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A Study on Real Time Working Path Control of
Vertical Articulated Robot for Forging Process Automation
in High Temperature Environments
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(Abstract)

This study proposes a new approach to control a trajectory control of vertical type
articulated robot arm with six revolution joints by computed torque method for
manufacturing process automation. The proposed control scheme takes advantage of
the properties of the fuzzy controllers. The proposed method is suitable to control of
the trajectory and path control in cartesian space for vertical type articulated robot
manipulator for forging manufacturing process automation. The results is illustrated
that the proposed fuzzy computed torque controller is more stable and robust than
the conventional computed torque controller. This study is included with an analytical
methodology of inverse kinematic computation for 6 DOF manipulators. And an
intelligent PID based on feed forward fuzzy control structure is applied to control the
working path control with disturbances caused by uncertainty parameters of the
manipulator dynamic model. Lastly, the validity of proposed is verified by simulations
and experiments.

Keywords @ High temperature environment, Forging process, Working path control,
Fuzzy control

A3, WAAR, g gt AR T"M.S. Course, Graduate School Kyungnam University.
(B-mail: yso4504@naver com)

2 43, Addista 7| AR W 2 Dept. of Mechanical Engineering, Kyungnam University.

3 A3Y, Addistn oishyd v 3 Phd. Course, Graduate School Kyungnam University.

4 Aot AdE st 71 A Ay 4 M.S. Course, Manigerment .& Industry Graduate School

Kyungnam University.



=
JE BNAoE SEWANS A 9] of

W3Rl mel matel

2 BB S 2 ATl A1} 7]
e olgd AU EA AolS PAE 2
Aol71E AR, 2 vld-ul el 54 7
AL Aof7]e] B A7 glglont Hel -l
T ofek £ Al AR A 0XE
87] ofgiek. ool AR 1% 71 Aol]
g TRosA 1A BA T 4 rk v
f Aelasts oXel sl FAsm, A48
247} g SR Hd BAVIEE gt
W gl dtel gy A et wg
A k. olefe Ay A ok BAe] A
BAlo] a4g ZRAPCRA AA & 4 9k
= ok Ao} S A4 - H-ulEAe])
o S olgstel Axde] A oNE A
7 8 4 gk QAR olie] N A
glov], AR Aojait of

Ab A FolA R Alof & & Sl RS %

I QUek(1,2]

b
2}
10
I
1
{-o

i
=)
)

Aol LielEe Az Aole]
e PPIIA S o Y A B
M MRS B o] gt ul-HE

KSU(C

U2 B HA] A& o83t At BA Al
7IE ARt 23t diyEeolE o] HetAl X
St ey} o] Mol Rt 2AE EA
sto] FAAES HAAI7IAL Qfgtel] ot AlAE]
o Jeag SR HA| Alo7lE A
ol glof v, v, AL XS o8k 3A
7S 7R HAA = AloltEle 717t

o1 T3k Ao XY 4% wong ulg-uli
I vE-AEERR] HA Aor|E BER dFst
Ao71E F4Jk5rt.[3,4]

At Aol7|e] Moz AR A -
HE-t|BAe71E 7|22 HA| Ao7|E AA]st
ng JRE ofglslr] 41, MR AE AR
oA ek=th A, WA Ao]7]19] Aol &EHol
HAY oo vjwzsle AAQEug Ay 9l ¥
A Aes8S 7Hth AlA,
A&FR2o] Jhot, EHae] Tt wE T
A2 7 STFtAE Al A8 TFsoitt

O}\f)j:

2. ZHEE HEFO Yy

21 Mo 7= A=

B Aol TEAClIAL AXELAC] 3
N JEPRE S AR WAL 23

H

[e]
1= PN
mfuEHolEehs 540t FHY] AARE gide
2 AAEHER Aof7] AA7L HlaA 7
of 3= L g WF vAdEg H
2 ARE Us 4 vk iR BlAE B =
<9, npEE, Y dEn 22 25 wjyEdol
Elo] HAgge] AgS Sl A AEnd

2 DA A8 A5



KSAU(C

36

- Y(Q7 (.]a C])CY =T
At B4 OU.% @.(2 1)—4 HAY mRREs
1=1Ke] A O

23 ujyE&dolH 111017]‘4101] E@ AlA AGA ]
olEs HWoh= HFIL FHe At AR 7HsOF
T2 AT Fg. 19 AXF B3
ARog fid BY oy Aok =% viys
dlolele] 7]% A& (desired trajectory) g, (t)

S A A exRs o2 ol g
k(6]

e(t)=q,(t)—q(t)

A=A Aol it <l
7] Sl k] 1,24 vlE-g Fokd

e= (.]d - q

é: éd - q

AR G2 A24, 250 delsi ket
2ol T8 5 glet.

e= '(idM*l(H-F Td—T) (2.6)

Q.7
w=M ', 2.8

919 HEERE M oX SAsNS Tohd

O (7,8

arli = Bl [ 3]

212.7)¢] feedback A3} WEke the} o]

2.9)

(2.10)

HQ10& AR £ Aefeli di.

