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The Rationale of Dynamic Balancing
by Vibration Measurement

by

J F. G. Wort M. Sc.

ABSTRACT

The concept of the "influence coefficient method’” has enjoyed increasing exposure in techni-
cal literature, as an alternative to the more traditicnal method of modal balancing, for balan-
cing of flexible rotors. However, the influence coefficient concept can be very useful in con-
stderation of rigid rotor balancing in two planes. This theme i1s explored using a soft-bearing
palancing machine and a portable balancing set as examples.

SOMMAIRE

Le concept de ""'méthode des coefficients d’influence’” joult dans la littérature technique
d'une popularité croissante en tant qu’alternative pour les rotors tlexibles a la méthode plus
traditionnelle d'équilibrage modal. Le concept de coefficients d'influence peut cependant se
montrer egalement tres utile pour l'équilibrage sur deux pians des rotors rigides. Cette me-
thode est appliquee aux exemples d'une equilibreuse a paliers souples et d'un ensemble d’e-

quilibrage portatif.

ZUSAMMENFASSUNG

Das Konzept der "Einflul3-Koeffizienten-Methode™ tritt in der technischen Literatur immer
haufiger als Alternative zu der tradizionelleren Methode des Modal-Wuchtens fur das Aus-
wuchten flexibler Rotoren auf. Das Einflul3-Koeffizienten-Konzept ist jedoch auch fur das
Zwei-Ebenen-Wuchten starrer Rotoren mit Vorteil einsetzbar. Dieses Thema wurde am Bei-
spitel einer weichgelagerten Auswuchtmaschine und eines tragbaren Auswuchtsatzes unter-

sucht.

Introduction
Recently, much work has been directed towards improving the unbal-

ance quality of machines with rotating elements. Techniques are avail-
able for balancing the rotor system on a purpose-built balancing ma-
chine, or for direct measurement on site. Many of these techniques are



applied using vibration transducers to obtain an electric signal propor-
tional to the unbalance of the rotor. However, the way in which the vi-
bration signals measured at two support bearings are processed to indi-
cate unbalance corrections to be made on two correction planes varies
considerably. These differences can have important consequences In
balancing applications.

The following discussion is concerned primarily with dynamic balancing
of rigid rotors. This covers rotational speeds up to approximately 50%
of the first natural bending mode of the rotor. As such it includes the
first rigid body mode (usually called “'static’” unbalance as it results in a
linear translation of the principal inertia axis with respect to the axis of
rotation) and the second rigid body mode (usually called "'couple’” unbal-
ance as 1t results in a tilting of the principal inertia axis about the cen-
tre of mass). See Fig.1. Dynamic unbalance i1s any composite state of
these two modes, and the process of balancing is performed to adjust
the mass distribution ot the rotor such that the principal inertia axis
and the axis of rotation coincide.

tnertia
AXIS

~ Shaft
- AXIS

Shaft nert
Axic nertia

F AXIs

Ey = |F,l Fi # F,
LF1 + 180°= ['_FQ

(a) Static (b) Couple (c) Dynamic 80749

Firg.1. Rigid Rotor Unbalance

Correction of dynamic unbalance will thus require mass redistribution
in two planes: these are called correction planes. The general problem
may be stated as that of relating the vibrations measured in two
planes, usually at the bearings of the rotor, to mass corrections to be
made in the two correction planes.
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For a given unbalance condition U; in one correction plane, and U, in
the other, this may be related to vibrations measured at the bearings,

V; and V, by the relationship:*

Vi = a7 Ugp + oo Uy Vo = a1 Uy + ago Uy (1)

aqq ., Qqo , Agq , oo are complex values, usually called influence coeftfi-
cients. They will be constant at a given speed for a rotor of particular
mass and geometry, under particular bearing support conditions. Rela-
tionships (1) are conveniently expressed in matrix form as:—

(!1) Ayq Q2 (EH): = (_L__H) 2
Va/ a1 ax| \ U | \Y2 )

Knowledge of the influence coefficient matrix [ a ], allows the correc-
tion of unbalance In the rotor, according to the relationship: —

_ | 1, —
EI NI
Uy Vo

Note that the negative sign i1s introduced to indicate correction values,
rather than the actual unbalance value; these values will be equal In
magnitude but with 180° phase difference.

For this analysis the principles of superposition and linearity are as-
sumed to hold good. In other words, over the range of interest, any
given small change 1n unbalance state of a rotor will cause the same
change in resulting vibration, irrespective ot the initial unbalance condi-

tion.

Throughout this discussion the Bruel & Kjaer Type 2504 Balancing Ma-
chine Console and Type 9500 Field Balancing Set, are used to illus-

trate the points made.

The Soft Bearing Balancing Machine
Modern vibration measuring balancing machines operate at rotation

speeds appreciably greater than natural frequency of their rotor support

* The convention UT, U2 etc. is used to indicate that U, , U,, etc. are vector quantities
with both magnitude and direction in some coordinate frame



system. In this condition, the resistance provided by the supports to mo-
tion of the rotor in the measuring direction can be neglected — hence
the description "'soft’” — and the rotor is free to rotate about its princi-
pal inertia axis. In general, this is different tfrom the geometric axis,
due to unbalance and the “soft” support system will oscillate with a det-
lection corresponding to the eccentricity of the inertia axis at the point

of support.

Consider unbalance in a single plane of a uniform homogeneous thin
discof mass M kg. If the unbalance consists of a small mass mag
(m <€ M) at a radius r mm from the geometric centre causing an unbal-
ance U = Mr g-mm an eccentricity e um of the centre of mass resulis

when the disc rotates on the soft support.

Ve = mr = u

or € = mr = (4)

mr = u
V] V]
Thus e represents the principal axis eccentricity, or the specific unbal-
ance of the disc. It will be the zero-peak value in any measured signal.

By locating a measuring transducer on the geometric axis — at the
bearing journal for example — this eccentricity can be measured. !t can
be seen from Fig.2 that there will always be 180° phase lag between
the unbalance and the measured eccentricity.

