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Implementation of a Parallel Inverted Pendulum System
with Decoupling Control

Joo Ho Kim*, Un Sik Park*, and Jae Weon Choi**

ABSTRACT

In this paper, we develop a parallel inverted pendulum system that has the characteristics of the strongly
coupled dynamics of motion by an elastic spring, the time-variant system parameters, and inherent instability, and
so on. Hence, it is possible to approximate some kinds of a physical system into this representative system and
to apply the various control theories to this system in order to verify their fidelity and efficiency. For this purpose,
an experimental system of the parallel inverted pendulum has been implemented, and a control scheme using the
eigenstructure assignment for decoupling control is presented in comparison with the conventional LQR optimal
control method. Furthermore, this system can be utilized as a testbed to develop and evaluate new control
algorithms through various setups. Finally, in this paper, the results of the experiment are compared with those of
numerical simulations for validation.
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Fig. 1 Implemented parallel inverted pendulum
system
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Fig. 2 Modeling of the parallel inverted
pendulum system
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Table 1 Parameters of the system
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Fig. 3 Angular displacement (eigenstructure
assignment + CGT)
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Fig. 4 Input torque (eigenstructure assignment +
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3o A T3 Aojo]5E& o &3t ZZd o
gto] WA 2] AlgHHAS TP AT Al~E
o 7lEYgore EANS A HE AT
A 2\ 7 Y=E d3F e e
A Y2 0L FYon, e 9 E g
22 A% FHOEF AV} 0.3rad( = 17° )ol
I FaF7t 0.25Hz9) AEd ASE FAC
Fig. 37 Fig. 49 L47% AR AT CGTE o] &3
S WY ZF gAY A A zEFol9 A Y
2o AHFoE 44 =ASHRA L, Fig. 5% Fig. 6
& LQRI CGTE o]l &3s o ZAEE =4
et Al EHold AxE AMEd A9 vxd
3719 AoelEE ALEHE W, LFTE Y
F CGTE A& w(Fig. 3)7F LQRF} CGTS A}
Y& WFig. HETD 7IELHE FFdE +4
TWat ot T Az} Alole] EAAS HE
T 5 AL E o

2 oo o o

5. Addx 4

B Qo 33 AT A& Aze
g ARz @GRl A gt 47F9 £3X A

Hlwala, £ AlEdoelde g
et HEy 32 A8

51 ASER 1M
3 A AAE BAAE 2L MEAE A



T3 A A17d ATE

Angle(degree)

40 . .
o 8 10
Time(sec)

Fig. 5 Angular displacement (LQR + CGT)

A WEY Az A A"l H 887 A8ty
FAE 59 Fig. 79 Zo] Ao, +EH
AA A 28)e] m&o] Fig 89 =A< glh
Fig. 70l Z=Al® upe} Zro], Zhzbel A=
we] A&7 AMESHAl B HE 9 He A3
NGHEE Ao} 7H&7]o AR o Q% u}
#o S Hog Ao @ZIZH Uk 2
7}7} 0.4489 kg, 0.4496 kgolal, Q2R B9 ;
0.325 me] %ol ¥l iEﬂ"JEﬂi %% AL-g-3}
ol Tk ko] nis) AjH o FAF
Az A aga, 7 ARA AfolE A
7} 34022 N/m?l ¥Hd 3 ~x3o] dAs
ittt AA AFo e F ARz Alolo) A7
FolAd Axgo] gt&rEo] jlo] WAstE Aol
ket JSﬁ**(bucklmgm WA S el
Hol 3 A 9&& &= K3l H%EW
ol LS YA Hstd ~2Y 4 I
7FolH (guider) & H7Fetd Tk ThelH = g%ﬂ]
AL ete] mhae] oldk dto] HAv) HEE A):
HAck Zhojrl e ZEge Axuo] A

Al &)

=2 11

=k

0&“-

e
2 orx gl & (o row

S

e

71
A
S

pacs

B

111

|
f
'

o r\r ‘m

h

}

Qe

Tip Mass

8 e

Inverted pendulum

4 Springand Guider

Sliding Jonts | =

-+

Control PC 586
Brushless  /
DC Servo /' ’

Moter o

IfO Imerface
Board

Digital
Confroller

Motor )

Driver 7D/A

’ ’ 7'17217:!' - C Routine
i

‘Counter — 1> B!

