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Tém tit: Con lic ngugc quay (rotary inverted pendulum — RIP) 1a mot hé thong phi tuyén
mot vao-nhiéu ra (single input-multi output —SIMO) ¢6 c4u tric co khi don gian nhung
¢6 d6 phi tuyén cao. Day 1a hé thuong duoc s dung trong cic phong thi nghiém (PTN)
diéu khién ty dong (PKTD). Trong bai bao ndy, chiing t6i trinh bay 4p dung mang than
kinh suy dién m& (Adaptive Neuro Fuzzy Inference System - ANFIS) dé mé ta bo didu
khién (BPK) linear quadratic regulator (LQR) trong can bang 6n dinh hé thong tai diém
lam viéc thing dimgg huéng 1én. Bén canh d6, mot BPK swing-up bing phwong phap
ning luong ciing duoc trinh bay trong nghién ctiru ndy. Cac két qua mo phong va thir
nghiém trong bai bao cho thdy su kha thi ciia cac phuong phap niy trong viéc can bang
dbi tugng RIP.

Tir khéa: ANFIS; con lic nguoc quay;diéu khién cdn bang; phwong phdp LOR; swing-up
Abstract: RIP is a SIMO nonlinear system which has simple mechanical structure but
high nonlinear level. This is a popular model in laboratories of control automation. In this
paper, we present an ANFIS network which is developed from a former LQR
controller in stabilizing system at equilibrium point— upright position. In addition, an
energy swing-up controller is designed and tested in this paper. Simulation and
experimental results in this paper prove the abilities of these methods in balancing RIP
model.

Keywords: ANFIS; balancing control; LOR method,rotary inverted pendulum,; swing-up
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1. Gi6i thi¢u

RIP 1a mot mo hinh kinh dién va phirc
tap c6 do phi tuyén cao trong linh vuc
PKTP. Qua d6, nhiéu nghién ctru da
duogc thyc hién & m hinh trén. O tai lidu
[1], viéc 4p dung cac giai thuat diéu
khién bén vimg truot thich nghi véi
nhiéu. Tuong tu, & nghién ctru [2], giai
thuat quasi két hop diéu khién dé diéu
khién ddi tuong can bﬁng va 6n dinh tai
vi tri thang duimg hudng 1én. Tuy nhién,
viéc diéu khién trong cic nghién ciru
giai thuat sdu nhu vay chi duogc ap dung
thanh cong trén mdé phdéng chir chua
duoc kiém nghiém trén mo hinh thuc
nghi¢m.

O nghién ctru [3], giai thuat diéu
khién LQR da dugc thir nghiém thanh
cong trén ca mo phong va thuc nghiém.
Tuy nhién, gidi thuat LQR da tré nén
kinh dién va nhu cdu vé mot BDPK thong
minh dya vao kinh nghiém chuyén gia
dé co thé bat chudc mot hoat dong diéu
khién 13p di 1ap lai d6i voi RIP dang 1a
xu huéng méi [4]. O nghién ciu [5],
mang than kinh (neuron network -NN)
da duoc thuc hién trén ca mo phéng va
thuc nghi¢ém dé cai thién dap ung mot
BDK PID khi cén bang hé RIP. Tuy
nhién, mang than kinh trong nghién ctru
nay thyc chit chi 1a mot neuron duy nhét
v6i trong sd neuron 1a cac thong sé Kp,
Ki, Kd. Ciu trac neuron nay chi giup
PID tyu hiéu chinh thong s6 tot hon chu
ban than neuron nay diéu khién truc tiép
duoc hé thdng. Viéc diéu khién toan bo
hé¢ phi tuyén RIP thi chi mdt neuron
chua thuc hién ndi.

