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ABSTRACT :

This study explores the optimization of adaptive MacPherson strut design within automotive suspension systems through a comprehensive comparative analysis
of Particle Swarm Optimization (PSO) and Genetic Algorithm (GA) techniques. The primary aim is to enhance the adaptive features of the MacPherson strut,
enabling dynamic responses to diverse conditions encountered during vehicular operation.The MacPherson strut, a critical component of automotive suspension
systems, significantly influences ride comfort, vehicle stability, and overall performance. With modern vehicles operating in diverse environments and
encountering varying road conditions, the demand for adaptability in suspension systems has grown. This investigation addresses this need by exploring
innovative optimization strategies.The optimization process involves iteratively applying Particle Swarm Optimization and Genetic Algorithm techniques to key
design parameters such as weight, stiffness, and damping characteristics. The PSO algorithm, inspired by the collaborative behavior of swarms, and the GA
algorithm, which mimics the principles of natural selection, are harnessed to explore the vast design space and converge towards optimal configurations.
Systematic experimentation and simulation quantify the effectiveness of each algorithm in achieving optimal adaptive configurations for the MacPherson
strut. The comparative analysis assesses efficiency in terms of convergence speed, computational resources, and solution quality. Robustness in handling varying
degrees of complexity in the design space is scrutinized, along with each algorithm's ability to adapt to changes in optimization goals and constraints, considering
the dynamic nature of suspension system requirements.The findings provide valuable insights into the strengths and limitations of Particle Swarm Optimization
and Genetic Algorithm techniques in the context of adaptive suspension system design. These insights offer practical guidance for engineers and designers, aiding
in the selection of the most suitable optimization algorithm based on specific project requirements.Additionally, this study has broader implications for the
advancement of optimization techniques in various engineering domains. The adaptability and performance improvements achieved in the context of MacPherson
strut design optimization can potentially extend to other critical components and systems within the automotive industry and beyond.

Keywords—Adaptive Suspension, MacPherson Strut, Design Optimization, Particle Swarm Optimization (PSO), Genetic Algorithm (GA),
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l. Introduction :

The Adaptive MacPherson Strut stands at the intersection of tradition and innovation, embodying a seamless blend of the time-honoured MacPherson
strut design and state-of-the-art adaptive technology. This groundbreaking suspension system traces its lineage back to the mid-20th century when Earle
S. MacPherson introduced a design that would go on to become a cornerstone in automotive engineering. Over the decades, the MacPherson strut has
established itself as a reliable and cost-effective suspension solution. The integration of adaptive technology into this classic design represents a
quantum leap forward, promising to elevate ride comfort, handling, and overall performance to unprecedented levels.As automotive technology
advanced, so did the MacPherson strut. Engineers refined the design to enhance its performance characteristics, addressing limitations and optimizing
its application across diverse vehicle types. The fundamental advantages of the MacPherson strut—simplicity, space efficiency, and cost-
effectiveness—remained, making it a staple in the automotive world. [1]

Adaptive suspension technology marked a paradigm shift in the automotive industry. It introduced the capability to dynamically adjust the
characteristics of the suspension system, allowing vehicles to adapt to varying road conditions and driving scenarios. This technology gained
prominence in high-performance and luxury vehicles, where the demand for a smooth ride and precise handling is paramount.

The key components of an adaptive suspension system include sensors, actuators, and a sophisticated control unit. Sensors continuously monitor
various parameters such as wheel speed, vehicle speed, steering input, and road conditions. The control unit processes this information and sends
commands to the actuators, adjusting the suspension settings accordingly. The result is a suspension system that can optimize ride comfort and handling
performance in real-time.

The objective of the present work is to optimize the design of an Adaptive MacPherson Strut using a comparative analysis of Particle Swarm
Optimization (PSO) and Genetic Algorithm (GA) techniques. The optimization process aims to enhance the performance of the MacPherson strut by
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adjusting key parameters, including strut length, damping ratio, spring stiffness, and critical damping coefficient. After careful consideration of the
literature review, the methodology used is the same as the papers considered. So, the methodology is validated.
Following is the methodology used for finding out the results for the connecting rod.

