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ABSTRACT

Flexible-link robot arms have advantages over the conventional ones such as
less weight, less energy consumption, and smaller actuators. However, a disadvantage
of the manipulators is the vibration occurred inherently due to the flexible behavior of
the arms during operation. This situation may effect control performance in some
applications. For example, the use of the robot for fine painting or welding. This thesis
presents vibration suppression of a two-link flexible manipulator by means of fuzzy
sliding mode control. Simulation results show an effectiveness and control performance

of the proposed method for vibration suppression of the robot links.
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n uaz n usuauinauuuiall wisesauaussauduRnsAINIETI89 UL

dx
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y a(l/zx',?j - 8(1/2fo)
az (2.8)

e - =X, +
dt aqk aqk aqk

\Haien m, AAADA

y a(uzm,.x'fj “ a(l/zx'f)
T S (2.9)

dt aqk 5q,‘ aqk

{aeinnsld Z AADA LAIUNUAT AINANNIT (2.3) azld
i

d | or =Z[m,x" 6x,.]+6T

dt iq, ; "oq,) oq,
_ (p,_ £]+ or (2.10)
i aqk aqk
ANRLINIDINTLU LN 11
ox
QI: = Z[E —a—_,'J
! q
A9TIL
41T g, + 2L (2.11)
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4 o
LPAABUNTYRY Lagrange”

]
(%
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q

aun17 Lagrange @aulvslaidiy

d | oT or oV

dt oq, 0Oq,

2q,
waauazainlunnin Ul Lagrange Anvuaieridu (Lagrangian ) 1

L=T -V (2.13)
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v L 4 ov v
AAIUUND ¥ =V (g) WUAY —— =0 WA
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64 _ 6?’ (2.16)
oq, 0q,
WAy
oL _or _ov 247)
oq, 0Oq, 0q,
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k
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0, = _o (2.19)
oq,
T liBino o) WhaBunudouinaeulusai
. ov
9, =0, - (2.20)
oq,

TunuauAsafY  1581NTTIUANATANTIAREUNTRY  Lagrange  Wunsdiaesssuyly
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Bl RN o O (2.21)
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uwuLsassusunasausiaieliluuniseenuuuss LA UANTIASNY 7 DsieanisuLLSaes
Tun13d898NULLLATANADINAAIL ABNAILADS

TuuNHAsRATUILLLA108ILTIUNAT899958LIElA  (Open loop) TasdusuuTNas
NANTNUTUNAABITRADTINANNTNTPR DU LA UAAIA NS A BNANTENUN NN ANA RS

1899990 AM U89 Smart [28] TearRansaunlugluuuaasseiuduaugd

' o v & <
2.3.1 LAUNRDBUAIARITEAUAUAINLAS
‘34’ d” =< o a ' o 1 ] dl dl
Luﬂ'ﬂ’]lu‘UﬂUUTi‘ﬂqﬂﬂQLLUU’Q’]ﬂ’ﬂ\‘IL'INLKU‘D?NLL‘ﬂuﬂﬂﬂ'BUFl'Jﬂ'ﬂQ‘ﬂ’ﬂﬂﬂﬂLl]ﬂEl‘LlLLﬂﬂ\‘l

AULIA

Pr] . “ o
NNN 2.1 LLEQﬂ\lﬂ’]‘wLL‘Huﬂﬂﬂﬂum’Jﬂﬂ\‘l?:‘,ﬂU‘ﬂuﬂ’ﬂNL'&?‘
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nuualil 6, uiladaiuua (Parameter) 1994 1 2euunadaiuyuae
inlwd uaz 6, Wunnassdeseassdaden lunwa) m uar m, Wunseesded 1 uay
v d‘ [ o/ ad d. Y v o = a dl v
doh 2 auadu Asn1shldaieuuudnsespenisanyAtuaaieuanesrarTAeluiug
MINTIN ULASINBLTEENAANNITNAANARTAINT ALY (Lagrange dynamic) lun1sAnuue
WANUAAY (Kinetic energy) UATWaNuANE (Potential energy) @miuszuudesdasa
Insuuudnaesna¥easigduuugavieluaunisnisindeuiligianiue Amunziunis

2ANULUTTULNNTAILANITILEY

2.3.2 MIMUUATTUUNNA
\Wesandnsnzasausunafuuaudnracune auiaeslunimyuuazisaiy

IS

a cl. v ) a 1% aa s
waulunsuldsugliidesniningenaaclihuiiaisan Ineldnguijivresestians-

\wWaiya (Euler-Bernoulli) latisvuuinanivualanail

I cosd, sind, ||/

« f : (2.22)
Ji —-sin@, cosH, ||J
i cos(wi ) sin(wi ) |(7,

Gl B ' : (2.23)
Js - sm(wl,L1 ) cos(wl’L1 ) A
i cosd, siné, ||i,

Sle| T2 a (2.24)
J3 —-sin@, cosb, ||/,

GREY :41'7'1 mﬂmm@wﬂw 1 a¥alnuniswan

s

'luaum?w 2.23 uuumammmw

ow

Tﬂn'ﬁ‘ﬂﬂ“ﬂu‘ﬂﬂqql'ﬂﬂﬂuuimﬂﬂq?ﬂ?uu']mﬂqﬂ')ﬂ ( ]] u@ﬂqqﬂﬁqxﬁﬁlﬂmiﬁdﬁlﬂ']?
X =L

¥ ‘ﬂ' [ [~ @ o 6 o/ v dl a o
NNUIDITRN 2 m@qqmqu‘mLnNummﬁuwuﬁﬂumﬂmuwgmﬂmmm*ﬂ@w 1 luununnalu
o . 4 v
ANN1TN 2.22-2.24 sanwn 2.1 Tae 1 uar J waadanisuny I uiua fauasiui ue
o o o o . . lﬂl s < < v d' = o
AINAIAL WAR 7] UWAT J; WaAINITReueddnguiuniaaestan 1 Waudu 1 waz J
Wim ) uaz 7, wamenisuyuresinquianiaeesden 2 vy i uay J1 Mnsudas
Winw0aNN9 2.23 uaz 2.24 dwmiusumisnoauuded 1 uar 2 figa x|, usz 9a x,

