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DPIEU KHIEN BAM QUY PAO CAU TRUC DU'A TREN PONG LUC
HOC NGUOC

TRAJECTORY TRACKING CONTROL OF OVERHEAD CRANES
BASED ON INVERSE DYNAMICS

Nguyén Quang Hoang', Vii Vin Khoa?
'Khoa Co dién tir, Truong Co khi, Truong Pai hoc Bach khoa Ha No§i
2Vién Nghién ctru Co khi, B Cong Thuong

TOM TAT

Bai bdo trinh bay phwong phdp diéu khién bam quy dao diea trén déng liec hoc nguoe cho
cau truc hut dan dong. Mo hinh dong lyc cua cau truc duoc thiét ldp voi cac toa do suy rong dw
va sir dung phwong trinh Lagrange dang nhan tir. Cdc toa d¢ Dé cdc ciia tdi la mot phan cia cdc
toa do suy réng cho phép tao ra cdc lién két servo dé dé dang thiét ké ludt diéu khién bam quy dao
cho tai. Bai toan dong luc hoc nguoc - xdc dinh cdc ddu vao tirong iing vo’z ddu ra mong muon ciia
hé - dwoc gidi quyét nho tinh chat phang vi phan cia hé. Cdc mé phong sé dwoc thuwe hién cho thdy
hiéu qua ciia phwong phdp, chuyén dong ciia tai bam theo quy dao thiét ké va dao déng cia tdi &
cuéi hanh trinh dwoc gidm rat dang ké.

Tir khoa: Cau truc; Hé hut dan dong,; Pong luc hoc nguoc; DPiéu khién bam quy dao, Lién
két servo; M6 phong sé.

ABSTRACT

This paper presents a trajectory tracking control method based on inverse dynamics for
underactuated overhead cranes. The dynamic model of the crane is established with redundant
generalized coordinates and using the Lagrange’s equation with multipliers. The Cartesian
coordinates of the payload are part of the generalized coordinates that allow to easily design the
tracking control for the payload by using of servo constraints. The problem of inverse dynamics -
determining the inputs corresponding to the desired output of the system - is solved based on the
differential flatness of the system. The results of numerical simulations show the effectiveness of the
proposed method, that the payload tracks the given trajectory and the vibration of the payload at
the end of the trajectory are effectively reduced.

Keywords: Overhead cranes; Underactuated systems, Inverse dynamics; Tracking control;
Servo constraint; Numerical simulation.
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1. MO PAU

Cau truc dugc st dung rong rii trong
nhiéu linh vyc nhu cong nghiép ning, cang
bién, nha may 6 t6 va co so xdy dung. Nang sut
va hiéu qua cua can truc khong chi phu thudc
vao tai trong van chuyén va van tdc tai, ma con
phu thudc vao kha nang lam tat dao dong cua
tai & cudi mdi chu trinh hoat dong. Ly thuyét va
thue té di chi ra ring xe con ting toc va giam
téc nhanh hon s& lam cho g(’)c lic cla tai 16n
hon. Tinh trang nay dan dén tinh hudng nguy
hiém va c6 thé gay ra tai nan nghiém trong néu
goc lac cua tai tro nén qua 16n, c6 thé lam giy
can truc, hu hong cac thiét bi va co so ha tﬁng
khéc hoac 1am bi thuong nguoi.

Qua trinh hoat dong ctuia cau truc co thé
chia 1am ba giai doan 1a ning tai, van chuyén
ngang va ha tai. Pha di chuyén ngang 14 nhiém
vu khé khin nhit, xe con va tai phai nhanh
chong dat duoc vi tri mong mudn trong khi duy
tri goc l4c nho. Goc lic can phai dugc tri¢t ti€u
khi xe con dén vi tri dich.

Hai cach tiép can chinh sau day la can
thiét dé dat duoc yéu cAu noi trén. Cach tiép can
dau tién 1a 1ap ké hoach chuyén dong hay thiét
ké quy dao hop 1y cho xe con. Cach tiép can thu
hai 1a thiét k& diéu khién chéng lic. Trong cach
tiép can dau tién, quy dao mong mudn thudng
bao gom ba giai doan: ting tdc, van toc khong
do6i va giam tdc. Thoi gian va hinh dang cua gia
tdc trong giai doan thir nhat va tht ba 1am ting
goc xoay dén gia tri 16n nhat trudc khi giam vé
khong. Do d6, gbc xoay bang khong trong giai
doan van toc khong do6i [18].

