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Virtual Model Control of a Posture Balancing Biped Acrobatic Robot with
Fuzzy Control for Pendulum Swing Motion Generation
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(Byoungsoo Lee)

Abstract : A broomstick swinging biped acrobatic robot controller is designed and simulated to show the capability of the system of
controllers: virtual model controller is employed for the robot's posture balancing control while a higher level fuzzy controller modulate
the one of the virtual model controller's parameter for the pendulum swinging motion generation. The robot is of 7 degree-of-freedom,
8-link planar bipedal robot having two slim legs and a body. Each leg consists of a hip joint, a knee joint, an ankle joint and the body
has a free joint at the top in the head at which a freely rotating broomstick is attached. We assume that the goal for the acrobat robot is
to maintain a body balance in the sagittal plane while swinging up the freely rotating pendulum. We also assume that the actuators in
the joints are all ideal torque generators. The proposed system of controllers satisfies the goal and the simulation results are presented.

Keywords : virtual model control, fuzzy control, bipedal robot, nonlinear control, pendulum
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Fig. 1. Planar 8-link bipedal acrobat robot model.
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Fig. 2. Control system architecture.
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Fig. 3. Virtual components used for the broomstick swing ac-
robat robot.

BE VAT 827 E gk 21 3ol o 283 A}
28 7 8450 a3 A Uth B9 FAYA Aoj&
o2 4% Eolo] AT vlhite] gl £ &elo| =0
B2 sy 2z y-dsrt 5o AF ] gla o] st
22 g-du= B8 83t M 45, B YA A
e 2R BFH AEAIE xq Alo]o)] QAH 7Hd A2
-t AFRE 3 0] 7MY 8.4 BEO F&sts 7}
43 £E, BEY AXG AMojLo R W 2=}
E53 E50 48 FEY 9L Ny A7 9gkel
719 71%E Ateld JAEH EA £y & S 7T 423
7ML 2R FAYAE AT Fold, A EIE
E59 A& FHOE FAANIY 3 /43S AT
ExuE WAT 2N EE9 EEY) 5L A

71 2d Moo F83 viAAsE £ B YA
Xoet, B8] B A AR yg 28] L FE ] FY u x|zt
G010 oA A HY 73 248 7MAs e 983t
2 MY EL EAE ANUTH

fx =kx(xset—x)+bx(isel_'.x) (])
fy=ky(yd_y)+by().’d')") @
fo=kg(By—8)+by(6,—6) 3)

A71A x, p, 0= 242 FF F-3E A (Bl A+
FHAE, FHARE 2932 7|E HE i G 9ol xe,
va 0= ZtZt 2R (B}e] 949 W 92 R, £ 31,
a8 71E ZEA HE FEAAH xea= FAA 7] 7H
#5 EE7] &F 2R AEE ATl 3 44
=22 N EF5 Agse 49 @& AEE . £
kb= 2kt B A i=x y, 09 A 74 71A-7 1+ 248
o] 22 E A AT

MR & A2 ASA 7178 Alste] Hase F
A {A} {AgolA FFEA (Blo] 9E7x ) HRE



906

[~ Ly sin@, —L,sin(@, +6,)
+ecos(B, +6,; +0y)
}_ LycosB, +L,cos(8, +6,)

+esin(@, +0, +0,)
0, +6y +6y

o>
>
il
|

D e =

(C)

[-L, sin@,, —L, sin(@,, +6,,)
—ecos(f,, +6,, +6;,)
Ly cos@,, +L,cos(8, +6,)

} ~£sin@,, +6,, +6,,)
ear +6kr +9hr

D e =

B
>
1]
1

&)

ol I i #A o] ZtH ol A Hel RS s o}
3} & A 28] A(Jacobian)S A =1H10].

R

U

1 (6)

jo

i
~
It
- 9
-t W

— O
| I
o
~
i
| — |

A=-L cos8, —L,cos(8, +6)
—esin(@, +0, +6,)
B=-L,cos(8, +6y)—¢£sin@, +0, +0,)
C=-gsin(@, +60, +8)
D=-L, sin8, —L,sin(@,, +6;)
+ecos(@, +6y +6,)
E=-L,sin(@, +8,)+€cos(@, +8; +64)
F =¢gcos(B, +8,, +6,)
P=~L cos8, —L,cos(0,, +6,,)
+esin(@,, +0,, +8;,)
Q=-L,cos(8, +8,)+esin@,, +0,, +6,,)
R=g¢sin(0,, +6,, +6,,.)
§=-L;sinf,, —L,sin@,, +6,,)
~£cos(B,, +6,, +6,,) )
T=-L,sin(@, +8,, )-€cos(@, +8; +6;,)
U =-gcos(8,, +6, +6;,)

o] Az|AL olgated HEA (AyT {AJIN FHEA
(B} Alolo) 4415} A=A #AE e 2ol 7T
% QATH10]:

7, = (/;'J )T ‘1
7, =(5)f ®)
Tal fxl
1, = Tu} F, S y1:|
T Sa
Tor fe
T, ’:Tkr ﬁr= fyr:,
Thr Jo

047])‘:1 Ta/l'yl'},ﬁ?f %é—é ‘:}Elgl %%, ‘tl!"‘::?_f, oé]l:gol %Zég’]

MOt - XSSt - AErEst =2K1 M7 A H 1 & 2001 11

2008 1,1,70,& LEZ T BB, 25, Jgo] @
o Exolth oA ¥ thel Z7e #AE FoY F A
2 AFse] ol

EﬁHW / (3)’}[;1 ©)

om AAS the3) o] 24 B e) Bast 7} oo
e A EEE T EREES

;][4 D1 0 0 offy,
| |B E1 0 0 0]f,

| |C F 1 0 0 0ffy

t,] 10 0 0 P § 1]f,

| |0 0 0 QT 1]f, (10)
T, [0 0 0 R U 1|f,

4102 2 elel 7bg Y BAY Ea2 AT S
e She 4 9o ARFa dovl, ¥ s TE2AL
ol g3kl 2o A4 o vE A%H 9 AuA B,

AE (B}e 9F3} 0 2F rhelo] sl QAFn A
8 Y& 7o) talel Agate 9ol B B HY2
EEL LR EES R

fx fo fxr
Iy | = Fo || Fyr
fo fa for (11-2)

S AT UL IFH} QX YHol EIVE AR ZA 3
o $YF EAS PPThE TERAL Adstel T A
Z Al
i = |

B3] 7& A4 e Hr}
fxl
fa Fo 1 00 1 0 O
fyszg,'K=0100 1 0
fo fol 001 0 0 1
F - - -
0 for Cc 1 ~R -U -1 (12)
Sor

o] Al (12)¢] 4x6 & E o] Fol-ME=Z 2|AlH &) = (Moore-Pen-
rose pseudo-inverse)

K~ =K' (kK" )" (13)
2 7% F Qo o8l FAAE A% A& ARG (10)

of thYgste] 744 F ot 67l B 2Hests Easte] B
& deth AAY s a2 dE S P2 (9), (10),



Journal of Control, Automation and Systems Engineering, Vol 7, No. 11, November, 2001

(12)°] 28] B Ea 2 Wgsn 528 A dnedd
o Bask Zoj 2] FYEH YU E A Yo A
okl A A\ Zbo] 2 3.0l B ztgl ol % & 8 (inverse dynamics)
AA] B QAL Abdd] WA st E R A|o] 7] o] At Retol
Zo]E A Hu o] 2 Q&M AA A AT b Rt

Iv. x| Ho{7| & 0|88 AHl £57| 25
49 A7l zAe) W) AT E 1 Bl Aol
A F 58 7 22 AR o] EAL xad Aol 4
Hom s 2R BEY H9 £57] 3 BHAIIH
dAel AEg FAAAG. A g Ze dA2 BuhE
2 AEL A E w8 e 7129 Aol A 2
ﬂﬂ%&ﬂ%arﬂt&%@ﬂaﬂM%DLJﬂﬂ%¢
HEe Aesd oed 2ok 27] FHlE B50] F4
o) AR AT Ae A o) Jom 27 H9E A
gl ggoz 5L A7) el £ Y 22 Y-
CFERNEEEEVCRERE LR
2 745 AFete wE WAE BES SR vy
ol $2:o2 WA E YaATH AR o= X AT
o] B2 el WFo| o o4t AR A @A Hui, 24
£ Y o4 Z7hsA $m AEE A Fas) A%
o} o] Al o] 2 W oMol £ M 2xY-wme] W
%E°’°iﬁﬂﬂﬁi%a%§£iﬂ #th A 7ko]
3 QA o 2 o) W E F7)0t vl ¥ foH
qﬂa%ga*°i7V%w}ﬂa%%ﬂm%aqa

2 AR AME fUAE TR WEL B T e

e a

o xn=90
=N

Horizontal Speed of Body

907

t} AR 2R GAHE FAEI] AHMA THEAE
234 2 84 gong st 2xy-doie M E A
A Hugoz Agdch of F2& b ol 2%
& qlth
A 1
T 2
A 3
A 4

T2 5:if p, is Pos and ¢ is Pos and w is Inc then du is

if ¢ isPosand w is Inc then Au is Zero

if ¢ is Neg and w is Dec then du is Zero
if ¢isPosand wis Dec then Au is NegBig
if ¢1is Neg and w is Inc then Ju is PosBig

NegSmall
T4 6: if v, is Neg and ¢ is Neg and w is Dec then Ju is
PosSmall
q71M g AAe] FHHXNZREH 2AY A Y, o
AR 44K, o BE T2 2 4y s+
& &koln o] AZFA = HAAY JF WFlA du= Al
ZEztol™ o A koA e HA Ao 2HYL th&