A—

Fig. 7 Hardware setup

1

07

Torgue(Nm)

8 10
Time(sec)

Fig. 6 Input torque (LQR + CGT)

0.3875 kgl 2 FA|E 4= gl7] WEo] AojriE A
A wole ol& FrtAZoR AAiste] 7zbe]
AzA Tk Aol Hrierith

B Ado] AL& % FF 7|+ Parker HannifinAbol]
A Az SM233B H.21 4] 2] 2 (brushless) DC A1 X
EEE AT o] BE = Adl WS 205 Ad
A 494 N-mo Ao EaE dAsts, A73F A
A S (electrical time constant)@} 7] AA Q1 XA
(mechanical time constant)—* 47 0.41 msSt 7 ms S
2 A A2 A vEte FAE 5 QS
v e @s 7?*“:} 1851, o] EE i 1000
pprel AZC7F K-aks]o] glojA Hxizte] zhal 9]
& ZA3t A2 NEE BN o A A
T 128 E A/t 7HEEl(up/down counter)ol] A
AlF(count) 5 o] HAE FAFEIS dlolg] 5 A~
Hl(data acquisition system)2. 2 Hegt},

cﬂo]E-] = Al Al 62l A/D 5l 7] o
24199 D/A ¥$7]7F 9L+ DARIMALS] DR-8330
HEE o] &ste Tt 18 a1, AAzE &9

7](real time controller)y> MEIY 233 MHz A FE ol

Fig. 8 Parallel inverted pendulum system



A75 ey A9 2FRRFRAN A7E A
€
&
¢

0 : . \ . : ! i |
Q 2 4 3 g 10 12 14 16 18
Time(sec)

Fig. 9 Angular displacement (eigenstructure

=

assignment + CGT)

o]-g3sted AT F, Az dA
FUHAFE AA oo g Aojzid

A7 E AP o2 RE S ME
i]—g— 2t HAHI AYS ZEo| FFEA

=
=

=B
=

g

(9]
[ \*]
e
it pgb
Y
=

M
2
g
>
1]
ol
2

oXx
i

“&m%mrubi_[n

e i
K

o o
o
},] bl
b
Bk R3O
b B 18

RS dlo Mo

[

ﬂ)4_,

o
z 3
£ ‘{N‘ e

°

)
=y

ol

o

)

>
xox L op
o @ i

s

hx3

-9—"

i)

(=)

Eag)
o
|
ol
o
12
2
2L
L
£ o
=2

ox
>
Xy
ﬁ.
= 5o
}:J
L3

Ugo}oil;}. 1::]
3utel °’1‘7<}°ﬂi
717F 0. 3rad( =~ 17
dds NI E

;dx}—“_:
—?—47—7} 0.25 Hz°]

Angle(degree)

o . 2 4 6 [] 10 12 14 16 18
Time(sec)

Fig. 11 Angular displacement (LQR + CGT)

168

0 2 4 B 8 10 12 14 16 18
Time(sec)

Fig. 10 Input torque (eignetructure assignment +
CGT)

1201 = A881t). Fig. 99} Fig. 102 {72 XA

W3 coTE AU S el 7t g el Fus)
A zhol gt AoIE ) AZHFol B EAF Ao] L,
Fig. 117} Fig. 12 LQR¥} CGTE A £319< w9

AFES AT Aotk Ade AAE ARy
FA AEHIAE T3t oAdd e A9
dA g e & F At FA AEHA A
o} &g oo dylo] Bste o EEY #
oA FA1g apF oy Hzt %«1 A=, Ho]
HE 853 W 2348 A4 5 5ol A% 3%
o= ¥ & slth
$3=z ;(]24\340 o]%%‘_} A
o gepgol A2 A= 9L 2
Q748 FA4T A717) Gl

#glol 6,9 0% FARE 2o

Hell, LQRE °] &8 A7l F
ol NE ulAE 4FS AA 13A
24 Zbzhe] HR1zte] AElwh aeletr] wZdl
7R ARHE o8¢ Aojrint & A4

o 3217}

Ziz}el
Al ol:] oﬂ

2
)
rr

)

