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ABSTRACT

Context. The relevance of the work consists in the development of computer-aided design methods for automatic real-time logic
control devices by developing a single template in a synthesized subset of the hardware description language in the style of automata-
based programming with implementation on the PLD hardware platform (FPGA, CPLD). Development of the description template
for timed control finite state machines (FSM) in the hardware description language VHDL, automated synthesis and implementation
of the model in PLD (FPGAs, CPLDs) using Xilinx ISE, subsequent analysis of the received circuit implementation for compliance
with values of timing parameters of the circuit after implementation.

Objective. The aim of the work is to develop principles for constructing models of timed control FSM in the VHDL hardware
description language. In this work, we solved the problem of constructing a pattern for describing models of timed control Moore
FSM using VHDL, automated synthesis and implementation of the obtained VHDL model in PLDs (FPGA, CPLD) using Xilinx ISE
and subsequent analysis of the resulting circuit implementation for compliance with values of timing parameters of the circuit after
implementation.

Method. Realization of models’ parameters of timed FSM in logical control systems using VHDL statements. Development of
VHDL language constructions of timed FSM models for timing parameters implementation that provide the correct automated syn-
thesis and implementation of these models in PLDs (FPGA, CPLD) using CAD tools Xilinx ISE.

Results. Synthesis and implementation of proposed templates of VHDL-models of timed control Moore FSM in logic control
systems by XILINX ISE CAD tools confirmed the receipt of not redundant circuits in PLD (FPGA, CPLD), and simulation after
implementation showed the efficiency of such models.

Conclusions. The work solves the problem of computer-aided design of timed control FSM in real-time logic control systems.
To solve this problem, VHDL-models of timed control Moore FSM were developed, which made it possible to implement control
FSM with time constraints, timeouts and output delays. Automated synthesis and simulation of VHDL models based on the devel-
oped templates confirmed the efficiency and correctness of the proposed models.

The scientific novelty of the work consists in the further development of methods for constructing templates of HDL models of
timed control Moore FSM, which made it possible to implement control FSM with time constraints, timeouts and output delays, as
well as perform their correct automated synthesis and simulation.

The practical value of results is in the development of procedures for constructing VHDL models of timed Moore control FSM in
real-time logic control systems, which made it possible to automate the synthesis of control FSM taking into account the possibility
of processing external events and implementing arbitrary delays for output signals and to increase the flexibility and speed of de-
signed systems. The developed procedures can be useful for designers of timed control FSM in Xilinx ISE.

KEYWORDS: timed finite state machine, state diagram, hardware description language, automata-based pattern, simulation,
synthesis, implementation, CAD, Xilinx ISE.

ABBREVIATIONS PLD is a programmable logic device;
ASM is an algorithmic state machine; RTL is a register transfer level;
C is a programming language; SD is a state diagram;
CAD is a computer-aided design system; TB is a testbench;
CLK is a synchronization signal; TO is the timeout;
CPLD is a complex programmable logic device; TFSM is a timed finite state machine;
DD is a digital device; VHDL is a very high speed integrated circuits HDL;
FPGA is a field-programmable gate array; UUT is a unit under test;
FSM is a finite state machine; Xilinx ISE (Integrated Synthesis Environment) is a
HDL is a hardware description language; software tool produced by Xilinx.
ModelSim is a software tool produced by Mentor

Graphics;
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NOMENCLATURE
X set of input signals,
X; is an i-th element of a set of {XC,XE };

T, set of timed variables for timing constraints on

each arc of the state diagram;

t.. is an ci-th element of a set of {tcl,tcz...tcp},

ci
tci ={1,k}, k:{l,OO},

T, is set of timed variables for timeouts of each state

of the FSM;
t,; is an toi-th element of a set of {t t t },

tol2%to2*"*"ton
lioi = {l’n };

T; set of delays for implementing the corresponding
output signal;
14 is an tdi-th element of a set of {z;1,000..Lyp |

Lam = {l’l };

Z(t+1) is the set of internal variables which encoding
determines FSM states,

Y (¢) is the set of output signals;

t is the FSM’ time which is determined in the FSM clock
cycles;

g is outputs function of the structural FSM;

f is transitions function of the structural FSM;

T is the set of timing parameters of the FSM;

t. is timing constraints;

t, is input timeouts;

tq is output delays;

X set of input signals from the control object;

X setof external events;

Y. set of reactions (control signals),

Y iset of activities (initial functions);

g 1s output function;

zo 1s code of the initial state of the FSM;

n is number of arcs in the state diagram;
p is maximum number of constraints on transitions to

the i-th node of the state diagram in the event processing
mode;

k 1is corresponds exclusively to the transition event
function;

t,,; 1s timeout for each state;

n is the number of states of the FSM;

m 1s number of output variables;

[ is maximum number of clock cycles for implement-
ing output signals in the indicated state of the FSM;

to(a;) 1s a timeout;

t4(a;) is a output delays;

¢y is the lower limit of timing constraints in FSM
clocks;

¢, is the upper limit of indicated constraints;

to is beginning of timing constraints’ “window”’;

t; is ending of timing constraints’ “window” ;

Xiset of Onn, St, Btn;

Yset of R1, YRG, YGR, G1, R2, G2;
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R1, YRG, YGR, G1, R2, G2 are elements of a set of
Y,

Onn, St, Btn are elements of a set of X

On is a signal to turn on the traffic light and start the
night cycle;

St is a signal to start the daytime traffic cycle;

Btn is signal to turn on the green light on a pedestrian
crossing;

R1 is a signal to turn on red light on a main road;

G1 is a signal to turn on green light on a main road;

YRG is a signal to turn on yellow light on a main road
(on transition R — G);

YGR is a signal to turn on yellow on the main road
(on transition G — R);

R2 is a signal to turn on red light on a pedestrian
crossing;

G2 is a signal to turn on green light on a pedestrian
crossing.

INTRODUCTION

Among the whole set of control systems, a significant
part is logic control systems, in which control signals take
logic zero or one depending on the boundary values of
physical quantities that determine these parameters. For
the technical implementation of these systems, the most
suitable model is a structural FSM, and the state diagram
is a visual representation of the functioning algorithm. A
distinctive feature of finite state machines in logic control
systems is the presence among input values not only sig-
nals of the control object, but also external, to the con-
trolled system, events of the external world, which ensure
the interaction of the logic control system with the exter-
nal environment.

