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Tém tit: Bai bao trinh bay viéc ap dung phuwong phap Linear Quadratic Regulator (LQR)
dé diéu khién hé théng ball and beam (B&B) truc gitta — mot hé théng mot vao nhiéu ra
(single input multi output — SIMO) thong dung trong diéu khién tu dong (PKTD). Bing
cach str dung cac két qua thu dugc tir cac phép do va mé phong, bo diéu khién (BPK) LQR
da chirmg minh dugc hiéu qua trong viéc diéu khién én dinh cho hé B&B truc gilra. Bén
canh d6, cic két qua tinh chinh thong s6 diéu khién ciing dugc trinh bay dé cing cb 1y
thuyét hiéu chinh LQR va chi ra cac thong s6 quan trong nhat trong qué trinh hiéu chinh
dbi voi riéng ddi twgng nay (thay vi viéc quan tim quéa nhiéu thanh phan khac). Nghién ciru
dong gop hoc thudt thdong qua qua trinh tinh chinh riéng cho hé BTTG. Trén co sé do,
nghién ctru tao nén tang cho viéc phat trién tiép tuc quy trinh tim kiém, t6i wu thong sb diéu
khién cho doi tugng trén.

Tir khoa: Ball and beam; diéu khién cin bang; gidi thudt LOR; SIMO

Abstract: This paper presents the application of LQR to control a B&B with middle axis
— a popular SIMO model in control engineering. By using results from measurement and
simulation, LQR is proven to work well in balancing B&B with middle axis. Besides,
results from calibration control parameters are presented to maintain theory of LQR and it
shows important parameters of LQR controller for this model (instead of focusing on many
other components). This study gives academic contribution in own calibration for B&B
with middle axis. Thence, this investigation creates basement for development of finding
and optimizing control parameters for this model.

Keywords: Ball and Beam; balancing control; LOR algorithm,; SIMO

1. Pit van dé
Hé BTTG 1a mot hé thong kiém soat cd
dién duogc sir dung dé nghién ctru dong
hoc va kiém soat ciia mot qua bong di
chuyén trén mot thanh. Mac du hé théng
nay chi yéu duoc sir dung trong moi
truong gido duc, nhung noé cé ung dung
tiém ning trong nhiéu nganh cong
nghiép khac nhau, bao gébm ca nganh
hang hai.

Trong mot con tau, hé théng nay co
thé duge st dung dé kiém soat chuyén
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dong va 6n dinh cua tau. Qua bong co
thé dai dién cho trong tAm ciia tau, trong
khi thanh c6 thé dai dién cho than tau.
Bang cach kiém soét chuyén dong cua
quéa bong trén thanh, chuyén dong cia
tau c6 thé dugc on dinh, va tau cé thé
duoc ngan khéi 1at hodc chim. Do do,
viéc nghién ctru thiét ké trén mo hinh
nay sé gitp nguoi thiét ké giai thuat ung
bién, ap dung vao md hinh thuc dé co
phuong an diéu khién téi wu nhat.
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Trong nhimg nim gan ddy, mé hinh
B&B da thu hit sy quan tAm cua nhiéu
nha nghién ctru. Trong do, ¢ tai liéu [1],
mdt BDK PID da dugc xdy dung mdt
mo hinh B&B truc gitta (BBTG) trén ca
mo phong va thyc nghiém. Tuy nhién,
viéc lua chon cac tham s6 diéu khién
trong nghién ctu trudc do dugc thuc
hién dya trén phuong phap thir va sai thu
cong, vi vay khong dam bao tinh toan
chinh xéc.

Trong nghién ctu tiép theo [2], cac
tac gia di loai bo thanh phan phi tuyén
khong quan trong cua h¢ phuong trinh
toan hoc dé chuyén né vé dang Jordan.
Két qua 1a thiét ké LQR cho hé nay da
mang lai chét lugng kiém soét t6t hon
[3]. Ho chi xem xét trudong hop voi dau
vao md-men xoan, thay vi dau vao dién
ap, gitip dé dang loai bo thanh phan phi
tuyén khong quan trong hon. Tuy nhién,
khi xem xét hé mé ta bang tip phuong
trinh dong lyc hoc str dung dau vao dién
ap, cau tric phi tuyén trd nén phuc tap
hon. Viéc nhan ra va tach cac thanh
phan phi tuyén dé chuyén hé thong vé
dang Jordan tré nén kho khan.

