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Abstract

The world is facing an unprecedented ecological crisis due to our ever increasing
demand for energy. Today roughly 37% the total CO2 emissions are generated by
transport. In the last decade transportation electrification has seen a large push. This
way it is possible to eliminate local emissions and if the electricity generation is CO2
neutral also the global emissions.

Some of the main challenges of electric vehicles are range and cost. Apart from
declining component cost, especially of the battery packs, important factors of the
electric vehicle drive-train are efficiency and size. With increased efficiency the cool-
ing system of the drive-train can be smaller and thus the system size and mass can be
further decreased. Further drive-train downsizing can be achieved by integrating the
inverter and electric motor and utilizing new wide band-gap semiconductors such as
SiC.

To understand the design process first the vehicle requirements and dynamics need
to be understood. Electric vehicle system architecture is therefore first presented in
this thesis. Once the global requirements are taken into account, the inverter design
can be performed. Further, an easy to use estimation tool of the inverter losses is re-
quired to understand the cooling requirements and feasibility of the design. Therefore,
the second part of this work focuses on loss modelling of inverters and semiconduc-
tors. Next, the DC link capacitors are discussed and the dimensioning processes are
presented. This work investigates the possibility of utilization of a double-three-phase
topology (DTP) to reduce the DC capacitor bank of the inverter. This is achieved by
means of carrier wave interleaving which makes it possible to reduce the capacitor
current stress. This modulation technique makes it also possible to optimize for the
capacitance rating of the capacitor bank. The DTP topology is then utilized when
designing a low C-rate inverter for an 800 V traction system. The adopted DC link
capacitor bank is 23.5 pF'.

Aluminium substrate printed circuit boards with high thermal dissipation charac-
teristics are investigated as an alternative to SiC power modules. The Al-PCB con-
cept utilizes surface mount devices which are generally cheaper and more available
as well as inhibit a higher degree of flexibility for the designer. This makes it possi-
ble to mount temperature sensors and current sensors on the Al-PCB increasing the
power density further. The flexibility offered by Al-PCB can be exploited to adapt the
inverter to the machine geometry for better integration. A prototype with the volume
of 2.17 L is then experimentally verified in a prototype capable of delivering 250 kW
for a DTP drive.
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Abbreviations

2L-VSI Two Level Three Phase Voltage Source Inverter
AC Alternating Current

Al-PCB Aluminium Substrate Printed Circuit Board
BEV Battery Electric Vehicles

DC Direct Current

DTP Double Three Phase

ESM End Stator Mounted

EV Electric Vehicles

EWM End Waterjacket Mounted

FEM Finite Element Method

GaN Gallium Nitride

HEV Hybrid Electric Vehicles

ICE Internal Combustion Engine



IGBT Insulated Gate Bipolar Transistor
MOSFET Metal Oxide Semiconductor Field Effect Transistor
NTF No Thermal Feedback

PCB Printed Circuit Board

PMSM Permanent Magnet Synchronous Machine
PWM Pulse Width Modulation

RMS Root Mean Square

RSBM Radial Stator Back Mounted

RWM Radial Waterjacket Mounted

SiC Silicon Carbide

SMD Surface Mount Device

THD Total Harmonic distortion

TIM Thermal Interface Material

VSI Voltage Source Inverter

W-RC With Reverse Conduction

W-RC With Reverse Conduction

WBG Wide Band-Gap

WTF With Thermal Feedback

vi



Contents

Abstract

Acknowledgements

Abbreviations

1

Introduction

1.1

1.2

Background . . . . ..
Research questions . .
Research contribution .
List of publications . .

Loss modelling of inverters

Conduction losses inIGBTs . . . . .. ... ... ..........
Switching losses in IGBTs . . . . ... ... ... .........
Losses in MOSFET based inverters . . . . . . . .. ... ......
Conduction losses in MOSFETs . . . . .. .. ... ... .....
Effect of the Blanking Time in MOSFET inverters . . . . . . . . ..
Switching Lossesin MOSFETs . . . . . ... ... ... ......
Experimental verification of the MOSFET loss model . . . . . . ..

2.1
2.2
23
24

25

The experimental setup

~N NN =

11
12
13
14
16
18
18
18

vii



Calibration of the measurement . . . . . .. . ... . ... ..... 21

Loss measurement results of the MOSFET inverter . . . .. .. .. 22
Comparison of the two compared methods when estimating losses . 26

2.6 Temperature dependence of MOSFET loss parameters . . . . . . . 29
Summary of MOSFET loss modelling . . .. ... ......... 33

3 Capacitors in electric vehicles 37
3.1 Introduction . . . . ... ... ... ... 37
3.2 Ideal DClink modelling . . ... ... ... ............ 40
The electric machine and winding configurations . . . . .. .. .. 41
Capacitor current modelling . . . . . .. ... ... ........ 42
Capacitor voltage ripple . . . . . . . .. ... ... ... ... 44
Faultoperation . . . . ... ... ... ... ... .. ... ... 44

33 Casestudyandresults. . . . . ... ... L oL, 45
Modelling results Case 1 . . . . . .. ... ... ... ... .... 45
Modelling results Case 2 . . . . . . ... ... ... ........ 46
Modelling results Case 3 . . . . . . . ... .. ... ........ 47
Fault operationresults . . . . . . ... .. ... ... ... ..... 47

34 Conclusions . . . . . ... 48

4 High Power Density Inverter for Electric Vehicles Utilizing Surface

Mount Components 53
4.1 Design requirement and topology selection . . . ... ... .... 53
4.2 Designoftheinverter . . . . . . ... ... ... ... ... 56
Inverter layout and chip selection . . . . . . . . ... ... .. ... 57
Design of the half bridge switchingcell . . . ... ... ... ... 57
Capacitor sizing selection . . . . . . . ... ... ... ... ... 59
Heatsink design . . . . . .. ... ... ... ... .. ... ... 61
Gatedriver . . . . . . ... e 63
Current measurement . . . . . . . . ... e e 64

43 Experimentalsetup . . . . . ... ... ... . 65
44 Thermal measurements . . . . . . . . .. ... ... ... .... 67
4.5 Switchingoperation . . . . . .. ... ... ... ... ... 70
4.6 Conclusions . . . . . . . ... 72
5 Conclusions and future work 75
5.1 Conclusions . . . . . . . ... 75

viii



5.2 Future work

References

iX



CHAPTER 1

Introduction

1.1 Background

The effects of global warming are now being observed world wide. One of the main
driving factors behind this phenomenon is the consumption of hydrocarbons for heat,
power generation and mobility, resulting in the emission of CO2 [1]. In the EU, the
transportation sector was responsible for 25 % of the total greenhouse gas emissions
[2]. Therefore, there is a consensus in the scientific community that these emissions
must be radically reduced [3]. Additionally there is a political push, for example by
the EU to reduce transportation emissions by up 95 % by 2050 compared to the 1990
level [4]. Therefore, transportaion electrification is a necessery step to reducing the
total greenhouse gas emissions. Recently, passenger vehicle electrification has in-
creased, constituting 46 % of total passenger vehicle sales [5]. Despite recent years’
uncertain times such as COVID-19, passenger EV sales are experiencing an exponen-
tial trend, as seen in Fig. 1.1. From most recent sales figures, BEVs and HEVs are
becoming adopted by the public as a reasonable alternative for personal mobility. Li-
ion batteries are used as energy storage devices in a BEV, whereas in an HEV, fossil
fuels and Li-ion batteries are used. The increased sales of BEVs can be attributed to
the aggressive taxation of ICE-driven cars [6], with the radical price decrease of the
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Figure 1.1: Sales of electrified vehicles in the EU from 2010 through 2020 in absolute numbers
and in relation to total vehicle sales [9]

Li-ion battery packs [7], the vehicle’s most expensive component by far [8].

The drive train of an electric vehicle consists of the energy storage device, the in-
verter, the electric machine, and the transmission. Most commonly, the energy storage
device is a Li-ion battery. A schematic depiction can be found in Fig. 1.2. The gear-
box in electric vehicles is commonly fixed-speed and sometimes two-speed, which
significantly reduces complexity compared to the ICE counterparts. The electric mo-
tor is an AC machine driven by an inverter that controls the supplied power to the
machine from the battery. Auxiliary electric equipment such as a charger and a 12V
electric system is also present. Two of the challenges EVs face is the reduced driving
range compared to ICE due to the low energy density of Li-ion batteries and higher
starting costs [8]. Although incorporating more Li-ion batteries can improve the driv-
ing range, it adds to the cost. An alternative is to physically integrate the drivetrain’s
various sub-systems, e.g., electric machine and inverter [10], [11]. Such a solution
has the potential to reduce weight using shared housing and cooling. Furthermore,
the cost can be reduced by optimizing the designs of the sub-systems and employing
designs that can enable automated manufacturing.

Research questions

The inverter shown in Fig. 1.3 is used as a propulsion inverter. Although various
topologies, e.g., multi-level, are proposed in the literature, a 2-level voltage source
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Figure 1.2: Schematic overview of the constituting components of an electric drive train in an
EV.

converter (VSC) is the most used propulsion inverter for EV applications [12], [13].
As shown in Fig.1.3, the inverter consists of the power semiconductors, the DC link
capacitor bank, and the heatsink. Additionally, copper bus bars are used to connect
DC link capacitors to the power semiconductors and loads to the semiconductors.
Furthermore, gate driver/control boards supply the gating pulses to control the semi-
conductor switches and sensors for measurements. This thesis explores the design
optimization of a propulsion inverter to achieve integration with the electric machine
and reduce cost via design for manufacturing.

L =«—— gate driver boards

heatsink
,:(:ic-link

power modules

85 mm

Figure 1.3: CAD of a high power inverter with a film capacitor bank [14].

The heat generated by the switching actions of the semiconductors needs to be
transported away to the coolant medium in the most efficient way possible to avoid
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overheating of the devices. One way to reduce the cooling requirements is by utilizing
low loss WBG devices, e.g., SiC, GaN which are more expensive compared to con-
ventional Si based devices [15]. Another way is by an over-design of cooling capacity
that is often employed to guarantee safe operating conditions which leads to additional
weight. Alternatively, the heat sink design can be optimized by undertaking a system
level optimization approach e.g., using drive cycle [14], [16]. Finite element thermal
simulations are commonly utilized to estimate the cooling requirements of inverters
[17]. To effectivize this process, accurate and easy to use loss estimation tools are
required that can be employed in system level studies e.g., using drive cycles and life
time estimations models [16].

The power semiconductor devices used in the inverter are often arranged as mod-
ule with several switches connected in parallel to achieve the required load current
requirements [18]. The layout of the semiconductor chips inside the module are opti-
mized by the manufacturer [19]. However, the additional design optimization of the
layout, interfaces and module housing incurs additional cost compared to discrete de-
vices of the same rating. As can be seen in the Fig. 1.3, these modules are mounted on
the heatsink using screws which increases the manufacturing steps of the inverter. In-
verter designs with discrete semiconductor components can be used as an alternative
to modules [20], [21].

Traditionally discrete components in highly power dense applications is challeng-
ing due to relatively poor cooling performance of the discrete packages in combina-
tion with the available PCB technology. A one layer PCB has been verified in a low
voltage high current application [20] for EVs. In another study a 600 V system is
experimentally verified in a low current application [22]. However, in both cases the
thermal management system is not optimized nor is a two layer AlI-PCB explored as
an alternative for a high current, high voltage direct cooled traction application for
EVs.

