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ABSTRACT

Because of the problem of the force control when the environment changes,
the performance of the force controller that controls the force between end-effectors
and environment is decreased. This thesis presents the PSO based adaptive force
control for 6 DOF robot manipulators. The process composes of position controlling,
force controlling, and optimizing algorithms for the spring modelled environment. The
simulation was performed on Matlab/Simulink, Robotics toolbox with the
manipulators, Puma560. From the comparative results between those of GA and PSO,
the performance of PSO was better than that of the GA in terms of the tracking
performance. The simulation results of the adaptive force control were further
investigated in 3 cases, which were the cases of environment change, change in the
position of the end-effector when contacting with the environment, and the position
of environment and the end-effector closer than the beginning. The simulation results
showed that the proposed technique can adapt the controller to track the reference

signal better than that of the conventional technique.
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V4




P(x,y,2)

U 2.1 siumids P [17)

2.3 WUANINIINYY

wesngnsnyulddydnuel R \Dumnyureannmesvilamhesouwnuineds wesnd
nyuluseunalidlivsinannes@slimiioududuwnis [9] TIneasiiaunisveinIsmyusouws

[

&
ATLLAUAIU

LUASNENITNYUTOURNU X FUNITN 2.2

1 0 0
Ryo =|0 cos® —sind (2.2)
0 sinf cosO
LN@%ﬂ%ﬂWS%%{US@ULLﬂu y lelﬂ’ﬁ‘ﬁl 2.3
cos8 0 sinf
Ryg=| 0 1 0 (2.3)
—sin@ 0 cos6
LN@%ﬂ%ﬂTﬁﬂiﬁUiaULLﬂu z ﬂiJﬂ’ﬁ‘ﬁl 2.4
cosf —sinf 0
R,9 =|sinf cosf 0 (2.9)
0 0 1

d' &
1e 0 AB @Qﬂ']lj]ﬂﬂ'ﬁﬂl!u3@ULLﬂu



gﬂﬁ 2.2 MIUVY Zg [9]

2.4 WRsnInIsUaonnus

< o a ¢ a 6o 1 VY o = [ a 3
LU‘Uﬂ’ﬁ‘LﬂLﬂmiﬂ‘ljﬂlqluuagLll(ﬂiﬂ"?]@]']LL‘WHQ@J']T]@JI’JW]EJﬂU?N"U%ﬂﬁ’]EJLUULlI@?ﬂGU 4 x4

lngaziisUuuuRsaun1si (2.5)

H= [R3X3 d3x1] a [ Rotation Translation] (2.5)

fixa  Six1 perspective scale factor

dle  H Ao WRSNIN1SHUaLoNWUS
Translation o wWe3ndnsdeunsuny deiresumislufinnisiidou
Rotation o lunsngvyu
perspective #o wn3ng 1 x 3 Feazvumdu [0 0 0]
scale factor fe fandu 1

a ea a ¢ o cou &
wpsngiegluguiumsndnisuuadeniusaisil

LIRS NTNNTLADUNIVUIUANNLAU X FUNISA 2.6

Trany, = (2.6)

O OO
SO RO
(= )
= O O Q



WASNDNITEROUNNVUIUAILLAY Y @NAST 2.7

1000
_10100»b
Trany, =50 1 o (2.7)
000 1
Lm%ﬂsﬁmnﬁaumwmumuLmu z E"{llﬂﬂ'i‘ﬁl 2.8
1000
_10100
Tran,, = 001 ¢ (2.8)
000 1

1o a, b, way ¢ WuAmFumImINLLILAY X, y, LAY Z ANEINU

a ¢ a
LNG]iﬂ"?JquIUiE]‘ULLﬂu X d1N1N 2.9

1 0 0 0
_ 10 cosa —sina 0
LT 2 0 sina cosa 0 (2.9)

0 O 0=/ 1

a _« q'
LNWiﬂ‘UVﬂ.}Iuﬁa‘ULLﬂu y @un1sn 2.10

cosf 0 sinf 0
AN T \ff

0 0
0 0

RGeay —sinf 0 cospB 0 (2.10)
0 0 0 1
LURTNGNYUTOURNY Z aunsil 2.11
cosy —siny 0 0
Rot,, = siny cosy (1)8 (2.11)
01

dlo @, B, waz y {HUAUAISUYUSBULAU X, ¥, WaY Z AIUEIRU

lngagldguuuuillunsmaamaninanssduidesely



2.5 9aUAIENSNI19ATS

Fauansn1ns LunszuumsivhmsiwamaiuivesUaewuuna (end-
effector) luiifinmsgeuniuayutesavatuy wldn1sfiwesvas Denavit-Hartenberg

(DH-parameter) Aislun1sATUIN

W15180LM03U9 Denavit-Hartenberg waunalaegyiluiuaslsenoumedanalayiny

lgamihunsieaynsudinieiy Ingazleadagaoadenountl ievnyndalgvasiuuna 3

[

p19aviluiiodu aiu Mdeumdnuauansihluldau lnednsfimesaiegal
6; AL YNIEWI x;_y (U x; NVYUITBULNY Z;
d; A9 ITYLAULUILAL z; 1NN B

8 YUUATENING 7,y U z; IVYUTBULNY X;

o))

diit+1

Qii1 D ANUEIIINZ_4 DY Z; AIURUILNY x;

(¢}

gﬂﬁ 2.3 W53 U8 Denavit-Hartenberg (DH-parameter) [9]

lun1sindedeudaztaudosynsuiuazldinisniinesves  Denavit-Hartenberg

mawuuﬂmfus]mﬁwmu Tneasdaunsvdndsaunisi (2.12)
[T] = [Z1][X11[Z:][X,][Z5][X3] ... [Zn-1][Xn-1] (2.12)
dlo [T]  Ae weindnisulaseniusvesuatsusung

[Z] Ao wmsnduastons



[X] Ao wesnduaaniulys
Tnganansnunsndtonslaainaunis (2.13)
Z; = Rotz (6;)Transz (d;)
ile  Transz, A WASNgNGoUNITLIWAUIYRITRsE

Rot;, Ao weindvyuvedvess

Transgz, (d;) =

cosB; —sinb;

00
ROtZi(Bi)= Sl‘gﬂi cog@l- (;8
01

0 0

anansariumsngniules lnainaunis (2.16)
Xi = Transy, (a;;+1)Rotx, (@;i41)
ilo  Transy, Ao Wesndnsioumsvuiumumisveanulys

I a 6 1%
ROtXi Q0] LMG\?ﬂ"ZJﬂ’]i%HU?JE)\Tﬂ’WIEN

Tranin(ai,Hl) =

oo R
o ©or o
(= =N )

1 0 0
0 cosajyq —sina;;pq 0
0 sina;;4q €0S@jirq1 0O
0 0 0 1

Roty (@i41) =

aunsanuesngnisulaseniusvesusazMulesiudese ([T]) lanuaunis (2.19)

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)
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AT = [Z;][X,] = Rotz,(8,)Transz,(d;)Transy,(a;;+1)Roty (i i+1)
[cosB; —sinf; 0 0
_ |sinf; cosf; 0 0

0 0 10
0 0 01

~

0 a;i+1][1 0 0 0
0 0 cosa@;jyq —sina;iyq 0
1
0

1000

0100 0

001 d; 0 0 sina;;yq; €OS®iy1 O
000 1 1 0 0 0 1

-COSQL- _Sineicosai,i.i.l SineiSinai,i+1 ai,H_lCOSGi

S O r O

1
0
0
0

Sinei COSQiCOSai,iJ,_l _COSQiSinai,i-f-l ai’i+1sin9i

= . (2.19)
0 Slnai,iﬂ Cosai,i+1 di
0 0 0 1
mwwamam%wmmwmLLﬁuma 6 99FNDATY Iﬁmmammsﬁ (2.20)
=TS TATATAT T (2.20)

A15197t 2.1 wansmndnesves Denavit-Hartenberg (DH-parameter) U89 puma560 [8]

Link i 0;(rad) d;(m) a;i+1(m) @;iy1(rad)
1 0 0 0 T/
2 0, 0 0.4318 0
3 03 0.15 0.0203 =T/
4 0, 0.4318 0 17
5 05 0 0 y T[/z
6 O 0 0 0

2.6 NSATUIUNINATNTI AU

wasnganladouduiaddunianieadiaaansnlelun1suaniaudunusnig
AflAAENIIZI9ANL ST UTIUa Bl IunaiuAIL T uesTas owYUna @137

Weulansaunis (2.21)
x=]J(q)q (2.21)
dle & e Anuweslansuauna

q #eo anuSivedonsuvuna
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J(q) feo wesndaladou
g A0 MUNLNBIAIYBITDRD

(%
Y

Tnganusituazlnimnusududusazanudnday anwesndnisulaseniug

VYU BLUUNATUUITE FIUIUL kAN wandluannsiiannis (2.22)
op — [Ra(@  dy(@)

aun1stsdulanunsanmianuduiusvesanudidadunaranusuday lag

anusaveuEnTauldnuaunis (2.23)
S(w?) = RY(RYT (2.23)
do  wf As anusudauvesUatsuauna
R fio wwn3nduyuvesUasuuung
WA ITadurosUatsuvunalaainaunis (2.24)
0 =df (2.24)
i 0 « & a v
We vY A AnuiiddussUaienuung
d® Ao WASNgALRUIURIUaELIUNg
aglaaunish (2.25)
0 =].q (2.25)
wd =J,q (2.26)
- & a ¢ & o ray 2 a 19
e J, 4ag J, 10U 3 X n um3ng 1ietnansiidauduilazAdi s g asumn s
mwnuazglaaunis (2.27)
0
vn] 0
= (2.27)
° Jnq
e JO fe (2.28)

m=m] (2.28)
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WS J2 158n31 Manipulator Jacobian Iag J9 tuaziduumning 6 X n e n fe

PUIUVRITBAD @1 J, WARNENATS (2.29)

J = ddy (2.29)
"t g
#1159 J,, anaunns (2.30)
Joo; = Zica (2.30)

119 z;_; AD LWUASNEMYUTBULNY Z VBITRsatNe (ARANT 3 YauunINdNITHUas

onius 0T )

2.7 aA1ENINNHNY

aF1AASHANY L UUNITAIUIUNIDIFNYDITDABLAALTD LA8ALATNUARILNU

aa

Wnunevasuatgwuunalufng asideundeanish 35tunsAuiuinateds 359tdAe 35
Aladeunnty F935H0un1sA1uINDGT (iteration method) TR NUARILALIUDIT DD
BUAUNDULAITNITUSZUIUANIUNNSUIANNBU TALNISUIF LAY SUBITDADUUALT WUIAALN

v o ¢ | < A v fa ) < cv ) a
NAIUAUNUTTENIN AULSTURTA ANSTRUAUAINULSIVD9UDFD AILanStUANNSTN

(2.31)
de = JdO (2.31)

do e fin ARwrisasUansuaunaluninAsAdey

de #o mnusnsszninansuvunaiynesdeiutivsnefidmun

] AR ALRUIVDITDRD

de fe mmﬁhaiz‘mdwéfﬂLmﬂwm%’w\'aﬁﬁméﬁqSqﬁm{]mmsﬁéfaqmim

Ji fio wasngaladeu
dleghedsaunisiiiemeansunistons agldaunis (2.32)

de =] lde (2.32)
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Tunmsviassndundures J duasliifelndunesa (pseudo inverse) asld J*+
do = J*de (2.33)
wnuen d asluaunsd (2.38) Wiethaudue 6
0 =0+ kdo (2.34)
Tne k Aornasil
saransuniy Fealadeunndu Sduneused
5o e egisannitimanedideans
1. imsemwaen weasnganladeu J
2. msAnamgladunesavesunsndaladew J*
3. WANANANTBIAILAUSTesRe dO = Jtde

4. yinsUSuUTumiaeslese @ = @ + kd@

5. vin1sasideuimunidlagldaamansnianss sanuaataadeudineagli

nduluvinte 1 83 5 90

o 4
2.8 LUUINADINAATERNT

ANTTINDUNINAD FaAIERsNIIRsILazIamansuntututduniseSuleielfunis

fgagaSulgwnglnu

[

\AADUNVBILIUNA LA LTS 9kt TuIMYa wWUUIIaRINAFERNS

AudIRLSIEI s Iarnseaeudl daunisTluveswaransuaunade (2.35)
M(@)i+V(q,q)+G(q) =1 (2.35)
do  M(g) #e wedndanuidesvauuuna
V(g q) fo usdladlesa wazuswigudnas
G(q) Ao usuilosanuseliiudas

T A dyuauay
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q,4,§ @o semvesdons ANUSITEITEME Lag AINNLTIWDITDNE

