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This paper presents a sliding mode control design for a three-dimensional

container crane system considering wheel—rail friction effects. A nonlinear
dynamic model of the underactuated crane is derived using the Lagrange
formulation, capturing the coupling between translational motions and
payload swing dynamics. To represent practical operating conditions, the
friction force is described by a modified Coulomb—viscous model, which
provides a continuous friction characteristic in the low-velocity region and
accounts for parameter uncertainties within £10%. Based on the reduced-
order model, a sliding mode control law is developed to directly compensate
bounded friction uncertainties and equivalent disturbances. To alleviate the
chattering phenomenon inherent in conventional sliding mode control, the
discontinuous sign function is replaced by a hyperbolic tangent function,
resulting in smoother control signals suitable for implementation and yielding
practical stability in a small neighborhood of the sliding surface. Lyapunov-
based analysis is provided to establish closed-loop stability and robustness.
MATLAB/Simulink simulations demonstrate that the proposed method
achieves a convergence time of approximately 10-13 s, limits the payload
swing angles to below 3°, and maintains robust trajectory tracking under £5%
parameter disturbances. The results confirm the effectiveness and practical
potential of the proposed controller for three-dimensional crane systems
operating under friction and model uncertainties.
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1. GIOI THIEU

Trong cac nganh cong nghiép nang nhu san Xuat,
xay dung va van chuyén hang hoa, hé thong cau truc
dong vai tro quan trong trong viéc nang cao nang
suat 1am viéc va dam bao an toan trong qua trinh van
hanh. Pic biét, cac hé cau tryc hién dai thuong phai
thuc hién dong thoi nhleu chuyen dong trong khong
gian ba chleu bao gém chuyén dong cta xe con, xe
cau va co cAu nang/ha, trong khi tai trong treo co xu
hudng dao dong manh do tac dong ciia quan tinh va
nhiéu tir moi trudng. Do d6, viéc mo hinh héa chinh
xéac dong luc hoc va thiét ké cac b diéu khién hiéu
qué cho hé¢ théng cau truc 3D van la mot bai toan
thach thic trong linh vuc diéu khién tu dong.

Trong nhiing ndm gan day, viéc xdy dyng cac
mé hinh dong luc hoc cau truc véi sé bac tw do ngay
cang ting da tro thanh hudéng nghién ctu chinh
nhdm phan anh sat hon hanh vi thyc té cuia hé théng.
Cac md hinh hai va ba bac ty do da dugc nghién ctru
rong rii, tiéu biéu nhu cac cong trinh cua (Liu et al.,
2005; Nguyen et al., 2017; Quan et al., 2024). Sau
do, cac mo hinh cau truc nhiéu bac tu do hon, bao
gom bdn, nam va bay bac tu do, da dugc dé xuit
nham mé ta dong thoi chuyén dong cua xe con, xe
cdu va dao dong cia tai trong trong khong gian ba
chidu (Almutairi & Zribi, 2009; Hieu et al., 2013;
Thi et al., 2025). Nhitng mé hinh nay tao nén tang
quan trong cho viéc phat trién cac chién luoc diéu
khién tién tién nham giam goc lc tai va nang cao do
chinh xac dinh vi.

Song song voi qua trinh phat trién moé hinh,
nhiéu phuong phap dleu khién khac nhau da dugc
dé xuat dé giai quyet bai toan chéng lic va didu
khién bam cho h¢ cau truc. Cac phuong phap diéu
khlen ¢ dién nhu PD, PID va cac bo diéu khlen
tuyén tinh ¢6 wu diém 1a cau trac don gian va dé trién
khai (Lu et al., 2009; Phong et al., 2016; Azmi et al.,
2019; Nguyen etal., 2019). Tuy nhién, khi hé théng
chiu anh huéng cua cac dic tinh phi tuyén manh,
nhidu ngoai lai va bat dinh tham sd, cic phuong
phap nay thuong cho hiéu ning han ché va khé dam
bao do bén viing trong diéu kién véan hanh thyc té.

Pé khic phuc nhitng han ché trén, nhiéu chién
lugc diéu khién phi tuyén nhu Nguyen and Duong
(2017) va diéu khién thong minh da dugc nghién
clru, bao gdm ky thuat tao hinh tin hiéu dau vao nhu
Maghsoudi et al. (2017), lap ké hoach chuyén dong
va diéu khién dya vao tinh phang nhu Thi et al.
(2024) va Khanh et al. (2024), diéu khién mo, didu
khién t8i wu va cac phuong phap diéu khién dya trén
tri tué nhan tao (Wang et al., 2017; Chwa, 2017; Sun
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et al., 2018; Aguiar et al., 2021; Nhu et al., 2022).
Trong sb d6, diéu khién ché do truot (Sliding Mode
Control — SMC) duoc danh gia 1a mdt trong nhitng
phuong phap hiéu qua nhd kha ning ddi pho tot voi
bat dinh mé hinh va nhiéu ngoai lai, ddng thoi dam
bao tinh 6n dinh cta hé thong (Le et al., 2014; Hong
& Shah, 2019; Chung et al., 2023; Thi et al., 2025).
Nhiéu nghién ciru da 4p dung SMC cho hé ciu truc
hai va ba chiéu, cho thay kha ning giam géc lac tai
va cai thién do chinh xac diéu khién (Hieu & Hong,
2012; Tuan et al., 2013; Hieu et al., 2017; Hieu et
al., 2022; Nguyen et al., 2025).

