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Tém tit

Robot song song dan dong bang cdp (Cable-Driven
Parallel Robot - CDPR) la kién triic co cdu chdp
hanh song song thay cdc khdu cimg bang ddy cdp
chiu kéo, cho phép dat ti s6 tdi trong/khoi heong lom
va vung lam viéc rong. Tuy nhién, rang buoc luc
cang dwong ciing voi bat dinh mé hinh (khoi luong
tai thay doi, ma sat nhét, sai lech tham 56 hinh hoc)
lam bai toan diéu khién bam quy dao tré nén thach
thire, dac biét déi véi CDPR du dan dong. Bai bao
dé xudt by diéu khién PID no-ron thich nghi
(Adaptive Neuro-PID) cho CDPR 4 ddy, 3 bdc tw
do tinh tién, trong dé mang no-ron véi 3 I6p dn dnh
xa truc tiéb bé  bién trang thai sai léch
e, [ edt, e sang cac hé s6 PID (K,,K;,K,) theo
co ché rang budc bién. Pong thoi, mét vong thich
nghi khoi lwong (mass adaptation) dwa trén bo
vector hoi quy diwoc tich hop vdo nhanh bit lic dy
dodn d@é giam nhay véi tdi thay doi. Pé doi sanh,
bai bdo xdy dung nam bé dieu khién tham chiéu:
Neuro-PID déng bang NN-PID (dd hudn luyén
ngoai tuyén), PID-ZN2 dia trén thi nghiém ro-le,
va PID t6i wu bang GA/PSO/DE véi ham muc tiéu
da kich ban tdi (multi-mass) cé xét dén ndang lwong
diéu khién phan hoi g, va sai s6 kha thi luc
(force residual) do gi6i han lic cang. Phén phoi hec
cang dwoc gidi bang bai todn binh phwong t6i thiéu
6 rang budc hép nham dam bao khong tring day.
Kich ban mo phong bam quy dao tam gidc trong
ma@t phdng nghiéng véi cdc truong hop tai danh
dinh va bién thién cho phép danh gid toan dién do
chinh xac bam, do mwot lyc cang va muc do vi
pham rang bugc.

Tw khoa: CDPR, PID no-ron thich nghi, rang
bugc luc cang, phan phoi luc cang.

Abstract

Cable-driven parallel robots (CDPRs) replace
rigid links by tensile cables, enabling large

workspaces and high payload-to-mass ratios.
Nevertheless, the  strictly-positive  tension
constraint, together with modeling uncertainties
(time-varying payload mass, viscous damping,
and geometric errors), makes trajectory tracking
challenging, especially for redundantly-actuated
CDPRs. This paper presents an adaptive Neuro-
PID controller for a 4-cable, 3-DOF translational
CDPR. A deep neural network with three hidden
layers maps the error-state vector e, f edt, e to
bounded PID gains (K,,K;,K,). In addition, a
mass-adaptation loop based on a vector regressor
is embedded into the feedforward branch to
enhance robustness against payload variations.
Five benchmark controllers are implemented for
comparison: a frozen Neuro-PID NN-PID
(trained offline), a Ziegler-Nichols second-
method PID (relay test), and three PIDs tuned by
GA/PSO/DE using a multi-scenario objective
including tracking error, squared feedback effort
Uy, and feasibility residual caused by tension
bounds. Cable tensions are allocated by a bound-
constrained least-squares solver to prevent slack.
A 3D triangular trajectory and load cases
(nominal and varying) are used to evaluate
tracking accuracy, temsion smoothness, and
constraint activity.

Keywords: Cable-driven parallel robot, adaptive

Neuro-PID, positive tension constraint, tension
distribution.

