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Output Feedback Sliding Mode Control System with Disturbance
Observer for Rotational Inverted Pendulums
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Abstract

This paper presents the system modeling, analysis, and controller design and implementation for a
rotational inverted pendulum system(RIPS), which is an under-actuated system and has the problem of
unattainable angular velocity state. A sliding mode controller using the parameterization of both the
hyperplane and the compensator for output feedback is applied to the RIPS. Also, to improve the
performance of the control system, a disturbance observer which estimates the disturbance, parameter
variation, and some modeling errors of RIPS with less computational effort is used together. The
results of simulation and experiment show that the proposed control system has superior performance
for disturbance rejection and regulation at certain initial conditions.
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Fig. 1 Schematic diagram of the rotational
inverted pendulum
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Fig. 4 Bode diagram for system identification

o] NEANEE =4 A Axdd uiE Ao A
A, K30 TN ARE FAFZ A2
ANEANEE Mt &8E AU o] 2¥&
F94 JddA A44AAE A dEHE §F
A7l ¥ 9 Fourier WEAIZ|A Al HoA ¢
P2 ggto] AT, A7|A AFL AL
AT E 2 A 7]—3}7(] 57 _\q].El-LxI ;\]/\alo =g
o] HFEZL A|2E) 71§ o)
o dHNEE HIE stetE 9]?’%01‘4 T
o2 Bode AES Aol UF HFH AX
o A5E 2] o YA AE GFEA
APPR] AS n@HHo YR 43
oA AADE 9 GEHPE S Fart o] FoiA
Ay JEY gHx o] TR oBA T
A AR T FA}uA e 2
A4E 71 24 ARA £HPa 299 AL
Z-9] BodeXE¢}te] oA Bl /b3 2738t
= miE4E Foldth Fig 45 HFI A|AH
9] bode AEONA w,=19 rad/sec, {=0.045 FH&
F vt
w?,
O =X = Tt O
K,
T TSt bust K,
9 A C(s)olA AFZ ALEF G(9E TFdt
A &3 go] T

7HE hv 2 /\]/\E-ﬂ



246 N

Table 1 Identified system parameters

Parameter| m 2/ Joen Jouw R G kg

Value (0.120.38 0.0015 0.083 029 0.13 0.6 98

Unit | kg m kgm kgm m Nms/rad Nm m/s’

Experimantal result

Estimated parameter simuiation

Output(rad)

Q.4

Time(sec)

Fig. 5 System parameter identification result
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Fig. 6 Structure of the disturbance observer
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Fig. 16 Experimental results of the pendulum
position with tapping disturbance
T s
£ ¥
° ’ Tlme:asc) ° ’
Fig. 17 Experimental result of the pendulum

position for swing-up control

25 Hede dAsA g2 uF A7 F

At =PI Fgo] Ity 22 7}

Z4zkel g9 ARZRE A F o
Fig. 155 ZA Y Eo 60 g9 AFS 2= &

A=

S
(e}
A&

& e Hpel ¥ B9 4% ARE Uy
9 gtk 49 Fdel g8 9@ B8 2

4 YISy Eotolqd RE Ao} A2l
Hlnl Ael7|& F2g allo] A2"dHr) &8 A

Zo] 3 BIUESH 2o 234 g EHEH
HE $5% 45¢ UBie ¢ £ o g
I Fig. 16& AAE #1719 27194 037 rad
olA el Azt ZhaiRl 7h-& e B (tapping) < T
o g Az zZtxe] APt HFL

el AL F1 AN TANA JAeA
Ztetgith. $7el X %L Lot Aedz 9
T B2 A3 29 yow Aol AL
NS ode 1R AR wAHx B @

re
=

g AEHI AFHY HEL AESHBZ B9
71%S BTS¢ &+ Ao ole 9T BEY)

W AHEE Fe BEV)e] AE Ao ofF

AR 27x0] dgHE A
Fig. 172 Atg 11101712 o] 8-k *d%‘l 4%
ZAoltt. 3 AAAXAA 9Pt =Y
2 2AAM 29 o] ddeA Altd
A7l 499 27 £=, 27 YAANE 7
U FAE 5+ Ut
&

