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Abstract In certain industries, the amount of time required to make a measurement of
moment of inertiaand center of gravity can have a dramatic effect on manufacturing cos.
For example, thousands of projectiles are measured every year a some proving grounds.
This necessitates operating three shifts and using more than one mass properties instrument
a thefacility. In an effort to reduce measurement cost, Space Electronics has developed a
new mass propertiesingrument that is at least three times faster than our traditiond KSR
series ingrument that has been used throughout the industry for over thirty years. Thisnew
instrument employs a different concept. The old instrument rotated to each of the four
quadrants, stopped precisely at the correct angle, and then measured the CG offset moment.
This required a variable speed motor drive that dowed down asit approached the correct
angle, executed motions to damp out any vibration, and then edged dowly to itsfind
degtination. The new instrument coaststo a stop at three gpproximately equally spaced
locations. An extremely precise optical encoder then measures the actua angle while a
force-restoration transducer determines the moment to better than 0.01% accuracy. The on-
line computer then uses this data to determine X and Y CG of the object being measured.

Figurel Mode KSR 6000 MassProperties|nstrument
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The old method (shown above in figure 2) required the object to be precisely positioned at
four orientations. The new method (shown below in figure 3) requires only three
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Introduction There are times when an idea must wait for technology to catch up before it
can beimplemented. Such is the case with the new fast verson of our KSR series mass
properties instrument. - Although there have been numerous improvementsin the design over
the last 30 years, the basic mechanica concept of our instrument has remained the same.
Now with the advent of highly accurate optica encoders and the development a Space
Electronics of the force restoration concept of moment measurement, it is possible to
implement a new method of measurement that is both faster and more accurate.

Before going into detail about this instrument, we would like to first back up alittle and
describe what it does. KSR series insruments measure both center of gravity and moment of
inertia. The object being measured is mounted on a gas bearing rotary table that is
essentidly frictionless. This table oscill ates when measuring moment of inertia, and rotates
when measuring CG. The basic mechanica concept of the insrumernt is shown in Figure 4
below.
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Figure4 Basic elements of the Space Electronics Model KSR
instrument. The spherical gas bearing creates both a precision
rotary table and a frictionless pivot. Active force-restoration
transducer measures overturning moment due to CG offset from
center of rotation. Moment of inertia is measured by the
inverted torsion pendulum method.




The test object is supported by a spherical air bearing, which is attached to a hollow tube that
extends from the base of the spherical bearing. The lower end of this hollow tube is attached
to asecond (cylindrical) air bearing, which is connected through a moment restoration
transducer tring to the rigid instrument base structure, so that the deflection of thislower
bearing is extremely small, even when large overturning moments are gpplied to the test
surface of the instrument. The horizonta force on the lower bearing is proportiond to the
moment generated by the displacement of the test object CG from the rotationd center of the
ingrument.

The bearing acts as both a pivot and arotary table. The overturning moment produced by a
displacement of the test object CG from the center of rotation of the tableis sensed using a
force restoration transducer. Measuring this moment and dividing by the test object weight
will yield the CG displacement from the center. This type of instrument does not mesasure
weight, S0 a separate scale must be used. The weight data can be automatically acquired by
the mass properties machine software and used to calculate CG location.

The essentidly frictionless ar bearing makes the ided plaform for an inverted torson
pendulum. A torson rod extends from the upper surface of the bearing (the test table) to a
clamping mechaniam a the bottom of the rod. When this clamping mechanism is released,
the spherica bearing is free to turn about the verticad axis. If the bottom of the torson rod is
clamped, and oscillation is initiated, the moment of inertia of the object can be caculated
from the time period of osaillation.
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Air Bearing Pivot Air bearings consist of a precison rotor and a precision stator separated
by an air gap that isless than 0.0005 inchesthick. Air isintroduced to the gap through jewel
orifices that meter the air and provide dynamic centering of the bearing. Machining accuracy
on these bearings is better than 30 millionths of aninch. Thisis what makes air bearings o
expendve and difficult to make.

SMALL GAP LARGE GAP

DISPLACING THE ROTDR TO THE LEFT CAUSES THE GAP
f0D DECREASE, WHICH RESULTS IN & GREATER PRESSURE
IN THE GAP. THIS ACTS TO CENTER THE BEARING.

