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DESIGN AND EVALUATION OF AN ACTIVE VIBRATION

ABSORBER

L. S. Hatcher, Jr.* ond D. M. Egle

School of Aerospace and Mechanical Engineering, University of Oklahoma, Norman, Qkla-

homa

The conventional spring-mass vibration absorber can he used cffectively for
only a narrow band of cxciting frequencies around its tuned frequency. The *‘active
vibration absorber”, by its ability to change its tuned frequency, is uscful over a
wider range of exciting frequencics. Previous work has been concerned with the formula-
tion of possible control systems and with the cxperimental investigation of specific
configurations for the active vibration absorber. This paper presents a design procedure,
valid for any configuration, that indicatcs the proper absorber components for a par-
ticular application. The paper also reports on the investigation of a simple active

vibration absorber.

Control of vibration is an important con-
sideration in design work. Large displace-
ments produced when a structure is excited
at or ncar its natural frequency have been
responsible for structural failures, and fa-
tigue caused by vibration has resuited in
other failurcs. But apart from complete
structural collapse, uncontrolled vibration
can result in high noise levels which can
be very undesirable.

One mcthod of controlling vibration is
to usc a vibration absorber. The basic
theory bchind the simple absorber is pre-
sented in most vibrations textbooks. Figurc
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Ficure 1. Typical behavior of a  simple

\pring-mass absorber.

I depicts a primary system which is forced
‘0 vibrate under the harmonic excitation
“=Fysin wt. By attaching a spring-mass
ystem tuned to the frequency of the excit-
ng force such that w?=k/m,, the ampli-
ude of the primary system can be greatly

reduced, and the added spring-mass system
acts as a vibration absorber. A tvpical plot
of the responsc of the primary system, with
the absorber attached, to a varying cxcita-
tion frequency is shown in Figure 1. There
arc now two resonant frequencices of the
system. This graph illustrates why a fixed
spring-mass absorber is  impractical.  Al-
though it absorbs the vibration at its tuned
frequency, it does not function properly if
the exciting frequency varics, even a small
amount, from this set point. Bccause of
this limitation, recent investigations have
centered on an active vibration absorber
that changes its natural frequency in order
to keep the primary systom response at a
low level over a wide range of cxciting
frequencics.

There arc a number of mcthods, both
clectrical and mechanical, to vary the
natural frequency of an absorber (1-5).
However, because of the complex and ex-
pensive control systems and/or  excessive
power requirements, these absorbers are not
practical for all applications. Previous work
has been concerned mainly with cxcitation
frequencics in a range corresponding to the
absorber natural frequency range. Often, the
excitation frequency range may be greater
than any practical absorber natural fre-
quency range. Unless this fact is considcred
in absorber design, there will be two reso-
nances of the primary system when the ex-
citation frequency is outside of the absorber
frequency range.
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Purposes of this are: (a) to present
a des’ig?:s Pmoedmga fl:;‘ an active agsorbet
that functions properly for an extended ex-
citation frequency range (2 range greater
than the absorber natural frequency range);
(b) to apply this procedure to the construc-
tion of a simple absorber system; and (c)
to evaluate the effectiveness of the absorber
for several types of exciting frequency vari-
ation.
DEVELOPMENT OF THE ABSORBER DESIGN

The basic configuration of the absorber
used is shown in Figure 2. A cantilever

BRACE } ’ )
—

ml

¥

MOTOR

)

| pusH ROD L
-GUIDE ROD | o
—H :Jr/ 1 y
PRIMARY
SYSTEM

Figure 2. The absorber components.

with a movable mass was selected for the
absorber. This arrangement is desirable be-
cause of its simplicity, and it also offers
size and weight advantages over most other
absorber s. The electric motor serves
as the source of mechanical power for tuning
the absorber system; it also serves as the
movable mass. Several alterations may make
the system more suitable for a particular
application, e.g., use of a hollow-shaft motor,
but the design procedure is valid for any
configuration.

