Tap chi Khoa hoc 2011:20a 159-168 Truong Dai hoc Can Tho

PIEU KHIEN PID MOT NORON THiCH NGHI
DUA TREN BO NHAN DANG MANG NORON MO HOI QUI
AP DUNG CHO HE THANH VA BONG

Nguyén Chi Ngén' va Pang Tin’
ABSTRACT

This study aims to develop an adaptive PID controller for unknown nonlinear control
system. The PID controller is constructed as a linear neuron that three input weights of
neuron work as three parameters K, K; and K, of the PID controller. Applying an online
learnning algorithm for this neuron allow self-tuning the PID controller adapting to
behaviors of system dynamics. This training algorithm needs Jacobian information, the
sensitivity of plant output on the controlled input, to calculate the gradients for updating
weights of the signle neural PID. Jacobian values are estimated through a recurrent fuzzy
neural network non-parametric model identifier. This model identifier is also trained by
an online learning algorithm using the Gradient Descent method. Simulation results on
the ball and beam system indicates that the system response satisfies the control
performance without overshoot, zero error steady-state, and obtaining the rise time
within 0.3£0.1 seconds.

Keywords: Single neural PID, adaptive control, recurrent fuzzy neural networks, online
learning

Title: Adaptive single neural PID control based on recurrent fuzzy neural network: An
application to ball and beam control system

TOM TAT

Nghién ciru nay nham muc tiéu xdy dyng bo dzeu khlen PID thich nghi ap dung daé dzeu
khién doi twong phi tuyén chua blet trude tham sé va cau triic. Bo diéu khién PID dwoc to
chure duoi dang mot novon tuyen tinh ma ¢ do ba trong $6 két noi ciia ba ngd vao noron
tuong ing la bo ba thong so K, K; va Ky cua bo diéu khién. Viéc ap dung giai thugt hudn
luyén truc tuyen (online) noron ndy cho phép tir diéu chinh théng sé bg diéu khién thich
nghi theo sy bién déi cia dac tinh dong cua dsi twong. Gidi thudt hudn luyén bo diéu
khién PID mét noron can théng tin Jacobian, con goi la dé nhay ciia doi twong, dé tinh
todn cdc gid tri gradient ding dé cdp nhdt cdc trong sé két néi cia noron PID. Théng tin
Jacobian nay dwoc xdc dinh thong qua mot bo nhan dang khong tham s6 mo hinh doi
twong bdng mét mang noron mo hoi qui. B¢ nhdn dang nay cing dwoc hudn luyén truc
tuyen bang phwong phap gradient descent. Két qua mo phong trén hé thanh va béng cho
thay ddp vmg ciia doi twong théa man cac yéu cdu diéu khién khdc khe, cu thé la khéng
xudt hién vot 16 va triét tiéu dwoc sai s6 xdc ldp voi thoi gian tang dat 0.3+0.1 gidy.

Tir khéa: PID, diéu khién thich nghi, mang noron mé hoi qui, hoc trie tuyén

1 GIOI THIEU

Ngay nay bo qiéu khién PID dwoc tmg dung rong rai trong cong nghiép nhd tinh
don gian va bén viing ctia né (Astrom, K. J. and Higglund, T., 1995). Tuy nhién
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qua trinh thiét ké va chinh dinh cac thong sé cua bo diéu khién doi hoi nhiéu cong
suc va kinh nghiém, dac biét khi chua biét trude cac tham sb cua ddi tuong diéu
khién (Jones A.H. & P.B.M. Oliveira, 1995). Vi vay, trong nhiing niam gan day,
cac giai thudt ty chinh dinh tryc tuyén b6 diéu khién PID d3 va dang dugc quan
tadm nghién ctru (Nguyen Chi Ngon, 2011).

Trong qua trinh phat trién cac gidi thut thong minh, mang noron nhén tao to ra
hiéu qua trong vai trd x4p xi ham phi tuyén nén duoc mg dung thanh cong trong
viéc nhan dang m6 hinh cua doi tuong. Trén co s6 do, viée phat trién cong cu nhén
dang khong tham s6 mé hinh dbi tuong sir dung mang noron mo héi qui RFNN
(Recurrent Fuzzy Neural Network) ciing duoc quan tim. RENN véi thuat huin
luyén tryc tuyén dang 1a mot cong cu manh duoc st dung dé thiét ké cac bo diéu
khién thong minh (Lee C.H. and C.C.Teng, 2000; Wei, S., Z.Lujin, Z.Jinhai and
M.Siyi, 2009). Ngoai ra, véi kha ning tu hoc trie tuyén mang noron hoan toan phu
hop trong viée ng dung dé ty chinh céc thong sd bo diéu khién PID (Zhang, M.,
X.Wang & M.Liu, 2005; Cong, S. and Y.Liang, 2009).

