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Abstract:  The theoretical study of vibrating systems is often very complex, demanding considerable mathematical work. In order to simplify the mathematical model, some assumptions may be accepted, with the drawback of making results less accurate. An alternative is the use of modern software tools that have enhanced modelling, analysis and simulation capabilities to control dynamic systems. They provide an intuitive manner for presenting the vibratory phenomenon that governs the working parameters of the equipment. In this paper 3D simulation studies for vibrating systems driven by unbalance vibration exciters are presented. The aim is to point out that 3D computer simulations provide a very efficient educational tool and also provide an easy, accurate and timesaving tool for testing products before physical manufacturing.
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1. INTRODUCTION
The design of equipment which uses mechanical vibrations needs a preliminary dynamic study, for establish and also verify the working parameters and performances. The underlying method in studying dynamics of vibrating systems involves the development of a theoretical mechanical model for the system, deduction of the mathematical model consisting of a series of differential equations, derived from principles of mechanics and then, the solution of the differential equations, by using numerical methods. The mathematical analysis of vibratory equipments is complex, since many parameters which enter in the derived expressions are variable and interrelated between themselves. In order to exactly describe the real system, the mathematical model becomes more and more complex, with the increasing number of used parameters; as a consequence, the system solution becomes more complicated. Usually, the results of such analyses are numerical. They may be presented in diagrams, but implying an extra work.
An alternative for reducing the time and volume of the required work for the dynamic study of a vibrating system is the use of specific software for design functional virtual models of mechanical systems. Such software tools are using two-dimensional or three-dimensional systems designs and create motion models containing constraints, contacts, forces and actuators. They simulate the motion of the equipment, check for interferences and plot engineering data. These modern tools help engineers to save time and efforts in developing a dynamic analysis of a mechanical system: the user does not have any more to develop the mathematical model and to solve it, but he still has to establish a theoretical mechanical model for the system, in order to be able to build a correct motion model. 

2. MOTION SIMULATION OF MECHANICAL SYSTEMS
The use of software tools in the drafting process helped design engineers to improve their work, enabling the development of products faster and without compromising safety. Design engineers are using now a wide variety of computer aided design (CAD), finite element analysis (FEA), kinematics and simulation software tools, in order to eliminate or reduce large-scale errors in design and manufacture. 
Simulation-based design systems represent a technological advance that gives increased profitability for the manufacturing industry, through its ability to lower the live-cycle costs of products. Nearly every equipment and machinery system involves motion that can benefit from computer simulation. An application may be the dynamic study of vibrating equipments, as will be pointed in chapter four and five of this paper. 
Computer simulation is increasing in popularity. Its utility is accepted today as a component of the continuous development and renewal of products and processes, because it can quickly provide a clear understanding of the product in service or the process in practice. Software simulation tools for motion control give engineers, and all persons involved in product development, a rapid way to the optimal drafting, help the representation and analysis of complex projects including motion, and guarantee that the product will function as intended.
Simulation is more then animation. The aim of the simulation is to help engineers to visualize 2D or 3D motions, under realistic conditions, to enable the evaluation of project, by iterative tools, inside the software environment, without the building of a physical model. In some cases, 3D simulation is much clearer than its 2D counterpart.
Two types of motion simulation are performed by the existing dedicated software: kinematic simulation and dynamic simulation [8].
● The kinematic simulation aims to determine velocities, accelerations, positions, displacements, without considering the components mass or the forces acting in the mechanical system. The main objective of the kinematic simulation is to verify the motion of the system, from the geometric point of view, for instance: interferences and collisions detection between system components, or analyses related to the working space of a mechanism, equipment, robot. Just about every CAD software today contains kinematic modules that help design engineers check assembly fit, part interferences and collisions.
● The dynamic simulation considers the mass and forces associated with the components of the mechanical system (driving forces, gravity, reaction, elastic and dissipative forces). This is the main difference from kinematic simulation. Therefore, such an analysis can gives important design information, like: power required to drive the mechanical system, stiffness, safe loads, etc.
The objects used for a motion simulation are divided in two main groups: bodies and constraints [8]. Bodies are obtained by using CAD software and they are component parts of the assembly, representing the mechanical system masses. Constraints can be defined both inside the CAD software and inside the dynamic simulation software, and may consist of: 
- limitations of freedom for movement of associated bodies; 

- other entities (springs, dampers, motors and actuators, etc.), that apply force or torque to a body, required to define the motion model.
Most dynamic simulation software tools consider that each body has a mass, a volume and a centre of gravity, while a constraint does not. Also, they do not consider or detect collisions between constraints, or between a constraint and a body, during the motion simulation. In some situations, these assumptions may generate simulation errors, imposing the reconsidering of the motion model.
3. 3D SIMULATIONS IN ENGINEERING EDUCATION
A considerable number of commercial software tools for engineering simulation are now available to support simulation-based design-refinement of mechanical systems. Lot of attention is given to the importance of these software tools for product development, by building and testing of so called virtual prototypes. Another point of interest is represented by the educational aspect of computer simulation and virtual prototyping.

