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This paper was written to demonstrate importanca foizzy logic controller
in act over conventional methods with the help ofexperimental model.
Also, an efficient simulation model for fuzzy logaontrolled DC motor
drives using Matlab/Simulink is presented. The giesiand real-time
implementation on a microcontroller presented. $t@pe of this paper is to
apply direct digital control technique in positicontrol system. Two types
of controller namely PID and fuzzy logic controlleill be used to control
the output response. The performance of the desifirezy and classic PID
position controllers for DC motor is compared amyeistigated. Digital
signal Microcontroller ATMegal6 is also tested tmirol the position of DC
motor. Finally, the result shows that the fuzzyidogpproach has minimum
overshoot, and minimum transient and steady s@t@npeters, which shows

DC mptors the more effectiveness and efficiency of FLC thanvemtional PID model

Non-linear to control the position of the motor. Conventioahtrollers have poorer
performances due to the non-linear features of D@radike saturation and
friction.
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1. INTRODUCTION

All control systems suffer from problems relatedutalesirable overshoot, longer settling times and
vibrations and stability while going form one staieanother state. Realworld systems are nonlireayrate
modeling is difficult, costly and even impossibhemost cases. The conventional digital controleayst like
classic PID solve the above problems approximdiatywe need to intelligent and precise controleyst to
acquiring desired response. It is necessary to ksgstem’s mathematical model or to make some
experiments for tuning PID parameters. Howevemhas been known that conventional PID controllers
generally do not work well for non-linear systerasd particularly complex and vague systems thag mav
precise mathematical models. Moreover these comércniques produce more noise. Therefore, more
advanced control techniques need to be used whitimmimize the noise effects [1]. To overcome sbe
difficulties, various types of modified conventidrRID controllers such as auto-tuning and adapBV®
Controllers were developed lately [2]. There anedhbasic approaches to intelligent control: knolgyée
based expert systemBjzzy logic, and neural networks. All three appiueg are interesting and very
promising areas of research and development. snpidyper, we present only the fuzzy logic approkolazy
logic, proposed by Lotfi A. Zadeh in 1973. Zadetrdduced the concept of a linguistic variable [3].

Fuzzy Logic is a multivalued logic, that allows énmnediate values to be defined between
conventional evaluations like true/false, yes/nghhow and emerged as a tool to deal with uncertai
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imprecise, or qualitative decision-making problefszzy logic is a way to make machines more irgetit

to reason in a fuzzy manner like humahsizzy controlis a control method based duzzy logic The
controller that use of this approach is calledZauLogic Controller (FLC)"Just as fuzzy logic can be
described simply as "computing with words rathemtinumbers"; fuzzy control can be described sinagly
"control with sentences rather than equations"Hjzzy control successfully accomplish control tasks
without knowing the mathematical model of the systeeven if it is nonlinear, imprecise and complex
other word, The fuzzy logic controller does not usthematical models but mimics the skill and eigrere

of a human operator. Today, fuzzy control applaai cover a variety of practical systems, suchhas t
control of cement kilns, train operation, parkirantrol of a car, heat exchanger, robots, and ramany
other systems, such as home appliances, video aajredevators, aerospace, etc. This paper is @ephais
follows: The formal framework of the theory of fyzzsets and fuzzy controllers firstly presented. The
Mathematical Modeling of experimental set-up anglament of model in act then studied. In the tipiadit,
The Simulink implementation related to two typescofitrollers is done with MATLAB software. Finally,
the PID and fuzzy controllers is compared together.

2. FUZZY CONTROL SYSTEMS

For processes that are difficult to model but hstvaightforward control rules, fuzzy controllerg ar
easy to design and implement. Moreover it can lechthat the controller design does not requirgsi@ik
knowledge of the motor and load characteristicspajce the fuzzy controllers are designed direftdyn the
properties of the process, the development timaften shorter than for conventional controllers. [Bhe
overall procedure for developing a fuzzy contrasteyn for a model DC motor is shown in figureThe
system uses measured variables as inputs to desheberror or change of error from the DC motdreSe
inputs are then "fuzzified" using membership fumes supplied by an expert operator to determine the
degree of membership in each input class. Thetheguffuzzy inputs" are evaluated using a linguistile
base and fuzzy logic operations to yield an appatgoutput and an associated degree of membership.
"fuzzy output" is then defuzzified to give a crisptput response that can be applied to the drivienso

