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Abstract: In the European Union (EU), road transport contributes a major proportion of the total
greenhouse gas (GHG) emissions, of which a significant amount is caused by heavy-duty commercial
vehicles (CV). The increasing number of emission regulations and penalties by the EU have forced
commercial vehicle manufacturers to investigate powertrain technologies other than conventional
internal combustion engines (ICE). Since vehicle economics plays an important role in purchase
decisions and the powertrain of a battery electric vehicle (BEV) contributes to about 8–20% of the
total vehicle cost and the electric machine (EM) alone contributes to 33–43% of the drivetrain cost,
it is necessary to analyze suitable EM topologies for the powertrain. In this paper, the authors aim
to analyze the technical and cost aspects of an EM for electric commercial vehicles (ECV). Based
on prior research and literature on this subject, an appropriate methodology for selecting suitable
geometrical parameters of an e-machine for the use case of a heavy-duty vehicle is developed using
MATLAB and Simulink tools. Then, for the economic analysis of the e-machine, reference ones
are used, and their design parameters and cost structures are utilized to develop a cost function.
Different use cases are evaluated according to the vehicle’s application. The results for a use case are
compared by varying the design parameters to find the most cost-effective EM. Later, an analysis is
performed on other decisive factors for EM selection. This highlights the importance of collaborative
consideration of technological as well as the economic aspects of EMs for different use cases in
ECVs. The method developed in this work contributes to understand the economic aspect of EMs
as well as considering their performance factors. State-of-the-art methods and research are used
to develop a novel methodology that helps with the selection of the initial geometry of the electric
motor during the design process, which can serve to aid future designers and converters of electric
heavy-duty vehicles.
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1. Introduction

As the demand for vehicles continues to grow, the roads are overflowing with new
vehicles at an extremely fast rate. For the same reason, the rate of pollution is increased
swiftly [1]. Although, due to the development of technology, IC engines are becoming less
common and the amount of pollution has lessened, even from the existing data of various
studies, IC engines are still the primary source of pollution after electricity [2].

Electrification is being adopted into the heavier vehicle forms apart from passenger
cars, and it is driven by various factors. Some of the motivation factors for this research are
summarized here:

• Depleting fossil fuels availability [3].
• The recent evolution in battery technology is making electric commercial vehicles

technically and commercially feasible [4]. Additionally, the price tag for electric
vehicles is expected to fall continuously courtesy of falling battery costs [5,6].
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• There is an increase in the availability and capacity of public charging infrastructure [6].
• There are similarities between the powertrain architecture, structure, and components

among light-, medium-, and heavy-duty vehicles as compared to those of much more
technologically mature personal electric vehicles. Very recently, battery, pantograph,
or fuel cell technology has matured enough to turn long-haul heavy electric trucks
into a viable alternative to standard ICE trucks [7].

• Half of all trucks operating in the EU travel distances of under 300 km. These journeys
can now be completed by electric trucks thanks to the new models currently on the
market with a range of about 300 km (enough to make nine out of ten journeys). The
range of existing electric trucks is expected to rapidly increase to 500 km, with the
trips covering about two-thirds of the driven kilometers and 19 out of 20 trips [8].

• Further modelling and analyses are needed in the area of electrification to perfect the
drive cycles of electric vehicles [9,10].

EMs are an integral part of either the full-time or part-time propulsion of the electric
vehicle. With battery prices being expected to drop significantly in the next decade [11],
it is extremely important to address other components as well. The objective of this
research paper is to evaluate what type of EM topology is suitable for electric commercial
vehicles without compromising on their performance and costs concerning the suitable EM
topology/design.

2. State-of-the-Art Technology

The current literature offers methods to design e-machines using various parameters
and calculations, however, there are no studies wherein we can gain an initial understand-
ing of the cost of the e-machine that is being designed.

In an electric powertrain, electric energy is converted into mechanical energy by the
electric machine (EM), and then, it is transmitted to the drive shaft, which is mechanically
coupled to a mechanical reduction, such as a gearbox or a differential, or it is sent straight
to the wheels [12]. A range of diverse machine types or topologies has resulted from the
development of EM for various application use cases. In general, electric vehicles can use
any known EM topology.

EMs supply power and torque to the wheels for propulsion in electric vehicles. Com-
pared to an internal combustion engine, the efficiency of energy conversion by an EM is
higher. With improved torque characteristics at lower speeds and instantaneous power
ratings of two or three times the motor’s rated power, an EM provides high torque and a
large power density. During the braking of the vehicle, the EM turns in the opposite direc-
tion and converts mechanical energy into electrical energy, which is known as regenerative
braking [13].

