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MO HINH HOA HE CAU TRUC

XET TO1 YEU TO RUNG LAC DOC TRUC

MODELLING OF AN OVERHEAD CRANE WITH VERTICAL VIBRATION FACTOR

TOM TAT

Hé cau truc la mot thiét bi dang can cdu treo dugc st dung rét phé bién
trong cdc nganh cdng nghiép nang nhu lap rdp hé thang, xdy dung, san xuat may
mdc, giao thong van tai, dong tau,... La mgt thiét bi thiéu chap hanh, hé thong
cau tryc thudng dugc mo hinh hoa trong cac bai toan vdi khodng 3 dén 5 bac tu
do, cd xét tGi yéu t6 dao dong rung lac theo phuong ngang hodc xét thém tdi cac
nhiéu tac dong mot céch khach quan vao hé thong nhu anh hudng ctia gio va
mua. Tuy nhién trong thuc té khi van hanh, ngoai rung lac theo phuong ngang
cdn ton tai thanh phan rung lc theo phuong doc truc (phuong théng ding) gy
ra bdi tai trong cua tai va miic do dan héi ctia ddy treo. Thanh phén nay c6 bién
dd nho han rat nhiéu so véi hai dao dong ngang con lai nén thuong it dugc nhac
t6i. Mac du vay, su c6 mat clia nd van gay anh hudng truc tiép dén chat lugng clia
hé thdng, hiéu suét cia hé thdng va miic do ton hao néng lugng. Trong nghién
cliu nay, mgt mé hinh cau truc 6 bac tu do dugc dé xuat véi viéc xét thém yéu to
rung lac theo chiéu doc 1én cau truc, dong thoi tién hanh khao sat mo hinh ddng
luc hoc thu dugc thong qua mé phong so.

Tir khéa: Hé cdu truc, mé hinh ddng hoc, dao ddng theo phuong thdng ding.

ABSTRACT

The overhead crane system is a type of crane commonly found in heavy
industrial environment such as assembly system, construction, machinery
manufacturing, transportation, ship-building,... etc. The overhead crane is an
under-actuated system, it is often modeled with about 3 to 5 degrees of
freedom, taking into account horizontal vibration factor or noise that affected in
an objectively way to system like wind or rain. However, in practice, besides
horizontal vibration factor, it is still existed a veritcal vibration factor which is
caused by load and elastic level of wire. This component has a smaller amplitude
than the 2 horizontal osillations so it is rarely mentioned. Even though, the
appearance of this factor still affected directly to the quality of system, efficiency
of system and the level of energy consumption. In this study, the overhead crane
system with 6 degrees of freedom is proposed with the consideration of vertical
vibration factor, and investigating the dynamic model obtained through
numerical simulation.

Keywords: Overhead crane system, dynamic model, vertical vibration.
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1. GIGI THIEU

