NATIONAL AERONAUTICAL ESTABLISNMENT 16 SEP 1054 C.P, MNo. 169
(16,777)
J-IBRARY . A.R.C. Technical Report

MINISTRY OF SUPPLY

AERONAUTICAL RESEARCH COUNCIL
CURRENT PAPERS

A Variable Inductance
Acceleration Transducer

By

H. K. P. Neubert, Dr.-Ing.

LONDON: HER MAJESTY'S STATIONERY OFFICE

1954

Price 2s. 0d. net






¢.P. No. 1of

Teehnical Note No. Instrumentation 135

August, 1953

ROYAL /IRZR/PT WSTABLISHENT

A varisble inductence acecleration transducer

by

HoK.P. Ncubert, Dr. -Ingo

SUMMARY

The note degscribes a general purpose varisble inductance accelera-
tion transducer for ranges of + 3g and + 9g. It may be adapted with
minor modif'ications for ranges up to about + 100g. It has been deasigned
for use with the carrier bridge amplifiers Types IT.1-5-51 and IT.1-6~51
operating at a carrier frequency of 2,000 c/sec. The cut-off frequencicas
of the transducer are 70 q?sec for the + 3g and 100 o/sec for the + 9g
range. Deviation from linearity of calibration i1s less than 3% of full
gcale and the effect of transverse acceleration is approximately 1.5%
for full range acceleraticn spplied in a trangverse direction. The zero
shift at elevated temperatures is about + 0.04% per °C and the change in
sensitivity about - 0.71% per °C. At an initial inductance level of 70
wmH an each coil the average full scale variation in inductance 1s + 15%,

Design parameters for the bridge resistance values are derived and
plotted for two independent conditions:- (a) freedom from registive
noise and (b) maximum useful power cutput from the bridge. The effect
of cable capacitance and of mutual ccupling between the transducer coils.
sre algo discusgsed,






LIST OF CONLENTS Page

1 Introduction 3
2 Description 3
3 Mechenioal characteristios 3
3.1 Range and linearity 3
3.2 Prequency response L
3.3 Transverse sengitivity A
3.4 Tempersture sensitivity 4
N Electrical characteraistics 5
4.1 Variation of inductance and storage factor 5
4.2 Current sensitivity 6
4.3 Power sensitivity 7
L., Effect of mutusl coupling between transducer coils 8
4.5 Effect of cable capacitance 8
Refercnces 9
LIST OF ILLUSTRATIONS Pigure
Congtruction of acceleration transducer Type IT.1-22F-31 1
Photograph of 2
?a complete trangducer
b) exploded transducer
Typical calibration curve of transducer 3
Useful amplitude ranges of transducer for various frequencies L
Froquency response of transducer to sinusoidal acceleration 5
Variation of damping ratic of transducer with temperature 6
Impedance of transducer coil 7

a) at various frequencies
(b) at various air gaps
Variation, of .inductance and storage factor of tranaducer coil with 8
airgap R f'
Current‘sensft1v1ty of trans&ucer

(a)auﬁg;atlve current sen51t1v1ty at various carrier 9
freqpenoyw~,'3 ries

(b) Facﬁbﬁ?of re31st1ve contrlbutlon to sensatavity at
VL‘UI'].US Ge LIl Gl L ICQUCIIC LGS .

Ratio ofEﬁbad?reais ancerRﬂgﬁgﬁgeactance wh as a function of 10
guorage -14ac 'GOI‘;;‘;‘E'Q»\&I OI'”xOp tlmummorlage ae 51gn
Reslstance%ratQOuR/RT ‘as a function of storage factor q for 11

optimum bridge.design.







1 Introductaion

The acceleration transducer Type IT.1-22F-31 has been designed as a
general purpose transducer for the measurcment of vibration and the
resonance testing of aircraft on the ground and in flight. The two ranges
cf + 3g and + 9g, with cut-off freqiencies at 70 ¢/sec and 100 ¢/ sec
respectively, will cover the most common magnitudes of vibration amplitudes
and frequencies in these applications. It is designed for use with a
carrier bridge emplifier and galvanomcter recorder, providing a frequency
range of zerc to sbout 100 ¢/sec, The transducer contains two push-pull
variable inductances whach are comnected to form two adjacent arms in the
bridge circuit of the amplifier., The carrier bridge amplifier Type IT.1-~5
and IT.1-6-51 contain two electrical integrating stages, =0 that when used
with these amplafiers the transducer may be used for the measurement of
vibration amplitudes.

