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MULTIPLE PRIORITY OPERATIONAL
SPACE IMPEDANCE CONTROL

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

The 1invention described herein may be manufactured and
used by or for the U.S. Government for U.S. Government
(1.e., non-commercial) purposes without the payment of roy-
alties thereon or therefore.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates generally to a system for controlling
the impedance of a robotic manipulator and, more particu-
larly, to a scheme for multiple prioritized operational space
impedances at diflerent points on a robotic mampulator.

2. Discussion of the Related Art

Arms and manipulators are essential to many robotic tasks.
For example, they are essential to robotic assembly tasks.
Many robot arms and manipulators designed for factory use
are stifl, high-impedance arms that operate using position
control systems. However, the ability to control forces
applied by the robot on the environment 1s also useful 1n
assembly tasks. In particular, 1t 1s usetul to be able to control
the mmpedance of the mamipulator, 1.e., the relationship
between applied environmentally forces and manipulator
position.

Active impedance control of robot arms and manipulators
has been studied and different approaches have been pro-
posed. One of the earliest approaches was a strategy for
controlling end-effector stiffness in Cartesian coordinates.
Assuming the existence of a low-level torque controller, this
approach calculated the joint torque corresponding to a Car-
tesian space error given a desired Cartesian space end-effec-
tor stifiness. This can be considered to be a system for achiev-
ing a desired linear zero-order impedance. This approach was
later expanded into a system for controlling second-order
linear 1mpedance. In this approach, the control system
attempts to adjust not only the stiffness, but also the manipu-
lator damping and the nertia.

Another body of work relevant to the current invention 1s
multiple-priority velocity and acceleration control. It 1s well
known that because a robot manipulator has enough actuated
degrees of freedom, a manifold of joint configurations may
exist that place the end effector 1in the same position and
orientation. This property 1s known as the kinematic redun-
dancy of the manipulator and has been used primarily to
ecnable robots to achieve multiple velocity or acceleration
objectives at once. For example, with a seven degree-oi-
freedom (DOF) humanoid manipulator, 1t 1s possible to place
the manmipulator end-effector 1n a particular pose while also
adjusting the position of the elbow as desired. Typically,
position objective are assigned priorities with lower-priority
position objective operating subject to higher-priority objec-
tives.

SUMMARY OF THE INVENTION

In accordance with the teachings of the present mnvention,
a system and method are disclosed for providing multiple
priority impedance control for a robot manipulator where
multiple 1impedance laws are realized simultaneously and
with a given order of priority. The method includes a control
scheme for realizing a Cartesian space impedance objective
as a first priority while also realizing a joint space impedance
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2

objective as a second priority. The method also includes a
control scheme for realizing two Cartesian space impedance
objectives with different levels of priority. The method
includes instances of the control schemes that use feedback
from force sensors mounted at an end-effector and other
instances for the control schemes that do not use this feed-
back.

Additional features of the present invention will become
apparent from the following description and appended
claims, taken in conjunction with the accompanying draw-
Ings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram of a system for providing Carte-
sian 1mpedance with a subordinate joint space impedance
task:

FIG. 2 1s a block diagram of a system for providing carte-
sian impedance with a subordinate cartesian space impedance

task;
FIG. 3 1s a flow chart diagram showing hierarchical imped-

ance control; and

FIG. 4 1s a block diagram of a system for providing mul-
tiple priority operational space impedance or stifiness control
for a robotic manipulator.

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

L1

The following discussion of the embodiments of the inven-
tion 1s directed to a system and method for providing hierar-
chical impedance control of a robotic system 1s merely exem-
plary innature, and 1s 1n no way mtended to limait the invention
or 1ts applications or uses.

