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Tém tit

Trong nghién ciru ndy, bo diéu khién triot dioe dp
dung trén doi turong cau truc 3D - mot hé thé'ng phi
tuyén nhiéu dau vao, dau ra. Mot cach tiép cdn méi
dwgre dé xudt cho phép giam hién twong rung trén
dau vao diéu khién, dong thoi dam bdo hiéu sudt
bam cua bé diéu khién & ché do trang thai én dinh.
Cdch tiép cdn nay bao gom viéc thiét ké ludt phi
tuyén bang cach sir dung mot ham sé mi giip hé
cu truc tién dén vi tri mong muén va d‘é‘ng thoi loai
b6 rung ldc ciia tdi trong qud trinh van chuyén. Céc
két qua mé phong chitng minh tinh hiéu qua ciia bé
diéu khién dwoc dé xudt va so sanh véi bé diéu
khién truot véi ham khuéch dai bio hoa. Ngodi ra,
tinh bén viing ciia bé diéu khién doi véi sw khong
chdc chdn trong cdc théng sé ciia cau truc ciing
dwoc khao sdt thong qua mo phong.

Tir khéa: Cau truc 3D, bo diéu khién truot, ludt
tiép cdn ham mi, Ham Lyapunov.

Abstract

In this study, Sliding Mode Control (SMC) is
applied on a three-dimensional (3D) overhead
crane - a multi-input, multi-output nonlinear
system. A novel approach is proposed that allows
chattering reduction on control input, while
keeping high tracking performance of the
controller in a steady-state regime. This approach
involves designing a nonlinear law using an
exponential function that helps to effectively
control the tower crane system to desired
positions and eliminate cargo swings during the
transport process. The simulation results
demonstrate the efficiency of the proposed
controller and compare it with a sliding controller
with a saturation gain function. In addition, the
certainty of the controller against the uncertainty
in the crane parameters is also investigated
through simulation.

Keywords: Three-dimensional (3D) overhead
crane, Sliding Mode Control (SMC), Exponential
Reaching Law (ERL), Lyapunov function.

1. Giéi thiéu

CAu truc cd vai trd quan trong trong viéc thyc hién
cong nghiép hoa, hién dai hoa, nd giup nang cao nang
luc bdc xép va van chuyén. Ngay nay, trong cic nganh
xay dung cong nghi€p, co khi, dong tau, van tai, vat
lidu xay dung, cdu cang..., cac thiét bi nang chuyén
nhu ciu tryc ¢ vai tro rit quan trong trong viéc ting
nang suit lao dong. Mot trong nhimng van dé co ban
trong nghién ctru tinh toan, thiét ké va diéu khién dé
nang cao hiéu qua lam viéc cua cau truc 1a phai xay
dung cac mo6 hinh dong luc hoc hé théng cau truc sat
v6i md hinh thyc. Tuy theo muc ti€u nghién cuu,
nhiéu mé hinh dong lyc hoc chuyén dong ctia thap cau
truc da duoc xay dung, cu thé: M6 hinh 2 bac tu do
trong [1], [2], [3]; mo hinh ba bac tu do trong [4], [5];
mo hinh bdn bac tu do trong [6], [7] va mé hinh ndm
bac tu do trong [8], [9]. H¢ théng cau truc hién dai
thuong duoc trang bi cac b diéu khién chat luong cao
dé giam su lic ciia hang héa va ting do chinh xac cac
chuyén dong. Trong [10] d& xuit céu truc hé thong
diéu khién phan hdi vong kin sir dung bo didu khién
PD dé diéu khién ca vi tri xe con va giam goc lic. Két
qua cho thay hiéu suat diéu khién t6t, dap ing nhanh
nhung bo diéu khién PID truyén théng dé mét diéu
khién khi xuét hién nhidu, viéc chinh dinh lai phu
thudc vao ngudi ky su van hanh. Trong hai nghién ciru
[8] va [11] da st dung k¥ thuét nén tin hidu vao (input
shaping) cho vong diéu khién ho. Tuy nhién, phuong
phép nay co6 hiéu qué khong cao trong viéc giam goc
lic ngugc cta khdi lugng hang. Mot dé xuat hé thong
diéu khién phan hoi vong kin sir dung logic m¢ dugc
trinh bay trong [12]. Mot phuwong phap diéu khién bén
vitng dua trén diéu khién truot ciing thudng duoc ap
dung cho hé phi tuyén, phuong phap nay rat hiru dung
cho h¢ hut dan dong nhu hé cdu tryc. Ly thuyét chung
ctia phuwong phap diéu khién trugt ddi voi hé hut dan
dong 1an dau dugc gidi thigu trong [13], sau do dugc
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phat trién tiép boi nghién ctru [14] va duge hoan thién
trong [15]. Mic du, 1y thuyét diéu khién truot c6 uu
diém 1 kha ning bén vimg véi bat dinh nhung lai ¢6
mot nhuoc diém lén gdy ra boi hién tugng rung, nd
anh huong dén hiéu suit dap ung ddu ra ciing nhu
giam tudi tho ciia cac thiét bi. Vi vay, ching t6i dé
xudt thuat toan nham xur 1y hién twong rung trong bd
diéu khién truot nhung van dam bao hiéu suit dicu
khién va kha nang bén viing.

