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DIEU KHIEN CHUYEN DONG ROBOT HAI CHAN TRONG PHA MOT
CHAN TRU THEO PHUGNG PHAP TRUGT SU DUNG MANG NORON

NGUYEN VAN KHANG!, TRINH QUOC TRUNG?

Y Truomg Pai hoc Bach Khoa Ha Noi
2 Truong Dai hoc Cong nghé - DHQGHN

T6m tat. Trong bai béo nay trinh bay ting dung phuong phap diéu khién trugt sit dung mang noron
dé diéu khién robot hai chan trong pha budc. Bo didu khién nay t6 ra hiéu qua va 6n dinhkhi so sanh
v6i bo diéu khién PD trong truong hgprobot hai chan cé do bat dinh va c¢é nhiéu tac dong 16n.

Tit khéa. Robot hai chan, dong litc hoc nguge, diéu khién, mang noron.

Abstract. In this paper, an application of 5-link biped robotic control model is presented through
the neural network sliding mode approach. The proposed controller showes efficiency and stability in
comparision with the PD controller of biped robots with uncertainties and large noise effects.

Key words. Biped robot, inverse dynamics, control, neural networks.

1. MO PAU

Robot dang ngusi (humanoid robot) la linh vie khoa hoc dang duge quan tam nghién
ctu ¢ Nhat, Han Quéc, My, CHLB Dric, Trung Qudc va nhiéu nude khac [1-11]. Mot vai loai
robot ddng ngudi ndi tiéng trén thé gisi 14 robot ASIMO ctia haing HONDA, cac phién ban
robot HRP ctia Vien AIST. Bén canh d6 robot dang ngusi duge nghién cttu nhiéu phuc vu
trong linh vyc quéan su.

Vé mit co hoc robot ddng ngudi duge mo hinh héa bang co hé nhiéu vat. Mot dang robot
déang ngusi duge quan tam nghién ctu la robot hai chan (biped robot). M6 hinh robot hai
chan dugc trinh bay ¢ day 13 mo hinh robot ¢6 5 khau [2, 10, 11]. D6 1a phan than ngusi va
hai khau cho méi chan. Phan trén ctia chan (upper leg) duge goi la dui con phan dudi cia
chan (lower leg) dugdc goi la cang chan. Céc khau nay duge ndi véi nhau thong qua 4 khép
quay (hai khép hong va hai khép dau goi). Chuyén dong ciia robot hai chan duge chia ra lam
3 pha khac nhau. D6 1a pha mot chan tru (single support phase), pha hai chan tru (double
support phase) va pha bay (air phase). Vi trf hai chan ctia robot ddi véi miat tya xac dinh
robot dang & pha nao. Ngudi ta hay tap trung nghién citu vé budc di ctia robot va chuyén
dong clia robot & pha mot chan tru. Béi 1& khi robot bude di cac pha bude dién ra xen ké
nhau do dé dé diéu khién dugc robot can ¢ syt chuyén mach cac phuong trinh vi phan chuyén
dong va chuyén mach ciia bo diéu khién khi tinh toan ldp trong chuong trinh mo phéng. Viec

*Bai bao dudc thuc hién véi sy hd trg tir Quy phét trién Khoa hoc v Céng nghe qubc gia (NAFOSTED), ma sb
107. 04-2012. 10.
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diéu khién nay khéa phitc tap. Nham han ché su phitc tap nay gia thiét ring robot hai chan
khi bude di khong cé giai doan chuyén chan lam tru (d6 1a thoi diém ma chan budc cham miit
dat va chan lam tru van & trén mat dat). Do ta bo qua giai doan chuyén chan tru nén do anh
hudng trong trudng lam ting moment quay nhung bu lai chuong trinh moé phéng sé don gién
hon. Hon nita pha mot chan tru thuong kho diéu khién hon va tiéu tén nhiéu nang luong hon
so v6i pha hai chan tru nén viéc bé qua pha hai chan tru ¢6 thé chap nhan duge. Ngoai ra khi
chuyén tit pha mot chan tru sang pha hai chan tru can phai nghién citu bai toan va cham. Bai
toan nay la mot bai toan phtic tap. Vi thé budce dau ta c6 thé gisi han nghién citu bai toan
diéu khién robot hai chan trong pha mot chan tru.

