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1. INTRODUCTION

Electric vehicles (EVs) are essential for advancing transportation infrastructure, replacing internal
combustion engines (ICE) to reduce fossil fuel use. Growing demand stems from recent technological
advancements, making EVs a sustainable alternative to traditional vehicles [1], [2]. According to the Society
of Indian Automobile Manufacturers or SIAM, India is the world's largest producer and two-wheeler market,
with about 20 million sold annually, comprising over 80% of the nation's vehicle market [3]. Electrifying two-
wheelers can significantly reduce emissions, but progress is slow due to battery inefficiencies, limited energy
storage, high costs, restricted speed and range, and challenges in selecting suitable electric motors [1], [4]. EVs
use a variety of motor types, like DC motors [5], induction motors (IM) [6], permanent magnet synchronous
motors (PMSM) [7], switched reluctance motors (SRM) [8], brushless DC (BLDC) motors (BLDCM) [9], [10].
In commercial EVs, IM and BLDCM are commonly used. IM is the most affordable and durable but has
drawbacks like low power factor and poor efficiency [11]. In contrast, BLDC provides several benefits over
IM, including greater power factor, good dynamic responsiveness, low noise, and higher efficiency because
there is no rotor winding, and it is of compact size due to a high torque torque-to-weight ratio [4]. For EVs

Journal homepage: http://ijpeds.iaescore.com


https://creativecommons.org/licenses/by-sa/4.0/

Int J Pow Elec & Dri Syst ISSN: 2088-8694 a 11

BLDC motors are promising but are costly due to the required converter and controller. However, precise
motor control can make them more affordable [12], [13].

Over recent decades, industrial process control systems have evolved significantly, with strategies
like fuzzy control [13], and neural control [14], adaptive control [15], [16] offering more efficient, flexible,
and intelligent solutions for complex industrial operations. The proportional-integral-derivative (PID)
controller is popular in the industry for its simplicity and robustness, but its high order makes tuning
challenging. Adjusting controlling parameters Kp, Ki, Kd are essential to fulfill the performance requirements
like steady-state error, steady-state time, and overshoot [17]. So, the parameter selection is the key to the PID
controller design because it directly affects the system's control performance. The initial approach for setting
PID controller design relies upon Z-N method [18]. In many areas of industrial control, it is difficult to find
optimal value using Z-N method. Since then, many researchers have focused on intelligent algorithms such as
fuzzy control [13] and neural control [14], but these algorithms require a high control process. Hence, an
evolutionary algorithms like artificial bee colony (ABC) [19] optimization, particle swarm optimization (PSO)
[17], ant colony optimization (ACO) [20], and bacterial foraging optimization (BFO) are used for self-tuned
PID controller parameters.

Evolutionary algorithms like PSO, ABC, ACO, and the bat algorithm are preferred over conventional
techniques like hill climbing [21], perturb and observe [22] and incremental conductance [23] due to their
effectiveness in handling multi-modal optimization problems in parameter extraction. Genetic algorithms (GA)
have drawbacks like slow convergence and poor performance with complex fitness functions. Particle swarm
optimization (PSO) addresses these issues for parameter extraction [24], [25]. This method yields better PID
constants but increases iterations, leading to longer computation time and poor local search ability. Multiple
optima can cause premature convergence, which can degrade the performance. However, with the use of BFO
has several advantages. It is based on natural selection, which excludes solutions using ineffective foraging
techniques. It eliminates premature convergence and its convergence speed is faster than PSO [26]. BFO is
more accurate than PSO and widely used to design PID controller constants. However, its fixed step size may
prevent finding the true optimal point [27]. This problem is solved by taking variable step size for that an
adaptive model is discussed in this paper. No work has been reported on implementing BFO to control EVs’
electric drive. Electric scooters and light vehicles need good transient behavior for quick acceleration, while
heavy vehicles prioritize steady-state behavior for constant-speed operation [28].

The analysis focuses on comparing dual motors with single motors in EVs. In a chassis-mounted
configuration, the motor connects to rear wheel of the shaft via a transmission system with fixed gear ratios,
typically ranging from 1:6 to 1:10 [29], [30], depending on motor specifications and the required vehicle torque
and speed. In-wheel motors offer improved size and efficiency compared to traditional mounted motors, which are
typically designed for low torque and high speed. However, the system's overall efficiency declines due to the series
coupling of the motor, transmission, and rear wheel [31]. To compensate for this efficiency loss and achieve greater
range, a larger battery is required [32]. Additionally, electric scooters with single motors face limitations in speed
range due to transmission losses. This limitation can be mitigated by employing dual motors, which enhance
performance and extend the operational range by reducing the impact of transmission inefficiencies [33], [34].