1. Selection of Parameters

After careful consideration, From the literature review, following parameters to be optimized are identified:

a) Length of the strut

b) Spring Stiffness

c) Damping Ratio

d) Critical Damping Coefficient

The length of the strut in a MacPherson suspension system refers to the distance between the top mounting point (often attached to the vehicle body)
and the bottom mounting point (typically connected to the wheel hub assembly). This length directly affects the distance over which the strut can
compress or extend, thereby influencing the vehicle's ride height, suspension travel, and wheel motion during vertical movements. The length of the
strut in a vehicle’s suspension system is a critical parameter that directly influences the vehicle’s handling and ride comfort.

The spring stiffness of a strut refers to its ability to resist deformation when subjected to a force, typically measured in units of force per unit of
displacement (e.g., N/m or Ib/in). In the context of a vehicle's suspension system, the spring stiffness determines how much the suspension compresses
or extends in response to various driving conditions, such as bumps, turns, and braking.

The damping ratio is a dimensionless measure describing how oscillations in a system decay after a disturbance. It's a parameter used in the context of
harmonic oscillators, such as those found in mechanical and electrical systems, to quantify the damping. The damping ratio is defined as the ratio of
damping coefficient and critical damping coefficient. The damping coefficient of a strut refers to its ability to dissipate energy and resist oscillations
when the suspension system is subjected to motion. It represents the damping force generated by the strut as it compresses and extends, opposing the
movement of the suspension. This damping force is typically proportional to the velocity of the suspension movement and is crucial for controlling the
oscillations of the spring, thereby influencing the overall behavior of the vehicle's suspension system.

The critical damping coefficient is a parameter in the study of dynamic systems, particularly in mechanical engineering concerning vibration and shock
absorption. It represents the minimum amount of damping that prevents oscillation in a system that has been disturbed. When a system is critically
damped, it returns to its equilibrium position as quickly as possible without oscillating. The critical damping coefficient represents the ideal damping
level required to prevent oscillations in a dynamic system from persisting or growing over time.

2. Optimization Function :

The optimization function that will be introduced is a mathematical representation of the problem of optimizing the parameters of a strut in a vehicle’s
suspension system. The parameters include the strut length (1), spring stiffness (k), and damping coefficient (c). The objective function f(l, k, c)
represents a measure of performance that we want to optimize. This is be related to the vehicle’s ride comfort, handling stability, or a combination of
both.

Providing a mathematical framework for understanding the interplay between the length, stiffness, and damping coefficient of a strut and assuming the
system to be the Standard Damping System, the equation derived is

A

. . . o . . 4lk
So, using this equation, the optimization function will be as follows: 3¢
fkec) ="

2.A. Optimization Techniques used:

Particle Swarm Optimization (PSO) and Genetic Algorithm (GA) stand as stalwart pillars in the domain of optimization, renowned for their efficacy in
tackling a myriad of complex optimization challenges. Each of these techniques operates on distinct principles, offering unique strategies to navigate
the vast search space and converge toward optimal solutions.

Particle Swarm Optimization (PSO) draws inspiration from the social behaviour of organisms such as birds flocking or fish schooling. In PSO, a swarm
of particles represents potential solutions to the optimization problem, each particle adjusting its position based on its own experience (personal best)
and the collective knowledge of its neighbours within the swarm (global best). This collaborative exploration and exploitation of the search space
enable PSO to efficiently traverse nonlinear and multimodal landscapes, seeking out promising regions where optimal solutions may reside. The
adaptive and decentralized nature of PSO lends itself well to problems where real-time adjustments and flexible exploration are paramount.

In contrast, Genetic Algorithm (GA) draws its inspiration from the principles of natural selection and genetics. In the Genetic Algorithm (GA), a
population of candidate solutions evolves over successive generations through the operations of selection, crossover, and mutation. Each candidate
solution is encoded as a chromosome, typically representing a set of parameters to be optimized. Through the iterative process of genetic operations,
GA systematically refines the population, favouring individuals with superior fitness and gradually converging towards optimal solutions. GA's ability
to handle discrete, continuous, and mixed-variable optimization problems, coupled with its robustness and adaptability, makes it a versatile choice for a
wide array of optimization tasks.
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3.Optimization Results:

The optimization process involved defining the design parameters of the MacPherson strut, including strut length (1), spring stiffness (k), damping ratio
(¢), and critical damping coefficient (cc). Both PSO and GA techniques were employed to search for the optimal combination of these parameters while
considering the performance objectives and constraints. The results obtained using Particle swarm optimization and Genetic Algorithm is shown in
table below.

