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Abstract: The selection of the electric motor for the propulsion system in electric vehicles is a crucial
step, as it determines the final performance of the vehicle. The design of the propulsion system of an
electric vehicle, although similar in principle to that of a conventional endothermic engine, requires
a change in vision. Indeed, the main problem in an electric vehicle is its range, which depends not
only on the weight of the vehicle but also on the type of powertrain, type of transmission and engine,
several factors that are difficult to assess at an early stage. In some cases, during the preliminary
design phase of the propulsion system, one simply estimates the maximum power required by the
vehicle, neglecting the calculation of the range. This evaluation is postponed to later stages, causing
increased complexity and interaction during the propulsion system evaluation process. In this study,
vehicle autonomy is taken into account from the outset with the aim to reduce this iteration. This
paper proposes a preliminary electric motor selection method for land vehicles, highlighting the
importance of smoothing the sampled data of driving cycles. A method for obtaining approximate
efficiency maps of the electric motor is also illustrated, and it is shown how the total gear ratio
affects vehicle energy consumption. Ultimately, this work makes a contribution to the design of more
efficient and high-performance electric vehicles. This topic is more oriented to helping automotive
manufactures choose in a fast and structured way electric motors for their vehicles.

Keywords: efficiency; automotive; electric motor selection; driving cycle simulation

1. Introduction

The automotive market today offers a wide range of vehicles that are very different
from each other both in terms of class (city car, hatchback, SUV, etc.) and motorisation
(endothermic and/or electric). Recently, hybrid cars (equipped with both a combustion
engine and an electric motor, both providing propulsion), in which the primary fuel system
is usually a fuel tank, have made their appearance. Other vehicle classes of current interest
include pure electric (PE) vehicles (i.e., powered by electricity from one or more battery
packs or from an external source), such as trolleybuses. An overview of the state of the art
of electric and hybrid vehicles can be found in [1].

Although battery electric vehicles (BEVs) are a more environmentally friendly choice
than fossil fuel endothermic vehicles, at least in the tank-to-wheel (TTW) evaluation [2],
they are not a foregone conclusion. In fact, a recent study [3] showed that the well-to-wheel
(WTW) efficiency, which links final energy use with primary energy sources, indicates that
the overall primary energy conversion efficiency of electric vehicles is comparable to that
of an internal combustion-powered vehicle (ICPV) and, on average, lower than that of
hybrid vehicles.

The main aspects that limit their market penetration are, compared with their thermal
counterparts, the high initial cost due to the use of several high-capacity batteries, the total
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cost of ownership (TCO), the lower operating range, which has led to the definition of
“range anxiety” [4], the increase in refuelling times and the lack of adequate infrastructure.

Many studies on the TCO have been conducted in countries with a high prevalence
of electric vehicles, such as China, the United States, Japan and the European Union. In
particular, the authors in [5] showed how the TCO depends on the class of vehicle consid-
ered and the average annual mileage, while in [6,7], it is highlighted that the possibility of
charging more cheaply in the garage at home is another determining factor in the evalua-
tion of the TCO. In [8], the authors introduced the consumer-centred TCO and concluded
that consumer choices do not weigh heavily in the evaluation of the running costs of a
vehicle, slowing down the spread of BEVs. Other studies on the TCO [9,10] highlighted the
importance of incentives for a more competitive TCO for electric vehicles.

As far as the public transport vehicle sector is concerned, the TCO is also influenced
by the type of charging of vehicle batteries, which can be either depot charging (DC) or
opportunity charging (OC). DC refers to the condition in which battery packs are designed
to be recharged during breaks, such as overnight charging or a daytime stop. They are
typically recharged either manually by plugging into a power outlet or using pantographs
located at off-road charging stations. OC involves different battery types than DC, which
allows them to be recharged quickly and partially at particular points along the route. OC
of batteries can be performed by direct contact with the pantograph of the charging facility
or through inductive plates; in this case, batteries charged by the OC solution are called
inductive OCs. The unit cost of OCs is higher than DCs, but since they require a lower
capacity, the overall cost is lower in OCs.