2 Degcraipticn

The construction of the transducer iz shown in Fig 1. Fig 2a shows
a photograph of the complete instrument and Fig 2b an exploded transducer.
It consists essentially of an armature sub-asgembly situated and
appropriately spaced between two identical coil sub-assemblies. The
armature and coil sub-asgemblies are housed in a rigid body. The armature
sub=asgembly consists of a bar-shaped ferro-magnetic armature suspended by
two leaf springs which are goldered to the armature and a supporting ring,
A co1l sub-assembly comprises an E-shaped ferro-magnetic core with a coal
of 1,200 turns of Lewmex wire of 46 S.W.G. The ferro-magnetic material
is either ferrc-nickel lamunations or Ferroxcube TII, Core and coil are
moulded 1nto a dural cup with a polyester resin (Marco Resin), which
polymeriges at room temperature. The frec surfaces of the legs of the
core are flush vath the top of the cup and the resin. The initial air
gap between armature and E-core on both sides of the armature may then be

adjusted to the required value by means of copper shims of appropriate
thickness,

If acceleration 1s applied in the working direction of the
transducer, i,e., in the direction of the long axis of the transducer
housing, the armature will deflect, thus changing the airgaps
1n the magnetic carcuits of the coils in & push-pull manner, and
a push=pull variation of inductance in the two coils will result. The
terminals of the two coils are connected to a three cored cable which is
cleated to the housing.

The transducer housing ig f1lled with demping oal of the appropriate
viscosity and sealed with rubber washers and a ring nut. At cne end of
the housing an oil expansion chamber is provided to avoid o1l leakages at
elevated ambient temperatures,

The overall size of the transducer 1s 1.9 » 1.42 x 1.13 inches; its
weight (without cable) 1s 3 cunces. The detachable base has two fixang
holes for 4 BA screws separated by 1.16 1inches.

3 Mechanical characteristics

3.1 Range and linearity

The standard ranges being menufactured at present are + 3g and + 9g.
Other ranges may be made by using sprangs o a different thickness or
material. It 1s expected that in this way ranges from + 3g to about
+ 100g may be obtained.

Within its range the calibration curve is linear within 3% of full
scale, Fig 3 shows a typical calibration curve for a transducer of range
+ 9g. The scatter in the slopes of the calibration curves {i,e. 1n
sensitivity) of a batch of transducers is not greater than 10%.
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If the acceleration transducer is used to measure displacement
(vibration amplitude) care has to be taken not to exceed the range of the
transducer, as outside the renge the non-linearity rapidly increases. Care
has algso to be taken to ensure that a reasonsble fraction of the range is
being used, as, in common with all other instruments, the transducer cannot
be cxpected to give the samc ebsolute accuracy for a small fraction of its
range ag for its full range. Taking the useble range of the trangducer
as from 0,1 times full range to full range, the upper and lower liumits
of amplitude at various frequencies are as given in Fig 4. For example,
at 10 ¢/sec the + 3g transducer may be used in the amplitude range 0,03 to
0.3 inches, and the + 9g transducer in the amplitude range 0.1 tc 1 anch,

3.2 Frequency responge

With a fillang of silicone demping o1l of viscosity 20 centistokes
the @amping ratic of the + 9g acceleration transducer is approximately 60%
of critical daemping at room temperature. Fig 5 shows typical frequency
response curves of transducers for + 9g and + 3g ranges with damping
adjusted to this velue. However it should be born in mind that, although
the viscbsity of silicone oil as relatively independent of temperature, in
extreme ceses the variation of viscosity with temperature may be apprecisble.
Pig 6 shows the damping ratios of the transducer, computed from the viscosity
~-temperature characteristics of the oil, the nominal demping ratio of 0.6
being adjusted at + 25%C. Near room temperature the vaeriation is approxi-
mately -~ 2.2% of the nomanal damping ratio per °C.

3,3 Trangsverse gepasitivity

If acceleration is applied in a direction perpendicular to the working
axis of the transducer, an error signal will result. To investigate the
magnitude of this effect three transducers of + 9g range have been
subjected to transverse esccelerations of plus and minmus 9g to produce
campregsion or tension and edgewise shear in thexr ammature springs. Ths
results (in terms of percentage of full scale) are given in Table I.

