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TOM TAT

Nghién ciru ndy dé xudt mét b diéu khién chuyen ddng t6i wu thoi gian cho hé thong cau truc
con ldc don dya trén Iy thuyet phdng sao cho hé thong di chuyén tdi trong t&i vi tri mong muon dong
thoi gidm rung ldc khi chiéu dai day treo thay doi. Pong luc hoc ciia hé thong duwoc xdy dung bang
cach ap dung phuong phdp Euler-Lagrange. Nghién ciru s dung bg quan sdt trang thdi mo rong
thoi gian cé dinh (ESO) va b¢ diéu khzen truot (SMC) nham cdi thién ¢ on dinh va khir nhleu ESO
dira ra wéc tinh ¢6 dg chinh xdc cao vé trang thdi va tong nhzeu logn trong khoang thoi gian co  dinh.
Quy dao dy kién cé dwoc bang cdch gidi quyét cdc théng sé toi wu ciia dau ra phang.

Tir khoa: Cau truc; Twa phang; Piéu khién truot; Quan sat trang thai.
1. GIOI THIEU

Viéc van chuyén bang cau truc doi hoi su két hop gitra chuyén dong cua xe ddy va chuyén dong
nang ha tai mot cach dong thai, cau truc chiu nhiéu tac dong bai cac nhiéu loan bén ngoai va sy
thiéu chinh xac cua md hinh, cac yéu té nay anh huong dén hiéu suat cua cau truc. Mot sb chién
luge diéu khién truyén thong duoc &p dung dé diéu khién cau truc didu khién kinh dién PID, diéu
khién tuyén tinh LQR, LQG [1, 2] bo diéu khién nay khong dat dugc do chinh xac cao ddi véi hé
thdng phi tuyén va c6 su tac dong ciia cac thanh phan bat dinh. Hién nay, cac phwong phap diéu
khién dua trén mat truot (SMC) [3, 4] ciing duoc &p dung nhiéu do tinh don gian va hiéu qua caa
bo diéu khién. Tuy nhién, nhugc diém ciia phuong phép nay la khong dap tng tét trong diéu kién
hé thong c6 sy xuat hién caa cac thanh phan bat dinh hozc cac nhiéu loan bén ngoai. Can thiét trién
khai mot bo quan st cho hé thdng cau truc. Thuc té cac hé théng cau truc han ché trong viéc do
cac trang thai hé thong va d6 nhay véi céc nhiéu loan bén ngoai. Nghién ctru nay d& xuat phuong
phap diéu khién truot két hop véi bo quan sét trang thai mo rong (ESO) [5, 6] khong chi quan sat
cac bién trang thai ma con uéc tinh cac thanh phan bt dinh cua hé théng cau truc [7, 8]. Nghién
ctru str dung bo diéu khién truot bac hai két hop véi bo quan sat trang thai mé rong nham dam bao
chat lugng diéu khién cua h¢ théng, nang cao higu suat 1am viéc trong thuc té. Chién lugc kiém
so4t cho cau tryc trong nghién ciru con bao gdbm 1ap quy dao phu hop nham quan sat cac bién trang
thai ciia hé thong va quan 1y cac nhidu bén ngoai dé didu huéng cau trye 3DOC mét cach hiéu qua.
Do mé hinh hé théng phirc tap, viéc giai quyét diy du cac van dé tbi uu hoa trong khi xem xét
dong luc cia 3DOC dan dén ganh ning tinh toan va c6 thé gay ra xung dot trong diéu khién thoi
gian thyc da duoc giai quyét phan nao béi 1y thuyét phang [9, 10], nén viéc toi wu hoa quy dao
trong khi tinh dén cac rang budc dong trd nén kha thi.

Nghién ciru xay duyng md hinh cau truc trén phan mém moé phong va thuc nghiém voi phuong
phap 1ap ké hoach chuyén dong ti wu vé thoi gian 6 tinh dén cac khia canh dong luc hoc va giai
quyét van dé chdng rung trong 3DOC; Xy dung bo quan sat trang thai mé rong (ESO) dé udc
tinh ca trang thai hé thong va nhidu loan tong thé; Két hop bo didu khién trugt (SMC) véi bd quan
sat trang thai mo rong (ESO) dam bao sy hoi tu trong mot khung thoi gian cu thé.
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2. MO HINH HOA HE THONG CAU TRUC
Mo hinh cau truc duoc thé hién nhu trong hinh 1. {Oxyz} 13 khung toa d6 gbc ctia hé thong.