The DC link capacitors are a major component in terms of volume, as can be seen in
Fig. 1.3. The DC link capacitors can often occupy more space in comparison to semi-
conductors and heatsink in the inverter [23]. The big size of these DC link capacitors
can limit integration with machine due to space constraints and the environmental
requirements of the capacitors. Therefore, reducing the size of the DC link capaci-
tors is necessary to improve the volumetric power density and easier integration. The
DC link capacitors provide a power buffer and absorb the ripple current generated by
the switching action of the semiconductor devices. In practice, the active power is
supplied by the DC side of the inverter whereas the reactive power is stored in the
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capacitor bank [24]. The necessary capacitance to maintain the voltage ripple within
specification levels can be reduced by increasing the switching frequency, which is
possible when using wide bandgap devices [25]. Alternatively, the size could also
be reduced by using multi-phase configuration as it is possible to implement carrier
wave interleaving and the output currents of the multi-phase machines are out of phase
with each other, which can further reduce the capacitor size. Reseach in this area has
already been undertaken however only case studies have been presented and no full
operating maps have been investigated [26]. Therefore, an analysis of the DC link
capacitor voltage and current stress in a DTP 2-level inverter is needed.

There are three main types of DC link capacitor technology suitable for inverter
application: electrolytic, film and ceramic [27], [28]. Electrolytic capacitors typically
offer high capacitance rating and low current rating. Therefore, they used to be uti-
lized when high switching frequencies were hard to achieve. Nowadays IGBT and
SiC offer sufficiently high switching frequency; therefore, electrolytic capacitors are
not preferred in inverters for modern EV applications. Film capacitors offer moderate
capacitance levels and moderate to high current carrying capabilities. Hence are the
capacitor of choice for modern EV applications. One of the main drawbacks of film
capacitors is their temperature sensitivity and they rarely can operate above 100 °C,
hence not being a suitable technology for SMD technology. Ceramic capacitors are
typically featured as a decoupling and filtering device due to their low capacitance
level but fast dynamics. Some of the main advantages of ceramic capacitors feature
high current rating and high temperature capability. Typically current carrying capa-
bility and insulation level (voltage tolerance) are inverse capabilties of capacitors. An
overview of typical applications of the capacitor technologies based on voltage level
and capacitance can be seen in Fig. 1.4. In practical applications further considera-
tions such as bus bar mounting have to be made. Some semiconductor packages have
special made capacitor modules [29]. If not available a distributed approach has to
be taken [30]. In the latter a greater flexibility is achieved at the expense of power
density. Ceramic capacitors can due to their temperature stability be directly soldered
onto the power PCB, which also enables improved cooling. Due to the low C-rating
of ceramic capacitors however, are rarely employed in capacitor bank applications at
typical traction voltages of 400 V. However, by utilizing high switching frequency
WBG devices as well as DTP topology could reduce this requirement and should be
studied.
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Figure 1.4: Overview of capacitor technologies and their operating regions [31].

Research contribution

In this thesis, analytical loss calculation methods are proposed and evaluated for faster
estimation of semiconductor losses. A 6-phase configuration and higher switching
frequency is utilized to reduce the size of DC link capacitor. Additionally, ceramic ca-
pacitors are used in the DC-link instead of film capacitor to improve ease of manufac-
turing. Furthermore, the inverter is designed using discrete semiconductor switches
mounted on an aluminium substrate.

An improved analytical loss calculation methods considering the reverse conduc-
tion and blanking time is proposed. The loss estimation method is verified using a
2L-VSI with SiC MOSFETs: in a double jacketed caloriemtric box where the coolant
flow and temperatures are measured. The results of the measurement show that the
proposed method has a small error of 1.5 %. In addition a parameter sensitivity anal-
ysis is performed with regards to device junction temperature. It is verified against
simulations using Matlab/PLECS numerical software package.

A dimensioning method for DC link capacitors in a DTP inverter is proposed.
The DC link current and voltage stresses are modelled using a numerical simula-
tion method and is benchmarked against known three phase cases. Upon expanding
this method to DTP topology it is found that the current and voltage stress can be
influenced by both phase offset as well as PWM carrier wave offset. It is found that
the capacitor bank current stress can be decreased by up to 38 % and voltage stress
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45 % compared to a three phase equivalent.

As aresult of the above research outcomes if higher switching frequencies (50 kHz)
are utilized, ceramic capacitors can be utilized in 800 V traction voltage system if
a DTP topology is utilized. Which result in a low capacitance design of roughly
23.5 uF. An Al-PCB substrate is decided for due to its high thermal dissipation capa-
bilities and possibility to utilize direct cooling. Since this is a PCB in the traditional
sense, high volume production automatizing is possible on a single substrate incor-
porating capacitors and semiconductors, resulting in the additional benefit that the
capacitors are well cooled. The AI-PCB is a two layer substrate utilizing flux can-
cellation and high thermal conductivity dielectric material. To further improve the
thermal characteristics of the AI-PCB thermal vias are used to thermally bypass one
of the dielectric layers. This concept is prototyped for a 250 kW inverter. Thermal
verification experiments show that this SiC based inverter can dissipate the losses
which are produced when delivering the nominal output power. As a result a low
profile direct cooled inverter for integrated EV application is proposed.
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CHAPTER 2

Loss modelling of inverters

This chapter focuses mainly on two level VSI and their loss modelling. The most
common VSI is the 2L-VSI. An example of such an inverter is depicted in Fig. 2.1.
The input is typically a DC voltage, either from a rectifier stage or from a battery. The
output is typically a symmetrical three phase load with inductive character - typically
an electric machine. Between the input and the inverter stage there is typically a
smoothing capacitor which has the purpose of clamping the voltage and providing
the output with reactive power. The middle point of the capacitor can be indicated as
a fictive zero point.

The active components consist of semiconductor switches, most commonly IGBTs
or MOSFETs. The switching actions inhibit losses which in turn produce heat and if
the thermal limit is reached the switches fail. Therefore losses and heat dissipation of
the switches is a very important topic in power electronics. Estimating losses quickly
and conveniently improves the final design. Therefore, it is important to have accurate
analytical models which makes quick evaluation possible.

Losses in traditional IGBT/MOSFET based inverters can be split in on-state and
switching losses. The inverter features also additional losses such as gate driving
losses and losses during off-state. These can often normally be neglected when eval-
uating the performance of a high power inverter [32]. A map of individual power



Chapter 2 Loss modelling of inverters

J g g
Ccp —— Sa+ Sb+ [ Sc+— . L R

Ve

CR—— —

—
= oo s
Sa- S| Se-_l—

Figure 2.1: A two level three phase voltage source inverter
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Figure 2.2: Map of loss components of an inverter

losses of the semiconductor stage can be seen in in Fig. 2.2. There two parts which
contain the most loss are the static and switching losses. The semiconductors have a
small leakage current while in the off-state which contribute to a normally negligible
loss. While in the on-state the semiconductors feature a voltage drop which leads to
a power loss which can be significant even at partial load operating points. The other
significant loss component is the switching loss which occurs both when the switch
turns on and off. Especially in IGBTs switching losses can be a thermally limiting loss
component. The auxiliary losses such as gate driver losses can typically be neglected
from a thermal packaging point of view.
Therefore, total losses of one switch are typically described as

Ptot:Pc+Psw (21)

where P;. is the total loss, P, is the conduction loss and P, is the switching loss -
the sum of the turn on and turn off losses respectively.

In the following sections the analytical loss modelling of IGBTs and MOSFETs
are discussed. Analytical models are important for quickly drafting and selecting

10
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relevant switches when in the design stage. Then a model for MOSFETs is suggested,
experimentally verified and compared to its IGBT counterpart. Finally the MOSFET
model is extended with thermally dependent parameters and a sensitivity analysis of
these parameters on final losses is done.

2.1 Conduction losses in IGBTs

The conduction losses of an IGBT-based inverter bridge can be expressed as a sum
of the loss through the IGBT and the diode as

P.=FPr+Fp 2.2

where P 1 depicts the IGBT conduction loss and P, p is the diode conduction loss.
The conduction loss in a two level PWM inverter supplying a sinusoidal output current
depends on the modulation index as

A~

_ Vvout
Vdc/2

2.3)

where V, is the amplitude of the fundamental harmonic of the phase voltage and
Vic 1s the DC link voltage. When driving motor loads or other inductive loads the
power factor is less than one, cos(¢) < 1. Furthermore, the collector-emitter voltage,
vcE, across an IGBT mimics that of a diode and can be expressed as

vce = Vo + Ronir 2.4

where V} is the static voltage drop component and R, ¢ is the dynamic loss compo-
nent dependent on the on-state resistance and current magnitude. Considering this,
the conduction losses can be expressed as

1 Mecos(p) 1 Mcos(p)

Pr=(—+—"—""7122 I 4 ) Ry l?. 2.
T (27r+ 3 )Vo,T1+<8+ Fyn >R,T1 (2.5)

In an analogue fashion the anti-parallell diode conduction losses are described as

1 Mcos A 1 Mcos A
Pp=|-—- Meos(p) Vooli + | 5 — Meos(p) Ronplf. (2.6)
2 8 8 3T

11
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where Vj p is the threshold voltage of the diode and R, p is the on-state resistance
[32]. The IGBT based inverter has a forward voltage drop as Vjt and Vj p and a
resistive voltage drop as shown by the second term in (2.1) and (2.1) respectively.

2.2 Switching losses in IGBTs

When evaluating the losses of a full three-phase inverter, the switching losses also
need to be taken into account. The device data sheets usually contain the necessary
switching energies as a function of current levels for certain voltages and tempera-
tures. Hence, the switching losses for one semiconductor switch can be estimated by
taking every switching event into account using a look-up table approach:

E;'l::lTlfsw (Eon,jiT(t) + Eoff,jiT(t) + Err,j)

Psw: 9
T

Q2.7)

where T is the fundamental period of the output voltage and E, is the reverse recov-
ery loss of the diode. Typically the switching losses in the datasheets are measured
at a certain voltage level, hence, the switching losses, Eon(iT) and Fog(iT), can be
scaled according to the DC link voltage as

Kv.on/ol:f
Vi »
DS ) 2.8)

Vbe,ret

Eon/of‘f(iT) = <

The value of K, o 0f is typically around 1.4 [33] and can be obtained from the
supplier’s data sheet through interpolation. Since the output current in three phase
applications is normally a sinusoidal quantity, the switching loss calculation can be
simplified by expressing the AC current as an equivalent DC current as

N |~

Ipc=—=47 . 2.9

Therefore in summary, the total switching losses for one switch and the anti-parallel
diode can be estimated as a sum

Psw = fsw(Eon(IDC) + EOH(IDC) + Err) . (210)

12
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2.3 Losses in MOSFET based inverters

The thermal capability and the low switching losses of silicon carbide (SiC) MOS-
FETs can be beneficial in comparison to classical silicon (Si) IGBTs when used in a
three-phase converter [34]-[37]. Available comparisons between SiC MOSFET and
Si IGBT based converters show that SiC MOSFETs can achieve a more compact in-
verter design, while improving the system efficiency [34], [35]. Especially at high
switching frequencies and high junction temperatures, the converter efficiency can
be increased using SiC MOSFETs [35]-[39]. Furthermore, MOSFET based convert-
ers, as described in [40]-[44], have also reduced conduction losses at partial load
operation.