Nhu vay, mot khéi neuron gém nhiéu
neuron diéu khién thanh céng hé RIP
md phong va thyc nghiém la mot nghién
ctru méi. Pong thoi, nghién ciru nay tao
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nén tang cho viéc phat trién cac giai
thuat thong minh trén d6i tuwong nay.
Trong bai bdo nay, ching t6i xay dung
mot NN dé bt chude hoat dong cia mot
BDK LQR dé mo ta viéc mot giai thuét
thong minh bit chudc hoat dong cua
mot chuyén gia. Bén canh do, giai thuat
swing-up ciing duoc dé nghi dé hé RIP
duoc tu di chuyén dén vi tri can b?mg
thay vi can su tac dong cia ngudi diéu
khién.

2. Xay dung BDK

2.1.BDPK LQR

Xét mot hé thong phi tuyén c6 dang sau
)'c:f(x)+g(x)u (1)

Trong do, x=[x, x, x,]" 1a ma

tran bién trang thai cua hé théng; ulatin
hiéu diéu khién cta hé théng.

Khi diéu khién hé thong quanh mot
diém lam viéc co dang

(2)
ma tai do néu u=0 thi hé can bﬁng, ta co

thé x4p xi hé théng & (1) vé dang tuyén
tinh

x=x,=..=0 (x=xo)

X =Ax+ Bu (3)
Trong do, A= g ; B= 8_g
ox xi)éo ox xigo

Khi hé lam viéc quanh vi tri can br?mg
ndy, ta c6 thé xem nhu hé xap xi 1 hé
tuyén tinh dé viéc thiét ké giai thuat diéu
khién tuyén tinh 1a kha thi. Cau trac diéu
khién LQR tai diém lam viéc tinh cia
mot hé théng tuyén tinh c6 dang nhu &
(3) duoc thé hién nhu & Hinh 1 sau
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Hinh 1. Ciu tric BPK LQR

Tin hi¢u di€u khién duogc chon la

u=—Kx (4)

Viéc tinh toan ma tran diéu khién K
phai thong qua vi¢c giai phuong trinh
Ricatti rat phtc tap. Tuy nhién, phan
mém Matlab d3 hd trg cong cu Iénh Igr()
dé viéc tinh toan ma tran K tré nén dé
dang hon. Lénh tinh toan ra K dugc thuc
hién nhu sau:

K=lqr(A,B,Q,R) (5)

Trong do, A, B dugc tinh toan ¢ (3),

Q va R 1a cac ma tran trong sb duoc lua
chon nhu sau

g 0 0 0 (5)
020
0 0 - O

v6i Qi (i=1, 2, ..., n) va R1 déu la cac
hang s6 duong

Luu do giai thuat LQR duoc thé hién
nhu ¢ Hinh 2 sau:

Bat ddu

i

Gid tri ban diu cho con lac. van

te gée con lac v tin hidu ngd ra

}

Poc gia tri con 15c, van tbe gbc con £t

tir cam bién

l

Tinh toan tin hiéu didu khién ngs ra
bing giai thuit LQR

l

Dat dwoc gid tr1 No

mong mudn (set

point)
l Yes
Hinh 2. Luu d6 BPK LQR
2.2. BDK ANFIS [6]
Thuat toan lai huin mang ANFIS:
Chon tép dir li€u vao ra dung dé huan
luyén gom K mau:
(x(D),d(D)),(x(2),d(2)),...,

(x(K), d(K)) ©)

Bude 1: Chon tdc d6 hoc 17 >0, chon
sai s cuc dai Emax.

Buéc 2: Khoi dong:

Gan sai s6 E=0

Gan cac gia tri dau cho thong sé phi
tuyén 6, (0)

Bude 3: Udc lugng thong s6 tgyén tinh
dung thuat toan binh phuong t6i thiéu:

d(k)-
—H(x(k), 6, (0))6,

M~

} —min  (7)

>~
Il

1
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=6, =

>

k=

H(x(0,0,0)).| |
| H(x(k),6,(0)) | (8)

£ [H (x(K), 60, (0)).
S|

—_

Budc 4: Cap nhat trong s phi tuyén
dung thuit toan suy giam do dbc: Véi
k=1:K

Tinh sai sd:
E(k)=§(d(k)—H(x(k>,9N>eL)2 )

Céap nhat sai so:

OE(k
0,(0=0,6-1+ 28 )
N
Tinh sai s6 tich liy:
E=E+Ek) (11)

Bude 5: Két thac mot chu ky huén luyén
Néu E < Enmax thi két thuc qua trinh hoc.
Néu E >= Emax thi gan E=0, va tro lai
budc 3 bat dau mot chu ky huan luyén
moi.

