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A Study on Position Control of 2-Degree-of-Freedom
Parallel Link Manipulator Using QFT

Min—Goo Kang

Department of Control and Instrumentation Engineering, Graduate School
Pukyong National University

Abstract

A controller design for a robot with high speed and high precision has many problems caused
by parameter uncertainty and nonlinear modeling through coupling between links, coriolis force,
centrifugal force and gravitation. In this paper, the two-degree-of-freedom manipulator is
introduced to overcome the problems. The system has two motors located on the base frame,
therefore the robot links aren’t loaded by motor masses. And the manipulator has the innovative
structure which can balance the dynamic mass and realize the decoupling. The driving torque
from the motors is transmitted to the manipulator’s end point through the parallelogram
mechanism, which can control end point position of the manipulator. To design the controller
which are robust for a parameter variation or uncertainty, this paper suggests QFT (Quantitative
Feedback Theory) based on the classical control theory. The QFT is a frequency domain design
technique which is achieved in the Nichols chart with system magnitude and phase plot, and
which could be realized the controller satisfying performance specifications in spite of plant
uncertainty, parameter variation and disturbance. ICD(Individual Channel Design) method
separates multivariable system with equal number of input-output form. Therefore, the two-
degree-of-freedom parallel link manipulator which is MIMO(Multi Input Multi Output) system
could be separated from two channels by the method, and QFT is applied to each channel.

In this paper, the effectiveness of the proposed method is shown through simulation results. And

also the experiment is done to verify the simulation results.

Keyword : Robot, QFT, ICD, Robust control, Position control
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Fig. 2.1 Structure of 2—degree—of—freedom parallel link manipulator
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Fig. 3.4. Channel division using ICD.
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Fig.3.4¢l4 02 ®gA=Z SISO A3+ e 2oh

0, = kg, (1-yh,) (3.1)
y(s)=2uEn (3.2)
g18»
hz(s)=1"—;izj (3.3)
d (s)=8u . (3.4)

0,9 AFAE SISO da@+e o33 2o

0, =k,g,,(1-yh) (3.5)
y(s)=SuEn (3.6)
8182»
h.(s)=l+k'k% (3.7)
dz(s):g;—'“h]rl (3.8)

0.0, v Fig.3.37 Fig.3.49 2x2 /MFX A A"} T2 07 Srlolt) y(s)=
TS, b s A 1M MEAAE, h) = A 200428 AMBA~H
e YEHI d(s) 2 ) ol Mg 12 5028 AZ, d,()2 rs) oA Ad 2
2 EOeE AZE getth d(s), d(s) = Z A E"Eheldo v s}
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CATEES ()9 A717F e DL A I A5 ALo] dol AT, thA] u

M, FoAlde]l A 270 5HFZRA AL3thE dolth y(s) 9 AFo] =
T FELY] AE A Aol A b ICDY & ARES g 7t Ag 29 A

718 e HEAZE R ol EETE Rolth o AANE n(s) ol gFE

Sk wEbM, A7) Al SlelA ZA7E wAyskAl |t oleidt BAE &) ds)

7l A% wog AdHoz v HRE 52 5 S

o A71E 1% ¥ A7lE AAsA Ao 1 23L e ok

e e ALY MEA~"

]h@”—lkg'[A (i=12) (3.9)

9 o] wEeE 2zt AL YoZo] A7le) ol FHolS Mol il o2
B2 weletn sy ol: 2t AW £9 49 A Dok

3.2 QFT(Quantitative Feedback Theory )

QFT o]&2 ZHES 8447 ol B13tn vigles A A Assg
LAE WFHAF7] A HYd Ao o]Eoja FA AT} 9
FA% FAE AP o P Fe HHAINAGE uie)s  H2H
(quantitative) ol2tE Zoloh, QFTE 2F o7
o 71golch

Fig.3.5°0A P(s) © etvig e =dd4e Xdste EWUES] dEggoln
Cs)e &5 BT, 283 Fis) v AA9E Adgtoint, 29 (e 724
g r(nE FFEL JF ()% 4,00 F A RS 27 R o) E
Fig. 4.1 SHE P(s) oM ] £F4460 sl pr) 2 W37} 34 e atolfoio}
8hal y(ry= 2A=He] gaFo] Hojo g}

JPN

MISOA| A8 of] A &%= F a4

24



D(s)

Rsy—»| F©)

Fig. 3.5. Feedback system.

