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# # 4370445521 : MAJOR MECHANICAL ENGINEERING

KEY WORD: FRICTION COMPENSATION /DITHER / STICK-SLIP / PD CONTROLLER
PHINYO SRIKAMHANG : EFFECTS OF AMPLITUDE AND FREQUENCY OF DITHER
INPUT ON FRICTION IN MECHANICAL SYSTEMS. THESIS ADVISOR : ASST. PROF.
RATCHATIN CHANCHAROEN, Ph.D., THESIS COADVISOR : THITIMA JINTANAWAN,
Ph.D., 117 pp. ISBN 974-17-2391-1.

The study investigates the effect of amplitude and frequency of dither for friction
compensation in mechanical plant. The thesis focuses on the control of system positioning of
which the friction is highly nonlinear and discontinuous around a reference point; in particular, the

effects of dither on the friction-induced steady state error.

In addition, the model based friction compensation is incorporated into the dither based

technique such that the friction effects are minimized.

The experiments on three different mechanical systems, i.e. ECP 220 plant, Comdyna 767
and CRS robotics system, are used to study the step response and the resulting steady state
error. Additionally, the ECP 220 plant is also simulated. The results show that the dither signal
significantly reduces the steady state error while the model based friction compensation reduces
the response time constant. Both techniques can be integrated to simultaneously decrease both

error and time constant.

The study on CRS robotics system demonstrates that the dither amplitude should exceed
the maximum static friction while the dither-frequency should fall within‘the bandwidth of the
system. Otherwise, the dither. may not effectively compensate the friction, yielding no reduction of

the steady state error.
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WAZATN1T Sensor-Based  Technique  lAAzNaNiauAAzAT MINEAZIDEA

sapa i
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2.3.1.1 9% Stiff PD control

1uummma¢muammuﬁﬂﬂ (Regulator)  N19ALAYLIANIEULALIFN
pLANLLL PD  @wnsnvinldsruuiiaansadasnanlunisaauanls wazds
ANHNI0AAANTANANANR VLTS TenNTRL AN AN (damping) 5@
AT (stiffness) ”LﬁﬁmzuumuauimLﬁmmmmﬁmwmmmﬁq

AYLIANLLL PD

weiliiasaInNdsnisinAIA RudNaTessiaAuANwLL PD gniEwld
> o 1o =R =R A PRy = a &
N1FgusieRn tnellA1TeanATed friction memory NIAUSSAEANIUATATAZH

| A%’ d' |al s e o [~ Myo KR KR
ANENTUATNLIATVIBEI LN LL@Zﬂ’]ﬁ“lJ?‘LIﬂ’]’ﬂm?’]ﬂlﬁl’]ﬂﬂlﬂ\‘iﬁ]QﬂQUﬂNﬂ1N1ﬂﬂquﬁﬂﬂ

k1l
%

LULRNADIUB9LI9LA8 ANY B N5 uilagusnaas e lF s an iUy

[ o A

) y o v o iy < A oA N =
ADULINANLAN LAZUBANNANAIATUBNLTLNITUIIAD L NATEULNANLILALIANIU

49 nsdFudmsnpesvadsaatuaN IR ANINTuIN ldann Wasannsiegld

1 v
o A 0%

6 1 o = |é’ dl a QI o r:l/
fﬂqﬂﬂ?mmﬂmmwmmmimymu Gﬁﬂum\ﬁmq%mmnwmmmmmqﬂmmuu
! tﬂl Yo O 1 d'a/ Y o :I/ =K o & a A
ﬂﬂuw%muqﬂmmmwu\mmmmﬂm AIHUAINT IHTZLLLAAATRANAN AN

AL

2.3.1.2 35N19ANAIAILIANI INIBUANTA

NAFALANKLL PD @1dnsniinauades liiusyuy wiilianunsnan

I Aa

ARANAIATUIZUL LS A NdauRnTa AU uUALTWAENAN1TDARN AN

a = =

AanadalidussuunANBaaniueti19ldua winnsldfanoupuuuy

o &

A a o Ay o o Yo \ @ o = o P °
auiniaidaandnlunisldiussuuludospeiniiann e Walnadusd Asazii

Tifim limit. cycles NA1IABLUANANNAIAILANAZ AL ANATNANA TN

1
a

wazii iFudnsnisenadnyninnauan anme AR AN TUAT AL AN

q
I

NINNFUINAEANIUAA Wasculag Tuannzugalle (stick) FamILANAZAN

a

ArANRANaIAa NI AL AN ua A Wume i iy oyiairauAnE Al

I
o a

| = o 4 A = « o qw |
HINNITUALANTUNIFALLTHLARNDUN (BINLAYANIUARL) WWIM?ZU‘]JiN@’]N’Wﬂ

AOLIANAUMLS LFRNFBINIg



13

daunnsinfanuANLULAURnFallAquaNssuLN AN TIARBUNAE

& o

AuIHNE tuaznaliifadyminaglafdan (Integral windup) na1aAsa

= dl a < ° V%
AnsilasuiAnisaaspanmuga Nl

)

AILANLLLAUANTAAT Az AN ATEA TUT9

o a o A

NAUNNTANNITAZANATNANAIANIN

2D

dl o Y a -4

U Fea1aazi liiinalaaigin (over-
49{ 14! [~] a 1 a o ?/

shoot) A luszuy TufluanmegIean ANAAIRANAIA lWIEULAILAN A9TIWNIg

¥ e o = o v a a o , A = @ o
witleyynilfiae Aeeiinsaidn (reset) FAaauiinialuganszuLiANNTINNTY
aqlull 1991 Suzuki uaz Tomizuka [14] ldAniaDenislasawlunisaauan

dl o @ ¥ o =2 1% 1 < v Y
WPTRIIAANNNIFIZIANEAIAILANLLL PID  RquAtleymnmaanauiFanndusias
nsldusana (pulse) aslutasninisandn (stiction) o AAWANIN (break away)
wazlull 1993 Hansson et al. [14] takdngiled (Fuzzy rule) inaaauANnIg s

aWluimauANILL PID

1
=

2.3.1.3 dyaniaunnAungs (Dither)

Twindatiaznanafdsnisanss@aan ulnadsnIaR Ny B uNe
A = i = Y oo
ADHDEY 138 Dither A9lWIZULALLAN NIAALINALANIUALATUENAINNNT

1
a o o

PUNITeAUNLG) NAGINTAN B Auned198e szuuazladainnsnidng

Auwnlasnaae eniiasann szl enfsRedn (stick) [15,16] T uNARIN W

v
6 o/ o

al a =1 yva £ 1 ul/ A
WWeaaniuanagd aeiuaslainisgnetaiunasesldrruduazinauniang
(mechanical vibration) adluszLuALAN Tmﬂwudﬁﬁmmﬁgm ANANL T2 dNT

UIAUANIL ArANAARY Auans g 2.2 [11]

v

[ % Zj/ =2 9/ndl I o t:lld QII 17 !
ﬁ@\?@ﬁﬂuu@ﬂiﬂiﬂQWWHW&IWNI@Z@DA@’]M@QU@N‘Vmﬂﬂ]’]&lﬂ@ﬂ bINQITUU

=

gy = o P s
NHusadaaniu ieanan luseileswazainuldidaduresusadanniu

TudagranniFann ArdnyaunuaunarnufgeninidnllgnFandn doyeyno

Dither Taei&tyeynns Dither azgniiaidnliivasaniudryyruneanunainga

AILIANAIZLN 2.3
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— without vibration
0.36 ---- with vibration

Coefficient of
Friction

\

100 300
Sliding Speed , ft/min
91l 2.2 nsuFeuiiaumdudssingusudaanuluszuuildnisdusziien [10]

Dither W

+D Plant X

+ .
Xd Controller with
Friction

\

31l7 2.3 s dtyayans Dither adluseuuALIAN

111l p.A. 1989 Astrom LAz Wittenmark lénaaaslddtyoyos Dither D&

[ %

nusidugduuusne asluszuuAuANiuULaundy wud1ztuuuaes

[ %

o ! Ao A =, |

95130147} Dither nd m:rm::lﬂuﬂ@ugﬂﬁﬁ’mu (sine wave) Nﬂqqﬂmqﬂq?ﬂﬂ’)U@ﬂJ
° , pRp a v 1 A o . A
m’]LLMuQm'ﬂQ?xUHW“LL?QLmﬂﬂmquimﬁﬂqqﬂ@umfyfqu Dither g‘ﬂ@qlﬂ,ﬂ@ﬂl}

' 1
= =2

¥
(triangular-wave) -[17]41134ail Asaulanas@nenluFesasdoynou Dither
a o/ dl

AaaINUATafnataun Ingazidudne D arasruInuazA D aady Il

. dld ] A ° 1
Dither NUAAINANAIANINA AL

2.3.1.4 Impulsive control

o

L T T L e T N T PO Y b P A e A L N Y oV o ORI E AT B
FasnisA Nl ugdaan s usansrfuliiuscuulnaase taan

dsngnisalilifinanusadeaniuiiiaty wu annnsfade (stiction) 2895511



Input signal

15

o C

AALANFLIMUNTI ARG T AUE Hudu TaaFanddnisisanisaouauLLL

a

£
ada '

Impulsive control [14] T35 RWANANNANNIENTIdAtUEUN0W Dither NA13A

[

'
o

~ @ =~ \ A o . Y o
FLULANANATNNITNIZAU YTa ldusanianmaiziiunsena (impulse)  9isa
sruLtaslpe Il faainanNguandauny Dither LAXANTIANLINAAN L 1o
\ P A a o Y 1 o - o . P Y = o
Aaatvasuseiiadn i vinAugueiuilewiu Dither iasainsiasdinisiiu

Al (calibration) tWa L ldHANNALIANANAFEINTT

a ~ a a , A ~
NITIANN LL?\?@@@QI‘H?KNU AIUAN AZNNITNANTIUN L@@ﬂiﬂumqqmig‘UUN

. o

:ﬂl t:ll b 4 1 3\// o Y a [ =
NITLARAUNLULIRAALUA (stick-slip) 111 [9] uAaasN AANTIRALNE

[~ £ 4 d} ] 1 [~ 1 %3 al
wntaelusruy S9doulvejaziflugoeqaunniin (oreakaway) 199L4ILRLANIY
TAEUUN ATRIMIIARAZHAININATIUUI AVBIWIUAEANIUAD AT IUIZTUL WHAY

sz udauaaduenn fawansligln 2.4

A

<

o
\/

Time

317 2.4 nnaaLsna lusTLILALAN

2.3.1.5 3% Sensor-Based Technique

a ¥ 1 yaa a dl
ﬂqiﬂ')llﬂllLL‘N'LIﬁﬂl@ﬂﬁlﬂﬁlﬂiﬂﬂﬁliﬂl’ﬂﬁﬁ‘ﬁﬂLﬁ]ﬂLL?\?LZQ?.I@V]’]‘LAIWEIT]’]@VI

o o

81984091709 BRATI45 (sensor-based  technique) TeAANLAINBLEDTITE

sruudennasludenaluszuuna Geanunsansaiudyynnussdafifintuas

wdaflaundunndesnairuan nliansnacuauszuuls Tnadsnisaaun
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udAtANNNIARKANTINLAN AAAAINFINELAET uazssUUAINIATLS iy

WIAANL AYTNE YL (flexibility) tTlue

+ -
—>Q—> G,(s) G,(s) » Motor Mechanism

Torque
sensored torque sensor

high bandwidth inner loop

low bandwidth inner loop

dl < a ¥ |
g‘ﬂ‘l’] 2= U@@ﬂiﬁ@:LLﬂﬁ‘N"ﬂﬂﬂﬂ’]ﬁ‘ﬁ’JU AN A ludasia

Inelani1zlaade An1udanisnan e lnenisiaen liensnveatlaunay
(feedback  gain) AflAuInwefiazionsususudsanwlussuuld tae
WULANABINITANLANDLINIIETDINIFAIL AN LN T AL D AR AN TOUAAIAN
gﬂﬁ' 2.5 %qmamu@uLmﬁmmm%&i@‘tmﬂmﬁ%mma‘mmwammm"lu'L%QLEQ’u
(nonlinear dynamics) kaz saaussidunaels lull a.A. 1988 Kosuge wazludl
A.A.1989 Hashimoto [14] Iiilunnaeseauanuasiuausnanspudass
(degree of freedom) iy 6 wazlull A.A. 1985 Mukerjee waz Ballad L4

NAARINIAN TN UAANNIRDS (inertia) 1B93zLIL

AIng17l 2.5 ilunnseanuulszULALAN NN iedasa Inan1sArLAN

. o 3 dl 1 ) a Y o !