P - B
-V im

\ v

/908889

Firg.2. Displacement of Centre of Mass

As an indicator of unbalance guality, displacement or eccentricity is not
particularly convenient. It is difficult to apply criteria which may be com-
nared with the subjective behaviour of similar machines which operate
at different speeds. Assembled machines may be regarded as compo-
site systems comprising masses, connected by springs and dampers;
thus the centre of mass circumferential velocity, the product ew where
w is the rotational speed in rads/s (= RPM/10), is a much more useful
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parameter. This parameter forms the basis for classification of rotors of
widely differing types in many of the current standards. it should be
noted that for eccentricity e quoted in mm, ew is a value in mms— !
this parameter is quoted in the standards but 1s given a separate unit
(G by 150, O by VD! to avoid confusion: the unbalance is a property of

the rotor itselt and whilst the value ew could be reaiised on a per-
tectly soft suspension system, it can never be measured on an assem-
bled machine due to the attenuating effects of ancillary mass, stiftness,
and damping.

The measuring system, typically, operates on signals proportional to vi-
bration velocity measured at the support bearings. Velocity sensors or
piezo-electric accelerometers, wnose output when integrated gives a ve-
locity signal are often used. By obtaining some kind of tachometric
pulse, triggered at a known geometric location on the rotor, the phase
relationship between the maxima of this velocity signal (now with 90°
phase lag with respect to the local inertia axis eccentricity} and the ta-
chometric pulse may be measured. The amplitude ot the vibration can
be measured directly. There remains, however, the problem of relating
amplitude and phase of the measured signals to required unbalance cor-

rections in the selected correction planes, as summarised In BEquation
(3).

For a dedicated balancing machine, the "influence coetficient matrix”
takes the tform of hard-wired, electronic processing. Because the char-
acteristics of the supports are designed to be linear, and soft in the sen-
sitive direction, the realisation of the electronic simulation of these ma-
trix terms is considerably simphified.

The physical process ot calibrating a Balancing Machine Console, so
that indicated values represent calibrated correction values in the se-
lected correction plane is summarised in Fig.3. |

The rotor 1s inttially in a state of dynamic unbalance, (a). By introducing
electronic "Compensators’ ', anti-phase signals can be generated in the
Console allowing the signals measured at A and B to be balanced eiec-
tronically, (b). A known value of unbalance, whether 1n g, g-mm, mm
bore depth etc., 1s introduced in one of the available correction planes,
(c}). All resulting unbalance 1s now assumed attributable to this unbal-
ance value: the new condition will be Indicated predominantly In one
measuring channel (the major influence), though there will be cross-in-
fluence to the other (the minor influence). The display for the major
channel can be adjusted using a gain potentiometer; this may be re-
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Fig.3. Calibration Procedure

garded as linear translation of the principal inertia axis such that the
display magnitude corresponds to the known unbalance value. For the
minor channel, cross-influence must be minimised, if vibration mea-
sured at the major channel transducer i1s to be used to generate correc-
tion values for the associated correction plane. The cross-influence will
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initial Condition \

@ (a) 'Compensate’ CD _

\V |

A. Compensated B. Compensated

(b)Calibrate \ .

Correction Plane |

V

A. Display Adjust B. Plane Separate
(Minimum)
(c) Calibrate ]
\ Correction Plane |1 M
|
A. Plane Separate B. Display Adjust
(Minimum) |

7908892

Fig.4. Calibration Procedure — Vector Format

be entirely in-phase, or in anti-phase for two support systems of similar
characteristics: thus it is only necessary to mix a portion of the major
channel signal, either in phase or anti-phase, with the minor channel
signal, to eliminate cross influences on the display. The operation of



the "Plane Separator’” control enables the principal inertia axis 1o be ro-
tated, such that it intersects the geometric axis at B. The amplitude at
A 1s changed.

The operation is repeated tor the second correction pianef (d}). The dis-
play amplitude i1s adjusted using a gain potentiometer, whilst cross-in-
fluences are eliminated by mixing a portion of the associated major sig-
nal, with that arising from the other transducer.

The process may also be shown In vector form as in Fig.4 which tacili-
tates comparison with the field balancing approach.

Such a calibration procedure i1s performed once for a given rotor type.
In normal operation with the "Compensators’ circuits switched oft, and
the planes ""Separated’’, the values indicated on each of the two dis-
plays represent the necessary corrections in the chosen correction
planes.

Reterring to the relationships (1), V1 has been electronically processed
to a display of U,, and V, has been processed to give a display ot U,,

whilst cross influences have been eliminated. Rewriting relationship
(3):

-

Vi 1 0]/U;
ML P (J) (2)
Vo 0 1T1\Uy
In effect, the more complex problem of two-plane unbalance has been
degenerated by decoupling the two modes to achieve two simpler prob-
lems of single-plane unbalance referred to the two correction planes.

The Console and all 1ts associated circuitry, serve as a dedicated balan-
cing computer.

The In-Situ Balancing Concept
Field balancing, of necessity, dictates the use of a lightweight compact

measuring system, with suftticient versatility to tackle a wide range ot
tasks.

When measuring a vibration signal on the bearing of an assembled ma-
chine, interpretation of amplitude and phase relative to a tachometric
reference is made more difficult due to the unknown nature of the bear-
INg supports. it 1s unlhikely to be operating "above resonance’, and might
IN practice be operating anywhere in the region from hard to soft. The
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Fig.5.

balance force input

Response of a single degree of freedom support system to un-

transfer function of the support system, that is the manner in which it
modifies the amplitude and phase characteristic of a vibration response
signal due to an unbalance force input at any operational speed Is un-

known. The characteristics of a single degree of freedom support with
natural frequency wy are shown in Fig.5.

