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ABSTRACT

A new hybrid force-position control method for urteén robotic manipulator

interacting with its environment is presented. t-itlse dynamical model system
in the compliance frame is derived from the usaoadtjframe model and leads to
two sets of equations due to the constraint assatio the contact surface.
Next, the two dynamics are separately used forsgrehesis of position and

force tracking controllers. For the position cohtpart, the design method
consists of an estimated-parameters dependentardicate transformation and
a control law derived from a backstepping proceduire force control law has

two folds: first it compensates the dynamical iattion between the end-
effector motion and the force induced by the emuiment and secondly, imposes
a desired force using a proportional-like equatidiinally, a parameter-

adaptation algorithm derives from stability criteand dependent both on the
position and force tracking errors. Simulation Hsswn a four-degree of

freedom robotic system tracking a triangle whileintaning a constant contact
force prove the effectiveness of our solution.

Keywords : Control, bakstepping, force, position, adaptive.

RESUME

Contréle adaptatif de commande hybride force-posibn pour un
manipulateur robotique

Une nouvelle méthode de commande hybride forcetiposipour un
manipulateur robotique incertain, en interactioe@son environnement est
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présentée. Dans un premier temps, le modéle dyn@ntig systeme dans le
référentiel de I'outil est obtenu a partir du maddiynamique usuel dans le
référentiel des joints qui donne deux ensembleguditons des contraints
associées a la surface de contact. Ensuite, cesnbles d’équations de
contraintes en deux dynamiques sont utilisées éapmart pour la synthése
des contrdleurs de force et position. Pour la contteade position, la
méthode de conception consiste a faire une estimates parameétres qui
dépendent de la transformation des coordonnées & thi de commande
découlant de la procédure du backstepping. Ladotammande de force a
deux obijectifs : premiérement, Il compense lesauons dynamiques entre
le mouvement de fin de I'effecteur et la force ieyar I'environnement et
deuxiemement, il impose une force deésirée en amtisune structure
semblable au contréleur proportionnel. Finalemenin algorithme
d’adaptation des parametres est obtenu a partrithre de stabilité and des
erreurs de suivie de position et de force. Leslt@sude simulation sur un
systeme robotique a quatre degrés de liberté faisarsuivi de trajectoire
triangulaire, tout en maintenant une force de adnt@nstante, prouvent
I'efficacité de la méthode proposée.

Mots-clés : Commande, backstepping, force, position, adaptatif

| - INTRODUCTION

Numerous robotic tasks (e.g. contour followingndmg, scribing, deburring
and assembly-related tasks) generate physical @dmaveen the robot end-
effector and the environment. In these cases,ditee fdue to the contact with
the surface has to be taken into consideratiortlzr@fore both the force and
motion control are required. Two goals are reldtethis problem. The first
is to maintain a certain force magnitude appliedth end-effector on the
surface and the second is to maintain the endteffeanotion on a desired
trajectory. This problem has been intensively gddn the last two decades
and two major approaches emerge. The impedancerotoapproach
proposed by Hogan [1] aims to control the posiaad the force by adjusting
the mechanical impedance of the end-effector teraat forces generated by
the contact with the environment. This class dltsan can further be
divided into dynamic and classical impedance cdnttten the manipulator
dynamics are taken into account or not. The seappdoach proposed by [2]
is referred to hybrid control. The directions iniefhthe manipulator end-
effector position should be controlled and the dneshich the contact force
control is performed are selected so as to simedtasly follow a given
desired trajectory and force. Again, taking armatgics into account or not,
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to increasing stability and performance leads to swbclasses. The works of
Khatib [3], Yoshikawa [4] and McClamroch and al.] [are majors
contributions in the hybrid force —position approadhe hybrid control
synthesis can be directly performed either in thiatjspace [4] or the task
(Cartesian) space where the specifications areralbtugiven [7]. The
actuator dynamics may [8] or may not be incorpardte the system to be
controlled. Several interesting alternative solugiofor the position-force
control problems are also reported in the liteea{é] and references therein.
In addition, there exist some interactions betwedot and motor dynamics
which cannot be neglected. Hence in this papercamsider a robotic system
consisting of a manipulator arm and its joints atdts. A novel adaptive
hybrid force position technique which guarantegsmgotic convergence of
both the arm and motor variables is proposed.nsists of first, deriving the
dynamical model system in the compliance frame fthenusual joint frame
model and lead to two sets of equations due tcctimstraint associated to
contact surface. Next, the two dynamics are seggrased for the synthesis
of position and force tracking controllers. For fhasition control part, the
design method consists of estimated-parameters ndepe coordinate
transformation and control law derived using a lsésping procedure. The
force control law has two folds: first it comperesathe dynamical interaction
between the end-effector motion and the force iedugy the environment
and secondly, imposes a desired force using a fiopal-like equation.
Finally, a parameter adaptation algorithm is detifrem a stability condition
and is dependent both on the position and foraxkitng errors. In [10], the
problem of force/position tracking for a robotic myaulator in compliant
contact with a surface under non-parametric uniceiga is considered. A
novel neuro-adaptive controller is proposed, thauiia@ts the approximation
capabilities of the linear in the weights neuratwaks [10], guaranteeing
the uniform ultimate boundedness of force and mositn [11] the problem
of output feedback tracking control of a class afide-Lagrange systems
subject to nonlinear dissipative loads is approdchiée proposed controller-
observer scheme renders the origin of the erroahycs uniformly globally
asymptotically stable

