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Passive Velocity Field Control of
Mechanical Manipulators

Perry Y. Li, Member, IEEE,and Roberto HorowitzMember, IEEE

Abstract—Two concepts are advocated for the task specification
and control of mechanical manipulators: contour
1) coding tasks in terms of velocity fields; etror
2) designing controllers so that the manipulator when un-
der feedback control, interacts in an energetically passive
manner with its physical environment.

Based on these two concepts, a new passive velocity field con- *-Desired contour

troller (PVFC) is proposed which mimics the behavior of a passive Fig. 1. Tracking error and contouring error.
energy storage element, such as a flywheel or a spring. It stores

and releases energy while interacting with the manipulator, but

does not generate any. The controller has the interesting property the traditional timed trajectory approach, ttesired contour

that it stabilizes any multiple (positive or negative) of the desired ; ; ; .
velocity field, and exponentially stabilizes the particular multiple is parameterized as a function of tirge: %y — G, — Q(1),

of the desired velocity field which is determined by the total whereg = {¢} is then-dimensional configuration manifold.

desired position

traj. tracking error

actual position

kinetic energy of the manipulator control system. Let the actual trajectory of the manipulator be % — G.
. ) . The design goal of a trajectory tracking controller consists in
Index Terms—Contour following, mechanical systems, passiv- i h . i
ity, velocity field. making the trajectory tracking errat) — Q(¢) converge to
0 ast — .
As pointed out in [1] and others, the trajectory tracking error
NOTATIONS does not reflect how well the contour is being followed. For

BJECTS in a manifold are denoted by unbold lettxample, the actual position and the desired location could just
ters or symbols. Their local coordinate representatioR§ out of step by a time intervalt, i.e., q(t — At) — Q(t) =
are denoted by bold letters and symbols. Thus; it G, O. If timing is not critical, there is no need to keep up with
and ¢ is a n-dimensional configuration manifold, thep = the desired timed trajectory. On the other hand, controllers
[41,G2,-..,q.]T € R represents the local coordinates ofhat try to minimize the trajectory tracking errax(t) — Q(t),
g. Both the so called joint coordinates and the workspa#edy in fact cause the robot to leave the contour to catch up
coordinates can be used as the local coordinates of the maiiffh the desired location specified by the timed trajectory.
ulator configurationgG. Generally capital letters will be usedThis can cause a phenomenon knownradial reductionin
to denotedesiredquantities and lower case letters to denotehich the actual path traced out has a smaller radius than the
actual quantities. one specified by the desired trajectapt). This highlights
the fact that “contour error” (Fig. 1) which actually measures
the distance between the actual position and the contour is a
more appropriate way to describe whether the contour is being
Traditionally, robot tasks are defined by specifying desirddllowed, than the traditional trajectory tracking error.
timed trajectories in the manipulator’s workspace, which the Contour following tasks can be effectively encoded through
manipulator is required to track at every instant of timeéhe use ofdesired velocity fields. LetZ;G be the tangent
However, in many applications, the actual timing in the desirexpace of; at the specific manipulator configuratignA (time
trajectory is unimportant, compared to the coordination amovariant)desiredvelocity field (or a vector field)” is a map
synchronization requirements between the various degrees of
freedom. A contour following task, such as requiring a robot
to draw a figure in Cartesian space, falls into this category. In V:ig—=TG q—V(geT9
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Velocity field to draw a circle Hence, by tracking the desired velocity fidldg, t), the timed
5 ‘ . . 2
§§§§§§§§§§§§SH w;}z/}z%;%%;%%;%% trgjectoryQ(t) W|_II also be tracked. However, in this paper we
NSNS ; 111000005000000005700020 will mostly consider the case where the desired velocity field
WSS s 222222227 s time invariant
RN b /// s Related to task specification using velocity fields is the event
:Q:::Qtw e Nt it based robot planning/control strategy presented in [6]. In [6],
::iti“\ N ' a robotic task is represented by a path parameterized in terms
. 5\3?§§§§\ of a scalar called thetésk variablé. The control algorithm is
ST . . e .
e \::Ei\\ designed to track the location specified by the task variable.
ST DN The dynamics of the task variable is nominally that of time
g OE::§§ \ t and is modified when the robot’'s sensors detect unusual
' BN NN circumstances, such as the presence of an obstacle. Because
> B——— ANV . : . : oo
- \ \§§§:Eg the control scheme in [6] is essentially hierarchical, it may not
= \\“Elii be able to deal withundetectedor unmodeled disturbances
Ap ST ===k M&;:;y since the dynamics of the task variable will be unaffected
/;jj;;::jjj//j// = /// [ hggssssss by the current state of the robot in these circumstances. In
N Y AR L NNNNNNN comparison, when the contour following task is encoded in
22520075070 Y terms of a velocity field, instead of specifying the target
SISIILLTIL LTI , R SN NN NN ermg ora Ve, ocity 'e. , instead of specifying the . arge
o0 Yy RS R R R R R R N NNNNNNNNNNN position, a desired velocity based on the robatrentlocation
2 15 A »0-5X Od. 0.5 1 15 2 is specified. Thus, with an appropriately designed velocity
- t . . . .
eoordinate field, the robot will converge to the desired contour in a manner
Fig. 2. Velocity field for tracing a circle. best suited for its current location.

The second concept advocated in this paper is the use
of controllers that maintain an energetically passive relation-
ship between the manipulator under closed loop control and
its physical environment, while causing the manipulator to

eq(t) = ¢(t) — aV(q(t)) perform the desired task.

