimal effect on die temperature when placed in the periphery of the
package. Placement in the emitter/collector had a negative effect, increasing the
temperatures experienced by the die by adding thermal resistance to the layers and
limiting heat spreading. Placement in the DBC lowered temperatures slightly (2°C)
suggesting that placing PCM directly in the thermal path, but far enough from the
die so as not to limit heat spreading, was the optimum location.

The addition of the erythritol-copper PCM into the DBC layer of the dual-sided
package served to suppress the peak junction temperature by 6°C but was not as
successful in reducing the fluctuations when compared to the single-sided package.
While the latent heat storage of the PCM successfully absorbs heat in the package,
the additional thermal resistance added by the PCM to the substrate layer, along
with lower overall temperatures in the cycle, reduced the PCMs effectiveness.
PCM is most effective in the single-sided package, as it adds thermal mass to the
top of the package, without adding additional thermal resistance to substrate layers

between the die and working fluid.
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S.1.

Recommendations for Future Work

The current study has shown that incorporating PCM into PE packaging has the potential

to increase the thermal performance of the package. Recommendations are future works are as

follows:

Experimental validation of the results of this study is a key step moving forward.

Further work is needed to study and development different PCMs/PCM composites that
should be explored as possible candidates for use in PE thermal management. The low
thermal conductivity of most pure PCMs is a key hindrance to their use in thermal storage
applications. The development and testing of high-k PCM composites will be necessary for
this technology to move forward.

A modeling of the thermo-mechanical stresses experienced by the packages during
transient operation, and how these stresses affect package fatigue life, should also be
developed in order to quantify the impact of reducing peak temperatures and temperature
fluctuations within PE packages. These models could help quantify PCMs ability to
improve PE package reliability.

Future work should also quantify the potential system level impact these results have on
the overall size, weight, and performance of a vehicles thermal management system. Trade-
off analyses should be conducted comparing costs of incorporating PCM for die reduction
purposes and incorporation of PCM to lower maximum temperatures, reducing the

necessary size/weight of the thermal management system.
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APPENDIX A RESULTS

A.1. Single-Sided Package US06 Results: Sections 4.1.1 and 4.2
This chapter contains the full cycle US06 results for all single-sided configurations models.

Full cycle melt fraction results for each PCM modeled are also provided for all applicable

configurations.
|
Figure A-1. Temperature profile in single-sidéd package with 24 die and no PCM over full
USO06 cycle
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Figure A-3. Erythritol melt fraction in single-sided package with 24 die over full US06 cycle
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Figure A-5. Erythritol-nickel melt fraction in sirm;gle—sided package with 20 die over full US06

cycle
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Figure A-7. Indium melt fraction in single-sided package with 12 die over full US06 cycle
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Figure A-8. Temperature profile in single-sided package with 12 die and erythritol-copper
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Figure A-9. Erythritol-copper melt fraction in single-sided package with 12 die over full US06
cycle
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Figure A-10. Temperature profile in single-sided package with 10 die and erythritol-copper
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Figure A-11. Erythritol-copper melt fraction in single-sided package with 10 die over full US06
cycle
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Figure A-13. Erythritol-copper melt fraction in single-sided package with 24 die over full US06

cycle
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Figure A-14. Temperature profile in dual-sided package with 24 die and no PCM
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Figure A-15. Temperature profile in dual-sided package with 10 die and no PCM
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Figure A-17. Erythritol melt fraction in periphery of dual-sided package with 24 die over full
USO06 cycle
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Figure A-18. Temperature profile in dual-sided f)ackage with 24 die and erythritol in the emitter
and collector over full US06 cycle
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Figure A-19. Erythritol melt fraction in emitter and collector of dual-sided package with 24 die
over full US06 cycle
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Figure A-21. Erythritol melt fraction in DBC of dual-sided package with 24 die over full US06

cycle
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Figure A-22. Temperature profile in dual-sided package with 24 die and erythritol-copper in the
periphery over full US06 cycle