This paper is organized as follows. The manipulatat actuators dynamical
models in the compliance frame are derived in th& part of section 2.
Under the assumption that the system parameterpearfectly known, a
design method so that the end-effector tracks aedeposition while it
maintains a desired force with the environmentrissented in the second
portion of section 3. The adaptive method is giwethe third part of section
3. It is assumed that only the manipulator parareet@e unknown.
Numerical simulation results are offered in secorrinally, a conclusion is
drawn in section 4.
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Il - FUNDAMENTAL CONCEPTS
lI-1. Robot Dynamics
[1-1-1. Manipulator Dynamics

An n degrees of freedom rigid robot arm with enmireental contact can be
described as

D(a)d+ B(g,0)a+ 9(q¥7,+7, (1)

with PIDER™ g the symmetric and positive definite joint spacertia
matrix, B(q,4)a0 R represents the Coriolis and centrifugal terrgh(é‘,)D R

represents the gravitational ternfs; R™ is the joint angles matrixe DR™

nx1
and 7 "R are the motor (actuators) torques and the interatbrques due
to contact with the environment respectively.

B(4.8) can be written such th&t(9)~28(a.9) js skew-symmetric. The robot
can also be written in linear form in terms of agoaeters vectof as
follows:

D(q)da+ B(qg.g)a+ g(qF Y(d.9.%) 2)

whereY is a matrix of known functions andZ R’ is the vector of constant
parameters.

nx1
The interaction torqué’ R in the joint space is related to the interaction

force fER™ (M is the dimension of the task space which is asduimée
the same as the Cartesian space) at the end-effeatagh

Iy = JT(Q)f (3)
where J(@)JR™
be nonsingular.

is the manipulator task Jacobian matrix that [gesed to

[1-1-2. Actuators Dynamics

The main objective of robot force-position contito compute the required
torque for the robot to follow a desired trajectofyposition and force. DC
motors are usually used to generate the drivingtr@ms torques. The
actuators dynamics can be described by
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dii R e, —
L5 TRITK@ =y j=1,2;-.n @)

with % being the robot angular veIOC|ty, the armature circuit resistance,
L the armature circuit mductancé,J the motor back EMF constadt, and
Ui the armature current and voltage respectively.

The robot angular velocitfloj is related to the joint velocit91 through

w =N, q i=1,2;--,n (5)
where N1 is thejth joint gear ratio. The armature current and thaom
torque are related by

T, _NJKTJ j:1,2,...’n (6)
whereKJ is thejth motor torque constant. Expressing the armatunent '

in terms of the motor torqué and substituting the resulting expression and
(5) into (4) yields

L, dr, . d
— RTTEJ+KieNi_q: -

N K] dt Nj K dt j=1,2,-.n 7)

The equation (7) can be written in a closed mditm as

M7, +N7r +K . g=u (8)
WhereM = = diag{L; /(N, K' } N = diag{R /(N K )} K, =diag{ KN, }
J—1,2,"',

Equations (1) and (8) completely describe bothdabwstrained manipulator
interacting with the environment and its actuatorthe joint frame. Since the
nature description for the end effector trajec®rand interaction forces
during constrained motion is given in a coordiniene fixed in the task-
oriented space, it appears convenient to use aipiésc of the manipulator
and actuators dynamics in that frame.