With the motor in any fixed Pposition,
the above system behaves essentially like
the simple spring-mass absorber in Figure
1. The equations of motion corresponding
to that system are

ml'x; - kz(xz-xl) - k., x 4 F.sin wt

1 1t o

Eq. 1

myXy = TRy (xy7xy)

where

my is the effective mass of the primary
system,

m; is the effective mass of the absorb

ki is the spring stiffness of the primary
system, and

k; is the effective spring stiffness of
the absorber.

By inserting the assumed solution to the
forced vibration problem of x; = X, sinat
and x; = X sin wt, the equations of motion
can be manipulated into the following ex-
pression for the amplitude of the primary
system:
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Equation 2 is the basis for the selection of
the absorber components. First, however,
the relationships for k,, mp, and m; must
be developed mn terms of the physical and
geometrical properties of the particular
absorber configuration being considered.

Rayleigh’s method can be used to obtain
these effective quantities for the natural
frequencies of the primary system and the
absorber at any motor position. An exact
solution is impractical because of the com-
plexity of the problem. The expressions for
ks, mg, and my are obtained for this ab-
sorber configuration in the Appendix.

Tt is now possible to examine the varia-
tion of the amplitude magnification factor
X1/Xo with the exciting frequency for any
set of absorber data and any position of the
absorber mass. It is informative to inspect
this variation with the absorber at its lowest
and highest natural frequency positions.
Figure 3 shows typical curves at these ab-
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Ficuze 3. Primary system response curves
with absorber at extremes.



sorber positions. (The curves arc consider-
ably distorted from the curve shown in
Figure 1. This is becausc was /wn.) These
curves indicate that the absorber is capable
of keeping X,/Xa| below a certain level
for any @ For instance, the absorber is cap-
able of keeping !X,/X,i below Level B if
at cxciting frequencics below wp, the ab-
sorber is tuned to its highest natural fre-
quency, and if at exciting frequencies above
w it is tuncd to its lowest natural fre-
quency. For exciting frequencies in the ab-
sorber matural frequency range, the absorber
can tunc itsclf so that w.. = w, and in
accordance with Equation 2, "X,/X." will be
minimized. This absorber is not capable of
keeping  the  magnification factor below
Level Al At exciting frequencies between
points Ta andwy, the absorber is unable to
find a position that will reduce [X,/Xa!
sufficicently.

It can be scen that a condition for the
absorber to function properly, ic., to keep
Xi/Xa' below a certam  specified  level
Xo/Xo'max for an cxtended cxciting fre-
quency range, s that corresponding “cut-
of” frequency points must be within the
natural frequency tange of the absorber.
Points 1b and 2b, the cut-off peints for
Level B, lic between pointswyp and wy
while points Ta and 2a do not.

A particular absorber is best utilized when
the two cut-off points coincide with the low
and high natural frequeney points. Given a
set of primary and absorber svstem data, it is
possiblc to find this point of maximum utili-
zation by altering the absorber configura-
tion and the value of Xi/Xol | A computer
program was devised which utilizes Equa-
tion 2 and the relationships for cffective
masses and stiffncesses to iterate to a design
point near that of maximum utilization.
The program vields the final absorber length
and mass and final value of 1Xi/Xol | .x.

Two parameters of importance in applying
this device arc the ratio of the absorber sys-
tem mass to the primary system mass, and
the value of [X/Xol ., Figures 4 and 5
indicate variations of thesc parameters for
the primary and absorber systems used in
this study. Each point in Figures 4 and 5
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for various absorber data (aluminium
rxls)
corresponds to the best utilization of a par-
ticular absorber on the primary system. The
original mass and spring constant of the
primary system are the same for cach point.
Also, the sizes of the brace and the push
rod, with the ecxception of its length, are
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held constant. The remainder of the data
varies as indicated in the figures.

Curves in Figure 5, where the guide rods
are aluminum, indicate that a fixed weight
motor is best suited to a particular size rod.
This cffect is less pronounced for the stain-
less steel guide rods in Figure 4.

Curves in these figures are independent
of the magnitude of the exciting force.
Hence, for a certain excitation, some of the
absorber data points may be incompatible;
i.e, the guide rods may be unable to with-
stand the necessary force because they are
improperly sized. This fact must be con-
sidered in the absorber selection.

