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Abstract

A finite-time output constrained impedance control method for mechanical arm based on instruction filtering was
proposed. The interaction between the mechanical arm and the environment was solved by impedance control
technology so that the mechanical arm could track the desired trajectory. The response speed of the mechanical
arm was improved by finite-time control, the tracking error was reduced, and the obstacle Lyapunov function was
introduced to constrain the output state of the mechanical arm.The fuzzy adaptive technology was used to deal with
unknown friction and external disturbance in the mechanical arm system. The simulation results showed that the
proposed method could effectively track the desired trajectory, and the output states of the mechanical were
restricted in the predefined constraint space, so it had a faster response speed and better tracking effect.

Keywords: Mechanical arm, Impedance control, Fuzzy adaptive technology, Track Tracking

I. Introduction

In recent years, the application of mechanical arm technology has become more and more popular, and its structure
has become more complicated and precise. Therefore, in order to ensure its safety and compliance, force/position
control methods with higher precision are urgently needed. Mechanical arm force/position control has become an
important research direction nowadays. To realize the fast tracking control of the mechanical arm, XUE C Q et al
added the finite-time control technology to the fuzzy adaptive impedance control, so that the output signal of the
mechanical arm system in the finite time tended to the desired signal, which greatly improved the dynamic
performance of the system while speeding up the response speed.The finite-time control method has a lot of
advantages, such as short setting time and strong anti-jamming ability, so it has been widely used in practical
applications. Compared with the non-finite time controller, the controller using finite-time control technology can
achieve better robustness and anti-interference. However, when the mechanical arm runs in an unknown or
complex environment, it is necessary to ensure that the output state of the mechanical arm is limited within a given
bounded interval; otherwise, the mechanical arm may be damaged. The mechanical arm control methods proposed
in the literature cannot guarantee that the output constraints of the mechanical arm during its operation are within a
finiteinterval.

All the above methods adopt backstepping method to design the controller, but in the process of design the
controller with the backstepping method, the repeated derivation of the virtual control law increases the
computational complexity. To solve this problem, in this paper, the instruction filtering error compensation
technology was introduced, which solves the filtering error problem by compensating signals and reduces the
complexity of the controller design.Based on the above problems, in this paper, the obstacle Lyapunov function
and the finite-time control method were combined with the impedance control method to propose the finite- time
output constraint fuzzy adaptive impedance control applied to the mechanical arm. Finally, the simulation results
proved the feasibility and effectiveness of the controller of the mechanical arm system designed in this paper.
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I1. Mathematical Model and Preliminary Transformation of Mechanical Arm

The dynamics equation of the mechanical arm is as follows:
D(‘])q+C(QaQ)q+G(Q)=T—Tf—JTTd—JTFE (1)

Where D(q) € R"" is the inertia matrix of the mechanical arm; C (q,q') € R"" is the centrifugal force and
Coriolis force matrix of the mechanical arm; G(q) € R" is the gravity term vector of the mechanical arm;
7 e R™is the torque vector of each joint of the mechanical arm; 7 ;€ R"™ s the friction vector subjected to the

. 1. . . . .
mechanical arm; 7, € R™ is the external interference vector of the mechanical arm; J e R™" is the Jacobian

matrix of the mechanical arm; F| € R™" is the contact force exerted by the environment on the end of the

mechanical arm; n is the degree of freedom of the mechanical arm.

The kinematic equation of the mechanical armis as follows:

x=p(q).i=J(q)q5=J(q) d+J(q)d

By converting the above relation, the following equation can be obtained:
¢=7"(q)x,4=7"(q) ¥-J"(q) J(9)/"(9)% @

Where x e R™1 s the coordinate of the end of the mechanical arm in the Cartesian coordinate system,m is the

dimension of the motion space of the mechanical arm; g € R™is the angle of the joints of the mechanical arm

The impedance control relation between the mechanical arm end position and end force ')
F =M,E +B,E+K,E 3)

Where E = X, —X, X, is the command track; Muis the expected inertia matrix of the mechanical arm; Bais the

expected damping matrix of the mechanical arm; Kqyis the expected rigidity matrix of the mechanical arm. When
the end of the mechanical arm moves in free space,F=0.

If x precisely follows the expected trajectory X, € R™ , then Equation (3) can be written as follows

F,=M,(%,-%) +B,(x,—-%)+K,(x,~x,) )

e

According to Equation (4), if x4, M4, Ba, and Ka are known, the expected trajectory x can be obtained through
Equation (4).

