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Abstract

The inverse kinematics solution, a modal position control algorithm, and path planning results
for a 7 degree of freedom manipulator are presented. The redundant arm consists of two links
with “shoulder” and “elbow” joints and a spherical wrist. The inverse kinematics problem for
tip position is solved and the redundant joint is identified. It is also shown that a locus of tip
positions exists in which there are kinematic limitations on self-motion. A computationally simple
modal position control algorithm has been developed which guarantees a nearly constant closed-
loop dynamic response throughout the workspace. If all closed-loop poles are assigned to the same
location, the algorithm can be implemented with very little computation. To further reduce the
required computation, the modal gains are updated only at discrete time intervals. Criteria are
developed for the frequency of these updates. For commanding manipulator movements, a 5th-order
spline which minimizes jerk provides a smooth tip-space path. Schemes for deriving a corresponding
joint-space trajectory are discussed. Modifying the trajectory to avoid joint torque saturation when
a tip payload is added is also considered. Simulation results are presented.

Introduction

Configuring and designing robotic systems for space applications involve many considerations not
present in terrestrial systems. Safety and versatility are of prime importance. For example, safety
concerns create a need for obstacle avoidance algorithms. Versatility demands may necessitate
the manipulator’s ability to perambulate between locations. Redundant manipulators meet these
requirements because the additional degree(s) of freedom allow inclusion of obstacle avoidance
algorithms and increase the maneuverability of the manipulator. The redundant joint configuration
presently studied consists of two links with identical two degree-of-freedom “shoulder” and “elbow”
joints and a spherical wrist, making a total of 7 degrees of freedom. This particular joint geometry
has favorable characteristics with respect to singularity avoidance, obstacle avoidance, and simplicity.
It is a candidate for use in several NASA applications on the Space Shuttle, Space Station, Polar
Platform, and OMV.

Since this paper deals with quantitative results for a representative space-based manipulator, it
is necessary to summarize the assumed system requirements. The fundamental task required is a
pick-and-place motion involving a payload of mass up to 100 kg and tip forces of 100 N. Speed
of operation is not deemed a high priority, so the manipulator has been designed to achieve tip
velocities of 0.5 m/sec. The workspace should be roughly 4 m across, therefore the links are each
1.0 m long. As a result, the joint must be capable of exerting 200 Nm of torque to meet the 100 N

tip force requirement. Each link has a mass of 30 kg, including the associated joint.
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Kinematics Analysis

Figure 1 shows the manipulator configuration. The arm consists of two links of length L; and L,
connected by a two degree of freedom rotational Joint (the “elbow”). The base link is attached
to the ground by an identical joint (the “shoulder”). Each joint has one rotation axis parallel to
the inboard link (roll) and one perpendicular to it (pitch). The shoulder roll axis is normal to the
ground surface. The joint angles are denoted 4, 62, 03, and 64 and called shoulder roll, shoulder
pitch, elbow roll, and elbow pitch, respectively. Joint angle limitations are not being considered.

The four degrees of freedom in the shoulder and elbow joints thus provide redundancy for positioning
the manipulator tip A three dimensional wrist can then be used to orient the end effector. Assuming
a spherical wrist, its kinematics are decoupled from those of the rest of the arm and are not treated
in this analysis.
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Figure 1: Joint Configuration of Redundant Manipulator

The forward kinematics of the arm are easily solved using a variety of methods. In the present
analysis, homogeneous transformation matrices derived from the Denavit-Hartenberg parameters
were multiplied together to produce the vector reaching from the base point to the tip [1]. The
result is

Licisz + Ly (1824 — 515354 + c1c30384)

Lisi183 + L2 (s152¢4 + c15354 + 51¢2¢354) (1)
Lico+ Lo (cacy — 52C384) .

y
z

where ¢; denotes cosd;, etc. The reachable workspace is a sphere of radius L; + Ly centered at the
base.