Trong bai bao nay, tac gia trinh bay thuat toan diéu
khién trugt két hop k¥ thuat chong rung duya trén luat
tiép can ham mii cho hé cau truc nam bac tu do. Ngoai
ra, viéc kiém chimg hiéu suat cua bo diéu khién dé
xuit duge thyc hién trén phin mém mé phong. Cau
trac cua nghién ctru bao gdm cic ndi dung nhu sau:
trong Phan 2, phan tich mo hinh dong luc hoc cua hé
cau truc; thuét toan diéu khién dugce trinh bay trong
trong Phan 3, trong Phan 4, thé hién két qua md
phong; cudi cung, két luan vé nghién ciu.

2. M6 hinh ddng luc hoc hé cu truc

Cau tryc thong thuong gdm ba bd phan chinh: Co
clu nang ha thyc hién nhi€ém vu nang va ha hang; xe
con ciing véi co cdu di chuyén xe con thuc hién nhiém
vu di chuyén xe con va hang hoa theo truc ngang; va
xe cdu clng v6i co cdu di chuyén cau thyc hién nhiém
vu di chuyén ca cau truc va tai chay theo truc doc.
Trong qua trinh lam viéc, cau truc 3D thuc hién nam
chuyén dong chinh gdm chuyén dong cua xe ciu,
chuyén dong cua xe con, chuyén dong nang ha hang
va hai chuyén dong lic cua hang. Theo Hinh 1, vi tri
ctia hé cau tryc va tai trong trong trudng hop tong quat
dugc md ta voi ndm toa do suy rong. Cac toa dd nay
duogc dinh nghia nhu sau: x la khoang cach tir xe con
dén tai trong nang; y 1a dich chuyén cia xe cau theo
truc Oy; [ 1a khoang cach tir xe con dén tai trong
nang; a la goc lic cua day cap trong mat phang dimg
ABC song song Oxz; 1a goc lic cua ddy cap trong mit
phiang ACD.

Hinh 1. M6 hinh cdu truc 3D
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Trong cac toa do suy rong trén X, v, | 1a cac chuyén
dong dugc dan dong, con e, B 1a cac chuyén dong tu
phat. Ngoai ra, m,,m,,m_1an luot la khéi lugng cua
xe ciu, xe con va hang hoa; by, b, 1an luot 13 hé s6 can
di chuyén clia xe ciu va xe con; F,F,,F lan Iuot 1a
lyc tac dung 1én xe cau, xe con va céap [17].

Str dung phuong trinh Lagrange va sau cac budc
tinh toan, mé hinh toan hoc cua ciu truc thu duge &
dang ma tran nhu sau:

M(a)4+C(a,a)g+Dg+G(q) =F ()

trong d6 M(Q) 14 ma tran quan tinh, C(q, () lién quan
dén luc Coriolis va luc ly tam, D 1a ma tran can,
G(q) 1a véc to trong luc, F 14 véc to chira cac bién
diéu khién. Céc thanh phan nay biéu dién duéi dang
ma tran nhu sau:

m, 0 m, 0 mg] 0
0 m22 m23 m24 m25 0
M(@)=|my my my 0 0 ;G(a)=|9, |
0 m42 m44 0 gZ
my My, O 0 my ] 93
0 0 c, 0 cf
0 0 ¢y Cp Cp K
C(g,9)=|0 0 O Cy Cy [[F=|F|;
0 0 ¢y Cp Cp F
0 0 Cy Cy Co

D =diag (b,,b,,0,0,0).

