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ABSTRACT

This paper presents a new technique for designing a real-time stabilization
controller in order to balance an inverted pendulum using backstepping
method. The performance of the proposed method was compared with that
of Linear-Quadratic Regulator method (LOR). The DSP TMS320F28835
microcontroller was used to apply two controllers into the real system. We
also developed a graphical user interface (GUI) to supervise and collect
data from the real system during running process. Experimental results
showed that the response performance of the proposed backstepping
controller was much better than that of LOR controller under disturbance
and mass change.

TOM TAT

Bai bdo trinh bay viéc thiét ké b¢ diéu khlén on dinh thoi gian thue dé can
bang con ldc nguoc dung phuong phdp cuon chiéu. Két qua thwc nghiém
cua phuong phap dé xudt dwoc so sanh véi bg diéu khién hoi tiép trang
thai LOR dé déanh gia chat lwong diéu khién. Dé chay thoi gian thuc bé
diéu khién vi diéu khién TMS320F28335 thuéc dong DSP cia hang TI di
dwoc chon. Mot chirong trinh GUI ciing dwoc phat trién dé gip viéc thu
thdp dir ligu ciing nhw quan sat dap ing duoc dé dang hon. Két qua thuc
nghiém cho thdy bo phwong phap dé xudt diéu khién can bang con ldc va
on dinh vi tri xe tot hon phuong phap LOR ngay ca khi tac dong nhiéu tir
bén ngoai hay thay doi khoi lwong con ldc.

1 GIOI THIEU

2007; Chatterjee, Patra, & Joglekar, 2002). Tuy
nhién, viéc xac dinh gid tri Q, R luc thuc nghiém

Hé théng con lic nguoc gin trén xe (Hinh 1) 1a
mot dbdi twong nghién ctu rat phd bién tir
nhitng ndm 50. N6 vén 1a mot hé thong khong on
dinh thuong dugc st dung dé kiém tra su thuc
thi va hiéu qua cua cac thuit toan diéu khién
(Radhamohan, Subramaniam, & Nigam, 2010). C6
nhiéu 1y thuyet va phuong phap thiét ké can bang
hé théng con lic nguge trong cic cong bd cua cac
thap nién qua (Tsai & Lin, 2003). Trong d6 LQR la
bo diéu khién can bing dién hinh cho két qua mo
phong va thuc nghiém kha tét (Chen, Zhou et al.,
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dé hé 6n dinh ton nhiéu thoi gian.

Trong nhimg nam gan ddy cac phwong phap
thiét ké phi tuyén duoc tip trung nghién ctru va
tmg dung rit manh. Trong d6, diéu khién cudn
chiéu (Krstic, Kanellakopoulos, & Kokotovic,
1995; Khalil, 1996) t6 ra 1a mot phwong phap thiét
ké manh mé& va linh hoat cho cac hé thong phi
tuyén (Tsai & Lin, 2003). Phuong phap nay da
dugc ap dung vao can bang hé thdng con lic ngugc
va cho két qua mé phong rét tét.
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Trong bai bao nay, nhom tac gia ciing st dung
phuong phép cubn chiéu dé can bang hé thong con
lic nguoc nhung dé xuit mot luat diéu khién mai
so voi luat diéu khién da cong bd trong (Tsai &
Lin, 2003). Luat diéu khién nay dugc kiém tra thyc
té trén mo hinh ty thiét ké. Pdng thoi ching toi
cling thuc thi b diéu khién LQR trén cing md
hinh dé so sanh chét luong cta hai bo didu khién.
Mot phan mém thu thap va v& dir liéu dap ung
cung dugc phat trién dé ho trg trong qua trinh thue
nghiém. Két qua cho thdy, bo diéu khlen cudn
chiéu cho dap tng tot hon, goc va vi tri xe 6n dinh
ngay ca khi tac dong nhiéu tir bén ngoai hay thay
d6i khéi luong ciia con lic.

A

Q QO

Hinh 1: M hinh con lic ngwoc

2 PHUONG TIEN VA PHUONG PHAP

B diéu khién cudn chiéq trong nghién ciru nay
dugc xdy dung trén phin mém MATLAB/
Simulink, phién ban 2012a. B¢ diéu khién dugc
kiém nghiém trér} hé thoi gian thuc s€ dugc trinh
bay trong phan két qua thuc nghiém.