Hé théng can ciu treo dang cau truc dugc Uing dung
rat rong rai trong cac nganh céng nghiép dé nang ha va di
chuyén tai trong (hang hoa), giup tiét kiém t6i da chi phi
van chuyén va nhan luc. Viéc nghién cdu hé théng nay vé
phuang dién déng luc hoc cing nhu diéu khién thu hat
su quan tam rat I6n cha cac ky su ciing nhu cac nha khoa
hoc thuéc linh vuc diéu khién trong nhiing thap ki gan
day. V& phuong dién déng luc hoc va diéu khién, cau truc
I3 hé hut didn déng (thiéu co cdu chdp hanh). Dé diéu
khién hé nay cé thé st dung cong cu fuzzy logic [1],
neural network [2], cac ki thuat thich nghi [4, 5], diéu
khién du bdo theo mé hinh MPC (Model predictive
control) [6],... hodc két hop cac phuong phap trén. Trong
$6 d6 co thé ké tén mot s6 cong trinh ndi bat nhu [2],
nhoém tac gia da st dung cau trdc mang neural song song
két hgp vdi viéc t6 hgp mat trugt nham thich nghi cho mé
hinh bat dinh. Trong [8], tac gid da si dung thuat toan
kinh dién PID c6 chinh dinh tham s6 theo nguyén ly téi uu
bay dan. Nghién ctu [7] da thiét ké giai thuat sir dung 2
vong diéu khién véi mat trugt dang tich phan va diéu
khién phan héi tuyén tinh héa. Cac cong trinh nay tap
trung vao viéc diéu khién cho xe con bam vi tri dat, giam
thiéu su dao déng clia tdi trong theo 2 chiéu khi xe
chuyén d6ng nén mé hinh can cau truc dugc dua ra dé
nghién ctru c6 s6 bac tu do la 3, 4 hodc 5. Tuy nhién, ngoai
bi anh hudng bai yéu t6 dao déng ngang truc, trong thuc
té cau truc con bi anh hudng bai yéu t6 dao dong theo
phuadng thing ding. Nguyén nhan dan dén sy ¢ mat cda
thanh phéan nay chu yéu do két cdu dan hoi cta sgi day
treo, d6 ndng cla tai, cau tao hé théng dam thép chiu luc
Va cac co cdu goi d6. Mac du co bién dd dao déng tuong
ddi nhd so véi cac thanh phan dao déng ngang truc
nhung anh huéng cla n6 gay ra cho hé théng la khéng
thé khéng ké dén. Su anh hudng nay truc ti€p lam giam
tudi tho clia cac hé théng dam thép chiu luc, lam suy
giam hiéu suat cia hé théng, tang muc d6 tiéu thu va hao
phi ndng lugng va tang thdi gian xac 1ap cla hé théng.
Ngoai ra, khac véi cac loai dao dong theo phuong ngang
c6 thé dé dang han ché chi véi mét luc nhé ti hé théng
chdp hanh phia trudc, cac dao ddong doc phuong thang
dung thuong chi han ché dua trén su chénh léch gita luc
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cang day treo va téng hgp luc theo phuong ngang. Do
vay, van dé nghién cliu mo hinh cau truc khi xét téi dao
déng theo chiéu doc truc va phuong phap diéu khién phu
hgp cho cau cuc nay xét dén anh hudng cla cac yéu to
nhiéu, phi tuyén va yéu t6 bat dinh (nhu yéu t6 thaoi tiét va
khau hao nguyén vat liéu cau thanh theo thoi gian) can
nhiing céng trinh nghién ctru bé sung.

Nghién cldu nay dé xudt mot méd hinh cta can truc
nham han ché rung lac theo phuong doc truc (phuong
thang diing) véi 6 bac tu do bao gém 3 chuyén déng chinh
cla hé thdng xe, cdu va 3 chuyén dong phu tai. Sau dé tién
hanh mé phoéng sé nham danh gia su chinh xac ciia moé
hinh déng luc hoc thu dugc.

2. MO HINH PHI TUYEN 6 BAC TU DO

2.1. M6 ta hé théng

Hinh 1. Hé truc toa d6 trong khong gian 3D

1t)

Lt~
o —FA
B,

I HF——2¢

N

Hinh 2. M6 hinh vét Iy trong mdt phdng Oxz

M6 hinh vat ly cla cau truc trong nha thiéu chap hanh
dugc mé ta ¢ hinh 1, 2. Hé théng dé xuat c6 6 bac tu do
tuong Ung vai 6 truc toa dod suy rong, cu thé 1 vi tri clia xe
chay trén dam cau x(t), goc quay cla rong roc 0(t), do doi
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cla cau trén ray y(t), chuyén déng quay cla tai trong mat
phang Oxz, Oyz la &,(t), §,(t) va dao ddng doc truc oft). O
day, 3 toa d0 suy réng dau tién x(t), y(t), 6(t) dugc coi la cac
trang thai chdp hanh con 3 toa d6 sau &(t), &(1), o(t) la cac
trang thai thi€u chap hanh. Gia tri ctia toa dd mai o(t) nho
hon nhiéu so véi cac chuyén déng khac nhung cé tac déng
dang ké dén tiéu thu ndng lugng va tudi tho ctia hé théng,
dac biét trong qua trinh nang va khi xét dén bién doé lon
cla hai dao déng theo phucng ngang. Cac chuyén déng
chap hanh tao nén vj tri chinh xac ctia tai trong khéng gian
lam viéc, ngugc lai thi cac chuyén ddng thiéu chap hanh Ia
chuyén déng khéng dugc mong mudn. Cac muc tiéu chinh
cla diéu khién la théda man cac diéu kién bam, gidm pha va
bién do6 cia cadc dao dong.

