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Abstract: Steering wheel vibration affects the driver’s comfort in an 
agricultural tractor. In order to increase driver comfort and reduce the hand-arm 
vibration syndrome (HAVS) effect, it is necessary to reduce the vibrations in 
agricultural tractors. The tuned mass damper concept is used to reduce 
vibrations from the tractor’s steering wheel. The paper is focused on measuring 
steering wheel vibration characteristics on the actual tractor, designing a 
vibration control system and carrying out impact assessment using numerical 
analysis. The amplitude of vibration at the steering wheel measured by physical 
measurement on an actual tractor is compared to that determined using 
MATLAB Simulink. The outcomes of the numerical analysis suggest that the 
amplitude of vibration can be reduced by using a tuned mass damper (TMD) to 
achieve the proposed target levels. The effect of hand-arm vibration syndrome 
can also be decreased, resulting in an increased driver comfort. 

Keywords: agricultural tractors; hand-arm vibration syndrome; HAVS; 
hand-transmitted vibration; steering wheel vibration; tuned mass damper; 
TMD; vibration exposure. 
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1 Introduction 

In today’s world, operator comfort is the most important criterion in any vehicle design. 
Previously, tractor operator comfort was not given much thought. However, the situation 
has altered in recent years, and tractor operators now expect the same level of comfort. 
Tractors are now operating in a variety of environmental conditions. As a result, vibration 
is produced, which is transmitted to the hands via the steering wheel. The operators are 
often exposed to two types of vibrations (Shankar et al., 2009): 

1 vibrations are transmitted throughout the body via seat, floor, and foot pedal control 

2 the vibration is transmitted from the hands to the steering wheel and hand control 
knobs. 

Because the steering wheel is one of the elements in direct contact with the road surface, 
tractor drivers experience the most vibration on the steering wheel. When it comes to 
assessing driver comfort in agricultural tractors, steering wheel vibration is one of the 
most significant aspects to consider. 

Vibrations of too high intensity might cause health problems. Hand-arm vibration 
disorder is a term that is used to describe a variety of illnesses. The aim of this research is 
to show how to reduce tractor steering wheel vibrations using a tuned mass damper 
(TMD) and assess the impact using numerical investigation in MATLAB Simulink. 

The daily exposure limit value (ELV) of 5 m/s2 and the daily exposure action value 
(EAV) of 2.5 m/s2 for hand-arm vibration is specified in the ISO 5349: 2001 standard and 
the European Council Directive 2002/44/EC (Directive and Provisions, 2002; Savta and 
Jain, 2016). 

The maximum steering wheel vibration of tractors is unpleasant to the tractor driver. 
If the tractor driver’s total daily vibration exposure exceeds the ISO guidelines, the driver 
will develop illnesses similar to hand-arm vibration syndrome (HAVS). This is why 
addressing the steering wheel vibration issue is important. This research has social 
applications such as it may be used to improve operator comfort in field applications and 
to assist decrease harmful health impacts on the driver’s hand, such as HAVS. Vibration 
is one of the elements that cause damage to tractor parts; reducing vibration in the tractor 
will prevent the failure of various tractor parts. This study will provide the base for future 
vibration reduction. 

2 Literature review 

This section contains a literature review on steering wheel vibration reduction based on 
the research papers published by the researchers working in this field. 

Qatu et al. (2009) presented an overview of vehicle Noise, Vibration and Harshness 
(NVH). It classifies the interior noise into powertrain-related NVH, road- and tyre-related 
NVH and wind-related NVH. This paper also discusses brake- and chassis-related NVH, 
squeak and rattle and electromechanical-related NVH. In addition, the paper addresses 
exterior NVH, frequently described as drive-by NVH. The phenomenon is divided into 
usual or expected NVH and unusual or unexpected NVH. 

Qatu (2012) presented a summary of recent research in the area of NVH with an 
emphasis on NVH in the automotive field. It follows up on the previous review and 
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classifies the phenomena by the main sources of NVH into powertrain, road and tyre, 
wind, brakes, chassis, squeak and rattle, electromechanical NVH and exterior (or  
drive-by) NVH. The paper provides a review of some of the recent literature in this field. 
The main sources of usual NVH are the powertrain whose noise is dominant in the low to 
medium speed ranges, the road NVH, which may dominate in the medium and high speed 
ranges and wind noise which can dominate in the high speed ranges. 