23900l (inner loop) Az uinfanuussiin uazanuss@sanuliiuszuuds
MNAY B9dpAnusatin luszuLnIaINgLnIningIaduussiin (torque sensor) L
fiostrain gages tiusu donnasaruANassaLuen (outer loop) Aziflunng
AGHIANIT UUNATIINA ArWiKlAdRdInIsacLIANLssTindesalaense azaNn9D
anAH ldutteuaassruUas s uaad1slsfinuginsninsaiiselinidsnmangs

waztingadneennasiifiasran i luanugpainsss

\
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2.3.2 NI13TALTEILILALIANILNA19BILLLR1889 (Model-based compensation for

friction)

A9NaNNIIIMULILA 808U A AU Fat19gnFes N1sazesnuLIL
o al dll al in/ ) v al v
BN A eI LR ANILINDAAWINA L ANIWIIUNA T UTLLLRINNTON e Tae N
WA UTALIY YTAUNTARNANNENNAN AL AT INAINTDLA T UL UIUR AN
v o Y &J 1 =K =l dl v a o 4! ] [~
16 Mg aiaznaa0anI19ma e LA AN UNE19BILLLR N aa T L L9aantilu 2

A { a '8 ' a o | dl ¥
LULAR NNITAEELULANAINITINIAAT LaZLULATNIINHIAeSUTY Lﬂ@ﬂ‘lﬂ,@

2.3.2.1 N13TALTHLINIAIANIWLLLIAYAINNINH AR S (Fixed compensation)

a o = val v Y o al v a

Nudds luenn lddgwa e nlTA9a LT uTUALANIULLUE19B

° = 4 . e = Y, o 6 val

wuuaaed asanulunjazaaiulinenislfulesruuaruauuunilaunaulia

WDETNINNINTY NIRRT dE AN UTnazlszunuAIALE (velocity

estimation) 2999 ULLNDLNNIANUI DU AT AT LA BIANI W IWIE LU TRsidat

Tunjlueuwids Guusniduazinisgarauss@aaniulas I unuaiansusaden

NuAABNIITIUNAN TUANNTINIFANAN NN AR FTBILLUANABILIIAIATTY
o o A a Ao o

nldgamsluszuy InassunuaURNNENIITALIE LA AN WA AN RIEAagL

n26

14Tl A.¢. 1987 Canudas de Wit et al. [14] lanansldiiunanisans
LIUAANIUNENNBINLLANABIEINT0aALIINONNTRIRATR (stand-still) el
A £ o & o  E, - = A
NFAABUNENUANUUNAN AW LAY Lazanaasisiasn Canudas de
Wit et al. HAfENUINNITA LT LLLSINBILULANANAIHATDAAAINNADINT
i

Yo | = 4‘ o 4
289N13 M 8M318182893TU LTI (servo gain) NRAIEN a1 lidunnan

&yoynnsunauiiiaansamaail (sensor noise) 16
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icti Velocity, Sensed,
Fnctpn y
Predictor Estimated or Designed
+ X

Motor's
Friction

2111 2.6 LSRN IABLUNINNNTTAELIAEANNULLILA19BILLILA A

u

o <

AIMTUANIDANLULFATALTE LT IR ANIU I UT29A 1 HEIAN AeTailn

£ ¥ 1

1 ¥
tTymdrAginalissuuiiaAIRanaTs was limit cycles Auasn lsinataunlu

v v 1
=

Wodanaunini Aun el duuUA1 a0 gNAa N TALTIUTILALANIY UAE
dnurrnUsumdasnlaiiansudganiulussuuiAidasuld aznald

Usz@ninnlunisaauauaLnRaY

2.3.2.2 ngpauANWIIWIsAee51 51 asuld (Adaptive control)

TUITULATLANTIABINIZAINUNUENGS L1 N19ATLAN KWW
4 L o o \d
nispdeunLazluLeATFaeiunsy (load)  MidAsuulainaaniaan nis
pavANLUUAIN AR RasUFuLLAuUlS (adaptive- control) auNsnALANTH
FrUUNAMNADETUATHAINYNARLH [18] sruumuanuuudiunaauls
ANA IR ANTLN 1T TAIL UTHB BANIUN T ATUIUIZULNING IN5TT
awsnmouRNszunn lsiiu@aduls lnsssuumuauunuliunlaauldiay
5 o o , , 4

asannreINITAILANAulaALAINAT (a time varying control law) @9

ansniuAmnsaulsAnisaaiet1ed) 1d

angUi 2.7 iludaetnanisaruansenasnIzuanss InsssuLAILAN

o QII 9/:21 1 al t:ll a g k% a
wuuldu Lﬂ@ﬂuimu%ﬂizmmm WA ANIUMAATU WL L LU TEINUA TS
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atingAaiad Inalsedan MiuNaInafFa LN UNATINUDI LI T AT NI UL
AYLIANNUFY 1 Proportional plus Derivative (PD) wazuseLal@enniui

szanauld [8,17]

r + T
4><P—> Controller —  Motor >
B +
f
Friction

Estimator |———

91N 2.7 szuvumuanuuLl Funlasuls [8]

Tutl WA, 2544 d92 @ANsagIm uaziiv Aunfiasgy [8] Tinaneanw
dsznrdansadaaniulon sz uutlsenmudn 5o li@adu (inear  state
estimator) Ipeliugsda@aaniuduniialud 5ol (state) @evinliiaunsn

WEUANNIIN9LARLTTasN AR5 IUsTLILLaWYLeIWE lugtlannis g 1aTu

i=Ax+Bu .. (2.4)
y=C . (2.5)

e

c=[1 o 0]

x=0 0 ¢ TLL@%u:T
o 6 <]

m

FOIUANNTURITE LU TEHIUA LA ANIUAS



X=A%+Bu+K(y-cz) .. (2.6)
y,=[o o 1x . (2.7)
Tne
A = 1
£ AD ANLTENIBY X
y,  AaAdszannmesussia@aaniu
K Ra wesndaend g luniseanuw
” 3 1 A A4 .
J A9 ANNReaLNTATENA U LA UTNTDINURILE
A o Aa § 7 1
6 P AuNENyNIasiDse
r. A9 LNDeaINNaaas
A = a
7, Peusdadaaniy

Tpeian lBaINN19LUszNInILI LA AN UANARLTENN D (estimator) Ag

1 & o

al 2 a1 a a dp dl %
mmmﬁmmmw\uzﬁﬂmmuim WAALNNAHANAIANATLUAIAN ATIAT 19T RS
= o 46 Yo o ' = |
wraidaaniun ldlinumadszunuAiusadaaniulianunsnazugnaua e

a ¥ 1 ¥
mmmuimmmgﬂmm

% o (%

A o ] oA Y o o A
UBNITNUEIHNUND ﬂﬂﬂﬂ@qﬁwun]WﬂqﬂqNIﬁmrJﬂqu@3\]LLUUﬂ?ULﬂ@ﬂu
% dld a al 1Y o o
1@ Nﬁmum\l?xuuwuﬂfa’mimLNL&MJ@GLLNLZQ?J@WM [8,9,17] uwmAANNAURY
aa L ) o = A | \
AANNTUAR [FI?NVI?TLILL‘LI‘LI‘-\’]@@W@\‘ILLNL’&H@WW‘MV}NN@lﬂ@ﬁ‘:ﬁ‘]_l‘l_lm‘]_lﬂm [8] L1

[ 1
WULIANABNLNIAEANIUNTUALAINNE [1,5,6,19,20] WULIANADLILALANILA

o ©

IURUAUNIAZIIANBgHNaEaANEA [1,17] 1usiu uwdmiieuaILAnNas

v
UUNATRIULLIA1ABIRLILA 147 Tiansneduiesngnisizequsndenniy

Tusruuldgnsas satludanizaanuuulansaas1guaansddanniu (friction

a

o Y

o A A a e’dl Y v o ] o XK
structure) FINAMNTUTAUUAZNATNITIHAR TN A ULLANABIFANNTU A

1 1
¥

Wuilynanidnidanangrunazeanuuulanseaiicusadaaniuldgniag

a

6

iWasaindeliarunsaniuamsdmasiduaseusadaaniuldasunnsn
nsldeaaruanuuuliunlasuldfayldanisnasmmausadoaniulivua s

dJ I a 1 a é’ %
GN[SHRTaTe R TBNNITINAATNANAT miuizuumuim
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dl a a 1 dld dl 1 '
WUBNANATUANUAUBILLTI @eaaniuludaanuninddeuudatAnseians

wsdannudtng fuusadaaniuaataziaanulaisaiilas (discontinuity) uas

yva ¥

AN lali@aLdu (nonlinearity) g4 AsliNgvaaasld  Adaptive Pulse  Width

a

Control (PWC) #1A2UANTzULIRELaNIZLTINMAILALNE198 FleszuuEud
nsfinda (stick) iflasannusadannuadiag [9] Arpaunireues pulse sy
flarduaasrndanain @ TEALANAILULY LazARAIHIANATA fenannmaaes
finlsienAnnanaunsnanadauinfuaud 1sfidnanuduiusaaseanu
n4197849 pulse WAz AIRANAIRAXYNUFULgeAN TaaAdanadnuTa9ng
Usuilas (adaptive  algorithm)  wsatnelsAmns n1sldfaALANLLL

o s

UFuulasulaiy delutonldlugpaiunssuniniin Wasainszuuaiuanas

ANNTUERL LAZENNFAANITARNLLIL
2.4 GARIUANN LT I UANENUNUS

\HagaINFaAANILL PD d1un3nnauaNaIuviteludaanazdang (ransient) 16

a

uiazin AR RAna1ATLlnazI@D 87 (steady state) WaLlun1sAN®IABNNT TR T8 LI
al 1 % 90,/ o a a o i a a =R st
Aeaniuiuusinge nienvivtiuilgalss@nsnmaesssuununuiwmls anenfinuiasil
aulanisanAtpsd@aaniulussuu lngiansunanAidanaialunisaaunu el
IngninusifldfonauAnuuY PD  lufaaduANNugIs deuitnisaaiaausdsnniuly

P oo A S = ° I ax a o
sruvazldignsamde 3 SnenfTaumEURINANIZALANAILILA TAun 1) FFN9IWNEY

TOLTEILIIAUANIBULLLAIAINIINH LA 2) FDNN9IANAIALANLLUBUANTA LaT3) 35n13

'
a o

VANATUTUNTU Dither Iﬁﬂ‘WﬂqﬂqNLL@@\‘ia\‘]N@mﬂﬂﬂqﬁ‘ﬂQUﬂNﬁqLLV‘Li\‘]ﬁrJﬂ?J%ﬂqﬁ‘TﬂLﬁﬂnluLLﬁiﬂﬁ
ax ° = = < I = s = P
18 LAZATNINITANHOITRIALDNAEUTUN W Dither NATNNT0 LTTA LT E TR ANIUN LIRS

AN3sNsIAELLILAIATWIHIReS Bldansagameusa@aaniuluszunldany o

¥ ¥ a

NIINARBNTINAY %Lﬂumiﬁﬂmﬁamwmm@ﬂummmmeﬂmmum@ﬁ%maﬁ

o ad

gniaeIinan1siindnynyaou Dither  WeatauALaEn19TnaA083TA19] HAIRINTUAL

v o

° = = a o . Aa a v
NINITANBIOINAYBANUYUIALAZ AN URIATU YT Dither NUAAAINNLALANIL Imﬂﬂ’]ﬁ‘iﬁ

274 1
v aAg A

TUIALAZAIINDF97) IngNA13UIAINAIAINRANAIATUN1TAYLANAWLY Telliiie

9 1 1
ilhiuiugwlunisdenldlunisrauaussunaw] Mlusadaaniusiely
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WORNTTHUTURAANIU

[

dsngnisalusadaaniudnaziiatulussuunin1swene I AR aUN 189 R NNNY

o o

Adudany IneNANI9199LIINA L ANIUA LT NANINATNTUTINAUN1TIARWN FaasinalTi

= ¥

A = X A = o )y £ o =
mum@ﬂ@uuumwuuwummeﬂmmuimﬂ@ﬂﬂme@nmaﬂ@uummgﬂw 3.1 QZUUN

—

4 9 4 dy o v 9 o o o oy - — Sy

NNUFAIUNTLARUN JAANNATNAUTINNLLINANAUN TTNIA FULARAUN LINFIUNIT
4 A o . = a < p K = &4 A

LARBUNTLINEENT WNIAEANILAD A LaslialeanliEan [WNain1sAaawun 1aeilss

o o o 8w = A A = iy { Y A '
N@ﬂuuﬁ/ﬁiﬁNQ@Nﬂq?Lﬂ@ﬂumm@@ﬂlﬂ@q LL?\‘]L@ﬂﬁV]'TLW]LﬂﬂﬂutuﬁzﬂﬂiuﬂmzuuwﬂﬂqqLL?N

= -2 a v a s i D . = a o
LRAEANTIUANL Gﬁ\ﬂﬁﬂﬂﬂMLLﬂQLL?QL@ﬂﬂwquqauqzﬂﬂqu@ﬂﬂqqLL?\? A ANTURADBIELANR

v Y é’ 1 =K a a ' dll |
11&‘1)1']‘1]@‘1,&@Zﬂ@’]’)ﬂ\iWﬂﬁlﬂ‘i?Nﬂl‘ﬂﬂLL?QLZQEI@I‘V]W‘LL IﬂﬂLLUQ@’]NN@HiWH@Q?&‘UU [

AYINIEY a0 wazsund usiu Ingaidaiugiuaaniainisnaean (Tribology)
3.1 nYNUFUTBIUTUTEANIUY

Tuann il gnenaunaaesiaziianidnlatengfnssnaeusadaaniu tn
P a a o -31’ 1 1 v A a
aunsnaslddn wsiaaniuazdszngsaunngiugiued 2 de Inedeusnmausaden
|§ o d” dl a o o ¥ = o o
uarliIuiuATesNunIesindnla uasdasasusadanniuazutlsfulnemnsaiuusely
fAwwassaIniunisaenit TnangaesdatFananetnedl Amontons lawa (1699) #4437

