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Abstract

In recent years, the application of robots in the production process is very popular. This increases productivity for production systems.
But stable control of the robot system is quite difficult due to the non-linearity of the robot model. In this paper, we propose to use the
Takagi-Sugeno fuzzy controller to control the robot with 2-DoF, which helps to reduce the complexity of the system model and at the same time
ensures the stability of the robot system even when has the effect of disturbance components and improves the trajectory tracking performance.
The control algorithm is proven stable by the Lyapunov stability theory combined with the LMI linear matrix inequality. The control rule
Parallel Distributed Compensation (PDC) is built by assembling the sub-control rules corresponding to the submodels of the Takagi-Sugeno
fuzzy model. The simulation results demonstrate the effectiveness of the proposed control method when comparing with the conventional PID

controller.
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Tém tit

Trong nhitng ndm gin day, viéc ing dung robot vao qud trinh sin xuét
rit phd bién. Diéu nay lam ting ning suét cho cac hé théng sin xuét.
Nhung viéc diéu khién 6n dinh dugc hé théng robot thi kha kho khin
do tinh phi tuyén tinh ctia mo hinh robot. Trong bai b4o nay chiing
t6i dé xut sif dung bd diéu khién mo Takagi-Sugeno dé€ diéu khién
robot hai bac tu do, gitip giam do6 phic tap ctia mo hinh hé théng,
ddng thdi ddm bao tinh 6n dinh hé théng robot ngay ca khi c6 su
tac dong clia cac thanh phan nhiu va cai thién hiéu suit bam quy
dao. Thuit toan diéu khién dugc chitng minh tinh én dinh bing ly
thuyét 6n dinh Lyapunov két hop ciing véi bat déng thiic ma trén tuyén
tinh LMI. Luat diéu khién bl phan phéi song song PDC (Parallel
Distributed Compensation) dugc xdy dung bing cach tip hgp nhiing
luat diéu khién con tuong ting v6i nhitng md hinh con ctia mé hinh
md Takagi-Sugeno. Két qua mo phéng chitng minh tinh hiéu qua ctia
phuong phap didu khién dudc dé xuét so vdi bd didu khién PID truyén
théng.

1. Gigi thiéu chung

Trong qu4 trinh cong nghiép hod va hién dai hoa, van dé tu
dong hod san xuét c6 vai tro dic biét quan trong. Mot trong
nhiing phuong phap gitip cho vén dé tu dong hoa dat hiéu qua
cao la st dung robot cong nghiép vao qua trinh san xuét. Muc

tiéu ting dung robot trong cong nghiép 12 nang cao ning suét
day chuyén cong nghé, nang cao chét lugng, gidm gid thanh
san phdm, dong thoi cai thién diéu kién lao dong. Uu diém cia
robot cdng nghiép dé la dd nhd gon, d6 chinh xac, do tin cay
cling véi d6 12 toc d6 va hiéu suit 6n dinh.

Ngay nay, cc tng dung thuc t& khong chi yéu cau robot phai
cuc ki chinh xdc ma tdc do di chuyén ciing cn cao va thich
nghi dudc vé6i su thay d6i clia cic yéu td bén ngoai tac dong
vao. Chinh tif nhitng yéu cau trén, nhiéu nghién ciiu da dudc
tién hanh nham phat trién va hoan thién thuét toan diéu khién
cho robot hai bac t do. Dya trén bo diéu khién truyén thdng
PID [1, 2], cac nha khoa hoc da md rong va tich hgp thém
cdc thuat toan diéu khién va tbi vu khac. Trong [3], tac gia da
dua ra bd diéu khién PID vé6i phan bu trudc 1a bd didu khién
m& loai 2, két hdp véi thuit toan tdi vu lai GWO-ABC va ap
dung vao diéu khién canh tay robot trong trudng hop tai thay
ddi. Céc bd diéu khién trugt cling cho cic ddp dng diéu khién
kh4 tot. Nhitng thanh phan khong dugec mo hinh héa chinh xéc
trong mo hinh dong hoc hay su tham d6i ctia tham s6 theo thoi
gian da dugc bu va xii Iy dua trén thuat toan diéu khién truot
thich nghi [4]. Mét mit trugt méi ciing dudc st dung két hop
v6i thuat todn GWO md rong dé ting cudng su bén viing cia
hé thdng va ty dong diéu chinh tham s6 ctia bd diéu khién [5].
Ngoai ra, robot hai bac tu do ciing 12 mét déi tugng dién hinh
dé€ nghién ctiu va ap dung bdi nhiing bo diéu khién hién dai
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nhu diéu khién thich nghi [6, 7, 8] hay diéu khién md [9, 10].
Do ¢6 céu triic don gian nén canh tay robot hai bac tu do thudng
dugc st dung trong cac cong viéc ¢6 tinh 1dp di 1ap lai, theo
mot quy dao nhét dinh. Gan diy ngoai muc tiéu 6n dinh hé
théng, vin dé diéu khién bam quy dao ciing da gianh dugc
nhiéu sy chd ¥ ctia cdc nha nghién ctiu va trd thanh mot trong
nhitng myc tiéu khong thé thiéu khi thiét ké bo diéu khién cho
canh tay robot [11, 12, 13]. Trong phan trinh bay dudi day,
chiing t6i cling sé mang dén mot gidi phdp mdi cho bai toan
diéu khién bam nay.

