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ABSTRACT manipulator control. Colbaugh et.al. (1993) present an adaptive
scheme for controlling the end-effector impedance of robot
The Naturally-Transitioning Rate-to-Force Controll&TRFQ manipulators in contact; however, an explicit control mode change is

for manipulators is presented. In free motion rate control is provided, required for free motion. Hyde and Cutkosky (1994) experimentally
while in contact the same rate commands are proportional to the forceevaluate several methods for controlling the transition from free
exerted on the environment by the manipulator. The transition motion to constrained motion, using a one-axis impact testbed. Yao
between free motion and stable contact with the environment requiresand Tomizuka (1995) present an adaptive motion and force controller
no changes in control mode or gains and hence is termed natural. Thdor manipulators with uncertainties in both the robot and contact
NTRFC has been experimentally implemented and shows great surfaces. Vukobratovic et.al.1996) consider the problem of

promise. This paper demonstrates M¥eRFCconcept and provides a  simultaneous stabilization of both the robot motion and interaction

basis for its modeling and design. force in Cartesian space after contact abatic tasks. Tarn et.al.
(1996) use an event-driven switching control strategy for robot impact
1. INTRODUCTION control and force regulation where the instant of impact is required.

The current paper presents a manipulator control method for
Two fundamental problems in manipulator control are free effective task performance, the Naturally-Transitioning Rate-to-Force
motions in Cartesian space and contacting the environment during taskController NTRFQ. In free motion the manipulator moves with rate
performance. Resolved-rate control has been around for a long timecontrol, while in contact with the environment the force/moment
(Whitney, 1969). However, rate control has not been widely wrench exerted on the environment is controlled. No artificial control
implemented in practical industrial and remote operations, perhaps duemode or gain parameter changes are required so the transition is
to the difficulty of rate control in contact. If a constant rate is termed natural. A wrist-mounted F/T sensor and Force/Moment
commanded while the manipulator contacts the environment, joint Accommodation EMA) algorithm are required. Rate afWA are
angles integrate until unacceptably large forces are exerted. active on all Cartesian axes simultaneously so no hybrid scheme is
Compared to an inverse pose algorithm, the resolved-rate necessary. Since there are no artificial mode changes required, the
algorithm is attractive because it is a linearized, unique solution threshold of contact is unimportant.
(assuming full rank for the Jacobian matrix). Also, control inputs from TheNTRFCwas discovered through serendipity at NASA Langley
various sources can be summed linearly to form the total input Research Center (Williams etal., 1996). It was implemented
command. Both inverse pose and inverse rate schemes are subject texperimentally and proven very effective in completion of
the same singularities. representative space telbotics tasks (Willshire et.al., 1992). The
Craig and Raibert (1981) presented a hybrid control method authors are currently implementing theTRFC in a different
wherein some Cartesian axes are controlled in position while the experimental system at Wright-Patterson AFB. ThoughNR&FC
remaining axes are force controlled. While this method is effective in has shown great promise in the lab, its previous development has been
practical tasks, it does not use rate control, and one must choose eitheexclusively heuristic. ~ Therefore, the goal of this paper is to
position or force on each Cartesian axis. Hod#18%) presented an demonstrate thBITRFCand provide methods for its design. Models
impedance controller where the behavior of a manipulator is and design methods are developed and evaluated. Considered are
controlled to mimic a 6-dof Cartesiamc-k system. Whitney (1985) controller and manipulator dynamics, multiple degrees of freedom
reviews various force control architectures. (dof), transient and steady-state response, and stability, which were
Goldenberg et.al. (1989) present a approach which compensatesgnored in previoutNTRFCwork.
for unknown loading and parameter uncertainty in computed torque
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2. NTRFC DESCRIPTION

This section presents the Naturally-Transitioning Rate-to-Force
Controller NTRFQ concept. It is applicable to control of any
manipulator(s) with wrist-mounted force/torque (F/T) sensor, rate

w, r,i]R is the orthonormal rotation matrix giving the orientation of

{m} with respect to {}, iPrn is the position vector fromi}{ to {m}

expressed ini}, and {k} is the Jacobian reference frame, Now the rate
equation is inverted (alternatively, solved by Gaussian elimination) to

inputs, and contact with the environment. The system is presented forcajculate the instantaneous joint rates necessary to obtain the

one manipulator, but dual-arm control has also been implemented

(Williams et.al., 1997).