Céch tiép can tht hai da thu hat sy quan
tAm clia cac nha nghién ctru. Nhiéu thuét toan
diéu khién da duoc phat trién cho cac can truc.
Mot s6 bo diéu khién co thé dugc liét ké 1a
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tuyén tinh, phi tuyén, tuyén tinh héa phan hoi
mot phén, diéu khién truot, thich nghi, mo, v.v.
[2-10]. Mot sb tac gia két hop cac phuong phép
diéu khién (vi du, diéu khién truot mo thich
nghi) [14-22]. Cac t6 hop nay tao ra cac bo didu
khién phtic tap.

Céc nha nghién ctru ciing da dé xuat
mot phuong phap thiét ké duya trén ning luong
va tinh thy dong ctia hé théng. Cach tiép can
nay c6 thé duoc ap dung khéng chi trong viée
diéu khién cac hé thong du din dong ma con
cac hé théng hut dan dong, chéng han nhu cau
truc, tay may hut dan dong,... [11-13]. Phuong
phap nay dua ra bo diéu khién tir ham trir nang
ciia hé. Nang lugng bd sung anh hudng dén
hiéu qua diéu khién. Tuy nhién, viéc giam dao
dong cua tai khi vé dich con kha han ché.

Mot hudng tiép can khéc nita 14 str dung
cac lién két servo va thiét 1ap hé cac phuong
trinh vi phan dai s6, sau d6 sir dung cac cong
thire tich phan dang an dé giai bai toan [23-
28]. Cach nay cho phép diéu khién tai bam quy
dao, tuy nhién sy phtrc tap ¢ day la viéc giai hé
phuong trinh vi phan dai sé bang cac cong thirc
tich phan dang 4n. Diéu nay dan dén cac phép
tinh cong kénh va phtc tap.

Bai bao nay trinh céach tiép can két hop
thiét ké quy dao va diéu khién bam quy dao
dua trén dong luc hoc ngugc va lién két servo.
Tir yéu cau cua dong luc hoc nguoc, quy dao
chuyén dong cua tai duoc thiét ké dam bao
lién tuc dén dao ham bac 4. Lién két servo &
muc gia toc duge ting cudng véi ki thuat 6n
dinh Baumgarte [29] dam bao cho diéu khién
duoc on dinh. Vi cach tiép can trong bai nay,
chuyén dong cﬁa tai s& bam theo quy dao thiét
ké va dam bao rang s khong co chuyen dong
lac khi tai dat dén vi tri cudi mong mudn.
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Phan con lai caa bai bao duoc to chirc
nhu sau: Muyc 2 trinh bay vé mé hinh dong luc
cua hé st dung cac toa do suy rong du voi cac
toa do Dé-cac cua tai; Dong luc hoc ngugc va
diéu khién chuyén dong dua trén lién két servo
duoc thé hién trong muc 3 va4; Muc5 la Két qua
mo phong $6; Cudi cung, muyc 6 1a phén két luan.

2. MO HINH PONG LUC HQC

i

Hinh 1. M6 hinh cau truc 2D

Khao sat hé cau truc chuyén dong trong
mat phéng dtimg, mo hinh co hoc cua hé duogc
thé hién nhu trén Hinh 1. Hé nay bao gém xe
con khbi hg:o’ng m_ chay trén cau ngang, qtéi
trong c6 khoi lugng m duoc coi nhu chat diém,
cap treo tai coi nhu khong dan va luon cang,
khéi lwong cap nhé va dugc bo qua. Tang cudn
cap c6 ban kinh r va m6 men quan :cinh khéi I -
H¢ ba bac tu do tng voi cac chuyén dong cua
xe con, chuyén dong cta tang cuén/nha cap va
goc lic cua cap tuong tmg duoc mé ta boi cac
bién s, 1, 8. Chuyén dong cua hé duoc din boi
luc ddy xe con va md men quay trén truc tang
cudn, tuong (mg ki higu boi u,, u,. H¢ 1a hut
dan dong vi s6 dong co dan dong 1a 2, trong khi
d6, s6 bac tw do ciia hé 1a 3 (2 < 3).

bpé xay dung mo6 hinh dong luc hoc cua
hé, ta c6 thé su dung cac toa do suy rong du (s, 1,
0) hoic sir dung toa do suy rong du (s, 1, x, z). Dé
thuan tién cho thiét ké diéu khién bam quy dao ctia
tai, & day cac toa do suy rong du dugc sir dung.

