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Abstract: An inverted pendulum mounted on a cart and actuated by a hydraulic servo cylinder was designed

and built. Position information of the cart was acquired via a potentiometer and a angle of the pendulum was

sensed by an incremental encoder. These were collected by a DAQ board and processed through the Real-Time

Windows Target software(included in simulink). A simulink graphical program was implemented as a controller

of the hydraulic system that governed the motion of the cart in order to maintain vertical balance of the

inverted pendulum. The purpose of this study is to develop an electro-hydraulic inverted pendulum system for a

modeling and controling the intrinsic unstable system. The simulation results were compared with the

experimental and verified.
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Table 1 Specification of Experimental Apparatus

Equipment Specification
Delivery
Power HK448 Flowrate 13.30ipm]
Pack (Hawe) Maximum 130[bar]
Pressure
Cylinder $25X $12X521[mm]
Rated
Servo J076-102 Flowrate 19Lipm]
Valve (Moog) Rated 15[mA]
Current (Parallel)
N J121-001 .
Amplifier (Moog) Amp Gain 6[mA/ V1
Accumulator Bladder Type
E40HB6-5000 Resolution ‘ 5000(Pulse/rev]
Encoder .
(Autonics) Line Driver Output
Potentio | LT-M-0600-S Stroke 600[mm]
meter (Gefran) Sensitivity | 19.417[ V/m]
DAQ MF624 14bit A/D Converter
Board (Humusoft) Quadrature Input (ENC Ch.)
Real-Time Windows Target
PC Intel Dual Core
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Fig. 3 Free-Body Diagram of Cart

Fig. 4 Free-Body Diagram of Pendulum
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Table 2 System Parameter of Inverted Pendulum

Average 4.344e-4
A. Extend 4.909e-4 m?
Retract 3.778e-4
M 1.644 kg
m 0.29 kg
l 0.5 m
g 9.81 m/s”
Cy 250 N/ (m/s)
Average 3.1719e4
Kyp Extend 5.1028e4 (N/m?)/mA
Retract 1.2409e4
K 19.417 V/im
Ky 6 mA/V




4. Ho{7] &4A H AlE30|M

41 9% EEH 07| MA"

2 2DH 22 A 2" A AodE uwE 4 (22)
E T fAAFFANE AR
u=—Kr+k;¢ (22)
t=r—y=r—Cr (23)
A7, K= JEWO|S, kft— AEol5, ¢& 48
Nel #4, re AN2UY, g A2E Fo/,
Fig. 7& #AFFA71e E5AHAEE YeRd.
eARATIG AT Aolel RuAR el A1t

HUE 18 ARA 2ol
NzEo] ebd Ael AHAolRlA Seleks] $lak]

2 249 ZE 7HAeA & (Controllability
Matrix)< 4 2|3t}

C,=[B AB A*B A®B] (24)

2 QDA T3 A" A (Rank) 4]t
7t BE ¢ o ATE AL,

rank(C,) = 4 (25)

S, N2"2 S A 7HA o ol

A z=glo] Shd A 7AYo, 4] (21)F (23)=
Agtste] 4 (260 Zo] 2EE F o

z|_[ A 0][z], [B 0

i o) [¢] = (6] [3])r

= Az + Bu+ [ﬂr (26)

2 (22)9] o|53 WFE thgd Zo] AHYsi.

