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Abstract: In this study, the development of vehicle dynamics models and analysis has been carried out for a light
electric vehicle (LEV) based on a force model, torque, power-speed profile, the driving cycle, and motor parame-
ters. The proposed customized Electric Propulsion System (EPS) of the LEV consists of a unique 1.5 kW, 3-phase,
4-pole rectangular wave operation Permanent Magnet Brushless DC (PMBLDC) motor with a battery as an energy
storage system, which is capable of running at speeds of about 30 km hr™! up to 40 km hr~! with a curb weight
of 200 kg. Successfully integrating and optimizing the multidisciplinary subcomponents including Vehicle Body
Structure (VBS), Electric Propulsion System (EPS), Energy Storage System (ESS), and Energy Management System
(EMS) of the LEV system requires addressing challenges such as weight, safety, reliability, and cost while meeting
the demands of diverse driving profiles and operational conditions. A simulation case study for the performance
analysis of a 1.5 kW battery-supported motor drive for the LEV has been carried out. Experiments have also been
conducted on the performance of the permanent magnet brushless DC (PMBLDC) motor under different load condi-
tions. From the case study, it has been found that the designed customized drive achieves maximum torque density
with small torque pulsation through design optimization and a cost-effective Proportional Integral (PI) Control tech-
nique. Furthermore, the drive eliminates input distortions and is characterized by low power consumption and high
efficiency.

Keywords: Light Electric Vehicles; Design Model; PMBLDC Hub Motor Drive; Vehicle Dynamics; High-Speed Control
Accuracy; Experimental Validation

1. Introduction

Concerns on climate change due to pollution from fossil fuel use, specifically in transportation, have led to
significant interest in opting for light electric vehicles (LEVs) rather than internal combustion engine vehicles (ICEs).
The performance study and analysis are requirements for the desired application. The key requirements of LEVs
are reliability, precise accuracy in high-speed control, good dynamic response, noise pollution-free operation, high
efficiency with cost-effectiveness, and low maintenance, for which the appropriate choice of electrical machine
and drive technology is a key factor. This key factor is known as the powertrain of the LEV, which depends on the
performance study and analysis of the Propulsion System (PS) design of the LEV drive. However, it is an intricate
process. In this intricate process, the vehicle dynamics-based propulsion system design methodology will serve
as a primary foundation to develop a detailed LEV drive. Electric Vehicle Technology (EVT) [1-3] is an integration
of subsystems namely the Vehicle Body Structure (VBS), Electric Propulsion System (EPS), Energy Storage System
(ESS), and Energy Management System (EMS). Hence, it is an integration of diversified fields of engineering.
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Normally LEVs are preferable for short-distance driving at low speeds with a maximum number of stops asso-
ciated with comfortable charging points within the distance to be travelled. The challenging requirements of light
electric vehicles are:

1. Vehicle characteristics: such as size, weight, overload and aerodynamics in order to determine the speed,
torque and power required by the motor which are essential for the precise selection of the powertrain.

2. Driving Cycle: i.e., the usage of LEV, in order to determine the configuration of the vehicle and battery size
which will impact the choice of the powertrain.

3. Vehicle configuration: i.e., either totally electric or hybrid type.

4. Maximum Speed: i.e., to know the continuous maximum speed of the LEV for a given time duration in order to
determine the maximum speed of the motor.

5.  Maximum Torque: i.e., required to facilitate the LEV in hill climbing mode with maximum weight.

6. Maximum Power: i.e., required for power to the LEV to reach and maintain a constant speed under stringent
slope and speed conditions. In order to calculate the maximum power in addition to the forces needed for the
hill climb slope drag and friction coefficients are taken into account. Hence, motor selection for LEV applica-
tions should be for the worst hill climb conditions without time limitation.

7. Battery as Energy Source: i.e., required for typical usage of the LEV which can be calculated from the consump-
tion of the vehicle in kWh km™1. The capacity of the energy source or battery can be calculated by multiplying
it with the desired range, and the battery voltage is dependent on the size of the vehicle and, finally, the cost
of the LEV. Selection of electric motor for electric vehicle application depends upon these above-mentioned
points in addition to with or without gearbox and the cost [4].

The selection of the electric motor for electric vehicle applications depends on the above-mentioned points,
in addition to whether it has a gearbox and the cost. Hence, suitable integration and coordination of all the com-
ponents of this system is of utmost importance to address issues like weight, volume, driving profile, transport
operating and temperature conditions, safety, reliability, and cost economics. To propel the vehicle and to over-
come the aerodynamic drag, rolling resistance drag and kinetic resistance, the EPS system is required. This system
converts electrical power into mechanical power. The schematic diagram of the EPS is shown in Figure 1. This
system primarily consists of a motor, converter, controller unit, and energy storage, among which the motor is
considered the “heart” of the EPS applicable to EV.
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Figure 1. Battery electric propulsion system.