SubstitutingEquation (2) into Equation (1) , the following equation can be obtained

D i +Cx)'c'+Gx:rx—rfx—rd—F (5)

e
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Where

To facilitate representation, the new variable is redefined as follows:

y=x=x

X =X, (6)

X =D [z‘x—z'fx—rd —FQ—Cxe—GX]

When the mechanical arm works in an unknown restricted space, its output statesshould be limited within the
compact set Q, where 2= {|xli| <k,,i=,"--,m} and kiis a normal number. The control objective is to design

the control rate z;to make xitrack the desired trajectory xr, and at the same time, the output state of the mechanical
arm’s control system be always in the given compact set ..

Lemma 1 For any real number A;>0,A2>0 and 0<y<1,

Then the extended Lyapunov condition of finite-time stability is
V(x) <=4V (x) =4V (x)

The semi-global finite time state of the system is stable when satisfying the above equation. The convergence time
of the system T can be estimated as

1 1 Iy
I =t, +{mi|log{/1_2(ﬁll/ (to)+ﬂ'2):|

Lemma 2For X, € R,i=1,2,---,n,0 < p <1, the following inequalities are true

n n n
Qb= 2l <0 |l
i=1 i=l1 i=1

Lemma 3 The form of finite-time instruction filtering is:

n =,

o, =R IIsig (77l -a, )+772
n, =-R,sig (772 —w, )
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Where

y 12

ST = X es

2
N

I[ = dlag(|7711 —-a 77111 - arn

rl

1M, = X,.>Q, is the input signal of the filter: 77, and 77, are the output signal of the filter; Ry and Rs are filter

parameters. If the input signala, satisfies |0!, —a,l< /3, then the following inequality is true.

|771 - ar0| <o p=A,
|wl - ar0| < Wlﬂl/z =A,

Where @ ¥~ Aﬁnl\z are normal numbers. If the input signal is not affected by noise, 7,=,, and

@, =Q, can be obtained.
Hypothesis 1: The expected trajectory is X, (l ) and its first derivative is X, y (Z ) and second derivative is X d (t ) .

xg(t)is smooth, bounded, and known. ”Xd” <Y,, ||xd|| <Y, and ||5éd ” <Y, , where Yo, Y1 ana Y2 are normal

numbers.

Hypothesis 2: The unknown disturbance is 7, and its first derivative 7, is smooth and bounded.

II1. Design of Fuzzy-time Adaptive Output Constraint Backstepping Controller
According to the backstepping principle, the error variables can be defined as follows:
Ly=X =X =X~ X ..
Where X, is the expected trajectory; X;. is the output signal of the instruction filter. The filtering error
compensation signal is defined as &, =z, —v,,i =1,2 .
Step 1: The obstacle Lyapunov function of the first subsystem is selected as follows:

L 3 ™
1 25 gkji_vlzi

k, = [kal ok, ]T ,the derivative of V| can be obtained as follows:
A ST Vi . £
V= Z 2 2V T z PER (Z2i TX) — X _511') (®)
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The virtual control law ¢; andcompensation signal fl are selected

=—Kz+x,-HK, )
§1=—K1§1 +&, +(xl,c —al) — Lsign(&)) (10)

2y-1 2y7-1
le y4

Where K | (k2 - )y_l ’“.’(kz - )y_l
al T4 am ~ “im

; the virtual control law € is the input of the filter;

Kl :diag[klla""klm] 5 Hl :diag[hll"“’hlm];

L, =diag [l“,- 1, ] are all positive definite matrices.

Substituting Equations (9) and (10) into Equation (8), the following equation can be obtained:

m

4 2
U V2 V2 UL Vo V.l
Vl Z]: L 5 J Zhll( hv j +Zk2 Evz +Zk ll_ll sign(&,) (11)
1= ai 11' a 1i ai 1i

i=1 i=1 Mg 1i

Step 2: Select the Lyapunov function of the second subsystem as follows:

1, 1 ~
V.=V +—v,v, +—0 12
2 1 2 272 27' ( )

