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Quintuple inverted pendulum control based on L QR and fuzzy
piecewise interpolation
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Abstract: The mathenatical model on the quintuple inverted pendulum is presented, and its controllability is
verified Based on the LQR theory and the discussion of multiple factors related to the stability of the inverted
pendulum, a non-diagonal w eight matrix is constructed and a method to set the value of the matrix elanents is
proposed An efficient fuzzy controller based on 2-ary piecew ise interpolation function is designed, and the
smulation of the quintuple inverted pendulum is described in detail The results of the smulation show the
validation of the proposed method

Key words quintuple inverted pendulum; fuzzy control; LQR theory

1 1 L
[2 4]

[6] [71

. Furuta ™ : “ L ,
. Zha_ng [2] “ ” [2,3],
[3] 1 ” [4].
. [4] [5] ,
: LQR
’ [5.8]
1 2004-06-03; : 2004-08-05
(60234030); (60225015);

(1973—), , , ; (1963—), ,



LQR 393
1 5 ,
1 Tu , X
: , , 0 i Mo
) ,mi i ,Ji i Gi ,
, i Oi i Gi L i fo
fi i Oi
2 (i= 1,2,3,4,5).
21 22
L agrange [9].
x= Ax+ bu (1)
x= (z2)",z= (x,6,6,6,6,8),
: [ Os le } B [Oexlj_
A me w7 Ly
,Oex1 6 ,O06 s 6
. ,ho= (1,0,0,0,0,0)7,
-ao ai az as a4 as_
aa b ali: adi: ad: ad:
M = a2 ali1 b ado ad: aSLZHéo):
as adi1 ad2 by ads ads
as adi1 ad2 ads bs ad 4
Las ad 1 ad2 ads ada bs-
ot -
- f1- f2 fa
fa - fa2- f3 fs
fs - fa- fu4 fa =
fa - fa- f5s fs
L fs - fs
diag (0, a1g, azg, ,asg).
Li=L2=Ls=Lsa= Q49m,
ao = Zsomj,ai: mili + i mjLi,bi: jli ‘:)20204‘];2:4:4.: 02004963 kg'mzv
1 5= g*m-,
i+ mi|$+z5’m,L$,1s i< 5 foi 22 4T,
b1 f1= Q 007 056,
23

[9]:
mo= 1 328 2 kg,

Mmi=mz2=mz=ms= Q 220kg,

ms= Q 187kg,
li= o= Is= la= Q 304m,
Is= Q 226m,

fo=fas= fa= fs5= Q 002646N * s*m,
g= 98m/s
(1), A b

b=
(0,0,0,0,0,0,0 7277, - 1 7908,
Q3685 - Q07580 0153, - Q0034)",



20

394
A = |:Oe |e;| ’
A1 A
(0 - 84573 13511 - 01978 Q0237 - Q0014]
0 1508061 - 1250049 182971 - 21954 Q1318
A, |0 - 1610251 2482996 - 1081187 129726 - Q7787 |
0 331101 - 1518843 1802498 - 635093 3 8124
0 - 66745 306174 - 106 7009 100 9301 - 18 5306
Lo 15027 - 68934 24 0234 - 625019 50 9499 -
- 166754 Q0183 - Q0069 Q0014 - Q0003 Q 000O |
410350 - Q4000 Q2835 - Q1311 Q0269 - Q0046
A, |- 8447 0500 - 05582 0405 - 01588 Q0271 |
17364 - Q1776 Q4205 - Q5833 04235 - Q1325
- 03500 0038 - Q1561 04104 - Q5704 Q2903
L Q0788 - Q0081 Q0351 - Q1721 Q586 - Q4439
(1) :
) 1=, 60X + v ORY D), 3
31 Riccati
1) , - PA- AP+ PR BP- Q=0, (4
’ 2) , K'= R 'p'P. (5)
KT K,
3) (ki ke, ki) = KT/k (6)
, 33
, 32
4) : Q R
n , 2
, (
, ): :
6= 06=>06=0 ; 1 ,
6> 0,6< 0,6> 0,6< 0,
[9] [5] , Q R
, 2 4 Q
, [5,8],
) ; ,n+ 1
, Q = diag(qo, a1, , g, 0, ,0), (7)
( ). n
32 (1) : (7)
(1) , Q
12 -
, J:‘go(qoxz+ aG+ o+
E EC os&% + Ru’(1))dt (8)
E 2 kixi+ keXz+ + KeXes, (8) ,
{EC A kox7+ Kexs + + Kki2X12 2 ,