In [11], the authors showed how the OC solution is the most advantageous from a TCO
point of view. On the other hand, OCs require the presence of an adequate infrastructure,
which especially in rural areas is difficult to justify. For this reason, the DC option has been
considered in this study. If the OC option is not viable, then the propulsion system must be
designed to minimise energy consumption by increasing the efficiency of the propulsion
system in order to reduce the size of the battery pack. Such reduction brings immediate
economic benefits, as the main expense in BEVs is the energy tank. Furthermore, increasing
the efficiency of the propulsion system leads to a reduction in energy consumption and
thus to a lower TCO as well.

In the selection phase of electric motors, the energy consumption data of motors
are generally not fully declared by the seller. In fact, in most cases, either the maximum
efficiency value of the motor or a limited torque or speed range is given, completely
neglecting the areas of low efficiency (low rotational speed and high torque). In this way,
the evaluation of BEV consumption is underestimated.

As can be deduced from the numerous studies just reporting on the TCO, it is evident
that the evaluation of this parameter is very important and that it is strongly linked to the
high initial purchase cost of batteries as well as to post-purchase energy consumption.

A procedure for optimal selection of electric motors in the public transport sector is
presented below by showing an example aimed at maximum reduction of energy consump-
tion. This study was conducted using an urban electric minibus as a reference, but it can be
extended, with some modifications, to any type of vehicle.

This study is organised as follows. In Section 2, the parameters influencing the
selection of an electric motor for automotive use are given, particularly in reference to
the speed ratio. In Section 3, the entire selection process is discussed, and a preliminary
selection model is introduced. Finally, in Section 4, conclusive remarks on the selection of
electric motors are provided.

2. Main Factors in Choosing an Electric Motor for On-Road Electric Traction

The choice of an electric motor depends on a multitude of parameters, such as the
geographical area in which the vehicle is expected to operate (predominantly flat, hilly
or mountainous), type of route (urban or extra-urban), type of infrastructure (OC or
DC solutions), type of magnetic field flux, speed ratio, speed range, motor technology
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(permanent magnet or induction), power density (nominal and maximum), rotational
inertia, type of control, internal friction, battery pack, required performance (such as
nominal and maximum power and torque), operational range, motor efficiency maps, type
of propulsion (central, wheel, etc.) and the reliability of the engine itself. In addition to
these factors, company agreements also influence the choice of electric motors, leading to
an often suboptimal design of the whole electric vehicle with a reduction in the company’s
profit margin and competitiveness.

Although it is generally preferable to use larger electric motors as their efficiency
increases with an increasing power rating [12], the higher cost associated with their larger
size and complexity may not be justified. Therefore, it is necessary to identify the trade-off
between the minimum power required from the motor and its efficiency.

All these factors mentioned thus far should be evaluated for a correct evaluation of the
propulsion system. Unfortunately, it is generally not possible to evaluate all these parame-
ters using a single model for several reasons, including the lack of data provided by the
seller. In practical research on electric motors, only the following data are usually provided:

. Rated and maximum power (Pnom and Pmax, respectively);

. Rated and maximum torque (Thom and Tmax, respectively);

. Maximum, rated and base rotational speed (Wmax, Wnom and wy,ee, respectively);
e Maximum efficiency;

*  Supply voltage.

This set of information is generally not sufficient for the optimal selection of an electric
motor, as it lacks further data about its actual efficiency over the entire operating range.
The latter can be obtained by evaluating the motor efficiency maps.

From Figure 1, it can be appreciated that the efficiency of the engine is not constant
over its operating range. On the contrary, the optimum value is related to a restricted
area. Assessing only the maximum efficiency results in an overestimation of the vehicle’s
true range. Efficiency maps are generally not easy to obtain, slowing down the evaluation
process of the electric motor.

A I\

Power
Torque

|
\J

Rotational Speed Rotational Speed
(a) (b)

Figure 1. Example of a typical efficiency map for electric motors. (a) Power/speed characteristic.
(b) Torque/speed characteristic.

With the preliminary evaluation model proposed in this study, an attempt is made to
assess this information indirectly by evaluating the data provided in the motor data sheet.
This model involves the definition of multiplicative coefficients that favour the selection of
the most efficient motors.