Control finite state machine operate in machine time,
which is determined by the clock cycles of the FSM. But
most real logic control systems interact with the outside
world in metric time, i.e. they are real-time systems in
which the resulting action (activity) depends not only on
the logic values of the control signals, but also on the time
during which these actions are performed. For their im-
plementation, it is customary to use the model of timed
FSM, which, through the implementation of timing pa-
rameters in machine time, allows taking into account the
influence of the metric time on transitions between the
technical states of the controlled system.

Any local digital DD that implements an information
processing or control algorithm can be implemented in
two ways: hardware or software-hardware. During hard-
ware implementation, a given algorithm is described in
HDL and synthesized by tools of CAD systems in PLD.
The advantage of this approach is the hardware flexibility
(the ability to implement any algorithm) and sufficiently
large speed. When describing the functionality of DD for
logic control in CAD, one of constructing styles of the
HDL code structure is automata-based programming
style, and it is customary to use the so-called FSM tem-
plate to correctly represent HDL models of control FSM
from the point of circuit synthesis. Features of the con-
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struction of these templates affect synthesis results of
automatic logic control devices using CAD for PLD.

Thus, the task of developing single template in the
hardware description language for describing automatic
real-time logic control devices in the style of automata-
based programming with their implementation on PLD
hardware platform (FPGA, CPLD) becomes urgent.

The research object in this work is the process of
computer-aided design of control FSMs in logical control
systems. The research subject is the design method of
VHDL models for timed control Moore FSM, their syn-
thesis and implementation in FPGA.

The aim of this work is to develop patterns for de-
scription of timed control FSM in the hardware descrip-
tion language VHDL, automated synthesis and implemen-
tation of the obtained model in PLDs (FPGA, CPLD)
using Xilinx ISE and subsequent analysis of the resulting
circuit implementation for compliance with values of tim-
ing parameters of the circuit after implementation.

1 PROBLEM STATEMENT

Let Moore timed FSM model was represented as
Y#)=g(Z(@),T), Z(t+1)=f(X(),Z(),T). The visual
formalism of the model specification for the designed timed
FSM is a temporal state diagram and a timing diagram
(waveform). The temporal state diagram defines a list of
input variables, output variables and FSM states, as well as
delays and timing constraints, i.e. is a complete mathematical
model of a timed FSM. Waveform reflects the functioning
law of the controlled device in FSM time.

For the Moore FSM model it is necessary to develop a
pattern of the VHDL model using style of automata-based
programming, implement it using the example of building a
VHDL model of the control FSM in a traffic light control
system, and confirm the correctness of the proposed model
by simulation, synthesis and implementation in PLD by
CAD tools XILINX ISE.

The quality criterion for the obtained VHDL model is the
coincidence of simulation results of the control FSM post-
implementation model with the timing diagram which is
specified in the specification.

2 REVIEW OF THE LITERATURE

Methods of using and implementing timed FSM in real-
time systems are quite developed and are widely used in the
design of logic control systems.

In [1], the role and place of logic control systems in the
class of reactive systems that operate on the basis of reac-
tions to external events is defined. To describe the control
part of logic control systems, finite state machines, usually
Moore models are used. To describe FSM in logic control
systems state diagram are used, which are not the only visual
representation of FSM” functioning algorithm, but also it’s a
full mathematical model. The designing method of auto-
mata-based logic control systems which takes into account
real time and processing of external events is given.

In the classic work [2], to describe the behavior of reac-
tive systems, it is proposed to use state charts that extend
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standard state diagrams. To describe the time, during which
system stays in a certain state, the upper and lower time
boundaries of being in the state and the concept of timeout,
defined as delay in the implementation of transition to new
state, were introduced. To describe the output control signals,
the concept of action is introduced, the lifetime of which is
ideally zero, and activity, which is performed for a certain
period of time, determined by special events start and stop.

The concept of timed FSM, is a way of describing real-
time systems, as introduced in [3, 4]. The state diagram of
the FSM is supplemented by finite set of timers that take real
values. Nodes of the diagram are called positions, and the
edges are called transitions. Each timer is reset to zero at the
time of transition and increases its value with each FSM’
cycle. Each transition is associated with clock constraint,
which means that this transition can only be carried out if the
current timer values satisfy this restriction. Each position has
a timer’ constraint called an invariant; the system can be in
this position only as long as its invariant is satisfied.

In [5], formal testing methods are studied that take into
account timing characteristics of the system. To describe the
behavior of the system, the model of TFSM was used, where
instead of many timers, one timed variable is introduced.
Each transition between TFSM states is characterized by the
time (delay) during which will be completed. To test TFSM,
the concept of timed trace, as a sequence of transitions be-
tween states and the time during which they were performed,
is introduced. The algorithm for generating a complete set of
tests that allows checking whether the model matches the
specified timing parameters is proposed. In [6], the TFSM
model is extended due to the introduction of timeout in the
state and delay — during the transition, which makes it possi-
ble to take into account more accurately timing parameters
during testing timed FSM by constructing timed traces, start-
ing from the initial state.

When constructing tests for timed FSM, the TFSM mod-
el, which takes into account timeouts in states and delays of
output signals with respect to the implementation of state
transition, is considered in [7]. At the same time, it is taken
into account that if no input signal is received during the
timeout, then the FSM switches to the next state.

In general, the timed FSM model includes three types of
timing parameters: timeout in states, time limit on receiving
input signals, and an input signal processing time, i.e. delay
of the output signal relative to the input. Moreover, timed
FSM with a smaller number of parameters can be considered
[8, 9, 10]. In these works, minimization problems of timed
FSM, checking their equivalence, and creation of tests are
considered.

In [11], different design methods for digital controllers
that implement real-time systems on different technological
platforms, including programmable logic and microcontrol-
lers, were proposed. To implement control algorithms, it was
proposed to use different mathematical approaches, includ-
ing UML diagrams, hardware description languages for fi-
nite state machine models, and Petri nets for describing mi-
crocontroller devices.

