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H~ Control of a Parallel Inverted Pendulum System™

Toshiharu Sucie™ and Masafumi Oxkapa™*

It is important to verify the effectiveness of various control design methods by
experiment. For this purpose, first, this paper proposes a new type of parallel inverted
pendulum system for experimental use, whose controllability can be easily changed.
Second, we analyze how the system characteristics depends on its physical parameters
from the viewpoint of robust stability and controllability. Third, a two-degree—of-
freedom controller is designed for the system based on the H” loop shaping design
procedure. Finally, we evaluate the effectiveness of the controller by experiments, which
includes the comparison with LQ optimal control method.
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BETZHENIRT V27 DO Fig. 1 ITRT.
FNCH B —DDT I/ F 2L —FTT—LDAEE 2K
DIFOLRBAFFHICHIET 26D TH L0, 7 Fa
T—4 &L LTRERE by OBIRIERES DC ¥ —
RE—4% BRHBICIATLOEEI/DITV VR T Y
a=FEHVE. VI -5 RBERETLORTOMNGIR
EE—SHICROMITHY, TOEBRERELTHY
3.

2.2 YRFLDEFIVE

1. TRELUANRT V2 7 o lcx LiEg e 4
. &9, COVRFLLHL, T—5EIRFOMER
e OREERFEE UCOKERANIC x @i, yiixsD,
EAAEMEICz%2 &5, 0 BLU ¢ 13, KEtE
DHRBIZEET S, T TCUTOEEAERT 3.

m;: 1 HTHORTOHERE (kg)
lyi 1 1 BEORFOMIRP SELTTOES (m)

0; i ZBHOJ®RFOAE (rad)
I, i BEHO|TOELME Y OEHEE— XV
(kgm?

I; =1;sin%6; (kgm?

¢ 7 — LDOEERAE (rad)

L :7—4DKE (m)

J E—IHDOEDLYDT — LDEME—X Vb
(kgm?

T :E®—=%DbY (Nm)

g : ESIEE=9.81 (m/sD)
LDEE, WRFDELDEREE (x4, Ygir 2¢:) €T HE
Xgi, Vgir Zgi FIRATHRKDE 5.

xg:=Lcos¢—l,;sin0;sing (D
ygi= Lsing+1,;sin6; cos ¢ (2)
Zgi:lgiCOSGi (3)

INAEERMS LT, EOEER
vi= kgt Vit 2k
= L*¢*+13,6%+1%;sin’6;4" +2 Ll,; cos 0,6,¢
(4)
L85, BT PBENCREERT 5 ik, FEREDIC
xy PH ETHEO T A VF 2D EEZBBICTON
&, BRIZTRAVF-T, BFvyevIxvF¥-—UX
RATHRKDES.
1 1 1. .1 .
T = 7mlvf+7m2v§+7119f+7129§
+%(A+L+JJ& (5)
U=m1glg1 C0891+m2glg200592 (6)
o777 v 0EFHRERAEEL &, ®RADOK
1L 5.
(myl%,+ 1)) 6, + my Ll cos 6,¢
— (myl%,+ 1) sin 6, cos 6,4
—mglysin6, =—F, (1)
(’Vn2l§2+ 12) éz"‘ mlegg cos 02¢
— (mylsy+ I) sin 0 cos 6,6*
—nglggsin92=~Fg (8)
{m1L2+ m2L2+J
+ (mylsy + 1) sin0, + (mylk,+ 1)) sin®0,) ¢
+{2 (my%, + I,) sin 0, cos 6,6,
+2 (mylly+ 1) sin 0 cos 6,6,)
—my Ll sin 6,6} — myLl,, sin 6,6}
+ mlngl COSs 019'14' mlegg COSs 9252
=t—F, 9