-8

1 Coulomb (1785) Ifiauengdedianpe usadaanauaaildulsiuniumanudoduing

a o o 1 A tﬂl é’c‘; o Y v 4 A 1 1 =3 i’/ dl
ge3iaduia udngdenanifignilllddesnd aesdousn | wsatslsfinuiaunni
NA19NNAZANHIAMANHIZIIUT AL ANIY TUANNTTIA1INADAYW LATNIIANUIA

(Lubrication, Rubbing and Wear) tiludawlnn]

1 14
=)

lugaran1szuudAInssuAIuANENi N lduInIwlugnatunssy inliAany

©

Ty
=2 o o

FR4N19AINYNFBIUN LN TWITLLALANTITANTY tiddanaavinulinengNindn

]
I Aa

LIRLANIUEANANITLY NTzusaidaanuiuaman liifinAianaiaaulussuy

al

ALAN AR IR AN NI ULLIANa0INAANARSTOUIUR AN [1,5,6,7] 1Nt NN 1
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Tuauatuan ielddniunissameussdaanwlusruuludi Aty TnaenAaiugiuaaiug

ANUBNENUNIT IV ADAL

= P ' X L= o - =
WAL ANIUNAEN A1 TULNTAZNANNDIIATATI LATNAANEAFUDILIULALANL
InggnnnrauUawdsaniueanity 7 alinsail

1. WaaL@eAnnuaal (Kinetic Friction)
2. LILAEANIUNTIA (Viscous Friction)
3. usadsan1ugnme (Static Friction)
4. 137nn"30d Pre-sliding Displacement

- JE— o
5. WNREANIUNTUILIADE TS

= ~ =
6. WINIALANUTKUTNINAIHIST

7. WNIRHANIUAINAY
3.2 wsAEANIWAAY (Kinetic Friction)

Tuilane A.@. 71 17 Guillaume Amonton Wazilane A.A. 91 18 Charles de Coulomb

TanwuIusads aniuasiuilsumnidnse ueafeaIn A uR AN19N17eAaUN waz ldauiy

! 1 1
o o =

dgj A o A dl -lzj o ! a 1 o
NUNAUNFUAIIANNLARAUN  WANAINLY Coulomb EI\‘]‘W‘].IQ’]LLNLmﬂ@%’]u@@iﬂﬂuﬂﬁ‘ﬁiumqﬂ

q
o o o o [

ANNSANIV S Ta9TRn NHRYANAATY AvTULIIAEANINAAaNAa LN FENENBLINNTNTN

Q

WIAUANILLLLAASNT

ﬂ’]?"]ﬁ‘l’lﬁ"]‘i_laflLLU‘]J'%’]@@\‘I%QFW%@\‘]‘}J@\?LL‘EJ‘\‘I Laﬂﬂﬂqu@@ﬂ AEAAIVLEUUNALA

NIANHNALNDATNAIHUNENLUBRINT TIAZNANH UL AR UL AALIN (mountains) G’NE‘]J‘VI 3.2

1 v
1% = o o

Tnagilfazuansldviudaanandudafuazifludunniuuininaesandnguily Aeiu

q

v
a [ o o

A dl dl PR3 t:i dl ¢al 901 . o 14 <3
WUIAUBAINUNAIINN mmﬂu%mmlmuﬂugﬂm 3.2 bHALTUNNWIUUNARIIAATLLUNAS

v A

M IFATNUN AN RN ANANTUAIN FaasuNefaaaNn13sa il [17]

Load
True Area of contact = oa¢ . (3.1)

Yield pressure
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LR BN Lgﬂﬂﬂ’]u@&ﬂuu?\‘iﬁ@’]ﬂ’]?ﬂL‘ﬂ’]‘ﬁutLLNﬁLﬁﬂ@’mﬂW?L%ﬂNﬁi‘ﬂﬁuﬂ]‘ﬂﬁﬁl‘ﬂﬂ

o o o

WA HAeail [17]

Friction Force = (True Area of Contact) (Shear Force per Unit Area)..... (3.2)

o o o

\Ha Yield pressure uaz Shear Force per Unit Area IuagiUAMANTIR28I TR A

AZTUA

' N Tangential Force,F

Velocity,V

Kinetic FrictioQ, F,

(7777772272227 77227277777/

o~ = e a X . P B
gﬂ‘V] 3.1 LANLALANIURAUNLNATUTIENINNHNIRNLARAUN

Normal Force

Surface Area

Surface
Asperity
Asperity

Junction

True Contact Area

U 3.2 NN TDINURIFHEA
A o P ' ¥ ¥ a rdl a 49( ' o z A o o
AnAuaNTRATIna19d19u usadeaniuaaiiiinTusznINedng 2 Tuaneiuiu
o tﬂl o a 4 tg 1 o a :j/ o
AagLh 3.1 Tnauuusaesusa@aaniuaall (F,) avauedivawingeussluiisfsainiy

d' d' 1 a £ al s a al 3 o
napaaun (V) Adulszansusadaaniuanid (u, ) basiAn19U99LsRAaNIuasauiL

Hansnaspaamiia (V) deaasluaunissialilil



F, = ,ustgn(V) ..... (3.3)
Lﬁ'ﬂ
Sgn(V):{ﬂ V>0
-1 ,V<0

Tnauuudnaeausadaaniuaatariansuduanslugdy 3.3 faduiuuanass

PAIUNINALANIUAATULUANNIAT NANIADWINLAL ANIWN R AL AT WA WA AR5

o [ %

= 1o a \ o Y @ A v o o '
IUUINWAZAL WANYINA ﬂu@qﬂmquiﬁu@mﬂiﬂl’ﬂuqq SLuﬂun]Nﬁu@"Juﬂ@@NN@ﬂum’]ﬂﬂqq

o Y

Qy = & dl o b4 a a = 1
2 U uaziavAlsznaum ummuﬂum@wﬂmmLzmmmu@@ﬂumﬁmqmmummmiu

WiINu WTaLNIALANUAAL INANNAT [21] FuaAS lUaNNI9N 3.4

Kinetic Friction
A

HieN

A

e
>

Velocity
— M N
A
~ o o P
g‘ﬂ‘lfl 3.3 LULRNARILLIN AL ANIUARY
Kinetic Friction
A
ﬂkpN
Velocity
— Ui N
\/

717 3.4 usa@aantuanitliannins
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N V>0
Fp={ M P (3.4)
—/Jan , V<0

e g, uay , Ao ArdulssEnausadeaniuaadlufiAnaLINuAZaLAINA AL

o

HANWOITUINAYANIWAIgLN 3.4
3.3 WsuRLANIUUURA (Viscous Friction)

al A [ al d‘ a é/ 1 Bﬂ// a ! dll .
LIRS ANIUNUA LT B LILAY AN IUNLAATUIZWINTURITRIAT AW (fluid
lubricant layer) 1 Widunaeau uaz 4191 lusiu lnaunsnag ludesinesendnaioduda

al o

Wwaldlunsannisdnvsesesdndauniniadand@ny lulane a.A. 119 Osbormne Reynolds

'
A a ¥ o

2= o ; A = =T P e
IHAnHAuaNTRIaA s vaa AN R duTaN A A anauTnafansunsy UL Ayl
AI dl a d% o 1 dl dl AI a dl al
wiideussuule warivaiuwasawlussuy wevanssuudluniduuuilaiamaninig

. - 424 AL I . .
wyuAANITINLNTUAENA T nan g luaTe s T uANNTY ATUAIANAUTES AT
Aal Ag o tilj Y o d; dl ;il/ Aﬂld | Aﬂl 72| a o o %’/ |
WNTY nannistiannsa 1t lanun1 s WL UN LI UN In1sua e au LA R Fetien

= 1 dl =l 1 1 al =3 =l al a dgl 1
ANNUTATRIANTNADAUATH UAAD AT LIILRLANILIUIZLL 1T1RAFUNLIUALANIUTRATIN
WA ANIUULA (viscous  friction) LiiaeinglaiaNANNANAUSIRIAT WIUAL ANIVUTIA

(F,)azwilsfugaduiuaimonuida () veeszun suanslugaunisi 3.5

F,=c/oaaaeyX)| .. (3.5)

v
A A o a £ a -
WNB ¢ AR ANANUTLANTUIUALANIUNA

| = o o = e A o % | = I =
UALINUALUNIAEANTIUAAL AR AINN1INAREINT THTNRLLIRLANTWHAALE

ANduLsAnusadaaniuriialdanninsnwludan19tenLasal [21] FetiluUaNa29U8

= A KR ¥ o I dal
usudsanuniinasanunsoudndls asaunissallil

ch , V>0
F,=47 "~ L (3.6)
c,V V<0

dl N 1 o a < a IS a
LHB ¢, e ¢, AaA1ANLTeANTUI A AN IUNUA U ALANLAZAL

ANNAAL
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Tug1l# 3.5 waALUULAIABaILsLAAN I UNHA 49ulugilil 3.6 LanIuLILANae S

PAUNIALANIUAANLANTULILALAN I WAHALLL TN ANN AT azifiudlss Tamiaanivy

=l

ANIVNADALAI IR A1TUADAUALARDLTTUINNURIZNETE N 1HA 1 N1ID8ANNTIAAR

b

dlg/ a ¥ ] 1 <3 1 -dl < o Y a a A [ %
ﬂl@QWHNQIﬁﬂm?\ﬂﬂ LW]T‘JE]"I\?i?ﬂmqﬂﬁqﬁﬁﬂﬂﬂuﬂ’ﬂiﬂqiﬁm@ILL?\?L@EIﬂ‘Vl”ILL‘Vi‘uﬁ faluseuun

1 £ %
a9 l1ABLEL

Viscous Friction , £,
A

Slope =c¢

»
B

Velocity, V'

A

\

A o = o
gﬂ‘V] 3.5 LUUANARN LN LA AN UNUA

Friction
A
Slope =c¢
,ukpN P
Veloaity ,
7/ B ’uan
Slope = ¢,
\4

91I7 3.6 ULILRABILINALAN WA TN LLIIAL AN WA
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3.4 wsuAeAMUADAE (Static Friction) wazilsingnisal stick-slip

I
a

o o = = ' X Ao = ' i~
bHBALTIBRBNUINHANNIANINWUIBY UUNUNHULIILAL AN Tagnaunulaazisu
-dl Adl % o o O dl a; al ndlél o o
LARAUNATABAIDTVAL LTINANANUIUNVUINATHNITOLRNTRELUTUALANIUNNUNTENINLNIR LT

= al a dgj 1 al a L . .y A .
LTRINLIGRAANIUTUAUITLINRLANIUAD AL (static friction) 1198 Stiction

111l A.A. 1972 Bowden uay Tabor lAl@uausnAanaiULsdaanIuannegaing

a 1

all [ % a o ' a e A
LW 3 dsznng ‘VW]’WEL‘V]LLNL@ﬂﬁ%ﬂu@ﬂmﬂﬂﬂ’]@;\‘m'ﬂLL?QL@E@‘W’]M“’Q@H Hsenisusnma

!
o o A

~ o= 4 A aAa ¥ a ] A 4 A A o
mmgﬂﬂrl@iﬂﬂﬂq?Lﬁﬂ@umﬂzﬂ NAIANNANLLNATININNINUUSNHIDNLANRUN 1srn19Na89An

=D

reza i dNTaeiLiL Tnganeinaaedile] szazinauiuazyiniiiaRussendng

(39

o o

AN 29980991 A a4aanN LI HANNIALN LI T UL AU Z NN AT WA TUIIZANIARNT

=

A4 A o ave ) o A oA | A A a
waauNaznn sz TurNe b LL@%U?ZﬂW?@ﬂWWEﬂ@ Wanaaldinnniaaeunlussuuia

'
A a v

NNINaANHIANEANINABRY Noaazans luAIaauEl NsaziFuARaunNaNanluans

U dll L% ¥ o/ g r U Q; zﬂl tﬂl 1 a
nanauazAad lruss s (Tangential Force) ANNITNIANANDUN DY VUNIVBIANT

PAAAU AILUAINIIIRAD SN U NARAUL AR AN VAT AETAD L lULUIFIRNTLNNS

| ]
A =

WAL (N) uazAduLlseanaussidanniuanng (u,)

dll o =l 1 1 o a e =
LHALTIANARILINLAE ANIUBE NG Ff TALLINIAEANIUARLY Fk WIILABANIU

wila F, uazusadganiuanng F. ansanivaziaisauanslugiln 3.7 uazaunissialiil

Fpsgn(V)+F, if V#0
= { F. sgn(F) fv-o (3.7)
e
Fo=fN . (3.8)
lie gm\qae |~ el - (3.9)

F.=c¢v (3.10)
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Friction ,Ff
A
Fs — Slope = ¢
F, ]
Velocity ,V
L —F,
Slope = ¢ -
\j

A ° | — =
gﬂ'V] 3.7 BULURINARIDLINNSIRURN L TR AN U

1
aa

NN9NULINARLANANA DAL ANGINdUINAE ANIUARTA AN ITN19IARAUNENS
A A a o & Ty 4 A . <, ) ) . A A P
WROUNLLILRATATU 1zelTaNBNaENIMINgT Stick-Slip Motion TnaiilaanizNunangatisas
a al a Cs o 1 d‘ d‘ dl a al r-l%
Mauss@aaniuaiiadnsgnisenss  uarluanennianasunaziiausudsaniuaaifa

