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ABSTRACT

This report describes the electronic hardware designed and developed for the Small Scale
Model Robot Crane (SSMRC) Project sponsored by the Defense Advanced Research
Projects Agency (DARPA). The purpose of this electronic hardware is to provide the
necessary servo controls for the three axes of the SSMRC. The report begins with an
introduction which explains the overall objectives of the project and describes the SSMRC
system configuration. An electronic design section discusses each system component and
describes the component from both a hardware and a system point of view. Test
procedures and results, which give the troubleshooting methods and data needed for
development of the system, are then presented. The report concludes with a brief summary
and an appendix which provides electronic design schematics and descriptions of the parts
used in the construction of the electronic hardware system.
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1. Introduction

Automation and the use of robotic systems are wide spread in manufacturing applications. Recent
studies [1, 2] have indicated that there are potential applications of this technology to the heavy
construction industry. The study documented in this report, being conducted by the National
Institute of Standards and Technology (NIST) under the sponsorship of the Defense Advanced
Research Projects Agency (DARPA), involved the investigation of construction cranes and how
their operation could be improved by the use of robotics technology.

One of the principal operations of heavy construction industry involves handling, lifting,
posttioning, and assembling large components and machinery. These operations are not only labor
intensive, but are dangerous and tiring for the laborer. If construction cranes could be operated
like industrial robots, these operations would be completed more efficiently and safely.

As shown in Figure 1, ordinary construction cranes are stable only in the vertical direction. The
load is free to rotate and to sway under the slightest side pressure like a pendulum. Under these
conditions, it would be very difficult for the crane to perform any robotic-type operations due to
the excessive compliance of its end-effector (in this case, the mechanism for hooking onto the
load).

A new crane design utilizing six cables to suspend a load platform was proposed [2] as shown in
Figure 2. Based on initial testing of several prototypes, this design results in a very stiff load
platform [3, 4, 5]. This platform can be used in typical crane operations, or as a robot base, or a
combination of both (Figure 3). This approach can be used on any of the various crane designs
currently used in the construction industry as conceptually illustrated in Figures 4 a, b, and c.

The DARPA sponsored program on robot crane technology involved the design, development and
testing of several prototypes to determine the performance characteristics of this proposed crane
design. In the overall program, research was conducted on three different size models - large,
intermediate and small. This report deals only with the small model and specifically with the
electronics developed to control it. A description of the overall DARPA program and the results of
this research are presented in [6].

The robot crane program utilized different size models in order to minimize the difficulties of
working with very large, heavy structures. By using scaled models, it was possible to characterize
design parameters and investigate system performance but with reduced effort and cost. This
particular project involved working with the small model, which has been termed the Small Scale
Model Robot Crane (SSMRC). The SSMRC is shown in the photograph in Figure 5.

2, Objective

The objective of this work was the design, development, and evaluation of a vibration
compensation device for the SSMRC. The purpose of this device is to reduce vibration of the
robot crane load platform which might result from the load shifting, contact between the load and
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Figure 5. Small Scale Model Robot Crane
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some external structure, or from wind loading. Reducing these vibrations will provide better
stabilization of the platform and, therefore, better positioning control of the load.

3. Mechanical Design

The SSMRC is shown schematically in Figure 6. It consists of two equilateral triangular shaped
platforms of the same size (11.43 cm). The upper platform is rigidly fixed to a supporting
structure. The lower platform is suspended approximately 1.2 meters from the upper platform by
six steel wire cables (0.1 cm diameter). Mounted beneath the lower platform is an X-Y precision
positioning table, which provides translation along the X and Y axes. Mounted above the lower
platform is a motor which is coupled to the X-Y positioning table and provides rotation about the Z
axis. Mounted below the X-Y positioning table is a lateral translation end-loading subplatform
structure. This subplatform structure consists of a 5 x 2.5 cm cross section, 1.8 meters long steel
beam with two baskets suspended from its ends for the placement of lead bricks. The basket
farthest from the platform simulates the payload and the nearest basket the counter weight.

The vibration compensation device consists of the X-Y positioning table, the rotary joint about the
Z-axis, position and velocity feedback sensors and the servo controls for driving the motors. With
this device it is possible to translate the payload on a plane parallel to that of the lower platform and
to rotate it about an axis orthogonal to the same plane.

Attached to the drive screws of the X-Y table are two servo motors, one on the X-axis and one on
the Y-axis, each driven by servo amplifiers. A higher torque motor assembly is attached to the
beam via a bearing and located at the center of gravity of the system. Position and velocity sensors
provide feedback to the amplifiers and are attached to the crane housing and to the motor shafts,
respectively. Both relative and absolute position sensors are used for feedback.

Absolute position sensors are mounted to a rack assembly which houses the crane and are in
contact with the crane. Two sensors are equal distance about the Z-axis and the third sensor is

positioned at the payload end of the crane (see Figure 7). An IBM PC AT1 computer is used to
update the position of the crane via an Active Filter System and a Data Acquisition and Control
System. Outputs from this system are amplified using a Voltage Amplifier System before sending
signals to the servo amplifiers.

1 Commercial equipment is identified in this report so that the electronic system and design
procedures are adequately described. In no case does such identification imply recommendation
or endorsement by the National Institute of Standards and Technology, nor does it imply that this
equipment was necessarily the best available for these tasks.
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4. Electronic System Design

The electronic system contains the following components: Three-Axis Servo Drive System which
includes the relative position sensors, velocity sensors, motors, and amplifiers; Absolute position
sensors; an Active Filter System; a Voltage Amplifier System; a Data Acquisition and Control
System; and a Power Supply System (see Figure 8 and Appendix for detailed design and
schematics).

The computer outputs data to the Data Acquisition and Control System which converts this data
into a voltage. This voltage is sent through the Voltage Amplifier System and to the Three-Axis
Servo Drive System to drive the crane. Feedback is sent from the absolute position sensors
through the Active Filter System for low frequency filtering and back to the Data Acquisition and
Control System to be converted into data that the computer can use. This data is then fed into the
computer for an update of the crane's position. Each component of the electronic system is
explained in more detail in the following sections.

