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Robust Impedance Control of Kinematically Redundant
Manipulator Based on Disturbance Observer
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Abstract : Design method of a robust impedance control is proposed for the kinematically redundant manipulators. To achieve this
objective, we first use the momentum feedback disturbance observerMFDOB) scheme which can handle the nonlinear dynamics of a
manipulator in joint space. An extended task space formulation to describe the behaviors of task and null spaces of redundant
manipulator is employed. Using the extended task space formulation and disturbance observer scheme, a robust impedance control
method is designed. The performance of the proposed extended impedance controller is verified through experiments with a planar

three links direct-drive manipulator.

Keywords : disturbance observer, redundant manipulator, impedance control

L A2

23 slRAclE ) 24 A8l delE maY o3
U o 4 gl ol@ 5o we waagse] A3t o
gk e Ha| Al=gle] FEE ASHAIFIY] wiE-oll Ao
7l ollel sldond 29 221 FHekD Rake A5
& UErd 4 lolok Atk o)B sl AF7A ol 7

bo] AStElo] S Bozol 11 F Shiel Slg 3]
(dlsturbancc observer)& o] R3] A|AHE EFr) w=5 3
gatA Aofstzl g B =¥o] o Yrh1.234]. V.
Oh && 71&9 AT #5719 548 FASHA 289
HagAsl FAtke ¥R # e ST AS un
Z0% AT 2 QXA H5e ARHo 1
oHs)

A oluigh AlEle] RIA FA) o]ele] 7]etF 04
FARE U olEE B ol Tl olE e
§ e BE 27 201 A Fae St DL
ALHO). AfA-iE & ol Aojg A o, =
B ite] &6 oo AYUFY HHUSEE Holx) gy
&M null space)2] FEo] EASH HERE AFARE
U Ed olE & A3 Aojsty) M E Iyt g
el 258 A0 Alolsto} AT ol A @ Wi,
2 WHYY 7R HE3l(weighted decomposition)e]] ]3]
A9 ENE Az dhRsel wdse o
2} 7Hextended sk space)ol X&) FA&o] A<tE]ATHS).

2 wRoME 7178 dgAREE 2 vjuEdol
HE $3 4918 dwis Aojr)e] HA9) o9 483A
Aol gk W 8-& ot Ieds Alole Af-F(free

(0]

B

ofx

TS L2002 125, AEEA 2002 8. 2
288 ¢ gk} 8} y) %o ¢ (oyh@amadeus kist.re.kr)
QA& . sl sty 4 H 9l (sroh@amadeus.kist.re.kr)
Aot - ¥&Fat o 8hw(wkchung@postech.edu)

motion) 7} X}j TS dsty] g8l A wFAYEot A
o8k BRIy 7Wsubspace)ol] Th3l Aelo] LR 3lx] = &3

B oabioz & e QIH9,10l. oY YEx AolE
4= UEY e #83sl7] 98] Be wWHSe)
Akslo] SOHI0ILIZL F12e) el wyse An
2z Aolo] 7 AH(null space damping)oL} FHE-H E=

# A gllocal torque optimization)HES Ao ZH o] F
Pt olHF Ayt AAES GITNXY FITE
kAl A F¥e] 54L& ZEH= ZAG
[1.23]. B =FdMes WA ofas /ﬂﬂé}l Xﬂoi/‘]’“‘—é]"ﬂ

A8e Foskr) 9l At [S]A] XA oS-

TEF AF 97 BF57|E ]1'?54«] Aol 9;1*9‘
T2 FAsp] ARG webd B =RoMe -9t
HAE A gt HAE &% A% T A=r]9 F3F
ollMe] T %Rl 7|2l AAfAfE 2R
3 <JuEis XHOM% AR oIl ks g
g3le] d@Aom 0 A%

IL 2% of{Eaol5o] =AY
HegA ] AAEItE mAdolzt sl AEIE a
zHdolal shA, AukAel AHE =R ulUFgolele 7))+
gt PAlE vt 2ok

z =J(g)g, J(2) =u/§qil )
z - J(q)g+h(g q), h(gq) = Jq )
oA714 k() R "R " A 717 3Kforward kine-

matics)-& YERNIL Je R "7 ujUFdoly] Akmuleh



964

3§ @(Jacobian matrix)& X ASTE AvkHOZ ) molH
o1& 717EA JFAfe thEHCE= sl r=n - m
& AfARED BB

