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ABSTRACT

A robot that can duplicate human motion capabilities in such activities as balancing, reaching, lifting,
and moving has been built and tested at Carnegie-Mellon University. These capabilities are achieved
through the use of real time Model-Based Control (MBC) techniques which have recently been
demonstrated. MBC accounts for all manipulator inertial forces and provides stable manipulator motion
control even at high speeds. To effectively demonstrate the unique capabilities of MBC, an experimental
robotic manipulator was constructed which stands upright, balancing on a two wheel base. The
mathematical modeling of dynamics inherent in MBC permit the control system to perform functions that
are impossible with conventional non-model based methods. These capabilities include:

o Stable control at all speeds of operation;

o Operations requiring dynamic stability such as balancing;
» Detection and monitoring of applied forces without the use of load sensors;

* Manipulator "safing” via detection of abnormal loads.
The full potential of MBC has yet to be realized. The experiments performed for this research are only an
indication of the potential applications. MBC has no inherent stability limitations and its range of
applicability is limited only by the aftainable sampling rate, modeling accuracy, and sensor resolution.
Manipulators could be designed to operate at the highest speed mechanically attainable without being
limited by control inadequacies. Manipulators capable of operating many times faster than current
machines would certainly increase productivity for many tasks.

INTRODUCTION

The design of a control system for manipulators is a formidable task due to the complexity of the
nonlinear coupled dynamics. The goal is the calculation of actuator torques which will cause the
manipulator to follow any desired trajectory. Research has produced many manipulator control schemes
ranging from simple Proportional + Integral + Derivative (PID) control to nonlinear feedback control. In a
broad sense, two basic categories of control design are found in the literature. The first contains the
robust control methods in which the control is able to overpower the system's nonlinear coupled
dynamics. The second contains the model-based control (MBC) methods in which many of the system
nonlinearities are calculated via a system model and the nonlinear system forces are canceled by the
actuation forces. For this research we have chosen to use the Computed-torque modei-based control
described in the next section.

Recent advances in computational hardware have made it possible to evaluate in real time the
equations of motion of robotic manipulators. Khosla! at Camegie Mellon University (CMU) was the first to
demonstrate the feasibility of real time MBC using an inexpensive computer system for control of a six
degree of freedom manipulator, the CMU Direct Drive Arm Il. The current work builds on this
accomplishment and explores additional manipulator capabilities that the existence of real time MBC
creates.
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The assumptions required to apply the methods presented here are:
» System is amenable to mathematical modeling

e Suitable control law can be formulated
o Mathematical model and control law can be evaluated in real time
o Necessary physical variables can be instrumented

CONTROL APPROACH

Computed-Torque Control

Computed-torque? control is a model-based control scheme which strives to use the complete dynamic
model of a manipulator to achieve dynamic decoupling of all the joints using nonlinear feedback. The
dynamic model of the manipulator is described by the Lagrangian derived equations ot motion:
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where the ¢ are the joint coordinates. The 1; are the extemnally applied joint actuation torques/forces. The
inertial Dy, centrifugal and Coriolis Cjk(i), and gravitational g; coefficients of the ciosed-form dynamic robot
model in Equation 1 are functions of the instantaneous joint positions q; and the constant kinematic,
dynamic and gravity manipulator parameters. The kinetic energy gives rise to the inertial and centrifugal
and Coriolis torques/torces, while the potential energy leads to the gravitational torques/forces. Actuator

dynamics can be incorporated in the dynamic robot model by additions to the Lagrangian energy function.

The Computed-torque algorithm begins with a calculation of the required torque to be applied to each
of the joints (in vector notation):
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where u is the commanded joint accelerations. The "~* indicates that these matrices are calculated from
the estimated system parameters. The resulting dynamic equations for the closed-loop system are:
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If the system dynamic parameters are known exactly, then D = D, H = H, and § = g, then the closed loop
system is described by:

Gg=u @)

which is the equation for a set of decoupled second order integrators. The commanded acceleration u; is
then formulated to incorporate the error feedback signal and the reference signal. After decoupling, each
joint acts as a second order integrator, therefore the control law is given the form:



u; = Gz - 200(q; - g - w’( 9 - 99 (&)

which causes each joint to act as a second order damped oscillator with natural frequency o and damping
ratio {. The form of the equation causes the joint to track the desired joint values q,,, ¢;, and g,