The selection of EM that drives the electric vehicles is a critical step that demands
careful consideration. The automotive industry is still on the lookout for the best EM drive
for EVs given the broad variety of topologies and individual EM designs available and
the difficulties to characterize or standardize the requirements of the electric powertrain
without over-dimensioned components. It is thus crucial to understand the requirements
of the powertrain, and particularly, the EM.

The most basic demands for EMs are as follows [14]:

• A high-power density.
• High torque at low speeds during the beginning of the journey and ascending and

high power at high velocities.
• An extensive speed range through a constant power area.
• A low level of operational noise.
• High efficiency throughout a wide speed range with steady torque and power levels.
• Excellent regenerative braking efficiency.
• A small size, a low weight, and a lower moment of inertia.
• Excellent reliability and resilience for a variety of vehicle operating environments.
• Cost efficiency.
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Every EM has different highest efficiency operating points, which are dependent
on a variety of design characteristics. For example, permanent magnet synchronous
machines (PMSM) are preferable for applications near the rated speed and higher torque
ones, whereas induction machines (IM) are better at higher speeds [15]. In comparison to
passenger electric cars, the EM design for heavy-duty trucks must be changed due to the
required high start-up torque but low speed requirements in the main operation points.

To start the analysis, the four most relevant EM topologies for the mobility applica-
tions of EMs were categorized, and these are the asynchronous motor (ASM)/induction
motor (IM), the permanent magnet synchronous motor (PMSM), the externally excited
synchronous motor (EESM), and the switched reluctance motor (SRM), which were ana-
lyzed to select the topology that best suits an EV and an electric commercial vehicle (eCV)
application. Several performance characteristics such as the power density, efficiency, cost,
noise levels, and control systems of the different electric machine types were examined,
and a conclusion was made. The regenerative braking was assumed to be the same for all
of the EMs. The results of this comparison are in Table 1.

Table 1. Rating of different e-machine types [2,16,17].

Characteristic ASM/IM PMSM EESM SRM

Power density - ++ + -

Efficiency – ++ + -

Cost ++ - + +

Noise level ++ ++ - -

Control systems ++ + + -
Advantage +; Disadvantage -.

Long-haul commercial vehicles must meet three vital criteria: low operation costs,
high payloads, and range. A PMSM is usually favored for high-torque and low-speed appli-
cations due to the high efficiency areas of a PMSM that account for less power consumption
and thus, the increased range of the vehicle compared to reduced efficiency and range due
to the large magnetizing currents incurred in an IM and the consequentially high excitation
losses in this type of machine.

Therefore, based on the comparison table and the critical performance requirements
of electric commercial vehicles, the PMSM was selected to perform the analysis.

2.1. Selection of PMSM Topology

A PMSM runs as a synchronous machine when the air gap flux and stator windings
are distributed in a sinusoidal pattern. PMSM’s rare earth magnet material helps to boost
the flux density in the air gap, the power density, and the torque-to-inertia ratio, allowing
it to run at a wide constant power speed range [13].

The surface-mounted permanent magnet synchronous machine (SPMSM), in which
the permanent magnets are attached to the rotor’s surface, and the internal permanent
magnet synchronous machine (IPMSM), in which the magnets are inserted into the rotor,
are the two types of PMSM rotors [18].

Because of its simple production method, the SPMSM is quite affordable, and it
also demonstrates high torque, although it experiences mechanical instability [19]. Eddy
currents, on the other hand, can heat the magnets and cause irreversible demagnetization.
Furthermore, to prevent the surface magnets from becoming detached at high rotational
speeds, they must be bandaged to the rotor’s surface.

Since the magnets are attached to the rotor, the centrifugal forces are absorbed by
the superimposing laminated core. This problem can be overcome by utilizing IPMSM
technology. It also protects magnets from mechanical damage and eddy currents due to the
laminated core design [20]. Therefore, IPMSM was selected as the suitable topology.
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2.2. Terms and Definitions

• Stack length: The length of the lamination stack that gives rigidity to the stator is
referred to as the EM stack length. The winding end-turn lengths, which are not torque
producing, are not included in the stack length.

• Rotor diameter: The rotor diameter of an EM is defined as the circle described by the
moving rotor.

• Stator Diameter: The stator diameter of an EM is defined as the circle, which is
described by the stationary stator.

• Shape Ratio (SR): The shape ratio of a PMSM is defined as the ratio of the stack length
to the rotor diameter [21].

Shape ratio, SR =
Lstk
Dr

(1)

• Split ratio (α): The split ratio of a PMSM is defined as the ratio of the rotor diameter to
the stator diameter [21].

