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Abstract

Legged robots' gait is a major factor in how well they walk. Because present solutions lack a precise approach to the incredibly complicated
structure and sensitive motions of legged creatures, gait creation remains a highly challenging subject. This article proposes a gait generation
model (WPG) for a spider robot to walk straight and follow the designed reference ZMP trajectory in 2 step cycles with two different speeds.
Initially, the robot spider's gait parameters are determined using a nonlinear recurrent evolutionary neural network model (NARX+EANN),
which is then used in a walking pattern generator (WPG). Next, a new gait pattern generator (WPG) that depends only on four parameters
(step length, leg lift, knee bend, stride) of the small-sized spider robot is designed, by relying on realistic gait analysis of the spider robot and
kinematic analysis. Simultaneously, by using analytical techniques to solve the inverse kinematics issue, 12 joint angle orbits at the spider
robot's four legs will be determined from the hip and foot orbits at the spider robot's four legs. Then, the optimal weights of the NARX+EANN
model are identified using the Jaya optimization algorithm for training with the objective function of minimizing the total error between the
actual ZMP coordinates and the reference ZMP in two-step cycles of different speeds. The actual ZMP point is determined based on 12 joint
angle orbits at the four legs of the spider robot by solving the forward kinematics problem using analytical methods. Finally, this proposal is
applied to the experimental model of the B3-SBOT spider robot. The obtained results demonstrate that B3-SBOT walks steadily and strongly
without tilting, closely following the designed reference ZMP trajectory in 2 step cycles with two different speeds.

Keywords: EA-ANN — Evolutionary Algorithm-Artificial Neural Network , NARX — Nonlinear Auto-Regressive with Exogenous,
JAYA optimization algorithm, Spider robot, WPG — Walking Pattern Generator, ZMP — Zero Moment Point.

Tém tit

Dang di dong vai tro guyét dinh vé hiéu sut di bo cua robot c6 chan.
Ky hiéu Pon vi M@ ta Hién nay, tao dang van la bai toan rat khd vi ky thuét hién tai chua
’ ) tiép can duoc mot céch chi tiét v& két cdu vo cuing phiic tap. vasy van

S mm chiéu dai budc
H mm d6 nhic chan dong rét tinh vi cua cac dong vat co chan. Bai bao nay, d& xuit mo
i e hinh tao dang di (WPG) dé robot nhén budc di thing bém theo quy
h mm d6 khuy goi dao ZMP tham chiéu duoc thiét ké trong 2 chu ky budc voi hai téc
n mm do sai chan d6 khac nhau. DAu tién, m6 hinh mang no-ron tién hoa hdi quy phi
tuyén (NARX+EANN) duoc thiét ké dé nhan dang cac tham sé dang
Cic tir vidt tit di cua spider robot va cép cho bo tao mau di bo (WPG). Ké tiép, bo

tao mAu dang di (WPG) méi chi phu thuc vao bén tham s6 (chiéu
dai budc, d6 nhac chan, do khuy goi, do sai chan) caa robot nhén

Nonlinear Auto-Regressive with kich thuéc nho duoc thiét ké, bing cach dua véo phan tich déng di

NARX

Exogenous ) o thyc té cua robot nhén va phan tich dong hoc. Bng thoi, 12 quy dao

EAANN  Evolutionary Algorithm-Avrtificial goc khop tai bon chan ciia robot nhén sé duoc xéc dinh tir quy dao
Neural Network cua héng va quy dao cua ban chan tai bon chén cua robot nhén thong

ZMP Zero Moment Point qua gidi bai ton dong hoc nguoc bang phuong phap giai tich. Sau
. do, cac trong s6 t6i uu ciia md hinh NARX+EANN duoc nhan dang

WPG Walking Pattern Generator bing cach sur dung thuat toan tdi wu Jaya d& hun luyén véi ham muc
JAYA JAY A optimization algorithm tiéu 1a cuc tiéu hoa tong sai sb giira toa d6 ZMP thuc té véi ZMP

tham chiéu trong hai chu ky budc ¢6 toc do khac nhau. Diém ZMP
thuc te duoc xdc dinh bang cach dya vao 12 quy dao goc khop tai
bon chan cuaa robot nhén théng qua giai bai toan dong hoc thuan sir
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dung phuong phap giai tich. Cudi cung, d& xuét nay dwoc p dung
vao mo hinh thuc nghiém robot nhén B3-SBOT. Két qua thu dugc
ching to rang B3-SBOT budc di viing chic va manh mé ma khong
nghiéng nga theo sat quy dao ZMP tham chiéu dugc thiét ké trong 2
chu ky buéc vai hai tbe do khéc nhau.

