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1. INTRODUCTION

Pr esented  Is the  f i n a l  t e c h n ic a l  repor t  covering the acce le ro m eter  program

sponsored by the U.S. Army Missile R&D Command under contract number

DAAK4O—77—C—0181.

The objective of the program was to improve the performance of the INCOFLEXTM

accelerometer; design and develop torquing electronics with a digital output;

and build and test one 2—axis and one 3—axis version of the ;icceleroineter.

Performance improvement considerations in the program were to improve the long

term bias stability (the goal was less than 40 ugs one sigma), determine the

best way to decrease the scale factor temperature sensitivity and improve the

torquer efficiency, i.e., reduce the power requirement for any given

pendulosity.

To Improve the long—term bias stability, the suspension and case were modified

which also resulted in less parts. The suspension and case now are combined

and manufactured as one part. The test results indicated the repeatability,

after exposure to temperatures between —65°F and 210°F, was improved from the

previous units built.

An analysis was conducted to determine the best method of reducing the scale

factor temperature coefficient. Use of ‘t doped ” magnet material , compensating

magnet material or electrical compensation were examined . Electrical compensa-

tion was determined to be the best approach , and the design of the acceler-

ometer was modified to incorporate a suitable electrical compensation sensor.

The torquer design was analyzed and modification made to the extent possible.

Limitations in the available space and constraints on the practicality of

small airgaps only yielded a slight improvement in the torquer efficiency.

Three possibilities were considered for the torqulng electronics with a digital

output. These were binary pulse torquing, ternary pulse torquing and analog

with analog—to—d igital conversion . It was concluded tha t as the application

may be influential In prescribing the specific method , and as various

applications are possible , all three methods would be developed and tested .

This was done utilizing the maximum number of common components between each

I—I 
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method . Breadboard el ec t ron ics  of a l l  three  methods  were b u i l t  and tested

wi th  the  two—axis accelerometer  and del ivered to U .S .  Army Missi le  R&D Command.

The three—axis accelerometer was built and integral analog electronics were

packaged with it. Because of a system interface already established for a

potential application , the accelerometer Internal temperature sensor could not

be utilized for correction of temperature coefficients. However , the tempera-

ture sensor required by the application was added to the outside of the pack-

age. The only drawback to this is the temperature sensor is not in the correct

location to correct for transient temperature changes.

Figure 1 shows the outline and mounting drawing for the three—axis package ,

including the electronics. The electronics are all discrete commercially

available components. Figure 2 shows the outline and mounting drawing for the

two—axis accelerometer , which does not contain integral electronics for this
program.

1—2
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IT . LONG TERM BIAS STABILITY

Examina t ion  of the design i n d i c a t e d  that a possible improvement  of t i m e  long

term bias st at)! lit y c o t m i  d be ili c O l i l t )  1 StIed i f  l I t re were I ess ‘ t)f l I) L’ rL  i I)~ u m e c l i —

anical joints between the case , suspension and pendulous mass. Therefore , the

desi gn was modi f i ed  so tha t  the  case and suspension could be made from one

p iece .  This had the added advantage  of e l i m in a t i n g  pa r t s , t he r e fo r e  r educ ing

the p o t e n t i a l  cost.  The desi gn was m o d i f i e d  and the  acce lerometers  f o r  t h e

program were fabricated utilizing th is approach. As Lim e length of the program

did not allow for bias stab i l i ty  readings to be accrued over a long period of

time , it was decided to cycle the accelerometers many times over temperature

extremes of —65°F to +210°F and record the bias. The temperature range used

is larger than the worst case operational conditions but was used to induce

bias changes. Under these conditions , the one sigma va lues of the fo u r axes
tested were 93, 56, 70 and 40 ug ’s.