4.1, Three-Axis Servo Drive

A Three-Axis Servo Drive System was designed to provide power to drive the three motors on the
robot crane. This drive system has three 1000 watt pulse-width -modulated servo amplifiers with
velocity-loop configuration manufactured by Inland Motor. Each amplifier uses +24 VDC and +90
VDC (maximum input voltage) and produces 14 A (maximum) current that is adjustable to drive
the majority of brush-type DC motors. The two motors currently being used are also from Inland
Motor and are as follows: Rotary Joint, T-5144B Alnico Magnet motor with Imax = 3.75 A and
Vmax = 85 V to provide 3.7 joules peak torque; and the X and Y Joints, QT-2606A Samarium
Cobalt Magnet motor with Imax = 5.01 A and Vmax = 55 V to provide 2.0 joules peak torque.

The servo amplifiers can be configured for single-ended or double-ended use by providing one or
two command inputs to the amplifiers. The double-ended configuration was chosen which takes
an input from the computer and an input from the relative position sensor. This configuration
makes the position sensor the reference point and the computer then, is the controller for the
motor.

Feedback from a velocity sensor is necessary to provide the amplifier with a differentiated source
synchronous with the motor shaft. To provide this, a tachometer is coupled to the shaft of the
motor and the signal is fed into the velocity inputs of the servo amplifier (the labeling on the
amplifier for these inputs are: TACH and TACH REEF).

Besides the position and velocity information fed back into the amplifier, a series of adjustments
are provided on the amplifier to provide the correct damping for system stability. The adjustments
are as follows: system offset, command scaling, feedback scaling, AC gain, and current limit. The
system offset is used to allow a 30.2 V range of offset to add or subtract voltage to the command
inputs. The command scaling and feedback scaling adjustments are used to provide a velocity
adjustment and produce a percentage change (0% to 100%). The AC gain is a potentiometer to vary
the velocity loop's summing-amplifier break frequency and is adjustable from 0.01 Hz to 1 kHz.
The current limit is a start-up adjustment and is set for the current limit wanted to drive the motor.

An enable input is also provided on the amplifiers so that the power to the amplifiers can be on

while the outputs to the motors can be enabled/disabled at will. If a current surge appears at the
amplifier a fault light turns on and the output of the amplifier is disabled.
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4.2. Sensors

As mentioned earlier, there are two types of position sensors used on the crane: relative and
absolute. The relative position sensors for the X and Y axes are Linear Voltage Differential
Transducers (LVDT) with 2.5 cm throw. A single-turn potentiometer is used on the rotary axis.
Both sensors provide a voltage level output that is fed into the servo amplifiers to the + Command
input (positive input side of the amplifier).

The absolute position sensors are spring-loaded LVDT's with a + 5.0 cm throw. They provide a
known position of the crane, based on the position of the LVDT's, to the computer. The spring is
necessary to provide constant contact with the crane. The voltage level output from these sensors
are fed into the Active Filter System and then to the Data Acquisition and Control System before
being fed into the IBM computer. The input voltage levels are interpreted by the IBM computer to
be the absolute position information.

4.3. Active Filter System

The Active Filter System is used to provide low-pass filtering for the output of the absolute
position sensors while also providing signal amplification. The cut-off frequency can be adjusted
from 0.1Hz to 25.6Hz from the front panel of the Active Filter System chassis. Each of the three
channels are identical in circuitry and include an epoxy covered filter. There are eight digital inputs
to the filter for selecting the cut-off frequency. As an input to the filter, the signal from the LVDT
is fed through two operational amplifiers to provide gain to the signal without changing polarity.

The second operational amplifier has a reference potentiometer on the plus input and is used to
offset this input for exact duplication of the signal from the Filter System. Therefore, the filtered
signal will be a duplicate of the sensor signals, as close as possible.

4.4. Data Acquisition and Control System

The Data Acquisition and Control System consists of an Iomega interface board and an Iomega
control board. The system is used to input and output data to and from the computer (IBM PC
AT).

For data acquisition, the system takes an analog voltage from 0 VDC to +10 VDC and inputs it into
the control board for analog-to-digital conversion. The control portion of the system uses a digital-
to-analog conversion to send an analog voltage (0 VDC to +10 VDC) to the servo amplifiers via the
voltage amplifier system. The voltage amplifier system is then used to scale the input to the servo
amplifiers.

4.5. Voltage Amplifier System

The Voltage Amplifier System is used to scale the voltage from the Data Acquisition and Control
System into a voltage that is usable by the servo amplifiers. A signal sent directly into the servo
amplifier from the Data Acquisition and Control System would either not be sufficient to drive the
crane or would drive the crane too far in one direction or the other.

The Voltage Amplifier System has two modes of operation: it can sum any or all of its eight
channels or amplify single channels as needed. Three channels are necessary for this application of
the crane and each channel has a maximum of £13 V. Also, the Voltage Amplifier System is
equipped with a reference voltage that can be used to apply a known voltage to the Servo Drive

12




System manually and without the use of the computer. This option is necessary for
troubleshooting the system.

4.6. Power Requirements

Power for the SSMRC consists of servo amplifier power (two supplies for each amplifier), sensor
power, and individual system power for the filter, voltage amplifier, and data acquisition and
control systems. The individual system power supplies are +12 VDC @ 1 A but are not explained
in any further depth. However, an explanation of the servo amplifier and sensor power supplies is
included, since they are important entities in the design of the overall system.

To completely isolate each joint from the others, it was found that the power supplied to each servo
amplifier must be isolated. Therefore, a separate series of supplies was used to provide power to
each joint. A power unit consisting of a 117 V to 68 V transformer and a supply that outputs +28
VDC and +90 VDC was used to drive the rotary joint. Since the current limit was set lower on the
X and Y axis amplifiers, a lower rated power supply could be used for these two joints. Hence, a
+28 VDC and a +24 VDC power supply was used for each joint and provided enough power to
drive these two motors.

