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Chapter

High Power Very Low Voltage
Electric Motor for Electric Vehicle
Daniel Matt, Nadhem Boubaker, Mourad Aitakkache,

Philippe Enrici, Jean-Jacques Huselstein and Thierry Martire

Abstract

Electric vehicles are often designed in the same way as their conventional
counterparts based on the internal combustion engine, they are heavy machines for
comfort and safety reasons, and increasingly powerful. Under these conditions, in
order to simplify the motor electrical supply system by reducing the current levels,
the voltage chosen for the battery is very high and can go up to 700 V. However, for
many applications where the power is relatively low (< 30 kW per motor), it can be
more beneficial to size the system at very low voltage (< 60 V). This approach
allows to overcome many constraining safety requirements and also to use off-the-
shelf components (motor controllers, connectors, etc.) that are more easily avail-
able on the market in this voltage range. There are also many regulatory provisions
that may require to stay within this voltage limit. This article presents a variety of
very low voltage motorisation solutions with a required power up to 100kW. They
use two complementary approaches. The first is to implement an original perma-
nent magnet synchronous machine technology with an optimised armature winding
for low voltage operation. The second is based on power splitting where the electri-
cal machine being designed to be driven by multiple controllers. Many examples of
low-voltage motorised vehicles (sporty vehicle, tractor, re-motorised automobile,
etc.) are illustrated in this article.

Keywords: Electric Vehicle, Very Low Voltage, Synchronous Machine,
Permanent Magnet, Solid Bar Winding, Power Splitting

1. Introduction

For the sake of safety, the standards and regulations limit the supply voltage
level for the electric vehicles drive system. The standards dealing with the very low
voltage systems (VLV) provide a general guidance. For example, the 2014/35/UE
European Directive for the CE marking fixes the voltage level at 75 V DC, hence, in
practice this could be the choice for the battery voltage.

Furthermore, in the automotive realm, the European Regulation R100
concerning the approval of vehicles with regard to specific requirements for the
electric powertrain, has even reduced the maximum voltage level to 60 V (Class A).
This range of voltage will therefore ease the design constraints and the operational
maintenance of the vehicle. The 60 V is generally considered as the reference level
of VLV for electric vehicles.
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At this low voltage range, there is a large choice of commercially available off-
the-shelf components for the power electronics needed to drive the electric motor,
regardless its technology, DC motor, synchronous motor or induction motor,
though knowing that the permanent magnet synchronous motors are emerging as
one of the best candidate to dominate the market of powertrain electrification.

However, at low voltage, when the level of the required electrical power reaches
a certain threshold, which is around 30 kW, the availability of the power electronics
components becomes considerably limited given the high current level to be han-
dled by the controller, which is greater than 500A at a battery voltage of 60 V.
Indeed, this poses very challenging constraints on the design of the power modules
where the high current gets closer to the switching capability limit of the transistors
available on the market (very low voltage MOS technology). We will be detailing
the challenges and the associated solutions related to this topic in a later section of
the chapter.

The technology outlined in this chapter, where many validation prototypes are
presented, brings some original solutions to the design of very low voltage electric
powertrains, even at high power level. Many electric vehicles presented in this
chapter involving a power as high as 100 kW.

First of all, we will discuss the design techniques of an electric motor being
optimised to operate at very low voltage. Afterwards, several techniques of power
distribution have been described, which enables the required total electrical power
to be shared between several controllers. Finally, we present an overview of the
limits of feasibility of the power electronics that would be required to drive electric
motors at very low voltage, based on the current available technologies of the
semiconductors components.

2. Very low voltage electric motor

2.1 Solid bar winding

When an electric motor is operating at very low voltage, there is an opportunity
to optimise its winding in order to significantly enhance its performance. Conven-
tionally, the windings of electric motors are based on an enamelled round wire
(loose random conductors), as illustrated in the Figure 1b. In this case, the copper

Figure 1.
(a) Solid bar winding vs. (b) Round wire winding.

2

New Perspectives on Electric Vehicles



fill factor inside the stator slot is very poor, where, unless relying on non-
conventional manufacturing processes (segmentation, etc.), only around 40% can
be achieved in the best case (pure copper CSA/naked slot area), it can be even less
than 30% when considering very small size motors with tiny slots.

