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ABSTRACT 
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Continuous loading and unloading can cause breakdown of cranes. In seeking solution to this 

problem, the use of an intelligent control system for improving the fatigue life of cranes in 

the control of mechatronics has been under study since 1994.  

This research focuses on the use of neural networks as possibilities of developing algorithm 

to map stresses on a crane. The intelligent algorithm was designed to be a part of the system 

of a crane, the design process started with solid works, ANSYS and co-simulation using MSc 

Adams software which was incorporated in MATLAB-Simulink and finally MATLAB neural 

network (NN) for the optimization process. 

The flexibility of the boom accounted for the accuracy of the maximum stress results in the 

ADAMS model. The flexibility created in ANSYS produced more accurate results compared 

to the flexibility model in ADAMS/View using discrete link. The compatibility between 



iii 
 

  
 

ADAMS and ANSYS softwares was paramount in the efficiency and the accuracy of the 

results.  

Von Mises stresses analysis was more suitable for this thesis work because the hydraulic 

boom was made from construction steel FE-510 of steel grade S355 with yield strength of 

355MPa. Von Mises theory was good for further analysis due to ductility of the material and 

the repeated tensile and shear loading. 

 

Neural network predictions for the maximum stresses were then compared with the co-

simulation results for accuracy, and the comparison showed that the results obtained from 

neural network model were sufficiently accurate in predicting the maximum stresses on the 

boom than co-simulation. 
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1.   INTRODUCTION 

1.1 Background 
Improving the life span of a crane has become a major task for various researchers and it 

requires an in-depth knowledge in the control of mechatronics, simulation of mechanics, 

fatigue design and FE-analysis to deal with problems associated with the design and 

manufacturing processes in the field of crane industries. 

Hydraulic boom has a wide range of applications including mining industries, construction, 

agriculture (mainly forestry) and many more. The main purpose in most cases is to lift or 

transport load from one point to another. In Finland (where this research was conducted), 

hydraulic boom has a vital role to play in the forest industry. 

 

Figure 1.Illustrating KOMATSU 855 Forwarder [1] 

Komatsu 855 forestry machine was designed for lifting a load of 164KN and has several 

advantages such as high productivity, low operating costs, innovative technology and 

excellent operator environment. [1]. 

 

Figure 2.Simple Model of a crane 
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The boom shown in Figure 2 was modeled in solid works for the purpose of this research. 

The required cylinder movement is double acting and comprises of simple hydraulic system. 

A lot of researchers have investigated the fatigue stress of cranes. In 1994, Mikola 

investigated the use of ADAMS for dynamic system simulation to obtain stress history in 

ANSYS finite element software. The estimation of the fatigue life was based on rain flow 

analysis and fussy logics which was used to improve the fatigue after comparing the results 

with the strain gauge measurements on the real boom. The researcher concluded that the co-

simulation of ANSYS and ADAMS programs were efficient and accounted for accurate 

results due to stress analysis [2].  

Similarly, in 2010, Mikänen studied applications of intelligent control systems for improving 

the fatigue life of structures in mechatronic machines. The research focused mainly on 

possibilities of neural networks and fuzzy systems.  More intensive tests were carried out on 

the prototype and the results were compared to the design model [3]. 

However, stress mapping on a hydraulic boom based on neural network is limited; therefore 

this research gives more in-depth knowledge about how stresses can be improved by applying 

intelligent control.  

1.2   Objectives of the work 

The objective of this thesis is to examine how intelligent machines can influence stresses of a 

simple crane due to fatigue resistance and intensive workload. Secondly, it looks at the in-

depth knowledge of compatibility of Adams software and Matlab Simulink and neural 

network. Lastly, the paper also takes a look at how a simple boom is controlled using Mat 

lab/Simulink while co-simulation dynamics analysis is done. 

However, the major task of the paper was to create a network algorithm with neural network 

and map the stress until the approximate maximum or equivalent stress is produced based on 

the neural network algorithm.   

1.3    Research Problems and Research Method 

Cranes are subjected to continuous loading and unloading. Fatigue accounts for 80-90% of all 

crane breakdowns due to repeated loadings which cause damage to the structure. The damage 

in the boom occurs at the places where stress concentrations exceed the yield limit. The 
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cracks occur due to repetitive loading and vibrations. Recently, simple systems used for 

lifting objects in the field of agriculture and forest are critical due to the overwhelming nature 

of application and usage [4] . 

The research questions were: where are the stresses occurring most on the crane and how 

does the loading affect the crane and its fatigue life?  

About 90% of this thesis was based on quantitative analysis-there are various methods in 

dealing with the fatigue stress of steel welded structures and these methods can be grouped as 

local or global approach. These are generally based on strain, stress or stress intensity factors 

in estimating the stress of the steel. The local approach can also be categorized as hot spot 

stress method, the effective notch stress and crack propagation.  

This project concentrated on the use of stress approach in finding the stress of the steel 

welded crane where stress mapping is utilized. The model had been created using 

SolidWorks 2011 version and the boom was exported to ANSYS for the flexibility analysis 

which is very vital in this project. The controller was modeled in Matlab/Simulink and the 

dynamics model has been created in ADAMS. The co-simulation between the 

Matlab/Simulink and ADAMS was next step for the input for parameters needed for the NN 

optimization.  

 

Figure 3.Research Method Sequential order 

 Figure 3 gives the sequential order of the project but due to the time limit NN results had 

been used to compare the real model. The real crane gauge measurement of the stress on the 

can also be compared to the simulation model in a further research. 
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2   THE CRANE 

The principle of operation of hydraulic cranes is based on Pascal’s principle. Pascal 

developed the idea of using fluid cylinder to transmit pressure with fluid pressure or vacuum. 

A crane is a mechanical system design for lifting. Crane design is done in such a way that it is 

most of the time greater at the base than at the top, which have the center of gravity of the 

system located at the base. 

Design and construction of boom machines is an important part of the development of new 

control possibilities in this project. A laboratory crane is used as a means to detect possible 

errors that can result during the development process.  

2.1    System description 

In Figure 1 a sketch of the boom to be investigated for this project can be used as a forwarder 

which is a set-up for daily logging work in the forest. The laboratory crane was mounted on a 

floor stand which is in turn affixed on the concrete floor of the laboratory hall of 

Lappeenranta University Intelligent Laboratory. Hence, the construction was friction-locked 

so that the crane mount was well-positioned and couldn't swerve from its original position. In 

the assembled state the crane consisted of mechanical links, joints and hydraulic actuators. 

The mechanical links can be assumed to be rigid but there was flexibility in the joints. The 

beam of the crane was considered as rigid body. The hydraulic systems consist of a tank, a 

pump, filters, valves, cylinders and hoses between the different units. 

2.2    Hydraulic Cylinder 

Crane elements need hydraulic force to control movement or motion and therefore hydraulic 

cylinders play an important role in the operation of hydraulic systems. The movement of the 

cylinder is caused by a hydraulic actuator which is more powerful than electrical actuators 

such as electrical motors, electrostatic motors (piëzo-electrical motors), magnetic motors and 

chemical motors (fuel motors). This phenomenon is due to load process, available volume, 

simple construction, low cost and environmental friendless. The construction unit consisted 

of the cylinder unit, a piston and gaskets that are located at the intersection between piston 

and cylinder as shown in Figure 4. The forces acting on the cylinder depends on the oil 

pressure which is assumed to be inside the chambers and on the size of the area the pressure 

acts on. However, the flow and the chambers cross section areas affect the cylinder piston 

movement. Moreover, the stroke and total length can be also considered when dealing with 

cylinder movement. 
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Figure 4.ISO Schematic symbol for double acting cylinder 

 

2.3    Valve 

The valve used for controlling the flow of oil for the piston and cylinder movement is 

directional control valve shown in Figure 5. Valve packages exist in a multitude of versions 

from several manufactures. The valve block is designed which includes a slider that regulates 

both supply and return port. In addition, it has a spool and a local regulator which accounts 

for the possibilities of getting more exact and more flexible control of the crane.  