2.2. M6 hinh ddng luc hoc

Trong pham vi clia nghién ctu nay, tam di chuyén cda
hang dugc coi la nhé so véi tam di chuyén clia can truc khi
d6 mé hinh dong luc hoc dugc thiét lap véi cac gia thiét
nhu sau:

Hé s6 truyén dong clia con quay day cap la 1.

Bién dang va dao déng ngang clia cau tric thép nho
han rat nhiéu so véi dao déng theo phuang thing ding va
hé s6 dan héi tuong duang 9 dugc coi la khong déi.

Véi:

m, m, va m, lan luct la khéi lugng cta hang, khéi
lugng clia xe va hé théng treo, khéi lugng cau.
Ao, 9 thé hién dd kéo dai ban dau va hé sé dan héi
tuong duong.
Jgva ryla mé men qudn tinh va ban kinh cta con quay
treo hang.

Cac hé s6 tat dan ., W, K, va y, thé hién cac luc ma sat
lien quan dén cac chuyén déng clia co cdu treo, ciu truc,
xe chay va bén trong day treo.

U,, U, va u; la céc dau vao diéu khién chii ddng dugc tao
ra bi chuyén dong cla xe chay, cau truc va cic co cau
nang hang.

Pong nang cla hé, dugc coi la cac chuyén ddng cda
hang trong khdng gian lam viéc, dugc tinh nhu sau:

T) =T.()+T,(t)+ T (t)+T(t) )
Trong do:

2 2 d 2
T(t) = %mt (%) +(y0) va T,(t) = % m, (;/iﬂ)] 3

thé& ndng cutia xe chay va cau truc.

d(ow)|

" ] I3 ndng lugng cta chuyén déng

1
Tr(t) = EJd

quay cla con quay treo tai.
Pong nang T,(t) cta hang:
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o ((7(t)+rd (60) 1€, (1) sin(&, (1))

+(0(t) + Ao 41, (1) +1,0(1)E, (hcos (€, (1) — rdix(t)sin(ix(t))

]z

90+ (50 + 1, (00) + €, (1)) eos (€, (0)sin(g, (1)
T(t) = —m |+ " - . , : (2)
2 +(()'(t)+Aa+rdﬁx(t)+rdﬂ(t))(ﬁy(t)cos(&x(t))cos(ﬁy(t))f&x(t)sin(ix(t))sin(ﬁy(t)))
. . , 2
(6(t)+rd(H(t)+&X(t)))cos(ﬁx(t))cos(iy(t))f(o(t)+Ao+rd§x(t)+rd9(t))
+ (gy(t)cos(gx(t))sin(gy(t))+gx(t)sin(gx(t))cos(gy(t)))
,rd(éx(t)cos@y(t))cos(ix(t))féy(t)sin(iy(t))sin(gx(t)))
Thé nang cta hé: Trong d6, X®=[xt) y® 60 @ €0 o)
I1(t)= t))si t .. " "
(0=—tm.geos(, (0)sin(, ) 5 v Ko=[x0 o 60 £ £m 5014 dao ham
+lﬁcrz +mg o(t)+Aoc cos(&x(t))cos(i (t)) cdp 1 va cdp 2 cla cac trang thai hé théng;
2 +1, (B0 €, (1)) ’ .
) ) vector ddu vao U() la U(t)=[U(t) 0 0 0] vei
Nang lugng hao phi: s
: . U,0=[u® u® u,®]; ma tran khdi Iluong
=— = 4
o) z@(t)) @(t)) @ M()_((t)) =M ()_((t)) la déi xting xéac dinh duong;
Trong do: C(X(t),x(t)) la ma tran Criolis va ly tam; B la ma tran
0O 0 O -
u(;“ L0 0 ) hé s6 tat dan; G(X(t)) la vector trong luc. Véi
E= ' () =160t s(t) x(t) y(t)
O O ut O - [ } mH m12 m13 m14 m15 m16
0 00 Hp my, My, My my, My My
Céc dic diém vat ly clia cau truc dugc dic trung bdi cac M(X(t)) _ My My My My, My My
bién day du trang thai: = m, m, m, m, m, m,|
XO=[x®) y® o1 €0 0O oo m5, M, My My, Mg Mg
4 A ’, A 5 m61 m62 m63 m64 m65 m66
Ap dung céng thic dong luc hoc clia Euler-Lagrange:
T T C'l'l c12 c13 c14 C'IS c16
d 8T()_(, t) B 8T(>_(at) G € G G G Gy
dt aX(t) (9}_((t) (5) C(X(t) X(t)) _ G G Gy G G G
(91_[()_(, t) ! 8@()_(,t) ! = Co € Ci3 Cu Cis Cu ,
T GX(t) - 8X(t) +a) Ci G G5 G G Gy
c61 c62 c63 c64 CGS c66

