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UTILIZING MECHANICAL LINEAR TRANSDUCERS
FOR THE DETERMINATION OF A MINING

MACHINE'S POSITION AND HEADING:
UNDERGROUND TESTING

By Christopher C. ~obes 1 and Timothy J. Lutz1

ABSTRACT

Computer-assisted control of a ming mache ca place the operator in a safe, remote location.
A gudance system aids remote positionig of a ming machie by determing its position and heading.
The mechancal position and headig system (MPHS) is one of several gudance systems being
developed at the u.s. Bureau of Mines. The MPHS uses liear position transducers (LPT's) to provide
navigation inormation durg face maneuvers. Ths report presents an overvew of the MPHS theory
and implementation, includig recent desig modications made for more successfu underground
testig. Thi report alo presents the experiental setup and procedure for the underground test. The

test showed that the MPHS provides reliable and accurate results and ca, therefore, provide usefu
gudance inormation for face navigation.

IMechanical engieer, Pittsbur Rerch Center, U.S. Bureu of Mines, Pittsurgh, PA.
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INTRODUCTION

Computer-assisted control of a ming machie ca
place the operator in a safe, remote location, thus reducing
health and safety risks. An important requiement of
computer-aided control of face operations under current
continuous ming practices is the use of a gudance sys-
tem.2 Mobile mig equipment must be able to navigate
when operatig in the face area of an entry or crosscut.
Continuous ming machies and roof bolters tyif the
tyes of equipment that perform such face navigation.3
Sensing systems that provide machie position (X-Y co-
ordiate) and headi (yaw) aid the operator in remote

machie positionig. As part of its health, safety, and
ming technology program, the U.S. Bureau of Mines has
developed one such sensin system, the MPHS.

The MPHS was thoroughy tested aboveground at the
Bureau's ming equipment test facity. Underground

testing exposed some problems in the mechanca design
of the MPHS. The MPHS was agai tested underground
after makg the requied engieering modications. It is
thi second version of the MPHS that is presented in thi
report.

THEORY

The MPHS theory development was divided into thee
parts. The fist step was to characterize the sensors used

and their confguation. The next step was to select and
defme the navigation reference frames. The last step was
to derive a closed-form solution to determine the position
and headig from sensor inormation.

Sensors

Choosing the sensors and their measurement confgua-
tion requied some thought. The constraits placed on
a measurement system by the envionment at the face
severely liited the effectiveness of a rigid articulated li.

Thus, angle measurg sensors were not appropriate. In
order for distance-measurg tasks to perform the requied
task, they must be confguable as a six-degree-of-freedom
mechanm. Thus, the logica sensor was an LPT (fig. 1)
or wie pul. The LPT ca measure faily long ditances,
has an inte degree of freedom, and is compliant enough

to surve most contacts with obstructions.

2schnakenberg, G. H., Jr. Computer-Asisted Continuous Col
Mining System-Resarch Progrm Overvew. BuMines IC 9227, 1989,
15 pp.

3 Andersn, D. L. Framework for Autonomous Navigation of a Con-

tinuous Mining Machine: Face Navigation. BuMines IC 9214, 1989,
23 pp.

Although three LPT's could yield position and headig,
four LPT's provided redundancy for reliabilty. Any non-
degenerate confguation offour LP's alowed caculation
of the position and headig. The selected confguation,
however, afected the computation method and degree of
requied effort. Positionig the LPT's so that each mount-

ing location and al wie attachment points were dierent
resulted in a set of nonlear trancendental equations.4

These equations requied an iterative solution. Confguing
the LPT's by paiing their locations and attachment points
(fig. 2) yielded a simple closed-form solution.

Navigation Reference Frame

Position and headig are crucial when navigatig a
ming machie. To derive the position and headig of a
ming machie, one must know the attachment points on
the ming machie, the tranducer mount locations in the
mine entry, and their relationship to each other. Attachg
a machie reference frame (fig. 3) to the ming machie
defied the location of points on the ming machie. Fix-
ing a loca reference frame to a stationar point behid the
mig machie defied the location of points in the entry.
By using standard, coordiate tranformation technques,
it is possible to describe any point on the ming machie
in the loca reference frame. Knowig the location of the
LPT mounts and attachment points makes it possible to
describe the ming machie's position and headig.

4Jobes, C. C. Utiizing Mechanical Linear Transducers for the De-

tennination of a Mining Machine's Position and Heading: The Concept.
BuMines IC 92, 1990, 16 pp.

