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TOM TAT

Dao dong chdt léng bén trong thung chira khi di chuyen la hi¢n twong dong hoc phirc tap co
thé gdy mat on dinh cho hé thong chira chat long. Bai bao dé xudt phirong phap kiém sodt én dinh
dao ddng cho bé mdt chat long tai diém dau va diém cudi hanh trinh, tmg dung tinh phang dé thiét
ldp quy dao chuyén dong cho hé dong thoi xdy dung b diéu khién bam tin hiéu dat. Hiéu qua ciia
phirong phdp d@é xudt dwoc kiém chitng théng qua cdc két qua mé phong.

Tir khoa: Sloshing; Flat output; biéu khién chuyén dong.
1. MO PAU

Trong nhiéu hé thong k¥ thuat 1am viéc v6i dbi teong chit 16ng nhu chiét rot, van chuyén, luyén
kim,... hién tuong dao dong cua chat 16ng bén trong cac thung chira két ciu khong co vach ngan
khi di chuyén 12 mot van dé dang quan tam. Sy dao dong nay khong chi anh huong dén hiéu suat,
tinh 6n dinh, an toan cua hé thong ma con tiém 4n nhitng nguy co giy giy hu hong thiét bi, san
pham. M6t trong nhiing thach thirc 16n nhit 14 xay dung mét mo hinh toan hoc mé ta chuyén dong
ctia chat long mot cach sat nhét voi thyc té. M6 hinh trong dwong dang vat nang-1d xo-giam chén
da duoc dé xuat trong [1, 2] nhu mdt cach tiép can mdi, gitp mo td mdt cach thuc té hon hanh vi
ctia chét long so véi cac mo hinh con l4c don. M6 hinh vat nang-10 xo-giam chén [3], duoc dé xuat
trong [4] & udc tinh chiéu cao ciia bé mat chat 16ng dao dong. Piéu nay di duoc kiém ching trong
mot vai ing dung chong rung chat 1ong & nghién ciru [5].

Muc dich ciia nghién ciru 1a di chuyén thung chira chat long dang khong c6 vach ngin tir vi tri
ban d4u dén vi tri dich mong mudn ma khong 1am cho chét long dao dong voi bién do 1on. Vi vy,
phai tao ra mot quy dao chuyen dong phu hop dap tng diéu kién dat ra. Mot phuong phap dugc
sir dung phd bién trong diéu khién chuyén dong két hop giam dao dong 14 tao dang tin hi¢u dau
vao (input shapping)[6]. Pay la phuong phap didu khlen chuyén dong dé giam hogc loai bo cac
rung dong khong mong mudn khi ta da biét dugc tan sé dao dong riéng va hé s6 tat dan cua hé.
Trong nghién ctru [7] da trinh bay phuong phap tao quy dao tbi wu theo thoi gian, tuy nhién, viéc
giai bai toan toi wu tham s 1a khong hé de dang. Céch tiép can moi sir dung “tinh phang” hay
trong viéc diéu khién chuyén dong dang ndi 1én manh mé trong nhiing nim gan day [8-10] do tinh
linh hoat cua nd trong viéc thiét ké quy dao. Bang cach tin dung dic tinh ndy, bai toan diéu khién
¢6 thé dugc chuyen thanh bai toan quy hoach va theo doi quy dao cho cac d4u ra phang, don gian
hoa viéc thiét ké va thyuc hién cac chién lugc diéu khién [11]. Nghién ciru [12] da chira rang van
dé ngan chan sy dao dong cua chét long co thé dugc xem nhu mot bai toan thiét 1ap quy dao hinh
hoc thich hgp dua trén dau ra phang. Ngoai ra, trong nghién ctru nay viéc bam quy dao s& duoc
thuc hién bang bo diéu khién LQR (Linear-Quadratic Regulator), day 1a mot cong cu manh m¢ va
linh hoat dé thiét ké cac b dicu khién phan héi tbi wu trong hé thong tuyén tinh [13]. Bai bao c6
céu trac nhu sau: Phan 2 trinh bay cac ndi dung chinh bao gdm: mé hinh déng hoc cua chét long,
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dic tinh dau ra phang ap dung dé thiét 1ap quy dao téi wu, thiét ké bo didu khién. Hiéu qua cua
phwong phap d& xuét thong qua mo phong trong phan 3 va cac két luan duoc rat ra trong phan 4.

