Experimental verification of the Takagi-Sugeno fukzgic Pl controller
in stabilization of angular velocity of a DC mosurbject to irregular
loading
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Abstract: Fuzzy logic control algorithms are regarded to aslatively new
concepts in modern control theory. This paper prissg comparative analysis
of two qualitatively different approaches useddogular velocity control of a
DC motor subject to chaotic disturbances cominghfeogear with a transmis-
sion belt carrying a vibrating load. The purposedsachieve an accurate
control of speed of the DC motor (a plant), espgciavhen the motor pa-
rameters and some external loading conditions arafly unknown. First,
the classical approach based on the PID contrabissidered, and then, a
fuzzy logic based alternative is proposed. Twoedéht controllers are devel-
oped for the purpose of completion of this papee: ¢lassical PID controller
and a Takagi-Sugeno type fuzzy logic Pl controlBwth control algorithms
are implemented on an 8-bit AVR ATmega644PA micrdraler. On the
basis of step responses of the plant an analysiekhss an interesting com-
parison of the controllers’ performance has beesgmted.

Keywords: fuzzy logic controller, PID control, Takagi-SugemC motor,
PWM control, AVR, ATmega, discontinuous systenglsslip friction.

1. Introduction

Fuzzy logic is a mathematical concept striving rotate hu-
man perception. Instead of numerical values lingudescrip-
tions are used to characterize input and outputaibis. The
control strategy is derived from expert knowledgel atored
in a base of fuzzy rules. This enables the desigineer to
describe the behaviour of the object under contitil the use
of words (linguistic variables), rather than withetuse of
complex mathematical expressions. Another advantégee
intelligent approach in control of uncertain dynaatisystems
is the ability of fuzzy logic controllers to handige control by
means of incomplete portion of information. Fuzagit has
found use in a wide spread of applications likecpss con-
trol, electrical engineering, information technolpgmage
recognition, telecommunications, banking [1,2,3,4].

In paper [5], a Pl fuzzy force controller was apglto regu-
late movement of an industrial robot's end-effectéfter
generating the robot program, a “foreign” objectswatro-
duced to the environment. Without any obstructionirdy its
operation, the robot moves along its preprogrammpath.
However, when a contact with the “foreign” objetdray the
way of motion appears, the force control systemtrots the
robot by adjusting the end-effector’s position. Toece con-
trol ensures that the contact forces and momemtgerge to a
desired value. Comparing to the classical Pl algorj a
smaller overshoot and average constant force vediievaed.
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In [6] a robust fuzzy controller’'s application hbsen de-
scribed for the permanent magnet DC motor. Theegaygia-
rameters concerning the load and the DC motor’ steors
were unknown. The algorithm was implemented on dSPA
rapid prototyping controller board and connected
Matlab/Simulink programming environment. The fudpgic
controller has two inputs, a voltage error anddiésivative.
The control action generated by the controllerhis aictual
voltage supplying the DC motor. It was concludeahirthe
experimental data that the elaborated fuzzy logiotroller
has achieved shorter response times on pulse $ignals and
smaller oscillations about the setpoint than thegadte PID
controller.

Paper [7] describes an application of a fuzzy it in
Internet traffic management. Web servers suffemfrex-
tremely varying load parameters. Sometimes verytlyg
loaded, sometimes suffering from enormous connect&
guests. Designing web servers for peak load iprdfitable,
because even most efficient web servers may stilover-
loaded by the ever growing population of Intermstrs. Dur-
ing an overload period, not all users can receamices in
timely manner without latency, but on the other chanis
possible to provide a faster connection for premusars. Due
to the nonlinear properties of web servers andcdities in
constructing the accurate mathematical model ayf&4zcon-
troller was proposed. Incoming connections weredeiy into
two classes: premium and basic. The task of regafdezy
controller is to maintain a delay ratio betweersthéwo clas-
ses by assigning suitable number of processes ridldan-
coming requests. Experimental data shows that fgignily
lower oscillation and shorter settling time of ttelay ratio
was achieved comparing to the classical Pl comrofluthors
state that fuzzy controller improved control quably approx-
imately 35%.