Hence, a major challenging area in the suitable configuration of the Electrical Propulsion System (EPS) is the
design, development of the model, analysis, simulations studies and finally possible real-time implementations of
a viable motor-based drive system. The appropriate size and integration of various components of EPS is really an
overall challenging task including the cost [5-7]. Therefore, the key factor of the EV drive system is the suitable
choice of motor and drive technology.

The vehicle operation consists of three main sectors: namely: the starting acceleration, cruising at vehicle
rated speed, and cruising at the maximum speed with minimum power. These three LEV operations provide the
fundamental design constraints for the drive train of the LEV. For viable real-time product manufacturing, the re-
finement of these basic design constraints is necessary, which is beyond the scope of this paper. The main aim at
present is to overcome these design constraints with minimum power [8]. Classification of BLDC Motors is shown
in Figure 2 [9]. Comparative performance parameters, in terms of grading from 1 to 10 points for a few of these
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motors, are also shown in Table 1, in which 1 is the worst and 10 is the best. Technical features of PMBLDC mo-
tors in comparison to other motors, as mentioned in Table 2, show that they are best suited for LEV applications
[10]. Also, the efficiency of Permanent Magnet motors is also higher than that of other motors (greater than 90%)
[11-14].
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Figure 2. LEV motor classification [9].

Table 1. Parameter comparison of EV motors.

SL.No. Parameters IM PMBLDC PMH SRM
1. Torque-speed characteristics 10 10 10 10
2. Power density 05 10 08 06
3. Robustness 08 08 08 10
4. Thermal management 08 10 08 10
5. Status 10 08 06 06
Total 47 54 50 48

The drive technology consists of power electronic converters of different topologies namely inverter, dc-dc
converter, and rectifier, with devices like MOSFET, IGBT, and SiC devices, along with control units of hardware and
software, namely microprocessor (up), microcontroller (pc), Digital Signal Processing(DSP), Field Programmable
Gate Array (FPGA), dSPACE, V/F control, Field Oriented Control (FOC), Direct Torque Control (DTC), Genetic Algo-
rithm (GA), Artificial Neural Network (ANN) work, Fuzzy Logic (FL), and Artificial Intelligence (Al), etc.

The motor to be used for the light electric vehicle drive cannot be compared with standard industrial applica-
tion motors. The appropriate choice of electric vehicle motor depends on torque/speed characteristics. Figure 3a
shows the motor torque/speed characteristics for LEV applications [15], and Figure 3b shows motor torque/speed
characteristics general for industrial purposes [3, 16]. The choice of electric motor is an important feature in the
overall Electric Propulsion System (EPS) design.

Table 2. Comparison of technical features of types of motors [17, 18].

SL.No. Parameters IM PMBLDC DCM

1. Torque-speed characteristics Non-linear Linear Fairly plane

2. Starting current 5-7 times rated current Rated current Twice the rated current
3. Motor rating Reasonable/Low High Low

4. Efficiency Low High Moderate

5. Control Simple and cheaper Complex and costly Simple and cheaper
6. Commutation Not applicable Electronic Brushed

7. Speed range High High Low

8. Slip Present NA NA

9. Noise Moderate Low High

10. Maintenance and durability Regular and high Less and modest Regular and low
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The architecture of the LEV is shown in Figure 4 [19], in which the motor is powered by the batteries through
the electronic controllers. The controller receives the signal for the estimated power to be given for the intended
load situation from zero to full power through the accelerator knob connected to a pair of potentiometers or variable
resistors [6, 20]. The in-wheel hub motor EV drive system is preferable for LEVs because the wheel can be easily
fixed over the hub rotor or outer rotor-based configuration and technology of the PMBLDC motor.
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Figure 3. (a) LEV application torque-speed characteristics, and (b) General industrial application torque-speed
characteristics.
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Figure 4. Architecture of LEV-typical battery electric scooter.

The objective of this paper is to investigate and analyze the vehicle dynamics-based propulsion system design
in order to meet the vehicle operational constraints with minimum power requirements, aiming to arrive the mini-
mum LEV drive weight, volume, and cost-effectiveness. Additionally, the torque produced by the motor of the EPS
must overcome aerodynamic drag and the tractive force of the load i.e., the road and driving conditions. This study
provides insight into the viability of developing such a transport system to find its suitability for the application of
Indian coastal topographical roads, which consists of a combination of ascending altitude, descending altitude and
horizontal drive. In this study, the customized EPS of the LEV consists of a 1.5 kW motor with a battery as an energy
storage system, capable of ascending altitude without increasing the motor rated power and battery capacity, and is

105



New Energy Exploitation and Application | Volume 04 | Issue 01

also capable of running at speeds of about 30 km hr-1 up to 40 km hr-1 to suit Indian coastal topographical driving
conditions.