I l-I



, , .-- r~~n -~ ~~~~~~~~~~~~~~~~~~~~ - ——IuI~~~

III . TORQUER DESIGN FOR MINIMUM l ’OWER DISSIPATION

WI i i i  I n tile cciii I lies ci t. lie’ e’x .l Si ! t i i ’, design concept , ti m e power ii issi pat Oi l  fl I a

given level Is a fmmiic t I on of flclgliet Ic ma I er I a I IlS(’d , torqtie r geoiiiet ry and t lie

level  of leakage  f l u x e s .  ‘1110 magnetic m a t e r i a l  used in the ex i s t  i n ~’, des i gn is

Samarium Cobalt , which Is cons idered  an op t i m u m  choice a t  t h u i s  t i m e  due Lu

long—term stability and high energy product. Torquer geometry , particularl y

that involving the ratio of the length of the airgap to the length of the

magnet , was inves tigated in detail . It was concluded that there’ was an optimum

ratio at which the power consumption is a minimum. Figure 3 shows curves

relating the non—dimensional power d iss ipation parameter , P, with the ratio R

equa l to airgap length. It is observed from this curve that the minimum power

dissipation is not only a function of the ratio R but also is dependent on the

leakage factor.

The ratio of airgap length to magnet length on the design is 125. This is the

same as for the original design. Because of t h e  fabrication difficult y if the

airgap length is reduced , and as the desired size of the comp leted unit pre—

eluded any increase in magnet length , it was decided not to change either of

these parameters. The leakage flux was also as low as seemed practical on the

initial design. However , it was concluded that an increase in the number of

turns on the torquer coil may be possible. Exp erim erm ion resul ted in an

increase of 10 percent in this area withou t changing wire size.

ill—i
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IV . TEM I’E RATU RE COEFFICIENT OF TilE ACCELEROMETER SCALE FACTOR

In the p re sen t  desi gn , lime t e m p e r a t u r e  coef I i cl e u t  of time s c a l e  f a c t o r  Is fu l l y

accounted for by the temperature coefficient of the Samarium Cobalt magnet.

Data provided by the magnet manufacturer indicates a negative coefficient In

the range of 400 PPM/ °C to 450 Pl’t’l/°C and the  data measured was — 4 2 5  PPM / °C.

Three methods of reducing scale factor temperature coefficient were investi-

gated . These methods were:

( 1) Use of “doped ” Samarium Cobalt ma te r i a l

(2) Use of compensating magnet material

(3) Use of compensation methods based on sensor temperatures

The doped Samarium Cobalt magnet  has a reversible  tempera t ure c o e f f i c i e n t  an

order of magnitude smaller than the “undoped” mater ia l .  Fi gures 4 and 5 show

magnetization curves for two doped experimental magnets. It is noted the

curves are nonlinear and the “peaking” tempera ture can be changed by composi-

t ion and process c o n t r o l .  It is also noted t h a t  doping reduces the energy

product from 20 MCOe to about 12 MGOe. The reduction of the energy product is

the major disadvantage to this approach , and would negate the efforts to

improve the torquer  e f f ic iency .  Also , concern over the long term st a b i l i t y

of the magne tic proper ties af ter it has been “doped” make this approach
precarious.

The temperature coefficien c of the magnet can also be controlled by the use

of compensating material in which the permeability changes with temperature .

Due to the non—linear characteristics of the compensating material , linear

compensation cannot be obtained over a broad temperature range. Another area

of concern when using this method of compensation is the magnetic instability

of the compensating material itself after exposure to temperatures encountered

in actual applications. Any instability of the compensating material will cause

an accelerometer scale factor change.

Compensation based on sensed temperature seems to be the most promising be-

cause of linearity and predictability of the temperature coefficient of

Samarium Cobalt material over a wide temperature range. Also , all acceler-

ome ters have exac tly the same scale fac tor temperature coeff ic ient , allowing

lv— 1 
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I ti tercimangeabil I Ly . ‘lime accuracy ol e’onlpe’mmsat lou depends m u . m l  l i l y U~~Ofl h it ’

a b i l i t y  to measure a c c u r a t e l y the  t~~m p er ;u t u r e  of the magnets, i t  Is  not (‘ofl—

venien t to perform this measurement directl y as contact with the magnet

ucitet’ial [~ d 1ff Icu Ii. him view o F iii Is , Lim e p1 accIDent  of Llue Lemperuture

sensor is of importance , particularly during transient conditions . Therefore ,

a design modification was made to locate the temperature sensor in an optimum

location. Also , the type of sensor is important so that good resolution can

be obtained with good stability over a long period of time . It was decided

to incorporate an AD 590 in the design . Although rather large in size when

compared to the accelerometer , it was possible to allocate enough space ~nc1

the sensor was incorporated in the build of the deliverable units. The AD 590

has a scale factor of 1 Ua/°C that is linear to be tter than 1 percent from

—55°C to +125°C.
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V. 1’OBQU INC LOOP EI,EC’l’RON I CS

