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Abstract

In this contribution a qualitative comparison cameg different electric traction drives for
passenger cars is given.

Two main classes of such drives are presented:lwhleeb drives and axle drives with gear
box with the same functionality. In addition alsdety aspects are considered.

Especially for axle drives two different electricahchines are described. For the large - scale
production the costs for the electric traction Wi very important, therefore cost impacts are
also investigated.

Finally a rough comparison between both drives i same functionality will be given,
resulting in the fact that the high speed drivehwiear box based on an asynchronous
machine will be the best solution in total.

1. Electric traction drives configurations for eledric vehicles.
In this paper two electric traction drive configioas are investigated:
wheel — hub or low — speed direct drives
axle drives or high — speed drives with gear box

Depending on the configuration, different requiratsdor an electric drive will be necessary.
The principal of the wheel — hub drives is showifrigure 1.
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Figure 1 Wheel — hub drives

E: Electrical machine
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Especially for passenger cars a high grade of trdras applied to the wheel — hub drive and
a high temperature caused by the brake will bestegired to the wheel — hub drive, therefore
an integration of the electronic or a gear-box cae recommended.

The principal of the configuration with axle driviesshown in Figure 2.
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Figure 2 Axle drives

For this configuration there are no special requeets concerning vibration and thermal
protection for the axle drive necessary.

The question is what kind of electric drive will bee best solution concerning performance
and costs. Therefore some information will be gif@ma rough comparison.

2. Basic mechanical equations
The wheel speed can be determined with the follgwigquation:
V
n= —-——" (1) V= [km/h], vehicle speed
0.377 - r n= [1/min], wheel speed

r= [m] ,dynamic radius

If an axel drive with gear box is applied the gesio will be obtained:

r

1= 0.377
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Example:

V =190 km/h, r = 0,3m, (Wheel speed: n = 1700 rpm)

If we use an axle drive with a max. speed of 15.1@00, we obtain a gear ratio of approx 9.
Also important especially for the accelerationlod tar is the torque of inertia.

With the following relation the torque of inertiart be determined

B‘l_.r = M- ?"2 (3) \Vj
m

[kg m7], torque of inertia
[kg], mass of the venhicle

r = [m], dynamic radius of the wheel

If a four wheel drive is required the torque ofrireerelated to a wheel is:

By = 4) w = [kgm®], wheel torque of inertia

By applying an axle drive with gear — box we obt#ie torque of inertia related to the
electrical machine shaft as follows:
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(5) i = gear-ratio
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The total torque of inertia related to the shafthef electrical machine:

O = 0, + O (6) e = torque of inertia of the electrical machine

Concerning the determination of the gear ratiocié condition can be considered to obtain
the optimal acceleration.
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Figure 3 Mechanical model of the axle drive
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This equation is only valid without any drive reéarsce during acceleration.

With a defined input torque of electrical machine wbtain the characteristic of the
acceleration versus gear ratio.
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Figure 4 Characteristic of acceleration versus geaatio

3. Main dimensions of electrical machines
3.1 Basic equations

For a defined power of an electrical machine thenndémensions of the electrical machine
can be achieved with the following equations [1]:

Diameter of the rotor | = length of the machine
sf P-2p n = machine speed
D= |——— 8 = i
\I O (8) p = number of pole pairs

D= diameter of the rotor
Active length of the machine P= power of the machine (inner)
A= ratio length to pole pitch

| =2 — AT (9) T,= pole pitch

m-D
2"? D

C= utilization number



Further following relations are valid if the rafowill be remaining constant [1]:
Mass of the machine
m~D?. ]~ D3 (10)
Torque of inertia
O ~m-D?~ D3 (11)
The torque of an electrical machine in generallmadetermined with the following
equation [2]:

D
T=JT'5'D'E"E (12)

For an axle drive:

Dg
Teg=m+6Dglge 7 (13) Tz =inputtorqued = specific tangential force
Ty =1 Tz g (14) T,. =torque at the wheel
For a direct drive:
Dp
TE.L-'= T_-'(r - H'ﬁ'DD'FD'? (15)

3.2 Equations for a comparison

If we introduce the factog = 1.r'f'D as the ratio between the active length of thehime and

the rotor diameter we obtain the relation conceymiatio of the diameter of the axle drive
with gear — box and the direct drive.

—_— (16) Dg = Diameter of the electrical machimath gear-box
De p = Diameter of the electrical of the direct drive

Assumption of the efficiency of the gear - baj; ~ 1

If we remain the ratio between rotor inner diamétverotor outer diameter constant we obtain
also the equation concerning the ratio of the tergfuinertia of different drives.

- (17)



4. Estimation of the weight of a low—speed directrdve and high—speed
drive including gear-box

For a rough estimation it is possible to use auengersus weight characteristics published in
[3].