 

Figure 5.Directional control valves 

 

2.4    Sensors 

Strain gauges were attached to the boom by a suitable adhesive, such as cyanoacrylate to 

carry out measurements of strain on the boom. One HMB steel material type 4/KY120/11 

(with advantages of having several configurations connection, excellent measuring accuracy 

and user friendly) was attached to the boom which was connected to channel 2. This strain 

gauge chain comprised of 10 measuring grids in parallel to the chain axis and one 
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compensating strain.  Two pieces of HBM 1-LY41-3/120 which carry strain in one direction 

were also attached to the boom and connected to channel 3 and 4 as shown in the Figure 6. 

 

Figure 6.Sensors attached to the boom 

The load sensors (also known as force sensors) that measure the resulting force on a cylinder 

has a drawback of being expansive compared to the sensors mentioned earlier but this has the 

advantage of carrying out several measurements. 

2.5    Controllers of the boom 

The use of hydraulic actuators has become important equipment in recent applications. This 

is as a result of their high power capability, fast and smooth response characteristics and good 

positioning capability. Hydraulic actuators are utilized in various field of engineering such as 

manufacturing systems, materials test machines, active suspension systems, mining 

machinery, fatigue testing, flight simulation, paper machines, ships and electromagnetic 

marine engineering, injection molding machines, robotics and steel and aluminum mill 

equipment. The concept behind these applications is to control the position, force where 

pressure is needed and improve the performance of the actuator with a suitable controller 

when required [5]. 

2.5.1    Joystick 

The application of joystick has become useful in modern hydraulic control systems due to the 

sophisticated control of the design.  
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Figure 7.Joystick Arrangement 

The joystick movement directly controls the cylinder force which means the velocity of the 

joint rotation. The quality of the control depends on the controller’s skills. The set-up shown 

in Figure7 gives a fair idea about how the joystick works. This is a Logitech Attack 3 USB 

Joystick Controller for PC/MAC which offers maximum control. The joystick commands the 

direction of the speed of the end-effector (the gripper). 

2.5.2    Proportional Integral Derivative (PID) Controllers 

The nonlinear nature of hydraulic cranes which have strong friction, saturation, variable 

inertia loads which are difficult to identify due to complexity of the structure or parameter 

changes makes it a strong challenge using the traditional PID controller to control this 

system.  

PID-controllers were used as hydraulic position servo systems. Their application was to 

manage velocity control, temperature control, pressure control. There is a forward loop 

integrator which already exists in the loop. The principles behind the control system are 

based on the analysis of plant dynamics and its nonlinearities, which will be useful for the 

control requirements. The common nonlinearities were the valves, load and friction forces. 

The linear theories of hydraulic servo systems are shown in Figure 8.   
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Figure 8 .Model of the hydraulic drive 

The nonlinearities in the forward loop before the integrator causes position error in the 

position servo systems and this limits its performance. The modeling of a crane is very 

complex and requires regulator design and therefore, the real complex model is to linearize 

one and finally adjusts nearly the PID controller parameters according to standard design 

methods such as Ziegler- Nichols, which has been in use for over 50 years [6]. The linearized 

algorithm control in Laplace transform is given in equation (1). 

 

 ( )  [   
  

 
     ]  ( )   (1) 

 

Where,  

U(s), E(s) are the controller output and system response error respectively and  

 KP, KI, and KD are the proportional, integral and derivative PID gains. 

Due to overshoots and limit cycles, linear PID controllers are not suitable for hydraulic 

position servo. The PID controller parameters are designed based on one or two 

measurements of the system and therefore, their control measurements do not usually satisfy 

the desired time response needs [6]. 
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Figure 9.Control system of a hydraulic 

Since the hydraulic system is working under different dynamic properties, it requires high 

position accuracy.  The following guidelines are used for control strategy to deal with the 

exact nonlinearities which uses PID control policy: 

1. Nonlinear hydraulic crane model can be linearized by avoiding all nonlinearities and 

design and design optimal controller to suit it. The factors considered in the testing 

include proportional gain, integral and derivative gains. 

2. The optimal PID controller design is implemented in the nonlinear model. Response is 

better than the linearized response. 

3. Reference model is defined in the time domain, specification for the control system 

design involves certain requirements associated with the time response of the system 

4. Modification of the non-response and comparing to the MR to eliminate steady state 

error by using integral gain (K1). 

 

2.5.3    dSpace 

dSpace is a single-Board Hardware which enables complete real-time control system to be 

built  with just one controller board. The system modular was based on DS1005 Controller 

Board which was installed in an Auto Box or a dSPACE Expansion Box. The dSpace is 

useful and applicable for converting all the sensor signals and at the same time triggering 

output signals to the valve. A dSpace system connects all cables, since there was only one 

dSpace module available, the signals were of very important. The remaining signals were 

sampled with external equipment whereas the problem was to synchronize the clock to the 

dSpace system. 
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2.6    Solid Works modeling of the boom 

The solid work modelling of the boom consisted of an assembly of the main parts namely 

cylinder, piston and pillar. Real dimensions of the crane could be found in the appendix. 

2.6.1   The Pillar 

The pillar which serves as a support is connected to the boom and cylinders together as 

shown in Figure 10. The connection was done with two joints that constrained the movement 

of the piston and the boom. 

 

Figure 10.The pillar 

2.6.2   The boom 

The loads are carried by hydraulic boom and the operation of the set-up depends greatly on 

the movement of the boom and its strength. In Solid Work, the boom is assumed to be rigid 

which is then linked to the pillar and the hydraulic cylinder to allow translation. Figure 10 

shows the schematic diagram for boom modeled in solid works.  The boom had dimensions 

of 4125-100-150mm. 
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Figure 11.The beam of a boom 

 

2.6.3   The hydraulic Cylinder components 

The purpose of a laboratory crane which is operated by hydraulic cylinders is to study how 

individual components work and cylinders serve as actuators. The cylinder operates with z-

direction and it is important to note that, the cylinder frame is fixed to the pillar while the 

piston which is connected to the boom moves inside the cylinder. The boom operates within 

an angle of 43 degrees between the boom and the cylinder. 

 

Figure 12.Hydraulic cylinder and Piston modeled with solid work 
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2.7   Flexibility of the boom 

The stresses analysis on the crane depended on the flexibility of the boom and therefore the 

important factor in this research was to achieve good results. The ANSYS and ADAMS 

model are rigid and flexible. According to Gou, the boom vibration problems could be 

avoided by solving the natural frequency of the system to do away with intrinsic frequency of 

the boom system from frequency excitation [7]. 

There are various existing methods to achieve the flexibility of the boom as presented by 

Shabana et al. These methods are considered as nonlinear equations for exact description and 

these make it difficult during the controlling of the boom. [8]. 

The most accurate model can be achieved using finite element method (FEM) but FEM has 

huge computation demands such as the compatibility with MATLAB/SIMULINK. Assume 

mode principles was used to present the flexibility of the boom which defines a function as 

 (   ),where the function μ describes the displacement of a particular point   of the body 

from its neutral axis according to time t. [9]. 

