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Tém tit: Hé bong trén banh xe (ball on wheel — BW) 1a mdt mé hinh méi, dugc phat trién
gin day ciia nganh diéu khién ty dong (DKTD). Pay 1a mot mo hinh don gian, dép ung
dugc nhu ciu hoc tap, nghién ctru vé giai thuat cho sinh vién (SV). Trong bai bdo nay,
chung t6i xay dung mot mo hinh co khi cho hé théng trén. Mot giai thuat PID dugc thiét
ké cho hé nay. Cac két qua mo phong va thuc nghiém thong qua giai thudt trén duoc ching
minh hoat dong tdt cho hé théng bong trén banh xe. Bén canh d6, cac thir nghi¢m tinh chinh
thong sb ciing duoc kiém tra va xac nhan 1a phu hop véi Iy thuyét tinh chinh PID.

Tir kKhoa: bong trén banh xe; diéu khién PID; diéu khién cin bang

Abstract: Ball on wheel is a new model which is recently developed in control engineering.
This is a simple model satisfying requirement of learning and researching algorithms of
students. In this paper, we present an electrical-mechanical structure for this model. A
method of PID is designed for this model. Simulation and experimental results show the
success of this method. Besides, calibrations of parameters are done to confirm the
exactness of PID theory.

Keywords: Ball on Wheel,; balance control; PID control

1. Pit vain dé

Trong chuyén nganh DKTD, cac giai
thuat dugc nghién ctru, thir nghiém dé dtc
két va kiém chimg cic quy luat didu
khién. Cac mé hinh chuan nhu con lic
nguogc [1], bong thanh [2] 1a nhitng m6
hinh thong thuong cho viéc nghién ctru
trong DKTD. Tuy nhién, cdc md hinh
cling can dugc mé rong dé viéc nghién
ctru giai thuat duoc kiém chung cho cac
loai m6 hinh khéac nhau. Mot trong nhiing
mo hinh dugc phét trién 1a hé BW. Dbi
v6i hé nay, mot banh xe duoc gin dong co
dé quay theo phuong thang dimg. Trén
banh xe 1a m{t qua bong. Viéc quay banh
xe dé dam bao qua bong khong ngi. Ta cd
thé xem day la mot h¢ mot vao- mdt ra
(single input-single output -SISO) néu chi
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vi tri qua bong dugc quan tadm. Ta cling c6
thé xem BW 1a mot hé mot vao-nhiéu ra
(single input-multi output - SIMO) néu ca
goc quay banh xe va vi tri qua bong déu
duogc quan tam. Viéc nghién ctru va thuc
nghiém cac giai thudt co ban trén md hinh
nay giup chuin héa mé hinh. Tir 46, voi
mo hinh phu hop, da dugc kiém chimg,
cac SV ¢6 thé hoc vé cac BPK co ban nhu
PID, LQR, mo... hodc tiép tuc nghién ctru
cac giai thuat nang cao. Viéc thuc hién
thanh cong giai thudt trén mo hinh s giup
SV hiéu va van dung cac giai thuat da thuc
tap trén BW sang cac ddi twong thuc té
khac twong tu - hé théng can bang cho tau
thity, hé théng chdng rung dong cho nha
cao tang - trong cudc sdng. Bén canh do,
v6i cac md hinh don gian da duoc kiém
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chung, cac giai thuat dugc nghién ciu
phat trién dé c6 thé déng goép thém cho
hoc thuat mang tinh co ban ma chi phi la
khong qua 16n.

