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Multiple electrical machines applied for high
drive train efficiency
Nimananda Sharma and Yujing Liu

Abstract -- Conventionally, electric powertrain in battery
electric vehicles are designed and optimized for a particular
vehicle category and performance requirements. In this paper
the design of an electric powertrain using two different type of
machines is proposed with a focus on the design of electric
machines. The powertrain is dimensioned by analyzing vehicle
specifications, both combustion based and electric, vehicle
performance requirements and wheel load analysis performed
on simplified vehicle models using standard drive cycles. Two
different vehicle models representing a small and medium size
vehicle are used. To compare the distributed drive topology
with two different machines, a third machine is designed to
represent conventional electric powertrain. The proposed drive
system is observed to achieve similar peak torque and power as
the centralized drive using single machine. However, the
proposed design of the powertrain resulted in slightly higher
operating efficiency while providing a scalability of
performance.
Index Terms-- Electric vehicles (EVs), motor drives, electric
machine, permanent magnet machine, traction motor.
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I.

INTRODUCTION

HE powertrain topology of current battery electric
vehicle (BEVs) e.g. Nissan Leaf [1], Renault Zoe [2],
Fiat 500e [3] etc. can be described as centralized drive
comprising of one electric machine, power electronics and
transmission including a single-speed reduction gear box and
differential. Most of the BEVs are converted from internal
combustion engine based vehicle (ICEV) models [4]. The
powertrains design based on this topology are usually
optimized to suit a particular vehicle application.
Considering the limited number of mass market BEV models
available today a centralized drive powertrain can be
considered to be optimal [4]. However, as electric motor and
power electronics size increases yielding higher peak power,
it may be difficult to implement centralized drive without
significantly changing the vehicle design. In such cases, it
may be beneficial to use multiple drive units. An example is
Tesla Model S dual motor configuration where a high
performance motor is used on the rear shaft along with
another motor on the front shaft [5]. This type of drive train
topology is referred to as distributed drive [6].
According to [6], distributed drive topology can use inwheel motor or/and wheel-side motors to drive the wheels.
The in-wheel motor designed concept have been
demonstrated in the past and documented in literature [7] –
[9]. The in-wheel motor design is usually direct driven
without gear reduction which can result in higher efficiency.
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Also, wheel housing is used as motor housing resulting into a
compact solution. However, it suffers from the problem of
increased un-sprung mass which can negatively impact
vehicle ride and handling performance. These motors also
have low power and torque densities as a motor without
speed reducing gear must produce very high torque in low
speed region to support vehicle starting [6]. So, this study
will consider wheel-side motor configuration.
The battery electric vehicles available today provide a
fixed performance which may vary among vehicle
manufacturers in terms of top speed and acceleration [4].
Unlike ICEVs, performance choices in terms of acceleration
and top speed for same vehicle model are almost nonexistent for mass market BEVs. It can be attributed to the
limited number of BEVs available in market. But, judging by
increase in EV sale, it is safe to assume that the number of
BEV models will be significantly higher in a decade
resulting in the need for more performance options [4]. In
case of ICEVs, the peak power can be increased by using
turbochargers, superchargers etc. However, the peak power
of an electric powertrain is limited by design e.g. size,
thermal loading, converter rating etc. So, scalability in power
can't be achieved in the same way as possible with
combustion engine.
In this paper, a scalable electric powertrain design is
proposed using combination of multiple drive units similar to
distributed drive with a focus on the design of electric
machines. Two different type of electric machine are
considered: high efficiency and high power. A permanent
magnet synchronous machine (PMSM) is used as high
efficiency machine because of its lower rotor losses, high
power and torque density which makes it a popular choice
for traction motor in EV application. For high power, an
electrically excited synchronous machine (EESM) is
selected. The main advantages are no rare earth material,
ability to control rotor flux independently which can result
into better field weakening, no issues related to
demagnetization and could be cheaper than PMSM.
However, the rotor excitation in EESM requires additional
converter and increases bill of material. The focus of this
paper is to evaluate if EESM could be used to increase the
overloading capability of an electric powertrain while using a
reduced size PMSM as main traction machine.
II.

