@ Pergamon

0005-1098(93)E0043-4

Automatica, Vol. 30, No. 9, pp. 1473-1477, 1994
Copyright © 1994 Elsevier Science Ltd

Printed in Great Britain. All rights reserved
0005-1098/94 $7.00 + 0.00

Brief Paper

Variable Structure Adaptive Motion and Force
Control of Robot Manipulators*

BIN YAO,t S. P. CHAN} and DANWEI WANG}

Key Words—Variable structure control; adaptive control; robot manipulators; compliant motion;

force control.

Abstract—A variable structure adaptive method is de-
veloped for robust motion and force tracking control of robot
manipulators in the presence of uncertainties in parameters
of robot dynamics, contact surface, and external distur-
bances. The method takes advantages of both variable
structure control (VSC) and adaptive control which results in
a two-loop controller structure. VSC utilized in the
inner-loop drives the system to reach and be maintained on a
dynamic sliding mode which is provided by the outer-loop
design. Adaptive control is used in the outer-loop to estimate
contact surface parameters for ensuring the system with force
tracking property. Overall stability of the two-loop system is
established and simulation results are presented.

1. Introduction
MANY APPLICATIONs of robots involve tasks in which the
robot end-effectors make compliant contact with environ-
ment. Simultaneous control of the motion as well as the
contact force is required (Whitney, 1987). So far, several
approaches have been proposed such as impedance control
(Hogan, 1985; Kazerooni et al., 1986; Lasky and Hsia, 1991;
Chan et al., 1991), hybrid position/force control (Raibert and
Craig, 1981, Khatib, 1987), and constrained motion control
(McClamroch and Wang, 1988; Yoshikawa et al., 1988; Mills
and Goldenberg, 1989; Yao et al., 1990; Yao et al., 1992b).
Parameters of the system such as gravitational load and
environmental stiffness vary from one task to another, and
hence may not be precisely known in advance. The system is
also subjected to unmodelled disturbances due to joint
friction, surface friction, etc. These effects make it difficult to
solve motion and force tracking control problems. There are
only a few published papers dealing with all these problems
together. Carelli er al. (1990) proposed an adaptive force
control method to estimate unknown parameters of the robot
and the environmental stiffness. The inertia matrix of the
robot is assumed to remain constant. Due to the nonlinear
and coupled nature of the robot dynamics and the wide
working range of the robot, this assumption usually cannot
be satisfied. Recently Lozano and Brogliato  (1992),
proposed an adaptive hybrid position/force control scheme
for the redundant robot interacting with stiffness environ-
ment without using force derivative feedback. Their
approach needs exact knowledge of the stiffness matrix.
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Variable structure control (VSC) theory, which possesses
advantages of perfect adaptation to various perturbations
from modelling and disturbances, receives great attention
(Utkin, 1987; Slotine, 1985; Young, 1978; Yao et al., 1992a).
The underlying principle behind VSC is to alter system
dynamics along some surfaces in the state space so that the
states of the system are attracted to these surfaces and
maintained on them thereafter. The sliding motion on the
surfaces can be guaranteed with desired dynamic behavior
regardless of the modelling uncertainties. Slotine and Li
(1988) introduced VSC technique with fixed sliding surfaces
in adaptive motion control of robots to achieve enhanced
robustness.

In this paper, we address the problem of designing robust
motion and force tracking controller in the presence of
external disturbances and parametric uncertainties in both
the robot dynamics and the environment. A new concept
named variable structure adaptive (VSA) method is
developed which results in a two-loop control system. VSC
method is utilized in the inner-loop which will force the
system to reach and be maintained on a dynamic sliding
mode provided by the outer-loop design. In the outer-loop,
adaptive control method (Astrom and Wittenmark, 1989;
Narendra and Annaswamy, 1989) estimates environmental
stiffness and provides the system with good force tracking
property. Overall stability of the two-loop system is
established. The suggested approach needs to know the
normal direction of the surface or the shape of the surface
but . without knowing its stiffness and exact location.
Chattering problems associated with the VSC control law are
not addressed in the paper.