At very low voltage, the conductors inside the slot are connected in parallel
where the number of turns is inherently very low. In the case of a winding design
with one turn per slot, which is often the case at VLV, it appears to be more
judicious to replace the multi-strand conductor with a single solid copper bar
adjusted to the slot dimensions, as illustrated in the Figure 1a. In the latter case, the
copper fill factor inside the slot can reach approximately 80%, which consequently
doubles, even triples, the copper volume for a given motor size.

At a constant copper loss and a given slot cross sectional area, the relationship
between the RMS current, Ib, in the solid bar conductor and the total RMS current,
If, in the equivalent slot wound with multi-strand round conductor is as follows:

Ib ¼ If : σrb=σrfð Þ1=2 (1)

The coefficients σrb and σrf represent the copper fill factor inside the slot with
solid bar conductor and with multi-strand round conductor, respectively. With the
80% fill factor in the first case and 35% in the second one, the current carried by the
solid bar conductor is 50% higher, and, consequently, the output torque of the
motor increases in the same proportion.

The Figure 2 illustrates how difficult it is to perform a high quality winding with
loose round wire. It can be easily noticed that a non-negligible part of the copper is
located outside the active part of the motor (i.e. stator). This bulky copper outside
the stator slots increases the volume, the weight and the loss of the machine. All
these drawbacks are addressed with the use of a solid bar conductor.

Figure 2.
Electric motor end-windings wound with loose round wires.
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Figures 3 and 4 illustrate some of our products made using a solid bar winding.
It can be easily seen that the useless copper at the end-windings (overshooting the
stator core pack) is less bulky and well controlled. These proposed winding tech-
niques are most convenient for low voltage electrical machines.

The distributed winding shown in Figure 3, with one slot per pole and per
phase, is well suited to medium range power machines (a few tens of kW) operating
at few hundreds Hz electric frequency [1–3]. The structure shown in Figure 4 is
more original where the phases are wound around the tooth (wave concentered
winding) and grouped in separate sectors [1, 4, 5], without phase overlaps at the
end-windings of the machine. This structure is rather well suited for small electrical
machines which can then operate at very high frequency (up to 2000 Hz), the
resulting winding is very compact.

This technique is not commonly used in practice due to the fact that the solid
bars are prone to very high AC copper loss (under alternating regime) which can be
much higher than the DC ohmic loss.

Additional losses in massive conductors can be prohibitive, but a detailed study
of these phenomena [1, 4] shows that the advantages of the approach largely
outweigh the disadvantages if the winding is appropriately designed [1, 3, 4].

Figure 3.
Solid bar winding, distributed winding.

Figure 4.
Solid bar winding, wave concentrated winding.
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Paradoxically, the concept can be perfectly applied, as we will see, to high pole
count electric motors operating at high frequency, which is the case for all machines
with high power density for embedded applications.

Many industrial motor manufacturers, especially for electric vehicles, are using
the solid bar copper winding, in particular via the “hairpin” technique consisting in a
“pin” forming that can ease the overlapping of conductors at the end-windings (cf.
Figure 5), but the overall design approach of these machines remains conventional,
especially because it uses several conductors per slot. The approach presented in this
chapter is distinguished by the use of a single solid bar per slot (one turn per slot),
which allows to optimise many parameters and to reach unmatched level of
compactness, for high power electric motors operating at very low voltage.

In summary, the main pros in using solid bars are:

• Enhanced copper fill factor (80% filling instead of 40%).

• The iron-copper thermal resistance is reduced.

• The slots opening width can be very small which increases the flux density in
the air gap and decreases the cogging torque and eventually the torque ripple.

• The copper overhangs are very compact and controlled.

• The winding manufacturing process is simplified and can be easily automated.

• The machine is more robust and reliable.

And the main cons are:

• Higher copper loss density

• The connection of the copper bars in order to form the whole winding is more
complex.