1. Mé dau

Trong hai thap ky gan day, CDPR di tré thanh mot
huéng nghién ctru - img dung ndi bat ctia co ciu song
song, dac biét trong cac bai toan yéu ciu vung lam
viéc 16n, kha ning tang toc cao va cau tric nhe. Khac
v6i robot song song truyén thong sir dung khau ctng,
CDPR truyén lyc thong qua cac cap chi lam viéc & ché
d6 kéo. Pic tinh “chi kéo” khién CDPR c6 thé dat ti
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1¢ tai trong/khdi lugng va do an toan cao, nhung ciing
tao ra 16p rang budc vat ly quan trong: Moi cap phai
duy tri lyc cing duong trong toan bo qué trinh chuyén
dong dé tranh trang cap, mat diéu khién hoic rung lic
khong mong mudn. Cac nghién ciru gin diy nhén
manh ring rang budc lyc cing dwong cung véi bét
dinh md hinh 1 hai nguyén nhén chinh lam cho diéu
khién CDPR khéc biét dang ké so véi robot khau cimg
[11, 121

Vé phuong dién diéu khién, CDPR thuong dugc
moé hinh hoa théng qua hai tang: ting dong luc hoc
Descartes cuia thiét bi dau cudi (EE) va tang phan phdi
lyc cang (tension distribution) chuyén doi lyc mong
mubn F; sang luc cing cap T; (i = 1+4) thoa didu
kién Tpin < T; < Tonax. Khi CDPR du dan dong (s6
cap 16n hon sb bac ty do), bai toan phan phéi luc cing
trg thanh bai toan téi wu voi vo sb nghiém. Nhidu
nghién ctru dé xuét cac k¥ thuat phan phdi luc cing
t6i uu hodc “an toan” nhu quy hoach tuyén tinh, quy
hoach bac hai va cac dang chuan hoa nham tranh béo
hoa hoac tang bién an toan [3].

Song song véi do, cac bo diéu khién bam quy dao
phd bién cho CDPR gdm PID cai tién, diéu khién phi
tuyén bén viing, diéu khién truot va didu khién thich
nghi. Trong nhém PID, céc cong trinh vé didu khién
PID bén viing cho CDPR rang budc luc cing duong
chimg minh rang PID c6 thé dat chat lugng bam t6t
néu duge thiét ké can than va c6 co ché hiéu chinh
theo rang budc [4]. Tuy nhién, v&i tai bién thién 16n
hodc thong tin tai khong ddy du, cac chién luoc thich
nghi, u6c luong tai tré nén can thiét [5]. Ngoai ra, voi
tai thay doi hodc nhidu khéng mé hinh, mot hudng
tiép can hap dan 1a két hop ning luc xap xi phi tuyén
cua mang no-ron voi cAu tric PID dé tu diéu chinh hé
s theo trang thai sai 1éch [6], [7].

Tir nhitng nghién ctru trén, nhém tac gia dé xut
mot kién triic PID no-ron thich nghi (Adaptive Neuro-
PID) cho CDPR bén déy, ba béc tu do tinh tién nhu &
Hinh 1, véi cac gia thiét: Day khong gidn, khong co
khéi lugng, bo qua tring day (thuc thi qua T,,,), bo
qua dan hdi cap, va co xét dén rang budc lyc cing
dwong. B diéu khién sir dung mang no-ron ba 16p 4n
dé sinh céac hé s6 PID bi chin trong mién khao sat, cap
nhat trong sb truc tuyén khong thyuc hién theo luat lan
truyén nguoc ddy du qua dong luc hoc robot ma sir
dung x4p xi d6 nhay mot bude. Mot vong thich nghi
khéi lwong (myg,) 6 co ché chiéu bién va loc dugc
gin vao nhanh bu tién doan nhim giam 1& thudc vao
thong tin tai. Dé danh gia khach quan, nim bo diéu
khién ddi sanh dugc xay dung: Neuro-PID dong bang
(khéng cap nhat online), PID ti vu tham sb bang
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GA/PSO/DE véi ham muc tiéu da kich ban tai, va
PID-ZN2 dya trén thi nghiém ro-le.

Noi dung tiép theo ciia bai bao s& dwoc trinh bay
theo bd cuc sau: Muyc 2 sé trinh bay vé mo hinh CDPR
v6i bon day; Muc 3 1a thiét ké bo diéu khién PID no-
ron thich nghi va so sanh véi cac b diéu khién PID
khéc; Muc 4 1a két qua mo phong va myc cudi ciing 1a
két luan.