A dual motor method is discussed in this paper which helps 2-wheeler EV in achieving higher speed
with respect to 2-wheeler EVs with a single motor. The existing electric scooter available in the market for
commercial use is equipped with a single motor, which is replaced by one additional electric motor (EM) with
a power rating for higher speed operation, improving the overall speed and efficiency. Furthermore, a widely
used electric scooter, Vespa Elettrica, is utilized by the prestigious company Vespa to improve the speed range
for validation. This paper is structured in five sections. Section 1 is the introduction part. Section 2 focuses on
vehicle modeling, outlining the forces exerted on the scooter. In section 3, the mathematical model, transfer
function (TF), and PID controller for the BLDCM are discussed. Section 4 details the process of determining
the PID controller constants and introduces an adaptive BFO method. Section 5 covers BLDCM’s dynamic
equations and provides an analysis of a dual motor setup. The final section presents the results and analysis.

2. ELECTRIC VEHICLE MODELLING

The dynamics of EVs are generally categorized into motor dynamics and vehicle dynamics. The two
are connected through a transmission system that includes a gearing mechanism. Important factors in vehicle
dynamics modeling include acceleration, aerodynamic resistance, and road conditions. The vehicle model in
Figure 1 illustrates the forces applied to the electric scooter. The motor provides a tractive effort (TE) to drive
the electric scooter forward. This TE is countered by aerodynamic drag (Fad) from air resistance, rolling
resistance (Frr) due to friction, and hill-climbing force (Fhc) from the road’s incline. The TE can be expressed
by Fe and given as in (1). To achieve acceleration, the TE must overcome these opposing forces. The
expressions for these forces are given in (2).
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Figure 1. Forces applied on the electric scooter [35]
Thus, the TE can be expressed by F and given as in (1):

FtezF;“r+ic+Fad+Fla+Fwa (1)

where Fia represents force due to linear acceleration and F.,, denotes force due to angular acceleration.

“ a 0)

Fio = py,ymgcos + mgsinf + 0.5 * pAC,v? + ma + 117 -
g

Where "W represents rolling resistance, 'g' is acceleration due to gravity, 'm' represents average mass,
'p' represents air density, 'A' is scooter frontal area, 'Cq’ represents drag co-efficient, 'I' represents rotor’s
moment of inertia, 'v' is the vehicle velocity, 'G' is the gear ratio, 'mg' is efficiency of gear system and 'r* is the
wheel’s radius.

Since angular acceleration of any vehicle is significantly lesser than the linear acceleration. So, it can
often be disregarded, accounting for only about 5% of the value of linear acceleration. This simplification
results in an effective 5% increase in the total mass to account for angular effects [13].

3. BRUSHLESS DC MOTOR

EM is vital in an EV's drive system. A BLDCM is a variant of permanent magnet (PM) synchronous
motors, distinguished by the waveform of its induced electromagnetic field (EMF). When the EMF waveform
is sinusoidal, it is classified as a PMSM. And if waveform of induced EMF is trapezoidal, then it is called as
PM brushless DC motor (PMBLDC) [36]. DC motors are popular in EVs for their strong speed-torque
characteristics, but issues with brushes and the commutator require frequent maintenance, making them less
suitable. Brushless DC motors overcome this issue by eliminating brushes while maintaining similar torque-
speed characteristics, offering improved reliability and reduced maintenance, making them a better choice for
electric vehicles [37]. This is why the BLDCM is widely used in EVs and HEVs applications. It provides
various benefits such as a compact design, low weight relative to output power (high power density), increased
efficiency, quiet performance, extended lifespan, wide speed range, and effective heat dissipation. These
benefits make it ideal for modern electric and hybrid vehicle systems [38], [39].

DC motors utilize mechanical rectifiers and brushes for commutation, while BLDCMs depend on hall
effect sensors. In a BLDCM, the coils are located in the stator, and the rotor consists of PMs. The rotor’s
movement is driven by the magnetic fields produced by the stator, with hall effect sensors used to detect its
position. Since BLDCMs use PM instead of armature coils, they eliminate the need for brushes, improving
efficiency and reducing maintenance [40].

This section focuses on the mathematical model and control approach for the BLDCM in an electric
scooter. Figure 2 presents the control strategy, which utilizes a PID controller optimized through BFO and
ABFO algorithms. The PID controller operates in series with the motor. The TF of the BLDCM is derived
using speed as both the input and the output. A speed command serves as the reference for the desired output,
with the output characteristics discussed in section 4.