Nghién ctru ndy lan dau tién két hop bo nhan dang RENN va bo diéu khién PID
thich nghi mgt no-ron nhdm tao ra mot cong cy hitu ich trong vi¢c thiét ké bo diéu
khién ap dung cho doi tugng phi tuyén. M5 hinh cta ddi tuong s€ dugc nhan dang
béng mot bo nhan dang RENN. Tu d6 do nhay cua dap ung cua ddi tuong dbi voi
tin hiéu didu khién, con goi 1a thong tin Jacobian, s& dugc wdc luong thong qua bd
nhan dang RFNN. Thong tin Jacobian 13 co s¢ dé tinh toan cac gradient ciia gidi
thudt cap nhat truc tuyén bd trong sd ciia mot noron tuyén tinh, cdu hinh theo
nguyén tic cia mot bd didu khién PID. Tic 14, thong sb ciia by diéu khién PID s&
dugc diéu chinh thich nghi trong qué trinh didu khién nho gidi thuat huan luyén
truc tuyén mang noron nhan tao.

2 PHUONG PHAP THIET KE
2.1 So db diéu khién

So d6 diéu khién vong kin cua hé thong duoc xéac 1p nhu Hinh 1. Trong do, dbi
tuong diéu khién 1a phi tuyén va khong biét trudc cdu tric cling nhu tham sé cua
nd. B nhan dang khong tham s6 mo hinh d6i tuong dung mang no-ron mo hdi qui
duogc xay dung va huan luyén truc tuyén trong qué trinh diéu khién dé uéc luong
d6 nhay cua ddi tuong dbi véi tin hiéu vao, con goi 1a thong tin Jacobian. Dya trén
thong tin Jacobian, by diéu khién PID mot no- ron s& dugc cap nhat truc tuyén 3
gia tri trong s6 két n01 tuong mg 1a 3 tham s K,, K; va K4 cua bo diéu khién.
Nhu véy, v6i nguyén tic nay, by diéu khién PID s& dugc tu dong didu chinh thich
nghi véi sy bién dbi cua di twong, diéu ma cac giai phap diéu khién cb dién
khong thé dat duoc.

2.2 Dbi twong diéu khién

Pé thuan loi trong qua trinh kiém chimg giai thuat diéu khién, ddi twong dicu
khién duoc chon 13 hé ciu cin bang vé6i thanh va bong hoat dong theo nguyén tic
cho trén Hinh 2 (The University of Michigan, 1997). Qua béng duoc dat trén mdt
thanh va c6 thé 1an tu do doc theo chiéu dai cta thanh. Canh tay don mot dau duoc
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gan voi thanh va dau kia gan voi mot dia servo. Khi dia servo quay mot goc 6, thi
tay don s& nang hodc ha thanh mot goc o lam thay doéi vi tri qua bong. B didu
khién c6 nhiém vu kiém soat goc quay cua dia servo dé gitr cho qua bong can bang
tai vi tri mong mudn.

B0 diéu khién PID u | Déitwong Yy
thich nghi 1 no-ron °|  diéu khién "

| Lz

| L

| B0 nhan dang v +

o ) m
I' Jacobian > dungmang no- - :>
e ron m& hoi qui
o —

Hinh 1: So dd diéu khién

Bing 1: Cac thong s6 ciia mé hinh hé thanh va béng

Ky hiéu Y nghia Gia tri Pon vi
m Khdi lugng qua bong 0.11 Kg
R Ban kinh qua bong 0.015 M
d Chiéu dai canh tay don 0.03 M
g Gia tbc trong truong 9.8 m/s’
L Chiéu dai thanh c4n biang 1.0 M
J Moment quan tinh ctia qua bong 9.99¢-6 kgm®
r Vi tri qua bong (ngd ra) - m
a Go6c quay cua thanh - radian
0 Goc quay cua dong co servo (ngd vao) - radian
L
r
Thanh

Dia servo

Hinh 2: Pbi twgng diéu khién — hé ciu cin bang véi thanh va bong

Phuong trinh dong luc cua hé¢ thanh va bong dugc mo ta nhu (1).
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J 3 d
(Rz+mjr=mth9 €))