Ilin'cu'/ Change of [-ernr! Control signal

E risgr Inpurs ._c_:l'llrl ;)lll|lllll|
i [ e | T

I—’.E Infercnce Engine Q

Figure 1. General structure of the fuzzy part

One of the most important problems with fuzzy coltér is that the computing time is much more
long that for PID, because of the complex operatias fuzzification and particularly defuzzificatiddome
optimization can be done if the defuzzification hmet is simplified. It means that it is recommentizdvoid
center of gravity method. Defuzzification is a meggpfrom a space of fuzzy control actions defingdraan
output universe of discourse into a space of naayfifcrisp) control action. For this system, bisedf area
(BOA) method is used for defuzzification. The methofinds the abscissax of the vertical line that
partitions the area under the membership functibm two areas of equal size. For discrete sagsy is the
abscissax; that minimizes

j imﬂx
Zﬂc(xi) - Z ﬂc(xi) , 1<J < lmax (1)
i=1 i=j+1

Wherex; is a point in the universd of the conclusion (i = 1,2, . . .), ang. (X ) it's membership of the
resulting conclusion set. Heig,y, is the index of the largest abscissg,€ U. It's computational complexity
is relatively high. There may be several solutigns
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3. EXPERIMENTAL SETUP AND MODELING
3.1 Experimental setup

Software is the heart of the system that not ontggrateshe system components and con
operations but define functionality and featuremgiselated techniques and meth(7]. Figure 2 shows a
photo of Printed Circuit Board (PCB) and experina¢rste-up of DC motor position control using fuz:
Logic that is implemented ithis pape. The total schematic diagram of this system inicigccontroller,
motor, load, and potentiometalsois shown in Figure 3.

(b)

Figure 2. Experimental sefp of DC motor position control using fuzzy logia. PCB for synthesis sectic
b. experimental set-up section

T Load
Set
point Error
m Controller
0° + 0°

—0
0°

Position feedback

Pot

Figure 3. Schematic diagram of this system
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3.2 Mathematical Modeling of experimental setup
Figure 4 shows a separately excited DGomeqguivalent model

Figure 4. DC motor model

dia(t)

Va(t): Ra -ia(t)+ La- T & (t) (2)
& ()=Kyp .w(t) ©)
T (=K i) (4)
T (=3 252 + By w(D) (5)

wherev,= armature voltage (V)R;= armature resistancel), L,= armature inductance (Hjg = armature
current (A),E,= back emf (V),w(t)= angular speed (rad/s),= motor torque (Nm)© = angular position of
rotor shaft (rad), = rotor inertia (kgrf), By, = viscous friction coefficient (Nms/radi; = torque constant
(Nm/A) and Ky, = back emf constant (Vs/rad). Eventually, theagfar function between shaft position and
armature voltage at no-load is:

8(s) Kr
Va($)  LoJm-83 + (Rg-Jiw + Lg-Bry)-52 + (K7 K, + Ry By). 8

(6)

Figure 5 shows the DC motor model built in SimulifMotor model was converted to a 2-in 2-out
subsystem. Input ports are armature voltage &nd load torqueTi,,g and the output ports are angular speed
in (w) and position (teta).

W
1 1 1
o[ 1
w S
va La.s+Ra Jm.s+Bm ota
Transfer Transfer Function Integrator

Function

Back emf coefficient

Figure 5. Simulink model

Servo motors are special category of motagsighed for applications involving position control
velocity control and torque control. These motaorsspecial in the following ways:
1. Lower mechanical time constant.
2. Lower electrical time constant.
3. Permanent magnet of high flux density to gemetta field.
4. Fail-safe electro-mechanical brakes.
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For applications where the load is to be rapidlgeéerated or decelerated frequently, the elect
and mechanical time constants of the motor playsrmortant ole. The mechanical time constants in tr
motors are reduced by reducing the rotor in¢ Table 1 shows the DC motor specificat In this study, a
DC motor with the below spesifications was u

Table 1. DC Motor Specifications

Type DC Motor
Moment of intertia of the rotor le-3
Rated motor voltage 6 V(DC)
Armature inductance 0.01 (H)
Armature resistance 0.0a3(
Electromotive force constant 0.22
Back E.M.F. Constant 15
Damping ratio 1.91

4. PROPORTIONAL-INTEGRAL-DERIVATIVE (PID) CONTROLLER DESIGN
Figure 6 shows the schematic model of a co system with a PID controlle

r(t) +q\9 e(t) N + s u(t) PLANT y(t)=
k +

Fig. 6: Schematic model of a PID controller

Control signal u(t) is a linear combination of ere(t) , it's integral and derivative.