HEEFoNAM 2R “H‘Jgﬁﬂ olEle] F
#o] 7l=Hok

dere thest

r=H(q) g+ Clq, @ a+ g+ T (df+ 00

oq718 reR " #H Ea WE; H(geR ""& @
A8, C(q, q) geR "< CoriolisT 7 2428 el
= WE; g(g@eR S FH/NEE peR "2 rhEy
I e vjxe] P T FHs feR " ARHET
so] HES ek B =Ron H-2C = w3
(skew-symmetric) 3 Heo|g} 7}k

O oft

- A% Azdes waYsn og Alsd
goz sl TAHH. Teht Be

rin

o
o
o

Noborr oo
rxoi
oo
=
_):O
oo
o,
oL g
ol o

. LT

; ird
zf%%n
o i
lo
4 >
Y
32
o A
ool
bRt
oft =
192N
1%z g
O i)

= B ERoAM= _j.‘j’] 13 2-&
= A ﬂa‘r -‘d~_—,7](M0mer1tmn Feedback Disturbance

Observer)E ©)£3HtH5]. IgAX P, 2al AlZE]
Auhalel 5L Vehyis ket o] EHET

p,= H,(a)aq. 4)

H,= C,t Cle @g o83
W ookt ge AL 9e & Utk

T*: ﬁu+ T st (5)

AN t'=1+CHa @— T (@fli T4

BE ABL HAD o) AelN BE e 9 &
T vEe dd B35 F ot %] vE2 7t
£55 XP3}7] Qo] HA o] obd R 2& F
A 9] FHestimated disturbance)S AHE-3Ht

Tue = Q[ —sb,] (6)

o714 Q(s)E DC o]S(gainyo] 131 A T3 HH
(low-pass filter)o] AAe] #A XHEI= g 2
PaloZ xdE F Utk
+ T 4 @)

T = T,

MO - =g - AARIE =2 X K82 M 11 =2002. 11

bl , h j/' j"
9] r
b4 Co : S
T ¢ L »  Manipulator . >
! o I v “q
+ -
q
,’:L T L T,
e, o (q q)q e .
A
T i R o
T e
- - P -
I( 3y
b
o6) Disturbance
> Observer
EERREE S 3 E D 2
Fig. 1. Momentum feedback disturbance observer.

AN T g ©F 1P 1904 B0 7 Bl
A F4E gholtk

o (NT (UOE o1& T e HF-$-2(closed
-loop) TA2ME B& & Aok

r.= HJ (@ 'a+ C,(q Qat](Df

8
+[In_ Q(S)] T gist ()

aeiEg ol a4y YoM Q)= T,02 4
ey 927t sk 598 BAE 2L 5 Uk A9
E5F A T BEVNE ol &F AiARE 2R
& A A)Y] e FuEH [S]oM 2E 4 Atk

%91 S5 A AT BSVA BAYEE WP

IV. &% =t 2 7Hextended task space)oll A 2| of RAl7
ojui Ealolslo] 7| atn S5t
o] Ao M oJfARE wiUEHCIEE A% FFE3
slnel 7)1 78kst Fodste] disld ks AR BTH5S]
2 e ulel go] (Dol gk UwkARl sl o
o] Foj7c.
a=a,t a,=Jwx+(I,—TW)E O
gle] Aol Ty €R "M Jo 7E Al d9ih
(weighted pseudo-inverse)o]al & R "2 <J]o] WE]ojr}
2 w=RoldE W = H@ 7 slel 0014gE m
A9l wrebgRle] sx wE@)d s SAle] Yeht