I1-1-3. Manipulator Dynamicsin the Cartesian Frame

For convenience the robot and actuator dynamicseavgtten below
D(q)a+ B(a.q)a+ g(aFr.+7; (9a)

M7, +N7 +K g=u (9b)
The end-effector position and orientation in thet€aan space is related to
the joint angles by =) ang " =J(a)d

where rOR™" is the position and orientation vector aftf) is the robot
kinematic transformation function.
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The end-effector motion equations can then be ewriéis

H(r)i+C(r,r)r +G(r) =f_+f (}0a

M f +N, f+Kf=u (10b)
where the relationship between the joint space taskl space quantities is
established through the following equations:

H(r)=J37(q)D(a)J™(a) C(r,f)=37(q)B(a,a)T" (a) H(r)J(q)J* (q
G(r)=37(a)g(q)

fe=J‘T(q)re'Mr =J‘T(q)MJT(q), N, =37 (a)NT (ay M J" (a)J (q
K, =37(a)K,3(a) gpg¥ =37 (a)u

I1-1-4. Robot Dynamicsin the Compliance Frame

Let °S be the base reference of Cartesian frame. Theffackor orientation

I is usually described inS in terms of roll-pitch-yaw or any proper set of
Euler angles. However, the rotational part of aotmbtask is described in

terms of angular velocity and torqueso% If X denotes the vector of linear
and angular velocities then the following geneetdtion hold

X, =T(r) (11)

The orientation-dependent matrix(") is invertible, except for isolated

points and means that the angular is not an exdfgrantial of the
orientation.

Let 'S be a frame associated to the task and usuallyreef@s compliance

frame. The desired forc& and trajectory*s and velocityxd associated to
the task are naturally expressed in this frameedirnvelocity and force are

transformed from°S into 'S by means of a3%3 rotation matrif® ("),

Similarly, angular velocity and torque are transfed by R.(r). Therefore,
the following relation holds

%, = R(r)x= R(r)T(r)r (12)
R(r):[RL(r) 0 }
Where 0 Rd(r)

with R (=R (1),

and % OR™ denotes the linear and angular velocity vectoridess into'S.
For simplicity let (") =T “(NR™(") then (12) becomes

r= L( r )XC (13)
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The end-effector motion equation in the compliafigane can be easily
obtained:

Hc(r)xc+cc(r!f)xc+Gc(r): Fce+Fcint (14a)
M fo+ N f+ KX =u, (14b)
where

F.=Uf H =UH(r)L C =UC(r)L+L"H(r)L G, =L(q)G(r) F =L"f,

M_=M, N, =N, K, =KL u =u,

The velocity vector © can be partitioned according to the division of
constrained and unconstrained directions

. —_ . . T

% =(% %) (15)

Since we assume that both the tool and the costatfdce are rigid, the end-
effector motion in the constrained direction is Iigble compared to the

motion in the unconstrained one. Therefore, th@argl vector . can be
written as

. . T
x.=(x, 0 (16a)
The interaction force also has the following decosifon, since its

components in the unconstrained directions aragibhg.

Fan =(0 1) (16b)

with e denoting the contact force in the force-controti@@ctions.
The constrained motion also induces a certain dposition of the joint

velocity vectord and the relation (16c) below holds.
g=(¢ 0 (16¢)

Since S and 9 are related through the Jacobian matff the latter must
have the following structure

(‘]cl ‘]02]

J=

0 J, 17
Introducing (16a, 16b) and (17) into (14a and 1gbes the end-effector

motion and the actuators dynamics both in the caim&d and unconstrained
directions,

chxp + cmxp+ G.,= F (18a)
M, F + NPt KX = U (18b)
HeoX, +CopX,+ G,= Fyt f, (19a)
M o1F,+ NP+ K X =, (19b)

where the following notation has been used
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Fce = ( Fl FZ)T Gc = (Gcl Gc2 )T
X - |:Xc11 Xc12:| Z - |:Zc11 0 i|
¢ chl xc22 , XCD{HC’CC}, ¢ 0 Zch , XCD{MC’NC’KC}

