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1.1 Introduction

Over the past few decades, there has been growing interest in electrification. This led to growing
interest in hybrid/electrical traction applications. Many hybrid/electrical vehicles have been com-
mercially introduced. Even though the main focus has been on areas like energy storage and power
electronics, there is growing recognition of the importance of traction motors and generators. Var-
ious technologies for traction motors/generators have been developed. There is wide recognition of
the need for advanced motors and generators in order to meet the aggressive targets (in terms of
power density, efficiency, and cost) of the electric drive train. This recognition led several of the
main Original Equipment Manufacturer (OEMs) like General Motors (GM) to decide to make large
investments in developing and producing their own traction motors and generators [1]. In addition,
over the past decade, hybrid/electric propulsion for aerospace applications became a big initiative
as a part of the overall transportation electrification efforts. This chapter will provide a compre-
hensive review of the state of the art highlighting the key global trends and tradeoffs of
various technologies. The chapter will also discuss future trends and potential areas of research.
The chapter will cover light-duty vehicles (with more focus), medium- and heavy-duty vehicles,
off-highway vehicles (OHVs), locomotives, and ship propulsion. In addition, the chapter will
cover the fast-growing area of hybrid/electric propulsion for aerospace applications. Most of
the material for Sections 1.2-1.6 come from [2] while most of the material for Section 1.7 comes
from [3]. The goal of the chapter is to serve as a comprehensive reference for engineers working in
the traction/propulsion area (Figure 1.1).

1.2 Light-Duty Vehicles

The light-duty vehicle market has been leading the way in terms of hybrid and electric vehicles.
Companies like Toyota and Honda have been pioneers in commercializing hybrid vehicles. The
Toyota machines have been viewed for many years as the state of the art. A lot of effort went into
trying to /benchmark the motors/generators in the various vehicles. A lot of this work has been
done at Oak Ridge National Lab (ORNL) and Argonne National Lab (ANL). Table 1.1 provides
a summary of the various motors/generators used in the various vehicles, as well the technology
used in each machine as well as the machine rating [4-7].
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Figure 1.1 Historical importance of electric traction motors. Source: Savagian [1]/IEEE.

Several key observations come out of looking at this table:

Almost the entire light-duty hybrid vehicle industry has shifted to PM machines in order to meet
the increasing power density and efficiency requirements. GM’s EV1 was one of the very first
vehicles to use induction machines in the early 1990s. Tesla was one of the few companies that
used induction machines for a number of years but shifted to IPM machines in the newer models
(Model 3 followed by Models S and X).!

The Honda vehicles (as well as Hyundai which can be classified as mild hybrid) focused on sur-
face PM (SPM) and Inset PM machines with segmented stator structures and fractional-slot con-
centrated windings. Segmented structures have the potential of increasing copper slot factor and
reducing manufacturing costs. On the other hand, the segmented structures compromise the sta-
tor back iron rigidity. The Honda designs focused on 0.5 slot/pole/phase configurations, which
tend to have low winding factor of 0.866. Also, it can be seen that the Honda designs utilize low
DC bus voltage.

The Toyota designs (which can be classified as full hybrid) focused on interior PM (IPM)
machines with continuous laminations and regular integral-slot distributed windings. Relatively
recently, Toyota is using fractional-slot concentrated windings in the Prius 2010 generator. Some
of the Toyota designs have a single layer of magnets and some have multiple layers of magnets to
increase reluctance torque contribution. Also, it can be seen that the more recent designs utilize
higher DC bus voltage (by using a boost converter). This reduces the flux-weakening require-
ments, especially for higher-speed machines like the Toyota Camry and Lexus motors. Currently,
there is a trend to explore higher DC bus voltages up to 800 V [8]. This will help further improve
efficiency and reduce the size of electrical connections.
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1.2 Light-Duty Vehicles

e The Honda designs as well as the Prius have a top speed of around 6000 rpm. In more recent
designs like the Camry and Lexus (as well as some of the GM and Ford designs), the machines
are designed for higher top speeds up to 14,000 rpm, in order to increase the machine power
density.

o IPM machines are becoming the dominant type.

e 30-70 kW ratings/machine for full hybrids (cars).

o >120 kW for full-hybrid SUVs.

