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Abstract

Silicon and Silicon Carbidbased power module are common in power electronic systems
used in a wide range of applications¢luding renewable energy, industrial drives and
transportation. Reliability of power electronics converters is very important in many

applications.

It is well known that reliability and ultimately the lifetime of power modules is affected by
the running émperature during power cycles. Although accurate thermal models of power
electronics assemblies are widely available, based e.g. on computational fluid dynamics
(CFD) solvers, their computational complexity hinders the application intineal

temperaturenonitoring applications.

In the thesis, geometityased numerical thermal modaind compact thermal modeill
be developed to address the fast thermal simulation in the electronic design process and

realtime temperature monitoringespectively.

Accurate geometrpased mathematical models for dynamic thermal analyses can be
established with the help of finite difference methods (FDM). However, the computational
complexity result from the fine mesh and large dimension of ordinary differential equations
(ODE) systemmatrix makes a drawback on the analysis in parametric studies. In this thesis,
a novel multi-parameter order reduction technique is proposed, which can significantly
improve the simulation efficiency without having a significant impact onptiediction
accuracy. Basedn the block Arnoldi method, this method is illustrated by referring to the
multi-chip power module connected with -firce cooling system atuding platefin

heatsink.

In realtime temperature monitoring, more compact toaighinbe preferable, especially if

operating and boundary conditions such as losses and cooling are nhow known accurately,

as itds often t he cCamparediwithggpmedtyated modelwhighp pl i ca't
is more suitable in the design of power miedulumped parameter thermal compact model

is simpler and can be applied in Htahe temperature prediction during the power cycles

of power modules. This thesis proposes a reduced order state space observer to minimize

the error caused by air temperatuand air flow rate. Additionally, aovel feedback
mechanisnfor disturbance estimation is introduced to compensate the effect result from

the error ofinput power loss, air flow and changes of otherlinearities.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Motivation

Advances in modern power electronics have resulted in fast paced expansion in the areas
of generation, transmission, distribution, and-esdr consumption of electrical powét.[

In these new systems gtheliability of the power electronics is a challen2d], especially

in applications with strong safety requirements (e.g. aerospace and automotive) or where
continuous operation is required to avoid costly maintenance (e.g. renewable energy).
These aplications provide specific challenges concerning reliability due to the
requirement that they operate continuously for long periods of time in harsh environment

without user interventiorb].

Health management and reliability constitute a fundamental gfathe design and
development cycle of electronic product] [7]. To ensure reliability, the failure
mechanism of power electronic modules has become an essential part of the electronic
design processThe failure mechanism of power electronics is cooapéd, which is
generally affected by several factors. Among the failure mechanisms sho@&1i0h [
thermal cycling (i.e., temperature fluctuations inside or outside the component) is one of

the most critical causes of failure in power electronic sysféfig4].

The thermal cycle amplitude is the most important factor affecting the eatiegf power
modules [15], and thermemechanical failure modein the equipment and package is
accelerated by the temperature cybladels of the fatigue phenomenane obtained via
power cycling experiments, e.g., i6f20]. It has been demonstrated in many studies that

the module lifetimemeasuredby thenumber of possible temperature cyabes s reduced
exponentiallywith an increase of the cycliramplitudeY”Y. This effect can be observed in

Figure 1.1 21].
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Figure 1.1. Empirical power cycling data of the Hybridpack2 (HP2) [21].

Consequentlythermal management of power centers has become an essential part of
the convertr design proces2p-26]. Thisinterest in thermal managemdats been further
driven by the strong desire for higher power dengf [28], increased efficiency power
electronics systems. Accurate kneddje of power device die temperature is critical to the
implementation of control and health management algorithms which have been proposed

to monitor and extend the lifetime of power modules undseiwice conditionsZ9].
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1.2 Aims and Objectives

In the thesis, geometityased numerical thermal modaind compact thermal modeill

be developed to address the fast thermal simulation in the electronic design process and
reattime temperature monitoringespectively. To perform the analysis ofriinal model,

a range of design variablasd operating conditionsuch as inlet air temperature, velocity

of the air flow, material composition of the power modules, and the geometry of the

assembly, must be considered.

The research challenges and quesiin relation to the thermal analysis of integrated

power electronics system design to be addressed are as follows:
For optimisedthermaldesign of power devices

1. How to deal with challengefor the thermalanalysis of complex and largeale
system8

2. How should the thermal model be applied accurate systetievel integrated power
electronic design?

3. How to reduce the computational complexity caused by the simulation of complex
distributed dynamic systems?

4. How to avoid repeating the simulation processsfach variation in design parameters

especially the design parameters of the cooling systam the coolant mass flow rate?
Forreattime temperature monitoringf power devices

1. How to obtaincomputationally efficient thermal models suitable for fingrin a real
time environment for online thermal monitorthg
2. How to take into account the roreaities in the thermal modelfor realtime

temperature monitorir®y

The goal of this research is thus to support optintisednaldesign and regime thermal

monitoringof power devices. The following work will llemonstrated
Plan of work

A Analysis to support optimised thermal design of power devices
1. Develop numerical methods for power electric system with complicated geometry

structure and aiforce coolingsystenmbased oriinite-difference methodé&~DM).
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Develop a numericahodel forforcedair cooling system.

Validation of numericalmodel for the designetbrcedair cooling system against
computational fluid dynamicsCFD) model.

Develop a novel methor parametriomodel order reductioOR) that preserves
designparameters representing different cooling systems and boundary conditions, e.g.
convection heat transfer coefficisnt

Validation of developed mulparametric model order reduction against $atian of

CFD modes.

Experimental validation of novel mujjarametric model order reduction methods

using parameters generated fromrhenericaimodel for the designed cooling system.

A Analysis to support redgime temperature monitoring of power dewice

Develop methods for the extraction of parameters for lumped parameter heat transfer
analysis.

Develop a statspace thermal model based on the estimated parametevaliiade
againstCFD results.

Develop a reducedrderthermal observer

Develop novelmethods for the disturbanastimations of input power losair flow

and changes of othaeonlinear componeist

Validations of developed reducedder observer model with disturbance estimations
against experiment including a relatively complex thphese converter setup which

is fully representative of real industrial applications.
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1.3 Contributions

All the objects listed in Section 1.2 have been met and described in the thesis. Novel aspects
and contribution to knowledge in this work are owttiroelow:

1. Novel algorithmfor multi-parametric model order reductiaigorithmfor the system

level design of power devices

The developed model order reduction techniques provide a valuable methodology for the
analysis of complex and largeale systems.he methodology illustrated in the thesis can

be easily generalised to more complex and/or larger systems. Typically, the dimension of
a thermal problem discretized with finite differencan be extremely largdherefore
rendering it intractable for largeale system if a fine discretization is required. In this case,
MOR techniques and in particular the propo$4@R will provide a tool for parametric

analyses to support optimised design.

Optimization of layout in power electronics modules and convettesign might require
many iterations using different values of parameters e.g. of materials or cooling conditions.
With the proposed parametric MOR such applications can be greatly simplified as the
reduced order model conserves dependency on parametehsoah be simply modified

at each iteration without requiring additional computations.

2. Widerange applications of developed numerical thermal model with-paitimetric

model order reduction

The method can have applications at both the design stagiidng operation of power
conversion systems. Thanks to its low computational complexity, the resulting reduced
order model can also be used in +tsale applications as an observer for temperature

estimation of power devices during converter operation.

The laboratory scale demonstration presented in the thesis is not a particularly large system,
nevertheless it presents all the feature and modelling complexities of typical air cooled
threephase converters systems and therefore provides an industriallgmeexample of

application.
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3. Novel reduceebrder observer model with disturbance estimation

In general, thermal modelling of a physical system, is not unique. Many variants of thermal
networks can be used to approximate the thermal response of the, sysit@gre.g. the
well-known Cauer or Foster networks. In this work, third and first order networks are used
to represent the vertical heat transfer between the power devices and the ambient,
respectively. The order of the networks is a compromise betvirseaMility to model
multiple time constants (the higher the order of the network, the more time constants can

be modelled) and simplicity of implementation in a #&ale monitoring system.

The modelling using lumped parameter RC netwaorkke derivatio of thereducedorder
thermalobserver. It should be highlighted here that the main coriwibig not the use of

a reduceebrder observer, which is well known in literature, but the inclusion of an
additional feedback mechanism in the observer, therbshce estimation, which provides

a method to compensate for uncertainties in parameters and/or boundary conditions.

4. Novel feedback mechanism to compensate the errors of the dynamic thermal system

in the realtime application

The modelling dynamic pasfmances might be affected by both errors in the input values
(e.g. estimation of power loss and/or-aioling boundary conditions) and uncertainties in

the parameters of the statpace system. Uncertainties due to unknown coolant flow rate,
parametersrad power losses might also be difficult to addréssel feedback mechanism

of the disturbance observer provides a feedback mechanism to compensate the effects of

all the errors combined instead of an accurate separation of the multiple sources of errors.

This additional feedback mechanism, implemented in a reducksn observer, uses the
temperature measurement of the inlet air and of a thermistor mounted on the power module
substrate. Itis also worth noting that the air temperature is a much siaplete measure

than the power dissipation, making it a more suitable input for the disturbance observer.
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1.4 Structure of the Thesis

Chapter 1 presents the introduction and motivation of the thesis, where a detailed
background, motivation, objectivasid contributions of the thesis are also included.

Chapter 2presentsan overview of thermal analysimethodsfor power electronics. The
literature review starts from the introduction of integrated power electronics system,
including material compositionf the power modules, and the geometry of the assembly.
After the review of the design variables in integrated power electronics system, a vast
literature thermal analysis is introduced for the accurate temperature estimations of power
modules. Geometrpased numerical thermal tools and compact thermal models will be
presentedhe review. Finally, model order reduction techniques and cllosgxestimation
methods are reviewed for improving tleemputationalefficiency and accuracy of

geometrybased numeri¢aghermal tools and compact thermal models respectively.

Chapter 3 includes three magontributions Geometrybased numerical conductive
thermal modellingnumericalmodelling of convective heat transfer and lumped parameter
compact thermal model with @aneter estimation, are developed. With the help of
geometrybased numericatonductive thermal modelling,D8dynamic finite difference
thermal model of power modules can be obtailre to the fact that power modules are
generally mounted on heatsink fopoling, convective heat transfer analysidl wie
developed to compensat® 2onductive thermal model for a complete power electronic
systems, including power modules and cooling sysfiemmachieve this, a review of the
cooling system behaviour must beadable and a range of design variables, such as fluid

temperature, fluid velocity and pressure drop, will be considered.

Theseresults do not constitute the mamovety of the thesis but are essential in the
derivation of the multparametric model ordeeduction and compact thermal modelling

with reducedorder observer and disturbance estimation. The compughtiomplexity of

the obtained B dynamic finite difference thermal model will be reduced using model order
reduction techniques in Chapter 4.ditibnally, the design parameters conserved in multi
parametric order reduction technique are the convective heat transfer coefficients obtained
from numericaimodelling of convective heat transfer. Finally, the RC parameters estimated

by the developed cgpmact thermal model will be used in the observer design in Chapter 5.



Chapter 1 Introdction

A number of differengeometriesare used in the derivation of the modslsirting froma
simplified rectangular Nayer geometry with an arbitrary numbers of heat sources. The
topology of power moduls can be closely approximated by this type of structure.
Validations of different model order reduction techniques agdaieistied simulation in
ANSYS will be demonstrateth Chapter dased on this topologyhe detailed topology

of Silicon Carbide (SiC) MOSFEDbased halbridge designed and manufactured by
Siemens AGwill be used innumericalmodelling of convective heat transfer analysis and

lumped parameter compact thermal model with parameter estimation.

In Chapter 4, a novel muarmametric order reduction techniquedisrived andapplied to
powermodules Conventionaimethods foorder reduction are alsummarisedo help the
derivation of multiparametric order reduction algorithm. The works in this chaigter

demonstrated againsto case studies:

Initially, the simplified geometry of power module of Chapter 3 for the georbasgd
numerical conductive thermal modelling is applied. Validations of fpaltametric model

order reduction against fulirder numerical thermal modeliinconventional model order
reduction and commercial software ANSYS Mechanical are established, confirming the
efficiency and accuracy of the novel type mplirametric order reduction technigue.
further application igprovided to aforced-air cooling ystem and Silicon Carbide (SiC)
MOSFET-based halbridge with DC power supply, which is representative of real
industrial applications. In this validation, DC currents are used as source of power losses.
These can be easily measured, reducing the undestaivialidation with time-varying

losses andransient air flow rate islso presented, demonstratingod data agreement

transient accuracy and robustness

In Chapter 5, a novel reducedder observer model with disturbance estimatiateisved
Compaed with 3D model, lumped parameter compact thermal migis simpler and

can be applied in temperature prediction duriegftime operation of a power converter

This chaptemproposes a reduced order state space observer to minimize the error gaused b
air temperature and air flow rate. Additionally, disturbance estimation is introduced to
compensate the effect result from the error of the power loss estimation. The experimental
validationsinclude applications to the forcedr cooling of the SiC mode in DC and AC

conditions fully representative of real industrial applications.
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In Chapter 6, the conclusions and contributions of the thesis as well as potential suggestions
for future work are provided.
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Chapter 2 Literature Review

2.1 Introduction

It is well known that the ability to dissipate the heat generated iwarpmnverter is often

the most crucial constraint in the design of a power conv@terto the increased demands

for power density, Hermal issues are becoming ever more prominent, resulting in a
reduction to the effectiveness of heat dissipation patigsan increase in cressupling
(mutual heating) between neighbouring devices. Therefore, efficient computational
methodologies for accuratiearmal modellingare required ttacklethese problensin the

initial designprocess

This chapter introduce®sie of the issues relatedttee thermaperformance and thermal
modelling of power electronic systeniiermal modelling can not only support optimised
design of power electronics systems, but also be applied itimeahpplications of power
devices where continuougstimaton of theinternal temperature of electronic devidgs
often needed to improve systems reliahilMore accurate estimation of the temperature
swing of junction temperature will lead to a more accurate determination of power
electionic module lifetime and ultimate reliability of the power semiconductor modules
[30].

An overview of the common methodologies for thermadelling appliedto power
electronics converter is presented. The computational complexity of detailed modelling is
illustrated and the literature on methodologies for model order redustigresented and
reviewed.Methodologies for reaime observation of temperature in power electronics

systems are also reviewed.

11
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2.2 Power Electronics System

Power electronicsystems have found widespread applications in all areas where there is a
need for conversion of electrical enefgym one voltage and/or frequency level to another.
Power semiconductor devices are at the core of eawbrpelectronics systerithe pwer
semiconductor switchesre usuallymountedin appropriate packaging and/or assembled
into power modulesThebasiccomponentsind the technical challenge of power electronic

systemswill be introduced in this section.

2.2.1 Power Semiconductors

Power semiconductor devices are used in power converters to provide a practical
approximation of an ideal switch. The most comnpanwver semiconductor devices are
power diodes, yristorg power IGBTs as well as MOSFET31] [32].

IGBTs and MOSFETs have many amtagesin term of switching speed, efficiency and
cost in low/medium voltage applications and therefore are the most commonly used in low
medium power applications, e.g. sub 1MI88]. The vast majority of power semiconductor
switches (IGBTs, MOSFETdn use to date are based on Si substrates thanks to availability,

optimization of manufacturing processes, high volume productions, low cost and reliability.

Loss (Watts)
@ Diode Conduction
400 - @SW Conduction -
@ Diode Switching
350 A B5W Switching
300 A
250 A
200 A
150 A
100 A
50 A
0 v
SilGBT SiCMOS

Figure 2.1 Loss comparison between traditional silicon IGBT and SiC-based power MOSFET [31]

12
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However, more recently, SiBased devices are gradually being introduced in more
demanding applications where high efficiency is needed, thanks to superior characteristics
usually in terms oincreased switching speed amdluced swiching lossesA comparison

is given in Figure2.1 between a traditional silicon IGBT and Si@sed power MOSFET

with similar rating, proving the reduction in power loss#H.[It is evident that Sichased

power MOSFET has lower power consumption compared with IGBT

2.22 Power Hectronics System Packagingnd Power Modules

Power electronics packing is an important issupower electronics systenBackaging
is essential to provide mechanical support and electrical access to the semiconductor
devices. The packagingtechnology has significant implications in terms of system

reliability and thermal performance.

Typically, power modules consist of a mtl#iyer structure withheterogeneous materials
including semiconductor chips, power electronic substrate, copper baseplateklars] so

etc. The structure of a classical power module can be seen in Figy@:R.2

Terminals

Case  Semiconductor Chips Upper solder layer

\web} ,?—\
Upper metal layer
Substrate

Ceramic layer

Dietectric gel : — T Lower metal layer
[ 1 |

\
Baseplate Lower solder layer

Figure 2.2 Structure (cross-section) of a classical power module [34].
The semiconductor chipare usually connected with the power electronic substrates via
solder naterials, carrying the power semiconductors, providing thermal and electrical
contact as well as electrical insulation when needed. The main power electronic substrate
is the directbondedcopper(DBC) substrateDBC substrates have been widely used in

power electronic modules because of their excellent thermal conductiity.copper
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plates ofDBC substrates are bonded to one or both sides through an oxidation process with
high temperature

Semiconductor devices terminal are typically metallized and t@inection to the
package is usually obtained lglderingor diffusion sintering technologysoldering is the
connection of two (metal) materials by liquid metal or a liquid alla§fuBion sintering is

a process whicboes not use a solder materiat bypically requires heat and/or pressure

In terms of the longerm reliability, dffusion sintering technologynay be considered as
being far superior to soldering. Compared with solder, sintered layers display better thermal,
mechanical and electricatgperties B5].

Wire bonding is often used to connect a power semiconductortertmpnalswith other

chips or connecting elements.

High power nedulesare typically mounted obaseplate to providenechanicatobushess
during transport and assembBasepate caralsocontribute to a larger thermal smand

lower thermal impedance.

The materials used in power electronic packaging are listed as follows:

9 Semiconductor chipdviost of the devices are-8ased, although other semiconductor
chips have also beearsed like SiC, GaNgtc[36].

9 Substrate; Generakramic substrates material used iBMarealumina, aluminium
nitride andberyllium oxide B7]. Alumina is widely applied due to its low cost.
Baseplate: Common baseplates are made in copper.

Die-attachedbDie-attaching materials fall into many categories, spanning both high and
low temperature use. Two of the most commonly useaitéeh materials today are
solder alloys and conductive epox3f].

Wire bond The widely usednaterias arealuminiumand copgr.

Case Silicone gels are widely retained for encapsulating high voltage and high
temperature (lower than 250 CBP multi-chip power assemblies, due to their high

softness and high insulating electrical properties.

14



Chapter 2 Literature Review

2.2.3 Challengesin Reliability of Power Electronics System

In many industrial applications, there is amreasd demand for highereliability
requirementof power electronics systenowever, nany challenges to reliabilitgre
present du¢o the following factors40]:

More demandingnission profiles
Harsh environmest
The complexity of electronic systems is increased in terms of functionality, number of
components, and control algorithms.

1 Resource limitations (e.g. time, cost) for reliability testing and robustness validation
dueto timeto-market pressures and financial stress.

1 More stringent cost constraints, reliability requirements and security compliance of
power systems

9 Higher power densities are continually required in more advanced integration of power
converters and powelectronics systems, which can lead to new failure mechanisms
and thermal issues.

1 Uncertain reliability of new materials and packaging technologies (e.g. SiC and GaN

devices).

