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CHAPTER 1 

INTRODUCTION 
 

1.1 Motivation of choosing the topic and objectives of the doctoral thesis  
 In the current context of the intensification, both at national and international level, of 

road transport, the need for the safe development of road traffic is a key desideratum of the 

operation of vehicles [1], [2].  

 This doctoral thesis aims to diagnose the wear of spherical joints produced at the tie 

rod end of the steering systems. The consequences of these defects are the change in the 

geometry of the steering system, the loss of stability of the vehicle, both in corners and in 

straight running, difficulties in entering the controlled trajectory, accelerated wear of tires or 

other components of the steering system and even risk of road accident [2], [3], [4]. 

 The purpose of the doctoral thesis is to develop a method for diagnosing during 

running the wear of spherical joints of the steering system, having as a starting point the 

symptoms that an experienced driver perceives in running (sounds, vibrations, abnormal 

shocks). Early detection of such malfunctions would play an important role in increasing road 

comfort and safety and reducing vehicle maintenance costs [3], [5], [6], [7]. 

 In order to achieve the goal of the doctoral thesis, the following objectives were 

established: 

a) analysis of the current state of research on diagnosing the technical condition of 

vehicles; 

b) analysis of the vehicle-driveway interaction and the role of the human factor in this 

interaction; 

c) the analysis of the way of performing the technical condition inspection of the 

steering systems, respecting the the national, the European and the international norms; 

d) identification of the symptoms attesting the production of wear of the spherical 

joints, the appearance of shocks in the worn joints and establishing the response to the shocks 

in these joints; 

e) modeling with finite elements of the dynamic response of the tie rod – tie rod end 

assembly of the steering system, wich has in its structure the spherical joint; 

f) analysis of the shock response of the assembly with or without defect having 

different values in the spherical joint, by modeling with finite elements, using the Ansys 

program; 

g) making experimental recordings on the test bench, in order to establish the response 

of the analyzed system to the shock; 

h) making experimental recordings during running, to establish the response of the 

analyzed system to shock, in different running conditions and depending on the technical 

condition of the spherical joint; 

i) elaboration of a mathematical model based on the input-output data recorded at the 

running tests and its validation; 

j) the analysis of the experimental data and the establishment of their quantities and 

values that attest the occurrence of defects at the spherical joints of the steering system. 
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Figure 1. 1 Thesis diagram   

RESEARCH AND CONTRIBUTIONS ON DIAGNOSING THE TECHNICAL 

CONDITION OF VEHICLES 
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• analysis of the current state of research on diagnosing the technical condition of vehicles; 

• analysis of the vehicle-road interaction and the role of the human factor in this interaction; 

• finite element modeling of the dynamic response of the tie rod-tie rod end subassembly from the steering 
system; 

• analysis of the shock response of tie rod-tie rod end assembly, using the Ansys program; 

• experimental recordings on the test bench, to establish the system response to shock; 

• experimental recordings in vehicle running, to establish the system response to shock, in different running 
conditions and depending on the technical condition of the spherical joint; 

• elaboration of a mathematical model based on the recorded input-output data and its validation; 

• analysis of experimental data and determination of the values that attest the occurrence of defects 
articulațiile sferice ale sistemului de direcție. 
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1.2 Considerations regarding the vehicle evolution and driving  
 

1.2.1 Presentation of the vehicles evolution 

 The development of the vehicle was fast, both in terms of technology and design, 

being marked by various social and cultural developments, to reach the current level. 

Electronic control systems are more and more used in the automotive industry to provide 

comfort and safety to equipment, drivers and passengers, with increased levels of 

authorization and control. An increasing trend is to assist the driver in maintaining a control 

as secure as possible on the movement of the vehicle in various situations, such as congested 

traffic conditions, various weather conditions, different technical conditions of vehicle 

equipment and different levels of driver qualification [8], [9], [10].  

 

1.2.2 Driver-vehicle-environment system. Components, interactions, interconnections 

 The need to safety operate the vehicles and to reduce the impact on the environment 

has generated new concepts, and the phrase "personal mobility" has become increasingly used 

in conjunction with the phrases "cooperative driving" and "environmental compatibility" [11], 

[12], [13]. Considered a necessity of social life, road traffic safety is influenced by the 

following factors: human factor (driver), technical factor (vehicle) and environmental factor 

(road, infrastructure, traffic and weather conditions)  [14], [15], [16].   

 

 

Figure 1. 2 Interaction of road traffic system 

components  

 

Figure 1. 3 Interconnection of road 

traffic system components 

 

1.2.3 Characteristics of the components of the driver-vehicle-environment system 

Variations in the states and characteristics of the components of the DVE system, 

determine the change in the parameters of these components and significantly influence the 

interaction between the driver-vehicle-environment (figure 1.8) [17], [18]. 
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Figure 1. 4 Road traffic system parameters [19] 

 The purpose of advanced driver assistance systems is to reduce or even eliminate 

driver errors and increase the efficiency and safety of road traffic [20]. ADAS systems are 

developed to automate, adapt and improve vehicle systems for safer driving. 

 

1.3 The current state of research on diagnosing the technical condition of vehicles 
 

1.3.1 The importance and necessity of diagnosis 

 In the vehicles maintenance activity, the technical diagnosis involves both the 

determination of the technical condition and the evaluation of the results, consisting in the 

logical processing of the diagnosis conclusions (figure 1.9). 

 

 

 

 

Figure 1. 5 The technical diagnostic process 

1.3.2 The collection of the necessary information in the diagnostic process. Vehicle sensors 

 On board of modern vehicles it is necessary to measure physical quantities, an 

operation that is performed through a wide range of sensors [21]. Today's vehicle electronic 

systems are becoming increasingly complex, with electronic devices and software content 

integrated into applications ranging from simple door and window control to remote data 

transfer, between vehicles or between a vehicle and infrastructure. 
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1.3.3 Vehicles ”on board” diagnosis 

 Fault detection immediately after its occurence is performed by constantly monitoring 

the operation of vehicle systems, through on-board diagnostic (OBD) techniques and 

equipment. The information from the sensors reaches the electronic control units of the 

vehicles which establish the operating and adjustment parameters of the vehicle. 

 
Figure 1. 6 Electronic control of vehicle systems 

1.3.4 Expert systems for vehicle diagnostics 

 Dependence on a specialist can be minimized if his expertise is replaced by 

documentation in a computer system. Simultaneously with the rapid development of mobile 

devices such as PDAs (personal digital assistants), smartphones etc., an expert system 

combined with these mobile devices ensures the detection of faults and the diagnosis of the 

vehicle. ES provides powerful and flexible means to find solutions to a variety of problems 

that often cannot be solved by other traditional methods [22], [23].  

 

1.4 Partial conclusions 
The paper aims to develop a mobile diagnostic system to monitor the state parameters of 

vehicle systems during operation. The low level of training and knowledge in the automotive 

domain of some drivers, who do not notice certain symptoms of failures or the imminence of 

their occurrence, is an argument in favor of developing a mobile diagnostic system. The 

research aims to identify a method for diagnosing these defects in driving, having as a starting 

point the symptoms that an experienced driver perceives in driving (sounds, vibrations, 

abnormal shocks)  [2], [3], [5], [6].   
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CHAPTER 2 

THE INTERACTION BETWEEN THE VEHICLE AND THE 

ROADWAY. VEHICLE STEERING SYSTEM 
 

2.1 The process of driving vehicles 
 The process of vehicle driving requires obtaining a controlled movement, in conditions 

of stability, allowed by its design, its main parameters and type of steering and suspension 

systems, grip, profile, inclination and condition of roadway, as well as other traffic specific 

factors [24], [25]. The driver skills and experience, combined with the actions of the 

Advanced Driver Assistance Systems (ADAS), implemented on the vehicle, are defining in 

making the necessary corrections, when the movement of the vehicle differs from the desired 

one or the one necessary to ensure road traffic safety. 

 

2.2 Vehicle steering system. Role, construction and operation 
 The systemic approach to the formation of the vehicle gives a primary role to the 

steering system, along with the other component systems (suspension system, propulsion 

system, braking system, running system, etc.), in the process of vehicles optimum operation.  

