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Due to their nonlinear characteristics, the robotic dynamic systems
have been attracted several research interests. Robot control
algorithms from classical to modern and intelligent, have been
deployed. However, to approach a specific robot control technique,
the reader may have difficulty with a lot of scholarly literature. This
paper aims to synthesize documents and present detailed process of
building a simulation model and testing the adaptive fuzzy sliding
mode control algorithm, illustrated on a 2-degree-of-freedom (2-DOF)
manipulator model, in the MATLAB/Simulink environment. The
hard-to-control components in robot model, as well as in the control
law, such as friction, noise, and other uncertainties, are approximated
by fuzzy systems. With the adaptive mechanism applied, the sliding
control law is flexible enough to adapt to the robot's parameter
variation and is stable according to Lyapunov’s theory. Simulations
on the 2-DOF manipulator model show that the adaptive fuzzy sliding
mode controller can give responses without overshoot, small settling
time (0.15 s) and negligible steady-state error (0.0012 rad). The case
of increasing the manipulator's load up to 100% also shows that the
actual trajectory tracking well to the reference and does not appear
significant fluctuations in the control signal.
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Diéu khién ma thich nghi
Xap xi mos

Ha mo

Diéu khién truot

Do dic diém phi tuyén, hé dong luc hoc robot ludn I chu dé thu hat
nhiéu nghién ctu. Cac giai thuat diéu khién robot tir c6 dién dén hién
dai va thong minh, da dwoc trién khai. Tuy nhién, dé tiép can mot ky
thuat diéu khién robot cu thé, nguoi doc gap phai rat nhiéu tai liéu
mang ning tinh hoc thuat. Bai b4o ndy nham muc tiéu tong hop tai
liéu, trinh bay chi tiét qué trinh trinh xay dwng mé hinh va mé phéng
kiém nghiém giai thuat diéu khién truot me thich nghi cho hé robot,
ddng thoi minh hoa trén mé hinh tay may 2 bac tu do, trong moi
truong MATLAB/Simulink. Thanh phan khé kiém soat trong mo
hinh dbi twong, ciing nhu trong luat truot kinh dién 1a ma sat, nhiéu
va céc yéu td bat dinh khac, duoc xap xi bang cac hé mo. Véi co ché
thich nghi dwoc &p dung, luat diéu khién truot du linh hoat dé thich
tng vai su bién ddi tham sé cua robot va én dinh theo 1y thuyét
Lyapunov. M6 phong trén mé hinh tay may 2 bac tu do cho thiy bo
diéu khién truot mo thich nghi cho dap ung khong xuét hién vot 16,
thoi gian xéac lap nho (0,15 gidy) va sai so xac lap khong dang ké
(0,0012 rad). Truong hgp tang tai trong cua tay may 1én 100% ciing
cho thay quy dao dap wng bam tét quy dao tham khao va khong xuit
hién dao dong dang ké trong tin hiéu diéu khién.
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1. Giéi thigu

MGt yéu cau quan trong trong diéu khién robot I1a kiém soat ching bam quy dao mong mudn.
Trong qué trinh van hanh, cac thdng s6 cua robot cd thé bi thay d6i dudi tac dong cua cac yéu td
nhu tai trong va nhiu, dan tsi kha niang mét 6n dinh hoic mat kiém soét. That vay, céc nghién
ctru da chi rd nhiéu yéu t6 gay bat 6n va tac dong truc tiép 1én dong luc hoc cua robot. Véi wu
diém vé tinh 6n dinh va bén viing ngay ca khi hé théng cé nhiéu hozc khi théng s6 caa ddi tuong
thay ddi, bo didu khién truot 12 mot lya chon tiéu biéu trong diéu khién robot. Tuy nhién, khi bién
d6 cua luat didu khién thay doi 16n va véi tac dong ciia ham dau, tin hiéu didu khién c6 thé bi dao
dong (chattering), kém 6n dinh va tac dong xau dén cac bo drivers.

