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TOM TAT

Con ldic nguoc la mot doi ‘tuong SIMO (h¢ mot vao nhiéu ra) quen thugc trong cdc vigc
kiém chiing giai thudt dzeu khzen tw dong Voi s6 bdc Cang cao, mot ddu vao diéu khién cua
hé con lac nguoc cang diéu khién nhiéu s6 dau ra. Viéc nay dan dén kho khan trong viéc diéu
khlen on dinh con ldc nhiéu bdc. Bai bdo trinh bay gidi thudt diéu khién t6i wu (LOR) trong viéc
giit on dinh cho hé con ldic nguoc theo phwong thang dimng. Két qua mo phong trén Matlab/
Simulink cho thdy hé thong on dinh tot khéng nhitng quanh vi tri thang dimg hoan toan ma cd
o Vi tri lam viéc khac.

Tir khéa:Con lac nguoc, diéu khién téi wu, LQR, Matlab, Simulink.

ABSTRACT

Inverted pendulum is a SIMO model (single-input and multi-output) which is popular in
testing automatic control algorithm. The more degrees of freedom that an inverted pendulum
system has, the more outputs that an input of the system has to control. This makes difficulties in
controlling multilink inverted pendulum. This paper presents optimal control algorithms (LQOR)
in balancing the system in vertical upward-position. Matlab/Simulink simulation results show
that the system is stabilized well around the absolute upward-position and also around other

working points.
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1. PAT VAN DE

On dinh cho hé con lic nguoc 1a mot
bai toan quen thudc trong dicu khién tu dong.
Tuy nhién, cic nghién ctru da phan chi ding
& cac con lic bac th:?ip nhu bac mot nhu ¢ [1],
bac hai nhu & [7], [8] hodc bac ba nhu ¢ [9],
[10]. Tuy nhién, khong co nhiéu nghién ctru
vé con lic nguoc tir bac bon trd 1én. Simon
Lam va Edward J. Davison [2] da dua ra dugc
phuong trinh twong tng cho con lic ngugc
n-bic nhung chua dwa ra giai thuat diéu
khién twong tng. Céc tac gia Igor Ananyeski
va Nikolay Anokhin [3] d4 diéu khién 6n dinh
thanh céng hé nhiéu bac nhung két qua chi
dung & bac ba va chua dua ra duoc két qua tai
nhiéu diém 1am viéc khac nhau.

Duya trén nén tang mo hinh con lic
nguoc nhiéu bac ca [2] va [3], nhom tac gia
xét riéng voi trudng hop con lic nguoc bdn
bac va nghién ctru xay dung bd diéu khién

LQR cho hé trén. Néu thong s6 hé théng va
phuong trinh todn hoc duoc xac dinh rd rang
thi diéu kién 6n dinh cua giai thuat LQR s¢
dugc dam bao thong qua todn hoc tur vigc
giai phuong trinh Ricatti [5]. Ngoai ra, khong
nhu diéu khién PID thuong chi ap dung t6t
duogc cho h¢ SISO, giai thuat LQR co thé diéu
khién cac hé¢ MIMO, SIMO... néu thoa man
diéu kién ctia ma tran diéu khlen M, duoc s€
dugc dé cap o (11). Mot s tac gia 0 [7], [9]
da diéu khién duoc cac hé con lac nguoc ¢ cac
bac thap hon la bac hai va bac ba. Va thong
qua cac mo phong cuia bai bao nay, cac tac gia
chung té h¢ con lac nguoc bdn bac van co thé
duogc diéu khién tot thong qua giai thuat diéu
khién i wu.

Cac muc tiép theo cua bai bao duoc
trinh bay theo thtr tu sau: Muc II trinh bay mo
hinh toan hoc hé con lic ngugc bn bac va qua
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trinh tuyén tinh héa hé thong. Muc III trinh
bay cach thirc xdy dung mot bd diéu khién
LQR téng quat va ap dung giai thuat d6 cho
hé con lac nguoc bdn bac. Muc IV trinh bay
két qua md phong cua thudt toan duoc dé xuét
cho hé con lac nguoc bon bac. Phan két luan
dugc trinh bay trong Muc V cua bai bao..