Max Melt Fraction in Feature

| ' | A
al 1 | | . | |
Figure A-23. Erythritol-copper melt fraction in periphery of dual-sided package with 24 die over
full US06 cycle
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Figure A-24. Temperature profile in dual-sided package with 24 die and erythritol-copper in the
emitter and collector over full US06 cycle
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Figure A-25. Erythritol-copper melt fraction in emitter and collector of dual-sided package with
24 die over full USO6 cycle
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Figure A-26. Temperature profile in dual-sided package with 24 die and erythritol-copper in the
DBC over full US06 cycle
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Figure A-27. Erythritol-copper melt fraction in DBC of dual-sided package with 24 die over full
USO06 cycle
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Figure A-28. Temperature profile in dual-sided package with 10 die and erythritol-copper in the
periphery over full US06 cycle
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Figure A-29. Erythritol-copper melt fraction in periphery of dual-sided package with 10 die over
full US06 cycle
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Figure A-30. Temperature profile in dual-sided package with 10 die and erythritol-copper in the
emitter and collector over full US06 cycle
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Figure A-31. Erythritol-copper melt fraction in é;;litter and collector of dual-sided package with
10 die over full US06 cycle
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Figure A-37. Temperature profile in single-sided package with 10 die and erythritol-copper
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Figure A-38. Erythritol-copper melt fraction in single-sided package with 10 die over full urban
cycle
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Figure A-39. Temperature profile in dual-sided package with 10 die and no PCM
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Figure A-40. Temperature profile in dual-sided package with 10 die and erythritol-copper in the
DBC over full urban cycle
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Figure A-41. Erythritol-copper melt fraction in ﬁBC of dual-sided package with 10 die over full
urban cycle
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APPENDIX B HAND CALCULATIONS

The overall heat transfer coefficient used in this study was solved for in EES using
Churchill correlations. Tables B-1 shows the results from the calculations. Table B-2 shows
sample power calculations from a high and low acceleration, as well as a high and low

deceleration, representing the power experienced by PE during US06 drive cycle.
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Table B-1. Churchill correlation and overall heat transfer coefficient hand calculations

EES Hand
Parameter Equation Calculation | Unit
Value
Value S
p=7.528e-4 kg m's" p=1015 kg m™ p,=28.84 kg m> C=50%
Inputs k=4343e-4 W m'K! D;=2.0e-3m r1=1.135e-3 kg s’!
P,=6.295 T=95C Nui=5.33 Nu,=6.3
m
u 0.2795 0.2796 ms!
pAe
pDhu
Re 753.8 753.9 -
U
42.683,16
A (2-2088 +2.4571In W) 1325¢+8 | 1325¢+8 | -
37530\ 16
B ( Re ) 1.424e+27 | 1.424e+27 -
8 \1? 1 1}2
0.-079RePr./f
Nite Nu, + ‘/: 33.27 33.27 i
(1+ Pro8)s
Nul10

2200 — Re

€XP—365
Nu * Nu,* 5.33 5.33 -

2.—5.01
1
+
0.079ReP
Nu, + ¢ r\/f
(1+ Pr%8)s
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Table B-1. (cont.) Churchill correlation and overall heat transfer coefficient hand calculations

EES Hand
Parameter Equation Value Calculation Units
Value
Nu k
h D 1165 1164.87 | Wm?K"'
h
t

L ht+s5 2.5¢-3 2.5¢-3 -

Ay 2L.L 1.2¢-3 1.2e-3 -

Ab WbL — NtL 6966-3 6966-3 -

A NAf + A 2.376e-2 | 2.376e-2 ;

hy
m 21— 62.31 62.31 m’!
kWLC . .
tanh(mLc)
n . 0.992 0.992 -
Ay
o 1=+ (1—my) 0.9996 0.9996 ]
A,
U Nohy A, 3898 3898 W m?2K!