Dé khic phuc nhuoc diém cua bo didu khién truot, nhidu nha khoa hoc da nghién ctru va dé
xuit két hop ky thuat diéu khién truot véi mang no-ron [1], giai thuat di truyén, dic biét 1a két
hop véi b diéu khién mo [2]-[8]. Trong d6, diéu khién mo duoc nhiéu nha khoa hoc nghién ciu
sir dung vi tinh don gian trong thiét ké ciia né. Chang han, bo diéu khién mo dwoc ap dung trong
viéc kiém soét robot thyc hién cac nhiém vu phuc tap ma cac mé hinh phan tich kiém soat thong
thuong kho cé thé thuc hién duoc [2] hay diéu khién robot da huéng [3]. Tuy nhién, bo diéu
khién mo vai thiét ké cd dinh van chua du linh hoat, trong nhiéu trudng hop van chua dap ung
dugc qua trinh didu khién robot. Vi vay, ky thuat diéu khién mo thich nghi da duoc mét sé nha
khoa hoc quan tdm. Chang han, diéu khién mo thich nghi dugc tng dung dé diéu khién robot mai
nhin [4], hé théng diéu khién vd-ling dién cho 6 t6 [5], hé phi tuyén MIMO (multiple-input
multiple-output) voi nhiéu yéu té bat dinh [6], xap xi thanh phan khong chac chan cia hé thong
phi tuyen [7] va kiém soét hé phi tuyén véi do tré 16n, khong xac dinh [8]. Viéc két hop k¥ thuat
diéu khién truot va diéu khién mo thich nghi nham xay dung mot bo diéu khlen truot Mo thich
nghi &p dung cho hé canh tay robot 1& mot chu dé nghién ciu hap dan va van con duoc tiép tuc
phét trién [9], [10].

Bai b4o ndy nham muc tiéu téng hop tai liéu, trinh bay chi tiét qua trinh xay dung bo diéu
khién va md phong kiém nghiém giai thuat diéu khién truot mo thich nghi cho hé robot va minh
hoa trén hé tay may 2 bac tu do, trong méi truong MATLAB/Simulink. N6i dung cta bai bao tap
trung vao cac van d&, gdm: (i)Trinh bay mé hinh téng quét cua robot va xay dung lai mé hinh hé
dong luc hoc cua robot 2 bac ty do trén MATLAB/Simulink; (ii)Tong hop ly thuyet va thiét ké
bo diéu khién trugt mo thich nghi; va (iii)Panh gia hidu qua cia giai thuat diéu khién.

2. Thiét ké hé thong
2.1. M6 hinh canh tay robot
MGt cach tong quat, hé robot n-bac ty do [12], [13] c6 phuong trinh dong hoc dwoc md ta nhu (1):
D(@)d+C(a,4)q+G(a) +F (@) +7, =7 1)
Trong do, g€ R"1a vécto cac goc khop cua robot; D(g) € R™ la ma tran md-men quan tinh,
C(q,9)q € R" gom cac thanh phan lyc hudng tam va luc Coriolis, G(q) € R" Ia cac thanh phan trong
lyc va F(§) € R"1a luc masét, 7, € R"lanhiéuva 7 €R" 1a mb-men tac dong lén cac khap.
Goi F(q,q,4) 12 ham chira luc ma sat F(q) , nhidu 7,va cac thanh phan bét dinh khac thi (1)
duoc viét gon lai thanh (2):
D(a)d+C(a,64)d +G(a) +F(d.G.a) =7 )
2.2. Thiét ké bg diéu khién
2.2.1. Ky thudt diéu khién trieot
Ky thuat diéu khién truot da dugc nhiéu nghién ciu chirng minh tinh 6n dinh va bén viing cua

n6 [1], [9]-[11]. Trong muc nay, bo diéu khién truot duoc tong hgp ngan gon, ma khong di vao
ching minh lai cac tinh chat do.
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Goi qa va q la cac véc-to goc tham khao va géc léch thuc té cua canh tay, thi véc-to e= qu-q
dugc dung lam co s dé xac dinh mit truot, nhu (3), v6i X 1a ma tran xac dinh duong [12]:

) s=e+)e (3)

bao ham 2 vé (3) ta co:
S=E+Ae=(, —G+\é (4)

Thay (2) vao (4), ta co:
$=0; —D (1) 7—C(q.)d—G(a) — F(q.6,q) +Xe 5)