Extreme conditions

Early
failure

Defects during fabrication

Darnage during transport.
storage abd etc.
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Figure 2.3 Failure mechanisms of power electronics devices [41].
The failue mechanisms of power electronics are complicated and are affected by many
factors. These factors can be classified into inner factors and outer fd&{as shown in
Figure 2.3Inner factors of power electronic devices failures consistay andvearour

failures[41]. Defects are mainly caused by the fabrication process and packing process.
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Fatigueand aging is mainly caused by device material characteustit=r certain stresses.
According to the failure sources, the fatigue and aging mecharo$ power devices can
be divided into chigelated and packagelated failure§41]. The chiprelated failures
mainly comes from the interface fatigue based on the physical structuredsvibeand
the Si fatigue as shown in Figure 242]. The packgerelated failures comes from the
solder fatigue and the bonding wire fatigue as shown in Figur&2.5 [

Figure 2.5 Bonding wire lift-off and solder fracture after fatigue [42].

Outer factors of power devices failuman be classified into electrical breakdown,
mechanicatelated failure and thermal breakdoy#i]. M. Ishiko [42] found that the
electrical breakdown is maiplcaused by avalanche breakdowrechanicalrelated failue

is an important factor especially for press pack modules because it induces unequal thermal
resistance distribution to the module package, leading to high local temperature and finally
causing device burnout of operation current is large. Thermal brneakasult from the

large energy by large current, will contributes to the local or partial burf#8]tdt results

in failure mechanisms at material interfaces within the power module, esgldat, chip

and bond wire, ashown in Figure 2.60 2.8 [43].
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crack initiation
=\

R
delamination

Figure 2.6 Solder degradation after power cycling [43].

(a) Before power cycling (b) After power cycling

Figure 2.7 Chip metallization degradation before and after power cycling [43]

(a) Fracture of bond wire (b) Liftoff of bond wire
Figure 2.8 Examples of bonding damages after power cycling [43]

Among the failure mechanisntistedabove, it has been revealed ttiadrmal breakdown
caused byhe thermal cycling (i.e., temperature swings inside csidatthe components)
is one of the most critical failure causes in power electronics sydt8nThe temperature
fluctuation of different materials with mismatched coefficients of thermal expansion may
cause a disconnection in the contacting areas afertan number of cycles, thus leading
to the weatout of the devices.
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2.2.4 ThermalMonitoring of Power Electronics System

Temperature sensors are Widesed inpower modulegor thermal measurement of power
electronic systems. Thaost commorntempeature sensors used in power modules are
negativetemperaturecoefficient (NTC) thermistor with resistance that decreases while

temperature increasg4d).

As is shown in Figure 9, the NTC thermistor isypically located close to the power

semiconductochips, on the same ceramic substrate.

NTC Semiconductor chip

DCB Substrate

Figure 2.9 Location of on the substrate [45].
The NTC thermistor is helpful in the protection ofpawer electronics system from
overheating or cooling system failures. Compared with thermocouples, NTC thermistors
have more sensitive response. HowegeNTC thermistois often associated with a long
time constanto detect a change in temperature in a module. Due to its slow response, the
NTC thermistor is not suited to deteapid changes in temperatur&]4Additionally, the

thermistor only measure the substrate temperature and not the device junction temperature.
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2.3Heat Transfer Analysis

Since temperature plays a significant role in the reliability of power modules, mathematical
models for heat transf analysis in power modules have been extensively studied. In this
section, an overview of the heat transfer mechanisms and the main methods for numerical

analyses of heat transfer problems areflyrpresented.

Heat caused by power lossaside a powemodule need to be dissipated to the ambient
through a cooling medium, typically air or a liquid. It is well known that the mechanisms
for heat transfer areconduction in solids, convection of fluids (liquids or gases), and
radiation througlany mediumnansparent to electromagnetiaiation.Radiation can often

be ignored as heat transfer will be dominated by conduictithre solid body of the module

andby convectiorat the interface with the cooling flujd6].

2.3.1Conductive Heat Transfer

Thermal conduction occurs in the sadidue to temperature difference between the parts of
the solid[47]. Conduction isaform of heatransferthat exists due to direct contdtween
materialswithout movement. A temperature gradient within a substancesauiow of

energy from a hotter to colder regipt8].

Conductim i s governed by Foumheeeaargyfluxidpoportitawhi ¢ h st

to the temperature gradient as follows
n Y (2.3.1)
Where

1 1A :Thelocal heat flux densitych 7o ].

f "Q: The thermal conductivitjto ¥ & 0 ].

1 n"Y The temperature gradieit 7 ].

For many simple applications, Fourier's law is used in itsdimensional formasshown
in Figure 210.
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qx TCG.'({ > qx

B — Area, A

That

AL
Figure 2.10 One-dimensional conductive heat transfer [47].
Figure 210 has shown that there is a heat trangfom the region with highgéemperature
to the lowertemperature region. By Fourier's law for an isotropic medium, the heat transfer
rate per unit area is proportional to the negative temperature gradiess it. In the x

r!] 7 o 7 "Y
— avy f%—
0 w (2.3.2)

1 1 : The heat transferred in the sdlid].

direction

Where

1 1 "N &The temperature gradient irdkrection[0 ¥& ].

1 0: The area of heat conductiad [].

If the temperature of the solid is tirvaried, or if tlere is inner heat generation within the

solid as shown in Figure 2L lthe situation of heat conduction is more complex.

- Heat Generation= qAdx

/

Jx+dx
 —

A

qx —

fo—x —fdrfe—
Figure 2.11 One-dimensional time-variedheat conduction analysis [47].
Assuming the temperature is changing with time and heates@ipresent with in the solid,
the sum value of transferred héatand inner heat generation should be equal to the sum
of change in internal energ@nd conducted energy, as expressed in the follows.

T L G
n nNoQww’” ?—‘an
0 (2.3.3)
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Where

1 n: The internal heat energer unit wlume[w fa .
f  &: Specific heat capacitgif U JQQ.

f :Density [QTh ].

1 no Q:a¥he inner heat generation of the sotial][

1
1

®” 6—'Q @The change in internal energy of the sotid][

n : The heat trarfsrred out the solidd .

In equation (2.3.3), thg can be expressed as

. TQ.T Y . T-’E Y1 T._% "Y,Q .
. 0 N 82w
! e w? ol (2.3.4)

Combing Equation (2.3.2) to (2.3.4), the heat transfer equation cgivdxewith |

T O” as

1o (2.3.5)

2.3.2 Convective Heat Transfer

The process of heat transfer between a surface and a fluid flowing in contact with it is called
convective heat transfeConductionand convection are similar, as both mechanisms

require the presence of material media. The difference between the two heat transfer
mechanisms is that convection requires the presence of fluid motion over a moving

continuous solid surfacdT].

Convectia can be classified into natural convection and forced convection, according to
how the fluid motion is initiated4[7]. Natural convection occurs naturally and natural
convection is due to density changes caused by concentration difference or temperature
difference. The temperature gradient in the fluid will cause the change of density gradient.
If the low density fluid is located lower side while the high density fluid is located upper

side, then the natural convection will be formed under the actiorrasfity Forced
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convection is convection caused by the push of external forces. Increasing the flow speed
of liquids or gases can speed up the spread of idat [

Generally, when a fluid flows on a flat plate, the fluid contacting the surfacecibagsto
the wall due to shear stress. Tegionwhere the flow is adjusted from the zero velocity
at the wall to the maximum in the main flow is called the boundary [d9&r

Ug

il ;
—_— layer region layer

—_— v
L()

Laminar boundary Transition Turbulent boundary

- =

e
- = —
el [
5 Up "R } Turbulent
. - AR A=
f ) }» N x layer
T~ =N ‘) 2T = A\ -/
- ~ —/ — JO A YA B — Overlap layer
> — — — — Buffer layer
0 R
: Viscous sublayer
Boundary layer thickness, &

LT

Figure 2.12 Dynamic flow on flat plate [49].

As shown inFigure 2.2 [49], bourdary layers may be either laminar, or turbulent
depending on the value of the Reynolds number, which can be expressed as follows
.. 00
YQ .
v (2.36)

1 0 :The mean flow velocitya 7i].

1 'Q The diameter of flowd ].

T 0 ¥ :Kinematic viscosity§ 7i].
1 ”:Density [QTh ].

§ *:The dynamic viscosity@mda J ].

Forlower Reynolds numbershe boundary layer is laminar and tth@w velocity changes
uniformly, as shown on the left side of the figuhs.the Reynolds number increasesdas
increases), the flow becomes unstable. Eventually for higher Reynolds numbers, the
boundary layer is turbent, and the velocity is characterized by unstable ¢tiarging)

swirling flows inside the boundary layer.

Heat transfer at the boundary between a solid surface and a fluid is very complex, however

a simplified expression can be given as:
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n @ Y "% (2.37)
Where

"= Convective heat transfer coefficieat f & v ].
N : Transferred heat of the flojb ].

"Y = Temperature of the solid surface]|

2

1
1
1 O = Heat transfer surface area [].
1
1

Y = Tempeature of the fluid sufficiently far from the surface |

Typically, the convective heat transfer coefficient for laminar flow is relatively low
compared to the convective heat transfer coefficient for turbulent flow. This is due to

turbulent flow having @hinnerfluid film layer on the heat transfer surfddé®].
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2.4 Overview of Thermal Modelling Methods

Accurate thermal analysis modelling tools can assist both the design optimization and real
time operationof power electronics systemSimple compact thermal models based on

lumped parameter networks are commonly used in power electronics design.

Despite their computational efficiency, lumped parameter models (LPM) are of limited use
at the design stage as they typically rely on empirighibiation, with values that cannot

be directly correlated with design parameters such as topology of the layout, environmental
and operating conditions.

Accurate physical representation of the converter topology and environment conditions can
be obtainedvith numerical tools that produce a discretized version of the distributed partial
differential equations (PDE¢hat model the heatansfer

Consequentlycompact lumped parameter thermal modelling methods and geelnasieyg
numerical thermal models,illvbe review to dsecribe heat transfer phenomena. Before
attempting to analyse the heat transfer problem, some terminologies such as power losses
and thermal impedance, need be introduced pliyysical representation of the converter

topology

2.4.1 Compact Lumped Parameter Thermal Modelling

Power losses of semiconductors can be calculated using standard methods for the
estimation of conduction and switching losses in PWM inverte®k \ia temperature
dependent device characteristiéd][ Power losseswithin a power module need to be
transferred and dissipated from the semiconductor chip to the anthrengh the

connection layers and the heat siBR][ as is shown in Figure 23.
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ikiads Thermal grease

Figure 2.13 Simplified hear transfer in a power module with heatsink [52] .
The effect of power lossés on static and dynamic states can be expressed by the

temperature differnceas follows

v

Y'Y Y Y (2.4.1)
Where

T Y :Semiconductor temperatufe ].

T 7Y : Heatsink temperatufe ].
The themal impedancéy can be expressed based od.@). as follows
A 4 Y
w =
v (2.4.2)
Thermal impedances which describe the dynamic heat dissipation behaviour are indicated

numerically as thermal resistan¢Y ) and thermal capacitancé () of a thermal RC

network.

The thermal resistander a cuboid of solid materiaé given by:

Q> (2.4.3)
Where

1 & Material thicknes$a ].
f "Q :Heat conductivitfo ¥ &  ].

1 0O :Heatflowaredda ].

The equation for thermal capacitance is:

25



Chapter 2 Literature Reaw

0 wIJ w (2.4.4)
Where

f  &: Specific heat capacityif 0 JQ"Q.
f ”:Density [QTh ].

1 « Volume[a 1.

Based on the thermal resistarite ard thermal capacitanog , thermal equivalent

circuits can be applied ione dimensional (1Dheat transfer analysib3] [54]. The
temperature of power modules can be expressed using a function of tivite.ddtilizing

this idealized heat transfanalysisbased on d&umpedparameters modeprovides great
simplification in1D heat transfer problesnwithout sacrificing accuracy. Simple compact
thermal models based on lumped parameter networks such as those based on Cauer or

Foster networks are cononly used in power electronics design.

R]_ Rz Rg Rl R

¢y C; Cs
| 11 I :I:
| | =

"
T

'||—| I—I

(a) Foster network. (b) Cauer network.
Figure 2.14 Foster network and Cauer network [53]

Cauer network and Foster netiare shown in Figure2.14. For onedimensional heat
conductive issue, if the thermaleabent is subdivided into a lot of small states with a
thickness closed to zero, Cauer ladder network can be established. The transformation from
Cauer network to Foster networkq [56] can be established based on standard circuit
analysis Compared withoster network, the Cauer network is closer to the physical state
ofthe thermal circuit duetothieact t hat each nodebs temperatur
of a physical node at a specific location in the 1D representddinrthe contrary, the
intemal nodes of the Foster network do not represent physical nodes inside the material,

and only the first node temperature represents the actual temperature of the surface.

Employing the Cauer network, the thermal behaviour of power modules with heatsinks c
be modelled as a 1D heat transfer probldfigure 215 shows the Cauer network of the

model illustrated in Figure 23. The Cauenetworkcan supply a compact thermal model
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and its implementation is relatiyeleasy, but they cannot modeD 3temperature
distribution of the complete power modu&].
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Figure 2.15 Cauer network.
Consequentlyjn order to modelthe thermal transfer in acomplete powerconverter
including different elements, packaging, and cooling systems, a more accurate and
physically epresentative method is needed. The geontetsed themal impedance model
provides ® spatial temperature informatioB7], offering the advantage gfrovidinga

tool to supporthe module design proceasit depends directly on the topology.

2.4.2 Geometry-based Thermal Modelling

Geometrybased heat transfer analysis relies on numerical methods that discretize the
distributed partial differential equations (PDBB] [59] on a grid of small elements. The
temperaturdield within each elemens then aproximatedas a simple function, such as a

linear or quadratic polynomial, with a finite number of degrees of freedom (DOFs).

The two most common discretization methods ardittie element method (FEMB[]
and finite differences method (FDM§J] [62] methods.While these methods arpiite

similar intheir aimi.e. providing a numericainethod for solving PDEsn a discrete grid,
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their mathematical formulation is quite differeAtvery brief introduction is given in the

following.

2.4.2.1 Finite Eement Method

FEM is a computational method that subdivities problem geometriyto very small but
finite-sized elements of geometrically simple shapsically triangles or square$he
process of FE analysis is shown in Figure 2.16.

ql 2 ql

q3 z Nodal

Element Temperature:

# temperature .Tm
air,t) A T(r,
WAkl | g
'q2 'l r Ti. .TJ.
P

P "Y e 7

Continuum solid Discretized FE model Typical element

z

Figure 2.16 FE thermal analysis [63].

The collection of all these simple shapes constitutes toalkl finiteelement mesh. The
next step is to discretize the equations for the temperature field, mathematically represented
by the heat equation PDEs and formulatsthequations for each element, approximating

the temperature solution with a low order, e.g. linear, variation over each element [63].

The FE discretization of the PDE is then obtained with @&lerkin method4]. This
gives an approximate local des¢iim of the physics by a set of simple linear (but

sometimes nonlinear) equations
The gproach of th&EM can be summarised as follows

Create geometry and define material properties.

Discretization of the geometry.

Choose initial and boundary conditions.

Element formulation and development of equations for elements.

Obtain equations for the entire system from the equations for one element.

= =4 =4 4 4 -4

Solving the equations.
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Many commercial software packages are available that implement the FEM for a number
of physicsproblems including thermal modelling. One of these, Ansys, will be used for

validation in subsequent chapters.

2.4.22 Finite Differences Method

FDM is the most direct approach to discretizing partial differential equaiidvesmethod
is not usually usd for irregular CAD gemetriesas FEMbut more often for reangular or
cuboidshaped modeldn Figure 2.%, thebasic principle oD analysis is showfor a 1D
problem where the space is discretizedhe w-direction with discretized nodesand

time 0is discretized in the vertical direction

t=T+AT
t=T

t=T-At

1 Ax i-1 i i+1 N
x=0 x=1L
Figure 2.17 One dimensional FD thermal analysis.

In thewdirection,the heat equation can be written as

ot YTy
[Totw (2.4.5)
Then the second partial derivative$ equation (2.4.5nay be approximated by
v
LY Py v ey
Tw Yw (2.4.6)

And the time dewative of equation (2.4.5¢an be approximated by
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Ty

oy y oy
T 0

5o

(2.4.7)
A finite-difference scheme can thbe devised to takheat generation into account with
the termi7Qinto the general equation and obtain

0"Y Y VY "y Y ﬂ

| Yt Yo Q (2.4.8)

TheFDM can also be extended to thidienensional (3D) problemsnka 3Dcubecan be

expresseth the smilar way with Figure 2.8.

Figure 2.18 Three dimensional FD thermal analysis.

Given anode [@ ) in a space defined ey coordinate systenadgdihd) as follows

| Yt Q W
Y% n Y R YR Yk Yin Qi
Yo Ya (2.4.9)

By combination of the differential eqgtians of all cubes together, a mtilput-multi-

output (MIMO) system of ordinary differential equations (ODE) can be obtained as
6°YO 0™ 0006
w 07Yo
(2.4.10)
Where

f U ofuhd : The thermal conductivity matrix.
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6 afuft : The heat capacity matrix.

0 ofufofd : The heat source generated frgnadudoi
“Y: The temperature distribution vectors.

: Thechosen output temperature distribution vectors.
oY : The input matrix.

ON 'Y @ The output matrix.

¢: The dimension of state space.

& drhe number of inputs.

= =4 =4 4 4 -4 -4 A -9

n: The number of outputs.

2.4.2.3 Summary

One important differencemong FEM andFDM is the ease of implementation. A common
opinion is thaFDM is easieto beimplemenedandFEM is moredifficult. One reason for
thisis thatFEM requires quite sophisticated mathematics for its formulafibih arethus

one of the most efficid approaches of modelling dynamic thermal systé§k [

It is worth noting thathe size of ODE systems generated from FDM equaisodsectly
related to the size of thdiscretization steps. For a 1D problem, the number of ODE is
inversely proportionato 3:wand therefore the smaller the discretization, the larger the
number of equations. For a 3D problem, the number of ODEs will be inversely proportional
to 3:atawtad and therefore resulting in a much larger system of equations. A fine
discretizatia, produces better spatial resolution at the price of an increased computational

complexity.

The ODE systemesulting from the application of tifM to a power electronic converter
can easily have millions of equations. The resulting computational cityglestify the
need to research methods for model order reduction. This will be one of the main topic of

the thesis and the literature on the topic is briefly summarized in the following section.
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2.5 Overview of Model Order Reduction Methods

Most of the power electronics system thermal design processe=lstitin the geometry

based empirical methodsasedon FDM with model order reduction (MOR®4|. For
example, Yang 7] presented a model order reduction technique for
microelectromechanical systemMEMS) heattransfer systedevel modelling. The
numerical models generated by the FDM solver can be reduced intwdewmodelsvith

the help oMOR techniqus. Except forheattransfer thermal modelling-DM with MOR

can also be applied in vast fislfor power electronics industs an exampleCangellaris

[68] proposed reduced order models based on FDM for the development of the discrete

approximation to the transmission line equations on the interconnections.

Model order reduction is not onlysed for the reduction of the electittermal system
generated by the FDM, but aléar power electronics systennsodellingdirectly. As an
example for physicsbased modelling of power electronics systems, Davo6é] [
introduced a reduceorder highfidelity magnetic equivalent circuits (HFMEC) modelling
approach for singlvinding systemsindeed model order reduction has found widespread
use in the electronics industry(. The underlying ideaf MOR is relatively simple,

approximating the moments of ttransfer function of theriginal ODE systen{71].

The ODE systenobtained after the application of the FDdlhown in (2.4.10) can be

writtenin the standard staspace model as:
YO O™ 060 o
(2.5.1)

Wherethe vector of temperatures in each nbdeecomes the state variable. The output

of the systenwis the vector of temperature in a selected subset of nodes of interest.

0 0 O NY
6 0 ONY
‘ON Y : The output matrix.

1
1
1
1 &: The dimension of state space.
1 & drhe number of inputs.