 

Figure 13.Assume mode principle 

The constrain which is taking into accounts by utilizing equation 2 is shown below; 

 (   )   ( ) ( )     (2) 

Where,  ( ) is a shape function that satisfies the kinematic constraints of the body, which is 

approximately equal to the deformation of the body. The second function  ( ) in the equation 

describes the time function or the generalized displacement. According to Lagrange’s 

equations, the system’s dynamics can be described as; 
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(
  

   ̇
)  (

  

   
)  

  

   
                                                             ( )       

Where Q1, Q2……….QN      are generalized forces. The variation coordinates is taken into 

account due to       which must satisfy the restriction of independence. 

A system with more than one degree of freedom can be described using equation (4) which is 

a modification of equation (2). 

 

 (   )  ∑  ( )  ( ) 
 
           (4) 

 

The most important factor to be considered in achieving good results is the selection of right 

modes-which account for the accuracy. The selection of modes has been investigated by 

many researchers using FEM analysis such as ANSYS, multiphysics or SolidWorks. 

According to Aki Mikkola, the higher frequency modes can be truncated because they do not 

affect the results due the dynamics of the system [10]. 

2.7.1   ANSYS Model 

The ANSYS generate finite element model of the boom by using ADAMS macros in which 

the output requires modal neutral file (MNF file) that contains all the information about 

flexibility of the body. This can be exported to ADAMS software directly by selecting 

ADAMS flexible bodies. 
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Figure 14.Flexible beam created in ANSYS 

 

The three-dimensional solid work model was imported to ANSYS and meshing was done as 

fine to ensure good results. Secondly, the key points at the central axis were established to 

generate the corresponding node that has six degrees of freedom. The forces in ADAMS were 

distributed in region rather than points; therefore, there was the need to solidify the external 

nodes and adjacent nodes. Two nodes were created due to the fact that the boom had two 

joints (or hinges) as shown in Figure14 and finally, all nodes were selected to the output 

neutral file of the boom. 

2.7.2    Flexibility based on ADAMS model 

A- View can transform rigid body into a flexible body based on MNF- based flexible body. 

In this case meshing steps and linear modes analysis are done to ensure accurate results. This 

new ADAMS Software package provides the opportunity to create flexible bodies in 

ADAMS without using any other software. This is easier as compared to using other 

softwares such as ANSYS before importing. On the other hand, the accuracy is not as good as 
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the flexible created in ANSYS Software. The flexible body can be created directly using 

discrete links which contain information such as name of the file, material type, segments 

which have number of elements, damping ratio, color, cross section, diameter and position of 

the flexible body to attach. These elements could be adjusted to ensure quality and accuracy. 

 

Figure 15.ADAMS Flexible Using Discrete 
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3.0    ADAMS MODEL 

Hydraulic system can be modeled using the mathematical properties of simulation programs. 

The objective of this chapter was to model a simple hydraulically driven boom structure by 

using ADAMS View-software 2012 version.  

The oil used in hydraulics is compressible, which acts like a spring in a cylinder. The 

properties of the oil have significant effect on the dynamic behavior of the system (which has 

a relationship with the bulk modulus as well). The bulk modulus is very useful in designing 

hydraulic systems. Hydraulics is often used as a drive technology in machines and systems, 

where the transmission of force is accomplished via kinematic structures. Classical examples 

of this can be found in the fields of mobile hydraulics, testing technology, handling 

technology, robotics, motion technology, aviation and space technology or the general 

machinery on suction sector. The process of analyzing a mechanical system with 

ADAMS/Solver consists of the following steps:  

 Creating an idealized model from the physical model  

 Decomposing the model into basic components  

 Drawing a system schematic  

 Selecting a system of units  

 Constructing the system equations  

 Solving the differential and algebraic equations  

 Reviewing the system response  

 

3.1   Methods 

The principles used for the simulation of the model included multi body dynamics, lump fluid 

theory and Adams Software. These methods are interconnected and account for the accuracy 

of the results. 

3.1.1   Multi body dynamics 

Multi body dynamics is a modern procedure for dynamic analysis of machine systems.  Multi 

body dynamics is a mathematical method that does not make any assumptions on the amount 

of rotations in the system. With multi body dynamics it is possible to study a variety of 

machines such as robots, mechanisms and vehicles. In multi body systems, the bodies interact 

with each other through joints which are mathematically described by constraints between 
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bodies. The bodies are joined together by applying joints such as revolute, prismatic, 

spherical and cylindrical joints which constrain them to reduce the number of Degrees of 

Freedom (DOF) [11]. 

The bodies that make up the system can be either flexible or rigid. A Body is said to be rigid 

when the deformation and distortion are negligible and it can either rotate or translate. 

 

3.1.2    The lumped fluid theory 

The hydraulic circuit is divided into volumes in which the pressure is assumed to be constant. 

Differential equations are formed for the volumes which are solved in order to obtain the 

pressures of the system. The different volumes are assumed to be separated by throttle valves 

through which the fluid can flow. The direction, pressure and flow valves used in real 

systems are replaced by throttles which control the flow rate between the different volumes. 

Figure 16 below shows the Lumped volume theory for the hydraulic system. 

 

Figure 16.The Valve 

 

3.1.3   Software Used 

The software used for simulating the model of this project was MSc Adams/ View MD 

Adams 2011-Student Edition and generated by ADAMS/View (A/View), a graphical 

interface used for building, simulating and animating models. ADAMS which is one of the 

most efficient multi-body simulations gives excellent functionalities for the simulation of 

mechanical systems. The mechanism consisted of two beams, a piston and a cylinder. 
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3.2   Modeling Methods 

The procedures for the modeling of the hydraulic system in ADAMS software were as 

follows. 

I. The beam was created with a length and fixed to ground from position (0, 0). 

II. The piston and the cylinder were created by selecting cylinder from the main 

toolbox. The cylinder is connected to boom by using revolute joint and revolute 

joints connect the piston and the cylinder together. 

III. The cylinder created had a radius of 50.0mm (diameter 100mm) and was attached 

to the pillar. A spherical joint was connected between the cylinder and piston. 

IV. Finally, the rigid boom was replaced with flexible imported from ANSYS   

 

Table 1 shows the position co-ordinates for the boom as defined in a form of parameters. The 

locations A, B, and C are the locations for the joints and initial positions for each component. 

The table also gives the parameters for the cylinder and the piston while initial supply 

pressure is provided.  

Table 1.Parameters of the boom. 

Location A B C 
Cylinder 

Diameter 

Piston 

Diameter 

Supply 

Pressure 

Values 0.00,0.00 -0.033,0.88 4.167, 0.88 0.1m 0.015m 140 Bar 

       

 

3.3   Description of Joints 

Adams provides an estimated number of systems DOF by using the Grumbler’s count- the 

equation used to calculate the degree of freedom DOF= generalized coordinates - Σ 

constraints. In this project Adams has provided actual number of system DOF as it is used to 

check that appropriate parts are connected by each constraint. In each constraints used, the 

correct directions are specified as well as any redundant constraints in the system. A freely 

floating rigid body in 3-D space is said to have six degrees of freedom. This implies that the 

rigid body can exhibit motion in six independent ways-three translations and three rotations. 

The degrees of freedom of a system represent the minimum number of displacement 

coordinates needed to completely specify the system configuration. After modeling and 



 
 

  19 
 

simulation, one degree of freedom was achieved with no redundant constraint equations. For 

this project different kinds of joints had been used. The number of degree of freedom (DOF) 

was calculated as follows:  

 

            (5) 

  

Where,  

n = the number of generalized coordinates and 

  = the amount of constraints. 