véi Q(t) = col(Q,(t)) la vecto cac luc suy réng. Q,(t)la

luc suy rong dng véi toa do suy rong x,(t) trong do 0 b, 0 0 0 00
i={12..6} 0 b, 0 0 00
Ta thu dugc mé hinh dong luc hoc cua hé dugc viét G(X(t)) _ 9; . B= 0 0 b, 0 00 .
dudi dang ma tran nhu sau: = g, 0 0 0 b, 00O
. . 0 0 0 0 00
M(x(®) %O +BX( 6) ZS 0 0 0 0 00
+C(x (1), X(0) x(t) + G(x (1)) = U(t) ¢

Vib,, =p,b, =p,b; =n,.b, =p

m? 14
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g, = mcrdgcos(gx(t))cos(@(t)),
g, = do(t)+ mcgcos(gx(t))cos(gy(t)>,

g, = mcgo(t)cos(gy(t)) sin(&, (1) + mchocos(gy (t))sin(gX (v)
+(mcgrd6(t)cos(§y(t)>sin(ix(t)) +mcgrdgx(t)cos(gx(t))sin(gy(t))),

—m_go(t)cos(£, (t))sin(&y (t)) —m.gAocos(£, (t))sin(gy (t))
g, =|+mgr, sin(ix(t))sin(iy(t))—mcgrde(t)cos(ix(t))sin(iy(t)) .
—mgrg, (thcos(, (t)sin(€, (1)

2.3. M6 phéng ddng hoc

Trong phan nay, cac moé phéng sé st dung phan mém
Matlab & Simulink dé khéo sat cac dac trung dong luc hoc
cla toan bd hé théng khi chiu su dnh huéng cla céc luc
bén ngoai dugc thuc hién. Véi théng sé cau truc trong nha
loai 5 tdn 1 con quay clia Materials Handling nhu sau:

m_ = 5000kg, m, =2316,5kg, m, =371,9kg,

r,=0,31m,J, =180kg.m?, p, =310Nm/s,

i, =170Nm/s, i, = 260Nm/s, p, = 350Nm/s

g=9,81m/s’,9 = 300000N/m, Ac =0,01m.

Cac mo6 phéng doéng luc hoc dugc thuc hién trong ba
trudng hop dé dac trung hda cac dic diém cda can cau,
nhu trong hinh 3 + 7.