1. Gi6i thiéu

Trong thé gidi robot, robot nhén dang dugc phét trién cho nhiéu
muc dich khac nhau. Véi thiét ké linh hoat va diéu khién thich
nghi, khién robot nhén trg thanh mét cong cu cé gié tri cho
nhiéu tng dung (bao gém quan su, hoat dong ctru ho va giam
sat). Vi du, giam sat cac cong trinh bi sap dé tim nguoi sbng sot
[4], kiém tra va thir nghiém cac hé thong duwong ng phic tap
[2] va bao tri cac cong trinh nguy hiém nhu 16 phan ng hat
nhan [3], lam sach cac bé mat bén ngoai dugc xay dung bang
kinh ctia moi toa nha, khéng gian lam viéc vin phong hodc cin
ho chung cu [4], do tim bom min con sét lai tir thoi ky chién
tranh & cac ving c6 dia hinh go ghé phiic tap [5].

Viéc tao ra dang di cho robot bdn chan doi hoi phai tao ra cac
clr dong & bén chan dé dam bao sy 6n dinh, tiét kiém ning
lugng va kha nang thich tng véi céc dia hinh khac nhau. Qua
trinh nay doi hoi sy tich hop phan hdi ciia cam bién, thuat toan
diéu khién va nguyén 1y co sinh hoc dé tao ra dang di manh
mé va linh hoat. Hién nay, tao dang di cho robot bn chan van
1a bai toan kho do ky thuat hién tai chwa tiép can duoc cac doi
tugng sinh hoc vo cung phic tap vé két cau va tinh vi trong
van dong.

C6 hai phuong phap thong dung dé tao dang di cho robot bon
chén Ia tao dang di tinh va tao dang di dong [6]. Dang di tinh
(static walking) duoc McGhee va Frank [7] dé xuit dau tién,
1a phuong phap diéu khién chuyén dong bang cach di chuyén
tirng chan cua robot khi budc di. Bang céch st dung phuong
phap nay, tai mot thoi diém chi c6 mot chan duoc nang 1én va
ba chan con lai dat trén mat dat dé robot bon chan bude di 6n
dinh vai toc do cham [8]. Déang di dong la phuong phép diéu
khién chuyén dong bing céch di chuyén hai chan cuing mot
lGc, hai chan chuyén dong & hai bén khéc nhau. Vi du: néu
chén phai truéc di chuyén thi chéan trai sau ciing di chuyén,
nguoc lai khi chan tréi trudc di chuyén thi chan phai sau ciing
di chuyén. Viéc str dung phwong phap dang di dong khién ro-
bot di chuyén nhanh hon phwong phap dang di tinh nhung do
6n dinh cua robot s& b giam [9].

Dic biét, tao dang dé robot nhén bam theo quy dao ZMP mong
mudn ma chi dua vao ZMP thyuc nghiém quan sat dugc, thi
md hinh mang no-rén két hop mo hinh hol quy phi tuyén duoc
chon lya dau tién. Vi Mang no-ron la cau trdc mo h|nh phi
tuyén c6 tinh linh hoat rat cao, nén mang no-rén c6 thé xap xi
ham phi tuyén tron véi sai s6 nho tuy y khi s6 no-rén & 16p an
du 16n. Bong thoi, trong s6 clia mang no-rén ¢o thé udce lugng
dugc ma chi can dya vao cac phan hoi quy 1a ZMP tham chiéu
va ZMP thyc té trong qua khir. Phuong phap wéce luong cac
trong sé cua md hinh mang no-rén dugc st dung phd bién
nhét hién nay 1a phuong phap sai s6 du bdo. Y tuéng co ban
ctia phuong phap nay 1a wéce lwong cac trong s6 cia mé hinh
mang no-ron sao cho cuc tiéu hoa tiéu chuin wéc luong la
ham xac dinh duong cua sai s6 du b4o (thuong 1a ham toan
phuong), trong d6 sai sé du béo Ia sai léch gitra ZMP mong
mudn va ZMP thyc té. Loi giai ciia bai toan téi wu nay co thé
tim dugc bang thuat toan lap Newton nhu: thuat todn suy giam
d6 déc, thuat todn Gauss - Newton va thuat toan Levenberg -

Marquardt [10]. Ngoai c4c thuat toan Newton, c6 thé ap dung
céc thuat toan t6i vu tién hoa dé tim giai bai toan uu hoa [11].
Dua véo cac phan tich trén, bai bao dé xuat md hinh tao dang
di thich nghi sir dung mé hinh hdi quy phi tuyén (NARX) két
hop mé hinh mang no-ron tién hod (EA-ANN) dé robot nhén
bude di thang bam theo quy dao ZMP tham chiéu duoc thiét
ké trong 2 chu ky budc véi hai tdc do khac nhau. Cac dong
g6p chi tiét cua nghién ciru bao gom:

+ M6 hinh mang no-rén tién hoa hoéi quy phi tuyén
(NARX+EANN) dugc thiét ké dé nhan dang cac tham sé dang
di (S-chiéu dai budc, H-d6 nhic chan, h-do khuy gdi, n- do
sai chan) cua robot nhén va cp cho bo tao mau di bo (WPG).
+ B0 tao mau di by (WPG) c6 quy dao ciia hdng va ban
chan tai mdi chan cua robot nhén phu thudc vao bbn thong sé
dang di (S, H, h va n) s& duoc thiét lap dya vao quy luat van
dong cua robot nhén va ham noi suy bac 3. Bdng thai, 12 quy
dao goc khap tai bon chan cuaa robot nhén s& dwoc suy ra tir
quy dao cua héng va quy dao cua ban chan tai bn chan cua
robot nhén thong qua giai bai toan dong hoc nguoc bang
phuong phap giai tich.