2. NOI DUNG

2.1. Xay dung md hinh ddng luc hoc chit 16ng
2.1.1. Céc gid thiét ban ddu

M0 hinh co hoc tuong duong tuyén tinh dang vat nang - 10 Xo-giam chan dugc st dung dé mo
ta dong hoc cia chat long (hinh 1). Voi gia thiét 1a bé mit song sanh cia chat long khi chuyén
dong 1a phang, thung chtra Chat long véi két cau khong c6 vach ngan, loai hinh tru ban klnh R
chuyén dong theo phuong niam ngang, chat 16ng c6 chiéu cao h va khdi lugng my bao gdm mot
vat niang khoi luong cing my chuyén dong cung vdi binh chira va tap hop cac vat nang chuyén
dong m,, dai dién cho cac ché dd dao dong. M3ai vat nang m,, dugc han ché boi 10 xo k, va giam
chan c,,, khoang cach ctia né tir trong tim G theo phuong thing ding ki hiéu 13 h,. M hinh chi
nghién ctr dao dong ché do (1,1) ciia chit long va bé qua cac dao dong béc cao phirc tap hon.

Hinh 1. M6 hinh co hoc twong dwong tuyén tinh dang vét ndng — 10 o — giam chdn.
2.1.2. Xay dung phwong trinh
Khéi lugng va tan sb dao dong riéng ciia vt ning chuyén dong thir n duoc cung cap tir [3]:

2R h
m, =m. —————tanh| § — 1
glnh(érln _1) (é: Rj ( )
of :g—imtanh(ém %) @

Trong (1), (2), &, 1a mot hang s dic trung cho ché d6 dao dong duoc tra bang trong [1], g 1a
gia toc trong truong. Hé sb tat dan duoc tinh theo:

2.89 v
¢ 27‘/R3Tg”2 (3)

Theo [3], phuong trinh chuyén dong cua chit 16ng theo phuong x c¢6 thé thu dugc boi khai trién
Lagrange, sau khi tuyén tinh héa ta thu dugc phuong trinh:
X, + 28 @%, +ahx, =%, (4)
Trong do: x, , X, , X, 1an luot 1a vi tri, van tdc va gia tdc cua vat nang thir n;
%, 12 gia toc tic dong va binh chira, day ciing chinh 1a tin hi¢u diéu khién.
Chiéu cao muc chat 16ng do tai thanh binh c6 thé xap xi theo [3]:
. 4hm, «
SR

()

2.2. Tinh phing ciia mé hinh tuyén tinh vat ning — 10 xo —giam chin
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2.2.1. Co s¢' Iy thuyét
Theo két qua tir nghién ctru [12]. Xét hé thong diéu khién tuyén tinh biéu dién boi ma tran da
thirc sau:
A(s)x=Bu (6)
Voi xeR";ueR™; A (s) lama tran nx n, B 1a ma tran n X m. Trong ma tran da thirc, dau ra
phang cuia hé thong tuyén tinh co thé duge xac dinh theo phuong trinh sau:

x=Ry,u=Qy ()
Khi do, y= ( Vi Yoreen Y )duqc goi 12 dau ra phang tuyén tinh cua hé thong théa mén:
CIAER(S)=0pn (8)

Boi vi hé théng (6) c6 thé diéu khién dugc nén dau ra phang tuyén tinh y ludn ton tai, cac ma
tran P, (s) va Q(S) cling ludn xac dinh dugc.