Sakthivel et al. (2012) examined steering wheel vibrations in different tractor models 
(ranging from 40 to 50 kW) and discovered one tractor that might be improved. The axial 
damper approach, as opposed to a radial damper, efficiently minimises vibrations. In 
innovative design approaches, engine vibration was employed as a source of support 
motion, which was presented as a two-degree-of-freedom (2-DOF) system. The vibration 
transfer from the engine to the steering wheel was estimated and programmed in 
MATLAB. The ADAMS software was used to run a model. The mathematical model 
predicted the vibrations with an accuracy of around 80%, whereas the ADAMS model 
predicted the vibrations with an accuracy of about 85%. 

Gültekin et al. (2016) created models for the hydraulic and mechanical components of 
an agricultural tractor’s power steering system. The hydraulic system model is created 
with the MATLAB Simulink platform’s component blocks. The hydraulic system, which 
includes a steering control unit, is explained in detail. Through simulation, the entire 
model enables an assessment of the system’s operation, evaluation of system needs, 
energy losses, and the necessary adjustments to fulfil the design goals. 

Balambica and Deepak (2017) suggested a workable approach to reduce tractor hand 
vibrations. Five concepts were developed to reduce the steering wheel vibrations of an 
agricultural tractor. The most efficient and cost-effective concept, i.e., rubber grommets 
was found using the assessment matrix for further processing. The new design was 
modelled as a two-degree-of-freedom system with support motion and input from engine 
vibration. MATLAB was used for simulation and analysis. Rubber foam was developed 
and tested on a tractor. The amount of vibration in the steering wheel has been reduced 
and it has been found to be within acceptable limits. 

Shelke and Dhale (2018) researched vibration-related difficulties in tractor steering 
wheel assembly. The design and analysis of the controlling system are critical in 
determining the root cause of the problem. A power track 439 DS was used to conduct a 
steering wheel vibration investigation. For vibration reduction, several damping materials 
are tested, and the analysis is carried out in MATLAB Simulink using a two-degree-of-
freedom model with base excitation. The graph obtained from the FFT spectrum analysis 
shows a maximum displacement of 0.28 mm, while the displacement obtained from 
MATLAB is 0.27 mm. The proposed 2-DOF mathematical model and MATLAB 
simulation accurately predicted steering wheel vibration to an accuracy level of 85% to 
90%, respectively. The use of a damper in the steering wheel of an agricultural tractor 
helps to decrease the vibration. 

Literature review reveals that there has not been much research on applying 
mathematical modelling and the ISO 5349:2001 standard guidelines to evaluate vibration 
parameters. Most of the numerical investigation has been done on the reduction of 
vibration from the steering wheel by using axial and radial dampers. The TMD was not 
used in MATLAB Simulink to estimate the vibration amplitude using numerical 
investigation method. 
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3 Problem definition 

Higher steering wheel vibration can cause diseases such as HAVS and make the driver 
feel uneasy while driving. It is necessary to reduce the vibrations from the steering wheel 
of the agricultural tractor so as to increase the comfort of the driver and reduce the 
harmful effects on the health of the driver. The majority of the numerical research has 
focused on employing axial and radial dampers to reduce steering wheel vibration. The 
MATLAB Simulink software was not used for numerical analysis, to estimate the 
vibration amplitude using TMDs. The TMD is used in this research because it has a 
higher vibration reduction, low cost and less complexity compared to radial and axial 
damper. Therefore, the idea of the TMD was chosen for achieving the proposed target 
levels. A TMD is a device that is connected to a structure and consists of a mass, a 
spring, and a damper to reduce the structure’s dynamic response. The damper’s frequency 
is tuned to a certain structural frequency, causing the damper to resonate out of phase 
with the structural motion when that frequency is excited. The key benefits of TMDs are 
that they are intrinsically stable, have a greater ability to reduce vibration, and are 
guaranteed to work even during major earthquakes. 

The goal of this research is to measure steering wheel vibration characteristics, find 
the fundamental causes and design a vibration control system and to carry out impact 
assessment using numerical analysis. 

To monitor, regulate, and evaluate the steering wheel vibrations of a tractor, the 
following methodology is employed: 

1 conduct a literature review to learn more about the current status of steering wheel 
vibration analysis 

2 measure the amplitude of vibration of a tractor’s steering wheel while working in the 
field 

3 determine the vibration parameters that influence steering wheel vibration intensity 
using ISO 5349:2001 standard 

4 design a solution to reduce steering wheel vibrations and protect the operator from 
the harmful effects of HAVS 

5 assess the impact of the vibration control method using numerical analysis. 