Iii roe poss lb Ii Ii it’s were’ cons ide red t’o r the to rqu I tu g 1(101). These were:

(1) Use of binary torqu log

(2) Use of ternary Lor qut um g

(3) Use of analog with an analog—to—digital convers ion

A l l  t h ree  approaches produce a dig ital out put . ‘i’lie I) [nary a pproach torques

the accelerometer with a square wave at constan t power. The power must be

sufficien t to torque the accelerometer at the maximum acceleration , typ ically
10 to 15 g ’s. This means the maximum power Is constantl y dissi pa t ed in the

accelerometer and electronics. The ternary approach also torques the acceler-

ometer with a square wave, but the power is on demand , i.e., maxim um power is
only required at maximum acceleration , and zero power is req ui red when no
acceleration is present. The analog with conversion approach torques the

ac celerome ter wi th a DC voltage which suppl ied power on demand .

Af ter consideration of the options , it wa s decided to build elec tronics for
all three approaches and compare the results. All three methods were designed

and built and operated successfully wi th the INCOFLEXTM accelerometer. A

comparison of the three methods is shown in Table I.

The most significant factor is that the bias stability and bias temperature

coefficient is significantly higher in the binary approach. This is because

the torquing current through the electronics in the steady state condition is

ten (10) times higher than for the other two approaches . Therefore , any bias

change in t u e electronics is magnified . The higher torquing curren t also
heats the electronics more , so the settling (reaction) time is longer.

The only major d ifference between the ternary and analog approaches is in the

bandwidt h capability. Et Is easier to get a Ii Igher bandwidth wit h the analog

approach  than w i t h  e i t her  the t e r n a r y  or b i n a r y .  The respec t ive  b a n d w i d t h s

t h a t  have been set for  the  present  e lect ronics  is shown in Table 1. Although

th i s  can be a d j u s t e d , and it would be possible to increase the ternary and

b ina ry  bandwid ths , the  analog bandwidth will always be inherently higher than

the other two. The only factor that Is not super ior  in the analog approach

v—i—
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is that the parts count is slightly higher. iiowcve ’ r , t h e  s l i gh t i n c r u d . .

(approximately 5 percent over ternary and 10 percent over binary ) is justified

relative to the advantages.

The electronics for the three axis accelerometer are packaged as part of the

u n i t , and provide onl y an analog o u t p u t  as required by specification . Time

t ’i t ’c- tronics for t he  two axis accelerometer are on separate boards and have the

capability of providing any three of the torquing methods.
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As the  o u t p u t  of tiit’ accelerometer is a DC vol tage  scaled f o r  one (1) volt

per g,  the  readou t  fo r  tes t  ing  was a precision differenti al voltmeter driving

a char t  r eco rde r .  Because th i s  is  a two ax is ac celerometer , two channels were
needed . Consequen t l y ,  two i d e n t i c a l  Hewle tt  Packard 3420 Differential Volt-

meters , each driving one axis of a two axes Hewlett Packard 7130 A chart

ret-order , were utilized .

The accelerometer was mounted on a base plate that was fastened into a granite

cube. The cube was placed on a g r a n i t e  t a b l e .  As the faces  of the  cube are

f l a t  and or thogonal  to each o ther , the accelerometer  could be tested b y

rotating the cube on to each of its faces, therefore precisely chang ing the

grav i ty  vector app lied to the accelerometer. The base p late had heaters

insta l led  so t h a t  t empera tu re  e f f ec t s  on the  accelerometer  could be measured

by changing  the t empe ra tu r e .

All or par t  of the fo l lowing  t es t s  were perf ormed on acce lerometers  S/N 7S

(single axis), 8, 9 and 10.

(1 )  P a r a me t e r  s t a b i l i ty  t r a c k i n g  over sev era l  d ays , with remounting and

extensive t empera tu re  c y c l i n g .  P a r a m e t e r s  are bias , scale f a c t o r ,

t o rque r  axis  a l i gnment and pendulosity.

(2) Bins repeatability over short periods of time with pendulous axis both )

v e r t i c a l  and hor i zon ta l .

(3) Uncompensated bias temperature sensitivity.