Dynamic centering action Contrary to intuition, air bearings have greater diffness and
precison than any other type of bearing. The reason is that an air bearing is a dynamic
device. If ar is supplied through a single opening to the gap between the bal and the cup of
a sphericd ar bearing, then the bearing would only operate successfully if the externa forces
were exactly in the center of the upper plate. A dde load would cause the rotor of the
bearing to move sideways so that one edge rubbed againgt the dtator. Increasing the amount
of ar pressure in the plenum of the bearing would not improve the sStuaion, snce the
additiond available air would flow out the sde that had the larger gap. Air bearings made by
Space Electronics minimize this effect by usng independently supplied segments and smadl
diameter jewd orifices that operate in a partialy choked condition. Under conventiond
operation with the payload centered on the interface table, the amount of arflow through
each orifice is such that a pressure drop of gpproximately one hdf the pressure in the plenum
occurs. A minute movement of the rotor of the bearing results in a redtriction of the flow on
the sde of the bearing that has the smaler ggp and an increase in flow on the opposite sde of
the bearing. This produces a sdlf-compensating or centering action of the bearing, snce a
reduction of the ar flow on the low sde increases the pressure in the gap on that Sde and an
increase in flow on the high sde reduces the pressure on that Sde.  Proper sdection of orifice
szes and cavity configurations permits the bearing to remain centered within about 0.0001
inch when subject to Sde loading.



Advantages of our method of locating CG
Our smple, straightforward method of locating CG has severd inherent advantages:

A. Thisisadatic sysem. In many cases, only Smple fixturing is required. Thereis no
danger of the test part getting loose in its fixture and being forcibly gected from the
ingrument.

B. Thissystem uses only one force transducer. Its accuracy is dependent on only two
physica dimensions of the instrument and the accuracy of the test weight used to cdibrate
the force transducer. (Both quantities can be determined with extremely high precision and
are traceable to the Nationa Bureau of Standards). There are no dynamic errors and the
product of inertiaor tilt of the principa axis does not affect the indication of the instrument
and does not have to be subtracted from the total unbalance readings.

C. The sphericd gas bearing pivot of the insrument offers negligible friction with the highest
possible stiffness: the total deflection under full load isless than 0.0005 inch. The moment
resging giffness of the sysem is primarily afunction of the iffness of the moment

. transducer

D. The rotary table created by the spherica gas
bearing greatly improves measurement accuracy. Most
sysdemdtic erors ae automaticaly diminated or can
be eiminated in machine sgtup.

E. The axis of measurement becomes the center of
rotation of the table. This diminatesthe need to
accuratdy determine the relationship between the
ingrument pivot axis and the mounting surface of the
instrument.

F. For cylindrica test parts, or parts that can be
accurately located in afixture with a cylindrical
reference surface a the nomina CG location, adid
indicator may be used to bring the part or fixture
centerline concentric with the center of rotation of the
ingrument to within extremely close tolerances. This
diminates zero-reference offset errors.

G. Fortal cylindrica parts, two did indicator
readings may be made: one close to the table and
another at alocation well abovethetable. A tilt table,
shimming, or other means of adjustment, will alow
Figure7 Usingtwo dial indicatorsto adjust tilt the operator eliminate errors due to the part axis
leaning away from the machine rotationd axis.

H. Another common system error occurs from improper leveing of the machine. This causes



lean, which may be interpreted as CG offset.  With the rotary table machine, this error is
eliminated by taking three readings that are 120 degrees gpart. The lean eror is equa for dl
measurements and is therefore subtracted from the result. Figure 8A illudrates the effect of
the lean of the interface surface on the accuracy of center of gravity measurement. Even with
a center of gravity instrument whose accuracy is better than 0.001", if the interface surface is
not precisaly perpendicular to the gravitational axis, then the test part center of gravity can be
displaced by a consderable amount. This offsst CG due to the lean of the table can be
distinguished from true CG offset by turning the test surface through an angle of 180°. As
the drawing indicates, an gpparent CG offset due to the tilt of the test surface will not change
as the table is turned, whereas true CG offset (figure 8B) of the test part results in an offset
moment which changes as a function of test table rotation angle.