1

n: The number of outputs.
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Generally, it is assumed thatandr) are much smaller tha& The size of ODE systems
gererated from FDM equationss directly related tothe spatial resolution of the
discretization The complex structure of power modules results in an extremely large size
of ODE system, and usually containing millions of FDM equations. Even if modern
compuers can solve engineering problems of large size, sylsteshsimulation will be
extremely expensive computationallwith the direct use of the full order model. To
overcome these limitations,@BD dynamicFD modelscanbe combined with model order

redwtion (MOR) techniques.

MOR methods can bmore easily describagsingthe system transfer functiofigl]. The

transfer function of statgpace system shown iR.5.1) is defined as:

wi . 252
"Oi — G im0 O ( )

Where

9 i:The Lalace variable

9 "OThe unitymatrixN Y

It is evident that there is an inverse calculation of mdiwhich has a large dimension.
To reduce the number of state vect@tste vecto'Ycan be transformed viaraduction

matrix ¢» N 'Y as follows
Yoo D (2.53)

Whered is the new stateectors expressed by the maioi« It should be noted thi’Yhas
physical meaning whil¢ does not.Each column of the matr¢y can be seen aslinear
combination of transfefunctionOi . A number of methods have been proposed to
truncate parts of the generalizethtesand consequently, reduce the dimension of the

system 2.5.1) while keeping accurady’2].
Equation 2.5.1) can be written using (2.3) as
G0 ® 6m3;WO  w 60 0
«e Coo
(25.4)
Where
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T ©hyny
1 o 2o ©
@ ando» are biorthogonal an® Z¢v  "Olt can be proved thahe transfer function

"Oi « i TO i of system (2.5.4) is the same with (2.5.2) after the transformation.

Model reductionmethodlogiesto find such a transformation representing the state vectors
with less generalized coordinatd§2], which means a transformation can be made to
approximatestate vectoi"'Ywhen most of the coordinates are removed (truncated) as

follows
v o ¢ oY (2.55)
Through

Y ooy - (2.56)
With a small error vectc=. Therefore, system (24.can be changed tlow dimensional

system as follows

«tc G X o
(2.57)

Where
7T 0 w om
7T 6 wo
7T 0 O
7T o 7o O
The ransfer function of the reduderdersystemcan bedefined as:

i 0 {™Md & (2.58)

System (2.5.7) has the sainput numberand output numbewith system(2.5.1), while
the number of equationis smaller. This transformatidnom full-order to educedorder

statespace systeris shown in Figure 29.
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Figure 2.19 Transformation from full-order to reduced-order state-space system
The aim of model order reductiotechniquess to minimize the erro= in time domain
a Aw 0 « ¢ &£or Laplacedomaira Q0i "0 i & For linear ODE system, vast
model order reductiontechnique can be applied taninimize theseerrors -, such as
truncationmethodsPadétype approximants via Krylov subspace, Guypmsed methods

etc. Theserder reduction methodsill be introducedand compareih this section.

2.5.1 Model Order ReductionMethods Based onBalancedTruncation

Passivity is a fundamental property of many physical systems which may be roughly
definedas the characteristic of astgm that dissipates rather than producing endrggy

an inherent inpubutput property in the sense that it quantifies and qualifies the energy

balance of a system. Ngnassive reduced models may cause nonphysical behaviour in

circuit simulators, suchs by generating energy at high frequencies that causes erratic or
unstable timadomain behaviour. Consequently, the passivity should also be guaranteed in

the reduction.

Before going into the details glassivereduction methods, two important charactics
of the system&MHO) in equation (2.5.1)controllability and observability, need to be
introduced. A system is controllable if for any initial st"Y¢ “Vand any final state
"V thereis an inputd O thatcantransfer’v to”Vin a finite time[73]. A systemis
observable if it is possible to calculate any unknown initial {'Y¢ “Vuniquely from

the given inpud o and the measured outfs ¢ over a finite time intervdl73).
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Controllability and observability carelguantified according to control theptigroughthe
controllability and observability matric@sandl , respectivelyi74], defined as:

Q 66 Q Q06

C2

0 Q 00Q Qo
(2.59)
The matrice 0 and( are the unique solutions of two Lyapunov equatig. It can be
found in[75 that the criteriaof the balanced systendhhO) for controllability and

observability are thatothd) and( should beegular.

After finding the two matdesd andl, a state space transformation can be obtained to
balance the systenthe transformatiomproposedby B. C. Moore 76] canbalance the

system based on equal and diaga@nahd{ as follows
0 0 'QQ¢ 8F, (2.510)

The paraneters, I, 8, are caled Hankel singular values (HSV), whigtan be
computed as the square roots of eigenvalues of the prodicrafl . HSVs are property

of the system and depend only on inputput behaviour[77]. HSVs reflect the
contributions of different entries of the state vector to system respaf@e€dnsequently

to reduce the order of th@iginal system 66 FO), it is sufficient totruncatethose state
variablesrelated to theninimumHSV [77]. Balanced truncation nébe done at the same
time by applying the projection to the original unbalanced system using a square root
algorithm[78-80]. A provably passive balanced truncation method is presenté ir8p).

The balanced truncatioreduction method is to find threducedorder model by finding

and deleting those states with the lowest controllability and observability at the same time.

An important characteristic dfalancedruncation is that itan calculatea global error
range between the transfer functions tife original full-order and the reducedrder

systemq77] as follows
AOi Oi#&® ¢, E (2.5.11)

Where the infinity norn&a'Oi "0 i A& denotes the largest magnitude of the difference
of transfer function”Oi and"0 i . The proof of (2.5.1) is givenin [77] anddiscussion

of different error normsan be foundh [83].
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Thanks to the simplicity and tlemputationakfficiency, talanced truncation reduction
methods ardérequently used77]. It can beprovedthatthe balanced truncation reduction
technigue maintainthe stability and passivity of tHall-order system within a reduced
order system[84] while a disadvantagés that it does not guarantee zero errosteady
state which is an important requimaent in many practical applications such as the

temperature estimation of power electronics system

Nevertheless,danced truncation reduction methods are mathematically optimal, offering
a global error estimate for the difference between the transfetidarof the original high
dimensional and reduced lesmensional system. They show that model reduction of a
linear dynamic systems is solved in principle, but require a large computational complexity
For this reasarbalanced truncation reduction metis@re only applicable temall linear

systemsT3].

2.52 Model Order Reduction Methods Based on Krylov Subspace

Similar to balanced truncation reduction methpdse reduction techniques based on
Krylov subspaceequire a single matrix representatiafna first order ODE systelfi73].

Equation 2.4.10 can be rewritten as

0 "YO YO 6 o

w O JYo
(2.512
Where
0 U O
o] v O

To make the derivation cleareduction algorithm based on Kryloulsspacds described
here with reference tosingleinput-singleoutput (SISO) case, i.& 1 p (for SISO
the lower case lettetsandQare usedor the input and outpwialue$ asequation (2.5.2).
Krylov subspace reduction in multiput-multi-output (MIMO) can be obtained using the

similar method.
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0 YO YO w0

®w Q JYo
(2.513
The SISO transfer function can be defined as:
"Oi ¢ Cid o (2.514)
The Taylor series expansion™Oi abouti TUis given by:
"Oi ¢ Cido 10 E O & i (2515
Whered ‘0 & are called moments abdut.

Model order reduction methods basedkaoglov subspace correspond tite selection of
‘0 i as a Padé@pproximant ofOi . Thei -th Padéapproximant 0°Oi about the
expansiorpointi can be expressex follows[73]:

0 i Q@ i E i @

2 = 2

0 i i @ i E i (2.516)

0

Where the coefficientsc® Fé> /8 F&>  will be derived inthe following This ratioml

function consists ofraylor series around agrees with the Taylor series"Oi in the

first 20 terms (momentd)73], i.e.for i T
OoiF 0i Ui (2.517)
Where
I EG i n (2.518)

And"0O i is called a Padg/pe approximantDetailed overview dPadétype approximant
can be found ifi85].

Explicit moment computationgan be used to calculaiadé approximantswhich is
similar to the process usirgsymptotic Waveform Evaluation algorithr8g]. However,
the computations numerically unstable8f]. It has been demonstrattuat theKrylov

subs@cesarenumerically stableThey are definedsafollows

Fori  phtf8, ther-th right Krylov subspach 6 o can be given as
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O O {ndad B & (2.519)
And the rth left Krylov subspach 6 b can be given as
O 6 o IROEID A8 HO Q (2.520)

It should be notethat moments can be computed fratrb(19) and @.520) by calculating
the inner productp73| as follows

a 6 Q 00Q e & 6 Q 26 @ (2.521)
forQ mipB A p.
The vectors from (2.29) and (2.520) quickly become almost linearly dependa¥][ The
solution is to construct more stable basis veators 8 i anddv ) B K saved in
columns of matrices® and &, such thatd & hd | i & B and
O O iR B
There are two maimethods, e Lanczos algorithm and the Arnoldi progesm be used
to constructbasis matriceso andw for Krylov subspaceThe main advantage of the
Lanczos algorithm is that can be uniquely specified, because it matchemaximal

number(ci ) of momentsResearch in [8 proposed aralgorithm for the basiLanczos

process

However, itis worth notinghat the basic Lanczos algorithm stops prematurebylt from
the fact thath 0 T occursin actual implementations g]. It is suggestedn [89] that
this problem can be solved bptroducinga more complex Lanczos processAnother
disadvantage of thieanczos algorithnis that the resultingeducedorder model may not

be passive and staldenerally [90.

Different from Lanczos algorithm, the Arnoldi process producesasdguence ofectors
0 O B A spanningthe right Krylov subspact 6 hb as shown in(2.519) [73].
Algorithm derived by Freun®f] statement of the Arnoldi method.

The disadvantage of the Arnoldliocesss that the Arnoldi method needs largdccdation
load. Each new Arnoldi vector should be orthogonal to all previously genevaseidrs
[73], which means that the computational workload increases in proportion to the size of

the subspacéiowever, Freund also found thiérereduced order modaiill also be stable
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and passivéf the Arnoldi-based projection is applied stable and passive ODE system
[92]. Consequentlythe Arnoldi process has some optimizations to obtain guaranteed
stability and passiveness.

Another disadvantage of the Arnoldiethod is the half number of matched moments
compared with compared with Lanczos algorithm, resulting in that fact that the reduced
order model generated by the Arnoldi process is more different from the original model. It
is possible to increase the numipérmatched moments byonsidering theaccount the
output vectorasthe methods derived i®8] [94]. However, theshortage if this solution is
making thealgorithm becomes more complex dasesthe stability and passivity

As a conclusion, the Arnoldirpcess is less complicated and can preserve the stability and
passiveness of the original systeiithe important properties of Arnolgirocessand

Lanczosalgorithmare summarized ifiable 2.2[73].

Table 21 Comparison of Arnoldi and Lanczos.

Arnoldi

Lanczos

Accuracy of approximation

i moments match

2 moments match

Invariance properties No Yes
Numerical stability Yes No
Preservation of stability and passivi Yes No
Complete output approximation Yes No

2.5.3Model Order Reduction Methods Based on Guyan Algorithm

The Guyan algorithnf95] [96] is one of the model order reduction techniques projecting

an ODE systenmof a high dimensiono a lowerdimensional one. For the ODE system

expressed in equation (214), the steadystate equation can be written as

0 JYo0

o) o

(2.5.22

Guyanbased MORcanpreserves the terminal nodgsysically asshown in Figure 20.
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FE Model Reduced Model

..............

Guyan
Reduction
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N s i i i Vo s el i 9

Terminal Nodes

Figure 2.20 Schematics of Guyan-based model order reduction [73].

Thelinear system (2.22) canthusbe decomposeidto terminal and internal equans by

as follows[95]:

L.ovo Yo 0 (2.5.23
Where
1 QIndex sets to range external nodes.
1 "QIndex sets to range internal nodes.
§ "ORO Simplified input vectos considering the input tertn o .
Equation (2.223) can be written as follows
O v YO U YO (2.5.29
O 0 YO U Yo (2.5.29
“Y 0 can be expressed by write equation Gpas
YO 0 20 0 Yo (2.5.26
And insert (2.5326) in (2.524) then obtain:
™ vLvL O U OL U YO (2.5.29

The number of chosen terminal nodi#stermines the dimension of the reduced order
system expressed in equati@b27). Then the reduced heat conductivity matrix and input

vectors can be defined as follows

O 0 00 0 (2.5.29
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"0 0 0O O (2.5.29

Guyan assumed that maput vectorswere applied on the internal nodé® ( ). In this

case, the equatio2.626) changes into
YO O U YO (2.5.30

In linear algebra operationthe Sclir complemenamounts to @oordinate transformation

of the form"YO @ JY 0 canwith @ as follows[95]

: 0 (2.5.3)
® VIV
AssumingV is a symmetric matrix and therefobe 0 and 0 0O . The

reduced heat conductivity matrigxpressed in equation (228) and input vectors

expressed in equation (2.5)2Bus can be written as follows
0 ® VI (2.5.39
"0 & 00 (2.5.33

Moreover the heat capacity matri& in dynamic ODE system (2H40) can be given

through via the similar transformation as
0 w DWW (2.5.39

The obtained) , 6 and™Ocan be introduced to form the reduced thermal system as
follows[95]

0°Yo 0UYOo O (2.5.35
Where
T o w D
M O w D
T O w 00

The main advantage of Guydased MOR is that it physicalhgtainsthe terminal nodes.
However,Guyanbased MORmethods cannot suppstrict guidelinesaboutchaosingthe
terminal node$73]. Moreover only when the number of selected terminal nodes is large

enough, the improved Guyan method can provide sufficient accuracy for reducing the
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thermal sgtem, which may lead to unnecessary latgle modelafter reduction.
Consequently, Guyan reduction methods aresnibableto large linear systems.

2.54 Summary

So far, most of the practical work of model reductibtargescale linear dynamic syste

has been bound to the Padéapproximation of the transfer funbiese orthe Krylov
subspace73]. These method$ack the estimation oflobal error, but can be used in
extremely higkhdimensional order linear systen®SO case is introduced in this Sen,

which just contained one starting vector Arnoldi process and Lanczos algorithm in
MIMO model can be obtained using the similar method, called block Arnoldi process and
block Lanczos algorithmespectivel\fj93]. Compared with block Lanczos algorithm, block
Arnoldi process has better mathematisimplicity and numerical stability. Consequently,
Arnoldi process or block Arnoldi process will be developed in the thesis for model order

reduction of thermal analysis.

The properties of those model order reduction methods are listed in TAPIG]2.

Table 22 Methods for model order reduction of linear dynamic systems.

Advantages Disadvantages

Balanced truncatiof Can estimate global error. | Lack the approximation of

reduction methods | Fully automaticreduction. steady staterror.

Padé approximarg | Can be used in extremely| Lack a global error estimation

via Krylov subspaceg high-dimensional order lineg The order of reduced systen

systems need be selectadanually
Guyanalgorithm Can maintainthe physical Unnecessary largereduced
nodes modes.

Generally, the factors affected the efficiency of MORhteques can be classified into
algorithmrelated factoand algorithmindependent factoil he algorithrarelated factor is

the rank of matrix approximation. Hankel Singular Values (HVgply he property of
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the systemreflecting the contributions of different entries of the state vector to system
responses 77]. Due to some specific MOR techniques, e.g. ke rank Gramian
approximation algorithrmexpressed byFloros [97], lessHSVs are comped until the
convergence of thalgorithm The less number of calculated HSVs results infdoemory
requirements forthe system matrix storage [97], contributing the high efficiency of
reduction processhe algorithmindependent factor is the numberexternal terminals.

The efficiency of model order reduction degradésh the increasechumber of external
terminals to the fulbrder model [98]The reason for the degradation is fundamental and
independenbn the particular reduction algorithi8].

Except for the efficiency, the accuracy of MOR techniques should also be consitleead.
accuracy of MOR techniques can be evaluated by the information disturbance between the
original system and reduced system. Since the goal of MOR techniques is appnaximati
well circuit behaviour at the needed external terminals but sacrifice the information at
internal nodes, the information loss caused by internal node elimination should be

considered.

In this thesis, the concerned case is thermal equivalent circuicesatvhich are sparse
matrices due to limited heat conduction pathighin the single solid mediumMost of the
element are zero and this kind of sparse matrices can be reduced intostasdienatrices

with limited information lossilt is alsopractical for the application of MOR techniques in
systems witHargescaledensematrices. However, the behaviour especially the transient
behaviour of thdow-ordersystemreduced from largscale dense matrix systeeannot

be guaranteed due to the increaiséal mationloss For example, the transient response of

the reduced thermal modelling matrices might be unreasonably fast with decreasing
reduced order, due to the loss of mass information contained in the elimimizzedl

nodes. Unlike the MOR techniggs relying on the selection of terminal n@dey. Guyan
reduction, Arnoldi process or block Arnoldi process expressed in this thesis can avoid the
unnecessary information loss cause by the selection of external and internal nodes.
Consequently, how to chee a proper reduced order is critical to maintain the accuracy of

reduced system via MOR process in this thesis.
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2.6 Overview of State Observersfor Real-Time Temperature

Estimation

In the Section 2.3 and 2,4hermal modelling rethodshave beerreviewal, including
dynamic compact thermal modelling and geombtagel thermal modelling, for the targets

to support reatime applications and optimised design of power devices respectively.
Compared witmumerical methods faggeometrybased heat transfer aysik reviewed in

Section 2.4, compact thermal model has smaller system dimension and less calculation load,

reducing the computational complexity of a model.

In reattime applications where a thermal model can be used to estimate the devices
temperaturethe computational complexity is an important consideration, for example
when a thermal model needs to be computed online in an embedded platform based e.g. on
a microcontroller with limited computational capabilities. In these cases, very compact
models ae required. Additionally, the numerical models described in the previous sections
can be consd depeédeasifmapems since there is n
correct errors due to e.g. unknown parameters or unknown or imprecisely definddriyoun
conditions, e.g. ambient conditions. In order to provide a more robust temperature
estimation in practical applications, obserbased temperature estimation methods have
been proposed. These typically provide a cldseg feedback mechanism thateasone

or more measurements to provide a correction mechanism and therefore reduce estimation

errors.

State observers and their applications to temperature estimation are briefly revidihned i

following.

A stateobservelis asimulationsystem that maglsthe dynamics oé real system in order

to provide an estimate of the internal states ofdhésystem. State estimation algorithms
applicableto a wide range of thermal analysisdtemperature monitoringexamples of
thermal observers which havedmedeveloped and analysed can be foun@dfp1]. The
simplest methods rely on opéwop estimations which predict the devices temperature
based on loss and thermal moddl®Z. However, the accuracy of these models and the

sensitivity to uncertainties operating conditions, e.g. cooling and ambient temperature,

45



Chapter 2 Literature Review

or device parameters, might affect the accuracy of estimation. dg@destimation
methods using observers can been proposed to address some of these drawbacks.

Input Q(t) Thermal System y (t)__
T(t)
+
———Q_
Mathematical Model y(®)
T(t) i

L .

T@®)

Figure 2.21 Block diagram of a closed-loop state observer.
The block diagram of thelosedloop state observas shown in Figure 21. The top block
represents a physical thermal systeinpower electronics devicemnd its measurements
are represented [y 0 . The bottom block is a mathematical model fed by the same input
vectorsD 6 with the physical thermal system, and provides the estimation of the internal
temperature staté¥0 . Then the model outpwd 0 can be compared with real measair
outputw 0 . The error between these two signals can be injected into the mathematical

model to correct the errors of estimatetdrnal temperature statego .

Some typical lwsedloop observers, including Luenberger observer, unknown input

obsever andreducedorderobservemwill be reviewed in this section.

