Annals of the University of Craiova, Electrical Engineering series, No. 43, Issue 1, 2019; ISSN 1842-4805

Modified Petri Nets for Hybrid Systems
Modeling - a Case Study

Mircea-Adrian Drighiciu, Daniel Cristian Cismaru
University of Craiova / Faculty of Electrical Engineering, Craiova, Romania, adrighiciu@em.ucv.ro

Abstract - In this paper we deal with the problem of
modeling and simulation a DC electric drive system using a
Hybrid Petri Net formalism, considering that the electric
drive is a hybrid system which switches between its states
under the occurrence of generic and non-generic external
events. The synthesized topology is called a Modified Hybrid
Petri Net and is a hybrid model that combines both
differentials and discrete Petri Nets dynamic and enables us
to simulate and to analyzing the behavior of DC electrical
drives in different operating regimes due to the
particularities imposed by the load of electrical motor. A
real application case was finally considered; different
scenarios were analyzed, depending on the nature of the
engine load and the specific working conditions. The
correctness of the initial model was verified by simulation
and, also, by comparison of the results with those obtained
experimentally, on a physical model. The modified Petri
Nets model is carried out with an available software Visual
Object Net ++, which allowed at the same time the synthesis
of a hierarchical Object Petri Net structure. All models
obtained through this method had been synthesized through
an ascendant technique, around a central core, by adding
new elements according to the studied processes.
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I. INTRODUCTION

The approaches related to the modeling, analysis and
control of hybrid systems are, in the last years, issues of
great interest within the research teams, due to the
practical applications in the various fields. The main
paradigm of all researches related to a hybrid system
considers that such a system is most often, as a
hierarchical structure. On a basic level, there are
continuous sub-systems (processes), linear or nonlinear,
having an open loop or closed loop dynamic, controlled
by discrete event drive systems from a high level and
driven by occurrence of asynchronous events [2], [3], [4],
[51, [6], [7], [8], [9]. For the same set of events, the system
reaches always the same states. The evolution of the
system between its discrete switches is described such a
continuous dynamic which can be represented by
differential equation models

Starting from this paradigm, the paper will provide the
implementation of a basic model for analysing the DC
electric drives, assuming, from the start, that the system is
a hybrid one. Modifying the dynamics of the system is
made under the occurrence of a series of internal and
external events. The internal events can be determined by
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the variation limits of a system’s state variable, while the
external events can be determined by the action of some
disturbances or commands [6], [7], [8], [9], [11].

An adequate instrument for this means is the formalism
of Petri Nets, utilized for shaping and analysing the
distributed and concurrent systems, as well as for creating
interesting practical applications. By owning a friendly
graphic interface and an adequate mathematical
formalism, Petri Nets allow qualitative and quantitative
analysis of the shaped processes [2], [3], [4], [5], [14],
[15], [16], [17], [18], [19].

1I. BACKGROUND ON HYBRID PETRI NETS

In this paper, the authors did not propose a detailed
presentation of the basic definitions and concepts specific
to this formalism. Their approach is focused on the
specific representations of one particularly class of Hybrid
Petri Nets, suitable for modeling of a particular class of
hybrid processes, assuming that the main definitions and
rules of this formalism are known [2], [3], [4], [5], [6], [8],
[9], [10].

However, we must note here that among the main
discrete event dynamic systems models, Petri Net
techniques have a special position because they seem to be
more accepted in industry and the applications domain, in
general.

The first extension of Discrete Petri Nets (DPNs) was
the Continuous Petri Nets (CPNs) in which the marked
places are no more represented through integers but
through real numbers. These types of structure can,
therefore, shape continuous processes and systems.
Subsequent have been defined Various timed CPNs
models, corresponding to different calculation of the firing
speeds associated to the transitions [7], [8], [15], [17],
[18].

If combined Discrete Petri Nets and Continuous Petri
Nets in one single model, it has resulted the Hybrid Petri
Nets (HPNs) which have their dynamics, found in both
continuous and discrete systems. So, a Hybrid Petri Net is
a model made up of DPNs and CPNs that interact with
each other. (Fig.1). A such topology can contain in its
structure discrete, real and symbolic variables usually
encountered in other models or representation of hybrid
systems.

A model of this type inherits all the modeling facilities
that the discrete and continuous Petri Nets contain and, in
addition, allows the unitary treatment of the entire
dynamics of the system. [3], [6], [7], [8], [11].
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Fig.1 A Hybrid Petri net structure.