Tuy nhién, phan 16n cic cong trinh hién co
thuong gia thiét bo qua hodc don gian héa anh
huong cua lyc ma sat trong hé thdng co khi. Trong
thuc té, lyc ma sat gitra banh xe va ray chuyén dong
la mét trong nhiing nguon gdy bt dinh chinh, din
dén sai léch trang thai on dinh, hién tuong dinh—
trugt va suy giam hiéu ning diéu khién, dic biét
trong viing van toc thap. Mot s nghién ctru da budc
dau xét dén bu ma sat cho hé ciu truc, ching han
nhu Hieu (2013), song chil yéu giéi han & mé hinh
hai chiéu hodc chua danh gia day di anh hudng cia
bat dinh tham sé ma sat trong hé cau truc 3D.

Xuét phat tir nhitng phén tich trén, mot bo diéu
khién ché do trugt cho hé ciu truc ba chidu cd xét
dén anh huong cua lyc ma sat bat dinh dugc dé xuét.
Cu thé, lyc ma sat dugc md hinh hoa bé“mg mo hinh
Coulomb-nhét ¢6 hiéu chinh theo Olsson et al.
(1998) nhim dam bao tinh lién tuc trong vung van
tc thap. Trén co sé mo hinh dong luc hoc phi tuyén
ciia hé cau truc 3D, mot luat diéu khién truot dugc
thiét ké dé bu truc tiép bat dinh tham s ma sat trong
pham vi +10%, dong thoi st dung ham hyperbolic
tangent nham giam hién tuong rung giat. Tinh 6n
dinh cta hé thong duoc chung minh dya trén ly
thuyét Lyapunov; khi sir dung ham tanh(e), hé dat
6n dinh thue dung quanh mat truot. Hi¢u qua va do
bén vitng cla by dicu khién d& xuat duoc kiém
chung thong qua cac két qua md phong trén nén tang
MATLAB/Simulink v&i cac tham sb hé théng
thuc té.

DPong gop chinh cua bai bio bao gdm: (i) xay
dung mé hinh dong luc hoc phi tuyén day du ciia hé
cau truc 3D tich hgp mo hinh ma sat Coulomb—nhét
bét dinh theo Olsson et al. (1998); (ii) thiét ke luat
diéu khién ché do truot c6 bu ma sat truc tiép, sur
dung ham tanh(-) dé giam chattering trong khi van
dam bao 6n dinh thuc dung theo Lyapunov; (iii)
kiém chimg hiéu qua bo didu khién qua md phong
v6i bt dinh ma sat +10% va nhidu tham s6 +5% trén
hé ciu truc container 3D.
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2. PHUONG PHAP NGHIEN CUU
2.1. Pong lwe hoc hé ciu truc container 3D

Xét md hinh ciu truc container ba chiéu duoc
minh hoa trong Hinh 1. Téi trong c6 khdi luong
m dugc gitr boi ngam kep va lién két véi xe con
thong qua mdt day cap co chleu dai . Xe con di
chuyen doc theo truc X trén xe cau, trong khi xe cau
chuyen dong doc theo truc Y. Toan bg h¢ thong duoc
d5 boi két cau dam thép chiu lyc.

Trong qua trinh van hanh, chuyén dong cia xe
con va xe cau gdy ra dao dong cua tai trong trong
khéng gian ba chiéu. Cac khdi luong ctia xe con, xe
cdu va tai trong lan luot dugc ky hiéu 1a M, M, va
m. Dao ddng cua tai trong dugc mo ta bdi hai goc
léch a va 8 theo cac phuong X va Y, twong Gmg. Luc
diéu khién tic dong lén hé thong dugc ky hiéu 1a
F=1[f.fy fi]7, trong khi céac luc ma sat phat sinh
trong qua trinh chuyen dong dugc biéu dién boi

[frlt frz' er] .
zZ

fa

Load
I
mg

Hinh 1. Mé hinh céu truc container 3D

Gia thiét rang chuyén dong ciia hé thong dién ra
trong khong gian ba chiéu XYZ nhu Hinh 1. Céc toa
dd suy rong cua hé dugc Ilya chon la q=
[x, v, 1, a B]T, trong d6 x va y lan lwot 1 vi tri cha
xe con va xe cau, [ 1a chidu dai day cap, con a va
B 1a cac goc dao dong cuia tai trong theo hai phuong
vudng goc.

