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ABSTRACT

This paper addresses the issue of position/force tracking for a constrained robot within the framework of
impedance control. An adaptive controller is developed in which a varying desired impedance is
adaptively tuned with the robot’s position tracking error. It guarantees the asymptotic convergence of the
robot position tracking error and the boundedness of the constraint force tracking error. Simulation results
are provided to verify the effectiveness of the scheme.
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1. INTRODUCTION

Impedance control is one of the effective control approaches for position/force control of
constrained robots. It is aimed to achieve a desired generalized dynamic impedance without directly
controlling the robot’s position and constraint force. Model-based computed torque control [1,2,3] was the
main control method. To handle uncertainties, various adaptive or robust impedance control schemes were
developed in the literature [4,5]. Some new control methods such as neural network control have also been
introduced into impedance control schemes [6].

Impedance control is applicable in both constrained and unconstrained motion of robots and shows good
robustness to uncertainties and disturbances [7]. Traditional impedance control cannot guarantee the
tracking of the robot's position and the constraint force. Some approaches have been proposed to
overcome this drawback. In [8], direct control of the force in impedance control was realized by varying
the robot's desired trajectories through a PI adaptive control law. In [9], the desired impedance was treated
as the dynamic model of a plant driven by the constraint force. The control torque was then derived to
directly control the robot’s position through a model reference adaptive control. In [3], a parallel control
scheme was presented which incorporates hybrid position/force control and impedance control. It
requires an on-line modeling of the constraint surface .

In this paper, an adaptive impedance control scheme is developed to achieve the asymptotic convergence
of the robot position tracking error and the boundedness of constraint force error. The rest of the paper
is organized as follows. In Section 2, the dynamic model of the constrained robot is given. In Section 3, the
impedance model of the robot and the environment is derived. In Section 4, the adaptive impedance
controller is presented. In Section 4, simulation studies are carried out to show the effectiveness of the
proposed controller, followed by the conclusion about the work presented in the paper.
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2. DYNAMIC MODEL

Consider the dynamic model of a constrained robotic manipulator [3][11][12]:
M(q)i§+C(q.9)q+G(q)=t+J"(q) f 8))

where g € R" are the joint displacements, ¢ € R" are the joint velocities, M (g) € R™" is the inertia
matrix, C(q,g)€ R™" is the coriolis and centrifugal force matrix, G(g)€ R" is the gravitational

force, 7€ R"are the joint torques, J(g)€ R™" is the Jacobian matrix, f € R™ is the constraint force,
n is the degree of freedom of the robot, and 7 is the dimension of the work space.

Through the following kinematic relationships
r=0(q), 7=J(q)q 2

where 7€ R™ and 7€ R" are the position and the velocity of the robot's end effector, the robot
dynamics in the operational space is derived :

M, (F+C,(0.9)4+G, (@) =17 ()T + f 3)

where

M. (q)=J" (@M ()] (¢
C,(q.9)=J " (@M (g)J (@) +C(q,9)J (@)
G,(q)=J"(9)G(q)

The above dynamic model has the following properties [6][11]:

Property 1. The inertia matrix M, (g) is symmetric and positive definite.

Property 2. The matrix M (@) —2C (q,q) is skew-symmetric given that C(q,q) is defined with
Christoffel symbols [3][11].

3. IMPEDANCE MODEL
In traditional impedance control, the desired impedance is chosen as [3]:

fi—f=M,(F -¥)+D, (7, -7)+K, (r,—r) 4)

where M, , D, and K, are the constant inertia, damping and the stiffness matrices respectively, f, is

the desired constraint force and [ is the actual constraint force

The relationship between the constraint force and the positions of the constraint and the robot is modelled
as

f=K,(r,—r) 5)
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where K . 1is the stiffness matrix and 7, is the rest location of the constraint, and r is the position of the

contact point made by the end effector of the robot.

From equations (4) and (5), we have
é+Aé+Be=c 6)

where e=r,—r, A=M_'D,, B=M_' (K, +K,) and c=M ' (f, +K,(r, —1,)).

4. ADAPTIVE IMPEDANCE CONTROL

The objective of the controller is to make F converge to its desired trajectory 7, and f, — f
be bounded.

Consider the following controller
t=J"Mu, +C,i+G, - f)

where

uy =¥, + A(F, =)+ B(r, —r)—¢
with A , B and ¢ being the estimates of uncertain parameters A, B and ¢ respectively.
Substituting 7 into the dynamic model (3), we have

é+Aé+Be=¢ )

Suppose that the reference model of the position tracking error e, is specified by

e, +Ae, +Be =0 ®)
where A, and B, are positive definite. Obviously e, —> 0 and e, — 0 when t —> 0.

Subtracting equation (8) from equation (7), we have

E+A E+B E=(A —A)é+ (B, —Ble+i 9)

where & =¢— e, -
Defining x =[¢ Tf 1" and y= [e" ¢"]", equation (9) is re-written in a state space form:

)'C:Mxx+Myy+[OCAT]T (10)

O nxn I nxn O nxn 0 nxn
where M = = and M = “ ~ .
-B -A B

m m
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For the convergence of e, we have the following theorem.

Theorem 1 For the closed-loop dynamic system (10), e —>0 and e —>0 when t—> oo if the
parameters are updated by

¢=é(0)-0Q, (j;w(r)dr +@)
A=A0)+0,([ @@ @dr+@é’)
B=B0)+0,( JZ@'(T)eT (D)dt+@e")
where Q., Q,, O, are all positive definite matrices, @ is a vector defined by

m:RT§+P2TSé

and the terms P, and P, are the sub-matrices of a symmetric positive matrix

P 1 0 1 1
1 1 1 2
which satisfies thefollowmg Lyapunov equation

PM +M!P=-Q (11)

with Q being a positive definite matrix.