ISOLATING TILT ANGLE ERROR FROM TRUE CG DFFSET
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TRUE CG DFFSET DF THE TEST PART RESULTS IN AN OFFSET MOMENT
WHICH ROTATES WITH THE TEST TABLE. MAXIMUM AND MIMUMLIM
READINGS WILL BE DISPLACED BY 180 DEGREES

Figures 8A and 8B

|. Taking three readings spaced 120 degrees gpart dso eliminates other systematic
errors such as transducer zero offsets.
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Concept of Tare Measurement The part to be measured must be held in afixed orientation
with respect to the X and Y axes. A precison fixtureis used to accomplish this. Thisfixture
adds massto the test. The mass properties instrument itself also has mass. In addition,
dthough it would be possible to balance the instrument and fixture so that it had no

unbalance moment about the rotation center of the instrument, it is essier to measure this
unbalance and subtract it from the total moment of test object and fixture. Therefore, the
measurement with the test obyject mounted in the fixture includes the mass contribution due to
fixture and instrument. Two measurements and one calculation are required to determine the
mass properties of the test object:

1. A separate measurement must first be made of the “tare” CG moment and moment
of inertia of the fixture and machine. Those properties (CG moment and MOI) are
saved in computer memory and recaled later.

2. Thetest part isthen mounted in the fixture and the “total” CG moment and MOI
aremeasured. Thisisaso saved in computer memory.

3. Thetare readings are then subtracted from total readings. The net results are for
the test object. Cg measurement isin terms of offset moment. The weight of the test
object is entered on the keyboard. The computer then divides the measured moment
by the weight to determine CG offset distance.

In order for the tare concept to work, it is necessary for the mass properties of the fixture to
beidentica for both measurements. No adjustments can be made to the fixture between
measurements. The measurements should be made as quickly as practica so that
temperature variation is minima between measurements. If mounting hardware is used with
the fixture, then this should be ingdled in the fixture when the tare is measured (unless this
hardware is considered part of the test object). Note: The tare mass properties can be
measured before or after the measurement with the test part.

SUMMARY OF BENEFITSOF THE KSR SERIESINSTRUMENT
1. Both center of gravity and moment of inertiaare measured in asingle stup.

2. Accuracy is higher for this type of instrument than any other method.

3. Fixturing error is minimized since the rotary table dlows cylindrical partsto be did
indicated.

4. Levding and zero shift errors are diminated by using the rotary table to take at least three
datareadings at test part locations that are separated by 120 degrees.

11



Theold method When the KSR

sies insruments were firg

developed, accurate optical
encodersdid not exist. Theangle

a which measurements are made \/—\

isacritica factor in the accuracy

of themachine. Totakean POSITION 1
extreme example, if the CG of the

object being measured was 10

inches from the center of rotation POSITION 4

of the machine, then a1 degree

error in the angle & which
measurement are made would

FOZITION 2
S0

only 1 inch from the center of the

result in aCG measurement error m
of 0.174inch! If the CG were

machine, then the error would ill POSITION 3

be 0.017 inch. Our god isto be 18

able to measure CG within 0.001 IRADITIONAL 0 MEASUREMENT
inch for offsets as great as 5 e o URENENT FaSCTINS)
inches. Therefore, the four

rotations of the table had to be

positioned within an accuracy of 0.01 degree. This positioning accuracy was difficult

enough with alight table; it was dmost insurmountable when alarge heavy object was being
measured, because the moment of inertia of the object would cause the table to want to rotate
after the drive mechanism was de-energized. The solution was to dow the rotation asthe
table approached the desired angle, then stop the table completely and damp out any tremors
at an angle that was 2 degrees from the desired final angle, and finaly to edge the teble
forward extremely dowly to the find angle. Even when optimized by the on-line computer,
this operation was extremely tedious and time-consuming. An improvement was achieved

by measuring the moment of inertia of the object and using this number to select the drive
torque and deceleration angle of the rotation motor. A laser beam was interrupted at the
precise angle, and a photocel| triggered the drive system.

Even with this highly sophisticated system, messurement time for the four moment
measurements could not be reduced to less than 15 minutes for average objects and could be
aslong as 25 minutes for large objects with high moment of inertia, such asarocket in the
transverse orientation.