2. M6 hinh CDPR bén day cap
2.1. M6 hinh dong hoc

Mo hinh dong hoc ciia CDPR bdn day cap co dang
nhu Hinh 1. Trong d6, /, w, & 1an luot 1a chidu dai,
chiéu rong va chiéu cao ciia khung CDPR. Cac diém
neo A;,A,, A3, Ay vd By, By, B3, B, & mat trén va mat
day cua CDPR. Gbc toa dd Oy la tam cuia mat day cua
khung CDPR. 13,15, 15,1, 1an luot 1a khodng cach tir
cac diém neo A;, A, As, A,dén vi tri cua EE. Toa d6
cua E(x;y;z). Khong gian lam viéc cua EE:

;0<z<h (1)

Day ciing chinh 1a gidi han vé khong gian 1am viéc
cua EE. Trong hé tryc toa d6 quan tinh OpX,Y,Zy, cac
diém neo A, A,, A3, A, duge xac dinh nhu sau:

n (- 2n)s 4, (-5 20),
1 21 2; ) 2 2’2; )

I w l w
A3 (;,;,h), Ay (5, —5 h). )
Vector tir EE c6 toa do p dén cac di€ém neo 4; (i =
1+4) , chiéu dai day I; va vector donvi u; dang rit
gon lan luot nhu sau:

n=A4-p Li=Inll w= ;— 3)
Ghép cac vector don vi u; thanh ma tran:
U() = [ug up uz uy] € R3¥4, 4)
4, A
5 ls
A1 ’ //
l]‘ - 14
i
h Y()
B, - ) B/

Hinh 1. Ciu hinh CDPR 4 déy
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2.2. Phén phoi lyc cing diy cé rang bujc

Véc to luc cang day T = [Ty, Ty, T5, T,]" 1a tong
hop tac dung Ién EE. Khi do:

F.=U(P)T. ®)

Do cap chi kéo, nén dé day khong bi tring can ¢
rang budc: T; = Tppin = 0V i

Véi bdn cap, ba bac tu do, hé du dan dong nén ton
tai vo s6 nghiém T cho cing luc Descartes F; (néu
kha thi). Quan tam t&i bai toan 16i:

.1 1
mTln;”UT - Fd”% + ;P”T”% 5.8.Tmin < Ty < Thnax (6)

Trong do6, hang tir p||T||3 gitp chon nghiém
“mém” va on dinh sb ; ||UT — Fql|Z gitp bam luc
mong mudn; rang budc Tp,,dam béo khong trung
day; Tpac, phan anh gidi han co cau chip hanh.
Bai toan (6) 1a quy hoach bac hai (QP) véi rang
budc hop. Do sb cap n = 4 nho, bai toan dwoc giai
theo hudng hi¢u qua: Li¢t ké tap hoat (active-set)
clia mdi bién (tu do, ket tai Ty, va ket tai Tpay)
véi tong cong 34 = 81 t6 hop, tir d6 giai bai toan
binh phuong tdi thiéu giam bac va chon nghiém cé
chi phi nhé nhét.

2.3. M6 hinh dong luc hoc

M0 hinh dong lyc hoc duoc xdy dung dya trén gia
thiét cac day khong dan hdi va khdi lugng nhé co thé
b6 qua; EE nhu 1a chéit diém. Sau d6, mé hinh dong
luc hoc cia CDPR dugc phat trién:

m(t)p = F. — bp — m(t)ge,, (7)

Trong d6, b 1a hé sb can nhdt, g 1a gia toc trong
truong, e, = [0,0,1]T. Pbi voi khdi luong m(t)
cua EE, khi m6 phong ta xét hai truong hop: Khi tai
1a hang s va khi tai thay d6i dé kiém tra tinh thich
nghi cta cac bo diéu khién.

3. Thiét ké b diéu khién PID no-ron thich
nghi. So sanh véi cac bd diéu khién PID cb
dinh di dwgc tdi uu

3.1. Bé diéu khién PID no-ron thich nghi
(ANN-PID)

B¢ diéu khién PID c6 dién K, K;, K, c¢b dinh
nén kho co thé tdi uu dong thoi cho moi ving lam viée
va khi tai thay ddi. PID no-ron sir dung mang no-ron
dé tao ra cac hé sb K, K;, Kq:

Ky, K, Ko]"=N; ([e, [ edt,e]). ®)

Diéu nay giup tham s PID bién thién theo trang
thai, phu hop véi phi tuyén hinh hoc va rang budc
luc cua CDPR. So dd khdi bo didu khién PID no-ron
thich nghi nhu Hinh 2.