A hybrid solution of a fuzzy logic and a PI corleo was
presented in [8]. The object under control considtea DC
motor with a metal disc mounted on its shaft. Tdedlis gen-
erated by applying a magnetic field to the disce Thzzy
logic component is responsible for calculating & gzoeffi-
cient for the PI controller. The fuzzy part hasthinputs: the
reference speed, measured speed and the contioh audt
whole controller from the previous time period. Tihase of
fuzzy rules consists of only one rule, and its &no reduce
the output of the PI controller in low setpoint sgs. This is
due to the nonlinear behavior caused by fricticeffécts in
the mentioned region. This friction compensationthod
yields faster response of the system and smaltdingetime.

An application of fuzzy logic controller (FLC) ielectrical
engineering was presented in [9]. The controllefeatbis a
self-excited induction generator. The control systeas given
a task to maintain the steady level of output \ggtaMlamdani



and Takagi-Sugeno typizzy logic Pl controllers weree-
veloped in the discussed work. Botlontrollers have two
inputs (avoltage error and its derivative) and one ou Per-
formance of proposed solutions was ¢ésagainsa classical
Pl controller. Bth controllers were programmed
Matlab/Simulink and used to contr@l model ofthe self-
excited induction generator. Due togh processing powse
required by the Mamdani controller, thakad-Sugeno type
FLC was solelyimplemented on a dSPACE r-time system.
It has been concludefdom the simulation and experimen
data that the fuzzy logicontrollers offer significantly bette
performance compared to the optimaliyed P type control-
ler, in terms of the rgmnse time, settling time and robustne
The downside of thelescribed application ireflected in an
increase of the computationgderformance requirements,
especially for the Mamdani type FLC.

In [10] a self-learning Takagbugeno controlle was used
for identification purposesvientioned controller has two inp
variables with three bell shaped membership funstieac.
The output of every rule is a linear function gbun variable.
To implement a gradierttescent learning algoritt, the con-
troller was designed in a form of generalized nenetwork
The task of the algorithm wato modify the weighcoeffi-
cients of the neural network to ensure convergence of
output from the fuzzy-neural network tioree ets of training
data. One of them was obtained fr@areal object ar the
other from different mathematic&linctions. After 200 itera-
tions of the algorithm’s execution for easé of data, an av-
erage percentage error obtained for the $iestof training dia
was reduced to 1.57%. For the remaingegsthe error was
reduced to 0.47% and 0.014%espectivel. Although the
number of fuzzy rules and input member: functions are
preliminarily specified,the algorithm achieved satisfactc
results regarding the error and tuning time.

Another example of self-tuning FL@as presented irl11].
A Takagi-Sugeno fuzzy PBontroller was applied on eaxis
milling machine for contour millingBasing on theposition
error, the change of the error, the velocity feettband the
fuzzy control ation from the previous time peri, the output
is calculated andent to the amplifier, which drives the mo

/ DC motor
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gear
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The performance of the controller affects adaptive algo-
rithm thatexpands or contracts the input fuzzy setseven
shifts the position ofthe output se in the numeric domain.
The described FLGvas then compared towell-tuned PID
controller. The comparison shows 1 for cutting straight
lines theadaptive fuzzy logic controller achies two times
lower root ofmean square contoerror and three times lower
maximum contour error thahe PID controller.

Fuzzy logic controller implemented iin industrial control-
ler was presented in paper2[1The plant consists of a DC
motor subjected to varyindpad parameters. The regarded
Takagi-Sgeno fuzzy logic PI controller was implemented
a PLC controller. A selfuning fuzzy algorithm which calcu-
lates a gain coefficierfor the main controller was alsm-
plemented. Theegarded syste's performance was tested for
three types of conditionszarying load parameters, varyil
setpoint velocity and varying setpoint velocity lwithanging
load parameters. In all of thecases the fuzzy logic controller
has providedatisfactory results.

In this paper a fuzzy logiPI controller is proposed as an
alternative for theclassical PICequivalent. Efficiency of both
solutions in controlling amulti-degrees-of-freedom discon-
tinuous dynamical systemith friction subjected to an irregu-
lar external excitation is investiga. In second part of the
paper the experimentatasior and its main components are
discussed. Detailed description of both tesnumerical algo-
rithms is given inthird sectio.. A comparative study of test
results of efficiency othe presentefuzzy logic approach is
experimentally verified irsectior four.

