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TOM TAT

Cdc phuwong tién giao théng thong thuong nhw xe dap, xe mdy déu 1a nhiing hé mdt thang
bang khi chira dirge diéu khién. Vdi tac déng cua trong luc hay ngogi luc, du rdt nhé ciing di
lam ching nga xudng, mat thing bang. Vi 1y do dé, nhém tdc gia da lwa chon mét doi tiwong
phi tuyén phéng theo hoat déng cua than chiée xe dap dé tien hanh nghién ciu gidi thudr diéu
khién. Hé con ldc nguiroc banh xe quén tinh 1a mét hé thang phi tuyén véi déic trung cia hé
mét vao nhieu ra (SIMO). Trong bai bo nay, nhém tac gid si dung gidi thudt LQR dé tién
hanh diéu khién doi twong noi trén. Két qua diéu khién dwoc md phong trén phan mém
Matlab/Simulink va kiém dinh trén mé hinh thyc té. Két qua khong nhing cho thdy ddp ing
ngé ra dat dwoc gan gia tri mong muon bdt ké tdc déng manh tir ngoai luc ma con thé hién
kha ndng cao cua gidi thudr dieu khién LQR cho viéce diéu khién thiang bang doi tirong mét
cach hiéu qud trong izng dung thuc té.

Tir khoa: xe dap; hé con ldc nguwoc banh xe quén tinh; hé thong phi tuyén; diéu khién LQR;
hé SIMO.

ABSTRACT

Popular vehicles, such as bicycles, motorbikes which are unstable, unbalanced when they
are not under control. Under the effects of gravitation or external forces, they fall down and
become unbalanced immediately. Thence, authors choose a nonlinear system that has the
same simple structure as a bicycle body in order to research control algorithm. Inverted
pendulum with a reaction wheel is a nonlinear system that has a single input-multi output
(SIMO) structure. In this paper, authors use LQR algorithm to control this model. Results are
shown in Matlab/Simulink simulation and real experiment. Results show not only that control
responses are closed to references under effects of external forces but also that LQR control
algorithm can stabilize system effectively in a real application.

Keywords: bicycle; reaction wheel pendulum; nonlinear system; LQR control; SIMO system.

mét truc tu do sao cho thanh quay cé thé

1. GIOITHIEU quay tu do theo truc d6. Pau con lai cua

Hé con lic nguoc ty thing bang voi mot
banh xe quan tinh (hay con goi la hé con
quay hdi chuyén thing bing, hé con lic
nguoc — banh xe) la mot trong nhiing h¢ phi
tuyén, duoc tao nén tir su két hop gitra mot
thanh quay con lic nguoC va mot banh xe.
H¢ con quay hoi chuyen thang bang gom mot
thanh con lic véi mot dau dugc gin chat vao

thanh con lic duoc gan chat véi mot dong co,
truc dong co nay dugc gan chat voi mot banh
xe. Nhu vay, ta s& c6 mot co ciu chip hanh
1a truc banh xe va hai dap tng dau ra cua hé
1a g6c léch banh xe va géc léch thanh con I4c.
Khi khéng c6 tin hiéu diéu khién, con lic
(dwoc xem nhu than xe dap, Xe may) s&€ nga
xubng, yéu cau dat ra la diéu khién téc do,
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dao chiéu banh xe lién tuc dé gitr cho con lic
khong bi nga xudng. Bé thyuc hién duogc viéc
ndy, vin dé dit ra 1a thiét ké bo diéu khién
Vvé6i tin hiéu dau ra 1a dién 4p diéu khién doi
tugng. Cling gidng nhu cac hé phi tuyén khéc
nhu con lic nguoc quay [1], hé bong thanh
[2], pendubot [3]..., hé con lic quay hoi
chuyén thang bang banh xe [4] cling la hé
phi tuyén cao, rit khé diéu khién va co Cau
tric SIMO, tirc hé c6 sb tin hiéu vao it hon sb
tin hiéu ngd ra can diéu khién (mét tin hiéu
diéu khién ngd vao la dién ap cap cho dong
co hoac mé-men do dong co tao ra, hai tin
hiéu ngd ra can diéu khién 1a goc con lic 6
va goc banh xe ¢ nhu ¢ Hinh 1 phia dudi).
bac biét, hé nay véi muc tiéu chinh la git
thang bang cho con lic (d4p tng ngd ra thi
nhét), bit ké co tac dong tur trong luc hay
ngoai luc, nén tin hiéu diéu khién (ciing
chinh la dap ung ngo ra tha hai) cua hé phai
thay doi lién tuc nham gitr cho con lic thing
bang. D4i véi cac hé con lic nguoce khac nhu
hé con ngugc quay, hé bong va thanh, hé
pendubot [1]-[3], co ciu diéu khién duoc dat
& link géc (link bac thap). Hé con lic nguoc
banh xe quan tinh ¢ co cau chap hanh dit ¢
link bac cao (¢ day la dat ¢ banh xe, xa vai
géc toa do), twong tu hé acrobot [8], nén viéc
gt thang bang cho hé con lic ngugc-banh xe
quéan tinh c6 thé néi 1a dic biét hon.