However, the effects of introducing known unbalance in each of the cor-
rection planes, and measuring its consequent effects in the two measur-
ing planes can be carried out 1n a similar procedure to that described In
the section above. In this case the individual vibration vector values are
noted at each stage, and the subsequent analysis is performed graphi-
cally or by using numerical calculation techniques.
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To generate elements a;; , a,¢ in the matrix a test unbalance Uy, of
known value is placed in plane 1. If the vibration measured at bearing
1 has changed from an original value V,5 to a new value V41, whilst
the vibration at bearing 2 changes from an original value V,5 to a new
value V31, then the vibration changes attributable to the test unbal-
ance are (V17 — Vyp)and (V5,1 — V,45) respectively.

Using the relationships (1):

(V11 -—Vm): g1 Uty (V21 — V20> = ap1 Upp  (ba)
(V1= Vo) (Va1 - Vo)
ayy = A . 10 g = V2 - 20 (6b)
T T

Similarly, a7, and a,, may be generated using a known unbalance
Uy, placed in plane ‘2 causing new vibration values of V5, and V5 re-
spectively.

The changes attributable to the test unbalance are V4, — Vo) and
(V22 — Vo)
(V12 - V10) = aqp U (V22 - Vzo) = axp Uty (7/a)
(Viy Vi) (Vas — Vo)
Thus: oy = 12 10 Gy = 22 20 (7b)
U2 Ut

Knowing these coefficients, the unbalance corrections may be calcu-
lated for any two measured vibration vectors. So to correct Vo and
V5o equation (3) may be written:

U V
C1 10 (8)
Ucz V20
where the coefficients in the influence matrix [a¢] are as found Iin (6)

and (7).

The vector representation of the problem is shown In Fig.6. The genera-
tion of (V;7, — Vi9) and (Vo7 — V30) is shown in (a), (V,, — Vyq)

12



Plane 1 A Plane 1

<|

1,1

Plane 2 Plane 2 Plane 2

(é) (b) (c) 751083

Fig.6. Vectorial representation of the vibration levels

and (\722 - \720) in (b). The problem of relating these measured influ-
ences to correct initial measured values of V15 and V,g is summarised
In (c).

This problem can be solved graphically, but this is both time consuming
and necessitates the use of a linear ruler and practical commercial
paper sizes. Modern numerical techniques using small computers, or
even programmable pocket calculators, gives a speed and numerical cal-
culating power to enable precision results to be achieved quickly. Such
a program written in BASIC is shown in Fig.7: Texas Instruments and
Hewlett Packard calculators are also in common use.

Comments on The Balancing Console

The prime feature of the Console approach is the simplicity it offers the
operator, once set up for a given rotor type. Where the support system
IS designed to be light, maximum sensitivity can be achieved, and vibra-
tion values (ew) very closely approximated.

A measuring capability of 0,1 to 250 mms—1 will usually cover the re-
quirement for most types of rotors to be balanced on this measuring

13



LY BAL

LIST

10 DIM
l2d DIM
i4 DIM
20 FBR
30

WW 1326

CC2s23,D(2,2),E(2,2),F(2,2),0G02,2),H(2,2),1(2,22,J(2,
KC2,2),L(2,2),M(2,2),N(2,2),8C2,2),P(C,2),Q(2,2),R(2,

SC2,2),T(2,2),UC2,2),V(2,2)5:X(2,2)
Y= 1 TO &

READ ACY)L,DBUY)

35 LET BY)X=B(Y) ) *xaTN ( 1)/ 45

40 NEXT Y

50 LET CC 1, 1)y=aC )*xC35CBC 13

60 LET CC 1. 2)y=AaC )*EINCBC 1)

62 LET CC 2, 1)=-CC s )

£S5 LET CC 2, 23=CC 1, 1)

70 LET DC 1, 1)Y=AC 2)*CBECEC 2))

75 LET D( 1, 2)=aC 2)xSIN(BC 2))

80 LET DC 2, 1)==-DC 1, 23

85 LET D( 2, 2)=DC 1, 13

QC LET EC 1, 1)y=aC 3)*xCAS(BC 32

95 LET EC 1, 2)=AC 3yxSI11CBC 3>

100 LET EC 2, 1)Y==-EC 1, 2)

105 LET EC 2. 2)Y=EC 1, 1>

110 LET FC 1, 1)y=AC 4)>x%xCO@SCL{ 4))

{115 LET FC 1, 23y=48C 4)x5IN{(b{ 4))

120 LET FC 2, 1)==F( 1, 2>

125 LET FC 2, 2Yy=FC 1, 12

130 LET GC 1. 1)=AC S5)*C@SCBC 5))

135 LET GC 1., 2)=AC 5)xSINC(BC 539

140 LET GC 2, 1)=-GC 1, 2)

145 LET GC 24 2)=GC 1, 1)

150 LET HC 1., 1)=AC €)YxCBS(EBC 6))

155 LET HC 1, 2Y=AC €)*SEIN(B{ &)

160 LET HC 2. 1)=-=-HC 1, 2>

16S LET HC 2, 2)Yy=HC 1, 1)

2c0C MAT I=E-C

205 MAT J=F-D

10 MAT K=G-C

215 MAT L=F-D

220 MAT M=H-D

225 MAT N=E-C

230 MAT @=Dx]

235 MAT P=Cx/

240 MAT Q=K=xL

245 MAT R=MxN

250 MAT S=0-P

255 MAT T=Q-R

260 MAT U=INV(T)

265 MAT VU=CS%U

e70 MAT 1=CxM

275 MAT J=D*K

280 MAT K=I1-dJ

e85 MAT X=K=xl]

e90 LET YI1I=SQR(VC(C 1, 1>)r Z2+V(C 1, 2or 2)

300 LET YZ2=SQR{X(C 1, 1)t 2+X( 1, 2)r 2)

31C IF VO 1, 1Y< C THEN 34C

320 LET Y3= 0O

33C GBTHB 350

340 LET Y3= 18C

350 1F X(C 2, 2)y< (0 THEN 380

360 LET Y4a= 0O

J70 GETE 390

380 LET Ya= 18C

390 LET YS=Y3+(ATHNUC [, 2X/VC 1, X)X /ATHC 1Y% 45
40C LET Y6=Y4+(ATN (X 1, 23/7XC 1. 13)O7ATHC 1)%x 4%
410 PRINT "MOLDULUS AND ARGUMENT BF Ql:V,Y2,YE
420 PRINT "M@DULUS ANL ARGUMENT @QF R2:Y,Y1,Y5
499 LDATA 170, 112, 53, 78, 23%, 94, 58, €8, 185, 115, 77,
510 END

RUN

MADULUS AND ARGUMENT UF Cl: e 702127 c3€. 17
M@DULUS AND APGUMENT @F (2 « 3CHTG 121. 944
READY

2)
2 )

1 04

Jmm |y

00Ll? dO

imly g jonig

00L? 4O

Ja|y @ jenag

00L? 4D

Jmly p te0.g

001? dD

1m|y g (ensg

O
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Fig.7/.