Bz Al A% u()B o] S ol 71
ol giek WA pEe ofR AR Aojr
Hlgl-uli Ael/lE ARSI ol vd-ule

£ Aol BE 23 seheb} el
slgto] EAelA ek A% H&Aold. 1

A Aol olEomnE on ele] 24
Aol wlefl-ulE Aot/ B QA4S WA
. Ao SERYs 2o 4
5o TR ve-HR-0R AN =3 A
o1% AA & % 9Iek0,10)

o
2 Aggoms

Fig. 1. Basic schime of PID computed torque
control.

Fig. 12 HlE-4&-njE A 71 A4t
A Ale7]e] E94%
24 et Alold
th.[10,11]



rio

21D
(2.12)

€=e

u=—Ke— Ke— Kie

A7A K, K, K WZtoR oo ojS5a
-TLA%EI nx nAs izt o|=d ol o] ES oF
=S A ghe gerh A212)
¥ Q% 21101 Qlgo] Aojew 22X ujUEF o]¢]
O3 42 E38 FEHR[12,13)

fr 2 k

7= M(q)(qy+ K,e + K,e+ Ke)+ Hlg, q)

(2.13)

o1} Toel
d G 070][e 0 [0
0 1€|= 100 7] e+ |0ju+]0|w (2.14)
1000] |e I |7
d [e 0 7 0 €] 0
- ¢l 0 0 I |le|l+]|olw
el |-x-&-K]l] |1

Ac(s)= |33[+Kv52+[(ps+[(i| (2.16)

Qo] E4 WA AolA Routh EHo| <) 2
et K, K, K5 243] Aeshy g%z kY
TE Y 4 s Aotk & Alo] eApt 008
FETS & ST Sk £ =RollA HlE-HE-
ulE AL B3 Aloj7lol gt H A3k ES gl
250l ofsf FFefRITE.(15,16]

KSU(C

2.2 TX[0|20| 2let ALEIHO7] A

A o5 Aok A (triangle), HOHAF
H&(trapezoidal), 7F-A9HGaussian), E(bell)
woro g AAIrt[17,18]

44 A% (membership grade) @ A ol|A
HA R Ao At 1 Al &= Ak

A S9RE [0,1] Ate]e] Aagios vpephdict

2.2.1 x| 2
SjA] WgelA Be) olafsiol s A
Y e WA ARl ARl B
Aokt = A1 B Al B0 U
5

2
AT} A 5O E o 5

RS BATE ol A WA Qi T
7b Ae gy S 22 ofufigt Al vERd

 Qick olef v} A WA= °ls %ﬁlﬂ 4
55 0A 19 AE o83 A= yerd

AT}, ool HA| A, wEbA HA| ﬂrﬁﬂ

Xxyel A7 A 9ol w4 Jge 4=

Zo| HER o] o] A&t 4(2.17)% Zol

verd 5= 3lr[21,23)

g XX Y—[01] 2.17)

= 20 Xob YO R4 x, yol ofgt ad g

M,?% 1] PhesS WAL AL 0ol ke

A AUS et weby £ A
4 94 A RS So0R thesh gol EY
ot} [23,24]



KSAU(C

38

rot
Hi
rx
14
ojo
%
it
fon
rir
Ho
ige]
=
N
[en]
H
R
fo

2.2.2 HX| =2

WA Z2E(fuzzy inference)olgf= AL ojH
oAl Apdolt TARRE Mz WAL A
& fd Wi Juie) 3golem Helg sn)
Z “IF x is A THEN y is B"(A, B= #A {&
ofth7}b Hi= dejel HA] Alof e lejA “x
is A= dgy 1 ?JE*OH “HﬁHH v& oA
LS QT B A TRE B o)
ek, of7|A] FAelehe we oW AHNEC] 3
AE v, ARdeleis T2 Ao ofwel
Aehg el Wolth, 1 328 oy 7}
Ao SFATEY AMTER FAAEA Slow
F3F R=T} /\w:% A4 79 Knowledge
base)ollAl “IF-THEN” &4l9] Qloj&Ql qf2loz

