
DOI : https://dx.doi.org/10.26808/rs.st.i9v5.06 

International Journal of Advanced Scientific and Technical Research                                           ISSN 2249-9954 

Available online on http://www.rspublication.com/ijst/index.html                         Issue 9 volume 5 Sep-Oct 2019 

©2019 RS Publication, rspublicationhouse@gmail.com Page 67 

 

OPTIMIZATION OF A NON-LINEAR SUSPENSION QUARTER CAR USING 

GENETIC ALGORITHM 

 

*Mahmoud H. Salem¹,  A. Abd_Elsalam
2
 ,Xianghong Ma

3
 

1
 Mechanical Engineering Department, College of Engineering and Technology, Arab 

Academy of Science. Technology and Maritime Transport, 1029 Abu Kir, Alexandria – 

Egypt 
2
Mechanical Engineering Department, College of Engineering and Technology, Arab 

Academy of Science. Technology and Maritime Transport, 1029 Abu Kir, Alexandria – 

Egypt 
3
 School of Engineering and Applied Science, Aston University, Aston Triangle, 

Birmingham, B4 7ET, U.K 

*mahmoudhsalem@aast.edu **ahmedabdelsalam@aast.edu***x.ma@aston.ac.uk 

 

 

ABSTRACT 

This paper investigates the effect of the attachment of a nonlinear stiffness spring in a quarter 

car model under various road conditions. To obtain a high level of ride comfort and improved 

vehicle handling under all driving conditions it is necessaryto design a good suspension. An 

important criterion for optimal ride comfort is the root mean square of the absolute 

acceleration specified by British standards ISO 2631-1. A new way to reduce vibrations is to 

utilise nonlinear components. The realization of vibration reduction through one-way 

irreversible nonlinear energy localization which requires no pre-tuning in quarter car models 

is studied for the first time. The mathematical model of the quarter-car is derived and the 

dynamics are evaluated in terms of the main mass displacement and handling effect. The 

simulation of the car dynamics is performed using Matlab® and Simulink®. Results show 

that the addition of the nonlinear stiffness decreases the vibration of the passenger to meet 

optimal ride comfort standards and handling. The design of the proposed nonlinear spring is 

investigated and the simulated results are verified. The future of the technology is in the use 

of a nonlinear suspension that could provide improvement in performance over that realized 

by the passive, semi active and active suspension. 

This paper applies the genetic algorithm on a nonlinear stiffness spring in a quarter car model 

under different parameters. Varying the speed and the sprung masses are the variables 

changed, in order to study their effect on the displacement of the sprung mass. Validation of 

the experimental set up with the simulated model is performed to ensure optimum parameter 

identification. Results show that genetic algorithm parameters decreases the vibration of the 

passenger in the theorotical model and obtains the minimal vibration attainable.  

 

Keywords:Quarter Car; Suspension; Nonlinear; Matlab; Ride Comfort, Genetic  

 

 

 

1. Introduction  

A vehicle suspension system is a complex vibration system having multiple degrees of 

freedom. The purpose of the suspension system is to isolate the vehicle body from the road 

inputs. Various aspects of the dynamics associated with the vehicle put different requirements 

on the components of the suspension system [1]. Passenger ride comfort requires that the 

vertical motion of the main mass and the root mean square of the acceleration reach a 

minimum specified by British standards ISO 2631-1 [2-3]. Obtaining an optimum suspension 

system is of great importance for automotive and vibration engineer involved in the vehicle 
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design process. The suspension affects an automobile’s comfort, performance, and safety. 

The suspension system suspended the automobile’s body a short distance above the ground 

and maintains the body at relatively constant height to prevent it from pitching and swaying. 

To maintain effective acceleration, braking, and cornering the components of good handling, 

the suspension system must also keep all four tires firmly in contact with the ground. In this 

work the optimization of suspension parameters which include the spring stiffness and 

damper coefficient is designed to compromise between the comfort and the road handling. 

The mathematical model of the quarter-car is derived and the dynamics are evaluated in terms 

of the main mass displacement and acceleration. The approach starts with the development of 

a fast and accurate vehicle model in Matlab® and Simulink® combined for testing the 

parameters, and concludes by automated optimization of suspension parameters using 

Genetic Algorithm, to meet performance requirements specified. Results show that by 

optimizing the parameters the vibration in the system decreases immensely. Faheem, Alam 

and Thomson investigated the response of quarter and half-car models to road excitation. 