Dynamic balancing program in BAS/IC




svstem by direct comparison with quality grades quoted in 1ISO—1940

and VDI—2060. As the mass of the rotor is reduced such that the rotor
mass is comparable with the overall sprung mass, the amplitude |x/e|

for the single degree of freedom system in Fig.5 will be attenuated ac-
cording to: '

where M = rotor mass
M, = total sprung mass

This attenuation function may be shown graphically in Fig.8. Thus as
rotor mass iIs reduced, the measured displacement no longer corre-
sponds exactly to the inertia axis eccentricity, but this does not affect
the ability to balance of course, when modern measuring transducers

of appropriate sensitivity are used.

1,00
X
£
0,75
=
Q{
=
QL
&
&
- 0,60 T
J
-
-
-
9
O
g |
o 0,25

t L 1 I
1,0 2,0 3,0 4,0

Ratio total Sprung Mass/Rotor Mass (M+/M)

790850 |

Fig.8. Effect of reduced rotor mass on measured displacement
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Pl 1050 mm »l

780736

Fig.9. Type 3905 Balancing Machine. Maximum rotor dimensions in
mm

The traditional universal horizontal dynamic balancing machine com-
prises two support pedestals, in which the measuring elements are
housed, whese positions are adjustable along the length of a sturdy
base-plate. (Fig. 9). Further versatility is available in the selection of
journal bearings themselves (e. g. prism-, roller-, ball-bearings) and of
the drive method (e.g. cardan shaft, belt, air, magnetic). These adjust-
ments enable optimal measuring positions to be set up. Unfortunate po-
sitioning of measuring planes near the centre of mass, which would
make balancing difficult, is avoided: the measuring sensors can be ar-
ranged to give signals readily referred to the two correction planes to
be used: journal bearings and drive system can be selected consistent
with the precision or work rate required.

This adjustment i1s particularly important to obtain the best results from
the measuring electronics, which inevitably have defined limits on sig-
nal to noise ratio performance and dynamic range. Reference to equa-
tion (b) shows that when using the plane separators, 1t IS important to
relate each correction plane to I1ts "'major  associated measuring
plane: when using the plane separators it 1s only possible to introduce
a proportion of this signal to the "'minor” measured signal. "Over-sepa-
ration’’, so to speak, to enable the other principal diagonal of the matrix
to be used, will not yield satistactory results. A functional diagram of
the plane separator circuit is shown in Fig.10. Association of correc-
tion plane with measuring plane does not normally pose problems as it
becomes self-evident in the calibration runs, but some experimentation

16
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Coder/MM 0012 Pickup A | Pickup B

] 0 0

Tracking Tracking
Filter Fitter

A
Speed/ H
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Plane Separator
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000 500 999
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| o° 1180°
999 500 000

7 999 O r 999

Display Adjustment Display Adjustment

Processor Processor

Amplitude/
Position

Amplitude/
- Position

Display Plane A Plane B |
RPM 790888

Fig.10. Functional Diagram of 2504 system

IS sometimes required so that the Console processor is dealing with sig-
nals of similar magnitude.

A further feature of such electronics affects its use in other applica-
tions. Typical soft-bearing configurations with a horizontal measuring di-
rection are shown in Fig.11. For a balancing machine application, the
placing of unbalance on a balanced rotor will only evoke in-phase or
anti-phase response in the two measuring planes. Stage (b) of Fig.3 is
shown in Fig.12. In field balancing applications, not only will the sup-
port systems be quite unknown, but their loading and resonances end
for end are likely to be completely different. A model of this situation

17
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Fig.17. Examples of soft suspension types




Vertical

A

> R e ———

Horizontal

790883

Fig.12. Vibration at support A and B on a balancing machine (Type
3905 at 3000 r.p.m.)

iIs shown in Fig.13. Under particular operating conditions, a 90° re-
sponse might be observed when placing a similar trial unbalance, as
shown in Fig.14; alternatively 1t might be impractical to mount the
transducers with parallel measuring axes. Clearly the plane separators
cannot eliminate cross-influences in such cases. With reference to (3)
and (b), it may be said that complex terms Iin [a] cannot be generated,
but simply magnitude and polarity. Leading diagonal terms are adjusted
to unity, and off-diagonal terms to zero: different properties are non-al-

lowable.

However, adjustment of the mechanical system — location of centre of

i

v M
sz%
|

M

7890066/1

Fig.1T3. Linear Model of complete machine
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Test Motor @ 2000 RPM

Vertical

A

»>

Horizontal

A 790854

Fig.14. Vibration at support A and B on a test motor (lest motor at
2000 r.p.m.)

mass, positioning of measuring planes, choice of correction planes, se-
lection of bearing and journal types — to provide acceptable signals for
the Console enables a very rapid method of rotor balancing to be
achieved without ambiguity.