In previous research [45]-[49], work has been done to derive analytical switching
loss models. However, the available comparisons in [34]-[42] are mainly based on
analytical conduction loss models in the literature [50]-[53] or provided by semicon-
ductor manufacturers’ application manuals [32], [54] for various IGBT and MOSFET
converter topologies.

These models do not include the effect of the reverse conduction in the MOSFET
inverter, also known to as third quadrant characteristic [55]-[57]. MOSFET devices
typically have a body diode that allows for reverse conduction. In addition, when a
negative drain-source voltage is present, the MOSFET channel’s conduction can also
be controlled by applying a gate-source voltage above the threshold voltage level [58].
In a three-phase inverter this results in parallel conduction of the diode and MOSFET
when output voltage and current differ in sign.

The conventional way of controlling a two-level three-phase inverter is to send a
PWM signal to the top switch of the inverter leg and the inverted PWM signal to
the bottom one with a blanking time in between to prevent a short circuit of the leg
[59]. This means that, typically, all MOSFET converters use the reverse conduction
capability. Neglecting the reverse conduction can lead to overestimated conduction
losses.
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Figure 2.3: (a) Single inverter leg (half-bridge) of a three-phase inverter. (b) Equivalent circuit
of parallel conduction of diode and MOSFET channel in reverse direction [58].
During the reverse conduction ¢t < 0, and thus the MOSFET current flows in
opposite direction of the red current arrow.

Conduction losses in MOSFETs

If it is assumed that all three-phase output currents are sinusoidal and balanced it
is sufficient to calculate the losses for a single inverter leg as shown in Fig. 2.3(a).
Consequently, the result can be extended to the other legs. The average MOSFET
conduction losses can be calculated, approximating the drain source characteristic to
an on-state resistance R, as

1 2m

Per= o= | D(@)Ronit(a)da .11
27T 0

where o = 2%75 is the conduction angle and D is the duty cycle. Similarly, the diode
conduction losses can be obtained, approximating the forward characteristic to mimic
an on-state resistance R4 and a constant voltage drop Vg, as

1 27
Pcd

)

== D(a)(Rqi3() + Vaig(a))da . (2.12)
27T 0
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2.3 Losses in MOSFET based inverters

Assuming a naturally sampled PWM sine-triangle modulation with third harmonic
injection, the duty cycle can be defined as a function of « as

D(a) = %(1 + Msin(a) + éMsin(Soz)) . (2.13)

where M is the modulation index [50]. When current and voltage in one leg are of
opposite signe, either the upper or the lower diode is forward biased. If the correspon-
dent MOSFET gate-source voltage is above the threshold voltage level, the MOSFET
channel conducts in parallel with the diode. Due to the constant voltage drop, the
diode will only be forward biased, if the device current times the on-state resistance
R, 1s above the diode’s threshold voltage V; as

it Ron| > Va. (2.14)

This insight leads to the following cases of the MOSFET-diode conduction loss rela-
tions:

Case I - 1st quadrant operation ipg > 0

When the voltage and current through the MOSFET is of the same sign

it = ips (2.15)

and the diode current is
ip=~0 (2.16)

Thus the voltage drop across the MOSFET in the 1st quadrant operation becomes

vps = iT7Rq 2.17)
Case II - 3rd quadrant operation, no current sharing, — };/ L > ips <0
When the voltage and current are of opposite signs
iT = ipS (2.18)
and the diode current is
ip =0 (2.19)

Thus the voltage drop across the MOSFET in the 3rd quadrant operation becomes

Ups = iTRd (2.20)

15



Chapter 2 Loss modelling of inverters

Case IIl - 3rd quadrant operation with current sharing in reverse conduction,

. Ve
tpg < _Rodn

When the voltage and current are of opposite signs and the current magnitude is

large enough so that the product from equation (2.14) is fulfilled, current sharing
between the diode and the MOSFET channel occurs. This is described with the fol-
lowing relations for the MOSFET

. RoniDS - Vd
= < 2.21
T Rd + Ron ( )
and the diode current is R v
. on?DS + Vd
— _rontbs T 7d 2.22
b Rd + Ron ( )

where the total DS current is formed as
ips = iT — Ip. (2.23)

As a result, the voltage drop across the MOSFET in the 3rd quadrant operation
becomes

Ronips + Vg
_ ftn'Ds + Vd p 2.4
UDS Rat Ron (2.24)

Utilizing the results from (2.15) to (2.24) it is possible to calculate the dynamic
conduction losses analytically as in

DPc = UDSIDS. (2.25)

The limits for the cases I to III are solely dependent on the device parameters, cur-
rent magnitudes. Thus when calculating the average power integral for a steady state
sinusioidal output current it is possible to split up the power integral limits and apply
the corresponding loss formula for each of the cases.

2.4 Effect of the Blanking Time in MOSFET
inverters

Because of the finite turn-on and turn-off times, associated with any type of semi-
conductor switch, a delay time, often referred to as blanking time, ¢}, between the
conduction of the upper and lower switch of the same inverter leg must be imple-
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2.4 Effect of the Blanking Time in MOSFET inverters

Figure 2.4: Effect of the blanking time on the diode and MOSFET current.

mented in order to avoid a shoot-through. During the blanking time only the diode
is conducting the current. In the case of the IGBT inverter when the inverter through
the switch is negative it always goes through the anti-parallel diode, unlike the MOS-
FET which conducts in the reverse direction. Therefore, this effect is only considered
for the MOSFET inverter. As a result, the effect of the blanking time is shown in
Fig. 2.4. Its effect on the MOSFET conduction loss calculation can be accounted for
by defining an equivalent duty cycle as

1
Deg(@) = D(@) = toi fow = 5 (1= 21 fow + Msin(a)) (2.26)

where 1, is the blanking time and f,, is the switching frequency. Negative duty cycle
values are not to be considered, so the condition

1 — 2ty fow + Msin(a) > 0 (2.27)

must be verified in the case of a sinusoidal reference voltage. Normally a third har-
monic component injection is

1 — 2t fow + Msin(a) + 1/6Msin(3a) >0 . (2.28)

For values of M close to the boundary of the over-modulation region, the method of
using an equivalent duty cycle should be applied carefully. Typically a third harmonic
component of 1/6-th of the fundamental is added. Negative duty cycle values are to
be avoided. Since the diode is conducting the whole current during the blanking time,
the average conduction losses of the diode must be extended by the addition of

27
2i / Ut for (Rdﬁsm?(ﬁ)ffsm(ﬁ)vd) a9 (2.29)
™ T

which results in ) )
tol fswl <2fRd + 7TVd) : (2.30)

While the MOSFET and diode conduction losses have been derived without introduc-
ing any approximation, the formulas including the blanking time have some degree of
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approximation. Using an equivalent duty cycle as in (2.26) means a reduction of the
current conduction interval with two times the blanking time. However, the blank-
ing time intervals are not specifically placed at the beginning or the end of the reverse
conduction, but are considered averaged over the whole electrical period, introducing
a small error.

Switching Losses in MOSFETs

Switching losses in MOSFETs do not differ from those discussed in the IGBT chap-
ter in any significant manner. Having the MOSFET turning on and off during reverse
conduction would in theory increase the switching losses. However, due to the fact
that the diode is conducting in parallel or is conducting during the blanking time, the
voltage across the MOSFET is forced to V3 + Rql during the beginning of the switch-
ing transient, achieving quasi zero-voltage-switching (ZVS). Therefore, the switching
losses of the MOSFET during reverse conduction are negligible.

2.5 Experimental verification of the MOSFET loss
model

In this section the process of the experimental validation of the proposed model is
described in detail. First the experimental setup is described, then the calibration of
the loss measurement is discussed and finally the measurement results are discussed
and compared to the modelled losses.

The experimental setup

For the validation of the conduction loss models described in the previous section,
a SiC MOSFET based 2L.-VSI is prototyped utilizing a Cree power module in a six-
pack configuration. An evaluation gate driver board from Cree is used to drive the
switches. The bill of materials used in the inverter and the sensors are shown in
Table 2.1.

The double jacketed calorimetric box, as described in [62], has an inner and an
outer air chamber. Having two chambers reduces the leakage heat through the box
walls. The inverter and heatsink are fitted inside the calorimetric box with high res-
olution 4-wire PT100 temperature sensors at the water inlet and outlet of the inner
box.
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2.5 Experimental verification of the MOSFET loss model

Table 2.1: Equipment list

Device Manufacturer Model
SiC module 1.2kV/50 A Wolfspeed CCS050M12CM2[60]
SiC gate driver board Wolfspeed CGD15FB45P1[61]
2 DC link capacitors 5 pF Vishay MKP386M550125YT4
4W-PT100 RS PRO 25mm x 4mm Probe
Acquisition unit Fluke Hydra 2620A
Pump Shenchen LabN6

Temperature
sensors

Heat sink
Inlet/outlet

OO &

Resistor

Power
module
DC-link
capacitors

Gate driver
DC-link
supply

Three-phase
output

HH

Figure 2.5: Three-phase inverter prototype and calibration resistor mounted on the water
cooled heatsink.

The inverter inside the box is equipped with a 2202 calibration resistor with a
maximum power dissipation of 100 W and is mounted on the water cooled cold plate
as shown in Fig. 2.5. The role of the calibration resistor is to inject a well defined DC
voltage and current creating a loss in the inverter system. By comparing the injected
DC power into the inverter system with the measured extracted heat energy from the
cooling circuit a leakage factor o, can be established.

The selected coolant pump is a medical grade pump able to operate with a high

accuracy at very low flow rates. A low flow rate of 200 mL min~? is selected in
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Figure 2.6: Schematic operation of the inverter setup, using an RL-load. The low switching
frequency and the low DC-link voltages reduce the switching losses.

order to increase the outlet to inlet water temperature delta and hence the accuracy
of the measurement. When measuring losses in the range of 10-30 W this becomes a
necessity. The coolant medium is tap water kept in a large reservoir.

The PWM signals are generated using a dSpace DS 1006 processor board and DS5202
FPGA Base Board. A program is implemented to be able to enable the reverse con-
duction, W-RC, and disable the reverse conduction, W-RC, by either providing a high
or a low gate signal to the corresponding SiC MOSFET when voltage and current are
of opposite sign. A schematic description of the program is presented in Fig. 2.7. The
fundamental logic is to compare the phase current to a threshold current level which
is close to zero. For example, if W-RC is enabled, then the top switch of phase a is
kept off during the negative half cycle of the fundamental period. If W-RC is enabled
then the top and bottom switch gate signals are inverted to each other.

The switching frequency of 2 kHz is selected and the DC-link voltage is chosen to
be 200 V. These values are selected in order to minimize the impact of the switching
losses on the total measured loss. The load is an RL-load. The electrical schematic of
the system can be seen in Fig. 2.6 Different power factor operating points are inves-
tigated by changing the fundamental frequency. To ensure that the current amplitude
remains the same, a current controller is implemented.

The complete laboratory setup is shown in Fig. 2.8.
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Figure 2.7: Schematic description to disable the reverse conduction by keeping the gate
switched off, if the phase current exceeds the threshold value é¢py.

dSPACE system Flow pump Calorimetric box
Oscilloscope Water reservoir RL-load

Figure 2.8: Actual test setup environment with calorimetric box, water reservoir, data acqui-
sition and control unit.

