P FH AN 5

Applied Mathematics and Mechanics

44 %5 202345 H Vol.44,No.5, May. ,2023

© N FHBCEER 29025 25, ISSN 1000-0887

http ://www.applmathmech.cn

BT 2 BB T T M AL ¢ R I H T 5T

BREA, & &, F ¥, IEHE
(IR R M52 3 TR, K7D 410082)

FE: X TR RME TP 3R T — R T A AR 838 A Udwadia-Kalaba ( U-K) 773 i #7330
BBREL WL S — TR R EEX REMATRERY R GEIR IR N8 RGE, AFEACT KRG B
W HFR T RGN 5 = 5T U-K kit 70 18 R 50 py RS S 15t 29 3 IR B 42 ) 42, R PR 18 R R
PREH IR ZZ S BNE B RGN R ARG T AR TR EAE B Lagrange 36 7RO S B 5556 B 28 &, vf
D[] oAk 35 % Ay T IR 52 3 29 TR OB L b 7 s FAE AR WAL R, e T AR R ALK
T I R PR 32 R 24 SR B 7 T AL, £ MATLAB BEAT 05 B, JF H 50648 PID # I #EAT T XF LG, B0k 7 B 82 i iy vk
HIA RS DR .

X 8 . ZUHINE, AREShES; ARRMES;  PUTREE

hESES: THII3 XEAREAS . A DOI: 10.21656/1000-0887.430024

Research on Constraint Following Control of Flexible Joint
Manipulators Based on Singular Perturbation

OU Jingsong, LI Rong, YIN Hui, WANG Huajian
( College of Mechanical and Vehicle Engineering, Hunan University,
Changsha 410082, P.R.China)

Abstract: For the control of 2-link flexible joint manipulators, a control method based on the singular pertur-
bation theory and the Udwadia-Kalaba (U-K) method was proposed. The control design was implemented by 2
steps. First, the system order was reduced based on the singular perturbation method and the system was divid-
ed into fast and slow sub-systems, to simplify the solution process and overcome the system flexibility. Second,
the state feedback constraint following control law for the fast and slow sub-systems was designed with the U-
K method, to make the constraint following errors of the fast and slow sub-systems converge to zero, even if
the system can’t initially satisfy the constraints. The proposed method can deal with holonomic and nonholo-
nomic servo constraints at the same time without the auxiliary variables of the Lagrange multiplier and the pseu-
do generalized velocity. The method was applied to 2-link flexible joint manipulator systems to solve the flexible

oscillation and constraint following problems. Through simulations on MATLAB, and was compared with the
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traditional PID control, to verify the effectiveness and superiority.

Key words: flexible manipulator; singular perturbation theory; constraint following control; trajectory tracking
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Fig. 1 The 2-link flexible manipulator
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‘ the two-link flexible robotic arm

‘ the singular perturbation method
I
slow system eq. (16) ‘ ‘ fast system eq. (17) ‘
slow system constraint fast system constraint
eq. (42) eq. (45)

slow system constraint
force us eq. (43)

fast system constraint
force u; eq. (46)

combined constraint force
u=ustu;

B2 il
Fig. 2 The control law design flow chart
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Table 1  Parameters of the 2-link flexible manipulator

parameter symbol value
moment of inertia of joint 1 J, /(kg-m?) 0.135
elastic coefficient of joint 1 K, /(N-m/rad) 10 000
moment of inertia of joint 2 J, /(kg-m?) 0.150
elastic coefficient of joint 2 K, /(N-m/rad) 10 000
mass of link 1 m, /kg 3
length of link 1 I, /m 0.6
center position of link 1 I, /m 0.3
mass of link 2 m, /kg 3
length of link 2 I, /m 0.6
center position of link 2 l,/m 0.3
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Az{l O},c=—kef,b=—kéf. (51)
0 1
il (28) Al 15
rank (@, @,) = rank(AM 'B) = rank (A (J) 71KMB) =2 > 1. (52)
Btk =10,C, == 100, LA (46) AT f9He R Godas il e .
{u, =(J'K,B)" (b +J '(K,e)) - (J''K,B)" (1000e, + 100¢,), (53)