Bing 1. Cdc tham sé ciia 3DOC.

Bridee Tin | Pon
hiéu | vi
S X m | Vi tri xe theo truc x
[ y m | Vitri xe theo trucy
| m | Chiéu dai day treo tai

r N\ ¢ | rad | Géc lac cua tai theo truc x
)
m

y 4 Y nghia

Trolley

rad | Goc lic cua tai theo truc y
AN, kg | Khdi lugng cua xe

z A — [£.5,5] Mx kg | Khbi lugng tai theo truc x

)_’ o Load my kg | Khoi lugng tai theo truc y

F = [fui fy: £ 0; 0] véc to lyc cp cho m kg | Khoi !uqrig talAtheo truc 1
3DOC fx Luc tac dong 1€n xe theo truc x

N
, .4 . f N | Luc tac dong Ién xe theo truc y
Véc to bién trang thai g = [x,y,1, ¢, 0] 2 : : :
g q9=1xL¢0] N Luc tac dong 1€n xe theo truc day treo

Hinh 1. M6 hinh hé théng cau truc.
{ o , , d (oL oL
Ap dung cong thirc Euler-Lagrange: o (a_qi) ~w F; @
(my + m)% + ml cos ¢ cos 6 ¢ — mlsin ¢ sin @ ¢ + msing cos 81
+byx + 2m cos ¢ cos 0 1 — 2m sin ¢ sin @ 19_ - mlsin ¢ cos 8 d)z‘
—2mlcos¢sinf ¢pf —mlsinpcosf02 =f,  (2)

ml? cos? 6 ¢ + ml cos ¢ cos @ % + 2ml cos? A i — 2ml? sin O cos 6 $6
+mglsing cosf =0 3)

(my + m)y + mlcos 6 + msin61+ byy + 2mcos 616 — mlsin6 62 =, 4)

ml%4 + ml cos 6 § — mlsin ¢ sin 6 % + 2mli@ + ml? cos @ sin 6 ¢

+mglcos¢psind =0 %)
(m; + m)I + msin ¢ cos 6 X + msin @ § + bjl — ml cos? 6 ¢2
—mlf? — mgcos ¢ cos @ = f (6)
Tir cong thirc Lagrange, cau truc md ta:  M(q)§ + Dq + C(q,4)q + G(q) = F (7

3. LAP KE HOACH CHUYEN PONG TOI UU THEO THOI GIAN TUA PHANG
3.1. H¢ théng dd phing
Twa phang hé cau tryc tic 1a hé quy chiéu cau truc g = [x,y, ¢, 8]7 va tin hiéu diéu khién F, =
[fer fy fi]T 6 thé tham chiéu thong qua dau ra phang bang cach hinh thanh ban dau chuyén dong
tai va sau d6 tinh toan lai trang thai h¢ thong bang ly thuyet phang. Vi tri cua tdi co thé duoc tinh
toan théng qua cac trang thai hé thong bang cach:
x; = x + lsin¢cosO
y; =y + lsinf (8)
z; = h — lcos¢pcosh
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h 13 chiéu cao clia cau tryc. Phuong trinh Newton ctia chuyén dong cua cau truc xac dinh bai:
mi; = —TcosOsing
{ my, = Tsinf 9)
mZ; = TcosOcos¢p —mg
Trong d6, T 1a luc cang ciia ddy. Tir (9), goc xoay co thé duge tinh tir dau ra phang bang cach:

I( ¢ = arctan (— L)

z1tg
) (10)
|6 = arctan | —2Z——
/5612+(g+21)2
Thay (10) vao vi trf tai (8), vi tri ctia xe va chiéu dai 1 ¢ thé duoc biéu dién nhu sau:
s(xt+(o+2)°)
— +1
) l
x=x+(h—2z) =L
g+ 3
{ 2%+<g+2,2)2+1 (11)

y=y—(h—1z) yl.-

gtz
l—(h—z)\/ i +1\/ /A
- Y g+2? (%7 +(g+2)?)