(4 )  Drift tests (two and twelve hours).

(5) Pendulous axis alignment.

(6)  Reactio n time .

Accelerometers S/N 7S and 8 were then installed in the Velocity Referen ce
Module (VRM) with self contained analog clectron~ cs , and tested as follows :

(1) 13 las t ~‘mperat lir e sens it lv It v , X and Y axes .

(2) Turn on bias r e p e a t a b i l i t y  over shor t  periods of t i m e  w i t h  X , Y and Z

at 0 “g”.

v i-’
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I .
(3)  Scale f a c t o r  det er m i n a t i o n  X , Y and Z axes .

(4)  Scale f a ct o r  temperature coeffIcient Z axis.

(5) Cag ing m o p  bandwidth X , Y and 7. axes .

(6) Input range (calculated).

(7) Pickoff excitation frequency sensitivity.

(8) Power supply voltage sensitivity.

Accelerometers 9 and 10 were used during the evaluation of the digital elec-

tronic circuits. Limited digital data was obtained using No. 9 because the

instrument was damaged during handling . Accelerometer No. 10 was t he re fo re

used for most of the dig ital electronic testing. Five modes of operation are

possible with the delivered electronics; analog cage with analog readout ,

analog cage with digital binary readout , analog cage with digital ternary
readout , digital cage with binary readout and digital cage with ternary readout.
Performance data presented is the mode of analog cage with ternary readout.

Subtests of the digital conversion circuits are also presented .

The summary of test results are shown in Table II.

Table III and Figures 6 and 7 are included in the following to show the

stabilizing influence of temperature soaking and extensive temperature cycling

on accelerometers No. 8 and 9. After the stabilizing shown the X and Y bias

repeatability on No. 8 were 93 pg and 70 pg. On No. 9 it was 56 pg and 40 pg.

This long term bias stabilizing process is done on all accelerometers.

Accelerometers No. 7S, 8 and 9 were tested for short term turn on repeatability

and results are shown in Figures 8 through 12. The average of all pendulous

axis vertical tests was 14.7 hig (la). The average of all pendulous axis
horizon tal tests was 23.2 

~
g (lo).

It was subsequently discovered that the electronic caging loop caused some

degradation in the short term repeatability performance. When turning on the

instrument , a torquer current transient caused the pendulous elemen t to
forcefully hit the stop before a stable caged condition could be established .

Once discovered , a different turn on method was used when accelerometer No. 10

was evaluated . Although the short term repeatability of No. 7S, 8 and 9 was

VI-2
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~~ I t  e good • No. 10 Was 8 lgnhIJ L a t h  I y I) L -L t e r  as shown In FIgures 13 and 14.

The pendulous axis horizontal test result was 2.9 pg and 2.5 pg (Ic). The

pendulous axis vertical test result was 1.2 pg and 1.4 pg (Ia). A change was

made in the electronic box to avo Id the problem in fut ure test log.

Fi gures 15 , 16 , 17 and 18 show the bias temperature coefficients without
compensation . In all cases this parameter  was l inear , allowing for simp le

modell ing and easy compensation if required . Five of the seven axes evaluated

had exceptionally low values.

A long term bias drift test was performed on accelerom eters 8 and 9. BIas was

moni tored for  12 hours in the  pendulous axis ve r t i c a l  p o s i t i o n .  The average

drift of the four axes measured was 1.8 pg (10) over 12 hours. A two hour

drif t test was also performed on accelerometer No. 10 with both axes less than

1.5 pg (Ia). See Figures 19, 20 and 21.

The axes alignment to the case was adjusted and measured to be .18 mradian on

the single axis accelerometer and less titan .06 inradian on the remaining two
accelerometers. This parameter is easily adjusted and is well within the

desi gn specification of .3 milliradian.

The reaction time of all axes tested was measured to he less than 3 seconds.

This includes the test stand electronic caging ioop.

When S/N iS and B were installed in the VRN the bias temperature stability

was remeasured on the VRM X and Y axes. The r esu l t s  are shown on Figure 22

and agree with the test results of accelerometer No. 8.

Short term turn on repeatability was tested on the VRM by turning the common

power supp ly off and on. The slower change in power suppl y vol tage avoided

the current transient previously described. Better results were obtained when

testing accelerometer No. 7S and 8 in the VRM than in the test station , (see

Figure 23.)