Definition 1 [7]: A dynamic system with input: € ¢/ and
where ¢(t) € T,,»G is the manipulator's actual velocity output y € Y is passive with respect to the supply rate
anda > 0 is a constant. The velocity field tracking controk : ¢/ x  — R if, for any « : ®, — U and anyt > 0,
objective is to cause,(t) — O for somea. Notice that if the following relationship is satisfied
eq(t) = 0, the manipulator travels in the direction B{g(¢)) .
so that the ODE; = aV/(qg) is satisfied. If, in addition} (¢) / s(u(r), y(r)) dr > —c2
also encodes a desired contour, then the manipulator will 0
converge to and follow the contour. Moreover, the speed gherec € R depends on the system’s initial conditions.
which the manipulator follows the contour will be proportional pechanical manipulators are subjected to two types of
to the constant. In this way, an entire set of contour followinginnyts: control inputsr, and external forces.. The former
tasks which differ from each other only in the speed at whickje the torques or forces generated by the actuators, while the
the prescribed contour is followed is encoded by the samgter are disturbances or contact forces encountered when the

Given a specific desired velocity fielt, we define the
«-related velocity field error as

desired velocity fieldV'(q). _ _ ~ manipulator is interacting with an object. and 7. will be
It is also possible to encode a timed trajectory tracking tagkydeled as elements &G, the cotangent bundle &f [8].
using atime varyingdesired velocity field. Let) : 1 — G Let us consider the total forces acting on the manipulator,

b? a desired timed trajectory a_md; g x g - R4 be. a 1. = T+ 7., to be the input to the manipulator, and the
distance measure ofi. An associatedime varyingvelocity manipulator’s velocityg to be its output. There is a natural
field V' : G — T'G for Q(¢) can be defined as supply rate for this input/output system which is the total
A o mechanical power input, given by the action af; on 4.
Vig:1) = Q1) = ¢ grad(d(Q(?), 7)), @) In coordinates, it is represented B{rio:, ) = 75,9, where

where¢ > 0 is a constant angrad(d(Q(t), ¢)) is the gradient (4 Tior) @nd(q,q) are the coordinate representationsrof
vector field of the distance measutewith respect toy while ~@ndg. The fact that robot manipulators are passive with respect
keepingQ(t) constant (see [3] for details). This definition iC this input/output pair is well known. This property has
closely related to the so called sliding surface or referenf§€n exploited by many researchers in deriving the so called
velocity error signal in [4], [5], which is instrumental in de_passmty basedrajectory following control laws for robot
veloping stable passivity based trajectory tracking controllef@@nipulator [4], [S], [9], [10].

for robot manipulators. Indeed, if we assume tfiat " and With a feedback controller in place, the closed loop system

d is the Euclidean norm, the¥i(g, t) is the reference velocity c@n also be considered as an input-output system with the
error signal given by external forcer. being the input and the velocity being

) the output (Fig. 3). We can define the supply rate of this
Vig,t) = Q) — C(g(t) — Q) ¢>0. (2) input/output system to be the power generated by the external
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““““““““““““““““““““ ' manipulator configuration; € G, and (q,7) with = =
Control Torque e ! Environment force |:7'17 . Tn]T, and (q7 Te) W|th Te = [Tl .. TQ]T denOte the

<

i

i coordinate representations of the control forcand external
i

E Control Law Manipulator

i

force 7., respectively. In these notations, the dynamics of the
manipulator is given by the well known formula

M(q)d + Cla, )4 =7+ 7 @

Velocity » where the(r, s) element ofC(q, ¢) € R"*" is given by
{ Feedback System 3 1 <~ [OM, OM,, IM,
X X X i Crs(qu):_Z[ 18Ct+ b Ct_ tSCt
Fig. 3. Robot interacts with the environment and control. 2 —1 Iqt 9gs 9q.

forany ¢ = [¢1, ..., ¢t € R M(q) € R**™ is the inertia
matrix and M,.;(q) is its (r,s) element. In (4), we consider
only the inertial dynamics. Dissipative and potential forces
(like gravity) are treated as part of the external force

/t T dr > _2 3) In order to make our presentation clearer to the robotics
0 ¢ aer = =¢ community, all the results will be derived using the more

(where the supply rate is the power generated by the extermi”ar coordinate representation. The notational conventions
?d in this paper are given in the beginning of the paper. The

| S
e nctens i Mo s ae eferre 0 ], [12}-{14] o a development o i
system to the environment is limited b¥. As an illustration, theory using coordinate m_dependent n_otatmn. )

consider a robot tracking a trajectory when it encounters an" this paper, th? following problem is solved:

obstacle which brings the robot to rest. All the kinetic energy Control Problem:

of the robot is thus absorbed by the obstacle (the environmeE%FOr the mechanical manipulator dynamics in (4), given the

force: s(7.,4) = 72q. Under a timed trajectory tracking
control law, such as any of thgassivity basedontrol laws in
[4], [5], [9], [10], the passivity relation

Suppose now that the obstacle is removed so that the ro §ired velocity field with the coordinate representaf¥(y),
resumes tracking the trajectory. It encounters a second obst jd a control law forr such thf"‘t _
which again brings the robot to rest. Since this procedure cant) The feedback system in Fig. 3, with the external forces
be repeated infinitely, the environment can therefore absorb as the input, and the manipulator’s velociy, 4) as the
an infinite amount of energy, thus showing that the robot  OUtPUL, is passive w.r.t. the supply rater., q) := TeTq
control system is not passive. Indeed, most timed trajectory ~ I-€., there exists a € R, that may depend on the initial
tracking controllers in the robotics literature do not preserve  conditions, such that, for al > 0, and for any external
the passivity of the closed loop system when the external input forcer., (3) is satisfied; .
forces are considered the input and the manipulator velocity?) In the absence of external forces, j.e. = 0, for any
the output. Notice that (3) is preserved in the absence of initial condition (q(0),q(0)), there exists a constant
control, i.e.7 = 0. a > 0st.