2. Experimental station

A model of thedynamical system being a source of instab

of the belt driven by the controlled DC motor withe@ag (se¢

element 1 in Fig. 4has been showin Fig.1. The friction-

induced vibration of mags on the moving be is responsible
for the dynamically changinipading of the DC motor’s sha

that drivesthe transmission belThe non-controlled velocity
of belt pulley is very irregulaais depicted i Fig. 2.

Fig. 1.A schematic view of thmechanical systenw(— process variable).



The controlled object consists of a conveyer béthva
block of massm oscillating on it alongx direction and a
bracket of masM and the mass momewt inertic J , rotating
around pointS abouty angle. The bracket iattached to the
block by means of two linear sprindgs and k; (see Fig. 1).

Depending on the linear gilacement of the blor m and the
angular displacement of the bracKetthe friction force in ¢
contact surface between the block and the belt gdwamip-

idly. Moreover, the friction forceharacteristic switch itself
between its kinetic and static form. Te&perimentally b-

served irregular changex frictional forcein the block-on-
belt model are responsible for teggnificantly varying loac
transferred on the DC motor's shaltiving the mechanice
system shown in Fig..1Constantly changing amplitude

load affects the speed of the gear’s conv belt. A more
detailed description of the model can be four [13, 14, and
15].
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Fig. 2. Speed variations of thacontrolled syster

Many physical phenomena such agar of the worm gea
viscous friction in all of the bearings of the manltal s's-
tem, stiffness of the transmission behdial rur-out of belt
pulleys shafts and unevenly distributealue of dry friction
coefficient on thesurface of transmission b have a direct
impact on stabilization of beltlinear velocity o movement.

To inspect the behaviour of tkenveyer belshown in Fig.
2, the belt pulley’'s angular velocity waseasured by ain-
cremental encoder. Figure 3 depietemplary Fourier trans-
form of the system’s step responBethat trial the system we
controlled by a P controller with theroportionalgain Kp =
2.25. Thepresented spectrum of amplitudes visibl Fig. 3
ends at the Nyquist frequency

1
f.=—=16666..[Hz]
¢ =on [HZ]

1)
where:f, — Nyquist frequencyh = 0.03s —sampling time

As can be observethe system’s dynamics is highly iriu-
lar. Many variables need to be taken in considenatihile
designing any optimal controller.

To measure the speed of the transmission belt achwdn
oscillating mass vibratesn incremental encoc was used.
The 4x encoding was applied for the angular vejoniees-

urement. This means that in a constant time péyait rising
and falling edgesf two shifted measurement lines A and E
the encoder are counted. This metlallows to virtually in-
crease the base resolutiontbé& sensc [16]. In this work an
5000 imp/rev encoder was used. Using the 4x engodird
setting the acquisition time tc0 ms yields a measurement
error of 0.1 rpm. This means that each subsequalse
counted with mentioned sampling time increasestiiput of
the velocity recognition algorithm by 0.1 rpm. Urifmately,
the encoder is not perfect. The length of the Istate tends to
vary due to the manufacturing tolerances. Used oaketbf
encoding could magnify that phenomena hence thed
measurement error may be bigger than the assumexp.
The contribution of that error to the shape deplidgteFig. 2 is
unknown. No filtering technique was applied to the mee-
ment to capture the dynamics of analysed systeatasrate
as possible.
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Fig. 3.Fourier transform cthe system’s step response.

Figure 4presents the laboratory station on which tix-
periments havbeeen carried ou

Fig. 4 Picture of the experimental son: 1 - the DC motor PZTK 62-42J
with a 15:1 worm gear, 2 - RNI2C motor driver, 3 - the physical object
under control, 4 VO GI333 incremental encoder,- Atmel Testing Board
1.03 with ATmega&44PA microcontrolle.



Regulation of the angular velocity of tIDC motor (1) is
made by a controbystem composed of the nel Testing
Board (ATB) 1.03 with ATmeg®44 PA microcontroller (&
and the RN12 driver (2).Hysical system under contr(3)
influences thespeed of the transmission bmeasured by the
incremental encoder (4). The L293D powered by 15V
power source The DC motor is powered by the MATR
60V (RN12 power circuit) and 30V (RN12 logical cii) —
regulated direct current sources.

Figure 5 presents the ideological wiring diagramnthef ce-
scribed systemFor the purpose of noise cancelation in
measuring circuit a M74HCT14N Schmitt Inverter wesed.
It dampsvoltage peaks causing incorrect number of impt
to be counted by the microcontroller.

