
United States Patent [191 
Gold 

[54] WHEEL UNBALANCE MEASUREMENT 
SYSTEM AND METHOD 

[75] Inventor: Kenneth S. Gold, Canoga Park, Calif. 

[73] Assignee: FMC Corporation, Chicago, Ill. 

[21] Appl. No.: 464,094 

[22] Filed: Jan. 26, 1983 

Related US. Patent Documents 

Reissue of: 
[64] Patent No.: 4,285,240 

Issued: Aug. 25, 1981 
Appl. No.: 111,159 
Filed: Jan. 11, 1980 

[51] Int. Cl.3 ............................................ .. GOIM 1/22 
.... .. 73/462; 73/1 B 

.. 73/1 B, 462-466; 
[52] US. Cl. ............. .. 

[58] Field of Search ........ .. 
364/463, 576 

[56] References Cited 
U.S. PATENT DOCUMENTS 

2,243,379 5/1941 Johnson .......................... .. 73/462 X 
73/463 X 

73/462 
73/1 B 
73/462 
73/457 
73/465 
73/462 

2,331,733 10/1943 Senger ......... .. 

3,205,713 9/1965 Thomas et a1. 
3,380,286 4/1968 
3,527,103 9/1970 
3,680,390 8/1972 
3,751,987 8/1973 
4,015,480 4/1977 
4,018,087 4/1977 73/462 
4,046,017 9/1977 73/462 
4,109,312 8/1978 73/462 X 
4,169,383 10/1979 73/462 
4,173,146 11/1979 Kogleretall: ...................... .. 73/462 

65 

TR! CKLE 

[11] E 

[45] Reissued Date of Patent: Aug. 20, 1985 

Re. 31,971 Patent Number: 

Primary Examiner—.lames J. Gill 
Attorney, Agent, or Firm—1-I. M. Stanley; R. B. Megley 

[57] ABSTRACT 
An off-the-car wheel unbalance measuring system has a 
rotationally driven wheel mounting shaft supported in a 
pedestal together with a pair of force transducers 
mounted in the pedestal adjacent to and spaced along 
the shaft. The force transducers are coupled mechani 
cally to the shaft and provide periodic electrical output 
signals indicative of unbalance forces transmitted 
through the shaft when the shaft is driven rotationally. 
The angular position of the shaft is monitored with 
respect to an angular reference position at a predeter 
mined number of angular increments during each full 
revolution of the shaft. The transducer output signals 
are converted in electrical circuitry within the system 
to digital form, and a multiplication operation is per 
formed on the digitized signals at each angular incre 
ment using sine and cosine representative factors corre~ 
sponding to that particular angular increment. The sine 
and cosine factors are stored in memory and are called 
up from storage in accordance with the monitored an 
gular position of the shaft. The system circuitry oper 
ates to sum the digitized signals including sine and co 
sine factors thereby providing operating data from 
which unbalance force magnitude and angular position 
is calculated. Operation of the system while a known 
unbalance is mounted on the shaft and also while the 
shaft is running free provides data from which calibra 
tion constants for the system are calculated and thereaf 
ter applied to the operating data to correct unbalance 
measurements for shaft unbalance and transducer idio 
syncrasies. 

45 Claims, 19 Drawing Figures 
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WHEEL UNBALANCE MEASUREMENT SYSTEM 
AND METHOD 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci?ca 
tion; matter printed in italics indicates the additions made 
by reissue. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates to a system for measuring and 

displaying unbalance in a rotating body and more par 
ticularly to such a system which has the capability of 
measuring and compensating for system imposed unbal 
ance measurement errors. 

2. Description of the Prior Art 
Vibration vector measurement for determining unbal 

ance in a rotating body is well known. For example, 
U.S. Pat. No. 3,220,247, issued to Goodman, discloses 
apparatus for obtaining such measurements which in 
cludes an unbalance pickup device which provides sig 
nals indicative of the unbalance or vibration vector in 
the rotating body. Sine and cosine generators are also 
provided which generate reference signals with refer 
ence periods which are the same as the periods of the 
unbalance signals. The unbalance signals and the refer 
ence signals are coupled to multipliers and the resulting 
products are passed through ?ltering circuits to obtain 
average or mean values. An analog circuit implement 
ing Fourier analysis to process the unbalance signals in 
analog form and to thereby obtain the unbalance vector 
magnitude and direction is also disclosed in the Good 
man patent. 