They studied the time response to a step road input and the frequency response of the sprung 

and unsprung masses [4].  Unaune, Pawar and Mohite simulated the time response of a 

quarter-car model to a step input with passive elements suspension. They investigated the 

effect of mass ratio, stiffness ratio and damping coefficient ratio on the sprung-mass 

dynamics [5]. Hessling quoted that comfort changes with car speed and improper design of 

road humps leading to a risk of injury. He listed the tools of dynamic measurement systems 

used in the measurement of vehicle dynamics when crossing a speed hump [6]. Garcia-

Pozuelo et al. developed a simulation program using MATLAB considering the vehicle 

dynamics, hump geometry and vehicle speeds. The proposed tool was expected to provide 

useful information to set guidelines for the proper design and installation of speed humps [7]. 

The phenomenon of energy transfer through a nonlinear connection was researched by 

Gendelman who investigated the dynamics of a two-DOF system consisting of a damped 

linear oscillator (LO) which is the primary system that was connected to a weakly coupled 

nonlinear damped attachment [8].Vakakis et al. researched the inducement of passive 

nonlinear sinks in linear vibrating systems. These are substructures that absorb vibrational 

energy in a one-way, irreversible fashion. The systems considered are composed of strongly 

coupled, grounded damped linear oscillators with a strongly nonlinear attachment at the end 

[9]. Comparisons between linear and nonlinear dynamic vibration absorber showed that 

through using systems with linear components produce constant distributions of energy that 

decrease the possibility of energy transfers from one mode to another while using nonlinear 

connections increased the energy transfer in different modes. An advantage of using 

nonlinear connections that is not limited to one resonant frequency, it can work for various 

frequencies therefore it is more efficient than a linear connection that only works with one 

frequency.  All the previous studies were theoretical; to take the research to another level 

experimental work must be investigated. The first experimental report of nonlinear energy 

pumping was provided by McFarland et al., providing evidence that energy pumping can be 

used in practical applications [10]. Jutte, Vehar studied a generalized nonlinear spring 

synthesis methodology for prescribed load-displacement functions. Four spring examples, J-

curve, S-curve, constant-force, and linear, demonstrated the effectiveness of the methodology 

in generating planar spring designs having distributed compliance and matching desired load-

displacement functions. Two fabricated designs validated nonlinear spring responses, while 

demonstrating the applicability of nonlinear springs. By examining various nonlinear spring 

designs, several interpretations were provided for how a spring’s shape, topology, and 

loading (i.e. axial and bending) influence its response [11]. Using nonlinear springs, its 

effects were studied in vibration energy harvesters and results showed that they function for a 

wider range bandwidth [12-13].To obtain a nonlinear coeffecient of stiffness, various types of 
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springs where investigated, springs with varying pitches. The only spring that was proven to 

give a nonlinear result was the barrel spring. A barrel spring is considered to be two conical 

springs in series. Governing equations of a conical spring has been done by Den Boer for the 

linear and nonlinear section in the deformation process [14]. Wahl A. was the first to derive 

the load deflection relation of the helical cylindrical spring, while Timoshenko et al. extended 

this relation to a conical spring, but only on its linear behavior [15-16]. The nonlinear 

behaviour of the conical springs was only initially discussed in a paper by Wu and Hsu which 

gave a basic equation of motion and by a second paper by Rodriguez et al.  [17-18]. This 

nonlinear behaviouris due to that the number of active coils decreases or increases at different 

stages of compression. During compression, first the biggest coil starts compressing 

gradually to the bottom which causes a gradual stiffening of the spring.  

To design vehicle suspensions engineers used to obtain results of the system by trial and error 

through replacing the stiffness and damper. This was of course costly, time consuming and 

tedious. Due to innovations in computational power and theoretical methods now it is 

possible to use optimization tools to determine the optimum suspension parameters. Y. He 

and J. McPhee  researched Application of Optimization Algorithms and Multibody Dynamics 

to Ground Vehicle Suspension Design, there is more than one algorithm and numerous 

methods available[19]. Genetic Algorithms (GAs) have been used in different applications 

such as function optimization and control systems. It is known that GAs offer significant 

advantages over traditional methods by using several principles simultaneously and 

heuristics, whose most important aspects are: a population-wide search, a continuous balance 

between exploitation (convergence) and exploration (maintained diversity), and the principle 

of building block combination D.E. Goldberg [20]. GAs are general-purpose stochastic 

optimization methods for solving search problems to seek a global optimum. However, GAs 

is characterized by a large number of function evaluations Y. He  [21]. 