Every redundant manipulator is capable of self-motion, that is, the tip can be fixed while the joint
angles are varied. For the present manipulator, self-motion consists of “orbiting” the elbow joint
in a circle. During orbiting all four joint angles must change. In particular, the elbow roll angle
varies from 0° to 360°. It follows that for a given tip position, an inverse kinematics solution can
be found for any elbow roll angle. The same cannot be said for the other three degrees of freedom,
therefore the elbow roll angle is the redundant Joint. (For some tip positions, there exists a kinematic
limitation on the elbow roll angle. This will be addressed later.)

Specifying the tip position and elbow roll angle does not uniquely determine the other joint angles -
there are still four possible solutions. These solutions determine one of two possible positions of the
elbow joint and one of two possible orientations of link 1. For example, if the tip lies in the zy-plane
(see Figure 1) then a point on the side of link 1 could “face” the z-axis or the zy-plane. Also, the
elbow joint may be above or below the zy-plane.
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Figure 2 shows an inverse kinematics “tree” containing the equations for these four solutions. The
first step in obtaining a solution is arbitrarily choosing the elbow roll angle, 63. The elbow pitch
angle , 04, is found next by examining the triangle whose sides are the two links and the vector from
base to tip, 7. Since all three sides are known, the angle between the links is easily computed. Its
supplement is 84. This solution has two values corresponding to the ambiguity in the sign of the
inverse cosine. Physically, this corresponds to the elbow bending “up” or “down” and determines
one of the two possible elbow joint positions. Once one of these two configurations is chosen, the
appropriate branch of the tree is selected. The shoulder pitch angle, 62, is computed next. Its
equation is found by manipulation of the forward kinematics equations. The sign ambiguity in this
equation corresponds to link 1 facing “up” or “down”. This choice of sign determines the final
branch of the tree. The shoulder roll angle is now uniquely determined.

Wchosen arbitrarilL|

8, = 180° — arccos [(L? + I3 - r2) /2L, Lz] 6, = 180° + arccos [(L'f + L3 - r2) /2L1L2]
6, = atan2(4,C) 9, = atan2(A,C 9, = atan2(A,C) 8, = atan2(A,C)
—atan?2 (z, +\/I_)) —atan?2 (z, —\/53 —atan?2 (z, +\/5) —atan?2 (z, —\/D-)

For all solutions, I?; = atan2[Bz + (As2 + Ce2) y,(As2 + Ce)z — BL]l

A=L+ Ly C = Lasaca
B = —L38433 DEA"’-}-C2 -2

Figure 2: The Four Inverse Kinematics Solutions

It has been noted that for some tip positions, there is a kinematic limitation on self-motion, meaning
that the elbow roll angle cannot take on an arbitrary value. Mathematically, this limitation can be
derived from the equation for #2. If D, equal to A% + C? — 22, is less than zero, then no solution
exists. This occurs when A and C are both “small”. A is the length of the arm projected onto the
vector parallel to link 1, s0 A decreases as the arm is folded onto itself. C is proportional to cos &,
thus it decreases as 3 nears 90°. From this qualitative analysis two results may be concluded: 1)
When the arm is relatively far extended the elbow roll angle can take on any value and thus complete
orbiting is possible, and 2) When the arm is folded towards itself the elbow roll angle must be near
0°. Both of these conclusions can be restated rigorously. Assuming L, = L, = L, it can be shown
that for tip positions lying outside of the volume defined by two spheres centered at z = +L and
having radius L, the elbow roll angle may take on any value. For tip positions lying inside of this
volume, the elbow roll angle is constrained to
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where v = (L} + L3 — r?)/(2L, L,). This range of angles is centered around 83 = 0. Figure 3 shows
the regions of limited orbit capability.
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Figure 3: Regions of Limited Orbit Capability

For maximum maneuverability, Figure 3 indicates that it is desirable to keep the workspace near
the zy-plane. An interesting parallel exists between this workspace location and the dexterous
“workspace” of the human arm. The human arm is kinematically similar to the manipulator if
we visualize its “z” axis extending horizontally out the sides of the shoulder. Our arms are most
dexterous in front of us, which is near our zy-plane and corresponds to the manipulator area of
complete orbit capability.