The case study focuses on (1) vehicle dynamics, and (2) a design methodology based on the three regions of
operation (3) drive cycle analysis to choose power rating of the motor and suitable choice of motor, (4) simulation
case studies of the PS design of the LEV drive for the same vehicle parameters chosen, and (5) validation of the same
by prototype and experimental results. The PS design is developed for a weight of 200 kg, at speeds of 30 km h™? to
40 km h™! and an approximate altitude of 15° to 20°, suitable for both urban and rural driving by incorporating a
1.5 kW PMBLDC hub motor. The presented simulation case study results of the segments of the propulsion system
design for the same vehicle parameters chosen are in line and found suitable for the desired LEV drive. Certainly, in
today’s context, the two-wheeler transportation system has become a need of the society in both urban and rural
areas. This paper presents the LEV propulsion system design philosophies.

The paper is organized as follows: Section 2 provides details related to the design and development of the
dynamic force model applicable to LEVs. This is required to calculate the essential power of the LEV drive. The
forces acting on the vehicle are assessed and the average power needed to drive the vehicle has been calculated.
Further, the simulation case study to analyze both force-speed and power-speed profiles has been carried out and
presented for the chosen vehicle parameters. Section 3 deals with the drive cycle, in which a comparative study is
carried out by considering both the New European Driving Cycle (NEDC) and the Indian Driving Cycle (IDC) for the
same duration of 1200 seconds. The relationship of the torque and speed to the tire diameter has been illustrated
and explained in detail with the aid of a simulation case study of the force model and driving profile for the same
vehicle parameters. From the comparative study analysis of NEDC and IDC, the torque and power profile has been
developed to calculate the required motor power rating, which is 1.5 kW in this case study. In Section 4, the perfor-
mance analysis of the LEV drive for rated speed and at different drive conditions has been evaluated for the same
vehicle parameters chosen in Sections 2 and 3. Further, in this section, it is validated that the selected motor design
parameters and specifications exactly matche the vehicle parameters of Section 2. The performance characteristics
such as output power, output torque, efficiency and input DC current have been obtained. From the presented case
study simulation results, it is observed that the efficiency is high, at about 90% for approximately 1430 rpm, and
the maximum output power is about 48.52 kW at 715 rpm, reaching zero at 1500 rpm. Also, the starting high input
motor current yields a considerable magnetic saturation level of the stator during which the motor speed is much
lower, and as this motor speed increases, the input motor current starts decreasing and reaches zero at 1500 rpm.
The motor rated torque generated is 14.23 Nm without saturation. In Section 5, the experimental implementation
of the propulsion system design with results has been presented. The EPS optimized output is obtained at different
driving conditions. The uniqueness of this work is the investigation and analysis of the vehicle dynamics, which
provides insight into the viability of developing such a transport system to find its suitability for the application of
Indian coastal topographical roads.

2. Design of Dynamic Electric Force Model of LEV Drive

The vital design considerations of LEVs are: torque developed by the motor, power, speed and size of the mo-
tor, and capability of the desired recharging driving range. The electric propulsion system of the LEV is responsible
for converting electrical energy to mechanical energy in such a way that the vehicle is propelled to overcome aero-
dynamic drag, rolling resistance drag and kinetic resistance. Hence, the first step in performance modeling of the
electric scooter is to derive the electric force model, which is essential for the appropriate choice of motor [21]. This
electric force, through the drive wheels, will pass on to the ground, thereby propelling the electric scooter in a for-
ward direction. This electric force should overcome the loading of the road and accelerate the scooter. Therefore,
the designed motor should offer adequate force to overcome: (1) aerodynamic drag, (2) rolling resistance force and
(3) the weight of the scooter acting on the incline, allowing the scooter to accelerate.

The specifications of the LEV propulsion system design are: (1) design constraints, (2) design variables and
(3) road load characteristics.

106



New Energy Exploitation and Application | Volume 04 | Issue 01

2.1. Design Constraints

The vehicle operation consists of three main sectors: namely, the starting acceleration, cruising at vehicle rated
speed, and cruising at the maximum speed with minimum power. These three LEV operations provide the funda-
mental design limitations for the drive train of the vehicle. The main objective of the LEV propulsion system design
is to overcome the vehicle operation constraints: namely: (1) the initial acceleration, (2) cruising at vehicle rated
speed, and (3) cruising at the maximum speed with minimum power. The variable parameters of this propulsion
system design constraint are: (1) rated velocity (v,.,,) of the LEV, (2) specified time (t;) to reach the defined rated
velocity of the LEV, (3) maximum velocity(v__ ) of the LEV, and (4) mass and other body dimensions of the LEV.

max

2.2. Design Variables

The powertrain is the key component of LEV. The variables of the propulsion system designs are: (1) rated
motor power (P_ ), (2) rated motor speed (v,,,), (3) maximum speed of the motor, (4) wide-range constant power
region operation beyond the rated speed, and (5) the gear ratio between the shaft of the motor and the wheel.
As stated above, the main objective of the LEV propulsion system design is to ascertain the minimum weight of
the drivetrain, its volume and cost which will meet the propulsion design constraints with minimum power. LEV
propulsion system design is to be addressed first.