Trong mot s6 béo céo nghién ctu khoa
hoc trudc day, hé thdng nay da duoc dua vao
nghién ctu thu nghiém véi cac giai thuat
khac nhau nhu PID [5], Fuzzy [6], ... Nhdm
tac gia dé xuit sir dung giai thuat diéu khién
t6i uvu (LQR). Qua trinh thyc hién duogc
nhom téc gia tién hanh tir khau mé phong su
6n dinh cua hé thong trude khi kiém dinh két
qua trén md hinh thyc té. Dé hé thng thiang
bang, banh xe phai dwoc diéu khién véi tbc
d6 va thoi gian dao chiéu hop 1y dé thanh
khong bi ngd xubng cho du tac dong ngoai
luc 1én thanh 1a dang ké.

2. MO TA TOAN HQC HE CON LAC

NGUQC - BANH XE QUAN TINH

Tir cau tric cua hé thong duoc dit trén
hé truc toa d6 Oxy nhu ¢ Hinh 1, ta xac dinh
dugc dong ning va thé ning cua hé nhu (1)

va (2) (néu xdp xi sin@~6 ; sing~¢ ;
cosg~cosd~1 néu hé théng & quanh vi tri
can bang):
2 2
S R R CY
2\ +1,+1, 2
V=(mL +m,L,)gcosé ~(mL +m,L,)g (2)

M& hinh todn hoc cua hé con lic hdi
chuyén thing bang véi mot banh xe duoc
thanh 1ap tur viéc 4p dung phuong phap luong
tu Lagrange [7] nhu sau:

dfoL) oL .
a[an o =12) ©

Véi L 1a phuong trinh Lagrange duoc
xac dinh boi:
L(g.4)=K(a,d)-V(a,4) (4)
K 1a dong ning va V 1a thé nang cua hé.
. la tong cac luc lién két tic dong vao hé

théng.

a=[a, o] =[0 4]
lién két tao nén hé thong.

T.

la cac thanh phan

Céu tric vat ly caa hé théng dugc thé
hién ¢ hinh 1 [7]:
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Hinh 1. M6 ta céu tric ciia hé con lic héi
chuyén thang bang voi mot banh xe

Hé con lic ngugc banh da quéan tinh mo

ta hé xe dap tu can bang. Hai bién diéu khién
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la g6c con lic @ va goc banh xe ¢. Viéc
diéu khién goc con lic 6 thanh cong s&
gilp hé xe dap duoc can bang. Viéc diéu
khién thanh céng goc banh xe ¢ dé mo ta
thanh cdng hoat dong cua 1 ngudi ngdi trén
xe, nghiéng ngudi dé giir can bang cho xe,
khi xe can bang thi nguoi ngodi trén xe cling
vé vi tri can bang. Nhu vy, viéc diéu khién
thanh céng hai bién trén méi chang to duoc
tinh kha thi dé &p dung hé trén cho md hinh
xe dap can bang sau nay.

Bing 1. Thong s6 mé hinh cia hé thong

Trong do:
a:mlLf+m2L22+I1;b:(m1L1+m2L2)g (8)

Pé dé dang cho viéc diéu khién dong co
DC, cac tac gia chuyén doi tin hiéu diéu
khién tir m6-men sang dién ap. Méi quan hé
gitta dién &p cdp dong co va mé-men tac
dong duoc md ta thong qua ti sé truyén dong
co nhu sau [7]:

V = Lﬂ+RI+Ka) ©)
™ dt

: =K. 10
Thong so Mo ta T =K (10)
L Chieu dai con lac tir truc xoay tw do | T =N_T_ (11)
dén trong tam ¢
L, Chidu dai con lic Bdng 2. Thong so cua dong co
Thong sb M0 ta
m, Khéi lugng con lac v Pién &p cip cho dong co
m, Khéi lugng bénh xe K Hang s6 mo-men dong co
e
Goc léch con lac n
6 ¢ a @ Toc d6 goc dong co
¢ Géc lech banh xe "
- L Gia tri cuon cam dong co
I, M@d-men quan tinh con lic m
Gid tri dién tro do
l, M@o-men quan tinh banh xe Rn PO onE o
g Gia téc trong truong i Dong dién qua dng co
T | Mé-men didu khién cua dong co DC T, Mo-men phat sinh ctia déng co
Tinh todn theo (3), ta c6 dugc phuong K, Hang s6 mo-men xodn dong co
trinh toan hoc cua hé nhu sau: N, Ty s6 truyén dong co