FAElA gtk 1 vt FEl: oy 7
t}.[25,26]

T+ :IF xis A THEN y is B

AR D x s A

7|4 x, y& Aol W4(linguistic
variable)o]1, A, Be  9lojxel  Zklinguistic
value)o|th, “x is A”= ZAX(antecedent)o]l

‘y is B+ A5 (consequent)eltt. &3t H7
o7t Qo WEE AR A7 Y8 wjefs =

R et 22 28
4 ek (27,28

: IF x is A THEN y is B
AR xis AT
22 4% 1yis B

2294 B'=4" R

A7IA o = o A A Tl =2
vk o= WA 29§94 2(composition
rule of inference)o|, B = 229 Azjo|c},

o] ZRoAL oy 7FA] "ol glov} 7
A A 20 ¢ FE20E oA, £
AR PR RS et FEH
AolA= AAEoloF & o] Ql=dl A
of 2A% o] FRdrh= Zofth o] 3
“IF-THEN’9] §4lo% H¥® A7Re} w7
2 o]Fof7l wx| YAER A=l lrth[29,30]

o TR AREE FEY I A
Mamdaniell €]t MAX-MIN +#27} Yamazakiol
oJ3t MAX-PRODUCT+#3& #¥39ct.

4z o r

(1) MAX-MIN &4

MAX

pr. sl z)= e Y MIN{pg (@, y) o o (ys 2) ]
= N ) A, (2]
(2.19)
(2) MAX-PRODUCT
pg. sle, z)= ]y%éé[ug(x,y) o, (y, 2)]
(2.20)

2.2.3 H|HX|g}

ZEORHE doldl HIFPL B & g
oot odgke Avgro] ofuch. whbA wA] Al
o] o] ZHE ALEE wo= I W
g 52X y & vHLo] Fofot 3tch o] 3y

v 2| 8K defuzzifier)2tal 3tk = 29| 1}

2 B ool glol ohd FH HA u}

o

o 12

oX



KSAU(C

A2 EE HRIY ASIAE A £ALHE 2RO HATF AYFR Hojof e AL 39
ol F= e e Aoltk o] vHAE} o] F2 IS AL Qe & AolAe wiE, vl
Hols =1 3714 ®el Ith(30] & AR AE olgel HigE-vlEdt HlH-AE

A Ao71& HER Adde] AlLE el A

(1) 2 BFaverage of maxima) © A o glo] WA FA] 42 Sol HEBRE He-
A4 g A= dad] g, 3] B vk AE-ul& H{x] AL EF Ao7|E +%tt H
o)k Al AR B Alof7]9] 2= the TR Ak

y = Vi 2.21) Fuzzy controller

i=110

FuzzyFl
controlier (" scaling

(2) -4 Hd¥Hmean of maxima and
minima) © ] X Hawo] thA HAHE Ao
2 W ezl Y49 ¢, 9 Ha w4

=]
&S 2 9a ool Aolld B FHsks

q
( y+{ROBOT [g

FuzzyPD
controller

Fig. 2. The scheme of fuzzy computed torque
controller

y = ,i<k<n (2.22)
Ak HA AL B Aloj7]e] AL Alo]

() 37 FAcenter of gy © Wela 9% #E HR-AREL A Aoplet w0

§o) BE AASO| ghe T At el w0 oV AP welae ve sk el
UieR 2 gl
. _:Elyi * ugrly) e=e (2.24-2)
y = (2.23) U=uUp;tUpp
_Eﬂﬁ(yi) _ .
i=1 = Fp/(Cee, Cpe)+ Fpp(Cee, Cyee)
(2.24-b)
9o HlwAs WS b BA FAMel
P Al AIRES APl AR dEA AL oy e e mA Aolle] Qs
o A S ROl WEE R TARE gy (), Fpp (4 ) Hld-ARe, lE-eie
(Caussian) & AHE9HA, gl HA Aol (. G, G WA Aol

ER TSNS
22.4 X EF HO7| A
& TR =S AT 2 ESol o8] HASE BE Qe v o
WA Aol Axd wdo] WA Aol oE

o Al YR Bl AlojRolo] 2%



rot
Hi
rx
14
ojo
%
it
fon
rir
Ho
N

I A208 A=

w2 Aoj7lel o3 25 miuEelE ] 1, 2
ol gt Aol Jegke oA Feh wA] d
& omlE, vE, AR exREE HA HHE S
E317] 9fet wA] Ao} A2 thE e} o] 4
okt

RS #ollA NB(Negative Big), NS(Negative
Small), ZE(Zero), PS(Positive Small), PB(Positive

Bigo|ct.