2.1
ngugce

v

M0 hinh toan hoc ciia hé théng con lic

Ap dung dinh luat II Newton ta dugc phuong
trinh dong hoc cta con lac ngugce nhu sau (Tsai &
Lin, 2003):

2

(M+m) s(x—Isin@)=u-T
i 1
(M+m) S(lcos@) =V —(M+m)g ()
d’e

> =F-T)lcosf +VIsind

Trong do, 1a khéi lwong xe, 1a khdi lwong
con lic, 1a khoang cach tir truc quay dén trong tam
ctia con lic, 1a mé-men quan tinh cua con lic, 1a
luc tao ra theo phuong ngang, 1a luc ma sat xe voi
la hé s6 ma sat. Theo (Tsai & Lin, 2003) ta c6
phuong trinh trang thai ctia hé thong mo ta nhu
cong thue (2) dudi day:
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xi =X3

x'2=x4

a(u—T - yxﬁ sin xz) + Img cos Xy sin Xy

Xy =
3 J+mlsin2 Xy
) @)
. l(F—T—mx4 sinxz) +mgsinx2
Y4 = )
J + mlsin Xy
Trong d6, a = I? +M]m vam=Il(M+m),

vector trang thai ctia hé thong 1a [x4 x, x5 x4]7, x4
la khoang cach di chuyén xe, x,géc con lic
x, = 0 khi con lic huéng 1én  x, = @ khi con lic
hudng xuéng, X3 van tde di chuyén Xe, X4 van tdc
gdc con lac. Muc dich cta bo diéu khién & day 1a
giit con lic hudng 1én va xe vé vi tri 0.
2.2 Thiét ké giai thuit cin bing ding

phwong phap cudn chiéu

Trude khi thiét ké bo didu khlén dung phuong
phap cubn chiéu, hé thong ph1 tuyén (2) dugc tuyén
tinh héa quanh diém can bang 5 = 0, theo (Tsai &
Lin, 2003) ta ¢c6 phuong trinh trang thai tuyén tinh
hoéa sau day:

[0 0 0 1] |0|
s=|o ngl =2 ols+|7|u 3)

mg —lb lLJ

[0 T OJ ]

Trong dé,§ = [x1 XZ X3 ).C'4_]T,

s =[x x5 X3 x4]"

Sau d6 ching ta tién thanh thiét ké bo dicu
khién. Muc dich bd diéu khién ¢ day 1a gifr goc con
lac ¢ vi tri can bangs = 0. Qua trinh thiét ké theo
(Tsai & Lin, 2003) gdm céc budc nhu sau:

Bude 1: bat Zy = Xp, Suy ra Zy =X, = Xa,
muc tiéu 14 thiét ké luat didu khién x, dé z, tién vé
0. Chon ham Lyapunov xac dinh duong nhu sau :

1.2

V=123 )
Paoham V, = z,2, = z,x, %)
DPé hé théng 6n dinh hay ham Lyapunov xac

dinh &m, ta chon luat di€u khién x, = —c¢;2;(v6i

c; > 0 1a hé so thiét ke), ta dugc:

V,=—c,z2 <0 (6)
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Muc tleu ké tiép 1a tim luat diéu khién u dé
_C121 tlen Ve .x4,
Budc 2: Tadat, z, = x4 + ¢124

Pao ham cua z,:

Zy = X4+ 12 = #xz —%x3 +-u+t+cx, (7)
Chon ham Lyapunov xac dinh ducng nhu sau:
V, = _Zl + Zz )
C6 dao ham:
VZ = 2121 + Z2Z‘2 = Zl(ZZ - Clzl) +
l
Zz (%XZ ] X3 + ;u + C1X4_) (9)
DPé V, < 0 thi,
%XZ 7 x3 +§u + C1X4, = _szz —Z1 (10)
Suy ra luat diéu khién:
u= %[—(mg +] +Jcic)x, + lbxz —
J(c1 + c3)x4] (11)

Vay theo 1y thuyét 6n dinh Lyapunov, z, va
7, hoi tu vé 0 hay x, va x4 hoi tu vé 0. Khi d6:

5C1=JC3,5C3=0

(12)

Ta thiy, madc di goc con lic tién vé 0 nhung
van toc xe lai ¢ khuynh hudng tién vé hang s6. Do
do, vi tri xe khong thé tién vé 0. Van dé dat ra
la tim dang biéu thiic cia z; dé khic phyc tinh
trang nay.

