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Tém tit: Con lic nguoc quay kép 1a thong phi tuyén phurc tap bit 6n dinh mot vao nhiéu
ra (Single input — multi output - SIMO) duoc phat trién tir mé hinh con lic nguoc quay
(rotary inverted pendulum - RIP) mot bac von rat kinh dién trong diéu khién tu dong
(PKTPD). Bai bao gi6i thi¢u vé viéc xdy dung phuong trinh toan hoc, thiét ké thuat todn
diéu khién can biang hé théng con lic nguoc quay kép trong mdi trudng md phong
Matlab/Simulink. Trong bai khao sat nay, nhoém tac gia trinh bay phuong phap xay dung
phuong trinh dong hoc va bo diéu khién (BPK) t6i uu tuyén tinh LQR cho hé trén & vi tri
can b?ing hudng 1én. Sau d6, chung t6i khao sat do dn dinh cua hé théng khi con lac nguoc
kép & vi tri cAn bang bat on dinh. Viéc danh gia két qua mo phong s& cho thay mirc do higu
qua cia BDK LQR cho hé thdng nay.

T khoa: Bj diéu khién hé SIMO; bg diéu khién LOR; con lic nguwoc quay; con ldc ngiege quay
kép; diéu khién can bang

Abstract: Double rotary inverted pendulum (DRIP) is a SIMO complicated nonlinear
unstable model which is developed from one-linked RIP — a classical model in control
engineering. The paper presents method of modelling and development of control for RDIP
system in Matlab/Simulink simulation. In this paper, we present dynamic equations and
LQR controller to balance this system on up-right position. Thence, we investigate stability
of system under this method. The evaluation of the simulation results will show the
effectiveness of the controller on this system.

Keywords: Balancing control; double rotary inverted pendulum; LOR algorithm; rotary
inverted pendulum,; SIMO controller
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1. Gi6i thi¢u

RIP 12 mot hé thong kinh dién, phi tuyén
da duoc diéu khién 6n dinh trén mo
phong va thuc té. Pay 1a mé hinh chuan
danh cho sinh vién khao sat giai thuat
trong nganh DKTD. Do tng dung rong
rdi ctia né nén cdu trac chuin nay da
duoc cong nghiép hoa thong qua hang
Quanser [1] dé cung cép cho cic co s&
dao tao. O nudc ngoai, di c6 nhiéu
nhém tac gia thuc hién khao sat thanh
cong trén hé thong nay nhu BPK LQR
[2], BDK mang Neuron [3]. Bén canh
cac BPK cb dién va théng minh, cac
giai thuat lai ciing da duoc phat trién
nhu mo-LQR va mo-LQG [4]. Nhu vay,
RIP da tré nén kinh dién va viéc dat ra
van dé nang cip giai thut cho cac hé
phtc tap hon 1a can thiét. Tir 46, mo
hinh DRIP dwoc phat trién. Hang
Quanser ciing d3 chuan héa mé hinh
trén cho cac nghién ctru bac SIMO bac
cao hon [5]. O Viét Nam, mot nghién
ctru 6n dinh hé DRIP trén mo phong da
dugc thuc hién thanh coéng trén mo
phong ¢ nghién ctru [6]. Tuy nhién, tin
hiéu diéu khién trong nghién ctru d6 lai
la momen lyc dong co, hoi thiéu tinh
thuc té. Do vAy, phat trién hé DRIP
dugc didu khién bang tin hiéu dién ap
dong co 14 can thiét. Trong bai bao nay
gidi thuat LQR 1a mot giai phap ma
nhom tac gia s& ap dung. Cau tric don
gian, d& thiét ké va dugc dam bao bai
toan hoc khi 6n dinh tai vi tri can bﬁng
chinh 13 vu diém quan trong nhat ctia bo
diéu khién nay. Ma tran Q, R s€ duoc
chon thu cong bang tay, va ta s& khao sat
ma tran toi vu K trong nhiéu truong hop
khac nhau dé danh gia mirc d6 hiéu qua
cua BDK.
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B6 cuc bai bao gébm 4 phan. Phan 1
gidi thiéu vé nghién ctru nay. Phéan 2
phan tich phuong trinh dong luc hoc,
cac thong s6 hé thong. Phan 3 trinh bay
phuong phép xay dung bd diéu khién
LQR cho hé RIP. Phan 4 trinh bay két
qua mo phong hé thong. Cubi cing,
trong phan 5, tac gia tong két, két luan
vé giai thuat dd duoc xay dung va trinh
bay huéng phat trién cua dé tai.

