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Abstract

In recent decades, several factors such as environmental protection, fossil fuel scarcity,
climate change and pollution have driven the research and development of a more clean
and sustainable transport. In this context, several agencies and associations, such as the
European Union H2020, the United States Council for Automotive Research (USCAR)
and the United Nations Economic and Social Commission for Asia (UN ESCAP) have
defined a set of quantitative and qualitative goals in terms of efficiency, reliability, power
losses, power density and economical costs to be met by next generation hybrid and
full electric vehicle (HEV/EV) drive systems. As a consequence, the automotive electric
drives (which consists of the electric machine, power converter and their cooling systems)
of future vehicles have to overcome a number of technological challenges in order to
comply with the aforementioned technical objectives. In this context, this paper presents,
for each component of the electric drive, a comprehensive review of the state of the art,
current technologies, future trends and enabling technologies that will make possible next
generation HEV /EVs.
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List of symbols
fe Electric frequency
D Pole number
Pp Total Power Dissipation
Pricch Mechanical Power
Re_s Case to heat sink thermal resistance
Rj_. Junction to case thermal resistance
Rs_q Heat sink to ambient thermal resistance
Rin Thermal resistance
Ta Ambient Temperature
T. Case Temperature
T; Junction Temperature
Ts Sink Temperature
Trnech Mechanical Torque
td,on Turn on delay
td,of f Turn off delay
Vpssat  Collector source saturation voltage
Vassth  Gate threshold voltage
Wimech Mechanical speed

SynRM, Synchronous Reluctance Machine; TE, Thermoelectric Cooling; THD, Total
Harmonic Distortion; TIM, Thermal Interface Material; USCAR, United States Council
for Automotive Research; UN ESCAP, United Nations Economic and Social Commission
for Asia; WGB, Wide Bandgap.

1. Introduction

In this decade, environmental protection and alternative green energies have become
one of the main concerns for social and political agents and for the scientific community
due to a number of factors, such as greenhouse gas (GHG) emissions, fossil fuels scarcity
and their price volatility, or high pollution in modern cities. These factors are acceler-
ating the development of more efficient, sustainable and renewable energy systems [1-6].
Transportation is one of the sectors that most contribute to GHG emissions, producing
approximately the 27 % of the total [7].

Within the transportation sector (air, rail and road transport), road transport ac-
counts for the 75 % of transport GHG emissions [2]. Nowadays, population is growing
at a remarkable rate. According to [8], the world population will rise up to 9.8 billion in
2050, which supposes an increase of 30 % with regard to 2017 population (7.6 billion).
As a consequence, the number of road vehicles is expected to be of around 2 billion in
2050 [9]. In this context, road vehicle electrification becomes crucial in order to overcome
the aforementioned societal and environmental issues. This last is forcing the research
and development of novel concepts and innovations to make electric vehicles (EV) and
hybrid electric vehicles (HEV) more efficient, reliable and safe at an affordable cost [1].

Nowadays, there is a great number of original equipment manufacturers (OEMs)
producing EVs, HEVs and fuel cell (FC) vehicles (table 1). Battery powered and Plug-
in hybrid EV stock surpassed 2 million vehicles in 2016 [10]. The EV market beat a
new record in 2016, with over 750 thousand sales around the world [10], leading to an
increase of 33% compared to 2015 [11]. As it can be seen in figure 1, China is the
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Figure 1: Electric vehicle market in 2016 [10].
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Figure 2: Deployment scenarios for the stock of electric cars to 2030 forecast by relevant agents [10].

country with the largest electric car stock, with the United States in a second place.
According to a number of agents, the future market evolution in the following years is
promising, and some forecasts expect a global EV stock of 20 million of units in 2020
(figure 2). However, the current global electric car stock corresponds to just 0.2% of the
total number of passenger light-duty vehicles in circulation [10]. Considering that the
previous forecasts can be fulfilled as long as they meet all the requirements from which
they have been based, it is more realistic to define a scenario with an electrified vehicle
increase between 9 million and 15 million units by 2020 [11].

In order to achieve all these market objectives, it becomes clear that it is necessary to
provoke a change in the society and make the EV an attractive road transport alternative.
From the end user point of view, the main technical aspects that are considered to decide
whether or not purchase an EV or HEV are vehicle power, efficiency, maximum speed,
dynamic response, reliability, autonomy and, last but not least, economical costs. All
these items are related with the vehicle electric drives, which include electric machines,
power electronics and their respective cooling systems. From a technical point of view,
significant advances will be required in order to achieve the required cost reductions for
the popularization of HEV/EV technologies.

Historically, advances in transport drives have been conducted following progressive
steps. From 1995 to 2005, electric drive systems research targets focused on the de-
velopment of basic automotive components (integrated electric motor drives and power
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Table 1: Example of electrified vehicles on the market, including their configuration, machine technology
and power ratings.

Model Year Vehicle Config. Motor Power (kW)
Total /Electric
Audi 2009 Q5 Hybrid Hybrid PMSM 182 / 40
BMW 2014 i8 Hybrid PMSM 265 / 96
BYD 2008 F3DM Plug-in Hyb. PMSM 125 /75
Honda 2009  Insight Hybrid PMSM 83 /10
Honda 2001  Civic Hybrid PMSM 69 /10
Audi 2009 Q5 FCEV Fuel cell M 80
Ford 2000  Ford P2000 Fuel cell IM 67
Honda 2008 FCX Clarity Fuel cell PMSM 100
Hyundai 2013 ix35 FCEV Fuel cell IM 100
Mercedes 2010  Clase B F-Cell Fuel cell PMSM 100
Toyota 2015  Mirai Fuel cell PM 113
BMW 2013 i3 BEV Electric PMSM 125
BYD 2014  E6 Electric PMSM 90
Citréen 2011 C-Zero Electric PMSM 47
Citréen 2016  E-Mhari Electric PMSM 50
Ford 2011 Focus Electric Electric PMSM 107
Kia 2014 Soul EV Electric PMSM 81.4
Land Rover 2013  Defender Electric SRM 70
Mercedes 2014  SLS AMG ED Electric PMSM 550
Mercedes 2014  Clase B ED Electric PMSM 132
Mitsubishi 2009  i-MIEV Electric PMSM 47
Nissan 2010  Leaf Electric PMSM 80
Peugeot 2010  iOn Electric PMSM 49
Peugeot 2014  Partner Electric  Electric PMSM 49
Porsche 2020  Mission E Electric PMSM 440
Renault 2001  Kangoo I Electric PMSM from 22 up to 29
Renault 2011  Kangoo ZE Electric PMSM 44
Renault 2011 Fluence ZE Electric PMSM 70
Renault 2012 Twizy Electric PMSM 8
Renault 2012 Zoe Electric PMSM 65
Smart 2011  Fortwo ED Electric PMSM 55
Tazzari 2009 EM1 Electric IM 20
Tazzari 2009  Zero Classic Electric IM 20
Tesla 2011  Roadster Electric IM 185
Tesla 2012 Model S Electric IM from 235 up to 568
Tesla 2015  Model X Electric M from 193 up to 375
Think 2008  Think City Electric M 34
Toyota 2012 RAV4 EV Electric M 115
Volkswagen 2014  e-Golf Electric PMSM 85
Volkswagen 2013 e-UP Electric PMSM 60

Table notes:

PMSM: Permanent Magnet Synchronous Machine.
IM: Induction Motor.

SRM: Switched Reluctance Machines.

modules with maximum junction temperatures of 125 °C and switching frequencies be-
tween 2 kHz and 10 kHz) [12]. From 2005 to 2015 great efforts were conducted in order
to achieve higher junction temperatures (150 °C), high switching frequency operation
(up to 12 kHz) and integrated motor and power electronics [12]. Regenerative braking
systems (RBS), which allow recharging the energy source by feeding back energy from
the electric machine during braking, have also been developed and extensively investi-
gated over the last years, as their implementation can improve fuel efficiencies between
30 % and 40 % for HEVs [13], and driving range can be extended between 8 % to 25 %
for EVs [14]. Relevant examples of recent investigations aiming to improve regenerative
braking include the dynamic detection of the lowest speed threshold at which electric
braking is effective [15], control algorithms for independent regenerative braking torque-
vectoring on vehicles with in-wheel machines [16, 17], or investigations where motor and
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Table 2: Current status and future targets for EV drive main components (electric machine and power
electronics) in terms of power density, efficiency and costs (from [23, 24]).

Electric motor Power electronics
Characteristic 2010 2015 2020 2010 2015 2020
Specific power (kW /kg) 1.2 1.3 1.6 10.8 12 141
Power density (kW /1) 3.7 5.0 5.7 8.7 12 13.4
Efficiency (%) 90 92 93 91 94 97
Cost ($/kW) 11.1 7 4.7 7.9 5 3.3

hydraulic braking forces are coordinated [18].

Currently, the U.S Department of Energy (DOE) identifies a number of technical
aspects in the report called EV Everywhere [19]. Based on the aforementioned features
required by the consumers, EV Fverywhere also defines a set of goals and technical
targets. In this context, table 2 shows quantitatively power density, efficiency and cost
targets for future HEV/EV electric drives. Other national and international programmes,
adopted by each community or country, have also similar qualitative and quantitative
targets to be reached by the future electric propulsion technologies. Among them, Hori-
zon 2020 [20], the United States Council for Automotive Research (USCAR) [21] and
the United Nations Economic and Social Commission for Asia (UN ESCAP) [22] repre-
sent global HEV/EV technology trends, as they cover Europe, North America and Asia.
According to these programmes, the expected improvements in future EV propulsion
systems can be summarized as [20-22]:

1. Increase of torque production capability of the electric machine by 30% and speed
by 50%.

2. Reduction of 50% on motor losses.

3. Power density increase of 50% in power converters and, at the same time, reduction
of power converter losses by 50%.

4. Overall efficiency optimization of 20%.

5. Powertrain system (motor, power converter and energy source) weight and volume
reduction of 40%.

6. Costs reductions (four times reduction) on electric machine and power electronics.

7. Simplification of the thermal management systems using on-board coolants with
minimal additional components as possible.

As a consequence of these specific targets, the main elements to be integrated in future
HEV/EV electric drives will face a number of challenges that should be overcome. In this
paper, the aforementioned challenges are identified, and technological solutions required
to constitute these future drives are also thoroughly reviewed. In this sense, section 2
overviews vehicle electrification architectures and lists the enabling technologies for the
required future innovations, section 3 focuses on the electric machine and torque control
challenges and solutions, while sections 4 and 5 determine power converter and cooling
system challenges and solutions, respectively.