ANNANAU s
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- A A

- P =Li+w,, g, (2.25)

r, =L, W Jy X0 AW, (2.26)

4' IS. | < b o ¥ d’ d. ° o v
wanlasuiiuanuiFidmiuunauuden 1 uaz 2 AR X, WAT X, ATNAIAL azlé

ANNTTBDIANIE] Ap

Pyy = L + Wi Ji+ Xol3 + Wy J; (2.27)

Py = (L6 + Wi )~ LW Oriy + (X0 +Wy) J3 = wr@ i (2.28)
e

0=0,+6,+w/, (2.29)

a

Wasanyuluaunisi (2.23) ARansaniinisasuutastessin Tneiasaysian

’ a a < o 1» r N e o P S <
Wl,L] HIUIALRNHNIN TINT N COS(WI.A) =1 UK SlH(WlA) =w,, MUY

cos(Q+w,, ) ~cos Q-w, sinQ

(2.30)
sin(Q+w |, ) ~sinQ+w |, cos Q

o <

we Q dunssdadulunsmyuaesinquianie uazazauy@dineniidssney
Tdneaidunistiveuazayiusreaiaiduilifindsnnndnaesiuarlithunfiansan
nauAnduaznauuaadanisnangllved luglsaswunueniusindeass

(Quadratic form)

2.3.3 HAAMUULAAUBIAINET (Dot Product)

InenaanuLLAA (dot product) 189AMMIEY Aa

. 2
Fooor, =16 +2L16',w'ml +w i, w6 (2.31)

I,x
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’:;.x .’:;.x =l12912 +240.|w]l4 +w12,l,| +x22a)2 +2xZaM}2 +w22 +2l101x2wcosgz
+2LOW, cos O, + 2w, x,wcos b, +2w W, cos b, (2.32)

2 My 2.2 3
tw, O +w 0 +2w  Ow wcosb,

2.3.4 WA UARUWASWAIUANS

TUNITATMUANAINUARETT ULAeITase  sraslAvIamINTIN9TRIusAasde
w,(x,t); 0 = 1,2 duimsiunisuyuaeddnguianiadaldunaindn 6,;i =12 1eusias
dosin MUAIAL MNBNAUSIAIeTBINaRNAR A mFUdeR 1 usrdeR 2 aqunsn

wilugd 7 e

(2.33)

L
1 o & 1 = =
=3 (oA (- )dxy + 5y (7 ) =L
0

Ly
1 2 22 1 < =
3 J(PA)z (P T )Xy +5my (P oo y) xp=Lp
0

< <
2.3.5 AUN1TNITLARDUN

luannis (2.33) uaanyalatuanasaiaunaalngsannlsAanANIRas I8

t %

meuyy nsianuandaudnderduanyigiuliidulaengyd (sotropic beams) 1w

]
=1 s

anusilAne ndnidwenswassdigesunubnianiinanamanizeswnuiuliniy

a8 v o 2 a dl dll dl v
NHU8 Hooke LL@:QNHWiﬂT:ﬂ:ﬁIQ@NﬂWNﬂH 1 TUNIRANTUY TIANNITNITIARBUNEFS

Toeld38nsanniiunauarldannis Lagrange TaaldWaridunisidssanuansenusay
d 1 a co a o v a o oll al'n;l o a o
wrasueg lugUnasududuassieaiduiingoidosiinialunauiunairnuauiiis

(Meirovitch, 1967) 1A

w (x,1) = §¢,. (x)a,(t)=¢"a=a" ¢
=0

(2.34)

wy(5,0)= 2w (x))c; () =y c=c"y
Jj=0

T NNYINBNAUSINRIABITBINANIUANE 1 e

L L,
V =1 [(EI),w)dx, +4 [(ET),(w}) dx, (2.35)
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2.4 aumsﬂ?gﬁamuz (State-Space)

AINANN"T Lagrange, L =T —¥ laansldaunis (2.33) uaz (2.35) azldaunis

Fpfianuseyiussusu 1 Ae

)é = Ax +Bu (2.36)

X = [61 92 aT CT 0'1 92 dT CT]y (237)

v a4 o Y
uazannIIgannerezuuasi leanuuussuuatuANa Ll

o, o,
6, 0 I\ 16, 0
3 73
Vi
V;IL = T |* ‘u (2.38)
6 0,
g}).L - inv(M;yS )Ksys 0 ¢L inv(M:ys )f
el L Jwel L ]

Faannng (2.38) Harunsniin i lenulunisanassuanisaaufamefluunsely
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AUNNDENANDN  NIZTOUINAIMIANITLN
Q

<
UNN 3

NOEHATTNANRATNETNLINITDS

3.1 Naun

v

d’l U < o o d’ o/ a (3 L= 3| 1'% ' A
uniinanaivanszdrAgyneaiunguassnaranifagnaidudandliun nowujnu
§14209W9% NJNUFILR4EUL (Rule-base system) azlingWad (Fuzzy rule) \usasindu
o :l/ o - o a é’
lanalnnisineuesszuuasuautiuliinsufuiasulumunansenuiniiaaulussuy
' S ad t% ‘3‘/ L)
AUNEVBITEUUATUANLLLNT TR ABNNT s LUN) AU WULILNTE  (fuzzy rule-base

system) Wl ununisaaupuuuuiingelduyweitlugaruan (Skilled human operator)