 Representing an interface between the driver and the vehicle, the steering system 

fulfills two important functions: it ensures the registration of the vehicle on the ordered 

trajectory and transmits to the driver, during driving, by steering wheel movements or 

variations of the resistant moment to its actuation, information about the vehicle interaction 

with the roadway [26], [27], [28].  

 

2.3 Steering wheel angles of the vehicle. Steering system geometry 
 Steering wheel angles have an important role in vehicle dynamics. They contribute to 

the stabilization of the vehicle on the trajectory, both in corners and straight, to reduce 

steering resistance, to maintain the direction of the vehicle in a straight line, to return the 

steering wheel to the upright position after the steering maneuver, to reduce the effect of 

forces disruptors acting on the steering wheels, the uniform wear of the tires, the 

compensation, within certain limits, of the clearances and the elasticity of the bushings in the 

suspension and steering systems [29], [30]. The specific angles of the steering wheels (figure 

2.15) are divided into categories, as it follows: 

a) wheel angles:  

- wheels camber angle; 

- wheel convergence angle; 

b) pivot axis angles: 

- angle of transverse inclination of the pivot axis (king pin or steering axis inclination); 

- longitudinal inclination angle of the pivot axis (caster angle). 
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Figure 2. 1 Steering wheel specific angles [31], [32] 

2.4 Vehicle suspension system 
 To achieve the objectives of maneuverability and stability of the vehicle, the steering 

system works with certain components of the suspension system to ensure the steering 

movement of the wheels. The MacPherson suspension system is the most common 

construction solution for mass-produced vehicles, due to its simple design, low number of 

parts and component subassemblies, as well as high reliability. 

  

2.5 Diagnosis of the vehicles steering system 
 

2.5.1 The requirement of the vehicles technical condition inspection. Legislation 

The legislation in Romania stipulates that the certification of vehicle conformity, 

regarding road safety, environmental protection and classification in the category of use 

according to destination, is carried out, mandatory, by performing periodic technical 

inspection (I.T.P.). This operation is carried out, in accordance with the Regulations on the 

periodic technical inspection of vehicles registered or registered in Romania - RNTR 1, within 

the periodic technical inspection stations, whose authorization and monitoring is performed 

by the Romanian Auto Registry [33], [34]. 

  

2.5.2 Periodical technical inspection. Classification, empowered units, specific endowments 

 The current legal norms establish the organization and the operation of the vehicle 

periodic technical inspection system in Romania. The aim of the doctoral thesis is to develop 

a method for diagnosing spherical joint wear of the steering system, taking as a starting point 

the symptoms that an experienced driver perceives in vehicle driving (sounds, vibrations, 

abnormal shocks).  

 

2.5.3 Steering system inspection  

 As a result of the steering system verification operations, excessive wear of the 

spherical joints may be detected, depending on the constructional characteristics of the 

vehicle, positioned as in figure 2.34.  
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Figure 2. 2 Position of the spherical joints at which excessive wear can occur [35] 

 

2.6 Partial conclusions 
 In the interval between two periodic technical inspections or two periodic inspections, 

defects may occur and an important role in their detection is played by the driver, with 

relative experience in diagnosing steering system failures. The road infrastructure, the degree 

of wear, the vehicles life service, as well as the driver experience, contribute substantially to 

the failure. 

The driver lack of experience in detecting these faults can delay the diagnosis and 

replacement of a defective components, which can lead to accelerated wear and other parts 

and subassemblies within the steering system. This delay in carrying out diagnostics and 

specific maintenance operations leads to the operation of high-cost vehicles, but the high risk 

is to endanger traffic safety. 
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CHAPTER 3 

METHODS AND INSTRUMENTS FOR STEERING SYSTEM 

DIAGNOSIS, USING VIBRATION ANALYSIS 

 
3.1 Vehicles noise, vibrations and harshness 
 The process of operating vehicles involves their permanent exposure to sounds and 

vibrations, which are generated by both external and internal causes, which act 

simultaneously in running (figure 3.2). 

 

Figure 3. 1 Sounds and vibrations generating sources  in vehicles [36]  
 

3.2 Human sensory perception of vehicle-roadway interaction 
 The effects of shocks and vibrations, generated by the vehicles operation, are 

manifested both in the vehicle, by generating wear on the assemblies or component 

subassemblies, affecting their durability, and on the driver, affecting his physiological 

condition (fatigue, health, attention), the cumulative effect manifesting itself in terms of road 

safety, in the sense of reducing it [37], [38]. 

 

3.3 Vibration generating factors of vehicles. Vibration theory considerations 
 Random vehicle mechanical vibrations occur, when crossing road irregularities, when 

traveling on rough terrain, with pits, hard to reach or unpaved roads. The same vibrations or 

shocks can be perceived by the driver due to their transmission through the body and 

passenger compartment elements (floor, seat, dashboard etc.) [39], [40], [41] . 

 

3.4 Methods, instruments and software for diagnosing spherical joints of the 

vehicle steering system 
To perform the tests, a vehicle from category M1 was selected, frequently encountered 

in Romania, a Dacia Logan model, with the following technical characteristics: gasoline 

engine, cylinder capacity 1189 cm3, engine power 55 Kw, tire dimensions 185/65 R15, year 

of manufacture 2016, with a turnover of approximately 70,000 km, without defects. The 

measurements were performed using a DA20-RION 4-channel digital recorder with DA-20 

VIEWER and CAT 78 WR data processing software - Version 4.018, as well as a Brüel & 

Kjær triaxial accelerometer, type 4321. 
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Figure 3. 2 Tie rod end [43] Figure 3. 3 Tie rod [43] 

3.5 Partial conclusions 
 The researched diagnostic method is based on the fact that the driving over various 

bumps, frequent in urban traffic, determines the appearance of shocks in the defective 

spherical joints. The shocks produced in the defective tie rod excite natural modes of 

vibration of the tie rod-tie rod end assembly, the determination of the system response to these 

shocks being defining for the analyzed diagnostic method. 

In order to establish the mark of the shocks produced in the defective spherical joints 

of the steering system, more precisely to the tie rod end, the research methods and tools aim 

to estimate the response to multiple shocks by using the finite element analysis program 

Ansys Workbench with Modal module. Vibration measurements of the tie rod end assembly 

on the test bench and performing tests on a vehicle in different driving conditions, with 

alternative mounting of a tie rod end with or without defect of the spherical joint and 

comparative analysis of the responses of the analyzed system, with and without defect, at 

different sources of excitations. 
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CHAPTER 4 

THE ESTIMATION OF SHOCK RESPONSE BY FINITE 

ELEMENT MODELING 
 

4.1 Geometry of the tie rod – tie rod end assembly 
Natural vibration analysis involves determining the natural frequencies and the modes 

of the tie rod - tie rod end assembly in the steering system of the Dacia Logan, an analysis that 

was performed using the Ansys Workbench finite element analysis program. The 3D 

geometry of the analyzed assembly was performed using the Catia V5 program and exported 

as a step extension file in Ansys Workbench.  

 
Figure 4. 1 3D Geometry of the steering tie rod - tie rod end assembly 

4.2 Characteristics of component materials. Discretization with finite elements. 

Connection conditions 
 The characteristics of the materials from which the components of the modeling 

subassembly are made were established by analyzing the sectional structure of the tie rod end 

(figure 4.5) and by consulting specific standards and catalogs.   

 
Figure 4. 2 Dacia Logan tie rod end section 
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 The discretization of the steering tie rod – tie rod end model was performed with solid 

elements, with the type of SOLID 187 element from the Ansys program library, this being an 

element with 10 nodes and 3 degrees of freedom per node, representing the translations on the 

3 coordinate axes. Thus, for the 3D geometry of the analyzed system 66734 nodes and 37784 

elements were defined (figure 4.3) 

 
Figure 4. 3 Discretization of the system with solid elements 

 

4.3 Analysis of the wear in the spherical joint. Wear measurement. Maximum 

wear and stress directions 
To make the measurements of the clearance in the spherical joint of the tie rod end, 

the device in figure 4.8 was made, and the measurements were performed by fixing the tie rod 

- tie rod end assembly in the device and measuring the clearance in the longitudinal direction 

of the assembly (transverse to the vehicle), steering on which the wear of the spherical joint is 

maximum. 