Vi tri cla tai trong trong hé toa dd Descartes
duoc xac dinh theo céc toa d§ suy rong nhu sau:

X, =x+Isinacosf,
Yy =y+ising,
—lcosacosf.

e
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Trén co s biéu thuc vi tri, dong nang T va thé
nang U cta toan by hé théng duoc xac dinh. Van tdc
clia tai trong dugc suy ra bang cach 1ay dao ham theo
thoi gian cua cac toa dO X, Vi, Zm. Khi do, ham
Lagrange ctia h¢ thong dugc dinh nghia la:

L=T-U ()

Ap dung phuong trinh Lagrange cho cac toa do
suy rong q, ta thu dugc hé phuong trinh vi phan phi
tuyén mo ta dong lyc hoc cua hé cau tryc 3D. Sau
cac phép bién ddi dai so, mo hinh dong luc hoc cta
hé théng ¢6 thé dugce viét gon dudi dang:

M(q)4 + C(q,9)q + G(q) + F,, =F (€))

trong do:

e C(q, q)1a ma tran Coriolis va ly tAm;

e G(q)la vector trong luc;

e M(q)la ma tran quan tinh phu thudc vao
trang thai, phan 4&nh moi quan hé gitra luc tac dong
va gia toc cua h¢;

e Fla vector lyc diéu khién dau vao;

e F, biéu dién céc luc ma sat tac dong 1én hé
thong.

M0 hinh dong luc hoc phi tuyén nay 1a co s¢ dé
thiét ké bo di€u khién ché dd truot cho hé cau truc
ba chiéu trong cac phan tiép theo.

2.2. Mo hinh ma sat

Luc ma sat 1a mét hién tuong khong thé tranh
khoi trong cac hé co khi, dic biét ddi voi hé cau truc
lam viéc trong diéu kién tai trong 16n va véan toc
th?ip. Su ton tai cua luc ma sat gitta banh xe va ray
chuyén dong c6 thé gay ra nhiéu anh huong bt loi
nhu d6 tré bam quy dao, sai l1éch trang thai 6n dinh
va hién tugng dinh — truot (stick—slip), tir d6 lam suy
giam hiéu ning diéu khién cta hé thong.

Trong nghién clru nay, lyc ma sat tac dong 1én
céc co cau chuyén dong cuia cdu truc dugc md hinh
hoa dua trén mo hinh ma sat Coulomb—nhét ¢6 hiéu
chinh theo Olsson et al. (1998), nhu minh hoa trong
Hinh 2a. M6 hinh nay cho phép mé ta twong d6i
chinh xdc déc tinh ma sat trong ca vung van tc cao
va vung van tdc thip, ddng thoi phu hop véi cac hé
co khi ¢6 tiép xtic lan—truot nhu cau truc container.



Tap chi Khoa hoc Dai hoc Can Tho Tap 62, S6 CP: Khoa hoc va Cong nghé cho su phat trién bén vieng cua viung PBSCL:158-169

Luc ma sat Luyc ma sat
Fy /4}' Fry v C;
lf+ f+ y
Vin tée q Vin toc q
c;

(a)

(b)

Hinh 2. M hinh ma sat cia ciu truc 3D

Trong bai bao nay, mé hinh ma sat Coulomb-
nhét duogce sir dung dé mé ta cac lyc ma sat xuét hién
trong cac co cdu chuyén dong cua hé cau tryc. D6i
v6i cac chuyén dong theo phuong X va Y, luc ma
sat chi yéu xuét hién giita banh xe clia xe con va xe
cau voi ray dan hudng. Di voi chuyén dong nang
ha tai theo phuong Z, luc ma sat dwgc mo hinh héa
nhu lyc ma sat twong duong trong co ciu truyen
dong nang, bao gbm ma sat trong hop giam toe, 6
truc va co céu tang cudn cap. Do do, trong mo phong
luc ma sat theo phuong Z dugce biéu dién dudi dang
ma sat Coulomb—nhét twong ty nhu cac phuong
chuyén dong con lai.

Theo mo hinh Olsson, vector lyc ma sat tac dong
1én h¢ thong dugc bicu dien nhu sau:

B, =601k + | <36+ a)
| e - a)

trongdo F,., € R31a vector lyc ma sat twong tmg
voi cac chuyen dong theo cac phuong x, y va [;
q=[xy, l] 1a vector van tdc cua céc toa do dugc
diéu khién; Cj = diag(ct, c;y, ch)va C, =
dlag(c,,x, Coy € ,,l) la ma trén hé s6 ma sat nhot
tuong tmg voi chiéu van toc duong va am; &§T =

[S(x,fy,s‘l 1"va§& =1&.&.81" 14n luot 12 cac hé
s6 ma sat Coulomb twong tmng véi chiéu van toc

d}mng va am; va ¢ dugc dinh nghia la chiéu cua van
toc, ¢ = sign(q).

