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Tém tit

Trong bai bdo, doi tiwgng ma chiing téi xem xét dén
la mé hinh céng truc 3D véi nam béc tu do. Dé ddi
phé véi mot hé thong phi tuyén, nhiéeu dau vdo,
nhiéu dau ra va thiéu co cdu chdp hanh nay, chiing
161 trinh bay mét bg diéu khién ché dg truot béc
phan $6. BY diéu khién nay voi bdac dao ham co thé
diéu chinh dwore, gilp ta c6 thé tim diém c6 dép vmg
16 wu. Ngodi ra, viéc xem xét tinh on dinh va thoi
gian hoi tu ciing dwoc trinh bay. Céc két qud mé
phong chitng minh tinh hiéu qua ciia bé diéu khién
duwoc dé xudt duoc thuc hién thong qua phdn mém
Matlab-Simulink.

Tir khéa: Cong truc 3D, Phép todn bdc phdn sé,
Bé diéu khién truot bdc phan 6, Ly thuyét én dinh
Lyapunov.

Abstract

In this paper, the object that we consider is a 3D
crane model with five degrees of freedom. To deal
with this nonlinear and multiple-input multiple-
output (MIMO) system in which there is a lack of
actuators, we present a fractional-order sliding
mode controller. This controller has an adjustable
fractional order so that we can find the point with
the optimal response. In addition, the stability and
convergence time is also taken into account. The
simulation results proving the effectiveness of the
proposed controller are conducted through
Matlab-Simulink software.

Keywords: Three-dimensional (3D) gantry
crane, Fractional calculus, Fractional-order
Sliding Mode Control (FOSMC), Lyapunov's
stability theory.

1. Gioi thiéu

Céng truc dugc ung dung rong rai trong cong
nghiép. C6 rat nhiéu cong trinh lién quan dén nghién
ctru v& mé hinh hoa hé céng truc da duogc thyuc hién,
phd bién c6 thé ké dén nhu: mo hinh hai bac ty do
trong [1] va [2], m6 hinh ba bac tu do ¢ [3], [4], va [5],
mé hinh toan hoc véi bén bac tu do trong [6] va mo

hinh xem xét nam béac tu do [7]. Hé théng céng truc
hién nay thudng duoc van hanh chu yéu bang tay, diéu
nay két hop vdi nhiing tac dong ctia moi truong s& lam
giam d6 chinh xac ctia hé thong tir d6 gdy nguy hiém
cho nguoi lao dong. Vi vay, viéc thiét ké diéu khién
céng truc sao cho hé théng ¢6 hiéu sut 1am viéc tt
nhit 12 vo cing can thiét. B4 diéu khién PID 1a mot
trong nhirng b diéu khién phd bién nhat va dugc sir
dung nhiéu trong céng nghiép do cdu trac don gian,
d& diéu chinh. Tuy nhién, d6i v6i nhing hé thdng phirc
tap, hi€u qua va tinh chinh xéac ctia by PID s€ bi anh
huong néu chi dwa vao cic cach diéu chinh truyén
thong. Dé xir Iy cac rang budc trang thai, nghién ciru
[8] da str dung mot phuong phéap diéu khién phi tuyén
cho hé thdng thiéu co cdu chap hanh. B diéu khién
thich nghi xay dung dua trén ham Lyapunov chan &
[9] d4 dugc dé xuat dé ngan chan cac rung dong khong
mong mudn ctia hé théng cong truc linh hoat véi gidi
han dau ra bién. Nghién ctru [10] da sir dung diéu
khién truot két hop véi viée st dung mang no-ron cho
cdng truc 3D - mot ki thuat diéu khién thich nghi véi
nhiéu va bat dinh. Bo diéu khién trugt bac hai dugc
gidithiGu d[10]va[l 1] da xir Iy duoc hién tuong rung
con ton tai trong bo diéu khién truot bac mét, tuy vay
viéc thiét ké diéu khién theo phuong phéap nay lai kha
phtre tap. Thém vao d6, ky thuat diéu khién truot bac
phan s6 da dugc ap dung nhiéu trong cc nghién ctru
gan day nhu mot giai phap dé xéac dinh diém déap tmg
t6i wu [12] va [13]. Gan day, phuong an két hop gitra
bo diéu khlen ché d6 trugt truyén thong va phép toan
bac phan s ciing dd dugc xem xét va ap dung cho
cong truc trong [14] va [15]. Ngoal ra, trong nghlen
ctru [7] con két hop thém 1y thuyét vé mang no-ron dé
quan sat dau ra va nhidu.