Nhiing nim gan didy mo6 hinh m& Takagi-Sugeno (T-S) dugc
dp dung nhiéu trong céc hé thong dong hoc va nhiéu ting dung
cho thiy hiéu suét vuot trdi hon so véi cac bo diéu khién thong
thudng dong thoi giam dang ké d6 phiic tap vé tham s6 mo
hinh [14]. Trong bai bdo nay chiing t6i mudn dé cap dén viéc
dp dung mo6 hinh md T-S [15] va dua trén luit bu phan phdi
song song dé xay dung mot bd diéu khién phit hgp v6i md hinh
ma& cho robot hai bac tu do.

Mo hinh m& do Takagi va Sugeno dé xuét dudc mo ta bang cac
quy tac IF-THEN biéu dién cdc quan hé dau vao - dau ra tuyén
tinh cuc bo ctia mot hé thdng phi tuyén. Dic diém chinh ctia mo
hinh md Takagi-Sugeno 1a th€ hién dong luc cuc bd clia mdi
quy luat md bang md hinh hé théng tuyén tinh, nhidu hé théng
phi tuyén c6 thé dugc biéu dién bing mé hinh mo Takagi-
Sugeno [15]. Trong qua trinh thiét ké bd diéu khién, ching toi
stt dung phuong phap Lyapunov [16, 17, 18] d€ chiing minh
tinh 6n dinh ctia hé thdng. Céc bai todn phan tich tinh &n dinh
va thiét ké diéu khién c6 thé dudc gidi quyét bang cach dp dung
bét déng thiic ma trin tuyén tinh LMI [19, 20]. B6 diéu khién
dudc dé xuit cling ddm bao dudc yéu cau vé diéu khién bam
quy dao.

Céc dong gop chinh cta bai bao:

- Biéu dién canh tay robot hai bac tu do bing hé théng mo
Takagi-Sugeno.

- Thiét ké dugc bo diéu khién dua trén bo bu phan phdi song
song, dong thdi st dung phuong phap xap xi d€ giam b6t do
phiic tap ctia bai todn va ci thién hiéu suit bam quy dao cta
hé thong.

- Kiém chiing do bén viing ctia bo diéu khién khi thém vao cic
thanh phan nhiéu tic dong Ién hé thong.

Bai bdo ctia chiing t6i ¢6 bd cuc gdm 6 phan. Phan 1 sé gidi
thiéu chung vé céc thuat todn diéu khién cho hé thdng robot
2 bic tu do. M hinh héa hé thdng robot 2 bac tu do sé dugc
trinh bay trong phan 2. Tiép theo d6 phan 3 1a phan thiét ké bo
diéu khién mo Takagi-Sugeno. Phan 4 iing dung hé md d€ diéu
khién robot. Phan 5 trinh bay két qua mo phéng. Cudi cung,
phan 6 13 két luan ctia bai bio.

2. M6 hinh hé thong

Trong phan nay, cAu hinh robot hai bac tu do dugc thé hién qua
hinh 1.

Robot gdm hai khép quay dudc dit trong hé truc toa do nhu
hinh vé. Hai canh tay cua robot quay quanh truc z cac goc
q1,q> tuong ung va gio = q1 +qa, V6i g2 1a goc quay ctua canh
tay thit hai sau khi quy ddi vé& géc toa dd gan véi canh tay thi
nhét. Canh tay thi nhét ¢ chiéu dai L;, khbi lugng my, canh
tay thi hai c6 chiéu dai Ly, khdi lugng m,. Hai cénh tay dugc
nbi v6i nhau bang mot lién két truc tai di€m O,. Momen quay
lai kh6p thii nhét va khép thit hai 1an ludt 12 77, 7.

Dé thiét 1ap phuong trinh dong luc hoc ctia robot ching toi dua

Q=+ e

AN
N

‘ y
Hinh 1: CAu tric robot hai béc tu do.

trén nguyén ly Euler-Lagrange:

L=K-P
ne29L 9 M
" 0,06 96

Trong d6 K 1a tdng dong ning, P 1a tdng thé ning, i = 1,2.
Tu phuong trinh (1) sé€ tinh toan dugc momen dat 1€n khép thu
nhit va khép thit hai, phuong trinh dong luc hoc phi tuyén da
dugc trinh bay chi tiét trong [21] nhu sau:

{’51] _ [kl — 2axqasings —azq'zsinq'z} [61‘1}

(%) arqsing» ko 42
a1 +2axcosqy  azaxcosqn | |41 ?)
az +axcosqn as 42

" adsing| + assing12
assingin

trong do, a; = mlrlz +1; —i—l’l’lzL% —I-my’% +h,ay =mpLiry,a3 =
mzr% +bh,as =migr1 +mogLy,as = mogrs. ki va ky lan lugt
12 ma sit nh6t ctia khép thid nhit va thi hai, | va r) tuong
ting 1a khoang céch tir cic khép dén khdi tAm ctia hai thanh
ndi, I; va I, 1a m6 men quén tinh ctia thanh thd nhit va thi
hai. g 14 gia t6c trong trudng, c6 chiéu triing véi chiéu ctia
truc y trong hinh 1. Chuing t6i dinh nghia cac vectd trang thai
x= [ql @ 41 c]z]T, diu vao u = [Tl Tz}, dau ra diéu
khién y = [q 1 qz] T T do hé dong luc hoc phi tuyén dugc
biéu dién lai nhu sau:

{x(t) = A(x)x(r) + B(x)u(r) )
(1) =Cx(1)
trong do
0 0 1 0
Al) = Zl-(f)—zz Z01 23 +ZZS—a3k1 Cll
w6+27 26 28 —229+ (azzi1 +2z10)k1 2
Trong dé:

cl =za+2zsky, 2= —z29—(ajzi1 +2a2z10)k2

0 0
B(x) = 0 0
as?il —Z5
—a3z11 — 2210 a1z11 +2a2z10



Measurement, control and automation

67

Véi:

—assing assingpa
z1(x) = as+ (a3 +axcosqa)|zi

q12 q12

—aysing, .
2(x) = Tq7 23(x) = —aoq singa(az +ax cos q2)z11
24(x) = a2g2singraszzyy, z5(x) = (a3 +axcosqz)zin

as Sil‘lqu as sinqlz
26(x) = [=——— (a3 +2co0s q2) — (a1 +2a2 cos g2) =———]

qi12 q12

a4 sing

77(x) = ————(az +2cosq2)z11

78(x) = (a1 +2az cos q2)axq1 singaz11
29(x) = azgasingz (a3 +2cosqz)z11, 210(X) = cosqaziy

1
anfx) = (a1 +2azcosqz)az — (a3 +axcos gz )(az +2cos q2)
Va:
1 0 0O
C‘{o 10 0]

Viéc dit céc bién z; d€ dua cdc ma tran A(x) va B(x) vé dang
ma trin A(z(¢)) va B(z(t)). Ching ta c6 thé thiy phuong trinh
dong luc hoc c6 tinh phi tuyén tinh rit cao. Do d6 viéc thiét
ké mot bod diéu khién thong thudng 1a rat khé khin. Mot mo
hinh canh tay 2 bac tu do nhu thé nay c6 cAu triic dong luc hoc
gibng hé con lic Furuta, ma ¢ d6 cac phucng phap tuyén tinh
héa thong thuong két hop véi diéu khién PID ciing dé dang
ki€m sodt va diéu khién hé thdng [23]. Thuc té ciing da c6
céc bd diéu khién PID, bo diéu khién trugt dudc ting dung dé
diéu khién hé théng. Trong trudng hdp nay, bo diéu khién mo
Takasi-Sugeno dudc dé xuét sit dung nhu mot huéng tiép can
mdi ma cédc nghién ctiu khac chua sit dung. B9 diéu khién nay
sé thé hién cdc quan hé diu vio dau ra clia hé thong phi tuyén
theo cdc quy luat IF-THEN. Dic diém chinh ctia m6 hinh mo
T-S 1a viéc thé hién dong luc cuc bd ctia mdi luat ms bang md
hinh hé théng tuyén tinh, dong thdi ciing sé khic phuc dugc
vén dé phiic tap vé tham sd.

3. Thiét ké bé diéu khién mo Takagi-Sugeno
3.1. Mo hinh Takagi-Sugeno (T-S)

Mo hinh T-S ¢6 thé biéu dién chinh xdc mot hé thong phi tuyén
trong mot tip khong gian trang thai nhé gon. N6 bao gdm mot
tap hop cidc md hinh mo ta tuyén tinh dugc két ndi v6i nhau boi
cac ham thanh vién phi tuyén. Hé théng md T-S c6 thé dugc
biéu dién duéi dang sau [22]:

X(t) = Xzt hilz(0)) (Ai(2(0))x() + Bi(z(2) Ju(t))
y(t) = Lizy hilz(1))Cix(1)
véii€ Q,laluatmo thiivaQ, =[1,2,..r], Q, =[1,2,...p],

véi p 1a 6 lugng bién tién dé z. Ham thanh vién h;(z(r)) thda
man Y/, hi(z(t)) = 1 va hi(z(r)) dugc xdc dinh:

“

wi(z(t))
hi(z(7)) () )
\(R
~_ Zimax — %
o= Zimax — Zimin i= [1,2, = 217} 6)

trong d6 Zimay 12 gid tri 16n nhit cta bién tién dé z;, zim, 12 gid
tri nhd nhat ctia bién tién dé z; khii = [1,2,...11]
va

{kaaxzzkm—i_sz k= [172,3,476777879]' (7)

Zkmin = Zkm — Zkr

3.2. Thuét toan xap xi

“1P¢ gii quyét md hinh (3) theo mé hinh (4) cin 27 lut md, v6i

p = 11, do d6 can 2048 luat md. Do s6 lugng luit md qud 16n
nén viéc tinh toan kha khé khin. D€ gidm do phuc tap, phuong
phép x4p xi di dugc dung cho mo hinh (4):

i=1 ( ' ®)

Vi Ai(z(r)) = Ai(z(t)) + AAi(z(1)), Bi(z(t)) = Bi(z(r)) +
AB,'(Z(I)). ) ) . .