In this paper we present a new control law for manipulators i s _
whose tasks are encoded by velocity fields and in addition tll{go[q(t) —aV(a®)] = 0.
guarantees the closed loop passivity relation given in (3).The second specification stipulates that the velogjty)

In Section I, we fom.‘a"y deﬂ_ne our co_ntr_ol ot_)Jectlve aNGonverges to a scaled multiple of the desired veloWity(¢)).
discuss several possible applications within this context.

. . - will be subsequently derived, the parametds a function
Seqtlon I, the passive velocity field control (P\_/FC) Ia_lw |s§)/ the total energy in the robot and control system.
derived. The properties of PVFC are presented in Section |

A simulati le which illustrates th " £ h ‘Many robotic applications, such as robotic assembly and
simulation exampie which Hustrates the properties o .ﬁ]achining operations, require physical contacts with the en-
control law is given in Section V. Experimental results in

vironment. Since the environments are often strictly passive

tShe tf:ont\?lxtcof all g_ontour foll(lowmg ta?k_ arde_ prSesetr_1tedVI| jects that dissipate energy, the passivity theorem [15] guar-
ection VI. oncluding remarks are contained in Seclion Viyieag that the interaction between the closed loop robot

Most of the results contained in this paper were first presentg trol system which is also passive (as specified in control

in [11]. problem above) and these environments will be stable. Thus,
the stability and robustness of these applications will be
enhanced. By the same token, robotic devices such as robotic
Consider a mechanical manipulator withnadimensional exercise machines, teleoperated manipulators, and rehabilita-
configuration manifold = {¢}. It is subjected to controlled tion machines must interact with human users closely. Safety
actuator forcesr € 7T*G and to external forces, € 7*G of these systems are critical. When the closed loop robotic
such as disturbances and contact forces. The manipuladgstem is constrained to be passive, the amount of energy that
is fully actuated so that can be arbitrarily assigned. Letmay injure the human user in an accident will be limited. Thus,
q = [¢1,---,q.])* denote a set of local coordinates for thehe safety of these devices can also be enhanced. In fact, the

Il. PROBLEM DEFINITION
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control law that will be presented in this paper was originally 2) An augmentediesiredvelocity field for the augmented
developed to control smart exercise machines [16], [17]. system is defined such that when it (or a multiple of it)
Notice that in the problem formulation above, the specifica-  is exactly tracked, the kinetic energy of the augmented
tion of the task, as encoded by the velocity field, and that of  system still remains constant.
the speed at which the task is performed, are decoupled. Th&) The dynamics of the fictitious state (i.e., the flywheel
proposed controller ensures that the task is performed, while velocity) and the original system are coupled in such
the speed at which the task is accomplished is determined by a way that the augmented desired velocity field will
the amount of energy in the system. This decoupling property  be tracked while maintaining the kinetic energy of the
of the control scheme may be useful in machining operations augmented system to be constant.
such as robotic deburring. In deburring, the deburring tool The resulting passive velocity field controller (PVFC) ob-
must follow a specified contour as fast as possible withotfined this way is a dynamic controller which does not generate
being damaged. Thus, by solving the passive velocity fielghy energy, but is capable of storing and releasing it. Since
control problem for a velocity field which encodes the desiraéle input to the controller is the manipulator velocity, §)
contour, we can ensure that the contour is followed regardlegsd the output is the generalized foree the controller has

of the speed; while a secondary feedback loop can then the causality of a nonlinear dynamical impedance.
designed to control the energy (and hence the speed) of the

system based on the monitored tool force. A. Augmented Mechanical System

Define the configuration space for an augmented mechanical
Il PAsSIVE VELOCITY FIELD CONTROL (PVFC) system to be the+1 dimensional manifold = G x 5 where
The state space formulation of the passivity property ofthe unit circleS? is interpreted to be the configuration space

dynamic system involves the definition of a storage functionf a flywheel with inertiaM > 0. The configuration of the
which is a positive valued function of the system’s stat@ugmented mechanical system will be denotedylayG, with
Following [7], a dynamic system with input € I/ and output local coordinate representation given by
y € Y and statex € X is passive w.r.t. the supply rate _ T
s:Ux Y — R, if a storage functio? : X — R, exists s.t. a=lg. .ty el
for any initial statexg € X', any input functionu : R, — U, a”

and anyt > 0, The dynamics of the flywheel is given by

/o s(u(r), y(r)) dr 2 W(z(t)) — W(zo). (5) Mpgngr =74 (6)

) ) ) _ - wherer,,11 is the coupling control input to the flywheel, which
wherez(t) is the state at time. SinceW(+) > 0, this condition i pe defined later on. Thus, the dynamics of the augmented
implies the passivity condition given in Definition 1 W'thsystem are given by
& = W(xo). _ _

For mechanical systems, the total energy of the system is a M@q+CQ.qq=7+"7 (7
natural candidate for storage functidki(-). In the absence of T S il .
potential energy, the total energy is simply the kinetic ener PJ::‘ e;i;%(g%t\gghs?st_er[% ?(-;n\j—VTI:]h Eg% = IS ILE?]\T/eleogger?f
of the system. ; AN ,T_ T T

Consider the situation when an appropriate control input ;;ntrle _aut%mented cotnt(rjol ":pl{tq,l 7;9) with I7I-€ = [} 0(]]I _GI I
has been applied so that a scaled multiplef the desired d'ls ¢ € aug(;nen ed external force, all expressed in loca
velocity field is exactly tracked—i.eq = «'V(q). Even if the coordinates, an
external forcer. is zero, the kinetic energy of the system - (@) = M(q) ©0 Clq, &) = C(q,q) O
at time ¢, W{(x(t)) can typically exceed the initial kinetic V=1 9 Mg |’ L= 0 0
energyW (xo) unlessee = 0. Thus, the passivity relation in (5)
will not generally be satisfied with the supply rate given b For each augmented configuratigne G, we define the