Ky hiéu q =[s, 1, x, z]" 1a véc to toa do
suy rong du mé ta chuyén dong cta hé, u = [u,
u,]" la véc to chira cac luc/md men dan dong.
Phuong trinh dong luc cho hé duogc thiét 1ap
nho phuong trinh Lagrange dang nhan tir [1]:

T
di\oq) |oq) |ag &
HQ =0

Trong d6, T 14 biéu thirc dong ning, P 1a
biéu thtrc thé nang, ¢(q) = 0 1 cac phuong trinh
lién két, d)q la ma tran Jacobi ctua phuoqg trinh
lién két. Voi cac toa do suy rong du, bicu thic
dong nang va thé nang cua hé dugc tinh nhu
sau:

bong nang hé:

1 1 . 1
T =—ms*+-Ir 1"+ -m (x*+2) 2

Thé ning hé:

P = —m gz +const 3)
Dé dua ra biéu thuc luc suy rong cua

cac lyc dan dong, ta tinh tong cong 4o cua cac
luc nay:

64 =u,bs +u,ol/ r

= Q:Bu:[ul,uzfr,[),[)]r 4)
Tir déy, ta viét duge ma tran B nhu sau:
10
B_ 0 ! )
0 0
0 0
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Tur hinh v&, ta suy ra dugc phuong trinh
rang budc cac toa do suy rong nhu sau:

N =(x —s)P+z"-I*=0 (6

Thay cac dai lugng trén vao phuong
trinh Lagrange dang nhan to (1), ta dugc
phuong trinh dong luc cho hé & dang phuong
trinh vi phan - dai s6 nhu sau:

M(q)i + C(q. 9)q + g(@) = Bu - @/ ()4

a=0. @=L @
'q
Trong do:
M =diag([m, 1>, m,m,]), Clqq =0
g@=[0 0 0 -mel., A=2

0 (q) = 229 = [ ox —s), 21,26 - 5),2]
q aq
Néu quan tim dén dong co dan dong, ta
s€ sir dung mo hinh don gian sau day:

u, = kU, —ds, u, = iU, —rd,]

VO’I U, 1a dién ap dat 1én dong co, k., d
1a cac hé sb duong phu thude thong sO dong co
nhu hing s6 mo men, hing s6 phan stc d(cg)
dong. Khi dé, cac phuong trinh duoc viét chi
tiét nhu sau:

o o o]s] [4s 0 K0 x —s)
0 Iy 0 o[l |df 0 0k |[U, -2
o 0 m o oll&[T 0|7 o |Tlo ofju,|T| 29
0 0 0 n, 4 0 -m,g 0 0 2z

HQ) =(x —s)Y +2° - =0

3. PONG LUC HOC NGUQC

DPong luc hoc nguoc giai quyét bai toan
x4c dinh cac dai luong dan dong (dau vao:
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lwc/mé men hodc dién ap diéu khién), khi biét
chuyén dong cta tai (dau ra). P6i v6i hé hut dan
dong no1 chung, bai toan dong luc hoc nguoc
co 101 g1a1 hay khong phu thude vao tung hé cu
the Pbi v6i cau truc phang xét & ddy, ta thdy
rang, khi biét chuyén dong cua tai [x(t), z(t)],
ta s€ xac dinh dugc luc cang cap. Biét luc cang
cap, ta s& xac dinh dugc cac luc dan dong u, va
u, (hay U, va U,). Sau day s€ trinh bay phuong
an giai bai toan dong luc hoc nguoc cho cau
truc 2D dua trén cac phuong trinh (8).

Gia st rang, chuyén dong cua tai can
phai bam theo quy dao mong mudn cho boi
X J(0), z (). Khi do, ta s€ bo sung phuong trinh
lién két servo nhu sau:

x —x,(t) 0
= [z —zd(r):] - [0} ©)

Dao ham hai lan theo thoi gian, phuong
trinh trén ta dugc:

¥ —x (t 0
= . _f"( I (10)
7 -Z,[t) 0
Trudc hét, ta tim dugc khong gian rong

ctia ma tran Jacobi, R = null(®, ), thoa man @ R
=0.

og.t)=0
&(g.t)=0

10

0 1

(I}:[J(x —5),-2U,2Ax 7s),k] = R=| o 0 1 (11)
(x-s) I

Tz oz oz

Nhén tir trai hai vé ctia phuong trinh thir

nhat trong (7) voi R", voi chu y rang R (DqT(q)