  
Figure 4. 4 Device for clearance measuring in the spherical joint of the tie rod end 
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Figure 4. 5 Cross-sectioned tie rod end Figure 4. 6 Cross-sectioned tie rod end 

  

 

4.4 Natural vibration analysis of the system 
The study of natural vibrations in the Ansys Workbench program focused on the 

situations encountered during running, namely that of non-existence of the defect (without 

default in the spherical joint) or that with clearance having values in the measuring range (0-1 

mm / radius), found as a result of measurements performed on the batch of 10 used tie rod 

end. As a result, simulations of dynamic response were performed for system with or without 

defect in the spherical joint with the following values: 1 micron / radius, 0.1 mm / radius, 0.5 

mm / radius, 1 mm / radius.  

The first simulations were performed for the situation of flawless tie rod - tie rod end 

assembly. 

 
Figure 4. 7 System without defect (vibration mode 1 - frequency 40.939 Hz) 

 

 

  

Direcția de solicitare maximă Zone cu uzură maximă 
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Figure 4. 8 System without defect (vibration mode 2 - frequency 41.085 Hz) 

 

The following simulations were performed for the situation in which the tie rod - tie 

rod end assembly has a clearance in the spherical joint, with a value of 1 mm / radius.  

 
Figure 4. 9 System with clearance of 1mm / radius (4 vibration mode - frequency 41.004 Hz) 

 

 
Figure 4. 10 System with clearance of 1mm / radius (vibration mode 7 - frequency 395.17 Hz) 
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Table 4. 1 The natural frequencies of the studied system according to the size of the clearance 

between the spherical pivot and the teflon bush 

No.  

natural 

vibration 

mode 

Frequencies of the system (Hz) 

Flawless Clearance value 
1micron/rază 0,1mm/rază 0,5mm/rază 1mm/rază 

1 2 3 4 5 

1 40,939 6,3896 6,1824 5,0469 3,6043 

2 41,085 10,271 9,8523 8,3503 6,1684 

3 126,08 29,924 26,989 21,043 16,127 

4 215,63 41,005 41,005 41,004 41,004 

5 349,74 42,756 42,754 42,744 42,731 

6 395,6 351,83 351,81 351,78 351,59 

7 598,57 395,26 395,26 395,23 395,17 

8 1028,7 596,11 596,06 595,98 595,49 

9   1036,3 1036,2 1034,5 1025,1 

 

4.5 Partial conclusions 
The analysis of the data in table 4.2 reveals that the appearance of the clearance and 

the increase of its value in the spherical joint leads to the decrease of the values of the natural 

frequencies, specifically in case of the first natural frequency [44].  

 The dynamic analysis of the natural modes and of the corresponding frequencies of the 

tie rod - tie rod end assembly, highlights the fact that the quantities that "control" the first 

natural frequency of the system are: 

- the elasticity modulus of the bushing material (the higher the elasticity modulus, the higher 

the fundamental natural frequency); 

- the clearance value in the spherical joint (the higher the clearance, the lower the fundamental 

natural frequency). 
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CHAPTER 5 

RESPONSE DETERMINATION TO THE SHOCK APPLIED 

TO THE SYSTEM ON THE TEST BENCH 
 

5.1 Methods and means of testing 
 The vibration tests of the tie rod - tie rod end assembly performed on the test bench 

aimed to determine the response of the defective system (defect in the spherical joint) to 

single or multiple shocks applied in the spherical joint of the tie rod end. The casing of the tie 

rod end was fixed in the vise, thus simulating the connection with the rack of the steering gear 

(figure 5.1). Thus, the same conditions of connection as those established for finite element 

modeling were met.  

 

Figure 5. 1 The devices position on the test bench 

Table 5. 1 Bench test conditions 

Test 

no. 

The technical state 

of spherical joint 

Frequencies 

domain   
Range 

Aplied shocks 

details 
Obs. 

B1 
defective spherical 

joint 
0-100 Hz 

axis x,y,z   

3,2E+1 

one/simple 

shock 
compare 

simple shock / 

multiple 
shocks 

B2 
defective spherical 

joint 
0-100 Hz 

axis x,y,z   

3,2E+1 

multiple            

1beat/2-3 sec 

B3 
defective spherical 

joint 
0-500 Hz 

axis x,y,z   

3,2E+2 

one/simple 

shock 
compare 

simple shock / 

multiple 
shocks 

B4 
defective spherical 

joint 
0-500 Hz 

axis x,y,z   
3,2E+2 

multiple            
1beat/2-3 sec 

B5 
defective spherical 

joint 
0-1000 Hz 

axis x,y,z   

3,2E+2 

one/simple 

shock 
compare 

simple shock / 

multiple 
shocks 

B6 
defective spherical 

joint 
0-1000 Hz 

axis x,y,z   
3,2E+2 

multiple            
1beat/2-3 sec 

 

5.2 Experimental results of bench tests 
 The vibrational analysis was performed by comparing the defective system responses  

to simple shock and to multiple shocks, in the ranges of 0-100 Hz, 0-500 Hz and 0-1000 Hz. 

Direcția de aplicare a șocurilor 
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(a) 

(b) 

Figure 5. 2 Periodograms OX axis in the range of 0-100 Hz: (a) single shock; (b) multiple 

shocks 
  

    

 

(a) 

(b) 

Figure 5. 3 Periodograms OX axis in the range 0-500 Hz: (a) single shock; (b) multiple 

shocks 

 

 In order to be able to compare the responses to single shock and multiple shocks, the 

audio signals with the same sampling frequency were concatenated in this order and the STFT 

function was applied to the sum signal. Thus, the simple and multiple shock response 

spectrograms resulted, corresponding to the processing of the recordings made in the 0-500 

Hz frequency range, related to the B3 and B4 tests, on the OX, OY and OZ axes. 
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Figure 5. 4  STFT spectrogram for single (B3 test) and multiple (B4 test) shock response  OX 

axis 

5.3 Partial conclusions 
 Both data processing procedures in Matlab (periodogram generation function and 

STFT function) lead to results similar to those obtained after finite element simulation in 

terms of frequency (with the value of 5 Hz) which characterizes its natural fundamental 

vibration mode of the analyzed system, namely the one with clearance in the spherical joint of 

0.5 mm / radius. Also, similar results were obtained from the finite element analysis on the 

other natural vibrations modes of the system with frequency values up to 1000 Hz, 

approximately of 350 Hz, 400 Hz and 600 Hz. The response of the system to the shock must 

be analyzed by identifying vibrations specific to the existence of the defect in frequencies 

domain and not by attempting to identify single vibration frequency, with well-defined values, 

as in the case of stationary vibrations. Thus, by using STFT we obtain a mark of the dynamic 

behavior of the shock system, in the form of vertical bands, with high energy loads in certain 

frequency ranges, specific to the spectrograms of percussion music systems [45], [46], [47]. 
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CHAPTER 6  

RESPONSE DETERMINATION TO THE SHOCK APPLIED 

TO THE SYSTEM DURING VEHICLE RUNNING 
 

6.1 Description of the experiment 
 The tests were performed in different driving conditions, with the alternative mounting 

of a tie rod end, with or without defect of the spherical joint. The objectives of the tests were 

to establish the dynamic vibration mark and perform a comparative analysis of the responses 

of the analyzed system, with and without defects, when driving on different routes, over 

different types of bumps and at different engine and vehicle speeds. 

 
Figure 6. 1 Positioning the accelerometer on the left tie rod end 

 

  Shocks produced during driving both between the vehicle and the road, internal shocks 

also, produced between components (subassemblies) of the vehicle, generate random 

vibrations, non-stationary, characterized by laws of motion expressed by statistical and 

probabilistic parameters. This category includes the vibrations generated by the shocks in the 

spherical joint of the defective tie rod end, shocks whose probability of production increases 

when driving through various bumps of the driveway. 

Accelerometru 
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Table 6. 1 Running test conditions 

   

 To determine the response of the system to shocks in the defective spherical joint of 

the tie rod end, the processing and analysis of recorded data in the frequency range of 0-500 

Hz was performed comparatively, for each of the 10 pairs of tests, by the following methods: 

STFT analysis, Spectral Kurtosys analysis and spectral analysis in the time domain. 