Verros and Natsiava  presented optimization of suspension stiffness and damping based on a 

quarter car model travelling on a random road profile [22]. Presented was a critical 

comparison of quarter car models with passive linear and dual-rate suspension dampers and 

semi-active sky-hook damping models. Gomes presented optimization of 2-DOF quarter car 

model travelling over a random road surface using particle swarm optimization (PSO) 

algorithm. Minimization of dynamic vehicle load and minimization of suspension deflection 

were used as objective functions in two optimization examples. 

 

Optimization of a light commercial vehicle to improve vehicle ride and handling was 

performed by Özcan et al. using a quarter car and the half car models in Matlab/Simulink 

[23]. The performance criterions considered were RMS body acceleration, tire forces, and 

body roll. The performance results of the optimized suspension unit were verified from the 

car manufacturer. Chi et al. had presented optimization of linear quarter car model using three 

different techniques namely genetic algorithm (GA), pattern search algorithm (PSA) and 

sequential quadratic program (SQP) subjected to body acceleration, suspension working 

space, and dynamic tire load as design criterions [24].   

 

Molina-Cristobal et al.  had presented multi-objective optimization of a passive suspension 

system using quarter car model using meta-heuristic optimization with the multi objective 

genetic algorithm (MOGA) and bilinear matrix inequalities (BMI) techniques. Ride comfort 

using RMS body vertical acceleration and road holding criterions were used as objective 

functions during optimization [25]. 

 

Baumal et al. sented GA-based optimization of half car model with an objective to minimize 

acceleration of the 6passenger’s seat, subject to constraints such as road holding and 
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suspension working space [26]. Kuznetsov et al. had presented optimization of quarter car 

model coupled with a driver using three types of models, a 3-DOF driver–car model, a 

quarter car having 2 DOF and a driver having 1 DOF. Ride comfort criteria as per ISO 2631-

1 were used for optimization using the algorithm for global optimization problems (AGOP) 

[27].   

 

Gundogdu optimized a quarter car suspension system including the seat model using the 

genetic algorithm. A 2-DOF linear quarter car model was developed including a 2-DOF 

lumped mass driver model. The objective function is formulated using head acceleration, 

crest factor, suspension deflection and tire deflection objective functions then converted into 

a uni-objective function using non-dimensional expressions, giving equal importance to each 

of the objective functions [28].  

 

Salah et al. presented optimization of a quarter car including the human bio-mechanical 

model using a genetic algorithm. Seat acceleration, head acceleration, and suspension 

working space were used as the optimization criterion. The objective function was converted 

into an uni-objective function using weighting parameters. Results are compared to step and 

sinusoidal road profile [29]. Also, the human bio-mechanical model considered for the study 

based upon either a 1 DOF. On the other hand, genetic algorithms (GA) method increases the 

probability of finding the global optimal solution and avoids convergence to a local minimum 

which is a drawback of gradient-based methods as concluded by Baumal, A.E et al. [26]. In 

any vehicle suspension system, there are a variety of performance parameters, which need to 

be optimized. There are three important parameters, which should be carefully considered in 

designing a vehicle suspension system as concluded by Zavadinka, P. and Kriššák, P., [30].  

Ride Comfort is directly related to the acceleration sensed by passengers when traveling on a 

rough road. Road holding ability is associated with the contact forces of the tires and the road 

surface. These contact forces are assumed to depend linearly on the tire deflection. 

Suspension travel refers to the relative displacement between the sprung and the unsprung 

masses. It should always be lesser than the rattle space. 

 

D. Hrovat, and M. Hubbard stated that the improvement of ride quality in vehicles can reduce 

the driver's fatigue resulting in an increased safety and vehicle control. The suspension 

system reduces the transmission of oscillations to the vehicle body from road surface 

disturbances. The chassis should be well isolated from the road surface with a minimal 

suspension travel, yet provide good handling performance. Prolong exposure to vibrations 

during vehicle usage has adverse effects on the operator’s health, task performance, and 

comfort [31].  