=0, duogc:

R'M(q)§ + R'C(q,q)q + R’Dq + R7g(q) =R"Bu(12)

Két qua thu duoc nhu sau:
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mgs +(x —s)z7'm 7 +ds —(x —s)z"'m g =kU, (13)
177 +lz7'm 7 +d)l —lz7'm g = kU, (14)

m i +(s —x)z"'m 7 — (s —x)z"'m g = 0(15)

Cung v6i dao ham hai 1an phuong trinh
lién két theo thoi gian nhu sau:

G+ D=0
Ao —5)5 — Ul +2x —5)F +227 =25 —5)5 =24 + At 5K +277 =0 (16)

Pé giai tim §,/,U,U, tir hé 4 phuong
trinh trén, ta dao ham hai lan phuong trinh (15).
Dé cho gon, ta nhan phuong trinh nay véi z va
chia hai vé ’cho m trude khi dao ham. Ta nhan
duoc cac két qua sau:

f=zf+(-x)G-2=0
fozt++(5—x)7 +(5 -%)(F-g) =0 (17)

Giai hé 4 phuong trinh (13), (14), (17)
va (16) s€ cho ta cac két qua cia bai toan dong
luc hoc nguoc: 5.1,U.U,. Cu thé, tir (17) giai
dugc 5, sau d6 thay vao (16) va giai dugc 1.
Thay cac dai lugng tim dugc vao (13), (14), ta
s€ xac dinh dugc U, U,:

- Xg +2X + 278 + (s —x)Z + s — X)
(g-2)
o= )FE=§)+ 27 +(E -5 -5) —il+77

[

z-(18)

(19)
Uy =ms+m,(x —s5)(Z - gz +dgs]/ k (20)
U, =7 +m (7 - glz™ +d,]]/ k,21)

Trong cac biéu thirc tim duoc ¢ su xuét

hién cac dao ham bac 4 cua chuyén dong cho
trudce x(t), z(t). Do do, khi 1ap trinh quy dao, yéu

cau chuyén dong cua tai phai lién tuc dén dao
ham cip 4. Ngoai ra, khi tich phan cac phuong
trinh (18)-(19), ta can sir dung dén k¥ thuat 6n
dinh hoa dé dam bao cho lién két khong bi pha
v do sai sb tich lity.

4. PIEU KHIEN CHUYEN PONG

Nhiém vu cta bai toan thiét ké diéu
khién chuyén dong 1a xéc dinh céc dau vao U,
va U, nham ddo bao cho chuyén dong cua tai
bam theo quy dao cho trudc, tic 1a dam bao
cho lién két servo (9) duoc duy tri. Nhu phan
trén da trinh bay, céc dau vao diéu khién U,
va U, dugc xac dinh dya trén m6 hinh dong
lyc hoc nguoc va dya vao dao ham béc hai cua
lién két servo (10). Nham dam bao cho chuyén
dong bam quy dao dugc on dinh, ta thay lién
két servo & cap do gia toc (10) boi:

¢(g.1) + 200i(q. 1) + odc(g,.t) = 0 (22)

v6i cac tham sb thiét ké ® > 0 va &> 0. Tu
phuong trinh trén, ta suy ra duogc:

x| |%0 X —X[1) x —x[t)
H - L‘d(:)} _25”’[2' 10 el 2|
Nhu thé, viéc thiét ké diéu khién dwa
trén mo hinh dong luc hoc ngugc cho cAu truc

2D chinh la viéc x4c dinh cac dau vao U, U, tir
cac phuong trinh (13), (14), (16), (17) va (23).

So dd diéu khién dua trén bai toan
nguoc dong luc hoc dugc thé hi¢n nhu trén
Hinh 2.

quf dao: g | luc hoc
x (1), z,(t) L nguoc

S L N &1 17 1

Lép trinh Gidi dong 1 L
5 5
UI’UZ

Hinh 2. So do diéu khién dua trén dong luc hoc nguoc
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5. MO PHONG SO