5



T
i

=
-
'B0a
=
=

D
0

)
————
7

5

2
| [
&=/

Figure 3: Architecture and configuration of ICE and EV, FC and HEV (adapted from [1]).

)
—-————

=
1
# 1

(L

2. EV and HEV propulsion architectures and enabling technologies for next
generation drives

In general, three electric vehicular architectures that compete with internal combus-
tion engine (ICE) vehicles can be distinguished: battery powered electric vehicles (EV),
hybrid electric vehicles (HEV), fuel cell vehicles (FC), colorredfuel cell hybrid electric
vehicles (FCHEV) and hybrid solar electric vehicles (HSEV)!. Figure 3 shows the afore-
mentioned powertrain configurations.

One of the main differences between those architectures relies on the energy source.
For example, EVs and HEVs rely on batteries, while FCs rely on hydrogen fuel cell
stacks (zero emission vehicle, only emits water and heat). FC supplies a constant power,
but it does not adapt properly to a rapid change of power demand, being its mayor
application slow speed vehicles (buses, trams...) [29, 30]. However, using a FC as the
main energy source and battery as an additional storage system, a FCHEV configuration

1Considering current technology, solar vehicles without hybridization do not have enough autonomy
for current mobility requirements.
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Table 3: Characteristic of ICE vehicle, EV, FC and HEV [25-28].

Feature ICE vehicle EV HEV Plug-in HEV FC
Propulsion ICE based | ED based® | ICE & ED based | ICE & ED based ED based
System - i i ) i
Energy Fuel tank Battery Fuel tank Fuel tank Fuel cell tank
storage Ultra capacitor Battery Battery Battery
Flywheel Ultra capacitor Ultra capacitor Ultra capacitor
Flywheel Flywheel Flywheel

Energy . . . )
source Petrol Electric Petrol & electric Petrol & electric Hydrogen
Energy source Refueling Charging Refueling Charging station Hydrogen refiner
infrastructure station station station & refueling station | & refueling station
Well-to-tank® 88.0% 37.0% 88.0% -3 58.4%
Tank-to-wheel® 12.1% 83% 22.3% -® 46.6%
Well-to-wheel™ 10.6% 31.3% 19.6% -® 27.2%
Commercialized Yes Yes Yes Partially No
Smooth operation™® No Yes Yes Yes Yes
Emissions Very high No Very low Low Ultra low
System complexity Very low low Medium High Very high
Bulky Yes No Yes Yes No

(1) ED based: Electric Drive system based.

(2) Approximate values. Gasoline has been considered as fuel for hybrid configurations.

(3) These numbers will highly depend on the specific vehicle and will be between HEV and EV values.

(4) Regarding torque ripple.

is obtained, where the operation range and speed are increased, but the power train
needs to be modified. For example, some manufacturers such as Honda, Toyota and
Hyundai manufacture high performance FCHEVs [30]. With the aim of extend the
range autonomy and reduce the environmental impact, there are also architectures based
on solar panels installed on the top of the vehicle (HSEVs), which combine the benefits of
solar energy (available, sustainable, renewable and clean) with the HEV characteristics,
obtaining a fuel-efficient vehicle [29, 31, 32].

Although a number of vehicular topologies can be found in the literature, the majority
of manufacturers rely on EVs and/or HEVs. EVs have a simple structure where energy
flows from or to the battery through the bidirectional power converter (figure 3). On the
other hand and depending of its internal configuration, hybrid vehicles can be classified
as series HEV, parallel HEV, series-parallel HEV, complex HEV and plug in HEV [1],
which differences rely on the way energy flows from the storage sources of energy [32-34].

With independence of the vehicular architecture, the electric drive (power converter
and electric machine) is the core of all these electrified powertrains (figure 3). The de-
velopment of next generation green vehicles based on advanced electric drives requires
to focus on the following aspects: cost reduction, efficiency improvement and achieve-
ment of high power densities [35]. The key enabling technologies that will improve the
aforementioned features on electric machines can be summarized as [12, 35-39):

e Cost reduction: (a) usage of new magnet materials without rare earths and heavy
rare earths and (b) simplification of the cooling system (air cooling is considered
among other solutions).

e High efficiency: (a) development of high performance alloys, such as magnetic steels
7



and copper alloys and (b) the design of machines with low copper and iron losses.

e High power density: (a) increase of the electric machine operation speed and (b)
high performance cooling for increased power capabilities.

On the other hand, the following enabling technologies must be considered for future
power converters [12, 35-38]:

e Cost reduction: (a) revolutionary and/or evolutionary changes to designs or man-
ufacturing techniques and (b) simplification of the cooling system (as in the case
of the electric motor, air cooling is considered as a possibility).

e High efficiency targets, with the implementation of wide bandgap (WBG) semi-
conductor technology with low switching losses.

e High power density targets, (a) by introducing WBG technology including advanced
packaging and (b) by implementing optimum thermal management.

Note that some of the requirements lead to opposite design concepts. For example,
regarding the cooling system, a trade off between simplification (cost reduction) and
thermal management optimization (high power density targets) must be followed, being
this particular aspect challenging for researchers. The same applies to non rare-earth
based machine technologies and power density targets.

In the following sections, a deep and extensive study of the core components and
technologies of electric drive is performed, which include the electric motor, the bidi-
rectional converter and the thermal management, pointing out both the advantages and
disadvantages of each technology and the new challenges that these entail to get the
future technical goals.

3. Next generation electric machines for EV and HEV propulsion systems

3.1. Current electric machine technologies: overview and comparison of most relevant
features

The most established EV and HEV electric machine technologies are, by far, Perma-
nent Magnet Synchronous Machines (PMSM) and Induction Machines (IM) [40]. As it
can be derived from table 1, PMSM [41-46] are the preferred option in current EV and
HEV vehicles. The main reason is their high efficiency and superior power density, which
is particularly a critical factor in HEVs (due to their tight space constraints). Specially,
Interior PMSMs are employed, as the additional reluctant torque allows to achieve higher
power density than their Surface Mounted PMSM counterparts [41]. However, technolo-
gies that do not rely on rare-earth based magnets are gaining popularity [2, 41, 47], due
to the scarcity, price fluctuations and high costs associated with these materials (neodim-
ium and, in lower quantities, dysprosium and terbium) [47-51]. Among them, the mature
squirrel cage IM [52-56] has a real market penetration (table 1) in the automotive indus-
try, while other electric machine technologies, such as Ferrite based Permanent Magnet
Assisted Synchronous Reluctance Machines (PM-assisted SynRM) [57-61] and Switched
Reluctance Machines (SRM) [62—66] are gaining attraction from the scientific community.
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In PM-assisted SynRMs the rotor is manufactured in a way that the asymmetry
between the d- and g-axes is maximized. Thanks to this, the reluctant torque of the
electric machine is maximized, allowing to achieve power densities of around 75% of an
interior PMSM for the same size and liquid cooling technology [67]. As a drawback,
the ferrite-PM-assisted SynRM machine may suffer from demagnetization at low tem-
peratures, which can be avoided or minimized by a proper design or by preheating the
magnets before machine start [58, 68]. This type of machine is being extensively re-
searched [58-60, 69] and, although there are virtually no commercial solutions equipped
with this technology [47], it represents a promising alternative for the future.

SRMs have a double salient structure (saliency in both stator and rotor) and no mag-
nets nor windings in the rotor [70]. This saliency is used for electromagnetic torque pro-
duction, requiring an specific control approach that takes into account the non-linearities
of the machine [71]. As opposite to synchronous and induction machines, SRMs require
an H-bridge converter topology (generally in asymmetric configuration) instead of a com-
mon Voltage Source Inverter (VSI) [72]. SRMs exhibit a number of advantages such as
simple structure, flexibility of control, high efficiency, lower cost and intrinsic fault toler-
ance [62, 72]. Although SRMs can be considered as a low cost solution for EV and HEV
applications, they have significant disadvantages that must be considered, such as high
torque ripple, medium power density, high DC bus current ripple, high acoustic noise
and high electromagnetic emissions (EMI) [72, 73].

The 6/4 pole SRM can be considered as the standard configuration for EV applica-
tions [74]. However, new design approaches that partially overcome the aforementioned
drawbacks are being currently researched [63-65, 75]. Generally speaking, the main
drawbacks of these advanced structures are their added manufacturing complexity and
additional costs. According to [47], SRMs are now being introduced into vehicle pro-
totypes. Land Rover and Toyota (in partnership with Renault-Nissan) are currently
working on SRM drives (table 1).

Quantitative and qualitative comparisons of the most relevant machines (PMSM, PM-
assisted SynRM, IM and SRM) can be found in the scientific literature [76-85]. Table
4 collects both general features and quantitative values of each technology. It becomes
clear that the PMSM technology is superior regarding power density. Although PM
technology shows the best efficiencies bellow base speed, the common operation range
of the target electric vehicle must be considered to determine the solution that gives
a better overall efficiency during the life-cycle of the vehicle. Generally speaking, in
efficiency terms PMSM could be preferred for urban driving, as extra current is required
at field weakening operation (high speeds), while IMs and SRMs would be more efficient
for high speed sport cars (figure 4).

Regarding cost and simplicity, SRM technology could be considered the best option,
being this a critical aspect in the automotive industry. However, the disadvantages
associated with its technology (high torque ripple, noise, vibrations) seem to favour the
IM technology, as it can be confirmed from the market penetration of each technology
(table 1).

From the reviewed literature [76-85], it can be concluded that the suitability of each
technology depends on the specific context of a given propulsion system. Thus, it is
not possible to determine the absolute superiority of one technology over others and a
technological decision must be conducted after analysing a number of factors for a given
application. In this context and once the most significant requirements of a given EV
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Table 4: Comparison of the main features of prototype and marketed PMSM, PM-assisted SynRM, IM
and SRM technologies for HEV/EV applications.

