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Abstract

In early-stage vehicle design, there is a significant lack of knowledge about the impact of design requirements on the design of subsystems, the
resulting knock-on effects between subsystems and the vehicle’s overall performance. This leads to a sub-optimal vehicle design with increased
design iterations. To mitigate this lack of knowledge, a cross-scalar design tool consisting of an induction motor model is presented in this paper.
The tool calculates the motor’s attributes, namely its volume, mass, and the performance it can deliver to satisfy a given drive cycle’s requirements.
This is achieved by breaking down the drive cycle requirements into motor parameters from which the various power losses are derived. These
key losses are then utilised to develop the torque/speed curve. Furthermore, it is proposed that the motor’s attributes can be used to design other
subsystems and consequently analyse their interaction effects. For example, the motor’s attributes can be used to design regenerative brakes and
consequently analyse their influence on brake wear, lifetime, and energy savings. Thus, the design tool enables the design of efficient vehicles with
minimised design iterations by analysing the influence of design requirements on the subsystem’s design and the consequent interaction effects

among the subsystems and on the vehicle’s overall performance.
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1. Introduction

With the increasing need to reduce greenhouse gas emissions
and energy usage of vehicles, the vehicle industry has shifted
its goal towards developing sustainable and efficient solutions.
However, this shift entails the need to reformulate the approach
to designing vehicles, as the conventional approach to vehicle
design is conservative and possibly biased [8].

In the conventional vehicle design approach, the design of
the next generation of vehicles is typically based on the design
of previous generations. As a result, the objectives at the vehicle
level and subsystem level become more focused on improving
existing solutions rather than developing new solutions. More-
over, if a new solution is implemented in the existing vehicle
design, it could lead to under-utilisation of the subsystem and
possibly adverse effects on other subsystems. This could be be-
cause the current vehicle design process is preconditioned to
the existing solutions [7]. Thus, the conventional approach to
developing vehicles is very restrictive to introducing significant
technological changes, and as a result, does not lead to signifi-
cant improvements.

2212-8271 © 2023 The Authors. Published by Elsevier B.V.

To enable this improvement, it is important to influence the
design in the early stages where there is freedom for mak-
ing significant changes [11]. However, one of the biggest chal-
lenges in influencing design in early-stage vehicle design is the
lack of knowledge. This can be attributed to a design problem
commonly referred to as the design paradox [8]. In the early
stages of vehicle design, there is a lack of knowledge about the
influence of transport-level design requirements over the design
choices at the vehicle level and subsystem level, the resulting
knock-on effects between the subsystems, and the overall per-
formance of the vehicle. This lack of knowledge results in a
sub-optimal vehicle design with increased design iterations.

Thus, to mitigate these drawbacks of the conventional ap-
proach, a cross-scalar design tool consisting of an induction
motor model is presented in this paper. The tool calculates the
motor’s physical attributes (volume and mass), performance at-
tributes (rated torque, maximum torque, and maximum power),
and performance characteristics (torque-speed curve) to satisfy
a given drive cycle’s requirements. The tool achieves this by
breaking down transport-level requirements into design require-
ments at the vehicle level and then further down to motor-level
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design requirements. However, unlike the conventional design
approach, this design tool does not consider these subsystem-
level design requirements as independent, but as a complex net-
work of trade-offs.

This is achieved by developing the design tool as functional
blocks where each block is a nested subsystem of the vehicle
system. The design requirements of each block come from an-
other block in the network. Thus, any changes made in one
block affect the consequent blocks. This arrangement can also
be imagined as a network, where each node is a vehicle’s sub-
system or component and the edges connecting the nodes are
the design requirements passing from one node to the other.
Thus, the design tool enables a holistic analysis of the influ-
ence of design requirements at the transport level on the design
of the vehicle’s subsystems and the consequent interaction ef-
fects among the subsystems and on the vehicle’s overall per-
formance. This analysis further helps the designer to develop
efficient vehicles with minimised design iterations.

Nomenclature

a;  Acceleration at specified position (17/s?)