VEHICLE MODEL

One dimensional vehicle model approximating the vehicle
body as a rigid lumped mass around its center of gravity can
be used to calculate the force on the wheel [10]. Considering
only longitudinal vehicle motion, the force on the wheel can
be calculated as

ρ
2
Fwheel = Cd Av + Cr mg cos α + mg sin α + ma (1)
2
where Fwheel is the force on the wheels (N), ρ is air-density

(1.225 kg/m3), Cd is aero-dynamic drag co-efficient, A
(sq.m.) is effective cross-section area of the vehicle for drag,
v is vehicle speed (m/s), g is acceleration due to gravity (9.8
m/s2), Cr is co-efficient of rolling resistance of tires, θ is road
gradient (rad) and a is acceleration of the vehicle (m/s2). The
maximum wheel force, Fwheel (max) that can be exerted on the
driving wheel is limited by co-efficient of friction, μ between
tire and road surface.

Fwheel (max) = μ Fnormal
(2)
Fnormal is normal (to the road surface) component of the force
acting on the driving wheel which depends on distribution of
mass between front and rear axles of a vehicle. If the wheel
force exceeds the maximum wheel force given by (2), the
tires would slip. For the sake of simplicity, effect of wheel
slip would be neglected [10].
A small and a medium size vehicles are modelled using
the parameters described in [10] and are presented in Table
I. The torque and power on wheels could be expressed as
T
=F
r
(3)
wheel
wheel wheel
(4)

P
=F
v
wheel
wheel

where rwheel is the wheel radius (m). For an electric
powertrain with single speed reduction gear with a final gear
ratio of kgear, the electric machine torque and speed can be
calculated if the gear box efficiency is ηgear as follows
Twheel
T
=
EM
k gearη gear

ω EM = k gear

(5)

v

(6)

rwheel

where TEM is the electric machine torque (Nm) and ωEM in
rad/s is electric machine speed.
TABLE I
PARAMETERS USED FOR MODELLING A SMALL AND MEDIUM SIZED
VEHICLE
Vehicle parameters
Unladen/Curb weight (kg)
Cd
Cross-section, A (m2)
Cr
Wheel radius (m)

Small
1200
0.3
2.05
0.009
0.31

Medium
1700
0.28
2.3
0.009
0.31

III. POWERTRAIN DIMENSIONING
In order to dimension the powertrain, mainly peak and
continuous rating of the electric machine, three different
approaches were used. The performance requirements for the
two vehicles were used along with vehicle specifications data
of both ICEVs and BEVs. A comprehensive analysis of
available BEVs specifications can be found in [10]. The
basis for including ICEVs is to be able to compare
specifications with BEVs. A wheel load analysis similar
using vehicle model and standard drive cycle similar to one
given in [10] is performed and is used to estimate
requirements of real world driving assuming that the selected
drive cycles are a good representation of the same.
A.

Fig 1: Peak power comparison of B segment ICEVs with small BEVs

Specification of ICEVs and BEVs
One challenge while collecting specifications of ICEVs is
the number of available variants of same vehicle model

Fig. 2. Peak power comparison of C segment ICEVs with medium-large
BEVs

which makes it difficult to compare the various vehicle
models across manufacturers. So, following criteria were
defined to select a variant to make uniform comparison and
the selected variant is referred as base variant for the
particular vehicle model.
1) Fuel Type: petrol.
2) Energy Converter: lowest power output compared to
all the available variants of the same vehicle model.
3) Transmission Type: manual transmission with
minimum number of speed reduction stages.
4) Vehicle Dimension: the variant with the smallest
dimensions e.g. overall length etc.
5) Number of Doors: 5-door.
Similarly, another vehicle variant was selected as high
variant having maximum power output of the ICE and
quickest 0 – 100 km/h acceleration time. The data of the
selected vehicle models are presented in Appendix. The
ICEVs are classified as B and C segment. The B segment
ICEVs are compared to small BEVs as shown in Fig. 1. Fig.
2 presents the data of C segment ICEVs along with mediumlarge size BEVs.
It can be observed in Fig. 1 that the small BEVs and base
variants of B segment ICEVs have similar peak power,
approximately in the range 40 – 60 kW. However,
curb/unladen weight of the BEVs are comparatively higher
compared to ICEVs in both Figs. 1 and 2. In Fig. 2, the peak
power specifications are spread out with most of the BEVs
and the base variant of ICEVs in the range of 60 – 100 kW.
The high variants of both B and C segment ICEVs help to
understand the range of performance choices available for
these type of vehicles. The peak power of such high variants
vary quite a lot between manufacturers as observed in Figs. 1
and 2. Even though peak power of base variants of the
ICEVs are comparable to BEVs, definitions of peak power
for both type of energy converters is different. For EVs, peak
power is often defined for a short period of time e.g. 30 sec