2.6.1Luenberger Thermal Observer

Motivated by the need for measured feedback and armed with the observability concept, a
simple observer design is necessd§3. This design is based @igenvalue assignment

and is known as the Luenberger observer.
Luenberger thermal observer can be designed as fof v

‘adYyo w s v s n s s
— 0YO OO ULWO WO
Qo
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G¢ G IYo
(2.6.1)

Where

1
1
)l
)l
)l
)l
il

"Y0 : The estimated states of the thermal system.

0 : Theobserver output.

0 : The gain of observer.

0,6 andO:&¢ €&,€¢ N, & constant matricesespectively
¢: The dimension of state space.

G : The number of inputs.

n: The number of outputs.

The block diagram of Luenberger @bger can be seen in Figure 2.22

y(t)

A

Observer

]
]
|
|
]
|
:
Input Q(t) : B
]
|
|
I
]
|
I
|

Figure 2.22 Block diagram of Luenberger observer [104].

Observer state error can be defined as

Q0 Yo YO (2.6.2)

Differentiating equation (2.6.2) as follows

Q®d Q"™ QYo
Qo Qo Qo (2.6.3)

Substitutingequation (5.1) and (2.6.1) into (2.6.3) as

’Q'm O™ ey 3 w TN oo \ w ¥ n 2 \ 12 3
90 00 OoOUVO OYO OULO UWO WO
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— o U0G Qo
Qo (2.6.3)

Solution of equation (2.6.3) can be given by

Qo Q QT (2.64)

The eigenvalues of the matiix 0O can be made arbitrary byppropriate choice of the
observer gai, when the pairdfO is observabl§104. The observability and stability
of the system need be discuss@&tie observability of thedFO  can be defined as

rvlo“ Il

110 0 .,

0 100 »

11 é |”|

wo U (2.6.5)
0RO is observable if and only if is a fullrank matrix [L03 [104. Theobservesystem
is stableif the observer gain matrix is designed to makibe eigenvalues ofb( 00 )

have negative real parts.

2.6.2 Unknown Input Thermal Observer

Inputsto a physical systems might often be uncertainrdmown forexample when an

input is considered as disturbance Subject to appropriate observability conditions,
observers can be uséd estimate the unknowimput componerg or to provide a state
estimation that is insensitive to unknown disturban8gstem (%.1) can be considered

as a continuous linear time invariant steady space model with an input disturbance as

follows

(2.6.6)
Where

1 YO : The state vectors of the thermal system.

1 O : Theobserver output.
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0 : Theunknown input distribution matrix.

0,060,060 andO:¢ €&,€¢ n,&€ 1, G constant matriceespectively

1
1
1 &: The dimension of state space.
1 & drhe number of inputs.

1

n: The number of outputs.

Based on system (2.6.6), the structure of unknown input obg&Hh@) can be expressed
as[105107

a0 0Vao 060 6 ULWO
YO a0 Occ¢
(2.67)
Where

1 “YO: The estimated states of the thermal system.

§  O0hACR : Thematricesto be designed for achieving unknown input decoupling.

The block diagram of unknown input observer is shawligure 2.23

Unknown Input
Ja®

Output
Known Input i Thermal o
gl System g

Q) : y(®)

______________ - —‘— = \l
PB H

: State estimates

+
~| |=
A

S
o

»
>

T(t)

-

Figure 2.23 Block diagram of unknown input observer [105].

Observer state error can be defined as
Q0 YO Yo (2.68)

It is easy to obtaithederivative of state estimation error from equation (2.6.6) and (2.6.7)
that[105 [108] [109]
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Qo ‘OCC 6 LG QO

MTCTC 06 0 VG ao

00 CC 600

WMTCTC 60 VG O L wo

‘'O CC 6 Qo (2.6.9)
Where
T v ©o© 0
1 "OThet¢ ¢ identity matrix
In terms of strong disturbance decoupling principle, the traditional UIO theory requires that
T OCCO0 0O VG ™
f 00 CC m
I ™OTC o6 VLG O v ™
T O CC o6 1
Then equation (2.6.10) can be written as

Qo0 0 Qo (2.6.10)

If all the eigenvalues ib are stable, the 6 will approach zero asymptoticall98]. The

key stepin solving UIO parameters lies in (2.6.1107.

000 6 m (2.6.11)

It has been revealed that there exists a solutionddn (2.6.11) if and only if
[ENAYA0 0] i GEEQ [109)].

2.6.3 ReducedOrder Thermal Observer

If one or more state variables can be measured or observed directly, the system only

requires an observer that has a lower order theuplimt This approach results in the-so
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called reducearder observern the real application of thermal state olveeg some of

the system states are not measurable. In this case, the estimationuohigssurable
system states often neededl11q. In addition tohaving lower dimensignthe reduced
order observer may exhibit performance superior to that of-arfldir observer, particular
in a closedoop control systerml11].

The block diagram of reducemtderobserver is given in Figure 2.24

y=" Ty
Observation
L K
Q(t) T ~f'\ z(t) Jl\ T,
Input / =
A

Figure 2.24 Block diagram of reduced-order observer [110].
Where

1 "YO: Theestimated states of the thermal system.

§  O6hOHCH : Thematrices to be designed for redueedier observation.

The theory of reducedrder observers is simplified by partitioning the state vector into two

substatesis follows

Vo 0 0 V0 0 5o
Vo (0] 6 Vo0 (0]
©wo OmlVo (2.6.12)

Where

1 "V 0: The state vectors can be measured directly (of dimet3ion

1 "V 0: The state vectonseed be estimatddf dimensiore 0).

T 6 ,0 ,0 andd :0 0,0 € 0 ,¢& 0 €, € 0 € 0
constant matricesespectively

1 "Oldentification matrix of dimensiov .
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It can be seein Figure 224 that the system outpw 0 is assumed as measured state
vectors™V 0 . This assumption is not necessary but it can make the derivation of reduced

order observer clegf11].
Interms of'V & and”V 0 can be obtained from equation (2.6.12) as follows

Yo 6 Vo & Vo 600

Yo 6 VO © Vo 600
(2.6.13)
Since”V 0 is directed measured, no observer is require’v 0, i.e.
VYo VO (2.6.14)

For the estimated state vect"V 0 , the redued-order observer can be defined as
"o 0Dwd a¢ (2.6.15)
Where z is the defined state of order 0 as follows
a0 0ao60 0w Ouc (2.6.16)
Reduced order observer need to ensure that the error of state estimatoon, iwhile

independent ¢’V 6,"V 6,0 0 andw o6 [111].

Since there is no error in estimation”v 0 becaus(v 0 can be measured directly. The
state error only exists in the estimate state ve'v 0 as follows
Qo "o "Vo (2.6.17)

The derivative of state estimation error can be obtained from equation (2.6.13) to (2.6.16)
that

Q6 6Q0
6 086 80 DV
6 086 8Vo

0 vo Ov o (2.6.18)

Where the reducedrder observer requires tHatl 1]
T 6 0O 00

f 0 © 0o (o]i)
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T O 6 o

The gain matrix0 need be chsen to satisfy that the eigenvalues0die in the lefthalf

plane. Oncew is chosen, there is no further freedom in the choidrasfdQ

2.6.4Summary

In general, Luenberger observeverelativdy simple desigmrmethodsthat makeshem
attradive in practical application§l17. Reduced order observers can be used to reduce
the dimensionality of the observer when only a subset of the state variables are of interest

for monitoring purposegl13

UIO techniques can be embedded in the reduceer aigserver to minimize the effects
caused by unknown input vectodslfl]. These concepts will be applied to the problem of
reattime thermal estimation for online temperature monitoring applied to a power

converter in the following chapters.
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Chapter 3 Thermal Modelling

3.1 Introduction

In this chapter, thermal modelling methods reviewed in Chapter 2, willutiber
developed. The developed modelling methatsgeometrybasedand will useFDM to
describe theonductive thermgbroblem andthe convective heat transfer.

A 3D finite difference thermal model of power modulesl be obtainedn this chapter
Additionally, anumericalmodelling of convective heat transfeased on an equivalent

local heat transfer coefficientill be derived

Thegeometrybased numera thermal modelling andumericalmodelling of convective

heat transferare basedon a fine-mesh spatial discretizationyresulting in a large
computationalload While in the following chapters methods for model order reduction
will be presented, in this chapter, simplified lumped parameters models, which can be used

in online observers, will be introduced, together with method for parameters extraction.
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3.2Numerical Modelling of thermal conduction for Power

Modules

The nunerical model of thermal conduction will be introduced with reference to a typical
power module assembly as illustrated inuf@&B.1. Arectangular Nayer(N=7) geometry

with an arbitrary numbers of heat sourcesassidered

Qarea(t)

L]

Sinter Silicon Chip 0.2mm

Silver

0.1lmm Copper 0.3mm

Ceramic 0.3mm

Thermal Copper 0.3mm

grease =]

0.1mm

Baseplate Copper 3.0mm
10mm 10mm 20mm 10mm 10mm

Figure 3.1 Cut view of the simplified model.

The thermal properties tiie materiag used in thenalysed device are givenTiable3.1

Table3.1 Properties omodulematerials
Thermal conductivity Density Specific heat
[T & D ] QT ] [OF "Q"Q) ]

Silicon Carbide 120 3210 750
SinterSilver 429 10500 235
Copper 400 8933 385
Ceramic 16 2400 691
Thermal Grease 6.5 2350 167

The heat fluxd O is assumed to baistributed in the firslayer uniformly.The heat flux

0 0 ¢ pnwifa changes instantaneously from zerodor mandg p w7

a foro m

Thermal analysis and heat equations via FDM can be summarized in the following steps
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1 Simplified the completednodule in physical level, i.aeglectingthermalinsulatng
materials such as the silicone gel typically used for passivation on the top surface of
power modules

f Divide the simpfied model in cubes with theldBcoordinates{ FE i), as shown in
Figure3.2

1 Model the heat transfein each discretized cubewith a thermal capacitance
6 GRm representing how much heat can be stan¢he cube, thermal resistances
Y daReh thatrepresenthe thermal resistances between the cubetameighbours,
andaheatsourdg & REMM representing power loss dissipation within the single

solid medium

=
e l. ?P/ﬁz.

y

Figure 3.2 3-D Thermal model via FDM [57].
The model is discretized in-xy- and zaxis. By way of example, for the modrilunder
investigation, tk discretization used in the fidkder model results in a system with 5879
nodes, and the number of input is 9, corresponding to 9 nodes representing the input power

source on the silicon chip.

Heat transfer equations can be usecharacterizéhe heat conduction paths follows

D-l

L e @D

W (3.21)

8‘

Where

f "Ya : The temperature of the coordina@e at the timed[3 ].
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Aa&d 1 &@d Tox The internal heat energyer unit volume[m Té& 1.

A & : Thepower losof the coordinat@ o at the timed[® ].

& : Specific heat capacitgif 0 JQ"Q.
": Density [QTh .

1

1

1  Volumethe cubega 1.

1

1

f "Q :The thermal conductivityp ¥ & 20 ].

This PDE carbe numericallysolved on the discretized geometry resulting in:

g AR QM YaRR  Ya  pRef
Qo0 v Eh V. t%h
"Ya pRehl  Yak ph  Yahk ph
y y oo vy on
YoM p YaREM p o, qg
Y '%h Y Eh d (3.22)

The lefthandexpression irf3.22) represents thehanging ratef the temperature in each

cube’Yd ey , andthe righthandexpressiordescribs the difference between thesses

generated inside the cubépsﬁ " and the heat fluxeswardsthe neighboung cubes[57].

The parameters of thexjuation (3.2.2are the thermal capacitanct'esﬁﬁ , Which can be
calculated using thequation(3.23) and the thermal resistances connecting one cube to its
neighboursY ?]h . Note that the indek of 'Y ?]h refers to the directions of theeat

conduction paths summarized in the nomencldtire

6 " Vo Yo Ya @M oAb (3.2.3)
6 Yo Y
3" Vo Ya  cda "MV Ya (3.2.4)

The definition of the resistance of one node to its right neighbour is given as an example in
(3.24) [57]. It takes into account the thermal resistance of the cube itself arte of t
neighbour node to its righf57]. The resistance in all other directions is calculated
analogously An excerpt of the equivalent circuit, which represents thefifite-

difference conduction model of one node and its neighbours, is depicted in ERure
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To solve the heat equations for the module considered in this section, boundary conditions
are requiren the top layer, between layers of different materials and at bottom of modules,
will be analysed respectively in the following sections.

3.21 Heat Equationson Top Layer

The top layer of the module gesponds to the heat flux 0 generatedrom the
powerdissipation Cut view of the simplified model on the top of silicon chgn be seen
in Figure 33.

1
Edﬂ.}’

AzP,
AzP (2

—Y ]

Ax™/2 @ox"/2

Tm,n+1p

Figure 3.3 Cut view of the simplified model on the top of silicon chip

In Figure 33,&¢  p for the top of silicon chip where a heat flix  is presented. There
is noheat exchange on the toptbe nodesYd FER) due to the fact that thalicone of

silicon chip carbe considered as an insulator.

Equatbn (3.2.2) canthus be written as

AR QNafEm e Y Fe Py
Qo v Yw Ya —y i

Y& prEh  Ya phem

Y, Eh v Eh
“Yareh p  Yarkhm p
Y, Eh v Eh
Yare ph
— «, hh
Yo (3.25)
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The thermal parameters of equation (3)2an be calculated as

Where
T o
T o
f o

6 ff gyd)ycb Va &
. Y& . Yo
YEh — Y?,h ———
¢Q o ¢cQ o
. Yo . Yo
v X v
¢Q o ¢cQ o
&)
YR
¢Q o
o -Yo Y&
o -Yo Yo
Yo Ya

3.22 Heat Equations on Bottom Layer

(3.26)

In this simplified case, theopperbase platdas a conective boundary condition on the

bottom layer, whichis modelled by a constantheat transfer coefficienQ p&

p wZ & U and the inlet air temperatuié T 3.

n= nmax
Tm,nfl,p Az, 2
.z
Ax™ ®
— > AzP )2
Ax™/2 Ax™/2 Tm,nJPJrl
Ry 1 -
th—u - Ay?u‘
T:nrl,n,p

m+1n,p

Tair

Figure 3.4 Cut view of the simplified model on the bottom of copper baseplate
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Figure 3.4 shows thaitview of the simplified model on th®ttom of copper baseplate.
In Figure 34,¢ ¢ for the bottom of copper baseplate wheomvective boundary
condition is presented. There is no duwtive thermal resistance belothe nodes

"Y& FERY) and it is replaced with convective thermal resistavicE” to the cooling air

Without input power, guaton (3.2.2) can thus be miten asfollows

5 50 2R vakh v
0] Y Eh Y hh
Ya preh  Ya prem
y " 'y of
Yakm p YarEm p
y 0 y oh (3.27)

The thermal parameters of equation (3 2an be calculated as

6 " Py ve vao o
- Yo - Yo
w Fh w RA
T ¢Q o Y ¢Q o
.- Ya . Ya
R b . w KR .
YR ¢Q o Y ¢Q o
- Yo w FR P
AR Y =

T 06 8 -Yo Y&
T 6 & -Yo Yo
T 6 o6 Yo Ya
1

"Q M: Local heat transfer coefficiesion the bottom baseplate.
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3.23 Heat Equations through Different Layers

The completed module in physical levekimplified and dvided in small cubes with the
3D coordinatesHowever, due to the differetiticknessesind material®f layers, e.g. the
temperature nodes located at the interface between sinter silver and copper shown in Figure
3.1, simplified cubes are not always accurate to address the mesh unit. The geometry shown

in Figure 35 supplies as an example.

Tm,nf 1p

Tm,n,p+1

AzP /2

—_—
prm———— —L
Ax™/2 @Lx™/2
Tm,lH 1p

Figure 3.5 Cut view of the simplified model through sinter silver and copper

Without input power, eqation 3.2.2) can be witten as follows

i Q‘?% YaRR  Ya  pRR
(0] . hh . hh
Y} Y}
“Ya prERm  Yak phy  Yak pm
. hh . hh . hh
Y & Y i Y i
“Yarm p  Yakh p
. h'h f hh
Y : Y R (3.29)
Where
6" H s H b
y iR YO y B YO
h Qb h Qb
y B N B N
" Qb "odas
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Ya
cQ o

<
ScI¢
3¢

resistances can be expressed in Table 3.2.

Sc3¢

=

Qo (3.210)

The interface thermal codnctivities and cross area for the calculation of thermal

Table3.2. Thermaparameters a$inter silver andcopperinterface
Conductivity CrossSection Area
@ PYe  va
G
° )U/w UQ : s P ye Yo o Ya
Yo Yo C
@ Py va
G
Q Yo Ya
20 R Yw 8% o Bva vo
Yw ¢Yw T q
20 R Yw 8% o  Bva vo
Yw ¢Yw T q

It is worth noting that ther mesh units with necube geometry, including the neaobe

mesh units on the top and bottom boundary conditions, camalgsedusing similar

methods.

3.2.4 Validation ofNumerical Conductive Thermal Modelling

In this section, the developed numerical convective thermal modelling method via FDM is

validated against commercial software ANSYS mechanical.
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ANSYS

R18.2
Academic

Y
0 001 0.02 () kx
[ ____Eaaaa. )

0.005 0.015

Figure 3.6 Steady-state temperature distribution from ANSYS Mechanical
The D geometry structure is designed following Figure 31e 3D geometry structure
andsteadystate temperature distribution from ANSYS mechanieal be seen in Figure
3.6.

70 T T T T T T T

FDM
= = = ANSYS Mechanical

20 b

Temperature [C]

-10 ! 1 I 1 | | 1 I 1

t[s]
Figure 3.7 Comparison of transient temperature distribution from FDM and ANSYS

Figure3.7 shows the transient response of the MOSFET temperaturd-dinumerical
model and ANSYS Mechanical model.
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5 T T T T T T
4+ J
3r 4
M -
S
et 4
o
e
—
E |
4+ i
0 1 2 3 4 6 7 8 9 10

5
t[s]
Figure 3.8 Error of transient temperature distribution between FDM and ANSYS
Figure3.8 illustrates the transient temperature error between FDM and ANSYS, which is
less thar8.5%. It can be seen that the transient thermal response &fONEnumerical

methodcan match the transient data from commercial software ANSYS mechanical.
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3.3 Numerical Convective Thermal Modelling for Cooling System

In section 3.2.2, locdleat transfer coefficie® " is introduced in the conductive thermal
modelling. Q h is a function of the location ) on the baseplaténfortunately the
calculation of heat transfer coefficients not straightforward when heatsinks are
considered

The goal of this section is thus to devebmumericalconvective thermal modeadf a
paralletplate heatsink taking into account its geometry and thenags flow rate. The
model will result inan equivalent heat transfer coefficiét™ that is variable with the

axial position along thbottom baseplate of power modules.

3.3.1 Thermal Modelling of Heatsink-Fan Cooling System

Many cooling systems can be used to handle power losses in power corjidferthe

most commortooling systems typically based on the paralglate fin design. This might

be preferred when the additional complexity associated with liquid cooling solutions due
to pipes, pumps, coolants and coolaitt heat exchangersy undesirable due to cost,

efficiency, reliability oroverall system weightl[L§].

Power Module

Heat Sink

Fan Power Module

]
T—

Heat Sink

Figure 3.9 Geometric configuration of heatsink, fan and duct.
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The geometry configuration of fasooled heat sink coalg system is shown in Figure 3.9
and he details of platéin heatsink is Bown in Figure 3.10

Ahs

Air Inlet
m: Tin

Figure 3.10 Air-forced plate-fin heatsink

Where

0 : Heat sink lengthd ].
: Height of fins fx ].

c:

0 : Baseplate thicknesst|.
®: Heat sink channel spacing [.

&: Heat sink fin thicknesss(].