2. Dynamic model and problem formulation
Dynamic equation of a general rigid link manipulator
having n degree of freedom can be written as

M(q)i +Ca@, @)q+G@)+IT(@F +f=7 (1)

where all the terms have the same meaning as that in Yao et
al. (1992a). The robot is assumed to be nonredundant.
Suppose that the environment in undeformation is described
by a set of m time-varying hypersurfaces (see Fig. 1)

O(x, )=, O(x,1)=[d(x,1),..., ¢ (x,0]" m=n (2)

which are mutually independent for any t ®,=
[Gerr- - - » Bem) Tepresents the equilibrium position of the
environment which is considered to be constant but
unknown. In the case of &, = (1), the analysis is still valid
if ,(¢) and (1) are known. Suppose that there exists a set
of (n—m) scalar functions W (5 0), .-y Yuomlx, 1)} such
that {$,(x, 1), i=1,....,m; ¥{x,0), j=1,...,n—m} are
mutually independent for any . The task space is defined as
(Yao et al., 1992a)

r= [r}" rZ]T r= [d’l(xv t)' e d),,,(x, t)]T

3
= [d’l(xv t)! IR la(Jn—m(-xr t)]T' ( )



1474 _ Brief Papers

Undeformed surface
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FiG. 1. Robot interaction with a stiff environment.

The same form of (3) is also used by Yoshikawa et al. (1988)
to study constrained motion of the robot. Differentiate (3)

F=lg+v,=J4+v, )
where
_ ar(x, l) mxn n—m)xn
=" =Updpl" JyeR S € RO )
k) , 1 ar(x,
J, =———'(’;Z) Y Jy=ad IRy d—’(g;g eR"

Using the transfonnauon (3) and (4) in (1), multiplying both
sides by J

H(r, t)F + C(r, i, 0)f + G(r,0) + E+ F(r,t) =T, = F, (6)
where
H(r,0)=J;"(q, Mg} ;' (g, 1)
Clr #,0)=1,"Clq, 4);" =1 "M(9) I,
G(r,0)=J;"G(q) F(r,0)=J;"F()
FE=—H(r,t)o,— C(r, i, t)yy, F,=J;"F T,=1;"(q. Dt

In the definition of the task space (3), directions of
curvilinear coordinates r; are aligned with normal directions
of the environment in undeformation (Fig. 1). Therefore,
subspace r; € R™ in fact represents the constrained subspace

O]

in which force tracking control is required and subspace’

r, € R"™™ can be considered as the unconstrained subspace
m which motion control is needed. Thus definition of the task
space has a clear physical meaning.

In the normal directions of contact surfaces, the
environment is assumed to be an elastic model with unknown
constant symmetric positive definite (s.p.d.) stiffness matrix
K, (Carelli et al., 1990):

fi=KJ(ry—r,) or r= K f,+r. f,=0, (8)

where r, =®, represents unknown equilibrium position,
f, € R™ are normal contact force components, K, = K e
R™ ™ is constant s.p.d. compliance matrix. Vector f, <0is
true in element, that is, (f,); <0, i = 1,..., m. We denote by
JA| the matrix (or vector) whose elements are the absolute
values of the components of A, that is, |A|; =|A;. We shall
say that matrices (or vector) A < B if this relation holds for
corresponding components of A and B, that is, A; = B;;. It is
assumed that the end-effector is initially in contact with the
surfaces, and the control exercised over contact force is such
that the force will always hold the end-effector on the
surfaces, that is, f, <0 will never be violated.

The total interaction force F in (1) or F, in (6) is supposed
to be given by

J
F= mﬁ. + @, f(s Vena fi) = L(x, %, 1, 0)f,

E=L/x % pt)f, L2J"L(x,%pm1) L,L &R
where a, € R represent the unit tangent directions of the
surfaces, f,e R™ is the tangent friction force whose

magnitude depends on unknown friction coefficient u and f,,
and direction depends on end-effector velocity veng.