2.3. Road Load Characteristics

The road load consists of rolling resistance, aerodynamic drag, and climbing resistance. The design of the
electric force model incorporates the following force equations:
Rolling Resistance Force,
Ff = CryMyen g#t (1)

where C,., the coefficient of rolling resistance is, m,,y, is the curb weight (kg) or total mass of the LEV, andg is
the gravity (9.8 m s™2). This force is due to the friction of the scooter tire on the road, which can be determined
depending on rolling resistance and scooter weight.
Aerodynamic Drag Force,
Fy = 0.5CdAfpavesz# (2)

Where C; is the drag coefficient, Ay is the front area (m?), P density of the air (kg m?~), and Veff = Vpen + Vair, IS
velocity of the vehicle relative to air.
This force is determined by the scooter’s body design and the airborne surface area.
Hill Climbing Force,
Fy = Fysin(a) =m_,, gsin(a) # (3)

This force is related to the acting slope and vehicle weight, whereF; is the gravitational force and « is the slope.
Inertial Force,
Fy = myepa#t (4)

where a is the acceleration. This force is the linear acceleration of the scooter, derived from Newton’s second law.
Total Propulsion Force is the sum of all the above forces, given by,

Components of these forces acting on the vehicle are shown in Figure 5. The Total Propulsion Force will decide
the vehicle’s acceleration and deceleration. Hence, there should be an effort to overcome these forces by delivering
the desired power through the propulsion system of the vehicle to the ground/road via the wheels and tires of the
vehicle. The choice of motor must overcome the forces in order to move the scooter in forward direction.
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Figure 5. Longitudinal free body diagram of the forces acting on LEV.

The force model of the system will be:
dv
Fp = mvehd—vt‘*h + Fy + F; + Fysin (a) # (6)
The required tractive power applied by the motor is calculated as below:

dVyep .
Pp = FpVyeh = Myen—g— Vyeh + FaVven + FiVyen + Fgsin (@) Vyen# (7)

_ dVveh
Pp = Myep Tvveh + Pd + Pf + Pg# (8)

Where Py is the “drag power”, applied to the vehicle because of aerodynamic friction, which is described by
Equation (9), Pt is the frictional power between the road and the wheels, which is shown in Equation (10), and P
is the power exerted by gravitation and is described in Equation (11). Drag power is given by the equation

1
Py = FqVyen = 5 CaAPav2 Vyen# 9)
2
Frictional power is given by the equation
Pg = FVyen = CrpFy Vien# (10)
Here C,.= Coefficient of rolling resistance and is given by,
36
Crr =0.01(1 + mvveh)

F, = Normal force = m,,g, and g is the acceleration due to gravity.
Gravitational power is given by the equation

Py = Fgsin (@) Vyeh = Myengsin (@) vyen# (11)

Power available at the wheels of the LEV without gear ratio is expressed as below:

Vv
Py = Topy———# (12)

em
Rwheels

Here T,,,= Electromagnetic torque of the motor (N.m), V = Speed of vehicle (m s™1), Ryypeels = Wheel radius
(m).

Vehicle speed is corresponding to the motor speed and is given by
21 X 0.47d X np, u

V=ow,X047d = =

(13)
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Where w,,= angular velocity of the wheel (1 s™1), d= wheel outer diameter (m), n,,,= rotational speed of the wheel
(min~1).

The LEV in this design is without transmission, and the motor of the LEV is directly fixed to the wheel. There-
fore, the transmission ratio is =1, and propulsion efficiency [n] is = 100%. Therefore, the power available at the
wheels Py = Pp tractive power applied by the motor or the motor effective power.

Torque on the wheels Ty; = Ty, Electromagnetic torque of the motor (N-m) and is given by:

Tyu = Tem = (Ff + F4 + F, + F;) 0.47d# (14)

Therefore, for the appropriate choice of motor specification suitable for the LEV, the force model, tractive power
to be applied by the motor and the torque on the wheels are to be determined. For this case study, the chosen vehicle
parameters are given in Table 3.

Table 3. Vehicle parameters.