Speed Ratio

The speed ratio (SR) is defined in this context as a motor parameter according to the
following relationship:

Wmax
R=—= 1
SR = o, ()
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where wmax is the maximum rotational speed of the electric motor and wy, is the rota-
tional speed of the motor at which field weakening begins. It is defined according to the
following expression:
_ D
T,
with P, and T}, being the peak power and peak torque, respectively. To understand the
importance of this parameter, Figure 2 should be examined, where the characteristic curves
of two different types of motors are qualitatively represented. Figure 2a shows a motor
with a high wy,, while Figure 2b shows an electric motor with a limited field-weakening
speed. In general, it is preferable to have motors with a motor characteristic such as the
one in Figure 2b (namely a high SR) because as the value of this parameter increases, there
is a corresponding overall improvement in vehicle performance both uphill and in terms
of acceleration. The speed ratio in Equation (1), along with its characteristics and use, is
discussed in more detail in [13-15]. The evaluation of these parameters is addressed in
more detail in [16] where, in addition to the evaluation of motor efficiency, other parameters
were also evaluated, such as acceleration performance under different operating conditions.
The present work is focused on a selection process based only on basic information readily
available from electric motor manufacturers to facilitate the motor selection operation.

@

Wy

A

Torque (T) — Power (P)

Wy

Rotational Speed ()

(a) Characteristic curve with low SR

>

Torque (T) — Power (P)

y Wmax

Rotational Speed (w)
(b) Characteristic curve with high SR

Figure 2. Comparison of characteristic curves.

3. Electric Motor Selection Process

This section outlines the electric motor selection process proposed in this study. The
first step is to define the context (mountain, hilly or lowland area) and type of electric
vehicle (OC, DC, heating, ventilation and air conditioning, type of powertrain, etc.). The
choice of context also defines the type of driving cycle to be used. The second step is
to define the maximum power and torque required by the vehicle, as shown in Figure 3.
This is accomplished by considering the most critical condition the vehicle faces, which in
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most cases is the uphill acceleration condition. Usually, however, the uphill condition at a
constant speed is taken as a reference, but the power required to accelerate is not taken into
account. Moreover, at this preliminary stage, it is necessary to define the type of powertrain
to be adopted, as this determines both the type of motor to choose and how many.

¥
PR

Definition of imi
Choice of the most maximum power ev;{l:;Ii-gL":?out
appropriate and torque required " d of
driving cycles from the vehicle in contex an t)'l:ﬂ
borderline cases electric veichle

h

Searching for
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on the market

Creation of a table
as shown in table

1

Perform data
smoothing - Consider the
Assign a score to Defining a single option of a
each motor in the - i
v table using Eg.3 gearratio Sl
. OF More gears
Do nothing
h
Selection of the
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efficiency maps maps? consumption
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Figure 3. Flow chart of the electric motor selection process.

3.1. Classification and Preliminary Selection of Motors

Having defined the maximum power required and the type of propulsion, a process of
identification and cataloguing of the electric motors on the market for a specific application
domain is allowed to draw up a report such as the one shown in Table 1. In particular, the
work is focused on electric motors for electric mini-buses.
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Table 1. Preliminary selection table of electric minibus motors. The table contains the actual values of
the electric motors that were used in [16] for a systematic evaluation of motor efficiency.

Power (Kw) Torque (Nm) Rotational Speed (RPM)

1D Type Peak Rated Peak Rated Base Rated Max X
TMF37-21-4 M 180 160 1342 746 1281 2046 4800 3.7
TME35-44-4 M 300 160 1401 1033 2045 1477 4466 22
TMF-35-28-4(1) M 190 120 1341 671 1353 1705 3347 25
TMEF-35-28-4(2) M 190 160 1341 900 1353 1690 3347 2.5
TME-43-33-6 M 300 250 2800 1733 1023 1376 2599 2.5
TMPW32-27-8 PM 260 160 2250 636 1103 2400 5400 49
TMPW38-268 PM 300 160 3100 1017 924 1500 3800 4.1
TM4 MOTIVE
MV275 PM 170 75 275 110 5903 6510 15,000 2.5
T™M4 MOTIVE
MV360 PM 180 105 350 180 4911 5570 15,000 31
AMXE132S PM 151 45 360 107 4005 4000 5000 1.2
AMXE132L PM 157 64 600 245 2499 2500 3850 15
AMEXE160LH 4 PM 165 111 790 530 1994 2000 4200 2.1

PM 209 139 790 530 2526 2000 4900 1.9
TR-09028-W400 PM 90 55 288 135 2984 3500 12,000 4.0
TR-12030-W400 PM 120 50 300 106 3820 4500 12,000 3.1

The table was written while taking into account two particular types of propulsion:
central and in-by-wheel, with the latter indicating the presence of a gearbox between the
motor and the wheel. The listed motors were selected using the characteristics of a typical
medium-sized electric mini-bus.