Figures similar to 4 and 5 can be used cf-
fectively to detcrmine an optimum absorber
design. By checking the absorber compati-
bility, it is possible to obtain that absorber
with the lcast value of [X,/ Xyl max for a
specified mass ratio. In this case, for cx-
ample, if the specified mass ratio is 0.08,
Figurc 5 viclds the following possible values
of the absorber components: a  2-pound
motor on 3/16-inch rods; a 1.75-pound
motor on Yj-inch rods; a 1.4-pound motor
on 3/8inch rods; cte. Figure 6 yiclds other
possible values. By cxamining the data scts
in rclation to their ability to withstand the
nceessary force, the hest absorber can be
sclected. Conversely, the absorber with the
least mass ratio can be obtained for a
specificd [X1/Xol max -

Onc sct of data in Figure 5 indicates
that for this absorber and primary svstem, it
is possiblc to obtain a value of IX1/X] ax
3.8 for a mass ratio of 0.023. For the pri-
mary system alone, 1X,/Xa| can reach a
value of slightly over 100 so that the reduc-
tion of the amplitudc magnification fac-
tor is approximatcly 96% cven for such a
small mass ratio.

DESCRIPTION OF THE CONTROL SYSTEM

If the absorber is to function for any cx-
citing frequency, it must match its natural
frequency to the excitation frequency when
w is within the absorber range. It must
tunc its natural frequency to the upper
limit when w is just below the range, and
tune its natural frequency to the lower
limit when w is just above the range. These
requirements restrict the tvpe of control

systems that can be used. Recent work by
Bonesho and Bollinger (3) on a self-ad-
justing absorber used a control system
which kept the phase angle between the ab-
sorber and the main mass at 90 degrees.
This system is operable only for exciting
frequencics within the absorber range.

The control system adopted was previ-
ously used by Dunham and Egle (5). This
system scnses the amplitude of the primary
mass and activates the absorber motor when
this amplitude cxceeds the design level. The
motor then moves through the absorber fre-
quency range until it finds the position
where the primary system amplitude is suf-
ficiently reduced.

This control system has one apparcnt
weakness: it is not sensitive to the dircction
that the absorber motor should move for
the amplitude reduction. For ccrtain
changes in cxciting frequency, thc motor
may have to travel to the end of the guide
rods and back before it is properly posi-
tioned. This may causc temporary insta-
bility in the primary svstem amplitude.

This control system has two desirable
features. First, the system responds dircetly
to the amplitude of the primary system.
Sccond, the control system is cxtremely
simple and inexpensive. The phase angle
control system previously mentioned  re-
quires sophisticated cquipment. In its sim-
plest form, this system, shown in Figurc
6(A), requires onlv a power supply and
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Ficure 6. Absorber control system.



appropniate switchcs. A piezoclectric acceler-
omcter mounted on the primary mass was
uscd to activatc the absorber as shown in
Figure 6(B). A mechanical vibration switch
in placc of thc activation circuit would
simplify thc control system.

EXPERIMENTAL EVALUATION

Thc primary and absorber systems uscd
in this cxperimental investigation can be
scen in the photograph in Figurc 7. The

acmamre
F

FIcuRe 7.
systems.

Prototype primary and absorber

primary system consists of a framework
mounted on four flat bars and coupled to
an clectrodvnamic shaker. The shaker pro-
vides the excitation through the coupling
spring, and the legs provide the restoring
force. The mass Mpr of the primary sys-
tem consists of the mass of the framework
plus the proper percentages of the spring
masses. The spring constant of the system,
ki, is equal to the spring constant of the legs
plus that of the coupling spring. With thesc
definitions this system approaches the pri-
mary system model of Figure 1 used in
the design.

The absorber was constructed in accord-
ince with the configuration of Figure 2.
I'he movable mass is an instantly reversible
le. motor with a weight of 2.26 pounds.
The guide rods are 1/4-inch stainless steel.
I'he application of the design procedure
lescribed previously indicated that for these
omponents the absorber would function
sest for a value of [X,/X,| max = 1.55 and a
nass ratio of 0.096. These values can be
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checked in Figure 5.