Viéc diéu khién robot hai chan bing bo diéu khién PD hoisic bo diéu khién truct da duge
trinh bay trong cac tai lieu [10, 11]. Trong bai béo nay, trén co sé mo hinh dong luc robot hai
chan, nam khau, chiing t6i 4p dung phuong phap mang noron [15, 16] nghién ctu didu khién
chuyén dong ciia robot hai chan.

2. PONG LUC HOC ROBOT HAI CHAN G PHA MOT CHAN TRU

M5 hinh robot hai chan 5 khau duge biéu dién béng mo6 hinh duge minh hoa trén hinh 1
[2,10,11,20]. Trong d6 m; 1a khéi lugng ctia khau thi 4, ; 1a chiéu dai ctia khau thi 4, a; 1a
khodng cach tit trong tam ctia khau thit ¢ t6i khép thap hon clia khau dé, I; 1a moment quan
tinh ctia khau véi truc quay di qua khéi tam ctia khau 4 v vuong goc véi mat phang doi xing
doc va 0; 1a goc quay ciia khau ¢ so v6i phuong thing ding.

Phuong trinh dong luc hoc robot hai chan 5 khau ¢ pha mot chan tru véi cac goc va ki
hi¢u nhu trén duge bidu dién bing hé phuong trinh vi phan chuyén dong sau [2, 20]

M, (8) 6 + Cy (e,é)é+ge () + dy (9,9‘) — 15, (1)

trong d6 My () 1a ma tran khoi lugng suy rong, Cy <0, 0) la ma tran ly tam va coriolis, gg (6)

14 vec to gia toc trong truong va 7y 1a vec to moment tac dong lén khép.

Hinh 1. M6 hinh robot hai chan 5 khau
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Phuong trinh (1) la phuong trinh dong luc hoc robot hai chan trong hé toa do khdptuyét
ddi. Lien hé gifta cac goc khdp tuyet doi va géc khép tuong déi (hinh 1) duge biéu dién nhu
sau

qgo =01;q1 =01 —6; go = 03 — 03;q3 = —03 + 04594 = —04 + 05. (2)
Goi R 13 ma tran chuyén tit hé toa do khép tuong dbi sang hé toa do khép tuyet doi
1 O 0O 0 0
1 -1 0 0 0
R=|1 -1 -1 0 0 (3)
1 -1 -1 1 0
1 -1 -1 1 1

Ta ¢6 quan he¢ 6 = Rq. Khi d6 phuong trinh vi phan chuyén dong ctia robot hai chan
trong hé toa do khép tuong dbi duge bicu dién dudi dang

Mg (q) G+ Cq(q,4) G+ 8gq(a) +dq(q,q) =74, (4)

tI‘ODg do Mq (q) = RTM9 (Rq) R> Cq (q7 (.1) = RTC9 (Rq7E.:1) Ra 8q (q) = RTg9 (9) =
RTgy (Rq), 7y = RT1y. v6i 7, = [0, 7y, 7o, 75, 7'4]T voi 7, (z =1, 4) l& cdc mo6 men phat dong.
Phuong trinh dau tién ctia he (4) duge goi la phuong trinh lién két dong hyc hoc

4

4
> omi @i+ el (a.d) ¢+ gi (@) +df (q.4) = 0. (5)
1=0 1=0

Chi ¥ rang ddi tugng duge nghién citu ¢ day khi xét pha bude c6 5 bac tit do nhung s6
dong co duge 1ap cho mo hinh robot nay chi 1a 4 (hai dong co 1ap ¢ hong va hai dong co 14p
& dau go6i). Nhu thé, sé bac tu do ctia c¢o he 16n hon s6 dong co. Mot hé nhu vay duge goi 1a
hé hut dan dong (underactuated mechanical system). Do d6 c6 4 goc khép dieu khién dugc
va mot géc khép khong diéu khién duge.