Once Table 1 was obtained, the resulting data could be used to evaluate a performance
index, which is defined as follows:

PI=B1+B,+ B3+ By 3)

where

B, = K

max

wmax - (Ub max

w
B, = Ky max
Wmax — Wp o
Wmax max
n
p
B3 = Kz—,
max
S
By = K4 -
max

The maximum power density p™®* is the ratio of the maximum power to the mass of

the engine. The rated power density p" has a similar definition. The deviation S is the ratio
between the maximum power required and the rated power if the latter is greater than the
power required, or vice versa. All these values were normalised to the maximum value in
the table.

The coefficients K; fori = 1,...,4 comply with the rule Z?:l K; = 1. They are weights
assigned according to the characteristics that the designer wishes to emphasise the most. A
possible choice of parameters could be K; = 0.3,K; = 0.1, K3 = 0.3, K4 = 0.3. This choice of
parameters is suggested by the desire to have a motor with high SR but, at the same time, a
“dense” rated power as close as possible to the maximum power required, with the rated
power being the one with the highest efficiency. This favours both the energy efficiency of
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the motor and its simplicity, as motors with high SR also have high motor speed ranges.
The evaluation must be made by comparing only similar powertrain configurations with
each other. It is clear from the previous definitions that the performance index PI ranges
from 0 to 1.

This simple evaluation model is aimed at an initial skim to thoroughly evaluate, in
this case, a small number of motors. The motor or motors that receive the highest score will
be evaluated in more detail, as illustrated in the following sections.

3.2. Preliminary Data Processing before the Simulation of a Driving Cycle

The evaluation of fuel consumption and range is crucial, especially in the case of
electric motorisation, due to known battery problems. It is therefore necessary to run
simulations on driving cycles that reflect the intended use of the vehicle as closely as
possible. One of the most frequently used driving cycles for the evaluation of electric buses
is the “Manhattan Bus Cycle” [17]. This driving cycle is considered an excellent simulation
platform for city buses [18] and has the following characteristics:

. A maximum speed of 40.7 km/h;

e A maximum sampled acceleration of 2.2 m/s?;
¢ Apathlength of 3.3 km;

¢ Acycle time of 1089 s.

The driving cycle is one of the inputs to the vehicle dynamic model and is necessary for
the evaluation of fuel consumption and performance. In more comprehensive simulations,
a battery discharge model is also implemented which takes into account the nonlinearity of
a battery charging and discharging as the current intensity varies.

“Sampled” drive cycles, such as the one used in this study, typically exhibit rather large
fluctuations in values due to the sampling accuracy of the device, producing discontinuities
in velocity, acceleration and jerk. These discontinuities in acceleration produce power and
torque peaks well above those actually required. A PID control on the model dampens these
effects, but it is believed that reworking through interpolation of the data is also necessary
to reduce the negative effects in the calculations due to high jerk values. The analysis of
this last value, the jerk, is important, as it provides information on the type of acceleration.
In a recent study published in the journal “Sensors” [19], the author proposed a system
that automatically adapts the motor torque according to the user’s preferences—detected
through a dedicated user interface—by analysing the jerk.

Figures 4-6 show extracts of the driving cycle before and after data processing, with
interpolation performed using a Gaussian filter with a smoothing factor of 0.0002 on the
speed data in MATLAB® (R2022b MathWorks Natick, MA, USA) software.

Jerk
15+

— Interpolated
10 — Actual

O_MMN” | .HM l”HNM l'lN Mll l |
| ‘umumm Ll iHu‘mM \’MV uHH

Jerk [m/s3]

10 15 20 25 30 35 40

Time [s]
Figure 4. Difference in jerk before (red) and after (black) data processing. The initial model had jerk
values in the module of 15 m/s3, which were obviously insurmountable by the city bus.
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Figure 5. Difference in acceleration before (red) and after (black) data processing. Interpolation
provides a more linear and realistic speed profile.