(MmLZ+mL2+1,+1,)8+1,4 (5)
—(mL, +m,L,)g6 =0

1,(6+¢)=T, (6)

Thanh lap phuong trinh bién trang thai
tu (5) va (6), phuong trinh toan hoc cua hé
théng duoc md ta vai tin hiéu diéu khién la
mO-men nhu sau:

— .o 0 1 0 O_ _O T

0| | p 9

Gl | = 00 0|, -1/a

=] @ +/0 T, (7)
4l |0 00 1

. b . a+l

91 =2 0 0 o) |

Véi gia tri cuon cam nho hon rat nhiéu
so véi gia tri dién tro (L, <<R_), dién ap tu
cong thic (9) ¢6 thé duogc viét lai nhu sau:
V=R i+K.a, (12)

M&i quan hé giita tc d6 dong co va toc
do vong quay banh xe nhu sau:

o, =¢
@, =Nyo,

Trong d6 @, 1a toc do goc banh xe.

(13)

Tu (9)-(13), xac dinh dugc mdi quan hé
giita dién &p cap cho dong co va mo-men tac
déng dong co nhu cong thac sau:
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T, =[ NK (V- K.N) ] /R, (14)

Tu (7) va (14), md hinh toan hoc cua hé
con lac nguoc hoi chuyén thang bang voi
mot banh xe duoc viet lai va6i tin hiéu dieu
khién dién ap nhu sau:

6] To10 0 o] [o
| |a, 00 a b
= 21 24 H + 2 V
gl (0001 g |0
_¢'_ a, 00 a,|[¢| b (15)
. T
y=[1010][06 ¢ ¢]
Trong do:
21_a ’ 24 aRm ’ 41 — a y
a+l  KKN? K N
8y, =—( 2)(—t ) b, =- —
al, R, aR, (16)
a+1, KN
b = 2 t g
= C R

Phuong trinh (15) vi mét ngb vao la tin
hiéu diéu khién (dién 4p V), ngd ra géom hai
tin hiéu 1a goc léch con lic @ va goc xoay
banh dd ¢ thé hién dic trung cho mot hé
théng phi tuyén SIMO véi mot ngd vao va
hai ngo ra.

3. GIAl THUAT PIEU KHIEN TOI UU

(LQR)

Véi mot hé théng di co phuong trinh
toan hoc rd rang, day du thdng sb hé thong va
diém l1am viéc cu thé, cb dinh, giai thuat diéu
khién LQR la mot phuong phép théng dung.
Véi cau trac don gian, dé tinh toan (nho vao
céng cu Matlab) va kha nang hiéu chinh don
gian dya vao ma tran trong s, bo diéu khién
LQR thuong dwoc dé xuét cho diéu khién
robot can bang. Va déy ciing 1a giai phap cho
hé thdng trong bai bao nay.

Hé théng duoc mé ta lién tuc theo thoi
gian nhu sau (néu xap xi hé théng & sat vi tri
can bang):

X = Ax+ Bu a7

Trong do:

(0100 0
A_| % 00 a, B b, (18)
0001 0
a; 00 a, b,

Q, R 1a ma tran trong sé:

g, 00 0..0

0 q,0 0.0

Rer (19)

000 0.q,

Luat diéu khién hdi tiép LQR duoc tinh
c6 dang nhu sau:

u=-Kx (20)

Trong d6, ma tran K duogc xac dinh théng
qua viéc chon ma tran trong sé6 Q va R phu
hop, két hop véi ma tran Ag, By (duoc tinh tir
ma tran roi rac mo ta hé tai vi tri can bang).
Pé tim ma tran K, sir dung Iénh sau trén phan
mém Matlab:

K =dlgr(A;,B;,Q,R)

Thong qua khao sat md hinh ¢ hinh 2, ta xac
dinh duogc thong so hé thong nhu sau:

(21)

g=981(m/s) :
L, =0.085(m) :

m, =0.87(Kg) ; m,=056(kg) ;

L, =013(m) ; K, =0.0649(Nm/A);
K, =0.0649(Vs/rad) R, =6.83Q) ;

N,=1;
I, =0.0121(Kgm?) ; 1, =0.0012(Kgm?)