D, Rotor diameter (m)

f Supply frequency (Hz)

F;  Required tractive force at specified position (kN)
k.  Eddy current loss coefficient

k,  Hysteresis loss coefficient

k,  Windage and bearing losses coefficient (Ws*/m®)
i Gear ratio

Is  Stator current (A)

Rotor current (A)

[ Length of the motor (m)

m  Mass of the vehicle (kg)

me, Equivalent mass of the train (kg)

m;  Load on train (passengers and/or cargo) (kg)

m,, Number of phases

n, Speed of the motor (rpm)

n,  Speed of the rotor (rpm)

npese Base speed of the motor (rpm)

nrareq Required rated speed of the motor (rpm)

p  Number of pole pairs

P,q.aRequired rated power (kW)

P, Required tractive power at specified position (kW)
R, Rotor resistance (2)

Rs  Stator resistance (Q)

r,»  Radius of the wheel (m)

U; Line-to-line voltage (V)

v;  Velocity of the vehicle at specified position (m/s)
v,  Surface speed of the rotor (m/s)

cos¢ Power factor

K Relative mass addition

7, Stator pole pitch (m)

In this paper, the design tool is illustrated using conceptual
rail vehicles as an example and the paper is organised as fol-
lows. In Section 2, the method followed to convert the drive cy-
cle information into motor-level information is explained in two
significant steps. These steps include the methods followed to
derive the motor input parameters, power losses, and the torque-
speed curve. In Section 3, the results obtained from the model,
validation of the results, and the manner in which the results
can be utilised to make design choices for other subsystems are
briefly explained. In Section 4, the current limitations and possi-
ble future capabilities of the design tool are introduced. Finally,
a summary and conclusions are provided in Section 5.

2. Method

In this section, the two major operations performed by the
design tool are presented as two steps. In the first step, the
method followed to convert the conventional drive cycle in-
formation into motor input parameters is explained. The drive
cycle usually contains information about the distance, veloc-
ity, and relative track elevation. The motor input parameters
are required rated power and rated speed. In the second step,
the method followed to convert the motor input parameters to
the motor’s physical and performance attributes is explained.
The motor’s physical attributes are its volume and mass, and
the performance attributes are rated torque, maximum torque,
and maximum power. The overall procedure of the design tool
is presented as a flowchart in Figure 1.
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Fig. 1. Flowchart representing the steps involved in the design tool development

2.1. Step 1: Drive cycle information to Motor-level parameters

The objective of this step is to calculate the input parameters
to the motor model from the drive cycle information. The input
parameters are the required rated power and the required rated
speed. Rated power is the maximum power with which the mo-
tor may run continuously over a long period of time and rated
speed is the speed at which the maximum power occurs. The re-
lationship between power and speed for a vehicle using electric
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motors for traction is depicted in Figure 2. The region in which
the power increases is called the constant force/constant torque
region. It increases up to a speed called the base speed. The
base speed corresponds to the rated speed for the motor model
in this paper. After the base speed, the power remains constant,
and this region is called the constant power region.

Power Vs Speed

Constan
Force

Constant
Power

Power (kW)

| /— Base speed

Vehicle speed (km/h)

Fig. 2. Power and speed relationship of vehicle using electric traction motors

The drive cycle consists of information about the elevation
of the track with respect to the start position and the velocity
of the vehicle at every sampled position of the chosen route. A
typical representation of a rail vehicle’s drive cycle is presented
in Figure 3. From this information, the motor input parameters
are determined using the Newtonian equations of motion [1].
The required tractive power P;, at every position along the track
is calculated using Equation 1. The required tractive force F;,
is calculated using Equation 2. The acceleration of the vehi-
cle a; at every sampled position of the track is calculated using
Equation 3. The equivalent mass of the vehicle m,, is calculated
using Equation 4.