The embodiments of the invention are described in terms of
the following generalized equation of motion for a robot
mamipulator with n revolute joints:

(1)

Where A 1s the nxn manipulator inertia matrix,  1s an n-vec-
tor ol manipulator joint accelerations, T 1s an n-vector of
torques resulting from externally applied loads and <, 1s a

vector of actuator torques.
N describes the sum of iriction, coriolis, centrifugal and

gravitational torques as:

Agm=Tt_+T

(2)

Where t 1s the vector of frictional forces, ¢ 1s a vector of
mampulator centrifugal and coriolis forces and g 1s a vector of
mampulator gravity forces. The dependence of A, ¢ and g on
mampulator configuration 1s implicitly assumed.

It 1s frequently useful to design controllers defined 1n
operational space coordinates rather than in the joint space.
The term “operational space” may refer to any coordinate
system mapped onto by the joint space. Frequently, the opera-
tional space coordinates of most interest are considered to be
the space of Cartesian positions and orientations of a point
resolution (POR) on the mamipulator. Another alternative 1s
an operational space coordinate system that described a sys-
tem state 1n relation to a scalar potential function 1n the joint
space. When operational space coordinates describe the Car-
tesian pose, then the pose of the POR as an element of SE that
will be represented 1n exponential coordinates (a six-vector
where the first three numbers described position and the last
three numbers describe orientation using the axis-angle rep-
resentation). The Cartesian velocity of the POR will be rep-
resented as a twist and the acceleration as the dervative of

N=t+c+g
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twist. Similarly, loads 1n Cartesian space will be written as
wrenches (six-vector that concentrates a force and a
moment).

The POR Jacobian J 1s an important quantity that relates
joint velocities q to Cartesian twists at the POR, x:x=]q.
Using a virtual work argument, the POR Jacobian can also be
shown to relate wrenches applied to the POR by external
sources T to the joint torques T that gives: tT=J'f. The accel-
eration of the POR 1s calculated by solving equation (1) for X:

¥=J47 (v—t_+m)+Jg (3)

FIG. 1 1s a block diagram of a system 10 for providing
Cartesian impedance with a subordinate joint space 1imped-
ance task and FIG. 2 1s a block diagram of a system 20 for
providing Cartesian impedance with a subordinate Cartesian
space 1mpedance task which will be used 1n the analysis
below. From the systems 10 and 20 1t 1s clear that the space of
actuator torques that solve JA™'t_=0result in zero POR accel-
erations. Therefore, any actuator torque, T, =ANYV*, results 1in
null space accelerations with free variable. Note that this
matrix, AN, performs a similar function as the 1nertia-
weighted null space.

Each embodiment can be described in terms of one of the
two block diagrams in the systems 10 and 20 where 1n either
case different terms substitute for the G and H blocks.

Based on the above analysis, the first-order impedance
embodiments of this invention are realized by the following
control law. Allow a change of vanables such that a new
control variable T' specifies actuator torques according to:

(4)

Recall that v 1s the sum of frictional, coriolis centrifugal,
and gravitational torques. Then the Cartesian control law can
be specified as:

T,=N-T

o= JTf + ANY* + A (5)

Where:

f* = BX+ KX+ fu (6)

Equation (6) 1s a desired Cartesian space first order linear
impedance, and y* 1s a free null space variable. B _and K _ are
the Cartesian space damping and stiffness matrices and 1, _1s
a desired reference wrench. This control law requires mea-
surement of the Cartesian velocity and pose error

defined with respect to velocity and pose references x* and
x*. As expected, v* may be set arbitrarily without changing
the acceleration of force applied by the POR. Substituting
equations (2), (3) and (4) back into equation (1) gives:

AX+HE=AJA v (7)

For an arbitrary value of y* where A=(JA™'J*)™" is the
Cartesian space passive manipulator inertia. When forces are
applied only to the POR, then equation (7) reduces to:

AX+f*=f (8)

In one embodiment, the controller realizes a second-prior-
ity joint space impedance while also realizing the first-prior-
ity first order Cartesian space impedance. The second-priority
impedance 1s:
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(9)

Ag+7T =1
Where:

T :B§'+K§'+Tdfs (10)

B and K are the joint space damping and stifiness matrices,
respectively, and T, 1s a desired external torque.

g and g

are the joint velocity and position errors resured with respect
to the joint velocity and position references 4* and g* respec-
tively. Note that this 1s really just a first order impedance
specification because the passive inertia 1s left unchanged.