Tuinetinusiiazlingulvos Newton-Euler formulation Tun1sninam1ansves
wrunaguwuuiturzsidunismussuasusidaiuinseyine Mulesdsazueniuiuig lnges
Haosdrume forward dynamics Way inverse dynamics

Forward dynamics fie n1suiasiseuesdesotvunaluvueilaussdnanun

Inverse dynamics fs nsmussdanagldlunisindouivewauna
2.8.1 Inverse dynamics

2¥NA1I04 Inverse dynamics nau 111UV Newton-Euler formulation 1370 A

1. wsangeviinduwssuisen audeniules 1 lduss £ uazusela T Anaules 2
WwiAgaiuAules 2 Tause - £ uazuseln - 7 inules 1
2. davnisildsuluuududagy wirnuwssisuuanlalunniules

3. gnsnmsildsuluaudiungea wiriuwssdanamuanlaluluiules

91019 2 lanuanns (2.36)
d(mv) f (2.36)
dt
44' & Y
o  m Ao wIaueInuled
v fi9 AUFIvIANINAINNIA
f Ao ussnsgiineusniiladilunniules

1310 m AA1AIN 91nauns (2.37) azle

f=ma (2.37)
dle  ade mwmiﬁqm@juéﬂmama
INTD 3 A (2.38)
d(lyw)
— =7 2.38
dt 0 (2.38)

d' & ¢ A v
LB 10 Q] INLNUG\Q?’]QJLQ@‘EJEU@QﬂWUIEN
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w, #9 AU IuTanvesiules
7, Ao ussdanseyifidules
a3 (2.38) agldaumssnmniaudeulusudndamituiusueesd e (2.39)
T=wX (lw) +Iw (2.39)
de T e ussdafinsgyhiiiules
I Ao wuwesueseuies

,® 79 AT UAZANIILSATNTBINTY

nsussazkssdanldlunisauauwuunassinnsmavedsazissdnluusaz

AMuUleaTILV U UMWY i
-~ A & ') .
a.; Ao ANISINYAAUEnaIaTasiules i
1 d' ;% .
a,; Ao AnusWIRUatgvenules i

< a W\ = [
w; A ﬂ']']@JLi'JL?Ni;I@JGUENLWiM [ WDLeuUnULT O

'
a

w, e ANUSATLTIRAUdnaIsIavesnules i
s, = =] )
a; PR ANNSATIEVBIITY § Waleuiuwlsu O
P v oA A o

zZ; AB UAUNTEAU (WNUVYUTeRa) YauNsy § Walleuiulnsy 0
g; A9 ANULSIURLLSIlUNaDs
fi A9 wsInIszvianAules i — 1 vuniules i
T o ussbansgyanniules i — 1 vuAuled i

fﬂ R Lm‘%ﬂsz?mgummvhm idvi+1
m; Ao Mavesnules i

& s a Y .

I A9 UEDTANURRYYRINULEN i

Ti_1c A9 INABTIINYAEUAUVBUNTY | — 1 Bagnaudnanutavasnules i

= s a v . = a v .
ri—1; fAv LUﬂL@@ﬁQWﬂﬂﬂLﬁNmu%@ﬂLWﬁN i—1 ﬂﬂ@ﬂL'ﬁN@u“UaﬂLW'ﬁJ l



16

Tici A9 DNWBTIINASUAUYRAINTY § D9gagudnaautavesniules i

i
T; Ti_1.ci Tici —Ri11Tiv1

_R;+1fi+1

sUN 2.4 usauazusadanunnszinsenules

91N3UN 2.4 uansusanazussdniinnsssiviodniles i lag f; Ae ussnsghanniiu
Tog i — 1 vuiles i way —f wsanssinondnles i + 1 vudles i fodu £ J90g
Tunsu i wag —fiq ogluwlsu i + 1 [io9zuanILs W EoITaHaRoIWTY i fpuoluan
fiu RL,, Tudweussdndufividuieniu

(%

NFUN 2.4 Agleaunisusensil

Ziink f = ma (2.40)
y i Rii+1fi+1 +m;g; = mia.; (2.41)
fi = Rix1firr —mig; + ma,, (2.42)

%
a o CC

AUNARANNTITLIIOATNA1UTIEY LalALTIAINANNITATUUURUILAD WSIUANUNAD
f X7 rae nmesialanganldusegdanninansenudeunsiiu lngazilaunisenall

(2.43)
YinkT =@ X (lw) + o (2.43)
Ty — Rl Tin + fi X Ti—1,ci — (Rii+1fi+1) X1 =w; X ([w)+ La; (244)
Ty = Ry Tior — fi X Ticqoi + (Riyafisn) X Ty + 0 X (o) + L, (2.45)

WBMIAPINANNTS (2.62) Uag (2.45) 8YINTIAT Ay, @;, 48T @ LNDTIREMILTS

(% s

waziseln Tun15ARoUNURILVUNAUUILANUARIUDY q, ¢, Wag § BN1TaNIAIUAUNUS

P NGRRRIRIER IR RN
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w; = (Rii_l)T[wi—1 +qiz;_4] (2.46)

W, = (Rii_l)T[(bi—1 +G.zio1 + qiwi_1 X Z;_4] (2.47)
Ao = (RIY) @pioy + 0Tiiq; + @; X (@ X Ti_y;) (2.48)
A=A+ O XTi_q .+ 0 X (@; XTi_q) (2.49)

ATSATUIURIAILTIVDILIUNANE Newton-Euler formulation TTUMDUA I

Forward recursion A1sANMUAAISUAUIUNISAILIN
wo == (lio == ae‘o == aC‘O - 0 (250)

WETANSAIWIAAIRINENNTT (2.46), (2.47), (2.48) Waz(2.49) wieTlaem w;, @,

LA ag; Wwesuannuled 1 89 n

Backward recursion AMUUAANSUAUAIH
fis1=Tix1 =0 (2.51)

N15AUIULNENIATILSITAFINNISOAUIULARNANNIST (2.42) wag (2.45) Taeisy

o ¥ =
ANUIIAINAULE N Ba 1
2.8.2 Forward dynamics

Tusnu Forward dynamics Aan13miAuLssvesesdtens § Wenagiilum q, g

AHIBUINUS (TUANANNTNAAIERS (2.35) UNIEBU9L W §

=M@ '[r— V(g4 +G6(@)] (2.52)

a v Y . a o a [ &
AMNMINILTITALUAITO Inverse dynamics et ndsulisunsuduiendulung

musstnudn asnsam M(q) wag V(q,q) + G(q) lasail
T=NE(q,4,4) = M(q)§+V(q,q) +G(q) (2.53)
dle  NE(q,4,§) fo arddunismussdngaedd Newton-Euler formulation
aunsa M(q) aann (2.54)
m = NE(q,0,e) = M(q) (2.54)

We e Ao Wasngenanwal 491UUran (column) WINAUTIWIUTDABUBILIUNE



aunsa V(g, ¢) + G(q) laanaunis (2.55)
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n=NE(q,q,0) =V(q,q) + G(q) (2.55)
EWIONT G InaEunT (2.56 )
g=m"'t—n] (2.56)
A15197 2.2 wansALnavesiules [8]
Aules 178 (k)
1 0
2 17.4
3 4.8
il 0.82
5 0.34
6 0.09
AT 2.3 LLamﬂ'wT']Lmﬂwaaﬁ;mquéﬂawmasﬁuﬁu link coordinate frame [8]
AMuleg AU (M)
1 [0, 0, O]
2 [-0.3638, 0.006, 0.2275]
3 [-0.0203, -0.0141, 0.07]
aq [0, 0.019, 0]
5 [0, 0, 0]
6 [0, 0, 0.032]
WuesAIEesnsayAulea [8]
[0 0 0
I, =10 035 0 (2.57)
10 0 0
[0.13 0 0
L=10 0.524 0 (2.58)
| 0 0 0.539
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0.066 0 0
Ib=| 0 008 0 (2.59)
0 0  0.0125
0.0018 0 0
I,=| 0 00013 0 (2.60)
0 0  0.0018
0.0003 0 0
Is;=| 0 00004 0 (2.61)
0 0  0.0003
0.00015 0 0
b= o0 0.00015 0 (2.62)
0 0 0.00004

2.9 ﬂqﬁﬂ?UﬂﬂdﬁqLLﬁﬁ\‘iﬂa\‘lLL%Uﬂa
AUNINAAERTUDILIUNANTLIINTI AL AEUBNTIYUaTELIUNG (2.63)
M(Q)G+V(q,q) +G(q) =7~ ] Fey (2.63)
dlo e wesndeladou vosuauna
F .. @ LLsaﬂiz‘vamﬂmauaﬂﬁ@mﬂmamuﬂﬂuﬂﬁ’m%‘ﬁL%au

WAL UP991NIWUU Newton-Euler formulation duaunsanvuawsinivatswuulag
T ndudodld JTF o wiioldussOodngauns (2.63) Wirwun F o, \uusaiilddnuniivane

ulesgavinglu Backward recursion winagld JTF ., Wildussiivarsuawdu 0 N

NAUNINAFENTITAN IOy IuAIUANlalagaunis (2.64)

M(@)g+V(g ¢ +G6(@=u (2.64)

Tunsaunuagl
q=dqr (2.65)
q +Kpq + Kpq = Gy (2.66)

A A v o i 14 !
e Kp fie MAuvesiumvliveddese
K, fie femveinuiivasdone

G, A9 AP IULIIVDITORD



Tun1s tracking error ilalagl

€=dqaqa—4q

o g4 Ao Aunusanefneenis 9zlanis tracking error mugENN1T (2.68)

q+KDe+er:0

TUNMIAIUANAUIUAYD M UNATITULUURIFUN 2.5

1a -;?e—) Kp drsl Dynamics _u_> Robot

da

Fext

Uil 2.5 fanseurusiumisweaLyuna
Dynamics 9 @un1snafIansuadLIung
Robot  f® Yusud
e e Ao ANMNLAANAIATBIRLNLS LAz Tese
u A dysyauAiuAy

G4, Gq, Gy 7B FIWMUL, AUST, LAEAINULTIVRITDRBTIABINTS

q,q Ao Munis wagALStorevRIUNG
q, Ao ALSIvBIdeseningaun swamans
Kp Ao fMAnYBILIYeITase

Y

Kp Ao FAMYBIMIEITDTOMD

Y

F.. AB w3INIEiAINAeuanigaUansusLnaluiinAs gy

20

(2.67)

(2.68)
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(%
a

e g Aldaziivionun 6 Tede Ao g1, g2, g3, g4, q5 wae g6 vieldSundesiedi 1 51 6

2.10 AIAIUANLIIUUUBUNIAUD

mnuaudufinaud Wuseuauiildlunisauauusanssisenitusinieusniu

o [

Uanauauna famuaniazilunismuauusnesoulagagsuonsinsyiseninuaunaiy

[

nnmeuenudiasududumisluauauuunadnit fifuUsfe ana (mass) 21w
(damper coefficient) wazAuudains (spring coefficient) ArfauUsInadianasants
AruAY Bnfogatuile mass fidnfiuduagilViusnssiserisasuaunatusensssh
meusnifistuimilounsiiiuuduorluyuiuns Tnefauaudufiuaudasiiaumsudnfo

(2.69)

F =mi + bx + kx (2.69)
= =~
We  m Ao 178
b fla AIUNUIY
k Ao ANULTNS
F AD LSINTTII

P < oA A A o~ o
X, X, X AR 384T AIMULIT LLASAINULIY NEAABUNLUBULLIINTEIYIN

v

AransvInUNgUN (2.6)
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+ X Xr)
+ ¥ ta if}
+ Xa  Xr
Fi—F + + — aNn r +
b e
k |€

JUN 2.6 HaN37N9UVDIFIAIUANLTIUUUBUTILAUD

de  F, AD UI991484
F Ao usanseyhilsnnnmswu vieduda sevinsgunsaifuingnieuen
m~! Ao 1/478
b AB AIUNUN
k Ao MNUDLNS

. P o o o 1 < ' v Ay D= P
Xq, Xq, Xq A9 ANFRUDIALLAUI AL LAEAINLS VDTN NABINS AR UT I

q

Xy, Xp, Xy 0 GWMUS A2IU5Y UAZAIILTY 19DeTIHIURIAIUALBLTILAG

[%
a

Tusutagldud x, TunmseuauisansznisiaaeunluiiinAsideunazlglunig
AIvANBIUNatudLANITAIUANAILLlITNISAIUANAILLEIMETAIULIY TAEN1IAIUAY

wssluiunaiifansviuaugn (2.7)
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Xa + *r Inverse |4a + e Position u
— e Robot
XYz n kinematic controller
q
Force
controller
+ - F
Fy  p—(X)€