SL.No. Parameters Value

1. Curb weight (kg) or mass of the LEV 200 kg

2. Front area 0.6 m?

3. Velocity of the vehicle 50 km h™?!

4, Density of the air at 20 °C 1.204 kg m™3
5. Coefficient of rolling resistance 0.015

6. Drag coefficient 0.7

7. Tire diameter 416 mm

8. Density of air at 20 °C 1.2041 kgm™3
9. Speed 42kmh™?
10. Capacity of gradient @ 10% 30 kmh™?
11. Capacity of gradient @ 20% 20 km h™?
12. Maximum acceleration 0.65ms™?
13. Maximum deceleration —0.63 ms™2
14. Battery voltage 48V

15. Time for 1 cycle 108s

A typical road load (Fr) characteristic as a function of vehicle speed is shown in Figure 6.
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Figure 6. Typical road load characteristics as a function of vehicle speed.

The vehicle parameters of Table 3 are considered with the following assumptions [22]:

Rolling resistance is independent of velocity; Headwind velocity is zero; Level ground surface.

The total propulsion force, F, available from the propulsion system is partly consumed in overcoming the road
load, and the remaining total propulsion force, E, accelerates or decelerates the vehicle when road load exceeds E,.
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Therefore, acceleration
dv FE,—E
= — = #
dt Myen

a (15)

The boundary conditions are:

att = 0,velocity of the LEV = 0

att = tg,velocity of the LEV = v,

For the rated motor power, P,,, the closed-form solution is obtained by solving Equation (15) by further simpli-
fying the assumptions as: Rolling resistance = 0, aerodynamic drag = 0, and level ground surface. This closed-form
solution is suitable for the more practical design involving running resistances.

Closed-form solution for rated motor power

Vrv du ts
B, = mf —_— = dt# (16)
o B 0
Solving Equation (16),
_m 2 2
Pn = 5 (Vrm? + vpp2) # (17)
S

The above Equation (17) is obtained by considering the integral as two parts:

Constant force operation = 0— v, and

Constant power operation = 0—v,,

Motor minimum power is obtained by differentiating P,, with respect to m and equating to zero. Therefore,

Vpm = O# (18)

When v,,,, = 0, the motor operates in the constant power region. Therefore, if the motor operates 0 — v,
ints seconds only in constant power region, then the required power is minimum. On the other hand, if the motor
operates in the constant force/torque region for the period, 0 — t, then v,.,,,= v,.,,. As a result, the required power is
twice that of the constant power region from Equation (17). The power requirements of the motor between these
two boundaries are shown as a solid line in Figure 7.

Resistance less load

4%

In the presence of road koad

Motor Rated Power (kW)

0 5 10 15 20 25 30 35 40 45 50

Vehide Speed (km/h)

Figure 7. Acceleration power requirement as a function of motor rated speed; continuous curve—without resis-
tance/resistance less, and dashed curve—in the presence of running resistance/road load.

Now, by considering the running resistance, F,., the closed-form solution will be a transcendental equation for
the similar boundaries of Equation (15). This transcendental equation is solved numerically for B,, for specific
rated motor speed, v,,,, by using the secant method or any other standard root-seeking method [23]. As a result,
the rated motor power, B,,, for the vehicle parameters of Table 3, and for the assumptions (1) headwind velocity is
zero (2) level ground surface is as shown in Figure 7 as a dotted line.

From the dotted line of Figure 7, the following conclusions are made. Rated motor power, P,, vs. rated motor
speed v, is of similar nature as in the case when running resistance, F, = 0.
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Rated motor power, P,, is minimum for continuous constant power operation v,.,, = 0.

Rated motor power, P, is approximately twice that of the constant power operation for the continuous con-
stant force/operation v,,;, = v,

Rated motor power, P, = 1.3 kW as shown from Figure 7 remains approximately minimum up to about 10
km h™?! of rated speed and then increases rapidly.

Case Study—Force Model:

The force model is needed to assess the power required to accelerate and run the vehicle at desired speeds.
Figure 8 shows the force-speed characteristics for the vehicle parameters of Table 3. The force required is de-
pendent on the gradient. For the gradients at 0%, 10%, 20%, and 30%, the determined force is 78.28 N, 243.18 N,
429.66 N, and 620 N respectively. The force profile is obtained by connecting the points from P, to P53 of the graph
as shown, and in addition to this, by adding a safety margin; the effective force can be estimated. The power-speed
characteristics for different dynamic road conditions are as shown in Figure 9, in which for 0% gradient at 35 km
h™! and at 50 km h™! the power is 0.518 kW and 1.08 kW respectively. This design procedure of EPS based on
vehicle dynamics is useful to arrive at the required motor power rating.

700 4

Force (N)

0 10 20 30 40 50 60
Velocity (km/h)

Figure 8. EPS force-speed characteristics.