= q’? 2 %3837) gsiye o3 r i) WETe] BQF



Journal of Control, Automation and Systems Engineering, Vol. 8, No. 11, November, 2002 965

o ol Adl Jol FE0e
a,& ohew 2ol il 2 5 grk

Zdl(span)dte VeR VS

alz:(ln_]}}])gzv(q) 551\/ (10)

o 1"1 XNyER TS 0351?1' &5 (null space velocity)Z}
H
A5

ViHz2 J (D4
(11
o] "k o7 JyER "' JE AaHIgHnull
space Jacobian)o]g} & elglic).
oAl AERAY S WMES Gt ST AHE §
sto] B Ad27hol|Ae] 717 oheal o) Azhel 4
At

v=(VTHVY !

zp=Jq) g (12)

xF=(xxN) ]E(q)=[]]N]

G0 EL dosE MY e SyER ol
st olF waHAN W f oz AFH RS vhe

FL=(r7 7h).

(12) ¥ (13)& 2R #AF3IIM9 598 2l tig]
sol Thesh e B4 7oA Telst 42 9 5 9l
.

f[,‘(-: AE(Q) xF+ PE( q, q) -.xE"‘ fE
(14)
Aol 78 E Wr Bdytte] Idddolng

_| Ao
4 xla) _[ 0 AN(q)]
:[(IH*‘]T)’l ] (15)
0 v’ HV
(a9 =J:1{Cla, 90— HIZ' T2} T 5

o] ©th o774 A & oA £F9A) 3P H(pseudo-kinetic
energy matrix)[7]°]2} smdAye ggzr A48 E(null space
inertia matrix)o|2} Aelslch & 9o} Alox] =agle gt
Bolo] olal] 73] AUt ARER] dEel]
ATk

(15)= 2= hzsiH(block diagonal matrix)e] HejE x|

Aons ol ByHos UUPAS I3 £5
A Ak I (4E s sl o 2

o XoiH &4 7158 9
B4, BT 73 (stiffness) 2] 447:]]§

AlsstA (195 o83t
F A EANMY ke YL BAE v 2
A

pfr= My ez+ deeE+KEde(16)

AolX Mgy, BpeR "9 KpeR MM g
2 HAETNAN Azhe] Y Ak 9, AdgEe

s aps Fel  Wist vEEFE Bdshd
éE:(év ) e= x,— %, ey= Xy — XyO
o @A FEY AR dee] £EES HE FEo
Aolg]7] o] Uk o g ay & EAEA gon o] u

Bo g AUFTIN BANY Ky £ e 2ol
Foj71gy.

KEd:[Kd], K &R "™ (17)
0

z719] YAz Ao FaE AFES dste Ao
FIRIAE AEF 5 Aoke AL /MEsidTh 2 W
S. Newman o &3l 9ejo] dveixg 7= e
E7Fsskal &3 ATl A Aeg eve AS
E’_‘}il:]-[IOB Oltﬂﬁl— @o 3213}7] —ﬂ_H MEd: AE(q)

o By= Ipla, D+ By2 st w3 o 3%
3o thak BlE A ap = 01} 24}0)2] ZHe FHsjof 3y
&Y ap Alolde wHE BAZ APITHEL F «
7F 0l 4755 A AAA Bk

olde) AR olgad H TN Y
Aol =& o3 o] i

fp =4 {&Ed_ ]Fb}+ By er (18)
+ K et (l—apf gt I'(q, @ x g,

A7 B g =diag| B 4, B ).

(18)& #d8cz Eeld &7 A o) 7|(Inertially
Decoupled Extended Impedance Controller)2} Y211 o|& 9F
A AR £ AR 2@ B2v)9) ARE the 2
& WEYe 28 4 Ak



966

 Hal)

k()n

x

-%—-+ o

S TS

4 1 Qe

-—_— * T
- Ja, i‘ LT t ,J Manipulator/ T8
f ‘ | MFDOB ‘
— S @
—— J,/] l
i == |
. ] .- [ P Clan ), T
Yoy e - ghv(q) uH(q) d (S CIX)I P ra—
. e

Jlq)

i

a4 2 &%
Aol71¢] 4%

Fig. 2. Block diagram of extended impedance controller
with MFDOB.

% A ol BEIE ol8F Y Yolus

T, = Tpt Tyt C,,(a, 4) ‘qa!

