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Abstract: Fuzzy controllers offer a simple solution to the problem of controlling a
system. Combining the simplicity of fuzzy systems with the parallel implementation on
FPGA circuits, a very fast controller can be obtained. This paper presents a fuzzy
controller implemented on an FPGA circuit, with membership functions, rule table,
inference system and defuzzification modules implemented on this hardware tool. In the
final part of the paper the control of a mobile robot with a fuzzy controller is
exemplified.
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1. General information

The main purpose of the paper is presentation and practical application of a
fuzzy controller implemented on a digital reconfigurable hardware (FPGA).
There are several methods for implementation of fuzzy controllers or other
discrete controllers, such as implementation on PC, microcontrollers, DSP
digital signal processors, DSC digital signal controllers, PLC, on ASIC circuits
or FPGAs. In this paper, a fuzzy controller implemented on FPGA is discussed.
Some of the FPGA implementation advantages are: parallelization possibility,
the advantages resulting from reconfigurability (scalable size of the fuzzy
processor) and very high speed operation.

For the description of the controller’s structure, VHDL hardware [1], [2], [3]
description language was used with XILINX ISE development software. As a
target device, a NEXYS-2 development board with SPARTAN3E 1200 FPGA
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chip is proposed. In the paper, a short overview of the components of a fuzzy
controller (fuzzification, defuzzification, inference system, rule table [4], [5]) as
well as the FPGA-based implementation of these components are described.
The controller system is proposed to be used for a mobile robot track-following
problem.

In the first step of the controller design, the controller applicability was
tested for the mentioned track-following problem by using a model for the robot
simulation, which will also be discussed. The robot model will also be
presented in the work. The results of the simulation are described. The paper
ends with the conclusions and future ideas.

2. The control structure and the robot model

For the control of a mobile robot, a fuzzy controller was chosen because it is
an efficient method for system control. In case of the fuzzy controller, the
control strategy can be described based on simple rules such as (the examples
will be given for the mobile robot):

e if'the target point is on the right hand side in front of the robot, then the robot
has to move forward rotating to the right

e if'the target point for the robot is behind, then the robot has to turn back (see
Fig. 1.)

- . Target paint

Target point

Figure 1: Rule exemplification.

The main objective is to control the robot to follow a predefined target
trajectory. A robot with three wheels has been used. The left and right side
wheels are driven by DC motors, the third wheel is a free wheel. The robot
model used in simulations is presented in the following equations [6].
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In Fig. 2. the XY coordinate system in which the robot’s position is
measured and the XrYR coordinate system attached to the robot are shown,

where:
(X.,y:) - the robot’s position in the main XY coordinate system;

@ -the robot’s orientation in the XY coordinate system;

L - the distance between the robot’s side wheels;
6. - the next target point orientation measured in the XgrYg coordinate
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system attached to the robot.
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Figure 2: System variables specifications.

The structure of a fuzzy controller is presented in Fig. 3. One of the two
inputs of the controller is the distance between the origin of the robot coordinate
system (XgYRr) and the target point. The second input is the robot orientation
(6.). The two output signals of the controller represent the control signals for
the two DC motors. The DC motors are controlled by pulse modulation with a
pair of H bridges. A FUJITSU based DICE-KIT development board with 16 bit
MB90F352 microcontroller is used for the PWM signal generation. [7], [8].

3. Fuzzy controller structure

The Fuzzy controller structure with fuzzification, defuzzification, inference
system and rule base module is presented in Fig. 3.
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INFERENCE
SYSTEM

RULE BASE

Figure 3: Fuzzy controller structure.

During fuzzification the inputs are converted into fuzzy variables (linguistic
variables). The input spaces and the output universes are covered with
membership functions (MF). Using the fuzzification procedure for an input
within the input universe, based on fuzzy set theory, a membership value will
result for each active MF. The membership values are connected to the outputs
through the inference system and the rule-base table. The rule-base table defines
which output MF will be selected for a pair of active input MFs. As it can be
seen in Fig. 4., two MFs are selected for both input spaces. The a, b and ¢
vector variables represent the MF definition parameters.