During creation of software models of logic control de-
vices, the automata-based programming style is widely used
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[12]. The essence of automata-based programming is to sep-
arate the description of device’s behavior logic from the de-
scription of its output signals. Automata-based programs are
strictly structured and they have three types of functions:
transition functions, output functions, and functions for as-
signing a new state, which take into account time delays.
Automata-based programs are also strictly stereotyped using
multi-position selection operators (switch, case) and condi-
tional operators (if, elsif — else) in the C programming lan-
guage.

The method for implementing models of timed FSM in
the VHDL language was proposed in [13]. To implement
delays in the states of the Moore FSM, it is proposed to use
loops in states and a special variable count, which decreases
by 1 in each FSM cycle, which corresponds to a sync pulse.
In terms of implementing the structure of the HDL model, it
is proposed to use a single-process template. Results of be-
havioral simulation of traffic lights were presented.

Three categories of state machines were introduced in
[14]: regular (simple) state machines, timed state machines,
and recursive state machines. For these categories of ma-
chines, different templates of HDL models in the VHDL and
Verilog languages are presented, as well as the results of
their simulation in the ModelSim system (from Mentor
Graphics) and synthesis using ISE (from Xilinx).

When analyzing timing parameters of the designed digi-
tal devices based on FPGA, the developer has the opportu-
nity to conduct timing simulation at the following stages:
after creating the initial project description (Simulate Behav-
ioral VHDL Model); after performing synthesis and transla-
tion (Simulate Post-Translate VHDL Model); after the phase
of mapping the logic description of the project to the physi-
cal resources of the crystal (Simulate Post-Map VHDL
Model); after completion of the placement and tracing pro-
cedures (Simulate Post-Place & Route VHDL Model) [15].
Such organization allows to detect possible errors at the ear-
lier stage of design, and thereby to avoid significant time
losses.

3 MATERIALS AND METHODS

During description of real-time control systems’ be-
havior, it is necessary to take into account time aspects of
their behavior. For this, the state machine model is ex-
panded by introducing a timed variable, and the concept
of timed FSM is introduced. Logic control devices, built
on the basis of timed FSM, operate in machine time, that
are measured in FSM cycles, that is, discrete periods of
time during which the machine passes from one state to
another. The duration of the FSM cycle in real devices, as
a rule, is determined by the clock Clk. Based on this
timed variables are also measured in FSM cycles.

As a rule, three parameters are used to describe time
aspects in timed FSM model: timing constraints #., (in-
coming) timeouts #,, and output delays td, which are
sometimes called output timeouts [10]. The input timeout
determines the maximum waiting time for the input event
for each state of the FSM. If input signal didn’t came dur-
ing timeout, then FSM start a survey of the input variables
and go to another state. Timing constraints are intervals at
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transitions that limit the time during which a transition
can be completed. Output delays (output timeouts) reflect
the time taken by the FSM to complete the transition, i.e,
the output signal will appear on the output after a time
interval during which the transition is completed, which is
determined by the output delay.

In logic control systems, the concept of «input valuesy»
is divided into input actions and events. Events along with
input variables provide the interaction of the control FSM
with the external environment. Input actions are imple-
mented by FSM by interrogation of input variables in
accordance with the algorithm of its operation in the con-
trol cycle, and events are realized instantly and lead to a
change in the state of the FSM.

Depending on the purpose and features of using mod-
els of timed control FSM, there are many modifications of
such models that take into account both the method of
processing events and the method of processing delays in
the implementation of transitions and output signals of the
FSM.

Based on features of the functioning of logic control
systems, a model of a structural timed FSM was proposed
in [16]. It can be represented by nine W is a set of
X,Y,Z,f,g,20, 1., T;,, 1 -

In general, a timed FSM can contain all three timing
parameters, but for a specific task, timed machines with
one or two of these parameters can be used.

Timed FSM model, which consists of three timing pa-
rameters < ¢, t,, t; > cannot be directly attributed to the
traditional Moore model. Its output function is similar to
the Moore FSM, but the output signal is formed taking
into account the delay, but not during FSM” transition to a
new state. The time of appearance (change) of output sig-
nals is tied to the working edge of the clock signal. In the
proposed model of a timed FSM, the logic of its operation
is as follows.

When the FSM goes into the current state a;, the main
timing parameter 7,(a;) is determined for it, i.e., the time
during which the FSM must be in the current state, if an
external event ahead of time transfers the machine to an-
other state. ¢, is detected in FSM cycles. After the time ¢,
has elapsed, the FSM responds to the input signals (inter-
rogates them) and goes to the next state.

Output signals of the FSM in the current state a; ap-
pear at outputs at the moment determined by #,(a;), that
is, by output delays for signals y; in the state a;. For each
of the output signals y;, its delay is determined in FSM
cycles and can be different. At t4(a;) = 0, the model of
timed FSM approaches the classical Moore model.

Processing external events is as follows. For each state
a;, input constraints z,(a;) are set, that is, the period of time
during which the FSM, in state a;, can process incoming
events. Timing constraints are determined in FSM cycles
and calculated as ¢. = (¢;—t;). For t; = o and £,=0, timed
FSM without input timing constraints is considered. If an
external event occurred outside of the timing constraints’
“window”, the FSM does not respond to it.
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To describe a timed FSM, a temporal state diagram is
used, which is represented in the form of FSM template in
the hardware description language. To implement the
Moore FSM model with a single timed variable, which is
represented in the hardware description language, it is
proposed to use an additional counter count, which is used
to count the number of FSM cycles during which the
FSM implements certain timing parameters. When the
timed FSM makes a transition to a new state, the value of
this counter is reset to 0. In a two-process VHDL tem-
plate, the assignment of the new state and the new value
of the counter occur in one process which is associated
with the formation of the synchronous sequential part of
the FSM. The VHDL code of the synchronization process,
the assignment of the new state and the new counter value
are shown in Listing 1.

Listing 1. VHDL code of the formation process of the
FSM sequential part

process (Clk, Reset)
begin
if Rst="1"then state <= af;
count <= (others =>"'0");
elsif rising_edge(Clk) then
state <= next_state;
count <= next_count;
end if;
end process;

It should be noted that in the second process, which
describes the combinational part of the FSM, it is neces-
sary to add next_count <= ( others =>"'0'); after the stan-
dard when others => next_state <= al;. It is important.