The curves in Figure 8 are presented as
a verification of the absorber design. Curve
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Figure 8. Fsxperimental verification of ab-
sorber design.

(a) compares the calculated absorber natural
frequencies for various motor positions with
the experimental values which were deter-
mined by varying the exciting frequency
until the primary system amplitude was
minimized and by using the fact that @z
= @ at this point. The agrecment is not
close at all motor positions. However, at
the motor limits (at 1.75 inches and at
10.55 inches) the error is well below 109 .
The natural frequency equation was formu-
lated in a manner yielding close agreement
at the motor limits because these are the
absorber design points.

Curves (b) and (c) compare the exper-
mental and the calculated plots of [X;/X,|
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versus o at the design points. For complcte
validity, thc absorber matural frequency
range used in the design must be within
the actual range. Using Ravlcigh's mcthod,
the actual absorber natural frequencies will
always be less than thosc calculated. There-
fore, the calculated valuc for the low fre-
quency is aceeptable in the design, but the
high calculated frequency must be reduced
to a level below the actual value. This was
accomplished by decreasing the calculated
frequency by 10% . This reduction accounts
for the fact that in the calculated plot of
curve (b) w docs not coincide with the
calculated value of ww at the point of
minimum 1X/Xu!. An cxamination of the
actual experimental curves indicates that the
critical design points are within the limits
nceded for proper absorber operation.

The results of the first test conducted
to determine the absorber ceffectivencss are
shown in Figure 9. The top curve in cach
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. Ficure 9. Response of the primary system,
with and without the active absorber, to increasing
excitation frequencics.

sct of plots gives the response (]X1/Xo|) of
the primary system alone to an increasing
excitation frequency. The second curve gives

the responsc under the same increasing fre-
quency when the absorber was attached and
opcrating.

Curves (a) and (b) correspond to the
slowest ratc of increasing frequency. The
ratio [X,/Xu' reaches a valuc of ncar 100
for the primarv svstem alone, while with
the absorber attached the response remained
below 5 for a 957 reduction. Although the
absorber was rated for a (X,/X,] max of 1.55,
the device could not be activated at this
level because of the hysteresis of the acti-
vation rclav [Figure 6(b)]. The motor had
to be activated at a value of X, /X! slightly
greater than 2 so that it would dcactivate
when X, /Xa! returned below 1.55. The low
points in the curves after cach motor activa-
tion arc duc in part to 2 momentary decrease
in the level of cexcitation. This was caused
by a lag in the control svstem of the clectro-
dvnamic shaker. Pcaks in curves that cx-
ceed the tum-on value of the absorber gen-
crally occurred where the motor was re-
quired to make a large position or dircction
change.

Curves (c) and (d) reflect a more rapid
ratc of increase in exciting frequency. The
resonant peak of the primary system in this
case dropped to a value of iX,/Xol = 60.
With the absorber attached this responsce
remained below 5 for a 91%  reduction.

Curves (¢) and (f) again show the ab-
sorber functioning properly. For this ratc of
frequency increase the amplitude reduction
was approximately 8877 .

Figurc 10 shows the primary system rc-
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sponsc to an increasing and then decreasing
cxciting frequency. The two upper curves
in cach sct were taken without the absorber
attached, while the lower curve was taken
with the absorber attached and operating.

Curves (a), (b), and (c¢) correspond to
a relatively slow rate of frequency change.
With the exception of one peak in the
primary system amplitude, the absorber
functioned as intended. This peak occurred
again when the motor had to travel to the
absorber limit, reverse itself, and return to
the proper position. Even in this adverse
situation, the reduction in |X,/Xa! was ap-
proximately 849,

The exciting frequency varics more rapid-
Iv for curves (d), (e), and (f). It changed
rapidly cnough that the primary system
did not fully respond to the second res-
onance peak with the absorber motor in
its highest natural frequencv position. This
probably occurred because the resonant peak
is relatively small as indicated in Figure
8(b). The rcsult was that as the exciting
frequency increased beyond the absorber
range, the motor remained at the highest
frequency position instead of returning to
the low frequency end. Therefore, when
the exciting frequency began to decrease
the motor was in the proper position and
was hcaded in the proper direction. This
is why the instability peak of curve (c) is
absent in curve (f). The corresponding re-
duction in [X;/Xa| was approximately 93%.