Bai toédn s& xap xi 8 bién tién dé z, k= [1,2,3,4,6,7,8,9],
con lai 3 bién 1a z5, 710,211 do d6 s6 ludt md mdi 1a 2° = 8 luit.
Céic ma tran dudc biéu dién nhu sau :

0 0 1 0
0 0 0 1
A;(z(t)) =
i(2(t) Lm+2om  Zm Z3m + 224m — azk 3
Zom+2m  Zem  28m— 22om + (a3211 +2z10)k1 s
trong do:

3 =22m+2z5ka, c4=—20m — (a1211 +2a2210)k2

0 0 1 0

0 0 0 1
AGE1)= 1y ¢ 0 25rk2

0 0 (azziir+2zi0r)k1  (a1ziir+2a2z10,)k2

v6i cdc gia tri zj,, zxr dudc tinh 6 phuong trinh (7).
Gia dinh rang cic ma tran khong chic chan ctia hé théng c6
thé dugc biéu dién dudi dang [14]:

AA; = HI AWy, AB; = H} AWy )

Tacé ATA(t) <1 v6il € {a,b}.
Ddi véi thiét ké diéu khién ctia hé théng (8), ching t6i xem xét
luat diéu khién PDC sau day [22] :

u(t) = — Y hile(0)) Fix(t)

i=1

(10)

Tir phuong trinh (8) va (10), hé thdng vong kin md T-S dugc
viét lai duéi dang nhu sau:

0= Y Y hi(@hi()Ag(o) (an
i=1j=1

Trong d6 Ajj = A; — B;F;.

3.3. Thiét ké bé diéu khién théng qua giai phap LMI (linear
matrix inequality).

Dinh ly dudi day sit dung bét déng thiic ma trn tuyén tinh dé
thiét k& bo diéu khién cho robot hai bac tu do.
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Pinh Iy 1. M6 hinh mo khéng chdc chdn (8) va hé sé o (decay
rate) duwong. Hé théng vong kin (11) tién dén on dinh vi hé sé
o dudi tdc déng ciia bo diéu khién PDC (10) néu ton tai ma
trdn P xdc dinh dwong va déi xitng P = PT > 0, ma trdn M;va
hé s6 duong 1" sao cho:

Vie{l,2,..r}

Ei <0
{ Eij+3ji<0 Vi,jE{l,z,...r},i<j (12)

[x]

ii» Zij, = ji dudc xac dinh nhu sau:

Yii * *
E,‘i = Wa,’P —14] * S
WyM; 0 —1PI
3 *; . L
E,’j = Wa,’P —14] * S
\WuM; 0 —1P1
'}/ji * *
Eji = WajP —141 *
(Wp;M; 0 —1P1
Trong dé:

%i = AiP — BiM; + PAT — M B! +2aP,

%j = AiP — BiM;+PAl —M] Bl +2aP,

Yji = AP —B;M;+ PAT — M[ B} +2aP.

Hon nita, hé sb \khuyéch dai ctia bd diéu khién PDC dudc tinh
toan xac dinh bang:

Fy =M (13)

Nhan xét: Hé s6 o (decay rate) la tham sé duoc két hgp trong
diéu kién on dinh Lyapunov dé cdi thién su hoi tu ciia hé thong
robot. Hé sé nay cang Idn thi téc dd hdi tu on dinh cang nhanh.
Chon ham Lyapunov duéi day:

V= xTPhx (14)

Pao ham theo thdi gian ctia ham Lyapunov dudc xac dinh:

V = XTP}I)C—i-xTPhTX = xT [(Ah —BhFh)TPhT +Ph(Ah — BhFh)]
5)

Néu V(x) < 0 thi ludn ton tai mot gid tri @ > 0 sao cho V(x) +
2aV(x) <0, x # 0, tuong duong véi:

Y= (A, —ByF,) P, + Py(A, — ByF) +20P, < 0 (16)

Nhan cé 2 vé bit ding thic véi (16) P, ' vadit P,~! = P ta
dugc:

T = P(Ay = BiFy) + (A — BuFy)P" +2aP" <0 an

Sau mot vai phép bién ddi, ta c6 thé biéu dién lai bt déng thiic
(17) nhu sau:

T=Y+AY<0 (18)

Vi
r r
Y=Y ¥ hi(z)hj(z)(AiP— BiM;+PA;" —M;"B;" +20.P)
i=1j=1

AY = HTA(t)Ww+wTA() A
Céac ma tran khong chic chin dugc dinh nghia nhu sau:

- [0 H - W, P 0
A= “aow=| :
|:0 Hb] |:thMh 0 :|

su=Y L nene|y 5 ]

i=1j=
St dung tinh chét sau:
S=8T>0, XTy+yY"x <xTsx+v'sly

Trong d6: S =Sy, , X =H , Y = A(t)W VaA(t)" A(r) <IDo
do ta dugc:

Y+AY <Y+H'SH+WIAT (1), AW

<Y+A'SH+WTS W (19)
Do Sy, > 0, theo bd dé bd sung Schur, bit dang thiic (19) tuong
duong vdi:

T+ HTS;,hH wT

Enh = W < O (20)

—Shn
4. Ung dung hé mo dé diéu khién robot

Pé qua trinh van hanh ctia robot dugc dam bio vé hiéu suét
cling nhu an toan, ching t6i gidi han khong gian lam viéc cla
robot 2-DoF nhu sau:

lq1| < w0 (rad) , |q2| < 7 (rad) |g1]| < 15 (rad/s) , |g2] < 15
(rad/s)

Nhu da trinh bay trong phan 3, ching t6i thu dugc 11 bién tién
dé z1,22,...z11 duge dinh nghia la z;(¢)trong d6 Zjmin < 2j(1) <
Zjmax> véi j € Q.