NILNFANIA

1
=

fiatinedne) Nsng litiunenisndeuiuuy stick-slip atiadiulddn lduwn svuy

]
| | a

Adl ¥ aa o 2 dl dl 13 ndJ Y o ndld 1 o (-
NisznaumasaandANinAL M ﬂfau‘wm‘wmmmemmuuuﬂqnmﬂ?‘wmmmmmmu

U

'
X v

K Tneidanadinuniliaasafagneaanusanesioause £

b < dl

ANLAAIHNLTAIAIN V' LLAaZHIR
| X A = A A v o= = PRy

Qﬂqu@ﬂuuuquLLiﬂLmﬂﬂwqu Ff V]L"J@'ﬂ,@"l t Iﬂﬂl’?ﬂmu@ﬂ?\‘]imﬂﬂq?ﬂ@ LL@%LL?Q‘W@\TLﬂu

Autfuansluglhn 3.8 (n) uaziAAsanniasiallil

Fomg ek, A0 | (3.11)

LA USURLAN AN ATNITNNUIEUY TAENIAAToEHIABNIZRAUIAT £, HIARIEN

|
o

A A A = . o o a
LARNRAUN @QLL@@QIME‘U‘V] 3.8 (1) LINLALANIUNNTENINLNIRAD

=KVt,=F. . (3.12)

spring

dl dll QI dl dl Q: . o 4 a dl a d? |
NIAN £, LN@QJQ@LiNLﬂ@@uWNQ@@ZL?QJVLﬂ@ (Slip) N TN I eI IR Lo C TR NS A B SY

ugaLAeIAN1UARL]



F

spring

=F <F .. (3.13)
o Zj/ dl dl = 1 a = o [~3
PAIANNUUNIAALLARDUNULLA AL WUAANIALAALAINEY T Ta8a1na2e
ANNLEITBINIALNNEAEHANINNGIANEI N A8a1E Aananalugiln 3.8 (a) 1oy
atsvazgnnaliupandiumiianna WaaiFaeasonauluiianisignnauina azinli
dld o Y 1 o ¢ © v o 1 Ql = ?:/ dl o
e ARALBegnIinAauiniuAue vinliszuunaullgantnzvgaticvanaianils Asuanslu

gﬂﬁ 3.8 (%)

717 3.8 dsangnasnd Stick - Slip
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3.5 N19UAMNAUNTTLAR (Pre-Sliding Displacement)

3
A A

P 4 A = = g : a X
NAUNNINATLANAUNLUNUNNUINLALANIU LINNAINIRTADE] LNNUL Tneluane

|
a

! 14
PR AANTRAN AU RN A pand s @A uatng uaaaziiannsrdnLieIanTas

' ' 1%
v a a S v I

a ] % 3 1
ANNLTIN 1A F,. W ldIagaunnueanisadniiinluazilAtesnd U Ao L& 1eN
ARTNAINTRIIENTONUDIANNL TLIDIRIENEA (asperity junctions) ILNALAIN1IUAA
naun1slaa (Pre-sliding displacement) Hazifinliuluiaaszudnenisindn (stick) waznng

104 (slip) 1wl A.f. 1957 Courtney Patt Ua Eisner lsvinn1saaedlduss F, , asluszuy

' '
a o A

pRp o = £, P . o X 4
HAIANHAUIAAIN ‘V]’ﬂ:‘wLL?\?IHLL‘HQM\‘ifﬁ’]ﬂﬂﬂﬂqﬁlﬂ@@u‘ﬂ N NTeN1BaNIN UUNUNNAN

AutlazAnsusaduaniu u d1iunanes A3 [17] azliponudning deannisstelydl

F
appl
S—UNARN A (3.14)
% N

UANANUU IANREANIINIZNINNTIAA x WAZATENLIZANTUINALANIY L

b

A ]

ANNNIINARBIATWLINIE AVEULLLBANARN (elastic) LAZNAARN (plastic) Aauanalugih

v
' o 4

v 1 1 1
3.9 N3naaasilsalaLieT lEduNdanenzaaadunsas ldilasunlasiialda1suan auag

FEUINHIFNHA

Coefficient

of FnchAon s H Elastic (reversible)

Plastic (irreversible) _—

-
Dispacement, x

9117 3.9 AMANRUSIRINNIRAA LA AN sz AN B UIURANIY
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'
a =

< ' dl o 49{ o Y 1 o a £ a A
ANNIMNAZAUINNAN1TTAANANANNINTUAZY AN FNL T2 BNTUILRLANIUTAN

NN AuTLaTNIEN g AgegnTeIus s Anuat A aunszialeqauaNin (break away

| 1
A =

point) WARTTULAIBHLAABUN

Wasandasusniaun1slos M qnIeelTaNANNUENLT899AFNEA (asperity

junction) azifiANsEARALLLAA1ERN LT UANLT WU ANER (tangential  force) 7

o di = v = X o g v o = a4 o
NILNFBNIA LNANIANNTUAALNNNINTY A2 INIRETANANNNEILNNTLARIULL

[ %

a [ :j/ dl o 1 dl o £ % dl dl
WANARAN BAIMNUULNDAATUIAURNLLINNTENIFABNIRN (ﬁ\‘]?ﬂ‘lﬂ 3.10) Az uIaIAAAUN

U

¥
I

o WM oMy ° ~— = P . =
ﬂ@UN’]LLWVLNVLﬁ’GQIUWWLLMUQ me?’lwﬂﬂﬂﬁ"mgﬂﬂ?mum Hysteresis Loop SNLﬂu

dsngnisniifisauannilsngnisninistinuaziia AINa19

Coefficient of Increasing
Friction » & A Tangential
= For
/us /
- >
Displacement, X
Decreasing
Tangential
s Force

\/

51/7 3.10 Friction-Displacement Hysteresis Loop

Tl a.A. 1976 Dahl IfanauiuanaesredlsIngnisad Hysteresis Loop 31914

I
6 o

sl,uﬁ’ﬁx‘]ﬂﬁﬁ“ﬂﬁlﬂﬁ'ﬂuﬂﬁﬂﬂﬂ %QLLUU'QW@@Q?&VL&J@MNEIQ"]LLNLaF;ImV]’]u Ff Wudsrduaaenng

IR x WAZINAN ¢ A9ANNITAa T [17]

dF, (1) _0F, (x,t) _ OF,(x1) e (3.15)
dt ox ot

aa v 8F Y
ANNF LT a—’ =0 azilszannulean
t
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OF +(x,t F ;
ﬂ:gh-—fsgn(xw A Y (3.13)
ox Ffe

X A8 ANNLEY

8 AANTuLey F, Weudux 9 F, =0

o))

(o3

F,, 78 11107894IRLANE9EA

. A o ?

i A8 Fulsnyund (Exponential parameter)

S A2 Alsre Dahl INAAINIADNEFURITLLLANAR

TnauuusaesuliiinisnaaesuLLLsLULgNUes (ball bearing) Tnanaasmn
Hysteresis Loop uazAINIsIdliaadnne flaingiuen Taaainnismesesiaiania Dahl 16
oL A A — - o = Y
WUIAY | DmnzaniAtszanm 1.5 Asuilsngnisninszdanaunisloaenaazizanls

91 Dahl Effect

¥
v

3.6 LSILALANIUA DAL N ‘Lll,'m’l'agl:f!\i (Static Friction Dependence on Dwell Time)

v v Y @ { = a s a [ dl 1
AMNUIUD 3.2 WAL 3.4 LL’&@\?I‘MLMHQ’]LL‘NL@ﬁﬁ‘V]”I‘LJ,?NOﬁlﬂ@xLﬂﬁﬂU?ZUUV}VLNNﬂW?

LARDUN AQULINALANIUAAUALIAANADLNAILULNAINNLT A NAN S 2z uqNaRnduela 1Ha

NUNHAMNUILYNINTLAENIAAEN IHsaeTa N AT TNNEN ULDHIIARIARE T ATLEY

o A o < nal é’ dl v o é’ ré/ v
AU WASHATWUTSUINUIIWNTW LHBYNIINNUNRRIUTU mnﬂﬁﬂ{]m@mummmm;ﬂmq

o I

al a Cd é{ 1 o d‘a =l dl ::ll = ::ll
1unprasLsLdaayudindazauet fuszazinanAnedng ldinasiaaeun wFannaini

u q

o o 1

1 v 1
ANHIEIN AN AN AU AUANINA108H (dwell time) Wil A.A. 1958 Rabinowicz 16

AN I9WAAE L84 Ishlinski, Kragelski| waz Dokos [17] Iasdrnisnaqyddnauinaesuss

=

a a = o/ [ axR o |QI . .
ALANIVADNALITNAIMNANNUDTLTNADNIANH NU LIATDEU (Logarithm of Dwell Tlme,td)

o—

' '
% o o o a g g

IHaRadudagnesiuny 1uIngesusdsantuatindaslAinauet 1999159 uaz Ay

o ISP

W
. o o . _ . o
uet g [ngAetiusd £, Wenanagile (Dwell Time) HANg9Tu Aalanslugin



34

Static Friction FY A

F -

SO0

Fy |

»
»

Dwell Time ,td

=

dl a a Qizg o |QI
gﬂ‘l’l S LINLALANTUADALNALUNLLIRIDE U

a o

T A.A. 1957 Derjaguin et al. lA@UBLULAAB9U89LIURL AN UAT AN WAL

1
= ¥

A0 RIAIANNI97 8.14 uaz Tull p.A. 1972 Kato et al. ldflauauuuanaasiadneiuas

ANN199 3.15

F)=F+(F, -F)-"~ .. (3.14)
[, +a
ila o AeA1AInIINa
F{t)=F +(F_—F )(1 — e ) ..... (3.15)

e y WaE m Ag Empirical parameter

Tl 1991 Armstrong-Hélouvry [17] lANARaLILLLANA89d8dWLIL (ANNNT 3.14
WA3.15) AUKILUEWAT PUMA 500 LA LULANSRAEANIWAT IERWALNANT9aes

o Ay =2 o = o N P~ ; a a &
wuuWinan1anasesiaa e AceiuNIn asagiladnanad deasinaseisaduaniuaiiog
3.7 wsaAaanunuLlsanAINLEa (Friction Variation with Velocity)

10Tl p.A. 1949 Dudley uaz Swift ldnwanenasuiadnsngnisad stick-slip lalld

uamnaeanaifia limit cycles w@analil [17] Tnaneneu@liiiuga limit cycles Tuszuy

a X g, A Y o a A o P = =
AZNATUNABNATSUUYNAIUANAILAIRUNNIA (Integral) LLW@E"I\‘]LL?TW‘]’]N Iuﬂ A.A. 1988
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1 o

Armstrong lHwudnszuuAUANAINITnazifia limit cycles Taelidfnguninia Tawls

AATzFuuszILEG (Phase Plane) wazalisiudnAranuduniuauiaiunsonnliina
o ned c & ae da A N TV

Stick-slip MiNANIEFIFN navENTENTAS WaAMNERNNINTUATN IR ANl

Age) anasanuadaaniuaindiuussdanniuaat Inaasiansnirdagln 3.12

angtuansliiiugn wnaziiaussdaaniuiiasainnismasauseniiuaiudog ne

da9usnAaTanANEaNAd1 InAALE 19738N97 Boundary Lubrication lutasiinaiaiia

'
o

'ﬂzﬁﬂl’]lﬂ’]&l’m b3 Laﬁlﬂ‘l/l”luiu“ﬁ'l\iﬁ@ZLﬁﬂ@’mﬂ’]ﬁ‘Wﬂ’m”mL‘ﬂ’]‘ﬁu‘éiLLN L%@ummﬁummma

1 v 1 1 v 1
NADAY AITULEAANNNIFUANALANLIURLANIUALAAAILANTAL LLAIAINATNITOLANT UL

%
=

L991RAUBBITUTBNANIUADAU (boundary layer) WAANITINAIGIUAUTITINNTUADAY
WU Partial Fluid Lubrication lutaefiaanuidauednisiuaasinanausadeaniulussuy
NINNFIUINRAUTENT WEUUBIATUADAL LHBANINLTINAIGITUAIVRIANIUATAARS

o =2 o = A P ) - o X ° . X
AUNILTNTNAMUMUITNUIIRLANAULLILUHEA (viscous friction) FNLIIINTU 04 AWMU

FendnfIumMANEaInn A (critical velocity) Teazinlius@eANIUNANRNNINTUAN

ANNHLEY AITUANTNADAUAZEINI1TDNIULABLINLANA Da9ilisnFeanan Full Fluid
Lubrication
Static Friction s g
L @
T =
-] T QO
F s 5
> §
© = c
F, |28 o 8
> = = (]
o g =y O
mRi S 5
L =)
1

Velocity, V

717 3.12 mawasuudasresusad@saniuiamauiunanuga
sl lHHlauaLULANaesIIusduanunIRILAANNEIIeELY  [17] Ing
A19DNULILAAR9989 Stribeck  tnanuuanaasdaulnnjazdsznaudasusudaaniuatineg

WA anIuanil ussdaaniunile wasnayed Stribeck Effect (£, ) 1w



F,(V)=F sen(V)+uV +F, (V)sen() ... (3.16)

1l 1990 Hess waz Soom IFauanLLAaaliFIaNN1g 3.17

[ %

e V,, A8 AELTIINGRA (Critical  Velocity) ANRamANRusiuLlsngnisnl
Srtibeck Effect latl F, = F, ~F, wazlull 1991 Armstrong uaz Hélouvry lélaue

