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The Attitude Control of The Doubfe Inverted Pendulum
with Periodic Upper Disturbance

Row Hyun Nam®*. Keon Young Yi
Dept. of Electrical Eng. Kwangwoon University

Abstract - The attitude control of a double
inverted pendulum with a periodical disturbance at
link top is dealt in this paper. The proposed system
is consisted of the double inverted pendulum and a
disturbance link. The lower link is hinged on the
plate to free for rotation in the vertical plane. The
upper link is connected to the lower link through a
DC motor. The DC motor is used to control the
posture of the pendulum by adjusting the position of
the upper link. The periodical disturbance can be
generated by the additional link attached at the end
of link 2 through another DC motor, which is the
modeling of a posture for a biped supporting with
one leg. The motor for the joint simulates the knee
joint(or hip joint) and the disturbance for the legs
moving in air.

The algorithm for controlling a proposed inverted
pendulum is consisted of a state feedback control
and a fuzzy logic controller. The fuzzy controller
keeps the center of gravity of the biped within the
specified range through the nonlinear feedback
compensator. The state feedback control takes over
the role to maintain a desired posture regardless the
disturbance at the link top. In these case. the
change of the angle and COG of an upper link is
compensated with on-line. Simulations with a
mathematical model are conducted to show the
validity of the proposed controller.

1.4 B

€ =% 5¢ 2y 2HEY vd9l 2& =Y AR A
Al Aol g AFE 2T AojdAd 2% Y Aae
R 5 ZREJ 82 APFd AAE A Ao
2A Alge] 2E By 54 A4sd, 2ulz AdE AA
v ¢4 HBHEE 2e 258/3%2 Y A2 ndd sy
ANE # A1), B AFE Yi(l), Zheng(2)59 F%7)
7t e B2 BEE 2 2y ZXNE Ao g F& A
T2, &8 83 75 FA/) gled £EEHE FAog ¢
10° o AY 7L e By zPE ¢z AP 2
A ZAG AR B2 2B 25 Y AAE Ao diAe
2 3gd. & vid W@ d3%e 22 #dL DC RHE B
3 ZHES B8 #4d T sl J4EL gin, AR P
Ao O % tele] $49E 2AE Aol

olg} o] 2% £ AAE HY ZHE AoE 3 =R
E 2d2 go| ALLEHAUT. Spong(3)L 7t #A] 3 doj
g Aol Qe Acrobot®  AJUASZ  partial
feedback linearization® pump energy AT E o] &3ld
Aok, B A7 2% 32 e o ga A
o2 <3ty o]& HEY F7 Q. Berkemeierd
Fearing(4)& H43¥ %3 Aol71g ol &3l 2& &Y Az
9 galold ACEE Aojstgoy Axde myao] n$
Aot 3] 9ol gle Bt Bed £ Ar}

b B AFeMe 9@ da(gda 3)d o wyHe
FNA AFL A FA(HA 2)o TFAA, TA 24A7A
o] At AQ sy shd Ame st sA st o]
E A7l A& Aoirlg AR, F, 248 MEnd

o] #&% B QM= 71E2 HE AUEE ALHHe

"9, a9 HHdMe HdE A= Aoy 2 HA

Ae)71E AA R

2. @ X A2H

Iy 1. TR X Aa"He THE

£ A7 Ao dAd =% AR Azde] FPEE 19
13 2o 3 dae A HolAM x-z FA tiste 3
do] 2% FA FaH glen, F5E F4Ho2 £10° 9
A WHE 23 Uk ol 71&9] AolA LEY uis} 2
ol (1](2) 4% FAMME FEEE 2o o HIE Yol
] RHEE AT sete T #- HEE HET Ao
o, F32 1, 28 Y Wds 7AH glen, 3 28
DC 2E(MD oal 2 19 e T k. o
DC 2He dAAcg =3 AAE $3ole 7% FAZA
o &g A "ch ¥3A 3& E tf& DC RE{(M2)ol 9
3 @3 20 o] FAEH, 2 A ¢ $8 FL
FozA AN =¥ AAed FA FHL BIAA FHAA
Ade LA 988 ¥

E 1. Mol Alxe| of7l M
231 33 2 33 3

Zol(m) 0.195 0.19 0.165
cOoG A= (m) 0.156 0.151 0.0825
5 (kg) 0.449 0.271 0.137

#AaAS (kg - mH | 0.0132 0.0076 0.0037

E 1& =¥ JA Aade v Axg A5 gt .COG
AZle Z 939 BEAA FAFANAAY Alg deld,
Ba1, 29 FAe 32 AN FA ZE e FAE EFP
ZAojul, 332 Favte] RAE Jvetid. Z d3ae #4
A+e RHE A FFoE Fsixn F3E 24T w9
2 Fste 2EsHoh