The characteristic is valid for the following asqtians:

Outer rotor PSM air-cooled for the low-speed didtore

Inner rotor PSM water cooled for the high speedealwith gear box. For the planetary
gear-set a specific weight of 0, 05 kij 4, regarded and an efficiency of 98, 5 % of
the gear- box is assumed.

mgg =0.05" T, [kal (18)

In Figure 5 the characteristics are shown:

2000 9 ”
”
1800 4 P ”
”
600 o ”
1600 Low speed -,
. . ”
1400 - direct drive ’
”~

€ -,
= 1200 P
c ”
@ 1000 - Phd \ngh speed drive
S s00 - with gear box
2

600 o

400 -------=

200 A

0
(1] 10 20 30 40 S0 60 70 80 90 100 110 120 130
Weight in kg
Fig.5 Torque versus weight characteristics of different dves
related to one wheel

Because this comparison is related to one wheawgjlésdrive), we have to multiply the weight
with 4 for an all wheel drive.



Concerning weight it seems, that the low-speedtitave will be the better solution with the
regarded assumptions. To do a total comparisorcakes for the mass production are very
important.

Therefore we also have to compare the active nahtegight of the low-speed and the high-
speed electrical machine.

The above named weight can be obtained with thewaolg equation:
Mg = Mg —Mgp
=mg; — 0.05-T,

For example: T, = 400 Nm

mg, = 27kg

mp = 18 kg= m; ,

mes = 0.05-400= 20 kg

Mz o = Mg— Mgy = 27kg - 20kg = 7 kg

The difference of active material is approx. 11k8kg-7kg) and the difference of the active
and passive material is approx 9kg (27kg-18kg)Xedi@o one wheel.

In consideration, that the active material costaroklectric machine (magnets, copper, sheet
metal) is much more expensive compared to the \g@assaterial of the gear-box, it can be
expected, that the cost of the low-speed direseds more expensive in total than the high —
speed drive with gear-box.

5. Electrical machines for electric vehicles

5.1 General requirements on electric machines integted into the powertrain

Electric machines integrated into the powertrainehia fulfill the following requirements:
- low cost

- low weight / small installation space

- high efficiency

- long durability / low wear

- high availability

- low influence in case of failure

- low noise and vibration level

- high grade of protection



Besides these general requirements the furtheriadpeequirements vary regarding
performance, torque- and speed range dependingeoimstallation location of the electric
machine within the drive train of the vehicle. Tihstallation location has in addition a strong
influence on the frequency distribution of the @tiem points of the machines in the torque-
speed characteristic.

5.2 Three-phase machines
Electrical three-phase current machines are péatigusuitable for
use in electric vehicles. [4]

The corresponding machines are combined in Figure 6

Three-phase machine

Asynchronous Synchronous machine
machine
with cage rotor with permanent with separate excitation
magnet excitation

Fig. 6 | Three-phase machines for electric vehicles

5.2.1 Asynchronous machine

The asynchronous machine can be safely operatactjqally maintenance-free and very well
known regarding their operating behavior and indalsengineering. It can be produced at a
reasonable price and therefore fulfills the impartdemand for economy for use in electric
vehicles. Broader advantages are high rotatione¢dg and automatic transition to the field
weakening range.

These advantages are in contrast to the known \distages. Since the magnetization is
carried out via the stator, the power factor isaglsvsmaller than one. This means increased
stator copper losses and a reduced efficiency &gdlyein the lower speed range. Because of
the squirrel cage winding the rotor reacts withitoloal losses linked to a further reduction
of the efficiency. The field weakening range is ited, because the stalling torque falls
squarely. In order to increase the field weakemargge either an increased voltage range or
machines with a low leakage reactance are requimezhse of failure e.g. the control is out of
range, the behavior of the asynchronous machinlenail cause any problems, because the
machine demagnetize itself very quickly and is ingrat idle speed for example. Further no
over voltages will be generated.



5.2.2 Synchronous machine

Under the concept synchronous machine all machig®ut slip between rotor speed and
stator field speed are combined. Normally the maehvill be fed with a sinusoidal air gap
flux and it will be distinguished by the kind ofton excitation.

Permanent magnet excited synchronous machine

This kind of machine has a very compact designaahajh efficiency especially in the lower
speed range. The losses appear predominately istdter of the machine. Nevertheless this
machine has also some disadvantages like limigdd Wweakening range, the lower efficiency
in the upper speed range in the partial load regio® high costs and the availability of the
magnetic material. The behavior finally is not uigematic in the fault case because the
machine cannot become demagnetized. In the fieldkar@ng range "dragging losses"
appear, even when the machine runs at idle speed.

Current excited (separate-excited) synchronous maatne

The advantages are obvious:

High field weakening range with a linearly torqueluction versus speed. High efficiency in
the higher speed range, even in the partial logtbmebecause the excitation current can be
reduced. With use of a self-commutated inverteo@eration with power factor cos= 1 will

be possible through which the inverter is usednoallly.

