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Abstract — This paper presents a synthesis method of real-timeontrol systems based on direct
mapping of Petri net model into FPGA circuit. Synclionous timed Petri nets have been developed to sjifgc
and model the control system. Switching to hardwaralescription of the system is achieved through Hard
Timed Petri nets (HTPN). Direct correspondence between the elements of theiginal specification
and circuit components ensures that théehavioral properties and time constraints, under vich activate
the control system, will be respected.

Index Terms— Timed Petri nets, Timed Hard Petri nets, real-tine control system, FPGA.

(HTPN). Direct correspondence between the elemehts
the original specification and circuit componentssuge
[. INTRODUCTION that time constraints will be respected.

The advantages of reconfigurable devices, including
FPGAs, make them very popular during the last years Il. TIMED SYNCHRONOUS PETRI NET$TSPN)

FPGAs and reconfigurable computing accelerate @fot A Timed Synchronous Petri net (TSPN) is a 7-tuple
applications [2, 3, 6, 10]. One of the most pertipec (P T AM. M C 0)
directions is the use of FPGA circuits for contsgstems e ’
design. The interest in this approach is basederability
to run in parallel several control strategies arm t places:
possibility of real-time reconfiguration of the dooi !
system at the hardware-level. T={t .t}
One of the problems in the design of real-timéransitions ;
control systems is the proper synchronization df al AO(PxT)O(TxP)
processes. Certain operations are running at predieted The
time limits and processing involves time constiRinto
ensure an efficient messages and data exchange sifsets:
necessary to generate status and synchronizagoalsiin AN A
strict accordance with time. In these cases, tertbe basic i normaF! arcsp, ) |nh;b|t|on arcs,
value and time constraints require a very high eamuthat Mo ={ Mg, M¢*,...,M" } is the initial marking,
can be achieved only by using parallel or concurcata defined as an initial number of tokens in eachgalac
processing techniques [1]. = ) P, Py i )
Implementation of parallel data processing M,max {Mmavamaxv--- ' Mmax} s the maximal
algorithms [5] requires the verification for correess of Marking, defined as a maximal number of tokensache
operation and eventual conflicts, which may leadedous ~ Place;
errors. For this purpose modern methods and teubsiq C is the synchronization variable that enable the
based on timed Petri nets models [4, 7] can be.used transitions firing [8];

Classical methods of real-time control systems , _ . _
. . : f={r.,0j=1L
design based on logic synthesis presents a number o J is the set of time values that

disadvantages, namely high computational complexitgpecify the delays of transitions firing.

system specification only at low abstraction leyvels N

resulting circuit structure does not match to teaavioral ~ Subset A" defines the normal arcs, through which
model structure. Direct mapping techniques exclutiese tokens are removed from each input place and atedatb
disadvantages, which is particularly important rigal-time Aél T ,
systems in which the operations are executed acgptd each Qutput place. Subsets ~and are necessary in
time constraints. behavioral analyze but do not remove or add tokens.

In the paper is proposed a synthesis method oftireel The weight of each arc is equal to one. Ses and
control systems based on direct mapping of Petrmuelel T .o disjoint PnT={0}
into the hardware architecture. For this an exemaf pot #{0}

Petri nets - Timed Synchronous Petri nets (TSPN$ wa .
developed. A model for direct implementation inteGA
circuit was proposed, namely Hard Timed Petri nets

max?

, Where:

P={P. PPy} is a finite and non-empty set of

is a finite and non-empty set of

is a set of arcs.
set of arcs consists of three

=AY OA OAT  AY nA nA ={0}

T
A - test arcs;

and satisfy the condition:
B T .M
A transition ! is enabled by the current marking k,
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M.t >

noted X , if and only if the relation is true:

V(t, M )=V, (8 MOV, (L MO, (M, )T

where:
Vo (t,M)= [] (M 21)

oReY - is the enabling

condition in case of presence of at least one tokeall

input places, connected witﬁj

(M

transitiontj ). For A" =0 is considered » (4
VA'(tJ"Mk): I_I (Mkp‘ =0)

OpOt

through normal arcs
- current marking in place™, ! -input places for

M, )=1,

- is the enabling condition
in case of absence of tokens in all input placesnected

t. . . e _ .
to through inhibition arcs. ForA =0 s
considered (ti-M)=1.
Ve (M) = T] (M 21)
OpO't;

- is the enabling
condition in case of presence of at least one takeall

t
input places, connected to’
A" =0 s considered” # (4,

The firing of enabled transition-g( M, )will produce a

M, )=1,

new markinng+1, according to the following rule:
Up, D*T(Mk My, =M, —1],i =m
Op, 0T (M, )[ M,y =M, +1],i =LN
T(M,)
T(M). T'(M,)

1)
Where:

transitions from is the set of all output

places for transitions frorI( M ); Mica ande are the

number of tokens in placep after and before the

transitions firing fromT( M) [9].

