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Abstract:  The mechatronic systems represent an integration of the electronic and information technologies in building advanced mechanical systems.  These systems include one or more of the following energy domains: electrical, mechanical, magnetic and thermo-fluidic. The design of engineering systems requires a clear understanding of the system dynamic behaviour. The systemic approach of the dynamics for the mechatronics systems expects a modelling of different electromechanical systems. In this case, extending the utility of several principles from within the analytical mechanics over the electromechanical systems plays an essential role. The current paper presents analogies and possibilities of applying the principles of the analytical mechanics in modelling the mechatronic system.
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1. INTRODUCTION  
The concept of “mechatronics” was patented in 1971-1972; but in 1982, the Yasukawa Company declines the copyright for this topic, in order to make it be used on a large scale. However, the topic caused many controversies, discusses, investigations, evaluations and various approaches. Questions considered both the field area and the mechatronics objects:

· Is this a new field or a combination of already existent fields?

· Is it about the computer-aided control of mechanical systems?
· Is it about intelligent mechanisms?

The answers to the way of defining mechatronics issued during the time through various definitions approached by many research and design teams. The journal IEEE / ASME Transactions of Mechatronics offers one of the reference definitions of the topic “mechatronics”: “…a synergic integration of the mechanical engineering, the electronics and the intelligent computerized control within the design and the manufacturing of industrial products and processes” [1, 2].
Forward-looking electromechanical applications require more sophistication and flexibility from both the hardware and software points of view. In general, the design procedure involves the integration of design and control. These systems include one or more of the following energy domains: electrical, mechanical, magnetic and thermo-fluidic. The design of engineering systems requires a clear understanding of the system dynamic behaviour. The systemic approach of the dynamics for the mechatronics systems expects a modelling of different electromechanical systems. In this case, extending the utility of several principles from within the analytical mechanics over the electromechanical systems plays an essential role. 
The current paper presents analogies and possibilities of applying the principles of the analytical mechanics in modelling the mechatronic systems.
2. ABOUT MECHATRONIC SYSTEMS
Mechatronics describes the integration of mechanical, electromagnetic and computer elements with the aim of producing devices and systems that monitor and control machine and structural systems. Examples include robots, familiar consumer machines such as VCRs, automatic cameras, automobile air bags ... The way of representing and identifying the component elements within the mechatronics systems varies a lot. 
Figure 1 shows a concise representation that omits the details regarding the interdependences between components. The representation outlines the existence of four sub-systems: the mechanical system, the informational system, the electrical system and the computing system.
Figure 2 shows a more complex mode of representing the structure of a mechatronic hyper system. The controlled system is the mechanical process, which is in contact with the environment by means of several sensors and actuators. The mechatronic system differs from other systems by the three subsystems of its control system, corresponding to perception, to planning/ control and to knowledge representation. 
Other approaches divide the study of mechatronics in the speciality fields [7]: modelling of the physical systems, sensors and actuators, signals and circuits, logical and computing systems, data acquisitions.
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Figure 1: The component elements of a mechatronic system 
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Figure 2: The mechatronic hyper system
The module “Environment” influences the system behaviour through its own parameters like temperature, humidity, pressure, force, etc. Practical recommendations stipulate the environment requirements under which a system can run at the prescribed parameters. The module “Mechanical process” defines the physical reality of the system, the reality that is explored, investigated and controlled. The module “Actuator” provides the inputs in the module “Mechanical process”, while its outputs become in turn inputs for the module “Sensor”. This module acquires the required data about the mechanical process status. The module “Planning /control” establishes the plan of acting and of controlling with the aim of obtaining the desired values for certain internal parameters of the mechanical process. It uses the captured data about the mechanical process. The interface module “Process visualisation” transfers data between the system components and allows human ‑ system dialogs. 
Within the mechanical process, which is a basic component of the mechatronic system, several flows exist: substance flow, power (energy) flow, and informational flow (Figure 3) [4]. 
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Figure 3: Flow types within the mechanical process
The mechanical process running becomes possible due to a power delivery towards the process. The energy of a physical system is a status parameter that characterizes the system over a stationary status. The totality of the system features at a given moment defines the system status. 
Frequently, in analysing a mechanical system, a set of assumptions are made, envisaging simplifying hypotheses: the absence of friction, the absence of viscosity in case of fluid substances, etc. In all these cases, the movement looks like a phenomenon exclusively mechanical. The conservation of the energy all along the phenomenon characterizes these types of phenomena. One can separate distinct parts of this energy, which depend only upon a specific class of status parameters (mechanical parameters, electrical parameters, magnetic parameters, etc). In these cases, the type of energy receives the name of the class of parameters upon which it depends: mechanical energy, electrical energy, magnetic energy, etc.
The previous considerations outline the fact that modelling and simulation of the mechatronic systems has to take into account the analogies between the subsystem components so that one could apply a unitary approach.
3.  ANALOGY AND MODELLING
The theory of physical systems is based on the concept of energy (E), defined as power accumulated along the time. Starting from this viewpoint, one can define the notion of “generalized” power, (, as being the product of two physical quantities, observable and complementary: quantities across two points (α ) and through a point respectively (τ). These approaches are not singular. Within the theory of physical systems, to the previous topics, named by some authors “pressurelike” and “flowlike”, the equivalency effort –e- and flow – f- is added. There is a very close similarity (almost an identity) between these two modes of definition. In accordance to the physical principles referring to systems operation, the topic of “energy ports” can be introduced, through which systems interact one with each other, by an energy exchange (multiport) (see Figure 4).
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Figure 4: The generalized variables and the energy ports 
Figure 5 shows the physical system shown up by an electric motor with its power ports and the equivalency based on the physical mechanism. The representation in Figure 5b is evidently a gyrator [8]. 
Figure 6 proposes the stages in modelling the physical systems starting from the physical system towards the corresponding equations [8].
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Figure 5: The equivalency of an electric motor (a) with a gyrator (b)
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Figure 6: From simple to complex in a simulation process
The principles of Newtonian mechanics are on the whole simple in their form, but sometimes difficult to be applied. These aspects brought Lagrange to create the principles of the analytical mechanics “a mechanics of the systems – with a finite number of parameters which should not use any concrete figure or picture”. The mechanics of Lagrange, the mechanics of the non-olonomes systems, the Hamiltonian mechanics, and the variational principles are working protocols introduced by the analytical mechanics. 
4.  VARIATIONAL PRINCIPLES

