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ABSTRACT

A visual servoing controller is programmed using finite state machine logic to increase the positional
accuracy of a robotic arm under impedance control during free-space motion, to better align a chamfered
peg with a hole, and minimize the possibility of wedging during insertion. This approach allows many types
of manipulators commanded through Cartesian trajectory inputs to compensate for positional inaccuracy,
enabling improved alignment of the peg and hole knowing only their approximate position within the
workspace. The result is a compliant robotic manipulator that is able to achieve peg and hole alignment
with an acceptable average lateral error of 0.0025 meters and a rotational error of 0.022 radians, which in
our case is sufficient to allow an impedance controlled robot to successfully avoid wedging during peg and
hole assembly.
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1. INTRODUCTION

Automated robotic manufacturing is spreading to new industries. The driving force behind this
growth is the advent of new, enabling technologies that allow robotic manipulators to perform
tasks that were previously impractical, or even impossible. Assembly of components, such as
fasteners, plugs, and sockets, are typica examples. While traditional, position controlled
manufacturing robots are repeatable, they lack the compliance needed to assemble such
components without damaging them. In the broad category of peg-and-hole assembly, one
solution to this problem is to equip robotic manipulators with a compliant end effector, known as
a Remote Center Compliance (RCC), which provides a predefined stiffness and center of
compliance to the object being manipulated by the robot. This alows the system to absorb
positional errors that result from controller error and variations within the manipulator’s
workspace. This error accommodation is imperative to avoid generating large contact forces
between the end effector and external objects due to positiona error [1,2].

In some cases, however, the RCC is not practical due to its mechanical limitations. Such instances
include horizontal motions in which significant mechanical counter-weighting is needed, or on
manipulators that perform multiple tasks that would each require a unique RCC. The dternative
to the RCC is to incorporate compliant behavior into the control software of the manipulator. An
example of a software-based solution to provide compliant behavior is Raibert and Craig’s hybrid
force and position controller. This controller alows the end effector of a robot to rigidly track
position inputs in one direction, while tracking a trgjectory of desired force relationships in other
directions [3]. A similar control strategy defines a “configuration space” that applies limits on the
applied forces and motions in some directions while allowing the raobot to move freely in others
[4,5]. Force feedback as devel oped by Whitney alows the robot to be commanded with measured
end effector force instead of torque, position, or velocity [6]. While successful, the above-
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mentioned methods of imposing compliant behavior come at the cost of additional sensors that
must be added to the robot.

Hogan developed a method of compliant control in 1985 that operates without force sensors.
Called impedance control, this strategy actively enforces a desired tiffness and damping
relationship between the robot and its environment through its joint torque calculations [7]. Aside
from its advantage of using fewer sensors because the compliant behavior is calculated using only
joint position feedback, Hogan’s impedance controller is able to maintain a relationship between
position, velocity, and the desired output force. This multiple input relationship property has
many advantages when a robot must interact with external forces applied by its environment.
Because the impedance controller maintains a stable and constant impedance relationship when a
robot’s end effector comes into contact with an object, it is capable of easily transitioning
between the gross and fine motion portions of assembly [ibid].

Despite these advantages, however, impedance control suffers from positional inaccuracy. This
problem is inevitable and is caused by two factors. First, impedance control is based on a
kinematic model of the robot. Small errorsin the estimation of link weights, joint friction, inertia,
etc. all add up to positional error of the robot’s end effector. Second, even with an accurate
kinematic model, a great portion of positional error is directly related to the desired stiffness of
the system. When a robot needs to be compliant to perform a delicate assembly task, its potential
to exert control forces needed to achieve a desired Cartesian position is limited. This limits its
ability to overcome gravity, friction, and inertial forcesto rigidly adhere to a Cartesian trgjectory.
There have been some attempts to increase the positional accuracy of impedance control. Kelly
et a. created an adaptive impedance controller to overcome problems that arise from unmodeled
dynamicsin arobot system using joint position and velocity sensorsin addition to an end effector
force sensor [8,9]. Other closed-loop hybrid impedance control systems that improve the robot’s
dynamics model can be found in [10,11]. While these types of model-improvement impedance
control schemes increase robot control accuracy, which is alarge benefit, they do little to help the
robot interact with its environment or successfully complete a specific manufacturing task.