This process could have been further improved by using only three measurements spaced 120
degrees gpart, rather than four measurements spaced 90 degrees apart. However, thereisa
practica problem: it isextremdy difficult to locate optical sensors at 120 degree spacing

with an accuracy of 0.01 degree.

12




Thenew method Accordingly, in 2004 we introduced a new version of thisinstrument.
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Rather than stop the rotation of the insdrument at exact angles, the instrument is rotated to
three measurement positions that are approximately 120 degrees gpart. We no longer go
through the elaborate process of dowing the drive motor as the angle is approached and
edging forward to the final position. Instead, the drive Smply deceleratesto zero at
approximately the correct angle. Depending on the moment of inertia of the object, the
rotation may continue for as much as 20 degrees. However, the conditions are the same for
each position, so that the spacing of the positionsis gpproximately 120 degrees. An ultra:
precison optica encoder then measures the exact angle of each measurement, and the
computer solves the moment equations to yield the CG aong two perpendicular axes.

NOTE: Sincethethree anglesare arbitrary and only the difference isimportant, the first
angle of measurement can be wherever the table stops from the previous measurement.
Therefore, only two positionings are required, as compared to four for the older method.

We are preparing to apply for a patent on the concepts described in this paper.
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Optical encoder In order to get the required accuracy, we use a non-contacting (and
consequently friction-free), absolute encoder. It hasa 6’ diameter glass disk with severd
meta deposited, optica patterns. The pattern is picked up by a Read-Head, passed to a
combined decoder/interpolation module, and then to adigital 1/0 interface card located in our
computer. It has a native resolution of 4096 bits/revolution and an interpolated resol ution of
1,048,576 bitsrevolution. Thisyieldsafind interpolated angular resolution of .00034
degrees per bit. The signd leaves the Read- Head as a series of andog signds. sneand
cosne waves in conjunction with an indexing sgnd. Theinterpolation is accomplished by

4 Chaninel #1 Sine

1 Channel #2 Cosine

WH— 2.5V de

4 — 20Vdcs

d— 15Vde
R 4— 1.0V de

St — 05V de

Chil so0my &Chi| s00mY  &MID.0ms A Chl o 2.31% +
EFE] So0omy B

- Twypical Virtuwal Absolure Voltage Signals
M ote: C hannel #3, Index Pulse, shown for ref ool
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andyzing the dope phase rdationship of these waveforms. The interpolator passes the signa
to the computer interface as an eight bit, digital TTL logic, data code plus afew auxiliary
lines. The hi-resolution angle datais fed into adigital 1/0 and read-out in three bytes.

In order to take full advantage of the high resolution provided by the encoder, we need to
ensure that its metal deposited optica pattern is concentric with the rotational spindle axis of
our machine. Concentricity errors directly affect the read-out angular accuracy versesthe
corresponding true position. The tolerance for thisis gpproximately 0.0005” T.1.R. when
evauated with regard to machine accuracy. The problem isthat no mechanica surface on
the encoder is guaranteed to run concentric with the optica pattern. Thisleaves uswith the
burden of making atrue surface that we can count on later when dia indicating on the
machine. To do this, we true the optica pattern to our stainless steel adaptor, then use the
adaptor asthe “good” surface when the assembly is mounted into the machine. We start out
on a Space Electronics Bearing M easurement Machine with our stereomicroscope and a
specia graduated reticule. We center the adaptor hub with a precison dectronic gage and
secureit into place. Next, we gently adjust the glass until the optica pattern runstrue to the
hub. We secure the glass with our, manufacturer specified, quas-redlient clamp.

Synergy...the controller, the math, the encoder, and the technique

An andysis of our older systems showed that alarge portion of our CG measurement time
was pent fine positioning at very specific angles, and controlling the payload so thet the data
was steady and vaid. Our old math relied on exact targeting and achievement of postion a
0, 90, 180, and 270 degrees. In order not to overshoot the angle we had to creep up on the
fina target very dowly. The practica maximum speed dlowed, was related to the inertia of
the payload. Basicaly, the larger the payload, the dower the speed. Thiswasdl controlled
by an eaborate inertia prediction scheme, which was based on time vs. acceleration
mechanics. Because the prediction was limited in accuracy , we adways setup to err on the
gde of caution. Once we exactly targeted our angle, we gtill had to wait a substantia period
of timeto alow resdua oscillations to damp out. When we released the drive raller, an
additional kick would occur forcing us to take more data in order to ensure our averaging
agorithm worked properly. All this served to dow the CG testsdown. To boat, the
phenomena of CG torsona pendulum effect would aso create an error in true position,
which was proportiona to the CG moment unbaance and the out-of-level condition of the
mechine.