 

Further-more, frequent breaks may be necessary due to health regulations and excessive 

fatigue due to the vibration levels. Consequently, the attenuation of vibrations transmitted 

from the road surface to vehicle occupants is an important issue for the minimization of 

discomfort levels that effect operator efficiency. 

 

2. Mathematical Model 

 The paper studeis the effect of inserting a nonlinear spring into the suspension model, 

compared to a linear model. This study shows the affect on the passenger displacement and 

the comfort zone also putting the handling into consideration. The overall behaviour of the 

system can be determined by considering a simple model of the complex vibrating system. 

The analysis of a vibrating system requires mathematical modelling, derivation of the 

governing equations, solution of the equations, and interpretation of the results. By using the 
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equivalent values of the mass, stiffness, and damping of the system, a mathematical model 

for a quarter car model can be obtained as seen in figure 1. 

 

 
Fig. 1 Quarter Car Model. 

 

The equations of motion of the two masses with a cubic stiffness making it a nonlinear 

suspension may be written as 

 𝐦𝟏𝐱𝟏 +  𝐤𝟏 𝐱𝟏 − 𝐱𝟐 
𝟑 − 𝐛𝟏 𝐱𝟏 − 𝐱𝟐  = 𝟎 (1) 

 𝐦𝟐𝐱𝟐 +  𝐤𝟐 𝐱𝟐 − 𝛚 + 𝐛𝟐 𝐱𝟐 − 𝛚  − 𝐤𝟏 𝐱𝟏 − 𝐱𝟐 
𝟑 − 𝐛𝟏 𝐱𝟏 − 𝐱𝟐  = 𝟎 (2) 

 

Where  m1 is the primary mass (consisting of the car seat and passenger) and  m2 is the tire 

mass. k1 is the  

suspension stiffness and k2is the tire stiffness. Included also in the equations of motion, 

b1and b2are the damper coefficients of the main mass and tire mass. x1 and x2are the 

displacements of the main mass and tire masses, respectively. While ω is the deformation of 

the ground. Parameters of Quarter Car Model by Galal H. [32] are shown in table 1. 

 

Table 1: Parameters of Model 

 

Symbol Definition  Value 

m1 Car body mass 466.5 kg 

m2 Tire mass 49.8 kg 

k1 
Stiffness of car body 

spring (Linear Model) 
5700 N/m 

k2 Stiffness of car tire 135.921 kN/m 

b1 
Damping coefficient 

of damper 
1000 N s/m 

b2 
Damping coefficient 

of tire 
1447 N s/m 

 

To design a nonlinear spring, the equation of motion for a barrel spring is derived [33].  

When the spring is initially compressed the largest coil is free to deflect, as all other coils of 

the spring. Thus, the load-deflection relation is linear according to equation 3. 
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x =  
16F

𝐺d4
  𝐷1 +

(𝐷2 − 𝐷1)𝑛𝐷

𝑛
 

3

𝑑𝑛𝐷 =
𝑛

0

4Fn(𝐷1
2 + 𝐷2

2)(𝐷1 + 𝐷2)

𝐺d4
       (3) 

 

Along the nonlinear regime from point T to C as seen in figure 3, the active coils are 

gradually compressed inwards. During this regime, nf coils are free and n − nf coils are 

compressed to the ground (these coils are called solid coils as seen in figure 2.  

 

 
Fig. 2Section of Barrel Spring. Left: linear behaviour, n free coils. Middle: nonlinear 

behaviour, nf < n free coils. Right: maximum deflection, nf = 0. [17] 

 

 

The coil is considered as an infinitely number of elementary angular parts. When the first 

elementary part of the largest coil has reached its maximum physical deflection, it starts to be 

a nonactive element of the spring. This defines the transition point T. The first regime of 

compression then stops and the second one begins. During the second regime of compression, 

nf continuously decreases from n to 0 and leads to a gradual increase of the spring stiffness. 

This explains why this second regime shows a nonlinear load-deflection relation. The total 

conical spring deflection (x) at a certain axial load (F).  This gives a total deflection of 

So that  

 

 n𝑓 =
𝑛

𝐷2 − 𝐷1

  
𝐺d4𝐻

8Fn
 

1/3

− 𝐷1  (4) 

As nf is defined, the continues load-deflection relation can be written using (4), 

 x F =
4𝐹 𝐷1 

4𝑛

𝐺d4 𝐷2 − 𝐷1 
  1 +  

𝐷2

𝐷1
− 1 

n𝑓

𝑛
 

4

− 1 + 𝐻  1 −
n𝑓

𝑛
  (5) 

  

 

The load-deflection nonlinear relation for a barrel spring with a constant pitch is derived[17]. 