Xuét phat tir nhitng nghién ctru trén, mot thuat
toan diéu khién ché d6 trugt bac phan ) duoc ap dung
cho hé cong truc 3D dugc trinh bay trong bai bao nay.
Két cdu cua bai viét s& bao gdm nam phin nhu sau:
mo hinh toédn hoc ¢ dang ma trén cua hé céng truc 3D
s& dugc dua ra va bién doi trong Phan 2; bo diéu khién
ché d6 truot bac phan s6 dugc trinh bay trong Phan 3;
trong Phan 4; trinh bay két qua mé phong thong qua
phén mém Matlab-simulink; cudi cung, két luan va
hudng nghién ctru twong lai dugc dua ra.
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2. M6 hinh toan hoc

Hinh 1. M6 hinh cong truc 3D

Trong Hinh 1, biéu dién mé hinh cong truc 3D véi
ba diu vao didu khién F=[F, F, F,]' nhim kiém
soat nam bién dau ra q= [X y I «a ﬂ]T. Trong
nam bién dau ra ¢ trén, chi c6 ba bién X, y, | 1a cac
bién dwoc dan dong, trong khi d6 hai bién con lai 1a cac
chuyén dong khong duoc dan dong va bi rang budc.
Dua trén nghién ctru [16], m6 hinh dong luc hoc ctia hé
céng truc 3D dugc viét dudi dang ma tran nhu sau:

M(q)d +C(a,6)§+Dg+G(q) =F (D

Trong d6: M(g) € R® 13 ma trdn quan tinh,
C(q,q) e R* lién quan dén luc Coriolis va luc ly
tam, DeR™ lama trincan, G(g) e R%™ 1avécto
trong luc.

Dé tao co s& thuan loi cho viée thiét ké bo didu
khién ché do truot bac phan sb & phﬁn tiép theo,
phuong trinh dugc bién dbi thanh 2 hé con véi bién
trang  thai nhw sau: g, =[x y I]T va
a.=[a AT

My, (9)d, + My, (a)d, +Cy (a.9)4,

N . (2)
+C,(9.4)q,+Dyud,+G,(q)=F

MZl (q)qa + MZZ (q)qu +C21 (qu)qa
+C,, (an)qu +G, (CI) =0

Sau cac budc bién dbi toan hoc, cac cong thic
trong (2) va (3) dugc viét lai nhu sau:

3)

M, (q)d, +Cy (0,9)q, +Cy, (a,9)q,
+G,(q)=F

a

“4)

I\_/IZ(q)qu+C—:21(q’q)qa+c_:22(q’q)qu (5)
+G,(a)=F,

Trong do:
M, (q) = M,, (a)-My, (4)M3, (a)M,, (9);
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Ci.(a.9)=C,(a.a)

-My; ()M (9)C2. (a.9);
G, (49)=G,(a)-My, (a)M5 ()G, (a);
F=F R =-My(a)M;(a)F;
M, (a) =M, (a)-M, (a)M; (a)M,, (a);
C.1(9.9)=Cy(a.9)

-M,, (@)M3;(a) (D, +Cy (a,6));

sz(q,Q):CZZ(q,Q)

-M_, (@)M;; (a)C, (a.9);
G, (a)=G,(a)- M. (a)M;i(a)G, (a);

Nhu viy, sau khi thuc hién bién d6i dé dua hé
thong (1) vé hai hé thdng con trong phwong trinh (4)
va (5), chung t6i da chi méi quan hé gitra tin hiéu diéu
khién va cac bién duoc dan dong, bi rang bude.

3. Chién lugc kiém soat hé cong truc 3D

B didu khién ché do truot bac phan sb dwoc thiét
ké nhim giup d, tién vé Oy = [xd vy ]T va
dam bdo cac daodongcua ¢, tatdan. Thay visudung
dao ham cip s6 nguyén c¢b dinh nhu thong thuong, dao
ham béc phan s6 duge xem 14 thudn loi hon vi ¢6 kha
nang diéu chinh. Bing cach diéu chinh nhiing bac dao
ham, chiing t6i c6 thé c6 dwoc nhimg phan hdi tdi uu.
Ngoai ra, viéc xem xét tinh 6n dinh va thoi gian hitu
han ciing dugc trinh bay trong phan nay.