+  Thuat toan téi uu Jaya [12] duoc st dung dé huin luyén
trong s6 ciia md hinh mang no-rén (ANN) véi ham muyc tiéu
la cuc tiéu hoa tong cua sai sb gitra ZMP thuc té véi ZMP
tham chiéu trong hai chu budc c6 toc do khac nhau. Piém
ZMP thyc té duoc x4c dinh bang cach dya vao 12 quy dao goc
khop tai bon chéan ciia robot nhén bang céch giai bai toan dong
hoc thuén sir dung phuong phap giai tich.

«  Pé xuét nay dugc 4p dung vao B3-SBOT, két qua md
phong chiang minh bo tao mau di bo (WPG) thich nghi dugc
dé xuit cho phép B3-SBOT budc di viing chic va manh mé
ma khong nga.

Phan con lai cua bai bao dwoc t6 chic nhu sau: muc 2 giGi
thiéu md hinh spider robot (B3-SBOT); muc 3 trinh bay dé
xuat mé hinh mang no-ron tién hoa thich nghi két hop mé hinh
hdi quy phi tuyén dé tao cac théng sé dang di cap cho bo phat
dang (WPG - Walking Pattern Generator) dé dam bao robot
nhén budce di thing bam theo quy dao ZMP tham chiéu dugc
thiét ké trong 2 chu ky budc véi hai van téc khac nhau; muc
4 trinh bay két qua mo phong va muc 5 trinh bay két luan

2. MGo6 hinh robot nhén B3-SBOT

Robot nhén kich thudc nho (B3-SBOT) c6 than va bon chéan
nhu mo ta trong Hinh 1.

Hinh 1.Hinh anh md ta robot nhén B3-SBOT véi 12 DOF.
MGi chan c6 khau dui va khau cing chan vai tong cong 3 dof
(2 dof & khéop héng, 1 dof & khép gbi). B3-SBOT c6 thé bét
chude dong tac di bd cua robot nhén theo mat ding ngang va
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mat ding doc. Tong khéi luong cua B3-SBOT la 350 gam
(d6ng co servo, cam bién, bo diéu khién, pin) va cao 15 cm.
B3-SBOT duoc thiét ké dam bao céu trac dong hoc, mdi dof
tuong g 1 dong co truyén dong doc lap. Dong co Servo DC
loai MG90S ciia hing TowerPro duoc sir dung lam phan tir
truyén dong. Uu diém noi bat caa dong co MG90S 14 nho gon
va nhe (13.4 gam) véi luc kéo momen (1.8 kg.cm). Tin hiéu
diéu khién dong co servo duoc giri tir vi diéu khién STM32.
Nguyén ctru nay quan tdm dén bai toan tao dang va diéu khién
robot nhén budc di thang nén than trén caa robot nhén dugc
gitr ¢6 dinh va chi diéu khién than dudi c6 12 dong co & bén
chan vai 12 géc quay
((01,602,013,0,1,05,053,04,0s,0,0,,0,,,0,; ) duge dinh nghia
nhu  trong Hinh 2. Vi tri cua cic khop
(Pi1 P2 Pig Pt Pop Prg Pay oy Py Py Py Py VA thir tur chén cling

duogc dinh nghia nhu trong Hinh 2.

Py @
(Leg4)

Psg
(Leg2)

P33
[ ]

(Leg3)

Hinh 2. M4 hinh két ciu robot nhén B3-SBOT.

3. P& xuit md hinh tao ding di (WPG) thich
nghi cho robot nhén

Bai bao dé xuit md hinh mang no-ron tién hoa thich nghi két
hop md hinh hdi quy phi tuyén dé tao céc thong sb dang di
cap cho bo phat dang (WPG - Walking Pattern Generator) cia
robot nhén nhu minh hoa trong hinh 3.

-

B
Phat Dang
(WPG)

Mo hinh
NARX+ANN

ZMP tham chiéu
(trong C chu ky budrc)

(651,852,652

[ZMP thuc té] Robot

Ché

Giai thudt
JAYA

i=1-C;Clasb chuky budc

j=1--4;j lathirtr chan cna robot

Hinh 3. M6 hinh d& xuat.
WPG duoc thiét Iap dwa vao quy luat van dong cua robot nhén
va ham noi suy bac 3. Ngd ra cua WPG la quy dao goc quay
cua 12 goc khép cip cho robot nhén. Ngé ra cua robot nhén
1a toa d6 ZMP thyc té duoc hdi tiép vé mé hinh dé xuat. Cac
trong s6 cua md hinh mang no-ron trong mo hinh dé xuat dugc
nhan dang ti wu béi thuat toén Jaya.

