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A Novel Colored Fluid Stochastic Petr1 Net
Simulation Model for Reliability Evaluation of
Wind/PV/Diesel Small Isolated Power Systems
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Abstract—This paper introduces a new general methodology for
the modeling and reliability evaluation of small isolated power
systems, which include wind turbines, photovoltaics, and diesel
generators, based on fluid stochastic Petri nets (FSPNs). The
proposed methodology presents two major novelties in FSPN mod-
eling, namely: 1) the introduction of a new kind of Petri net arc,
called the database arc, which makes possible the direct import
of real data in the simulation process; and 2) the selection of
constant time intervals in FSPN modeling, instead of assuming
continuous dynamics defined by the change of fluid level over time.
Moreover, in order to construct the overall system model, this
paper proposes a general framework for modular representation
of the system under study following a number of well-defined
steps. The obtained model is fully parameterized and compared to
classical simulation methods, it provides to its user the additional
advantage of graphical representation of system’s components and
attributes. Four scenarios, which describe power system’s perfor-
mance under different conditions, were implemented. For each
one of the developed scenarios, nine reliability and performance
indexes have been calculated and compared.

Index Terms—Fluid stochastic Petri nets (FSPNs), hybrid sys-
tems, photovoltaics (PVs), reliability evaluation, renewable energy
sources (RES), simulation, small isolated power systems (SIPS),
wind turbines (WTs).

LIST OF ACRONYMS AND SYMBOLS

Acronyms
SIPS Small isolated power systems.
RES Renewable energy sources.
DG Diesel generator.
WT Wind turbine.
PV Photovoltaic.
PN Petri net.
CPN Colored Petri net.
FSPN  Fluid stochastic Petri net.
LOEE Loss of energy expectation.
EIU Energy index of unreliability.
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DG energy produced.

Mean time to failure.

Mean time to repair.

Time to failure.

Time to repair.

Standard test conditions for PVs.

Set of FSPN places.

Subset of FSPN discrete places.

Subset of FSPN continuous places.

Set of FSPN transitions.

Subset of FSPN stochastically timed transitions.
Subset of FSPN immediate transitions.

Set of FSPN arcs.

Subset of FSPN normal arcs.

Subset of FSPN inhibitor arcs.

Subset of FSPN test arcs.

Subset of FSPN database arcs.

Function that describes the upper bound of tokens
on each FSPN place.

Weight function that refers to FSPN arc weights.
Initial state of FSPN.

Place i of FSPN.

Transition ¢ of FSPN.

Marking of place p;.

Finite set of nonempty types (color sets) of a CPN.
Color function of a CPN.

Guard function of a CPN.

Continuous FSPN place.

Discrete FSPN place.

Rated power of WT.

Wind speed.

Cut-in speed of WT.

Cutout speed of WT.

WT generated power.

Shape factor of Weibull distribution.

Scale factor of Weibull distribution.

Mean annual wind speed.

Uniformly distributed random number generation
function in the interval (0, 1).

Power of the PV array.

Inverter efficiency.

PV derating factor.

Nominal PV array power.
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Ga Global solar radiation incident on the PV array.
Gsre Solar radiation under STC (1 kW/m?).
Te Temperature of the PV cells.

Tstc STC temperature (25 °C).

Cr PV temperature coefficient.

Ta Ambient temperature.

G Global solar radiation on a horizontal plane.
NOCT  Normal operating PV cell temperature.

1. INTRODUCTION

SMALL isolated power system (SIPS) presents some
unique characteristics that are related with its distance
from the electrical grid and the small amount of load that it
has to serve. Renewable energy sources (RES) are often present
in geographically remote and demographically sparse areas,
so they can be used as an energy source in SIPS. However,
since renewable technologies depend on a resource that is
not dispatchable [1], they are used as a supplementary energy
source working in parallel with dispatchable units, such as
diesel generators (DGs), in order to save fuel. The primary
choices of RES technologies in SIPS are usually wind turbines
(WTs) and photovoltaics (PVs). The combination of WTs and
PVs may improve their individual performance by attenuating
the resulting fluctuations, increasing the overall energy output,
and reducing furthermore fuel consumption.

For the reliability evaluation of SIPS, mainly deterministic
techniques have been applied such as: 1) the loss of largest unit;
2) a fixed percent margin; or 3) a combination of the pre-
vious two methods. However, these techniques do not define
consistently the true risk of the system, as they can lead to
very divergent risks even for systems that are very similar.
This characteristic makes the provided results unreliable in
many cases. In addition, these techniques cannot be extended to
include intermittent sources, such as wind and solar energy [2].
Besides the deterministic techniques, the other two basic ap-
proaches for reliability evaluation of power systems are the
direct analytical methods and the Monte Carlo simulation. Most
of the published work in SIPS that contain wind energy conver-
sion systems is focused on the use of analytical methods [3], [4]
which, however, cannot recognize completely the chronological
variation of wind and its effect in the operation of SIPS that
contain WTs or PVs.

Petri nets (PNs) are a graphical and mathematical tool orig-
inally developed for the modeling and analysis of distributed
systems and in particular for the notions of concurrence, non-
determinism, communication, and synchronization. One of the
main advantages of PNs as a modeling tool is that they have
very few, but powerful, primitives that make them relatively
easy to apply. Extension of their use for dynamic systems mod-
eling made necessary the introduction of time delays, leading
to the definition of (deterministic) timed PNs and stochastic
PN [5], which are useful for performance evaluation (manufac-
turing systems [6], [7], computer systems [8], etc.). Moreover,
the high complexities of such systems guided to abbreviations
of the original graphical representation of PNs. Colored PNs
(CPN5s) [9] belong to this category, as with the use of colors,
the modeling of complex systems with repeated structural parts

1297

can be significantly simplified, maintaining at the same time the
discrete character of the tool. To enhance the application of PNs
in the field of continuous systems, several extensions and varia-
tions were introduced, with most important hybrid PNs [10],
[11] and fluid stochastic Petri nets (FSPNs) [12]. These PN
variations combine both continuous and discrete components
and thus can describe hybrid systems, such as power systems.
In this paper, the FSPN model has been selected, since it
concentrates on the evolution of the stochastic process involved
[13]. This makes it appropriate for power systems simulation,
especially in the case that they include a large number of
stochastic variables (e.g., SIPS containing RES technologies).

PNs combine the characteristics of simulation methods with
the additional advantage of graphical representation. Moreover,
PNs contain a complete collection of analysis tools which can
be used for the detection of a number of structural properties
that are useful for the behavioral and quantitative analysis of
the system. Compared to classical simulation methods, PNs
incorporate significant advantages such as absence of logical
errors and deadlocks, impossibility of reaching catastrophic
states, and inherent concurrence [14].