3.1. Phép todn béc phén so

Dau tién, nhitng phép toan phan sé cho ham s
a(t)bét ky dwoc dua ra. Phép tich phan bac phan
sb 4 theo Riemann-Liouville [17] dugc dinh
nghia nhu sau:

: 1 ¢ a(t)
I“a(t)=, D;*a(t)= ——[———2—dz (6
Ma)= B = e ©

Trong do: t>t), t, va I'(u)= J‘s"’ls"ds lan
luot 1a thoi diém ddu va ham Gamma. ©

Phép dao ham bac phan s6 u theo Caputo [17]
duoc dinh nghia nhu sau:

L e
F(m —ﬂ) . (t _ Z')lﬂFm
d"a(t)

dt™

dr,m-1<u<m
. D{‘a(t):

(7
véi: m=l<u<mmeN.
Theo [17], tinh chit sau dwgc ap dung cho cac dinh
nghia trén:
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D¢ (,D"a(t)) =, D a(t) (8)

Trong d6: m-1<n<m.
3.2. B§ diéu khién trwot bic phin sé

Dé tim ra tin hiéu diéu khién thi mat trugt bac phan
6 s=[s, s, 3] € R*" duoc dinh ngha nhu sau:

— NX 4
s=D"e, +0,e, +6,D"e, +0,e,

_ DH1a u=1
=D""¢, +o,e, +8,D" "¢, + ¢,

€))

Trong do:

e,=0,-0, €R*,e,=0q,-0q, €R™ la cac
sai léch giita bién trang thai va quy dao mong mudn,
D“ 1a phép toan bac phan sd di dwgc dinh nghia
trong phuong trinh (7), &, eR¥*,§, eR¥™,
8, e R*? 1a cic diéu khién dugc thiét ké va mo ta
nhu sau:

9, =diag (511v512'513)

5, O 5, O
3,=| 0 5,[;8,=| 0 &,
0 0 0 0

Dao ham mit truot bac phén s trong (9), ta dugc:

& — p+L . p+l .
$=D""e, +0,¢, +0,D""e, +9,¢,
_ Du-lg - a1 -
=D""¢, +0,e, +0,D" ¢, +9,¢,

(10)

Thay thé cac phuong trinh (4) va (5) vao phuong
trinh (10), ta c6:

§=D"*(M*(q)-8,M;' (q)M,, (q) M3, (q))F,
(M;*(a)C (9,0)+8,M;' (a) Csy (a,4) )4,
'(0)Cyz (9.0)+8,M;' (4) o, (4,4))d,

(q
1(0)+8:M;'(a)G; (a)

_pet| (M
+M,"(q)G
+qad +62qud

+9,e, +0,¢,
(11)
Thanh phan véc to diéu khién giup trang thai cia
déi tugng O lai trén mat trugt phan ) duoc dua ra
bang cach xem xét khi $§=0:
2 = (M7 (0)~8,M; ()M, (a) M
('\7' (a)C. (a 0|)+6 M, (q)Cyi (0:4))d,
( :(a)Cy,(9,9) +8,M;' () Cy, (a,4))d,
+M;*(a)G, (a)+8,M;"(4) G, (q) + g + g
—D+ (61éa +63éu)

i)

(12)
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Dé duy tri cic bién trang thai ciia hé thong trén bé
madt truot, thanh phz‘?m chuyén mach phai dugc thuc
hién. Do do, bo diéu khién ché d¢ trugt bac phan sb
tong thé s& bao gdbm (12) va thanh phan chuyén mach
duoc viét boi:
Faeq :(Ml_l(q)_62M ( ) ( )
(M;*(a)C (0.9)+8,M,'(q)C,

H@)”
1 (0:4))d,
Car (@,4))d,

(q
)G ( )+qad +0yq

o H(M(a)C; (a,0)+3,M;!
+M;*(9)G, (a)+8,M;' (q
-D"* (61éa +9,¢, )

~D"*(8,5s9n(s))

(13)

Trong d68, =diag(5,,5,,,5,,) la tham sb diéu
khién duoc thiét ké.