& : Mass flow rate of airQ11].
“Y :Inlet air temperatures([].

1

1

1

1

1

1 O :Heatsink base plate area |].
1

1

1 “Y :Baseplate temperature [.
1

¢ : Number of channelgY].

The thermal modelling of a facooled heat sink is a mujthysics problem, including heat

conduction in solids, convective heat and mass transfer, and fluid dynadts [
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LbﬂSE

l’fin

Figure 3.11 Thermal equivalent circuit of heat sink

In Figure3.11, the equivalent cirauof thermal resistance given with

: Themal resistance of base platefiw ].

=

: Thermal resistance of fin[fw ].

=

: Thermal resistance of fin to aib fw .

: Thermal resistance of base plate to aif J.

=A =4 =4 =4 =4
¢ < < < <
¢ ¢

: Temperature of air in the heanls channel § ].

The overall thermal resistance of the total finned surface from the fundamental heat transfer
[118] is written as

Y Y i

Y i Yo (3.31)

'Y i can be expressed as the following function of the heat sink geometry and the heat

sink material és thermal conductivity
v 0
h ~ =
Qo (3.32)
Where

0 : Baseplate thicknessi].

1
1 O :Heatsink base plate area |].
1 Q : The thermal conductivity of heat sink mater@lf & 0 ].
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Y ok is the overall resistance due to the convective process, which depends on th
volume flow, the geometry, and the position along the longitudinal axis of the channel
[117]. Asis shown in equation (3.3,1Y can beobtained by the sumY 7 ,°Y 5,

andY i . Unfortunately, the evaluation &f ;  is not simpleHere a model based on

thesingle fluid heat exchanger mod#llf], as showrin Figure3.12, will be developed.

Tbase

I aip

Air Flow Q
* T.base

1 air—in Tm‘r—am

. i .

||

Tm’r —ave

Figure 3.12 The single fluid heat exchanger model

Where

1 'Y : The convective thermal resistancelfo ].

7Y : The fluid resistanca)[fw ].

T 7Y  :Inlet air temperature of heatsink [.

1 Y i :Average air temperature in the middle of heatsank [
T Y i :Output air temperature of heatsirk]

The conective thermal resistant¢ can be calculated fronobavection heat transfer and

heat transfer coefficierfis used to model the convection heat transfer as following

v D Y Y h (3.33)
Where

"Q Convectionheattransfer coefficientdp 7 & 0 ].

1

1 O :Effective heat transfer surface aféa ].

1 7Y :Temperature of the base plate surfacé [
1

“Y i :Average air temperature in the middle of heatsink [
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The convective thermaésistancéY is thus obtained as

v ® (3.34)
The fluid resistance&/ can be derived in terms of the change in air temperature within

the heat sink as follows

N (3.35)
Where

f & : Massflow rate [Q'T1].
f & : Specific heat capacity of air 1:01[GF Q"Q U ].

The convective thermal resistan¥=is thus obtained as

y YR Y p
v Ca (3.36)
The overall resistance due to the convective process can be thus expressed ad#dlows |

[121]:

: ¢JY
Y i —

It should be notedhait the heated surface has been treated as isothermal and the model
presented in3.3.7) is oy true for an isoflux surfacelhe overall resistance due to the
convective proces¥ j  can thus be obtained as follows

¢ oY . N

Y i —! aw p Q (3.38)
p Q

Effective heat transfer surface aea and fin efficiency- can be expressed as follows

5 £ - &b (3.3.9)
o CQ O .
0 K@ 000 D
) Qw U 3.310
Q w0 D 3. )
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It can be seen that the convective thermal modelling of hedtmihermal modelling
relies on the heat transfer coefficiétwhich is a function of Nusselt numbed?22]. The

Nusselt number is the ratio of convection to conduction across the convective boundary,

including dimensionless local Nusselt number and-aiarensionalized Nusselt number.

The nondimensionalized Nusselt number can kpressed as follows

Q T (3.311)
Where

1 "QThe convective heat transfer coefficient of the flowf[ & 0 ].
1 fl: The characteristic lengtl [|
f Q :The thermal conductivity of the fluid ¥ & Q) ].

The derivation of Nusselt numbeiill be shownin the Sectior8.3.2and3.3.3

3.3.2 Channel Geometry and Length of Heatsinkan Cooling System

Before going into details of the Nusselt number, the characteristic [#rajtthe heatsink
in equation 8.3.11), should be adequately discedsThe characteristic length 623

[124] has been chosen as follows

fll 1670 (3.312)
Where
1 0: The area of air flowqd ].
f 0 :The perimeter of air flowd].

The main flow type in the air duct of heatsink is laminar flaaminar fluid friction and
heat transfer in nonircular pipes often occur in low Reynolds number flow heat
exchangers, such as automotive coolers, cold plates and microchannel radiziprs [
However, insome referenceshe use of equatior8(3.12) inlaminar flow is questioned
[126]. It has been shown by Muzychka and Yovanovit®v] [128] thatfl 110 succeeds

in consideringhe problems oflaminar flowin mathematical physics.
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In the case of the length or axial position of dimensionless duct length, dimensionless duct
lengthd and dimensionless axial coordinate can beintroducedusing a length scale
fl V0 to give[129-133]

5
— 3.313

b 5 o G ( )

4 QM6 ¢ Qi

YR o« (3.314)

Where

0: Duct length of heatsinksi[].
0 : Dimensionless duct lengthy].

&: Axial coordinde of heatsink ductsi(].

1
1
1
1 o&: Dimensionless axial coordinate of heatsink dudfs [
Y@ Reynolds number based in V6 ['Y].

1

* . The dynamic viscosity of aifQRa i ].

Similarly, dimensionless thermal lengihand dimensionlegsositiond” can be calculated

as follows
5
VR L B— (3.315)
0 g} av i
;o VB
©0R aoi (3.3.16)
Where

1 0°: Dimensionless thermal lengtlY][

1 & : Dimensionless position for theathy developing flow of heatsink duct¥].
T 0Q 0 fI7 :Peclet number based tn 16 ['Y].
1 0 :Average velocity of air flowd 7i].
1 | : Thermal diffusivity ot 7i].
f 0 t Prandtl number (0.71 for air) [R].
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3.3.3 PressureDrop Models and Heat Transfer Modelsof Heatsink-Fan

Cooling System

The pressure loss throudgieatsink ductss determined byhe friction between the fluid
and theducts [L34]. A simple model as a function of is thus necessafgr thecalculation
of friction factor. The model takes thellowing form [127] [135]:

o8 1 7

QY - QYQ
s ) (3.317)
Wheret is a superposition pameter determined by comparisaith experimentaldata
over the fullrange of0 . Using the resultprovided in[127] and the general expression of

eguation 8.3.17), the following modetan bedeveloped:

o8 1 PG
o et p p“_QSCOATEE (3.318)

Wherg is thenominal aspect ratiof heatsink and can be calculated as

Qv

QQAEN ® Qe 'ng i

B & £ IO Ol (3.319)
Using the available data from47] and [L36], it is found that thevalue of¢ lies in the
rangep® & o® with a mean valué  ¢. Based on the proposed pressure drop
model, aheat transfemodelfor developing flow, whichis valid over the entire range of
dimensionless duct lengthsas beereveloped by Muzychkand Yovanovichin [137].

The general form of # proposed model for an arbitratharacteristic length scale is

follows.
7
QY,Q Y,
0 ¢ 0 00 VQ 6 — mTVQ
W (3.320)
With ¢ 5, the model becomes:
7
QY QY
0 ¢ ] 00 GZ“Q 0 —\mr'ﬁ
ud (3.321)
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Where the constants, 6 ,06 amd 29 ar e (¢ i3.3 &mesedomstants aldfiheethe

various caes for local oraverage Nusselt number and isothermaisoflux boundary

conditions
Table 3.3Coefficientsd6 ,6 ,6 amd 9

Isothermal 0 a8tp 0 Mnw
Isoflux 6 o®a@ 6 T Tp
Local 0 a8ip

Average 0 ofg

Upper bound [ pXpt

Lower bound r ofp

Theanalyseof combined entrance riem are related tdPrandtl number( ). The Prandtl
number () is a dimensionless number, defined as the ratio of momentum diffusivity to

thermal diffusivity. The Prandtl number igpressed as

. U “r w
T Rrs T @ (3.322)
Where
T 0 7 :Kinematic viscositf¢ p 1 & 7i for air).
1 | : Thermal diffusivity[& 7Fi].
f *:The dynamic viscosityf air [QRa i ].
f ”:Density (L.225°Q'Th for air).
f Q : Thermal conductivity® ¥ & t0 ].
f ® :Thermal capacitance of air 1Q1[0Ff 'QQ U ].

With Prandtl numberthe characteristics afombined entrance regns can be expressed
usingthe averag@&lusselt numbefl137]. The average Nusselt number for bigbthermal
or isoflux boundary conditionsan be compactly written as:
., 06"Q0I
0 G —
Mo (3.3.23)
Whered ardQ0 i are given in Tabl8.4
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Table 3.4Coefficientsd ard"QU i

Isothermal 05 | ™ QT
p pHOIi’T T 7
Isoflux — s < TRUTRO)
QU | =
Local 0 p
Average 0 ¢

A model for the combinednérance region was developed Myizychka and Yovanovit
[137], by combining the solutions for a flat plate, Equat{8B8.2]), with the proposed
model for the Graetdow problem, Egation(3.3.23. This model took the form:

6 G- U i
7 T
o nNEN — e~ ¥ o o~ Ll
ox . QY . Y, oQui
OO0 nz 0 N AT >
L U T o M
u v

(3.324)
The blendingparameterr was determmied tovary between 2 and 7 fall of the data

examined137]. To provide a better accuracy, thiendingparametecan are expressed as

G cq X ppoi” (3.3.25)

3.34 Numerical Forced Convection Modelling of Heat Sinks

After introducing& " and constand ifor air flow, the equation 3.3.24) which

representsocal Nuseltnumber, can be writtess:

0 ¢ &
¢ 1’1T
oy [ — NN E o T
g 2B 5 IR AR
§] a AT Mo i (3.3.29
u v

With local Nuseltnumber the local heat transfer coefficiergrsus channel length can be

expressed as
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04~ & Q (3.327)

IQ’Z
¢ Q

Where
' Q : The thermal conductivity of the air 0.0 F & 20 ].

1 Q ——: Hydraulic diameter of the heat siokannel i ].

The convective thermal resistarzan be calculated as

Y oG
(3.329
Where
T O ¢ ¢0 - o 0: Effective leat transfer surface arffa ]

1 —: The fin efficiency of heatsinKY]

It can been seen that the convective thermal resisténisrelated to the geometry of the
heatsink. Howevel3D FDM thermal modellindgs not suitable to descritseich acomplex
geometry structuréike heatsink Consequently, fins of heat sink cannot be simulated in
FDM model can only the baseplate of heatsink withpdémcuboid structure can be

remained. Then the equivaleheat transfer coefficiedif2 need to be estimated as

follows
p p
® Q9 (3.329)
Where
T 0O 0 ab : The area of heatsink base plfe ].

f @ : The width of heatsink base pldte].

In the simplified caseislcussed in Section 3.2.2, thase platdas a convective boundary
condition on the bottom layer with constant inlet air temperdire It is assumed that
the air flows into heatsink channel uniformly in thaxs direction, as is shown in Fige
3.13
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N = Nyax
Tm,nfl.p Az, N
AzZP [2
Ax™ ® !
—] Azl /2
Axmy2 Ax™/2 Trnp+1
Rep_y lAyE;‘
2
Tﬂkl,:n,p

m+1np

Copper

( ; Tm,n,pf 1

Inlet Air Flow Air Flow/Trm—

Figure 3.13 Cut view of the simplified model on the bottom of copper baseplate
In Section 3.2.2, the local heat transfer coefficient is a function of the location
GRE & I on the baseplate. With uniform inlet air flowhe local heat transfer
coefficientis a onedimensional parameters related to axial position of baseplate along the

air flow, which can be represented 'Q/F‘ "Q U.The’Q U can be calculated as

follows

R , R 04 a0
0 T 0 Q (3.330)

3.35 Validation of Numerical Forced Convection Modelling

The numerical thermal model of local heat transfer coefficient is validatedrbparing

the junction temperatures of MOSFETs modified from ANSYS Mechanical which rely on
the numerical results fromumericaheat transfer coefficient model with commercial CFD
software. A simplified test model representing system containing a tehipepower

module and a platén heatsink is shown in Figuiz 14.
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m = 4~7g/s

Figure 3.14 Geometry structure of simplified power module with heatsink
The mass flow rate varies from 4g/s to 7g/s and six temperature p¥obesre settled at
six MOSFET chips witldifferent axial locations. Both the ANSYS Mechanical model and

CFD model used the same power injection@w p §. Thepropertiesof the heatsink
is shown in Tabl&.5.

Table 35 Thepropertiesof the heatsink
Parameters Values
0 Heat sink lengthd ] 0.084
@ Heat sink width ¢ ] 0.034
0 Height of fins fx ]. 0.02
0 Baseplate thicknesst[. 0.003
€ Number of fins TY]. 38
@ Heat sink fin spacingy{]. 0.0004
o] Heat sinkfin thickness { ]. 0.0005
Mass flow rate of air'{Xi]. 4,5;7
Y Inlet air temperatures|]. 40

The obtainedlocal Nusselt number {( §,-), heat transfer coefficient’®, heatsink

efficiency ) and equivalent heat transfer coeifnt (Q ) versus axial duct lengttan
be seen in Figure 31
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4000

—4g/s
3500 —5g/s| 1
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0 0.02 0.04 0.06 0.08
Length [m]

(d) Equivalent heat transfer coefficient'Q &
Figure 3.15 Local heat transfer coefficients virus z-axial length
The numericalmodel has been validated against detailed simulation using CFD software
ANSYS ICEPAK The calculated local heat transfer coefficients frommmerical
convective thermal modelg are used in ANSYS Mechanical model, which keeps the

module and heatsink baseplate while removes the fins of heatsink.
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Figure 3.16 Comparison of temperature along the axial direction with the numerical model
and detailed CFD analysis
The steadystate results arshown in Figire 3.5. Excellentdata agreement can be found
between this two method¥he error between CFD and ANSYS Icepak is less than 3%,

confirming the accuracy of theumericalconvective thermal modelling.
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3.4Lumped Compact Thermal Modelling for Power Electronics

System

Although the developed models are capable of accurately modelling the temperature
distribution in complex geometries, they still result in computationally complex systems of
eqguations due to the large number of nddethe discretization. While a detailed model
could be suitable at the design stage of a power converter, a compact model might be
preferable for online monitoring of temperature during converter operation. This section
will develop a simple lumped parareetmodel which will be used in subsequent chapter

for the purpose of temperature monitoring.

3.4.1 Power Module

All the derivations presented here will be developed with referenaestiicon Carbide
(SiC) MOSFETbased hatbridge. Based on innovativére-bond free planar interconnect
technology 138] [139], the module has been desigreadl manufactured by Siemens AG,
within the Horizon2020 European Project Integrated, Intelligent Modular Power
Electronic Converter (I2ZMPECT]140], to provude a powe electronic building block
(PEBB) for a 99% efficient -phase power converter with a powerweight ratio of 10
kW/kg. This means that for output power of 45 kW, maximum tiregse power loss of
450 W (150 W per phase/leg) is the allowable limit.

.

(a) Top view
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(b) cutiso view
Figure 3.17 Single I2MPECT power module.
Figure 3.7 shows CAD drawings of the hdtfidge wireboneess power module. Twelve
MOSFETSs are sintered using a silver sintering paste onto the direct copper bonded (DBC)
substrag. Two thermistors (PT1000), indicated as SensorsidFgjure 3.%, are mounted
on the DBC for temperature feedbadke module is primarily cooled via the baseplate,
which is designed to be mounted to an air cooled heatsink via a thermal interfatal mate

(TIM). This configuration can be shown in a crggstion picture as Figure 3.1

Silicon Carbide

Silicon Carbide
Copper

Ceramic
Heatsink

Figure 3.18 Cross-section view (including TIM and heatsink baseplate)

Thematerial propertieare listedn Table 3.6.

Table 3.6Thematerial properties dIOSFET-based hakbridge
QoOTa D " [QTh ] o [0F Q) ]

Silicon Carbide 120 3210 750
Solder 5 10500 235
Copper 400 8933 385
Ceramic 16 2400 691
TIM 6.5 2350 167
Hestsink 237.5 2689 951
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3.42 Thermal Modelling

Thesimplified RC compact thermal modsgiould becapable of taking into account lateral
heat dissipation within the module and thermal interference between MOSFETs and the
embedded PT1000 thermistor used as temperature sensor on the module ba#seplate.
thermal model of the power module andtsaw isthusestablished based on a Fodigrye

resistorcapacitor (RC) network as shown in &g 3.5.

Resistance between
MOSFET and Sensor

__________________

MOS . Sensor
Temp U [RBETT TB qemp
RC network ) FW—O
between | N
MOSFET and Air '
X;iR1
0 :
3 S S S U
g : : RC network
o (DXZE R2 c4; Xy between
g : j : Sensor and Air
o .
o

X3:R3

Air Temperature

Figure 3.19 Lumped parameter thermal network.
The thermal network shown in FiguBel9requires three inputs

' MOSFET power los$
1 Measured temperatui¥ from Sensor B

1 Inlet Air TemperaturéY (Reference/Ambient).

As shown inFigure 3.8, the MOSFET losse8  are dissipated to the ambient via a

third-order Foster network’ YO to'Y o ) . The tempeBbatisr e hRe madil
connected to the ambient via a fister foster network'Y 6 ). The resistance

represents the thermal conduction between the device and temperature sensor. Therefore,

the thermal networksi of fourth order, making it relatively simple from a computational

viewpoint and suitable for rediime application in a temperature monitoring systé&ime

device junction temperatuf¥ @ @® @ Y , where® are the temgrature
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rises across the respectiYedelements. The lumped network could be replicated for each
of the devices in the power module. For simplicity, in the following, only one network will
be used to represent only the hottest device (MOS11).

The'YR parameters have be estimated using a parametisntification procedure
basedon CFD analyses. In particuldhe model of a complete thrpdase converter has
beenestablished in ANSYSJEPAK CFD tool as shown in Figure 3.20

r
] e | ¢ -
BRI o
1
13

Figure 3.20 Model Simulation using ANSYS Icepak.

Theboundary and operating conditions set during CFD simulations, whose results are used

for parameter identification of the thermal network, are as follows:

§ The power losses of MOSFET §i1 = 12.5W(150 W er phasel2 MOSFET}

1 Reference / Ambient / inlet air temipy = 403

1 Reference inlet air speed = 4 m/s per phase/leg

Thethree power modules amneounted on a forced adooledparallel plate finned heatsink
and he transient response to a stegrease in power dissipation, is calculatéte inlet
air temperature of the ANSYS Icepak model i3 4@ith a fixed air flow rate of 4m/s. The
three power modules are mounted on a forcedaated parallel plate finned heatsink and
the transient response & step increase of 450W in power dissgratequally distributed

across the 3x12 devices is calculated

An adaptive mesh has been used MSXS, using a finer mesh to discretizeetthinnest
layers in the DCBMeshinformation of ANSYS ICEPAKmodelcanbe seen in Table B.
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Table 37 Meshinformation of ANSYS ICEPAKmodel
NODES 3151451 NEXAS 3050912
QUADS 540777 Faces + solids 1605
Computing element quality range 1.45371el3nt~2.5497768nT

A least squareminimization procedurehas been employed tccalculate the'Y
parameters that minimizbe error between the resultstioé lumped parameters model and

CFD.The estimated thermal parameters can be seen in T8ble 3.