- {19)
T= 7% Tay

A7) g 4uE
i ]-;1(4) -xd+ V(a) —.de (20)
2 7oA, B y= By A (@202 & o (19049

Tpsh Tye TR 2o Fug 2eth

= ]T(Q){A(Q)[x «—Ja d]+ B,e

+ Kyef+(1—ap) J'F @n

= H( V(g% syt Buen— Ty aal.
a9 2= Aot A Quula Aol LEE A)F
gt BErlE AFta dAAzHe] FAEE Bol

o] FeIHE AL
Agez Helth A
AgRA ke B9l thew ge] xS
(Recd-forward) 3418 ©] ¢4 vhEe] BALE

Tf: Cfsgn(qd)+ V/ bd

1 Crst Vi st Colonbh et A
& Ue ol5e dg4ez Taigh

BN

APNE 1Y 37 2 BW IAREY olFARE

222 AMgeidth 2 wEe AuTE mEel o8] F

sa B 7o 238 ga) 1 AEe] <l :u(encoder)7

MO - St - AIAEES =2 X Al 8 Ml 11 22002, 11

9 3w 3 A

FE AfARE WU EY | E.
Fig. 3. Three-link planar redundant manipulator.

AREEI) 71 F9Et HeEL CAD EHE 2
1o)X £ ;&

AR AU 1 AES X 1o BABAY &
(A BA(link)e] Holg 0,5 A FAY EolM F
Al 4 (center of mass)7HA]2] ABE M= (A Y29
Ads [ AR Y322 BPARAE(moment of inertia)
 epdth shAet ae) Bl orsle) Axele =
sh7] flsh 3% 3 AA7E FREJL oF lem FAY &
o] SIREAS XHs] 8] ALSERI 2ol
71F FHEEFE GFugae] Fge A dHAA
ool eF 0.725m). HE]Y PC(MMX-233MHZ2)E F | Ao
2 ALSAT HE AEEIBL C-A0)E AMESlo]
AgEoem 1kHze] HEE S5 Aojsigrh #d9
SEE JARRE 52 nlEse] A8k

N, -{m ozi mlm
tw

#0013 AR 9E o fARE 24 WgE.
Table 1. Parameters of three-link planar redundant manipulator.

Link no. | ¢ ;(m)| eo;(m) | m;(kg) | I;(kagn2)
1 0.350 0.241 7.56 0.215
2 0.350 0.201 3.85 0.134
3 0.265 | 0.154 | 1.25 0.023
2. g Zot
19 40 EeR7L Fdllsfor & AYE EASL 9

W2 Aole] MeEe thewt 2ol st
=09, K,=9001,, B;,=501,.
G ANE A T WA Aoz PR A5
4(kinematic performance index)®] #Z3} F-A|S AWz23}
ol& sl 44 A|4(manipulability measure)S AHE-3FTH
[14]. ¥3te o I3t 52 thgT) Zo] Folzeys].

X =14 3@ V' vim(q)

o] 7)4 Hg x =20, By=2007 A

g3tk

FE3ke] Aol H



Journal of Control, Automation and Systems Engineering, Vol. 8, No. 11, November, 2002 967

Manipulator
Environment

;777777

(0.4,0) N p-mmmmmmmmmmommooy ke (0.75, 0)
\ \\ Initial Position N

18 4 9Es AojE AT HY A
Fig. 4. Desired task of impedance control.

Lt

T 2. Q-¥E Y cut-off Fu}4
Table 2. Cut-off frequency of @.

Joint No. 1 2 3

1/ t;[rad/s] 50 .50 50

Gain[dB]

10 100

p
wlrad/s]

18 5. @-EE 2] bode plot.
Fig. 5. Bode plot of @-filter.