Table 1. PI type fuzz rules(Link1)

integral error
NB | NS | ZE PS PB

NB PB PB PB PB PS
NS PS PS PS PS PS
ZE ZE ZE ZE ZE ZE
PS NS NS NS ZE ZE

=0 ==0m

PB NB NB | NB NB NB

Table 2. PI type fuzz rules(Link2)

integral error
NB | NS ZE PS PB

NB PB PB PB PB PS
NS PS PS PS ZE ZE
ZE ZE ZE ZE ZE ZE
PS ZE NS ZE ZE NS
PB NS NS NS NB | NB

=0 =-=0m

Table 3. PD type fuzz rules(Link1)

derivative error
NB NS ZE PS PB

NB PB PB PB PB PE
NS NS NS PS NS PB
ZE ZE ZE ZE ZE ZE
PS NS NS NS NS NS

=0 =-=0m

PB NB NB NS NS NB

Table 4. PD type fuzz rules(Link2)

derivative error

NB NS ZE PS PB
NB PB PB PS PS PS
NS PS PS PS PS ZE
ZE ZE ZE ZE ZE ZE
PS ZE ZE NS NS NS
PB NS NS NS NB NB

=0—=-=0m

ol A Aot oA Hol= At o
3] HEl A}, MEQAL, uRE XS ARSIl
ofF 24He] ¥ vl oAl AEeXf Al H]
Hloal, HReAE HFAORH 509 Aol
& Aol
Alej71e] 2 I42 Mamdani€|
MAX-MIN & ARSIl 11 52 At
g #2] Alo7]9] EHgE AXtsly] 913t wlwA]

b2y

o e wlad $olst AT AT AN}
Aol et 57 B4 A
Yy uly,)
i=1
FP1(67 E) = Cp[ o n (225)
>uly,)
i=1
i+ nly)
FPD(€7 e) = CPD M . 1n (226)
> uly)
i=1
017]/# Op[a CPD‘IE‘ ]"6‘;‘(] (yz)% i

A &Y 2595 5 Ol‘i} HAAAE Ao
1 L.

710149 S, S, 2859 e 4
2, 7, 1928 A}



Fig. 32 A4 =2A0] ddo] A2 oAM=
B0 oljre] A 1,239 FHEAE UEL
AT ol 2R ofte] HAClM  HF M,

npAS F, SAS K 7 EXOl st
= ¥ f5 7RItk 3] ek Fig. 33 Zol y
=3b g3 30] ek Wl EHof o] 7t
HAEs sk 2R ojyEdelHe] detulE:
e Aeh(12]

q - W4 9 Z

m; B3 9] ATk

I+ 92 9] ol

7t Bade] An Huol Y e g8
7} o] el 4 St

T =1l (3.1-a)
Y1 =ls, (3.1-b)

hey Flcyy (3.1-0)

lysy +1isyy (3.1-d)
T3 = 16y F 15015 5019 (3.1-e)
Ys =115y Flys15 + 135195 (3.1-D)

2R AF *}‘gﬂ% Eﬂ‘ﬂ—%e
Cos(qz+qj+qk)«] ZoFgolct, Uutdow F

A PR q(ER A X()ER" 09| ]

KSU(C

e
X
fu
bl
10
>
>
[
N}
14
ox
ul
é
2
=2
=
ro
rf
4

3.2)

4714, h(gle A% ‘ﬂléi'&‘ WEfo]IL 2](4.2)
= AlR| disto] o

X=Jq)q

o7|A, X= wiy&dols EH-Ale] A¥s
=5 vehfin], J(g)= AFHoKJacobian}S U

ERlch. 4430 Az dhete] b o vis)
W et 2o SRS @2 4 Utk
X=Jq)g+ Jg)q (3.4)
- S =
+ *\'\ == ¥ = 4R1
Taroh
= :V@:;j ay

(@) The coordinates frame of robot manipulator

X

(b) The frame of links (1, 2, 3 link)

Fig. 3. Coordinate frame of vertical type robot
manipulator with six axes

41



42 FIAsYSE =24 A203 A1z

T

2 oA AgE 2R diyEdolEe 34

o fay % e

AR, Aol AR
2

B3lol S % ko 9] Hof X3},
U Ed o] 9] Lagrange Ao 2Jot Hosh

WRALe theat 2

T=

3.5)

o]71d, L& lagrange 35S Uehin, ¢=

A BEe] 7 Tie W o] TRiAle BEA

o|], Lagrange 52

L=K—-P

k23 2t [13,16)

3.6)

oA7|A, Kok P A7 gAe] A &

Al HFe A

o,

K= k?1+k2+k3
P:p1 +p2+p3

e HER v 2

(3.7-a)
(3.7-b)

7} o] eEouAel gXAE theal

.