Tir (10) va (11), q = f(§,,€). khi do, ¢ = f,(§,6, € €Y va g = (£, €,£,6®, @), thay
q, g va ¢ vao (2), (3) va (4), cac luc tac dung 1én h¢ 3DOC c6 thé dugc bicu thi bang F, =
fr(£,€,€,E®,E®). RE rang 1a cac thanh phén ciia dau ra phang & = [x;, y;, 2] doc 1ap khéc
nhau khi khong cé mbi quan hé nao gitra cac tin hi¢u diéu khién cua tuong bd truyén dong, tirc 1a
khong ¢6 dang g¢(£,¢,¢,...,§™) = 0.
3.2. Lap ké hoach chuyén ddng theo thoi gian tdi wu

Nhom nghién ciru dé xuét bai toan thoi gian t6i vu quy dao mong mudn cho tai cia 3DOC, ham
chi phi dugc xac dinh boi thoi gian di chuyén ciia 3DOC. Bang cach giam thiéu ham chi phi trong
khi xem xét c4c rang budc ciia hé thong va cac muc tiéu khiém soat, giai phap ciia phuong phap
nay c6 thé cung cap tét nhat cho 3DOC. Ham chi phi dugc nghia 1a: toi gian | = tr

Hon nira, cac rang budc cho bai toan thoi gian toi vu dugc liét ké nhu sau:

£(0) = [x,(0),y,(0), z,(0)]" (12)
§(tr) =$or = [xl(tf)'yl(tf)'zl(tf)]T (13)
é(tr) =10,0,0]7 (14)
O = f(a®.u(E®)) (15)
$min < §() < $max (16)
Smin < hg (1(E®))) < Pmax (17)
Omin < ho (u(5(©))) < Omax (18)

Céc rang budc muc tidu dong va diéu khién vi mot vai tro quan trong trong viéc diéu chinh
hanh vi cua tai trong h¢ thong 3DOC. Cac rang budc duogc thiét ké dé duy tri /dong luc hoc cua tai,
cac vén dé chdng rung va dat dugc vi tri tai muc tiéu. Cac rang budc (12) dén (14) lién quan truc
tiép dén khia canh vi tri cia tai dam bao sy chuyen dbi tai 3DOC tir vi tri ban déu sang vi tri muyc
tiéu dugc chi dinh dong thoi dam bao rang van tdc clia tai giam xudng 0 khi dén vi tri mong mudn.
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DPong luc hoc ctia cac rang budc tai duge liét ké tir (15) dén (16). Dé 1ap ké hoach quy dao chuyén
dong, dong luc hoc cuia tai trong bao gdém vi tri, van toc va gia toc.

4. BO PIEU KHIEN TRUQT KET HQP BQ QUAN SAT TRANG THAI MO RONG
4.1. B§ quan sat trang thai mé rong
_ B0 quan sat trang thai mo6 rong (ESO) tuyén tinh duoc thiét ké sé giai quyét dugc ca hai van
dé: udc luong nhicu, va udc lugng bién trang thai khé do hay khong do.
Céac bién trang thai cia hé théng dugc dinh nghia nhu sau:

X, =q;X; =4 (19)

Tir (1), dong luc hoc cua hé thdng co thé viét lai theo bién trong khdng gian trang thai nhu sau:
?f1 = q

X1 = X2 (20)

k= M'(@)F - M (q)(C(q.9)q + G(q) + Bq + D)

batf,(q,q.t) = —M~ 1(q)(C(q, q)q + G(q) + B§) la thanh phan bét dinh phi tuyen cua hé
thong d,.(q,q,t) = —M~'D la nhidu cua hé thong. Hé phuong trinh trang théi (20) viét lai:

xl = X2
.X'Z = X3 + M_l(q)F (21)
X3 = 4

vGi x5 1a biét trang thai ciia nhidu tong (gém nhiéu ngoai va thanh phan phi tuyén bat dinh)
he(q,q,t) = f(q,q,t) + dy(q,q,t), {(t) 1a dao ham cta ham h,(q, q,t). Bién trang thai z;
dugc dinh nghia 1a bién quan sat ctia bién trang thai x;, (i = 1 — 3). B quan st trang thai mo
rong phi tuyén (NESO) duoc thiét ké dua trén ham phi tuyén g;(x) nhu sau:

z1=2;+ ‘591(x1 21)