30% 20% 10%
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Power (kW)

Velocity (km/h)

Figure 9. EPS power-speed characteristics.
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The maximum speed at which the LEV climbs the ramp for a;,,, = 15 is Veamp = 10 km h™! and for if
@max = 20" =7.7kmh™L.
Analytically, this value is obtained by Equation (19).
10001, Prax

mg(fcosmax + SinAmax)

(19)

Vramp =
Where n,,.= transmission coefficient = 1.

3. Drive Cycle Analysis to Choose Power Rating of Motor

The driving cycle is utilized as a standard tool for the evaluation of vehicle characteristics, energy consumption
economy, electric vehicle autonomy, polluting emissions, and driving range in the automobile industry. The esti-
mation of vehicle parameters depends on the driving cycle used. The chosen driving cycle determines the power
required for the particular vehicle parameters. The time profile of velocity (V) explains the driving characteristics
of a given vehicle in real-time driving conditions. It consists of (1) speed components and (2) road gradient compo-
nents, but normally one of the components is kept constant while the other is varied. The procedure for developing
the driving cycle mainly consists of four steps: namely, roadway, compilation of statistics, driving cycle and assess-
ment, in order to provide information on the on-road driving environment [24-26]. Figure 10 shows the general
procedural steps for the driving cycle.

Acquisation of Data

Selection of
Road way

\/

...............................

Generation of Driving
Cycle Subdivision of

Driving Data

Development of

Driving Cycle

Evaluation of
Driving Cycle

Rejected

Final Driving
Cycle
Figure 10. General procedure for driving cycle.

3.1. Case Study

Vehicle parameters from Table 3 above are used to develop the powertrain model. For the evaluation of driving,
two driving cycles namely the New European Driving Cycle (NEDC) and the Indian Driving Cycle (IDC), have been
considered.

The NEDC has a maximum speed of 120 km h™1, an average speed of 33.2 km h™1, a duration of 1184 s, and a
length of 10.9 km [27]. The NEDC profile is shown in Figure 11. Depending on the repetition of the driving cycle,
the desired acceptable distance can be calculated. The IDC has a maximum speed of 42 km h™%, an average speed
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0f 21.93 km h™1, a duration of 108 s, and a length of 0.65 km. The IDC profile is shown in Figure 12a.
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Figure 11. New European Driving Cycle (NEDC) profile.

For Indian road conditions, the IDC is considered. This IDC profile is developed by the Automotive Research
Association of India (ARAI) as per IS 15886:2010 [28]. For the IDC profile, with a duration of 1188 seconds at an
average speed of 21.93 km h™1, the distance travelled is 7.238 km with a repetition of 11 driving cycles, as shown
in Figure 12b.

In general, the satisfying needs of the standard two-wheeler driver are (1) a driving range of approximately
120 km, (2) good acceleration (around 6 seconds from 0 to 50-60 km s~1), and (3) a peak speed of approximately
70-75kmh~1. The energy storage system (ESS) is one of the key components of LEV, in which batteries are the most
widely used. However, the shortfall of battery-based ESS is reduced battery lifespan, with low power density; hence,
the driving range is limited. The Indian city driving condition has a lower driving speed with a greater number of
stops and a high level of maximum acceleration and deceleration. As a result, there will be a greater number of
stop-and-depart conditions, which may produce a considerable level of fuel savings with LEV.

The vehicle speed corresponds to the motor speed, and both motor speed and motor torque are dependent
on the vehicle parameters and motion conditions. The motion conditions are defined by the vehicle velocity and
at the same time, the resistance to motion determines the instant motor load [26, 29]. Therefore, both the vehicle
parameters and driving cycle data are necessary to calculate the torque. From Table 3 and from the above Equations
(13) and (14) the velocities and torque can be calculated. Figure 13 shows the torque profile for both NEDC and IDC.
From the NEDC profile in Figure 11, corresponding to the maximum acceleration of 1.04 m sec™? at 14 s, the torque
developed is 46.96 N-m which can be observed from the torque profile in Figure 13. From the IDC profile of Figure
12a corresponding to the maximum acceleration of 0.65 m sec™2 at 20 s, the torque developed is 31.61 N-m as seen
from the torque profile in Figure 13. For a 0° inclination, the velocities at 10, 20, 30 and 50 km h™? yield determined
torques of 6.13,7.28,9.19, and 15.29 N-m respectively. Similarly, for different inclinations and velocities, torque can
also be calculated. Hence, from the developed force model in Figures 8 and 9 and from the torque profile in Figure
13, it is observed that both the analytical and simulation results of force and torque parameters are in agreement.
For a 0° inclination, the torque at 50 km h™! is 15.29 N-m and the corresponding force is 72.18 N. From Figure 14,
the determined maximum power to be supplied by the motor for the IDC profile at 66 s is 0.67 kW and for the NEDC
profile at 1184 s is 5.617 kW. Hence, from the NEDC power profile, it is observed that for a speed of 120 km h™1,
the power required is 5.617 kW. From the IDC profile it is observed that, for a speed of 42 km h™! power required
is 0.67 kW.
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In this design and analysis, the chosen motor is directly placed inside the wheel without transmission or gears.
The main advantages of such type of EPS are reduced weight, enhanced efficiency, improved aerodynamics, and
additional driving capabilities like spot turning and side driving. Therefore, for Indian road conditions and for the
chosen vehicle parameters in Table 3, such as weight, volume, IDC, transport operating and temperature conditions,
safety, reliability, and cost economics, EPS with an in-wheel motor is preferred. Hence, for the above vehicle param-
eters and IDC data, and in addition to a safety margin factor at 25%, including market standards, it is preferred to
opt for a 1.5 kW PMBLDC hub motor.