2.2.2. Xac dinh dau ra phang cia hé
bit u, = %, phuong trinh (4) co thé viét lai thanh dudi dang ma tran da thtc:

o s zgmenat 1L
0 s"+2J,os+w || X, -1

Chon C! = [1 1] 1a ma tran tryc giao ctia B_. Theo phuong trinh (8) ta c6:

P
CIA(s)P(s)=[s* s° +2§na)ns+w§][4=o (10)
1
Tu 6, ta thu duoc:
RO = (5" + 2,08+ G)P(s) == " (11)

Theo (7) mdi quan hé giira bién trang thai va dau ra phang nhu sau:

26 .

X, = (s 4 20,08+ )y ==
1) o,

n n

1 1 1 2 12
X, ==—(s")y=—-—¥u, =M [(—2J y® +éy(g) + VJ
a)n a)n wn wn
Cubi cliing bang bién ddi toan hoc, tir (12) ta c6 thé tim dugc dau ra phang nhu sau:
2 4s° 2
y=x0—ixo+(1—ijxn—ixn (13)
a)n a)n wn

Do d6, hé (4) 14 hé c6 tinh phing v6i y 14 ddu ra phing tuyén tinh cta hé.
2.3. Thiét 1ap quy dao chong rung dua trén diu ra phing
Trong phan nay, nhém tac gia sé trinh bay phuong phap thiét lap quy dao chéng rung cho binh

chira chat long theo phuong ngang gitra 2 diém goi 1a quy dao dlem diém (rest-to-rest). Dao dong
ctia chét 16ng s& dugc kiém soat tai diém dau hanh trinh Va diém cudi hanh trinh. Gia st vi tri ban

dAu ctia binh chira (x) 14 tai thoi diém t,, tai diém cudi hanh trinh 13 (X;) thoi gian t;, trong

nghién ctru chi xét dén chuyén dong theo phuong X, cac diéu kién ban dau va cudi nhu sau:
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X () =%:%(t)=0;x,(t)=0;%, (t)=0;u,(t)=0;
X () =%, (t ) =0, (t; ) =0:%, (t; ) =0;u, (t, ) =0
theo (12), cac diéu kién dau va cudi co thé viét lai tya du ra phang nhu sau:
y(t)=%. ¥(t)=09(t)=0y?(t,) =0,y (t,)=0,
y(te) = y(t)=0.9(t ) =0,y (t;) =0,y (t;) =0

DPa thtc ndi suy cua quy dao rest-to-rest c6 dang nhu sau theo [15]:

y(t)=y(ti)+[ttf_—_t‘t) ia{ ! ] (14)

k=0 tf _ti
Céac hé s6 a duoc xac dinh boi phuong trinh:

a=[a...a.,] =A"B, (15)

Do c6 tong cong 1a 10 diéu kién dau va cudi nén béc cua da thirc ndi suy s& thdp nhat bang 9.
Ta tim dugc da thuc ndi suy:

y®) =y, +(y, -y, )r° x(126 - 4207 +5407* —3157° + 707* ) (16)

Trong d6, 7 =(t—t, ) / (ti -t ) . Sau do, theo (12) c6 thé suy ngugc cac quy dao dit twong (mg

cua vi tri, van toc, gia toc ddm bao 6n dinh dao dong chat 1dng & diem dau va cuoi hanh trinh. Cau
truc di€u khién vong hd, khong hoi ti€p dugce thé hién trén hinh 2.

Tao quy dao
x_final Rest-to-rest i1 | Céc bién trang thai
tua phang
gidm dao dOng

Péi tuong diéu khién

Hinh 2. Cdu tric diéu khién vong ho (feedforward) on dinh dao déng chat long.
2.4. Thiét ké bd diéu khién bam quy dao
pé bam dugc quy dao tim ra, nhom tac gia sir dung bd diéu khién LQR theo cau triic diéu khién
phan hoi vong kin dugc thé hién nhu hinh 3.
Dai tugng
Tao quy dao

~{i1 | Cac bién trang thai
x_final Rest-to-rest P : ‘ 1
- B0 diéu khién

tua phang LQR
gidm dao ddng

Hinh 3. Cdu triic diéu khién vong vong kin én dinh dao dong chdt long.

