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ABSTRACT 

A d e s c r i p t i o n  of t h e  p r ec l s ion  t r i a x i a l  f l uxga t e  magnetometer t o  be 

flown aboard t h e  MAGSAT spacec ra f t  is  presented.  The i n s ~ r u m e n t  covers  

t h e  range of + 64,000 nT wi th  a r e so lu t i on  of + 0.5 nT, an i n t r i n s i c  

accuracy of + 0.001% of f u l l  s c a l e  and an  angular  alignment s t a b i l i t y  

of t h e  o rde r  of 2 seconds of a r c .  It was developed a t  NASA's Goddard 

Space F l i g h t  Center and r ep re sen t s  t h e  s tate-of- the-ar t  i n  p r ec i s ion  

vec tor  magr.etometers developed f o r  space f l i gh t  use.  

INTRODUClION 

The genera l  ob j ec t i ve s  of t h e  MAGSAT mission a r e  t h e  a c q u i s i t i o n  

of a c c ~ i r a t e  magnetic f i e l d  d a t a  from a low polar  o r b i t i n g  spacec ra f t  t o  

ob t a in  a n  accu ra t e  and up.-to-date q u a n t i t a t i v e  d e s c r i p t i o n  of t h e  geo- 

magnetic f i e l d  a s  wel l  a s  t he  compilat ion of g loba l  sc2l.ar and vec to r  

c r u s t a l  magnetic anomaly maps. The ins t rumenta t ion  aboard the  MAGSAT 

spacec ra f t  c o n s i s t s  of an  a l k a l i  vapor s c a l a r  magnetometer, a p r ec i s ion  

vec tor  magnetometer and an  a t t i t u d e  de te rmina t ion  system composed of 

two s t a r  cameras, a p r ec i s ion  sun sensor  and a boom a t t i t u d e  t r a n s f e r  

system. A more d e t a i l e d  de sc r ip t i on  of t h e  t r i s s ion  and its o b j e c t i v e s  has 

[I1 been given by Langel . 
The accuracy goa ls  f o r  t h e  mission r equ i r e  a vec tor  magnetometer 

capable of measuring t h e  geomagnetic f i e l d  wi th  a iliaximuln e r r o r  of + 1 nT 

i n  magnitude and 5 seconds of s r c  i n  direc-cion. The developmeat of such 

an  instrument  w i th in  t he  c o n s t r a i n t s  imposed by the  spacec ra f t  and i t s  

subsystems r ep re sen t s  a major technologica l  achievement which would no t  

have been pos s ib l e  without  p a r a l l e l  developments i n  t h e  a r e a s  of u l t r a p r e c i s i o n  

l i n e a r  i n t eg ra t ed  c i r c u i t s  and pass ive  components. The des ign  presented here 



r e p r e s e n t s  a  compromise among many c o n f l i c t i n g  r e q u i ~ e m e n t s  and l i m i t a t i o n s  

imposed by r e l i a b i l i t y  c o n s i d e r a t i o n s ,  a v a i l a b l e  r e s o u r c e s  and s ta te -o f - the -  

a r t  components. Other implementat icn schemes a r e  undoubtedly  p o s s i b l e  w i t h  

equ iva len t  performance b u t  t h e i r  i n c o m p a t i b i l i t y  w i t h  t h e  s p a c e c r a f t  and 

o t h e r  i n s t r u m e n t s  precluded t h e i r  u t i l i z a t i o n .  

INSTRIPENTATION -- 

A block diagram o i  t h e  Vector Magnetometer is  shown i n  F i g u r e  1. 

The ins t rument  c o n s i s t s  of a b a s i c  t r i a x i a l  f l u x g a t e  magnetometer w i t h  a  

dynamic range  o f  3000 AT, a 12-b i t  a n a l o g - t o - d i g i t a l  c o n v e r t e r  and 

t h r e e  ? - b i t  d i g i t a l - t o - a n a l o g  c o n v e r t e r s  which a r e  used a s  f i e l d  o f f s e t  

g e n e r a t o r s  f o r  each o r thogona l  a x i s  t o  i n c r e a s e  t h e  measurement dynamic 

range  t o  + 64,000 nT i n  s t e ? s  of + 1OOO nT. The b i a s  s t e p s  a r e  a u t o m a t i c a l l y  

added o r  s u b t r a c t e d  depending on t h e  a a g n i t u d e  o f  t h e  e x t e r n a l  f i e l d ,  t o  

main ta in  t h e  f l u x g a t e  magnetometer w i t h i n  i t s  o p e r a t i n g  r a n g e ,  a s  shewn i n  

Figure  2. 

Th i s  approach y i e l d s  5 0.5 nT r e s o l u t i o n  and is e q u i v a l e n t  t o  u t i l i z i n g  

a  magnetoneter wi th  a 2 64,000 nT dynamic range  i n  c o n j u n c t i o n  w i t h  a  

17-bi t  a n a l o g - t o - d i g i t a l  c o n v e r t e r .  The r e a s o n s  f o r  choosing t h i s  

" d i f f e r e n t i a l  measurement" approach a r e  basica! ly c o n s i d e r a t i o n s  of 

dynamic response of a  17-b i t  A/D c o n v e r t e r ,  magnetometer feedback i0i.p 

s t a b i l i t y  , ind s l ew r a t e ,  a s  we1.l a s  zero level.  o f f s e t  s t a i i l i t ) -  versus 

a . c .  ga in .  Con?e of  tilrse t r a d e o f f s  a r e  presentt ,d bclow where :11c 7n:i;,!:etc,;!~ct.?r 

e l e c t r o n i c s  *nd t r a n s f e r  f ~ n c t i o n  n r c  d i s c u s s e d .  The e r t e r n a l  magncbt : c  

f i e l d  is n o t  expected t o  change r;?prcsc.i.ably betweer. samples arid t h e  

d i f f e r e n t i a l .  approach w i t h  a  b a s i c  "xintlor~ width" of + 1000 nT is  :nore 

than  adequate .  