Dua trén khong gian lam viéc cia Robot 2-DoF chiing tdi xac
dinh dudc gi6i han clia cac bién tién d&. V6i 11 bién tién dé nay
chiing t6i sé thu dugc 2! luat mS cho hé théng. B6 mo td ma
T-S sé gobm 2'! hé théng con tuyén tinh cuc bo nhung do gisi
han vé khong gian nén chiing t6i sé khong dua ra ¢ day. Gid tri
ctia 11 bién tién dé dugc thé hién trong Bang 1. Trong phan

Bang 1: Gi tri cdc bién tién dé.

Zmax Zmin
z1 | 7,703 x 10% | —=7,632 % 107
2 | 4,001 x 10° | —4,075 x 10°
3 | 9,583 x 10% | —9,583 x 10°
4 | 5,702 x 107 | —5,702 x 10%
zs | 1,551 x10% | —1,529 x 107
2 | 2,830x10° | —2,896 x 10°
z7 | 1,516 x 10* | —1,499 x 10*
z3 | 3,581 x10° | —3,581 x 10°
70 | 2,122x10° | —2,122x 10°
z10 | 1,256 x 107 | —1,244 x 10?
zi1 | 2,214 %107 | —2,174 x 10?

trén chiing toi thu dudc 11 bién z, do d6 s luat mo sé 1a 2!
. Vi s6 lugng luat md 16n sé giy khoé khin cho qud trinh tinh
toan nén chiing t6i quyét dinh gidm do phiic tap ctia md hinh.
Y tudng clia chiing toi 1a sé coi mot s6 diém phi tuyén tinh 1a
mo hinh khong chic chin dé giam sb luong bién tién dé, do
d6 1a sb quy tic sé dudc giam di dang ké. Sau d6, nhitng mo
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hinh khdng chic chan nay c6 thé dudc xi ly bing céch st dung
phuong phap xép xi. Két qua thu dudc chi con 8 luat md véi
3 bién 23,210,211 Céc bién 2 vi k = [1,2,3,4,6,7,8,9] dudc
x4p xi theo phuong trinh (7).

Tir d6 hé thoéng phi tuyén (8) c6 thé dudc bi€u dién lai dudi
dang:

(1) = (A(x) + AA(x))x(r) + Bu(r) 1)
Trong d6: AA(x) = H,AW,, AB(x) = 0, A, =
diag(fi(t), f2(t))
Véi
0< f1(1), (1) <11
0 0 1 0
- 0 0 0 1
Alx) =
®=1y o —azky 25k ’
0 0 (azzi1+2z10)ki  —(a1z11 +2a2z10)k2
go_f0 0 10 ’
710 0 0 1|
|:er +22r 21r Wrt 2Z4r Z4r
W, = N - ,
Z6r +27r  Zer 28 —229r —Z29r

Ma tran khong gian trang thii dugc biéu dién nhu trong Bang
2.

Bang 2: Ma tran khong gian trang thdi.

Matrix z5 210 211
Ay min | min | min
As min | min | max
Az min | max | min
Ay min | max | max
As max | min | min
Ag max | min | max
A7 max | max | min
Ag max | max | max

Chung t6i dinh nghia nhu sau:

_ 45— Z5min _
w50 = ———————, w51 = 1 —wsg
Z5max — <5min
210 — Z10min
wigo = ——————,wio1 = 1 —wigo
Z10max — <Z10min
211 — Z11min _
Wi = winn = 1—wipo

Z11max — Z11min

Chuing t6i xac dinh cac ham thanh vién cta hé¢ mo T-S nhu sau:
Két qua thu dugc cho thdy hé thbng mo ta bat dinh phi tuyén
c6 thé thu dugc dé dang khi coi mot sb bién tién dé 1a md hinh
khong chic chan . Diéu nay da giam duge do phic tap va gitp
don gian hoa mé hinh rit nhiéu. Ap dung phuong phap nay
va phuong phép thiét ké diéu khién dugc dé xuit trong phan 3
chiing ta c6 thé xti 1y cac hé thong md td mo T-S véi bat ky sd
lugng quy tic nao.

5. M6 phéng va két qua
Trong phan ndy, qua trinh mod phéng trén Matlab hé thdng

robot hai bic tu do, v6i cac tham sb co ban ctia robot nhu sau:
ki = %(Nms/rd),kz = %(Nms/rd),Ll =0,5(m),

Bang 3: Ham thanh vién.

Ham thanh vién Gia tri
h(z) W50-W101-W111
ha(z) W50-W101-W110
hs(z) W50-W100-W111
ha(z) W50-W100-W110
hs(z) W51.-W101-Wi11
he(2) W51.W101-W110
h7(z) W51.W100-W111
hg(z) W51.W100-W110

L, =0,5(m),m = 15(kg),my =9(kg),r1 =0,25(m),

ry = 0,25(m),I; = 0,3130(kgm?), I, = 0,1878(kgm?),
g="9,81(m/s%).