3.2 szwaruuuWgd(Fuzzy Proposition)

dszwarifa damnuuanalisaauasanananimvieAiunurssdenulade

4‘ ) (% o :ﬁl
AU vl lasaLU M

3.21 ﬂ‘i‘:‘,WQﬁﬁ'ﬁ"ﬁLﬁm (Atomic fuzzy propositions)

Usenatluungdiaee e danruuaseamauian I Iigdaasiawlimi

=

N1 (Linguistic variable) Telztuuupe

U

Tned
X = sudsmanim i aonmiga goumni usiv
is = AuantRreaniaiy
A = Apudimienim

3.2.2 UszwauWzdaan (Compound fuzzy propositions)

UsewariWadnan Ae Usenaridgadimeasauns 2 Usenariaulldadeuiudogy

FATANANTTU " AND “ “ OR “usy “ NOT “\flusiu
v i 1
Ao UsewariWaduaniouldiuanuduiusied TnadisadfuRnisaeil

dsswariidenson “ AND “ MsaUfjiiRns Weidwnefiaadu dauan

47524
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Xis A AND Y is B

Hanp (X, ) = min[u, (x), 13 ()]

Toe pdludnssauautluanndn
Uswariitensiay « OR “ Msaufuintswade e
Xis A4 OR Y is B

/uAuB (x ,J’) = max [/IA(x )7 ;uB(y )]

o

dsenariiimendae “ NOT * MsadfuRinisreundiumaa i dimn

Xis NOT 4
H-(x) =1 py(x)

3.3 n)uaIWEd(Fuzzy Rules)

)
Cl

nneed udaauuuuiiReuls Seaelugtuuuaes IF-THEN il
IF ( fuzzy proposition ) THEN ( fuzzy proposition )
IF X is A THEN Y is B

o X is A fludouReulaseang(rule antecedent)

Y is BLﬂumu'ﬁ'ﬂm:ﬂu?‘ﬂuﬂﬁwﬁmmng(rule consequent)

NTBNNALATY
a a o = - =) A - ac |d’ Yo a A ada
NIBNNALAT ABNITAANNUNIENGLBINTT TINNAN8ID winlaiuauilon Aeds
- = o d‘ .
n1saNNAlATUNTlae Mamdani [18]
nnua 1

IF (R,) THEN (R,)

Wlungreaded Toe R, iwanduiusiadlu X = X, x .. x X, R, fluanu

Auiusiedlu v = v, x... x Y, uaz x uae y ihusaulsdaeandadinly X uay Y anuaidu

1
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Mamdani_Implication AAnuiuANNgNNusHTT Q T4 X x YanaReri A uiuanidn

AALARI IUANNT
: |
Ho (x,y) = min(e, (x), 1, 0))f
VB

Mo (X, ) = g (x) % ptg, ()

3.4 ﬁ"aﬂ'mquﬁﬁ (Fuzzy Controller)

<

aaruAniTgnnatatanidusianruAnuuLlE§IuAINE (Knowledge base) viia
o

dszaunisniandideonney ungviaunanielunisaruanazGunsiaaruanlaane

i ﬁ')ﬂ’mﬂuﬁﬁl.muﬂ’lumwf “(Fuzzy Knowledge Base Controller : FKBC)

34.1  TASIATNURIAIALANNITULLFIVAING

Thsaafees samuanRTduLLgIuANg (FKBC) adssnausiudouddty 4
dau Aauanalugy
1. WegWiadulnga (Fuzzyfication Module)
ﬁ’lumm;’: (Knowledge Base)

nalnn1saY3Iu (Inference Engine)

p w0 N

AN LAY (Defuzzification Module)

. Rule De-

—_ A

Systems Euzzphiodion evaluation fuzzyfication Svst
ystem

inputs 5 1 1 outputs

Input Output
membership Rules membership
functions functions
Knowlegebase

d o
2 A 3.1 TAsvai1eeessanILANWed
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3.4.1.1 Hediinduluga Ustneausas 2 dou

nsueNealadiadu (Normalization) MMM WasuanasaInAImIane

nwasssutsaniuclUdenanduinsignueanealaduds
WagWATY (Fuzzyfication) nwtii wasuandaFuiuiiduaddliones

sautsannucluiduiaGian InadiA1agszning 0 09 1

3.4.1.2 §7ANNIH9T (Fuzzy Knowledge base) Usznausiag 2 dou

sudans Hudiuniiuieatduauiiuaudnaeasiadmn  Anenan
& u

quing uazainasie Aldlunisuenesladiady usriuenesladiadu
31ung) udauiifiungililunisasuauszuy Geeglugtass IF-THEN
IF (process state ) THEN ( control output )

3.4.1.3 nﬂ1nnﬁiﬂ1§uﬂu (Inference Engine)

nalnnsaunuandinesaunaWed lus i uauiinemidaasy deinanens
9 U a9 U 9

e

2
ad f ad a < o .;' Y o a e . d‘
1. 98 Max-min 8n1saunaidwiuuuil aLldflgimnis min nasdenlen
Murastsznatuuuiedludiutenlaresngudazngdacidssiuanuduaacdansluu
znguazlialjifinag max lunssandaudeagtusiasnguinsamuiudeaggaina &
uamsluanng uas gUv

Tne¥

Hy () = max min( B, , t (v))

py(v) = Widuarauduanndnresdeagindsainiinisgumedut
B, = svsuANdnTeIngy j
Uy (v) = Widumnuiuanidneesdesslungn

J

¥
2. 98 Max-product 3sn1saumaiuiwuuidasldsmalfiminag “ (product) Tuns
a a o Y o a oa v ' v v o dl
andady uazldimliiminae max lunissndeagasangsine Wisuiuy dauninden

o

Toeszndng Ussnarluuudeglugdautenlareingazldmayfimnas min we product ating

PRI AILAAY
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Hy ) =max (B; * uy (v ))