Trong nghién ctru [3], mot mo hinh co
khi BW dugc xay dung dé khao sat diéu
khién trén ca moé phong va thuc nghiém.
Tuy nhién, vi xu 1i dugc ap dung trong
nghién ctru 1a DSP, rat mic tién va kho
duogc trang bi cho cac phong thi nghiém
(PTN) mang tinh m& cho SV. O tai liéu
[4], mot giai thuat didu khién truot
(sliding mode control — SMC) dugc trinh
bay va di ap dung tt trén mé phong cho
BW. Tuy nhién, két qua trén chi duoc xac
minh qua mé phong chtr chua duoc kiém
chung thong qua thuc nghiém. Do do, mét
mo hinh thyc nghiém don gian, nhung co
thé dugc dung dé kiém ching thanh cong
giai thuat diéu khién 1a van rét can thiét.
Arduino 12 mot board diéu khién tich hop
ré tién, pho bién [5]. Cong dong hd tro va
st dung Arduino rat manh m&. Do do,
viéc phat trién cac giai thuat diéu khién
don gian nhu LQR, PID duoc kiém chimg
trén ca mo phong va thuc nghiém la mot
hudng di phd quat va phi hop cho dio tao.

Trong nghién ctru nay, chung t6i xay
dung mdt mo hinh thyc nghiém BW cho
PTN DKTD cua HCMUTE. Trén co s&
mo hinh toan va thyc nghiém, ching t6i
ap dung giai thuat PID cho hé thong nay
vi day la mdt gidi thuat thong dung trong
hoat dong hoc thuat va san xut [6]. Két
qua mod phong cho thdy BDK hoat dong
tdt. Bén canh do, két qua thyuc nghiém
cling cho thay tinh kha thi cta giai thuat
nay. Mot s6 khao sét ciing cho thay van dé
tinh chinh trén mo6 phong va thyc nghiém
1a phu hop véi 1y thuyét tinh chinh PID.
2. Phwong trinh toan hoc
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Hinh 1. M6 hinh toan hoc cia BW
Bang 1. Bang thong s6 mo hinh

Tham sb Gia tri
Quan tinh banh xe ] 1.71x107 kg-m?
Bén kinh banh xe R, 0.075m
Khéi lugng béng m, 0.059 kg
Bin kinh bong R, 0.03125 m

Dién tré dong co R, 0.6558 Q
Hang s6 dong co K, 0.0662 N-m/A
Gia toc trong trudong g 9.81 m/s?2

Dang phuong trinh Euler — Lagrange cua
mo hinh 1a:

d (oL oL
—(—j -—=0 (1)
dt \ Oq oq

Trong do, O = [O T]T 1a ham tong quat
lyc, q 1a toa do téng quat, L 1a toan tu
Lagrangian L =7 —V ; T la dong nang V
la thé ning, ¢q= [6, 6, ]T ; 0, la goc
chuyén giira truc y va duong di qua tim
cua qua bong va banh xe; 6, la d¢ dich
chuyén goc cta banh xe; 1a mémen xodn
tac dung 1én banh xe,

bong lugng cua qua bong la:
1 1
T, :Emb(rw-"rb)zelz_"glbe; (2)

Trong d6, 1, = 2mbrbz/5

bong nang banh xe la:
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7, =1,0;/2 3)

Téng dong ning ctia hé 1a :

52
a)02 +

1
T=T +T, =—1
2
4
+lm (r +r)292+l(£m i’z)é2 @
b ») 9 bTh )73
2 7 25
Khi ta quay dia va dat qua bong trén dia,
quan sat tr hé quy chiéu, ta co:
V =0re
c, o, = %7, 6))
Trong @do, VC ;0 biéu thi van tdc cua
w w
diém tiép xac C, so v6i tim banh xe O,
, e lamot vector don vi tiép tuyén véi tiép
diém va ting theo chiéu duong cia 6,,
VCb 0, biéu thi van toc clia diém tiép xtuc
C, sovo6itam qua bong O, duoc quan sat
tr hé théng ¢ dinh. Puoc biéu hién béng
cong thirc:
v,
b
Gia sir qua bong lan khéng truot, tiép

10, = O.re 6)

diém C, dung yén tic thoi so véi tiép
diém O, . Ta co van toc cia hai diém tiép
xuc trén 1a :

Vcb /c, = 0. (7)
Dua vao mo hinh toan hoc trén hinh ta rat
dugc van tdc ctia tim qua bong dén tim
banh xe tuong ddi 1a:

Vob/ow =06,(r, +1,)e (®)
Tur (6) va (7), ta thu dugc:
Vob/ow = Vob/cb + Vcb/cw + Vcw/ow

