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Abstract In the domain of machines’ design, one of the nmapbrtant issues to
solve is related with the controller’s design, nigiguaranteeing that the machine
will behave as expected. In order to achieve a miggigle controller, some steps
can be considered, such as the formalization o$pexification - before being
translated to the program that will be insertethm controller device — and the re-
spective analysis and verification. Nowadays, sdameal analysis techniques,
such as formal verification, are used to achiei® flarpose. The dependability of
a controller, however, is impacted by its executiontext. This paper proposes an
approach for the formal verification of the spemtion of mechatronic system’s
controllers, which considers, on the formal vedfion tasks, the behavior of the
plant and the behavior of the Human Machine Interfaf the Mechatronic sys-
tem. Some conclusions are extrapolated for oth&tesys of the same kind.
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1 Introduction

The development of controllers’ software for mecbiaic systems, when perform-
ing all machines’ design tasks, is a very compla exigent process.

A mechatronic system is composed, mainly, by thpasgs: Controller, Plant
and Human Machine Interface (HMI) (see Figure HjeSe parts interact and be-
have together, and the development of the softteabe introduced in the control-
ler, must take into account the behavior of thoaespand the interrelation be-
tween them.

Several steps can be performed in order to obtdigpandable controller: first,
the use of methodologies for obtaining the struectfrthe controller’'s specifica-
tion [1]; second, the use of a formalism to desgriiormally, the intended behav-
ior for the controller [2]; third, the use of ansily techniques, in order to guarantee
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the dependability of the specification [3]; andurfin, the translation of the speci-
fication into a controller program and respectimgpliementation on a physical
controller [4].
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Fig. 1. General configuration of a mechatronic system.

The first two steps are very well studied and ttaeeformalisms and tools that
can be used to perform them. For the structur&éefcontroller specification it is
possible to use GEMMA [5] or Multi-Agent formalisni8], for example. For the
specification formalisms such as Petri Nets [7]C3B] or Statecharts [9] can be
used. For the implementation, PLCs [10] and Micoapssors [11], among others.

If we consider step 4, as being systematic, thet mggortant step remains step
3, where the specification must be tested, simdlatel verified.

This paper proposes a methodology to obtaining pemigable specification,
which is focused on the analysis of the specifizatty using formal verification
techniques. The paper discusses the relevancensfdesing aspects related with
the behavior of the plant, and the behavior ofHMi, when developing the speci-
fication for the controller of a mechatronic system

The paper is organized as follows: section 2 prewidn overview of the main
steps considered in the design of a mechatroniersysection 3 proposes a case
study to be used in the ensuing discussion; sedtidiscusses aspects related to
considering plant behavior in the development specification; further, section 5
discusses aspects related to considering the HkH\ber in the development of a
specification; and finally, section 6 presents smmeclusions and future work.

2 Stepsfor designing a mechatronic system

The development of controllers’ software for mecbiaic systems, raises a num-
ber of challenges. From the desired behavior spatifns, until the implementa-
tion of a controller program for a mechatronic syst the controller designer
needs to use some different and complementary fsms and tools that help
him in all the necessary steps. Taking into accaspects related to systems’ de-



pendability, the designer must be able to use hegehese formalisms and tools
in order to achieve the desired behavior for thetesp.

From the analysis of needs, passing by the cormgptalization into the im-
plementation and exploitation of a mechatronicesystthere are several steps that
must be realized (Figure 2). During each step efdbntroller’s design, a corre-
sponding step exists that relates to the developwfetine plant (physical part of
the system: motors, cylinders, sensors, ...). Fdam®, step 3 corresponds to the
specification of the controller and the step 3’responds to the specification of

the plant.
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Fig. 2. Steps considered on the design of a mechatrostersy

The approach presented in this paper is focuseti@msteps 3, 4 and 5 of the
Figure 2.

3 Case study

The chosen system for this case study lies in tk-kmown category of "pick-
and-place" systems (Figure 3).

Its function is to take parts, fed by gravity intwee feed chutes, for placement
in a single unloading chute. Sensors ppl, pp2 @3dipdicate the presence of a
part in one of the feed chutes, while sensor ppfiads the presence of a part in
the unloading chute. The device that enables pickind placing a part is com-
posed of a group of three pneumatic cylinders pluacuum suction cup system.
The vertical cylinder (VC) places the suction copcontact with a part. Longitu-
dinal cylinders L1C and L2C are arranged in setgeallow positioning the verti-
cal cylinder VC in front of the four chutes (L2CGake is twice as long than L1C
stroke). The four reached positions are therebgatled by position sensors s0, s1,
s2 and s3. The depression in the suction cup &redd by virtue of a venturi and
detected by a vacuum sensor.