Thedi
wy () = Waidupnudusundniesdesgiwdeaininnisdueiur
B, = szﬁummﬁmmngﬁj
Hy ) = ﬁqrﬁummLﬂuauﬁﬂm@ﬁm@ﬂlungﬁ j

a

3. 78 Sum-product 38n1sBwewikuLRlEAaUGIRNs - TuntsBundiadu

o

\uLAE9UA% Max-product usinnssandasgiaengmnaaclimfimnnis sum aauanaly
By ) =D B * s ()

3.4.1.4 ANaTRLAT (Defuzzification) Usznausas 2 dau
ANaTRLAdY NwihfiudaeAsziuannduanidnaesdeagildainnalnnig
ayuunduniluApddiis daiuai il lunsaouauszuusalyl  3EnsRnadw
o :’z I ad o n’l‘
wiuutnaedsasiallil

1. A5qaAudnag (Center of Gravity) fuumaAIRldAINNITANGE

]
o

WMWwity  y, Fadudiqudnansiundepssuaguisaiaiduatuiiuaudneedeay

189uAazNg TeAuanslsann

iyi'#g'(yi)
y. =t ———
2y )

2. T5uasINAUNATY (Center of Sums) BN1THATWANLAENNISTN
Werduauiiuaundniléiainnisayuiuungieuiy. Geasiinnsniuunuaain19asi

3| ndd‘ < g 3 v
{355 A1 y . Atwaléann

nZy,»-[#B‘, () +u, () +. +py (z,.)]

yC - n
Z[ﬂB'l E)+a,. G+ i, (z)i]
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3. F5AINANTBIANGIGA (Mean of Maxima) AnwuaAildaInn1saRad a1
" e P ' a a & o ' o ) a 6 o [ a
Wity y, Ae AvedsressindngaliAtssauaNiiusninluisiduanuiiuaundnaes

- v:x = [y
L’ﬂ']'/l'y!ﬂlﬂuuu@ ’&')N']Tﬂvniﬂrﬂ’]ﬂﬂuﬂq?

ZJ’i
_ =l
Ye 7

o

. s - « o d
Taed y, AeaundniAszAuAMNTuaNITnaa@innilunii

< o a a4 o (= a [ A
m AR mu')uam‘nﬂwum?mumwLﬂummmnmmLﬂfmwmﬂuuuq

ad (3 4‘ gl ad 1 ' g o d‘ :sl Y a o '
4. 3Tus (moment)  efiABasMIANdmInaaY TlTAARTL TRIusas
@ B, uszaieddaniminiaeldanngerestaiduaaniiusindnildainnisgu

alswiteusasng unusae A, Al A1y aamnsaAulaann

=y|-hu +y,.h, +.. 4y h,
h,+h, +..+h,

Ve



UNT 4
N152ANLULNITRANISAURASLNDUTRILAUNRDDUAND
A290268 AILIENETN La-A LaAILUNA

4.1 U

N19AANLLLNNIAANITAUATIIaUIRILIuNASRUFIAIdRRe FatRBnITALANLLIL
Wadh lo-alasaluum (Fuzzy Proportional Integral Sliding Mode Control : FPISC) L1
FIUNTAWANULLATTN lBFULLLAINNIITRRILITEY Chen uazAT [29,30] qmLlsvasd

a u: v o dlo v a d’d o [~3 dl ’Jd’l

gean1seenuuuTialmiilasaauanvn IiRanan IR uANeINa nadFanlatainiso
Wl lussuualdidudadulidsz@ninmmuasi idssuuammuniaa  widipefnmlas
aFensaruanuuuNagn lesuuuuly Iaeldinnlassaianismuanuuualasnsiuun 39
:’/ ‘SI a v 4‘ o o v a’l’ﬂ ° t %
YABIAUTENBUAINITONALETHAF ST UUNTAGLANTINUUALAY  AtnaNalaIn1H
amnsnadntlyuinsdulutosidyarondimszuiualadaiunalasnseeingnisaauny

& o %3 d! o a o aa
woudgdnle viedniuwilasdmlsenaunismvauuuualaseivuaainisofusesnainiaag
@INNATgIEiMI 29 IANIINIINUIBINITAILANLLLRTTEN S Tea1Ns0fuNauNIeNIsY

¥ Adl d‘ al. o t3 = o ] d‘”
wihnenazUiunisatuanisuFaugaavuiaaniszassia ludaanandu

4.2 nMsaanuwuumMsaIuANNgInladlansluun

N13UTTENELDNNTRBALLY FPISC n1smayRusuaTIeaTiBuaNNgULILARAA RS

" o v o A aa a
azutuily 2 viadendn Ae nsAruAuLLTERle waznisAauAnuuualafsuun  Tag
wann1s nzaruAnuuualamelunaazgnlfiduqandnlunisrnicGuvinnu uaznisrauay

S al [~ ° =Y ) a % dl

wuugdn ladunisiinuasusaannisaruauuuua lapaluun Taeluminusnganng
ArLANLLLA laR Inuaasiwinluntsaruan eqaduntady  Taannsneszuunig
v o« = -l = o v Aﬂl 1 :’/
pueinnaslutFinanisesnuuy  nMsaruANuuLRgENlaa i iseandulunng
AILANLULAzIBEAd U s DadunadAimnnsgainanisauAnuuuala A luus

[~ d‘ :s' < dl [~ o d”
azifluninsgruniiarusinisatuanuuuAenisauANmiunswmuiawle [31,32],
[33,34] Muamaly N i 4.1 Feaznumuluuniuazasiinimnluunges  aoruluunaes

N1AIUANUUY FPISC azussanslumeasiBaaunedIw
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nnT) 4 e,(nT) !
—>(—¢ >k
A L
o rFuzzv +
= I Slldmg Ky, %
<+ = [ )Controller
|
e(n7)
= >k L
N I

