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the controller parameters for the best performance.
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The performance indicators such as vehicle speed,
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drive cycle, distance travel, overall vehicle efficiency,

State of Charge, and torque are evaluated on a test

case in MATLAB/Simulink environment. To validate the proposed approach, its performance is
benchmarked with a Particle Swarm Optimization (PSO) algorithm. Results show that the AHA
tuned P1 controller performs better than the PSO algorithm. The AHA based strategy shows better
efficiency, better SOC management, and better responsiveness in acceleration and torque delivery
than PSO based control strategy. The results of this study indicate that the Artificial Hummingbird
Algorithm could be a very powerful tool to optimize EV control systems to make electric vehicles
more efficient, reliable, and high performance. By simultaneously optimizing control of three

different road situations, the AHA decreases the tracking delay of conventional PSO based
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proportional-integral-controller by an order of 31.6 %. At the same time, AHA provides a 4 %
extended driving range and a 4.8 % enhanced total energy efficiency, in comparison to particle
swarm optimization (PSO).
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1. INTRODUCTION

The number of electric cars sold globally is expected to reach 17 million in 2024, which is
more than one in five of all automobiles sold. As industry continues to grow, various factors such
as high inflation and the phase-outs of purchase incentives are starting to affect the industry’s
pace of expansion. The number of electric cars sold in the first quarter of 2024 grew by 25%
compared to the same period in the previous year. The market share of such vehicles is expected
to reach 45% in China, 25% in Europe, and 11% in the US by 2024, as the price of batteries and car
prices continue to fall. The global electric car stock trends are presented in Figure. 1[1]. The world
stock of electric cars grew by an order of magnitude—up to 18.7 million, as compared to 160,000,
in 2010 through 2023. This growth is a dramatic increase since the stock had grown by a small
amount over about a decade to about ten million vehicles in 2020.

Energy efficiency, driving range, battery degradation, thermal management and power
management strategies are the factors that affect the performance of the Electric Vehicles. In [2]
introduced a real-time driving condition-based control and energy management strategy, and
the performance of electric cars were analyses. The method can enhance the overall energy
efficiency of the vehicle, extend the driving range and reduce the wear of the battery. The study
shows that the proposed strategy can enhance the vehicle’s performance in various driving
conditions. These findings will need to be validated in further work through real-world testing.
The different parts of BEV systems are examined in [3] starting with the propulsion system and
then the control converter and finally the battery.
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Global electric car stock trends, 2010-2023
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Figure. 1 Global Electric Car Stock Trends.