The magnet ic  f i e l d  is sampled 1 6  t i m e s  pe r  second a l o n g  each  o f  t h e  

t h r e e  o r thogona l  d i r e c t i o n s  and t h e  f i e l d  o f f s e t  g e n e r a t o r  is updated 

a t  t l ie same r a t e .  Tlius, i f  we assume t h a t  a  64,000 nT f i e l d  is  suddenly  

a p p l i e d  t o  t h e  s e n s o r ,  i t  t a k e s  approx imate ly  4  seconds  (64 x .0625) f o r  

t h e  f i e l d  o f f s e t  g e n e r a t o r  t o  s t e p  t o  t h e  p roper  l e v e l  and t h u s  o b t a i n  

a  v a l i d  measurement. However, t h i s  i s  a wors t  c a s e  s i t u a t i o n  s i n c e  we a r e  

d e a l i n g  w i t h  a  non-spinning s p a c e c r a f t  and t h e  e x t e r n a l  f i e l d  d o e s  not  

v a r y  s i g n i f i c a a t l y  between samples.  

The d i g i t a l  d a t a  co r respond ing  t o  t h e  ' f i n e '  (12 b i t s )  and ' c o a r s e '  

(7 -b i t s )  r e a d o u t s  a r e  f ed  d i r e c t l y  t o  t h e  s p a c e c r a f t  through a  s e r i a l  

i n t e r f a c e .  No on-board p r o c e s s i n g  o f  d a t a  i s  u t i l i z e d .  

A s  c a n  b e  seen  from F i g u r e  1, t h e  magnetometer e l e c t r o n i c s ,  A / D  

c o n v e r t e r ,  f i e l d  o f f s ~ t  g e n e r n t o r s ,  d i g i t a l  i n t e r f a c e  and power c o n v e r t e r  

a r e  implemented i n  a redundant  c o n f i g u r a t i o n  which can be  s e l e c t e d  by 

ground command i n  c a s e  of f a i l u r e s .  T h i s  bloc!< redulidancy approach 

p r o v i d e s  o fund3ment;il measure of r s . l i . ? b i l i t y  and e l  i m i n a t e s  froin con- 

s i d e r a t i o n  s i n g l e  p ~ i i i i -  f a i l c r e s  i n  t h e  e l e c t r o n i c s .  

The d i g ;  t a l  i r i ter i~t r t : .  l o g i c ,  1 2 - b i t  A / D  c o n v e r t e r  and power r o n v e r t c r  

a r e  imclemented i q i  ttr c n i ~ v e n ~ i ~ ~ ! ~ n l  d e s i g n s  u s i n g  C'PIOS m i c r o c i r c u i t s  and 

s w i t c h i n g  r c g u l a r o r s  I-.-..-;pi.c t i v e l y ,  and w i l l  n o t  be  covered he re .  

The f l u s g a t c  sensor  assembly and a s s o c i a t e d  el.ec t r o n i c s  and t h e  

f i e l d  o L f s e t  Zerlcrator desigr? ;ire p resen ted  below. The l a s t  s e c t i o n  

c o v e r s  t h e  c a l i b r a t  i c n  and a l ignment  p rocedures  r i t i . l i zed  t o  v e r i f y  

ins t rument  performance.  



TRIAXIAL FLUXGATE SENSOR 

The f l uxga te  sensors  a r e  constructed u t i l i z i n g  t h e  r i n g  coregeometry 

which has been shown t o  e x h i b i t  supe r io r  performance c h a r a c t e r i s t i c s  i n  

terms of d r i v e  power requirements, long term zero s t a b i l i t y  and noise  l e v e l  

when compared t o  o the r  types of f luxgate  sensqrs .  The magxetic ma te r i a l  

used i n  these  sensors  is  an advanced rnolybdmum permalloy e spec i a l l y  

developed f o r  t h e  GSFC-Voyager Magnetic F i e ld  Experiment i n  cooperat icn 

wi th  t he  Naval Surface Weapons Center,  White Oak, Maryland. It e x h i b i t s  

extremely low no i se  and high s t a b i l i t y  c h a r a c t e r i s t i c s  t yp i ca l  of 6-81 

Mo.Pe. a l l o y s  developed f o r  f l uxga te  magnetometer app l i ca t i ons  by t h e  

NSWC group. The use of these  a l l o y s  and t h e  r i n g  core  sensor geometry 

allows t h e  r e a l i z a t i o n  of compact, u l t r a s t a b l e  f luxgate  sensors  with 

unmatched performance. 

A schematic drawing showing the  cons t ruc t ion  of each sensor is shown 

i n  Figure 3 while t h e  t r i a x i a l  sensor a s se rb ly  i s  shown i n  Figure 4. 

Crucial elements i n  t h e  design of t h e  MAGSAT sensor a r e  the  feedback 

c o i l  which n u l l s  t h e  ambient f i e l d  and che sensor  co re  i t s e l f  s i nce  they  

can be shown t o  be the  most s i g n i f i c a n t  sources of e r r o r ,  both froin 

alignment s t a b i l i t y  poin t  of view a s  we l l  a s  t h e  s c a l e  f ac to r  s t a b i l i t y  

versus  temperature. 

The approach u t i l i z e d  here  i s  t o  use ind iv idua l  a x i s  nu l l i ng ,  ':hat is,  

each a x i s  is  nul led  independently i n  only one d i r e c t i o n .  This is  t h e  

most common approach but  s u f f e r s  from extreme s e n s i t i v i t y  t o  c r o s s - f i e l d s  

s ince  t he  ambient f i e l d  is nulled only along the  sensor  a x i s .  Thu:; any 

d i s t o r t i o n  o r  motion of  t he  sensor  core  wi th in  t h e  feedback c o i l  r ep re sen t s  

an e f f e c t i v e  alignment change due t o  t he  presence of t h e  t ransverse  f i e l d .  



An approach t h a t  minimizes t h i s  s e n s i t i v i t y  is t o  use a r e l a t i v e l y  

large  t r i a x i a l  Helmholtz c o i l  system around the  t r i a x i a l  sensor such tha t  

the  external  f i e l d  is  nulled over the  e n t i r e  sensor volume ra ther  than j u s t  

along each a x i s  individually.  However, rrhe l a rge  dimensions of the  c o i l  

system introduce addi t ional  complications i n  terms of alignment s t a b i l i t y ,  

thermal control  and pa r t i cu la r ly  i n  the case of the  MAGSAT spacecraft ,  

the  generation of r e l a t i v e l y  l a rge  f i e l d s  at: the location of the  scalar  

magnetometer due t o  the  feedback current .  Hence, the indiv2dual a x i s  

nul l ing approach was selected f o r  implementation. 