<l aal
NINN 4.1 I.I.’&ﬂ\i?ﬁUUﬂﬁTﬂQUﬂNLLUUﬁ‘ﬁﬁWi@

4.3 MsAILANULLNTENLE [31,32]

N1ALANKLLHITR lagNeeNUULLUNUFUIBIN1TATLANA B RARDALLLAIAN
v
Tranisununwa TAu,, (nT) 28INN5AIUANULLRARSANLBANGNAE Kk, du,, (nT)
193N19AWANKULNITRTE 1 7 >0 AeA1A a1 luN1squAaeting Au, (nT ) AaAINNT
e; d‘ & 1 e
wWasunsauandyyinigu 1 a7 ,n =0,1,2,..., WATK,,, ABAIEASINITTLNENITAILAN

wuuWed Aatiungnisasuanarlé

u,(nT)y=u,(nT -T)+K,_,Au, (nT) (4.1)

=b.

[l K, Aa8RsINII1ENtI896aAILANWLILNGT (Fuzzy control gain)

[ %

Ky ﬁ@ammms‘nmwmmﬂfmﬂmmu Pl (Proportional Integral gain)

S

K, ﬂ’ﬂ’r]ﬂi"]ﬂ"]i“ll?ﬂﬂ‘llﬂﬂﬁl’lﬂ’JUﬂNLLUU | (Integral gain)

4.4 nrsWgaN LAY

nsauANuULNgdRle axil 2 Bunnssuansly nwi 4.2 Tnadidyoupauiie

narareddungatiung

te(nT)-e(nT -T)

e,(nT)= T
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WAL aRPINTUALULLAIIBIR TY Y IANNRANATA (BRFIANITI)

e,(nT)-e,(nT -T)
T

prp P - ~ ' 4 o ) -

ﬂ'ﬁ'ﬂ']llQNLLUUW‘ﬁﬁw‘lﬂqulrﬂq'ﬂV!'VIlWﬂ\'l 1 AT D3LTENIAN ﬁﬂJﬂJ']mﬂ']UﬂNlﬂ'\V]Wﬂ

q

e, (nT) = (4.3)

d' o d‘ o/ ° <~
avan azuamlay  Au(nT) lua i 4.3 wasannsnaulalunisaanuuuazniniaigen

, al a A, a - -
AN L >0 TﬂEW] L aa ﬂ’lW’]i"mLﬁl’aﬁ‘ﬂ’]i‘ﬂ’m?]Nﬂi"ﬂmumi‘ﬂQUﬂ_u

e, e negative

e,,e positive

en,en
v P

-L 0 L

A - o
NN 4.2 uassanuitiuanan ﬁm@uw‘n

|
output signal Au (nT )

-L 0 L
P~y o a a v -
DINN 4.3 UAAININTUAMNITIUANITNAI B NINY

4.5 dlanslunauszngnisAuANLLLNGE

lugtwunismuanuuualanalvum [35] Weriduaiudusa (saturation function)

gaesouls y  azgnldlunisindanaaeanisdusa nnd 4.4 Adauunaiag

y, ifpl=<l

4.4
sgn(y ), if|>1 4.4)

sat(y)z{

' v ]
NINMMUATUIANTIME AWMU 919 2 faAduAnnisaneglly FPISC  azuanalu

N 4.5 Waridumanuansaly (4.4) azgninnisyiulgadlu

3 uzzyPI ,, iflylsL
sat (y) = {/sgn(y), ’fl)” S (4.5)
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Inedgdilaazuansdedjifinisasuaungninliiinannnisaruauuuuiediladi
dunalassuuauianaauuszunuwaanasgluseuaiimualifsuandunmi 4.5

UAY NN 4.6

rate of error

Sliding Plate

d = -
NNN 4.4 ?51&’11.]’&1@ﬂdLLﬂZLLuQﬂﬂﬂ’}?ﬂQUﬂN

nsldsidunnuiuandnussenaudaluundesi 4.4 ngnispauanuuuNed gn

a1 lWaanndeaiuning 4.5 uaz n i 4.6 Tauagu ans1an 4.1

y (output)
A

»time(s)

] a - v o av
NN 4.5 ﬂ’]i"ztﬂ?’lmngﬂ’li‘muaumnﬁ‘:‘uumam’auﬂu’awuuuﬂ.ﬂumﬂuwnm(eP ,

N

Py
NINN 4.6 FTUNENITADUAUBILUUTZUILING
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<
A197199 4.1 nNITALANTT Pl

Rule €, e, Au(nT) Selected
Output

R1 P P Positive L

R2 P N Zero 0

R3 N P Zero 0

R4 N N Negative -L

AN 4.1 e, =r —y ABAIAINRANANA , P=Positive , N=Negative
e, =Ae /T =-Ay /T ARANERTIANEANAIA
T ABa1lun19gusaeting
< Sy s
PI —output ABN1TAILANNITAIULDNYIND
ad o ' d” o ;7 ﬂll ell
AEnseengunauivaniiainisoninannidnlaaan i 4.5, uar 1A 4.6,
ngdan 1 (R1): anmsn 4.1 W e, P (ANNEANAIANNFIULINUGE e, P (8RS
ANAANSIANIIULIN) NoglutaT8e 7 >y ATHBIAILANIENYINY
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1@y azdaunindulunqainis laesaaeaiue
npied 4 (R4) : Huduneunisriuaunduiulunduneungden 1 Tt e n uaz
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Au (nT)=(4*B)/C (4.6)

Tne A = ArpruuaunTnaesduny
B = AanimmnaanndediuaAtnnmiuanidnaestunm
C = AANITIUANNTNTIBABIYINT