Split ratio, α =
Dr

Ds
(2)

3. Methodology

The methodology was developed to keep the solution as simple as possible, while
considering critical design parameters and technical and economic aspects. Both quantita-
tive and qualitative analyses have been performed for the selection of a suitable EM for the
defined use cases. An overview of the followed steps is presented below in Figure 1.
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Figure 1. Overview of steps followed for methodology development.

3.1. Use Case Definition

Three different gross vehicle weights, three different values of shape ratios, and one
value of split ratio were selected to define the use cases for the battery electric commercial
vehicles. The WLTC drive cycles were modified, the maximum speed was limited to
90 km/h, and they were named WLTC1_mod, WLTC2_mod, and WLTC3_mod. The use
cases are summarized in Table 2.
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Table 2. Overview of all the use cases evaluated based on the weight of the vehicle, drive cycle, shape,
and split ratio.

Weight of the Vehicle (GVW) Drive Cycle Shape Ratio (SR) Split Ratio (α)

7.5 t

WLTC1_mod

0.5–2.0 0.62WLTC2_mod

WLTC3_mod

18 t

WLTC1_mod

0.5–2.0 0.62WLTC2_mod

WLTC3_mod

40 t

WLTC1_mod

0.5–2.0 0.62WLTC2_mod

WLTC3_mod

The vehicle and powertrain parameters used in the research were selected from a
previous study by the Chair of Production Engineering of E-Mobility Components (PEM)
at RWTH Aachen. The overview of these parameters can be seen in Table 3.

Table 3. Overview of the vehicle and powertrain parameters used in the evaluation of the 7.5 t, 18 t,
and 40 t vehicles.

7.5 t 18 t 40 t

Parameter Value Value Value Unit

Configuration of the vehicle 4 × 2 6 × 4 6 × 4

Truck mass, fully loaded 7500 14,500 35,000 kg

Load of the vehicle 3500 8785 27,600 kg

Unloaded truck mass 4000 5715 7400 kg

Rolling resistance 0.01 0.01 0.01

Frontal area 7.4 8.0 10.0 m2

Air drag coefficient 0.6 0.6 0.6

Dynamic wheel radius 0.37 0.5 0.45 m

Differential ratio 5.57 4.6 4.55

Differential efficiency 0.98 1.0 0.98

Gear ratio 2.5 2.5 2.5

Gear efficiency 0.9 0.9 0.9

3.2. Simulation Model Development

As can be seen in Figure 2, the complete layout of the simulation model consists of
various sub-systems or blocks, namely, the driving cycle, vehicle, electric powertrain, BEV
battery, fuel cell, and H2 tank.
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All of the simulation blocks, apart from electric powertrain, were developed at PEM
during previous studies and for the current project.

The basic process of this block is to use the torque and speed at the wheel of the
vehicle as the inputs and perform calculations at the differential and transmission block,
as illustrated in the process flow in Figure 3, while considering the final gear ratio and
the transmission gear ratio along with the efficiencies of the respective gears. The torque
and speed values after the transmission block were fed into the e-Machine block as inputs,
thereby enabling the calculation of its power, torque, energy, and speed demands. This
block selects the efficiencies at different operating points according to the efficiency map
for a PMSM. The process to select the efficiency map is defined in the next subsection.
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3.2.1. Selection of Efficiency Maps

The efficiency maps that we used in our research (refer to Section 3.2.2) are available
as open source for study and research purposes [22].

Additionally, these already generated efficiency maps correspond to the data in
Tables 4 and 5. These efficiency maps were created by a research team from TUM Mu-
nich using their in-house developed tool, “Modell für den Entwurf und die Analyse einer
PMSM oder ASM (MEAPA)“ [20].

There are two steps for the selection of an EM efficiency map. The details of the steps
used in the selection of efficiency maps are elaborated below. Steps 1 and 2, which are
written below, provide a background of how the studies by the authors Wolff, Kalt et al. [20]
and Kalt, Erhard et al. [22], respectively, were conducted and explain the underlying as-
sumptions, parameters, and equations, etc., which have been used during their calculations
for efficiency maps generation.
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Table 4. Summary of heavy-duty trucks of various OEMs and their corresponding powertrain
topology parameters considered [22].

S.No. Concept Topology Gears No. of
Machines

Machine
Type

Rated Power
(kW)

Rated Rot.
Velocity (rpm)

Max. EM
Torque (Nm)

1 Axletech
EPS785 Central motor 1 1 PMSM 350 - 3500

2 DAF CF
Electric Central motor 1 1 PMSM 210 8837 2000

3 Tesla
Semi distributed 1 4 PMSM 223 2525 380

4
E-Force

EF18
SZM

Dual central
motor 3 2 PMSM 150 - 2025

5 Nikola
Tre

Dual central
motor, eAxle 1 2 PMSM 240 900

Note: Rated rotational velocity is calculated using Equations (3) and (4).