Speed

— Interpolated
10+ |—Actual

0 ‘ ‘ ‘ ‘ ‘
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Figure 6. Speed difference before (red) and after (black) data processing. The velocity profile is
practically identical to that before interpolation.

A possible variation in the calculated distance between the raw and interpolated data
was also assessed. In this case, a distinction must be made between the cumulative error and
final error. The cumulative error refers to the current relative error up to the i integration
step, whereas the final error refers to the final difference between the interpolated and
raw paths. The cumulative error is influenced by the interpolating model and the level of
interpolation intensity, while the final error, on the other hand, is practically insensitive to
it. However, attention must be paid to the cumulative error, as this is due to variations in
acceleration and is directly related to the power required to compensate for the inertial force,
the main actor in urban consumption. For this reason, it is suggested to pay attention to the
processing of data, as extensive processing could substantially alter the simulated data. At
the same time, a moderate interpolation in order to limit the effects due to discontinuous
shocks is suggested.

3.3. Determination of Approximate Efficiency Maps

Another input for the vehicle dynamic model is motor efficiency maps, which are
generally not easily obtainable. For this reason, approximate efficiency maps (AEMs) are
used, which are efficiency maps which are assumed so that energy consumption can be
evaluated even without having the actual motor efficiency map. However, it is necessary
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to know the type of electric motor (PMS, BLDC, etc.), as this makes it possible to determine
the approximate values for the loss coefficients of the known efficiency index #:

- Tw
-~ Tw + K T? + kjw + kw3 + C

1 @)
where T and w are the values of the torque and rotational speed currents of the motor,
respectively, k. is the coefficient of losses in the copper and is obviously reduced in per-
manent magnet motors, k; represents the losses in the iron, komegq represents the viscous
friction losses and C is the always constant losses [20]. There are other models that can be
used in this respect, such as the one proposed in [21]. In this case, it was decided to use
Equation (4), as its interpretation is physically simpler.

Starting from the reference values of K. = 0.3 (Nms)~!, k;, = 0.01 Nm, Komega =
5 x 107® Nms? and C = 600 Nms ! [20], the AEMs can be obtained by modifying the loss
coefficients so that the AEMs are similar to typical motor efficiency maps. Of course, this
methodology is not accurate or meticulous, but it can provide a more precise assessment
of consumption than simply considering the maximum efficiency stated in the engine
data sheet.

Figure 7 shows an efficiency map of a commercial electric motor designed for light
commercial vehicles. With the aim of trying to obtain the AEM of this motor, the nominal
power curve was considered, obtained by equating the nominal torque multiplied by the
rotational speed with the nominal power. By finding the point of intersection between the
nominal rotational speed, the nominal torque and the nominal power curve, the zone of
maximum efficiency was centered. In Figure 7, this is represented by the central green
isoline with a value of 0.95. This efficiency value is the one given in the data sheet and
represents the maximum efficiency of the electric motor under study.

Efficiency Map

&
&

250t ||\ 3 ]

07—
0.93

200

Torque [Nm]
=Y
a1
(@]

100

50| |

200 400 600 800 1000 1200
Rotational Speed [rad/s]

Figure 7. Example of an approximate efficiency map. Isolines indicate regions of equal efficiency. The
two dark lines indicate the maximum and nominal power lines.

Once the AEM is obtained, it is possible to conclude the fuel consumption evaluation
and obtain the results for the vehicle energy expenditure per cycle and calculate the
approximate range of the vehicle.

3.4. Evaluation of the Efficiency Ratio

Having made all the assessments shown thus far, the following step is to determine
the transmission ratio or ratios. In fact, although the electric motor is generally associated
with the advantage of simplifying the mechanics of the vehicle, especially its gearbox, there
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are numerous studies suggesting the use of transmissions with at least two ratios ([22-24],
just to name a few), but it is possible to find vast research on this subject.

The reason for using a transmission with two or more ratios is that the motor op-
erating points are in the most efficient zones. With reference to Figure 7, it can be seen
that the motor zones low speed /high torque and high speed/low torque had much lower
efficiencies than the central zones of the motor characteristic.

A motor with a high SR can be associated with a single ratio, whereas motors with
a lower SR may generally require an extra ratio not only for kinematic reasons but also
for efficiency.