ki, k2,

, k12 ,

LQR 31



4 : LQR

5
cu?(b);
x>+ B+ &+ gl + b+ gs&;
g’ + g+ B+ B+ qul+ qul
2qosx X + 2q17&él + 2qzsezéz + ZQ3QQ;é3 +
20110046 + 20511656
- 2012606 - 20206 - 20286 - 2046.6

1) u : R c
2) C Qo, 1, Qs ;
3) 31
1
Qu Qu
Q= [ J . (9)
Qa Q-2
_ % -
[Of1 - Qw2
Qu-= - Qw2 [oF3 = Q23 ,
= Qs g3 - Qa4
- Q34 Q4 - Qas
- - Qs gs -
Qu=Qa= diag (q06, 017, Q2s, 039, (410, (.']511) ,
Qz = diag(as, q7, ds, Gs, G, qu) ,
R=c¢c (10)
Q :
2( ) :
3( ) 66 66
) Juz = (a1
34
1( ) )

cl ull 22 qoll xIl 22 2qell &Il I &l £
200l Il Il xll 2 qell xII 22 10,
e .
2 A ull
10° 10° , Ihul 2100 10°

I 8l 2 10°

395
el >0 &l >16l>16l 210
el >0 &l >0 el >
el >0 &l 2101
el >ual,i= 12 5
x> I xIl 2 10°

1 2,

10 °< ¢c< 10 °,

Jo A Qos ZAN Os A 10°,

1022(}1< < Os3< (s < QSélos.
102 qr< gs< Qo< Qo< qu 2 107
10°2 iz < g< qu< g2 10

10" & 17 < O28< Qa0 < (a0 < Q511 A 10
(11)

, (11)
(1) :

Q= [Q“ Qlj R = Q0001 (12)

Qur Q2
- 10 _
300 - 200
- 200 500 - 300
Qu= ,
- 300 700 - 400

- 400 900 - 500

L - 500 1 000/

Q= diag (5, 10, 20, 40, 60, 80),
Q2 = diag (5, 10, 20, 30, 40, 50).
(4 6
K'= (- 100, - 643, 29 761, - 145 556,
225381, - 112544, 303,3, - 473,
- 5021, 15849, - 13 162).
k= - 5000(
), (6)

(k1, k2, k) = - K'/5000 (13)

X1, X2 Y



396 20
E EC y x(0) = Q 2,
JAi Bi(l1€ ism,1<j< n) E EC xa= Q 2
X1 X2 ,Ci(l< i€ m,l< 2 : 1) 2)
j<n vy Y Yi Cij ,
R, 1 1
If E isAiand EC isB; Theny isCi, : 1)
1< i<m,1< j<n 2),
[10] , )
31
E,EC) & A (E)B;(EC)yi (14
y ( ) lel (E)B;(EC)yi.  (14) 0.02
Xi1= X2= [- 1,1],Y= [- 1,1], 001 |
X1 X2 7 - =
€ 0 S O T
(m=n= 7, “ (NB), = A 9/ .
NM),  (NS), (zERO), (P9, B I W
(A1), (PB)” : y -0.02 . .
0 0.5 ] 1.5 2
Cij yi :0, %+ 1/6, + 2/6, + 3/6, + 4/6, is
+ 5/6 1 5
1 E EC (@) !
NB NM NS ZERO PS P PB
NB - 56 -56-46 - 36 - 2/6- 16 0
NM - 56 - 4/6 - 36 - 2/6 - 1/6 0 1/6 ki
NS - 4/6 - 36 - 26 - 16 0 1/6 2/6 3
ZERO - 3/6 - 2/6 - 1/6 O 1/6 2/6 3/6
PS - 26 - 16 0 1/6 2/6 3/6 4/6
=Y - 16 0 /6 2/6 3/6 4/6 5/6
B 0 1/6 2/6 3/6 46 5/6 5/6
A
y(E,EC) = (b) 2
7 7
Z Z Ai(E)Bj(EC)yij U = 1.0
—1 ]
5 000),
7 7
= A : . .
u= Uy (E,EC) 2&U lelA (E)B; (EC)yij
(15) 02l Y .
0 2 4 6 8 10
(15) ! s
[4]
, , (c)
[5] 2
5
, 8 6 LQR .
32 . 31 , )
1) 6.(0) = /540, : , ,
(0 = 6(0) = 6(0) = 6(0) = /720
2) 6.(0) = m/540,6:(0) = 6(0) = - T/720, (References