3. Phan tich h¢ DRIP
3.1. Mo hinh toan

CAu trac toan hoc DRIP dugce thé hién &
Hinh 1. M6 hinh DRIP bao gém 3 thanh
ran va 1 dong co. Thanh thu nhét dugc
goi 1a thanh canh tay dwoc gan vai truc
dong co theo phuong nim ngang, thanh
thir hai dugc goi 1a thanh con lic 1 duoc
duoc dung theo phuong thang dung,
thanh thtr 3 dugc goi 1a thanh con lac 2
ndi tiép vé6i thanh con lic 1. Géc quay
cua thanh canh tay, thanh con lic 1,
thanh con lic 2 lan luot 1a 6, 6,

0, (rad). Muc dich cua nghién ctru 1a

thiét ké bo diéu khién can bing sao cho
hai thanh con lc can bang & vi tri thang
dimg hudng lén.

Motor

Hinh 1. M6 hinh DRIP
Trong do, m, (Kg) 1a khéi luong thanh
canh tay, m,(Kg) la khdi lugng thanh
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con ldc 1, my(Kg) la khéi luong thanh
conlic 2, L, (m) 1a chiéu dai thanh cach
tay, L, (m) 1a chiéu dai thanh con lic 1,
L(m) la chiéu dai thanh con lic 2,
[, (m) la khoang céch tur géc hé toa doa
1 dén diém trong tim thanh canh tay,
L (m) 1a khoang cach tir gbc hé toa doa
2 dén diém trong tam thanh con lic 1,
A (m) la khoang cach tur géc hé toa doa
3 dén diém trong tdm thanh con lac 2,
J1<Kgm2) la mo-men quéan tinh cta
thanh cénh tay, J,(Kgm®) la mo-men
quan tinh cua thanh con lic I,
J3(Kgm2) la mé-men quan tinh cia
thanh con lic 2, g(m/sz) 1a gia tdc
trong trudong, K, (N.M/ A) la m6-men
luc diéu khién, 13 hing s6 mo-men,
K,(V.s) 1a hing s6 suat phan dién
dong, R,(Q) la dién tro dong co,
C, (N.m.s)lé hé sb ma sat nhét dong
o, e(V) 1a dién ap diéu khién dong co.
Xét ma sat thanh canh tay va thanh con
lic 1,2 C,=C, =C, zO(NA).
Téng dong ning cua hé:
T=%J1912+%J2922+
1 (LIH'I +1,6, cos 6, )2 (1)
2" +(16,sin6,)
(Llé1 +L,0, cos 6, +1,6, cos 03)2
+%J3932 +%m3 +[L292 sind, ]2
+1,0, sin 6,

Tong thé nang cua hé:

L, cosé
V= 1, cos@, + : 212
8% : m3g[+l3 COSH3J( )

Toan tr Lagrangian c6 dang:
L=T-V (3)
Ap dung co hoc Lagrange, cu thé 1a
phuong trinh Lagrange loai 1, hé

phuong trinh dng luc hoc cta hé théng
la:

dfoL)|_oL __ )
dr\ 86, ) o6,
dfoL)_ oL _, (5)
dr\ 06, | 26,
dfoL) oL _, ©)
dt\ 06, ) o6,

Bang mot sé tinh toan cho (4),(5)
,(6) ta dwoc hé phuong trinh sau:

r=-LlLm,sin60,0, +6, (J1 +L'm, + L12m3)

+6, (L,L,m, cos @, + L1,m, cos 0, ) (7)

—0, (L ,L,m, sin 6,6, + LLm, sin 6,0,)

+L1m, cos 0,6,

0=0,(J,+1,’m, + L,’my )~ L,gm, sin0,

~L,gm, sin @, + L,I;m, cos (6, - 6,) 6, (8)