 

There are two moving parts and one flexible body with one revolute joint, inline primitive 

joint, fixed joint and a translational joint. Considering the flexible beam as rigid, the degree 

of freedom (DOF) can be calculated as follows: 

 

     (   )  (   )  (   )  (   )  (   ) = 1 

 

 

 

                            Figure 17.Degree of Freedom and redundant equations 
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The calculated results and Figure 17 are showing the same number of degrees of freedom of 

one when the flexibility of the boom is not considered the rigid boom. 

3.4   The state variables and differential equations 

State variable uses the function expression to define an algebraic equation for modelling 

systems in ADAMS. This capability allows optimizing efficiency of computations by storing 

the intermediate calculations as state variables. They can then be referred to by other 

ADAMS/Solver elements or function expressions. 

However, in differential equations, the function expression is used to define an implicit or 

explicit first order differential equation or an implicit algebraic equation. This capability 

allows the definition of own equations for a subsystem which already has a mathematical 

model. Moreover, functions expressions were needed in ADAMS for this task because it 

allows specifying certain aspects of model elements such as force-displacement relationships 

in a spring-damper in a very easy manner. In addition, it allows for great flexibility and 

defines dynamic relationships amongst model components without using user written 

subroutines. The state variable and differential equations comprise of position function, 

velocity, volume function, guidance function differential pressures, volume flow function, 

and cylinder force function. 

For the interest of this project only few of the state variable and differential equations were 

considered since most of them are modeled from MATLAB/Simulink and these will be 

discussed in details in chapter 5 which talks about co-simulation. In this research, the state 

variables needed for the next stage of the project included position function and velocity 

function, but the guidance function was tested based on both calculation and simulation. 

3.4.1   Position Function 

The modeling of the two markers was created due to its importance. The markers are used 

wherever a unique location needs to be defined. They can be used for instance to determine 

the position of the oil, the location of a part of the piston and cylinder (at the bottom of the 

cylinder as marker and the cap of the piston as marker). More so, the direction of some 

component needs special attention and it requires the services of markers to show these 

directions. However, the movement of the piston which is the displacement between the two 

markers can be known by utilizing the markers. A marker is attached to a part and moves 

with the part. For this project the markers were selected from bottom to top to get a positive 
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flow. The initial position is usually selected based on the modeler. Figure 18, describes how 

markers are positioned in a hydraulic cylinder. 

 

                              Figure 18.The Positions of marker in hydraulic cylinder 

A runtime function of the position for the cylinder displacement will be written in ADAMS 

as: DZ (Mar_p, Mar_c, Mar_c)-.25 with initial condition of 0.0, this is based on the position 

and direction of movement of the piston in this project. 

3.4.2   Velocity function 

As shown in Figure 19, the markers are created as a position function in a state variable. A 

runtime function of the velocity for the cylinder displacement will be defined in ADAMS 

VZ(M ar_p, Mar_c, Mar_c, ground.MARKER_18) and the initial condition of 0,0 which is a 

guess for F(t). The VZ indicate that the piston moves in the Z/direction as defined by the 

markers 
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                             Figure 19.A generalized picture of the simulation 

 

 

                   Figure 20.Adams model of rigid body of the boom 

 

3.5   Assumptions for the model 

1. The bulk modulus was usually assumed to be independent of pressure and temperature.  

2. Friction between moving parts was not taken into account but friction in the cylinder was 

considered.  

3. Leakage flows were assumed in the systems 

4. Heat flow and temperature changes may be neglected.  

5. Fluid filled the entire chamber volume.  

6. The oil used in hydraulic system was assumed to be compressible.  

7. The bulk modulus was assumed to be independent of pressure and temperature 
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4   MATHEMATICAL MODELS 

Hydraulic systems are used in modern machine tool applications, controlling aircraft systems, 

robotic controlling, automobiles etc. Therefore, there is the need to develop a systematic 

method to mathematically model different types of fluid systems.  

4.1   Introduction 

The mathematical modeling of hydraulics has been under study in many research institutions 

for different mechanical simulation programmers such as Moshi’s and MSS for hydraulics 

[12].  The detailed mathematical modeling of the hydraulic crane is described in this chapter. 

The system consists of hydraulic directional control valve, the actuator and hydraulic pump. 

The hydraulic directional control valve used for this modeling is 4/3 spool valve. 

Modeling the static and dynamic response of crane will ensure accurate results in the 

simulation work. There are several ways to develop mathematical model for hydraulic 

systems. A good model depends on the sensitivity to parameter changes and stability of the 

system. The stability of the system is accounted for when linearization of the system is well 

checked and the influences of eigenvalues on the component [13]. The model should simple 

to describe as possible to describe the physical phenomena. 

One of the most important aspects in dealing with modeling of a hydraulic system is the type 

of fluid used to transport the energy. The systems are unable to transmit power if the fluid is 

too low or the pump stops delivering fluid when the intake pressure is too low [12].  

4.1.1   Compressibility 

In hydraulic system, there are important properties of fluids that need to be modeled. The 

control system is the spring effect of a liquid which leads to a resonance. This resonance very 

often is the chief limitation to dynamic performance. The stiffness of the fluid spring is 

determined by the bulk modulus and therefore, the elasticity of the systems is defined by the 

effective bulk modulus. 

The effective bulk modulus depends on the volume which contains a hydraulic pipe and 

holes. The equation which describes effective bulk modulus is given by: 
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If the hydraulic pipe and the hose are considered, the equation becomes:  
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  (7) 

4.1.2   Semi-empirical modeling 

Control valves can be categorized according to how to control the flow rate, pressure or 

direction of flow. The modeling deals with two parts namely, modeling valve spool position 

and modeling flow rate through valves. Valves modeling can be done using three different 

approaches such as empirical, analytical and semi-empirical. The  semi-empirical models  

require  less computing time, the  parameters can adjusted to suit the model conditions  by 

simple numerical calculations using measured characteristic curves or manufacturer data.  

Usually, static and dynamic behavior of the system is achieved by considering static and 

dynamic systems at the initial stages of the designing. In the case of the analytical method, a 

lot of parameters are needed for the designing process, which means that dismantle and 

assemble of the entire system will be needed, so it is time consuming, costly and therefore, it 

has a huge disadvantage over the semi empirical method [13] 

4.2   Modeling of Hydraulic Cylinder 

Hydraulic cylinders are mechanical mechanisms used for converting a hydraulic force into 

mechanical force which can be applied on the crane elements to control joint motions. 

Hydraulic actuators are much more powerful in comparison to electrical actuators of the same 

size due to high actuation forces and high power density [12]. The structure is basically 

simple and consists of the cylinder unit, a piston and gaskets that are located at the 

intersection of piston and cylinder. 
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Figure21.Modelling of Hydraulic cylinder 

 

The theory behind the force produced by a cylinder is based on calculated chamber pressures 

and the cylinder and piston area.  The principle is clearly shown in equation (8). 

Fh=(         )  ∑     (8) 

 

Damping the vibrations of the cylinder is influenced significantly by the friction force which 

is caused by the contact between the seal material and the cylinder wall. 

The hydraulic friction force can be expressed as the force formed by pressure difference 

between piston chambers and velocity of the piston [14]. 

Fµ= ξ (ẋ)  (         )(1-η)  (9) 

Where, ξ (ẋ) is the velocity dependent  
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4.2.1   Continuity Equations 

One of the typical applications of the law of conservation of energy which state that energy is 

neither created nor destroyed is the continuity equation. This is as results of the pipe in which 

the flow takes place. Figure 24 shows an example of continuity equation in a hydraulic 

system with different equation. 