 

6.2 Data processing and analysis using the Short Time Fourier Transform 

procedure from the Matlab program 
 Since the shock response signals are non-stationary signals, the data recorded after 

performing the 20 tests in running were processed with the Short Time Fourier Transform 

analysis procedure, implemented within the Matlab program, thus resulting representations of 

frequency spectra of signals that vary over time.  

Nr. 

test

Starea 

articulației 

sferice

Tip rulaj/cale 

de rulare

viteză de deplasare  

(km/h) / treapta de 

viteză

Turație 

motor 

rot/min

Sens de 

deplasare 
Range Obs.

test 1 cu defect
30 km/h,            

treapta a III-a
1500

Bucurestii Noi- 

str. Tecuci
axele x,y,z   3,2E+2

test 2 fără defect
30 km/h,            

treapta a III-a
1500

Bucurestii Noi- 

str. Tecuci
axele x,y,z   1,0E+2

test 3 cu defect
30 km/h,            

treapta a III-a
1500

Posta Veche- 

Bucovinei 
axele x,y,z   3,2E+2

test 4 fără defect
30 km/h,            

treapta a III-a
1500

Posta Veche- 

Bucovinei 
axele x,y,z   1,0E+2

test 5 cu defect
30 km/h,            

treapta a III-a
1500

Lozoveni- Peco 

Rojevas 
axele x,y,z   3,2E+2

test 6 fără defect
30 km/h,            

treapta a III-a
1500

Lozoveni- Peco 

Rojevas 
axele x,y,z   1,0E+2

test 7 cu defect
25 km/h,          

treapta a III-a
1250

Peco Rojevas -

Lozoveni 
axele x,y,z   3,2E+2

test 8 fără defect
25 km/h,          

treapta a III-a
1250

Peco Rojevas -

Lozoveni 
axele x,y,z   1,0E+2

test 9 cu defect
40 km/h,            

treapta a IV-a
1500

str. Tecuci -

Bucurestii Noi
axele x,y,z   3,2E+2

test 10 fără defect
40 km/h,            

treapta a IV-a
1500

str. Tecuci -

Bucurestii Noi
axele x,y,z   1,0E+2

test 11 cu defect
20 km/h,          

treapta a II-a
1200

Prelungirea 

Brailei - Minion
axele x,y,z   3,2E+2

test 12 fără defect
20 km/h,          

treapta a II-a
1200

Prelungirea 

Brailei - Minion
axele x,y,z   1,0E+2

test 13 cu defect
40 km/h,            

treapta a IV-a
1500 Galati- Barbosi axele x,y,z   3,2E+2

test 14 fără defect
40 km/h,            

treapta a IV-a
1500 Galati- Barbosi axele x,y,z   1,0E+2

test 15 cu defect
40 km/h,            

treapta a IV-a
1500 Barbosi- Galati axele x,y,z   3,2E+2

test 16 fără defect
40 km/h,            

treapta a IV-a
1500 Barbosi- Galati axele x,y,z   1,0E+2

test 17 cu defect
30 km/h,            

treapta a III-a
1500 Galati- Barbosi axele x,y,z   3,2E+2

test 18 fără defect
30 km/h,            

treapta a III-a
1500 Galati- Barbosi axele x,y,z   1,0E+2

test 19 cu defect
30 km/h,            

treapta a III-a
1500 Barbosi- Galati axele x,y,z   3,2E+2

test 20 fără defect
30 km/h,            

treapta a III-a
1500 Barbosi- Galati axele x,y,z   1,0E+2

rectiliniu/ rulaj 

peste capace 

de canalizari

teste de 

comparat, cu și 

fără defect

rectiliniu/ rulaj 

peste capace 

de canalizari

teste de 

comparat, cu și 

fără defect

rectiliniu/ rulaj 

peste capace 

de canalizari

teste de 

comparat, cu și 

fără defect

rectiliniu/ rulaj 

peste capace 

de canalizari

teste de 

comparat, cu și 

fără defect

rectiliniu/ rulaj 

peste capace 

de canalizari

teste de 

comparat, cu și 

fără defect

rectiliniu/ rulaj 

peste linii 

tramvai

teste de 

comparat, cu și 

fără defect

rectiliniu/ 

denivelari 

usoare

teste de 

comparat, cu și 

fără defect

rectiliniu/ 

denivelari 

usoare

teste de 

comparat, cu și 

fără defect

rectiliniu/ 

denivelari 

usoare

teste de 

comparat, cu și 

fără defect

rectiliniu/ 

denivelari 

usoare

teste de 

comparat, cu și 

fără defect
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(a) 

 

(b) 

 

(c) 

Figure 6. 2 Spectrograms of the response signal for test 4 (without defect) concatenated with 

test 3 (with defect): (a) on the OX axis; (b) on the OY axis; (c) on the OZ axis 
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Figure 6. 3 Street sewer covers in tests 3 and 4 - Poșta Veche Street [48] 

In conclusion, the analysis of the spectrograms indicates that the running system 

response corresponds to both stationary vibrations (generated by engine operation and tire-

driveway interaction), visible as continuous horizontal waves, and non-stationary vibrations in 

the form of vertical bands, corresponding to shocks, similar to those highlighted by bench 

tests. The mark of the shocks analyzed for diagnosis is that represented by the vertical bands 

with higher energy loads, in the range of 100-400 Hz. 

  

6.3 Processing of recorded data in running and spectral analysis of signals using 

Kurtosis 
 Spectral kurtosis (SK) is a statistical quantity that can highlight non-stationary 

characteristics in the frequency range, considering its low values at frequencies for which 

stationary components (Gaussian) are present in the signal and high positive values at 

frequencies for which transients occur [49], [50]. This capability of spectral kurtosis (SK) is 

useful in detecting and extracting non-stationary signal components, corresponding to the 

operation of a faulty system [51], [52], [53], [54], [55], [56]. Spectral kurtosis, written as K 

(f), of a signal x (t), can be determined based on a STFT of a signal, S (t, f): 

𝑆(𝑡, 𝑓) = ∫ 𝑥(𝑡)
+∞

−∞
∙ 𝑤(𝑡 − 𝜏)𝑒−2𝜋𝑓𝑡𝑑𝑡                                (6.6) 

where w (t) is the window function of the STFT transformation 

𝐾(𝑓) =
〈|𝑆(𝑡,𝑓)|4〉

〈|𝑆(𝑡,𝑓)|2〉2
− 2                                           (6.7) 

where f ≠ 0, and 〈∙〉 is the time mediation operator. 

 The scheme of applying the spectral kurtosis function K (f) on a signal x (t) is 

presented in figure 6.14.   

Capace de canalizare stradală 
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Figure 6. 4 a) Time signal; b) The result of the STFT transformation; c) Spectral kurtosis as a 

function of frequency [145] 

 

 The spectral kurtosis of a signal can be determined with the Matlab sequence: 

𝑠𝑘 = 𝑝𝑘𝑢𝑟𝑡𝑜𝑠𝑖𝑠(𝑥, 𝑓𝑠,𝑤𝑜, ′𝐶𝑜𝑛𝑓𝑖𝑑𝑒𝑛𝑐𝑒𝐿𝑒𝑣𝑒𝑙′, 𝑝)                         (6.8) 

where: x = signal in the time domain, fs = sampling frequency, wo = optimal window length, 

p = confidence level for stationary signal components (values between 0 and 1). 

A particular importance in highlighting the non-stationary components of the signal is 

the establishment of the optimal length of the “wo” window. For this purpose, in the Matlab 

program there is the possibility to determine the optimal length “wo”  of the window, as well 

as the positioning in the frequency range of the transient components with high values of 

kurtosis, by means of a kurtogram (spectrogram). From these kurtograms are extracted the 

optimal window lengths (Optimal Window Length) corresponding to the frequency 

component of the signal with the highest kurtosis, lengths that will be used in the calculation 

of spectral kurtosis, to identify the transient components of the signal [57]. 
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(a) 

 

(b) 

 

(c) 

Figure 6. 5 Kurtograms of defective system response, test 3: (a) on the OX axis; (b) on the 

OY axis; (c) on the OZ axis 
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(a) 

 

(b) 

 

(c) 

Figure 6. 6 Kurtograms of flawless system response, test 4: (a) on the OX axis; (b) on the OY 

axis; (c) on the OZ axis 
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The analysis of the kurtograms reveals the following conclusions: 

- the optimal lengths of the windows extracted from the kurtograms corresponding to 

the defective signals have low values, comprised in the range of 6 - 8 and the high values of 

the afferent kurtosis confirm the high non-stationary level of the defective signal; 

- kurtograms corresponding to flawless signals are characterized by high values of the 

optimal length of the windows, while kurtosis registers significant decreases, compared to the 

defective tests. 