Table 5. Assumptions of input parameters for the machine design tool MEAPA [22].

Parameter Symbol Value Unit

Voltage (rated) U 800 V

Number of pole pairs P 4 -

Rot. Velocity (max) nmax 1.75 nN rpm

Power factor Cos 1 -

Number of phases M 3 -

Magnet arrangements - Internal, embedded -

Circuit wiring - Star -

Wire type - Round wire -

Cooling type - Liquid -

Iron material - VACOFLUX50 -

Conductor material - Copper -

Winding type - Single layer, integral
slot -

â Step 1:

In the first step, some existing EMs in heavy-duty trucks (40 t GVW) in the produc-
tion or prototype stages are summarized [22]. Aside from the publicly known vehicle
parameters, assumptions were made about the gearbox design and the electrical machine’s
subsequent operating speed. Machine efficiency maps are created based on the vehicle
specifications.

Table 4 summarizes the powertrain architecture parameters of some on-the-market
heavy-duty electric trucks and their corresponding electric powertrains. The topology,
number of gears and e-machines, as well as the e-machine type, rated power, and torque,
were obtained from fitting sources, whilst the rotational velocity of the machine identified
as “n85”, which was rated for a maximum vehicle speed of 85 km/h, is determined using
Equations (3) and (4) [22].

n85, rated =
85 km

h ∗ 60
3.6

2∗π∗rdyn
∗ igear (3)
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igear =
35, 000 Nm

(No. o f machines) ∗ (maxtorque)
(4)

rdyn = dynamic rolling radius of tires; igear = gear ratio.
Wolff, Kalt et al. considered the starter torque that is required for 40-tonne heavy-duty

vehicles as 35,000 Nm as this enables typical road acceleration (>0.646 m/s2) and sufficient
torque reserves for starting on roads with gradients of 15–17% [22].

â Step 2: MEAPA Tool

In the second step, based on the input parameters from the above step, with the help
of MATLAB, efficiency maps are generated using the MEAPA (Modell für den Entwurf
und die Analyse einer PMSM oder ASM) tool developed by TUM, Munich.

In the initial step of the design model, the primary dimensions are determined based
on the input parameters. The stator and rotor layouts can then be designed. The design
parameters are then sent to the analysis model, which calculates the currents and voltages
for the operating points within the valid operating range using a motor and generator
model. Finally, the losses are calculated, and the efficiency diagram is created [20].

Assumptions used in the tool for creating efficiency maps:

• Because the number of pole pairs for the specified trucks is unknown, a value of 4 was
used because lower pole pair numbers are often used for low-speed and high-torque
applications [22].

• An IPMSM was selected with an embedded magnet assembly [22].

Apart from the number of pole pairs, several assumptions are made for the input
parameters for the e-machine design tool MEAPA. These assumptions are stated below in
Table 5.

3.2.2. Selected Efficiency Maps

A pre-processing approach was followed to select the efficiency maps for the research
that was conducted. The demand torque and speed for selected use cases were derived
from the simulation model that is explained in the previous section of the chapter. Two
IPMSM efficiency maps were selected based on the torque and speed demands derived
from the use cases considered for two vehicle categories; there was one efficiency map for
7.5 t vehicles and another one for the 18 t and 40 t vehicles [22]. The selected efficiency
maps can cover the demand range of the use cases based on the GVW, drive cycles, and
vehicle dynamics defined in Section 3.1. The efficiency map selected for the 7.5 t vehicle is
for serial no. 3 and the one for the 18 t and 40 t vehicles are for serial no. 2, which can be
seen in Table 4. The summary of the selected efficiency maps is given in Table 6.

Table 6. Summary of the selected efficiency maps [22].

Weight of the Vehicle (GVW) Efficiency Map Characteristics Value Unit

7.5 t
Max. rated torque 380.88 Nm

Max. rated speed 17,900 rpm

18 t and 40 t
Max. rated torque 2018 Nm

Max. rated speed 15,465 rpm

3.3. Selection of a Geometrically Suitable E-Machine

In the design of a PMSM, the variables for sizing include the shape ratio (SR), the
split ratio (α), the torque per rotor volume (TRV), and the torque density (TD), and these
variables are important for determining the mechanical and electrical characteristics of
the motor.
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The rotor diameter, stack length, and stator diameter of the motor can be determined
using these independent variables. According to the research conducted by Kim, H.-J. et al.,
the TD can be represented by Equation (5) [21]:

TD =
Tmax

π
4 ∗ (Ds)

2 ∗ Lstk
(5)

To determine the rotor diameter, stator diameter, and stack length values of the e-
machine, some assumptions about the values were made using the reviewed literature
based on an experiment conducted on an IPMSM.