Variational methods and the associated extremum principles can be shown to be fundamental scientific techniques with widespread physical significance. However, this treatment will be restricted to variational methods of analysis for lumped physical systems, which can be characterized by the energy variables “effort” and “flow”. 
The study of the concentrated parameters systems allows a classification of different elements in energy sources (effort sources and flow sources), energy stores (effort stores and flow stores) and energy dissipaters.
In what follows the dual variational methods will be referred to as nodal and loop variational indicators respectively. These methods use effort and flow accumulation variables. Thus, one can define:

[image: image8.wmf]on

accumulati

effort

dt

t

e

q

t

-

×

=

ò

0

)

(









(1)


[image: image9.wmf]ò

-

×

=

t

on

accumulati

flow

dt

t

f

p

0

)

(









(2)

and the stored energy (Figure 7):
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Figure 7: Stored energy and co-energy (a,b) and absorbed power in dissipaters (c)
In case of dissipater elements, the constitutive relationship for the instantaneous power is:
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where the significance for the quantities G and J is shown in Figure 7c. An example of a linear dissipater is the carbon resistor, while an example of a nonlinear dissipater might be the diode.
The development of a variational analysis for the mechatronic system modelling can be achieved in the nodal alternative (nodal variational analysis) or the loop alternative (loop variational analysis) (see Figure 8).

Figure 9 pictures the equivalency between the working alternatives and the “0” and “1” junction within the bond-graph method. 
Variational solutions to dynamical modelling problems have their roots in the work of Hamilton and Lagrange.  

The start point in the variational analysis is the incremental machine work; for the nodal variational analysis, this can be defined by the relationship (6), while for the admitted generalized coordinates it can be defined by the relationship (7):
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Figure 8: The nodal alternative and the loop alternative for the structural model
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Figure 9: The equivalency between the analysis alternatives and the “0” (a) and “1” (b) junction
The variational indicator for these two cases is given by the relationships (8) and (9) respectively [6]:
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The equations (8) and (9) represent an extension of the Hamilton principle [6]: “For natural motion between two fixed configurations of effort accumulation / flow accumulation at times t0 and t1, the indicator 
[image: image21.wmf]V

d

/ 
[image: image22.wmf]Y

d

must vanish”. Accordingly to this principle, the equation systems (10)-(13)  must be satisfied
· The Lagrange’s equations:
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(11)
where the Lagrangian is defined :
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· The co-Lagrangian equations:
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(13)
where the co-Lagrangian is defined :
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5. AN EXAMPLE 

Figure 10a shows an example of integrating mechanical systems with electrical systems for which an appropriate modelling is required. In this figure, a condenser microphone consists of a movable plate mounted on a circular spring parallel to a fixed back plate. These two plates form a variable capacitor charged by a constant voltage source through a RL circuit. The dynamics of the moving plate is modelled by a spring-mass system of constants m, k, c (Figure 10b) [5].
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Figure 10: Capacitive microphone (a) and the model for this system (b)
The composite system Langrangian is given by:
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For the generalized coordinates 
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In the case of a linear effort store, the Lagrangian is:
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The composite co-content of the system is:
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The composite system – the electrical sub-system and the mechanical subsystem – is characterized by two effective efforts 
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comes from the electrostatic interaction between the two armatures of the condenser C:
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When using the relationships (10), (12), (14-16), one obtains the differential equations that constitute the mathematical model of the electromechanical system:
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6. CONCLUSION
The product design approach in mechatronics requires new tools and methods. They should be based on common concepts and theories and should use a common language. 
Mechatronics is not only the sum of the implied engineering domains; consequently, the concepts, methods, tools and language in mechatronics are more advanced and not only a sum of those of each domain.
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