The paper shows how the developed model produces exact predictions of vehicle velocity
and how this velocity is influenced by drive cycles. Multiple benefits arise from the
implementation of EVs in green technology sectors as such vehicles provide high power and
energy density. The global trends in the EVs are presented in [4], Charging scenarios are
reviewed in [5] A mathematical model was developed using Simulink/ MATLAB platform to
study electric car performance is presented in [6]. Standard drive cycles help it evaluate the
vehicle performance by assessing combined system efficiency and braking regeneration
alongside battery capability. This work implements fuzzy logic control methods to manage
battery safety while using Al methods for vehicle performance tracking. A two-way wireless
communication system operates as part of its design to monitor external parameters. An
extensive analysis of electric cars dynamics, with their critical parameters, safety and efficiency,
were presented in [7]. The purpose of this work is to increase the knowledge on operational
characteristics of EVs. This analysis serves to drive advancement in this technology leading to
our future being a greener planet. The overall performance of an electric vehicle is based on
various key factors including power, driving distance, pick up and battery capacity. The Karl
Pearson correlation coefficient was used for analysis in [8]. The most important feature
emphasized is battery and regenerative braking efficiency. The correlations between these factors
can be known, which can help manufacturers to improve the performance of their electric cars.
This can assist the industry to turn more sustainable and efficient. Based on Al powered energy
management, the electric vehicle’s performance was analysed in [9]. This focused on key
indicators such as efficiency, charging behaviour, range. The researchers were able to test in real
life how Al can dynamically optimize a vehicle’s energy consumption by running extensive
simulations and in real world tests. In fact, the findings helped in running a greener industry by
showing how Al can adjust to varying real user conditions and behaviours to improve a car’s
efficiency. The energy management controllers were analysed in [10] for the electric vehicle’s
performance. It dealt with efficiency, charging behaviour and range. The results demonstrate
how Al can be tuned to a real-world condition and user behaviour to improve a car’s efficiency.
The other controllers were found to consume more energy than the supervisory controller, as
well as to have a lower energy recovery. In [11] reviewed study focused on a vehicle’s range and
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energy consumption are influenced by some factors like speed, elevation, wheel traction power and
state of charge. Regenerative braking can help cut the energy losses of a car by 50%, it said. It was
found that correlations can be determined using statistical methods and this knowledge would reveal
details of the electric vehicle’s propulsion dynamics. They are also fed into future energy efficiency
developments. Prolonged degradation of a car’s battery can affect its acceleration, speed, driving
time, and regenerative braking capabilities, as stated in [12]. Mid-and long-range electric cars
also hold their performance on highways, it also noted. Degradation is not a major concern for
most driving conditions, the study suggests. It implies that the End-of-Life criterion should be
different according to the vehicle performance loss. In [13] found that electric cars are more
prone to experiencing energy losses when exposed to varying temperatures. For instance, at 15
degrees Celsius, their energy efficiency decreases by 67%, while at 35 degrees Celsius, it goes up
by 24%. In [14] presented an analysis of the electric In [14] presented an analysis of the electric
vehicle’s performance. These systems led to a 97% increase in energy efficiency, a 45-mile range
expansion, and a 15% reduction in the time it takes to recharge. These systems highlight the
potential of power management in electric transportation. The objective of this study [15] was to
estimate the energy consumption of electric cars in China’s Nanjing. It considers various factors
such as driving behaviour, trip conditions, and weather. The proposed framework for
calculating energy consumption performed better than the k-nearest neighbours and random
forest models. This study can help improve the efficiency of electric vehicle route planning and
address range anxiety.

In [16] presented an evaluation of electric vehicle performance from drive system
configurations with advanced simulation using advanced simulation models. One is to
evaluate different performance attributes under different operation scenarios, and to
emphasize the importance of electric vehicle behaviour. The energy consumption of electric
cars in different driving cycles such as modern Indian drive cycles and Urban Dynamometer
Driving Schedule (UDDS) were analysed in [17] . In addition, it also considered real world
driving conditions in various urban and suburban regions of Nepal. The electric vehicle’s
energy efficiency is analysed with respect to various factors. A Simulink model isapplied to the
energy consumption and practical driving range of electric cars in the study. This method gave
a deeper insight into the electric vehicle performance dynamics. The energy consumption of
battery electric cars in real world conditions is discussed in [18] together with different factors
such as speed range, acceleration, and payload. The research then used machine learning
techniques to develop a predictive model that shows which energy related variables can affect
avehicle’s performance and analysed the data collected by the sensors. The findings of the study
can help transportation officials and potential buyers of electric cars understand what factors
affect the performance of the vehicle in different conditions. In [19] analysed the overall electric
vehicle performance based on power output, torque, and efficiency of the electric motor,
battery management system, and power electronics of the electric vehicle. The study allowed
researchers to understand in greater detail the effect that some factors, including voltage, current
output, and state of charge, have on the motor’s efficiency. This research provides the findings
that improve the design of electric powertrains. An electric vehicle energy consumption
calculation was done in [20] by using the structural equation modelling. 1t was found that the
distance, power, temperature, and odometer readings had negative correlation. However, in
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the case of battery level, speed and several other metrics, positive correlations were found. The
ensemble model HistGBRT was able to calculate energy consumption with high accuracy.
The R2was 0.99 and the RMSE was 0.01.

In [21] considered the link between acceleration, speed, and battery power and looked into
the energy consumption of EVs. The paper found that energy consumption is key to range
and efficiency. Furthermore, engine rpm and vehicle speed are affected by urban driving
conditions. The results of the research can be used in the development of eco driving strategies and
acceleration control modules. In [22] investigated the BEV performance under various
environmental conditions and driving range. When exposed to 20 degrees Celsius, it can be
reduced by 54 percent in highway driving conditions and by 49.1 percent in urban areas.
Moreover, the vehicle’s driving range can be improved by about 10.3% at ambient temperatures
using other strategies like internal gas recirculation and motor waste heat recovery. As cold
conditions are revealed in [23] that electric cars do not perform well. It, for instance,
mentioned that the range of vehicles can be reduced by 50% when exposed to low temperatures.
The study also finds that the performance of the electric vehicle can be affected by increased
air conditioning usage, power consumption of low voltage accessories, and reduced discharge
capacity. This points out the importance of improving the design of electric vehicles.