In U.S. Pat. No. 3,751,987, issued to Whitmore, a 
dynamic balancing machine is disclosed which includes 
an electronic circuit coupled to transducers which sense 
the unbalance and provide unbalance signals. A refer 
ence detector is also provided to indicate a zero angle 
reference for the rotating portion of the balancing ma 
chine. Sine and cosine signals are produced relative to 
the reference signal, and an analog multipler circuit 
multiples the unbalance signal with the sine and cosine 
reference signals thereby providing product outputs 
which are subsequently ?ltered. The ?ltered product 
outputs represent means values which are displayed as 
indicators of the magnitude and angular location of the 
unbalance force. This method of extracting the sine and 
cosine coef?cients from an unknown periodic unbal 
ance force to obtain the magnitude and direction of the 
unbalance force has long been in use. US. Pat. No. 
4,015,480, issued to Giers, discloses such a system 
wherein a portion of the signal processing is done in 
digital fashion. Reference sine and cosine values having 
an oscillation frequency which is the same as that of the 
unbalance vibration are digitized together with the 
unbalance signals and are thereafter multiplied to pro 
vide sine products and cosine products. The sine and 
cosine products are summed, means values are ex 
tracted from the two sums, and the mean values are 
utilized to identify the magnitude and phase of the un 
balance. 

U.S. Pat. No. 4,046,017, issued to Hill, discloses a 
dynamic wheel balancing apparatus having a rotating 
shaft on which the body to be balanced is mounted 
together with a pair of force transducers adjacent to the 
shaft which provide signals representative of the unbal 
ance in the body. The apparatus further includes cir 
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2 
cuitry which provides pulses corresponding to rota 
tional increments of the shaft. A counter is provided 
which counts the pulses starting from the time when the 
unbalance force produced by the rotating body passes 
through a particular angular position such as the verti 
cally upward position. The shaft is spun, the counter is 
actuated to count pulses, the counter output is con~ 
verted to an analog signal, the analog signal is stored, 
and the shaft is stopped. The wheel is thereafter rotated 
by hand until an angular position meter indicates the 
shaft is in the angular position at which the unbalance in 
the body was measured. At initial installation the rotat 
ing shaft on which the unbalanced wheel is to be 
mounted is mechanically balanced to eliminate error 
insertion. A subsequent replacement of the spin shaft 
requires mechanical rebalancing of the machine. Me 
chanical and electrical adjustments sometimes being 
interactive, a trained person is usually required to set 
them in the machine. 

It is desirable to provide an unbalance force measur 
ing machine and method which may be calibrated by 
the machine operator and which provides highly accu 
rate unbalance vector readings which are substantially 
unaffected by mechanical and electrical component 
drift. 

SUMMARY OF THE INVENTION 

The present invention provides an apparatus and 
method for measuring the unbalance of a rotating boby 
and for resolving the unbaance in either one or two 
planes which are normal to the axis of rotation of the 
body. A force transducer is mechanically coupled to a 
rotating shaft on which the rotatably body is mounted 
and provides an electrical signal which is indicative of 
the periodic force at the transducer generated by the 
unbalance mass in the body during rotation. An analog 
in-digital converter receives the electrical signal from 
the transducer and provides a digital word output 
which corresponds to the instantaneous magnitude of 
the periodic force. Means is provided for controlling 
the analog-to-digital converter so that the digital words 
are provided at a predetermined number of angular 
increments during each revolution of the rotation shaft. 
A memory is provided which contains a plurality of 
stored digital sine and cosine representative quantities, 
each of which correspond to one or more of the prede 
termined angular increments. During the time that the 
rotating shaft is traversing each of the angular incre 
ments the means for controlling operates on each of the 
digital words in accordance with the corresponding 
sine and cosine representative quantities to provide 
modi?ed quantities having sine factors and modi?ed 
quantities having cosine factors. The quantities includ 
ing sine and cosine factors are obtained within an execu 
tion time which is minimized by appropriate selection of 
the stored digital sine and cosine representative quanti 
ties. Means is provided for summing the modi?ed quan 
tities containing the sine and the cosine factors obtained 
for each one of the angular increments so that data is 
provided for determining the unbalance mass magni 
tude and its angular location on the body. 
The method of determining the unbalance in a rotat 

able body with an unknown unbalance weight and for 
calibrating the apparatus involves spinning the shaft 
with no load thereon and obtaining a no load unbalance 
signal and then computing no load unbalance signal 
numerical quantities representative of the phase and 
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magnitude of the_unbalance. Then the process is re 
peated with a known calibration weight at a known 
angular position being mounted on the shaft to obtain 
calibration signal numerical quantities representative of 
the magnitude and phase of unbalance. The no load 
unbalance signal numerical quantities are then sub 
tracted from the calibration unbalance signal numerical 
quantities from which calibration constants are com 
puted. Finally, the shaft is spun with an unknown unbal 
ance weight thereon to provide unbalance signal nu 
merical quantities representative of the phase and mag 
nitude of the unknown unbalance. These latter numeri 
cal quantities are ?rst corrected by subtracting the no 
load numerical quantities therefrom, and then the cali 
bration constants are applied to obtain the correct data 
for the phase and magnitude of the unknown unbalance. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a diagrammatic plan view of the unbalance 
measurement system of the present invention. 
FIG. 2 is an enlarged side elevation taken along the 