The system presented in this paper utilizes an external computer vision system as a means to
provide feedback and compensation to overcome impedance control’s positional accuracy
limitations for a peg-in-hole insertion task. It combines the desired impedance control behavior of
Hogan’s implementation with the positional accuracy achieved through visual servoing. The
result is a robot controller that is capable of providing improved positional accuracy for a
compliant robot while helping to avoid assembly failure due to wedging.

2. THE GENERAL ASSEMBLY PROBLEM

The peg-and-hole assembly problem has been broadly studied due to its many applicationsin real
world manufacturing. Whitney showed that the success of peg-and-hole assembly depends on
how the parts interact with each other as they pass through distinct contact states during insertion
[1]. Each contact state presents different internal forces, which can cause two specific types of
assembly failure as shown in Figure 1. Thefirst type of failure is wedging. Wedging occurs when
contact forces between the peg and hole become compressive and store energy applied to the peg,
holding it stationary. The second type of failure is caled jamming. Jamming occurs when the
resultant insertion force is too far off of the insertion axis (¢ becomes too large) to push the peg
into the bottom of the hole [12]. While jamming can occur from one or two point contact,
wedging aways a two-point contact phenomenon. Both types of failure are most likely to occur at
the onset of 2-point contact between the peg and hole.

Jamming is avoided by allowing the peg and hole to rotate and correct for misalignment. Thisis
accomplished through the compliant behavior of the manipulator, which alows the relationship
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Figure 1. Two primary types of peg and hole assembly failure:
jamming, left, and wedging, right. ® is the angular misalignment that
creates jamming. 8 is the angular misalignment for wedging, with €
the resulting error in the peg’s tip.

between the insertion force, lateral force, and reaction moment applied to the peg to naturaly
vary and change the direction of the single resultant force [1]. Using impedance control alows
instances of jamming to be corrected so assembly can be completed successfully.

Unlike jamming, however, once the peg has become wedged in its hole, there is no way to correct
the failure without completely removing two-point contact between the peg and the hole. Because
having to repeat an operation is not acceptable in an automated assembly process, it is desirable to
avoid wedging altogether. Wedging is primarily a function of initial lateral, €, and rotational, 6,
error between the peg and the hole as they make initial contact, part geometry, and friction.
Whitney performed a detailed analysis of wedging in the case of acylindrical peg and chamfered
hole [1]. Using physical measurements, e.g., from the peg-and-hole assembly system, we are able
to determine the conditions under which the peg is likely to become wedged in its hole. These
conditions are commonly visualized with a two-dimensional plot of the possible combinations of
initial lateral and rotationa errorsthat will not result in wedging. This plot is shown in Figure 2.

Pty Weedpmye

Figure 2. The wedging diagram sets boundaries for the amount of
initial lateral and rotational error between the peg and hole that can
be tolerated before wedging will result. These boundaries are a
function of clearanceratio, c, inside radius of the hole, R, outside
radius of the peg, r, coefficient of friction, p.

The region enclosed by the parallelogram in Figure 2 indicates acceptable combinations of initial
lateral and rotational error that will avoid wedging. The negatively doped horizontal boundary
lines are the result of a relation between lateral stiffness (Kx), rotational (K8) stiffness, and
compliance center location (L). This analysis shows that less alignment error will result in greater
protection from wedging during assembly. Thus, wedging avoidance through the ability of the
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system to accurately align the peg and hole during assembly becomes our design goal for the
visual compensation system developed in this paper.

Whitney aso produced a jamming diagram that visualizes the combinations of insertion force,
contact forces, and moment applied to the peg during insertion that protect the peg and hole from
jamming. While accurate alignment of the peg and hole reduce the possibility of jamming,
measuring a direct correlation between aignment and the jamming diagram is not within the
scope of this paper, as insertion is not being performed. We are instead only focusing on the
alignment of the peg and hole prior to assembly. This is the only stage of the assembly process
during which visual servoing is active. Further, the axes of the jamming diagram are measured in
terms of forces and moments that do not exist prior to insertion, so we are unable to use the
jamming diagram as a measure of success during the proposed experiments. Finaly, the visud
feedback system presented in this paper is used only to prevent wedging, as it is implied that
compliant control of the robot performing the insertion is the primary means of preventing
jamming through the accommodation of contact forces generated during assembly.