Another attractive feature of PN is that they can be used for
hierarchical representation of complicated systems. Hierarchi-
cal methods refer to the reduction of a complicated problem
in a number of simpler approximative subproblems which
can be solved, and their solutions are appropriately combined
to produce the overall problem solution. The main reasons
that make the application of such an approach necessary are,
namely: 1) the interactions between the systems components;
2) the extensive number of events taking place in a system
of real complexity; and 3) the information exchange between
them. Two families of hierarchical approaches are met in the
bibliography: a) simplification of the implemented models by
reducing the considered details; and b) synthesis techniques
based on the use of modular subsystems. Modular-based tech-
niques are further divided into two subcategories, namely: top-
down synthesis and bottom-up synthesis. In the first case, a
model is built, and through an iterative process, details are
added to it, while in the second case, the overall system is
decomposed into subsystems, the PN model of each subsystem
is implemented, and synthesis techniques are used to construct
the PN model of the overall system.

The features described earlier verify the suitability of PNs for
the modeling of reliability and safety scenarios in engineering
systems [15]. In power systems area, PNs have been used for
reliability evaluation and fault diagnosis, mainly in transmis-
sion and distribution systems [16]-[18]. In power generation,
PNs have been used in the analysis of grid-connected systems
[19], [20], isolated systems [21], as well as on the temperature
control of a cogenerative plant [22]. However, the examined
types of systems described contain only conventional energy
sources, so modeling of RES technologies seems to be a
new task.

This paper proposes a reliability evaluation simulation model
for SIPS based on FSPNs. The proposed methodology con-
siders subsystem models that are structurally and function-
ally connected appropriately using common structural elements
(common places or transitions). In addition, the methodology is
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of general use and makes possible the construction of the model
and the calculation of its necessary parameters according to the
given characteristics, following a number of well-defined steps.
Moreover, instead of considering continuous dynamics defined
by the change of fluid level over time as in the bibliography, a
novel approach that assumes constant time intervals is adopted
here, and the most important quantitative and qualitative char-
acteristics of a system’s operation are studied. The examined
SIPS can contain one or more WTs, a PV array, and a DG, while
the calculations are performed on an hourly basis, in order to
take into account the variations of wind speed and load demand
in SIPS performance. The load consumption is derived from an
hourly load profile that is inserted in the proposed FSPN with
the help of the database arcs that are introduced in this paper.

A major advantage of the proposed methodology is that the
PN model is very flexible, since several of its variables are
parameterized (can take alternative values). These variables in-
clude simulation duration, peak load, WT, PV and DG technical
characteristics, as well as failure and maintenance durations.
Another benefit arising from the use of the proposed methodol-
ogy is that it can be treated in two ways, namely: as a typical
simulation procedure, as well as a combination of graphical and
mathematical representation of SIPS operation state. Thus, the
proposed methodology can be used either by SIPS planners and
designers for the evaluation of different system configurations,
or by SIPS operators for the simulation of a system’s operation
and the examination of a system’s performance under several
operating states including extraordinary conditions. In order to
investigate the flexibility and the capabilities of the proposed
methodology, a base scenario has been considered that contains
one WT, a PV array, and one DG. Then the results of the
base scenario are compared with the results provided by the
same FSPN under three different scenarios, namely: 1) adding
a smaller WT in the system; 2) existence of lower wind po-
tential; and 3) increasing DG capacity. The evaluation of each
examined scenario is based on the calculation of five reliability
and four performance indexes.

This paper is organized as follows: Section II presents the
basic reliability indexes and energy quantities that are used in
the study of hybrid SIPS containing WTs and PVs. Section III
contains a brief description of FSPNs. Section IV introduces the
database arcs that are used so as to import more precise data in
the simulation process modeled by the PN. Section V analyzes
the structure of the proposed FSPN, and Section VI presents
and discusses the obtained results. Section VII concludes the

paper.

II. RELIABILITY AND PERFORMANCE INDEXES

The basic reliability indexes that can be obtained through the
simulation of the considered SIPS are listed as follows [23]:

1) Loss of load probability (LOLP), which is defined as the
probability that the load will exceed available generation.

2) Loss of load expectation (LOLE), i.e., the expected hours
per year during which a system capacity shortage occurs.

3) Loss of energy expectation (LOEE), which represents
the expected energy not supplied by the generating units
per year.
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4) Energy index of unreliability (EIU) that normalizes
LOEE by dividing it with the annual energy demand.

5) Frequency of interruptions (FOI), i.e., the expected num-
ber of times that loss of load occurs per year.

The knowledge of the above five indexes leads to the
estimation of numerous other reliability indexes [23].
In addition, the following four performance evaluation
indexes are computed:

6) Wind energy production (WEP) from WTs expressed
in kWh.

7) Surplus energy (SE), which expresses the amount of
energy (in kWh) generated from WTs and PVs that was
available but not utilized.

8) Capacity factor (CF) that expresses the actual energy
output of WT for a year divided by the energy output if
WT operated at its rated power output for the entire year.

9) Diesel generator energy production (DGEP), expressed
in kWh.

III. FSPNs

The FSPNs used in this paper arise from the FSPN defin-
ition presented in [24] by adapting certain features according
to the desired behaviors. An FSPN is defined as FSPN =
{P,T, A, B,W, My}, where P is the set of places partitioned
into the subset of discrete places Py and the subset of contin-
uous places P, and T is the set of transitions partitioned into
the subset of stochastically timed transitions 7, and the subset
of immediate transitions 7;. The set A of arcs is partitioned
into four subsets, namely: the subset A, of normal arcs, the
subset A; of inhibitor arcs, the subset A; of test arcs, and the
subset Aqyp, of database arcs. In a PN, transitions and places are
connected through arcs interchangeably. A transition without an
input place is called a source transition, while a transition with-
out any output places is a sink transition. Function B describes
the upper bound of tokens on each place. The weight function
W refers to arc multiplicity weights and can be a constant num-
ber, a mathematical function, or a function of certain places’
markings. Finally, the initial state of FSPN is denoted by M.

In an FSPN, discrete places are drawn as simple circles

O and continuous places as double circles © The lower
bound of each discrete place marking is zero, while continuous
places can have a negative marking. The presence of a negative
marking in a continuous place does not change the fundamental
firing rule of PNs. Immediate transitions are represented as
black bars HEEM, and timed transitions (either deterministic
or stochastic) are represented as empty bars 1. In case of
structural conflicts, priorities in the firing of the transitions can
be defined. The default priority for a transition is one, while
transitions with higher priorities are represented with the typical
bar symbol, containing their priority index (e.g., Flll).