(22)
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Encoder dia ¥
eo¢ binh e
Banh xe

Hir]h 2. M6 hinh con
lac banh xe quan
tinh

Hinh 3. Qua trinh
diéu khién mo hinh
thang bang
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Vi thong s6 ¢ (22), tinh toan dugc ma tran
A, B ¢ (18) tai diém can bang, ta dugc

0 1 0 0 0
~ 51.7229 0 0 0.0222 B -0.3413
0 0 0 1 0 0 (23)
-51.7229 0 0 -0.5437 8.3722
Ma tran diéu

khién [B AB A?B A’B]cung voi sé bién
trang thai 12 4 (rank(z) =4) nén hé théng co
thé diéu khién duoc.

Trong bai bdo nay, ngoai viéc thict ké
mé phong hé trén  phan  meém
Matlab/Simulink, nhom tac gia con xay dung
mo hinh thuc nghiém dugc diéu khién théng
qua CPU la vi xur ly ho STM. Do vay, hé
thong tur phi tuyén lién tuc theo thoi gian sé
duogc dua veé hé thong roi rac.

Ta chuyén ma tran A, B vé dang roi rac
twong wng ma tran A;, B, va chon ma tran
trong sé nhu sau:

10026 00100 0 0 0

_|05176 10026 0 00002 | . _|-0.0034
10,002 0 1 00100]° * | 0.0004
05163 -0.0026 0 09946 0.0835
1000
o 0100 o,
oo 1 o|”
24
00 0 1 (24)
Tu (21) va (24), ta co:
K =[-679.3304 -95.5979 -0.8913 -1.3181]  (25)

Nhu vay, luat diéu khién dbi tuong theo giai
thuat LQR dugc xac dinh nhu cong thirc (20)

. ..|jh

.P‘%‘ 3
L

R ——T

-

Self-Balancing Bicycle
With A Reaction Wheel

el T
LLER '

LQR CONTR

Hinh 4. So do diéu khién LOR cho hé con
lac ngwoc banh xe quan tinh

4. KET QUA MO PHONG VA THUC
NGHIEM

V6i co ciu chap hanh 13 banh xe diéu
khién, viéc diéu khién vi tri con lic & vi tri
thang dung (léch goc 0 do so véi phuong
thang ding) bat ké bi tac dong tir bén ngoai
Ién con lic dugc quan tdm nhiéu hon. Ma
tran Q (¢ (22)), véi thanh phan g, dic trung
cho goc léch con lic. Theo ly thuyét, dé tang
kha ning dap ung 6n dinh cho géc léch con
lic, ta s& ting gia tri g, twong Gng Voi No.
Tuy nhién, viéc tang qua 16n s& khién cac
thanh phan khéc géc banh xe, van téc goc
banh xe khong duoc tap trung, gay mat on
dinh cho hé théng. Vi vay, viéc ting ¢, C
duoc lua chon mét cach hop ly. Sau nhleu
lan thi nghiém kiém dinh, nhém tac gia da
chon duoc hai két qua tng voi hai bo didu
khién LQR dé so sanh:

Vi bo didu khién LQRL:

0

Q= ; R=1 (26)

o O ©

1 0
0 1 0
0 0 0
0 0 1

Két qua voi bo diéu khién LQR1 tng véi:

K, =[679.3304 -95.5979 -0.8913 -1.3181] (27)
Vi bo diéu khién LQR2:
00 0 0 0
0 1 0 O
“lg o1 o [T 28
0 0 0 1 ( )

Két qua voi bo diéu khién LQR2 tng véi:

K, =[-2780.7 -177.0 -0.8 -2.1] (29)

0.2 —Gde con l&c (mg woi BEK LOR

- = Goc con lac Ong voi BEK LQR2
0.15

e

0.05

0 - —
-0.05 [

-0.1

Gac con I4c (rad)

0 5 10 15 20
Thei gian (giay)
Hinh 5. Ket qud moé phong dap ving géc
con lac
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Két qua mod phong vai goc léch ban dau
ctia con lac 14 0.2 (rad). Sau khoang thoi gian
2.5s, hé thdng 6n dinh vai goc 1éch con lic 1a
O(rad). Ti & do vot 16 gitta BDK LQR2 va
BDK LQR1: POT, ~18.45%POT, .

15 —goic banh xe béi BEK LQR1
- - goc banh xe b¥IBOK LQR2

Goc banh xe (rad)

(=]

[} S 10 18 20
Théi gian (giay)

Hinh 6. Két quda mé phong dép img goc
banh xe

Két qua mo phong vai goc léch ban dau
cua banh xe la -0.1 (rad). Sau thoi gian 2.5s
thi hé théng on dinh vai gdc léch banh xe 1a
O(rad), véi ti 1& do vot 15 gitta BDK LQR2 va
BDK LQRI1: POT, ~89.29%POT,.