Drive cycle of a rail vehicle
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Fig. 3. Representation of typical drive cycle of a train
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Equations 1 to 4 can be used to estimate the required tractive
power at every sampled position of the track. However, to ob-
tain more accurate information about the required power, differ-
ent factors need to be taken into account, such as the different
resistances experienced by the vehicle (viz., the aerodynamic
resistance, curving resistance, gradient resistance, and rolling
resistance), the maximum available adhesion, and the corre-
sponding available traction force at every position of the track.
The current design tool considers all these factors and calcu-
lates the required power at every position of the track and the
result is displayed in Figure 4. It can be noted that it is similar to
the relationship presented in Figure 2. However, the calculated
power is the power required for the entire vehicle. To determine
the power required per motor, the power is divided by the num-
ber of motors in the vehicle. Thus, the rated power per motor
is calculated. The rated speed is calculated by identifying the
speed at which the maximum power occurs. The vehicle speed
is translated into motor speed using Equation 5.

0 Calculated power and speed characteristics
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Fig. 4. Calculated power-speed characteristics of the high-speed rail drive cycle

_ v30i 5
"~ 3.61r, )

Ny,

2.2. Step 2: Induction motor model

The objective of this step is to develop an induction motor
model that calculates the motor’s physical attributes, perfor-
mance attributes, and performance characteristics that satisfy
the power and speed requirements obtained from the drive cy-
cle. The design procedure followed is inspired by the versions
presented in [2, 9]. The major steps involved to develop such a
motor model are represented as a flowchart in Figure 1.

Initially, the input parameters are used to calculate the main
dimensions of the motor such as its diameter, length, volume,
and air-gap between the stator and the rotor. Some assumptions
are made about the geometrical, electrical, and magnetic param-
eters of the motor to perform this calculation. The main dimen-
sions are then used to calculate the equivalent circuit parame-
ters such as the resistance, current, reactance, and impedance
of both the stator and rotor. These parameters are vital as they
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are used to calculate the different power losses experienced by
the motor. The power loss calculation is an important step in
developing the induction motor model since they are used to
calculate the performance characteristics of the motor such as
the torque-speed curve.

An electric motor is a device that converts electrical energy
into mechanical energy. During this conversion, the motor will
experience different power losses which occur in the form of
heat at different stages of this conversion as depicted in Figure
5.
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Fig. 5. Power-flow diagram of induction motor

The power delivered at the motor shaft and the correspond-
ing torque are calculated using Equation 6 and Equation 7 re-
spectively. The electrical input power to an induction motor is
calculated using Equation 8. The supplied current flows through
the stator windings and causes the stator copper losses (Pcy ).
The stator copper losses constitute the majority of losses and
are calculated using Equation 9. The stator current causes a ro-
tating magnetic field which leads to eddy current and hysteresis
losses which are commonly referred to as core or iron losses.
The core losses are a function of the frequency, the magnetis-
ing flux, the material being utilised in the motor, and also the
equivalent circuit parameters of the motor. An approximation
of the core or iron losses is calculated using Equation 10. The
remaining power is then transferred to the rotor across the air-
gap and referred to as the air-gap power (P¢). The transferred
power causes a torque in the rotor and thus the rotor rotates,
and at this stage, the rotor experiences copper losses. These are
called rotor copper losses (Pcy,) and are calculated using Equa-
tion 11. The remaining power is converted to mechanical energy
(Pyec)- In addition to the electrical and magnetic losses, the
motor experiences mechanical losses such as friction, windage,
and ventilation losses (P,) and are calculated using Equation
12. In some cases, there are some unaccounted losses called
stray losses (Py;4y). These losses are not considered in this pa-
per. The equations are derived from [2, 3, 9] for calculating the
various power losses, input and output power, and the torque
developed.
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Py, 160
Tow =
! 2nn, )

P, = V3U I cos ¢ 8)
Pcus = myI*R, )
Pre = knf @y, + ko f*®;, (10)
Pcy, = myI°R, (11)
P, = k,D(l, + 0.67,)v? (12)

This design, however, is for one specific frequency of the
motor. This frequency is known as the base supply frequency
and it corresponds to the base speed of the motor as explained
through Equation 13. To develop the torque-speed curve of the
motor across its entire operating range, a control logic known as
Variable-Voltage-Variable-Frequency (VVVF) is implemented
[2, 3, 4, 9]. The control logic regulates the voltage and the fre-
quency supplied to the motor throughout the motor’s entire op-
erating range. Similar to the power, the input voltage is increas-
ing until the base frequency, and it is constant after the base
frequency. Thus, it facilitates a constant-torque region until the
base frequency and a constant-power region after the base fre-
quency.