To enable compatibility between the microcontroléerd
the RN12 motor drivea L293D integrated circuit was ine-
mented.The RN12 driver receives a PWM signal with ai-
tude ranging from 12 to 15V, but the microprocesso
equipped only with 5V TTL outputd.293D served as an
amplifier for the PWM signalkKnown parameters of PZT
62-42) DC motor ares follows: electrical consta k. =
0.104 V/rad/s, mechanical constark;= 0.3¢ N-m/A, arma-
ture resistanceR,, = 1.1 Q armature reluctanceL,,= 0.001H.

RS232 DC powlver
""""""" su
i PORTC e 1?\)/y
PORTA LCD HD447800
0,1,4,5,6,7 v
' PORTD 5 PWM | | 15V DC motor
‘PORTC1| | EnableA : ------- driver
'PORTC 1 Enable A & -----2<
e I CEECERERERERY ' PWM RN12
"""" » 5V
5V L293D
PORTD | “———g——» >V |
23
N
ATmega644PA : sy i
Iy
2y i2A
M74HCT14N

Fig. 5. Wiring diagram of the closddep control syste

3. Control algorithms

Due to complexity of the contréhsk, a blac-box approach to
the control problem was used while angathematical mode
of the controlled object was omittedufiing of the controlle
was done manualligy observing the real time plot of thn-
coded angular velocity measuremehhe goal here was !
achieve the lowest possible oscillationsvefocity of the belt
pulley after raching the desired setpoirBoth presented

algorithms were implementdd C programming language on
ATmega644PA microcontrolle

Dy | microcontroller | “¥Pwu RNI12 Uy DC motor 60_»
ATmega644PA driver PZTK 62-46]

Y | encoder

G333

Fig. 6. Diagram of the closddep controlsystem ¢s, — reference angular
velocity, w —process variab).

In Fig. 6 theassumed clos+loop control system has been
presented. Basing on the setpoint sp(reference angular
velocity ws) and counted number of impulsy from the en-
coder, the proposecbntrol algorithm calculates the adequ
duty cycleupyy of the PWM signe. This information is sent
to the RN12 drivewhich generates appropriate volteuy for
the DC motor. A 10-biPWM signal with 9.7 kHz frequenc
was used. Thereforthe variable describinits duty cycle can
be changed from 0 to 1023. Control algoritcorrects the
PWM duty cycle every 30 m3.he feedback loop time regime
is restricted by the accuraend resolutiorof the speed meas-
urement.

A.  The PID controller
Classical discrete PID controller has been pregentEq. (2).

Upum :er(n)wlge(k)—m(y(n)- yn-1)

TS — .
TI TS
where:upywy — output of the regulat, e — error of regulation
Kp — proportional gaink, —integral gain Ky —derivative gain,
Ts — sampling timey — measured vall of angular velocity,
T,— integral time coefficienfl, — derivative time coefficient.

To eliminate rapid responsef the derivative part when the
setpoint speed changes (tbe called “derivative kick”), th
regulator’'svariable was changed frothe error of regulation
to the difference betweetwo successiv measurements of
speed.

The PID controllés outpu was limited to the range [O,
1023]and treated as the new value of the PWM duty ¢

(2)
K, =

B. Fuzzy Logic PI controlle

The second regulator takémto consideration is the Takagi-
Sugeno type fuzzy logic PI controller. It has tinput values:
error e and differencede between current value of error a
value of error from the lastycle. The output value is the in-
crease of PWM duty cycléupwy A classical alternative that
would match regulatadescribed erlier is given below

Dupyy = K, &n)+ Kp (eln) - en - 1)), 3)
where: Aupywy — increasern regulato’s output, e — error of
regulation Kp — proportional gai, K, — integral gain.
Numerical range of eadhput variable was divided intfive
triangle and a twgiecewise line: L andg fuzzy sets. Output

variable was divided into seven one element (so called
“singletons). Graphical interpretation of this clafication is



presented in Fig. 7-%Formulas for calculating the value
membership function of each type of fuzzy setgiven in Eq.
(4), (5) and (6). The Takagugeno controller was chosen ¢
to its defuzzyficationsimplicity and lower requirementse-
garding processing power than tdamdani typecontroller.
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Fig. 7. Fuzzy sets of first input variablesrrore.
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Fig. 8. Fuzzy sets of second input variablacrease of errcde.
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Fig. 9. Fuzzy sets of output variablgeywm.