line 2—-2 of FIG. 1. 
FIG. 3 is an enlarged fragmentary detail view of the 

encoding disc as indicated by the encircled portion 3 in 
FIG. 2. 
FIG. 4 is a block diagram of the electrical and elec 

tronic components of the unbalance measurement sys 
tem of FIG. 1. 
FIG. 5 is an electrical schematic diagram of one por 

tion of the system of FIG. 4. 
FIG. 6 is an electrical schematic diagram of another 

portion of the system of FIG. 4. 
FIG. 7 is an electrical schematic of the keyboard 

inter-connection portion of the system of FIG. 4. 
FIG. 8 is a block diagram of the computer of FIG. 4. 
FIG. 9 is a timing diagram showing signals produced 

in the electrical circuit of FIG. 5. 
FIG. 10 is a general flow diagram for the program 

functions of the computer of the present invention. 
FIGS. 11, 12 and 13 are program ?ow diagrams for 

. the control scan and storage subroutines indicated in the 
program of FIG. 10. 
FIG. 14 is a diagram illustrating the content of the 

status register which relates to the subroutine of FIG. 
13. 
FIGS. 15 and 16 are program flow diagrams for the 

calculate subroutine of the program of FIG. 10. 
FIG. 17 is a program flow diagram for the position 

interrupt subroutine of the program of FIG. 10. 
FIG. 18 is a program flow diagram for the stop inter 

rupt subroutine of the program FIG. 10. 
FIG. 19 is a diagrammatic representation of the pseu 

do-sine function used in the computer of the present 
invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

In FIG. 1 of the drawings of conventional mechani 
cal arrangement is shown for measurement of an unbal 
ance mass in a rotating body, the unbalance mass pro 
duces an unbalance force when the body is spun. As 
depicted therein an automobile rim and tire combina 
tion 21 is shown as the rotating body securely mounted 
against a shoulder member 22 which is attached to the 
end of a rotating shaft 23. The rim portion of the rim 
and tire combination has the usual centrally disposed 
hole which ?ts over the end ofthe shaft 23. The rim is 
held tightly in place by a wheel clamp 24 which engage 
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4 
threads formed on the end of the shaft 23. A pair of 
bearing housings 26 and 27 are resiliently supported 
within a ?xed, rigid framework 28. The shaft 23 is sup 
ported on inner bearing members within the bearing 
housings 26 and 27, thereby being disposed for rota 
tional motion within the framework 28. Left and right 
force transducers 29 and 31, respectively, are positioned 
between the framework 28 and the bearing housings 26 
and 27. A resilient spring 32 is positioned between each 
of the force transducers and the framework to maintain 
the force transducers 29 and 31 in continuous contact 
with the bearing housings 26 and 27. 
An encoder disc 33 is secured to the end of the shaft 

23 opposite the end carrying the rim and tire combina 
tion 21 by means of a nut 34 and therefore rotates with 
the shaft. A motor 36 is mounted on the framework 28 
functioning to drive the shaft 23 rotationally through a 
belt 37 and a pulley 38 which is ?xedly mounted on the 
shaft 23. 
A photosensor and light source assembly 39 is 

mounted on the framework 28 adjacent to the edge of 
the encoder disc 33. Signals provided by the photosen 
sor and light source assembly 39 are connected to cir 
cuitry contained within a console 41 having a front 
panel 42 thereon. The signals provided by the photosen 
sor and light source assembly are three in number, said 
signals being labeled in FIG. 1 as (1)1, 412 and “home”, or 
reference. Force transducers 29 and 31 are also con~ 
nected to the electronic circuitry contained in console 
41 as is the motor 36. The mechanical arrangement of 
the wheel unbalance measuring device as disclosed 
herein to this point may be of the type described in US. 
Pat. No. 4,046,017 issued to Hill. 