When applying 110 VAC to the rotary power supplies, it was found that it was necessary to delay
the +90 VDC output by about one second from the +28 VDC output. This allowed the servo
amplifier to be at a steady state when the one second passed and the +90 VDC could then be fed
into the amplifier without causing damage. For shutdown, the reverse process was used. While
the rotary supplies are equipped with a built-in delay, the X and Y joint servo amplifier supplies do
not have a built-in delay and a start-up and shut-down procedure must be followed (see Section 5.0
TEST RESULTS). Switches for power to the X and Y joint amplifiers were needed for this
procedure.

The sensor power consists of three £12VDC @ 1A power supplies. One supply is used for the
relative position LVDT's, one for the absolute position LVDT's and the third supply is used only
for the rotary relative position potentiometer. It was found that isolation of power for the relative
position LVDT's was not necessary since the LVDT's were differentially connected to the
amplifier. The potentiometer supply was adjusted to +10 VDC since the signal output fed into the
data acquisition cannot exceed £10 VDC. Also, since the crane is restricted to a £30° motion, the
potentiometer can never exceed +10 VDC.

13



5. Electronic System Development

5.1. Troubleshooting Description

Preliminary checks were made on the electronic systems of the SSMRC, such as: servo amplifiers
were configured for initial set-up, power was checked upon completion of the isolation wiring, and
servo amplifiers were used to drive a motor without sensor feedback. Upon completion of
preliminary checks, each servo amplifier was configured for single-ended operation (the minus
command was used as the control input while the plus command was grounded).

With a single-ended configuration, all reference is made to the input ground. Therefore, only one
drive is being used as a control device while being referenced to the common ground. With this in
mind, an external variable power supply was used to input a command signal into the minus
command of a servo amplifier while a tachometer was coupled to one end of the motor shaft and its
signal fed into the tach inputs of the amplifier. By varying the voltage into the amplifier the speed
of the motor could be controlled and coarse adjustments to the servo amplifier adjustment
potentiometers could be made. Also, by feeding 0 VDC into the amplifer from the variable supply,
a zero offset adjustment could be set. This procedure was done for all three servo amplifiers.

Next, a position sensor was connected as a control device to see if the sensor and amplifier were
compatible. Since most LVDTs send out high frequency spikes, a test of this type was not
unreasonable and was found that these sensors were indeed compatible with the amplifiers.
Although, while testing a Linear Velocity Differential Transducer (L.Vel.DT) as a velocity feedback
device instead of a tachometer, an unstable state occurred and could not be made stable by any
adjustments or filtering. This, we feel, was due to the incompatablility of this particulat sensor
with the servo amplifier. Also, since the LVel.DT was not coupled directly to the motor shaft,
some delay was present between the sensor and the motor movement. The coupling used in this
set-up was a precision X-Y table equipped with a worm-gear drive screw.

Once all position sensors and motor/tachometer combinations were adjusted coarsely, they were
mounted on the robot crane and further testing proceeded. Beginning with the rotary joint, fine
adjustments to the amplifier were made. Hence, by moving the joint, fine adjustment was made to
the servo amplifier until a desirable movement was seen by the operator. This adjustment sequence
involved fine adjustment of the command scaling, the ac gain, the dc offset, and the velocity
feedback potentiometers. The tuning procedure was a very tedious process until reaching an
operating range where there was a strong correlation between potentiometer adjustments and robot
crane movement. The same procedure was used on all three joints and a finely tuned system
evolved.

After the system was completely fine-tuned with ground as a reference and the position sensor as
feedback, the computer was used as a controller and the position sensor used as its reference. This
configuration of hardware connections is called double-ended and is used so that the computer
does not have to drive the crane both to and from a location. A simple step input from the
computer was fed into the servo-drive controllers and a tuning process of the amplifiers again took
place. This included multiplying each displacement of the crane (vibration-compensator) with a
constant and then sending it to the servo-drive controllers. The value of this constant was
determined experimentally so that each axis had the fastest response possible to an impulse
excitation and with no more than two oscillations before reaching steady state.

14



5.2. Start-up/Shut-down Procedures

As discussed earlier, a start-up and shut-down procedure was necessary in order that a stable state
was reached before motor power-up and that all charge was dissipated from the amplifiers at
power-down. The procedures are as follows:

To Turn Motors On:

Turn on Big Circuit Breaker on inside top/right of rack.

Turn on power switch to 28V Power Supply Chassis (bottom grey panel on the right side).

Turn on Voltage Amplifier System (grey panel with two digital meters on the front) {DO NOT
TOUCH ANY OTHER KNOBS ON THIS CHASSIS!}.

Turn on X and Y 28V switches on the Power Supply Chassis.

Turn on X,Y, and R switches on bottom panel of rack.

Turn on Enable switches for X,Y, and R on the Servo Amplifier System. Motors should all be
active now!

Power -Down Procedure for Motors:

Turn off X,Y and R switches on bottom panel of rack.
Turn off Enable switches after 60 seconds!!

Tum off X and Y 28V switches on Power Supply Chassis.
Turn off Big Circuit Breaker on inside top/right of rack.

To Power Big LVDT's:

Turn on Big Circuit Breaker on inside top/right of rack.

Turn on power switch to 28V Power Supply Chassis (bottom grey panel on the right side).
Turn on Active Filter System.

The previous sequence of events could be automated if so desired.
6. System Development Experiences

Testing of the electronics was a long process since many different problems were found. These
problems evolved from: the sensor selection (velocity and absolute position sensors), grounding
patterns and amplifier tuning methods.

As discussed in Section 4.1, the velocity sensors were changed from LVel.DT's to tachometers on
the X- and Y- axis joints. Since a delay is present between the linear movement of the X-Y table
and the rotary movement of the motor, the velocity feedback signal also is delayed and thus causes
asynchronous timing of the motor and sensor. Therefore, a rotary velocity sensor was coupled to
the motor shaft directly. This allowed the velocity feedback, from the velocity sensor
(tachometer), to the servo amplifier to be completely synchronized with the motor. Stability of the
system greatly improved due to this change.