Bién d6i Laplace hai vé (1), ta dugc ham truyén cta d6i tugng nhu (2):
R(s mgd 1
@8 "7 e @
L[ + m]

RZ

Véi cac thong s6 trong Bang 1, rdi rac hoa md hinh d6i tugng véi chu ky ldy mau
Ts=0,01 gidy ta c6 ham truyén roi rac ctia doi tuwong diéu khién nhu (3):

R(z) _ s (1052 +105)

@(z) 122 —22+1i ®)

Biéu dién lai (3) trong mién thoi gian, ta ¢ phuong trinh mé phong rdi rac hé
thanh va bong nhu (4):

(k)= MOk = 2)+ 0k — )]+ 2r(k = 1) r(k - 2) 4)
v6i M=0.0000105 va k 13 thoi diém 14y mau hién tai.
2.3 Bj diéu khién PID mét noron

2.3.1 Céu tric bé diéu khién PID mét noron

A
Ael §
Ae2 - »
Ae3
: PB 54 ................. Ja‘coblan
A ; (tz RFNN)

Hinh 3: Céu tric b diéu khién PID mét noron

Phuong trinh mé ta bo diéu khién PID sé dugc thiét 1ap nhu (5) (Astrom et al.,
1995):

u(k)=u(k - 1)+ (K, del + K, 4e2 + K ;. Ae3) 6))
Vi sai biét giira tin hiéu tham khao va dap tmg hé thong 1a
e(k) =y, (k) - y(k) (6)
va chu ky 14y mau T, thi 3 ngd vao cta bd PID sé duoc xac dinh nhu (7):
Ael = elk)— ek —1)
Ae2 =T.e(k) (7
Ae3 = TL le(k) = 2e(k - 1)+ el - 2)]

s
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Céu trac bo diéu khién PID mét noron tuyén tinh trén Hinh 3 4p dung trong
nghién cuu nay, dugc biéu dién nhu (8):
n= (w,,Ae] +w,,4e2 + wUAe_?)
du(k)= f(n)=n (8)
u(k)=u(k — 1)+ du(k)
Trong do, wy; ji=1, 23 la cac trong s6 két ndi cta noron, chinh 1a bo ba thong )

(K, K; Ky cua by diéu khién PID va chung dugc cap nhat truc tuyén trong qua
trmh diéu khién.

2.3.2 Hudn luyén truc tuyén b diéu khién PID mét noron

Muyc ti€u cua qua trinh huén luyén bo diéu khién PID mot noron 14 diéu chinh bo
trong s6 wy; =123 cua mang dé cyec tiéu hoa ham chi phi (9).

E0)=2 e ()= 2y, (- » 0} ©

bé diéu chinh bo trong s6 wi; i=1.2,3 phuong phép gradient descent dugc ap dung:
Kp = Wu(k"' ]): W11(k)+ AW//(k)
K, =W12(k+1)=wfz(k)+AW12(k) (10)
K,=wg; (k + ]) =W (k)+ Aw,; (k)

Trong d6 Aw; (k) i=1 23 1a cac gradient xac dinh boi (11), (12) va (13), dugc
kiém chung thanh cong bai Zhang et al. (2005):

ol PR\ CER ) ) _ 000
R s R o oy e O

(OB ) 0B ) k) _ ()
e o oY R o s oA L 12
()

xa OE (k) ay(k) du(k) B ay(k)
] oy(k) ou(k) ow,; (k) e(k)au(k)A e3  (13)

Aw,; (k)= 77“(

6W13( )

VO 7" iekpkika 12 clc héng s6 tbe @0 hoc; del, Ael va Ae3 xac dinh theo (7);
@(’%u(k) 1a 6 nhay ctia dap tng d6i véi tin higu diéu khién, con goi 1a théng tin
Jacobian, dugc xac dinh thong qua bd nhan dang mang noron mo hoi qui RFNN.
2.4 Nhin dang m hinh déi twong ding mang noron mo hdi qui

2.4.1 Céu tric bg nhdn dang

B0 nhén dang doi tugng dugc sir dung trong nghién ctru nay la mét hé suy dién mo
dugc thyc hién bdi mdt mang noron hoi qui nhiéu 16p, goi 1a RFNN (recurrent
fuzzy neural network). So dd cAu truc bd nhan dang RFNN dugc cho trén hinh 4.
B¢ nhéan dang RFNN c6 4 1dp, voi 16p vao gém gém 2 nut, 16p mo hoa gém 10
nat, 16p luat mo gdm 25 nit va 16p ra gdm 1 niit. Goi O twong ting 14 ngd ra cua
nut thtr i thudc 16p thir £, ta co thé mé ta cu triic bo nhan dang RFNN nhu sau:
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Lipra