Table 38 Estimatedbarameters
Thermal resistances fw | Thermal capeitances (if0 |
Y 1.71 0 37.41
Y 3.59 0 1.17
Y 2.40 0 22.39
Y 11.27 0 4.10
Y 3.33

The results of thisparameters extractioomethod are also shown in kg 3.21
demonstrating a good agmaent betwee the CFD referencand the lumped parameter

network.

120

]
S
[}

80

Temperature [C

60

CFD

= = = State-Space Model

40
107! 10° 10
t[s]

Figure 3.21 Transient thermal response for model parameter estimation.

1 2

10

It can be seen that the eleeth®ermal coupling simulation using the RC compact thermal

model provides reasonable accuraaytfe prediction of MOSFET in the power module.
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Consequently, the model can be used for-tiea temperature estimation. However, it

must be noted that the derived model can the junction temperature accurately only if the

following conditions are met.

Inlet air temperature is known with reasonable accuracy,

1

1 No change in boundary conditions,

1 Modelling error in thermal model is minimal.
1

Modelling error in power loss is minimal.
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3.5 Summary

In this chaptermathematical methods fohermal malelling methods are developadd
applied to the thermal analysis of a power electronics mashdets cooling system based
on a parallel plate heatsink. The FDM is usectcforductive thermal modellingumerical
modelling of convective heat transfédditionally, a simplifie lumped parameter model
based on the Foster thermal network is also proposed.

Theseresults do not constitute the mamovety of the thesis but are essential in the
derivation of the multparametric model order reduction and cawetpthermal modelling
with reduceeorder observer and disturbance estimatidnich are the subject of the
following chapters The computational complexity of the obtained3dynamic finite
difference thermal model will be reduced using model order remudgchniques in
Chapter 4. Additionally, the design parameters conserved in-partimetric order
reduction technique are the convective heat transfer coefficients obtainedunoenical
modelling of convective heat transfer. Finally, the RC parametstisnated by the

developed compact thermal model will be used in the observer design in Chapter 5.
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Chapter 4 Multi -Parameter Model Order Reduction for

Thermal Modelling of Power Electronics

4.1 Introduction

In this chapter a novel multi-paraneter model order reduction is applied to the thermal
modelling and simulation of power electronics modules and air cooling system. Although
widely employed, simulation tools based finite elements (FE) or finite difference
methods (FDM) result in computanally expensive models that hamper the analysis in
studies where one or more parameters are changed. Model order reduction techniques can
be applied to reduce the computational complexity. However, standard reduction
technigues cannot easily considergmaeters variability and need to be reapplied for each

parameter value.

In order to use MOR techniques in design studies, it is desirable that the reduced order
model conserves a dependency on a design parameter, e.g. the coolant mass flow rate,
without the need to repeat the reduction process for each variation in parambters.
chaptempresents a parametric MOR method that conserves parameters and demonstrates its
application to a case where the boundary conditions representing a forced air cooled
heasink are modelled through several heat transfer coefficient parameters which are kept
in the reduced order model. The method, based on-maltient matching and block
Arnol di s orthogonalization on standard Kryl
method is illustrated and its benefits demonstrated with reference to a power module
mounted on a forced air cooled finned heatsink. Detailed comparisons with commercial
CFD software and experimental measurements demonstrate the accuracy and

computational dfciency of the proposed method.
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4.2 Non-Parametric Model Order Reduction Methods Based on

Block Krylov Subspace

A multi-inputmulti-output (MIMO) system of ordinary differential equations (ODE) can
be obtained as

6Y0O 0 00O

®w O7"Yo
4.2.9)
Where

f U afudi : The thermal conductivity matrix generated frafn ciudtx
f 6 ahuhx : The heat capacity matrix generated from afoitr

0 chufdfd : The heat source generated frinoduford

1 7Y: The temperature distribution vectors.

1 : The chosen output temperature distribution vectors.

T OY : The input matrix.

T On~'Y :The output matrix.

1 ¢&: The dimension of state space.

1 & : The number of inputs.

1

n: The number of outputs

42.1Ar nol di 6s Orthogonalization on Stan

The Krylov subspace techniques require a single matrix representation of a first order ODE

system. Equation (4.2.1) can be rewritten as

0"Y0 YO 600

G 07Yd
(4.2.2)
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T 6 o O

To make the derivation clear, reduction algorithm based on Krylov subspace can start from
thesingle-inputsingle-output (SISO) case, i.ée 1 p (for SISO the lower case letters
wandQare used for the inpuind output arrays) as equation (4.2.3). Krylov subspace
reduction inMIMO can be obtained using the similar method.

0Y0 YO wd o

w Q JYo

(4.2.3)

The SISO transfer function can be defined as:
"Oi ¢ Cio O (4.2.9)

The Taylor series expansion™Oi abouti Ttis expressed as:
"Oi ¢ Ci6 {6 E O & i

‘ (4.2.5

Whered ‘G ® ware called moments abdut.

Krylov subspace methodsn be useto reduce the system order ¢yoosingO i as a
Padéor Padéype approximant ofOi , and'O i is thei -th Padéapproximant of the

transfer functior'Oi about the expansion point,
Fori pltf8, the subspace:
0 6 [ NoadAB® (4.2.6
0 Ofw is called the -th right Krylov subspace, induced Byanda The vectors from

(4.2.6 quickly become almost linearly dependant ahd solution is to construct more

stable basis vectsd ) /8 hy saved in columns of matrie as follows

0 o i [ MR (4.2.7)
The Arnoldi process productsesequence of the vectobshh 8 R ,which span the right
Krylov subspace4.2.6 and are othonorm#t3]:
pRQ™C Q

e v QE G OpC AC |
o 0 4.2.9
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Then, theupper Hessenberg matfi® 'Y  (with'Q mh! "GQEQ '@ p) can be

obtainedas follows:
w DWW O 4.2.9

The matrixO can be considered as an orthogonal projection of the niatixo the
Krylov-subspace4(2.6 and it is equal to the system matrix of the reduced systerfihe
algorithmcan be summarised as folloy#3].

<

SetQ; 00 andy 0 0GQ for’Q p

ﬁ(
E(

0

Obtaine» U O B

T Setd @

f Conpute A) £for'Q plthB A and stop wheft, Tt
1 Setd LI

1 Set0 on

1

1

System (4.2.3) can be reduced as

OYO YO oo

®w Q JYo
(4.2.10)
Where
0 o
Q wQ

4.2 2 Non-Parametric Moment Matching of Block Arnoldi Method

In Section 4.2.1the Arnoldi reduction method based on Krylov subspa&Si®©case has
beenderived The block Arnoldi method can obtain the retioie of MIMO heat transfer
modelin a similar manner to the standard SISO d&d¢ Transforning (4.2.1) into the

frequency domain result in a matwalued rational transfer functio@ © 6 given

by:
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i 0020 i 6 O invE (4.211)
Which can be rewritten as
"Oi O 00 U O 20 O (4.212

The block Arnoldi method obtains the information of the leading Taylor coefficients of
"Oi . Expanding’Oi in (4.212) around a point :

"Oi Ot i (4.213)
Where the momeni$ are given by:
0 io o 6 tiéo 0 tO (4.2149
If, for simplicity, i 1, then 0O 6 t U “Ohtherefore, matching the

moments of the reduced order model to the filsbments of the original system.2.13)

can be obtained by selecting the projection mabrix

w U1 o i NwWwéooo 6806 0O (4.215)
Where
0 U O
6 0 O

01 0M is socalled block Krylov subspaced columns of the matrixd

® w8 @ are starting vectors of the block Krylov subspade 6 . The moment
matching based olrylov subspaces is expressed to find a-imensional model that
matches the first moments in the Taylor expansion shown inl@.2A reduction to a
specified ordei is obtained by selecting a subspace spanned by an orthogonal basis
formed by the fisti columns of0 6h . A numerically stable method to generate
orthogonal basis vectors of this subspace, based on the Arnoldi process, is detailed in the
Table 4.1]9Q].
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Table4.1Ar nol di 6s ort hogonaliz

0 O 0,06 U Block Krylov subspaces
Q¢ N pkB hQ Normalizedd to &) A1

U oOTAm A Start computation o)
Q¢ pB hQ One matrix multiplication

0 00U Ois in the space

Q 0o "Q L = projection oft on L

0O 0 Qu Subtract that projection
0EQ t is orthogonal ta) 8 )

Q 5 AE Compute the length af

) orQ i Normalizetto 0 =1
0 Q O MBh  areorthonormal

Then the reduction of the fulirder system (4.2.1) can be expressed withprojection

matrix w, as in 4.2.16)

60a 0Da 0 o
w O
(4.216)

Where

M O Wwow
T o WL W
T O w™
T O woO

4.2 3 Validation of Non-Parametric Model Order Reduction Methods

The same simplified model with Section 3.2 is applied in the validation of the proposed
MOR method. In the siniied case, thecopperbase platédhas a convective boundary

condition on the bottom layer, whigs modelled by aconstantheat transfer coefficient
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"Q p& prmnwrla 0 andtheinlet air temperatuig Tt 3. The discretization used
in the ful-order model results in a system with 5879 nodes, whileltbserreduced order
has 18i( ¢a) states, corresponding to 9 nodés (9) representing the input power
source on the MOSFET.
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Figure 4.1 Comparison of reduced-order, full-order model and ANSYS.
Figure 4.1 show the transient response of the MOSFET temperature obtained via-reduced
order and fuHorder numerical simulation and commercial FE tool ANSYS Mechanical.
An excellent data agreement can be found amtbegfinite differencefull order, the

proposed reduced order method and the ANSYS
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T
Error

Error [C]
(=)

0 2 4 6 8 10
Time [s]
Figure 4.2 Transient error between full-order model and reduced-order model

Figure 4.2 illustrates the transient temperature error betivteorder model and reduced

order modelwhich isless tharil%.
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4.3 Multi-Parameter Model Order Reduction

In this thesis, the geometbased numerical thermal modelling with MOR should be
developed to address the fast thermal simulation in the electronic design process, including
the desigrof power modules and cooling systems. Some geometrical paranesgertse

length and width of baseplate and/or property parameters, e.g. the thermal conductivities
of TIMs or sinter materialsyill be changed with varied designed power converters. Simila
parameter variation, e.g. the convective heat transfer coefficients, can be found in different
designed cooling system. In the Aoarametric case proposed in section 4.2, the reduction
processes need to be repeated as the originabrilgk systems arehanges due to the
varied designed parametets. order to use MOR techniques in design studies, it is
desirable that the reduced order model conserves a dependency on godesiggier,
especially the design parameters of the cooling syshéthout theneed to repeat the

reduction process for each variation in parameters.

As an examplethe parameters conserviedthis thesisare bcal heat transfer coefficients
obtained from proposed convective thermal modelling of cooling sy§tkenmentioned
geometical parameter andproperty parametersan also be conserved using the same

method.

Similarly to the norparametric case, ODEs system of the fodn2.(l) are considered. In
section 3.3, the local equivalent heat transfer coeffié®nt & , as a function of axial

position of baseplate along the air flow, has been analBsagd on thisase, it is assumed

that the convection boundary layer has a rpdtiameter dependence on air mass flow.

The MIMO system with heat transfeoefficients’ Q" Q 8 "Q in discretized form ar¢hus
given by:
0"Y0 O QO QO E Q0L Yo O o
w O JYo
(4.3.)

The multiparameter model can be derived fromaameter model order reductionaas

example. The MIMO system with two paramet€@sand™Q in discretized form is given

by:
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6Y6 0 Q0 Q0L Yo O o

w O JYo

4.3.1 Multi-Parametric Moment Matching
The transfer function for4(3.2) is
"Oi 020 ML QU i 6 OO0
00 U QU QU 0 i

Q0 Qv Qv O

0O 0 Qv M o6 ML QU

Whered HQ tipf8 are the moments 60i .

WhenQ Tt
0 0 QU QU O
OO0 QO QU U O
O U MU QU v O
WhenQ p;
0 0 QO MU o660 MU QU

For the'th moment,

43.2

(4.3.3

(4.3.4)

(4.3.5
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0 0 QO QU 6 0V Qo Qv O

0 Q0 Qv 60

Th

(43.6)

The termQQRQ O 0 Q0 QU appearing ih i) FE R is an

infinitely differentiable function in an open neighborhood arouf@fiQ Tt

therefore it can be expressed using the rwaltiable Taylor expansion as:

"QQRQ "Qrim
L og we o o
pA
CBA"Q mnQ ¢Q mMmQQ Q mnn'Q
E 43.7)
Where
Q "QhQ T—'Q"QH"Q
TQ
O 0L QL QU 20 U
(4.3.9)
”, 137, T ¥ , L3,
Q "QhQ = QQhQ
O 0L QO QU 20 0
(4.3.9
. i .
Q Qi —— "QQhQ
1Q
¢ O ) QU QU 20 U
(4.3.10
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T

QO QRQ "QQRQ
TQ
¢0O 0 QU QU JQ0 v
(4.3.12)
QR J__ "Q'QRQ 11 "Q'QRQ
TQQ TQ17Q
¢ O 0 QU QU Q0 v 20 v
4.3.12
Therefore, equatior(3.7) can beexpresseas
QQRQ  "Qmm
Pamne @ nno
pA
CBA“Q mmQ ¢Q m'QQ Q mn'Q
E
MU0 vVQ v7Q 0 VQ V7 E
0 VQ v
(4.3.13
Consequently) of equation 4.3.4) can be written afollows
) v LQ vQ v O (4.3.14)

A simplification can be achieved iifixing moments can be ignored. This is based on the
assumfpon thatd Q) 1t For the problem under investigation, i.e. the thermal analysis
of power modules with convective boundary conditions, the parameters'@ix8 "Q

and submatrice8 0 8 U only appear in the equations thie states on boundary layer

of the baseplate.

The temperature distributiotYofudtr is discretized and stored in a square system of
dimension ok & &€ & . x- and yaxis represent the temperature probes on horizontal

layers while zaxis represents the vertical temperature distributions. Thermal capacity and

conductivity matrice®, 0,0 ,0 € ar e sparse mat rzeroaementi t h
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According to the heat transfer equation, the-nero elements o, 0 andv are the
inverse value of the heat thermal resistances between nodes of the discretization. Figure
4.3visually illustrates the heabnduction matrix on the th layer.

n—n,+1 N+ (ny — Dny n

X

n = Ngiy, + 1 N N+1 n—n(n, —1)

Figure 4.3 2D figure for analysis of heat transfer matrix on the ¢ &Qayer

The D illustration shows that the heat transfer matrix is divided into two sections. The
nonzero elements of 0 are contained in the left (orange) area with heat transfer
coefficient’Q and are zero elsewhere and vice versa folFor example, fore £ th node ,

the heat transfer is non zero only between its adjacent nodes, whi¢h ageth, €

¢ thand&¢ ¢ ¢ th. This means that the naero elements ohe&th row are only
located in thehteéth, € pth, € € thandé&¢ ¢ &€ th columns. Consequently,

matrix andv can be expressésllows

o 0O
0O
. 0O
v 0
E é é € &,
:.%13 O R O R 8 T[I,I
11
o 8 O i O i 8 T
'8 é é E
U Tt Tt n v
. 0O
v 0
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E é é é é 0
:.E n T\[ n n Y|
o .8 mE & &

ll,:: nm E O j O & n

E T8 O Or U (43.15
Where
f 0O UL NG |
T ©O (0] (0] N g

T ©O O O nNvg
It is evident that the locations of naero elements in andv , results in0 TL

Similar assumption and derivation can be applied in thewitisenore than 2 parameters.

The terms containing the parameters4ir8(14 can be further simplified using:

0 QU y o — 2 g TP Ho
U U U V) _—
(4.3.16)

The error in this appramation can be expressed as:

V] Qu Qu v v
C
Qu Qu v v
C
0 Q
— 0 0
¢ (4.3.17)
Where
0 Q1 W (4.3.18)
b o o (4.3.19)
s
. Q Q
L Q ¢ V] U
s
Qe oy (4.3.20)
C
£
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. Q 0
v Q Q v U
C
Q Q Q
Q Q E
c V) V) (4.3.21)

It can then be concluded that the smalzr "Qhthe smaller the error. This can be
achieved with a finer discretization of the convective heat transfer at the boundary
condition: assming there aré heat transfer coefficientfQQ 8 "Q, the error will be
proportional to ' Q Q Q Q 8 Q "Q . With an increasing , the step
difference of adjacent parameténs "Q will reach zero, and errar approaches zero

correspondingly.

Based on the above two assumptions, the térgh14 can be rewritten as:

WhenQ 1T
0 ) QL QU 0 O
O U U v '0Q O Tc (4.3.22
WhenQ p;
0 (@] 0 QU QU 0 00

t O U O 0 "0Q O TIc (4.3.23

For the®™ moment

O U O O 6 Q Tg to
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O L O 0 6Q O T¢

t b L 0 0 6Q Q Tg t0

T

~ ) O 0 0O 0 1

(4.3.29
As demonstrated in4(3.22 - (4.3.24), the parameter® and’Q are separated from the

system matrices. Consequently, its i possible to make the subspace
i ok M MO independent of the parameters. The first morentan then be

expressed as the Krylov subspace:
i NoE@eE i O 0 0 R O (4.3.29
Similar methods can be applied in the mphlirameter system with more than two
parameters in4(3.1) asfollows
i oOEmé i 0O 0 0 E O R O (4.3.26)
The generation of orthogonal basis vectors isf shibspace, based on the Arnoldi process,

is reported in th@able 4.2

Table 4. 2Multi-parametéac Ar nol di 6 s ort hogon
0 0 i o ,06 O O Block Krylov subspaces
Q¢ D pB hQ Normalizedd to A A1
0 o071 A Start computation of)
Q¢ N ptB hQ 0 One matrix multiplication
0 0Ov 0Ois in the space
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Q Lo "Q U = projection oft on
0 0 Qu Subtract that projection
NE Q tis orthogonal ta M8 f
Q5 A Compute the length af
0 orQ Normalizetto v =1
0EQ OB  areorthonormal

Theproposed MOR procedure can be summarized in the following steps:

1. The heat transfer eqtionis discretized using Finite Difference (or FE) methods into

a set of parametric ODE of order Hl3.1) dependent on the paramet@g Q.

2. The firstQmomens® HQ T1#8 hQof the Taylor series of the transfer function are
calculated using4(3.22 - (4.3.24) which are, by definition, Krylov subspaces as in
(4.3.26.

3. The Arnoldi method (Appendix) is applied to generate a numerically stable,
orthogonal bais sets for the Krylov subspaces, resulting in the projection matrix

of dimension L 0.

4. The originalfull-ordersystem of ordebd is nowtransferredo a reduceebrder model
of orderi, where the dependence on the parameters is conserved in th@ syst

matriceso , 0 , O

4.3.2 Validation of Multi-Parametric Model Order Reduction Methods

The same simplified model with Section 3.2 is applied in the validation of the proposed
multi-parametridMOR method.The difference of the simpliftemodel compared with the
model used in Section 3.2 and Section 4.1, is the convective heat transfer coéfficient
There are three local heat transfer coefficiéts at differentaxial position of baseplate

along the air flow, as shown in Figure 4.4
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Q area (t)
Sinter Silicon Chip 0.2mm
Silver >
0.Imm Copper 0.3mm

Ceramic 0.3mm

Thermal Copper 0.3mm
grease =

0.1lmm

Baseplate Copper 3.0mm

> >
H1=2200 H2=1900 H3=1600

Air Flow

Figure 4.4 Simplified model with different heat transfer coefficients.