The new method diminates most of the problems of the old systlem. Our new math matrix
equation no longer requires usto rotate to any particular angle. In fact, we take our first
reading at the arbitrary angle that we happen to be stting at when thetest begins. This
eliminates the firgt rotation sequence. As discussed previoudy, we no longer take four
guadrants of data. The data acquisition has been reduced to three sectors of data with no
gppreciable degradation in performance. The three angles are roughly targeted to be 120
degrees apart, but there is no requirement for exact positioning. The new math matrix works
with practicaly any angles as long as you know what they are. Our new encoder handles that
quite nicely. Once we are a the gpproximate target angle, we tame, but not diminate, the
resdud oscillations, and take data. A new acquisition agorithm called “ Smart Averaging”
enables usto get vaid data even though we have not damped dl oscillations. Furthermore,
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the qudity of thefind datais better than before. Firgtly, CG torsion pendulum effect is
factored out because we now know the actud angle the machine settlesto. Secondly, asthe
meachine continues to oscillate dightly, both the encoder and moment readout produce
snewave responses, which are read by the computer. The computer then analyses the
encoder sgnd to pick out the fundamentd frequency and chops up both the encoder and
moment readout Sinewaves so that only full oscillation cycle(s) are processed. Full cycles
are the only accurate way to average thefind data. Picture this; if you had a repetitive
snewave with three positive peaks, but only two negative pesks, a smple averaging would
yield results that were too pogtive in vaue. We use the encoder sgnd insteed of the
moment readout to do the origind analysis because it has no phase shift tied to oscillation
frequency (no dew delay), and is not as subject to noise such as buffeting by windage. At
some point, when the payload inertias are smdl, the resdua oscillations are so fast that we
can't read them properly without aliasng/sampling errors. The problem is that we are
limited in our encoder read speed by either hardware or software overhead or both. This
creates a sampling mismatch where the fundamenta is too fast for our samplerate. Because
of this, we have implemented a method where at the dower oscillation frequencies, we use
Smart Averaging, a fast frequencies where we start to get dliasing, we switch to a Direct
Averaging scheme. The Direct Averaging method smply takes dl the data and averagesiit
together without trimming to exact, full cycle snewave(s). This method works for higher
oscillation frequencies because a some point, when you get enough cyclesin your dataset,
the effects of numericaly mismatched pesk counts, becomes mathematicaly inggnificant.

No matter how sophiticated we make the CG read dgorithms, it is ill desirable to have the
payload be settled before taking data. Thereis a smal amount of energy imparted onto the
Interface Plate when the drive roller releases. Thiskick is due to the geometry of our release
mechanism. The amount of drive rdease kick isangularly, farly large a smdl inertia loads,
and smdler with higher inertias, whereas the resdud rotation energy oscillations are bigger
for larger payloads than smaller ones. These two differing conditions are served by the
introduction of afew more new software parameters. These parameters control the “wait for
no motion” agorithm functioning. Thefirg of these parametersis the Wait No Motion
Sample Encoder Angle Resolution. Thisis set to 0.1 degrees and it protects us at the faster
oscillations where we might be in the direct averaging mode. This parameter is set by
experimenta methods. Badicdly, we mount the Calibration Beam, rotate the table to 90
degrees, where we clamp the brakes. Welights are added to the beam to create afull-scale
moment. The beam is experimentaly oscillated at various amplitudes. The configuration
exploits al the wesknessesin the system. Thisinertia, and thusits oscillation period, is
representative of the crossover point between smart and direct averaging, and is deemed
acceptable for the purpose of this determination.  As mentioned earlier, direct averaging
does not even atempt to compensate for uneven peak counts. This practice is acceptable if
the number of complete cyclesis high enough. Thereis however, another way to minimize
the effects of uneven peak-count: keep the amplitude low. If there were no motion, then
there would be no change in CG moment magnitude. At each of the oscillation amplitudes,
the data was plotted in EXCEL and a manua version of smart vs. direct averaging was done.
The results showed what had been predicted, the smdler oscillations yielded direct averaging
results, which were
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Data Collection

Period of
FIFO...
15 seconds

1

Read Encoder
Read Transducer

Note: typicaly we want 4.8
or more Transducer and
Encoder reading pairs per
second.