Taking the derivative of}>

m 2 7 m 2
V. V. V.
V, =V, +vIv, +— 6?0——§k E E S|+ 55+
o h(km ] (k;—vfij = kv

i=1 _vlz

vg[D; (Tx_fo_Td_Fe_Cxxz_G ) (fz]+1

X

99+Z kz" b, —sign(&) (13)

i=1 Nai 1i

. . - T
Define  the  nonlinear  function f(Z) =-D (fo +7, )=|:f1 (Z ), f (Z ),' s fo (Z )] ,
T
where Z = [xlr ,x2T ,xlr’ C,\}ZT ] , according to the universal approximation theoremP®!l, there is always a fuzzy

logic function WTS(Z) for any small constant & > 0, so that the formula f; (Z):W;TS(Z) +9, (Z) is true,

1

where 51 (Z ) represents the approximation error, which satisfies | 51 I< &, . And because Vv, =[v,,"*-,V,, | ! ,

then according to Young’s inequality, the following equation can be obtained:
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m 1 1
I () (2) 0 £ (2)S B SR WL ST (2)5(2) 308 |12+ oD, (19

Where / is a constant greater than 0.

2 ~ A
} , estimated error @ = @ — @ , Equation (14) can be written as:

Define 0 = max {|

o f(z)gzilzvgvzesf(z)s 28 2P +;v2 , (15)

i=1
Select real controller 7, compensating signal &, and adaptive law é ,1.e

&=-K,&, —Lysign(&) (16)

AN

é=—2—;v§szT(Z)S(Z)—O'9 a7

7.=D, (—szz —Hyy, +%,, - A —21?22 0" (2)S(2) —%v2j+Fe +G.+Cx,

. . 1 ~2 m vl .
vl [D; (rx —7,—7,—F,—C.x, —Gx)-xLC —52]+—96’+ > yEa— 1 —sign(&,) (18)
¥ i=1 Ko —Vy;

ai

T
. 2741 271
Where K2, Ha, Lo, 1, care positive constants; v, [vzly oV ]

T
A= Y o Vim
- k2 —v: 0 k2 2 °
al vll am vlm

According to Lemma 2, the following equation can be obtained:

¥
m

T, _| 2y-1 2y-1 2y 2 (.7

Vzvk_[vzla"'vvzm]l:vﬂ 5" s Vo, :I _v21 +V22 R >(Z"2ij _(V2V2)7 (19)
i=1

By substituting Equations (15) - (19) intoEquation (13), the following equation can be obtained

m

2 2 r 5
% v, < v, r o000 1
V< _zkli(kz : 2 ]_Zhli[kz : 2] _KZVZTVZ —H, (VZTVZ ) N _Z ‘?2+
i=I ai Vi ai ~ Vi r 23

i=l1

uz /
D f" DN sign(&)+ViL, szgn(gz)+—12 (20)

i=1 Tqi z
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IV. Stability Proof

According to Young’s inequality, the following equations can be obtained

~/\ ~ % 3 2]
agze 0_9 S__02_|_02 21
0-) 4 1)
ll Vi lll.V% mll'
_ il Sl n < - * | N
o gn(&)) (kz,.—Vf,-) 2(k;—v121-) -
mL,

L,v] sign(&,) < 5 =2y, + (23)

Substituting Equations (21) - (23) into Equation (20), the following equation can be obtained

v i v: 4 L 1 &
_Z( ll__j(ﬁj—;hli(ﬁ] —(Kz—gzjvzrvz (vzvz) +EIZ:812+

ai ai 1i

m  ml. 360° ob6° 60\ (c0*Y
—(P+L,)+ R +— - 24
2( 2) ;kji—vfi 4r r [ 2r ] 2r .
~ 2 ~n2\ ~n2 2 2
" lo1 > 1. then o0 _00 +09 SU@ ;
2r 2r 2r 2r 2r
~ 2 ~n2\/ ~n2 2 2
If 0< <1, then 60 -—Oﬁ 4—69 314-69 ;
2r 2r 2r 2r 2r

By combining the above two equations, the following equation can be obtained

60\ 66° o0’ 6
- + <1+ (25)
2r 2r 2r 2r

The following conclusions have been proved.