Lipvao

Hinh 4: So d cAu tric bd nhin dang RFNN

Lép 1 — Lop vao: Lop ndy gébm 2 niit c¢6 nhiém vu chuyén tai cac gia tri ngd
vao dén 16p ké tiép. O diy cac két noi hoi tiep dugc thém vao dé ting kha nang
dap ung ctia mang. Ngbd ra cua nut thir i ¢ 16p vao duge mo ta nhu (14):

Ol (k)=x!(k)+6!0f(k~1), i=12 (14)

vOi 614 trong s6 két ndi tai thoi diém hién tai k. Ngo vao cua bd nhan dang RFNN
tuong (g 1a tin hiéu diéu khién hién tai va ngd ra qua khu ciia dép Gmg;
x; (k)= u(k)
x3 (k)= ylk—1)

Lép 2 — Lép mo héa: Lép nay gdbm (2x5) nut, rqéi nat thé hién mot ham lién
thudc dang Gauss véi tri trung binh m;; va do léch chuan o; x4c dinh nhu (16):

(15)

i

Oz(k)=exp{—( [ (0)=m,) },i:l,2,-j=1,2 ..... 5 (16)

O mdi nut trén 16p md hoa ¢ 2 tham sé duge tw dong didu chinh trong qua
trinh huén luyén truc tuyén by nhan dang RFNN, d6 1a m;; va ;.

Lép 3 — Lop ludt: Lép nay gdém (5x5) nit. Ngd ra cua nat thir q trong 16p nay
duoc xac dinh nhu sau:

0] (k)= Ho,; (k) i=12,..5¢q =12..5 (17)

Lép 4 — Lop ra: Gom mot noron tuyén tinh v6i ngd ra xac dinh nhu (18):

0! (k)= wj0}(k), i=1;j=12,..25 (18)
J
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Trong dow; la trong s6 két ndi tir 10p luat 1én 16p ra. Ngd ra cua 16p nay ciing 1a
ngo ra cua bd nhan dang RFNN:

Vak)=07 (k)= fl, (k). x; (k)] = /aul), y(k - 1] (19)
2.4.2 Gidi thudt hudn luyén truc tuyén bo nhdn dang

Muc tiéu cua giai thuat huén luyén truc tuyén bd nhan dang RFNN Ia diéu chinh
cac b trong so clia mang va cac tham s cta cac ham lién thudc trén 16p mo hoa
de dat gid tri cyc ti€u ham chi phi (20):

E) = S 0) -, W = 2[o06)-07 ()] 20)

St dung thuat hoc lan truyén nguoc (back propagration), bo trong s6 két nbi
ctia RFNN sé& duoc diéu chinh theo nguyén tic sau:

Wi+ 1) = W(k)+ AW (k) = W(k)+77(— ""aEV(j)j 1)
Trong d6, 17 1a hang s6 toc d6 hoc va W 1a tham sb can diéu chinh trong qué

trinh huan luyén bo nhén dang RFNN. Goi e(k) = y(k) - yu(k) va W = [6 m, o, wj’
1a sai s6 hudn luyén va vécto trong s két ndi ciia bo nhan dang RFNN, thi gradient
cua E(.) trong (20) theo W dugc xac dinh nhu sau:

5E(k) (k\aym(k)

ow ow 7w

Vi nguyén tic ndy, trong s cua ting 16p mang RENN dugc cdp nhat nhu sau:

w;<k+z>=w;<k>+nw[—aE(">]= () el 3)

4
6wl.j

mi,.(k+1)=m,./.(k)+77”’[—aE(k)J:

Gmij

— —efp) 2% ) (22)

24)

(25)

(26)
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Trong d6 n°|sewmoo 12 cac hing sé toc d6 hoc twong tmg. Ngoai vai tro udc lugng
ngd ra cuia mo hinh ddi tuong yu(k), bd nhian dang RFNN con phai uéc lugng
thong tin Jacobian %» (l%u(k) dé huan luyén truc tuyén bo diéu khién PID. Thong
tin Jacobian dugc xac dinh nhu sau (Wei et al., 2009; Lee ef al., 2000).

ok) _ 00! _&]ao” 90| & |90,
ou(k)  ou 2 20] ou =2

q=1 q=1
, [« 80! a0,
S {z 2
_y ]y 200 C2M0i0)-m]
q a s 802‘ (O—ij)z

27

qs

3 KET QUA VA THAO LUAN

Két qua mo phong kiém chimg giai thuat didu khién da thiét ké trén mo hinh cau
can bang v6i thanh va bong (4) cho ngd ra nhan dang va thong tin Jacoboan trén
Hinh 5, céc thong sé cta bd diéu khién PID bién thién trong qua trinh diéu khién
trén hinh 6 va dap tmg cta hé théng cho trén hinh 7.