2.1 Mol did9 51y oAy
Ao} Wde 2ddss) 94ste Euler-Lagrange B34 %

—2309 —



ol &3t th& e FA YHAE deoh.(5)
DOHY + C8,0)0 + g6 = ¢ )

4714 o€ BRL MUY, o) L C4.H)c B YE L T
483 e gede) golun, o€ FHYol

P32 3L F713Q AdL A7 A Rol=e =Y
201 43 F7E e 3¥ Y4¥2 Jee B+ I3 39
X)) wet A= 29 VI f FASAHS] W3 A
o, ol ATL zte MY YAR FFIE dIH Fe 25
ERAAe) ¥4 4oz Yo s

dll .91+d1292+2h91 Bz+hé22+fl 91+g1=0 (2)
dy O1+dpby—h 6.2+ f, bt gr=1,

4714 % KE & B mtEAFly,

dy= my I+ my( P+ 19,2+ 20 gecos8) + L+

dip= dy=my( lg.*+ hlg,cos6y) + 1

dp= my 1y +1

h = —mzllld,sinﬁz

a1= (mly+ myl)gcos 6+ myly.gcos (8, + 62)

&= mylo.2cos(6,+ 62)
2A 42e Alee R 19A49 29, a8y, 6, 2 e 3
Hlclxst o] TF 39 fAld s AR M g2
(%A 24 M9 Z 4.9 FA 4 Ad=2 EAsolo} 8
o thgo] A3 Zo] AP AEE TPt} ot

- C,siné
0v 02+ 02,, 02“'" tan ( Cz+ C3C 03 ) 4
lon= V C4+ Cscos 03 (5)

4714,
Ci= myly, Cr=mylya+mb, Cy=myl,
C.= myt 1+ momabylo+ my? ( LA+ 15D
i (my + m3)*
Com 2my° bls+ momyl i,
(my+ my)*
o} Hoa 9ol Y AF F. m=0°12 (N B
AN 6, o 1, 2 B
e} (2), (3)olM R Ro] shintel HM%I%ME F A9
#dzte 474 EygAez A4¥ 7 gk :Lei\—} 6,9
AXE Mg o Adez HHHe AP 2ol BE 29
e ELAd 93 BYSde FE ELI 1, ZY¥H A9
2 £ A% F, oo o e F329 FA FH mt F4
Zo2 olFid et se P9 TA FAH m TH F4
2oz olFdnt. oW & BH 28 AW &5¢ ¥
Ty S BoD O WL wiges ALY} o] KA E
23%E (3)4M &3 o] AojAH(6).

Doty = Tg_(dm 91+dn pz-h 0.,,2+f2 91+g2) 6)
(6)22XEH (2) &3 2& FAdez gAdd,

(dli—dzl) b+ (dip—dyp) b,

+ N(6,6.m+g—8= —n @

cr}gk] N2 7 #4e 4% ¢ 1 FER2 FASE §5
A(D, () datd 2 BAe) 94 2 ASSE RS
x=[6 0-% 6. 0)3 ¥2 £ A4 L4 248 &

4, 0,55 6,20, 6,°=0, 6, =0, 283 4,6,=0 & BAZ
FE oS3 Zo] EAET.

b

X= AX+ Br (8)

old, A¢t B ¥ UL E Faed AEE Afe ’-‘}(2)
(3)el X Fah Ak FAET. JdE AW 2+ 2%

He] 2AZAAANS Ast (59 Fe2 WHRE A% B
48 dae AW FuEst Hy eddes 42 shed

2.2 Ho| Adn2F

22 Y AV e vdYgdR AfF ez Al 9
@o] 2@ =Y AAE RASA 87 fdtd HA A
719} el D=9 Aoj7|E TP Aojr1E FHSACL. FH
s=w Ao}7](State Feedback Controller)e E=¥Z77t
(8)2 2dd He A$(AF 243 715 FA)¢ Aolg &
e, 1 73 8o FAEe HA R wHY F=y Y
7)(Nonlinear Feedback Compensator)e] 2j3td =d A=}
7} A8 Bz Aoire Ao st FToz A AR E
Aojgct.

