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1. IRTRODUCTION

This paper describes the theoretical basia and feasibility of simple
ocne—dimensional active control systems for the iseolation of periodic
vibrations, Relevant problems in practice include the prevention of
transmiasion of vibrations of a periodic nature from a source, say a
reciprocating machine, to a rescnant subsatructure, Such situaticns are
commonplace in many automotive, marine and aerospace applications, where
pagaive lsolators do not sufficiently attenuate the transmisaion of vibrations
from the source to the substructure.

Varicus achemes have been proposed for supplementing pasaive isclators in
order to actively control the transmission of vibrations (see chaplin [1]).
At pregent, however, no in—depth account of the fundamental characteristica of
these one dimensicnal active isolation systems has been presented. This 13 of
importance when assessing the relative merits of the differing approachea,
In this paper two asimple one dimensional models are presented in order to show
the importance of the position of the secondary actuator in the schemea
proposed by Chaplin |1].

This fundamental work has been extended to the implementaion of a multiple
parallel active/passive vibration isolation system. This conaists of a
resiliently mounted raft on a resonant substructure (plate), see Fig. 3. The
control system used to dictate the action of the pecondary actuators is that
described by Elliott et al (2,3], and usea the aignals from a number of
acceleromaters placed on the receiving structure as inputs. The output
signals produced by the controller are sent to the secondary actuators in
order to isolate the vibration of the raft from the plate. The control system
is found to perform well when operating at a substructure resonance frequency
but an increase in vibration could result when operating at an off resonance

frequency.

2. THEORY

Two different one dimensional active isolation aystems are shown in
Figure 1. With reference to these systems, m,, k, and ¢, refer to the mass,
stiffness and damping of the passive isolation system, while m,, kX, amd C,
are the effective mass, stiffness and damping of the receiving structure.

These models are very simplified and make several assumptions including
the neglect of any shear or bending motion of the receiver produced via the
passive isolators. However, the overall performance of these systems ims well
illustrated by these models.
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In practice an obvious limitation of active control techniques occurs when
considerable secondary force generation is required., It ia therefore of great
importance to ba able to predict the magnitude of the secondary force (Fg)
required to minimise the motion of the receiver for a given primary force
excitation (Pp)..

Piratly consider the ;'pa.rallel" aystem as shown in Figure 1. The
equaticns of motion for thia aystem may be written as
4
m,X, + €,(X, - X) + K,(X, ~ X;) = Fp - Pg (1)
MaXz + CaXz + KzX; — Cy(X, — ¥;) — Ky (X, — Xz) = Fg t2)

and assuming that the force excitation and response are of harmonic time
dependence elut we may write after some rearrangement

(~wtm, + Jwc, + ¥,)xX, + {-juc,; - kK, )X, = Fp — Fa (3)
(—Jue, = K%, + (-wimy + Juc, + kp + Juc, + K )X: = Fg (4)

‘Now setting Fg = Fgy the optimal secondary force which will drive x,,
the mation of the receiver to zZera, we obtain

~(w?m, + Jwc, + k;)x;, = Fp — Fao {5)
and (-Jwe, - ky)X, = Pgg. (&)

These equations may be coabined to give the ratic of the secondary force
(Fgg) to the primary force (Fp) thus

P k, + juc o 23¢,0
Fao - Xau %t Jue, =
Fo e 1+ 5 (7)

This may be written as the modulus and phase of Fgo/Fp thum
Pga) o 1 zq2 Pag_ - can-2 '
! | = =z #(1 + 4¢,%0%) and < = tan~{2¢,m) (8)
FP 1 Fp

where 0 1s the non—dimenaional frequency o/w, and w, = J{k/m}) -
is the natural frequency of the upper mass/spring/damper syatem and
£, = ¢,f2u;m, is its damping ratio.

Now conailder the "opposed” system, also shown in Pigure 1. Here the
secondary force (Fa) is applied to the opposite side of the receiver than
the primary force [Fp). Taking the same analysis as for the parallel system
we may write the equations of motion of the two masses thus:

m,X, + C,l% - X} + K (%X, - X} = Pp £ )
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CmaKz F CaXy b KpXp - Cy(X, - Xz) - Ky{X, - X3) = —Fg {10)

Again combining these two equations and allowing the optimal conditicn, that
is, '¥, = ¢ enables an expression for the secondary force required to prevent
receiver motlon to be obtained. Assuming a harmonic time dependence of the
form el“t and substituting gives

(-m.‘ml + Juwe, + k), + (=juc, - k 1)%z = Pp {11)
(- ju::,. -k )Ep + (~wimp + Juc, + Xy 4 Jue, + k,)x; = -Pg (12)

and combining these equatlions to abtain the ratio of opt:l.mal secomlary force
to prma.ty force gives:

Pag . f* + Juc, _ 1+ jzgln (13)
Fp  —wim, + k, + Juc, 1- 0% +32¢,0
ana writing thia in termsa of modulua and phase yields:
Eag, = 1 : ,f(i - 032 + 8E,2) + O%1 * BE,®
Pp (1 - 02y + (2£,0)2 : 1 1
+ 164, %) + 084, %)) (14)
and
P 2¢.5°
Fao _ - af
‘Fp tan~t = T GhT T ALt (153

Of particular interest is the magnitude of the secondary force required
for cancellation as in many practical applications the ablility tc generate the
necessary amplitudes of secondary force is a key tc the system's feasibility.