Let’s consider implementation approach of the three
aforementioned timing parameters in the VHDL hardware
description language, namely, incoming timeouts, timing
constraints on events processing, output delays.

The TO; timeout is realized by a multiple transition
from state to the same state, wherein the number of transi-
tions determined by the number of FSM timeout cycle.
The value of the counter is compared with TO;-1, since
during transition to «; state, the FSM will stay there dur-
ing one cycle until the count will be checked and that the
timeout would be equal exactly to TO; cycles, then TO;-1
cycles must be repeated. That is, in the temporal state
diagram, the state timeout is implemented using loops,
conditions for which are checks of counter signal value.
Fig. 1 shows a graphical representation of the Moore FSM
state with timeout TO; and timing diagram of this timeout
implementation.

A fragment of the VHDL-code of timeout implemen-
tation for state al is shown in Listing 2.

Listing 2. VHDL-code timeout implementation

process (state, count, ... )

begin
next_count <= (others =>"'0');
case state is

when a1 =>

if count < TO1 - 1 then

next_state <= af;
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next_count <= count + 1;
else next_state <= a2;
end if;

count < TOq-1

@ = @b
\I%/ -
count 2 TO¢-1

as

o JUULTUUUUL

Rst t

Count :/\ 0 ogé@@@é t

Y a, / a.
State | /|
TO1

Figure 1 — Implementation of the timeout in the state of the
Moore FSM

Timing constraints t., during which the processing of
external events in the indicated state of the FSM is al-
lowed, are defined as t. = [c;, c;]. To implement the time
limit, it is necessary to compare the value of the counter
signal with the lower and upper bounds of the correspond-
ing time limit c;. Let’s consider the lower time limit c;.
The counter value is compared with c-1, since during
transition to state a;, FSM stays there during one clock
cycle until the count will be checked and so that the lower
boundary corresponds exactly to c; clocks, it is necessary
more c;-1 clock cycles during which FSM will stay in this
state. Similarly, in the last cycle, in which event process-
ing is enabled, the counter value is compared with c,-1.

Fig. 2 presents conditions of the transition by an ex-
ternal event (Btn), taking into account timing constraints,
and timing diagram of the process for external event pro-
cessing under the condition t. = [2, 5]. The event triggers
on the third FSM clock. A fragment of the VHDL-code of
event processing in the state a, is shown in listing 3.

Listing 3. VHDL code for timing constraints and
event processing

process (state, Btn, count, ... )
begin
next_count <= (others =>"'0');
case state is
when a1 =>
if Btn ='1" and count >= c1-1 and count < c2 then
next_state <= ag3;
elsif count < TO1 - 1 then
next_state <=af;
next_count <= count + 1;
else next_state <= a2;
end if;
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as a3
Btn=1 and
o te) count =11 and

o JULLUULUUL

Rst t

Count j@@@/%@‘
Bin —l t

=

N ay a
State|__/ 1
TO1 .
Figure 2 — Implementation of timing constraints and events’
processing

For the hardware implementation of output delays, it
is necessary that values of the output signals of the Moore
FSM depend not only on the current state, but also on the
current value of the counter, which determines the delay
of the output signal from the moment when FSM moves
to the corresponding state. Fig. 3 shows the implementa-
tion of the initial delay during d; FSM clock cycles (d;=2)
for signal y; in the form of state diagram and timing dia-
gram.

="1"when count >= d1

:{> count<T01 1

count = TO¢-1

mnwmmmuh

Rst t

Count ﬁ@@@@@@@@

_/ N
3 a1 a2 >{ t

Y1(d1)

State

y1 T gy

Figure 3 — Implementation of output delays for signal y,
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Note that the output signal in the VHDL model of the
Moore FSM is realized using a conditional signal assign-
ment statement outside process.

yl <='1" when ( state = al and count >=d1 ).

To implement the VHDL-model of the timed FSM, it
is proposed to use a two-process template: one process to
describe sequential part of the FSM and second process to
describe transition function and counting function of FSM
clock cycles.

4 EXPERIMENTS

To test the proposed method of VHDL-models forma-
tion of timed FSM, let’s consider a traffic light control
system on a pedestrian crossing.

Let’s consider the functioning algorithm of the traffic
light, which operates in two modes: daytime and night.

The set of input signals X a set of Onn, St, Btn, Onn.

Thus, Onn and St are actions, and Btn is an event.

The set of output signals for traffic lights Y is a set of

R1, YRG, YGR, GI1, R2, G2. Note that VR>G .

The interface of the traffic light control system is
shown in Fig. 4.

street crosswalk
Onn R1 R2
—_—> | >
S YGR
t
—>
| _YRG
Btn G2
—

G1

Figure 4 — Traffic light control system interface

Let’s define states of the control FSM:

— state a; — turning on the FSM, there are no output
signals, delay to;

— state a, — yellow when changing (G-R), outputs
{YGR, R1, R2}, delay to,;

— state a; — red on a road, green on a pedestrian cross-
ing, outputs {R1, G2}, delay tos;

— state a; — yellow when changing (R—G), outputs
{YRG, R1, R2}, delay to,;

— state a; — green on a road, red on a pedestrian cross-
ing, outputs {G1, R2}, delay tos;

— state ag — switching to green on a pedestrian crossing
and red on a road by button Btn, delay tog, outputs {R1,
G2} with delay of the appearance t4, delay in the state tog;

— state a; — only yellow is on, delay is to;.

The traffic light algorithm is as follows. When the
control device is turned on (Onn = 1), the night cycle of
the traffic light starts, yellow light flashes on the main
road (a; — a;), the traffic light on a pedestrian crossing
does not work. After starting the daytime cycle (St = 1)



e-ISSN 1607-3274 PapioenexTpoHika, inpopmaTuka, ynpasiinss. 2020. Ne 2
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2020. Ne 2

the transition’ system (a, — a; — a; — as — a,) is imple-
mented. At state as, when on a main road green light is
on, reception “window” t. for external event Btn is de-
fined (pressing the jump button). When this event is proc-
essed, the control FSM go to state as. At the same time,
on a main road red light is turned on, but red light is held
up on a pedestrian crossing, and green is turned on with a
delay t4 (time to prepare for crossing). During the period
t., only one signal (external event) Btn can be received.