N . )
s(e.q) = 7" §, and the storage functio'(z(?)) given by etic energy of the augmented dynamic system7,G —

the kinetic energy. Therefore, the feedback system in Fig.;g 4 in local dinates b
cannot generally be shown to be passive w.r.t. this supply ra _Expressed in focal coordinates by

To overcome this difficulty, we define a new kinetic energy

function for the closed loop control system and then design
the controller so that it does not cause the new kinetic energy B
of the system to increase. This is done in three steps. ~ B. Augmented Desired Velocity Field

1) The original system is augmented with an extra state (theRecall that the desired velocity field : G — 1°G assigns
fictitious state) in order to incorporate the dynamics & desired velocity at every poing in the manipulator’s
an extra fictitious energy storage element. Subsequentpnfiguration space and is designed so tha i «V(q),
a kinetic energy function is defined for the augmentethe manipulator would execute the desired task. The speed at
system. The fictitious state is interpreted to be th&hich the manipulator executes the desired task is dictated by
velocity of a fictitious flywheel in this paper. the constantr € R. For the augmented mechanical system, an

re the augmented inertia matrix and Coriolis matrix.

Ha,@) = ;4" M@d, ®)
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augmented desired velocity field : G — TG is needed. It is where

defined so that the following condition is satisfied: _ 1 7 = _ -
_ Condition 1: The augmented desired velocity fiel : Te = ﬁ(WP -Pwi)q 17)
g - Tg satisfies: h skewsy;unetric
Conservation of kinetic energy: The total kinetic energy = — ~(P5? — 5P\ & 18
of the augmented system evaluated atdesired velocity = rygp—,p_lq' (18)
field V(g) is constant, i.e. in local coordinates the following skew symmetric
condition is satisfied for ali € &: The g,§ arguments inp and w as well as theg argument

— - e _ in P have been omitted to avoid cluttey. € ® in (18) is

kq V(@) = QV(q)TM(q)V(q) =E>0 ©) a control gain, not necessarily positive, which determines the
convergence rate and the sense in which the desired velocity
OJeId will be followed.

The coupling control law in (16)—(18) can also be written

n coordinate invariant notation as

where £ is a positive scalar.

Consistency: The component of the augmented velocity fiel
that corresponds to the original manipulator should be the
same as the specified desired velocity field, M(q) is of

the form 7 =4 {P A <ﬁMV4V - ’yp) } (19)

N[~ T T
Vg [V(qz Vo)l (10) where A is the wedge product for differential forms ands
Condition 1 implies thatV(q) can be defined by first the contraction operator [2]. The readers are referred to [3],
specifying a£' and then by determining the desired velocity12], and [13] for details.
field for the fictitious inertial,+1(q) in (10) using As a comparison between the coupling control law in
5 ) (16)—(18) with other model based robot tracking controllers
_ (2 (p_= T in the literature (such as in [10], [18], and [19]), consider a
Vata(a) \/MF b V(q) M(q)V(q)). ) passivity based control law for tracking the augmented desired
elocﬂy field which is of the forrh

Notice thatE should be selected to be large enough so th - ‘
(11) has a real solution. It should now be apparent that the 74(q,9) = w(q,q,t) + K[V(q,t) — q] (20)

fictitious inertia acts as a reservoir of kinetic energy. . .. - . .
oy whereK is a positive definite feedback gain matrix (see the

passivity based control scheme by Slotine and Li in [4] or the
) B _ ECCL in [5] for details).

Recall thatg, ¢ are the the position and velocity of the The control laws in (16)-(18) and in (20) are similar in that
augmented system, whilé’(g) is the desired augmentedthey both consist of an inverse dynamic terfa in (17), % in
velocity field. To facilitate the presentation of the coupling20)] and a stabilizing feedback termfin (18), K[V(q,t)—
control law, we denotg € TG to be the momentum of the q] in (20)]. However, there are also significant differences.
augmented system’? € 7*G to be the desired momentumFor example, the coupling contrel(q, ¢) is quadratic in the
of the augmented system amde 7™*G to be the momentum velocity in the sense that(q, aq) = a®7(q,q) whereas the
associated with the co-variant derivative of the desired velociassivity based controller (20) is typically affine dgn As we
with respect to the actual manipulator velocity. This laghall see, the two types of controllers also have very different
object is normally denoted a®/V:V, where the connection closed loop properties. For instance, with the coupling control
used in calculating the co-variant derivative is the Levi-Civite16)—(18), the closed loop dynamics remain passive with
connection associated with the inerfia(q) [2], [8]. It can be respect to the supply rate’ ¢ which is not the case when
shown thatM V.V = VP, the covariant derivative of the the passivity based controller (20) is used. Moreover, when
desired momentum [2]. The coordinate representation of thes@ernal forces are absent (i.e,, = 0), the passivity based
objects are controller will achieveq(t) — V(q(t),t). On the other hand,

C. Coupling Control Law

. SN the coupling control will achievé(t) — o'V (q(¢)) where the
=M 12 . .
p((_t1, (}) _ ((})? ~ (12) parametery is a function of the total energy of the closed loop
P(q) = M(Q)Y(Q) (13)  system which needs not be defined a-priori. In this case, the
w(q,q) = M(§)V(q) + C(q,q)V(q) (14) speed at which the desired velocity field is tracked depends
. . on the energy available in the system which can be increased
where thei-th component ofV is or extracted using the external inpat.
n+1 _
avi(q)
Z a4 - (15) IV. RATIONALE AND PROPERTIES OFPVFC
k
k=1

We now discuss the rationale behind the formulation of the
As will be detailed subsequently; is the inverse dynamics passive velocity field control (PVFC) law.

necessary to follow the augmented desired veIOC|ty field. 1Equation (20) is presented for comparison purposes only since the use of

The coupling control law in (7) is given by an augmented state is not necessary in passivity based control schemes. Also,
. the velocity field to be tracked is typically time varying such as as defined
7(q,q) = 7.(q,q) + 74(q, Q) (16)  using (2).
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A. Skew Symmetric Structure of the Control Law Lemma 1: If the desired augmented velocity field: G —
The skew symmetric structure of the control terms in (17Y iS defined such that it satisfies (9), then in any local

and (18) is necessary to preserve the passivity of the feedb&@Rrdinate representation, the inverse dynamic compensation
system w.r.t. the supply rate given by the power produced B/™ W(@,q) in (14) satisfies

the external forces, while achieving the desired tracking action.