A r i g i d  attachment of the  sensor core to  the feedback c o i l  usually 

r e s u l t s  i n  d i f f e r e n t i a l  expansion s t r e s s e s  being transmitted to the  

sensor core which can produce s ign i f i can t  alignment s h i f t s ,  zero l e v e l  

changes a s  well a s  dramatic increases i n  sensor noise levels .  These 

problems can be solved by ca re fu l ly  matching the  thermal expansion 

coef f i c i en t s  of the  elenents involved (core, windings, support s t ruc tu re )  

t o  minimize d i f f e r e n t i a l  s t r e s s z s  and changes i n  the  r e l a t i v e  geometry 

between the  core and the  feedback c o i l .  

In  Figure 5 we show the r e l a t i v e  va r i a t ion  of the  feedback f i e l d  

versus r e l a t i v e  dinenslonal changes, both isorrropic and anisotropic,  

introduced by temperature va r i a t ions  f o r  a c o i l  hhving a geometry s imi lar  

t o  t h a t  u t i l i z e d  i n  t h e  MAGSAT sensors,  and a va r ie ty  of s t r u c t u r a l  

materials .  The computed f i e l d  is tha t  a t  the  geometrical center  of the  

c o i l  but it can be eas i ly  shoim t h a t  the f i e l d  in tens i ty  a t  any point 

within the c o i l  foiiows a s imi lar  var ia t ion a s  a function of temperature. 

From the  f igure  and formulas i t  can be seen tha t  the  dominating fac tor  

is  the  va r i a t ion  of c o i l  length with temperature. Since the  sensor 

responds t o  a weighteci average of the  magnetic f i e l d  over an undetermined 

volume i n  space, thepraceeding calcula t ion cons t i tu tes  a zeroth-order 

approximation t o  the ac tual  behavior of the  sensor. Nevertheless, 

the  general temperature dependence shown i n  Figure 5 was ver i f ied  

f o r  prototype instruments u t i l i z i n g  a 50,OCO nT f i e l d  "trapped" 

i n  a 15 cm superconducting shie ld  and varying the sensor temperature 

over -40 '~  t o  +60°~.  



The fundamental s t r a t e g y  followed f o r  MAGSAT was t o  match t h e  

expansion c o e f f i c i e n t  of t h e  support s t r u c t u r e  and windings t o  t h a t  of 

-6 o t h e  sensor  co re  i t s e l f  (-11x10 / C) .  Of t h e  s t r u c t u r a l  ma te r i a l s  shown 

- 6 i n  Figure 5, MACOR* was se l ec t ed  due t*, i ts  expansion c o e f f i c i e n t  (10x10 ) . 

zero  water absorp t ion  (and thus  dimensional s t a b i s l t y  versus  r e l a t i v e  

humidity changes) and ea se  of machinabil i ty .  The feeaback c o i l  was 

wound with polyurethane-nylon insulaced platinum wire w i th  a l i n e a r  

-6 o thermal expansion c o e f f i c i e n t  of 9.3 x 1 0  / C. 

I n  terms of alignment s t a b i l i t y  t h e  small dimensions of t h e  sensor  

r e q u i r e  s t r u c t u r a l  deformations t o  be  smal le r  than 51 microns under 

a l l  environmental c o d i t i o n s  t o  ~ b t a i n  t h e  des i r ed  alignment s t a b i l i t y  

of 5 a r c  seconds. This extreme requirement neces s i t a t ed  t he  use  of 

extremely s t a b l e ,  h y s t e r e s i s  f r e e  m a t e r i a l s  f o r  t h e  feedback c o i l  and 

* 
support s t r u c t u r e ,  such a s  MACOR , t rhi le  t h e  mour.ting sur faces  were 

pol ished f l z t  t o  a s i l r face roughness of < 10 p r i o r  t o  assembly. By 

c l o s e l y  matching t h e  expansion c o e f f i c i e n t s  of t h e  sensor  and fecdback 

c o i l  i t  was poss ib l e  t o  r i g i d l y  bond these  Ewo components toge ther  and 

thus  minimize r e l a t i v e  displacements. The o ~ l y  remaining source of e r r o r  

i s  motion of t h e  a c t u a l  magnetic ma te r i a l  wi th in  t h e  co re  bobbin. This 

cons t i t u t ed  a s i g n i f i c a n t  problem i n  s p i t e  of t h e  c l o s e  to le rances  used 

during sensor  core  manufacture. The so lu t ion  found w a s  t o  i nc rease  t he  

amount of magnesium oxide normally used t o  i n s u l a t e  t h e  tape m a t e r i a l ,  

such a s  t o  f i l l  the  e n t i r e  support bobbin and completely enclose t h e  tape.  

This  so lu t ion  proved very  e f f e c t i v e  i n  v i b r a t i o n  and environmental f *  
t e s t s  performed on a prototype sensor  and no alignment s h i f t s  were 

de tec ted .  

* Corning Glass Works trademark 



S i n c e  t h e  o v e r a l l  expansion c o e f f i c i e n t  of  t h e  feedback c o i l  is  non- 

z e r o  t h e  magnitude of t h e  feedback f i e l d ,  t h a t  is, t h e  s c a l e  f a c t o r ,  

w i l l  be a f u n c t i o n  of  t empera tu re  a s  shown i n  F igure  5 .  I n  t h e  magneto- 

meter e l e c t r o n i c s  d e s c r i p t i o n  g iven  belaw, we show how t h i s  t empera tu re  

,arts dependence can  be compensated f o r  over  a  wide t empera tu re  range  by mp  

of a modif ied c u r r e n t  source  designed t o  produce a  c o n s t a n t  feedback 

f i e l d  as a  f u n c t i o n  of temperatur? .  

The e x t e r n a l  magnetic f i e l d  genera ted  by t h i s  s e n s o r  arrangement 

i s  l e s s  than  5 1 nT a t  46 cm from t h e  sensor  when measuring f i e l d s  of 

+ 64,000 nT. Th i s  low f i e l d  v a l u e  minimizes t h e  i n t e r f e r e n c e  w i t h  t h e  - 
a l k a l i  vapor  s c a l a r  magnetometer which is  l o c a t e d  o n l y  43 cm away from 

t h e  s e n s o r  assembly. 