[l
P ]

nagaieAuAnANiuTaIn s auesmAuAnieinla [31-34] Wldnaraniuda

v a

Toegmsia 9 da Pinisdadulaldlunsrauanlasia¥ra FPISC wuulnmiaziigmsiilidy
v P dl v o ' a prp v [ a
douias 3 gas NaanrdasiuusiasBunniianuiulilsnismuiuresanuianain
WATARIIANRANAIATIMUUARINRANAIALUT T LINARIMTLA T RTa AN 8 TWAWA
sugasulsieiduniniluanidn LxL  saauauied Pl azadnna1eInsduniiaann
nissiamruaNuuualamiuus  sedsuduilunisinanamuliiuszuun1sAILANT
EnY,

lugaunauianuaiiinaang 3 azgnimwualildsaruanuuualasslvun (e
paupnlfdgidunslaastinud i ueeuanaes LxL  lUlinsgaautnarsaesiusy
dll V] a
e linqamanagaaduniamy

o - d’l - o o d” dld' o
ﬂQLLﬂTNQWRﬂi@ﬂQQ’M?UW%V]V] 3 nuualag

S =e, +Je, >0 (4.7)

[y

ngnIsALANAzFRIgNiTMUAieai A NTuA s LU U TAss TR R INN T

q

% < dl d‘ aan o/ S a :
qzppaussgeszwLduasulursuanAuAnUjiTa i A uanuuLATile duneu
WImrgINIeINITAtuANLULalaie v Tnaniseenuuussuiudulaew  (switching
surface) 89gUuuy

S(,)=0 (4.8)

o/ dla 4%' &
ANINNITVDIDATNAIUNINATUAD

@
st H| (4.9)
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dwmFunisaruanluszuunawuulideilies anannisnisligaauunaargn
Wiy
S(nT +T)-S(nT) _
T
Na,f>0

—(aS (nT )+ Bsgn(S (nT))) (4.10)

sgn(*) AB WaFuEnu (signum function)
ngnisaavanataazifluamalidunilaanianisindeuiidugUiuides

v
o

Tagaarniznsdunlasy (ReuiaslivreuwnasnisaruanuuLRTTle )Ael

u(ep)_{u’(ep) = A when S(e,)>0 4.11)

B u, = —A when S(e,)<0

Tng 4 >0 Aa dygyruAauANAIALY
FatiY  LATRINNETesrsuualane S azilasuudaslusnunauanassnauiie
[ 3 = d. o ‘=. o/ v
NAALAZBATIAMNRANSIA ANNTSA (4.11) @rmnsnazdiudgaiu sauds S azldgUuuy
Tnitlu

u(e,)=(sgn(S5))4 (4.12)

Taeia « 1 dnseesrnnlasunlasrespnntianaipaziideandiaauianaia

Tusinadues aunishi (4.12) [eamnsadfudgeluadlady

u(e,)==54 (4.13)
Kpe, (nT")
3 3 AL 3 3
L 1
3 3
2 2
T r K,e,(nT)
2 2
3
2 1 1
3 3 L 3 3

< g & A
2NA 4.7 WUNNITNTTALTBIAINGHBUNY
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Tauaglunnaaumuusznua wansly 2ni 4.7 azldgrsnlidudeu 3 qas

v [
AU 20 NunIianisdiulgaaslé

LKe,(nT)+K,e, (nT)] & dd
Au, (nT) = WURNN 1
22L-K Je, (nT )]
_ LK, (nT)+K e, (nT)] %uﬁ*?i 5
22L-K fe, (nT )]
Wunn 3

=S4

o o ! & A4 & Y ~ = a
aviuaznudnluiuin 1,2 Aanisldaruauuuuied P ansiinisrsuanuuualags
Tunpazinulunuifn 3 grsniseugiaasiuiitasflunyuanisasunadeaz il

W luunsaly
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luunihidutdinisesnuuuszuunisasuanseedsiginle-alagelnun  u1ldlunng

AILANINDAANITAUAZINOUTBILLUAABIHAN NANAANARTI89UIUN AEBUsI BT R 5D

TPeLanINaaINNIT IHEURNNITABLAUBANITAG (impulse response) WAITRAINANITNAREY

NIUIATBUIUNATUIAAN 7 eaNsatinanisaasdna i lunisesnuuuuaunadeny

OQ

asvtasaesnnisduanzdfinnu lunmeassazldaunisfigianue aaiivua

Bunn  wazievinnlugtaeanisna  AAWMLSNIDELN  AMUUAAIAINULILLLLEY

agiillen p = 2710 kg/m’ , Wuiindsnasuauna A = 1.613*10° Aanuinieaaenisli

38 I =0.0684 N*m’ Ayusing o) lusunisilsgianiue

1.

A a

0, PeBunnn1Taa Nnnsleulnenssesumsivin AN

7

a Y a ° A p
LUF;NLuuiﬂqqﬂLLﬂUQqQ@Qﬂ@QQWLLTuV] 19178 L1

b

A

0, Pedunnnsan  instleulaensesesumisninldiraassyun

~ Y a o A a
L'UENLuulﬂ@qﬂuﬂu@q\i’ﬂ\jm@qa’]LL‘II’LWI 2 V98 L2
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q

a o

ATULMULANTDIAIINENITBIRTUN 1 viTa L,
A a dl o a ' ] nall dl
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AVUNULANTBIAINENITDIR TN 2 ¥i5a L,

Tat AN NRe 1895 UUN NN I N1 AGBIAZH NI TN A BINANINATUNTADL

a L Y aa a o
AuaInBURNLAaziaiyn  nsldnisaruanuuuiednle-aladeluuaiinismauauannis
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AZN1T2NIA ( mass load )