In more recent electrified vehicles, the machine power ratings can go as high as 200 kW and even
higher in some cases.

¢ Liquid cooling is becoming an industry common practice in order to meet higher performance
requirements. The peak air gap shear stress for all these machines ranges from 8 psi up to 17 psi
depending on how aggressive the cooling is and how long is the transient power requirement.

o Higher coolant inlet temperature up to 105 °C is still targeted for future designs (to eliminate
additional cooling loop).

o Electric machines tightly integrated with ICE/drive train housing.

o GM as well as several other OEMs are pursuing IPM machines with bar-wound (hairpin) wind-
ings [1]. This winding has a higher fill factor (and hence power density) but the main concern is
the AC losses in the windings, especially at higher speeds. The performance of the machine will
rely heavily on the vehicle duty cycle and how long the motor can thermally operate at higher
speeds, and also depends on the cooling mechanism implemented (Figure 1.2).

Bar wound stators vs
stranded wire wound stator features

Figure 1.2 GM/Remy IPM motors with bar-wound (hairpin) windings. Source: Savagian [1]/IEEE.
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Figure 1.3 Protean electric wheel motor. Source: Protean electric wheel (http://www.proteanelectric.com/
live/docs/PD18-3-LV1.2-Data-Sheet.pdf).

In addition to the regular central traction motors,
numerous wheel-hub motor concepts have been devel-
oped (some were installed in a few vehicles) but no com-
mercial autos yet. One of the main technical challenges
of wheel motors is the un-sprung mass [9]. Many ideas
have been developed to minimize this issue. Protean
Electric? developed an inside-out radial-flux PM wheel
motor (54 kW/83 kWpk) in which the power electronics
and controls are distributed along the motor circumfer-
ence as shown in Figure 1.3. Mitsubishi® (50 kW) and
TM4* (80kW) also developed inside-out radial-flux
PM wheel motors as shown in Figures 1.4 and 1.5.
GM developed a dual rotor axial-flux PM with an
epoxy-based stator [10, 11]. The motor is shown in
Figure 1.6. Despite all these concepts and the significant
progress made, cost, fault tolerance, system complexity,
and unsprung mass continue to be significant chal-
lenges for wheel motors.

Figure 1.4 Mitsubishi wheel motor.
Source: Mitsubishi Motors North America,
Inc. (www.mitsubishimotors.com).



1.3 Medium- and Heavy-Duty
Vehicles

Even though the light-duty vehicle section has been
dominated by liquid-cooled (as previously mentioned
in Section 1.2), this is not the case with medium-, and
heavy-duty vehicles for example delivery trucks,
buses, and class 8 (super) trucks. In these vehicles,
induction machines are still considered the main
workhorse. This is probably due to the historical
robustness and cost-effectiveness of induction
machines. Table 1.2 summarizes some of the availa-
ble traction systems for medium- and heavy-duty
vehicles.”® The majority are liquid-cooled induction
machines. There is also growing interest in IPM
machines. UQM is considered one of the leading
companies in providing PM liquid-cooled traction
systems for medium and heavy-duty vehicles'®
Switched reluctance (SR) machines are also used in
some heavy-duty vehicles.'* In these types of vehi-
cles, the well-known issues of SR machines including
acoustic noise as well as torque ripple and vibration
might not be of great concern. SR Drives (part of
Emerson) is a lead supplier of SR machines. PM
machines have higher power density and efficiency
at the machine torque-speed envelope. Induction
machines have advantages in terms of partial
load efficiency (also there are very low-drag losses
if the machine is unloaded). Also, induction
machines do not have the issues of fault tolerance'?

Current

Flux

Magnets

Rotor 1 Rotor 2

Stator

1.3 Medium- and Heavy-Duty Vehicles

Stator

Permanent
magnets

Casing

Laminations

Clhasiiing and windings
t=d
system

Figure 1.5 TM4 wheel motor. Source: DANA TM4
Inc. (http://www.tm4.com/moteurs_generateurs.
aspx).