Switches and displays for setting and monitoring the 
unbalance measurement are shown on the front panel 
42. A start/spin switch 45 is seen in FIG. 1 which initi 
ates a shaft spin routine. A multiposition machine mode 
switch 43 and a multiposition display mode switch 44 
are positioned on the front panel 42. The machine mode 
switch 43 may be set to select a run mode, a calibrate 
mode or a zero shaft unbalance mode. The display mode 
switch 44 may be set to select a display of ounces, 
ounces rounded off, grams or grams rounded off. The 
displayed units as selected appear in three place left and 
right unbalance weight indication windows 46 and 47. 
Left and right position indicators 48 provide angular 
information indicative of where weights should be at 
tached at the rim of the rim and tire combination 21 to 
counterbalance the measured unbalance mass. A con 
ventional offset dimension measurement gauge 49 is 
provided on the front panel 42 from which a convenient 
reading of the axial position of the rim and tire assembly 
21 on the shaft 23 be obtained. Rim and tire assembly 
physical parameters are entered into the system by 
means of a four-by-four keyboard 51. The offset dimen— 
sion is entered by selecting the “0" in the ?rst column, 
third row on the keyboard and the appropriate offset 
measurement by means of the numbered keys. The off-2 
set is represented in FIG. 1 by the letter “b”. In like 
manner the diameter D of the rim in the wheel assembly 
21 is entered into the system by selecting the key shown 
as “D" and the appropriate diameter dimension on the 
numbered keys. The width of the wheel assembly 21 is 
taken between the two planes, seen as P1 and P2 in FIG. 
1, at which counterbalancing weights may be applied to 
the rims of the wheel assembly. Wheel width is repre 
sented in the diagram by the letter “c". The width is 
entered into the system by selecting the key marked 
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“W“ on the keyboard 51 together with the appropriate 
numbered keys. The selected diameter, width and offset 
values are displayed in the three place displays 52, 53 
and 54, respectively. A calculate function and alternate 
static/dynamic function, both to be hereinafter de 
scribed more fully, may also be selected at keys C and S 
on the keyboard 51. 
As stated hereinbefore, the force measuring mecha 

nism is similar to that which has been utilized previ 
ously inasmuch as forces are sensed by two force trans 
ducers which measure allof the forces required to main 
tain the rotating shaft within the horizontal plane as 
depicted in the view of FIG. 1. The encoder disc 33 and 
the photosensor and light source assembly 39 perform 
as an optical shaft encoder for the wheel balancing shaft 
23. A “home" position is measured for the shaft rotation 
and occurs once for each rotation of the shaft. The 
“home" position provides an angular reference and 
rotationally locates a number of calibration constants 
with respect to the angular position of the shaft. The 
calibration constants are used to reduce errors intro 
duced into the measurement of unbalance in the rotating 
body. The unbalance forces are measured when the 
shaft is spun while loaded with a known calibrating 
weight and are also mounted when the shaft 23 is spun 
unloaded. Calculations are performed involving the 
transducer calibration and zero unbalance data, and the 
results are stored for later use in the solution of unbal 
ance force equations when an unbalanced body is 
mounted on the shaft and rotated. 
The unbalance force equations deal with the unbal 

ance vectors and associated constants which are pre 
sumed to be free of any electrical or mechanical nonin 
formation bearing noise signals. The unbalance vectors 
therefore represent only the sinusoidally varying com 
ponents of the actual rotating body unbalance, or the 
calibration weight unbalance, or the unloaded shaft 
unbalance as the shaft rotates. The freedom from noise 
presumption is justified by the following considerations. 
The unbalance force signals from the transducers are 
digitized and sampled, as will hereinafter be described, 
at discrrete angular increments of shaft rotation as de 
termined by the pattern of apertures 79 in the disc 33. 
The sampling of data and summing of the sampled data 
rejects nonharmonic noise having frequencies with peri 
ods shorter than the total sampling time as is well 
known by those of skill in this art. Harmonic noise is 
rejected by the operations which produce combined 
quantities containing sine and cosine factors and the 
subsequent summation. The process performed by the 
apparatus includes the extraction of the Fourier series 
coefficients for the fundamental sine and cosine compo 
nents in the processed data outputs. The processed data 
is obtained by operating on the force transducer output 
signals with numbers representative of the sine and the 
cosine of the shaft angle at the instant the output exists 
to obtain quantities containing sine factors and quanti 
ties containing cosine factors, and by subsequently un 
dertaking independent summations (integrations) of the 
sine factor quantities and of the cosine factor quantities. 
The processing is carried out digitally by digitizing the 
transducer outputs and the quantities representative of 
the sine and the cosine of the shaft angular position and 
by performing the operation on the digitized transducer 
outputs at predetermined angular positions of the shaft. 
The sine and cosine representative quantities are se 
lected so that they tend to reduce the contribution of 
harmonics to the processed data. Consequently, the 
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6 
processed data in the form of the sine and cosine sum 
mations is relatively free of harmonic content. With the 
knowledge that the fundamental sine and cosine coeff 
cients for each force transducer output can be recov 
ered substantially noise free and measured, the mass 
unbalance measurement equations for a rotating body 
may be developed. 
The force which acts on either one of the force tran 