When meeting the conditions |V1 | <k, ;,0<y <1, the following inequality is true:

al”

2 4 v2 4
log k2 < kj,- 1v2, (26)

1i

Substituting Equations (25) and (26) into Equation (24), the following equation can be obtained.
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/4

; N 111' k12 Lz T N k|2 .\
Vzﬁ—z k]i—E logﬁ — 2—? vzvz—Zh” logﬁ —I‘I1 (vzvz )—
1i

ai i=1 ai 1i

~ ~5 V4 2
ol _[09 J +%(12+L) o6 L2 Z z +1< —aV,-bV] +c (27)
Where,

. . G
a =min {mrrlnnm (2k,—1,),2K, — LZ’E} ;

b :min{ min 27h1i,2yH2,0'7};
m=l1,---.m

my,, 1 &, ml,, o6’
c=—(I"+L,)+=) & +) m —+ Hl,
2< 2) 2,2:1: ' Zl'kji—vfi r
Equation (27) can be rewritten as
v, < —(a—ijV —(b—%V/jVj 28)

. ¢ C., .
According to Equation (28), make 4 — i >0 and b— 5 V2 ” >0 by selecting appropriate parameters. Based
2

on Lemma 1, it can be known that V; (/= L---,m)and @ semi - global are asymptotically stable in finite time

1

(2r)%£%j2y ,

According to Literature , the instruction filtering compensation signal fr (I” = 1,2) converges in finite time Tato

|:wlco/ao,4/2(co/2b0)i|=3 , where

b, :min{ min 21/21”,21/2L2} b, —mm{ rrlnn 271 2L, } :%ﬂz.

1i°
m=l,---,m

ai?

2c)\1
-2
and will converge in finite time Tito |vli| <k,\1 ( ];f <k v, < 22 (2bcj

é‘s

respectively.

the domain

According to vV, =z, =&, , |ZU|S|V1[|+|§“|Skm-+19 .By the same token, because z, =X, —X, , then

ro

|x1| < |Zl| + |xr| < kal. +9+ Y, = kcl . Based on the above analysis, the output state variable x of the mechanical

arm system is constrained in the compact set Qx, which ensures the finite time output constraint of the mechanical
arm.
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V. Simulation Result Analysis

To verify the effectiveness of the proposed control scheme, the two-degree-of-freedom robotic arm on the vertical
plane (Figure 1) is taken as the experimental object. The mechanical arm works in a confined space and there is a
wall at x=0.8.

N

Constrained environm ent

E

Fig 1: Mechanical mode of a two-degree-of-freedom mechanical arm

MATLAB was used for the simulation analysis of the proposed control method. The finite-time output constraint
impedance control (FTOCIC) method proposed in this paper was simulated and compared with the fuzzy adaptive
instruction filter impedance control method without considering the finite-time control and output state constraints.
According to Equation (6), the system model of the rotating joint 2-DOF mechanical arm in the simulation
experiment is shown as:

X =X,

%, =D [rx -7,-7,—F,-Cx, —ij|

X

T
Where x, = I:x1 N 2] , X, |~ X, , represent the position of the end of the 2-DOF mechanical arm on the xy axis

of the Cartesian coordinate system. The inertia matrix D(q), Coriolis force and centrifugal force matrix, gravity
term matrix G(q) and Jacobian matrix J of the 2-DOF mechanical are defined as follows:

J= |:_(ll sing, +/, sin(g, + %)) —1, sin(q, + Q2):|
[, cosg, +1,cos(q, +q,) [, cos(q, +q,)

m 2 +m)l’ +17+ 211

c

,cosq, +1,+1, m, (lf2 +211, cosq, )+I2

D(qg)=
(4) m, (lfz+2lllc2 cosq2)+12 ml’ +1,

my)l ,q., sing, 0

c

C(q’q) _ |:_mzlll¢rZQ‘2 sin q, _mzlllcz (ql + q'z)sin q2:|
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G(q)= (ml,+m,l,)gcosq, +myl,g (g, +4,)sin qz}

myl,g (g, +4q,)sing,

Where ¢; represents the i-th joint angle of the mechanical arm; 7, and /; are the mass and length of the i-th

connecting rod of the mechanical arm; /,, is the distance from joint i-1 of the mechanical to the center of mass of

the ith connecting rod; I is the moment of inertia of joint i based on the axis passing through the center of mass of
the joint (i =1,2).

The parameters of the 2-DOF mechanical arm are shown in Table 1. The initial parameters of the mechanical arm

are X, = [0.502,0.702] "x, = [0,0] ", and the initial values of the filtering compensation signal

are& =[0,0] 7,&, = [0,0]".