Since the passive inertia of the manipulator remains
unchanged, it 1s possible to select the yv* that minimizes the
1ot acceleration error or the joint torque error. First, con-
sider minimizing the joint acceleration error. The acceleration
required by the second-priority joint impedance 1s:

j'=4" ")

(11)
The acceleration realized by the first-priority control law
1S:

G=A"v—A PNy # (12)

The v* that minimizes the different between ' and g 1s:

Vimin = argminl|g’ — 4| (13)

Y

= argmin||Ny + A7 J7 f* — A7l |
Y

= NAT (o = JT ).

Therefore, the multi-priority control law that minimizes
second-priority acceleration error 1s:

T'=(T-ANA DIy ANA %4 475 14
q

It 1s also possible to select the v* that minimizes the error 1n
jomt torques resulting from externally applied forces. The
torque required to realize the second priority joint impedance
1S:

T=Ag+1*

(15)

The torque applied to the environment by the first priority
control law 1s:

T=AG+J fF+ ANy * (16)

The value of v* that minimizes the second-priority torque
€ITOr 1S:

(17)

Ymin = arg min||7" — 7||
Y

= arg min||7* —J' f* — ANy
¥

= (AN)" (z* = J" 1)

Therefore, the multi-priority control law that minimizes
the second-priority torque error 1s:

V=(I-A(ANY)T e+ A (ANY T ¥+ 4G (18)
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In another embodiment, the controller realizes a second-
priority Cartesian impedance while also realizing the first-
priority first order Cartesian space impedance. Since the first-
priority impedance remains the same as it was 1n the previous

embodiment, this embodiment re-uses the control law of 5

equation (35). v* must be chosen to optimize manipulator
dynamics for the second-priority Cartesian impedance. The

second priority impedance 1s:

Ak =AT,A4™ T (19)

Where A,=(J,AJ,")" is the passive inertia of the manipula-
tor, J, 1s the Jacobian matrix, and t, 1s the force applied at the
second POR by an external source. 1,* 1s:

fz* = Bz.;lfz 4+ Kz.%z (20)

Note that when forces are applied at the second POR only,
equation (20) becomes:

AsXotfs * =15 (21)

As with the second-priority joint space impedance law, the
passive 1nertia of the manipulator remains unchanged
because the first-priority impedance 1s first order. The space
of second-POR accelerations that can be realized by the first
priority Cartesian impedance 1s found using equation (12):

&=lA - A T - LNy R g (22)

The second-POR acceleration required by the second-pri-
ority Cartesian impedance in equation (19) 1s:

X =LA - AT AL (23)

The v* that minimizes the difference between X, and X, 1s:

Vmin = argmin||x; — X || (24)
¥

LAY I £+ LNy —
= argmin| - |
Y LA - g

= (AN (" = JT f*)

Where A, =(J, AT, 7).
Substituting v_ . * into the control law of equation (5)
gIvVes:

T=(I-(LN) LA DTS+ (LN (A o ¥+ Jog)+A )5 (25)

It 1s also possible to realize second-priority second order
joint and Cartesian space impedances. This requires an addi-
tional measurement of externally applied forces or joint
accelerations. In these embodiments, the first-priority Carte-
s1an space impedance 1s:

Mi+ f*=f (26)

Where 1* 1s defined 1n equation (6) and

e }
1
it
I
e

1s POR acceleration error with respect to an acceleration
reference X*.
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The priortization of the impedance laws 1s realized by
selecting the joint space acceleration closest to that required
by the secondary impedance law while still realizing the
primary impedance. The space of joint accelerations that
realize the first-priority Cartesian impedance 1s:

G=T X5 T MY +NA=T* J§ (27)