Céc thanh phan ciia ma trin quan tinh dugc xéac
dinh béi:
my, =m, +m, +m,;m;, =m,sin(B);m; =m,lcos(B);
m, =m +m,;  my =m,sin(a)cos(p);
m,, =m,l cos(a)cos(B);
my, =m, sin(B);

m,, =m,I%cos*(B);

m,s = —m,Isin(a)sin(B);
my, =m, sin(a)cos(B); Mg =m,;
My =My,; Mg, =m,l cos(5);

. 2
Mg, = Myg; Mg = mpl :

Céc hé sb cua ma tran C(q, ) duoc mo ta nhu sau:

G,y =M, Bos(B); ¢ =M, [ cos(B)—m | Bsin(B);

Cyy = M, Cos(a) cos(B) —m, Bsin(a) sin(B);

¢, =M, I cos(a) cos(B) —m, lésin(ar) cos( )

—m, | Bcos(ar)sin(B);

Cps = fmpl'sin(a)sin(ﬁ) —m,lacos(e)sin(5)

—m,| Bsin(a) cos(B);

Cyy = —M,ld COS* (B);Cs5 = —M, | B;C,y = Ml COS* (3);
¢, =M, Il cos®(B) —m,I? A cos(B)sin(B);

G =—Mm I°a cos(B)sin(B); Cyy =m, 15

Cs, =Ml cos(3)sin(); Cgs =M, II;
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va céc thanh phan khac khong duoc biéu dién dudi
dang:
g, =M, g cos(a) cos(); g, = m, gl sin(cr) cos(B);
g, =m,glcos(a)sin(B).

Hé céu truc 3D c¢6 nam bién trang thai can duge
kiém soat, nhung ching ta chi c¢6 ba dau vao diéu
khién. Do do, phuong trinh dong lyc hoc cua hé théng
(1) dwoc phan tich thanh hai hé thdng con véi cac bién
trang thai lan luwot la: q, =[x y I va
q,=[e A . dugc biéu dién nhu sau:

My, (a)8, + My, (a)d, +Cy, (a.0)4, ®
+Cy,(9.9)d, +D,4, +G, () =F

MZl(q)qa+M22(q)qu+C21(q7q)Qa (3)
+C,(9,4)q,+G,(a)=0

Phuong trinh (2) va (3) duoc viét lai nhu sau:

.. 1 F-M, (q)qu -Cy (qu)qa ]
a =My N . 4)
) (q)( -C12(q’q)qu'D11Qa’G1(q)

'M21(Q)qa'C21(q’Q)Qa ] (5)
'sz (q’CI)qU 'Gz (Q)
Thay phuong trinh (5) vao phuong trinh (2) va

phuong trinh (4) vao phuong trinh (3), ta thu dugc hé
thdng con nhu sau:

d, = M;E(Q)(

M, (9)d, +C. (9,9)q, +C,, (a,9)q,

+G,(9)=F, ©
I\_/Iz(q)qu +(_:21(qIQ)qa+622 (qIQ)qu (7)
+G,(q)=F,

Trong dé:
M, (9) =M, (q)-M,,(q)
C.(a,4)=D, +C,,(a,9)

-My, (a)Mz; (a)C.: (,9);
Cp.(9.9)=Cy(a.9)

-My, (4) Mz (a)Cz (a,9);
)=G.(a)-M,, (4)M5;, (9)G, (a);
Fi R =My (a)M3 (a)F;;

() M, (a)- M, () M2 (9)My, (9);

2(9:0)=C(a.9)

'M21(q)M11(q)(D11+C11(q1Q));
C,(9,4)=C,(a,9)

-M,, (a)
Gz(q)'

M3, ()M, (9);

1 (d

O 2 o

Mi1(a)Cy, (a,9);

G,(a)= M., (q)M;; (a)G, (a);
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Phuong trinh (6) va (7) 1a mot dang khac dé mo ta
hé cau tryc 3D trong biéu thi rd rang mbi quan hé cua
bién rang budc véi tin hiéu didu khién. Dua trén
phuong phap diéu khién truot, mé hinh dong luc hoc
nay s& duoc st dung dé thiét ké didu khién trong phan
tiép theo.