Trong trudng hgp dau tién, khi chua cé bat ki tin hiéu
diéu khién nao tac dong lén hé, cac tinh chat déng hoc cla
hé théng véi su anh hudng cla cac gia tri ban dau dugc thé
hién & hinh 3 va 4. Theo d6, vi tri ban dau cta hé thong xe
con va rong roc dugc ddy di 1m, vi tri ban dau cla xe cau
truc va goc quay clia day treo dugc gia thiét ban dau tai
g6c toa do. Tai t = 0, cac goc léch va rung théng ding cla
hé théng lan lugt la € (0) = —2°,¢ (0) = 10"

Trang thédi dao dong doc truc c6 bién d6 ban dau
0(0) = 5cm. Hinh 3 thé hién dic tinh déng hoc cta cac bién
chdp hanh x(t), y(t), 6(t) va hinh 4 thé hién dic tinh déng
hoc ctia cac bién thiéu chdp hanh € (t),€ (t),o(t).

Cac mo6 hinh cho thdy, do khoéi lugng clia hang m,
I6n hon nhiéu so véi khéi lugng cta cau truc, khéi lugng
cta hé théng xe con vai géi d& va cac gia tri ban dau cda
cac goc rung la rat nhé nén mac du khong co tac dong dén
tu bd diéu khién, 4p luc cta ti trong (hang hoéa) truyén qua
hé théng day treo ty Ién rong roc theo hudng gan nhu
thdng ding lam cho hé théng xe con chi chay dugc xung
quanh gia tri dat ban dau la Tm (hinh 3a). Cling vi ly do d6,
néu xem xét trong diéu kién ly tudng la chiéu dai day cap
va db ddi cla cau truc theo phuong y khéng bi gidi han,
quy udc chiéu quay thuan la chiéu cung véi chiéu kim dong
ho, thi trong luc rat I6n cta khoi hang sé kéo cho rong roc
quay mai, dan dén bién trang thai tién ra vé cung (hinh 3c).
Nang lugng du trit trong hé ban dau & dang thé néng trong
trudng dugc chuyén héa toan bé thanh déng nang dung
cho chuyén ddng clia cau truc chay va déng nang quay cla
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hé théng rong roc. Péng nang dung cho cau truc chay la
rat I6n sé lam cho bién trang thai tién ra vé cung (hinh 3b).

% dot
y dot

() (b

(c)
Hinh 3. Cac trang thai chdp hanh véi cac gia tri ban dau cla céc géc rung
thang diing
(@) Vitri va toc do cta hé thong xe con; (b) Vi tri va van tdc cla cau truc;
(c) Goc léch quay ctia rong roc trén xe con.
|

£ dot ¥
% -

trme {5

(c)

Hinh 4. Céc dao dong véi cac gia tri ban dau cia cac géc rung thang diing
(a) GAc rung va van téc goc theo phuong x; (b) GAc rung va van toc goc theo
phuang y; (c) Dao ddng doc truc va toc do dao ddng doc truc
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Trudng hop thi 2, tat ca cac diéu kién ban dau clia cac
bién trang thai bang 0 dé€ khao sat dap ing dong hoc clia
hé théng khi anh hudng béi cac nhiéu khéng mong muén
nhu gié. Do cac nhiéu tac dong vai bién dé ngau nhién
khong thé biét trudc, nén bai bao gid st dang ham nhiéu
c6 dang t8ng cla cadc ham diéu hoa theo thdi gian cé
phuaong trinh:

u,(t)=0,4sin(3t) —0,5cos

™
5t— g](N)

u,(t)= O,1sin[4t+g] +0,1cos

tﬂ](N)
4
u, (t) = 0,2sin(2,3t) — cos(4,5t)(N.m)

Khi d6 dap ting ctia hé tuong Ung vdi cac xung dau trén
thé hién trong cac hinh 5 va 6.

adet

{a) ()

(c)

Hinh 5. Dap ting hé thong vdi cac trang thai chap hanh

(a) Vitriva toc d9 cta hé thdng xe con; (b) Vi tri va van tdc clia cau truc;

(c) G6c Iéch quay cda rong roc trén xe con

TU hinh 5 va 6 c6 thé thay, khi tin hiéu nhiéu c6 bién dé
nhd ciing c6 thé Iam cho hé théng tré nén mét én dinh. &
trudng hgp nay, quy dao di chuyén cla xe con bi nhiéu
dong manh xung quanh diém 0. Trong sudt khoang thai
gian m6 phéng 20s, y(t),0(t),€ (t) déu tiénra v6 cung khi
thoi gian cang lon. Qua dé chiing t6 rang hé théng la kha
nhay cam khi cé nhiéu tac dong.