O bai bao nay, ching t6i dwa ra dang cua
7z, nhu sau: z; = x, — k;x,.Viéc thiét ké lai bd
diéu khién theo trinh ty nhu sau:

Budc 1: V6i z; d& nghi ta ¢ dao ham

Zy =Xy — kyXy = X4 — kyX3 (13)

Chuing ta can tim luat diéu khién dé z, hoi tu vé
0. Chon ham Lyapunov xac dinh duong nhu sau:

1.2

V=122 (14)

Paoham V, = 2,2, = z;x, — k21 %3 (15)

Dé V, xac dinh 4m ta chon x, = —c,2; + kyx3.
Suy ra:

V,=—c,22 <0 (16)

Budc 2: Pat z, = x4 + 121 — k1x3 17)

Pao ham cua z,:

ZZ = X4 - k1X3 + Clz.l
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_ l—klau + mg—kimgl X, — (lb—klab
J J J
klcl) X3+ C1xy (18)
Chon ham Lyapunov xac dinh duong nhu sau:
v, = —Z1 +1 22 (19)
C6 dao ham:

Vo = 212y + 232 = 2,(2;, — €121) + 2,2, (20)
Dé V, x4c dinh 4m thi:
Zy = —Z1 — CZ,

e2y)

Suy ra luat diéu khién u dé z, hoi tu vé 0 la:

u= I—k + thz + h3X3 + h4x4) (22)
Trong do,
hy = Jkikod,

hy = —[mg(1 — k1) +]d,]

h3 =]k1d1 - klab + lb

hy =—Jd,

ky: 1a hing s6 thiét ké dugc thém vao dé higu
chinh gia tri cta bién trang thai x, trong luét diéu
khién u.

d1 =C + Cy

dz = C1Cy + 1

Vay voi luat diéu khién u nhu trén thi hé thong
(z1,23) on dinh. Nhu vay, by diéu khién cudn
chiéu ghlet k;: khong chi gilr can bing con lic va
con diéu khién xe veé vi tri 0.

3 KET QUA THU'C NGHIEM

B6 diéu khién duogc chay thoi gian thyc trén mo
hinh do nhom tac gia thyc hién (Hinh 2) véi cac
thong so nhu sau:

— Chiéu dai hanh trinh: 0.7 m

— Chiéu dai con lic: 0.27 m

— Khdi lugng con lic: 0.1 kg

— Khdi lugng xe: 1.2 kg

— Hé¢ s6 ma sat: 0.08%

— Mo-men quén tinh con Ic: 0.003863 75

Truyén dong dung dong co DC 24V, 60W
9000rpm sau giam toc 468rpm.

—  Van téc tdi da cua xe: 0.98?
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Hinh 2: M hinh con lic thye té

bé thuén loi cho viéc thuc nghiém va quan sat
dép tmg nhom tac gia ciing da thiét ké thanh cong
mot phan mém giao dién két ndi bo didu khién
thong qua giao tiép ndi t1ep st dung cong cu GUI
ctia Matlab. Giao dién phan mém nhu Hinh 3. Phan

"B Panel_piotata

mém cé cac churc ning sau:
— Thiét 1ap thong so cho bd dieu khién.
— Doc dép ung va v€ 1én giao dién.

— Luu trlt dap ung dudi dang hinh anh.
=

REAL TIME DATA PLOTTING o

Current Angle Value

INVERTED PENDULUM SYSTEM

using Backstepping controder ot
Project Vision
Position(m) o[
- Making a real inverted pendulsm system. 0l
- Stabliizing mverted pendulsm and Adusting cart at

requrred postion. 07 ) IR

~ ;| ERRUREC FIFNRRUSMUS 1 ' ESE— e |
COM Port Configuraton
Cheose COMPent  [coms - Angle(R) [ wam \}w—fwx_m_—
|Dm-ncl| | Clear | | pm B cspmeniive s e s s s ves sosealinoa s e |
02
I E6t Controter Parameters. | 0 200 400 600 800 1000
Total Sample
dcarriasa 03 Current Position Value
Toe ‘Stabazation control an inverted pendubim OO == ool s offees o el s o B oo se s

- Designing 8 GUI for real time intaractng with system.
Seope of Work
- Designing a real system and two contrader.

400 600
Total Sample
Current Voltage Value

Group Informaton —

- Creating a GUI for testing skerihm, colabarating in real sysiem. T R S et

Votage(V) ©
inatructor 10 Nguyen Vieh Hao

Team Memever Nguyen Van Knaoh

200 500
Total Sample

800 1000 )

Hinh 3: Giao di¢n phin mém thu thap dir li¢u dap Wng

So d6 khdi mach diéu khién hé¢ thong nhu Hinh
4. Vi diéu khién TMS320F28335 dugc s dung
lam bd xur ly trung tdm. Hai encoder do goc va vi
tri duoc két ndi dén hai bo doc encoder eQEP phﬁn
cling thong qua bd chuyén mirc logic vi endcoder

Level

Interface SolEle

st dung logic RS422 con vi diéu khién sir dung
logic 3.3V. Bong co DC dugc diéu khién qua bd
ePWM va mach cong suat. Hé thong ket noi voi
phan mém thu thp dit liéu qua cdng ndi tiép.