2. MO HINH TOAN HQC

Hé con lic nguoc nhiéu bac duge xét &
day c6 nhiéu link (thanh kh6p néi). Trong do,
link 1 dugc gan véi truc quay mot dong co. Do
do, link 1 khong dugc tinh 1a mdt bac ctia con
lac nguoc. Bac 1 tuong ung voi link 2, tuong
tu, bac 2 tuong ung vdi link 3... Mdi thanh
link xem nhu c6 khéi luong khong dang ké.
Khéi luong twong tng véi mdi link duoc tap
trung vao 1 dau ning duoc gan giira link d6 va
mot link khic & bac cao hon. Viée diéu khién
cac link2, link3,.... dugc thuc hién nho viée
dong co quay, tao momen tac dong vao link 1.
Néu chi sir dung 2 link thi hé con lac nguoc
nhiéu bac s& trd vé dang mo hinh Pendubot
thuong dugc su dung [9].

(/] ]/

Hinh 1. M6 hinh con ldc nguoc nhiéu bdc

:

/1] wlll/

Hinh 2. Piém lam viéc thang dimg hoan toan

19

Theo tai li¢u [2], ta c6 phuong trinh toan
hoc mo ta h¢ thong con lac nguoc ¢ v link:

Gx)| : |=F(xu) (1)

k=max(i, )

Gij:( 3 mkjlicos(a—l?i) )

<

F;:

{( Zv: mhjlk sin (6, _91)913}
k=1 h=max(k,i)

+£kaJgsin<9i +é‘i1><llu 3)

k=1 1

0, i#j

Voii, j=1,2....v va b‘ij:{ (4)

I, i=j
Va véi hé con lic nguoc bon bac thi ta co
v=S5.

Sau do, qua viéc dat bién trang thai:

T
x:[x1 DA A R A A A A xm]

:[91 01 92 92 93 93 94 94 95 95} ()

Va tinh toan Matlab, ta dua (1) vé dang:

X, = 1,06, Xy 000X, 1)

Xy = fo(X, Xy 00y Xy, U)

(6)
Xio = Fro (%15 X550y Xy, 1)
Tiép tuc tuyén tinh hoa hé thong quanh

diém lam viéc tinh:

x=[0 000000000 ®
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X =Ax+ Bu
Luc nay, (6) trd thanh dang:
. =X
V61 ma tran trong so la: 4 (8)
R —
ox, Ox, ox,,
% 9% 9
A=| ox, Ox, ox,,
: : : 9)
Yo Yo . e
| Ox,  Ox, Oxyy Jr=x
u=0
sl O ] (10)
ou Ou ou r=x

4. GIAI THUAT PIEU KHIEN TOI UU

Bo diéu khién t6i uu (LQR) duoc dién
ta thong qua so do sau:

Hg¢ con

l:léc nguoc 0,;0,;0,,0.;0.)

bon bac

Bé diéu khién LQR
=-K*x

Hinh 3. So do bé diéu khién LOR cho hé con
lac nguoc bon bdc

Theo [5], mot hé thong s& diéu khién
LQR tai diém 1am viéc néu ma tran A, B cta
hé thong do, img voi phuong trinh trang thai
da tuyén tinh hoa quanh diém 1am viéc & (8)
théa man diéu kién:

Voi ma tran diéu khién

M.=[B 4B A’B A"B |

va n la sé bién trang thdi hay sé bdc ciia A

thi  rank(M.)=n (11)
Trong d6, ma tran K duoc tinh tir viéc

giai phuong trinh Ricatti [5] thong qua viéc co

san cac ma tran A, B va viéc chon lua cac ma
tran trong so Q, R:

A'PA—P-A"PB(B'PB +R)_1 B'PA+

12
+Q+P=0 (12)
V&1 ham muc tiéu duoc chon la:
J= j x"Ox +u" Ru ) dt (13)

0
Thong qua viée giai (12) dé co6 duoc
nghiém P, ta tiép tyc tim ma tran hoi tiép K
qua biéu thu’c

K=[B"PB+R| BPA (14)