Calibration of the measurement

The MOSFET on-characteristic and diodes voltage drop are measured at room tem-
perature. Additionally, the reverse conduction effect of the third quadrant is recorded
at different drain-source current levels. This measurement is done in order to verify
the stated datesheet values. The results in comparison to datasheet values are shown
in Fig. 2.9.

Estimation of the thermal leakage factor oy, of the calorimetric system is done by
applying a DC voltage step to the resistor for an estimated loss injection of approxi-
mately 25 W. Figure 2.10 shows the thermal response of the system where inlet and
outlet water temperatures as well as the internal ambient temperature are measured.
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Figure 2.9: Measured MOSFET and diode characteristic of the chosen SiC MOSFET inverter.
Reverse conduction is also shown.

After an initial rise, the absolute temperatures inside the box can be seen rising at a
constant rate. This is because the outlet water is disposed into a water reservoir which
slowly heats up. This reservoir has at the other far end the intake to the coolant inlet.
As a result, over time, a slow warming of total system can be observed. The coolant
outlet to inlet temperature delta however remains constant after the first transient.
This is found to be a quasi steady state for the loss evaluation.

The calibration procedure is done for several different levels of injected power. The
leakage factor is found to be relatively constant within the measured power range as
can be seen in Fig. 2.11. An average value is therefore used when estimating losses
of the inverter in the subsequent measurements.

Finally the inverter losses can be estimated by

Ploss(1 — on) = VAT 231

where oy, is the calorimetric box’s leakage factor, c;, is the heat capacity at constant
pressure, V' is the volumetric flow rate, p is the volumetric mass density and AT is
the temperature difference between the inlet and the outlet.

Loss measurement results of the MOSFET inverter

The inverter’s output current is at first controlled to 20 A peak at a fundamental fre-
quency of 50 Hz. The high and low side gate signals together with the output current
and the voltage reference of the measurements for one of the three phases are shown
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Figure 2.10: Transient temperature profiles using a flow rate of 200 mL min~* for about 25 W
of injected power. (a) Temperature profiles of the water inlet, water outlet and the
air inside the box. (b) Water temperature difference between the outlet and the
inlet, both measured and estimated.

in Fig. 2.12 for the W-RC case. It can be seen that when operating in W-RC mode
the gate signals to top and bottom switch are complimentary. The resulting output
current is also depicted. The corresponding voltage reference is obtained from the
dSpace signal interface.

In Fig. 2.13 a similar measurement is performed for the WO-RC case. It can be
observed that when the current is of positive sign, the bottom switch is not being
activated and only the top switch is performing switching actions. The case is opposite
when the current is of negative sign.
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Figure 2.11: Calorimetric box’s leakage factor measured for different power levels of injected
DC power using the calibration resistor.

The associated temperature difference between the outlet and inlet of the calori-
metric setup can seen in Fig. 2.14. The inverter was operated in intervals of approx-
imately 1h in with and without reverse conduction modes. The effect of the reverse
conduction has a significant impact on the inverter losses. When the inverter is op-
erated in W-RC mode the reverse conduction is in effect and the temperature delta
is approximately 1.2 K. When operated in W-RC mode the current is forced through
the diode which results in a larger loss and as a result a larger temperature increase
of the coolant - approximately 1.7 K.

The WO-RC mode of operation is actually akin to the principle operation of an
IGBT based inverter where no reverse conduction is possible.

The total measured loss includes auxiliary losses such as caused by he gate driver
board inside the calorimetric box. Typically, gate driver losses can be discounted
when designing inverters, however in these high precision measurement at low loss
levels this is necessary. The measured auxiliary losses from the gate driver board
amount to (2.8 W). In theory the gate driving loss is also dependent on the switching
frequency, however when the datasheet of the gate driver is studied it is found that this
dependency amounts to A Ppx ~ 33 uW Hz ! [61]. As aresult the difference of the
effective gate driver switching frequency between the cases W-RC and WO-RC was
1 kHz, which should result in a theoretical auxiliary loss difference of about 33 mW.
In practice however this difference in is not observable in the measured auxiliary
power consumption.

The switching losses are quantified by applying (2.10) and result in approximately
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Figure 2.12: Gate signals, reference voltage and output current with enabled reverse conduc-
tion (W-RC) for one of the three phases.

0.2 W, for both W-RC and W-RC. Finally when estimating the total inverter losses
the switching and the auxiliary losses are added to the conduction losses calculated
with the analytical model and compared with the total losses measured in the calori-
metric setup. The results show very good agreement as can be seen in Fig. 2.15 where
the calculated and measured conduction loss separation is performed for both cases.
When the case with W-RC is investigated, the presented analytical expressions show
an agreement of approximately 98.5 % compared to the measured losses.

The above described procedure is repeated for several different operating points in
terms of current amplitude and power factors by varying the fundamental frequency.
The final results are shown in Fig. 2.16. The results show, as predicted, that for
a MOSFET based inverter the losses are not significantly dependent on the output
power factor or modulation index. The total loss is mainly dependent on the current
amplitude. The measured losses match very well with the ones predicted using the
analytical model across all investigated operating points.
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Figure 2.13: Gate signals, reference voltage and output current with disabled reverse (WO-
RC) conduction for one of the three phases.

Comparison of the two compared methods when estimating
losses

The MOSFET-based inverter features the reverse conduction characteristic. There-
fore especially during partial load where compared to the IGBT based inverter the
MOSFET based inverter does not feature a diode like forward voltage drop. There-
fore especially during partial load loss estimation the method discussed in section 2.1
will lead to significant errors. Furthermore, the suggested method also takes into
account the effect of parallel conduction of the MOSFET and the diode making it ac-
curate in the high current operating points too. A comparison between the estimated
loss using the method using the method W-RC and W-RC is made in Fig. 2.17. It can
be seen that particularly at partial load operation with low power factor the error in
using the traditional method, [32], yields large errors.

In conclusion - neglecting the reverse conduction can lead to errors in the conduc-
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Figure 2.14: Measured water temperature difference between the outlet and the inlet with al-
ternately enabled and disabled reverse conduction for a current amplitude of 20 A
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Figure 2.15: Comparison of estimated losses, using the analytical models, and measured losses
for a current amplitude of 20 A at 50 Hz.

tion loss estimation, which could result in an overdimensioned cooling system when
utilizing MOSFET-based inverters.
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2.6 Temperature dependence of MOSFET loss
parameters

One of the limiting factors when conducting the calorimetric measurement was the
current limit of the load which was rated at 18 A RMS (25 A peak). Therefore the
rated current of the power module was not reached. The derived expressions in previ-
ous sections can further be expanded with temperature dependent variables. Typical
parameters whose parameters temperature dependence influences losses are the on
resistance, Rop, switching energies Fop /oft /rec and the threshold voltage of the diode
V4. Typically these temperature dependencies are available in datasheets [60]. It is
therefore possible to implement these temperature dependencies using look up tables.

A traction application is selected to perform this study where a PMSM electric
machine is selected and its key parameters are shown in Table 2.2. An electric ve-
hicle application is interesting for this study as it offers partial load as well as full
load operating points to study from an inverter point of view. The selected machine
is developed for 400 V DC link and delivers a peak torque of 197 Nm and has a max-
imum speed of 9000 rpm. A typical requirement for vehicle applications is that the
components must deliver rated power at a coolant temperature of 65 °C.

In order to implement a thermally dependent model one needs to consider the ther-
mal network of the power semiconductor structure in a finalized system including
heatsink and thermal interface materials. Typically this type of work requires a large
engineering effort and needs to be made in an iterative fashion with loss estimation
and cooling performance of the cooling system. A simplified approach with an equiv-
alent thermal resistance of 0.5 K/W /switch is chosen to investigate the temperature
dependence of losses. Thermal capacitances are neglected because in power elec-
tronic inverters the thermal constants are typically <1 s and therefore the steady state
operating point is reached relatively quickly from the inverter point of view. The ther-
mal boundary conditions for the system are the coolant temperature and the junction
temperature of the switch, T} ,ax. The thermal network for a SiC MOSFET based
inverter without an external anti-parallel Schottky diode is shown in Fig. 2.18. Here
the switch is acts as a power source and has a temperature. The thermal resistances
consisting of the chip’s own thermal stack ;. and the heatsink thermal resistance
R;. shown schematically between the chip and coolant.

The inverter is comprised off a 1.2kV/100 A SiC-MOSFET from Cree/Wolfspeed
[63]. To achieve the necessary current rating each switch position contains 4 parallel
MOSFETs. The inverter system in the simulation is summarized in Table 2.3.
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Figure 2.18: The simplified thermal network from junction to coolant.

Table 2.2: Permanent magnet motor parameters in the simulation

Parameter Value  Unit

DC link voltage V. 400 Vv

Stator resistance R 26 m§?
d-axis inductance, Ly 0.45 mH
g-axis inductance, Ly 1.30 mH

Pole pairs , n, 4 —
Peak torque, Tinax 197 Nm

Peak phase current, / 320 A
Max speed, n 9000 rpm

The above mentioned inverter and machine are modelled in Matlab/PLECS. The
loss calculation of the inverter is performed by a number of 3D-loss maps in accor-
dance to the motor operating points. Each operating point inside the torque and power
boundaries the corresponding d and q axis currents are calculated according to the
governing equations of the PMSM. MTPA and field weakening is respected with re-
gards to the current and voltage constraints of the system. Thus, a PI-regulator is
utilized in the control of the motor currents for fixed motor speed operating points.
The operating points in terms of current magnitude, modulation index, power factor
and other relevant factors are recorded for later comparison with the analytic model.
The losses at each operating point are recorded from the pre-calculated lookup tables
based on the thermal model provided by the manufacturer [63].

For the comparison between the analytical formula NTF and WTF a recursive func-
tion is built with a convergence criteria of 0.1 °C. The fundamental idea is to calculate
the junction temperature based on the losses and thermal resistance network. Ther-
mal capacitances are neglected and are assumed to have a total time constant of less
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Table 2.3: Key inverter parameters in the simulation. The superscript * denotes nominal values
of the switch at 25 °C [63]

Parameter Value Unit

Switching frequency, few 20 kHz
Blanking time, ¢y, 140 ns

On resistance, R} 21 m¢)
Diode resistance, R} 23 m}
Diode threshold voltage, V] 2.78 Vv

Thermal resistance, Ryp, 0.5 K/W/MOSFET

Coolant temperature, Tcoolant 65 °C

than 1s and hence to be suitable for most drive cycle studies. The junction temper-
ature, Tj, is then updated based on this loss and compared to the previous value. If
the convergence criteria is not met the loss calculation is performed recursively until
a steady state final loss temperature is found. The loss value is then recorded. This
process is described in Fig. 2.19

The results of the NTF and WTF models as well as the thermally coupled PLECS
simulation are shown in Figs. 2.20a, 2.20b and 2.20c respectively. The PLECS simu-
lation is then taken as a reference and the relative error between the PLECS simulation
and the analytical methods is shown in Figs. 2.21a and 2.21b. It can be seen that at
peak torque the NTF model underestimates the conduction loss up to 30 % compared
to the PLECS simulation. On the other hand the WTF model is for most high current
operating points within 5 % of the reference PLECS simulation. The largest deviation
of the WTF model is observed at low speed high torque where the model overshoots
by approximately 10 %. This however could be due to poor performance of the im-
plemented controller at low speed / high torque operating points.