or 1 minute but are often constant over a wide range of
rotational speed of electric machine which is also referred as
constant speed range. But in case of ICEVs, it is defined for
a particular rotational speed of the combustion engine and is
not necessarily limited to a time duration.
B.

Performance requirements of BEVs
The performance requirements considered in this study
are acceleration, top speed and uphill driving. Acceleration
and top speed specifications are usually published by
manufacturers as part of the vehicle specifications and is
available to public. The most common specification for
acceleration performance is found to be 0 – 100 km/h
specified in seconds. However, the uphill driving capabilities
of a vehicle are often not specified in the specifications. The
performance requirements for the two type of vehicles used
in this study are listed in Table II below [10]. The peak
torque requirement often determined by acceleration
performance depends on the base speed i.e. the speed till
which the electric machine can produce peak torque followed
by a constant power region. The base speed is approximated
to be a third of the top speed of vehicle so as to have a
compromise between the peak torque and peak power
requirements and to limit the constant power speed ratio of
the electric machine to 3.
Using the performance specifications along with the
vehicle model in section II, powertrain requirements of the
two vehicles are estimated and presented in Table III. The
final gear ratio, kgear of the gear box is calculated using
maximum speed of the electric machine (12000 rev/min) and
top speed of the vehicle given in Table II. The efficiency of
the gear box is considered to be 95% and constant over the
complete speed range. The continuous power of the
powertrain is derived from top speed and uphill driving
where the uphill driving requirement was found to be higher.
However, since the continuous rating of the powertrain is
defined for a longer time period e.g. 30 minutes, the uphill
driving could still be considered as temporary overloading or
peak requirements. It could be observed that the peak power
requirements for both the small and medium size EVs are
similar to vehicle specifications presented earlier in Figs. 1
and 2.
C.

Wheel load analysis of BEVs using drive cycle
A wheel load analysis is performed to ascertain the
requirements of powertrain with the assumption that the
TABLE II
PERFORMANCE REQUIREMENT OF SMALL AND MEDIUM SIZE VEHICLE
Performance parameter
Base speed (km/h)
Acceleration, 0 – 100 km/h. (sec)
Top speed (km/h) , vmax
Gradient driving (km/h, %)

Small
45
13
135
90, 6

Medium
50
10
150
130, 6

TABLE III
POWERTRAIN REQUIREMENT FROM PERFORMANCE SPECIFICATION OF
SMALL AND MEDIUM SIZE VEHICLE
Powertrain requirement
Peak power (kW), 30 sec
Continuous power (kW), 30 min
Gear ratio
Peak torque of EM (Nm), 30 sec

Small
55
25
10.39
122

Medium
93
37
9.35
222

TABLE IV
MAXIMUM POWER AND TORQUE REQUIREMENT FOR A SMALL EV DURING
MOTORING AND GENERATING MODE IN WLTC DRIVE CYCLE
WLTC phase
Low
Medium
High
Extra high

Power (kW)
Motor
19.24
26
26.39
40.62

Generator
11.87
23.31
23.49
21

TEM (Nm)
Motor
56.33
67.6
66.5
50.75

Generator
59.47
59.12
59.41
52.34

TABLE V
MAXIMUM POWER AND TORQUE REQUIREMENT FOR A MEDIUM SIZE EV
DURING MOTORING AND GENERATING MODE IN WLTC DRIVE CYCLE
WLTC phase
Low
Medium
High
Extra high