Figure 1 shows the coordinate frames for a manipulator.
World, Base and Wrist frames are familiar. The Moving Reference
Frame MRF, denoted M}) is the user-defined control frame. The
Control Reference Fram€RF is the frame with respect to which the
MRF is controlled. Figure 2 shows ti¥TRFC high-level control

diagram. The two basic active ingredients are the resolved rate andi®int anglesOc .

force/moment accommodatioRNIA) algorithms, described below.

o
World

Figure 1. Manipulator Coordinate Frames
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Figure 2. NTRFC Control Diagram

2.1 Resolved-Rate Control
The resolved-rate algorithm is based on Whitney (1969). The
time-varying manipulator Jacobian matdxmaps the joint rates to

Cartesian rates of the frame of interest,=J. The simplest
symbolic Jacobian terms result when the frame of intereg¥rist

Rate inputs in f1}, Xy ={VM wM}T, are achieved by rigid body
velocity transformations back Wrist (Craig, 1989):

k [k k K 5]
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XM represents the six-dof Cartesian rates M} {with respect to

{Basé, but can be expressed in any coordinat¢gd.g9. CRF, Base
or World). The translational and rotational velocity vectors\aead

The

commanded Cartesian ra'fé(w:

Oc="3(0a) Xy )
The commanded joint rates are numerically integrated to commanded
The manipulator attempts to achieve the currently

commandedOc ; the actual joint angle®, and Cartesian posé,
result. The Jacobian is a function of configuratdp .

The resolved-rate algorithm is sensitive to singularities, where the
manipulator loses freedom to move in one or more Cartesian direction.
In the neighborhood of singularities, extremely high joint rates are
required to satisfy a finite Cartesian command. To deal with this

problem, the determinant of the Jacobian matfi# must be
monitored. When the determinant approaches zero, the matrix inverse
(or Gaussian elimination) in Eq. 2 is replaced by a matrix
pseudoinverse based on Singular Value Decomposi8dD)( Near

singularities, the exact Cartesian comméhd,v cannot be satisfied,

but theSVDyields bounded joint rates which moves the manipulator
through the singular neighborhood until Eq. 2 can take over again.
Compared to an inverse position algorithm, the resolved-rate
algorithm is attractive because it is a linearized, unique solution
(assuming full rank for the Jacobian matrix). Also, control inputs from
various sources are summed linearly to form the final command. An
example for this is given below: Force/Moment Accommodation.

2.2 Force/Moment Accommodation

If the manipulator is in contact with its environment, there are
constraints on X, (the actual Cartesian pose in Fig. 2) and a
Cartesian wrench exists. In this paper, wrench indicates a six-dof
force/moment vector. An impedance controller (Hogan, 1985) with
only the damping term has been implemented in the resolved-rate
scheme to command forces to the environment with the manipulator.
A six-dof wrist-mounted force/torque sensor reads the current contact

wrench Fg={fg ms}T expressed in F/T sensor framg}.{ The

weight and moment of the end-effector mounted outboard of the
sensor must be subtracted from the sensor reading, accounting for
manipulator configuration. The modified sensor reading is
transformed to th®MRF wrench, Fy, (Craig, 1989):

OfwO_0 MR

Fv =0 = O
wmo g PsxMR ¥ 0

©)