2.3. BDK LQR-based ANFIS

Phuong phap thiét ké cua LQR-based
ANFIS duoc giai thich dugc trinh bay
dua theo thuat toan da trinh bay & phan
2.1 va 2.2. BDK ANFIS s& bit chuéc
hoat dong cua mot BBDK LQR da hoat
dong t6t véi ma tran diéu khién.

K=[118.8867 12.8087 -9.9470 -12.3743]  (12)

Ma tran K nay dugc tinh theo (5)
trong (mg v6i ma tran trong s6 Q, R
duogc tim va t6i uu héa tir giai thuat di
truyén (genetic algorithm —GA) ddi hé
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RIP c6 théng sb & Bang 1. Khi d6, cac
ma tran Q va R ¢o cac gia tri sau

5109 0 0 0 (13)
0 3104 0 0
2= 0 0 98969 0
0 0 0 40.116
R=0.1

2.3.1. Xay dung tap dir li¢u

Viéc xdy dung tap dir lidu, cung cip cho
ANFIS, dugc thuc hién dudi dang nhiéu
dau vao va dau ra. Dé hinh thanh tap dir
liéu, BDK LQR t6i vu dugc thiét ké, tuy
thudc vao thong s6 hé théng. Viéc tbi
thiéu hoa ham chi phi, dugc coi 1a mdt
bai toan tdi vu hoa.

Hinh 3. Chuong trinh m6 phong hé théng
tao tap dir liéu vao ra

yol—'"

Hinh 4. Chuong trinh thu thap dir liéu
trong Matlab/Simulink

2.3.2. Xac dinh cac thong s diéu khién
ciia ANFIS
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Céac tham sb diéu khién cia ANFIS nhu
) luong va loai ham lién thudc, kha
nang chiu 16i (error tolerance), s6 luong
cac epoch va phuong phap hoc dugc néu
nhu sau:

e S6 ham lién thuoc: 3

e Loai ham lién thudc: Gauss

e Error tolerance: 0

e Sdepoch: 8

e Hinh thirc hoc: Hybrid
2.3.3. Huan luyén ANFIS

Mot khoi cdu trac duge ANFIS huin
luyén bang cach két hop cac tham sé cho
trong Phan 2.3.2 dé phu hop voi tap dix
liéu thu thap trong Phan 2.3.1, trong d6
gi tri u cua tap dir lidu duoc coi la dau
ra ciia suy ludn mo hé thong trong khi
cac cot khac duoce coi 1a dau vao cua hé
théng suy luan mo. Viéc hudn luyén
ANFIS c6 thé duoc thyc hién dé dang
trong Matlab bang cach st dung mot
Iénh anfisedit. T¢p .fis dugc tao ra hoat
dong nhu mot BDK phan hoi trang thai
cho hé théng duoc thiét ké.

File Edit View

— ANFIS info.

raining Data (

__ structure |
a 200 400 600 800 1000 1200 Clear Plot
data set index

Generate FIS Train FIS|
Gptim. Method
e hybrid ~
Error Tolerance:

) Load
O Load
© Grid p:
) Sub. clustering

OTestng O e
O Checking  © worksp.
) pemo

Load Data. Clear Data

= — N cone__]

Epochs:
s

RS AR F| Train Now |

Hinh 5. Giao dién tool ANFIS khi dir liéu
vao ra duoc cung cip

4] Neuro-Fuzzy Designer: lqr_anfis_rip_gauss - o X
File Edit View

Training Error — ANFIS Info.