LULRNABN AR UFIENNTN 3.18

EW)=Fe%r (3.18)
dl a dld I al i A = ,
WanansnunlussuunaALsadaaniuiuuliauunsua s AN LR AN UNINA9N

1 A azls

a

F, (7)= lrskle—(V/n,,l)" +FLkze_(V/V‘"’2) . (3.19)

S

1 1
I~ rfirson ol o e———| .- 3.20
str( ) Skl(l+(V/V )2]+ mz(l—l—(V/V )2] ( )

strl str2

Wa @ ARATANITEILLLANARY LATAINN1INAABILEY Armstrong LAz Helouvry

WUINAT @ MUNZENTANTINTL 2

11l A.A.1989 Canudas de Wit 1TANEIENNAILLLAIADIUDILIUALANIULNG
il iudaruanuuuliuasuld (adaptive control)  wazmAsaulsdadulAA

auN17 3.21



F_/V(V): a,sgn(V)+ 0¢1V+052|V|1/2 sen(V) L. (3.21)

e a, ,a, W8y a, Hudulsesionauanuuuliunlasulsd (Adaptive Control)
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3.8 WSILRAANIUATUARY (Friction Lag)
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wudiszuuaziansliiiuielangnisniusade an g maassuandlugly 3.13
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U

A
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U

F,=F.(V,0) - o . (3.22)
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@ o ad @ A a 1
ANNIFIIUNTNANITINNN T AUl aY LU

do
—=Geyy . 3.23
7 (6.7) (3.23)
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AMNANNTT 3.23  WAAS IATININNNTAALAUBIANNAITB9LTAEANY (8 delayed

. . al' 1% . A o 1% o [ . . ]
friction response) nAunLTng Rice AANMIUZARNLALNNTAUNLAAY Robinowicz WANFNY

1
o a

AuiiAn @ ldauiuszaznisadningamianon 1wl 1990 Hess waz Soom lAnAaasLLge

NAABINUTTNAUAIY WNUANUUANUHULUURBIIAN AR1uUyuaINNT0UFUA U ALAS

v
o o o I

AMDEaINIuNUlS Tnaszud ainduianisaesgniuaaausnadaIsuaaaunaneLlsynn n1g

59/ | o/ % a . dl dl
nagauidlinaaasandnyuaeds (reference  signal)  uunugilaauauiae

(triangular wave pattern) WudnANANTUET Ifszdnausa@aaniuiuaANiGaNAIRIgLN

dl . = dl a 1 ] = o
3.13 sﬁ\‘]ﬂﬁ"]ﬂ{] Hysteresis Loop ARILTNLAEANIU TILNARINNITUUINUBINUINNTULALIANL

o ao A = o ° clo o
NITNAAANADIUNAUNHNIUN T8 Hess LAy Soom 1@@?’]\1LLUqu@ﬂﬂmﬂﬂﬂ?qﬂgﬂq?mulﬁ

Vv
= [

TURETUAII899AIMUYN (time delay) WinNazauag iy svezn1329aTNgRATINaL (critical

previous sliding distance) ﬁg_]mmuﬂimﬂ Robinowicz A4&NNg 3.24
F)=F,Ve-2) . (3.24)

Wa 7 A8 ANAIFMIR9RANUUAY (The constant Time lag)

Static Friction A

Increasing

Velocity

Decreasing

Velocity

v

Velocity, V

31I7 3.13 Hysteresis Friction 184 NUsIALANTUAIUAY
ARLUUILILIANABILINAEANIUTDY Stribeck A1NaNNIT 3.17 aznanaiilu

1
F,()=F| ——M——| .. 3.25
S”( ) ' 1+ (V(t o Z')/ Vstr )2 ( )
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Motor's
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Fl6): 620
F={ Fu;60=0 and |F|<F, .. (4.3)
F, sgn(E,); otherwise | .= 0 and |Fe|2FS

2

616,

Flo)=F, +(F, —F,)e +F0
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= N o
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6

Fe
A 1 2 a
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= @ A = e o . , .
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Fc AR LINRLANIULLLARNDNL



Friction Torque, N.m
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PD Control
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PD with Friction Compensator
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PD with Dither 100 Hz, amplitude 1.5 N.m.

r' Steady-State Error = 8 x 10”° deg
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Mﬂﬂﬂ"jﬂLLNLaﬂﬂV}'\uﬁ ARBARNNAITA LT LIILALIANTU

PD with Friction Compensator and Dither

100 Hz, amplitude 1.5 N.m

Steady-State Error = 0.0012 deg

0 1

v 3 4 5
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Tug1ln 4.10 uans UL UNANITAILANATLILG F98iRDN1g
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ANHANAIANINATLAUIGIEA A2UITNNITALTEFA8ABNNSIWNATYRY W Dither A
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&ryrynou Dither NRIUNALALAUNNTALTELIUR AN UALNARANFITALTELTUAEIA

< J | dl o 1 IS ¥ ¥ o Y a 1 aa
U azliudnAaaeassusazlAdn Indaumiege8auNnndnasnis e e
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(727

140 TnadANNANAIANINATULNIAL 0.0004 % lWn1sAauANKUY Pl Azl

£
! =X
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pouAnA s Taelfunusiaanaimes wavfaTamLs s AN uAaRUL
Nsanansdidiun LL@xﬁ’]miLﬂﬁlﬂummmmmﬁfymﬁm Dither lsifAnagisy19149 0.5

14 3 TFU-LUAT IALINANIFIANABIAINTOLAAI LS FIA1FI9T 4.2




53

FN3NT 4.2 WAAINFLLTULINEUNATAIATNANAIALHESAINNTALIANULILITALTEILIULALA
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Robotic 1HasanA lgainnisdasLiiean encoder 189 CRS Robot HANAINALLLA
49N91N193RAILMLIAIN potentiometer TugARILANNAIASS 767 uazgANAAEY ECP 220
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| a o a ® ° o = X Y . &
mmwuﬂgummmm matlab /xPC Target ’&’]‘Vlﬁ“].l?’]ﬂ@:Lﬂﬂﬁ‘ﬂ‘ﬂ\‘lﬁ]‘ﬂ‘ﬂﬂﬂ‘ﬂ\‘]u “’Qﬁiﬁﬂ@’mﬂ\‘]

Tuiadasialy
5.1 gilnsainldlunisnaaas

¢ 1ra9lnIninAaedrsULAINIA9Te3UTEN ECP u 220 1ugngunsnlainnem
UsuAnAr el Imﬂmﬂ,ﬁ'um@wmm'ﬁmmuumwgu fetlanedumii
PaIUNUUNUAEAnRNInldAsAIUILY (encoder) AiflanuaiBan 4000 Wadse
791 Tmmzumw‘hma‘muquﬁﬂLmuwmmumuﬂmaf:uummwm‘ﬁ'rﬁi@mq
AUNRBSNIZIARN I muﬁfamuam:v‘hmiﬂ@ﬂLmuuwﬁﬂWﬁm%ﬁmw’éﬂuﬁu

TANAADS

o gaduneImaifll 767 YB9LFEN Comdyna, Inc. Usznausnainasnssuanss
AMu9u 1 A9 Al BT ULIAESNIgINIanadiaes lutaununainasay
Usznausaagunsalinfnumis vse Potentiometer 1 6539  BILFEN
BOURNS uazigilnsningaadnaanida wia Tachometer Inaganainafaziisn
ANUNANIUFBANANTATUINGANSLADT  49UNITATLANATYNEANILLINIY

TsunsumouanlunaIase matiab /xPC Target

® LIunalUl Articulated 2891359 CRS Robotic Inc §1 A255 WiangAAILIAN
TngaziinasacuANdanalas (waist joint) IBNUAUYUEIUG ieAneieuars
feytyneu Dither ‘ﬁlﬁﬁiﬂﬂ'ﬁﬁmwmmmarﬁ”n,muwm@zuumuau Ingluauueus
HArpnazden lun19FaR kALY 200 Radsaedr uasinawmas
nazuansann +25 Taas duuauiuenunasauuuansuda (harmonic drive)
fiflnauazidenlunisindeuiivinii 0.005 841 @MUNNIAILANATNEBNLLL

HultlsunsuALANLIANATY matlab /xPC Target
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5.2 NSALANTANARBITEULRINIAIURILTEN EPC §U 220

gUnsninaaeszuLdeninasessEm EPC fu 220 Hldiilugeqinsainldnaaay
i = = - . S a a4 - X
ANLINRLANIULLLNLA wuuAaeN WazA1 backlash Mfialugaieivne  ganaassil
dsznaudiuaindiudAnyaagli 5.1 lnadaunsnae szuunauaz i (Electro-
mechanical Plant) #7u#i4a3Aa 1aAYLANLATUITHIa Ay I lWaANA3Y (Real-time

Controller & 1/0) uazdaunannma falilsunsn (System Interface Software)

Tuailnsniitldsansagaiunis Encoder @edsaninnnuazidan 4000 Wadsasat

o o

wazifluuuy incremental Ine encoder wriazsazgnaaidnALuLNUINAIIaINe e FFadL
(6,) wazsamu (6,) WagaurrAwitiadsaaesnisyuassamed faaadgyoyind
Midunawmafifluwiy servo amplifiers uag faneindsazar lufpuau Ardumisigen
a1n  encoder gnasNagagaulsnladayan LﬁlmﬂﬁﬂuﬁmagﬂmﬁadLﬂumﬁhmm

GREEY

317 5.1 gagUnInmAaeeTsILAINNAY

A g ° ' = o X = opgy

e lin1sALANATULALIT899EILA UMY HAduud A Alitlaudayoynn
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n13AnEIAzIuleNaTed Dither  UAZNITTALTELIUARANIY IntaznaaeLFaLLnaLAY

ANMNRANANANNALIUILAzAIE TN srauauasiiunannandy N tuaanana
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TUNIMNIUIATBIANIUAL AN IUADALTGIA TUIEUL 191A291IN19ANANLIIAUNH

dl o

anwnuzusnililaridu (ramp function) et llduganaaes IngasfiarsanussdunauEs

6

unulidAinfuussdaaniuaindgegn Tnalunimaassiianunsoniusa@aaniuanng

a q

Agawiniy 1 Toas

fruty1ou Dither 51931427 Function Generator aunaneaddtycunndinny 1 Taasf

]
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TINANYIN UL ARAN AT AETQIAAI0Iz UL LazdANDWINAY 24.15 1Bemd Seldann
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q

&tyrynns Dither euginsnfawidanmaniaimas (Analog Computer) LRBAILIANA LML

19INDLADT 1UAIUARINITALTEILTIUALANIULLL Coulomb  Huazldnistlanusasulnin

v v o 2l

psf L fanatnafinainanei s dgnn1uuLUAaeNITlAATY (Feedforward  friction

compensation) dwiuaALANLLL PD control Awunliien K, =0.2uaz Ky =2.26

ﬂ”lﬁ‘VIﬂ@’ﬂ\‘iﬁ@ﬁLL@@\‘iLl@ﬂULﬁﬂUﬁ’]ﬂqqﬂJaﬂW@qﬂwqﬁﬁl"qLL‘MLIN wazAuLFalunng

L o ¥

navauaslu 4 necd asnnaaldluuny 4 nFaunsliddyyrudedaiunuuduiule

(step response) T4 linadniAuandlugiln 5.2

The effects of dither and friction compensation

on PD control (Step response)
Position (Count)

3000 T T ‘ . .
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f +Dither&Friction Compensator
2000 { e P .
99 1R )5
1500 PD control = ~'er
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0
-500
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
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dl v @ R = a J
917 5.2 uansliuienarasn1stara usu@saniuluszuy Inan1snatsinan

a

HANAIANNATLAUIAIE FRTATE LA NANIINAABIAZINdNBNINNTALANTT LY
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AOfIFAAILANLLIL PD control LiigNatingimen azliaiunsnauanaimsrasan sl
o o Y a Qltﬁl o val 1 a -dll o al 2
e umledna8e 1y Teasin A danangegalusruy Wenin1snmaus s aniusae
Anudtynyoe Dither Nawm 1 1aasl AND 25.4 1§90 WLAFITAITEATNNTDT RTINS
Weaniuaesszuuadlaundau TnafarsunainAianatan 1ALt AN taand 1Al
HANAIAAINNIIATLIANAIEFIAILANKLL PD (ENaENaRLa WainNI9 1At uIuatanIy
2 o . . Qlld o G| = 1 o
poagngaLte (friction compensator) NduLAaavTulLLgaaNTaaRIWIAWINAL 0.7
Toad wudnldnaduipeaiunanannistameaaedyyio Dither  WANITALTALEIAY
BALEE ANNTDRAAITINIANLL (rise time) Basszunludasninzdang (transient) lduazann
nmaaaslaeidinisaaefaadnoi Dither  Lazfana e luniaudu azauisnan
1 al 1 = a a 1 = o |
Ausdanulusruuetnadilsz@niaan nanapeatNIsnAILANA U Tasa Nyl

o O (4 a ¥ 1 nd' % P dl
EI\‘I[?]’WLLVHQ@’N@\‘]llﬂ I@Elﬂﬁ%iﬂ@’]ﬂﬂ’]?%ﬂﬂ'ﬂ\‘l@’]&l’]ﬁ‘ﬂLL@@\ﬂﬂﬂﬂ[ﬂ’ﬁ‘%‘WI 5.1

