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Tém tit

Céng nghé san xudt phun ddp (AM), cong nghé in
3D, hién nay la mét nganh cé tiém nang phdt trién
manh mé. Tuy nhién, linh viee san xudt 3D quy mé
[6n van con twong doi méi mé doi voi gidi nghién
cuu. Trong bai bao nay, chung téi gioi thiéu mot
mé hinh co cdu quy mé 1én méi cho cong nghé
AM, bao gom mét nén tang dau in di dong dwgc
ddn déng bang robot cdp song song. Cdc ndi dung
vé dong hoc, do cieng, dong luc hoc va thiét ké bé
diéu khién cho hé théng dwoc dé xudt da dwoc
trinh bay nhie giai doan dau tién ciia di dn nghién
cibu. Vn d@é then chot trong viée duy tri lic cing
cua cdp cing digc xem xét ky ludng trong ca tinh
va dong. Chién luoc diéu khién ciia hé thdng duoc
dé xudt va tinh 6n dinh cua né dwoc phdn tich
bang phuwong phdp Lyapunov béc hai. Két qua
chitng minh rang hé thong vong kin sir dung thudt
toan diéu khién duoc dé xudt la on dinh. Cudi
cung, hiéu sudt ctia thudt toan diéu khién duoc
kiém chitng théng qua mé phong.

Tw khéa: Dong hoc, dong luc hoc, lzé diéu khfén
Lyapunov, in 3D, Robot song song dan dong bang
cap (CDPR).

Abstract

The additive manufacturing (AM) is currently a
potential industry. However, the large-scale AM is
still relatively new field for researchers. In this
article, we introduce a new model of large
mechanism for AM, which consists of a mobile
extruder platform driven by a translational cable

stiffness,

dynamics, and controller design for proposed

parallel  robot. The kinematics,

system as a first stage of the research project are
shown. The critical point of keeping the cables in
tension was also well addressed both in statics
and dynamics. The control strategy of the system
was proposed, then the stability was analyzed
through Lyapunov second method. It had proven
that the closed-loop system with the proposed
control algorithm is stable. Finally, the
performance of the proposed algorithm was
examined through simulation.

Keywords: Kinematics, dynamics, Iyapunov

controller, 3D printing, cable-driven parallel
robot (CDPR).