An error vectorFg = Fc — F), is formed from the difference of the
sensed and commanded wrenches inMRE and converted to a rate
Xg = K Fz, sent to the summing junction in Fig. 2. This rate drives

the manipulator motion so the desired force is achieved continuously.
The diagonal gain matriXXg has unitsm/Ns and rad/Nms for
translational and rotational terms, respectively.
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If a desired contact wrenchFc is commanded and the

manipulator is in free motion, the rate inpXg will move the
manipulator in the six-dof direction df- until the F/T sensor senses
Fc through contact with the environment. Thé&g is maintained

without any controller changes.
If zero wrench is commanded~¢ =0) and the manipulator is in

free motion, X,: =0 (assuming a perfect F/T sensor) because there is
zero contact wrenchry. If zero wrench is commanded and the
manipulator contacts the environment, thg = —Kg Fy, motion will

automatically align the manipulator end-effector for minimal Cartesian
contact wrench and misalignments. This is calfecce/moment
accommodatiofFMA).

2.3 Naturally-Transitioning Rate-to-Force Controller

In the Naturally-Transitioning Rate-to-Force ControlldTRFQ,
the resolved-rate algorithm acts simultaneously with #MdA
algorithm (see Fig. 2), for all Cartesian axes (no hybrid scheme is
necessary). The overall resolved-rate input is the sum of the

commanded rate and thEMA rate, Xy = Xc+ Xg. As the

manipulator end-effector approaches a wall in the environment, the
rate controller commands motion through the wall, but FEhWA
controller commands a reverse motion to exert zero wrench.
Therefore, an equilibrium condition is entered, where the rate input is
proportional to the exerted Cartesian contact wrench. NTRFC
automatically corrects misalignments so insertion tasks can be

commanded joint angle® are achieved using lineRiD control for

each joint independently; 3) TIRD algorithms collectively yield the
vector of input joint torques, from which the actual joint angBeg

are solved using forward dynamics, the manipulator equations of
motion, and the contact wrench; 4) Forward Kinematics (pose and
rate) are calculated to predict the current actual CartesianXaaasd

rate (not shown); 5) The environment model predicts the contact
wrenchFy, (we assume perfect F/T sensor). In computer modeling of
NTRFCmotion, an artificial environment switch is used, but this is not
necessary for hardware systems since the F/T sensor reading is
continuously used; and 6) TH&MA block is identified as the force
error equation Fg =Fc—Fy. As in the Fig. 2 casefFMA is

continuously enabled, but only generates non-zé&p when the
manipulator is in contact with the environment.

ec

3 Environment

Xc Xy Xa
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Dynamics

A
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+

FC
Figure 3. NTRFC Dynamics and Control Modeling Diagram

3.1 Spatial 3 P Manipulator
We first model a 3-dof spatial serial manipulator consisting of

completed with minimum contact wrenches. If no force controller is e orthogonal prismatic joint®)( and present the firsTRFC
used, it is difficult to complete tasks since the manipulator is "blind" in design procedure. TheP3liagram is presented in Fig. 4a (front view,
the wrench sense. ) . YZplane) and Fig. 4b (right side vieXZ plane). Prismatic actuator 1
The system behaves as a rate controller in free motion and as anq its ground connection are not shown in Fig. 4a for clarity. The

force controller in contact. The transition requires no mode changes, manipulator is modeled as three lumped massesach with viscous
logical switches, or gain changes in the controller software or dampers cy, i=1,2,3. The relative manipulator/environment
hardware and thus is termed a natural transition. The transition is acompliance is modeled as three spring/damper combinakigfas;,
consequence of the physics of manipulator contact with the j=xy,z. Variable actuator lengthsy, Las, Las Operate along thx, Y,

environment when using the control architecture of Fig. 2. Assuming 7 ayes; respectively. Fixed length, j=xy,z give the distance along
a well-calibrated F/T sensor with minimal noise, MiERFCdoes not each axis from the origin to thendispaced environment location.

care when the moment of contact occurs. HMA algorithm is Cartesian variablesy,z are measured from the ends.gf
enabled continuously (on all Cartesian axes, simultaneously with rate
control on all Cartesian axes), but only generates non-zéfoin

contact. The next section presents modeling and controller design for
two 3-dof manipulators operating with tNERFC.