Mot céch tong quat toa do suy rong q € R™ dudc tach thanh q, € R™ la cac toa do suy
rong khong diéu khién va qy € R/ 1a céc toa do suy rong diéu khién, n = m + . Phuong trinh
vi phan chuyén dong ctia hé hut dan dong c6 thé viét dudi dang tdng quéat nhu sau

M Mqu] [cm cmqux] [gx(q)} [dx<q,(‘1)] [0]
. + . + + . = . (6
[ My, My, dy Cyz Cyy qy gy (a) dy (q,9) T (6)
Hé phuong trinh vi phan Chuyén dong (6) sé dugc st dung cho bai toan diéu khién dugc néu
6 muc dudi day.

3. DIEU KHIEN ROBOT HAI CHAN 6 PHA MOT CHAN TRU THEO
NGUYEN LY TRUQT SU DUNG MANG NORON

3.1. Diéu khién robot dang chudi theo nguyén ly trudt sit dung mang ndron

Phuong trinh vi phan chuyén dong ctia hé nhiéu vat c6 cau triic mach vong f bac tu do
¢6 dang thu gon nhu sau

~ PN

M(q)G+C(q,q)q+&(q) +d(q,q) =7 (7)
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Theo [15] ta c6

9)4+C(q,4)q+g(a)+h(q,q) =
q)d+C(qa)q+gla) =7

h(q,q ):AMq+ACq+Ag+d(q,Q)’
?=T+h(q,<'1,ii)

(8)

Trong d6 ma tran M (q), C (q,q) , & (q) ¢6 thé xéc dinh duge gan ding, M (q), C (q,4) , g (q)
I3 cAc ma tran hoic vects chinh xac ctia he, con AM (q),AC (q,q),Ag(q) la cac an bicu
thi sai s6. Ta chap nhan gia thiét sau AM (q) < mo, AC(q,q) < ¢, Ag(q) < go.

Gi& sit qq la vecto chuyén dong mong mudn. Sai lech vi tri dugc dinh nghia e (t) =
q(t) — qq (t) va mat trugt duge chon dusi dang PD nhu sau

v (t) =é(t) + Ae(t) 9)

trong d6 tinh bat dinh ctia ham h (g, ¢, §)chinh 13 nguyén nhan lam gidm chat lugng ctia qua
trinh diéu khién. Néu ching ta thuc hién b thanh phan phi tuyén bat dinh nay thi chéat lugng
ctia qué trinh diéu khién c6 thé duge cai thien. Theo dinh 1y Stone - Weierstrass ta c¢6 thé
chon dugc mot mang noron nhan tao c6 kha nang xap xi mot ham phi tuyén véi do chinh xac
cho trude. Dé xap xi ham h(q, q, §) ta chon cau triic mang nhu sau

h(q,4,8) =Wo+c=h(q,qq +e (10)

trong d6 b = |hq, ho, .. ,}A‘Ln} = Wo la xap xi ciia h(q,q,q) va € la sai s6 xap xi. Néu
h(q,d,d)|| < ho thi ta co thé c6 ||g]| < eo. Goi w; 1a vec to cot thit i clia ma tran W ta c6

fl:WU:[Wl,Wg,...,Wn]U. (11)

Trong tai lieu nay mang noron nhan tao duge chon st dung la mang noron RBF (Radial
Basis Function) [15]. Cau tric nay da dude ching minh ¢6 khd ning xap xi mot ham phi
tuyén va dat do chinh xac e cho trude véi sd nit noron hitu han.

Chon ham tac dong o; dang phan b6 Gauss ta c6

o; = exp [—(81)\2)] , (12)

trong do ¢; 1a trong tam, \; 1a tham s6 chuan héa cé thé tiy chon ctia ham Gauss o;.