It is important to point out that equations (18&a)l have been already
obtained and used in [7]. Introducing the actuastege in the manipulator
dynamics leads to the decoupled equations (180, T®le particular form of

the %= matrix is induced by the forms of the matribes N, Kn andJ.
The following sections are devoted to the synthesi$: and“%: so that the
end-effector tracks a desired trajectofy while maintaining a desired

constant force®s with the environment. The dynamics (18a and 18k) a
used for the position tracking problem while (19aal9b) for the force

control. First, the model parameters are assumdaet&nown and a non-
adaptive version of the controller is derived. Tdo®rdinate transformation
and control laws involved in the non-adaptive \@nsare transposed in the
adaptive one with the unknown parameters replagethdir estimation. The

parameters estimation algorithm is derived fronbiitg criteria.

[I-2. Controller Design

In this section, the manipulator and the actuatdymamics equations
parameters are assumed to be known. The designtigbjés to satisfy the
specifications described below.

I1-2-1. Design Specifications

DetermineY: and %2 so that the positioﬁ(p(t)follows the desired trajectory
%4V and the applied forck(!) follows the desired forck(Hast —

[1-2-2. Position Control

Let us consider the dynamics (18a and 18b) anaelefi

X = X,

X, = X,

X, = F;

Vi = Ugy (20)
Its state space representation is given by

=% (21a)
HeuX, = =CoyXp— Gt X, (Zlb)
Me1aXg = =Ny X— KXot v (2]_(:)

The tracking error dynamics can be described dmvisl
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D

-8 (22a)
chéz = _Ccllez_ Gc1+ et

{ _Ccllx2d * Xg9~ H 1K 2d} (22b)
Mcués == NclleS_ Kc11e2+ \/

{NeiXag = KX og™ M 1K 5} (22¢)
with the error variables defined by
€& =X~ Xy & =%~ X & =%~ Xy
Where
Xg = Xpg %4 = Xpg Xq = Fig
The variable™s stands for the desired value 'of

Proposition 1:
Using a Backstepping procedure, the system destiilyeequations (22a,

22b and 22c) is asymptotically stable if the caritmput V1 is such that
Vl = Nclles+ Kcllez+ MclJ:X3d+ N011X3a'- Kcllxzc

+M_,E+M H {(-KEAEJ+M H £ (23)
where
L=t Ke
Houds =5~ Coulym Gom ConXogh X, % =Cuet Gt Xy Xq
“HeXoq = Ho(-K £ =< ) HoXoa ~HouK gt Hy{-K¢$ &)

[1-2-3. Force Control

Let now consider the dynamics (19a and 19b) and:Set-2. Differentiating

(19b) and repla(:ind<p and *» by their expressions from respectively (19b)
and (19a) yields the following equivalent dynanotshe set (19a and 19b),
av, + BV, =0F, +yF,+nF,- G+ f, (24)
where

a= HchK;]él'

B= (C021K;Jél_ H cleiclzK czKiéz) :

5:{chK;lA\lcﬂ+cc%iM cﬂ- H ﬁ 1M c_ﬂH l&ll&l @M&n}g

y: HchKgglM CZJ;

n =Cc21K;§1N et 1= H czKiclzK‘ ) 7lc N ot H c%ilc’zﬂ <

The input V2can be decomposed in 2 components. The ffrsthas the
objective to compensate the dynamical interactietwben the end-effector

motion and the force induced by the environmene $&cond componefit,
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as explained later, can be obtained by a simpl@qgutional control law.
Therefore

Vy = Vo TV, (25)

We select'z1such that
{Zzaﬂ(_ﬁﬂ"% +yB+nR- G+ f,)

V=2 (26)
It is important to note that even if equation (#8)olves derivatives of some
variables, the outpufz is differentiable (hence continuous) and is onéhef
advantages of taking into account the actuator mhycs during the design
process.
The resulting dynamics after replacing (25 andig®) (24) is

0’\722 ‘|‘[3V22 + fd = fc (27)

We propose to choost of the form

Vo, = =K (o= fy)=-K Af (28)

which is indeed a simple proportional control lalfv. is a positive definite
matrix. The closed loop force dynamics are given by
aK Af +( K, +1)4f =0 (29)

If Ko is selected such that

then, the system described by (24) is asymptoyicathble; hence the
tracking force error converges to zero.