As shown i n  F t g u r e  4 ,  two MACOR>$ o p t i c a l  cubes  a r e  bonded t o  t h e  

sensor  mount t o  o b t a i n  a c c u r a t e  a n g u l a r  p o s i t i o n  d e t e r m i n a t i o n  d u r i n g  

a l ignment  t e s t s  d e s c r i b e d  i n  t h e  l a s t  s e c t i o n  of  t h i s  paper .  The 

sensor  assembly is  mounted on a  t empera tu re  s t a b i l i z e d  b a s e p l a t e  which 

a l s o  s u p p o r t s  two l a r g e  m i r r o r s  a s s o c i a t e d  w i t h  t h e  A t t i t u d e  T r a n s f e r  

System (ATS). Temperature s t a b i l i z a t i o n  of t h i s  b a s e p l a t e  is  r e q u i r e d  

t o  minimize o p t i c a l  a l ignment  s h i f t s  between t h e  sensor  o p t i c a l  cubes  

and t h e  AT5 n i r r o r s  due t o  t h e  d i f f e r e n t  thermal  cspans ion  c o e f f i c i e n t s  

invo lved .  

XAGNETOEIETSR ELECTRONICS ---- 

The e l e c t r o n i c s  d e s i g n  c ~ f  t h e  MGSAT Vri:tor rnag1letamete.r i n c o r p c r ~ t e s  

a  number o f  deve lopn~en ts  der ived from t h e  Voyapcr ?1:lgne';ic Piclci Experi-  

ment (Acuno, ; Sc[ljnnon e i  a1 . . [3 ')which ; ,r . i ;  liirecf!i; n p p i i r i b l e  La 

t h e  p r e s e n t  ins t rument .  F igure  6  shows a  b lock  diagram of t h e  b a s i c  



f luxgate  magnetometer while  a d e t a i l e d  schematic of t h e  d r i v e  and s i g n a l  

processing e l e c t r o n i c s  f o r  each a x i s  is shown i n  Figure 7. A 250 kHz 

synchronization s i g n a l  Is derived from t h e  spacec ra f t c lockand  divided 

down t o  12.5 KHz t o  provide t h e  e x c i t a t i o n  s i g n a l  f o r  t h e  f luxgate  sensors .  

A high e f f i c i e n c y  ' c apac i t i ve  discharge '  c i r c u i t  is  u t i l i z e d  t o  d r i v e  

the  cores  t o  over 100 times t h e i r  coerc ive  f o r c e  wi th  low average power 

requirements ( ~ c u o a ~ ~ ] ) .  The peak-to-peak sensor  d r i v e  cu r r en t  i s  

'4 
approximately 600 ,oA while t h e  average d r i v e  power requirement i s  only  70 mb?. 

This arrangement e s s e n t i a l l y  e l imina t e s  t h e  problem of '?ermingl of f lux-  

ga t e  sensors  f o r  e x t e r n a l l y  appl ied  f i e l d s  of up t o  20 gauss. The simple 

vol tage r egu la to r  used i n  t h e  d r i v e r  s t age  ensures t h e  s t a b i l i t y  of t he  

d r ive  s i g n a l  amplitude over a l l  environmental condit ions.  

The s i g n a l  processing e l e c t r o n i c s  c o n s i s t  of an A.C.  preamplif ier  

tuned t o  t h e  second harmonic of t h e  d r i v e  s i g n a l ,  a  synchronous 

demodulator, an opera t iona l  i n t e g r a t o r  and a transconductance feedback 

summing ampl i f i e r  which t akes  t he  p lace  of t h e  feedback r e s i s t o r  i n  

conventional designs. A i o w  pass ,  6  db/octave f i l t e r  i s  u t i l i z e d  a t  

the  o u t p u ~  t o  l i m i t  t h e  s i g n a l  bandwidth t o  8 Hz s ince  a s  mentioned 

previously,  t h e  sampling r a t e  i s  16  samples/sec . 
The input  c i r c u i t  t o  t h e  A . C .  preampl i f ie r  incorpora tes  a  tuned 

secondary t ransformer while t he  primary s i d e  presents  a  low impedance 

t o  t he  l l uxga t e  sensor. The inductance of t h e  sense/feedback sensor 

winding i s  s e r i e s  tuned with the&input capac i tor  and r e a c t i v e  pa r t  of 

t he  input tapedance t o  ob t a in  cons iderable  ampl i f i ca t i on  of the second 

harmonic s i g n a l  i n  the  sensor  i t s e l f  through negat ive  r e s i s t a n c e  

121) 
parametric ampl i f i ca t i on  (Acuna - The amount of parametric 



ampl i f i c a t i on  obtained i n  t h e  MAGSAT sensors  is considerably smal le r  

than i n  o t h e r  s i m i l a r  f l uxga t e  sensors  due t o  t h e  h igh  r e - i s t ance  of 

t he  feedback winding which is  cons t ruc ted  us ing  i n su l a t ed  platinum 

wire. Nevertheless ,  t he  o v e r a l l  s e n s i t i v i t y  achieved of 103 p ~ / n T  

a t  t he  secondary of t h e  input  t ransformer {compared t o  10  m ~ / n ~  f o r  

copper wound c o i l s )  i s  more than  adequate  t o  obv i a t e  t h e  need f o r  

an  u l t ra -h igh  ga in  A.C. p reampl i f ie r  and its a s soc i a t ed  problems. 

A s imple two-stage, hybrid preampl i f ie r  with a  low n o i s e  FET a t  t h e  

input  provides a  ga in  of approximately 75. A low Q tuned c i r c u i t  

is included a t  t h e  output  t o  provide a d d i t i o n a l  r e j e c t i o n  t o  unwanted 

odd frequency components which could a f f e c t  t h e  performance of t h e  

non-ideal synchronous de t ec to r .  

The low input  impedance of t h e  preampl i f ie r  e s s e n t i a l l y  e l im ina t e s  

t h e  problem of sensor  cab l e  length  r f f e c t i n g  t h e  tun ing  of t he  inpur  

s t a g e  and al lows a  s i g n i f i c a n t  i nc r ea se  i n  t h e  (2nd harmonic/fundamental) 

r a t i o  appl ied  t o  the  f i r s t  a c t i v e  device.  A l l  these  f e a t u r e s  combine t o  

produce an  instrument remarkably f r e e  of ' e l e c t r o n i c  perm' and extremely 

temperature s t a b l e .  