7 O day, bai bao sir dung cong cu Matlab
de giai phuong trinh Ricatti thong qua 1€nh:

K =1lgr(4,B,0,R) (15)
qgq 0 0 0
0 gb 0 O

= ) : R=r 16

Q o o . 0 (16)
0 0 0 g,

Céc gia tri trong 5O q, co gia tri du’ong,
twong ng voi viée diéu chinh c4c bién sé i .
Viéc chon trong 5O g, can cu trén co s xem
xét sy on dinh cua blen x, twong mg. Pé uu
tién thong sb nao on dlnh ta ting trong sb
turong tng bién dy. Tuy nhién, viéc ting toan
bo trong s6 s& lai khién khong co bién nao
duoc wu tién 6n dinh.

Ma tran trong sO R trong truong hop nay
chi 1a mot s thuc duong vi hé thdng chi c6
mot bién ngd vao u. Ma tran R cang 16n tuong
g voi viée cang uu tién cho viée 6n dinh tin
hiéu ngd vao diéu khién. Viéc giam R s& lam
tin hiéu diéu khién dao dong hon. Tuy nhién,
viéc ting R qua mirc s& lam tin hiéu diéu khién
thay d6i qua cham dé kip dap g hé thong.

Chon thong sé hé thong lan luot nhu
sau: m, =

L=l =1=1=1I=02(m)

m, =m, =m, =m, =0.04(kg) va
(17)

Véi cac thong s6 hé thong nhu trén thi
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ma tran trong s6 1an luot 13:voi cac thong s6 Véima tran A, B nhu ¢ (18) va (19), va
il‘e thong nhu trén thi ma tran trong so lan luot tir M, & (11), ta tinh ra dugc:

a:

A :|:A11 A12
A21 A22

(18) Nhu vdy, sé ton tai ma tran hoi tiép K
de dicu khién cac bién hé thong vé diém
lam viéc cho trudc.

} rank(Mc)= 8 (20)

Trong do, cac thanh phan ctia ma trén

Ala: Trong ma tran Q, R & (16), ta chon:
0 1 0 0 0 | q,=500. ¢,=40. ¢;=600. g,=5.
24525 0 -196.2 0 0 g; =300, ¢g,=500 ¢q,=400. ¢g,=800,.
4, = 0 0 0 1 0 9o = 200; %o =300 va =800 (21)
-24525 0 3924 0 -147.15
0 0 0 0 0 ] St dung Matlab dé tinh ma tran K, ta c6:
_ . K =[1.2455 1.1025 -35.116 0.6841
0 00 0O
0000 0 281.7628 9.6384 -614.8758 -32.2761 (22)
401.0518 35.4611]
4,={0 0 0 0 O
000000 4. KET QUA MO PHONG
(1 000 0] Ta chon gié tri dau nhu sau:
) . x_imit=[0.01 0 0.01 0 0.01 0 0.01
0 -98.1 0 0 0 0 0.01 0]
0 0 1 0 0 4.1. Trwong hop 1: Piéu khién ca nam link
A4,=[0 1962 0 -49.05 0 & vi tri thang ding
0 0 0 0 1 5 (2 : :
0 981 0 981 0] = ! !
_ _ 7 S N T -
0 0 —-1962 0 2943 < i E
0 0 0 0 0 TOJ 0 . . r
A4,=/0 0 0 0 -147.15 o : 25 3 35 4
0 O O O O Thai giaﬂ(S}
0 0 0 0 0 Hinh 4. Goc léch cua link 1 (rad)
B= 5 (19)
= 5,

Va cac thanh phan ctia ma tran B la:

Goc lech teta 2 (rad)

S0 05 1 15 2 25 3 35 4
Thoi gian (s)

B=[0 625 0-625 0]

B=0 0 00 0] Hinh 5. Goc léch cua link 2 (rad)
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Goc lech teta 3 (rad)
(=]

0 0.5 1 15 2 25 3 35 4
Thoi gian (s)

Hinh 6. Goc léch cua link 3 (rad)

=
o 0 05 1 15 2 25 3 35 4
Thai gian (s)
Hinh 7. Goc léch cua link 4 (rad)
£ oot ; ;
0 : :
T 0
E ; E
g 0.0 . i . . i i .
© 0 05 1 15 2 25 3 35 4
Thoi gian (s)
Hinh 8. Goc léch cua link 5 (rad)
o 02
£E
2=
S8