The objective of this simulation case study is to confirm the power rating and the procedure to initiate the sizing
of the motor. The procedure for sizing the motor depends on drive duty cycle calculation, which is based on motor
or vehicle speed. The tire height and the wheel diameter are used to calculate the motor speed. The optimized
geometry dimension of the PMBLDC motor can be designed for both outer rotor and inner rotor configurations.

4. Performance Analysis of the LEV Drive

In order to investigate the torque performance, the PMBLDC motor with balanced three-phase, star-connected,
symmetrical windings is chosen. Table 4 shows the parameters chosen for simulation case studies, which are in
line with the requirements of vehicle parameters in Table 3. The details of the switching sequence, rotor position,
position sensor signals, and phase currents are shown in Table 5. The PMBLDC motor circuit produces maximum
torque when two phases are energized or in the “on” position, while the third phase will be in the “off” position.
Depending on the rotor position the phases will be energized. A voltage-fed six-step inverter with similar MOS-
FET switches is applied to achieve current commutation. The position sensor signals, ideal back EMF, current, and
output torque waveforms are shown in Figure 15.

Table 4. Parameters chosen for case study.

Parameters Particulars
Rated voltage, V 48 Volts (DC)
Rated power 1.5 kW
Rated torque 24 N-m
Rated speed, N 1000 RPM
Stator resistance, R, 0.20Q
Stator self inductance, L, 1 mH
Mutual inductances, M 0.2 mH
Back E.M.F per phase, e 42V
Per phase current, i, 46.68 A
Back EMF Trapezoidal
Back EMF constant, K, 1.684 Vrad=t's™?
Torque developed by the motor, T, (@ no-load) 24 N-m
Maximum power 1.8 kW
Maximum torque 48.9 N-m
Maximum current 160.1 A
Torque constant, k; 1.684 N-m A™*
Moment of Inertia, | 0.00512 kg-m?

Table 5. Inverter switching sequences details.

PWM Switching
Switching Rotor Position, Hall Sensor (Active Switches) Phase Currents
Sequence O, (deg)
H1 H1 H2 A B C
o 1 1 0 S5 S4 Off - +
1 0-60 1 1 0 s1 S4 + - Off
o 0 1 0 S1 S4 + - Off
2 60-120 0 1 0 s1 S6 + Off -
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Table 5. Cont.

PWM Switching
Switching Rotor Position, Hall Sensor (Active Switches) Phase Currents
Sequence 0. (deg)
H1 H1 H2 A B C
. 0 1 1 S1 S6 + Off -
3 120-180 0 1 1 S3 S6 Off + -
. 0 0 1 S3 S6 off + -
4 180-240 0 0 1 S3 S2 - + Off
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Figure 15. Waveforms: position sensor signals, ideal back EMFs, torques, and current waveforms.

The PMBLDC motor transfer function at the no-load condition is given in Equation (20) and the transfer func-
tion of the PID controller in generic form is given in Equation (21)

Gy (5) = — ©) _ Ke 20
W) Z V) T JLas? + JRq + BLg) s + (BR, + K:K.) (20)
K;
Ge(s) =K, + < + Kys (21)
Where K is the gain of the controller, which increases the response speed of the controller.
The closed-loop transfer function of the drive is given in Equation (22):
Gy, ()G, (s
6o (5) = u (s) G (s) 22)

146Gy ()G (s)