Normal arcs are drawn as usual arcs (—), inhibitor arcs
are represented by arcs whose end is marked with a small
circle (—»0), while test arcs are represented by arcs with
dotted lines (— — ). The use of these arc extensions increases
significantly the modeling capabilities of a PN. If a place p and
a transition t are connected with an inhibitor arc with weight
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Fig. 1. Firing control of an immediate transition when it is combined with a
continuous input place.

w, t can only fire if the marking of p is less than w. On the
contrary, if p and ¢ are connected with a test arc with weight w,
t can only fire if the marking of p is greater than or equal to w.
After the firing process, the marking of p remains unchanged
since no tokens are removed through inhibitor and test arcs.
For complete information about enabled conditions and firing
sequence in PN models that contain discrete and continuous
nodes, the reader is referred to [25].

In FSPNs the study of a hybrid system’s continuous part is
performed by assuming rates equal to arc weights that connect
continuous places and timed transitions. The product of the
arc’s weight with the time duration of its related transition is
equal to the fluid level change. However, in SIPS simulation
models (such as HOMER [26] and HYBRID2 [27]), constant
time intervals—mainly hourly—are considered, and during
them, the input and output variables of the system are supposed
to be constant. The operation of the proposed FSPN follows
this approach. Places are used to calculate the basic charac-
teristics of SIPS operation. Continuous places are used for the
calculation of variables taking as values real numbers, while
discrete places are used for the calculation of variables taking as
values positive integers, as well as for the control of transitions
firings. In the whole PN model of Section V, there is only
one deterministic timed transition with duration equal to the
selected time interval. The remaining transitions are immediate,
and the simulation exploits the structural PNs’ properties of
concurrence and parallelism to proceed. Arc weights are used
for the calculations of studied characteristics, and quite often
their value is a function of a place marking.

The use of continuous places as exclusive inputs to immedi-
ate transitions results in an event that keeps reoccurring with a
probability equal to one. This function is depicted in Fig. 1(a),
where t; fires infinitely; in the first firing, £; removes the
fluid from p,, and then it continues to fire with zero fluid.
The symbol M p; related to certain arcs denotes that these arc
weights are equal to the marking of place p;. The modeling
of the same situation according to Fig. 1(b) solves the problem.
Transition ¢; fires as many times as the number of tokens in p,.
Moreover, the presence of p, gives to the PN user additional
qualitative information related to the frequency that an event
occurs, in parallel with the quantitative information that the
continuous place provides.

Fig. 2 presents a simple example that is equivalent with an
IF statement. The presence of discrete place p, is essential
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Fig. 2. Implementation of IF condition using inhibitor and test arcs.

for the firing of the transition that satisfies the true condition.
For markings of p; less than five (that is the arc weight of the
inhibitor arc), £, fires, while for markings of p; greater than or
equal to five (that is the arc weight of the test arc), £ fires.

The definition of CPNs adds into the tuple of an ordinary
PN the quantities 3, C, and GG. More specifically, ¥ is a finite
set of nonempty types, also called color sets, C' is a color
function that is defined from the set of places P to ¥, while
G is a guard function that maps each transition into a Boolean
expression where all variables have types that belong to X. For
more information about the problem of introducing colors in
fluid systems, the reader is referred to [28]. It should be noticed
that in the developed simulation model, different colors are
considered as a graphical abbreviation in parts of the PN that
do not contain timed transitions. Therefore, the use of CPNs is
equivalent with a DO loop in these parts.

IV. DEFINITION OF DATABASE ARCS

In a PN simulation, it is possible that some variables, rep-
resented by places, have to take specific values that either
cannot be modeled in a PN environment, or their modeling will
increase significantly the graphical complexity of the system.
For example, in order to examine the performance of SIPS for
a specific hourly load profile of a year (8760 values), large
numbers of places and arcs must be added to the PN for
obtaining the desired load value for each hour. The increase of
structural complexity in a PN leads to significant problems such
as state space explosion, increase of the overall computational
complexity, and increase of the simulation running time. For
the solution of such problems, the concept of database arcs is
introduced in this paper.

A database arc is connecting an immediate or timed tran-
sition, which has only one input place, with a continuous or
discrete place. The weight of a database arc can take values
that are included in a given matrix and is symbolized with

{%", where A is the name of the input matrix. A database
arc is defined by its dimension number and its input place. The
dimension number refers to the dimension of the input matrix
A. For example, a column vector has a dimension equal to one;
a 2-D matrix has a dimension equal to two, etc. The input place
is always of discrete type, and it refers to the input place of the
transition that is connected with the database arc. The marking
of the input place shows the position of the element in A that
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Fig. 3. Operation of database arcs.

is desirable to be imported in the considered analysis. If the
dimension number is greater than one, the input place contains
tokens of different colors. In that case, each color represents
a different dimension of the input matrix. The correspondence
between a specific color and the dimension number is common
for all database arcs of the PN model.

Due to its discrete type, the input place of a database arc has
a lower bound equal to zero and can enable its output transition
if the marking is greater than zero. After the firing process, its
marking becomes equal to zero, and the transition can fire again
only if its input place is refilled. Moreover, an upper bound is
associated with the input place of database arcs which depends
on the number of elements of input matrix in each one of their
dimensions. In case that the marking of the input place exceeds
its upper bound, the transition is not firing. On the other hand,
care must be also taken at the destination place of a database arc
if this place has a finite capacity. Among the several strategies
that have been proposed in the literature [29], the clamping
strategy is adopted here, which truncates the marking of the
place to the specified capacity.

Fig. 3 shows an example of graphical modeling and operation
of a database arc. For this example, it is considered that the
database arc obtains values from matrix A

2 0 —124 cos(n/4)
A=1698 In(5) 9 37 : (1)
—V3 T4 —42  exp(3)

The database arc that is depicted in Fig. 3 has dimension
number equal to two, since matrix A is 2-D, while the input
place p; contains tokens of two colors. For clarity reasons,
the marking of p; that corresponds to the desired row of A is
represented in black, and the marking of p; that corresponds to
the desired column of A is represented in gray. Fig. 3(a) shows
the state of the PN before the firing of ¢;, from which it can be
observed that the requested element can be found in the second
row and third column of A. Fig. 3(b) shows the state of the PN
after the firing of ¢;, in which the place p, has a marking value
of nine, since A (2, 3) = 9. After the firing of ¢4, the input place
p; does not contain tokens in both colors.

