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Abstract: In control applications, most of the physical systems
require a real-time operation to interface high speed constraints;
higher density programmable logic devices such as field
programmable gate array (FPGA) can be used to integrate large
amounts of logic in a single IC. This paper presents an
Experimental implementation of digital logic designs on the
Altera DE2 board which presented as an educational and
development board, in order to check the flexible implementation
with FPGA and to get the better and safely ways to use these
specifications during any design implementations. The
implementation in this paper contains of two types of digital
logic design, the first one is Digital UP-counter design which
designed using Verilog language, the experimental results for this
design displayed on the 7-segment with the sequence of HEX0
and HEXI. The second design is the proportional-derivative (PD)
fuzzy logic controller which contain of three parts, Fuzzifier,
inference engine and Defuzzifier. The PD Fuzzy logic controller
was designed using VHDL language. Groups of two membership
function with 5 linguistics variable and rule table of 25 rules
were used to generate the control surface of the PD fuzzy logic
controller, and to generate the simulation before the
implementation, these groups are stored in the memory blocks,
this block is generated using MegaWizard Plug-in Manager
provided by Altera Quartus II program, the design using
MegaWizard is important to ensure the good design
specifications, the surfaces with these groups compared with the
same design using MATLAB. By subtracting both type of
surfaces, a results have been obtained, these results proved that
the FPGA-based fuzzy controller is very close to the software-
based controller using MATLAB.

Keywords: PD Fuzzy Logic Controller, Digital up-counter, 7-
segments Display, Altera Quartus I, Hardware implementation.

1. Introduction

FPGA becomes one of the most successful of today’s
technologies for developing the systems which require a
real time operation [1], [2], [3], [4]. Semi-custom and full-
custom application specific integrated circuit (ASIC)
devices are also used for this purpose but FPGA provide
additional flexibility: they can be used with tighter time-
to-market schedules. FPGA places fixed logic cells on the
Wafer and the FPGA designer construct more complex
functions from these cells [5].

The term field Programmable highlights the
customizing of the IC by the user, rather than by the
foundry manufacturing the FPGA. Several researchers
discussed the design of hardware systems. Numbers of
these works were specialized in control application, and
were aim to get better control responses, [6], [7]. FPGA
are two dimensional arrays of logic blocks and flip-flops
with an electrically programmable interconnection
between logic blocks. The interconnections consist of
electrically programmable switches which is why FPGA
differs from Custom ICs, as Custom IC is programmed
using integrated circuit fabrication technology to form
metal interconnections between logic blocks. In an FPGA
logic blocks are implemented using multiple level low fan
in gates, which gives it a more compact design compared
to an implementation with two-level AND-OR logic.
FPGA provides its user a way to configure and these
specifications offer the fuzzy logic a large amount of logic
in single IC: The intersection between the logic blocks and
the function of each logic block. Logic block of an FPGA
can be configured in such a way that it can provide
functionality as simple as that of transistor or as complex
as that of a microprocessor. It can used to implement
different combinations of combinational and sequential
logic functions [8].

2. DE2 development board

Altera DE2 board become one of the most widely
development FPGA board which is used to development
of FPGA design and implementations [9]. The purpose of
the Altera DE2 Development and Education board is to
provide the ideal vehicle for learning about digital logic,
computer organization, and FPGAs. It uses the state-of-
the-art technology in both hardware and CAD tools to
expose students and professionals to a wide range of topics
[10]. The board offers a rich set of features that make it
suitable for use in a laboratory environment for university
and college courses, for a variety of design projects, as
well as for the development of sophisticated digital
systems. Altera provides a suite of supporting materials for
the DE2 board, including tutorials, “ready-to-teach”
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laboratory exercises, and illustrative demonstrations [11].
Figure (1) gives the block diagram of the DE2 board. To
provide maximum flexibility for the user, all connections
are made through the Cyclone II FPGA device. Thus, the
user can configure the FPGA to implement any system

design [9].
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Fig. 1: Block diagram of the DE2 board [9].