The fuzzy rule base is composed by IF-THEN statements. The [F-part of the
rule represents the antecedence and composes the input conditions. The THEN-
part represents the consequence of the rule [4].
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Figure 4: Input and output universes membership functions.
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The fuzzy rule sets usually have as many antecedents as the number of input
variables and as many consequences as the number of output variables, these
are described using fuzzy IF-THEN statements:

IF x;=A; and x,=B; THEN y=C; 4)

An input-output relation is described with a 3 variable fuzzy rule, where x;
and x, represent the inputs and y the output.

For the antecedent part are used the:

A X o 0ati=lon, B o4 X, >0} =10, (5
fuzzy sets, respectively for the consequence part the
C, u:X,—[0,1} k=1---n, fuzzy set. (6)

The number of membership functions for the two inputs are n; and n,, and
for the output variable is ns.

If for each of the two inputs two MFs can be activated, then looking to the
rule base table (based on (4)), maximum four rules can be considered. For the
‘and’ logic operator the ‘min’ function is considered, and for the ‘or’ logic
operator the ‘max’ function is used.

An example of the active rules of the mobile robot, is in Fig 5.

A
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Figure 5: Active rule example.
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The result for a fuzzy inference system is a fuzzy set (Fig. 6.). To compute
the output value, it is necessary to evaluate, defuzzificate the resulted fuzzy set.
For defuzzification, a large number of defuzzification algorithms can be used.
In this paper the center of gravity (COG) defuzzification algorithm is used.
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Figure 6: The resulting fuzzy sets.

4. Hardware implementation of a fuzzy controller

A. Membership functions implementation

In the project, triangle shaped MFs are used. The MFs are stored in BRAM
memories. For each MF the function form and other parameters, such as the
displacement distance of the MF measured to the input space origin, the center
of MF, the length of the MF and the BRAM starting address for function form
storage are stored. A memory composed of multiple BRAMs is used for
function form storage and another BRAM memory is used for parameter
storage. In Table I and Fig. 7. the MF’s stored parameters are presented.

Table 1: Membership function parameters stored in BRAM

offset length center storing address

center

Figure 7: Membership function parameter specifications.
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B. Rule-base table implementation

For a system with two inputs a number of maximum four rules are active for
an input pair.

The rules are stored in a BRAM memory. The rule of BRAM addressing is
composed based on a pair (A, B) of input MF indexes stored in index registers.
In the rule table, the indexes of the MFs from the output universe are stored.

C. Simplified steps for the fuzzy controller

In Fig. 8., the data path for controller output processing for an input data pair
is presented. The controller output process is composed of the following steps:

a.) Membership value calculation and the active MF index computing. With
the MFs offsets and length, the active MF index and member value are
determined and stored in index and member value registers. The variables i, j, k,
1 represent the indexes and p;, w;, i, i represent the membership value registers.

b.) In step two the rule memory is indexed.

c.) The active output MFs index is extracted.

d.) Based on output MF indexes, these parameters are extracted from the
output MF parameter storage BRAM and stored in output parameter registers
with alpha cut results.

< Parameter table for
the output space

<« Rule
table

— AR, G-Gravity Center,
and Area Register
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i,j —indexes for the active input MF for first inputunivers C-indexes for the active output MF

k,1—indexes for the active input MF for second inputunivers
Figure 8: Simplified data path for the fuzzy controller.

All active output MFs are alpha cut and, as mentioned before, these are also
stored in MF output parameter registers.
e.) In the next step the gravity centers and MF alpha cut area are processed.
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f.) In the last step the controller output is processed using the center of
gravity defuzzification algorithm.

E. Defuzzification

The center of gravity algorithm was used for defuzzification. For triangle
type membership functions, two equations for the defuzzification algorithm are
presented, one for MF gravity center estimation and another one for alpha cut
area computing presented in the following equations:

He,
4, = He, L{ _ﬁj (7

i,uCl.+ i2i (8)

i

6

8 =

where A, is the area, g; is the center of gravity of i-th conclusion alpha cut
membership function, . -alpha cut value, H —max. value of membership

function (resulted from bits used for MF value coding), L, = a, — b, -length of
the membership function. For a general triangle based membership function
with alpha cut value increase, the center of gravity (g,) is disposed on a non-
linear curve. In our algoritm, this curve is approximated with a line, whose

parameters are very simply composed based on a, —b, and u. (Fig. 9.).

estimated center
~of gravity

real center of
gravity

Figure 9: Estimated center of gravity for an asymmetric triangular type MF.