The synchronous de t ec to r  is  a conventional des ign  u t i l i z i n g  a  

quad CMOS t ransmission ga t e  dr iven  by a  second harmonic re fe rence  

s i g n a l  der ived from the  frequency d iv ide r  chain i n  t h e  d r i v e  e1ec;ronlcs. 

The ope ra t i ona l  i n t e g r a t o r  providss  t h e  bulk cf t he  ga in  i n  t he  loop 

and i t s  time cons tan t  is se l ec t ed  t o  g u a r ~ n t e e  loop s t a b i l i t y  and t he  

de s i r ed  response bandwidth. The t r a n s f e r  func t ion  of t he  i i~ s t r cmen t  

is  discussed i n  more d e t a i l  below. 



The o u t p u t  of  t h e  i n t e g r a t o r  i s  a p p l i e d  t o  t h e  t r asconduc tance  

a m p l i f i e r  and t h e  o u t p u t  low p a s s  f i l t e r .  The a m p l i f i e r  is configured 

a s  a modified v o l t a g e  c o n t r o l l e d  c u r r e n t  source  which sums i n  t h e  

proper r a t i o  (32: l )  t h e  signa:Ls from t h e  i n t e g r a t o r  and t h e  f i e l d  o f f s e t  

g e n e r a t o r .  Th i s  i s  t h e  most c r u c i a l  element i n  t:he d e s i g n  s i n c e  i t  

determines  t h e  accuracy  and s t a b i l i t y  of  t h e  magnt2tometer s c a l e  Eactor .  

I n  t h e  p rev ious  s e c t i o n  we d i s c u s s e d  t h e  problem of  s c a l e  f a c t o r  

dependence upon t empera tu re  due t o  the rmal  expansion of t h e  feedback c o i l .  

I n  or6.er t o  compensate f o r  t h i s  e f f e c t  we have t aken  advantage of  t h e  

s i g n i f i c a n t  v a r i a t i o n  of feedback c o i l  r e s i s t a n c e  w i t h  sensor  t empera tu re  

t o  main ta in  t h e  feedback f i e l d  c o n s t a n t .  

S ince  t h e  v a r i a t i o n  of  t h i s  f i e l d  is,  t o  3 f i r s t  approximat ion,  

mainly dependent upon c o i l  l e n g t h  v a r i a t i o n s  ( s e e  F igure  5 ) ,  we can w r i t e  

where If i s  t h e  feedback c o i l  c u r r e n t ,  K a p r \ > p o r t i o n a l i t y  c o n s t a n t ,  

R t h e  c o i l  l e n g t h ,  a t h e  thermal  expansion coef ' i c i en t  of t h e  support  
M 

bobbin and c o i l  w i r e  (matched),  and T t h e  ambient t empera tu re .  I n  

a d d i t i o n  t h e  feedback c o i l  r e s i s t a n c e  v a r i e s  w i t h  t empera tu re  a s  

where R is t h e  r e f e r e n c e  tempe - n t u r e  r e s i s t a n c e  v a l u e  and cc t h e  t h e r m ~ l  
0 P 

r e s i s t i v i t y  c o e f f i c i e n t  f o r  t h e  c o i l  w i r e .  

Consider ing now t h e  s i m p l i f i e d  schemat ic  f u r  t h e  Feedback a m p l i f i e r  

shown i n  F igure  8 ,  t h e  c u r r e n t  through t h e  c o i l  is  g iven  by 



Int roduc- ing t h i s  equa t ion  i n  ( I ) ,  d i f f e r e n t i a t i n g  w i t h  r e s p e c t  t o  T and 

i g n o r i n g  second o r d e r  terms of  O ( a  cr ), we f ind-  t h a t  i f  we choose 
M P 

where 

then  t h e  feedback f i e l d ,  a s  d e f i n e d  by Equation (1) w i l l  be independent 

of temperature .  B a s i c a l l y ,  t i le c i r c u i t  i n c o r p o r a t e s  a  s l i g h t  amount of 

posi:ive feedback t o  compensate f o r  t h e  decrease  of  due t o  c o i l  
f  

expansion.  I t  is thcn  p o s s i b l e  t o  a d j u s t  R p  such a s  t o  make :he s c a l e  

f a c t o r  dependence with t empera tu re  a s  smal l  a s  p o s s i b l e .  

T h i s  con:pensatiori approsch h a s  been used wit11 e x c e l l e n t  r e s u l t s  i n  

s e v e r a l  flu?c!:ate v a r i o m e t e r s  b u i l t  a t  GSFC f o r  ground based s i u d i t s  of 

t h e  geomagnetic f i e l d .  

The o p e r n t i o r ~ a l  a m p l i f i e r  used i n  t h i s  c i r c u i t  i s  a n  u l . t r a s t a b l e  

(0.1. , . ~ v / ~ c  3Vos) m o n o l i t h i c  u n i t  w i t h  e x c e l l e n t  long  t e r m  s t a b i l i t y  

c h a r a c t e r i s t i c s  and very  low n o i s e .  Other a m p l i f i e r  t y p e s  were cons ide red  

such a s  monol i th ic  choppers ,  but  were n o t  used due t o  e i t h e r  n o i s e  

performance, r e l i a b i l i t y  o r  long  t e r m  s t a b i l i t y  c o n s i d e r a t i o n s .  



The r e s i s t o r s  a s soc i a t ed  wi th  t h i s  c i r c u i t  a r e  u l t r a p r e c i s i o n ,  

hermet ica l ly  s ea l ed  u n i t s  wi th  an abso lu t e  temperature c o e f f i c i e n t  of 

< 0.5 p p m / O ~ .  Tracking c h a r a c t e r i s t i c s  approach 0.2 p p m / O ~ ,  whi le  

long tezm s t a b i l i t y  a f t e r  i n i t i a l  condi t ion ing  is  of t he  order  of 

20 p ~ m / y r .  

Since t h e  maximum a l lowable  e r r o r  vo l tage  a t  t h e  amp l i f i e r  input  

is only  125 VV (1  nT) , cons iderab le  a r t e n t i o n  was given t o  thernlally 

generated e.m.f. 's which can  be  produced ac ros s  d i s s i m i l a r  metal 

junct ions.  The c i r c u i t  l ayout  is sucb t h a t  thermal g r ad i en t s  a c ros s  

c r i t i c a l  pa ths  a r e  minimized by c l o s e  proximity of conductors.  Low 

thermal so lde r  was used dur ing  assembly t o  f u r t h e r  reduce t h e  ma!, rni tude 

of t h e  e.m.f. 's generated a c r o s s  so lde r  j o i n t s .  