2.2 Additional losses in the solid copper bars

In order to be able to effectively implement the technique of winding with single
bar per slot, it is mandatory to fully control the additional copper losses associated
with the operation at high electrical frequency.

Figure 5.
Hairpin winding (courtesy of special machine tool company).
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The different phenomena related to alternating flux density inside the copper
yielding to excessive loss are well describes in the literature [6, 7], however we
recall here the two main ones.

In order to quantify the loss increase, the kAC coefficient is introduced, which is
the ratio of the total AC copper loss, PAC, to the DC copper loss, PDC, in the
winding, at given current:

kAC ¼ PAC=PDC (2)

The best known phenomenon causing these additional losses is called “skin
effect”, it appears in any electrical conductor carrying an alternating current. The
skin effect tends to push the current back to the periphery of the conductor, as
shown in the following Figure 6.

The current density, J, in a round conductor, as a function of the distance from
the periphery, r, in sinusoidal regime, is expressed by the following relationship:

J rð Þ ¼ J0:e
�r

δ: cos ωt� r

δ

� �

(3)

where δ represents the skin depth at a conductivity σ of the conductor:

δ ¼ 1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σμrμ0πf
p (4)

The current density at the skin depth is roughly equal to 37% of its value at the
surface, while it is only equal to 5% at three times δ.

In the case of a rectangular conductor the relationships of the skin effect are
more complex. The following equation [1, 6] is valid for both cases round conductor
and rectangular conductor, and allows to precisely quantify the increase in copper
loss due to the skin effect:

KAC ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3

4

� �6

þ S

pδ

� �6
6

s

þ 1

4
(5)

Figure 6.
Current density distribution in two conductors having the same cross-section with round and rectangular shape
at different frequencies [1].
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S and p respectively represent the cross section area and the perimeter of the
conductor.

Table 1 gives the values of KAC for different bar shapes (used in the prototypes
presented later) and different frequencies. The dimensions of the bar are defined in
Figure 7.

According to the Table 1, in the worst case scenario, the increase in copper loss
due to the skin effect is less than 1%, so this phenomenon is not significant at the
considered frequencies.

The second observed phenomenon causing excess copper loss is known as field
effect or inductance effect. Unlike the skin effect, it only takes place in the copper
volume surrounded by a magnetic circuit (stator). This phenomenon is depicted in
Figure 8. In this case, the additional loss is due to the transverse flux (slot leakage
flux) produced by the armature current, which closes in the slot width (tenc),
creating induced currents in the solid bar which will lead to an uneven current
density distribution, being much higher in the lower part (near the slot opening)
than in the upper part of the solid bar.

The field effect phenomenon is the main cause of increased losses, where the
KAC coefficient can be greater than 4 if it is not well controlled, which would cancel
out most of the benefits introduced by the use of the solid bar winding.

The coefficient KAC related the field can be precisely calculated using the fol-
lowing analytical relationship [1, 7]:

kAC ¼ hbar
δ

ffiffiffiffiffiffiffi

tbar
tenc

r

(6)

# Dimensions hbar x tbar (mm) Frequency (Hz) δ (mm) à 100 °C KAC

1 4x5 800 2,7 1,003

2 3x5 1666 1,9 1,009

3 8x4 800 2,7 1,009

4 8x3 133 6,6 1

Table 1.
Skin effect for different copper bar dimensions.

Figure 7.
Main dimensions of the slot and the copper conductor.
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This relationship is only valid when KAC > 1. Table 2 summarises the value of
KAC for exactly the same configurations considered in Table 1.

According to the results presented in Table 2, it can been clearly seen that, as
expected, the increase in copper loss due to the use of solid bars is significant, however,
the solid bar still beneficial even at high frequencies when considering the overall
performance of the machine. Indeed, in order to illustrate this point, we can consider
the configuration # 2 operating at a nominal frequency of 1666 Hz. The use of a solid
bar would increase the current in the slot, at constant DC losses, by about 50% (cf.
relation (1)), while the increase in losses in ACmode would require it to be reduced by

20% (
ffiffiffiffiffiffiffiffiffiffi

1, 44
p

), hence, the overall increase in torque and current is equal to 25%.
The remaining examples of Table 2 will be analysed when their corresponding

products are presented later in this chapter.