3. Thiét ké diéu khién bén virng

Muc tiéu chinh ciia b diéu khién duoc thiét ké 1a
dat dugc vi tri mong muén cua ba bién trang thai
X, ¥, va dap tat duge cac dao dong goc tai. Ngoai ra,
viéc xtr Iy hién tuong rung trong bo didu khién trugt
truyén thong ciing dugc xem xét trong phan nay thong
qua cach tiép can boi ham mil. Goi Xy, Y, |, lan lugt
la cac gia tri mong mudn cia X, y,| va cac gi tri
mong mudn cia «, B la khong. Do do,

ad =[Xd Yu Id]T va ¢,=0.

Dau tién, hai véc to sai léch dugc dinh nghia nhu

sau:
[24
eu = qu _qud = ﬁ

Mat trugt dugc chung toi chon nhu sau:

X —Xq
Y=V |5
11,

€,.=0,-Qy =

s=e¢, +ke, +tk,e, +k,e, ®

Trong dé:
=[s, s, 8] .k, eR> k,eR*,
k, € R¥14 cac thong s6 thiét ké dugc mo ta nhu sau:
k, =diag (k;;, k. k;5)

k, O k, O
kz =/ 0 kzz ; ks =10 k33
0 0 0 0

Thuc hién dao ham mat trugt trong phuong trinh
(8), chiing ta viét lai nhu sau:

8= (6 - Gag ) * K, (0a - G

)
Ky (8 = Gua ) + Ky (8 - Gua )

Tiép theo, viéc thiét ké tin higu diéu khién F,
dwa trén bd diéu khién trugt bao gdm hai thanh phan:
tin higu diéu khién F_, gitp trang thi tién vé mit
trugt va tin hiéu diéu khién F, gilt cho bién trang
thai ¢ lai trén mat truot.

F l:leq + I:1sw (10)

Tin hiéu didu khién gitt cho bién trang thai & lai
trén mat truot s€ phai tao ra §=0, vi vay thay
phuong trinh (4) va (5) vao (9), ta co:
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=

leq — (_:nqa + C_:uqu + G1 ) ((|3 - kzM;zle)'\_/lf)
(kl'kzM-zlzcn)Qa (11)
+(k3 - kzM-zlzczz)qu - kzM-zlzez

D6i véi tin hidu diéu khién F,, , ching t6i d& xuét

mdt tin hiéu dya trén ham sign nhu sau:

Fisw = -K,sigN(s) (12)

trong do k, =diag (K, Ky, k) VoI Ky, Ky, kg 12
cac gia tri duong.

Tuy nhién, viéc sir dung tin hi¢u diéu khién trong
phuong trinh (12) lai gdy ra hién tuwong rung, anh
hudng x4u dén tudi tho cua thiét bi. Do do, trong bai
bao nay, ludt cap nhat theo ham mii trong [16] duoc
sir dung dé giai quyét hién twong rung ma van duy tri
duoc hiéu suat bam cua bo didu khién truot. Tin hiéu
diéu khién F_, dugc thiét ké lai nhu sau:

Fiw = N7 (9)K,sign(s) (13)

vOi:

N(s) = diag (N;,N,,N;)

[N], =5 +(1-r)e ™" ,q,p >01 €(02)

Cuodi cung, tin hi¢u diéu khién dugc viét lai nhu
sau:

F= 611Qa +C—:12qu +(_31 '(<|3 - kzM—zlen)'\_/lil)

-1 N
(kl'kzMzzczl)qa ) k4 sign(s)
+(k3 -kZM-ZIZCZZ)qU 'kzM-zlsz N(s)
(14)

Pé xem xét tinh 6n dinh, mot ham Lyapunov dugc
xem xét nhu sau:

V:%STS (15)

Thuyc hién dao ham cong thuc (15), ta co:
V=s'$ (16)
Thay cac phuong trinh (4), (5) va (14) vao (16),
dao ham ctuia ham Lyapunov duoc viét lai nhu sau:

L
V=-5 NG sign(s) 17)

RO rang N(s) luén xéc dinh dwong, vi vay hé
thong s& 6n dinh v6i moi k, xdc dinh duong, diéu
nay dam bao su hoi tu cia quy dao trang thai ddi véi
mat trugt. Ngoadi ra, vén dé thoi gian hitu han trong bo
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diéu khién truot dyua trén cach tiép can theo ham mu
cling da dugc xem xét téng quat trong nghién ctru [16].

Mat khac, theo tai li¢u [5], cac trang thai rang budc
xuét hién trén mit truot s& hoi tu vé gia tri mong muén
néu cac diéu kién thich hop dugc thoa man. Cac dicu
kién du duoc phan tich bang cich xem xét dong luc
hoc bé mit trugt $=0. Viét lai phuong trinh (8) véi
Ga =0; dyy =0 cho két qua:

qa+k1(qa_qad)+k2qu+k3qu =0 (18)
hodc:
. ='k1 (qa'qad)'kzqu 'kaqu (19)

Bing cach xac ginh cic bién trang thai
x=[d, d, 0,-Oy] vasidungdinhly tuyén tinh
héa ctiia Lyapunov nhu trong nghién ctru [5], chung ta

nhan dugce cac didu kién du sau:
Ky <y |.(22 <ly; 20)
ks, < (Id —l)kn, ks, < (Id —1)k12.

4. M6 phéng

Trong phan nay, két qua mo phong dua trén phan
mém Matlab-Simulink véi thoi gian trich mau 0,01s
s& duoc dua ra dé kiém chung hi¢u qua cua thuat toan
didu khién. Thong s6 ctia mo hinh cau tryc 3D va
thong s6 cua bo diéu khién dwoc dua ra trong Bang 1.

Dau tién, ching t6i thyc hién md phong kiém
chung kha ning dap mg ciia bo didu khién truot két
hop vdi cach tiép can theo ham mili, dong thdi so sanh
v6i bo diéu khién truot st dung ham khuéch dai bao
hoa trong phuong trinh (21) dé cho thay kha nang xir
1y hién tuong rung cua chiing.

Bing 1. Théng sé hé théng va théng sé diéu khién

Tham s6 Gié tri Don vi
myp 5 kg
my 2 kg
my 5 kg
bi 18,35 Ns/m
b, 12,68 Ns/m

kii=kn 2
ki3 10

ka1=ka2 0.1

k31=ks2 -5

k4]=k42 1000
ka3 800

pP1=p2=p3 10
qQiI=q2=q3 2
r1=1>=T3 0.2
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y=-1 x<-1
y=sat(x)<< y=x -l<x<1 21)
y=1 x>-1

Céc két qua trong Hinh 2 dén Hinh 6 so sanh hiéu
suat bam cuia bd diéu khién ché do truot bang cach st
dung luat tiép c4n ham mii (ERL) va ham khuéch dai
bdo hoa (SAT) vdi gia tri tham chiéu (SP). Bang cach
st dung luat tiép can ham mi, bo diéu khién dat duoc
Kkét qua tdt hon so vdi st dung ham khuéch dai bao
hoa do thoi gian dap ing va do qué diéu chinh duoc

giam xuong.

5 T
- =ERL
4 == ===SAT
iy W\‘\ —sp
3t :
E | /
20l
1
L i 1
n
0 v L i L L
0 10 20 30 40 50 60
Thoi gian (s)
Hinh 2. Vj tri xe con

4 .