FIgure 1.-LPT.
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FIgure 2.-OlrecUy solvable, redundant four-transducer configuration.
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FIgure 3.-Lcal and machine reference frames and position vectrs.
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Closed-Form Solution

A closed-form solution made caculati the position
and headig easier than an iterative method.s (See work
cited in footnotes 4 and 5 for a more detaied treatment of
the closed-form solution denvation.) The solution proc-
ess fist included confg the LPT's and defig al
position veetors of interest. Second, applyig coordiate
transformation analysis of planar mechanms to th
configation determed four pais of thee-tranducer
solutions. Finaly, intermediate results yielded a four-

transducer solution.

IMPLEMENTATION

Applyig the MPHS theory requied the development
of hardware, softare, and system interfaces. (See work

cited in footnote 5 for a more detaied dicussion of th
topic.)

Hardware

The confguation for the MPHS measurement hard-
ware consists of mounts, LP's, cabli a computer
enclosure, and a data collection computer.

Mounts

The MPHS asembly shown in figue 4 is an exploded
view of a portion of the MPHS measurement hadware.
Items 1 though 4 are attached to the mig mache
and items 5 though 10 are located in the mie entr.

Two of these assemblies compose the MPHS measurement
hardware.

The polycabonate dome (item 1) alows the LPT wies
(item 10) to cross over one another dur a crosscut
operation. The slotted openi alows the LPT wies to
connect to the snap ri (item 2) encircli the dome-LP
wie attachment post (item 3). The mache mount (item
4) is height adjustable to keep the LP wies close to the
mie roof to avoid interference from other mig equip-
ment. The mache-mounted portion of the asembly is
referred to as the attachment post (fig. 5).

The adjustable post (item 8 of fie 4) supports the

LPT mounts and is secured tightly agait the mine roof.
The U-bolts (item 9) connect the LPT mount (item 7) to
the adjustable post. The LPT mount support the LP's
(item 6) and the rollers (item 5). The rollers ensure that
the LPT wies (item 10) exit the LPT's strait and keep
the minum bend radius to 44.5 mm (1.75 in). The

SJobes, C. C. Utig Mechanica Liea Transucrs for the
Determnation of a Minig Machine's Position and Heading. BuMies
RI 936, 199, 19 pp.

porton of the assembly located in the entr is referred to
as the LPT mount (fig. 6). From each LPT mount, one

wie attaches to the left attachment post and the other
wie to the rigt.

The descrbed mount aranement diers from the

version presented in the previous aboveground tests6 in
several important ways. First, the LP's are no longer
located on the ming mache, but on stationar posts.
Thi change enhanced the LPT's survabilty by reducig

the lieliood of the LPT mounts hittig the mine roof,

being bent over by the conveyor, or run over by the shuttle
ca. Second, the LPT wies no longer pass over a smal

radius puley and slide over a rounded metal lip. Fatigue

faiures previously experienced in the wies were elii-

nated by usin the new confguation with the large radius
pules. Finy, the computer enclosure is no longer on-

board the ming machie since the LPT's are under
supported roof.

Linear Position Transducers

Each Rayelc07 P-750A LPT has a housing; a constant
force, spri-drven takeup drum; 19.05 m (750 in) of wie;
a gear reducer; and a 500-ohm potentiometer. The poten-
tiometer wiper resistance is proportonal to the lengh of
wie played off the takeup drum. By placig an excitation
voltage across the potentiometer's resistor, th resistance
is converted into an output voltage at the wiper.

Cabling

The LPT cicuits are intricay safe (IS). Thus, rier-
flame-tested, thee-pai shielded cable with standad 97
senes conneetors was permsible. The LPl cables lied

the LP's to the computer enclosure (fi. 7). The LPT
and communcations cables enter the computer enclosure
thoug five explosion-proof (X/P) pack glds. A
Line Power 30-3301-25 X/P conneetor joined the user
intenace conneetor (VIC) cable to the BITUS commun-
cation cable from the data collection computer in the
control room. A 19.05-mm (3/4-in) mie conduit hose
sheath the vic cable.

Computer Enclosure

The MPHS controller is enclosed in an Ocenco X/p
237 computer enclosure (fig. 8). The computer enclosure
contai the battery, battery chger, and power supply.