Based on Equations (1), (2) and (5), the following relationships were derived:

Ds = 3

√
Tmax

π
4 ∗ TD ∗ SR ∗ α

(6)

Dr = α ∗ Ds (7)

Lstk = SR ∗ Dr (8)

Ds = stator outer diameter (mm); Dr = rotor outer diameter (mm); Lstk = stack length (mm);
Tmax = max. torque required for application.

The assumed values of the parameters based on the literature are as follows:
Shape ratio (SR) = 0.5–2.0 [21].
Torque density (TD) = (7832 [21] + 28,860 [23])/2 = 18,346 Nm/m3.
The shape ratio (SR) is commonly defined as being between 0.5 and 2 [21]. The value

of the torque density (TD) is considered as an average of two values found in different
works of literature, whereby 7832 Nm/m3 is the value from the work of Kim and their
team [21] and 28,860 Nm/m3 is the typical value of torque density of a PMSM [23]. As an
EM with a very small power rating was considered in the work of Kim and their team [21],
another value of torque density was considered to have tangible results for the analysis in
the research paper.

3.4. Development of the Cost Function for E-Machine

The cost function for the EM cost is based on a cost study of a PMSM which was
conducted under the Lebenszykluskostenreduktion im elektrischen Verteilerverkehr (LiVe)
project at PEM. The study is based on market data as well as assumptions. Though the
detailed results of this study are not relevant to this research paper, the price components
of the PMSM are. Three different reference e-machines, EM 1, EM 2, and EM 3, their
geometrical parameters, and their price components were considered for this research.

Using the values of the stator diameter, rotor diameter, and stack length along with
their corresponding costs, a cost function was developed to calculate the cost of the PMSM,
which is directly dependent on the maximum value of torque (the max-load torque required
for the application), which can be derived from the simulation model.

A relationship has been established between the geometric parameters, Ds, Dr, Lstk,
Tmax, α, and TD, as shown is Equations (6)–(8).

Once the geometric parameters Ds, Dr, and Lstk were calculated, a system of linear
equations was developed using the three reference e-machines, EM 1, EM 2, and EM 3. The
values of the geometric parameters for these machines along with their total cost form the
components of linear equations. MATLAB was used to solve these linear equations to find
the total cost of the EM.

In the next step, the component costs of the core components of the EM, i.e., the
magnets, copper, shaft, rotor lamination stack, and stator lamination stack, were also
considered during the analysis. The function is defined based on the geometry of the
EM and various component costs from EM 1, EM 2, and EM 3. These functions were
then implemented into the overall EM cost function script which was created with the
MATLAB tool.
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The assumed values of the parameters based on the reference e-machines are as follows:

• All of the parameters for EM 1, EM 2, and EM 3 were assumed to be constant, apart
from the costs and geometry, while we were calculating the cost function.

• The split ratio for the use case analysis was considered as the average value of split ratios
for the three reference e-machines. Split ratio (α) = (0.619 + 0.620 + 0.618)/3 = 0.62.

• Tmax = Max_Torque (max. torque (Nm) required for applications; this was obtained
from the simulation model).

• SR = 0.5 to 2.0.
• α = 0.62.
• TD = 18,346.
• Ds = 1000 * ((Tmax/(0.25 * pi * TD * SR * α)) ˆ (1/3)).
• Dr = α * Ds.
• Lstk = SR * Dr.

3.5. Overview of the Selected Parameters and Assumptions

The assumptions considered during this research are summarized below in Table 7.
The assumptions have been already used, and their backgrounds are defined in the previous
sub-sections under the methodology section.

Table 7. Overview of the assumptions and considered parameter values.

Parameter Value Comments

Type of vehicle BEV

As defined in Section 3.1

GVW (t) 7.5, 18 and 40

Drive Cycles WLTC1_mod, WLTC2_mod,
and WLTC3_mod

Gear efficiency 0.9

Differential efficiency 0.98

Vehicle & powertrain
parameters various

Shape ratio (SR) 0.5–2.0

As defined in Section 3.3Split ratio (α) 0.62

Torque density (Nm/m3) 18,346

Rated Voltage (V) 800

As defined in Section 3.2.1

Number of pole pairs 4

Max. rotational speed (rpm) 1.75 nN

Power factor 1

Number of phases 3

Magnet arrangements Internal, embedded

Circuit wiring Star

Wire type Round wire

Cooling type Liquid

Iron material VACOFLUX50

Conductor material Copper

Winding type Single layer, integral slot
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Table 7. Cont.