Table B-2. Representative Power Calculation

Hand
Parameter Equation Calculation Units
Value
m=1600 kg cr=0.015 c¢p=0.3 p=1.225kg m™ g=9.81 m s
accelnigh=2.079 m s2 acceliow=0.0224 m s72 decelnigh=1.721 m s72
In deceliow=0.2012 m s72
putS -1 -1 -1
Va,nigh=22.17 m s Vaiow=31.97T m s Vanigh=21.28 m s
Vaiow =30.47 m s}
P maV + crmgV + YapcpAV'3 - -
3 m(accelnigh) Va, high + crmg Va, high +
P(t=575s) VapcpA Va nigh 80.1 kW
_ m(accelzow) Va,low + CrRmMg Va,low +
P(t=400s) YapcoA Vaton 12.15 kW
m(decelnigh) Va high + crmg Vd high +
P(t=4 .
(t=480s) VapcnA Vanieh? 64.6 kW
P(t=250s) m(deceliow) Valow + crmg Va.low + 20 KW
YopcpA Va,iow 3
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APPENDIX C PARAPOWER

C.1. ParaPower

This chapter describes the use of ParaPower and the methods used in the current study.
Details provided will cover: opening the ParaPower GUI, creating geometries, assigning materials
to the geometry, creating materials, assigning boundary conditions, and applying functions to
geometry layers.
C.1.1 Opening ParaPower

Begin by opening MATLAB and navigate to ARL_ParaPower in directory and add to

path (folders and subfolders). Type ‘“ParaPowerGUI_V2” into command line and press enter

(Figure C-1).

Figure C-1. MATLAB home screen with ParaPower folder and subfolders added to MATLAB
path and command to open GUI in Command Window

C.1.2 ParaPower GUI

ParaPower can most simply be run via the GUI. The GUI contains 7 labeled sections
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(Environmental Parameters, Transient/Stress Conditions, Define Features, Analysis, Geometry

Visualization, Detailed Visual Results, and Run Solver) that allow for user input (Figure C-2).

ARL ParaPower Eamisoamontal Faramaten

K- Face Xe fage| ¥ Fuce | Yo bac| T Facu | To ace b T £}
Verson 0400 g}
Te D)

! DEVCOM R e

PBI"BPGWBI'

(hatin Foarares

Guomaty Visualization (Case 1 Oaly) [ Tomparatrs = ) ] e Frucsn Vi 030}
Ve 1207 bt e vy i w0 ihecet

Figure C-2. Blank ParaPower GUI with 7 user interface sections boxed in red

In the Define Features section, users can define geometries, assign materials to the different
geometry layers, and apply scalar heat loads or heat load functions. Figure C-3 shows the features
defined to create layers 3 through 12 (cold plate and solder not shown) of the single-sided package
without PCM. Also shown in the bottom right of the figure is the power function applied to
simulate the heat load experienced by the US06 drive cycle. This power function calls a code from

MATLAB that can be found in Appendix D.
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Define Features

Descr X1 {mm) ¥1 {mm) Z1 (mm) X2 {mm) ¥2 (mm) Z2 {(mm) Material QO Type QW)
3 |:| bottomDBC -wdbcbase  tbaseplate+t... 0 wdbcbaze tbazeplate+t... depth Cu w Scalar W 0
4 |:| Si3N4 -wWSi3Ng thazeplate+t... 0 wSi3N4 tbazeplate+t... depth Sigh4 w Scalar w D
5 DtupDBCsidel -sidedbcdfc  tbaseplate+t... 0 -sidedbedfc-... thazeplate+t... depth Cu w Scalar W 0
6 DtupDBCsider sidedbcdfc thazeplate+t... 0 sidedbcdfc+... thbaseplate+t... depth Cu w Scalar w D
7 |:| topDBCcenterl -centerdbedfc thaseplatest... 0 -centerdbcdf... thaseplate+t... depth Cu w Scalar W 0
] DtupDBCcenterr centerdbcdfc  thaseplatest... 0 centerdbcdf... thbaseplate+t... depth Cu ~ Scalar w 0
'] DtupSulderI -diedfc thaseplate+t... diedfe -diedfc-wdie tbaseplate+t... diedfe+wdie Pb_835n .. Scalar w 0
10 DtupSuH:Ierr diedfc tbaseplate+t... diedfe diedfc+wdie tbaseplate+t.. diedfe+wdie Pb 835n .. 0
11 | diel -diedfc thaseplate+t... diedfe -diedfc-wdie tbaseplatest.. diedfe+wdie SiC « Q| Function(t) .. PowerU308(t)
12 |0 dier diedfc thaseplate+t... diedfe diedfc+wdie tbaseplatest.. diedfe+wdie SiC « f Function(t) .. PowerUS0&(t)