7y = 23+ g, (F5) + M7 (@)F (22)

. 1 X1—Z
Z3 = 293( 162 o)

Trong nghién cau nay, ham g; dugc chon la ham tuyén tinh g; () = a; x (¢), do vay, NESO
tré thanh bo quan sat trang thai mo rong tuyen tinh (LESO).
z, =12, +%(x1 —z)
Zy =23+ 2 (X — 21) + Uy (23)
z3 = % (%1 — 21)
v6i u, = M~1(q)F 14 lyc, md men tic dong 1én hé théng 3DOC.

4.2. Bp diéu khién trwot bac hai dwa trén ESO

Luc tac dong 1én xe con dugc dinh nghia: F, = [fy, f;, £,]". Bo diéu khién truot bac hai (SO-
SMC) dya trén by quan sat trang thai mo rong dugc dé xuét, voi cac tin hiéu bién trang thai dugc
wdc luong bdi bd quan sat (23), tin hidu wéc luong 24, Z,, Z5 cho cac bién trang thai dugc st dung
dé tinh toan tin hiéu diéu khién F,, tin hiéu diéu khién F, dam bao kha ning bam quy dao ciing
nhu d6 6n dinh cta hé théng 3DOC.

Hé théng 3DOC lahé théng hut co chu chép hanh, bién trang thai dugc tach thanh hai thanh phé”m:
¢6 co ciu chap hanh q, = [x, v, 1]T va khong c6 co cdu chap hanh q,, = [¢, 8]7. Phuong trinh dong
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Iuc hoc ctia hé thong (1) duoc viét thanh hai phuong trinh theo hai bién q, va q,, nhu sau:

{Mal(Q)éia + Mul(Q)du + Bal‘?a + Cal(CI: Q)Qa + Cul(CIr Q)qu + Gl(Q) + Dal = Fa (24)
Maz (Q)éia + Muz(qyju + CaZ(Q: Q)Qa + Cuz (q' q)Qu + GZ (Q) + Dul =
Hai phuong trinh trong (24) dugc viét lai thanh phuong trinh dong luc hoc cta bién trang thai
q, c6 co cau chip hanh nhu sau:

M(Q)da + C_l(q; 4)qq + C_Z(Q; )Gy + G_(Q) + D_a =F (25)
voi: M(q) = Ma1(q) — Mu1 (@ Mz (9)Ma2(9);
€1(q,4) = Baz + Ca1(4, ) — Mu1 (@)My3(9)Ca2(q, 4)
C2(a, @) = Cu1(q, @) — Myr (@M (@) Cui2(q, 4);
G(@) = G1(q) — Mu1 (DMyz (9)G2(9)
Dg = Dqq — Mul(Q)Mlzzl(Q)Dul
Céc bién trang thai q, va q, duoc udc lugng boi z, = [2,(1),2,(2),2,(3)]" va z, =
[2,(4),2,(5)]7. Nhiéu tong dugc wéc lugng boi 23, = [25(1), 23(2),23(3)]”.
Bo diéu khién truot bac hai dua trén bo quan sat trang thai mo rong s€ dugc dé xuét mat truot:
So = Gq + Adq + By (26)
Vi Gy = qq — Qar VA Gy = Gy — Gur 12 Véc to sai s6;
Gar = [%0 Y 1T, Qur = [Py, 6,17 12 quy dao dit ciia cau truc; tham s6 A = diag(A4, 15, A3)

T
vap = [[f)l [? 8] dam bao quy dao thyc bam theo quy dao dat.
2

$o 1a udc luong cua mat trugt sy, dugc xac dinh dya vao ESO nhu sau:
So=—€,—leg— Pe, +5g (27)
Voieg = qq — 24 = [e1(1),e1(2),e1(3)]"; ey = qu — 2, = [e1(4), e1(5)]" 14 sai s6 wde lugng.
B6 diéu khién truot bac hai dua trén ESO dugc dé xuit nhu sau:

Fa = —KSing(§0) - M(Q)[Z&l + 2/1(Z.a - Qar) - q'ar + ATA(Za - Qar) + B(Zu - Qur) +
A.B(Zu - Qur)] (28)
1

Ham Lyapunov dugc chon nhu sau: Veme = 5 sd'sg (29)
Pao ham ham Lyapunov theo thoi gian t, sau mot vai budc bién dbi co duoc:
) —-1 . . . .
Vsme = 5(7; [-M (q@)Ksign(—é, — Aeq — Bey + s0) — Ao — Gar — ATA(qa — qar) —
Aﬁ(qu - Qur) t+e3q — 2/1(2a - Qa) - ATA(Za - Qa) - Aﬁ(zu - Qu) - ﬁ(zu - Qu) ]
= —sgﬁ_l(q)l(sign(—éa — deg — Bey +50) — sE(Asg + ezq + 21é, + AT Ae, — ABe, —

Béy) (30)

Céc sai s0 quan sat s& hdi tu vé khong, nghia 1a: |e;(t)| = 0. Do d6, (24) dugc viét lai nhur sau:
) —1

Vime ® —sgM ~ (@)Ksign(se) — 5§ Asg 31)

Ma trén quén tinh M (q) 12 ma tran xac dinh dwong, cac ma tran tham sé diéu khién A, K xac dinh
duong. Vi vay, Vi < 0. 5, bi chin, mat truot dn dinh tiém can. Mt truot duoc hoi tu vé 0, nghia
lasy = 4q + Ag, + Bd, — 0. Dudi tc dung cia trong luc, cAc gc xoay ¢, 8 sé hoi tu vé 0, hay sai
s6 G, — 0. Do d6, G, + Ad, — 0, cb nghia G, — 0. Nhu vy, sai sd diéu khién G, G, — 0, bo diéu
khién truot bac hai dua trén ESO da diéu khién hé théng 3DOC bam quy dao tham chiéu.
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5. MO PHONG VA KET QUA

Trong phan nay, thyc nghiém va md phong Matlab/Simscape Multibody dé kiém chiing bé diéu
khién truot bac,hai dua trén ESO cho hé thong 3DOC. Khong gian lam viéc cua hé thong 3DQC
1a mot hinh khoi c6 kich thude 1,2m x 0,5m x 1,1m doc theo truc x, truc y vatruc z. B dieu
khién sé& gip hé thong bam theo quy dao mong mudn theo thoi gian thuc. Trang thai ban dau cua
3DOClaqg,=[0 0 1 0O O], vitricudimongmuénla g =[0.8 04 085 0 Of

Tham s6 ciia hé thong 3DOC: my= 12 kg, my=5 kg, mi= 2 kg, m = 0.85 Kg, lmax = 1 m, bx=
20 Nm/s, by =30 Nm/s, bj=50 Nm/s, g = 9.81 m/s?

Tham sé bg quan sdt va bé diéu khién: Ny=10, Ts = 0.2, P = diag(500, 500, 500, 200, 200), Q
=diag(1, 1, 1), Fmax = [12 12 12]", gmax = [1 1 1 0.15 0.15]",4 = diag(0.75, 0.75, 1), ou = —4,
o2==3.5, K = diag(0.5, 0.5, 1)

T, =1.25ms
SO-SMC
4 1
dSPACE MicroLabBox
N A A , . A 2 A A
Hinh 2. Thiét idp thi nghiém cia hé thong 3DOC.
0.8 T i I T NST—
{/w 0.4 /,r“ 3 ====tDeference
,,e / 095 'i“ |anmsnnans Simscape
0.6 ,i‘ 1 0.3 // tie_ --------- Experiment
Fo g %,
o N s _ %
__ 04 o { E o2 /3 E o9 %
E ra - = Y,
= Vs N I B .
* // i ====:Reference / —=—-:Reference %,
0.2 Vi ) 0.1 |7 ) %,
,,, sessseees Simscape / .........S|m5c-ape 0.85 Ve,
< seesuaens EXPETIMEN i vereneers EXPETIMENt
0 0
2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
. Ti Time (s)
Time (s) ime (s)
04 e
0.8 = Reference
enenenes SiMscape
E 0.6 E 0.3 — Reference HD,QS ssasnsnss Experiment
x O [ R I | P Simscape _g,
K 5 J— U =
2 o4 S 02 S 0
& £ £
H 5 5
= Reference 3 E
§ 02 e Simscape g0 £
waeenens EXPEIIMETE = D085 b iy
2 4 6 8 10 0 2 4 6 8 10 2 4 6 8 10

. Time (s)
Time (s) Time (s)

Hinh 3. Piéu khién bam quy dao va wéc lwong trang thdi theo truc x, y, 7.