A )
= —93rbe + Hzrwe

Ta lai c6 diéu kién lan tir hai phuong trinh

(8), 9):

r.0, —(r, +1,)6, = 1,0, (10)
Mot luu ¥ 14 ta khong thé do tryc tiép 6,
Dé kiém soat phan hoi ta c6 thé thu 93 tur
(10) vé d6 chinh x4c cia 6, va 6,. Viét
lai (4), ta co

T:Iwé’zz/2+mb(rw +rb)29]2/2+

. . -~ (11)
+my (1,0, =10, —1,0,) /5
Thé ning hé thong la:
V=mg(r +r)cos0, (12)
Toén tir Larangian la:
L=T-V
:—Iwézz +lmb(rw +rb)29'12 +
2 2
1 : . - (13)
+gmb(rw92 -r,0,-10) +
—m,g(r, +1,)cos 6,
Ta co:
5L/591 =m,G(r, +r,)sin 0, (14)
oL (7 , 14 7, v
— = (=rmy +—r nm + =1 m, )6, +
o s b TS Ty T My
15
TP (15)
+(_grwmb _grwrbmb)ez
7, 14
—r m, +—"F L, +
dl arL ®""b ®'b"b .
—|—|= > > (91+
dt\ 06, 7,
+ng m, (16)
+| ——rm, ——r n,m
5 o""b 5 o' b™h |72
oL 0
= 17
00, (1) {an
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oL 2, 2 .
P __ra)mb_grwrbmb 6

00, 5
(18)
2, :
+(1w+—rwmbj92
5
d| oL 2, 2 .
—| = |=| ——r,my——r,nm, |6+
dt\ 00, 5 5
(19)
2, ).
+(1w+—rwmb)92
5

Tt (14) dén (19), hé dong luc cia BW &
(1) duoc viét lai 1a

(75, +7r,)6, - 21,0, —55sin 6, = 0
(—(2rjmb )/5—(2rwrbmb )/5)9l +

+(1w +(2rjmb )/S)éz =7

(20)

21)

~

Hinh 2. M6 hinh toan bong lan tu do trén
banh xe (dia)

Ta nhén thay cong thirc (24), va (25) chi
dung khi luc huéng tdm dua 1on dé duy tri
chuyén dong tron ciia qua bong trén dia.
Néu khong, qua bong cé thé rét khoi dia.
Theo dinh luat III Newton, phuong trinh
luc cho hudng xuyén tam la:

m,6cost —N =m(r, + rb)éf (22)
Trong d6, N 1a phan luc. Lyc cung cap tir
m,6cos —N 1a can thiét dé duy tri

chuyén dong cua qua bong trén dia, qua
bong rét khoi dia khi N =0, vi vay dé duy
tri qua bong trén dia thi :

22
N =myécos —my(r, +1,)0, >0 (23)
Do hé s6 ma sat nhét khéng dang ké, mo
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hinh dong co dugc dua ra theo cong thuirc
(theo tai liéu [7]):

r=K u/R -K26,/R, (24)
Trong d6, 7 13 momen diéu khién, € 1a
goc quay cua dong co, u 1a dién ap cip cho
dong co, K, 1ahang s6 dong cova R, 1a
dién tro phﬁn ung dong co, Vector trang
thai dugc dinh nghia la:

X = [x1x2x3x4 ]T = [91919292 ]T (25)
Tir cong thie (20), (21) va (24), két hop
v6i viée dit bién trang thai theo nhu (25),
khong gian trang thai ciia hé BW c6 thé
duoc viét la:

x = f(x)+g(x)u,
Trong do6:

(26)

. . T
f(x)z[x2 ax, +bsinx, x, px4+qsmxl];

g(x)=[0 c 0 r]T ;

o 2r K2 .
R, (71, +2rjmb)(rb +ra))' ’
(51, +2r0m,)
(L, + 28 my)(r, + 7)) ;
. 2rw2Km ' ;
R, (71, +2r,m, )1, +1,)
7Ki ~ 201, m,
TR +20m) " 0 +2m,
7Km
r= ar = cp.