A hybrid modified Petri Net (Fig.1) is composed of two
distinct categories of subnets: one discrete (P3, Py, T3 and
T,) and the other continuous (Py, P,, T| and T,). These are
interconnected through several categories of arcs,
depending on the mechanism by which an adequate
dynamic of the whole network is ensured. In many cases,
one part can influence the behavior of the other part,
changing or no its own marking. In other situations, the
firing of a discrete transition can modify both the discrete
and the continuous marking of the model. Usually, the
firing speeds — associated to the continuous transitions of
the net — are constants and theirs values can be the same,
or different in various scenarios. The main inconvenient of
basic HPN models is that they cannot represent negative
continuous variables. which sometimes correspond to the
state variables of the process.

In order to overcome this shortcoming Differential Petri
Nets (DPNs) were introduced. These are an extension of
basic HPNs and can represent simultaneously continuous
dynamic systems, modeled as systems of ordinary
differential equations, and discrete event driven systems
[9], [10], [15]. The novel features of DPNs are the
negative real values accepted for place markings and the
use of an integration mechanism for the approximate
representation of the continuous systems. Under the
assumption that the continuous system can be represented
by a n linear first order difference state equation, they are
powerful enough to model in a single graph a hybrid
system. Also, similar to HPNs, a state equation can be
formulated, from which it is possible to deduce from a
initial marking (initial, or current state of the system) at
time ¢ the reachable marking (the state that can be reached
in the evolution of the process) at the date #;:

M) = M) + U (olte) + [Folddy ()

where U is the incidence matrix, the characteristic vector
o(t) represents the firing sequence for the discrete
transitions and the speeds vector w(t) contains the
instantaneous firing speeds of differential transitions.

Another feature that greatly increases the modeling
power is given by the possibility of associating some of
the model transitions with firing speeds represented by
algebraic functional expression, whose arguments can be
the marking quantities of arbitrary places of the net (Fig.
2), [11], [12], [13]. Also, it is possible that some places are
linked by test arcs — which not change at all the marking
of connected places - to the output transitions, authorizing
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in this way their firing. The result is named Modified Petri
Nets — (MPNs).

In the figure below, the firing speed v is the speed of
token flow from place P, into the place P, [9], [10]. The
transition Ty is active as long as the input place marking is
greater than zero; it can be inactivated only by the empty
discrete input places.

The test arc (dotted line represented) P; — T; does not
allow token flow between P, and Ps.
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Fig.2 An MPN topology.

According to the above representation, the
instantaneous firing speed — v — associated with the
continuous transition T; linking two continuous places (P;
to P;yy) is given by:
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If the place Pi is connected through ,, n” input arcs from
the rest of PN model ( Fig.3), then:

)

Fig.3 Continuous place with ,, n” input transitions.

In order to check all of goods properties of the models,
algebraic techniques can be used in addition with various
software tools, which assures in the meantime different
simulation scenarios in many different initial conditions
[11], [12], [13].

Accuracy of synthesized models can be verified by
comparing the simulation results with those obtained by
using other alternative modeling techniques, using
classical software tools (Matlab — Simulink, Modelica
etc.) or with laboratory experimental test, using and
starting from a physical model.
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III. CASE STUDY

Using combined synthesis techniques, in order to
highlight the ability of MPSs to represent hybrid systems,
the authors proposed a basic model of a DC electric drive
system, considered as a hybrid structure. Hence, starting
from the basic physical principles of the system and
thanks a linear and simplified mathematical model of this,
for the beginning the basic topology of the Petri Net
model was realized (called the parent Petri Net). This
parent net was used to model the process in different
operating scenarios, then this structure was developed by
adding additional elements to illustrate different operating
situations, in order to obtain a modular and flexible
framework — a Object Petri Net (OPN).

A. Mathematical model

Usually, the initial mathematical model of an DC
electric drive (Fig.4) consist of a linear differential
equations system, which emphasizes the main system
structure and stipulate the behavior rules for this one.

It is obvious that such topology is proper to describe a
hybrid and variable system structure, represented by
continuous models that switch successively depending on
the specific operating conditions, and which are used
successively (one or each other) for performances
analysis. The electric drive can work in different
continuous operating regimes, with the load permanently
connected to the motor shaft, or in intermittent operating
regimes, in which the load is periodically connected and
disconnected. So, both the system structure and the
mathematical model used for the analysis are variable,
depending on the specific working conditions.

w - ]
U, | Ym l bﬁ E ?%% Load
A4,

Fig.4 An DC motor drive structure

In a simplified mathematical model it’s assumed that
the inductivities of the armature circuits have constant
values (L, = ct., L. = ct.), the undesirable effect of the
reaction of the inducer, the voltage drop at engine brushes
(Au, = 0) and the friction torques are neglected and,
moreover, considering that the drive is controlled in the
rotor (¢ = ct.), the mathematical model can be represented
in relative units [1], [12]:
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The significance of the variables in the mathematical
model described by (4) and (5) is the one generally
accepted in the specialized literature [1], [11], [12].
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Starting from this point, the basic idea used in the
synthesis of the Petri Net model was to associate the input,
state and output variables of the mathematical model with
continuous places of an MPN model. Also, to the
continuous transitions of the model will be associated
variable firing speeds in accordance with (2) and (3) rules,
having as result a modular and flexible model topology
with a variable structure.