3.1. M6 hinh NARX+EANN
Trong bai béo nay, quy dao ZMP tham chiéu cua robot nhén

1a bude di thang trong hai chu ky budc véi hai toc do khac
nhau (C=2). Ta goi la toa do0 ZMP tham chiéu va la toa do

ZMP thyc té cua robot nhén, céc toa do nay 1a ngd vao cua
md hinh NARX+ANN. Vi cau tric NARX duoc chon la bac
1 nén md hinh mang no-ron ¢6 bon ngd vao 1a [ X, . (k-1)]

’ |:yzmp_ref (k _1):| 1 .:szp_real(k _1):| ' [yzmp_real (k _1):| Vé‘ Cé té'm
ngd ra la [S1, HI, hl, nl, S2, H2, h2, n2]. Trong d6z~* la
toan tir tré bac 1; [S1, H1, h1, n1] la bon tham so dang cua chu
ky budc th nhat; [S2, H2, h2, n2] la bon tham s6 dang cua
chu ky budgc thi hai. M6 hinh ANN dugc mé ta béi phuong
trinh (2).

y; (k,2)=F, (2?:1‘41 F (Zlm:le, P (k)+wj0) +vi0);i =1.n (1)
Trong d6, mé hinh mang no-rén c6 3 16p; vy, la ngd ra thu i
cua 16p ra; q 1a s6 no-rén ¢ 16p an; n 1a s6 ngd ra cua 16p ra;
m 12 s6 ngd vao cia I6p vao; w, la trong so gita 16p vao va
I6p an, w;, la ngudng cua lop vao, v; 1 trong sb giira I6p an
va 16p ra, v,, la ngudng cia I6p an; F, 1 ham tic dong tai
I6p 4n, F, 1a ham tac dong tai I6p ra; D 14 tong cuia cac trong
sb va cac ngudng cua mod hinh mang no-ron; ¢ (k) la véc-to
hdi quy va A la véc-to trong sb va ngudng, dugc dinh nghia
nhu cong thic 2 va 3.

(k) =[0, (k). 0, (K).0, (k). (K)]

= I:szpiref (k _1)’ yzmpirel (k _1)’ szpireal (k _1)’ yzmpireal (k _1):|T

i:[w.

jn

Véi D=(m+1)q+(q+1)n; j=1.--q; I =1---m; i=1--n

@)

©)

WjovVij ,Vioj|T = [Wl,...,WD]T

3.2. Xay dung bd phat dang di (WPG-Walk ing Pattern
Generator)

Bdn tham s6 quan trong cua robot nhén gitp budc di 6n dinh

bao gom S - chiéu dai bu6c chan, H - do nhac chan, h - do

khuya goi va n - d6 sai chan dugc minh hoa nhu trong Hinh 4.

T A

[} P,
B Pyo.Pyo |
R
=
1‘ [ w
| E e
o | /
I T /
L. g=
P23, P33
(Frontal plance)
|
|
[
| \
| .
[ | P
H
. P2y
Ps: @ L — [ AR

(Sagittal plance)
Hinh 4. Bén tham s anh huong quyét dinh dén déng di robot nhén B3-
SBOT.
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Trong d6: 11a chiéu dai ciia than trén, w 1a chiéu rong cua than
trén.

Chuyén dong cuia robot nhén trong 1 chu ky buoc (T7) dugc
tao ra bang cach chon ham theo thai gian thich hop cho 8 diém
tham  chicu: Py (Plow Py Puo. ) ) P (onw Poy: onz) )

Pso(P30er30er30z) ) PAO(PAOerAOyle) ) P13(Pl3x’P13y’P13z) )

P23 (P23><’ P23y’ P23z ) ' P33 ( P33><' P33y’ P33z) ' P43 (P43><' P43y’ P43z ) :
Trong subt qué trinh budc di, chiéu cao cua than trén dugc giir
c6 dinh nén P,P,.P, P, duoc tinh théng qua
Py (PBX, Pyy BZ) nhu cong thirc (4):
_ | W
Py = %x+5’%y+zﬁ%z
- | W
PZOZ PBX+E’PBy_E'PBz
I I W] 4
Py = %x‘iv%y‘?”%z
- | w
P = %x_g’%y+zﬂ%z

Mbi chu ky buéc c6 6 pha, chu ky mdi pha la T, :% . Trong

céc pha 1 -3 -4 -6 c6 mot chan di chuyén vé phia trudc, ba
chan con lai ding yén. Trong pha - 5 chi c6 than di chuyen ve
phia truéc va ca 4 chan ding yén. Luat di chuyén bon chén va
thén cta robot nhén trong 1 chu ky buéc (0<t<6T,) duoc
minh hoa chi tiét trong bang 1. Luu y cac ky hiéu trong bang
1 nhu sau: T biéu dién chan nhac; | biéu dién chan ha xubng;
= biéu dién than tién vé phia trudc.