K=K —k|] (27)

CROGE
= fg (28)
Fe Qgow we ST de £ Yk o5 K
& Fab7] fletel AHAl0) o8 AF 23 HHA
o] (Linear Quadratic Optimal Control)® &< 2 &3}
Atk AZAAE A AeAF s= e 2ol A
CIRA= S
J= / (2 TQr+u"Ru)dt (29)
0
Aq71A A 23 HAHA A= Alé'%‘é G 8FA| 7]
WA A5AFE H2AIE o5 ke ToE B
Aotk @ RE Ak} oA AR *‘TJM 7} A
g A4ste HEPdol. 4 29 Arsae 2
HAlo] §He ohgje} 2ot
w=—Kz=—R 'BTPz (30)
r= 4 @D} 22 g7tE HAH Y (Riccati
Equation)& THafofF gt}
Table 3 LQ Parameter of Inverted Pendulum
Q diag[100 0100 0100]
R [1]
187.04 49.21 153.95 72.99 —99.2
49.21 13.82 41.96 20.52 —26.74
P 153.95 41.96 171.16 62.56 —115.88
72.99 20.52 62.56 30.47 —39.9
—99.2 —26.74 —115.88 —39.9 182.14
Pole | 1e2 < [—1.46 — 0.075 —0.023 + 0.01; 4.47]
i [KeKéKm K, =k
=[—39.37—9.92 — 18.21 — 14.61 10]

k /

B

Y

C

A

Fig. 7 Block Diagram of Position Tracking Control

5

Q QOFA|AE
arod

a3 x| 2011. 6



AWTLeE AH WL HEA S| ek

Q RAYE AR o5 K T

42 MATLAB A|Z&l0|M

Table 39 ©]5 AS #&sto] TP 269
AAFZFAA7] ANEH OIS T35t TH12)3% o Al
AAG Ay mdz vy mdo giste], 2+ 10
ZA 30em, 52 NAH —30em E ATHSHEE 7}Etar
7FES} 2o AFEHES Rl AlEd oA
A= Fig. 83 #t}.

Cart Displacement

A |
: —— Ref Input
J |L Mon-Linear Model
I I e Y linear Model

1
' ' 1 ' :
-p----- A - m - LRt S 1o LEEEEEEE ===
' ] ' h
I
1

Time(Sec)
Pendulum Angle

5 H H H

10 15 20 25 30 35 40
Time(Sec)
Position Error=(Mon-linear Model}-(Linear Madel)
0.05 T

0.05 i i i i i i
10 15 20 25 30 35 40
Time(Sec)

Fig. 8 Simulation Result (Using MATLAB Simulink)

Ny
L
ul
rlr
I
A
=2

o
i

oX i
ol ot rE
DT u A .
&2 },io"x"oﬁ
rlri;%l-ﬂfﬂ
o %
v Bl o
Ofr,lo
N =
2 1©
N Ol
e {
oy B
>~me_EL
o o
L=
=N
M o m XN orr o2

=
lo

(o))
=[o]
ohl
%}
>
[>
it
A%
o
Ral
N
o
=
=
o

418 A 1d Aojrle IS AR B
T JHE AT & o AT Aoth A%
A AHEE EHAAAN 'S 2R 7 o} 7}
EQ A& AAE Tt 54 JhssiA B &5
o A& E SR8  glth gy or A £V
S AT dH F471(State Estimator)E A
3l FAA T, 2 AFoAe SH4H 459 4
A5 A vlEstal, wol2e] S 1Hst A Y
E 38 (Low-Pass Filter)E A&

Cart Displacement

------- Ref Input
Experiment ||
----- linear Model

Time(Sec)
Pendulum Angle

5L i i i i i i
10 15 20 25 30 35 40
Time(Sec)

Position Error=(Experiment){Linear Model)

0.05

0.05 | | | i i i
10 15 20 25 30 35 40
Time(Sec)

Fig. 9 Experiment Result

d¥4d3= Fig 99 20t AF R Mgl
Fhob FARE SAYE Holx, AEEH A=
o 5% 3 OHGE Qo] tAFH T EX 7|
s AL 4 e sARE A

9% AlEdlA



Ag 22k HHA 79 TR @ ke WAE
o, Zol S dFste Qo e SVMIE SR

o] Melx= AL & & AAT AT RS 5004
ol ZA std, AA AYME HE 232 U3
Al 2Elo] Ak FHE 9O 9| &} 21| ZhE o 8
3te Y #He HEo5d sEse @Y #H
H|=8HA] fFAISHH Al2®lo] TR uI7E AR A F
A1 A7t 7hsst AT
X SHZAA