3. Low voltage power electronics converter

3.1 Power converter for electric vehicle

In electric vehicles, the electric motors can be fed by one or more power con-
verters depending on one or multiple energy sources. Whether it is an airplane, an

Figure 8.
Illustration of the uneven distribution of the current density inside the conductor due to the slot transverse flux.

# hbar (mm) tbar/tenc Frequency (Hz) δ (mm) à 100°C KAC

1 4 0,83 800 2,7 1,35

2 3 0,83 1666 1,9 1,44

3 8 0,8 800 2,7 2,65

4 8 0,75 133 6,6 1,05

Table 2.
Field effect for different copper bar dimensions.
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electric vehicle or a boat, several energy sources are available with different char-
acteristics, operating modes and architectures. The most characteristic quantities
are the voltage and the current levels requiring the use of specific power and passive
components. The architecture design of these converters, whether forward, isolated
or segmented, is a first issue that must be specific to the application. Another
problem is the integration of static converters in order to increase their compactness
(power-to-weight and power-to-volume ratios) because the high power and the low
voltage imply very high currents which are not very favourable to a high efficiency
and to a volume reduction. Of course, cost constraints are very important in the
automotive field and must be integrated from the start of the design process.

The complex power conversion and management functions implemented in the
vehicle concern the electric motor, its control electronics, the transmission and
management of energy by the charger and the converters used to power the navi-
gation and entertainment systems. All these elements are supplied with very low
voltages ranging from 12 V to 48 V, sometimes 60 V, which leads to favouring the
use of 100 V components. At the drive train level, it is recommended to stay at low
voltage, in order to simplify the control and most important to optimise the effi-
ciency and therefore enhance the autonomy by avoid putting converters in series to
adapt the voltage levels (for example, low-voltage battery and high-voltage motor).
In other words, it is better to avoid a DC/DC stage between the battery and the
inverter and therefore to only have the inverter between the battery and the motor.
Furthermore, in order to recover the energy during braking phases, the DC/DC
converter has to be reversible which would make its design more complex.
A classical architecture is given in Figure 9.

The electrical connection must also be appropriately designed because for a
small vehicle, whether it is full electric or micro/mild hybrid type, with for example
a power of around 30 kW at 48 V the currents are very high (650A for 48 V). The
wiring with a large cross section must therefore be as short as possible and the
inverter placed as close as possible to the motor and the battery, ideally in the same
compartment and taking advantage of the car structure to dissipate the heat
rejection.

Increasing the power of the electric motor quickly becomes a problem if the
supply voltage does not increase proportionally because high DC bus and phase
currents lead to an unreasonable increase in the number of semiconductor and
passive components required. To reach the required switching capability, the sur-
face area of the PCB, the volume of the cooling system and the size of the connec-
tors should be increased accordingly, thus resulting in a weight increase of the

Figure 9.
Example of a drive train with a single power inverter.
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electronic system and also a high cost incompatible with the requirements of the
automotive field.

Alternatively, when the power becomes too high (at VLV) and therefore the
currents are very high (>500A), the solution would be to segment the machine
winding into many stars and supply them with several synchronised inverters as
shown in Figure 10.

In Figure 10, the power is shared between two inverters, which mean that there
are not too many components in parallel in each inverter arm, and that the inverters
are less complex, less cumbersome and easier to build, and, also, that the connec-
tions are less bulky with less losses.

3.2 Power components for low-voltage converters

The static converters contains power modules which allow the classical energy
conversion functions (AC/DC or DC/AC) and which are generally designed based
on two main categories of components, namely the MOSFETs (Metal Oxide Semi-
conductor Field Effect Transistor) for low voltage inverters or IGBTs (Insulated
Gate Bipolar Transistor) for high voltage ones. The field of application and the
necessary integration of this static converter make it possible to determine the most
suitable components according to several parameters such as power and voltage as
well as the switching frequency. Figure 11 gives a detailed breakdown of the use of
these components.