®

Due to parametric uncertainties of the robot and the
environment, we know only the estimated values H(r, t)
C(r, /1), G(r 1), F,, and L, of H, C, G, F,in (6) and L, in
(9), and K, of K, in (8) respectwely It is assumed that the
modelling errors in (6) are bounded by

[AH(r, )| < 8,(r, 1) |AC(r, 7, ) =8(r, F, 1)
AG(r, )i =85(r.t) |AF|=$, (10)
IF(r, )< 8x(r,1) |AL,|<8,, MK 8y,

where As reprsents the estimated error of ¢ given by ¢ — 3.
The bounds, matrices (or vectors) §, are assumed to be
known. These bounds can be directly determined by off-line
estimation. They can also be calculated from the modelling
errors in the joint space (Yao et al., 1992a).

The following properties can be obtained (Yao et al,
1992a).

Property 1. For any finite work space Q= {9:19 — ol = Gmax}
in which J, is nonsingular, H(r,1) is a s.p.d. matrix with
k'lnxn<H(' ') k nanqEQ teR.

Property 2. The matrix N(r, 7, t)=H(r,1) = 2C(r, 1) is a
skew-symmetric matrix.

3. VSA motion and force control of robot manipulators
Suppose 7, »a(f) € R"™™ is given as the desired motion
trajectory in the unconstrained subspace, and f,,(t) € R™ is
the desired force trajectory in the constrained subspace. Let
e, =r,(1) = r,4(0), & =£,(1) —f(t). ¢, € R"™™, e, € R” be
the tracking errors of motion and m(etacuon force Consider
the robot manipulator described by (6), whose end-effector is
in contact with the environment and interaction force is given
by (8) and (9). The robot is under the modelling errors (10)
which account for parametric uncertainties and external
disturbances. The VSA motion and force controller design
problem of the robot can be stated as that of designing a
VSC control law and a parameter update law so that e, —0,
e,—>0ast—ox
First, the switching function is chosen as
s=i-z s=[s/,s]]" z=Iz]. 2}]"
spz,eR" 5,7, e R

(1)

where z(r, 7, e/, ¢, €,) are design functions which are chosen
to ensure that the robot tracks the desired motion and force
trajectories in the resulted dynamic sliding mode. During
sliding motion {s = 0}, which is described by

y (12)
=2, (13)

By choosing z, = 7,,(t) — D,e, where D, is any s.p.d. matrix,
the motion sliding mode (13) is governed by é,(1) + D¢, =0
which is asymptotically stable, that is, e, — 0.
Combining (12) and (8), the force sliding mode equation is
Kifu=z (14)

in which K is unknown. Therefore, adaptive control method
is used to estimate the compliance matrix K, and to
guarantee force tracking. Denote the independent unknown
parameter set of K, as 8 e R*, k <im(m +1), and let

r I'

Kifua = VF)B+ Yo(Fu)  Rifoa = YilFu)B + Yol Foa).
(15)
where Yy(foq) € R are the known terms, Yi(f.a) € R,

anq B is the estimate of B. The following choices of the force
design function and an adaptation law are suggested:

2 = Kiha)) = Drey = Yilf,)B + Vo(f,) = Dyey  (16)

B = —FY, (fml)ef 17)

where D;e R™™ T e R¥*k are any constant s.p.d. matrices.
Theroem 1. If the desired force trajectory f,,(1), f..(f) are

continuous and bounded, the suggested design function (16)
and adaptation law (17) guarantees the force sliding mode
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equation (14) to track the desired force f.4(f) with transient
satisfying

lles(e)ll = \“—7—2(1(7‘/,(:,) Yi=t,

“AB(I)" =V 2/\max(r)vl(‘r) (18)
Vl(tr) = li[e}-(tr)Kjef(tr) + ABT(Ir)F_‘AB(tr)]

where AB=8— B, 1, is the time when the system reaches the
sliding mode, and A(*) means eigenvalue of matrix e.