In Fig. 7-9 the thresholds of fuzzy set® as follows: NE-

negative big, NM — negative medium, NSegative small, Z
— zero, PS — positive small, PMpesitive medium, Pl posi-

tive big.

A py () A py(x)

1 1+

X
»

¢ b

Fig. 10.L andg fuzzy sets.

1 for x<a

4 (xab)= =X for a<x<b (4)
-a
0 for Xx>b

0 for x<a
,uy(x,a,b): Z= for a<xs<b (5)
1 for X>b
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Fig. 11.Triangular type fuzzy s¢

0 for x<a

for a<x<b
-2 (6)
for b<x<c

#,(xab) =

0 for X>cC

Rule Base consists of 49 ru numbered fromm= 1...49, in
form of “if-else” conditional expressions. Exemplary rule
be found below

Rn: IF (e(n) = A) AND @e(n) = B) THEN du; = C))

RulesRnbind together both input variabland output vari-
able in cause-effect relation§able 1 contains all possit
control rules. This arrangemeis the so called MacVicar-
Whelan rule base and very common fofuzzy logic Pl regu-
lators [17, 18]. It was asimed that it is optimal, and it was |
a subject of tuning later on

Table 1.Rule base of FLCPI regulat
e|®| ne [ nw [ Ns |z | ps | pu

NB NB(O) NB(l) NB(Z) NB(3) NM (4) NSs)

NM NB(7) NM(g) NM(Q) NM(lo) NS(M)

NS NBu4y | NMas) | NSae) | NSap

z NBey | NMe@a) | NSes PMgs) | PBer

PS | NMgs) | NSgo PSs2) | PMgas) | PBas

PM@s) | PMae) | PMug) | PBuy

PBus) | PBue) | PBurn | PBug
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de(n)
Fig. 12. Inference scheme.

Figure 11 presents the inference schemhased controller
for two exemplary rules. In first step theputs of error an
increase of error are fuzzyfiedllgorithm determine to which
fuzzy sets thepelong and calculates the value of member
function for each regarded set. Nettig firing levelst; for
each rule are calculated using the t-nonm(.). To receive the
crisp output from the regulator, tieighted avera¢ defuzzy-
fication method expressed below was used:

'lri [Au;
Au(n) == )
/i
where:4u(n) — crisp outputz; —firing level of fuzzyrule, Ay,

— output of the fuzzy rulé,— number of the fuzzy rul

4, Test results

The test was carried out for the setpoint speduktifpulley a
the value of 5, 10 and 15 rpm. Figuresté38 show the best
achieved step responses for baghulators. IrTable 3 a short
comparison of their performaneegardingthe setpoint time
and asum of absolute values of error over t is provided.
Featuredike execution time of the algorithm and numbel
tuned variables were compared.
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Fig. 13Time history of the angular velocity controlled tye tuned PIC
algorithm Kp=1.2,K,=2.9, Kp=1.35 and setpoint spe€ws, = 5 rpm.
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Fig. 14.Time history of the angular velocity controlled e tunecfuzzy
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Fig. 15.Time history of the angular velocity controlled twe tuned PIC
algorithm Kp= 1.2,K,; = 2.9, Kp = 1.35) and setpoint speetk, = 10 rpm.
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Fig. 17. Time history of the angular velocity catied by the tuned PID
algorithm Ke=1.2,K,=2.9, Kp=1.35) and setpoint speed, =15 rpm.
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Fig. 18. Time history of the angular velocity catiied by the tuned fuzzy
logic Pl algorithmand setpoint speeos, =15 rpm. Parameters of the FLC PI
are given in Table 2.

Table 2. Parameters of used FLC Pl regulator.

NB NM NS z PS PM PB
_ Ao | @a=-0.9; | a=-0.6; | a=-0.3; | a=0.0; | a=0.3; -0 A
e| 20% | b=06; | b=03; | b=0.0; | b=03; | b=0s; | 30T
e c=-0.3 | ¢=0.0 c=0.3 c=0.6 c=0.9 -
_ Aga | @a=-0.6; | a=-0.4; | a=-0.2; | a=0.0; | a=0.2; -0 -
e ?)‘_‘_%‘3‘ b=-0.4; | b=-0.2; | b=0.0; | b=0.2; | b=0.4: ?)‘_%"é‘
- c=-0.2 | ¢=0.0 c=0.2 c=0.4 c=0.6 e
u| -10 -6 -3 0 3 6 10

Table 3. Performance comparison of considered ithgos.