General features PMSM PM-assist. SynRM IM SRM

Fault tolerance v v X v
Robustness X X v v
Reliability moderate moderate high moderate

Wide speed range(™ v v X v

Close loop control simplicity v v v v

Preferred torque control algorithms FOC, DTC FOC, DTC FOC, DTC DITC, ADITC, IDITC
Field weakening operation capabilities v v v v

Torque ripple low low low very high
Acoustic noise low low low moderate
Maximum power limitation by technology virtually not(® virtually not(?) virtually not(® yes(3)

Power conversion topologies VSI VSI VSI Asymmetric H-Bridge
Efficiency and power densities PMSM PM-assist. SynRM IM SRM
Typical efficiencies at constant torque region(? 91.3-95.8% 87.0-93.0% 79.0-86.0% 85.1-89.0%
Power densities of current technologies (kW /1)) 3.3-10.2 kW/1 6.8 kW/1 2.5 kW/1 2.6-4.5 kW/1
Costs PMSM PM-assist. SynRM IM SRM

Overall technology costs high medium medium low

Relative material costs 10/10(9) 4.8/1000 5.9/10(5) 3.1/109

Table notes:

(1) Maximum mechanical speeds of around 5000-8000 rpm in the current automotive market, with a
number of high speed drives with maximum speeds up to 16000 rpm.

(2) High power machines that cover the light and heavy duty EV requirements can be manufactured
using IM and synchronous technologies.

(3) As in SRM technology only one phase is responsible of torque production at each instant, virtually
no SRMs for EV applications with powers higher than 100 kW has been found in the literature.

(4) Efficiency ranges and power densities of each technologies have been obtained from EV machine
designs studied in [57, 79-90].

(5) Data obtained from prototypes and real motors analysed in [76, 91].

(6) The detailed cost analysis has been carried out in [79] using comparable PMSM, IM and SRM
machines manufactured with current technologies and targeting medium speed EV machine applications
with a nominal power of 50 kW. No manufacturing costs included. Prices of 2008 and 2010 considered
for copper and magnets. The exact material costs for PMSM, IM and SRM where 242,17 $, 143,80 $
and 74,16 $, respectively.

(7) Acording to [92] and compared to the second generation Prius motor. No manufacturing costs have
been considered, which can be significant in PM-assisted SynRMs due to their complex rotor structure.

n>0.85 %

Tem (Nm)

/)

Wm (rpm)

Figure 4: Qualitative efficiency map for PMSM, IM and SRM [76].
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or HEV vehicle are defined (torque requirements, power, speed, gearbox characteristics,
etc.), the main features that must be compared to select the proper electric machine
technology for the particular application can be summarized as [76]:

(a) Required installation space and tolerable machine weight (or power density).
(b) Specific reliability requirements.

Overall efficiency within the whole operation range.

(c
(

(¢

)
)
)
d) Torque vs speed characteristic.
) Overload capability of the drive.
)

(
(f) Overall cost, including materials and manufacturing.

Although PMSM, IM, PM-assisted SynRM and SRM technologies have attractive
aspects for their inclusion in EV propulsion system drives, the vast majority of EV and
HEV manufacturers rely on synchronous or induction machines (table 1). Up to 2010,
56% of commercial electrified vehicles had PMSMs installed, while 29% had IMs installed.
SRM technology had a market penetration bellow 1%, being the trend towards PMSMs
and IMs clear for the next years [40]. Thus, in the following this article will focus on the
aforementioned motor technologies.

A. FElectrified vehicle drive phase-number

Three-phase technologies have become the standard in light to medium weight vehicle
propulsion systems based on synchronous and IM machines, while multiphase approa-
ches are generally used for heavy vehicles (due to power constraints) and for in-wheel
applications [81, 93] where the highest possible power density is preferred [93]. Mul-
tiphase technologies include a number of benefits that could also be exploited in light
and medium vehicles, such as power splitting, increased fault tolerance, high efficiency,
high power density and lower torque ripple than three-phase machines [94-96]. Among
these technologies, dual three-phase machines [97-100] can be highlighted, because they
allow the usage of independent three-phase voltage source inverters providing a high
fault tolerance. Other multiphase configurations with an odd number of phases and star
connection can be also considered for EV and HEV applications [94, 95].

3.2. High speed electric machines for vehicle propulsion

A. Trends on high speed operation

With independence of the machine technology, design trends for next generation EV
and HEV propulsion systems (section 1) include the increase of the operation speed of
such machines (Wyecn), as the same power (Ppecn) can be delivered producing lower
torque (Ten) (1) and, consequently, requiring a smaller and lighter machine [83].

Pmech = Temwmech' (]-)

This trend is a consequence of the volume constraints of vehicles, specially in HEVs,
where both electric and internal combustion motors must share a reduced space. Weight
reduction also improves the efficiency and autonomy of the vehicle, which is a critical
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Table 5: High speed electric machine examples for EV and HEV applications. If not cited, the informa-
tion has been obtained from the manufacturer product documentation.

Model/Reference Type Mech. speed (rpm) | Poles | Power (kW)
Tesla Roadster M 14000 4 185
Tesla model SV [83] ™M 16000 4 150
Conceptual design (presented in [101]) M 40500 2 40
Toyota Prius 3rd generation [47] IPMSM 13900 8 50
Nissan LEAF 2012 [102] IPMSM 10390 8 80
EVO AF-125() SM-PMSM 12000 n.s.®® 85
Remy HVH250 standard™@ PMSM 10600 n.s. 82
TM4 HSM20-MV80 PMSM 11750 n.s. 40
TM4 HSM60-MV255 PMSM 12500 n.s. 85
Prototype (presented in [83]) SM-PMSM 22000 2(M 20
Prototype (presented in [84])>5) SM-PMSM 40500 2 40
Syrnemo machine (prototype [103])®) PM-assisted SynRM 12000 6 51
Conceptual design (presented in [104]) PM-assisted SynRM 14000 8 64
Conceptual design (presented in [105])() Ferrite BLDC 100000719 2 40

Table notes:

(1) 600 V IGBT inverter with air cooling on both machine and power converter. Multiple machine
vehicle architecture.

(2) Axial flux.

(3) n.s.: not specified by the manufacturer.

(4) With High Voltage Hairpin (HVH) stator.

(5) The usage of a Magnetic Gear (MG) of 1:26 gear-ratio is proposed in order to achieve the target
maximum speed with reduced maintenance, improved reliability, reduced acoustic noise, and inherent
overload protection.

(6) The inverter operates with a switching frequency of 18 kHz.

(7) One pole-pair configuration is selected in this particular case in order not to excessively increase the
electric frequency and keep the magnetic losses as low as possible.

(8) Tested in laboratory under standardized driving cycles.

(9) It can use MG or a single gear transmission system.

(10) Being the rated speed 30000 rpm.

point for the adoption of EV technologies. Following this trend, Toyota has approxi-
mately doubled its Interior PMSM drive mechanical speed from 2°¢ generation to 3"
generation Prius, i.e., from 6000 rpm (launched in 2004) to 13900 rpm (launched in 2010),
featuring both machines the same nominal power of 50 kW [47]. This trend is also being
followed by other manufacturers such as Chevrolet, as the IPMSM of the Chevrolet Volt
has been designed to reach a maximum speed of 8810 rpm, which represents a significant
increase when compared to its predecessor the Chevrolet Spark (exhibiting a maximum
speed of 4500 rpm) [106].

A great amount of medium speed EV electric drives with maximum speeds in the
range of 5000-8000 rpm can be found in the manufacturers’ portfolio (Remy, EVO, Yasa,
TM4, Parker, etc.). As stated in [39, 105], motors can be considered as high speed
electrical machines (HSEM) if they operate at mechanical speeds beyond 10000 rpm.
Table 5 shows various current commercial, prototype and conceptual high speed machines
intended for EV and HEV applications. The great majority of these HSEMs have a
maximum mechanical speed between 10000 rpm and 15000 rpm. However, considering
future drive volume reduction targets (section 1), it is expected that in the near future
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the mechanical speeds of these machines will be much higher than 15000 rpm [83, 84].

This high speed operation implies a number of technological challenges that must be
overcome in order to achieve a satisfactory mechanical behaviour and torque regulation
of the machine along the whole operation range of the drive. This problematic is thor-
oughly studied in the following.

B. Electromechanical HSEM design aspects

Although HSEMs have been commonly used in a number of applications, the design
of HSEMs that fulfill the high torque and fast dynamic requirements of an EV or HEV
can be challenging. A number of machine design aspects must be taken into account to
successfully implement an HSEM. On the one hand, mechanical constraints, such as a
proper bearing design must be considered. Vibrations and noise can be problematic at
such high speeds [83, 84]. Additionally, the high speed machine should be linked to a
magnetic gear (MG) [84, 107] with a high transmission ratio.

The choice of the air-gap is also of great importance [108]. A good rotor cooling at
high speed operation requires that the radial clearance gap between the motor stator
and rotor must be relatively large [84]. However, this would decrease significantly the
performance of the machine, as the flux linkage is reduced.

In PMSM technologies (particularly in surface mounted machines) alternative rotor
magnet mounting configurations, such as structures with partially inset magnets [109,
110] must be considered in order to avoid magnet detach due to high centrifugal forces.
Additionally, retaining rings [111] can be considered at the cost of increasing the machine
air-gap size. The amount of rotor poles must be also carefully selected, because a great
number of poles implies a high stator frequency, which has a great impact in the magnetic
losses of the machine [112, 113].

For high speed IMs, copper alloys, such as copper-zirconium (CuZr), copper-berylium
(CuBe) and copper-aluminium oxide (CuAlyO3) can be used to implement machine rotor
and improve machine performance [39]. As a drawback, copper conductivity is reduced.
The usage of solid rotors should also be considered [39].

In both PMSMs and IMs, magnetic losses should be minimized by design [114]. In
this sense, high performance electrical steels with low core losses, such as cobalt-iron
(CoFe) and silicon-iron (SiFe) can be used for iron loss reduction [39]. Finally, torque
ripple should be reduced by means of a highly sinusoidal air-gap flux design in order to
facilitate torque control at high speeds and reduce losses [39, 84].

Once these design and manufacturing aspects have been considered, an adequate
control approach must be set in order to properly operate the machine at high speeds.

3.8. Torque control in HSEMs

A. Efficiency optimization and field weakening control

Being a battery connected system, the main target of the electric machine controller
is to produce the required torque tracking the maximum efficiency points at a given
operation condition [44, 103]. High magnetic saturation is a very common feature in
EV electric machines, because a compact design is preferred due to vehicle space con-
straints [115, 116]. However, modern torque control strategies can deal with this issue,
ensuring an optimal control that minimizes the machine power losses, even under high
non-linealities [44, 103, 117].
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Another direct consequence of high speed operation is the extension of the field weak-
ening and, in some cases, deep field weakening regions. In field weakening operation, the
stator voltage limit (due to the DC-link voltage constraints) must be considered and effec-
tively regulated [42, 44, 103, 118]. If this constraint is exceed, uncontrolled regeneration
occurs [103], limiting the maximum speed achievable for the electric drive.