+LLm,sin(60,-06,)6;

+(L,L,my cos 0, + L1,m, cos 6, ),
0=(J, +1’my)6, —m,gl; sin 6, +
+L1my cos 6,0, + L,Lm, cos(6, —6,) 6, +
~L,lm,sin(6, - 6,)0,’

‘ 7 (9)Quy doi tin hiéu
diég khién ttr mémen luc vé dién édeiéu
khién dong co. Phuong trinh dién ta
momen lyc theo dién ap la:

r=-K,0-K,0,+Ke (10)

Trong do: X, :%;Kz _c, +K1;Kb K, =J,

s

m m
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Téng hop (7)-(10), hé phuong trinh
dépg lyc hoc dudi dang vi phan cia hé
thong la:
~K,0, - K,0,+ K.e=h0,+(h, + h,)cos 6,0,
+h, cos 0,0, —(h, +h,)sin 0,6,” —(h, sin 6, ) 6,
0=(h, +hy)cos 0,0, + h6, + hy cos (6, - 6,) 6, (12)
+hgsin(6,-6,)6,” —(h, +hy)sin 6,
0=(h,c0s6,)6, +hscos(6,-6,)8, +
hy0, —hgsin (60, —6,)0,” = h, sin 6,

(11)

(13)

Trong d6, ta co cac tham sd trung gian
duoc trinh bay trong Bang 1 sau:

Bang 1. Tham sd trung gian cua cac cong

thue (11), (12), (13)

Tham sb Gia tri

h, J,+m L +mL’

h, m,L[,

h, m,LL,

h, m, L1,

h J, +m,l +m,L,}

hy my Lyl

h, m,gl,

hy mygL,

h, J,+ml’

hy, mygl,

3.2. Tuyén tinh héa h¢ DRIP

Dé tuyén tinh hoa hé DRIP, ta bat dau tir
phuong trinh dong luc hoc trudc khi
tuyén tinh duoc trinh bay dudi dang vi
phan nhu (11), (12), (13). Khi thanh
canh tay & vi tri gdc, hai thanh con lic &
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vi tri thang dting huéng 1én, ta c6 thé
tuyén tinh hoa bang cach ap dung xap xi
gdc nho cho (11), (12), (13)
cosf~1,sinf~0, 6 ~0 (14)
Sau ddy, ta sit dung coéng cu Matlab
dé tinh ra tir (15), (16), (17) nhu sau
—K39'1—K26.1 +K1€:h19'1 +(h2 +h3)é2 (15)
+h,0,—(h,sin6,)6;
0=(h, +h,)6,+h0b, +h0,

16
—(h, + hy)sin 6, (10
(17)

3.3. M6 ta hé théng duwéi dang hé
phwong trinh trang thai

0= 1,6, + h,0, + h,6, — h, sin 6,

Pit cac bién trang thai nhu sau:

x,=6,,x,=06,x,=6,,

(18)
x,=6,,x; =0,,x, =0,
T
x:[x1 X, Xy X, Xs xé] (19)
T
y=[xl X, x5:| (20)

Cac phuong trinh (16), (17), (18) tro
thanh

X, O\ 16| [/
x, ol 6| | £
ix:f(x,u,t)=i - ‘?z = 92 = 5
dt di|x,| a6, |d| |1
Xs o, 93 /s
L% | _93_ _93_ /s ]

H¢ phuong trinh trang thai dang ma
tran cta hé DRIP duoc viét dudi dang
sau:

Xx=Ax+ Bu
(2D
y=Cx

V61 ma tran A, B duoc tinh la:
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______ EA
ou
o, o o o o o o,

ou
o o o o o o o,

ox, Ox, Ox; Ox, Ox; Oxg ou
o9 o o U U Y [

Ox, Ou
o o o o U U

ox, ou

o o, o o ¥ 9 Zi
______

4. Thiét ké BPK LQR

Xét tai cac vi tri lam viéc xac 1ap cia h¢
con lic nguoc quay kép di duoc tuyén
tinh hoa