JUN 2.7 damsvhauvesiamuaulssuuuduiiuaudnldmunuusanvanguuna

de  XYZ
Inverse kinematic
Position controller
Force controller
Robot
Xa

Xr

da

Fy

F

I o [ a a v cal
Ao MunaendevasUaguunaluiiinansigey
Ao aFNANTNNRY

B IATUANALILS

AB AIATUANLSS

&

Ao uWIuNa

Ao MurislaneurunasaBIINNTa I

Ao Gi’wLmu'aﬂmsjLLmUﬂaé’NSaﬁmumimU@uLm
AD FLRUITDRDD19D4

Ao MLisYenavalvuna

D L39D19D9

A9 ksIUaELIUNE

£
= a 1

TuvagNuargwvunagudiuing mInliiin13AIUANNTYULTIVUIZLNUTULAUAN

81989 aeduiieliAiveusinszinintuegisuuia awlddyyrudedaludygyiun

'
o a

e

AUIUIINFY I INNYaelandud1elauluy first order dynamic model #afidugne



24

lautlazldfiAianueainindeudeaiing (steady state error) waglifiA1iaiu (overshoot)
1oe ¢ zduAAIiveanan (time constant) fedduanalaudaunissail (2.70)

1
cs+1

Gr(s) = (2.70)

2.11 TumasensyinannnTeuen

A15AS1BUUIIADILTINTZYINANABUBNLUN TR ANSTIT e UT UL I TE U UN TSNS
PMLLAALTINTEIN IEAIUUIIaRIN NG (Wall model) F9agilSaumilouseuivalsa 1o

Uanauvunandeudillgaquuiaziiousnsyinuiiounsnaauss lagasllaunisal (2.71)

f Y kspring (x — xe) (2.71)
s f B wsanszinnguen
Kspring F® Anasiiause
x fio svegfivasurunadouifiganseny
i Ao 9aRaziAnussnsEyianaieuen
Xq fio fumisiingazindeuily
S -
X -
A

e

5UN 2.8 sUrpsLUUTIARIMUNA [1]

2.12 fpunausIlFuildwuunaunau (Hybrid Adaptive Controller)

Tusmuauusasuudumladuuae imashnsuSuguaiiimaiuauasiuee

nsusulgsivinliusgansualunismivauusslid  Ssdludedldynaiunudnsaunldfed
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AIVANLUY Bang-Bang LiialillvilssseninsUatsusunanuinguuunniivveusiasly lng

[

LLANENNITNTYNUI NN LA

If (error > EU) //81A1ANURANAIANINNINVDUIAUUYDIAIAIIURANAIAUDILT

Then // 14

Bang-bang Controller; u = +V

Else if (error < EL) //81ANAMURANAIAL YN INYDULIHANNUBIAIAIURANAIAUD LT

Then // 1%

Bang-bang Controller; u = -V

Else // 51461

PSO Based Adaptive Impedance Controller

End

dlo  error Ao AP IAANENAYDILS
EU A9 99U UAULTDIAIANURANAIATBILTS
EL  AD U99RaNU8IA1IAINRANAIAYDILT
u e AdyaAIuAY

V. fe Aleeanvesdiysamuay

9

Force error for hvbrid adaptive control

Output Response

\
Command Force PSO based — \
Reference error r Adaptive Controller |
> ) NO—»  Plant
+°% —»0O #
Bang-Bang Switch Mode
Controller
Force feedback

Uil 2.9 vdenlnozunsuves Hybrid Adaptive Controller [5]

»
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31n3UN 2.9 PSO based Adaptive Controller AasiinruAuwuuUsufIlanldn1sm
AANUMNALESARMILE IR (NFReamBl) INUTuUTIAMLYTYRIiIAmUALLTY Lag

Tuduimauaulaunsaldisnismearnnumunzandsdunnldunuliguy Wwiuindane3fiy

LY

msldmmuauussuuuuilauuunauraulunsmuauussivangusunaeili

N5YIUAagUR 2.10

Position u Robot
controller >

X
Xqg T r Inverse
Xz | kinematic
+
N
HybridhAdaptive rso l& | —
Force Controller

3UTl 2.10 MsvhnuveinuaNksLuLUTuddlalagldnnfneaaion
dmiunuuna

Tunsldanuvesimuauiiagldnulunstininisyianugig wu n1153uwaza (pick
A A o ) £ Y o o v &
and place) n1sveulansNinludeslddiniuaunss n1siinuvesdInIvauilay
Wisualounsiseus evzdeeqiseusluiiazinainnisvingrgindsilmunsaunielily
uNINAIALINZEY

2
IS

ﬂ'WﬂGUGI’JWJUﬂﬂJu VUADUAIU

1) Tuning by PSO lutuusnagdasinnsusuussimunuussliideusenismean
ANUMLNTAUMIENIAADAAIBY

2) Run L?NL%W%’umauﬂwsﬁwlu%']Gﬂﬂﬁam

3) Check error WilafinsiasundaswesAranuiinnainazidngnisusuiuesin
muaulaglinreaaisulurueinau

4) PSO tuning LaUFUATUALIIUATILAINLDBNLIIENTINUUNG
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o

Tunsldsmuauilagddensvinudigui 2.11

9
Y]

U

=)
7

Start

v

Tuning by PSO

!

—> Run [

PSO tuning

2.11 msldnuiauauusawuuysumlalneglinifneaaiay
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unil 3

ANSATUIULTIIIUINAS

3.1 Uni

TumaAmnssuldnisauudadimuinis (evolutionary computation) LWaAUM
HadnsvsauA Ui idutou enfiegaudy MIMIANIMINZaNTaIRIAIUALPIDINE AL

LUUNA LﬁumaﬁﬁaLLaz‘diwé’mwé’qqwuﬁqmiumiﬂmmﬂmuﬁﬁuﬁw ANSUIAAINDUVDY

' '
6l o ¥ =

Handuadinamansndudou @ ‘fj@ymma'ﬁfjmmsamwaé’wﬂﬁﬁaaﬁﬁﬂwiﬁﬁmml,%ﬁi’wmms
fidu madwnadaiaunnsiuidusidemnmmmeimsifannmesddi@in fandufe
Charles Darwin U 1842 ué'ﬂmiﬁummaﬁwéﬁu%%’maqﬂﬁ%Lué”@ﬁaﬁﬂ (meta-heuristic)
Frandunsinus nsfmaddiaunnsinannaeisildtueghunsnateie wwfin
9an037iu (genetic algorithm : GA) M1sMAIANUWINNEALAAAsIENRUNIA (Particle
Swarm Optimization: PSO) Tagluuniieznanienmsmaiarumanzeay (fitness value)

Qddy
NG NRNGLNe!

3.2 TUABUITLVINUFN TN

NSYINUVDITUABUITIBNUINTTU Y0 Luindanaifin Wisuaiioun1suitaym

' (%
Y aNaa 0y

29983830 TUADN1TITAUINTT WannTywilsenudswindsulnilglasdsddinuuasy

Usgnausig tastuley (chromosome) wazdu (gene) T¥nszuiun1snIaiugAmansiiie

s

ITmuIn15BeUsEnaudly nsAUNUS (reproduction) N13nateWug (mutation) N3

C}

waniUavudu (reproduction) wazn1sAatdenyszainsal (selection) [12] Tun153TaunnTs

Weuflgmiuaziunszuiunisnsviguiiennisuddymnafae

WAndanasukuaUssvnsduassvie Ao Uszansini Pold wazlseunnsing

Pnew @a3giUTguuszuinsininilousunauazuyd Ussvinslniwilousugn Jeuseying

Y

(%
Y

wiandusznaumelasiulasunaziu drulunisiIsuiisuiionddymituazldaaing

WLz AtU WTHweseUsyeinsAe Py = {Chromosome, Fitness value}
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Chromosome A8 WSS ALNaMHNAaNS au1saasials 2 wuu fs wuuluuis

LAETIUINTE FReg1auinITAILINAINBUIN 2x — 3y + 5z = 0 lunildlaslulaunay

a A

a < IS YU v ' =
3§/ A x, y, kar z nazanunsaloulanenetns Chromosomep = {x, y, z} Fsluns

jmd)}

[

ArusnIsiwmesvadlasiulounivaneifaunsoeulaeatl

Chromosomep = {Chq, Ch;,Chs, ...,Chy}

D A9 IUUTRVeITTNDT
Fitness value # ANPNUMNNEANUDIUTEVING FIA91NEUNNTA (3.10)
N Ao IUIUUTEIINT

NILUIUNIIVNNIUTD GA 1 5 ATZUIUNITUAN A [12]

£%

1) Initial population fie M3aFUsyYINTIUAULAENITdUAEY Tnenisdumtiay
LilWAuveuwafildlunisuidam udreziiandulaluiduaivesuszgnsininsaunis

(3.1)
Pold; = rendom generator() (3.1

2) Selection population N13fALERNUTEYININOUNUINNTEUIUNITNIIRUTNTTY
Tnedfidontuialsegiady N1sAMEeNLUUEN N15WYUINEs kazn1suaady wuududu
FEn1snszarglenalilszyinsuiniian nisidandszynsiiidnuiuassdiAnasnidu

Uszanslusife Pnew; uay Pnew; ANENNIST (3.2)
[Pnewi,Pner] = function selection(Pold) (3.2)

3) Genetic operation N13N3EVNNeNLIANENTUTENOUMY ATEALBLIBS (crossover)

LL@%ﬂi%U’JUﬂﬂiﬂﬂiﬂa’lﬂﬁué (mutation)

[y

AsaEleLes (crossover) ABNTaRUABUUNEINTaTULa iU NMTaduTuarTuegiu

Anudtazidulunisuaniudeu (crossover probability) 13808971 pe Avaun1sA (3.3) d9

¥

Pnew; waz Pnew; Winuilndunsealenesinglemdlunisaduiumisiuegiu pe fagld

Uses1nsInUNNIN1sadud unusdunan tevinnisasealaiosiasanalnazindig

Y

NsEUIUNIINANERUS (mutation)

[Pnew;, Pnew;] = function crossover (Pnew;, Pnew;, pc) (3.3)
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NITUIUNINITNAERUS (mutation) AensduAmIsfiwesiiuiu lnadunisves

s o

Buiaziinisnaneiiugazgnivualaegannuinaziulunisnaieiiug (mutation probability)
Sungedn pm feaunis (3.4) der1lse¥Ins Pnew; ¥3e Pnew; 31nn15As0dalaliasiv
flandunisnaneiusdagyindiinslasuagulndmenisdu lemanavlamgulndauey

v pm wazavdsrnaululiuszrnslmiiuau
Pnew = function mutation(Pnew, pm) (3.4)

4) Replacement tun1sidanuszensnidianumunzanluilulszansyuiold log

eANIUsEYIN5A1 Pold wazUseunnsivd Pnew T99gfansaintaanyseunsnilaiaing

wnzangs ddiiu Pold ieiduuszansgudaly
Pold = function replacement(Pnew, Pold) (3.5)

5) Termination N13ATIVABUNITAUAAMNITATIVABUNITAUFANITVINIUVBUILUAN
ANy a11150m521980UleaRIRNBULAD N1SIAANAINULNEALAINNNAINU USBATUAIL

ANUIUTOUVBINITINU
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Start

v

1) Initial population

v

2) Selection

population

v

3) GA operation

crossover
mutation

v

4) Replacement

5) Check
terminat

Finish

3U7 3.1 dansihanuveaawdndaneaiiy

3.3 AMSMIANANUMNIZENGEAAILE1BUNA

NIIIAIAILINZANAIGAAIERI IR WS anIRnoadtou LTuNTTUIUNIT

mnaulngiiusadanialannainunannsmemsveaun ngaeiinsdedayauiulugaiie

WABUNlUGI9ANRTaNMNg

9

UNUAAEMBREUToUlAReUAIA 1 BUNIAYTOANNTNR Teaedin1sandidumnlues

pueaeld (x) wioufianns wazaudilunsindeuniveseynia (v)

° | dada a ] R
GﬂLLWUQW@W@@SU@\TﬁN’]SUﬂLLG]aSG]']ﬁ@ pbest
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° | Aaa a
AusinNgnueslsAe gbest
FUADUNTVNUVDINIAPDAAIBY d@NuTnasSuelanadl

1) asweunielagduduniasuduliiueynia

2) ANUIUVNAIANUALNE AN TA8VIANNEANNTTA (3.10) D1ININAIANUMALNSANVDS

sunadladiandninanpuliasuldldennnni Ju pbest

3) WdenArAumzaunANgaInyseunIawditdunleilud1ndngadu

gbest

o ! < 1o 1Y a
4) aauslrddmiuyngaunalaeniainaunisn (3.7)