3l 7= :
-~ / - -ERL|
E»’) LAN —==SAT|
- | —SP |

1
| ',',' d
d
0 r i I
0 10 20 30 40 50 60
Thoti gian (s)
Hinh 3. Vi tri xe ciu
2 . . .
P s

—_ &7 == ERL

E 1 —=-SAT

= 1.5 —oP

0.5 ;
134
0 1 2
0 T T T
0 10 20 30 40 50 60
Thoi gian (s)
Hinh 4. D¢ dai day cap
0.3 T T e
s - ERL
: —=-SAT
0.15 ‘l —sp [
o~ 4 A
y
015%
-0.3
0 10 20 30 40 50 60
Thoi gian (s)

Hinh 5. Géc lic ciia ddy cdp trong mgt phing diing ABC

0.4 T T
A
0.2 Hi
i
> i-‘.\ |
;: 0 ;.lj \"\" A‘f\'
-0.2
-0.4 ‘ : ‘
0 10 20 30 40 50 60

Thoi gian (s)

Hinh 6. Géc liic ciia day cdp trong mdt phing ACD

Tém lai, cac bd diéu khién dugc dé xuat dn dinh
tat ca cac dap ung ciia hé ciu truc 3D véi hiéu suat
diéu khién t6t. Cac dap Gmg vé vi tri clia xe con, xe
cdu va chiéu dai day bam theo quy dao dit voi khoang
thoi gian dap ing ngan. Hai dép tmg goc lac cua day
cap ludn dugc gitr nho va hoan toan bién mat & trang
thai 6n dinh.

Tiép theo, kha ning bén viing ciia bd diéu khién
dugc nghién ctru lién quan dén sy thay doi trong thong
sb hoat dong cua cau truc 3D cling dugc xem xét trong
phan nay.

Théng thudng, khbi lugng tai trong rit da dang va
tiy thudc vao timg didu kién hoat dong riéng. Bang
cach thay ddi vé khéi luong ciia hang hoa, véi cac gia
tri 7.5 kg, 10 kg, 15 kg ta c6 thé nhan dugc cac dap
g ctia hé théng nhu trong Hinh 7 ¢én Hinh 11. Luu
¥ rang cac thong s bo diéu khién van hoan toan gidng

nhu trong phan Béang 1.

J
o . |
z 3
- - -m_=7.5kg
< 2 mp g
—-_mp—IOkg
| B I
—m =15k
m g
0
0 10 20 30 40 50 60
Thoi gian (s)
Hinh 7. Vi tri xe con véi bét dinh
4
3 . .
~ - -m =7.5k
B g / g e
el [N ---mp=lOkg
1 _,:.' _mp:15kg
1

0

30 40 50

Thoi gian (s)

10 20

Hinh 8. Vi tri xe ciu véi bét dinh
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Céc két qua md phong trong trudng hop c6 su thay
d6i trong cac tham s6 hé thong cho thdy kha nang bén
viing cta cac bo diéu khién truot v6i luat tiép can theo
ham sb mii duge dé xuat. Hé théng can truc ludn 6n
dinh ngay ca khi khéi lugng hang hoa khac nhau, tuy
nhién, khi khéi lwong cang 16n thi thoi gian dap tmg
cuia dbi twong cang ting.
5. Két luan

Qua nghién ctru nay, nhom tac gia da dua ra va
bién d6i phuong trinh dong luc hoc cua hé ciu tryc 3D
dé phu hop véi phuong phép thiét ké diu khién dé
xuat. Bo diéu khién dugc d& xuit 6n dinh tiém can véi
tAt ca cac diu ra cua hé théng: cac vi tri xe con, xe clu
va chiéu dai day cap theo ddi chinh xac gi4 trj mong
mudn, dao dong cua hang hoa dugc triét tiéu hoan
toan. Tinh bén virng cua bd diéu khién duoc dam bao
trong truong hop c¢6 su thay ddi trong tham sé cua hé
thong. Tuy nhién, cdu trac diéu khién dugc dé xuét

SO 69 (01-2022)

trong nghién ciru nay lai yéu cau tat ca thong tin cta
mo hinh, nhung mot sb thong sb cua cau truc khong
thé biét trong thuc té. Vi vay, dé giai quyét trudng hop
mot sb thong s6 can truc 3D khong duogc biét, mot bo
didu khién co kha ning thich nghi s& dugc xem xét
trong nghién cuu trong twong lai. Ngoai ra, viéc
nghién cuu thuc nghiém s& dugc ap dung dé x4c nhan
két qua md phong.
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