DE kiém chiing d6 bén viing ciia bd diéu khién dudc dé xuit,
chiing t6i xem xét ddp ting ctia hé théng khi c6 su tac dong
cia nhiéu. Thanh phan nhiéu & diy 12 ma sat kho ctia hé
théng. Thanh phan nay dugc miéu ta thong qua mo hinh ma sat
Stribeck:

A1 néu |g; > 0]

= {ij 0 A nbugi—=0valnl<zn  (22)
! As , con lai
trong d6

_<ﬂ>2 ,
Al =T+ (TS - TC) e \" Slgn(qi)v
2'2 =1,

A3 = tgsign(t — 7o),

Taf1 VA Ty f2 1an lugt 12 md men ma st kho ctia khdp thi nhat va
thd hai. 7, 1 hé s6 ma sét tinh, 7. 12 md men ma sat Coulomb,
v, 1a tbc dd Stribeck.
Phuong trinh dong luc hoc (2) dugc viét lai sau khi thém vao
thanh phan nhiéu ma sat kho:

T = (al +2ap COqu)ql + (a3 +ajcos qz)éjz — azq% singp

+(k1 —2a2g25inq2)41 + assing) +assingia + Tay

T = (a3 +azcosq2)dj) +azd + az singagt + kagn

+assingiy + Tup2

(23)

Cic két qua s6 dugc thuc hién véi moi trudng SimMechanics
trong phan mém Matlab / Simulink, chiing t6i st dung tool
Yalmip [24] vé6i bo gidi “sdpt3” d€ gidi LMI va chiing minh
tinh 8n dinh ctia hé thdng robot hai bac tu do. Ma tran x4c dinh
duong P va hé sb khuyéch dai F ctia bo diéu khién PDC da
dudc tinh toan:

0,1431 —0,4268 —0,0792 0,2529

P00, |~0:4268 12,7405 —0,0076  0,0326

- —0,0792 —0,0076 1,2841 —0,8828]"
0,2529  0,0326 —0,8828  2,5986

Fo_ [49815 09411  —3,7471 4,7616

'=1-0,7174 —0,0875 —1,3019 2,2046|°
1,3266

P — [7,8971

—4,5656  8,9100
3,2399 0,5287 ’

~1,8030 3,6014
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0.65

----Desired trajectory Fuzzy TS ----PID

0.6 -

Zoss é
” |

051 l

0'48.25 013 0.35 o.‘4 0.45

X axis
Hinh 2: Quy dao chuyén dong.

P [—4,3897 —0,9419 1,3570 —2,5178]
3T |—2,8525 —0,6008 0,2781 —1,3397|"
Py — [—3,5858 —0,8657 2,7714 —2.7286]
4= | 0,4559 0,0093  0,6242 —1,4225|"°
e [ 4,1661 0,9388 —2,8376 2,9003]
5T |1—0,7973 —0,1081 —0,8542 11,8838’
P [4,6632 0,3114 —1,1159 1,9763

67 |2,2984 0,2398 -0,2487 1,2877|’
[ [—4,9918 —0,5429 1,5541 —3,5333
[ |—3,1944  —0,4595 0,6593 —1,8056|"
Fo— [—3,5458 —0,9137 3,0713 —2,8374
8= | 0,8113  —0,0150 0,6888 —0,8331]"

B diéu khién PID dugc thuc hién dé so sénh vé6i phuong phap
dé xudt trong bai bdo. Céc tham sb ctia bo diéu khién PID dugc
tinh todn theo cong thic:

u(t) = Keb(t) + Kpb(1) + K / b(t)dr 4)

véih=q1 .
Céc gia tri ctia bo diéu khién PID dudc chon nhu sau:

-81,5 0
KP‘[ 0 —81,5}’
6,34 0
K’_[ 0 —6,34}’
~-1245 0
KD‘{ 0 —124,5}

Quy dao di chuyén dugc thiét ké d€ kiém nghiém kha ning
bam quy dao 1a hai doan thing vudng goc véi nhau. Tit hinh 2
ta thiy khi sit dung bd diéu khién PID, van con ton tai su sai
khic gitta quy dao dit va quy dao sau diéu khién. Con véi bd
diéu khién md T-S thi hai qu§ dao trén gan nhu trung khép véi
nhau. Qua d6 c6 thé nhan dinh ring bd diéu khién md dugc
dé xuét c6 phan vuot troi hon bo diéu khién PID truyén théng
trong viéc xt ly bai toan diéu khién bam.

O hinh 5 va 6, khi diéu khién bang PID thi vi tri ca hai khdp
thif nhét va thii hai déu c6 mot do sai khéc tuong dbi ro rang so
v6i quy dao dat cho cac khdp. Gid tri sai 1éch vi tri ciia hai khép
khi diéu khién bang hai phuong phap dugc trinh bay trong hinh
7 va 8. Bang 4 va cdc hinh 3, 4 trinh bay két qua vé gia tri Root

Mean Square Error (RMSE) cia c4c tham sb géc khdp va van
toc clia goc khdp. Véi bd didu khién mo T-S, gid tri RMSE ctia
hai géc khép 1an lugt 12 2.1187 x 10~ (rad) va 5.1764 x 10*
(rad) trong khi véi PID céc sai léch nay bang 0.011 (rad) va
0.0016 (rad). Ta thiy rang gia tri nay ctia q; , g» trong trudng
hop diing diéu khién md sé nhd hon nhiéu khi diing bo PID.