The command trajectory at the end of the 2-DOF mechanical arm is  selected

asx, = [0.7 +0.2cos(t) ,0.7+0.2sin (Z)]T . The friction force and interference vector of the mechanical arm are

selected as, 7 =[O.lql,0.lq'2]T and 7, =[ sin(t)cos(t) +sin(t) +0.5,2sin(t) cos(t) +cos(t) +1] "

respectively.
Then t€[0,20].
Table 1 Parameters of the two-degree-of-freedom mechanical arm
Parameter Description Numerical value
mi/kg Mass of connecting rod 1 2.00
my/kg Mass of connecting rod 2 0.85
I /m Length of connecting rod 1 1.00
h/m Length of connecting rod 2 0.80
$I/(kg'm?) Rotational inertia of connecting rod 1 0.500
bL/(kg-m?) Rotational inertia of connecting rod 2 0.136

For the fuzzy adaptive instruction filtering impedance control method of two-degree-of- freedom mechanical arm,
the control law k, =20,k, =560, =1,/ =1,0 = 0.1 is selected.

For the fuzzy adaptive finite time output constraint instruction filter impedance control method of a 2 DOF
mechanical arm, the control parameters are

H, =diag[0.1,0.1] : H, =2, =diag [0.01,0.01] L,=2, K,=560

> E)

ka =[0.005,0.005]" ,r =1,/ =1,6 = 0.1,y = 0.6, R, =20,R, = 0.6.

The expected impedance parameters of the 2-DOF mechanical arm are

M,=21,B, =diag [20,20],Kd = diag [50, 50], and the fuzzy logic system selects the fuzzy set as
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S, (z)=exp [(zj +s)/4}
Where j=1,2,3,4;s=-3,-2,-1,0,1,2.3.

The simulation results are shown in Figures 2-5. Figure 2 shows the position tracking curve of the mechanical arm
end with the proposed control method and contrast control method and the contact force curve applied by the
external environment to the mechanical arm end. It can be seen from Figure 2 that the proposed control method can
effectively make the end of the mechanical arm track the desired trajectory. Figure 3 shows the comparison
diagram of tracking error between the proposed control method and the comparison control method in this paper,
as well as the comparison diagram of the change curve of error variable vi.As can be seen from Figure 3, the
proposed control method proposed effectively improves the response speed of the system, reduces the position
tracking error, and keeps the error variable viwithin a given bounded interval. Figure 4 shows the comparison
diagram of speed tracking error at the end of the mechanical arm between the proposed control method and the
comparison control method, and the comparison diagram of error variable v, change curve. Figure 5 shows the
curves of the real control law z, between the proposed control method and the contrast control method.

30

£ ™ —
E 10 T (FTOCIC) Fa
P AN 2N ot al z 20
e &
RV AAVIRAVARVIRL BN
2 04 0
£ 0 5 10 15 20 0 5 10 15 20
e 1.0 — 30 ==F,
- ——x:(FTOCIC) =
{ o o z 20
ﬁ X
5 06 10
ﬁ
2 04 0
= 0 5 10 15 20 0 5 10 15 20
IS T e/m Tin e/m
@) Position tracking of the m echanicalam end () Contact force of the end of the m echanical am
Fig 2: End position and contact force of the mechanical arm
; ) - x10?
s i 103 = 5 ——(FTOCIC) |
£ : —— =u(FTOCIC) 2 i 'ijl':
S \: 2 g "
EA S R R O | L § Q= g e
2 =2 20p 10 g ofs | R S
= -4 P_“ Er—s = 5 % o1 5,10 1520
0 5 10 15 20 0 o 2 0 = o

o -3 10
£ 4= 10 — Z(FTOCIC) ? 5I — :I‘i(FrOC'C)'I
Eo _ 3 -2 ﬁ s I:_
£z == I S R e £ 0\'_’2'*76‘“‘“"71?"""*'“
§_ -4 S 520 § 5 001 02 65 10 __15_20

. 0 5 10 15 20 0 5 10 15 20

Tim e/S Tim e/S
@) Tracking errorz, b) Error variable v,

Fig 3: Tracking error z1 and error variable v
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Fig 4: Tracking error z2 and error variable v2
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Fig 5: Control input tx
VI. Conclusion

To solve the tracking control problem of the mechanical arm system in a limited space, the proposed output finite
time constraint based on instruction filter fuzzy adaptive impedance control method, realized the effective tracking
control of the desired trajectory, and the mechanical arm output state was limited in the predefined constraint space,
so it had a faster response speed and a smaller tracking error.Compared with the existing control methods, the
proposed control method can achieve less response time and better tracking effect, and the output of the
mechanical arm can be constrained in a given bounded interval to guarantee the safety of the mechanical arm
during operation. The simulation results compared and verified the effectiveness of the proposed control method.
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