4 Measurement of the amplitude of vibration 

This section discusses the measurement of steering wheel vibration on a variety of 
tractors. One tractor is chosen for further research and to design a vibration control 
system. 

Measurements were taken on a tractor’s steering wheel in all the three directions, 
namely the Xh, Yh, and Zh, or vertical, longitudinal, and transverse axes. The 
measurements were taken using a hand-held Vibrometer. A hand-held Vibrometer is a 
device that measures the amplitude of vibration. Vibration acceleration, velocity and 
displacement are all shown on the Vibrometer. While the readings were obtained, the 
tractor was stopped on the road surface and the engine was started. After that, the tractor 
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was driven on the road surface and the readings were taken. The measurements were 
taken in the idle state initially, and then in the running condition. 

Table 1 lists vibration amplitude measurements taken on road or field surfaces for 
Kubota, Tafe, Mahindra, John Deere, and Swaraj tractors under various conditions. 
Table 1 Measurement of amplitude of steering wheel vibration of different tractors 

Sr. 
no. 

Tractor 
model 

Road/field 
surface Condition 

Amplitude of vibration 
Acceleration (m/s2) Mean displacement 

(mm) Xh Yh Zh 
1 Kubota 4501 Flat road 

surface 
Idle 0.9 1.0 1.4 0.1 

Running 1.8 2.0 1.9 0.12 
2 Tafe 35 DI Uneven road 

surface 
Idle 3.74 4.8 4.9 0.17 

Running 7.1 6.3 7.8 0.21 
3 Mahindra 

575 DI 
Working in 

the field 
Idle 9.3 4.8 5.7 0.2 

Running 8.4 11.2 9.6 0.2 
4 Swaraj Flat road 

surface 
Idle 1.8 2.4 3.2 0.13 

Running 3.6 2.1 4.0 0.16 
5 John Deere 

5310 
Working in 

the field 
Idle 6.8 5.3 8.4 0.123 

Running 11.8 10.3 12.4 0.147 

Figure 1 Photographs of measurement of vibration amplitude (see online version for colours) 

 

Figure 1 shows a photo of a hand-held Vibrometer being used to measure the amplitude 
of vibration on a Mahindra 575 DI tractor while operating in the field. Table 1 indicates 
that when the Mahindra 575 DI tractor is idle, the RMS values of acceleration of the 
steering wheel are 9.3 m/s2, 4.8 m/s2, and 5.7 m/s2 in the Xh, Yh, and Zh directions 
respectively, with mean displacement amplitude of 0.2 mm. When the Mahindra 575 DI 
tractor is running, the RMS values of acceleration at the steering wheel in the Xh, Yh, and 
Zh directions are 8.4 m/s2, 11.2 m/s2, and 9.6 m/s2 respectively, with the mean 
displacement amplitude of 0.2 mm. The Mahindra 575 DI tractor was identified for 
further analysis and design of the vibration control system, because it had the highest 
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vibration acceleration in both idle and running conditions when compared to other 
tractors. 

As per the ISO 5349:2001 standard, in both idle and operating conditions,  
equations (1), (2), and (3) are used to determine the vibration overall exposure value (ahv), 
total daily vibration exposure A(8), and the number of years in which 10 % of persons 
exposed to vibration suffer from HAVS (Dy) (Sakthivel et al., 2012). 

1 Idle condition 

 Based on the measurement of the amplitude of vibration carried out using 
Vibrometer, 

2 2 29.3 m s , 4.8 m s , 5.7 m shwx hwy hwza a a= = =  

2 2 2
hv hwx hwy hwza a a a= + +  (1) 

where 

ahv = Overall vibration exposure value in m/s2. 

ahwx = Amplitude of vibration in X-axis (m/s2). 

ahwy = Amplitude of vibration in Y-axis (m/s2). 

ahwz = Amplitude of vibration in Z-axis (m/s2). 

2 2 29.3 4.8 5.7hva = + +  

211.91 m shva =  

0
(8) hv

TA a
T

=  (2) 

where 

A(8) Total daily vibration exposure (m/s2) 

T Average daily time of the exposure (5,400 seconds) (Savta and Jain, 2016). 

T0 8-hour reference duration (28,800 seconds). 