A 12 V, 12 A'h gelled electolyte battery alows the
MPHS to operate independently dur testig. A 12- V dc

6work cite in footnote S.
7Reference to spfic prouct doe not imply endorsment by the

U.S. Buru of Mine$
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ø Polycarbonate dpme

o Snap ring

o Dome-LPT wIre attachment post
o MachIne mount
@ Roller

o LPT
(2 LPT mount
@ Adfuslable post

. @ U-bolt
@ LPT wires

Figure 4.--sembly drawIng of MPHS mount-post pair.
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to dc converter (rated at j: 12 V at 310 mA and + 5 V at
1.5 A) provides power to the controller and LPT cicuits.
Applyig ac to two pin in the UIC provides power to the
battery charger. An X/P switch on top of the computer

enclosure controls the run, charge, and off states. An
MPHS current draw of 1.26 A at 12 V liits operation to
about 9 h of contiuous use.

The MPHS enclosure also contai the is barers and

controller. Twelve STAHL 901/02-175-050-00 is barers
make the four LPT cicuits is. The controller's analog-to-
digital (A/D) converter reads the LPT output voltages
rangig from -4.5 to + 4.5 V. The MPHS controller is an
Intel iRCB 44/2OA analog input-output (I/O) controller.
An Intel iSBX 331 fied-floatig point math multiodule

Figure 5.-MPHS attchment post on mInIng machIne.

Figure 6.-MPHS transducer mount in mIne entr.

board occupies the controller's ISBX connector. The math
board lets thè MPHS algorithm perform floating point cal-
culations necessar to process the LPT analog data. The
MPHS controller communcates using Intel's BITUS net-
work on a four-wie RS48S protocol interface.

Data Collection Computer

The MPHS position and headig data were collected in
the underground control room (fig. 9) via a BITUS
network connection. The data collection softare enabled
the data to be stored for later analysis.

Software

Writing the controller softare in the computer lan-

guages PL/M-51 and ASM-51 intead of a higher level
lanage reduces the code siz and increases code eff-
ciency. The MPHS softare has a node specication and
task structure.

FIgure 7.-MPHS computer enclosure and cables.

Figure 8.-MPHS computer enclosure chassIs.
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Figure 9.-entrol room.

Node Specification

The node specifcation reflects the protocol, defied by
the Bureau of Mies Network (BOM/NET), for commun-
cation with the MPHS node (see appendi A for more
detai). Th node specication defies the syntax for

requesting data or statu, issuig commands, and inter-

pretig responses. Communcations with the MPHS con-
tai data requests, control commands, and statu requests.

Data requests let the requestor obtai data on any of
thee levels. The highest level retuns the X position,
Y position, headi statu, and confdence in engieeri
unts. The next level retur the lengt of the LPT's in

engieerig unts so the requestor may independently ca-

culate the position and headig. The lowest level retu

the raw A/D converter, 12-bit output for independent con-
version into engieerin unts and caculation of position

and headi by the requestor. The lower levels let the
system operate if the ISBX 331 math board malctons
by lettig the requestor perform the necessar caculations.

Control commands let the requestor chane the node's
state or some of the variables used in caculatig the
position and headig. One command resets the node if it
malctons; another updates cabration inormation

(slope and intercept of the cabration cure) for each
LP. The cabration update command increases the sys-
tem's flexibilty and accuracy by using the individual

cabration cures (see appendies B and C for more

inormation) intead of requig a default generic

cabration cure. A command is alo avaiable to deter-
mie the offset of the LP to. its zero position. Sub-
tractig the offset from the LP leng accunts for offsets
due to the LP mounts. Fmaly, there are control
commands that chage the locations of the LPTs and

7 .~

attachent points in the ming machie and loca refer-
ence frames. These commands provide flexibilty in mount
and attachent point locations dependi on the con-
straits and confguation for operation or attachment to

dierent machies.

The statu requests let the requestor determine the
statu of the MPHS node. Issuig a communcations sta-
tu check determines if the MPHS node is in operation.
Readig the status of the sensors determies if there is a
rane error or malctionig tranducer. Readig the
node status determies if a processing error occurred,
the numeric coprocessor faied, or the AjD converter is
inaccurate.

Task Structure

The MPHS node softare operates in Intel's iDCX 51
real-tie multitaskig envionment. Thus, three tasks ca

run simultaneously: Communcations handlg, command
handlg, and position and headig caculation (fig. 10).