This implies the need of reliable field weakening control strategies that regulate the
stator voltage amplitude. This topic has been widely covered in the literature for syn-
chronous and induction machines, leading to a number of robust field weakening regula-
tion approaches [44, 103, 119, 120]. However, as the speed increases, the lower number
of control samples per stator electric period can make a proper field weakening control
challenging.

B. Current regulation challenges in HSEMs

Although a number of torque regulation schemes can be found in the scientific lite-
rature, Field Oriented Control (FOC) is the most commonly used one and it is widely
accepted for the industry for synchronous and induction machines control [53, 121-123].
This is mainly due to its good dynamic performance, moderate computational burden
and operation of the power converter at a fixed switching frequency [124].

In general, a multi-polar approach electric machine design is followed in vehicle elec-
trification (table 5). As a consequence of both high mechanical speed operation and
multiple pole design, the electric frequency (f.) that must be synthesized in the stator
by the power converter can be very high, as:

Ip
e — 5_ a%Wmech; 2
Je = 5 gtomech @)

being p and wpeen the pole number and mechanical speed (in rad/s) of the electric
machine, respectively. Taking into account the discrete nature of the regulators, this
implies that machine controllability issues can arise in current regulation due to the
following reasons:

e Lack of synchronization between the measurements of the electrical and mechanical
parameters required by the torque controller at each control period, i.e., stator
currents and rotor position and speed. This must be carefully handled during the
controller digital implementation.

e Delays produced by the digital regulator. When FOC (or a similar fixed sam-
pling frequency approach) is used for current regulation, it is not enough to only
consider these delays in the design of the current regulators, for example, PI reg-
ulators [125]. In [126] and following a comprehensive discrete-time domain for-
mulation, it has been demonstrated that Park transformations are responsible for
introducing instabilities due to such processing delays. The effect of these delays
can be corrected, for example, by adding a phase advance to the electrical angle 6,
used for the voltage inverse Park transformation [127]. The following compensation
must be carried out using the following expression when symmetrical Pulse Width
Modulation (PWM) or Space Vector Modulation (SVM) is applied [103, 127]:

3
9:3 = 06 + igwmechTsv (3)
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Figure 5: Example of torque control loss due to insufficient controller execution period of 100 us in a
surface mounted PMSM with 18 poles.

being T the execution period of the controller. It must be borne in mind that this
solution extends the controllable speed range, but has its limitations [127].

e Low fundamental-to-sampling frequency ratios, leading to oscillations or even con-
trol instabilities [128, 129]. If this number of samples is not high enough to ensure
controlability, an increase in the controller and the power electronics execution and
switching frequencies can be carried out, or control approaches that include ad-
vanced regulators which can cope with this problematic can be employed [126, 129
131].

Figure 5 shows, as an example, how a PMSM with 18 poles losses control due to an
insufficient controller sample-time and because no mitigation strategy has been applied.

Although control techniques that mitigate the controllability problems due to high
fundamental-to-sampling frequency ratios can be found in the scientific literature, the
following points must be taken into consideration:

1. High nonlinearities of electric vehicle machines make the implementation of such
high speed control laws extremely difficult [130].

2. Field weakening control strategies could require high sampling rates in order to
provide a satisfactory stator voltage constraint control (specially for PM based
machines).

3. The fundamental and the PWM harmonic components become close, and torque
regulation precision decreases, leading to a high Total Harmonic Distortion (THD)
of the synthesized stator voltages and currents. As a consequence, machine losses
can increase significantly. Another important aspect relies on the fact that DC-link
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Figure 6: Typical layout and elements of a three-phase automotive power converter.

capacitor current ripple should be increased. As a consequence, a capacitor with
higher RMS current withstanding capability (which is usually bulkier) could be
required.

Taking into account the aforementioned points, it can be concluded that the most
effective approaches that can be followed in order to cope with high speed control issues
is the combination of the following solutions:

e Include the delay compensation control approach proposed in [127] in the control
structure, ensuring by programming that possible measurement synchronization
loss is minimized.

e Increase of the switching frequency of the power converter [128] in order to reduce
the fundamental-to-sampling- frequency ratio and improve both torque and field
weakening regulation.

This increase on the switching frequency has significant technological consequences,
specially in the elements that constitute the power converter, i.e., power semiconductors,
driver board, control board, reactive elements and cooling system. In the following, the
consequences of this challenges and the technological approaches that overcome them
will be thoroughly reviewed.

4. Wide bandgap based power control units for automotive drive systems

The power converter can be considered as the core element of the electric drive, as it
is responsible for controlling the bidirectional power flow between the electric machine
and the battery pack. Figure 6 shows the general diagram of an HEV/EV power con-
verter, which, in this particular case, incorporates a three-phase voltage source inverter.
This diagram also shows the common layout of an automotive power converter, inclu-
ding its main functional blocks, i.e., power semiconductor devices, driver board, dc-link
capacitor(s) and bus bar.

In the following paragraphs, the primary requirements and the major trends of these
functional blocks for next generation HEV /EV automotive power converters will be des-
cribed. The thermal management technology (cold plate in figure 6) is also a key element
of a power converter. This block will be separately reviewed in section 5.
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Table 6: SiC and GaN material properties compared with Si [134].

Material property Si | GaN [ SiC-4H®
Band Gap (eV) 1.1 3.4 3.2
Critical field (10° V/cm) 0.25 0.3 2.2
Electron mobility (cm?/V-sec) 1350 | 1000 950
Thermal conductivity (Watts/cm?K) 1.5 1.3 3-4

(1) The 4H in SiC-4H refers to the crystal structure of the SiC materials.

4.1. Power semiconductors

Power semiconductor devices are the key components in any power electronics system.
Their optimization entails improvements in relevant aspects of the electric drive, such as
efficiency, reliability, specific mass and volume of power converter, power losses, power
density, or quality of synthezised voltage and current waveforms [132-135].

In the particular case of the automotive industry, automotive grade power semicon-
ductors are required for the industrialization of power converters. The automotive grade
certificate ensures the quality, performance and safety of the product under the stringent
automotive operation conditions. The Automotive Electronics Council has developed the
AEC Q101 (Stress Test Qualification for Discrete elements) standard, which establishes
common part-qualification and quality-system standards for automotive power semicon-
ductors in terms of life-cycle, operation temperature, humidity and vibrations.

In general, current automotive power converters rely on the well established and ma-
ture silicon (Si) technology [136-138]. However, with regard to the technological and
cost targets for next generation HEV/EV drives (section 1), Si exhibits a number of
limitations in terms of blocking voltage capability, operation temperature and switch-
ing frequency [133, 139]. As control of future HSEMs will require to operate at high
switching frequencies (section 3.3), the relatively high switching losses of Si devices will
reduce drastically the efficiency of power converters, leading to the need of complex and
expensive cooling systems [133, 140], or even making this technology infeasible for the
application. Consequently, the introduction of a new generation of power devices based
on wide band gap (WBG) semiconductor materials will be required in future automo-
tive power converters. The larger band gap of WBG materials leads to a lower intrinsic
carrier concentration and an increase of the maximum operation junction temperature.
Their high thermal conductivity also reduces the thermal resistance of the device [134].
Thus, Si drawbacks could be overcome to a great extend with this technology [135].

Silicon carbide (SiC) and gallium nitride (GaN) are currently considered as the most
matured WBG technologies [132-135, 141-144]. The high critical field of SiC and GaN
allows to operate at higher voltages when compared to Si devices [145, 146]. Likewise,
GaN has higher electron mobility than SiC, meaning that, theoretically, GaN devices
are the best suited for high switching frequency operation. However, SiC exhibits a
higher thermal conductivity. Consequently, SiC devices could be preferred for high power
density applications [145]. Although GaN technology shows superior features than SiC
in most parameters, its lower thermal conductivity becomes a big challenge for system
designers [147]. As a summary, table 6 shows a comparison of the most relevant physical
parameters of Si, SiC and GaN materials.

In the following, SiC and GaN diode and active switch semiconductors are reviewed.
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The requirements to be met for them in automotive electric drives will be discussed.

A. SiC devices

As in silicon technology, there are different SiC devices, among which stant out SiC
based Schottky barrier diodes (SBD) and junction barrier diodes (JBD), PiN diodes,
JFETs, BJTs and MOSFETSs, which have been available in the market since some years
ago. Regarding diodes, the junction knee voltage of SiC PiN diodes makes them in-
effective for blocking voltages below 3.3 kV [140, 148]. Likewise, the reverse recovery
current of SiC PiN devices results in large reverse recovery losses [148]. Consequently,
SiC Schottky diodes could be preferred for automotive applications. Both SBD and
JBD diodes are well suited for applications in which high switching frequency operation
is required, and they also match perfectly as freewheeling diodes to be paired with Si
IGBTs [133, 140]. However, JBDs have two significant advantages over SBDs. On the
one hand, they are able to handle higher voltages and, on the other hand, they exhibit a
lower leakage current [148, 149]. Typically, blocking voltages of automotive SiC Schottky
diodes lay between 600 V and 1700 V, featuring current ranges between 2 A and 47 A
(table 7).

Regarding SiC power transistors, SiC MOSFETSs are preferred as active power switches,
mainly because they are able to swicht at high frequencies, because their gate charge is
similar to Si MOSFETs and IGBTSs, being normally off, and also because they require
relatively simple driver circuits [148, 149].

MOSFETS have an intrinsic antiparallel diode (body diode) between the drain termi-
nal and the substrate. For that reason, if necessary, the use of the external freewheeling
diode could be discarded, being the body diode which performs this function. There are
some modules that follow that criteria. Nevertheless, the use of the external Schottky
freewheling diode is recommended, because the overall efficiency and the reliability is
improved, and also because the freewheeling dissipation occurs in a different device from
the MOSFETs themselves.

Current automotive SiC MOSFETSs have voltage ranges between 400 V and 1700 V,
with current capabilities between 2.6 A and 100 A (table 7). It is expected that com-
mercial products up to 3.3 kV will be available in the near future [148].

Finally, it is important to note that SiC IGBTs are still under development due
to reliability problems (mainly due to forward voltage drift). However, some authors
consider this technology as the one with the highest potential for future high-voltage
applications [139]. Moreover, some manufacturers such as CREE, Infineon, Microsemi
and others can make full SiC modules of different topologies (table 8).