3. COMPUTER VISION FEEDBACK

In the previous section, it was explained that successful peg-and-hole assembly requires a system
to avoid jamming through the use of compliant control, and wedging through accurate initial
alignment of the parts. From this, we can conclude that the ideal system to perform thistask is an
impedance-controlled robot with high positional accuracy. Starting with a pair of existing
impedance controlled robots, the goal of this paper is to use computer vision to provide adequate
positional accuracy to the system.

Impedance control [6] operates much like a feed forward control loop because joint torque is
computed and sent to the robot without positiona error feedback. While this type of control is
desirable for stability and controlling the interaction between the robot and its environment, there
is no closed loop system to ensure that the end effector accurately follows the desired Cartesian
trgjectory. To boost the positional accuracy of the complete system, visua feedback has been
incorporated into the control system to provide closed loop behavior to the impedance controller.
The feedback strategy in this paper isto modify the Cartesian trajectory sent to the robots at each
time step. This will allow the system to incrementally adjust the commands sent to the
manipulator to compensate for errors between the desired and actual pose of the end effector. The
vision system is required to recognize the positions of the tips of the peg and hole as well as their
respective rotations with respect to the frame of the images collected by each image sensor. Then,
a controller measures the 3D distance between the parts in pixels, and computes the rotation of
the main axis of each part with respect to the horizontal axis of the image. An error signal is
generated from these measurements and the amount of 6-DOF compensation needed by the
chamfered peg to align itself with the hole in a shaft and remove the error is computed. The
compensation is represented by a vector that is added to the 6-DOF trgjectory input sent to the
impedance controller.

In other words, the alignment controller will command an “incorrect” goal pose with a controlled
amount of error to counteract the positional uncertainty of the impedance controlled robot. The
impedance control equation enforces a desired impedance relationship between the robot and its

environment through stiffness, Kr, and damping,KD, coefficients. Using equation (1), the
impedance controller computes the joint torques, T, required to achieve the desired joint

positions, qd, and joint vel ocitiesqd, to move the end effector of the robot. This equation also

compensates for gravity using the feed forward term, Ty , calculated from joint positions, q [13].
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The dtiffness errors due to the change of Jacobian, (J) and kinematic modeling are the primary
causes of positiona uncertainty in an impedance controlled robot system. The positiona
uncertainty is usually most noticeable in the end effector, which often droops below its
commanded goa due to the force of gravity. This problem is also apparent in lateral motions
when compliant gtiffness and damping parameters are chosen, as this weakens the joint torques
computed for the robot to overcome friction and inertia. In this example, the alignment controller

commands a compensated position that is higher than the desired position, (Xd + compensati on)'

allowing the robot to droop into better aignment. This simultaneously alows high positional
accuracy while providing a wide range of acceptable impedance values to perform assembly
tasks.

The goal of the closed loop system is to eliminate al of the positional error to exactly aign the
peg and the hole. This implies that the steady-state characteristics of the controller are more
important than the transient behavior, assuming that the controller responds with reasonable
speed. For this reason, two types of controllers were considered: PID and Finite State Machine
(FSM). Though both controllers will produce similar results, they work in fundamentally different
ways. The PID controller accepts the desired trgjectory input and pixel coordinate error signa and
computes a new trgjectory to send to the robot on the fly to achieve the desired trgjectory.
However, the FSM builds and continuoudy modifies a cumulative 6-DOF compensation vector
using vision-based measurements and the discrete states shown in Figures 3 and 4. This
compensation vector is added to each desired 6-DOF trgectory input as it is sent to the
impedance controller of the robot to achieve the desired pose. We are primarily concerned with
the initial peg-and-hole alignment prior to insertion with this system. So the peg and the hole will
be held stationary during our experiments, only rotating and trandating as needed to align
themselves from an initia starting position. This will allow the compensation vectors for the
robot manipulating each part to become constant as the controller runs. This is because the vector
is essentially compensating for errors in the kinematic modeling of the robot within the
impedance controller, as well as compensating for the control forces weakened by the
commanded compliance.
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Figure 3. State diagram showing the logic and transitions of the visual
finite state machine trajectory compensation controller for asingle robot.
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Figure 4. State diagram showing the transitions and logic of the
compensation vector modification block from Figure 3 for a single DOF,
with configurable compensation variable, n, and proportional divider (5in
this case) that allows the response of the system to be tuned for a
particular task.