The computed-torque control defined above is based on the assumptions that the system model is
accurate and that all joints are actuated. For this research the dynamic parameters of the experimental
manipulator were manually measured to provide an accurate system model. We assume in all
simulations that the dynamic model is accurate. The second assumption, that all the joints are actuated,
does not apply for the experimental system which requires dynamic balancing. However, a suitable
control law exists based on the work of Petrosky3. The method, called hierarchical partitioning, is directly
applicable to the balancing problem, is robust, and gives an intuitive feel for the system’s behavior. For
the experimental balancing manipulator, the control law, which treats the manipulator as a single inverted
pendulum, is merged with the computed-torque controi to complete the algorithm.

Determination of Applied Forces

Indirect determination of applied forces (i.e. without the use of load sensors) is accomplished by
comparison of the manipulator mathematical model and the observed manipulator behavior. A simple
example of this is the algorithm for payload determination for the balancing manipulator. Payload
estimation can be performed for a balancing manipulator without accurate knowledge of the actuation
forces and accelerations, and the required calculation can be performed on-line in real time. Consider the
equation of motion tor pivoting about the base of the dynamically balanced manipulator:
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The base joint of a balanced manipulator is not actuated, therefore 1; = 0. However, if the payload value is
incorrect, then this equation will evaluate to a non-zero value of t, when the observed values of the joint
variables are entered. The difference indicates the value of the payload which is given by:

o,
ar = - ()7 Q)

where AP is the difference between the actual payload and the current estimated value. Under ideal
conditions this equation would yiekd the correct payioad value in a single sample; however, the accuracy
of the values for g¢; can be exceedingly poor if they obtained by double differentiation of position
measurements. This was the case in the experimental system, but the problem was overcome by the use
of a parameter estimator.
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EXPERIMENTAL SYSTEM

Manipulator and Sensors

The experimental manipulator is supported solely on two wheels. It is a double inverted pendulum
operating in a plane, and constantly requires active balance motions to prevent falling. The manipulator
consists of the servo driven wheeled base, a lower arm section, an elbow joint with drive servo, an upper
arm, and an electro-magnet gripper at its tip. It is constructed primarily of aluminum and has a totai
weight of 13 kg. The two wheels mounted on a single shaft provide effective out-of-plane stability. The
tip of the manipulator can reach to a height of 1.8 meters when fully extended, and can be lowered to
touch the floor.

The manipulator wheels and elbow joint are each driven by Aerotek servos rated at 1.3 N-m peak
torque. The elbow joint has a chain reduction ratio of 57.6:1 and the drive wheels have a chain reduction
of 4.8:1. The chain reduced servo arrangement was chosen over direct drive to save weight, and over
gear-reduced or harmonic drive to mitigate costly damage in the event of a severe floor collision.

The sensors utilized for manipulator control are:
o Inclination RVDT - a rotary differential transformer measures the angle between the floor
surface (via a feeler) and the lower arm.

* Motor Encoders - each servo has an optical encoder of 500 counts per revolution which runs
a hardware counter read by the paralilel interface board.

Computer Control System

The computer control system hardware consists of a Motorola M68000 based single board computer
as the master CPU, a Marinco Array Processor Board (APB), an Analog to Digital Converter (ADC) 32
channel input board, a Digital to Analog (DAC) 4 channel output board, a 96 line Parallel Input/Output
(PIO) Interface board, and a CRT terminal. The master CPU drives the bus communications, terminal
interface, and an interface to a VAX computer. The VAX computer serves as the disk storage for the
system programs and as the post processor of the experimental data.

The Marinco array processor is a high speed programmable single board processor with an instruction
cycie of 125 ns. It is used to perform the calculation intensive operations required to implement MBC.
The board has fixed point multiplier and addition hardware which are used for floating point operations.
The floating point addition or multiplication routines execute in approximately 1 us. Negation requires 125
ns. Computation of the sine/cosine pair requires 15 ps. Additional routines perform data type conversion
and other functions required to format the sensor data.

