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Abstract

In this paper, an approach for designing Fuzzy Controller based on Takagi-Sugeno
inference engine with high computational speeds in architecture is proposed. The work
focuses on advantages and disadvantages of Takagi-Sugeno control as compared with
Mamdani's', in addition to focus on how computational complexity of the inference
engine can be reduced and the speed of computation can be increased. Fuzzy Controller
is implemented on FPGA using Look-Up Table (LUT). Whereas, each LUT is
represented by Block RAMs in FPGA besides using number of arithmetic units in the
design. To interface the design with users, a GUI program is designed using Visual
Basic. Using JTAG port, the GUI's data can be stored in Block RAMs. Later, a designed
Air Conditioning application is implemented and the practical results (in FPGA),
theoretical results (computed by hand) and Matlab results are compared.
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1- Introduction

Fuzzy Logic, which was developed in early 1960s, provided a tool to deal with uncertainty
and human reasoning [1]. The main characteristic of a fuzzy logic is the capability to express
the knowledge in a linguistic way. Fuzzy Logic empowers the digital designer with the ability
to use non-linear controllers for their applications. Fuzzy Logic is used to control systems,
whose mathematical model is unknown or time varying, or that requires human experience
[1][2]. Fuzzy systems are also used for controlling high speed systems, and for processing of
large volumes of data where enormous amount of computational speeds are required. High
computational speeds may be achieved when these systems are realized on a digital hardware
[2]. Computational speed of a digital hardware can be increased either by having parallelism
or reducing computational complexity or both. Since a digital system works on a reference
clock, the computational speed will also depend on the speed grade of the digital system[3].
Fuzzy Controller contains two main types: Mamdani and Takagi-Sugeno Fuzzy Controller
[4]. Despite Mamdani Fuzzy Controllers are more famous and used than Takagi-Sugeno
Type, but its digital hardware design is long and complex [2]. Whereas, Mamdani design
consists of several parts of computing fuzzy outputs. These prosperities of Mamdani control
are not working well in several types of applications [4]. On the other hand, Takagi-Sugeno
design has many advantages as working well with linear techniques (as PID), having
guaranteed continuity of the output surface, and the systems are computationally efficient
[2][4]. To find the properties of Takagi-Sugeno design in implementation and application, an
approach to design an architecture of Takagi-Sugeno Fuzzy controller is introduced and
implemented on an FPGA kit. Then, a Sugeno GUI program to interface the design with the
application of user is designed. The application is represented by an Air Conditioning
System. The implementation of that application in Takagi-Sugeno is accomplished and its
practical and theoretical outputs, are compared with the values obtained by Matlab. This
paper is organized as follows: besides this introducing section, section 2 presents the design
of a Takagi-Sugeno Fuzzy inference engine for an FPGA implementation. In section 3, the
architecture of such controller is described. The design of Sugeno GUI is given in section 4.
Section 5 contains the utilization of RAM blocks of FPGA in storing files. A Fuzzy
Controller example on air conditioning system is designed in section 6. The implementation
steps and results are illustrated in section 7. Finally, this paper is concluded in section 8.

2- Design of Takagi-Sugeno Fuzzy Inference Engine for an FPGA
Implementation

Fuzzification is the process of converting the input crisp values into a set of membership
values in the interval {0, 1} in the corresponding fuzzy sets. There are numerous different
types of membership functions [5]. A finite collection of triangular fuzzy subsets are
considered, which are unimodal, convex, and normal. The triangular and trapezoidal
membership functions (triangular membership function being a special case of the trapezoidal
function) are the most famous functions [2]. Sugeno or Takagi-Sugeno Inference Engine is
introduced in 1985; it is similar to the Mamdani method in many respects. The first two parts
of the fuzzy inference process, fuzzifying the inputs and applying the fuzzy operator, are
exactly the same [2]. The main difference between Mamdani and Sugeno is that the Sugeno
output membership functions are either linear or constant. A typical rule in a Sugeno fuzzy
model has the form
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If Input 1 =x and Input 2 =y Then Outputisz=ax+by+c