Aotel ole BE71E ALl Sls) TeTt 2L 33
Q-9E18 AHgatack

s+ 1
(r;9)°+3(r;9)? +3(r ) +1 17
i=1,2,3

Q(s) =dia

el T Q-EEY cutoff Fi4rolal 1 FHES 3
20 YRR 7;=1s 91 79-¢] bode plotg @ 59|
Bk

2.1 meA wHol Ms

x| 9] YL AR 2% el (04, 00075, O)m
o] ANAHE FFha FH9 3z TN AT HRF

FAeks AHolth zrle) B gAE z7] BUEAe

9%, 2x ,=(0.4, OmE 9=3}= Qojo] oz A
etk ¥ 63 7o 1 APARE Hlth 19 62
Ard 25 A T AZIV) AMEEHA ZE A5
a2y 7& AMEE A9 ZAdoeldk ¥ 63 79 (a)F
vk o, AtE o #E7E ARRSIRES A9 2N
ofe] & AT F o A3 AFE Hole AL Q-TEH
9 Z(bandwidth) 2} o]o]] w2 4 2] H|(phase lag) W&o
o} Z1efv A4 Ael(steady state)oll o] A Ukl B
AE AAshd AE5EE thye @A g Foixn

= =~ = =
fo=K.0,/ap=21.6N, o}2 & o zotd 2 #=7]
= = o 515 37 =2 9 S
E AR Aot & ol AER Jekls BAE AT
L O OF >
= AL Y 5 ok
90 — e e - F
80 iy
y -
70
60
Z w0
8 40
2
2 30
20
10
0 b ;
-0 | :
0 05 1 15 2 25 3 35 4 45 5
Time [s]
(@ B5Y
0.025 T T T T T T T T
— x[1] error----—---
E 002 | x[2] error ]
5 /
g 0015 | ]
g i
= H
8 o005 e
-3
S o i
7]
2 .
& -0.005
o
001 L _. .
0o 05 1 15 2 25 3 35 4 45 5
Time [s]
®) A2 o3
5 . . . . . . DR
xdot,,
4 xdot, ——
o
o
£ 3
=
©
ki)
2
c
2
=
o 1
g [ N e
S o
-4 -
-1
. ; ) . . .
0 05 115 2 25 3 35 4 a5 5

Time [s]
© 9 &

a7 6 AFHA Aole) s (MDFOBE AR &

A
o
=1

Fig. 6. Impedance control performance.(without MFDOB).



968

Fo ——
Fy 7
z
@
°
S
w 4
o s
0 05 1 15 2 25 3 35 4 45 5
Time[s]
(a) &Y
0.025 T T
x[1] error---..—-
~—xf2]-errop=cc- -
002+
5
E oo0t15-
8
g_ 001" 1
c
S H
0.005 + i
g
-0.005 .
0 05 1 15 2 25 3 35 4 45 5
Time [s]
(b) #1222}
5
Xdotng
gM Xdoty ~—— |
- lp‘g‘w ‘g‘ !
o'.g A 1
£ 3, N !
3 X i
& i \
c 2
K 2 ’!‘ '
s |
£, / i
3 \\
z
0r g
\
-1 . s
0 05 1 15 2 25 3 35 4 45 5
Time (s}
o]
(© 4 &5

a9 7.9 x Aole] He (MFDOBE AHS-3S o).
Fig. 7. Impedance control performance (with MFDOB).

TR 28 vERdITh
#57I7 AR e FE
st A-g-at
P e

.{I:
F x&e 93 23} WA 27
2 3

.

uS)

=

il

Mo

30 L

= 3 o2

L o+

N o

=

o E
)
X
<o
lo
hu
)

)
R
lo
N
BU
de fr ot 4
| o
ot =
N
Ha

HIO - Kts3t - AIAEIZS =2 X HI 8 & Ml 11 S2002. 11

g s Aojr)g AL I Hes

FIAT ARRE o BETle 2R &

Hl A& FEE QY #5719 BolA tE Y]
ol ME Aoj7]e] 40l o] F o /fAdE & F
Aot AfARE siuEdolEe 58 Afdos wd
&t7] dsf I A BHE B B AT
oM} FHgte] ol SHATHE e ALY AY #327)
(MFDOB)9} &7 #l-gtojxe] 98t x3de Zst
o ¥dHez Fejd AT dIAEL Aof7|E AAIE
TFRET oflst 9Ede] 2% AARHoR Ao

2 9T o2 3ASE W AHRTE ASASE o] E)
olejol A8t 71 5L HFAAE

Anzsl

[11 N. Oda, T. Murakami and K. Ohnishi, "Observer based
local torque optimization in redundant manipulator,”
Proc. of IEEE Int. Conf. on Industrial Electronics, pp.

