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Abstract- This paper presents an analysis and performance
evaluation of the proportional-derivative (PD) fuzzy logic
controller design by using Matlab and field programmable gate
array (FPGA). The fuzzy logic controller consists of a Fuzzifier,
inference engine and Defuzzifier; the Fuzzifier block accepts two
PD inputs. Two types of controller are designed; the first one is
using fuzzy logic toolbox in Matlab. The second type is designed
using VHDL language for implementation on FPGA.
Mathematical models of robot arm and bench-top helicopter are
used for the purpose of simulation with the first type. This
controller is used with a unity feedback control system in
Matlab Simulink, in order to control these systems and to
generate the simulation results. The best response with the robot
arm has 0.02 errors and zero overshot, and the best response
with the bench-top helicopter has 0.01 error with 0.001
overshot. Altera Quartus II and ModelSim simulation program
are used to generate the simulation results of the second type. A
mathematical model that represents industrial processes, such as
temperature, pressure, pH, and fluid-level controls with unity
feedback control systems and subjected to 0.2 step input is used
to generate these results. This FPGA-based controller is able to
produce a fast response ranging from 0.3 ps, even with time
delay added with the plant model.

Index Terms- Fuzzy Logic controller, Field programmable gate
array, Industrial Processes, Robot arm, Bench-to helicopter.

I. INTRODUCTION

Fuzzy Logic has been successfully applied to a large
number of control applications. The most commonly used
controller is the PID controller, which requires a
mathematical model of the system. A fuzzy logic controller
provides an alternative to the PID controller. It is a good tool
for the control of systems that are difficult to model. The
control action in fuzzy logic controllers can be expressed with
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simple “if-then” rules [1]. Fuzzy controllers are more
sufficient than classical controllers because they can cover a
much wider range of operating conditions than classical
controllers and can operate with noise and disturbances of a
different nature. The method used most often to implement a
fuzzy controller is to use it as a computer Program on a
general purpose computer; 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. FPGA provides additional flexibility: they can be
used with tighter time-to-market schedules.

FPGA places fixed logic cells on the wafer, and the FPGA
designer constructs more complex functions from these cells.
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 fuzzy logic controllers. A number of these works
specialized in control application [2], [3], and were aimed at
obtained better control responses. Others were concerned
with developing general fuzzy logic processors. Their
searches were concerned with using new techniques in fuzzy
algorithms, to get higher processing speed versus low
utilization of chip resource [4], [5].

II. PD CONTROLLER

The D mode is used when the prediction of the error can
improve control or when it is necessary to stabilize the
system. From the frequency characteristic of the D element it
can be seen that it has a phase lead of 90°. Thus, the D element
will move the frequency characteristic of the open loop Go
(jw) further away from the critical point (-1, jO) [6]. Often, the
derivative is not taken from the error signal but from the
system output variable. This is done to avoid the effects of the
sudden change of the reference input that will cause a sudden
change in the value of error signal [6]. A sudden change in
error signal will cause a sudden change in control output. This
can be avoided by a suitable design of the D mode to be
proportional to the change of the output variable y(t). If there
is a measuring noise present in y(t) it will amplify this noise
[6].

Noise is usually a higher frequency signal, so a good
remedy for the noise problem is the use of a low-pass filter in
the derivative channel that will insure that the derivative
action is only in the frequency band of interest and will
diminish the negative effect of the D mode on the signal noise
[6]. In the case of D, the PID controllers control signal is
proportional not only to the rate of change of process variable
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but also to the acceleration of the change of process variable.
However, these controllers can only be used if the process has
good filtering characteristics, (large inertia) since double
derivation greatly amplifies noise. When dealing with systems
with transport delay it is also important to have a good error
prediction. However, the D mode will not be able to give a
reliable prediction in the case of transport delay, so in those
cases one should use the Otto-Smith predictor (controller),
and not the PID controller. If the Otto-Smith predictor is not
available it is better to use the PI controller [6].