Thus, for traffic control system temporal state diagram
of timed Moore FSM can be built (Fig. 5).

Fig. 6 shows the timing diagram of Moore FSM for
traffic light control system in the daytime cycle of the
work, which is essentially is specification of the designed
device.

{YRGR1R2}

— St-Onn-Btn
{R1R2t,),G2t.)} Btn(t) nn-En

{R2,G1}
Figure 5 — State diagram of the Moore timed FSM for traffic
light control system

S JUTTUT U UL U U I UL
St s
ann t
[ e T —f
Btn T
a2 () () Ca
1,4, 8z as s as ay as s as ag as
State —/ N/ r \—t
YGR to; I ;
tD3 J.
G1 — t
ty
R2 | —
t
YRG . :
luI
G2
t
R1 I fog
toz tos tos tos tos tos tos tog tos t

Figure 6 — Timing diagram of Moore FSM for traffic light control system

5 RESULTS

To confirm the reliability of obtained results, a two-
process VHDL-model of the timed Moore control FSM
was developed for the traffic light control system without
putting the counter into a separate process. A fragment of
the two-process VHDL-model is shown in listing 4.

All delays described in a separate package, which
fragment is represented in the listing 5.

For verification of the presented model, as well as for
synthesis and implementation, the Xilinx ISE 14.7 system
was used. Behavioral and post-implementation simula-
tions for initial description were performed on the CPLD
XC9572XL-10-TQ100 (Post-Fit Simulation) and on the
FPGA XC3S500E-5fg320 (Post-Place & Route Simula-
tion). The clk period for simulation is 100 ns. Synthesis
report of the latch-triggers absence was analyzed. Timing
diagram of behavioral simulation, which illustrates a

© Miroshnyk M. A., Shkil O. S., 2020
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fragment associated with reaction to event By,, is shown
in the Fig. 7.

The fragment of timing diagram after implementation
on the XC3S500E-5fg320, corresponding to the reaction
to the event Btn is shown in fig. 8. Delays (lags, control
signals overlapping) are fractions of a percent of the clk
period. For example, the intersection of green with red
R2-> G2 is 0.59 ns (0.59%). Also, during the simulation,
short-term pulses arise: signal R2 has a zero pulse with
duration 2.06 ns, G2 has a one pulse with duration 1.31
ns, R2 has a one pulse with duration 1.14 ns, and G2 has a
zero pulse with duration 1.26 ns. They constitute ap-
proximately 1.3-2% of the clk period. All delays and
short-term pulses have a short period and absolutely not
critical in terms of their influence on the operation of the
FSM.
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Listing 4. A fragment of two-process VHDL model of
control FSM

-- tfsm_two_proc_next_count.vhd
library ieee;
use ieee.std_logic_1164.all;
use ieee.std_logic_unsigned.all;
use work.tfsm_pack.all;
entity tfsm_two_proc_next_count is
port ( clk, reset : in std_logic; Onn, St : in std_logic; Btn
:in std_logic;
G1, YGR, YRG, R1 : out std_logic; G2, R2 : out std_logic);
end;
architecture beh of tfsm_two_proc_next_count is
type state_type is (a1, a2, a3, a4, a5, a6, a7 );
signal state, next_state : state_type;
signal count, next_count std_logic_vector (
count_length - 1 downto 0 );
begin
-- state synchronization
process (Clk, Reset)
begin
if Reset = '1' then
state <= af;
count <= (others =>"'0");
elsif rising_edge(Clk) then
state <= next_state;
count <= next_count;
end if; end process;
process (state, Onn, St, Btn, count )
begin
next_count <= (others =>"'0");
case state is
when a1 =>
when a5 =>
if Btn = '1'" and count >= con-
straint_a5_L - 1 and count < constraint_a5_H then
next_state <= a6;
elsif count < T3 - 1 then
next_state <= state;
next_count <= count + 1;
elsif Onn ="'0' then
next_state <= a1;
elsif St = '0' then
next_state <= a1;
else next_state <= a2;
end if;
when a7 =>
if count < T1 -1 then
next_state <= state;
next_count <= count + 1;
else next_state <= a1;
end if;
when others =>
next_state <= a1;
next_count <= ( others =>'0");
end case; end process;
G1<="1"when (state =a5)else'0’;
YGR <="1"when ( ( state = a2 ) or ( state = a7 ) ) else '0";
YRG <="1"when ( state =a4) else '0";
R1 <="'"1"when ( ( state = a2 ) or ( state = a3 ) or ( state
=ad)or(state=a6)) else'0;
G2 <="1"when ( state = a3 ) or ( state = a6 and count
>= output_delay_G2) else '0;
R2 <="'1"when (( state = a2 ) or ( state = a4 ) or ( state = a5
) ) or ( state = a6 and count < output_delay_G2 ) else '0';
end architecture beh;
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Listing 5. A  fragment of the package

work.tfsm _pack.all
library ieee;
use |IEEE.std_logic_1164.all;
package tfsm_pack is
constant count_length : integer := 6;
constant T1 : std_logic_vector ( count_length - 1
downto 0 ) :="000001";
- T1=1
constant constraint_a5_H : std_logic_vector (
count_length - 1 downto 0 ) :="101000"; -- a5_H =40
end tfsm_pack;

The fragment of simulation timing diagram after im-
plementation on the XC9572XL-10-TQ100, which corre-
sponds to the reaction to the event Btn, is represented in
fig. 9.

Switching delay is 0 ns. Single short-term pulses do
not occur. Thus, when implementing the device on FPGA
and CPLD, its operation must comply with the original
description (specification).

As a result of the synthesis of the device on the FPGA
XC3S500E-5fg320 and CPLD XC9572XL-10-TQ100,
CAD tool identified an FSM with 7 states, which codes
are the same for both chips.

Synthesis results: FSM <state/FSM> on signal
<state[ 1:3]> with user encoding. State codes: al (000), a2
(001), a3 (010), a4 (011), a5 (100), a6 (101), a7 (110).