1. M& dau

Trong nhitng ndm gan déy, cong nghé san xuit phu
dap (AM) - in 3D, da chung kién sy chuyén minh
manh mé, tr m§t nganh cong nghiép ngach trd thanh
mot cong nghé chu dao thyc thu. Hién nay, AM duogc
st dung phé bién dé ché tao cac vat thé c6 kich thude
nho. Tuy nhién, san xuét cong quy mo 16n van 1a mot
linh vuc nghién ctru trong d6i méi mé [1, 2]. Muc tiéu
chinh cta cong nghé¢ AM quy mé lon la xay dung
nhanh chéng céc céu tric c¢6 kich thude 16n nhu nha
&, cAu hodc tram ctru hd,... RS rang, AM quy mo 16n
khong chi doi hoi su tién bo cua cong nghé vat liéu
ma con can sy phat trién trong thiét ké cac loai robot
méi c6 ving lam viéc rong hon. Nhimng tién b gin
day trong thiét ké cac co cau co khong gian lam viéc
16n, dic biét 1a robot song song dan dong bang cap
(CDPR), da mo ra cac giai phap méi cho ung dung
AM trong xy dung [1, 2, 10, 11]. O CDPRs, co céu
chdp hanh (EE) duoc treo bing nhiu soi cip mém,
thay thé cho cac khau cumg trong robot song song
truyén thong. So véi robot song song ding khau cimg,
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CDPR c6 mé men quan tinh nho hon nhiéu va ty 18
mang tai trong cao hon, cho phép dat dugc tbe d6 va
gia tdc cao cua EE [3, 4]. Bén canh d6, nho vao d6 dai
m& rdng va tinh linh hoat cua cap, CDPR c6 thé dugc
tmg dung trong cac nhiém vu yéu cau ving lam viéc
rong, nhu trong cong nghé AM quy md 16n [5-7]. Vi
tri cua EE duoc diéu khién bang cach thay dbi dong
b do dai cua cac day cap, duoc kich hoat bdi cac co
cAu truyén dong va toi cap cb dinh hodc di dong. Trén
thuc té&, CDPR dd chimg minh dugc wu thé trong
nhiing Ung dung doi hoi khong gian lam viéc rong.
Mot vi du tiéu biéu cho CDPR 1a ROBOCRANE [8,
9], duoc phat trién sém béi Vién Tiéu chuin va Cong
nghé Qudc gia Hoa Ky (NIST) vao nam 1989.
ROBOCRANE nbi bat béi cdu tric don gidn va kha
nang ung dung rong rai, dic biét trong cac linh vuc
nhu gia cong co khi, bdc d hang hoa tai cang, xay
dung cau, han va nhiéu Gmg dung khac. Barnett va
Gosselin [1] da gidi thiéu mot loai may in 3D dan
ddng bang céap treo v6i ving lam viée 16n hon so véi
may in 3D truyén thdng st dung khau cimg (Hinh 1).
Hé théng nay su dung robot CDPR 6 bac tu do (6-
DOF) dé dinh vi va cung cp ving lam viéc rong cho
chuyén dong. Nho hé thong diéu khién phan hoi hinh
hoc, d6 6n dinh va d6 chinh xac ciia may in 3D CDPR
duogc cai thién dang ké. Bosscher va cong sy [10] da
phat trién y tuong xdy dung bang ky thuat “contour
crafting” [11] thong qua mdt robot CDPR 3 bac tu do.
Nén tang dau in (EE) dugc dich chuyén tinh tién bang
chuyén dong dong bo cua 12 day cap. Cac diém cb
dinh cta tam day cap phia dudi s€ duoc nang 1én khi
qua trinh xay dung tiép dién. Cac tac gia da phan tich
ky thuat vé ving lam viéc cia robot trong cac giai
doan xay dung khac nhau, ciing nhu hiéu qua kinh té
ctia quy trinh. Hinh 2 minh hoa thiét ké cua hé thong
in “contour crafting”. Jean-Baptiste [zard va cong su
d3 minh hoa su két hop giita robot CoGiro CDPR va
dau in Pylos. Pylos 1a két qua ctia mot du an nghién
clru tai Vién Kién trac Tién tién Catalonia (IAAC, Ty
Ban Nha) vé quy trinh AM quy mé 16n, sir dung vét
li¢u tac dong sinh thai thép, hoan toan tu nhién va co
thé phan hiy sinh hoc, danh cho linh vyc kién tric
[10]. Hé thong nay dd mé ra kha ning phat trién mot
may in 3D véi ving lam viéc trén muoi mét chidu dai
va chiéu rong, nhu thé hién trong Hinh 3.

Bai bao nay gidi thiéu mot y twong méi vé robot
song song din dong bang cap (CDPR) quy mé 16n tng
dung trong xdy dung bang cong nghé in 3D. Hé thong
CDPR duoc dé xuit c6 diém trong dong véi mo hinh
cua Bosscher ¢ khia canh tranh va cham gitra cac day
cap va vat thé dang dugc in; tuy nhién, n6 khac biét &
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Hinh 3. COGIRO két hop diu in Pylos va vit thé in

sO lugng day cap dwoc giam bdt va cu tric co cdu
kéo dugc cai tién. Bon cap phing di dong dé on dinh
va diéu khién trong mit phing dé mo rong theo
phuong ngang trong khi do cép treo theo phuong
thing dung chiu tai trong theo phuong thing dimg can
bang trong lyc dau in va giam yéu cau luc cing 1én
bdn day ngang. Khi so véi mé hinh 6 hodc 8 day cap
thi khong gian cua 5 day rong hon, diéu khién don
gian hon, do cung theo phuong z cao hon. Nghién ctu
nay gém md hinh dong hoc, md hinh dong luc hoc va
thiét ké b didu khién cho hé thong dugc dé xuét nhu
la giai doan d4u tién cta du 4n nghién ctru. Van dé
then chét trong viée duy tri lyc cing cua day cap ciling
dugc xem xét. Chién lugc diéu khién cta hé thong
duoc dé xuét, sau d6 tinh 6n dinh cua hé théng duoc
phan tich bang phuong phap Lyapunov bac hai. Két
qua chimg minh rang hé théng vong kin st dung thuat
toan diéu khién dwoc dé xuat 1a 6n dinh. Cudi cing,
hiéu suét cua thudt toan diéu khién duogc kiém chung
thong qua mo phong.
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2. Pong hoc ctia CDPR
2.1. Céu hinh robot