;13197 5.1 a7UANAINRANANARAZAIINEL LWNT IR LALEI TR NI TALTEAINLALA

MUULUAN 7]

FLULAILAN daaiaanTu(iun) ARANAPLRAE (%)
PD Controller 0.18 24
PD+Friction Compensator 0.11 8.6
PD+Dither 0.17 14
PD+Dither+ Friction Compensator 0.12 2
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nnsnnaesiidadaninluniseeniuudataiae eI nFediin1seenuuusa

AYLIAN UATFNTA L UTaNIATIR9L3EY ECP 4a¥AYNE AVEjUaeqaIENIueNAaT LAk

TUIALAZANDVEIATYTYNTW Dither 198122 AINARDANNATNNIN TN ALTRILINAEA
Y o ?/ =2 o dld 1=y 1 o [

nuld AsuATIINIMmAaeIAILANTTLLNH AN lE e wazazinnisnsd Fuly

FrULNFaNTREWITILALANEIUTUIUNIN XPC Target 284 Matlab”™ /Simulink ™ 11
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5.3 NMSNARBIAILANTANDLADSUBIUTEN Comdyna, Inc. §u 767

\AsiIN9ANTALeIAefLBIL3EN Comdyna, Inc. 1 767 Ailusuduaniuaing
49qAWinAL 0.6 Hafu-ms Tnamdagdsnismaniuiussuy ECP §u220 lun1smaaeg
muqmmumm%ﬁ siagaNawmaiidniuganILANAYEy I analog / digital positional
control  panel ileanemdsliganenes uazdegneufennaniiamnefiie didusms
ﬁmmﬂmﬁ’]zﬂ”ﬂ (control  effort) ﬁmﬁ@ﬁﬂﬁ’]ﬂ'li_lﬁ]llLL@:ZV]M’W?EHJ‘S‘/ULﬂgﬂuﬁﬁ]‘j"mﬂ’]ﬂ‘ﬂ'ﬂ\iﬁ’]

pauAN 1A TaaR 1wl sunss xPC targets

N13N191284 xPC Target realtime OS Hazilsznavlddae PC maniamasaes

\A3ed IAeLATRILTNALiTaNdT Host computer Tuilsznaudaelilsunsuuanaa Microsoft OS
= . . ® A
#1378 windows TUsunsunae Visaul C++ Lag 1isunsu Matlab® 6.1 1389 Host computer
azdniinwau llsunsuauaulneniullsungs xPC Target 1991tsunsu Matlab® uazeis
dusiuanans nieaunaivdsi1e) a1ngnsal aunaiaziinsdeinudeyalldaueses
dl = o=l % dl dl o v dla 1 o I8 1 d! va 1 o
Target computer @iuARNNaIRRIANAUIaNNIMTNFAAFTLNTARN TeldRnsaiy
naeflaunsaATed Target Winawlalagendanns’ineiuuu Real-time Operating System
® d‘ o dl a '8 ¥ 6 o © o a a

2849 Matlab™  9F9iATasAaNfiawmes Target AaanisguUnaniuand uiuniaitle-Un uas
WAANKA L1 UUILAINHNAN (BENNHAEL 8 MB) TRIBIBLEUAZT VLD LAANNA LAZWIIUANA
lunsimsiariuginsainieuen (hardware) deyeyiasanidia (input signal) uazdeyoyasan
88N (output  signal) AzgNAIHIUNISATLAsTaALLILBUIAENUATAARDA NRARILIW ISA

slots 18LATAY Target A2UNN3ABA1TUITNINNLATAY Host LAY Target AzgnadenunIse

LAN vi3atiaanasaaynsy (serial port) 1a9naniiaimes Asuanslugii 5.3
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77 5.3 TAN1TNARBIAILANITLILNALABSNITUANTIFU 767

NM9NAaasdiluNNINAABIAILANAILAUITNTANDLAD FNTLUARTIAINA 1T 19F W
dl = 1 a o 1 dl a al o
L‘W@L'].F;‘EI‘LILV]F;I‘].IN@F]’]N@W@']WV]WQE]’ILL‘Mu\W]Lﬂﬂ@']ﬂLLNL@Hﬂ%ﬁusluﬁ‘tllllﬂ’lll@‘m NUNANIT
o p Qa‘/ o a
R1ABININARDI LULINT 4 Tﬂﬂiuﬂ’]ﬁ“l’lﬂ@‘ﬂ\iu‘ﬂzﬂ’]ﬂ’]ﬁ‘ﬂ'l‘]_l@ﬂLL‘].I'LI?Z‘LI‘LI‘]J@ (closed-loop

a 2 ax o d’l
control) LLZ‘]?TJ@LﬁﬂLL?\?LZQEIﬂVI’WHﬂ’JEIQﬁﬁ]’]\?”’I PN

6

® NTAMLANKLLAREIULINALLLLEYAUE (PD Control)

® NIAUANLLLARINLANALLLLENANTA (Pl Control)

-8

® N19AUANLULAAGIULANALULILAYAUS (PD Control)LazaNsTaLmeILS

WARIMNIU (Friction compensation)

o 6

e nsAuANLULARdIULANAUWLILAYAWS  (PD  Control) wazinisld

Aeyeunod Dither

[ &

®  N9ANLANLLILAAAIULANALLLLBYALE (PD Control) WAZNNNITALBRILG

AEANL (Friction compensation) wazhd Va&lmﬁm Dither

Tnasaaviaanazasufeluindasias falilil



Position (Deg)

64

53.1  n12RUANLULAREIULIANALLILBYRUS (PD Control)

NINAABIATLANNBIRBTHLLILLLTA (closed loop system) AIALAN
wuu PD - aziflusapauAnugu (ordinary  controller)  Tnaiazldiufsauiiiauan
HANa1AtuNITAYLAN AUNITAILANLLLEYWY InafapILANIALIaNTRAYEaNNIS

ISP

5.1 4MFUNNTAILANATUNUNYBITANBLADINITUARN T 131N UUA LB AL ANH A

anna8ne Kp uay Kd 8AnL 5 uag 0.2 AMNaIAL

de
u=Kpe+tKd— . (5.1)
dt
e
u e Manipulating variable
e A9 ANHANAIANINALIL

Kp P2 §991981820960ALANLLLAAR Y

(%

Kd = A9 8R31 188850 ALANLLILBYR WS

\ 4

20 | F

Steady state error = 1.06 deg

0 1 2 3 4 5

Time (Sec)

917 5.4 uarasnisALANNaLAafiilugN 20 a9A WaAduANiat PD control
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dl dl o 1 v a [~] 1 d’j dl =] v a 1 al 1
ipABUTAEAUMUNE9ES huduitllFey o azinldszuuinnaanldiaies uazl

AuNInRILANNa eI lLSR ulsnsiaens 1
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L Reference 7

0 1 2 S 4 5 6
Time (Sec)

91l7 5.5 naTaINTTATLIANNALABTIUYN 20 99A WaAdLANTAt Pl control

% v Aa a o d” dll ° Y o a ¥ 1
nisAauAN e AnAuiniail et diussuuidaduazainisnanan
Hanatnlussuunsuan i wiluszuunewe Miusadaaniuniacnladidadug

Fosuiiniaazldauisnandaianaald @inlnfia limit cycles IuluszunAILAN

53.3 n1zAuANLLUARIuLANALILINIAWALE (PD Control) WazHNNITALTIEILIY

\A8iAN13s (Friction compensation)

nsneaasiazldAngnmasny Kp waz Kd winduanlun1smeassde 5.3.1
LaZHNITATELINIAEANIUFAFT AT NI AN H UL 1R ILTLRIANIU AIANNNT 4.3
TFTA LA AN W TIL HALIIRLAMNUAT AETARALYINTY 0.5 Hafu-luAs

A Xy v @ = = Ao
Wesainn1maansilfaan1suang liiune Raueen13 18 uIaLda an1ud b
arnasnamasisudsaniulussuyldanysal ez llussumaulunasld

&tynynu Dither atl3utlgailsz@nsnmlunisanusadaaniu luiadadalil

HANNINARBILARIAITLIN 5.6 AzLiiudn IHaBNAUNAIafAzBEUIARAUN LAz

a

HANEININAUMUE19BULRIA BRI TN HTBIFIAILANLEY WAZATAINNTONBIADS

WPRABUANALNINAUMLS 19.86  uarlsianisnazindaunidigaiumisdnagla
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RSN AT A LTI IR AN UR NI TDTA LTSN LA e ANL LA UN9d9w Tann lfszuu

a1 a o

AYLIANHAIRANAIANIA LML AT

25
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Steady state error = 0.14 deg

20

Position (Deg)

0 il 2 ] 4 5 6
Time (Sec)

717 5.6 naTRINTALANNBLASSITILNN 20 8967 HBAILANTAY PD control WEaNAY

TP LTEILTURE AN

5.3.4 N12AUANKLIILANAU1IMNALILITIAYNUE (PD Control) uazdtysyna Dither

nsnpaesazldAansaene Kp was Kd winnuanlun1smeassde 5.3.1

. d‘ ) ¥ dl a 1 al
[AIUANATYTUNEW  Dither ‘VIGL’&L°1|’]1‘]JLW@@@@Q’WN1NL°NL@M‘H@\‘]LLNL’&EIWV]’]LLIM?%U‘LI

nawmafnszuanss Hgluiugaasl 2110 0.6 1aas AAND100 Fend

717-5.7 UAAINANIINTATLIANNAIABFITUNN 20, B9ANLHBAYLANFRE PD
control  W¥auvieAtynyu Dither aziiiudnilanataasBUARaUN FIAILANAL
asnsnpauan inamesyull i 20 aeald Tnsazwiudinanisrauaw

v a 1A o

Azl uanIDNHAUR9N13RATA (stick) TN IHAAARANAIANIIALUUTN Wil auAL

Han1MAaedlugLin 5.4 uaz 5.6 TunsinldFanILANLLIL PD wazdsnisldsamae
o o o 1 -8 dl 4 a ISP d‘ ! o

paNasy  Ieadnuvtaesnanefidasyuudngninviaiias azdiAeanviany
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\WeaganAdyeynnd Dither  Mldadluszuupauanazinliinemasinig
d‘ d‘ v ai o . o 2% al a 6
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ANRRETBIAILMINALANTAIYINTL 19.52 a9p usatnglafininluniaden’den
TUIAUATAIIND MENUBUT AzHNARRIUIATB9ARANAIATUNIIAYLIAN T9ATNANT

lusinda 5.4

/—/ Reference Position
20 [

15 T Steady state error = 0.48 deg

Position (Deg)
)
T

Time (Sec)

6

717 5.7 nar89n19ALANNDABTITINLN 20 B9A7 WHaAILANALE PD control WEaNTiY

Atyenau Dither
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53.5 N13AUANLLUARZIULANALILINAWALE (PD_Control) WazHNNITALTEILIY

‘&N (Friction compensation) uazla&tyounn Dither

Faaausdaaniuieanuunluiadenauntiill ldausogaisaunss
@aanuluszuuldatsanysal deinliinafAdanaianisunidsluszuuasuaw
Y o Z’/ d” | o a a o 1
16 faiulunismasasiaziilunisdfulgadss@ninan lunisaauauaunuaes
da e o . o , o
STULAMLANTNFTALT LI AsANIUAINEaND Taansiindoyoyins Dither el
= A oA 3 o % ¥ o
womeLsgAuanIunaaaInseTae Insdaaaaalignasnuuunn liianuy
diwhgaiuiuiadai 5.3.3 wazlddnyant Dither NHaum 0.6 Taasl A ND 100

GEL

Reference Position

Steady state error = 0.02 deg

Position(Deg)

10 - N

0 1 2 3 4 5 6
Time(Sec)

A Y o o A o =
E]}‘]J‘Vl 5.8 N@ﬂq‘iﬂqu@ﬂﬂﬂLmﬂﬂ@ﬂiﬁmQﬁQUﬂNLLUU PD NIANVNAATALTEILLTNLA AN LAY

Atyrynnu Dither

! v
a1nguU7l 5.8 wansnanisatuANNawasingldfAILANLLL PD WianTiasn
TALTULINA AN ULAYATYTYI0U Dither  aziiiud) ualpafansniAdaui lda
o 1 % a 4 1 dl o oA ¥ ¥ o 1 4 a %
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= o = Yo =
W@’]?MWLLG‘EI‘LIW]EIUFIUT]’]?‘T]ML?]ELLULI'ﬂu i 1@@\7[51’1'3’]\‘11/] 52
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FIN3INT 5.2 NANITARLANFALALNNA A9 FIB9L3HN Comdyna 31 767
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o 1
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Real-time Controller & VO
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DSP Based
Ing:vul / Qutput Controller / Data
lectrenics Acquisition Board

Electromechanical
Plant

System Interface
Software
(*Executive Program”)
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1
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Speed Reduction

Load SR) Assembly
/ (Includes backlash

mechanism)

Movable / Belt Tension / Drive
Weights (8) Clamp Disk

Drive Motor
(Brushless DC)

\ Encoder (6;) Drive f
e Encoder (6,)
Disturbance (4000 lines/rev
Motor incremental)
(Brushtsss DC)
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n.3