Proof:

A

Let a,, b, a

respectively.

and b, (1=12---n) be the column vectors of matrices A, é, A, and B

mi

Choose the following Lyapunov function candidate
V=x"Px+(c-¢)'0'(c-¢)+) (a,~a,-a) 0, ~-a,—-a)
i=1
+ z([;z - bmi - bAi*)TQb_l ([;z - bmi - bAz*)
i=1

A

.. . . . Ak Ak A
where Q,, Q, and (, are positive definite matrices, and ¢ , @, and b, are the vectors to be

decided later.

Differentiating V' with respect to time ¢ and considering equation (11), we have

V==x"0x+20" (B, - Ble+ (A, —A)&)+2> (4, —a,, —a) 0, (a,-a;)
i=1

) ) (12)
+23(b, = b, —b)" 0, (b, - b))+ 22 -8 Q' (e -+ 207 ¢
i=1

where the fact that a, = bm =0 is used.
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Letting

and substituting them into equation (12), we have

V=—x'Qx+28"@-2) a'@é, —2) b e,

Letting

c—¢
A Ak
a—a

;\*
b-b

i=1 i=1

& =00
a; =Q,m¢,
l;: =0,0¢,

with Q., Q, and Q, being all positive definite, equation (16) becomes

21

13)
(14)

s)

(16)

L

a7
(18)
19

V=-xl0x—20"0,@-2% @) 0@ 23 @e) Q,@e;

i=1

< —xTQx <0

i=1

(20)

From equation (20), we can conclude that the system (9) is stable and x =0 (e—e, and ¢ —¢,)

when f — oo . According to the reference model, we have ¢ — 0 and ¢ — 0 when  — oo

From equations (13) to (19), we have the following adaptation laws

¢=2(0)-0, (jw(r)dr +@)
0

A=AW0)+Q, (jav(r)éT (r)+@eé")
0

B=5B(0)+0, (jw(r)eT (1) +@e")
0

From equations (5) and (6), we have

As ¢ is determined by f,,r,, 7, and M

bounded and ¢ — 0.

fd_

m?

f=M,c—K.,

it is bounded. Obviously

ey

(22)

(23)

24

f, —f isbounded as c is
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Remarks:

1. The controller presented above can achieve the position tracking and the boundedness of the force
tracking errors within the framework of impedance control approach. Compared with other controllers for
position and force tracking, it has the advantages of impedance control such as the abilities to accommodate
both unconstrained and constrained motion and the good robustness to disturbances [7].

5. SIMULATIONS

The simulation example is schematically shown in Figure 1. In the example, the end effector of
the manipulator moves along a part of the constraint surface and exerts a force on it at the same time. The

length, inertia and the mass of each link of the manipulator are [, =0.3m, I, =O.3kgm2 and

m; =0.1kg respectively (i =1,2). The mass center of each link is assumed to be in the middle of the
link.

Planned Trajectory

P(r)=x,-y,+035=0 Constraint Surface
P(r)y=x -y, +025=0

Figure 1 Simulation Example

In Figure 1, the world coordinate is denoted by 0xy . The constraint surface is described by
P(r,)=x,—y,+0.25=0 (25)
and the planned trajectory of the end effector is
d(r,)=x,-y, +035=0
Their trajectories in the time domain are represented by
x,(H)= gcos(2t), y,(t)=0.35-cos(2t)
x,(t) =0.05—-5cos(2t), y,(t) =0.3—-5cos(2t)

Assume that the rest position of the constraint surface is the same as that of the constraint surface (25).
The planned force is setas f, =[f., f., 1" =[55]". The actual value of K, is set as 150717,

The control parameters are chosen as follows: O, =0, = Q. =1.51 >z A, =201 >

B, =4001>* | P, =1251>* P, =6.561>*, A(0)=451>*, B(0)=301>*, &0)=[11]".
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The position tracking and the force tracking performances are plotted in Figures 2 and 3 respectively. The
control torques for the manipulators are given in Figure 4. It can be seen that under the proposed
controller and the adaptation law, the positions converge to their desired values and the force errors are
bounded. The control torques are in the reasonable ranges.

To examine the robustness of the controller, considering the external disturbances f in the system
dynamics such that

M ()i +C.(q.9)q+G (@ =T (@r+ [+ [

X

Dashed: Desired position of the end effector of the manipulator
Solid: Actual position of the end effector of the manipulator

Position Tracking (m)

Time (Sec)

Figure 2 Position Tracking

Dashed: Desired force
Solid: Actual force

Force Tracking (N)

_6 L L L L L L L L L

5
Time (Sec)

Figure 3 Force Tracking

Assume that the disturbances are bounded such that ||f|| <=0.25 and all other conditions of the system

remain the same. The simulation is done again and the results of position/force tracking are plotted in
Figures 5 and 6 respectively. The control torques for the manipulators are given in Figure 7. Compared
with the results for the cases without external disturbances, the performance of the controller is
satisfactory. The position tracking is still maintained except for some variations on the tracking of
x(t) . The force errors are kept bounded though the bounds become bigger. Control torques show bigger

alternations, but they are in the reasonable ranges.
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Figure 6 Force Tracking with External Disturbances
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Figure 7 Joint Torques of the Robotic Arm with External Disturbances

6. CONCLUSIONS

In this paper, an adaptive impedance control scheme has been presented for the control of a
constrained robot. The parameters of the constraint environment are unknown and the desired impedance
was treated as time varying and was adapted with the robot’s position tracking error. Under the proposed
controller, the position of the robot converge to its desired trajectory and the constraint force error is
bounded. Simulation results have verified the effectiveness of the control scheme.
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