7 2 Aol whet g Wk
u(k)  utk ~1)+ Au (14)
HA| Aojrlel A" HA “él‘ﬂii e ad 4 REE

et glem, 998 d5 0 oial A Negtb Pos 771, ¢
@ Wy go) ElA Neg® Pos F70, o= Decsdt Inc S0,
a2l dus NegBig, NegSmall, Zero, PosSmall, PosBig 57}
ol WWl4gd $re A7 et TAT AL 4 i B
9 gae) ol go] BighE 42 A o7} tharh Aolth

Angular Displacement of Pendulum

1 1
Neg —_‘ Pos Neg Pos
Ve ¢
0 0
T 1 B I T 4 o T {
-2 -1 0 1 2 3 2 A1 0 1 2 3
Anguiar Velocity of Pendulum Control Variabie u
14 1 - NegBig Zero PosBig
Dec Inc NegSmall PosSmall
® Au
0 0
T ¥ L
-2 -1 0 1 2 010 -0.05 0.00 0.05 0.10

29 4 2 Ak BN Aue g 4.

Fig. 4. Definition of fuzzy membership functions for each variable.



908

V.9 EE7| 2o MH ENY Y £9|

Aolzle] A Yoty 3 2o d¥E FHHAU
th 2R BEL Eo| 0.44m, 0|7} 0.8m, A o] 3kg, F
-2 thelE 7hEa 2ol 7H0.5m, A @] 1kgdl Tl F=2
2 A5 glow 2Ro] Bdg Hil F{Y3}d 7|7} 1.8
m7} €tk 6719 #H B3 AdFoolE7t dHol, ¥ & H
wE Bsgon sla ~Zeww el 339 Hu
e 04m= AA A 54 M) 22 -AH o] A S
2 2 Al FE 2H2 300N/m, 200N - s/m, =2 7}k AZ .
Ao edAT @ B AsE 2h2 500N/m, 200N - s/m,
a8z A by 2z e g 4 daAsE
Z+z} 200N - m/rad, 200N - m - s/rado] T} 7F3E & (1), (2),
3ol s A= Q) o3 AE T4 TR FF
9] & Y77 Yt EF T2 54 & wt

set

coooo
O =2 N W p
) I W B |

o o
N =
-

X-Position of Body {m]

0.3 4
-0.4 T T T T

Virtual Spring Set Point &

N

-
Il

Rotation of Body [deg]
(=]

Rotation of Pendutum [deg]

N N
o
[N
IS
[o)]

[+
-

o
[ %)
N
[+)]
[s-]
-
(=]

sy
L

of Left Leg {rad)
N o

Angle of Hip, Knee, Ankie

()

(2]
o

of Left Leg [N-m}
Nob
o (=]

Torques of Joints

)
o o
1 5

A
o

o

Time [s]

a7 5 FdzRe] §9 AR 2L
Fig. 5. Time history of the response of the acrobat robot.

2 4 6 8 10

KO - Kisst - ABIEst =2A1 M 7 2 A 11 3 2001 1

tiEreko 2 o] 5 ok

=g A By ol AL ZTZ 18 WorkingModel 2D
408 Fo 289 g3 F ool H & A AFEH
7HgRd Aol & HA Ao dudFe ALHE YA
Matlab 428 A&ttt F 2 a1d o] £ DDES
EF A o]FojAT) £xFHEL Kutta-Merson'HH 02 f
% 7003 Ao AP HAR A Aoirlel] o
Z89 5 7MY 84 XA g 2R SH R #
dEFY ag=rt 29 5o lon Fuje] EE7] oy
ol xe] 19 64 Ut

a9 59 HEAw pdanygn AA 'Y ¥ 2
=g duind A B85 Qs MY 2 Xy ¢
AR Aojgr} FLo] tom YAt UAEE L T
Atk olE 1AFE AHF-2TY-dw o] AF A AAM 7t

0.72
0.71 4
0.70 -
0.69 -
0.68
0.67 -
0.66 -
0.65
064 T T T T
0 2 4 6 8

Y-Position of Body [m)]

-
(=]

120
90 -
60 -
30 -

0 -

-30 -
-60 -
-80 -

'120 T T T T

0 2 4 6 8 10

2

-
1

'
I
%:

Angle of Hip, Knee, Ankle
of Right Leg [rad]
o

[+2] +
o N

o
N
FN
o 4
o
-
(=]

5

1
—“—T
>
5
x
@

of Right Leg [N-m]
N

0
© o © o

Torques of Joints

&
o



Journal of Control, Automation and Systems Engineering, Vol. 7, No. 11, November, 2001 909

o 6. Tl AEFE FURAIE Fo 2R
Fig. 6. Frame views of the acrobat robot swinging the pendulum up.
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