For electric vehicles, the silicon MOSFETs and IGBTs are mainly used. In this
field, the battery DC voltage is switched at frequencies ranging from 5 to 20kHz.
This switching level is usually achieved by the use of well-adapted control laws. The
components required for the DC/AC conversion function are usually packaged in
modules. The electric motor of a power train system is three-phase, this implies that
the inverter structure must be composed of at least six switches that are bidirec-
tional in current formed by the association of an IGBT with a freewheeling diode or
MOSFET in parallel that are naturally bidirectional in current due to their intrinsic
integrated diode.

Figure 10.
Distributed system for segmented winding.
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It is also useful to keep in mind that failures can be experienced in a power
converter, it is essential that the reliability of this power converter is as high as
possible in the case of an electric vehicle for the obvious safety reasons. Several
studies show that the power modules can be the most weak part of a converter
[9, 10]. The causes of failure are mainly due to temperature (frequent thermal
cycling of components and high steady state current), but also to moisture, vibra-
tions and contaminations during the manufacturing process. The Figure 12 shows
the results of two studies carried out on the failure modes of power converters.

The choice of a very low voltage supply, in this case 60 V, allows the use of
commercial converters. However, as soon as the required power imposes a current
higher than 500 A, it is necessary to design a bespoke power converter or, alterna-
tively, to associate several of them in parallel. The technological constraints and
standardisation lead to given silicon chip sizes which are then the building blocks of
larger components. The increase in current capacity is thus achieved by combining
elementary units in parallel.

Figure 13 shows some examples of power modules used in some conventional
electrified vehicles.

We can note here that the semiconductors are associated in parallel in order to
be able to switch important currents which depends on the power and the supply
voltage of the machine and thus on the range of the EV (low range, high range,
commercial vehicle...).

For example, the Tesla Model S has 10 IGBT chips per phase (i.e. 30 per module)
to provide the 800 kW needed to power this vehicle whereas a Renault Zoé only
needs 12 IGBT chips per module to ensure its nominal operation at 400 V/300 A.

Figure 11.
Use of the different types of switchers depending on the application [8].

Figure 12.
Distribution of failure sources in a power converter [9, 10].
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The inverter should be compactly designed and should preferably be mounted as
close as possible to the motor. The elements that contribute to the performance of
the power module and therefore of the inverter are:

• well-balanced current in the parallel MOSFETs,

• low VDS peak at turn-off,

• low Rdson when the MOSFETs are turned on,

• low Rth of the heat sink.

In addition to conduction losses, switching losses must also be minimised to
ensure optimum efficiency and minimal impact on the vehicle autonomy.

The design of the converter must also take into account the control boards, the
drivers and the cooling system. Figure 14 shows the controller and driver circuitry
for the Lexus hybrid vehicle.

Nowadays, new materials are emerging to replace silicon such as: silicon carbide
(SiC) and Galium nitride (GaN). These materials allow higher switching

Figure 13.
Examples of inverters in the realm of electric vehicles [11, 12].

Figure 14.
Examples of controllers and driver circuitry [13].
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frequencies, greatly reduced losses and higher operating temperatures resulting in
more compact cooling systems, however, they also require a better control of the
EMC and the PCB routing.

4. Very low voltage and medium power motorisation for electric
vehicles

Many small electric vehicles (boat, kart, motorcycle, quad, cart, utility tricycle,
small urban vehicle, unlicensed vehicle...) are equipped with an electrical
motorisation with a power ranging from 10 kW to 30 kW.We present in this section
a motor architecture optimised to operate at this power level and at very low voltage.

Thewinding technique for the electricmotor is depicted inFigures 3 and 15, the slot
copper bars are connected to each other at the end-windings via bridges bars located in
two planes (crook bar and bow bar). In this case the overhangs are extremely compact.
This configuration of the bars corresponds to the case number 1 inTables 1 and 2.

To optimise the manufacturing costs, all motors in this power range will use the
same stator laminations, the same number of poles; hence, the number of bars is
always the same, only the length of the stator stack is likely to evolve in order to
comply with the different specifications, we will be giving two examples.

The motors are assembled in square shaped housing (212x212 mm2 CSA), as
shown in Figure 16.