Dai lugng Fuzzy T-S PID
q1 (rad) 2.1187 x 10~% 0.0011
q> (rad) 5.1764 x 10~% 0.0016

g1 (rad/s) 0.0024 0.0033

g (rad/s) 0.0059 0.0073

Bang 4: Root Mean Square Errors.

0.002
0.0016 (rad)
0.0016
0.0012 0.0011 (rad)
0.0008
0.00051764 (rad)
0.0004 0.00021187 (rad)
0 r
Goc khép thir nhat (rad) Goc khop thir hai (rad)
mFuzzy T-S mPID
Hinh 3: RMSE ctia géc khdp.

0.08 0.073 (rad/s)
0.06
0.04

0.033 (rad/s)
0.02

0.024 (rad/s) I
0 .

Tée d6 goc ctia khép thi nhat
(rad/s)

mFuzzy T-S mPID

TETTT I

Tée db goc ciia khép thie hai
(rad/s)

Hinh 4: RMSE cia t6c d6 goc khdp.

Vé mat tbc do, tu cac hinh 9, 10, 11, 12 va gia tri RMSE cia
g1, g» trong bang 4 c6 thé thiy rang khong c6 su khac biét dang
ké gilta hai phuong phap. C4 hai déu cho dép ung tuong dbi
nhanh véi d6 sai 1éch nhd. Bo PID c¢6 d6 dao dong van toc 16n
hon so véi bo diéu khién md & giai doan dau. Khi hé théng 6n
dinh, hai bo diéu khién cho dap tng van toc tuong duong nhau.

6. Két luan

Bo diéu khién mo dua trén mo hinh mo T-S da gidi quyét dugc
nhiing han ché ctia hé théng nhu tinh phi tuyén tinh, do phtc
tap vé tham s6. Bing cach dp dung bit déng thitc ma trin tuyén
tinh LMI cling v6i su hd trg ctia phan mém MATLAB 2019a
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Hinh 8: Sai 1&ch vi tri ciia khép thi hai.

d€ giai quyét cac bai toan phan tich tinh &n dinh da thu dugc
két qua t6t. Tinh &n dinh ctia bo diéu khién ciing dugc chiing
minh khi xét thém thanh phan nhiéu thay ddi trong mo hinh
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Hinh 10: Téc do6 ctia khép thit hai.
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Hinh 11: Sai 1&ch toc do ctia khép thi nhét.
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Hinh 12: Sai 1&ch toc dd ctia khép thi hai.

dbi tugng. So vé6i bd diéu khién PID, bd diéu khién md T-S cho
thay su vuot troi hon khi theo doi bam quy dao. Phuong phap
diéu khién mS T-S con dudc 4p dung vao nhitng d6i tuong
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trong thuc té, phuong phép ciing da chiing minh dugc su hiéu
qué ctia minh. Cac nha khoa hoc di c6 nhiéu nghién cifu diéu
khién thanh cong trong thuc tién, tif nhitng md hinh don gian
nhu pendubot [25], sau d6 1a cac md hinh ¢6 do phic tap va sb
bac tu do cao hon nhu Ball robot [26] hay canh tay robot 6 bac
tu do [27]. Céc phuong 4n d& xult nghién ctiu trong tuong lai
1a phat trién m6 hinh ddi tugng thanh céc robot cong nghiép
v6i s bac tu do 16n hon, phiic tap hon va xét dén cac nhiéu
khéc tir bén ngoai nhu tai thay ddi.

Loi cam on: Nghién ciu nay dudc tai tr¢ bdi Trudng Pai hoc
Bach khoa Ha Noi trong dé tai ma sé T2021-TT-002.

References

[1] Zakia, U., Moallem, M., Menon, C. (2019, February). PID-SMC con-
troller for a 2-DOF planar robot. In 2019 International Conference on
Electrical, Computer and Communication Engineering (ECCE) (pp.
1-5). IEEE.

[2] Rocco, P. (1996). Stability of PID control for industrial robot arms.
IEEE transactions on robotics and automation, 12(4), 606-614.

[3] Gaidhane, P.J., Nigam, M. J., Kumar, A., Pradhan, P. M. (2019). Design
of interval type-2 fuzzy precompensated PID controller applied to two-
DOF robotic manipulator with variable payload. ISA transactions, 89,
169-185.

[4] Zeinali, M., Notash, L. (2010). Adaptive sliding mode control with
uncertainty estimator for robot manipulators. Mechanism and Machine
Theory, 45(1), 80-90.

[5] Rahmani, M., Komijani, H. and Rahman, M.H. New Sliding Mode
Control of 2-DOF Robot Manipulator Based on Extended Grey Wolf
Optimizer. Int. J. Control Autom. Syst. 18, 1572-1580 (2020).