AVA

AV
L%\CGO . l \J L/ZCGI ’.\;\“17 VCGD

A
71\ aly /40N
ticeo | | ] Lice

W 7.
facuum

VENTURI[F T\
/ T

Fig. 3. Pick and place system.

4 Specification analysis considering plant behavior

As part of a dependable controller design approtehsystem being targeted for
verification can thus be [12] either the controlberits own, presumed to be oper-
ating within an open loop on the plant (a non "nidmesed" verification), or the
{controller + plant} assembly set interacting witha closed loop ("model-based"
verification).

One problem with model-checking is related to ttetesexplosion problem.
The state of the model may become too big for ioatibn to be feasible with rea-
sonable resources. In this paper we report onteestiwork on mode-based veri-
fication resorting to partial models of the Plahhis enables the use of smaller
models, thus making it possible to verify largestsyns.

This solution allows us, also, a stronger prootafiety properties, which will
become stronger as much as the plant model is eddag].

Considering the approach proposed in [13], form&ification tasks can be
performed with the assumption of a closed loop biehaf the controller model
and the plant model. Also, in the same work, fir@posed that a possible solution
for obtaining the plant model for this system isisidering a set of plant modules,
and the solution proposed is the combination ofug/@lant modules in order to
obtain a modular solution for the entire systermptaodel.

In [13] a set of behavior properties for the expgbsgstem is considered, to be
proven using verification by model-checking. Thét ef properties is composed
by safety propertiesindliveness propertiesThe same work proposes a systematic
approach to prove the set of properties using,oby the plant model of the sys-
tem, depending on the specific type of propertyauntbnsideration. It was ob-
served that some safety properties were not previdtbut a plant model, but
were proved when the entire plant model was used.

Hence, in this paper, we analyze what happendyfapart of the plant model
is used. For instance, consider the following bérgwoperty: ‘While the vertical
cylinder is moving down, all the other cylinderaysin deployed or retracted posi-
tion”. This property cannot be proved without a modethe plant. With the full



model of the plant, the property took 109 minuteprove [13], using the NuSMV
model-checker, and a machine with a Pentium lltpssor at 1 GHz and 1 GB of
RAM.

When we intend to prove the property, the use eftttire plant model is not a
good solution, for two reasons: first, because ptwof of safety properties will
become stronger as the plant model is reducedddi®] second, because the glob-
al model becomes bigger and more difficult to apalyy the model-checker.

Considering this property, which deals only witk three cylinders of the sys-
tem, it seems enough to use only the models oktthie®ge cylinders. Using the
same machine for calculations, the same Model-aredkSMV and, now, con-
sidering a partial plant model - composed by theeho of the three cylinders of
the system - the property can be proved only imirutes (about 10% of the time
needed if the entire plant model is considered).

Indeed, this smaller plant module is enough to erthe property. However,
this cannot be adopted as a systematic rule. Oggeark is showing us that, for
some properties, this rule cannot be applied.

5 Specification analysis considering HM1 behavior

Above, the role of a plant model in the verificatiof a controller’'s specification
was discussed. The plant, however, is not the fadipr affecting the behavior of
the controller. When a human operator is presémt,dperator’'s actions at the
HMI are also relevant. See for example the disousisi [14].

Consider the example discussed in the previousossctf a HMI control pan-
el is present that allows the operator to stag/se system at any time, then veri-
fication of a property like: & picked part will always be placed in the unloagdin
chuté will always fail because the operator might stbp system (see the discus-
sion in [15]). In order to avoid this, a model b&toperator needs to be included.
If a strict operations procedure is assumed, tloslehis easy to express. It de-
scribes the sequences of operations as prescripatieboperations procedure.
This type of model, however, is usually too resive

Typically problems will arise when the operator id¢es from the prescribed
procedure. In the more general context of intevactiomputing systems this is
addressed by describing the possible operator neggao the different output of
the system [16]. Hence it could be expressed ti@bperator will only stop the
system if no part is currently picked up. Undet tissumption, the proof becomes
feasible. In this approach, proving the safetytaf system implies deriving and
making explicit assumptions about how the operatost behave. In doing so, we
identify potential points of failure and areas wh#re controller might need to be
improved to account for user error. Hence, we caulorove the controller to on-
ly act on a stop signal from the operator afterdheently held part is placed in
the unloading chute.



6 Conclusions

This paper illustrated how consideration of panpiaint models (instead of a glob-
al plant model) and of operator models can be li$efuhe formal verification of
Industrial Mechatronic Systems’ Controllers.

Even if it is possible to see the importance o tppproach, we have not devel-
oped, yet, a systematic approach to finding ouigldy, which models must be
considered in order to verify a specific behavioygerty of the system. This will
be the next step of this project.
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