3.1. Mathematical modelling

The voltage equations governing the behavior of the BLDC motor can be formulated as in (3). Since
back EMF of the electric motor is directly linked to its speed, so, it is given by (4). The equations for the load
torque and electromagnetic torque of the BLDCM are given by (5) and (6).

di(t)
dt

Vi(t) = Lx—=+e,(t) + R *i(¢t) ®)
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ep(t) = Kyw(t) 4
T(t) = ] 22 + Bu(t) ()
T(t) = K.i(t) (6)

Where Vi(t) voltage applied on the motor, i(t) is the motor’s stator current, ey(t) is motor’s back EMF,
w(t) is the motor speed, L and R are the inductance and stator resistance, respectively, B is the viscous
coefficient, T is the motor torque, J is moment of inertia, K; and Ky are electromagnetic torque and back constant
respectively. The motor’s parameters are listed in Table 1, are used to determine the motor's TF.

—_————— = —
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Figure 2. A block diagram of BLDCM integrated with a PID controller

Table 1. BLDC motor specifications taken in this research work

Sl No. Parameters Rating
a. Rated voltage 24V
b. Rated current 85A
c. Rated Speed (Ns) 2300 rpm
d. Rated Power 200 W
e. Inductance per phase 40 pH
f. Resistance per phase (R)  27.739 mQ
g. Torque Constant (k) 0.087248 Nm/A
h. Back-emf constant (Kp) 9.133 V/krpm
i. Rotor inertia (J) 0.0031095 Nms?

3.2. Transfer function
To derive the motor's TF, the Laplace transform (LT) is applied to the equations. The resulting
equations, after performing the LT, are as in (7)-(11).

Vi(S) = LS *I(S) + E,(S)+ R* I(S) @)
Ey(S) = Ky * w(S) ®)
T(S) = K.+ 1(S) 9)
T(S) = B *w(S) + JS * w(S) (10)

By equating (9) and (10), I(S) can be found out as:

1(S) = (BZS) * w(S) (11)

Substitute Ey(S) and 1 (S) from (8) and (11) in (7), Vi(S) can be obtained as:

((SL + R)*(JS + B) + K¢xKp )*w(s)
Kt

Vi(§) =

Thus, the TF of the BLDCM is expressed as in (12).
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w(S) _ Kt (12)

Vi(S) ~ LJS2+(R+J+L+B)S+(R*B+K¢*Kp)

3.3. PID controller

PID control is mostly used in industrial applications because of its simplicity. It is robust and reliable
and also it has ease of tuning. It combines three control actions which are proportional (P), integral (1), and
derivative (D). A proportional controller decreases system error in proportion to its gain but cannot completely
eliminate it. To resolve this, an integral controller is added, which minimizes the steady-state error to almost
zero and enhances the system'’s response time. The derivative controller, on the other hand, minimizes system
overshoot, though it tends to increase response time. Together, these elements make the PID controller highly
effective for precision control [41]. The PID controller block diagram is represented in Figure 3. Effective
tuning of the PID controller enhances motor performance [42]. To achieve optimal tuning, an adaptive BFO
algorithm is introduced, offering improved response characteristics compared to the classical BFO method.
This approach is further detailed in section V. The dynamical expression in the S-domain for the output of the
above controller is expressed as is (13).

US) = KpE(S) + %E(S) + KpS (13)

The controller output in the time domain is expressed as in (14).

de(t)
dt

e(t) = Kpe(t) + K; [e(®)d(t) + Kp (14)

Where Kp = It represents a gain of a proportional controller; K, = It represents a gain of an integral controller;
and Kp = It represents a gain of a derivative controller.

Error
Signal

©

Figure 3. PID controller

4. OPTIMIZATION TECHNIQUES

The PID controller constants for BLDCM can be adjusted by using different optimization techniques.
This study presents a new approach, ABFO, and compares its performance to the traditional BFO method for
enhanced results. Optimization entails finding a solution for a problem by either minimizing or maximizing a
specific objective function within a specified range while adhering to given constraints. Several solutions may
satisfy these requirements and optimize the objective function, and these are called acceptable solutions. The
best of these is known as the optimal solution. BFO techniques have been used to determine controller
parameters, and their results are compared with those obtained using the adaptive BFO algorithm, which aims
to provide a more efficient and effective solution to the problem.