Power (kW)
Motor
26.99
35.71
37.02
52.38

Generator
16.94
33.51
34.08
30.61

TEM (Nm)
Motor
88.41
105.8
104.5
77.62

Generator
93.63
93.22
93.56
82.4

requirements in Table III essentially indicate maximum
capability of the powertrain and the most frequently used
power and torque requirements are reflected by standardized
drive cycle which is considered to represent actual driving.
The Worldwide Harmonized Light Vehicles Test Cycle
(WLTC) is used as the standardized drive cycle. The WLTC
drive cycle has many different test cycles depending on the
top speed and peak power to unladen mass ratio of the
vehicle, the details of which could be found in [11]. In this
work, the Class 3b test cycle with vmax ≥ 120 km/h is
considered. It consists of four phases: low, medium, high and
extra high corresponding to the maximum speed during each
phase. The efficiency of the gear box for the wheel load
analysis is considered to be the same as before.
The maximum power and torque required from the electric
machine to satisfy the selected WLTC drive cycle for a small
and medium size EV is presented in Table IV and V
respectively. For both vehicles, the speed of different phases
in the drive cycle has larger impact on the power, a variation
of almost 100% between low to extra high phase for both
smaller and medium size EVs whereas the torque is mainly
varying around 25% between the different drive cycle
phases. The maximum power and torque required for a
smaller EV is 75% and 55% respectively of the peak values
captured in Table III. And, for a medium size EV, it is only
56% and 48% respectively. This means that the peak
requirements defined by the specification is much higher
compared to actual driving needs of the medium size vehicle.
Also, it could be observed that the peak torque and power
dimensioned for the smaller EV is sufficient to meet drive
cycle requirements even for a medium size EV.
IV. ELECTRIC MACHINE
It is observed that drive cycle requirements of both small
and medium size EVs could be satisfied by the specification
of small EV. So, both the small and medium size EVs can
use PMSM as main traction machine whereas the EESM in
medium size EV can be used to satisfy performance
requirements and in some cases driving requirements which
could not be fulfilled by the PMSM. In order to compare
such a combination of two different machine, the stack
length of the PMSM is scaled by 100% to obtain a third
machine representing a centralized drive EV architecture

with just one electric machine. The electromagnetic design is
only considered e.g. the rotor topology of EESM may not be
suitable for speed as high as 12000 rev/min and may require
special consideration in wedge. However, this is not
considered. Also, the thickness of magnet rib and bridges are
kept close to reference values. The magnet rib and bridge
thickness impacts the leakage flux but it is not considered as
this will require detail mechanical simulation.
The parameters of the three machines are mentioned in
Table VI. Both the PMSM and EESM in are designed with 8
pole and 48 slots and in distributed drive, they have the same
outer dimension i.e. stator outer diameter and stack length.
However, a larger air gap is used for the EESM due to higher
rotor losses. The slip ratio i.e. stator inner to outer dimeter
ratio is higher in EESM to compensate for the higher air gap.
In EESM, slot area is reduced which is indicated by increase
in tooth width and decrease in tooth height to increase flux
and maximize torque production at the expense of phase
resistance. The slot fill factor for the machines are shown in
Table VI are calculated from ANSYS RMxprt assuming a
wire wrap of 0.085 mm and is limited to 75%. The rotor fill
factor for the EESM is 72% and is calculated using the
available area under the poles while accounting for wedge
and using the wire wrap of 0.085 mm. The total turns per
pole in the field winding is 126 and the wire cross section is
0.861 mm and the field winding resistance is 10.8 Ω.
Hitachi NEOMAX NMX-37F magnet is used in the PMSM
with a thickness of 5.2 mm and width 15 mm.
The cross-section of the three machines showing the flux
density distribution is presented in Figs. 3 to 5. The flux
density distribution is shown for the peak torque and base
speed operating point of the three machines. Figs. 3 and 5 are
almost identical as they have same cross-section except for
some slight difference in the stator flux density distribution
which is mainly due to the different current angle. The
maximum flux density in both teeth and yoke of the PMSM
at 1.74T and 1.78T respectively are below the saturation flux
density of 1.8T of the iron SURA M250-35A. But, for the
EESM the teeth are almost saturated as the flux density
reaches 1.8T whereas the yoke flux density is 1.73T. The