The communcations handler receives message packets
addressed to the MPHS node. If the packet contai in-
formation for the MPHS node, the handler removes it and
returns an empty message packet. The communcations
handler sigal the command handler if there is inorma-
tion waitig for it to process. If no inormation is present
in the message packet, the handler loads the message

packet with outgoin inormation, if any. The communca-
tions handler then signal the command handler that it ca
send more inormation.

The command handler tranfers inormation to and
from both the communcations handler and the position
and headig caculator. It parses the inormation received
from the communcations handler to determe if it is a
data request, control command, or statu request. If it is
a data or statu request, the command handler queues the
proper inormation from its data base for output to the
communcations handler. If the inormation is a control
command, the command handler passes the proper inor-
mation to the position and headig caculator. A control
command cag for the reintialtion of the MPHS
resets the MPHS parameters and restarts the softare.

The position and headig caculator updates its data
base with cabration, zeroing, attachent location, and

tranducer location inormation from the command han-
dler. It continuously performs position and headig

caculations and updates the position, headi, statu, and

confdence in the data base held in comnion with the com-
mand handler. If the position and headig caculator does
not receive inormation from the command handler, it uses
default settgs. These settgs let the MPHS caculate the
position and headig at a rate of about 5 Hz.
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System Interfaces

The MPHS is a BOM/NET node that ca operate on
either the Joy 14CM or 16CMnetworks. These mi
maches are the Bureau's test beds for computer-assisted
mi mache experients. Figue 11 shows the MPHS
node in BOM/NET as node 4-mechanca naviation.

Other nodes perform tasks related to the computer-
assited operation of the mig mache (e.g., RODNE is
the remote operator diostics node). The master node

forms a pseudostar network by passin al trafc between

the nodes. Thus, any node requi position and headig

inormation ca obtai it from the MPHS quickly.

FIgure 10.-Data flow diagram for BITBUS node tasks.

Figure 11.-80M/NET for field trial syst wi Joy 14CM mining/machine. (1/0 = Input-outut CM = contnuous miner;
RODNE = remot operatr diagnostics node.)
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MECHANICAL POSITION AND HEADING SYSTEM UNDERGROUND TEST

Testing the MPHS proved the valdity of the concept,
the adequacy of its implementation, and its feasibilty
under field conditions. Testig the MPHS underground
involved designg the experient, determing the experi-
mental procedure, and collecting and. analyzg the
experimental test results. The MPHS underground tests
occurred at a cooperatig mine in West Virgia.

SETUP

In the experiment, the LPT wies from the LPT mounts
set up in the entr behid the ming machie are con-
nected to the attachment posts on the ming machie
(fig. 12). IS cables connected the LPT's to the computer
enclosure located in fresh ai (fig. 13), then a communca-
tion cable connected the computer enclosure to the control
room where the data collection computer resided. The X-
Y orientation, as shown in figue 3, has the positive X axs
pointing toward the face and paralel to the entrys ax.

The positive Y ax points to the left side of the entr.

PROCEDURE

The experimental procedure exained the ming of a

5.5-m (18-ft) wide, 9.75-m (32-ft) deep cut block of coal.

The miner performed the followig cut sequence steps:
(1) removed a 6-m (2O-ft) deep box cut on the right of the
entry, (2) repositioned and took a slab cut on the left,
(3) proceeded to take a 3.75-m (12-ft) deep box cut on the
left without repositionig, and (4) repositioned and took a
slab cut on. the right. These steps wi be. referred to as
cuts 1 through 4, respectively.

The ming machie operator diected the ming ma-
chie in ming ths block of coal with the radio-control
pendant (fig. 14). The data collection computer took

MPHS data during the ming operation at I-s interval.
A laser tranit took the ming mache position data dur-
ing each pause in operation (fig. 15 by sightin reflectors

on the attachment posts (fig. 16). Usin the time stamps
on both the MPHS and the tranit data, the researchers
compared the data to conf the MPHS's accuracy.

RESULTS

Figues 17 though 20 show the results of the forward
advance experient. The top graph in each figue shows
the position and headig inormation provided by the
MPHS durg each of the four cuts. The bottom portions
of these figues show the MPHS-caculated confdence.
Figue 21 shows the laser-tranit-veried accuracy for the

points

FIgure 12.-eloseup of MPHS underground test setup.
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FIgure 13.-MPHS underground test setup.

Figure 14.-Mlner operating Joy 14CM minIng machine during MPHS underground tesl
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Figure 15.-Lser transit used for accuracy data collecton.