olg} zo] Ftel uwat Aol7|E A€se Aol7] A@7)
(S/W)E Aoj7) Ad & 292 ¥ 3 2% &2 Y
A2 BAL52 Fou YR AL A9 SFCY & 713y
7} Ho] =PAAM #A71 oJ¥}) SFCHY £¥o] Hoilgo]
S|=2 @ a3y, SFCY Aol AN el 4FY
2718 2AFHUE(12 : 48 2413 7bs 289 A8 27
e Fo] SFCZ Aojste HFFAA 713 & #adge 49
32-3 AFg) HA A7) 8o AP L A9

z7Hog A7iHE T daAMe ¢ AFY ust 2
o] 9)o] 9§ A Y=ol WHE MY YAZ A of
g AolsA "®d. matM, Z Aolrle s} F3e] distd
4), (5)2 ENSE Zs9 74 34 A" 2=l (9= &
Alsle 45 E BASA A

g, = C1C3+ C1C2C0803
27 (Cy+ Cycos 63)2 + Cisin *6;

AN, Ce (4)9 $43ict,

2.2.1 4= scy Ho| ¥ HMY Fcu HAMT)

(8)2 EASle N2de F 79 BXFE F3E #ed.
a2y, ole oS HE kE Ze A He=wg AL A
o} 3‘39—] B4 2€ doe IFF HAAR oFAA AdE
F Urh

9)

X AX+ B(kX+7Y) (10)
[A+ Bkl X+ By

4 Helg ANM, SF IHL FLA & o 2
32, 49 J=9E 7Hg Axds) 93349 A 49
2 A3 54 9349 As 468 kol U3 vim P
std, gef sl=9 o| 52 ohgF} o] FojAd.

k= A,(8;) "'(L— B,6,)) an

A71M, A(8), B8t ARl ol 3% A8 FA F
A Agst Ase Ade 948 Ze PP, a2, A4@
E£% oo g¥olng o P& ¥ F AR A ATV
s} gol, o|% MY k& 24(4).(5).(9)2%H ggdez B
254 8.

A4(10)9 e FA=9 Aojes YA Ag =7 AAE
A YD /AT, F, o] A WelME (B)F & 243
2 2dg Agax 3o mabd =@z AATL o W
%ol e AfdE 7He Aol d8 ALY (3), (NEX
B gojAle 4, oz 748 diel 83 HHHE ol &3
6,9 AANE Aolstd FPHoz 4, & Aojscl 340y, O
A 34 9E3 2Y.

(dp— d‘z )8, N0y, 6,680 =7, (1D

714 Ne®= & &’5-4 Zxs Z4&re FU=HE ¥AY @
& Jepdg.

ol M4y g vcy dPoz & g, 9 W AF
(6)22 F48 AdYFE UR st oS3 22 A7
g 748

2
2'2=(d22— Zlf )U"Ng( él. 0.,,‘01, 0,,) (13)
U= By+2tw, 6,+ w,’ 8, (14)

—2310—



Aq714, g 7P B3 H3 22N, IE dEg FHY
9 A, F, 60,1tk o] AoiYgP 2Ry Y32 29
SR e HFA Ao ZRAAZ Aojdrt

#4d 19 FEAN fSel® B7Eia, ¥d Fad JE
AXNE zFFo2A 2 FAE AAE F UTH1). o 7
& A& HA Aolrld & FojA

2.2.2 #x =g| Hoj|

et F3e B F3A9 Fros WYste P Eedd
9&td FEEYG. AANE HAAAAZE F YFd A
(6, 6.)8 d8oz dd, %Y ELAE HPANTle BFE 2
8 71& HXE dFsE 94¥E 9. o JF AAe (14)
o Aol 4 & ojgdTt.

Z g39 F3 4o U@ 25FFE o} FH AFIPLS
AHEEre] FA AL, FGd vt £ URA Mg
sk, o] A%, =Y A FIdMe FERA AoiHA R
shi uniz Hodre HEAF Ao 54L& & &+ Udh E
@ =Y A FhAME FFAM AT Y =y Ao
71l S8 Aojgug, of EAe siddch

Yo i 25T AE o] Fejot vidtA 74
gk & FEFEe] ¢ FURY WA FAH Sled,
ol 43 =3 A4 F2dA HA A7 G8E FaAZ
ok dst 2 A&Pre £ HAAN L 5AHY 74 FAe]
G g 079 sHgA B oluwie] ZE&s EE 0O MREF
23] =Y Ao AAME JFE A7 Ao FRo=
#2383t Aold.