The d e t a i l e d  c i r c u i t s  shown i n  F i p r e  7 a l so  incorpora te  means f o r  

r eve r s ing  upon commarid t h e  phase of  t h e  s t n s o r  and second harmonic 

r e f e r ence  s i gna l s .  This a l lows  t h e  d e t e c t i o n  of unexpected e l e c t r o n i c  

o f f s e t s  which could develop dur ing  opei-ation i n  o r b i t .  

MAGNETOMETER TRANSFER FUNCTIONS 

~ i n c e ' t h e  post-detect ion bandwidth O F  t he  system is much s n a l l e r  

than t h e  passbend a s soc i a t ed  wi th  t h e  preampl i f ie r  tunded c i r c u i t s ,  

t h e  c losed  loop t r a n s f e r  func t ion  f o r  t he  magnetomete- (not inc lud ing  

t h e  ou tput  low-pass f i l t e r )  can be wel l  approximated by 

where rl, i s  t h e  synchronous de fec to r  time cons t an t ,  T~ t h e  i n t e g r a t o r  

t ime cons t an t ,  A is t h e  p r eampl i f i e r  ga in  and K t h e  sensor  s e n s i t i v i t y  
P 1 

i n  [Volts/Ampi; Sm is  t h e  equiva len t  t ransconductance of t h e  feedback 

ampl i f i e r .  I n  t he  MAGSAT design,  t he  ou tput  f i l t e r  f o r  t h e  synchronous 

d e t e c t o r  is  not  i s o l a t e d  from the  i n t e g r a t o r  and t h i s  causes a  smal l  

t ime cons tan t  T~ << T~ t o  be added t o  t he  i n t e g r a t o r  t ime cons tan t  i n  t he  

second term of t h e  denominator of (6) .  I n  analogy t o  a  second o rde r  system, 



w e  can d e f i n e  

T +T 25 2 3 - = -  
w I < A G  

n l p m  

Ilence, g iven  and we car1 s e l e c t  t h e  t ime c o n s t a n t s  T and -r2 
n 1 

t o  s a t i s f y  e q u a t i o n s  (7 )  and (8). For t h i s  ins t rument  t h e  c losed  loop 

3 db c u t o f f  f requency was s e l e c t e d  as 50 Hz and = 0.7. The o u t p u t  

f i l t e r  r educes  t h e  bandwidth t o  8 Hz and i t s  response  f o r  

f r e q u e n c i e s  n e a r  and above t h e  c u t o f f  i s  t h e n  c l o s e l y  approximated by 

a  6 db/oc t  r o l l o f f  f i r s t  o r d e r  low-pass f i l t e r .  

The v a l u e s  compxted from e q u a t i o n s  (7 )  and (8) e n s u r e  l c o p  s t a b i l i t y  

and t h e  d e s i r e d  s m a i l  s i g n a l  f requency response.  However, f o r  l a r g e  

o u t p u t  ampl i tudcs ,  t h e  response  rnay be  l i m i t e d  by t h e  maximum o b t a i n a b l e  

s l ew r a t e  a t  t h e  o u t p u t  of t l le  i n t e g r a t o r ,  

Eomax (synchronous d e t e c t o r )  
= -  

Rmax '2 

Here E is  t h e  masimum o u t p u t  v o l t a g e  (- + 6 v o l t s )  which can be  omax 

ob ta ined  from t h e  syilcl~rono*ls d e t e c t o r .  From e q u a t i o n s  ( 7 )  and (8)  

we can obse rve  t h a t  la rge  v a l u e s  of K A ( sensor -p reampl i f i e r  g a i n )  
1 P 

r e q u i r e  l a r g e  v , t l u e s  of  T ( i n t e g r a t o r  t ime c o n s t a n t )  f o r  s t a b i l i t y .  

l ' i ~ i s  l e n d s  1:') ri.du~-ed \r;ilues of masimuin slcw r a t e ,  l i m i t i n g  thc 

:~mpli t t ide  o f  hi:;!> fr'~qrien~.!r s i g n a l s  t h a t  can I)c rollowed hy  t l ~ c  ins t r r i -  

mcnt. c?n t iw o t h e r  hand, smal l  v c ~ l u e s  of I< A l t n d  t o  s i g n i f i c z ~ n t  
p  

zind r c ; . : ~ p t ~ r , ~ t u r . ~  di-j:~111dcnt z e r o  l e v e l  e r r o r s  title t o  v ; l r i n t i o n s  i n  t h e  



synchronous d e t e c t o r  and i n t e g r a t o r  " e f f e c t i v e "  o f f s e t  e r r o r s  w i t h  

temperature .  Thus t h e  c h o i c e  of  w 5 and K A h a s  t o  be c a r e f u l l y  
n '  1 P 

analyzed f o r  l o o p  s t a b i l i t y  and o b t a i n a b l e  s l ew r a t e .  1,arge v a l u e s  

of  w accompanied by l a r g e  v a l u e s  of  5 (overdamped sys tem) ,  s e l e c t e d  
n 

t o  o b t a i n  t h e  d e s i r e d  3 db r o l l o f f  f requency,  l e a d  t o  l a r g e r  v a l u e s  

of maximum s l e w  r a t e .  

I n  t h e  p r e s e n t  d e s i g n ,  t h e  maximum s lew r a t e  i s  - 9000 v o l t s / s e c .  

which, i f  we c o n s i d e r  t h e  maximum o u t p u t  ampl i tude  oE P v o l t s ,  co r responds  

t o  a n  o u t p u t  f requency o f  180  Hz, w e l l  beyond t h e  loop c u t o f f .  

The above c o n s i d e r a t i o n s  were t a k e n  i n t o  account  i n  s e l e c t i n g  t h e  

p r e s e n t  implementat ion appr0ac.h f o r  t h e  ins t rument .  A magnetometer w i t h  

a dynamic r a r ~ g e  o f  + 64,000 nT and e q u i v ~ l . e n t  z e r o  l e v e l  s t a b i l i t y  per- 

formance would have r e q u i r e d  an i n t e g r a t o r  t ime consLant 32 t i m e s  l a r g e r  

t h a n  t h e  p r e s e n t  de- ign.  Note t h a t  i n  e i t h e r  c a s e  t h e  same s l e v  r a t e  

6 i n  terms of  f i e l d  ampl i tude ,  2.25 x  1 0  nT/sec ,  is ob ta ined .  