Cong nghé s6, tw dong hoéa va trng dung hang hai

Mang no-ron
cp nhit online

Hinh 2. So' d6 khéi b diéu khién ANN-PID

Hinh 3. Qud trinh hudn luyén offline

Trong Hinh 2 tu quy dao mong mubn ta se xac
dinh duoc vi tri, van tc va gia tbc mong mudn lan
luotla pref, Vyer va arep. Khimo phong, vi tri mong
muon dugc so sanh vai vi tri hién tai lam xuat hién sai
s6 e. T e, tasétinh [edtva é. Saudo, mot mang
no-ron dugc dé xuét véi ciu triic gdm: 16p vao input
v6i 3 dau vao 1a e, [ edt, é; 16p an véi 3 16p, va 16p
ra output véi 3 daurala K, K;, Ky. Balép an c6 kich
thudc 1a 32x20x12, str dung ham kich hoatla tanh(.)
cho mdi truc (x,y,z). Lép ra output ding ham
sigmoid(.) dé rang budc tham sb:
s=0), K=Kpin + Knax — Knin )Os. ©)

Do d6 luon thoa man K, < K < Kyqy. Tiép do,
thanh phan us, & mdi truc dugc tinh theo cong thire:

upp = Kpye + K; [ edt + Kgé. (10)

Mit khac, vong thich nghi khéi luong tinh dao

ham khéi lugng thd 1M4¢ ra. theo cong thire:

lIsll < &,

T
sl 2 6, (h

em+¢To ’

Mpatraw =

Trong d6, n,= 60 1 tbc d6 thich nghi; &, =
2-107* (la gid tri gi6éi han cap nhat); &, =
107° ; bién truot s = & + Ae; ma tran khuéch dai
sai  sb A= [lxy, Axy,lz]; vector hoi quy ¢ =
a,.r + ge,. Dao ham khoi luong thé duge chan
bién, dugc tich phan rdi chi€u vé mién vt ly ta dugc
Mpatraw- Sau do6 lai qua loc bac nhét, gi6i han toc do
va chiéu thém mét 1an nita, cudi ciing ta duoc my,.
Thanh phan bu trude st dung my,, dwoc tinh bai
cong thirc:

Fff = Mpat Aref +b Vref + Mpqege,. (12)
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Mang no-ron dugc huan luyén véi nhiéu kich ban
tai bao gdm: Tai danh dinh, tai nang cb dinh, thay d6i
bac thang, thay ddi dang ramp két hop dao dong sin,
va tai dang doan hing ngiu nhién nhung lap lai. Muc
tiéu la lam cho mang hoc duogc luat thay ddi hé s6 K

phu hop véi nhiéu mure tai va nhiéu doan chuyén dong.

Trong ludt cap nhat trong s6 cua mang no-ron, chuong
trinh khong tinh trong minh mot ham mat mat J, tai
mdi bude, ma xdy dyng tryc tiép mot gradient xap xi
ddi v6i K. Cu thé, dya trén mé hinh roi rac mot bude:

plk +1) ~ p(k) + v(k)dt + %dtz, (13)

Do d6:

op(k+1)  de? oF, (14)
JK ~ meff JK
Ma ufb =KTx; Fd=ufb+Fff va Fff

khong phu thudc truc tiép vao K. Mat khac:
e(k+1) = prsk+1) —plk + 1), (15)
Tacoi Prer(k + 1) khong phu thude vao K thi:
de(k+1)  dp(k+1) dt?
oK 0K mess

X (16)

Tacho: Jix =~ %e(k +1)?

Suy ra:

0Jik _ _0Jik  Oe(k+1) _ _ar? N
ok ~aern ok S+ D( meffx) ~

dt?
ex, (17
— (17)

V6i: mepr = max(Mpge, 1073); x =
[e, [edt €] ,vae(k + 1) ~ e(k).