B. MPN model

Following the above idea, starting from (4) and (5),
using the facilities offered by DPNs and MPNs formalism
a first structure of the model was synthesized (Fig.5). In
this model, the DC electric drive works with the load
disconnected from the motor shaft (the load torque
4 =10).

Angular velocity
— relative units -

1 Pl P2
lzgl\zzizulfrgltz Rotor current

' T, — relative units -

1

O

Fig.5 MPN model of an DC electrical drive for z, =0

The place P; contains the power supply variable (the
input variable), expressed in relative units - . Its marking
(1 for rated value) authorizes the continuous firing, with
speed v and v, respectively of both continuous transitions
T, and T,. In accordance with evolution rules of MPNs,
during continuous firing of these transitions, the marking
of the place P, does not change. The P, place contains the
instantaneous angular velocity variable (state/output
variable), also expressed in relative units - v. Similarly, in
the place P; was expressed instantaneous variable of the
current in the motor rotor (state variable) - i. The
mathematical expressions of the two instantaneous and
continuous firing speeds v; and v, respectively were
obtained directly from (4) and (5), according (2) and (3)
rules:

(6)

@

The parent net model (Fig.5) was synthesized using a
specialized software tool, which allowed, at the same
time, both the verification of its correctness and the
analysis of the behavioral properties, via simulation [11],
[12], [15]. Fig.6 illustrates the transient regime during the
starting process with full rated voltage and under no-load
condition, which essentially means that the load torque
My = 0, for an DC electric drive with: Py = 2,64 kW,
Un =110V, Iy =30 A, ny = 1500 rpm, R, = 0,36 ohm,
L,=0,125 H, J= 1,2 kgm®. These results were obtained
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following the simulation scenario of MPN illustrated in
Fig.5, which will be called M; — model.
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Fig.6 The transient regime during the starting process (z = 0)
reached by simulating the MPN model of an DC electrical drive,
using the VisualObjectNet++ tool.

As already stated, the basic topology of the MPN model
(the parent net — Fig.5) denotes a modular structure, which
can be enriched and refined by adding other different
functional Petri Nets elements, in accordance with the real
modeled system and its dynamics.

Hence, for illustrate the behavior of the DC motor in
presence of the load torque Ms, a complementary sub —
net can be added at the parent model (Fig.7). The new
MPN model — M, model - achieved is also a modular and
synthetic framework which contains in its structure the
topology of the basic (parent) model M; (Fig.5). It allows
simulations and analysis of behavioral properties of the
electric drive under different initial conditions and various
operating regimes (starting, speed control, electric
breaking etc.) as well for different mathematical
expressions of the load torque [11], [12], [13], [14].

T Load model
1

DC drive
model — M,

\ DC motor model — M, J

Fig.7 The MPN model of an DC electric drive for s = 1.

Each continuous transition of the model it’s always
active; these can only be disabled by a null marking of
discrete input places. The test arcs Py — Ty, P, — T, and P,
— T3 does not allow token flow of their input places (P;
respectively P4), but only authorized the firing of
continuous transition of the model. This makes it possible
to model various categories of systems without feedback:
the token quantity of P, and P, is not influenced.

The enriched M, model of the electric drive was
synthesized and then its behavioral properties were
verified by on-line simulation using Visual Object Net++
software tool [12], [13]. Also, the simulation results were
compared with the laboratory experimental results or
other sets of Matlab-Simulink models simulations, for the
same scenarios and initial conditions. Fig. 8 illustrates the
transient regime of the angular speed and of the rotor
current respectively, during the starting process with full
rated voltage of the power supply (the initial marking into
P, isu=1), and at rated load torque (¢ = 1). The results
were obtained by simulating, for an DC electric drive
with the same rated values as those used for the
representation in the Fig.6.
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Fig. 8 On-line simulation results of the MPN model for M, = My.

If the load of the motor is constant as value
(Mj=ct.) and it’s periodically connected and disconnected
from the shaft, the electric drive works in an intermittent
operating regime. In this case, the topology of the model
can be expanded by adding a sub-model of the control
structure. This sub-model can be a discrete, temporized
Petri Net (Fig.9). Also, the commands for connecting/
disconnecting the load to the motor shaft can be given
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according to the values of state variables achieved from
the process.