For a second-priority impedance expressed in the joint
space, the impedance law 1s:

ré;._i +7" =T (28)
The corresponding joint acceleration 1s:
G'=¢*+I' ' (t—1*) (29)

The value of v 1s solved for that minimizes ||d—4'||. Expand-
ing this expression, to find:

(30)

flmin —

argmin|JYVE + JTM U - )+ NA-JT g -5 - Tz -1)
A

The solution can be found by taking the pseudoinverse of N

and using the fact that since N 1s a projection the matrix
N=N":

=N(G*+I' ! (t—1*)) (31)

Substituting into equation (1) and using the fact that since
N 1s idempotent, N=NN, the resulting control law 1s:

'Ym M

To=Ag—7+17 (32)

= A (X + M (f = )= Jg)+ ANy, — T + 17
=AS(F+ M- ) -Jg)+ AN@G + T

(T—T)—T+n

Note again that this control law requires measurements of
the joint torques T and POR forces 1 resulting from externally
applied forces.

Rather than realizing a second-priority joint space imped-
ance, 1t 1s possible to realize a second priority Cartesian space
impedance instead. The first-priority objective is still the sec-
ond order impedance of equation (26). The second-priority
impedance 1s defined in the Cartesian space:

Mz,:”?&z + fz* = fz (33)

Where 1, * 1s:

f3 = Boxp + KoX (34)

As belore, the space of joint space accelerations that realize
equation (26) 1s given by equation (27). The corresponding
space ol Cartesian accelerations at the second POR 1s:

=L R M O 1+ LN AL TG +J5G (35)
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Where 1, 1s the manipulator Jacobian matrix associated with
X .

Re-arranging equation (33), the desired Cartesian accel-
eration at the second POR 1s:

X =% %+ My (o o) (36)

The approach to realizing equation (33) as a second prior-

ity 1s to find the value for A that makes equation (33) as close
as possible to X,'. Equivalently:

Vmin — ﬂfgmllﬂxz - XFZH (37)
¥

LJTE + MY = )+ JoNA -

Y J2J+Jq+qu—xz—Mz (2— 1)

B+ M- )= Jadt

M=) = dag+ T

Where J,=1,N.
Substituting into equation (1), the resulting control law 1s:

T =AI-J M HERM () -JG+ AT [ H My
Ho=A")-Hg/+m-T
This control law realizes the first-priority impedance law
for the first POR 1n equation (26) while also realizing the
second-priority impedance at the second POR 1n equation
(33) to the extent possible without disrupting the first imped-
ance objective.

Another embodiment of the invention realizes a dual-pri-
ority Cartesian stifiness at two PORs. The stifiness objective
at the first POR 1s:

(38)

= (39)
Where 1* 1s defined 1n equation (6).
The stifiness objective at the second POR 1s:
L=hT (40)
Where 1,* 1s defined 1n equation (34).

The first objective 1s realized by applying a torque from the
space:

=Y %N A (41)

Where A 1s arbitrary.
J 1s the Jacobian for the first POR and N=I-J"J 1s the

associated null space projection matrix. This space of joint
torques correspond to the following set of wrenches at the

second POR:
+T i » +T
L T R LT NA

Where 1, 1s the Jacobian for the second POR.
Finding the value for A that makes 1, as close as possible to
f,* gives:

(42)

Yoin = argminllf; = f5 @3)

. r * r *
~ awgminl}ss” T £y +03 Nid- 7

=1y =0 It

Where J,=J ;TN.
Integrating this result with equation (41), the joint torque
that optimally achieves both prioritized objectives 1s:

T=(I-J, T, TP, (44)
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8

Substituting into equation (1) and setting accelerations to
zero (because of the steady-state assumption) gives the fol-
lowing control law:

) Sy A ARV A AN (45)