3. Results and Discussion

The motor’s physical and performance attributes calculated
by the design tool, based on two different drive cycle require-
ments, namely the high-speed train and the metro, are tabulated
in Table 1. The derived performance characteristics, namely the
torque-speed curve is displayed in Figure 6. It can be noted that
for the high-speed train in Table 1, in the first configuration,
the maximum values of power and torque are almost twice their
respective rated values. However, this is not the case in all sit-
uations. This ratio of maximum to rated values of power and
torque can vary based on the type of the train [13], but they are
largely dependent on the thermal capabilities of the traction sys-
tem [1]. This includes the insulation, cooling method utilised,
and the limit up to which the traction converters, inverters, and
motor are allowed to overheat before they fail.

Since the input requirements were that the motor should be
able to produce a power of 683 kW and a torque of 5.625 kNm
continuously for longer operation times with the available ther-
mal capabilities, the design tool produces an oversized motor
design. In this design, the required power and torque are almost
half the maximum power and torque of the motor. This way the
motor always runs at a lower level than its maximum capabil-
ity and thus does not overheat. However, these constraints and
requirements lead to a heavier motor.

There are also other design parameters such as the frequency
and the rated speed of the motor, which can influence the ratio
without modifying the thermal capability of the motor. Keeping
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the other parameters constant, increasing the frequency and the
rated speed of the motor has a negative effect on the output
torque. Thus, for a given thermal capability of the motor, the
frequency and the corresponding rated speed are increased such
that the ratio is lower and the results are tabulated in Table 1
under configuration 2 of the high-speed train. In this case, it can
be noted that there is a considerable difference in the physical
attributes of the motor, especially the mass of the motor, which
is almost half the mass value in configuration 1.

A similar analysis is performed using a drive cycle of a metro
to test the robustness of the design tool and the results are tabu-
lated in Table 1. However, in configuration 2 of the metro train
in Table 1, it can be seen that there are no significant changes
in the maximum power and maximum torque when compared
with the results in configuration 1 of the metro train. This is be-
cause the frequency of configuration 2 is decreased compared
to configuration 1, which would increase the maximum values.
And the rated speed is increased compared to configuration 1,
which would decrease the maximum values. Thus, the ratio can
also be kept similar while altering the design parameters.

Thus, it is inferred that the design tool can be utilised to un-
derstand the influence of design requirements on the design pa-
rameters for the motor, and consequently the manner in which
these identified parameters influence the different attributes of
the motor and in turn the performance of the vehicle. This
would thus help a designer to understand the consequences of
different choices and help design a vehicle/subsystem based on
the requirements.

Table 1. Results obtained from the design tool for different configurations of
high-speed and metro train drive cycles

Attribute Configuration 1  Configuration 2
Frequency (Hz) 37 50
Rated speed (rpm) 1061 2000
High Rated Torque (kN) 5.625 5.625
Speed Maximum Torque (kN) 10.317 5.812
Train Rated Power (kW) 683.00 683.00
Maximum Power (kW) 1163.752 839.105
Volume of the motor (m?)  0.560 0.303
Mass of the motor (kg) 3660.564 1906.181
Frequency (Hz) 60 50
Rated speed (rpm) 1836 2000
Rated Torque (kN) 1.264 1.264
Metro Maximum Torque (kN) 2.292 2.123
Train Rated Power (kW) 250 250
Maximum Power (kW) 418.762 323.751
Volume of the motor (m)  0.125 0.115
Mass of the motor (kg) 757.923 691.951