Lessthan
15 seconds | greater than 15

Equad to or

seconds

v

Post Collection Processing

v

Evauate Encoder Data, get Hl and LO, AVG

Compare to Smart Avg Min Angle

Lessthan

Greater than

Direct
Averaging

!

Detect number of Angle Crossings by
comparing agang AVG and looking for
angle greater or lessthan AVG.

v

Look for oppodte rigng/fdling sate from wha was
detected above. Disalow equa angles. Repedt;
switching risng/faling dope detection each time.

!

Count the number of
occurrences.

I

Compare to Smart Avg ¥Lycles

Greater
than 40

Less Between 3
than3 | and 40

Averaging

17




within afew counts of the true average. The empiricaly determined crossover point seen as
acceptable was at 0.1 degrees. Severad CG positioning rotation sequences were done and the
meachine was proven to quickly obtain this 0.1 degree payload stability within afew seconds.

SECOMDS. Period of FIFO = 15 sec
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processes to produce the theoretical dam ped center point(s) for Angle and Mo ent.
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CG Error analyss Tota measured moment error iswell below the limits specified for the
machine, as shown in the graph below. 1f 26000 pound object were being measured, then
the worst case error of 2 Ib-inch would correspond to a CG measurement error of 0.0003
inch.

Static CG Error VS Applied Moment
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Pivot Axis Error

The pivot axis on this indrument is a gas bearing. The gap in this bearing is typicdly less
than 0.001"; the dynamic centering action of the choked orifices of the bearing result in a
dability of pivot axis typicdly less than plusminus 0.0002" over the full range of weght of
test parts, and independent of the moment being measured.

Moment Error

The unbadance moment in the indrument is messured usng a moment am and force
resoration transducer. Linearity of the transducer is better than 0.001% of full scde. The
lengths of the moment am and transducer am determine the moment amplification factor
for the machine. The effective length of these arms remains congtant within 0.01% provided
the ambient temperature does not vary more than plusminus 10° F. (Another advantage to
our fast measurement cycle is that it minimizes the effect of temperature change) Since the
weight of the test object is supported by the pivot axis, not the moment transducer, the full-
scde range of the moment readout may be chosen br any desired accuracy by sdecting the
gopropriate transducer and moment arm length. However, higher accuracy requires a smdler
maximum over-turning moment.  The 120° rotation feature of the instrument eiminaes any
eror that might be introduced by transducer zero shift. Since the resolution of the instrument
is S0 high, useful readings can be obtaned for moments as smdl as 0.01% of full scde
Usng proper cdibration techniques and a dua range transducer, moment readings as smal
as 0.001% of full scae may be obtained.
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Cdibration Weights - Center of Gravity

Seveard ceatified and tracesble cdibration weights are supplied with these instruments.
These weights, when placed in precisdy located holes (certified and tracegble), permit the
cregtion of a precise overturning moment, and dlow the computer to develop accurate
cdibration condants which correct the moment resdout so that maximum accuracy is
obtained for even smdl test parts.

Sysdem Rigidity

The sphericd gas bearing combined with the stabilizing shaft and lower bearing resultsin an
extremdy rigid measuring system. Negligible error isintroduced by system flexibility for
test objects whose CG height is equd to or |ess than the maximum specified for each
ingrument Sze. Tdl thin parts may result in asmdl shift in measured CG due to the
deflection of the test part if the test part CG is not centered, or if thereis consderabletilt to
the instrument. This effect can easly be compensated for by centering the test part
accurately and re-levding the instrument after the test part has been mounted in place. A
further improvement in accuracy is achieved by a height compensation dgorithm in the
software.

M oment of | nertia M easur ement

Thisinsrument readily lendsitsdlf to the measurement of moment of inertia. A torson rod
extends from the upper surface of the bearing to a clamping mechanism at the bottom of the
rod. During CG measurement, this clamping mechanism is released, and the bearing is free
to turn about the verticd axis. During MOI measurement, the lower end of the torsion rod is
temporarily clamped to creste an inverted torsion pendulum. Thetest surface of the
instrument (and test object) is automaticaly twisted to aninitid angleand rleased. A

photoel ectric assembly mounted on the instrument measures the period of oscillation.