Dé minh hoa cho phuong phép dé xuét
& phan trén, cac md phong s s& duoc thuc hién
trong phin mém may tinh. Cac thong sé cua
cau truc mau nhu di néu trong phan mo hinh
dong luc dugc chon cho mo6 phong s6 nhu sau:

m = 2 kg; I,=0,01 kg/m* r=0,1 m.
m =5 kg; g =9,81 m/s%
d, =2 Ns/m; d,=2 Ns/m;

k, =2 N/Volt; k, =2 N/Volt;
5.1. Quy dao chuyén déng mong mudn cia tai

Xét truong hop tai chuyén dong trén
dudng théngvtl‘r A(x,,2,) dén B (x,, z,). Goi d (t)
1a luat chuyén dong doc quy dao, khi do toa do
mong mudn ciia tai tai thoi diém t duge xéac
dinh boi:

X, X o
x=x,+2 440, 7=z, +3 a4y
= AB AB

Nhu di trinh bay & trén, chuyén dong
cua tai phai lién tuc dén dao ham bac 4. Luat
chuyén dong c6 thé chon 12 mot da thic bac 9
thda mand(0)=d(0)=...=d(0)=0 d()_ d()
a‘(f ) = L hoic luat chuyén dong voi proﬁle van
téc dang hinh thang cong. O day, profile van
tde doc quy dao dugc chon nhu sau:

0<t<T
T <t ST}*T
TffT SfSTj

35¢0% —8ar’ +707° - 2077,
v=v 1,
* 5 7
1-35¢% + 840 — 707° + 207,

r=t/T,

T=(t-(,~T)/T,

Trong do, téng thoi gian chuyén df)ng
la T, thoi gian ting téc va ham nhu nhau bang
T. V01 L 1a quing duong di chuyén ciia tai, van

tdc v dugc tinh theo cong thirc sau:

Vo= LAT,-D)

max

bé dua ra két qua md phong so, ¢ day
st dung cac so liéu sau:
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Piém A (0, 3) m va diém B (2, 1) m.

Thoi gian tang téc va hdm T =2 s; tong
thoi gian T =8s.

5.2. Két quaz mé phéng

Két qua mé phong sd dugc thé hién trén
cc Hinh 3 dén Hinh 8. Céc Hinh 3 dén 5 thé
hién chuyen dong mong mudn cta tai bao gdbm
dich chuyen van toc va gla tdc theo thoi gian.
Chuyen dong thuc cua cau truc duogc thé hién
trén cac Hinh 6 va 7. D6 thi Hinh 7 cho thiy tai
dén dugc diém cudi nhu mong mudn. So sanh
d6 thi s(t) va x(t) trén cac Hinh 6 va 7, ta suy
ra duorc rang tai trong khong lac khi dén diém
cubi. Co thé thdy rang day chinh 1a mot diém
nbi bat so véi cac phuong phép diéu khién
khac. Két qua trén Hinh 8 cho thay dién 4 ap U,
vaU thay d6i nhiéu & cac giai doan ting toc Va
giam tbc, chung khong thay d6i khi tai chuyén
dong thang déu va khi tai dimg lai.

t[s]
Hinh 3. Do thi chuyén déng mong muon cua tdi
theo thoi gian

[m’s]

021

03r A Ed

04

Hinh 4. D6 thi van toc ciia tdi theo thoi gian

&
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~
ty | =——x2dot
03 ,l v | = = =z2dat|

[m/s?]

t[s]
Hinh 5. D6 thi gia toc cia tdi theo thoi gian

T . T . . T T .
~
N
~
N
251 - J

t[s]
Hinh 6. P6 thi chuyén déng ciia xe con va chiéu
dai day theo thoi gian

U, Volt]
T
~
e
’

t[s]

Hinh 8. Dé thi dién ap trén hai dong co dan ciia
cau truc theo thoi gian

6. KET LUAN

Bai toan diéu khién bam quy dao cho
cau truc hut dan dong dua trén dong luc hoc
nguoc va lién két servo da duogc trinh bay va
trién khai moé phong thanh cong. Vi phuong
phap trinh bay trong bai bao nay, ta cé thé diéu
khién chuyén dong cho cau truc dam bao tai
bam theo quy dao thiét ké va chuyén dong lic
khong xuat hién khi tai dén vi tri dich. Piéu nay
s& 1am tang hiéu qua khi khai thac cau truc. T4t
nhién, dé ap dung dugc phuong phap dé xuit &
day, ta can c6 mo hinh dong luc chinh xac cling
v6i cac thong s6 cua hé. Viéc trién khai kiém
nghiém thyc té 1a mot trong cac muc ti€u trong
thoi gian téi. <

Ngay nhan bai: 13/6/2022
Ngay phan bién: 24/6/2022
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