R,(71,+2r’m,)

3. Giai thuat diéu khién PID

Trong nghién ctru nay, giai thuat PID
duoc ap dung. Néu ta xem hé BW la
SIMO- véi ngd vao 1a dién ap cip cho
dong co, hai ngd ra lan luot 13 goc quay
banh xe va vi tri qua banh- thi mot ciu
tric diéu khién PID dugc st dung nhu ¢
Hinh 3
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Vi tri
qué béng

BDK PID thw 1

tin hiéu
d1éu khién

goc quay
béanh xe

Hinh 3. Ciu tric diéu khién PID cho BW
Trong Hinh 3, tin hiéu diéu khién 13 tin
hiéu dién ap cap cho hé thong.

4. M6 phéng

Trong md phong (bang Matlab), chung toi
ding giai thuat di truyén (genetic
algorithm —GA) dé tim cac thong sb PID.
bé viéc tim kiém dugc nhanh hon, thong
s6 Ki duoc chon bang 0. Khi d6, cac thong
s6 duoc tim ra nhu sau (ta goi day la
truong hop (TH)1):

Kp1=4031, Kd1=1275, Kil=0 va Kp2=-
0.5, Kd2=-4.2, Ki2=0 27)

Thong qua Hinh 4 va Hinh 5, BBK PID
d3 diéu khién thanh cong hé BW tai vi tri
can bang. Trén co sé thong sé cia THI &
b thong s6 (27), ta xét 2 TH tiép theo nhur
sau:

- TH2: Thong s6 Kp duoc chon nho hon
s0 v&i & cong thirc (27), cac thong s6 Ki
va Kd dugc gitt nguyén:

Kp1=3900, Kd1=1275, Kil=0 va Kp2=-
0.2, Kd2=-4.2, Ki2=0 (28)

- TH3: Théng s6 Kd duoc chon 16n hon
s0 v6i cong thie (27), cac thong sd khac
duoc gilt nguyén:

Kpl1=4031, Kd1=1300, Kil=0 va Kp2=-
0.5, Kd2=-6.0, Ki2=0 (29)

0.02 |

Két qua md phong duoc thé hién & Hinh 4
va Hinh 5.

Ta nhén théy, viéc tang Kp (¢ (28) so
Vv6i (27)), goc léch banh xe giam di han sy
dao dong ban dau (ttr 0.007 rad xuéng con
0.004 rad ¢ Hinh 4) nhung thoi gian xac
1ap bi kéo dai ra (tir 42s tang Ién thanh trén
50s ¢ Hinh 4). Tuong tng, sy dao dong
cua vi tri qua bong cling giam tur 0.18 rad
(Vé phia am) sang 0.11 rad (Vé phia am) &
Hinh 5. Dong thoi, thoi gian xac 1ap cia
qua bong cling tang tor 45s sang 48s &
Hinh 5. Nhu vay, viéc ting Kp da lam
tang dao dong (vot 16) nhung giam duogc
thoi gian xac 1ap. Piéu nay la phu hop véi
Iy thuyét tinh chinh Kp.

Viéc giam Kd (¢ (29) so voi (27)) lam
cho gdc banh xe dao dong manh hon (tang
vot 16) tir 0.007 rad sang 0.012 rad) va
thoi gian xac 1ap cling dai hon (tir 48s so
v6i 45s) (0 Hinh 4). Tuong g, qua bong
dao dong nhiéu hon (0.18 rad vé phia 4m
so voi 0.12 rad vé phia am) va t6n thoi
gian 1au hon dé 6n dinh (48s so v6i 40s)
(¢ Hinh 5). Nhu vay, viéc giam Kd ciing
gidng voi viée ting Kp: ting vot 16 nhung
giam duoc thoi gian xéac 1ap. Piéu nay 1a
phtt hop véi 1y thuyét tinh chinh Kd.

Nhu vay, viéc thay dobi thong s6 PID &
md phong 1 ding véi quy luat thay doi
thong s6 ma Iy thuyét PID quy dinh.