15

a #ofinputs: 4
# of outputs: 1
# of input mfs:
5 °® 3333
4o * * * * * * *
0.5
- Structure
1 2 3 4 5 7 8 Clear Piot
Epochs
Load data Generate FIS Train FIS. TestFIS
Type: From: Optim. Method:
© Training O Load from fie hybrid < || Piot against:
O Testing O file () Load from worksp, Error Tolerance: © Training data.
© Grid parttion () Testing data

() Checking €@ worksp.

Epechs:
8

() Sub. clustering (_) Checking data

) Demo
LoadData.. | ClearData | Generate FIS | Test Now
Saved FIS "lar_anfis_rip_gauss” to file ‘ ‘ Help Close ‘

Hinh 6. Gi4 tri sai s6 sau khi huin
luyén 8 epoch

oot dotf s
L
Rolary Inveried Peduum

Hinh 7. Chuong trinh m6 phong hé théng

RIP vé6i BBK LQR based ANFIS
2.4. Swing-up bang phwong phap
nang lugng

Bén canh giai thut on dinh can bang —
vbn chi hoat dong khi hé théng di & lan
can vi tri cn bang - thi cAn c6 giai thuat
swing-up dé hé RIP ty dua con lic dén
vi tri thang dung huéng l1én. Phuong
phap swing-up bang ning luong duogc
ap dung vao hé théng dé giai quyét yéu
cau diéu khién nay. Theo tai liéu [8], tin
hiéu diéu khién swing-up duoc ap dung
cho nghién ctru nay cua ching to61 nhu
sau:

e=-e_ sgn((E-E,)acos(a)) (14)

€.. f(E—-E)acosa<0
e =
—e,.. f(E—-E)acosa>0

(15)
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Trong do, ta c6 E,=mgl,
E =ml*d*[2+ mgl cos(ar)

3. M6 hinh RIP

3.1. Phuwong trinh djng luc hoc

CAu trac toan hé RIP dugc thé hién &
Hinh 8

Hinh 8. Céu tric hé RIP
Theo [7], phuong trinh dong luc hoc hé thdng dudi dang ma tran c6 dang sau:

D(a.B).(éi. )+ C(a.d.B.8).(¢. 8)+ G(a. f)=u (16)

ppr ( ) p 4 ppr 4 pp ( ) 7

D =
(@p) L |
J, +Zmpr —EmprLr cos(a)

(% m,L L, sin(a)j a [% m L * sin(a) cos(a)j a+B, +k,

Cla,a,p,p) = |
2 . N2
B, —Zmpr cos(a)sin(a) B
Bang 1. Thong s6 hé RIP (lay tir mé hinh thye nghiém ¢ Hinh 6)
o G6c cla thanh con l3c so v&i phurong thang dirng na rad
Y’ Goc cla thanh canh tay so vdi vij tri méc na rad
a Van t&c géc clia thanh con con lac na rad /s
'3' Van téc gdc cta thanh cénh tay na rad /s
m, Kh6i lwong cta thanh con lac 0.15 kg
L, Chiéu dai thanh con lac 0.11 m
z ’ 2 < _ 2
J,, Moment quan tinh cua thanh con lac 6.0500e-04 kgm
m Khéi lwvgng cda thanh cénh tay 0.38 kg
L Chiéu dai thanh canh tay 0.23 m
(s . 5
Jr Moment quan tinh thanh canh tay 0.0067 kgm
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g Gia t6c trong trudng 9.80665 m/ s?
B, Hé s6 ma sat canh tay 0.1 n/a
B, Hé s& ma sat con lac 6.6e-04 n/a

Théng sé déng co:
L, =0250868; K, =0.09; R, =2.3;T, =0.0014;K , =0.1;.J,, = 4¢-05;C, =0.000048

3.2. M6 hinh thuc nghiém
Mo hinh thyc nghiém RIP dugc ching
t6i ché tao co dang nhu sau:

1

Hinh 8. M6 hinh phéan ctig hé RIP
Céc thanh phan trong Hinh 6 bao gom:
1. Thanh cénh tay