Giai thuat di truyén (genetic
algorithm — GA) da dugc ap dung dé t6i
wu héa LQR va di duoc kiém chimg
thanh cong trén mo6 phong cho mé hinh
BBTG trong nghién ctru [3]. Viéc khao
sat tbi wu hoéa LQR dua trén GA cho md
phong 1a mot bude tién quan trong so
vo1 nghién ctru [2].

Trong nghién ctru nay, mot khao sat
sy tinh chinh trén mé phong cac thong
s6 LQR dén chét luong diéu khién cho
hé BTTG dugc thuc hi¢n. Thong qua
vi¢c tinh chinh, cac quy luat hiéu chinh
duoc kiém ching va xac nhan. Tu do,
két qua nghién ctru dong gop mot tai liu
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tham khao va ddo tao vé tinh chinh LQR
cho ciac h¢ SIMO cho nguoi hoc vé
DbKTD

2. M6 hinh héa hé théng
2.1. M6 hinh toan hoc

Hinh 1. Md hinh toan h¢ BBTG

Trong d6, 6 la goc 1éch thanh beam; 0
14 van tdc thanh beam; x 1a vi tri qua
bong; 7 1a moment xodn, dién ap cap
cho motor e dugc chon la u - tin hiéu
diéu khién. Theo Hinh 1, viéc diéu khién
BBTG tuong tmg voi diéu khién lam
cho beam di chuyén xung quanh truc
doéng co voi md6 men xodn T dé qua
bong co thé dat vi tri mong mudn ciia nd
trén beam. Khi d6, thanh can bang theo
phuong ngang va gitt qua bong diang
yén tai vi tri can bang. Phuong trinh toan
hoc cua BBTG theo tai liéu [4] nhu sau:

Thé ning qua bong la:

p, =mgxsin@ (1)
Thé ning thanh beam la:

py=0 (2)

Tir (1) va (2), tong thé ning ctia hé thong
duoc tinh nhu sau

P=p, +p, =mgxsinf 3)
bong ndng cua thanh beam la
T,=J,0"/2 (4)
Trong d6, J,=m,L*/12 13 moment
quan tinh ctia beam khi n6 quay quanh
truc vudng goc voi beam va di qua trung
diém cia beam. DPong ning ciia qua
bong quay quanh chinh né
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72101171 = Jbgb2 /2 (5)

Trong d6, J, = 2mr’/5 1a moment quan
tinh ctia qua bong khi quay quanh chinh
no; éb 13 van toc quay quanh tdm cua
ban than qua bong.

bong nang quay cua qua bong khi nd
quay quanh truc thanh beam

E7r01172 = Jb71*01172x2 /2 (6)

Trong d6, J, .y ,= mx’ 12 moment
quan tinh cia qua bong khi né quay
quanh truc quay cua beam. Pong nang
tinh tién ctia qua bong

Eitranslational = mx2/2 (7)
Tu (5)-(7), dong nang cua qua bong
duoc tinh nhu sau

T, =T, + TILmll (8)
Tir (4) va (8), tong dong ning cua hé 1a
T=T+T, )
Toan tir Lagrange duogc dinh nghia nhu
sau:

L=T—-P=mi’/2+mgxsin@  (10)
Theo phuong phép Euler-Lagrange, hé
phuong trinh toan hé thng la:

_translational

222 ()
dt\ ox ) ox

d(ay o

i\ 26) 20 12)

d (oL J
Trong do, ta c6: —| — |=(m+-L2)¥;
8 dz(axj (m+ 24

oL : d (oL .
—=mxl’ -mgsing; —| — |=(mx*+J,)0:
o mx6” —mg sin dt[aej (mx”+Jy)
a—g = 2xx0 — mgx cos O

Tinh toan tiép tuc (11) va (12), két hop
v6i cong thire chuyén ddi gitta momen
va dién &p dong co sau [5]:
r=Ke/R,—(K,K,/R,+C,)0 (13)
Hé phuong trinh phi tuyén ciia BBTG
duoc tinh ra nhu sau

j= —k + Cmé —k,e+2mxx +mgxcos
2
(mx2 + ! My )( lf‘lm . + 1)
12 7 12mx” +1°m, (14)
5 (mx0” -~ mgsin6)
5P m+2r'm
Trong do, k, :%"‘Cm; k, :ﬁ;
R, R,

thong s6 dong co dugc trinh bay trong
Bang 1 (do dong co dugc su dung la
dong co NISCA gidng ¢ tai lidu [5] nén
thong sb dong co dugc ap dung lai;
thong s6 mé hinh mé phong duoc do dac
tir md hinh thuc té & [4].