where a, b, and c are the constants of linear equation. For a zero-order Sugeno model, the
output level z is a constant (a=b =0). The output level z; of each rule is weighted by the
firing strength w; of the rule. For example, for an AND rule with Input 1 = x and Input 2=y,
the firing strength is

w; = AndMethod (F1(x), Fa(y))

where F1, (.) are the membership functions for Inputs 1 and 2 as shown in Figure (1). The

final output of the system is the weighted average of all rule outputs, computed as the easiest

way to visualize first-order Sugeno systems is to think of each rule as defining the location of
a moving singleton as given by

N
S iz
Final Output = % ______ 1)

That is, the singleton output spikes can move around in a linear fashion in the output space,
depending on what the input is.

Inp Mf 1 F 00
X
X > ]
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> Z, Output
» Level
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Figure (1): Sugeno Fuzzy Inference Engine
Inp; , Inp,: Input; and Input, respectively
Inp MF;,Inp MF,, Output MF: Memberships of Input;, Input,, and Output respectively

3- Takagi-Sugeno Fuzzy Controller Architecture

The designed fuzzy inference engine consists of two inputs and one output. Takagi- Sugeno
fuzzy controller consists of two main stages: fuzzification and inference engine. Fuzzification
stage is designed using LUT1 and LUT2 components as shown in Figure (2), which are for
inputl and input2 respectively. The inputs are taken from locations 200, and 201, in RAM2,
respectively as 8-bit values to serve as addresses to the LUTs. The membership functions
(MFS1, MFS2) for the first input stored in LUT1. The membership function (MFS3, MFS4)
for second input is stored in LUT2. The data in the LUTs are the membership values. Each of
LUT1 and LUT?2 consists of two Block RAMs which are RAM1 and RAM2. RAML1 stores
the values of MFS1, and MFS2 of the input, and RAM2 stores the values of L1 and L2,
which are the locations of the input in its membership functions. The address of each RAM
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depends on the value of the input. Figure (2) shows the block diagram of hardware
implementation. Both inputs are processed in parallel. 1.e., the outputs of LUT1 and LUT2
are available at the same clock pulse. The outputs of LUT1 and LUT2 are collected to a 20-
bit data consisting of two possible membership values (8-bit each) and the two fuzzy sets (3-
bit each). Inference Engine has two components. The Minimum block consists of four
sub_blocks which are used to find the minimum degree which is the weight. For example, the
first one is designed to find the minimum between MFS1 and MFS4 and so on. The second
one is termed as ‘LUT3’ block. It represents four identical Block RAMSs. They store the
outputs of Sugeno linear equations which are computed using GUI program and, stored using
JTAG port. L1, L2, L3, and L4 of fuzzification after merging serve as address to those four
Block RAMs (merging is done in VHDL code of the architecture.
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' > : » 1(15:0
Dol (15:0)= ' y = ' b X el D
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="00" & x1 | I (7:0) mu 2(13: 0)
| wl (7:0) I
I » < Y 1 Mox Y
I g iz
RAMD ! LoD e 3
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Figure (2):Takagi - Sugeno Fuzzy Controller Architecture
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For example, 10- bit address of RAM; in
LUT3= "10" & "00" & L1(5:3) & L3(2:0),
whereas the total number of address bits equals
10 and the first two bits "10" represent the part
of RAM1 which linear equations are stored in).
LUT3 and Minimum block are implemented in
parallel (at the same clock)..The next block is
the multiplier block which is designed to
multiply the weights (the outputs of minimum
block) with the z; (the outputs of LUT3) [6],
then adding the outputs of multiplier block

together using Adderl block and adding the
outputs of LUT3 together using Adder2 block in
the same clock. Later, the first adding results a
redivided by the second one using Divider block
to find the crisp output of the controller [7].
Figure (3) shows the block diagram of the
Takagi-Sugeno fuzzy controller