As seen in Table IV the VRN axes Ia repeatability was 4.3, 2.5 and 3.5 pg

compar ed to 13, 17 and 3.3 pg for the respective instrument axes. All results

are considered satisfactory.
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Ilic scale  f a c t o r s  were imica sur ed and not  a d j u s te d  at t h i s  t i m e .  A CI j IIS L IIII-FC L i’;

road liv dont~ by s~~1 e~~ t f o g  pr e -c IS  i O f l  re-s i s t or s  I r mime-ct for t~:I( Ih tixl -; so t )c:m t

the rt~ ;t oriug c u r r en t  per equals t h e  des i red v o l t a g e  per g. See TaL l c V.

The sea I lug res i s t  or used is /40 ohms and ± 12 VI )C i s  aVZI  i lab Ic f rom the c1m~’ i ni’,

amp l i i i  e r  powe r St age. l’lie input r ange  then  is ±5 ‘‘g” (see TaL l  t - VI).

TABLE V. VRM TORQU ER SCALE FACTOR

x ] y 7.

1.1812 30 g /v  1.197720 g/v 1.606820 g/v

TABLE VI. VRM INPUT RANGE

x y z

+5g +5 g +6.7 g

The VRM Z axis scale factor temperature sensitivity was measured with results

exac t ly predictable. The scale factor changes proportiona l to the Samarium

Cobalt magne tic flux . The thermal proper ty of SmCO 5 is known to be 240 PPM;
the VRN Z axis is 248 PPM. See Figure 24.

The frequency response was measured on each caging ioop. Table VII lists the

results; all axes had greater than 250 Hz bandpass .

TABLE Vii. VRM CAGING LOOP BAN [)PASS

x Y Z

255 280 250

Figure 25 shows the bias sensitivity versus pickoff excitation frequency.

The nominal 48 kllz was varied over a wide range and the output of accelerometer

No. 8 was measured . The X output changed .148 pg per Hz and the Y output

changed .234 pg per Hz around the operating frequency.