The improvement by including the thermal effect to the loss calculation is relatively
low effort and yields very accurate results in relation to the numerical simulation. The
benefit in this improved method apart from the accuracy is the speed when using the
analytical function. The analytic model takes a few seconds to compute the complete
presented loss map on a normal desktop computer whereas the PLECS loss map takes
roughly 12 h to obtain. The computer used in the simulation has an Intel i17-7700 CPU
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Figure 2.19: Recursive algorithm for analytic loss loss calculation with thermal feedback
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operating at 3.60GHz (8 CPUs). As a result, the suggested improved analytic model
(WTF) makes a very convenient tool with high accuracy when iterating the switch
selection for an inverter prototype.

Summary of MOSFET loss modelling

In summary analytical models to quickly evaluate the conduction losses of a three-
phase inverter are discussed. The MOSFET model includes the effect of the reverse
parallel conduction and blanking time. These models can be used as a quick and
accurate tool during the inverter design process to evaluate the inverter efficiency and
to perform thermal evaluations as well as drive cycle stuidies.

The proposed equations for MOSFET losses have been experimentally validated.
A SiC MOSFET inverter was tested at different operating points and the losses were
measured using a calorimetric setup. The measured losses were compared with the
proposed analytical models with good agreement. Further, the analytic model has
then been expanded to include look-up tables of temperature dependent losses for
the switching energies and on state resistance as well as diode reverse conduction
threshold voltages. The presented method is compared to numerical simulations and
the agreement is good across the whole operating map of a PMSM for traction vehicle
application.

In comparison to the presented method with other available methods for IGBT
inverters it is clear that neglecting parallel reverse conduction will overestimate the
conduction losses when applied used to MOSFET inverters, especially at partial load
operation when the diode might not reach its threshold voltage. On the other hand not
including the thermal effects on the losses could lead to significant under-estimation
of losses in high load operating points, which could cause overheating if the cooling
system is underdimensioned.
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Figure 2.20: Total conduction loss results (a) without thermal feedback, (b) with thermal feed-
back and (c) PLECS numerical result.
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CHAPTER 3

Capacitors in electric vehicles

This chapter will explore the functionality, limitations and dimensioning of capacitors
and provide an overview of their use in DC-link applications for inverter and electric
vehicle applications. A numerical method is developed for estimating the current and
voltage stress in a two level VSI. This method is expanded to estimate the current
stress in a DTP application with carrier wave interleaving as a way to reduce the
capacitor bank stress. Guidelines for capacitor current and voltage stress optimization
are developed on the basis of this method.

3.1 Introduction

Inverter and electric vehicle applications require the conversion of DC power to AC
power, which involves the use of power electronic switches that rapidly switch on
and off [24]. These switches generate high-frequency voltage ripple in the DC-link
circuit that can cause problems such as electromagnetic interference, reduced effi-
ciency, and voltage instability. DC link capacitors are essential components in these
circuits that are used to mitigate these problems by smoothing out the voltage ripple
and maintaining a stable DC voltage supply to the inverter’s switches [24], [64], [65].

In the traditional three phase inverter the DC link capacitor has a large space claim,
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up to 50 %, especially if electrolytic capacitors are used [23]. The space claim of ca-
pacitors in inverter applications is an important design consideration that can impact
the overall size and weight of the system. In general, the amount of space required
for capacitors in an inverter circuit is determined by the required energy storage ca-
pacity and the operating voltage. Therefore, optimizing the capacitor bank sizing is
of premier importance for high power density drives.

The DC link stress for three phase inverters has been studied in numerous previous
publications [24], [64], [65]. These studies provide analytical methods to calculate the
RMS current stress on DC link capacitors in PWM moulated converter systems. The
derived equations to calculate the RMS current stress includes the system parameters
such as switching frequency, load current, and DC-link voltage. The results include
that the capacitor size increases with increasing RMS current stress and decreasing
switching frequency.

In recent years the multi-three-phase inverter based systems, depicted in Fig. 3.1,
connected to multi-three-phase machines have gained popularity [25], [66], [67].
Fig.3.1 shows that on the output side, the multi-three-phase inverters consist a mul-
tiple parallel connected three phase bridges. Whereas the input DC side is still only
two terminals and a shared DC link capacitor bank between all the outputs. When
designing a multi-three-phase inverter, the total output power is the same. However,
because the amount of phases increases, the output current is scaled according to

1
In><3ph = E-I—Spha 3.D

where n is the multiple of number of three-phase systems. Hence, the total needed
semiconductor area stays approximately the same in both 3-phase and for example -
6-phase cases.

Vdc —

Figure 3.1: Multi-phase inverter with common DC link.

It has been reported that the multi-three-phase topology offers benefits in terms
of reduced DC link capacitor current stress [26], [68]-[70]. Hence the multi-phase
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design can be used to improve the power density of the inverter and the system. Ca-
pacitor sizing for multi-phase applications has been studied for in [26], [71]. However,
in those works no thorough investigation of power factor is present. Furthermore in
most capacitor sizing and dimensioning papers the DC link voltage ripple is not stud-
ied. This requirement is important since excessive DC link voltage ripple emitted
by the propulsion motor system can damage auxiliary equipment connected to the
traction battery.

DC link capacitors are characterized by the technology that is utilized in the con-
struction like has been mentioned in Chapter 1.1. The fundamental working principle
of a generic capacitor is a parallel plate capacitor with two terminals and a dielectric
material. The capacitance of a a parallel plate capacitor can be expressed as

A

=7

(3.2)
where C' denotes the capacitance, ¢ the dielectric permittivity of the material, A is
the area of the plate and d is the distance between the plates. As can be seen the ca-
pacitance depends on the the permittivity of the dielectric material, area of the plates
(size) of the capacitor and the distance between the electrode plates. The minimum
value of thickness is limited by the required dielectric strength for the necessary op-
erating voltage. Therefore, d, and hence the capacitance, is inversely proportional to
the operating voltage of the capacitor for the same dielectric [31].

Aluminium electrolytic capacitors are commonly used in drive applications [23].
The benefits of electrolytic capacitors include high capacitance values (CV-values)
and relatively low current rating, low temperature application. The dielectric typi-
cally consists of aluminium oxide, Al O3, which can feature low value of d and hence
increase the capacitance of the product. On the other hand however, the Al;O3 layer
is liquid. and calendar ageing effects due to the evaporation of the chemicals in the di-
electric [72]. This evaporation may lead to catastrophic failure of the equipment if the
decaying capabilities are not accounted for in the design stage. Typical construction
and packaging of an electrolytic capacitor is rolled electrolytic material in a sandwich
configuration between the cathode and anode foil. The large characteristic C rating
of this type of capacitors makes them suitable for switching applications that require
a very low degree of voltage ripple and/or low switching frequency applications [65].

Film capacitors made of metallized film consist of two plastic film pieces coated
with metallic electrodes that are wound into a cylindrical shape and enclosed with
attached terminals. Typically, film capacitors are non-polarized, which means the
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two terminals can be interchanged. Film capacitors are today commonly employed in
traction applications as they offer higher current rating capacity then their electrolytic
counterpart [65]. Compared to electrolytics they also feature lower CV values, but
due to the relatively high switching frequency (>10kHz) in today’s electric vehicles
this is not considered a problem and most often the current carrying rating of the
film capacitor is the sizing criteria [65]. Due to the solid nature of the dielectric, the
there is no evaporating ageing effect in film capacitors which improves their ageing
characteristics [31]. Due to this, film capacitors feature higher operation temperatures
than electrolytes. The electrode of the metallized film capacitors can be subdivided
into elementary cells with fuse gates. In the case of a dielectric puncture, only the
fuses will be burnt and the bulk capacitor still remains functional at a reduced rate.
This is commonly referred to as self healing characteristics which improve safety
greatly [73].

Lastly ceramic capacitors are constructed by sandwiching a ceramic dielectric ma-
terial between two conductive plates, which are then coated with a protective layer.
They are small in size, offer high capacitance values, and can operate at high fre-
quencies, making them suitable for use in a wide range of electronic applications.
However, they have a tendency to exhibit nonlinear capacitance behavior, and their
capacitance values can be sensitive to temperature and voltage changes. Furthermore,
ceramic capacitors may experience a phenomenon known as the piezoelectric effect,
which can result in electrical noise and distortion. Despite these drawbacks, ceramic
capacitors remain popular due to their low cost, high reliability, and compatibility
with surface-mount technology. At DC link voltage levels typical for EVs, such as
400V to 800V the ceramic capacitors have a rather low C-rate would lead to large
voltage ripples [74]. Due to their high current carrying capability and low capacitance
the design point for ceramic based capacitor bank could be the capacitance value and
not the ripple current. With new wide bandgap devices such as SiC and GaN which
feature improved efficiency and switching frequency [75], it could be possible to uti-
lize ceramic capacitors.

3.2 Ideal DC link modelling

In this section a reference permanent magnet synchronous machine is defined and
briefly introduced. The various possible winding connection configurations and their
impact on the DC link modelling are discussed. Based on these configurations a
DC link modelling case is presented and employed. The various effects of winding

40



3.2 Ideal DC link modelling

connection configuration, modulation and operating points are studied and discussed.

The electric machine and winding configurations

The selected machine for the case study is the 12 slot 10 pole fractional slot (FSCW)
machine. It is considered as an attractive solution for automotive electrification due
to high fundamental winding factor, short end-windings and ease of mass production
[76]-[78]. Furthermore, this machine is selected as it is possible to configure it in
3-phase mode and in 6-phase mode. The 6-phase mode offers some benefits in terms
of redundancy but also in somewhat higher torque which are attractive features in
automotive applications [78], [79].

Figure 3.2: (a) 12 slot 10 pole machine disposition, (b) phasors for Case I, Case 2 and Case 3
respectively

The machine under consideration is shown in Fig. 3.2a. It is an interior v-shape
magnet PMSM with concentrated windings. Here, the impact of winding configura-
tions and PWM carrier wave interleaving and their effects on the DC link sizing is
studied. The winding of this machine can be connected either in 3-phase mode or
6-phase mode. The possible cases as shown in Fig. 3.2b are:
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Case 1

3-phase mode supplied by one 3-phase inverter where the coils A and A’ are con-
nected in series. The corresponding coils on the other side of the stator are connected
in series as well to form two branches of phase A.

Case 2

Pseudo 6-phase mode where coil A and A’ are supplied by two parallel 3-phase in-
verter bridges with zero phase shift between phases. Each star system has its own
PWM carrier. The neutral points are isolated.

Case 3

6-phase mode with 30 ° phase shift between the stars and supplied by two parallel
3-phase inverter bridges and the neutral points are isolated. Similarly to Case 2 each
star system is supplied with its individual PWM carrier.

By sweeping the different offsets between the PWM carrier waves it is possible to
find the optimum shift which results in the lowest possible capacitor current or voltage
stress. The benefit of Case 2 compared to Case 1 is that this case has redundancy
which is possible to utilize in safety critical applications. Furthermore, in Case 2 the
control is simpler than in Case 3. On the other hand, Case 3 allows better utilization of
the DC link voltage due to improved the winding factor &, [79]. The resulting current
vectors for the cases are shown in Fig. 3.2b. The PWM interleaving is visualized in
Fig. 3.3 [25], [26].