With the optimal window lengths determined by the kurtograms, the kurtosis of the 

spectral components is determined, taking into account a limit imposed in determining the 

stationary components by a confidence level. Spectral kurtosis variations were obtained for 

optimal WO lengths of the windows extracted from the kurtograms corresponding to each 

signal. 

  

 

(a) 

 

(b) 
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(c) 

Figure 6. 7 Kurtosis variation for defective signal components, test 3: (a) on the OX axis, WO 

= 6; (b) on the OY axis, WO = 6; (c) on the OZ axis, WO = 6 

 

 

 

 

(a) 

 

(b) 
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(c) 

Figure 6. 8 Kurtosis variation for flawless signal components, test 4: (a) on the OX axis, WO 

= 48; (b) on the OY axis, WO = 8; (c) on the OZ axis, WO = 192 

 Spectral kurtosis analysis shows that both flawless and defective signals are non-

stationary, but in the case of defective signal, the transient components of the signal have very 

high kurtosis values (maximum value of 1487.54) for a very small window length (in most 

records value of 6) with a magnitude corresponding to a shock. The presence in the recorded 

response of natural frequencies identifies the existence of a multiple shock, which excites 

several natural frequencies of the system. 

The resulting data showed that the variation of kurtosis can be used to form a selection 

filter of that part of the signal recorded corresponding to the shock and, implicitly, the 

occurrence of the defect, considerably reducing the background noise and improving the 

diagnostic capacity. Since the wear of the tie rod end is characterized by short pulses 

represented by the multiple shocks between the component elements, the spectral kurtosis is 

useful for determining the frequency bands dominated by the error signals of the tie rod end, 

containing excited frequencies by failures.  
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6.4 Identification of the defective dynamic systems based on recorded data 
 

6.4.1 Overview 

In practice, we frequently encounter systems with a nonlinear behavior, corresponding 

situation to the analyzed steering system, with or without defect at the spherical joint of the tie 

rod end. Using polynomial models, models of dynamic systems from measured data can be 

identified. These polynomial models implemented in Matlab are ARX ("Auto Regressive with 

Exogenous input"), BJ ("Box-Jenkins") and OE ("Output Error"). With the recorded input-

output data, several models were identified, and the one that allowed an adequate overlap of 

the measured data with the estimated data was the Box-Jenkins polynomial model [58], [59]. 

  

6.4.2 Development of the Box-Jenkins mathematical model of the dynamic system in the 

Matlab program 

The syntax in Matlab for using the Box-Jenkins model is: 

m = bj(data,orders) 

m = bj(data,'nb',nb,'nc',nc,'nd',nd,'nf',nf,'nk',nk) 

m = bj(data,orders,'Property1',Value1,'Property2',Value2,...) 

the bj function returns the model m as a polynomial function (idpoly) with estimated 

parameters. The data reprezent an object that contains the input-output data. 

The general shape of the Box-Jenkins model is: 

𝑦(𝑡) = ∑
𝐵𝑖(𝑞)

𝐹𝑖(𝑞)
𝑛𝑢
𝑖=1 𝑢(𝑡 − 𝑛𝑘) +

𝐶(𝑞)

𝐷(𝑞)
𝑒(𝑡)                                   (6.9) 

where nu is no number of input channels. 

For an input - u (t) and an output - y (t), the general shape of the Box-Jenkins model is: 

 

𝑦(𝑡) =
𝐵𝑖(𝑞)

𝐹𝑖(𝑞)
𝑢(𝑡 − 𝑛𝑘) +

𝐶(𝑞)

𝐷(𝑞)
𝑒(𝑡)                                         (6.10) 

The Box-Jenkins model can be represented as a data stream as in figure 6.27, where 

u(k) - the input signal, y(k) - the output signal and e(k) - the integrated noise signal. 

 
Figure 6. 9 Data flow in the Box-Jenkins model 

 

To obtain particular output results of the model, the "Integrated noise" function can be 

activated; by setting it, the Box-Jenkins formulation becomes:  

 

𝑦(𝑡) =
𝐵𝑖(𝑞)

𝐹𝑖(𝑞)
𝑢(𝑡 − 𝑛𝑘) +

𝐶(𝑞)

𝐷(𝑞)
𝑒(𝑡)

1

1−𝑞−1
                                (6.15) 

where 
1

1 − 𝑞−1
 

is the integrator of the noise channel. 
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6.4.3 Phases to identify the dynamic characteristics of the defective system  

Steps to identify a model that highlights the presence of the defect in the steering 

system, using the polynomial model of the Box-Jenkins structure: 

1. Selection of data in the time domain (input-output data were filtered in the frequency range 

140 - 400 Hz, qualitatively identified range in signal processing in previous chapters). 

2. Estimation of the coefficients of the Box-Jenkins polynomial model discrete in time, with 

testing the orders nb, nc, nd, nf, so as to obtain the best possible fit of the measured data with 

the estimated model, for each axis. 

3. Obtaining the coefficients of the Box-Jenkins polynomial model as a continuous model in 

time by construction, for each axis, with the d2c(sys) function in Matlab. 

4. Validation of the estimated model by comparing it with sequences of the measured signals, 

other than those used for estimation (with compare function in Matlab), on each of the three 

axes. 

5. Extraction of dynamic models with a degree of freedom, excited by the presence of the 

defect (highlighted by their natural frequencies and damping rate).  

 

6.4.4 Estimation of the parameters of the Box-Jenkins polynomial model discrete in time with 

the determination of the orders nb, nc, nd, nf, for each axis 

The estimation of the parameters of the Box-Jenkins polynomial model corresponds to 

the recordings of the input-output acceleration signals of the Logan vehicle in motion, with a 

speed of 30km/h, on a route with bumps of the roadway. The input signal corresponds to the 

flawless system and the output signal corresponds to the defective system. 

Box-Jenkins discrete time parameters for X-axis signals 

bj55551 = 

Discrete-time Polynomial with Noise Integration model:  y(t) = [B(z)/F(z)]u(t) + 

[C(z)/D(z)(1-z^-1)]e(t) 

  B(z) = -0.4473 z^-1 - 0.538 z^-2 - 0.5606 z^-3 - 0.1744 z^-4 - 0.3137 z^-5                             

  C(z) = 1 - 0.7171 z^-1 - 1.388 z^-2 + 1.137 z^-3 + 0.5828 z^-4 - 0.6149 z^-5                           

  D(z) = 1 + 0.6766 z^-1 + 1.582 z^-2 + 0.521 z^-3 + 0.7201 z^-4 - 0.1186 z^-5                           

  F(z) = 1 - 0.9098 z^-1 + 0.6768 z^-2 - 0.7827 z^-3 + 0.9377 z^-4 - 0.5475 z^-5                         

Sample time: 0.001 seconds 

Parameterization: 

Polynomial orders:   nb=5   nc=5   nd=5   nf=5   nk=1 

Number of free coefficients: 20 

Model contains integration on noise channel. 

Status:                                              

Estimated using BJ on time domain data "Estimation". 