Viéc xem xét tinh 6n dinh va xéac dinh thoi gian
hoéi tu dugce thuc hién va dya trén mdt ham ung vién
Lyapunov dugc dua ra nhu sau:

1
V =Zs's 14
> (14)

Thuc hién dao ham cong thic (14) va thay phuong

trinh (10) vao dao ham ctia ham Lyapunov ta co:
V =5s'§

15
=s' (D", +5,¢, +8,D" ¢, +3,¢, ) (1)

Sau do, véc to diéu khién trong phuong trinh (13)
dugc thay vao phuong trinh (15) va st dung cac phép
toan bién ddi dé rat gon va dua ra dugc két qua nhur sau:

V = -s'8,sgn(s) (16)

Vi vy, ta c6 thé khing dinh duoc V <0 véima
trdn 8, x4c dinh duong, diéu nay dam bao su on
dinh cuiia hé cong truc 3D. Ngoai ra, vin dé thoi gian
hiru han trong bo diéu khién ciing duoc xem xét bing
cach viét lai phwong trinh (16).

V = =5,8,,500(S,) — 5,0, S9N (S, ) —$38,5 59N (S;)

m.nZISI

(17)
3
Do VO :270.5m$2|3i| ta co:
V<-s m.nZIS|< TV (18)

Thyec hién tich phan cho ca hai vé ctia phuong trinh
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(18) tir thoi diém thoi gian bang 0 dén t__ ., ta co:

max ?

V(tmax) tmax
VO T (9
VO.5 (t) 5 min

v(0)
Sau cac budc tinh toan ta c6 duge két qua nhu sau:

2(VO (L ) VO (0)) < —8t (20)

min “max

Viét lai cong thirc (20), ta duoc:
il 1)

Cudi ciing, thanh phan ham dau trong bd diéu khién
(13) c6 thé gy ra hién tuong rung. Vi vdy, ching toi
thay thé ham diu bang su két hop cta ham khuéch dai
bao hoa va ham sigmoid trong nghién ctru nay.

tanh(i}
S £
sa{_j -

€ i, s <1
& &

>1

&

(22)

Trong d6 ¢ va tanh(.) lan luot 1a 16p bao va
ham tiép tuyén hyperbolic.
4. M6 phéng

Viéce kiém ching hiéu qua ciia bo didu khién ché
dd truot (13) dugc thuc hién dya trén phén mém
Matlab-Simulink véi thoi gian trich mau 1a 0.001s.
Thong sb vé khéi luong va hé s6 can duoc sit dung
nhu sau:  m, =525kg, m, =55kg,m =20kg va
b,=18.35 Ns/m, b,=12.68 Ns/m. Nhimng tham s6
cia bo diéu khién duoc Iwa chon nhu sau:
6y =0,=16,=10, 6, =0,=01 ky;=-01
ky, =—0.4, k,, =k,, =100, k,; =500. Dé cho thay
kha ning diéu chinh cta b diéu khién chiing t6i xem
xét ba bac dao ham phan sb 1=0.8091.0 vai gia
triddula q,(0)=[2 1 05] va q,=[0 0.

Trong Hinh 2, Hinh 3 va Hinh 4, ba tin hiéu diéu
khién duoc kich hoat déng thoi dé dan dong xe con,
xe cau dén cac diém dén ma ching tham chiéu bién
thién lién tuc dudi dang song vudng va khoang cach
tir xe con dén tai trong nang bam theo gia tri 1.5m.
Ngoai ra, cac bién trang thai khong dugc dan dong co
xu hudng tat dan dugc biéu thi trong Hinh 5 va 6.