In the simplified case, theopperbase platdas a convective boundary condition on the
bottom layer, whichis modelled by different heat transfer coefficientQx

¢ ¢ tprw fprg mi¥ @ O and the inlet air temperatung 1T 3. The discretization
used in the fullorder model results in a system with 5879 nodes, whilelthserreduced
order has 18i( ¢a&) states, corresponding to 9 nodés (9) representing the prut

power source on the MOSFET
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120 T T T T
Full Order
= = =Reduced Order

100
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Temperature(C)
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Time(s)
(b)
Figure 4.5 Comparison of reduced-order and full-order model.
Figure 45 show the transient response of the MOSFET temperature obtainetuNia
parametereducedorder andull-order numerical simulatiodn excellent data agreement
can be found amortge finite difference full order, the proposed reduced order method and
the ANSYS

Figure 4.6 illustrates the transient temperature error betiuteorder model and reduced

order modelwhich is less than 1%.

Error

) I I I
0 5 10 15 20

Time [s]

Figure 4.6 Transient error between full-order model and reduced-order model
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As to the calculating time, the solving time of myddrameteMOR model is similar to

the nonparameterMOR proposed in Section 4.Mwhile avoiding the repeated MOR
procesgdue to the change of boundary conditions will contribute to the evident reduction
of calculation load.
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4.4 Key Steps in MATLAB/Simulink of 3-D Model with MOR

Due to the complexity of the geometry structure rachipp power modules, the complete
3-D numerical thermal modellinig separated into 12 suhodels and each subodel has
one MOSFET chip, as is shown in Figdr&.

£ Before_Step_Final.mat

#) Check C_Arm

%) Check_Generation_V.m

) Chegk Nomad o o o

£ Inputl_step2.mat

11 Inputl_Step2_1.mat

1 Input_1_reduced.mat

H Input_choose_Step2.mat

1 Input_choose_Step3.mat

1 Input_choose_Stepd_1.mat

1 Input_choose_Stepd_2.mat

£ ioput choose Stsptmat_ _
%) Model_ReducedOrder_Input_123 Red.shx

1
1
I Data
It

“) step.0.m I
1 %) Step_1_Define_ MOS_Cu_location.m 1
# Step_2_1_Matrix_of_R_and_C_and_In_MOS1.m
#) Step_2_2_After_Matrix_of_R_and_C_and_In_MOS1_Others.m I
] Step_2 3_After_Inputl_step2_ Matrix_of R_and_C_and_In_MOS_choosem | "
1) Step_3_Boundary_without_h_and_efficiency.m 1 Model Codes
1
1
I
I

#) Step_4_1_Before_MOR_After_check Input_choose.m
#) Step_4_2_Half_Parameteric.m
1% Step_4 3 Reorder.m
1 %) Step_S_Parameteric MOR.m
# Step_Finalm
# Step_Final_Change_parameters.m
@™ = T T T T T

#) Untitled3.m

Figure 4.7 Key steps in MATLAB/Simulink of 3-D numerical model with MOR
Firstly, relative MATLAB codes are programmed. Thare over 500dine MATLAB
codes for each suimodel, resulting huge computational load. Consequently, the MATLAB

codes are divided into sevestéps as follows

Step 1 is the geometry definition of power modules.

Step 2.1 to 2.3 is the generation eD3hermal model without convective boundary
condition.

Step 3 supplies the boundary condition without convective heat transfer coefficients.
Step 4 and 5 are uséor model order reduction.

Thefinal step is introducing the heat transfer coefficients tmplete the reduced

order model.

To realise the automatic control, Step 0 is used to run the model and save data as well as
change the MOSFET location for each snadel automatically.After the above
MATLAB programing, he second step is data saving dreffinal step is running Simulink

Model.
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4.5 Experimental Validation of Multi -Parameter Model Order

Reduction

Experimental validation of the proposed MOR technique is presented in this section with
reference to a configuration, with one power moduletaadoower resistors acting as heat
sourcesThe experimental validatioprovides a more challenging application offairce

cooling system and Silicon Carbide (SiC) MOSHAsed halbridge with DC power

supply, which is partly representative of real isidial applications. In this validation, DC
currents are used as source of power losses. These can be easily measured, reducing the
uncertainties. The difference between tladidation introduced in this secticand the

Section 4.3s not only the increadesystem complexity, but also the use of convective heat
transfermodeldeveloped in Chapter 3 to calculate convective heat transfer coefficients.

Except for the experimental validation under DC power supply of power module and fixed
air flow rate, validdon with timevaried pause power supply of power module and

transient air flow rate is introduced to modify a more complex condition.

45.1 Power Module

Figure 48 shows CAD drawings of the halridge wirebondless power module, which is

the same moda used in Section 3.4.

[ | /|
o | MOS 81 ¢0/06¢ © ©

()
()
g MOS 0712y ©
(@Ji{(c) (eii(c) GlLe

i)
(©) ® ® |
Baseplate

Figure 4.8. CAD drawings of the half-bridge wire-bondless power module.
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The module has been designed and manufactured to provide a power electronic building
block (PEBB) for a 99% efficient-Bhase power converter with a powesweight ratio of

10 kW/kg. This means that for output power of 45 kW, maximum tphese power loss

of 450 W (150 W per phase/leg) is the allowable limit.

To reduce the complexity and cost of the #t@ake thermal model, an experimental
combination withone power module and two power resistors are utilized, instead of three
parallel power modulesBoth the two resistors and power module are mounted on the
heatsink via thermal pad (Kerafol KERATHERM Thermal Padw6ft 0 Gap Fill) to

ensure good heat transfer.

4.5.2 ForceAir Cooling System

The heatsink used in these experiments is a typical hditoleatsink (Fischerelectronik)

with an integrated axial fan, as shown inu¥ig4.9.

(a) The prototype of heatsink (b) Cross-section layout of heatsink

Figure 4.9. Hollow-fin cooling aggregates.

The technical data of the fans is shown in the folloviiable 4.3

Table 4.3Technical data of the fans

Dimensions ppwppwoda
Voltage 230V AC
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Power input 19w

Max. air flow p eat ¥Q
Temperature range T8 Yyous
Noise level 47 dB(A)

Rated speed 2650/min
Weight 5509

The outlet air temperature of heat sink needs be limited {6555 with an inlet air

temperature of 40. The fluid heat transfer equati@expressed ias follows

Where

il
)l
0
)l

Y0

& : mass flow ratef air [QT1].

®» aYy

Y0 : The heat flowing into the heat sifd&0W].

® : The specific headf air 1.01Q [0 'QQ v ].

Y'Y The air temperaturiacreasedy heat flow[3 ].

(4.4.1)

With a maximum thregphase power loss of 450 W, inlet air flow with an approximate

range of 1m/s to 2m/s isisable for the system cooling.

w
o
o
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Figure 4.10. Heat transfer coefficient along the axial direction of the air flow.
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Applying the numerical model proposed in Section 3.3he resulting heat transfer
coefficient as function of the axial distance from the inlet for the heatsink is showmie Fig
4.10for three different values of air mass flow from 1m/s to 2m/s.

4.5.3 Experimentd Setup

Figure 4.1 shows the experimental setup used to evaluate the discussed models. In this
configuration, two resistors were used in place of power modules to simplify the

construction. Both the resistors and power module are connected to DC ppplarssu

MOSFET
Power Module Temperature Probe Power Resistors Heatsink

¢
- Inlet

Air
Flow

LA NN

¢

Sensor Inlet Air Air Temperature Inlet Air
Temperature Probe  Temperature Probe Probes Between Temperature Probe
of Module of Module Thermal Resistors of Heatsink

(@) Thermal model design

(b) Figure of power module and gate drive board
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Power Resistors

Fibre Optic Sensor

for the MOSFET
Temperature Thermocouple
for the Inlet Air
Temperature of
Air Flow Meter Heatsink
Fan
Embedded Digital
Output for Sensor
Temperature
Thermocouple Thermocouple for the
Sensor forthe Inlet Air  Inlet Air Temperature
Temperature of Between Power
Module Resistors

(c) General view of experimental rig
Figure 4.11. Experimental layout.
As shown in Figure 41(a), the rig includes four thermocouples, positioned in the airflow
at the inlet, outlet and in between the modules, allowing the air temperature to be monitored,
although only the inlet air temperature measured by I4Susedas the input ambient

temperatureThe PICO thermocouple system is shown in Figuré.4.1

Figure 4.12 PICO thermocouple System

As shown in Figre 4.1(b), the gate driver adapter board mounted on the power module
features a cutout that allows direct visual and physical access to the three of the twelve
MOSFETSs in the modul&@he top surface of thmodule is coated with BoreNitride paint

to provide a high emissivity surface for the thermal canfdrarmal camera is utilized for
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steadystate temperature measuremditte thernal camera used is a Flir ets320shswn
in Figure4.13. It has a refreshate of 9Hz and the accuracy is3%.

Figure 4.13 Thermal Camera
TheFibre Optic temperature measurement system (Opsens Coreser&sEB8xdule and
an OTFF temperature sensor) is used to monitor MOSFET die temperature directly for
comparison with th&1OR model predictions and validation of the proposed methodology
[141]. Theview of the devices and its quick test result is shown in Figuire

Temperature (°C)
N
N

o 10 20 30 40 50
Time (s)

(a) General View of Fibre Optic system (b) Quick input test moving hand

closer/further from probe tip
Figure 4.14 Fibre Optic System

The Opsens Fibre fitics sens@ can be directlplaced in contact on the surface of the
MOSFETs Fibreoptic monitoring system is precise and tailored for high speed
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measurement, especially in thermal monitorifige Fibre ptic sensor has a very high
accuracy of #.3€ and therefore error bars in the measurement are extremely small

45.4 Experimental Data and Simulation Results

The influence of convective boundary condition in experimsrghown in Figre 4.5.
Theconwective boundary conditiois affected by the air flow rate. Based on the same input
power and experiment layout, the steady state temperature captured by thermal camera can
shows the effect of the change of the air flow rate on convective boundary aendfitio

an increasing air flow rate from 1m/s 1cam/s, the maximum temperature of the power

module in steady state reduces frb@3 to94.1

(a) 1m/s for peak current of 70A (b) 1.5m/s for peak current of 70A

Figure 4.15. Steady-State temperature from thermal camera.

The proposed MOR method is applied to the systemur€igh.B illustrates surface
temperature responses of thethIMOSFET identified in Figre4.8 calculated by reduced
order simulation and compared to transient results obtaindld @dperiment and

commercial FE software ANSYS.
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Figure 4.16. Comparison between experimental data and estimated values.

Compared wh ANSYS, both the complex geometry structure of heatsink and air force

cooling can be considered in reduced order model, resulting a better data agreement.
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Figure 4.17. Transient error of MOR compared with experiment data.

The dynamic and steady sadrrors identified in Figre 4.7 are less than 1%, confirming
the accuracy of the proposed MOR method. It should be noted that the slight error in the
initial stage shown in Figre 4.T, mainly comes from a few second delay in the instrument

operation ad temperature measurement during the experimental process.
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Figure 4.18. Comparison between experimental data and estimated values.

In Figure 4.8, a more complex boundary condition is introduced to test the accuracy of
the parametric MORumericalmodel. In this test the affow velocity and the DC current
are variable following the profiles shown in Erg@ 4.B(a). A good accuracy is

demamstrded for the reduced order modebnfirmingits transient accuracy and robustness.
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The discretization employed in the full order model results in a system with 48595 nodes,
while the reduced order has 12 states corresponding to 12 temperature nbieSpET .

On the same computer and with the same mesh size, ANSYS takes over 500 minutes while
the reducedbrder simulation only takes about 5 seconds.
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4.6 Conclusion

In thischapter a novel multiparameter order reduction is develdpad applied to a power
module with forceehir-cooling systems. The multhoment matching technique is used to
preserve in the reduced order a number of parameters, making calculations in variable
operating conditions significantly more efficient. An exdenof a power module cooling
system with different mass air flow rates is reported and experimental data proves the
accuracy of this reduceatder numericalmodel. A significant increase in computational

efficiency is demonstrated resulting in faster glltion time and memory requirements.

The method can have applications at both the design stage and during operation of power
conversion systems. Optimization of layout in power electronics modules and converters
design might require many iterations usdifferent values of parameters e.g. of materials

or cooling conditions. With the proposed parametric MOR such applications can be greatly
simplified as the reduced order model conserves dependency on parameters which can be
simply modified at each iterat without requiring additional computations. Thanks to its

low computational complexity, the resulting reduced order model can also be used in real
time applications as an observer for temperature estimation of power devices during

converter operation.
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Chapter 5 ReducedOrder Thermal Observer for Power
Modules

5.1 Introduction

Accurate knowledge of power device die temperature is critical to the implementation of
control and health management algorithms which have been proposed to monitor and
extend the lifetime of power modules undersiervice conditionsTemperature variation

can also be reduced using dynamically controlled cooliimgachieve this, a suitable model

of the cooling system behaviour must be available. To perform this analysisge of
design variables, such as inlet air temperature, velocity of the air flow, material composition

of the power modules, and the geometry of the assembly, must be considered.

Examples of methods used to perform thermal analysis in power elestioniade
computational fluid dynamics (CFD), compact thermal model, and empirical lumped
element model. Of the methods above, CFD can be used to simulate conductive and
convective heat transfer simultaneously, providing the most accurate and detailed
temperature distribution of the power electronic system under considerafitrmugh
accurate thermal models of power electronics assembiised on CFDare widely
available their computational complexity hinders the application in-tieaé temperature

mornitoring applications.

Thischaptemproposes a reduced order state space observer to providéimesadtimation
of temperature in power electronics modules. The observer is coupled with a disturbance
estimator, to minimize the error caused by uncditsinin the model and unknown

operating conditions.
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5.2 State Space Thermal Modelling

In Section 3.4,he’Y 5 parameters have be estimated using a parametigientification
procedure basesh CFD analyseS heobtained parameters candre listedas follows
5 X o, O O O W
Qo Y Y

(5.21)
where® g are the temperature rises across the respective capacit@iheeshe above

eguation can be rewritten as

@ pp p . PO PO PO
Q0o oY Y oY 0'Y oY (5.22)
Similarly

®  pd p P P PO PO

Qo 0'Y 0 Y Y o'y oY (5.23)
®  pd pO p  p p . PO

Qo6 6Y o6Y © Y Y oY (5.2.4)
W po pO p® p PP

Qo 0Y 0’ oY 0 Y Y (5.25)

Using theabovederivatiors, the thermal model can be written in thatespace form as:
w Ow 00
o 86 (5.2.9

Where

« Thevector of states

@1 The state output§Yand'Y)
0: Thevector of inputs

0: Thestate matrix

0: Theinput matrix

=A =4 =4 4 -4 -4

0: Theobservation matrix

The matrces of equation (5.2.6) are given by
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5.3 Reduced Order Observer of Thermal Model

The model %.2.6 could be used as an opleop estimator of device temperature if the
inputs, i.e. aml@nt temperature and power losses, and the parameters of the network are
accurately estimatedHowever, his accurate knowledge of environmental conditions and

parameters is rarely possible in practical applications.

This section proposes the use of an ebger which provides a correction feedback
mechanism which tries to correct the errors due to imprecise knowledge of conditions,
inputs and parameters, e.g. caused by changes in the inlet air temperature and airflow rate

and modelling errors e.qg. in thetiesated power loss and estimated thermal parameters.

A full-order observer, based on the thermal m¢8&.6, can be written in statgpace
form as:
WO O0woO 0600 DWO WO
©o  B0o (53.9

Where

1 w0 : The estimated state of the system
1 w0 : The observer output (estimated MOS junction temperature and estimated sensor
temperature)

1 0: The gain of observer

An observer is a dynamic system, designed tankegpproximate replica of the real system,

used to estimate the states of the real system. The observer is driven by the same inputs
(MOS power loss and inlet air/ambient temperature) as the real system, with an additional
correction term that is derivedoin the difference between the actual measure&oim

the real system and predicted outguterived from the observelhe correction term is
composed of the errob  wand feedback matrix or gain. Consequently, an observer uses

the difference bieveen the measurement and prediction to improve prediction accuracy.

Due to the fact that there are no temperature sensors on the MOS chip, the state temperature
cannot be measured directly. However, the module does incorporate two PT1000
thermistors use@s temperature sensors attached to the DBC substrate. Therefore, the

temperature of this sensor can be directly measured and does not need to be estimated. In
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this case, a reducemtder observer will suffice. For the thermal model analysed in the
sectionthe full system has 4 states (8 itd however, one of themd can be measured
directly as it represents the sensor temperature, therefore a reduced order observer with
only 3 states is necessaiyhe derivation of the reducestder observergs obtained by
partitioning the state vector into two setates:
w:
) E
W
® ® 66 6 (53.9
Where

1 6 m "0 Theobservation vector (of dimension m=1)

1 w : The component othe state vector that cannot be measured dirdctly
dimensioro).
The assumption thab makes the resulting equations simpler, but it is not

necessary. Equivalent results can be obtained for any observation @natriank m. In

teems ofw  andw the plant dynamics are written as
@ 0 @ 0 w 00
@ 5 0 b ® 86 (53.3
@ @ @ (5.3.9

A block-diagram representation of the reduaeder observer is shown in Fige5.1.

~
Y = Xsensor Xsensor

>
>

Sensor

Input fMOS

Figure 5.1. Reduced-order observer.

For the remaining subtates, we define the redueedlier observer by:

® 0o a (53.5
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Whered is the state of a system of ordeér o

a 64 0o 06 (53.6

It is necessary to ensure the convergence of the temperature estimatiorQerror

@ @  to zero. From the above equations:
Q 0Q 0 0o 0w
0 0o

o, @ 0 06 0o
U ou (5.3.7)

A sufficient condition for the error to converge to zero is to choose the matrices to satisfy
0 O 0o
0 O 0o o]V}

. - 53.8

o 5 08 (53.9

When the conditions shown i5.8.8) are all satisfied, the error in estimationcof is

given by

Q 0Q (5.3.9

Therefore the gain matrix K shoulé lbhosen to make the eigenvalues of 0 0O
lie in the open lefhalf plane. Additionallyp ando in the reducearder observer take
the roles ob ando in the fullorder observer; once the gain matrids chosen, there is

no further freedom in the choice @fandO
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5.4 Time-Domain Disturbance Estimation

Device junction temperature depends not only on power dissipation but also on
environmental conditions such as changes in ambient temperature, e.g. causethypy heat

of nearby devices mounted on the same cooling system, or changes in coolant flow rate.
Changes in inlet air temperature and air flow will introduce an error between the estimated
and real MOSFET temperature. To reduce estimation errors between thalueahnd
reference values, a state observer may be used. Power losses are assumed to be subject to
an estimation error, a disturbance estimation will be introduced to estimate and compensate
this error. The sealled unknown input observer (UIO) have beeviewed in Chapter.2

In this case, a typical state space model used for the UIO is
W O0w 06 60Q
Where

« Thevector of states
w1 The state output§Yand'Y)
0: Thevector ofknowninputs

‘(2 Thevector ofunknowninputs

0: Theinput matrixof knowninputs

1

1

1

1

M 0: Thestate matrix
1

1 6 : Theinput matrixof unknowninputs
1

0: Theobservation matrix

t is assumed that the vector of inputs is unknown. Consequently, andéfign is
investigated for a linear system in equatibrt(l). The general expression of the UKD
a 06 ¢ Lw OowoOooO

Q 4 (w
(5.4.2
Where

16 — — —m

1 0: Theobserver gain matrix need be designed.
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Consequently, the estimation error is

0 Q Q (5.4.3
And error dynamic is
Q a tw Q
06 Q VOwobO DOoWwOoOo 6Q 1Q
06 Q Q 0Q 06 Q Q
(5.4.9
WhereQis zero in this model and the error dynamic equation can be rewritten as
Q 00 Q (5.4.95

It is shown that the disturbance estimation error system is stable if the observer gain matrix
is chosen to make0 6 stable, i.e. a matrix whose eigenvaluaseénstrictly negative real
part When the disturbance estittin error system reaches steady st@egquals to zero

and consequenthRQequals to zero.

o
y - xsensor xsensor

Sensor

Pest

Air

Figure 5.2. Thermal model with UIO disturbance estimation.