Figure 16.-Rear view of mIning machIne and MPHS.
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FIgure 18.-o8ta for second cut of MPHS underground test.
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Figure 20.-Data for fourt cut of MPHS underground test.
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FIgure 21.-Laer-trans"-verlfled accuracy for first two cut of MPHS underground test.

fist two cuts of the underground test, which reach a depth
of 6 m (20 ft).

An analysis of the accacy data from the experients
shows several results of interest:

. The X and Y values chane slitly dur pivots

because of slippage and the uncertai location of the
contiuous miner's center of rotation.

. The confdence supplied by the MPHS for the fist
two cuts averaged 86 pet, a much better accuracy than the

alowable tolerances of -z76.2 mm (3 in) for X and Y
position and -z0.02 rad (1,5) for headi.

. Finaly, the tranit veried accuracy for the fist two

cuts suppo the hi confdence levels supplied by the

MPHS (table 1).

Thes results compared favorably to those obtaied in
aboveground tests. They could not be diectly compared,
however, because of dierences in the experiental pro-

cedure and data anysis method.

Table 1.-Translt versus MPHS data analysis of machine varlabl.s

x y Heading

mm in mm in rad deg

Mean difference . . . . . . 6.37 0.25 6.07 0.24 0.00154 0.09
Maximum difference . . 20.5 .807 31.0 1.22 .00 .365
3c error limit ....... . 35.2 1.39 52.5 2.07 .0106 .61
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CONCLUSIONS

The MPHS being developed by the Bureau works reli-
ably under field conditions. The MPHS yields position,
headig, status, and confdence data in response to LPT
data. The confdence supplied with each position and
headig calculation reflects the actual system accuracy.

The system accuracy, obtaied by transit measurement, is
better than 35.2 mm (1.39 in) in X, 52.5 mm (2.07 in) in
Y, and 0.0106 rad (0.6io) in headig. Whe the errors
incured by the MPHS may be acceptable in a ming en-
vionment, better LPT's are avaiable to improve accuracy.

RECOMMENDATIONS

The researchers propose some recommendations for
future study of the MPHS. First, either obtai more accu-
rate LPT's or better characterie their inerent errors;
better length data wi yield more accurate results. Sec-

ond, use a controller with more processing capabilty to
proportionaly decrease the caculation delay ties and

make the MPHS more suitable for real-tie control

applications. Finaly, use a more accurate method to
determine the exact position and headig of the ming
machie to yield a i:ore accurate representation of the
MPHS's accuracy. The laser transit, whie accurate
enough for most tasks, showed some of its liitations,
such as accuracy in ditance and headig, during testing.
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APPENDIX A.-NODE SPECIFICATION OF MECHANICAL
POSITION AND HEADING SYSTEM

Thi sensory systeni determines the machie's X- Y

position and headi. The. sensors employed are four

liear position tranducers (LPT's) that report the ditance

between the tranducer housing and the end of the cable.

HARDWARE

The hadware for th node wi include a BITUS
analog control board IRCB 44/2OA with an ISBX 331
numeric coprocssor.

SOFTARE

The softare to be used in th node wi be PL/M-51
and ASM-51.

LOCATION

Th node wi be located off the mi mache with
the four LPTs althoug they could be mounted onboard

the ming mache and yield the same results.

DESCRIPTION

Th multiensor system determes the machie head-
in and positin. Four LP's provde liar diplacement
inormation between the attachment points of the cables
to th loca reference frame to the LPTs onboard th
mi mache. When combined with inormation known
about the mache and the loca reference frame, the
inormation derived from the LP's alow th cacuation
of the position and headig. The offard system, deig-
nated as "the node" or node 4, utis a dedicated micro-
controller BITUS node with a numeric coprocssr and
is connected to a BITUS network.

The four-tranucer system alows the accate
caculation of poition and headi as long as certai
requiements are met. The mos important of these
requiements is that the tranducers attached to the
machie should remai on one side of the reference lie
passin though th two atachent points. Th is
necessar because of the propertes of the trgonometrc
solution that wi provide two solutions to a given set of
LPT values miored across the reference li. Sufcient

redundacy is provided so that if one LPT fai, the error
ca be identied. The exitence of an error wi be
retuned in the statu byte.

In addition to supplyig sensor data, the node ca
respond to control commands and statu requests. Control
commands enable manpulation of the controllg softare.