Property PID fuzzy logic PI
0.93s-5rpm 0.84s—-5rpm
Set-point time 096s—-10rpm | 1.12s-10rpm
096s—-15rpm | 1.65s-15rpm
101.9 -5 rpm 143 -5 rpm
g\tjgr] t?r;eébsolute values of errgr 153.3 - 10 rpm 277.1—10 rpm
197.2 - 15 rpm 516.2 — 15 rpm
Lines of code required 105 280
Number of tuned variables 3 45+49 =94
Execution time of algorithms 788] 112 ps]

As can be observed only marginal gain in stabaoityegu-
lated system was achieved. Both regulators faitetspond
properly to chaotic changes in load parameters. g@oison in
Table 3 shows that the only parameter in which ftezy
logic PI regulator exceeds the PID regulator is tinge of
reaching the first setpoint speed. Due to thetfzitthe output
of the controller is an increase in duty cycle lié PWM sig-
nal, a short period at the start of the step resp@an be ob-
served. It is caused by slow build-up of voltageedesd to
overcome the forces of static friction. The PID ulador al-
most instantly provides the necessary value of P\diMy
cycle to move the engine’s shaft.

An interesting thing can be observed comparingstima of
absolute values of error and the shape of stepnsss shown
in Fig. 14 and 15. Fuzzy logic regulator achievedbwaer
quality of regulation when the sum of absolute galof error
is regarded, yet the shape presented in Fig. 18amppo be
smoother and with less high frequency oscillatitimsn the
PID controller. This is due to natural ability aizzy logic
controllers to handle uncertain information. On dtieer hand,
it seems that the PID controller is interferingaismall way in
its own operation. For all of the setpoint speedes (Fig. 13-
18) a steady decrease in control quality can berebd for
the FLC PI regulator. The time needed to reachsttpoint
speed nearly doubles between the first and laat fior the
fuzzy logic regulator, and the sum of absolute ealof error
grows to a value of 360% of the first trial. Irsezof the clas-
sical PID controller the time increases impercdptdnd the
sum of absolute values of error grows by 50%.

An idea to decrease the time of setpoint speed dvbelto
introduce an additional fuzzy rule. The regardedzju set
would place itself before NB set of error input ighte. The
rule covering this set would generate a substaantigbut that
would help with gaining speed by the DC motor. Appd a
fuzzy PID regulator could also help with the sliggresponse
of the system, but the exponentially growing numbievari-
ables to tune could be problematic. Another ideald/de to
develop a hybrid controller. For the large valué¢swor of
regulation it could act as a regular PID contrglland for
lower values near the setpoint the fuzzy logic calgr would
took the control on the system’s stabilization.



5. Conclusions

From an engineering point of view the FLC PI retpidaro-
poses a bigger challenge than any classical PlDraltar.
While in nowadays the computation time and the nmuof
code is in most of cases insignificant, the amairthe tuned
variables proves to be a great downside of theyfuagic
approach. In Table 3 the amount of tuned variaislgsven by
a sum of two values. Number 45 reflects the amadirga-
rameters describing input and output fuzzy setd,tha 49 is
the amount of fuzzy rules in the Rule Base. Fompingose of
this work only the first set of variables was tunedd the
Rule Base was assumed to be optimal. Because tlables
of the tuned system have clear physical interpoatat the
tuning process seems to be very intuitive. Unfaataly, in
reality, it demands a broad knowledge about thetrobed
object as well as many attempts of tuning of cdnalgo-
rithms.

The fuzzy logic controller described in this papeovides
lesser quality of control comparing to the clads&@ution.
Despite the interesting concept standing behindoitsubstan-
tial improvement in any regarded criteria was aobie Addi-
tionally, the very complex tuning process exterts time in
which promising results were obtained. To reduce dfffi-
culty of tuning, the fuzzy logic approach requinés own
learning algorithm which would pick the right pareters and
adopt them actively to the experiment.

Refer ences

1. L. A. Zadeh, “Knowledge Representation in FuzzyicbglEEE transac-
tions on knowledge and data engineeringl. 1, no. 1, 1989, pp. 89-101.
L. A. Zadeh, “Is there a need for fuzzy logicPiformation Sciences
178, 2008, pp. 2751-2779.