Another sensor problem was due to the absolute position sensors. The LVDT's, being spring-
loaded, provide a force on the crane at all times. Compensation must be provided for this force in
order that the crane function as if it were free-standing. The compensation force was provided by
the high torque of the motors on the X- and Y- axis joints. The rotary joint was unable to
overcome the force from the LVDT's and additional torque was needed. This additional torque
was provided by a gear box, with a ratio of 13 to 1, which did compensate for the force on the
rotary joint. Sluggishness was still seen and, therefore, non-contact sensors are proposed in the
future.

15



Many ground problems evolved during the troubleshooting process. The signal-to-noise ratio of
the LVDT's is very low and, hence needs to be isolated from other electronic components. Also,
the computer power line developed noise on the signal lines. Initially, the computer power line
was plugged into an ordinary AC socket, as was the system electronics. But, the system
electronics power was isolated from the line AC by using an isolation transformer built into its
power supply system and thus, caused no noise problems. Therefore, an isolation transformer
was also used on the computer power line.

Initial adjustment to the servo amplifiers was uncontrolled and did not cure instability. While
velocity sensors were the main cause of instability, adjustment to the amplifiers was difficult since
the manufacturer’s literature did not explain details of these adjustments. A clearer description of
the use and adjustment of these amplifiers by the manufacturer would have cut the adjustment time
tremendously.

Once the velocity sensors were changed and fine adjustments on the joint were finished, no
vibration was detected and the joint could be controlled using very small command signals with no
hesitation or disturbances. Figures 9 through 14 show the response, without and with a digital
controller input for each joint (X, Y, and Rotary) of the vibration compensation system. As can be
seen from these test results, there is a significant improvement in the response of the robot crane
model to impulse excitations to the X and Y axes. However, the rotary axis did not respond like
the other axes and thus, increased gain to the digital controller was attempted. Oscillations in the
rotary axis joint occurred and eventually the joint became unstable. A possible cure to the problem,
that has not been attempted, is to use more sophisticated controller algorithms in this joint.

16
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7. Summary

A vibration compensation system was designed, developed and evaluated for the SSMRC. The
system reduced the vibration of the load platform caused by impulse excitations appearing at the
load or at random points on the SSMRC. Also, the system can position the payload of the
SSMRC to a location with the use of a digital controller,

The SSMRC project made use of many ideas in sensor design and motor control. Sensors used
for the project were simple in theory and application, yet difficult to use in practice since noise was
a large factor in many problems that arose. Also, the motors provided noise to the system which
produced problems in sensor signals and, in turn, motor control. Since isolation of these noises
were remedied, to the best of our knowledge, the sensors currently being used appear to work
well with the system. The motors used are easily controlled with the servo amplifiers chosen. No
reference material for the adjustment of the amplifier was provided which made the task of tuning
the amplifiers very tedious. The overall housing of the crane is simply a standard 19" rack and
does not allow 360° movement of the crane. This is a problem since only small movement (about
15°) of the rotary axis joint is available in this configuration.

Non-contact sensors, such as ultrasonic, inductive, capacitive, and vision sensors, could cure the
problems caused by the currently used absolute positioning sensors. They are a good source of
information to the computer and provide no external forces on the system (although these sensors
have problems that accompany them as well). The motors used for all joints were modified to
include tachometer coupling to the motor. This is unnecessary since many manufacturers include
the tachometer and encoder in the housing of the motor, Also, as explained in Section 5, a more
sophisticated algorithm for controlling the rotary axis should be tested and redesign of the rotary
coupling between the motor and crane is necessary. If reconstruction of the rotary axis joint does
take place in the future, reconstruction of the crane housing should also be done. The fixed upper
platform (see Figure 6) should be mounted from a fixture which would allow for 360° movement
of the crane for further micro-positioning research and development.

23




8.  Acknowledgements

I would like to acknowledge the help of the following people: Mr. Nicholas Dagalakis for his
support and efforts to complete the project on time. Mr. Azizolah Abrishamian for his help in
design and implementation of the project. Mr. Wendell Wallace for the construction of electronic
equipment. Mr. Mitch Tarica for the design and construction of the mechanical components
necessary for the project. Mr. Roger Kilmer and Ms. Cheryl Hutchins for their additions to this
paper. All of the above people worked long and hard for the completion of this fine tuned system
in a short period of time. The robot crane technology program was funded by the Defense
Advanced Research Projects Agency, Information Science and Technology Office, ARPA order
6380. Dr. Robert L. Rosenfeld was the project sponsor.




[1]

[2]

[3]

(4]

[5]

[6]

References

Evans, J. M,, (ed.), Measurement Technology for Automation in Construction and Large
Scale Assembly, NBSIR 85-3310, Proceedings of a workshop sponsored by the National
Institute of Standards and Technology (formerly the National Bureau of Standards) and the
Transitions Research Corporation, Gaithersburg, MD, February 5-6, 1985.

Albus, J. S., Dagalakis, N. G., Wang, B. L., Unger, J., Lee, J. D., and Yancey, C. W,
Available Robotics Technology for Application in Heavy Industry, accepted for publication
in the Iron and Steel Engineer Magazine, 1989.

Dagalakis, N. G., Albus, J. S., Wang, B. L., Unger, J., and Lee, J. D., Stiffness Study
of a Parallel Link Robot Crane for Shipbuilding Applications, Proceedings of the 7th
International Conference on Offshore Mechanics and Arctic Engineering, Volume VI,
Houston, TX, February 1988.

Unger, J., and Dagalakis, N. G., Optimum Stiffness Study for a Parallel Link Robot
Crane Under Horizontal Force, Proceedings of the Second International Symposium on
Robotics and Manufacturing Research, Education and Applications, Albuquerque, NM,
November 16-18, 1988.

Dagalakis, N. G., Albus, J. 8., Wang, B. L., Unger, J., and Lee, J. D., Stiffness Study
of a Parallel Link Robot Crane for Shipbuilding Applications, accepted for publication in
the ASME Transactions, Journal of Offshore Mechanics and Artic Engineering, 1989.