Sau khi tinh theo cong thirc (17), luat lan truyén
nguoc tir dau ra vé diu vao duge thyc hién theo chudi
sau:

0y oy 9, oy 9di 9
9K dy oW,  0W,; oW,  aw,’

Trong d6, y, Wy, W3, W,, Wy lan luot 1a ma tran
dau ra trudc sigmoid(.), ma tran trong s tir 16p 4n
3 sang 16p 4n 4, tir 16p 4n 2 sang 16p 4n 3, tir 16p an 1
sang 16p an 2, va tir dau vao sang 16p an 1. Mdi kich
ban tai déu dugce huin luyén tdi da 600 vong ldp mot

cach ngdu nhién, c6 co ché dimng huin luyén sém néu
gia tri RMSE khong céi thién du 0,02mm trong 40
vong lap. Sai s6 trung binh theo tiéu chuén tich phan
binh phwong sai s6 (ISE) trong qua trinh huin luyén 6
kich ban tai nhu Hinh 3. Ngoai ra, trong chuong trinh
md phong con c6 thém tép kich ban tai danh gia riéng
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(khong phai tap dir liéu ding dé danh gia) bao gom:
Tai c6 dang sin chdng sin, 1éch pha; tai ting dan, giit
mirc cao rdi giam va tai timg doan hang khac tap huén
luyén. Va duong Val ISE nhu & Hinh 3 1a chi tiéu ISE
tinh trung binh cdng trén tap 3 kich ban tai danh gia
riéng nay. Dir liéu ciia qua trinh huan luyén chinh 1a
e, [ edt, é sinh ra trong qua trinh mo phong offline.
Téng thoi gian mo phong offline 1a 8,1 giy, véi bude
chia 14 0.01 gidy nén s mau khoang 811 mau/epoch.
Tong sb mau theo mdi truc x,y,z khoang 811 x 6 x
600 =2,919,600 (mau) vi bo qua mau c6 sai s rat nho.

3.2. Toi wu cdac tham so ciia cdac by diéu khién
PID cé dinh

a. Toi wu theo Ziegler-Nichol thir 2 (ZN2)

Phuong phap ZN2 ¢6 dién xac dinh tham s PID
dua trén hé s khuéch dai téi han K,,, chu ky dao dong
T,, khi hé & bién gi6i 6n dinh. Trong chuong trinh mo
phong khong ting K, dén khi hé dao dong 6n dinh ma
sir dung thi nghiém ro-le (relay test) véi tin hiéu diéu
khién dang hai mirc +d va quan sat dao dong déu ra,
tirdésuyra K, T,.Tham sé PID ZN2 dugc tinh theo
cong thire kinh dién:

K, =0.6 K, K;, =12 K,/T,,
Ky =0.075 K,'T,. (18)
b. Téi wu bang cdc thudt todn bay dan (PSO), gidi
thudt di truyén (GA) va tién héa vi phin (DE)

GA, PSO va DE déu la thuat toan khong can dao
ham va phu hop t6i wu tham s6 PID trong méi trudng
md phong c¢6 rang bude lyc cing. GA dua trén co ché
chon loc - lai ghép - dot bién theo cam hing tién hoa
[7], [8]. PSO 1a mot phuong phép tbi wu hoa dya trén
mot quan thé va sau d6 tim nghiém t6i wu bang cach
cap nhat cac thé hé [7], [9]. Thuét toan DE c6 nhiéu
wu diém ndi troi, cho phép giai cac bai toan co ham
muc phi tuyén véi viée tim kiém trén toan mién khao
sat, gia tri cac bién duoc phat ngau nhién, thoa mén
nhiéu diéu kién rang budc [10]. Véi CDPR, chi phi
danh gia J cao vi mdi lan danh gia cin mo phong
nhiéu kich ban tai nén kich thudc quin thé va sé thé
hé dugc chon vira du. Trong khi mo6 phong, kich thuédce
quan thé, s6 thé hé lan luot 14 30, 40 va sir dung cing
mot ham t6i wu c6 dang:

1 =238 J (lles®lI3 + allupy ] +

2
BIIFas(6) = Fosl ) dt, (19)
Trong d6, e(t) = Pres(t) — p(t) 1a sai sé bam

qu¥ dao; uy, 1a phan hdi PID; F, 1a luc diéu khién
mong mudn; F, 1a lyc kha thi sau khi giai bai toan
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phan phbi Iyc cang thoa man 0 < Ty < T < Traxs
s 1a chi s6 kich ban tai.
4. Két qua mé phéng va danh gia