4- Design of Sugeno GUI

To interface Sugeno fuzzy controller design
with the application of user, GUI program is
designed using Visual Basic. This program is
designed by three sequential forms as shown in
Figure (4). The first form is used to enter the
values of points of each membership functions
as decimal values ranged from 0 to 255, then
computing the values of degreel(MFS1 in
Figure (2)) and degree2 (MFS2 in Figure (2))
for inputl depending on the equations shown in
Form a of Figure (4). Computations of degreel,
degree2, L1, and L2 for 256 values starting at
inputl=0 to inputl=255 are done using a loop
inside the program. The computed values are

saved in Filel and File2 as hexa values. Then,
the second form which is similar to the first one
as shown in Form b of Figure (4) only it is used

for input2. Later, the third form which is used to
edit the Sugeno rules as shown in Form c of
Figure (4). After completing the editing
operation, all the edited rules would be saved at
File2 as hexa values. Later, entering the crisp
values inputl and input2 to save them in the last
two locations of File2.

Figure (4): GUI of Takagi-Sugeno Controller
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5- RAM Blocks

After saving the data from GUI
program in Filel and File2, JTAG _ _ I
port are used to download these files | s Toms

into Block RAMs of FPGA [8], | T: o T
whereas Block RAM1 and Block : = 5
RAM2 are used to store Filel and | |
File2, respectively [9]. Each RAM | ™ 127

consists of two main buses, Address I

and data bus [10]. Address bus is | 100 o] t

taken as 10-bit and data bus as 16-bit
depending on type of Block RAM in |
FPGA. Whereas, RAMB16 S18 is | Weight 8- 200 p—ve
used in the design. That means 1K x | ™
16+ 2 Parity bits, (1K) its size is
represented by 1024 locations,
(address = 10 bits) , 16 its data bus is
represented by 16 bits, and 2 is parity
bits [11]. As shown in Figure (5),
RAML is divided into three parts. The | = I aFF
first one is for LUT1, contains 256 Elock RAM 1 Elock RAM 2
locations (0-FF), to store the
membership functions of inputl

T L1

~

—

—

201 Taged 58

£101

23F

—

Figure (5): Configuration RAM 1 and RAM 2
The second one is for LUT2, contains 256 locations (1UU-1kk,) 10O Store IVIFS OT InputZ. Both
of MFSs in inputs represents as 8-bit. The last part stores the data of Sugeno linear equations
which is represented by 8-bit and other bits are don't care (equal zeros). RAM2 is divided
into two parts which are similar in locations and in parallel with the first two parts in Block
RAML1 except in data

because they are used to store data of labels for two inputs which are represented by 3-bit
for each one. As shown in Figure (5), the values of inputl and input2 are stored in address
(200p) and (201,) of RAM2, respectively.

6- A Fuzzy Controller Example

Fuzzy Controller Air Conditioning System is considered in this paper as an example. There
are two control input variables to adjust the temperature of an air conditioning (AC)
room[12]: the temperature error Tg, which is defined as the difference between the current
temperature and the target set temperature as given by

Te = Tsetpoint= Tpreent e
)

and dTg/ dt, the rate of the temperature error change with time as given by
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dTE/dt = [TEn - TEn.]_]/[tn— tn-]_] ______
©)

where Tg = Temperature Error, t= time, n= integer.

The membership function for Te consists of five fuzzy logic ranges that can be defined using
the linguistic terms as Cold, Cool, Warm, Mild, and Hot. The graphical representation of the
membership function of Tg is depicted in Figure (6). The values of the x-axis of the
membership function have been scaled as an 8-bit hexa value representing the actual reading
from the temperature sensor. Similarly, the y-axis for the grade of the membership function
starts from 00h (false) to FFh (completely true).