Pg, Py Py, Py, P,y duoc chon lya truc quan.
P,, duoc lya chon theo chuyén dong cia cac chan dé co dang
di mong mudn. Lya chon P, phu thudc vao céu trac co khi
cta robot nhén vi né lién quan dén dich chuyén ZMP tir pha
nay sang pha khac. )

Bai bao nay, quy dao ZMP tham chieu cua robot nhén dugc
thict ke trong hai chu ky budc voi hai toc do khac nhau. Do
do, bon thdng so dang di cua robot nhén trong moi chu ky
budc s& bi thay doi nhu cong thirc (5). D& dam bao tinh kha
vi ctia bon tham so6 dang di, phuong phap xap xi bang da thic
bac 3 qua cac nat dugc sir dung.

Py, P

137 7231

P.

33

Trong dé: A la cac théng sé dang di S, H, h, n cia robot nhép.
Trong hai chu ky buéc (0<t<12T,), dua vao luat di chuyen
bang 1 va gia st tai thoi diém t=0s thi
Py (t=0)=[0,0,(}, +1, +1;)—h] thi Py, P, Py, P, cho dang
di thang dwoc thé hién nhu sau:

§t+l, 0<t<T,
T, 2

0

%-rS,T0 <t<6T,

13x — | S (6)
—+2t-55,6T, <t<7T,
2 T,

l+25,
2

7T, <t <12T,

2n, w
—t+—+
2

S
T, 2’

OSt<T—0
2

-——t+

w S
7+7
T, 2

+2n,T—°st<T0
2 2

w.s, T, <t<6T,
Pisy = gn 2w s 13 )
—t+—+—=-12n,6T, <t<—T,

T, 2 2 2
S WS i Brcrar,
T, 2 2 2

7T, <t <12T,

—2—Ht+2H, T—°£t<T0
2

0

0,

My _1om, 61, <t<2,
T 2

0

T, <t<6T, @®

132 =

Sy aan, Broceer
T 2

0

0, T, <t<12T,

A,,0<t<5T,
A=l B t+(zA1+§A2j,5Tost<7T (5)
2T, 2°t 2
A, 7T, <t <12T,
Bing 1. Luat di chuyén ciia bdn chéan va than cua robot nhén trong 1 chu ky budéc [15]
0 To |T, 3T, 2T, 5Ty 3T, 7Ty 4T, 9Ty 5T, 11T,
t To| 2 3T | 2 5To | 2 To | 2 Ty | 2 11T, 2
%? - Ty _)T - 2T, _)T - 3T, _>T - 4T QT - 5T, - 2 - 6T,
Legl | 7 l
Leg 2 T !
Leg 3 1 l
Leg 4 T !
Body = = = =
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143 ostea, -5 0t
S I S 2n w S
—t-3S+-+=,3T, <t < 4T ——t+4n-———-=,2T, <t < =T,
T, 2 27° 0 T, 2 2'7° 0
| 3S 2n w S5
P23><: §+7, 4T0 £t<9T0 (9) ﬁt_6n_§_§771—0 St<3-|—0
S S
ﬂ'[—85+§+§,9T0St<10TO Py, = —%—§,3TOSI<8TO (13)
2 17
Tedeas, aom <t ~2vaen- 2= 8T <t< 2T,
0
204 1gn-W_ Sl gt
—%—%,OSKBTO To < 2 2'2
w
oo w S 7o —5 5 I <t<12T,
T, 2 2707 2
_%”t—&;n—%—%%nswﬂo 0, 0<t<2T,
‘iN S %I_—Ht—4H,2TO£t<gTO
Proy =1 =% =5 4Ty <t < 9T, (10) 0
2H 5
—E 0t 4+6H, 2T, <t <3,
—3_—nt+18n—g—%9Tost<%T To 2° °
, 0 <19 Py, =10,3T, <t <8T, (14)
n w
T, AN 5 g st<10h %I_—Ht—16H,8Tost<%To
0
w S
% 50T, <t <12T, _2Tth+18H%TOSt<9TO
0
T, <t<12T,
0, 0<t<3T, 0.9Tp <t <12T,
2H 7
24 -6H,3T, <t< =T,
T, T2 _IE’ 0<t<5T,
My en LT <t<at s, |
T 20" 0 =55, 5T, <t <6T,
P,,, =10,4T, <t <6T, (11) Pax=1"| (15)
ﬁt—lBH oT <t<g_|_ —§+S, 6T, <t <11T
Ty T 2° S |
Zt-_-11S, 11T, <t<12T,
—%I_—HHZOH,%TnglOTO T, 2 ° ’
0
0, 10<t<12T,
° g+% 0<t<5T,
_IE_% 0<t< 2T, g+§+_2|_—nt—10n,5T0£t<1—2:l'T0
0
S, | 55
T35 2T <t<3, g+g—2—nt+12n,1—21T <t <6T,
0
| s Pay=1" o 0 (16)
Py = —§—§+S, 3T, <t < 8T, (12) 54_5, 6T, <t <11T,
S S
Tfot—75—§—§,8ToSt<9To g+§+$t—22n,m03t<§n
0
| S
—5-5+25, 9T <t<12T, W+§—2i't+24n,§Tst<12To
2 2 2 2 T, 2
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0, 0<t<5T,
2H 11
2H jopst <t
T, 0=<t<Z T
_2H o,
=