Following this methodology, it is possible to retrieve the
desired value of a matrix by putting the appropriate marking in
the input place. For example, the PN model can be adjusted to
export sequentially the elements of a row, a column, a diagonal,
or to make a random selection. The use of database arcs can
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be very helpful in the following situations especially when the
number of data is large:

1) when it is desirable to import data that have to take
specific values in a given sequence (e.g., meteorological
data, network and automotive systems traffic data, biol-
ogy data, sensor data, etc);

2) when the data do not follow any typical probability
distribution function.

V. WT/PV/ DG SIPS MODELING WITH FSPNs

This section describes the application of the proposed FSPN
methodology for the modeling and hourly simulation of a SIPS
that contains WTs, PV arrays, and DG. The developed model is
taking into account the load demand, the wind speed variation,
the WT power generation, the PV power generation based on
radiation and temperature data, and the DG operation. More-
over, the evaluation of SIPS is achieved with the calculation of
the reliability and performance indexes described in Section II.
All the necessary simulations were implemented using Visual
Object Net PN simulation package [30].

The main steps of the proposed methodology are depicted in
Fig. 4. Following this process, the user constructs the overall
FSPN model safely and effectively, independently of the com-
plexity of the studied system. The overall system is divided into
a finite number of fundamental subsystems according to the
characteristics of the studied SIPS. The FSPN models of these
subsystems are constructed, analyzed for their behavioral prop-
erties, and appropriately connected according to the considered
topology and subsystems interaction in order to form the overall
FSPN model. Then, the quantitative parameters are added to
make it functional. The results obtained by the proposed FSPN
are compared with the respective results of Monte Carlo simu-
lation. By validating the FSPN model, it is ensured that it can
be applied for the simulation of alternative scenarios.

The structure of the proposed FSPN, shown in Fig. 5,
can contain six fluid stochastic Petri subnet (FSPsN) models,
namely: 1) the input layer FSPsN that contains time information
and parameter values; 2) the load demand FSPsN that imports
load data to the model; 3) the WT FSPsN that simulates the WT
operation; 4) the PV FSPsN that simulates the PV operation;
5) the diesel generator FSPsN that simulates the DG operation;
and 6) the output layer FSPsN that calculates reliability and per-
formance indexes. The interactions between the six FSPsN are
also depicted in Fig. 5 with the help of arcs that connect them.

The four intermediate modules (WT, PV, load, and DG)
of the proposed FSPN of Fig. 5 calculate the supply and
demand of energy. The load model imports load data with the
use of database arcs. The WT model contains the simulation
procedure of one or more WTs. In case of existence of two or
more WTs, a CPN is used, and each WT is represented with
a different color. The PV model imports temperature and solar
radiation data via database arcs and calculates the output of the
PV array. The diesel generator model simulates the operation
and maintenance of the DG. The WT and PV models are used
as input to the DG module (Fig. 5), as the considered dispatch
strategy presupposes the use of all wind energy produced and
PV energy before DG serves the remaining load. Although the



KATSIGIANNIS et al.: COLORED FLUID STOCHASTIC PETRI NET SIMULATION MODEL 1301

Construct the Input and
Output layer FSPsN models
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Construct the Load demand
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Import load data
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(WT, PV, DG)
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structure of components
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FSPN model

y

Trial simulation
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Validation of results
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structure and/or parameters

End

Fig. 4. Main steps of the proposed FSPN methodology.

Input layer
e FSPsN model

Wind Turbine
FSPsN model .

Load demand Diesel Generator

FSPsN model ¥ FSPsN model
Photovoltaic
FSPsN model

N Output layer

FSPsN model

Fig. 5. Structure of the proposed FSPN for SIPS modeling.

TABLE 1
DESCRIPTION AND INITIAL VALUES OF INPUT LAYER PLACES
Place  Description Type Initial Value
Pinl Number of simulation years Disc. 500
Pin2 Remaining hours of the year Disc. 8760
Pin3 Current hour of the year Disc. 0
Dind Annual peak load demand Cont. 25.00 kW
Pins Shape factor of Weibull distribution Cont. 2.00
Pins Mean annual wind speed Cont. 7.00 m/s
Pin7 Number of WTs Disc. 1
Pins Rated power of WT, Pg Cont. 20.00 kW
Pino Cut-in speed of WT, Vj, Cont. 3.00 m/s
Pinio Rated speed of WT, Vg Cont. 11.00 m/s
Pinti Cut-out speed of WT, Vur Cont. 22.00 m/s
Pini2 Coefficient a of WT, eq. (2) Cont. 2.49
Pini3 Coefficient b of WT, eq. (2) Cont. -1.74
Pinl4 Coefficient ¢ of WT, eq. (2) Cont. 0.30
Pinis Mean time to failure for WT Disc. 1920 h
Pinl6 Mean time to repair for WT Disc. 80 h
Pint7 Nominal power of PV array, Psrc Cont. 20 kW peak
Pinl8 Nominal operating PV cell Cont. 48°C
temperature, NOCT
Pin1o Inverter efficiency, n,, Cont. 0.90
Pin20 PV derating factor, fpy Cont. 0.90
Pin21 PV temperature coefficient, Cr Cont. -0.004 /°C
Pin22 Maximum power of DG Cont. 18.00 kW
Din23 Scheduled maintenance of DG Disc. 1000 h of
operation
Pin24 Lower bound of DG maintenance Disc. 2h
duration
Pin2s Upper bound of DG maintenance Disc. 24 h
duration
Pin26 Starting failure probability of DG Cont. 0.01

proposed PN simulates the entire year, with only a few modifi-
cations it can be used to examine the results for a specific period
of the year (summer period, specific months or weeks, etc.).

A brief description for each one of the six FSPsN models
of Fig. 5 follows. For simplicity, when there is a connection
between FSPsN models, only their direct connected parts with
the described FSPsN are depicted.