6,=0,6,=0,0,=0,6,=0,0,=0,6,=0,e=0

Ta c6 thong s6 mo hinh: ¢ =0.04872,
m, =0.01392, m, =0.01392, L, = 0.2,
L, =02, L, =02, 1 =0.05,1=0.1, [

1
=0.1,g=9.81,J, :Emlle =6.4960¢ ™",

1, ; 1 }
J,= EmzL{ =4.6400¢” Ji= Em3L32 = 4.6400¢”

Dua trén tai li¢u [ 7] va [8], ta sir dung
lai cac thong s6 dong co ma nhom tac
gia trudc da nhan dang:

R, =11.944421124154792
K, =0.086164500636167
K, =0.086164500636167
J, =0.000059833861116
C,,=0.000067435629646

Vi cac thong s6 vira dugc trinh bay,
ma tran A,B duoc tinh nhu sau:

[0 1 0 0 0 0]
0 -0.7933 -60.6449 0 6.7383 0
qe 0 0 0 1 0 0 (22)
0 1.02 2041006 0 -71.7278 0
0 0 0 0 0 1
0 03400 -215.1835 0 171.0593 0

B=[0 83058 0 -10.6789 0 3.5596]
Tin hi¢u diéu khién cho hé DRIP dugc
tinh toan nhu sau:

u=-Kx (23)
Tinh todn ma tran P dya vao phuong
trinh Ricatti. Va ding ma tran P dé tim
rama tran A va B. Tur d6 ta dugc ma tran
t8i vu K cua hé:
PA+A"P+Q—-PBR'B'"P=0 (24)

K=R'B"P (25)
Trong do, Q la ma trdn trong sb
twong tmg véi cac bién trang thai va R
13 ma tran trong sb tuong ung véi tin
hi¢u diéu khién
5. Mo  phéng
Matlab/Simulink
Céac khéi mo phong duoc thé hién &
Hinh 2 va Hinh 3 dudi day.

B

thong qua

]

‘‘‘‘‘‘‘‘‘‘

f

Hinh 2. Khéi Function m6 phéng mé hinh
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=

DAIF

5 47 o

Hinh 3. Kh6i mé phong giai thuat LQR
Truong hop 1: Chon ma tran diéu khién
Q va R la mat tran don vi:

1 0 0 0

S = O O O
— o o O
—_ O O O O O

S O O O o =

(= = =

0
1
0
0
i 000 1]
Ma tran diéu khién duoc tinh ra la:

K:[l 1.5468 -109.9374 -0.4831 138.9437 11.4569]

7
‘@O; — GOC THANH CANH TAY
o &0 ! ! = = =GOCTHANH CON LAC1
L I I PN GOG THANH CON LAG 2
=
2 50|
g
=
&40
=
G 30
S
=
£
g2
8
Q10
o]
3
S T
kS
-1
0]
0 1 2 3 4 5 8 7 8 8 10

Time (seconds)

Hinh 4. Dap g hé ¢ truong hop 1
Trong Hinh 4, con lic 1 va 2 xéc lap
trang thai tai thoi gian x4p xi 1a 2.5s.
Canh tay xac lap tai thoi diém x4p xi 1a
6.0s. Con lac 1 va 2 dao dong quanh vi
tri xac lap lan luwot 1a 0.19(d6) va
0.16(d0). Canh tay dao dong quanh vi tri
xéac 1ap 1a 0.25(d). BPK LQR di 6n
dinh tai diém can bﬁng cho hé DRIP

Trudng hop 2: Tang cac thanh phan
diéu khién trong ma tran Q va giam gia
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tri thanh phan ma tran R so véi trudng
hop 1, ta chon ma tran diéu khién Qva
R nhu sau:

(10 0 0 0 0 0
010 0 0 0 0
0 0 10 0 0 0

0= ,R=0.1
0 0 0 10 0 0
0 0 0 0 10 0
(00 0 0 0 10

Ma tran diéu khién duoc tinh ra la
K =[10 14.9361 -353.8542
14.5684 650.3291 58.8253]

N

[=
L

ua

GOC THANH CANH TAY
= = = GOC THANH CON LAG 1 [
---------- GOC THANH CON LAC 2

g

R

(=]