The idea behind simulation is to estimate a solution for real-world problems, using mainly computer software tools. To reach this purpose, in order to be able to develop a correct and efficient motion model and to evaluate and interpret results, one has to accomplish two demands: to demonstrate skills in using the simulation software and to have basic knowledge on the mechanical systems dynamics. The reason is that the dynamic simulation of mechanical systems also includes a subjective factor; it depends on the performer’s knowledge and competences.
To perform the dynamic simulation of a given mechanical system, one must respect the following steps:

1. Develop a conceptual design of the mechanical system.

2. Create the geometry of parts and assembly, using a 3D-CAD software tool.

3. Transfer the geometric model into a CAE (Computer Aided Engineering) software tool, which can perform dynamic simulation, and create the motion model by adding constraints: springs, dampers, actuators, etc.

4. Perform the motion simulation.

5. Verify and test the system motion through animations, interference detection and XY plots of engineering data.

   Mechanical engineering is a visual-based profession, which requires an advanced ability for students and professionals to visualise complex spatial parts and objects. Therefore, it is important for the mechanical engineering education to use the most advanced visualization and simulation software tools to help students in better understanding of complex geometrical shapes, optimal working regimes of machines and equipment, advanced manufacturing processes. The 3D simulations are ideal for in-class demonstration as well as hand-on instruction. They offer a unique perspective of how designs can be evaluated and refined on the computer, long before they are transposed to physical prototype.
This advanced visual communication can significantly improve the ability of students to comprehend, learn and gain experience with reviewing designs. 3D representation is very intuitive, more intuitive than 2D schemes that are usually used for describing the motion of mechanical systems. Speaking about the animation, it is very attractive for students, making them to work with much pleasure and to enjoy the result, even if it is a wrong one. Then, more important, is the efficiency in the understanding of the design errors and the optimisation of working parameters, even if it is about a prime optimization, made by successive trials and modification of input data.  

Computer simulation technique can be used by students in application classes, to develop projects. Following the above mentioned steps for performing a dynamic simulation, students are involved in the development of the CAD and motion models and also in the validation process. It must be pointed out that students are very engaged by this new type of learning experience.     

Students can very quickly gain experience by developing and simulating 3D models. The main benefits may be stated as follows:

· Students can understand projects much better when 3D visual tools are used.

· They develop abilities in working inside a CAD software environment for 3D geometric modelling, but also in verifying and refining the obtained model, from several points of view: design, manufacturability, assembly, working regime.
· They understand the dynamic performance characteristics of the mechanical designs 

· During the process of creating and analysing a dynamic solid model, students need to add or modify some design details for the original dynamic sketch and therefore gain more engineering design experience and knowledge [2].
· By verifying and validating the motion model, students have the possibility to learn how to interpret and apply some given results; gain practical experience and understanding easier the real phenomenon. 
· Students have the possibility to apply and prove the learned theory on the mechanical systems dynamics. 
4. DYNAMIC SIMULATION OF VIBRATING SYSTEMS DRIVEN BY OUT-OF-BALANCE VIBRATION EXCITERS

4.1. Out-of-balance vibration exciters
The basic characteristics of any type of vibrating equipment are determined by the design and performance of the unit which produces its vibratory motion. These units are called vibration generators, or vibration exciters. The generated vibratory motion may then perform the main task, as for example in conveyors and hopers, or play a secondary role in optimizing the main process of manufacture, as for example vibration-assisted casting. 
A large range of vibrating machines and equipment is excited by out-of-balance vibration generators: vibrating conveyors and spiral elevators [4], vibratory feeders, self-discharging shake-outs, vibrating screens, vibratory compactors, etc.  They are usually preferred when very big and therefore very heavy machines have to be driven.    

Out-of-balance vibration exciters create the vibratory force by rotation of one or more unbalanced masses. They may be classified in two main categories, depending on the resultant excitation force: those in the first group give an excitation force having variable direction (rotary excitation force); the out-of-balance exciters in the second group generate a directed or nearly-directed excitation force (directional excitation force) [3].
4.2. Dynamic simulation: case studies

The dynamic simulation for several vibrating systems, driven by out-of-balance vibration exciters, was performed, with the following aims: understand the behaviour of vibrating system in motion, examine the influence of different types of vibration exciters on system dynamics, optimize some working parameters of specific vibrating equipment. Some of vibrating systems presented as follows were designed for educational reasons (Figure 2 and Figure 6). Others can be included in the category of virtual prototypes (Figure 7), being developed during drafting process of real vibrating equipments. 
Dynamic models were developed in the following steps: construction of the solid model for the out-of-balance vibration exciter and for the other component parts of the vibrating system (the software used for solid modelling was SolidWorks); creation of the motion model of the vibrating system, containing joints, contacts, forces and actuators (the software used was COSMOSMotion); simulation of the vibrating system motion. 
Figure 1 shows a 3D model of a vibration exciter with two equal unbalance masses. Its design gives the possibility to place the unbalance masses in different relative positions one to each other and also to rotate them in the same direction, around the common rotation axis, or in opposite directions. 
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Figure 1:  Vibration exciter with two unbalances;