Céu hinh CDPR trong md phong gidng voi Hinh
1. Chiéu dai chiéu rong, chiéu cao lan luot 12 /=1,82m,
w=1,56m, #=1,55m. EE ban dau c6 toa d6 1a E=(0; 0;
0,8). Cac tham sb dong lyc hoc: Khéi lugng danh dinh
Mpom=3,0 kg, hé sb ma sat nhdt b= 8 Ns/m, gia toc
trong truong g=9,81m/s>.. Rang budc luc cing:
Tyin = 5N, Tmax = 1200 N, hé sb trong bai toan
phan phéi luc p = 107*. B6 loc dao ham cua PID c6
hang s6 thoi gian tau, = 0,01, toc do hoc offline 1a
0.01, tbc do hoc online 12 0.006, a = 2-107%, g =
5-1073. Lyc diéu khién F; trong hé toa do
Descartes dwgc giéi han: |E| < 500 N, |Fy| <
500 N, |F,| <700 N. M6 phong thyuc hién trén moi
truong cta Simulink/Matlab véi budce cb dinh bang
10ms va phuong phap Runge-Kutta (ode4). M6 phong
nay chay trén may tinh Intel Core i5-8400 CPU
2.80GHz.

Mo phong thuc hién khao sat EE di chuyén bam
hinh tron trén mat phiang ngang ban kinh 0,5m va bam
quy dao hinh tam giac trén mat phang thang dimg va
mat phing nghiéng. Trong ba kich ban nay, két qua
mo phong cho thiy quy dao trén mit phing nghiéng
cho sai s 16n nhat. O Bang 1 trinh bay sai sb gitra cac
bo diéu khién v6i quy dao tam gidc ndm trong mat
phing nghiéng di qua lan lugt cac diém E(0;0;0.8),
P(0,40;-0,20;1,10), P3(-0,30;0,50;0,40) va quay lai
£(0;0;0,8) (Hinh 4).

5004

e Neuro-PID (3HL)
PID frozen (3HL)
~&-PID-PSO
A\ PID-DE
4004 AR == =PID-GA
~v—PID-ZN2

100

-100

200

300 200 100 0 100 200 300 400

X [mm]
Hinh 4. Két qua bam quy dao tam gidc
RMSE (Root Mean Square Error) va Eng, lan
luot 14 sai s cin phuong trung binh va sai sé cuc dai
giita cac bo diéu khién ddi véi quy dao mong mudn.
Tir Bang 1, ta thay khi tai danh dinh thi RMSE va
Emax gilta cac bo diéu khién chua dén 1,5mm. Nhung
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khi tai thay doi thi ta thiy RMSE va Epq, ctabd diéu
khién PID no-ron thich nghi 14 nhé hon rat nhiéu so
Vi cac bo diéu khién khac. Ngoai ra, thoi gian dap
ung trung binh (T 4,4) va chi tiéu d6 qua diéu chinh
trung binh (0S,,,4) clia cdc bo diéu khién ciing gan nhu
nhau khi tai danh dinh. Nhung khi tai thay dbi thi bo
diéu khién PID no-ron thich nghi c6 d6 qué diéu chinh
nho nhat nhu & Bang 2.

Bdng 1. So sdanh sai so giita cdc by diéu khien.

Khi tii danh Khi tii thay
. dinh dbi
B¢ dicu
STT < Pon vi (mm)
khién
RMSE  E,.. RMSE E, .
1 ANN-PID 5918 2554 14133  29.87
2 NN-PID 5.847 25.53 24233 5228
3 PID-PSO 6.281 26.62 22436 56.70
4 PID-DE 6.343 26.69 22751 57.79
5 PID-GA 6.294 26.62 22955 58.40
6 PID-ZN2 6.381 25.55 88359 177.2

Bing 2. So sinh chit lwong giiva cic bj diéu khién.

Khi tii thay
Khi tdi danh dinh ,
. ) doi
STT B dicu khién

rI‘r_avg OSavg Tr,avg Osavg

) (%) (s) (%)

1 ANN-PID 1.217 0.043 1.253  0.622
2 NN-PID 1.218 0 1.215  2.683
3 PID-PSO 1.218 0.001 1.218  3.143
4 PID-DE 1.218 0.001 1.215  3.224
5 PID-GA 1.218 0.001 1.209  3.228
6 PID-ZN2 1.218 0 1.197  8.988

Hinh 5 mé ta quy luat thay ddi cua tai (nét lién) va
két qua du bao su thay ddi cua tai (nét dut).