Trong mé phong nay, cac h::ing s6 tdc do hoc ciia bd nhan dang RFNN duoc chon
bang nhau giita cac 16p, tic 7" =n" =5° =n° =0.1. Hang s6 téc do hoc cia bd
diéu khién PID mot noron dugc chon gom 7% =% =0.1, »* =0.2. N6i chung,
cac hé“mg s6 tbc do hoc c6 anh huong dén kha nang hoi tu cia giai thudt huéin luyén
truc tuyén gradient descent. Néu téc do hoc 16n, thoi gian huén luyén nhanh nhung
kha nang héi tu khong duge dam bao va ngugc lai.

System output

|
06+ r,r l‘ — ——RFNN model -
!

o]
]
T

04F

RFMM identifier output

|
|
I
0z | |
!
1

0z T T T T T

01F -

Jacobian value

02 ] ] 1 ] 1
o 5 10 15 20 25 30
Tire[s]

Hinh 5: Ngo ra ciia m6 hinh va thong tin Jacobian xdc dinh tir b nhin dang RFNN
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Adaptive single-neural PID
T

T T T T
_ 05 J -
e
0.498 ' ' ' ' '
0 5 10 15 20 25 0
x 10°
102 T T T T T
b 1 J l -
098 1 1 | | |
0 5 10 15 20 25 30
MNIF T T T T T 3
= 40 I i
s
W|E- =
396 1 1 1 1 1
0 5 10 15 20 25 0
Time[s]

Hinh 6: Céc thong sb ciia bd diéu khién PID mdt noron thay ddi trong qua trinh diéu khién

Khong nhu nhitng phuong phép thiét ké va hiéu chinh off-line khac, wu diém noi
bit ctia phuwong phap nay 1a thiét ké va tw chinh bg diéu khién mt cach tryc tuyén
va khong can quan tdm dén tham sb cua d6i twong diéu khlen Véi phuong phap
nay, bo diéu khién PID duoc chinh dinh thich nghi trong sudt qué trinh diéu khién,
phu hop cho céc ing dung ma ¢ d6 dac tinh dong cua d6i twong co thay doi. Két
qua mé phong cho thiy déap mg cua hé thong dudi tac dong cua bd dleu khién da
x@y dung thoa man yéu cau didu khién khic khe, cy thé 1a khong xuat hién vot 16
va triét tiéu duoc sai s xac 1ap véi thoi gian ting dat 0.3+£0.1 gidy (Hinh 7).

Ball and Beam Contral System

0.7z

Ball position [m]
= = = = -
ra () - m [n]

=
-

— — — Reference
System output
1

0 1 I
0 5 10

Hinh 7: Pap tng va tin hi¢u tham khso ciia h¢ diéu khién thanh va béng

|
15
Time [s]

20

24

30
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4 KET LUAN VA PE NGHI

Nghién ciru nay da dé xuat mot bo diéu khién théng minh ma & d6 mé hinh cua dbi
tuong dugc nhan dang truc tuyén bdi mot mang noron mo hoi qui RFNN. Tt bo
nhan dang RFNN, thong tin Jacobian dwoc tinh toan dé cung cip cho giai thuat
gradient descent 4p dung dé huan luyén tryc tuyén bo diéu khién PID mét noron.
Céc tham sb cua bd diéu khién PID duoc t6 chic dudi dang b trong sb clia mot
noron tuyén tinh ba ngd vao va duoc diéu chinh thich nghi trong qua trinh didu
khién. Két qua mo phong trén md hinh h¢ thanh va bong cho thdy bo diéu khién da
dap ung dugc cac yéu cau khic khe vé chat luong diéu khién hé thong Buéce phat
trién tiép theo ctia nghién ciru nay 1a ap dung bo diéu khién da dé xuit vao cac mo
hinh that, dong thoi khao sat tinh bén vimng cua hé dudi tac dong cua nhidu.
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