Function Generator

DC Motor Plant

Analog Computer

717 n.3 GANNIMAABIAILIANNAIAETI 767 284151 Comdyna, Inc.
dsznausagunsnifsil;

o dpduNaLneil 767 189131 Comdyna,  Inc: Usvneumene e inszuans
AMUIY 1 A9 AedusTuLRESuNdINcaneufes Tugalnuneinesay
Usznavsaaginsnidnmumils wise Potentiometer 1 6539 189LIFHN
BOURNS uaziginsningaadnmanuisa wse Tachometer Tnaganatnafaziisn
AENANIUFenIaIngaduIingaNeames  TasdaugAAILANATY I

analog/digital positional control panel fagdl n.4
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Host PC

Power Supp! The CRS robotics

717 N.6 TANNINAABIAILANUILILEIUF CRS Robotics

AN AR WU ULIUFLLL Articulate 7R9L13¥N CRS Robotic  §u 255 Az

v 1 o té/
Usenausaaginanisiie) sl :

® uruuEUALLY Arficulate 7991817 CRS Robotics §1 255 : # 5 WUy UULAY
5 avA8asclnauAazUNUATdUAE NALAASNITUARNTITUIALIIAY +25 V.
dveinunidsdulilgunusiaaszin Harmonic  Drive HA1Anaziaanlunig
\ARa1T0.005 24A7 UAZIlAYIMITIGIAM 3.05 rad/s  uaziAniANTRAEL Ko

198 1.1
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FIN31971 N.1 IeaziBALIL UL CRS Robotics

T18N19 FaazIAm

Structure articulated 5 DOF
Drive motor Permanent magnet DC Servo
Bearings ABEC Class 1- 0.375" ID
Max voltage +/- 25 Vdc
Mac Current 10.8 amps
Mech. Time const. 11.62 msec
Max speed @ 25 V 3600 rpm
Peak torque 100 oz-in
Brush life 8000 hours @ 1200 rpm

Transmission

Waist rotate Size 20 cup type harmonic drive
Shoulder Size 20 cup type harmonic drive
Elbow Size 20 cup type harmonic drive/chain
Wrist bend (pitch) Bevel-/spur-gear/chain
Tool roll Bevel-/spur-gear/chain/gear
Payload Kg
Max design 2.0
Full speed/acc 1.0
Reach — Waist to tool flange 22 inches
Reach (by link) Inches
Base to shoulder 10
Shoulder to elbow 10
Elbow to wrist pivot 10

Wrist pivot to tool flange 2
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Joint travel ranges Degrees
Waist rotate +/-175
Shoulder +110,-0
Elbow +0,-130
Wrist bend (pitch) +/-110
Tool roll +/-180

Joint speeds at 100 % program speed Rad/sec

A150 Series:

Waist rotate 1.74
Shoulder3 1.08
Elbow 1.74
Wrist bend (pitch) 3.14
Tool roll 6.28
A250 Series:
Waist rotate 3.05
Shoulder 3 2.18
Elbow 3.05
Wrist bend (pitch) 314
Tool roll 6.28
Joint default acceleration rates Rad/sec’
A150 Series:
Waist rotate 5.45
Shoulder 5.45
Elbow 5.45
Wrist bend (pitch) 24 .54
Tool roll 49.09

A250 Series:
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Waist rotate
Shoulder 3

Elbow

Wrist bend (pitch)

Tool roll

12.93
12.93
12.93
58.18
116.36

Position Feedback

Resolution
Index

Output

Optical incremental encoders
1000 pulse/rev
marker pulse 1 per rev

Chnls A,B,Z sq.wave TTL

Joint Resolution

Waist rotate
Shoulder

Elbow

Wrist bend (pitch)

Tool roll

Deg

0.005
0.005
0.005
0.023
0.045

Joint Resolution

Waist rotate
Shoulder

Elbow

Wrist bend (pitch)

Tool roll

Inches @ tool flange
0.0019
0.0009
0.0009
0.0008
0.0016

® nfaulasdnyaynnuann Digital 1w Analog 184131¥% Advantech §u PCL 726 :

Ndesdtynyrnmnaananuay 6 desdtynnu Tnausasdasdyyiuaiunmdenn
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a o

PAYINNY +

10 V. UA1ANNAZIREATRILAaZTasd Ty 12

1im Ipemtinuaan1FaiukLL ISA Slot
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o al 1 dl Y & XK 1 a o‘d‘ o [ o dl %
Anaavdsnan Tugli 2.1 uwdasliiudssinisdmesnanilulunisaaaaie lildnanis
o a a rd’j =3 1 = ada a o/ . Azll P
ANABIATIAININUNUSH Tneazifind1andlendsigesiowne (numerical method) #ldAn

ode45 Fiin variable-step

<) |Simulation Pararn';eters: compensation EHEIF:E

Solver

Wnrkspacelx’[l] Diagnnsticsl .-’-‘-.dvanc:ed] Heal-TimeWnrkshnp‘
Simulation time

S tart tirne: i 0.0 Stop Hrne: | 5

Solver optionz
Type: |"-"aria|:u|e-step LJ Iu:u:le#E [Dormand-Prince]

Max step size: | | auto Fielative tolerance; | 1e-3
Mir step size: | auto fibzolute tolerance: | auta
Initial step zize: 1 auta

Output optionz

R efine output ﬂ Refine factar; l 1

aF. | Eanu:el| Help |

L]

917 9.1 NIFIAININTFDFIBINITANAD
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% %% % % % %0 %0 %% %0 %o %o %0 %0 % %0 %o %o %0 %0 % %0 %o %o %0 %0 % %0 %o % % % Yo
clear;clc;mul=0.1;coutx=1;couty=1;k=1;ind=1;ind2=1;clear fre
% Start frequency 0.1 Hz increase by log scale
for i=1:50
f=ind*mul;
ind2=ind2+1;
fre(ind2)=f;
couty=1;
% This loop vary Amplitude
for j=0:0.5:10
a=j;
amp(ind2)=a;
%sim ErrDither01 % connect to simulink
sim ttt
% Find Max Error
range=length(tout)-20;
A=abs(r(range:end));

T=tout(range:end);

% Plot(T,A);
E=max(abs(A));
err(couty,coutx)=E;%out put Error
couty=couty+1;

end

coutx=coutx+1;

%End Amp. Loop

if mod(1,10)==0
mul=mul*10;

ind=2;

95
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else

ind=ind+1;

end

end

%%0% % % % %0 %% % % % % %o

% Plot surface

figure

surf(err);pcolor(err);shading interp;hold;contour(err,25,’k’);

%% %% % % %0 %0 % % %0 %o % %0 % % %0 %0 %o %0 %0 %0 % % % % %0 %o
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Digital I/O Connection Board . . or TCP/IP
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== 0O

Dither signal

Command Efford

Position Data
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9.3.2 N7 kiaulilswnan xPC Target

8NN MI911a8995LL xPC Target TuA22849 Host PC azfasmnmassLL

A

&
UfjiiAnns Windows wazlsunsusines fsil
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<} xPC Target Setup [Z]@

File
—— #PC Target
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CCompiler: | VisualC -] R5232Baudrate: | 9600 |
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T argetRatSizetB |.t3\uto L{ J TeplpTangetPort: | 222z
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7L 9.5 N1eAeANIIIHLABIUBY XPC Target

xPC Target real-time kernel ifuszuutlfiifinisnnieulungiasa 9
mmmmuqmqmm?m Host PC ¥ Matlab Command line waz Standard
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uaz TCP/IP Protocol ensiiiensiariiuszun RS 232 Taannsld COM1 sida COM2
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1 o 1Y v 3 = . dl 1 o 1
N3N LAZATNITDTULACAITDYAAVLAITNLTIZNEN 100 Mbit/s NMTLTRANADAINANI

asnInuanslifaglin 4.6

G
RS 232 Target PC

Serial connection

Serial
port

l: Serial
port

Network v Network
card :l E card
-
TCP/IP

Network connection

(1)
317 9.6 n3@aNFeIZIdNd Host PC waz Target PC (N) W RS-232 waz (3) Husyiy

TCP/IP

1.3.3 n12ARUANIEININAReIEUlISUN9s simulink/xPC Target
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Solver options
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E

d
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ine Ciikpl __*_J Beline.facto ] 1
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dl o 1 o 1 1 o o ¥ <3
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[rerivative

o] dusdt |lo Fric —F""/n—

hlanual Switch

Stribed
_K_}‘
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Crerivative)
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iz torCompensate

File Edit Wiew BEigEEes® Format  Tools Help

O | = E é Start real-kime code CEET %, ,C'_‘ . ) —%]— 1E:-:terr‘|a| LJ
- | Conneck ko barget
Model Browser | Simulation pararneters,., Ctr+E
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| Accelerator
] oY Subs PR

- 3 Subspstem? 1
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dl o [~3 Y @ o . dl o
He0RNLULAIAILANIATALARNNINIE build model LNaWLAILLILAADY
a4 simulink  Wiflunaeinieulalunanasd [y wlasdun = ARmuINIan
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tﬂl o U o lﬂl 1 1
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NMARUIN A.

ANTINHANTITVNIANDY

F1979% A1 ArRAnaanAwsie lddy BT ALaTAINDANe as sz Ll

CRS Robotics

PAALBNNAIA (HIFAU-LNAT)
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2
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6
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w
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4
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70 215 10 14 15 27 18 12 18 20 28
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1000 | 217 | 218 | 220 | 284 | 256 | 250 | 246 | 209 | 218 | 240




NMARNUKIN .

UNANNIAE

AONUUINYUINNS )
ANRINTUNAINENRE

104



105

2 1
L

11 msissgniginisiesadnedAanssaiAsasnawslssnalnensan 16

-
-
X
‘.
'

1)

AONUUINYUINNS )
ANRINTUNINEAE



madszginmaeietnsimnisaeiamauislzindlneaisn 16
14-16 @AAN 2545 é’fwmeLﬁm

nspaausstizaniuluaindslwszuunenalaalzismsindygrmanaigs

Real-Time Friction Compensation of Mechanical Systems using Feedforward Dither-

Based Technique
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uUnAasa
unanuBiEwaITNITaLTaLIIFEaN19 L a1934 lag
2 2 o ¢ @ A ) Aa a
AnmfanaawiraIFYIMANNDgI (dither) NildousIFANIL
a A da &
A0 LATEANLUUMTTALTHLTIREAN WL INtR T uln
A a Aa & ao w a
TTUUNING eI nusFuamuiiiadudans o L duuasi
" A Aa A A o = B A A
anylddaiiiaslurasffinnsiefauiidrsanuiiidgn wielinig
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Abstract

In this paper, a real-time friction compensation technique is
introduced for a real mechanical plant. The study demonstrates
the effects of both dither and friction compensation in the
reduction of the steady state error. The. friction is nonlinear.and
discontinuous due to the Coulomb. friction. The proposed
technique combines dither and friction compensation to efficiently

reduce the error. Both simulation and experiment on a real

mechanical plant are used to verify the technique.
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3. Stick-Slip Motion
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NUAMUFIANIU FULWALEBINIAINAINITINI LTI

a . ' a & e
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s
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1 650
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-1 6<0
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1.PD controller

2.PD Controller U8z §aymy1ms Dither

3.PD Controller Was Feedforward friction compensation

4.PD Controller, fﬁgtgﬂm Dither Was Feedforward friction

compensation

Tusruwvasuvudtaasanuioaniwiirunlslunsraise
FynnuNaaaNafitiaanusFsan U0z Uy (Feedforward

friction compensation) lalduuusnaasanuiFaan1wi

v
v A

1yznauaie Coulomb & Stribeck friction model [4] ‘%u‘i&l‘lﬂ@@]du

F(v);v;tO
F={ F;v=0 and |F,|<F,

F, sgn(Fe ); otherwise | v=0 and |Fe| > F,

FO)=F +(F,—F)e ™ 4 Ey

E Data_Compar:

Pt Friction
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Abstract: This paper presents a real-time friction compensation
for a mechanical plant. The study demonstrates effectiveness of
both dither signal and friction compensation techniques in the
reduction of the steady state error caused by stick-slip friction.
The experimental results on a DC motor system show that the
dither signal significantly improves the steady state error while
the friction compensation reduces the time constant. In
addition, both dither based and friction compensation
techniques can be combined to reduce both types of errors. In
addition, the selection method for the amplitude and frequency
of dither signal that optimally reduce the steady state error are
presented. Both simulations and experiments are used to
validate the proposed technique.

Key words: friction compensation, dither, stick-slip, PD
controller.

1. INTRODUCTION

Friction is highly nonlinear at low velocities and poses a
considerable challenge in the control of mechanical systems
such as machine tools, robots, tracking mechanisms, etc, which
require precision positioning. Friction is commonly neglected
since the traditional PID controller with appropriate gains
normally gives a stable performance with error within the
acceptable limit. However, friction compensation may be
required for high precision positioning or system control at low
velocities. Friction compensation is a challenging task since it
is difficult to model and barely understood. In recent years,
there has been progress in developing friction models for
compensation. Both dynamic and empirical friction models
have successfully captured pertinent. friction characteristics
such as Dahl, LuGre, Bliman-Sorine and Bristle model, etc.
(Armstrong-Hélouvry & Dupont, 1993; = Haessig, Jr. &
Friedland, 1991)

The presence of friction often imposes limits on
positioning, tracking performance and accuracy of position
control. This phenomenon causes a limit cycles (Canudas et al,
1995) and positioning' error in control systems. If the system
with friction is linear and operated only at high velocities
without changing directions, i.e., without crossing zero
velocity, friction can be modeled as a linear function of
velocity (Armstrong-Hélouvry & Dupont, 1993; Haessig, Jr. &
Friedland, 1991). A simple PD controller with a velocity
feedback control can compensate for friction. On the other
hand, if system operated at low velocities or with direction
reversals, the ordinary PD control may be ineffective. When
the traditional integral control is included in the feedback
controller, the presence of stiction causes the system to stick
near zero-velocity position (Lee & Asada, 1997; Ipri & Asada,
1995) and start to move when the controller output is greater
than the level of stiction force.