_ f de(t)
u(t) = Kpe(t) + K; | e(t)dt + Kp—- @
1 de
u(t) = Kp (e(t) +ﬁf e(t)dt + Tp %) ®

where I = proportional gain, K= integral gain, I§ = derivate gain, ;= integral time and p = derivate time.

If the controller is digital, then the derivativerin may be replaced with a backward difference
the integral term may be replaced with a sum. Femall constant sampling time u(t) can be appnaxed
as:

: _ 1w ) etn—1
u(n) =Kz | e(n) +EZ e(j)T, + TDE’(R+S(H)
- 9)

4.1 Tuning PID parameters

PID controllers are usually tuned using h-tuning or ZieglemMichols methods[8]Hand-tuning is
generally used by experienced control engineerscas the rules shown in Table 2. But these rulesat
always valid. For example if an integrator exist$he plant, then increasii Kp results in a more stab
control.
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Table 2. Hand-tunning rules

Operation Rise Time Overshoot Stability
Kp Faster Increases Decreases
Ty Slower Decreases Increases
1/T; Faster Increases Decreases

The disadvantage of this method is that it shoalt@ ta long time to find the optimal values. Another
method to tune PID parameters is Ziegler-Nichas|fiency response method. The procedure is as &llow
1. Increase Kp until system response oscillateh witonstant amplitude and record that gain vatuwa
(ultimate gain)

2. Calculate the oscillation period and record it.
3. Tune parameters using Table 3

Table 3. Zeigler-Nicoles rules

Controller Ke T; Ty
P 05K, oo
Pl 0.45K, T.J12 .
PID 0.6K, Tu/ 2 T./ 8

The PID controller model is hand-tuned by firgtreasing the value of the proportional gain, Kp,
until the a desirable response is obtained. Thivatare gain Kd and the integral gain Ki, are trajusted
to improve and optimize the response of the syg8min this paper, Zeigler-Nichols (Z-N) tuningetinod
is used to find the controller parameters or cogffits of classic PID. The transfer function ofssia PID
parameterss following:

Gu(s)=8.108 1770:255 (10)
1+19S

4.2 Simulink implementation

Figure 7 shows the PID control system designed iATMAB/Simulink where controller
coefficients were adjusted using-N) tuning method. Also, figure Bresents a comparison between output
response in tunned and unturnned parameters comsliti

m Tuncd Paramcters with (Z-1)

Us ed PID Parameter:

PID controller

Figure 7. Crisp PID control system

Figure 8. Comparison between output response in
tunned and unturnned parameters conditions.

Overshoot is not desired especially in positiontadrnsystems. Table 4 shows the values of the
performance criteria obtained with the adjustedroiler parameters.
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Table 4. Performance specifications for crisp PBticd system.

Variable Value
T, 0.641
T 5.49
overshoot 12.4%
e 0

5. FUZZY LOGIC CONTROLLER
A fuzzy logic controller has four main componenssshown in Figure 1: fuzzification interface,
inference mechanism, rule base and defuzzificatiterface. Implementation of an FLC requires theich
of four key factors [10]: number of fuzzy sets thadnstitute linguistic variables, mapping of the
measurements onto the support sets, control priotbabdetermines the controller behaviour and shaip
membership functions. Thus, FLCs can be tunedjusttby adjusting controller parameters but also by
changing control rules, membership functions, etc.
Rule base, inference mechanism and defuzzificatiethods are the sources of nonlinearities in
FLCs. But it's possible to construct a rule baséhwinear input-output characteristics. For an FtaC
become a linear controller with a control signalenéhis “error” and is “change of error”, some cdiadlis
must be satisfied [11]:
a Support sets of input linguistic variables mustdrge enough so that input values stay in limits.
b Linguistic values must consist of symmetric trialagduzzy sets that intercept with neighbouring sdta
membership value of so that for any time instammiership values add to 1 condition.
¢ Rule base must consist of combinations of all fuzaig.
d Output linguistic variables must consist of singtefuzzy sets positioned at the sum of the peakipos
of input fuzzy sets.
e Should be multiplication and defuzzification methadst be “Centre of Gravity” (COG).