Dinh ly. Quy dao q(t) cia hé dong luc (7) vdi mang noron va (11) va (12) va mat trugt
(9) sé bam theo quj dao mong muén qq (t) vdi sai s6 € — 0. Nén ta chon ludgt diéu khién
u (t) va thuat hoc mang noron nhu sau

u:Mdd+qu+g—MAé—CAe—Kv—yﬁ—k(l—kn)Wa, (13)

V'Vi = —Nvo; (14)

trong dé ma tran K la ma tran doi xming xdc dinh duong vdi cdc tham sé tu chon vy,n > 0.
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3.2. Diéu khién robot hai chan theo nguyén ly trudt sit dung mang noron
Xét he phuong trinh vi phan rit ra ti hé (6)
My, 8y + Cyydy + 8y () + Cyads + hy (a4, 4, §) + My, = 7. (15)

Nhu da néi 6 trén q, la thanh phan khong diéu khién, hé phuong trinh vi phan chuyén
dong (15) viét lai nhu sau

Myydy + ny(.ly + Cymélx + 8y (Q) +h* (qa q, q) =T, (16)

trong d6 h* (q,4,4) = hy (q,4q, d) + My;q, la thanh phan bat dinh. Ma tran My, va C,,
thod man day du tinh chat ctia ma tran M va C. D6 1a
e Ma tran My, la ma tran déi xing xac dinh duong.
e Ma tran Myy —2C,, la ma tran d6i xing lech.

Tt d6 4p dung nguyen 1y diéu khién trugt sit dung mang noron cho robot hai chan nhu
sau.

u=My,qq+ Cyyqq + Cyeq, + gy — MyyAé — CyyAe — Kv — v +(1+n)Wo (17)

v
vl
v6i thuat hoc

V.VZ‘ = —nNvo;. (18)

Ta sé chiing minh dinh 1§ nay bing cach 4p dung phuong phép truc tiép Lyapunov vé 6n
dinh tiém can. Chon ham xac dinh duong

V(t) = ! (VTMny + ZwiTWZ) >0 (vT,wT) £0

2 — (19)
vi)=0 (vI,wh)=0.
Dao ham ham V () =0 theo thdoi gian ta duge
. 1 e -
V(t) = vIM,,v + 5vTMyyv +)wi Wi (20)
i=1
Stt dung tinh chat déi xiing lech cia ma tran Myy —2C,, ta co
vl (M, —2C,,)v=0s vIM,,v=2vIC,v. (21)
Thé (21) vao phuong trinh (20) ta duge
V(t) = v (My, ¥ + Cyyv) + Y w/ W, (22)
i=1
Chu y dén quan he (9) ta c6
My, v + Cyyv = My, (€ + Aé) + Cyy (é + Ae) = (23)

Myy (=G4 + Aé) + Cyy (—qa + Ae) + Cyydy + Myyaly'
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Tu hé phuong trinh (16) ta c6
Cyydy + Myydy =7 — gy (@) — Cyeds —h" (q,4,4) . (24)
Thay (24) vao (23) ta duge

Myy‘.f + nyv — Myy (_(.id + Aé) + ny (_Qd + Ae)

R : e (25)
+7 = gy ((l) - Cy:}cqm —h (q7 q, Q)
Thé phuong trinh (25) vao phuong trinh (20) ta c6
V = v [My, (s + Aé) + Cyy (—da + Ae) + 7
n
: .- (26)
—gy (q) — CyeQz — Wo — ] + Z wlw;
i=1
Chon u (¢) theo (17) va cho u = 7 tit phuong trinh (26) ta c¢6
v n
V = VT |:—KV—’Y|||| +77W0'—5:| +ZW;TV'VZ (27)
v
i=1
Chu ¥ dén thuat hoc (18) thanh phan cubi trong (27) ¢6 dang
n n
Z Wl Ww; = —n Z wlve; = —nviWo. (28)
i=1 i=1
Thay (28) vao (27) ta dugc
T
V=—vIKv— ’yu —vTle, (29)
v
Néu chon v =6 + ¢ véi § > 0 ta c6
: vy vy
V(t)=—vIKv—§— — <5 + 60) . (30)
Il Il

Do |le|| < g0 nén V (t) < 0 vé6i moiv # 0. Va V (t) = 0 khi va chi khi v = 0. Theo dinh ly
Liapunov 14 én dinh thi v — 0, e(t) = q(t) — qq4(t) — 0.