III. Fuzzy VS. CONVENTIONAL CONTROL

In order to design a conventional controller for controlling
a physical system, the mathematical model of the system is
needed. A common form of the system model is differential
equations for continuous-time systems or difference equations
for discrete-time systems. Strictly speaking, all the physical
systems in existence are nonlinear. Unless physical insight
and the laws of physics can be applied, establishing an
accurate nonlinear model using measurement data and system
identification methods is difficult in practice. Even if a
relatively accurate model of a dynamic system can be
developed, it is often too complex to use in controller
development, especially for many conventional control
design procedures that require restrictive assumptions for the
plant (e.g., linearity) [10], [11].

As an alternative, fuzzy control provides a formal
methodology for representing, and implementing a human's
heuristic knowledge about how to control a system, which
may provide a new paradigm for nonlinear systems. The fuzzy
controller is unique in its ability to utilize both qualitative and
quantitative information. Qualitative information is gathered
not only from the expert operator strategy, but also from the
common knowledge [10], [11].

Although much of the opposition to fuzzy logic is based on
misconceptions, fuzzy control is not a cure-all. Fuzzy control
should not be employed if the system to be controlled is
linear, regardless of the availability of its model. PID control
and various other types of linear controllers can effectively
solve the control problem with significantly less effort, time,
and cost. In summary, PID control should be tried first
whenever possible [10]. The benefits of fuzzy controllers can
be summarized as follows:

1) Fuzzy controllers are more robust than PID controllers
because they can cover a much wider range of operating
conditions than PID, and can operate with noise and
disturbances of a different nature.

2) Developing a fuzzy controller is cheaper than developing
a model-based or other controller to do the same thing.

3) Fuzzy controllers are customizable, and it is easier to
understand and modify their rule, which not only uses a
human operator's strategy, but is also expressed in natural
linguistic terms.

4) Itis easy to learn how fuzzy controllers operate and how to
design and apply them to a concrete application.

It is also worth noting that fuzzy logic can be blended with
conventional control techniques. This means that fuzzy
systems do not necessarily replace conventional control
methods.

In many cases fuzzy systems augment them and simplify their
implementation [12], [13].

IV. Fuzzy LoGIC CONTROLLER

Fuzzy logic has rapidly become one of the most successful
of today's technologies for developing sophisticated control
systems. With its aid, complex requirements may be
implemented in amazingly simple, easily maintained, and
inexpensive controllers [14]. Fuzzy control only uses a small
portion of the fuzzy mathematics that is available. This
portion is also mathematically quite simple and is
conceptually easy to understand. In this chapter, we introduce
some essential concepts, terminology, and arithmetic of fuzzy
sets and fuzzy logic. The fuzzy controller, (as explained in
Fig. 1), 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 [11], [15].
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Fig. 1: Structure of fuzzy logic controller with unity feedback control system.

V. THE MATLAB-BASED PD-LIKE FUZZY LOGIC CONTROLLER

Generally, this controller accepts two input signals, error
and change of error (e(s) and Ae(s)). These inputs represent
the PD gain inputs, the error signal is obtained by
subtracting the output of the plant (Yp) from the desired
output (Yd); the change of error is obtained by multiplying
the delay signals with the error signal and then subtracting
this signal from the original error signal; the controller
delivers the control action signal as output. Groups of five
triangular membership functions for inputs/outputs variables,
and rule table of 25 rules were used in this design; these
groups are shown in Fig. 2 and Fig. 3.
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The fuzzy inference was designed using fuzzy toolbox
provided in MATLAB, and the same design coded in
MATLAB file (.m) in order to make a comparison with other
FPGA-based designs. Fig. 4 shows the layout of the fuzzy
inference in the PD fuzzy logic controller.

For any fuzzy logic controller design, it is necessary to check
the surfaces between the proposed membership function and
the control action in order to make sure of the rounding
process inside the fuzzy system. Fig. 5 shows the control
surface between inputs/output variables using the proposed
membership functions.
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Fig. 5: Control surface between inputs/output variable using fuzzy toolbox.