Fig. 3. Flux density distribution at peak load and base speed of
distributed drive PMSM

Fig. 4. Flux density distribution at peak load and base speed of
distributed drive EESM

TABLE VI
PARAMETERS OF THE THREE DIFFERENT TYPE OF MACHINE
CASE 1: DISTRIBUTED DRIVE, CASE 2: CENTRALIZED DRIVE
Machine parameters
Dimensions (mm)
Stator outer diameter
Stator inner diameter
Air gap
Stack length
No. of poles
No. of slots
Tooth width
Tooth height
Winding
No. of turns
Number of strands
No. of parallel branch
Wire diameter
Slot fill factor (%)
Resistance per phase stator
winding (mΩ)

Case 1
PMSM

EESM

Case 2
PMSM

175
120
0.8
100
8
48
4
18.7

175
126
1
100
8
48
4.8
14.8

175
120
0.8
200
8
48
4
18.7

6
1
8
1.085
73.5

5
1
8
0.965
72.7

3
2
8
1.085
73.5

47.4

49.3

19.4

Fig. 5. Flux density distribution at peak load and base speed of
centralized drive PMSM

peak air gap flux density of the PMSM and EESM are 1.5T
and 1.4T respectively. The minimum flux density of the
magnet is observed to be 0.6T which can be considered safe
until the temperature does not exceed 140oC [10].
The efficiency maps of the three machines are generated
using FEM calculation of the three phase flux linkages and
core losses. Then maximum torque per ampere control is
used for finding the optimal d- and q-currents to produce a
specific torque. In order to calculate efficiency map, the Cu
loss, iron loss, mechanical and stray losses are considered.
The Cu losses while using amplitude invariant transformation
can be calculated as follows

(

3
PCu = Rs id2 +iq2
2

)

(7)

)

(

3
PCu = Rs id2 +iq2 + R f i 2f
2

(8)

where Rs and Rf are the per phase resistance of stator
winding and field resistance of EESM in (ohm), id, iq and if
are d-, q- and field excitation current respectively. Equations
(7) and (8) are used to obtain Cu losses for PMSM and
EESM respectively. The core losses are first calculated using
FEM calculations for a combination of current amplitude and
current angle at base speed to generate a core loss map as a
function of d- and q-current. Then, the core loss is calculated
by interpolating the map at d- and q-current operating points.
In order to scale the core loss for different speed and to
include effects of punching of lamination material and
harmonics in input of the electric machine, the following
relationship is used
k ω +
2
 h q kcωq
P
=
core  k ω +
h b kcωb2



 int
 Pcore k rot k punch



(9)

where Pcore is core loss (W) at the query point, Pcoreint (W) is
the interpolated core loss using the core loss map, kh and kc
are hysteresis and eddy current co-efficient and are estimated
from the iron material data sheet [12], ωb is the electrical
machine speed in (rev/min) at which the core loss map is
generated using FEM calculation, ωq is rotational speed of
electric machine (rev/min) for which the core loss needs to
be scaled up. The co-efficient krot (1.05) and kpunch (1.3) are
to account for the increase in core loss due to the effect of
harmonics and deterioration of iron material during punching
of lamination sheets respectively. The mechanical and stray
losses are approximated as follows
ωq2
5
=
P
P
mech 1000 peak ω 2
base
2
I s ,qωq
5
=
P
P
stray 1000 peak I 2
s ( peak )ωbase