5) ndouneunaludsiunidvilaemainaunisi (3.6) vinaugnde 2 fade 5 auld

ANPBUNIDATUINUIUTBUNAINUA
AUNNSTTIUNISUTUUAIUARILALG LAz ADM3L5) VRanIARaadlDY
aUnN15huNsUSUURBUAILALG Aedaunsi (3.6)
(@t +1)= x;(O)+vi(t+1) (3.6)
We  x; A9 AIUDIAILNLY
=1 1 <
v; A9 AIAIIULSY
auN1slunIsUSUasuAIAUSIAENN1TT (3.7)
vi(t+ 1) = wy(t) + ¢y (pbest;(£) — x;(t)) + 12 (gbest(t) — x; (b)) (3.7)
Wa  w Ao ANduUsEANSAINURBY
& | ~ |
1 WAT ¢, AB ANASTIATINLSS

ry Wag 1, fie AIMLAAINNITYIINISdaen

108 7 Uag rNRNENATT (3.8)

random(0 to 1)

r = f (38)

e random(0to 1) Aa N15dUAISENIN 0 Da 1
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Tngaunsusulasua w auaunisi (3.9) v w ddnanasivessouninaginiengy
LN
w = (iteryg, — iter) Zmex_Fmin (3.9)
itermax

WD iter A9 INUIUATIVDINITIUDN

iteTimay FI® IMUIUIUTIWNTGD,

Y

7

Winax A0 ANFUUSEANTSALRDENINTIER
Wnin A0 AdUUsEANSANRRE TR AR

Tun1911 gbest way pbest fosldaun1siaUTYUTIEUAIAIILARIALAROUAILAN

ANMUUNZALVBINAGNS AB fitness function é’faammiﬁ (3.10)
f=[e?dt (3.10)
e f Ao fitness value

e B ANANURANGIAYDILIINTEINgNUBUNGY
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(e

FVLAFATLTUFALAIEM SHUAT FUALauasAaT1igg oswutdn

v

I8enwmisvasmnSnurae iy wIAT fitness

1

1-
01A1 fitness v assnBneauun nanAin 19 phest = suwis

T

¥

01A1 fitness WlvaaauSnfuuRna1A1 gbest W ghest = 1a4

1
BT

o ) | o ' =
WA TUTULLR A A WA LALE S AT LT

Taflet

1
ATUAUAT T I

o diiyuo
11 AAATAR L

[ FLATFH 9T W

=] < o a
E‘U‘VI 3.2 UdonlaagunIUNNSYNIUTDINIARDaE 1Y



unii 4
NAN15A1894

4.1 UNi

s a

Tuinednusiazuansnshasufivseiafierlnsaginnissaosuuaeufianes i
fruszanana core i5 2.4GHz wrunaiildfie PUMAS60 [8] Tnswanissraesiiuagduainnis
MUANAUMLY NMIMUALLTY MITeuTisunmsmaigaresiladduseninandneadion
(PSO) uaglaluAnganaINy (GA) LU UMEUNTUTUUTIAWILUTYBIMIAIUANLTITENI NN
Aneaalay (PSO) kavlaluAndanasiiyl (GA) wagkarafiAIuANLIUUUTUMlAlagldn A

[

ARaEIN dmsulrunandoulm 6 serndasy lngaziinanisdnasinadl

4.2 HAN1531ABINITATUANATUNLIYDILVUNG 6 DIANDETY

° & A o ° "= ! o a a o v
ﬂ"]if\naENULWanU@aﬂiUﬂﬂJm’]LLﬂu@sﬁq@%SLUG‘I’J?‘]QUQNLLUU@NWLL@U%I@S‘;\]gUiU@’JEJ

=~ =

A o o 1 qb v d' d' a o 6 a d'
fia Tun1sPraesnismavandwmisazdelinvunandounliluiidn Asidouy Feazaed
MUNUL y Uag z 139 y = -0.1501 1As uag z = 0 ns wavhnisdsliuaunamaeunliniu

Ny x tneagldpaugvamdsulusmumiands ladyesigai 0.5 wes ngaand 0.8

=

AT ARBAIU 2 IUNNFIFUN 4.1 19 sampling time = 0.01 3w

Y

Position reference

position (m)

time (sec)

JUN 4.1 shumbsnedslufiinsidou veaaeuvung
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lun1sdnassilagyiinisuiulldeudn K, wag K, LilonaaeuA1nunaInAzioued

(%
Y

ANLIUITDRDLAIUIAT TBLNINUA 4 NS AINNS19N 4.1

M1319% 4.1 waAnee K, hag Ky [14]

nsel Ky Ka
1 500,50 ,50, 5,5 ,5 25,5,505,05,05
2 1000, 100,100, 10, 10, 10 25,55 05,05,05
3 1000, 100,100, 10, 10, 10 50, 10, 10,1, 1,1
4 1000, 100, 100, 10, 10, 10 70, 20, 20, 1, 1, 1

HANFUTE U UAIANHANAIATUNISATUANMINA LA LMLIE 199U B I UL YD

Ao lULAAZNIHIATIANURAANAINVDIDIANTDAD

x107* q1 tracking error

tracking error (rad)
N

-1+

-2 L L |

time (sec)

5UN 4.2 Fauianainvesesrndesad 1

INFUN 4.2 N3N 4 fAnAnuraInAGaUYRINIAIUANMWIITReN 1 UoaTian



0.02

q2 tracking error

0.01

-0.01 -

-0.02 |-

tracking error (rad)

-0.03

-0.04 :

1
time (sec)

1.5

sUN 4.3 AranuRanainvesesmvasied 2

37

NFUN 4.3 N3AIN 4 TA1ANUARIAAREUYBIZIEANTAIVANMUILITBsN 2 Tiae

A o | ! aa
Vl?,’jﬂ BEALUAITMUNUINNINNINATUN 3

0.06

q3 tracking error

o
=)
=

0.02

tracking error (rad)

-0.02 :

=—casel

time (sec)

JUN 4.4 enAnurananavessmYesen 3

a ! A ° Yy A A v
"\]'WﬂEUV] 4.4 V’ﬂﬂ'}’]llﬂa']@Lﬂa@u%ﬂﬂq@ﬂ]@ﬂﬂ’ﬁﬂ?u@m@qLL‘WUQGUE]G]@V] 3 AN 4 Uy

ign wiaziiaurdnndnsiin 3



=b.

5 x107° q4 tracking error
= casel
al = case2
= case3
) —case4
£ 3
15
[}
=
o 2r
o
£
S 1F
©
]
0
-1 1 ! L
0 0.5 1 1.5 2
time (sec)

5UN 4.5 Fanuiiananvetesrdesen 4
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3INJUN 4.5 ANAIUARIALARBUTDINITATUANIWALITDRBN 4 VeInTilil 2 Heoe

0.01

q5 tracking error

-0.005 |-

-0.01 -

tracking error (rad)

-0.015 |-

-0.02

-0.025

g s
o _

0.5 1
time (sec)

JUN 4.6 ArAnuRANaIAveBsA e 5

a ] = ° v oA aa v
mﬂg‘ﬂ‘w 4.6 F’]']ﬂi]']llﬂa'}@lLﬂa@u%ﬂﬂq@m@@ﬂ"ﬁﬂQUﬂuﬁqLLV]UQGUEJW@‘V] 505N 1 Uy
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) %107 g6 tracking error
—casel
== case2
1r case3|
) =—case4
o
5 0F
=
)
o
S 1r
X
3}
©
=
-2 |
-3 1 L |
0 0.5 1 1.5 2

time (sec)

sUN 4.7 AaaRanaInvesesrdeseadn 6

INFUN 4.7 A1ANUARIALATOUGIEATRINIIATUANFILMUITERBN 5 nTdlfl 1 tae

an

1 d‘ A ¥

NHANITINABINITAIUANFAIUNUIVBUIUNG PUMA 560 11U Josianinadzfe do
| a < Vo1 1 aa o a a
Aol 12 uag 3 azmuledn A1 K, kay Ky lunsdli 4 du ffanuianainyesnisniuny
maludesen 1 uay 2 Uesniiniaiow diudesen 3 UuagiAuMIuINNIINTAN 3 WA
ANURANAAGIAAYBINTAN 4 Avtloeniinidli 3 Mudenldel K, uaz K, aldalunsdin

4 fo K, = [1000, 100, 100, 10, 10, 10] waz K, = [70, 20, 20, 1, 1, 1]

NNNsdaT K, wag Ky 31nnsain 4 unldlunsavausmunisiuazlanasiiumiste

1Y

A9 LATIIUNAIN

104 q1 torque q1
s . . ; 40 : Med
A W‘ 20
- Y K
5 _
g2 £
§ 920
‘@ 3t g
g 2 40
-4
—a -60
----- reference
51 . . . 80 L . .
0 0.5 1 1.5 2 0 0.5 1 15 2
time (sec) time (sec)
(n) ()

5UN 4.8 aamdesadl 1: (n) duvus uag (V) usaln
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¥ a =

91N3UN 4.8 (N) LARINAYRINITAIUANA LI NAY Q1198 vaTese 15U

4.8 (v) uanswssdanldlunisauauduniavestonai 1

2
03 i q‘ i torql‘je q2

—_—q2
0.4+ N e reference | 200

position (rad)
torque (Nm)
3
o

-400
b . _ . sl 500 - B . J
0 0.5 1 1.5 2 0 0.5 1 1.5 2
time (sec) time (sec)
(n) ()

5UN 4.9 asmdesion 2 : (n) duvis uag (v) usda

¥ a

NFUN 4.9 (1) NaveINITAIVANMLIIMINA Y IMEBvelarall 2 JUN 4.9 ()

wsstalglunisruausiunlavestasien 2

q3 torque q3
047 [ ‘ y 300, que q

250 1

200 -

-t
o
=)

N

position (rad)
= &
N
o
=3

torque (Nm)
3

0.4
0 L
0.6 —q3 |
A reference -50 |
|!
0.8 - y ! -100 " !
0 0.5 1 1.5 2 0 0.5 1| 1.5 2
time (sec) time (sec)
(n) ()

JUN 4.10 asrndasied 3 : (n) s uag (V) useda

1 a

31NFUN 4.10 () HaYRINTAIUANMUMIIMN Y18 19BeTBseN 3 JUN 4.10

() wsadanlglunismuauiunisvestanai 3
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1 x10°° ‘ q‘4 ‘ %1073 torque q4
—q4 i !

[,
-0.5

T - P
g £ 1
< Z
S - o 1.5
= 5
3 5 2
Q - -
2.5
3
5 . . . | 35 . . .
0 0.5 1 1.5 2 0 0.5 1 1.5 2
time (sec) time (sec)
(n) ()

JU 4.11 asmderiel 4 : (7) Mumis uay (V) usedn

1 a

NFUN 4.11 () HaveINIAIUANMUMIIMNAYY 19198 eTereN 4 JUN 4.11

(@) wsstanldlunismvausumisuestasien 4

torque q5
10 que q
0
5 |
£ £ 0t
8 2
= T
3 g 20f
2 e
=30 -
prr| AR N =AW ) e, N8
0 0.5 1 1.5 2
time (sec) time (sec)
Q) (0)

JU# 4.12 asenderied 5 : () Muvis uag (1) ussln

% a

N3UN 4.12 (n) naveINIsATUANMIUIIA U QUE19Bestesien 5 JUN 4.12

(@) wsstanlglunismivansuisvastasien 5



x1078 a6

—q6
----- reference

position (rad)

0 0.5 1 1.5 2 0

time (sec)

(n)

%1073

torque q6

0.5

torque (Nm)
o

-0.5

0.5

1
time (sec)

@)

JU# 4.13 asrndesien 6 : (n) Muws uag (1) ussln

INFUN 4.13 (1) HAVBINITATUANAIUVUIALETY

(@) wsstanldluniseuausiiunisestenian 6

a

UL NB

NANISADUAUBIUDIUA8WIUNALALUN UMD L URNAANS TR 8 U

Position of end effector

0.8

position (m)
o
=N

= = =xref
- Y
= = =yref

z ref

-0.2 .
0 0.5

5UT 4.14 nan1sneuauasiuialareirunaluiinAsiigey

1
time (sec)