Figure 2: Motion model of the vibratory system
    3D model




driven by a vibration exciter with two unbalances
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Figure 3:  Base-plate mass-centre position on Y axis            Figure 4: Base-plate mass-centre position on Z axis
Figure 2 presents a two-degree-of freedom vibrating system, driven by the vibration exciter in figure 1. The two unbalance masses of the exciter are tied together, so that the exciter generates a rotary excitation force. The vibrating system has the following characteristics, deduced from the mass property of the 3D assembly and from the definition of the motion model: the mass of one unbalance weight = 0,98 kg; the mass of exciter and base-plate, without the unbalance weights = 31,3 kg; stiffness of vertical springs = 40 N/mm; stiffness of the horizontal spring = 40 N/mm. 

Performing simple constraints modification in the motion model of the vibrating system, the relative position between the unbalance weights can be changed, obtaining different dynamic inputs. Different engineering data can be plot in two-dimensional diagrams, in order to analyze the system dynamics. For instance, figures 3 and 4 give time-variation diagrams for the position of the base-plate mass centre on y and z axes, for the situation of counter-rotating unbalances with the same angular velocity: 360 deg/sec. The mathematical model describing the vibrating system dynamics, in the before mentioned input conditions, consists of two differential equations [3]: 
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(1) 

Developed for educational purpose, the vibrating system described before can be analyzed, from the dynamics point of view, both by theoretical or simulation methods. In comparing results from theory and simulation, one must consider that simulation results are sensitive to several factors, such as: how many times and how long we run the simulation, what sort of precision we use, what sort of output is required. 

Figure 6 gives the motion model of a similar vibrating system, driven by another type of vibration exciter, presented in Figure 5, having four equal unbalance masses. Like for the previous vibrating system, the motion simulation was performed using COSMOSMotion software. The exciter has two parallel shafts, each shaft having two unbalance masses at its ends [4]. The shafts are rotating in opposite directions, with constant angular velocity. The synchronisation of rotating motion is ensured by two gears, with the same number of teeth, which make the connection between shafts. Each unbalance weight consists of two reciprocally rotating disc segments. The excitation force can therefore be set very simply and in fine stages.
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Figure 5:  Vibration exciter with four unbalances;

Figure 6: Motion model of the vibratory system

    3D model




driven by a vibration exciter with four unbalances

5. VIRTUAL PROTOTYPES INTO ENGINEERING DESIGN PROCESS
In a conventional manufacturing process a prototype is usually built with the aim of demonstrate and verify the design concept, evaluate drafting alternatives, testing different aspects related to the working performances, manufacturability, fitting and assembly, in order to find and correct drafting errors, and sometimes even for presenting the product. A virtual prototype has to satisfy all this objective requirements and some other subjective aspects, related to its interaction with the operator and with the environment. A virtual prototype must be capable to test product performances and also to respond to training necessities and objectives. 
Paper [1] gives the following definition: “Virtual prototype is a computer simulation of a physical product that can be presented, analyzed and tested from concerned product life-cycle aspects such as design/engineering, manufacturing, service, and recycling as if on a real physical model. The construction and testing of a virtual prototype is called virtual prototyping (VP).”

The following qualitative benefits ensured by the modelling and testing of virtual prototypes during the design process must be mentioned: availability of valuable information much earlier in the design process, possibility to consider more designs, risk reduction. From the quantitative point of view, virtual prototyping induces the reduction of the physical prototyping costs and reduces product development time. 
Figure 7 shows the motion model of a vibratory plate compactor, which enables the dynamic simulation of the equipment. A virtual prototype of the compaction equipment was developed and studied during its drafting process. The simulation is presented and analyzed in paper [7]. The simulation might be used not only to improve the vibratory equipment design, but also to provide demonstration and teaching material for the lectures in mechanical vibrations. 
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Figure 7:  The motion model of a vibratory plate compactor
6. CONCLUSIONS
The dynamic simulation of vibrating equipment lets engineers examine the behaviour of the entire mechanical system, solving drafting problems by anticipation, identification, analysis, design and test, enabling design concepts to be proven and errors eliminated without real life experimentation. Finite element analysis can be integrated with the dynamic model, for more realistic simulations, to add prediction of components flexibility and modal analysis of vibrations.  

3D simulation is increasingly used within the areas of product development, marketing, training and support.  The use of dynamic simulation not only requires a computer and a dedicated software tool, but a skilled operator, knowledgeable in dynamics and computer modeling. Human resources are often poor in this field. 
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