Controller Design and Analysis

The controller design for a space-based manipulator is primarily driven by requirements to maintain
a specified closed-loop bandwidth with a minimum of computational complexity. The bandwidth
is specified to accurately follow commanded trajectories. Disturbance rejection and modeling
error impacts will be discussed later. Computed torque controllers, which use feedforward, will
provide good dynamic response throughout the workspace; however, their computational complexity
may preclude their use in space applications. The modal control algorithm presented in this
paper is designed to maintain a nearly constant closed-loop dynamic response with a minimum
of computation.

The equations of motion of any space manipulator take the form
.= M(©)0 + V(8,6) + F(6,0) - 1y, ®)

where 7. is the joint control torque, © is a vector of Jjoint angles, M is the mass matrix, and V is
the nonlinear “velocity-squared” term of the dynamics, F is the friction terms, and 74 is the joint
disturbance torque arising from tip disturbance torques. For purposes of controller design, V and
F can be viewed as a disturbance torques. Therefore, assuming the controller will have sufficient
disturbance rejection and/or V and F are sufficiently small, the controller can be designed based on
the approximate equations of motion given by

7. = M(©)6. (4)

If constant gain colocated joint control is applied to a manipulator the dynamic response varies widely
throughout the workspace. Equation 4 shows that for slow motions this variation is primarily caused
by the changes in the mass matrix as a function of ©. (Physically, the apparent inertia at each joint
changes with arm geometry.)
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The modal control algorithm applies colocated joint torques using feedback gains which vary with
configuration in order to ensure a nearly constant closed-loop bandwidth throughout the workspace.
The feedback gains are computed from the mass matrix as follows. The mass matrix M is always
real positive definite and thus may be transformed such that STMS = D, where D is diagonal and
STS = I. The simplified equations of motion (equation 4) then become

ST MSij= ST, (5)

where = ST©. The elements of 7 are called the modal coordinates. Equation 5 may be rewritten
as

Dii = u, (6)
where u = ST 7 is the modal control torque. Placing the poles of this system using modal position
and rate feedback is almost trivial because D is diagonal. Its diagonal elements are the modal
inertias, denoted A;. The modal control torque thus takes the form

u; = —-(Kp,ini + I<r,:'7.’i)» (7)

where Kpi = Aw? and Kr i = 2);(iw; are the ith modal position and rate gains, respectively, which
give the closed-loop poles associated with n; a damping of i and a frequency of wi. The modal
control torque is transformed back into joint space to give the joint control torque as

r.=—Su=-S[K, K {Z} = -S[K, K] [SOT SOT] {@@} : (8)

where K, and K, are diagonal matrices containing the position and rate gains given in equation 7.
The control torque may be rewritten as

1, = — [SKpST SK.ST] {g} . (9)

Since eigenvalues are preserved under a similarity transformation, the feedback scheme of equation 9
results in the same closed-loop poles that were assigned to the modal coordinates using equation 7.
As a result, a constant dynamic response throughout the workspace is assured for sufficiently slow
manipulator motions.

The choice of closed-loop frequency and damping is the result of hard requirements and engineering
judgments. The requirements arise from desired tracking accuracy. This will be discussed later.
The engineering judgements include considerations of disturbance rejection, positioning accuracy, tip
force application, and noise sensitivity. Other factors which impact system stability and performance
include structural flexibility, modeling errors, and time delays. Further, the control must be
implemented on actuator/drive subsystems which contain their own dynamics [2]. The influence
on all of these factors on choice of closed-loop pole location are topics of continuing research.