L;=0.5um3, L, =0.5 ms, m; =0.4 Nlaniu waz m, =0.1 flaniu

L,=0.5 1m3, L,=0.5 WA, m; =0.45 Alanfu waz m, =0.1 Alaniu

L;=0.5wm3, L,=0.5 A3, m; =0.4 Nlaniu uaz m, =0.2 Alaniuy

L;=0.6 \uns, L, =0.6 wim3, m; =0.4 NIaniu waz m, =0.1 Alaniu

L;=0.1 1ums, L, =0.1 Wms, m; =0.1 Nlaniu waz m, =0.1 dlaniu

L;=0.5 wm3, L,=0.5 m3, m; =0.4 NIaniu uaz m, =1 nlaniu
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o a (4 v

5.2 NANITINRAINITINLARTNITAIUANLNUUAL (Small-Overlap)

n19anaaInaludauildun1a18090a NIRRT U BTINTIFUBIN1TAUTBIULTUNG
sausiansdasaainnisldnisaaluwsiazanazlifiansannismios Wasanninatiasnin
n1sarassnalanlinisaauanuuuiedile-alanauualunisasuauiAnusng 7

n# 5.1 uassAuenwagaemeuiunan tae L,=0.5, L,=0.5, m,=0.4, m,=0.1
4’ a [ d’ o o o < Y : a d? a
FeflAreiym 7 L, , L, muansu azdanauiulidinisdueuauns (RaTuaInsssui i

o o a =< Y aa a
ITAAUATANHOICUNTIOWAY NWA 5.2 uassianisldnismaupuuuuiedile-alan
Twualunismruaunisduaasuaunaluwaud 1 (L,) Iaziulsdn wunadn1sduaesaiua
anad uaztansuaunasanuaunnduiule 1He1inmausenis waznwi 5.3 uanada
szurumanNRanaIanaannfesiuRaRaUauasiuiulavasaun 1 (L) Awisdmes

FN4 7 189uUNAlne AN INIsHmeinsALANINY L=1 uanaluansnei 5.1

] y a - O '
AT 5.1 BLAAIATNITINABRTTUIAAITNENT UTUNUNLBILLUNA msmmuimmmu

LK, K, Ko WAEAETY 0 0WBUNT A
L, L, m, m, LK | K |Ks| A |uiuiignaoy
(wms) | (wmg) | (Alandwn) | (Rlandw) AN
05 | 05 0.4 04 |11 02| 1| 04| umdi
05 | 05 0.4 04 102 1| 1|01 | uwde
05 | 05 0.45 04 |11 02 1|02 | umii
05 | 05 | 045 01 |11 01| 1|08 | umip
05 | 05 0.4 02 |1]o08|01]| 1| 1 R
05 | 05 0.4 02 (11 o1 1|07 | umii
06 | 06 0.4 01 | 1] 3|05 1| 01| uwiit
06 | 06 0.4 04 1] 3 o5 1|01 | w2
01 | o1 0.1 01 |1 1 1] 1] 04| undi1
01 | 0.1 0.1 01 [1]03]03| 1| 1 e
05 | 05 0.4 1 111 08| 1 001 | uuii
05 | 05 0.4 1 111 ]01] 1 |001| umi2
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Impulse Response

Amplitude
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Impulse Response
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Impulse Response
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VIBRATION SUPPRESSION OF A TWO-LINK FLEXIBLE MANIPULATOR

Somchai Wiriyathornphan and Pitikhate Sooraksa

Department of Industrial Technology and Information Engineering,
Faculty of Engineering,
King Mongkut’s Institute of Technology Ladkrabang,
Chalongkrung Rd., Ladkrabang, Bangkok, 10520, Thailand
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Abstract: Flexible-link robot arms have advantages over the conventional ones such as less weight,
less energy consumption, and smaller actuators. However, a disadvantage of the manipulators is the
vibration occurred inherently due to the flexible behavior of the arms during operation. This situation
may effect control performance in some applications, for example, the use of the robot for fine
painting or welding. This paper describes vibration suppression of a two-link flexible manipulator by
means of fuzzy sliding mode control based neural network-like structure. Simulation and experimental
results shows an effectiveness and control performance of the proposed method for vibration

suppression of the robot links.

Keywords: bicycle robot, fuzzy logic control, modeling, intelligent control, two wheeled

robot

1 INTRODUCTION

To improve the system response, energy
consumption, and the overall mass components of
robot manipulators, various types of flexible link
manipulators have been modeled, designed, and
implemented [1-3]. In [4], modeling and control of a
single flexible-link robot arm was proposed and
developed. However, the two-link counterpart, in
general, is more versatile than the single-link robot
arm at least in the sense of reachability.  Since the
dynamic model and other effects of a two-link
flexible manipulator is not just simply developed by
direct superposition of two models of two single
flexible link robot arms, the interaction of dynamic
coupling between one link to the other needs to be
included in the working model.

One of the problems in control of a flexible-link
manipulator is the vibration during operation of this
type of robot arms. The vibration occurs due to the
inherite properties of the material made of the arm
and its dimension. Long and slim arms have more
vibration than the short and thick ones. With this
common sense, one may wish to choose the
appropriate dimension for the robot arm’s structure to
reduce the flexible nature created the vibration.
Intuitively, it seems to obtain an easy and inexpensive

way to suppress the vibration modes of the
manipulator by enhancing the physical dimension and
coping with some kind of vibration absorption
material, instead of designing a sophisticate control
scheme to suppress them. Some researcher prefers to
work with very thin arms for the sake of enlightening
the nature of vibration, while the others view the very
thin arms as useless ones for many real-world
applications dealt with loads. The key concept to
adopt the ideas for the judgement of significant
implementation between the two approaches would
be the objective of the research — depending on for
basic research or for applications. It is wise to
investigate issues in both engineering applications
and studying basic research.