K, =uK, u = 1/min(K, ,K,) = 1/10 000,
R R E AT R s e g5 & 30(50) | (53) 15 2 ¥ A
u=u_+u, (54)
&ﬁ%=Bi}@&@4E%T$Y%m%ﬁ%ﬁ%%%ﬁ¢%ﬁﬁ%ﬁﬁﬁ%%ﬁ%ﬁ%}Mﬁw%
SO A TR M S T AT /I B L PID 8B 1 L2401 PID S8 i
WL T SR — 5Bk

4 000 0 4 000 0 1 600 0
K, = K, = , K, = .
! 0 3 000 0 5 000 0 2 000
Fetl Y
u=-4" (K(Ag - ) +K ([ (Ag - o)) + K,(45 - )},



555 BN 55 o BET A7 S 40 2l A S T AU 2 sROBR B 7 i T 2 521

5 L& T A 1 RIS PR D7 AP AR ER EAE 1000 N-m DL,

e 4T "~ proposed control ¢
: R 7 = — reference signal g @
v\ / S -~ PID g®
0.3 2 RN I i —
~ 0.15 \
g / Ei j \
~ 0.200 000 000 01 A
= 0.1?9 999l999 99 3@ .',"l 0.300 000 000 000 1
0.05 T T ,',‘ »»»»»»»»»»»»»»»»»»»»»

— proposed control g® 0.1 0.299 999 999 999 9

— reference signal ¢ @ g

~PID g @ i

-0.05 ! : ! 0
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Fig. 3 The angle track ¢'? of rotary rod 1 Fig. 4 The angle track ¢* of rotary rod 2
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:u =u, +u,

56
u =7 +7,=(AM'B)" (b +AM '(Cq, + G)) - (AM'B)" (20(Aq, - 4,)), (%0

g AR (53) PR AT 12 4, = [‘ sin t}
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Fig. 5 The angular velocity ¢ of rotary rod 1 Fig. 6 The angular velocity ¢*) of rotary rod 2
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B0 Tk A 58] 8 PT LA
Xy =asint, y, =bcost, a =03, b =- 0.6,
x =L;sing” + Lysin(¢® + ¢, (57)
=— (L,cos ¢V + Lycos(¢™¥ +¢¥)).
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(2) - (2) - (2) !
A 7. = c. Ag, = b = q 7. = q q. = q d = acos
q2 ’ 42 ’ qz q(4) ’ q2 (}(4> ’ q2 é(4) ’ _ bSil’lt ’

|:L|COS q(2) + L2COS(q(2) + q(4)) LZCOS((](2> + q(4>):'

Llsin q(z) + Lzsin(qm + q<4)) Lzsin(q(z) + q(4))

58
asint — L;sin q(z) - Lzsin(q(z) + q(4)) |: acos t } (38)
c=k ,
beost + Lycos ¢7 + Lycos(g® +¢'*) - bsint
b ( ) _ asint + (é(Z) )2Llsin q(2) + ((}(2)4(4) )2Lzsin(q(2) + q(4) )
=—k(Aq, -d) + .
2 — beos | — (qu) >2L100$ q<2) _ (é(2>q<4) )szcos(q(z) + q(4))
PR 2 g R RR GG, &t k= 5,C, =- 20, AT AR A,
u=u_ +u,,
| | (59)
u, =7, +7,= (AM"B)" (b +AM™(Cq, + G)) - 20(AM™'B)" (Aj, - ¢).

u, FIZ(53) Hh Y Rl AR [R].
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Fig. 7 The end point trajectory Fig. 8 The position error of the end track
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Fig. 9 The output torque u, of flexible joint 1 Fig. 10 The output torque u, of flexible joint 2
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