Remark 1

A particular value olfpsatisfying (30) can be computed after

. . ﬁmaxzsup(ﬂ ) . >—ﬁ71
finding m , such that7is the robot workspace. Thén max

I1-2-4. Adaptive Controller Design

In this section, we assume that all robot parameter unknown except those
of the actuators.

[I1-2-4-1. Position Control

The nonlinear coordinate transformation is timeyiwray since it depends on
estimated parameters.

=8 (31a)
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H=etKe (31b)
|:|0112(3 = e Cclle G Hcllx i+ X
_Cc11X2d+ Ho{K g+ Ket KKeit e (31c)

where XO{H,.C.M,N K} is the estimated version of the unknown parameters

dependent function* D{H.C.M.N.K} " The control input expression is
chosen to be of the form (similar to (23) but wedtimated parameters).

Vi = Nclles+ Kcne + Nc11X3 cllXZd

Mcllx3d+McllH 01{ KSC 52}+M cﬁ +M ot c{l (32)

Differentiating (31a, 31b and 31c) one obtains
§=Ké+é, (33a)
& =-K,E, - &AM ¢+

AC..6,+AG + AH_ 1 X,;+ A C 1 X0y

=-K,&, &+ & -HIWAp (33b)
& =-K&-&-AWAap- Hiw ap (330)

Where (since the linearly parametrizability progérblds)
VVZA p = {A Hcllez + A Ccll%+ A Gcll+ A Hcllx it A Ccllx

W,Ap={4AN_,,+AK 6+ 4 N, %4+ 4 K X4
IM_ X,y +AM £,
w.Ap= éclle2+ E;cl+ E:cllx2d+ H11Xoq
—I:|C11(K2e2+ Ke+ K,Ke+ g
AX=X-X.
The parametef’P = P~ P denotes the difference between the unknown robot

parameters vecto? and their estimatior? from an adaptive algorithm yet to
be determined. Note that4X =0 then4P =0,

[1-2-4-2. Force Control

Again, the control inputz decomposition given by equation (25) is adopted
and,Vzand V2 are respectlvely selected such that
{z a” (,6’z+5F+yF+/7 q2+f)
V=2 (34)
v, ==K (f.~ f,)=-K Af (35)
The closed loop force dynamics is then described by
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aK, Af =—(BK, +1)4f +W,Ap (36)

where the matriX’ is such that

s(K,)=a" K, +a™

is positive definite. The lengthy expressionV&f is omitted for the sake of
simplicity. Since (K ) involves estimated parameters, offline computation

of K requires prior knowledge of estimated parametange or bounds. If
this is not the case, the designer can force ttim&®d parameters to remain
into a predefined domain using a projection adaptatalgorithm as
mentioned in remark 1.

[I-2-4-3. Parameters Adaptation algorithm

Rearranging equations (33) and (36) in a closed fgelds,

é -K, | 0 0 Z,
32 _| K, | 0 £,
{3. 8 0I lgs —S(OK ) 5
Af p Af
0 0
+ —H:;11W2 Ap + AO Ap
_Hc_llws _Hc_ll(’us
a'w, 0 37)

or equivalently ¢ = AS *WAp+#Ap
- ~ ~ ~ T
= Af . o .

¢ ({1 G ) . Note that™ is Hurwitz since the gainsS,
i=1,.3 and S(K ) are positive definite.

We now introduce the augmented errér and the error augmentation
£ defined by

where

y=¢-e 38}
E=AZ+WAp &O0)=0 (39)
The augmented error dynamics are then,

y= &y+ W4 P (40)

Next we define the following positive definite Lyapov function

14 T -1
V==y y+Ap/l Ap

2 (41)
I is a positive definite matrix. The derivative ¥fis
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V=y (A+A)+ 24P 4p Wy (42)
If the estimation dynamics are select such that
Ap=-IW' Yy >0 (43)

The derivative oY becomes
V=y (A+A)y (44)

Since A is Hurwitz and® = A then (A *A) js negative definite, therefore

V' is negative semi-definite. We can show that thenesed parameters are
bounded and the position and force tracking eroowverge to zero.