3. NTRFC MODELING

This section presents dynamics and control modeling for a spatial k
3P manipulator and a planarR3manipulator in motion under the
NTRFC Since the free-motion to contact transition is a natural one,
we must obtain desirable performance with only one set of gains and
software control mode. Of interest is system stability, transient v
response, and steady-state response. Two control design procedures  Figure 4a. 3P YZ Plane
are presented, one in each of the following two subsections.

The NTRFC has been implemented heuristically in hardware at . o 1
NASA Langley Research Center. TINTRFC is currently being The & manipulator has trivial resolved-rate € J-" = I3) and
implemented at Wright-Patterson AFB. The goal of this section is to forward kinematics [, Laz L a3 are the total displacements along
provide an analytical (as opposed to heuristic) basisNGRFC X,Y,2) algorithms. No rotations are possible. The dynamics equations
design. In hardware implementation the manipulator dynamics and of motion are decouplegéach axis represented by:
environment characteristics are provided by the real world. In
modeling, the control diagram in Fig. 2 must be expanded to model
these real world effects, as shown in Fig. 3.

Figure 3 is the same as Fig. 2, with the following added: 1) The ) th . h .
Resolved Rate block is identified as the inverse Jacobian mapping, Where fai is thei™ actuator force andy; is the " CartesianMRF

which is a function of the actual (modeled) joint ang@g; 2) The contact forcejEx,y,z corresponds t6=1,2,3). Now, the first actuator
must accelerate all three masses (thers¢wo and the third jusiy)

Figure 4b. 3P XZ Plane

fai + fa =M Lo + Gy Ly i=1,2,3 (4)
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but reaction forces are resisted by the structure and not by other

actuators because they are orthogonal. Thereforé\TRF-C design

can proceed for each axis independently. Figure 5 shows joint 1 and

theX axis (Y andZ are similar).

L Al
k Ex
my
C
C Ex
Al
>
| Ny X

Figure 5. 3P Joint 1, X Axis

Given the P simplifications mentioned above, a linear SISO
diagram can be obtained for each joint by simplifying Fig. 3, shown in
Fig. 6. In Fig. 6, commanded rafg is the input. In free motior,,

is the output, g is ignored, andy, is zero sdk- has no effectf is
zero for FMA). In contact with the environment the inpxg no

longer causes free motion but instead exerts a force on the

environment fy is the F/T sensor reading, hence the force of the
environment exerted back on the manipulator). Lengtkdistance
from the origin to the undispted environment) acts as a disturbance
in this SISO system. Th&ID controller, joint dynamics, and
environment transfer functions are:

1

G=—
m52+ G S

Geg=-ces—k (9

GC: kp+ﬁ+kDS
S

Now NTRFCdesign is presented for th® &anipulator using the
First NTRFC Design Procedurgsee below). Given desired contact
force transient performance, calculate galipsk,, kp, k= for the three

axes.

fe f

' ()(M
-
fC

Figure 6. SISO Prismatic Joint NTRFC Block Diagram

First NTRFC Design Procedure

_fwma T = fmo

= fm = fmrt fma =Tk~ T Lo (6)
Xc 0

X
The closed-loop transfer functiofy for Fig. 6 under contact is

(with Lo=0):

I i LA L L R e

X

astf+ax$+aé+ as g
where:

a4:m

B=CatCetkp-lp Gk
ay=kg +kp— (ko ke + o ) ke
a =K —(Iq;lgc_+lch)kc

a0 = ki ke ke

The closed-loop transfer functiom for Fig. 6 under contact
(with Xc =0) is different from Eq. 7, but has the same characteristic
polynomial. Therefore, design for transient response affects both
superposition components in the same manner.