A. Input Layer FSPsN Model

For the flexible parameterization of the system, the input
layer of the proposed FSPN of Fig. 5 contains all the values that
can be modified by the user in order to evaluate the performance
of SIPS under different conditions. The places that are used as
parameters, their type [either continuous (Cont.) or discrete
(Disc.)] and their initial values are presented in Table I. All
these places are connected, with the help of test arcs, with the
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rest modules of the model (i.e., they remain unchanged during
the whole simulation period), with the exception of places
describing simulation time (p;,,1, Pin2. and p;,,3). Moreover,
the input layer consists of three transitions, namely: 1) the
immediate transition ¢;,,1, which is needed for the conversion
of the simulation years (place p;,,;) to the remaining hours of a
year (place p;,,»); 2) the timed transition ¢;,,2, which represents
the hourly time step of the simulation; and 3) the immediate
transition ¢;,,3, which is the input transition for all the places
that their marking is calculated via database arcs. Finally, a
discrete place named p;,, o7 is also contained in order to ensure
the proper firing of £;,,1.
WTs are modeled using

0 V < Vin (a)

_Ja+b- Ve V2 Vin <V <Vg (b)
Bwr(V) = Pr for e <V < Vour (o)
0 VeV ()

where Pyt is WT generated power, V' is the wind speed, Pr
is the rated power of WT, V;, is the cut-in speed, VR the rated
speed, and V,,,; the cutout speed. The coefficients a, b, and c of
a WT are calculated by solving the following linear system of
equations:

a+b-Vig+c V2 =0
a—l—b-VR—i-c-V]%:PR

V)3
b-Vodc-VE=P (Ve 3
a-+ +c-V; LANTAE 3)
where

Vc:w. (4)

For a WT with Pr = 20 kW having V;,, =3 m/s, Vg =
11 m/s and V,,,; = 22 m/s, the obtained coefficients a, b, and
c are equal to 2.49, —1.74, and 0.30, respectively.

B. Load Demand FSPsN Model

Load model was implemented using database arcs and is
depicted in Fig. 6. The imported data contain a vector named
Load that consists of the 8760 values of hourly ac load
expressed as a percentage of annual peak and comes from the
IEEE-RTS [31]. Load is then calculated in p;,, 43 by multiply-
ing the resulted ratio, p;,qq41, With the annual peak demand,
Pina- Place D .q5 sums the hourly load values; and thus, the
annual load demand is estimated. The obtained value of p;,q45
at the end of a simulation year is used for the calculation of
the energy index of unreliability (EIU). It has to be noticed
that the IEEE-RTS annual load profile consists of 8736 values
(364 days). In order to obtain 8760 hourly values, it is supposed
that the load of the 365th day of the year is equal to the load of
its previous week’s same day (358th day of the year).
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Input Layer

Fig. 6. Load demand FSPsN model using database arc.

C. WT FSPsN Model

In wind data analysis, the wind speed is assumed to follow
a Weibull distribution which requires knowledge of two para-
meters, namely: the shape factor kw and the scale factor cyy.
For wind data, a realistic value for the shape factor is kyy = 2,
while an accurate approximation for the scale factor in a range
of shape factors between 1.5 and 4 is given from [32]

Cw — 1.128 - Vannual (5)

where V annual i the mean annual wind speed. For each hour
1 of the year, the wind speed at hub height V; can be found by
applying the inverse transform method in Weibull probability
distribution [33]

Vi = cw - (= In (rnd(0, 1)))Y*w (6)

where rnd(0, 1) is the uniformly distributed random number
generation function in the interval (0, 1). In the followed
implementation, a value of 7 m/s for V ,nua1 at hub height has
been assumed. Moreover, a forced outage rate of 4% for WT
has been considered, with mean time to failure (MTTF) equal
to 1920 h and mean time to repair (MTTR) equal to 80 h [2].
For both cases, the probability of time to failure (TTF) and time
to repair (TTR) follows an exponential distribution, so both
variables can be calculated using the inverse transform method
[33] as follows:

TTF = — MTTF - In (rnd(0, 1)) @)
TTR = — MTTR - In (rnd(0, 1)). ®)

After the calculation of TTF and TTR, the obtained val-
ues are rounded down to the nearest integer. In the proposed
FSPN simulation, the random number generation for a variety
of probability distributions is implemented by the proper arc
weighting, using functions of the inverse transform method.



KATSIGIANNIS et al.: COLORED FLUID STOCHASTIC PETRI NET SIMULATION MODEL

1303

Input Layer

o Lyindl

_—_————————— _I _. Pints I
byindll yindlo :
Dwinats byindid I
I
—— _I Dinis I
Lyina12 I_ 1
byindls
Fig. 7. WT FSPsN model.
TABLE 1I
DESCRIPTION OF NONUNITARY WEIGHT ARCS IN WIND TURBINE FSPSN MODEL
Input Output  Arc weight Description of arc function
ting Pin2 8760 Hours of the year
tin2 Pwindl 1.128*Mpin™ Calculation of wind speed
(-In(rnd(0, DY/ Mpins)
tyind1 Dwind3  Mpyinai Transfer of pyinar value to pyinas
tyindi Pwindd  Mpyinai Transfer of pyinar value to puwinds
Pwind3 tyind2 0 Lower bound of zero speed to V;, interval (test arc)
Pwind3 byind3 Mping Lower bound of V;, to Vy interval (test arc)
Dwind3 tyind4 Mpinio Lower bound of Vj to V,,,, interval (test arc)
Pwind3 tyinds Mpinis Lower bound of the interval containing wind speeds greater than V,,, (test arc)
Pwind3 byinds M pyinas Zeroing of place pying3 marking through sink transition #yiage firing
Pwind4 byind2 Mpino Upper bound of zero speed to Vj, interval (inhibitor arc)
Pwind4 Lyind3 Mbpinio Upper bound of V;, to V interval (inhibitor arc)
Pwind4 bwindd Mbpin1s Upper bound of Vi to V,,, interval (inhibitor arc)
Pwindd tyinds Mpyings Zeroing of place pyinas marking through sink transition #ings firing
twind2 Pwind? 0 WT energy produced in case that transition #,iq2 fires (eq. (2)(a))
tyind3 Pwind7 Mpiniz + Mpini3* Mpywings+  WT energy produced in case that transition #yi,q3 fires (eq. (2)(b))
Mpin1a* Mpyings™2
tyinad Pwind7 Mping WT energy produced in case that transition #yiqy fires (eq. (2)(c))
Lyinds Pwind7 0 WT energy produced in case that transition fyings fires (eq. (2)(d))
twind7 Pwind9 -M pinss¥In(rnd(0, 1)) Calculation of TTF for WT (eq. (6)) and update of place’s pywinge marking
Pwindd tyinds Mpyinaio Zeroing of place pyings marking when WT operation time is equal to TTF
Pwindlo  bwinds Mpyinas Zeroing of place pyinaro marking when WT operation time is equal to TTF
tyindi2 Pwindi4  -MpinisFIn(rnd(0, 1)) Calculation of TTR for WT (eq. (7)) and update of place’s puingr4 marking
DPwindi4  bwindi3 Mpyingi4 Zeroing of place pyinar4 marking when WT repairing time is equal to TTR
Pwindis  bwindi3 Mpyingi4 Zeroing of place pyinars marking when WT repairing time is equal to TTR

The concept of utilizing arcs whose flow rates follow a given
probability distribution is introduced in [29], in which the pro-
duced random variables were following general distributions.