Parameter Value Comments

Efficiency map: 7.5 t

Max. rated torque
(Nm)—380.88

As defined in Section 3.2.2

Max. rated speed
(rpm)—17,900

Efficiency map: 18 t and 40 t

Max. rated torque
(Nm)—2018

Max. rated speed
(rpm)—15,465

Gear reduction Single speed gear reduction -

4. Results and Analysis

In this section, the results of various use cases are shown. Both the quantitative
and qualitative analyses were performed to research design parameters for the most cost-
efficient e-machine and the effect of other decisive factors on the selection of an e-machine.

4.1. Quantitative Analysis: Results for 7.5 t Vehicle

Table 8 displays the consolidated results of the simulation with varying shape ratios.
The effects of varying shape ratios on the geometry and cost of the e-machine are displayed.
It can be inferred that the cost of the e-machine, stator OD and rotor OD decreases along
with an increasing SR while the stack length increases.

Table 8. Overview of the behavior of e-machine cost based on different combinations of geometrical
parameters split ratio (α) and shape ratio (SR) for 7.5 t vehicle and drive cycle WLTC1_mod.

Weight of the
Vehicle Drive Cycle Split Ratio

(α)
Shape Ratio

(SR)
Stator OD

(mm)
Rotor OD

(mm)
Stack Length

(mm)
E-Machine

Cost (€)

7.5 t WLTC1_mod 0.62

0.5 361.97 224.42 112.21 748.89
0.6 340.63 211.19 126.71 753.61
0.7 323.57 200.61 140.43 762.29
0.8 309.48 191.88 153.50 773.52
0.9 297.57 184.49 166.04 786.43
1.0 287.30 178.12 178.12 800.52
1.1 278.31 172.55 189.81 815.42
1.2 270.36 167.62 201.15 830.91
1.3 263.24 163.21 212.17 846.80
1.4 256.82 159.23 222.92 862.99
1.5 250.98 155.61 233.41 879.39
1.6 245.64 152.29 243.67 895.92
1.7 240.72 149.25 253.72 912.54
1.8 236.18 146.43 263.57 929.20
1.9 231.96 143.82 273.25 945.89
2.0 228.03 141.38 282.75 962.58

Here are the values of the material cost distribution of the core components of the
e-machine for the first and last sub-use cases, as shown above in Table 8.

Figures 4 and 5 demonstrate the material cost distribution of the core components
both as a function of percentage as well as the cost (EUR/unit). It can be observed from the
figures that while the rotor OD and stator OD decreased, the stack length increased with
an increase in the values of the shape ratio (SR). This contributes to the increased magnet
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costs from 95 (EUR/unit) to approx. 240 (EUR/unit) and to the percentage increase in the
magnets cost contribution from 53% to 60%.
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Summary of Use Cases

Similarly, each use case defined in Section 3.1 was analyzed with a total of 144 sub-use
cases for all of the vehicles, 7.5 t, 18 t and 40 t along with the selected drive cycles, and out
of them, the following most cost-efficient combinations have been observed. The rest of
the use cases have not been displayed due to repetitiveness in the pattern of the results, as
similar kinds of results were observed for the three vehicles.

The E-machine cost behavior analysis demonstrates increasing SR values and a fixed
α value for 7.5 t vehicle and WLTC1_mod drive cycle.

As can be inferred from Figure 6, the most cost-efficient e-machine is at the very begin-
ning of the plot, and this is true for all of the different use cases that have been simulated.

It can be observed in Tables 8–11 that the cost of the e-machine increases as the SR
increases. This is because the stack length of the e-machine increases, which results in
a significant increase in the core component costs. Thus, α = 0.62 and SR = 0.5 are the
values of the design parameters for the most cost-efficient e-machine for every use case that
was considered.
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Table 9. Overview of the most cost-effective e-machines for different use cases in the 7.5 t
vehicle category.

Gross
Vehicle

Weight (t)

Drive
Cycle

Split
Ratio

(α)

Shape
Ratio
(SR)

Stator
OD

(mm)

Rotor
OD

(mm)

Stack
Length
(mm)

Cost of the Core Components (€)
E-

Machine
Cost (€)Magnets Copper Shaft

Rotor
Lami-
nation
Stack

Stator
Lami-
nation
Stack

7.5

WLTC1_
mod

0.62

0.5 361.97 224.42 112.21 95.55 54.25 1.46 10.87 18.95 748.89

WLTC2_
mod 0.5 388.98 241.17 120.58 102.68 58.30 1.57 11.68 20.37 804.77

WLTC3_
mod 0.5 416.27 258.09 129.04 109.88 62.39 1.68 12.50 21.79 861.24

Table 10. Overview of the most cost-effective e-machines for different use cases in the 18 t
vehicle category.
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WLTC1_
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0.62

0.5 381.55 236.56 118.28 100.71 57.19 1.54 11.45 19.98 789.40

WLTC2_
mod 0.5 395.65 245.30 122.65 104.44 59.30 1.60 11.88 20.71 818.57

WLTC3_
mod 0.5 541.31 335.61 167.81 142.88 81.13 2.19 16.25 28.34 1111.93
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Table 11. Overview of the most cost-effective e-machines for different use cases in the 40 t
vehicle category.