FIELD OFFSET GENERATOR 

A s i m p l i f i e d  d i a g r a a  of  t h e  f i e l d  o f f s e t  genera to r  is shown i n  

F igure  9. T h i s  is a  conven t iona l  d e s i g n  u t i l i z i n g  a n  R-2R r e s i s t o r  

l a d d e r  network. Low "ON" r e s i s t a n c e  junc t  ion f i e l d  e f f e c t  t r a n s i s t o r s  

w i t h  u l t r a - low leakage  c u r r e n t s  a r e  u t i l i z e d  f o r  t h e  switcheq,  w h i l e  

t h e  o p e r a t i o n a l  a m p l i f i e r  i s  t h e  Sam3> as t h a t  used i n  t h e  magnetometer 

feedback loop.  The l a d d e r  is used i n  t h e  c u r r e n t  mode t o  minimize 

common mode e r r o r s  a s s o c i a t e d  w i t h  t h e  a m p l i f i e r .  

The same c o n s i d e r a t i o n s  r e g a r d i n g  thermal  e.m.f. 's  d i s c u s s e d  f o r  

t h e  feedback a m p l i f i e r  a p p l y  t o  t h i s  c i r c u i t .  The l a d d e r  r e s i s t o r s  a r e  

u l t r a p r e c i s i o n  c u s t ~ m  u n i t s  matched t o  a t o l e r a n c e  of 5 0.001% t o  s i m p l i f y  

t h e  c a l i b r a t i o n  and d a t a  r e c o n s t r u c t i o n  procedures .  



Thc v o l t a g c  rcfcr txnce  was inll>lcn~cntt.d n r o t ~ n d  i l  ternpt.r;lture s t a b i l i z e d  

p r e c i s i o ~ l  zener  (LM199A) wlliclx w;ls s t l b j e c t c d  t o  ii 1000 hour  screening 

t e s t  f o r  l o n g  term s t , l b i l i t y .  

'I'ltc cl i g i t c l l  i np t i t s  t o  t h e  o f f  set g e n e r a t o r  s w  i ~ c l l c s  a r c  dc r ivc t l  

from ;ln up-down co t i a tCr  a s s o c  iclted w i t h  t l w  12-bi t  All) c~ \nvc r t t ; t -  l o g i c .  

Wl~cxn t l~c. ' f  iile'  d i g  L t  i z c d  s Ljirlal. f o r  ;I g i v c ~ i  .~sl s t.si-cclds ~111 upper  o r  

lowcr  Ll~rcr; l iol~t  (+ - 1000 nT), t l lc  c o u n t e r  is .11 lowc\tl t o  c o u n t  rip o r  down 

r c s p c c t  i v c l y ,  t o  11in i n t a i n  t l lc  m,igntton~cLcr wi t l l i l l  i ts  oper ; l t  Lng r ange .  

CA1,IBKA'I'I ON AND AI,I(:NFENT -- 

The p rob l  cm o f  de t e rmi l l i ng  t h e  o r i e n t a t  toil o f  a rn,tg~xet i c  f i e l d  v c c t o r  

lxils tr;1cl1 1: I o I I ; ~ ~ ~  y I>CPI~  s o l v ~ d  l3y ; l ss i~mi~xg t l ~ ; l t  t h e  f  i t>ld  o r i t w t i ~ t  i o n  can 

bc. a c c u r a t e l y  c.stnhlisllc..d by tlicb gcooletry of  a c ; ~ l i b r a t i o r l  ( .o i l  systc-m. 

w i t h i n  ;I few ininrt tcs o f  a r c  from i t s  t r u e  d i r e c t  Lon l>ut  i L  is c c r t ; l l ~ l l v  

no t  ;~dccic~:l te  f o r  t l rc  prc ' sent  C;ISC w l ~ c r e  ; t c . r~~r . i c i c s  a f  t l ~ c .  o l - t f~ \ r  o i  

2 secorxtls of  a r c  a r c  rcquirl lci .  'The o ic t l~od ut i I izcd t o  d c t c r u ~ i l l c  t 11c3 

Ll~c  s y s t  'nl o f  I . ~ ~ I I . I ~  i o l ~ s  t o  1.c s o i v t ~ t l  i s  cc.nsitlt.r.~hly s i111l.l i l i t>d.  h 
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d r ~ ; l  i t  cscl t l ~ > s r r  i p t  i t ~ n  c>L '  t l lc  mi>d i f i t 4  111c.t l1c.11 11.1:: I>c>c*11 ):ivt>n I,? ,?c~ni;l 

;tnd t < , s t  1-(1 i l  s y s  t  t 'nls .  



An o p t i c a l  re fe rence  coord ina te  system i s  f i r s t  a ccu ra t e ly  e s t ab l i shed  

by means of a p a i r  of f i r s t  o rde r  t heodo l i t e s  which a r e  r i g i d l y  mounted 

t o  s k i t a b l e  supports ,  l eve led  and referenced t o  a s t a b l e  azimuth d i r e c t i o n .  

This  az inu th  r e f e r ence  was e s t ab l i shed  by means of two anchored concre te  

p i e r s ,  separa ted  by approximately 400 meters ,  o u t s j d c  t h e  magnetics test 

f a c i l i t y .  

The magnetic f i e l d  vec to r s  i n  t h e  r e f e r ence  and c o i l  coord ina te  

systems a r e  r e l a t e d  by a t ransformat ion  mat r ix  

and t h e  measurements i n  t he  sensor  cocrd ina te  system a r e  r e l a t e d  t o  t h e  

r e f e r ence  coordinate  system 

3 3 

where Msensor r ep re sen t s  t h e  measured vec to r  when a vec to r  Href i s  appl ied  

i n  t he  r e f e r ence  system, and K is t h e  s c a l e  f a c t o r  p ropo r t i ona l i t y  cons tan t .  