Proof. For (14), choose a positive definite function
V,=14e/K e, + AB"T'AB] and differentiate
Vi =ef[Kf = Kifaul)] + AB'T'AB
= eflz, ~ Kyfua)] + ABTT'AB. (19)
Since B is constant, AB= —f;’. Substitute (16) and (17) into
the above, and noticing (15)
VI = efT["Dje/ - Yn(fnd)Aﬁ] - ABTFN‘E
= —e/Dse, — AB"[Y]e, +T7'B)
= —¢/Dse, <0. (20)
Therefore, ¢, € LU Ly and AB e L% Thus, z, f, eLm,
which imply e is uniform continuous. From (20), e,—0 and
HAminlK7) e/ (017 + AT ™) 18BOIP) = Vi() = Vi(1)
which leads to (18). |
The above choice of z =|z], z,]" guarantees the sliding
mode track the desired motion r,,(t) and the desired force
f.a(t). What remains is to determine control torque such that

the system reaches the sliding mode in finite time and stays
on it thereafter. From (16) and (8),

& = Yi(fua)B + Vi = (o)B + Yo = DKy = fualD))-
Denote

Z= Z.| + Z.z .

. [Fa)B + V(B + Yo~ DK Fy = fual))

4= . . (21)

F4(t) — Dpé,
4= [—D,AKJ',]'
0

where I:(‘, can be chosen constant or updated by R,=R 7'in
which K is calculated from (17) if K is nonsingular. In cither
case, we assume its estimation error satisfies assumption (10).
It is seen that z, Z, can be calculated from (16) and (17) by

using only measurements of position, velocity and force, and

2, is bounded by
i=s, 5= [0 ) 22)

Theorem 2. For the robot manipulator described by equation
(6) with the modelling crrors (10), the system follows the
desired motion trajectory r,,(t) while cxerting the desired
force trajectory f,,(¢) if the following control torque is
applied:

T,=A(r, 05+ C(r,0z + GO+ E+ LS,
- T,— K. — esgn(s) (23)
where £ >0 and
sgn(s) = [sgn(s). - ., sgn(s.)l”
T,=[Th. ... (T(l)n]T (24)
(T)i=(87)sgn(s) i=1,...,n
The bound 8; = [(87):,- -, (87),]" satisfies
8= 8,,(r, 1) 12| + (HI+ 8;)8:+ 8¢ |2 + 8¢
+ 8.+ 8p+ 8, Ifl (25)

sgn(.) is the sign function and K, is any s.p.d. matrix.
Furthermore, the time f, when the system reaches the sliding

mode is
t=2n (1+c—3 Vo) 26)
c Cs
where
o 2ml) o 2y w0, 050)
’ , @7

and the reaching transient response is shaped by

N e S N
r 3 3

Proof. For (6), choose V = 3s"H(r, t)s. From property 1,
S s IP =V =3k s, (29)
Differentiating V with respect to time yields
V=sTHs + is"Hs
= sT(H(r, 0 — H(r,0)Z) + sTC(r, P, t)s
=s7[T, - H(r.0)i — C(r,/,0)z = G(r,t) — F, = F(r.0y-L,f}
(30)

where Property 2 has been used to eliminate the term LsTHs.
Substituting control torque (23) into it and noticing (29), we
have

V=—s"Ks—es'sgn(s) - ST,
—sT[AH(r, )i, + H(r, 12, + AC(r, £, 1)z
+AG(r,0)+ AF, + F + AL, f,)]

=-s"K,s—es"sgn(s) —s"T,+1s|" 8¢
= = AmialK) 51 = € 2 Isi
i=1

= = Amin(K) Is1* = € lIs]
= -3V =,V (31)
Thus
W= (\/V“ + ‘—") eCevan S (32
C3

C3

and this means in finite time V =0, that is, s = 0. Moreover,
from (29), the reaching transicnt response is shaped by (28).
The upper limit of the reaching time 1, is solved by setting the
right-hand side of (32) equal to zero which is given by (26).
n

Remark 1. From Theorem 2, s reaches to zero exponentially
with a rate determined by the controller parameter K, and
the reaching time ¢, is inversely dependent on Amin(K,) and €.
Therefore, by suitable choices of K, and ¢, the reaching
transition can be guaranteed with prescribed quality. O