1.5

2
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welasian 6 UM 4.13

913U7 4.14 uanslimunisauauduiaeslalsuvunanuiiin A15ideulag

N3l K, Wag K, 3100389 4 @11130AUANA Ny ae1984la waiinanisniunuwen

MINLNUAITUN 4.15, 4.16, uaz 4.17 lag3un 4.15 LanIN1sAIvANAILINUA1EUIUNaRIY

LWL x FUT 4.16 UaAIN1IAIUANAIUUIUAEUIUNAALLLILALY Y Uag UM 4.17 uwang

ﬂ']‘iﬂ’JUﬂllG‘],’lLLMﬂQUa']EJLLGUUﬂaG]']lILLU’JLLﬂu z



X position
0.85 T T
- end-effector position
0.8+ N reference position B

0.75
E
c 0.7r
i)
=]
‘n 0.65
o
[-%

0 0.5 1 1.5 2
time (sec)

JUN 4.15 HansmeuauewuisvesUmensunaluiiinAsiidgunumnu

Y position

-0.15005
-0.1501 (\fo e T e

-0.15015

-0.1502 |-

-0.15025 |-

position (m)

-0.1503 [

-0.15035 -

= end-effector position| |
----- reference position

-0.15045 \ ; 3
0 0.5 1 1.5 2

time (sec)

-0.1504 |-

3UT 4.16 nan1smauauasiurielameusunaluiinmsiideunuwny y

-3 Z position
12 210 , pos

I
- end-effector position
----- reference position

10

position (m)

2 . | L
0 0.5 1 1.5 2

time (sec)

UM 4.17 Han1snauauasiuviavesUaeuunaluiiina sAdeunuunu z

43



44

4.3 NAN15IN1ADIVBIRIAIUANLSTY

msmuqmmsﬂaaufuuﬂaasé"ﬂﬁmuﬂam?iau‘i?‘iLsﬁwlﬂmuLsﬁwﬁULLumﬁamﬁwu,wq N9
\ndeuiituazindoudilUluifnasidoulnefirmmnauny x siAdouRianndl x = 0.5 WA
wrdvsstuduilsiduaatinnudu (slope) Wity 0.8 Tnefinsdnfindrgeanit 0.8 wns
Asiedeudilunuuuinny y uas z szasmliduaiasdl v = -0.1501 wns waz z = 0 Wns
AINUARILAUITOIMUUS1A0IRMNIIARIMAUS X = 0.6 WAT A1T9aUSTOIMUUTIADS
AWM Kgpring = 500 TIAU/AUAT Wﬂiw:ﬁma%maqé’hmmmLmﬁmu@éﬁ’qﬁ m=0.11,b =
12,5, ua k = 0.11 A5981397 30 Tasu Tneguit 4.18 (n) uamaduisdnsBavestansuan

& JUN 4.18 (1) ULaneuriaresldunauazluuINaeIusInszyinanaeuen
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202"
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Tun193189915991999 928l 2 N5l Ao 1. wseo9deldeiuilandunaelou wag 2. s
21999 uianTuaelou
AINTUANTDUVDILTIDNDI LY MIUENNSN (4.1)
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[y

HANINBUANBIIITENIIUAEUIUNAAULUUTIRBIMUNIsERINTalElfagUn 4.19

Force contact Force contaf:t with model referenc?
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——force contact
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-
=

=)
3

o
o

2 3 4 5 0 1 2 3 4
time (sec) time (sec)

o

(n) (V)
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NANNSADUANDIVINTY IneL5I9N9B9uenduaelouy

NANISADUAUBIVDIATLALIVBIUANLIUNARINLUILAL X LLBLAANITYULIINU

WUUTIRR WmRUgUN 4.20

0.85

Position of end effector in X-axis
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B

5UN 4.20 sumiavesuanguaunalufiemianuiuIanny x Wi iuwuudaeaiiung

MNHAN5TIABIgUT 4.19 (1) aziiudn asdlil 1 fmuauusLUUBLTLAUTa1aNTD
muauiuisesasuvunalusarudfukuuaesiundalvinudiumisdnediile
anussnsErhiivatsuIuLazaNsoAmUALLTINNLIIEeBdlE wiluvmrusnsududdia
{Aureausanseviegil 68.4 % JUAl 4.19 (1) nedi 2 tuidleliussdredainileidudielou
anansnanAaAugIsusnauadld 3R 4.20 wansiduisasuvunaiiiadouiluiianig

WNU X YBINTATUANWIINTEN 2 (FU 4.19 (1))
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WIABuAIlaaUSn keyrmg = 500 Tadu/iuns 1y 1000 Tadu/uns fvan 9

9 A lPHANTNBUANBINTAIUANKIINUFUN 4.21

70 Force contact force control

——Force Contact
Reference

Force (N)
N w H (3] 2]
o o o o o
T T T T

-
o

oM . ‘ \
0 2 4 6 8 10 12

time (sec)
JUN 4.21 HANTHOUALDIVRIIATUANLINTBINITIUAEUAT kgpring 370 500 TIAUANRS

(W 1000 DaduAuag

sniituliiudloauaausweswuudiaaniunaain 500 dasu/wnes W 1000
TIFU/AU05 AIAIUANLIILUUBNRAUS a1 T0AIUANLIINNLTIIN 9B LA Laelusan i

087l 116.6 %

4.4 puan1sIUSEUNBUNITUIANNBUYBIAUNITITERINNNIAADAGIDN LAZIUADU

SLBINUFNTIN

TunisilSeuiisuseninanifneagloy AUTuRaUIBBaRugnssy Agldfandu
AGINANERSTIFAIRNAN0ELAT ALNAdDUTDMIANLLE LA AINRINENTUNSAUINTEINTT

AU

Heandunldae Sphere function The eggcrate function Way Peak function @aumay
Henduasiiaududousieaiu Sphere function UuAzdyAMIgAaLH x = 0 Uag y = 0 Awld
z=0 Tngaziiflsiduisannis (4.2)

z =x?%+y? (4.2)

The eggcrate function WuazliaunsNFUaUTUTAIgnvRslsnTullogh x = 0

waz y = 0 Aglel z Ueedgnuszanas 0 Asmuauns (4.3)
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z= x%2+ y?+ 25(sin(x)? + sin(y)?) (4.3)

'
! o LY

Peak function fdnwazdruasinaauliundefinududauninnitgaaieanduwsn

Y
]
a

Peaks flduiisgnogluduniail x = 0.2283 uag y = -1.6255 A1 z HosNannuszum -

6.511 @un15U89 Peak function kansAsd@un1s (4.4)

z=3x(1—x)%exp(—x?>—(y+1)?) — 10 (g —x3 —ySexp(—x% — y?) —
%exp(—(x +1)2 —y?) (4.4)
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AN
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AN

A

SUT 4.24 ity Peak

[

ASNAADUNUYDY PSO WAy GA  JnSAuruans imesmniiounusall  971u7u

UsgIns = 50 91UUNSVINET = 30 8F = 2 Upper limit = 100 Lower limit = -100

Audsved GA Mvuadsll Araudiazdulunisnaneiug (mutation probability) =

0.05 AAaasdulunsuaniudsuiy (crossover probability) = 0.95

[

AUsU99 PSO Myiunnall An

[

UUSEENDAIURDY Wygy =1, Winin = 0.6

ANANTIAMNLSS = ¢y = 2.1

A19199 4.2 HANTNAERUIEIIN PSO Lag GA feilendu Sphere The eggcrate wag Peak

U NN ¢ GA PSO
NIATUAINANENT . — A . =~ =
ANAHULNAUZ AL 1281 (WUN) ANAMHULAUZ AL 1381 (WUN)
Sphere 6.89E-06 1.5223 8.69E-15 0.10131
The eggcrate 0.0025 1.51758 4.38E-15 0.11166
Peak -6.5511 1.5377 -3.0498 0.11924

PANALUAITNT 4.2 AglaHsAdu Sphere Waz The eggcrate AIMNITATUILLATAT

AMUMLNZALYDY PSO 92ANIUDY GA ke builandu Peak NHANUTUGDUNINTU GA @115

'
R

gindegalasnit PSO
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4.5 uan13UIUIgUN1TUSUUTIANAILUTVRIAIAIUANLTITENINNIAADA

#7903 (PSO) UazTuUABUASIYINUINITU (GA)

nan1s91aesielulazdunanisdnasivedn1sniAIR Ikl TU09AIAIUANEIILUY
duiiwaudiionazunldlun1snIANLSINTEITENIIUNATULUUTIABINILNG LTBan
na waznuEIluNsg M desn svesmiineadisy wazlaAndanesiiu Jwandiuau

[

U213 1azdUIUNTYINGILA8zIN1TARUAAIF LU A9 Al

NIRADAEIDY LALLALUANDANDITIY TNITANNUANITINLADSTNNLDUNUAD I1UIUY
Usgns = 10 91uUNI5YINET = 15 86 = 3 Upper limit = 1000 Lower limit = 0.1

[
4 1

o a Y a e o v A 1 I v
FauUsvBALURNSaNDSTNAIMUARIHE ArAINUIaztTulunIsnatewus = 0.05 A1

AnuuazulunswanUasudy = 0.95

'
- a £ A

FALUTUDINIAADAEIBUAAUARIT ANENUTEANSAUADY Wingy = 3, Winin = 0.6
i q‘ ]
AIPINANULIY c1=¢, = 2.1

\ndeufivosusunalufimmamauny x asedsufiaandt x = 0.5 wns udufuTudy
flefduain Sarmduiiiu 0.8 Tesfinnsdidadigeanil 0.8 was daunisiadeudiluaiy
WU Y Wag Z 9vAe S JuAaedl y = -0.1501 WAT kA% z = 0 AT AIALARLMILNUS
wuusnaeaiunalifigunts x = 0.6 Wes AIRIAUTEIMUUTIADIR LN Kspring = 500

Tdusung 14 sampling time = 0.01 3w

HAYINNITINAINITATUIUNIAIA MU TVBIAIAIUAN LTI UUBUAUAUS AU sary

FENINNAADAIBN UazlaluANdanesny duanegui 4.25
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PSO vs GA tuning
50 T T T

40 -

force (N)
w
o

N
o
T

03

—GA
—PSO
----- reference

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
time (sec)

JUN 4.25 uansrusinszyiseninsuamensunauazuuuIaesiunanldnsmeay

Wizan 1) GA lLUANSanasiy 2) PSO wifireaaiau lasdl reference LULSI91984

n3UN 4.25 azdiuldintunsdinismeaiiudsvessianuauusailglunaunatl wid

v
o A ! [ 1

ABAEIBNAINTTANIAMNWI AN A lUTIWIVYTLYINTUAZ AT TINYINAY UeLaLURn
danasfiuldansahlafvinnineadioy lngA1veiilUIfIAIUANLSINNAABAE D1
16 Ao m = 17.2680 b = 7.8152 k = 1.8496 uagerlaLuAndanesfiumle fe m = 61.0514

b=4.6574k=1.4789

4.6 HaN15INARIAIAIUANLIIULUTUALALagTdwAnaasaau dmsuuauna

wwaaulng 6 aeAdasy

Tumssaesiasdaedduneufinpesfiifussanana core i5 2.4GHz 14 sampling
time = 0.0001 3wt wwunadilddue PUMAS6O (8] Bulsivuiafoutatuuuna 210 x 39
Dudyauain Budl x = 0.5 wns & Araudu = 0.8 ’«j’wﬁmﬁ%mﬂq@aqmﬁ 0.8 LA, y = -
0.1501 w35 ATl , z = 0 1Ums Asf Ineazldusanseyhnneuendia Kspring= 500 36iu/iams
Hdﬁm x = 0.6 4UAT hazilksanseine198e = 30 11U A1Y0IRIRIUAN bang-bang nun
upper limit = 2 4264 lower limit = -2 76

1% 1%
o

N5 DS LUNIAADAEIB5Y (PSO) AMNUARIT T1UIUNISYNDIEIER = 15, T1UIU

U5y ng = 10, R = 3, ¢; = ¢; = 2.1, Wigy= 1, Wi = 0.6, ANg9gAYBS m, b, k =1000, A1

G‘hqmm m, b, k = 0.1
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4.6.1 N1331984N13AUANLIUTBIUABUATTIEUI VR IUUUTIAD I UNS

N1591899N15: U088 UANTaUS UL UUINADINLNIR ARl AU I o AN 1NU D

]
[ a o o

agareueniinisivisuld en1snuaveifianunsanivauusaliliiAnusanaiuunn
willauiugui 4.21 wazdaanunsausudilvimaiuaulviniuauunsslafnindniuauduiuaus

§55UA1 NSNAABUILNAABU 3 NN AD
1. WasuAdeau3wanuusianstunaann 500 Sadwiuns Wy 1000 Sadu/iuns
2. WasuAdaausswesuusiansiunean 500 Saduuns 1Wu 2000 Sadu/wns
3, .UABUARAUS VDU A0 UNIN 500 TaduAuns Wy 3000 Tadu/uns