{a) (k)
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{c)
Hinh 6. Dap ting hé thdng vdi cac trang thai thiéu chdp hanh
(a) GAc rung va van tdc géc theo phuang x; (b) GAc rung va van toc goc theo

phuang y; (c) Dao ddng doc truc va toc do dao ddng doc truc

ba

Trudng hop 3, xét hé théng trong qua trinh nang ha tai
ng céach kich thich dau vao diéu khién co ciu nang/ha

mot tin hiéu dang xung nhu hinh 7, dap (ng déng hoc thé
hién & hinh 8 va 9.

08|

' 1

]

Hinh 7. Cac xung budc nhy kich thich vao hé

ot B ¥t

(a) (b

)
Hinh 8. Cac trang thai chdp hanh véi cac xung luc chép hanh
(@) Vitriva toc do cta hé thong xe con; (b) Vi tri va van tdc clia cau truc;
(c) G6c léch quay cla rong roc trén xe con
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10
time (s)

Hinh 9. Cac dao ddng vdi cc xung luc chap hanh

(a) Goc rung va van toc goc theo phuang x; (b) Goc rung va van toc goc theo
phuang y; (c) Dao dong doc truc va toc do dao dong doc truc

Trong hinh 8, c6 hai xung dau vao tac dong vao hé
théng thé hién 2 1an nang ha tai trong khi xe va cau truc
khéng di chuyén. Qua trinh nang va ha tai la qua trinh van
hanh lién tuc clia co cdu chap hanh dugc coi gan diung cé
dang bac thang. Theo d6, doc theo sudn Ién ctia xung biéu
thi qua trinh nang tai. Dén khi tai dén dugc do cao mong
mudn thi duy tri gia tri momen quay cltia rong roc trong
mot khoang thai gian roi sau dé ha tai (gidm gia tri cla
momen). Thuc té€ cho thdy, qua trinh nang tai luon kho
khan va mat nhiéu thai gian hon ha tai nén xung momen
hinh thang c6 d& déc khi nang phai nhé hon khi ha. Do
khéi lugng clia hang 1a 5 tan, nén dé nang dugc hang Ién
thi gia tri momen can phai thoa man diéu kién :

M,_... >m_gr, =5000.9,81.0,31=15205,5(N.m)

nang —

Do d6 trong trudng hgp nay, dé€ nang tai trong thai gian
nhanh, chon gia tri momen nang vao khoang 25000(N.m)
dé khao st.

Hinh 8 va 9 thé hién dap Ung cta hé théng trong vong
25s déi vai trudng hgp nay. Theo do, vi tri clia xe con, vi tri
cla cau truc, goc rung lac theo hai phuong x va y déu dong
nhat bang 0 do khéng ¢6 luc tac dong. Thanh phan dao
dong doc truc va goc quay cla rong roc trong truong hop
nay tré nén phuc tap hon truéc do lién tuc phai nang ha.
Trong thai gian ti 1s dén 5s la qua trinh co cdu nang hang
lan thi nhat, néu chiéu theo quy udc vé chiéu dusng nhu &
truong hop 1 thi giad tri géc quay rong roc trong khodng
thai gian nay sé phai am, kéo theo su dao ddng nhe ban
dau & thanh phan doc truc nhu hinh 10c. Sau d9, ti€n hanh
ha tai, rong roc quay theo chiéu duong lam cho géc quay
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tang lén déng thai thanh phan dao dong doc truc sé giam
xuéng. Qua trinh dién ra tuang tu cho lan nang ha tha 2 tao
nén dap Uing dau ra & goc quay rong roc va thanh phan dao
déng doc truc nhu hinh 9. Nhu vay ci méi khi can nang
hodc ha tai trong, thanh phan dao déng doc truc cling véi
dao ham cta no6 sé dao déng va bién thién kha phtc tap.
GOc quay cla rong roc cling theo d6 ma khéng thé kiém
soat dugc cho nén viéc ti€p tuc nghién ctu thanh phan dao
déng doc truc dé thiét ké bd diéu khién dé giam thiéu anh
hudng cla thanh phan nay la can thiét.