Gross
Vehicle

Weight (t)

Drive
Cycle

Split
Ratio

(α)

Shape
Ratio
(SR)

Stator
OD

(mm)

Rotor
OD

(mm)

Stack
Length
(mm)

Cost of the Core Components (€)
E-

Machine
Cost (€)Magnets Copper Shaft

Rotor
Lami-
nation
Stack

Stator
Lami-
nation
Stack

40

WLTC1_
mod

0.62

0.5 445.46 276.18 138.09 117.58 66.76 1.80 13.37 23.32 921.62

WLTC2_
mod 0.5 519.95 322.37 161.18 137.24 77.93 2.10 15.61 27.22 1075.72

WLTC3_
mod 0.5 718.21 445.29 222.64 189.58 107.64 2.90 21.56 37.60 1485.91

4.2. Qualitative Analysis: Other Influencing Factors for E-Machine Selection

As observed, the values of the stator OD and rotor OD usually decrease with the
increasing value of SR, and the stack length increases with an increasing SR. As per the
analysis performed by Kim, H.-J. et al., the efficiency of the analyzed e-machine is 94.8%
and 95.7% at α = 0.48 and α = 0.70, respectively. It is also stated that the efficiency tends to
increase as the α increases, but it decreases as the α exceeds by about 0.7. Therefore, we can
assume that during our analysis at α = 0.62, the efficiency of the e-machine lies between
94.8% and 95.7%.

The geometries of the e-machine are referred to as ‘e-machine A’, ‘e-machine B’, and
‘e-machine C’, hereafter.

As illustrated in Figure 7, when one is considering the vehicle’s powertrain/e-machine
packaging requirements, either of these geometries might be more suitable compared to
the other. Therefore, the values of design parameters α and SR were considered with other
vehicle requirements.
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4.2.1. Packaging Analysis

In the case of the in-wheel e-machines, the geometry of the e-machine with SR = 0.5
(e-machine A) might be more suitable compared to that of an e-machine with SR = 2.0
(e-machine C). This is illustrated below in Figure 8a.
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As the ‘e-machine C’ has a longer stack length, it will not leave enough room in
the frame to accommodate two e-machines as it accommodates two e-machines with
geometry 1. The ‘e-machine B’ geometry could be suitable for this use case depending
upon the chassis structure of the vehicle.

The battery layout and capacity play a vital role in deciding on an electric commercial
vehicle, particularly for long-haul applications.

Though, due to the advancements in battery cell technology, smaller batteries are
becoming more efficient, still, for heavier segment electric vehicles, a large battery is
considered to be essential to meet the application requests. This factor also inclines towards
the e-machine with a larger stator OD and smaller stack length (e-machine A). Nevertheless,
e-machine C is suitable for a central arrangement as illustrated in Figure 8b.

4.2.2. Thermal Management Analysis

It is possible to improve the overall efficiency of an electric motor by adequately
cooling the copper windings. Additionally, maintaining a high level of cooling allows the
motor’s power output to be enhanced. As a result, it can be concluded that adequately
cooling the copper windings of electric motors is critical to increasing the power density of
electric machines [24].

To remove heat energy from within, most of the e-machines available today use the
conventional jacket cooling method. A coolant travels through channels, running through
the e-machine casing, and it removes the thermal energy from the perimeter of the motor in
this operation. The heat created by components such as motor windings must pass through
the stator into the motor casing, and then, into the cooling fluid to be evacuated for this
cooling process to work. There is a significant thermal resistance that prevents the created
thermal energy from being dissipated because there is such a long distance to travel and so
many contacts to conduct through.

Figure 9 depicts the alternative paths for heat to go to the extraction points, which are
represented by the blue sections of the diagram.

The following equation can be used to compute the thermal resistance of individual
components in the thermal network.