To show this fact, define the skew symmetric matrices w'(q,q)V(q) =0. (26)
G(q,q) = %(WPT - Pw?) (22) Proof: Taking the time derivative of (9), we obtain
R(q,q) = (Pp" — pP¥). (22) s o -
k(q(t), V(a(t)) = £ =0. (27)

Notice that theq and g arguments on the right hand side of
(21)—(22) have again been omitted to avoid clutter. With thisvaluating the left hand side of (27) we obtain
notation, the closed loop dynamics for the coupled augmented
system can be written in local coordinates as

M(q)q + Y(q,q)q = Te (23)

where 7. is the coordinate representation for the augmented T\ (N =A\XT /= N
e c e =V M(q)V C(q,.q)V
external force and the matriY’ € R(»+1x(+1) is given by v (@{M(@V(a) + Cla a)Via)}
Y(q,q) = C(q,q) - G(q,9) —7R(q,q). (24)
where we have used the definitionwfgiven by (14) and the

Notice that since bot& andR are skew symmetridyl —2Y  fact that the matridM(q) — 2C(q, q) is skew symmetric.
is also skew symmetric, just &l — 2C is skew symmetric U
for the robot manipulator. Loosely speaking, Lemma 1 can be interpreted as follows.

Proposition 1: The closed loop dynamics of the augmentelince the inverse dynamics compensatiiiq, q) acts in
system, which is given by (23), is passive with respect to tige normal direction to the desired velocity fieMi(q), it
supply rater?¢ (the power produced by the external forcesjs responsible for steering the system to negotiate along the

and its kinetic energy defined in (8) is its storage function. integral curves of the augmented desired velocity fiéig),
Proof: Notice that, sincer, = [rZ 0]7, #7q = r7q. but not in changing the speed along the curves.

e

Differentiating (8), utilizing (23) and the fact thal — 2Y is

skew symmetric we obtain C. Coupling Control Ternt, in (17)
d In order to further study the velocity field tracking properties
T /= il T - . . -
S Hal)at) = 7 (6)q()- (25) of the augmented mechanical feedback system, it will be
helpful to define the augmented— velocity error. Forany
The result follows by integrating (25) w.r.t. time. O « € R, the local coordinate representation of the augmented

«a— velocity errore,, is defined by(q,&,) where

B. Augmented State B . B
As discussed earlier, the augmented state, which is inter- €a = q - aV(q). (28)

preted as the velocity of a fictitious inertia in this paper,
plays the role of a reservoir of kinetic energy. The addition d¥otice that the velocity field tracking requirement will be
this state to the control law makes it possible for the kinetfatisfied ifé.(¢) — 0 for somea.
energy of the augmented system to remain constant when thdhe following proposition shows that the role of the cou-
augmented velocity is a multiple of the augmented desiréng control7. in (16), which is given by (17), is to make the
velocity field. This is to ensure that the passivity property d¥hole family of augmentedy— velocity error dynamics with
the closed loop system with respect to the supply rdtg will  @ny«, passive. This role is analogous to the role of the inverse
not be violated. It is so as long as the kinetic energy of tifynamics compensation term in the passivity based control
augmented desired velocity field is constant [see (9)]. Notié&w (20), in making the reference velocity eroe g —V(q)
that (9) cannot generally be satisfied without the additionglynamics passive [18], [19].
state. Proposition 2: For any« € R, the augmented— velocity

As a consequence of the energy conservation condition§f0r dynamics is passive with respect to the supply rate
(9), the following lemma states that the inverse dynamié§s + T-)* €., with the storage function being
compensation termy = VP = MV .V with local coordinate
representation given by (14), always annihilates the desired

I W
velocity field V. Wa(@, €a) := 5. M(q)ea. (29)
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Proof: Adding the term—aw to both sides of (4) we E. Main Results

obtain We are now ready to state our main result.

Theorem 1: Consider the feedback system in Fig. 3 where

M(q)eq + C(q, G)ea = —aW + Te + 75 + 7. the manipulator is given by (4), and the PVFC control law

Using Lemma 1, (17), and some algebra we obtain consists of the dynamic augmentation (6) and the coupling
control law (16)—(18). Let the external forege € 7*G be the
oW+ T = —aw 4+ — (WP — PwT)§ input and the velocity; € 7°G be the output of the feedback
2F system.
— L(WPT — Pwle,. 1) The kinetic energy of the augmented systefq, q) in
2E (8) satisfies
Thus

L kate), a) = 7 (al)

M(q)ea +(C(q,q) — G(q,q))ea =T¢ + 7 (30)
2) The feedback system is passive w.r.t. the supply rate
s(1e,q) = 1.T¢ in the sense of Definition 1.
3) Suppose that the external force is absent, re.= 0.
Let o be any real number. If the feedback gainin (18)
is chosen so thata > 0, then the solution

where the skew symmetric matri&g is defined in (21) and
75 is the second term in the coupling control law (16).