4.1. Bacterial foraging optimization (BFO)

The BFO algorithm is a stochastic search method which is introduced by Passino in 2002 [43] and it is
inspired by a foraging behavior of bacteria called Escherichia coli, typically found in the human intestines. BFO is
termed a social foraging algorithm because bacteria within a colony cooperate during the search and foraging
process. For this collective strategy to succeed, each bacterium must be able to move and respond to environmental
inputs. Additionally, bacteria must share information so that the colony can benefit from each other's successes.
The core functions of BFO reflect these principles of social foraging, as outlined below [26], [44]. Figure 4
illustrates the flowchart of the BFO process. Whereas, a block diagram is shown in Figures 5 and 6 which uses
BFO and ABFO respectively to find the optimized value of the PID controller parameter.
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a. Initialization
Random locations representing the controller's parameters and target structures are generated for each
bacterium in the colony. In this step, various key parameters are initialized, including the following:
n — number of dimensions in search space
S — the total count of bacteria within the population
Ns — swimming length
N — total count of chemotactic steps
N — total count of reproduction steps
Peq — the probability of elimination-dispersal (E-D)
Neg — the count of E-D events
C(i) — the step size in a randomly chosen direction is defined by the tumble action
b. Chemotaxis
In traditional BFO, a "tumble" denotes a single step in a random direction, while a "run" signifies a
step continued in the direction of the previous move. Let 0 (j,k,I) denote the positions of i bacterium during
the j™ chemotactic, k™ reproductive and 1™ E-D step. The step size for each run or tumble is denoted by C(i).
During chemotaxis, the motion for the i-th bacterium is represented as in (15):

0'G + 1,k = 0'G, k1) + C(")ﬁ ~

where A(i) is a vector in a random direction whose value present between [-1,1]. At each stage of this process,
a run or tumble activity is performed, and step fitness, designated as J(i,j,k,1) is assessed.
c. Swarming

This function simulates the dynamics of attraction and repulsion among cells. It describes how
bacteria release attractants to congregate in areas with high nutrient levels while foraging in regions with
decreasing nutrients. To prevent the colony from diverging to low-nutrient areas, it also stimulates the
production of repellents by bacteria feeding in those regions.
d. Reproduction

This function occurs after the bacterial colony has completed the required number of chemotaxis steps.
The starting phase of BFO reproduction consists of assessing each bacterium's fitness. In the subsequent phase,
half of the colony, comprising the least fit bacteria, is removed. The top-performing bacteria are duplicated,
with each surviving bacterium creating two copies, supporting the ongoing development of the colony.
e. Elimination and dispersal (ED)

The algorithm incorporates dispersion events to adjust the colony's behavior, ultimately providing the
optimal controller parameters upon completion.
f. Termination

After completing a specified number of ED events, the procedure concludes. The method then returns
the optimal controller parameters as its final output.

4.1.1. Bacterial foraging optimization algorithm (BFOA)
The classical BFOA follows these steps to determine an optimal solution for the objective function:

- Step 1 - Initialize the parameters n, S, Ns, N¢, Ned, Nre, Peg, C(i), i=1,2,3, ..., S
- Step2-E-Dprocess: 1=1+1
- Step 3 — Reproduction cycle, k =k + 1
- Step 4 — Chemotactic cycle, j=j+1

a. Fori=1,2,3, ..., S Perform a chemotaxis step for the i - th bacterium as follows —

b. Calculate the fitness function J(i, j, k, I)

c. LetJiast =J (i, J, k, ) to retain this value, as a better cost may be discovered during a run

d. Tumble: It will generate a random vector A (i) € Rp where each elementin An(i), m=1,2,3, ...,pisa

randomly generated number with in the range [-1,1].

e. Move: Let
irs _ irs . A(D)
9(]+1,k,l)— 9([,k,l)+C(l)m

f. Calculate J(i, j+1, k, 1) =J(i, j, k, I) + Jec(0' (j+1, k, 1), P(+1, k, 1)).

g. Setthe swim length to, m = 0. This loop will continue till it met the condition m = Ns. otherwise, it will
continue. If J (i, j, k, I) < Jiast (indicating an improvement), then replace Jiast = J(i, j+1, k, 1 ) and let the
equation be written as -
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16 a ISSN: 2088-8694

0i(j + 1,k 1) = (k1) + C(i)\/% and substitute value of 8/ (j+1, ] , k) to calculate the value
of 3(i, j+1, k, 1).

h. Proceed to subsequent bacterium (i+1) if i # S (i.e, move to ‘b’ to process the subsequent bacterium).

- Step 5 — If j < Nc, move on to step 4 and continue the chemotactic process as long as the bacterium's life
cycle is not yet complete.