Reducing Control Computation

Implementing the algorithm described above requires diagonalization of the mass matrix and several
matrix multiplications involving S. Much of this computation can be avoided by a simple restriction
on the pole placement, namely, that each of the poles corresponding to the n; be placed at the same
location. In this case, the position and rate gain matrices become

K, = Du?

K, = 2D¢w, (10)

where ¢ and w are the damping and frequency, respectively, of that one pole location. As a result,
equation 9 reduces to

= - [Mw? 2M(w] {g} : (1)
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The control gains can thus be computed simply by multiplying the mass matrix by a scalar. The
restriction that all modal poles be placed at the same location is not unrealistic. For trajectory
following, it is only necessary that their frequencies are sufficiently high and their damping is
adequate.

Further computation reduction can be achieved by updating the control gains (the matrix of
equation 9) less frequently than every microprocessor cycle. Thus the same control gains are used for
several cycles even though the manipulator configuration is changing slightly. The gain computation
can then be spread over several cycles with the gains being updated only after the computation is
complete.

Analysis has been performed to determine how often these updates need to take place. The minimum
gain update frequency depends on how fast the mass matrix is changing since the gains are computed
from it. For the present manipulator, the mass matrix is most sensitive to the shoulder and elbow
pitch angles. The shoulder pitch angle changes the apparent inertia about the shoulder rol joint
because it moves the entire manipulator either closer or farther from that Jjoint’s axis. The elbow
pitch angle folds the arm either in or out and thus changes the apparent inertia about both shoulder
Joints. As a result, the gain update frequency should be set according to expected pitch angle rates
for a given manipulator motion. It has been found from simulation that the gains should be updated
no less than once every 5° of either pitch angle rotation. Such rotations change the terms in the
inertia matrix by less than 10%, provided the arm is not fully extended.

Tip-Space Stiffness and Contact Forces

Of interest in the design of a position controller are the forces of contact generated when the
manipulator tip approaches a desired location and touches the environment. These forces are
important in determining how well a manipulator performs a given task and whether there is a
possibility of damaging the environment. For these reasons, it is important to quantify the contact
forces which a given controller generates.

Contact forces are generated by a manipulator under position control when an obstacle prevents
the tip from reaching its commanded position. For example, if the tip is commanded to a position
behind a wall (due to position sensor inaccuracies or an error in modeling the environment) the tip
will be stopped by the wall but continue to exert a force on it as the tip tries to reach the commanded
position. The magnitude of the resulting contact force depends on how far the commanded position
is behind the wall and the Cartesian “stiffness” of the control system. This stiffness can be expressed

as a matrix K in the relation
F=—-KAz, (12)

where F is the force acting on the wall and Az the distance from the commanded position to the
wall. Equation 12 also expresses the relation between a force exerted on the tip in free space and
the resulting tip deflection.

Any manipulator under position control exhibits such a stiffness due to position feedback in the
controller. In steady-state, the control law can be written 7. = ~GA®©, where G is the position gain
matrix given by G = SK, ST when using modal control (see equation 9). It is well-known that the
Jacobian J relates tip deflections to Joint deflections by JA©® = Az and tip forces to joint torques by
JTF =r. Substituting these two relations into the steady-state control law above and rearranging

yields
F=—(JSK 'STJT)-1Az. 13
P

Thus the apparent stiffness matrix of the manipulator under modal control is K = (JSKP‘ISTJT)‘I.
The properties of this matrix as a function of the controller gains and joint angles is a topic of
continuing research.
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Path Planning for a Redundant Manipulator

The simplest problem in path planning is computing a tip-space position, velocity, and acceleration
trajectory that moves the end effector from one point to another. A 5th-order spline has been chosen
for this purpose because it can give zero velocity and acceleration at the end points. The solution is

() =z; + (61'5 — 1574 +1073)(zy — 2i), (14)

where z; and z; are the initial and final positions and 7 (defined as t/T) is normalized time with T
the total maneuver time [3]. It can be shown that this spline also gives the minimum jerk for any
polynomial trajectory. Hollars recommends that the controller have a bandwidth of at least 4/7 Hz
to adequately track this spline. The same spline is used for all three tip-space coordinates. As a
result the trajectory is a straight line between the start and end points.