The disadvantages are related to the rotor. Thaugtan is more effortful than with the other
AC-machines because an insulated copper windindg bauproduced and safeguarded against
centrifugal force with slip rings and brushes. Ragar reasons of the brushes/slip rings a
speed above 10 000 rpm seems to be questionathie mgher power range of machines. The
rotor losses are concentrated in few slots theeedoseparate ventilation is normally needed.
In addition also a field supply unit is required.

The increased effort in the rotor as well as thatétion of the speed has been the reason that
the separately-excited synchronous machine hasfawtd considerable use for electric
vehicles in the practice so far.

6. Safety relevant aspects

Furthermore, as already mentioned it is imperatnat no safety technical problems appear in
the traffic in case of failure of the electric drivsystem. Beside the already mentioned
unwanted over current switch offs and possible adtages, the properties of the different
electric drives have to be additionally taken iatount in case of failure. Particularly the
two- or three-phase short circuits at the termarakinding earn special attention.



In series of a two or three-phase short circuityanlshort time peak torque appears at the
asynchronous or separately excited synchronous imeachn case of a permanent excited

synchronous machine in addition of the peak torgustationary break torque also appears
depending on the speed. The braking power willlba range of 10% of the nominal power

because the short circuit current will be in thege of the nominal current. In case of a two-
phase short circuit in addition to the short-tingalp torque, an oscillating torque depending
on speed will appear and can excite the mechadioad train.

With the following measure it is possible to aveafety problems:
- Disconnecting the mechanical drive train by & $ag@tching clutch.

In particular from today’s point of view a meclaai brake system cannot be replaced.

7. Electric traction based on wheel-hub drives — aerial proposal

Current publications reports more or less aboutfuhetionality of prototype vehicles. In the
foreground the functionality will be focused, there the following figure will show (one
axle) proposal for mass production.

CC: Clutch Cables

SC: Scnsor Cables

PC: Power Cables

WS: Wheel Suspension
CH: Cooling Hose

BH: Brake Hose

B: Brake

EM: Electrical Machine
DC: Digital Clutch

Figure” Proposal with wheel-hub drives
(one axle)

For the electrical machines a PSM / IPM as outtarreersion will be proposed because the
installation space at the wheel is very limited.



8. Electric traction based on axle drives with geabox — a serial proposal

In the following Figure a well known axle drive forass production is shown:
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Proposal with axle drives by using a PSM ' IPM
{one axle)

PG: Planctary Gear
DS: Drive Shaft

B: Brake

EM: Electrical
Machine

DC: Digital Clutch

The need of a digital clutch (DC) depends on tmel lof the electrical machine. If we use an
asynchronous or separately excited synchronousinealhdigital clutch can be removed, see

chapter 6.
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Fignre 9 Proposal with axle drives by using a asynchronous or
separately exited svuchronousmachine, (one axley

Especially by using an asynchronous machine itery advantageous to transfer the region
for high efficiencies in the medium up to the higeed range of the machine via a gear-box
to the required low speed range of the wheel (spar€ 10)

<{ummm

Figure 10 Efficiency map of different
electrical machine:




9. Electrical traction based on an axle drive witha two gear shift automated
manual transmission (AMT)

In relation with a two gear shift simplified AMT i$ possible to adapt the characteristic of the
electrical machine to the required working pointtleé vehicle in order to active the best
economical solution.

By using an AMT in relation with an internal combos engine during the shift phase a
noticeable torque interruption can be expected.iBuelation with a high dynamic electrical
drive without a clutch it is possible to reduce thue interruption to an acceptable value.

Following shift procedure will be applied:

Switch the electrical machine from speed controfhi® torque control mode and set
the torque value at the shatft to zero.

Disengage the old gear

Adapt the shaft-speed of the electrical machinespi@ed — control to the new shaft-
speed according the new gear-ratio for synchroozatf the gear-wheels
Synchronize the gear-wheels

Engage the new gear

Switch the electrical drive from speed controlhe torque control mode and apply the
requested torque value to the shatft.

With this shift procedure the time of the torquéermuption can be reduced considerable
compared to existing solutions.

10. Conclusion

For nice applications an electric traction basedvbeel-hub drives could be an alternative to
the application with axle drives, if a slightly reased installation space of the battery is
required. But this solution will be the most exgeassolution in total.

For the mass production in terms of cost, robustreesl safety there is no alternative to an
electric traction based on axle drives in relatisith acceptable cost of the battery. In
particular if the axle drive is based on an asyowbus machine the system will have the
lowest costs.

If only the same performance is required and netftinctionality (e.g. all wheel drive) a
central drive, well known as transaxle drive basadan asynchronous machine will be the
low cost solution in total.
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