_ 0
P =10, 6T, <t <11T,

2Ry oon T <t <237,
T 2

0

lleT0 <t<6T,
17

%l_—Ht+24H %Togt<12T

0

Py cho dang di thang duoc thé hién nhu sau:
0, 0<t<T,

ZiTot —%,TO <t< 2T,

S

> 2o <t<dT,

S35

2T, 2

Ps, =1S,5T, <t < 7T,

S.58

2T, 2°

S

E,8T0 <t<10T,

S5
2T, 2
28,11T, <t <12T,

AT, <t<5T,

(18)
7T, <t <8T,

10T, <t <11T,

Py =0, 0<t<12T, (19)

P, =L +1,+1,—h, 0<t<12T, (20)
Dé dam bao tinh lién tuc v& vi tri, van toc va gia téc cua cac
quy dao P, , Py, P, , P, va P, nhu cong thac (6— 20),
phuong phap xap xi bang da thirc bac 3 qua cac nat duoc sir
dung. Khi ¢6 quy dao dugc xap xi cia Py, Py, Py, P, thiro-
bot nhén s& budc di thang.

Dang di duoc tao ra bang cach Iéy mau cac quy dao xAp xi cua
Py Py s Py Pis s Py Poo s Pao » Py trong nhitng khoang thoi
gian nhat dinh. Cac quy dao xap xi cua Py, P, , Py, , P,, duoc
tinh tr quy dao xap xi cua Pg théng qua cong thirc (4). Trong
cac quy dao xap xi cta Py, Py, Py, Py Py Py o Pay s Py, thi
t va T chi phdi qua trinh ldy mau quyét dinh téc do budc di
va do ém &i cua dang di. Vi At 1a khoang thoi gian lay mau,
% biéu thi s6 lugng mau trong mot chu ky budc T hoic tan sb
lay mau. Tuy thugc vao cau tric caa robot nhén ma gia tri cua
T va At s& dugc chon sao cho phu hop.

Mau di bo l1a quy dao cua 12 goc quay[ &, (t) , 6, (t) , 6 (t) ,
O (1) 1 O (1), O (1) O (1) 4 O (1), O (1) O (1) s O (1)
6,5(t) ] ¢ 4 chan cta robot nhén trong 2 chu ky budc di. Cac
quy dao goc quay nay dugc xac dinh tir cac quy dao xap xi
cua Py(t) , Pu(t), Pyu(t), Pu(t), Po(t), Py(t), Pyu(t),

Po (1), bang cach giai bai toan dong hoc nguoc tirng chan cua
robot nhén.

Vai tro cua 4 tham s (S, H, h, n) anh huong dén d6 6n dinh
duoc thyuc hién nhu sau: 2 bo tham sé dang di khac nhau dugc
chon nhu sau (truong hop 1. S=89.4869, H=25.2623,
h=138.2758, n=41.8079 va trudng hop 2: S=111.0861,
H=40.3096, h=137.1566, n1=25.6890), sau d6 khao sat dang di
va ZMP trong 2 chu ky buédc di twong tng vai tieng bo tham
s6. Video minh hoa dang di va ZMP tuong ting hai truong hop
trén theo link sau: https://youtu.be/0-PLESyY8G4

T6m lai, c6 thé tao ra nhiéu dang di thang khac nhau trong céc
chu ky budc khac nhau bing cich thay doi gid tri ciia bon
thong s6 dang di (S,, H;, h;, n;) trong mdi chu ky bugc. Do
do6, cac tham sb nay phai duoc lua chon t6i wu dé dam bao
robot nhén budc di thang bam theo quy dao ZMP tham chiéu
duoc thiét ké trong 2 chu ky budc vai hai van toc khac nhau.

3.3. ZMP cia Robot nhén

Diém ZMP thyc té cua robot c6 chan dugc tinh nhu céng thic
21 [13]:

Zn:ml( )PIX imlplxplz_znlliyﬁiy
Xonp = i=1 - i=1 i=1
Zmi (PIZ + g)
n - n n (21)
> (B, +9)Py = > mBR, = 1,8,
yZMP i=1 - i=1 i=1
Zl:mi (Plz + g)

trong d6, m; 1a khéi lwong cua khau thit i va (P, Py, Py, ) 12
toa do khéi tam cua khau thir i trong hé truc toa do dé cat, I,
va I;, 1a thanh phan momen quén tinh, {};, va {3;, Ia thanh
phan gia toc goc quay xung quanh truc x va y tai khdi tam cua
khau thtr i, g 1a gia toc trong truong, (xZMp_real,yZMp_real )
1a toa do diém ZMP thuyc té.