5.1 Fuzzy PI+D controller design

MATLAB/Fuzzy Logic Toolbox is used to simulate FLughich can be integrated into simulations
with Simulink. The FLC designed through the FIStediis transferred to Matlab-Workspace by the
command “Export to Workspace”. Then, Simulink eoaiment provides a direct access to the FLC through
the Matlab-Workspace in servomotor drive simulatjd8]. We would like to apply a similar analysis to
FPD+I control in order to accommodate integralattiFigure 9 shows a FPD controller.

e E
—_— GE
; - u | U
de/dt CE i |GU >
» GCE
PD rules
Ie dt IE
GIE

Fig. 9: FPD controller
But the integrator creates problems by increadiegotder of the closed loop system, which calls for
three-dimensional plots, or multi-dimensional oireshe general case. That will be cumbersome. Faom
engineer’s point of view, it may suffice to give ap completeness and make do with two-dimensioloés.p
Control signalJ(n) is a nonlinear function of "error" and "changesafor”. Thus,
Un) = f(GE x e(n)), GCE ¥(n)) x GU (11)

Wheref represents the control algoritm. A linear functapproximately should be obtained with a suitable
choice:

f (GE x e(n)) , GCE &(n)) x GU= GE x e(n)) , GCE &(n) (12)

Then

Design and Implementation of Fuzzy Position Cortiydtem for Tracking .... (Nader Jamali Sufi Amlashi)



38 a ISSN: 2252-8938

U(n) = (GE x e(n)+ GCE ¥(n) ) x GU (13)
U(n) = GE X GU x (e(n)£=xé(n)) (14)

When we compare this equation with the control &ligrf a crisp PID controller, the relationship beém
gains of a PID controller and of an fuzzy PD coltras:

GE x GU=K; and ECE -1, (15)

GE

Consequently, parameter values of a linear FPDralbert may be determined from a tunned
controller.Figure 10 shows the control system with an FPOrodiar.

uCNE T IONNN IR

A

u(t) ye)

- FPD PLANT

Figure 10. Control system with an FPD controller

5.2 Simulink implementation

TakagiSugeno fuzzy inference system can be used to designfuzzy controller and tt
membership functions for the inpltand outpubf variable are shown in figure 11 (a) &(b). In this paper,
inputs of FPD are “Error (E)” and “Derivate of ErrDE)” where the output is “control”. Input andtput
variables of FPD consist of three fuzzy sets name{pegative), Z (zero), P (positive) as showniiguiFe 11
(a) and (b). Tablés shows the form of the DC motor's fuzzy rulesebthat used in design of control

! 1 2 : I— : — 0 : 3 :
f 05 0 05 { | 18 0 05 1 -5 0 03 1
inoutvariae E" inputvariabl "DE" output variable "control
(@) Fuzzy input variables “error” and “derivate of et (b) Fuzzy output variable “contro

Figure 11. Fuzzy input-output variables.

Controlsurface and contour of fuzzy controller with comsidg to fuzzy rules is shown in figure
(a) and (b)Figure 13 shows the fuzzy PD control system desigmé&imulink.
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Table 5. Fuzzy rules

z P
N z
N
P

H b=
:
@)
The control surface and contour of the fuzzy Pibtaaler, (a). control surface, (b). contour fuzzy
controller

o>
L~ M o

ﬁrrm Va
| Kdf Fuzzy box

h 4

Fuzzy controller

Figure 13. Fuzzy PD control system

6. SSMULATION RESULTS

Simulation results show that incorporating the Uistic fuzzy information into controllers clearly
results in superior tracking performance. Thereftite proposed control method provides a tool fakimg
use of the fuzzy information in a systematic arfitieiht manner. The output response of both the &ibD
Fuzzy logic were compared. Table (7) and (8) shilscomparison between the output response fdPlibe
and Fuzzy logic controller for main parameters ahdnged parameters. From the analysis and compariso
of both controllers, the FLC performs like PID cafier for when we have not any load or changed
parameters or noise or disturbance. But, when cdngpaoth of these controllers with consideringeirtjon
load or changed parameters or noise or disturbaheefuzzy logic controller performs better. Resg®on
output for all controllers with and without consitig injection external load, step changes andenwvias
shown in figures (14) and (15).
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T T T

—PID Controller
———Fuzzy Controller
Reference Signal

-

-

ariraller

Contraller

Referencs Sigral | |

PID Controller
P U e Fuzzy Controller
Reference Signal

| | | |
(c) Output response for Gaussian noise

Figure 14. Output response for two controllersweibnsidering applied different loads .(a) withtmad.
(b) step changes of load. (c) Gaussian noise idsiEkad.