4. KET QUA MO PHONG SO

Dé c6 thé mo phéng s6, can biét cac tham s6 dong hoc va dong luc hoc clia robot. Gia
tri clia cdc tham s6 nay duge chon nhu trong cdc tai lieu [10, 11] va cho dudi dang nhu
bang 1. Mo phéng bo diéu khién noron theo nguyén ly trugt duge thiyc hién bang cong cu
SIMULINK ctia MATLAB, cac gia tri géc khép tuong déi mong mudn duge trinh bay nhu
trong [20], k&t qua mo6 phéng cho mot bude di 6n dinh. Gid st do bat dinh ciia mo hinh 1a
30%: AM = 30%M, AC = 30%C, Ag = 30%g.

Bo diéu khién PD: Chon cac tham s6 \; = 100 thi Kp = diag([200, 200, 200, 200]),
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Bdng 1. Cac thong s6 ctia robot hai chan

Khau Chi <5 Khoi lugng  Chidudai Vi tri trong tam Moment quan tinh

m; [kg] I [m] a; [m] I; [kgm?]

Than tren 3 14.79 0.486 0.282 3.3x10™
Dii 24 5.28 0.302 0.236 3.3x10
Chan 1,5 2.23 0.332 0.189 3.3x10

Kp = diag([1000, 1000, 1000, 1000]).

Bo diéu khién trugt: Chon cac tham s6 nhu sau K, = diag([10, 10, 10, 10]),

K, = diag([5000, 5000, 5000, 5000]) va A = diag([10, 10, 10, 10]).

Bo diéu khién noron: Chon cac tham s6 A\; = 10, ¢; = 0.1, v =1, n = 700,

A = diag([5,5,5,5]), K = diag([400, 400, 400, 400}).

Mot phan cac két qud mo phéng sé6 duge trinh bay trén cac hinh tit hinh 2 dén hinh 7.
Trong dé hinh 2, hinh 4 va hinh 6 la do thi mémen phat dong ctia cac bo dicu khién. Cac
hinh 3, 5 va 7 cho biét do chinh x4c ctia cdc phuong phap dicéu khién. Qua céac két qua tinh
ta thay: khi do bat dinh ctia mo hinh 16n, do chinh xac ctia phuong phéap PD kém hon hén,
do chinh xac ctia phuong phap diéu khién noron t6t nhét trong ba phuong phap.

T, T.(t) T, = T,(t)
500 BOO ——
600
400
— = 200
E E
Z o Z o
= ¥ 200
400
500
500 - 4 é -800 - . ' ‘
0 0.1 0.2 03 0.4 4] 0.1 02 03 0.4
time [5] time [5]
=l T, =1,(1)
600
200
400 ¢
E E
Z o Z o
ol i
- =
00| -100
400!
=200
500 - - - - . - ‘
0 0.1 0.2 0.3 04 0 01 02 03 0.4
time [5] time [s]

Hinh 2. D6 thi moé men phat dong bo diéu khién PD
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5. KET LUAN

Viéc nghién citu ché tao robot ddng ngudi dang duge quan tam ¢ mot vai truong dai hoc &
nude ta. Tuy nhién, viéc nghién citu dong hoc, dong luc hoc va diéu khién robot dang ngudi 1a
bai toan con it duge quan tam nghién citu. M6 hinh dong lic ctia robot hai chan 14 hé nhidu
vat ¢6 cau tric thay déi. Trong dé ta ciing phai quan tam dén bai toan va cham va tiép xdc.