The next task in path planning is generating a joint-space trajectory corresponding to the desired
tip-space trajectory. For redundant manipulators, there exists an infinite number of joint trajectories
for each tip trajectory. In the present case there is one redundant degree of freedom, therefore one
additional constraint must be added in order to produce a solution. This constraint could arise from
considerations of singularity avoidance, obstacle avoidance, tip-space stiffness, etc.

The present manipulator has no internal singularities within the region of complete orbit capability.
Therefore, an easy singularity avoidance scheme consists of limiting the workspace to this region.
A constraint still needs to be chosen to solve the inverse kinematics. The constraint 82 = 0 is one
simple possibility. This leaves four possible solutions for the other joint angles (see Figure 2). A
single one can be selected based on how the links are to be oriented during the motion (elbow “up”
or “down”, etc.). This choice could be driven by constraints on the position of the elbow itself

arising from obstacle avoidance concerns.

Another possible constraint is minimizing joint velocities. This can be accomplished by resolved-rate
control in which a desired tip velocity trajectory is transformed into a joint velocity trajectory. The

Jacobian pseudo-inverse is used to find the instantaneous minimum joint velocity. The solution is
o) = J1X (1), (15)

where X(t) is the vector of tip-space coordinates and J' is the Jacobian pseudo-inverse given by
Jt = JT(JJT)~1. This solution minimizes the 2-norm of the joint velocity vector at each point in
the trajectory. Several modifications to this method have been proposed in the literature (4,5]. They
generally attempt to optimize some other performance criterion or potential function.

One argument for using equation 15 is that it helps avoid singularities because joint velocities tend
to increase near them. However, this method causes the tip to follow the desired trajectory exactly,
therefore if the trajectory passes close to a singularity then the minimum joint velocity solution
can be arbitrarily large. Wampler and Leifer [6] have proposed an interesting modification to this

method which causes the tip to deviate from the desired trajectory when it approaches a singularity.
In this way an upper bound on joint velocities can be maintained.

For the present manipulator, limiting the workspace to the region of complete orbit capability will
avoid all internal singularities. If the manipulator is required to move out of this region then f3 = 0 1s
the recommended constraint because it will avoid orbit angle limits. If the tip 1s always in this region
then either 83 = 0 or equation 15 gives acceptable results for simple pick-and-place operations. When
constraints involving obstacle avoidance, elbow joint position, or tip stiffness arise, the redundancy
can be used to address them.

Path Planning in the Presence of a Tip Payload
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Since we are designing a manipulator to perform pick-and-place operations, path planning with a
tip payload is of concern. Clearly, executing a trajectory with a tip payload will require larger

is a certain fraction of the maximum Joint torque. This nominal duration should be varied with
trajectory distance in order to keep the average tip velocity constant. This will ensure that the
velocity-squared terms and the inertia term of the equations of motion maintain the same relative
magnitude (see equation 3).

When a payload is added, the nominal trajectory must be modified in order to ensure the same peak
Joint torque command. Using simple results from the dynamics of accelerating a point mass, we can
assume that the maximum control torque required to execute a trajectory is inversely proportional
to the square of the maneuver time. That is,

1
Te,mazr X ﬁ, (16)

where 7,42 is the maximum control torque and 7 is the trajectory duration. The first step in
modifying the trajectory is running a simulation to determine the peak joint torque commanded
when moving the payload through the nominal trajectory duration. Equation 16 can then be used
to adjust the maneuver time accordingly. Also, the desired closed-loop pole frequency should be
lowered so that it is no higher than that required for tracking. This will minimize the sensitivity of
the controller to noise and unmodeled dynamics.