&(0) = m/720,6(0) = T/720

[1] Furuta K, Ochiai T, Ono N. A ttitude control of a



4 : LQR

397

triple inverted pendulum [J]. IntJ o Control, 1984, 39
(6): 1351-1365
[2] ZhangH X, MaX W, XuW. Design fuzzy controllers
complex systemsw ith an gpplication to 3-stage inverted
pendulums [J] Inf ormation Sciences, 1993, 72 271-
284
[3] , Ebert C,Belschner R,
[J] , 1996, 11(1): 85-88
(zZhang N Y, Ebert C, Belschner R, et al Fuzzy
cascade control of an inverted pendulum [J]. Control and
D ecision, 1996, 11(1): 85-88 )
[4] , , .
[J] , 2001, 13(6): 752-755
(Xiao J, Zhang S, Xu X H. Fuzzy control of the four
level inverted pendulum [J] Systen Simulation, 2001,
13(6): 752-755 )
[5] , , :
[J1 (E ),2002,32(1): 65-75
(LiH X,Miam Z H,Wang J Y. Variable universe
adeptive fuzzy oontrol on the quadruple inverted

pendulum [J]. Science in China(Ser E), 2002, 32(1): 65-

75)

[6] Anderon C W. Learning to control an inverted
pendulum with neural networks[J] |EEE Control
SystansM agazine, 1989, 9(3): 31-36

[71 : : :

[J] , 1995, 16(6): 654-661
(zhang M L, Heo J K, HeW D, et al Human-
mitating intelligent control and triple inverted

pendulum [J] Acta Aeronautica and A stronautica
Sinica, 1995, 16(6): 654-661 )

[8] Cheng F Y, Zhong GM, LiY S Fuzzy control of a
double-inverted pendulum [J] Fuzzy Sets and Systens,
1996, 79: 315-321

(9]

D] : , 2002
[10] : [J1 (E ),
1998, 28(3): 259-267.
(Li H X. Interpolation mechanisn of fuzzy control

[J] Science in China(Ser E), 1998, 28(3): 259-267. )

( 391 )

(References)
[1] , :
[J] , 2002, 28(3): 408-412
(L1SY, X1 Y G Satifactory optimization control in
fuzzy dynamic environment for complex systems[J]
A cta A utanatica Sinica, 2002, 28(3): 408-412 )
[2] :
[J] , 1998, 24(6):
726-731
(Xi Y G, Gu H Y.
oonstraints adjustment of QMM O [J]. A cta A utanatica
Sinica, 1998, 24(6): 726-731 )
[3] : . QMMO
I (E ), 1998, 28(5): 417-424
(XiY G, GuH Y. Sensitivity analysis based objective
coordination of constrained multi objective multi degree
of freedom optimization[J]. Science in China, 1998, 28

Feasibility analysis and <ft

(5): 417-424 )

[4] Banporad A , M orariM. Control of systems integrating
logic, dynamics, and constraints [J] A utanatica,
1999, 35(3): 407-427

[5] TylerM L, MorariM. Propositional logic in control
and monitoring problens[J] A utanatica, 1999, 35
(4): 565-582

[6] Kerrigan E C, M aciejow ki JM. Soft constraints and
exact penalty functions in model predictive control[A 1.
ProcUKACC IntConf [C]. Canbridge, 200Q

[7] Ranan R, Grossnann | E Relation between M L P
modeling and logical inference for chemical process
synthesis[J] Camputers and Chenical Engineering,
1991, 15(2): 73-84

[8] Prett D M ,M orari, M anfred T he shell process control
workshop[M ] Boston: Buttemworths, 1987: 20-31