grade 4 ool Mi W
y
FEh Cold ool Mild arm Hot _qraze b Slow Moderate Fast
FFh |
\
00 >
55" 25 5 35° 65° 95° 125° 0 5 _30/ 5 >
00h 2Ah 55h 7Fh AAh DAh FFh 00h 32h 7Eh CDh  FFh
-ZOOC lOC
dTe/dt
Te
Figure (6): Membership function of Temperature Figure (7): Membership function of Rate of
Error (Te) Temperature Change (dTg/dt)

The second input variable to the temperature fuzzy controller is the rate of change of
temperature with respect to time. The calculation results in the rate of temperature change
per time interval as defined by

Rate= Present Temp — previous. Temp ~  ----- 4)
Time between Temp

The purpose of implementing the rate of temperature change in fuzzy control is to determine
the velocity at which the process should react. Since time between temperature readings is
triggered by every clock cycle in this application, the rate of temperature change can be
simplified to become the difference between the current and previous temperature reading.
As usual, the rate of temperature change takes three linguistic terms Slow, Moderate, and
Fast as its membership function. The graphical representation of this membership function is
shown in Figure (7).

The output membership functions of the fuzzy temperature control are singletons; five
different linguistic terms of the singleton output Very Low, Low, Medium, High, and Very
High are used to describe the heated control variations. Figure (8) shows the graphical
representation of the singletons of these five variables. Table (1) shows the Takagi-Sugeno
fuzzy rules of the Air Conditioning Systems.
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grade 5 _
Very Low Low Medium High Very High
FF
| | | | Gontrol of Air
OOO% 20%  40%  60%  80%  congitioning

AC

Figure (8): Membership function of Air Conditioning Control (AC)

7- Implementation Steps and Results

The implementation steps are:

1- Entering Membership points for each input using Visual Basic as shown in Figure (4).

2- Finding the Membership degrees for each input (Inputl= -20°C, Input2=1°C are chosen to
implement the Air Conditioning System [12]) are shown in Figures (6) and (7) respectively,
and then storing the inputs values and its degrees in hexa files as shown in Figure (4). Table
(2) shows computing the values of degreel and degree2 theoretically.

3- Storing the Takagi-Sugeno Rules in Filel. hex where as al, a2=0 and c =constant
represents points of Singleton Functions.

4- At the same form, the inputs are entered and stored in File2.hex to convert them to
locations (200) and (201) in Block RAM2.

5- Convert the data of Filel and File2 to Block RAM1 and Block RAM2, respectively in
FPGA using JTAG Port.

6- The inputs stored in Block RAM2 represent the address for Block RAM1 and Block
RAM2 to find the degrees and labels for each input. This step deserves one clock pulse.

7- Compare the degrees for inputl and input2 to find the minimum degrees using Min Block
and at the same clock the output values are found using LUT3 Block. This step spends one
clock pulse because these blocks are operated in parallel. Table (3) shows the results of this
step theoretically.

8- Then, Multiply Wi xzi as shown in Table (4). This step spends one Clock pulse (Parallel).
We use four parallel multipliers to find the values of this component.

9- Find the results of Adderl and Adder2. This step spends one clock pulse (both of them are
in parallel). Table (5) shows the theoretical results for both of them.

10- Divide > mu;/ Y z;. Figure (9) shows the practical final results.

Theoretical Output = B7 y, Practical Output = B4 j,
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Table (1): Takagi-Sugeno Rules

IF Te AND dTg/dt THEN
Rule Te dTg/dt Ac Singleton Ac Sugeno al=0,a2=0,C= value

1 Cold Fast Very High 90% - DFy
2 Cold Slow High 70% - BFy
3 Cool Moderate Medium 50% - 7F4
4 Mild Slow Medium 50% - 7Fy
5 Warm Slow Low 30% - 3F4
6 Warm Moderate Low 30% - 3F4
7 Hot Slow Very low 10% - 1F4
8 Hot Fast Very low 10% - 1F,

Table (2): Degrees and Labels for Inputl and Input2

Input | Input | MFS1 | MFS2 | L1 | L2
°c hex hex hex
X1 -20 3F 1E El 110
X2 1 81 06 F9 2 |1

Table (3): Results of Min Blocks and LUT3 blocks.