DPé ma hé thdng 6n dinh (con lic thiang
dung), banh xe phai dugc diéu khién tién vé
0 (rad) tng véi trang thai can bing khi hé
dung yén. Viéc diéu khién banh xe c6 ¥ nghia
trong viéc ung dung vao didu khién thing
bang cho xe dap, xe may. Luc nay, than xe
dap va xe may duoc xem nhu than con Iic.
Viéc diéu khién goc banh xe (banh da) phia
trén s& gilp kiém soét trang thai thang bang
cua cac phuong tién néu trén.

Viéc diéu khién thuc té mé hinh duoc
thue hién theo hé théng roi rac boi CPU diéu
khién 1a board STM32F407VG véi thoi gian
tréla t —t, =0.01s.

Goc con ldc ing viyl BEK LQR1

6
‘— — Goc con léc ong voi BEK LQR2

g
T L It
Lg“ 0 ‘:'H E‘Tfr‘f;ﬁ‘: ik ﬁﬁmhﬁ]\'fm”g”ﬁf'y "‘I.'al:,iﬁ hm
Q- 3
& .*'m“,‘\'f'r n"l"“

-4

-6

0 5 10 15 20 25

Thi gian (gidy)
Hinh 7. Két qua thiee té ddp g géc con ldc

Qua trinh thu thap s liéu dap tng tr md
hinh dugc thuc hién trong 28s, két qua cho

thay dap tng goc léch con lic & BDK LQRI
t6t hon so v6i BPK LQR2 nhu két qua mo
phong ly thuyét.

— Gdc banh xe tng véi BDK LQR1
Goc banh xe (ng véi BEK LQR2

e
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300

200 |
i
100

{
‘l |‘|!I “\-'I

1
'El'i: [
;J
f !

0 5 10 15 20 25
Thoi gian (giay)

I.l
f

i
|

[J,UH‘H

I
1
i
|.
fl
ML
|1
|| |
II

-100 ‘

Gl'::c banh xe (dd)

— —_‘__,_

_--‘.,_________

300 |

Hinh 8. Két qua thiee té dép irng géc banh
Xe.

Ca 2 bo diéu khién LQR déu cho két qua
banh xe diéu khién thay d6i lién tuc tir
~180° dén —180° dé gitr cho con lic & vi
tri thang dung cho du c6 ngoai luc tac dong.
Diéu nay khac véi méd phong ¢ Hinh 6. Bidu
nay duoc ly giai nhu sau:

- Thanh con lic qué 16n (L, ¢ Hinh 1) dan
ti viéc banh xe phai quay géc 16n hon dé
tai md-men du lén dé hiéu chinh mot
lugng nho goc 1énh 8. Do do, goc 1éch ¢
tré nén nhay hon nén phai dao dong nhiéu
hon dé giir duoc can bang cho chod. Tuy
nhién, diéu nay ciing cho thdy do bén
viing cua bo diéu khién LQR khi déng 18
theo ly thuyét, n6 chi dam bao 6n dinh khi
bién trang thai hé théng dao dong quanh
vi tri can bang. Tuy nhién, véi do léch cao
cia goc quay banh xe, nhung hé thong
van 4n dinh tt.

Thay vi 6n dinh vé 0 thi ton tai dao dong
cua¢. Piu nay 1a do do phan giai cua
encoder do goc & c6 d6 phan giai con
thap (khoang 1 do) nén tin hiéu hoi tiép vé
cOn ¢o sai s6, dan téi su sai léch o tin hiéu
diéu khién ngd ra, gay ra dao dong dé hiéu
chinh lién tuc hé thng.

5. KET LUAN

Két qua diéu khién h¢ con lac hdi
chuyén thang béng‘v(yi mot pénh xe duogc
thuc hién boi bo dieu khién t6i vu LQR dat
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dugc dap tng tét cho goc léch con lic. Co Théng qua viéc tinh chinh céc théng s6
cau chap hanh 1a banh xe diéu khién thay d6i  thanh phan caa ma tran trong s6 Q va R, ta s&
lién tuc véi toc do kha tot nham dap ung sy dat duoc dap (tng mong muén twong ¢ng voi
6n dinh cho hé thng. cac thanh phan bién trang thai can diéu khién

[1]
[2]
[3]
[4]
[5]
[6]

[7]

[8]

tuong tng.
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