3k, ALADE Fis) & Qs FHAFES 7] AdlA A= okwt g

3.2.1 A&x7

T.(s5)=% $ICEPE)  FOLES) iy D(5)=D,(s)=0 (3.10)
1+ C(s5)P(s) 1+ L(s)
___Ps) PG5 - _ _
T,(s)= [T C6)Pe) T L) with R(s)=D,(s)=0 (3.11)
T, (5) = —— ! with R(s) = Dy(s) =0 (3.12)

1+ C()P(s) 1+ L(s)’

T,(s) > FAAANEE YR T,(s), Ty, ()= AT AA &S Yepl 3l
o}

P A



FAYSL AR ZASHel FB ANE YR Fig 3.6 A3
WS 0% ARBAY FAAAE debdnh, oA 2eM, BEe we g9
)& olE AA Apolo] Fojoku wek 4@AA B, o} S19EA B o) i wE

|t

ML= Figd. 70 Yehigith QFTE 278 E o5 k3 28 ddo] of3s 95

= ARES Ak WEE] AEA Alojgo] Fake 9edoa mula oo}

ok 2N BHEH(M, 1,00 K,) S T, ol e DS olokyt da b)7t2

vtebs AGdE T(s)d REe ARAA 1, o EAA 1, Alole] Foje}
Atolell x| oo F}.
i 1Fa ghM e EFAAH A7 dFo] 7] YR 5,(e)E o 7t 0dB

_0|{_,
£
o
g
3
AN
N
N
i
_{
)
¥
of
12
2
2
Fr
02
st
i)
QL
o
o,
N

9 whbe R34 o, B0 AR wet FAbEo @Y. 5,(0) & vlekE 7SR

S48l dFE FA < ARAA B, 9 dAA B S WHAHO RN A& 5 9

r()

4 YWON. e o
o ; T
0.9 [r-------meseee

i
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E E
0.1 £ e
i ’ > ¢
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Fig. 3.6. Time domain of tracking performance specification.
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LmT ,

B, = LmT p, = LmB ,,

Augmented model

-
Sean.

Fig. 3.7. Response of Bode chart.
. 9 AA =24
Fig. 3.59 #A& FxolA o FFS A2A7 A8 AFFE o3 2.
|<a,, t21, (3.13)
AZIA Ald ABYUH  4,(0)=Du()°) 1, r(t)=d,)=0°]T}

()| <a, (3.14)

AZIA dy()=Du@) ©13, r@)=d,)=0°1tF. 2 (3.13) & FI At 21,004 &
g oy Aol o, Bt A, 21 AGB1HE FY y07t AewFES
e ARy A 2 Auigel o, Buh A AlFo] AAEelol ¥ vehdc
Fig. 3.82 2(3.13)3 4(3.14)9) 9@ Aol that F3529S et
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LmT

Specified maximum
magnitude of LmT ,(jw)

/v
I\

Upper boundary

Fig. 3.8. Bode chart of disturbance model.
3.2.2 Y =90l E(Template)
AZeolEL glolo Fuselae] 2 EUE WEEHS ehug,

Pis)=—24a (3.15)

s(s +a)

K €[110], ae[L10] (3.16)

A (B.15) 3 2L g ZHEV oy dkxb 2 (3.16) 9 EWEC 3 ZTWE

3.991 YERAITE EHE HEHOIEL AAEs ZUE
chollel o] B3 99 FAE AMIAoEZN dg & 9tk Fig.3.99] 4BCD
o] 49l FEL AES AHEHT 7} AeA 279 94 4& F Ut o
dolElE UEFA(Nichols) AEAe] Idch % HoHES 284 ZdE
A AFsA 29 F . w=19 HA$Y 4BC,D AL A7)

Fig.3.10 Yepiglct. o]l A &t Faks= dg3tel dis vebd 5 <)

B

(i)

i)

of

9%

e

tlo

e
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a
Fig. 3.9. Region of plant parameter uncertainty.
A [dB]
20 -l
17 prmmmccccmmmee s
a=1
0 i >
[deg]
—-135° D \
[ —— \ —0.044B
% K=1

Fig. 3.10. Template of uncertain plant.
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3.2.3 U-HA7A

X] — ! ;‘J
TE A= 3k A1 (3.17) 0 RgstA |
lim[P(ja))]zii' (3.17)
@0 (73]

AE P(s)8 Aol e T 29454F Uit EdEe] dZgoEr 54

o] uielel] st ohA] TalA] 2] (3.18) 3} o}
[dB 1A

M—contour

[deg]

;/

\

B, boundary

Fig. 3.11. U-Contour .