Dagalakis, N. G., Albus, J. S., Goodwin, K. R., Lee, I. D., Tsai, T., Abrishamian, A.,

and Bostelman, R. V., Robot Crane Technology Program -- Final Report, NIST Technical
Note 1267, National Institute of Standards and Technology, Gaithersburg, MD, July 1989.

25




10. Appendix - Schematics of the Electronic Systems

P
SYSTEM DIAGRAM e
1. Electronics Diagram of the Small Scale Model Robot Crane Servo
COntrol SYSIEIMY .....iiuiiiiiet e et ev e 27
SERVO AMPLIFIER SYSTEM
2. Servo Amplifier Front and Back Panels .............cccuvuveeenneeeeenerasnnasninn, 28
3. Servo AMPUfIer Layoul........ceuveiiiiiisiiii it e cee e ee s 29
4. X-Axis Servo Amplifier Wiring Diagram........c.ccoeoveveeoeeeeveecererererens 30
5. Y-Axis Servo Amplifier Wiring Diagram............ccoeuveieernrnrnerenesnnrnnnns, 31
6. Rotary-Axis Servo Amplifier Wiring Diagram...........ccccveeueeiineenneennnnnn., 32
7.  Faultand Enable Wiring Diagram ..............cocoviiiiiieieneiiinee e, 33
DATA ACQUISITION AND CONTROL SYSTEM
8. Data Acquisition and Control System Front and Back Panels..................... 34
9.  Data Acquisition and Control System Layout..............cccevunienniinienrinenn. 35
ACTIVE FILTER SYSTEM
10. Active Filter System Front and Back Panels ............cc.cocviniiiniininiiinnennn. 36
11.  Active Filter System Integrated Circuit Layout......ccccccoceevreceineirannnrrenns 37
12, Active Filter System Electronic Schematic for Channel 1.........cccocevuunnnn..e. 38
13.  Active Filter System Electronic Schematic for Channel 2.............ccocuune.... 39
14. Active Filter System Electronic Schematic for Channel 3..........cceevvneeeen. 40
POWER SUPPLY SYSTEM
15. Power Supply System Front and Back Panels............cocoevviiiiiiiininenan.e. 41
16. Power Supply System Layout ........ccoiiiiiiiiiiiiiiiiienaiererererernsnnens 42
17. Power Supply System Electronic Schematic...............ooiiiiiiiiiiinn. 43
18. Sensor Power Schematic ........cooieiiiiiiiii e 44
CABLING
19. Connector Panel Layouts ......c.ouveieiieiniiiiiiiiiiiiiie et eee i aeeeaeeenas 45
20. J1 Motor and Sensor Pinouts for the Rotary-Axis Motor and Sensors .......... 46
21, J1 Cable Diagram.........ooviiiiitimieieiieiiit i eere et e ranenaeraanaaenes 47
22. J1 Cable to Servo AmpEfier.......cooiiiiiiiiii i aas 48
23. J1 Connections to Electronics for the Rotary-Axis Motor and Sensors.......... 49
24. J2 Motor and Sensor Pinouts for the X-Axis Motor and Sensors................ 50
25. J2Cable Diagram........c.ccoiuiriiiiieierinraranerereseiresiereiensierersontonsrsnsees 51
26. J2 Cable 10 Servo AMPHfIer.......oiviiiiiiiiiiiiiiiiieiiiiicierereereernienensees 52
27. J2 Connections to Electronics for the X-Axis Motor and Sensors................ 53
28. J3 Sensor and Voltage Amplifier Connections and Cabling....................... 54
29, J3 Cable Diagram........c.uiuiiiiniiiiiiiiaiaieinanieeraneraaenneneaeseasanensannes 55
30. J4 Motor and Sensor Pinouts for the Y-Axis Motor and Sensors................ 56
31. J4 Cable Diagram.....o.iuiiiiiaiieiiiii e e e eer e e e e e aan 57
32. J4 Cable to Servo AmpUfier......c.ooioiiiiiiiii s 58
33. J4 Connections to Electronics for the Y-Axis Motor and Sensors................ 59
34, J5Cable Diagram.......ccouiieiiiiiiiiiii e e a 60
35. J10 Power Cable Diagram.........ccocevveineninenrniienruieciomenreseroissesnseisces 61
36. J11 Power Connections and Cabling..........ccccceiieiiiiiiiciniiiiiiiciicennenes 62
37. J12,7J13,J14 Sensor Cabling .......ccooiiiiiiiiiiiiiiiiiiiiieiie i eiieens 63

26




WasAS [ONUOD) OAIDS SURID) 10GOY [IPOJA 2[edS [[BWS Ay} JO WrRIFel(] SIUONIAT

J8L)Hdwy
0ANS
s|xy-fiaeyoy

INvAD

weisfis 8ALAQ 0AdeS m_xdloo._:._.w

1y ¥

zZ 1 o

washs
ELIER LI =1

Z 1 0

48] jjiduy
DAJES S{Xyp

wayshis
Jaj)ijdwy
abeyjoa

dsjjigwy
BAJ0F SiRY-X

wa;ysfis
fijddns
FITYF

u weyshs
{04307 pun
uajyisinbay

9ea

27




t0'6tL
8861 *9 13qudda(y

uewyasog 1350y
[PPO 3uer) 280§ 8/1 110
STANVd YdHI'IdINV OAYAS
[oueq yoeg
sindy sendwon
A X H
OROR0.
Qe
A X Aiejoy  J1omod dWV i mw mw .ﬂ%
br zr e oLr tod
[oUBq 1UOL]
31awyN3
I ® & @ |
U W3LSAS
_ H3ldITdAV 11nv4d
OAH3S H A X

28




8861 '9 Jaquwanaq
£0°6EL
uewyalsog Jaboy

auel) |apO 3ieIS Uig/| IO}
LNOAVTHIAEHNENY OAHIS

29

£dl cdal gl
sO O s O O syO O
vy O O vy O O v O O
e O O e O O e O O
o O O 0| O O o O O
qd0 O 80 O 0 O
90 O 90 O 900
80 O g0 O 40 O
40 O 400 00O
[zl [er] [er]
sixy-Alejoy SIXV-A SIXY-X
e# dwy c# duy # dwy
[ 3F ] i ] Cir ]