The naturd undamped period of oscillation of atorsiona pendulum is described by the
equeation:

| = CT?

where C isa calibration congtant which is experimentaly determined and is primarily a
function of the spring rate of thetorson rod. A cdibration weight is supplied with the
insrument. Theweight isfirst placed at a known distance from the center of the table and
the period of oscillation (Tx) is measured. The weight isthen placed at the center of the table
and a second period of oscillation (T,) ismeasured. The difference in these periodsis due
purdly to the changein MOI between the first and second readings.

This change | is the known value | = WR? where W is the calibration weight, and R isthe
offset. The cdlibration constant is then calcul ated:

C=1/(Tx? - To?)
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Since the sysem islinear, only asingle point cdibration is needed for the full range of MOI
measurements.

Before the MOI of atest part can be determined, a TARE period of oscillation (Tt) must be
measured for the machine and any necessary fixturing. The part is then mounted and a
period of oscillation (Tp) is measured. The part MOl is then calcul ated:
| = C(Tp? - T¥)
where C is the cdibration constant previoudy determined.
Moment of inertiameasurement error Totd error iswell below the maximum alowed

for the machine. For example, for moment of inertia values above 50,000 |b-irf , maximum
error was lessthan 50 1b-ir?, which isless than 0.1% of vaue.
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Product of inertia  Although this instrument does not measure product of inertia directly,
it is possible to determine product of inertia by making a series of MOI measurements a
different orientations relaive to the measurement axis of the machine. Thisisdescribed in
detail in SAWE Paper # 2093 “Using the MOI method of measuring Product of Inertid’.

Improvement in CG measurement time For objects with large moment of inertia, the
traditiona “old” method required at least 14 minutes to make a measurement of two-axis CG.
The same objects can now be measured in less than 4 minutes. Objects with small moment
of inertia can be measured in aslittle as 2 Yminutes.
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Conclusion A high speed mass properties measuring instrument has been developed that
measures CG at least 3 times faster than the conventiona Space Electronics KSR series
instrument, which has been the standard of the industry for many years. No sacrificein
accuracy occurs a this higher measurement speed.

This new insrument employs a different concept. The old instrument rotated to each of the
four quadrants, stopped precisely at the correct angle, and then measured the CG offset
moment. This required a variable speed motor drive that dowed down asit gpproached the
correct angle, executed motions to damp out any vibration, and then edged dowly to itsfina
destination. The new instrument coasts to a stop at three approximately equaly spaced
locations. An extremely precise optical encoder then measures the actua angle while a
force-restoration transducer determines the moment to better than 0.01% accuracy. The on+
line computer then uses this datato determine X and Y CG of the object being measured.

APPENDIX

Instrument models currently available from Space Electronics

Recommended Payload Full Scale MOl
MODEL Weight Range Moment Accuracy CG Accuracy
(Ib) (Ib-in) (Ib-in%) (Ib-in)
K SR330-6 0.25-20 6 0.1% + 0.03 0.1% + 0.0005
KSR330-16 1-40 16 0.1% + 0.03 0.1% + 0.001
K SR330-60 3-120 60 0.1% + 0.03 0.1% + 0.003
KSR1320-150 50 — 800 150 0.1% + 0.2 0.1% + 0.01
K SR1320-300 50 — 800 300 0.1% + 0.2 0.1% + 0.02
KSR1320-600 100 - 1320 600 0.1% + 0.2 0.1% + 0.04
KSR1320-1500 100-1320 1500 0.1% + 0.2 0.1% + 0.06
K SR2200 100 — 2200 2500 0.1% + 0.7 0.1% +0.1
K SR6000 200 — 6000 5000 0.1% + 2 0.1% + 0.3
KSR8000 200 — 8000 5000 0.1% + 2 0.1% + 0.3
KSR13200 500 - 13200 8000 0.1% + 4 0.1% + 1.5
KSR17000 500 - 17000 16000 0.1+10 0.1%+8
KSR20000 1000 - 20000 36000 0.1+10 0.1% + 8
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