45

4

3.5

X (m)

[=e= =1
{[——n=0.9
- = =08
|[——Gii tri diit]

"0 10 20 30 40 50 60
Thi gian (s)

Hinh 2. Dap vng vi tri ciia xe con
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3.5 :
e jpm]
— =09
3 oo - = u=08
Gid tri dat
25
=
2
15
| L i i
0 10 20 30 40 50 60
Thai gian (s)
Hinh 3. Dap vng vi tri ciia xe cau
1.6 1 - - - - —~
[ 2 |
L )
L4
1.55
1.2
:E: \ l1.45
= Vi
: /i
0.8 1.35 ! ]
0.2 0. 0.4 (3
— ;=09
0.6 - 0
—Gia trj dit
04" ; L T
0 10 20 30 40 50 60
Thai gian (s)
Hinh 4. Dap wng d¢ dai ciia ddy cdp
4 — o
— =09
2 —u=08
=
g0
2
(=]
-2
-4

0 10 20 30 40 50 60
Thoi gian (s)

Hinh 5. Géc liic o ciia diy cdp

0 10 20 30 40 50 60
Thoi gian (s)

Hinh 6. Géc lic B ciia ddy cdp

Bo diéu khién ché do truot bac phan s duoc dé
xuat on dinh véi tat ca dao ham bac phan sé cho hé
cdng truc 3D. Tuy nhién, véi ting bac dao ham lai
dem lai hiéu suat khac nhau tuy thude vao viéc chinh
dinh ctia ngudi thiét ké didu khién.
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5. Két luan

Béng cach sir dung cac k¥ thuét didu khién ché do
truot, cac phép toan bac phan sé va ly thuyét on dinh
Lyapunov, ching t6i da xay dung thanh cong mdt bo
diéu khién ma giup kiém soat h¢ cong truc 3D 3 dau
vao, 5 dau ra. Bo diéu khién trugt bac phan s6 duge dé
xuit dem dén hiéu suét tot v6i dap ng cta cac bién
trang thai. Tinh 6n dinh va thoi gian hitu han ciing dugc
xem xét trong nghién ctru nay nhu mot cach kiém
chimg vé mit toan hoc. Ngoai ra, kiém chimg mé
phong ciing duoc xdy dung cho thiy kha ning diéu
chinh linh hoat véi bac phan s6 - mot tinh nang uu viét
hon bo diéu khién ché d6 truot truyén théng. Tuy nhién,
c4u tric diéu khién nay con phu thudc hoan toan vao
mo hinh toan hoc, yéu t6 kho do dac chinh x4c, vi vay,
nhitng 1y thuyét vé mang md, mang no-ron s& dugc
chung t6i xem xét trong cac nghién ctru tiép theo. Viée
tién hanh thuc nghiém kiém chimg bo diéu khién s&
dugc thyc hién trong twong lai gan.

TAI LIEU THAM KHAO

[1TN. Sun, Y. Fang, and H. Chen, 4 new antiswing
control method for underactuated cranes with
unmodeled uncertainties: Theoretical design and
hardware experiments, IEEE Trans. Ind. Electron.,
Vol.62, No.1, pp.453-465, 2015,
doi: 10.1109/TIE.2014.2327569.

[2] T. Vyhlidal, M. Anderle, J. Busek, and S. I
Niculescu, Time-Delay Algorithms for Damping
Oscillations of Suspended Payload by Adjusting
the Cable Length, 1EEE/ASME Trans.
Mechatronics, Vol.22, No.5, pp.2319-2329, 2017,
doi: 10.1109/TMECH.2017.2736942.

[3]Y. Fang, P. Wang, N. Sun, and Y. Zhang, Dynamics
analysis and nonlinear control of an offshore
boom crane, IEEE Trans. Ind. Electron., Vol.61,
No.1, pp.414-427, 2014,
doi: 10.1109/TIE.2013.2251731.

[4]N. Sun, T. Yang, Y. Fang, Y. Wu, and H. Chen,
Transportation  control of double-pendulum
cranes with a nonlinear quasi-pid scheme: Design
and experiments, IEEE Trans. Syst. Man, Cybern.
Syst., Vol.49, No.7, pp.1408-1418, 2019,
doi: 10.1109/TSMC.2018.2871627.

[5STN. Sun, Y. Fang, H. Chen, Y. Wu, and B. Lu,
Nonlinear Antiswing Control of Offshore Cranes
with Unknown Parameters and Persistent Ship-
Induced Perturbations: Theoretical Design and
Hardware Experiments, 1EEE Trans. Ind.
Electron., Vol.65, No.3, pp.2629-2641, 2018,

LJOURNAL OF MARINE SCIENCE AND TECHNOLOGY-

doi: 10.1109/TIE.2017.2767523.