8961 ‘9 Jequiadsg
£0'6EL
uel|sisog Jaboy

(lepow euesn eeog yiIg/L)

| aunBi4 *,suononuisu| Bunesad, JOIOW PUBU| 1BOLBIAJEL

"wnjas (IndinQ “Bis yne4 ) p-gr pue‘wnes nding 'big |) g-2r
-Aiddns [eusaiul HQA+ O) UOWLWIOD SI £ 9°G-2 910N @

Aeusaiul £-11 OF S128UUUIOD |-2f ‘810N @

v1/0L NOA

SIXY X 1O}
OILVYWIHOS HIIZINdWY OAH3S

LNdLNO DAAsH- e2r
gder (9 39v1I0A HOLOW L t*"
v-18L wir

1NO™®IS LINv4
1nd1nobig | 8-2r
Ve T 3sviton soionw e
e-181 e-er

1Nd 1NO 2aASL*+

Sir

00A 06

Or—=
aND SISSYHD
z1-2r zi-1aL
(o) 13530
HOLIMS
L-2r
{v) 1383uMNT [ J18VNI |
ol-2r ot-1aL
13H D0A82
62r sh-lal
LNdNI DOASZ
roser rosial
“43H HOVL
er-2r ei-lal
MoVl
. vizr pi-1gL
() ONVINOD
+ g1-2r ghtgl
(+) ONYIWWOD
Loty /\. g'ooLr
NLH A6
< o

30




8861 ‘9 Jaquanag
E0'6EL
uew|sisogq Jaboy

(lepow auel) B1eIS Uig/1)

1 ainbBi4*, suononnsu) Bugelado, 1010 puELY soUelajeY

"wnjas ndinQ “Bis yned) y-2r pue‘uimas nding 61 1) 8-z
‘Aiddns [euwsiul DA+ 0 UOWIWOY St £'9'G-2f* (SION @

Ayeussiul g-11 01 SI98UULOD |-2[ :B10N ©

v1/0L NOQ

SIXY A 110}
OILLYNIHOS HAIZINdNY QAH3S

1NdLNO DaAst- zer
gdrr {-) IDVLI0A HOLOW bir
-1l Pir

1LNo™SIS 11NVA
indinoBig| 8-2r
varr {+) IDVLIOA HOLOW e
t-zdl e-ar

1nd 1NO DAASH+

S-ir

20A 06

Or—=
GND SISSYHD
zier ser
(9) 13534/N3
HOLIMS
ber 379aVN3
(v) 1353u/N3 B 1L -
oLzr 0416l
134 DaAsz
6-2r
LNdNI DaABE
Lo'ser zzal
‘434 HOVL
g2 e1-2al
‘HovL
p1-2r ¥1-2aL
{-) ONYWINOD
51-2r S1-281
{+) ONYWNOD
L A g'oolr
NL1H DOA 06
< avoir

™~

31




88619 ‘_mnrMom.M.Mm 1 sunfhi4 ‘ sucnongsu| BugelasdQ, ICI0W puelu| (8oudisjeYy
vew|sisog Jaboy

32

flopon oueso mwmmhﬁwnv.é ‘uinial (iInding “61s Wne4 ) y-2r pue‘winial inding 'BIS 1) 8-z
; ) -Aiddn + 129'G-2r:
DILYWIHOS H3I4INMdWY OAHTS ddns feusslur DA+ O} UOWWOD S1 /962 BN (&)
Allreuwsiul g- L[ 0} SJ08UUU0Y | -2 :BI0N @
@ 2r
aND SISSYHO
zier ZiedlL
{0) 1383KNS
1Nd1NO DaASH ger
HOLIMS
Lh2r
(v) 136343 379¥N3
g I ©aevironsoron LY \ — —
134 Danse
g'd-ir L
1NO'oIS 11NV A
6-2r si-eal
indinodisl | e v1/0L WOd LNdNI DaA8Z
" - / L'e's-ar L'9'sedl
v {*) FOYLI10A HOLOW zir / ‘434 HOVL
e-€al £2r : eh-gr eh-eal
1Nd £NO DAASH+ HOVL
- v vi€8L
(-) aNvIInOD
* siap s1-eal
(+} aNVWWOD
S ir . e A QoL
OQA 06 NL1d DQA 06+
S
- gvour



Amp 1
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4
pe 11
X Enable 12
5
Amp 2
J2
3
1k
Y Fault
4
10 11
Y Enable 12
5
Amp 3
J2
3
1k
Rotary
Fault 4
2O 11
Rotary 12
Enable 5
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| 000000000
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Board Board Board
R T T e I e W, S W

LM324| [LM324] |1.Ma24
b~ Y TV

Comp. Comp. Comp.

Board Board Board
B[N N |_'\J_ =\
b Yy I~V VY e
50

L—- -18VvDC

-+ -15VDC

f—-— -15vVDC

0000000000000000000000q

Active Filter IC Layout

for: 1/8th scale Mode! Crane
Roger Bostelman

739.03

October 12, 1988

Revised: Dec. 7, 1988
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NOTES:
1. Input voltage must not exceed + 15V
2. Minimum input vohages: Vh = +11V
Vi= OV io +4V
3. Power supply: +15V, 0.84
4. AC grnd. Is not commen with tha P.5. gmd.