Bang 1.Thong s6 dong co [5]

Thong Mo ta Gié tri
s6
R, Dién tro 6.83572 Q
cudn day
dong co
L Hé sb dién 0.25086 H
khang
k, Hing s 0.06494
phan dién V/(rad/sec)
k, Hing s6 0.06494
momen Nm/A
C, Hé s ma sat 0.00004
nhét Nm/(rad/sec)
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Biang 2. Thong sb mé hinh

Thoéng Mo ta Gia tri

50

m Khéi lugng qua 0.09kg
boéng

M Khdi lwong thanh | 0.45kg
beam

L Chiéu dai thanh 0.37m
beam

g Gia toc trong trudng 0.2m

R Bén kinh qua bong | 9.81m/s?

2.2. Tuyén tinh héa hé BBTG

H¢ phuong trinh dong luc hoc ¢ (14) c6
thé duoc viét dudi dang ma tran nhu
sau:

)'c:f(x)-l—g(x)u (15)
Trong do,
x:[xl X, X x4]T:[x X 0 HT _
: ;
g(x)=[0 0 0 b G
(mx; + JB)(m +1)

Phuong trinh toan hoc dang tuyén tinh:

X=Ax+Bu (16)
Trong do
[ g, |
ox, Ox, Ox, O0x, Ou
% Y% &% U %,
e Ox, 0Ox, Oxy Ox, | p_ a@u
(O 4]
ox, Ox, Ox; O0x, Ou
% % Y% % |
| Ox, Ox, Ox, Ox, | L ou ]

Piém lam viéc duge chon 13 vi tri bong
dimg yén tai chd giira giita thanh beam,
thanh beam nim ngang va ding yén
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hoan toan, dong co khong duoc cfip dién
ap. Piém lam viéc d6 duoc mé ta nhu
sau:
X=X, z[x1 X, X x4]T
=[0 0o o o]

u=u,=0

(17)

Véi thong s6 mo hinh & Bang 1 va Bang
2, diém lam viéc & (17), gia tri ma tran
A va B duoc tinh ra nhu sau:

0 1 0 0

0 0 -7.0071 0
A=

0 0 0 1

-180.4595 0 0 -0.2039

B=[0 0 0 29128]

3. Thiét ké LQR

Theo 1y thuyét diéu khién LQR [6], khi
hé théng & diém lam viéc tinh thi tin
hiéu diéu khién co gia tri nhu sau s¢€ on
dinh duoc hé thong khi hé & 1an cén
diém lam viéc tinh.

u(t) =—Kx(r) (19)
Trong d6, K 13 ma tran diéu khién, x(¢)

(18)

12 ma tran bién trang thai.
Gia tri cia ma tran K can duge tdi wu,
tuc 1a gia tri tim dugc phai théa man gia
tri - tiéu chi danh gia chét lugng cua hé
thng dat gia trj nho nht.

Chi tiéu chat luong la:

J= I(xTQeruTRu)dt (20)
Trong d6, O 1a ma tran trong s6 dbi
xtng xac dinh dwong. R 1a trong sb
cong suit.

Ma tran dugc xac dinh boi phuong trinh
dai s6 Riccati

K=R'B'S (21)
Trong do, S 1a nghiém cta phuong
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trinh Pai sb Riccati. duoc tim thdy bang
cach giai phuong trinh Riccati
A'S+SA-SBR'B"S+0=0 (22)
Viéc tinh toan phuong trinh (22) 1a kho
khan. Do d6, Matlab co6 hd trg cong cu
tinh toan thong qua I¢nh 1qr() va dlqr().
Qua do, ma tran diéu khién K duoc xéc
dinh dé& dang bang cong thirc:

K:dlqr(Ad,Bd,Q,R,T) (23)

Trong do, ta c6 Ad, Bd 1a ma tran tuyén
tinh hé théng nhung da dugc roi rac hoa
theo cong thuec:

[4,.B,]=c2d(4,B,T) (24)
T 1a thoi gian 14y mau dugce chon la
0,01s.

4. Két qua mé phong

Tht sai 1an lugt cac tham sb cliia ma tran
trong s6 Q va hé s6 cong suit R va chay
mo phong dé tim két qua ti wu

Pau tién, ta chon ma trdan Q , R chuan

nhu sau:

1 000

o1 0 0|;R=1 (25)
270 0 1 0

000 1

Tu (23) va (25), giatrima tran thu dugc
nhu sau:

K, =[ -56.23 -13.01 21.143.8] (26)

Tang gia tri R (Ién 1.5) va gilr nguyén Q
so voi (25), taco
1000
010 0f;

oo 10

0001
Tu (23) va (27), gid tri ma tran K thu
duoc nhu sau:

K, =[-56.27 -12.75 20.27 3.7]

R=15 27)

0

(28)
Giam gia tri R=0.01 va gir nguyén Q, ta
co

(29)

S O
S = O

00
0 0]; R=0.01
10

0 0 01
Tu (23) va (29), gid tri ma tran K thu
duoc nhu sau:

Ko =[—54.63 -21.91 54.94 10.32] (30)

Luc nay, két qua mé phong céac truong
hop (26), (28), (30) duoc thé hién &
Hinh 2 dén Hinh 4. Sy so sanh chi tiéu
chit lugng twong tng ctia cac hinh duoc
thé hién & Bang 3 dén Bang 4.