1 )
k= imlllq

1 -2 1 -2 1 2
ky = 5 molidy + 5ol 5ol

(3.8-2)

9

. . . 2 . .
+ m2l§q1 @y T molylycoqy +molylheyqy

(3.8-b)

1 2 1 2 1 -2
ky = _msli‘h + gmslg‘h + —mglng

2 2

1 . 1 . 1 .
+ —mglgqi + —mglgqg + —m3l§q§

2 2 2
+ m3l§“11(‘12 + m3l§é142 + m3l§d2é3

. . . 2 . .
+ m3l§q1q3 Fmglylycygy +mglilaca gy gy
. 2 . 2 . .
Fmglylscaq, +mglylscsq, +2mylylscsqqy
+myglylacsqy gz +mglylscsgags
-2 -2

Fmglylacac3q; —mglilys)85G

+ m311l302c3£11.% - m351533253'q15.12

+ m3lll30203(j1£13 - 7713l1l35253£11"13

(3.8-0)
py =myglys, (3.8-d)
by = %91131 + m2912312 (3.8-¢)

Dy =mygl, s, +mgglys,, +1msglss s (3.8-1)

A(4.8-a) ~ A48-pol ofdfo] Hefs} WA
o theat gt

7= M(q)g+ V(g)g+ G(g) (3.9)

of7|A, T2 Bl ke T= EFIA Sk
3

Vg)= 3x6 943} Coriolis #E, Glg)=
3x1 %9 W, ¢ [q ¢, ¢5] 0k

E3 Mlg) WEe 7 Yia,(i=1,2,3
7=1,2,3)% thedt 2.

ayy = (my +my +my)l; 4 (my +my )15 + myl;
+ 2(m2 + m3)l112C2 + 2m31213C3 + 2m3lll3623

gy = Miolyly +mgls + Mgl 1ycy +3mylolacy +ml loco



KSAU(C

12 B3 BRIY ASAE A #ACHE 2R HAIZE AYUZE Hofo e A 43
ayy = myls +myl lscoy d; = (my +my +my)glic; + (my +my) gl
+ maglacy,.
ay; = (my +my )l + (my +my )y lyc, +myls - e
+mylylsc, +2mylylc, +mylilic,, dy = (my +mg ) glycyy +mglyc s
gy = (my +my ) +myl2 +2myl,lsc, dy = maglycig

Qo3 = mslg +mylylscs —mglylyss
asy = mzlg +mglylscy,
Ago = m3l§ +mglylyey

A 4.1 ERAAZ QXU XX HSAl

d

B =Roa vjE-ul Aojigle] HEoxel
- Aex o] Av wus Sl HRAMNES
J=1, ..6)% tes A Aol7|e] 9oade, Al AR 22wy
Eefo]ElolA AT wE|E = Table 53 Zth

b,; =0
Table 5. Parameter of the robot manipulator
12 = (mg2my )Ly, —2myl lysyy 4] [m] A kol
g3 1 l, =0.53 my = 278
2 = 2mylylacs — 2mylilss ° ! !
13 3bolaCy ™ 2MM3l163593 T L= 1.15 my =79
10 =7 glilysy —mgllys 27 3 l; =0.48 ms =17.4

15 = 2Mylylysy —mglolysy — 2myl ISy
16 = Mylilysyy

b
b
b
b
b
by, = (my +m3 ) 1ys, +myl 1S9,
b
b
b
b
b

9o = 0, by3 =—3myglylzss, by, =0 f= Mx+ F;,x—i- Kax 4.1)

o5 = 2Mlylsss, by =0

31 = Mglylysy +mglilysy, A7|A, A=k, upEAS, A 22t

1y = 3mgllysy, by =0 M =1.0, F, =68.0, K, =0.0010]c}.

o1 = mllysy, by = by =0 HAARED AollolAe] e, 57, %
Aol wEeE A% 2, 7, 10T, g

Glg) B2 7+ 9z d.(i=1,2,3)= chexp  1=05°h B AR TReAe 05 ~
05 Aole] groR Z/lBt, SuRIeL
N=200%= &9t}



44 A EYSE =2 20 A1z

T
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Table 7. Position errors of joint using FCT
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Fig. 4. Position of joint 1 using FCT
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Fig. 5. Position errors of joint 1 using FCT and PD3
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Fig. 6. Position of joint 2 using FCT
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Table 8. Control parameter of 7-DOF
manipulator
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