4. Comparative Analysis :

A comparative analysis was conducted to evaluate the performance of PSO and GA in optimizing the adaptive MacPherson strut design. The results
obtained from PSO and GA optimizations were compared in terms of convergence characteristics, computational efficiency, and quality of solutions.

- Convergence Characteristics: Both PSO and GA exhibited convergence towards optimal solutions, with PSO generally converging faster in the
initial iterations compared to GA. However, GA showed smoother convergence towards the later stages of optimization. PSO tended to converge faster
in certain cases due to its exploration-exploitation balance mechanism.

Table 1. Comparison of Results

Parameters Strut Length (mm) Spring Stiffness (N/mm) Damping Ratio Critical Damping coefficient (%)
Optimization technique used

Input Values 330 6 0.9 10.8

Particle Swarm Optimization 328.70 5.00 0.70 10.60

% changefrom PSO 0.40 16.67 22.22 1.85

Genetic Algorithm 328.69 4.99 0.70 10.60

% changefrom GA 0.39 16.83 22.22 1.85

The figuresbelowshows the graph for the PSO and GA.
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Figure 1. Graph for Strut Length vs Iteration for PSO.
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Figure 2. Graph for Strut Length vs Iteration for GA.
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Figure 3. Graph for Spring Stiffness vs Iteration for PSO.
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Figure 4. Graph for Spring Stiffness vs Iteration for GA.
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Figure 5. Graph for Damping Ratio vs Iteration for PSO.
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Figure 6. Graph for Damping Ratio vs Iteration for GA.
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Figure 7. Graph for Critical Damping Coefficient vs Iteration for PSO.
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Figure 8. Graph for Critical Damping Coefficient vs Iteration for GA.

- Computational Efficiency: PSO demonstrated higher computational efficiency in terms of convergence speed and computation time per iteration
compared to GA.
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Figure 9. Graph for PSO
This efficiency can be attributed to the simplicity and parallel nature of PSO algorithm.
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Figure 10. Graph for GA

4. PSO vs. GA Performance:

While both PSO and GA techniques yielded improved solutions for the MacPherson strut design, they exhibited

different characteristics in terms of solution quality. PSO tended to converge towards solutions with slightly better performance in specific objectives,
such as optimizing damping ratio and critical damping coefficient to achieve maximum improvement in targeted metrics. Conversely, GA provided a
more diverse set of solutions due to its population-based nature, exploring a broader range of design possibilities by adjusting parameters such as spring
stiffness and strut length. This diversity in solutions offered by GA can be advantageous in situations requiring consideration of multiple design criteria
or trade-offs, facilitating a comprehensive exploration of the design space, and potentially uncovering novel configurations that balance conflicting
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objectives.

4, Conclusion:

The comparative analysis of PSO and GA techniques for the design optimization of an adaptive MacPherson strut provided valuable insights into their
respective strengths and weaknesses. While PSO exhibited faster convergence and slightly better performance in specific objectives, GA offered
diverse solutions and smoother convergence. The results contribute to the advancement of optimization techniques in automotive engineering and
provide guidance for future research in adaptive suspension systems.

The comparative analysis suggests that both PSO and GA are effective optimization techniques for the design optimization of adaptive MacPherson
struts. However, the choice between the two methods depends on the specific requirements of the design problem and thetrade-offs between solution
quality and convergence speed.

Advantages of PSO:
- Faster convergence in certain cases.
- Robustness in handling multi-modal optimization problems.
- Efficient exploration-exploitation balance mechanism.

Advantages of GA:

- Versatility in handling constraints and achieving feasible solutions.

- Ability to explore a diverse set of design possibilities.

- Effectiveness in optimizing complex design spaces.
Thus, the design optimization of adaptive MacPherson struts using PSO and GA techniques has shown promising results in improving ride comfort,
handling stability, and mechanical performance. Both PSO and GA offer unique advantages and can be applied depending on the specific requirements
of the design problem.
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