-4 i1y . I LIRS S SE s L
bit cac bién trang thai 1a XZ[Xn X, X, XO] ,c0 thé viet lai phuong trinh (4) dudi dang:
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0 0 10 0
0 01 0
x=Ax+Bu; Trong do, A = ;B = 17
AX+B gdo, A 0t 20,6, 0 0 = 17)
0 0 0 0 1
B6 diéu khién LQR duoc thiét ké tim duoc hé s6 toi vu K dé t6i thiéu hoa ham chi phi J:
J =IO (X" Qux+Ru? )t (18)

Trong d6, Q1va R1 la cac ma tran trong sb ¢o thé chon dugc. C6 thé viét lai (18) thanh:
3= xPx+ [ (X" (ATP+PA+Q—PBR'BP)x +(u+R'B/ Px) R (u+RB/ Px)) (19)

Véi P 1a mot ma tran dbi xtng can tim va dugc xac dinh bai phuong trinh Riccati:

A'P+PA+Q -PBR'B'P=0 (20)
Khi d6, ma tran hé s6 t6i vu K =R ™BP va tin hiéu diéu khién duoc tinh nhu sau:
u=-Kx (21)

3. MO PHONG, TINH TOAN, THAO LUAN
3.1. S0 liéu dau vao, cong cu md phéng
Bing 1. Tham s6 sir dung cho mé phong.

Tham s Gia tri Pon vi Tham s Gia tri Pon vi
R 50 mm & 1.841 -

h 70 mm Wn, 18.8968 rad/s

g 9.81 m/s? (xi5 Xy (0;6)

p 997 kg/m? te 5 s

v 0.001 Pas my, 0.1759 kg

R, 0.01 04 Diag{10, 15, 10, 5}

Nhom tac gia thuc hién mé phong trén phan mémMatlab/simulink. Tt ca cac thong sé duoc

sir dung trong bai bao dugc dua ra trong bang 1. Pong thoi két qua mo phong ciing duoc so sanh
mot quy dao ngdu nhién c6 dang duong cong bac 5 tao boi khdi “Polynomial Trajectory” trén
simulink. Quy dao nay dugc xur 1y tién dinh dé loai bo cac dao dong du va on dinh dao dong bﬁng
k¥ thudt dinh hinh tin hi¢u ngd vao dang ZVD (zero vibration derivative) dugc mo ta nhu sau:

K 2K K2
2 2 2
2VD = 1+ K) 1+K)* (1+K) (22)
0 . 2z
Wy @y

_ %1
\/E— 2 A A £ ~  n A AL
Trong 36, K =e o W, =, 1-¢7 . @,, ¢ 1an luot 1a tan s6 dao dong riéng va hé so tat

d%in tinh ctia h¢ theo cong thuc (2) va (3). Cac két qua mo phong va so sanh khéu tao quy dao theo
cau tric truyén thang (feedforward) dugc thé hién & hinh 4-7. Vi cau truc dicu khién vong kin sur
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dung LQR ma tran hé s6 t6i vu K tim duoc: K =[-7.8403 0.4437 —7.0787 1.0986]. Vi kich

ban nay nhom tac gia chon thoi gian di chuyén cta binh chira 1a 6 gidy va vi tri diém cudi 1a 3 m.
Két qua mo phdng dugc thié hién trén hinh 8-9.
3.2. Két qua mé phéng va binh luin

)