Figure C-3. Features define for use in current study

The Analysis section allows the user to load an existing profile, save the current profile,
clear all work from the GUI, set parameters, open a help dialog (Figure C-4). The Parameters

Analysis

Load Profile
Save Profile
Clear GUI
Parameters

Help

Figure C-4. Analysis section of GUI

option allows users to name and assign values to parameters (single or parametric). Figure C-5
shows named parameters with the values assigned. These parameters were assigned to the different

axes and used to construct the geometry in the Define Features section of the GUI.
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Parameter Mame

[] thaseplate
[] whaseplate
[] tselderbase
[] tsoldertop
[] wdbcbase
[] tdbe

[] wdbctopside
[] wdbctopeenter
[] tsizn4

[] wsiana

[] tdie

[] wdie

[] depth

[] sidedbcdfc
[] centerdbedfec
[] diedfc

[] diedfe

2
215

05
165
1.25

1.5
175
230

20
12.5

35
]

Yalue

Figure C-5. Parameters used to construct single-sided package

Once a geometry has been constructed users can assign materials to the constructed layers

by navigating to the material options through the Material List button in Define Features.

ParaPower contains a library of materials and material properties relevant for thermal modeling.

Users can also insert new materials and material properties (Figure C-6).

4| Material Library

Source: U110082021\ParaPower ModelsiSingle Sided\Full2ChipModel ppmodel®

Click on a material name to edit its properties

= (]

Help

x

Del Mame  |ShowinPkPlots (T/F)  Type |Young's Mod (Ps) Specific Heat (J/kg-K) Spec. Ht-liq (J/kg-K) CTE (1/K) | Conductivity (W/m-K) Cond.-liq (W/m-K) Latent Ht Fusion (J/kg) Poisson's Ratio Density (kg/m*3) Der
il it o (o ¢ kg1’ q¢/kg k) 4 ) ik ) kg) s
O Ga PCH 0 340 397 [ 33.7000 23 80300 [ 5903
O Fields_Wetal PCH 0 300 250 ] 18.9000 18.5000 25140 0 7300
O PureTemp_29 Pl o 1770 1940 ] 0.2500 0.1500 202000 [ 940
O BiPBSnin PCM 0 323 721 ] 33.2000 10.6000 28500 [ 9060
O Al Salid 6.80008+10 800 23500205 172 0.3300 2700
O Cu Solid 1.10008+11 380 2.40002-05 390 0.3700 8900
O AN Solid 3.44008+11 740 5.30002-08 170 0.2400 3280
O SiC Solid 410002411 750 4.0000e-08 350 0.1400 3100
O EN Solid 2.5000e+09 0 5.5000e-05 0.1000 0.3000 1.0000e-10
O Chip Solid [} 7531200 ] 1.1400 0 2230
O Alumina, Solid (i 880 (1] 25! 0 3720
O AR Salid 0 0 100 0.0240 [ 12250
O Pyrex Salid 0 830 ] 1.2000 [ 2200
O Parylene Solid 1 m 6.8000e-05 0.1260 0.1000 1110
O AuSn Solid NaN 150 NaN 57 NaN 14509
O Pb_635n Salid NaN 167 NaN 50 NaN 8420
‘&) SAC Solid NaM 232 Nal &0 NaN 7370 v
<
Export Sort Cancel
Import Delete Name ~ OK

Figure C-6. Materials list with library of materials (and their properties) with option for users to
insert materials
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Geometry Visualization allows the user to see a visual representation of the geometry

created, with color representation of the materials assigned to the geometry layers (Figure C-7).

Geometry Visualization (Case 1 Only)

0.05

0.04

0.03

0.02f

Y+ h=0,T_=25

0.01} S

X-h=0, T_=25

Q (W)

-0.01

Pb_635n
Si3N4

B

X+h=0,T =25
Fal

002  -0.01 0 0.01 0.02

0.03 004

Figure C-7. Geometry visualization including materials assigned to geometry layers (single-
sided package shown)

With the geometry created and materials assigned to geometry layers, users can apply

external convective boundary conditions. Parameters defined and used in the current study are

shown in Figure C-8.