- Step 6 — Reproduction: For the specified reproduction (k) and E-D () and for each bacteriai.e i=1, 2,3, ...,
S, let (16) represents the health of i bacterium.

Ne+1

]Iilealth = Zj:1 ](i'j' k' l) (16)

The initial top S, bacteria with the highest Jnearh Values will perish. Meanwhile, the remaining Sr bacteria
with the best performance will undergo reproduction.

- Step 7 —if k < Np, return to step 3. If the specified number of reproduction steps has not yet been achieved,
initiate the next generation of the chemotactic loop.

- Step 8 — Elimination-dispersal (E-D): The ED probability Ped, determines the likelihood of eliminating and
dispersing each bacterium, maintaining a constant total population size. If | < Ned, return to step 2
otherwise, conclude the process. These steps are also illustrated in the flowchart presented in Figure 4.

Start

Initialization :- Assign
"] values of BFO Parameters

Initiate chemotaxis
tumble

End of
hemotaxis 2.
YES

Start Reproduction

End of
-eproduction
YES

| Elimination - Dispersal |

NO [T optimized value of controll
param eters are obtained

Figure 4. Flow diagram of the BFO technique

4.1.2. Result and analysis

The BFO algorithm is used to optimize PID controller, and that is used to control the BLDCM as
shown in Figure 4. In this PID control, a step command of speed is applied as a reference signal and the
corresponding output is obtained, as shown in Figure 7. In the response, the rise time is about 14 psec, while
its settling time is approximately 26 psec. It is clearly seen from the response curve that there is no overshoot
and undershoot in the system. Hence, the transient response is very good, enabling the motor to start quickly,
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which supports fast acceleration of the vehicle when BLDC is used in electric vehicle. At steady-state
conditions also the response characteristics is very good, and the error is only 0.4% in this condition.
Table 2 shows the motor's step response parameters with optimized controller constants derived using
the BFO technique.

4.2. Adaptive BFO technique (ABFO)

In the classical method of BFO technique, the chemotaxis step is the core of the BFO technique. The
run-length step size is a crucial factor in the chemotaxis process, as it influences both the diversity and
convergence of the population. The step size in the classical BFO technique is fixed, which suffers two main
problems. First is, if the step size C(i) is very less then bacteria will require too many steps to reach an optimum
point. So, bacteria will be concentrated in a small part of the search space. Hence, the rate of convergence will
decrease, and challenging to reach global optimum point. Second is, if step size C(i) is very large then the
bacteria will move fast to the optimized value but the result precision is low which causes bacteria to fall near
local optima.

The differential-based optimization and precise control over local and global exploration is quite
difficult to find an optimum solution. This adaptive BFO technique mainly focuses on finding the global
optimum with a variable step size C(i). The convergence speed is improved self-adaptive step size shown in
the (17):

-1'®
CDnew = €@ * (1 - ef‘”‘)”) A7)

where J' (X) is the i-th bacteria fitness function value and ‘c‘ is an arbitrary constant. The sensitivity of
chemotaxis step is improved with step size use in the (17). In the vicinity of the local or global optima the
optimum point obtained by fixed step size may not reach the actual optima. The step size needs to be changed
to get actual optima. The (17) decides step size of chemotaxis step. This equation improves further the cost of
objective function. So, in ABFO, the chemotaxis step is modified to find the step size. The proposed chemotaxis
loop of the ABFO algorithm is as follows:

4.2.1. Chemotaxis loop

In the optimization process, each bacterium undergoes a series of chemotactic steps to explore the
solution space. Fori=1, 2, 3, ..., S starts by evaluating the fitness function J(i, j, k, 1), and set Jiast = J (i, j, K,
1). This value is stored as a reference, allowing the algorithm to track improvements in subsequent iterations.
Following this, a tumbling step is performed by generating a random vector A(i) € Rp where each element
Am(i), form =1, 2,3, ..., p, is a randomly generated number within the range [-1,1]. Let the equation given
below produce a step size of C(i) in the tumble direction for the bacterium i.

AD)
VAT(DA®G)

Calculate the value of J(i, j+1, k, I) = J(i, J, k, I) + Jcc(6i ( j+1, k, I), P(j+1, k, ). Initialize swim length, i.e
m = 0. This will continue till it met the condition m = Ns. Otherwise, it will continue. If J (i, j, k, | ) < Jiast then
replace Jisst = J(i, j+1, k, 1) and let the equation given below use 0' (j+1, j, k) to calculate the new J( i, j+1, k,I).