Theo cach bé tri cap, hé robot song song dan
dong bang cap (CDPR) co thé dugc chia thanh hai
loai. Loai thir nhat 1a CDPR dang treo, trong do tat ca
céc cap dan dong déu nam phia trén co céu chap hanh
cubi, va trong lyc dong vai trd nhu mot “cap ao” giup
duy tri trang thai can bang luc kéo. Loai thir hai la
CDPR khong treo, trong d6 co it nhat mot cap duoc
bb tri phia dudi co ciu chap hanh cubi. Dua trén mdi
quan hé giira s6 lugng cap dan dong (m) va sb bac tu
do (n) cua co cau chip hanh cudi, CDPR dugc chia
thanh ba dang: CDPR thiéu rang budc (m < n), CDPR
rang budc hoan hao (m = n) va CDPR rang budc du
(m > n) [13, 14]. Hinh 4 minh hoa m6 hinh khai niém
(goc nhin xién va chinh dién) ctia hé CDPR rang budc
du dugc dé xudt cho tmg dung in 3D trong xay dung.
Hé théng d& xuét ¢ 3 bac tw do va 5 cap chu dong,
bao gdm 1 cap treo va 4 cap phing. Cu thé, bén cap
phing c6 mot dau gan véi co cau chp hanh cudi va
dau con lai nbi v6i cac co cdu chap hanh (bd truyén
dong) c6 thé di chuyén 1én xudng doc theo thanh ding
tuong ng v6i d6 cao ciia co cdu chip hanh cudi.
Chuyén dong thing dimg nay twong tw nhu co ché cua
hé thdng in 3D bing cép treo trong Hinh 2. Tuy nhién,
diém khac biét 1a cac co cAu chap hanh di dong & day

-

(a) Hinh chiéu dimg
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dugc didu khién ddng thoi thong qua co cdu kéo dé
thich (mg v6i d6 cao méi cuia co cdu chip hanh cubi,
dam bao cac cap luén nim trong cting mot mat phing.
Cép treo con lai (ky hiéu 1a cap s6 5) c6 mot dau ndi
v6i co cdu chap hanh cubi va dau kia néi véi bg truyén
dong cd dinh, gitp duy tri lyc cing va can bang tong
thé ctia hé thong.

2.2. Dong hoc ciia CDPR

Gia su hé robot c6 mot khung cing hinh lap
phuong véi cac canh lan luot 12 by, by, b, (b = b, = b.
= [). Cac day coi nhu la thang va khong dan hoi.
Chung ta dét hé toa d6 {O} tai mét san cua hinh 1ap
phuong nay, vai gbe toa do 1a tim hinh hoc ciia day
(XOY) nhu minh hoa trong Hinh 5. H¢ toa d¢ {O}
duoc xem 13 hé co so va la tham chiéu toan cuc. Vector
toa do ctua EE trong hé toa do {O} 1a °Pg. Bai toan
dong hoc nguoc ddi voi 3 bac tu do ddi véi co ciu 3
bac ty do nay la tim nam d6 dai day cap sao cho EE
dat vi thé mong mudn Pz Nhu thiy trong Hinh 5,

g7 =b].b; = [k; + h; — P;]"[k; + h; 2
— Pg]

Trong d6, b; 1a vector tir co cAu truyén dong thir
i t6i diém gan day cép trén co cau chip hanh; k; la
vector khong doi tir gdc ctia hé toa do {0} tdi diém
B;trén thanh dtng; h;1a véc to tir diém B; t6i diém

(b) cau triic 3D

Hinh 4. M6 hinh céu trirc ciia CDPR

= A3

B:

Hinh 5. So dé dpng hoc ciia CDPR

Pulling system

Pulleys

Pulling
Cables

Moving
Actuators

N
\- A

B4 Bs

B1

Hinh 6. Hé théng cap ciia hé théng CDPR
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A; trén co ciu truyén dong; q; 1a do dai cua day cap
thu i; e; 1a vector don vi cia b;.
_ b k; +h; —P;

@G \J[k; +h; — Pg]T[k; + h; — Pg]