ASAIN 1 TuIZSUAINAIYIINITIWAsUATTAaUS N 500 Tadu/auns W 1000 99

U d‘ a a
FU/LUAT IAT 9 IUN

I;grce contact when environment change from 500 to 1000 N/m

A ne

N N
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L

Force (N)
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L

(3]
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0 s s ) s s
0 2 4 6 8 10 12 14 16 18
time (sec)

JUN 4.26 navasIInNIETaIAIUANKIIUUUTUMIMa URsuA TaauTan 500 3

Fu/ns Wy 1000 T6U/mes Anal 9 Fuii

9N3UN 4.26 fnsdeuefiaausduiundia 9 arnnanisiiaesziiviniiniuay
wsewuudsumlatanunsamunuussiaiulaldviounufmaiuauwskuusTn (Kaansy

i a.21)
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5 Force contact after tuning at spring constant =1000 N/m

TN nnnr

Force (N)
- N N w
[3,] o (3.} (=]
. |

-
o

(3}

675 680 685 690 695 700
time (sec)

JUN 4.27 navestsanseivesaIuauksuuUTusalddeidsuaiaausannn 500 3

si/ms 10w 1000 Has/wms WeUsulgeafianysuen

N3UT 4.27 wandliiuivaaninnsusududiluaugnaaugaring wsams
WulugansnruaranastaenntwsnMuasuadaaussduiuiia 9 laamisiliwesuads

AIUANLIIRUUBUALAYAD m = 0.1100, b = 4.9452 wag k = 0.1100

Force contact after tuning at spring constant = 1000 N/m
T T
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>
S
=

Force (N)
>
[—1
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10-

0 J L | | /3 | L
697.5 6989 6985 699 6995 700 7005 701.0 701.5 702.0
time (sec)

JUT 4.28 sUrengvesusensyiiideiasueivay3ean 500 fadu/ns W 1000 Has/

bR
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Fitness value environment change 500 to 1000 N/m

551 1

4.5 1

fitness value

3.5 1

iteration

JUN 4.29 uansA fitness Yeansain 1

Y 1o v PN

JUN 4.29 uanadn fitness value ¥eansalyl 1 BeAlagmasuadnsiludiuiunisvie,

Y

ldl 1 1 o o 901 Id‘
59U 7 wangIvmamunzaulaluauIunisyingnseun 7

ASAN 2 TuazSuAINA1YIINITasuAIaaUs 190 500 dadu/uns vy 2000 197

LY d‘ a a
FHU/LUAT NIAT 9 IUMN

I;grce contact when environment change from 500 to 2000 N/m
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- N
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Fu/ns Wy 2000 TFU/ANAT a1 9 Fui

Y]

91n3U7 4.30 ndsnwdsuaiaausatu 2000 Tidu/iuns wadanuauilds

anunsanuauL sl AumieudinIuaNLsIsTIUALA
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Force contact after tuning at spring constant =2000 N/m

TN NN

Force (N)

10 b

0 1 L L 1 1
675 680 685 690 695 700

time (sec)

JUN 4.31 navesisanszivesnIuauksuUUTudlndawAsuafaausannn 500 3

f/ms 1u 2000 Has/wms WeUsuugsAfinUsuen

N3UN 4.31 uanawanainuiudmuanseusesudiluaugnaiuanying oz
wiuansausudliauauusslanty laawisnfivesvesiimuaulsuwuuduiivaide m
= 0.1100, b = 4.8491 waz k = 0.1259 uazdn1MVEILVRITMEWTUFIAIUANKIlUTUT

4.32

e Force contact after tuning at spring constant = 2000 N/m
T I T T T T T
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o
T
|
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o
T
L

—_
o
T
L

0 | | 1 | |
697.5 698.0 6985 699.0 6995 7000 7005 701.0 7015 702.0
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5UN 4.32 sUvgneveusainseyinilaiuasumiaaysaain 500 Gafu/wng W 2000
TIAW/LUAT

NFUN 4.32 Aauseann 697.7 Jundl lusausnvuasiinssiavudugunuy

LY

B399 UAIAIVANL IV URANNEWAElYRIAIUAN bang-bang LRAALIITIALYDULYA

Y
a U Y =

v a a Yo a a cal 1
WG]QI’JV’]@ 2 Ay -2 UIBIU L 'JGUQLUGEJUN']IGUGD?TTUF’]NLLiQLL‘U‘U@@JWLL@U"UW%'NL'Jﬁ']Ui%@J’]m

698 AU
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Fitness value environment change at 500 to 2000 N/m

12 ¢ 1

M"r 1

10 - 1

fitness value

iteration

JUN 4.33 uanaen fithess Y09n3aIN 2

JU 4.33 uanadn fitness value ¥eansalil 2 eAlagmasuainiludnuiunisviig,

59UN 10 kazenIulusaun 15 wananmAunzadla lusIuIun1syingIseun 10 way

Apvulusaun 15

NSN3 HuAziSUAINA1YIINISUAIUATEaUS RN 500 Tadu/Auas Wy 3000 17

AU/LUAS 387 9 U

I;’grce contact when environment change from 500 to 3000 N/m

i
30 [z g
25 f f |
Z2+
@ |
e |
o 15
w |
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|
5 1
0 r_' - 1 Lo F_N L il L
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time (sec)

JUN 4.34 HavaeusanszinvasiimuaNksLuuUTumlalleidsumiaal3ain
500 /s WU 3000 Tadu/iuas ian 9 Jund

JUT 4.34 wananavadnsanssiidewfsuadaaUsalu 3000 dasu/iuns aziule

i i a I a a acd 9 Y I a a ) v
ANVUSN L‘Uaﬂu@nu%ﬁﬂiﬂ'ﬂﬁuaqﬂqiﬂﬂﬂ LLiQVLQJIVWQ LﬂULWN@um'JﬂrJ‘UﬂN b3 LL‘U‘UﬁiﬁN@I'{L@
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35 Force contace after tuning at spring constant = 3000 N/m

304 o g b

N
(3]
—
—
—
—
L

N
o
I

Force (N)
&

-
o
I

(3]

0 L L Il 1 L
675 680 685 690 695 700

time (sec)

JUN 4.35 navesusanseinvesiinIuauws L uuUSudIladewisumiaausean
500 Fadiw/uns Wy 3000 Tadw/iuns WeuSuugermfuusudn

9INFUT 4.35 waneAksenTeyimainiinisusuiuasluaugnaiiuanyiela
AN DS VBIAIAIUANKIILUUBUARATYAS m = 0.1100, b = 4.7801, k = 0.1100 wag

amglugud 4.36 Tuwansliiiiuingrauwsnauiivaiaidszaia 697.7 3unil dusiaiuau

Bang-Bang wuannsatiuaiuAuusslilyiafuduieiunsali 2

™ Force contact after tuning at spring constant = 3000 N/m
T T I T I T
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T
I
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o
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o
L

0
697.5 698.0 6985 699.0 699.5 700.0 700.5 701.0 7015 7020
sec (s)

JUN 4.36 Urenerewusensyindeiasumiaay3eann 500 fadu/uns u

3000 WIAU/LUAT
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° 5Fitness value when environment change at 500 to 3000N/m

T T

19 1

18.5 b

-
N o
(3] o
T T
1 I

Fitness value
=9
~N
T
Il

16.5 ]

16 - b

15.5 - ' '

iteration

5UN 4.37 uanadn fitness Y09n5aIN 3

91n3UN 4.37 duuans fitness value voInsliN 3 Jaaziuladnauisaniad

winnzaulAlusoun 9

N1391aUNeNAGBUTIY 3 Nl AB LUABUATIEUTIVBIMUUTIABINIULNIAN
500 N/m +0u 1000 N/m, 2000 N/m, uaz 3000 N/m faauauusssuulsumlalagldnid
ADRAIBNAINNTIAIUANLIIANLLIDNBY UazausauTummuileaiaausweduudngaes

Aunaiudsulule

4.6.2 M331829N1IAVANLTIIUABUNANISvsUaBwvUNa luvsduRaR ULUUTIA0

AN

nsdraesiiliunisvadeunismivauus asfiusunaedeunidledudaiuing

@ A

LAY NSNAADUAIAIUANLTIBINSWABWMUIasUa swvunaluianemuuny y lag

'
[ a

A x Wu dyraa1adui x = 0.5 was & Aaudu = 0.8 Faiesiunusgegai 0.8
RS, y SUAUT y = -0.1501 wns wasuadeuduilsiduaindesivian 1 3und danu
T = 0.3 funaEeani y = 0.4 13, z = 0 WASAIN 16 kgpping = 500 WIAU/ALAT AgloHa

L39NTEYsEninsUaguIUNATULUUTIa0IALIRNgUT 4.38
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Force contact Change y position

[F)
[4,]

[F)
[=]

PES
.
-

force contact
e I [\*)
o [=] (4]
.l

=9
=
T

wn
T

""" reference
—forcecontect

0 1 2 3 4 5
time (sec)

5UN 4.38 navesusansyyinssniumenvunatuiuuinassiun Welfeuiuislay

wauNaluRANIIANLAY v

£ 2 Position of end-effector

0.6 r 1—7
y

—_—

04+

0.2+ ]

position {m)

time (sec)

5UM 4.39 funsvesuanguvunaiileiiguiiamaniunuiuny y

1NFUN 4.39 Aadunisveslaguvunanvudiiuingnieusnuaziadeunly
Tumn1awny y 31nn1531aeiuandlimiiiudi Weauaunavsudnfumiunelalvinnsiagudie
V9N5LAROUNVRIUA BN LUMNKILILAY Y AIATUANTEINNITOAIUALLIINILLTI19D

Y a =~ @& v d' d' a9 a
191 "U%lll,lﬁ\'iﬂﬁgLWE)lILaﬂu@ﬂLN@WQ@ﬂWiLﬂa@umiumﬁwqﬂLLﬂu y
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4.6.3 n1331@RINTAUANLILBIURBUTIANIeYRsUaNBuIUNG  LasiUABuAuTUIYRq

LUUINADIN NG MUV UL HUNANULUUIIADINTLING

nsnadeUssInAenIiAdeunnuLY y Wudasaa Tunsiiasimsasaniu
LVNNNSURIUALAUIUDILUUINADIN NI LA LNALN11 TRgUNANUILAIAILAUILUUTIAD
1A% 0.6 LUAT YIINITANAILAUIVDILUUINABINLNI WUUTUAT LTS Tagasnagay 2 Nsal

D 0.59 WM uaz 0.55 Wns M kepring = 500 Ta6U/nS

AN 1 WASUALMUILUUTIA098 NN 0.6 WA 10U 0.59 7Aian 2.5

o Force contact when wall model change position

""" reference

force contact
-"" |
o

[2)
[=]
T

-

force (N}
8

-
[=]
T

0 1 2 3 4 5
time (sec) ]

5UM 4.40 NN 1 USaNTEyTEMINUaIeuauna AULUUIIABIMUNG Wallnsansiumi

YDIUUTIAIAUNIAN 0.6 105 LT 0.59 1uns
IN3UT 4.40 azuituldiiindia 2.5 liimsasussezuuudiaesiundlilng
W WeSuUisuseey AvewsinTeinagiUisugliudivaslaeliusaneiueg 17 % ue

fAanusanuauusalalunaisen Geveshunilalsusunatunsdiiuandduzun 4.41
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I[’l%sition of end-effector when change wall position 0.6 to 0.59 m

—X
—y
0.6 r i
E gal
c
2
P g2}
(=%
0 —/
-0.2 . L . .
0 1 2 3 4 5

time (sec)

JUN 4.41 n3diin 1 sunmiavesuangiuuna Weiin15anfuviiaraduudaeanineIn 0.6

Wns WU 0.59 AT
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0000000000000000 : 000000000000000000000
©00000000000000G0 Sprlng force $%%%%%%%%%%%%%%%%%%%%

function fext =exforceNEW2 (x,x0,spring)
$[fx fy fz mx my mz]

if x>x0 %% at xforce at x=0.6
fx=spring* (x-x0) ;
else

end
fy=0;
£z=0;
Sfext=[fx fy fz 0 0 0];
fext=-fx;
end
$xyz(1:3,4:4,1) "frm work space
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%%% Real time PSO Force Controller in PUMAS560
clear all;

clc;

mdl pumab560
%p560.nofriction
%p560.payload (0, [0 O 0])
%p560.nofriction

global X;

global Y;

global Z;

global gbotref;

%global gout;

X =0.7;%0.3;% to 0.7

Y -0.1501;

7z = 0;

xreffirst =0.5;%0.6;