Given a step inputXc, we set two desired transient performance
characteristics fofy: 4% overshoot and 4ecsettling time ¢2% ),
which leads toé =0.72 and w, =559, for a dominant second-order

characteristic polynomials? +8s+3124. Since we have four

unknowns and a fourth-order characteristic polynomial, the dominant
second-order polynomial is augmented with two negative real poles at
least 10 times greater than the real part of the dominant poles to yield:

s*+98s°+ 27519 + 18812 624820 a, =1, a3 =98, a, = 2751,
a8, =18812, and ay =62482. The corresponding poles are
&2’34: -4+ 390,— 40- 5Q

Now parameter matching is used to derive an analytical solution
for the four unknown gains. First, the desired fourth-order polynomial
must be uniformly scaled so the leading coefficierajs= m; then the

remaining coefficient equations from Eq. 7 are solved for the
unknowns:

o - (00 —ake) ke - &

—a,
k, = 0
| (keke )’

— _8&~ChA—C
ke ke

1_ CE kF

bk + bk + Bk + =0 (8)

For simple systems with decoupled kinematics and dynamics and where:

linear models Derive the SISO transfer function for each independent

by=(ae-ak)é+a e k+(a- g %

axis; assume contact with the environment exists. Set desired (stable)
transient performance characteristics of contact force given rate step
input. Determine desired fourth-order characteristic polynomial based
on dominant second-order system. Using parameter matching calculate
PID andkg gains for each joint separately. Determine stability ranges.
Ensure samePID gains yield acceptable performanceder free
motion as well k= is always enabled but has no effect until contact).
Simulate results.

by =-agce (1+2ce) + 28 k- 3 R+ R
b =3a0ce - a ke
by =2

and g, i=0,1,2,3 are the desired fourth-order polynomial coefficients
(to force the desired behavior in the Eq. 7 denominator).
order polynomial in Eq. 8 is solved figg. Since coefficientd; are
real, at least one real root is guaranteed. Choose thig-neglle and
then the first three expressions of Eq. 8 yield the unkndwnk, , kp

given kg. The steady-state contact force and environment

displacements ar@tind using the final value theorem (to predict these
steady-state values and validate the simulation).

NTRFC Design for OneP Joint
The linear superposition principle is used to find the total contact
force outputfy given the rate inputxc (with L,=0) and the

disturbance inputlyp (with xc =0):

Copyright © 1998 by ASME
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X X
f = lim fma(t) = lim sfya(S =lim sT, =& =2C f =0
Milss IILHZO Ml() lslTO Ml() ISITO T s ke M2ss
. —f o
X M X
free = fmiget M2 (&5 Xss= =—"C (9
SS SS SSs kF kE kEkF

3P Manipulator Simulation Example

TheFirst NTRFC Design Proceduiis applied, using Egs. 8 three
times independently, one for eadh joint. Given the following time (sec)
parameters, solve forkp;, K, ki, k5 (=1,2,3 andj=xy,2 and Figure 7. 3P Actuator Lengths

simulate NTRFC motion. Note thai represents joint space afd L (sOlid), L (dast), Las (dash-do

Cartesian space, identical for the. 3StandardS| units are used. ‘ ‘
0 . : n- - - - -
m=3 cx=03 Loy=020 Xc=01 kg =100 cg, =07 “\ I I!
m=2 Ccpp=05 Lgy,=010 Yyc=02 kg =100 cg, =07 05 -t L AR
. s ‘
my=1 cp3=04 |,,=012 2 =03 kg, =100 cg, =07 = o ‘K}f _— = —
Table 1 summarizes thé®3solution forNTRFCdesign. For joint 1 B —
m=m+ m+ m, for joint 2 m=m + m, and for joint 3m=m. 15 1 2 3

time (sec)
Figure 8. 3P Contact Forces
fux (solid), fyy, (dash, fy, (dash-dox

The desired characteristic polynomial for each case (derived above) is

st +9883+ 27514 + 18812 62482uniformly scaled so the leading
coefficient isa, = m for each joint.