Doi véi B3-SBOT, gia sir mo men quén tinh va gia toc géc
tuyét doi cua cac lién ket 1a du nho @é bo qua, cong thure tinh
ZMP dugc tinh nhu cong thic (22) [14]:

12 .
Zmi I:)iz Px

— 1=
Xzmp = Xcom +

o (22)
Zmi I:)iz I:)y
i=0

Yzmp = Yeom+ — n

Trong cong thicc 34, phan bd khdi lwong m, va toa do
( %0 Piys Pl%) cua cac khép duoce dinh nghia trong Hinh 5, toa
do cua khoi tim (COM) duoc tinh thong qua cong thuc (23),
cac thanh phan gia toc sir dung phép tinh sap xi nhu céng
thuc (24).


https://youtu.be/0-PLESyY8G4
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P3;m3

P12; miyo

Pyy;my |

(]
Hinh 5. Phan b4

khéi lugng va toa do cua cac khap.

Xeom = Zmu ix _lzzmi

Yoou =3P, /3 (23)
Zeow = Zm, 3 im

P, (1) =[P, (t)- P, (t-1)]/At; B, (1) =[ B, (1)~ P, (t-1) ] /At;

By (1)=[P, (1) =P, (t-1)]/at B, (1) = [, (1)~ B, (t-1)] /at; (24)
P, (t)=[P,(1)-P, (t—1)]/At; B, ()=[P.(1)-P, (t—1)]/At;

Toa d§ P ( [ ).B, (1).P, (t)] duogc xac dinh tir 12 géc

quay [911(t) ) 912(0, 013(1), 021(1), 0,5 (1), B23(1), 034 (D),
05, (1), 035(1), 0,,(1), 0,4,(t), 045(t)] & 4 chén cua robot
nhén trong 2 chu ky budc di, bang cach giai bai toan dong hoc
thuén tirng chéan caa robot nhén.

3.4. T6i wu trong sé mang no-ron trong md hinh
NARX+EANN sir dung thuat todn JAYA

Trong bai bdo nay, viéc téi uu véc-to trong sé A (nhu cong
thirc 3) cua mang no-ron trong mod hinh NARX-EANN duoc
xem nhu bai todn toi wu véi ham muc tiéu nhu cong thuc (25).

(e, ()+el ()
Xamp XZmPra - szpreal (25)
e = Yempy ~ Yempy

Trong do, (exzmp,eyzmp) la sai sb gitra toa d6 ZMP tham
chiéu va thyuc té; N 1a s6 mau trong hai chu ky budc; Mau k
duoc cap nhat véi chu ky lay mau 1a 0,01s.

Thuat toan Jaya duoc sir dung dé tim vec-to trong s6 A sao
cho ham f dat gié tri cuc tiéu hay robot nhén s& budc di theo
quy dao ZMP da duoc thiét trong hai chu ky budc c6 toe do
khac nhau. Viéc sir dung thuat toan Jaya la do thuat toan nay
chi c6 hai tham s Iya chon (s6 cé thé trong mot quan thé va
s6 thé he). Bang 2 trinh bay thuat toan Jaya giai bai toan tdi
uu nay.

Bang 2. M Iap trinh (pseudo-code) cua thuat todn Jaya

1 Khsi tao tham so cua thuat toan Jaya: G 1a s6 thé hé
trong qua trinh tién hod; NP la s ca thé trong mot
quan thé.

2 Khoi tao mot quan thé ngiu nhién c6 NP ca thé, moi

ca thé X; duoc dic trung boi véc-to trong sé cua md

hinh mang no-rén A ¢6 D chiéu (nhw cong thirc 15).

Bit dau giai thuat

4 Tinh gia tri ham muc tiéu cua timng ca thé trong quan
thé £ (X;) (nhw cong 37),voii =1--NP

5  Tim c4 thé tét nhat XBest va ca thé xdu nhat x"erst
trong quan thé.

6 k=1

7 Vong lap while (k < @) thuc hién

8 vong lip for i = 1 d&én NP

w

9 vong lip for j = 1dén D

10 r, = rand(1);

11 r, = rand(1);

12 ]nke\;v =Xji+t1m X (le,gieSt - |X]',k.i|) -1 X
(le?{oisr | }.k.l|)

13 Keét thic vong lap for

14 Kiém tra néu f(Xe¥) < f(Xj 1)

15 Xii = X]",f‘l”

16 Két thic kiém tra

17  Két thac vong lap for
18 k=k+1

19  Update X5Best and xWorst
20  Két thac vong lap while
21  Kétthac

4. Kétqua
Robot nhén B3-SBOT dugc sir dung dé kiém chimg dé xuét

cua bai bdo. Thong sé vat ly caa B3-SBOT duoc trinh bay
trong bang 3.