Capacitor current modelling

The switching actions in the a an inverter are controlled by comparing the reference
voltage with a triangular carrier. The reference voltage signal is

Uref(t) = Msin(wt + (n — 1)e),n =1,2,3,..,N (3.3)

where M is the amplitude modulation index and ¢ is angle between phases based on
winding configuration and [V is the total amount of phases.

In modern drive systems a zero sequence component is added to the fundamental
wave. This component increases the operating voltage window. In sine wave PWM
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Figure 3.3: PWM carrier offset example

applications either a 3-rd harmonic component is added like discussed in 2. Another
way is to add a zero sequence based on the min/max method presented in [80]. This
method increases is preferred and used in this study. As a result, the states of the
inverter switches are defined as

[S1, 82, ey sN]T = Vrer(t) > vyi(t). (3.4)

sn denotes the state in which the upper switch in phase leg n and can only assume
values of 0 or 1. The lower switch has the inverted state. The phase output currents
are defined as

ioun (t) = Isin(wt + (n — 1)e — ¢),n =1,2,3,..,N (3.5)

where ¢ is the phase displacement. Then, the current through the inverter stage as
defined in Fig. 3.1 is

Gy = [11(),i2(t), oy in(t)] - [51, 82, .., 5] 7 (3.6)

where the inverter current composites a sum of the DC link current and capacitor
ripple current as defined in Fig. 3.1. This can be expressed as

iinv(t) = Ipc +ic(t) (3.7)
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and by further assuming that the capacitor is supplying the AC component of the in-
verter current and thus the inverter only consumes DC current it is possible to extract
the DC current as the average of the inverter current. By rearranging (3.7) it is pos-
sible to obtain the capacitor current i.(¢). The RMS value of this capacitor current,
I, is one of the dimensioning factors when deciding the DC link capacitor rating.

The DC link dimensioning of multi—phase inverters can in practice be done in the
same way as in the case for the 3 phase inverter discussed above by scaling the phase
current as in (3.1).

Capacitor voltage ripple

The other dimensioning factor is the DC link voltage ripple. The C-rating of the ca-
pacitor can be estimated by coulomb counting and by imposing a maximum allowable
voltage ripple. The stored charge in a capacitor is

Q=CV (3.8)

where @ is the charge. The equation above can be reformulated as

t
Q(t) = CVe(t) = / icdt. (3.9)
0
The voltage ripple is defined as a percentage of the DC link voltage
Av, AQ
5% = — = =, 3.10
T Ve OVic (3.10)

Therefore by re-arranging (3.10) and by integrating the current as in (3.9) it is possible
to obtain the minimum capacitance that will satisfy the voltage ripple in that operating
point [69].

Fault operation

The 6-phase configurations are redundant and thus it is possible to operate a vehicle
in for example limp home mode if either one of the converters breaks or if there is a
fault in one of the star systems of the machine. Hence, the fault condition operation is
assumed to be similar to Case I but limited to only half of the original system rating.
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Figure 3.4: Results for Case I considering total inverter operation map

3.3 Case study and results

To yield accurate results the sampling frequency is set 1024 times the switching fre-
quency. No dead-time is considered and ideal switches are assumed. The switching
ripples in the output currents are not considered. The 3-phase case is considered as
reference and the output currents are set to 1.0 pu. The calculations are implemented
in Matlab. The switching frequency only impacts the capacitance rating of the in-
verter and the rms current rating is independent of switching frequency.

Modelling results Case 1

The maximum simulated rms current stress, /.., for the 3-phase configuration is shown
in Fig. 3.4 and is 0.65 pu of the phase current, in agreement with theoretical results
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from [24], [64].

The minimum capacitance rating that is needed to satisfy the 5 % voltage ripple is
dependent on both the power factor, cos¢, and the modulation index amplitude, m,
and phase current, Ipy,. This minimum capacitance that satisfies all operation points
for the 3-phase inverter bank is set as 1 pu for further comparisons.
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Figure 3.5: Results for Case 2 considering cos¢ = [0.7,0.775,0.85,0.925, 1.0]

Modelling results Case 2

From results in Case I it can be seen that both capacitor current rating and capacitance
rating depend on both the power factor and modulation index. The different surface
plots in Fig. 3.5 are for various values of cos¢ ranging from O to 1. Additionally,
different values of PWM carrier shift are swept. The carrier wave sweep displays
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symmetry after 50 % (or 180 °) displacement, therefore for clarity the plots are limited
to only this value of PWM shift.

The global maximum of I. for each PWM shift is extracted to find the global opti-
mal value of the PWM shift as shown in Fig. 3.5a. The optimum PWM shift value for
Case 2 can be observed at approximately 29 % amounting to 0.35 pu capacitor cur-
rent. If this value is chosen the DC link current stress is reduced by 46 % compared
to the reference Case 1.

In the capacitance surface plot in Fig. 3.5b it can be observed that with increased
PWM shift the general trend is that the capacitance value to satisfy the 5 % voltage
ripple decreases. In Fig. 3.7b the maximum value of capacitance that satisfies all
operation points are plotted as a function of PWM shift. With 0 % PWM shift the
minimum required capacitance is the same as in Case 1. It can further be seen that
the optimum capacitance value is different from the optimum value for the capacitor
current.

Modelling results Case 3

Similaly to Case 2 the global map of the capacitor current I, and minimum capac-
itance for 5 % voltage ripple is shown in Fig. 3.8. Unlike Case 2 which only has a
global symmetry around 50 % of PWM shift, Case 3 exhibits also a local symmetry
around 25 % of PWM shift.

Global maximum of I. for each PWM shift and power factor are extracted and
presented in Fig. 3.6a. Due to the earlier mentioned symmetry around 25 % of PWM
shift minimum value of 0.40 pu at approximately 15 % or 35 %. This is a reduction
by 38 % compared to the reference Case I but is larger than Case 2.

Unlike Case 2 there is no monotonous trend in Case 3 as is shown in Fig. 3.6b.
Furthermore, the worst case of PWM shift for Case 3 is slightly lower than that of
Case 2. This can be attributed to the phase shift between the star systems.

In Fig. 3.6b it can further be seen that the capacitance rating relatively flat as a
function of PWM offset and amounts to approximately 0.58 pu of Case 1.

Fault operation results

Fault operation is only considered for Case 2 and Case 3 where in a fault scenario
in one of the star systems that system is considered to be disconnected. Since the
neutral points are isolated from each other they do not interfere with each other elec-
trically. Therefore, in both Case 2 and Case 3 the remaining star system can be mod-
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Figure 3.6: Results for Case 3 considering cos¢ = [0.7,0.775, 0.85,0.925, 1.0]

elled as Case 1 with half the current rating and PWM shift no longer applies. The
maximum capacitor current amounts to 0.325 pu and minimum capacitance rating to
0.5 pu which are both less than the optimized ratings of healthy Case 2 and Case 3

/2
PWM shift [rad]

b

configurations. A summary of the results is shown in Table 3.1.

3.4 Conclusions

In this chapter the impact of carrier interleaving on the DC link sizing based on the
topology of the 12 slot 10 pole FSCW is investigated. The results offer simple guide-
lines based on the three phase reference case for both current and voltage ripple mod-

elling.

The three phase reference case shows the largest amount of DC link capacitor volt-
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Figure 3.7: Global maps based on the PWM shift for Case 2

age and current ripple. The two different 6-phase configurations offer improvement
on both current and voltage ripple. Based on the phase shift between the star systems
the results for the 6-phase cases vary. The current ripple in Case 2 with parallel stars
has the lowest value. In Case 2 the voltage ripple is strongly dependent on the value
of the PWM shift, on the other hand the voltage ripple in Case 3 is relatively inde-
pendent of PWM shift. Despite the sligtly better current stress performance of Case
2, Case 3 might be more traditional and advantageous to use due to better utilization

49



Chapter 3 Capacitors in electric vehicles

2

1.5

2

M 0 A PWM shift [rad]
Figure 3.8: Results for Case 3 considering cos¢ = [0, 0.25,0.50, 0.75, 1.0]

of the DC link voltage.

In fault operation the worst case capacitor stress is always lower than the optimized
values of Case 2 and Case 3. Therefore no over-dimensioning of the DC link is nec-
essary to keep fault safe operation.
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Table 3.1: Summary of the results

Current optimization Capacitance at opt. PWM
Icmax [pul  opt. PWM shift [%] Cinaz [pu]
Case 1 0.65 NA 1.0
Case 2 0.35 29 0.56
Case 3 0.40 15&35 0.55
Fault 0.325 NA 0.5
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CHAPTER 4

High Power Density Inverter for Electric Vehicles
Utilizing Surface Mount Components

This chapter presents the electrical and thermal design aspects of a direct cooled Al-
PCB for electric vehicle application. At first, the overall performance requirements
are discussed, which sets the groundwork for the sizing of the inverter. The sizing is
a multiphysics problem with electro-thermal considerations. Next, the design of the
half-bridge switching cell is described. Subsequently, the impact of AI-PCB on DC-
link design is discussed. Furthermore, the the gate driver interface to the switching
cell and current sensing are presented. Lastly, thermal aspects are investigated.

4.1 Design requirement and topology selection

Integrating an inverter with an electric machine has been proposed in the literature
[61] - [65]. The different integration concepts can be classified into four categories:

1. Radial Waterjacket Mounted (RWM) [81]
2. Radial Stator Back Mounted (RSBM) [82], [83]
3. End Waterjacket Mounted (EWM) [84]
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4. End Stator Mounted (ESM) [85]

EM stator EM stator
EM EM
housing housing

EM stator EM stator
EM EM
housing housing

Figure 4.1: The four main types of integration of inverter to the electric machine. Top left
EWM, top right RWM, bottom left RSBM, bottom right ESM

RWM means that the inverter part is mounted on to the waterjacket (housing) of the
electric machine - shortening cooling ducts and electrical interconnections. RSBM
integration is similar in principle but the inverter is integrated even more intimately
to the machine on the stator back inside of the machine housing. This is typically
associated with larger environmental challenges for the inverter and machine, but
could in theory achieve higher power density. Common for radial mount is that it
often is advantageous in higher speed applications as these types of motors tend to be
longer to reduce rotor inertia. Furthermore, this integration method does not interfere
with gearbox integration, and it may be possible to design a shared cooling channel
between the inverter and the machine.

EWM are inverters that are integrated onto the end plate of the motor housing elon-
gating the total drive unit. Similarly, ESM integrated drives is similar to EWM but is
hosted inside the housing, making it a more high degree of integration a but more en-
vironmentally challenging to accomplish. Stator end integrated drives are preferable
in high torque applications where the diameter of the machine tends to be larger pro-
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viding enough surface space to integrate an inverter. More integrated designs such as
stator iron integrated inverters face challenges of confined space and bigger thermal
risks than the ones mounted on the machine housing. In some examples integration is
co-location of the inverter and machine which means that the inverter’s cooling chan-
nels and connectors are not integrated [82]. However, integrating cooling structures
and connectors could bring additional weight and space savings.

Another essential aspect in safety-critical applications such as EVs is safety and
fault tolerance. Two approaches, modularization of the entire integrated drive and
altering the electrical configuration of the electric machine to improve fault tolerant
operation, are presented in [86]. [87] lists several topologies that improve reliability,
such as single-phase inverters or open-ended winding configurations for three-phase
motors. Additionally, multi-level inverters can have some fault tolerance, as reported
in [88]. Nevertheless, another way to increase redundancy is to increase the number
of phases. For example, fault-tolerant drives using five and seven-phase are discussed
in [89], [90]. Multi-three-phase drives feature the simplicity and familiarity of three-
phase drives and have been proposed in the literature [26], [68], [91].