Figure 15.
Winding architecture - 20 kW very low voltage motor. (a)Winding layout, (b) 3D CAD view of the wound stator.

Figure 16.
A motor portfolio with a power ranging from 10 kW to 30 kW, operating at very low voltage (courtesy of
SMVE performance SAS).
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4.1 Outboard electric motor

The first specification we present is related to a marine outboard motor (electric
boat), where the nominal speed of the propeller is 1750 rpm, with a reduction ratio
of the transmission angle equal to 2.

The simplified specifications of the motor are as follows:

• Rated power: 10 kW

• Nominal speed: 3500 rpm

• Power supply voltage: 50 VDC

• Efficiency: greater than 90%

There is no need here to detail the EMAG sizing of the motor, which is conven-
tional and does not fit the main purpose of this chapter. The following Table 3
summarises all the main characteristics of the motor.

This first case of sizing shows that even with a relatively low nominal operating
speed, it is possible to reach high specific performances where, in particular, the

Dimensions

Stator outer diameter 208 mm

Stator inner diameter 172 mm

Magnetic airgap length 1,5 mm

Magnet height 6 mm

Stator stack length 35 mm

Winding bar dimensions (hxw) 4x5 mm

Slot dimensions (hxw) 4,8x5,8 mm

Materials

Stator corepack M270-35A

Magnets N35UH

Electrical parameters

Pole number 16

Slot number 48

Phase rated current 240A RMS

Phase resistance (AC, KAC = 1,05), 20°C - 100°C 1,3 mΩ - 1,7 mΩ

Torque coefficient kt 0,113 Nm/A

Total weight (including mechanics) 8 kg

Nominal torque-to-weight ratio 3.3 Nm/kg

Joule losses (at 100°C) 300 W

Iron losses + mechanical losses 250 W

Efficiency 95%

Cooling method Natural convection

Table 3.
Characteristics of the electric boat motor.
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power density is higher than 1 kW/kg, without impairing the efficiency. The latter
is a key performance in the case of electric boat where the nominal speed corre-
sponds to a permanent operating speed because the vehicle regime is stable during
the navigation.

4.2 Kart electric motor

For this second studied case, we use the same motor structure, but considering a
much higher power, adapted to the motorisation of a small sport vehicle, a kart for
example.

The simplified specifications of the motor are as follows:

• Maximum power: 25 kW

• Maximum speed: 6000 rpm

• Power supply voltage: 60 VDC

• Efficiency: greater than 90%

The following Table 4 summarises the characteristics of the motor designed for
this specification. The laminations are identical to those of the previous case (elec-
tric boat Section 4.1).

This sizing case is extreme, because, given the power, we are at the limit of
feasibility at VLV, especially if we consider the phase current reaching 500 A.
However, contrary to the previous case, the maximum power is transient because
the speed of a small sport car is very variable on a winding track, the thermal steady
state depends on the nature of the latter.

Even though the efficiency remains good, the losses at maximum power are high,
more than 2 kW, but in this vehicle the motor is located outside and will be naturally
cooled by a large amount of air flow (Figure 17). The maximum speed of the vehicle

Dimensions

Stator stack length 28 mm

Electrical parameters

Pole number 16

Slot number 48

Phase rated current 490A RMS

Phase resistance (AC, KAC = 1,35), 20°C - 100°C 1,3 mΩ - 1,7 mΩ

Torque coefficient kt 0,082 Nm/A

Total weight (including mechanics) 7 kg

Nominal torque-to-weight ratio 5,7 Nm/kg

Joule losses (at 100 °C) 1220W

Iron losses + mechanical losses 500 W

Efficiency 94%

Cooling method Natural convection

Table 4.
Characteristics of the electric kart motor.
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is well above 100 km/h, a natural convection cooling is sufficient. Furthermore, the
heat exchange is improved by the very low copper to iron thermal resistance.

5. High frequency motor for electric airplane

This application illustrates the implementation of the concept for a motor oper-
ating at very high electrical frequency for an aeronautical application. It is a labora-
tory study [1] based on the motorisation specification of one of the first industrial
all-electric aircraft, namely the Efan, from AIRBUS (Figure 18). The project was

Figure 18.
Prototype Efan (courtesy of AIRBUS).