Céc két qua trong hinh 3-5 thé hién diéu khién bim quy dao theo cac truc va udc lugng clia ching,
goc lic va udce lugng goc lic. Két qua cho thiy bo diéu khién trugt bic hai dua trén bd quan sat trang
thai mé rong cho két qua tbt, quy dao chuyén ddng doc theo truc x, y, z da bam véi quy dao dat, goc
lic cua tai trong rat nho khoéang 0,015 (rad). ESO hoat dong hi€u qua, tin hi€u udc lugng bam gia tri
thuc. Nhu vay, cho thdy tinh hiéu qua va kha thi ciia phuong phap diéu khién dé xuét, Iyc tin higu
didu khién, goc xoay khong vuot qua gidi han va ude luong ESO bam véi gia tri thue.
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e ) Simscape  =e==:f Simscape

e (b Experiment =@ Experiment
0.02

== Simscape  =e===f Simscape
# Experiment

¢ Experiment

o o
o [=]
-t n

Goc lic (rad)
Udre lugmg goc lic (rad)
o

o
2

Time (s) Time (s)

Hinh 4. Géc ldc va wée lwong ciia géc ldc.

ik S—— 8
P b T
5t .

By / 6 T
% ar l’ ,/’ __________________________ ‘
N 23(1) ——=25(4) A 2 22(1) (@)
200 - - =2y(2) === 29(5) £ o - e 25(2) mrmem2(5)
Ez i —— _23(3) éL H 3 :
2 2 '!' 2 2 : —----2:3(3)
< | S
S0 got -x‘»n:.e:.u.h.,,,,t,...., S
z . e g e B U

I ! 2 . . .

0 2 4 6 8 10 0 2 4 6 8 10
Time (s) Time (s)

Hinh 5. Uéc lirong nhiéu tong.
6. KET LUAN

Bai bao trinh bay phuong phap méi dé diéu khién hé théng 3DOC: bo diéu khién SMC dua trén
ESO két hop véi phu(mg phap lap ké hoach chuyén dong toi uru vé thoi gian c6 tinh dén cac khia
canh dong lyc hoc va giai quyet van dé chong rung trong 3DOC. Bo ESO udce lugng dong thoi cac
bién trang thai va nhidu tong gdm thanh phan bét dinh cia mé hinh va nhidu ngoai. B diéu khién
SMC_ESO diéu khién 3DOC bam quy dao chuyén dong theo céc truc x, y, z va chéng rung cho tai.
Mo hinh m6 phong dua trén Matlab/Simulink va mé hinh thyc nghiém dua trén quy moé phong thi
nghiém 3DOC xac thyc tinh kha thi va tinh bén viing cta phuong phéap diéu khién nay.

Léi cam on: Nghién ciru nay dwoc tai tro boi Pai hoc Bdch khoa Ha Néi (HUST) trong dé tai ma sé
T2023-TP-002.
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ABSTRACT

Flatness-based motion planning and a sliding mode control with an extended state observer

for a gantry crane: a novel approach to payload positioning problems
This study proposes to produce a time-optimal motion controller for a single pendulum

crane system based on the theory of construction so that the system transfers the load to the
desired position while reducing vibration with variable rope length. The dynamics of the
system are constructed by applying the Euler-Lagrange method. In addition, to improve
robustness and noise effects, the study used a fixed-time extended state observer (ESO) and
a sliding mode control (SMC). ESO provides an accurate estimate of the state and total
disturbances in a fixed time. The expected trajectory is obtained by solving the optimal
parameters of the flat output.

Keywords: Crane; Flatness; Sliding mode control; Extended state observer.
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