For the barrel spring, d is the coil diameter and D1 is the mean spring diameter of smallest 

initially active coil. D2 is the mean spring diameter of biggest initially active coil and n is the 

initial number of coils in this case n=4 coils. While H is the initial spring height and x is the 

axial spring deflection and F is the axial compression force (variable load) and G is the 

modulus of rigidity of 80MPa. To obtain these values equations 3,4 and 5 were used 

according to design contraints due to manufacturing reasons. The minimal mean spring 

diameter (D1) must be at least three times greater than the coil diameter (d). As stated before, 

in this project the telescoping conical spring is used. This means that during compression to 

the ground, every coil must fit in the following coil. When the spring is fully compressed to 

the ground, the distance from one coil to the next (heart to heart) is 
𝐷2−𝐷1

2𝑛
. The distance from 
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one coil to the next (e) when the spring is fully compressed to the ground is e = 
𝐷2−𝐷1

2𝑛
− 𝑑. A 

spring is telescoping when e > 0 m, otherwise the spring is nontelescoping. Using trial and 

error we where able to achieve a nonlinear relation of the force and displacement with all the 

previous constraints. In order to ensure that this is feasible the spring was manufactured as 

seen in figure 3. 

 

 

 

 

 
 

Fig. 3 Barrel Spring Model. 

 

Telescoping barrel spring with a constant pitch are considered and put through a compression 

test as seen in figure 4. In compression, the spring show a two-regime load deflection relation 

and the simulation result is compared to the experimental result as seen in figure 5.  

Where this nonlinear curve  were curve fitted using Matlab curve fitting tool, the resulting 

equation of the curve which gave a relationship between the force and displacement was then 

inserted into the quarter car model equation model as seen in equation 2.Then the simulation 

was run to obtain the displacment results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure.4 Tensile/Compression Test Rig 

 

 

H=34cm 

D1=14cm

m 

ΔH=8.5cm 

d=1cm 

D2=23cm

m 
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Fig. 5 Barrel spring characteristic.  

Point O: no compression. Transition point T: start of active coil-ground contact; start of 

nonlinear behaviour. Point C: maximal compression (all active coils in contact with the 

ground). 

 

3. Results and Discussion 

The input of the irregularity of the road has been entered into two models; the first is the 

linear quarter car model and the other is the quarter car model with nonlinear suspension. 

Roads can have random roughness or standard humps to force drivers to reduce their vehicle 

speeds in residential areas. In this study a speed hump is considered as an input to the quarter-

car model. Standard humps have well known designs. They may be circular, parabolic or flat-

topped. In our case, we entered a 0.1m high single hump with different widths therefore 

different frequencies (0.25Hz,0.5Hz,1Hz,2Hz) to study the effect of the nonlinear suspension 

and the linear suspension. 

 
Fig. 5Hump Amplitude 0.1 m (a) Frequency: 1Hz (b) Frequency: 0.5Hz 

Car Displacement vs Time 

O 

T 

C 
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Fig. 6 Hump Amplitude 0.1 m (a) Frequency: 2Hz (b) Frequency: 0.25Hz 

 Car Displacement vs Time 

 

As we can see from figure 5(a) that the passenger displacement decreased by 54% and in 

figure 5(b) decreased by 52% therefore we concluded for different types of humps we can see 

that the nonlinear suspension always obtains a lower vibration than the normal suspension.In 

figure 6(a) we can also see a decrease of 47% while in 6(b) a decrease of 44%.To further 

study the effect of the suspension we added a road input with a sinusoidal signal with 

different frequencies (0.5Hz, 1Hz) but with constant amplitude of 0.1 m acting as the road 

input. Also, investigated the displacement and acceleration of the passenger as seen in figure 

7 to 8. 