R =
l

κ A
(9)

The length of the conduction path, l, the thermal conductivity of the medium, κ, and
the cross-sectional area of the conduction path, A, can be used to calculate the thermal
resistance, R.
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The most reasonable strategy to improve the thermal energy removal efficiency is
to lower the thermal resistance encountered by the energy generated. As inferred from
Equation (9), this can be accomplished in several ways, including reducing the conduction
length, increasing the conduction area, or boosting the thermal conductivity of the heat-
transfer medium. For different methods, the effects of e-machine geometry will be different,
and these are explained below.

We assume that the thermal conductivity of the medium and the cross-sectional area
of the conduction path remains constant.

• Cooling jacket method: As shown in Figure 9a, the e-machine with a shorter con-
duction path will offer lesser thermal resistance. This can be achieved by having an
‘e-machine C’ with a smaller stator diameter.

• Axial channel method: In this method, the heat transfer takes place along the length
of the e-machine, as shown in Figure 9a,b. Therefore, an ‘e-machine A’ with a smaller
stack length will offer less thermal resistance.

The ‘e-machine B’ will fall in between ‘e-machine A’ and ‘e-machine C’ for both of
the methods.

4.2.3. Stator Loss Analysis

The major losses in a PMSM are the stator losses. According to Yu, Y. et al. [25], the
components of the stator loss, i.e., hysteresis loss, eddy current loss, and stray loss, can be
expressed as Equation (10):

WFe = kh B2
m f k f + ∑∆T

[
σ

d2

12

(
∆B
∆T

)2
+ ke

(
∆B
∆T

)1.5
]

∆T f k f (10)

where Bm is the max. the magnetic field strength in one electric period, ∆B is an increment
of the magnetic field intensity with one step, ∆T is the time step, kh is hysteresis loss factor,
kf is coefficient of lamination, ke is stray loss, σ is the conductivity of steel sheet, and d is the
length of stator iron core.

If the parameters such as Bm, ∆B, the hysteresis loss factor, the coefficient of lamination,
and the conductivity of the sheet are assumed to be constant over the time step, ∆T, it can
be interpreted that the stator loss is directly proportional to the length of the stator iron core.
Therefore, a larger stack length might result in larger stator losses, thereby reducing the
efficiency of the e-machine. Hence, the geometry of ‘e-machine A’ might be more suitable
in this case, however, bench test results will provide sufficient data to analyze the impact of
other factors as well, apart from the length of the stator iron core.
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5. Discussion

As learned during the research, α = 0.62 and SR = 0.5 are the values of the split and
shape ratios, respectively, for the most cost-efficient EM for any use case. However, as it
was observed, the values of the stator and rotor OD usually decrease with the increasing
value of SR, and the stack length increases with an increasing SR.

A qualitative analysis of the packaging requirements, thermal management, and stator
losses was performed to analyze what geometry would be most suitable in different conditions.

Limitations and Future Research

Furthermore, an experimental increase in the efficiency of the EM was observed in the
work of Kim and their team [21] when the α increased to 0.70, and then, the efficiency fell.
Thus, an experimental setup might offer a more accurate scenario.

Another point could be to include multiple reference e-machines which will broaden
the scope of the design and cost function while utilizing several values of design parameters
along with the associated component costs. Additionally, a similar methodology can be
utilized by designing another type of e-machine, such as an EESM or an IM, etc., and then,
deriving the costs.

The factors such as the operating conditions cost over the lifetime and the ease of
manufacturing cost-effective EM components could be analyzed.

Apart from this, the study could collaborate with several test bench analyses, such as
a reliability analysis of the selected e-machine geometry, load, and no-load tests, as well as
finite element analysis (FEA), which would enable one to comment on the experimental
values of the EM parameters, such as the efficiency at operating points of the use case,
reliability over defined time and distance, etc.

6. Conclusions

There was a gap in the available literature, whereby the initial understanding of the
cost of the e-machine was under development, and it was not available in other studies.
This work highlights a methodology that was developed to help understand the economic
aspect as well as the performance factors. A novel methodology is presented in this work
to help select the initial geometry of the e-machine during the design process, a cost
estimation based on the geometry of the electric motor, and an estimate of the effect of
design parameters on the cost of the electric motor and its components.

The most cost-efficient EM might not be suitable for all of the use cases in a real-life
scenario, therefore, other methods such as a qualitative analysis, a reliability analysis, and
the operating conditions over a lifetime, etc., should be considered to obtain the best trade-
off between the cost and the performance. The developed methodology that is presented in
this work is helpful for:

• Selecting the initial geometry of the electric motor during the design process.
• Carrying out a cost estimation based on the geometry of the electric motor.
• Estimating the effect of the design parameters on the cost of the electric motor and

its components.

Moreover, the developed methodology can be used for other electric powertrain
topologies as well, regardless of the energy source.
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