HAZEAHUGE dFoolEHE AT
5

s B4 AN AzdelSe] AT FA
oMol AzglolSe] AT e wuy BA
b RART ARl ARAE oo BE A
gudel a7l 24 gt Aoz FAHUT. Fig
99) AP ATA FENI () LAE Fig. 89 AF

gold Ao} FARE ¥HE Kol oy HY
A7F 2w AERE AA Ugth O dRISEE ofdE
O Ao iEel A AME AMEFOE lE A7
T wol2E AASY] sl A FHAIHE A
Aedl, o2 a3l A7le A" HAA AT HA
F0SY AA wEEE e A A o
g SPIAA "ol HAE AP w4d whbE
AFo] Uglo 7 AgHT}

¢

6.8 E

 dFdMe Retdge W
AHgEle] A7) A A 2B S
Blo] 718l ndlE S A kst
HAAA N2 TAS A A EgolA &
3 2 P Mrﬁg% /\]%i‘ﬂo]/ﬂ %<}
wAYE

gao) A @w a‘wm}w o)

i=]

i
-lmz

i
U U
HJ

[2:7
o
l_,
Y
N
m
'
o
3
lo
_>|4_',
1o
>
oo

4 ol 2 e om >
>
it
Re=A
o
.
to
R0
fo
o
>
ol
olo
fl
o

WOl ox
oot o
flo =

to
R0
R
o

XX
b
My o C
o
>
N
N,

2
2 5
£ 3
ST
12
AN o
2 o
2 9
)
>
oZ
e HE
E 111
2 =
L) N
o ol
J{N! ﬁ, _04
o rlr
ol ~
2 2d
1o
J
= o

o - o914
37%2 sH ¥ FAoY 1AL =gA ol
FFo] gl

1) S. Mori, H. Nishimura, K. Furuta, “Control of
Unstable Mechanical System Control of
Pendulum”, INT. J. Control, Vol.23, No.5, pp.
673~692, 1976.

2) Q. Feng, K. Yamafuji, “Design and Simulation
of Control Systems of an Inverted Pendulum”,
Robotica. Vol. 6, no. 3, pp. 235~241, 1988.

3) T. Miyagawa, T. Okayasu, Y. Ishida, “Neural
Network-Based Model Reference Control for
Inverted Pendulum”, IEEE International
Conference on Neural Networks, Vol.l, 640~
644, 1995.

4) FEA, 59, ‘= A 7P = A9
EH?{PZJX}#?%@J ste3le =24, pp. H4~57,
1988.

5 AWd, ArE, olAA, oladd, “Heo HZA A
o< ]8T E=HAAY ALY BHAZY] HA

of #3 A7, A3 shedle| =2,
pp. 213~218, 1991.

6) W. N. White, R. C. Fales, "Control of a Double
Inverted Pendulum with Hydraulic Actuation:
A Case Study” Proceedings of the American
Control Conference, Vol. 1, pp.495~499, 1999.

7) A. Hovingh, M. Roon, “Design and Control of
an Inverted Pendulum”, Western Michigan
University Project Report, 2007.

8) M. W. Spong, "Robot Modeling And Control”,
John Wiley & Sons inc, pp. 227~229, pp.240~
241, 2006.

9) s, THATE AoE ol &
s8] #3 AT, FAb gt %5.“1'4/\} 34l
=1, pp. 19~31, 1989.

10) C. Chen, "Linear System Theory And Design”,
3th Ed., Oxford University Press, pp. 143~153,
2009.

11) Ogata, "Modern Control Engineering”, 4th Ed.,
Aol mltj o pp.828~911, 2003.

12) 458, &3, ‘EHAAE 83 A oA =
AA” TS o Z pp. 405~413, 2006.

S DOA|AEIBIS|X| 2011. 6 7