TO = transl (xreffirst, -0.1501, 0) ;
gbotref=p560.ikine (TO) ;

$PSO IMPEDANCE CONTROL PUMA560 TUNING;
$PSOIMPEDANCECONTROL; $ PSO impedance

ForceControl p560 BB real;% PSO impedance bang bang

force colection=0;
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samf=176; %251 for 2.5s,176 for 1.75s;

oo
° 0
©900000000000000000000000000000000000000000000000000000000000000000000
0000000000000 0000000000000000000000000000000000000000000000000000000T0

initial for PSO impedance control

o\
- oo
o\

'_l
'_l

Il
[

%a=100;v=100;x=100; £d=0; sumerror=0;

global Vm;global M;global fit;global pbest;global pbest fit;global
bestfit;

global gbest;global m;global b;global k;

global ferror;global ferrorfit;global Fout;global Spring;

Spring = 500;

$set param('PSO_IMPEDANCE CONTROL PUMA560 TUNING/Spring', 'value','[Sp
ringl');

%$set param('PSOIMPEDANCECONTROL/Spring', 'value', ' [Spring]"');

set param(' ForceControl p560 BB real/Spring', 'value','[Spring]');
dimension 3;%%M, B, K

wmax = 1; .729844;

ol

24%10;%20;

1.496180;

1.496180;

maxgen = 15; %10000;

%inital parameters

M = zeros(particle,dimension) ;%$zeros(l,particle);
Vm = zeros(particle,dimension) ;

)

3

'_l

o]

I

(O
o0 do || oy oe

$fitness = zeros(l,particle);%2.*ones(1,10);%zeros (1,10);
pbest = zeros(particle,dimension);

pbest fit = zeros(l,particle);

bestfit = 100000.0;

gbest = zeros(l,dimension) ;

%$collecter

%global pbest collector;global gbest collector;
pbest collector=zeros(particle,dimension,maxgen) ;
gbest collector=zeros(l,dimension,maxgen) ;
$function sphere

upli = 1000; %upper limit

W ) . ] 9
lowli = 0.1;%0.01; %lower limit

vmax = upli-lowli;
000000000000000000000000000000000000000000000000000000000000000000000
555555555555 %5%%%5%5%%%5%5%%5%5%5%555%555%55%5%5%%%5%%%%%%5%%%%555%55%5%55%%5%%5%%%%%%%%
9090000000000

OO0OO0OO0OO0OOOOODOO™©

Q

%$collector

n=0;

xx=0;

ic=0;

gc=0;

NPSO=0;

00 0000000000000000000000000000000000000000000000000000000000000000000

$%%%%%%%% Result from tuning %$%%%%%%%%%5%%%%%%%5%%5%%%%%5%%%%
gbest (1)=0.11

gbest (2)=12.5

gbest (3)=0.11

Sbestfit=36.48;

m=gbest (1) ;

if gbest(2) < %% Lowest b is 4 if not will go to error
)

gbest (2)=

o 0o oe
o 0o oe

end
b=gbest (2) ;
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sim('ForceControl p560 BB real');

gbest (3);

k
sim('PSO IMPEDANCE CONTROL PUMA560 TUNING');

°

[

o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
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o\°
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o\°
o\°
o\°
o\°
o\°
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o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°

index must be a positive

Fout (x) ;

(-65999,1);

1:45000

xx=((n-1)*6000)+ ((ic-1)*6000)+ ((gc—-1)*60000) ;
ForceColection ( (xx+x),1)

for x

end
=xx+45000;

$SAttempted to access
XX

integer or logical.

o
o©
o
o
o©
o©
o©
o©
o©
o©
o©°
o©
oo
o
oo
oe
o
o©°
o©°
o©
oe
o
o
o
o©°
o
o©
o©°
o©
o©
o©
o©°
o©°
o©
o
o
o©
o
oo
o©
o©
o©
o©
o©
o©
o©
o

fitness;

fitness=max (ferror);

bestfit

o
o
o
o
o
o
o
o
o
o
o
oo
o
oo
o©°
o
o
o
o
o
o©
o
oo
o
o
o
oo
o
o
o
o
oo
oo
o
oo
o
o
o
o
o
o
o
o©°
oo
o
o
o
oo
oo
o©°
oo
o
o
oo
oo
oo
oo
oo
oo
oo
o©°
o
o©°
o
oo
oo
oo
oo
o

o\
oe
o\
o\
o\
o\

sim('ForceControl p560 BB real');

< 4 %% Lowest b is 4 if not will go to error

gbest (2)=4;
change spring of wall model at 2 contact

1000;

gbest (2);
gbest (3);
Spring

k=
end

%% 1f gbest (2)
b

1:4
sim('PSO IMPEDANCE CONTROL PUMAS560 TUNING') ;

m=gbest (1) ;

°

ringl"');

[

%set param('PSO IMPEDANCE CONTROL PUMAS560 TUNING/Spring', 'value','[Sp

set param('ForceControl p560 BB real/Spring', 'value','[Springl');

for n

o\
o\
o\
o\
o\
o\
oe
o\
o\
o
oe
o\
o\
o
o
o\
o
o\°
o\
oe
o
o
o°
o\
o\
o
o\
o\
o\
o
o\
oe
o
o\
o
oe
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\

index must be a positive
= Fout (x);

(=699 mlw);
((n=1)*6000)+ ((ic-1)*6000)+ ((gc-1)*60000) ;

for x=1:45000

ForceColection ( (xx+x),1)

XX
xx+45000;

end

%%Attempted to access
XX

integer or logical.

o\
o\
o\
o\
o\°
o\°
o\°
o\
o\
o\°
o\°
o\°
o\°
o\
o\°
o\
o\
o\°
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o\°
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o\°
o\
o\°
o\
o\
o\
o\
o\°
o\°
o\°
o\°
o\
o\
o\°
o\
o\°
o\
o\°
o\
o\

fitness=max (ferror);
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if fitness>bestfit+5
bestfit = 100000.0;

$initial mbk

for 1 = l:particle
for j = l:dimension
M(i,J)=lowli+ (rand()/2 )*vmax;

Vm (i, j)=-vmax+ (rand()/2 )* (2*vmax) ;
pbest (i,J) = M(i,3);

end
%$evaluate fitness value
S[fit (1) ,bestfit] = evaluateM(M,i,dimension, gbest,

bestfit,a,v,x, fd, sumerror) ;
$pbest fit (i) = fit(1);

oo

sim (' PSO_IMPEDANCE_CONTROL_PUMA5 60_TUNING' N
sim('ForceControl p560 BB real');

$fitness = ferror(samf);%%number is samplng from simulink
fitness = max (ferror);%%number is samplng from simulink
$for x=1:45000

)
%

$ForceColection ((xx+x),1l) = Fout(x);
$end

$ xx=xx+45000;
if fitness < bestfit
bestfit = fitness;

for j = l:dimension
gbest (j) = M(i,3);
end

end

fit (i)=fitness;
pbest fit (i) = fit(i);

9900000000000 00000000000000000000000000000000000

H
O
e
'_J
Il

:particle

for j =l:dimension

%update velocity

rl = rand()/2;

2 = rand()/2;

SVm (i, 3)=((g* (wmax-wmin) ) /maxgen)* Vm(i,j)+ cl*rl *(pbest(i,])-

M(i,3)) + c2*r2 * (gbest(j) - M(i,3));%wrong EQ

Vm (i, J)=((maxgen-g) * ( (wmax-wmin) /maxgen))* Vm(i,j)+ cl*rl

* (pbest (i,3)-M(4i,3)) + c2*r2 * (gbest(j) - M(i,3));
%check boundary

if Vvm(i,j) > vmax

-



vm (i, J)

end
if Vm(i,j) < -vmax

Vm (i, J)

end

M(i,3J)
if M(i,3) > upli

M(i,3) = upli - 0.01;%0.01
vm(i,3j) = 0;

end
if M(i,3) < lowli
M(i,j) = lowli + 0.01;%0.01

vmax;

-vmax;

%update position
= M(i,3) + Vm(i,J);

s
sim('ForceControl p560 BB real');
fitness = ferror (samf);%%number is samplng from simulink

s xx=((1i-1)*6000)+ ((g-1)*60000) ;
T xXx=(=(n=1)*6000) + ( (2e71)*6000)+( (ge=1)%60000) ;

for x=1:45000

ForceColection ( (xx+x),1) = Fout (x);

end

xx=xx+45000;

fitness = max(ferror);%%number is samplng from simulink
if fitness < bestfit
bestfit = fitness;
for j = l:dimension
gbest (j) = M(i,3);
end
end
fit (i)=fitness;
if fit(i) < pbest fit (i)
for j = l:dimension
pbest (i,3) = M(i,3);
end
pbest fit(i) = fit(i);
end
% fit(i)=fitness;
pbest fit (i) = fit(i);
%%%  pbest collector
j = l:dimension
st collector(i,]j,g)=pbest(i,]);
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end
%disp (bestfit)s
%% gbest collector
for j = l:dimension
gbest collector(l,j,g)=gbest(]);
end
fitM(ii)=bestfit;
ii
ii=ii+1;

end

NPSO=NPSO+1;

NPSO

%$1c=NPSO*particle;
%gc=NPSO*maxgen;

o
o

end
end
plot (£itM) ;

Tandmsuldlunisusuguusenglaiinganesiy

clear all

clc

clear all;

clc;

mdl puma560
$p560.nofriction
3p560.payload (0, [0 O O])
sp560.nofriction
global X;

global Y;

global Z;

global gbotref;
%global qout;

X =10.7;%0.3;% to 0.7
Y = -0.1501;

7z = 0;

xreffirst =0.5;%0.6;

TO = transl (xreffirst,
gbotref=p560.1ikine (TO) ;
%PSO_IMPEDANCE CONTROL PUMA560 TUNING;
$PSOIMPEDANCECONTROL; $ PSO impedance
$PSOIMPEDANCECONTROLBB; $ PSO impedance bang bang
ForceControl p560 softcontact

force colection=0;

samf=176;%251 for 2.5s,176 for 1.75s;

-05116W15 [O) &

o
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global Vm;global M;global fit;global pbest;global pbest fit;global
bestfit;

global gbest;global m;global b;global k;

global ferror;global ferrorfit;global Fout;global Spring;

Spring = 500;

$set param('PSO_IMPEDANCE CONTROL PUMA560 TUNING/Spring', 'value','[Sp
ringl');

$set param('PSOIMPEDANCECONTROL/Spring', 'value','[Spring]"');

set param('ForceControl p560 softcontact/Spring', 'value','[Spring]');
$dimension = 3;%%M,B,K

990000000000 00000000000000000000000000000000000000900000000000000
OO0OO0OO0OO0OODOOODODOOODODOODODOOODODOODODOOODODOODODOOODODOODODOOODODOODODOOODODOODODOOODOOODO©OO™©O

tic

options =

optimoptions('ga', '"MaxGenerations',15, 'PopulationSize',10, 'CrossoverF
cn', ...
{@crossoverintermediate, 0.95}, "MutationFcn',

{@mutationuniform,0.05});

FitnessFunction = @simple fitness p560;
numberOfVariables = 3;
[x,fval] =

ga (FitnessFunction, numberOfvariables, []1,[],[]1,[]1,0.1,1000,[],options)
toc

% reference 1.A New Metaheuristic Bat-Inspired Algorithm
2.Evolutionary computation between Genetic Algorithm and
Particle Swarm Optimization

o\°
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PSO based Adaptive Force Controller for 6
DOF Robot Manipulators

Sutthipong Thunyajarern, Uma Seeboonruang and Somyot Kaitwanidvilai

Abstract— Force control in robot arm has been used in
many industrial applications especially end-effector contacting
with environment. When environment is change, the
performance of non-adaptive controller may be decreased.
This paper presents adaptive force controller for 6 DOF
(degree of freedom) Robot Manipulators that do not require
identifying the environment before controlling. Particle swarm
optimization (PSO) has been employed to seolve this problem.
In simulation, the end-effector was moved and touched
different environments. The simulation results were compared
with typical non-adaptive control. The result shows that when
the environment is changed, the performance of non-adaptive
force controller decreased. On the other hand, the performance
of PSO based adaptive force controller remained the same.

Index Terms— force control, impedance
environment modelling, particle swarm optimization

control,

I. INTRODUCTION

Force controller in robot manipulators has been adopted
in a number of industries, for example, automotive
industries, semiconductor and electronic component
assembly lines. Force controlling methods can be
categorized into direct and indirect force controls. This
research applied the indirect force control system. This
control scheme composed of two control loops; inner and
outer loops. Inner loop controller is for position control of
end-effector, while outer loop control is for force control.
The outer loop control sends coordinate information to the
inner loop control in order to calculate the position and
control the end-effector.