WBG devices feature several attractive features for inverters in integrated drives.
These include low switching losses, low conduction losses, high temperature toler-
ance and as a result high power density [30]. SiC and GaN devices are both alterna-
tives at face value, however SiC has significantly higher industry maturity at the power
level interesting for the automotive industry. Additional benefits of using MOSFET
based inverters compared to IGBT based ones especially related to partial load appli-
cations has already been discussed in Chapter 2. And the results from such a study is
also discussed in Paper III, where it is shown that using a MOSFET based drive-train
in multi-phase applications is more advantageous due to lack of forward voltage drop
losses. Therefore, the inverter is designed with SiC based MOSFETs.

An interesting technology to explore the feasibility to use discrete components in
high power, high power density application is the use of metal core PCBs. Typically
such PCBs are used in low voltage LED applications. The base structure is described
in Fig. 4.4b. Previous research where this type of PCB technology for motor drive
application is limited to either low voltage and lower current applications [20], [22].
These types of PCBs could make a viable alternative to use SMD components. Power
modules which are today utilized are thermally optimized but bulky, which could
make integrated solutions challenging. In Fig. 4.2 a scatter plot of power modules and
discretes vs price is shown. Due to higher production volumes and standardized pack-
aging the SMDs have a median price per 1.36 kW /EUR, compared to 0.67 kW /EUR
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for power modules.
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Figure 4.2: Pricing per kW of discrete SiC components vs SiC power modules in the voltage
classes spanning 600 V to 1700 V. Prices collected in the spring of 2023

The critical design requirements of the inverter are summarized in Table 4.1. The
requirement in this project is to design an integrated inverter solution for a high-
power application, e.g., heavy-duty trucks with a maximum power output of 250 kW.
The propulsion motor is a permanent magnet synchronous machine (PMSM) with an
end plate diameter of 240 mm. The Inverter DC-link voltage is increased to 800V
to reduce the required current level, reducing the required copper area and weight.
The maximum coolant temperature is 65 °C according to standard automotive bench-
marks. The DC voltage ripple limitation is similarly in line with common automotive
requirements [92].

4.2 Design of the inverter

This section deals with the detailed design steps of the AI-PCB based integrated drive
topology. Including trade-offs and limitations of the technology. At first the geomet-
ric constraints are discussed and their impact on the phase leg switching cells. A
switching cell in this thesis denotes phase leg including the phase output and the DC
link capacitor. Further, the implications of the selected topology and geometry on the
capacitor bank design is discussed.

The thermal and heatsink design and modelling is then introduced and the con-
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Table 4.1: Inverter requirement parameters

Parameter Value  Unit

End plate diameter, D 240 mm

Output power, Pyt 250 kW
DC link voltage, Vy. 800 \%

DC link voltage ripple, AV, 10 %

Coolant temperature, Tcoolant 65 °C

straints of the thermal design of the inverter.
Lastly, the experimental verification of the concept is presented.

Inverter layout and chip selection

A traditional inverter design with a rectangular layout could be used for end plate in-
tegration, as presented in [93]. However, this work selects a circular layout to achieve
better space utilization. One challenge in using Al-PCB for a high current application,
as reported in [20], is the voltage drop in across the PCB due to a non-symmetric DC
link supply. An unbalanced voltage at the different phase legs leads to problems with
control and circulating currents. Therefore, the DC link is placed around the circular
Al-PCB’s geometric center.

The inverter is constructed using six half bridges arranged in a circular layout, as
shown in Fig. 4.3. Each half-bridge consists of four parallel SMD SiC chips with
D2PAK casing. The switches hav a nominal rating of 1200 V/98 A. The maximum
current rating of each chip is rated at a case temperature of 25 °C, which implies a
maximum total phase current of 392 A. The chips feature a low turn-on and turn-off
loss of 461 uJ and 400 pJ, respectively. Additionally, with an on-resistance of 20 mS2,
the conduction losses can be expected to be lower [94]. The final design is depicted
in Fig. 4.10.

Design of the half bridge switching cell

An important aspect in design of a half-bridge with multiple chips in parallel is uni-
form distribution of current. If the current sharing is not equal, the losses can be
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b

Figure 4.3: PCB layer design. The gate driver pin is placed in the middle for symmetry reasons.
(a) top copper layer, (b) bottom copper layer with thermal vias.

un-even and certain switches might operate above their recommended specification.
Since the half bridges are constructed along a circular shape and the DC terminals are
selected to be in the middle, and there is a fictitious center point from which the cur-
rent can be considered originating. It is best practice to design the layout for current
sharing purposes so that the current from source to sink, in this case, the middle point
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Table 4.2: Aluminium PCB design parameters

Parameter Value Unit

Top copper thickness, Ty, 1 140 pm
Top dielectric thickness, Tpjel,1 100 um
Bottom copper thickness, T2 35 um
Bottom dielectric thickness, Thjel,2 100 Hm
Aluminium thickness, T'a; 1.6 mm

Dielectric thermal conductivity, oy 3.8 W/mK

and phase output, is equidistant for both the top and bottom side switches. To ensure
that the loading of the capacitors stays as even as possible similar design approach is
taken for the capacitor bank. In Fig. 4.4a two examples are shown, one where the dis-
tance between input and output terminals is equidistant and an even current sharing
is achieved. On the other hand, if the distance between the terminals is not equidis-
tant through the switches, some switches may end up carrying more load than their
neighbouring switches.

To improve cell inductance the choice here is to implement a two layer structure
with the top layer copper layer being of positive polarity and the negative polarity be-
ing the bottom copper layer. This way flux cancellation can be achieved minimizing
the inductance of the inverter and the switching cell, as indicated in Fig. 4.4b where
the towards and return paths are on top of each other and carry current in different
directions. The choice of a two layer PCB comes with the penalty of thermal char-
acteristics. The selected high thermal conductivity dielectric is VT-4B from Ventec
with thermal conductivity of 3.8 W/mK. To reach the necessary electrical insulation
levels between the layers 100 ym is selected which according to the datasheet should
withstand 4000 V [95]. The final PCB design is summarized in Table 4.2.

Capacitor sizing selection

Metallized film capacitors are most commonly used for drives. These capacitors of-
fer a moderately high current rating at a relatively high capacitance rating. Typically
modern inverters employ switching frequencies of more than 10 kHz and therefore
when sizing a capacitor bank in fact the limiting factor is the current rating of the ca-
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Figure 4.4: Switching cell design considerations. (a) top view - it is important to ensure that the
current path is equidistant when parallelling switches, (b) layer view - illustration
of how flux cancelling is achieved

pacitor bank. Film capacitors are temperature sensitive devices and they are mounted
on copper bus bars either by soldering or mechanical fixings [30].

Ceramic capacitors offer high temperature stability and high current ratings but low
capacitance. High temperature capability of these capacitors makes them applicable
for automatic SMD assembly. For this reason the capacitors from the CeraLink series
by TDK are explored. A series of numerical simulations for a DTP configuration
at maximum output current defined by data in Table 4.1 across multiple switching
frequencies is performed. A set of plots similar to Fig. 3.8 is produced and the worst
case for Clyin that still satisfies the ripple goals defined by the system is extracted.
The results can be seen in Fig. 4.5. Only the capacitance rating required to meet the
system requirements changes with frequency. Due to space constraints it is decided to
use three 2.5 uF CeraLink capacitors per switching cell. Total effective capacitance
at 800 V rating is therefore 23.4 uF. Hence, at least 40 kHz is required to operate the
inverter within system specifications.
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Figure 4.5: Minimum required capacitance vs switching frequency to satisfy the requirements
in Table 4.1

Heatsink design

In the automotive industry glycol-water cooling is standard in inverters and electric
motors. The direct cooling method is preferred as it avoids the Thermal Interface
Material (TIM) which typically contributes to a large thermal gradient, although ex-
ceptions exist [21], [32]. When using the Al-PCB it is possible to avoid the TIM and
make a direct water-cooled application as the aluminium layer is electrically not ac-
tive. Direct cooled power modules often have extrusion material, so called pin-fins
or ribbon-fins as studied in Paper I, to improve cooling performance. In the case of
Al-PCB there is no possibility to create such strcutures in the manufacturing process.
It would be possible to improve the cooling by applying ShowerPower concept as de-
veloped by Danfoss [96], it was however deemed to be outside of the scope of this
concept study.

A cooling channel for the liquid is designed as an engraving into the motor housing.
The width of the trench is mandated by the width of one switching cell. To determine
the amount of parallel switches at first the estimation of the thermal resistance is done
by estimating parameters in a thermal 1-D as shown in Fig. 4.6. The thermal parame-
ters are then used together with the maximum temperature of the switch [94]. At first
the maximum temperature gradient from the junction to the heatsink is calculated as

AT =T —T, “.1)
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where Tj and T, are the maximum junction and coolant temperatures respectively.

Then the total thermal resistance is supposed as a sum of each layer in the thermal
stack and is estimated as p

Riot = Xi—— 4.2

tot 4 o A ( )

where d; is the thickness of each layer, o; is the thermal conductivity and A is the

effective area of the heat dissipation per switch. Once these parameters are calculated

the maximum allowable power loss per switch is calculated as

[)loss = 5 - (43)

The results of this analysis are shown in Fig. 4.7. It can be seen that apart from
the coolant temperature, the largest temperature gradient limiting the maximum al-
lowable loss is the dielectric materials. After that, the D2PAK switch itself is the
second largest temperature gradient followed by the solder layer. It is therefore re-
ally important to control the solder layer and the dielectric materials to improve the
thermal dissipation of this system. Therefore, to improve the heat dissipation of the
dielectric, thermal vias are created in the top dielectric top layer shown in Fig. 4.4b.
The thermal vias allows to short circuit the thermal gradient across the top dielectric
layer.

The equivalent total thermal resistance is used with the analytic loss calculation
method presented in section 2 is used to evaluate the thermal performance of the
heatsink. The DC link capacitance value is selected to be 23.5 pF' as per the design
presented earlier. The total loss per switch and junction temperature of the switch
for different power factors and switching frequency are shown in Fig. 4.8. From the
figure, it can be seen that even with the switching frequency of 100 kHz, the junction
temperature of the switch is below 175 °C.

The resulting design discussed above is shown in the CAD in Fig. 4.9. To verify
the above 1D calculations a 3D model is built to be verified numerically using the
FEM tool Comsol Multiphysics. The injected power loss per switch is here set to

@_{ Ry H Rootder H Reur H Ry H Rew H Ry H Rai |—| ||

Figure 4.6: Model of the thermal resistance network for an Al-PCB
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Figure 4.8: Results of the analytic modelling. (a) Loss per switch at maximum output current.
(b) Associated junction temperature at maximum output current

40 W and the bottom side boundary condition is set to 65 °C. It is clear that simply
using the 1D model would significantly underestimate the thermal spreading effects
of the switches through the copper layers - improving cooling. The thermal design
estimates are summarized in Table 4.5

Gate driver

For SiC switches the gate driver design is very important. Reliable switching opera-
tion is necessary for safety. For traction voltages of 400-800 V isolated gate driving
is used. The logic side is normally 5 V whereas the driving side operates at 20/—5 V.
The negative gate voltage is especially important in fast switching applications such
as the SiC MOSFET due to the high values of dV/d¢ which can cause false turn-on
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Surface: Temperature (degC)

Figure 4.9: Thermal CAD results from Comsol Multiphysics simulation

events. These aspects add the amount components in the gate driver circuit.