The expected minimum number of triggers is 9: 3
triggers for encoding 7 states, 6 triggers for the counter
(since the maximum timeout is to; = 45). RTL schematic
report for both chips confirmed this. However, in the syn-
thesis report for FPGA, 11 triggers appear, 2 of which are
used due to the peculiarities of the technological imple-
mentation of the RTL circuit on FPGA, which is con-
firmed by the report in the technology schematic format.
Latch triggers are absent in the report. To implement
functions of transitions and outputs, combinational cir-
cuits were synthesized. 218 combinational elements were
synthesized on the XC9572XL-10-TQ100, and 69 combi-
national elements — on the XC3S500E-5fg320. Table 1
shows some totals from the synthesis report.

Table 1 — Synthesis results of the FSM based on FPGA and

CPLD

PLD Flip- Latc | BELS Slices / Macro-

Flops hes LUTs cells
FPGA 11 0 69 33/62 -
XC3S500E-
5fg320
CPLD 9 0 218 - 15
XC9572XL-10-
TQ100

For FPGA: minimum CIk period: 5.700 ns (Maximum
Frequency: 175.434 MHz).

For CPLD: minimum Clk period: 6.600 ns (Maximum
Frequency: 151.515 MHz).
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Figure 7 — Behavioral simulation of reaction to event Btn
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Figure 9 — Post-Fit Simulation of reaction to event Btn for XC9572XL-10-TQ100

6 DISCUSSION

The usage of Moore FSM models with timing delays
is traditional for description logic control systems and has
been worked out in sufficient detail for control programs
in C language [1, 12]. Models of abstract timed FSMs
with timeouts, timing constraints, and output delays are
widely used in testing of timing parameters of microcon-
troller control systems and telecommunication protocols
[5-10]. On the other hand, in [13—15], hardware imple-
mentations of timed FSM models in CAD tool using
hardware description languages were proposed. But pro-
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posed FSM model’ templates in hardware description
languages did not take into account all parameters.

In this work, an attempt to define templates of lan-
guage structures in VHDL for timed Moore control FSMs
with the possibility of processing events, which are exter-
nal to the control system, was made. Experiments’ results
of the synthesis of circuit implementations for timed con-
trol FSMs in PLDs confirmed that synthesizers in CAD
tools (in particular, Xilinx ISE) interpret different lan-
guage constructs of VHDL differently from the point of
timing parameters implementation, although results of
behavioral simulation for them coincide with specifica-
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tion. On the example of simulation (after implementation)
for circuit implementation on PLD of control FSM in log-
ic control system, elements of the HDL template are pro-
posed to use that correctly implement timing parameters
defined in the specification.

The direction of further research may be the construc-
tion of HDL templates for models of timed event-driven
FSM in logic control systems and test verification of these
models.

CONCLUSIONS

The method for constructing a HDL description for
real-time systems, which can be synthesized into a pro-
grammable logic device, was developed in the work.

Models of real-time systems, such as a state diagram,
a timed FSM with many timers, a timed FSM with one
timer, an extended timed FSM, a timed FSM with time-
outs and timing constraints were considered in this work.
Based on these models, a complete structural model of
timed Moore FSM was proposed.

Features of hardware and software-hardware ap-
proaches of real-time systems’ realization were analyzed.
A method for using an additional counter to store the val-
ue of a timed variable and implementation of timed pa-
rameters during usage of hardware approach based on the
structural model of a timed Moore FSM, were proposed.

An algorithm of the traffic light operation was ana-
lyzed. Based on this algorithm, the temporal Moore state
diagram was developed for the traffic light control sys-
tem. Based on the temporal state diagram, a two-process
VHDL-model of the timed Moore FSM (without moving
the counter to a separate process), was proposed and de-
veloped.

Verification, synthesis and implementation of the de-
veloped VHDL model using Xilinx ISE environment
were performed. Synthesis and simulation before and
after implementation was performed for CPLD
XC9572XL-10-TQ100 and FPGA XC3S500E-5fg320.
Synthesis and simulation results of the circuit after im-
plementation confirm the operability and correctness of
the developed VHDL model.

The scientific novelty of the work lies in the defini-
tion of the method for constructing the HDL description
of real-time system, a characteristic feature of which is
the synthesis of the description into a programmable logic
device, which allows to increase the speed of developed
devices by increasing the development time of the input-
output interface.

The practical value of the work lies in the possibility
of hardware implementation of real-time systems based
on the model of a timed FSM, which gives the possible to
increase the flexibility and speed of the developed sys-
tems.
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OHAJILHOTO YHIBEPCUTETY pajioeleKTpoHikH, XapKiB, YKpaiHa.

Mipomnuk A. M. — acnipanT kadeapu aproMatusanii MpoeKTyBaHHS 00YMCIIOBAIBEHOT TeXHIKH XapKiBCHKOTO HaI[lOHAIBEHOTO
YHIBEPCHUTETY paJliOeIeKTPOHIKH, XapKiB, YKpaiHa.

MaunaxoB H. B. — marictp kadenpu aBromaru3sanii NpOSKTyBaHHS 00YUCIIOBAIBFHOT TEXHIKM XapKiBCHKOTO HALiOHAIBHOTO YHi-
BEPCUTETY PaTiOCIIEKTPOHIKH, XapKiB, YKpaiHa.

AHOTAIIA

AKTyaJIbHiCTB POOOTH HOJISATAE B PO3BUTKY METOJIIB aBTOMATH30BAHOTO IPOEKTYBAHHS aBTOMATHUX IPUCTPOIB JIOTIYHOTO Kepy-
BaHHS PEaJbHOTO Yacy IUIIXOM PO3POOKU €MHOTO MIA0JOHY B CHHTE30BAaHMX IIiJIMHOXHHI MOBH OIINCY alapaTypu B CTHJI aBTOMa-
THOTO IIPOrpaMyBaHHs 3 pealtizauicro Ha anapatHiit ardopmi [UIIC (FPGA, CPLD).