5400(8) 11.91
28800

A =  

2(8) 5.16 m sA =  

( ) 1.0631.8 (8)Dy A −=  (3) 

where 

Dy number of years in which 10 % of people exposed to vibration suffer HAVS 
(years). 
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1.0631.8(5.16)
6 Years

Dy
Dy

−=
=

 

2 Running condition 

 Based on the measurement of the amplitude of vibration carried out using vibrometer 
2 2 28.4 m s , 11.2 m s , 9.6 m shwx hwy hwza a a= = =  

2 2 2
hv hwx hwy hwza a a a= + +  

2 2 28.4 11.2 9.6hva = + +  

216.97 m shva =  

0
(8) hv

TA a
T

=  

5400(8) 16.97
28800

A =  

2(8) 7.34 m sA =  

( ) 1.0631.8 (8)Dy A −=  

1.0631.8(7.34)Dy −=  

4 YearsDy =  

The total daily vibration exposure value exceeds the exposure limit value (ELV = 5 m/s2) 
in both idle and running conditions. When total daily vibration exposure for the steering 
wheel of the Mahindra 575 DI reaches maximum (7.34 m/s2) under operating conditions, 
it takes 4 years for 10% of drivers to develop HAVS. When the total daily vibration 
exposure for the steering wheel of a Mahindra 575 DI is at its minimum (5.16 m/s2) 
during idling, it takes 6 years. It can be concluded that the maximum total daily vibration 
exposure takes a minimum of 6 years to cause HAVS and that the minimum total daily 
vibration exposure takes a maximum of years to cause HAVS. As a result, reducing 
steering wheel vibration is essential for improving operator comfort and reducing the 
effects of HAVS in the driver’s hand. 

This indicates that there is a need to design and evaluate the vibration control system 
to reduce the steering wheel vibrations of an agricultural tractor. 

5 Vibration control system design 

The methodology and details of design of vibration control system are discussed in this 
section. Figure 2 shows the layout of the vibration control system. 
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A TMD, cushioning pad, and frame are the components of vibration control system. 
A TMD is made up of a stiff spring and a damper. A TMD should be installed where the 
structure’s deflections are the most significant. When compared to previous steering 
wheel vibration reduction techniques, the TMD has the potential to lower maximum 
vibrations. 

Figure 2 Vibration control system (see online version for colours) 

 

A TMD is a device that is attached to a steering wheel assembly and is used to minimise 
the dynamic response of the steering wheel assembly. The TMD’s frequency is tuned to a 
certain steering wheel assembly frequency, causing the damper to resonate out of phase 
with the steering wheel assembly motion when that frequency is excited. The damper 
inertia force acting on the steering wheel assembly dissipates energy. Cushioning pads 
are used to absorb mechanical energy for overall system protection. A cushioning pad can 
be used to reduce the vibration level, and the energy is released as low-level heat. The 
TMD is installed between the steering wheel assembly and the frame, while the 
cushioning pad is installed between the steering gearbox and the damper top plate. 

The following methodology is followed to design a TMD: (Crocker, 2007; NPTEL 
Online Course, 2020). 

1 Input should include the stiffness of the cushioning pad as well as the mass of the 
steering wheel assembly (Sakthivel et al., 2012). 

( )2 1490 N/mmStiffness of cushioning pad K =  (4) 

( )2 0.588 Ns/mmDamping coefficient of cushioning pad C =  (5) 
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( )2 22 kgMass of steering assembly M =  (6) 

2 Natural frequency (ωn) of steering wheel assembly, 

2

2

1490 8.22 rad/sec
22n

K
M

ω = = =  (7) 

3 Mass and stiffness of TMD: 

 Selection of mass ratio: The amplitude of vibration will be reduced when the mass 
ratio (γ) is increased (Den Hartog, 1985). The mass ratio range should be between 1 
% to 20 %. If the mass ratio exceeds 20 %, noise and unwanted load problems occur 
(Kang and Peng, 2019). As a result, the mass ratio selected for maximum vibration 
reduction is 15%. 