Because the SiC MOSFETs dynamic characteristics are so quick it is important
that the device parameters are as equal as possible. Some can be hard to control, such
as parameter spread between the various switches from manufacturing. In this case it
is recommended that the designer uses switches from the same manufacturing batch.
Some parameters that can be controlled by the designer are for example gate routing
when parallelling switches. Manufacturers advise that the signal is as symmetric as
possible [97].

Current measurement

The output terminal of the inverter operates at DC link voltage, hence special con-
sideration when designing current measurement circuitry must be taken in order to
transfer the signal to the low voltage side. Typically, Hall effect sensors are popular
in EV inverter applications because, by the nature of the measurement, they are elec-
trically isolated [98]. However, such sensors can be bulky when measuring currents
in the hundreds of amperes [98]. Other more integrated types of Hall effect sensors
are also available such as the ones from Melexis, which incorporate Hall effect sensor
measurement with a small footprint on the PCB. However, this technology requires a
special output busbar that is routed in a specific manner. To avoid this complexity, the
selection in this thesis application uses a shunt current measurement utilizing a low-
resistance resistor with high power dissipation and low thermal resistivity coeflicient.
The choice is to utilize the WSLP3921 100 uS2 resistor from Vishay with the £50 mV
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Table 4.3: Al-PCB prototype data

Parameter Value Note
Topology 2-level, 6-leg Two layers
Switches 1.2kV/98 A x 36 NVBGO020N120SC1 [94]
Capacitors 2.5uF x18 B58035U9255M001 [100]
Current sensor 100 ps2 WSLP3921 [101]
Cu layers thickness 140 um/35 um Layer 1 / Layer 2
Dielectric thickness 100 um Ventec VT-4B [95]
Inverter size (DxH) 240X 28 mm Incl. gate driver, excl. heatsink
Heatsink size (DxH) 240x 20 mm Excluding inverter

AMC3302 reinforced isolated amplifier. This configuration is, therefore, capable of
detecting currents up to 500 A [99].

4.3 Experimental setup

With the above considerations in mind an Al-PCB inverter was constructed. The
direct cooled inverter with the accompanying heatsink can be seen in Fig. 4.10. The
heatsink is thought to be the endplate of the electric motor housing which has been
modified with cooling channels for the inverter. The final inverter bill of materials is
summarized in Table 4.3. The total inverter volume amounts to 2.17 dm?®

In order to verify the thermo-electrical design procedure described in the previous
sections an experimental setup is constructed. The thermal performance is character-
ized by injecting a known current from a DC power supply to the top switch position
from positive DC rail to phase output while Vgg =20V and measuring the voltage
drop across the switches. The same procedure is then repeated for the negative side
switch.

The switch temperatures are recorded using 4-W PT-100 sensors which are placed
on the top side of the drain side copper terminal as close as physically possible to the
actual switch as shown in Fig 4.11. The coolant temperature is measured using 3-W
PT-100 at the inlet and outlet of the inverter and the average of the recorded values is
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Figure 4.10: Photo of the Al-PCB inverter and the direct cooled heatsink.

Table 4.4: Temperature measurement instrumentation and setup

Device Manufacturer Model Remark
DC supply  Delta Elektronika ~ SM 30-200 [102] -
DAQ Fluke 2638A Hydra [103] -
Voltmeter Fluke 115 [104] -
Temp. probe RS Pro 4-wire [105] Switch temp.
Temp. probe Unknown 3-wire Coolant temp.
Flow meter Swissflow SF800 [106]

used. The list of measurement equipment is summarized in Table 4.4.
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Figure 4.11: Junction temperature estimation point

4.4 Thermal measurements

The thermal measurements were conducted by sweeping the applied currents and
recording the coolant temperatures as well as the relevant switch temperatures. The
recorded results for top and bottom switches respectively are shown in Fig. 4.12. The
y-axis depicts the AT gradient as calculated by Eq. (4.1). As the coolant temperature
was around ~7 °C, relatively large values of AT were achieved. Each measurement
point was recorded for approximately 120 s at steady state temperature. At maximum
injected current of 190 A a voltage drop of 1.45 V was recorded across the 4 parallel
swiches, resulting in an average of 69.9 W dissipated power per switch.

A closer look on how the individual switch temperatures are deviating from the
average MOSFET temperature is shown in Fig 4.13. It can be seen that a temperature
deviation of £5 °C is recorded for both top and bottom switch positions. The out-
liers with the highest temperature deviations from the mean are the middle MOSFET
positions for both top and bottom switch position.

The measurement procedure above is repeated for various flow rates. Based on
the maximum recorded hot-spot temperature a value for Ry, ¢t 1S calculated using
Eq. (4.3). Rin 1ot denotes the equivalent thermal resistance as if each switch position
were one switch - similarly to how it is reported in datasheets for power modules. To
obtain per switch equivalent one has to multiply these values with 4 and are reported
in Table 4.5.

In Fig 4.14 it can be seen that with increasing injected current/power the total value
of thermal resistance decreases. This is likely due to improving resolution of the mea-
surement. Another observation is that there is no major difference between bottom
and top switch position like predicted in the FEM calculations. This can probably be
at least partially attributed to the fact that the thermal vias are modelled as a solid
copper pad between the copper layers. In reality the vias are more akin to copper
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Figure 4.12: Temperatures of the top (a) and bottom (b) switch temperatures at various injected
current levels at a constant flow rate of 2L /min

pipes, which makes their thermal conductivity worse. Nevertheless, if per switch po-
sition thermal resistance values of 0.37 K/W are compared to similarly rated direct
cooled IGBT or MOSFET modules with pin fin strucutres, a figure of merit is roughly
0.110K/W [107].

In order to estimate if the specification is still fulfilled, the measured value of Ry
is applied in the analytic formulas with temperature feedback from Chapter 2. The
coolant temperature and output current requirements from Table 4.1 are used as in-
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Figure 4.13: Temperature spread of the top switches, (a) and bottom switches (b), when in-
jected with a DC current at Vs = 20V at a constant flow rate of 2 L/min

puts. As a result, a safe area of operation within the termal limits of the switches is
obtained as shown in Figs. 4.15. It can now be seen that it is no longer possible to
switch above 70 kHz for all operating areas. However, using the previous results of
the capacitor dimensioning, switching frequencies above 40 kHz satisfy the capacitor
bank dimensioning.
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Figure 4.14: Ry, for various loads and flow rates. (a) top switch. (b) bottom switch

4.5 Switching operation

The electrical measurements are conducted in three phase mode. This is because
while conducting the thermal bench-marking, one of the phase legs got damaged. In
practice this means that PWM shifting cannot be verified. However, in modelling
it is shown that regardless of PWM offset, the DTP assymetric configuration with
a /6 offset between the three-phase pairs features a halving of the required total
capacitance. Hence if a three-phase pair can be operated at nominal capacity it can
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Figure 4.15: Updated modelled losses and junction temperatures (7; < 175°C) using mea-
sured value of thermal resistance, (a) losses per switch (b), junction temperature

be assumed the DTP can be assumed to be withing specification.

The three-phase operation is conducted using a 300 V-30 A DC supply and a three
phase L-load. The PWM and control signals are generated by a dSpace system. The
load inductances are measured with an LCR-meter to be approximately 0.8 mH and
the switching frequency is set to 40 kHz. The open loop three phase operation wave-
forms are depicted in Fig. 4.16 and Fig. 4.17. At —5 and 0 ms there are mis-trigger
events where the gate-driver does not trigger for one switching period. In this instance
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the system becomes unbalanced and a zero sequence is observed. In the other time
instances the currents and voltages behave as expected with relatively low DC side
ripple. The tests are limited by the mistrigger events which increase with increased
DC link voltage. Therefore, the maximum output current that could be measured is
limited by the applied DC voltage of 50 V.

4.6 Conclusions

In conclusion, the Al-PCB technology could be beneficial in integrated drives con-
sidering the low price per ampere of the D2PAK chips. High geometric flexibility
during design process as well high degree of automatizing during manufacturing this
technology offers an attractive alternative to power modules.

The thermal dissipation capabilities in a direct cooled Al-PCB could according to
measurements and calculations deliver up to 250 kW output power - resulting in a
volumetric power density of 95 kW /dm?.

One of the drawbacks of this solution is that it relies on low-C ceramic SMD ca-
pacitor technology and hence a high switching frequency to operate within voltage
ripple specifications. This leads to additional switching losses in the MOSFETs and
reduces the efficiency of the inverter.

Table 4.5: Al-PCB thermal resistance per switch modelled and measured

Parameter Value Unit
Analytical thermal resistance, Ryp an 1.16 K/W/MOSFET
Numerical thermal resistance, Rth num 0.74 K/W/MOSFET
Measured thermal resistance, Rin meas top ~ 1.48  K/W/MOSFET
Measured thermal resistance, Rih meas,bot ~ 1.60  K/W/MOSFET
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Figure 4.16: Measured waveforms, (a) phase currents (b), phase voltages
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Figure 4.17: Measured waveforms, (a) DC link voltage (b), DC link current
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CHAPTER b

Conclusions and future work

In this work the modeling, design and practical implementation of a highly power
dense inverter is presented. At first a method to analytically calculate losses in MOS-
FET semiconductors is presented and verified both in simulations and experiments.

5.1 Conclusions

An overview of capacitor modelling is presented, where both the capacitance and
current rating requirements are considered. It is concluded that the capacitor bank
is an environmentally sensitive component that also has a large relative space-claim
in modern drive systems. An implementation of multi-phase drive systems is identi-
fied way to reduce the capacitor bank current as well as capacitance requirements by
employing carrier wave interleaving. This way the capacitor bank can be downsized
by ca. 45 % in terms of current rating and capacitance rating. These results suggest
that if an increase of the switching frequency to 40 kHz is allowed - compact high
temperature, low C-rate ceramic capacitors could be a viable alternative to today’s
metallized film capacitors.

Based on the modelling results a prototype utilizing discrete components on a direct
cooled aluminium based PCB plate is developed. This type of assembly features only
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surface mounted components which offer the following advantages:

* high customizable geometries of the inverter are possible
* high level of assembly automation is possible for high volume applications

* high heat dissipation characteristics relative to traditional SMT applications
due to elimination of the thermal grease layer.

The results from the thermal tests of this assembly show that a high loss dissipation is
achieved for for the designed inverter and that a double three phase inverter topology
can be a candidate for high power density integrated motor drives.

5.2 Future work

There are more topics of interest that could be investigated for highly compact drives,
such as

* Further research about DC link sizing with respect to distributed DC capac-
itors and the impact of bus bar parasitics on the performance of the DC link
capacitors.

* The mechanical integrity of a metal core PCB mounted directly on an electric
machine over a wide range of vibrations experienced in a vehicle and different
operating temperatures.

» The possibility to incorporate copper filled thermal vias for better thermal dis-
sipation of the semiconductor losses.

e The EMI and compatibility of an SMD based drive and developing strategies
to make this drive qualify for standards in automotive applications.
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