The mass matrix used to compute the control gains should include modeling of the payload. If it
does not then the closed-loop poles will have a lower frequency and damping than that desired. As
a result, the disturbance and noise rejection may be degraded. Including modeling of the payload
in the mass matrix will ensure that the desired closed-loop poles are achieved. Since space-based

Simulation Results

This section presents simulations of tip trajectory following with and without a payload using the
modal control algorithm and two redundancy management schemes. The starting and ending
tip coordinates (in meters) in the z-y-z coordinate system of Figure 1 are (~0.8,1.0,0.6) and
(0.6,1.2,~0.8), respectively, giving a trajectory length of about 2 m. Note that the line connecting
these points lies completely within the area of complete orbit capability. The control gains are
updated every 0.25 sec and the payload is assumed to be a point mass of 100 kg located at the tip.

Figure 4 shows the response with no payload using the f3 = 0 constraint. All closed-loop pole
frequencies are set to 2.4 rad/sec, which is the minimum required for a 10 sec slew. In the first
plot the actual and commanded tip motion are shown. Although the actual tip motion lags slightly
behind the desired trajectory, it converges accurately to the desired end position at the end of the
maneuver. Note that the discrete gain updating causes jumps in the commanded Jjoint torques.
Since joint dynamics are not modeled here, the commanded torque is equal to the applied torque. In
actuality, the dynamics of the Joint motor will smooth these jumps while not degrading the tracking
accuracy. Modeling joint dynamics is currently being researched [2].

Figure 5 shows the same simulation except that the pseudo-inverse is used to generate the joint
trajectory. Notice how 63 attains a final angle of about 35° in order to decrease the average
velocity of the other three Joints. Otherwise, the performance is the same as before. Figure 6
shows the simulation of Figure 4 except that a 100 kg payload has been added. Another simulation
showed that the maximum control torque with this payload and a maneuver time of 10 sec is about
12 Nm. Therefore, using equation 16 and the fact that the previous simulations have maximum
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Figure 4: Simulated Maneuver with 83 = 0 Constraint

control torques of 3 Nm, the maneuver time was lengthened by a factor of 2 (= /12/3) to bring
the maximum control torque back to 3 Nm. In addition, the closed-loop poles were reduced to
1.2 rad/sec to match the increase in maneuver time. The tracking performance Is as good as that
with no payload.
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Figure 5. Simulated Maneuver with Minimum Joint Velocity Constraint
Conclusions

The inverse kinematics solution, a modal position control algorithm, and path planning results for
a 7 degree of freedom manipulator have been presented. After arbitrarily choosing the elbow roll
angle. the redundant degree of freedom, the inverse kinematics has four solutions. Each solntion
corresponds to a different orientation of the links in space. It is also shown that a locus of tip
positions exists in which there are kinematic limitations on the orbit angle.

A computationally simple modal position control algorithm has been developed which guarantees
a nearly constant closed-loop dynamic response throughout the workspace. The algorithm cousists
of diagonalizing the mass matrix into four modal inertias and computing feedback gains to control
the modal coordinates. This controller is able to reject the disturbance arising from the unmodeled
velocity-squared terms. If all closed-loop poles are assigned to the same location. the algorithm
can be implemented with very little computation. To further reduce the required computation. the
modal gains are at discrete time intervals. An update frequency of every 5° of either pitch angle
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Figure 6: Simulated Maneuver with 100 kg Payload

motion significantly reduces computation without degrading performance.

For commanding manipulator movements, a Sth-order spline with zero velocity and acceleration at
the end points provides a smooth tip-space path. The frequencies of the closed-loop poles should
be at least 4/T Hz, where T is the trajectory duration, to maintain adequate tracking. The best
singularity avoidance scheme is keeping the tip trajectory in the region of complete orbit capability.
The orbit angle can then be used to address other constraints such as obstacle avoidance or tip-space
stiffness. A method is presented for modifying the trajectory duration when a payload is added to
maintain a constant joint control torque. The payload should be modeled in the mass matrix to
allow accurate control over the closed-loop bandwidth.
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