Volume flows 

      ̇    (10) 

      ̇    (11) 

Where,        and      are the flow rate, and     and     the areas of the   cylinders and 

piston, while  ̇ is the piston position. 

Differential Pressures  

   ̇ =
   

      
(     )    (12) 

   ̇ =
   

   (   )  
(     )    (13) 

4.3   Modeling the directional control valve 

Modeling of directional control valve requires controlling the position of the valve in which 

proportional magnet is used to produce the force which is higher enough but the pressure, 

friction and flow forces do not affect the valve spool position. The use of a first order 

differential equation is employed for modeling the feedback sigmoidal. The directional valve 

used research this research is 4/3 directional valve. 

  

  
 

     

 
    (14) 

Where, 

Uin =the input 

τ =the time constant of the valve. 
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Finding the value of the time constant is more challenging due to difficulties in determining 

all the numerical values of the parameters that match the characteristics on the 

manufacturer’s data [15]. The Bode-diagram provided by the valve manufacturers is normally 

used to obtain the time constant The phase shift of 45
0 

from the Bode-diagram is chosen to 

obtain the frequency and the time constant is calculated using equation (15). 

  
 

       
     (15)

 

Figure 22.Schematic diagram of directional Control Valve   

 

Directional control valve consist of several adjustable throttle which can be modeled 

separately based on semi-empirical modeling method, with small pressure differences. The 

flow over throttle can be assumed as laminar for efficient computational purposes and can be 

formulated as follows: 

     √  , (16)   (16) 

Where, CV is semi-empirical flow rate constant which can be a function of the valve position. 

The flow rate can expressed according to Figure 24. 
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U 0  
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Figure 23.The valve dynamics of the system 

 

Figure 24. The PID controller 
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Figure 25 .The mathematical model of the system in Matlab/Simulink 

In Figure 25, leakages and forces in the system were taken into account. The Figure also talk 

more about f the whole mathematical model for the systems which include system dynamics, 

input pulse and the PID controller. 
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5   ADAMS- MATLA  CO-SIMULATION 

The application of ADAMS and MATLAB interface connection is very useful in this 

research and this was used to model the control aspect which derives the dynamics modelling 

of the system.  The ADAMS system used to model the mechanical components is affected by 

geometrical changes, external loads and forces. The simulation method is based on the 

implementation  of  ADAMS/control software for simulation of the mechanical system and 

MATLAB/Simulink for control system.  The controls plung-in ADAMS ensure  data 

exchange between ADAMS and MATLAB/Simulink.  There are four main steps involved in 

ADAMS/Control specifications to model a co-simulation between ADAMS and 

MatLAB/Simulink.  Analysis of the results can be computed from the results after co-

simluation. According to Yongxian, co-simulation method is time saving and the cost of 

designing Mechatronic system is less,  the simulation process can be easily adjusted and 

changes can done to ensure better mechanical  control system while the results is easily 

observed by the designer. [16] 

 

 

Figure 26.Co-Simulation flow chart 

Physical hydraulic boom  has been  built  using a 3D model of one degree of freedom in 

SOLIDWORKS which is saved as *.x_t file and the file was  imported into ADAMS. The 

virtual prototype attributes inluding material, mass and inertia momemt of a real machine has  

to be edited to ensure better simulation. [17]. The communication between ADAMS/View 

and Matlab/Simulink started from the importation ADAMS in Simulink and this model is the 
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combination of the mathemical model and physical model. The mathemical model comes 

from the Simulink model while the physical or the dynamic model comes from the ADAMS. 

The  main steps involded in the co-simulation include the following. 

1. The first step is  modeling in ADAMS/View or importing the model which should 

include all necessary geometry, constraints, forces and measurement 

2. Defining  the  inputs and outputs. The outputs describe the variables that go through 

the controls application. 

3. The control system block diagram is built with MATLAB. The ADAMS plant block 

is imported to the Simulink diagram model which contains the sfunctions. 

4.  simulation of the combined mechanical model and control system.  

The research approach for the project is explained in Figure 28. 

 

                                                                Figure 27.Co-simulation inputs and output 

A CMD file has  been exported by ADAMS/View and motions have been deactivated  in the 

control system. The motions will be replaced by forces. The most important aspect of the 

project was to ensure that both ADAMS and MATLAB were working in the same file 

directory.  The inputs variables which are state variables are created from state elements and 

outputs of ADAMS have to be defined.  The function builder in the main manu of ADAMS is 

used for the computation of the state variables which usually have functions that depend on 

some factors such as the initial values or guest functions, time and the equations relating to 

the functions. The details of how to write state function has been discussed in the previous 

chapter 3 which gives details in depth knowledge about how to model the system in 

ADAMS/View.  
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The forces in ADAMS is set to VARVAL function in the state variable is set to zero or can 

be set as: Fin = VARVAL(FMatlab ).VARVAL(variable) is the ADAMS function that 

returns the value of the given variable. The description of the co-simulation process is 

typically shown in Figure 28. This force is an output for the Simulink model and at the same 

time aan input for the ADAMS. 

The ADAMS/controls are set according to the input and the outputs. Figure 28, gives the 

overview of the information or data needed for the importation to Matlab/Simulink. 

The software target includes Easy 5 or MATLAB but due to the purpose of this research 

MATLAB is selected with Analysis Type been non-linear, and the nonlinearities in the 

system can be attributed to deformations and strains, material behavior or the effect of 

contact or boundary conditions. The export will create some files in the common ADAMS-

MATLAB working directory which is saved and this file is ready to be used in MATLAB. 

 

Figure 28. Adams interface. 
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5.2   MATLAB/Simulink Interface 

 The MATLAB/Simulink has to be started while the ADAMS/Controls program can be 

closed depending on the user. The m-file created by ADAMS is started by using the 

MATLAB command which emerges together with m-file of the control system. 

The ADAMS block created automatically by the MATLAB is integrated into the 

MATLAB/Simulink control system. The input and output connections need to be recognized. 

 

        Figure 29.ADAMS Block Diagram 

 

Figure 29, shows that the input (position and velocity) from ADAMS is now the output to the 

MATLAB/Simulink and vice versa can be useful. The Red box which indicates the MSC 

Software is used to show the function block parameters  such as the type of solver used which 

is C++, Interprocess option, Animation mode which is usually interactive, Simulation mode( 

discrete) and number of communications per output step. All these parameters can be 

changed depending on the choice which is based on the user and the application. 

The ADAMS block can be integrated into the control diagram which consists of various 

components such as the PID controller, constant value of 0.2, pulse generator. 
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Figure 30. ADAMS/MATLAB Co-Simulation Block 

The integration step size was important in this simulation analysis and ODE 45 Dormand-

Prince integration method is recommended with variable step size using continuous mode. 

 

Figure 31. Position from Co-Simulation 
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The model was simulated for 10 seconds and the position of the simulated results is 

represented in Figure 31, this plot of graph is the position in mm against time in seconds. The 

graph shows clearly that after a distance of 200mm, the boom oscillates for 2s before moving 

downwards for 0.5s after 150mm. 

Similarly, Figure 33 gives graphical representation of velocity of the boom after simulating 

for 10 seconds. It can be seen from the Figure that at the beginning the boom was at rest and 

after 0.25s it moved and descended for 0.25s and then oscillated for 2 seconds. The 

simulation process is repeated for the remaining time of 7.5 seconds.  