 Assume Mass ratio (γ) as 0.15 

( ) ( )1 2Mass of damper M Mass ratio Mass of steering assembly M= ×  (8) 

( )1 0.15 22Mass of damper M = ×  

( )1 3.3 kgMass of damper M =  

( ) ( )1 2Stiffness of damper K Mass ratio Stiffness of cushioning pad K= ×  (9) 

( )1 0.15 1490Stiffness of damper K = ×  

( )1 223.5 N/mmStiffness of damper K =  

4 Optimum frequency ratio of damper (fopt) 

1 1 0.8696
1 1 0.15optF

γ
= = =

+ +
 (10) 

5 Optimum stiffness of damper (Kopt) 
2

2opt optK k fγ=  (11) 

20.15 1490 (0.8696)optK = × ×  

169 N/mmoptK =  

6 Optimum damping ratio for damper (ξdopt) 

3
8(1 )dopt

γξ
γ

=
+

 (12) 

3 0.15
8(1 0.15)doptξ ×=

+
 

0.2211doptξ =  
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7 Optimum damping coefficient for damper (Copt) 

22opt n doptC M ω ξ γ−  (13) 

2 15 315.17 0.2211 0.15optC = × × × ×  

0.313 NS/mmoptC =  

6 Numerical investigation 

The effectiveness of designing a TMD to reduce the steering wheel vibrations is tested 
using virtual testing platform i.e. MATLAB Simulink. The MATLAB Simulink software 
is used in this research for numerical analysis, to estimate the vibration amplitude using 
the TMD. The details about the development of mathematical models, Simulink model 
and MATLAB simulation are discussed in this section. 

6.1 Procedure for numerical analysis 

Figure 3 shows that for numerical investigation, the mathematical model should be 
developed according to the structure of the vibration control system and then the 
Simulink model should be developed according to the mathematical model. This is then 
followed by validation of the Simulink model as per Bode plots. Finally, the model 
should be given inputs in terms of mass, stiffness, and damping coefficient and the model 
should be simulated to obtain the desired output of the vibration control system. 

Figure 3 shows the steps for carrying out numerical analysis using MATLAB 
Simulink. 

Figure 3 Steps for numerical investigation 

 

Development of Mathematical Model 

Development of Simulink Model 

Inputs to the Model 

Simulating the Model 

Validation of Simulink Model 

 

6.2 Mathematical model for a 2DOF vibration control system 

The 2DOF vibration control model is shown in Figure 4. The TMD is made up of a mass 
M1, a spring with stiffness K1, and a damper with damping coefficient C1. A rubber 
cushioning pad is used between the steering gearbox and the TMD, which is 
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characterised by a parallel arrangement of spring with stiffness K2 and a damper with 
damping coefficient C2. 

Figure 4 Two degree of freedom vibration control model (see online version for colours) 

 

Here x1 and x2 represent the displacement of TMD and the displacement of the steering 
wheel assembly respectively. Assume that XR represents the road excitation in the form 
of a harmonic motion of the support base. M2 and M1 are the masses of the steering 
assembly and TMD respectively, whereas f × 1 and f × 2 are the summations of all forces 
in x1 and x2 direction respectively. F is the input force of excitation. The free-body 
diagrams of masses M1 and M2 are shown in Figure 5. 

Figure 5 Free body diagrams of masses M1 and M2 

 

According to Newton’s second law of motion, the amplitude of vibration from the road 
excitation to the steering wheel is measured in magnitude as follows (Thomson et al., 
2008; Sakthivel et al., 2012). 
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1 11f M ax× =  

( ) ( ) ( ) ( )2 2 1 2 2 1 1 1 1 1 1 1K x x C x x K x xR C x xR M x− + − − − − − =      

( ) ( )1 2 2 1 1 1 2 2 1 1 1 1 1
1

1x C x x C x K x x K x K xR C xR
M

= − − + − − + +        (14) 

2 22f M ax× =  

( ) ( )2 2 1 2 2 1 2 2F K x x C x x M x− − − − =    

( ) ( )2 2 2 1 2 2 1
2

1x F C x x K x x
M

= − − − −      (15) 

The equations above need to be solved to compute the value of the displacement 
amplitude at the steering wheel assembly and the TMD. Therefore, MATLAB Simulink 
was used to solve the above equations because it saves time and effort and reduces the 
complexity. 

6.3 Development of the Simulink model 

The development of the MATLAB Simulink model is explained in detail in this section. 
The equivalent model is prepared in MATLAB Simulink to represent the actual vibration 
control system designed in order to reduce the steering wheel vibrations. 