The proposed FSPsN model is depicted in Fig. 7. For reader’s
convenience, the specific subnet has been simplified by hiding
some of its implementation issues in order to emphasize its
behavior. Moreover, the nonunitary arc weights of the WT
FSPsN are represented bold. These arc weights are presented
in Table II.

For each hour, the wind speed is calculated in p,,;n41
using (6), and the obtained value is transferred to P, ;.43
and p,,;nqa- These places are used for finding the WT power
curve section that corresponds to the calculated wind speed
according to (2) in case that WT is not in repairing condition.
More specifically, p,,ing3 and its output test arcs are used
for the inspection of the lower bound of WT power curve
section, while p,,;,q4 and its output inhibitor arcs are used
for the inspection of the upper bound of WT power curve
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Fig. 8. PV FSPsN model using database arcs.

section. Firing of tyind2, twindss twind4, OF twinds denote
WT power production according to (2a), (2b), (2¢), or (2d),
respectively. The produced WT energy on an hourly base is
shown in p,;nda7-

The inspection for the operating and repairing state of the
WT is performed in the right part of the FSPsN in Fig. 7. Places
Pwindo ANd Ding1a Show the TTF and TTR, respectively.
This information is compared to the cumulative time of either
operation or repair, which is computed in p,,;,,d10 OF Puwindis:
respectively. If the corresponding markings are equal, £.,inds
or tyind1s fires and activates the opposite WT state (P, ind13
Of Pyinds)- 1N case that WT is in repair state, p,,;,q5 1S NOt
activated; thus, there is no WT power production for the specific
hour.

In case that the number of WTs is greater than one, dif-
ferent simulations for each WT have to be executed, even
if all WTs are of the same type. This occurs because the
variation of their corresponding failure and repair durations
depends on the random number generation function [(7)
and (8)]. The different WTs can be represented by differ-
ent colors in the FSPsN of Fig. 7. More specifically, differ-
ent colors will be used, namely: 1) in the part of the WT
FSPsN that is included between transition #.,;nq1 and place
Pwindr: and 2) in places p;,» — Pin1g Of the input layer
FSPsN, which are related to the operational characteristics of
the WTs.

D. PV FSPsN Model

In addition to the PV array, the PV FSPsN contains also an
inverter, which converts dc electricity produced by the PV to ac

My (Mpinis-20) *Mpp,3/0.8 -

va c Mvazi tpvz

electricity needed by the load. The output of the PV array Ppv
(in kW) is calculated from [34]

G
GiA . (1 + (Tc - TSTC) . CT)
STC
)

where ni,, is the inverter efficiency, fpy is the PV derating
factor, Psc is the nominal PV array power in kW ¢, under
standard test conditions (STC), G4 is the global solar radiation
incident on the PV array in kW/m?, Ggrc is the solar radiation
under STC that is equal to 1 kW/m?, T, is the temperature of
the PV cells, Tstc is the STC temperature (25 °C), and C'y is
the PV temperature coefficient in /°C. The PV derating factor
is a scaling factor applied to the PV array output to account
for losses, such as dust cover, aging, and unreliability of the
PV array. T, can be estimated from the ambient temperature 7,
(in °C) and the global solar radiation on a horizontal plane G
(in kW/m?) using (10) [35]

Ppy = niny - fPv - Pstc -

(NOCT — 20)

0.8 ¢

T.=1T, + (10)
where NOCT is the normal operating cell temperature, which
is usually obtaining the value of 48 °C. The considered PV
FSPsN is shown in Fig. 8, and its implementation requires
the use of three database arcs. The first database arc imports
hourly ambient temperature data in p,,,,, from a vector named
Temperature. The second database arc imports hourly global
solar radiation data in p,,, 3 from a vector named Global. The
third database arc imports hourly incident solar radiation data in
Ppva from a vector named Incident. All described input vectors
contain 8760 hourly data values. The imported temperature
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Fig. 9. Diesel generator FSPsN model.

values were taken from measured data in Athens, Greece, while
the radiation data of Athens were generated from the HOMER
software [26].

The obtained PV FSPsN model is depicted in Fig. 8. Initially,
the value of 7t is calculated in py,e using (10), and then
this value is used to estimate Ppy in pp,r using (9). Both
transitions #y.,1 and %2 that are used for these calculations
are connected via test arcs with the appropriate places of the
input layer FSPsN model.

E. Diesel Generator FSPsN Model

In the diesel generator FSPsN, an 18-kW diesel unit is
modeled, which needs scheduled maintenance every 1000 h
of operation. The duration of the maintenance follows uniform
distribution in the hour interval [2, . . ., 24]. For each simulation
hour, the studied SIPS is supposed to use all the available WT
energy and PV energy to satisfy the load demand, while in the
case that wind energy is not enough, the rest energy is supplied
by the DG. Due to the expected large number of start-stop
cycles of the diesel generator, a starting failure of 1% is in-
cluded in the evaluation, while the repairing process follows the
same distribution with the maintenance process. Fig. 9 presents
a simplified version of the DG model in order to improve its

Dusiz
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visibility. The bold arcs have a weight different from one, and
the description of their functions is presented in Table III.

The DG FSPsN of Fig. 9 consists of two basic parts. In the
first part, which is located in the left side of the model, the case
that the produced energy from WT and PV is greater than load
demand is developed. This condition enables £452 and two
basic events occur, namely: the information that the DG was
not operating at the specific hour increases by one the marking
of pgs18. While the excess energy production is calculated
in pggo1- In the opposite case, the DG has to produce the
necessary amount of energy in order to avoid capacity shortage.
There are however more conditions that have to be examined
before the DG operates. First, the DG cannot operate if a DG
repair progress already exists. In this circumstance, pg45 has
one token, and %4514 is enabled, leading the system to have
unmet load that is calculated at p;4;13, While pg4;15 shows the
cumulative unmet load [loss of energy expectation (LOEE)] for
the simulation year. Second, the case that DG was not working
during the previous hour has to be examined. In this case,
Pasi1s Will have token(s), and £45;14 Will be enabled, which
leads to the inspection of starting failure. Otherwise, tg4s16 Will
fire, leading to normal operation of DG.