a3

in this test was to change the exciting fre-
quency as rapidly as possible (nearly instan-
taneously) and record the associated re-
sponse of the primary system as the ab-
sorber readjusted itself. When equilibrium
was achicved another frequency change
could be made. As can be scen from the
curves, 2 majority of the frequency changes
were focused around 18 cps, which is the
approximate natural frequency of the pri-
mary system alone. Changes to and from
this frequency caused the greatest insta-
bility; therefore, thesc changes arc of par-
ticular intercst.

Considering thc range of frequencies in-
volved, the absorber fgunctioncd very well
for the arbitrary frequency changes; for the
most part it kept [X,/Xal below 10 and
readjusted itself in an average time of less
than 10 scconds. In some cases the absorber
had to activate twice to get [X,/Xu| back
to a completely stable position. This was
due to the region of instability in the motor
activation rclay. Two peaks in curve (b)
drove the recording pen to its upper limit
and do not reflect the true values of the
response.

It is interesting to note that although
the absorber is designed to keep |Xi/Xa|
less than 1.55, the usual equilibnum point
is considerably less than this value.

This absorber did not function well in
all the tests. Two examples are shown in
Figure 12. The set of curves (a), (b),

The results of another type of test which .g&a o =¥
was used in evaluating this absorber system 2 7 —
are given in Figure 11. The procedure used  # [ °| A
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and (c) and the set of curves (e), (f),
and (g) arc the results of tests conducted
in the same manner as before (Figure 10)
but with diffcrent rates of exciting frequency
change. The rate of frequency change for
curves (a), (b), and (c) was between that
of the two sets in Figure 10. In this case,
as the cxciting frequency increased beyond
the absorber range, the motor adjusted back
toward its lowest frequency position. When
the cxciting frequency began to decrease,
the motor had to complcte the cycle to its
low frequency limit, return to its high fre-
quency limit, and adjust back to the proper
position. The result of this wasted motion
was the instability shown in curve (c) where
IX1/Xa| increased almost to the level of
the maximum value of {X,/X,| for the pri-
mary system alone.

One possible method to avoid the in-
stability in curve (c) is to change the motor
dircction when the cxciting frequency re-
verses its direction of change. Curve (d)
illustrates this point. The initial motor posi-
tions for curve (d) and for the correspond-
ing part of curve (¢) were the same. How-
cver, the motor dircction was reversed for
curve (d). It can be scen that the instability
was eliminated. If in an application the
exciting frequency is controlled bv some
tvpe of throttle, this means of aiding the
system stability might be practical.

Curves (e), (f), and (g) were obtained
for a very rapid rate of frequency change.
In this casc the absorber was able to reduce
IXi/Xol by only 50%.

As mentioned before, the control system
used in this work has several desirable fea-
tures and one major weakness. The weakness
in the system is that it cannot send the
motor in the right direction. If the motor
has to travel a relativcly large distance be-
forc it finds thc tuned position, another
factor becomes important, ie., the speed
of the absorber motor. The results of the
tests presented in this section indicate that
IX1/Xal does increase when the absorber
motor is forced to move a great distance.
llt is natural to as;:umc that by increasing
the motor s these instabili ks can
be narrowcr;?nt there is a ]tiz,n?tato the
allowable motor speed. The primary system
must respond rapidly enough when the

motor reaches its tuned position to deac-
tivate the system. This response time appears
to be the limiting factor because if it is too
great the absorber will have passed its tuned
position bcfore the system can be deac-
tivated.
CONCLUSION

If the frequency of the harmonic force
on the primary system varies too rapidly
or continuously, this absorber will not
function. A more complex absorber or
damper must be used. If the exciting fre-
quency changes only occasionally and at a
slow rate, this absorber will function well.
If short-duration amplitude increases are
acceptable, the absorber can be used effec-
tively on systems subjected to an occasional
step change in cxciting frequency. The cf-
fectiveness of this absorber for excitations
other than simple harmonic is unknown.