Furthermore, an analysis is performed using the design tool
to understand the influence of different design variables on a
specific objective function. The influence of varying different
design variables such as the air-gap of the motor (g), the num-
ber of stator turns (N;), the length of the motor (L), and the
resistance of the rotor (R,) on the output torque (7) is anal-
ysed and the results are depicted in Figure 7. The behaviour
obtained from this analysis is similar to the results presented in

Torque Vs Speed for variable V/f
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Base speed / Base frequency
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Rotor speed (rpm)

Fig. 6. Torque-speed characteristics obtained from design tool for high-speed
train drive cycle

[6, 10] and thus further helps in validating the results obtained
from the design tool. This information could help the designer
to understand which design variables to modify to influence the
objective function as required.

Behaviour analysis
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Fig. 7. Torque behaviour with respect to variation in different design parameters

4. Future work

The design tool is developed in a detailed manner to make it
robust. However, the extensive nature of the design tool results
in an increased number of parameters that need to be assumed.
This can lead to a situation where a desired property cannot be
controlled. For example, it would be beneficial to control the ra-
tio of maximum to rated values of power and torque. However,
it cannot be controlled since it is a consequence of the inter-
action between various parameters. Therefore, an extensive un-
certainty and sensitivity analysis shall be performed. This will
help in identifying the influential parameters and understand-
ing the relationship between the influential parameters and the
desired output and in turn help in controlling the design tool.
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Moreover, to extend the capabilities of the design tool, other
subsystems have to be developed and integrated into the design
tool. This would help in performing the subsystem interaction
analysis.

For example, the influence of motor design on braking sys-
tem design can be analysed. The braking system in rail vehicles
consists of mechanical brakes (disc brakes) and regenerative
brakes (the direction of traction motors is reversed to produce
braking force). The mechanical brakes design depends on the
required brake force and thermal capabilities [5]. And the me-
chanical brakes are utilised only when the regenerative brakes
are insufficient. Thus, if the traction motor is designed such that
sufficient braking force is provided, and if regenerative capa-
bilities can be utilised to their maximum, the utilisation of me-
chanical brakes could be limited. This would mean the number
of brake discs required, the brake wear, and the energy con-
sumption can be improved by improving the design of regener-
ative braking and mechanical braking systems [12]. This anal-
ysis shall be performed in the future by developing the braking
system and integrating it into the design tool.

Furthermore, the gear ratio and the wheel diameter are im-
portant design parameters which can influence the maximum
torque, maximum power per motor and number of motors re-
quired. Therefore, the influence of gear ratio and wheel diame-
ter on the required number of traction motors, the required num-
ber of powered axles for a vehicle, and the corresponding axle
loads shall be analysed.

5. Summary and Conclusion

In this paper, a design tool consisting of an induction mo-
tor model that translates the drive cycle requirements to motor
attributes has been presented. The two major operations per-
formed by the design tool have been presented as two steps. In
the first step, the method to translate the drive cycle information
to motor input parameters has been explained. In the second
step, the method to calculate the motor’s physical and perfor-
mance attributes from the motor parameters has been explained.
The analysis performed with different drive cycles and motor
configurations indicated that the design tool is capable of influ-
encing the motor design based on the drive cycle requirements.
Furthermore, the behavioural analysis performed indicated that
the design tool is able to influence the motor attributes by vary-
ing different design parameters. The results obtained from the
behaviour analysis are similar to the results presented in previ-
ous research works. This helps in validating the methodology
of the design tool. Although the design tool is developed to be
robust, there are certain limitations which need to be addressed
in the future. An extensive uncertainty and sensitivity analy-
sis shall be performed to understand the relationship between
different design parameters and the desired output. Other sub-
systems and components of the vehicle (the braking system, the
gearbox, and the wheels) shall be integrated into the design tool
to extend the capabilities of the design tool. This would enable
the design tool to analyse the influence of design requirements
on the design of different subsystems and the interaction ef-
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fects among the subsystem’s design and performance parame-
ters. This shall further help in developing efficient vehicles with
minimised design iterations.
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