Load model

Fig.9 The Hybrid Petri net model of the electric DC drive
working in an intermittent operating regime, with a
constant load.

Dynamics of the whole system in the states space is
determined by the occurrence of the external events
(connect/disconnect commands of the load). This
behavior ensures greater flexibility for the entire model,
that switches between M; and M, topologies. In
accordance with these external command-type events, the
hybrid system reaches a new quality and its behavior can
be represented as a three — dimensional reachability graph
(Fig.10).
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Fig.10 The reachability graphs of the hybrid system:
a) rotor current; b) angular velocity.

These representations (named reachability graph)
provides complete information about the whole set of
values reached by the state variables of the system (the
rotor current and the angular velocity in this case) as a
result of occurrence of external event sequences.
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Through minimal modifications of the initial MPN
topology, different variants of the inner model can be
achieved. These can be used to analyze particular
situations and scenarios.

Thus, for a linear dependence between the load torque
of the motor and its angular velocity (us = k-v) the M,
model (Fig.7) can be enriched by adding two discrete
transitions (T, and Ts), which induces only minimal
changes in the basic structure of the parent MPN (Fig.11).
The discrete transition T, is permanently enabled and the
weight of the T4 — P4 arc — k- v - assures a continuous
variation of the P, marking.

Ts4 P4

k-v‘@

ﬂsl

“(Tu/ Ta) i-(Tud (0 Ta)) V(T (p-Ta) )1t
Fig.11 DC electric drive MPN model for x4 =k-v.

C. Object Petri Net paradigm

The formalism of Petri Nets, discrete, continuous or
hybrid is suitable for the analysis of small systems. In the
case of large-scale systems or processes, the topology of
the model and its own dynamics can raise serious
problems, especially related to the complexity of the
system and the "explosion" of the state space. Once the
Petri Net model is built, the structural changes that can be
made are, usually, small. A possible way to solve some of
these drawbacks is to introduce the Hybrid Object Petri
Nets (RPHOs) whose elements are Petri Nets sub-models,
organized as independent entities, with their own structure
and dynamics, located on different levels of organization
and directly or through auxiliary elements of the same
nature interconnected [11], [12], [13]. An important
advantage of this mode of representation is the possibility
of inheriting the properties of the old class by the new
class achieved. Also, the objects belonging to it include
the properties of the primary objects. The whole model of
the system (process) is thus represented by the interaction
of several object Petri Nets that communicate with the
user through input/output interfaces. The structure of the
model provides information on the organization and
interaction of its "attributes", considered variables of the
Petri Net model, related to its positions and described by
an appropriate marking.

Using this concept, also the software tool facilities
Fig.12 shows the Object Petri Net hierarchical structure of
the electric drive model (Fig.7); the marking of published
interface places can be modified from the environment, or
by interaction between many object nets. Visual Object
Net++ is a software suitable tool which provides such
hierarchical structures [11], [12].
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Fig.12 The Object Net built from the initial parent MPN model.

IV. CONCLUSIONS

The analysis has shown the possibility of applying the
formalism of Petri Nets in a domain governed by abstract
analytical models, adapted to the continuous aspect of the
deployed processes. Aside from the classical
representations, the Continuous Petri Nets model proves
to be efficient in obtaining basic modular structures,
which have a high abstraction -capacity, organized
afterward in network-type objects with increased
flexibility and variable structure.

Moreover, the dynamic of the process governed by
asynchronous external events had imposed the extension
of the formalism to the Generalized Hybrid Petri Nets. In
their structure had been used both discrete elements, for
highlighting how the events act, as well as elements
through which the operating restrictions limit the
evolution of the continuous sizes like the test arcs.

The models obtained through this method had been
synthesized through an ascendant technique, around a
central core, by adding new elements according to the
studied processes.

Especially useful for the analysis, the Visual Object Net
++ software tool had allowed the gradual construction of
models and, at the same time, a simulation check-up of
their properties. There are software tools which provide
the user with a complete set of information, useful in
drawing conclusions or come up with generalizing
phrases, along the step by step evolution of the model’s
marking (state). No matter the type of software which is
going to be used, it requires a good understanding of each
network’s own mechanisms and good knowledge of the
physical system. The heuristic attribute of the models
allow, almost every time, a thorough structuring of the
initial topology, which simplifies the structure, and leads
to more synthetic networks, in spite of the veiled
correspondence with the shaped or analyzed physical
model (especially high-level networks.)

The results received after the simulations on hybrid
models (a mix between Continuous Nets and Discrete
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Nets) are more than encouraging and plead about
extending this method to develop some command
structures which should include Petri Nets Complier,
code generators for command-control software tools.
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