The ratio of the optimal secondary magnitude to the primary magnitude
|Fgq!/1Ppl is shown for each ayatem plotted, for various values of damping
ratio, versus non—dimensional frequency O in Pigures 2a, b amd cC. Several
points should be noted here, Firstly note that in each case the expression
for |Pggl contains characteristics of the upper masa/apring/damper system
only. If we consider the case where the excitation frequency is in the region
of the resonant frequency of the upper mass/spring/damper, i.e., G = 1) then
for the parallel system we find, allowing £, << 1, that |Fggsl = |Ppl.
However, for the oppcsed eystem |[Pgql = |Ppi/2g,, and thus a much larger
secondary force magnitude than primary force magnitude is required at
frequencies close to resonance, With the parallel syetem, however, the
primary and secondary magnitudes are approximately equal. Tnis 1s important
in practice where a given secondry force genarating capability may be an
important design consideration. With the prallel system large values of -
IPgol/|Fpl occur at low values of I, f.e., 01 < 1. With the oppogsed system
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large |Fgql/IFpl occur at the resonant frequency of the upper
mass/spring/damper gystem, i.e., 0l = 1. Therefore depending on the range of
frequenciea to be cancelled, the stiffnesses of the passive ilgolatora may be
designed since the stiffness of the pasaive isolators will vary the frequency
at which 0 = 1. This may also determine which type of active control aystem
18 moat suitable, as for the parallel system much stiffer passive isolators
are acceptable than for the opposed system when igclating "low frequencies”™.

3. mznnma:. INVESTIGATION OF A MULTI-CHANNEL PARALLEL PASSIVE/ACTIVE
VIERATION ISOLATION SYSTEM

This experimental work is.designed to assess the performance of the
control system described by Elliott [2,3] when applied to a complex mechanical
vibration system. This vibration system is as follows. A primary force,
representing, say, the rotational imbalance of a reciprocating machine, is
applied to a thick plate which represents the machinery seating. This thick
plate 18 connected via passive and active isolatora in parallel, to a thin
resonant base plate repreaenting the receiving structure. The primary force
1s applied via a ‘coil and magnet shaker and the seconda.ry forces are applied
in the same way.

The control system determines the input signals to the secondary force
actuators necessary to minimise the sum of the squares of the signals gained
via transducers (accelercmeters) placed dnrthe recaiver. - The control system
uses an array of adaptive filters through which a reference gignal is
pazased, This corrasponds to the sinusoidal signal applied t¢ the primary
force generator. The coefficients of these adaptive filters are updated by
the control system algorithm [5] in order to perform the m:i.nmuation of the
gum of the squares of the accelercmeter signals.

Three different configutations of the vibratlon system are investigated
{see Pigure 4). In each case tha ‘control gsystem is applied with four and
eight accelerometer inputs. The four accelerometer input signala come from
the bases of the passive isclators, and the aight signals come from randomly
placing the eight accelerometers over the receiving plate, It i3 known that
the disturbance at the points of application of the pick-up sengors is
minimized by the control system. What must be deduced, however, is whether
the minimisation at these points implies that a reduction in overall
gubstructure vibration has occurred. The following experiments were
undertaken in order to asaess this queation,

anevanlyspaoedgridmplacedonﬂnep].ateamdamtalofu=as —
equally spaced points created (see (4] for full details). A measure of the =
acceleration value at each of the 35 nodes wap taken and zecn:ded both before
and after the control was inttiated.

The control system affectiveness was defined as
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n=N
£ IVpl* (before control)
=1 Lo . S
Eg = 10 log,, R an
£ IVyI2 (after control}
=1 ’ ‘

where V, 15 the velocity at the n'th nodal poeition.

This valus was derived for a4 number of diffarent t‘zequencies coryesponding to
both base plate resonant and anti-resonant conditions, The full details of
these experiments can be found in reference (4], and a summary of the
principal results can be seen in Pig. 4.

4. CONCLDSIONS

vmen the receiving atmcture (plnte) was excited at a resonance, the
contyol syatem was effective in producing reductions in the space avaraged
vibrational level in the plate of between 8 and 15 dB (see Fig. 4). There
also seemed to be little difference in minimiaing the acceleration at four
positiona (at the base of the mounting points) to minimising the acceleraticn
at eight pogitions distributed over the plate surftace. When the plate was
excited off resonance, however, there was considerable advantage to be gained
from minimizing the acceleration at eight positiona. Thia produced no
reduction in level although a four sensor system led to an mr.'reasa in plate
vibration.
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Figure 1. Sketches of isolation systems using secondary force actuators

in “parallel” with a passive element or simply providing an "opposing” force
input in order 10 cancel the force applied by the passive isolator to the
receiving structure.
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Figure 2a. Comparison of the magnitude of the secondary force required |
for the "parallel” and "opposed” systems for §;=0.01 |
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Figure 3, Schematic diagram of experimental rig (side view)

Frequency]| Receiver plare Configuration | No.of acul&mne(as Effécﬁveness
(Hz) response {1 (seebelow) | wsed by conmrofler EydB
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Figure 4. Results for the control system effectiveness for various experimental oonﬁgm-auons
and frequencies
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