HA 2 AL ® 29 gt} o] 3 FHL A A
%4 Hae A4xg j¥oz g FAHALH, FA 29 7]
 AAE 2902 ¥t dHAste HA 329 u A 2
S2ye A FAE st AMEHD, (14)9] Aoyd
Ao Bog FA 29 VE AXE WL BEY 27] 9
Ao BAglel FAE P Fez PYAT)7] Add F
€ 73S Rsdch B3 P39 2N E 4d Ay
(PL, NL) 71&#¢ 34 dxstad Jae A3 73 14
A &zt AN A8 oy Ajo]r]e] A o] oy
wetd, of Ffe VIE AANE A2 WA AFs AE=
E ZEAA A8 13 Ade] Al=dct

E 2. X Ao 7&

o, g PL | PM | PS | ZO | NS | NM | NL

PM I NS | NS |NM | NL | NL [ NS | ZO
PM || NS | NS |NM [ NM | NS | ZO | PS
PS INM | NM|NM | NS |Z0 | PS | PM
ZO | NM [ NM | NS | 20 i PS | PM | PM
NS [NM{NS 120 | PS | PS | PM | PM
NM # NS |20 | PS |PM | PM | PS | PS
NP 1 ZO | PS | PL|PL|{PM|PS|PS

3. Mgalojd

2% =¥ AA AolE $iste] HAFE Aojrle EHd
A& AFE7) Aste] Ao dige] A Zdd i Ad
gold & FPstAt. A BHANA ALEH Ao i 4 A
oj7] Z2aYsSL C-doz FHAo, Rddd A&
WARFEL FX e AP L 2AZ st A&t

F714 d&dg QAdste I3 39 75 L By Z2HES B
gL ndte oz HFsd £3.5° 9 JTFE TN
% 3tAct.

r3 = 0.02sin(xf) (13)

¥ 29 HA FAE AL HA Aoire ool EAZ

ol 1=7.52 4AE FH A=Y Ao7]F oj&sdtd A B
g dgsidd. 13 28 AlBdold Z2ade 43y A
€ AAF RAolzm, 217 3 AN HolHE TEHF Aol
o, 28 2, 39 (a)e 7] 2, 6,=100" ,0:=-25"
A B3 10 AY FT =¥EH e 7] AAd. (be
HA| Aoirle] os) SFCY Al Tl jldte APl
a8y g3 527 AA o] 3L deolud Ha (o9
FA# o] HA Aol7ldl & ARYel AxER. (d)9
A$E A3 243 7t 7] AYstd SFCo o3 Ao
3 glou 4% o gjg AAMsH sEHZ FHolth. 2

g g dig sbd F32 AAde 2ol o R0A (e)9t
< ge AAE RA Bt Y] FrHeR A7
W&ol (d)-(e)o] FHAFol W}

ERE:

1:0.000 71:0.250 T:0.800 T:2.990 T:4.790

(a) (b) (c) (d) (e)

a8 2. o] e e Mg Ent

76

>
@
o

05| = |-

J

0.5

The Angle of the Joint (rad)

¢ 1 2 3 4 5
time (sec)

a8 3. 2lzto| U F ABaolM Ext
4.8 E

2 A7 By 2RES By A AojE AY =2d
2 AoNE AAsACt. AANE 283 =Y AAe FL R
3 ZREJ $I2 AgFQ AAE RAJP Ao, @
de Tg A4 =t e 9% Jehdn, 3yade By
Al BA Ee FFOM 0l§F O % vl AFEY B
g o] Zdg Aojdyl A =9 AYI-HA A7 A
Agte AN FAFHel FBFE AR KRAHZE AodA

AAE Aoirle FF FAV e TH BEE Fe T
23 RES BHAA Aol BLE dFoin, ¥A, A
A €8 AR A2y AFsted 49 AFFoI

(€ U )

(1) K.Y. Yi, "Walking of a biped robot with
compliant ankle joints.” Proc. IEEE Int.Conf. on
Intelligent Robots and Systems, pp. 245-250,
1997.

(2) K. Y. Yi and Yuan F. Zheng, “Biped Locomotion
by Reduced Ankle Power,” Proc. IEEE Int. Conf.
on Robotics and Automation, pp. 584-589, 1996.

(3] M. Spong, "The Swing Up Control Problem For
The Acrobot,” IEEE Control System, pp. 49-55,
February, 1995.

(4) M.Berkemeier, R.Fearing. "Control Experiments
on an Underactuated Robot wiht Application to
Legged Locomotion,” Proc. IEEE Int. Conf. on
Robotics and Automation, pp. 149 - 154, 1994.

(5) M. Spong., M. Vidyasagar, “Robot Dynamics and
Control,” Wie Wiley, 1989.

(6) xd, oldd, &Y TFFE ZE 2% £ IAE 4
3 Aol7] ™, 97KACC +=%7F. 198, pp. 257-260,
1997

—2311 -