Table 1. 3P NTRFC Design Results
Gain Axis 1 Axis 2 Axis 3
ke 4063.0 2050.6) 711.5
ki 16197.0 8190.6 2867.
ko 505.1 252.4 84.1
ke -0.232 -0.229 -0.219

3

time (sec)
Figure 9. 3P Actuator Forces
fa1 (solid), fa> (dash), faz (dash-dox

A MATLAB SIMULINK model was developed to simulate the 3
underNTRFCmotion. In this simulation, the inpute:, yc, Z= were

each ramped up to their final value with a slope of 1. As shown in
Fig. 7, the actuator lengths (also the global Cartesian displacements)
each increase linearlynder rate control in free motion, experience
transient behavior (difficult to see at this scale), and assume their

The steady state values calculated from Eq. 9 are:

steady-state value after the natural transition from rate to force control. f"">‘ss =-0432 Xgs=0.00432
With the arbitrary simulation values chosen, each axis moves with fumyss = 0874 Yss=0.00874
different rates and the time of contact with the environment is foe. = 1377 755 =001377
different. The simulatedMRF contact forces in Fig. 8 show these ss

different times of contact. Also, though difficult to see at this scale,
each force transient behavior satisfies the desired 4%hmatrand 1 Given thePID gain values from Table 1, the gaiksg for each
secsettling time. These control goals are not met exactly due to the Cartesian axis were varied to investigate stability. The stability results
fourth-order approximation of the dominant second-order polynomial shown in Fig. 10 are identical for each axis since the same
and thePID controller adds zeros to the system. Figure 8 shows that characteristic polynomial (albeit scaled) was used for all three axes.
the contact forces are zero in free motion until each axis contacts theFigure 10 reports the real part of the four poles for each axis. The full
environment; they also experience transient behavior and assumebehavior is adequately represented by the ratigeky; <1. The two
steady-state (constant) force values after the transitien hough the complex conjugate poles (dash) have a relatively small negative real
rate commands are still appliedFigure 9 shows the actuator forces  part over the entiré; range. The two real poles are negative and
required to achievBlTRFCmotion. To initiate the constant-rate free  jgentical up toks; = -0.24 (close to the design values for ekghin
motion, each force briefly approximates a staput. During the Table 1). After this point the real poles bifurcate. One becomes more
transition from rate to force control, each axis requires a sharp changenegative. The other becomes zerdeat= 0 and positive for positive
in actuator force. The actuator forfigg has a static offsetyg to resist ky. Therefore, the B system undeNTRFC motion is marginally
gravity loading. stable for kej = 0 and unstable fdt; > 0. This result makes sense
physically since; > 0 would cause a rate to increase the contact force
on axisj.
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100

e\ uvicy)
a
o o

)
<]

-100; 0.5 0 0.5 1

| Ny Ny
K ViV

-
Figure 10. 3P Stability Results Yo X

Figure 11. 3R Diagram

Lastly, we complete the remaining step in st NTRFC Design )
Procedure The Table 1 gains were designed for the contact case; now S€CONANTRFC Design Procedure ) ) _
we must analyze the free motion characteristgiag the same gains For more complex systems with coupled kinematics and dynamics
The motion looks fine in the free motion portions of Fig. 7, but we and nonlinear models Set desired (stable) transient performance

quantify this performance below. Referring to Fig. 6 and uSingnd characteristics of each joint angle given rate stgpti Employ
G from Eq. 5, the transfer function representif® control and joint standard methods to desigtD gains independently for each axis
dynamics is: assuming decoupled dynamics and free motion. Using $diDe
gains, choose diagonal matrix gakr to ensure stable, desired
L ke @ 4 kst performance of contact wrench given rate step inputs. Determine
T L =—A= DS * kp S* (10) stability ranges. Simulate results.
ol md+(at)dt ks k
3R Manipulator Simulation Example
The three free-motion poles for all axes are nearly identical Given the following parameters, solve fép;, k;, k; (i=1,2,3),
(-423+ 421-758 -427+422-758 -4.46+ 425756 for determineKg, and simulateNTRFC motion. StandardB! units are
joints 1, 2, and 3) and provide 7.9% overshoot and 8e2&ettling used and angle units ateg
time for outputl 5; with inputLc;. All axes are stable for the designed
PID gains since the poles all have strictly negative real parts. L=03 m=2 I, =05875 kg, =100 cg, =07