TMS320F28335

eQEP2

UART

RS232<>USB

Hinh 4: So' d6 khéi mach diéu khién
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Chuong trinh didu khién (Hinh 5) viét bang
Matlab/Simulink cho TMS320F28335. Ca hai bd
diéu khién cudn chibu va LQR cung duoc xdy
dung trén cung mot chuong trinh. Tai mét thoi
diém chi c6 mot bd diéu khién hoat dong va dugc
chon bang mot switch két ndi vao GPIOS8. Bo
diéu khién chi hoat dong va dir liéu dap ung chi gui

Target Prefeences

Controller

Switch Controller
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vé may tinh khi goc con lic dat gia tri 0.2rad.
Ngoai ra, hai Led don ciing dugc két ndi vao
GPIO61 va GPIO63 dé chi thi bo diéu khién cudn
chiéu hay LQR dang kich hoat. DPé tranh nguy
hiém cho mé hinh, chwong trinh ciing thiét ké thém
chirc ning kiém tra vi tri xe néu n6 vugt qua gisi
han s& tu dong tit dong co.

Back Stepping Output

PulseToRadian
Angle Error
Enable Signal

Angle
PulseToDegree ERG513,Signal

Position Pulse

Enabled
LQR Controller

Enebled
UART

Enabled
Back Stepping Controllar

Angle Pulss

PWM Percentage -

LQR Output

Hinh 5: Chwong trinh diéu khién

a) Chirong trinh téng quat - b) Chirong trinh khéi Controller

3.1 Két qua thwc nghiém b diéu khién LQR

Két qua thuc nghiém khi thay doi gia trj cia Q,
gilt nguyén gia tri R=0.13, khoi lugng con lac 100g
nhu Hinh 6.

Két qua thyc nghiém khi thay ddi gi4 tri cia R,

gilt nguyén gia tri Q=diag ([500 500 1 1]), khéi
lugong con lac 100 g nhu Hinh 7.

Két qua thuc nghiém khi thay doi khéi lwong
con ldac, gia tri Q=diag([500 500 1 1]), R=0.13.

T
O 4‘ 777777777777777 Q-=diag(1500 500 1 1]), R=0.13 | |
2 ‘ Q=diag([400 400 1 1]), R=0.13
] A Q=diag([450 450 1 1]), R=0.13
E 0 | Q=diag([550 550 1 1]), R=0.13 ||
o ¥
|
-0.1 L |
0 5 10 15
Time(s)
0.3 .
} Q=diag([500 500 1 1]), R=0.13
P e Ay Q=diag([400 400 1 1]), R=0.13 ]
g | Q=diag([450 450 1 1]), R=0.13
§ L AT T Q=diag(1550 550 1 1]), R=0.13 ||
S WOp---"""="="=="=--- T Q=diag([500 500 1 1]), R=0.13 [
S B Q=diag([400 400 1 1]), R=0.13 ||
| Q=diag([450 450 1 1]), R=0.13
1) e Q=diag([550 550 1 1]), R=0.13
1 T
0 5 10 15

Time(s)

Hinh 6: Pap tng b diéu khién LQR khi Q thay ddi

22



Tap chi Khoa hoc Truong Pai hoc Can Tho

Phan A: Khoa hoc Tu nhién, Cong nghé va Méi truong: 31 (2014): 18-25

0.15 ‘ ‘

Position(m)

I I I
Q=diag([500 500 1 1]),R=0.13
Q=diag([500 500 1 1]),R=0.1

Q=diag([500 500 1 1]),R=0.07
Q=diag([500 500 1 1]),R=0.04

N \;%: N

Q=diag([500 500 1
Q=diag([500 500 1
Q=diag([500 500 1

T
1]),R=0.13
1]),R=0.1
1]),R=0.07

1]),R=0.04 [

Q=diag([500 500 1
|

1

S i |
% ,,,,,,,,,,,,,,, L __L____1_] Q=diag([500 500 1 1]),R=0.13 ||
£ : : : : : : Q=diag([500 500 1 1]),R=0.1
> 0k - - - S - e mm g —— g — Q=diag([500 500 1 1]),R=0.07 H
| | | | | I Q=diag([500 500 1 1]),R=0.04
-30 1 1 I 1 | 1 T T T
1 2 3 4 5 6 7 8 9 10

Position(m)

Angle(rad)

< | | |
i m=100g
A0 e e el e i el e e e m=150g H
| | | | | | | | m=200g
-30 I I I I I I I I T
0 1 2 3 4 5 6 7 8 9 10
Time(s)