[6] N. Sun, Y. Fang, H. Chen, B. Lu, and Y. Fu,
Slew/Translation  Positioning and Swing

Suppression for 4-DOF Tower Cranes with

Parametric  Uncertainties:  Design  and
Hardware Experimentation, 1IEEE Trans. Ind.
Electron., Vol.63, No.10, pp.6407-6418, 2016,
doi: 10.1109/TIE.2016.2587249.

[71L. A. Tuan, Neural Observer and Adaptive
Fractional-Order Backstepping Fast-Terminal
Sliding-Mode Control of RTG Cranes, 1EEE
Trans. Ind. Electron., Vol.68, No.1, pp.434-442,
2021,
doi: 10.1109/TIE.2019.2962450.

[S]H. Chen and N. Sun, Nonlinear Control of

Both

Actuated and Unactuated State Constraints with

Underactuated Systems Subject to
Experimental Verification, 1EEE Trans. Ind.
Electron., Vol.67, No.9, pp.7702-7714, 2020,

doi: 10.1109/TIE.2019.2946541.

[91 W. He, S. Zhang, and S. S. Ge, Adaptive control of
a flexible crane system with the boundary output
constraint, IEEE Trans. Ind. Electron., Vol.61,
No.8, pp.4126-4133, 2014,
doi: 10.1109/TIE.2013.2288200.

[10] L. A. Tuan, H. M. Cuong, P. Van Trieu, L. C. Nho,
V. D. Thuan, and L. V. Anh, Adaptive neural
network sliding mode control of shipboard
container cranes considering actuator backlash,
Mech. Syst. Signal Process., Vol.112, pp.233-250,
2018,
doi: 10.1016/j.ymssp.2018.04.030.

[11] P. Van Trieu, D. D. Luu, H. M. Cuong, and L. A.
Tuan, Neural network integrated sliding mode
control of floating container cranes, 2017 Asian
Control Conf. ASCC 2017, Vol.2018-January,
pp-847-852, 2018,
doi: 10.1109/ASCC.2017.8287281.

[12] H. Ren, X. Wang, J. Fan, and O. Kaynak,
Fractional order sliding mode control of a
pneumatic position servo system, J. Franklin
Inst., Vol.356, No.12, pp.6160-6174, 2019,
doi: 10.1016/j.jfranklin.2019.05.024.

[13] S. Huang and J. Wang, Fixed-time fractional-
order sliding mode control for nonlinear power
systems, JVC/Journal Vib. Control, Vol.26, No.17-
18, pp.1425-1434, 2020,
doi: 10.1177/1077546319898311.

SO 70 (04-2022)



TAP CHi ISSN: 1859-316X

-JOURNAL OF MARINE SCIENCE AND TECHNOLOGY-

[14] P. Van Trieu, H. M. Cuong, H. Q. Dong, N. H.
Tuan, and L. A. Tuan, Adaptive fractional-order
fast terminal sliding mode with fault-tolerant
control for underactuated mechanical systems:
Application to tower cranes, Autom. Constr.,
Vol.123, March 2021, 2021,
doi: 10.1016/j.autcon.2020.103533.

[15] H. M. Cuong, H. Q. Dong, P. Van Trieu, and L.
A. Tuan, Adaptive fractional-order terminal
sliding mode control of rubber-tired gantry cranes
with uncertainties and unknown disturbances,
Mech. Syst. Signal Process., Vo.154, 1 June 2021,
2021,
doi: 10.1016/j.ymssp.2020.107601.

SO 70 (04-2022)

KHOA HOC - CONG NGHE

[16] D. V Diep and V. V. Khoa, PID-Controllers
Tuning Optimization with PSO Algorithm for
Nonlinear Gantry Crane System, Int. J. Eng.
Comput. Sci., Vol.15, pp.6631-6635, 2014.

[17]F. V. Monje, C. A. M., Chen Y.Vinagre, B.M. Xue
D., Fractiona-Order Systems and Controls:
Fundamentals and  Applications,  Springer,
London, 2019.
https://doi.org/10.1007/978-1-84996-335-0

Ngay nhan bai: 10/02/2022
Ngay nhan ban sura: 10/03/2022
Ngay duyét dang: 13/03/2022