Their commercialization will depend on overcoming reliability problems through the
improvement of the quality of the initial semiconductor material [133]. The scientific
community is performing significant advances in that field, being relevant examples the
converters based on 15 kV /40 A SiC N-IGBT presented in [150, 151], or the series con-
nected 15 kV SiC IGBTs and MOSFETs presented in [152] for MV power conversion
systems.

B. GaN devices
GaN technology is in its first development stages concerning to power applications.
Vertical GaN devices are being considered for research due to their potential. GaN

switches are expected to have a 100 times performance improvement over Si-based de-
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Table 7: Some of automotive grade and automotive oriented SiC discrete devices available on the market.

Company [Device Packaging Product name | Voltage (V) |1 (A) @ T, (°C)

C2M0040120D* 1200 40 @ 100

TO-247-3 €2M0045170D* 1700 48 @ 100

MOSFET C2M0025120D* 1200 60 @ 100
CPM2-1200-00258 1200 71 @ 100

Bare Die CPM2-1200-00408 1200 40 @ 100

CPM2-1700-00458 1700 48 @ 100

C3D20060D* 600 26 @135

CREE 102473 €3D30065D * 650 36 @135
C5D50065D * 650 50 @ 130

€4D40120D* 1200 54 @135
Schottky T0-247-2 C4D30120D* 1200 43 @135

diode T0-220-2 C4D20120A * 1200 25 @135
CPW5-0650-20308 650 30 @ 150

CPWS5-0650-20508 650 50 @175

Bare Die

CPWS5-1200-20508 1200 50 @ 175

CPW5-1700-20508 1700 51 @ 150

GP1T036A060B 1200 50 @ 100

MOSFET 10247 GP1T025A1208 1200 50 @100
GP1T040A1208 1200 31 @ 100
Global Power GP1T072A0608 600 25 @ 100
GP2D020A120B 1200 24 @ 150

Sz'i‘;;‘eky T0-247-2L GP2D020A1208 600 29 @ 150
GP2D050A1208 1200 58 @ 150
IXFN70N1205K 1200 48 @ 100

MOSFET SOT-2278 IXFNSON1205K 1200 33 @ 100
IXFN50N120SiC 1200 35 @80

XS TO-268AA MCB6011200TZ 1200 60 @ 100
DCG45X1200NA 1200 40 @ 100

Schottky SoT-2278 DCG85X1200NA 1200 76 @ 100

diode DCG100X1200NA 1200 94 @ 100
DCG130X1200NA 1200 114 @100

APT40SM120B* 1200 29 @ 100

TO-247 APT70SM70B* 700 41 @ 100
MOSFET APT80SM120B* 1200 55 @ 100

Microsemi APT70SM70J* 700 34 @100
SOT-227 APT40SM120J* 1200 23 @ 100
APT80SM120J* 1200 36 @ 100

Schottky 10-247 MSC030SDA120B* 1200 30 @ 140

S4001 650 70 @ 25

54002 650 93 @25
Bare Die 54003 650 118 @ 25

52301 1200 40 @ 25

54101 1200 55 @ 25
MOSFET SCT3017AL 650 83 @ 100
SCT3022AL 650 65 @ 100
10-247N SCT3022KL 1200 67 @ 100
ROHM SCT3030AL 650 49 @ 100
SCT3030KL 1200 51 @ 100
SCT3040KL 1200 39 @ 100
T0-247 SCH2080KE 1200 28 @ 100

TO-220AC SCS215AG * 650 15 @ 175

SCS230AE2* 650 30 @ 130

Schottky T10-247 SCS215AE * 650 15 @ 130

TO-220FM SCS215AM* 650 15 @55

Embossed tape SCS215A) 650 15 @ 120
SCTS0N120 1200 50 @ 100
MOSFET HIP247 SCT30N120 1200 34 @ 100
SCTW100N65G2AG*| 650 85 @ 100
’ X T0-247 STPSC40065C-Y* 650 40 @ 130

ST Microelectronics —

TO-220AC / D2PAK STPSC20H12-Y 1200 20 @ 150

53?:&"" TO-247 LL STPSCAOH12C* 1200 20 @ 150

TO-247 /T0-220 AB STPSC20H065C-Y* 650 20 @ 150

TO-247 /TO-220 AC/D2PAK|  STPSC20065-Y * 650 20 @ 140

PG-T0220-2-1 1DH20G120C5 1200 20 @ 150

INFINEON schottky IDW30G120C5B 1200 30 @ 150
diode PG-T0247-3 IDW40G120C5B 1200 40 @ 148

IDWA40G65CS5 650 40 @ 110

(%) Product with automotive grade certification.
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Table 8: Some of automotive oriented SiC modules devices available on the market.

Device Company |[Product name Voltage (V) 1 (A) @ Tc (2C)

Half Bridge CAS120M12BM2 1200 138 @ 90
CREE CAS300M12BM2 1200 293 @ 90
CAS300M17BM2 1700 225 @ 90
APTSM120AM14CD3AG 1200 180 @ 80
APTMC120AMO8CD3AG 1200 190 @ 80
O_I:L‘ i . APTSM120AMO9CD3AG 1200 268 @ 80

Microsemi
. — APTSM120AMOSCTEAG 1200 293 @ 80
$—o | MOSFET module APTMC120AM12CT3AG 1200 165 @ 80
PJ APTMC120AMO9CT3AG 1200 220 @ 80
D———l BSM180D12P2C101 1200 180 @ 60
ROHM BSM120D12P2C005 1200 120 @ 60
BSM180D12P3C007 1200 180 @ 60
BSM300D12P2E001 1200 300 @ 60
Semikron SKM500MB120SC 1200 431 @ 80

Six Pack
Jﬁ Rk R

MOSFET module CREE €CS020M12CM2 1200 20 @ 9C

il
inirs

Triple phase leg APTSM120TAM33CTPAG 1200 89 @ 80

J J O_J Microsemi (APTMC120TAM17CTPAG 1200 110 @ 80
g . MOSFET module APTMC120TAM12CTPAG 1200 165 @ 80

o_j o_j »—J Semikron SK45MAHT125Cp 1200 38@ 70

Rectifier GHXS020A0605-D1 600 25 @ 125
[} ‘ Global Power GHXS030A0605-D1 600 36 @ 150
T Schottky diode GHXS030A1205-D1 1200 30 @ 125

° { module GHXS045A120S-D1 1200 45 @ 150
A Microsemi APT40DC60H) 600 40 @ 100

® ! APT40DC120H) 1200 40 @ 100

vices, and a 10 times improvement over SiC, due to the excellent material characteristics
such as high electron mobility, high breakdown field and high electron velocity [153].
GaN shows the highest breakdown voltage level with the lowest conduction resistance
for the same material area [148]. However, one of the major drawbacks of GaN devices
resides in one of their main theoretical advantages, i.e., the ultra-fast switching speeds
of these devices (of around 1-2 ns), which makes parasitic inductances become a serious
problem [149].

Currently, most of the commercialized GaN Schottky diodes (600 V/10-15 A) are
either lateral or quasi-vertical, due to the lack of electrically conducting GaN substrates
[133, 140]. Moreover, GaN material is very expensive, so that manufacturers prefer to
design diodes with heterogeneous structures such as silicon, SiC, and even zafire [147].
On the other hand, the great majority of the existing GaN active switches are High
Electron Mobility Transistors (HEMTs) and their derivatives [133, 139, 140]. An HEMT
is an heterojunction device composed by an AlGaN layer formed on top of a GaN sub-
strate. These devices represent a remarkable tradeoff between specific on-resistance and
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Table 9: Some of automotive grade and automotive oriented GalN discrete devices available on the

market.
Company |Device Packaging Product name | Voltage (V) | 1 (A) @ T< (2C)
GaN Systems E-HEMT GaNPX packaging GS66516T 650V 47 @ 100
GS665168 650 V 47 @ 100
Transphorm GaN FET TO-247 TPH3205WSBQA* 650 V 22 @ 100

(*) Product with automotive grade certification.

breakdown voltage [133]. GaN HEMTSs are inherently normally-on devices, but high
power applications require normally-off (safe) devices with high currents and voltage
capability [133, 153]. One solution for the normally-on challenge is to make a cascode
connection of a GaN HEMT with a low voltage Si MOSFET. In that way, the gate drive
is the same as for a Si MOSFET (normally-off) [146, 149]. However, the main disadvan-
tages or current automotive GaN devices are the low voltage and current ratings (table 9)
and, on the other hand, the need to package two switching devices in a leaded multichip
package [146, 149]. Additionally, there are only a few GaN power devices available in the
market (table 9), as most of them are prototypes.

C. Electrical requirements for automotive WBG power stage dimensioning

Once the most suitable power semiconductor devices available in the market have
been identified, it is important to define the electrical requirements (in terms of voltage
blocking and current handling capabilities) to be met by next generation HEV/EV power
converters.

Voltage requirements mainly depend on the nature of the vehicle and electric machine.
In this context, nominal voltages ranging from 100 V to 150 V can be tipically found in
mild HEV battery packs [154]. Regarding heavily electrifiec vehicles, higher voltages are
the norm. For example, nominal voltages between 200 V and 360 V are common in light
to medium weight vehicles mounting medium voltage electric machines [44, 103, 154-156],
while voltages close to 800 V to 900 V are the norm in heavy duty vehicles including high
power voltage machines [156, 157]. It is important to note that this voltages can become
higher depending on the battery State of Charge (SoC) or during regenerative braking, as
well as overvoltages that appear in the switching path due to the parasitic inductances.
Depending on the battery pack maximum voltage ratings, SiC or GaN devices belonging
to the 600 V, 1200 V or 1700 V families should be selected.

The determination of the current requirements is not straightforward, as it will depend
on a number of factors, such as the machine maximum torque and power ratings, and
also on its torque per ampere production capabilities [44, 158, 159]. In synchronous
machines based on PMs, field weakening current injection requirements must also be
determined considering the worst operation scenario (i.e., considering the minimum dc-
link operation voltage) [42, 44]. Thus, an analysis of the specific drive would be required
for the determination of the exact current requirements. From the available literature,
it can be concluded that maximum currents ranging from 200 A to 255 A are common
for drive systems including 200 V -400 V battery packs and synchronous machines with
power ratings between 50 kW and 70 kW [44, 103, 160]. Similar requirements can be
found for IM technologies, as current ratings of around 235 A are common for 50 kW
IMs [47].
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Significant current handling capabilities will be required for higher power vehicles or
overload operation conditions (80 kW-125 kW). For example, maximum currents between
400 A and 480 A are required for the synchronous machines presented in [160, 161]. For
these power ratings, less current would be required in electric drives including high voltage
electric machines and battery packs [156]. However, this type of machines/battery packs
are, in most cases, intended for higher power applications, requiring significantly higher
current ratings.