ducers 29 and 31 of FIG. 1 may be expressed as a rotat 
ing vector which is determined by the rotating voltage 
vector from the transducer multiplied by a ?xed trans 
ducing constant vector. The following relationship 
results: 

i'= Ki; (1) 

where F is the force vector, K is the calibration constat 
vector, and E is the voltage vector from the transducer. 
if the angle between the voltage vector and the force 
vector was the same in all installed transducers then the 
calibration constant vector would always have the same 
phase angle. However, location of the force transducers 
within the machine, variations in rotating shafts and the 
sensitivity constants of the force transducers in output 
per unit of force will vary from unit to unit. Therefore 
the general form of equation (l) herein becomes: 

F<7=K<B-E<9 (2) 

where P, 'y are magnitude and phase of the force vector; 
K,B are magnitude and phase of the calibration constant 
vector; and E, 0 are magnitude and phase of the voltage 
vector. 

If a known or calibrating weight is attached at a de 
?ned mechanical position on the rotating shaft, a result 
ing force vector will appear when the shaft is spun. By 
measuring the transducer voltage vector, the vector 
quantity representing the transducer calibration con 
stant may be established. This is shown in the following: 

If 'y=0 (occurs when the calibrating weight is placed 
at a predetermined reference position) then manipula 
tion of equation (2) provides 

Fc 
Ec KAB = 40c 

(in polar notation). The indication is that B and 0C are 
the same angle, whereby 

. . Fc 

Kcosac "Ksmoc _ EccosBc — jEcsinOc 

(in rectangular coordinate notation), where the script 
letter c denotes calibration values. 
Now letting: 

Key = KsinOc 
Ecx = Eccos?c 
Ecy = EcsinGc 

and by multiplying the numerator and denominator on 
the right side of the immediately preceding relationship 
by 

Ecx + jEcy; (3) 

Fc Ecx i jFc Boy I 
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-continued 

and 

Kc‘ : Fc Ecii and Key _ Fc Ecz 
(Ecol + (Ecol _ (Em)2 + (Bo? 

By analogy to equation (2) recited herinbefore the 
following general relationship may be stated: 

F cos 7+jF sin 'y=(K cos 0c +jK sin 0c) (E cos 
0+5 sin 6) 

The operation indicated in equation (4) results in the 
following general force equations: 

( 
where F1 = Fcos'y; Fy = Fsin'y; Ex = EcosG 
and By = EsinO 

(5) 
Fit = KcxEx — KcyEy 

Fy = KcyEx + EcxEy; 

Referring again to FIG. 1 of the drawings the deriva 
tion of the actual calibrating constants for the left and 
right transducers 29 and 31 will be described. A cali 
brating weight of known magnitude is attached to the 
shaft 23 at a known angular position at a point indicated 
as Y2 thereon. When the rotating shaft 23 is spun about 
the shaft axis a reaction force L is applied at the point 
Y0 on the shaft and a reaction force R is applied at a 
point Y1 on the shaft to counteract the force due to the 
mass unbalance imposed by the calibrating weight and 
to maintain the shaft in static equilibrium. The force 
imposed at the point Y2 on the shaft 23 by the calibrat 
ing weight is termed Fcal. Therefore, the static require 
ments of the mechanical arrangement of F IG. 1 during 
calibration are: . 

which is the vector sum where Lc and Re are forces at 
left and right transducers with Fcal applied. Taking 
moments about the point Y1; 

E E (6) 
a(Lc) = (Fcal) d; and 

Le; E = Fcal E :— 

Rc = -—Fcal; — Lc : —Fcalj (l+%-) 

Letting the following symbols be substituted as indi 
cated, subsequent relationships may be simplified: 

Left transducer: Fc = Fcal %- ; Ecx = Elxc; 

Ecy : Elyc; Kcx = Klit; Key = Kly 

Right transducer: Fc = Fcal (I + %) ; 

Ecx : Erxc: Ecy : Eryc; Kcx = Krx; Key = Kry 

31,971 

30 

35 

45 

50 

65 

8 
Now returning to equations (3) hereinbefore the fol 

lowing calibration constants for the left and right trans 
ducers 29 and 31 result: 

(a) 
Klx : Fcal (dga! Elxc 

(151ml + (Elyc)2 

Kly : Fcal ld/a] Elyc 
(Elite)2 + (Elyc)2 

Kn : —Fcal (I i d/a! Erxc 
(Eritc)2 + (Eryc)2 

Kry : —Fcal 11 i d/a) Eryc 
(Em)2 + (Eryc)2 

(left. x direction) 