[6] Zhang, D., Wei, B. (2017). A review on model reference adaptive control
of robotic manipulators. Annual Reviews in Control, 43, 188-198.

[7]1 Hung, N. V. Q., Tuan, H. D., Narikiyo, T., Apkarian, P. (2008). Adaptive
control for nonlinearly parameterized uncertainties in robot manipula-
tors. IEEE transactions on control systems technology, 16(3), 458-468.

[8] Mosca, E., Zhang, J. (1993). Adaptive 2-DOF tracking with reference-
dependent self-excitation. IFAC Proceedings Volumes, 26(2), 257-260.

[9] Urrea, C., Kern, J., Alvarado, J. (2020). Design and evaluation of a
new fuzzy control algorithm applied to a manipulator robot. Applied
Sciences, 10(21), 7482.

[10] Bingiil, Z., Karahan, O. (2011). A Fuzzy Logic Controller tuned with
PSO for 2 DOF robot trajectory control. Expert Systems with Applica-
tions, 38(1), 1017-1031.

[11] Chen, C., Zhang, C., Hu, T., Ni, H., Luo, W. (2018). Model-assisted
extended state observer-based computed torque control for trajectory
tracking of uncertain robotic manipulator systems. International Journal
of Advanced Robotic Systems, 15(5), 1729881418801738.

[12] Truong, T. N., Vo, A. T., Kang, H. J. (2021). A backstepping global
fast terminal sliding mode control for trajectory tracking control of
industrial robotic manipulators. IEEE Access, 9, 31921-31931.

[13] Wang, X., Hou, B. (2018). Trajectory tracking control of a 2-DOF ma-
nipulator using computed torque control combined with an implicit
lyapunov function method. Journal of Mechanical Science and Tech-
nology, 32(6), 2803-2816.

[14] Vermeiren, L., Dequidt, A., Afroun, M., Guerra, T. M. (2012). Mo-
tion control of planar parallel robot using the fuzzy descriptor system
approach. ISA transactions, 51(5), 596-608.

[15] Wang, H. O., Tanaka, K. (2004). Fuzzy control systems design and
analysis: A linear matrix inequality approach. John Wiley Sons.

[16] Nguyen, A., Dambrine, M., Lauber, J. (2014). Lyapunov-based robust
control design for a class of switching non-linear systems subject to
input saturation: application to engine control. IET Control Theory
Applications, 8(17), 1789-1802.

[17] Freeman, R., Kokotovic, P. V. (2008). Robust nonlinear control design:
state-space and Lyapunov techniques. Springer Science Business Media.

[18] Nasiri, A., Nguang, S. K., Swain, A., Almakhles, D. J. (2016). Robust
output feedback controller design of discrete-time Takagi—Sugeno fuzzy
systems: a non-monotonic Lyapunov approach. IET Control Theory
Applications, 10(5), 545-553.

[19] Mohamed, Z., Khairudin, M., Husain, A. R., Subudhi, B. (2016). Linear
matrix inequality-based robust proportional derivative control of a two-
link flexible manipulator. journal of vibration and control, 22(5), 1244-
1256.

[20] Boyd, S., El Ghaoui, L., Feron, E., Balakrishnan, V. (1994). Linear
matrix inequalities in system and control theory. Society for industrial
and applied mathematics.

[21] Ghaleb, N. M., Aly, A. A. (2018). Modeling and control of 2-DOF
robot arm. International Journal of Emerging Engineering Research and
Technology, 6(11), 24-31.

[22] Taniguchi, T., Tanaka, K., Wang, H. O. (2000). Fuzzy descriptor systems

and nonlinear model following control. IEEE transactions on Fuzzy

Systems, 8(4), 442-452.

[23] Anh-Duc Pham, Hyeong-Joon Ahn (2020). Evaluation of input shaping
methods for the nonlinear vibration system using a Furuta pendulum.
Journal of the Korean Society for Precision Engineering, Vol. 37(11),

827-834.

[24] Lfberg, J. (2004). A toolbox for modeling and optimization in MAT-
LAB. In Proceedings of the Conference on Computer-Aided Control
System Design (CACSD) p (Vol. 284289).

[25] Begovich, O., Sanchez, E. N., Maldonado, M. (2002). Takagi-Sugeno
fuzzy scheme for real-time trajectory tracking of an underactuated robot.
IEEE Transactions on Control Systems Technology, 10(1), 14-20.

[26] Chiu, C. H., Peng, Y. F. (2019). Design of Takagi-Sugeno fuzzy control
scheme for real world system control. Sustainability, 11(14), 3855.

[27] Huang, H. C., Chuang, C. C. (2020). Artificial bee colony optimization
algorithm incorporated with fuzzy theory for real-time machine learning
control of articulated robotic manipulators. IEEE Access, 8, 192481-
192492.



	Giới thiệu chung
	Mô hình hệ thống
	Thiết kế bộ điều khiển mờ Takagi-Sugeno
	Mô hình Takagi-Sugeno (T-S)
	Thuật toán xấp xỉ
	Thiết kế bộ điều khiển thông qua giải pháp LMI (linear matrix inequality).

	Ứng dụng hệ mờ để điều khiển robot
	Mô phỏng và kết quả
	Kết luận