T (5), 3 q=0,va s—0, luat diéu khién trugt mong muén la:

- u=7=D(@)d+C(a,9)d+G(a)+F(d.9,9)+ D (@) (6)

Ta co thé viét (6) dang:
u=u, +Au @)

Trong do, tin hiéu diéu khién truot gdm 2 thanh phan: thanh phan tin hiéu diéu khién tuong
duong U,, va thanh phan tin higu diéu khién gian doan Au, Véi:

U, = D(9)G+C(a.d)q +G(q) + F(q,d.4) (8)
va thanh phan tin hiéu diéu khién gian doan duoc xac dinh 1a [12]:
Au=—K s —Wsgn(s) 9)

voi K, =diag(K,),K; >0,i=12,..,n;W=diag[w, ,...w, 1, w, >|w|,i=12..n; va
sgn(.) 1a ham dau cua mat truot s. q v
Thay (8) va (9) vao (6), luat dieu khién truot tong quat la:
u=7=D(a)§+C(q,9)q+G(a) + F(a.,4d,q) — K,s —Wsgn(s) (10)
biém yeu co ban cua luat truot (10) Ia cac thanh phan D(qg),C(q,q) va G(g) von chta cac
tham s6 cua robot, ¢6 thé bj thay doi trong qué trinh diéu khién, chang han nhw tai. Tuy nhién,
cac thanh phan nay hoan toan c6 thé xac dinh bang nhicu ky thuat khac nhau, nhu mang no-ron
nhan tao [1], khdng thudc pham vi tap trung cua nghién ciru nay. Dieu quan trong hon la thanh
phan F(q,q, §) bao gom ma sat, nhiéu va cac thanh phan chua xac dinh khac, thuong kho kiem
soét hogc c6 sai s6 1on, dan téi chat lwong dieu khien truot trong mot s6 trudng hop con han ché.
Bén canh do, thanh phan tin hiéu diéu khién gian doan cling gay ra hién tuong giao dong trén mat
trugt (chattering), anh huong dén chét luong diéu khlen Tuy vay, nhiéu nghién ctu da chang
minh duoc khd ndng giam dao dong nay bang céch xap xi ham dau sgn(.) trong (10) bang céc
ham lién tuc caa bién mat truot [11]. Do vay, trong phan tiép theo, dé don gian hoa, nghién ctru
nay khong lap lai cac van dé trén, ma tap trung vao vi¢c tng dung hé mo dé wdc lugng thanh
phan F(q,q,(), cing nhu khao sat tinh 6n dinh bén virng cua luat trugt (10) khi thay thé thanh
phan uéc luong nay.
2.2.2. Mo hinh xdp XxI mo
M6 hinh hé mo ¢6 thé duoc st dung dé woc wong cac ham phi tuyén. Goi xi 1a 2 ngd vao cua
hé ma, pi 1a sb tap mo caa mi bién ddu vao va f(x|0) 1a ngd ra caa hé mo vai 6 1a mot véc-to
tham s6. Céac budc thiét ké, duoc thuc hién theo [12]:
Buéc 1: Biénx,_, ,, dugc mo hda thanh p,_,, tap mo: A'(, =1,2,3,4,5i =1,2).
1 2 9 r A
Buéc 2: B luat mo dugc xay dung gom []p = p,x p, =25 luat de xap xi mo f(x|6) . Luat mo
i=1
thi j duoc biéu dién nhu:
RV : Néu x, 1a Atva x,1a A thi fla B" (11)
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Trong do, I, =1,2,3,4,5,1=12; j=1,2,..,25, B"Ia tap hop m& cia f(x|¢). Qua trinh suy
dién m& duoc thuc hién nhu sau:

2
(1) St dung cdng cu suy dién mo MAX-PROD [12], ta dugc] | P (%)
i=1

(2) M héa singleton cho bién ngd ra dé tinh y;*=, véi y,*= = f(x,x,) tai nhat cit (x,x,)
Ma & do p,, (y;") c6 do phu thudc lon nhét, tac bang 1.
(3) Cong cu suy dién mo MAX-PROD cho tap mo ngd ra twong tng véi luat mo tac dong la