FIG. 3 1s a flow chart diagram 80 showing a depiction of
how a system and method of the mnvention combines force
control, position control and impedance control in task coor-
dinates for multi-priority impedance control. The diagram 80
includes a hierarchical task controller 82 that i1dentifies a
number of tasks at boxes 84 for a particular robotic arm. Each
task has a certain mass M, damping B and stifiness K for the
impedance control portion of the task and a particular force F
and task position X for the position control portion of the task.
Because the operation 1s performing impedance control, each
of the mass M, damping B and stifiness K are defined. Par-
ticularly, for example, a robotic finger moves to the particular
position X with the particular force F defined by that task.
Once all of the tasks at the boxes 84 have been 1dentified 1n a
hierarchical manner, the process determines the equivalent
values for the mass, damping, stiffness, force and position in
the joint space at box 86. Once each of the equivalent values
for the mass, damping, stifiness, force and position 1s pro-
vided in the joint space for the joints of the robotic arm, then
the tasks are performed at box 88 using a series-elastic joint
control scheme at a high-rate operation. The tasks are
executed based on the hierarchy control defined by the mul-
tiple priority impedance control.

FIG. 4 1s a block diagram of a system 30 for providing
multiple priority operational space impedance or stiflness
control for a robotic manipulator 32. The manipulator 32
realizes an impedance that minimizes an acceleration error
between a lower priority impedance objective and a manifold
of equally good joint accelerations and realizes an impedance
or stifiness objective that minimizes a torque error between
the lower priority impedance objective and a manifold of
equally good joint torques. At a given 1nstant 1n time, a set of
high priority impedance objectives describe a manifold of
joint accelerations or joint torques that realize a set of high
priority ol impedance objectives equally well. The imped-
ance or stifiness objectives are zero order, first order or sec-
ond order linear impedances. A pseudoinverse 1s used to
calculate a minimum acceleration or torque error. Also, either
a null space of a Jacobian or Jacobian null space weighted by
passive manipulator nertia 1s used to realize lower-priority
impedance or stiffness objectives.

The system 30 includes a means 34 for defining a plurality
of different impedance or stifiness objectives defined opera-
tional space or joint space and a means 36 for assigning a
priority to the different impedance or stifiness objectives. The
system 30 also includes a means 38 for controlling a manipu-
lator impedance such that a primary priority impedance or
stiffness objective 1s realized, a means 40 for controlling the
mampulator impedance such that a secondary priority imped-
ance or stifiness objective 1s realized to the extent possible
while still realizing the primary priority impedance or stifl-
ness objective, and a means 42 for controlling the manipulator
impedance such that lower priority impedance or stifiness
objectives are realized to the extent possible while realizing
all mgher priority impedance or stiflness objectives.

The primary priority impedance objective 1s defined 1n
Cartesian space and the secondary priority impedance objec-
tive 1s defined 1n the joint space. The primary and secondary
priority impedance or stiffness objectives are defined 1n Car-
tesian space. Cartesian space force sensors 44 are mounted on
the mampulator 32 and are used to measure applied forces at
multiple positions, where the force measurements are used to
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implement prioritized impedance objectives. Multiple prior-
ity impedance or stifiness objectives can be realized without
using Cartesian space force sensors and while retaining pas-
stve 1nertia of the manipulator 32. The Cartesian space imped-
ance or stiffness objectives are defined with zero stifiness 1n
one or more of Cartesian space directions. An offset force 1s
applied 1n zero stifiness directions so that the manipulator 32
applies a constant Cartesian space force 1n that direction. An
additional force compensation scheme i1s used to regulate
forces 1n the zero-stiflness Cartesian space direction.

What 1s claimed 1s:

1. A method for providing multiple priority operational
space 1mpedance or stifiness control for robotic manipula-
tors, said method comprising;:

defining, on a processor a plurality of different impedance

or stifiness objectives defined operational space or joint
space;

assigning a priority to the different impedance or stiflness

objectives;
controlling a manipulator impedance such that a primary
priority impedance or stiffness objective 1s realized;

controlling the manipulator impedance such that a second-
ary priority impedance or stiffness objective 1s realized
to the extent possible while still realizing the primary
priority impedance or stiffness objective; and

controlling the manipulator impedance such that lower
priority impedance or stifiness objectives are realized to
the extent possible while realizing all higher priority
impedance or stiffness objectives.