Figure 1.6 GM axial-flux PM wheel motor. Source: Rahman et al. [10]/IEEE.
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1.5 Locomotives

(and the braking torque produced in case of a fault) or uncontrolled generation mode (UCG) as in the
case of a PM machine [12, 13].

1.4 Off-Highway Vehicles

There is growing interest in hybrid-electric drive systems in construction and OHVs to replace
existing mechanical and hydraulic systems to achieve higher performance.'® Table 1.3 provides
a summary of these examples. As can be seen, Siemens Motors (as well as GE) and advanced
AC control systems are very popular, especially in big mining trucks. It can also be seen that
induction machines are the dominant type. Also SR machines are being used due to their
robustness and as previously mentioned, acoustic noise, and vibrations are not key issues
in such applications. PM machines are also being evaluated but there are concerns about
the shock/vibration levels that the machine can tolerate mainly due to the brittleness of
PMs [14]

1.5 Locomotives

Historically, induction machines are the dominant type of traction motors in locomotives. This can
be seen in Table 1.4, which summarizes the traction motors used in various locomotives [15]. The
typical maximum speeds for these motors are in the range of 3000-6000 rpm. All these motors are
air-cooled. More recently, PM motors have been developed for high-speed rail,'* for example, the
AGV PM traction motor developed by Alstom and shown in Figure 1.7. This motor is closed and
self-ventilated and has a maximum speed of 4500 rpm. The next step in order to meet the demand-

Table 1.3 Examples of OHV motors and generators.

Application  Company Machine type and rating
Tractor Caterpillar (CAT D7E with electric drive train) 2x110 HP induction motors
Loader Volvo (Volvo L220F hybrid wheel loader) 700 Nm and 50 kW peak
induction motors
LeTourneaue Technologies (50-Series for loaders and 1050 HP switched reluctance
dozers, e.g. new hybrid wheel loader L-1150) motors and an SR generator
Mining Caterpillar 795F-AC Rear axle mounted 3400 HP wheel induction motor
trucks
Hitachi EH5000AC 3000 HP induction motor
Liebherr TI 274 3000 HP Siemens induction
wheel motors
Komatsu 860E 2400 HP Siemens induction
motors

Source: Adapted from http://machinedesign.com/article/hybrid-drives-for-construction-equipment-0707.
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Table 1.4 Summary of the motors/generators in various locomotives.

Motor type and
Locomotive Motor type and rating Locomotive rating
Italian Pendolino ETR 460  12%500 kW induction German DB 152 electrical ~ 4%1600 kW
tilting train generation, motors traction motors locomotive, max. speed induction
max. Speed 250 km/h, in made by Alstom 170 km/h, in operation machines
operation since 1992. since 2001 made by
Siemens
German DB ICE 3 high- 16+500 kW induction German DB-Railion 189 4%x1600 kW
speed train, max. speed motors made by Siemens electrical freight induction
330 km/h, traction motors, max speed of 6000 rpm locomotive, max. speed machines
power 16 X 500 kW, in 140 km/h, in operation made by
operation since 1999 since 2003 Siemens
Swiss Railways SBB FLIRT  4%500 kW Induction motors ~ Swiss SBB Re 460 electrical =~ 4%1525 kW
RABe 521/523, max. speed made by TSA locomotive, max. speed induction
160 km/h, in operation Traktionssysteme 230 km/h, in operation machines
since 2004 since 1992 made by ABB
Spanish Talgo 350 high- 8+1000 kW Induction Indian 3-phase electric 6+850 kW
speed train, max. speed motors made by Siemens freight locomotive WAG-9,  induction
350 km/h, traction motors, max. speed 100 km/h, in motors made
in operation since 2005 operation since 1996 by ABB
Korean KTX high-speed 12%1130 kW self- USA - Houston TX, 4x200 kW at
train, operational speed commutated synchronous MetroRail, Avanto light 2500 rpm
300 km/h, in operation machines (replaced by rail vehicle, max. Speed induction
since 2004 induction machines in 105 km/h, in operation machines
KTX-II) made by Rotem, since 2001 made by
power Siemens
Austrian OBB Taurus 4x1600 kW induction Czech Republic - Prague 16x60 kW
electrical locomotive 1016/ machines made by Siemens 15T low floor tramway, induction
1116, max. speed 230 km/ max. speed 60 km/h motors made
h, in operation since 2000 by SKODA
ELECTRIC
Chinese Railways DJ4 8+1200 kW induction Austria - Graz, Cityrunner,  8%50 kW
electrical locomotive, max. machines made by Siemens low floor tramway, max. induction
speed 120 km/h, in and Zhuzhou Electric speed 70 km/h, in motors made
operation since 2006 Locomotives Works operation since 2001 by SKODA
ELECTRIC