Processing for real time control is done by the Marinco processor exclusively. Manipulator trajectory
calculations are handied by the M68000 CPU on a time sharing basis. In operation a timer interrupts the
CPU at each sampling instant. The CPU copies the sensor data to the Marinco array processor memory,
and initiates Marinco execution. The Marinco formats the data, does scaling operations, performs the
trigonometric functions, and then calculates the inverse dynamics. The formatted output data is ready in
less than 0.5 ms. The Marinco retums to control data to the CPU which outputs it to the DAC’s. The
cycle time is fast enough that the control algorithm and dynamic model can be evaluated at a sampling
frequency in excess of 1000 Hz.
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EXPERIMENTAL RESULTS

The experimental manipulator was fully reliable in maintaining balance for long periods while
pertorming a variety of tasks. The base moves approximately +3 mm to maintain balance and the tilt
varies by +0.0063 rad. This motion does not indicate a flaw in the balancing algorithm, but rather the
motion results from being at the limit of tilt resolution of the RVDT sensor used with the floor feeler; the
RVDT signal variation corresponds to the magnitude of a single digital count. Because the base
dimension of the experimental system is zero, it is physically impossible for the manipulator to balance
without some on going motion.

The manipulator proved very resistant to upset; its recovery ability appears to exceed that of a human
under similar magnitude disturbances. Figure 1 records the transient response of the manipulator to a
severe impact (base position ¢, and titt ;). The manipulator moved forward to balance and then quickly
returned to the original position. The manipulator was also forgiving (compliant) of collision. The
manipulator wouid bounce lightly off an obstacle and come to rest simply leaning against it. When
commanded to back away from the obstacle, the manipulator would resume balancing as soon as contact
was broken.

Figure 2 records the transient response of the manipulator under two cycles of application of a payload
of 0.811 kg, suddenly added or removed. The payload compensation algorithm quickly determines the
new payload and adapts the control, restoring the manipulator to its original position. It was possible to
carry large payloads with the experimental manipulator. The manipulator used its own weight to balance
and transport payloads ranging up to 3.2 kg, which is 25% of its system weight, without difficulty. The
results of payload estimation in a non-transient condition show a noise level of only =26 gm which is
0.2% of the system mass.

Another payload experiment successfully demonstrated the development and control of lateral force
through the motion of system masses. A rope attached the manipulator to a heavy mass on a horizontal
surface, and the manipulator was used to pull the mass across the table, against the force of friction, for
some target distance. The manipulator developed a lateral force through the movement of its center of
mass to a point behind its wheel axis, producing a resulting force in the rope; the system displays balance
through the movement which ensues when the lateral force reaches and exceeds the friction force. The
manipulator thereby demonstrates the approach used by a human to pull a heavy weight across a floor.

CONCLUSIONS
The feasibility of utilizing real time Model Based Control (MBC) for robotic manipulators has been
demonstrated. The experimental results demonstrate the effectiveness of the control approach and of the
payload estimatiorvadaptation algorithm developed for this effot. The mathematical modeling of
dynamics inherent in MBC permit the control system to perform functions that are impossible with
conventional non-model based methods. These capabilities include:
« Stable control at all speeds of operation;

» Operations requiring dynamic stability such as balancing;
» Detection and monitoring of applied forces without the use of load sensors;

* Manipulator "safing” via detection of abnormal loads.
This work demonstrates an initial implementation of the above features for a robotic manipulator.
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The full potential of MBC has yet to be realized and much work remains to be done. The experiments
performed for this research are only an indication of the potential applications. Uniike conventional PID
control, MBC is a theoretically complete control algorithm with no inherent stability limitations. Its range of
applicability is limited only by the attainable sampling rate, modeling accuracy, and sensor resolution.
Manipulators could be designed to operate at the highest speed mechanically attainable without being
limited by control inadequacies. Manipuiators capable of operating many times faster than current
machines would certainly increase productivity for many tasks. These manipulators could also have build
in safing in response to abnormal loading conditions.
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Figure 1: Response to a Lateral Impulse Load at 0.3 Seconds

2.50

1.00

0.80

A "

0.60

0.40

r r

0.20

0.00

-0.20

0.00

5.00 10.00 15.00 20.00 25.00 30.00
Est. Payload (kg) vs. Time (sec)

Figure 2: Payload of 0.81 kg Applied On/Oft/On
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