L, =02 mp=15 1,=00775 kg =100 cg =07

3.2 Planar 3 R Manipulator
L3=01 mg=1 13 =0.0025 kg, =50 Cg =0

We now model a 3-dof planar serial manipulator consisting of
three parallel revolute joint&KR) and present the secoNd RFCdesign
procedure. TheRdiagram is Fig. 11. The manipulator is modeled as Assuming decoupled dynamics and free motion, Ri2 gains are
three distributed masses with inertia scalarg;, i=1,2,3. The relative determined independently for each joint. The transfer function
manipulator/environment  compliance is modeled as three relating actual joint angle to commanded joint angldjs where the

spring/damper combinatiorgj/cg, j=x,y,r (two translational and one decoupled linearized joint dynamics pl@tvas used:
rotational). The fixed lengths atg, L,, L. The variable joint angles

OA:{el 6, 93}T are controlled by joint torques T26a_ kpS + ko st k g=_ 1t 12)
°" o IS +(c+ k) S+ b &+ k Is? + cs

1={n 1, r3}T. The rate inputs areXc ={% Vc wZ}T,

relative toMRF gx'\" Is aligned with link _3)' The Cartesian pose '_S Viscous damping coefficierd = 0.2 is included for each joint. Now
Xa={x y ¢ and the Cartesian contact wrench is we specify 3% overshoot and Gécsettling time for eacls, in free
motion, yielding a desired characteristic polynomial (dominant second
order augmented with real third pole ten times greater)

s> +96¢ +1395s+ 9230 This polynomial must be scaled for each
joint so ag=1; and thenkp;,k;i,k; are calculated via parameter

Fum ={fx fy mZ}T. The R forward kinematics solution and

Jacobian matrix reflect joint coupling and are straight-forward to
derive. The three dynamics equations of motion are coupled and
nonlinear, represented by:

. . matching with the denominator in Eq. 12. The results are:
T= M(®A)®A+V(9Ar@A)+G(eA) a1 ing wi i dp in Eq u
Table 2. 3R Free Motion PID Design Results
The terms in Eq. 11 are rather complex, but straight-forward to derive Gain Axis 1 Axis 2 Axis 3
(Craig, 1989). The R system is coupled and nonlinear so Hiest ke 819.8 108.1 3.5
NTRFC Design Procedureannot be applied. Figure 3 represents the K 5422 4 7153 23 ]
3R case. Now thesecond NTRFC Design Proceduee presented. Ko 56.2 72 0.04
The goal is still to calculatép;, k;, ky; for the threeR joints andk; : : :
for the three Cartesian directions. A MATLAB SIMULINK model was developed to determifévA

diagonal gain matriXr and simulate theRBunderNTRFCmotion. In
this example, the B manipulator is to make contact with the
environment by moving along the horizon¥lbxis at a constant rate

XC:{O.OS 0 (}T; this could simulate a peg-in-the-hole task.
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However, assume there is an unknown and undesired angular
misalignment: ~ Given initial angle®®, ={45 -90 BL}T , the

forward kinematics solution yields the initial
Xa :{0.448 0105 2})T (similar to Fig. 11 pose), with an angular

Cartesian pose

misalignmentp=20. Therefore, when commandinljc in MRF

coordinates, the resulting motion will not be horizontal, but along link
3, inclined at 2@leg Free motion will continue until the environment
has been contacted in thg direction (at xo =050, see Fig. 11).

Assume perfect contact in all Cartesian directions from that point in
time forward. Then the equilibrium point f¥renvironment motion is
Yo = 0124 which is the point of initial contact, but the equilibrium

angle is¢@ =0 which represents an immediate angular misalignment

upon contact. The point of this simulation is to demonstrate how the
angular misalignment will automatically correct itself und&RFC
motion.