€;

Lay dao ham theo thoi gian ciia (2), sau d6 sip xép
cac phuong trinh thu dugc dudi dang ma tran
q=Jx%, 3)
trong d6q = [4142 45 4 Gs]7, X 1a véc to vi tr,
x = [x y z]7, va ma tran Jacobin J:

lz[hlilel h5e><5e5]

3. Pong luc hoc va thiét ké by diéu khién cho
CDPR

3.1. Dong hoc lwe hoc ciia CDPR

Str dung cac dinh luat Newton-Euler, phuong trinh
chuyén dong ctia co ciu chap hanh EE c6 thé coi la chét
diém chuyén dong va dugc biéu dién dudi dang sau:

Mx=-JTT+P “)
trong d6 M 13 ma trén khéi lugng cta thiét bi dau
cudi EE; J 1a ma tran Jacobi; T 1a véc to stic cin day;
va P 1a cac yéu td ngoai luc khac quy ddi (vi du nhu 1a
ma sét,...). Do cac day luén ludn yéu cau phai cing
trong qua trinh diéu hudng thiét bi dau cudi EE, ma hé
luc T cén thay thé bang hé lyc tuong dwong luén duong
u [12]. Khi d6, phuong trinh (4) dwoc viét lai nhu sau:

Mx =—JT(x)u+P )

Vé phai cua phuong trinh (5) phy thudc vao x va
vecto dau vao u (u trong dwong v6i T). M6 hinh dong
luc hoc trén chi c6 gia tri khi u > 0, tirc 1a cac day cap
dang ¢ trang thai cang. Luc cing dwong cho thiy ring
day cap dang kéo diém gan trén co cdu chap hanh EE.
3.2. Thiét ké b$ diéu khién dwa trén Lyapunov

Phan nay mo ta bo didu khién phan hdi nham 6n
dinh tiém can hé théng vé gia tri mong mudn x%(7) tir
diéu kién ban dau x(t), do u(t) >0 vé6i moi thoi
diém t > 0. Ta dinh nghia sai léch trang thai la
£(t) = x(t) — x4(t). Him Lyapunov 4p dung cho hé
thong (5) duoc x4c dinh nhu sau

V(x,%) = %XT(t)M(x)x(t)
(6)
+ %T(T(t)Kpf((t)

K, 1a mdt ma tran h¢ s6 dudng chéo duong. Liy
dao ham theo thoi gian ctia V(x,X) doc theo quy dao
cuia hé thong thu dugc:

V(x,%X) =x"(-]"u + P + K, %) (7)
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Pé bao dam tinh 6n dinh tiém can ctia hé thong,
can thoa min cac diéu kién sau:
V(x,%) <0 va u>0.
Luva chon:
—JTu=-P- K X — Kgx,
trong do Ky ciing 1a mét ma tran duong chéo
duong. Thi, V(x,%) = —Xx"K X < 0, nén diéu kién
thir nhat dugc thoa man. Vé phuong dién tinh toan,
diéu kién thu hai dau vao khong am u thoa min
phuong trinh (5) c6 thé duoc giai bang ham
Isqnonneg() ciia Matlab. Ham nay duoc thiét ké dé
giai bai toan binh phwong sai tdi thiéu ¢ rang budc
khong 4m. Ciu triic toan hoc ciia ham 1a ||Cu — BJ|3
do d6 u = 0. Trong truong hop do, phuong trinh
duoc biéu dién 1a:

®)

C=[-]"], B=-P—-K,& — K;x 9)

Cac hé sb K, va Ky 1a cac h¢ s6 ma tran duong dé
dam bao V(x,%) < 0. Cac hé sé nay ma duong 16n
thi qua trinh hoi tu s& nhanh tuy nhién né s& can mot
cong suat 16n can cung cap cho hé thong.

3.3. Cdi thi¢n dp cirng cho CDPR

Cai thién d¢ ctiing ciia CDPR khong phai 1a lam
cap cung hon v& vat liéu, ma 1a 1am cho hé robot ung
xik cing hon vé mdt dong liee hoc thong qua cach phan
bd va gidi han lyc cing cap.