Comments on The Field Balancing Approach

Field balancing performs a complementary role.Balancing machines en-
able rapid balancing of single items within specified tolerances. How-
ever, these single items are usually assembled subsequently into a com-
plete system. The balancing of rotating assemblies must almost inevita-
bly be performed on-site at the commissioning stage, following replace-
ment of component parts, following reiative shifting of shaft-mounted
components, or due to localised erosion or corrosion. Measured vibra-
tion In-situ does not comprise merely mal-distributed mass, but also
other sources, including synchronous frequency components which
may be described as quasi-unbalance effects. Typical quasi-unbalance
sources for otherwise balance components are shown in Fig.15 for an
electric machine with a geometric offset on the windings (a), or poorly
machined drive couplings (b), (c). Provided these components are phase
locked to the primary rotating element, balancing techniques can be

20



Magnetic Force
Unbalance

(a) Geometric Error

Drive Shaft /‘ {Misahgnment Mounting Face
G — ' = T - ‘ G

Coupling

(b) Poorly Machined Coupling

Torque Transmitted Torque Transmitted
Through Pins Through Pin and Shaft

Normal Error

(c) Misplaced Drive Pin, 799053/;J

Fig.15. Same quasi-unbalance sources

used to reduce the vibration vector synchronous with shaft rotation. It
s important to note that all vibration over a wide frequency spectrum
will be measured, including higher order harmonics due to shaft mis-
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alignment, blade passing frequency, etc. and non phase locked syn-
chronous components such as drive belts and chains with non-uniform
line density. The former can be removed by filtering, whilst the latter
may require overhaul of the drive system. Certainly the principal compo-
nents in the vibration velocity spectrum should be established, as balan-
cing will not reduce components which are independent of the magni-
tude of the fundamental.

Fortunately, when the requirement 1s simply to measure amplitude and
relative phase of a vibration signal, some of the limitations of a ""univer-
sal” balancing machine are avoided. The externally measured vibration
levels will be lower than those on a balancing machine (except for the
unfortunate case of an assembled machine operating near a support re-
sonance) due to the attenuation afforded by the associated mass of the
machine, and spring and damper elements. However, the measuring
transducer, and the measuring instrument itself can be optimised for
each and every one of the 6 vibration vectors in a calibration run. This
s advantageous as selection of measuring and correction planes is li-
mited on an assembled machine.

The run quality of the assembled machine comprising these mass,
spring, and damper elements is best represented by a vibration velocity
criterion, and typical recommended levels are quoted for certain ma-
chine types in ISO 2372 and VDI 2056: in these standards it is the vi-
bration energy, and its damaging potential which is of prime interest so
rms velocity iIn mms—1 summed over a range 10Hz to 1000 Hz is a
useful parameter. When 1t has been established that a predetermined
value has been exceeded, and balancing is necessary, acceleration ve-
locity or displacement can be selected, as convenient, to achieve the
best extraneous vibration rejection in the balancing runs. Use of ISO
1940 and VDI 2060 can be of great assistance for a rapid selection of
representative trial unbalance for particular rotor mass.

A typical table of results is shown in Table 1. All analysis can be per-
formed numerically by calculator: the calculating range may be 1099
to 1079 (4000 dB) or greater, thus affording good accuracy even with
signals of widely differing amplitude. It 1s quite simple to analyse sig-
nals in either polar or cartesian form without limitations to physical re-
sponse between respective planes. In fact, it i1Is immaterial how measur-
iIng and correction planes are indexed, provided a consistent approach
Is adopted. The first index indicates measuring plane, and the second
the correction plane used: the alternative plane selection for vectors In
Table 1 is shown in Table 2 to give exactly the same result.
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Table 1. Typical measurement sequence for in-situ balancing

Trial Mass Measured Effect of Trial Mass

[ | 3
Size and Location Plane 1 Plane 2
None 7.2 mm/s 238" V 10 13,56 mm/s ‘ 206" V 20
2,5 gon Plane 1 4,9 mm/s | 114" Y, 11 9,2 mm/s 347" V 21

! 1 -
25gonPlane2 | 4,0 mm/s | 79° Vi, | 120mm/s | 292" |V,
Correction 2,95 g 50,2° L2,84 g [ —81,8"

Z 1
1 2

Trial Mass Measured Effect of Trial Mass

Size and )

L ocation Plane 1 Plane 2

- + 1

None 72mm/s | 238° | Vig | 135mm/s | 296° |V,

2,6gPlane 2 | 4,9 mm/s 114° | V4, 9,2mm/s | 347° | V.,
| - - ' - I d — g

2,5 g Plane 1 4,0 mm/s 79° Vi 12,0 mm/s 292" Vo,

Correction 2,84 g —81,8" } 2,95 g 50,2° |
L 1

70682

lable 2. Measurement sequence as for Table 1 using alternative refer-
ence

Where support characteristics remain constant, and where it is possible
to ensure that the relative positioning of the sensors remains the same,
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further development of the relationships in (6) and (/) can be advanta-
geous. By referencing the test unbalances Uy, and Uy, to the trigger
position, they can be given vector designations Uty, Uy, . Whereas In
(8) calculated corrections are reterred to the trial unbalance positions
(most practical in many applications as this is physical and unambig-
nous) such a development using UT‘] and UT2 will refer corrections to
the trigger point. Now the matrix [a] can be used quite generally for re-
peat balancing on the same machine, or for first time balancing of phy-
sically identical machines under certain conditions. It requires caretul
assessment to ensure consistent response and consistent measure-
ment locations, which are essential to enable this technique to be used
for any initial values V., V, on the machine.

Similarly,where calibrations are made by unbalance changes which cannot
be rescinded at subsequent stages, this is a programing refinement to
enable generation of the terms in [a]. Where V1o, V5o become Vi1,
V54, which In turn become V12 and sz without returning to the In-
itial condition, relationships (/) must be written:

(V12 ~ vH) = ajUpy (V22 — Vg ) = Uy (9)

whilst the state to be corrected has become V12, sz. So (8) should

be written:
0 | A,
(_C1>: N (___12) (10)
Uc2 Voo

A block diagram of a pocket calculator program which allows selection
of these procedure options at choice, and allows output of the matrix
[a] for subsequent use, 1S shown In Fig.10.