The block diagram representing the proposed closed loop control system is shown in Figure 5. In
this figure, A(s) represents the impedance controller of the robot holding the peg while B(S)
represents the reaction forces generated by the external forces like gravity and friction. These two
systems essentially interact to form their own closed loop. The vision controller must precede this
system to intercept and modify the incoming desired trgjectory data to compensate for the
positiona errors of the system. The error signa is continuously generated from the vision system,
so thereis no sampling delay in the feedback measurements.
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Figure 5. Block diagram showing the relation of the traectory

compensation system (“Computer Vision” and “Controller blocks”) to

the impedance control system. The “Controller” is represented either

as a PID controller or the proposed FSM controller. For the

independent impedance control system, A(S) represents the

commanded motion of the peg and B(s) represents the reaction to the

movement caused by environmental effects such as friction and

gravity. The output of this system is the actual trajectory followed by

the peg.
The first type of controller considered for use was the PID, or proportional -plus-integral-plus-
derivative, controller. This type of controller was chosen because it typically offers very good
transient and steady-state tracking behavior due to its derivative and integral actions, respectively.
The Simulink block diagram shown in Figure 6 was created to model the behavior of the PID
controller in response to both a step and sinusoidal input. To run simulations, the robot system
was approximated as a spring-mass-damper system. From this approximation, a transfer function
of input Cartesian force to output Cartesian velocity was achieved. Using this transfer function,
an accurate impedance controller model is calculated and used for the plant during controller
simulations. The PID controller was designed using the Matlab Control System Design Toolbox
and tuned for the optimum trade-off with respect to steady-state error, rise time, and stability

through Matlab’s controller design GUI. The resulting PID control law, measured in Newtons, is
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shown in equation 2. The performance of this system is shown and compared to that of the FSM
controller in the following paragraphs.

30971 2

F(s) = 341 + 21903 1y (-.00853 ) T
S 1+3%971 =
S
The second type of controller considered for the visua feedback compensation loop takes a
different approach. The FSM controller operates by accepting input error data and classifying it
into one of two general magnitude categories. Then the controller transitions into the appropriate
state to add or remove compensation from the cumulative compensation vector sent to the
impedance controller. Then the FSM returns to its initial state to accept more data. The FSM
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Figure 6. Smulink block diagram used to simulate the performance
of the PID compensation controller in response to a step input.

designed for this system is shown in Figure 3.

This controller starts in the “Next Desired Position” state, in which the next desired Cartesian
goa point for the robot is input into the system from the desired trajectory. The compensation
vector, which isinitialy a zero vector, is also added to the goal point at thistime. If the trgjectory
has not ended, the next goal point is sent to the impedance controller of the robot, which executes
the command and moves the rabot to the new position. The peg and hole should be aigned at all
times during the assembly trgjectory, so if the vision system detects that there is no error between
the alignment of the peg and hole in the new position, the system moves to a state where no
additional compensation is added to the system. If, however, the vision system detects that there
is an error in the alignment of the peg and the hole, the system instead moves to the “modify
compensation” state. In this state, each element of the system’s continuously modified 6-DOF
compensation vector is either increased or decreased to correct the system’s alignment error. This
state essentially classifies the error as greater than or less than several error threshold values, and
increases or decreases the compensation vector a fixed amount that is proportional to the
magnitude category of the error. Figure 4 shows the block diagram representing this process. This
compensation vector is then added to the next desired goa point that is input to the impedance
controller to compensate for the errors measured in the previous step.