0iG + 1,k 1) = 0'(G, k1) +C>)

ir: _ irs . A(D)
0'G+ 1L,k D)= 0'(G,k,1)+C@H) OIN0)
-J'x)
Now, update step size with the given equation - C(i)e, = C(0) * <1 - eJ’<X>+€> and proceed towards next

bacterium (i+1) if i = S (that is, navigate to ‘b’ to handle subsequent bacterium).

4.2.2. Result and analysis

The value of PID controller constants is determined using the ATLBO technique, as illustrated in the
Figure 6. The response characteristics of BLDCM are depicted in Figure 7. The performance characteristics
obtained from the ABFO technique for BLDCM has better response compared to the response obtained from
the BFO technique. In the overall response of the BLDCM, rise time is around 5 psec, the settling time is
around 9 psec, and there is no overshoot and undershoot present in the system. Hence, the transient response
is very good, which enables the motor to start and stop quickly. Hence, this characteristic supports quick
acceleration and deceleration when used in electric vehicles. The response characteristics are also very good at
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steady state conditions because its steady state error is only 0.15%. Table 2 depicts parameters having different
characteristics of the motor's step response with optimized value of controller constants derived by the ABFO
algorithm. A comparative response is shown in Figure 7, which shows that ABFO has a better response than
the BFO technique.

Bacterial Adaptive Bacterial
Foraging Foraging
Optimization Optimization
Reference * Reference *
Signal € PID .| BLDC Output Signal € PID | BLDC Output
Controller | Motor - Controller | Motor g
Figure 5. Optimal PID control using the BFO Figure 6. Optimal PID control using the ABFO
algorithm algorithm
1 L
BFO
08 — ABFO |
D
=
£ 06
=
£
<04
0.2
0 | | | |
0 1 2 3 4 5
Time (Sec) %1073

Figure 7. Response characteristics of BFO and ABFO

4.3. Comparative analysis

The results achieved for the BLDCM in this study have been compared and analyzed alongside several
studies from the existing literature. Table 2 shows the comparative analysis. Jigang et al. [41] optimized a PI
controller for speed control using a modified differential evolution algorithm, achieving a 2.47% maximum
overshoot, with rise and settling times of 14 ms and 31 ms, respectively, under instantaneous change of load.
Likewise, Ibrahim et al. [45] used a GA to perform optimal PID control of BLDCM. In this study, a PID
controller is used, employing the integral absolute error (IAE) and integral square error criteria. The response
characteristics are based on the IAE criterion which are presented in a comparison table, with a rise time of
51.1 ps and a settling time of 91.1 ps. Kommula and Kota [17] used a modified firefly-based PSO algorithm
to optimize a fractional order PID controller for controlling a BLDCM. Their results, as listed in the comparison
table, are for a motor speed of 2000 rpm and torque of 1.5 Nm [17]. In this literature, the results show a peak
overshoot of 0.7% and a settling time of 0.254 seconds. Wang et al. [15], Shuraiji and Shneen [46] explored
fuzzy PID and adaptive fuzzy PID controllers for BLDCM control. Wang et al. [15] reported a peak time and
settling time of 40 ms at a speed of 2997 rpm, with a steady-state error of 2.9 rpm. Shuraiji and Shneen [46]
reported a rise time of 19.53 ms, a peak in overshoot is 1.531%, and an undershoot is 11.924% for their fuzzy
PID controller.

The comparative study of the works shows that the results obtained using ABFO in this research are
more optimized. Among the reviewed literature, the lowest reported overshoot is 0.7%, while ABFO achieves
zero overshoot. Likewise, the shortest settling time in prior research is 40 ms, but ABFO drastically reduces it
to 9.155 ps. This analysis highlights that ABFO offers superior optimization of the controller constants,
resulting in a faster response time for vehicle acceleration. Thus, ABFO proves to be a more efficient approach
for achieving optimal controller performance in electric vehicle systems.
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Table 2. Comparative analysis of BFO, ABFO, and another optimization algorithm

Algorithm Rise time Settling Peak time Peak Peak Peak Steady- Ref.
time overshoot undershoot state error

BFO 14.088 psec  26.009 psec  67.159 psec 0 0 0.996 0.004 This work

ABFO 5.076 usec  9.155 psec  24.221 psec 0 0 0.9985 0.0015 This work

Adaptive ~ 40 ms 40 ms ~ ~ ~ 2.9 rpm [15]

fuzzy PID

Modified ~ 0.254 sec ~ 0.7 % ~ ~ ~ [17]

firefly

based PSO

PID

Differential 0.014 sec 0.031 sec ~ 247 % ~ ~ 0 [41]

evolution-

based PI

GA based 51.1 psec 91.1 psec ~ 0 ~ 1 0 [45]