Even if the DG is working properly for the specific hour, an
additional contingency related with the magnitude of required
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TABLE 1II

DESCRIPTION OF NONUNITARY WEIGHT ARCS IN DIESEL GENERATOR FSPSN MODEL

Input Output  Arc weight Description of arc function
tint Pin2 8760 Hours of the year
Pvind7 tasi3 M pyinaz Zeroing of place pyina7 marking
Pov7 tasi3 Mppy7 Zeroing of place p,y7 marking
Lasi3 Dast1 Mpyina7 + Mppy7 Total amount of WT and PV power
Pasi3 tasit Mpipaas Check if load is greater than WT and PV power production (inhibitor arc)
tasiz Pasia Mpioaas — (Mpyina7 +Mpp7)  Calculation of the amount of power that DG has to produce
Dasi4 tasis Mpysia Amount of power not served in case of DG repair
Dasi4 tasis Mpysis Amount of power needed in case of start-stop check
Lasta Dadsti3 Mpasia Power not served due to DG repair
Lasis Past7 Mpygia Amount of power needed in case that DG is operating
Dast7 tasis Mpisiz Amount of power needed in case that DG is operating
tasie Pasis Mpasi7 Amount of power that DG has to produce
Dasis tasiy Mpin22 Check if needed power is greater than DG capacity (test arc)
Dasis Lasis Mpin22 Check if needed power is less than DG capacity (inhibitor arc)
tast7 Pasio Mpin22 The needed power is greater than CDG capacity, so the CDG is producing its maximum power
tast7 Pdstio Mpysis — Mpin22 Amount of power that is greater from DG capacity (unmet load)
tasis Pasit1 Mpisis Amount of power that DG is producing when needed power is less than DG capacity
DPasiv Lo Mpasio Produced power is equal to CDG capacity
Dasi10 Lasi9 Mpasizo Unmet load
Pasii1 tasizo Mpysizi Produced power from DG that satisfies load
tasto Pdsii2 Mpasio Energy produced, which is equal to DG capacity
tasto Pdstis Mpgsiio Addition of energy related to unmet load in LOEE
tasizo Pasiiz Mpysizi Energy produced that satisfies load
Ddsti3 tasins Mpsisz Power not served due to DG repair
tasi1 Pasits Mpasii3 Loss of energy due to DG repair
Paslis tasirz Mpinzs Comparison of DG operating hours with scheduled maintenance limit
tasir2 Pdst17 1+ Mpinoq + Calculation of DG service duration due to scheduled maintenance
(Mpin2s —Mpin24)*rnd(0, 1)
Pasiis tasite Mpysig Number of hours that DG has to operate
tasira Dasii9 rad(0, 1) Random number generation for start-stop failure check
Past19 tistts Mpinzé Check if random number is less than starting failure probability (inhibitor arc)
Dasi1y tasite Mpinzs Check if random number is greater than starting failure probability (test arc)
tasis Pdstis Mpasizo Addition of unmet load to LOEE
tasi1s Pdst17 1+ Mpjog + Calculation of DG service duration due to start-stop failure
(Mpinzs ~Mpin24)*rnd(0, 1)
Pload3 tasn Mpuina7 + Mppy7 Check if WT and PV power production is greater than load (inhibitor arc)
tasiz Pasi21 (Mpuwina7 +Mppy7) — Mpioaas ~ Calculation of surplus energy production
Pasi2i tisi27 Mpgsizi Amount of surplus energy production

load compared with the DG capacity has to be examined. If
the required load (e.g., load demand minus WT and PV power)
is greater than DG maximum power, a capacity shortage that
is calculated at pg4;10 Will occur; otherwise, all load demand
will be satisfied (place pg4;11). The normal operation of DG
(firing of t 4517 or t4s18) adds one token at pgq;16- If its marking
becomes equal to the duration of DG scheduled maintenance,
tasiiz will be enabled, the duration of DG repair will be
calculated at p,4;17, and at the end of the process a token will
be added at py;15-

As mentioned earlier, enabling of t45;14 leads to the ex-
amination of DG starting failure case. A random number is
generated at pgg19 and is compared with DG starting failure
probability of p;,,.¢- If the produced number is greater than the
failure probability the DG is working normally (45116 fires);
otherwise, tgs;15 is enabled, and DG is in repair, while the
procedures followed are identical to those concerning the DG
maintenance procedure after the firing of 44712, described in
the previous paragraph.

When the firing sequence for each hour has been completed,
a token is added to pgg;99, irrespective of the preceding firing

sequence. This ensures that the calculations in the DG model
for the specific hour have been completed. Therefore, the role
of pys122 1s essential for the simulation running, as well as for
the proper operation of the output layer FSPsN model at the end
of a simulation year.

F. Output Layer FSPsN Model

The output layer FSPsN model calculates the remaining
indexes that have not been evaluated in the WT FSPsN or in the
DG FSPsN. Fig. 10 shows the part of the output layer model
that estimates the annual value of the EIU index (place p,,+1)-
which is equal to the ratio of the annual LOEE and the annual
load demand. Places pgq15 and pj,aq5 represent the annual
values of LOEE and load, taken from the DG FSPsN and the
load demand FSPsN, respectively. Transition 44,1 can only be
enabled if there are no remaining hours in the simulation year
(i.e., P;no has no tokens), and simultaneously, the calculations
in the DG model for the specific hour have been completed
(pgsi22 has a token). After estimating EIU, £ 4,42 fires and adds



KATSIGIANNIS et al.: COLORED FLUID STOCHASTIC PETRI NET SIMULATION MODEL

Input Layer

— —

M, PdslI 5/ M, Ploads

Fig. 10. Calculation of EIU index in output layer FSPsN model.

a token in p;,, o7 in order to start the simulation process for the
next year.

VI. RESULTS
A. FSPN Model Validation

In order to validate the results of the proposed FSPN model,
a base scenario that contains one WT with a 20-kW rated
power, a PV array of 20 kW ,¢,x and one DG with an 18-kW
rated power has been considered to supply electric load that
has an annual peak of 25 kW. The results of the proposed
FSPN model are compared with the results of a Monte Carlo
simulation that was implemented in MATLAB. The Monte
Carlo simulation estimates the required indexes by simulating
the actual process and random behavior of the system [36].
The occurrence of events that follow specific probability dis-
tributions is achieved using random numbers and converting
them into density functions known to represent the behavior
of the variables being considered. The use of Monte Carlo
simulation for the reliability evaluation of power systems has
been proven to be very efficient and accurate, especially in the
case when complex operating conditions are involved, and/or
the number of severe events is relatively large [33]. The pro-
posed FSPN methodology, apart from the ability to represent
the evolution of the simulation procedure graphically, differs
from the Monte Carlo simulation in the way that the random
events are modeled: instead of using well-known programming
algorithms, the adopted methodology proposes a completely
novel way of modeling based on the PNs’ specific features and
properties.