Another Simulink model was created to test the step and sinusoidal input response performance
of the FSM controller. The FSM structure was implemented using an embedded Matlab function
because it runs dightly faster than the comparable Matlab Stateflow models. The completed
simulation model is shown in Figure 7. This model uses the same transfer function used for the
simulation of the PID controller.

T
Tongutput Transter Fen
Step readComp Comp

Read State Machine
Compenzation

Figure 7. Smulink block diagram used to simulate the performance of
the finite state machine in response to a step input.
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Now that the simulation models for each controller type were completed, the performance of each
could be compared. The first performance test measured the response of each controller to a step
input. The results of each controller are shown in Figure 8. The PID controller has very good
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Figure 8. Step response of the PID trajectory compensation controller
versus the step response of the FSM compensation system.

transient response with a 0.00888 second rise time. However it also demonstrates 10.5%
overshoot and settles with some steady state error. This steady state error is due to the natura
zero in the numerator of the transfer function used as the plant during simulation. The force-
velocity relationship of the physical system represented by the transfer function will always have

a zero whenS= 0, This zero means the integral action of the PID controller will be unable to
achieve zero steady state error. The FSM on the other hand, essentially operates as a proportional -
plus-integral (Pl) controller without this limitation. This is because the cumulative compensation
method continuously adds compensation to the system whenever there is a non-zero error signal.
The FSM controller has slower rise time due to its lack of derivative action. However, the FSM
demonstrates 0% overshoot and no steady state error within the limits resulting from the camera
resolution. Both of these factors, coupled with its reasonable rise time, suggest that the FSM
controller is the better choice for this system. As shown in Figure 6, there are two distinct size
classes for “large” errors and “small” errors. The transition of the amount of alignment error from
one category (large) to the other (small) can be seen by the change in the slope of the response
line in the Figure 8. The dope of this line can be adjusted as described in Figure 6 to achieve the
desired response time.

The next simulation demonstrated the ability of each controller to follow atransient input, which
was modeled by a sinusoidal wave. The results of each controller for thistest are shown in Figure
9. The same conclusion can be drawn from this simulation. While the PID controller has a dight
advantage in transient response, the FSM controller has a significant advantage in steady-state
error, which is the more important design goa for complete peg and hole aignment. Due to these
simulations, the FSM controller was the design implemented in the final system.

The FSM controller also has another advantage over the PID controller that does not show in
these tests. This advantage is that unlike the PID controller, a properly designed FSM cannot be
unstable. This is due to the explicitly bounded compensation allowed by the system’s
programming. There has been limited research on the stability of state machine controller design.
Gore presented two concepts that indicate a stable FSM design [14]. The first stability concept
says that changes made to the behavior of a single state in the total state machine should not
affect the implementation of the rest of the system. The second concept is similar to the idea of
mesh size in numerical computation. This idea explains that the state machine should be designed
such that every state is used during a run and there are sufficient interfaces to move to each state
[14]. In another paper, Tarraf et a. [15] used a mathematical model of the finite state machine to
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Figure 9. Transient trgjectory following performance of the PID

trajectory compensation controller and FSM compensation system for a

sinusoidal input to the simulated robot between -1 and 1 meters.
determine the stability of the controller using a linear algorithm that checked the system for three
properties. These properties were finite gain input-output stability, externa stability, and
incremental input-output stability. Each of these requirements focuses on the need of the system
to handle inputs consistently and in a bounded way. The FSM presented in this section meets al
of these requirements, so we can conclude that it will remain stable for al cases.

4. EXPERIMENTAL SYSTEM HARDWARE

With the FSM controller completed, the system was physically tested using a cooperative robot
assembly system composed of two Barrett Technology Whole Arm Manipulators (WAMs) [16], a
two-camera vision system, reflective memory, and a control computer organized as shown in

Figure 10.
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Figure 10. Organization of the cooperative robotic work cell used
during experimentation. Also shown are the individual coordinate
systems attached to each WAM.