APPENDIX

Rayleigh’s method requires the assump-
tion of a deflection curve for the system.
This is difficult since the curve depends
on the position of the motor. When the
motor is against the base, the deflection
curve of the vibrating rods is similar to the
static deflection curve of a cantilever sub-
jected to a point load at the end. This
assumption holds when the motor is at
the frce ends of the rods also. Therefore,
the assumed deflection curve for the guide
rods is

v = Dx?(3Lx) sin wt

where x and y are the coordinates defined
in Figure 2. Equation A-1 is a good assump-
tion for the deflection curve of the push
rod except the amplitude should be some-
thing less than D. In general however, the
crror introduced by using the same ampli-
tude should be slight. A better assumption
can be made when more accuracy is re
quired.

The potential energy U stored in the rods
due to bending is

v~ 2I : 7 relyady axce J': Ler, @iyradye

Eq. Al

Using equation A-l as the assumed deflec-
tion, the maximum potential energy reduces
to the form

Eq. Al



2 DI[F.I‘Lj -+ r|pn(.3-3u + uh] Eq, A3

The kinetic cnergv T of the svstem is

L . » . .
Pl g [ e s )
o

Eq. A4

n T et

Again using Equation A-l1 as the assumed

deflection, the maximum kinetic energy re-
duces to the following form

200 33 007, 33,7, 1 Saaa?
Yu- =20 . _—-35 ‘I. + -—-70 p. + -—N? -l (3L-a)
6, 9 4 9 2 2 ~
e MU ¢ oot o1 et 2L Eq A-S

Equating T, =U __and manipulating vields
the fo"owi;ngaxcxpnr‘éssion for the first mode
natural frequency of the absorber system

Wl ok im
o Eq. A6
K, - 6; + ]-}:1’: (o2 - 3La + 317y, and
where ,and Eq. A7
. %."L . ::: ) :: . L‘u_# OL-olag e S 202002 :;" z
R, Eq. A8

It is interesting to note that when a=0,
ke = er 7 1% This is twice the value of
the accepted spring constant of a cantilever
beam, as it should be.

The only remaining relationship needed
is that for m,. This can be calculated as
follows

m, =m +m -m

1 p a 2° Eq. A9
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NOTATION
a  —distance from base of guide rods to motor

D —arbitrary amplitude in assumed deflection
curve for absorber

FI_ —flexural rigidity of the guide rods
p —flexural rigidity of the push rods
F  —excitation force on primary system

Foy ——magnitude of harmonic force on primary
system

'm —mass moment of inertia of the motor about
an axis through its guides

Ty, —mass moment of inertia of the brace about
an axis through its mounting brackets

k, —spring stiffness of the primary system

k) —effective spring stiffness of the absorber
a —total mass of the absorber components
Mg —mass/unit length of the guide rod

P —mass/unit length of the push rod

PY —original mass of the primary system before
the absotber is attached

™, —effective mass of the primary system with
the absorber attached

m, —effective mass of the absorber

M, —mass of the brace

m —mass of the motor

t  —time coordinate (sec)

T —kinetic energy of absorber

Tmax —maximum kinetic energy of absorber
—potential energy of absorber

y —maximum potential energy of absorber

U —ocoordinate along the length of the guide
max  rods [Figure 2}
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x —static deflection, Fo/k, ¢ —frequency of the excitation force (radians/
sec
X, —displacement of primary effective mass from
equilibrium [Figure 1(a)] w —point in Figure 3 corresponding to the
* highest absorber natural frequency
—amplitude of vibration of the primary effec- w
tive mass H —point in Figure 3 corresponding to the low-

est absorber natural frequency

X, —displacement of the absorber cffective mass ®
from equilibrium [Figure 1(a))] L —V ky/m,

Xy -—-r:;r‘l):ry system amplitude magnification Wi —Vky/my

W92 —cut-off ;)oints corresponding to Level A in
X, /Xy F’_" ion coordi of absorber system, Figure
igure 2
1a,2a__ 1. off points comesponding to Level B in
y —tan -1(dy/dx) 1b,2b  Figure
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