Thus, when t h e  sensor  i s  t e s t e d  i n  t h e  c o i l  system, its output  

can be w r i t t e n  a s  

-b -+ 

'sensor = K[Al [Bl  Hcoil 

and under the  assumption t h a t  [A] and [B] a r e  nea r ly  d iagonal  

where [oA] and [LEI a r e  t he  or thogonal i ty  dev i a t i on  mat r ices .  

I n  o rde r  t o  determine a l l  t h e  off-diagonal  elements of [A] and [ B ]  i t  i s  

necessary t o  ob t a in  measurements f o r  t h r e e  sensor  p o s i t i o n s  d i f f e r i n g  



0 
from t h e  p rev ious  on€ by a n  e x a c t  90 r o t a t i o n  e s t a b l i s h e d  by t h e  

o p t i c a l  system, and by e n e r g i z i n g  each t e s t  c o i l  system a x i s  independen t ly .  

The procedure  t h u s  y i e l d s  n o t  o n l y  t h e  s e n s o r  a l ignment  wf th  r e s p e c t  t o  

t h e  r e f e r e n c e  c o a r d i n a t e  system, bu t  a l s o  t h e  m a t r i x  [B] ,  t h e  t e s t  c o i l  

sys tem al ignment  s imul taneous ly .  

The ad- anta ages of  t h i s  nethod a r e  numerous, bu t  t h e  most impor tan t  

is t h a t  t h e  test c o i l  sys tem is o n l y  r e q u i r e d  t o  be  s t r u c t u r a l l y  s t a b l e  

f o r  t h e  d u r a t i o n  of  one a l ignment  t e s t  (N 1 hour ) .  The u l t i m a c e  accuracy  

o b t a i n a b l e  wi th  t h i s  method is  determined by t h e  s t a b i l i t y  and n o i s e  

c h a r a c t e r i s t i c s  of  t h e  magnetic t e s t  f a c i l i t y .  I n  t h e  c a s e  of t h e  

GSFC 6.7 meter Helmholtz c o i l  sys tem,  t h e  ' e q u i v a l e n t  n o i s e '  2s  approxi-  

mately  1.5 seconds of a r c .  

The magnetometer s c a l e  f a c t o r  is c a l i b r a t e d  us ing  a  p ro ton  p reces ion  

rmgnetometer f o r  f i e l d s  :.hove 20,000 nT. For s m a l l  f i e l d s ,  t h e  c a l i b r a -  

t i o n  c o n s t a n t s  a r e  syn thes ized  from s e l e c t e d  incremental  measurements 

above 20,000 nT such as t o  de te rmine  t h e  e x a c t  'we igh t s '  of each of t h e  

7 b i t s  i n  t h e  o f f s e t  g e n e r a t o r .  

SIMMARY 

A d e s c r i p t i o n  of  t h e  MAGSAT P r e c i s i o n  Vector  Magnetometer h a s  been 

p resen ted .  The ins t rumcnt  r e p r e s e n t s  t h e  s t a t e - o f - t h e - a r t  i n  p r e c i s i o n  

v e c t o r  magnetometers and covers  t h e  range  o f  2 64,000 nT u s i n g  a  

+ 2000 nT b a s i c  magnetometer and f i e l d  o f f s e t  g e n e r a t o r s .  The d e s i g n  - 
u t i l i z e s  u l t r a p r e c i s i o n  components and e l e c t r o n i c  compensation of  t h e  

s c a l e  f a c t o r  temper;i ture depencence by s r r i s ing  t h e  changes  i n  r e s i s t a n c e  of t h e  

fecdl>ncli c o i l .  Br ie f  d i s r r ~ s s i o n s  of t h e  i n s t r r ~ m r n t  t r a n s f c 5 r  func t  i o n ,  dynamic 

response and s e n s o r  ;~ l ignr ,~c>nt  d e t e r m i n a t i o n  n ~ e t l ~ o d  \ ,vre p resen ted .  A 

summary O F  t h e  ins t rument  performance c h a r a c t e r i s t i c s  is  g iven  i n  Table  1. 
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TABLE 1 

MAGSAT - PRECISION - .- VECTOR PLRiGNETOMETER -- 

SUkMY OF TECHNICAL CHARACTERISTICS 

BASIC FLUXGATE MAGNETOMETER 

Dynamic Range: + 2000 nT - 
Reso lu t ion  (12-bit  AID): + 0.5 nT - 

Noise: ( 8  Hz BTJ) 0.008 nT RMS 

Zero l e v e l  s t a b i l i t y :  

Sensor  (-60°c t o  +60°C) - f- 0.2 nT 

E l e c t r o n i c s  ( - 2 0 ' ~  t o  +~G'c) - + 0.2 nT 

Drive Frequency: 12.5  KHz 

TAnear i ty  e r r o r :  < 1 x 3.0 - 5 

OFFSET FIELD GESERATOR: F'1EI.D COPIFENSATION LXIT 

Dynamic Range : - + 64,000 nT 

Quant iza t ion  Step:  1000 nT 

Teinperature C o e f f i c i e n t  : < 0 .5  pprn/Oc 

Long Term S t a b i l i t y :  < 2 x 10- ' /~ear  

SENSOR ASSENBLY 

Mass : 0.6 K g  

Dimensinns: 11.4 x 5.72 x 5.8 cm 

ELECTRONICS (redundant)  : 

Mass : 2 . 6  K g  - 
Dimensions: 22.23 x 17.8 x 31.4 cm 

Total  Power -=sumpt ion:  @ 25:~ 
@ o c  

1.8 w a t t s  
2.0 w a t t s  



7 .250 KHz CLOCK 'A' 

SAMPLE 'A' 

COARSE WORD GATE 'A' 

ATTITUDE 1PANSFkH 
SYSTkM (API.'JIIUI COARSE DATA 'A' 

i I 
r - - - - - - - - -  FlNE DATA 'A' 

----- PROCESSOR 'A' FINE WORD GATE 'A' 

1 i J r FINE WORD GATE 3' 

FINE DATA '6' 

THEHMAL CON, HOL 
(APL. JHUI 

SIJN SENSOR COARSE WORD GATE '3' 
ASSY iAPL,JHUI 

CONTllOL SAMPLE '0' 

-250 KHz CLOCK 'B' 

MAGSAT VECTOR MAGPJETOK5TER 
BLOCK DIAGRAM 

- HOUSEKEEPING *I ZE: 
FIGURE 1 

CONVERTER 

CONVERTER 7- '6' F'WR I N  

M H A  6.31.77 
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