Environmental Parameters

h (W/mK)

Ta (°C)

X- Face | X+ Face| Y- Face | Y+ Face| Z- Face | Z+ Face

0
25

0 3893 0 0 0
25 95 25 25 25

Figure C-8. Environmental Parameters used in current study
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Initial conditions, analysis type, and time information is set in the Transient/Stress
Conditions section of the GUI (Figure C-9). Time steps use in this study were 1 second and the
number of time steps set according to the length of the drive cycle being used to provide the heat
load (the US06 drive cycle was 597s), and the initial condition was assumed to be 25°C for ambient
conditions.

Transient/Stress Conditions

Initial Temperature (C):

25
Process Temperature [C): 0
() Static Analysis (®) Transient Analysis
Time Step (sec): i
Mumber of Time Steps:
umber of Time Steps cq7

Total Time =597 sec

Figure C-9. Initial conditions, time steps, and length of analysis used in current study

To run the solver, click the Start button in the Run Solver section of the GUI (Figure C-
10). An approximate run time for the simulations will be given and results will appear in a separate
window once the simulation is complete. Detailed 3D results can also be viewed using the options

in Detailed Visual Results.
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Detailed Visual Results

|:| Temperature |:| Stress |:| Melt Fraction

"View (30)" button plots geometry if ne boxes are checked.

4 3
Time Step Output =0
Time of Interest =0 sec
Run Solver
Stress Model
Start None o

View (30)

Pk Plots (20)

Clear Results.

Stop

Adding stress model Miner'/1.

Loading model "UA0082021'\ParaPower Models\Single Sided\Full2ZChipMedel. ppmodel™...
Attempting to load data from previous version, profie may be corrupted.Done
Intializing...gen. cases... forming...storing.. drawing.. Done

Initializing...gen. cases... forming...storing...drawing.. Done

Figure C- 10. Run Solver and Detailed Visual Results sections of the GUI
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APPENDIX D MATLAB CODE

This chapter provides the MATLAB functions used by ParaPower create the simulated heat
loads of both the US06 and urban drive cycles. The EPA drive cycle files were downloaded from
the EPA website cited in Section 3.2. Velocity values from the files were converted from miles

per hour to meters per second for use in the MATLAB functions shown below.

D.1. US06 Power Function

function [out_power] = PowerUS06(time)
90Custom UDF for testing in ParaPower GUI
% Storing diff(L4_mph -> m/s)

load 'AccelUS06.mat' 'AccelUS06';

load 'USO6Vms.mat' 'Speedms';

if isnumeric(time)

%check unit conversions

a=interp1([1:length(AccelUS06)]-1,AccelUS06,time); Josets place holder for Accel
V=interp1([1:length(Speedms)]-1,Speedms,time); Ysets place holder for Vel
rho=1.225; Yoair density

m=1600; %mass of vehicle

cr=0.015; Ycoefficient of rolling resistance

cd=0.3; Ycoefficient of drag resistance

¢=9.81; Yogravity

area=0.58; Yodrag area

efficiency=.98; %efficiency of pe

N=24; Jonumber of pe

out_power=((1-efficiency)*abs(m*a.*V + cr*m*g*V + 0.5*rho*cd*area*V."3))/N;
elseif isSymType(time,'variable')
out_power=@(time)PowerUS06(time);

end

end
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D.2. Urban Power Function

function [out_power] = PowerUrban(time)
90 Custom UDF for testing in ParaPower GUI
% Storing diff(L4_mph -> m/s)

load 'AccelUrban.mat' 'AccelUrban’;

load 'DCUrbanVms.mat' 'Speedms';

if isnumeric(time)

%check unit conversions

a=interp1([1:length(AccelUrban)]-1,AccelUrban,time); %sets place holder for Accel
V=interp1([1:length(Speedms)]-1,Speedms,time); Yosets place holder for Vel
rho=1.225; Yoair density

m=1600; %omass of vehicle

cr=0.015; 9coefficient of rolling resistance

cd=0.3; Yocoefficient of drag resistance

2=9.81; Jogravity

area=0.58; Yodrag area

efficiency=.98; %efficiency of pe

N=24; Jonumber of pe

out_power=((1-efficiency)*abs(m*a.*V + cr*m*g*V + 0.5*rho*cd*area*V."3))/N;

elseif isSymType(time,'variable')
out_power=@(time)PowerUrban(time);
end

end
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