 
Fig. 7 Sinusoidal Amplitude 0.1 m (a) Frequency: 1Hz (b) Frequency: 0.5Hz 

 Car Displacement vs Time 

 
Fig. 8 Sinusoidal Amplitude 0.1 m (a) Frequency: 1Hz (b) Frequency: 0.5Hz 
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2
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Fig. 9 Random Amplitude 0.1 m (a) Car Displacement (m) (b) Ground Displacement 

 

Figure 7(a) shows that the displacement decreased by 56% from replacing a normal 

suspension with a nonlinear suspension. To ensure optimal ride comfort specified by British 

standards ISO 2631-1 which states that the optimum weighted RMS of Vertical acceleration 

level must not exceed 0.8m/s
2
. We study the acceleration of the passenger as seen in figure 4. 

The effect of the nonlinear suspension reduces the acceleration of the passenger from 1.8m/s
2
 

to 0.9m/s
2
 which is relatively close to the optimum ride comfort standard as seen in figure 

8(a).Figure 7(b) shows that the displacement decreased by 27% from replacing a normal 

suspension with a nonlinear suspension. The effect of the nonlinear suspension reduces the 

acceleration of the passenger from 1.4m/s
2
 to 0.4m/s

2 
which are lower than the optimum ride 

comfort standard as seen in figure 8(b). 

Figure 9 shows that even in a random ground input that the nonlinear stiffness with no 

previous tuning can decrease the displacement of the car.As we can see from the results we 

reach the conclusion that integrating nonlinear suspension in most cases increases the 

efficiency of the suspension and increases the comfort of the passenger. As seen in figures 10 

and 11, the RMS force values for the hump amplitide 0.1m and frequency 

(2Hz,1Hz,0.5Hz,0.25Hz) is positive, therefore proving that the handling is stable for the cases 

linear and nonlinear [19]. 

 

 
Fig. 10 Hump Amplitude 0.1 m (a) Frequency: 2Hz (b) Frequency: 1Hz 

Force RMS vs Time 
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Fig. 11 Hump Amplitude 0.1 m (a) Frequency: 0.5Hz (b) Frequency: 0.25Hz 

Force RMS vs Time 

 

4. Optimization 

Optimization objective is to minimize the sprung mass acceleration of the quarter car model. 

So the required comfort is obtained from the system. For the above requirement, we use the 

objective function which is fitness function for Genetic Algorithm (GA) optimization process 

by D. A. HULLENDER [33]. According to James principal, the root mean square (RMS) of 

sprung mass acceleration can be expressed as: 

 

 𝛼 (𝑘1 , 𝑏1 ) =  π RV[
𝑘2𝑏1 

2 𝑚1 
 

3

2
 𝑘1 

 
1

2
 

+
 𝑚1 + 𝑚2 𝑘1 

 2 

2 𝑏1 𝑚1 
 2 

] (3) 

 

The optimization results are derived for a quarter car configuration, travelling at the speed V 

of 30 m/s on the road with an irregularity coefficient of power spectrum R taking the value of 

6.5x10-6 𝑚3. 

The total number of generations to study was not determined before testing began. Because 

of the complex nature of the genetic algorithm and time limitations for the number of 

possible generations run, it was decided to start the genetic algorithm and observe how the 

genetic algorithm progressed before convergence criteria were set. In the end, the algorithm 

was terminated at the 5th generation. Provided the lower and upper bounds for the variables 

as per shown in the table 2 as seen as followed: 

 

Table 2: Bounds for the Optimization Problem 

Parameters Bounds 

Lower Upper 

𝑘1(N/m) 1000 7000 

𝑏1(Ns/m) 0 6000 

 

After running the GA Optimisation, the optimised values of the variables are as follows: 

𝑘1 = 1000 N/m. 

𝑏1 = 100 Ns/m. 
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The results that we are obtaining from GA optimization can be verified by checking the 

response of our Simulink® Model. First, we just take some arbitrary values from the ranges, 

and get the response for these values. Then we'll compare the results which we are getting 

from our GA optimized parameters. 

The outputs to be studied of the nonlinear model with the new genetic parameters are the 

primary mass deflection, primary mass acceleration. They are compared with the normal 

suspension configuration and a nonlinear suspension configuration. It is shown by the plot 

represented as in Fig. 12 to 15.   