“4)

+1 if >0
0 if q=0
-1 if q<0

sgn(@)= ®)

Trong mién van tbc rat nho (mién van tdc
khong), lyc ma sat tinh c6 thé nhan gia tri bit ky
trong khodng [£77&*]. Diac tinh khong lién tuc nay
c6 thé gay ra hién tuong dao dong gidi han néu Iyc
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didu khién khong du 16n dé vuot qua ngudng ma sat
tinh.

Dé khic phuc nhugc diém trén, mo hinh ma sat
duoc hiéu chinh bfing cach lam tron dac tinh ma sat
trong ving vén tc thip (Hinh 2b). Cu thé, lyc ma
sat dugc mo ta lai dudi dang:

|5 (e
+(1—n)[ j(g )
+(1—n)(g7‘1](é—cvq)

O day, dv 1a ngudng van tdc xac dinh mién van
toc thap; = diag(n,, 712, 15) 1a ma trén hé sé duoc
Ivra chon sao cho luc ma sat 1a mot ham lién tuc tai
ranh gi6i | q |= dv va q 1a hé s6 dugc nghia nhu
sau:

q
dv11

F,

rv

(6)

:{1 if |q|<dv Rl

0 if |q]=av

Céch tiép can nay cho phép mo hinh ma sat phan
anh tot hon dic tinh vat Iy cta hé théng, déng thoi
tranh dugc sy thay ddi dot ngot cua lyc ma sat khi
van tdc ddi chiéu. Trong nghién ctru nay, cac hé sb
ma sat duoc gia thiét c6 sai léch trong pham vi £10%
so voi gia tri danh dinh nhdm phan anh bat dinh
tham sd trong diéu kién van hanh thuc té cua hé
cAu truc.

M6 hinh ma sat néu trén dugc tich hop truc tiép
vao md hinh dong luc hoc va luat diéu khién ché do
trugt duoc thiét ké ¢ phan tiép theo, dong vai tro
quan trong trong viéc ning cao do bén viing va hiéu
qua diéu khién ctia hé thong cau truc ba chiéu.

3. THIET KE PIEU KHIEN CHO HE CAU
TRUC 3D

3.1. Bién ddi mé hinh dong hrc hoc

M5 hinh dong lyc hoc cua hé céu tryc ba chiéu
da duogc thlet 1ap trong Muyc 2 du6i dang phuong
trinh phi tuyén tong quat. M6 hinh nay bao gom nam
bién trang thai can xét, trong khi hé théng chi c6 ba
tin hiéu diéu khién dau vao tuong ung voi cac
chuyén dong cua xe con, xe cau va co ciu nang/ha.
Do d9, hé cau truc 3D thudc 16p hé thiéu chap hanh,
gdy ra nhiéu thach thirc trong qué trinh thiét ké b
diéu khién.

Dé thuén tién cho viéc thiét ké bo diéu khién ché
do truot, vector toa d§ suy rong dugc phén tich
thanh hai nhém, bao g(“)m cac trang thai duoc diéu
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khién truc tiép va cac trang thai khong dugc diéu
khién. Cu thé, ta dinh nghia:

a,-x v 1", a~[o.B]" (8

i Khi do, ,m(") hinh dong luc hoc cta hé¢ théng co
theé dugc viét lai dudi dang phén hoach nhu sau:

M, MIZ] [ F.1_[Fi
M, M, [ [=[4] @
trong d6 F, = [f,, fy,fl]Tla vector lyc diéu

khién, con cac thanh phan tuong ung voi q, khong
¢6 tac dong didu khién tryc tiép.

Tt hé phuong trinh (9), phuong trinh dong luc
hoc tuong tng voi cac trang thai khong duge dicu
khién co thé dugc viet dudi dang:

M4, + Mpg,+ G+ G,=0  (10)

Gia thiét ring My, 1a ma tran x4c dinh duong
trong mién lam viéc cua h¢ th(}ng, cu thé khi [ >
OvaleallpBIl<m/2, ta co thé giai phuong trinh
(10) theo g, nhu sau:

i,= - M3y (My§,+Co+Gy) (1)

Thay biéu thtc (11) vao phwong trinh dong luc
hoc trong ung voi q;.ta thu dugc mo hinh dong luc
hoc rat gon cia hé cau tryuc 3D dudi dang:

Mi(@)q,+ C(q.9) + G(q) + Fy, =F,  (12)

trong d6 cac ma trén rat gon M,., C,.va G,. dugc
xac dinh thong qua cac phép bien doi dai so tir cac
thanh phan cua mo hinh ban dau.

Véi cac didu kién van hanh néu trén, ma tran
M. (q) 1a ma trdn xac dinh duong, do d6 mo hinh
(12) ¢6 thé dwoc str dung 1am co s cho viéc thiét ké
b diéu khién. Dé thuan tién cho qué trinh tong hop
ludt didu khién, thanh phan lién két phi tuyén trong
dong luc hoc dugc bu trude béng cach chon:

F,=F.tu (13)
trong d6 F, la thanh phin bu dong luc hoc da

biét, con u 1a tin hiéu diéu khién méi duoc thiét ké
trong phan tiep theo.