Using the Table 2 free motidPID gains and trial-and-error with
SIMULINK , a "good" value forKg in contact was found to be a
diagonal matrix of dimension 3 with all three diagonal elements -0.1.
"Good" is defined to be stable with reasonable transient performance.
Figures 12 through 14 show simulated results for this example. Note

in Figs. 13 and 14 the angular terms have separate scales on the right.

Figure 12 shows the simulated joints angig . As shown in Fig. 13,

the Cartesian pose variablgsy in {0} coordinates each increase
linearly under rate control in free motion, experience transient

behavior (difficult to see at this scale), and assume their steady-state

value after the natural transition from rate to force control. Since there
is only anX rate command, thg steady-state value compresses the
environment, beyond, = 0.50, but they steady-state value settles at

Yo =0124. Due to simulated forward dynamicg, briefly exceeds

the misalignment 2@degbut then maintains that value in free motion.
Upon contact, th&NTRFCdrives the manipulator to rectify the angle
misalignment, sending to ¢, =0. Figure 14 shows the simulated
Cartesian contact wrench. The comporfebehaves similarly to any

axis of the ® case (see Fig. 8), except there is a more interesting
transient due to coupled dynamics. The compofiealso starts at
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Even though the B system is coupled and nonlinear, the steady-
state values can be calculated using Eq. 9. The restﬂJ<t55i$ -0.50,

Axgs=0.0050, fy =m, =Ayss=Apgs0. Stability analysis

was conducted by SIMULINK simulation. It was found that tie 3
has the same stability conditions as tRecase: marginally stable for
any onekg = 0 and unstable for any ofkg > 0. However, perhaps
due to the joint coupling, the unstable behavior was different for the
two cases. The B suffers exponential increases Xy and fy;
wheneverk; > 0. For the B, the unbounded outputs increase only
linearly (with oscillations about the line) whenever any ke 0.

Due to limited space, only thedgd" case is reported for botl 3
and R cases. Behavior varies widely for oth&r values. Unstable
cases are discussed in the previous paragraphKR@lues negative

zero in free motion, experiences a transient which gradually increasesand larger than the design results reported, the systems are stable and

from zero, and then settles down to zero sijge=0. The contact
momentm, is also zero in free motion, but experiences a step change
on contact due to the angle misalignment. After the transient, the
steady-state moment is zero since there isano rate command.

When the moment step change occurs, the rotational term of the rate

input XF from FMA is no longer zero, but drives the manipulator in

the direction to relieve the moment and hence the angular
misalignment. When the angular misalignment has been eliminated,
the MRF coordinates line up with {0} as desired.

vj ey
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Figure 12. 3R Joint Angles
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achieve steady-state values as calculated in Eq. 9. However,
significant and unacceptable transient oscillations can occur.Kgor
values negative and smaller than the design results reported, the
systems are stable but sluggish to reach steady-state. Finally, when all
kg = 0, our stability conclusions predict marginally stable systems.
However, this case corresponds to turning offRMA algorithm and
hence no natural transition from rate to force control occurs. Given a

constant rate command(c, the manipulator performs fine in free

motion, but withoutFMA generates unacceptably high forces in
contact. With properly-designed:, the NTRFC provides excellent
contact characteristics with a rate controller and no mode changes.

4. TELEOPERATION
The NTRFC methods of this paper apply to any manner of

commanding a robot. That is, the Cartesian rate comm¥gdcan

come from an automated path planning algorithm, real-time sensory
feedback (such as machine vision or proximity sensing), and/or
teleoperated human inputs via hand controller.

When a manipulator is controlled using tHeéTRFC and
teleoperation, the following behavior results. In free motion, the
displacement of the human's hand with the hand controller is
proportional to the manipulator Cartesian rate. In contact, the
displacement of the human's hand isgartional to the Cartesian
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