 

 
Figure 12 Sinusoidal Model 1: i) Car Displacement (m)  ii) Car Acceleration (m/s2) iii) 

Ground Displacement 

Sinusoidal model Amplitude 0.035 m Frequency: 5Hz 

 

 
Figure 13 Sinusoidal Model 2: i) Car Displacement (m)  ii) Car Acceleration (m/s2) iii) 

Ground Displacement 

Sinusoidal model Amplitude 0.035 m Frequency: 2.5Hz 
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To further study the effect of the suspension we added a road input with a hump road input 

with different frequencies (2.5Hz, 5Hz) but with constant amplitude of 0.035 m. In this case, 

we investigated the displacement and acceleration of the passenger as seen in figure 14 and 

15. 

 
Figure 14 Hump Model 1: i) Car Displacement (m) ii) Car Acceleration (m/s2) iii) Ground 

Displacement 

Road Hump Amplitude 0.035 m Frequency: 5Hz 

 
Figure 15 Hump Model 1: i) Car Displacement (m) ii) Car Acceleration (m/s2) iii) Ground 

Displacement 

Road Hump Amplitude 0.035 m Frequency: 2.5Hz 

 

As we can see from Table 3 we conclude that the genetic algorithm parameters reduced the 

amplitude of vibration of the passenger in comparison to the Normal Suspension Model and a 

Nonlinear Suspension Model in the range of 80% to 95%. 
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Table 3: Results of Genetic Algorithm Model 

Road Input Results of 𝒙𝟏 Displacement Amplitude 

Normal Suspension vs GA 

Suspension 

Nonlinear Suspension vs GA 

Suspension 

Sinusoidal Wave 5 

Hz 

Decreased by 90% Decreased by 82% 

Sinusoidal Wave 2.5 

Hz 

Decreased by 94.72% Decreased by 81.96% 

Hump Wave   5 Hz Decreased by 92% Decreased by 85.3% 

Hump Wave 2.5 Hz Decreased by 90.5% Decreased by 81% 

 

5. Conclusion 

In this paper, the effect of the attachment of a nonlinear stiffness spring in a quarter car model 

with different ground inputs has been investigated. A mathematical model of a quarter car has 

been derived, the governing equations have been simulated using Matlab/Simulink. The study 

consisted of applying different conditions to the model, first the model was given a sinusoidal 

input ,a bump at different frequencies and a random signal input. Secondly the handling of 

the model was investigated. 

 

In order to obtain stiffness of a spring that produce a nonlinear effect, various designs were 

investigated. Finally 

the theoretical design produced is based upon the barrel spring. The barrel governing 

equations are stated and the spring design process was based upon the barrel design 

constraints and a realistic size to be inserted in commercial cars in which it will be 

implemented into. The spring was manufactured and inserted into a compression rig, and 

results showed a nonlinear effect in the simulation governing equations and also the 

experimental data. The curved output was curve fitted and inserted into the simulation model 

and produced the nonlinear outputs. 

 

The results in this paper show that the nonlinear spring is a promising way to decrease 

vibration in a quarter car system by a range of 44% to 56% compared to the linear passive 

suspension model. The acceleration of the passenger clearly decreased entering in the domain 

of the comfort zone. A decrease in the displacement and acceleration of the sprung mass 

indicates an immense improvement in the comfort of the passenger reaching the below 

optimum weighted RMS of Vertical acceleration level of 0.8 m/s
2
 . Handling criteria was 

investigated and proven to be stable. 

 

An interesting finding of this work is that no matter what the road profile is, the nonlinear 

suspension is able to adjust on its own as seen in the random signal input. Therefore it can be 

retrofitted in current commercial designs without extra expenses. Compared to semi-active 

and active suspension systems, it is much easier less expensive process to improve ride 

quality. It has been concluded that nonlinear suspension is verily suitable for vehicle 

suspensions and is the optimum solution for future designs. 

 

The integration of the optimization algorithms with the vehicle model has been successfully 

achieved allowing for an automated optimization process. It has been learnt that GA is verily 

suitable for such kind of iterative design problems. The number of parameters as applicable 

was appropriately selected by the algorithm for the optimized RMS of sprung mass 

acceleration. The parameters selected for optimization were in fact ideal. Usage of Matlab® 
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for the application of the optimization algorithm i.e. GA made it very easy; else otherwise the 

massive amount of calculations to be carried for 'n' number of generations would have been 

practically impossible. It also gave the advantage of quickly adapting to the changes as per 

the algorithm to provide with the systems response. From the genetic algorithm, we note that 

for the nonlinear spring to work efficiently adding a smaller damping coefficient is needed. 
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