Thus, considering the actual HEV/EV requirements and automotive SiC and GaN
devices in the market, and taking into account the current ratings of discrete devices,
converters based on this technology could cover the aforementioned requirements by
means of discrete/bare die device parallelization.

The main objective of the parallelization is to increase current capability and, there-
fore, the converter power capability is also increased. The vast majority of manufacturers
offer power modules in which each switch is composed of several semiconductors (bare
dies) arranged in parallel, to be able to reach the currents required by the application. To
achieve this objective, current distribution for each parallelized device must be as equal
as possible. However, there are several factors that cause current imbalances, among
others [162]:

e Differences in the internal parameters which characterize each device to be par-
allelized. On the one hand, these parameters affect the static behaviour. The
variation of collector-source saturation voltage (Vpgsar) and the gate threshold
voltage (Vasin) with the temperature involves a current change. In order to pre-
vent high current imbalances, power transistors must have similar characteristic
curves. On the other hand, dynamic behaviour is also affected by the variation
of internal parameters with the junction temperature, since devices can present
different turn on (tgon) and turn off (tqors) delays which can produce current
imbalances [163, 164]

e Driver circuit design. An optimal drive circuit gate design is essential, since it
has a direct influence over current balance. In this sense, the design must be
symmetrical. In order to achieve this objective, driver output impedance must be
controlled. There are also in the technical literature various control strategies of
common or separate gate [165, 166]

e Power circuit layout design. It is fundamental to minimize, as much as possible,
parasitic inductances to reduce the voltage peaks caused by di/dt through the
switching path [167].

4.2. Reactive elements and bus bar

As shown in figure 6, the power conversion stage may include a number of passive
elements between the vehicle battery and the power semiconductors, such as Y-type
capacitors (Cy) and dc-link capacitors (Cyc).

The dec-link capacitor (or de-link capacitor bank) can be considered as the most rele-
vant reactive element in an automotive power converter. In order to prevent significant
battery degradation, battery current ripple should be kept bellow 10% of the rated ba-
ttery current [168, 169]. The dc-link capacitor must filter the high frequency current

22



MPPF-Caps
or MLC-Caps

o Case | - high ripple
s | current applications
O Je2f-mmmmmmmaaeeo A R LLLLLL
o ‘ ‘
C

9]

c

>

v 1
%_ Case Il - low ripple !
o current applications |

>

C

C,
Capacitance

Figure 7: Capacitance requirements of various capacitor technologies under high current ripple operation
(adapted from [172]).

ripple produced by semiconductor switching at the converter input side. On the other
hand, as power electronics are one of the major EMI sources in a vehicle, Y capacitors
can be mounted from the dc-bus terminals to the vehicle chassis (figure 6) for effective
EMI reduction [170].

A number of design aspects must be considered when selecting or designing this
critical element. Firstly, the capacitor must be rated according to the battery voltage and
must be able to withstand the maximum rms current that will circulate through it. The
capacitance value must be selected to keep the current ripple bellow the aforementioned
levels. At the same time, the high frequency voltage ripple across the dc-link capacitor
should be limited to £10% of the rated voltage for all expected load conditions [168, 171].
This second aspect is relevant to guarantee a proper torque control [171].

Another critical aspect is the stray inductance (ESL). The capacitor ESL must be low
enough to avoid overvoltage failures during semiconductor’s turn-off switching and also
to reduce switching losses on the semiconductor [169]. This is of particular importance
when using WBG semiconductors with high speed switching capabilities (section 4.1).

The dc-link is a bulky element, and one of the main fault sources in modern power
converters [172-174], being, in general, its life time shorter than that of the other compo-
nents of the converter [175]. Thus, proper capacitor dimensioning and thermal managing
must be carried out in order to extend the capacitor life cycle [172]. The capacitor par-
asitic resistance ESR is responsible for its heating; thus, the lower the ESR the better
the dc-link reliability.

Aluminum Electrolytic Capacitors (Al-Caps), Metallized Polypropylene Film Capac-
itors (MPPF-Caps) and high capacitance Multi-Layer Ceramic Capacitors (MLC-Caps)
are commonly used in high voltage dc-link applications. In practice, Al-Caps and MLC-
Caps allow high energy densities up to 2 J/em? [172]. However, MPPF-Caps are preferred
for automotive applications, as they provide a well-balanced performance in terms of cost,
ESR value, required capacitance vs current ripple (figure 7) and reliability [172, 174, 176
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Table 10: Automotive grade metallized polypropylene film capacitors capacitors available on the market
for dc-link applications.

Manufacturer Family Viom (V) Capacity (uF) Inax (Arms) ESR (mf) ESL (nH) Description

Epcos PCC M651/M652 450 300-500 110-140 0.6 25 For M651/M652 modules
Epcos PCC HP1 450 300-500 80 0.5-1.0 25-30 For HybridPack 1 packaging
Epcos PCC HP2 450 500-1000 120-135 0.4-1.0 15

Kement C4E series 450 500 120 1.0 15 nH For HybridPack 2 packaging
Vishay Dale MKP1849 500 500-1000 120-160 0.25-0.3 15-20

Vishay Dale MKP1848 450-1200 1-400 2.5-54.0 1.3-54 >1 For PCB mounting

Al-Caps
MPPF-Caps

MLC-Caps

Relative

A\
Q~
. Superior Intermediate . Inferior
performance

Figure 8: Performance comparison of the main types of capacitors for dec-link applications (adapted
from [172].)

178]. Figure 8 shows a performance comparisons between Al-Caps, MPPF-Caps and
MLC-Caps. MPPF-Caps have a superior performance, they provide a well-balanced per-
formance for high voltage applications (above 500 V) in terms of ESR and cost. The
cost of MPPF-Caps is about 1/3 of Al-Caps, and it implies the possibility to achieve a
lower cost, higher power density dc-link design with MPPF-Caps in high ripple current
applications, such as in electric vehicles [172].

Table 10 summarizes various automotive grade MPPF dc-link capacitors available on
the market, including their most significant features. In general, two packaging technolo-
gies can be distinguished:

(a) Capacitors with integrated bus bars (figure 9(a)), which are specifically designed
for various particular automotive power module layouts. These solutions provide
easy integration and high capacitances with a very low ESL (table 10).

(b) Capacitors for PCB or bus bar mounting (table 10 and figure 9(b)). They allow
flexible capacitor bank and bus bar desings, which can effectivelly reduce the value
of ESL and improve semiconductors switching dynamics. For example, in [169], the
DC link inductance has been reduced from 15,4 nH to 2,8 nH using an optimized
switching cell.

Thus, proper bus bar desing with low stray inductance is required when following
the PCB or bus bar approach and fast switching WBG devices are used in the power
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Figure 9: Automotive grade high power MPPF-Caps.

stage [179]. A number of considerations must be taken into acount regarding this critical
element. On the one hand, power semiconductors and DC-link capacitor geometry must
be properly selected in order to optimize the power density, as well as to minimize the
bus bar complexity. The bus bar shape will be directly influenced by the power conver-
sion stage required by the specific vehicle drive topology (three-phase, dual three-phase,
asymmetric H-bridge, etc.). If capacitor cooling is required, this will also influence the
design geometry [180]. On the other, terminal connections have a significant impact on
stray inductance and their influence must be considered, and special care must be taken
regarding sharp corners and bends, as they can cause eddy currents and, consequently,
voltage drops which result in additional losses and heat generation [180]. Finally, it
must be borne in mind that the ESR of an MPPF capacitor depends on both capacitor
temperature and current ripple frequency. In this case, the temperature dependency is
low. However, the ESR significantly increases while increasing the switching frequency of
the converter [168]. Thus, this aspect should be carefully analysed in high WBG power
converters with high switching frequency operation.

5. Advanced power converter thermal management

An effective vehicle cooling system architecture and performance enables a more com-
pact power converter packaging, reducing the propulsion system size and weight, while
increasing system reliability and power density [181-184]. Nevertheless, current appro-
aches for power converter cooling, in general, do not simultaneously meet the future
cost, performance and size targets (table 2). For this reason, thermal management rep-
resents one of the major technical challenges for HEV/EV drive designers and manufac-
turers [181, 183].

Thermal resistance (R;z) is one of the most important parameters to be considered
in the design of an automotive power converter. It indicates its heat transfer capability
and determines the temperature gradient between the heat source and heatsink. For
a layer of a given material, Ry, is determined by the material thickness (t), thermal
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conductivity (o) and area (A). For a multi-layer system, the total Ry is the sum of each
layer’s Ry, [185]:

n ti
Rth:Zg’-A-’ (4)
i=1

where n is the number of layers. For a given steady state power dissipation Pp (due to
semiconductor conduction and switching losses), the junction to coolant AT;_; tempe-
rature gradient in steady state can be obtained as [185]:

AT;_y=R;_¢Pp, (5)

where R;_y is the total thermal resistance between the semiconductor junction and the
coolant. Thus, the aim of an efficient cooling system is to reduce such resistance as much
as possible.

Standard air cooling solutions have a relatively high Ry, and are heavy and volumi-
nous for automotive purposes so, in general, liquid cooling is preferred [186]. The usage of
a cooling loop with the cooling liquid at 65 °C was the norm in previous generation elec-
tric vehicles. However, current technological trend in HEV cooling architectures consists
on using the ICE liquid cooling loop (commonly 50% water, 50% ethilenglicol) to cool
both the ICE and the power converter. In this particular scenario, the nominal coolant
temperature is of around 105 °C [184, 187]. Additionally, advanced air cooling solutions
using the air flow produced by vehicle motion are also being considered for future EVs
and HEVs [181, 182, 187, 188]. These trends imply a high heatsink temperature, so the
subsequent cooling systems design must be greatly optimized in order to ensure system
reliability.