In the field balancing situation, the limitations are with the physical con-
struction of the machine. The flexibility lies with the analysis itself
which 1s completely divorced from the measurements themselves. It is
not limited in the number of measuring points, and could be extended
to multi- plane balancing of flexible shafts: the limitation is then to en-
sure linear system response and phase fidelity, and the extra computa-
tion required to obtain the results. Certainly the use of this approach re-
quires greater comprehension on the part of the user.
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SWITCH ON
ENTER CARD/

-

PROGRAM SELECT!ION

A. Addition of Test Masses removed at each Stage.

B. Addition/Removal of Test Masses retained at each Stage.
C. Output 'Influence Coefficients’ determined in A to Magnetic Card.
D. Output "Influence Coefficients’ determined in B to Magnetic Card.

E. Balancing of Machine using "Influence Coefficients’ output in C or D.

DATA ENTRY

Selection A,B,C,D. Enter 9—22, _021, 02{} 012, Gﬂr Gm, ﬁTz, Kﬁﬂ_

Selection E. Enter 020, V“J.

INFLUENCE COEFFICIENT OUTPUT/INPUT

Selection C,D only. Insert Magnetic Card.
(Selection A,B. Coefficients Stored)

Selection E. Input Magnetic Card.

CALCULATED CORRECTIONS

Display of I\—/Iﬂ and _N-lTQ

SWITCH OFF
OR

SELECT
PROGRAM

790887

Fig.16. Block diagram of 2-plane program developed for pocket calcula-
tor

Conclusions

The concept of an influence coefficient matrix can be of great assist-
ance In visualizing the analysis problem of dynamic balancing by vibra-
tion measurement In two planes, whether it iIs solved by electronic,
graphical or numerical means.
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On a balancing machine, considerable flexibility 1s atforded in the selec-
tion of mechanical layout — plane location, support method, and drive
system. This is important to ensure that the electronic Console receives
signals with which it can operate eificiently and repeatably. Once set

up, the system can be operated quickly, perhaps in semi-automatic or
fully-automatic operation, without ambiguity for repeat balancing on

simtlar rotors.

In field balancing, the physical construction of the machine limits the
possibilities for measurement severely. However, optimal selection of
measuring equipment and use of numerical analysis techniques affords
a very flexible balancing capability, and one equipment can be used for
measurements of machines of widely differing size, rotational speed,
and mass. The greater complexity of data handling and subsequent cal-
culation can make this operation slightly more complicated for the un-
skifled technician.

In the discussion electronic processing, and numerical analysis have
been very distinctly separated to illustrate various points. With the
rapid growth in the use of digital electronics the overlap between the
applications of the techniques will become ever greater so that the full
numerical capability of a calculator will be combined with the ease of
use ot current balancing electronic units.

References
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VDI-2060 Beurteilungsmaldstabe fur den Auswuchtzustend rotieren-
der starrer Korper

1SO-2372 Mechanical Vibration of Machines with Operating Speeds
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Briet Communication

The intention of this section in the B & K Technical Reviews 1s to cover
more practical aspects of the use of Bruel & Kjaer instruments. It s
meant to be an “open forum’ for communication between the readers
of the Review and our development and application laboratories. We
therefore invite you to contribute to this communication whenever you
have solved a measurement problem that you think may be of general
interest to users of B & K equipment. The only restriction to contribu-
tions 1s that they should be as short as possible and preferably no
fonger than 3 typewritten pages (A4)

Interfacing Level Recorder Type 2306
to a Digital Computer

by
M. M. Boone*

Introduction
When using digital computers for acoustic data analysis, it i1s often desir-

able to present the results in a graphical form on a level recorder chart
for the following reasons:

1. Graphical results are eastly interpreted by most acousticians

2. As the level recorder chart is precalibrated in dB against log fre-
quency axis, anly the data curve needs to be plotted.

This article describes how a Level Recorder Type 2306 can be inter-
faced to any digital computer for obtaining a graphical output.

* Department of Agplied Physics; University of Technology P. O. B. 5046. 2600 GA Delft.
Netherlands
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- - Control
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Flag —1—1 }

Computer

7805694

Fig. 7. Block diagram of the Interface

Interfacing Procedure

Fig.1 shows a block diagram of the interface. The computer is equipped
with a standard parallel digital interface with a control line to indicate
that the data iIs ready for output and a flag line to let the computer
know that the data is accepted.

The digital data from the computer is stored in a one-word buffer
(latch), which through a D/A converter {10 bits is sufficient for this pur-
pose) is fed to the input of the level recorder.

As a step motor is used, the paper transport of the Level Recorder
2306 is straightforward. With the PAPER SPEED switch on Ext. the
remote control can be used to activate the motor using TTL levels. The
motor steps 1/8 mm for each TTL pulse the duration of which must be
at least 2 ms.

The data transfer rate of the digital output is controlled by OS 1. A sa-
tisfactory response to almost any data curve can be obtained with a
paper speed ot 3 mm/s, thus OS1 must give a flag delay of 40 ms. The
computer output being very fast, the flag signal itself cannot drive the
remote control; the level recorder would not be able to distinguish the
small interval between the pulses. This can be overcome by using a sec-
ond one-shot (OS2) with a pulse duration of 5 ms, see Fig.2.

It the computer is already equipped with a D/A converter, only the ti-
ming circuits have to be installed. It is recommended that the level re-
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Control ______‘ H |_|
| 40 ms ” ”
Flag |

b ms

Remote
Control

790686

Fig.2. Timing diagram of the Interface

corder should be used in the DC-Lin mode. For a 10 bit D/A converter,
the output ranges from O to 511 corresponding to min. and max. on
the recording paper. The recorder can be calibrated to these limits with
“"DC Lin Position” and "'Sensitivity”” potentiometers. |f the output is off-
scale on the lower side a small negative value can be sent for indica-
tion. If the output 1s too large the data is clipped at 511.

All data conversion is carried out by software, for example conversion
to log scale for dBs. When the frequency calibrated paper QP 0124 is
used the plot is started at the normal starting point and will end after
250 mm equivalent to 2000 data points.