THlI————
IH2 —-—-—
TH3

30 40 50

Thoi gian (giay)

Hinh 4. Géc 1éch banh xe so v&i vi tri chuan (rad)
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Thén gian (giay)

Hinh 5. Vi tri qua bong so v&i vi tri chudn (rad)

5. Thuc nghiém
5.1. M6 hinh thwc nghiém

Mo hinh phan cimg dugc thiét ké nhu &
Hinh 6 va Hinh 7.

Hinh 6. Phin cimg cua hé BW nhin huéng
true dién

A s s, .
Hinh 7. Phin cimg ctia hé BW nhin huéng
nghiéng
1- Qua bong tennis
2- Cam bién khoang cach hdng ngoai
SHARP GP2Y0A02YKOF
3- Bénh xe bang nhya in 3D
4- Nhoém dinh hinh
5- Dong co NISCA 24VDC
6- Vi xtt li Arduino NANO
7- Mach cau H cong suat L298
8- Ngudn t6 ong 24V-10A
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Sensor

Arguino nano

Source |_, ™55 —

Hinh 8. So d6 khdi ctia hé théng

O thuc nghi¢ém, chi mot by PID duy nhat
duogc thyc hién voi ngd vao 1a sai $6 gitra
vi tri qua bong so véi vi tri mong mudn
(vi tri mong mudn 1a vi tri dugc xac dinh
la khoang cach gilta qua bong lic can
bang 6n dinh trén dia va cam bién SHARP
— khoang cach nay dugc xac dinh béng do
dac trude khi tién hanh thuc nghiém).
52.TH1

Thong s6 PID duoc chon théng qua thu
sai nhu sau:

Kp=6.45, Kd=1, Ki=0.01 (30)
Két qua thyc nghiém duogc thé hién & Hinh
9 va Hinh 10. B6 thong sé ¢ (30) da 6n
dinh thanh cong BW tai diém lam viéc.
Banh xe ¢6 xu hudng 1éch xa dan so voi
goc dit nhung qua banh van duogc giit ¢d
dinh (cach cam bién khoang 1.2cm) va 6n
dinh. Mot giai thich co thé dugc duara la
do ma sat nén kh i6n dinh, banh xe bi trugt
va xa khoi vi tri 6n dinh. Nhung, qua bong
van dugce dam bao & vi tri ¢b dinh.

2.5
2
15 ||
1

| Ll

05 f
0 UUI‘_‘L‘ ll'u"—I J\_‘IK\“J1u“J'I_.‘L"u‘u'\ll‘—“di'dq f"'l'in'qp' R
| |

-0. “ ’

0 0.5 1 L5 é
Thoi gian (glay)

.
WA

w1

o

1
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Hinh 9. Goc banh xe (d6) & THI

2 T I
|

il
1.5- N n
M v

I
05 1 15 2 25
Thai gian (gidy)

Hinh 10. Vi tri qua béng so v6i cam bién
(cm) 6 TH1

53.TH2

So voi thong sé ¢ (30), Kp s& duoc ting
lén Kp=7. Céc gia tri Ki va Kd van duoc
gilr nguyén (Kd=1, Ki=0.01). Két qua mo
phong dugc thé hién ¢ Hinh 11 va Hinh
12.

13 ‘

9 | l" Ju”i

] 1 1 3 4 3 6
Tho gian (i)

Hinh 11. Goc banh xe (d6) ¢ truong hop 2

11 T ‘ \‘ ‘ ‘

T

‘Ihm gian [gmﬂ
Hinh 12. Vi tri qua béng so v6i cam bién
(cm) & truong hop 2

u'_
l

Ta thdy cam bién do dugc co do gai rat
16n, do @6 qua bong khong dliing dugrc trén
banh xe. Nhu vay, Kp ting qua muc sé&
1am hé mat 6n dinh. Diéu nay phu hop véi
quy luat tinh chinh PID khi hiéu chinh Kp.
54.TH3