Trong bai bao nay, stt dung mo hinh hé 5 vat ran, ching toi da thiét lap phuong trinh vi
phan chuyén dong ctia robot hai chan. Sau dé tién hanh diéu khién robot hai chan trong pha
mot chan tru bing phuong phap stt dung mang noron. Bai toan diéu khién & day la diéu khién
robot hut dan dong.

Viec diéu khién robot trong pha hai chan tru va pha bay la nhitng bai toan dang dugc
nghién ctu tiép.

e =ell) £ 10° e, = et
a0 15
0.005
o 10
= -0.005 =)
£ E 5
u— -ﬂ':l'l I m’l’l
"001-5 i ﬂ
002+
-0.025 . . . 5 . : . ‘
0 0.1 0.2 0.3 0.4 0 01 0.2 0.3 04
time [s] time [s]
L'-;_'C._‘“t] C-I. = !:.4{!‘
0.025 T 0.01
002 0
0015
=1 = -0
E oo E
o we -0.02
0.005
0 =0.03
-0.005 : - . -0.04 - : : ‘
0 0.1 0.2 0.3 0.4 0 041 0.2 0.3 0.4
time [5] time 5]

Hinh 3. D6 thi sai s6 géc khép tuong déi véi bo dieu khién PD
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t, [Nm]

T, [Nm]

:3 1:1t}
800
600
400 :
200
0
-200
400
500 :
800 | L H |
0 0.1 02 0.3 04
time [s]
T, =it
200 :
100
0
100
-200
0 01 02 0.3 0.4
time [s]

Hinh 4. D6 thi mémen phéat dong bo diéu khién trugt

T, =1,
500
:
-
-500 - : -
o 01 02 0.3 0.4
time [s]
T, =101
500
400 |
_ 200
E
Z 0
" 200
400}
500 : : -
0 0.1 0.2 03 0.4
time [s]
x107 ¢ =6
15
10}
g 4
-
0
5l i i ]
o 01 0.2 0.3 0.4
time [s]
e, =e/(t)
x10" 3
8
&)
E
e
_4. " i i
i} 01 0.2 0.3 0.4

time [s]

3 "‘3_".'\“}
‘:10
3
2
=
E 1
o
]
-
2 i : H ]
0 0.1 02 03 0.4
tume [s]
c10° ql—qﬂn
2.5
2
15
=
E
:".'
0.5
4]
05 - ; - :
0 0.1 02 03 0.4
time [s]

Hinh 5. D6 thi sai s6 goc khdp tuong déi véi bo diéu khién trugt
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T, T (1) L 1:(1}
500 800
600
400+ :
— — 200
£ £
Z o Z o -
v ¥ 200
-400 f
600 .
500 - b " H -800 M i H A
0 0.1 0.2 0.3 0.4 0 01 02 0.3 04
time [s] time [s]
T =T T, =1,
600
200} :
400 |
_ 200 100
E E
Z o £ o
I-"F I—-Tr
-200} 100
-400 |
200
600 - . : . - : . )
0 0.1 0.2 0.3 0.4 0 0.1 02 0.3 0.4
time [5] fime [s]
Hinh 6. D6 thi mdé men phat dong bo diéu khién noron
e =e/ll) e =e.flt)
x10” o x10" : 2
2 ]
4
L 2
= 5 0
E 0 £
o o 2l
b -4
-5 ¢
20 L i L -8 ' H i 1
0 0.1 0.2 0.3 0.4 0 01 0.2 0.3 0.4
time [s] tme [s]
e, =e.lt e =e(t)
x 10" + -“ ) x 10" 4 "l[
2 25
15} 2
1 15
3 3
s 05 L, 1
o o
0 0.5
051 0
Al : : . 05 - : : :
0 0.1 0.2 03 0.4 0 01 0. 0.3 0.4
time [s] time [s]

Hinh 7. D6 thi sai s6 géc khép tuong dbi véi bo diéu khién noron
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