2 92
y [Hﬁw (Xi)]' Phép hop MAX (union operator) cia cong cu suy dién cho tap mo tong hop &
=1

ngd ra la: Z. 1Z| Ly [H/w (Xi)]'

(4) Giai mo bang phuong phap trung binh trong tim (center average defuzzifier) thu dugc:

n 2
010 =330 e [T 0]/ 3235 TTy ) 12
i=1
Goi O =[y;*---y; T lavéc-to doc lap va £(x) 1a véc-to co s6 ma, (12) cd thé biéu dién thanh:
f(x0)=0"¢(x), (13)

2
trong do6, véc-to £(x) gom H p, = p, X p, = 25 phan tu, voi phan ti tha 11, 1a:

&, (X) = HNA (% )/Z, 12, 1[1_[%;1 (% )] (14)

M6 hinh xdp xi mo nay dugc ¢ng dung dé wéc luong thanh phan F(q,q,§) trong luat truot
(10), vdi gia thiét cac thanh phan D(.), C(.) va G(.) da biét, hoic duoc nhan dang bang ky thuat
khac. Khi do, ta co:

F(0,6,6) = F(0,6,4]©) +e =07¢(q,6,6) +¢, (15)
Vé6i €12 sai s6 xap xi ham.
2.2.3. Co ché thich nghi
Thay (15) vao (10) ta dugc:
u =7 =D(q), +C(a,d)d, +G(a)+F(q,4,d|0) —Kys —Wsgn(s) (16)
F(q,d, q‘|@) c6 thé dugc md ta nhu sau:
F.(0,6,d0,) | [0l¢(a.6.6)
F(q,6,4[0) = : = (17)
0,)| 1©:¢(a,4,4)

Ta dinh nghia ham Lyapunov nhu sau:
V(t)— s DS+Z(@TFéi) (18)
trong d6, ©, =0’ —©,,0" latrong sb 1y tusngva T', >0.
Theo [12], dao ham 2 vé (18) ta duoc:
V (t) =s"D$ +%sT Ds +i2;jéjriéi =—s"(Dg, +Cd, +G+F —7) +iz:éjriéi (19)
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Két hop (15), (16) va (19) ta co:
V) =—s" F(q,d.6)~ F(a.0.6[0") +K,s+Wsgn(s) +> 6T,0
i=1

. . (20)
=—s"K,s—s"Wsign(s)—s'e+>_ ©/T,6—50/£(q,4,4)
i=1
trong do, F(q,4,6/©") —F(,d,4|0) =0'£(d,4,4) -
Néu chon luat thich nghi nhu (21) va thay vao (20), ta dugc:
6, =-T,'8£(0,4,6), i=12,..,n (21)
V(t)=—s"K,s—s"Wsgn(s) —s'e (22)

Tir (22) ta thiy rang, khi sai s6 xap xi ham & nho, néu chon Kpva W da 16n thi V(t) < 0. Khi
V(t)=0 vas=0, theo ly thuyét bat bién LaSalle, hé théng vong lap kin s& 6n dinh tiém can khi
t—oovas —0[12].

2.3. Minh hga trén mé hinh tay may 2 bdc tu do
2.3.1. M6 hinh tay may 2 bdc tu do

M6 hinh tay may 2-bac tu do (goi ngin gon 1a robot, Hinh 1), duoc dung d& mé phong kiém
chtng, c6 phuong trinh mo6 ta nhu sau [12], [13]:

[D11 (qz) D12 (qz)][ql] [_Clz (qz)qz _Clz (qz)(ql =+ qz)

D,(a,) Da(a))ld,) | Cp(a,)d, 0 23)
+[gl(q1+q2)g]+F(q’q,q):[ﬂ]
9,(0, + ;)9 T
Trong do:
D,(q,) = (m +m)I> +m,I? +2m,Ll,cos(q,); D,(q,)=D,(q,)=m,l> +m,Ll,cos(q,)
D,, (qz) = mzlz2 ; C,(a,) =mylL1,sin(q,)
g, = (M, +m,)l,cos(q,)+m,l, cos(q, +a,) ; g, =myl,cos(q, +0,); G=I[9;;0,]