(leftv y direction) 

(right, x direction) 

(right, y direction) 

If the foregoing calibration constants of relationships 
(8) are applied to the general force transducer equations 
of relationships (5) and if Ex equals Elx and By equals 
Ely, then for the left transducer the following it and y 
force components at the normal plane through Y0 are 
calculated: 

Flx : (Klx) (Elx) — (Kly) (Ely) 
Fly = (Kly) (51K) + (K110 (Ely) 

(9) 

In like manner if Ex equals Erx and By equals Ery 
then for the right transducer the x and y force compo 
nents in the plane normal to the shaft at point Y1 are 
calculated as: 

Frx = (Krx) (Erx) — (Kry) (Ery) 

Fry = (Kry) (Erx) + (Krx) (Ery) 
(10) 

With relationships (9) and (10) as set forth herein a 
solution may be reached for any generalized set of 
forces applied to the shaft 23. 

Referring again to FIG. 1, it may be seen that the 
forces L and R may be resolved into their 2; and y com 
ponents lx, ly, rx and ry. Using the static relationships 
which describe the behavior of the spinning shaft 23, 
moment may be taken about the point Y3 and the fol 
lowing results: 

(11) 

rx = 

: Ryb i Lyga + b) 
ry c 

In like manner moments may be taken about the point 
Y4 providing the following results: 

ly=—ry—Ly-Ry 

A polar conversion ofthe relationships obtained in l l 
and 12 hereinbefore provides the following results: 
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Having resolved the xy components of the unbalance 
forces due to the mass unbalance, having transposed the 
force to the planes of interest P1 and P2, and having 
converted the xy components to a polar form, the actual 
weights which must be applied at the rim of the assem 
bly 21 in planes P1 and P2 to counterbalance the mass 
unbalance are determined by relating the forces to the 
corresponding weights at a predetermined diameter and 
the radian frequency of rotation for the shaft 23 at 
which the unbalance forces were detected. This conver 
sion from force to weight is made as follows: 

(14) 

W] = 39253- and 
w 

wr ___ .ZL'EL ; 
012D 

where w is the angular velocity of shaft 23 in radians 
per second; D is the assumed diameter at which the 
weight will be applied; g is the acceleration of gravity 
and W1 and Wr are the left and right counterbalance 
weights respectively. 
The manner in which the contribution made by an 

initially unbalanced shaft to the unbalance measurement 
is resolved involves spinning the shaft 23 without an 
external calibration weight or a wheel assembly 
mounted thereon. Any voltage vector which appears 
then corresponds to unbalance in the shaft alone. If 
these voltage vector magnitudes and phases are stored 
and subsequently subtracted from the summations or 
integrals obtained when the shaft is spun with either an 
external calibration weight or a wheel assembly applied 
thereto, the resulting integrals or summations represent 
the unbalance forces which are due only to the exter 
nally applied weight or the rotating body mounted on 
the shaft 23. It should be noted that in the discussion of 
the program flow charts hereinafter that it has been 
found to be convenient to construct the program to 
effect the calibrate run prior to the zero shaft unbalance 
run. 

Occasionally it is desired to obtain what is static un 
balance measurement. Static unbalance is de?ned as the 
sum of the right and left unbalance measurements which 
therefore disregards plane separation, offset and trans 
ducer separation. Static unbalance therefore amounts to 
the well known “bubble” balance. The relationships for 
static unbalance therefore appear as follows: 

The unbalance measurement system to be described 
hereinafter performs the foregoing calculations at each 
of a predetermined number of angular increments for 
each revolution of the shaft 23. The force transducer 
outputs are digitized and operations performed thereon 
during the time interval in which the shaft is passing 