2. Servo Nisca NF5475 motor with
encoder 200ppr

4

3. Ngudn xung

4. Kit STM32F407 Discovery

5. Kit CP2102 USB 2.0 to TTL UART
6. Encoder cho thanh con lac

7. Thanh con lac

8. Pi¢n trd kéo 1én cho thanh canh tay
va thanh con lac

9. H-BRIDGE-IR2184

4. Két qua diéu khién

Két qua dap tmg ngd ra ctia hé RIP duogc
thé hién tir Hinh 7 t6i Hinh 11. Trong
cac hinh nay, giai thuat swing-up bang
phuong phép ning luong va diéi khién
bang BDK ANFIS véi cac gia tri ban
dau cu thé nhu sau:

[2(0),¢(0)] =[,0]'

Goc lech thanh con lac (rad)

L
0 1 2

Time (s)

Hinh 9. Két qua mo phong goc 1éch thanh con lic (rad)
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Goc lech thanh canh tay (rad)

0 1 2 3 4 5

Time (s)

Hinh 10. Két qua mé phong dap tmg goc 1éch thanh canh tay (rad)

Goc lech thanh con lac (rad)

Time (s)
Hinh 11. Két qua thue nghiém déap tng goc 1éch thanh con lic (rad)

0.8

06 |

04 |

02 |

0L

02 L

Goc lech thanh canh tay (rad)

0.4

0 i 2 s a 5
Time (s)
Hinh 12. Két qua thyc nghiém dap ting goc 1éch thanh canh tay (rad)

10

Tin hieu dieu khien (V)

L L L L
0 1 2 3 4 5
Time (s)

Hinh 13. Két qua thuc nghiém tin hiéu dién ap cip cho dong co (V)
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Két qua mo phong va thi nghiém cho
thiy khi swing-up thanh con lic vao
vung bt 6n dinh [-150;150] thi con lic
s& dugc gitr 6n dinh bing BPK LQR-
based ANFIS. O Hinh 7, khi 4p dung
phuong phap nang luong dé swing up hé
RIP va giit 6n dinh bang giai thuat LQR-
based ANFIS, thi thoi gian chuyén tiép
gitra diéu khién swing up va LQR-based
ANFIS 14 gan 2 gidy. Trong khoang thoi

gian d0, canh tay c6 dich chuyén nhung
sau 2 gidy thi quay vé vi tri 6n dinh 0
ban dau (Hinh 8). Két qua thuc nghiém
& Hinh 9 va Hinh 10 ciing cho két qua
twong tu. Khi hé can bang thi dién ap
cap cho dong co ciing vé gia tri 0 (khong
can diéu khién nita) (& Hinh 11). Qua
trinh hoat dong cua hé RIP thyc nghiém
& Hinh 9, Hinh 10 duoc thé hién thong
qua cac hinh anh duoc liét ké & Hinh 12.

k

Hinh 14. Qua trinh hoat dong ctiia mo hinh thyc nghiém
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5. Két ludn

B6 BPK LQR-based ANFIS duoc dé
xut trong bai bao nay da diéu khién tot
hé RIP. Nhu vay, cong cu ANFIS ma
Matlab cung cdp dd tao ra mot BDK
thong minh c6 kha niang bét chudc hoat
dong cua mot chuyén gia (¢ day 1a BBK
LQR). BBK thong minh tao ra tir cong
cu nay diéu khién t6t hé théng O ca thuc
nghi¢ém va mdé phong. Bén canh do,
cling thong qua mo phdéng va thuc
nghiém, nhom tic gia ciing da kiém
ching thanh cong giai thuat swing-up
can bang nang luong dé két hop véi
BDK ANFIS dé con lic tu dua dén vi tri
can bang va tu cin bang,

Loi cdm on

Nhom nghién ctru xin chan thanh cam
on TS. Nguyén Vian Pong Hai (PTN —
C205, Khoa bién-bién tu, truong Dai
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toi chinh stra bai bao nay.
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