MeTto10 podoTH € po3poOka HPHUHIMIIB NMOOYIOBH MOJEeil THMYacOBUX KEPYIOUHMX aBTOMATiB HAa MOBI OIMCY amapaTypu
VHDL. B pob6ori Bupiiiena 3aia4a no0y10BH 11a0IOHY ONKCY MOJENei THMYAacOBUX Kepyrounx aBTromatie Mypa na VHDL, aBto-
MaTu3oBaHuil cuHTe3 i iMmeMenranis orpumanoi VHDL-mozeni B ITJIIC (FPGA, CPLD) 3 Bukopuctanusam Xilinx ISE i mogans-
W aHai3 OTPUMAaHOI CXeMHOI peani3alii Ha mpeaIMeT JOTPUMAaHHs 3HAaYeHb YACOBHX MapaMeTPiB CXEMH MICHs iIMITIEMEHTALI.

Merton. Peanizanis B koHcTpyKuisix MoBH VHDL mapameTpiB MoJieneii THMYAaCOBHX aBTOMATIB B CHCTEMaX JIOT1YHOTO YIPaBIIiH-
Hs1. Po3podka xoHcTpykuit MoBn VHDL mist pearnizanii yacoBux mapameTpiB Mojelied THMYacOBHX aBTOMATIB, Ki 3a0€3MedyroTh
KOPEKTHHH aBTOMAaTH30BaHMi cuHTe3 1 iMmieMenTanis nux mMozeneit B IUIIC (FPGA, CPLD) 3 BUKOpHCTaHHSM IHCTPYMEHTAIBHIX
3aco6iB CAIIP Xilinx ISE.

PesyasTaTn. CuHTe3 i iMIieMeHTanis 3anpononoBanux mabnonis VHDL-Moneneli THM4acoBHX Kepylounx aBToMaTiB Mypa B
CHCTeMax JIOTIYHOIO YIIPaBJIiHHSA IHCTpyMEHTaIbHUMHU 3aco0amu aBToMaTn3oBaHoro npoektyBaHHs XILINX ISE miarBepmunu
OTpUMaHHsI HeHaUTMIIKOBHX cxeMHHUX cTpyktyp B IJIIC (FPGA, CPLD), a MozentoBaHHs Mmiciisl iMIUIEMEHTALI|l TOKa3ao mpartie-
3/IaTHICTh TAKUX MOJEICH.

BucHoBku. B po6oTi Bupimena 3agaya aBTOMaTH30BAHOTO MPOSKTYBAaHHS THMUYACOBUX KEPYIOUHMX aBTOMATIB B CHCTEMax JIOT1d-
HOTO YIPaBIiHHS peabHOro Yacy. s BUpIMIEeHHs aHOTOo 3aBAaHHs po3pobieHi madiorn VHDL-Moznenelt THMYacOBUX KePyIOUHX
aBTOMAaTiB Mypa, 10 a0 MOXJIMBICTH peaizyBaTH Kepylodi aBTOMATH 3 TUMYACOBHUMHU OOMEKEHHSIMH, TalMayT i BUXITHUMH 3a-
TpUMKaMu. ABTOMaTH30BaHU# cuHTE3 1 MojemoBanHs VHDL-Monerneit Ha 0cHOBI po3po0IeHUX MIa0IOHIB MiITBEPAIIN paIe31aT-
HICTb 1 KOPEKTHICTB 3aIIPOIIOHOBAHUX MOJIEIIEH.

HaykoBa HOBH3Ha po0OTH TOJISITae B IOJJAJIBIIOMY PO3BUTKY MeTO/IB 1oOynoBu mabnoHiB HDL-Mozerneit THMYacoBuX Kepyro-
4yux aBToMariB Mypa, 110 Jano MOXIIUBICTh peai3yBaTH Kepylodi aBTOMaTH 3 THMYaCOBUMHU OOMEKEHHSAMHU, TAUMayT I BUXIAHUMHU
3aTPUMKaMH, a TAKOXK BUKOHATH 1X KOPEKTHUH aBTOMAaTH30BAaHUIT CHHTE3 | MOZICIIIOBAHHSL.

IIpakTHyHa HiHHICTH OTPUMAaHUX pE3YJBTATIB MOIATAE B po3poOii npouenyp modynosu VHDL-Moneneit TuMyacoBuX Kepyro-
YUX aBTOMATiB Mypa B CHCTeMax JIOTIYHOTO YNPaBIiHHSA PEaTbHOTO Yacy, M0 AAN0 MOXKINBICTh aBTOMAaTH3yBATH IPOIEC CHHTE3Y
KEepYIOYHX aBTOMATIB 3 ypaxXyBaHHIM MOXKJIMBOCTI OOpOOKM 30BHILITHIX MOJIH 1 peanizamii TOBUIbHUX 3aTPUMOK JUIS BHXIJIHUX CHT-
HaJIB 1 30UIBIIUTH THYYKICTb 1 MIBUAKOJIS IPOSKTOBAHUX CHCTEM. Po3pobiieHi mpouexypu MOKYTh OyTH KOPHCHI IPOEKTYBaIbHH-
KaM 4yacoBux kepyrounx aBromatiB B XILINX ISE.

KJIFOYOBI CJIOBA: kiHIleBHiT aBTOMAT 3 CHHXPOHI3AIi€l0 32 YacoM, Jiarpama CTaHiB, MOBa OIKCY amnapaTHUX 3aco0iB, 11a0-
JIOH aBTOMAaTiB, MOJCIIIOBaHHs, cHHTe3, peaitizawis, CAD, XILINX ISE.
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Mupomnuk M. A. — 1-p TexH. HayK, mpodeccop, npodeccop Kaheaps! CriennaaIn3uPOBaHHBIX KOMIIBIOTEPHBIX CUCTEM YKparH-
CKOTO FOCYIapCTBEHHOTO YHUBEPCUTETA XKENE3HOAOPOKHOTO TPAHCIIOPTa, XapbhKoB, YKpanHa.
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AHHOTALUA