Géc l&ch cla cac thanh canh tay va con lac (D8)
=

4 5 1 7 8 9 10
Time (seconds)

=]
ra |
[*

Hinh 5. Dap tng hé ¢ truong hop 2
Trong Hinh 5, con lic 1 va 2 xéc lap
trang thai tai thoi gian x4p xi 1a 1.5s.
Cénh tay xac 13p tai thoi diém xap xi 1a
6.0s. Con lic 1 va 2 dao dong quanh vi
tri xac lap lan luot la 0.27(d6) va
0.26(d0). Canh tay dao dong quanh vi tri
xéc lap 1a 0.16(d0). Sai sb xac 1ap cua
cac bién trang thai 1a nho hon so voi
truong hop 1. BPK LQR di 6n dinh tai
diém can bﬁng cho hé DRIP. Bén canh
d6, d6 vot 16 cua canh tay va cac con lic
13 16n hon trudng hop 1. Canh tay vot 16
1én hon 32 dd ¢ truong hop 2 so véi chi
28 d6 & trudong hop 1 trude khi vé trang
thai 6n dinh. Tuy nhién, sai s6 xac lap la
duogc cai thién so voi truong hop 1. Thoi
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gian xé4c lap gan nhu khoéng ddi ¢ trudng
hop 2 va truong hop 1.

Truong hop 3: tiép tuc ting cac thanh
phan ma tran Q va giam thanh phan ma
tran R so v&i trudng hop 1 va 2, ta chon
ma trdn Q va R nhu sau:

[0 0 0 0 0 0]
0 100 0 0 0 0
0 0 100 0 0 0
0= ,R=0.01
0 0 0 100 0 0
0 0 0 0 100 0
[0 0 0 0 0 100]

Ma tran diéu khién duoc tinh ra la:

K =[100 -2917.7 -266.0327
164.2539 5939.114 547.3620]

---------- GOC THANH CON LAC 2

3

da
=]

5 B

=]

=

Géc léch cila cac thanh canh tay va con lac (B4)
' 8

| | | I | |
4 5 & 7 8 9 10
Time (seconds)

=}
[y
w

Hinh 6. Dap ung hé ¢ truong hop 3
Trong Hinh 6, con lic 1 va 2 xéc lap
trang thai tai thoi gian x4p xi 1a 1.2s.
Cénh tay xac 13p tai thoi diém xap xi 1a
5.5s, gidm so voi truong hop 1 va 2. Con
lic 1 va 2 dao dong quanh vi tri xac 1ap
lan luot 13 0.19(d9) va 0.14(do). Sai sd
xéac lap cua cac bién trang thai nay la
nhé hon so véi truong hop 2. Céanh tay
dao dong quanh vi tri xac lap 1a 0.16
(d6) khong ddi so véi trudng hop 2.
BDK LQR da on dinh tai diém can br?mg
cho h¢ DRIP. Bén canh d6, do vot 16 clia
canh tay va con lic 1a 16n hon nhung
khong dang ké so v6i & trudng hop 2.

Nhéan xét: Nhu vay, thong qua hiéu
chinh trén mo phong, viéc ting thong sb
Q hay twong tmg giam thong s6 R 1am
tang do vot 16 ban dau cua hé théng
nhung s€ lam giam thoi gian xac 1ap va
sai s6 xac 1ap cua cac bién trang thai.
Pay la co so dé hiéu chinh ma trén diéu
khién Q, R d6i v&i hé SIMO béc cao, ma
tiéu biéu la DRIP
6. Két luan
Thong qua bai bao nay, nhém tac gia da
trinh bay hé phuong trinh dong luc hoc
cua DRIP vo6i truong hop ngd vao la
dién ap cp cho dong co. Bén canh do,
nhém chung t6i cling da thiét ké mot
phuong phép diéu khién LQR cho hé
SIMO bac cao 1a hé DRIP. Két qua diéu
khién hé¢ trén tai vi tri diém lam vigc tinh
hudéng 1én dugc ching minh la thanh
cong thong qua mo phdong. Bén canh do,
mdt khao sat ciing cho thdy mot quy luat
hiéu chinh dé chét lugng h¢ thng thay
dbi theo yéu cau.
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