PID

Fuzzy PID 19.53 ms ~ ~ 1.531 % 1.788 % ~ ~ [46]

5. DYNAMICS OF AN ELECTRIC BIKE

This particular section examines the dynamics of an electric scooter, with an emphasis on the BLDCM
utilized in this research. Additionally, the Vespa Elettrica e-bike is evaluated using experimental data from the
BLDCM installed in that specific scooter. In Table 3, the first part presents the parameters for the BLDCM
from this study, while the second part includes the motor specifications for the VVespa Elettrica. To improve
the performance of the Vespa Elettrica e-bike, a dual-motor configuration is proposed. A corresponding study
has been conducted to assess the potential benefits of this setup, including improved speed, torque, and overall
efficiency, contributing to enhanced vehicle dynamics.

Table 3. Motor parameters for electric scooter design

Slno Parameters QOur motor Motor utilized in the Vespa Elettrica electric scooter
1. Motor type BLDC BLDC
2. Motor Power 200 W 4 KW (max)
3. Maximum speed 110 km/h 45 km/h
4. Diameter of wheel 30.48 cm (Front) 30.48 cm (Front)
27.94 cm (rear) 27.94 cm (rear)
5. Mass of scooter 130 kg 130 kg
6. Average mass of passenger 65 kg 65 kg
7. Frontal area 0.7 m? 0.7 m?
8. Drag co-efficient 0.5 0.5
9. Gear ration 4.48:1 4.48:1
10. Rolling resistance (ux) 0.007 0.007

5.1. Analysis of forces acting on the BLDC motor used in this study

The TE generated by EM can be determined by using (2). By substituting the BLDCM parameters
listed in Table 3, the resulting TE is calculated as in (18). To examine the velocity characteristics of the motor
over time, two scenarios are evaluated: startup and running. During startup, the motor requires maximum
torque, which decreases as the motor transitions to running mode. The torque needed at startup is higher, while
it reduces with increasing speed once the motor is operational. The maximum torque generated by EM can be
found as in (19) and (20).

F,, = 13.40 + 0.2044 v* + 204.75% (18)

Since the back emfis, E = K, * (%) (19)

. 60 E

ie,K,*p= (E)*E (20)
Hence, the maximum torque at startup is expressed as in (21).

Ty = Kn@lnax (21)

Since the current can reach up to 4-5 times the maximum rated value for a few seconds, we use Imax =40.0 A
at startup. Consequently, the maximum torque Tm is 4 N-m. The TE can be calculated using the (22).
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Fre = TngTy = 125.712 (22)
Therefore, (18) is expressed as in (23).

125.712 = 13.40 + 0.2044v?% + 204.75%

As a result, =7 = 0.5485 — 0.0009982 v? (23)

In the running condition of the scooter, it can be seen in (24).

K E Km@)?
T = me* _(m‘P) %

r. <, w (24)
T = 86.254 — 2.565v

Substitute T in place of Tm in (22) to determine the vehicle's tractive effort, resulting in (18) as in (25).

d

d—‘t’ = 13.174 — 0.393v — 0.000998 /2 (25)

After solving (23) and (25) the velocity versus time characteristics are obtained and it is shown in
Figure 8. The BLDCM exhibits a starting torque of 4.0 N-m. The torque remains constant initially for up to 17
seconds, then decreases inversely with speed to maintain constant motor power. When the speed approaches
approximately 40 km/h, then the torque continues to decrease because the speed is rising, ultimately stabilizing
at around 0.95 N-m at peak speed. This torque is consistent during steady-state operation. Figure 9 presents the
torque characteristics of the BLDCM.

5.1.1. Result analysis

Speed versus time characteristics of the BLDCM are shown in Figure 8, showing that the motor
struggles with initial acceleration due to insufficient torque, requiring approximately 20 seconds to reach
40 km/h. However, after this initial period, the motor accelerates rapidly, reaching about 110 km/h within a
few seconds. At a steady state, it maintains a top speed of 110 km/h. This indicates that while the motor is not
well-suited for starting the vehicle, it performs effectively under running conditions. Therefore, based on these
speed-time characteristics, the motor is well-suited for electric scooters. In the following section, the Vespa
Elettrica electric bike is analyzed to determine its speed-time characteristics. Additionally, a solution to
enhance its maximum speed is proposed by adding a second motor. The torque-speed response and control
strategy for the dual-motor setup have been discussed earlier.
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Figure 8. Speed-time characteristics of the BLDCM  Figure 9. Torque characteristics of the BLDCM

5.2. Force analysis for the BLDCM utilized in the ‘Vespa Elettrica’ electric scooter

The TE is determined using (2). By applying the motor parameters for the Vespa Elettrica, as shown
in Table 3, the total TE is determined as in (26).
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Fro = 13.40 + 0.2044 * v? + 204.75 » (26)
dat

To determine the speed-time characteristics of the motors, two scenarios must be considered: first, during the
initial startup, and second, while the vehicle is in motion. During startup, the motor needs to deliver maximum
torque, which can be calculated similarly to the method used for the first motor.