Hinh 8: Pap g bd diéu khién LQR khi thay ddi khdi lwong con lic

Tir d4p tng Hinh 6, 7, 8 ta thiy bo didu khién
LQR di hoat dong tot v&i mé hinh con lic da thiét
ké. Goc con lac va vi tri xe dao dong tit dan. Bo
diéu khién hoat dong tot khi Q co gia tri tir 400 dén
550, néu Q<400 vi tri xe dao dong manh va vuot
khoi gidi han, néu Q>550 ap diéu khién dao dong

magh lam cho md hinh rung lac. Tuong ty, bd diéu
khién LQR hoat dong tot khi R ¢6 gia tri tir 0.04
dén 0.13.

Ké:t qua thuc nghiém khi tic dong nhiéu vao
con lac, gia tri Q=diag ([500 500 1 1]), R=0.13,
khoi lugng con lac 150 g nhu Hinh 9.
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Position(m)

Angle(rad)

Time(s)

uv)

Time(s)
Hinh 9: P4p tng b didu khién LQR khi thay dbi tic dong nhiéu vio con lic

32 Két qua thwe nghiém b diéu khién ng nhu Hinh 10.
cuon fhié“ o Két qua thyc nghiém khi tic dong nhiéu vao
Keét qua thuc nghiém khi thay doi khoi luong con lac, khoi Iuong con lac 150 g, dap tmg nhu

con lic,k, = 2.9k, :é ,d, = 65,d, = 170, dap ~ Hinh 11.

Time(u)

Hinh 10: Pap tng bd diéu khién cudn chiéu khi thay déi khoi lwgng con lic
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0.1
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~— | [ | - .
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g Ol ---------- [ [ A 5
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Time(s)
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| | | |
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0.1 | I I |
o 5 10 15 20 25
Time(s)
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0 fp S : ]
k
§ | | | |
20 — - — —— — — — — — —————————— m———————— = |————————— e —
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_a0 I I I I
o 5 10 15 20 25

Time(s)

Hinh 11: Pap tng bd diéu khién cudn chiéu khi thay ddi tac ddng nhiéu vao con lic

3.3 So sanh chit hrgng ciia hai bd diéu khién

Tur cac két qua thyc nghiém cho th'fiy ca hai bd
diéu khién cudn chiéu va LQR déu chay tdt trén
mo hinh that. Tuy nhién, bo diéu khién cubn chiéu
cho dap mg t6t hon bo diéu khién LQR. Chat
luong diéu khién goc con lic cia hai bo diéu khién
nhu Bang 1. Pap ung bo diéu khién cudn chiéu co
d6 vot 16 thap (5%) va thoi gian xac l4p rat nhanh
chi cin 0.6s, trong khi d6i v&i bo didu khién LQR
dap g c6 d6 vot 16 dén 15% va cén dén 7.8s goc
m&i co thé xac 1ap.

Bing 1: Chit lwong diéu khién cia hai
giai thuat

Tiéu chuén Cudn chiéu LQR
Thoi gian tang 0.2s 0.14s
Thoi gian xac lap 0.6s 7.8s
Do vot 16 5% 15%
Sai s6 xac lap 5% 5%

Xét vé didu khién vi tri xe, bd diéu khién cubn
chiéu cho két qua t6t hon rat nhidu so véi LQR.
Trong da sb cac truong hop, khi chay bo didu khién
LQR vi tri xe dao dong rat manh quanh vi tri 0 va
tat dan. Trong khi d6 khi chay bo diéu khién cudn
chiéu vi tri xe thay ddi cham va dao dong rat it.

Khi ¢ sy tac dong ctia nhidu tir bén ngoai vao
con lic (Hinh 9 va Hinh 11), bd diéu khién cudn
chiéu cho dép tmg rat tot chi can 1.83s dé goc con
lic va vi tri xe dn dinh tré lai, vi tri xe khong dao
dong; trong khi LQR can 7.8s dé goc con lic va vi
tri xe 6n dinh tré lai, vi tri xe va goc con lic dao
dong manh va tat dan.

4 KET LUAN
Bai béo di trinh bay phuong phap thiét ké luat
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diéu khién can bang hé théng con lic ngugc bang
phuong phap cudn chiéu. Luat didu khién nay di
dugc chimg minh sy dang dén cua né qua thuc
nghiém trén mo hinh that do chinh nhém tac gia
thuc hién. Két qua thuc nghiém con cho théy luat
diéu khién cudn chiéu cho dap img t6t hon bo diéu
khién LQR.
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