Remark 2. Control law (23) is discontinuous across sliding
surface which may lead to control chattering. Smooth
implementation of VSC law can be used, for example, the
concept of boundary layér (Slotine, 1985), in which sgn(s;) is
replaced by the saturation function sat(s;/A;) where A; is the
boundary layer thickness. Such a modification guarantees s
within a small ball around the sliding mode s =0, that is,
|s;=<A. In such a case, the force sliding mode equation (14)
should be changed to Kf, =z, +s, Since s, can be
considered as a small disturbance, system performance will
not be unduly affected. Mathematically, a small disturbance
may cause the adaptive control law (16) with (17) to be
unstable due to parameter estimation drifting when force
trajectory is not persistently exciting. This problem can be
dealt with by applying standard techniques such as
o-modification (Narendra and Annaswamy, 1989) to the
adaptation law (17). The drawback is that the tracking error
can only be guaranteed to converge to a ball whose size
depends on the unknown parameters. O
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FIG. 2. Configuration of the robot.

4. Simulation

The robot used is the same as that in Yao et al. (1992a)
where estimated value, bounds, etc., can be found. The robot
is assumed in contact with a surface S which rotates around
the Z-axis as shown in Fig. 2. The surface S has unknown
stiffness k, with unknown friction coefficient u =0.2. The
time-varying surface § in undeformation is described by

=xsin(e(1)) +y cos (¢(1)) = r,,

) =~ e cos () &

where the distance between S and Z-axis, I, is an unknown
constant. The task space is defined as
]T

r={r,r, rp=—xsin (@) + y cos (¢),

. (34)
r, =xcos (@) + y sin (¢).

The interaction force on the surface in the task space is given

by (9)
Fr= [j;?'] =L L= {mgn(f,.l)sg"(fp)]

fa=kerp = 1), fi=mif,l sgn(i,).

The estimated value of L, and the bounds 8, in (10) are
L,=[10]", 8, =[0 02]" In this case, B of (15) represents
ke =k;' with  initial estimated value B(0)=k.', and
Yi(o) =Fotr Yofus) =0. k. is supposed to be equal to
S00Nm™" while real value is S000Nm™" (silicon rubber)
and §,,=5000. Actual r, is 0.0008m and initial r(0) is
—0.0002 m. Sampling time is supposed to be 0.0025s. The
desired motion and force trajectories are r,q=0.14(1 —
cos (0.5mt)) and f,, = —10 + 5 cos (nt). Adaptive law is given
by (17) and the control torque is calculated by (23), in which
K, =diag{100, 100}, ¢ =1, D,=0.02, D, =20, I'=0.01. In
this case, the initial tracking errors of the system are
€,(0) =0, ¢,(0) =0, s(0) = [0, 0]", AB(0) = 0.0018.

There are several ways to implement VSA law (23). We
have chosen to implement it in two ways.

Case 1: Smooth sgn(s) by sat(s/A) where A =[0.01,0.015]"
in the VSA law (23).
Case 2: VSA law (23) is directly applied.

Figures 3 and 4 show the motion and force tracking errors,
which verify the robust motion and force tracking control of
the suggested VSA controller. In both cases, f,, <0, the robot
does not lose contact with the environment. k, are shown
in Fig. 5 which approximate its true value, but does not
converge to it due to the short execution time. Joint torques
of the robot are presented in Fig. 6. We see that although
both cases give reasonable motion and "force tracking
accuracy, case 2 results in chattering problems due to
unmodelled dynamics such as sampling time, while case 1
gives a smooth control torque and has a better force tracking
performance.

For comparing, the simulation is also done for a
non-adaptive VSC controller, that is, using k(1) =0.002
instead of the adaptive law (17) in forming (11). Motion and
force tracking errors are shown as case 3 in Figs 3 and 4,
which exhibit larger force tracking error.

(35
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5. Conclusion

A VSA control scheme is developed which effectively
combines VSC method and adaptive control method.
Dynamic sliding mode is designed using adaptive control
method to estimate unknown parameters of the environment
and to ensure the system with force tracking property.
Persistency of excitation is not needed. VSC method is then
utilized to force the robot system to reach and be maintained
on the designed sliding mode with prescribed reaching
transient. Overall stability of the system is established. Only
measurements of position, velocity and force are needed for
implementation. Simulation results illustrates the perfor-
mance of the proposed method.
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