3. KET LUAN

Trong nghién ctu nay, mé hinh can truc 6 bac tuy do mé
td dac tinh phi tuyén cau truc c6 xét t6i dao doéng theo
phuang thdng doc truc dugc dé xuat va dugc si dung dé
khao sat cac dac trung dong luc hoc cta toan bd hé théng
khi khong chiu va chiu sy anh huédng cda cac luc bén ngoai.
K& qua mo phong cho thdy anh hudng clia thanh phan dao
déng doc truc 1én hé cau truc kha phuc tap va khé dé kiém
soat mdc du bién dé khong I6n. Trén co sG do, trong cac bai
bdo sau chdng t6i sé phat trién cac luat diéu khién phi
tuyén nhu diéu khién truct, ky thuat backstepping, diéu
khién thich nghi cho mé hinh nay nham khéng chi dua tai
dén vi tri mong mudn ma con han ché céc trang thai rung
ldc ngang va doc truc trong qua trinh hoat dong.

PHU LUC
Cac phan ti cia ma tran M ()_{(t)) dugc tinh nhu sau:
m,, =m_+m, m, =m, =m,sin(&,(t)),
m,, =m,, =0,m,,=m,, =0
m,, =m,, =m_ cos(&, (t))(o(t) + Ao+, (€, (t) +6(1)))
m,s =mg, =m_sin(&, (), m, =m, +m_+m,,

m,, =m,, =m._, sin(gy (t))cos(gx (1)),

o(t)+Ac
m,, =m,, =-m_ |+ (e(t)+&X(t))]sin(gx(t)>5in(£y(t)) ,
—1,cos(€, (B)sin(€, (1)
m,, =m,, =m_|o(t)+r, [e(t) ]—i—Ao cos(, (t))cos(gy(t)),
+€,(t)

m,, =m, :mcsin(gy (t))cos(gx (1)), Mg =m

M, = Jy +mrd sin’ (€, (1)) 4+ mr,? cos® (€, (t))sin’ (gy(t))
+m.r,’ cos® (€, (t))cos (ﬁy(t)),

o(t)

+€, (1)

7 sin’ (€, (1)) cos” (&, (1) —rysin’ (€, (1)) cos &, (1)

My, =My =M, ’

sin(&, (1)) | o(t) +r, [TZ (t)] +A0|—r,co5’ (€, (1)

cos(&, (1))sin(&, (1) o(t) +1, (6(t)+€, (1) +Ao)

r,sin(€, (1)) cos(&, (1)) | o(t) +rd[ +Ao
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o(t) 2 :
oft) +1, [ vy t)]+Ao cos? (&, (1)) sinl&, (0 cos(&, (1)

my; =my, =m, | +,” cos(&, (1)) cos{ €, (0)sin(€, (1) sin(€, (1))
1, 0(t)+1, (060, (1) -+ Ao cos €, (1)) sinl &, (1)
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(1,00 4 o(t) + Ac)cos? (€, (1))

+1,” cos (£, (t))sin’ (ﬁy(t))
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+r, cos” (€, (1))sin’ (£, (1))
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+o(t)+ Ao

r (1) +€, (1)
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—2r,cos(&, (t))sin(&y(t))
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Cac thanh phan cta C ()_((t),);((t)) dugc tinh nhu sau:
(o =c,, =0,

€, =€, =C,=C, =C,=C, =0,¢,=0,

cos(£, (D)€, ()
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=G =Cy

N
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Cos =M|(r, sin(&x(t))COS(iy (t))
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