Figure 17.
Electric kart.

Figure 19.
Structure of the “per group” winding.
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quickly abandoned by AIRBUS, but it was taken up by several other companies, and
some versions are now offered for sale to the aero clubs.

The power supply voltage of the Efan motor was equal to 300 V, we think that a
VLV version would make sense to facilitate the maintenance operations of the
aircraft, if it is particularly used in the aero clubs. This approach is all the more
interesting as it also allows the search for very high specific performances thanks to
the properties of the winding with only one solid bar per slot. The weight of the
motor is, of course, one of the first sizing criteria.

Figure 20.
High frequency electric motor prototype. (a) Wound stator. (b) Rotor assembly.

Dimensions

Stator outer diameter 137 mm

Stator inner diameter 120mm

Magnetic airgap length 1 mm

Stator stack length 92 mm

Winding bar dimensions (hxw) 3x5 mm

Slot dimensions (hxw) 4x6 mm

Materials

Stator corepack Iron-Cobalt, 0,2 mm

Magnets N35EH

Electrical parameters

Pole / slot number 40 / 36

Phase rated current 400 A RMS

Phase resistance (AC, KAC = 1,44), 20 °C - 100 °C 1,85 mΩ - 2,44 mΩ

Torque coefficient kt 0,125 Nm/A

Total weight (including mechanics) 6 kg

Nominal torque-to-weight ratio 8.3 Nm/kg

Nominal power-to-weight ratio 4,3 kW/kg

Joule losses (at 100 °C) 1200 W

Iron losses + mechanical losses 400 W

Efficiency 94%

Cooling method Natural convection

Table 5.
Characteristics of the electric aircraft motor.
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To maximise the power-to-weight ratio, we have designed an electric motor
operating at high frequency. The winding structure is special [1, 4, 5, 14], where the
phases are arranged in six separate sectors, the electrical phase shift is ensured by
introducing an intermediate irregular tooth, as illustrated in Figures 4, 19 and 20.
This winding design allows, on the one hand, to keep a limited number of slots (36
slots), despite the large number of poles (40 poles), and, on the other hand, to avoid
the end-windings overlaps, resulting in very short overhangs.

The simplified specifications are as follows:

• Maximum power: 26 kW

• Maximum speed: 5000 rpm

• Power supply voltage: 80 VDC

• Weight: less than 7 kg

• Efficiency: greater than 92%

The Table 5 shows the main characteristics of the electric motor.
The structure with large number of poles allows to obtain high specific power,

more than 4 kW/kg. The VLV winding contributes to this level of performance
without compromising the efficiency. The additional loss coefficient, KAC, remains
moderate despite operating at a frequency of 1666 Hz. As the motor is placed
behind the propulsion propeller, the 1600Wof total losses will be easily evacuated.

6. High power vehicles

When the required power of the vehicle motorisation exceeds the threshold of
30 kW (approximate), it becomes difficult, if not impossible, to supply the motor
with a single controller because the phase currents become prohibitive at VLV. The
two examples discussed in this paragraph show how to solve this problem using
power partitioning.

6.1 Sporty electric vehicle

The first considered case of high power motorisation is that of a rally type sporty
vehicle (Figure 21).

Figure 21.
Sporty full electric vehicle.
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The simplified specifications of the motor are as follows:

• Maximum power: 100 kW

• Maximum speed: 5000 t/mn

• Power supply voltage: 100 VDC

In order to divide the power supplied to the motor, the winding was designed
based on the technique described earlier in Figure 15, and is split into two electri-
cally isolated stars, as depicted in the following Figure 22; each half-winding being
fed by a dedicated controller and delivering half of the total required power.

Table 6 summarises all the main characteristics of the electric motor. In this
case, we are using the solid bar configuration corresponding to case 3 in Table 2.