Hence in this paper an optimal control methodology for electric vehicles using Artificial
Hummingbird Algorithm is proposed. The proposed controller minimizes speed lag, torque
ripple, energy use,and SoC drop, thereby addressing the gaps in prior single objective, simulation-
only studies. The main objective is to improve the performance of EV in terms of different
critical parameters to meet the increasing demand for efficient and intelligent control systems
in automotive industry. The proposed control strategy uses an AHA tuned Proportional-
Integral controller to optimize the controller parameters for the best performance. The
performance indicators such as vehicle speed, drive cycle, distance traveled, overall vehicle
efficiency, State of Charge, and torque are evaluated on a test case in MATLAB/Simulink
environment. To validate the proposed approach, its performance is benchmarked with a
Particle Swarm Optimization algorithm

2. ARTIFICIAL HUMMINGBIRD ALGORITHM

The Artificial Hummingbird Algorithm is a new, nature inspired optimization algorithm
which is inspired by the special foraging behaviours and flight abilities of hummingbirds. AHA
is designed to search for a set of optimal solutions efficiently in a complex search space for
optimization problems. The AHA essentially mimics the process by which hummingbirds are
able to locate and take advantage of nectar sources. It is an equilibrium of exploration (finding
for new potential solutions) and exploitation (refining current solutions) to stay away from
local optima. Specific mechanisms are employed to simulate hummingbird behaviours like
territorial foraging, guiding foraging, and migration to achieve this balance. These behaviours
help the algorithm to search for the best solutions as well as keep diversity in the population.
AHA has been shown to be efficient and capable of global optimization through experiments.
It has a great capacity for quick processing time and steady convergence with a high level of
accuracy. Successful application of AHA has been found in many fields such as optimization
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etc., [24]. The AHA is a strong and general approach for solving optimization problems by
mimicking the natural intelligence of hummingbirds [25]. AHA optimization cycle is
presented in Figure. 2.

Guided Foraging
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Figure. 2. AHA Optimization Cycle.

3. Artificial Hummingbird Algorithm Based Optimal Control Methodology

The Artificial Hummingbird Algorithm is combined with the simplicity and practicality of
a Proportional-Integral controller to yield an AHA tuned PI controller. The PI controller is a
widely used feedback control loop mechanism that calculates an error value as the difference
between the actual value and a desired setpoint. The control output is adjusted by the
controller in an attempt to minimize the error. The AHA is used to determine the optimal
values of the proportional and integral gains of the Pl controller. The AHA algorithm
searches the parameter space iteratively and evaluates the performance of the PI controller
with different gain values with respect to a predefined cost function. The desired control
objectives like minimizing settling time, overshoot and steady state error are reflected in this
cost function. AHA has the key advantage of being able to explore the parameter space
efficiently and find the optimal or near optimal PI controller gains for the given EV control
application. The design of fractional-order PI controllers gives more flexibility in design for
awide range of dynamic systems. The AHA automates the process of tuning the Pl controller,
thus reducing the often timefconsuming and nonintuitive work of tuning, which may not
yield the best possible performance [26]. The flowchart for the Artificial Hummingbird
Algorithm Based Optimal Control Methodology is shown in Figure. 3. The control signal of
the PI controller is given as follows:

u® = Kp - e(® + K - [Je(0)dr 1)

Where: u(t) = control signal, e(t) = error signal, K, = Proportional Gain, K; = Integral Gain
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The objective function of the AHA based control algorithm is given as follows

= B e e (52

Where: w; & w, are weights
The solution vector is given as follows

X =[K,, K]
AHA initialization is given as follows

X =k kO], i=12.n

Food source evaluation is given as follows

Ji=fX)
Hummingbird Position Update is as follows

(t+1) _ p(O © _ 4(®
XD =X 4o (X0 - xP)+5-R

()

Where: a, B are Step size coefficients, R is Random vector, X, -, is current best solution.