Software provided with the DE2 board features the
Quartus® II Web Edition CAD system, and the Nios® II
Embedded Processor. Also included are several aids to
help students and professionals experiment with features
of the board, such as tutorials and example applications.
Traditionally, manufacturers of educational FPGA boards
have provided a variety of hardware features and software
CAD tools needed to implement designs on these boards,
but very little material has been offered that could be used
directly for teaching purposes. Altera's DE2 board is a
significant departure from this trend [10] and [11].

3. Structure of the Fuzzy Logic Controller

The fuzzy controller, (as explained in Figure (2)), have
four main components:

(1) The Rule-Base holds the knowledge, in the form of
a set of rules, of how best to control the system.

(2) The Inference Mechanism evaluates which control
rules are relevant at the current time and then
decides what the input to the plant should be.

(3) The Fuzzification Interface simply modifies the
inputs so that they can be interpreted and compared
to the rules in the rule-base.

(4) The Defuzzification Interface converts the
conclusions reached by the inference mechanism
into the inputs to the plant [13] and [14].

Fuzzy Logic controller
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Fig. 2: Typical Fuzzy Controller Structure.

3.1 Rule-Base

Rule-base plays a key role in representing expert control
knowledge and experience and in linking the input
variables of fuzzy controllers to output variable (or
variables). It contains a fuzzy logic quantification of the
expert's linguistic description of how to achieve good
control, represented in if-then statements involving fuzzy
sets, fuzzy logic, and fuzzy inference [12] and [13]. A
single fuzzy if-then rule assumes the form.

IF <antecedent > THEN < consequent > .. (D)

3.2 Fuzzification

Fuzzification is a mathematical procedure for converting
an element in the universe of discourse into the
membership value of the fuzzy set. This procedure
converts controller inputs into information that the
inference mechanism can be easily used to activate and
apply rules [12]. Suppose that fuzzy set A" is defined on
[a,b]; that is the universe of discourse is [a,b]; for any
x€[a,b], the result of Fuzzification is simply pA (x).
Figure (3) below shows an example in which the
Fuzzification result for x =7 is 0.4.

g
1

0.4

Y

Fig. 3: an example showing how Fuzzification works.

3.3 Fuzzy Inference Engine

Fuzzy inference is sometimes called fuzzy reasoning or
approximate reasoning. It is used in a fuzzy rule to
determine the rule outcome from the given rule input
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information. In control, it emulates the expert's decision-
making in interpreting and applying knowledge about how
best to control the plant. A number of fuzzy inference
methods are available [15] and [16] but only few of these
methods are used frequently. Table (1) lists four of the
most popular fuzzy inference methods. These methods are
graphically illustrated in Figure (4).

Table 1: Common Fuzzy Inference Methods for Fuzzy Control System.

Fuzzy Inference Method Definition

Mamdani minimum inference, Ry min(p,pan(x)), for all x

Larsen product inference, Ry uXpan(x), for all x

B for  pas(x)=1
. . pac (x) Lfor p=l
Drastic product inference, Rpp { 0 forp< 1 and pas (9 <
1
Bounded product inference, Rgp max(utpan (x)—-1,0)
Membership
Ryt Ry Rop Rep

Fig. 4: Graphical illustration of the common fuzzy inference methods
provided in Table (1).

When singleton output fuzzy set is used, the four different
inference methods produce the same inference result, as
shown in Figure (5). If the output fuzzy set in some rules
are the same, fuzzy logic OR operation is sometimes used
to combine the memberships. This step, however, is not
essential; many fuzzy controllers can function properly
without it [12].

Membership
Ru Ry Fop Rep
1
n A A A A
0 ;

Fig. 5: The outcome, of Mamdani fuzzy controllers with singleton fuzzy
sets in the rule consequent, using the inference methods provided in
Table (1).

3.4 Defuzzification

Defuzzification is a mathematical procedure used to
convert a fuzzy set or fuzzy sets to a real number. This
procedure converts the conclusions of inference
mechanism into an actual input for the process to be
controlled. Different types of Defuzzifier are suitable for
different circumstances. It is even hard to introduce these
methods, as different authors sometimes name the same
method differently. Centroid method (also known as the
center of mass, or center of gravity method), is probably
the most commonly used Defuzzification method because
it has several desirable properties:

1.The Defuzzification values tend to move
smoothly around the output fuzzy region, that is,
changes in fuzzy set topology from one model
frame to the next usually result in smooth
changes in the expected value.