Vi cac thdng sb cua robot dugc cho trong Bang 1. Bong thoi, mé hinh luc ma sat va nhiéu tac
dong dugc gia lap nhu sau:

F(q)zlloc,ll +3sgn(q1) S 0.05.sm(20t) (22)
104, + 3sgn(d,) 0.1sin(20t)
Bang 1. Cac tham sé canh tay robot 2 bdc tu do [12]
Ky higu Y nghia Ponvi Giatri
g m:  Khdiluong quy vé khép2  Kg 1,0
al m; Khéi lwong quy V& tai Kg 1,5
Iy Chiéu dai canh tay 1 m 1,0
I, Chiéu dai canh tay 2 m 0,8
J1, 02 Goc quay khop 1,2 Radian -

T T, Mb-men tac dong khép 1,2 Nm -

Hinh 1. Tay may 2 bdc tw do

D¢ bicu dién quy dao robot, goi (x,y) 1a toa d6 dau miit cia canh tay, phuong trinh biéu dién
guan hé gitra cac goc khép va toa d6 dau mat la [13], [14]:

x=1,cosq, +1,cos(qg,+0q,);y=Ising, +1,sin(g, +q,) (25)
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M3i khép canh tay c6 bo truyén dong véi ty sb truyén ke. Dudi tac dong [r1, 72]", cac khdp ndi s&
léch goc [&:, &]", qua hé truyén dong, géc léch canh tay sé& 13 [0, g2]", xac dinh nhu sau [14]:
* o4
q2 ke ke 02
2.3.2. Bé diéu khién trueot mo thich nghi cho robot
So do tong quét cua hé thong diéu khién duoc mo ta trén Hinh 2. Trong d6, mdi ngd vao cua
robot nhan tin hiéu diéu khién tir mot bo dieu khién trugt mo, vai co ché thich nghi dugc xay

dung dua theo dép tng clia n6. Hai bo diéu khién nay duogc thiét ké co ban la giong nhau va tich
hop trén MATLAB/Simulink theo so d6 Hinh 3.

-
[9.qdot]
Quy dao I ad1 a)
" a4, 9..4. L » N
i r N dqd1 > AFuzzy_Cirl Robot_arm
[qar, ga:]T, T {q1,9:]" i ddqd1 ] a1
Afuzzy C
Robot NP dqd2 [-»] q
- >
Afuzzy Cs = Amm % gaqaz ] az|
ol Derivative ctl R
— Robol 'Y P
[q .. i So sanh
Hinh 2. Nguyén tac chung Hinh 3. Md hinh m6 phong trén Simulink

Goi [0, 92]" 1a 2 gdc khép cia robot (ngd ra), twong wéng véi 2 goc tham khao 1a [Qar, a2]™;
X' =q,¢ VA X" = q,q, la2 véctongd vao cia 2 md hinh m dé xap xi ham F(q,q, §)
gom cac thanh phan Fy, 7 va cac yéu t6 bét dinh khac trong (23). Cac ngd vao x! va x déu duoc

md& héa bang 5 tap md Gauss {NB, NS, Z, PS, PB} nhu (27), V6i p € [-7, 7] va o= 7124 va dugc
minh hoa trén Hinh 4a. Twong tu, ngd ra cac bo xap xi mo dwgc mo hoéa bing cac tap mo

singletone nhu Hinh 4b.
2
X' —p
. (x') =exp|—| =
e (X)) p[ [ . ]] @7)
. [Na “Ns z T ps PB| 1 INB NS z PS | PB
ra l’r\\ |