Y. Bai, D. Wang, “Fundamentals of Fuzzy Logic Cohtr Fuzzy Sets,
Fuzzy Rules and Defuzzifications”, [infdvanced Fuzzy Logic Tech-
nologies in Industrial ApplicationsEds. Y. Bai, H. Zhuang, D. Wang,
2006, London, Springer London, pp. 17-36.

R. Jager, "Fuzzy logic in control", Ph.D thesid)TDelft, 1995

P. Neto, N. Mendes, J.N. Pires, J. Norberto, A.Bréita, “CAD-Based
Robot Programming: the role of Fuzzy-PI| Force Garitr Unstructured

2.

3.

Environments” [in:]IEEE Conference on Automation Science and Engi-

neering Toronto, 2010, pp. 362 - 367.

J. Velagic, A. Galijasevic, “Design of Fuzzy Lodiontrol of Permanent
Magnet DC Motor under Real Constraints and Distucea”,|IEEE Mul-
ti-conference on Systems and Cont®@hint Petersburg, 2009, pp. 461
466.

K.C. Chan, X. Chu, “Design of a Fuzzy P| ControlerGuarantee Pro-
portional Delay Differentiation on Web Serverg&ligorithmic Aspects in
Information and Managemerfortland, 2009, pp. 389 - 398.

J.T. Teeter, M. Chow, J.J. Brickley, “A Novel FuzZsiction Compensa-
tion Approach to Improve the Performance of a DQtdvi&€ontrol Sys-
tem”, IEEE Transactions on Industrial Electronicgol. 43, No. 1, Feb-
ruary 1996, pp. 113-120.

M. Basi, D. Vukadinové, M. Poli, “Fuzzy Logic vs. Classical Pl
Voltage Controller for a Self-Excited Induction Geator”, Mathemati-
cal applications in science and mechanidgds. Natasa Trisovic,
Deolinda Rasteiro, Dubrovnik, WSEAS Press, 2013,188-194.

J. -S.R. Jang, “Fuzzy modeling using generalizegralenetworks and
Kalman filter algorithm”, AAAI'91: Proceedings of the ninth National
conference on Atrtificial intelligenceol. 2, Anaheim, 1991, pp. 762-767.
Jee S., Korem Y., “Adaptive fuzzy logic controlfiear feed drives of a
CNC machine tool”, Mechatronics, 14, Elsevier, 2084 299-326.

M. Arrofigq, N. Saad, "A PLC-based Self-tuning PlzZZy Controller for
Linear and Non-linear Drives Control", IEEE Intetioaal Conference
on Power and Energy, Johor Bahru, 2008, pp.701-706.

W. Kunikowski, J. Awrejcewicz, P. Olejnik, “Efficiey of a PLC-based
PI1 controller in stabilization of a rotational mmti affected by the chaotic

10.

11.

12.

13.

disturbances” Dynamical Systems —Applicationsds. J. Awrejcewicz,
M. Kazmierczak, P. Olejnik, J. Mrozowski, Publishing Heusf Lodz
University of Technology, 2013, pp 173-184.

14. J. Awrejcewicz, P. Olejnik, “Friction pair modelingy 2-dof system:
numerical and experimental investigationsiternational Journal of Bi-
furcation and ChaqsWorld Scientific, 15(6), 2005, pp 1931-1944.

15. J. Awrejcewicz, P. Olejnik,“Occurrence of stickpsli phenome-

non”, Journal of Theoretical and Applied Mechanid$(1), 2007, pp 33-

40.

R. Petrella, M. Tursini, L. Peretti, M. ZigliottdSpeed Measurement

Algorithms for Low-Resolution Incremental Encoderutpped Drives: a

Comparative Analysis, ACEMP '07. International AageConference on

Electrical Machines and Power Electronics, Bodr2@97, pp. 780 - 787.

F. Cheong, R. Lai, "Simplifying the automatic desigf a fuzzy logic

controller using evolutionary programming”, Soft r@outing, Volume

11, Issue 9, July 2007 pp 839-846.

P.J. MacVicar-Whelan, “Fuzzy sets for man-machiméeractions”,

International Journal of Man-Machine Studies, Wlno. 6, June 1977,

pp. 687-697.

16.

17.

18.