722U, Fy 3 i FHOBRFICH < BEEE, F,, 37— 4



I - WM : YIBLHET 27 40 H 58 ‘ 545

ICE BEBIETH 5. —RICEBBEREEAB T 24,
CZTRF;=D;6;+K, F,=D,¢+K, &rtEs
H (BEHR¥ D, D,) &7 —o vEEE (K, K,) ®
MTEML, BEAOBICR K, K, 28H45C &ic
95, LEROEFHHELEEEERD T0,<L1, 6,<1,
6,<1, 6,<1, $<1 &L, 2L FEOM/NEA RS
5T ETHRIERBEBONS. TOBIALL 1 &8 HRER
ISREEZ R x %,

x=[6, 6. ¢ 6 6 4] (10)
LG BHTLET,
x=Ax+Bu an
y=Cx
LIS BIRREZERMRBSRE 5. 7215L
A=M"D 12)

B=M"[0 0000 1], e=[1 0]

(13)
ThD,
M= N (14)
0 M
m1l§1+11 0 mlngl
M = 0 m2l§2+ IZ mnggz
my Ll myLly,y,  myL*+myL+J
(15)
0 13
D= (16)
DZI D22
[mgly 0 0]
Dgl = 0 mgglgg 0 (17)
0 0 0 |
[—D, 0 0
D22_ 0 *Dg 0 (18)
L 0 0 -D,,
Thb. T, ANhuld
u=r 19)
Thh, BHllEy
y=[6. 0 4] @0)
&8 B, TH LIk » ol %,
P(s)=C(sI-A'B 21)

ELTUTChEHV S,

2.3 NSA—-—HDREIFE

KFOEBYELSS, BET—2 v NRIRFE—K
BHBEEALTCETEMCLVESICRKDET EMNTE
5. kT, T—70BEE BLUE—sDEMkE—2 v
P ILIT ORIEERIC K > TR 12,

2.3.1 BEEOATE

1) ‘®EFOBE

T OAE T 2V F - ROBEEIC L > TIHE S
N3 EIERL, UTDL S IBEFOEBEOREEIT -
7z (Fig. 2 &),

Pendulum

4y

Fig. 2 Pendulum in free motion

Step 1 #RFZEIED/RE (REEs &3 5) DAES 0,

L, CORMEDSBHIRTERNT

Step 2 FOIRT OMEAS 0 1275 > 7 4RHE (R e &4
%) DK, ZET 5.

Step 3 TNTNOREDOAE, BLOHSDE 4h iT
i3,

AE=n@Ah:Jf(Dﬁ+Kﬂd6

=D, [ 6do+K.(0,~6,) @2

DOBFHH D, TDTEDDS ) DIEEESNTRDBT &
& D; & K; O@EHEASKE S, $/6, D%
EZBLETD,;, K, DIiERHDBELENTEXS. TC
TAE 3z xvF - D%, g BENIMNEETH 3.

(2) E-90Ka

FEEE, bovo, NLERE, w4 v b3,

Jé=1—-D,p— K, (23)
WHEBRNDH L. CDTEED T E—EITLF=0 &
HBEEXD G DENS D, K, ZRDBENTE 5.

232 7—LDEHEE—X Y FORE

T LICE T A - SIEORBESEEIN TV A



546 ¥ 27 AR SR

6k H125 (1993)

Table 1 Physical parameters
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Fig. 4 Smallest singular value of controllability matrix
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Fig. 5 Two-degree-of-freedom control system
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Fig. 8 Configuration of the system

Table 2 Actuator and sensor spec.

Motor Harmonic Drive RH-25
Rated Output 68 (W)
Torque Constant 10.05 (Nm/A)
Gear Ratio 1:50
Encoder 1000 (p/r)
Encodor THI RK-6000
Standard Output Pulses 6000 (p/r)
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Fig. 9 Step response (proposed method)
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Step 1

Step 2

Step 3

RAD Riccati HREADIEERFE X, Z %5t
"5,

ATX+XA-XBB'X+C"C=0

AZ+ZAT-ZC"CZ+BB*=0
Emax TIRKITL DD 5.

Emax = (1+ Aax (X)) "7
Emax > € WO, —D2D K(s) BIRKXTEZ
5 5.

K(s)=Cx(sI—Ag)'Bg
7272,

Ax=A—BB"X+¢*W;TZC"C

By =& *W,TZC", Cx=B"X

W,=I+(XZ—eD
Thb.