The step by step procedure for development of the Simulink model is discussed 
below: 

1 To obtain velocities and displacements, the system is modelled by adding the forces 
acting on both masses and twice integrating the accelerations of each mass. For each 
mass, Newton’s law is used. 
• Open a new model window in Simulink. 
• Draw lines to and from the input and output terminals of an Integrator block 

(from the Continuous library). 
• Double-click in the empty space just above the line to designate the input line 

‘a1’ (for acceleration) and the output line ‘v1’ (for velocity). 
• Connect the output of the first Integrator block to the output of the second. 
• From the output, draw a line and name it ‘x1’ (for position). 
• Add a second pair of integrators below the first, named ‘a2’, ‘v2’, and ‘x2’. 

2 Gain blocks and two summation blocks can be used to represent the masses 1/M1 
and 1/M2 from equations (14) and (15). 
• Add two gain blocks (from the math operations library), one for each of the 

integrator pairs’ inputs. 
• Double-click the gain block that corresponds to M1 and change its value to 

‘1/M1’. 
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3 M1 is subjected to eight forces (four springs and four dampers), whereas M2 is 
subjected to five forces (two springs, two dampers and the input F). 
• Attach two add blocks (from the math operations library) to each of the gain 

blocks with a line. 
• To represent the eight forces, change the signs of the Add block corresponding 

to M1 to ‘+ – + – – – + +’. 
• Change the other’s signs to represent the five forces, add a block to M2 to make 

‘+ – + – +’. 

4 Connecting the spring force ‘K1’ gain block to the respective blocks. 
• Connect the negative ‘K1’ gain block to displacement X1 and add it to the Add1 

block. 
• Connect the positive ‘K1’ gain block to step input XR and add it to the Add1 

block. 

5 Connecting the spring force ‘K2’ gain block to the respective blocks 
• Connect the positive ‘K2’ gain block to displacement X2 and add it to the Add1 

block. 
• Connect the negative ‘K2’ gain block to displacement X1 and add it to the Add1 

block. 
• Connect the positive ‘K2’ gain block to displacement X1 and add it to the Add 

block. 
• Connect the negative ‘K2’ gain block to displacement X2 and add it to the Add 

block. 

6 Connecting the damping force ‘C1’ gain block to the respective blocks. 
• Connect the positive ‘C1’ gain block to derivative block plus step input xR  and 

adds it to the Add1 block. 
• Connect the negative ‘C1’ gain block to velocity 1x  and add to the Add1 block. 

7 Connecting the damping force ‘C2’ gain block to the respective blocks. 
• Connect the negative ‘C2’ gain block to velocity 2x  and add it to the Add block. 

• Connect the positive ‘C2’ gain block to velocity 1x  and add it to the Add block. 

8 Connecting the step input force ‘F’ to the Add block. 

9 Setting the step time and final value of the F step input block to ‘0’. 

10 Setting the step time and final value of the XR step input block to ‘0’ and ‘1’, 
respectively for giving input force of excitation to the system. 

11 Finally, link a Scope block (from the Sinks library) to the output of the rightmost 
integrator blocks to examine the output (X1-X2). 

Figure 6 shows the developed MATLAB Simulink Model for the vibration control 
system. 
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Figure 6 MATLAB Simulink model 

 

In the MATLAB Simulink window, a two-degree-of-freedom vibration control model is 
created according to the process for generating MATLAB Simulink models. Figure 5 
shows that the model’s inputs are on the left i.e. Gain block, Step input block etc. and the 
model’s output is on the right, i.e. scope block. 
Table 2 Inputs to Simulink model 

Mass of steering assembly M2 (kg) 15 kg 
Mass of tuned mass damper M1 (kg) 2.25 kg 
Stiffness of cushioning pads K2 (N/mm) 1490 N/mm 
Stiffness of damping material K1 (N/mm) 169 N/mm 
Damping coefficient of cushioning pads C2 (NS/mm) 0.588 Ns/mm 
Damping coefficient of the tuned mass damper C1 (NS/mm) 0.313 Ns/mm 
Road excitation force XR (N) 1 N 
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The system parameters provided to the Simulink model in the command window for 
TMD are shown in Table 2. The system parameters were taken from the design of the 
vibration control system. The input of the system parameters is followed by validation of 
the Simulink model. 

6.4 Validation of Simulink model 

The Bode plot is obtained in MATLAB Simulink by giving inputs to the Simulink model. 
The Bode plot is used to examine how the magnitude and phase response of the system 
change with angular frequency. The Bode plot helps to validate the Simulink model by 
obtaining the natural frequency of the TMD and comparing it against the computed value 
of the natural frequency. Figure 7 shows the Bode plot of the developed Simulink model. 