Fit to estimation data: 79.43% (prediction focus)    

FPE: 0.01225, MSE: 0.01166          (Final Prediction Error- FPE); (Mean Square Error- MSE)                                     

Box-Jenkins discrete time parameters for Y-axis signals 

bj55551 = 

Discrete-time Polynomial with Noise Integration model:  y(t) = [B(z)/F(z)]u(t) + 

[C(z)/D(z)(1-z^-1)]e(t) 

  B(z) = 0.4725 z^-1 - 0.07876 z^-2 + 0.6738 z^-3 - 0.05412 z^-4 + 0.2449 z^-5                           

  C(z) = 1 - 0.2771 z^-1 - 0.6788 z^-2 - 0.03341 z^-3 - 0.3174 z^-4 + 0.3084 z^-5                        

  D(z) = 1 + 0.4733 z^-1 + 1.569 z^-2 + 0.4527 z^-3 + 0.7938 z^-4 + 0.0002474 z^-5                       

  F(z) = 1 - 0.5017 z^-1 + 1.209 z^-2 - 0.8057 z^-3 + 0.3752 z^-4 - 0.5473 z^-5                          

Sample time: 0.001 seconds 

Parameterization: 

Polynomial orders:   nb=5   nc=5   nd=5   nf=5   nk=1 

Number of free coefficients: 20 

Model contains integration on noise channel. 
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Status:                                              

Estimated using BJ on time domain data "Estimation". 

Fit to estimation data: 71.9% (prediction focus)     

FPE: 0.004317, MSE: 0.003995   (Final Prediction Error- FPE); (Mean Square Error- MSE)                      

Box-Jenkins discrete time parameters for Z-axis signals 

bj55551 = 

Discrete-time Polynomial with Noise Integration model:  y(t) = [B(z)/F(z)]u(t) + 

[C(z)/D(z)(1-z^-1)]e(t) 

  B(z) = 0.01877 z^-1 - 0.02152 z^-2 + 0.03421 z^-3 - 0.003506 z^-4 + 0.0429 z^-5                        

  C(z) = 1 - 0.1839 z^-1 - 0.6413 z^-2 + 0.03638 z^-3 - 0.3567 z^-4 + 0.1495 z^-5                        

  D(z) = 1 + 0.4452 z^-1 + 1.466 z^-2 + 0.5483 z^-3 + 0.8819 z^-4 + 0.1143 z^-5                          

  F(z) = 1 + 0.6161 z^-1 + 1.435 z^-2 + 0.6007 z^-3 + 0.9162 z^-4 + 0.1013 z^-5                          

Sample time: 0.001 seconds 

Parameterization: 

Polynomial orders:   nb=5   nc=5   nd=5   nf=5   nk=1 

Number of free coefficients: 20 

Model contains integration on noise channel. 

Status:                                              

Estimated using BJ on time domain data "Estimation". 

Fit to estimation data: 78.29% (prediction focus)    

FPE: 0.004181, MSE: 0.003869   (Final Prediction Error- FPE); (Mean Square Error- MSE)                                           

 

6.4.5 Development of the Box-Jenkins polynomial model continuously in time, with the 

determination of the orders nb, nc, nd, nf, for each axis 

The Box-Jenkins model built continuously over time for X-axis signals 

Sysc = 

Continuous-time BJ model:  y(t) = [B(s)/F(s)]u(t) + [C(s)/D(s)]e(t)                                   

  B(s) = -363.4 s^4 - 6.963e04 s^3 - 2.82e09 s^2 - 1.125e12 s - 4.281e15                              

  C(s) = s^11 + 4016 s^10 + 1.663e07 s^9 + 4.248e10 s^8 + 7.683e13 s^7 + 1.306e17 s^6 + 

1.096e20 s^5 + 1.014e23 s^4 + 4.167e25 s^3 + 1.788e28 s^2 + 2.875e30 s + 5.55e29 

  D(s) = s^11 + 2734 s^10 + 1.363e07 s^9 + 3.176e10 s^8 + 6.605e13 s^7 + 1.255e17 s^6 + 

1.347e20 s^5 + 1.891e23 s^4 + 1.037e26 s^3 + 8.234e28 s^2 + 1.525e31 s + 1.195e19 

  F(s) = s^5 + 602.5 s^4 + 5.317e06 s^3 + 2.629e09 s^2 + 3.804e12 s + 7.883e14                        

Parameterization: 

Polynomial orders:   nb=6   nc=11   nd=11   nf=5   nk=0 

Number of free coefficients: 32 

Status:                                                  

Created by direct construction or transformation. Not estimated. 

The Box-Jenkins model built continuously over time for Y-axis signals  

Sysc = 

Continuous-time BJ model:  y(t) = [B(s)/F(s)]u(t) + [C(s)/D(s)]e(t)                                   

  B(s) = 575 s^4 + 3.746e05 s^3 + 2.586e09 s^2 + 8.724e11 s + 2.781e15                                

  C(s) = s^7 + 1.781e04 s^6 + 1.069e08 s^5 + 2.097e11 s^4 + 4.486e14 s^3 + 3.857e17 s^2 + 

2.064e20 s + 2.261e20 

  D(s) = s^7 + 1.638e04 s^6 + 8.479e07 s^5 + 1.149e11 s^4 + 4.688e14 s^3 + 1.769e17 s^2 + 

6.031e20 s - 3.728e07 

  F(s) = s^5 + 602.8 s^4 + 5.924e06 s^3 + 2.098e09 s^2 + 7.776e12 s + 1.611e15                        

Parameterization: 

Polynomial orders:   nb=5   nc=7   nd=7   nf=5   nk=0 

Number of free coefficients: 24 

Status:                                                          

Created by direct construction or transformation. Not estimated. 
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The Box-Jenkins model built continuously over time for Z-axis signals  

Sysc = 

Continuous-time BJ model:  y(t) = [B(s)/F(s)]u(t) + [C(s)/D(s)]e(t)                                   

  B(s) = 98.44 s^5 + 6.073e05 s^4 + 3.086e08 s^3 + 2.71e12 s^2 - 4.926e14 s + 1.674e18                

  C(s) = s^7 + 5581 s^6 + 2.539e07 s^5 + 4.574e10 s^4 + 9.024e13 s^3 + 6.722e16 s^2 + 

4.493e19 s + 8.683e19 

  D(s) = s^7 + 4156 s^6 + 2.037e07 s^5 + 2.606e10 s^4 + 8.911e13 s^3 + 3.345e16 s^2 + 

9.763e19 s - 9.29e07 

  F(s) = s^6 + 4434 s^5 + 2.124e07 s^4 + 2.899e10 s^3 + 9.878e13 s^2 + 3.987e16 s + 

1.103e20          

Parameterization: 

Polynomial orders:   nb=6   nc=7   nd=7   nf=6   nk=0 

Number of free coefficients: 26 

Status:                                                          

Created by direct construction or transformation. Not estimated. 

 

6.4.6 Validation of the estimated Box Jenkins model, on each of the 3 axes 

The validation of the estimated Box-Jenkins model could be done only for data in 

short time intervals and by increasing the orders of the model from 5 to 15 (input and output 

signals have considerable lengths). The overlap of the estimated-validated signals for the 

Box-Jenkins model of order 15 is different on the 3 axes and the percentage is in the range of 

45-70%, and this is due to the general nonlinearities of the whole system with high noise 

level, including “chirp” type signals (figures 6.28 - 6.30). The lowest estimation-validation 

percentage (45%) corresponds to the signals on the X axis for which in the previous chapters 

there were large variations of accelerations. 

 
Figur 6. 10 Data validation for the X-axis input-output signal 
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Figure 6. 11 Data validation for the Y-axis input-output signal 

 

 
Figure 6. 12 Data validation for the Z-axis input-output signal 

6.4.7 Extraction of dynamic models with a degree of freedom excited by the occurrence of the 

defect (highlighted by frequencies and damping rate) 

Table 6. 2 Identification of modes excited by the presence of the defect on the X axis (Box-

Jenkins model of order 5) 

Mode Natural frequencies [Hz] Damping rate 

1 141.03 0.17785 

2 334.9 0.014385 
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Table 6. 3 Identification of modes excited by the presence of the defect on the Y axis (Box-

Jenkins model of order 5) 

Mode Natural frequencies [Hz] Damping rate 

1 223.36 0.016777 

2 312.52 0.087459 

Table 6. 4 Identification of modes excited by the presence of the defect on the Z axis (Box-

Jenkins model of order 5) 

Mode Natural frequencies [Hz] Damping rate 

1 208.91 0.034488 

2 334.83 0.013025 

 

6.4.8 The stability of the defective system in the states space 

An identification model in the states space is a mathematical representation of a physical 

system characterized by input vectors, output vectors and state variables linked together by 

first-order differential equations. States variables define the values of the output variables. 