Source: Adapted from SKF [15].

ing requirements for light-weight high-speed rail is to move toward a liquid cooling of both the
power converter and traction motors. This is currently under investigation and development.

1.6 Ship Propulsion

Historically: DC and synchronous machines have been the dominant type of ship
propulsion.'® Figures 1.8 and 1.9 show examples of such machines by LDW. More recently, PM
machines have been developed for ship propulsion.'® Figure 1.10 shows an example of a
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AGY - Technical innovative highlights — Permanent
magnet motors

= First very high speed railway application for
a high power (760 kW) permanent magnet
traction motor (more than 1 kW/kg)

®= Closed and self ventilated => Maintenance
free motor

= Intensive test already performed (world
record, test benches, prototype train..)

INNOTRANS — Berlin September 2008- P 19 TRANSPORT ALST@'M

Figure 1.7 AGV high-speed PM traction motor by Alstom.

Figure 1.8 21 000-kW variable speed synchronous propulsion motor for cruise liner. Source: http;//www.ship-
technology.com/contractors/propulsion/ldw.
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Figure 1.9 950 kW DC motor, delivered by LDW,
as main drive for the research vessel “Solea.”

shipboard propulsion high-speed 36.5 MW PM
motor developed by DRS. Some companies are also
working on superconducting machines for marine
propulsion applications.'” Figure 1.11 shows the
potentially significant increase in power density
by replacing conventional machines with high-
temperature superconducting machines by American
superconductors. Table 1.5 summarizes some of
the key motors used in podded ship propulsion.
As can be seen, there are a mix of wound field
synchronous machines, induction machines, and
PM machines.'®'® Also there have been several
rim-driven machines proposed.”® Few examples
are shown in Figures 1.12-1.14 [16].2%%*

Figure 1.10 36.5 MW permanent magnet
motor systems (PMMS) by DRS. Source: http://
www.drs.com/Products/PESG/PDF/PMMS.pdf.



1.7 High Specific Torque/
Power Electrical Machines

There has been growing and continued inter-
est in high-speed and high specific power
electrical machines. In [17], a survey of
high-speed machines based on various appli-
cation and machine topologies is reported as
shown in Figures 1.15 and 1.16. Another sur-
vey has been presented in [18] highlighting
the key technologies that go into high-speed
machines, as well as some performance
figure-of-merit (FoM). For example, RPM \/ kW
is used to identify the safe limits for tip speeds to
avoid running into mechanical and rotor
dynamics issues. In [19], a survey of high spe-
cific power electrical machines is disclosed.
The focus in [19] is on the electric machine-
specific power and a general comparison
between different machine topologies is pre-
sented. This section will provide a more com-
prehensive survey of high specific power

1.7 High Specific Torque/Power Electrical Machines |13

Copper motor
| 21 MW, 150 rpm, 4 KV
) 183 tonnes

Figure 1.11 Comparison of conventional 21 MW motor
and HTS 36.5 MW motor by American Superconductor.
Source: httpy//www.amsc.com/products/motorsgenerators/
documents/MP_DS_365_1007_A4 r3.pdf.

machines in terms of highlighting specific examples that are considered the state of the art. More per-
formance details for these specific examples will be reported. Key “system” tradeoffs and considerations
will also be discussed. The section will mainly focus on electrical machines for land vehicles, and aer-

ospace applications.

1.7.1 Electrical Machines for Land Vehicles

In this section, high specific power electrical machines designed for hybrid/electric vehicles are
covered. The focus will be on machines that stand out in terms of having significantly higher power

Table 1.5 Summary of the motors used in podded ship propulsion.