Figure 7 Bode plot for validation of Simulink (see online version for colours) 

 

Phase Cross Frequency 
=7.38 rad/sec

 

The magnitude and phase responses are shown using a Bode plot. The Bode plot is a 
graph that is often used in control system engineering to assess a control system’s 
stability. The Bode plot is the result of combining the magnitude and phase plots. For 
both the magnitude and phase plots, X-axis is the same. The angular frequency is shown 
on the X-axis. The magnitude and phase plots have a different Y-axis. In the phase plot, 
y-axis is phase angle (deg), whereas in the magnitude plot y-axis is magnitude (dB). The 
gain and phase margins of the Bode plot are used to determine how stable the frequency 
system is. The bigger the gain margin and phase margin, the more stable the system will 
be. 

Validation of Simulink model: The phase cross frequency (natural) shown by the 
Bode plot is 7.38 rad/sec and the natural frequency of the vibration control system is  
8.22 rad/sec as per the design. The difference between the Bode plot phase cross 
frequency and the natural frequency of the vibration control system is not high. 
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Therefore, the comparison of the frequencies shows that the developed Simulink model is 
correct. 

6.5 MATLAB simulation 

MATLAB simulation is carried out in this section for getting vibration response 
amplitude at the steering wheel. The mass, stiffness, and damping coefficient of the TMD 
obtained through design are provided in MATLAB for simulation. To simulate this 
system, the user must first choose a suitable simulation time. From the Simulation menu, 
go to ‘model configuration parameters’ and type ‘500’ in the Stop Time field. The  
open-loop response may be seen after 500 seconds. 

Figures 8(a) and 8(b) shows the displacement vs. time and acceleration vs. time graph 
generated using the Simulation Menu’s Run options. When the simulation is complete, 
double-click the scope block in the Simulink model window to see the results. 

Figure 8(a) shows the displacement in mm on Y-axis and X-axis represents time in 
seconds. The vibration response shows that the system is in under damped condition. The 
amplitude of vibration decreases with increasing time. After 150 seconds system gets its 
equilibrium position and vibration is reduced to zero. After providing TMD designed 
parameters for the steering wheel assembly in MATLAB Simulink, the maximum 
displacement amplitude recorded is 0.048 mm. 

Figure 8(b) shows the vibration acceleration in m/s2 on Y-axis and X-axis represents 
time in seconds. The amplitude of vibration decreases with increasing time. After 
providing TMD designed parameters for the steering wheel assembly in MATLAB 
Simulink, the maximum vibration acceleration recorded is 5.39 m/s2. 

Figure 8 Output of MATLAB simulation, (a) displacement vs. time (b) acceleration vs. time  
(see online version for colours) 

 
(a) 
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Figure 8 Output of MATLAB simulation, (a) displacement vs. time (b) acceleration vs. time 
(continued) (see online version for colours) 

 
(b) 

7 Results and discussion 

The numerical analysis using MATLAB Simulink helps to find the vibration response 
amplitude at the steering wheel of a tractor. The comparison is done between vibration 
response amplitude (displacement and acceleration) measured at steering wheel of a 
tractor and vibration response amplitude obtained using MATLAB Simulink after using 
designed TMD for vibration reduction. 

The Mahindra 575 DI tractor’s total daily vibration exposure A(8) value for the idle 
state is 5.16 m/s2 and for the running condition it is 7.34 m/s2. In both idle and running 
conditions, the total daily vibration exposure value exceeds both the exposure action 
value (ELV = 2.5 m/s2) and the exposure limit value (ELV = 5 m/s2). As a result, 
decreasing steering wheel vibration is important for increasing operator comfort as well 
as decreasing the impacts of HAVS in the driver’s hand. 