Véi Kp=7 ¢ TH2, ta thay sai s6 va do vot
16 ctia cam bién kha cao nén ltic nay ta s&
gitt nguyén Kp 1a 6.45 (nhu ¢ (30) va
giam Kd xubng con 0.45 con ki giir
nguyén 1a 0.01. Véi su thay ddi nhu vay,
ta théy duoc cam bién do dugc kha on,

khong bi gai nhiéu, qua bong ding dugc
lau hon khoang 10 gidy (Hinh 13 va Hinh
14).

il ,
L I‘HH I I'HIJ‘ lj nurww

0.5
1
<15
2

I I
0 2 4 6 § 10 12
Thon gran (gidy)

Hinh 13. Goc banh xe (d0) & TH3

6 ‘ ‘ ‘ [ ‘ ‘ ‘ [ |
14- | h M m‘
I o momorhe ek b

08
0.6
04
0.2

| I L L L :
o1 2 3 4 s 6 T 8
Thiri gian (gidy)

Hinh 14. Vi tri qua bong so véi cam bién
(cm) 6 TH3

Lac nay, dap ung qua bong la it dao dong
hon (Hinh 14). Tuc 14, viéc giam Kd giup
hé thong it dao ddng hon, nhung, hé théng
s& cham dap tng hon. Piéu nay phu hop
v6i viée tinh chinh PID khi thay d6i Kd.
5.5. TH4
Tang Kp = 6.5 va Ki khong thay d6i Kd
bang 0.44.

25

2-

15

0:; mju LI dLLULT‘WW“WHM l'!J‘I
|

05
il
135 T 3 4 5 6 1 8 9 1
Thor gian (gidy)
Hinh 15. Goc banh xe (d0) & TH4
18
16
) a0
[ VO W T N A VAV IWII Al W M IJ "‘
0.8~
0.6
04
02
R 1 3 3 4 5 6 7 8 9 10
Thisi aian (aidy)

Hinh 16. Vi tri qua bong so véi cam bién
(cm) 6 TH4
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Ta thdy & trudng hop nay, dit liéu cam
bién 1én xudng déu nhau, qua bong ding
yén va can bang kha 1au. Pay la dap tng
thuc nghiém c6 chét lugng tot nhat thong
qua thir sai ma thyc nghiém nay tim kiém
duoc.

5.6. Nhan xét

Nhu vdy, thong qua cac két qua thuc
nghiém, ta thay khi ting Kp cang 16n thi
dd vot 16 va su mat 6n dinh lic ban dau s&
cang cao, con voi Kd khi ting cang cao thi
thoi gian 6n dinh s& lau hon, tuy nhién ta
can chon thong s6 Kd pht hop dé mé hinh
6n dinh va duy tri sy can bang cang lau.
Vi Ki s€ giam bot mire do gai cua va doc
ctia cam bién dua vé, dong thoi ta phai
tang giam phu hop dé dam bao mo hinh
dugc can bang hon. Nhimg diéu nay 1a
pht hop voi két qua mé phong va phu hop
Iy thuyét diéu chinh PID.

6. Két luan

Thong qua nghién ctru nay, nhom tac gia
da xay dung mot mo hinh thyc nghiém
BW. Giai thuat co ban la PID da duoc
thiét ké, kiém chtng trén mé phong trude
khi dugc ap dung cho mo hinh. Thong qua
két qua mo phong va thuc nghiém vai két
qua can bang thanh cong qua bong trén
banh xe bang mot giai thuat kinh dién -
PID, m6 hinh BW trong bai bao c6 thé
duoc xem nhu mot mé hinh chuén vé thuc
nghiém dé cac SV kiém chimg cac giai
thudt tiép theo va c6 thé dugc phd bién
trong cac PTN dé phuc vu dao tao va
nghién ctru v6i nhiéu vu diém - chi phi
thdp, cdu trac mo hinh don gian, d& ché
tao vi xtr li duoc hd trg rong rii bdi cong
dong.

Loi cam on

Nhom tac gia xin gui 161 cdam on TS.
Nguyén Vin Pong Hai (khoa Pién-Dién
tor, HCMUTE) di hudng dan dé chung toi
hoan thanh nghién ctru nay.
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