2.1t is relatively easy to calculate.

3.1t can be applied to both fuzzy and singleton
output set geometries.

The Defuzzifier output, z is defined by

z,uk * By

z=X (2

Where N represents the number of the rules, pk is the
degree of the applicability of the kth rule; Bk is the
Defuzzifier value of the output membership function of the
kth rule. This relation is also true for systems using
singleton output fuzzy sets that are nonzero only at z =
Bl... BN [13], [16] and [17]. Figure (6) shows a typical
fuzzy reasoning method of two rules for a fuzzy system
with two inputs and one output, using singleton
membership function for the output variable, minimum
operation for fuzzy inference, and Centroid for
Defuzzification. Note that x0 and y0 are input instances,
and z0 is the final output. The rules are:

Rule I: IFxis A1 AND yisB1 THEN z iszl
Rule 2: IFxis A2 AND yisB2 THEN zisz2
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Fig. 6: Simplified fuzzy reasoning method.

4. Experimental Setup and Results

The purpose of this work is to implement a digital design
using Hardware description language using DE2 Altera
Board and to check the work flexibility in this development
board which used in wide range of experiments
development of the FPGA-based systems, as well as
design of hardware controllers. Experimental environment
shown in figure (7) in this paper used with all FPGA-based
implementation steps. Altera DE2 board is connected the
PC using USB-blaster provided with DE2 package. The
VGA display connected with DE2 using VGA port
available as one of DE2’s output ports, other ports such as
serial PS/2 used in either mouse or Keyboard use.

VGA cable connected between DEZ and VGA monitor

4.1 Implementation of Digital UP-counter with 7-
segments display

Digital circuits implementations is important in many
applications, we used this design to get more check about
DE2 board, and it is necessary to get the safely and easy
ways before implements the second design in section (4.2).
this design contain of an input pins (clock and KEY0) and
the output is connected with HEX0 and HEXI1 for 7-
segments display, Figure (8) shows the synthesis circuit of
digital up-counter, and figure (9) shows the experimental
results for this design which displayed on 7-segments with
the reset step.

VGA monitor

PC to dwonload
‘{pmgrams into

DEZ2

Altera DE2

USB Blaster
connected with
PC

Keyboard
connected with

PS/2 serial port

Fig. 7: Experimental environments.
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Fig. 8: Synthesized Design of the Digital up-counter.
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Fig. 9: Experimental result of digital up-counter implementation.

4.2 Implementation of PD Fuzzy Logic Controller

This section presents an implementation of the PD fuzzy
logic controller as explain in section (3), the fuzzy logic
controller has widely used with many systems especially
with the control applications, fuzzy logic controller
presented with three parts, Fuzzifier, inference engine and
Defuzzifier, the typical is highlighted the number of inputs
with the first part of the fuzzy logic controller, since it
contain of one-input and one-output, in this paper, a PD
fuzzy logic controller with two-input one-output was
implemented using Altera DE2 board. For the purpose of
simulation during the design we used five triangular
membership functions for input variable, five singleton
membership functions for output variable, and rule table of
25 rules, this group is shown below in figure (10) and table

).
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Fig. 10: (a) Inputs fuzzy sets, (b) Output fuzzy sets
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Table 2: Fuzzy rules used in the PD fuzzy logic controller.

-3
WE| NS | Z | PS5 | PS
NE| FB | FE | FB | P8 | Z
NS | N8 | PE | P8 | Z | M8
de 7 | PB | P5 | Z | N5 | NB
BS | B | Z | N5 | MB | NB
FE | Z | N5 | NE | NB | NB

At first, a test is performed to make sure that the fuzzy
inference system used inside the FPGA-based design is
working properly. This test involves generating control
surface using fuzzy sets and rule table shown in Figure
(10) and table (2); figure (11-a) shows the surface of the
fuzzy inference which implemented using VHDL, figure
(11-b) shows Control surface of the PD fuzzy logic
controller using MATLAB. This surface reveals the effect
of rounding and approximation processes (inside the
FPGA design) on the result, and by subtracting this surface
with the one generated using MATLAB, the results shown
in table (3) were obtained from this comparison. Figure
(12) shows the synthesized design results of the PD fuzzy
logic controller.