0 0.5 1 1.5 2 25 5 35 4
Thoi gian (s)

Hinh 9. Momen tac dong vao link 1 (Nm)

Nhdn xét:

Ta thay bo diéu khién véi thong s6 K
tim dugc ¢ (22) voi cac ma tran trong s6 Q, R
& (16) cho két qua diéu khién rat tot. Tat ca
cac goc tuong ang véi cac link déu vé vi tri x,
(tat ca céac link déu nam ¢ vi tri thang dimg
hudng 1én) trong khoang thoi gian chua day
3s. Momen tac dong vao link 1 cling nhanh
chong 6n dinh vé gia tri 0 sau chua day 3s, tirc
khong can cip momen diéu khién khi con lic
da ¢ vi tri can bang 6n dinh.

4.2._Truomg hop 2: Diém lam viéc thay doi
tuong ng véi sy thay doi gia tri dat ciia goc
6, trong hinh 16.

Hg con X=[91'gldét§g|; 2;92;9|;
lc nguoc 1 0,:0,:0,;0.:6.]
bon béc =S ik
Bo diéu khién LQR

u=-K*x

Hinh 10. So do b¢ diéu khién véi diém lam
viéc thay doi

o . . ' . . .
1 e e e AL LRI LLEEEL LT RLELERLL CRRELS
T T TETER T RRRR ISR
% 002 b--mmmmbomee e | U ISR
=S RS S (| S | U |
R 1] SRR H -------- l --------------
Q 1 1 1 1 1 1
(3 _[]04 | | 1 | | |
] ) 10 15 20 25 a0 35
Thoi gian (s)
Hinh 11. Goc léch cua link 2 (rad)
E
[12]
=
=
8
F
o
Thai gian (s)

Hinh 12. Goc 1éch cua link 3 (rad)
=1
£ 002
=T
= 0.01
B
< 0
:]

< 001 . .
o 1 L
o 1520
Thoi gian (s)

Hinh 13. Goc 1éch cua link 4 (rad)
T 002
“?j 0.01
= 0y
2
o -0.01 : : : :
o L Il
2 0 15

Thai gian (s)

Hinh 14. Goc 1éch cua link 5 (rad)
@ 05F------ S S e S e 3]
o E
cZ
g§— 0
= H H H H H L

0 g 10 15 20 25 30 35
Thoi gian (s)

Hinh 15. Momen tac dong vao link 1 (Nm)
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Goc lech teta 1 (rad)

----- Gia tri mong muon

Gia tri thuc te

0 5 10 15 20 25 30 35
Thoi gian (s)

Hinh 16. Goc léch cua link 1(rad)
Nhan xét:

Cacgiatri6, 0, 6, 6, déu nhanh chong
on dinh sau moi 4s sau khi vi tri dat bi thay
d6i. Tuy nhién, gia tri 0, chua bam sat han
duogc gia tri dat khi gia tri dat & xa qua vi tri 0.
D6 1a vi khi xdy dung bo diéu khién LQR &
Phan III, ta tuyén tinh hoa hé théng quanh
diém lam viéc x va thong s6 K xay dung dugc

23

cling dam bao 6n dinh t6t quanh vi tri lam
viéc. Do d6, khi diém lam viéc khong con & vi
tri x, thi b diéu khién khong con dam bao hé
thong hoat dong tot. Tuy nhién, qua cac Hinh
11 dén Hinh 16, ta nhan théy: hé théng van
con dam bao 6n dinh néu gia tri dat ctia goc 0,
khéng qué %z 4(1"&0’) .

5. KETLUAN

Bai bao da trinh bay cach thirc xay dung
thanh cong mot bo diéu khién toi vu LQR cho
hé thdng con lic nguoc bdn bac. Két qua mb
phong cho thay: hé thdng dap ing nhanh vé
vi tri can bang thing dung va néu gia tri dat
ctia canh tay chap hanh (link 1) khong qua xa
so v&i vi tri thang dung thi hé thdng van giir
dugc On dinh.
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