The concept of disturbance estimation is illustrated in the block diagram wfeFsg2

Based on equatio® (4.2, the relative parametric matrices are:

0 066 00O
0 06
0 06

(5.4.6

To make the concept of dishance estimation clearer, a simplified version of Figure 5.2

can be introduced. As shown in Figure 5.3, the thermal model used to calculate estimated
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power disturbance is an op@op model, which can be divided into two sections. The first
stage is genetian of state vectoreyvia system matces’O0 0 andy and input vectors
are sensor temperatuié and inlet air temperaturé . Then the obtained state
vectorswand inlet air temperatur& are applied in the bak of disturbance estimation

consistingd 0 0 and0 for the estimation of power loss

Xsensor ———> System
Matrix x
——>| Disturbance
- Estimation
—> HLAK >
i est
Tair r M N P Q

Figure 5.3. Flow chart of thermal model with UIO disturbance estimation.

It is assumed that the input power loss is unknown and therefore can bedssbmequal

to the output of the disturbance estimation . The air inlet temperature at the input duct

of the heatsink is measured and fed as an input to the observeuiia ig The estimated

lossO  hat the output of the disthanceestimation in Figure 5.% fed back as an input

to thereducedorder observer in Figure 5.1
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5.5 Simulation and Programing
The Simulink model of power disturbance estimation is shown in Figdre

: NO.1 Sensor

:l__@ e 1 Measurement
- 1
Known

Power
Measured
Sensor

Measured
Air

NO.2 State
Vectors
Generation

NO.3
s 1 ’
Disturbance . //T_ |

Estimation

Power
Disturbanc

Figure 5.4. The Simulink model of power disturbance estimation.

The Simulink model of reduced order observer model is shown in Fagure

NO.1 Reduced
Order Observer

NO.2 Disturbance
Estimation of Air

Figure 5.5. The Simulink model of reduced order observer model.

The observer model is generated and shown according to the following procedure.

A State pace maties of Block No.2 in Figure 8.and Block No.1 in Figure 5.
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% StateSpace Matrices in Continuous Domain
% state matrix
A=[-(1/(R_1*C_1)+1/(R_JIB*C_1))1/(R_JIB*C_1)1/(R_JB*C_1),1/(R_JIB*C_1);
-1/(R_JIB*C_2);(1/(R_2*C_2)+1/(R_JB*C2)),-1/(R_JIB*C_2),1/(R_JIB*C_2);
-1/(R_JIB*C_3);1/(R_JB*C_3);(1/(R_3*C_3)+1/(R_JB*C_3)),1/(R_JIB*C_3);
1/(R_JIB*C_4),1/(R_JIB*C_4),1/(R_JIB*C_4)1/(R_4*C_4)+1/(R_JIB*C_4))];
% input matrix
B =[1/C_1,0;
1/C_2,0;
1/C_3,1/C_3*R_3)+1/(C_3*R_JB);
0,1/(C_4*R_4)+1/(C_4*R_JB)];
% output matrix
C =1[1,1,1,0;
0,0,0,1];

A Reduced order observer of Block No.2 in Figure 5.3 and Block No.1 in Figure 5.4.

% Reduced Order Observer

A uu=A(1:3,1:3);

A au = A(4:41:3);

A ua=A(1:3,4:4),

A aa=A(4:4,4:4),

B _u=B(1:3,1:2);

B _a=B(4:4,1:2);

% calculate eigenvalues

eig_A uu = eig(A_uu);

opl =eig A uu(1)*8;

op2 = eig_A_uu(2)*8;

op3 = eig_A_uu(3)*8;

% calculating gain matrix

L = acker(A_uu',A_au',Jopl op2 op3)]);
% state matrix for unknown states for a reduced order observer
K X=A uuwL*A _au;

130



Chapter 5 Reduce@rder Thermal Observer for Power Modules

% input state matrix for unknown states
K B=B_uL*B_a;

% output state matrix for unknown states
K Y =A ual*A_aa;

A Power disurbance estimation of Block No.3 in Figure 5.3.

%% Disturbance estimation (Power)
A disturbance = A;
B_disturbance = [1/C_1;

1/C_2;

1/C_3;

0f;
C_disturbance =[0,0,0,1]
B_d_disturbance=B_disturbance;
L_disturbance=# 1.5-3 2]*0.1;
LBdL=L_disturbance*B_d_disturbance*L_disturbance;
LA=L_disturbance*A_disturbance;
LB=L_disturbance*B_disturbance;
LBd=L_disturbance*B_d_disturbance;

A Air disturbance estimation of Bt No.2 in Figure 5.4

%% Disturbance observer (Air)

A d air=A;
B d air=[1/C_1,0;
1/C_2,0;

1/C_3,1/(C_3*R_3)+1/(C_3*R_JB);
0,1/(C_4*R_4)+1/(C_4*R_JB)];
C_d air=10,0,0,1];
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5.6 Experimental Validation |

The experimental validations of this chapter can be divided into two stages. The first stage
provides an application of aforce cooling system and Silicon Carbide (SiC) MOSFET
based haibridge with DC power supply, having the same experimédayalit with that in
Chapterd.

Figure 56 shows the experimentdesignused to evaluate the discussed models. In this
configuration, two resistors were used in place of power modules to simplify the
construction. Both the resistors and power modulecanmected to DC power supplies.

Both the two resistors and the power module are mounted to the heatsink via thermal pad
(Kerafol KERATHERM Thermal Pad 6u57a 0 Gap Fill) to ensure good heat transfer.

MOSFET
Power Module Temperature Probe Power Resistors Heatsink

Inlet
Air
Flow

LLANN]
LA R NN]

Sensor Inlet Air Air Temperature Inlet Air
Temperature Probe  Temperature Probe Probes Between Temperature Probe
of Module of Module Thermal Resistors of Heatsink

Figure 5.6 Thermal model design
The two embedde@mperature sensafsand Bwithin the module are also monitored, one
of which is the input variable of the rezkd order observer in Section 5T8.e rig includes
four thermocouples, positioned in the airflow at the inlet, outlet and in between the modules
allowing the air temperature to be monitored, although only the inlet air temperature
measured by HBis used as the input ambient temperatiiibre Optic temperature
measurement system (Opsens Coresens-8Xmodule and an OTF temperature
sensor) isused to monitor MOSFET die temperature directly for comparison with the

observer model predictions

Transient results obtained by testing at different current levels are showrune big
Using the measured inlet ambient temperature, the observer nwiitietisturbance
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estimation can accurately predict the MOSFET temperature when compared with
experimental data under different boundary conditions. This is despite the fact that the
model parameters obtained in Sect®d are used (which were derived ftrte same

module in a different experimental configuration).
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o
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(b) 1.5 m/s for peak current of 70A, 80A and 90A
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Error [C]

Figure 5.7 Comparison between experimental data and estimated values

A more complex boundary condition is introduced to test the accuracy of the observer. In
this test the air flow velocity is varied between three different values, furthermore, the DC
current is also varied between three levels from 70A to 90A folloviiagtofile shown in
Figure 58.
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£ 80t - - - - 115 =
c 5
270 =
- — o | | .9-_‘)
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F

65 1 1 1 1 1 0.5

0 500 1000 1500 2000 2500

Time [s]

Figure 5.8 Experimental condition with variable DC current and air flow rate.

In Figure 59(a), excellent data agreement can be found in the validating process of
reduceeorder observer model against experiment in theptex condition with time
varying values of power loss and air cooling system, confirming the speed and accuracy of

reattime monitoring as well we health management of power modules.
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(b) Comparison between estimated power disturbance and measured module power per chip.
Figure 5.9 Comparison between experimental data and estimated values with time-varied DC

current and transient air flow rate.

A comparison between estimdtpower los®  and measured modulewer per chip is

shown in Figure ®(b). Th e sy st e néhaviouy affechby both errors in the
input values (e.g. estimation of power loss and/oicaaling boundary conditions) and

uncertainties ithe parameters of the stepace system. The disturbance observer provides
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a feedback mechanism to compensate the effects of all the errors combined and cannot
provide an accurate separation of the multip
in Figure 59(b), is not to be intended as an accurate estimation of the losses but as a
compensating power input to the observer, to compensate for all the sources of uncertainties

lumped together.

Consequentlythedisturbance observer provides a feedlraekhanism to compensate the
effects of all the errors combined, e.g. due to uncertain loss estimation, ambient conditions
and/or parameters. However, the observer cannot provide an accurate separation of the

multiple sources of errors and therefore caqmotide an estimation of the losses only.
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5.7 Experimental Validation I

The second experimental validation, provides a more challenging application of the
proposed method including a relatively complex tkipkase converter setup whicHudly
representative of real industrial applications.

5.7.1 ForceAir Cooling System

This configuration also differs from ttiest experimenin the manner in which the cooling
system was constructed. In this new configuration, each module is méuatethdividual
heatsink with ducting being used to enclose these heatsinks and direct the cooling air, with
airflow being generated by the fafhe heatsink used in this section is based on around 3

Dynatron K1 heatsinksas shown in Figure 10.

.

(a) General view (b) Dismantling view

Figure 5.10 Figure of heatsink

Parameters of K1 heatsink is shown in Tdble
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Table5.1 Parameters of K1 heatsink
Length 180mm (3 60)
Width 95 mm
Baseplate thickness ~4 mm
Number of fins 56
Fin width ~0.6mm
Fin Spacing ~1.13mm
Fin Length ~22.5mm
Total fin path 2570mm
Total surface area 0.463 M

The airforce cooling system is designed as shown in Figute Fhe fan is capable of
supplying required air flow but not at the required pressure Wieheatsink is applied.

An additional fan can be placed and operate them in series to increase available pressure.

Vane Flow Modules
Al ducting sensor Al Connecting
ducting

fan

Heatsink and
channel

Turning vanes steer
flow to sensor

Figure 5.11. Design of air-force cooling system.

5.7.2 Experimental Setup

The secondxperiment layout is shown in kige 512(a). Thephysical assembly of this
configuration is shown irFigure 512(b)-(d). This configuration includes three power

modules. The module being monitored is mounted in the final positon on the heatsink (with
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respect to the airflow direction). The three powerdmies are driven to generate a three
phase AC output current into a thglease resistive inductive (RL) load with a frequency
of 200Hz.

(c) Interface PCBs and wiring
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Thermal camera &
FibreOptic sensor

(d) Full experimental test rig with three phase inverter
Figure 5.12. Experimental setup.
Thermocouples installed positioned in airflow at inlet, outlet and between modules, as is

shown in Figuré.13.

Figure 5.13 Schematic of the inverter
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The anemometer usedthe experimens the AVM-01 digital USB anemometer. A clearer
schematic of the inverté shown in the Figure B4. It can be seen in Figureld.that he
anemometer is mounted in the inlet duct before feeding thsihlea

Modules with connection
interface boards

Gate drives

Current
sensors

Control
System

Fan

Anemometer

Heatsinks
Anemometer |

Fan

Figure 5.14 A clearer schematic of the inverter
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5.7.3 Experimental Data and Simulation Results

The data from thaumericalmodel and experiment (shown in Eig 515) were compared

to test the behaviour of the disturbance estimation obsérkie experiment was repeated
for a range of different peak current ranging from 50A to 90A, allowing the model to be
evaluated for a range of different power losses. The input power lossesninntieeical
model is set to 0 to avoid the disturbance cdimsepower loss estimation error.
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Figure 5.15. Comparison with Experimental Module

It can be seen in Figurels.that the transient thermal response of the observer model with
disturbance estimation can match the experimental data both on heating step and cooling

step, if ambient temperature is available.

It is worth noting that despite the fact that the model placement and channel layout differ
from those in the first experimerttoth of thenumericalmodels are supplied with the same

set of parameters from the parameter estimation in Se&doand Section 6. From this,

it can be concluded that the parameters related to the module geometry are of substantial
importance, wheregsarameters pertaining to the converter layout have only a negligible
effect on the model. This knowledge can be used to reduce the amount of calculation

required when determining these parameters considerably.
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5.8 Conclusion

In this Chapter a redued order observer model with disturbance estimation is presented.
The parameters used in the stgfpace matrices are obtained from a transient CFD model
and details can be seen in Chapter 3

By considering different experimental configurations it is dest@ted that these changes
have relatively little impact on the parameters if the geometry of the power module remains
the same. Therefore, once the power module design is fixed, changes to the number of
modules and their relative layout do not influertbe parameter estimation results,

reducing the calculation load.

The inclusion of a disturbance observer in this model is important as it allows the model to
adjust for errors caused by errors in the power losses estimation and inaccuracy in
parameters eshation and uncertainties in the environmental and operating conditions. It
is also worth noting that the air temperature is a much simpler value to measure than the
power dissipation, making it a more suitable input for the disturbance observer. The
resuting model is shown to exhibit good accuracy and tracking capability, even under
complex transient conditions, showing good correlation with the results obtained from a
range of experimental tests. The method is computationally simple and therefores suitabl

for reattime application in industrial applications.
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Chapter 6 Conclusion and Future Works

6.1 Conclusion

In this thesis, geometilyased numerical thermal models and compact thermal models are
developed to address the fast thermal simulatighdrelectronic design process and-eal
time temperature monitoring of power electronics system, respectively. In analysis of
thermal model, a range of design variables and operating conditions, such as inlet air
temperature, velocity of the air flow, metd composition of the power modules, and the
geometry of the assembly, have be considered. Extemsigerimental results are

presented to validate the proposed concepts.

6.1.1 GeometryBased Thermal Modelling and Parametric Model

Order Reduction

Thedeveloped model order reduction techniques provide a valuable methodology for the
analysis of complex and largeale systems. The methodology illustrated in the thesis can
be easily generalised to more complex and/or larger systems, confirming itstappfma
accurate systetievel integrated power electronic design. Typically, the dimension of a
thermal problem discretized with finite difference can be extremely large, therefore
rendering it intractable for large scale system if a fine discretizasomeduired.
Additionally, optimization of layout in power electronics modules and converters design
might require many iterations using different values of parameters e.g. of materials or
cooling conditionsln this case, the proposed mydarameter MOR il provide a tool for

parametric analyses to support optimised design.

With the proposed parametric MOR such applications can be greatly simplified as the
reduced order model conserves dependency on parameters which can be simply modified
at each iteratin without requiring additional computations. The laboratory scale
demonstration presented in the thesis includes all the feature and modelling complexities
of typical air cooled threphase converters systems and therefore provides an industrially

relevat example of application. Comparegith conventional FE tool like ANSYS
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Mechanical, the numerical model based on rpdtiameter order reduction hggoddata
agreement with redlme experiment. Additionally, the obtained the numerical MOR
model can be ggied in transient temperature estimation with tiwagying input as and
boundary condition such as transient air flow rate, which is generally infeasible via
conventional FE tool like ANSYS Mechanical.

6.1.2 ObserverBased Compact Thermal Model and Dynanic

Disturbance Estimation

Geometrybased reducedrder numerical model can be applied in transient junction
temperature estimation of power MOSFETS in the design of power module. -imreal
operation, junction temperature monitoring of power MOSFETtscfammputational speed

and smaller compact modedse needed. In this case, compact or redumekbr electro
thermal model based on RC networks may be fast and sufficiently accurate. In this work,
third and first order networks are used to represent thizaleheat transfer between the
power devices and the ambient, respectively. The order of the networks is a compromise
between the ability to model multiple time constants (the higher the order of the network,
the more time constants can be modelled) amglkity of implementation in a redime

monitoring system.

Unfortunately, the modelling dynamic performances might be affected by both errors in
the input values and uncertainties in the parameters of thesptate system. Uncertainties

due to unknowrtoolant flow rate, parameters and power losses might also be difficult to
address.The inclusion of an additional feedback mechanism in the observer, the
disturbance estimation, provides a method to compensate for uncertainties in parameters
and/or boundy conditions. Novel feedback mechanism of the disturbance observer
provides a feedback mechanism to compensate the effects of all the errors combined instead

of an accurate separation of the multiple sources of errors.

This additional feedback mechanisimplemented in a reducemtder observer, uses the

temperature measurement of the inlet air and of a thermistor mounted on the power module
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substrate. It is also worth noting that the air temperature is a much simpler value to measure

than the power dissgtion, making it a more suitable input for the disturbance observer.

The reduceebrder observer model with disturbance estimation techniques is also validated
against reatime experiment. Due to the demanding accurate estimation of power
electronic devicewith high switching frequency, additional validation again teake
experiment with thre@phase inverter is introduced. Excellent data agreement between
reduceeorder observer models and réahe experiment under high switching frequency

confirms the acuracy and implement in the application of power modules.

147



Chapter 6 Conclusion and Future Works

6.2 Future Work

In the thesis, geomettyased numerical thermal models and compact thermal models are
developed to support optimised thermal design of power devices aitomeam@rature
monitoring of power electronics system, respectively. The georbasgd numerical
thermal modelling, muliparametric model order reduction, compact thermal modelling
with observer and disturbance estimation are obtained in this thesis andedatigatnst
experiments with different operating conditioRsirther research to improve the modelling
and computational speed, as well as extend the applicability of the methods to different

practical cases.

6.2.1 Improvements on the GeometnBased Thernal Modelling

In this work the geometry definition of power modules, necessary for the definition of the
system of equations based on the finite difference method, isclogied using MATLAB

codes. The generation of the mesh requires thousands of linaT{AMB codes for each
model, resulting in a tedious setup task. Nevertheless, this process could be easily
automated to generate the folider geometry. It is recommended that future work is
dedicated to the development of simple and intuitive tools foutfing the geometry

definition which can automatically generate the requilisdretized system of equations

6.2.2 Further work on Multi -Parameter Model Order Reduction

In the proposedgeometrybased thermal modelling, module power loss (on the top
boundary) and properties tieair-force cooling system (on the bottom boundary) are the
two sets of input considered. The bottom convective boundary condition has been modelled
via the convective thermal modelling of local heat transfer coefficients hanobtained
coefficients can be fitted into reduced order meaked FD model as a set of deserved

parameters. Similar concepts can be applied to other caaimdjtions e.g. when liquid or
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phasechanging cooling is considered. It is recommended to fudéeelop these model

in future work.

In addition to the convective heat transfer coefficients, the proposedpatdtinetric MOR
technique can be applied to other parameters of interest in the design of power converters.
Geometrical parameters, e.g. thegth and width of baseplate and/or property parameters,
e.g. the thermal conductivities of TIMs or sinter materials, can also be included in the
improved multiparamedic thermal models to address the fast thermal simulation in the

electronic design pross.

6.2.3 Further work on Observer and Parameter Estimation

The dynamic performances of the proposed estimators might be affected by nonlinearities
in the parameters of the stafgace system. In this work, the feedback mechanism of the
disturbance obseer provides a feedback mechanism to compensate the effects of all the

errors combined instead of an accurate separation of the multiple sources of errors.

To increases the robustness of obsebzesred adaptive control, reconstruction of state
vectors ad estimation of nonlinear parameters can, in principle, be achieved via adaptive
observers. If additional measurements are available, it could be possible to estimate

unknown noHdinear parameters using-oor off-line nonlinear optimization approaches.

6.2.4 Improvement of Power Loss Disturbance Estimation

It should be noted that everith the improvedlisturbancebservethased electrthermal
model, theuncertainties irmodule power losses is still one of the most critical factors
affecting the accuragcof junction temperature estimation, especially in the monitoring of

reaktime operation.

In Chapter 5inlet air temperature and measured sensor temperature are used to compensate

the disturbance of power loss estimation. However, the measurementavhpérature is
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often not possibleén some practical applications It is recommended to usefdsitan

algorithms to combine the outcome of the +#t@&ke observer with more accurate models of
losses based e.g. on detailed eletteymal models of the paw electronic switches.
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