Azipod
Company Mermaid (RR) Azipod (ABB) compact (ABB) SSP (Siemens)  Converteam
Machine Wound field Wound field PM synchronous PM Induction
type synchronous synchronous synchronous
and induction
Power 5-25 MW* Induction <SMW’  1.3-4.5 MW* 5-30 MW* 1-12MW*
rating Synchronous 5-25
MW

¢ http://www.rollsroyce.com/Images/Product%20Range_tcm92-8658.pdf.
®http://www05.abb.com/global/scot/scot293.nsf/veritydisplay/9eccbc669a5tcff1c125768f004a9bc9/$file/azipod%20project

%20guide%206-3.pdf.

“http://www05.abb.com/global/scot/scot293.nsf/veritydisplay/d77d9ac59ba74cb7¢12576d3004cfe3f/$file/azipod %20c0%

20brochure_2010.pdf.

4http://www.industrysolutions.siemens.com/marine/en/.

“http://www.converteam.de/majic/dl/4/doc/Markets/Navy/Final_NAVAL.pdf.
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Figure 1.12 110 kW, 4100 rpm rim-driven PM
motor by SatCon. Source: Nichols et al. [20]/
Synapticon GmbH.

Figure1.13 4.47 MW rim-driven IPM motor by
GDEB. Source: Kane et al. [21]/IEEE.

density and/or torque density compared to many
other machines in that crowded space. In this section,
the focus will be on electrical machines used in light-
duty vehicles (since they usually target the highest
specific power) while a comprehensive review of elec-
trical machines used in other types of vehicles has
been presented in [2]. Also, a comprehensive sum-
mary of the teardown and test results of several main-
stream central traction motors in light-duty vehicles
was disclosed.”®> These include 2004 Prius, 2006
Accord, 2007 Camry, 2008 LS 600h, 2010 Prius,
2011 Sonata, 2012 Sonata generator, 2012 LEAF,
2013 LEAF charger, 2013 Camry PCU, 2014 Accord,
2016 BMW i3, and 2017 Prius. Those machines have
“peak” specific power ranging from 1.1-3kW/kg.
The DC bus voltage ranges from 270 to 650V.
Table 1.6 provides a summary of some of the salient
examples in this space (where npeax is the peak power
speed while np,., is the maximum speed). These
machines are mainly traction motors (some are cen-
tral traction motors and others are wheel motors).
They have significantly higher specific power and/
or specific torque compared to other mainstream
traction motors covered in previous references.*?
They target some specialized applications, for exam-
ple, racing cars as in the case of McLaren motor. Also,
YASA Motors have been used in some high-
performance cars like Ferrari and the company has
been acquired by Mercedes Benz. The following
points can be observed:

o All high-performance machines in this space are
PM machines. In addition to the high specific
power, maximum efficiency of 94% or higher could
be achieved.

o Central traction motors are mainly radial-flux
inner-rotor PM machines.

e Wheel motors use other topologies including axial-
flux PM (YASA) as well outer-rotor PM (Protean),
which lend themselves to better integration with
wheels as hub motors.

o All machines are liquid-cooled (masses listed are
based on dry machines, the cooling liquid mass is
not included).

e The McLaren and KIT machines have the highest
corner speeds and achieve the highest specific
power density. Both are targeting racing vehicles
(McLaren is a mature product while KIT targets
university racing and not a commercial product).
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Racing applications are not cost-sensitive and
hence there is room to come up with higher-
performance designs.

o The wheel motors are lower-speed motors so
their specific power is not as high but they
have significantly higher specific torque. Usu-
ally, there is a tradeoff between specific power
and specific torque.

e The UQM is a central traction motor and its
performance falls within the performance of
other mainstream central traction motors.

o For automotive applications, it is important
to remember that available space comes at a
premium. So, power density/volume is of
equal if not more importance than specific
power. Therefore, kg/l (which is effectively
the ratio of power density and specific power)
is included in Table 1.6.

o The DC bus voltage varies from 400 to 800 V,
which is considered low voltage. This is suit- gure 1.14 100 kW rim-driven PM motor by
able for the power ratings of these machines.  Brunvoll. Source: [22] and httpy//www.

norpropeller.no.