Remark 2: projection algorithm
The projection variant given below can be usedess$tof (43) to force the
estimated parameters to remain in a predefined ooy, % =% X< Xl
Ap==p=~/ Proj(W'yp; (45)
with the P90 function is defined as follow
Proj(y.8)= vy, f(8)<0

of

Lo ~ =y<0
Proi(y.6)= yif 1(8)20 50q08”

Proj(y,8)= {I—f(e)() ()/H

I

if
) of
1(8)>0 gpqa8’ 0
N ~112
where 1(6)=(g - max)/(“Z‘fgmax) and ¢ is a positive real number. The

function f(®) is usually called the boundary function. 4%) is inside the
compact set or on its boundary and attempts to irenmeside it, the
adaptation law is equivalent to the gradient methdee algorithm forces
each estimated parameter to remain iftdoy subtracting a suitable value to

y when 1) is on the boundary and has the tendency to moway énom it.
Indeed, the term

(1 -f(ﬁ)(*) ()/09

is referred to as the projected direction onto thegent plane to the
boundary.
Proposé 3

(46)
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Il - RESULTS AND DISCUSSION

The proposed control scheme has been tested byasiomuusing the robot
given in figure 1. It is a four-degree of freedoobot arm with one prismatic

axis, and three rotating axes. However, the mosimund the% axis has
been locked for the test. The system’s dynamic inisdeery big and has
been then voluntarily omitted from the paper. Thanipulator links mass,
length and inertia, and the actuators parametersaltected intolable 1.

The end effector has to follow, at constant lineafocity"s = 0-25M/< g

triangle(A’B'C) in a planP describes by the equation

2x+y+z+ 1= (

(47)

Table 1: Robot parameters
Weight (kg) m = 3.75, m, = 2.5, m, = 9.165' m, = 1.151
Length (M) l,=0.1731 1, =0.11229 |, =0.1769
Center of mas$ x, =0.1151 y, =0.2301
(M ’ ’
Inertia (kg/dn?) 1,23 1,,=4 1,,=9.165 1,,=7
L(MH) L, =316 j=1..-4
R(2) R =115 j=1..-4
K(N.m/A) KJ.=2.124 j=1,--4
Ke(V/(rad/s)) Ki=2 j=1,--4

Table 2: Some model parameters definition

pp=m+m+m+ m

_ 2 2 2
p2_|222+m2x2+m4|‘2+ m4L3+

m4z§+m3y§+ 2m4;L3 andpazrmyg

Figure 2 shows a very good path tracking performance. Tk effector
follows the triangle with a very good accura&ygure 3 illustrates the end
effector actual and desired positions into the €&@h coordinates. One can
easily see that actual end effector positions amey \close their desired
values. The tracking errors given BRigure 4 confirms aforementioned
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analysis. The errors are negligible since they lass than 0.005. The
estimated parameters are shown at Figure 5. Onenct that they are

bounded (the meaning Bf, P- and P are given inTable 2). The
convergence is very fast. It is worth mentioningttestimated parameters are
controller parameters and they do not convergéédnue robot parameters,
in general. The force time-behavior is illustrasd-igure 6. We can also
note that a good response is obtained thanks torela¢ive simple but
effective force control equations (46 and 47). Thdaptive feature
considerably helps reducing the control effortse Httuator input voltages
and currents are shown Kigures 6 and 7. These signals are bounded too
and they remain in acceptable ranges.
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1 7

Pitch Roll

o i

o
-
| N |
<
x

= Axe 2

Support

Figure 1 : The four-DOF Robotic Manipulator
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Figure 2 : 3-dimensional representation of the position tragki
performance
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Figure 3 : End effector actual and desired positions
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Figure 4 : Position tracking error waveforms
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Figure 5 : Some estimated parameters
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Figure 6 : Actual and desired actuators the currents profiles
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Figure 7 : Joint 1, 2, 3 and 4 actuators voltage profile

IV - CONCLUSION

A new adaptive force-position control method isgmeed for a manipulator
taking into account actuators dynamics and uncers on robot’s
parameters. The robot is in contact with a rigidiemment. Simulations
were performed with a four-link manipulator arm aheé results prove the
effectiveness of our method since very good patd &rce tracking
performance are achieved. Although the mathematieselopment used
throughout the design is relatively involved, thenttol laws derived are

relatively simple to implement. This implementatiwiil be the next step of
this work
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