 

Figure 32.Velocity from co-simulation 

 

Figure 33. User pulse Generator 
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6   STRESSES 

Hydraulic boom plays a vital role in lifting loads. This is why it is very useful in the forest 

industry in addition due to its low cost of maintenance, low operative cost and high 

productivity. The hydraulic boom consists of steel welded components put together. As a  

result of loading, fluctuations occur which require fatigue assessment. Therefore there was 

the need for stress analysis at the critical points known as the hot-spot in the structural to be 

accessed. Hot-spot is a point in the boom where crack initiation begins due to the combined 

effect of structural fluctuations and the weld geometry.   

The stress state of a body structure depends on all loads applied and therefore it’s a function 

of the load. At any point, the direction of stresses and strains can be estimated. A stress vector 

consists of three normal and three shear stress components. The stress function is denoted by 

the equation below: 

 =                    ]T   (20) 

Where             are normal stresses and           are shear stresses. There are equivalent 

criterions for stress analysis and the most commonly used equivalent stress criterion is the 

Von Mises yield criterion-which is based on energy and therefore does not depend on 

coordinate system orientation.  The equation shown below describes how von Mises stress is 

calculated ( [18].  

   
 

√ 
√        )

   (        )
  (        )

   (   
       

      
             (21) 

 

6.1   HOT- Spot 

The HOT-Spot method takes into consideration the point at which fatigue cracks are assumed 

to grow, therefore, all welded geometries and structural details are considered as fatigue. 

Finite element analysis is normally used to determine hot-spot stress.  

The structural stress depends on the global dimensional and loading parameters. The hot spot 

stress method can be considered as efficient and straightforward structural stress distribution 

[19]. 
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Figure 34. Hot Analysis [19] 

6.2   Principal Stress  

In principal stress, failure will occur when the maximum principal stress in a system reaches 

the value of the maximum stress at elastic limit in simple tension. In this case when the 

principal stresses are acting, the shear stresses are zero since principal stresses act on a 

principal surface. The Mohr circle is used to calculate the principal stresses. 

If two points (K and M) passes through a circle as shown in Figure 35, then the normal stress 

position for the center point c can be computed as: 

                             
       

 
    (22) 

 

Figure 35. Mohr’s Circle 

The radius of the circle can be calculated using the formula below. 
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  √(       )
 

 
    

     (23) 

The principal stresses     and    can be formulated as: 

                 (24) 

6.3   Stress Analysis Simulation 

Most of the multibody simulations are efficient and are computationally effective but they 

just provide rough estimate of the stress distribution unless special techniques such as neural 

network or fuzzy analysis are used to improve the accuracy. The stress history obtained from 

multibody dynamic simulation depends on the detail structural analysis and this is used as 

input to check if the design is acceptable. 

 

Figure 36. Simulated Stress Histories 

 

There are various ways of obtaining stresses from simulation but three main simulations- the 

force method, the displacement method, and the modal stress matrix method are commonly 

used. In the force based method, forces are obtained from simulation and these forces are 
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later used as input for the finite element analysis to compute stress histories. This method is 

applicable for computing nominal stresses for rigid bodies. All the forces acting on a body 

over the desired time interval are taken from dynamic simulation and applied to the body in 

the finite element analysis. Higher frequencies loads are neglected due to first Eigen 

frequency of a body being lower than excitation frequency ( [18]. Finite elements methods 

are used in complex cases to calculate stresses in bodies by estimating the velocities and 

accelerations, and the internal and external loading applied to the body. Mikkola used this 

approach in 1986 to estimate the fatigue life of a boom with 1 DOF ( [2]  

The displacement method has a deformation which can be described by a set of shape 

functions. The deformations results are results of the boom or multibody simulation and this 

are then sent to FEM analysis as boundary conditions. 

 

 

Figure 37. Simulated Stresses  [10] 

Stresses can be obtained during simulation by using stress analysis software including 

ANSYS finite element software which has an advantage of being compatible with ADAMS 

Software. 
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7   NEURAL NETWORK (NN) 

Artificial neural networks have been applicable in many areas such as problems identification 

and control of complex nonlinear systems by nonlinear mapping [20] . The method can be 

more suitable for training and utilizing all the control components effectively. Neural 

network also represents dynamic systems and cannot be modeled using static input-output 

mappings. This therefore means it requires dynamic modeling when applied to a system. 

Control cycles account for the optimization of performance over time; which is important for 

solving many control problems rather than using it for instantaneous performance objectives. 

[21].  

7.1   History 

Neural networks began in the early years of 1940’s simultaneously with the history of 

programmable electronic computers but Cajal also found out that the brain consist of a large 

number of highly connected neurons in 1909 [22]. The young researchers of this field such as 

field computer science; can be easily recognized due to importance of the NN in engineering.  

In 1943 Warren McCulloch and Walter Pitts came out with research on how neurological can 

be utilized by recreating threshold switches based on neurons with simple networks which are 

able to calculate any logic and arithmetic function MP43 and later developed recognition of 

special patterns by NN in 1947 [23]. However, MuCulloch and Pitts developed a 

mathematical model of neurons and demonstrated how neural network could be computerized 

[22]. 

7.2   Artificial Neurons 

Neural network consists of various models of biological neural structures and several inputs 

with a single output. Figure 38 shows NN with three layers namely  input, ouput and hidden 

layers. The input serves as distributor of information while, hidden is been considered as 

feature detectors or categorizers of signals.  The output function serve as collector of the 

features detected and produces response to it. 
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Figure 38. Basic neuron model 

According to W. Thomas Miller, the inputs to the node take the form of data items from a 

real world or from other network elements which is the output of the previous layer. The 

output can be calculated as the summed weighted strength inputs and this input signal can be 

applied directly or can be further processed by thresholding or filtering action [21].  

Generally, neuron’s response to the value of y which is the value of the product of the 

function is shown in Figure 39 and the equation (25) respectively: 

 

Figure 39. Neuron structure 
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          (∑       

 

   

)                                                                                   (  ) 

Where, f = transfer function 

Wi= weight factor 

Ɵ= threshold or bias 

The network neuron’s response depends on the transfer function (weight and input) and the 

type of transfer function affects the network (which is also dependent on the choice of 

application of the neural algorithm). The commonly used transfer function includes discrete, 

linear or ramp, logarithmic or tangential. These are nonlinear elements known as activation 

function. In Figure 40, different transfer functions normally used in the layers of the 

algorithm are described. 

In the linear function, the output is directly proportional to the input. This type can be useful 

in the final layer of multilayer networks such as function approximation commonly used in 

Backpropagation training [24].The threshold or bias gives additional freedom to the network 

which can be adjusted during training period. The sigmoid transfer function shown in Figure 

40 takes  an  input, which can be any value between plus and minus infinity and then reduces 

the output  into the range of  0 to 1. 

 

Figure 40.Types of Transfer function [24] 
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7.3   Types of Networks 

Choosing the right algorithm to solve neural network problems is a major problem for many 

young researchers of neural network. This section deals with how to select an appropriate 

algorithm to deal with neural network training. 

7.3.1   Hopfield Neural Network 

The application of the Hopfield neural networks is based on the construction of artificial 

neurons which has input which is associated with weight. However, the outcome output can 

be maintained until a change occurs from the neurons. The Hopfield neural network uses 

what is called asynchronous and synchronous for the iteration of numbers. The asynchronous 

means the neurons are picked and their weighed input sum is calculated and updating is done 

immediately after the calculation. However, synchronous deals with calculating the weighed 

input sum of all neurons without updating the neurons. 