Each WAM is a lightweight, seven DOF redundant robot arm that runs an impedance controller
programmed through a compiled Simulink model. Each WAM communicates with the control
computer through a reflective memory network. The control computer hardware consists of 2.53
GHz Intel Core2 Quad processor with four gigabytes of memory. This computer simultaneously
sends trgjectory commands to each WAM and runs the visual trgjectory compensation controller.
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These tasks are programmed as Simulink models that run compiled user-defined functions. Image
dataisinput from two BASLER A602-fc cameras through FireWire connections.

The peg and hole end effectors used for these experiments are made from machined auminum
and are rigidly attached to the wrist of their respective WAM. These end effectors are much
gtiffer than the joints held in place by the control forces generated by the impedance controllers.
This allows Whitney’s wedging analysis of compliantly supported rigid parts from Section 2 to be
applicable. Using the eguations shown in Figure 2 to create a wedging diagram for our specific
peg and hole hardware, the following limits for allowable initial lateral error, €, and initial
rotational error, 6, were calculated. These values will be used to measure the success of our
experimental system with respect to the wedging diagram in Figure 2.

R-r

c= =0.0255107 R=0.010035m  r =0.009779m

1 =045 % =0.05817 = 6, r + R=0.019814 = Eom

7 ix

A basic computer vison system was implemented in Simulink to provide the feedback
information needed by the trgectory compensation controller to aign the peg and hole. The
system consists of two cameras positioned orthogonal to the X-Z and X-Y planes, respectively.
Only two cameras are needed because the cylindrical geometry of the parts makes axial rotations
in the Y-Z plane insignificant. These cameras capture 320x240 RGB images and send them to the
control computer. The control computer then applies a color filter to the image data and
approximates the pixel-coordinate position and orientation of the peg and hole in each image
plane. The peg and hole are colored red and blue, respectively, to aid object recognition. This
simple setup does not require calibration since measurements are output in pixel coordinates.
Also, the use of pixel based measurements offers sub-millimeter accuracy of the error signal with
the image resolution and camera placement strategy used in this experimental setup. This system
is able to update the visual feedback measurements at arate of 80Hz.

5. EXPERIMENTAL RESULTS

All experiments focus on the vaidation of the FSM visua aignment controller. As a result, the
peg-and-hole end effectors are simply being aligned in the following experiments, and no
insertion or assembly is taking place. The first test required the WAM holding the peg to move
the tip of the peg to a height of 158 millimeters above its base. The hole end effector of the other
WAM was commanded to a position where its center was exactly a a height equal to the target
158 millimeters, but located about ten centimeters in the positive X direction away from the peg’s
starting position. A short trgjectory was then sent to the WAM holding the peg to command it to
aign itsalf with the hole. While the WAM was moving, it also output a structure containing its
actual trajectory measured by the robot’s joint encoders to Matlab. If all of the parameters of the
impedance controller perfectly modeled the physical WAM system, it would be able to perfectly
follow this trajectory and align the peg and the hole without help from the visual compensation
system. However, thisis not the case. Initidly, the impedance controlled system actually does not
reach its target aignment as a result of modeling error and the moderate stiffness gain of
approximately 700 N/m applied to the impedance controller in al 3 lateral dimensions, i.e., the
Kp of Equation (1). Thisis especially apparent in the vertical direction, which isthe most affected
by gravity. While the uncompensated peg may only be 1.5 millimeters below its goal height in
thistest, even small initial latera errorsincrease the likelihood of the peg becoming wedged in its
hole. For the next trial, the visual compensation loop was turned on to compensate for the droop
in the WAM due to the impedance controller error. On this run, the peg is able to very accurately
follow its target trgjectory and align itself vertically with the hole. The results from this test are
shown in Figure 11.
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It was now time to alow the system to align the peg and hole for assembly. To perform this
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Figure 11. Actual trgjectory following performance of the WAM in
the most difficult vertical direction with and without visua
compensation as a function of motion time.