1.7.2 Electrical Machines for Aerospace Applications

In this section, high specific power electrical machines designed for aerospace applications
will be covered. Aerospace is the key area that requires substantial improvement in power
density. This includes More Electric Aircraft (MEA) [23, 24], hybrid/electric propulsion**
[25, 26] green taxiing [27], and UAVs and Vertical Takeoff and Landing (VTOL).>® All
these machines are used for relatively new non-traditional applications. These include:
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all
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Compressor
DOL turbine generator
Flywheel
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NG compressor
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Figure 1.15 Survey of high-speed machines by application [17].



16

1 Electrical Machines for Traction and Propulsion Applications

1,000,000 —
| IS I N I I I I I CClav.v(SynM)
100,000 + I S e — am iuy
=SE=====¢ e ~ aPM =5
10,000 : — . - ;:l iy
L - i 1 T I T L XSPM
. o B i i ® SR+ExCu |
< 1000 : — m_‘:xZ.: + SWitRM L1
z =SSt B
= | I T T 1 E 3l | - = SynRM
=
cg 100 : = : ‘Hx = ¢XX = % Unknown =
e *.':h;';'.’i- s s s e
10 : T : g X B ; Ee=aemuu=|
| EERE : e |
I ) _ I
: == :
0.1 X
1 10 100 1000

n (krpm)
Figure 1.16 Survey of high-speed machines by topology [17].

(i) generators as well as motors that drive propellers in the case of hybrid/electric propulsion,
(ii) wheel motors for green taxiing, and (3) motors that provide both vertical lift as well as
propulsion in the case of UAVs and VTOL. These applications are very different from the
conventional role of electrical machines in aerospace applications which mainly included
generators (connected to the engine vis power takeoff (PTO) shafts, small motors driving
various loads as well as electrical actuators. These new applications have significantly higher
demands when it comes to specific power and efficiency (since both have a significant impact
on specific fuel consumption). Tables 1.7-1.9 provide a detailed summary of various electrical
machines broken down by power ratings. Since the previously mentioned applications are
fairly new, the amount of information about these high specific power machines available
in the public domain is still relatively limited. These tables include the main bulk of informa-
tion that is available. Most of the internal dimensions of the various machines are not readily
available and hence it is difficult to calculate useful quantities like air gap shear stress, torque
per airgap volume and rotor tip speed. Still, the information included in these tables should be
very useful for engineers and researchers working in this field in terms of understanding and
establishing technology trends. The general trends include:

o Higher power (>100 kW) electrical machines cover applications ranging from small aircraft (four
seats or more) all the way up to large commercial aircrafts (Honeywell machine). Electrical
machines between 10 and 100 kW mainly cover smaller planes. Electrical machines <10 kW
mainly cover UAVs and remote-controlled small planes.

e All machines are PM (radial inner rotor, radial outer rotor, and axial flux).

o Higher power machines >100 kW are largely liquid-cooled. Lower power machines <100 kW are
largely forced air-cooled.

o Lower-speed machines lend themselves better to tooth windings (due to the lower frequency,
which is typically 10s-100s Hz) as well as direct-conductor cooling (due to larger fewer slots).
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1.7 High Specific Torque/Power Electrical Machines

Higher-speed machines (>1kHz frequency) lend themselves better to distributed windings as
well as indirect-conductor cooling (immersed stator, spray cooling, and cooling jacket).

e As previously noted, all the masses are “dry” masses not including the cooling liquid mass. If
“wet” masses are included, the gap in specific power between liquid- and air-cooling will
decrease.

¢ All machines are considered low-voltage machines (DC bus voltage <800 V).

o Lower-speed machines (<3000 rpm) tend to have higher specific torque while higher-speed
machines (8000-24,000 rpm) tend to have higher specific power.

o Most of these machines have significantly higher specific power and/or specific torque compared
to machines used in the automotive sector. The emphasis is more on specific power and not
power density and this is reflected in the kg/I values.