The losses at simultaneously maximum power and maximum speed are too high,
more than 7 kW, particularly due to a high KAC coefficient, but this is only a transient
regime occurring during the acceleration phase. Again, here the steady-state thermal
behaviour also depends on the nature of the track which cannot be defined a priori, but
in all cases the efficiency is high and greater than 95%. However, at low speed accel-
eration, the copper losses are halved at constant current because the KAC coefficient
tends towards 1, the efficiency, therefore, remains high over a wide speed range. The
partition of the power on multiple converters makes it possible to reduce the phase
current to 650 A during the transient regime. The bar winding has allowed the design
of a very compact motor reaching high power density (4 kW / kg in transient regime).

6.2 Utility vehicle

The second example of power partitioning is that of an utility vehicle, an electric
tractor for winegrowers (Figure 23).

This tractor is equipped with four electrified wheels fully independent. The
topology of the motors is very similar to that described in section 4. The solid bars
configuration corresponds to line 4 of Tables 1 and 2. The four electric motors drive
the wheels via a gearbox with a reduction ratio of 1/40.

The simplified specifications of the motors are as follows:

• Maximum power: 40 kW

• Rated power: 5 kW

Figure 22.
Dual stars winding layout.
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• Maximum speed: 4000 rpm

• Nominal speed: 1000 rpm

• Power supply voltage: 80 VDC

Figure 23.
Electric tractor.

Dimensions

Stator outer diameter 204 mm

Stator inner diameter 156 mm

Magnetic airgap length 2 mm

Magnet height 5 mm

Stator stack length 175 mm

Winding bar dimensions (hxw) 8x4 mm

Slot dimensions (hxw) 9x5 mm

Materials

Stator corepack M270-35A

Magnets N35UH

Electrical parameters

Pole number 16

Slot number 48

Phase rated current 650 A RMS

Phase resistance (AC, KAC = 2,39 - 2 x 3 phase), 20 °C - 100 °C 1,85 mΩ - 2,4 mΩ

Torque coefficient kt 0,46 Nm/A

Total weight (including mechanics) 40 kg

Nominal torque-to-weight ratio 7,5 Nm/kg

Joule losses (at 100 °C) 6000 W

Iron losses + mechanical losses 1400 W

Efficiency 95%

Cooling method Natural convection

Table 6.
Characteristics of the sporty vehicle electric motor.
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The nominal operating condition of the electric tractor corresponds to the
ploughing phase, where the displacement speed is low and the total required
mechanical power does not exceed 20 kW. The tractive force applied on the plough
is approximately 16 kN. The sizing was carried out based on the tractor behaviour
with a conventional thermal engine.

The power partition, via the use of four electric motors, enables to have a
significant power available for the transient mode, approximately 160 kW, thanks
to the capacity of over-torque necessary for obstacles clearing and vehicle
overspeed during the road trips. During the latter operating conditions, the motors
are running without flux weakening. However, this high power is only used very
rarely, and only temporarily, in the case of transporting heavy loads on steeply
sloping roads.

The efficiency of each electric motor at the nominal conditions, at low speed and
at an output torque of 50 Nm per motor, is about 95% and this because the copper
losses in the 24 mm2 solid bars are very low due to the very low electrical frequency
(133 Hz).

7. Conclusion

According to the various examples discussed in this chapter, it can be seen that it
is possible to design an electric vehicle drive train operating at very low voltage
(battery voltage below 120 VDC) and over a wide power range (up to 100 kW). An
original, compact and high efficiency motorisation solution using a solid bar wind-
ing has been presented. In all the cases, the sizing constraints of the motor controller
have been taken into account.

Main symbols and abbreviations

AC alternating current, alternating voltage
DC direct current, direct voltage
δ skin depth in AC mode
EMAG Electromagnetic
EMC Electromagnetic Compatibility
hbar solid bar height
henc slot height
IGBT Insulated Gate Bipolar Transistor
J current density
kAC additional loss coefficient AC / DC
MOSFET Metal Oxide Semiconductor Field Effect Transistor
PAC Joule AC losses in conductors
PDC Joule DC losses in conductors
PCB Printed Circuit Board
Rdson MOSFET drain source electrical resistance
Rth heat sink thermal resistance
σ copper fill factor
tbar solid bar width
tenc slot width
VDS MOSFET drain source voltage
VLV Very Low Voltage
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