experiment, the peg and hole manipulators were commanded to have high compliance, with a

lateral stiffness (KP) of approximately 400 N/m aong the X, Y, and Z axes and a rotational

stiffness (K,) of 5 N-m/radian along al three rotational degrees of freedom. Each WAM was then
sent trgjectories to move the peg and hole to a point of near contact, where the two parts would be
perfectly aligned. The position achieved by the WAMs using impedance control alone can be
seen in thefirst panel of Figure 12. It is obvious that the high compliance and lack of closed loop
feedback has caused there to be considerable rotational and trandational error between the peg

Figure 12. Left image shows the alignment achieved without visual
compensation using low stiffness impedance controller parameters. Right
image shows alignment achieved with visual compensation added to the
input commands.

and hole after the gross movement. At this point, the visual trgjectory compensator was activated
to adjust the commands being sent to the peg and hole manipulators. For this experiment, the tips
of the peg and hole were each sent a trgjectory composed of a single desired pose to hold the peg
and hole stationary and aligned with approximately 3 cm of space between them. The error
initially present in the pose of the peg and hole would be adjusted by the FSM until the peg was
aigned with the hole to achieve the desired position. After the alignment controller was run for
2.5 seconds, the peg and hole were sufficiently aligned as shown in the second panel in Figure 12,
and were within the “no-wedge” box of Fig. 2.

Figures 13 and 14 show the vaues of the compensation vector computed by the aignment
controller and used to augment the commands being sent to the WAMSs by the system controller.
As previousy mentioned, the manipulators are not moving a significant amount during this
process, so we expect the compensation needed to account for the kinematic model errors and
high compliance to achieve a constant, steady-state value. The physical system behaved as we
expected, as shown in the following figures. Only the X- and Y- axis compensation commands
are shown as no change was required aong the axis of the peg to keep the desired 3 cm of space
between the peg and hole.
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Lateral Compensation
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Figure 13. Compensation added to the lateral trgjectory commands
sent to the peg during alignment along the X and Y axes.

A fina test was conducted to show the repeatability of the alignment controller and verify that it
met our accuracy goals of 0.05817 radians of allowable rotationa error and 0.019814 meters of
alowable trandational error as defined by the physical geometry of the peg and hole in Section 4
using the wedging diagram. The previous experiment was executed ten times. After the alignment
controller was allowed to run for 2.5 seconds, the rotational error between the peg and hole was
measured using a digital angle finder. Also, the lateral error between the longitudinal axis of the
peg and the hole was measured using a pair of digital callipers. The total error was measured for
both rotation and lateral position, instead of breaking the measurement into planar components, to

Rotational Compensation
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Figure 14. Compensation added to the rotational trajectory commands
sent to the peg during alignment. Quaternion representation is used to
define rotation, so there are four rotation elements required.

assume the worst case error with respect to the wedging diagram. The maximum observed
rotational error was 0.040 radians, with an average measurement of 0.022 radians. The maximum
observed lateral error was 0.0032 meters, with an average measurement of 0.0025 meters. Using
the maximum observed error, we can show that in the worst case scenario, we met our alignment
goas with at least 31% margin in rotation and 84% margin in trandation with respect to the
wedging diagram.

The FSM visua servoing controller implemented in the preceding experiments was alowed to
run for anominal 2.5 seconds. While this yielded very good results, the large margin with respect
to the limits of the wedging diagram imply that less time is required to achieve adequate
aignment to avoid failure due to wedging. In practical manufacturing applications, where speed
isof great importance, the FSM could be redesigned to actively compare the lateral and rotational
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error measured by the vision system to the limits defined by the wedging diagram. This would
alow the system to perform insertion as soon as the peg and hole were aligned well enough to
protect the process from wedging, and reduce the total time needed for alignment, and the
complete assembly process.

6. CONCLUSION

The experimental testing has proven that the finite state machine visual aignment controller
successfully improved the positional accuracy of the impedance controller to meet our goals with
respect to the wedging diagram. The result is a control system that is capable of aligning a peg
and hole accurately enough to avoid wedging, while still allowing a wide range of compliance
settings to provide desired behavior to complete a peg-and-hole assembly task. With these
improvements, an impedance controller is capable of performing peg-and-hole insertion tasks
more robustly than previously possible, by the active avoidance of wedging failure.
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