A=1lim[LmP,, —LmP,, | (3.18)

0—0 min
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Fig. 3.12.Tracking bound.
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% oRhs A7 REdelES Wgglel F¥ow g4 4 wE, FAog
S(jo)dB RtE olEdt g3 yA, UYEA Mxito] BIZYolES THIEWE
S(jw)E FEARH ol AL A Aol disiA Atz ZF el s A
HES ATz FHAAE AT

rum
i

AlgE 33
ALmT(jw)=Lma ~Lmf =5,(jw,) (3.19)
. 37A
Fig.3.5°14 R(s)=D,(s)=0,R(s)=D,(s)=0 Z o) talr

1
TD(S)—m— (320)

L=1/1% diA|stH

TD(S):— (3.21)

webx, FAAA L T2 A gk dx] dF AAZ A4S o wigRras 3
3 Ro2 AR Ho} olgA T3 UAAT AezAL wE2A 7= AAZA
ol A gAY AA F AT A & 2 U A7)

& AdAS FEo] QFTS AAzH] D4}

i
SN,
X
T
o
)
1o
1o
N
e
Me

3.2.5 343 (Loopshaping)

Aol 73t Aeszdel vA 8 UAA I AAZDES U2 A5 vy

32



k]
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E R = 8% IHE Frteted AAZA el A o|FAA

‘

]

ok

P,
FLATET L0 TG 283 359 REAMNE FHE F7HAA Ao
71 strictly proper 3HAl ¥tEo} Eoh o{7|M F2d AL 4 TI FHZUE
Ry 2ATE A el A wpojAE qbEths Aotk FAFTALEE L (5)
- ofe o] A2 Fa A7 )& FEh

Ly(s) = B()C(s) (3.22)
_ L)
C(s)= P05) (3.23)

I WA - 84db
v = 20 \
N S SN0 o
o = 40 °
® = 100 \\'?" =9 24 db
= "O < «(jzo

Y

—-180 ° —-140 ° -100 ° -60 °

Fig. 3.13. Loopshaping.
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3.2.6 ASI¥EY F(s) 4A

APE Y B4 FRG A FOE ImT(jw) S AR 7= Zolo
LmT(ja),.)z% (3.24)
TR(jw,)=F—§§%Q=FUw,)TUw,) (3.25)
LmT(jw,)=LmF(jw,)+ LmT(jw,) (3.26)
LmF(jw,)=LmT(jw,) - LmT(jw,) (3.27)

Fig. 3.14. Demand of pre—filter F(s).
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H 48 Ho7| ddA

Aozl AAl= delld A HdENY BEINE LFsE BHER A
A4 sl Qg eyl ICDVIME olgs 2712 Mgz Rado
BB WY EUCIHE o822 gL vtz 249 TS 08 s
T oloey dAxow sepvelE AgsA Y| olEsrg gRse 7}
Ade] EfegorA FEdth wepd, WL wgg 229 =9
stetlE] WE 2450l EAEA Ptk Aut B =RME o]yt REzx
A ARl et Ao)7] HAAZE 4 BEHols] wio] melslA ohy et
iR og, 7} Ja9] setdE FoA BAHARWE :
FOE o] BEE EHAT Ftor Fska Aoy Al wrdsle]  ICD

2lel Adel MISO QFTol&2S ALFogm Aoj7s MA s
Fordd AAMAME PM, GM & THTOZH ZHAE dHHL dud 5
:‘I:

o Higtp = A 4.1 #AE /HKY[10].