5 

p. O 

20 

25 

30 

40 

45 

65 

10 
through each angular increment. The operations under 
taken during each time interval relate to the combina 
tion of a sine representative quantity and a cosine repre 
sentative quantity with the digitized force transducer 
outputs for that particular angular increment. This com 
bination is performed in a fashion which is distinct from 
conventional multiplication of one digital number by 
another. The sine and cosine representative quantities 
are also selected so that the operation combining them 
with the digitized transducer outputs may be performed 
within a minimal execution time compared to the execu 
tion time required for conventional multiplication by a 
digital number representing the sine or cosine of the 
shaft angle. Further, the sine and cosine representative 
quantities are selected so that harmonic contribution to 
the combined quantities is minimized. The force trans 
ducer data which is digitized, combined with sine and 
cosine representative quantities and summed to provide 
sine and cosine coefficients thus provides processed 
data which is stored in memory until replaced by pro 
cessed data from a subsequent run. Thus, the processed 
data is available for re-entry for recalculation if any of 
the settings at the offset dimension gauge 49, the display 
switch 44, or the keyboard 51 are entered in error or 
need to be changed for any reason. Recalculation is 
accomplished by resetting the corrected inputs at the 
control switches on panel 42 and lecting the calculate 
key marked “C” on the keyboard 51, as seen in FIG. 1. 
Detailed descriptions of the manners in which the com 
bination of digital unbalance data with sine and cosine 
representative values is made, in which the sine and 
cosine representative values are selected to reduce har 
monic contribution, and in which processed data is 
made available for recalculation will be addressed here 
inafter. 

Selection of dynamic unbalance measurement provid 
ing data in both planes P1 and P2 is available alternately 
with selection for the presentatin of static unbalance 
data by depression of the key marked "5” on keyboard 
51. The alternate selection is obtained by successive 
depressions of the “5" key. When static unbalance mea 
surement is selected, a numeral 5 (resembling the letter 
"8") is displayed in the center position of the left weight 
display 46. 
As mentioned heretofore, the system disclosed herein 

provides for calibration which removes error arising 
from force transducer physical location and electrical 
idiosyncrasies as well as errors resulting from unbalance 
in the shaft 23. Such errors are measured by the system 
when the multiposition mode switch 43 is set at either 
the calibrate or the zero position. The shaft is spun with 
an appropriate calibration weight applied to the shaft at 
the point Y2 (FIG. 1) during the calibrate measurement. 
The shaft is spun in an unloaded condition during the 
zero, or shaft unbalance, measurement. The calibration 
constants are computed in accordance with the forego 
ing derived equations and stored as hereinafter de 
scribed to be applied to each ensuing unbalance mea 
surement when the mode switch 43 is positioned in the 
run position and a rotating body is spun on the shaft 23. 
The block diagram of FIG. 4 shows the measurement 

circuitry segments contained within the console 41. 
FIG. 4 also shows the motor 36 together with the en 
coder disc 33 and the photosensor and light assembly 39 
described in conjunction with FIG. 1. The photosensor 
and light assembly 39 operates to provide an angular 
increment sensing function which includes the provi 
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sion of a pulse 422 together with a pulse cbl displaced 90° 
in phase from the pulse a2. A “home" pulse is also 
provided by the photosensor and light assembly 39 once 
each revolution of the shaft 23. Each of the “home”, 411 
and 422 pulses are conditioned in conditioning circuit 
segments 56, 57 and 58 respectively to provide conve 
nient pulse shapes and amplitudes. The conditioned 
“home" t'bl and (122 pulses are coupled to a “home" 
position de?nition circuit 59 which provides a reference 
output coupled to a computer 61. The Fairchild F8 
microprocessor is adequate as the computer 61. The 
conditioned (b1 and 412 pulses are coupled to a “times 
four" multiplication circuit section 62 which provides a 
position interrupt signal also coupled to the computer 
61. 
The left and right force transducers 20 and 31 have 

their outputs coupled to conditioning circuits 63 and 64 
respectively for the purpose of providing required sig 
nal amplitudes and some high frequency ?ltering. A 
range control 65 is provided for the transducer signal 
conditioning circuits so that a convenient scale factor is 
obtained for the conditioned signals. The range is se 
lected by a control signal from the computer in a fash 
ion to be described in greater detail hereinafter. In this 
emobidment the range control provides for a low range 
from 0 to 7 ounces in 0.05 ounce increments. A high 
range from 7 to 20 ounces provides readout in 0.1 ounce 
increments. The conditioned transducer signals are cou 
pled to a multiplexer 66, which alternately passes the 
conditioned left and right transducer signals in analog 
form to an analog to digital (A/D) converter 67. The 
output from the A/ D converter is provided in the form 
of digitized left and right transducer signals as data to 
the computer 61. It should be noted that the computer 
controls the gain of the input conditioning circuits 63 
and 64 and provides the address function for the multi 
plexer 66. Computer 61 also enables and starts the A/D 
conversion accomplished in the converter 67. 
A nonvolatile random access memory (RAM) 68 is 

provided which is coupled to the computer 61. The 
RAM 68 stores calibration and shaft unbalance con 
stants obtained from calculations performed by the 
computer 61 and serves to provide the stored informa 
tion on call by the computer. Power is provided to a 
trickle charge circuit 69 which maintains a battery 71 in 
a freshly charged state. The battery 71 provides the 
power for the RAM 68 so that a power failure or ma 
chine shut-down will not allow loss of the data stored in 
the memory. The computer 61 serves to provide an 
address for the RAM when storing or recovering data. 
A mechanical guard (not shown) is provided to cover 