Differentiating (29), utilizing (30) and the fact thA —2(C —
G) is skew symmetric, we obtain

d

%Wa(q(t), e.(t) = (74 + 7.)"e,. (31) 6, :=G—aV(g) =0
The result follows by integrating (31) with respect to time. is a Lyapunov stable equilibrium of the error dynamics
O (30).
4) Assume again that, = 0 and define the constafite R
D. Coupling Control Tern¥; in (18) such that

The role of the coupling control termy in (16) is to cause
the a— velocity error dynamics to converge. This role is
analogous to that of the feedback teriK[q — V(q)] in the
passivity based control law (20) in stabilizing the dynamics
of the tracking erroe = ¢ — V(). This is necessary for the 6s=q—pAV(@) =0
velocity of the augmented system to converge to a multiple of ’
the augmented desired velocity field in the absence of external
forces.

To see that this is indeed the case, let us evalatey,
which determines the effect of; on the storage function
W,.(q,8,) in (29) in Proposition 2

p*=Hka.q)/E (34)

where E = k(q, V) is given in (9). The solution

is a globally exponentially stable equilibrium of the
error dynamics (30) ify5 > 0 except for a set of
initial conditions with measure zero. It is exponentially
unstable ify5 < 0. In the neighborhood a¢; = 0, the
rate of exponential convergenced > 0) or divergence
(v3 < 0) is given by 2v8E.

I iy Proof: Parts 1. and 2. are restatements of Proposition
=—ay{(V'MV)(q Mq) - (V" Mq)"} (32) 1 O

T =

e, Tr= elyR4q=-avVTRq

Proof of Part 3: Given o« € R, let W, be the positive
efinite storage function defined in (29). We shall use the
notations W,,(¢) and W, (q(¢),q(t)) interchangeably. From

where we have utilized the definition of the matixin (22) d
and, to avoid clutter, thg andg argument in the expressions
have been omitted. . e

It can be easily verified from Schwartz's inequality (for(31) in the proof of Proposition 2
vv,u € 7, (viu)? < (v?'v) - (u"w)) and the fact thaM d o
is positive definite, thal( VIMV)(§* M) — (VIM§)?]is g ~(t) =e€aTr +eae

nonnegative. Thus = —ay-[4k(§,QFE — (VIMG)?] +&L7. (35)
< i . . I
oTrd s 8’ :; 3’7 i 8 where (35) is obtained from (32) and by substituting the
atf - 0’ it Oé,y —0 or fINER sta—\V ) expressions in (9) and (8). In the case wher= 0 anda -y >
= 7= e 0, in light of (33), (35) becomes
(33)
d T
Therefore, combining (33) and (31), we see that the effect of 7 Walt) = ex7r <0.

Ty is to decrease the storage functidn, wheneveray > 0
and the velocityq is not yet aligned with the desired velocitySince W,,(q(t), e.(t)) is a positive definite function oé,,
field V. e, = 0 is Lyapunov stable.
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Proof of Part 4. Let 3 be as defined in (34). By setting Remarks:

a = 3in (35) and by utilizing (34) and the identity? —b%) =
(a — b)(a + b), we obtain

Ly, = — B UFER - (VM&)?] + mTes

dt
= —v-B(2BE — VIMQ)(28E + VIMq) + 77 &;.
(36)

On the other hand, using (28) and (34), we obtain for any 2)

o € R,
1 _ _ .
W, = 5@51\4@@ =B +a)E-aV'Mq (37)

so that by settingr = g in (37), we obtain

% =26E — VI'Mq. (38)

Hence, (36) becomes
d — _ — .
TWa = —yWal20E + VIMq] + 7764
= —4vBE - pu(t) - Ws + 7765 (39)

where

p(t) = % 1Y <q<t>>21;4E<q<t>>q<t>

(40)

Notice that 0< p(t) < 1 since, by Schwartz’s inequality,
[VIMgq| < 2|3|E. Moreover,; — 1 aseg — 0.

Suppose now thatr. = 0. Then, by Proposition 1,
k(a(t),q(t)), and henceg(t) are constants. Thus, from (39),
and by differentiating (40), we have

d

%Wa(t) = —pBE - u(t) - Ws(t) (41)
%u(t) = +;—f - pu(t) - Ws(2). (42)

Equation (42) is obtained by utilizing (38) and recognizing
that 2 is a constant before differentiating (40), and finally by
substituting thei¥’s term that results with (41).

Consider first the case whey3 > 0. Becauseu(t) > 0
andWs(t) > 0, (42) shows thaj:(t) is nondecreasing. Thus
(41) becomes

Lws(t) < ~498E - p(0) - Wit
showing thati¥s; — 0 exponentially from any initial con-
ditions (g(0),&3(0)) so that(0) # 0. Hence,eg — O
exponentially at a rate>2y3u(0)E. The set of initial con-
ditions that makeu(0) = 0 is exactly given by the set
of unstable equilibria characterized . 3(0) = 0, i.e.,
q(0) = —AV(q(0)), which is of measure 0 . This shows
that for the case ofy3 > 0, the equilibriaes = 0 is
globally exponentially stable from all initial conditions except
for the unstable equilibrium sta®_3(0) = 0. Moreover, in
the neighborhood o0&z = 0, u(t) =~ 1 soes — 0 at an
exponential rate o2yA3E in the neighborhood oé; = 0.

By consideringt — —oo, a similar argument shows that in
the case ofy3 < 0, €3(0) = 0 is exponentially unstable.d

1) Notice thatg in (34) is proportional to the square root of

the kinetic energy in the system. Thus, the magnitude of
the velocity|q| andg3 are linearly related. It is interesting

to note that the exponential rate of convergence of

is also linear withg. If time is scaled byl/g3, then
the closed loop dynamics (23) become normalized and
independent of5.