i
o
i)
o
4
ol
ok
rlr
po)
Mo
o
ofl
ﬂ«‘

2
S

<u, GM§1+L, PM =180°-@, 6’=cos"(9-§—l) 4.1)
u

9 AES FHE WTRAL olded ol AAANUL. st auw
TR 4 et e 200%9 WEAGel g AsxAow ARl

O ol59F (GM)=10[dB]

O A4 H (PM)=45°

: S |1 | ol 648" + 7485 +2400)
AAZA - (4.2
O 2H4T A=z D(s) il+C(s)P(s)|<00| S 114454160 | )

O sherdEle] BoAY 73
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=[0.4630x10° 1.7983x10%] 7, =[3.6864x10° 7.0042x10]

1,=[05420x10° 1.1813x10%] 7, =[8.6330x10° 1.6000x10~]

4.1 A2 29 Aoly] AA

A 20 Bl AoV S AT WA MEHAAY p5)S 12 T Ao
AARY. AE71E X TeAe 2(2.44)7 Tabled.1, Tabled.29)
A E S o] g3 ICD 71¥ME B3 B® Y 29 AA mue dden
~1(4.3) 7 o}

Y,(s) _ 2.046x10°s* + 4.355x10"s* +2.318s?
R,(s) 4575 +1.454x10°s" +1.542%10"s° +5.152x10% s’

(4.3)

A7IM ez debelee) B4 7712 usiA QFT Alo)71E A s
THTE ©=[0.1,0204,2,6102050200] 9 Faggtelr Ao7|E  AA S}
FUES A7t At HER ZWEE Aastele] 7 mdo] 2 (4.4) 3 e
2445 o183 BFAT FrioM e ZRE AP sz st
Table 4.1. Parameters of Link.
i 1 2 3 4
m|g] 0.0153 0.0098 0.0153 0.0220
1lm] 0.17 0.10 0.17 0.32
[,[m] 0.09 0.0498 0.0085 0.05526
Llkgm®] | 9.465x10° 1.92x10°° 9.542x10°° 8.633x10™
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Table 4.2. Parameters of DC motor.

Symoble Unit Value

1 J, Kgm® 1.1x10°
2 D, 0

3 R Q 0.16
4 2 14

5 K, Nm/ A 0.0168
6 K, Vi rps 0.0168
7 K, 1

Y,(s) As’+Bs+C
R,(s) s*+Ds’+Es*+Fs

(4.4)

A=[5908 360.6], B=[1.492x10° 6.737x10"], C=[9.323x10° 3.122x10°],

D=[391.6 271.1], E=[5.088x10° 2.449x10*], F=[2.193x10° 7.343x10°]

Fig.4.12 429 Fao g &

FEdolEolth. FAFAE R & BAEY I FN Pz shie Faw
H71 wige] AT 2ol MAAFdAAY. BEF Fufdd ARmddds
A7) st AAxAL FFEWREE 71507 M FdeES HEHYE
aste] AXH7] Wie] FFFZAGELIL AARARG AU R JEE

FEPYE e b stebdE AFAIE ] dsiM e JeArge B,

o—

590.8s° + 673705 +3.122x10°

P =
() s*+271.75% + 5088052 + 7343005

(4.5)
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Fig. 4.1. Template in channel 2.
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Fig.d.2+= F3278% (Loopshaping) S Yetlth ZAZIADE = 2(4.6) 7
i A FER Aeirle A 4.7) 3 g

3.158x10%s" +9.529x10°s” +1.601x 10" s* +1.092x 10" s + 2.734 x 10"

L,(s)= s a5 5 5 3 T 12
$"+3993s" +6.115%x10°s* +1.563x10°s” +2.598x 10" s* +3.711x10%s

(4.6)

c (s)_53.46lsz+1.6O67x106s+8.7564x107 47
: s% +3720.9s + 5053400 ‘

4.2 AQ 29 AALD QFT A7) &4

i

AAZAE WFeeAE dotiy] AN FHARFIHALGEF L (5) 9] BEHNTE
AE E oIt oWl GM =27.766[dB] , PM =91.917° A ASZAL w=d 9=

A& Figd.3& Fa3ll AT & ok 28|y PHAE dAXAY 29 o) @A)
2o dald HAY QFT Aloj7]7F wEsl=x& Yolry] 934 Fig.4.4%
Fig.4.5¢1 217} Yeldlth Fig4.6& AsxA Fox mtetee] HE77Ho
el A Agew A7AE Yelly, Figd. 72 A9 QFTAH7 ] Fuigwrs
el old
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Gm=27.766 dB

{at 2493 .2 rad/sec), Pm=91.917

{at 37.858 rad/sec)
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Fig.4.3. Bode chart of L(s) in channel 2.
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Fig.4.6. Step response of parameter variation in channel 2.
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Fig.4.7. Frequency response of C,(s) in channel 2.