Table 3: Statistics of the difference surfaces.

Difference
percentage results
MAXITIET IT0T 0.3349
TNINIFIT eIrer 03349
Mean emor 3.B9E-17
mear square emror 00196
range of values -30to 30

LessThan1

PDgain[7..0] [y
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Action
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(b)

Fig.11: a) Control surface of the PD fuzzy logic controller using VHDL.
b) Control surface of the PD fuzzy logic controller using MATLAB.
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works, from this comparison, it seem that these results is
much closed to those obtained from MATLAB. The design
shown in figure (12) consist of two input pins and four
output pins, the input pins contain of proportional gain pin
and the derivative gain pin, for the output pins, all these
pins connected with the 7-segments display. Other way we
can use the LCD to display this action. The FPGA design
and implementations (using the environment showing in
figure (7)) consist of many steps, starting with Design
coding and end with pin assignments. After compiling the
design code and get the Results, The user must assign the
pins in the FPGA chip by using pin planner provided by
Altera Quartus Il program.

two inputs, these inputs represent the proportional-
derivative (PD) controller gains (e(t) and Ae(t)). This
controller can be used in unity feedback control as shown in
figure (13). This design can be used to control many of the
industrial application. And it approved the flexibilities
with the FPGA-based implementations; Figure (14) shows
the simulation waveform results of this design by using
ModelSim Simulator, this test represents the controller
with unity feedback control system. This simulation step is
necessary before any design implementation in order to
check the timing behavior of our design. Figure (15)
shows the control action displayed on LCD, which built in
DE2 board.

— A\D
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Desired Output plant output
Y I A Vi ) Fuzzy Logic | ut .

\ Ae(n) Con.trollgr : D\A i TR o

D-gain

Fig. 13: Layout representation of the FPGA-based PD fuzzy logic controller with unity feedback control system.
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Fig. 14: Simulation waveform results of the PD fuzzy logic controller.
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Fig. 15: LCD display in DE2 board.
5. Discussion

This paper presents experimental implementations of
digital logic design using Altera DE2 developments and
education boards, the purpose of the Altera DE2
development and education board is to provide the ideal
vehicle for learning about digital logic, computer
organization, and FPGAs. It uses both hardware and CAD
tools to offers students and professionals to a wide range
of topics for FPGA design implementations. The board
offers a rich set of features that make it suitable for use in
a laboratory environment for university and college
courses and can used for any design implementations, as
well as for the development of sophisticated digital
systems by using hardware description language (HDL) .
All connections are made through the Cyclone II 2C35
FPGA device in order to provide maximum flexibility for
the user. Thus, the user can configure the FPGA to
implement any system design. The first design used to
check and prove the DE2 features before implementing the
second design. The results obtained by subtracting the
surface for our PD fuzzy logic controller with the surface
generated using MATLAB, we got that the maximum
error, minimum error, mean error, mean square error and
range of values are: 0.5349, -0.5349, 3.89E-17, 0.0196 and
-30 to 30, respectively. These results proved that the
FPGA-based fuzzy controller is very close to the software-
based controller using MATLAB. 1t is worth to notice that
the precision of any control surface also depends on
choosing the right memory words that represent the
desired  membership  functions  correctly.  The
implementations results for the first design proved the
flexible implementation with DE2 board. Fuzzy logic
controller is presented as one of the controllers to deal
with many of the industrial applications, and can be
implemented in many of the hardware implementation

ways, FPGA offer this design a large amount of fuzzy
logic in single IC, so that it’s considered as one of the best
ways to implement fuzzy logic controller especially with
the applications require real-time operation. This type of
implementation can be used with different applications,
such as temperature control, industrial furnaces and
process control applications.
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