Active Filter System
for: 1/8th scale Model Crane

Roger Bostelman
739.03
October 11, 1988
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1. Input voltage mist not exceed +15V

2. Minimum input veltages: Vh = +11V
V=0V to +4V

3. Power supply: +15V, 0.8A

4. AC grnd. I8 not common with the P._S. grnd.

Active Filter System (3 of 3)
for: 1/8th scale Modal Crane

Roger Bostelman
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Motor + A

Rogary

Axis

Motor _

#3) .
Motor B
Pot. CW RD C
Pot. signal WH To: J1
1000 D Crane Model Rack
Side Panel
Pot. CCW BK E
Tach + F
Tach.
shields NN
Notes:

1. Connectors: 56p. EL.CO female
2. Keying: Top - 1, Bottom - 1

J1 Motor and Sensor Pinouts

for: Rotary Axis Motor and Sensors
(1/8 Scale Crane Model)

Roger Bostelman

August 9, 1988
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A Motor +
B Motor -
C

D

E

F Tach. +
H Tach, -
J

K

L

M

N

P

R

S

T

U

A%

W

X

Y

Z

a

b

C

d

e

NN shields

% O e TP NRLIKE<CH®LRUZZID R ODTMOOQW »

Notes:

1. Cable: 12Pair, shielded Belden
2. Connectors: 56p. ELCO female
3. Keying: Top - 1, Bottom - 1
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J1 Cable drawing
for: Rotary Axis Motor and Sensors
(1/8 Scale Crane Model)

Roger Bostelman

August 8, 1988
739.01




From: J1
Electronic
Rack

Back Panel

NN

C

D

E

Motor + A
Motor - B
Tach. + F
Tach. - H To: J1
Servo Amplifier
. (Rotary Axis
shields J Backargancl )
10p. Amphenol
(Male)
RD Pot. CW J14
A
WH Pot. signal C TO: Power Supply
System J14
GN Pot. CCW D

56p. ELCO fernale

Keying: Top - 1, Bottom - 1
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S5p. Amphenol
{(Female)

J1 Cable to ServS Amp.

for: Rotary Axis Motor and Sensors
(1/8 Scale Crane Model)

Roger Bostelman

October 19, 1988

Revised: Dec. 7, 1988

739.03




A Motor + » To: J1OUTp.5
From: J1 Mot
Electronic otor -
Elect B ® To: J1 OUTp. 4
Back Panel "
F Tach. + —» To: TB3-13
G .
Tach. » To: TB3-6
10p. Amphenol
(Female)
J24 J24
Pot. signal To: Servo Amp. System
Shield TB3p. 14
BNC BNC
Notes:

1. Connections are made to the Amplifier System unless otherwise noted.
2.Pot. P. 8., LVDT P. §. and computer all have ground connections tied together
and are not common with the Servo Amplifiers.

J1 Rotary Connections to Electronics

for: Rotary Axis Motor and Sensors
(1/8 Scale Crane Model)

Roger Bostelman

August 8, 1988

739.01

49 (Revised Dec. 7, 1988)




Motor +

A
X - Axis
Motor
(#1)
Motor - B
Velocity LVel. DT RD
Sensor ¢
1C2 ?
LVel. DT GN D To: J2
Crane Model Rack
LVel. DT BL I: E Side Panel
% LVel. DT BK F
LVDT LVDT RD H
1C1 LVDT WH ]
“E LVDT GN K
LVDT BK
L
shields NN
Notes:

1. Connectors: 56p. ELCQO female
2. Keying: Top- 1, Bottom - 2

50

J2 Motor and Sensor Pinouts
for; X - Axis Motor and Sensors
(1/8 Scale Crane Model)

Roger Bostelman

August 9, 1988
739.01




A Motor + A
B Motor - B
Iérrt;nn:: IJ{Za N c LVel. DT Sig. + o To: J2
5 LVel. DT CT 5 Electronics Rack
E LVel. DT CT E
F LVel. DT Sig. - F
H LVDT +24VDC H
J LVDT Sig. + J
K LVDT Sig. - K
L LVDT +24VDC RTN L
M M
N N
P P
R R
S S
T T
U U
A v
W W
X X
Y Y
Z Z
a a
b b
¢ c
d d
e e
NN shields NN
Notes: J2 Cable drawing
1. Cable: 12Pair, shielded Belden for: X - Axis Motor and Sensors
2. Connectors: 56p. ELCO female (1/8 Scale Crane Model)
3. Keying: Top - 1, Bottom - 2 '
Roger Bostelman
August 8, 1988
51 739 01




From: J1
Electronic
Rack

Back Panel

56p. ELCO female
Keying: Top - 1, Bottom -
2

52

A Motor + A
B Motor - B
1. ig.
C LVel.DT +Sig c
. LVel.DT -Sig. To: 12
D Servo Amplifier
. (X Axis)

J LVDT +5Sig. E Back Panel

K LVDT -Sig. F
NN shields T

10p. Amphenol
(Male)

J2 Servo Amplifier Cable
for: X Axis Motor and Sensors
(1/8 Scale Crane Model)

Roger Bostelman
October 20, 1988
Revised: Dec. 7, 1988

739.03




From: J2
Servo
Amplifier
Back Panel

RD Mot
A oLt To: Amp. #1
J1 OUT p.5
B BK Motor -
To: Amp. #1

LVel. DT J1OUT p4
C To: TB1-13

LVel. DT 1C2
D To: TB1-6

LVDT
E To: TB1-14

LVDT 1¢1
F To: Computer

hield Ground
NN SHecs To: Chassis Ground
Amphenol 10p.
(Female)
J2 X-Axis Connections to Electronics
for: X - Axis Motor and Sensors
Notes: (1/8 Scale Crane Model)

1. X-Axis corresponds to Amplifier 1.

53

Roger Bostelman

August 8,

1988

Revised: Dec. 7, 1988

739.01




ELECTRONIC RACK CONNECTIONS

J3
A Signal To: Amplifier
o Shield \ (Channel 1 input)
C
D . .
Signal To: Amplifier
E Shield \ (Channel 2 input)
H ®
J —®
Signal To: Amplifier
K Shield \ (Channel 3 input)
L
+24V
M . GND To: +24v LVDT Power
N ® To: 424V RTN/" Supply
CRANE ELECTRONIC PANEL
CONNECTIONS
I3
ignal
LVDT #1 Signal + A
Signal -
B
+24Y C
GND D
Signal + E
LVDT #2 Signal - F
+24Y H
GND b
Signal + K
LVDT #3 Signal - L
+24VY M
GND N
Notes: J3 Cabling
1. J3 Connectors are 56 pin ELCO male connectors. for: 1/8th Scale Model Crane
2. Keying: Top 1
Bottom 3 Roger Bostelman
3. LVDT's are mounted on the side and front of the crane. 739.03
54 October 6, 1988