Table I

.Exror signals (in percentage of full scale) for
+ 9g epplied in csransverse direction

No. of transducers 145 177 209
JCompression er tengiem
in springs 1.4 1.8 1.3
Edgewise shear in

£ 1.5 1.5 1.4

" springs
I

1

Thege figures (giving an average transverse sensitivity of approximately
0.15% per one transverse g applled) will produce no appreciasble error in
the majority of applications. Very similar values heve been measured for
a transducer of + 3g range, if + 3g acceleration is applied in & transverse
direction,

3,4 Temperature gensitivity

A change in the temperature of a transducer may result in two effects:

(8) Variation of zero getting under the no-load condition.
{zero~shift)

(b) Variation of slope of the calibration curve (varietion in
sensitavity)
-l o



Both effects may be investigated under steady thermal conditions
when there 1s temperature equilibrium in all parts of the transducer, or
under conditions of a temperature impact when there is a2 temperature
gradient in the transducér. The behaviour of this transducer in the
latter condition has not been investigated thoroughly, as 1t 1s assumed
that in the majority of cases the iransducer will be used under conditions
of temperature equilibrium. As long as equilibrium is not reached, a
temperature gradient will cxist insidc the tremsducer, the dastribution
and magnitude of which will depend oa time, heat capacity of the
surroundings (eSp601a11y of the structure the transducer is fixed to),
and on the magnitude of the temperature impact. Results, therefore, will
be of a very lumited value,

(a) Zero shift
Table II gives the zero shift error in percentage of full scale
per °C at temperature equilibrium, calculated from an experimental

temperature rise of about 30°C.

(b} Veristion in sensitivity

Teble II alsc gives the variation in sensitivity in percentage of
full seale por C at cquilibraium temperature calculated from an
experimental temperaturc rise of about 30°C.

Tsble II

Temperature errors under egquilibrium conditions

for ¥ 9g transducer

No. of transducers 145 177 209

Zero shaf't error in +0.0. +0.0
% full scale per °C -0 0.05 | +0.03

Variation in

gensitivaty; TErrovr
in % full scale ~0.085 | =0.,21 | =0.085

per

4 Electrical characteristics

The transducer when in use forms two adjacent arms of an A.C. Bridge
circuit energised by an altermating voltage of 10 volts R.M.S. at 2,000
¢/sec. The other two arms of the bridge are two resistances R (4,000
ohms each in the amplifiers referred to). The bridge out-of-balance
voltage 18 applied through a transformer of primery resistance Rp (2,000
ohms in the same amplifier) %o a band-pass amplafier, phase sensitive
detector, and suitable galvanometer recorder. At present the transducer
is mainly used with amplifier Type IT.1-5-51 and power unit type IT.1-6-51,
but any other equipment may be used 1f the electrical characteristics of
the transducer are suitable.

4.1 Variation of Inductance and storage factor

The vector diagram of the umpedance of one typical transducer coil
at various frequencies 1s shown in Fag 7a. The series inductance L and
series loss resistance Rg with a three-cored cable of 2' 6" length
attached to the transducer have been measured under mechanical no-load
conditions. In the course of development of the transducer the magnetic
material of the core and armature was changed from Redio metal, in

-5 o



(a) for freedom from resistive noise

w2 12 = Rg (Rg + R + 2 Ry)

(b) for maximum useful power output

= Rp = R/2

The usual approach 1s to design the transducer on the basis of
other necessary conditions, as size etc. and then select the bridge
parameters to satisfy the present conditions, From these the bridge
paremeters R and Rp are given by

R

Ry

it

To1q (1 -39
L0 Ig (1+ 1/@Q9)

I

when qQ

1

1
€
5
€3]

The ratio R/Rp depends only on Q and 1s given by

r/ag = 2@%=3)
Q

+ 1

In Pig 10 the values of R ﬁuL and in Fig 11 those of R/Rp are
plotted against 'Q . For 1arge values of Q we have R/Rp 2 2. for
values of Q@ < Y3 no value of R/Rp exista.

L.4Y Effect of mutual coupling between transducer coils

Thie general problem has been considered elsewhere?. Applying
these results to the present case, 1t may be shown that the mutual
coupling between the two transducer coils 18 amall and has only about a 2%
effect on the sensitivity.

4.5 Effect of csble capacitance

It can be shown! that the fractional change of inductance with a
capacitance C in parallel with the transducer coil is

S WY
L L

1w

ALY
L

i.e. below the electrical resonance conditaons, which is usually the case
in practice, the sensitivity of an inductance treansducer increages with
the capacitance connected in parallel with 1ts coil,

For a typical transducer coll with a cable 100 yards long connected
to it we have



6L ol at 2,000 c¢/sec

L=

C = 0.006p ¥

' -1

w = 2% 2,000 sec
and SL'- 4,05 &2

T 2

i,e, an increase in sensitivity of 5%. This has been verified experimentally
in the present case.
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