Viéc cai thién do cliing cho cac robot song song
dan dong bang cap vai cip trac nam day, mot phuong
phap binh phuong téi thiéu véi ring bude khong 4m
(Non-Negative Least squares - NNLS) duoc dé xuat:

_]T(X)u = _]T(X)T: T 2 Thin (10)

Dé giai phuong trinh 10 dam bao hé lyc tdi thiéu
cac lyc khong am, ham Isqnonneg() trong MATLAB
giai bai toan binh phuong t6i thiéu c6 rang budc khong
am bang thudt toan active-set (Lawson-Hanson). Day
1a phuong phap tdi wu lap xac dinh.

4. Két qua mé phong sb

Dé kiém chimg hiéu qua cua b diéu khién duge
dé xuét, mot mo phong ctia robot song song dan dong
bang cap dd dugc xdy dung trong mdi truong
Matlab-Simulink. Hinh 7 trinh bay so d6 khéi diéu
khién. Khéi controller with nonnegative solver bao
g6m bo diéu khién dya trén Lyapunov nhu trinh bay
trong muc 3.2 va mot ham Isqgnonneg() trong Matlab
dé chuyén hé lyc stc cang day T sang hé lyc tuong
duong duong u.

Céc thong s6 cua khung robot: b, = b, = b, = 5m;
v6i chiéu dai ban dau ctia cac day g4 =¢3=1.7m; g2 =
g1 =2,6m va g5 = 2,8m tung (mg véi vi tri ban dau ciia
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EEtai xo = [0,—1,0]7(m), khdi lugng ciia EE=30kg.

4 - .
L.O—, Controller with
+ nonnegative

Matrix g |— 2

’—‘ solver

Hinh 7. So dé khéi diéu khién

Trong thi nghiém nay, cic thong s cua bo didu
khién duoc lya x4c dinh thong qua phwong phap thir
sai K, = diag(15, 15, 15) va Ky = diag(40, 40, 40) va
ap dung trong mot kich ban di chuyén ciia co cau dau
cudi tir vi tri ban dau xo = [0,—1,0]7 dén vi tri
mong doi Xy = [1,1,1]". Ngoai ra, trong md phong
nay gia st cac ngoai luc 1a nho va co thé boé qua, P =
0. Két qua mo phong cho thay dép tmg theo thoi gian
clia ba tryc x, y, z thé hién trong cac Hinh 8 dén 10.

Trong Hinh 8, Cac tin hiéu dau ra déu tang tir gia
tri ban ddu xo = [0,—1,0]" lén dén gia tri dat x,; =
[1,1,1]" trong khoang 8-10 gidy, voi do qua diéu
chinh nho (dudi 10%). Dac biét, chuyén dong doc truc
y ¢6 dao dong nhe hon so véi hai truc con lai, nhung
nhanh chéng suy giam va hoi tu v& gia tri on dinh,
chung t6 tinh hiéu qua cia bd diéu khién trong viéc
cén bang va triét tiéu sai 1éch giira cac huéng chuyén
dong. Ciing trong két qua Hinh 8 khi cing thong s6 bd
diéu khién K, va K, theo mdi truc toa do thi khoang
céch di ngén thoi gian dap ung s& nhanh hoi. Nguyén
nhan 14 do sai s6 ban dau nho hon din dén lyc didu
khién sinh ra thip hon, hé thong duy tri trong viing
tuyén tinh v6i phan b lyc cing cap 6n dinh, tir 46 han
ché cac hiéu ung phi tuyén nhu mat lyc cing va lién
két chéo dong luc hoc.

15

05

0.5 1

0 5 10 15 20 25 30
time(s)

Hinh 8. Vi tri ciia EE
Khi dat dén trang thai on dinh, sai sb xac lap cia hé
thdng gan nhu bang khong, va cac bién diéu khién duy
tri 6n dinh quanh gia tri mong mudn. Piéu nay chimg
minh ring thuat toan diéu khién dwoc dé& xuét co kha
nang dam bao 6n dinh Lyapunov, dong thoi duy tri cang
day va vi tri chinh x4c cua ddu in trong sudt qua trinh
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van hanh. Nhu vay, md hinh diéu khién duoc phét trién
hoan toan d4p tmg yéu cau vé do chinh xac, tinh 6n dinh
va hiéu suét dong hoc, 1am co s& cho cac bude nghién
ctru va trién khai thyuc nghiém tiép theo.