Using the calculated area and estimated gravity for output fuzzy sets, the
controller output is processed using the following equation:

y= Zj\il Aigi

)
i]\il Ai
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The defuzzification algorithm can be simplified by using the singleton type
MFs for the output space. In this case, the output MFs center and areas do not
need to be computed. The MF center is known, and instead of the area, the
alpha cut values are used.

F. Fuzzy controller parameters

Input spaces are coded on 12 bits. The MFs are stored in a memory with a
13-bit address space and 10 data bits, composed of 5 Block RAMs, 13 address
bits and two data bits.

Out of the total number of Block RAMs, 3x5 are used for membership
function storage and 1 for rule table storage. For data representation, integer
based arithmetic was used. Floating point arithmetic can be used by including
floating point IP CORES. The system will be tested on NEXYS-2 and VIRTEX
2PRO development boards. The FPGA implemented fuzzy controller is
connected to the PC on the development board’s USB port [2], [3], [9], [10].
The presented structure can also be implemented on microcontroller based
systems. For data coding and MFs representation, the ideas used in neural
networks for data coding and activation functions implementation can be
applied [1].

5. Simulation-based measurement results

Simulations were made using the following membership functions for two
input universes, represented by the robot’s distance to the next target point and
the robot’s orientation (Fig. 10.) respectively the output space for the DC
motors' control signals (Fig. 11.).

T T T T
VClpse Close Far VFar

£ T T T T T T
input variable “distance”
T T T
FrontRight FRONT FrontLeft LeftSide LeftBagkward

T T
RightBagkward RightSide

input variable "angle”

Figure 10: Membership functions for the input universe used in simulation.
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The two output spaces are identical, and only the membership function of a
single output space is presented (Fig. /1.). For the simulation experiment, the
robot model described in equations (1), (2), (3) has been used.

T T T T T T T
SPEED-BACKWARD SLOW-BACKWARD STOP SLOW-FORWARD SPEED-FORWARD

I T T 1 1 1 1 1 1
- -z - 02 = - - -z o a

output variable "m1”

Figure 11: Membership functions for output universe used in simulation.

The membership functions for the distance input space are VClose, Close,
Far and VFar, meaning that the robot is very close, close, far and very far to the
target point. The second input space (robot orientation) was covered with the
following MFs: RightBackward, RightSide, FrontRight, Front, Front Left,
LeftSide and LeftBackward. RightBackward and LeftBackward mean that the
target point is behind the robot on the right or the left part. RightSide and Left
Side mean that the target point is on one side of the robot. In case of FrontRight
and FrontLeft MFs, the target point is in front of the robot either on the right or
on the left. The Front MFs means that the target point is directly in the front of
the robot. For output MFs coding, a number of five membership functions were
used (STOP, SLOW BACKWARD and SLOW FORWARD, SPEED
BACKWARD and SPEED FORWARD) with a lower and a higher wheel speed
control for backward and forward direction.

The robot’s position for a predefined sinusoidal trajectory is presented in
Fig. 12. for axis X and Fig. 13. for axis Y.

ra T T
— — - Reference signal for axis x
0L - - - - System response for axis x

0

Figure 12: Reference and target trajectory for axis X.
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— — — Reference signal for axis y
System response for axis y

Figure 13: Reference and target trajectory for axis Y.

6. Conclusion

The hardware structure proposed for FPGA implementation presents some
advantages, such as:

e Data representation on different bus sizes: in VHDL coding, the user can
change/define the number of bits used for different data paths
representation, such as input space coding, output space coding,
membership function value coding.

e Flexible membership function programming: for all input and output spaces
membership functions with different parameters can be defined.

e High speed controller output processing: the proposed mixed parallel
pipeline structure permits a high order of data processing parallelism.

e Accelerated algorithm for defuzzification implementation: for triangular
membership functions, the presented method reduces the defuzzification
processing time.

e Fasy rule base programmability: the rule base table and the membership
functions can be reprogrammed from a host computer.
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