1.7.3 Key System Tradeoffs and Considerations

Beyond the electrical machine, there are several system level tradeoffs and considerations that are
equally or more important than the machine specific power. Even though the various applications
previously discussed might have different system requirements, they might have some system tra-
deoffs in common. In general, the following discussion is more geared toward hybrid/electrical pro-
pulsion applications with special focus on larger commercial planes which represent the most
significant application space moving forward. These system tradeoffs include.

1.7.3.1 Specific Power vs Efficiency

Even though typically the focus especially in aerospace applications is on specific power, efficiency
is another key performance metrics. Typically, there is a tradeoff between specific power and effi-
ciency. Specific fuel consumption (SFC) is dependent on both specific power and efficiency.
Depending on the overall system architecture, sometimes it is better to design an electrical machine
with lower specific power and higher efficiency.

1.7.3.2 Fault Tolerance

As shown, PM machines are really the dominant type since they have the entitlement in terms of
high specific power and/or efficiency. For safety-critical applications, it is important to take fault
tolerance into consideration. This can lead to a significant reduction in specific power (for example,
back emf might need to be limited). Some of the proposed designs that are either ironless and/or
have airgap windings usually have very low inductances. This leads to very high fault-currents
which would not be acceptable from a system perspective.

1.7.3.3 System Voltage

System voltage is a key parameter. Even though all the machines presented in the paper are low
voltage, for MW-class systems and depending on the aircraft size, there will be a need for higher
system voltages in excess of 2 kV DC bus voltage. This is mainly to reduce the cables mass which can
be the most dominant factor in the overall system specific power. The higher system voltage poses a
challenge in terms of the insulation systems required to withstand such voltage levels at altitude
(corona effects are more severe at higher altitudes and reduced pressure). This will lead to a differ-
ent and much thicker insulation build which will make the thermal management of electrical
machines much more challenging (depending on the machine aspect ratio and whether spray cool-
ing can be effective or not).

21
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1.7.3.4 Machine Controllability

Machine parameters affecting machine controllability are key factors that have to be considered while
designing high specific power machines. Similar to the comments about fault tolerance, if a machine
is designed with a low inductance (for example, designs that are ironless and/or have airgap wind-
ings), this poses control challenges to keep current ripple under control (to minimize its impact on
losses and torque ripple) as well as the control stability. Another design parameter is the machine
fundamental frequency. The higher the machine fundamental frequency, the higher the required
switching frequency to maintain high quality current waveform. The higher switching frequency
can have adverse effect on insulation system and/or sizing of filters. In addition, it can lead to higher
switching losses in the power converter and hence reduction in overall system efficiency. A typical
switching frequency of 15-20 kHz is used depending on the machine power rating.

1.8 How Does the Future Look Like?

This section will discuss how does the future look like as well as ongoing and potential areas of
research. The main focus will be on light-duty vehicles and aerospace applications.

Short-term future, PM machines will continue to dominate the light-duty vehicle market. Also,
they started to extend into medium and heavy-duty markets as well as high-speed rail, off - highway
vehicles and ship propulsion as previously mentioned in Sections 1.4-1.6 [32, 33].

In terms of PM machines, there are several research areas of interest. These include developing
concepts for integrated motor and drive. This can have a significant impact on reducing system cost
as well as EMI issues. Couple of examples is shown in Figures 1.17 and 1.18 [34].>° Another area of
research is developing traction motors with 105 °C coolant inlet temperature as previously men-
tioned. This can have a significant impact on eliminating a separate cooling loop for the motor
and inverter, which can cause significant reduction in system cost.

Long-term, there is a lot of concern about the prices, and availability of rare-earth permanent mag-
nets in the future as discussed in the previous section. There is increased activity to try to develop non-
rare earth PM traction motors that can have comparable performance to the rare-earth PM motors.
Some of the key examples on the commercial side is in [35]. Continental announced that they are at
the verge of commercializing wound-field synchronous traction motors as shown in Figure 1.19. Also,
BMW is pursuing wound-field synchronous traction motors for their future vehicles.

Jaguar also recently released the plug-in electrical CX75 that has two SR generators provided by SR
drives.”’