NeXzaco-Humvzzr x“TI7Tmou 0w >

7 0o o0 o w

7,

shields

7 PR 0 OP NUXE<cCHURWUZEE X "I T MO A ® >

Notes:

1. Cable: 12Pair, sheilded Belden
2. Conneciors: 56p. ELCO female
3. Keying: Top - 1, Botiom - 3

55

-

J3 Cable drawing
for: X - Axis Sensors
(1/8 Scale Crane Model)
Roger Bostelman
August §, 1988
739.01




To: J4
D Crane Model Rack
Side Panel

Motor +
Y - Axis
Motor
(#2)
Motor -
Velocity LVel. DT RD
Sensor
2C2 é
LVel. DT GN
LVel. DT WH I
é LVel. DT BK
LVDT LVDT RD
2C1 LVDT WH
n€ LVDT GN
LVDT BK
shields
Notes:

1. Connectors: 56p. ELCO female
2. Keying: Top - 1, Bottom - 4

56

J4 Motor and Sensor Pinouts
for: Y - Axis Motor and Sensors
(1/8 Scale Crane Model)

Roger Bostelman

August 9, 1988
739 01




Motor +

Motor -

LVel. DT Sig. +

LVel. DT CT

LVel. DT CT

LVel. DT Sig. -

LVDT +24VDC

LVDT Sig. +

LVDT Sig. -

LVDT +24VDC RTN

%oQ.ncrmN..<><€<c:-3mpu"uzgt-‘p::“*m"nmcnbd:>

shields

% AT R NLIXE<CH®RINZZD RYUDTHNOO® >

Notes:

1. Cable: 12Pair, shielded Belden
2. Connectors: 56p. ELCO female
3. Keying: Top - 1, Bottom - 4

57

J4 Cable drawing
for: Y - Axis Motor and Sensors
(1/8 Scale Crane Model)

Roger Bostelman
August 8, 1988
Revised: Dec. 7, 1988
739.01




From: J1
Electronic
Rack

Back Panel

56p. ELCO female
Keying: Top - 1, Bottom -
4

58

A Motor + A
B Motor - B
C LVel.DT +Sig. c
. LVelDT -Sig. To: J4
D Servo Amplifier
: (Y Axis)
J LVDT +Sig. E Back Panel
NN shields J

10p. Amphenol
{Male)

J4 Cable to Servo Amp.
for: Y Axis Motor and Sensors
(1/8 Scale Crane Model)

Roger Bostelman
October 20, 1988
Revised: Dec. 7, 1988

739.03




From: 14
Servo
Amplifier
Back Panel

Amphenol 10p.

Notes:

1. Y-Axis corresponds to Amplifier 2.

59

RD Motor +
A ool To:
B BK Motor -
To:
LVel. DT
C To:
LVel. DT
D To:
LVDT
E To:
LVDT
F To:
shields
NN To

Amp. #2
J1OUTp.5

Amp. #2
J10UT p4

TB2-13
2C2

TB2-6
TB2-14
2C1

Compute
Ground

: Chassis Ground

J4 Y-Axis Connections to Electronics

for: Y - Axi

s Motor and Sensors

(1/8 Scale Crane Model)

Roger Bostelman

October 20,
730 03

1988




AN ENLIXXECC VI TZZE R ITTTOUOX B

na.nc'mN-<><€<C'—lw7U‘V7’,gl’“W“I'ﬂmUOW:b

NN shields NN

Notes:

1. Cable: 12Pair, sheilded Belden

2. Connectors: 56p. ELCO female

3. Keying: Top- 1, Botiom - 5 -
J5 Cable drawing
for: Y - Axis Sensors

(1/8 Scale Crane Model)

Roger Bosielman
August 8, 1988
739.01
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FROM:
J10G Power

Supply
Chassis

10p. Amphenol
(Male)

61

R ?
B
Cc
D
E +90VDC(R)
F +90VDC RTN (R)
G +28VDC (X)
H +28VDC RTN (X)
1 +28VDC (Y)
J +28VDC RTN (Y)

A

B

C

D To: J10
Servo Amplifier
{(AMP Power)

E Back Panel

F

G

H

1

J

10p. Amphenol

(Female)

J10 Cable .

for: Amplifier/Motor Power
(1/8 Scale Crane Model)

Roger Bostelman

October 20, 1988

739.03

(Revised Dec. 3, 1988




TO:
J11 Power

Supply
System

A +90VDCR)
. +9OVDC) —EE TO:+90VDC
C +90VDC RTN (R)
b +90VDC RTN (R) —EETOI‘%VDC RTN
28VD ‘
E +28VDC ] C ro28vne
F +28VDC RTN EETO:+28VDC RTN
G +28VDC (R) B
H +28VDC R) C To: Servo Amplifier
. System J11
] +28VDC RTN (R) D (28VDC Power for
Rotary Axis Amp.)
] +28VDCRTN (R) E
10p. Amphenol 10p. Amphenol
(Male) (Male)
J11 Cable -
for: Amplifier/Motor Power
(1/8 Scale Crane Model)
Roger Bostelman
December 7, 1988
739.03
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From: J12
Power Supply
System

From: J12
Power Supply
System

From: J13
Power Supply
System

From: J14
Power Supply
System

J12

AB

J12

C.D

G.H

J13

AB.C

EF.G

Ji14

Eiectronics Crane Rack
Rack Back Connector
Pane!
Pane! 2 loe 2
H H H
TO: X-Axis
LVDT
L L L
Jé | J4 J4
M H H
TO: Y-Axis
LVDT
L L L
J3 | 3 J3
JHMIC,HM JH.M
TO: Absolute
Position Sensors
(Big LVDT's)
H,MIC.HM HM
J1 )1 J1 i
Rotary Pot.
C C C|C
E E E E

-N2,113, 114 Cabling
for: 1/8 Scale Crane Model
Roger Bostelman
December 7, 1988
73001
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