) Khi dé,7m6 hinh’ dong luc hoc rut gon cua hé
thong c6 thé dugc viet lai dudi dang:

i,=M;'(@)[u — F,,] (14)

1a dang thuan loi cho viéc thiét ké bo diéu khién
ché d9 truot cho hé cau truc ba chiéu.
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3.2. Thiét ké b diéu khién trugt (SMC) cho
hé cau truc 3D

4.4,

I H . d , ~d d , . L’/
nstfi ation |4;.4192.4; SMC _ Overhead
signal Uq Crane

Tin hiéu dat Bo diéu khién truot Hé thong cin cau

ba chiéu

q,.4,
Hinh 3. CAu triic mé hinh diéu khién ciu truc 3D

Két qua dugc minh hoa ¢ Hinh 3 cho théiy ciu
tric diéu khién cua hé ciu truc 3D su dung bo diéu
khién ché d6 truot. Muc tiéu diéu khién 1a dam bao
céc bién dugc didu khién q; = [x, y,1]” bam theo
gia tri dat quq = [Xq, Ya, lg]", dong thoi triét tiéu
goc lc tai bang cach lam cho @ —» 0va B — 0 khi
t - oo,

Dit vector trang thai mong mudn la q, =
[%a) ¥a, 14, 0,0]".

Xét sai s6 bam cho nhom trang thai diéu khién:

€ =q; —qig, € =(q; — iq (15)

Chon mat trugt dang tuyén tinh:
(16)

trong d6 A = diag(14,45,13) > 014 ma trdn
tham s0 thict ké.

s=e, +Ae;

Léy dao ham theo thoi gian cua (16) ta duoc:
$=04; —Giqg +Aey;  (17)
Tu dang mo hinh ¢, & (14) thay vao (17) ta
duoc:
M; ' (@)[u—F,] -
Do Iyc ma sat va cac nhidu mé hinh khong thé

biét chinh x4c, ta tach:

F., = Frv + AF,., (19)

$ = qi1q + Ae, (18)

trong d6 F,,la gia tri danh dinh (tr mo hinh
Olsson va tham so danh dinh), con AF,,, 1a sai so/bat
dinh.

Gia thiét ton tai hing s6 f € R3, sao cho:
(20)
v = [Afrlr Afrz' AfTS]T

| AF,, 1< f
_ VoI
[f1 fo £17.
Chon luét diéu khién:
u :Frv+ Mr(q)(qld - Ae2) -Ks-®@ Sgl’l(S) (21)
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trong d6 K=diag(k,,k;.k3), ®=diag(,,,.0;) 1a
céc tham s6 thiét ké duong dung dé bu bat dinh va
sgn(-) ap dung theo tirng phan tur.
Thay (21) vao (18), thu dugc dong lyc hoc mat
truot:
§ =- M!(q)[AF,,+ K.s + ® sgn(s)] (22)
3.3. Phén tich va chirng minh 6n dinh

Gia thiét 1: Trong mién lam viéc cua hé (I > 0,
lal,| B 1< m/2), ton tai cac hang sO mpy;, > 0,
Mpax > 0 sao cho:

mminl3 =< Mr (q) =< mmaxl3 (23)
hoac
- 1
—— SV £ 24

Gid thiét 2: Bét dinh ma st ludn thoa theo biéu
thirc (20) | AF,, 1< f.

Chon ham Lyapunov:

V= %sTs (25)

Lay dao ham cta ham Lyapunov (25) theo thoi
gian va thay (22) vao, ta thu duoc:
V=sTs=—-s"M;'K.s
—sTM;1® sgn(s) — sTM;AF,, (26)

Dua trén gia thiét (24), ta danh gia timg hang tir
0 biéu thirc (26):

ViM;t > IvaK > 0 nén:
STM'Kes 2 —Anin(K) s 12 (27)
Véi Myt = Iva @ 1a ma trin duong chéo
duong:

s"M; '@ sgn(s) > —Z —1¢ilsil (28)

Véi Myt < Iva | AF,, I< ftaco:

Mmin

STM;lAFT‘U S m; 2?21/‘_;: | Si | (29)

Thé (27) + (29) véo (26), ta thu dugc:
V< - _)‘mm(K)”SHZ - _Z =1 ¢1|S|
+E Zizzf”SA (30)

Do d6, néu chon @ thoa diéu kién du:
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¢ = B f 4 5,6,> 0 (1)
thi:
3
V < - Xmin(K)”S"z - i
max
<0(s#0) (32)

Suy ra s hoi tu vé 0 (va véi hang ¥ | s; | thi co
tinh chat di t6i mat truot trong thoi gian hitu han).
Khis = 0, tir (16) ta co:

e, = —Ae; > é;, = —Ae, (33)

nén e; - 0 va e, = 0 theo ham mi. Vay hé
vong kin 6n dinh theo Lyapunov va dat bam tiém
can.