By substituting the values of PMBLDC motor parameters from Table 5 along with k; = 1/k, k. = k;, kf =
0, B = 0and the values of Kp and K; parameters, which are fine-tuned using MATLAB's PID tuner block, the system
is set for stable operation with high-speed response. The obtained values are K;, = 0.05 and K; = 50. This proposed
PI speed controller data is chosen for performance analysis of the proposed LEV drive. The effect of K, and K; on
step response is shown in Figure 16.
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Performance analysis of the PMBLDC hub motor-based LEV drive at rated speed and under different drive
conditions has been evaluated from the performance characteristics, as shown in Figure 17. These characteristics
include output power, output torque, efficiency and input DC current. It is observed that the distortions in the input
current can be eliminated by the controller; as a result, smooth motor torque will be generated. The efficiency for
the proposed motor across the full speed range has been obtained. It is observed from the simulation studies that
the efficiency is high, at about 90% for about 1430 rpm, and the maximum output power is about 48.52 kW at 715
rpm, reaching zero at 1500 rpm.
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Figure 17. Simulated performance characteristics of the chosen BLDC motor, namely power, torque, efficiency, and
current at different LEV drive conditions.

Also, the starting high input motor current yields a considerable magnetic saturation level of the stator during
which the motor speed is much lower, and as this motor speed increases, the input motor current starts decreasing
and reaches zero at 1500 rpm. The motor rated torque generated is 14.23 N-m without saturation. Hence, it is
found from the performance analysis of the drive that the chosen PMBLDC motor with a 1.5 kW rating is capable
of overcoming all the force parameters such as aerodynamic drag, rolling resistance drag and kinetic resistance,
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thereby propelling the electric scooter smoothly in the forward direction.

5. EPS Experimental Implementation

The experimental setup as shown in Figure 18, mainly consists of (1) a 48 V battery pack supplying power
under varying load conditions as the energy source, (2) an H-bridge, (3) a microcontroller GPM8F3108A used as a
motor controller optimized for real-time control, (4) the driver circuit: an IR2130 pre-driver chip with bootstrap
functionality to manage motor phase currents, and (5) oscilloscopes and data loggers as measurement tools used
to record voltage, current, and torque profiles. The experimental results under varying conditions as as follows: (1)
motor speed of 250 RPM with reduced acceleration, and speed of 2000 RPM with full acceleration both for without
load conditions, as shown in Figure 19a,b, and (2) the motor applied voltage and phase current for 1300 RPM
without load and 750 RPM with load conditions, as shown in Figure 20a,b, respectively. The experimental results
were consistent with simulation predictions, as per the data comparision in Table 6, confirming the robustness and
reliability of the propulsion system design.

Ripple in the output torque can be validated through the current waveform and it is clearly visible in Figure
19 that the ripple in current is minimal. On the experimental scale, for an output current in the range of 20 A, ripple
content is restricted to 317 mA, which indicates very minimal torque pulsation, as shown in Figure 19b below. A
similar analysis can be considered for other figures. Torque pulsation is significant at higher speeds and reduces
with an increase in speed.
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Table 6. Result comparison of parameters.

Parameters Simulation Result Experimental Result Percentage Error

Efficiency (%) 90.0 88.5 1.67%

Torque (Nm) 14.23 14.10 0.91%
Output power (kW) 1.75 1.7 2.85%

6. Conclusions

This paper presents the LEV propulsion system design philosophies based on vehicle dynamics, addressing
gaps in existing research by integrating vehicle dynamics, driving cycle analysis, and motor power optimization.
The study demonstrates the advantages of employing a 1.5 kW PMBLDC motor for LEV applications, particularly in
urban and semi-urban environments. This methodology of study and analysis of propulsion system design aims to
find the best possible torque-speed profile for the LEV propulsion system and to overcome vehicle operational con-
straints with minimum power requirements. Additionally, the study reveals that wide-range constant power region
operation beyond the rated speed is vital for both (1) the initial acceleration interval, and (2) cruising intervals of
operation. The two critical factors (1) performance and (2) efficiency required for LEV have been achieved through
both high torque density and low torque ripple. These two key findings include the critical role of operating in the
constant power region and the benefits of a gearless in-wheel motor design. Design optimization and PI control
strategies of the drive have reduced torque ripple. A higher torque density means a motor can deliver more torque
for its size, which is crucial for compact and efficient LEVs.

In addition, the power requirement for acceleration will be minimal if the motor operates more in the constant
power region. Based on the study of several types of motors, it is concluded that the PMBLDC hub motor is the best
suitable choice at present. However, detailed design and evaluation have to be verified. These propulsion system
design philosophies are applied to LEV to demonstrate their advantages and viabilitiy. This methodology of design
will serve only as a foundation to develop a detailed LEV drive, which is a more intricate process.

By minimizing power consumption and ensuring robust performance across varying conditions, the proposed
methodology provides a foundation for cost-effective and efficient LEV propulsion systems. Future work will focus
on extending the methodology to larger EVs, exploring advanced control algorithms such as Al-based systems for
real-time torque-speed optimization and integrating next-generation batteries, such as solid-state or lithium-sulfur
technologies, to enhance driving range.
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