 

Figure 41. Hopfield Method 

As shown in Figure 41, the sigmoid neurons are used as the transfer function in the layer. The 

output and the input neurons are the same due to the fact that, this method does not allow an 

update of the input and therefore the network has three neurons for both the input and the 

output.  

The principle behind Hopfield Method is that the patterns are stored in weight matrix and the 

input must contain part of the pattern stored. Additionally, the retrieval of the pattern stored 

in weighted matrix depends on the dynamics of the network. 

7.3.2   Backpropagation Algorithm 

This is a very common numerical method used by many researchers to deal with complex 

problems and it has been discovered and rediscovered until 1985 [25].The backpropagation 
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algorithm is mostly useful in the layered feed forward neural network, which means that the 

neurons are in the form of layers and the layers send signals forward. The errors attained can 

be propagated backwards. The principles of the network backpropagation are based on 

supervised learning known as learning with a teacher-which means that the inputs and output 

information are provided and the network computes this to estimate the errors. It must be 

noted that, the difference between the actual results and expected results are the parameters 

needed to estimate the error.  

 

Figure 42.Learning process in parametric system 

 

The objective of the backpropagation algorithm is to minimize the errors until the neural 

network learns the training data. The algorithm is stopped when the error function has 

become sufficiently small and the training begins with random weights. The goal is to adjust 

the data to achieve its task ahead. The most popular activation function or transfer function 

used for backpropagation is sigmoid function (described in Figure 40) which are real 

functions with values ranging from 0 to 1. 

The general knowledge of the feed-forward networks can be derived from calculation of 

gradient. This can represent a chain of function compositions which transforms an input to an 

output vector. If a given training consist of   ordered pairs of   input and   output vectors, 

known as patterns,  then if the function is considered to be continuous and differentiable and 
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the weights are picked at  random, the input pattern    from the training set is presented by 

the network which produces an output    which can describe the different target  . The 

minimum error can then be calculated based on: 

  
 

 
∑          

 

 

   

                                                                                       (  ) 

The minimization for the training set after calculation of an error is expected to interpolate 

when a new unknown input is used in the network. 

 

 

Figure 43. Feed Forward Propagation 

Figure 43 shows a feed forward propagation algorithm with input set which has one hidden 

layer with 10 neurons. It can be seen clearly from Figure 43 that, the hidden layer has 

sigmoid or tangential (neurons) activation or transfer function and the output has linear 

output transfer function which is proportional to the output.  

The hidden layer and output layer can be considered together to describe the network as two-

layer-feed forward network that can be suitable for multi-dimensional mapping arbitrarily 

well, if the data are consistent with enough neurons provided in the hidden layer. 

7.3.3   Cascade ForwardNet 

This has similar features as the feed forward neural network which has no feedback elements. 

However it has a weight connection from the previous input [26].  According to Al-Allaf this 

method requires more time than fitnet training algorithm for image compression and 

decompression [26].  
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Figure 44. Cascade Neural Network 

Figure 44 consists of two layers in which the second layer has connection from the first layer 

and the neurons are described in each layer as sigmoid layer. The relationship between the 

output and the input is a nonlinear function.   

The objective of the cascade –correlation learning algorithm is to generate the hidden neurons 

needed-. Cascade networks start learning by using single or only one neuron and the 

processes of learning trains new neutrons creating multiple layers [26]. 

7.3.4   Elman Backpropagation 

The Elman backpropagation method is also known in most cases as recurrent neural network. 

Elman error back propagation algorithm can be used to solve a wide range of problems such 

as astatic mapping of the input space to the output space. One peculiar thing in this Elman 

network algorithm is the internal feedback or time-delayed connections which help in the 

retraining of the error.   

 

Figure 45. An Elman Network 
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As illustrated in Figure 45, an Elman network has two hidden layers and in addition, it 

contains connections from the hidden layer’s neurons to the context units. The context unit 

stores the output values from the hidden neurons in a time unit and these values are fed as 

additional inputs to the hidden neurons in the next time unit. The purpose of the clock is to 

synchronize the inputs.  

Similar to the case of feedback propagation method training, the network’s output is 

compared with the target output and the square error is used to update the network’s weights 

according to the error backpropagation algorithm. It also provides values of recurrent 

connections’ weights that are constant to 1.0. 

 

7.3.5 Perceptron 

The perception learning algorithm is also a branch of supervised leaning with reinforcement.  

In the reinforcement learning the errors are not corrected like in the case of backpropagation. 

Therefore in the case of perceptron, the desired results are presented without looking at how 

to solve or correct the errors.  

In the late 50’s Minky and Papert introduced perceptron and convergence theorem and they 

were adapted by Rosenblatt in1962 as a tool used to classify any linearly separable set of 

inputs. However, Rosenblatt later discovered that multilayer perceptron is the solution to 

represent nonlinearly separable functions [27].The weights are updated based on the 

information provided so that only the input can be used for weight correction. 

According to Rosenblatt if the ‘y’ is the correct output, and f(x) the output function network, 

then the error ‘E’ is illustrated in Figure 27 [21]: 

 

     ( )    (27) 

 

7.4 Hot-Spot Stress Approximations by the Neural Network 

After co-simulation with ADAMS and Matlab/link model, all the data, namely: position, 

velocity, pressures P1 and P2, force and the stresses were stored in a form of vector and these 

vectors were used in the analysis of the Hot-Spot approximation in the neural network. The 

hot-spot stress approximation is demonstrated in Figure 46. 
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The input to the network are pressures P1  and P2, position, step backwards positons and step 

backwards times while the output is the hot spot stress produced from the ADAMS. The step 

backwards function used in this model was to ensure well trained network. Figure 47 shows a 

simple block diagram describing the input and the output data coumputered in the NN 

network. Six elements and 11935 samples were used in the training system.Out of the 11935 

samples, 70% of the sample were used for training the network, 15%  for validation and the 

remaining 15% was used to test the network. In the neural network, the percentages samples 

are used for training, validation and testing. Thich is  known as data division. Usually random 

picking of the data is used in the data division which is a default in the neural netowork. The 

data division and random default in the neural netowrk is demonstratecd in Figure 48. 

 

 

Figure 46.Hot-Spot Stress Approximation process 
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Figure 47.Training Inputs and output 

 

All the date was also normalized to ensure that the values are within the same range. For 

instance, before normalizing, the pressure values were setup between 0.3bar to 139 bars, 

while the position input value was set at 0.624m. The time function ranges between 0.0018 s 

to 4.76e40 s.  The neural network could not compute these values and so there was need for 

normalization of the data. The normalization process converts all the data from range of 

values 0 to 1. The normalization process for converting the values is based on the equation 

(28). 

 

  
       

         
    (28) 

 

Where,x= sample value 

      = minimum value from the sample 

    = maximum value from the sample 

 

The feed forward backpropagation algorithm used for control systems is trained in six 

different problems. These can be grouped as a pattern recognition and function 

approximation [28].  
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During the training, error approximation problem was solved using Levenberg-Marquardt 

algorithm; also known in MatLab NN as TRAINLM and the conjugate gradient algorithm 

known as TRAINRP. Due to the ability of the conjugate gradient to reduce error to the 

minimum, it is considered as a scaled conjugate gradient (SCG). SCG does not require high 

memory for computation of results. 

The best performance values are obtained based on a lot of factors including the data for 

testing, training and validation. The best performance function used in this project correlates 

with feedforward neural network propagation and this uses typically the mean sumo f squares 

of the network errors also known as MSE. The equation for calculating the error is described 

in equation (26). This function reduces weight and bias that ensure the smoothness of the 

network response to prevent over fitting. 