Bang 3. Thong s vt ly cia robot nhén B3-SBOT

Tham so Giatri Tham so Gia trj
I 32 mm l 100 mm
L, 53 mm w 100 mm
Iy 97 mm mg 13.4 gam
Ty 1s my o 89.2 gam

Dé tim vec-to trong s6 A t6i wu thoa yéu cau B3-SBOT thuc
hién budc di theo quy dao ZMP da dugc thiét trong hai chu
ky budc c6 tée do khac nhau, thong sé ciia md hinh mang no-
ron tién hoa hoi quy phi tuyén duoc mo ta trong bang 4. Két
qua mo phong dwoc thuc hién trén nén tang MATLAB 2023b
chay vai CPU 2,49 GHz va RAM 8 GB.

Bing 4. Thong s6 ciia mo hinh dé xuét

Tham so Gia tri Tham so Gia tri
m 4 T 2s
n 8 N 1201
q 8 NP 50
F; linear G 200
F; sigmoid D 112

Hinh 6 mmh hoa toc do hoi tu cua ham muc tiéu trong quéa
trinh huan luyén. Hinh 7 cho thiy két qua so sanh gira quy
dao ZMP mong mu0n VGi quy dao ZMP thyc té. Bang 5 trinh
bay gi4 tri trong s6 t6i wu cua md hinh NARX+EANN. Hinh
8 trinh bay 12 gia tri goc quay cua cac khap ¢ 4 chan robot
nhén B3-SBOT trong hai chu ky budc.
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| ./'/v
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{
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Hinh 6. Téc d6 hoi tu cua ham muc tiéu f trong qua trinh huin luyén

Hinh 7. So sanh qu§ dao ZMP mong mudn véi quy dao ZMP thuc té

Bang 5. Gia tri trong s6 t6i wu cua md hinh NARX+EANN

1 2 3 4 5 6 7 8
i
1 | 5.826 11.888 12.753 14.213 15.546 8.466 12.891 12.998
Ve 2 | 13.461 6.756 10.478 13.594 16.830 3.859 7.997 14.658
Y 138676 11.377 12.760 4,989 14.215 13.470 14.036 7.395
4 | 15.781 -4.140 13.452 14.467 10.768 -8.176 10.228 -5.323
bo 16.960 4.007 14.056 12.651 4.393 2.583 4.394 14.297
1 | 15.142 14.838 14.972 15.685 7.423 14,181 18.353 10.521
2 | 8.051 17.099 19.357 -7.506 9.908 4,575 15.335 9.824
3 | 17.406 5.359 11.799 15.569 11.202 9.786 15.752 11.065
Wi 4 | 9.738 10.045 -1.836 11.542 16.534 5.280 14.545 10.299
Y 152007 -5.441 11.478 12.048 18.795 -2.924 10.332 7.468
6 | 5.901 8.205 11.179 -2.635 15.438 10.862 15.384 1.293
7 | 5.251 3.009 4.615 -6.402 8.236 11.141 -0.296 16.592
8 | 8.393 -16.697 -8.136 9.677 8.688 -4.979 13.832 10.036
bn 18.000 -2.265 12.962 17.742 14.788 7.687 10.318 5.919
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Hinh 8. Mau di b¢ trong 2 chu ky buéc cta robot nhén B3-SBOT.

Hinh 9a. Dang 3D cua B3-SBOT trong chu ky budc thir 1.
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Hinh 10, Quy dao vi trf céc khop & chan 1. Hinh 12. Quy dao vi tri cac khop ¢ chan 3.
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Hinh 13. Quy dao vi tri cac khap & chan 4.

khéc nhau, lan dau tién dugc ap dung cho robot nhén kich


https://youtu.be/RdpA1M7Amy4
https://youtu.be/8KV5ONTnw7w
https://youtu.be/8KV5ONTnw7w
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thuéc nho B3-SBOT. M hinh mang no-ron tién hoa hoi quy
phi tuyén (NARX+EANN) duoc thiét ké dé nhan dang céac
tham sb dang di cua robot nhén va cip cho bé tao miu di bo
(WPG). B tao mau di bo (WPG) phu thudc vao bén tham sé
(chiéu dai budc, d6 nhic chan, d6 khuy gdi, do sai chan) cua
robot nhén kich thudc nho duoc thiét ké dé tao ra quy dao cho
cac goc khép & bdn chan cuaa robot nhén, bang cach dwa vao
phan tich dang di thyc té cua robot nhén. Thuat toan tdi uu
Jaya duoc sir dung dé huan luyén trong s6 caa mé hinh mang
no-ron tién hda (EANN) véi ham muc tiéu la cuc tiéu hoé tong
cua sai s6 giita ZMP thyc té véi ZMP tham chiéu trong hai
chu budc ¢6 hai téc d khéc nhau. Két qua mé phong, ching
minh bo tao miu dang di (WPG) dugc dé xuat cho phép B3-
SBOT budc di vitng chic va manh m& ma khong nga. Trong
bai bao nay, bo phét dang cho robot nhén di chuyén trén dia
hinh bang phing c6 thé duoc nang cao dé cai thién kha niang
thich nghi véi dia hinh khéng bing phing dua trén nén tang
c6 thé thay ddi cac thdng sé dang di trong qua trinh di chuyén.
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