showing efficiency in Figs. 6 to 8. The DC link voltage is
assumed at 400V as mentioned in Table VII. The peak rms
current is kept the same for distributed drive PMSM and
EESM such that the same converter could be used to drive
both the machines. The current density at 24 A/mm2 for
EESM is a little higher compared to PMSM but could be
justified as EESM is mainly designed for overloading
capability. The peak current density of rotor excitation is 20
A/mm2 while the continuous is limited to 5 A/mm2 to limit
the rotor Cu losses. However, continuous stator current
density is considered same for the three machine.
It could be observed in Table VII that peak torque and
power of the distributed drive with the combination of the
two machines are almost same as the scaled version used for
centralized drive. However, the continuous power and torque
capabilities of the distributed drive is limited by the EESM.
This is due to the limitation of continuous current density in
the rotor excitation. Torque ripple presented in Table VII is
calculated at peak torque and base speed. Small ducts are
used on rotor surface as seen in Figs. 3 to 5 to reduce air gap
harmonics which result in lower torque ripple. The torque
ripple of EESM even with the ducts is almost two times and
is due to the rotor geometry. The torque ripple calculation

(10)

(11)
Fig. 6. Efficiency map of the distributed drive PMSM

where Ppeak and ωbase are the peak power (W) and base speed
(rev/min) of the electric machine respectively, Is(peak) is the
amplitude of the stator current (A) needed to produce peak
torque at base speed, Is,q and ωq are query points for stator
current amplitude (A) and rotation speed (rev/min)
respectively.
The final performance of the three machines are presented
in Table VII along with the torque-speed operating boundary
TABLE VII
PERFORMANCE PARAMETERS OF THE THREE MACHINE
CASE 1: DISTRIBUTED DRIVE, CASE 2: CENTRALIZED DRIVE
Machine parameters
DC link voltage (V)
Peak rms current (A)
J (A/mm2), peak
J (A/mm2), cont.
Peak torque (Nm)
Cont. torque (Nm)
Base speed (rev/min)
Torque ripple (%)
Peak power (kW)
Cont. power (kW)
Max. efficiency (%)

Case 1
PMSM
400
141
19
10
131
72
4000
2.4
55
30
95.5

EESM
400
141
24
10
132
27
4080
6.5
56
11
93.1

Case 2
PMSM
400
242
19
10
265
144
4000
2.2
111
60
95.9

Fig. 7. Efficiency map of the distributed drive EESM

Fig. 8. Efficiency map of the centralized drive PMSM

does not consider the effect of skewing. The efficiency of the
EESM is slightly inferior compared to the PMSM in Figs. 6
and 7. It can be observed that in low speed and lower torque
the PMSM has better efficiency whereas in high speed region
both the PMSM and EESM have very similar efficiencies.
The centralized PMSM in Fig. 8 has slightly higher
efficiency with peak efficiency almost reaching 96%. The
peak efficiency of the EESM reaches 93.1% which could be
considered acceptable.
V.

COMPARISON OF THE TWO DRIVE SYSTEMS

The efficiency maps of the three machines is then used
along with vehicle model and WLTC drive cycle to calculate
the average operating efficiencies of the two different drive
systems and compared. The average efficiency is calculated
as a ratio of wheel energy to the total input energy
accounting for losses in electric machine and gear box whose
efficiency is assumed at 95%. In Table VIII the results are
presented where case 1 indicates a drive system with
distributed drive PMSM and EESM and case 2 containing
only centralized drive PMSM. It is assumed that the EESM
is used with a one-way clutch which means that there will be
no mechanical losses in the EESM when it is not used. Also,
a simple torque splitting is used to distribute demanded
torque from the wheels between the two machines in
distributed drive in order to select optimal operating point
for the two machines.
It can be observed from Table VIII, that the operating
efficiencies of both the drive systems are lower compared to
the peak efficiencies observed in Figs. 6 to 8 with distributed
drive performing little better for low phase of the drive cycle
in both small and medium size EV. The centralized drive
PMSM has lower operating efficiencies when used in a small
EV which indicates that it is over dimensioned for small EV
application and a noticeable improvement is observed when
used with a medium size EV. So, using the centralized drive
PMSM in small EV could provide a performance boost but
at the cost of operating efficiency. Interestingly, the
distributed drive with the combination of PMSM and EESM
performs better than the centralized drive PMSM for both
the small and medium size EV. Even with a medium size car,
the gain in efficiency is from 2 to 7%. This is because, the
distributed drive PMSM is dimensioned appropriately to
support the driving requirements of both the small and
medium size EV.
VI. CONCLUSION
The wheel load analysis performed using the standardized
drive cycle resulted in much lower demand especially for the
medium size vehicle compared to the maximum capability
needed to meet acceleration requirements. So, instead of
TABLE VIII
AVERAGE EFFICIENCY (%) OF THE TWO DRIVE SYSTEMS FOR SMALL AND
MEDIUM SIZE EV IN WLTC DRIVE CYCLE
CASE 1: DISTRIBUTED DRIVE, CASE 2: CENTRALIZED DRIVE
WLTC phase
Low
Medium
High
Extra High