Among various control schemes, variable
structure control or sliding mode control (SLM) can
be designed for handling nonlinear effects of the
system, while having good disturbance rejection and
trajectory tracking. Researchers have their own
version of the similar approach for the flexible link
structure  [5-7]. To enhance the controller
performance and remedy the chattering effects, fuzzy
control, both sliding mode approach to fuzzy control
and fuzzy approach to sliding mode control, has been
proposed for the nonlinear systems. These fuzzy
SLM controllers have been reported that the



satisfactory performance is achieved for given tasks
[8-9].

In this paper, a fuzzy sliding mode control has
been designed for vibration suppression and tracking
trajectory of a two-flexible link robot arm. Unlike
the above literatures, our fuzzy SMC contains a
neural network-like structure. In other words, it has a
layered appearance for the standard fuzzy control
procedure. The paper is organized as follows:
Section 2 describes development of model. In
section 3, a fuzzy sliding mode control is described in
a neural network-like structure. Section 4 gives
simulation results to validate the proposed control
law and Section 5 summarizes the study.

2. MATHEMATICAL MODEL

A two-flexible link robot manipulator is
illustrated in Figure 1 and 2. The hardware of the
system is under construction. As can be seen from
Figure 1, the flexible robot arms is planar ones, we
then adopt the mathematical model developed by
Scott in [10]). The model is derived by using the
Euler-Lagrange method. The equations of motion are
developed using the assume mode method. That is

wix,0)= D ¢(x))a;(t)=¢"a=a" ¢
i=0 ().

walx,t)= Dwi(x)e, )=y c=ay
J=0
The kinetic energy of the first and the second link
is
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where the subscripts L, and L, stand for the 1** and
the 2" link, respectively. Parameters J and M with
the superscripts and subscripts correspond to the
inertia term of the i-th link and the feedback (or
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feedforward if it has transpose) from the joint angle
to the generalized coordinate.

The potential energy V is
1 ¢ " 1 d2 "
4 =5£‘ (E1); (w ) dx | +5ﬁ (EI5 w5 )2 dx 5 (5).

We now have the Lagrangian L = T-V by using (2)-
(5). With some lengthy calculation by inserting the
obtained Lagrangian L into the Euler-Lagrange
equation and the aid of Mathcad software package,
we can arrange the result in state-space form

x = Ax +Bu (6),
where the state vector is defined as

. N
62 a ¢ ).

92 al CT 0]

X=6|

Figure 1. Photograph of the arms made of aluminum
(under construction).

Figure 2. A two-link flexible robot manipulators.
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For more detailed calculation and derivation, the
reader is referred to [10].

3. FUZZY SLIDING MODE CONTROL
DESIGN

The mathematical model of a two-flexible link
robot arm is described in the last section. This
section provides detailed design and analysis of a
fuzzy sliding mode controller in a neural network
structure.  The neural network is structurally (not
functionally) employed to illustrate the equivalent
structure of the standard fuzzy control method
(fuzzification, inference engine, and defuzzification).
Figure 3 shows the hybrid digital-analog overall
control system architecture, in which sampling and
signal holding devices are not shown for the sake of
convenience. The membership function and the
singleton output membership function of S and dS are
shown in Figure 4 and 5.

We now define the error signal e(t), according to
Figure 3, as e(t) = r(t) — y(t), where r(t) is the tracking
reference or set point value and y(t) is the output.
These parameters are in vector forms and the
elements of the vectors are corresponding to the link
being consideration. The sliding variable and its
derivative can be defined, as usual,

S =e+ Ae

St+T)-S@)
T
and A is a selected positive constant.

),
ds =

Traditionally, the designed sliding mode control
input u(t) is defined in the form of signum function
u = H sgn(S), where H is the bounded control input
signal. Upon observing this switching control law, it
is easy to see that, as witness by many simulations
and various practical applications, the signum or sign
function can lead the system into chattering trajectory
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around the sliding surface. To improve and remedy,
the fuzzy control law based on the input variables can
be categorized in Table 1. The control rule used here
is derived based on natural tracking [4]. Parameters
o and PB in Figure 5 are two parameters to be
determined from the trial and error process.

Table 1. The control rule for the action

IF THEN
S dS Decision
>0 >0 H,
>0 0< H,
0< >0 H;
0< 0< H4

Figure 3. The fuzzy sliding mode based neural
network-like structure.

s, § negative s , S positive

As(t) ,s(t)

-L L

Figure 4. Input membership function of S and dS.

u(t)
-a B 0 B o1 >

Figure 5. Output membership function.

4. SIMULATION RESULTS

Values used in simulation may be assumed,
according to the dimension of the real physical
system, to be shown in Table 2.



Table 2. Link Parameters

Parameters Link 1 Link 2
Beam thickness 0.002 (m) 0.002 (m)
Beam width 0.038 (m) 0.038 (m)
Beam length 1 0.50 (m)
Flexural rigidity 4.1 (N m’) 0.5 (N m°)
Mass/unit length 0.3 0.3

The simulations were performed based on the
robot arm model and are presented in Figure 6 and 7.
Figure 6 shows the simulation of the tracking
trajectory, which the desired set points of the joint
angles for the link 1 and link 2 are 60 and 40 degrees,
respectively. Figure 7 illustrates the corresponding
tracking errors. The Figures are shown much
alleviation of vibration.

Link 1

60
50+
Link 2

® 40 ¢
3%

& ol ‘
|
2|
10+

I |

|

0 J

0 1 2 3 4 5 6 T 8 9 10

Time(sec)

Figure 6. The tracking trajectory at the end point of
the arm.

Link 1

0 1 2 3 4 5 6 7 8 9 10

5
Time(sec)
Figure 7. The tracking errors of the end point

of the arm.

5. CONCLUSION

We have developed a fuzzy sliding mode
controller based neural network-like structure. Our
simulation results have shown that it is possible to
implement the proposed control system.  Further
work is necessary to quantify the effectiveness of the
proposed control scheme.
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