When we have a imprecise model of our plant or éverist mistakes in modeling, simulation residtow
that the fuzzy logic controller in terms of perfante is better than conventional PID. In other wardhe
test, we intentionally make a imprecise modellifiddP@ motor with false parameters to study the balrenf
these two types of controller in this conditionss An illustration to substantiate the applicabibfythis
approach, the following test manipulated paramédiax® been chosen according to Table 6.

Table 6. Test manipulated parameters

Type DC Motor
Moment of intertia of the rotor le-1
Rated motor voltage 6 V(DC)
Armature inductance 0.1 (H)
Armature resistance 0.a3)
Electromotive force constant 0.22
Back E.M.F. Constant 15
Damping ratio of the mechanical system 10.91
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----- Fuzzy Controller
Reference Signal
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(a) Output response without load
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""" Fuzzy Controller
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(c) Output response for Gaussian noise

Figure 15. Output response for two controllersdweibnsidering applied different loads .(a) withtmad. (b)
step changes of load. (c) Gaussian noise instekddf
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Table 7. comparison between the output responsalfoontrollers

Comparison PID Controller Fuzzy Controller
T, T, 0OS(%) T Ts 0OS(%)
No load 2.87 5.49 4 2.76 5.57 15.43
Step Changes 3.42 6.34 4.67 3.12 6.28 12.2
Noise 8.65 none 18.7 4.36 7.48 16.3

Table 8. comparison between the output responsalfoontrollers for changed parameter

Comparison PID Controller Fuzzy Controller
T, T, OS(%) T Ts OS(%)
Step Changes 14.4 none 46.5 11.3 none 52.2
Noise 20.6 none 56.78 14.6 none 66.33

6. CONCLUSIONS

Fuzzy controllers have the advantage that can dithl nonlinear systems and use the human
operator knowledge. Here we test it with a lingatem of second order with known parameters. Iriotd
compare it with one classical controller we simedathe same system controlled by PID. The fuzzy
controlled system is very sensitive to the distiittu of membership functions but not to the shape o
membership functions. Fuzzy controlled system dbésve much better characteristics in time dontaan
PID controlled system, but its advantage is thehit deal with nonlinear systems.

PID controller can not be applied with the systavhéch have a fast change of parameters, because
it would require the change of PID constants in timee. It is necessary to further study the possibl
combination of PID and fuzzy controller. It meahsttthe system can be well controlled by PID wtikh
supervised by a fuzzy system . Fuzzy logic corgrsllare relatively new and use a completely differe
approach than traditional controllers. Fuzzy logimtrollers are not based on a mathematical mofd#ieo
system but instead implement the same control thisa skilled human operator would. Fundamentéhé
concept of fuzzy logic is the recognition that subnd conditions come in degrees, as specifieshguiktic
terms, for example, negative, zero, and positive.

7. CLOSING THOUGHTS

It seems certain that fuzzy logic controlles be used in more and more products and systems.
On the consumer side, they are already being useditomobiles, camera focusing, air conditionensl a
microwave ovens, to name a few. For industrial ayst they are being used in process control for
temperature and flow control, and servomechanisnspeed control and helicopter autopilots. Alszzl
logic controllers are being used in conjunctionhwitaditional PID controllers, where the job of thezy
controller is to adapt the PID parameters to chapgionditions. In many cases, the fuzzy contrdiea
traditional microcontroller, such as the Intel 8a3IMotorola 68HC11 or AVR, which has been prograadm
to implement fuzzy logic. Also, new fuzzy logic ¢osl ICs that are designed specifically for thipkgation
are becoming available. In practice, utilities m#se conventional controllers such as automaticagelt
regulator (CAVR), Power System Stabilizers (CPSSfuazy logic based controllers like automatic agke
regulator (FLAVR), conventional fuzzy logic baseolwer system stabilizer (FLPSS) [13].

A final word: Although fuzzy logic controllerhave repeatedly performed better than their
traditional control system counterparts, these awpments do not come without effort. Finding thghtirule
set and specifying the nature and range of theyfuaziables can be very time-consuming. Arrivingtte
right set of inputs for the subway train in Sendak engineers months of tuning.
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