—_m

irue
—o-m, (filtered)

Mass [kg]

Hinh 5. Quy lugt thay déi ciia tii
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Hinh 8. D6 thi sw thay déi cdc h¢ sé6 K, K, Kq theo truc

v khi tdi thay déi

Hinh 6 thé hién sy bién thién cua luc cang cua 4
day cap (T, — T,) clia cac bo didu khién theo thoi gian
trong qua trinh diéu khién EE di chuyén theo quy dao
tam giac khi tai thay doi. Két qua cho thiy cac day déu
duy tri lyc cang duong, nghia la khong cé day nao bi
trung, dam bao hé théng ludn trong trang thai diéu
khién 6n dinh.

Céc Hinh 7, Hinh 8, Hinh 9 thé hién sy thay do6i
cac hé s6 K,,K;, K, cua bd diéu khién PID no-ron
thich nghi khi tai thay d6i & mdi truc.

Vi bién thién tai di vao dong luc hoc chu yéu qua
thanh phin mg trén truc z, giy sai s6 chu yéu trén
truc z, con truc x,y khong co trong luc nén sai $6
nho. Do d6 K, Kix Koy va K,y Ky, K, gin
nhu khong thay d6i quanh gia tri huan luyén offline
nhu Hinh 7 va Hinh 8, chi ¢6 thay d6i nho & céc thoi
diém chuyén canh quy dao.

O Hinh 9, khi tai thay déi thi K,,, thay d6i manh
nhat, roi dén K;, va K;,. Diéu nay la do gia tri uéc
luong My, chua theo kip sy thay doi cia tai thyc té
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Hinh 7. D6 thi su thay d6i cdc hé sé K, K; Ky theo
truc x khi tii thay déi

400

Hinh 9. D6 thj sw thay doi cic h¢ s6 K, K, Kq theo
truc 7 khi tdi thay déi

Meyge (Hinh 5)nénsaisbtruc z e, ting, thanh phan
ti 1€ phdn tmg nhanh véi sai I¢éch hi¢n thoi nén K, ,
thay d6i manh hon dé khic phuc hién tuong nay.
Thanh phan tich phan gitip triét tiéu sai léch tinh nén
K;, ciing thay d6i dé bu sai léch cham. Vi tai thay d6i
cham nén tbc do6 thay doi sai sé truc z e, ciing nho,
do @6 thanh phéan vi phan ciing thay d6i nhung Ky,
thay d6i nho hon so véi K, , va K.

Khi mé phong véi truong hop tai thay ddi nhanh,
hén loan (ngoai cac kich ban da huin luyén) thi bo
diéu khién PID no-ron thich nghi van 6n dinh, nhung
gia tri RMSE la 16,34mm cao hon khoang 2mm va
Epax 1257,98 mm cao gan gap doi so véi cac bo didu
khién PID-PSO, PID-DE va PID-GA, nhung nh6 hon
nhiéu so véi cac bd didu khién NN-PID va PID-ZN2.

Db thi ¢ Hinh 10 cho the‘iy su hodi tu nhanh chong
cua cac thuat toan GA, PSO va DE. Thuat toan PSO
cho thy sy hoi tu sém hon nhung gia tri cudi cling
ctia ham chi phi danh gi4 cta cac thudt toan nay gan
nhu nhau.
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5. Két luan

Bai béo trinh bay mot ciu tric diéu khién Adaptive
Neuro-PID cho CDPR 4 day, 3 bac tu do (three DOF)
v6i rang budc lyc cang duong. Ciu trac két hop: Bu
tién doan duya trén gia tdc tham chiéu, Neuro-PID sinh
hé s6 PID bj chin, cip nhét online chuan héa va thich
nghi khéi luong cho nhanh feedforward. Khung so
sanh voi nam bo didu khién tham chiéu (Frozen
Neuro-PID, PID-PSO, PID-DE, PID-GA va PID-
ZN2) cho thdy uu diém vuot troi cua bo diéu khién
PID no-ron thich nghi v&i tai bién thién va giup giam
nhay v&i bat dinh mé hinh.
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