Practical Examples
Fig.3 illustrates the use of a log-log scale. The impulse response of a

small loudspeaker was sampled with a sampling frequency of 50 kHz.

O OO0 0 aogon0od D oo oCc{O0ogoboocQoooooo0aooooopoggo0ooOoDdoodaogoo g oo oonO.
Briel & Kjar Potentiometer Range: __ 22 ___d8  Rectifier: Lower Lim. Freq.: Hz  Wr. Speed: mm/sec. Paper Speed: mm/sec.
T B0y T L ¥ ¥ AL T TY W T T Wy w w0775
Measuring Obj. T T
dB[dB | T 1dB]dB
40 120 —————{ 8460
- T
] D M
30k15 | .L L] 5445
- I : T S
_ j ' L JI
- | —_ l I : { !
20£10 e 4430
. 1 —
. | i,
Rec. No.: 10k 5 —F———+—1 2415
Date: _ T
Sign: i I 11 )
0L o —e R
10 0 Hz 50 1 100 200 Hz 500 1000 2000 Hz 5000 10 T}
QP 0124 Multiply Freq. Scale by Zero lLevel: *(1612/2112). A B C Lin. 790595

ng.3. Amplitude response of a loudspeaker, computed from impulse
response
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Fig.4. Reverberation curve of a concert hall, computed from impulse
response

The ampilitude response was computed using an FFT algorithm of 2048
points. Note the unequal spacing of the computed frequency points on
account of the log frequency axis. In this example a "'25 dB potentiome-
ter” was computed in combination with autoscaling.

Fig.4 shows a reverberation curve of a concert hall, computed from the

Impuise response using the Schroeder-method. A "50 dB software pot-
entiometer’” was used in this case.
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News from the Factory

Two-Plane Balancing Equipment Types 2504 and 3905

The B & K Two-Plane Balancing Equipment is designed for balancing on
the production line of series-manufactured rotating components. It per-
mits unbalance at each bearing to be reduced to the order of 0,56 mm/s
(0,02 in/s), which is less than quality grades G1 and Q1 as defined for
static unbalance in ISO 1940 and VDI 2060 respectively.

The equipment consists of two units, the Balancing Machine Type
3905 which may be used to balance work pieces weighing up to 10kg
(22 Ib) and the measuring Console Type 2504 which calculates the cor-
rections required to bring the rotor into balance.

The Balancing Machine Type 3905 consists of a heavy cast iron (Mee-
nanite) base-plate, incorporating machined bed ways, and carrying all
the operational components. It supports the rotor to be balanced in a
pair of bearings (each with a rated load of 5 kg) mounted on horizon-
tally compliant suspensions, whose movements are measured by a pair
of transducers.

A two-speed 3-phase squirrelcage motor is used for rapid run-up and
snhut-down. It drives the rotor to be balanced through a cardan shaft de-
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signed to minimise drive-generated vibration. Also carried on the motor
shaft is an angle reference generator and a local rotor angle indicator.
The generator is an optical 7-bit binary code generator transmitting a
synchronizing signal to the Console Type 2504, where the shaft angle
s displayed as a two-character, tlluminated number, In hundredths of a
revolution. The local angle indicator consists of a graduated drum di-
vided into ten 36° increments and shows reference zero.

The nominal motor speeds are 1500 and 30C0 RPM on 50 Hz sup-
plies, and 1800 and 3600 RPM on 60 Hz supplies. The rated powers
are 0,33 and 0,55 kW at the lower and higher speed respectively. Lo-
cal "Stop’’ and "'Start’’ buttons are provided at the base of the motor pe-
destal (as well as similar remote buttons on the Type 2504 Balancing
Machine Console). A speed and direction switch I1s also provided at the
base of the pedestal.

The balancing machine i1s of the soft bearing type which gives in-
creased sensitivity, reduces the demands placed on the rigidity of the
foundation and increases operator confidence by enabling unbalance to
be seen as well as measured.

The Balancing Machine Console Type 2504 processes the two vibration
signals from the two bearings of the Balancing Machine and correlates
these with the signal from the angle reference generator in order to dis-
play both the magnitude and orientation of unbalance in each of the
chosen correction planes(which are normally different from the bearing
planes). It also displays the instantaneous shaft angle {(Rotor Position)
when the motor Is switched off, and the actual motor speed to the near-
est RPM. The five main items are displayed in easy-to-read illuminated
LED characters 16 mm (5/8 in) high.

The Console also carries multi-turn adjustments for removal of mutual
Interaction between correction planes (which iIs dependent on the cor-
rection plane positions), setting the practical correction units {e.g.,
grammes, ounces etc.), and adjusting the amount of compensation
needed to simulate a balanced rotor for initial calibration purposes. The
Unbalance Amplitude displays may be set by the operator to indicate
either the chosen correction units, or vibration level at the bearings, in
mm s — !, without interfering with the calibration.

The Type 2504 Balancing Machine Console may be used in installa-

tions which do not incorporate a Type 3905 Balancing Machine. It is
suitable for upgrading an existing facility, when it may be connected to
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an existing machine; or for balancing work pieces requiring customized
mechanical equipment. The 2504 i1s also well suited to incorporation
by OEMs (Original Equipment Manufacturers) as a system component
in other balancing installations.

Portable Balancing Set Type 9500

This fully Portable Dynamic Balancing Set brings together, in a single
readily transported carrying case, all the components necessary for mak-
Ing the vibration and angle measurements required in the dynamic bal-
ancing of a machine running in 1ts own bearings.

It can be used for both simple single plane balancing of, for example,
flywheels and grinding wheels, and also for "Dynamic’ two-plane bal-
ancing of rotating parts having distributed mass along a shaft. The
method does away with strobe lights and the manual plotting of vector
diagrams, the rather complicated two-plane balancing calculation is per-
formed by a programmable pocket calculator. Ready programmed mag-
netic memory cards are available from B & K for the Texas Instruments
SR 52 and SR 59 and the Hewlett-Packard HP 67 and HP 97 calcula-
tors. The balancing set I1s equally suitable for multi-plane balancing
where high resolution and accuracy is even more important, but larger
calculators are needed.