The status request wi indicate whether sensors are oper-

ati properly and provide inormation about th node

status. A confdence ca be generated for the average of
the thee-tranducer solution based on the "spread" found

in the spread of the three-tranducer solutions about the

average.

INTERACTION WITH OTHER NODES

Interaction with other nodes wi involve receivig
commands and sendi responses.

The sigal from the tranducers are conditioned by

cabration equations (which requie scae and bias factors)
and zero offsets (if the desied zero references have a non-
zero value) in the followi maner:

ditance = (readig - bia) / slope - offset,

where readi = AID converter value of tranducer
voltage, V,

bia = intercept of cabration cure, V,

slope = slope of cabration cure, V lin

and offet = value that moves tranducer zero
reference, in.

The slope and th intercept are provided for each tran-
ducer vi the "cabrate tranducr" command. The zero
offet is determed when the "intial tranducer to zero"
command is executed.

Anther node may request position and headi inor-

mation from the node. If an error occurs, it may alo be
necessar for tht node to inquie as to the node's status
and make deciions accrdigly. If an overrange error is
about to destroy an LPT (i.e., pul the wie off the LPT's
takeup drum), then that node may be requied to take
some acton.

SENSOR DATA CHECKS

The node is responsible for veri sensor data out-

put. It uses overrange and underrange detection and uti-
lis the designed redundancy to determine the valdity of

its data. Items checked by the node are overrange and
underrange errors for the liear tranducers, and th vald-

ity of the solution with respect to the four possible pais of
thee-tranducer solutions.
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When a request for data is intiated whie an error
exists, a command execution faiure packet (CEFP) wi be
sent in response from the node. The requestig node then
has the option to request the node statu and to proceed
accordigly.

In addition to these softare checks, several hardware

checks are made by both the 80 BEM fiware and the
node application softare. The hardware checks made

are-

1. 804 intrction set test (fimware),

2. Internal read only memory (ROM) checksum test
(firmware),

3. Internal random access memory (RA) test
(firmware),

4. External RA test (fiware),
5. Numeric coprocessor intruction set test (softare), .

and
6. Analog I/O test (softare).

NODE COMMANDS

It is necessar for the node to receive commands and
issue responses. The node commands enable access to
thee areas-data, control, and status. The commands to
access these areas and the tye of responses from the

node are lited below followi BOM/NET protocol.1

Data Commands

Data commands are used by other nodes on the net-
work to obtai inormation derived from the LP's.

Commands

Command
#4Alc:cr~
#4A2c:cr~
#4A3c:cr~
#4A4zc:cr~
#4A5zc:cr~

Defintion
request X position
request Y position
request headig
request LPT z value
request LP z raw data

where z = LPT identifcation number.

Responses

CEFP
#dFleeec:cr~
#dFeeec: cr~
#dFeeec: cr~
#dF4eeec:cr~
#dFeeec: cr~

Defition
faied to obtai X position

faied to obtai Y position

faied to obtai headig
caot read LPT z length value
caot read LP z raw data

IBureu report in preparation; for inormtion, contact W. H. Schiff-

bauer, Pittsbur Rerch Center, Pittsur, PA.

19 .,
CECP

#dFCAlxpp c: cr ~
Defition

X is xx with statu s and con-

fidence pp
Y is xx with statu s and con-

fidence pp
headig is yy with status s
and confdence pp

LP z is xx with statu s
LPT raw value z is vv with sta-
tus s

#dFCApp c: cr ~

#dFCAyyspp c: cr ~

#dFCA4zxc:cr~
#dFCAzv c: cr ~

where d destiation node identication (ID),

eee error code:

001 = node not ready,

002 = ilegal destiation reference,

003 = node hardware error,

004 = operand out of range,

005 = invald command, and

00 = invald hex character,

FE = command faiure (NAK,

FC = command succss (ACK),

vv = 12-bit A/D value of LPT input,

xx = position or length in tenth of an inch,

yy = headig in ten thousandths of a radian

s = statu nibble,

pp = percentage confdence,

and z = LPT identication number (1 to 4).

X and Y position data are expressed in tenth of an inch.
X and Y range from 80lH to 7F (-3276.7 to 3276.7
in. in 2's complement) since it depends on the LPT range

(750.0 in) plus the ditance to the loca reference origi
(defied in the intial confation) and the mache ref-
erence origi (usualy less than 28 in).