On the other hand, the simple high frequency dither
technique reduces the effect of friction between parts in relative
motion. A successful example is the use of dither in gyroscopes
for autopilots in the 1940s, where dither signal was obtained
simply by a mechanical vibrator (Ehrich & Krishnaprasad,
1991).
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The mechanism of the dither-based technique introduces
extra forces to move the system move before reaches the
stiction level: It is introduced in the position control of
pneumatic lifters system (Maeda et al., 2000), which does not
induce limit cycles, commonly found in integral control.

The paper also addresses the model based friction
compensation. The model of friction is determined offline and
used to estimate and compensate for the instantaneous friction.
This technique improves the transient performance.

This study applied both techniques, dither signal and
friction compensation through a friction model, to reduce
steady-state error on a DC motor and improve the transient
performance. Both simulations and experiments demonstrate
the reduction of the error and the improvement of transient
response.



2. STICK-SLIP FRICTION

Stick-slip friction is a common friction phenomenon
occurred in low velocity system (Armstrong-Hélouvry, 1993).
It manifests itself as repeated sequences of sticking between
two surfaces with static friction, followed by sliding or slipping
of the two surfaces with kinetic friction. It is found in the
transmission elements in robotic manipulators such as
harmonic drive, gears, pulleys etc.

Stick-slip is a seriously problem in low speed motion,
causing a stable limit cycle near a reference position with
integral control, as shown in Figure 1. Hence, a system under
integral control is unstable when the moving body is stuck and
the control gain is too high. As time progresses, the integral
error, which is building up to move the body from its stuck
configuration, becomes so high that the body overshoots the
origin and comes to rest at another position. This phenomenon
is illustrated by DC motor experimental results as shown in
Figure 2.

3. FRICTION COMPENSATION

There are two major friction compensation techniques,
model-based and non-model-based friction compensation.
Examples of the non-model-based friction compensation
techniques include stiff PD control, integral control, dither,
impulsive control, and joint torque control, etc. The increase of
the damping or the stiff of the system can eliminate the stick-
slip motion; by increasing the PD gain, the stiff of the system
increases. This is a very simple way to control the system with
friction. However, the high control effort is limited by the
hardware. Normally, the stiff PD control is used for a stable
tracking while the integral control is used to minimize the
steady state error. Nevertheless, the system exhibits limit cycles
at low or zero velocity tracting. In addition, integral control
may be ineffective at velocity reversals. Integral windup is
normally reset at velocity reversals, causing the minimal effect
of integral action when most needed to overcome the stiction.

The dither-based technique can effectively improve the
control performance of the system with friction. This technique
is mainly used in this study. The other similar technique, called
impulsive control, applies the impulses to the system at low or
zero velocity.

For the model-based friction compensation, the estimated
friction torque is calculated by the friction model and an equal
and opposite torque is applied to the system to cancel out the
instantaneous friction torque. The model-based friction
compensation may decrease the need for the high servo gains.
The Coulomb friction model is the simplest and widely used
but the richer friction models can further improve the
performance. The major difficulty is the friction modeling at
very low velocities. Several - practical problems must be
addressed, such as the almost undetectable nonlinear
phenomena, and the unmeasurable internal states of the model,
etc. In this study, the Coulomb viscous friction model is used
for the friction compensation since it is most suitable for
typical system sensing.

As mentioned earlier, the study has focused on two
effective friction compensation techniques, dither-based and
the use of Coulomb viscous friction model. Both techniques are
combined together to take advantages of each method.

3.1 Feedforward Dither-based Technique

Dither is a practical technique to reduce the nonlinear
effects of friction at low velocities. The mechanism of dither
introduces extra forces to move the system before the stiction
level is reached. In 1969, a mechanical vibrator was used to

reduce the coefficient of kinetic friction in servo system, as
shown in Figure 3. Electrical dither signals can also be
superimposed on the command signals generated by the
controller as shown in Figure 4. The frequency of dither is
normally much higher than the frequency of the command
signals.

3.2 Model Based Friction Compensation

Several schemes for model-based friction compensation
have been proposed (Adams & Payandeh, 1996; Ehrich &
Krishnaprasad, 1991). If a servomechanism is operated at low
velocity or with velocity reversal, then effective friction
compensation is required to achieve good precision. To obtain
an effective friction compensation, the velocity has to be
measured or estimated with good resolution and small time
delay. The mechanism of model based friction compensation is
very simple. The friction force is estimated using the
appropriate friction model, which may be determined offline.
The estimated signal is then used to compensate the real
friction by adding to the control signal. This is showed in the
block diagram in Figure 5.
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This paper addresses the effects of friction compensation
to improve a-positioning control of a DC motor by dither based
technique. The effect of the amplitude and frequency of dither
is investigated. The model based friction compensator is also
discussed and demonstrated.

4. SIMULATION

The simulation is used to study the role of the nonlinear
friction that was strongly related to the steady-state error in a
motor system. In the simulation, both inherent nonlinear
characteristics of the motor system and the simulated friction
found in the experimental equipment, are taken into account.
The dynamics of the DC motor system is:

Jé:rmotor _Tf (M

where J is the motor’s inertia = 0.0011 kg.m?. Friction behavior
can be expressed as follows (Adams & Payandeh, 1996):
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In the simulation, friction parameters are given as 7

a=0.1,k=15,a=0.5,and b=0.01.

The mathematical model of the friction compensator is
expressed by Equation 3. The friction model is assumed to be
imperfect and the estimated friction does not match the real
friction. This is important for realistic simulation. The
simulation block diagram is shown in Figure 5. The
compensator is modeled by Coulomb and Stribeck’s model as
follows (Armstrong-Hélouvry & Dupont, 1993):

slip,0 =08,

F(v);v=0
F=J Fsv=0 and ‘Fe‘<FS (3)

F,sgn(F,);otherwise [V:O and ‘FK,‘ZFS]

where
Fo)=F, +(F,~E)e ™" 1By

The simulation is performed on Matlab®/Simulink™ and
used for a comparative study on four types of control
techniques, consisting of PD, PD+compensator, PD+dither, and
PD-+compensator+dither. The proportional and derivative gains
are 2 and 0.2 respectively. The dither is a sinusoidal signal with
the amplitude equal to the maximum statics friction of 1.5 N.m.
The optimum frequency of 100 Hz is determined from the
range between 0.1 to 1000 Hz. The step command of 20 deg is
applied to the system
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Figure 5. Block diagram of control system for DC'motor.

The PD plus friction compensator demonstrates a good rise
time (0.06 sec) compared to the only PD control (0.11 sec)
while the PD plus dither significantly reduces the steady state
error to 0.0004%. However, when both friction compensator
and dither are used, the rise time decrease (0.09 sec) but the
steady state error also increases (0.148 %).

Table 1. Errors analysis by simulation.

Control Techniques Error (%) Rise-time (sec)
PD 0.0490 0.11
PD + Compensator 0.0052 0.06
PD + Dither 0.0004 0.11
PD + Compensator + Dither 0.1480 0.09

Table 1 summarizes the comparison between four
techniques, which used to control the DC motor system. The
PD plus dither gives the minimum steady state error while the
PD plus friction compensation has the minimum rise time.
When both dither and friction compensator are applied, the
command input to the motor is much larger than necessity
overcome the static friction and thus the steady state error
increases.

5. EXPERIMENT AND RESULTS
5.1 Experimental Setup

The DC motor system model 767 from Comdyna, Inc. is
used for the experimental study. The motor system has a
mechanism for adjusting the friction force as shown in Figure
6. This system is designed to emulate a typical rotational
mechanical system. A mass inertia is attached the motor via
gear transmission and friction adjusting assembly. The
precision potentiometer model 6539 from BOURNS Co. is
coupled at the end of the mass.

The input and output signals are connected between plant
and controller via an analog computer model GP-6 from
Comdyna, Inc. The Matlab®/Simulink™ -xPC Target is used
for a real-time control of the system. The PA-ST12 (-H) card
from Acqutec Corporation is employed for data acquisition and
control. The card communicates with target computer via ISA
bus. Two Accton LAN cards are installed on both a host
computer and a target computer, and is used for a host and
target communication via TCP/IP.

. e -
s Function Generator -
Oscilloscope K

2k ¢

B DC Motor Plant b .

Analog Computer

(a) Experimental Setup.
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(b) The DC motor system.
Figure 6. The DC motor system.

The Matlab®/Simulink™ —xPC allows us to develop a
control on the host computer in the Microsoft® Windows 2000
environment. Once the control model is designed, it can be
downloaded to the target PC. The target PC runs the control
algorithm in real time. The sampling time of the control system
is set to 0.001 sec.



The dither signal is generated by the signal generator and is
superimposed to the control signal via the summer circuit on
the analog computer. Thus, the frequency of the dither is not
limited to the speed of the real time operating system and can
be as high as the signal generator can generate.

The friction compensator is determined offline and is
implemented on Simulink™ —xPC. The Coulomb viscous is
used for the friction model since it is closed to the friction
characteristics that is detected with the system sensing.

5.2 Experiment Procedure

First, the maximum static friction torque is identified by
slowly applying the torque until the motor begins to rotate.
This torque is the maximum static friction and is found to be
0.6 N.m. for the employed system. This value is used as the
reference for the design of the friction compensator and dither
amplitude.

The reference command step of 20 degrees is used. In the
experiment, four control techniques are used to control the DC
motor system. There are PD, PD+compensator, PD+dither, and
PD+compensator+dither, as in the simulation. The dither is a
sinusoidal signal generated by the signal generator. The
amplitude and frequency of the dither signal are +£0.6 N.m. and
100 Hz, respectively. The friction compensator is a velocity-
based model, expressed by Equation 3. The maximum static
friction in the model is 0.3 N.m. The step responses from each
technique are shown in Figure 7.

The experimental results agree with the simulation, i.e., the
PD+dither technique gives a minimum steady state error (0.7 %
error) while the PD+compensator gives the minimum rise-time
(0.04 sec).

Table 2 shows the errors when the various amplitudes of
dither are considered. The dither’s amplitude varies from +0.4
to £0.7 N.m while the frequency is fixed at 100 Hz. In this
experiment, the PD and friction compensation is already
applied. This is to study the effect of amplitude of dither when
the both dither and friction compensation are both applied to
the PD controller. The minimum error occurs when the
amplitude is equal to 0.5 N.m, which is less than the static
friction of £0.6 N.m. This is because a part-of friction has
already been cancelled by compensator and a smaller amplitude
of dither should be used. The larger amplitude of dither such as
+0.6 and 0.7 N.m. do increases the error.

Both dither based and model based friction compensation
can be integrated. However, the amplitude of dither should be
smaller than the static friction in order to gain the advantages of
both techniques.
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Figure 7. Step responses with the control techniques

Table 2. The effect of dither’s amplitude.

Amplitude of Dither (N.m)

Error (%)

+0.4 9.00
+0.5 0.15
+0.6 7.05
+0.7 5.90

5.3 Error Boundary Analysis

In the section 5.2, the steady-state errors are found to
depend on the frequency and amplitude of dither. In this
section, the boundary of error of a different mechanical system,
i.e., the waist joint of the CRS Robotics system is investigated.
This robotics system, shown in Figure 8, is equipped with more
accurate positioning sensors than that of the DC motor system
in the earlier experiment. The positioning sensors of the CRS
Robotics system are optical incremental encoders while the
sensor of the DC motor system is a high precision
potentiometer.

The maximum static friction of the waist joint in this CRS
robotics system is determined as 0.3 N.m. In this study, both
dither amplitude and frequency are varied to see the effects of
both parameters. The frequency of dither is varied from 0.1 to
1000 Hz and the amplitude from 0.1 to 0.5 N.m. Both



simulation and experiment are performed and the results are
shown in Figure 9. In the simulation, the maximum static
friction of 1.5 N.m. is used while 0.3 N.m. is used in the
experiment.

Both simulation and experiment demonstrate that the
amplitude of dither closed to the static friction (1.5 in
simulation and 0.3 in experiment) can effectively reduce the
steady state error.

When the dither frequency is between 10 to 120 Hz, dither
successfully decreases the steady state error. In contrast to the
real experimentation, the dither of higher frequency (>120 Hz)
is effective in the simulation. This discrepancy is due to the fact
that the frequency exceeds the bandwidth of the servo system.
The dither frequency less than 10 Hz is too low and unable to
compensate the stiction completely.
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(b) Experimental result on CRS Robotics system
Figure 9. The effects of the frequency and amplitude of dither.

6. CONCLUSIONS

The dither can drastically decrease the steady state error of
a system with stick slip friction. The amplitude of the dither
should be as high as the maximum static friction while the
frequency must be within the effective range. The friction
compensator can decrease the error and significantly reduce the
rise time. Since the friction model is not perfect, the friction
compensator cannot completely cancel the real friction. The
dither-based technique can be integrated to the friction
compensator to improve the effectiveness of the compensator.
For the integration, the dither amplitude is not as high as the
maximum static friction. The experiment may be used to
determine the appropriate amplitude for this case.
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