5. =

:,LE NES- I §]
149 Zes g =
4 okl Aol vmy He

4 W= ey RE Ao
Gab 1E7E ALE g Mg
ASgT. o A Aeel A Agol
AU AkEee g w22 2E ga
g 2= Aot #E 7F Ax 5
o $4% A7 2 + 918

g 4
0o
2 2L o 4l

|
4

=2 72l A
2 AR

Bl o]
B

o
=

b

]
o

1z

(1) Pettersen, K. Y. and Fossen, T. I, 2000,
"Underactuated  Dynamic  Positioning of a
Ship-experimental ~ Results," I[EEE Trans. on
Control Systems Technology, Vol. 8, No. 5, pp.
856 ~863.

(2) Ono, K., Yamamoto, K., and Imadu, A., 2000,

"Control of Giant Swing Motion of a Two-link
Underactuated Horizontal Bar Robot," Intelligent
Robots and  Systems  2000. (IROS  2000).
Proceedings 2000 IEEE/RSJ Intern. Conference on,
Vol. 3, pp. 1676 ~1683.

(3) Fantoni, I, Lozano, R., and Annaswamy, A.
M., 2000, "Adaptive Stabilization of Underactuated
Flexible-joint Robots Using an Energy Approach
and Min-max Algorithms," 4CC 2000. Proceedings
of the 2000, Vol. 4, pp. 2511~2512.

(4) Ito, K., Matsuno, F., and Takahashi, R., 2000,
"Underactuated Crawling Robot," Intelligent Robots



g #5718 o1& AAY A A2 £9 =9 Sdho|gd L= Ao 253

and Systems 2000. (IROS 2000). Proceedings 2000
IEEE/RSJ International Conference on, Vol. 3, pp.
1684 ~1689.

(5) Aeel, °o1F4, 2000, " FAEZ/NE A=
sold 2= Aoy A 7| A =T
A(A), #244, A43, pp. 866~873.

(6) Edwards, C., and Spurgeon, S. K. 1998,
"Compensator Based Output Feedback Sliding
Mode Controller Design," Int. J. Control, Vol. 71,
No. 4, pp. 601 ~614.

(7) Ryan, E. P., and Corless, M., 1987, "Ultimate
Boundedness and Asymptotic Stability of a Class
of Uncertain Dynamical Systems via Continuous
and Discontinuous Control," IMA Journal of
Mathematical Control and Information, Vol. 1, pp.
223~242.

(8) Bag, S. K., Spurgeon, S. K., and Edwards, C.,
1997, "Output Feedback Sliding Mode Design for
Linear Uncertain Systems," Proceedings of IEE,
Part D, Vol. 144, pp. 209~216.

(9) Umeno, T., Kaneko, T., and Hori, Y., 1993,
"Robust Servo-system Design with Two Degree of

Freedom an Its Application to Novel Motion
Control of Robot Manipulator," IEEE Trans. on
Industrial Electronics, Vol. 40, pp. 473 ~48S.

(10) Lee, M. C. and Aoshima, N., 1986, Microprocessor
-Based System Identification by Signal Compression
Method, Reidel Publishing Company, pp. 81~103.

(11) Edwards, C. and Spurgeon, S. K. 1999,
Sliding Mode Control : Theory and Application,
Taylor & Francis.

(12) Utkin, V. I, 1992, Sliding Mode in Control
and Optimization, Springer-Verlag.

(13) Komada, S., Sugano, K., Ishida, M., and Hori,
T., 1996, "Realization of Second Derivative
Control of Position and Force in Servo System by
Order Adjustment of Disturbance Observer," Trans.
on Inst. Elect. Eng. Jpn., Vol. 116-D, No. 10, pp.
1010~1017.

14) ZAT, ZEF, 1998, "st=9o1F 16 HE
AelFlo]d dzH BEE AHEE +3 44
H TP 299 2 <¢AG Ao dEy
A3 =E3(A), M223A, A5E, pp. 748~755.