T = K@ * Lpax

At the instant of startup, the current reaches maximum because in this instant back emf is not present.
Therefore, the maximum starting current can be calculated by dividing the voltage by the armature resistance,
which gives a maximum 83.33A current. Substituting this value of I into the torque equation gives a
maximum torque of 44.7 newton-meter. Consequently, the TE is determined in (27) which is the corresponding
value based on maximum torque.

F,, = g* Mg * Ty = 1404.80 27)
Therefore, the rate of change of velocity found in (28).

627.144 = 13.4 + 0.2044v% + 204.75 %
Thus, £ = 6.79 — 0.000998v2 (28)
dt

In the running condition of the motor, it adheres to (24). Hence, the value can be determined as:
T =44.70 — 3.56v

By substituting 'T" into (27), the TE of the vehicle can be calculated. As a result, (26) is in (29). By solving
(28) and (29) with MATLAB, the speed versus time characteristics is obtained, as shown in Figure 10.

% = 6.79 — 0.546v — 0.000998v? (29)

5.2.1. Result analysis

The dynamics characteristics of speed versus time of the Vespa Elettrica electric scooter are shown in
Figure 10, indicating strong initial acceleration, allowing it to reach 45 km/h within just three seconds.
However, its maximum speed is also 45 km/h, as stated in the scooter's specifications [35]. While this makes
it ideal for urban commuting, it means the scooter cannot exceed this speed limit, resulting in a constrained
speed range. Overall, the scooter is well-suited for city travel but lacks the capability for higher-speed
performance.

For light vehicles like electric scooters, rapid acceleration and deceleration are essential, necessitating
an effective transient response. The transient responses of both motors are illustrated in Figure 8 and
Figure 10. The additional motor used in Vespa Elettrica electric scooter demonstrates superior transient
dynamic characteristics in terms of speed versus time. By employing both motors, the speed range can exceed
45 km/h. This dual-motor setup successfully meets both requirements: providing a strong transient response
for rapid initial acceleration while attaining a greater maximum speed. The dynamic characteristics of dual
motor configuration are presented in Figure 11.

The discussed dynamical characteristics demonstrate that the VVespa Elettrica electric scooter achieves
rapid acceleration; however, to reach higher speeds, it must transition to a different motor. This switch enables
an increase in overall speed, as the motor designed for high-speed operation requires less torque. Consequently,
the current demand decreases, leading to reduced losses in the motor. This efficiency allows for better energy
conservation from the battery, ultimately extending the vehicle's range on a single charge.

In this dual-motor setup, the motor responsible for high initial torque is mounted on the rear wheel,
optimizing acceleration from a standstill. In contrast, the motor designed for speeds exceeding 45 km/h is
located on the front wheel, where high torque is unnecessary for sustained performance. Together, these motors
facilitate a top speed of 110 km/h. It is essential to recognize that the aforementioned analysis assumes a zero-
degree incline. If the scooter encounters an incline, additional hill-climbing force will be required to maintain
performance and ensure safe operation, which must be considered in practical scenarios.
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6. CONCLUSION

The BLDCM, equipped with a PID controller, is optimized using both classical and adaptive BFO
algorithms for electric vehicle applications, making it ideal for high-speed performance in electric scooters.
The optimization using adaptive BFO is found to be significantly better than the classical approach of BFO.
Additionally, the results are compared with existing literature, demonstrating that the proposed scheme
significantly outperforms previous methods and can advance EV technology. Employing two motors with
different power ratings enhances the overall speed range of the system, providing better performance. A higher-
rated motor drives the rear wheel for enhanced starting torque, while a lower-rated motor at the front wheel
boosts speed after initial acceleration. This dual-motor setup increases the Vespa Elettrica e-bike's speed range
from its 45 km/hr to 110 km/hr and extends its range per battery charge, optimized using ABFO for superior
transient response over traditional BFO methods. This research holds promising potential to greatly improve
the performance of modern two-wheeled electric vehicles.
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