Cooling technologies are responsible for keeping the operation junction temperatures
(T}.0p) of power semiconductors (figure 10) bellow their maximum ratings, preventing
device failures. Maximum junction temperatures of 150 °C are the norm in current Si
Trench 4 IGBTs [189], while higher operation temperature withstanding capabilities can
be found in current SiC and GaN technologies (above 200 °C) [181, 190-192]. This
makes WBG technology attractive for its application in air cooled and high temperature
liquid cooled architectures [1, 132, 181, 190]. However, in practice, maximum operation
temperatures are limited to 175 °C due to the available packaging technologies, passive
and peripheral components and solder materials [181].

According to a study conducted in [193] for Si IGBTSs and diodes, around 60% of power
semiconductor breakages are produced by thermal stress. When power semiconductors
experience an overall operation temperature increase of 10 °C, it has been verified that
the failure-rate is doubled [194]. The thermal cycle (difference between maximum and
minimum temperature of the semiconductors during a whole vehicle driving cycle) can
be extremely high. As a variety of materials with diverse expansion coefficients (copper,
silicon, plastic materials, etc.), this thermal cycles produces a mechanical stress between
the aforementioned materials, producing long term failures in power converters. In this
sense, innovative packaging solutions that improve power semiconductor reliability under
extreme thermal cycles, such as the solderless SKIM technology, can be found in the
industry [189, 195].

In the following, this work will focus on the state of the art of current and promising
cooling technologies that would facilitate the achievement of the required targets for
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Figure 10: Direct and indirect cooling structures (adapted from [185]).

future vehicle propulsion systems. An in-deep review of each technology, features and
challenges will be presented.

5.1. Power converter cooling technologies present in the automotive market

A. Classification of liquid cooling architectures

Liquid cooling is the most widespread cooling technology for automotive applications
[188, 196]. It is more expensive and complex than air cooling, but it is significantly more
efficient [184, 185, 196-198]. [199] presents a comparison of various air cooling and water
cooling methods for power electronics of electric vehicles. In general, liquid cooling can
be divided as direct and indirect liquid cooling technologies.

In the indirect cooling approach, there is no direct contact between the power module
and the coolant fluid (figure 10(a)). In the particular case depicted in figure 10(a),
the power module is mounted over an aluminium heatsink, including a base plate and
separated by an inter-layer of thermal grease. The thermal interface material (TIM)
joins thermally the converter baseplate to the heatsink. The TIM has a high thermal
resistance [186, 196, 200], as it accounts between 30% and 50% of the whole thermal
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resistance [186, 201, 202]. For this reason, a relatively large temperature gradient between
the semiconductor junction and the coolant occurs when dissipating high heat fluxes
[203, 204]. Many efforts have been focused on the development of advanced TIMs, which
reduce their respective Ry, [205-208].

Regarding direct cooling technologies, the power converter thermal resistance is sig-
nificantly reduced by directly cooling the power module (figure 10(b)), as the thermal
interface material (TIM) and the base plate are eliminated (R.—s case to heatsink ther-
mal resistance is eliminated, figure 10(b)). In general, direct cooling technology is pre-
ferred for current automotive propulsion systems because of its superior thermal perfor-
mance [181, 184, 185, 196-198].

Depending on the arrangement of the cold plates, single sided (figure 10) or double
sided (figure 11) cooling architectures can be distinguished. The double-sided structure
dissipates heat from both top and bottom sides of the power device (figure 11). There-
fore, an increase of cooling efficiency is achieved [182, 184, 186, 197, 209]. The chips
are assembled between two DBC substrates, allowing interconnections within the power
devices, resulting in what is often referred to as a sandwich module. As a consequence,
new assembly methods without the usage of traditional wire bondings are required, i.e.,
a solderable front metal can be used to make a planar contact [184, 197]. Figure 11 shows
the concept of such planar packaging without wire bondings.

International Rectifier has specifically developed the commercial COOLiR2Die tech-
nology for the HEV/EV industry. This technology has been tested in [197, 210]. Accor-
ding to the results obtained, the Ry, of the module with dual-sided cooling is 33% lower
as compared with single-side cooling.

Denso Corporation, in cooperation with the universities of Cambridge, Nottingham
and Oxford, has developed a novel double sided cooled structure, in which the cooling
has been carried out using jet-impingement technology [211]. In this design, the Ry
of the package can be lower than 0.4 K/W, with less than 40% of the junction to case
resistance of a conventional module [211].

The Fraunhofer Institute has developed another similar double sided assembly [212],
where the interconnections have been carried out by metal posts between the two DBC
substrates. A Ry, reduction of 40% (compared with single side cooling) has been achieved
using the jet-impingement shower power approach [201].

Alstom/Pearl has developed a similar approach, where the liquid cooling is carried
out through finned metal devices joined to one backside [186].

Semikron has developed the SKiN Module, which design combines several cooling
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Figure 12: Types of cold plates.

technologies. On the one hand, it employs double-sided cooling and, on the other, it
eliminates solders and employs the sintering technique for chip-to-substrate junction [212,
213]. This allows an increase of about 25% on surge current withstand capability in
the power module. Likewise, the Ry, between the semiconductor chip and coolant is
decreased by up 30%, which results on a power increase or a volume reduction up to
35% [214].

Finally, is also interesting to mention the work presented in [215], where a reliability
design of a dual sided cooled power semiconductor module for EVs/HEVs is carried out.
This approach reduces Ry, by 50% when compared to a direct liquid cooled module. The
base plate is also eliminated achieving a weight and cost saving of about 30%.

Once liquid cooling architectures have been reviewed, cold plate technologies applied
in current liquid cooled automotive power converters are presented.

B. Cold plate technologies for liquid cooling

Regarding cold plate technologies, the following alternatives can be found in current
HEV/EVs: conventional cold plates, microchannel technologies and pin-fin based cold
plates.

The performance of conventional cold plates (figure 12(a)) is similar to the air cooled
heat sinks, using liquid instead of air and taking advantage of higher heat transfer proper-
ties of liquids [216]. In [217], it is demonstrated that, for a three-phase inverter mounting
1.7 kV IGBT technology, the liquid cooling capacity increases from 50 W/cm? (for con-
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ventional air cooling) to 120 W/cm?. This allows increasing converter current density
from 40 A/cm? to 80 A/em?. The 2004 Toyota Prius also uses a conventional cold plate
located in the center of the package to cool the power conversion stage [218]. Likewise,
the automotive grade Infineon HybridPACK 1 (no pin-fin version) [219] requires TIM to
mount the module over a base plate.

A great number of cold plate designs have been proposed in the scientific literature,
varying the internal structure and material in order to increase its internal surface area
and, therefore, improve the heat transfer [182, 186, 220]. For example, the microchannel
cold plate technology has derived from the standard approach, which can be considered
as an independent technology and is currently in use in real HEV/EVs, such as the
Nissan LEAF.

A microchannel cold plate is formed by using a hole pattern, forming internal channels
(figure 12(b)). This design provides a large contact surface area and a thin mounting
surface, decreasing the value of Ry;,. As a result, a heat transfer near 1000 W/cm? can
be achieved [216, 221]. Other research results are overgoing that value [222]. Although
small channels produce higher heat transfers, they also produce more pressure drops,
being the latter its mayor drawback [216]. In consequence, many research focuses on
pump and micropump technologies in order to overcome this limitation [223-225]. In
other researches water has been substituted by eutectic alloys of gallium or indium. The
latter is called liquid metal cooling, and it shows promising results beyond the 1000
W /cm? [226-228)].

Power modules with pin-fin base plates (figure 10) have emerged as an effective and
compact solution [229]. This technology consists on a base plate (TIM layer and heat sink
are eliminated) with pin fin structure surface, which is immersed into the cooling liquid
contained in a trough [230]. A variety of geometries for fins can be found in the literature,
which affect the turbulent flow of the coolant. In [231] and [232], a comparison of different
pin-fin shapes has been done, with regard to the heat transfer coefficient and pressure
drop characteristics of each shape. The results show that the staggered arrangement
elliptic profile performs better than all other shapes. On the other hand and taking into
account a trade off between cooling efficiency and pressure drop, square shape pin-fins
have been selected in [202].

Pin-fin base plates are made from materials with matched thermal expansion coef-
ficients as Aluminium Silicon Composites (AlSiC). Depending on the proportion of Al,
thermal conductivity of the base plate can range form 160 W/mK to 200 W/mK [233].
New base plate materials, such as AlCu clad materials [229] or aluminium graphite
metal-matrix composites (AlC) [234] are under consideration. The latter has a excellent
machineability compared to AlSiC [186]. This technology involves simple manufactur-
ing, low pressure drops and large coolant flows. However, the main disadvantage is the
temperature gradient obtained when compared to the microchannel technology.

Infineon has developed the automotive grade HybridPACK 1 [219] and HybridPACK
2 [235] IGBT modules based on pin-fin cooling system. Similarly, Fuji Electric has de-
veloped pin-fin technology for their automotive grade modules [202].

C. High performance air-cooling in HEV/EVs
Air cooling is not as present as liquid cooling in current HEV /EVs. However, a num-
ber of vehicles relying on air cooling technology can be found in the market. For example,
Honda Insight HEV (electric power of 12 kW) [236] and Honda Accord drive (launched
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Figure 13: Air cooled in-wheel drive system developed within the FP7 programme EUNICE project
(from [240]).

in 2014) uses this type of cooling technology for power converter cooling [237]. The
electric Mini-E also uses an air-cooled AC Propulsion drive system, featuring continuous
and peak powers of 50 kW and 150 kW, respectively [238]. In this scenario, system com-
plexity and cost can be reduced by partially or completelly removing the pump, coolant
lines, remote heat exchanger, remote heat exchanger fan, and coolant fluid [188]. A study
conducted in 2006 estimated a cost saving per vehicle from $150 to $200 [239]. Thus, air
cooling can be considered as an attractive alternative [181, 200]. However, as it is shown
in section 5.1.B, the cooling efficiency of such systems is very low, making it difficult to
achieve future power density targets.

In order to get the full benefit of the air cooling technology, an optimized system
design must carried out. In this context, Tecnalia Research and Innovation, in colabo-
ration with Infineon Technologies and GKN EVO eDrive Systems, among others, have
developed an in-wheel electric drive (figure 13), including a novel thermally and aero-
dynamically optimized air cooling concept that makes use of the circulating air flow.
As a results, a high power density power converter with peak power of 85 kW has been
achieved [240]. In [241], The Austrian Institute of Technology, with a number of partners,
has developed an integrated drive, featuring smart packaging of power electronics and an
integrated air-based thermal management system, reaching experimentally a peak power
of 46 kW for the power converter.