the rotating body mounted on the shaft 23 during an 
unbalance measurement run. The guard is intended for 
the safety of the operator and other personnel in the 
immediate vicinity and has a guard interlock 72 coupled 
thereto which provides a stop interrupt signal to the 
computer 61 when the guard is raised. A conventional 
stop function 73 is also provided which transmits a stop 
interrupt signal to computer 61 when selected. An array 
of input switches and keyboard switches 74 operated by 
the controls appearing on the front console 42 is 
scanned by a thirty-two line multiplexer 76. The multi 
plexer 76 is addressed in sequence by the computer 61 
and provides the scanned data to the computer. A plu 
rality of displays 77 are energized by the computer 61 in 
accordance with the data processed therein. The dis 
plays are seen on the front panel 42. The computer 61 
also provides forward and reverse commands to the 
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motor control 78 which relays motor power to the 
motor 36. A fan link is seen between the computer 61 
and the motor control 78 to control cooling for the 
motor 36 as described hereinafter in greater detail. A 
timer 70, connected to and controlled by the computer 
61, is provided as part of the control for the motor 
cooling. 
FIG. 2 the encoder disc 33 is shown having a plural 

ity of apertures 79 near the periphery thereof at a prede 
termined number of angular increments. In the pre 
ferred embodiment apertures 79 are equally spaced in 
angular position about the periphery of the encoder and 
may be sixty four in number for example. A single 
“home” aperture 81 is shown also near the periphery of 
the encoder disc 33. Both the succession of angular 
increment indicative aperture 79 and the “home” aper 
ture 81 pass between the light source and the photosen 
sors in the photosensor and light assembly 39. Encoder 
disc 33 is rotated with the shaft 23 in the direction 
shown by the arrow 82 (clockwise) when viewed in the 
direction of the arrows 2-2 of FIG. 1. 

In FIG. 3, a small segment at the periphery of the 
encoder disc 33 is shown in detail and is layed out in 
linear rather than angular fashion for the purpose of 
clarifying the explanation of the positional relationship 
between the various apertures. Arrow 82 shows the 
motion of the periphery of the encoder disc 33 which 
starts its clockwise rotation from an initial position as 
shown at a time to. At the time to the leading edge of the 
“home” pulse aperture 81 is clearing a photosensor 83 in 
the photosensor and light assembly 39 and thereby pro 
duces the leading edge of the “home” pulse. At the 
same instant, to, the leading edge of one of the apertures 
79 is clearing another photosensor 84 in the photosensor 
and light asembly 39 thereby providing a leading edge 
of the pulse (#2. Also at to a third photosensor 86 in the 
assembly 39 is fully exposed to the light source therein 
through one of the apertures 79 thereby providing the 
pulse (#1. It is seen that the pulse (121 is displaced from 
and leads the pulse (1)2 by one quarter of a cycle (1r/ 2) 
measured in terms of the period between adjacent aper 
tures. 79. It may also be seen in FIG. 3 that the “home" 
pulse aperture 81 is made wide enough to cover one full 
cycle between adjacent angular increment indicative 
apertures 79 for a purpose to be herinafter explained in 
conjunction with the schematic of FIG. 5. 
Turning now to the electrical schematic diagram of 

FIG. 5 the photosensor and light assembly 39 is seen 
containing the photosensors 83, 84 and 86 for the gener 
ation of the “home” pulse, the ¢2 pulse and the (b1 pulse 
respectively. The photosensors in this embodiment are 
excited by light emitting diodes 87, 88 and 89 as shown. 
A voltage divider including resistors R25 and R26 pro 
vides positive voltage to the noninverting input as pin 7 
of amplifier Z27. The output from pin 1 of the ampli?er 
Z27 serves as a threshold reference and is coupled to 
each of the noninverting inputs at pins 9, l1 and 5 three 
additional amplifying sections of Z27. The three addi 
tional amplifying sections of Z27 therefore act as volt 
age comparators receiving the “home” pulse, (b2 and (b1 
ft the inverting input pins 8, 10 and 4 respectively. In 
this fashion the signals from the photosensors are 
squared and amplified to some extent. The squared and 
ampli?ed pulses are inverted in the inverter sections 
Z10. The squared, ampli?ed and inverted dapulse ap 
pears at 210 pin 14. The squared, ampli?ed and inverted 
(b2 pulse appears at Z10 pin 4. The squared, amplified 
and inverted “home" pulse appears at 210 pin 6. The 




