Table 3 shows the comparison between the actual measured amplitude of vibration on 
the Mahindra 575 DI tractor’s steering wheel and the amplitude of vibration obtained at 
the MATLAB Simulink output. 
Table 3 Comparison of measured and computed (MATLAB Simulink) values of the amplitude 

of vibration 

Amplitude of 
vibration 

Mahindra 575 DI 
tractor’s steering wheel 

MATLAB 
Simulink model 

Reduction of 
amplitude % reduction 

Displacement (mm) 0.2 0.048 0.152 76 
Acceleration (m/s2) 11.2 5.39 5.81 51.87 
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The displacement amplitude on the steering wheel of Mahindra 575 DI tractor is 0.2 mm; 
while, it decreases to 0.048 mm after applying given TMD values in MATLAB Simulink. 
This shows a 0.152 mm reduction in displacement amplitude, which is a 76 % reduction. 
The acceleration amplitude on the steering wheel of Mahindra 575 DI tractor is 11.2 
m/s2; while, it decreases to 5.39 m/s2 after applying given TMD values in MATLAB 
Simulink. This shows a 5.81 m/s2 reduction in acceleration amplitude, which is a 51.87 % 
reduction. As a result, the amplitude of vibration in terms of displacement and 
acceleration is decreased considerably after applying given TMD values in MATLAB 
Simulink. 

8 Conclusions 

Agricultural tractor drivers who are exposed to vibrations have a variety of health issues. 
On the steering wheel of a variety of tractors, the amplitude of vibration was measured 
and analysed. The results reveal that there is a vibration problem with the tractor steering 
wheel, which required taking particular action to control it. As a result, the steering wheel 
vibration control system is designed to decrease the severity of the vibrations. Similar 
studies of reduction of vibration level in the tractor are available in the literature, but the 
researchers have not tested the use of TMD by numerical analysis for reduction of 
steering wheel vibration in the tractor. The amplitude of vibration in terms of 
displacement and acceleration is decreased i.e. 76% reduction in displacement amplitude 
and 51.87% reduction in acceleration amplitude after applying given TMD values in 
MATLAB Simulink. The numerical investigation is carried out in MATLAB Simulink 
using a two-degree-of-freedom model with road excitations. 

The following are the findings of the investigation: 

1 When compared to ISO 5349-1: 2001, the amplitude of vibration transmitted from 
the steering wheel to the driver’s hand during the testing was considerably higher. 

2 The comparison of the phase cross-frequency of the Bode plot and the natural 
frequency of the vibration control system obtained theoretically indicate that the 
developed Simulink model is valid. 

3 The numerical investigation has shown that the amplitude of vibration (displacement 
and acceleration) decreases considerably when a TMD is used. 

4 The operator will feel more comfortable since the HAVS is minimised when the 
TMD is used. As a result, it can be concluded that the most effective approach to 
decrease steering wheel vibrations is to use a TMD. 

As a future work, research can be taken up in the area of advanced materials for 
improved damping, modify 2DOF mathematical models accordingly and simulate in 
suitable software to predict the steering wheel vibration. This research might be expanded 
by taking into account road undulations at various field activities and vehicle speeds. 
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Abbreviations 

ANOVA Analysis of variance 

DOF Degree of freedom 

DFSS Design for Six Sigma 

EC European Council 

EAV Exposure action value 

ELV Exposure limit value 

HAVS Hand-arm vibration syndrome 

ISO International Organization for Standardization 
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r.m.s. Root mean square 

TMD Tuned mass damper 

VOC Voice of Customer 

TRIZ Teoriya Rasheniya Izobretatelskikh zadach (Theory of inventive problem 
solving). 

Nomenclatures 

ahv Vibration total value of frequency-weighted r.m.s. acceleration (sometimes 
known as the vector sum or the frequency-weighted acceleration sum, in metres 
per second squared (m/s2)) 

A(8) A convenient alternative term for the daily vibration exposure ahv(8h) (m/s2) 

C1 Damping coefficient of the tuned mass damper (Ns/mm) 

C2 Damping coefficient of cushioning pad (Ns/mm) 

Copt Optimum damping coefficient for damper (Ns/mm) 

Dy Group mean total (lifetime) exposure duration (years) 

fopt Optimum frequency ratio 

K1 Stiffness of tuned mass damper (N/mm) 

K2 Stiffness of cushioning pad (N/mm) 

Keq Equivalent stiffness of the cushioning pad (N/mm) 

Kopt Optimum stiffness of the damper (N/mm) 

M1 Mass of the tuned mass damper (kg) 

M2 Mass of steering wheel assembly (kg) 

Meq Equivalent mass of the steering wheel assembly (kg) 

T The total daily duration of exposure to the vibration ahv (seconds) 

T0 Reference duration of 8 h (28800 seconds) 

X2 Amplitude of engine (mm) 

Z The amplitude of the steering wheel (mm) 

ωn The natural frequency of steering assembly (rad/sec) 

γ Mass ratio 

ξdopt Optimum damping ratio. 