)

12 ox & %

R o 1o ot

RORE
-

0%

ano:J
2RO

ﬂf

°l

Torque(Nm)

0 2 4 B B 10 12 14 18 18
Time(sec)

Fig. 12 Input torque (LQR + CGT)



HAY : 3L FTesA Ah7d AT

GojAh &, HdY AR A2le) BA4 2
NBA 7S AABE b oA 1% Aloe)

=8 15), A a8)S 7HE o, B =FolA At
afFE AFHH CGTE A3 RS W A3t
LQRZ} CGTE AM&34-g& we Ayrc 93
RAE A AEHIAY A AEE 53d dF

s,

==

6. 2 E

2 drelde HEd 94 d9dAE e
T 2 dFoA it WEy g3 48%
Az T QA 2xges ddRol Q) WE
o =43 A EAE UE F U3 EE?}, At
B AAHAAE LAAINA i ARFEA FAY
AEF ARFHR7) Wi FrE bEFolv
2 = SOl E dEA EAdE 4R
T & WuF ohue), it EAILR S EAbAlo
iAol = AH87hedt dPFAjoln. 19

WAY 904 AAPAE o Gete] B
NEAANE A, AF e o]
EE R I CEER B
29979 848 AFHAL

W e R koMo o by
cox
L
O
sz
3
n S

o2 ok
uz
E
ind
i)
i
0

B oArE gsed
N2 FHATFA]E
Z AT

1A ce) 1998 #3871
14183 A7) Aol ]
Utk 5 1998-018-E00100).

am 28
1. K. Furuta, T. Okutani, and H. Sone, Computer
Control of a Double Inverted Pendulum,

Computer and Electronic Engineering, No. 5, pp.
67-84, 1978.

2. C. W. Anderson, Learning to Control an Inverted
Pendulum Using Neural Networks, [EEE Control
and System Magazine, Vol. 9, No. 3, pp. 31-37,
1989.

3. G. W. V. Linden and P. F. Lambrechts, H.,

169

10.

11.

12.

. K. G. Eltohamy and C. Y. Kuo,

. J. W. Choi,

. J. W, Choi,

Control of an Experimental Inverted Pendulum
with Dry Friction, Proceedings of the 31th IEEE
Conference on Decision and Control, pp. 123-128,
1992.

. R. Gurumoorthy and S. R. Sanders, Controlling
Non-minimum Phase Nonlinear System the
Inverted Pendulum on a Cart Example,

Proceedings of the 32th IEEE Conference on
Decision and Control, pp. 680-685, 1993.

Nonlinear
Optimal Control a Triple Link Inverted Pendulum
with Single Control Input, International Journal
of Control, Vol. 60, No. 2, pp. 239-256, 1998.

. A. Snell, Decoupling Control Design with
Applications to Flight, Journal of Guidance,
Control, and Dynamics, Vol. 21, No. 4, pp.

647-655, 1998.

A Simultaneous Assignment
Methodology of Right/Left Eigenstructure, IEEE
Transactions on Aerospace and Electronic
Systems, Vol. 34, No. 2, pp: 625-634, 1998.

Left Eigenstructure Assignment via
Sylvester Equation, KSME International Journal,
Vol. 12, No. 6, pp. 1034-1040, 1998.

. M. J. O,Brien and J. R. Broussard, Feedforward

Control to Track the Output of a Forced Model,
Proceedings of the 17th Conference on Decision
and Control, pp. 1149-1155, 1978.

G. M. Siouris, J. G. Lee, and J. W. Choi, Design
of a Modern Pitch Pointing Control System,
IEEE Transactions on Aerospace and Electronic
Systems, Vol. 31, No. 2, pp. 730-738, 1995.
7%, ANY, CGTSH RHTE A4YE o]
3 AdAte] EIAGE Alol7] dA, #=FY
HF e ], A167, A6Z, pp. 176-182, 1999.
A. N. Andry, E. Y. Shapiro, and J. C. Chung,
Eigenstructure Assignment for Linear Systems,

IEEE Transactions on Aerospace and Electronics
Systems, Vol. 19, No. 5, pp. 711-729, 1983,