0.1 T
- Mﬁ!’gﬁ:ﬁﬁ_@hwn-“-u-a---a—w ------------------------------
E i
E 0 -
= Tang R=1.5

—R=1
-0.1 Giam R=0.01
| | , , ---Reference
0 10 20 30 40 50 60 70 80 90

Théi gian (s)
Hinh 2. Vi tri qua bong (m)
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0.4 T T i i
0.2 |
g Uﬁ'l
= L Tang R=1.5
-0.2 i R=1
—Giam R=0.01
A _ ! [ ! ---Reference
0 10 20 30 40 50 60 70 80 90
Thiri gian (s)
Hinh 3. Goc 1&€ch thanh beam (rad)
5 T
. off"
&
= R
= 5 "
%‘ Tang R=1.5
il | R=1
—Giam R=0.01
-15 : ' ' ; :
0 10 20 30 40 50 60 70 80 90

Thoi gian (s)
Hinh 4. Dién ap cap cho dong co (V)

Bang 3. Tham s6 phan 4nh chit lugng hé
théng thong qua vi tri qua bong khi thir sai

Bang 4. Tham s6 phan 4nh chét lugng h¢
thong thong qua goc 1éch thanh beam khi

R thir sai R
Biéndo | Thoi | Saisd Biéndd | Thoi | Saish
dinh gian Xac Xac dinh gian xac | xac lap
lap lap lap
R=15 | 0.1413 89.9 0 R=15 | 0.3052 2.389 0
R=1 0.1228 34.44 0 R=1 0.2788 2.236 0
R=0.01 | 0.0621 4.46 0 R=0.01 | 0.03748 2.09 0

Theo Bang 3, khi trong s6 R giam, thoi
gian cac 1ap cua vi tri qua bong ciing
giam. Pap umg hé thdng 1a nhanh hon.
Piéu nay twong dwong véi viée ting
twong ng cac trong sd ctia ma tran Q.
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Theo Bang 4, khi R gidm, sy dao dong
goc 1éch cua thanh beam ciling giam,
tuong ung su giam dao dong cua qua
bong & Bang 3. Thoi gian xac 1ap cua
thanh beam la phu hop véi thoi gian xac
lap cua vi tri qua bong.
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Bang 5. Tham s phan anh chét lugng hé
thong ciia dién ap khi thir sai

Bién d6 dinh
R=15 2.391
R=1 2.232
R=0.01 1.82

Theo Bang 5, khi R gidm, do su on dinh
cua vi tri qua bong va goc léch thanh
beam (¢ Bang 3 va Bang 4), dién ap cip
cho dong co ciing it dao dong hon.
Nhin xét 1:

Vi tri qua bong dat bién do dinh, thoi
gian xac 1ap khi nho nhét. Diéu nay
cling tuong g voi goc léch beam va
dién ap. Vay, gia tri R=0.01 1a t&i wu dé
thuc hién cong viée tinh chinh tiép theo.
Va, qua trinh tinh chinh la phu hop véi
1y thuyét diéu khién LQR [6].

Tiép theo ting gia tri Q1=10, R giir
nguyén so voi (33), ta co

10 0 00

o 10 0|

0= 0 o | ol R=001 @D
0 00 1

Tu (31) va (23), gia tri ma tran K thu
duoc nhu sau:

K, o =[-65.21 -26.8 61.810.67] (32)
Téang gid tri Q2=10, R gilt nguyén so vi
(31),taco

1 0 00
010 0 0
= :R=001  (33)
00 10
00 01

Tu (33) va (23), gid tri ma tran K thu

duoc nhu sau:
Ko =[-54.42 -35.1 71.89 10.8] (34)

Tang gia tri Q3=10, R gilt nguyén so voi
(31),taco

10 0 0
01 0 0
= :R=001  (35)
00 10 0
00 0 1

Tu (35) va (23), gia tri ma tran K thu
duoc nhu sau:

K, =[-54.54 -23.1 62.38 10.54]  (36)

Téng gia tr1 Q4=10, R gilt nguyén so voi

(31),taco
1 00

1010
0 0 1

0 0 0 10

Tu (37) va (23), gid tri ma tran K thu

duoc nhu sau:

Ko =[-48.14 =22 79.92 21.14]

(38)

Luc nay, két qua mé phong céac truong

hop (32), (34), (36) duoc thé hién &

Hinh 5 dén Hinh 7. Sy so sanh chi tiéu

chat luong twong tmg ctia cac hinh duoc

thé hién & Bang 6 dén Bang 8.