Hinh 9 minh hoa cac dap Gng trang thai va sy thay
d6i chiéu dai ctia cac day cap trong qua trinh chuyén
dong tuong tmg. DO thi biéu dién sy bién thién chiéu
dai cia nam day cap (¢i-gs) trong hé thong robot cap
song song dung cho co cau in bdi dip quy mo 1on.
Trong giai doan dau (0-5 gidy), cac day thay d6i nhanh
chong vé chiéu dai dé didu chinh vi tri cua nén tang di
dong theo quy dao mong mudn. Co thé thay mot sb
day nhu ¢ gidam manh trong khi g4 va gs tang 1én dang
ké, thé hién qua trinh phan b lai lyc cing giita cac
day khi hé thong chuyén dong. Sau khoang thoi gian
nay, cac duong cong dan 6n dinh, cho thiy hé thng
da dat trang thai can béng vé lue cang va vi tri.

3.5

3 —_—,

25

0 5 10 15 20 25 30
time(s)

Hinh 9. Chiéu dai ciia ddy cdp

Khi thoi gian virot qua 10 gidy, tit ca cac day déu hoi
tu vé gia tri 6n dinh riéng, khong con dao dong dang ké.
Diéu nay chimg to thuat toan diéu khién da diéu phdi
hiéu qua sy thay d6i chiéu dai giira cac day, dam bao luc
cang dugc duy tri duong va 6n dinh, tranh tinh trang day
ching hodc qua cing. Két qua nay ddng thoi x4c nhan
rﬁng hé théng cap hoat dong 6n dinh vé mat dong luc hoc,
hd tro chinh xé4c cho chuyén dong cua nén tang du dun
trong mé hinh in phun dap quy mé 16n.

Hinh 10 thé hién sy bién thién cua luc cing trong
nam day cap (T:-Ts) theo thoi gian trong qué trinh di
chuyén cta co ciu. Két qua cho thdy toan bd cac day
déu duy tri lyc cing duong, nghia 1a khong ¢6 diy nao
bi tring, dam bao hé thng ludn trong trang thai diéu
khién 6n dinh. O giai doan d4u, cac duong cong xuét
hién dao dong manh do qué trinh chuyén tiép khi co cdu
bét du di chuyén, sau do luc cang dén 6n dinh khi thiét
bi déu cudi (EE) dat vi tri can b??mg mong mudn.

Trong nam day, day T va Ts c6 luc cing 16n nhat,
dong vai tro chu dao trong viéc kéo va dinh hudng
chuyén dong cua EE. Nguoc lai, cac day Ti, Tz va Ta
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Hinh 10. Luc cang ciia cdc ddy cdp

duy tri Iyrc cang nhé hon nhung van luon duong, gitp
can bang va giit on dinh hé thong, tranh tinh trang day
bi chung. Nhu vay, két qua mé phong trong Hinh 9
chimg minh ring chién luoc diéu khién va phén b luc
cang gitra cac day 1a hop 1y, dam bao ca yéu ciu vé
dong hoc 1an dong luc hoc cia co cAu truyén dong
bang cap ngoai ra dam bao 6n dinh hé thong khi c6
rung lic trong qua trinh in.
5. Két luin va kién nghi

Bai bao nay da d& cap dén mot s6 van dé quan
trong lién quan dén dong hoc, tinh hoc, va dong luc
hoc ctia robot diéu khién bang cap. Céc giai phap cho
bai toan phan b lyc cang tdi wu cia CDPR duogc dé
xuét va trinh bay. M6 hinh dong lyc hoc cta robot
song song dan dong bang cap da duoc xay dung. Vi
bo diéu khién phan hdi duoc dé xuét, hé théng dat
duoc trang thai 6n dinh, va quy dao lyc cang cua cac
cap ludn duong trong sudt qué trinh chuyén dong. RS
rang, dic tinh 1am viéc cta hé théng cap 1a kha ning
lam viéc voi khong gian 16n khi so vdi cac robot song
song dan dong cung. Thong qua md phong tinh toan,
tinh hi¢u qua cta bd diéu khién da dugc chirng minh.
Lo&i cdm on

Nghién ctru nay duoc tai trg boi Truong Pai hoc
Hang hai Viét Nam trong dé tai ma sd: SV25-26.21.
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