F's1.82

oA A L N -
IR | |
f \ | \ ! 4

02 \ -"; ‘I‘\‘ jl \ ! 0.2 |
\/ \
0 A L. 0

-15 -1 -05 0 05 1 15 -30 -20 -10 0 10 20 30
a) s1/52 b) Fri/Fr2

Hinh 4. Mo hda ngd vaolra bg xdp xi mo: (a) Ngd vao, (b) Ngd ra

3. Két qua va ban luan

Ta tién hanh md phong va thay doi thdng sb tai cia robot (Hinh 3) dé kiém chang giai thuat
diéu khién. Cac tham sé duoc chon thir - sai cho bo diéu khién gom: hé sé mat truot A =[30,30]",
tham s thich nghi I =[0.0001,0.0001]" , c4c tham sb cua luat truot gom K, = diag[400,400] va
W = diag[L.5,1.5], diéu kién dau (vi tri “home”) ¢,(0) =2, q,(0) =0.3 vac,(0)=g,(0) =0
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Hinh 5 trinh bay két qua md phong véi tham sé robot trong Bang 1. Quy dao cua robot bam tot
quy dao tham khao trén Hinh 5a. Hinh 5b minh hoa dap wng va tin hiéu tham khao cua 2 khaop
robot, cling véi tin hiéu diéu khién [r1, 72]". Hinh 5¢ trinh bay két qua xap xi ham cia mé hinh mo.

1

Friction model approximation

Quy dao dau mut E 1 - _q?‘]
5 05 q )
g ¢ -
.05 fre
0 2 4 3 8 =
w
B2 - = =qd2
i 92
=8
-
[ 2 4 6 )
S‘ <
< o
2 [
~ o
32 b
T80
2% 2 4 [3 8
Time (s} o 2 4 & A
a) b) 0)

Hinh 5. Két qua md phong véi tham sé robot trong Bang 1 (m:i=1 kg, mz=1,5 kg)
a)Quy dao tham khao/dap ung; b)Dap img va tin hiéu diéu khién; c)Xdp xi mo
Hinh 6 trinh bay két qua diéu khién khi tai cia canh tay duoc ting 100%. Tuong tu két qua
trén Hinh 5, quy dao cua robot bam tt quy dao tham khao & Hinh 6a. Hinh 6b minh hoa dép tng

va tin hiéu tham khao caa 2 khép robot, ciing véi tin hiéu diéu khién [r1, 72]7. Hinh 6¢ trinh bay
két qua xap xi ham ciia mo hinh mé.

1 Friction model approximation

Quy dao dau mut
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Hinh 6. Két qua md phong véi tham sé tdi tang 100% (m=2 kg, m=3 kg)
a)Quy dao tham khdo/ddp irng; b)Pdp vmg va tin hiéu diéu khién; c)Xdp xi mo

Hinh 7 va Bang 2 trinh bay cac chi tiéu ky thuat caa hé diéu khién. Két qua cho thay dap tng
cua ngd ra khdng xuat hién vot 15, thoi gian xac lap dat 0,13-0,15 gidy va sai s6 xac lap dat
0,0002-0,0012 rad.
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(a) (b) Xac ldp; Es: Sai sé xac ldgp

Hinh 7. Cédn ddp vng cua robot: (a) Ngb ra 1 (b) Ngb ra 2

RG rang, bo diéu khién mo thich nghi cho dap tng cua tay méy 2 bac tu do 6n dinh va bén
vitng véi su bién thién cua tai. Ma QR-Code & cudi bai chia link caa clip mé phéng minh hoa.
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4. Két luan

Bai bao trinh bay phuong phap thiét ké bo diéu khién mo thich nghi cho hé robot. Thanh phan
kh6 Kkiém soat trong mo hinh ddi twong, ciing nhu trong luat trugt kinh dién 1a ma sat, nhiéu va
céc yéu td bt dinh khac duoc xap xi bang cac hé mo. Véi co ché thich nghi duoc 4p dung, luat
diéu khién truot du linh hoat dé thich tng voi su bién ddi tham sé cua robot va 6n dinh theo ly
thuyét Lyapunov. M6 hinh tay méy 2 béc tu do duoc sir dung dé minh hoa cho phuong phap thiét
ké. Két qua md phong trén MATLAB/Simulink cho thiy bo didu khién truot mo thich nghi hoan
toan phu hop dé kiém soat tay may. Pap ung cua robot khdng xuat hién vot 15, thoi gian xac lap
nho va sai s6 xac lap khong dang ké. M6 phong vai trudng hop ting tai cua tay may 1én 100%
ciing cho thay quy dao dap (ng bam tét quy dao tham khao va khong xuit hién dao dong dang ké
trong tin hiéu diéu khién.
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