Petri nets allow the expression of parallel or corent
activities in terms of transitions. Two enablechgiions in
a Petri net model are concurrent if they are insahu
independent relationship (they are not in confiih each
other) and therefore can fire in parallel. The leoé
concurrent activity in a Petri net depends on thmlmer of

enabled transition for any reachable markll\r{lg< . Since in

TSPN is possible a simultaneous firing of all eedbl
transitions, the level of concurrent activity wibe

determined by the number of fired transitions.

Ill. HARD TIMED PETRI NETS (HTPN)

A Hard Timed Petri net (HTPN) is a 13-tuple:
RPH =<T,P,A*,A",AS A" A" P" P M, M
, Where:

T={t.t,..t}] 120
elements that correspond to transition nodes;

max ?

through test arcs. For

is the set of all input places for

C,D>

P :{ P pz,---,pN} ,P#0 . is a set of processing
elements that correspond to place nodes;
A" _is a set of increment connections of the numndfer

tokens in position processing eIemﬁt;

- is a set of decrement connections of the numlfer o
tokens in position processing eIemﬁt;
A® _is a set of state connections that determinetiable
firing condition of the transitior;[j related to the marking
in the input placé)' ;

A" _is a set of test connections, which has the same
function as the set of state connections, but thesition
firing does not change the marking in the inputpla

A’ _is a set of inhibitor connections, which prosdan

enabling function, when the placg' stores no tokens.
Inhibitor connection has the ability to test whetheplace
is empty. The firing does not change the markinghia
input place;
Pln :{Piln, i:].,NIn} |
, P"OP . is a set of places
that specify the input signals to the digital syste
POut ={P_Out’ | =m}
' , P OP _js a set of places
that specify the output signals from the digitadteyn;

— P P, Py
Mo={Mg M. Mg } is the initial marking,
defined as the initial number of tokens in eaclegla

Mpae S{M e, Mo M 3

- is the maximal
marking, defined by the maximal number of tokensach

place;

C isthe synchronization variable.

D - is a set of processing elements, called ,Delay”,
which specify delays between transitions enablimgl a

firing according to time valueg.

The modeling and design of control systems aredase
on HTPN models. To make possible the direct mapping
these models into hardware circuit were develoges t

following processing elements: Posit(opn), Transition

(T) and DeIay( D) [9].

IV. MODELING AND IMPLEMENTATION OF A
CONTROL SYSTEM

The sequence of operations for modeling and
implementation of a control system based on HTPNetw
is presented in Figure 1. The diagram includesethrasic
components: VPNP Tool - software tool for modelarg
validation of Timed Petri net models, HDL Compiler
software tool for converting a Petri net model fr¥idL to

- is a set of processing HDL format, Quartus Il Design Tool — software tdof
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HDL compilation, functional simulation of the coolkr V. CONTROL SYSTEM STRUCTURE
system and FPGA configuration [11]. The block diagram of a control system implemented
Control system synthesis. using HTPN is presented in Figure 2. The block diag

Step 1.Petri net model is drawn as a set of graphicghc|ydes:RTC (Real Time Clock) 1.0MHz — time controller
symbols of objects P, T, A and the connectivityw®in o, generation of synchronization signals. In order
them using a object design entry environment of WPNgptimize the control system complexitRTC generator
Tool (Petri Net Model Entry). The introduced Petet fequency is selected as the lowest divider fodalbys in
model is stored ixXML format with extensiori . pn2 (Petri  ihe control systenDPC (Data Processing Clock) 100MHz

Net Model Library). In order to verify the behawdr _ ciock generator for data processing synchrordmatiith
correctness of the Petri net model, modeling amdtfanal 100 00 MHz frequency (can be replaced by maximum

verification methods are applied. The resulted rimition operating frequency of FPGA circuitEPGA HTPN —

is presented irKML format in Filepn2 (XML Petri Net  ppGa circuit for Hard Timed Petri net implementatio
Model) that is used in next step. X (t)
Pin

Step 2.HDL Compiler analyzeXML file that contains — control system input logic signals that
Petri net model and extracts information necesdary yetermine the state of the controlled proceYsgt) Pout -

HDL  compilation.  The  extracted  parametersgnygl signals; HPN TC - Hard Petri net to geretimne
(Parameterized Petri Net Model) is savedrFiftetxt. For P ) ] - _
HDL synthesis of a non-timed subnet functional otge valuesY associated with transitionsPN PC — Hard Petri
P.INC and T.INC are used, for HDL synthesis of a timedpet  for X (t) processing  and Y(t) generation;
subnet -TD.INC and PD.INC, respectively. The resulted _ .
HDL Petri net model is contained Kile. TDF (HDL Petri 9—{7'; 4 =1 L}

Net Model). - the set of time values specifying

transitions firing delays.
The mathematical model of a control system is:

C=[X(1),Y(), HTPN], where:

X(t)={x(t),00 =1,N . : i
(t) {x,() : _} - is a set of input logic

Y () ={y 1), 0 =1M}

signals; - is a set of control logic

Petri Net '9 | ! 9
Analyzing and signals,

Modeling HTPN - Hard Timed Petri net that is implemented into

FPGA circuit.
XML Petri Net T.INC
Model 'IFDIII\II\I% Control System
File.pn2 -
PD.INC RTC
1.0MHz
HDL Compiler HDL.INC Library FPGAHTPN |
HPN TC
File. TDF
HDL Petri Net | F1€NC e
Model X (t) Y (t)
File.TDF I — Pin Pout >
C Quartus Il Design Tool )
File.BIN
DPC
C Real-Time Control System (FPGA) ) 100.00MHz
Fig. 1. Modeling and implementation of a control Fig. 2. Control system block diagram.
system.

Step 3.HDL Petri net model contained #ile TDF is
imported into Quartus Il Design Tool. After comitan
time diagrams and statistics information are gdedral’ he
resultedrile.BIN is used to configure the FPGA circuit.
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VI. REAL-TIME MODEL OF A PROCESS

Let's consider a real-time process (RTP) in whioh f
execution of each operation a timeframe is assigRad®

consists of a set of concurrent or parallel operﬂ;pp ,

N
RTP = J(OP(1))
)
The structure of the real-time process is preseired
Figure 3, where Initial data - input data to theyitdi

system or raw materials required for the production RTP =

process, Final result - the result of the data @ssing or
the final product obtained after technological/protibn

process completion,x (t) . the logic state of operations

OP.0i=LN __Y(t)

- control signals for operations

fulfillment.
lY(t)
Initiald_at:’ PP(?;J PP(TE)‘ PP(IE) PP(IN)‘ ilil result

l X

Fig. 3. Real-time process structure.

This structure can be applied to the design of corat
data processing systems and the design of techinalbg
production processes.

The logical behavior of a real-time process can be

described by the following model (3):
OP,:IF (x,), init (y,),
Delay(r;), set /reset (y,);

3)
RTP ={OP : IF(x,), Delay(r;), set /reset (y,)
Delay(r;.,), reset / set (y,);
OPR, : IF (x,), Delay(r,,), set /reset (y, ).
where: IF(Xi)’DI =1N - the condition for timeframe

T .
I calculation;

Delay(r,)

- delays of the enabled transition firing;

set/reset ()

. T :{
a timeframe ! . In case of complex processes one contro?

signal Yi

(1,7,

from one state to another.

can have more then one timeframelMSdivider

that synchronize control signal transitiontl,t2,t 3t 4f 14t 16, 18, 2

VII. EXAMPLE OF A CONTROL SYSTEM

SYNTHESIS

Let's have a RTP that contains four parallel openst,
described by the following model:
OP, : IF (x,=1), y, = 0,Delay (Ins).
¥, =1,Delay(Ims),y, = 0;
OPR,:IF (x,=1),y,=1,
Delay(2ms),y, = 0;
OPR,: IF(x;=1),y,=1,
Delay(3ms), y, = 0;
OP, : IF (x, =1),Delay (2ms),
¥, =1,Delay(Ims),y, = 0,
Delay(lms),y, =1,
Delay(2ms),y, = 0.
Model (4) has the following time diagram (Figure 4)

(4)

X ! 1 | |
OP1: 1 ! T 1 1 T T T
Yi \) | \J — | |
el /1 L L 1 L
OP2: y2 ‘ 1 ‘ 1
X | g—
b I R
Xy \ '\—1 \ [ [ [ [
R T T
| | | |

Oms Ims 2ms 3ms 4ms 5ms 6ms 7ms 8ms
Fig. 4. Time diagram of model (4).

Control signals for operationgpl'opz'op3 have only

one timeframe; control signal for operati(g%P4 has two
timeframes. This fact proves the ability of HTPN to
generate complex control signal with programmedtien
The HTPN for control system of the process defibhgd
model (4) is presented in Figure 5.
HTPN consists of two subnets: HPN TC — for genersati

6={1,123211pms . o

Y ={ Y1) Y21 Ya» y4} generation

. . X=X, X, Xy, X
according to input signals {1 2173 4}.

of timeframes
— for control signals
X,

The specification of the HTPN componenél:’ N

input variables to the control systen)(;l""’y4 - control

- set or reset of the control signal aftevariables; RTC - synchronization signal for timeframes

1,1,2,3,2,1,1,pms

generation (a common

can be defined for timeframes, it will

determines the 1.0KHz generator frequency);
transitions  for
synchronization of timeframes generationD;eIay(ri) -

places for clock pulses counting necessary for ftizmnees
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be respected. In order to validate the proposedhadean

. .D1,...D7
generation, example of control system synthesis has been pehen

signals generation;

t5t6,t 7t 81 9t 1, 11, 12, 16, 17, 19,

transitions for control signals generation.

- intermediate places for control
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