To provide more reliable and accurate results for all the
simulations, reliability and performance indexes are calculated
for a simulation period of 500 years, and then they are averaged.
The initial values of all input parameters are presented in
Table I. Table IV summarizes the results obtained using the
two simulation methods for the base scenario. Comparing the
respective results obtained with the two methods, it is obvious
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TABLE IV
COMPARISON OF THE RESULTS OBTAINED BY THE FSPN MODEL AND
MONTE CARLO SIMULATION METHOD FOR THE BASE SCENARIO

Index FSPN Monte Carlo  Difference (%)
LOLP (%) 7.38 7.23 2.07
LOLE (h/yr) 646.95 623.42 3.77
LOEE (kWh/yr) 2252.61 2105.99 6.96
EIU (%) 1.67 1.56 6.96
FOI (int/yr) 386.31 382.90 0.89
WEP (kWh) 59138 58389 1.28
SE (kWh) 14405 13970 3.11
CF (%) 33.76 33.33 1.29
DGEP (kWh) 61473 61934 -0.74
TABLE V
INDEXES FOR THE BASE AND THE THREE ADDITIONAL SCENARIOS
Index Base First Second Third
Scenario Scenario Scenario Scenario
LOLP (%) 7.38 6.59 8.54 3.66
LOLE (h/yr) 646.95 577.70 748.08 320.63
LOEE (kWh/yr) 2252.61 2151.88 2372.24 1718.63
EIU (%) 1.67 1.60 1.76 1.28
FOI (int/yr) 386.31 378.53 418.61 186.58
WEP (kWh) 59138 88305 42885 58955
SE (kWh) 14405 34931 8661 14386
CF (%) 33.76 33.60 24.48 33.65
DGEP (kWh) 61473 52933 71863 62172

that the proposed FSPN method provides almost identical re-
sults with Monte Carlo simulation method.

B. Examination of Alternative Scenarios

This section investigates the flexibility and capabilities of the
proposed FSPN methodology. Although the number of alter-
natives to the base scenario of Section VI-A is unlimited, due
to space limitations three additional scenarios are performed.
Initially, the effect of adding a smaller WT of 10-kW rated
power is examined. The second scenario investigates the effect
of lower wind potential in comparison with the base scenario.
The third scenario examines the improvements of installing a
larger DG of 22-kW rated power. In all cases mentioned, the
durations that are associated with fault or repair of a WT or
a DG are considered to have the constant values that were
presented in Table I. These scenarios contain a combination
of three components in SIPS (one dispatchable DG, together
with two nondispatchable power sources, i.e., WTs and PVs), so
these scenarios represent realistic and complicated case studies
for SIPS, as can be seen in the bibliography [2], [37]-[40].
More specifically, [2], [37], and [38] study a SIPS that contains
DG and WTs, [39] analyzes a SIPS that contains DG and PVs,
while [40] studies a hybrid DG/WT/PV system.

The obtained results for all examined scenarios are summa-
rized in Table V. The values of the base scenario are used as a
benchmark for the additional scenarios.

In the first scenario, the addition of the second smaller WT
has been implemented with the help of CPNs in the WT FSPsN
and the input layer FSPsN. The input parameters that were
changed in the newly added WT were places p;ng (Prncw =
10 kW), Din12 (new = 1.25), Din1s (bnew = —0.87), and
DPini1a (Cnew = 0.15), while all other parameters remained
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unchanged. From the comparison of the results of the base
scenario and the first scenario in Table V, it is concluded that
the addition of the second smaller WT improves slightly the
reliability indexes. The main improvement is the significant
reduction of the DG energy produced (DGEP) index, which
shows that the DG is working less; thus, it consumes lower
amounts of fuel. Moreover, the surplus energy is increased, and
it may require the exploitation of this unused amount of energy
(e.g., with water-pump systems).

In the second scenario, the mean value of the annual wind
speed at hub height V annuai is reduced from 7 to 6 m/s, in order
to seek system’s performance. As can be seen from Table V,
all indexes in the second scenario deteriorate significantly com-
pared to those of the base scenario which proves the dependence
of system’s performance on the wind potential.

In the third scenario, the rated power of DG is increased to
22 kW. This configuration produces much better results regard-
ing the reliability indexes, while the increase of DGEP is neg-
ligible. The explanation is that the larger power of DG in this
scenario allows better management of SIPS energy production
in the cases that the power of DG at the base scenario was
not adequate to meet the load demand. This conclusion can be
explained by the fact that the increase of DGEP is almost equal
to the decrease of LOEE.

The obtained information through the earlier analysis can
produce histograms for all nine indexes and all scenarios of
Table V. However, due to space limitations, only the LOEE
histogram for the base scenario is presented in Fig. 11.

VII. CONCLUSION

The advantages of the proposed FSPN methodology in the
reliability analysis of hybrid SIPS are significant. First, the
proposed methodology have presented the benefits of classical
simulation methods, while it has the additional characteristic
of the graphical representation of the simulation procedure that
provides a powerful communication medium between theoreti-
cians and practitioners. As a result, it is represented in the same
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model the system’s static structure, as well as its dynamically
changing state.

Another major advantage of the proposed methodology is
that a hierarchical PN method has been adopted for modeling
of hybrid SIPS. In such a method, different levels of abstraction
of the model are possible according to the needs of the person
using the model, as some users need a very detailed view of spe-
cific parts of the model, while others need a more general and
less detailed view of the overall system in order to study subsys-
tems interaction. This allows the modeling of high complexity
systems without the danger of having a very complicated model
that is too difficult to represent and hard to understand. At the
same time, the properties of the overall system can be obtained
with respect to the properties of the subsystems that compose
the overall system. This faces classical problems of PN mod-
eling of complicated systems, such as state space explosion,
and reduces significantly the computational complexity, while
it can take advantage of modern methods, such as distributed
simulation of systems. Moreover, the proposed methodology
is of general use, as following a small number of well-defined
steps, it can be adjusted to the specific needs, parameters, and
characteristics of any system of this category independently
of its topology and structural complexity. The calculation of a
number of significant indexes makes possible the evaluation of
alternative scenarios.

This paper also introduces a new type of PN arc called the
database arc. This extension makes possible the use of real
data in the simulation process, assuring the validity of the
obtained results. From the presented analysis and discussion of
the results, it has been shown that the proposed FSPN method-
ology is a very promising tool in reliability and performance
evaluation of SIPS. Apart from the power systems area, which
was considered in this paper, with rather few modifications
and additions, the use of the proposed methodology may be
further generalized to study systems from areas with similar
characteristics with SIPS.
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