The model in the states space (modal variant) can represent a continuous or discrete model in 

time. The shape of the models in the states space in continuous representation in time is: 

�̇�=Ax+Bu                                                               (6.17) 

y=Cx+Du                                                               (6.18) 

where x, u and y represent state variables, input and output vectors, while matrices A, B, C, D 

are states space matrices: 

A - system matrix; B - input matrix; C - output matrix; D - control matrix from an 

external operator (in control systems - feedforward matrix). 

The input-output data was filtered in the range of 140 Hz-400 Hz, the model in the 

state space in each direction of the measured data contains an input and an output. The 

number of states is 6 to ensure an adequate overlap (as much as possible) of the estimated 

data with the measured data.  

 

6.4.9 Partial conclusions 

The verification of the system estimated with the 5th order Box-Jenkins polynomial model 

showed that the estimated dynamic transfer function 𝐺(𝑠) =
𝐵(𝑠)

𝐴(𝑠)
 can be considered adequate. 

The large variations of the measured accelerations, belonging to the input and output signals, 

are responsible for the increase of the noise level. The level of second-order accelerations 

(jerk) could quantify the presence of the defect in the analyzed spherical joint of the steering 

system. Considering that the estimated transfer function of the dynamic system 𝐺(𝑠) =
𝐵(𝑠)

𝐴(𝑠)
 

has been validated, using the Matlab modalfit function applied to the Box-Jenkins model 

estimated of order 5, natural frequencies and damping rate were obtained for the excited 

shock modes in each of the three axis. 

 

6.5 The time-domain spectrogram processing and analysis. Accelerations jerk of 

the recorded signal 
 The comparative analysis of the vibration spectra, with or without defective tie rod 

end, analyzed the variations in time of the amplitudes of the vibration accelerations and the 

establishment of their correspondence with the appearance of multiple shocks in the spherical 

joint, for the 20 tests. Analysis of the data recorded in all 20 tests shows that the amplitudes of 

vibration accelerations recorded with existing defect are significantly higher, on all 3 axes, 

compared to those recorded in the same test conditions, but without existing defect. 
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(a) 

 
 

(b) 

 

(c) 

Figure 6. 13 The overlap of vibration spectra, test 3 (defective), test 4 (no defect): (a) on the 

OX axis; (b) on the OY axis; (c) on the OZ axis  
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 The analysis of the overlap in time of the vibration spectra corresponding to the 10 

pairs of tests performed, with and without defect, reveals significantly higher values of the 

amplitudes of the accelerations of the defective systems (graphs in black) compared to those 

of the systems without defect (graphs in red). The measure of imbalances in the steering 

system is revealed by the ratio between the maximum slope and the average slope of the 

accelerations of the recorded signals. The slope of the acceleration signal (second-order 

acceleration) is the variation of the acceleration over a period of time. In systems where 

shocks caused by the wear of the spherical joint of the tie rod end occur, the variation of 

acceleration in a short time has a significant value. 

 
Figure 6. 14 The ratio between the maximum slope and the average slope of the accelerations 

on the OX axis for the 10 pairs of systems (with and without defect) 

 
Figure 6. 15 The ratio between the maximum slope and the average slope of the accelerations 

on the OY axis for the 10 pairs of systems (with and without defect) 
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Figure 6. 16 The ratio between the maximum slope and the average slope of the 

accelerations on the OZ axis for the 10 pairs of systems (with and without defect) 

 

From these comparisons it results that a limit ratio between the maximum slope and 

the average acceleration slope, with the value over 50 (figure 6.41, pairs 4 and 10), can 

indicate the appearance of the defect in the analyzed system. The value of 50 was determined 

considering that of all the tests performed, at pairs 4 and 10 on the OZ axis, for flawless 

systems, maximum values of the ratio between the maximum slope and the average slope of 

accelerations with values below 40 were recorded. 
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CHAPTER 7 

GENERAL CONCLUSIONS OF THE DIAGNOSIS OF THE 

TECHNICAL CONDITION OF THE SPHERICAL JOINTS, 

PERSONAL CONTRIBUTIONS AND FUTURE RESEARCH 

DIRECTIONS 

 

7.1 General conclusions 
The wear of the spherical joints of the steering systems, defects encountered with high 

frequency in the vehicles operation, determine the change of the geometry of the steering 

wheels, leading to decreased stability and maneuverability, as well as premature tire wear. In 

case of separation of the spherical joint components (pivot case), the most serious effect may 

be the loss of vehicle control, by the sudden and independent turning of the wheel afferent to 

the tie rod end, generating a major risk of road accidents. 

Although electronic control systems are being used more and more, on-board 

diagnostic systems are not implemented in vehicles to detect wear in the steering system 

joints. 

Having as a starting point the faults symptoms that a driver perceives in driving 

(sounds, vibrations, abnormal shocks), the scientific research of the thesis aimed to diagnose 

wear of spherical joints produced at the tie rod-tie rod end assembly in the steering system, 

based on vibration analysis components. 

The research results led to the conclusion that the response of the system to shock 

should be analyzed by identifying vibrations specific to the existence of the defect in 

frequency ranges and not by trying to identify single vibration frequencies, with well 

determined values, as in the case of stationary vibrations. Thus, by using the STFT procedure 

from Matlab, specific to non-stationary phenomena, a mark of the dynamic behavior of the 

system to shocks in the tie rod end was established, in the form of vertical bands highlighted 

in spectrograms, with high energy loads in certain frequency ranges. 

The results highlighted the excitation of some frequencies corresponding to the own 

vibration modes of the analyzed ensemble, in the range of 100 - 400 Hz, frequencies 

identified also by using the finite element analysis program Ansys Workbench with the Modal 

module. 

The mark of the system, resulting from the tests performed on the bench contains 

common elements with the dynamic mark established in the running, in the form of vertical 

bands of response to shocks in the joint, this mark being specific to the spectrograms of 

percussion music systems. 

The response of the running system corresponds to both stationary vibrations 

(generated by engine operation and tire-driveway interaction), visible in the form of 

continuous horizontal waves, and non-stationary vibrations, in the form of vertical bands, 

with high energy loads in certain frequency ranges, corresponding to shocks. 

The resulting data showed that the variation of kurtosis can be used to form a filter to 

select that part of the signal recorded corresponding to the shocks and, implicitly, the 

appearance of the defect, contributing to the improvement of the diagnostic capacity. Since 

the tie rod end wear is characterized by multiple shocks between the components, spectral 

kurtosis is useful to determinate the frequency bands dominated by the tie rod end error 

signals, containing excited fault frequencies. 

In defective systems, the occurrence of shocks is determined by the wear of the 

spherical joint of the tie rod end, and their production generates significant variations of the 

registered accelerations, compared to the systems without defect. The analysis of the time 
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overlap of the vibration spectra corresponding to the 10 pairs of tests performed, with and 

without defect, revealed that the measure of imbalances in the steering system is given by the 

ratio between the maximum slope and the average slope of the recorded signal accelerations. 

Thus, based on the signals corresponding to the three axes, in the frequency range of 0-500 

Hz, it was found that the ratio between the maximum slope and the average acceleration slope 

is very high in systems with defect, compared to those without defect. From these 

comparisons it resulted that the ratio between the maximum slope and the average 

acceleration slope, with the value above the limit (50 in the analyzed cases) may indicate the 

occurrence of the defect in the analyzed system. 

The thesis highlights the possibility of monitoring the technical condition of the 

spherical joints of the steering system, analyzing the vibrations produced in different driving 

conditions of vehicles and, at the same time, opens the prospect of using intelligent devices to 

ensure early detection of these defects. 