1915-1921, 1996.

[2] N. Oda, T. Murakami and K. Ohnishi, "Null space
damping method for robust controlled redundant
manipulator," Proc. of IEEE Int. Conf. on Industrial
Electronics, pp. 755-759, 1994,

[31 N. Oda, H. Ohta, T. Murakami and K. Ohnishi, "A
robust impedance control strategy for redundant
manipulators," Proc. of IEEE Int. Conf. on Industrial
Electronics, pp. 1254-1259, 1995.

[4] M. Nakano, K. Ohnishi and K. Miyachi, "A robust
decentralized joint control based on interference
estimation," Proc. of IEEE Int. Conf on Robotics and
Automation, pp. 326-331, 1987.

[5] Y. Oh, W. K. Chung, Y. Youm and 1. H. Suh,
"Disturbance observer based motion control of redundant
manipulators using weighted decomposition,” Proc. of
IEEE/RST Int. Conf. on Intelligent Robots and Systems,
pp. 1781-1786, 1997.

[6] D. N. Nenchev, "Redundancy resolution through local
optimization: a review," J. of Robotic Systems, Vol. 6,
No. 6, pp. 769-798, 1989.

[71 O. Khatib, "A unified approach for motion and force
control of robot manipulators: The operational space
formulation," IEEE J. of Robotics and Automation, Vol.
RA-3, No. 1, pp. 43-53, Feb., 1987.

[8] Y. Oh, W. K. Chung and Y. Youm, "Extended impedance
control of redundant manipulators based on weighted
decomposition of joint space," J. of Robotic Systems,
Vol. 15, No. 5, pp. 231-258, 1998.

[9] N. Hogan, "Impedance control: An approach to
manipulation,” Part [-II, Trans. of the ASME J of
Dyn., Syst., Meas., and Contr., Vol 107, No. 1, pp. 1-24,
Mar., 1985.

[10] W. S Newman and M E Dohring, "Augmented impe
-dance control: An approach to compliant control of
kinematically redundant manipulators," Proc. of IEEE Int.
Conf. on Robotics and Automation, pp. 30-35, 1990.



Journal of Control, Automation and Systems Engineering, Vol. 8, No. 11, November, 2002 969

[11] Z. X. Peng and N. Adachi, "Compliant motion control of [13] W. S. Newman, "Stability and performance limits of
kinematically redundant manipulators," IEEE Trans. on interaction controllers," Trans. of the ASME J. of Dyn.,
Robotics and Automation, Vol. 9, No. 6, pp. 831-837, Syst., Meas., and Contr., Vol. 114, pp. 563-570, Dec.,
Dec., 1993. 1992.

[12] T. Tsyji and A. Jazidie, "Impedance control of redundant [14] T. Yoshikawa, "Analysis and control of robot manipu-
manipulators: An approach to joint impedance regulation lators with redundancy," The First Int. Symp. of Robotic
utilizing kinematic redundancy," J. of the Robotic Society Research, M. Brady and R. Paul, Eds. Cambridge,
of Japan, Vol.12 No. 4, pp. 609-615, 1994(in Japanese). MAMIT Press, pp. 735-747, 1984.

O Al 2
(=}

195813 64 74, 19801 d A&t A
A3 £ ARBINY A
(1982). TS MAH1987). @Al &
S9e|Ed T ASA AT A F9et7) ¢ AT A EA AT AE A
T BPRORE oRARE 289 B Baliols 23 AsAlel 3
g Aol wZel AH 2 Y 2, A718kAlo] B YA B 28,

1969 19 18U, 1991 X&)}
W AAFS £ B A
(1993). RSk WPAK1999). A

H

195913 29 2494, 1981 d A& 7]
ARAS T 2. FRH7IEY HA)
(1983). Sohshgl uAK1987). & E
G3ooistae 71AFEH wy, HPE
oft o fARE 2R Aol Ziel
3 Aot @ Ao,