Min block

LUT 3

MFS1 min MFS3
W1=06

"10" & "00" L3 & L1=211, z1=( 211)=7F

MFS1 min MFS4
W2=1E

"10" & "00" L4 & L1=209, z2 = (209)=7F

MFS2 min MFS3
W3=06

"10" & "00" L3 & L2=210, z3 =(210)=DF

MFS2 min MFS4
W4=E1

"10" & "00" L4 & L2= 208, z4 = (208)=BF

Table (4): Results of Multiply Block

Multiplier (W; x z;)

mu;= W1x z1 = 2FA

mu,=W?2 x z2 =EE2

muz=W3 x z3 =53A

A IWIN|F-

mu,=W4xz4 =A7DF

Table (5): Results of Adderl and Adder2

Adderl 3 mu;)

Adder2 (3z)

BEES,

10B,
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Figure (11): Matlab Result of Air Conditioning Application
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8- Conclusions

In this paper, certain properties of Takagi-Sugeno Fuzzy Controller design have been
concluded. From Table (7), we notice that the consumed area (number of slices) of
implementing the design in Spartan 3E kit is 13% of total number of slices. That means the
consumed area is very small with fast computations as result of reducing the computation and
complexity of the design and using LUTSs in Fuzzification stage instead of arithmetic units.

Table (7): The practical properties of designed controller

Number of Slices 635 out of 4656 13%

Number of 10s 29
Number of BRAMs | 8 out of 20 40%
Number of GCLKs | 1 outof 24 4%

As comparing the results of Takagi-Sugeno design with Mamdani design' results, it can be
concluded that the consumed area of Takagi-Sugeno design is less than Mamdani's as result
of using additional units in Mamdani's system to find Fuzzy outputs as in Ref. [13]. Using
LUTs in Takagi-Sugeno design in parallel have also reduce the complexity and computation
of the design in addition to the fast execution of the system. Unfortunately, the use of LUTSs
may lead to some reduction in accuracy of implementation [14].

From this paper, It may also be concluded that each type of Fuzzy controller has special uses.
Whereas, Takagi- Sugeno is working well with linear techniques (e.g., PID control), with
optimization and adaptive techniques, and mathematical analysis, Mamdani on the other hand
is well suitable for non linear control system.

To test the designed controller, Sugeno Fuzzy Controller is tested as a Proportional Fuzzy
Logic Controller (PFLC) for a closed loop system. To compare the Sugeno operation with its
Mamdani , the same controlled system (plant) has been taken from Ref. [3]. To implement
that system, a closed loop system using LabView has been implemented and interfacing
Sugeno FLC (on FPGA) with LabView System has been done via DAQ 6251 as shown in
Figure (12). The implemented system has been divided into two parts: the first part is for
supplying Step Function = 5 volt and finding the error and change of error of the system. The
second represents the plant of the system. After implementing, comparing the characteristics
of the system response in Figure (24) of Ref. [3] with the obtained system response in this
paper shown in Figure (13) is done. From comparing, the characteristics of the system
response in Ref. [3] with its characteristics in this paper, we notice that Mamdani Fuzzy
Control is better than Sugeno Fuzzy Control in controlling on control system. Whereas, the
value of overshoot in system response is higher than its value in Mamdani control. Table (8)
shows the characteristics (Max. Overshoot, rise time, Settling time , Overshoot time) of that
system based on Mamdani Fuzzy Controller and Sugeno Fuzzy Controller.
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Figure (12): Block diagram of the Sugeno system using LabView

Table (8): Characteristics of System Response

System Overshoot Overshoot Rising
Characteristics Time (sec) Time
Theoretically 5.876 1.8 0.64
(Sugeno) When Vin=5V
(Sugeno) 7.8 1.9 0.6
Mamdani 2.5 1.6 0.6
From Ref. [14] When
Vin=1.625
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