VI. THE FPGA-BASED PD-LIKE FUZZY LoOGIC
CONTROLLER

Generally, this controller accepts the output of the plant
(Yp) and the desired output (Yd), both as digital signals, and
delivers the digital control action signal as output. The
design also accepts digital signals that represent the gain
coefficients needed by the controller (proportional gain Kp
and derivative gain Kd). Fig. 6 shows the layout of the
proposed controller with a unity feedback control system.
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 Fig. 7 and
Table 1.

error

o

PD fuzzy logic controller

(mamdani)

change of error

controller output

Fig. 4: Mamdani Type fuzzy inference in the proposed PD fuzzy logic controller.
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Table 1: Fuzzy rules used in FPGA-based Design.
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VII. SIMULATION ENVIRONMENTS

In FPGA-based design, the Altera Quartus II 9.0 program
was used to get the compilation and timing test results as well
as the synthesized design. For the simulation results, the
Quartus simulator with ModelSim 9.0 simulation program was
used with the FPGA-based Design. In Matlab-based design, a
Simulink design was used to represent the design layout and
then the simulation graphs were plotted. The same
Matlab-based design was coded using M-file. In order to
make the comparison with the FPGA-based design another
M-file was used to plot the data collected from the ModelSim
program to make the comparison between both designs. This
comparison is necessary to analyze and evaluate the
performance of both types of controller.

VIII. SIMULATION RESULTS OF MATLAB-BASED DESIGN

For the simulation results with this design, mathematical
models of three different plants were used to generate the
results. The first system represents a mathematical model of —
PH-control, temperature control or level control. The second
model represents the position control in the AC motor and the
last model represents the robot arm.

A. Arm Control of the Non linear Robot

Many researchers discuss the behavior of the robotic arm.
In order to get better control solutions, this paper presents the
design of the PD fuzzy logic controller to control the robot
arm. The robot arm model consists of four popular elements,
which are controlled in our design. These elements are,
Velocity, Position, Friction and Gravity function. Many cases
were used in this paper by changing the value of these
elements in order to get better control responses. Equation (1)
shows the deferential equation, which represents the robot
arm model; [7].

y=u—-2y—10y*sin(u) (1)

The proposed PD fuzzy logic controller with unity feedback
control systems was used to control the robot arm. This
workbench design was used to generate the simulation
results by changing the elements of the robot arm, in order to
get better control responses and also to analyze and evaluate
the performance of this controller. Fig. 8 shows the layout of
the proposed controller with unity feedback control system.
The robot arm model consists of four popular elements,
which were controlled in our design. These elements are,
Velocity, Position, Friction and Gravity function. Many cases
were used to generate the simulation results. These cases were
made by changing the value of the four elements inside the
robot arm. These simulation results are shown in Fig. 9 to Fig.
12. From the simulation results, it seems that all the responses
still have an error in their plant output, as the PD parameters
affect on the transient response not the steady state response,
and the error belongs to the steady state response. Therefore,
all changes were made with the parameters effect on transient
response (overshoot), raising the time and settling time only.
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Fig. 12: Different cases of Plant output responses, (a) Friction= 10, Initial
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B. Bench-top Helicopter Model

The bench-top helicopter is shown in Fig. 13. It is a
laboratory scale plant with 3 Degrees of Freedom (3DOF),
roll angle /, pitch angle 2, and yaw angle 3. Each one is
measured by an absolute encoder [8], [9].
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Two electrical DC motors are attached to the helicopter body,
making two propellers turn. The total force F' caused by
aerodynamic makes the total system turn around an angle
measured by an encoder. A counter weight of mass M helps
the propellers lift the body. The total non-linear model
obtained for the helicopter model can be simplified by
linearising around the operational point [10=0. It yields a
second order transfer function between the pitch angle 2 and
the motor signal [8].

2
o(s) kw
P(s) = =— . - )
U(s) s*+2lw,s+w,
Body of the helicopter
counterweight F»
. Encoder
1IN :
; probellers

Fig. 13: A laboratory scale bench-top helicopter [8].

Using system identification techniques from experimental
data the parameter variations obtained are: £k =[0.01, 0.099];

¢ =[0.10.16]and w, =[0.55,0.58], [8].