6
5
£’ £
g 3 = 15
; 2 -8 1
] £ o5
0 0
o o5 1 15 2z 25 3 a5 4 45 5 0o o5 1 15 2 25 3 35 4 45 5
Théri gian (s) Thei gian(s)
Hinh 4. Vi tri ciia thung chira chat long. Hinh 5. Vin toc cua thing chiva chat long.
— Flatitga préng) 210
: i dan it = ° — Fit(rya
2 o . E A 7::r:p:{$nsm:gng) A
o s g 6 ™ Quf dao nalu nhidn
E =
o o 4
£ g
8 / § 2
z
> 5 o
o 0.5 1 1.5 2 25 3 35 4 45 5 0 05 1 1.5 2 25 3 35 4 4.5 5
Theri gian(s) Thi gian (s)
Hinh 6. Gia toc cia thung chira chat long. Hinh 7. Chiéu cao muc chat long.
4.0 . ; , ; . : %107
3.0 8
= =6
=20 =l
g =4
1o —  FlattLQR —  FlattLQR
) Flat 2 Flat
- Normal - Normal
0.0 : : : ‘ ; 0 £\ =
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Hinh 8. Vi tri binh chira khi ¢6 bo diéu khién. Hinh 9. Chiéu cao muc chat long khi c¢6 bo

diéu khién LOR.

Hinh 4 - hinh 6 cho théy, c4c tin hiéu dat nhu vi tri, van tdc, gia tdc cho thing chira chét 1ong
dugc thiét 1ap theo dau ra phang (flat) so sanh v6i phuong phap dinh hinh dau vao (input shaping).
Mic di quy dao tya phang tao ra van toc gia toc (hinh 5,6) 16n hon so voi phuong phap 1nput
shaping nhung chiéu cao myc chit Iong t6i da khoang 2.5 mm (hinh 7) thdp hon rat nhiéu so véi
phuong phap input shaping(~8 mm). Quy dao tua phang thiét ké dya trén dong hoc ciia hé nén
van dam bao chét long 6n dinh ¢ diém dau va diém cudi hanh trinh trong khoang thoi gian 5 s
trong khi d6 phuong phap input shaping mét nhiéu thoi gian hon, diéu nay ching to tinh uu viét
ctia phuwong phéap dé xuit. Khi dwa thém vao bo didu khlen LQR (hinh 8, 9) ta thay thung bam vi
tri dat va hiéu qua chdng rung cho chat long khi két hop t6t hon khi so sanh véi 2 truong hop quy
dao con lai v6i chidu cao muc chat 16ng tdi da 1a 3.3 mm, trong khi hai trudng hop con lai 1a 8 mm
va 4 mm.

4. KET LUAN

Nghién ciru da xac dinh dqéu ra phang cho md hinh dong hoc tuyén tinh ctia chét long. D?iu ra
phang tim ra duoc st dung dé thiét 1ap quy dao chong rung dam bao 6n dinh dao dong cho bé mat
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chat 1ong & diém dau va diém cudi hanh trinh. Phuong phap tiép can nay thé hién chét lugng tot
hon khi so sanh voi phuwong phép tao dang tin hidu ngd vao vé hiéu qua chdng rung. Cau trac khién
vong kin str dung bd LQR duoc xay dung dé bam tin hiéu dat dong thoi dam bao tinh 6n dinh cho
hé. Cac két qua mo phong khong chi xac nhén tinh hiu qua cua khéu tao va bam tin hiéu dat theo
thoi gian dya trén tinh phing ma con cung cip nhiing kién thirc sdu sic c6 gia tri vé dong luc hoc
ctia hé¢ thng. Cong viée trong twong lai ciia nhom tc gia s& tap trung mo rong diéu khién chong
rung cho thing chita chat 1ong chuyén dong theo hai chiéu sir dung mé hinh phi tuyén, dong thoi
két hop cac bo didu khién hién dai dé nang cao chét luong diéu khién.

Loi cam on: Nghién curu nay doc tai tro boi Dai hoc Bdch khoa Ha Ngi (HUST) trong dé tai ma sé
T2023-7H-002.
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ABSTRACT

Control of liquid sloshing container in horizontal motion
by generating a trajectory based on the flatness theory

The oscillation of liquid inside a moving container is a complex nonlinear dynamic
phenomenon that can induce instability in the fluid-containing system. This paper proposes
a stabilization method for liquid surface oscillations at the initial and final points of the
trajectory, utilizing flatness to establish the trajectory and constructing a tracking
controller. The effectiveness of the proposed method is verified through simulation results.

Keywords: Sloshing; Flat output; Motion control.
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