}
o] &
2 A

k<]
i
=

456.90s” +1895000s° +3.0750x10°s* + 1.4330x10"s* + 2.8874x10"5* +2.8339x10"s? +1.3093x10"s + 2.1818x10"

s° +4254.1s% + 717510057 +3.8589x10° s® +9.6874 x10"'s* +1.2995x 10" s* +9.5333x10" 5> +3.5574%10" 5% + 5.1318x 10"

=
=

Ad 19 Aej7] A4
o] A7) Cy(s)

Y]

Y(s)
R(s)

%’}:
3} 2}l E)

A1

4. 3.



0=[0.1,02, 0.4,2,4,10,100,200,400] 2 Fu5 FelA AA7E A
=8A 7Y ERE HFe] AT UF FolAy] wiEo] HAFEIAA
Aol Bokx 2z Ad 19 Aoyl dAMAE ERAd ZAE A
Y= 36708 LTI EAEE AAste] Aoj7|E AT 9 A uas Ay
18] HEUCIEE Figd.83 2ot FHERE p(s) & JU.9FH 21 Fig.d.99
FEAY A Aol7] C(s)e A (4.10) 7 ok

458.2557 +1902200s° +3.0910x10°s* + 1.4519x 10" 5* +2.9478 x 105> +2.9125x 10" s* +1.3532x 10" 5 + 2.2626 x 10"

P (s5)=
2= s” +4256.45" +7191000s*s” +3.8951x10°5° +9.8458x 10" s* +1.3291x10™ 5* +9.8061x 10" 5 + 3.6770 x 10" 5% + 53184 10" s

(4.9)

11406 22760
C\(s) = 112065+ 6 (4.10)
s“ 4+355.56s+35940

T T T T T T T
et SR E T SN N R N — s
‘ ' i . . =02
s S S -
10— LT e h k. E e SR S .
2

g [ T Ty g [E T Ny ———

D o

L) S e Foomeooo- fomooom- R L L A -

=

> ' , . . : . '

e T S N R B i
L S e T |- EE S T .
S S b ]
] B S e oo .

-350 -300 -250 -200 -150 -100 -50 0

Phase (degrees)

Fig.4.8. Template in channel 1.

43



R —
N D

——m e et oo a o

AT
0.2

oo m
>

llllllllllllllll

Y QU

e

D e T T T SPCNyN RIS IR

i i R e e T [ pppp——

7

o
S

A I R

. 0.1
R
Of-c---4---

T SO U S

20 k-
40 k-

, Fig.4.12& £¥9a

5

-1

58.732° = A

44

-200 -
X: Phase (degrees) Y: Magnitude (dB)

-250
Fig.4.9. Loopshaping in channel 1.

-300

< 2lt} Fig.4.11& A4

-350

A2 19 AAD QFT Alojr]g &4

Fig.4.101A Z}2} GM =11.937[dB], PM

AAR A7) C(s) 2

4.4



58.732 deg. (at 92.321 radisec)

11.837 dB (at 230.13 rad/sec), Pm

Gm=

[EI N

HE = =4 -1t it

R Rl il St a0 o al e

SUL L
(R
i

1
t T r [
] ) 1
i ] 1 -
e az r-c-a-sooToy rozlazoc m
4 o TTIOITICD N e R
- -t Lt Dl i N
n T T T T e el
S B | i Bl ol sl Sl
i - ¥ ol
H 1 H 1
et et -r = ™~ i S B
i ' i 1
i ] ? ] .u._J
bz e [ Coojozozez
.x|m Jn] ITIozIz it i iag sqiagl i Dbk s -
DAY i IR
b= -+ - iy e Rl o
P ~ el o Al
Lo N ST
1 1
b - - b el e b
t 1 ]
+ 1 [l .
1, 1 1 T|J
n L) fon fon) Rl
rm.‘ P 15D

{gp) spnyiubep

{(Bap) sseyd

Frequency (radisec)

Fig.4.10. Bode chart of L,(s) in channel 1.