Headig inormation is expressed in ten thousandth of a
radian. Headi ranges from 854H to 7AB8H (-3.1416

to 3.1416 rad in 2's complement).
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Leng data are expressed in tenth of an inch. Leng
range from OOH to ID4CH (0 to 750.0 in) for the LPs
used.

Raw data are expressed in 12-bit form. Raw data values
rane from OOH to OFF (0 to 750.0 in) for th LPTs
used.

The status is expressed as the nibble (usualy four bits)
s composed of four status bits.

o tw oef btmsb Isb
where msb = most sigcat bit,

lsb = least signcat bit,

tw = tranition warni flag

oef = other errors,

and btf = bad tranducer readi.

Exple: s = IH would indicate that there is a bad
tranducer readig and that the solu-
tion is incorrect.

Percentage confdence is expressed as percent. The per-
centage confdence ranges from OOH to 64H (0 to 100 pet).

Control Commands

The sensor control commands alow other nodes to
alter the performance of the node.

Commands

Command
#4Blc:cr~
#4B2zmmmmbbbbc:cr~
#4B3zfc: cr~
#4B4axc: cr ~

Defition
intial node
cabrate tranducer z

determe tranducer z offet
attchent point a wr loc

reference frame
tranducer point t wrt mache

reference frame
#4B5txc: cr ~

where mmmm = slope of cabration equation,

bbbb = intercept of cabration equation,

a = attachment point number (lor 2),

t = tranducer point number (lor 2),

and ff = offset for tranducer.

Slope inormation is expressed in volts per inch. The
sensitivity wi be in the range of 0.01 to 0.02 V lin with
0.011663 V lin being the default (2D8FH. To obta the
hex value, multiply O.Osssss V lin by 1,00,00 and convert.

Intercept inormation is expressed in mivolts. The inter-

cept wi be in the range of -5.0 to -4.0 V with -4.473 V
bein the default (EE87H. To obtai the hex value,
multiply i.ii V by 1,00 and convert.

Offset inormation is expressed in tenth of an inch. The

offset wi be in the rane of 0.0 to 36.0 in with 0.0 in
bein the default (OOH). To obtai the hex value, multi-
ply ffJ in by 10 and convert. If the most sicat bit of

the offset is set to 1, thn the cuent value of the LPT
becomes the offset (provided it is in the specied range).

Responses~
#dFBleeec:cr~
#dFB2eee c: cr ~
#dFB3eeec: cr~
#dFB4eee.( cr ~
#dFB5eee c: cr ~

Defition
node not intid
tranducer z not cabrated
tranducer z not intiald to zero

attchment point a not defied
tranducer point p not defied~

#dFCBlc:cr~
#dFCB2zc: cr~

#dFCB3zc:cr~
#dFCB4a c: cr ~
#dFCB5pc: cr~

Defiion
node intid
tranducr z cabrated

tranducer zintid to zero

attachment point a defied
tranducer point p defied

Status Commands

System statu commands are used to isolate sensor
faults in the node. These commands alow the exina-
tion at a general level for al the node sensors and solution
method parameters.

Commands

Command
#499c:cr~
#4ClC:cr~
#4Cc:cr~

Defition
communcation statu check
sensr statu check

node statu check

Responses

CFP
#dFc:cr~

Defition
CFP for communcation check
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CEFP
#dFEC1eeec:cp
#dFEC2eee c: cr ~

Definition
sensor status not available
node status not available tr3 trO

21 ,/

The format of the r status nibble is-

tr2 tr1

CECP
#dFC99c:cp
#dFCC1bourc:cp
#dFCC2nc:cr~

Definition
communication check

sensor status
node status

msb

where

Isb

trx = internal angle to machine associated

with transducer x in transition.

where command faiure packet (CFP), The format of the n status nibble is-FF

0 ope ncp adc

msb Isb

0 unused,

ope other processing error,

ncp numeric coprocessor error,

adc A/D converter error.

COMMANDS

b bad transducer status nibble,

o = overrange status nibble,

u = underrange status nibble, where

r = transition status nibble,

and node status nibble.n

The format of the b status nibble is- and

Ib3 Ib2 Ib1 IbO

msb Isb Command
#4Alc:cr~
#4A2c:cr~
#4A3c:cr~
#4A4zc:cr~
#4A5zc:cr~
#4Blc:cr~
#4B2zmmmmbbbbc:cr~
#4B3zf c: cr ~
#4B4axc:co

where Ibx = liear tranducer x data bad.