In this paper, the indirect force control, which is
impedance control, controls the force contact between end-
effector and environment. The impedance control can
regulate force contact with environment according to some
specified mechanical impedance variables such as mass,
damping coefficient, and spring coefficient. When the
environment is changed, these parameters of impedance
controller will be set to new values to generate the desired
response. The method of particle swarm optimization (PSQ)
has been employed in order to search for the new set of
parameters for this impedance controller.
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At present, there are various research on force control in
robot arm that apply the impedance control. Initially, 2 DOF
force control operated 2 DOF robot arm and environment.
Typically, this control scheme employed indirect force
control, which used impedance control to control force
contact between end effector and environment [1]. The
study on the comparison between the impedance control and
force-free control showed that both of them can stop end
effector when in contact with environment but they may
have different behaviors [2]. The optimization algorithm,
particle swarm optimization (PSQ), has been employed to
solve many problems, such as tuning parameters of
regression support vectors for predicting pinch force signal.
The applications with PSO always perform with better
accuracy than typical application [3]. Another application of
PSO is for tuning parameters of PID controller to control
robot arm as PID controller in MIMO plant is difficult to
tune manually [4]. When environment is changed, PSO has
been successfully applied in order to adjust parameters of
impedance controller [5]. In other algorithm, artificial neural
network (ANN) together with neuro-fuzzy is used to control
force in contact with environment. When end- effector
contacting with environment, force contact overshoots force
signal, the neuro-fuzzy algorithm applies reference force
through transfer function so that the reference force
increases smoothly [6]. Moreover, this technique is the force
control method, which combines the adaptive fuzzy
controller and PID controller. This latest advancement
applies PSO for adjusting the PID parameters for active
suspension system [7].

The problem of the force control is mainly caused by the
decrease of performance when the environment changes.
Although there are many adaptation algorithms proposed to
solve this problem; however, as shown in the previous
works, the adaptive algorithm with the local minima
avoidance for the force control has not been proposed in the
6DOF robot manipulators. The proposed technique enhances
the ability of the force control system so that the force at the
end-effector can be adapted to the environment changes
which is more realistic on the force control system,

This research paper presents the PSO based adaptive
force control for 6 DOF. The system of force control,
position control and PSO will be proposed. The expected
result is the better performance of the proposed force control
over the typical impedance control.

II. OVERVIEW OF THIS SYSTEM

Firstly, the overview of PSO based adaptive force control
in robot arm will be presented (Fig. 1). From block diagram,
xyz is the desired position of end effector in Cartesian
coordinate system.
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Inverse kinematics equations are applied to determine the
joint parameters that provide information on a desired
position for each of the robot's end effectors. Position
control is controller for controlling the joint of robot arm.
Environment means the material contacting to end effector.
“f ref” is force rcference signal. Model reference is the
transfer function. The PSO scheme is applied here for tuning
parameters of the impedance control.

X¥Z ref q desired

XYZ desired 4

Posttion
control

H Robot

qQ

PSO tuning

Fig. 1. Block diagram of PSO based adaptive force control in 6 DOF robot
manipulators.

A. Forward Kinematics

Forward kinematics equations refer to those equations of
a robot to compute the position of the end effector from
some specified values for the joint parameters. The
kinematics equations for the series chain of a robot are
obtained using a rigid transformation [Z] to characterize the
relative movement allowed at each joint and separate rigid
transformation [X] to define the dimensions of each link.
The result is a sequence of rigid transformations alternating
joint and link transformations from the base of the chain to
its end link, which is equated to the specified position for
the end link.

(7] = [Z,][X,][Z,][X,][Z5] [Xa] ... [Zn-1][Xn—1]
@

Where [T] is the transformation locating the end-link, [Z]
is the joint matrices, [X] is the link matrices.

Joint matrices can be defined as the multiplication of
translation matrix and rotation matrix as shown in the
following equation.

Z; = Transz,(d;)Rotz,(6;) 2)
Where Transgis translation matrix of joint, Rotgzis

rotation matrix of joint, The matrices can be defined as in
the following equation.

X; = Transy,(a;;11)Roty, (@1+1) (3

Where Transydis translation matrix of link, Rotyis
rotation matrix of link. Then, the change of link can be
defined as the following:

ST =1z =
Transz,(d;)Rotz, (6;)Transy,(ai+1)Rotx (@iit1) @)

Where 6;, di, @4, and @;;,, are known as the Denavit-
Hartenberg parameters.
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B. Inverse Kinematics

In robotics, inverse kinematics employs the kinematics
equations to determine the joint parameters that provide a
desired position of the robot's end effectors. There are many
methods of modelling and solving inverse kinematics
problems. Most of the flexible methods among these
typically rely on iterative optimization to seek out an
approximate solution because of the difficulty of inverting
the forward kinematics equation and the possibility of an
empty solution space. In this paper, the Jacobian inverse
technique is applied. From the following equation,

de =Jdo )

Where e is position of end effector in Cartesian
coordinate system, de is distance between positions of the
target and the current position of end cffector, 0 is joint
angle, dO is difference of joint angles between that of the
current position and the position of end effector. J is
Jacobian matrix. Then, 6 may be described as:

de =Jde (6)

Pseudo-inverse is applied for inversion from J to J+ and
the following equation is obtained:

df =J*de (M
Now the ncw joint angle (0) can be described as:

0 =0+ kd® ®)
Where k is a constant for the changing rate.
During the Jacobian inverse technique, the steps are

applied:
While (e is far from the expected e)

{
1. Compute the Jacobian matrix - J
2. Compute the pseudo-inverse of the Jacobian
matrix —J*
3. Compute change in joint DOF: d¢ = j*de
4. Compute the new location of the joint DOF:
6 =06+ kdf
5. Check the new position by forward kinematics:
error = expected e - e.
}

C. Dynamic Model
Dynamic model of a robot arm is given by:

M(g)§+C(q.q)+Glg) =1 ®

Where M(g)is mass matrix, €(g,q)is Coriolis and
centrifugal forces, G(q) is gravilational force, 1 is torque of
each joint, g, 4, and § are angle, velocity and acceleration of
joint, respectively.

The dynamic equation of an end-effector as the result
from external force at the end-effector is given by:

M@G+C@.9)+6(Q) =1~ Fex ao;m
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Where J is end effector Jacobian matrix, F.,, is external
force in Cartesian coordinate system.

D. Position Control of End Effector

From dynamic model, the control signal can be

established as:

M@G+C@q+6(@) +] Fexr=u an
Given the new controller input:

§ = gr 12)

d+Kq+K.q =4 (13)

Where K; is a multiplier of joint positions, K, is a
multiplier of joint velocity, g;is joint accelerate. Then
replace ¢ in (11) by g;

The error can be computed by:
e=qs—q (14

Where g, is expected joint position and q is current joint
angle. Then the following equation is obtained:
E+ K6+ Ke=0 (15)

In this paper, K, is given as [1000 100 100 10 10 10] and
K, 1s given as [5020201 1 1].

E. Impedance control

Impedance control is the force control between the
external force and end-effector according to specified
impedance parameters such as mass, spring coefficient and
damper coefficient. The main equation of impedance control
can be given by:
F=m¥+bx+kx (16)

Where m is mass, b is damper coefficient, k is spring
coefficient, F is force, and x is displacement.

The impedance parameters such as mass (m), damper
coefficient (b), and spring coefficient (k) will be optimized
by Particle Swarm Optimization (PSO).

When the end effector initially in contacting with
environment, there will be over shoot force signal. In order
to solve this problem, transfer function is then applied to the
force signal so that the reference force signal would grow
smoothly to steady state. The transfer function is in the form
of first-order dynamic model (17).

1
G ()= —

amn

Where c is a time constant.

F. Environment modelling
In this paper, the movement of end effector to contact
with environment is in Cartesian coordinate system. The

model of environment is a simple linear spring model as
(18).
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f = ks'p'riny (x a xe) (18)

Where f is force, kqpnng is spring constant, x is position of
end effector in Cartesian coordinate system, x. is the static
position of the environment.

G. Particle Swarm Optimization (PSO)

Particle Swarm Optimization (PSO) is a computational
method that optimizes a problem by iteratively trying to
improve a candidate solution regarding to a given measure
of quality. PSO’s algorithm is similar to the scheme of a
group of birds finding food. Birds are compared to particles,
which have position (x;) and velocity (v;). The best position
of each particle is pbest and the best position of the swarm is
ghbest.

Main algorithm of Particle Swarm Optimization can be
described as following:

1. Locate positions of all particles by random values
between upper limit and lower limit.

2. Calculate a fitness value by using the fitness
function (23) in order to find a better position of a
particle. If the new position of particle is better
than before, the position will be remembered as
pbest.

3. Find the best fitness value of swarm in each

iteration, and give that position as gbest.

Calculate new velocities of particles (20).

5. Update the new positions of particles (19). And
then repeat steps #2 to #5 until the number of
iteration reaches the maximum value.

-

Equation for updating position is (19).

x(+1)= (@) +v;E+1) 19
Where x_i is position and v_i is velocity.
As the result, the updated velocity can be computed as the
following equation.

Vl'(t + 1) =
wy(t) + clrl(pbest[-(t) —x;(1)) + cara(ghbest(t) — x,(t)) (20)

Where w is a coefficient for inertial weight, ¢, and c, are
acceleration constants, r; and r, are positive values given by
random generation (21).

i Tandarrzl(ﬁ to1) (21)

‘Where random(0 to 1) is a random function generating a
number range between 0 and 1.
The equation for updating w is given by (22)

Winax~Wmin

w = iter —=
iterpmas

(22)
Where iter is number of current iteration, itery,, is
number of maximum iteration, wy,,, i maximum value of
inertial weight, wy,;, is minimum value of inertial weight.
To establish pbest and gbest, the fitness value is acquired
from the fitness function (23).

f=fe%dt (23)
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Where f is fitness value and e is the feedback force error.

PSO scheme can be shown as in the block diagram (Fig. 2). "~‘i"‘
1oca | "_‘
Start o

€
®
B
E

Random initial position and velocity

e

> Find fitness value

s 1o

B

Fig.3. Fitness value function

le—

Update pbest - 38

e

Update gbest

v

Update position and velocity

Fawrer (™)

] 1 2 3 4 5 ]
Time (%)

= = Foroe Comtscl

Foroe Heletende

No

Fig.4. Contact force between end effector and environment after
o optimized by PSO

Yes Fig. 5 shows the end effector position on x-axis when
in contact with environment. The end effector stops at the x
reference position in order to maintain the equilibrium of the
End contact force at the end effector.

Fig. 2 Scheme of Particle Swarm Optimization (PSO)

III. SIMULATION AND RESULT

Fews il dmni}
X

In this simulation, the applied robot arm is puma560 [8].
First, the initial position of end effector is set at y = -0.1501
m, z= 0 m and x = 0.5 m. The ramp function has slope = ] I 2 3 i 6
0.8. The external force is kspring= 500 N/m at x = 0.6 m, T [E)
while the force reference is set at 30 N. gr B i

The transfer function applied here is expressed as (24) Fig.5. Position of end effector when in contact with environment.

To test the control force efficiency, another simulation
is set with kgp.i,= 1000 N/m and the result is shown in Fig.
6.

1

Gy (s) = 0.25+1

(24)

The PSO parameters are as following, iter,,, = 15,
particles = 10, dimension =3 (m, b, k), ¢; = ¢ = 2.1, Wyae=
3, Wimin= 0.6, upper limit = 1000, and lower limit =0.1

The result of the PSO based the adaptive force controller
for 6 DOF robot manipulators is shown here.

Fig. 3 shows the function of the fitness value. The result
suggests that the optimized value has been established at the
iteration 5th. Fig. 4 shows contact force between end
effector and environment. The contact force is increasing
smoothly following the model reference through the transfer 0 1 3 3 i 5 é

function. Thmie i)
= = Force Comsc

Fawree (™)

Ferce Reference

Fig.6. Contact force with kspﬂ-ng= 1000 N/m
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Fig. 7 and Fig. 8 illustrate the result that when
environment is changed, the performance of the contact
force with the traditional impedance control decreases.

IV. CONCLUSION

This paper presents the PSO based adaptive force
controller for 6 DOF robot manipulators. When end effector
is in contact with environment, contact force increases
smoothly following the reference signal, which can reduce
the damage of the end effector and environment. Comparing
to the non-adaptive force control algorithm when the
environment is changed, the proposed technique can be
adapted to control the contact force with better performance
in terms of low oscillation and overshoot. The simulation
results have proven the effectiveness of this proposed
system.
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