Taking into acount the limitations of air cooling systems, in [12, 37, 242, 243] it is
considered that WBG technologies can potentially facilitate this air cooling solutions
without sacrificing drive performance. In this context, Mitsubishi has succesfully develo-
ped an air cooled SiC inverter of 150 kW peak, which has been integrated in a prototype
EV [188].

5.2. Promising thermal solutions for future HEV/EV power stage cooling: two-phase
cooling technologies

Two-phase cooling has significant advantages compared to single phase cooling (pre-
viously reviewed techniques), such as higher heat transfer rates and efficiency, lower
flow rates, isothermal characteristics, lower size and weight, and lower costs [216]. The
mayor drawback of this technology is its complexity [216]. Heat transfer is carried out
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by phase change, i.e., the absorption of thermal energy in the process of evaporation
(liquid to vapour) and release of heat in the condensation process (vapour to liquid). A
number of two-phase cooling alternatives, such as heat pipes, thermosyphon cooling and
thermoelectric cooling can be highlighted [216, 244-246].

Heat pipe technology relies on natural forces to transfer heat. Heat pipes are com-
posed by three main elements: container, fluid and wicked structure (figure 14). The
cooling liquid is evaporated by the heat source at one end of the heat pipe. The vapour
is transferred to the opposite end by convection, where it is condensed and the heat is
transferred to the environment through a heat exchanger. The vapour cools and con-
denses into liquid, and is carried back to the heat source through the capillary wick
structure along the perimeter of the heat pipe. To form the capillary structure of the
heat pipe, a porous material is applied on the inner wall of the pipe. This can be done
using either metal foams (such as steel, aluminium, copper or nickel) or using carbon
fibres [182, 247]. Due to the importance of the wick structure, many works are focused
in its development and manufacturing in order to improve the heat transfer [247, 248].

The main advantages of heat pipes are their flexibility to be produced in all forms
and sizes and the obtained high heat transfer capability (heat fluxes in the range of tens
and hundreds of W/cm?). Operation temperature limitations and vertical height are
their main drawbacks [216, 244]. The applicability of this cooling technology in EVs is
demonstrated in [244, 249]. However, there are more advanced methods able to increase
operation range while improving heat dissipation, as is the case of pulsating heat pipes
(PHP) [250—-253].

On the other hand, thermosyphon cooling (figure 15) is a special type of heat pipe
in which the fluid is driven only by gravity forces [216]. The heated liquid is less dense
than the cooler water. Therefore, it rises to the top of the cooling system, forcing natural
circulation of the cooling liquid. Then, the heat is dissipated to the ambient air through
a condenser. Finally, the cold liquid returns to the source and the cooling process starts
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again. Unlike the heat pipe, it does not incorporate a wick structure through which
the condensed working fluid returns. The main disadvantage of this technology is that
the system must always be positioned in a vertical direction requiring a large amount of
space.

Thermosyphon technology achieves heat flux transfer values of around 230-240 W /cm?,
with moderate temperature fluctuations [245]. Many efforts have been done to improve
the heat dissipation capability. In [245], a pump has been inserted in the loop to vary the
flow rate of the coolant, allowing a cooling capacity up to 500 W/cm? with a thermal re-
sistance of 0.125 (Kem?)/W. Likewise, NREL (National Renewable Energy Laboratory)
has developed a thermosyphon based system to cool the power electronics asociated
to an EV motor. With this approach, 3.5 kW of semiconductor losses have been dis-
sipated [254]. In [255], a power module cooling system consisting of a thermosyphon
circuit composed by double-sided evaporator has been presented allowing a total dissi-
pation power of 1500 W.

Thermoelectric cooling (TE) must also be considered. TEs are based on the Peltier
effect [256]. When a dc current flows through the module, a heat transference is produced
so that each side of the module is cooled or heated respectively (figure 16). This allows
to cool each semiconductor device individually and uniformly, leading to semiconduc-
tor isothermalization [256]. From the electric design point of view, this improves the
prediction of device failures, thermal stress, reliability and lifetime of the power module
[216, 246, 249]. Precise temperature control, fast dynamic response, reduced weight and
small size are the main advantages of this technology, although the maximum power
dissipation is limited to several tens of watts, the efficiency is also low and its cost is
high [216, 246].

The application of TE cooling to cool power electronics circuits represents a serious
handicap [216, 246]. However, some recent approaches increase both the efficiency and
operation temperature [257]. Hybrid solutions have been also proposed [258], where cold
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plate liquid cooling is combined with TE cooling. The cold plate is used to cool the power
module globally, while the embedded TE is used to ensure the temperature uniformity
in the semiconductor.

Finally, the solution presented in [259] is also worth to mention, as it proposes an
innovative two-phase cooling system that uses conventional air conditioning components
already available in vehicles, together with a conventional water cooled cold plate, not
requiring the development of new technology, while achieving the benefits of two-phase
cooling.

5.8. Other cooling technologies for high power applications

Spray cooling [260] and jet impingement [261] technologies are somehow popular in
the industry. Up to date, they have not been used in marketed HEV/EVs, but they
can be considered as promising options, since they are a cooling technologies capable
of dissipating the large heat fluxes required in a high-power electronics devices [262].
With spray cooling, very high heat transfer coefficients can be achieved with relatively
low coolant flow, leading to light and compact cooling systems [260]. Following this
approach, the refrigerant is sprayed into fine droplets that individually impinge on the
surface area to be cooled (figure 17). Spraying reduces flow rate requirements, but
requires a high pressure at the spray nozzle. NREL has developed a cooling system
based on spray cooling [203]. This approach can dissipate heat fluxes between 150 and
200 W/cm?. Likewise, studies carried out in [263-266] demonstrate the effectiveness of
this cooling approach.

Jet impingement cooling is similar to spray cooling, but is performed with a lower
pressure drop at the spray nozzle and a higher coolant flow, reducing noise and the
possible spray nozzle clogging [261, 267]. As an example, [268] and [269] present a power
module cooling system based on this technology. Figure 18 shows a comparison of heat
transfer coefficient shapes of both jet and spray cooling technologies.

Danfoss Silicon Power has developed a system called Shower Power wich is based
on this approach [201]. This eliminates the temperature gradients, allowing to homo-
geneously cool large power modules, and the parallel placement of many power chips
and improving their operation life-cycle [201]. Another advantage of this technology is
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the possibility of using low-cost materials, such as plastics, to manufacture the cooling
device [234]. In [181, 261, 267, 270], the integration of jet impingement technology in
transport applications has been studied with promising results.

6. Conclusions

From the reviewed literature, it becomes clear that the development of a sustain-
able road transport system is of capital importance due to environmental, societal and
economical factors. Optimistic forecasts related with future HEV/EV stock evolution
should be achieved in order to significantly reduce in road transport GHG emissions.
In order to make HEV/EV an attractive option for consumers, a number of technical
aspects, such as efficiency, reliability, autonomy and cost must be improved. Being the
electric drives a key element of HEV/EV technologies, improvements on the following
aspects will be required:
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1. A relevant evolution in electric machine technologies will be required for next ge-

neration drives. In this context, a significant cost reduction is pursued and, at
the same time, power densities must be improved while reducing power losses and
improving efficiency.
In some aspects, these targets lead to opposite design concepts. Cost reduction
requires the investigation on non rare earth based machine technologies (IMs, SRMs
and PM-assisted SynRMs are being mainly considered). However, this technologies
have a significantly lower power density than rare earth based machines, making
it difficult to achieve the volume reductions targeted by the international agents.
Thus, it can be concluded that an extensive research in HSEM technology (with
mechanical speeds beyond 10000 rpm) would be conducted in the following years
in order to simultaneously achieve the aforementioned targets. Due to the specific
requirements of automotive machines, a number of electromechanical aspects and
the usage of advanced materials should be investigated for the success of this high
speed technology.

2. Torque control of automotive HSEMs can be challenging, mainly due to the high
fundamental-to-sampling frequency ratios for proper current regulation, and due to
the difficulties to implement reliable field weakening algorithms with such ratios.
As it could difficult to implement reliable advanced regulation structures under
high non-linearities (common in automotive machines), it can be concluded that
a significant reduction of the execution time of the controller is required for next
generation HEV/EV drive controllers.

3. As this controller execution time reduction implies the increase of the switching fre-
quency of the power converter, and taking into account that international agents
require a significant improvement in the converter efficiency, it becomes manda-
tory to introduce WBG technologies with very low switching losses in automotive
drive systems power conversion stages. From the available WBG technology, SiC
Schottky diodes and SiC MOSFETs could be preferred due to their features. Cur-
rent handling requirements could be achieved by means of the parallelization of
available automotive grade discrete devices, bare dies, or using high power modu-
les from the major WBG power semiconductor manufacturers.

The particularities derived from the high switching speed of such WBG devices will
require a proper power converter layout design, specially regarding bus bar and
power semiconductor placement. In this context, it is concluded that MPPF-Caps
could be preferred due to their well-balance performance for high voltage applica-
tions. It will be also required to use capacitors with the lowest ESL possible in
order to reduce the stray inductances and, consequently, minimize the overvoltages
produced during fast switching.

4. Finally, a number of relevant considerations regarding future HEV /EV drive cooling
systems must be taken into account. Being the high power density a mandatory
requirement, current state of the art shows that most commercial HEV/EVs use
separate liquid-cooling systems for the power electronics and the electric machine.
Generally, direct cooling structures are used in the power converters in order to
reduce the thermal resistance and improve the reliability of the drive. However,
the costs associated with this cooling architecture are high.
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One clear tendency for cost reduction leads to the elimination of one of the liquid
cooling loops. However, this implies that the nominal coolant temperature of the
power semiconductors is increased from 65 °C to 105 °C. This requires an opti-
mization of the cooling system for thermal resistance minimization, and a number
of cooling concepts such as double sided cooling or microchanneled cold plates are
being implemented and investigated. On the other hand, high performance air-
cooling is also being considered to achieve significant cost reductions. However,
the cooling efficiency is very low when compared to liquid-cooling, and optimized
designs are required in order to make use of the circulating air flow produced when
the vehicle is in motion. In both scenarios, reduced power losses of WBG devices
would make them mandatory for the power conversion stage.

Last but not least, it is important to point out that a great number of investigations
regarding alternative cooling architectures, such as spray cooling, jet impingement
cooling, heat pipes, thermosyphon and thermoelectric cooling are being considered,
among others. This technologies exhibit interesting features, but they must be
further investigated for their implementation in real HEV /EVs.
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