1 J

cification

(gp) apryuben

Frequency (radisec)

Fig.4.11. Response versus robust margin in channel 1.

45



T
'

'
-

10f----

7o) B

S0 k----

10"

Frequency (rad/sec)

Fig.4.12. Response versus output disturbance rejection

in channel 1.

i

0.4

A
s o

1.4
1.2¢
1

© @
=} =]

apmyjdwy

0.5

0.3

0.2
Time [sec]

0.1

Fig.4.13. Step response of parameter variation in channel 1.

46



U U PR T
|||||||||||||||||||||||||||| remm---
llllllllllllllllllllllllllllll Lcmccaad

i 1 1
||||||||||||||||||| LR R R Rk

1 ¥ 1
llllllllllllllllll beccaceacbacacactaaao-4

1 1 I

1 1 1

i 1 1
|||||||||||||||||||| [ e

1 H 1

1 i 1

1 1 1

! 1 1
R i i R Pm=——- [EEEREEL
IIIIIIIIIIIIIIIIIII r=-=-=-=-==r-=-=-==-=7r-=----=-=19
................. (il dhefiiniiall ety
IIIIIIIIIIIIIIIIIII Fe=s~===-rp=====syp=====-9
||||||||||||||||||| R A EER
||||||||||||||||||||||| R

T i i
............. [ A

1 ]
.......................... [

1 1 1 1 1

1 1 1 1 1

1 ) 1 1 '
||||||| il a it N i i SR

1 | ] ) [

[ 1 t 1 [

1 ' i i ]

' t 1 1 '
beeeenm e e m e mm e bemmm-- A b O [P
....... |= == =-m-p------p--ck--p----ssypeseso=d
lllllll (inliadialidh it (il st it aiiinfiaiiatiaiiath ettty
lllllll (Al Sl lhafiadill il afidiediindiadiadh ettty
||||||| T L T R S e
....... ([RNDRUUPRDRUEY EUUDUPUPUDR FORPIDNY SRS PPN PP

I ' ! 1 1
IIIIIII leveoeescbeccacccebocaftecbanmcccclacanaad

1 ) ! ) )
....... (RN SUNUDUPIROR IR SN IO SUSNPI

I t ' ' i

1 t I I 1

1 I ] 1 1
llllllll = s =Tr======r==- “-r-==-==-sr-o==-=-=--9

1 I t 1 1

I I 1 1 1

i 1 1 1 1

i 1 1 i 1

" ) 1 I ]

o ] jus] o] =T IN] o
(3] 3] N o~ o N N

[gplepmyuben

10°
Frequency[radisec]

1

0

1

10°

Fig.4.14. Frequency response of C/(s) in channel 1.

47



H 58 AlEyolM

it

48 BAE A7l HetdE Y AEos EFen dszA
= TS FE EJAY # AAT o] AelME HAYA wUFeoly EA9 9
olel sl AAlE QFTAI0I712] $54& Al AS B84 =3t} A8
e 7R Bl 4 A3 AR Ade gy 21z 2x9 149
ek 5z Al daiM HRXANS FF3A s R A st
58 A Hske At E SEAYAS ARgEdTh ABg oo A
2% AREE T=5ms] AAEE v=0.0985[m/s], AWNFEEE 4=0.1[m/s*] & A&
stsles sjuEedols] ERA v R=0.03m] Y 43} & W) go] L =0.05m]
A AR e dEiA FF s

Fig.5.1. 2—degree—of—freedom parallel link manipulator.

48



5.1 QFTA|917] & o] &3 Wl FEH|o|e] 9] 3] Ao

alpha 1
| Itx1et _ b
ST k . 1
From
Workspace
xout
a1 ToWorkspace
Ly xin
ToWorkspace2
~p  ¥in
To Workspace3
b yout
) ToWorkspace1
- 53.461s“ +1606700s+87564000
[y + > alpha + 1
52+3720.95+5053400 W : N |
From - s D
Workspace1 <X

E

a2

A

Fig.5.2. Control system of Parallel link manipulator.