  

   

7.2 Personal contributions 
In order to develop a method for diagnosing spherical joint wear of the steering 

system, starting from the symptoms perceived by an experienced driver (sounds, vibrations, 

abnormal shocks), the research in the doctoral thesis was based on a series of own 

contributions, as it follows: 

1. Analysis of maintenance activities carried out within a large fleet of vehicles (over 

400 vehicles). The analysis showed that the wear of the spherical joints is a type of 

defect that occurs with a high frequency in the steering systems of vehicles. Faults of 

this type occur at the tie rod, tie rod end and pivots. There are also many situations 

when vehicles are presented for periodic technical inspections, without their drivers 

having previously noticed the occurrence of defects in the spherical joints of the 

steering system. The consequences of these defects are the change in the geometry of 

the steering system, the loss of stability of the vehicle, both in corners and in straight 

running, difficulties in controlling the comanded trajectory, accelerated wear of tires 

or other components of the steering system and even risk of road accident. Early 

detection of such faults would play an important role in increasing road comfort and 

safety and in significantly reducing vehicle maintenance costs. 

2. Analysis of the vehicle-driveway interaction, in order to detect the symptoms that 

attest the existence of wear of the steering system spherical joints. To perform the tests 

I selected a vehicle from the M1 category frequently encountered on Romanian roads, 

Dacia Logan model, manufactured in 2016. To perform vibration measurements I used 

a 4-channel digital recorder DA20-RION, with software data processing DA-20 

VIEWER and CAT 78 WR - Version 4.018, as well as a triaxial accelerometer brand 

Brüel & Kjær, type 4321. For the calibration of the accelerometer I used the calibrator 

brand PCB 394C06, series 4147, having the calibration certificate no. 01.03-110 / 

2019, issued by the National Institute of Metrology. I identified the sources of shocks 

and vibrations recorded on board the vehicle and established that the technical 

condition of the spherical joints of the steering system influences these shocks and 

vibrations. I based my research on the fact that driving over various pits and bumps, 

common in urban traffic, causes shocks in defective spherical joints. The shocks 

produced in the defective tie rod end excite natural vibrations modes of the tie rod - tie 

rod end assembly, the determination of the system response to these shocks being 

defining for the investigated diagnostic method.   

3. Drawing the 3D model of the tie rod - tie rod end assembly from the steering system 

structure. Considering the complicated shape of this assembly, characterized by 

multiple curves and various section sizes, I tried modeling using a 3D scanner, the 

generated file being inappropriate, due to the fact that it could not be imported into the 
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Ansys program. Subsequently, using the Catia V5 program, I realized the 3D 

geometry of the analyzed assembly, the resulting model being exported as a file with 

the extension “step” in the finite element analysis program Ansys Workbench. I 

performed the discretization of the tie rod - tie rod end assembly model with solid 

elements, using the type of SOLID 187 element from the Ansys library, this being an 

element with 10 nodes and 3 degrees of freedom per node, representing the 

translations on the 3 coordinate axes. Thus, for the 3D geometry of the analyzed 

system, 66734 nodes and 37784 elements were defined. 

4. Simulation of the shock response of the tie rod – tie rod end assembly using the Ansys 

Workbench finite element analysis program with the Modal module. I performed 

simulations of the free vibrations of the system depending on the size of the clearance 

in the spherical joint Teflon bushing/pivot head, the values of the clearance being 

included in the range measured on the analyzed samples. Through finite element 

modeling, I highlighted the influence of clearance size on the system fundamental 

frequency and the differences between the vibration of systems with and without 

defect, the most important of which is the "decoupling" of vibration modes when the 

defect occurs, justifying "shocks" in operation. Thus, I revealed the fact that the 

appearance of the wear and the increase of its value in the spherical joint pivot/teflon 

bushing leads to the decrease of the values of the natural frequencies, with predilection 

in case of the first natural frequency. I also revealed that the presence of wear in the 

spherical joint leads to a "decoupling" of the bending modes on the OX and OZ axes, 

in contrast to the first two modes in the flawless system, in which the bends along the 

two axes are coupled.  The decoupling suggests an increase in the level of vibration in 

the bending planes.  

5. Establishing the maximum load and wear directions. I designed the device for 

measuring the maximum clearance in the spherical joint, establishing a range of values 

of the maximum clearance for the batch of 10 used tie rod end analyzed. I sectioned 

the spherical joints and analyzed the mode of producing the wear of the spherical 

joint, establishing, at the same time, the directions of maximum stress and wear. 

6. Experimental validation of the models made, by making experimental recordings on 

the test bench, to establish the response of the analyzed system to the shock. The 

vibration tests were performed on the test bench, the used devices being designed to 

apply shocks in the direction of producing maximum wear of the spherical joint of the 

tie rod end. I obtained the validation of the finite element modeling results, referring to 

the fundamental natural frequency and the other natural frequencies of the system. I 

established that the system response to shock must be analyzed by identifying 

vibrations specific to the existence of the defect in frequency ranges and not by trying 

to identify single vibration frequencies, with well-determined values, as in the case of 

stationary vibrations. Thus, by using STFT, I obtained a mark of the dynamic behavior 

of the system to shock, in the form of vertical bands, with high energy loads in certain 

frequency ranges, specific to the spectrograms of percussion music systems. 

7. Experimental validation of the created models, by performing vibration recordings in 

driving, to establish the response of the analyzed system to shock, in different driving 

conditions and depending on the technical state of the spherical joint. I established that 

the driving system response corresponds to both stationary vibrations (generated by 

engine operation and tire-driveway interaction), visible in the form of continuous 

horizontal waves, and non-stationary vibrations, in the form of vertical bands, with 

high energy loads in certain frequency ranges, corresponding to shocks. 

8. Highlighting the presence of defective in the spherical joint of the tie rod end using 

percussive components from the STFT spectrograms of accelerations, materialized by 

a multiple shock mark, in the form of vertical bands, in the range of 0-400 Hz. 
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9. Using the MATLAB functions, specific to the analysis of non-stationary signals: 

periodograms, STFT spectrograms highlighting the domains of variation of 

instantaneous frequencies, kurtograms to identify the position of highly non-stationary 

components in the vibration spectrum and optimal window length, useful in studying 

Spectral kurtosis. I performed the processing and presentation of the recorded signals 

for the systems with and without defect in the spherical joint, in a comparative 

manner, being obvious the delimitation of the harmonic components domain from that 

of the components corresponding to the multiple shock in the joint. The representation 

of Spectral kurtosis in the case of defective systems revealed components of the 

increasing variable frequency spectrum in the range of 150-350 Hz, with a maximum 

around 350 Hz, thus explaining the impossibility of applying a filter in this range, 

which would show a certain component (frequency) "controlled" by the size of the 

defective in the joint.  

10. The use of second-order accelerations to highlight a limit value in the early diagnosis 

of wear in the spherical joint of the tie rod end. I analyzed the ratio between the 

maximum slope and the average slope of the accelerations of the recorded signals, as a 

measure of the imbalances in the steering system. I have established that in systems 

where shocks, favored by the wear of the spherical joint of the tie rod end occur, the 

variation of the acceleration in a short time has a significant value. Thus, I concluded 

that the value of the ratio between the maximum slope and the average acceleration 

slope, above a certain limit, may indicate the appearance of the defect. 

11. Qualitative approaches to highlight the frequency ranges in which percussive 

components of signals appear, using MATLAB functions, as well as the possibility of 

early diagnosis of wear in the Teflon bushing/spherical joint pivot, using second-order 

acceleration, can be used in a methodology for analyzing highly non-stationary signals 

from shock operation. 

 

7.3 Future research directions 
 The doctoral thesis opens new research perspectives in the diagnostics domain of the 

defective vehicle steering system during driving, in order to increase road comfort and safety 

and to reduce maintenance costs. For this reason, I propose the following research directions: 

1. Analysis of the transmissibility of vibrations generated by the shocks produced in 

the defective spherical joints of the steering system, inside the passenger compartment of the 

vehicle. 

2. Use of smart devices (mobile phones) equipped with an accelerometer to record 

vibration parameters in the passenger compartment, near the driver. 

3. The use of neural networks to develop a methodology for analyzing highly non-

stationary signals from shock operation, based on both the frequency ranges in which 

percussive components of the signals appear and the ratio between maximum and average 

slope of vibration accelerations. 

4. Extension of the vibration analysis in order to diagnose other components of the 

vehicle, where shocks may occur in operation. 

5. Development of a mobile diagnostic system to monitor the state parameters of the 

steering systems during the vehicle driving and to ensure the early detection of the occurrence 

of failures, in order to avoid the additional wear or road accidents. 
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