The format of the 0 status nibble is-

or3 orO J

Isb

or2 or1

msb

where orx = liear tranducer x overrange.

The format of the u status nibble is-
#4B5txc: cr ~

#499c:cr~
#4Clc:cr~
#4C2c:cr~

ur3 urOur2 ur1

msb Isb

where ur = liear tranducer x underrange.

Definition
request X position
request Y position
request headig
request LPT z value
request LPT z raw data
intial node

cabrate transducer z

determine tranducer z offset
attachment point a wrt local

reference frame
tranducer point t wrt machie

reference frame
communcation status check
sensor status check
node status check
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APPENDIX B.-CAUBRATION DATA FOR UNEAR POSmON TRNSDUCER

(Range, 750 In; cable tensIon, 24 oz; potental
resIstance, 500 ohms; excltaUon, 10 V dc)

calibration step Travel, In Output, V Ideal, V Delta, mV

TRANSDUCERl

1 .......... . 0.00 0.03 0.03 0
2 .......... . 187.50 2.46 2.46 0
3 .0.0....... . 357.00 4.88 4.891 2
4 .......... . 56.50 7.314 7.319 5
5 .......... . 750.00 9.747 9.747 0

TRASDUCER 2?
1 .. ó........ 0.00 0.028 0.02 0
2 ........0.. . 187.50 2.46 2.46 2
3 ........... . 357.00 4.891 4.89 2
4 ........... . 56.50 7.321 7.32 4
5 .......... . 750.00 9.758 9.758 0

TRASDUCER ii
1 .......... . 0.00 0.03 0.03 0
2 .......... . 187.50 2.454 2.461 7
3 .......... . 357.50 4.887 4.88 1

4 .0.0....... . 562.50 7.314 7.316 2
5 .......... . 750.00 9.743 9.743 0

TRASDUCER 44
1 .......... . 0.00 0.03 0.03 0
2 .......... . 187.50 2.461 2.46 4
3 .......... . 357.50 4.89 4.901 3
4 .......... . 562.50 7.33 7.33 3
5 .......... . 750.00 9.771 9.771 0

TRASDUCER 53
1 ........ 0... 0.00 0.026 0.026 0
2 ........... . 187.50 2.44 2.452, 4
3 .......... . 35.00 4.877 4.878 1

4 .......... . 56.50 7.29 7.30 7
5 .......... . 750.00 9.731 9.731 0

la.05 pet full sce, 1.29 mVlNfln) position.
70.05 pet full scale, 1.30 mV/Nfin) position.
30.07 pet full scale, 1.29 mV/Nfin) position.
40.04 pet full scle, 1.30 mV/Nfin) position.
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The cabration equation for tranducer 4 was determined

to be

APPENDIX C.-eALlBRATION EQUATIONS AND ERROR FREQUENCY DISTRIBUTION

Output (00), in volts, for the five liear position tran-
ducers as descrbed in appendi B was used to caculate
the slopes, intercepts, and standard deviations of the ca-
bration equations for each of the five liear position tran-

ducers and for al five combined. The general cabration
equation was determed to be

where

Oi = 00 - 0.02944 :t 2.050786 in,
0.012959

Oi = quatity input, in

with maxum error = 1.694514 in.

(C-l)

01' = 00 - 0.02780 + 3 201727 ._ . m,
0.012992 (C-5)

with maxum error =. 0.24305 in.

The cabration equation for tranducer 5 was determined

to be

Oi = 00 - 0.0280 :t 2.77292 in0.012940 ' (C-6)

The cabration equation for tranducer 1 was determed with maxum error = 0.030911 in.
to be

Oi = 00 - 0.03 :t 0.89625 in0.012947 '
with maxum error = 0.23944 in.

(C-2)

The cabration equation for tranducer 2 was determed
to be

Oi = 00 - 0.02820 :t 1.014279 in,
0.01297

with maxum error = 0.22591 in.

(C-3)

The cabration equation for tranducer 3 was determined

to be

Oi = 00 - 0.03 :t 1.120895 in0.012948 '
with maxum error = 0.35526 in.

(C-4)

The error frequency ditribution for the general calbration

equation is shown in figue C-1.

6

5

~ 4
u
ff
:: 3o
I&
II
ii 2

0.5 1.5 2.0
ERROR, In

Figure e-1.-Eror frequency of general calibraton equation.

IN.BU.OF MIN,PGH.,PA 29611

* USGPO: 1992--611-007/60072
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