As shown in Figure 48, there were multilayers used for the network. The three layers were 

considered and each layer consisted of 80 neurons. Additional, sigmoid function and bias 

were used in the layers to ensure accurate results. 

 

Figure 48. Neural Network 
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8   RESULTS AND DISCUSSIONS 

The measured values have been taken from a hydraulic boom designed by Aki Mikkola in 

1968 for stress analysis and fatigue life on a crane. The build-up is very simple- the hydraulic 

crane comprises of cylinder of which the upper end is attached to the boom (which is free to 

move) with the lower end fixed to the pillar. All the dimensions were taken from the real 

boom, however, the dimensions and the parameters have been discussed in details in Chapter 

2 and 3. 

 

There are some points that have been marked on the real boom with strain gauges.  

These points were measured and modeled in ANSYS as nodes. The results of the stresses 

were based on these points.  

 

 

                                   Figure 49. Nodes created in ANSYS on the boom 

 

Figure 49 shows some of the nodes measured from the real boom and modelled in ANSYS. 

However due to computational difficulties all the nodes could not be used so about 100 nodes 

were placed on the node. 
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8.1   Co-Simulation 

The co-simulation produced several results which were demonstrated in chapter 5 but the 

results discussed in this section compared some of the results in the aforementioned chapter. 

Calculated pressures P1and P2 used in the system from Matlab/Simulink co-simulation are 

shown in figures 50 and 51 respectively. It could be seen from the results from figures 50 and 

51 that the initial pressure for P1 is greater than P2 

 

Figure 50. Pressure P1 

 

Figure 51. Pressure P2 
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Figure 52.Piston Position 

 

The Figure 52 compares the pulse input generator to the co-simulation results. After using the 

right PID parameters, the systems responded perfectly, following the input pulse signal well. 

Different PID parameters were tested before achieving the desired response; therefore the 

controlling can be tedious and time wasting. The PID input values used for achieving the best 

results in this co-simulation analysis is shown in Table 2.  However, the period, amplitude, 

pulse width and frequency are other factors that had effect on the pulse signal. 

 

Table 2. The Best PID input values for the co-simulation 

PID Values 

Kd 0 

Ki 0.2 

Kp 20 
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8.1.1 The Hydraulic Force 

A lot of factors affect the total hydraulic force. These factors include the pressures P1 and P2- 

which are produced from area A1 and A2 respectively. The frictional force also has effect on 

the hydraulic force. 

 

Figure 53.The hydraulic force applied to the system 

 

The pressures P1 and P2 are directly proportional to the forces derived from P1 and P2 

respectively. As shown in the figure, the larger force is coming from P1 with an almost 

insignificant frictional force.. Considering the figures, it can be concluded that as PI increases 

the hydraulic force also increases. 

8.2   Stress /Simulated Results 

The stresses were obtained after co-simulation in which the data produced from pressure P1, 

pressure P2 and the position had been stored and imported to ADAMS. ADAMS computed 

all the stresses based on the data from the Simulink. 

The model was simulated for 10 seconds and   principal stresses were analyzed. As it can be 

seen from Table 3, the top ten hot spots for maximum principal stress were estimated. The 

maximum hot spot for maximum principal stress occurred at node 480 and the corresponding 

value was 113.133MPa. 
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Table 3.Ten Hot Spot for the maximum principal stresses. 

 

 

Figure 54. Simulated maximum Principal Stress 
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Similarly, the ten hot-spots for Von Mises stresses were analyzed after running the model for 

10 seconds in ADAMS. Figure 55 shows the maximum Von Mises stress which occurred at 

node 2296. The maximum hot spot Von Mises stress was estimated as 112.546 MPa. In Table 

4, the ten hot spots for Von Mises stresses had been calculated. 

However, the maximum hot spot for Von Mises stress was lower than the maximum principal 

stress and these values were 112.546 and 113.133MPa respectively. The maximum hot spot 

for Von Mises was considered as the important analysis needed for the neural network due to 

the type of material used. The boom was made from construction steel FE-510. Therefore, 

principal stresses were not suitable for the analysis due to its inability to withstand ductile 

materials. Therefore, the maximum Von Mises stress was selected for further analysis. This 

was also because the purpose of the study was to find the hot spot for hydraulic boom made 

from steel. 

 

Figure 55.Simulated Results for the hot spot Von Mises Stresses 
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Table 4.Ten hot spots Von Mises Stresses 

 

8.3   Neural Network Results 

As described in Chapter 7.4, the accuracy of the neural network training depends on many 

factors such as the normalization of the data, data division, type of training algorithm and 

many more. 

After successful training of the neural network using the described procedure in Chapter 7, 

the following results were produced:   

 

Figure 56.Best Validation Performance Matlab, Feedforward back-propagation, 10000epochs 
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Figure 57.Training Neural Network Error 

 

 

Figure 58.Simulated Von Mises Stress from ADAMS and NN 
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Figure 59.Regression for future prediction of the network 

 

Figure 58 compares the Von Mises stress produced from ADAMS model to the estimated 

neural network hot spot stress approximation, It clearly showed that the network trained well, 

however the results was not 100% accurate due to computational problems. The difference 

between the hot spot Von Mises stress produced from ADAMS and hot spot Von Mises 

produced from Neural Network is known as the error which has been demonstrated in Figure 

59.  

Moreover, with the help of power computers, the error could be improved. But for the interest 

of the research purpose, the target for this thesis was achieved based on the results. In Figure 

59, the prediction for the future development of the network had been presented.   
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9. CONCLUSION 

Recent studies have shown that most cranes do not last long due to lack of knowledge about 

fatigue resistance due loading cycle. This phenomenon is more challenging in the forest 

industry. Therefore there was the need for this master thesis which gives in-depth knowledge 

of stress mapping in cranes.  

 

In the initial stages of this thesis, the crane was modeled in Solid Works and exported to 

ADAMS for further modelling (where real joints were added). The crane was tested for 

rigidity before the boom was made flexible. 

 

In this study, co-simulation model of one DOF hydraulic boom between ADAMS and 

MATLAB was performed.  The design interface between mechanical system and control 

system was good for the response performance. These two software’s were enough for 

enhancing dynamic performance of hydraulic boom, improving efficiency, reducing cost and 

saving time. 

 

The flexibility of the boom accounted for the accuracy of the results. The flexibility created 

in ANSYS produced more accurate results than the flexibility model in ADAMS/View using 

discrete link. However it is easier to use discrete link to create flexibility without using 

software. The compatibility between ADAMS and ANSYS softwares was paramount in the 

efficiency and accuracy of the results. Therefore, according to this study the ADAMS/view 

flexibility analysis is good enough for stress and fatigue analysis. 

 

Von Mises stresses analysis was more suitable for this thesis work because the hydraulic 

boom was made from construction steel FE-510 of steel grade S355 with yield strength of 

355MPa. Von Mises theory was good for further analysis due to ductility of the material and 

the repeated tensile and shear loading. 

 

The neural network predictions for the maximum stresses were then compared with the co-

simulation results for accuracy, and the comparison showed that the results obtained from 

neural network model were sufficiently accurate in predicting the maximum stresses on the 

boom than the co-simulation. 
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Finally, it can be concluded that with the help of the intelligent control designing of the boom 

using ADAMS and ANSYS for stresses, hot spot analyses would not be necessary if neural 

network can perform the same function.  However, the accuracy may depend on factors such 

as higher computation and it is also time consuming. 
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