2. The method according to claim 1 wherein, at a given
instant 1n time, a set of high prionity impedance objectives
describe a manifold of joint accelerations or joint torques that
realize a set of high priority impedance objectives equally
well.

3. The method according to claim 1 wherein the impedance
or stifiness objectives are zero order, first order or second
order linear impedances.

4. The method according to claim 2 wherein the manipu-
lators realize an impedance that minimizes an acceleration
error between a lower priority impedance objective and a
manifold of equally good joint accelerations, the manipulator
realizes an impedance or stifiness objective that minimizes a
torque error between the lower priority impedance objective
and a manifold of equally good joint torques.

5. The method according to claim 4 wherein a pseudoin-
verse 1s used to calculate a minimum acceleration or torque
CITor.

6. The method according to claim 4 wherein either a null
space ol a Jacobian or a Jacobian null space weighted by
passive manipulator inertia 1s used to realize lower-priority
impedance or stiffness objectives.

7. The method according to claim 3 wherein the primary
priority impedance objective 1s defined 1n Cartesian space and
the secondary priority impedance objective 1s defined in the
jo1nt space, the primary and secondary priority impedance or
stiffness objectives are defined 1n Cartesian space.

8. The method according to claam 7 wherein Cartesian
space force sensors mounted on the robot manipulator are
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used to measure applied forces at multiple positions and these
force measurements are used to implement prioritized imped-
ance objectives.

9. The method according to claim 7 wherein multiple pri-
ority impedance or stiffness objectives are realized without
using Cartesian space force sensors and while retaining pas-
stve mertia of the manipulator.

10. The method according to claim 7 wherein the Cartesian
space impedance or stiflness objectives are defined with zero
stiffness 1n one or more of Cartesian space directions.

11. The method according to claim 7 wherein an offset
force 1s applied 1n zero stiflness directions such that the
mampulator applies a constant Cartesian space force 1n this
direction.

12. The method according to claim 11 wherein an addi-
tional force compensation scheme 1s used to regulate forces in
the zero-stifiness Cartesian space direction.

13. A system for providing multiple priority operational
space 1mpedance or stiffness control for robotic manipula-
tors, said system comprising:

means for defining a plurality of different impedance or

stiffness objectives defined operational space or joint
space;

means for assigning a priority to the different impedance or

stiffness objectives;

means for controlling a manipulator impedance such that a

primary priority impedance or stiflness objective 1s real-
1zed;
means for controlling the manipulator impedance such that
a secondary priority impedance or stifiness objective 1s
realized to the extent possible while still realizing the
primary priority impedance or stifiness objective; and

means for controlling the manipulator impedance such that
lower priority impedance or stiflness objectives are real-
1zed to the extent possible while realizing all higher
priority impedance or stifiness objectives.

14. The system according to claim 13 wherein the imped-
ance or stifiness objectives are zero order, first order or sec-
ond order linear impedances.

15. The system according to claim 14 wherein the manipu-
lators realize an impedance that minimizes an acceleration
error between a lower priority impedance objective and a
manifold of equally good joint accelerations, the manipulator
realizes an 1impedance or stiflness objective that mimimizes a
torque error between the lower priority impedance objective
and a manifold of equally good joint torques.

16. The system according to claim 15 wherein a pseudoin-
verse 1s used to calculate a minimum acceleration or torque
CITOr.

17. The system according to claim 15 wherein either a null
space ol a Jacobian or a Jacobian null space weighted by
passive manipulator nertia 1s used to realize lower-priority
impedance or stiffness objectives.

18. The system according to claim 14 wherein the primary
priority impedance objective 1s defined 1n Cartesian space and
the secondary priority impedance objective 1s defined 1n the
joint space, the primary and secondary priority impedance or
stiffness objectives are defined 1n Cartesian space.
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