Nhdn xét. Diéu kién (31) 1a diéu kién dii, phan
anh viéc @ phai bu dugc bat dinh f c6 xét dén mién
bién thién cua M,..

Trong diéu khién ché do truot cd dién, viéc sir
dung ham déu sgn(s) thudng gay ra hién tuong rung
giat (chattering) trong tin hiéu didu khién. Dé khic
phuc nhuoc diém nay, trong nghién ctru nay ham
dau dugc thay thé bang ham hyperbolic tangent
tanh ({s), cho phép lam tron tin higu diéu khién
trong vung lan cén cua mat truot.

Ham hyperbolic tangent dugc dinh nghia nhu
sau:

eSiSi—e~SiSi

tanh({;s;) = (34)

trong d6 ¢; > 0 1a tham s thlet ké diéu chinh d6
déc coa ham chuyen tiép. Khi |s; |10,
tanh({;s;) tiém can ham dau sgn(s;); nguoc lai, khi
s; = 0, ham nay bién thién lién tuc va tron, gitup
giam dang ké rung giat trong tin hiéu diéu khién.

Do @6, luat d}eu khién truot dugc thiét ké trong
Muc 3.2 dugc viét lai dudi dang:

u = F,,+M(q)(d14- Ae;) - Ktanh(Ts)  (35)

trong d6 s la mat trugt dugc xac dinh ¢ (16), K 1a
ma tran hé sb xac dinh duong, va F,,, 1a thanh phan
ma sat danh dinh.

Diéu kién (31) duoc sir dung dé thiét 1ap diéu
kién du cho sy ton tai cia mit truot trong qua trinh
phan tich 6n dinh theo Lyapunov. Trong luat diéu
khién thyuc té dugc trinh bay & (35), diéu kién nay
duogc dam bao thong qua viée lua chon hé s6 khuéch
dai cta thanh phan diéu khién bén vimg, do dé
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khong xudt hién tuong minh trong biéu thirc cudi
cua luc diéu khién.

Pé dam bao diéu kién 6n dinh (31), ma trén gain
K duogc chon sao cho k,>®,, i=1,2,3,trong dé D,

1a can trén cia bat dinh ma sat theo timg phuong
chuyén dong.

Trong qua trinh thiét ké 1y thuyét cua diéu khién
ché do truot, ham déu sgn(-) thuong duoc sir dung
dé thiét 1ap didu kién tOn tai mt truot va thudn tién
cho viéc ching minh 6n dinh cta hé théng theo
phuong phap Lyapunov. Tuy nhién, do tinh gian
doan ctia ham dau c6 thé gdy ra hién tuong rung giat
(chattering) cta tin hiéu diéu khién khi trién khai
thyuc té, trong mo phong ciia bai bao nay ham déau
dugc thay thé bang ham tanh(-) dé 1am tron tin hiéu
diéu khién. Su thay thé nay giup giam rung giat
trong tin hiéu diéu khién trong khi van duy tri cac
dic tinh bén viing co ban cua diéu khién ché do
truot. Do d6, hé théng dat dugc 6n dinh thuc dung
trong vung lan can cua mat truot.

3.4. Chu hinh mé phéng va lyra chon tham s6

Pé danh gia hiéu qua va tinh bén vimg ciia bd
diéu khién ché d6 truot dé xuat, mo hinh diéu khién
cho hé ciu truc ba chidu duge xay dung va md
phong trén nén tang MATLAB/Simulink.

Mo hinh mé phong bao gém ba khdi chinh: (i)
khéi tao tin hiéu dat, (ii) khéi bo didu khién ché do
truot va (iii) khdi mé hinh dong lyc hoc cua hé clu
truc 3D. Khéi tao tin hiéu dat cung cép cac gia tri
mong muén cho vi tri xe con, xe cAu va chiéu dai
day cap. Khéi didu khién SMC duoc xay dung dwa
trén mo hinh rat gon va luat didu khién di trinh bay
trong Muc 3.2, trong d6 ¢ xét dén anh hudng cua
lyc ma sat bat dinh va st dung ham hyperbolic
tangent dé giam rung giat trong tin hi¢u diéu khién.
Khdi mé hinh cau truc 3D mé ta ddy du dong luc
hoc phi tuyén ciia hé thong, bao gdm cac thanh phan
quén tinh, Coriolis, trong lyc va lyc ma sat.