As remarked in the introduction, the proposed controller
encodes an entire class of behaviors of the manipulator
specified by the ODE] = aV(g), where « is an
arbitrary constant which can be positive or negative.
In this way, the natural behavior of the closed loop
feedback system in the absence of external disturbances,
is to trace out the integral curves of the ODE, in the
same manner that the natural behavior of a particle in
free space is to travel in straight lines. The magnitude
and sign of the specifia adopted (hence the speed and
the sign of the motion) are determined by the available
energy in the system and the sign of the feedback gain
respectively. Notice that the role of the coupling control
7 in (18) is to aligng in the direction of the desired
velocity field V(q). This suggests that two very different
behaviors can be encoded by a single velocity field with
one executed when the feedback gain> 0 and the
other wheny < 0. An example for this application is
presented in Section V.

) The controller formulation presented in Section Il can

be used to design timed trajectory tracking controllers
if we define thetime varying desired velocity field
V(q,t) given by (1). In such a case, (9) and (11), which
respectively determine the desired total energy of the
augmented system and the desired velocity field of the
augmented state, must still be satisfied. (Notice that (9)
is a necessary condition for Lemma 1.) Additionally,
(15) must be modified as

OVi(a,t)

n+1 s
L. ovi(q,t) -
Vi(q,t) = Z ( )Qk T

k=1 aqk

(43)

Thus, as in other timed trajectory tracking controllers,
the timed trajectories of the desired configurati(),
velocity Q(¢) and acceleratio(t) must be available
to the control system. The passive velocity field control
(PVFC) law will causeq — 3V(q,t). However, if V

is obtained from a desired trajectofy(¢) via (1) and it

is desired that(¢t) — Q(t), then it is also necessary to
have the correct amount of kinetic energy, i@+ 1.

The passive velocity field control formulation presented
in this paper can be extended and generalized to the
problem of tracking parameterized curves of the form
Q :7Z — G, whereZ € R is the domain of the pa-
rameterization and is the manipulator’'s configuration
manifold. Interested readers are referred to [3], [12], and
[14], where the controller is formulated usimlynamic
time suspensiaonThis extension is important for contour
following applications as it bypasses the potentially
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Fig. 4. Two-link manipulator and the two tasks encoded by the velocity in
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encode a contour. el P G
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V. TwWO-TASK ENCODING EXAMPLE 0 - PN . 2
In this example, we illustrate the possibility to encode two © 1 2 3 4 5 6

: . L Link 1 angle -
dynamic tasks using one velocity field, and the use of the nk 1 angle - rad

proposed passive velocity field controller for their stabilizatiorfig. 5. Velocity field that encodes the tasks in Fig. 4 superimposed by the
Consider a two link SCARA manipulator with a configuratiorf'©t of ¢2(t) versusq (t) obtained from the simulation.

space ofS! x S!. Assume that the robot moves in the

horizontal plane so that gravitational force can be neglected:, e S fE D <12

We specify two tasks for the robot (Fig. 4). |

Task 1: The second link spins (in the anti-clockwise sense)(“3
at angular velocitys = 14 0.5cos(g2) while the o — —
first link stabilizes at position 1.5; g
Task 2: The second link spins (in the clockwise sense) &
angular velocityV, = —1 — 0.5cos(¢2) while the
first link stabilizes at position 0.5. *
The velocity field in Fig. 5 encodesoth tasks simultane-
ously: Task 1 is executed when the velocity field is tracked in% s = — % = %%+ 55— &
the forward sense, and Task 2 is executed when the field is (a)' ) (b)
tracked in the backward sense. The sign of the feedback gain
~ in (16) will determine which task will be performed. 3
We set the initial configuration to bg (0) = = rad, ¢2(0) =
0 rad, and the initial velocities to hig(0) = 10 rad/sg»(0) = ’
0 rad/s. The initial velocity of the fictitious flywheel is O. os
Suppose that the external forceris= [20,0]* Nm, which is
active during the interval € [8, 12] s and is otherwise 0. We
set the gainy to be 0.1 whert < 20 s andy = —0.1 when
t > 20 s. As a consequence, Task 1 should be performed for
t < 20 s and Task 2 should be performed far 20 s.
The time duration of the simulation is 30 s. In Fig. 5, the
actual angles and the desired velocity fields are superimposed.
Notice that the manipulator quickly converges to perform Task
1 in the first portion of the simulation. During the peribd& Fig. 6. Stick figure plots. (a) Task 1 is satisfied fox 8 s. (b) Deviation
[8, 12] s when the external force is active, the robot deviat&@M Task 1 for 8< t < 12 s due to external forces. (c) For> 12 s Task
from Task 1 as link 1 becomes offset from the desired angle %*s satisfied initially and then Task 2 is satisfied affeswitches sign.
1.5 7. When the external force becomes inactive again, Task
1 is again stabilized. Finally, when the gainis switched deliberately set to a small value to exaggerate the effect of the
to —0.1 (¢ = 20 s), the robot converges to Task 2, howevamvironment force on the performance of the system. Fig. 6
at a higher speed than in the beginning of the simulatioshows the superimposed snapshots of the configurations of the
In this simulation, the magnitude of the feedback ggihis robot during the three time intervals: [0,8], [8,12], and [12,30].
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Fig. 9. Robot tracking a unit circular contour under PVFC.