0 :R=001  (37)
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Vitr (m)

0.05

0

2

Q=1
—Tang Q1=10
—Tang Q2=10
Ting Q3=10

—Tiéng Q4=10
---Reference

3 (&) 8 10
Theari sian (s8)

Hinh 5. Vi tri qua bong (m) khi thir sai

4 6 8 10

Q=1
—Tang Q1=10
—Tang Q2=10
Tang Q3=10
~—Tang Q4=10
--~Reference

Théri gian (s)

Goc 1éch beam (rad) khi thir sai

1

— Téang Q1=10
—Tang Q2=10

Tang Q3=10
—Tang Q4=10

- - “Reference

2 3 < 5

"i"h(':ri gian (s)
Hinh 7. Pién ap cip cho dong co (V) khi thir sai

Bang 6. Tham s6 phan 4nh chit lugng vi 0,=10 0.06 988 0
tri qua bong khi thir sai
Biéndd | Thoi | Saisd 0, =10 10.06239 1 4.98 0
dinh | gianxac | xac 0,=10 [ 0.06821 | 7.69 0
lap lap . A e ~
o1 0,06 105 0 O Bang 6, S0 voi viée gitr Qlama trz_u}
] ) don vi va lan luot thay doi cac thong so
0,=10 | 0.06616 | 4.61 0 Qi con lai. ta thiy, truong hop cac Qi
déu bang 1 va Q2=10 1a tdi wu nhét véi
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thot gian xac 1ap cua qua bong la nho

nhat.

Bang 7. Tham s phan anh chit lugng goc
léch beam khi thir sai

Bién d6 | Thoi | Sai s6
dinh gian Xac
xac lap | lap
0=1 0.03748 | 4.42 0
0,=10 | 0.04985 | 4.09 0
0, =10 | 0.018 6.26 0
0,=10 | 0.0294 | 3.97 0
0,=10 | 0.019 6.57 0

O Bang 7, viéc Q2 ting so voi cac Qi
khac dugc xac nhan. Didu nay phu hop
v6i két qua ¢ Bang 6.
Biang 8. Tham s6 phan anh chét lugng hé
thong cuia dién ap khi thir sai

Bién d¢ dinh
0=1 1.82
0 =10 1.945
0,=10 1.734
0,=10 1.814
0,=10 1.975

O Bang 8, viéc ting Q2 so véi cac Qi
khac cho két qua diéu khién tot hon, xac
nhan viéc tinh chinh twong img ¢ Bang
6 va Bang 7.

Nhén xét 2:

Trong qué trinh tinh chinh, twong ung
cac Qi~ déu béng ma tran don vi va Q2
duoc tang thi chat luong hé théng 1a tot
nhat (vi tri qua bong, goc léch thanh
beam, di¢n ap cép cho mo6 hinh dat bién
dé dao dong it nhat va xac 1ap nhanh
nhat). V4, bo thong sb diéu khién & (33)
va (34) 1a phu hop nhat.

5. Két luan
Trong nghién ctru nay, hé phuong trinh
toan cua h¢ BTTG duogc phan tich va
giai thuat LQR duoc thiét ké phu hop
mo hinh. Céc qué trinh tinh chinh, so
sanh su hi€u chinh cac thong s6 duoc
thue hién dé cho ra bo thong s6 phi hop
nhat. Théng qua qua trinh tinh chinh,
mdt s it cac thong sb diéu khién 14 quan
trong thay vi qua nhiéu théng s diéu
khién duoc chu ¥ (trong trudng hop nay
la R va Q2). Tuy nhién, diéu nay chi
dang trong truong hop mo hinh dugce su
dung la BTTG. Nghién ctru nay dua ra
mot qua trinh hi¢u chinh ma nhiing
ngudi nghién ctru vé BTTG c6 thé tham
khao dé nang cao chat luong diéu khién
cho hé trén. Tu do, cac giai phap cho cac
dbi tugng SIMO twong tir s& duoc phat
trién tiép tuc.
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