AKTyaJBbHOCTb PabOTHI COCTOUT B Pa3BUTHH METOJIOB aBTOMATH3MPOBAHHOTO MPOEKTHPOBAHNS aBTOMATHBIX YCTPOICTB JIOTHYe-
CKOT'O YIpaBJIEHHs PeajbHOI0 BPEMEHHU ITyTeM Pa3pabOTKM €IMHOrO IablioHa B CHHTE3UPYEMOM IOJIMHOXKECTBE S3bIKAa ONMHCAHUS
anmapaTypsl B CTHJIE aBTOMaTHOT'O ITPOrpaMMHPOBaHUs ¢ peanu3anued Ha anmapatHoi miatdopme [IJIVIC (FPGA, CPLD).
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Leabio paGoTsl sBiIsieTCs pa3paboTKa NPUHIUIIOB IIOCTPOSHHS MOZIeNell BpeMEHHBIX YIPABISIOMNX aBTOMATOB Ha S3bIKE OIU-
canus anmapatypsl VHDL. B pa6ote pemena 3aaqa nocTpoeHust M1abjaoHa ONMMCAHUs MOJIeNiel BpEMEHHBIX YIPABISIIOIINX aBTOMa-
ToB Mypa Ha VHDL, aBroMaTu3npoBaHHbIH cHHTE3 W MMIuleMeHTanus nonydennoiir VHDL-momemn B IVIMC (FPGA, CPLD) ¢
ucnonb3oBanueM Xilinx ISE u mocnemyromuii aHanu3 moxyueHHOH CXeMHO# pealn3aluy Ha OpeaMeT COOJI0ACHUs 3HaYeHUH Bpe-
MEHHBIX TTapaMETPOB CXEMBI 110CNIE UMITTIEMEHTAIUN.

Metoa. Peanuzanus B xoHcTpykuusix s3pika VHDL mapamerpoB Mojnenel BpeMEHHBIX aBTOMAaTOB B CHUCTEMAX JIOTUYECKOTO
ynpasneHus. Pa3paborka koHcTpyKiuid si3bika VHDL ans peanuzanny BpeMEHHBIX MMapaMEeTPOB MOZEe BPEMEHHBIX aBTOMATOB,
KOTOpBIe 00eCHeYNBAIOT KOPPEKTHEIH aBTOMAaTU3UPOBAHHBIA CHHTe3 U nMminteMenTanus >tux moneneit B [IJIMC (FPGA, CPLD) c
HCTIONB30BaHNeM HHeTpyMeHTanbHbIX cpenctB CAITP Xilinx ISE.

PesyabTaTel. CHHTE3 M UMIUIEMEHTALMs MPELIoKeHHbIX m1admoHoB VHDL-monenell BpeMEHHBIX YHPaBISIOIINX aBTOMAaTOB
Mypa B cuctemax JIOIMYECKOIO YIIPaBJICHUs MHCTPYMEHTAIbHBIMH CPEICTBAMU aBTOMAaTU3UpPOBaHHOIrO mpoekrtupoBaHus XILINX
ISE noxarBepannu nomy4yenue Hen30BITOUHBIX cXeMHBIX cTpyKTyp B [IJIMC (FPGA, CPLD), a MogenupoBaHue mocie UMIUIEMEHTa-
LM [T0KA3aJI0 paboTOCIIOCOOHOCTh TAKMX MOJEIEH.

BriBoasl. B pabote pemena 3agaua aBTOMaTH3UPOBAHHOTO IPOSKTUPOBAHNS BPEMEHHBIX YIPABIIOIINX aBTOMATOB B CHCTEMAX
JIOTHYECKOTO YIPaBJICHUS pealbHOr0 BpeMeHH. [l pemieHus JaHHo# 3agaun pa3zpadboTansl mabnonsl VHDL-Moneneit BpeMeHHBIX
YIPABISIIOIINX aBTOMAaTOB Mypa, 9TO a0 BO3MOXKHOCTh PEaln30BaTh YIPaBISIONINE aBTOMATH ¢ BPEMEHHBIMH OTpaHUYCHUSIMH,
TaliMayTaMH U BBIXOJHBIMH 3aJep)KKaMH. ABTOMATH3UPOBAHHBIN cuHTe3 U MonenupoBanue VHDL-moneneit Ha ocHOBe pa3pabo-
TAHHBIX IIA0JIOHOB TOATBEPAWIN pabOTOCIIOCOOHOCT U KOPPEKTHOCTD IPEIOKEHHBIX MOZEIEH.

Hayuynass HoBM3Ha pabOTHl COCTOMT B JaJbHEHIIEM DPa3BUTUH METOJOB MocTpoeHusi madioHoB HDL-monenell BpeMeHHBIX
YNPaBIISIOINX aBTOMAaTOB Mypa, YTO [ajgo BO3MOKHOCTh PEAlN30BaTh YMPABISIOLINE aBTOMATHI C BPEMEHHBIMH OTPaHUYEHUSIMU,
TaiiMayTaMH U BBIXOJHBIMU 33JIEP>KKAMH, a TAKXKE BBITIOIHUTH UX KOPPEKTHBIH aBTOMATH3UPOBAHHBINA CHHTE3 U MOJIETHPOBAHHE.

IIpakTHyeckas HEHHOCTH TONYUYCHHBIX PE3YJIBTATOB 3aKI0UaeTcs B pazpadoTke mpoueayp nocrpoenus VHDL-moxneneii Bpe-
MEHHBIX yTIPaBIISIONINX aBTOMAaToB Mypa B CHCTEMax JIOTHYECKOT0 yNPaBICHHS PEabHOTO BPEMEHH, UTO A0 BO3MOXKHOCTh aBTO-
MaTU3UPOBATh IPOIECC CHHTE3a YIPABISIONIMX aBTOMATOB C y4ETOM BO3MOXKHOCTH 0Opa0OTKU BHEIIHHMX COOBITHH M peaan3aluu
NIPOU3BOJIBHBIX 3aJIePXKEK UIS BEIXOAHBIX CHTHAJIOB M YBEJIMUYHUTH THOKOCTH M OBICTpPOAEICTBHE NMPOEKTHPYEMBIX cucTeM. Pa3pabo-
TaHHBIE [TPOLIETYPHI MOTYT OBITH IOJIE3HBI IPOSKTHPOBLIMKAM BPEMEHHBIX yrpasisitonux aBTomaToB B XILINX ISE.

K/IIOYEBBIE CJIOBA: xoHeuHbIl aBTOMAaT ¢ CHHXpOHU3allMel 110 BPEMEHH, JUarpaMMa COCTOSHUM, SI3bIK ONKCAHUS ala-
PaTHBIX CPEICTB, a0JIOH aBTOMATOB, MOJEIUpPOBaHue, cuHTe3, peann3anusd, CAD, XILINX ISE.
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