However, in cases where the electric motor is not already integrated with an automatic
transmission, some commercial vehicle manufacturers prefer to adopt a single-ratio solution.
In this case, it is necessary to assess the “optimal ratio” that minimises consumption. This
evaluation can be performed by implementing a calculation algorithm that minimises the
energy consumption per cycle. The alghoritms used in the present study were published at
https://github.com/AlbinEV /Electric_Veichle_Powertrain (accessed on 4 Febraury 2023).

Figure 8 shows how the energy consumption per cycle varied with the single total
gear ratio (gear ratio between the drive axle and wheel axle). The optimal gear ratio
even depended on the driving cycle used since, by changing the speed profile, the power
required and the power dissipation could also vary greatly. (Think of the power needed
to accelerate the vehicle and the losses in the copper.) In addition, terrain with uphill and
downhill gradients was not taken into account in this case, which would lead to changing
the total gear ratio to higher values in order to try to avoid low-speed, high-torque areas,
a frequent situation when driving uphill. Another important factor is regenerative braking.
The amount of recoverable energy depends on the braking torque and engine speed. A good
strategy is to increase the ratio under braking conditions. This option, however, implies
greater complexity of the propulsion system.

90 kW Electric Motor
2.04

2.02

Energy Cosnumption per Cycle (kWh)

10 15 20 25
Overall Gear Ratio

Figure 8. Variation in fuel consumption as a function of the total gear ratio (gearbox, differential and
final drive), with a maximum power of 90 kW.

4. Conclusions and Further Works

In this paper, a procedure for the selection of electric motors of land vehicles is
presented. It is based on a preliminary parametric model which makes use of data from
electric motors available on the market. In this way, several motors can be evaluated
simultaneously, and an initial skimming may be carried out. This is followed by a more
in-depth analysis of the type of motor to be selected and the total gear ratio to be used to
reduce consumption.
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A more comprehensive evaluation would require the simulation of several driving
cycles, as carried out in [25] and published in the journal “Applied System Innovation”.
Another possibility would be to create a customised urban cycle, optimising the vehicle
for a specific geographic or urban area. A study based on this concept was conducted by
Ritari et al. [23].

This study shows that the use of a single-speed transmission could be a good solution,
as long as the gear ratio is similar to the fuel-minimising one and there are no limitations
due to high engine torque demands. However, if the gear ratio is significantly different
from the fuel-minimising one, then it may be necessary to consider using a multi-gear
transmission to ensure optimal engine operation.

Furthermore, in order to obtain accurate simulation results, it is necessary to perform a
preprocessing phase on the driving cycle data. This analysis will be further investigated in
a future study, in which a sensitivity analysis will be conducted to quantitatively assess how
the absence of preprocessing may affect the simulation results. However, the code utilised
in this paper was published at https:/ /github.com/AlbinEV /Electric_Veichle_Powertrain
(accessed on 4 February 2023) with a GPL license, and it is possible to independently assess
variations in the efficiency of motors and other calculations.

From the analyses carried out and not reported in this article for the sake of conciseness,
it is clear that copper losses were generally the main energy losses in electric motors during
their driving cycles, mainly due to the high torques developed during acceleration. In the
case of routes in hilly and mountainous areas, consumption related to copper losses would
increase, which was also aggravated by uphill climbs (low revs and high torques). For this
reason, if the electric bus is intended for a flat hilly area, a more economical induction motor
could be considered the optimal solution, limiting the motor torques accordingly, whereas
for buses intended for more general use or for hilly or mountainous areas, a permanent
magnet motor is definitely the best solution. These additional conclusions emerged during
the development of the present study. Further investigations in future work are deemed
necessary to give them greater validity.
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Abbreviations

The following abbreviations are used in this manuscript:

MDPI  Multidisciplinary Digital Publishing Institute
TCO  Total cost of ownership

PE Pure electric

SUV  Sport utility vehicle

BEV Battery electric vehicle

OoC Opportunity charging

DC Depot charging

SR Speed ratio

PID Proportional-integral-derivative
AEM  Approximate efficiency maps
PMS  Permanent magnet synchronous
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BLDC  Brushless direct current

TTW  Tank-to-wheels

WTW  Well-to-wheels

ICPV  Internal combustion-powered vehicles
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