Small
Case 1
93.3
91.4
87.7
85.81

Case 2
89.6
86
80
77.5

Medium
Case 1
93.8
92.7
89.7
89.1

Case 2
91.3
89.5
85.1
82.7

over dimensioning the powertrain to meet the performance
requirements, the distributed drive approach with two
different machines seemed fair as similar peak performance
could be achieved. The operating efficiencies of the
powertrain with the distributed approach was also found to
be higher than using a single machine as in centralized drive.
As observed in the wheel load analysis, the driving load for
both vehicles could be satisfied with the distributed drive
PMSM and so the operating efficiency improved as the
machine was better dimensioned for handling the driving
load of the selected drive cycle. It shows that the
combination of PMSM and EESM could indeed be
interesting for electric vehicles if the PMSM is designed to
handle driving load and EESM to increase the peak torque.
Also, combination of the two machines in distributed drive
could be cheaper considering only half of the magnet
quantity was required and it may be possible to use the same
converter for the two machines. The analysis could also be
extended to include various vehicle applications in future e.g.
performance, commercial etc.
VII.

APPENDIX

The specification data of the selected ICEVs are
presented in Table IX and Table X. The curb weight and
power along with the selected vehicle variants are presented.
All the vehicle data is collected from manufacturers
specifications e.g. brochure. The selected vehicle model
variant and ICE variant is also presented. The specification
data is collected from the UK market. The curb weight
declared by some manufacturers explicitly mentions the
loading conditions e.g. driver, passenger, fuel tank etc. while
for others it may not be the case. Also, for some vehicle
models the curb weight is mentioned in a range. In such
cases the minimum value of the range is considered. The
TABLE IX
Vehicle Specification Data of Base Variant of B Segment Icevs [13] – [22]
Manufacturer
Renault
Volkswagen
Ford
Opel
Peugeot
Dacia
Citroen
Toyota
Skoda
Hyundai

Model
Clio
Polo
Fiesta
Corsa
208
Sandero
C3
Yaris
Fabia
i20

Variants
Expression
S
Style
Sting
Active
Access
Touch
Active
Hatch S
SE

Curb
i h
1059
1055
1135
1000
960
969
976
975
1005
980

Power
(k54 )
44
52
55
50
54
50
51
44
62

TABLE X
VEHICLE SPECIFICATION DATA OF BASE VARIANT OF C SEGMENT ICEVS
[23] – [32]
Manufacturer
Volkswagen
Nissan
Renault
Opel
Ford
Renault
Audi
Peugeot
Opel
Hyundai

Model
Golf
Qashqai
Captur
Astra
Focus
Megane
A3
3008
Mokka X
Tucson

Variants
S
Visia
Expression+
Design
Zetec
Expression+
SE
Active
Design Nav
S

Curb
i h
1206
1331
1184
1169
1276
1340
1180
1250
1280
1331

Power
(k63 )
85
66
74
74
97
85
96
85
97

vehicle variants considered ´for selecting base and high end
variants only constitute of the available petrol variants so as
to have a uniformity in specifications. The high end variants
data are not included but the criteria for selecting high end
variants is mainly: 5 door variants, highest power of ICE and
fastest 0 – 100 km/h. acceleration. The data for small and
medium-large size BEVs can be found in [4].
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