VI—25
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The 
~~

15 vo l t  power to t i me VRM was changed bt- Lwe -cn 
~~~~~~~~~ 

VDC and +16 VIJC . l im e

bias and scale f a c t o r  were measured  a t  each v o l t a ge  and is shown in Tab le  VT I T .

Beth changed s i g n i f i ca n t l y l ess t ban LI~e’ ~~p - t  if I e-d 100 ~ g p e r  VDC and 100 PPM

per VDC.

TABLE V I I I .  PO WER SUPPLY VOL’I’ACE SENS IT IV [TV

Axis Bias Scale Fac tor

X 0.87 p g / v  0.0 PPM / v

V 15.5 pg/v 11.4 PPM/v

Z 15.3 pg/v 25.5 PPM/v

+15 VDC and —15 VDC
changed ±1.5 VDC
simultaneously

Temperature 86°F.

~l~il e circuit boards were Llie.-n sut)testcd without tile accelerometer to establish

the temperature Sensitivity of bias and s c al i n g .  Between room temperature and

+170°F the bias shift was immeasurable; less than one count per second which
corresponds to 9 pg. The scaling temperature se-ns f t !vi ty Is —20 PPM/°F as
shown in Figure 26. This is less than a tenth of the accelerometer tempera-

ture sensitivity due to the phys ical properties of Samarium Cobalt.

The closed loop repeatability with both analog and ternary digital caging is

shown in Figures 27 and 28. All tests resulted in less than 8 pg (lc~) on

each axis.
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V i i  . CON CL US IONS

he overall accuracy deuionst.rate-d b the first t Wc) I..  .ler ont-ti-rs of this

d e - s i c t i  ( h u m  I t cinde r t he’ p r e v ieciCs c . c c i t  rae-I) m l  i n s t  c i t  c . l  I l i i i  I I i .  l c ~~ I I ~ I c  c ) C h t ’ j ) L

is sound.  01 S i g n  11 ~.- . cnce -  was the  I - - t t h at  p~- m  ‘n u an c e  c o u l d  I.- accurat el y

p r e d i c t e d  p r i o r  to  in . i , , t 1 . ’r ’mc t. em l)CICW built ‘ i  t e S t  e d .  T h i s  d C l C c O t l S t r , l t c .

that the cause’ and e t t  e c t  o f  [ ( I L  c O f l l j ) l c t C t ’ l i t 1 1 . 1 1 5  ( C O  l e-rlarman c.’ c - t i n  h.

analyzed , and i e - s i c m i  ci , j j  f i .;l t 111)5 made . c i , I  various n f l  i r ; c t  j . ’ l c s  est .ibl m u , , !

without ijr4c c : t p e n ; i t . . r e s . V t i i l z i n ~ th i s t a c t , it  w a s  , I t , i d . I unde r this

cont rae t to modif y the ’ d~-s I gn t i m p  r ‘ V i ’ t h e  I ‘ c i  ~~. term Iii .: .~ s cL I l i t  Y .
desi gn modif leat ion p m . v e J  si~~~ i s s !  U ! , ..i d t i c .  iu. r i o  , c n c t - , l u c i a . !  i n ’  t - x p o s u m

to many t em p e r a t u r e -  cycles of 6 ’} N ~~~~~~ w. - -i -

Some improvement  has  hoe-n maci t- in t ~~&- t o  rqcIcr f i .  i c - m u - v  - ‘I icc- s i ~e cunst ra I ot

ant i pr ;Ict i e , c i  i t v  o t  Lciric ~u iIc c ic w l I I m  - o i l  I i j ’ S  j i l t  I i n m i t s  i i  ti c. c X t c I C t  i f

impr oveme nt that was ~‘~~ -,ib 1u with i n  the s i c c  of  w o r k  a t t e m p t e d .  However ,

Some change i n  ti me .lt-si- ~ci i s  st i i j’~~~,Ihle t o  Iti rt he- C impro ve t ime torque- r

efficiency .

Antilvsi ~ o l  the scdle Ii. t o !’ t e ’ m p e r . c t c . t i ’ • o c t  1 i ic- n t indi catc ’1 th e preferable

way t o  lowe r t h is t c - t i -  i s  w ith c ~cctr~’miic ( c r  t ’emmi put at j o n t i l )  c o m pe n s a t i o n .

Con~ equen tl~~, a tran ;isto r t y p e  te ’ rrp ’ r mtcm r . sensor in a TO— 1~ package was

incorporated into the ’ desi gn. u s  Sens i has  t lin e -cr curr ent change as a

i u n c t  ion of t e - m p e r a t u r i -  out pe l t . Thic ’ c u r r e n t  c . c m m  be sea I • t o  I V I  a relat iveiv

larg e volt 1~ e change as a t u n e ’  t ion  c c i  t e~nc p er iI  t ur ~ -

The work done to provide a digital out p o t  I ro t ))  tin- acuele ro rneter showed that

the accelerometer can be di g ital l y t o r qu e d  with a h i n ;m r v  or t e r n a r y  i n p u t .

It also showed that analog torquing could be d i~~itized to provide enough

accuracy without temperature control for accurate iavi ::alion requirements.

Due to considerations of bandwidth ami d bias temperature se-nsitivity, analog

t r q u i r m c. with a current—to—d igital conversion was cons ide red  t h e  best of the

m e t h o d s  t r i e d .

V IT — 1
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V t  I t .  RECO ~~Let (~~~~ L)A ’i’ t O~~~~
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~

I )  ‘l i ce des i~t_ mi C I I a I I g C ’  ( t )  hiiiprciv e ti m , - b i a s  s t a h l  I I Ly p r o v c - d  suec’essi u l , L i i i .

the- desi gn at present ut i i i zes an e pox y  j oi  C l i .  bet we’en the- suspension and

pendulous mass. This makes it impossible to remove the pendulous mass

for in—process tisse-mh I y or re’pa I r. ‘i’hcrc’ is space awi I lal)le in the

design to make a threaded connection hetweemi these parts , and It is

recommended that the design be modified to accomplish this.

(2) ‘lim e SU Si)ellSi On g&’OmClet ry umli d f I C XII re till eku e ss  have 1(11 1)1- 1-mI 01) 1 1 nil zed for

performance , especially relative to v i b r a t i o n  and shock i n p u t s .  Con-

sidera t ion shou ld be g iven to mod if ying the suspension to give the best
results for environmental inputs.

(3) The torquer curren t as a function of acceleration is still higher than

desirable. Work should be continued to reduce this.
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