1 nonadaptive model based timed trajectory control law, known
as the desired compensation control law (DCCL) [5]. The
adaptive version of the DCCL has been shown to perform
1 superiorly to other adaptive model based trajectory tracking
controllers [21]. The desired circular contour was centered at
the origin of the joint coordinate space and had a radius of 1.
| 1 The desired velocity field was designed so that i£ V(q(t)),

then the contour would be followed at an angular contouring
velocity of 1 rad/s. In all experiments, joint friction was
1 partially compensated by adding to both the PVCF and the
DCCL the following control action:

0.5

vfwd desired v2

t=8 t=12

<
T

Link 2 velocity rad/s
) S
- 4]
: T

&)
T

bwd desired v2

] ‘ , s ; ‘ i : T = ¢1 -sgn(g Ty = c2 - sgn(q 44
30 10 20 30 40 50 60 70 80 ! ! s (QI)7 2 2758 ((D) ( )
Link 2 angle - rad

wherec; and ¢, are estimates of the magnitude of the joint
Fig. 8. Normalized link 2 velocity wheres” = k(q,4)/E and¥?.  Coulomb friction. It should be emphasized that the same
control gains were used between experiment runs, and no
Fig. 7 shows the changes in total energy. The energjtempt was done to adjust the gains of either controller to
remains constant far < 8 s andt > 12 s. During the period optimize performance. Thus, the objective of this study is
t € [8, 12] s the external force performs active work on thprimarily to illustrate the properties that set PVFC apart from
robot, thus the total energy increases. The discrepancy betwewdel based timed trajectory controllers, and not to compare
the environment energy input and the change in total enerdpeir performances.
is due to discretization. Fig. 8 shows the velogjtyt) of link In the first experiment, performed using PVFC only, the
2 and the positiony (t). Here,¢x2(t)/|5(¢)| is plotted against fictitious flywheel was given a small amount of initial angular
q2(t) where 3% is the ratio between the total energy) in speed. The robot was manually pushed twice during the
the system at timé and £ in (9). Notice that the normalized experiment to increase its kinetic energy. As shown in Fig. 9,
velocity follows either+-V2(q(t)) or —V2(q(t)), except during the robot quickly tracked the desired circular contour after

the period when the external force is active. it gained sufficient kinetic energy. Moreover, even when it
is being manually pushed, the robot tends to follow the
VI. CONTOUR FOLLOWING EXPERIMENTS circular contour. In effect, it appears that tracing the unit circle

comes the robot'snatural’ motion under PVFC. Notice

In this section we present experimental results which sh ) .
b P rom Fig. 10, that the contouring angular speed

the Berkeley/NSK two link direct drive SCARA manipulator

following a circular contour in joint space. A detailed descrip- T
tion of this manipulator can by found in [20]. We compare w = qT
the response of the Berkeley/NSK arm under PVFC and a q

Qo [0



LI AND HOROWITZ: PASSIVE VELOCITY FIELD CONTROL OF MECHANICAL MANIPULATORS 761

3 T T T g T norminal speed = 2 rad/s
1.5 T r -

Sisp

0.5

[\\’\ « push Vbe push
o L L L | I

o 5 10 15 20 25
Time (s}

40

Fig. 10. Contouring angular speed.
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Fig. 12. Contour traced by robot under DCCL and PVFC control. The
commanded speed is 2 rad/s. (a) Contour traced. (b) Radius and angular speed.

increases every time that the robot is manually pushed. Since
the friction compensation terms in (44) were not set to a
1 sufficiently high value to overcome the actual joint friction,
the energy of the robot decreases as it performs the contour
tracking. Because the DCCL is not closed loop passive, it is
not safe to manually push the robot while it is following the
contour under this control law. This is the case with most
@) model based trajectory following controllers.

In the second experiment, the robot was commanded to
1.5} 1 follow the circular contour at contouring angular speeds of 1
' rad/s, 2 rad/s and 3 rad/s, respectively. In order to regulate the
contour following speed when using the PVFC, the additional
term

Angular Speed

75 = —6P(q) |:wd - —[?2%)Q]} (45)

25 _
time in t was also added to the coupling control (16), whe¥gy) is
(b) given in (13), w, is the desired contouring angular speed
Fig. 11. Contour traced by robot under DCCL and PVFC control. Th&hile following the circle, andd = 0.5 is a small damping
commanded speed is 1 rad/s. (a) Contour traced. (b) Radius and angular spegeéfficient. Since the desired velocity field was designed so
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e norminal speed = 3 rad/s Recovery from power cut-off: DCCL
Start
1.6 . . . T . .
-15} 1
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Fig. 14. Contour traced by robot under DCCL. Torque inputs were set to
zero for a period of 1 s in the middle of the experiment.
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Recovery from power cut-off: PVFC
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Fig. 13. Contour traced by robot under DCCL and PVFC control. The
commanded speed is 3 rad/s. (a) Contour traced. (b) Radius and angular spegds.

‘Power cut—off
that the circular contour is followed at an angular contouring
velocity of 1 rad/s when the robot satisfies the OBFE=

V(q(t)), if the robot satisfies the ODg = waV(q) it will

follow the contour at a contouring angular speegd Under .
this control law, takingy = w4, the dynamics of the Lyapunov _; 5| : o . i
function W, which was previously given by (35), becomes

i i i

-15 -1 -0.5 0 0.5 1 1.5 2

d i e 5 _
i Weu =~y - [H@ Q) - (VIM&)?] - - (e, P).

of \w Fig. 15. Contour traced by robot under PVFC. Torque inputs were set to

(46) zero for a period of 1 s in the middle of the experiment.

Thus, it can be concluded thatt) — waV(q(t)). stiction was very evident, and the actual following speed is

As shown in Figs. 11-13, the performance of the DCCE]L:Chhlom;]e.rdthan the commapded §peeg.h he DCCL and
controller deteriorated as the contour following speed in- n the third experiment, we investigated how the an

creased, whereas that of the PVFC actuatfyproved In the PVFC recovered from unforeseen disturbances or system
particular, at 1 rad/s, the DCCL outperformed the pviEdaults. While the robot was tracking the circle, the torque
However, at 2 rad/s and at 3 rad/s, the PVFC outperformiputs to the motors were set to zero for a period of 1 s in
the DCCL. An analysis of this rather nonintuitive robustneg¥der to simulate a power outage. Fig. 14 shows the response
result can be found in [12] and [13]. Notice also that, at thef the robot under the DCCL, while Fig. 15 shows the response
commanded speed of 1 rad/s, the effect of the uncompensatéthe robot under the PVFC. Notice from Fig. 14, that after
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