The simulation results were generated by using different
plat’s parameters by changing these values. Fig. 14 shows the
system design by using Matlab Simulink with unity feedback
control system. Table (2) shows the parameters used to
generate the simulation results using equation (2). These
values are necessary to analyze our design. Fig. 15 to Fig. 17
shows the simulation results. This system is a type zero
system, which always has an error in its steady state response.
PD can only affect the transient response. This means that it
can only reduce the overshoot, as these systems always need
an integral value in order to reduce the error.
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Fig. 14: MATLAB Simulink of the controller with unity feedback control to control the bench-top helicopter.
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System K e w,
Case 1 0.01 0.1 0.55
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IX. SIMULATION RESULTS OF FPGA-BASED DESIGN

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 the control
surface using fuzzy sets and rule table shown in Fig. 7 and
Table 1. Fig. 18-a shows the surface of the fuzzy inference,
which is implemented using VHDL. Fig. 18-b shows the
Control surface of the typical fuzzy logic controller using
MATLAB.

I
i

oLt

Control

(b)

Fig. 18: 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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A. Control of Industrial Processes

Many of the industrial processes, such as temperature,
pressure, pH, and fluid-level controls, can be approximated
by first order models (eq. 3 and 4) [16]. This model is used to
generate the simulation results; it is designed with
Non-synthesizable VHDL code for simulation purposes using
ModelSim as shown in Fig. 6. It uses this simulation data to
represent the graphs.

CS,(s)=—+ &)
0.09516
CSI(Z):m ,T=0.1 “4)

Delayed first order plant:

Gz(Z)ZZ_ZXGl(Z) (5)
CS,(z)=27x 009516 ) g, (6)
Z —0.9048

The FPGA-based PD-like fuzzy logic controller is used in
unity feedback control systems, (as shown in Fig. 6), and
subjected to 0.5 step input. The plant responses of the
proposed FPGA-based is plotted using the simulation data
from the ModelSim program. Fig. 19 shows the synthesized
design results of the PD fuzzy logic controller using VHDL.
From the simulation results, the controller is able to produce a
response in 0.3 ps (300000 ps). Fig. 20 shows the simulation
results obtained form ModelSim. These results were
generated by using: Non-synthesizable VHDL code. This
code is shown in Fig. 21.
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Fig. 19: Synthesized design results of the PD fuzzy logic controller.
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Fig. 20: Simulation waveform results of the PD fuzzy logic controller, (a) with G1, (b) with G2.

architecture firstorder of plant is

begin
process

variable rv1:real:=0.0;

variable rxl:real:=0.0;

begin

'wait until sysenable'event and sysenable="1";
rxl:=real{conv_integer{xplant));

ryl:=(rx1* 0.1903 + ry1*® 0.9048);

if rv1=127.0 then

vplant==""01111111"";

elsif ry1=(-128.0) then
vplant<="10000000";

else
yplant<==conv_std_logic_vector{integer(ryv1).8);
end if;

realy==rv1;
end process;

end firstorder;

Fig. 21: Non-synthesizable VHDL code.

X. DiscussioN AND CONCLUSION

This paper presents an analysis and performance
evaluation of PD-like fuzzy logic controller design by using
Matlab and FPGA. The simulation results for the first type
prove that the PD fuzzy logic controller followed the
specifications that belong to the classical PD controller.

By applying the first type with the robot arm, the better
control responses were dependent on the elements of this
model. The friction was the most effected element on these
responses. It ranged from 10 to 15 and had 0.02 errors and
zero overshot. From these simulation results, it seems that all
responses still have an error in their plant output, as the PD
parameters affect the transient response not the steady state
response, and the error belongs to the steady state response.

By applying the first type with the mathematical model of
the bench-top helicopter, the better responses with the
bench-top helicopter have 0.01 errors and 0.001 overshot.
This system is a type zero system, and these systems always
have an error in their steady state response. PD can only affect
the transient response. This means that it can only reduce the
overshoot. As these systems always need an integral value in
order to reduce the error, the better responses have been
obtained by using Case 3 in the helicopter model.
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The second type, with the mathematical model, which
represents industrial processes, such as temperature, pressure,
pH, and fluid-level controls with unity feedback control
systems and subjected to 0.2 step input has been used to
generate the simulation results of this type. This FPGA-based
controller is able to produce a fast response ranging from 0.3
us (300000 ps), even with time delay added to the plant
model. The FPGA-based type has control responses faster
than the Matlab-based type.
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