The Balancing Set which is contained in a robust hard foam carrying
case consists of

a) General Purpose Vibration Meter Type 2511, which conditions the
signal from the vibration pick-up, Accelerometer Type 4370, and dis-

plays the unbalance amplitude.

b) Tunable Filter Type 1621, which ensures that measurements are
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made at the rotational frequency only and suppresses other vibration
components.

c} Trigger Unit Type 5767, which conditions the synchronisation signal
from the Photoelectric Tachometer Probe MM 0012 and gives a pre-

cise digital display of the angular position of the out-of-balance force
on the rotor.

As the Balancing Set 9500 is based on the General Purpose Vibration
Meter/Analyzer Set Type 3513 it is also valuable for machine condi-
tion monitoring and the iroubleshooting of vibration problems in run-

ning machinery.

Sound Power Calculator Type 7507

The Sound Power Calculator Type 7507 is primarily intended for auto-
matic determination of sound power levels in octave or 1/3 octave
bands or the A weighted level according to ISO 3741—3745, DIN
45635, ANSI §1.21-1972 and ASHRAE 36-72 standards.

The 7507 has two inputs, a microphone input for use with a rotating
microphone boom (or a single microphone moved from position to posi-
tion) and a direct input for use with an array of microphones and a mul-
tiplexer which can be remotely controlled. The input signal is analysed
by a parallel bank of 21 third octave filters {100 Hz — 10 kHz) fulfilliing
the requirements of I[EC 225, DIN 45652 and ANSI S1.11-1966 and
may be averaged linearly over 8, 16, 32, 64, 128, 256 or 512 s.
These averaging times may be subdivided between 1 and 32 subinter-
vals for allocating equal measurement times for each microphone or
sound source position.

The "Room Correction” terms {(which have to be added to the averaged
sound pressure levels for obtaining sound power levels) are fed in manu-
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ally into the instrument and stored by the use of flip switches. The
7507 has two memories, one for the spectrum of the sound source
and the other for background noise spectrum. From the difference be-
tween the two spectra stored In these memories the background noise
is automatically corrected for before the sound power levels are evalu-
ated.

The digital display indicates in dB the "'Room Correction’ levels, the av-
eraged sound pressure levels measured or the sound power levels cal-
culated for each octave or third-octave band centre frequency displayed
on the screen. '

The sound pressure and sound power level spectra of both the back-
ground and source noise may be output to Level Recorders and X-Y Re-
corders. Calibration signals for X and Y scales are provided for calibra-
tion of the recording paper. The data may also be output via the built-in
IEC Interface Bus to an Alphanumeric Printer Type 2312, a Digital Cas-
sette Recorder Type 7400 or to a desk-top calculator if further manipu-
lation of the data iIs required.

Wide Range Measuring Amplifier Type 2610

The B & K Measuring Amplifier Type 2610 is an easy to use calibrated
amplitier-voltmeter with comprehensive facilities for use in measure-
ment and analysis set-ups for investigation of sound, vibration and vol-
tage signals.

The 2610 has a linear frequency range convering 2 Hz to 200 kHz and
a built-in A-weighting filter network so that it can be used as a preci-
sion sound level meter conforming with the consolidated revision to |EC
R123 and 179 (Type O), DIN 45633 (part 1) and ANS| S1.4-1971

(Type 1). External filters may be connected to facilitate frequency analy-
SIS.

Both true-RMS and peak detectors are included, and to permit the
measurement of transient signals a "Max Hold" function can be used
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N conjunction with both detectors. A LMS (log. mean square) detector
which gives significantly improved crest factor capability and dynamic
range IS used. Signal averaging is pertormed according to the interna-
tionally standardised "'Slow’™ or "'Fast” time-weighting characteristics
for sound measurement. For frequency analysis work, particularly at
low frequencies and with narrow bandwidths, a "20 s’ averaging time
may also be chosen.

Either AC (lin) or DC (log) outputs can be chosen to feed magnetic tape
and level or X-Y recorders so that a hard copy record of measurements
and analyses can be obtained.

Other facilities included in the 2610 are: Interchangeable meter scales
for sound, vibration and voitage measurement; Automatic LED indica-
tion of gain, measuring range, and overload conditions; Built-in refer-
ence signal source for calibration; and Direct and Microphone inputs
(with selectable polarisation voitages).
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NUMBERS OF
ICAL REVIEW

(Continued from cover page 2)

4-1974 Underwater Impulse Measurements.
A Comparison of ISO and OSHA Noise Dose Measure-
ments.
Sound Radiation from Loudspeaker System with the
Symmetry of the Platonic Solids.

3-1974 Acoustical Investigation of an Impact Drnill.
Measurement of the Dynamic Mass of the Hand-arm
System.

2-1974 On Signal/Noise Ratio of Tape Recorders.
On the Operating Performance of the Tape Recorder
Type 7003 in a Vibrating Environment.

1-1974 Measurements of Averaging Times of Level Recorders
Types 2305 and 2307.
A simple Equipment for direct Measurement of Reverbe-
ration Time using Level Recorder Type 2300.
Influence of Sunbeams striking the Diaphragms of Mea-
suring Microphones.

SPECIAL TECHNICAL LITERATURE

As shown on the back cover page, Bruel & Kjeer publish a variety
of technical literature which can be obtained from your local B&K
representative.
The following literature Is presently available:

Mechanical Vibration and Shock Measurements

(English, German, Russian)

Acoustic Noise Measurements (English), 3. edition

Acoustic Noise Measurements (Russian), 2. edition
Architectural Acoustics

Strain Measurements

Frequency Analysis (English)

Electroacoustic Measurements

(English, German, French, Spanish)

Catalogs (several languages)

Product Data Sheets (English, Cerman, French, Russian)
Furthermore, back copies of the Technical Review can be supplied
as shown in the list above. Older issues may be obtained provided
they are still in stock.
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