AA N 4L Fig.5.12 AME38H9al Fig.5.2% Matlab®  SimulinkE o] 23}0] |
AAZ~EE TAd8te] Table 4.1, Table 4.29 FetHE S 71% vy FHolEHE 7
TELRE st} AlEHolM stk wlUEHIEHY BAH HEI} (x,y) B Fo)HE

A5 sk mE e #8ZtE s 4(2.59) 7 4(2.65)0) JaiA AP

49



5.2 A EdolA A3}

5.2.1 Tracking of circle trajectory (no load)

7F. R=0.03[m], 5[sec], low speed
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Fig.5.3. Simulation result of circle Trajectory (low speed).
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. R=0.03[m], 2[sec], high speed
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Fig.5.4. Simulation result of circle trajectory (high speed).
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Distance[m]

5.2.2 Tracking of square trajectory (no load)

7} L =0.05[m], S[sec], low speed

X axis Y axis
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Fig.5.5. Simulation result of square (low speed).
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Y. L=0.05[m], 2[sec], high speed
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Fig.5.6. Simulation result of square (high speed).
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Fig.6.2. Experiment chart of parallel link manipulator.
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Fig.6.3. Programming chart.

Table6.1 Specification of experiment equipment
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Table6.1 Specification of experiment equipment

Equipment Model

Specification

10 Board MULTIQ

8 single ended analog input,
8 A/D converters :13bit

8 D/A converters : 12bit

6 Quadrature input decoder/counters : 24bit
8bit digital input : 16bit

8bit digital output :16bit

Power Amplifier

Maximum current: 3[A]

Maximum power: 40[W]

Power bandwidth : 60 [KHz]

Small signal bandwidth : 700 [KHz]
Slew rate @ 9{V/ms]

Voltage range : —12V ~+12[V]

Encoder HEDM J12

Resolution : 10bit, A, B phase, increment

FAULHABER

DC Motor 3863H012C

Nominal voltage : 12{V]

Power output : 204 [W]

Torque : 8000 [rpm]
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Distance[m]

Distance[m]

6.2.1 Tracking of circle trajectory (no load)

7F. R =0.03[m], 5[sec], low speed

X axis X axis
0.26
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Fig.6.4. Circle trajectory, low speed (no load).

. R=0.03[m], 2[sec], high speed
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Fig.6.5. Circle trajectory, high speed (no load).
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6.2.2 Tracking of square trajectory (no load)

7. L=0.05[m], S[sec], low speed
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Fig.6.6. Square trajectory, low speed (no load).
Y. L=0.05[m], 2[sec], high speed
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Fig.6.7. Square trajectory, high speed (no load).
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6.2.3 Tracking of circle trajectory (load)

7. R =0.03[m], 2[sec], high speed (60g)
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Fig.6.8. Circle trajectory, high speed (load : 60(g]).
Y. R=0.03[m], 2[sec], high speed (90g)
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Y axis : 90[g]
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Fig.6.9. Circle trajectory, high speed (load : 90[g]).
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. R=0.03[m], 2[sec], high speed (120g)
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(a)PD Controller (b)QFT Controller

Fig.6.10. Circle trajectory, high speed (load : 120[g]).

6.2.4 RMSE (Root Means Square Error)

Table 6.2. RMSE of experiment results.

PD controller QFT controller
X axis Y axis X axis Y axis
Fig.6.4 2.8356x10" 6.2164x10™ 2.6580x10™ 4.9025x10"
Fig.6.5 3.6040x10™ 5.8150x10" 3.5423%x10™* 4.2621x10™*
Fig.6.6 4.4401x10™ 6.8983x10™ 3.6213x10™ 43796 x10™
Fig.6.7 4.7019x10* 5.8558x10™ 4.7078x 10 4.6657x10™
Fig.6.8 4.5461x10™ 5.3702x 10" 4.0140x10* 4.4224 x10*
Fig.6.9 4.2882x10™ 5.8814x10" 4.1563x10™* 5.4483x10™
Fig.6.10 4.6372x10" 7.7252x10* 4.2528x10™ 6.2447x10"
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Fig.6.11. RMSE performance comparison.
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