Trong cac md phong, gia tri dit cho hé thong
dugc lva chon la (xd, Yar la, g4, ,Bd) =
(4, 2, 1.5, 0, 0), trong khi cac diéu kién ban dau ctua
hé  duge  cho  boi (xg, Yo, Lo, @0, Bo) =
(0,0, 1,0, 0) va van toc ban dau cia tit ca cac
trang thai dugc gia thiét bang khong. Cac tham sb
vat ly ctia hé ciu truc container loai nho va cac tham
$6 diéu khién duoc lua chon dua trén céc gia tri thuc
té va duoc liét ké chi tiét trong Bang 1.

bé phan anh diéu kién van hanh thyc té, lyc ma
sat trong mo hinh duogc gia thiét co sai 1éch trong
pham vi £10% so vai gia tri danh dinh, dong thoi
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nhidu twong duong dwoc mé hinh hoa bang cach
nhan thém hé sb nhidu 8= 1+0.05-sin(2m-0.3t) vao
c4c thanh phan lyc ma sat, twong duong bién do
nhiéu £5% so v&i gi tri danh dinh.

Bing 1. Tham s6 md phéng cu truc 3D

Tham sb Gia tri Pon vi
g 9.81 m/s?
m; My, M, 1500; 2000; 5000 kg
§5 8558 450; 500; 350 N
$56580 500; 550; 400 N
Corxs Corys o 120; 150; 80 N-s/m
Cox; Coys Cyl 150; 180; 100 N-s/m
dv 0.001 m/s
Ai; A2 A3 1.0;1.5;2.0
ki ko ks 6000; 4500; 9000
Ciy 8o ¢ 35;25; 10

Cac tham s6 ma sat Coulomb va ma sat
nhéttrong Bang 1 dugc xac dinh theo ba phuong
chuyén dong cua hé cdu truc, bao gdm phuong
x(chuyen ddng cta xe con), phuong y(chuyén dong
clia xe cau) va phuong l(chuyen dong nang/ha tai).
Cac ky hiéu cia cac tham s6 ma sat nay da dugc dinh
nghia chi tiét trong Muc 2.2 khi trinh biay mé hinh
ma sat cta hé thong. Trong bang, cac hé sb &*va
&~biéu dién thanh phdn ma sat Coulomb theo hai
chiéu chuyén dong, trong khi cac hé sb ¢} va c; biéu
dién cac hé s6 ma sat nhot twong img.

Céc gia tri tham $6 duoc lua chon dua trén dic
tinh cua hé cau truc container quy moé nho nham dam
bao tinh hop ly cia m6 hinh mé phong.

4. KET QUA MO PHONG VA THAO
LUAN

Trong muyc nay, hidu qua va tinh bén vimg cua
bo diéu khién ché do truot dé xuét duoc danh gia
thong qua cic két qua md phong trén nén tang
MATLAB/Simulink. Kich ban mé phéng st dung
céc tham s va diéu kién van hanh nhu da trinh bay
trong Muc 3.4 va Bang 1.

Két qua dugc thé hién tai Hinh 4, 5, 6 minh hoa
dap tng bam quy dao cia cic bién trang thai x, y va
1 dudi tac dong cta bo diéu khién ché do truot dé
xudt. C6 thé quan sat thiy ca ba bién trang thai déu
hoi tu v& gi tri dat mot cach 6n dinh. Dép Gmg cia
xe con (x) va xe cau (y) thé hién dic tinh qua diéu
chinh nho, lan luot khoang 10-12% va 8-10%,
trude khi hoi tu vé gia tri dat tai thoi diém khoang
10-13 gidy. Pic tinh nay phan 4nh dung ban chat
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cua hé théng co hoc c6 quan tinh 16n khi van hanh
v6i bo diéu khién phi tuyén. Chiéu dai cap (1) hoi tu
nhanh hon va khong c¢6 qua diéu chinh, dat gi4 tri
dat 1= 1,5 m trong khoang 5-6 gidy. Sai s xac lap
ctia ca ba bién déu nhé hon 0,003 m, cho théiy bo
diéu khién dam bao d6 chinh x4c bam quy dao cao
ngay ca khi lyc ma sat co sai 1éch +10% so vodi gia
tri danh dinh.

Két qua dugc trinh bay & Hinh 7 va Hinh 8 cho
thdy dién bién ciia cac goc dao dong a va B cla tai
trong trong qua trinh di chuyén. C6 thé thiy rang
dudi tac dong cuia gia tdc xe trong giai doan qua do,
tai trong bi kich thich dao dong véi bién dg cuc dai
khodng 3,0° d6i véi goc o va 2,5° di véi goc B. Tuy
nhién, dao dong nay chi kéo dai trong mot chu ky va
dugc dép tit nhanh chong, hoi tu vé gia tri nho hon
0,5° sau khoang 10-13 gidy. Day la déc tinh mong
mubn trong van hanh céu truc, vi bién d dao dong
tai nho hon 3° va thoi gian dép tit nhanh giup giam
thiéu nguy co va cham va nang cao an toan
van hanh.