Toyota also recently made an announcement that they are working on an advanced induction
motor.>® The concern about the sustainability of rare earth permanent magnets is also obvious

. IMMD demonstrator drive
IMMD demo design

Figure 1.17 Modular integrated motor drive. Source: U.S. Department of Energy (https://energy.gov/sites/
prod/files/2014/04/f15/2013_apeem_report.pdf (page 191)).
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Clutch

\— Rotor of
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flange diode-chips
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| L
End windings /\. : aminated stator
(200 °C)

Motor axis

Figure 1.18 Daimler ring integrated motor drive. Source: Brown et al. [34].

Figure 1.19 Continental wound-field synchronous traction motors 5-120 kW. Source: Tadros et al. [35].

in the fact that the US Department of Energy started funding research and development in the
area of non-rare earth PM traction motors.?° So far, the focus has been on light-duty vehicles,
but there is a big market for medium and heavy-duty vehicles that needs to be properly
addressed.
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A critical area (especially for pure electrical traction applications) that needs to be properly
addressed is fault tolerance and limp-home capability. Many of the concepts for safety-critical appli-
cations like aerospace applications can potentially leveraged in the traction sector [36].

In terms of the hybrid/electric propulsion for aerospace applications, an increased level of
research and development to achieve very high specific powers will continue. This will include
developing and optimizing novel machine topologies, develop advanced thermal management
as well as developing and implementing advanced materials and manufacturing.

Notes

1 https://arstechnica.com/cars/2019/04/motor-technology-from-model-3-helps-tesla-boost-

model-s-range-10/

www.proteanelectric.com/live/docs/PD18-3-LV1.2-Data-Sheet.pdf

www.mitsubishimotors.com

www.tm4.com/moteurs_generateurs.aspx

http://xoomer.virgilio.it/parimirco/ Wheel%20Hub%20Motors%20-Nagashima-%20Session%

20D2%20.ppt

www.atstransmission.com

www.baesystems.com/

www.azuredynamics.com/

http://metadope.com/Bus/pdf/AC55.pdf

10 www.oshkoshcorporation.com/

11 www.ugqm.com/

12 www.srdrives.co.uk/

13 http://machinedesign.com/article/hybrid-drives-for-construction-equipment-0707

14 http://www.unife.org/uploads/2008/presentations%20innotrans/rs/01_Presentation%
20Alstom.pdf

15 http://www.ship-technology.com/contractors/propulsion/ldw/

16 http://www.drs.com/Products/PESG/PDF/PMMS.pdf

17 http://www.amsc.com/products/motorsgenerators/documents/mp_ds_365_1007_a4_r3.pdf

18 http://www.rolls-royce.com/Images/Product%20Range_tcm92-8658.pdf

19 http://wwwO05.abb.com/global/scot/scot293.nsf/veritydisplay/
9eccbe669a5fcffl1c125768f004a9bc9/$file/azipod%20project%20guide%206-3.pdf

20 http://www05.abb.com/global/scot/scot293.nsf/veritydisplay/
d77d9ac59ba74cb7c12576d3004cfe3f/$file/azipod%20co%20brochure_2010.pdf

21 http://www.industrysolutions.siemens.com/marine/en/

22 http://www.converteam.de/majic/dl/4/doc/Markets/Navy/Final NAVAL.pdf

23 https://energy.gov/sites/prod/files/2017/06/f34/edt087_burress_2017_o.pdf

24 https://aerospaceamerica.aiaa.org/features/fly-the-electric-skies/

25 https://www.theguardian.com/business/2017/apr/21/electric-flying-car-lilium-google-uber-
vtol-jet-taxi

26 https://energy.gov/sites/prod/files/2014/04/f15/2013_apeem_report.pdf (page 191)

27 http://www.contionline.com/generator/www/com/en/continental/pressportal/themes/
press_releases/3_automotive_group/powertrain/press_releases/
pr_2010_04_29_elektromotoren_en.html

28 http://online.wsj.com/article/SB10001424052748703583404576080213245888864.html

29 http://www.cleancitieseastbay.org/DOE-Funding-opp-12-16-10.sflb.pdf
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