Define system
A% Initialization BaEEay
parameters
Generate initial
DILIREIG I [nitial Population w
population
Simulate and
ﬁ Evaluation EQEINEE
performance

Apply foraging
RGNS B Hummingbird Foraging
positions

Update the best-
performing solution

heck if terminati S
¢ ecc;itef;n;:ear::: Termination Check §9
. Implement the best
<+ PI Controller Implementation gains in the system
Performance Validation s

Figure. 3 AHA Based Optimal Control Methodology Flowchart.
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In this paper an optimal control methodology for electric vehicles using Artificial
Hummingbird Algorithm is proposed. The performance indicators such as vehicle speed,
drive cycle, distance traveled, overall vehicle efficiency, State of Charge, and torque are
evaluated on a test case of 75 kW, PMS Motor & 30.2 kWh Battery in MATLAB/Simulink

environment as shown in Figure. 4. The System specifications are tabulated in Table 1.
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Figure. 4 Proposed AHA Optimal Control Strategy based Electric Vehicle

Table 1 System Specifications.

S.No. Parameter Specification

1 EV motor type PMSM

2 EV motor rated power 75 kW

3 EV motor rated torque 245 NM

4 EV motor rated speed 5000 RPM
5 EV Battery Capacity 30.2 kWh

6 EV Battery Voltage 320V

7 Drive cycle condition Artemis

4. RESULTS AND DISCUSSIONS
In this paper the evaluation is carried on Artemis urban, rural and motorway 150
kmph road conditions under the following cases
¢ Performance Evaluation of Electric Vehicles Using PSO Based Optimal Control
Methodology
e Performance Evaluation of Electric Vehicles Using AHA Based Optimal Control
Methodology Performance Evaluation of Electric Vehicles Using PSO Based Optimal
Control Methodology
In this case performance of PSO optimal control methodology based electric vehicle is
evaluated under Artemis urban, rural and motorway 150 kmph road conditions. The run
time for the urban drive cycle is 993 seconds, the vehicle speed lags the drive cycle by 271
seconds are shown in Figure. 5, the efficiency of the vehicle is 72.70 %.
The run time for the rural drive cycle is 1082 seconds, the vehicle speed lags the drive cycle
by 110 seconds are shown in Figure. 6, the efficiency of the vehicle is 89.83 %.
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Figure. 6. Rural drive cycle and Vehicle speed.

The run time for the motorway 150 kmph drive cycle is 1068 seconds, the vehicle speed lags
the drive cycle by 85 seconds are shown in Figure. 7, the efficiency of the vehicle is 91.99 %.

Motorway 150 kmph Drive Cycle
40 ,

Vehicle Speed

0 200 400 600 800
Drive Cycle Time in Seconds
Figure. 7. Rural drive cycle and Vehicle speed.

1000

The distance travelled by the EV in urban road is 1.541 km, rural road is 4.874 km,
motorway road is 8.251 km as shown in the Figure. 8.

Solar Energy and Sustainable Development, Votume (14) - N° (2). December 2025

280



First Author (Name and Surname) et. al.  (Font: Monotype Corsiva, Size:7, Italian)

§
E 1.5}
2
Z z
£ 1 |
3 3
>
Zo0s £
£ -
«
9
] k
2 0 c
a
0 200 400 600 800 0 200 400 600 800 1000
Drive Cycle Time in Seconds Offset=0 Drive Cyele Time in Seconds
@ (b).
£
S8t
:
Z6
g
-
=4
>
-
&
'y
o
0 200 400 600 800 1000
Drive Cycle in Kilometers
(©

Figure. 8 Distance travelled by EV in various road conditions, (a) Urban road condition, (b) Rural road condition,
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Figure. 9 SoC in various road conditions. (a) Urban road condition, (b) Rural road condition, (c) Motorway
road condition.
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Figure. 10 Torque of EV in various road conditions, (a) Urban Road condition, (b) Rural Road condition,
(c) Motorway road condition.

From the above finding It has been observed that when the acceleration is increasing, the
torque increases, while the charge of the battery decreases. The reduction in acceleration

during deceleration can lead to the development of regenerative braking. This occurs when
the battery charge increases.