Két qua duoc biéu dién tai Hinh 9, 10, 11 cho
théy Iuc ma sat thuc té va luc ma sat danh dinh tac
dong 1én ba co ciu chuyén dong. Cé thé nhan thay
luc ma sat thyuc té dao dong xung quanh gia tri danh
dinh trong pham vi £10%, phan anh ding mo hinh
bat dinh duoc gia thiét. Trong giai doan qua do khi
vén tdc thay doi nhanh, didc tinh ma sat Coulomb—
nhét thé hién rd nét voi sy chuyén doi lién tuc gitra
ving vén téc thip va ving truot day du. Bo diéu
khién dé xuit s dung gi4 tri danh dinh B, dé bu
truc tiép ma sat, phan sai 1éch con lai duogc xir Iy boi
thanh phan K-tanh({s) trong lut diéu khién, nho d6
hé théng van duy tri duge chat lugng bam quy dao
tdt du ¢ bat dinh ma sat.

Hinh 12, Hinh 13, Hinh 14 biéu dién cac tin hi¢u
luc diéu khién tac dong 1én hé thong theo ba phuwong
chuyen dong. Nho sir dung ham tanh(-) thay cho
ham déau trong luat diéu khién, cac tin hiéu diéu
khién co dang lién tuc va tron mugt, khong xuét hién
hién tuong rung giat véi bién d cao nhu trong diéu
khién truot cd dién. Trong giai doan qua dg, luc diéu
khién dat gia tri lon dé thing quéan tinh va ma sat,
sau d6 giam dan va 6n dinh & muc nho khi hé thong
tiép can gia tri dat. bac tinh nay gop phan nang cao
kha nang trién khai thyc té cua bo diéu khién, dong
thoi han ché mai mon co khi va ton hao ning luong
trong van hanh.
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10
Thoi gian (s)
Hinh 4. Pap ing quy dao chuyén dong xe con
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Hinh 11. Lwc ma sat tac dong 1én co cau
nang ha

De danh gia toan dién hiéu qua cua phuong phap
dé xuét, két qua mod phong dugc so sanh véi mot so
nghién cuu tiéu biéu sir dung cac chlen luge diéu
khién khac nhau cho hé cau truc, bao gom diéu khién
c¢b dién, didu khién thong minh va diéu khién ché
do truot.
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X

f (kN)
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Hinh 12. Lyec diéu khién tic dong Ién xe con
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Két qua dugc trinh bay ¢ Bang 2 cho thy su so
sanh gifra cdc phuong phap v& mo hinh hé thong,
kha nang xét ma sat, dac tinh hoi ty va kha nang
giam goc lic tai.

Céc két qua & Bang 2 cho thiy phuong phép dé
xuét duy tri vu diém bén ving cua diéu khién truot
trong khi cai thién tinh thuc tién nho sir dung ham
hyperbolic tangent dé giam rung giat tin hiéu didu
khién. So v6i cac phuong phap diéu khién co dién
va diéu khién dua trén tao hinh tin hiéu, bd diéu
khién dé xut dat kha niang chdng lic t6t hon trong
diéu kién co bat dinh ma sat. Pong thoi, so voi cac
phuong phap SMC truyén thong, thoi gian hoi tu
dugc cai thién va tin hiéu diéu khién muot hon, gitp
ning cao kha ning ung dung cho hé ciu truc
container ba chiéu. Viéc so sanh mang tinh dinh tinh
do céac nghién ctru khac nhau str dung céac diéu kién
van hanh khéc nhau.
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Bang 2. So sanh phwong phap dé xuét véi cac
thuit toan diéu khién

Thaoi gian hoi

Nghién ciru tu, goc lic tii Nhén xét
Phong et al. X, X .
(2016), Fuzzy-PD, . Deé trién khai
2D, khong xét ma ~15-20's,~5% nhung nhﬁly
’ <At tham s0
Maghsoudi et al. R
(2017), Input ~ Nhanh, giam Vgg‘-‘ 31“3’;0
shaping, 3D, c6 dao dong C(lié}t] ;
xét ma sat j
Chwa (2017),
Robust finite-time o Co
SMC, 3D, khéng ~8-10s, <2 chattering
xét ma sat
Hieu (2013), .
SMC. 2D, co bt Céithien ~ CPuamo
ma sat rong 3D
Almutairi & ZHbL 15 05 01 Khong xet
(2009), SMC, 3D, o X .
khong xét ma sat rad (~5.7°)  dcn ma sat
Chung et al. i
2023), ESO-based £ Can by quan
( Tot q
cpntrol, 33D, gian sat
tiép xét dén ma sat
Nghién ctru de 10-13 s Bu ma sat
xuat, SMC + . ’ truc tiép,
tanh(e), 3D, c6 xét o (0032 oian
dén ma sat rad) chattering

5. KET LUAN

Mo hinh dong Iyc hoc phi tuyén cia hé ciu truc
container ba chiéu c6 xét dén anh huéng cua lyc ma
sat giita banh xe va ray chuyén dong duoc xay dyung.
Luc ma sat dugc md hinh hoa theo moé hinh
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Coulomb-nhét ¢6 hiéu chinh nhdm mé ta lién tuc
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cdu truc quy mo phong thi nghiém dwoc tap trung
mé rong nham danh gia toan dién hon tinh kha thi
cua phuong phap.
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