4.1. Performance Evaluation of Electric Vehicles Using AHA Based Optimal Control
Methodology

In this case performance of AHA optimal control methodology based electric vehicle is
evaluated under Artemis urban, rural and motorway 150 kmph road conditions.
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Figure. 11. Urban drive cycle and Vehicle speed.
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The run time for the urban drive cycle is 993 seconds, the vehicle speed lags the drive cycle
by 224 seconds are shown in Figure. 11, the efficiency of the vehicle is 77.54 %.
The run time for the rural drive cycle is 1082 seconds, the vehicle speed lags the drive cycle
by 70 seconds are shown in Figure. 12, the efficiency of the vehicle is 93.53 %.

G |

Rural Drive Cycle
30 A Vehicle Speed

0 200 400 600 800 1000
Drive Cycle Time in Seconds

Figure. 12. Rural drive cycle and Vehicle speed.
The run time for the motorway 150 kmph drive cycle is 1068 seconds, the vehicle speed lags
the drive cycle by 50 seconds are shown in Figure. 13, the efficiency of the vehicle is 95.29 %.
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Figure. 13. Rural drive cycle and Vehicle speed.

The distance travelled by the EV in urban road is 1.686 km, rural road is 4.965 km,
motorway road is 8.321 km as shown in the Figure. 14.
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Figure. 14 Distance travelled by EV in various road conditions, (a) Urban Road condition, (b) Rural Road
condition, (c) Motorway Road condition.

The state of charge and torque for urban, rural and motorway 150 kmph road
conditions are presented in Figure. 15 and Figure. 16 respectively.
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Figure. 15 SoC of EV in various road conditions, (a) Urban Road condition, (b) Rural Road condition,
(c) Motorway road condition.
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Figure. 16 Torque of EV in various road conditions, (2) Urban Road condition, (b) Rural Road condition,
(c) Motorway road condition.

From the above finding It has been observed that when the acceleration is
increasing, the torque increases, while the charge of the battery decreases. The reduction in
acceleration during deceleration can lead to the development of regenerative braking. This
occurs when the battery charge increases. In comparison with Particle Swarm
Optimization, it was shown that the AHA strategy achieves better performance in vehicle

speed, drive cycle, distance traveled, overall vehicle efficiency, State of Charge, and torque
as tabulated in Table 2.

Table 2 Comparison of PSO & AHA.

S.No. Condition Parameter PSO AHA
1 Lag in Vehicle Speed 271 Sec. 224 Sec.
2 Urban _R_oad Distance Travelled 1.541 KM 1.686 KM

Condition
3 Vehicle Efficiency 72.70 % 77.54 %
4 Lag in Vehicle Speed 110 Sec 70 Sec.
5 |Rural Road Condition Distance Travelled 4874 KM 4.965 KM
6 Vehicle Efficiency 89.83 % 93.53 %
7 Lag in Vehicle Speed 85 Sec. 50 Sec.
M R
8 otorwe?y. oad Distance Travelled 8.251 KM 8.321 KM
Condition
9 Vehicle Efficiency 91.99 % %

5. CONCLUSION

This paper presents a novel optimal control strategy for electric vehicles based on the
Artificial Hummingbird Algorithm to fine tune a Proportional Integral controller. The
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proposed AHA tuned PI controller is designed to improve EV performance in terms of vehicle
speed, drive cycle, distance traveled, overall vehicle efficiency, State of Charge, and torque.
Through simulations and comparison with Particle Swarm Optimization, it was shown that
the AHA strategy achieves better performance in vehicle speed, drive cycle, distance
traveled, overall vehicle efficiency, State of Charge, and torque. This suggests that the
Artificial Hummingbird Algorithm can be a powerful tool for optimization of EV control
systems to create more efficient, reliable and excellent performance electric vehicles. The
results of this research emphasis on optimal control methodologies of EV technology,
facilitating sustainable development and environmentally friendly transportation. The
proposed Artificial Hummingbird Algorithm (AHA) has accomplished this reduction in the
tracking delay which occurs in traditional proportional- integral-controller-based systems
by about 31.6 % by optimizing three different road conditions simultaneously. At the same
time, AHA produces 4 % higher driving range and 4.8 % improved superior energy efficiency
as compared to the particle swarm optimization (PSO).
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